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We investigated non-isothermal and isothermal crystallization of spin-coated poly(3-hexylthiophene) thin films
prepared from the melt by in-situ ultraviolet-visible absorption spectroscopy. Analyzing the absorption spectra
according to the Franck-Condon principle allowed for a quantitative assessment of the degree of crystallinity as
well as the quality of order within crystalline regions of the films. Measured at room temperature, we observed a
similar crystallinity for all differently crystallized films. The highest quality of order, however, was found for the
P3HT film cooled slowly from the melt. These results were in full agreement with the results obtained by X-ray
diffraction and calorimetry measurements. Consistently, in spite of similar crystallinities, atomic force micro-
scopy images did not show a well-defined structure of ordered domains of preferentially aligned lamellae for the
films rapidly cooled from the melt. In addition, heating the P3HT films in a specific range of temperature showed
no change in crystallinity in spite of a continuous loss of order quality. Our results revealed that crystallinity and

crystalline quality could behave differently while processing a semicrystalline polymer.

1. Introduction

Poly(3-alkylthiophene)s (P3ATs) have become a model system for
the research on conjugated polymers, in terms of both fundamental and
application-oriented studies [1]. In particular, regioregular poly
(3-hexylthiophene) (rr-P3HT) has emerged as a key material for the
elaboration of organic field effect transistors (OFETs) and organic solar
cells (OSCs) due to the combination of its facile processability, large
charge carrier mobility and environmental stability [2-10]. Charge
transport is a complex multiscale process, extremely sensitive to the
intra- and interchain order in these semiconducting polymers [2].
Hence, there is a continuous effort to improve the degree of order in the
conjugated polymers, which is examined through different techniques
such as small angle X-ray scattering (SAXS) and wide angle X-ray scat-
tering (WAXS) [11-14], nuclear magnetic resonance (NMR) [15,16],
atomic force microscopy (AFM) [17], transmission electron microscopy
(TEM) [18], differential scanning calorimetry (DSC) [19], infrared (IR)
spectroscopy [16], and ultraviolet-visible (UV-vis) spectroscopy [20,
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21].

UV-vis spectroscopy is a technique which is used to measure the
absorption of radiation in UV-vis range, as a function of wavelength,
when interacting with a material. rr-P3HT can form ordered aggregates
in solution or in the solid state, for example in thin films. The absorption
spectrum of P3HT thin films can be interpreted using a weakly inter-
acting H-aggregate model, providing quantitative estimates not only of
the fraction of the film made up of aggregates (i.e. crystallinity of the
film), but also the degree of excitonic coupling (i.e. crystalline quality)
within the aggregates [22].

Many investigations have applied UV-vis absorption spectroscopy to
study the improvement of overall (intra- and interchain) order in the
P3HT aggregates prepared from solution following different approaches
such as changing the solvent quality [16,22,23], using mixed solvents
[20,24-26], sonicating [27,28], aging [28] or when changing regior-
egularity [29] and molecular weight of the polymer [26]. In a work done
by Roehling et al. [23], P3HT crystallization in solution was controlled
using various solvents and the resulting changes in microstructure were

E-mail addresses: f.abbasi@sut.ac.ir (F. Abbasi), guenter.reiter@physik.uni-freiburg.de (G. Reiter).

https://doi.org/10.1016/j.polymer.2020.122959

Received 27 June 2020; Received in revised form 12 August 2020; Accepted 15 August 2020

Available online 29 August 2020
0032-3861/© 2020 Elsevier Ltd. All rights reserved.


mailto:f.abbasi@sut.ac.ir
mailto:guenter.reiter@physik.uni-freiburg.de
www.sciencedirect.com/science/journal/00323861
https://http://www.elsevier.com/locate/polymer
https://doi.org/10.1016/j.polymer.2020.122959
https://doi.org/10.1016/j.polymer.2020.122959
https://doi.org/10.1016/j.polymer.2020.122959
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymer.2020.122959&domain=pdf

M. Alizadehaghdam et al.

attributed to three separate causes: the fractionation of polymer chains
due to solubility differences, differences in chain conformations induced
by interactions with solvent molecules, and the kinetics of structure
formation. When improving the solvent quality, the Ag.o/Ao.1 peak ratio
in the absorption spectra became larger, suggesting a lower free exciton
bandwidth, an increasing intrachain order and longer conjugation
lengths. X-ray diffraction (XRD) data revealed the same trend of
increasing and correlated intra- and interchain order with improving
solvent quality. In another quantitative work by Scharsich et al. [26],
the absorption spectra were analyzed according to the Franck-Condon
principle. They revealed that adding a poor solvent to the low molecu-
lar weight P3HT dissolved in a good solvent enhanced the intensity of
the Ao peak. However, for long P3HT chains, this intensity increased
only when small amounts of poor solvent were added but decreased for
higher fractions of the poor solvent. Choi et al. [25] showed that
ultrasonication facilitated formation of rod-like nanostructures of P3HT
in solution, enhancing intra- and intermolecular interactions among
P3HT chains. Increasing the molecular weight and the regioregularity of
the polymer led to an increase of absorption at the lowest energy (Ag.o)
and to an increased intrachain order as deduced from an analysis of the
UV-vis spectra [26,30].

Works employing UV-vis spectroscopy to study P3HT crystallinity in
the solid state, usually focused on the improvement of crystalline order
in P3HT thin films caused by some post-treatment processes such as
high-temperature rubbing. Hamidi-Sakr et al. [30] succeeded to increase
the ratio Ag.o/Ap.1 and the overall crystallinity of P3HT in thin films via
a high temperature rubbing procedure. Increasing the rubbing temper-
ature resulted in better-ordered P3HT chains in the thin films. To sum
up, varying processing conditions have been applied vastly to control
crystallization of P3HT from the solution. However, such a systematic
study of P3HT crystallization starting from the melt by a thorough
analysis of the corresponding in-situ UV-vis spectra is missing in the
literature. This prevents a revealing comparison to be provided between
P3HT crystals prepared from the solution and those obtained from the
melt.

In our previous works [31,32] employing mainly calorimetry as-
sessments, we focused on disputes over reliable values for thermody-
namic properties of P3HT crystals, i.e. equilibrium melting temperature
and enthalpy of fusion of an ideal P3HT crystal. In the present work,
however, we have focused on how the kinetics of crystallization and
different crystallization conditions affect crystallinity and crystalline
quality (i.e. quality of order within the crystalline regions) of the sam-
ples, using mainly UV-vis spectroscopy assessments along with a
Franck-Condon analysis. Differences in the generated nanostructures
were also evaluated by AFM studies, combined with DSC and X-ray
scattering analyses on similarly crystallized bulk P3HT samples to sup-
port and complement our findings deduced from UV-vis absorption
measurements. Finally, a few AFM phase images from the P3HT crystals
prepared from the solution provided a preliminary step for a thorough
comparing study between the solution- and melt-grown P3HT crystals in
a future work.

2. Experimental details
2.1. Materials

Poly(3-hexylthiophene) (P3HT) was obtained from Merck Chemicals
(Germany). The number average molecular weight, M, = 19 kg/mol and
dispersity, b = 1.67 were measured by gel permeation chromatography
(GPC). The regioregularity of P3HT (= 93%) was determined using
proton nuclear magnetic resonance (lH NMR).

2.2. UV-vis absorption spectroscopy

P3HT was dissolved in chloroform at a concentration of 20 mg/ml
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and kept in an oil bath at 60 °C for 1 h. Films of a thickness of ca. 200 nm
(measured by AFM) were made by spin-coating of the obtained solution
onto glass substrates, cleaned previously in an ultrasonic bath contain-
ing ethanol at 50 °C for 15 min. The spinning speed and time were 1000
rpm and 60 s, respectively. The prepared films are called “as-cast” in
Appendix A (Tables 1 and 3) and in Fig. 6. First, to erase memory effects,
films were brought to 260 °C and kept there for 1 min, in a hot stage
purged with nitrogen (Linkam Scientific Instruments, UK) and control-
ling the temperature to a precision of about 0.1 °C. The sample was
subsequently taken at a cooling rate of 100 °C/min to a chosen tem-
perature T, where it remained for 4 h to crystallize the polymer. After-
wards, the sample was quenched to room temperature (at the rate of
100 °C/min). Employing several samples, the value of T, was varied
from 150 to 225 °C. These crystallized films were named correspond-
ingly (T.150, ..., T;225) in Appendix A (Table 1) and in Fig. 6. In
addition, complementary samples were prepared by cooling them slowly
(1 °C/min) and rapidly (100 °C/min) from the molten state at 260 °C to
the room temperature, labeled “slowly cooled” and “rapidly cooled”,
respectively, in this work.

To identify contributions from ordered and disordered regions
within the sample, UV-vis absorption spectra for the crystallized P3HT
films were recorded over areas with a diameter of ca. 40 pm using a Zeiss
Axio 100 microscope connected to a spectrometer (Ocean Optics USB
2000) via an optical fiber of 400 pm in diameter. A halogen lamp was
used as the light source and the spectra were collected in the trans-
mission mode, using a 10x objective lens.

2.3. Atomic force microscopy (AFM)

AFM measurements on the samples prepared for UV-vis absorption
spectroscopy were performed with a JPK BioMAT™ setup, consisting of
a NanoWizard® AFM, the BioMAT™ base and a Zeiss Axio Imager op-
tical microscope. AFM images were obtained in the tapping mode at
ambient conditions. AFM cantilevers made of silicon (type: PPP-NCL-W)
were purchased from Nanosensors®. The Si-tips used had a resonance
frequency of about 180 kHz and a spring constant of about 30 N/m.

2.4. Differential scanning calorimetry (DSC)

Semi-crystalline P3HT samples were prepared using a differential
scanning calorimeter (DSC), Perkin-Elmer Model DSC4, operated under
a nitrogen atmosphere. 4 (+£0.1) mg of the polymer was introduced into
a DSC pan. The pan was sealed and heated up to 260 °C (well above the
nominal melting temperature of P3HT around 240 °C), at a heating rate
of 20 °C/min. The sample was kept at 260 °C for 1 min to assure com-
plete melting of the polymer and to erase memory effects. After the
sample had reached the temperature T, at the maximum possible cooling
rate accessible with the DSC apparatus (200 °C/min), it was kept at T,
for 4 h to crystallize the polymer. Afterwards, the sample was quenched
to room temperature (at a rate of 200 °C/min). The temperature was
then raised at a rate of 20 °C/min to record the peak of the melting curve
identified as the melting temperature (Ty,) and the area under this peak
as the enthalpy of fusion (AHy,). The value of T, was varied from 150 to
216 °C. In addition, two samples were prepared by cooling them slowly
(1 °C/min) and rapidly (200 °C/min) from the molten state at 260 °C,
labeled “slowly cooled” and “rapidly cooled”, respectively (Fig. 6 and
Appendix E (Table 4)). The T, and AHp, values reported in Fig. 5 were
recorded by heating the samples after 4 h isothermal crystallization to
the melting point directly (i.e. the samples were not quenched to room
temperature before heating). To identify a baseline and to subtract it
from the DSC curves, a heating run from 25 to 260 °C at a rate of 20 °C/
min was performed with an empty sealed DSC pan.

2.5. Small/wide-angle X-ray scattering (SAXS/WAXS)

To provide samples for SAXS/WAXS measurements, P3HT was
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crystallized in the DSC apparatus similar to the samples prepared for
DSC measurements. Pans were opened and the crystallized samples of
P3HT were taken out. In order to accomplish random orientations, these
samples were divided into small pieces with a sharp blade and then
transferred to a sample holder for SAXS/WAXS measurements. The
overall sample mass was about 12 mg.

The SAXS experiments were carried out at room temperature with
the aid of a Kratky-camera attached to a conventional Cu-Ka X-ray
source having a wavelength A = 0.1542 nm. The scattering vector is s =
2sin6/), with the scattering angle 0. Scattering curves were registered
using a position-sensitive metal wire detector. The obtained slit-smeared
data were deconvoluted using an algorithm developed by Strobl. [33]
During the measurements, the sample chamber was under vacuum.

WAXS measurements were performed at room temperature in the
reflection mode using a modified Siemens D500 X-ray diffractometer
with a conventional Cu-Ka X-ray source at a wavelength A = 0.1542 nm.

2.6. Preparing P3HT nanofibers from the solution

P3HT was dissolved in 3-hexylthiophene at a concentration of 0.2
mg/ml in a vial at 100 °C for 30 min. Then the vial was transferred to
room temperature and nanofibers were formed upon reducing the so-
lution temperature, as the color of the solution turned from yellowish
brown to purple. In addition, P3HT was dissolved in toluene at a con-
centration of 5 mg/ml in a vial at 80 °C for 30 min. Then the vial was
kept in the darkness at room temperature for 1 week to encourage
gradual formation of the nanofibers. Finally, the solution was diluted to
0.5 mg/ml. The suspended nanofibers were spin coated on the silicon
substrates for the following evaluations with atomic force microscopy.

3. Results and discussion

3.1. Crystalline features of P3HT films deduced from the analysis of
UV-vis absorption spectra

3.1.1. Determination of crystalline contribution in the absorption spectra

Applying the Franck-Condon principle, UV-vis absorption spectra of
a crystallized P3HT film can be interpreted as a superposition of two
distinct contributions representing two different states of molecular
order. The low-energy absorbance vibronic peaks are attributed to
chains in crystalline states, that is, n-stacked chains forming weakly
interacting H-aggregates. The remaining high-energy contribution to the
spectrum arises from intra-chain states of coiled (amorphous) chains
[20-22,26,34,35]. The fraction of the spectrum attributed to absorption
from aggregates is determined using a modified Franck-Condon fit
(equation (1)) developed by Spano and co-workers [22]:

o5 (e )

m=0
@

where A(E) is the intensity of absorption, S is the Huang-Rhys parameter
of disordered chains (S = 1.1) [35], Ep is the vibrational energy of the
effective carbon-stretching mode (Ep = 175 meV) [20,35]. The param-
eters remaining free for fitting are m, the vibrational level, W, the free
exciton bandwidth, Ey, the transition energy of the lowest energy peak
Ag.0, and o, the width of the Gaussian line shape functions. The sum-

mation ... is over the vibrational quantum number n [21]. For
n#m

simplicity, a single Gaussian line shape is used with the same width (o)
for each vibronic transition, introduced in the exponential term of the
equation [22].

Fig. 1 (a) presents the absorption spectrum of the P3HT film crys-
tallized by slowly cooling (1 °C/min) the sample from the melt at 260 °C
to room temperature (circles). The low-energy part of the spectrum
could be fitted with three dotted (m = 2) Gaussian peaks, starting with
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Fig. 1. (a) Absorbance spectrum taken on a P3HT film crystallized by cooling
slowly (1 °C/min) from the melt at 260 °C to room temperature (circles). The
solid curve shows the modified Franck-Condon fit to the spectrum consisting of
three peaks (m = 2), represented each by dotted curves, Ag.g, Ag.1 and Ag. at
2.07, 2.24 and 2.42 eV, respectively (the peaks are spaced by 0.175 eV). See
Appendix A (Table 1) for additional quantitative results of the fitting. (b)
Absorbance spectrum taken on a P3HT film molten at 260 °C (dashed curve)
then crystallized by cooling slowly (1 °C/min) from the melt to 40 °C (circles).
The thin (red) solid curve presents the absorbance spectrum of the molten film
scaled to the high-energy tail of the absorbance spectrum of the slowly cooled
film. The thick (green) solid curve presents the absorbance spectrum of the
molten film displaced to lower energies, as much as AE, then scaled to the high-
energy tail of the absorbance spectrum of the slowly cooled film. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

the lowest energy peak, Ag.g, at 2.07 eV and a peak spacing of 0.175 eV.
The relative area of the fitting curve (solid curve) to the total area of the
experimental spectrum is related to the absorbance resulting from
aggregated chains (A.). However, due to a possible difference in the
extinction coefficient of amorphous and aggregated chains, A, cannot be
directly interpreted as the fraction of aggregated chains (or as crystal-
linity, x.). As the oscillator strength of aggregated chains is about 1.39
times the oscillator strength of the amorphous chains, x, can be found
through A./1.39 [20,22]. Absorption spectra for differently crystallized
P3HT samples were analyzed along these lines and the quantitative re-
sults are presented in Appendix A (Tables 1 and 2).

Another approach to extract the crystalline contribution is based on a
subtraction of the amorphous contribution from the experimental ab-
sorption spectrum [20,21,26] by using the absorption spectrum of a
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molten P3HT film at 260 °C (dashed curve in Fig. 1 (b)). To implement
such a procedure, a molten film was crystallized by cooling slowly from
260 to 40 °C and the corresponding spectrum was then recorded at 40 °C
(circles). Although a molten P3HT film is totally amorphous, its ab-
sorption spectrum cannot be considered directly as the amorphous
contribution of the spectrum of the slowly cooled film at 40 °C as the
absorption of amorphous P3HT at 260 °C would not be the same as that
at 40 °C.

As shown in Appendix B (Fig. 9), with increasing temperature, the
intensity absorbed by an amorphous (molten) P3HT becomes reduced
and the position of the maximum of the peak moves towards higher
energies. Therefore, to estimate the absorption of fully amorphous P3HT
at 40 °C, we need to account for the changes in the spectrum with
temperature and to shift the spectrum of the molten P3HT measured at
260 °C (dashed curve in Fig. 1 (b)) by AE to a lower energy. In addition,
we have to increase the absorbance. The shift of the peak position of
amorphous P3HT was assumed to follow a linear functionality of tem-
perature according to the equation extracted from the measured data
shown in Appendix B (Fig. 9), yielding the value of AE (which was used
in Fig. 1 (b)) by extrapolation to 40 °C. The amount of increase in the
intensity was derived by scaling to the high-energy tail of the absorption
spectrum of the slowly cooled P3HT film (thick solid line in Fig. 1 (b)).
From Fig. 1 (b) and Appendix A (Table 3), scaling the molten spectrum
without shifting in the energy axis (thin solid line), as applied in pre-
vious studies [20,21,26], may cause an underestimation of the amor-
phous contribution by as much as ca. 6%. The values of the crystallinity
obtained by subtracting the shifted and scaled molten spectrum from the
absorption spectra of the samples were also found in good agreement
with the values obtained by Franck-Condon analysis.

3.1.2. Monitoring the progress of non-isothermal crystallization with time

In Fig. 2, we show the absorption spectra recorded for an as-cast
P3HT film during the heating to the complete melting (at 260 °C) and
subsequent slow (1 °C/min) or rapid (40 °C/min) cooling to 40 °C.
During heating, the absorbance decreased continuously. The lower-
energy crystalline contribution (associated with the vibronic peaks of
Ag.0 and Ag.1) disappeared completely at the melting point at ca. 255 °C
and only the higher-energy amorphous contribution survived. The
decrease in absorbance with increasing temperature was most pro-
nounced between 235 and 245 °C, i.e., in the temperature range where
most of the crystalline structures melted. Upon subsequent slow cooling,
absorbance re-increased with a jump and the reappearance of the lower-
energy vibronic features attributed to crystallization in the range from
220 to 214 °C. For a higher cooling rate, we expect crystallization to set
in at a lower temperature range as confirmed in Fig. 2 (c). Cooling the
sample at a rate of 40 °C/min, the jump in absorbance occurred in a
lower temperature range from 210 to 200 °C.

While the shape of the spectra of the films either slowly or rapidly
cooled back to 40 °C (Fig. 2 (b) and (c)) were similar to the initial
spectrum of the as-cast film at 40 °C (Fig. 2 (a)), the values of the
absorbance were lower. This is probably due to spreading the film
during its initial melting which resulted in some reduction in the film
thickness.

To have a deeper insight into the structural changes in the P3HT film
caused by temperature change, we fitted the modified Franck-Condon
equation (equation (1)) to all the absorption spectra presented in
Fig. 2 and obtained values for the crystallinity (x.) and the fitting pa-
rameters of W, o and Ey. As demonstrated in Fig. 3, all fitting parameters
increased when increasing the temperature from 40 to 235 °C (the free
exciton bandwidth, W, from 87 to 129 meV, the disorder parameter, o,
from 77 to 92 meV and the transition energy of the lowest energy peak
Ag.0, Eo, from 2.072 to 2.129 eV), expressing an increasing structural
disorder. In the study by Keheze et al. [21], melting and recrystallization
of a bulky substituted poly(3-(2,5-dioctylphenyl)thiophene) (PDOPT)
was followed in a similar way by absorption spectroscopy. The increase
in W and E, was explained by a gradual loss of chain planarity and
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Fig. 2. Absorbance spectra taken on as-cast P3HT films heated from 40 °C up to
the molten state at 260 °C with the rate of 20 °C/min (a), then cooled down to
40 °C slowly with the rate of 1 °C/min (b) or rapidly at a rate of 40 °C/min (c).
The numbers show the temperatures at which the spectra were taken. The ar-
rows are associated with the temperature increase in part (a) and the temper-
ature decrease in parts (b) and (c). The spectra are not normalized, hence
differences in the absorbance values in three parts of the figure, could be
attributed to differences in the film thicknesses.

increasing intrachain disorder within an aggregate which caused the
exciton to be localized. This, in turn, increased the excitonic coupling
and led to higher values of W [23]. o, associated with intercrystallite
disorder, was also found to increase by heating. In good agreement with
Fig. 2 (a), the increase of free exciton bandwidth and disorder parameter
by heating became more pronounced in the temperature range (melting
range) from 235 up to 245 °C. Ey, however, was observed to be nearly
constant up to 235 °C.

In spite of the continuous increase of structural disorder, the fraction
of aggregated chains (x.) was almost unchanged up to 175 °C. This
means that while the crystallinity (x.) was constant, quality of the order
decreased within the crystalline regions of the samples (i.e. within the
aggregates), as demonstrated by the increase of the value of W. Above
175 °C, x, started to decrease and dropped strongly above 235 °C.

After complete melting of the as-cast P3HT film at 260 °C, the molten
films were crystallized at two different cooling rates, i.e., slowly at 1 °C/
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Fig. 3. Values of the free exciton bandwidth (W), the width of the Gaussian line
shape function (o), the transition energy of the lowest energy peak Ag.o (Eo) and
crystallinity (x.), all deduced from fitting the absorption spectra presented in
Fig. 2 with the Franck-Condon equation (m = 2), plotted versus temperature.
The vertical dashed lines at 235, 214 and 200 °C specify the slope change in the
curves associated with the heating (solid circles), slow cooling (open circles)
and rapid cooling (open triangles) process, respectively. The plot in the bottom
is a part of the DSC curve for cooling of a 4-mg P3HT sample slowly (1 °C/min)
from the melt at 260 °C to room temperature showing the crystalliza-
tion exotherm.

min or rapidly at 40 °C/min. By slow cooling, a significant drop of W and
o along with a jump in x. were observed when the temperature was
reduced below 214 °C (Fig. 3), attributed to crystallization of the film,
also found from Fig. 2 (b). Further cooling the P3HT film from 214 to
40 °Cled to a gentle decrease in the values of the fitting parameters of W,
0, Ep and a gentle increase in crystallinity. In Fig. 3, the slope change in
the variation of these parameters with temperature is indicated by the
vertical dashed lines at 214 and 200 °C for the slowly and rapidly cooled
P3HT films, respectively.

Within the whole of the temperature range, the values of exciton
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bandwidth (W) were lower (quality of the order was higher) for the
crystallization by slow cooling compared to the crystallization by rapid
cooling. However, interestingly, both slowly and rapidly cooled samples
finally get similar crystallinities. This observation highlights that we
have to distinguish between the crystallinity and the quality of order
within crystalline domains.

The bottom plot in Fig. 3 is related to the DSC curve of a P3HT sample
being cooled slowly (1 °C/min) from the melt state. The transition
shown in the curve suggests that the crystallization starts from a tem-
perature lower than 214 °C. However, it is found from the upper curves
that the crystallization occurs mainly before this temperature is reached
during the cooling. We believe, this discrepancy is related to the
different sample preparation methods. UV-vis spectra were taken from
the spin-coated P3HT films (with a mass in order of a few pg) while DSC
is done for a bulk P3HT sample of about 4 mg. The nucleation process in
a thin film of polymer, affected by the substrate surface, is thought to be
more efficient than that in a bulk sample of polymer, making the crys-
tallization process to be started earlier.

3.1.3. Monitoring the progress of isothermal crystallization with time

Fig. 4 presents the absorption spectra during the isothermal crys-
tallization of P3HT films at different crystallization temperatures of 170,
216 and 225 °C. The absorbance jumped during a rapid cooling from the
melt to T, = 170 °C, compared to a much smaller increase in absorbance
during the rapid cooling form the melt to T, = 216 or 225 °C. Thus,
crystallizing upon cooling to 170 °C the film was already largely crys-
talline when reaching 170 °C. Therefore, no further significant changes
in absorbance were observed when the sample was kept at this tem-
perature for 240 min.

At T. = 216 °C, most of the isothermal crystallization occurred
within the initial 5 min, followed by small increase in absorbance for the
subsequent 4 h. At T, = 225 °C, crystallization was rather slow, so that
during the crystallization time of 240 min, crystallization progressed
continuously. Quenching the samples to room temperature, after 240
min of isothermal crystallization at a given T., developed more crys-
tallinity in the samples, evident from the increased absorbance and
pronounced vibronic Ay ¢ and Ag.; peaks (dashed curves in Figure (4);
see also Figure (10) in Appendix C).

Fig. 5 demonstrates how the crystallinity and crystalline quality
changed with increasing isothermal crystallization time from 5 to 240
min at different T.s. Within error bars, no improvement was observed in
the intrachain order (W) at a given T, when increasing the crystalliza-
tion time. However, the intercrystallite disorder (¢) decreased from 93
to 90 and 110 to 90 meV by extending the crystallization time from 5 to
240 min for T, = 216 °C and T, = 225 °C, respectively. The crystallinity
was nearly unchanged with the time at T, = 170 °C as the crystallization
was already about to complete in the course of cooling from the melt to
T, = 170 °C. After crystallization for 30 min at T, = 216 °C, an almost
constant value of the crystallinity was obtained. The crystallization rate
at T. = 225 °C was so slow that the crystallinity progressed continuously
during 240 min of crystallization. The fusion enthalpy and melting
temperature did not change measurably with the time when the film was
kept at T, = 170 °C. However, both values increased noticeably with the
time at T. = 216 °C. In spite of observing crystallization-induced
changes in P3HT films in the absorption assessments taken at T. =
225 °C, we did not succeed to crystallize the 4 mg bulk P3HT samples
used for DSC experiments even after 240 min at T, = 225 °C. Hence, no
melting temperature or fusion enthalpy could be recorded by DSC for
samples kept at 225 °C.

After 240 min of crystallization at T, the sample crystallized at a low
T. (170 °C) had higher crystallinity, but lower crystalline quality (less
intrachain order within the aggregates, deduced from higher W) than
the sample crystallized at a high T, (225 °C) (Fig. 5). These results are
consistent with the higher enthalpy of fusion (caused by the larger
crystallization rate), but lower melting temperature (caused by the
formation of thinner crystals) recorded for the sample crystallized at
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Fig. 4. Absorbance spectra taken on the as-cast P3HT films isothermally crys-
tallized from the melt at different crystallization temperatures of T. = 170, 216,
and 225 °C. First, the as-cast films were molten at 260 °C (dotted curves).
Subsequently, the films were rapidly cooled down to a crystallization temper-
ature (T.) and kept there for 4 h, with spectra taken after 0, 5, 30 and 240 min
(solid curves). The arrows indicate the direction of increasing with crystalli-
zation time at each T,. Finally, the films were quenched to room temperature
(dashed curves).

170 °C. Polydispersity of our P3HT material could cause AHy, (or crys-
tallinity) to decrease for increasing T.. With increasing temperature,
crystals require longer chains in order to be stable, and thus an
increasing amount of shorter chains is not able to crystallize hence
locate in the amorphous regions [36]. However, at higher crystallization
temperatures, the rate of polymer crystallization is slower, providing
more time for those longer polymer chains to get improved order at the
crystal growth front. Intercrystallite disorder (¢) was larger for the P3HT
film crystallized at T, = 225 °C which might be due to its lower crys-
tallinity, i.e. due to larger amorphous domains between the crystalline
aggregates.

Appendix C (Fig. 10) compares the crystalline features of the samples
at T, with the corresponding values obtained after subsequent quench-
ing to room temperature. The visible decrease in the values of the fitting
parameters W, ¢ and E determined at T, relative to those determined at
room temperature suggests that quenching the films following their
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Fig. 5. The free exciton bandwidth (W), the width of the Gaussian line shape
functions (o), the transition energy of the lowest energy peak Ago (Ep) and
crystallinity (x.) (all deduced from fitting the Franck-Condon equation (m = 2)
to the absorption spectra, recorded at T.), the enthalpy of fusion and melting
temperature plotted versus the crystallization time for the samples isothermally
crystallized from the melt at crystallization temperatures of 170 °C (solid cir-
cles), 216 °C (open circles) and 225 °C (open triangles). The enthalpy of fusion
and the melting temperature were evaluated for the bulk P3HT samples with a
mass of 4 mg, while the other quantities were obtained by UV-vis spectroscopy
of the spin-coated P3HT films having a mass on order of a few pg.

isothermal crystallization has increased the crystalline quality of the
samples. This could be due to some segmental motions within the
crystalline domains at T., which are frozen in at room temperature.
Increase in crystallinity and enthalpy of fusion states that the crystalli-
zation was not completed at T, after 240 min. Thus, the samples crys-
tallized additionally during quenching to room temperature. Quenching
the samples, however, did not influence the melting temperature (the
peak of melting transition in DSC curve) for each sample crystallized at
T (Appendix C (Fig. 11)). This means that the improvement of quality of
order within the crystalline regions (plus some smaller crystals),
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Fig. 6. The free exciton bandwidth (W), the width of the Gaussian line shape
functions (o), the transition energy of the lowest energy peak Ago (Ep) and
crystallinity (x.) (all deduced from fitting absorption spectra based on the
Franck-Condon equation (m = 2)), the enthalpy of fusion and the melting
temperature of P3HT films crystallized at different conditions (see Experimental
details section). The samples isothermally crystallized at T, have been exam-
ined after subsequent quenching to room temperature. The enthalpy of fusion
and the melting temperature were obtained by DSC from bulk P3HT samples
with a mass of 4 mg. All other quantities were obtained by UV-vis spectroscopy
of spin-coated P3HT films having a mass in order of a few pg.

resulting from quenching the sample from T, to room temperature, was
lost before reaching the peak of melting curve. In other words, the
melting peak in the DSC curves resulted (mainly) from crystals created
at T, and was not affected by crystalline order induced upon quenching
the sample.

3.1.4. Comparing the characteristics of the semicrystalline structure of
differently crystallized P3HT films at room temperature

The crystallinity and crystalline quality of different isothermally and
non-isothermally crystallized P3HT films are compared in Fig. 6 (and
Appendix A (Table 1)). The isothermally crystallized films were exam-
ined after quenching to room temperature. In spite of the similar crys-
tallinity for all the films, the lowest values of ¢ (=73 meV) and W (=70
meV) were found for the P3HT film, which was slowly cooled (at a rate
of 1 °C/min) directly from the melt at 260 °C down to room temperature.
A lower value of W corresponds to a higher conjugation length and
higher intrachain order exhibiting higher quality of the order within the
crystalline regions of the slowly cooled film. Correspondingly, a higher
Ag.o/Ag ratio was recorded for this sample (Appendix A (Table 1) and
Appendix D (Fig. 12)). However, we also observed that employing
higher crystallization temperatures allowed improving the crystalline
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quality. For the slowly cooled P3HT film and those crystallized for 4 h at
216 and 225 °C, similar values of ¢ and W were recorded. At higher
crystallization temperatures, the rate of polymer crystallization was
slower, providing more time for ordering polymer chains more perfectly
at the crystal growth front.

The lowest enthalpy of fusion was recorded for the T.216 sample.
Before the measurement, all isothermally crystallized samples were
quenched to room temperature. Thus, we expect to observe comparable
values of crystallinity and enthalpy of fusion for these samples. We have
no explanation for the obvious difference in enthalpy of fusion of the
T.216 sample. Rapid cooling from the melt to room temperature created
thinner lamellar crystals which exhibited a lower melting temperature
(in case of the rapidly cooled sample) while thicker crystals with a
higher melting temperature were grown at a high isothermal crystalli-
zation temperature, e.g., at T, = 216 °C.

Subsequent to the characterization by UV-vis spectroscopy, we
examined all P3HT films discussed in Fig. 6 by atomic force microscopy.
Although all P3HT films exhibited similar crystallinities (see Fig. 6), the
as-cast and the rapidly cooled films (Fig. 7 (a, b)), comparing to the other
films (Fig. 7 (c, d)), did not show a well-defined lamellar structure with a
periodicity related to the alternation of crystalline and amorphous
zones. These films were crystallized rapidly either during evaporating
the solvent in the course of spin-coating or during cooling at a rate of
around 100 °C/min from the melt to room temperature, respectively.
Regarding to the chains arrangement in the crystallites relative to the
substrate, the b-c plane is observed in the AFM images, showing the
lamellar thickness (or crystal thickness in the chain direction) [2,37].
The resolution of the AFM images did not allow to extract precise values
of the lamellar thickness. We observed mean value of the lamellar
thickness around 14 nm with a variance of £7 nm.

3.2. Crystalline features of P3HT bulk samples deduced from the analysis
of WAXS/SAXS spectra

In contrast to UV-vis spectroscopy measurements, X-ray diffraction
experiments were carried out on P3HT bulk samples. Appendix E pre-
sents WAXS pattern and Lorentz-corrected SAXS pattern along with the
corresponding one-dimensional correlation function for the slowly
cooled P3HT sample. The Bragg peaks indicated in Appendix E (Fig. 13
(a)) are consistent with the typical pattern reported for P3HT [37,38].
The (100) reflection peak, at 20 = 5.3°, and the (020) reflection peak, at
20 = 23.6°, are associated with n-stacked polythiophene backbones
separated by 3-hexyl side chains (with a period of dgo = 1.67 nm in the
a-direction) and the n-stacking distance between two chains of dgzo =
0.38 nm (in the b-direction), respectively (Appendix E (Table 4)) [2].

We obtained crystallinity values x. ~ 0.6, similar for all variously
crystallized P3HT samples. However, these values derived from X-ray
experiments were higher than the values of around x. ~ 0.4, obtained
from absorption spectra of similarly crystallized P3HT films, as reported
in Appendix A (Table 3). This difference in crystallinity values may
result from the different evaluation methods applied for the determi-
nation of crystallinity and may also be due to different methods of
sample preparation, as discussed above in the context of the DSC curves
in Fig. 3.

In comparison to the other samples, the narrower (100) Bragg peak
for the slowly cooled P3HT sample (with a smaller full width at half
maximum (FWHM), as shown in Appendix E (Table 4)) revealed the
higher quality of order (the lower fraction of defects) in the crystalline
regions of this sample. A similar crystalline quality was obtained when
performing crystallization at high temperatures (e.g., at T, = 216 °C for
the T.216). This observation is in full agreement with the results derived
from the P3HT films shown in Fig. 6 (and Appendix A (Table 1)). The
coherent size (&) of the crystallites was estimated in a- and b-directions
by applying the Scherrer equation for the (100) and (020) Bragg peaks
(see Appendix E), suggesting the presence of larger crystallites in the
slowly cooled P3HT sample and in ones isothermally crystallized at high
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Fig. 7. Tapping mode AFM phase images taken on (a) as-cast, (b) rapidly cooled, (c) slowly cooled films and (d) the film isothermally crystallized for 4 h at 216 °C

with subsequent quenching to room temperature.

Te.

The maximum in the Lorentz-corrected SAXS pattern (Appendix E
(Fig. 13 (b))) is associated with a periodic structure related to the
alternation of crystalline and amorphous zones. From the one-
dimensional correlation function (Appendix E (Fig. 13 (c))), the long
period (L) and two lengths L; and L; corresponding to the thicknesses of
the ordered and the amorphous phases were derived. Intriguingly, we
observed that the values recorded for Ly (from SAXS) (Appendix E
(Table 4)) were comparable with the values of the conjugation length
deduced from the UV-vis spectra (Appendix A (Table 1)). The values of
Lo, were also consistent with the lamellar thickness deduced from the
AFM images (Fig. 7). These observations may allow one to associate Ly
with the lamellar thickness (or crystal size in the chain direction, i.e in
(001) direction). Nevertheless, regarding to our current results and
previously published reports [15,31], as different methods for crystal-
linity evaluation of P3HT have led to different values for the same
sample, whether L, or Ly is the lamellar thickness, remains an open
question for the meantime.

3.3. Solution-grown P3HT nanofibers versus melt-grown P3HT crystals

After a thorough investigation of P3HT crystals from the melt, we can
come up with the P3HT crystals grown from the solution widely studied
in the literature [3,16,18,22-29]. Due to n-x interactions between their
rigid thienyl backbones, dissolved P3HT molecules tend to self-assemble
into one-dimensional nanofibers when the solubility is reduced by
temperature, addition of a nonsolvent, or evaporation [39]. We crys-
tallized P3HT as nanofibers from its solution in a good solvent, toluene
and a poor solvent, 3-hexylthiophene, simply by lowering the temper-
ature below the dissolution temperature. Fig. 8 presents the AFM phase

images of these nanofibers which were spin-coated on silicon substrates.
Due to a higher solubility of P3HT in toluene, even after several days
keeping the solution at room temperature, only a low fraction of the
P3HT chains aggregated to form as suspended nanofibers, while the
others remained as dissolved individual chains. This was clear from the
light brown color of the obtained solution and verified by a lower
population of the P3HT nanofibers settled on the substrate (Fig. 8 (a)).
The space between the nanofibers on the substrate was covered with the
P3HT crystals formed from the dissolved chains during the spin coating
process due to the solvent evaporation and would resemble the micro-
structure of the as cast films in Fig. 7 (a). However, a poorer solubility of
P3HT in 3-hexylthiophene caused most of the P3HT chains form nano-
fibers upon cooling the solution down to room temperature. A higher
density of the nanofibers on the substrate (Fig. 8 (b)) was readily
expectable, since the color of the solution was purple at room
temperature.

It is already identified P3HT macromolecules are oriented perpen-
dicular to the long axis of the nanofibers [40] and lie with their b-c plane
on the substrate [41]. Consequently, as for P3HT crystals grown from
the melt (Fig. 7), the width of the nanofibers in AFM phase images
represents their lamellar thickness. Nanofibers prepared from both
toluene and 3-hexylthiophene solutions showed an average width (or
lamellar thickness) of around 30 nm which is about two times the
lamellar thickness we observed for the melt-grown crystals (Fig. 7). It
would be interesting to investigate how this significant difference in the
lamellar thickness presents itself in the thermal and scattering charac-
teristics of these crystals. Would it result in crystallinity and crystalline
quality superior to those of melt-grown crystals? Our next work is meant
to clarify the issue.
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Fig. 8. Tapping mode AFM phase images taken on the nanofibers grown from P3HT solution in (a) toluene and (b) 3-heylthiophene.

4. Conclusions

UV-vis absorption spectroscopy combined with a Franck-Condon
analysis was applied to study crystallization of spin-coated P3HT films
from the melt. The absorption spectra taken during the non-isothermal
crystallization (slow and rapid cooling from the melt) and isothermal
crystallization at different crystallization temperatures demonstrated
the development of order in these films as a function of the temperature
and time. The samples crystallized at lower temperatures showed higher
crystallinity with lower quality of the order in the crystalline regions,
when they were evaluated at their crystallization temperatures. Quality
of the order in crystalline structures created by isothermal crystalliza-
tion at high temperatures was comparable to the one created by cooling
the sample slowly from the melt to room temperature. These findings
from absorption measurements were supported by a similar width of the
Bragg X-ray reflection peaks for these samples. While all crystallized
films had similar crystallinities at room temperature, AFM phase images
taken on as-cast spin-coated films and films crystallized by a rapid
cooling from the melt to room temperature did not exhibit a well-
developed lamellar structure. Furthermore, heating the P3HT film in
the temperature range of 40-175 °C did not change the crystallinity of
the film, while quality of the order decreased continuously. Therefore, a
clear difference is verified between two apparently similar structural
characteristics of a semicrystalline polymer, crystallinity and quality of
the order within crystalline domains.
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