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Solvent displacement, or nanoprecipitation, is a well-known process to develop colloidal
dispersions in water. Using two successive and selective nanoprecipitation steps, we
developed a method to generate [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) shell
on poly(3-hexylthiophene) (P3HT) core nanoparticles (PBHT@PCBM). We report herein
on the understanding of the shell formation during this process. Using several techniques
(dynamic light scattering, zeta-potential, photoluminescence), we evidenced that after
the first solvent displacement with dimethyl sulfoxide (DMSQO), the PCBM molecules still
dissolved in the medium are already in close interaction with the P3HT nanoparticles
(NP). Such proximity of the PSHT core with PCBM molecules in the DMSO dispersion
explains why PCBM aggregates around the nanoparticles during the second solvent
displacement with water. A fast electron transfer from PSHT to PCBM was identified by
transient absorption spectroscopy, confirming the core-shell morphology even for low
PCBM concentration. This study opens the route for the development of well-defined
nano-objects dispersed in water for fabrication of organic photovoltaic devices with
eco-friendly processes.

Keywords: organic photovoltaic, nanoprecipitation, core-shell, solvent displacement, transient absorption
spectroscopy, dynamic light scattering, zeta potential

INTRODUCTION

Organic photovoltaic devices present numerous advantages which make them useful for specific
markets: flexibility and light weight for portable applications; semi-transparency and shape tuning
for integration in building and aesthetic feature (Berny et al., 2015). The development of new
chemical structure for both donor and acceptor lead to power conversion efficiencies up to 13%
for single-junction solar cells (Zhao et al., 2017; Baran et al., 2018). Organic photovoltaic modules
present also interesting properties in terms of impact on the eco-systems such as a short energy
pay-back time (Espinosa et al., 2011) and low carbon footprint (Lizin et al., 2013).

However, this technology still requires aromatic and/or chlorinated solvents in the organic
semi-conductors ink formulations to get high performances. Although an improvement on the
environmental impact is achieved by the substitution of chlorinated solvents by xylene (Schmidt-
Hansberg et al,, 2012; Czolk et al., 2016) the use of such aromatic solvents still present a
non-negligible impact on the working conditions and the environment.
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An alternative to those solvent is the formulation of
water-based colloidal inks for organic photovoltaics. Kietzke,
Landfester et al. started developing this strategy in 2002
(Landfester et al., 2002; Kietzke et al, 2003, 2004). In
these studies, the mini-emulsion technique was adapted
and optimized to generated different kind of colloidal
solutions of organic semi-conductors. A donor polymer
PFB (poly(9,9-dioctylfluorene-co-N,N-bis(4-butylphenyl)-N,N-
diphenyl-1,4-phenylenediamine)) and an acceptor polymer
F8BT(poly(9,9-dioctylfluorene-co-benzothiadiazole)) were used
to form the bulkheterojunction (BHJ). Although the devices
fabricated presented low performances (up to 4% at 380 nm
in the external quantum efficiency; Kietzke et al., 2004), they
developed the first organic photovoltaic device using water-based
colloidal inks. Since then, the several groups continued working
on this idea and 2 and 2.5% were achieved in 2013-2014 using
P3HT:PCBM (Gehan et al., 2014) and P3HT:ICBA (indene-Cgg
bisadduct) (Ulum et al., 2013) donor-acceptor active layer,
respectively. This technique was recently applied to other
donor materials (Holmes et al., 2016) and an efficiency as high
as 3.8% was obtained with low band-gap donor copolymer
PBDTTPD (poly[(benzo[1,2-b:4,5-b’]dithiophene)-alt-(4H-
thieno[3,4-c]pyr- role-4,6(5H)-dione)]) using such water based
inks (D’Olieslaeger et al., 2016). The solvent-displacement
method also known as nanoprecipitation is another technique
to prepare colloidal inks dispersed in aqueous or alcoholic
media. It consists of mixing a solvent containing a solute with
a large quantity of anti-solvent for the solute. The solvent and
the anti-solvent need to be miscible and, depending on the
mixing conditions (solvent/anti-solvent ratio, concentration,
mixing time), this procedure, based on the supersaturation
principle, can generate nanoparticles with monomodal size
distribution (Ganachaud and Katz, 2005; Aubry et al., 2009;
Couto et al,, 2015). The formation of nanoparticles results from
a nucleation and growth process where the nucleation rate is
determined by the level of supersaturation. Once the nuclei
reached a critical size determined by the balance between the
free energy required to form the solid-liquid interface and the
free energy released by creating a new volume, they can grow
through capture of nearby solute molecules. A nucleation and
aggregation mechanism has been also proposed under high
supersaturation conditions (Aubry et al., 2009). The aggregation
rate depends on the frequency of collision of nanoparticles and
their stability (Lince et al., 2008). The nanoprecipitation has the
advantage of developing surfactant-free colloidal dispersions. In
2014, Gartner et al. developed an organic photovoltaic device
with 4% power conversion efficiency (PCE) using P3HT and
ICBA as donor and acceptor, respectively. The active layer was
cast on the substrate from a P3HT:ICBA colloidal dispersion in
in alcoholic medium (ethanol or methanol) and an optimized
thermal treatment was applied to allow the nanoparticle to
merge. This fabrication step was shown to be necessary in order
to form a dense active layer and to achieve high performances
(Gértner et al., 2014; Sankaran et al., 2016). This literature
survey show the importance of the morphology control on
the performances of nanoparticulate organic photovoltaic
(NPOPV).

With the aim of controlling precisely the morphology of
the nanoparticles generated by nanoprecipitation, we applied
in a previous study the solvent displacement method to form
P3HT@PCBM core-shell nanoparticles in two successive steps
(Chambon et al., 2014). We showed that the addition of a
large volume of DMSO in a tetrahydrofuran (THF) solution
containing P3HT and PCBM allowed the nucleation and growth
of P3HT nanoparticles while PCBM remained dissolved in the
solvent mixture (DMSO:THF 9:1 v/v ratio). Then, the addition
of water, an anti-solvent for both P3HT and PCBM, led to the
precipitation of PCBM. Interestingly, we proved that the PCBM
nucleated on the P3HT nano-particles during this fast process,
generating a core-shell PAHT-PCBM nanostructure.

This article aims to investigate in more details the mechanism
of formation of the PCBM shell. Using various techniques, we
analyzed the nanoparticles at the different steps of formation
of the shell. In order to study the growth of the shell, we
used different concentrations of PCBM in a P3HT solution.
The colloidal state of the nanoparticles was studied by
dynamic light scattering (DLS) and zeta potential after the
first and second solvent displacement. The photo-spectroscopic
properties of the particles were also analyzed by steady-state
photo-luminescence (PL), UV-visible spectroscopy and transient
absorption spectroscopy (TAS) at different PBCM contents.

MATERIALS AND METHODS

Materials

Regio-regular P3HT was provided by Solaris Chem Inc. A
weight-average molecular weight (Mw) of 40.10* g/mol with a
polydispersity index of 1.7 was determined by gel permeation
chromatography calibrated with polystyrene standards. The
regio-regularity was determined by H-NMR at 95%. PCBM was
provided by Solaris Chem Inc. (purity: 99.5%).

Solvent Displacement Procedures

P3HT or P3HT:PCBM were first dissolved in THF and stirred for
24h at 50°C in nitrogen filled glove box (O, and H,O < 2 ppm).
The concentration of P3HT (Cpspt) was kept constant at 0.5 mg.
mL~! while the PCBM concentration (Cpcgn) was varied from
0.005 to 2mg.mL ™!, For the first solvent displacement (1st SD),
0.5mL of the P3HT or P3HT:PCBM solution was transferred to
a 6mL vial and stirred at 50°C at 250 rpm for 5min and then
4.5 mL of DMSO were rapidly injected with a 5 mL micropipette.
For the second solvent displacement with water (2nd SD), 0.5 mL
of the first dispersion generated with DMSO was transferred to
a 6 mL vial, heated at 50°C and stirred at 250 rpm for 5 min.
Then 4.5mL of deionized water were rapidly injected with a
5mL micropipette. For TAS experiments (see below), the second
solvent displacement was performed in a 60 mL vial and inserting
45 mL of water in 5 mL of DMSO dispersion. The ultra-filtration
technique using a regenerated cellulose membrane filter of 10
kDa was applied to concentrate the final dispersion in water and
obtain sufficiently high optical densities for TAS experiments.
Composite PBHT:PCBM nanoparticles were also generated from
a single solvent displacement. P3HT and PCBM were dissolved in
THF at a concentration of 0.5 mg mL™! each. 0.5 mL of the THF
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solution was transferred into a 6 mL vial, stirred at 50°C at 250
rpm for 5min and then 4.5 mL of deionized water were rapidly
added with a 5 mL micropipette.

UV-Visible Spectroscopy

The dispersions analyzed with a UV-visible
spectrophotometer (SAFAS UV mc?) in double beam mode.
Quartz cuvettes with 0.1 cm optical path were used for DMSO
dispersions and 1 cm optical path for water dispersions. Spectra
were recorded from 200 to 800 nm in steps of 2 nm and using an
integration time of 1 s.

were

Photoluminescence Spectroscopy

Steady-state photoluminescence experiments were performed
on a PTI (Photon Technology International) Quantmaster 40
setup with a Xenon arc lamp coupled with a monochromator
for excitation and a photomultiplier detection system (Model
810/814). The excitation wavelength was set at 510nm and
emission spectra were recorded at 90° from 525 to 900 nm by
step of 1 nm and using an integration time of 1s. The excitation
and emission slits were all set at 2mm corresponding to a
spectral resolution of 8 nm. Four-sided Quartz cuvettes with 1 cm
optical path were used for these PL experiments. The different
dispersions were diluted with their respective solvent (DMSO or
water) to reach an optical density of 0.1 at 510 nm.

Size and Zeta-Potential Measurements
Hydrodynamic diameters of the nanoparticles were determined
by dynamic light scattering using a Zetasizer Nano ZS
from Malvern Instruments at a detection angle of 173°.
Autocorrelation curves were averaged from 10 to 15 acquisitions
depending on the intensity of the scattered signal. The cumulants
method was used to determine the Z-average hydrodynamic
diameter and the polydispersity index width (PDI width). Three
measurements were performed for each sample.

Zeta potentials were determined with the same instrument
using a dip cell for DMSO dispersions and clear disposable zeta
cells for water dispersions. As the dispersions of the nanoparticles
were in DMSO or water rich media, the Smoluchowski
approximation was applied to derive the zeta potentials from
electrophoretic mobilities. The temperature of the dispersion
was set at 25°C. The refractive index and viscosity values of
water:DMSO mixtures were taken from literature (LeBel and
Goring, 1962). For THF:DMSO mixtures, the refractive indexes
were calculated using the following equation:

”%2 1 n%—l n%—l
2 :¢1 2 +¢2 B
ny, + 2 ny+2 ny + 2

where 11, n, and ny, are the refractive index of solvent 1, solvent
2 and the mixture, respectively and ¢; and ¢, their volume
fractions (Mehra, 2003).

Viscosities of THF:DMSO mixtures were calculated according
to the Arrhenius equation:

log niz = x1log n1 + x2log 2

where 71, 2, and 115 are the viscosity of solvent 1, solvent 2, and
the mixture, respectively and x; and x;, their mole fractions. For
the determination of the zeta potential, the dielectric constant
of the main solvent (90% in volume) was used: 46.4 for DMSO
dispersions and 78.2 for water dispersions.

Atomic Force Miscroscopy (AFM)

AFM measurements were performed at room temperature in a

dry state using a Multimode g microscope (Veeco Instruments
Inc.). Both topographic and phase images of individual particles
were obtained in Tapping Mode using rectangular silicon
cantilever (AC 160-TS, Atomic Force, Germany) with a spring
constant of 26N m™1, a resonance frequency lying in the 270~
320kHz range and a radius of curvature of <10 nm. Samples
were prepared by casting at ambient temperature a drop (4 L)
of nanoparticle dispersions in water (prepared after the second
solvent displacement). The dispersion was deposited onto freshly
cleaved mica and allowed to dry under nitrogen flow during
several minutes. The analysis of the sizes and shape (diameter,
height, profile extraction) of the nanoparticles was performed
using Gwyddion software (version 2.31).

Transient Absorption Spectroscopy (TAS)
Transient absorption (TA) measurements were carried out by a
pump & probe method. The transient absorption spectra were
measured on an optical cell made up of two quartz substrates
separated by a 0.4mm thick spacer, the entire inner space
of which was filled with the colloidal dispersion. The optical
cell was installed in a rotating cell holder. Pump laser pulses
(wavelength: 550 nm) were generated with an OPA system (Light
Conversion TOPAS-C) excited by 800 nm subpicosecond laser
pulses (a pulse width of ~120 fs) from an amplified Ti:sapphire
laser system (Spectra Physics Hurricane), whose repetition rate
is 1.0kHz, and a pump beam intensity was kept as low as
50 mWcem ™2 to avoid sample degradation. Probe white light
continuum (WLC) pulses were generated by focusing the 800 nm
laser pulses onto a 3 mm thick sapphire crystal plate. The probe
WLC beam was split into two beams by using a beam splitter,
and focused onto the cell. One of which was excited by the
pump laser pulses, the other one was used as a reference.
The transmitted probe (I,ump) and reference (Irer) beams were
dispersed using a monochromator (f = 250 mm, an entrance
slit width = 0.5 mm) installed with a holographic grating (150
grs/mm, Apjae = 700 nm), and were detected with a 1,024-pixel
InGaAs CCD array detector. The optical density change, AOD,
is calculated by —log[Tpump(M)/Tno—pump(*)], where Tpump(h)
(:Ipump()\)/lrefo\)) and Tnofpump()\) (:Ipump()\)/lrefo\)) are the
transmitted probe beam signals obtained with pump beam
excitation and without excitation, respectively. An instrument
response function of the TAS system is ~250 fs. Optical Kerr
effect of a methanol solution filled in the optical cell was
measured with the TAS system, and no noticeable chirp effect was
observed in the wavelength region ranging from 900 to 1,350 nm.
Therefore, no chirp correction was performed on all the TA
spectra.
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TABLE 1 | Average hydrodynamic diameters, PDI width, and zeta potentials of the P3HT/PCBM dispersions obtained after the first solvent displacement (SD) with DMSO

and after the second SD with water.

Name CpcBMm (mg.mL_1) 1st SD (DMSO) 2nd SD (Water)

Label Hydrodynamic PDI Zeta Label Hydrodynamic PDI Zeta
diameter (nm) width potential diameter (nm) width potential

(nm) (mV) (nm) (mV)
A 0 A 269 140 -1.8 A 140 40 -38.4
B 0.005 B 114 40 —12.3 B” 120 42 —-38.9
C 0.01 c’ 135 46 —23.0 c” 119 39 —42.3
D 0.05 D’ 120 42 —29.8 D” 116 38 —-39.9
E 0.1 =4 112 39 —20.9 E” 101 35 —36.6
F 0.5 F 102 33 —-16.1 F 101 34 -35.7
G 1 H 106 37 —-13.6 H” 99 38 -35.3
H 2 G 98 33 —-30.3 G” 96 36 -37.9

RESULTS AND DISCUSSIONS

First Solvent Displacement With DMSO:

Generation of the Core

Eight solutions of P3HT in THF at 0.5mg.mL~! with PCBM
concentrations varying from 0 to 2 mg.mL~! were prepared. A
first solvent displacement (SD) was performed by addition of
DMSO in the THF solutions and dynamic light scattering (DLS)
was used to characterize the resulting nanoparticle dispersions.
The Z-average hydrodynamic diameter, zeta-potential and PDI
width values are reported in Table 1.

When PCBM is absent from the initial THF solution (A), we
observe that the nanoparticle dispersion is not very stable after
the first SD with DMSO. The average hydrodynamic diameter of
the particles generated is around 269 nm and the zeta potential is
close to zero (—1.8 mV). The PDI width is high, around 140 nm,
indicating that the size distribution in the colloidal dispersion A
is large. No charge is present at the surface of the nanoparticles
which explains the poor stability of the dispersion over time.
This result is somewhat expected as the P3HT is neutral and that
there is no ion in the solvent mixture to provide stabilization.
Hence, the large diameter and PDI width can be explained by the
aggregation of several P3HT NPs.

When PCBM is added to the initial THF solution, even in very
small quantity compared to P3HT (B: PCBM/P3HT 1/100 w/w
ratio), the dispersion behaves differently after the 1st SD with
DMSO. The average hydrodynamic diameter of the particles in
B’ is around 114 nm and the PDI width decreases down to 40 nm.
We observe that the dispersion is also more stable over time and
a zeta potential of —12.3 mV is measured. These results indicate
that the NPs become charged under these conditions and that
the electrostatic repulsion is sufficient to stabilize the dispersion.
The low PDI width confirms the absence of any aggregation
phenomena. By increasing the PCBM concentration (dispersions
C’ to H’, Table 1), the zeta potential decreases down to —30 mV
and then varies between —14 and —30 mV. The average diameter
of the NP remains stable between 98 and 135nm and the PDI
width between 33 and 46 nm. The further increase of the PCBM
concentration in the solution does not change significantly the

zeta potential, the average size and size distribution of the NPs
and the dispersions are stable over time.

In order investigate the proximity of P3HT and PCBM in the
different DMSO dispersions, we studied them by UV-visible and
fluorescence spectroscopy. As expected, the UV-visible spectra
of the different dispersions in DMSO (Supplementary Figure 1)
show an increasing absorption of PCBM (centered at 330 nm)
with increasing PCBM concentration. The photoluminescence
(PL) spectra of the different dispersions in DMSO are presented
in Figure 1A. When PCBM is absent, the maximum PL
yield is around 1.2 x 10° counts per second (cps) at
650nm. By increasing the concentration of PCBM up to
0.5mgmL~! (P3HT:PCBM 1:1 w/w ratio), the PL intensity
does not decrease and remains between 1.15 x 10° and
14 x 10° cps (Table2 and Figure 1C). No fluorescence
quenching is observed for such compositions (A’, B/, C', D/,
E’, and F') indicating that no charge transfer occur between
the P3HT and the PCBM. It indicates that the PCBM was
not trapped in the P3HT NPs during the SD with DMSO
and that it remains mostly dissolved in the solvent mixture
when PCBM concentration stays below 0.5mgmL~!. This
phenomenon can be explained by considering the solubility of
PCBM in THE:DMSO (1:9) mixture. Indeed, in our previous
report, a pure PCBM solution in THF was prepared and
a solvent displacement with DMSO was performed. For the
concentration used (up to 0.5mg.mL~!), no nanoparticle
formation was evidenced by DLS which means that the PCBM
molecules are still soluble in this condition (Chambon et al.,
2014).

By increasing PCBM concentration further (G’ and H’),
the quenching of fluorescence (~25%) of P3HT suggests that
some PCBM molecules were trapped leading to P3HT:PCBM
composite particles. In this range of concentration (0.1 and
0.2mg.mL~! in DMSO:THF mixture), the PCBM is approaching
its solubility limit in DMSO (0.2 mg.mL_l) (Machui et al., 2012)
which then becomes an anti-solvent. This can explain that some
of the PCBM molecules have probably aggregated during the 1st
solvent displacement and found themselves trapped in the P3HT
NPs (Vitale and Katz, 2003).
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FIGURE 1 | Photoluminescence of the different dispersions generated (A) after the first solvent displacement with DMSO and (B) after the second solvent
displacement with water. (C) Evolution of the PL yield at 650 nm upon increasing the concentration of PCBM in the initial solution. Schematic representation of the
morphology of the nanoparticles. The dashed arrows serve as guideline to illustrate the quenching rate of the photoluminescence in the different conditions.
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TABLE 2 | Photoluminescence yield at 650 nm of the different dispersions after the 1st and the 2nd solvent displacements in counts per second (cps).

Name A B C E F G H
CpceMm 0 0.005 0.01 0.1 0.5 1 2
(mg.mL*1 )

PL yield 1.1E+06 1.3E+06 1.4E4+06 1.4E4+06 1.2E+06 1.1E+06 8.2E4+05 7.9E+05
1st SD (cps)

PL yield 1.1E+06 1.1E+06 1.1E+06 4.7E4+05 2.5E+05 1.7E+05 1.6E+05 1.4E+05
2nd SD (cps)

PL Quenching 0 17 17 78 85 80 82

2nd SD (%)

Calculated photoluminescence quenching after the 2nd solvent displacement with water.

The formation of charges at the NP surface at increasing
PCBM concentrations cannot be explained by the presence of
PCBM inside the P3HT nanoparticles and the formation of
composite P3HT:PCBM particles. Nevertheless, the presence of
dissolved PCBM in the media (DMSO:THE, 9:1 v/v) is at the
origin of the presence of charges at the surface of P3HT NPs. This
result suggests that PCBM interacts with the P3HT dispersion in
the DMSO. One can suggest that PCBM molecules are adsorbed
at the surface of the P3HT NP but they are not close enough for
the fast electron transfer from P3HT to PCBM to occur. However,
an acid-base-like reaction is likely to occur between the P3HT
particle surface and the surrounding PCBM molecules, resulting
in a charge transfer. Such charging phenomenon in apolar solvent
has already been observed in polystyrene (PS) and poly(methyl
methacrylate) (PMMA) dispersions with non-ionic surfactant
like Span 85 (Guo et al,, 2013). Not only these results show that
PCBM is able to stabilize the dispersion such as a surfactant, but it

also indicates that even before the 2nd solvent displacement with
water PCBM molecules are in close interaction with the P3HT
nanoparticles.

Second Solvent Displacement With Water:

Generation of the Shell

After the second SD with deionized water, the zeta potential
of the NPs lies in the same range of values, between —35 and
—43mV for all PCBM concentrations. These values are high
enough to enable strong repulsion between the particles and
give rise to a stable dispersion. The appearance of charges at the
particles surfaces probably arises from the specific adsorption of
hydroxide ions through dipolar or hydrogen bonding interaction
with the atoms of hydrogen of the highly ordered interfacial water
(Gacek and Berg, 2015). In water, the dispersion based on P3HT
only (A”) is found to be stable and the average hydrodynamic
diameter considerably decreases compared to A’ (Table 1). Such

Frontiers in Energy Research | www.frontiersin.org

January 2019 | Volume 6 | Article 146


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Palacio Valera et al.

PBHT@PCBM Core-Shell Nanoparticles

22.0
20.0
18.0
16.0
14.0
12.0
10.0
8.0
6.0
4.0
2.0
0.0

200 nm i

w
=3

~
=3
ITETRTRETE ARTNRERTNI ARRRRRNTL

y [nm]

-
o

o

T T T T T [T T T T T [T T T T T T T T [ T rr T

0.0 0.1 0.2 03 0.4 0.5
x [pm]
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a decrease in size can be explained by the breaking of nanoparticle
aggregates, as evidenced by the decrease of the PDI width down
to 40 nm. Indeed, as mentioned previously, neither steric nor
electrostatic mechanism can take place for P3HT nanoparticles
in DMSO (A’). When the DMSO is replaced by water during
the second solvent displacement, the appearance of charges at
the surface of the NPs causes their repulsion and their de-
aggregation. As a consequence, the average diameter and PDI
width decrease.

The UV-visible and photoluminescence spectra of the
different dispersions after the 2nd SD were acquired
(Supplementary Figure 1 and Figure 1B, respectively). As
expected, the PL of dispersion A” (P3HT only) is identical to
A’ indicating that the solvent displacement (from DMSO to
water) does not change the PL of the pure P3HT-based particles
(Table 2). The evolution of the photoluminescence yield at
650 nm against the concentration of PCBM is represented in
the Figure 1C. At low PCBM concentrations (B” and C”), one
can observe a slight quenching of the PL, about 17% indicating
that the PCBM is close enough to the P3HT surface to enable
a low but still significant the electron transfer from P3HT
to PCBM thus evidencing that the PCBM has aggregated to
some extent around the P3HT NPs. By further increasing the
PCBM concentration, D” and E”, the quenching is stronger,
66 and 78%, respectively. For dispersions F’, G”, and H”
the fluorescence quenching stabilizes between 80 and 85%.
Based on these results it is possible to determine that a PCBM
concentration of 0.1 mg.mL~! is high enough to achieve the
highest quenching of fluorescence. This concentration probably
corresponds to a full coverage of the P3HT NPs by a layer of
PCBM. The PL quenching of dispersion D” (10:1 P3HT:PCBM

ratio) is intermediate (66%) which indicates that the PCBM
shell may not cover entirely the P3HT NPs at such low PCBM
concentration (0.05mgmL™!). AFM images were recorded
for two representative dispersions: A” corresponding to pure
P3HT NPs in water and E” corresponding to P3HT-PCBM NPs
prepared with a PCBM concentration of 0.1 mg/mL (Figure 2).
For the dispersion A”, AFM images reveal that P3HT NPs have
a rather homogeneous spherical morphology. In the case of
dispersion E”, the core-shell morphology of the nanoparticles
is clearly identified. One can clearly observe the outer shell in
the AFM topographic image as well as on the extracted profile
(Figure 2b). These results confirm that PSHT@PCBM core-shell
morphology was successfully achieved using successive and
selective solvent displacements. A schematic representation of
the evolution of the nanoparticles in the different dispersions is
proposed on Figure 1C.

It is interesting to notice that the particle size is significantly
decreased from the dispersion A” (140 nm) to the dispersion H”
(96 nm) which emphasizes that a higher PCBM concentration
does not lead to a thicker shell but rather it improves
the overall colloidal stability (Table1). The formation of
PCBM around P3HT NPs is in agreement with a nucleation
and growth mechanism as described by Vitale and Katz
on liquid-liquid nucleation and spontaneous generation of
nanoparticles, i.e., nanoprecipitation (Vitale and Katz, 2003)
When THF/DMSO mixtures containing P3HT NPs and PCBM
become supersaturated with water, PBCM nuclei can form and
grow by capturing the nearest nuclei and/or solute molecules.
One can suggest that during this process, the PCBM aggregates
around the P3HT NPs which act as nucleation points as well
as separately during the nucleation step. As soon as the PCBM
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FIGURE 3 | Photo-induced absorption spectrum (PIA) recorded just after
photoexcitation (0 ps) for PBHT NP (A), composite PSHT:PCBM NP (B),
core-shell PBHT@PCBM 10:1 (C), and core-shell PBHT@PCBM 1:1 (D). For
easier visualization of the position of the absorption of the different transient
species, we put guidelines for the eyes: PCBM™ (gray), PSHT™ (red), and
P3HT singlet exciton (purple).

shell is formed, the specific adsorption of hydroxide ions by
the PCBM probably creates some charges at the surface of the
nanoparticles thus impeding further growth of the shell. As
a matter of fact, we showed in our previous study that the
precipitation of pure PCBM in water from DMSO solution lead to
very small nanoparticles (49 nm of diameter), thus emphasizing
that PCBM/liquid interface is well-stabilized in DMSO:water
mixture (Chambon et al., 2014). As a result, increasing the PCBM
concentration in the solution does not lead to thicker PCBM
shell around P3HT NPs but to stable dispersions containing both

P3HT@PCBM core-shell NP and probably also some pure PCBM
NPs, especially at high PCBM concentrations.

Transient Absorption Experiments on PSHT
and P3HT:PCBM Nanoparticles

In order to correlate the morphology of the nanoparticles to
the charge transfer dynamics, three dispersions were analyzed
using transient absorption spectroscopy: dispersion A” with only
P3HT nanoparticles (P3HT), dispersion D” with intermediate
PL quenching (66%, P3HT@PCBM 10:1) and dispersion F”
with maximum PL quenching (85%, P3HT@PCBM 1:1).
Additionally, we generated mixed P3HT:PCBM nanoparticles
as a control (P3HT:PCBM). Such dispersion was fabricated
using a single solvent displacement from THF to water and
a 1:1 P3HT:PCBM ratio (See experimental section for details).
An average diameter was determined around 96nm and a
photoluminescence quenching of 80% compared to P3HT.
Guesquiere et al. showed that this fabrication method lead to
composite particles which include crystalline nanodomains from
both type: P3HT and PCBM (Hu et al., 2010). The remaining
photoluminescence indicates that some domains are larger than
the exciton diffusion length in P3HT (8-12nm) (Shaw et al,
2008).

Figure 3 shows the photo-induced absorption (PIA) spectra
of the fours dispersions just after photo-excitation (Ops). In the
case of pure P3HT NP (Figure 3A, red), the photo-excitation
leads to rapid formation of a broad band with main contributions
at 1000, 1100, and 1200nm. It has been reported in the
literature that the singlet excitons and polarons in regio-regular
P3HT absorb at 1,200 and 1,000 nm, respectively (Guo et al.,
2009). The P3HT singlet exciton band seems to be blue-shifted
(100nm) compared to the value reported in the literature and
appears to absorb mainly at 1,100 nm. This band can be shifted
depending on the crystallinity of the P3HT films and purely
amorphous P3HT (regio-random) shows an absorption band
centered at 1,000 nm (Guo et al., 2009). The UV-visible spectra
(Supplementary Figure 2) show that the vibronic bands of the
P3HT in the particles are not as prominent as in thin films.
Such result suggests that the P3HT crystallinity is lower in P3HT
nanoparticles generated by nanoprecipitation than in thin films
and can explain such shift. The P3HT positive polaron band
(P3HTT, 1,000 nm) seems to be preferentially formed compared
to the singlet exciton (P3HT", 1,100 nm). Such effect has been
observed when the excitation pulse intensity increases. At such
high density of photons, the singlet exciton-exciton annihilation
process can occur and lead to the formation of the two polarons
P3HT™ and P3HT~ (Guo et al., 2009).

For composite PZHT:PCBM nanoparticles (Figure 3B, blue),
the PIA spectrum is different just after photo-excitation. As
for P3HT NP, it shows a broad band centered at 1,000 nm.
However, the P3HT singlet exciton band (1,100-1,200 nm) is not
as intense as for P3HT NP and the main contribution comes
from P3HT positive polaron (1,000 nm). The spectrum at Ops
presents also another band centered at 960 nm. This signal can
be attributed to PCBM anion (PCBM ™). In the literature such
transient specie is generally observed at around 1,020 nm (Ohkita
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and Ito, 2011). The 60 nm blue-shift observed in our case can
be attributed to the confinement and/or degree of aggregation
of PCBM. These result indicate that, within the first picosecond
after photo-excitation, an efficient charge transfer from P3HT
to PCBM has occurred giving rise to the strong contribution
of P3HT* (1,000 nm) and PCBM™ (960 nm). The P3HT:PCBM
nanoparticle prepared by one step nanoprecipitation seems to
generate a morphology in which P3HT and PCBM are in
close interaction as the charge transfer occurs within the first
picosecond. With these two kinds of dispersions (P3HT NP and
composite P3HT:PCBM NP), the signatures of P3HT singlet
excitons and polarons as well as PCBM anion have been clearly
identified and the spectra of the PBHT@PCBM core-shell NP
at the different stage of formation of the PCBM shell will be
compared to those signatures.

For both P3BHT@PCBM core-shell NP (Figures 3C,D), the
spectra just after photo-excitation present the three contributions
described previously: PCBM anion (960 nm), P3HT positive
polaron (1,000nm) and P3HT singlet exciton (1,100 nm). The
presence of PCBM anion band indicates that efficient charge
transfer has occurred, confirming the proximity of P3HT
and PCBM. However, contrary to P3HT:PCBM composite NP,
the contribution of the P3HT singlet exciton is still clearly
visible. It indicates that the morphology is not as intimate
as in P3HT:PCBM composite NP which is expected from a
core-shell structure. It is interesting to note that, even at
such low concentration of PCBM (Figure 3D), the PCBM
molecules have aggregated around P3HT NP during the second
solvent displacement as the PCBM anion signal is already

observable. This result confirms that, in the DMSO solution,
PCBM molecules must already be in close vicinity of P3HT
NP.

Figure 4 shows the evolution of the PIA from 1 to 600 ps. The
evolutions of the absorption bands corresponding to the PCBM™
(960 nm) and to the P3HT singlet exciton (1,100 nm) were fitted
using multiexponentional decay (See Supplementary Figures 3-
6). In all cases, three time constants were extracted
(Table 3).

For pure P3HT NP (Figure4A), the singlet exciton band
decays quickly (r; = 0.95 ps), within the first picoseconds,
which can be due to singlet-singlet annihilation process. After
50 ps, 30% of the initial absorbance is still detected and
the time constants extracted are longer (7, = 32 ps, w3
= 1,470 ps) suggesting that the singlet excitons are not in
close proximity for the annihilation process to take place.
Concerning the shape of the signals, one can notice that
it does not evolve significantly from 1 to 600 ps. After
600 ps, one can still clearly observe the contribution of
the P3HT singlet exciton (1,100nm) and P3HT™* polaron
(1,000 nm).

The evolution of the PIA spectrum of P3HT:PCBM
composite particles is different (Figure4B). The initial
signals, from P3HT singlet exciton and PCBM anion, decay
also in the first picoseconds with time constants of 1.4 and
1.69 ps, respectively. This first decay can also be attributed
to the singlet-singlet annihilation process. After this initial
decay, the transient absorption spectrum evolves differently
from P3HT NP. From 1 to 600 ps, one can clearly observe
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TABLE 3 | Fitting parameters for transient absorption decays of P3HT, PBHT:PCBM, PSHT@PCBM 10:1 and P3HT:PCBM 1:1 at 1,100 and 960 nm (except for P3HT) 8.

1,100 nm A1 (%) 71 (ps) A2 (%) 72 (pS) A3 (%) 13 (PS)
P3HT 67 0.95 18 32 15 1,470
P3HT:PCBM 50 1.4 34 24 16 697
P3HT@PCBM_1:1 74 0.74 19 29 7 473
P3HT@PCBM_10:1 71 0.68 20 31 723
960 nm

P3HT:PCBM 43 1.69 30 44 27 1,687
P3HT@PCBM_1:1 63 0.69 18 19 19 1,424
P3HT@PCBM_10:1 66 0.76 18 23 16 709

a All decays were fitted with a sum of three exponential functions: AOD = A7 x exp (—t/t7) + A2 x exp (—t/12) + Az x exp (—t/73).

the total disappearance of the singlet exciton signal at
1,100nm and a remaining signal centered at 960 nm, which
includes PCBM anion and P3HT positive polaron. Such
result indicates that there is an efficient charge transfer
from P3HT singlet state to PCBM, confirming the 80%
photoluminescence quenching observed for P3HT:PCBM
composite NP.

The PIA spectra of core-shell PBHT@PCBM 10:1 (Figure 4C)
and 1:1 (Figure 4D) were also recorded up to 600 ps. Both
samples present a very fast and strong decay of the signals
within the first picoseconds (r; = 0.6-0.7 ps, Table3) as
for P3HT and P3HT:PCBM due to singlet-singlet annihilation
process. In the case of P3BHT@PCBM 1:1, the PIA signal
evolves similarly to P3HT:PCBM composite NP. After 600 ps,
the P3HT singlet exciton signal has totally vanished and one
can only observe a remaining signal centered at 960 nm and
corresponding to PCBM ™ and P3HT™. This signal present a long
time constant (r3 = 1,474 ps) suggesting that the positive and
negative charges are delocalized and that their recombination is
slow. This result suggests that the P3HT and PCBM domains
are large enough which is in accordance with core-shell
morphology.

For core-shell PBHT@PCBM 10:1, the evolution is slightly
different. Although the three contributions (PCBM™~, P3HT™,
and P3HT") were detected initially, they decay differently from
P3HT@PCBM 1:1. When considering the P3HT singlet exciton
signal, the longer time constant t3 was determined around
723 ps for PBHT@PCBM 10:1 while it was slightly lower
for P3BHT@PCBM 1:1, about 473 ps. P3HT singlet exciton
has not totally vanished after 600 ps, indicating that some
exciton formed in the P3HT core did not find P3HT/PCBM
interface to undergo electron transfer. The PCBM™ signal
(960nm) presents also a shorter 3 in P3HT@PCBM 10:1
than in P3HT@PCBM 1:1, 709 and 1424 ps, respectively.
Such result suggests that the negative charge is not sufficiently
delocalized and that the recombination of the negative and
positive charges is faster than for P3BHT@PCBM 1:1. Such
result can be an indication that the PCBM shell around
P3HT core is not continuous enough for the negative
charge to be delocalized. Those results confirm the partial
covering of the P3HT core by PCBM already suggested by
the observation of a non-optimal quenching of the P3HT
fluorescence.

CONCLUSIONS

Using multiple analysis techniques, we studied the mechanism
of formation of PCBM shell during the two successive solvent
displacements. The study of the zeta-potential of the P3HT
NPs (core) in the DMSO showed that some charges appear
at the surface while PCBM is still dissolved. It indicates that
an interaction between the P3HT core and PCBM molecules
exists in the DMSO dispersions. Such interaction stabilizes the
NP dispersions. During the second solvent displacement with
water, PCBM molecules aggregate around the P3HT core due
to the initial proximity of the nanoparticles and the PCBM
molecules, forming therefore the shell. Photoluminescence
experiments showed that the transition from the P3HT core
to the fully covered P3BHT@PCBM NPs occurs even at low
PCBM concentration (Cpcgm = 0.1 mg mL~!, Cpspyr = 0.5 mg
mL~!). Transient absorption experiments evidenced that an
efficient electron transfer occurs from the P3HT core to
the PCBM shell with the identification of PCBM anion and
P3HT positive polaron in the P3HT@PCBM at 1:1 mass
ratio, confirming the core-shell morphology. Interestingly, such
transient species are also detected for lower concentration of
PCBM (Cpcpm = 0.05mg mL™!, Cpsyr = 0.5mg mL™!),
highlighting that the PCBM aggregates around the P3HT core
even at very low concentration. These results confirm that PCBM
molecules are in close interaction with P3HT core in the DMSO
dispersion. This study highlights that the nanoprecipitation
performed in successive steps is a powerful method to design
organic semi-conductor nanoparticles with specific shapes. It
opens some new possibility to develop colloidal water-based
inks with well-defined nanoparticle morphologies for organic
photovoltaics.
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