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concentration and shear rate in
the shear-induced crystallization of P3HT†

Jiaxin He,‡ Ying Liu,‡ Fengquan Liu, Jianjun Zhou and Hong Huo *

Microfluidic shear can induce the formation of flow-induced precursors (FIPs) of poly(3-hexylthiophene)

(P3HT) in toluene. The shear temperature, solution concentration and shear rate determine the FIP

content. The FIP is metastable. Upon fixing the shear rate at 1.0 s�1 and the shear temperature at 60 �C
(or 80 �C for a 5.0 mg mL�1 solution), when the shear stress s exceeds the critical values, a further

increase in s may destroy the formed FIP during shear, leading to the amount of FIPs first increasing

when the solution concentration increases from 0.2 mg mL�1 to 0.4 mg mL�1 and then gradually

decreasing with a further increase in the solution concentration from 0.7 mg mL�1 to 5.0 mg mL�1.

Upon fixing the shear temperature at 60 �C (or 80 �C for a 5.0 mg mL�1 solution), the high

concentration P3HT solution has high viscosity, leading to more mechanical energy being dissipated

under shear, resulting in the most suitable shear rate increases with increasing solution concentration to

reduce the entropy. The reduction in entropy is related to the formation of FIPs, and thus, the most

suitable shear rate at which the largest FIP content can be obtained increases with increasing solution

concentration. The FIP content dramatically affects the crystallization of P3HT in toluene. Increasing the

FIP content can accelerate nucleation and crystallization, and change the crystallization mechanism from

a second-order reaction to a first-order reaction of P3HT aggregates.
Introduction

Conjugated polymers (CPs) represent a class of semiconducting
materials with extensive applications in exible optoelectronic
devices, comprising organic photovoltaics, organic eld-effect
transistors, and polymer light-emitting diodes.1–3 For semi-
crystalline CPs, in addition to the new chemical structure,
properties such as the conjugation length, intermolecular
coupling with crystalline aggregates, packing behaviour of the
polymer chains, etc., affect the applicable optic and electronic
performance.4–6 Structural properties can be optimized by
precisely modulating the crystallization process of the CPs.
Processing approaches, including thermal annealing, solvent
vapour annealing, solution processing, nanostructure conne-
ment, the addition of nucleating agents, the use of rubbed or
template substrates, and the addition of an external eld (such
as a magnetic eld, ultrasonication, stretching and shear-
coating), have been proven to be effective strategies for
enhancing and controlling the nanoscale crystalline structure
as well as intra- and intermolecular interactions of CPs and
improving the charge transport performance.7–11
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Solution-based processability is an outstanding advantage of
CPs. It is inevitable that CPs will experience a shear ow eld
during the solution process. The shear-induced crystallization
of CPs has been a focus in recent years. Mackay et al. used
a strain-controlled rheometer, Reichmanis et al. used a micro-
uidic shear method, and Egap et al. applied a shear coating
method to process a poly(3-hexylthiophene) (P3HT) solution
and found that the presence of shear improves the molecular
order and charge transport characteristics of crystalline P3HT
brils.12–15 However, few studies have investigated themolecular
chain conformation transition, crystallization kinetics and
crystallization mechanism of CPs under shear ow.

A fundamental understanding of shear-induced crystalliza-
tionmay help to tailor the ultimate properties of CPs. In a recent
paper, we investigated the effects of microuidic shear on the
conformation transition and crystallization of P3HT in a dilute
toluene solution.16 We found the absorption peak at 607 nm
appears aer the P3HT solution was shear at 60 �C. The
appearance of the absorption peak at 607 nm indicates that
shear induces the polymer chains to shi from coil-like
conformations to rod-like states, followed by p–p stacking of
the rods. The peak at �607 nm is oen considered to originate
from the interchain p–p transition of P3HT crystals. To justify
the peak at 607 nm denote the ow-induced precursors (FIPs) or
shear-induced crystals, we quenched the sheared solution
(shear temperature is 60 �C) to 16 �C for isothermal crystalli-
zation. Because 16 �C is a high temperature for P3HT
RSC Adv., 2021, 11, 19673–19681 | 19673
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crystallization in 0.2 mg mL�1 toluene solution, which has
a relative long crystallization induction time for clearly
observing the crystallization or relaxation of the shear-induced
p–p stacked rods. In the sheared solution, if shear induces the
formation of P3HT crystals at 60 �C, then the crystallization may
continue directly when the sheared solution is quenched to
16 �C because the shear-induced crystals may supply a growth
surface for subsequent crystallization. UV-vis spectra shows that the
intensity of the absorbance peak at 607 nm in the sheared P3HT
solution rst decreases with isothermal time, indicating relaxation
of the p–p stacked rods. Then, the intensity of the absorbance
generally increases, indicating the crystallization of P3HT. The
occurrence of crystallization aer some relaxation of the p–p

stacked rods suggests that thep–p stacked rods are not the nuclei or
crystals of P3HTand that a rearrangement of thep–p stacking of the
rods is necessary for the subsequent crystallization of P3HT, veri-
fying that the shear-induced p–p stacked rods are mesomorphic;
namely, they are FIPs, which are widely formed in sheared synthetic
polymers (such as polyethylene (PE), poly(ethylene terephthalate)
(PET), isotactic polypropylene (iPP) and isotactic polystyrene
(iPS)17–19) but were rst observed in sheared CPs. The shear
temperature (the temperature that the solutionwas kept when it was
sheared) is an important parameter for determining the FIP content.
The FIP content dramatically affects the crystallization kinetics,
dispersion, content, and intrachain ordering of P3HT nanobres
when P3HT isothermally crystallizes at 12 �C in toluene. In this
article, we investigate the roles of the solution concentration and
shear rate on the formation of FIPs and the crystallization of P3HT
in toluene in detail. The results show that the shear temperature,
shear rate and solution concentration determine the content of FIPs.
The amount of FIPs dramatically affects the crystallization kinetics
and crystallization mechanism of P3HT in toluene.
Scheme 1 Experimental diagram of the microfluidic shear process.

19674 | RSC Adv., 2021, 11, 19673–19681
Experimental section
Materials

Poly(3-hexylthiophene) (P3HT) (Mw ¼ 5.8 � 104 g mol�1, poly-
mer dispersity index (PDI) of 1.23, Rieke Metals Inc.) and
toluene (Beijing Chemical Reagents Company) were used as
received. P3HT solutions were prepared by dissolving the
desired weight of P3HT in toluene at 90 �C and stirring for 3 h.
The concentrations of the P3HT solution were 0.2 mg mL�1,
0.4 mg mL�1, 0.7 mg mL�1, 1.0 mg mL�1 and 5.0 mg mL�1.
Microuidic shear-induced crystallization of P3HT solutions

A syringe pump (D-401227, Harvard Apparatus) with a glass
syringe (5 mL, 81520, Hamilton Company) was used to intro-
duce the P3HT solution into the polytetrauoroethylene (PTFE)
microchannel (inner diameter: 300 mm, outer diameter: 400 mm,
Shanghai Liangqi Fusu Inc.) to achieve microuidic shear. The
shear rate of the P3HT solution in the PTFE microchannel was
controlled by setting the volumetricow rate of the P3HT solution via
an accurate syringe pump. The shear temperature wasmodulated by
using a water bath surrounding the PTFE microchannel. The
microuidic shearmethod has been described in Scheme 1. Therst
step is to investigate the FIPs in the sheared solution, such as
described as A process in Scheme 1. The P3HT solution was sheared
and the sheared solution was collected into a quartz cuvette at the
end of the PTFE microchannel and maintained at the shear
temperature by using a water bath. The collection time was 30 s. The
ultraviolet-visible (UV-vis) spectroscopy was measured at the
temperature the same as the shear temperature. The UV-vis
measurements at shear temperature was used to investigate the
FIPs in the sheared solution. The second step is to investigate the
effects of the FIPs on the crystallization kinetics of P3HT in the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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sheared solution, such as shown as B process in Scheme 1. The shear
and the collection process of P3HT solution (original solution) was
repeated as in rst step, aer collected for 30 s at the shear
temperature, the sheared P3HT solution was quenched to the
isothermal crystallization temperature for the UV-vis spectroscopy
measurement (the measurement temperature was set at the crystal-
lization temperature in advance) to investigate crystallization kinetics
of P3HT. Quiescent solution crystallization was performed for refer-
ence tests. The P3HT solution was held at the corresponding resi-
dence temperature for 30 s, and then, UV-vis measurements were
performed, such as shown in Scheme 1. We denote the sheared
solutions as PSa,b and the resided solutions as PRa,b, where a is the
solution concentration and b is the shear (or residence) temperature.
Fig. 1 Dissolution temperature (Td) of P3HT in toluene as a function of
the isothermal crystallization temperature (Tc). The data are linearly
extrapolated to the line of Td¼ Tc to obtain T0d at the intersection point.
The concentration of P3HT solution is 0.2 mg mL�1.
Characterization

An Agilent Cary 60 UV-vis spectrophotometer was used to record
the solution and solid-state UV-vis spectra. The UV-vis absor-
bance of the P3HT solution was measured at wavelengths of l¼
500–700 nm. The UV-vis absorbance of P3HT lms was
measured at wavelengths of l ¼ 300–700 nm at room temper-
ature. Grazing incidence X-ray diffraction (GIXRD) measure-
ments were performed at 1W1A, Beijing Synchrotron Radiation
Facility (BSRF), using a 9910 detector, a Si (220) single-crystal
monochromator and a photon energy of 8.0049 keV. An inci-
dent angle of 0.1� was chosen to ensure probing of the samples.
GIXRD images were normalized by the lm thickness.
Fig. 2 Plots of the growth rate of P3HT crystals (G) versus the
isothermal crystallization temperature of PR0.2,60, PS0.2,20 and PS0.2,60.
The shear rate is 1.0 s�1.
Results and discussion
Effect of the shear temperature on the solution crystallization
kinetics

In our previous work, we veried that microuidic shear can
induce the formation of FIPs of P3HT in a toluene solution with
a concentration of 0.2 mg mL�1 (PS0.2), and the shear temper-
ature has a great effect on the formation of FIPs. The formation
mechanism of FIPs and the reason why the number of FIPs
varied with the shear temperature were ascertained in detail.
The FIP content dramatically affects the crystallization rate of
P3HT at 12 �C in toluene.15 Here, we studied the microuidic
shear-induced crystallization kinetics of PS0.2 at different crys-
tallization temperatures in detail by using in situ UV-vis spec-
troscopy. It is known that the residence temperature has no
effects on the crystallization rates of PR0.2,16 and thus, a residence
temperature of 60 �C was chosen for the resided solutions. Some
research groups have reported that shear temperatures above the
equilibrium melting temperature change the features of FIPs,
further affecting the crystallization morphology and crystallization
rate of polymers in themelt.20–23 In this work, we studied the effects
of FIPs on the crystallization of P3HT in solution, and the equi-
librium dissolution temperature T0d needs to be evaluated to
determine a suitable shear temperature. The Hoffman–Weeks
method was used to measure the T0d of P3HT toluene solution.24

The P3HT solution was held at the reset crystallization tempera-
ture (Tc) for 24 h for isothermal crystallization. Then the isother-
mally crystallized P3HT was heated with 10 �C min�1 to dissolve
the produced crystals. The dissolution process was monitored by
© 2021 The Author(s). Published by the Royal Society of Chemistry
UV-vis spectroscopy to determine the dissolution temperature (Td).
The absorption intensity at �607 nm decreased with the increase
of the solution temperature, the temperature at which the
absorption peak at �607 nm disappeared was Td. The data were
plotted as Td versus Tc, as shown in Fig. 1. The diagonal line in
Fig. 1 represents Td¼ Tc. The data of Td versus Tc were then linearly
extrapolated to an intersection, T0d, on the diagonal line. The
T0d value of pure P3HT in toluene was calculated to be 96 �C, which
is similar to that of P3HT crystallization in anisole.24 Shear
temperatures of 20 �C and 60 �C (both below T0d) were chosen to
investigate the effects of shear (or the FIP content) on the crystal-
lization kinetics of PS0.2. The isothermal crystallization tempera-
tures were 6 �C, 8 �C, 10 �C and 12 �C. The continued increase in
the intensity of the absorption peak at �607 nm indicates the
crystallization and aggregation of P3HT in solution.24–26 The
absorption peak at �607 nm was used to monitor the crystalliza-
tion of P3HT in toluene in situ, the same as that in previous work.16

Fig. S1† shows that the absorbance at l� 607 nm varied with time
for PR0.2,60, PS0.2,20 and PS0.2,60 crystallized at different tempera-
tures. The initial rate method was used to evaluate the growth rate
of P3HT crystals (G), and the results are summarized in Fig. 2. As
RSC Adv., 2021, 11, 19673–19681 | 19675
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Fig. 3 Variation in the reduced viscosity hsp/c and the solution
concentration c of P3HT toluene solutions.
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expected, decreasing the crystallization temperature resulted in the
coil-to-rod transition to minimize the total free energy and there-
aer accelerated the crystallization of P3HT. At the same crystal-
lization temperature, imposing shear on the P3HT solution
signicantly increased G. G was higher for the P3HT solution
sheared at 60 �C than for the solution sheared at 20 �C.

The acceleration of shear-induced crystallization kinetics is
an apparent change compared with that of quiescent crystalli-
zation. Such enhanced crystallization kinetics are mainly
attributed to the signicantly increased nucleus density and
growth rate, namely, the shear ow would eventually lead to an
increased nucleation rate once the shear rate exceeds a critical
value.21,27 Under shear, polymer chains aligned along the shear
direction, reducing the entropy due to fewer possible chain
congurations. From a thermodynamic point of view, Flory
proposed that the reduction in entropy lowers the nucleation
energy barrier ðDG*

nÞ, resulting in nucleation acceleration.28,29

Hoffman and Lauritzen proposed that the nucleation barrier
under quiescent conditions is expressed as30

DG*
n;q ¼ ð2abse þ 2alss þ 2blssÞ � V*ðTcÞDf ðTcÞ (1)

where (2abse + 2alss + 2blss) is the total interfacial energy of
a nucleus created with dimensions a, b, and l with lateral
surface energy ss and end surface energy se. V*(Tc) is the critical
nucleus volume, and Df(Tc) is the enthalpy difference between
the amorphous and crystalline phases per unit volume at the
crystallization temperature Tc. McHugh proposed that the
mechanical work applied to polymers can decrease DG*

n;s due to
entropy reduction as31

DG*
n;s ¼ ð2abse þ 2alss þ 2blssÞ � V*ðTcÞfDf ðTcÞ � TsDSg (2)

where Ts is the shear temperature and DS is the entropy
reduction per unit volume by shear (DS < 0). Under shear, the
random coil chains of P3HT experience a transition from coil to
rod in the solution, and these rigid rods start the isotropic–
nematic transition to form a locally anisotropic structure. Then,
rod bundles are formed as FIPs for the nucleation and growth of
P3HT.16,21 The formation mechanism of FIP indicates that the
reduction in entropy increases with increasing FIP. The amount of
FIP formed at 60 �C is higher than that at 20 �C,16 and the Ts at
60 �C is higher than that at 20 �C; therefore, the value of �TsDS
sheared at 60 �C is higher than that at 20 �C, resulting in a decrease
in DG*

n;s, and thus, the nucleation (or crystallization) rate at a high
shear temperature of 60 �C is higher than that at 20 �C.
Effect of the solution concentration on the shear-induced
crystallization of P3HT in toluene

The formation of FIPs indicates that shear induces the coil-to-
rod transition of P3HT chains in a toluene solution. When the
concentration of the rods exceeds a threshold, p–p stacking of
the rods spontaneously occurs to form FIPs. This infers that the
solution concentration may greatly affect the number of shear-
induced rods, followed by FIPs. In polymer solution, when the
concentration reaches a critical semidilute solution concentra-
tion (c*), the molecular chains begin to contact. When the
solution concentration further increases, the molecular chains
19676 | RSC Adv., 2021, 11, 19673–19681
entangle with each other, which hinders molecular motion and
restricts the conformation transition. The shear-induced crys-
tallization for dilute solutions can be described by the coil-
stretch transition model, and for highly entangled polymers,
the stretched network model is used.21 An Ubbelohde viscom-
eter was used to measure the c* of P3HT toluene solution at
25 �C. Fig. 3 shows that the reduced viscosity (hsp/c) linearly
varies with the solution concentration (c), and the extrapolated
intercept at c ¼ 0 is the specic viscosity ([h]), 0.16 mL mg�1.
Meanwhile, c* is the reciprocal of [h], and the value is 6.3 mg
mL�1. In this work, the concentrations of P3HT toluene solu-
tions were below 5.0 mg mL�1, and they were all dilute solu-
tions. P3HT molecular chains have no entanglements in dilute
toluene solutions.

Fig. 4a shows the UV-vis spectra of PS0.7 sheared at different
temperatures. There is an obvious absorption peak at �607 nm
in each spectrum, indicating that shear induced a coil-to-rod
transition and that the rods underwent p–p stacking to form
FIPs at each shear temperature. The intensity of the absorption
peak at �607 nm increased as the shear temperature increased
from 12 �C to 60 �C and decreased slightly with further
increases in the shear temperature to 80 �C. This result is
similar to that of PS0.2.16 Fig. 4b shows the UV-vis spectra of PS5.0
sheared at different temperatures. PS5.0 began to crystallize
before the sheared solution was completely collected (�30 s) for
UV-vis measurement when the solution was sheared at 12 �C,
and the absorption intensity was above the measurement
limitation for UV-vis spectroscopy aer the solution was
collected, such as shown in Fig. S2.† Thus, the shear tempera-
ture was varied from 20 �C to 80 �C. No obvious absorption peak
was observed when the shear temperature was below 40 �C,
indicating that no FIPs formed in these sheared solutions. The
absorption peak at �607 nm appeared when the solution was
sheared at 60 �C, and the intensity increased slightly with the
elevation of the shear temperature, verifying that a few FIPs
formed when the shear temperature was above 60 �C and that
the FIP content was slightly larger in the solution sheared at
80 �C than in the solution sheared at 60 �C. The UV-vis spectra
of the corresponding resided solutions are shown in Fig. S3.†
No absorption peaks appear in each resided solution, indicating
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 UV-vis absorption spectra of (a) PS0.7 and (b) PS5.0 sheared at different temperatures. (c) UV-vis absorption spectra of sheared P3HT
solutions with different concentrations. The shear temperature of PS5.0 is 80 �C, and the shear temperature of the other solutions is 60 �C. The
shear rate is 1.0 s�1.
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that no FIPs form in PR0.7 and PR5.0 at different residence
temperatures. Fig. 4c shows UV-vis absorption spectra of
sheared P3HT solutions with different concentrations. To
maximize the absorption intensity of the peak at �607 nm for
each P3HT solution, we choose a shear temperature of 80 �C for
PS5.0 and a shear temperature of 60 �C for the other solutions.
As shown in Fig. 4c, the peak intensity increased when the
solution concentration increased from 0.2 mg mL�1 to 0.4 mg
mL�1, and then, the peak intensity gradually decreased with
a further increase in the solution concentration from 0.7 mg
mL�1 to 5.0 mg mL�1.

The effects of shear ow on the formation of FIPs are
determined by external ow parameters, such as the shear rate
_g, shear time ts, shear strain g and shear stress s.32,33 The shear
strain g ¼ _g � ts and the shear stress s ¼ h( _g) � _g, where h( _g) is
the solution viscosity at _g. s can create metastable ow-induced
clusters, while g can enhance the frequency of collisions to
transform themetastable cluster into a stable nucleus.32,34,35 The
shear stress s is the key parameter to determine the formation
of metastable ow-induced clusters, namely, FIPs. In Fig. 4, _g

and ts are xed, resulting in the shear strain g being a xed
value. The solution viscosity increases with the solution
concentration, resulting in the shear stress s being higher in
P3HT solutions with higher concentrations. The FIP is meta-
stable; when the shear stress s exceeds the critical values,
a further increase in smay destroy the formed FIP during shear,
leading to the amount of FIPs rst increasing when the solution
concentration increases from 0.2 mg mL�1 to 0.4 mg mL�1 and
then gradually decreasing with a further increase in the solution
concentration from 0.7 mg mL�1 to 5.0 mg mL�1. Cui et al.
© 2021 The Author(s). Published by the Royal Society of Chemistry
reported similar experimental phenomena. They investigated
the ow-induced crystallization of bimodal poly(ethylene oxide)
blends and found that the FIP was destroyed by further
increasing the ow intensity, leading to an increased onset time
of crystallization and low orientation of initial lamellar crystals
under a large shear intensity.36 In the same way, when the
solution concentration was xed at 5.0 mg mL�1, as shown in
Fig. 4b, the solution viscosity decreased with increasing solu-
tion temperature, resulting in the shear stress s decreasing with
increasing shear temperature, fewer FIPs were destroyed and
the number of FIPs increased with increasing shear tempera-
ture. In the solution with a concentration of 0.7 mg mL�1, the
solution viscosity was low, and the variation in the solution
viscosity with temperature was small, resulting in the destruc-
tion of the FIPs by shear being relatively faint. The variation
trend and the formation mechanism of FIPs with shear
temperature in the 0.7 mg mL�1 solution are similar to those in
the 0.2 mg mL�1 solution.16

The effects of shear on the crystallization kinetics of different
concentrations of P3HT in toluene were investigated by using
UV-vis spectroscopy. No FIPs formed in each resided solution
with different concentrations and different residence tempera-
tures. It was speculated that the residence temperature has no
effect on the crystallization rate of P3HT solutions with different
concentrations. To verify this hypothesis, we chose PR0.7 as
a representative solution with a high concentration. Fig. S4†
shows that the crystallization rates of P3HT in PR0.7 are similar,
verifying that the residence temperature had no effects on the
crystallization of P3HT in toluene, which is the same as the
results for PR0.2. In PS5.0, the absorption peak intensity was
RSC Adv., 2021, 11, 19673–19681 | 19677
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Fig. 5 Effects of the shear temperature on the crystallization rate of
P3HT in toluene at different concentrations. The isothermal crystalli-
zation temperature is 12 �C, and the shear rate is 1.0 s�1.
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above the measurement limitation for UV-vis spectroscopy
when P3HT was crystallized at 12 �C, and thus, no crystalliza-
tion kinetics data were obtained. Theoretically, the concentra-
tion dependence of the crystallization rate at a constant
temperature is expressed as:37

G ¼ kca (3)

where k is the rate constant and a is the reaction order. a is
solely associated with the reaction mechanism. To evaluate a,
the crystallization rates of P3HT in PS0.2, PS0.4, PR0.7 and PS1.0
were obtained by using the in situ UV-vis method. Since the
residence temperature had nearly no effect on G in the resided
solutions, we used the G of P3HT with a residence temperature
of 60 �C to represent the crystallization rate of P3HT in the
resided solutions. The values of G in the resided solutions and
sheared solutions are summarized in Fig. 5. The results show
that G of the sheared solution was higher than that of the
resided solution at each concentration, verifying that shear
accelerates the crystallization of P3HT in toluene. In the
sheared solution with the desired concentration, G increased as
Fig. 6 (a) Plots of ln G versus ln[P3HT] at different shear temperatures. Th
the residence temperature is fixed at 60 �C. (b) Variations in a with the s

19678 | RSC Adv., 2021, 11, 19673–19681
the shear temperature increased from 12 �C to 60 �C and then
decreased slightly with further increases in the shear tempera-
ture to 80 �C, indicating that the effects of shear on the crys-
tallization of P3HT in toluene with concentrations between
0.2 mg mL�1 and 1.0 mg mL�1 were similar. Since the crystal-
lization rate of P3HT differs greatly in toluene with different
concentrations, it is difficult to choose a suitable isothermal
crystallization temperature other than 12 �C.

The plots of ln G versus ln[P3HT] are shown in Fig. 6a. The
data show that P3HT sheared at the same shear temperature
falls onto the best t straight lines, and the slopes of the straight
lines determine the reaction order a. a is 2.12 for P3HT crys-
tallized in the resided solution. As the shear temperature
increases from 12 �C to 80 �C, a is 2.07, 1.52, 1.41, 0.69 and 1.01.
Our data indicate that variation in the shear temperature
changes the value of the reaction order a and thus changes the
crystallization mechanism of P3HT in toluene. During quies-
cent crystallization in the resided solution, a was approximately
2, and aggregation and crystallization were second-order reac-
tion. In the sheared solution, the aggregation and crystalliza-
tion processes generally changed from second-order reaction to
rst-order reaction as the shear temperature increased from
12 �C to 80 �C. The above results indicate that the FIP content
affected the crystallization mechanism of P3HT in sheared
toluene solutions. At high shear temperatures, the FIP content
is large, and the crystallization of P3HT tends to be a rst-order
reaction. At low shear temperatures, the FIP content was low,
and the crystallization of P3HT tended to be a second-order
reaction. The shear-induced solution crystallization of P3HT
in a marginal solvent underwent a coil-to-rod conformational
transition, p–p stacking of the rods to form FIPs and then
nucleation and crystallization. In summary, it includes two
processes: a coil-to-rod transition and p–p stacking of the rods.
For the coil-to-rod transition, Zhang's group showed inverse
rst-order kinetics behaviour.38,39 For rod–rod aggregation,
scaling establishes a nucleation rate proportional to the
concentration raised to the second power.40 Therefore, the
overall reaction order of P3HT crystallization is determined by
the relative contributions of each process. Currently, there are
e inset shows a plot of ln G versus ln[P3HT] of the resided solutions, and
hear temperature.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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no effective ways to either predict or measure the weighting
factor of each process. In this work, in the resided and sheared
solutions at low temperature, a was approximately 2, indicating
that the rod aggregation process may contribute more. With the
elevation of the shear temperature and the coil-to-rod transition
strengths, more FIPs form, and a decreases to a value below 1,
indicating that the coil-to-rod transition process becomes
dominant.

GIXRD was used to investigate the crystalline structures of
shear-induced P3HT aggregates formed in solutions with
different concentrations. As shown in Fig. S5a and b,† all P3HT
aggregates show a (100) plane at 2q ¼ 5.5�, indicating that the
orientation of the P3HT crystal planes in these samples is
primarily edge-on, and the shear temperature has no effect on
the crystal form of P3HT aggregates formed in solutions with
different concentrations. UV-vis spectra of P3HT lms spin-
coated from isothermally crystallized solutions with different
concentrations were obtained, and the results are shown in
Fig. S6.† The P3HT lms show optical absorption peaks at
�510 nm (0–2 absorption) corresponding to p–p absorption
and at�550 nm (0–1 absorption) and�600 nm (0–0 absorption)
corresponding to the shoulders of two vibronic absorption
bands of P3HT in the solid state. Fig. S6† shows no redshi or
blueshi phenomenon in the UV curves of P3HT lms spin-
coated from isothermally crystallized solutions that sheared at
different temperatures. It was speculated that the FIP content
has no effect on the conjugated length of the P3HT aggregates.
The peak intensity of P3HT lms increased with the FIP
Fig. 7 UV-vis absorption spectra of (a) PS0.2,60, (b) PS0.7,60 and (c) PS5.0,

© 2021 The Author(s). Published by the Royal Society of Chemistry
content, indicating that the number of P3HT aggregates
increased with the FIP content.

Effect of the shear rate on the shear-induced crystallization of
P3HT in toluene

In addition to the shear temperature and the solution concen-
tration, the shear rate is another important factor affecting the
formation of FIPs and the crystallization of P3HT in toluene. To
obtain a large FIP content to clearly observe the effect of the
shear rate, we chose the most suitable shear temperature for
PS0.2 and PS0.7 to be 60 �C and that for PS5.0 to be 80 �C, at which
the FIP content was the largest under each concentration. Fig. 7
shows that an obvious absorption peak at �607 nm appears in
each sheared P3HT solution with different concentrations. The
intensity of the absorption peak rst increased with increasing
shear rate, and then, the intensity decreased as the shear rate
further increased. The most suitable shear rate to obtain the
highest intensity of the absorption peak at �607 nm varies with
the solution concentration. For PS0.2,60, the most suitable shear
rate is 1.0 s�1; for PS0.7,60, the most suitable shear rate is 2.0 s�1;
and for PS5.0,80, the most suitable shear rate is 3.0 s�1. The
absorption intensity is related to the FIP content. The above
data indicate that the most suitable shear rate to obtain the
highest FIP content increases with increasing solution
concentration. A high shear rate is needed to form a large FIP
content in the P3HT solution with a high concentration. In each
P3HT solution, the shear time ts is xed, and the increase in the
shear rate _g leads to increases in the shear strain g and shear
80 sheared at different shear rates.

RSC Adv., 2021, 11, 19673–19681 | 19679
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Fig. 8 Plots of the crystal growth rate versus crystallization temper-
ature for PS0.2,60 sheared at different shear rates.
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stress s. The effect of the shear rate _g on the crystallization of
P3HT is evaluated by using the specic work (W). Janeschitz-
Kriegl et al. reported that the nucleation rate is controlled by
the specic mechanical work applied to a melt during shear,
dened as41

W ¼
ðts
0

gsdt ¼ sg ¼ hðgÞg2
ts (4)

The specic workW applied to the polymer during shear can be
used to stretch polymer chains, and since W controls ow-
induced crystallization, there is a proportional relation
between W and the entropy reduction DS.32 During shear, not
nearly all of the mechanical energy was consumed in stretching
the polymer chains (TsDS) because of the energy dissipation
caused by molecular friction and chain relaxation of the shorter
chains. By introducing the dimensionless energy conversion
factor E, the degree of entropy reduction can be simply derived
with respect to W as32

�TsDS ¼ EW ¼ EhðgÞg2
ts (5)

In the P3HT solution with a xed concentration at the same
shear temperature, the shear stress s increases with the
increase of the shear rate _g, and rst the FIP amount increases
with the increase of s. When s exceeds the critical value, the
formed FIPs were destroyed under the strong shear ow, and
thus, the FIP amount decreases with the further increase of _g. E
is the energy conversion factor. Seo et al. investigated the shear-
induced crystallization of poly(ether ether ketone) and found
that E ¼ 0.011. This result implies that only �1% of the
mechanical energy input reduces the entropy-relevant free energy
due to the dominance of friction and relaxation effects.27 In P3HT
toluene solution, the high concentration solution has high
viscosity, which may dissipate more mechanical energy under
shear, namely, E is low in high concentration solution. To reduce
the entropy to accelerate nucleation and crystallization, a higherW
was needed. Therefore, the most suitable shear rate increases with
increasing solution concentration to reduce the entropy. The
reduction in entropy is related to the formation of FIPs, and thus,
the most suitable shear rate increases with increasing solution
concentration to obtain the highest amount of FIPs.

The effect of the shear rate _g on the crystallization kinetics of
P3HT was investigated, and the results are shown in Fig. 8. Since
the variation trend of the FIP content with _g was similar in each
P3HT solution with different concentrations, PS0.2 is used as an
example to investigate the crystallization kinetics (the crystalliza-
tion rate of the dilute solution is relatively slow, and thus, the
crystallization of P3HT between 6 �C and 12 �C can be studied in
detail by using UV-vis spectroscopy). Fig. 8 shows that the G of
P3HT increased with decreasing crystallization temperature when
the solution was sheared at each shear rate. At the same crystal-
lization temperature, the G of P3HT increased when the solution
was sheared as the shear rate increased from 0.5 s�1 to 1.0 s�1 and
then decreased slightly with further increases in the shear rate to
2.0 s�1, indicating that the crystallization rate of P3HT was higher
in sheared solutions with more FIPs.

UV-vis spectroscopy and GIXRD were used to investigate the
effect of the shear rate on the number and structure of
19680 | RSC Adv., 2021, 11, 19673–19681
crystalline P3HT aggregates. Fig. S7a† shows that the absorp-
tion intensity of P3HT aggregates increased as the shear rate
increased from 0.5 s�1 to 1.0 s�1 and then decreased with
further increases in the shear rate to 2.0 s�1, indicating that the
largest number of P3HT aggregates formed in the solution
sheared at a shear rate of 1.0 s�1, verifying that a high FIP
content improves the aggregation of P3HT in the solution. In
Fig. S7b,† all P3HT aggregates show a (100) plane at 2q ¼ 5.5�,
indicating that the shear rate _g has no effects on the crystal
form of P3HT nanobres.

Conclusions

In this work, we investigate the microuidic shear-induced
formation of FIPs and the crystallization of P3HT in toluene
and obtain the following results:

(1) The shear temperature, solution concentration and shear
rate determine the FIP content. Upon xing the shear rate and
shear temperature, the FIP content increases as the solution
concentration increases from 0.2 mg mL�1 to 0.4 mg mL�1 and
then generally decreases with further increases in the solution
concentration. Upon xing the shear temperature, the most
suitable shear rate at which the largest FIP content can be ob-
tained increases with increasing solution concentration.

(2) The FIP content dramatically affects the crystallization of
P3HT in toluene. Increasing the FIP content can accelerate the
crystallization kinetics and change the crystallization mecha-
nism from a second-order reaction to a rst-order reaction of
P3HT aggregates.
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