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ABSTRACT: The overall crystallization rates of poly (3-
hexyl thiophene) (P3HT) cocrystals with different amount of
regioregularity of the components are measured using dif-
ferential scanning calorimetry (DSC). Two pairs of cocrystals
with varying compositions of the component polymers (viz
P3HT(R) (regioregularity 92 mol %)/P3HT-2 (regioregular-
ity 82 mol %), and P3HT-2/P3HT-1 (regioregularity 75 mol
%)) are used. The crystallization rate at the same isothermal
crystallization temperature (Tc) decreases with increasing
regioregularity. The low Avrami exponent values (0.15–1.0)
in all the samples suggest the presence of rigid amorphous
portion, which cannot diffuse out quickly from the crystal
growth front (soft impingement). Analysis of crystallization
rate using Laurintzen–Hoffman (L–H) growth rate theory

indicates Regime I to Regime II transition in all the samples.
The product of lateral and end surface energy values (��e)
increases gradually with increasing regioirregularity in the
blend. Analysis of � values indicates chain extension of the
components in the melt of the blend and the entropy of
activation (�SI–II) of the cocrystals are higher than those of
the components. The entropy of cocrystallization (�Sc) val-
ues are 1–2.4 e.u for P3HT(R)/P3HT-2 system and 0.5–1 e.u
for P3HT-2/P3HT-1 system. © 2006 Wiley Periodicals, Inc.
J Appl Polym Sci 101: 3811–3820, 2006
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INTRODUCTION

Poly(3-alkyl thiophenes) (P3ATs) are important mem-
bers of conducting polymer family and are highly
used in electronic and optoelectronic applications.1

The polymers are not completely isoregic and have
different amount of head–tail (H–T), head–head (H–
H), and tail–tail (T–T) linkages2,3 in the chain (Scheme
1). The H–T regioregularity of the polymer chain plays
an important role for both the physical and conduc-
tivity properties.3–5 Also the size of the alkyl group
effects the above properties as well.6,7 In our earlier
publication we have shown that the P3AT samples
with same alkyl chain length can cocrystallize for a
regioregularity (H–T) difference of 17 mol %.8 In this
article we want to shed light on the cocrystallization
mechanism from the crystallization rate measured by
differential scanning calorimetry (DSC) technique.

There are some reports on the crystallization kinet-
ics of the cocrystals in the literature.9–14 At the same

isothermal crystallization temperature (Tc) Ree ob-
served an intermediate rate of crystallization in the
cocrystals of linear low density polyethylene and ultra
high molecular weight polyethylene.9 But Irragori et
al. observed an increase in growth rate of cocrystals of
linear polyethylene and branched polyethylene when
compared at same Tc.

10 Using time resolved Fourier
transformed infrared spectroscopy (FTIR) and small
angle X-ray scattering (SAXS) instruments Tashiro et
al. measured the crystallization rate of polyethylene
blends and observed higher crystallization rate of coc-
rystals at the same undercooling.11,12 From our labo-
ratory, at same undercooling, similar increase in crys-
tallization rate was observed for cocrystals of poly(vi-
nylidene fluoride) (PVF2) samples having different
amount of head to head (H–H) defect content13 and
also for cocrystals of vinylidene fluoride tetrafluoro-
ethylene copolymers.14

Poly(3-hexyl thiophene) (P3HT) is an important
member of P3ATs with substantial amount of head to
head (H–H) defects (Scheme 1). Because of the pres-
ence of conjugated double bond and bulkier pendent
group the P3HT chain is rigid. The cocrystallization
mechanism of rigid chain comb-like polymers is not
yet explored and in this paper attempt will be made to
understand it from the cocrystallization kinetics study
of P3HT samples. Comparison of crystallization rates,
isothermal temperature range (T.R) for crystallization
within same time scale, Avrami exponents (n) etc. will
be made between the cocrystals and their components.
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It is now established from X-ray and scanning tunnel-
ing microscopy studies that P3ATs crystallize in chain
folded fashion15,16 So the Lauritzen–Hoffman growth
rate theory of chain-folded polymer crystals may be
applied to analyze the kinetic data.17 The lateral sur-
face energy (�) and end surface energy(�e) of the
cocrystals, evaluated from the above analysis will be
used to understand the thermodynamics of the blend
both at the melt and at the solid state using a recent
theory of Hoffman et.al.18

EXPERIMENTAL

Samples

Two types of P3HT samples e.g., regioregular and
regioirregular samples were used in the work. The
regioregular samples were purchased from Aldrich
Chemical Co. and as reported by the company the
samples were prepared by Rieke method.3 They were
purified from suspended impurities by filtering their
solution in chloroform. Regioirregular poly(3-hexyl
thiophene) (P3HT) samples were synthesized from the
chloroform solution of the monomer using anhydrous
FeCl3 as initiator under a nitrogen atmosphere.19 The
polymerization temperatures were 2°C for the first set
and �5°C for the second set. Polymerization was car-
ried out for 24 h and the polymer was collected by
pouring it into methanol containing 10% HCl. It was
then dissolved in CHCl3 and was filtered. The filtrate
was dried by evaporation on hot plate at 60°C and
finally in vacuum at 60°C for 3 days. The H–T regio-
regularity of the samples were measured from 1H-
NMR spectroscopy19 and molecular weight of the
samples were measured from gel permeation chroma-

tography (Waters) using �-styragel column at 30°C.
Polystyrene samples were chosen as standards. Blends
of three different compositions of the samples were
prepared by solvent-cast method using chloroform as
common solvent.8 The characteristics of the samples
used in the work are presented in Table I.

Crystallization kinetics study

The crystallization kinetics of the P3ATs and their
cocrystals were measured using a differential scan-
ning calorimeter (DSC-7, Perkin–Elmer) under nitro-
gen atmosphere. About 5 mg of the samples were
taken in aluminum pans and were melted in DSC at
250°C and 220°C for 5 min for P3HT(R) blends and for
the other blends, respectively. Then they were
quenched at the rate of 200°C/min to the predeter-
mined isothermal crystallization temperature (Tc)
where they were crystallized for different times. The
samples were then heated from the Tc at the heating
rate of 10°/ min without cooling. Representative melt-
ing endotherms of P3HT(R)/P3HT-2 blend for
WP3HT-2 � 0.5 are shown in Figure 1 for different times
of crystallization. The enthalpy of fusion (�H) and the

Scheme 1 Poly(3-hexylthiophene) chain showing head–tail
(H–T), tail–tail (T–T), and head–head (H–H) regioregularity.

TABLE I
Characteristics of Samples Used in the Work

P3AT samples Source M� w � 10�4 Polydispersity
Regioregularity
(H–T) (mol %)

Equilibrium
melting point

(Tm
0 )a (°C)

P3HT(R) Aldrich Chem. Co. 8.7 3.6 92 300
P3HT-1 Prepared 8.7 1.7 75 260
P3HT-2 Prepared 10.6 1.8 82 290

a from Ref. 20.

Figure 1 Representative DSC thermograms of P3HT-2/
P3HT(R) blend (WP3HT-2 � 0.5) crystallized at 214°C for
indicated crystallization times.
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melting points were measured by a computer attached
to the instrument using PC-series DSC-7 multitasking
software (version 3.2). The percentage of crystallinity
was calculated from the ratio of �H and �Hu

0 taking
�Hu

0 � 99 J/g17.

RESULTS AND DISCUSSION

The cocrystallization mechanism of P3HT samples
of different regioregularity is evaluated by crystal-
lization kinetics study of blend compositions Wx �
0.0, 0.25, 0.5, 0.75, and 1.0 for P3HT(R)/P3HT-2 and
P3HT-2/P3HT-1 systems where Wx represents the
weight fraction of the lower melting component in
each blend. In Figures 2(a)–2(c) and Figures 3(a) and
2(b) the crystallization isotherms of P3HT(R)/
P3HT-2 and P3HT (2)/P3HT (1) systems are shown-
(also supplementary Figs. 1 and 2 for other compo-
sitions). Each isotherm like the crystallization iso-
therms of other polymers exhibits auto catalytic
nature and finally there is a retardation in the crys-
tallization rate corresponding to the tail part of the
isotherm.21 To understand the effect of regioirregu-
larity on isothermal crystallization temperature
range (TR) in the same time scale of crystallization
(1–3 decade) plots of TR versus composition of coc-
rystal are made and are shown in Figure 4. The TR
values gradually decrease with increasing regioir-
regular component of the blend, and there is a sud-
den decrease for the P3HT(R)/P3HT-2 blend at the
P3HT-2-rich region. In the P3HT-2/P3HT-1 cocrys-
tal system the decrease of TR is linear with weight
fraction of lower melting component. From these
results it may be surmised that the crystallization is
gradually difficult with increase of regioirregular
P3HT sample in the blend. A clearer picture of the
dependency of crystallization rate on composition
can be achieved from Figure 5 where overall crys-
tallization rate (1/�0.01, �0.01 is the time for 1% crys-
tallinity in the sample), is plotted with weight frac-
tion of lower melting component. At each isother-
mal temperature sharp decrease of crystallization
rate with increasing weight fraction of lower melt-
ing component is observed for both the P3HT(R)/
P3HT-2 and P3HT-2/P3HT-1 systems. So it may be
concluded that crystallization is highly hindered
with increasing regioirregularity content in the
blend. However, to make a thermodynamically
meaningful comment on the crystallization rate of
the blend, a comparison is made for crystallization
at same undercooling and is shown in Figure 6.
Here for the P3HT-2/P3HT-1 blend there is an in-
crease in crystallization rate in the cocrystals than
that of the components at the same undercooling
(�T � 130°C). In the case of P3HT(R)/P3HT-2
blends the crystallization rate at same undercooling

(�T � 80°C) can not be computed for the whole
blend composition, but it is clear that the crystalli-
zation rate is higher than from the line joining those
of the components (shown by the dotted line). Thus
it may be surmised that at the same thermodynamic
condition crystallization is easier in the cocrystals
than that in the pure components. From thermody-
namic point of view at same undercooling the crys-
tallization rate of the blend should be same and a
possible explanation of the positive deviation from
linearity of the crystallization rate will be discussed
later.

Figure 2 Crystallization isotherms at indicated tempera-
tures of P3HT(R)/P3HT-2 systems: (a) WP3HT-2 � 0.0, (b)
WP3HT-2 � 0.50, and (c) WP3HT-2 � 1.0
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Avrami analysis

To understand the overall crystallization mechanism
the Avrami equation [eq. (1)] is applied and the n

values are calculated for the primary crystallization
process. The Avrami equation22 for the nucleation and
growth of a nucleus is given by:

Figure 3 Crystallization isotherms at indicated tempera-
tures of P3HT(1)/P3HT-2 systems: (a) WP3HT-1 � 0.5 and (b)
WP3HT-1 � 1.0

Figure 4 Isothermal temperature range (TR) for the same
time scale of crystallization versus weight fraction of lower
melting component: (a) P3HT(R)/P3HT-2 and (b) P3HT-1/
P3HT-2 systems.

Figure 5 1/�0.01 (�0.01 � time to obtain 1% crystallinity,
computed from Figure 2 versus weight fraction of lower
melting component at indicated isothermal crystallization
temperatures. Open symbol: P3HT(R)/P3HT-2 and closed
symbol: P3HT-1/P3HT-2 systems.

Figure 6 1/�0.01 versus weight fraction of lower melting
component at same undercooling: (a) P3HT(R)/P3HT-2 sys-
tem (�T � 80) and (b) P3HT-1/P3HT-2 systems (�T � 130).
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1���t)�1�exp�k�tn (1)

where 1��(t) is the crystallinity at time t, k� is the overall
rate constant and n is the Avrami exponent, which de-
notes the nature of nucleation and growth process. The
slope of double logarithmic plot of 1��(t) with t at low
levels of crystallinity yields the value of n.21,23 The n
values are presented in Table II and are in the range of
0.15–1.0 for both the pure components as well as for the
cocrystals. Nascimento et al. reported similar n values
for crystallization of poly(3-methyl thiophene) from an
electron spin resonance study.24 Such low n values are
usually found in condis crystals and liquid crystalline
polymers.25–26 Recently in the crystallization of vinyli-
dene fluoride–tetrafluoro ethylene copolymers similar
low n values are also reported.27

Usually for polymer crystallization n has value of 2
or 3 indicating two or three dimensional nucleation of
the crystal nucleus. However, fractional values of n
also exist because of secondary crystallization or crys-
tal perfection.25,26 To explain the lower n values (�1)
Cheng and Wunderlich25 modified the Avrami equa-
tion by considering the applicability of the two as-
sumptions of negligible nuclei volume fraction and
linear crystal growth rate used in deriving eq. (1). In
some rigid chain polymers and condis crystals a non-
negligible volume fraction of nuclei does exist contrib-
uting an important role in the crystallization mecha-
nism. Also in rigid chain polymers a major fraction
remains as amorphous phase and can not diffuse out
quickly from the crystal growth front causing a de-
crease in crystal growth rate (soft impingement). Con-
sidering these factors the Avrami expression has been
modified as25 :

1��(t)�1�exp[�kt[n(m�1)�p]] (2)

where m and p are negative quantities. The negative
value of m signifies that crystal growth rate (G) de-
creases with increase in time (t) (G � G0tm) for soft
impingement and negative value of p signifies that
number of active nuclei (N) decreases with increase in

time (N(t) � N0tp) because of the presence of large
volume fraction of nuclei, some of them become ex-
hausted with time. As both m and p are negative, the
Avrami exponent value becomes much lesser than the
conventional values of 2 or 3.

In the present system, soft impingement is occur-
ring as there is large amount of amorphous portion
(	90%, cf. Figs. 2 and 3) in the material arising from
the rigidity of the P3AT chain. Also significant nucle-
ation occurs through the spontaneous interdigitation
of the side chains17 and these nuclei can not grow
much because of rigidity of the chain yielding very
low crystallinity. So from the above analysis it may be
concluded that the low value of n in this system is
arising from both the non-negligible volume fraction
of the nuclei and also from the soft impingement of the
growing crystal with the rigid amorphous portion.

Temperature coefficient analysis

To understand the microscopic mechanism of crystal-
lization of P3HT and its cocrystals temperature coef-
ficient analysis of the crystallization rate is necessary.
P3ATs produce chain-folded crystal as evidenced
from X-ray and Scanning Tunneling Microscopy.15,16

So Lauritzen–Hoffmann (L–H) growth rate theory of
chain-folded crystals can be applied for the tempera-
ture coefficient analysis of the cocrystallization pro-
cess.17 A representative model for the growth of poly-
mer chain folded crystal is shown in Figure 7 where a
surface nucleus of stem length l, thickness b and width
a forms on the substrate and spreads in the direction g.
The surface nucleus then completes a layer of thick-
ness b by spreading to the crystal width L, causing the
crystal to grow in the G direction. According to this
theory28,29 the growth rate G is expressed as:

G � G0exp[�U*/R(T�T
)]

� exp[�Kg(i)/T(�T)] (3)

Where G0 is the preexponential factor, U* is the acti-
vation energy of transport, T
 � Tg � 30, Tg is the

TABLE II
Values of Avrami Exponents (n) � 0.05 for P3HT(R)/P3HT-2 and P3HT-1/P3HT-2 Systems at Different Tc Values

P3HT(R)/P3HT-2 P3HT-1/P3HT-2

WX � 0.0 WX � 0.25 WX � 0.50 WX � 0.75 WX � 1.0 WX � 0.25 WX � 0.50 WX � 0.75 WX � 1.0

Tc
(°C) n

Tc
(°C) n

Tc
(°C) n

Tc
(°C) n

Tc
(°C) n

Tc
(°C) n

Tc
(°C) n

Tc
(°C) n

Tc
(°C) n

220 0.56 220 0.43 214 0.40 202 0.38 146 0.59 142 0.45 136 0.37 128 0.38 120 0.15
222 0.70 222 0.46 216 0.61 204 0.73 148 0.81 144 0.28 138 0.74 130 0.80 122 0.26
224 0.46 224 0.38 218 0.46 206 0.31 150 0.30 146 0.49 140 0.40 132 0.34 124 1.0
226 0.50 226 0.67 220 0.31 208 0.55 152 0.51 148 0.18 142 0.24 134 0.21 126 0.73
228 0.41 228 0.32 222 0.63 210 0.56 154 0.33 150 0.50 144 0.39 136 0.46
230 0.43 230 0.40 224 0.27 212 0.88 156 0.58 152 0.23 146 0.55 138 0.38

WX � Weight fraction of lower melting component.
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glass transition temperature, T is the crystallization
temperature, �T�Tm

0 �T where Tm
0 is the equilibrium

melting point of the crystal and Kg(i) is the nucleation
constant such that Kg(I) � 2Kg(II) � Kg(III) with Kg(I)
� 4b��eTm

0 /k�Hu
0, � and �e are lateral and end surface

energies respectively, k is the Boltzmann constant and
�Hu

0 is the enthalpy of fusion per unit volume. Kg(I),
Kg(II), and Kg(III) represent the nucleation constants
for Regime I, Regime II and Regime III crystallization.
Here we consider 1/�0.01 to be G, where �0.01 is the
time required to obtain 1% crystallinity and is calcu-
lated from the crystallization isotherms at each Tc.
Also the transport term contribution is neglected as
the TR is very small in each sample and Tgs of the
samples (4–20°C)20 are also much lower than the iso-
thermal crystallization temperatures.

In Figures 8(a) and 8(b) plots of ln 1/�0.01 versus
Tm

0 /T(�T) are shown for P3HT(R)/P3HT-2 and P3HT-
2/P3HT-1 systems, respectively. It is apparent from
the figure that the data points can not be presented by
a single straight line and two intersecting straight lines
are required to fit the data for each set. The ratio of the
slopes of the two straight lines is approximately 2 in
each blend. It indicates that there is Regime I to Re-
gime II transition in each system, the Regime I crys-
tallization takes place at higher crystallization temper-
atures. The regime transition temperature (Tc*) and
the undercooling of the transition for each system is
presented in Table III. In both the systems it is clear
that as the regioirregularity in the sample (pure or
cocrystal) increases the regime transition temperature
decreases. However, the undercooling at the regime
transition is almost same for P3HT-2/P3HT-1 cocrys-
tals and their components (136 � 2). This supports
that L–H theory is applicable in both the regimes for
crystallization of P3HT. In the P3HT(R)/P3HT-2 sys-
tem the blends also exhibit same undercooling for the
regime transition except in the P3HT-2 rich region
where there is some deviation.

The ��e values were calculated from the slopes of
each straight line using eq. (3) and are presented in
Table IV for both the cocrystal systems. The ��e values
gradually increase with increasing regioirregularity in
both the cocrystals as well as in the pure components.
The lateral surface energy (�) of P3HT is reported to
be 12.4 erg/cm2,17 and it is assumed to be independent
of chain regioregularity. So �e may be calculated di-
rectly from the ��e values of the samples and is found
to be 122.6 erg/cm2 and 287.4 erg/cm2 for P3HT(R)
and P3HT-2, respectively. Thus with increasing irreg-
ularity in the chain the work of chain folding increases
and a possible reason may be the less favorable side
chain crystallization in the irregular samples produc-
ing lamellar structure.8,17 In the blends the �e values
are approximated as the arithmetic average of the
component values (W1�e1 � W2�e2) as �e is the work
of chain-folding and intramolecular in origin.27 From

Figure 7 A representative model for the surface nucleation
and growth of chain-folded crystal.

Figure 8 (a). ln (1/�0.01) versus Tm
0/T�T plots of P3HT(R)/

P3HT-2 cocrystals at different weight fraction of the lower
melting component (P3HT-2): (�) 0.75; (�) 0.5; (ƒ) 0.25 and
(E) 0.00. 8 (b). ln (1/�0.01) versus Tm

0/T�T plots of P3HT-
1/P3HT-2 cocrystals at different weight fraction of the lower
melting component (P3HT-1): (Œ) 0.00, (E) 0.75, (�) 0.50, (�)
0.25. (inset- P3HT-1).
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these �e values the � values of the cocrystals are eval-
uated and are presented in Table IV.

The lateral surface energy (�) may be interpreted in
two different ways18:

(i) from the chain configuration view point it re-
lates to the chain characteristic ratio (C�) at the
melt by the relation:

� � �Hu
0(a/2)(lb/lu)(1/C�) (4)

where lb is the bond length of the monomer unit and
lu is the projected bond length of the monomeric unit
along the chain direction.

(ii) From the thermodynamic point of view, it re-
lates to the loss of entropy for the transforma-
tion of coil (I) to the activated state (II) prior to
crystallographic attachment:

�SI�II�2b�lun*/Tm
0 (5)

where n* is the number of carbon atoms at the initial
fold length (lg*).

Chain configuration of the melt

Here an attempt is made to understand the chain
configuration of P3HT and its blends in the melt state
from the lateral surface energy (�) of their crystals.
From the � values C� values are calculated taking a
� 16.63 Å,30 �Hu

0 � 10.96 � 108 erg/cm3 17, lb/lu � 1.26
(calculated from energy minimized MMX model31).
The C� values are plotted in Figures 9(a) and 9(b) for
P3HT(R)/P3HT-2 and P3HT-2/P3HT-1 systems re-
spectively. The C� values of the blends are higher than
that of the line joining that of the component values,
showing positive deviation from linearity. The C�

value of pure melt is equal to r0
2/xlb

2 where r0
2 is the

mean square unperturbed end to end distance and x is
the number of the monomeric unit in the chain.32 In
the melt of the cocrystals, because of the favorable
interaction of the components the P3HT chains may be
extended by a factor �

� � �C�
Cocrystal

C�
Pure �1/2

(6)

where C�
cocrystal is the chain characteristic ratio of the

cocrystal and C�
pure is the C� value for the blend com-

position obtained from the line joining that of the
components. The � values calculated from eq. (6) are
presented in Table V. From the Table it is clear that the
� values are greater than unity for almost all the
blends calculated from both the regimes of crystalli-
zation. Thus within the experimental accuracy it can
be surmised that there is an extension of the P3HT
chains in the melt of the blend, though it is small. The
small extension might be arising from the dispersive
interaction between the component P3HT chains at
the melt of the blend. Here it should be mentioned
that similar chain extension in the melt of the crystal-
line–amorphous33,34 and crystalline– crystalline
blends13,14,35,36 are reported previously. Such chain
extension in polymer blends was also predicted from
Monte Carlo (MC) simulation studies by Cifra
et.al.37,38 The conclusion of the chain extension in the
melt of the blend may be extended to the large amor-
phous portions (	90% cf. maximum crystallinity in
Figs. 2 and 3) of the P3HT cocrystals where the poly-
mer chains are somewhat extended compared to that
in the pure P3HT. It is also noteworthy from Figure 9
that the C� values of pure P3HT samples are much
higher (3–4 times) than that of poly(vinylidene fluo-
ride) samples obtained by the same method.13 This
indicates that P3HT chains are more stiffer than poly-
(vinylidene fluoride) chains and it might be due to the
presence both heterocyclic ring and bulkier pendent
group in the chain.

Entropy of cocrystallization

During crystallization a loss of entropy of the polymer
chain occurs than that in the melt state. The entropy of
activation (�SI–II) of the crystallization process has
been calculated from eq. (5) taking b � 7.75 Å, lu
� (5.03/1.26) Å, and n* � 1.7 � 1022 mL�1 (calculated,
taking a � 16.6 Å, b � 7.75 Å and monomeric bond

TABLE III
Equilibrium Melting Point (Tm

0 )20, Regime I to Regime II Transition Temperature (T*c) and Their Undercooling of
P3HT(R)/P3HT-2 and P3HT-2/P3HT-1 Cocrystals

Sample
composition

(WX)a

P3HT(R)/P3HT-2 P3HT-1/P3HT-2

Tm
0 (°C) �2.0 T*c (°C) �T (°C) Tm

0 (°C) �2.0 T*c (°C) �T (°C)

0.00 300 227.9 72.1 290 152 138
0.25 298 226.0 72.0 284 146 138
0.50 295 220.0 75.0 275 140 135
0.75 292 207.9 84.1 267 132 135
1.00 290 152.0 138.0 260 126 134

aWX � weight fraction of lower melting component.
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length, lb � 5.03 Å). In Table V the �SI–II values are
presented and they are negative in sign signifying
disorderness of the chain has decreased during the
formation of activated state (localized state). In Fig-
ures 10(a) and 10(b) the entropy of activation is plotted
with composition for P3HT(R)/P3HT-2 and P3HT-1/
P3HT-2 systems, respectively. It is apparent from the
data of both the regimes that the entropy of activation
is higher for the cocrystals (according to the negative
sign) than the line joining that of the components. This
can be explained from the pictorial presentation of
Figure 11. Pure P3HT chain has larger entropy as the
chain is in coiled state with unperturbed end to end
distance (r0) but in the melt of the blend the polymer
chain has lower entropy as the chains are extended by
a factor �. So to produce the localized structure (acti-
vated state) entropy loss will be lesser (i.e., entropy
gain is greater) in the blends than that of the pure
components. In other words, there is higher entropy
gain to form the activated state from the cocrystal melt
and possibly it is the reason for the higher crystalliza-
tion rate of the cocrystals than that of the pure com-
ponents at the same undercooling.

The entropy of crystallization (�Sc) is calculated
from Figure 10 with an approximation that the en-
tropy change in the crystallographic attachment (State
II to State III) is the same for both the pure compo-

T
A

B
L

E
IV

�
�

e
(e

rg
2

cm
�

4
)

;�
e

(e
rg

cm
�

2
),

an
d

�
(e

rg
cm

�
2
)

V
al

u
es

of
P

3H
T

(R
)/

P
3H

T
-2

an
d

P
3H

T
-2

/P
3H

T
-1

C
oc

ry
st

al
s

C
al

cu
la

te
d

fr
om

S
lo

p
es

of
Fi

gu
re

s
8(

a)
an

d
8(

b
)

R
es

p
ec

ti
ve

ly

Sa
m

pl
e

C
om

po
si

ti
on

(W
X

)

P3
H

T
(R

)/
P3

H
T

-2
P3

H
T

-1
/

P3
H

T
-2

R
eg

im
e

I
R

eg
im

e
II

R
eg

im
e

I
R

eg
im

e
II

�
�

e
(e

rg
2

cm
�

4 )
�

50

�
e

(e
rg

cm
�

2 )
�

(e
rg

cm
�

2 )

�
�

e
(e

rg
2

cm
�

4 )
�

50
�

e
(e

rg
cm

�
2 )

�
(e

rg
cm

�
2 )

�
�

e
(e

rg
2

cm
�

4 )
�

80
�

e
(e

rg
cm

�
2 )

�
(e

rg
cm

�
2 )

�
�

e
(e

rg
2

cm
�

4 )
�

80
�

e
(e

rg
cm

�
2 )

�
(e

rg
cm

�
2 )

0.
0

15
25

12
2.

6
12

.4
15

25
12

2.
6

12
.4

37
57

28
7.

4
12

.4
35

78
28

7.
8

12
.4

0.
25

18
05

16
3.

8
11

.0
�

0.
3

17
96

16
3.

9
10

.9
�

0.
4

36
59

32
4.

6
11

.3
�

0.
3

38
34

32
7.

7
11

.7
�

0.
3

0.
50

20
15

20
5.

0
9.

8
�

0.
3

19
23

20
5.

2
9.

4
�

0.
3

54
21

36
1.

7
14

.9
�

0.
3

40
98

36
7.

7
11

.1
�

0.
3

0.
75

23
52

24
6.

2
9.

5
�

0.
2

21
47

24
6.

85
8.

7
�

0.
2

46
06

98
.9

11
.6

�
0.

2
44

72
40

7.
6

10
.9

�
0.

3
1.

00
35

73
28

7.
4

12
.4

35
78

28
7.

8
12

.4
54

20
43

6.
0

12
.4

55
62

44
7.

5
12

.4

W
X

�
W

ei
gh

t
fr

ac
ti

on
of

lo
w

er
m

el
ti

ng
co

m
po

ne
nt

.

Figure 9 Plot of chain characteristic ratio (C�) against weight
fraction of lower melting component for (a) P3HT(R)/P3HT-2
and (b) P3HT-1/P3HT-2 systems. (Open symbol from Regime
I data and closed symbol from Regime II data).
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nents as well as for the cocrystals. Then the �Sc can be
computed from the relation:

�Sc � �SI–II
cocrystal��SI–II

pure (7)

where �SI–II
pure is the entropy of activation of pure P3HT

with same regioregularity as in the cocrystal but disper-
sity of regioregularity is smaller than that of the cocrystal
(almost equal to that of the components). The �SI–II

pure has
been computed from the dotted line joining that of the
components. �Sc is calculated from eq. (7) and is pre-
sented in Table V. The �Sc approximately ranges from 1
to 2.4 e.u and is found to increase with increasing more
regioirregular component in the cocrystal for the
P3HT(R)–P3HT-2 system. In the P3HT-1/P3HT-2 sys-
tem the same trend of �Sc with composition is observed
but its value (0.5–1.0 e.u) is lesser than that of the former
system. The higher difference in regioregularity of the
components in the former system might be the reason for
higher �Sc value than that of the later system. So from these
results it may also be concluded that cocrystallization in
this system is an entropy driven process.13,14

CONCLUSIONS

Both P3HT(R)/P3HT-2 and P3HT-1/P3HT-2 cocrystal
systems exhibit a decrease of crystallization rate at a
given Tc with increasing more regioirregular component
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Figure 10 Plot of entropy of activation (�SI–II) versus
weight fraction of lower melting component (a) P3HT(R)/
P3HT-2 and (b) P3HT-1/P3HT-2 systems. (Open symbol
from Regime I data and closed symbol from Regime II data).
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in the blend. But at the same undercooling an increase of
crystallization rate of the cocrystals than that of the line
joining the components was observed. Avrami expo-
nents of cocrystals are similar to those of the pure com-
ponents indicating macroscopic crystallization mecha-
nism is same for both the cocrystals and also for pure
components. The low Avrami exponent values (0.2–1.0)
indicate a rigid amorphous portion that cannot quickly
diffuse out from the crystal growth front. Temperature
coefficient analysis indicates that there is Regime I to
Regime II transition in all the systems and ��e values
gradually increase with increasing regioirregularity in
the blend. An increase of �e value with increasing re-
gioirregularity in the chain has been considered for the
above increase. The � values in the blends are lower than
those of the component values. Analysis of � values indi-
cates small chain extension of the components in the melt of
the blend. The entropy of activation increases in the cocrys-
tals than that of the components. This indicates that micro-
scopic (molecular) mechanism of crystallization of cocrys-
tals is somewhat different than that of the pure compo-
nents. The �Sc was found to be (1–2.4) e.u for the P3HT(R)/
P3HT-2 system and (0.5–1.0) e.u for P3HT-1/P3HT-2
system indicating cocrystallization is an entropy-driven
process and greater the difference in regioregularity of the
components larger is the entropy of cocrystallization.
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Figure 11 (a). Schematic presentation of a polymer chain
for crystallographic attachment: State I coiled state, State II
activated state, and State III crystallographically attached
state. (b). Entropy presentation of the chain in the coiled and
activated state.
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