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ABSTRACT: The isothermal crystallization kinetics of iso-
tactic polypropylene (iPP) and iPP nucleated with the sor-
bitol derivatives 1,3:2,4-bis(4-methyldibenzylidene)sorbitol
and 1,3:2,4-bis(3,4-dimethylbenzylidene)sorbitol was stud-
ied, along with the subsequent melting behavior, as a func-
tion of the nucleating agent concentration. The influence of
the agents on the crystallization rate, crystallization temper-
ature, and crystallization range was examined. The isother-

mal crystallization temperature increased, along with the
crystallization rate, with increasing nucleating agent concen-
tration. The maximum effect of the additives occurred at
concentrations of 0.3% or greater. © 2003 Wiley Periodicals, Inc.
J Appl Polym Sci 88: 2261–2274, 2003

Key words: isotactic; poly(propylene) (PP); nucleation; crys-
tallization

INTRODUCTION

The crystallization of polymeric materials is generally
described in terms of a crystalline nucleation and
growth model,1 where it is assumed that nuclei form
from ordered material as a result of thermal fluctua-
tions in the melt. These nuclei then grow by the addi-
tion of more material until a stable crystalline struc-
ture develops. Thus, the course of crystallization is
determined by both the rate of nucleation and the rate
of crystalline growth, showing an extraordinary de-
pendence on the undercooling and, consequently, on
the temperature of crystallization. The processes of
nucleation and growth have been extensively studied
in both monomeric and polymeric systems. In the
latter case, two main schools have developed: one
provides information on the crystallization behavior
and the crystalline morphology with thermodynamic
approximations,2 and the other offers a description of
the kinetics of formation and growth of the crystalline
nuclei.3,4

The crystallization of polymers can be analyzed by
the observation of the growth of a specific crystal face,
the growth rate of a crystalline superstructure, or the
overall rate of crystallization and is the result of the

rate of formation and growth of a stable nucleus and
the rate at which the polymer chains are incorporated
to the growing crystalline faces. In these materials, the
rate of formation of a stable nucleus not only depends
on the crystallization temperature (Tc), that is, the
undercooling of the system, but it is also a function of
the energetic contribution necessary for the formation
of the nucleus, or the free energy of nucleation, and
the energetic contribution associated with the trans-
port of the polymeric chains over the melt–crystal
interface. At low undercooling, that is, at temperatures
relatively close to the melting temperature (Tm), and as
such, in isothermal experimental conditions, the rate
of formation of crystalline nuclei is minimal, the crys-
tallization process is controlled by the nucleation
stage, and the rate of the process shows a strongly
negative coefficient with the Tc. However, in regions
where the Tc is low, that is, at high undercooling,
and in the majority of cases distant from isothermal
conditions, the transport of the polymeric chains at
the crystal-melt interface becomes more difficult as
it approaches the glass-transition region and, thus,
controls the crystallization rate with a positive tem-
perature coefficient. The balance between both pro-
cesses, nucleation and transport, generates a maxi-
mum in the crystallization rate, with antagonistic
temperature coefficients, which makes the selection
of the interval of Tc’s in polymeric materials ex-
tremely important.

The use of nucleating agents (NAs) in isotactic
polypropylene (iPP) is widespread and of great com-
mercial importance because the control of the crystal-
lization process allows one to modify the optical, me-
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chanical, and surface properties of a given system to
suit the particular application by the adjustment of the
type and dispersion of the agent in the polymer. A
large number of substances that nucleate the mono-
clinic crystalline modification of iPP have been de-
scribed. Sorbitol derivates are among the most effi-
cient5–9 and have been used extensively during the last
decade to improve the transparency of iPP. The first-
generation NAs based on sorbitol derivatives include
the widely used 1,3:2,4-bis(dibenzylidene)sorbitol
(DBS) and 1,3:2,4-bis(p-methoxybenzylidene)sorbitol.
Unlike organic salts, sorbitol-based NAs dissolve in
the molten polymer, which gives rise to a homoge-
neous solution. As the polymer is cooled, the solution
forms a finely meshed gel-like network of twisted DBS
fibers, which, it is suggested,5,10,11 promotes polymer
crystallization via epitaxy. Although the mechanisms
by which these agents act are still not clearly under-
stood, a number of authors have related nucleating
ability to geometrical and dimensional similarities be-
tween the additive and the growing crystalline lat-
tice,5,10,11 which can, in turn, condition the type of
interactions between the additive and the polymer
chain.11–14 Subsequently, a series of modifications in
the chemical structure have led to a second generation
of sorbitol-based NAs comprised of halo and alkyl
derivatives, such as 1,3:2,4-bis(p-methylbenzylidene)-
sorbitol, 1,3:2,4(p-ethylbenzylidene)sorbitol, and 1,3:
2,4-bis(p-chloro-p�-methylbenzylidene)sorbitol.9 More
recently, for high-temperature processing, the com-
pound 1,3:2,4-bis(3,4-dimethylbenzylidene)sorbitol has
been described11,15 and represents the third generation
and most modern example of sorbitol-based NAs for
iPP. With this NA, we demonstrated16 that during
dynamic crystallization, nucleation efficiencies of 60–
65% can be achieved, along with a large increase in the
Tc’s, even for the lowest additive concentration of
0.025%.

The aim of this study was to analyze the crystalli-
zation kinetics of iPP under isothermal conditions in
the presence of sorbitol-based NAs and to study the
subsequent melting behavior as a function of the na-
ture and concentration of NA.

EXPERIMENTAL

Materials and preparation

The iPP sample was a commercial grade supplied by
REPSOL-YPF (Madrid, Spain) with a viscosity average
molecular weight (Mv) of 164,700 and a 95% isotactic-
ity determined by solution NMR spectroscopy. The
NAs were 1,3:2,4-bis-(4-methyldibenzylidene)sorbitol
(Geniset MDG001, NJC-Rika, Osaka, Japan) and 1,3:
2,4-bis-(3,4-dimethylbenzylidene) sorbitol (Millad
3988, Milliken Chemical, Gent, Belgium). The nucle-
ated systems were prepared by melt blending in a

twin-screw extruder with concentrations of NA be-
tween 0.025 and 1.0 wt% with conditions previously
described.16,17

Differential scanning calorimetry (DSC)

Isothermal crystallization was undertaken in a Perkin
Elmer DSC7/UNIX/7DX system, calibrated with in-
dium (Tm � 156°C, melting enthalpy (�Hm) � 28.45
Jg�1.).

We achieved reproducible crystallization isotherms
with an initial thermal history cycle, melting the ma-
terial at 210°C for 10 min and subsequently cooling at
64°C min�1 to the predetermined Tc, recording the
exotherm as a function of time until the isothermal
crystallization was considered to be complete, when
the variation in the calorimetric baseline was less than
10�2 mW. The sample was then heated at 10°C min�1

to the Tm.
The degree or extent of crystalline transformation

(�) is obtained by partial integration from the follow-
ing expression:

� �

�
0

t

�dH/dt� dt

�
0

�

�dH/dt� dt

(1)

where the first integral is the heat of crystallization
generated in time t and the second integral is the total
heat of crystallization for t � �, which allows the
quantitative evolution of the crystallization process to
be followed as a function of time.

RESULTS AND DISCUSSION

Isothermal crystallization kinetics

In homogeneous nucleation, the stable crystalline nu-
clei are generated from the existence of statistical fluc-
tuations in the melt phase, and the rate of nucleation is
constant. In the case of heterogeneous nucleation, the
nucleation rate is not constant due to the presence of
heterogeneities in the system with probabilities to in-
duce or develop crystallinity. The nuclei present in the
system at the start of crystallization include both het-
erogeneous and homogeneous or athermal nuclei.
Heterogeneous nuclei are formed by particles that
chemically differ from the crystallizable polymer, such
as catalyzers, pigments, impurities, or NAs.

Because the rate of crystallization depends on the
thermal history, memory effects are often observed in
the slow crystallization of polymeric materials. How-
ever, the role of the heterogeneous nuclei can be re-
garded as surface defects whose sensitivity to the ther-
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mal history of the melt can be considered as very
slight or almost inappreciable. However, the concen-
tration of athermal nuclei, that is, preexisting crystal-
line domains in the melt with the same chemical struc-
ture as the molten polymer, is extraordinarily sensi-
tive to the melt temperature and the residence time in
the molten phase. In this regard, Ziabicki and Al-
fonso18,19 developed a theoretical model that predicts
memory effects related with the distribution of do-
main sizes, which control the concentration of prede-

termined crystalline nuclei and the initial rate of nu-
cleation in the subsequent isothermal crystallization.

From previous studies that were carried out to elim-
inate melt-memory effects in nucleated iPP systems,17

the thermal history selected for the analysis of the
crystallization kinetics of iPP and the iPP/NA systems
was 210°C and 10 min the melt temperature and res-
idence time, respectively, after heating at 200°C
min�1. The crystallization exotherms are shown in
Figure 1(a) where one can see that both the induction

Figure 1 Crystallization exotherms under isothermal conditions at the temperatures indicated for (a) iPP and (b) iPP/Millad
3988 (0.05%).
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period and the width of the exotherm increased pro-
gressively with increasing Tc, which clearly indicates a
reduction in the crystallization rate as the undercool-
ing, �T � Tm � Tc diminished. The reduction of the
induction period as the undercooling increased re-
sulted from the reduction in the critical size of the
nuclei at lower Tc’s.

In the analysis of the evolution of the isothermal
crystallization exotherms of a sample of nucleated iPP,
such as the example given in Figure 1(b), a behavior
similar to that for pure iPP shown in Figure 1(a) is
observed, with a progressive displacement in the tem-
perature axis as the undercooling decreased. How-
ever, the most relevant difference was the increase in
the temperature range in which crystallization took
place in the presence of NAs over similar timescales.
Thus, although in the case of pure iPP, the interval
was between 127 and 134°C, in the case of iPP/NA
this interval, considered globally for all the NAs and
all compositions, was between 126 and 150°C, which
appears to indicate an increase in the crystallization
rate.

The development of crystallinity with time, that is,
the phase change kinetics, was followed with the free
growth approximation described by Göler and Sa-
chs,20 where it is assumed that the evolution of a
crystalline nucleus and its subsequent growth is inde-
pendent of the growth of other nuclei and of the
already transformed material. In this case, the kinetic
process of the transformation is described by

ln(1 � �)t � �ktn (2)

where (1 � �)t is the amount of crystallinity developed
in time t, k is a constant, and the exponent n defines

the growth geometry, adopting values of 2, 3, or 4 for
one-, two-, and three-dimensional growth, respec-
tively, in the case of homogeneous nucleation.

A value of the exponent n of 3 was obtained for iPP,
with a degree of crystalline transformation not higher
than 20%, which in the case of homogeneous nucle-
ation, represented two-dimensional growth with the
generation of perfectly defined spherulitic structures
with a linear growth rate, as observed from the anal-
ysis of the spherulitic growth rate in the same crystal-
lization interval.

The analysis of the isothermal crystallization kinet-
ics of nucleated iPP via the application of the Göler-
Sachs treatment showed that in all cases, the value of
the exponent n was 4, independent of the type of NA
and the composition, as shown in Figure 2, where eq.
(2) was applied for 0.05% of the NA Millad 3988.

Nagarajan et al.21 recently described a value of n � 3
for iPP nucleated with 0.3% DBS for the isothermal
crystallization between 115 and 132°C, compared with
a value of n � 2.5 for pure iPP, which justified the
existence of a change in the mode of sporadic nucle-
ation in pure iPP to simultaneous in nucleated iPP,
when a spherical crystallization geometry is assumed.
The authors did not indicate the conditions of melt
temperature and residence time before the isothermal
crystallization and only pointed out that the residence
temperature was higher than 198°C and that auto-
nucleation phenomena in the PP could be ignored,
although evidence for this was not confirmed.

In this work, the analysis of the crystallization ki-
netics was undertaken by the determination of the
overall crystallization rate, with both stages of the
crystallization process considered, that is, nucleation

Figure 2 Göler-Sachs representation for the iPP/Millad 3988 (0.05%) system at the Tc’s indicated.
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and growth. In this manner, the global rate (G) could
be calculated as

G � ln(�i)�1 (3)

over the timescale necessary for the crystallization of
polymers, where G can be directly determined from
the time necessary to reach a preestablished degree of

crystalline transformation (i) denominated �i, and
from its variation with the Tc, for a predetermined
molecular weight.

The rate constant of the process (k) can be obtained
from the following expression:22

k � ln 2/(�0.5)n (4)

Figure 3 Evolution of �0,1 with the temperature of crystallization for (F) iPP and NAs (a) Millad 3988 at the following
concentrations: (E) 0.025%, (‚) 0.05%, (�) 0.3%, ({) 0.5%, and (�) 1% and (b) Geniset MD6001 at the following concentrations:
(E) 0.1%, (‚) 0.3%, and (�) 0.5%.
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where �0.5 is the time necessary to reach 50% of crys-
talline transformation and the values of the exponent
n are associated with each Tc.

G, compared with the values of the time necessary
to reach 10% of crystalline transformation �0.1 for each
Tc, was a function of the concentration of the NA, as
shown in Figure 3 for the NAs Millad 3988 and Gen-
iset MDG001. Our first observation of relevance was
the important increase in the range of Tc’s in which iPP
crystallized for a similar level of crystalline transfor-
mation, which led to a progressive reduction in this

parameter, that is, an increase in the crystallization rate
for each Tc as the concentration of the NA was increased.
However, in both cases, the experimental results ap-
peared to show a saturation of the nucleating effect for
compositions of 0.3%, above which the rates appeared to
level out. This saturation in the nucleating activity of
sorbitol derivatives, demonstrated by the constant crys-
tallization rate above a given concentration of NA, is
clearly illustrated in Figure 4 for Millad 3988.

Because the crystallization rates observed for iPP as
a function of the type and concentration of �-inducing

Figure 4 Evolution of �0,1 with the concentration of NA Millad 3988 at the Tc’s indicated.

Figure 5 Variation of the parameter T10
10 as a function of composition for (E) iPP, (‚) Millad 3988, and (�) Geniset MD6001.
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NAs were significant, we aimed to establish in a ra-
tional manner the different nucleating efficiencies of
each agent under isothermal crystallization condi-
tions. However, a common Tc interval was not avail-
able, so to contrast the values, a parameter character-
istic of rate and transformation was employed T10

10,
which represented the temperature of crystallization

in isothermal conditions at which a crystalline trans-
formation of 10% was reached in 10 min, obtained by
interpolation shown in Figure 3(a, b).

Figure 5 represents the variation of the parameter
T10

10 as a function of composition. As is evident from
this figure, a higher value of this parameter, that is, a
greater nucleating efficiency, was observed at compo-

Figure 6 Variation in log k with Tc under isothermal conditions as a function of the type and concentration of NA: (a)
comparison between (F) iPP, Millad 3988; (E) 0.025%, (‚) 0.05%, (�) 0.3%, ({) 0.5%, and (�) 1%; and Geniset MD6001 (Œ)
0.1%, (■) 0.3%; and (}) 0.5% and (b) Millad 3988 (‚) 0.05% and (�) 0.3%; Geniset MD6001 (Œ) 0.1% and (■) 0.3% with data
from the literature (E) NC4 0.1%, (}) DBS (EC1) 0.3%, ({) EC4 0.3%, and (F) NC4 0.3%. See refs. 9 and 23.
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sitions of NA around 0.2% or lower, which produced
a stabilization in the rate of crystalline conversion at
higher compositions.

When a comparative analysis was made as a func-
tion of the global rate constants, k determined from eq.
(4) [Fig. 6(a)], a number of significant points were
observed. First, when we compared the rate constants
observed for the same concentration of NA at different
temperatures (Table I) in all cases k was higher for
Millad 3988 than for its counterpart, Geniset MDG001.
Second, a dramatic increase in k took place at around
0.3% NA for both NA’s (Table II). Finally, although
iPP presented a k of around 10�5 for a Tc of 131°C in
the case of nucleated iPP, values of k of the same order
could be obtained at a much higher Tc of 144–145°C
for NA concentrations of 0.3% [Fig. 6(a)].

There is little kinetic data available in the case of
sorbitol derivatives, and as shown as an example in
Figure 6(b) our results for the behavior of the global
rate constant as a function of the crystallization rate
were compared with some values described in the
literature9,23 for three different sorbitol derivatives at
concentrations of 0.1 and 0.3 wt%. The results de-
scribed by Kim et al.24 in the nucleation of iPP with
p-Cl-p-methyldibenzylidine sorbitol (EC4) and bis(p-
ethylbenzylidine sorbitol) (NC4) showed saturation
effects in the nucleating activity at concentrations of
0.2–0.3% due to the fact that the number of effective
nuclei was reduced at higher concentrations because
of particle agglomeration.25

As shown in Table III, the influence of the compo-
sition of the sorbitol derivatives on the enthalpy asso-
ciated with the isothermal crystallization (�Hc) pro-
cess was very small, with a reduction in �Hc with
increasing Tc, which allowed us to conclude that the
nucleating action in this type of agent was very im-
portant with respect to the crystallization rate and not
the level of crystallinity developed.

Melting behavior after isothermal crystallization

In Figure 7, the melting endotherms for pure iPP
obtained by heating at 10°C min�1 after isothermal
crystallization from the melt at the temperatures indi-
cated are shown. This heating rate has been described
as the most adequate for avoiding reordering and
recrystallization processes during the heating cycle,
which can have a decisive influence on the nature of
the melting endotherm.26 In all cases, the melting en-
dotherms were very broad and began at temperatures
very close to the Tc, presenting a broad and poorly
defined shoulder at lower temperatures (Tm II) and a
well-defined maximum at higher temperatures (Tm I)
which both shifted to higher temperatures with in-
creasing Tc.

There is a large body of published research on the
melting behavior of iPP.27–31 Excluding the presence
of the trigonal (�) polymorphs,32,33 the existence of
multiple endotherms has been described as being due
to various phenomena, such as the existence of recrys-
tallization phenomena during the heating cycle after
the isothermal process,34,35 phase segregation and
fractionation during crystallization,36–38 or the exis-
tence of lamellar thickening due to the annealing pro-
cess.39–41 The existence of two monoclinic species as-
sociated with different crystalline morphologies,
folded chain and extended chain, has also been sug-
gested to explain the melting behavior,42–45 although
the formation from the melt at low undercooling of an
extended chain morphology is highly improbable.32

Other authors have attributed the double endotherm
to the existence of melting–recrystallization–melting
processes, excluding the possibility of the formation of
two different species during isothermal crystalliza-
tion,46 although later it was shown that the monoclinic
polymorph can exhibit different levels of disorder
with respect to the up–down positioning of the

TABLE I
Values of the Global Rate Constants k (min�n), for Nucleated iPP at Different Concentrations of NA and Tc’s

Temperature
(°C)

NA and concentration

0.3% 0.5%

Millad 3988 Geniset MDG001 Millad 3988 Geniset MDG001

138 4.4 � 10�2 1.5 � 10�2 5.3 � 10�2 2.1 � 10�2

148 4.9 � 10�7 8.3 � 10�8 5.7 � 10�5 2.9 � 10�5

TABLE II
Values of the Global Rate Constants k (min�n) for Nucleated iPP as a Function of Concentration

NA/Tc

NA concentration (%)

0.025 0.05 0.1 0.3 0.5

Geniset MDG001/137°C — — 2.5 � 10�8 3.6 � 10�2 7.1 � 10�2

Millad 3988/138°C 6.4 � 10�8 3.9 � 10�7 — 4.4 � 10�2 5.3 � 10�2
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polypropylene chains to such an extent that the dou-
ble endotherm may be considered a result of the melt-
ing of a monoclinic structure with a certain degree of
order and a crystallographic symmetry P21/c, and
another with a certain level of disorder, with crystal-
lographic symmetry C2/c, denominated �2 and �1,
respectively.47,48

Other authors have suggested that the crystals that
melt at higher temperatures originate during the pro-
cess of primary crystallization, whereas the crystals
that grow in the interfibrillar regions during the sec-
ondary crystallization process melt at lower tempera-
tures.49 Recently, the melting of tangential, or cross-
hatched, lamellae has been proposed for the endother-
mic behavior at lower temperatures the higher
temperature peak being associated with the melting of
radial lamellae and reorganized tangential lamellae.50

Very recently, Zhu et al.,51 in isothermal crystalliza-
tion studies with DSC and wide- and small-angle X-
ray diffraction, suggested that in the interval of Tc

	 117°C, the lamellae formed are imperfect and can
undergo melting–recrystallization–melting processes
during the heating process, which lead to the forma-
tion of double endotherms. On the contrary, for Tc


 136°C, two families of lamellae were formed, which
directly generated the melting behavior observed. At
intermediate Tc’s, the authors justified the formation
of a unique family of lamellae with a relatively narrow

thickness distribution, which gave rise to a unique
melting peak.

The crystallization interval for iPP used in this work
was 127–133°C, and evidently, as shown in Figure 7,
the heterogeneity in the melting endotherms did not
appear to confirm the formation of a unique family of
lamellae with a narrow thickness distribution, thus
disagreeing with the suggestion of Zhu et al.51 On the
contrary, fundamentally due to the shift to higher
temperatures observed for both the TmII and the well-
defined maximum, TmI with increasing Tc, it seems
more reasonable to associate the melting behavior to
the existence of melting–recrystallization–melting
phenomena. In other words, the broad shoulder ob-
served at lower temperatures corresponded with the
crystals generated under isothermal conditions and
shifted to higher temperatures with Tc, that is,
whereas still being imperfect crystals, their degree of
imperfection was progressively less because TmII in-
creased. When recrystallization took place, even at a
heating rate of 10°C min�1, the crystals that were then
generated were formed at higher Tc’s, and conse-
quently, TmI also progressively increased. If the family
of crystals that gave rise to TmI were formed exclu-
sively due to crystalline segregation during the iso-
thermal crystallization process, the crystallites formed
from the recrystallization phenomenon after the melt-
ing of the family associated with TmII would give rise

TABLE III
Values of �Hc (Jg�1) as a Function of the Tc and the Type and Concentration of NA

Tc (°C) iPP

iPP/Millad 3988 iPP/Geniset MDG001

0.025% 0.05% 0.3% 0.5% 1% 0.1% 0.3% 0.5%

126 — 92.9 — — — — — — —
127 87.4 93.8 — — — — — — —
128 87.6 93.5 92.8 — — — — — —
129 88.1 92.5 93.6 — — — — — —
130 87.4 92.7 93.1 — — — 93.9 — —
131 86.9 91.9 92.9 — — — 94.0 — —
132 85.9 — 93.7 — — — 93.2 — —
133 86.4 92.6 92.8 — — — 93.4 — —
134 85.3 93.0 92.5 — — — 92.7 — —
135 — 92.3 91.8 — — — 93.6 — —
136 — 91.6 91.6 — — — — — —
137 — 91.4 90.9 — — — 92.7 96.8 94.5
138 — 90.7 91.5 93.9 93.8 — — 95.8 95.2
139 — 90.0 92.3 94.9 94.2 92.7 — 96.5 94.2
140 — 91.2 90.5 94.3 92.9 93.3 — — 95.6
141 — 90.5 89.6 95.3 93.5 92.7 — 94.9 95.6
142 — — 90.3 94.2 92.6 91.5 — 95.1 95.2
143 — — — 93.8 93.7 92.4 — 94.0 94.2
144 — — — 94.2 93.5 91.6 — 94.3 93.6
145 — — — 93.6 92.7 92.7 — 92.9 92.4
146 — — — 94.1 94.6 91.4 — 92.3
147 — — — 92.8 93.3 92.3 — 91.0
148 — — — 93.1 93.8 92.4 — 91.4
149 — 92.9 91.4 — 90.8
150 — 91.7 90.8 — 90.4
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to a third melting peak, above that of TmI because they
would have been developed at a higher Tc.

One of the most used extrapolation methods52–57 for
the determination of the Tm in conditions of thermo-
dynamic equilibrium is based on the implicit relation-
ship between the crystal size and the Tm proposed by
Gibbs58 and Thomson:59

Tm � Tm
0 �1 � �2�ec/	 �Hm�� (5)

where Tm
0 is the equilibrium melting temperature, �ec

is the interfacial free energy associated with the basal
face of the crystallite and 	 is the crystal size. In this
expression, it is assumed that the lateral dimensions of

the lamellar crystallite are much greater than its thick-
ness and do not depend on the nature of the interfacial
structure.60 At low levels of crystallinity, the size of
the crystallite can be considered to be practically iden-
tical to the critical nucleus size, and by the establish-
ment of a specific crystalline nucleation process where
the free energy of melting is independent of the level
of crystallinity, one can consider the relation between
Tm and Tc given by the following expression:61

Tm � Tm
0 �1 � ��/2m�� 
 ��/2m�Tc (6)

where � � �ec/�en and m � 	/	�; �ec and �en are the
basal interfacial free energies of the mature crystallite

Figure 7 (a) Melting thermograms for pure iPP recorded at a heating rate of 10°C min�1 after isothermal crystallization at
the temperatures indicated and (b) the corresponding variation in the Tm’s TmI and TmII as a function of the Tc.
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and the nucleus, respectively; and 	 and 	� are the size
of the crystal and the size of the critical nucleus. For
values of � � 1 and m � 1, an extrapolation can be
made to the straight line Tm � Tc with a slope of 0.5
because the previous expression becomes

Tm � �1/2��Tm
0 
 Tc� (7)

The representation of the apparent Tm corresponding
to a crystal developed at a particular Tc, for low levels
of crystallinity, can be interpreted in terms of the type
of nucleation involved and of the relationship that
exists between the dimensions of the crystallite that
melts and the dimensions of the crystalline nucleus
from which it was developed.

The representation of the values of both TmI and
TmII showed a linear variation with the Tc [Fig. 7(b)]

with slopes of 0.45 and 0.65, respectively. These values
were very close to the theoretical value of 0.5, al-
though the larger slope of 0.65 associated with the
behavior of the lower temperature shoulder seemed to
show the influence of heating on the family of more
imperfect and/or smaller crystals, without doubt
through the crystalline reorganization process previ-
ously mentioned,62 although a process of lamellar
thickening through annealing in polypropylene is
more difficult when there is a higher number of de-
fects in the stereoregularity and/or a greater the mo-
lecular weight.49

The extrapolation of both variations to the line corre-
sponding with Tm � Tc led to a value of 198°C in both
cases, which could be considered the Tm

0 for this system.
Many values have been reported in the literature for

the Tm
0 of polypropylene, and these vary between 174

Figure 8 Melting thermograms for iPP/Millad 3988 at concentrations of (a) 0.05 % and (b) 0.5%, recorded at a heating rate
of 10°C min�1 after isothermal crystallization at the temperatures indicated.
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and 220°C,63–65 the origin of this large range being due
to differences in molecular weight, microstructure,
and thermal history. Although it is not the objective of
this article to enter into a detailed discussion in this
regard, it is convenient to point out some relevant
features here. It is well known that one of the most
important factors among those that affect the value of
Tm

0 in iPP is the stereoregularity, although widely dif-
fering values have been described. Thus, for a sample
of PP with 95.8% of isotactic pentads, an extrapolated
value of Tm

0 � 185°C has been reported,49 whereas for
another sample with 95% isotactic triads a value of
207°C was given, although the real extrapolation did

not give values higher than 197°C.62 Factors such as
the thermal history of the melt, crystallization interval,
and heating rate, along with the molecular weight and
molecular weight distribution, can condition and jus-
tify the existence of such large discrepancies.66

The melting behavior after isothermal crystallization
of iPP depended on the type of NA and its composition.
In the case of the agents Millad 3988 and Geniset, the
phenomenon of double endotherms was also present,
which was more noticeable at lower the concentrations
of NA and higher Tc’s, as shown in Figure 8.

As previously mentioned, the isothermal crystalli-
zation of iPP in the presence of NAs that induced the

Figure 9 Variation of Tm’s (a) TmI and (b) TmII for all the monoclinic series with Tc after crystallization under isothermal
conditions; (F) iPP; Millad 3988 (E) 0.025%, (‚) 0.05%, (�) 0.3%, ({) 0.5%, and (�) 1%; and Geniset MD6001 (Œ) 0.1%, (■)
0.3%, and (}) 0.5%.
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monoclinic polymorph used in this study, occurred in
the majority of cases at crystallization temperatures
above 136°C. Zhu et al.51 recently showed that a sam-
ple crystallized above 136°C presented a bimodal dis-
tribution in their small-angle X-ray scattering dia-
grams, indicating the existence of two lamellar fami-
lies of different thickness. In agreement with the
results obtained by Norton and Keller,67 the family of
greater thickness corresponded to radial lamellae,
which grew more quickly at higher temperatures68

than the thinner tangential lamellae. It has also been
reported that the birefringence of the monoclinic
spherulites increases with temperature during the
heating process, until the high temperature endo-
therm is reached, which supports the idea of melting
of the tangential lamellae before that of the radial
lamellae.69 In our case, the crystallization rate of iPP in
the presence of 0.5% Millad 3988 is much higher than
that for 0.05% NA, resulting in a much larger popula-
tion of radial lamellae. Thus, the effect on the appear-
ance of the double endotherms is much more impor-
tant in the case of the lower NA concentration, where
the population of the tangential lamellae is larger.

When the data corresponding to the relation Tm

versus Tc for the whole series were collated, it was
confirmed that in the case of TmI, the extrapolation of
this family of results with very little dispersion led to
a global value of Tm

0 � 198°C, with a slope almost
equal to 0.46, Figure 9(a), and showed no evidence for
any influence of the type of NA or the composition,
except that of the expected increase in the Tm with the
Tc. In the case of TmII [Fig. 9(b)], the relation Tm versus
Tc also seemed to be unaffected by the nature of the
NA, but was influenced by the composition at low
concentrations of agent, which was especially notable
for Millad 3988. The corresponding global extrapola-
tion also led to values of Tm

0 of approximately 198°C
but with a variation in the gradient between 0.65 and
0.5. These results are in agreement with those of Chen
and Xu,70 which point toward the influence of the NA
on the crystallization rate but not on the Tm in ther-
modynamic equilibrium.

CONCLUSIONS

The crystallization kinetics of iPP and two �-nucleated
iPP systems based on sorbitol derivatives were ana-
lyzed in isothermal conditions as a function of the
concentration of NA. As one might expect, the incor-
poration of these agents led to an important increase
in the isothermal Tc of iPP, along with a reduction in
the crystallization interval and an increase in the crys-
tallization rate with increasing NA content. Compara-
ble values of the global rate constant for iPP were
achieved at significantly higher temperatures with
these nucleated systems. The dramatic increase in all
the kinetic parameters observed in the nucleated ma-

terials occurred at around 0.3% NA, above which the
effect saturated. With respect to melting, the appear-
ance of double endotherms in the nucleated systems
was analogous to the case for iPP and seemed to
originate from melting–recrystallization–melting phe-
nomena. No difference was observed in the Tm

0 be-
tween iPP and the nucleated systems.

The authors thank M. A. López Galán at the Instituto de
Ciencia y Tecnologı́a de Polı́meros for her collaboration.
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5. Thierry, A.; Straupé, C.; Lotz, B.; Wittmann, J. C. Polym Com-
mun 1990, 31, 299.

6. Quan, Z.; Yongxi, S.; Hongpeng, W. J Polym Mater 1992, 9, 59.
7. Thierry, B.; Fillon, C.; Strampi, B.; Lotz, A.; Wittmann, J. C. Prog

Colloid Polym Sci 1992, 87, 28.
8. Fillon, B.; Lotz, B., Thierry, A.; Wittmann, J. C. J Polym Sci Part

B: Polym Phys 1993, 31, 1395.
9. Kim, C. Y.; Kim, Y. C.; Kim, S. C. Polym Eng Sci 1993, 33, 1445.

10. Shephard, T. A.; Delsorbo, C. R.; Louth, R. M.; Walborn, J. L.;
Norman, D. A.; Harvey, N. G.; Spontak, R. J. J Polym Sci Part B:
Polym Phys 1997, 35, 2617.

11. Bauer, T.; Thomann, R.; Mülhaupt, R. Macromolecules 1998, 31,
7651.

12. Millner, O.; Titus, G. Chem Des Automation News 1990, 5, 10.
13. Smith, T. L.; Masilamani, D.; Bui, L. K.; Brambilla, R.; Khanna,

Y. P.; Gabriel, A. J Appl Polym Sci 1999, 52, 591.
14. Smith, T. L.; Masilamani, D.; Bui, L. K.; Khanna, Y. P.; Bray,

R. G.; Hammond, W. B.; Curran, S.; Belles, J. J.; Binder-Castelli,
S. Macromolecules 1994, 27, 3147.

15. Anonymous., Plast Addit Compd 2000, 3(3), 30.
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53. Marco Rocha, C.; Gómez Fatou, J. M.; Bello Antón, A.; Blanco

Magadán, A. Makromol Chem 1980, 181, 1357.
54. Bello Antón, A.; Lazcano Ureña, S.; Marco Rocha, C.; Gómez
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