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Abstract

In this work, different milli-fluidic mixers were designed and fabricated for the continuous flow
synthesis of organic semi-conductor nanoparticles. In particular, additive manufacturing was used, with
a polyether ether ketone (PEEK) 3D printer to fabricate the mixers. Nanoprecipitation was applied to
synthesis poly(3-hexylthiophene-2,5-diyl) (P3HT) nanoparticles (NP) and different mixing conditions
were investigated. We show that using such setups, it is possible to control precisely the turbulences in
the chip, and as a result the mixing conditions between the solvent and the anti-solvent. With such
strategy, P3HT nanoparticles with 60 nm diameter were synthesized using surfactant-assisted
nanoprecipitation. Composite donor:acceptor nanoparticles were also designed and the presence of
PCBM in the NP lead to a further decrease of the size, down to 49 nm. This work highlights the benefits
of using milli-fluid systems for large-scale and reproducible synthesis of organic semi-conductor

nanoparticles.

1. Introduction
Organic semiconductors nanoparticles have been developed and studied in different application fields,

from photocatalysis for hydrogen generation[1,2] to sensors and imaging,[3,4] as well as their use to
fabricate organic photovoltaic (OPV) devices.[5-7] For the specific field of OPV, water-based
nanoparticles dispersions are used to reduce the environmental impact of this technology.[5] Indeed,
OPV devices are mostly fabricated from printed techniques (spin-coating, Dr blading, slot-die
coating...) using inks based on aromatic and/or chlorinated solvents, toxic for the operators and the
environment. A solution to reduce the toxicity of the process is to work with water and develop organic

semiconductor colloidal inks which can be used as an intermediate to fabricate thin active layer films.



Due to the low dielectric constant of organic semiconductors, the exciton formed upon absorption of
photons is still strongly bound (Frenkel exciton) and needs to be dissociated to form free charges. It is
generally achieved by associating in the active layer, a donor material and an acceptor material with
different energy levels to efficiently dissociate the excitons. However, since the exciton diffusion length
is relatively short, from 8 to 50 nm,[8-11] sufficiently intimate morphology, called bulk-
heterojunction,[12] between the two materials is necessary to allow efficient exciton dissociation. As a
consequence, the donor-acceptor active layer morphology needs to be carefully controlled and thus is
the nanoparticles morphology. Size and morphology are then important criteria to consider when
developing NP synthesis methods.[7,13] To this aim, two main techniques have been used to generate
nanoparticles: mini-emulsion and nanoprecipitation.[5] Miniemulsion technique has been the first to be
applied to nanoparticle based OPV.[14,15] For a long time, the efficiencies were remaining low, mainly
due to the morphology of the composite donor-acceptor nanoparticles which appeared to be core-shell
when fullerene derivatives were used as acceptors.[16-18] Very recently Laval et al. showed that it was
possible to achieve intermixed morphology by careful choice of the donor/acceptor combination to
achieve low interfacial energy and PCE approaching 10% were achieved.[7] Attempts to develop single
component NP (donor pure / acceptor pure) have also been done but power conversion efficiencies
(PCE) of OPV devices were lower than that of composite NP, probably due to too large nanoparticles,
which diameter exceeded the exciton diffusion length.[13] Nanoprecipitation works on the principle of
diffusion of a good solvent in an anti-solvent — both miscible —, leading to precipitation of the polymer
in solution. A solution containing the polymer to precipitate in a solvent is quickly dropped in an anti-
solvent. It starts first with the formation of a suspension, followed by the nucleation of polymer nuclei
and growth, ending on the agglomeration of the particles formed. Concentration of the polymeric
solution and solvent/anti-solvent ratio controls mostly the size of the resulting nanoparticles. Indeed,
nucleation should overrule growth and agglomeration to obtain the smallest size possible.[19,20]
Nanoprecipitation technique was first successfully used in OPV with chloroform/alcohol solvent/anti-
solvent systems and PCE up to 4% were achieved with P3HT:ICBA donor acceptor composite
nanoparticles.[21] Later, using water as anti-solvent and surfactant assisted nanoprecipitation, devices
with 7.5% efficiencies were achieved by Xie et al.[6] In this article, efficient removal of excess of
surfactant (Pluronic F127) was achieved due to thermally sensitive critical micelle concentration (CMC).
Very recently, Holmes et al. showed that up to 10% PCE could be achieved using surfactant-assisted
nanoprecipitation with sodium dodecyl sulfate (SDS), showing that nanoprecipitation is a powerful
strategy to develop water-based inks for organic photovoltaic.[22] To conclude, in the quest of
developing organic semiconductor colloidal inks, either alcoholic-based or water-based, it has been
shown that the size and the morphology are important parameters to control to reach high efficiency
devices.[7,23]

In OPV field, the most widely used method to form nanoparticles dispersions by

nanoprecipitation is the batch method. The polymeric solvent is dropped quickly in a beaker of the anti-



solvent method under strong stirring. It is a very convenient method because of its easiness of setup and
the quickly observable result. However, it is a one-pot method and does not allow to screen quickly
different parameters proper to nanoprecipitation such as the concentration, the ratio of solvent/ anti-
solvent or the modification of the environment as the experiment is ongoing. In addition, reproducibility
can be an issue in the batch method, since the mixing time between the solvent and anti-solvent is
difficult to control while it is a critical parameter to control the size.[24] Micro- or milli-fluidic systems
are widely utilized for the synthesis of particles by precisely controlling experimental parameters. It has
been shown that using micro-fluidic chips[25,26] or millifluidic setups,[27] it is possible to finely
control the mixing time and as a consequence the size of the nanoparticles.[24] Each technics has
benefits and drawbacks : microfluidics allow the use of less reactant but the output is very low and chips
are easy to clog; millifluidics on the other hand provide an interesting output of solution with chip easily
cleanable but they require a non negligeable load of reagant. For the formation of nanoparticles in a
reproducible and decent scale, millifluidics seems to be more adapted for our goal here. For example,
Seaberg et al. were able to fabricate nanoparticles encapsulate bovine serum albumin (BSA) in a grafted
poly(ethylene glycol) (PEG) shell by a millifluidic process. This process involved a laminar flow to be
able to coat the BSA with a PEG layer followed by ultrasonic bath to break down the film and form the
droplets. They could achieve nanoparticles ranging from 13 to 300 nm.[28] Another millifluidic system
for the fabrication of drug-polysaccharide nanoparticles complex has been published by Tran et al. By
a Y-junction and two push syringe they were able to finely tune the size of nanoparticles made of
curcumin and chitosan. They were able to control the size by placing collector on different point of the
output channel. They could achieve nanoparticles of 115 nm after optimizing the system.[29] Finally,
several teams shown the use of millifluidic devices for the synthesis of poly (lactic co-glycolic) acid
(PLGA) nanoparticles.[30-32] Indeed, PLGA is a very useful polymer in biomedical field because of
its high biocompatibility. As an example, Libi et al. compared the synthesis of PLGA nanoparticles by
batch processes and continuous flow. The ability to control the flow, the parameters of the reaction (ratio,
pH, concentration of the components, etc.) are very advantageous to the continuous flow process. They
could achieve size comparable between the batch process and the continuous flow: around 200 nm
nanoparticles. They also showed the ability to finely tune parameters of the nanoprecipitation — such as
the aqueous/ organic phase ratio or the flow rate — allowing more possibilities for formulating
nanoparticles.[33] In addition, micro- or milli-fluidic setup allows flow synthesis of nanoparticles, a
necessary step for upscaling the fabrication of water-based colloidal inks.

In this article, we have been developing milli-fluidic setups to precisely control the solvent/anti-
solvent mixing conditions for the nanoprecipitation technique. Different kinds of milli-fluidic setups
were studied, co-flow setups with a T-junction or mixing chamber using an architecture inspired by
confined impinging jets setups (CHJ), allowing synthesis of 60 nm nanoparticles. The influence of

different parameters, such as the flow rates and the pressure, on the nanoparticle size has been studied.



Results show that efficient control of the NP size can be done in these milli-fluidic setups and open the

route for continuous synthesis of well-defined organic semiconductor nanoparticles.
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Figure 1. Schematic of a) the millifluidic setup and b) the three different milli-fluidic mixers studied
referenced as: T-Teflon for a co-flow mixer made of Teflon with a circular section for water and THF
inlets of 2 mm and 0.84 mm diameters respectively; T-PEEK for a co-flow mixer made of polyether
ether ketone (PEEK) with a square section of 2 x 2 mm? for water inlet and circular THF inlet of 1/32”
diameter; and milli confined inpinging jet (mCIJ) made of PEEK. The two mixer T-PEEK and mClJ are

differentiated by their mixing chamber: a T junction and a bigger square mixing chamber, respectively.

2. Materials and methods
Materials. The organic semiconductors poly(3-hexylthiophene-2,5-diyl) (P3HT) and [6,6]-Phenyl C61

butyric acid methyl ester (PCBM) were provided by Solaris Chem. (Canada). The tetrahydrofuran



(stabilized by BHT) was provided by Tokyo Chemical Industry Co., Ltd. (Japan), sodium dodecyl
sulfate was provided by Merck (Japan). NaOH was provided by Sigma Aldrich (Japan).

Preparation of the organic solution. The initial solution was prepared by dissolving P3HT in THF at a
concentration of 5mg/mL. The solution was stirred and heated at 65°C overnight to completely dissolve
the polymer. Solution used in this work ranged from 0.1 mg/mL to 1 mg/mL. Polymer solution were

used after filtration through a hydrophobic filter (PTFE) of 0.45 um pore size.

Milli-fluidic setups. Pressure flow controller (FlowEZ 7000), linker (Lineup Link) and flowmeter (Flow
Unit) were provided by Fluigent. Pumps and flowmeters could be controlled by PC using the software
provided by fluigent (A-1-O). The pressure source for the pressure controllers was a compressor
(EARTH MAN ACP-10A) reaching 7 bars and equipped with an air cleaning filter. The syringe pump
was provided by kdScientific™ (model KDS-230). Syringe of 5mL were used during those experiments,
provided by Terumo®. Microfluidic PEEK tubing (1/16” outside diameter), connectors were purchased
from IDEX. Bigger tubing (3mm and 4mm outside diameter) were bought from monotaro (Japan). The
temperature of the millifluidic mixers was measured with a heat sensor on top of the chip.

For the first T junction mixer (T Teflon), a Teflon T was drilled through allowing a needle (size: 18 G)
to bring the solvent solution in a PTFE tubing. Inner diameters for this co-flow devices are 2 mm and
0.84 mm for water inlet and THF inlet respectively (Figure 1b). The two other millifluidic mixers, T-
PEEK and m-CIJ mixers, were fabricated with PEEK - a polymer inert to chemicals and mechanically
strong - using a 3D printer. Funmat HT 3D printer provided by Intamsys was used. The PEEK filament
was bought from Vision Miner (ThermaX™ PEEK). After printing, devices were annealed at 150°C for
30 minutes, followed by a second annealing at 200°C for 30 minutes and a final annealing at 150°C for
30 minutes. A glass slide was glued with Masterbond® EP29LPSP to the device to allow visualisation
and sealing of the channel. After preparing the surface — whipping with acetone and isopropanol — the
glue was applied on the glass and put on top of the chip. An annealing at 75°C for 10h was then
performed. Finally, tubes were bonded with an UV cured glue. The dimensions of the T PEEK millifluid
mixer are as follow: square-shaped water inlet with a section of 2 x 2 mm? and a round-shaped solvent
inlet (PEEK tubing) with 1/32” inner diameter (~0.79 mm).

Dynamic light scattering (DLS). Particles size were measured thanks to Nano Particle Analyzer SZ-
100V2 provided by Horiba. For each sample, three measurements were done using a quartz cuvette of
1 cm side holding around 3mL of solution using the detector at 90°. Average diameter and polydispersity

index (PDI) were determined using cumulants method.



3. Results and discussion
To conduct this study on nanoparticle synthesis by milli-fluidic systems, P3HT was selected as reference

since this material has been widely studied and its properties are well-known and established.

P3HT nanoparticles were prepared using nanoprecipitation technique. This method consists in injecting
a polymer solution (solvent) into a miscible anti-solvent. By diffusion of the anti-solvent in the solvent,
super-saturation of the environment occurs leading to a nucleation and growth of the polymer into
nanoparticles. The size of the nanoparticles depends on various parameters such as the concentration of
the starting polymer solution, the solvent/anti-solvent ratio,[20] as well as the mixing time.[24]
Turbulence affects the mixing time and can be estimated by the Reynolds number. In this work,
millifluidic chips are developed to modify the turbulence and understand its influence on the NP size
(Figure 1b). The variation of solvent/anti-solvent ratio was given by the difference of flow rate and the

diameter difference.

3.1 Optimisation of the concentration
First, the concentration of the solution and the solvent/anti-solvent ratio have to be selected to find a

balance between the size of the particles and the final concentration of the dispersion. Since the
concentration of the final dispersion has to be relatively high (< 10 mg/mL) to improve the formation of
the thin film during the fabrication of the solar cell,[7,34,35] a balance between NP size — which
generally increases with increasing concentration — and resulting concentration needed to be found. The
influence of the concentration and the solvent/anti-solvent ratio on the NP size was studied with the
batch method. Two solvent/anti-solvent ratios, 1/10 and 1/20, and three concentrations, 0.1 mg ml?, 0.5
mg ml* and 1 mg ml%, were studied. The size of the formed nanoparticles decreases with the decreasing
concentration, from 159 nm to 109 nm for 1/10 ratio (Table 1), in accordance with the literature.[36]
Indeed, when the polymer concentration increased in the solvent, the number of molecules in the solvent
droplet increased, leading to more molecules to precipitate and thus a bigger particle. Decreasing the
solvent/anti-solvent ratio down to 1/20 lead to further decrease of the NP size, down to 83 nm for 0.1
mg/ml. Since the concentration of 1 mg ml* was leading to nanoparticles with large diameters, around
135 nm and the 0.1 mg ml* would lead to a very low final concentration, the intermediate concentration
of 0.5 mg ml* was chosen as the balance between the concentration of the final suspension and the

nanoparticles size.

Table 1. Average diameter and PDI measured by DLS (cumulants method) for P3HT nanoparticles
synthesized with the batch method and for different initial concentration (0.1, 0.5 and 1 mg ml) and
solvent/anti-solvent ratio (1/10 and 1/20). Average values and standard deviation calculated on 5 to 11

measurements from 1 to 3 experiments.



) . ) ) . . Number of
Solvent / anti- Initial concentration  Average diameter Polydispersity

solvent ratio (mg ml?) (nm) index (PDI) measur-ements
(experiments)

1 159 + 10 0.25+0.11 11 (3)

1/10 05 108 + 20 0.20 + 0.04 11(3)

0.1 109 + 37 0.23+0.12 8(2)

1 135+ 1 0.15 £ 0.02 5(1)

1/20 05 121 + 2 0.14 £0.03 5(1)

0.1 83 + 2 0.35+0.02 5(1)

3.2  Pressure to flow rate calibration
Once the initial concentration optimized, the synthesis of the NP was performed on the T-junction milli-

fluidic system with 2 mm diameter for water inlet and 0.84 mm for THF injection (Figure 1b, T-Teflon).
Calibration of the system was first performed and the pressure has been correlated to a flow rate of
liquids. To do so, a pressure was applied to the system for a given time period and the amount of liquid
was weighted. The volume of THF could be calculated by measuring the difference of weight of the
solution before and after evaporation of the THF. For water flow rate, the water flow rate increases
linearly with the pressure, up to 850 ml/min for 1500 mbar. The Reynolds numbers (Re) were estimated
for every pressure applied to the system and was found to be between 2000 and 10000 in the T-Teflon
mixer. At such high Re, the flow regime is in a transition regime between laminar flow to turbulent

flow.[37]
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pressure for water (anti-solvent) inlet. b) Evolution of the THF flow rate with the THF pressure (solvent)

inlet



In the case of the THF flow rate calibration, the flow rate increases linearly with the pressure applied.
However, since the channel for water and THF had very different diameter (3mm for water vs 800um
for THF), high flow rates were difficult to achieve with this setup. Only 15 ml min could be achieved

with a pressure of 2000 mbar.

3.3 Nanoprecipitation in “T”” geometry milli-fluidic system

Several parameters can be controlled on the milli-fluidic setup: flow rate of water or THF, temperature
of the chip, THF/water ratio. First, the influence of the water flow rate was studied in two kind of co-
flow devices: T-Teflon (with a circular section for water and THF inlets of 2 mm and 0.84 mm diameters
respectively) and T-PEEK (with a square section of 2 x 2 mm? for water inlet and circular THF inlet of
1/32” diameter). The flow rate of THF was set such as to keep a THF/water ratio of 1/100. Figure 3 and
Table S1 show the evolution of the NP diameter as a function of the water pressure injected in the chip.
Both milli-fluidic chips exhibited the same trend with an average NP diameter decreasing with the
increasing water pressure and no significant difference is observed between the two kind of chips. As
shown in Figure 2, the pressure is linked to the Reynolds number which is an indicator of the degree of
turbulences and chaotic mixing in the chip. The more turbulent the mixing, the smaller the NP. This
analysis suggests that the mixing time between the solvent and the anti-solvent could be efficiently
decreased by increasing the pressure in the mixer. Consequence is that during the mechanism of NP
formation by nanoprecipitation, involving nucleation and then growth, the growth can be stopped
prematurely due to increased turbulences in the milli-fluidic chip. However, our systems seem to reach
a lower limit for the NP size and starting for 500 mbar, the NP size saturates at around 80 nm. As a
result, the smallest NP size achieved was of 83 nm for the T-Teflon at a pressure of 1000 mbars and 78
nm for the T-PEEK at 1000 mbars. The Reynolds numbers was estimated for both devices at 7000.
Comparing this millifluidic method with the batch method, with the same initial concentration, the NP
diameter decreased from 108 nm to 78 nm when going from a batch method to a milli-fluidic system.

This shows that millifluidic mixers can efficiently enhance the turbulences and generate smaller NP size.
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Figure 3. a) Influence of the water flow rate on the average nanoparticle diameters for nanoparticles
fabricated with “T” mixer geometry: T-Teflon and T-PEEK. Diameters determined by dynamic light
scattering using cumulants method. Average values and standard deviation calculated on 9 to 12
measurements from 3 to 4 experiments. b) Influence of the THF flow rate on the average nanoparticle
size (T Teflon, water pressure = 500 mbars). Diameters determined by dynamic light scattering using
cumulants method. Average values and standard deviation calculated on 3 to 6 measurements from 1 or

2 experiments.

The influence of the solvent flow rate was also investigated (Figure 3b and Table S2). For this study,
the water flow rate was kept constant with a fixed pressure of water (500 mbars). Even though large
variation in the NP size were observed, in particular for low THF flow rates, no significant impact could
be detected, indicating that the solvent/anti-solvent mixing regime is mainly influenced by the anti-
solvent flow rate. Interestingly by changing the solvent flow rate, the ratio solvent/ anti-solvent increased
also. However, no change to the diameter of the resulting nanoparticles was observed, indicating that at
this low solvent/anti-solvent ratio, this parameter does not influence the size of the particles.

The impact of the temperature of the chip on the NP size has been studied on a T PEEK system. The
experiment has been done with the chip at room temperature and heated up at 65°C and for different
water pressure (Table S3). Given the variation in size observed in this experiment, no significant
differences have been detected between the two experiments, suggesting that the temperature of the chip
has little influence on the size of the nanoparticles. Therefore, for simplification of the experiment setup,
from now on, all the data gathered are done with the polymer solution stirred at 65°C beforehand and

injected in the chip kept at room temperature.



3.4 Nanoprecipitation in ““confined impinging jets (CI1J)” geometry milli-fluidic system
In order to reach higher turbulences when the solvent meets the anti-solvent, a different geometry was

investigated. This design was inspired by the actual confined inlet jet (CIJ) geometry.[38] Three inlets
- two for anti-solvent and one for the solvent - meet into a mixing chamber where nanoprecipitation
occurs (Figure 1b, m-CLJ). In this case, pressure was a more relevant parameter than the Reynolds
number. Pressure for anti-solvent had to be compensated with solvent pressure. Indeed, when having

two wide entries/ one small entry, the pressure applied by the bigger entries creates a large backflow.
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Figure 4: a) Influence of the water pressure in m-CIJ millifluidic chip on the P3HT nanoparticles size.
Diameters determined by dynamic light scattering using cumulants method. Average values and
standard deviation calculated on 9 measurements from 3 experiments. b) Picture of the nanoprecipitation

process in the m-CIJ mixer.

Figure 4 and Table S4 present the impact of the water pressure on the P3HT NP size in m-CIJ chip.
Similar to that observed in T geometry, the NP diameter decreases with increasing water pressure in the
m-CI1J mixer. The size could be decreased down to 93 nm for 1000 mbar - smaller that the size of NP
generated with the batch method. However, the nanoparticles were larger than those obtained in the T
geometry chip. The difference in size could be linked to hon-homogeneous mixing or dead volume in
the mixing chamber and therefore lower turbulences in such kind of mixer.

3.5 Impact of the additives: pH, surfactant and composite donor: acceptor blend
In the first part of this study, we have focused on understanding how the different flow rates of the

solvent and anti-solvent can affect the size of the nanoparticles. A plateau in the NP size have been
reached at around 80 nm diameter. Additives and pH can also influence the charge environment around
the particles and modify the nucleation and growth mechanisms. In particular, charged layers control
the interaction of the particles in solution: those charges, when condensing on the surface of the
nanoparticles, lead to the repulsion of the nanoparticles, making them less keen to aggregate; if too much

charges are condensed, countereffect can happen, leading to the aggregation of the particles.[39,40]



Two strategies were investigated on the T-PEEK chip. First, the impact of the pH of the water (anti-
solvent) on the NP size was investigated (Figure 5a and Table S5). When increasing the pH, the number
of anions in the solution increases, leading to an accumulation of negative charges around the droplets
first and the nanoparticles in a second time.[40,41] When increasing the pH from 7 to 11, the size of the
nanoparticles decreased by 20-30 nm for water pressures up to 500 mbar. However, for
nanoprecipitation at 1000 mbar of water pressure, no significant influence of being in basic condition is
observed on the nanoparticle’s sizes. One can suggest that at such high turbulent regime, the nanoparticle
size is mainly governed by the rapid mixing time rather than the electrostatic repulsion. For a lower pH
of 9, no noticeable changes were observed on the NP size at the different water pressure, suggesting that
there is a threshold below which the accumulation of negative charges at the surface of the particles does
not impact the size of the NP.

The influence of a surfactant, sodium dodecyl sulfate (SDS) was also investigated (Figure 5b and Table
S6). It has been shown that surfactants can influence the size of the NP by nanoprecipitation[6,42] as
well as the stability of the colloidal dispersion. At low water pressure, one can see that the surfactant
has only a little impact on the size of the NP, with a decrease of around 10 nm of the P3HT NP diameter.
At this pressure, the Re is estimated to be ~1500, which is still in the laminar regime. At higher pressure,
the Re increase to 4500 or 7500 for 500 and 1000 mbar respectively, and the regime becomes turbulent.
In this regime, the addition of SDS seems to have a bigger influence on the size of the NP, decreasing it
from 85 nm of diameter down to 62 nm. As shown in the batch method, the addition of surfactant has a

important impact on the NP size and this effect seems to be enhanced if the regime is turbulent.
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Figure 5. Influence of the pH (a) and the addition of SDS (b) on the size of the nanoparticles generated
in “T” geometry millifluidic chips. Diameters determined by dynamic light scattering using cumulants



method. Average values and standard deviation calculated on 3 to 13 measurements from 1 to 5

experiments.

For single component nanoparticles, P3HT in this study, it was not possible to reach diameters below
30 nm with the milli-fluidic systems developed, which would be compatible with the exciton diffusion
length. The smallest NP diameter reached was ~ 60 nm (T-PEEK mixer, 1000 mbar, w/ SDS). Therefore,
the synthesis of donor:acceptor composite nanoparticles using milli-fluidic system was investigated. In
particular, the impact of PCBM on the nanoparticle synthesis was studied. Using the optimized
conditions (T-PEEK mixer, water with at 2 mg ml* SDS as anti-solvent), P3HT:PCBM nanoparticles
were synthetized from an initial total concentration in THF of 0.5 mg ml-1 and 1:1 donor:acceptor
weight ratio (Table S7). Nanoparticles with average diameters of 49 nm were fabricated, much smaller
than those synthesized from pure P3HT solution (~ 60 nm). This preliminary result suggests that the
presence of PCBM stabilizes the nuclei during the nanoprecipitation process, leading to smaller particles.
Similar effect has already been observed in the case of the synthesis of P3BHT NP in DMSO, in which
the presence of PCBM showed to increase the zeta potential of the P3HT NP and to generate smaller
NP.[43]

As a result, smaller NP were achieved for composite PSHT:PCBM NP, with 49 nm of diameter. Holmes
et al. showed that nanoprecipitation leads to Janus morphology nanoparticles,[42] therefore one can
assume in these nano-objects synthetized by milli-fluidic systems are of the same morphology and that
the P3HT and PCBM domain size are compatible with the exciton diffusion length. Further work is
ongoing to apply this technique to high efficiency systems such as PTQ10:Y6 and integrate those nano-
objects in organic electronic devices in order to understand their potentiality for OPV application.

Conclusion

Nanoprecipitation could be achieved in different kind of milli-fluidic mixers, either with co-flow
(refered as “T”) or confined inpinging jets (referred as “m-CI1J”) geometries. By a careful control of
different parameters, it was possible to control the size of pure P3HT nanoparticles, from 144 nm down
to 60 nm. Mainly, the nanoparticle size could be decrease by increasing the pressure in the milli-fluidic
mixer, and thus the turbulences. Similar trends were observed independently of the chip used, either
with the two T geometries and the m-CI1J. Turbulence was brought by the pressure of water phase inlet
and the decrease of the nanoparticles size by increasing Reynolds number could be demonstrated.
However, a plateau was observed for the nanoparticles size which could not be decreased below 80 nm
of diameter for P3HT single component NP, a dimension too large compared to the exciton diffusion
length. The use of additives in the nanoprecipitation allowed to further decrease the size of P3HT
nanoparticles down to 60 nm. Composite donor:acceptor nanoparticles were also synthesized from a

P3HT:PCBM solution and the NP size could be further decrease down to 49 nm using the T geometry



mixer with 2 mg ml** of SDS. This work opens the route for continuous flow synthesis of well-defined

organic semiconductors nanoparticles for water-based inks for organic photovoltaics.
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