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Abstract

Non-isothermal and isothermal crystallization and melting behavior of regioregular poly(3-dodecylthiophene) (P3DT) was investigated by
differential scanning calorimetry (DSC) with an emphasis on the main chain crystallization. P3DT showed a sharp exothermic g€ak at 114
which was attributed to the main chain crystallization and a broad one peaketCavb®h was due to the side chain crystallization during
cooling at 2.8C/min from the isotropic melt. During heating, the side chains melting took place from 27@& @&@ile the main chains
melting consisted up to three overlapped melting peaks. Avrami analysis for the non-isothermal crystallization revealed two linear regions
with a sharp transition in the lggIn (1 — 6)) vs. logt plots at the relative crystallinity of 63% for all cooling rates studied. The average
Avrami exponentn, was around 4.9 when the relative crystallinity was lower than 63%, whilentivas around 1.5 when the relative
crystallinity was higher than 63%. The Ozawa method failed to describe the non-isothermal crystallization process. The non-isothermal
crystallization activation energy was estimated to be 222 kJ/mol by the Kissinger method, which was in good agreement with that of
isothermal crystallization. Isothermal crystallization and subsequent melting were also investigated at different temperatures. The formation
of ordered structures were highly dependent on the crystallization temperatures and time. At lower crystallization temperatures, three melting
peaks could be discerned. However, only one melting peak could be observed when the crystallization temperature @2900gh.
Elsevier Science Ltd. All rights reserved.
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1. Introduction Poly(3-dodecylthiophene) (P3DT) with 12 carbon atoms
in the side chain exhibited good electric conductivity,
Conducting polymers, such as polyacetylene, poly- thermochromism and solubility [11]. Tashiro et al. [12]
pyrrole, polythiophene, etc. have attracted much attention studied the crystal structure of P3DT by WAXD, and the
because of their potential applications in light emitting orthogonal unit cell in P3DT crystals was determined at
diodes, non-linear optical materials, and electrochromic room temperature to bea= 2583A, b= 7.75A, c=
devices [1]. But in general, these conjugated polymers are7.77 A. P3DT exhibited layered structure. The length of
difficult to dissolve in organic solvents, which limits their the c-axis obtained by energy calculations for the fully
processability and applications. The introduction of a side extended planar polythiophene chain was in good agree-
chain to the backbone would greatly enhance their solubility ment with X-ray fiber diffraction results, two planar
and processability [2]. Based on this idea, many 3-position thiophene rings in the opposite directions. The length of
substituted polythiophenes with various substituents havethe a-axis calculated from XRD experiments suggested
been reported [3—7]. Among which poly(3-alkylthiophene)s that the alkyl chains are directed along thexis. The
(P3ATs) with various side chain lengths (&, 1) ranging effective length of the fully extended atffans alkyl chain
from 4 to 18 exhibited good solubility and fusibility, and is about 23 Ain the lateral direction where the van der

have been extensively studied [8—10]. Waals radii of the atoms are taken into consideration
[13], manifesting that the side chains mainly takans
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Fig. 1. Weight loss of P3DT in air at 1G/min.

indicted the existence of isosbectic point during heating, Despite the fact that large amount of information on the
referring that the polymers possess a two-phase morph-crystal structure and chromatography properties was avail-
ology; while others observed a continuous blue shift able, few studies could be found for the kinetics analysis of
upon heating. There are three possible couplings in regioregular P3DT. It is the purpose of this investigation to
poly(3-alkylthiophene)s: head-to-tail diad (HT), head-to- understand the crystallization and subsequent melting
head diad (HH) and tail-to-tail diad (TT). Different behavior and ordering process during crystallization of
synthesis methods would result in P3ATs with different regioregular P3DT. The isothermal and non-isothermal
HT diad content. Samples obtained by nickel catalyzed crystallization experiments were performed, and the
dehalogenation  polycondensation  of  3-hexyl-2,5- kinetics analysis results are analyzed.
diiodothiophene yields P3ATs with90% HT diad content;
while P3ATs synthesized by chemical oxidation of
3-alkylthiophenes with Feghave a~80% HT diad content 2. Experimental
[15]. Investigation revealed that the thermochromic
behavior in P3ATs was controlled by the head-to-tail diad 2.1. Material
content and the side chain length. P3ATs with moderate HT
diad content generate a clear thermochromic isosbectic The regioregular poly(3-dodecylthiophene) (P3DT) used
point irrespective of the side chain length [16]. On the in this study was purchased from Sigma—Aldrich Chemical.
contrary, regioregular P3ATs with a diad conten90% Co. The regioregularity of this P3DT is greater than 98.5%
exhibited either a continuous blue shift or an isosbectic according to the supplier. The chemical structure of P3DT is
point. The different thermochromic characteristics are shown below. The sample was dried at ®@inder vacuum
attributed to the subtle morphological differences between for 24 h prior to use.
the polymers. P3ATs with moderate HT regularity are
formally amorphous_ with a quasi-ordered phas_e di_spersed H,(CH,),,CH,
in the continuous disordered phase. P3ATs with high HT
regularity consist of crystalline, quasi-ordered and
disordered phases. / \

The order—disorder transition in P3DT was studied by

DSC and optical microscopy [17]. The formation of the S n
ordered structure was highly affected by the crystallization )
temperature. The double melting character was explained to Chart 1. Chemical structure of P3DT

be associated with the formations of a well ordered phase

with a lower melting temperature and a less ordered phase The thermal stability of P3DT was determined by a
with a higher melting temperature. However, this seems to Perkin—Elmer thermogravimetric analyzer TGA-7. The
be contrary to the fact that the melting temperatures of weight loss of P3DT in air environment with a heating
crystalline phase are proportional to their crystal sizes andrate of 10C/min is shown in Fig. 1. The typical two-step
degree of crystallinity in general. weight loss processes were observed. In general, the first
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Fig. 2. DSC heating and cooling curves for P3DT ate/min.

weight loss was resulted from the random chain scission andpre-determined isothermatrystallization temperatures

carbonization, and the second step was due to the com«T.). The heat flow during isothermal crystallization was

bustion. For thermal analysis experiment in this study, the recorded, or the samples were subsequently heated to

maximum temperature employed was 2000 avoid any 200°C after a period of crystallization time. For non-

possible thermal decomposition. isothermal study, the cooling and heating rates were 2.5,
5, 10, 15, 20, 25 and 4Q/min.

2.2. DSC experiments

All crystallization characterizations of P3DT was 3. Results and discussion
performed by using a Perkin—Elmer Pyris-1 differential
scanning calorimetry (DSC). The temperature range chosen3.1. Non-isothermal crystallization
in this work was from 25 to 20€. The instrument was
calibrated with high purity indium and zinc. The normally 3.1.1. Non-isothermal crystallization analysis by Avrami
used heating rate was Z'min. All the experiments were  equation
conducted in sealed pans under dry nitrogen environment Fig. 2 shows the DSC second heating and cooling curves
with a flow rate of 20 psi. For isothermal crystallization of P3DT between 25 and 180 at a rate of 2.8Z/min.
experiments, all the samples were heated to°@8and During the heating process, a broad peak from 27 680
kept for 2min, then cooled at 40/min to the and another one from 104 to 1%5are found. In fact, the
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Fig. 3. Set of subsequent heating curves for P3DT cooled at different cooling rates.
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Fig. 4. Set of DSC heating curves with different heating rates.

second melting process consists of three transitions peakednfluences the main chain packing along ta@xis. The
at 130, 139 and 148, respectively. During cooling, a sharp length of thea-axis is almost proportional to the number
exothermic peak at 11€ is found and then a broad exo- of carbon atoms of the side chain [18]. In this study we
thermic peak from 75 to 2&. The transition at low  would focus on the main chain crystallization.
temperature during cooling can be described as the side In Fig. 3 the DSC subsequent heating curves for the
chain crystallization due to high regioregularity and the samples cooled from 200 at different cooling rates are
long chain feature which contains 12 carbons. The side shown. Three distinguishable transitions exist in the sample.
chain crystallization has been reported by Park et al. [17], It seems that the first transition is more strongly affected by
and it can be better understood as an ordering processthe cooling conditions, which shifts from 130 to 286and
Tashiro’s XRD experiments clearly showed that @0 its relative intensity increases when the cooling rate is
reflections shifted slightly to lower angles and the peaks decreased from 40 to 2G/min. The second and the third
became more intense and sharper when the temperaturdéransitions are almost unchanged in their positions and
was increasing from 35 to 86 [12]. The sharpening of amplitudes with different cooling rates.
the diffraction peaks when P3DT was heated from 70 to The effect of heating rate on the melting behavior of
80°C is consistent with our DSC experiments that the first P3DT (all samples have the same thermal history by cooling
endothermic process finishes when it was heated#2’C. from 200C at 40C/min to room temperature) is shown in
XRD results have revealed the layered structure in Fig. 4. For P3DT samples heated with different heating
poly(3-alkylthiophene)s. The length of side chain greatly rates, the first transition moves towards high temperature
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Fig. 5. Set of cooling curves with different cooling rates.
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Table 1
Summary of non-isothermal crystallization results

@ (°C/min) 2.5 5 10 20 25
T, (°C) 11405 11050  106.94  102.28  101.02
AH (J/g) 5.432 6.273 7.225 7.746 7.862
0 (T,) (%) 39.5 36.0 35.8 37.2 38.5

2785

The change of relative crystallinity with time is dispalyed
in Fig. 6 by converting temperatur€, into time,t, by using
Eq. (2)
T-To

e}

where @ is the cooling rate.
The Avrami equation can be used for the non-isothermal

gradually with heating rate. The second one remains crystallization analysis as shown in Eq. (3) [20,21]

unchanged and the third one shifts towards low temperature, _ 6 = exp(—Kt")

by 2°C when the heating rate is increased fronf€/in to
40°C/min. It is noted that even with a high heating rate the

)

where n is the Avrami exponent, which depends on

three melting peaks are still discernible, suggesting that theynucleation and crystal growth; arid is the temperature-

belong to different melting processes which will be
explained below, rather than the melting, reorganization,
re-melting process [19].

The effect of cooling rate on the main chain crystalliza-
tion is shown in Fig. 5. It clearly shows that the cooling rate
plays an important role. The exothermic peak shifts from
11£C to 98C when the cooling rate is increased from 2.5 to
40°C/min. The relative crystallinity achieved at the
temperature of maximum crystallization raf, is not so
high as shown in Table 1. The side chain crystallization

dependent constant.

From Eq. (3), the well known double logarithmic plot of
log(—In (1 — 6)) vs. logt can be obtained and is shown in
Fig. 7. Then andK values are summarized in Table 2. For
all the cooling rates studied, all the plots exhibit two linear
regions with a transition when the relative crystallinify js
about 63%. When the relative crystallinity is less than 63%,
the average of is about 4.9, suggesting that the primary
crystallization for non-isothermal crystallization might be a
three-dimensional spherulitic growth with  thermal

seems not to be affected by the cooling rate, which further nucleation, while then in the second linear region is about
confirms that the crystallization at low temperature is due to 1.5. The linear portions in each region are parallel to each
the side chains. other, suggesting the nucleation mechanism and crystal

For non-isothermal crystallization, the relative crystal-
linity 6, which is a function of crystallization temperature,
can be defined as

JT (dHc
To

dT
o)
T/ dH,
dT
JTO ( dT )
where T, and T,, are the initial and end crystallization
temperatures, respectively.

6= €))

growth are similar for the cooling crystallization process.
In polymer melt crystallization, the impingement of spher-
ulites and the secondary or tertiary crystallization will cause
the deviation in the double logarithmic plot. This phenom-
enon was also observed in the non-isothermal crystallization
of Nylon-11 [22] and PEEKK [23].

3.1.2. Non-isothermal crystallization analysis by Ozawa
equation

Non-isothermal crystallization during cooling is a cooling
rate dependent process, which can also be analyzed by the
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Fig. 6. Plot of relative crystallinity vs. crystallization time.
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Fig. 7. Plot of log—In(1 — 6)) vs. logt for non-isothermal crystallization.

Ozawa method [24]. This method accounts for the effect of primary crystallization process at one rate and secondary
cooling rate, @, on crystallization from the melt by process at another. The curvature makes it impossible for
replacingt in Eq. (3) withT/® as follows: the determination oZ(T) and m. Also the Ozawa method
could not properly describe the non-isothermal crystalliza-
Z(T)
l1-6=exp ——= 4
o -5 ) @

tion of PEEKK [23], liquid crystalline polymer [26] and
PEES [27].

whereZ(T) is a cooling function of the process, amds the

Ozawa exponent. The valuewfis dependent on the dimen-

sion of the crystal growth. For three-dimension crystal ~Ozawa equation cannot describe the non-isothermal crys-

growth and homogeneous nucleationjs equal to five. If tallization of P3DT owing to different crystallization

the Ozawa treatment can correctly describe the non-mechanisms in the cooling process. The crystallinity

isothermal crystallization process, a series of straight lines acheived during cooling is highly associated with cooling

in the log —In (1 — ) vs. logt plot should be obtained, and rate, @, and crystallization timet. The relation can be

the Ozawa exponemh can be determined. However, in the €stablished by combining the Avrami Eq. (3) and Ozawa

case of P3DT non-isothermal crystallization, distinct EQ. (4) together [28]:

curvatures in the double logrithmic plots exsist in all the

tempertures as shown in Fig. 8, indicting thatis not a 109K + nlogt=log Z(T) — mlog

constant with temperature. Cebe et al. [25] studied the ®)

non-isothermal crystallization of poly(ether ether ketone), or log & = log F(T) — alogt

and reported the failure of application of the Ozawa method

to PEEK non-isothermal crystallzaition. The main reason

for the curvatures of the double logarithem curves in

PEEK crystallization is attributed to the secondary crystal-

lization. The relative crystallinity values chosen from a

given temperature may include values selected from

3.1.3. The combination of Avrami and Ozawa equation

where parametef(T) = [Z(T)/K]Y™ refers to the value of
cooling rate, which has to be chosen at unit crystallization
time when the measured system amounts to a certain degree
of crystallinity. a is the ratio of Avrami exponemnt to the
Ozawa exponenh. Fig. 9 gives a series of parallel lines in
the log® vs. logt plot at different relative crystallinity. The
aandF(T) values are summarized in Table 3. Tealues
obtained from the P3DT non-isothermal crystallization is
quite similar to that from the non-isothermal crystallization

Table 2
Kinetics parameters of non-isothermal crystallization

@ (°C/min) First linear region Second linear region of Nylon-11 [22].
n K1 n; K2
5.0 5.04 0.398 1.69 0.713 3.1.4. Non-isothermal crystallization activation energy
10.0 4.71 10.328 1.35 2.086 The non-isothermal crystallization activation energy can
20.0 4.96 248.313 1.51 5.723 ; . ;
riv th mbination of ling rate and exo-
50 489 493.173 120 7199 be derived by the comb on of cooling rate and exo

thermic peak temperaturdj) shown as Kissinger method
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Fig. 8. Ozawa treatment for non-isothermal crystallization of P3DT.

[29] in Eq. (6)

din(@rmd))
duTy)

AE

= ®

where R is the gas constant. From the slope o@dia@é) VS.
1/T, plot, the non-isothermal crystallization activation
energy can be calculated from:-2.303RXx slope The
activation energy is found to be 222 kJ/mol from Fig. 10.

3.2. Isothermal crystallization

The isothermal crystallization analysis is performed at
temperatures slightly higher than the onset crystallization
temperature during cooling. P3DT can crystallize over a
wide range of temperatures, but the relative crystallinity

achieved at maximum crystallization rate is not so high,
generally less than 40% (Table 4). Therefore, a large portion
of crystallinity is achieved in the later stage. Fig. 11 shows
the crystallization exotherms of P3DT at different tempera-
tures. From these curves we can see that the major
exothermic processes finish within 10 min. The isothermal
Avrami treatment for P3DT crystallization is shown in
Fig. 12 and Table 4. The Avrami exponemt, is in the
range of 2.8—3.8, depending on the crystallization tempera-
ture. The crystallization rate parametérdecreases with
crystallization temperaturdy.

3.2.1. Isothermal crystallization activation energy
As the polymer crystallization is thermally activated, the
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Fig. 9. Plot of log® vs. logt for the non-isothermal crystallization of P3DT.
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Table 3 Table 4
Kinetics parameters for the non-isothermal crystallization of P3DT by the Kinetics parameters of isothermal crystallization
combination of the Avrami and Ozawa equations

T, (C) 106 109 112 115 118 120

9 (%) 30 40 50 60 70 n 28 30 29 30 3.2 3.1

F(T) 0.68 0.72 0.76 0.80 086 K 8.752 2570 0566 0.0605 0.0017 0.0001

a 1.08 1.08 1.07 1.06 1.03  tya (min) 0.367 0.583 0.950 1.933 4.383 6.254
ty), (Min) 0.399 0639 1097 2209 4774 6.832

rAmin)” ! 2506 1565 0.916 0453 0209  0.151

o ) ) 0 (tma) (%) 33.94 3422 2910 3011 3157 30.56
crystallization rateK can be described by Arrhenius Eq. (7)

[29] 2 T2 = 1/t1/2.

n __ _ . . . . .
K™ =Ko exp(—AE/RT;)  or crystallization temperature, the first peak increases its

AE @) amplitude and moves to high temperature. The second and
RT the third peak remain at their positions, but decrease their
¢ amplitudes with crystallization temperature. Eventually, the
where K, is a temperature independent preexponential Second and the third peak will disappear when the crystal-
factor, R the gas constant, anilE the crystallization  lization temperature reaches IC9 Shown in Fig. 15 are
activation energy_AE can be determined from the the Subsequent heating curves for P3DT isothermally crys-
(1/n)InK vs. 1T, plot, which is shown in Fig. 13. The tallized at 120C for different times. P3DT samples crystal-
value of the isothermal crystallization activation energy is lized less than 2 min exhibit no melting peaks. With the
about 260 kJ/mol. Compared with the non-isothermal increase of crystallization time, the area of the endothermic
crystallization activation energy calculated above, they peak gradually increases. The isothermal crystallization

1InK:InKO—
n

exhibit good agreement. result at 120C confirms that only one transition exists.
Interestingly, the peak temperature first goes down a little
3.3. Melting behavior bit with crystallization time, later slightly goes up. It seems

that the peak temperature starts to increase when the system
Tashiro et al. [12] indicated the existence of liquid-crystal has passed the maximum crystallization ratg,), which is

(LC) like behavior in P3DT at elevated temperatures. about 6 min as shown in Table 4. It is also noted that the
However, optical microscopic studies did not reveal the melting peak becomes broader when the crystallization time
existence of LC texture in the P3DT samples [19], although is prolonged. Generally, the melting peak temperatures
LC phases have been observed in some other P3ATs [30].should increase with time during isothermal crystallization
The subsequent heating experiments for the P3DT samplesas the perfection and growth in size of crystals. A discussion
crystallized at different temperatures for 30 min display an regarding this unusual melting behavior will be given later
interesting melting behavior as shown in Fig. 14. At lower when all the subsequent melting experiments are described.
crystallization temperatures, three melting peaks are found Park et al. reported the development of endothermic peak
in the heating curves. Their relative amplitudes change with at 120C that the melting peak could only be observed when
crystallization temperatures. With the increase of the crystallization time was longer than half an hour. It

-2.5

26
27T
-28 I
29

30

log(®/T %)

831
-3.2
-33

-84

-3 5 L 1 L 1 L 1 L 1 L 1 L 1 L 1
2.60 2.61 2.62 2.63 2.64 2.65 2.66 2.67 2.68

1T, (103 K™Y

Fig. 10. Kissinger plot for the estimation of non-isothermal crystallization activation energy of P3DT.
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Crystallization Temperature

106°C

Endo >>

Time, min

Fig. 11. DSC exothermic traces for P3DT isothermal crystallization at different temperatures.

seems in our case that the crystallinity has been well corresponds to thé, at that crystallization temperature.
developed within 30 min. In addition, the shape of the Further decreasing the crystallization temperature to
endothermic peak seems to be more symmetric in our 108C leads to more clearer melting behavior as shown in
study, while P3DT showed a shoulder before the main Fig. 17. Up to three transitions can be easily discerned. As
melting process in the previous investigations [19]. thety, at 108C is very short,~0.5 min, Peak 1 generally
The “down and up” phenomenon of melting peak increases with time, while Peaks 2 and 3 are almost inde-
temperatures is observed again when P3DT is crystallizedpendent of crystallization time at this crystallization
at 115C as shown in Fig. 16. When the sample is crystal- temperature.
lized at 118C for 1 min, only one small peak is found at Our experimental results do not support the existence of
139.5C. A small peak at-143C, corresponding to Peak 2  liquid crystalline phase in regioregular P3DT as the melting
in Fig. 2, is developed when P3DT is crystallized for peaks at higher temperatures (Peaks 2 and 3) are formed
1.5 min, and it appears as a shoulder when the crystalliza-with prolonged crystallization time or at lower crystalliza-
tion time is prolonged. When the crystallization time is tion temperaturel.. Several reports have mentioned the
longer than 3 min, another peak at higher temperature, existence of ordered, quasi-ordered and disordered phases
~150.5C, corresponding to Peak 3 in Fig. 2, is observed. in poly(3-alkylthiophene)s with high head—tail regularity.
It is worthy to note that this melting peak is developed Our experiment clearly shows the development of three
when the crystallization time is longer than 3 min, which ordering processes during isothermal crystallization of

0.8

o o N o
o N £ o
T T T T

log(-In(1-6))

©
N
T

106°C
109°C
111°C
114°C
118°C

o
~
T

°©
[<2]
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> O0m O @

_O 8 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-0.5 -0.3 -0.1 0.1 0.3 0.5 0.7 0.9 11

logt (tin min)

Fig. 12. Plot of log—In(1 — 6)) vs. logt for the isothermal crystallization of P3DT.



2790 S.L. Liu, T.S. Chung / Polymer 41 (2000) 2781—2793

(1/n)InK

2 F [ ]

54 255 256 257 258 259 260 261 262 263 264 265
1T, (103 K'Y

N

Fig. 13. Estimation of isothermal crystallization activation energy for P3DT.

P3DT which are dependent on crystallization temperature transform into the ordered phase (B). Owing to the higher
and time (Figs. 3, 4, 14-17). The plausible three ordered thermal mobility of molecular chains at high crystallization
phases can be deducted from the isothermal crystallizationtemperature, the amount of this transformation is limited.
and melting experiments: (A) quasi-ordered phase in which During the transformation from the quasi-ordered phase to
the thiophene rings exhibit to some degree twisting with the ordered phase, the increased co-planarity of thiophene
respect to each other; (B) ordered phase in which the thio- rings will enhance the interaction of the neighboring chains,
phene rings are well aligned and parallel to each other the unit cell will shrink a little, thus the melting temperature
between layers; (C) ordered phase with zipper effect from of the quasi-ordered phase will decrease slightly. The lamel-
the side chains, meaning that the side chains are orientedae thickening during long crystallization time will result in
and take mainlytrans-conformation. When the samples are higher melting temperatures for the quasi-ordered phase.
non-isothermally crystallized by cooling from the isotropic Park et al [19] reported two melting processes for the
melt, the crystallinity achieved is highly influenced by cool- isothermally crystallized P3DT, which correspond to
ing rate. The low cooling rate leads to higher crystallinity Peaks 1 and 2 in our study. We think the difference comes
due to the formation of large quantity of the quasi-ordered from the regularity of the samples. The P3DT sample used
phase (Fig. 3). During isothermal crystallization at a fixed in our study has a regioregularity greater than 98.5%.
temperature, quasi-ordered phase (A) develops first fromYang's experiments clearly showed that P3DT with 70%
the isotropic melt. Later partial quasi-ordered phase will H-T regularity melted at 7C, while P3DT with nearly

Heating after isothermal crystallization for 30min

107°C

110°C

Endo >>

120 130 140 150 160 170

Temperature, °C

Fig. 14. Set of heating curves for P3DT crystallized for 30 min at different temperatures.
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Crystallization Time, t.

Endo >>

120 130 140 150 160 170 180
Temperature, °C

Fig. 15. DSC heating curves for P3DT crystallized at°’26or different times.

100% H-T regularity exhibited two melting processes, one 4. Conclusions
at low temperature and another at higher temperature [16].

As the side chains are in the molten state when the The non-isothermal and isothermal crystallization and
temperature is higher than @5 as evidenced from Fig. 2, melting behavior of regioregular P3DT has been system-
the zipper effect from the side chain seems to be question-atically studied with an emphasis on the main chain crystal-
able. However, spectroscopy studies revealed the conformadization, ordering and melting. The Avrami analysis for the
tional change frongaucheto transduring cooling from the non-isothermal crystallization exhibited two linear regions
isotropic state [31]. The crystallization at‘®and subse-  with a transition when the relative crystallinity was about
guent melting behavior would support the zipper effect from 63% for all the cooling rates studied. The Ozawa method
the side chain. The heating curves shown in Fig. 18 are failed to describe the non-isothermal crystallization process.
independent of crystallization time for P3DT, while The non-isothermal crystallization activation energy was
P3HT could continue to crystallize and form a low melting obtained to be 222 kJ/mol by applying the Kissinger
phase during annealing [32]. We consider that the side mothed, which exhibited good agreement with the estimated
chains in P3DT will be oriented at relatively higher isothermal crystallization activation energy. The isothermal
temperature so that they can form crystalline phase from crystallization was performed at different temperatures.
the crystallized main chains when the temperature is Three ordering processes were proposed according to the
decreased. Otherwise randomly oriented side chains cannosubsequent melting experiments: (1) formation of quasi-
crystallize simultaneously. ordered phase; (2) ordered phase and (3) ordered phase

Crystallization Time, t,

Endo >>

120 130 140 150 160 170
Temperature, °C

Fig. 16. DSC heating curves for P3DT crystallized at°Cl%or different times.
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Crystalliztion Time, t.

60min
30min
10min
5min

2min

Endo >>

0.25min

110 120 130 140 150 160 170
Temperature, °C

Fig. 17. DSC heating curves for P3DT crystallized att&r different times.

Crystallization time, t_
120min

60min

30min

Endo >>

10min

1min

0.5min

80 90 100 110 120 130 140 150 160 170 180
Temperature, °C

Fig. 18. DSC heating curves for P3DT crystallized at@for different times.
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