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Solubility Based Identification of Green Solvents for Small

Molecule Organic Solar Cells

Ignasi Burgués-Ceballos, Florian Machui, Jie Min, Tayebeh Ameri, Monika M. Voigt,
Yuriy N. Luponosov, Sergei A. Ponomarenko, Paul D. Lacharmoise,
Mariano Campoy-Quiles, and Christoph J. Brabec*

1. Introduction

Replacing halogenated solvents in the processing of organic solar cells

by green solvents is a required step before the commercialization of this
technology. With this purpose, some attempts have been made, although

a general method is yet to be developed. Here, the potential of the Hansen
solubility parameters (HSP) analysis for the design of green ink formulations
for solution-processed active layer in bulk heterojunction photovoltaic devices
based on small molecules is demonstrated. The motivation of moving towards
organic small molecules stems from their lower molecular weight and more
definite structure which makes them more likely to be dissolved in a wider
variety of organic solvents. In the first step, the HSP of selected active mate-
rials are determined, namely, the star-shaped D-7-A tris{4-[5"-(1,1-dicyanobut-
1-en-2-yl)-2,2"-bithiophen-5-yl]phenyl}amine N (Ph-2T-DCN-Et); small molecule
and fullerene derivative [6,6]-phenyl-C;;-butyric acid methyl ester (PC;,BM).
Secondly, computer simulations based on HSP allow the prediction of suitable
green solvents for this specific material system. The most promising green sol-
vents, according to the simulations, are then used to fabricate solar cell devices
using pristine solvents and two solvents mixtures. These devices show power
conversion efficiencies around 3.6%, which are comparable to those obtained
with halogenated solvents. This good performance is a result of the sufficient
solubility achieved after a successful prediction of good (green) solvents.
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The interest in organic photovoltaic
(OPV) devices based on bulk-heterojunc-
tion structures continues to increase
due to its potential to become a low-cost,
light-weight alternative to conventional
photovoltaic technologies. Given the pos-
sibility of solution processing, an impor-
tant feature of organic semiconductors
is their compatibility with large-scale
printing and coating processes such as
roll-to-roll.l]

Halogenated solvents such as chlo-
robenzene or o-dichlorobenzene have
been widely used in both polymer!?! and
small moleculel! solar cells due to their
well known good solubility performance.
However, the toxicity of these solvents
as well as their high energy consuming
synthesis makes them unfavorable in
terms of sustainable development. Need-
less to say, their ban in mass produc-
tion in industrial countries with strict
environmental health and safety (EHS)
legislation evidences the need for green
formulations. When environmentally
friendly solvents can be used, there is no need for expensive
housings or expensive waste disposals. In this sense, some
attempts have been made in the last few years to find non-
hazardous solvents to process the active layer in OPVs.[*10]
For instance, the use of pristine o-xylene and 1,2,4-trimeth-
ylbenzene for processing the workhorse P3HT:PCBM system
was reported,*®] although the resulting power conversion
efficiencies (2.90% with o-xylene and 1.47% with 1,2,4-tri-
methylbenzene) were lower than the chlorinated counterpart.
Moving another step forward, the mesitylene/acetophenone
solvent blend reported by Park et al.l®l showed higher effi-
ciency for the same material system (3.38%). On the other
hand, less attention has been paid by the research commu-
nity on the toxicity, costs and production energy related to the
synthesis of organic semiconductors. Even so, recent works
on the field give interesting perspectives on costs associ-
ated to the synthesis of the active materials,' their life cycle
embodied energy!!? and alternative green chemistry reac-
tions.3] The goal of this work is, however, centered around
the research of green solvents for the solution processing of
the active layer.
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Two major issues need to be taken into account in the design
of ink formulations: 1) the solubility of the solute in the given
solvent/s; and 2) the drying kinetics. Since the latter is con-
nected to the vapor pressure, it is often controlled by modi-
fying the deposition conditions such as speed and temperature.
The solubility, however, is more difficult to control beyond the
modest solubility increase obtained by heating the solution to
higher temperatures.

Recently, several groups have studied the impact of the
molecular solubility on the performance of both polymerl*14-1¢]
and small moleculel”! solution-processed solar cells. This
growing interest in solubility has lead to the search of suitable
tools for its study. One interesting tool is the Hansen solubility
parameters (HSP) analysis, which has been demonstrated to
provide relevant insights into different key aspects in OPVs
such as the morphology of the bulk heterojunction layer,!!”]
finding suitable additives,’®l or new formulations that may
enable to replace halogenated solvents.*¢-#l

We have recently shown for a polymer:fullerene system that
alternative green solvents can be identified by determining in
the first place the solubility parameters for the materials under
investigation and, in a second step, comparing the solubility
parameters for the donor and acceptor materials with tabulated
data for different solvents.[*l It would be particularly interesting
to generalize our findings to other materials systems in order
to advance a simple general rationale for the identification of
green solvents and, in particular, those compatible with small
molecule based OPV. In contrast to the low purity and wide
molecular weight distribution of polymers,'! organic small
molecules offer some advantages such as well-defined molec-
ular structure, higher purity and more definite molecular weight
distribution without batch derived variations.?” Furthermore,
as a general rule lower molecular weight is related to higher
solubility, besides the molecular moieties. As an example, the
solubility of alcohols in water decreases as the molecular size of
the alcohol molecule increases. Therefore, a strong motivation
to move towards small molecules arises, since small molecules
are more likely to be soluble in a wider variety of (green) sol-
vents. Other aspects related to their synthesis like higher repro-
ducibility, lower synthetic effort and thus potentially cheaper
processing may also support this motivation.

The concept of solubility parameter was first introduced
by Hildebrand and Scott,?!l who defined it as the square root
of the energy of vaporization density and then extended by
Hansen by separating this parameter into three contributions,
known as Hansen solubility parameters (HSP). These are,
namely, the (atomic) dispersive forces (dp), the (molecular) per-
manent dipole-permanent dipole (polar) interactions (p), and
the (molecular) hydrogen-bonding interactions (dy):

&F=38+ 8+ 8 1)

Plotting the HSP in a three dimensional “solubility” space,
also known as Hansen space, allows us to define a solu-
bility sphere wherein the solubility of the solute is above a
given threshold. Within this space, the distance between two
molecular species is inversely proportional to their mutual
solubility. Therefore, in order to see how compatible different
solvents might be with a given material, we should determine
their corresponding HSPs and calculate how far they are from
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each other. Further description is given in the supplementary
information.

The aim of the present work is to use the HSP analysis to
find suitable non-halogenated solvents for two small molecules
used as donor and acceptor materials in OPVs and correlate
the predicted solubility behavior to the resulting photovoltaic
performance. We use our recently developed binary solvent
gradient method* for the determination of the HSP of a star-
shaped small molecule and a fullerene derivative. The synthesis
and photovoltaic properties of D-m-A star-shaped molecule
tris{4-[5""-(1,1-dicyanobut-1-en-2-yl)-2,2’-bithiophen-5-yljphenyl}
amine N(Ph-2T-DCN-Et); (Figure 1) were first reported in ref.?
The small molecule was blended with [6,6]-phenyl-C,;-butyric
acid methyl ester (PC;,BM) in chlorobenzene (CB) with the
addition of 4-bromoanisole (BrAni) and used as the active layer
in solar cells resulting in a 3.60% optimized power conversion
efficiency (PCE). As it can be seen in Figure 1, the molecular
structure of the star-shaped molecule consists in an aromatic
core, three bithiophene bridging units and three polar ending
groups. These different moieties may have dissimilar affinity
to organic solvents, resulting in several chemical interactions.
Thus, a wide variety of (non-chlorinated) solvents might be
suitable to dissolve the molecule. Computer simulations allow
us to determine compatible green solvents with these two mol-
ecules in terms of solubility. We fabricate OPVs using the pre-
dicted green solvents and obtain very good efficiencies, compa-
rable to the halogenated counterparts.

2. Results and Discussion

2.1. Determination of HSP of N(Ph-2T-DCN-Et); and PC;BM
Using the Binary Solvent Gradient Method

We use the binary solvent gradient method to determine the
HSP for the investigated materials. As already mentioned this
method provides a precise determination of the HSP volume of
a solute and enables the estimation of the Hansen surface with
high accuracy.!

The first step consists in measuring the absolute solubility
of the solutes in at least three different binary solvent gradi-
ents. The absolute solubility values of N(Ph-2T-DCN-Et); and
PC,(BM in their corresponding series of solvent blends are pre-
sented in Figure 2. Exponential behaviors are expected with sol-
ubility increasing when going from the non-solvent rich solu-
tions to the good solvent rich solutions.! This is in fact what
is observed for the binary mixtures studied for PC,(BM, where
similar trends are obtained for the 3 tested non-solvents. The
most noticeable fact is the absolute solubility value of PC;BM
in pristine chlorobenzene (207 mg mL™), which shows more
than a threefold increase with respect to reported values for
PCg¢BM (60 mg mL™).I44 As compared to the results reported
for PC¢BM, the trend with the 3 solvent blends is nearly
comparable, being in both cases the binary CB/DMSO mixture
the blend which gives higher solubilities.

The exponential tendency is also observed for the small mole-
cule in CB/cyclohexane, CB/2-propanol and CB/acetone solvent
blends, although different trends are observed. More surpris-
ingly, in CB/propylene carbonate mixture (Figure 2a), higher

Adv. Funct. Mater. 2014, 24, 1449-1457
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Figure 1. Molecular structures of 1) N(Ph-2T-DCN-Et); and 2) PC;,BM.

solubility in comparison to pristine CB is obtained with 80%
vol of CB. Although pristine propylene carbonate cannot be
considered as good solvent for the material itself, this behavior
when mixing with a good solvent such as chlorobenzene can be
explained in terms of HSP reasoning, which in turn can explain
the differences between the CB/2-propanol, CB/cyclohexane and
CB/acetone mixtures. This will be discussed later in the text.
These data were introduced in the HSPiP software?3! data-
base in order to predict the HSP for the materials under study.
This prediction employed the standard fitting routine while
the solubility space was assumed to be spherical. Following
our previous work, in order to investigate the predictions of
the binary solvent gradient blend method for the HSP for both
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a N(Ph-2T-DCN-Et), in CB/2-propanol
®  N(Ph-2T-DCN-Et), in CB/cyclohexane
20 || ® N(Ph-2T-DCN-Et), in CB/propylene carbonate © —
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donor and acceptor materials, four solubility thresholds were
chosen: 10 mg mL™!, 5 mg mL™, 2 mg mL~!, and 0.5 mg mL™.

As an example, the Hansen diagram for the solubility
threshold of 10 mg mL™! is shown in Figure 3. Every point rep-
resents a specific blend composition related to Figure 2. Blue
circles correspond to solvent blend compositions that show sol-
ubility values above 10 mg mL™! and thus are inside the green
sphere, which represents the solubility volume of the solute.
On the other hand, red squares represent the counterpart sol-
vent blends with lower solubility. In the case of the star-shaped
molecule higher accuracy of the volume of the sphere (i.e., R,
radius) was obtained by introducing 4 axes instead of 3 in the
HSP determination.

220 T T T T T T T T T

200 - ® PC,BMin CBlacetone
180 [ A PC,BMin CB/DMSO ]
160 m  PC,BMin CB/2-propanol ]
140 |
120
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80
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1 1 1 ki

I
0O 10 20 30 40 50 60 70 80 90 10

acetone
DMSO CB content (vol. %)

2-propanol

Figure 2. Solubility of a) N(Ph-2T-DCN-Et); and b) PC;0BM in solvent blends. Solid lines represent the exponential fit except for CB/propylene car-

bonate gradient in (a), where act as guide to the eye.
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Figure 3. 3D and 2D HSP diagrams of a) N(Ph-2T-DCN-Et); and
b) PC;0BM with solubility limit of 10 mg mL™" (sphere). Circles corre-
spond to solvents that are inside the sphere and squares to those external
(all units of HSP are in MPa'/?).

It can be seen in Figure 3 how the selected solvent gradi-
ents describe clear different directions in the Hansen space.
The choice of solvents was done by taking their different
preferential HSP contributions into account, which have an
obvious relationship with their specific chemical structures. For
instance, propylene carbonate and cyclohexane are high polar
and non-polar solvents, respectively (preferential &p contribu-
tion), whereas the alcohol group in 2-propanol gives a higher
hydrogen bonding (8y) contribution to this solvent.
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Another important fact deduced from Figure 3 is that pris-
tine chlorobenzene (origin of the 4 axes) is not located very
close to the centre of the N(Ph-2T-DCN-Et); solubility sphere.
Although CB was chosen as “good solvent”, it was of course
not yet known how “good” it was (i.e., how close to the centre
of the sphere it is). Moreover, some points in the CB/pro-
pylene carbonate gradient are closer than pristine CB to the
centre of the sphere (i.e., with lower R,). This explains the
unexpected higher solubility values obtained at those points
(Figure 2a).

The obtained HSP for both donor and acceptor materials are
summarized in Table 1.

A high fitting accuracy was obtained in all cases and for both
materials. Despite being molecules totally different in terms of
molecular structure (see Figure 1), HSP for N(Ph-2T-DCN-Et),
and PC;,BM do not differ very noticeably. More in detail, the
disperse contribution is slightly higher for the fullerene deriva-
tive while the polar contribution (permanent dipole-permanent
dipole interactions) is a bit higher for the small molecule.
Higher differences are observed in the hydrogen bonding con-
tribution, which is twice larger in the case of PC,)BM. Last,
higher radii are obtained for PC,BM, which indicate bigger
solubility volume in the Hansen space.

The fact that both materials are close to each other in the
Hansen space has a big impact in the research of suitable sol-
vents for the N(Ph-2T-DCN-Et);:PC;BM blend. According
to the theory related to HSP, those solvents which match the
overlapping space defined by the spheres of the two materials
would be ideal in terms of solubility (see Figure 4).

2.2. Finding Suitable Green Solvents

A series of 50 non-halogenated solvents was introduced in the
HSPiP software and the HSP of N(Ph-2T-DCN-Et); and PC,,BM
with the solubility limit set at 10 mg mL™" were introduced as
the target. A selection of 8 solvents is shown in Figure 4 and
the values are summarized in Table 2.

As it can be seen in Figure 4, this first approximation reveals
the potential of benzaldehyde for its use as a pristine solvent,
since it fits within the space defined by both N(Ph-2T-DCN-Et);
and PC;yBM spheres. The later determination of real absolute
solubility of the small molecule in benzaldehyde revealed the
surprisingly high value of 51.7 mg mL™L. It is important to note
that benzaldehyde is closest to PC;,BM in the Hansen space,
which indicates even higher solubility affinity as compared to
N(Ph-2T-DCN-Et);. This can also be seen in Table 2 comparing
the solubility distances (R,, this is the distance in the solu-
bility space between the centre of two spheres; see Supporting
Information). Reassuringly, the solubility of PC;,BM in benza-
ldehyde was found to be higher than 150 mg mL™!. However,
when comparing benzaldehyde and chlorobenzene, a different
correlation is observed between the solubility distance to the
small molecule (3.2 MPa s and 2.1 MPa s, respectively) and its
real solubility in each solvent (51.7 mg mL™! and 19.2 mg mL™,
respectively). With a higher solubility in benzaldehyde, a lower
distance would be expected (i.e., higher solubility affinity). Fur-
ther work is being carried out to investigate if these discrep-
ancies are derived from the assumption of a spherical shape

Adv. Funct. Mater. 2014, 24, 1449-1457
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Table 1. Hansen solubility parameters for N (Ph-2T-DCN-Et); and PC;oBM. The last two columns indicate the total number of solvent (blend) systems
among the different gradients that showed solubilities above (below) the corresponding threshold and thus are inside (outside) the sphere. The fit-
ting resulted in 0 wrong in and 0 wrong out points.

Solute Solubility limit o O Oy Siot Ro In Out
[mg mL™] [MPa'/%] [MPa'/?] [MPa'/%] [MPa'/?] [MPa'/]

N (Ph-2T-DCN-Et); 10 19.20 6.33 2.28 20.35 2.1 5 36
5 19.23 7.01 2.57 20.63 2.9 9 32

2 19.05 8.19 2.74 20.91 4.5 15 26

0.5 19.09 8.96 3.47 21.37 6.5 24 17

PC70BM 10 19.15 6.07 4.61 20.61 3.2 11 20
5 19.68 6.26 5.93 21.48 4.6 13 18

2 19.82 6.60 6.82 21.98 5.6 16 15

0.5 19.85 7.87 7.53 22.64 6.8 21 10

(instead of ellipsoidal) in this simplified method. Although the
latter is yet not fully understood, the high solubility in benzal-
dehyde of N(Ph-2T-DCN-Et); as well as the quite similar HSP
of this solvent in comparison to good solvents such as o-dichlo-
robenzene (DCB) and chlorobenzene suggest that benzalde-
hyde may be a promising candidate to replace these halogen-
ated solvents, which are widely used in the solution processing
of semiconductors. A solid argument for the latter is given by
the low R, values between benzaldehyde and these two chlorin-
ated solvents (2.32 MPa'/? and 4.60 MPa'/? for DCB and CB,
respectively).

The second step involved the study of mixtures of 2 non-hal-
ogenated solvents. The goal is to get closer to the junction in the
Hansen space (considering it as a non-pondered average of the
HSP; see experimental section). To achieve this objective one
has to think about 2 solvents located at different positions in
the Hansen space in a way that the resulting line that connects
the two points crosses the N(Ph-2T-DCN-Et);:PC,(BM junction

space as close as possible to its centre. This resulting line corre-
sponds to the gradient of composition between these 2 solvents
(see Supporting Information, Figure SI2). Apart from this, it
is also important to take other properties into account such as
the miscibility between each other and their boiling point. The
latter has a high impact on the drying kinetics of the wet film,
which in turn may have a strong influence on the morphology
of the active layer.

The simulation performed with the HSPiP software revealed
the potentiality of the solvent mixture comprised by benzalde-
hyde and mesitylene (1,3,5-trimethylbenzene). Figure SI2 (Sup-
porting Information) shows the location of the 2 solvents in the
Hansen space as well as some points in the gradient of the sol-
vent composition. It is therein observed how the linking line
between the two solvents gets closest to the junction at some
point between the two solvents. This means that, according
to Hansen theory, at that solvent composition the solubility of
both materials will be higher. An illustrative way to represent

8D oH
| | [T [ | | [

8P v 8H OH v 8D &P v 8D |

15 A —
|
TSR
(De¥¥R" )
\\37'/ /
5o

0

Figure 4. 2D and 3D plots of the distribution in Hansen space at 25 °C of several non-halogenated solvents (small circles) overlapped with the N (Ph-
2T-DCN-Et)3(D):PC70BM(A) junction. Benzaldehyde (1) is the most suitable solvent for the blend, as it fits within the junction (shown as a filled circle
in the software as well as reference CB, named as 0). The rest of solvents (empty small circles) are 2) cyclohexanone, 3) d-limonene, 4) oleic acid,

5) B-pinene, 6) 1,2,3,4-tetrahydronaphthalene, 7) toluene, and 8) o-xylene.
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(- Table 2. Hansen solubility parameters of a selection of solvents. The absolute distance to HSP of N(Ph-2T-DCN-Et);, PC70BM, and the junction is
" also shown. Further description available in the Supporting Information.
A
E Solvent & S Sy R, [MPa'/%]
[MPa'/2] [MPa'/?] [MPa'/?]
- to to to
- | N (Ph-2T-DCN-Et)3? PC;0BM? junction?
E Halogenated
chlorobenzene 19.0 4.3 2.0 2.1 3.2 2.7
o-dichlorobenzene 19.2 6.3 33 1.0 13 1.1
chloroform 17.8 3.1 5.7 5.5 43 4.7
p-bromoanisole 19.8 7.7 7.0 5.1 3.1 4.5

Non-halogenated

toluene 18.0 1.4 2.0 5.5 5.9 5.5
o-xylene 17.8 1.0 3.1 6.1 6.0 5.9
tetrahydronaphthalene 19.6 2.0 2.9 4.5 4.5 5.0
mesitylene 18.0 0.6 0.6 6.4 7.2 6.7
cyclohexane 16.8 0.0 0.2 8.2 8.9 8.2
dimethyl sulfoxide 18.4 16.4 10.2 129 1.8 12.1
d-Limonene 17.2 1.8 43 6.1 5.9 5.8
B-pinene 16.9 1.6 1.8 6.6 6.9 6.6

Green solvents®

acetone 15.5 10.4 7.0 9.7 8.9 8.4
2-propanol 15.8 6.1 16.4 15.7 13.6 14.4
benzaldehyde 19.4 7.4 5.3 3.2 1.5 2.7
cyclohexanone 17.8 8.4 5.1 4.5 3.7 3.2
oleic acid 16.0 2.8 6.2 8.3 7.4 73
propylene carbonate 20.0 18.0 4.1 11.9 12.0 1.7

2 Calculated with the HSP obtained with the 10 mg mL™" threshold; ®Not containing risk phrases R50/59, relative to harmfulness to environment (EU Dangerous Sub-
stances Directive (67/548/EEC)).

this is shown in Figure 5, where the solubility distance R, is In accordance to this, a minimum R, distance to both N(Ph-

plotted as a function of the solvent composition. 2T-DCN-Et); and PC;,BM as well as to the junction between
them is seen in Figure 5 and with a 70-80% of benzaldehyde
content.

T T T = T . T = T T T T T bl T T T * T T T
—e—to N(Ph-2T-DCN-Et),
—A—to PC, BM

—&— to junction

2.3. OPV Fabrication with Green Formulations

In order to study the relationship between solubility and photo-
voltaic performance, small molecule OPV devices were pre-
pared using pristine benzaldehyde or benzaldehyde:mesitylene
(80:20) for the processing of the active layer. Reference devices
were fabricated with chlorobenzene and mixtures of chlo-
robenzene with 2% of 4-bromoanisole additive, as described
elsewhere.??l The optimal doctor blading temperature for both
1 benzaldehyde and benzaldehyde:mesitylene blend systems was
a ] set to 80 °C in order to guarantee an efficient drying.

The statistic spreading of the main performance para-

a

N w L (6} » ~ o]
T

R (MPa")

0 I 10 I 20 l 30 . 40 . 50 60 I 70 . 80 . 90 I100 meters extracted from at least 15 solar cells for each solvent

mesitylene system are depicted in Figure 6. Reassuringly, the green sol-
vent formulations result in a similar good performance as the
Figure 5. Absolute distance in Hansen space (R,) as a function of chlorinated solvents, with practically negligible differences

benzaldehyde content in the benzaldehyde:mesitylene solvent mixture. in all performance parameters. There might be a tendency

benzaldehyde content (vol.%)

1454  wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2014, 24, 1449-1457
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Figure 6. OPV performance parameters of devices based on chlorobenzene (CB), chlorobenzene with 2% of p-bromoanisole (CB+2% BrAni), benzal-
dehyde (BzCHO), and benzaldehyde:mestiylene (80:20) system (BzCHO:Mes.).

for improvement in PCE but it is not statistically significant. ~ corresponding parameters are summarized in Table 3. As far
These comparable performances obtained with green solvents  as we know, these are the best PCE values obtained via green
and halogenated formulations correlates with the theoretical  solvents processing reported up to now.
solubility analysis previously described. Thus, the applicability Pristine benzaldehyde shows already a high solubility for both
of the Hansen theory in the design of green formulations is  components, offering the possibility to reach similar device per-
proved. Moreover, it is demonstrated that halogenated solvents ~ formance compared to halogenated solvent systems. By intro-
can be successfully replaced without losing efficiency by prop-  ducing a second solvent, mesitylene, with the simulated optimum
erly studying the solubility characteristics of the materials and  blend composition, the PCE only improves slightly. The effect of
adjusting the drying conditions. the additional increase in solubility seems not to have a major
The resulting J-V curves from the best performing devices  effect in device performance in this case. In other words, our
for each solvent system are plotted in Figure 7, and the experiments suggest that there is a minimum solubility required
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Figure 7. J-V curves of best performing devices based on chlorobenzene (CB), chlorobenzene with 2% of p-bromoanisole, benzaldehyde, and
benzaldehyde:mesitylene (80:20) under AM 1.5G 100 mW cm™2 illumination (solid lines) and in dark conditions (dashed lines).
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Table 3. OPV performance parameters of best performing devices based on different solvent systems.

Solvent system Ve Js I FF PCE? PCEP
M [mA cm™] [mA cm™] [%] [%] [%]
chlorobenzene 0.96 7.71 7.56 46.11 3.41 3.34
chlorobenzene + 2% BrAni 0.96 8.32 7.95 45.22 3.61 3.45
benzaldehyde 0.96 8.27 8.06 46.75 3.7 3.62
benzaldehyde:mesitylene 80:20 0.96 8.37 8.35 46.68 3.75 3.74

A Measured under AM1.5G 100 mW cm2 illumination; Y Calculated from EQE spectra.

for the ink to be processable and lead to good performance, while
further increases in solubility may not be expected to result in
major benefits. Therefore, any additional mixing that keeps the
solubility above the minimum can be employed to assist the
drying kinetics of the specific deposition technique employed.
However, under a strict environmental point of view, pristine
benzaldehyde is greener than the mixture with mesitylene.

Nevertheless, the shape of the J-V curves (Figure 7) and the
low fill factor may suggest that there is still room for improve-
ment. Other factors such as morphology of the bulk het-
erojunction may limit the device performance. Atomic force
microscopy images (Figure SI3, Supporting Information) indi-
cate that the surface topology of the films fabricated with the
four solvent systems (CB, CB+2%BrAni, benzaldehyde, and
benzaldehyde:mesitylene) are very similar and consist of a fine
mixing of the two components coupled to a low surface rough-
ness (RMS < 1 nm in all cases). The almost overlapping absorp-
tion and external quantum efficiency (Supporting Information,
Figure SI4) of devices fabricated with the different solvents
suggest that an approximately comparable morphology is main-
tained throughout the depth of the film.

3. Conclusions

The binary solvent gradient method has been used to determine
the Hansen solubility parameters of two different materials: the
small molecule, star-shaped N(Ph-2T-DCN-Et); and the fullerene
derivative PC;,BM. The HSPs of both materials have then been
used to predict suitable green formulations in terms of solu-
bility for the solution processing of active layers. We first have
focused on pristine solvents and have found benzaldehyde to
be the most suitable solvent. Then, we have developed inks that
included mixtures of two solvents (benzaldehyde:mesitylene
(80:20)) in order to obtain a system with the closest solubility to
the junction between the donor and acceptor solubility spheres
(according to the Ra distance in the Hansen space). Finally,
solar cells have been fabricated using these green formulations,
resulting in similar power conversion efficiencies with both
benzaldehyde (3.62%) and benzaldehyde:mesitylene mixture
(3.74%) comparable to halogenated solvent systems (3.45%).

4. Experimental Section

The binary solvent gradient method was applied to determine the HSP
values of the small molecules N(Ph-2T-DCN-Et); and PC;,BM. First,

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

three (for PC;BM) or four (for N(Ph-2T-DCN-Et);) series of solvent
mixtures consisting of blends of a non-solvent and a good solvent
(chlorobenzene (CB) in both cases) were prepared for each material.
Each series consists of a CB fraction X/(X+Y) and a non-solvent fraction
Y/(X+Y), being X+Y equal to 100%. 2-propanol, cyclohexane, acetone
and propylene carbonate were used as non-solvents for N(Ph-2T-
DCN-Et); while 2-propanol, acetone and dimethyl sulfoxide (DMSO)
were the counterpart for PC;oBM. N(Ph-2T-DCN-Et); (Heraeus) and
PC;0BM (technical grade from Solenne BV) were used as received. All
the solvents were used as received from commercial chemical suppliers
(Sigma-Aldrich). The series of solvent mixtures chosen for N(Ph-2T-
DCN-Et); describe 4 different directions within the Hansen space, with
one dominant coordinate for each one, that is, the dispersive, the polar
or the hydrogen bonding contribution. We used four rather than three
solvent mixtures in order to improve accuracy in the determination of
the HSP for this molecule. For the PC;oBM, the same 3 non-solvents
were used as those for PCgoBM in our previous workl®l in order to better
compare the differences in solubility between both materials.

Determination of absolute solubility was done by preparing saturated
solutions of the materials followed by stirring for at least twelve hours at
room temperature and later centrifugation at 15 000 rpm for ten minutes.
The centrifuged solutions were subsequently diluted to achieve an optical
density suitable for absorption measurements. The absolute solubility for
each solution was calculated by comparing its optical density to standard
curves with known concentrations. Absorption profiles were recorded
with a Perkin Elmer Lambda-950 absorption spectrometer from 350 to
700 nm. The measurements were performed at 25 °C.

For the determination of the Hansen Solubility Parameters the
experimental solubility data were introduced in the HSPiP software
developed by Abbott, Hansen, and Yamamoto.?)l As it is defined in the
HSP prediction method,? a score of 1 is given to the points that show
solubility values above the chosen solubility limit and a score of 0 to
those points with lower solubility. This scoring is used by the software
to predict the HSP as well as the radii of the sphere through a standard
fitting routine. Four solubility thresholds were chosen to investigate the
predictions of the binary solvent gradient blend method: 10 mg mL™,
5 mg mL™', 2 mg mL™, and 0.5 mg mL™".

Potentially suitable solvents for the N(Ph-2T-DCN-Et);:PC;,BM
junction were estimated by introducing a selection of 50 non-halogenated
solvents into the HSPiP software. The determined HSP values for the
two materials were then set as the target junction. The first estimation
was performed at room temperature. All HSP values were later corrected
for the different working temperatures. It is important to note that the
target junction was considered as a non-pondered average of the HSP of
the N(Ph-2T-DCN-Et);: PC;oBM blend, regardless the donor to acceptor
weight ratio used in the fabrication of the devices, as the main goal is to
find suitable solvents for both pristine materials.

For the preparation of solar cells, laser-patterned ITO-coated
glasses(®l were cleaned by successive steps using an ultrasonic bath
in acetone and 2-propanol for 15 min each. A solution of poly(3,4-ethy-
lenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS; Clevios P VP
Al4083 from Heraeus) previously diluted in 2-propanol (1:3 volume
ratio) was doctor bladed on top of the ITO surface at 50 °C with a blade
speed of 10 mm s, 60 puL of liquid volume and 400 um of gap between
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blade and substrate. An intermediate annealing step (5 min at 140 °C)
was performed before doctor blading another PEDOT:PSS layer, with the
same coating parameters. This double layer which helped to obtain a
homogeneous blocking layer was again annealed for 15 min at 140 °C.
The active layer was deposited by doctor blading a 2 wt% blend solution
of N(Ph-2T-DCN-Et); and PC;oBM (1:2 wt ratio) in the solvent system.
The 12 mm s-1 of blade speed, 60 uL of solution and 400 um of gap
resulted in a thickness of 80-90 nm for the active layer. The temperature
of the doctor blade equipment stage was adjusted for each solvent
system according to their different vapor pressures in order to achieve
similar drying times (<5 s). Solutions based on chlorobenzene with 0%
and 2% of BrAni additive were coated at 65 °C whereas those based
on benzaldehyde and benzaldehyde:mesitylene (80:20) were coated at
80 °C. These two non-halogenated solvents were chosen according to
the results of the HSP anaylsis, as it is discussed in the main text. Then,
the samples were transferred into a nitrogen-filled glovebox where Ca
(15 nm)/Ag (85 nm) electrodes were thermally evaporated at
3 x 10 mbar through a shadow mask, defining an active area of
10.4 mm?. Finally, the devices were encapsulated with a glass cap using
an ultraviolet curing epoxy resin (ELC 2500). The 2.5 min exposure
to the UV radiation was performed from the Ag metal side to avoid
photodegradation of the organic layers across the active region.

Current-voltage characteristics of the solar cells were measured under
AM 1.5G irradiation on an OrielSol 1A Solar simulator (100 m\W cm).
The external quantum efficiency (EQE) was determined using a Cary-
5000 Spectrometer coupled with a Lock-in integrator (frequency of
30.0 Hz and 500 ms of integration time).

AFM measurements were performed with an Agilent 5100 equipment
in tapping mode (5 um x 5 um of scan area).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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