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ABSTRACT: A new method to determine the correct Gibbs-Thomson plot and equilibrium melting
temperature (Tm

0) of polymers was proposed. The Gibbs-Thomson plot method is reliable, because the
Gibbs-Thomson equation is directly derived from thermodynamical relations. In this method, the heating
rate dependence of melting temperature (Tm) was omitted by applying the theory of the “melting kinetics”,
and the effect of lamellar thickening on Tm was also omitted by observing thick lamellae. A differential
scanning calorimeter (DSC) was used for observation of Tm as a conventional method. Transmission
electron microscope (TEM) was used to observe a distribution of lamellar thickness (l). It was shown
theoretically that peak temperature of melting endotherm (Tm(DSC)) corresponded to averaged reciprocal
l (〈l-1〉) for the case of sharp distributions of Tm and l-1. The Gibbs-Thomson plot, Tm (DSC) vs 〈l-1〉, was
carried out. A reliable Gibbs-Thomson plot and Tm

0 ) 186.2 °C were obtained for a fraction of isotactic
polypropylene (iPP) with high tacticity ([mmmm] ) 99.6%, Mn ) 64 × 103 and Mw/Mn ) 2.4). It was
shown that DSC double melting endotherm corresponded to the number-distribution of l-1, when lamellar
thickening did not occur.

1. Introduction
The equilibrium melting temperature (Tm

0) is one of
the most important basic physical quantities of polymer
materials. Tm

0 is also important in study of crystalliza-
tion mechanism, because crystallization phenomenon,
such as lateral growth rate and nucleation rate, is
controlled by the degree of supercooling (∆T), which is
defined by ∆T ≡ Tm

0 - Tc, where Tc is crystallization
temperature. Determination of Tm

0 has been carried out
applying several approaches for long time. 1-13 However,
reliable Tm

0s have not been obtained in many polymers
yet due to some difficult problems shown below. There-
fore, determination of Tm

0 is one of the most important
unsolved problems in polymer science.

1.1. Equilibrium Melting Temperature of Poly-
mers. Polymers usually form lamellar crystals. The
lamellar thickness (l) of folded chain crystal (FCC) is
on the order of several or tens of nanometers and that
of extended chain crystal (ECC) reaches to several
hundreds of nanometers or a few micrometers.14-18

Tm
0 is defined as a melting temperature (Tm) of ideal

crystal that has infinite crystal size. Two methods are
well-known for the determination of Tm

0 of polymers.
One is the Gibbs-Thomson plot method, and another
is the Hoffman-Weeks plot method.1,11

When we assume a lamellar crystal with lateral sizes
a and b and thickness l, the melting temperature (Tm)
of lamellar crystal with l (Tm(l)) is given by the Gibbs-
Thomson equation

where σ is the surface free energy, σe is the end surface

free energy, and ∆h is the heat of fusion.1 l of ECC of
polyethylene (PE) is a few micrometers and a and b are
much larger than a few tens of micrometers.19 Thus, a
and b are larger than l in the case of a lamellar crystal.
Therefore, eq 1a is approximated by

The Gibbs-Thomson equation is directly derived from
thermodynamical relations, considering the excess free
energy by the end surfaces. Therefore, the Gibbs-
Thomson equation is correct and reliable. Tm(l) de-
creases with decrease of l, and so it is a few tens of
degrees or several tens of degrees lower than Tm

0 for
fcc. Equation 1b shows a linear relationship between
Tm(l) and l-1, which is called the Gibbs-Thomson plot.
Tm

0 is given by the intercept of Tm(l) at l-1 ) 0

For example, the Gibbs-Thomson plot has been ob-
tained for fcc and ECC of linear polyethylene (PE).1,20

In this paper, the Gibbs-Thomson plot method will be
applied.

The Hoffman-Weeks plot method is widely used to
estimate Tm

0.2,6,9-11 However, this method is not always
reliable. In the succeeding paper (part 2), it will be
shown that the Hoffman-Weeks plot is correct under l
∝ 1/∆T.21

1.2. Problems in the Gibbs)Thomson Plot of
Polymers. I. Effects of “Melting Kinetics” and
Lamellar Thickening. It is important to obtain the
correct Tm(l) to carry out the reliable Gibbs-Thomson
plot. It is well-known that observed Tm (Tm(obs)) of
polymer crystals is apparently affected by heating rate
(â).22-27 Tm(obs) increases with increase of â, when
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lamellar thickening and melt-recrystallization do not
occur on heating. The â dependence of Tm(obs) is related
to the “melting kinetics”, which we proposed as a
possible nucleation mechanism of melting in polymer
crystallites.25,26

Tm(obs) is also affected by lamellar thickening.28-30

Tm(obs) increases when lamellae thicken on heating.
This effect is much more significant for thin lamellae
crystallized at lower Tc.

Thus, it is important to omit the two effects of the
“melting kinetics” and lamellar thickening from Tm(obs).
However, they were not fully omitted in Tm determina-
tion in past many studies. In this study, they will be
omitted from Tm(obs) in order to obtain correct Tm.

1.3. Problems in the Gibbs)Thomson Plot of
Polymers. II. Effect of Distribution of Lamellar
Thickness. It is well-known that l of polymer crystals
shows distribution.31 Accordingly, Tm also shows distri-
bution. In this paper, the number-distribution function
of lamella with l is denoted by f(l). The correspondence
between f(l) and distribution of Tm in the Gibbs-
Thomson plot is schematically shown in Figure 1. The
upper horizontal axis indicates l. The maximum l (lmax),
averaged one (〈l〉) and the minimum one (lmin) cor-
respond to the maximum Tm (Tm,max), peak of Tm
(Tm,peak) and the minimum Tm (Tm,min), as indicated by
A, B, and C, respectively.

The f(l) is directly obtained by means of transmission
electron microscope (TEM), while small-angle X-ray
scattering gives a kind of 〈l〉 and does not give the f(l).
Therefore, TEM is the most reliable method for observa-
tion of l. In this study, TEM will be used for observation
of l.

Differential scanning calorimeter (DSC) is a conve-
nient method to determine Tm. DSC curve shows distri-
bution of Tm. Tm,peak is defined as Tm(DSC) in this paper.
In the case of sharp DSC profile, Tm(DSC) is nearly
equal to averaged Tm (〈Tm〉). Therefore, Tm(DSC) should
correspond to 〈l-1〉. Equation 1b is approximated by

In this paper, eq 3 will be used. It will be shown how to
obtain 〈l-1〉 by using f(l) in section 3.

Zhou and Wilkes corresponded mass-based distribu-
tion of l to DSC curve by using PE.31 To our knowledge,
no attempt about thus correspondence was made for
other polymers. However, they assumed Tm

0 in order
to obtain mass-based distribution of l. Therefore, their
method cannot be applied for determination of Tm

0.
1.4. Tm

0 of the r2′ Form of Isotactic Polypropy-
lene. Isotactic polypropylene (iPP) is one of the most
important polymer materials for commercial applica-
tion. IPP is also regarded as a typical model of stereo-
regular polymers. Stereodefects along a molecular chain
affect on crystallization and melting behavior. There-
fore, stereoregularity should be as high as possible for
determination of Tm

0. IPP fraction with high tacticity
(the pentad fraction, [mmmm] ) 99.6%) was used in this
study.

The R form is conventional for iPP and classified into
R1 and R2 form.32-35 R2 form is observed for high
tacticity sample. Recently, we found a new phase, the
R2′ phase, at high temperature.36,37 The R2-R2′ transi-
tion reversibly occurs at the transition temperature
(TR2-R2′),

In this paper, it will be shown that Tm of samples
crystallized at Tc g 130 °C is higher than 160 °C which
is higher than TR2-R2′. Therefore, Tm and Tm

0 can be
regarded as those of the R2′ crystal, which is denoted
as Tm,R2′ and Tm,R2′

0, respectively.
Tm

0s of iPP obtained by applying the Gibbs-Thomson
plot method are shown in Table 1.2,3,10 The variation of
reported values was several degrees for samples with
similar molecular weight and tacticity. However, there
were critical problems that effects of the “melting
kinetics” and lamellar thickening were not omitted from
Tm(obs) in past studies. Purpose of this paper is to
obtain Tm,R2′

0 of iPP.
1.5. Multiple Melting Endotherm of Isotactic

Polypropylene in DSC. DSC multiple melting endo-
therm was studied for long time.6,9,38-46 It is caused by
melt-recrystallization, multiple peaks of f(l), and so on.
When Tc is high enough, melt-recrystallization does not
occur on heating. Therefore, isothermal crystallization
will be carried out at Tc g148 °C in this study. It will
be shown that multiple melting behavior can be ex-
plained by multiple peaks in f(l).

1.6. Purpose of This Study. The purpose of this
study is to establish a method to determine the correct
Tm

0 of polymers. Effect of the “melting kinetics” will be
omitted from Tm(obs) by applying theory proposed by
Toda et al. Effect of lamellar thickening on Tm(obs) will
be also omitted by using values of thick lamellae. DSC
and TEM will be used to observe Tm and l, respectively.
The Gibbs-Thomson plot, Tm(DSC) vs 〈l-1〉, will be
carried out by using well fractioned iPP with high
tacticity.

2. How to Obtain the Correct Tm by Omitting
Effects of the “Melting Kinetics” and Lamellar
Thickening on Tm. (Theory)

2.1. Effect of the “Melting Kinetics” on Tm.
Recently, Toda et al. proposed a theory of the “melting
kinetics”.25,26 The “melting kinetics” is a concept that
the melting should be controlled by diffusion or nucle-

Figure 1. Correspondence between distributions of melting
temperature (Tm) and lamellar thickness (l) in the Gibbs-
Thomson plot.

Tm(DSC) ) Tm
0 - C〈l-1〉 (3)

TR2-R2′ ) 159 °C (Mn ) 64 × 103) (4)
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ation kinetics. They formulated the â dependence of Tm

where Tm(â) is Tm observed at â, Tm(0) is Tm(â) observed
at â ) 0 K/min, δTm(mk) indicates an increase of Tm
due to the “melting kinetics” and p and z are con-
stants.25,26 δTm(mk) is illustrated in Figure 2. Tm(obs)
is higher than Tm(0) by δTm(mk) as indicated by A in
Figure 2. The “melting kinetics” can be omitted by

2.2. Effect of Lamellar Thickening on Tm. Fischer
et al. and Geil et al. showed that lamellar thickening
occurs at high temperature.44,45 l increased linearly with
increase of logarithm of annealing or crystallization time
(t) at a constant temperature as shown,

where l* is l of a critical nucleus and W is thickening
rate. The increase of Tm(obs) due to lamellar thickening
is denoted as δTm(lth) in this paper.

The effect of lamellar thickening on Tm(obs) in the
Gibbs-Thomson plot is illustrated in Figure 3. The
upper axis indicates l. When l increases from l to l + δl
on heating, the decrease in l-1 (δ(l-1)) is given by

Here, l . δl is assumed. It is obvious that δ(l-1) of thick
lamellae (A in Figure 3) is much smaller than that of
thin lamellae (B). Therefore, δTm(lth) of A is too small
and can be negligible. l should be large enough to omit
δTm(lth) from Tm(obs). It will be shown that thick
lamellae are obtained by isothermal crystallization at

high Tc. In this case, l is regarded as a constant on
heating,

2.3. Combined Effects of “Melting Kinetics” and
Lamellar Thickening on Tm. The combined effects of
the “melting kinetics” and lamellar thickening on Tm
are illustrated in Figure 4a. Changes of Tm(obs) due to
δTm(mk) and δTm(lth) are indicated by broken and
dotted lines, respectively.

The correct Gibbs-Thomson plot, Tm(0) vs l-1, is
shown by a thick line in Figure 4b. In the case of
thick lamellae, lamellar thickening does not occur; i.e.,
δTm(lth) = 0. For this case, Tm increases from A0 to
Tm(obs) due to the “melting kinetics”. In the case of thin
lamellae, Tm increases from B0 to B1 and in addition
from B1 to Tm(obs) due to the “melting kinetics” and
lamellar thickening, respectively.

The smallest l, in which lamellae thickening does not
occur, is denoted as l+. Tm(obs) is given by

To obtain correct Tm(0), l should be larger than l+. In
this study, lamellar thickening will be omitted by
observing thick lamellae with l > l+ ) 15 nm.

Table 1. Tm
0 of IPP Estimated by Gibbs-Thomson Plots in the Literature

method

author(s) Tm
0, °C Tm l sample

Mezghani and Phillips10 186.1 optical microscope SAXS 〈l〉 isotacticity > 99%, Mn ) 50 × 103, Mw )
151 × 103, Mz ) 287 × 103

Cheng et al.2 184.4 DSC, onset SAXS 〈l〉 [mmmm] ) 98.8%, Mw ) 202 × 103, Mw/Mn ) 2.6
183.2 DSC, onset SAXS 〈l〉 [mmmm] ) 97.8%, Mw ) 159 × 103, Mw/Mn ) 2.3
180.5 DSC, onset SAXS 〈l〉 [mmmm] ) 95.3%, Mw ) 189 × 103, Mw/Mn ) 3.0

Cheng et al.3 180.7 DSC, onset SAXS 〈l〉 tacticity >99%, Mn ) 15 × 103, Mw/Mn ) 1.7
185.0 DSC, onset SAXS 〈l〉 tacticity >99%, Mn ) 300 × 103, Mw/Mn ) 2.0

Figure 2. Schematical illustration of effect of “melting
kinetics” on Tm. “A” indicates correct Tm at â ) 0 K/min
(Tm(0)). On heating, the observed Tm (Tm(obs)) linearly in-
creased with increase of âz.

Figure 3. Schematical illustration of effect of lamellar
thickening on the Gibbs-Thomson plot. Increases of l and Tm
due to lamellar thickening are indicated by δl and δTm(lth),
respectively. δl -1 of the thick lamella (A) is larger than that
of the thin lamella (B). Therefore, the δTm(lth) of thick lamella
is smaller than that of thin lamella.

Tm(obs) ) Tm(â) ) Tm(0) + δTm(mk) ) Tm(0) + pâz

(5)

Tm(0) ) lim
âf0

Tm(â) (6)

l ) l* + W log t (7)

δ(l-1) ) 1
l

- 1
l + δl

= δl
l2

(8)

l ) constant: on heating, T < Tm (9)

Tm(obs) ) Tm(0) + δTm(mk) for l > l+ (10a)

Tm(obs) ) Tm(0)+δTm(lth) + δTm(mk) for l e l+

(10b)
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3. Formulation of 〈l-1〉 (Theory)
The averaged l-1 (〈l-1〉) approximately corresponds to

Tm(DSC) for sharp distributions in l-1 and Tm. To
determine Tm

0 by applying the Gibbs-Thomson plot,
〈l-1〉 should be obtained by using the number-distribu-
tion of l (f(l)). In this section, 〈l-1〉 will be formulated by
theoretical consideration.

3.1. Number-Distribution Function of l (f(l)) and
Endothermic Distribution of Tm (δH(Tm)). The f(l)
is directly obtained by means of TEM (Figure 5). The
DSC curve gives the endothermic distribution function
of Tm (δH(Tm)) and Tm(DSC) (Figure 6).

3.2. Endothermic Distribution of l-1 (δH(l-1))
and Averaged l-1 (〈l-1〉). As is mentioned in section
1.5, melt-recrystallization does not occur when Tc is high

enough. In this case, Tm directly corresponds to l-1.
Therefore, δH(Tm) can be rewritten by the endothermic
distribution function of l-1 (δH(l-1)) as shown in Figure
6. 〈l-1〉 is defined by

The enthalpy of fusion (∆H) given by the integral of
δH(Tm) is equal to that given by the integral of δH(l-1)

3.3. Endothermic Distribution Function of l (δHl-
(l)). We consider a model of lamellae as shown in Figure
7. a and b are lengths of the end surface. The volume-
distribution function of l (Φ(l)) is given by

When the area of the end surface ab is constant for
lamellae with different l, Φ(l) is represented by

When lamellae with Φ(l) melt, the endothermic
distribution of l (δHl(l)) should be in proportion to Φ(l)
(Figure 8),

Figure 4. (a) Combined effects of “melting kinetics” and
lamellar thickening on Tm. (b) Correction of Tm by omitting
the effects of “melting kinetics” and lamellar thickening. l+

indicates the minimum l where lamellar thickening does not
occur. In the case of l > l+, observed Tm (Tm(obs)) is affected
by only “melting kinetics”. Tm(obs) is higher than correct
Tm(0) due to δTm(mk) (A0). For another case of l e l+, Tm(obs)
increases due to the “melting kinetics” (δTm(mk), B0 to B1)
and lamellar thickening (δTm(lth), B1 to B2).

Figure 5. Number-distribution of l (f(l)).

Figure 6. Relation between endothermic distribution function
of l-1 (δH(l-1)) and that of Tm (δH(Tm)). δH(l-1) corresponds to
δH(Tm), because l-1 directly corresponds to Tm in the Gibbs-
Thomson equation. Peak of DSC melting endotherm (Tm(DSC))
nearly corresponds to 〈l-1〉, when DSC curve is rather sharp.

〈l-1〉 ≡
∫l-1δH(l-1) d(l-1)

∫δH(l-1) d(l-1)
(11)

∆H ) ∫0

∞
δH(Tm) dTm ) ∫0

∞
δH(l-1) d(l-1) (12)

Φ(l))ablf(l) (13)

Φ(l) ∝ lf(l) (14)

δHl(l) ∝ Φ(l) (15)
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The combination of eqs 14 and 15 gives

∆H is given by the integral of δHl(l),

3.4. Relation between δH(l-1) and δHl(l). To
formulate δH(l-1) by using f(l), it is necessary to obtain
the relation between δH(l-1) and δHl(l). ∆H given by
eq 12 should be equal to that given by eq 17

Insertion of eqs 15 and 16 into eq 18 gives

Here, d(l-1) ) - l-2dl is used. When δH(l-1) and f(l)
are rather sharp, δH(l-1) is approximated by

3.5. Formula of 〈l-1〉. Insertion of eq 20 into eq 11
gives the final formula of 〈l-1〉 as a function of f(l),

Meanwhile, the averaged l (〈l〉) is defined by

Figure 7. Model of a lamella. The area of end surface, i.e., a
and b, does not depend on l.

Figure 8. Volume distribution of l (Φ(l)), which is proportion
to lf(l). Φ(l) is also proportion to endothermic distribution of l
(δHl(l)).

Figure 9. Schematic illustration of the sample assembly.

δHl(l) ∝ lf(l) (16)

∆H ) ∫0

∞
δHl(l) dl (17)

∆H ) ∫0

∞
δH(l-1) d(l-1) ) ∫0

∞
δHl(l) dl (18)

∫0

∞ δH(l-1)

l2
dl ∝ ∫0

∞
lf(l) dl (19)

Figure 10. Typical GPC curves of samples before and after
crystallization at 160 °C for 1 month.

Figure 11. DSC melting curves of samples crystallized at
indicated Tcs at heating rate (â) of 5 K/min. Tm,onset, Tm,R2′(II),
and Tm,R2′(I) are indicated. The R2-R2′ transition temperature
(TR2-R2′) is shown by broken line. At Tc e TR2-R2′ ) 159 °C, iPP
crystallizes into R2 form. At Tc > TR2-R2′ ) 159°C, iPP
crystallizes into R2′ form.

δH(l-1) ∝ l3f(l) (20)

<l-1> ≡
∫f(l) dl

∫lf(l) dl
(21)

〈l〉 ≡
∫lf(l) dl

∫f(l) dl
(22)
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Therefore, we have a simple relation

4. Experimental Section

4.1. Sample. An iPP fraction with high tacticity was used
in this study. iPP polymerized by MgCl2-supported catalyst
was fractionated by means of the temperature rising elution
fractionation method. Molecular weight and molecular weight
distribution were measured by means of gel permeation
chromatography (GPC), on a Waters 150C, and isotacticity was
estimated by 13C nuclear magnetic resonance (NMR) measure-
ments. The obtained characteristics of the iPP fraction were
Mn ) 64 × 103, Mw ) 152 × 103, Mw/Mn ) 2.4, and [mmmm]
) 99.6%. The number of stereodefects was estimated as 1 or
2 per molecule, and a head-to-head sequence was not detected.

4.2. Isothermal Crystallization. Samples were placed
between two slide glasses with Cu spacer of 100 µm in
thickness within a vacuum glass tube (Figure 9). Samples were
melted completely in an oil bath at 220 °C for 10 min and then
quickly transferred to another oil bath set to the desired Tc.
To obtain thick lamellae, isothermal crystallizations were
carried out at higher Tc in comparison with literature for
sufficient time to solidify completely, i.e., 148 °C for 18 h, 153
°C for 72 h, 157 °C for 168 h, 160 °C for 672 h, 162 °C for 1464
h, 164 °C for 3660 h, and 166 °C for 4392 h. Tc ) 130 °C for 1
h and 140 °C for 3 h were also applied in order to confirm the
effect of lamellar thickening on Tm. After crystallization,
samples were taken out from the oil bath and cooled at room
temperature.

4.3. Differential scanning calorimetry. Melting behavior
was observed by using a Perkin-Elmer DSC7 under nitrogen
flow, 20 mL/min. A small amount of sample, 0.1-2 mg, was
cut from the crystallized specimen for DSC measurement. â
was changed between 0.2 K/min and 80 K/min.

To discuss the true dependence of melting peak temperature
on heating rate (â), we have to evaluate apparent shift due to

Figure 12. Tm,onset, Tm,R2′(II), and Tm,R2′(I) at â ) 5 K/min were
plotted against Tc. Tc ) TR2-R2′ was indicated by a broken line.
Open symbols and filled ones show Tm of samples crystallized
into R2 and R2′ phases, respectively.

Figure 13. DSC curves at indicated heating rates (â) of samples crystallized at (a) Tc ) 130 °C and (b) Tc ) 164 °C.

〈l-1〉 ≡ 〈l〉-1 (23)
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instrumental delay by the thermal contact between sample
pan and the monitoring station of sample temperature. The
conventional method to calibrate the â dependence has been
done with the onset temperature of melting of a standard
material such as indium. However, it is known that the
apparent shift of the peak temperature in the melting region
of polymer crystals depends on the peak height and the slope,46

and hence, the shift cannot be fully calibrated by the conven-
tional method. With a DSC of power compensation type, a

calibration method has been proposed with the application of
a Laplace transformation, but the procedure is quite compli-
cated27 because the DSC of power compensation type adjusts
the output of a heater placed close to the sample to control
the temperature at the monitoring station under the influence
of the feedback of sample temperature especially on transition.
Therefore, in the present paper, we apply the conventional
method as a rough estimate of the apparent shift. The proper
calibration method with DSC of heat flux type will be discussed
in a separate paper.26

4.4. Transmission Electron Microscopy. The lamellar
morphology of the ultrathin section was observed by using
TEM, HITACHI H-800. Histograms of l and f(l) were obtained
from several TEM micrographs different in view. Details of
the procedure will be described in part 2 of this series.

5. Results

5.1. Oxidation. A typical example for GPC curves
obtained on the samples before and after isothermal
crystallization at Tc ) 160 °C for 672 h was shown in
Figure 10. When crystallization was carried out within
a vacuum, molecular weight and its distribution did not
change between before and after crystallization. It was
concluded that oxidation had not occurred in the ranges
of crystallization temperature and time of this study.

5.2. DSC Curves. DSC melting curves of specimens
crystallized at Tc ) 148-166 °C measured at â ) 5
K/min are shown in Figure 11. The baseline was
indicated by a broken line. Onset temperature (Tm,onset)
is several degrees higher than Tc. All Tm(DSC)s were
higher than 168 °C. At such high temperatures, the
induction time of nucleation was longer than a few
months. Therefore, so-called melt-recrystallization can-

Figure 14. Tm,R2′(I)s were plotted against â for samples
crystallized at indicated Tc. Tc* ()147 °C) showed the lowest
Tc where lamellar thickening does not occur.

Figure 15. (a) Tm,R2′(I)s were plotted against â0.2 for samples crystallized at different Tcs. Tm,R2′(I)s at â ) 0 K/min (Tm,R2′(0)) were
indicated. The broken line indicated the breaking point from linear dependence to the nonlinear one, which was denoted by
âb. At â e âb, lamellae thickening occurred for sample crystallized at Tc e 147 °C. Increases of Tm,R2′(I) due to the “melting ki-
netics” and lamellar thickening were shown by δTm(mk) and δTm(lth), respectively. (b) Plot of δTm(lth) against Tc as a function
of â.
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not occur on heating. Double melting endotherms can
be separated into two endothermic peaks without any
exothermic component for all samples as shown by
dotted lines. Peaks at higher and lower temperatures
were defined by peak I and peak II, respectively.
Tm(DSC)s of peaks I and II were higher than TR2-R2′.
Therefore, they were denoted as Tm,R2′(I) and Tm,R2′(II),
respectively.

Tm,onset, Tm,R2′(II), and Tm,R2′(I) increased with increase
of Tc. The endothermic profile of a sample crystallized
at Tc e 159 °C was different from that of a sample
crystallized at Tc > 159 °C. The Tc ) 159 °C corre-
sponds to the R2-R2′ transition temperature (TR2-R2′).
In the case of Tc e TR2-R2′, broad peak II and sharp
peak I were observed. Meanwhile, distinct double peaks
were observed for samples crystallized at Tc > TR2-R2′.
It was concluded that the difference of DSC profile was
caused by difference of phases where crystallization
occurred.

5.3. Tc Dependence of Tm,onset, Tm,r2′(II), and
Tm,r2′(I). Tm,onset, Tm,R2′(II), and Tm,R2′(I) at â ) 5 K/min
were plotted against Tc (Figure 12). Tms of samples
crystallized into R2 and R2′ were shown by open and
filled symbols, respectively. All Tms increased with
increase of Tc. Tm,onset was several degrees higher than
Tc. Significant increases of Tm,R2′(II) and Tm,R2′(I) above
TR2-R2′ were observed. The differential coefficient

Figure 16. âb is plotted against Tc. At the right region, only
the “melting kinetics” affects on Tm. At the left region, both
effects of “melting kinetics” and lamellar thickening on Tm are
observed. The thick line indicates that reliable Tm (Tm(0))
values can be obtained directly.

Figure 17. Plot of Tm,R2′(I) at â ) 0 K/min (Tm,R2′(0)) vs Tc.
Tm,R2′(I) at â ) 5 K/min (Tm,R2′(5)) was also plotted. Open
symbols and filled ones show Tm of samples crystallized into
R2 and R2′ phases, respectively. The difference between Tm,R2′-
(0) and Tm,R2′(5) is shown by δTm(mk).

Figure 18. (a) Typical histogram of l of iPP crystallized at Tc
) 148 °C e TR2-R2′ ) 159 °C. Distribution function (f(l)) was
indicated by solid lines. Peaks I and II of f(l) are indicated. (b)
Endothermic distribution of l-1 (δH(l-1)), which is equal to
l3f(l). The upper horizontal axis indicates l-1. The lower axis
indicates temperature, which was obtained by using Gibbs-
Thomson plot in Figure 20. Peaks I and II are separated from
δH(l-1). 〈l-1〉 of peak I corresponds to Tm(0) ) 172.0 °C. (c) DSC
endotherm at â ) 5 K/min. The lower axis indicates actual Tm
at â ) 5 K/min. The upper axis indicates Tm(0) where the effect
of the “melting kinetics” was omitted. Tm,R2′(I) at â ) 5 and 0
K/min are 177.0 and 172.6 °C, respectively.
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(dTm/dTc) of both Tm,R2′(II) and Tm,R2′(I) changed at
Tc ) TR2-R2′. The differential coefficients of Tm,R2′(I)
(dTm,R2′(I)/dTc) at Tc ) 159 °C were

Therefore, the breakings of dTm/dTc correspond to the
R2-R2′ transition and TR2-R2′ was obtained by means
of DSC (TR2-R2′(DSC)),

5.4. The “Melting Kinetics” and Lamellar Thick-
ening. The â dependence of DSC melting curve changed
at Tc ) 147 °C that is denoted as Tc*. For a typical
example, DSC curves at various â of the sample crystal-
lized at Tc ) 130 °C < Tc* ) 147 °C are shown in Figure
13a. Tm,R2′(I) was rather sharp and clearly observed,
while Tm,R2′(II) was very broad and not well observed.

At small â (smaller than 5 K/min), Tm,R2′(I) decreased
with increase of â, while at large â (larger than 5 K/min),
Tm,R2′(I) increased with increase of â. In the case of Tc
g Tc* ) 147 °C, both Tm,R2′(I) and Tm,R2′(II) increased
with increase of â in all range (Figure 13b).

To show the effect of â on DSC curve quantitatively,
Tm,R2′(I) was plotted against â as a parameter of Tc in
Figure 14. In the case of Tc < Tc* ) 147 °C, Tm,R2′(I)
decreased with increase of â at small â due to lamellar
thickening. After that, it increased with increase of â
due to the “melting kinetics”. In the case of Tc g Tc* )
147 °C, Tm,R2′(I) increased with increase of â for all range
of â; i.e., only effect of the “melting kinetics” on Tm was
observed and lamellar thickening did not occur at â =
0.2 K/min.

5.5. Effect of “Melting Kinetics” on Tm. To exam-
ine the effect of the “melting kinetics” on Tm, Tm,R2′(I)
was plotted against â0.2 as a parameter of Tc (Figure
15a). In the case of Tc g Tc* ) 147 °C, Tm,R2′(I) increased
linearly with increase of â0.2. The slope was almost same
for all Tcs. The line shifted to higher temperature with
increase of Tc. The slope p was obtained

Therefore

was obtained.Tm,R2′(0) was obtained from the intercept
of Tm,R2′(I) to â ) 0.

In the case of low Tc < Tc* ) 147 °C, Tm,R2′(I)
decreased to the minimum with increase of â0.2. After
that, it increased linearly with an increase of â0.2. Thus,
Tm(0) is affected by δTm(mk) and δTm(lth). These are
indicated by B0, B1, and Tm(obs) which corresponds to
those in Figure 4b.

The δTm(mk) and δTm(lth) were plotted against Tc as
a parameter of â (Figure 15b). δTm(mk) increased with
increase of â and did not depend on Tc. δTm(lth)
decreased with increase of Tc and reached 0 °C at Tc*

Figure 19. (a) Typical histogram of l of iPP crystallized at Tc
) 166 °C > TR2-R2′ ) 159 °C. Distribution function (f(l)) was
indicated by solid lines. Peaks I and II are indicated. (b)
Endothermic distribution of l-1 (δH(l-1)). The upper horizontal
axis indicates l-1. The lower axis indicates temperature, which
was obtained by using the Gibbs-Thomson plot in Figure 20.
Peaks I and II are separated from δH(l-1). 〈l-1〉 of peak I
corresponds to Tm(0) ) 182.0 °C. (c) DSC endotherm at â ) 5
K/min. Lower and upper axes indicate Tm at â ) 5 K/min and
at â ) 0 K/min, respectively. Tm,R2′(I) at â ) 5 and 0 K/min are
187.0 and 182.5 °C, respectively.

dTm,R2′(I)/dTc ) 0.31, for Tc e 159 °C (24a)

dTm,R2′(I)/dTc ) 0.81, for Tc > 159 °C (24b)

TR2-R2′(DSC) ) 159 °C (25)

Figure 20. Gibbs-Thomson plot, Tm,R2′(DSC) vs 〈l-1〉, of iPP.
The upper axis indicates 〈l〉.

p ) 3.7 ( 1.5, for Tc g Tc* ) 147 °C (26a)

δTm(mk) ) 3.7â0.2 (26b)
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) 147 °C. Furthermore, δTm(lth) decreased and Tc*
increased with an increase of â.

The breaking point from linear to nonlinear depen-
dence of Tm,R2′(I) on â0.2 was denoted as âb. The âb
decreased with increase of Tc and reached âb ) 0 K/min
at Tc* ) 147 °C (Figure 16). Therefore, the figure was
separated into two regions. The right side is a region
where Tm(obs) is affected by only the “melting kinetics”.
On the left side, both effects were superimposed. It is
concluded that the Tm measurement should be carried
out for thick lamellae crystallized at Tc g Tc* ) 147 °C,
which is indicated by a thick line in Figure 16.

5.6. Tc Dependence of Tm. Correct Tm,R2′(0) values
obtained from Figure 15a were plotted against Tc in
Figure 17. Tm,R2′(0) increased with increase of Tc. Above
159 °C, the differential coefficient (dTm,R2′(0)/dTc) was
about three times larger than that below 159 °C, which
corresponds to the TR2-R2′. Therefore, it was concluded
that the R2-R2′ transition, i.e., solid-to-solid transition,
was confirmed by means of DSC.

Tm,R2′(I) observed at â ) 5 K/min (Tm,R2′(â ) 5)) was
also shown as a reference in Figure 17. It was higher
than Tm,R2′(0) due to the “melting kinetics”, as indicated
by δTm(mk).

5.7. Number Distribution of l, f(l). Histograms of
l were obtained from TEM observations (Figures 18a
and 19a). The f(l) was obtained from the histogram. The
shape of f(l) changed between samples crystallized at
Tc e TR2-R2′ and those at Tc > TR2-R2′. Details of lamellar
morphology will be shown in the following paper (part
2).

(a) Tc eTr2-r2′. A typical histogram of l of a sample
crystallized at Tc ) 148 °C e TR2-R2′ is shown in Figure
18a. The range of l was 8-20 nm thick. The f(l) showed
bimodal distribution. The two peaks at large and small
l were denoted as peaks I and II, respectively. The peaks
I and II correspond to those of DSC curve, which will
be shown in section 5.9.

(b) Tc > Tr2-r2′. Typical histogram of l of a sample
crystallized at Tc ) 166 °C > TR2-R2′ is shown in Figure

Figure 21. (a) Effects of the “melting kinetics” and lamellar thickening on the Gibbs-Thomson plot. 〈l-1〉 and 〈l〉, where the
breaking of approximated line was observed, were indicated by 〈(l-1)+〉 and 〈l+〉, respectively. Open square and dotted line showed
Tm affected by lamellar thickening. Open circle and broken line showed Tm affected by the “melting kinetics”. (b) Effect of â on the
Gibbs-Thomson plot. The Gibbs-Thomson plot shifted upward with increase of â. (c) Plots of Tm

0(â) and δTm(lth) vs â0.2.
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19a. The range of l was 20∼70 nm thick. The f(l) showed
a broad bimodal distribution and was separated into two
peaks, I and II. The peak I was a very broad one with
a wide range of l (30-70 nm) and the maximum l
reached 70 nm. On the other hand, the peak II was a
rather sharp one with small l (20-40 nm).

5.8. Endothermic-Distribution Function of l-1,
δH(l-1). Endothermic distribution of reciprocal l (δH(l-1))
was obtained from f(l) by using eq 20. Profiles of δH(l-1)
for Tc e TR2-R2′ and Tc > TR2-R2′ were different as follows.

(a) Tc eTr2-r2′. A typical δH(l-1) for Tc ) 148 °C e
TR2-R2′ is shown in Figure 18b. The upper horizontal axis
indicates l-1. For reference, Tm(0) was added as the
lower horizontal axis, which was obtained by applying
the Gibbs-Thomson plot in the latter section (Figure
20). δH(l-1) was separated into two peaks as shown by
broken lines. The peaks at smaller and larger l-1 were
denoted as peak I and II, respectively. Peaks I and II
indicated by arrows corresponded to those of f(l),
respectively. Peak I was relatively sharp and peak II
was very broad. 〈l-1〉 of peak I was obtained by using
eq 21 to be 0.058 nm-1.

(b) Tc > TR2-R2′. Typical δH(l-1) for Tc ) 166 °C >
TR2-R2′ was shown in Figure 19b. It was also separated
into two peaks, I and II, which corresponded to those of
f(l). Peak I was very sharp and 〈l-1〉 of peak I was
obtained to be 0.017 nm-1.

5.9. Correspondence between the DSC Melting
Curve and δH(l-1). The DSC melting curve should
directly correspond to δH(l-1). Observed DSC curves at
â ) 5 K/min for Tc e TR2-R2′ and Tc > TR2-R2′ are shown
in Figure 18c and 19c, respectively.

(a) Tc eTR2-R2′. The DSC curve for Tc ) 148 °C <
TR2-R2′ is shown in Figure 18c. Lower and upper
horizontal axes indicate Tm(â ) 5) and Tm(0), respec-
tively. The scale of upper horizontal axis directly cor-
responds to that of the lower horizontal axis of Figure
18b. A sharp peak I and a broad peak II of DSC curve
correspond to those in Figure 19b, respectively.

Tm(0) obtained from δH(l-1) of peak I by applying the
Gibbs-Thomson plot in Figure 20 was 172.0 °C. The
profile of δH(l-1) corresponded to that of DSC (δH(Tm)).
Tm,R2′(0) ) 172.6 °C was obtained from the DSC curve
(Figure 18c). Thus, peak I of δH(l-1) was in agreement
with that of δH(Tm).

(b) Tc>TR2-R2′. The DSC curve showed a distinct
double peak, i.e., peaks I and II, as shown by broken
lines (Figure 19c). Tm,R2′(0) was 182.5 °C. Meanwhile,
Tm(0) obtained from δH(l-1) of peak I was 182.0 °C
(Figure 19b). Thus, it was shown that δH(l-1) cor-
responded to δH(Tm). Therefore, DSC profile can be
explained by δH(l-1). It was concluded that 〈l-1〉 cor-
responded to Tm(DSC) correctly.

5.10. Equilibrium Melting Temperature. Tm,R2′(0)
obtained in section 5.5 was plotted against 〈l-1〉 obtained
by the above method (Figure 20). Tm,R2′(0) increased
linearly with decrease of 〈l-1〉. The Gibbs-Thomson
equation was obtained,

Therefore, Tm,R2′
0 obtained by using DSC (Tm,R2′

0(DSC))
was determined as

6. Discussion

6.1. Effect of Heating Rate on the Gibbs-Thom-
son Plot. It will be shown that the result of the Gibbs-
Thomson plot by using Tm(0) can be obtained also from
that by using raw data of Tm. Tm(obs) at â ) 1 K/min
was plotted against 〈l-1〉 by open symbols in Figure 21a.
The upper axis indicates 〈l〉. Breaking in the slope of
dTm(DSC)/d〈l-1〉 occurred at l+. δTm(lth) and δTm(mk,
â), obtained from Figure 15a, were subtracted from
Tm(obs). Tm(0) was obtained as shown by filled circles
and a solid line. The relation between Tm(â) and
Tm(obs) is shown by eq 10, parts a and b.

The Gibbs-Thomson plots for â ) 1, 10, and 50 K/min
are shown in Figure 21b. The correct Tm(0) at â ) 0
K/min is also shown. δTm(mk, â) increased with an
increase of â. Therefore, Tm(â) shifted upward with
increase of â. 〈l+〉 decreased with increase of â, because
the annealing time decreased with increase of â. Tm

0

observed at â (Tm
0(â)) was plotted against â0.2 in Figure

21c. Tm
0(â) increased linearly with increase of â0.2. The

slope of Tm
0(â) against â0.2 is the same as that of Tm(â)

against â0.2.
Cheng et al. and Phillips et al. observed thin lamellae

smaller than 20 nm, and Tm observations were carried

Tm,R2′(0) ) 186.2-220〈l-1〉 (°C) (27)

Tm,R2′
0(DSC) ) 186.2 ( 0.6 °C (28)

Figure 22. Practical procedure of the Gibbs-Thomson plot.
(a) Gibbs-Thomson plot carried out by using Tm(â) at â ) â1
(Tm(â1)). 〈l〉 should be larger than 〈l〉+ to omit the effect of
lamellar thickening. (b) âz dependence of Tm(â). δTm(mk)
depending on â (δTm(mk, â)) is obtained. For example, at â )
â1, δTm(mk, â) is denoted by δTm(mk, â1). Accordingly, Tm(0)
is obtained by subtraction of δTm(mk, â1) from Tm(â1).
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out at â ) 10 K/min.2,10 If the δTm(mk) and δTm(lth)
are omitted from their Tm(obs), the Gibbs-Thomson
plots should shift downward and the slopes should be
changed. Therefore, their Tm

0 could become lower.
6.2. Practical Procedure of the Gibbs-Thomson

Plot. In this section, a practical and convenient proce-
dure to obtain a correct Gibbs-Thomson plot is sum-
marized. In this study, Tm(0)s for all Tcs were obtained
from Figure 15a.

(1) Raw data of Tm(â)s at a â ()â1) (Tm(â1)) are plotted
against 〈l-1〉 for samples crystallized at Tc > Tc

+ (Figure
22a). Tm

0(â1) is obtained by the intercept at the vertical
axis.

(2) δTm(mk) at â1 (δTm(mk, â1)) is obtained from the
plot of Tm(â) vs âz for only a sample crystallized at one
Tc (Figure 22b).

(3) The plot of Tm(â ) â1) vs l-1 shifts downward by
δTm(mk, â1), and so the plot of Tm(0) vs l-1 is obtained
as shown by filled circles and a solid line (Figure 22a)
because the δTm(mk, â1) does not depend on Tc.

(4) The correct Tm
0 is obtained from the intercept at

the vertical axis.
In this procedure, isothermal crystallization should

be carried out at Tc > Tc
+. The correct Gibbs-Thomson

plot can be carried out easily by obtaining the plots of
Tm(â1) vs 〈l-1〉 and Tm(â) vs âz.

7. Conclusion
(1) A new method to obtain the correct Gibbs-

Thomson plot for Tm
0 was proposed. In this method, the

effects of the “melting kinetics” and lamellar thickening
should be omitted from Tm.

(2) DSC was used to determine melting temperature
(Tm) as a conventional method. l was obtained by means
of TEM. It was shown theoretically that the peak of Tm
corresponded to averaged reciprocal lamellar thickness
(〈l-1〉) for sharp distributions of Tm and l-1.

(3) The Tm
0 of iPP was obtained to be 186.2 °C by the

plot of Tm,R2′(0) and 〈l-1〉.
(4) Multiple melting endotherms were observed for

iPP. Lamellar thickening and melt-recrystallization did
not occur on heating for thick lamellae crystallized at
Tc > 147 °C. It was shown that the bimodal number-
distribution of l-1 corresponded to the DSC double
endotherm.
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