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1 Introduction

Organic solar cells in theory represent serious potential
alternatives to silicon-based solar panels that are widely
employed worldwide.! OSCs can incorporate semiconducting
layers laid on top of each other, i.e., bilayer structures®- or bulk
heterojunction (BHJ) active layers, i.e., nanostructured mixtures
consisting of conjugated polymers (donors) and electronegative
molecules (acceptors).t?

For BHJ solar cells the most widely investigated donor
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Organic solar cells (OSCs) containing an active layer consisting of a nanostructured blend of a conjugated polymer like poly(3-
hexylthiophene) (P3HT) and an electron acceptor have the potential of competing against silicon-based photovoltaic panels.
However, this potential is largely unfulfilled first due to interrelated production and stability issues of organic solar cells and
second due to the unscalable nature of the generally employed spin coating process used for the fabrication of organic solar
cells. Furthermore, alternatives to spin coating, especially relying on continuous polymer processing methods like extrusion
and coating, cannot be readily applied due to the typically low shear viscosity and elasticity of polymer solutions making up
the active layer. Recently, He et al. have reported that the gelation of P3HT with [6,6]-phenyl-C61-butyric acid methyl ester
(PCs0BM) under sub-ambient conditions can provide a new route to the processing of the active layers of bulk heterojunction
solar cells. Furthermore, increases in power conversion efficiencies (PCEs) of the P3HT/PCsBM active layer were determined
to be possible under certain shearing and thermal histories of the P3HT/PCgBM gels. Here oscillatory and steady torsional
flows were used to investigate the gel formation dynamics of P3HT with a recently proposed non-fullerene acceptor o-IDTBR
under sub-ambient conditions and compared with the gelation behavior of P3HT/PCsBM blends. The rheological material
functions as well as the gel strengths defined on the basis of linear viscoelastic material functions, characterized via small-
amplitude oscillatory shearing, were observed to be functions of the P3HT and o-IDTBR concentrations, the solvent used
and the shearing conditions. Overall, the P3HT gels which formed upon quenching to sub-zero temperatures were found to
be stable during small-amplitude oscillatory shear (linear viscoelastic range) but broke down even at the relatively low shear
rates associated with steady torsional flows, suggesting that the shearing conditions used during the processing of gels of
P3HT and blends of P3HT with small molecule acceptors can alter the gel structure, possibly leading to changes in the

resulting active layer performance.

During the solution-based fabrication of solar cells under
ambient temperature conditions, RR-P3HT is dissolved in
various solvents,?® and when dissolved, RR-P3HT can crystallize
to form colloidal particles in the form of nanowhiskers. The
percolation of the nanowhiskers via interactions with each other
leads to the formation of volume-spanning networks. Such
networks give rise to gelation, i.e., the formation of microgels,
with junction points comprised of interacting crystals.?’

The typical organic electron acceptor molecules include
PCs0BM,?® PC71BM,? and perylene diimides (PDI1).3%3! In early
investigations, the efficiencies of the P3HT/PCs0BM solar cell

polymer is P3HT, which is a polythiophene with a hexyl group
(C10H14S)n.10-14 Several different methods are reported for
synthesis of highly regioregular P3HT, RR-P3HT.'5"° P3HT

with regioregular structure can aggregate and crystallize via 7

(also called 7-7 stacking) interactions.?%-?
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systems were around 2.5%.3%33 The power efficiencies could be
increased to 3.5% by 2003,** and to 5% by 2005.333¢ More
recently, the PCEs of devices based on P3HT/PCsBM blends
could be increased up to 11% upon doping with low
concentrations of iron (II, III) oxide nano-particles (Fe304).3”
The fullerene acceptors used in BHIJ devices, including
PCs0BM, can be replaced with non-fullerene electron acceptors
with PCEs of 15% and over.’%3° The optimizations of device
structures and film morphologies are essential to achieve such
high PCEs. New non-fullerene acceptors, for example,
rhodamine-benzothiadiazole-coupled indacenodithiophene, like,
((5Z2,5'72)-5,5'-(((4,4,9,9-tetraoctyl-4,9-dihydro-s-indaceno[ 1,2-
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b:5,6-b’]-dithiophene2,7diyl)bis(benzo[c][1,2,5]thiadiazole-7,4-
diyl))bis(methanylylidene))bis(3-ethyl-2-thioxothiazolidin-4-
one)) (o-IDTBR) have also been proposed.!'!**-48 The PCE
window of the P3HT/o-IDTBR system was found to be in the
range of 6.4 % to 7.8%.!11:41:4445 OQverall, what made the P3HT/o-
IDTBR system very interesting was the observed enhancement
of the stability of the solar devices manufactured with this
donor/acceptor combination.

The typical solution processing method used in fabricating
the active layer of the BHJ solar cells is spin coating. However,
spin coating is a batch process and is thus difficult to scale up.
Alternatives to spin coating can be considered on the basis of
various conventional continuous polymer mixing and film-
forming processing techniques such as extrusion followed by a
coating method, including doctor blading, casting, slot-die
off-set
coating, and spray coating. Printing techniques such as ink jet

coating, gravure coating, knife-over-edge coating,
printing, pad printing and screen printing are also possible.*
However, the shear viscosity and elasticity of the polymer
electron donor/organic acceptor blend solutions under the
generally used ambient temperature conditions are not
conducive, i.e., are too low, for the application of conventional
polymer processing methods. For example, if the rheological
behavior of the blend were to be suitable, twin screw extrusion
and coating could have been used to first intimately blend the
polymer phase with the electron acceptor and solvents in an
extruder [see the Supplemental File]. Such intimate mixing
processes were demonstrated for many blends of complex fluids
whereby the goodness of the mixing of the ingredients, mixing

50-52

indices, could be controlled through the manipulation of the

thermo-mechanical history imposed during extrusion,’%3!
enabled via mathematical modeling to optimize twin screw
extrusion geometries and conditions.>3-3¢ Following extrusion,
various coating processes can be applied.>”

Thus, if the low viscosity and elasticity problem of the blends
can be overcome, there is great potential for the use of relatively
cheap and scalable extrusion/coating-based methods for the
fabrication of the active layers of bulk heterojunction solar cells.
Recently, He et al.>® have demonstrated the sub-ambient gelation
of P3HT blends involving the formation of crystalline networks
via viscoelastic phase separation (VPS)>*-! upon the quenching
of P3HT solutions. The key to viscoelastic phase separation is
the asymmetry in molecular dynamics between the two
components of the solution.>® In a polymer solution, the polymer
phase relaxes much more slowly in comparison to the
surrounding solvent molecules. More explicitly, the slow
relaxing fluid component (polymers) cannot catch up with the
fast relaxation of the viscous solvent during deformation. This
“viscoelastic phase separation” followed by crystallization of
P3HT has suggested a new route for a promising and scalable
method to achieve optimized morphologies in the active layers
of P3HT/PCs0BM based organic solar cells.’® He et al. indicated
that: “...
occurring in electron-donating RR-P3HT solutions leads to the

upon rapid cooling, viscoelastic phase separation
formation of stable, crystalline RR-P3HT gel networks with

hierarchical porosity that improve the light harvesting efficiency
of solar cell active layers”.’® This crystallization-induced

2| J. Name., 2012, 00, 1-3

gelation during VPS was found to be thermo-reversible and
insensitive to the presence of both PCsoBM and noncrystallizing
regio-random P3HT, Rra-P3HT.>® It was proposed that once
formed in solution, the semicrystalline RR-P3HT networks can
be transferred to OSC device platforms via continuous
processing including extrusion and doctor blading. It was
revealed that OSCs comprising cooled photoactive layers
displayed 45% higher efficiencies compared to those comprising
uncooled photoactive layers.>®

The objective of the current investigation is to build upon the
carlier investigation of He er al. by characterizing the sub-
ambient gel formation behavior of P3HT blended with o-IDTBR,
i.e., another popular small molecule acceptor as described
earlier. Two different solvents were used, and the data were
collected as a function of the concentrations of P3HT and o-
IDTBR. Rheological analysis was employed as a tool to
compare the gel formation dynamics and gel strengths of P3HT
with o-IDTBR, with those of P3HT and PCsoBM blends. As
noted, Holliday et al. have shown that the o-IDTBR acceptor has
significant advantages over the conventional PCs0BM acceptors
due to the improved shelf-life and photo-oxidation stability of
the P3HT/o-IDTBR system in comparison to the conventional
P3HT/PCsoBM.!!

2 Experimental

2.1 Materials

In this investigation we have used only RR-P3HT. Thus, all
subsequent references to P3HT should be taken to mean RR-
P3HT. P3HT was purchased from Rieke Metals (Lincoln, NE),
with weight-average molecular weight of 50—70 kDa and
regioregularity=91% (the degree of regioregularity was
measured through the number of head-to-tail linkages in the
polymer). o-IDTBR was procured from Derthon, Inc.
(Shenzhen, CN) with purity>99% and Mw=1326 g/mol. The
solvents  1,2-dichlorobenzene (0-DCB) and o-xylene
(purity>99%) were received from Sigma-Aldrich. All materials
were used as received without further purification. Information
on experimental equipment, methods and procedures are
available in the supplemental files and summaries are provided
next.

2.2

Sample solutions were prepared by dissolving pure P3HT and
blends of P3HT/o-IDTBR in 0-DCB or o-xylene on top of a hot
plate under magnetic stirring condition. The rotational speed of
the magnet was set at 500 rpm and the dissolution temperature
was 70 °C. Typically, the dissolution took about 2-3 hours. Total
concentrations of P3HT in the solvent were varied between 6.25

Sample Preparation

to 25 mg of P3HT per ml of solvent, i.e., mg/ml. Solutions of
blends of P3HT and o-IDTBR were prepared at the P3HT over
0-IDTBR weight ratios of 1:1, 1:1.6 and 1:2.

2.3 Small-amplitude oscillatory flow

During oscillatory shearing, the strain, 7y,
sinusoidally with time, ¢, at a frequency of w, i.e., y() = y’sin(wt),
where 9’ is the strain amplitude. The shear stress, (), response

shear varies

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 13



Page 3 of 13

of the fluid to the imposed deformation consists of two
contributions associated with the energy stored as elastic energy
and energy  dissipated as  heat, ie., (1) =
G'(w)y’sin(wt)+G"(w)y’cos(wt), where the first part on the right
of the equation is associated with the elastic energy storage and
the second part is associated with dissipation. The two moduli,
i.e., the storage modulus, G’, and the loss modulus G”, are
characterized as a function of the strain amplitude, y°, and then
frequency, . In the linear viscoelastic region, all dynamic
properties are independent of the strain amplitude, y’, thus strain
amplitude scans were applied first to assure that the dynamic
properties could be determined under linear viscoelastic
conditions. The use of multiple frequencies, @, during oscillatory
shearing provides the ability to fingerprint the characteristic time
dependence of the linear viscoelastic properties. Considering that
the Deborah number is the ratio of the relaxation time of the fluid
over the characteristic time for the deformation, such frequency
dependent experiments provide data over a broad range of
Deborah numbers. Overall, two types of sinusoidal experiments
were carried out in oscillatory shearing, i.e., time sweeps during
which the frequency and the strain amplitude were kept constant
upon reaching —5 °C and frequency sweeps that were imposed
when asymptotic behavior was observed from the time sweeps
carried out at —5 °C.

In order to capture the sol-gel transition kinetics, oscillatory
shear data were collected first as a function of time at constant y’
and w. Time sweep tests were continued until the ultimate
plateau values for G' and G" are reached (whereby constant G’
and G" could be sustained for durations longer than 10 min). The
achievement of the plateau region for dynamic properties
indicates that the gel that was formed has achieved a steady-state
structure, and that the solvent loss is negligible. Upon reaching
the plateau region, the linear viscoelastic material functions, G’
and G", were collected as a function of frequency, w at a constant
y?. As noted earlier at the linear viscoelastic region the moduli
are independent of the strain amplitude, y’.

2.4 Steady torsional flow

Steady torsional experiments were carried out in attempt to
characterize the development of the shear viscosity of the
solution samples upon the imposed thermal treatment (exposure
to —5 °C). These experiments were carried out using parallel
plate fixtures employing multiple gaps. Multiple gaps are
recommended to be used for complex fluids, including microgels
and concentrated suspensions to be able to characterize the wall
slip versus the shear stress relationship and to enable the
determination of the true shear rates that are imposed.52-%

2.5 Differential scanning calorimetry (DSC) experiments

DSC experiments were carried out using a TA Instrument
DSCQ100 at a heating rate of 5 °C/min under nitrogen. Samples
were prepared by placing solutions into the ARES chamber at =5
°C for 5 min and then drop casting the solutions onto glass
substrates. The solvent was then allowed to evaporate in a
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the rheometer was only used as a thermal treatment apparatus
prior to the removal of the solvent under ambient temperature
conditions (2342 °C).

3 Results and discussion

The first set of figures, i.e., Fig. 1-3 show the dynamic properties
of pure P3HT solutions at =5 °C. In these experiments P3HT
solutions were cooled from room temperature to —5 °C and kept
at —5 °C while subjecting the solution samples to small-
amplitude oscillatory shear and recording the dynamic properties
as a function of time. These time scans were then followed by
frequency scans as explained below.

Fig. 1 shows the time dependencies of the G’ values of P3HT
solutions in 0-DCB at two P3HT concentrations of 12.5 and 25
mg/ml. These samples were quenched to —5 °C and the
oscillatory shear was imposed at a frequency of 1 radians/s (rps)
and a strain amplitude of 1% at the edge. At the P3HT
concentration of 12.5 mg/ml the storage modulus grew slowly to
reach a plateau value, i.c., about 800 Pa after about 3600 s. The
95% confidence intervals determined according to Student’s t-
distribution are presented and the confidence intervals are rather
broad. The increase of the P3HT concentration to 25 mg/ml gave
rise to an accelerated growth of the storage modulus which
reached to a plateau of around 10 kPa within about 1500 s. The
slope dG'/dt (shown in the inset of Fig. 1) increases up to a
maximum at 620 s and then decreases to zero after 1500 s at
which the plateau region is reached.

At the plateau region the elastic moduli no longer changed
with additional time of oscillatory shearing. The time to reach
the plateau decreased with increasing concentration of P3HT,
i.e., from a duration of 3600 s at 12.5 mg/ml to 1500 s at 25
mg/ml. The G’ value at the plateau, denoted as G'max, depended
on the concentration of the P3HT, with the value of G'uax
increasing from 800 Pa to 10* Pa as the P3HT concentration in
0-DCB was increased from 12.5 to 25 mg/ml. The two picture
insets of Fig. 1 show that the solutions were free flowing at room
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Figure 1. Storage modulus, G’, versus time, t, of P3HT in 0-DCB at two concentrations
following rapid cooling to -5 °C. The insets are pictures showing the free-flowing nature of
P3HT solutions at -5 °C prior to gelation and upon gelation. A plot of dG’/dt versus time is also
included for the two concentrations of P3HT.

nitrogen glove box for 48 hr. After the solvent being completely
evaporated, the dried film was transferred into DSC pans,
constructed out of aluminum. No pre-shearing was applied, thus

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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temperature with a bright red color and became solid-like upon
reaching the plateau behavior with a dark brown color.

Fig. 2 shows the dependency of the storage moduli, G on
the frequency of oscillation in the plateau region for six
concentrations of P3HT. These frequency sweeps were carried
out following the reaching of the plateau behavior during time
sweeps at 1 rps for 1000 s. The typical 95% confidence intervals
determined according to Student’s t-distribution are reported in
Fig. 2. The confidence intervals obtained from three successive
runs are relatively narrow indicating that the structures achieved
during different runs at —5 °C were very reproducible to give rise
to similar elastic behavior, as reflected in the narrow ranges of
G’obtained. It appears that the dynamic properties characterized
in the linear viscoelastic range are stable to changes in frequency
and time ranges associated with the relatively modest strains and
strain rates of the linear viscoelastic range, indicating that the
gels which form conserve their structures during subsequent
oscillatory shearing in the linear range.

In the six sets of experiments reported in Fig. 2, the
concentration of the P3HT was varied between 6.25 to 25 mg/ml.
At all concentrations, the storage moduli were independent of the
frequency in the plateau region. Such independence of the
dynamic properties from the frequency of oscillation in
oscillatory shearing is one of the traits of “gel-like” behavior.¢’
With increasing concentration of the P3HT the storage modulus
values increase from 170 Pa at 6.25 mg/ml to about 800 Pa at
12.5 mg/ml. The frequency-independent storage modulus values
represent the “gel strength” of the quenched P3HT in o-DCB
samples. As shown in Fig. 2 the concentration of P3HT makes
little difference on the gel strength in the concentration range of
6.25 to 11 mg/ml, with the storage moduli falling in the 170-270
Pa range. However, the concentration of the P3HT makes a
significant difference in the storage modulus values, representing
the gel strengths, when the concentration of P3HT was increased
further. Going from 12.5 mg/ml to 25 mg/ml the storage modulus
values increased from 800 to 10* Pa. This behavior is consistent
with the results of the earlier investigation of He et al. Their
results indicated that when the concentration of P3HT in o-DCB
was increased from 12.5 to 50 mg/ml the storage modulus of the
gel increased from 1 to 50 kPa.*®

The inset in Fig. 2 shows a typical confocal fluorescence
micrograph of cooled solutions of P3HT.>® The cooling-induced
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Figure 2. Storage modulus, G, versus frequency, w, of P3HT solutions in 0-DCB
with concentrations of 6.25, 7,9, 11, 12.5, and 25 mg/ml at -5 °C. The insets are
the confocal fluorescence micrograph and schematic representation of cooling-

induced viscoelastic phase separation process of P3HT solution®®.

structural rearrangements were associated with a viscoelastic
phase separation process followed by crystallization in
conjunction with the formation of a network of nanowhisker-
shaped crystallites.®® The confocal micrographs obtained by He
and co-workers of P3HT cooled to —5 °C revealed micron-sized
solvent-rich "holes" (indicated as the darker regions in the
micrograph shown in Fig. 2) due to phase separation and
interchain crystallization as depicted schematically in the inset
of Fig. 2. Cryogen based scanning electron micrographs revealed
further an interfibrillar network exhibiting nano sized pores.®!
Similar processes associated with interchain crystallization are
also expected for P3HT and o-IDTBR blends, thus giving rise to
the gelation behavior reported here.

Fig. 3a and b indicate that the G’ values are more sensitive to
the structure of the gel in comparison to G”, i.e., G'is dependent
on the concentration of the P3HT for both the relatively small
concentrations (6.25 to 12.5 mg/ml) as well as the higher
concentration range of 12.5 to 25 mg/ml (Fig. 3a). Fig. 3b
indicates that G" is sensitive to the concentration of the P3HT
only in the concentration range of 12.5 to 25 mg/ml. The results
in Fig. 3 show that the elasticity of the gel (as represented by the
values of G') is more sensitive to concentration in comparison to
the dependence of the viscosity and the viscous dissipation
behavior of the gel versus the concentration of P3HT (as
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Figure 3. (a) Storage modulus, G’ (b) Loss modulus, G” (c) tan 6 versus P3HT in 0-DCB of concentrations of 6.25, 7, 9, 11, 12.5, and 25 mg/ml at -5 °C.
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represented by the values of G"). Finally, tan 6 = G'/G"' values
exhibit significantly broad confidence intervals and do not
provide any clear-cut dependence on P3HT concentration. The
fact that both G’ and G" increase with concentration may be a
contributor, so that the G""/G'ratios do not vary significantly with
P3HT concentration.

Fig. 4 displays both the storage moduli, G’, and the loss
moduli, G", as well as the tan 6 values of pure P3HT solutions
as a function of frequency in the plateau region for two different
solvents, 0-DCB and o-xylene. The results with both solvents
again point to the gel-like behavior of the solution samples of
P3HT upon reaching plateau regions following time scans of
small-amplitude oscillatory shearing at —5 °C. First, the loss
moduli, G", are within a narrow range of 100 to 450 Pa and are
independent of frequency for both o-DCB and o-xylene.
Consistent with the earlier observation that in 0-DCB the storage
moduli of the P3HT solutions in o-xylene are also independent
of frequency, i.e., they are within a small range of 9600 to 10500
Pa. For both solvents the storage moduli are significantly higher
than the loss moduli (G*>>G") over the entire frequency range
tested, i.e., 0.1 to 100 rps. The G’ values are about 24-96 times
greater than G values at similar frequencies. As shown in Fig.
4, the resulting values of tan 6 = G'/G" are all smaller than 0.1,
providing another manifestation of gel-like behavior.%” Thus, for
both solvents quenching the P3HT solution samples to —5 °C
results in the formation of a gel. However, the gel strength values
depend on the solvent used. Solution samples with o-DCB gave
rise to significantly higher gel strengths (an order of magnitude
higher G’ values for 0-DCB versus o-xylene) in comparison to
the gel strength of P3HT solutions with o-xylene, associated with
the differences in solubilities in these two solvents as explained
later. The loss modulus values were not affected by the solvent
type.

The next set of three figures, i.e., Fig. 5-7 show the dynamic
properties of blends of P3HT with o-IDTBR. The time dependent
behavior of the storage modulus for solution samples with equal
amounts of P3HT and o-IDTBR (1:1 P3HT:0-IDTBR, 25 mg/ml
each) dissolved in 0-DCB and o-xylene when quenched to and
kept at =5 °C at a constant frequency of 1 rps and a constant
strain amplitude of 1% are shown in Fig. 5. Consistent with the
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Figure 4. Storage modulus, G, loss modulus, G”, and tan 6 versus frequency, w, for

25 mg/ml P3HT in two different solvents 0-DCB and o-xylene.
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Figure 5. Storage modulus, G’, versus time, t, of P3HT and o-IDTBR solutions in o-
DCB and o-xylene at -5 °C. The two pictures show that the P3HT /o-IDTBR
solutions are free flowing prior to gelation and solid like upon gelation. An AFM
phase image of the bulk heterojunction active layer composed of the blend of
P3HT/o-IDTBR is also included as an inset.

earlier observed time-dependent behavior of pure P3HT
solutions at —5 °C, the storage moduli of blends of P3HT with o-
IDTBR also monotonically increase to asymptotic ultimate
values, i.e., reach plateau values. With increasing oscillatory
shearing time at —5 °C the storage modulus, which is indicative
of the elasticity of the solution increased by about three orders of
magnitude both P3HT and o-IDTBR
concentration of 25 mg/ml each.

Consistent with the behavior of pure P3HT (as was shown in
Fig. 1) the insets included in Fig. 5 indicate that the P3HT and o-
IDTBR blend solutions were free flowing at room temperature
and became solid-like upon reaching —5 °C (when the container

for solvents at

was flipped there was no flow). The two solvents generated
different time-dependent behavior. With o-DCB the storage
modulus, G’ is relatively low at the beginning of the time sweep,
followed by a significant increase with time of oscillatory
shearing to reach an asymptotic plateau, i.e., about 2200 Pa in
about 1000 s. Further shearing does not change the plateau
behavior. On the other hand, the 25 mg/ml each P3HT and o-
IDTBR solution in o-xylene exhibited a relatively high G “within
about 120 s when the temperature was reduced to —5 °C and
overall reached its plateau value significantly faster than the
P3HT and o-IDTBR blend dissolved in 0-DCB solvent. Fig. 5
also shows a phase image obtained with atomic force microscopy
(AFM) (captured after the solvent o-DCB was evaporated) of the
bulk heterojunction active layer composed of the blend of P3HT
with o-IDTBR. The nanostructured nature of the morphology of
the blend constituting the active layer is indicated, i.e., the
domain sizes are in the 200 nm range. The observed large phase
separation would result in less interfacial area between the donor
and acceptor for exciton dissociation, but at the same time, larger
domains are better for charge transport to the electrodes.

Fig. 6 displays the comparison of the storage modulus, G, as
a function of frequency, w, after the plateau behavior is reached
at —5 °C solutions of pure P3HT and P3HT blended either with
PCs0BM or o-IDTBR in two different solvents, i.e., o-DCB or o-
xylene. Both the donor and the electron acceptors were kept at a
constant concentration of 25 mg/ml. In contrast to the PCsoBM

J. Name., 2013, 00, 1-3 | 5
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Figure 6. Storage modulus, G’, versus frequency, w, for P3HT, P3HT/PCsBM and P3HT/o-IDTBR in two different solvents (a) o-DCB and (b) o-xylene, all
at concentrations of 25 mg/ml.

making no difference in the gel strength of P3HT for both
solvents the replacement of 0-IDTBR with PCcoBM makes a big
difference on the gel strength for both 0-DCB and o-xylene. As
shown in Fig. 6, the gel strength of the solution is diminished
when o-IDTBR is added to P3HT. The reduction of the storage
modulus generated by the addition of o-IDTBR is greater for o-
DCB (going from 10* Pa for pure P3HT to 2200 Pa for the
P3HT/o-IDTBR blend) in comparison to the decrease of the
storage modulus with o-xylene (from 1800 Pa for pure P3HT to
700 Pa for the P3HT/0-IDTBR blend).

Fig. 7 displays the storage modulus, G, versus frequency, w,
of P3HT blended with o-IDTBR at different concentration ratios,
i.e., 1:1 (25 mg/ml each of P3HT and o-IDTBR), 1:1.6 (25 mg/ml
of P3HT and 40 mg/ml o-IDTBR) to 1:2 (25 mg/ml of P3HT and
50 mg/ml o-IDTBR) in 0o-DCB and o-xylene. The frequency
sweeps were again carried out at —5 °C following time sweeps
which resulted in reaching of the plateau behavior. Fig. 7 also
shows the storage modulus values for pure P3HT at 25 mg/ml.
For both concentrations of o-IDTBR blended with P3HT the
solution samples exhibited gel behavior upon being cooled to —5
°C and reached a plateau in G". The highest gel strengths were
observed for pure P3HT solutions. As indicated earlier, adding
o-IDTBR into P3HT system disrupts P3HT crystallization, thus
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lowering the gel strength. However, these results indicate that the
concentration of o-IDTBR in the range investigated did not affect
the strength of the gel which forms.

The results presented in Fig. 6 and 7 indicate that P3HT and
blends of P3HT with PC¢oBM or with o-IDTBR form gels when
subjected to —5 °C. When the solution is held under quiescent
conditions or when subjected to small-amplitude oscillatory
shearing as a function of time under constant frequency and
strain amplitude the structure of the gel evolves until an
equilibrium structure is achieved, which coincides with the gel
strength remaining constant for longer durations. Previous
investigations have shown that the gelation of P3HT when
quenched can be considered to occur in two stages. In the first
stage the quenching of the solution can result in “viscoelastic
phase separation”, as affected by the high molecular weight and
the associated long relaxation times of the polymer phase, P3HT.
The solvent and the electron acceptor whether PCsoBM or o-
IDTBR exhibit significantly smaller relaxation times. The
differences in relaxation behavior following quenching results in
the separation of the P3HT from the small molecules to some
extent and leads to the formation of solvent holes.’8% The
aggregation of the P3HT macromolecules via z-7 bonding as
explained earlier then leads to the crystallization of the P3HT and
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Figure 7. G” versus frequency, w, of solutions comprising blends of P3HT and o-IDTBR (a) in 0-DCB with o-IDTBR’s concentrations of 0, 25 and 50
mg/ml. (b) in o-xylene with o-IDTBR’s concentrations of 0, 25, 40 and 50 mg/ml.
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the formation of nanowhiskers. The aggregation and the
formation of the nanowhiskers generate a network that spans the
volume of the sample, giving rise to solid like nature and the gel-
like behavior observed via the dynamic properties (G >> G" and
G'# fn(w)).

These results overall show that the nature of the solvent
makes a difference in the dynamics of the phase separation and
the strength of the gel which forms. Here we have used two
solvents with different solubility parameters, i.e., o-DCB with a
solubility parameter of 20.1 MPa®3 and o-xylene with a solubility
parameter of 18.1 MPa%>.%° The solubility parameter for P3HT
is 19.43 MPa®%3.7% All the values were measured at 25 °C. The
solubility parameter of 0o-DCB is very close to the solubility
parameter of P3HT (20.1 MPa‘%? 19.43 MPa%>,
respectively). On the other hand, the solubility parameter of o-
xylene is smaller than that of P3HT (18.1 MPa’> versus 19.43
MPa%3) indicating that 0-DCB is a better solvent for P3HT under
ambient tempratrure conditions. The differences are also
reflected in the solubility of P3HT in 0-DCB and o-xylene under
ambien temperature. The solubility of P3HT is 14.7 mg/ml in o-

Versus

DCB, while in o-xylene is 2.7 mg/ml, indicating that o-DCB is
indeed a much better solvent whereas o-xylene is a poor solvent
(a theta solvent) for P3HT at ambient temperature. With a good
solvent the P3HT macromolecules exhibit greater radii of
gyration (the radius is indicative of the swept volume of P3HT
in solvent), whereas with a poor solvent the radius of gyration is
much smaller. When the radius of gyration of the macromolecule
is reduced in the solution the probability of chains coming into
close proximity with each other to give rise to aggregation via z-
7 bonds and to the crystallization of nanowhiskers to lead to a
solid-like network upon the interactions of the nanowhiskers
with each other is small, thus reducing the crystallinity and
consequently the gel strength. The reduction of the gel strength
with the poor solvent o-xylene is clearly shown in Fig. 4-6.

The electron acceptor also plays a significant role, albeit
different roles for different acceptors (assuming that the relative
behavior observed at ambient temperature holds at —5 °C. At —5
°C the incorporation of PCsoBM into P3HT does not affect the
gel strength.>® On the other hand, upon blending of PCsoBM with
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Soft Matter

o-IDTBR the gel strength decreases significantly. These results
suggest that o-IDTBR disrupts the aggregation and
crystallization of P3HT while PCs0BM does not, as shown in Fig.
6 and 7. The mechanism for the disruption should be associated
with the intercalation of o-IDTBR into the gallery space between
layers of P3HT to disrupt the aggregation and the subsequent
crystallization of P3HT,*’! suggesting that the P3HT and o-
IDTBR are more miscible in each other in comparison with
P3HT and PCeoBM at —5 °C. The mechanisms need to be
investigated in subsequent studies. Collins has indicated that
PCeBM largely migrates into the amorphous region of P3HT
molecules. When the concentration of the PCs0BM is increased
beyond a critical value the extra PCsoBM undergoes phase
separation and migrates out of the vicinity of P3HT."?

Fig. 8 shows the results of steady torsional flow for pure
P3HT solution, 25 mg/ml of P3HT in 0-DCB (Fig. 8a) followed
by frequency sweep tests of samples captured at different
durations of steady torsional flow (Fig. 8b). The torque, J, is
reported as a function of time when applying a constant apparent
shear rate of 1 s at =5 °C. The experiment involved quenching
the solution to —5 °C and holding the sample under quiescent
conditions at —5 °C for 660 s total. Holding the P3HT solution at
—5 °C under quiescent conditions gives rise to G’ values which
are independent of the frequency with G'™>>G", i.e., the
hallmarks of gel-like behavior. Fig. 8a shows the torque versus
time behavior during steady torsional flow following the
quiescent holding of the gel at —5 °C for 660 s.

The torque versus time result for the P3HT gel during steady
torsional flow at —5 °C is very interesting and to our knowledge
is being reported for the first time. During steady torsional flow
one would have expected the torque (and hence the shear stress)
to increase to a constant plateau value and remain there as was
observed with the dynamic properties reaching plateau values
during oscillatory shear flow. However, this is not what happens.
The behavior includes an increase of the torque (hence the shear
stress) monotonically until a maximum is reached. The
maximum torque is reached at about 0.2 s of shearing. Further
shearing during the next 100 s results in the torque to decrease
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Figure 8. (a) Steady torsional flow of 25 mg/ml P3HT in 0-DCB with gap of 0.4 mm at -5 °C. (b) G versus frequency, w, after steady torsional shearing for fixed times,
0.1s5,0.2s,1sand 10sat-5 °C.

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1-3 | 7



Soft Matter

continuously (from a maximum of 3.5%10~ N-m at 0.25 s, to
2x%10°¢ N-m at 70 s).

Such a decrease can be explained in two ways. The first
explanation could be that gels being viscoplastic materials would
exhibit wall slip, and the transition from no slip to wall slip can
be occurring when a critical shear stress of 250 Pa (torque of
3.5x10 N-m) is reached during shearing at constant apparent
shear rate.®*-%%73 The transition from no slip to wall slip have
been observed also with pure polymers, i.e., pure polymer melts
can exhibit critical shear stress values at which wall slip is onset.
For example, silicone polymers typically start to exhibit readily
noticeable wall slip when the shear stress reaches 60 kPa. On the
other hand, polyethylene melts typically exhibit a critical shear
stress of 200 kPa at which they start to exhibit wall slip.37-74-78

Another that
differences in steady torsional flow versus small-amplitude

mechanism can explain the observed
oscillatory shearing behavior is associated with the evolution of
the structure (or lack of it) in the linear versus the non-linear
nature of the deformations that are imposed. The time dependent
dynamic properties were obtained in the linear viscoelastic
region. In the linear region the structure of the gel by definition
should not change significantly since both the strain and the
strain rate are relatively small, i.e., the structure is not far
removed from its equilibrium state. This is predicated on the
observation that in the linear region the moduli are independent
of the strain amplitude as indeed observed here. On the other
hand, the steady torsional flow is being carried out at a relatively
high shear rate of 1 s! which is in the non-linear viscoelastic
region so that changes in the structure of the gel may be expected.

A set of supporting oscillatory shearing experiments were
carried out to answer the question as to whether it was the wall
slip or the structure evolution that gave rise to the torque (and
hence the shear stress) versus time behavior noted in Fig. 8. The
dynamic properties are very sensitive to the structure of a gel.
Thus, inferences on the evolution of the structure of the gel
during torsional flow can be made on the basis of the
characterization of the dynamic properties following steady
torsional flow at constant apparent shear rate of 1 s°! for different
durations of time. The methodology involved quenching the
sample and holding it at —5 °C for 11 minutes and then the
imposition of the steady shear flow and coming to dead stops at
various shearing durations, i.e., 0.1's,0.2 s, 1 s and 10 s after the
inception of the steady shear flow. The storage and loss moduli
as a function of frequency collected on samples that were
subjected to shearing in steady torsional flow for different
durations are shown in Fig. 8b. First, regardless of the duration
of steady torsional flow all samples exhibit gel-like behavior as
evidenced by the storage and the loss moduli being independent
of the frequency and G">>G". Thus, the samples remain as gels
regardless of the duration of torsional flow. However, the
dynamic properties associated with the plateau behavior change
significantly with the duration of the steady torsional flow. This
indicates that the gel strength depends on the duration of the
steady torsional flow that is imposed. The maximum storage
modulus, i.e., the maximum gel strength, is observed at 0.2 s, at
which a maximum torque is also observed (highest gel strength).
The G" values exhibit some scatter associated with their

8| J. Name., 2012, 00, 1-3

relatively small values (about 10-100 Pa) with respect to the
transducer sensitivity of the rheometer.

Fig. 8a further shows that following the maximum torque, the
storage modulus values decrease significantly (from 3000 Pa at
0.2 s to 1000 Pa at 10 s) as the duration of the steady torsional
flow is increased. The gel strengths of solution samples sheared
for 1 s are about the same as those sheared for 10 s. This indicates
that the structure that was built during steady torsional flow up
to the maximum shear stress was subsequently broken in such a
way (step change) that additional shearing no longer made a
difference on the structure. Thus, at —5 °C there is a critical shear
stress for P3HT gels above which the structure of the gel is
diminished. This about 250 Pa
(corresponding to the maximum observed torque value of
3.5%107 N-m in Fig. 8a).

Overall, these results indicate that the solutions of P3HT or

critical shear stress is

P3HT blends with electron acceptors become gel-like at —5 °C
with the gel strength depending on the duration of time that the
sample is held under quiescent conditions or under small
amplitude oscillatory shearing conditions until a plateau is
reached. When this gel is further sheared using steady torsional
flow (shearing in the non-linear region) the structure of the gel is
altered in such a way that the gel-like behavior prevails but the
gel strength is reduced upon shearing beyond the critical shear
stress (as indicated by decrease of the storage modulus).

What is the role of wall slip in the observed steady torsional
flow behavior? As indicated earlier, for some complex fluids,
including polymer melts, wall slip can be onset at a critical shear
stress, with the value of the critical shear stress depending on the
nature of the polymer melt. This is elucidated next in Fig. 9.

Fig. 9 shows the steady torsional flow experiments that were
carried out on fresh solutions of 25 mg/ml P3HT in 0-DCB at —5
°C, following the procedures outlined for the results reported in
Fig. 8 but collected using three different gaps, which were 0.4,
0.8 and 1.2 mm. Thus, for each gap the samples were quenched
to —5 °C, held there for 11 min and then the steady torsional flow
was initiated at an apparent shear rate of 1 s°'. The overall torque
(or shear stress) versus time behavior at —5 °C was similar for
the three gaps. The torque went up to a maximum, Juax, and then
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Figure 9. Steady-torsional tests torque, J, versus time, t, of 25 mg/ml
P3HT solutions in 0-DCB with gaps varying from 0.4, 0.8, and 1.2 mm at -5 °C.
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decreased monotonically with continued shearing. The Jmax of
these three gaps remained largely unchanged, i.e., in the 3.5x 10"
> N-m to 4.0% 10> N-m range. This result indicates that although
the value of the maximum torque did not change significantly,
the time to reach the maximum torque somewhat increased with
the increasing gap values.

The relatively broad confidence intervals noted precluded
any inferences to be made on the effects of the surface to volume
ratio of the geometry within which the solution samples are
sheared. Generally, with wall slip the shear stress (and hence the
torque) decreases with increasing surface to volume ratio
(proportional to reciprocal gap). Thus, the true nature of the
contribution of wall slip to the observed steady torsional flow
behavior could not be made.

Fig. 10 reports the time dependence of the torque (shearing
stress) at different apparent shear rates for a blend of P3HT with
PCs0BM at concentrations of 25 mg/ml with a ratio of 1:1 in o-
DCB. Similar results are shown in Fig. S11 of the Supplemental
file on pure P3HT solution at various apparent shear rates. Fig.
10 indicates that the nanocrystalline structure is disrupted at a
torque of 4x 1073 N-m to 7.5% 10~ N-m regardless of the apparent
shear rate (the corresponding critical shear stress at the edge of
the specimen is 400-750 Pa). Furthermore, the structure
deterioration (disruption of the crystalline order) as evidenced by
the decreases of the torque and hence the shear stress continue
with the torque/shear stress decreasing monotonically with time
(and hence with increasing total strain) for all apparent shear
rates except the lowest apparent shear rate of 0.001 s™'. For this
apparent shear rate the torque remains constant. This leveling off
with time at the apparent shear rate of 0.001 s’ is very likely a
result of plug flow formation and wall slip, since it is indeed
expected that the shear stress will be reduced with increasing
strain on the gel. The reduction of the duration that the apparent
shear rate is applied (and hence the reduction of the total strain
imposed during processing) can lead to better-preserved
crystalline structure during film formation.

Fig. 10 also suggests that the type of deformation that is
imposed during film formation can lead to very significant
heterogeneities in the films that are deposited. For example, if a
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Figure 10. Torque, J, versus time, t, during steady torsional flow of
P3HT/PCs0BM solutions (at equal concentrations of 25 mg/mL) in 0-DCB for
apparent shear rates of 1, 0.1, 0.01 and 0.001 s at -5 °C.
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slot die is used (Poiseuille flow) the shear rate would be a
maximum at the wall and zero at the plane of symmetry. Thus,
the crystalline order would be significantly deteriorated at the
wall due to the high shear rates (and hence highest strains) that
are applied, whereas the crystalline structure would be
undisturbed at the plane of symmetry. Significant differences in
imposed shear rates and total strains across the gel thickness
during film formation would give rise to heterogeneous active
layers, with different layers exhibiting different structures and
gel strengths. Processing flows based on pure drag flow (gelled
solution is sandwiched in between two plates one of which is
moving and the other is stationary) that generate a linear velocity
distribution in the flow channel and hence a constant shear rate,
are preferable for the conservation of networks from aggregated
and crystallized P3HT. The role of the residence time in the film
forming geometry is also important. The smaller the mean
residence time, the smaller is the strain imposed on the gel
leading to better preservation of the crystalline structure.

These results further point to the importance of the wall
boundary condition during coating.”” Wall treatments that
increase the wall slip velocity and hence lower the shear rate on
the gel during processing would be preferable.

DSC measurements were carried out on solutions of blends
of P3HT with o-IDTBR first exposed to —5 °C and then drop-
cast under ambient temperature conditions in a glove box.
During DSC experiments under Nz the temperature was
increased from 40 °C to 300 °C at 5 °C/min (first heating)
followed by cooling to 0 °C and then increased to 300 °C again
(second heating). The procedure allowed samples to have a
consistent thermal history prior to the characterization of their
degree of crystallinity. Fig. 11 shows that there are significant
differences in the thermal behavior of P3HT versus P3HT
blended with o-IDTBR.

During the second heating P3HT/o-IDTBR blend undergoes
an exothermic crystallization transition with an onset
temperature of 105 °C and a crystallization peak temperature of
117 °C (first peak). With increasing temperature, the crystallites
melt starting at a temperature of about around 188 °C and the
melting is completed at a temperature of 230 °C. Thus, 230 °C is
the highest temperature at which the last trace of crystallinity
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Figure 11. DSC second heating cycles of P3HT and 1:1
P3HT/o-IDTBR blend.
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disappears (definition of the nominal melting temperature). Fig.
11 also shows the thermal behavior of P3HT. P3HT alone does
not exhibit the crystallization behavior observed with the
P3HT/o-IDTBR blend, i.c., the crystallization of P3HT occurs
during the cooling stage. With the addition of o-IDTBR,
crystallization continues during the heating stage and the
temperatures for the onset of melting, the peak temperature and
the melting temperature all shift to lower temperatures in
comparison to those encountered for P3HT at the same heating
rate. Overall, these results indicate that the crystallization of
P3HT is disrupted by the mixing of the acceptor into P3HT.

For the P3HT samples that are obtained upon thermal
treatment at —5 °C followed by solvent evaporation at the
ambient temperature, the melting enthalpy (area under the peak)
is about 10.1 J/g. Considering that the melting enthalpy of single
crystals of P3HT (purely crystalline) is 99.0 J/g,?° a degree of
crystallinity of about 10.2% is obtained (by weight) indicating
that the sample is mostly comprised of the amorphous phase.
This emphasizes the importance of the presence of an amorphous
phase during the crystallization of P3HT. The migration of the
small acceptor molecules into the amorphous regions of P3HT
can be substantial.”?

We have also investigated the melting behavior of P3HT
blended with PCsoBM using differential scanning calorimetry.
During the first heating of the dried P3HT and PCs0BM blend
film (equal concentrations of P3HT and PC¢BM) the first
melting endotherm initiates at about 195 °C and is completed at
225 °C (results not shown). The second endotherm is observed
to occur at about 289 °C and is completed at about 295 °C. For
P3HT and PCsBM blends Lai et al. reported a first melting
temperature of 220.2 °C and a second melting temperature of
284.6 °C. For pristine P3HT the melting temperature is 231.9 °C
and for pristine PCso0BM the melting temperature is 283.3 °C.8!
The relatively high temperatures necessary to melt the crystals
of P3HT and small molecular acceptors (SMAs) indicate that the
crystalline structures achieved due to low temperature exposure
and shearing of the solutions would continue to partially prevail
under processing at temperatures lower than the melting
temperatures of the electron donor and acceptor components of
the active layer (the amorphous components would relax). It was
determined that there is a reduction of the crystallinity of P3HT
when there is a small molecule acceptor present.®! The SMAs act
as an impurity that depresses the melting temperature of the
semi-crystalline polymer.®?

Chu et al. have shown that long range ordering and highly
aligned P3HT thin films could be obtained by exposing the P3HT
solution to UV-irradiation and solution aging followed by film
deposition via blade coating method. The degree of chain
The
shearing direction in blade coating further affected the charge

alignment could be controlled by solution aging time.

transport anisotropies.®? Our method of processing the P3HT
solutions as gels at -5 °C and lower would generate the formation
of aggregation and crystallization, some of which will be
retained when the solution is brought back to the ambient
temperature, presumably with the amorphous phase relaxing and
some degree of crystalline order persisting.

10 | J. Name., 2012, 00, 1-3

Effects of the nanocrystalline structures achieved during
exposures to temperature or shearing under
temperatures to behavior when the temperature was returned to

low low
ambient were also investigated in our previous investigation.
For example, during temperature cycling while applying small-
amplitude oscillatory shearing He et al., have shown that the
maximum G’ could be achieved faster during the second time the
temperature was reduced to -5 °C in comparison to the initial
cooling.

What could be the thickness of the active layer from our
P3HT solutions using for example a blade coating-based film
formation method? Chu et al. 2016 have investigated the blade
coating of P3HT solutions following aggregation and
crystallization of P3HT as a result of exposure to ultraviolet
radiation and aging of the P3HT solutions under ambient
temperature conditions. The blade was vertical to the substrate at
a fixed gap of 10 micronmeter. Considering that the P3HT
concentration was 10 mg in 2 mL of solvent, the thickness of the
dried active layer that they could achieve was about 45 nm
(P3HT density of 1.1 g/cm?® was assumed). Similar active layer
thickness values can be expected from our P3HT solutions
especially if pure drag flow based coating methods are utilized
(the shear rate would be independent of the shear viscosity of the
solutions/gel under pure drag flow conditions under controlled
wall slip/stick conditions).%

Chu et al. 2016 also compared the charge mobility
performance of the deposited and dried films with active layers
deposited via spin coating at a spin speed of 1500 rpm for 60 s.
The blade coated specimens gave rise to greater mobilities when
the blade coating direction was in the direction that was vertical
(transverse) with the source/drain electrodes.®® Thus, mobilities
commensurate with spin coating could be obtained from blade
coated samples in spite of the viscosity increases associated with
solution aging and UV exposure (unfortunately, no gelation
studies nor rheological characterization results were available in
these earlier investigations).

4 Conclusions

A major problem in the fabrication of bulk heterojunction based
polymeric solar cells is the lack of a widely available continuous
processing method. Generally, spin coating is used to lay a blend
of an acceptor with a donor polymer as an active layer film,
however, such coating is not scalable. One alternative would be
the use of conventional fabrication methods including extrusion
and coating of substrates to form the active layer continuously.
the the typical
acceptor/donor blends are too low to permit extrusion and

However, elasticity and viscosity of
coating processing under typically ambient conditions.

Here we have investigated the gelation of the donor/acceptor
blends under sub-ambient conditions at which the blend forms a
gel, to exhibit increases in elasticity and viscosity. The gelation
dynamics and the associated rheological behavior were
investigated for P3HT (regioregular) in conjunction with a non-

fullerene acceptor, o-IDTBR and the results were compared with
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those of P3HT/PCsBM blends. Solutions with two different
solvents and with various donor/acceptor concentrations were
prepared and subjected to sub-ambient conditions (—5 °C). The
formation of strong gels of P3HT (as well as blends of P3HT
with o-IDTBR) occurred at —5 °C. During the gelation process
the dynamic properties increased to reach plateau values.
Frequency sweeps were carried out after the plateau behavior
was reached and revealed that the dynamic properties became
independent of the frequency and that G™>>G". Therefore,
overall the energy dissipated as heat during oscillatory shearing,
i.e., viscous dissipation represented by G" was significantly
smaller than the energy stored as elastic energy, as represented
by G’ (small of tan 6 = G'/G' values) indicating gel-like
behavior.

The time necessary to reach a stable gel structure decreased
while the gel strength, i.e., the plateau values of the storage
modulus, increased with the increasing concentration of P3HT.
Furthermore, the increase of the gel strength of P3HT solutions
at —5 °C was particularly significant when the concentration of
P3HT increased from 12.5 mg/ml to 25 mg/ml (a jump from 800
to 10* Pa), whereas the gel strength values were relatively low
(100-250 Pa) at concentrations which were smaller than 11
mg/ml and less.

The gel strengths of P3HT and P3HT blend solutions
increased significantly for a good solvent (0o-DCB) and
decreased with a poor solvent (o-xylene). This can be linked to
the expected increase of the radius of gyration of P3HT in the
good solvent, rendering z-7 interactions between P3HT
macromolecules and hence aggregation more likely, thus
increasing the crystallinity of P3HT, giving rise to increased gel
strength. The incorporation of the non-fullerene acceptor o-
IDTBR into P3HT again led to the formation of strong gels at —5
°C but the gel strength was reduced in comparison to that of
P3HT blended with PCsoBM. The concentration of o-IDTBR did
not make any difference on gel strength in the 25-50 mg/ml range
at a P3HT concentration of 25 mg/ml. In comparison to the
conventional P3HT/PCeoBM system the gel strengths of
P3HT/o-IDTBR blends the
crystalline network which forms during gelation is more

are smaller, indicating that
pronounced for the P3HT/o-IDTBR system in comparison to
P3HT/PCesoBM.

The time dependence of the steady torsional flows of the gels
of P3HT and P3HT blends at —5 °C, suggests that shearing
decreases the gel strength significantly (independent of the
rheometer gap used). This significant dependence of the gel
strength on the shearing history is indicative of the narrowness
of the processability window of the gels of P3HT and P3HT
blends. Shearing reduces the shear viscosity and the elasticity,
i.e., the gel strength, of the gels, which form during sub-ambient
processing. Overall, these results indicate that the gel structure is
fragile in the non-linear viscoelastic range. This teaches that the
rates of shear and elongation imposed during processing of P3HT
and P3HT blend solutions in the gel state would play significant
roles in the development of P3HT aggregates and nanowhisker
networks and consequently the functional properties of the active
layer. Thus, the structure of the gel during processing using
conventional polymer processing equipment and the subsequent

This journal is © The Royal Society of Chemistry 20xx
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formation of the nanostructure of resulting bulk heterojunction
devices, as well as their functional properties including PCEs,
would all be interdependent. Our findings also indicate that the
structure of the gel can be retained during processing if the
imposed shear rates (and consequently strains) are relatively
small. Processes with shear rate gradients across the film during
processing (for example, Poiseuille flow) would result in
structural heterogeneities across the film, likely deteriorating the
functional properties of the active layer.
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