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Abstract

An experimental formula of the nucleation rate I of polyethylene as a function of number density of entanglement ne within the melt was

obtained as IðneÞ / expð2gneÞ; where g is a constant. In order to obtain a functional form of IðneÞ; I is determined by changing ne within the

melt. The ne within the melt can be changed when crystals with different lamellar thickness l are melted. It is shown that the ne within the melt

just after melting is related to l before melting. The ne of folded chain crystals (FCCs) is large, while that of extended chain single crystals

(ECSCs) is very small. Therefore, strictly speaking, the experimental formula is a kind of ‘semi-experimental’ one. Because it is obtained by

combining an experimental formula of I as a function of l before melting IðlÞ and a formula between l and ne based on the most probable

model. It was found that the ne dependence of I is mainly controlled by the topological diffusion process within the interface between the melt

and a nucleus and/or within the nucleus not by the forming process of a critical nucleus. The slope of the plots of log I against DT 22 was

constant, irrespective of morphologies, FCCs and ECSCs, where DT is the degree of supercooling. From this fact, it was concluded that the

fold type nucleus are formed from the melt of ECSCs as well as from the melt of FCCs. In our previous study, we found that I decreases

exponentially with increase of annealing time Dt at a temperature above the melting temperature. From these results, we proposed a ‘two-

stage melt relaxation’, i.e. fast conformational and slow topological relaxations. When the ECSCs are melted, extended chains within ECSCs

are rapidly changed to random coiled chain conformation and then chains gradually entangle each other. We also proposed a formula,

neðDtÞ /2ln{const:þ A expð2Dt=tmÞ}; where A is a constant and tm is the ‘melt relaxation’ time. q 2002 Published by Elsevier Science

Ltd.
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1. Introduction

1.1. Ideal and actual crystallization and melting

The crystallization and melting are the first order phase

transitions. Fig. 1 shows a schematic illustration of crystal-

lization and melting processes of polymers. Ideal crystal-

lization and melting of polymers can be regarded as the

transitions between fully entangled Gaussian chain melt (the

equilibrium melt) and fully extended chain crystals without

entanglements (the ideal crystal). Therefore, the crystal-

lization process is considered to be a process where polymer

chains are disentangled within interface between a nucleus

and the melt and within a small crystal (nucleus or embryo)

and are rearranged into large ideal crystals via chain sliding

diffusion [1,2]. The melting is reverse process to the

crystallization. This means that the topological nature plays

an important role in the polymer crystallization and the

melting. Therefore, significant changes of number density

of entanglement (ne) and the chain conformation should

occur during the crystallization and melting. In this paper, ne

is defined to be unity and zero for the equilibrium melt and

for the ideal extended chain single crystals (ECSCs),

respectively.

Between two ideal states, ‘metastable’ crystalline and

molten states exist as shown in Fig. 1. Small crystals

(nucleus or embryo) or folded chain crystals (FCCs) can be

regarded as the metastable crystalline state. Small crystals

or FCCs should fully disentangle to grow into ideal ECSCs

via chain sliding diffusion in lamellae or interface between a

nucleus and the melt [1,2]. Partially entangled random

coiled melt or locally ordered melt can be regarded as the

metastable molten state. Therefore, actual crystallization

and melting is the transition between the metastable melt

and crystals.
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Thus, an important unsolved problem arises; how ne and

the chain conformation change during the crystallization or

melting? Such changes during the melting is sometimes

named ‘melt relaxation’. We will challenge the unsolved

problem in this paper.

1.2. Important role of topological nature in nucleation

One of the authors (MH) has proposed the chain sliding

diffusion theory to explain the topological mechanism of

crystallization of polymers [1,2]. The theory predicts that

the crystallization of polymers is crucially controlled by the

topological nature.

Recently, we found a ‘power law of the nucleation rate

(I )’ of single crystals of polyethylene (PE), I / M2H
n ; where

Mn is the number averaged molecular weight and H is a

constant [3,4].

It was found that H depends on crystalline phase, that is

H ¼ 1:0 for orthorhombic (ordered) and H ¼ 2:4 for

hexagonal (disordered) phase, respectively. In the hexago-

nal phase, polymer chain can easily slide along the chain

axis in the crystal due to loose packing. On the other hand,

in the orthorhombic phase, polymer chain cannot slide so

much due to close packing. Thus, it was concluded that

polymer chains should be disentangled within the interface

and slide within the crystalline lattice during the nucleation.

This clearly showed that the self-diffusion of chain within

the melt is not a dominant factor in nucleation and that the

chain sliding diffusion and disentanglement play important

roles in the nucleation of polymers.

Moreover, we reported that unsolvable entanglements

are accumulated on the interface between a crystal and the

melt when nucleus grows via chain sliding diffusion [5].

This result suggests again that the entanglement is one of the

most important factors in the nucleation.

However, the actual mechanism of disentanglement has

not been solved yet. Therefore, determination of I as a

function of ne is one of the most important unsolved

problem. In this paper, we will show IðneÞ experimentally.

1.3. Relationship between I and ne

When a nucleus is formed and grows via chain sliding

diffusion, the entanglements within the interface result in

‘pinning effect’ as shown in Fig. 1. As a result, the chain

sliding diffusion within the nucleus or interface should be

suppressed by the entanglements. Therefore, it is expected

that I becomes small with increase of ne.

According to the chain sliding diffusion theory of

nucleation [3], I is expressed by two competing factors

I ¼ I0 expð2DGp
=kTÞ ¼ I0 expð2C=DT2Þ; ð1Þ

where I0 and C are constants, DT is the degree of

supercooling, k is the Boltzmann constant and T is the

temperature. I0 is related to topological diffusion constant D

as,

I0 / D: ð2Þ

Whereas, C is proportional to free energy necessary for

forming a critical nucleus DG p. In this paper, it will be

made clear which factor controls the ne dependence of I. It

will be shown that the topological diffusion process controls

the ne dependence of I, while the critical nucleation process

does not.

1.4. Effect of melt relaxation on nucleation

We have found recently that I of PE decreases

exponentially with increase of annealing time at a

temperature above melting temperature (Dt ) [6]. Hereafter,

we name Dt as ‘melt annealing time’. We considered this

phenomenon as a kind of melt relaxation. We obtained that I

as a function of Dt as

I / expð2Dt=tmÞ þ const: ð3Þ

where tm is the melt relaxation time.

We have speculated this result that when the melt is kept

above the melting temperature, ne gradually increases with

increase of Dt and approaches equilibrium ne ðne ¼ 1Þ: It

was shown that the melt relaxation process takes long time,

i.e. it takes about several hours or a few days depending on

annealing temperature (Tmax) and Mn. However, this

experimental fact was an indirect evidence for the role of

entanglement in the nucleation of polymers.

1.5. Preliminary evidence of effects of entanglement on

nucleation

Psarski et al. [7] have reported the effects of entangle-

ment on the lateral growth of PE. They have shown that the

growth rate of the spherulite G of the melt of ECSCs is

larger than that of the melt of FCCs. They have considered

Fig. 1. Schematic illustration of crystallization and melting processes of

polymers. Crystallization process corresponds to disentanglement process.

Melting process is reverse to crystallization one. Between equilibrium melt

and ideal crystal, there exists metastable melt and crystal. Cross-mark

denotes the entanglement.
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that since ne of the melt of ECSCs is smaller than that of the

melt of FCCs, G of the melt of ECSCs becomes large.

However, they did not show the ne dependence of G and I.

The quantitative ne dependences of G and I are important

but yet unsolved problems.

Recently, we directly showed a preliminary experimental

evidence that I increases with decrease of ne [8]. We

assumed that ne within the melt is changed by changing the

lamellar thickness (l ) of crystals before melting. This

assumption will be proved in detail in Section 2.1. That is,

ne within the melt decreases with increase of l. We showed

that I increases with increase of l for any DT. It was

suggested that entanglement plays most important role in

the nucleation of polymers. However, unsolved problems

still remained in our previous study. That is, a formula of I

as a function of ne, I ¼ IðneÞ is unknown.

1.6. ‘Melt memory effects’ on nucleation

It was found that the melt memory effects are significant

in polymers due to the topological nature [9]. It is

considered that the melt memory effects are mainly

controlled by the following two factors. First, ne changes

with Dt, i.e.

ne ¼ neðDtÞ; ð4Þ

as mentioned in Section 1.4. Second, change of chain

conformation during melting. Though it is expected that the

chain conformation in the melt significantly affect nuclea-

tion, the mechanism has not yet been solved. One of the

keys to solve this problem is to observe the nucleation from

the melt of ECSCs. Because it is expected that the melt

memory effect of this melt is different from that of the melt

of FCCs.

1.7. Purpose of this work: relation between I and ne and

mechanism of two-stage melt relaxation

The first purpose of this work is to propose relation

between I and ne. From experimental data, we will

determine a formula of I as a function of l. Using a relevant

model for l dependence of ne, we will derive a formula of I

as a function of ne. Moreover, combining with our previous

experimental data, IðDtÞ; we will propose a formula of ne as

a function of Dt.

The second purpose is to show that the ne dependence of I

is controlled by the topological diffusion process and not by

the critical nucleation process.

The final purpose is to propose a mechanism of ‘two-

stage melt relaxation’ as shown in Fig. 2. We will clarify the

change in chain conformation during the melting. We will

show that the melt relaxation consisted of a fast confor-

mational and a slow topological changes.

2. Methodology: how to determine IðneÞ and observe

conformational change?

2.1. How to change ne in the melt?

As mentioned in our previous paper [8], it is reasonable

that thick ECSCs include little entanglement ðne , 0Þ; while

stacked thin lamellae of FCCs have a lot of entanglements

(Fig. 3). Therefore, when thick ECSCs and thin FCCs are

melted, the melt should have small ne and large ne,

respectively, for small Dt. This suggests that ne should

decrease with increase of l. Let us consider the relation

between ne and l, quantitatively.

The spatial size of entanglement is too large to be

included within the crystalline lattice. Therefore, it is

reasonable to consider that the entanglements, which is

expressed by cross-marks in Fig. 3, exist on the surface of

crystal or in the amorphous layers between lamellae and

they are not included within the crystal. In our previous

study for ECSC of PE [5], we have shown that entangle-

ments were accumulated on the end surface of nucleus.

From the experimental fact that lamellar thickening growth

rate U of ECSC of PE is independent of l [10], we consider

that ne on the end surface of nucleus is constant and

independent of l. For simplicity, we regard the shape of

ECSC as a rectangular parallelepiped shown in Fig. 3.

Exactly speaking, ECSC has a tapered shape, as shown in

our previous paper [11], and the exact calculation for the

tapered shape of ECSC is shown in Appendix A. From

above experimental facts, it is considered that ne is given by

the ratio of volume of crystal to surface area of it as below

ne /
surface area

volume
¼

4al þ 2a2

a2l
; ð5Þ

where a is the lateral size of ECSC. Here, we assumed that

ne in the melt does not change so much from that in the

Fig. 2. Schematic illustration of model of two-stage melt relaxation. When

ECSCs are melted, the chains within ECSCs are rapidly changed to random

coiled conformation. Then, chains are gradually entangled with each other.

Cross-mark denotes the entanglement. tconf and tent are the conformational

and topological relaxation time, respectively. Dt is the melt annealing time

(see text).
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crystals if Dt is very small, such as a few minutes as

mentioned in Section 1.4.

Since we have shown in our previous study that U is

proportional to lateral growth rate V [10], we obtain the

following equation,

l / a: ð6Þ

Here, l q lp and a q ap are assumed, where l p and a p are

critical lamellar thickness and critical lateral size,

respectively.

Combination of Eqs. (5) and (6) gives

neðlÞ ¼
b

l
/

1

l
; ð7Þ

where b is a constant.

2.2. Relation between I and ne

A formula of I as a function of ne can be obtained by the

following steps.

We will obtain the experimental formula of I as a

function of l

I ¼ IðlÞ: ð8Þ

By substituting Eq. (7) in (8), we obtain the formula of IðneÞ;

I ¼ IðneÞ: ð9Þ

2.3. How to prepare ECSCs with different l?

In the case of PE, we can prepare ECSCs with different l

using established technique [12] as shown below. Pressure–

temperature (P–T ) phase diagram consisted of liquid,

hexagonal and orthorhombic phases [12–15]. When PE is

isothermally crystallized at relevant crystallization tem-

perature (Tc) under the triple point pressure, ECSCs are

generated in metastable hexagonal phase [10–12,16–18].

In the hexagonal phase, l of ECSC increases linearly with

increase of crystallization time (t ) [10,11]. After some time,

lamellar thickening growth is stopped when the metastable

hexagonal phase transforms into the most stable orthor-

hombic phase [18]. It was shown that l decreases with

decrease of Tc or increase of DT. From these mechanisms,

we can prepare ECSCs with different l by controlling P, DT

and t.

2.4. How does chain conformation in the melt change during

melting?

How does the chain conformation change from extended

chain conformation to random coiled one during melting?

We can discuss the chain conformation in the melt from

following three criterions.

(1) Chain conformation can be judged from the type of

nucleus generated. Fig. 4 schematically shows that fold type

Fig. 3. Schematic illustration of entanglement density for thin FCSC, small

ECSC and large ECSC, respectively. Entanglements exist on the surface of

crystal or amorphous layers between lamellae. Number density of

entanglement ne increases with increase of the lamellar thickness l.

Fig. 4. Schematic illustration of origin of fold and bundle type nucleus. Fold

and bundle type nucleus will be formed from random coiled and elongated

melt, respectively. The value of end surface free energy se is written by

se ¼ sþ Ef =2 [21,22], where s is side surface free energy and Ef is the

energy necessary for forming a sharp folding.
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nuclei will be formed from random coiled melt, while

bundle type nuclei will be formed from elongated melt. It is

noted here that chains in the elongated melt are partially

oriented as shown in Fig. 4. We call such melt as the

elongated melt. Since chains in the random coiled melt have

a lot of fold or loop components, fold or loop have been

regarded as the trigger of generation of fold type cluster,

embryo or nucleus [19]. Therefore, in the field of polymer

crystallization, it is accepted that if fold type nuclei will be

formed, the chain within the melt should be randomly

coiled.

On the other hand, since some chains are oriented with

each other in the elongated melt, it has been considered that

bundle type nucleus is generated from the melt [19].

It is an important problem that when ECSCs will be

melted, how do chains within ECSCs change from extended

chain to random coil? We will make clear which kind of

conformation, i.e. random coiled or elongated, can be

observed within the melt.

(2) Type of nucleus can be judged from end surface free

energy (se). The crucial difference between fold and bundle

type nuclei is the value of end surface free energy (se)

owing to the difference in the structure of end surface. As

shown in Fig. 4, it is well known in the case of PE that the

ratio of se to side surface free energy s ðse=sÞ for fold and

bundle type nucleus are 7 and 1, respectively [20].

Therefore, we can experimentally evaluate the type of

nucleus from the value of se.

(3) The value of se can be estimated from DG p(DT ). In

Eq. (1), C for heterogeneous nucleation is defined by [5,19]

C ;
16sseDsðT

0
mÞ

2

kTDh2
; ð10Þ

where Dh is the enthalpy of fusion, T0
m is the equilibrium

melting temperature and Ds is a constant determined by the

kind of nucleating agents or heterogeneity.

It is well known in the case of PE that the value of s is

similar to that for fold type nucleus (s , 14 £ 1023 J/m2)

[20] and that for bundle type one. Therefore, difference

between fold type and bundle type nucleus can be

distinguished by

C / se: ð11Þ

From the above three steps, we can clarify the chain

conformation in the melt, based on the type of nucleus

formed.

3. Experimental

3.1. Sample preparation

Fractionated PE (NIST, SRM1483, Mw ¼ 3.2 £ 104,

Mw/Mn ¼ 1.11) was used in this study, where Mw is the

weight averaged molecular weight. In order to prepare

ECSCs with different l, PE was isothermally crystallized at

DT(h ) ¼ 5.5–13 K under high pressure, P ¼ 0.4 GPa using

high pressure-differential thermal analysis apparatus [15].

Here, DT(h ) is defined by

DTðhÞ ; T0
mðhÞ2 Tc; ð12Þ

where T0
mðhÞ is the equilibrium melting temperature of

hexagonal crystals. FCCs were isothermally crystallized at

the atmospheric pressure. The value of l was estimated by

transmission electron microscopy.

3.2. Measurements of nucleation rate, I

As schematically shown in Fig. 5, ECSCs or FCCs were

melted at 160 8C for 5 min at atmospheric pressure. After

that, samples were isothermally crystallized at various Tcs.

Hereafter, we abbreviate these processes as ECSCs–melt–

FCSC or FCCs–melt–FCSC, respectively, where FCSC

means folded chain single crystal. The range of DT was

about 10–14 K. We used the value of T0
m (139.5 8C)

reported by Okada et al. [23].

We observed the number density of FCSCs by means of

polarizing optical microscope. The number of single

crystals should correspond to that of nucleus. Therefore,

the number density of nucleus n was estimated from that of

single crystals. I is obtained by

I ;
dn

dt
: ð13Þ

3.3. Instruments

In order to observe nucleation behaviors clearly and

evaluate I easily, we have developed a new system

combined digital video camera (Victor JVC KY-F70,

image size: 1.3M pixels) and hot stage (Linkam

LK600PM). Main feature of this combined system is to be

controlled by a computer. In this work, Planetron Co. Ltd,

Fig. 5. Schematic illustration of temperature T programming against time t.

Hundred percent of ECSCs or FCCs are melted and then kept at Tmax for

5 min. After that, their melts are cooled to Tc to observe the nucleation.

S. Yamazaki et al. / Polymer 43 (2002) 6585–6593 6589



Japan High Tech Co. Ltd and we have a developed new

software which is able to control both hot stage and image

capturing. Both hot stage and image capturing control

software and image analysis software (Media Cybernetics,

Image-pro plus) are installed to the computer. The computer

is connected to both digital video camera and hot stage

controller. The computer receives time and temperature

information from the hot stage controller. The received

information is automatically superimposed to the image

captured from the digital video camera. Using our system,

we can obtain sharp images and easily count the number of

isolated crystals by Image-pro plus.

4. Results

4.1. Morphology

Typical optical morphology of crystals formed from the

melt of samples with different l (ECSCs-melt-FCSC or

FCCs-melt-FCSC) for the same t is shown in Fig. 6. Isolated

crystals were observed in all samples. It seems that the

morphology is the same as reported by Toda [24],

irrespective of the morphology before melting. As shown

in Fig. 7, it was found that n increases linearly with increase

of t for all the samples, i.e. steady nucleation process.

4.2. Nucleation rate

Fig. 8 shows the plot of log I against DT 22 for different l.

I showed well known Eq. (1) as I ¼ I0 expð2C=DT2Þ: These

straight lines were parallel to each other. This indicates that

the slope of the straight line C is almost constant

irrespective of l. Moreover, the straight line shifts upward

with increase of l. Thus, it is concluded that I / I0 increases

with increase of l for anyDT. Since I0 and C are proportional to

D andDG p, respectively, it is concluded that the l dependence

of I is mainly determined by the diffusion process of polymer

chain not by the formation process of a critical nucleus.

5. Analysis

5.1. Formulae of I(l ), I(ne) and ne(Dt )

5.1.1. l dependence of I

Fig. 9 shows plot of I0ð/IÞ against l. It was found that

I0ð/IÞ increases gradually at first and then rapidly with

increase of l. We obtained the following experimental

formula of I as a function of l

IðlÞ / I0ðlÞ / expð2a=lÞ; ð14Þ

Fig. 6. Typical polarizing optical micrographs of the crystals formed from

the melt of samples with different l before melting. At same t ¼ 22 s,

number density of FCSC is significantly different.

Fig. 7. Comparison between determination of I by manual and automatic

methods. Manual and automatic mean counting by conventional method

and by computer aided one, respectively. Both methods are almost the

same. Number density of nucleus n increases linearly with increase of t.

Fig. 8. Plots of log I against DT 22 for different l ¼ 20 nm, 0.7 mm, 1.5 mm,

2.5 mm, respectively. The solid lines show the best fit of the plots.
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where a was

a ¼ 3:27 ^ 0:17 mm: ð15Þ

5.1.2. ne dependence of I

An experimental formula of I as a function of ne was

obtained for the first time from the combination of Eqs. (7)

and (14)

IðneÞ / I0ðneÞ / exp 2
a

b
ne

� �
¼ expð2gneÞ; ð16Þ

where g is a constant. Fig. 10(a) shows the plots of I0 against

ne. The experimental data is fitted with Eq. (16).

The formula of I(ne) indicates that I exponentially

decreases with increase of ne as shown in Fig. 10(b). It is

concluded that nucleation is suppressed by entanglement.

As shown in Fig. 1 and mentioned in Section 1.3, chain

sliding diffusion becomes difficult due to pinning effect within

the interface between a nucleus and the melt. From Eqs. (2)

and (16), the topological diffusion constant is related to ne,

DðneÞ / expð2gneÞ: ð17Þ

5.1.3. Dt dependence of ne

As mentioned in Section 1.4, we have already obtained

the experimental formula between I and Dt as Eq. (3).

Combination of Eqs. (3) and (16) gives the formula

neðDtÞ /2ln{const:þ A expð2Dt=tmÞ}; ð18Þ

where A is a constant.

This equation can be approximated for limit cases,

ne / Dt for small Dt; ð19Þ

ne ø const: for large Dt: ð20Þ

Fig. 11 shows plot of ne against Dt as derived in Eq. (18).

This figure also shows the experimental I(Dt ). We found

that decrease of I(Dt ) with increase of Dt correspond to

increase of ne(Dt ) with increase of Dt. Therefore, it is

concluded that increase of ne with increase of Dt should be

the important mechanism of melt memory effect.

5.2. Two-stage melt relaxation

5.2.1. C does not depend on l

In order to confirm that C is independent of l

quantitatively, plot of C against l is shown in Fig. 12. It is

Fig. 9. Plots of I0ð/IÞ against l. The experimental formula is obtained by

fitting to experimental data. The other solid curve shows the equation ne /

1=l:

Fig. 10. (a) Plots of I0 against ne. The experimental data is fitted with Eq.

(16). (b) The function of IðneÞð/I0Þ exponentially decreases with increase

of ne. ECC and FCC in the figure correspond to morphologies before

melting, where ECC and FCC mean extended chain crystal and folded

chain crystal, respectively.

Fig. 11. Plots of I and ne against Dt. Decrease of I with increase of Dt

corresponds to increase of ne with increase of Dt.
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clearly shown that C does not depend on l. We obtained the

average of C ðkClÞ;

kCl ø 955 ^ 30 ðK2Þ: ð21Þ

Since C is proportional to DG p as mentioned in Section 1.3,

DG p is a constant irrespective of l. Therefore, se is also a

constant irrespective of l.

5.2.2. Fold nucleus is formed from FCCs-melt and ECSCs-

melt

In the case of ordinary melt crystallization such as FCCs-

melt-FCSC, a fold type nucleus is formed as mentioned in

Section 2.4. Therefore, it is concluded that the fold type

nucleus should be also formed from ECSCs-melt because the

se is constant irrespective of l, i.e. morphology before melting.

5.2.3. Mechanism of two-stage melt relaxation

In Section 4.4.2, we have shown that the fold type

nucleus is formed from the melt of ECSCs. As mentioned in

Section 2.4, if the fold type nucleus will be formed from the

melt, the chain conformation within the melt should be

random coiled one. Therefore, the chain conformation

within the melt of ECSCs should be random coiled one. The

crucial difference between the melts of ECSCs and FCCs at

small Dt is ne only. From these considerations, for the

melting of ECSCs, we will propose a two-stage melt

relaxation consisted from conformational and topological

changes as shown in Fig. 2. The chain conformation rapidly

changes from the extended one to the random coiled one

when ECSCs are melted. Then, chains will gradually

entangle each other with increase of Dt and the ne will

approach the equilibrium one ðne ¼ 1Þ: Therefore, the

conformational relaxation time (tconf) is much smaller

than the topological relaxation time (tent),

tconf p tent: ð22Þ

5.3. Effects of entanglement on nucleation of polymers

We have shown that only I0ð/DÞ depends on ne, while the

Cð/DGpÞ does not on ne. This means that the topological

nature nucleation is reflected only on the kinetic factor (D ) not

on the thermodynamic factor (DG p) as shown in our

previous paper [3,4]. This is an important conclusion for the

effects of entanglement on the nucleation of polymers.

6. Conclusion

1. The nucleation rate (I ) increases with increase of the

lamellar thickness (l ), IðlÞ / I0ðlÞ / expð2a=lÞ:

2. Combining the experimental formula and relevant

model, we have proposed semi-experimental formula

between I and the number density of entanglement (ne),

IðneÞ / I0ðneÞ / expð2gneÞ:

3. We proposed a formula of ne as a function of the melt

annealing time (Dt ), neðDtÞ /2ln{const:þ A expð2

Dt=tmÞ:

4. The free energy necessary for forming a critical nucleus

(DG p) does not depend on l. Therefore, the fold type

nucleus should be formed from either the melts of ECSCs

or that of FCCs.

5. A two-stage melt relaxation, i.e. fast conformational and

slow topological relaxations is proposed.
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Appendix A. Exact calculation of Eq. (7) for an ECSC

with tapered shape

As shown in our previous paper [11], it was reported that

the ECSC shows tapered shape. Fig. 13 shows the schematic

illustration of real ECSC. From the experimental fact [11], it

Fig. 12. Plots of C against l. The broken line shows averaged value kCl:

Fig. 13. Schematic illustration of an ECSC with tapered shape.
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was shown as

ltip p l; ðA1Þ

ltip p a; ðA2Þ

where l is the maximum lamellar thickness, ltip is the length

of tip, a is the lateral size.

The volume of the conical part F1 is given by

F1 ¼
pa2ðl 2 ltipÞ

24
: ðA3Þ

The volume of the cylindrical part F2 is given by

F2 ¼
pa2ltip

2
: ðA4Þ

Therefore, total volume of a ECSC F is given by

F ¼ 2F1 þF2 ¼
pa2l

12
þ

5pa2ltip

12
: ðA5Þ

Surface area of the cone except for bottom surface S1 is

given by

S1 ¼
pa2 cos u

4
; ðA6Þ

where u is the half angle of the taper angle. u is a constant.

Side surface area of the cylindrical part S2 is given by

S2 ¼ paltip: ðA7Þ

Therefore, total surface area of a ECSC S is given by

S ¼ 2S1 þ S2 ¼
pa2 cos u

2
þ paltip: ðA8Þ

Substitution of Eqs. (A1) and (A2) into Eqs. (A5) and (A8)

give

F ø
pa2l

12
/ a2l; ðA9Þ

S ø
pa2 cos u

2
/ a2

: ðA10Þ

Therefore, the ratio of S/F is given by

Surface area

volume
¼

S

F
/

1

l
: ðA11Þ

This equation corresponds to Eq. (7).
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