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Abstract

The crystallization rates of poly(3-alkyl thiophene) (P3AT) cocrystals having different alkyl chain length (e.g. hexyl and octyl) of the

components are measured using differential scanning calorimetry (DSC) technique. Two pairs of cocrystals with varying compositions of the

components viz. poly(3-octyl thiophene) (P3OT(R), regioregularity 89 mol%) and poly(3-hexyl thiophene) [P3HT(R), regioregularity

92 mol% and P3HT-2 regioregularity 82 mol%] are used. In both the systems the isothermal temperature range (TR) in the same time scale of

crystallization is found to decrease with increasing alkyl chain length in the blends. The crystallization rate at the same Tc decreases with

increasing alkyl chain length P3AT concentration and the Avrami exponent values of cocrystals are same with those of the component

values. The low Avrami exponent values (0.23–1.16) in all the samples suggest the presence of rigid amorphous portion which can not diffuse

out quickly from the crystal growth front (soft impingement). Analysis of crystallization rate using Laurintzen–Hoffman (L–H) growth rate

theory indicates that there is regime-I to regime-II transition in all the samples. The product of lateral (s) and end surface energy (se) values

are found to decrease with increasing the concentration of longer alkyl chain P3AT in the blend. Analysis of s values according to a theory of

Hoffman et al. [Hoffman JD, Miller RL, Marand H, Rotiman DR. Macromolecules 1992;25:2221. [14]] indicates that there is chain extension

of the components in the melt of the blends, however, the entropy of cocrystallization has different sign to the two systems. Cocrystallization

in P3HT(R)/P3OT(R) system is an entropy driven process but that in P3HT(2)/P3OT(R) system is entropy forbidden process. A possible

explanation of cocrystallization in the later system has been attributed from small interaction between the components.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(3-alkyl thiophenes) (P3ATs) are important

members of conducting polymer family and are highly

used in electronic and opto-electronic applications [1]. The

polymers are not completely isoregic and the pendent alkyl

chain length may also vary. Both the size of the pendent

alkyl group and regioregularity of the main chain have

strong influence on the physical and conductivity properties

of this important polymer [1–6]. We have studied the

cocrystallization of the P3ATs with an aim to produce tailor

made materials of desired properties without going to much
0032-3861/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
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laborious synthesis [7]. We have shown that the p3AT

sample of same regioregularity can cocrystallize for an alkyl

chain length difference of two carbon atoms and the

cocrystallization between poly(3-hexyl thiophene) (P3HT)

and poly(3-octyl thiophene) (P3OT) can be extended to a

regioregulatity difference of 7 mol%. In this article we want

to delineate the cocrystallization mechanism of the above

P3ATs from the crystallization rate measurement using

differential scanning calorimetery (DSC) technique

(Scheme 1).

There are some reports on the crystallization kinetics of

the cocrystals in the literature. Ree observed an intermediate

crystallization rate in the cocrystals of linear low-density

polyethylene and ultra high molecular weight polyethylene

at the same isothermal crystallization temperature (Tc) [8].

But Irragori et al. observed an enhanced growth rate of

cocrystals between linear and branched polyethylene at

same Tc [9]. Tashiro et al. measured the crystallization rate

of polyethylene blends and observed higher crystallization
Polymer 46 (2005) 8321–8330
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Scheme 1. Structure of poly(3-alkyl thiophene).

Table 1

Characteristics of the samples

P3AT

samples

Source �Mw !10K4 H–T regior-

egularity

Equilibrium

melting

point (8C)

(T0
m)a

P3HT(R) Aldrich 8.7 92 300

P3OT(R) Chem. Co.

USA

14.2 89 270

P3HT-2 Prepared 10.6 82 290

a From Ref. [28].
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rate of cocrystals at the same undercooling using time

resolved FTIR and time resolved SAXS instruments [10,

11]. Similar increase in growth rate and crystallization rate

was observed for cocrystals of different head to head (H–H)

defect content poly(vinylidene fluoride) (PVF2) samples

and also for cocrystals of vinylidene fluoride–tetrafluor-

oethylene copolymers at same undercooling [12,13]. The

kinetic data of the cocrystallization process was analyzed

using a recent theory of Hoffman et al. [14] and chain

extension in the melt of the blend causing easier crystal-

lization of cocrystals at same undercooling was concluded

in both systems. The thermodynamic analysis of the kinetic

data also concluded that in both systems cocrystallization is

an entropy-driven process [12,13].

Here we shall attempt to understand the mechanism of

cocrystallization of P3ATs of varying alkyl chain length of

the pendent alkyl group from the crystallization kinetics

study. The crystallization rate, isothermal temperature range

(TR) for same time scale of crystallization, Avrami

exponents (n), etc. will be compared between the cocrystals

with varying composition of their components. It is now

established from X-ray and scanning tunnelling microscopy

studies that P3ATs crystallize in chain folded fashion [15,

16]. So the kinetic data will be analyzed using Lauritzen–

Hoffman (L–H) growth rate theory of chain folded polymer

crystals [17]. From the lateral and end surface energies of

the cocrystals, evaluated from the above analysis, attempt

will be made to understand the thermodynamics of the blend

both at the melt and at the solid state.
2. Experimental
2.1. Samples

Two types of P3HT samples, e.g. regioregular

(P3HT(R)) and regioirregular (P3HT-2) samples and

regioregular P3OT (P3OT(R)) sample were used in the

work. The regioregular samples were purchased from

Aldrich Chemical Co. USA and regioirregular poly(3-

hexyl thiophene) (P3HT-2) sample was synthesized from

the chloroform solution in the laboratory as earlier [7]. The

characteristics of the samples used in the work are presented

in Table 1 [7]. Blends were prepared by homogeneously

mixing appropriate amount of the components in chloro-

form solution and then drying off the solvent. The films

were finally dried in vacuum at 608 for 3 days.
2.2. Cocrystallization kinetics study

A Perkin–Elmer differential scanning calorimeter (DSC-

7) fitted with intracooler-1 and working under nitrogen

atmosphere was used in the work. The instrument was

calibrated with indium before each set of experiment. To

understand the cocrystallization in these systems w5 mg of

the blend samples were encapsulated in aluminum pans and

were melted in nitrogen atmosphere at 250 and 220 8C for

5 min for P3HT(R) and P3HT-2 blends, respectively. They

were then quenched to K30 8C and heated at the rate of

208/min to the temperatures stated above. For the dynamic

cooling experiments they were cooled from the melt at the

same melting temperatures at the rate of 58/min.

The crystallization kinetics of the P3ATs and their

cocrystals were studied using about 5 mg of the samples in

aluminium pans and melting them at 250 and 220 8C for five

min for P3HT(R) and P3HT-2 blends, respectively. They

were quenched at the rate of 200 8C/min to the pre-

determined isothermal crystallization temperature (Tc)

where they were crystallized for different times. The

samples were then heated from the Tc at the heating rate

of 108/min without cooling. The enthalpy of fusion (DH) and

the melting points were measured by a computer attached to

the instrument using PC-series DSC-7 multitasking soft-

ware (version 3.2). The percentage crystallinity was

calculated from the ratio of DH and DH0
u (enthalpy of

fusion of perfect crystal) taking DH0
uZ99 J=g for P3HT,

74 J/g for P3OT [18] and arithmetic average of the

component values for the blends.
3. Results and discussion

The formation of cocrystals in these systems is clarified

from Fig. 1(a) and (b) where representative thermograms of

heating and cooling processes of P3OT(R)/P3HT(R) and

P3OT(R)/P3HT(2) systems are shown. In the former system

the melting peak at 208 8C is for the main chain crystals and

the single peak corresponds to cocrystallization of the

components at this blend composition as they have a

difference of apparent melting point of 58 8C [7]. In the

P3OT(R)/P3HT(2) system the single melting peak definitely

corroborates cocrystallization as the components have an



Fig. 1. (a) Melting endotherm of the melt-quenched samples of (I) P3OT(R)

/P3HT(R) blend (WP3OT(R)Z0.40) and (II) P3OT(R)/P3HT-2 blend

(WP3OT(R)Z0.50) at the heating rate of 208/min. (b) Crystallization

exotherms of the above samples (I and II) at the cooling rate of 58/min

from the respective melt at 250 and 220 8C, respectively.

Fig. 2. Representative DSC thermograms of P3OT(R)/P3HT(R) blend

(WP3OT(R)Z0.50) crystallized at 214 8C for indicated crystallization times.
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apparent melting point difference of 18 8C [7]. The cooling

thermograms of both the systems (Fig. 1(b)) exhibit single

crystallization peak supporting cocrystallization in the

samples and it is also further confirmed from the wide

angle X-ray study reported earlier [7]. However, it may be

noted that in the heating thermogram at lower temperature

(w30 8C) there is a broad hump for the P3OT(R)/P3HT(R)

system probably arising from the melting of the side chain

crystals [18]. But this is absent in the other system probably

for the absence of side chain crystallization due to large

regioregularity difference (7 mol%) between the

components.
3.1. Crystallization isotherms

The crystallization kinetics of the P3AT cocrystals are

studied from the isothermal crystallization in DSC for

predetermined times and melting these crystals from that

isothermal temperature. Representative melting endotherms

of P3OT(R)/P3HT(R) blend (WP3OT(R)Z0. 50) crystallized

at 214 8C are shown in Fig. 2 for different times of

crystallization. The enthalpy of fusion of these crystals are

measured and plotted with time to get the crystallization

isotherms. In Fig. 3(a)–(c) the crystallization isotherms of

cocrystals of P3OT(R)/P3HT(R) systems are presented.

Like the crystallization isotherms of other polymers here

also a sigmoidal rise of crystallization isotherms is observed
at each temperature indicating autocatalytic nature of the

crystallization process. The isothermal crystallization

temperatures of P3OT(R) are much lower than that of

P3HT(R). This indicates that crystallization of P3AT is

difficult with increasing alkyl chain length. In Fig. 4(a)–(d)

the crystallization isotherms of P3OT(R)/P3HT-2 system

are presented. Here the isothermal temperature range for the

same time scale of crystallization is almost same in the

blends. The isothermal temperature range for the same time

scale of crystallization is plotted with weight fraction of

P3OT(R) in both the systems and is shown in Fig. 5. In

P3HT(R)/P3OT(R) system the line is not completed as there

was no cocrystal formation at the composition WP3OT(R)Z
0.86 [7]. A sharp decrease of isothermal temperature range

with increasing P3OT(R) is observed in the P3HT(R)/

P3OT(R) system whereas a gradual decrease of the same is

observed in P3OT(R)/P3HT-2 systems. P3HT(R) is more

easily crystallizable than P3HT-2 sample, which in turn is

more easily crystallizable than that of P3OT(R). The reason

for the former may be attributed to higher regioregularity

while that for the later is due to both regioregularity and

alkyl chain length difference. The large difference of

isothermal temperature region between P3HT(R) and

P3OT(R) is due to the alkyl chain length difference i.e.

longer the alkyl chain length greater is the hindrance to

crystallization. A better comparison can be obtained from

Fig. 6 where crystallization rate [1/t.01, t.01 is the time of

crystallization to obtain 1% crystallinity] is plotted with

P3OT(R) content. It is apparent from the figure that

crystallization rate decreases with increasing P3OT(R)

content for each isothermal temperature. In the P3HT(R)/

P3OT(R) system the regioregularity of the samples are same

so the effect is mainly due to the chain length difference of

the alkyl group and it clearly indicates a significant decrease

of crystallization rate with increasing P3OT(R) in the blend.

In the other system P3HT-2 is of lesser regioregularity than

that of P3OT(R) so there is a combined effect of



Fig. 3. Crystallization isotherms at indicated temperatures of P3OT(R)

/P3HT(R) systems: (a) WP3OT(R)Z1.0 (b) WP3OT(R)Z0.5, (c) WP3OT(R)Z0.0.

S. Pal, A.K. Nandi / Polymer 46 (2005) 8321–83308324
regioirregularity and alkyl chain length and a sharper

decrease of crystallization rate is observed.
3.2. Avrami analysis

To elucidate the overall crystallization mechanism the

Avrami equation (Eq. (1)) is applied [19–21]:

1KlðtÞZ 1KexpðKktnÞ (1)
where 1Kl(t) is the crystallinity at time t, k is the overall

rate constant and n is the Avrami exponent which denotes

the nature of nucleation and growth process. The slope of

the double logarithmic plot of 1Kl(t) with t at low levels

of crystallinity yields the value of n [21]. The n values of

cocrystals are presented in Table 2 and it varies from 0.23 to

1.16. The n values are almost same with those of the

component values indicating that the crystallization mech-

anism of the cocrystals are similar to that of the components.

Nascimento et al. reported similar n values of poly(3-methyl

thiophene) from an electron spin resonance study [22]. Such

n values are usually found in condis crystals and liquid

crystalline polymers [23,24] and recently in the crystal-

lization of vinylidene fluoride–tetrafluoro ethylene copoly-

mers similar low n values are also reported [25].

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 due to secondary crystallization or crystal perfection

[24]. To explain the lower n values (!1) Cheng and

Wunderlich [23] modified the Avrami equation by

considering the applicability of the two assumptions 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 contributing an

important role in the crystallization mechanism. Also in

rigid chain polymers a major fraction remains as

amorphous phase and cannot diffuse out quickly from

the crystal growth front causing a decrease in crystal

growth rate (soft impingement). Considering these factors

the Avrami expression has been modified as [23]:

1KlðtÞZ 1Kexp½Kkt½nðmC1ÞCp�� (2)

where m and p are negative quantity. The negative value

of m signifies that crystal growth rate (G) decreases with

increase in time (t) (GZG0tm) for soft impingement and

negative value of p signifies that number of active nuclei

(N) decreases with increase in time (N(t)ZN0tp) due to

the already presence of large volume fraction of nuclei,

some of them become exhausted 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 occurring as

there is large amount of amorphous portion (w90%, cf.

Figs. 3 and 4) in the material arising from the rigidity of the

P3AT chain. Also significant nucleation occurs through the

spontaneous interdigitation of the side chains [18] and these

nuclei cannot grow much due to 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.



Fig. 4. Crystallization isotherms at indicated temperatures of P3OT(R)/P3HT(2) systems: (a) WP3OT(R)Z0.0 (b) WP3OT(R)Z0.25, (c) WP3OT(R)Z0.5 and (d)

WP3OT(R)Z0.75.

Fig. 5. Isothermal temperature range (TR) for the same time scale of

crystallization vs weight fraction ofP3OT(R): (a) P3HT-2/P3OT(R) and (b)

P3HT(R)/P3OT(R) systems.

Fig. 6. 1/t0.01 (t0.01Ztime to obtain 1% crystallinity, computed from Figs.

2 and 3) vs weight fraction of P3OT(R) at same isothermal crystallization

temperatures. Open symbol P3HT(R)/P3HT-2 and closed symbol P3HT-

(R)/P3OT(R) systems (B, 146 8C; 7, 140 8C; 6, 136 8C); (C, 226 8C; &,

220 8C).
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Table 2

Values of Avrami exponents (n) G0.05 for P3OT(R)/P3HT-2 and P3HT(R)/P3OT(R) systems at different Tc values

P3OT(R)/P3HT-2 P3HT(R)/P3OT(R)

WXZ0.0 WXZ0.25 WXZ0.50 WXZ0.75 WXZ1.0 WXZ0.00 WXZ0.50

Tc (8C) n Tc (8C) n Tc (8C) n Tc (8C) n Tc (8C) n Tc (8C) n Tc (8C) n

146 0.59 138 0.73 134 0.62 136 0.60 132 0.63 220 0.56 214 0.55

148 0.81 140 0.94 136 1.04 138 0.37 134 0.98 212 0.70 216 1.00

150 0.30 142 1.06 138 0.31 140 0.56 136 1.45 224 0.46 218 0.33

152 0.51 144 0.27 140 1.16 142 0.30 138 0.81 226 0.50 220 0.51

154 0.33 148 0.58 142 0.56 144 0.62 140 0.87 228 0.41 222 0.23

156 0.88 142 0.65 230 0.43
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3.3. Temperature coefficient analysis

The temperature coefficient analysis of the crystallization

rate may be done from the Lauritzen–Hoffman growth rate

equation [17]:

G ZG0exp
KU�

RðT KTNÞ

� �
exp

KKgðiÞ

TðDTÞ

� �
(3)

where G is the growth rate of the crystal, G0 is the pre

exponential factor, U* is the activation energy of transport,

TNZTgK30, Tg is the glass transition temperature, T is the

crystallization temperature, DTZT0
mKT where T0

m is the

equilibrium melting point of the crystal and Kg(I)Z2

Kg(II)ZKg(III) with KgðIÞZ4bsseT0
m=kDHf , s and se are

lateral and end surface energies, respectively, b is the

thickness of the stem, k is the Boltzmann constant and DHf

is the enthalpy of fusion per unit volume. Here we consider

1/t0.01 to be G, where t0.01 is the time required to obtain 1%

crystallinity and is calculated from the crystallization

isotherms.

In Fig. 7(a) and (b) ln 1/t0.01 values are plotted with

T0
m=TðDTÞ for the systems P3HT(R)/P3OT(R) and P3HT-2/

P3OT(R), respectively. In both the figures the data of each

blend cannot be presented by single line. Two different lines

represent the data well and the ratio of the slopes of the two

lines is approximately 2 for each case. The nature of the

plots indicates regime-I to regime-II transition. The regime

transition temperature and the undercooling calculated from

the T0
m values of each blend are presented in Table 3. The

regime transition temperature of both the systems gradually

decreases with increasing the higher side chain length

component. The undercooling at the regime transition

temperature also decreases with increasing the concen-

tration of larger side chain length.

The sse values, calculated from the slopes of the straight

lines, are presented in Table 4. It is clear from the table that

sse value gradually decreases with increasing the longer

side chain length component. Here the se values of pure

components were calculated by dividing with the value of s

(12.4 erg/cm2 for P3HT and 10.1 erg/cm2 for P3OT) [18].

The se values of the blends were taken as the arithmetic

average of the component values and from these values the

s values of the blends are calculated and are also presented
in Table 4. There is a gradual decrease of s values with

increasing concentration of larger alkyl group component

for the P3HT(R)/P3HT-2 system. However, in the

P3HT(R)/P3OT(R) system the 50:50 blend shows a sharp

decrease in the s value at both the regimes.

The lateral surface energy (s) may be interpreted in two

different ways [14]: (i) from the chain configuration

viewpoint it relates to the chain characteristic ratio (Ca) at

the melt by the relation:

sZDH0
u

a

2

� � lb
lu

� �
1

Ca

� �
(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 thermodynamic point of view it relates to

the loss of entropy for the transformation of coil (I) to the

activated state (II) prior to crystallographic attachment [13,

14].

DSI–II Z
2bslun�

T0
m

(5)

where n* is the number of carbon atoms at the initial fold

length.
3.4. Chain configuration of the melt

The Ca values of each system are calculated from the s

values for both the regimes from the Eq. (3) taking aZ
16.63 Å, [25] DH0

uZ10:96!108 erg=cm3, lb/luZ1.26 (cal-

culated from energy minimized MMX model [26]) and its

plot with blend composition is shown in Fig. 8. For both the

systems the Ca values shows a positive deviation from

linearity calculated from both the regimes. The Ca value of

pure melt is equal to �r2
0=nl2

b where �r2
0 is the mean square

unperturbed end to end distance and n is the number of the

monomeric unit in the chain [27]. In the melt of the

cocrystals due to the favorable interaction of the com-

ponents the P3HT chains may be extended by a factor a:

aZ
C

cocrystal
a

C
pure
a

 !1=2

(6)

where C
cocrystal
a is the chain characteristic ratio of the



Fig. 7. (a) ln(1/t0.01) vs T0
m=TDT plots of P3HT(R)/P3OT(R) cocrystals at different weight fraction of P3OT(R). C, 0.0; &, 0.50; :, 1.0. (b) ln(1/t0.01) vs

T0
m=TDT plots of P3OT(R)/P3HT-2 cocrystals at different weight fraction of P3OT(R). :, 0.00; 6, K0.25; ,, K0.50; B, K0.75; C, K1.0.
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cocrystal and C
pure
a is the Ca value for the blend composition

obtained from the line joining that of the components. The a

values calculated from Eq. (6) are presented in Table 5. It is

clear from the table that there is chain extension in the

blends of both P3OT(R)/P3HT-2 and P3HT(R)/P3OT(R)

systems. This is in accordance with the observation from the

phase diagram [28], which denotes a small interaction in the

P3HT-2/P3OT(R) system and this small interaction is
Table 3

Equilibrium melting point (T0
m), regime-I to regime-II transition temperature (

cocrystals

Sample composition

(WX)a

P3OT(R)/P3HT-2

T0
m (8C) T�

c (8C) DT (8C)

0.00 290 152 138

0.25 270 140.7 129.3

0.50 250 136.5 113.5

0.75 240 140.4 99.6

1.00 230 138.8 91.2

a WXZweight fraction of P3OT(R).
the cause of small chain extension of the system. However,

in the P3HT(R)/P3OT(R) blend the chain extension factor is

comparatively larger. Such chain extension at the melt of

crystalline–amorphous [29,30] and crystalline–crystalline

polymer blends [12,13,31,32] were reported previously and

the chain extension in polymer blends was also predicted

from Monte Carlo (MC) simulation studies by Cifra et al.

[33,34].
T�
c ) and their undercooling of P3OT(R)/P3HT-2 and P3HT(R)/P3OT(R)

P3HT(R)/P3OT(R)

T0
m (8C) T�

c (8C) DT (8C)

300 227.9 72.1

– – –

270 220.6 49.4

– – –

230 138.8 91.2
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Fig. 8. Plot of chain characteristic ratio (Ca) against weight fraction of

P3OT(R) for (a) P3OT(R)/P3HT-2 and (b) P3OT(R)/P3HT(R) systems

(open symbol from regime-I data and closed symbol from regime-II data)

[in Fig. 8(b) the curve is not completely drawn due to phase separation at

WP3OTRZ0.86 [7,28]].
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3.5. Entropy of cocrystallization

The entropy of activation (DSIKII) has been calculated

from Eq. (5) taking bZ7.75!10K8 and 7.64!10K8 cm for

P3HT and P3OT, respectively, n*Z1.7!1022 and 1.62!
1022 carbon and sulfur atoms for P3HT and P3OT,

respectively, (calculated for P3HT, aZ16.6!10K8 cm,

bZ7.75!10K8 cm and monomeric bond lengthZ5.03!
10K8; for P3OT, aZ20.9!10K8 cm, bZ7.64!10K8 and

monomeric bond lengthZ5.03!10K8). For the blends the

arithmetic average values were taken for each composition.

The entropy of activation values (Table 5) are negative

indicating that the disorderliness of the chain has decreased

during the formation of activated state (localized state) [12,

13]. The entropy of activation is plotted in Fig. 9(a) and (b)

for P3HT-2/P3OT(R) and P3HT(R)/P3OT(R) systems,

respectively. In the former systems the plot shows a

negative deviation from linearity while in the later system

there is a positive deviation from linearity joining the

component values. This indicates that in the P3HT-2/

P3OT(R) blends the activated state formation causes larger

entropy loss than that of pure components. But the

P3HT(R)/P3OT(R) systems present the usual observation

observed in other cocrystal systems. The entropy of

cocrystallization (DSc) is calculated from the equation



Table 5

Chain extension factor (a), entropy of activation (DSIKII) and entropy of cocrystallization (DScocrystal) of P3OT(R)/P3HT-2 and P3HT(R)/P3OT(R) cocrystals

Cocrystal

composition

(Wx)*

P3OT(R)/P3HT-2 P3HT(R)/P3OT(R)

Regime-I Regime-II Regime-I Regime-II

a DSIKII

(e.u)

DScocrystal

(e.u)

a DSIKII

(e.u)

DScocrystal

(e.u)

a DSIKII

(e.u)

DScocrystal

(e.u)

a DSIKII

(e.u)

DScocrystal

(e.u)

0.00 1.00 K8.12 0.00 1.00 K8.12 0.00 1.0 K8.0 0.00 1.00 K8.0 0.00

0.25 1.04 K8.2 K0.30 1.02 K8.52 0.60 – – – – – –

0.50 1.01 K10.55 – 1.02 K8.6 K0.9 1.64 K3.13 4.65 1.65 K3.13 4.6

0.75 1.10 K8.32 K1.10 1.01 K8.3 K1.12 – – – – – –

1.00 1.00 K7.34 0.00 1.00 K7.34 0.00 1.00 K7.34 0.00 1.00 K7.34 0.00

* WXZweight fraction of P3OT(R).
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DSc ZDS
cocrystal
I–II KDS

pure
I–II (7)

where DS
pure
I–II is meant the entropy of activation of pure

state and has been computed from the dotted line joining

that of the components. DSc exhibits a negative value for

P3HT-2/P3OT(R) systems but the P3HT(R)/exhibits a

positive value. Thus, it may be concluded from these

results that cocrystallization of P3HT(R)/P3OT(R)

system is an entropy driven process [12,13] whereas

that of P3HT-2/P3OT(R) system is an entropy forbidden

process. A possible reason that may be afforded in the

P3HT-2/P3OT(R) system where both regioregularity and

side chain length vary but in P3HT(R)/P3OT(R) system

only the side chain length vary. It might be probable that

in the former system the combined variation of

regioregularity and side chain length produce a more
Fig. 9. Plot of entropy of activation (DSIKII) vs weight fraction of lower

melting component (a) P3OT(R)/P3HT-2 and (b) P3HT(R)/P3OT(R)

systems (open symbol from regime-I data and closed symbol from

regime-II data) [in Fig. 9(b) the curve is not completely drawn due to phase

separation at WP3OTRZ0.86 [7,28]].
ordered structure than that in the cocrystals of P3HT(R)/

P3OT(R) where some disorderliness appears during

cocrystallization. Though in the P3HT-2/P3OT(R)

system cocrystallization is entropy forbidden but the

small interaction (as concluded from phase diagram [28])

between the components overcome the small entropy

effect and cocrystallization is observed for the whole

composition range.
4. Conclusion

This study clearly indicates that overall crystallization

rate of the cocrystals decreases with increasing side chain

length at same isothermal crystallization temperature. The

crystallization mechanism in the pure components and also

in the cocrystals is the same. The low value of Avrami

exponent (0.23–1.16) arises from the soft impingement with

the rigid amorphous portion and also from the non-

negligible value of nuclei volume fraction during the

crystallization process. In both the blends and its com-

ponents there is regime-I to regime-II transition. The sse

values decrease with increasing the concentration of longer

alkyl chain length of P3AT. Analysis of the sse values

indicates that there is chain extension in all the blends,

however, the entropy of cocrystallization has different sign

to the two systems. The P3HT(R)/P3OT(R) system is

entropy driven process whereas P3HT-2/P3OT(R) is

entropy forbidden process. Possible explanation for cocrys-

tallization in the later system has been attributed from the

small interaction between the components as evidenced

from the phase diagram.
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