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SMALL MOLECULE DIFFUSION  

IN SPHERULITIC POLYETHYLENE 
Experimental Results and Simulations 

Alessandro Mattozzi  

 

Abstract 
The diffusion of small-molecule penetrants in polyethylene is hindered by 

impenetrable crystals and by the segmental constraints imposed by the crystals on the 
penetrable phase. Liquid and vapour n-hexane sorption/desorption measurements were 
performed on metallocene catalyzed homogenous poly(ethylene-co-octene)s. It was 
shown that the fractional free volume of the polymer penetrable component increased 
with increasing amount of penetrable polymer. It also increased with the relative 
proportion of liquid-like component in the penetrable polymer fraction. The detour 
effect was found to increase with decreasing crystallinity. The experimental study of the 
morphology of the polymers showed that the geometrical impedance factor followed the 
same trend with increasing crystallinity as the data obtained from n-hexane desorption. 
The changes in phase composition and character upon n-hexane sorption were 
monitored with Raman spectroscopy, WAXS and NMR spectroscopy. Partial 
dissolution of the orthorhombic and the interfacial component was observed upon n-
hexane sorption. Changes in the character of the components were furthermore 
analyzed: an increase of the density in the crystalline component and a decrease of the 
density in the amorphous component were observed in the n-hexane-sorbed-samples. 

Molecular dynamics simulations were used for studying diffusion of n-hexane in 
fully amorphous poly(ethylene-co-octene)s. The branches in poly(ethylene-co-octene) 
decreased the density by affecting the packing of the chains in the rubbery state in 
accordance with experimental data. Diffusion of n-hexane at low penetrant 
concentration showed unexpectedly that the penetrant diffusivity decreased with 
increasing degree of branching. 

Spherulitic growth was mimicked with an algorithm able to generate structures 
comparable to those observed in polyethylene. The diffusion in the simulated structure 
was assessed with Monte Carlo simulations of random walks and the geometrical 
impedance factor of the spherulitic structures was calculated and compared with 
analytical values according to Fricke’s theory. The linear relationship between 
geometrical impedance factor and crystallinity in Fricke’s theory was confirmed.  
Fricke’s theory, however, underestimated the crystal blocking effect. By modelling 
systems having a distribution of crystal width-to-thickness ratio it was proven that wide 
crystals had a more pronounced effect on the geometrical impedance factor than is 
indicated by their number fraction weight. 
 
 
Keywords: diffusion; polyethylene; poly(ethylene-co-octene); free volume; 
morphology; intermediate phase; spherulite; Monte Carlo simulation; molecular 
dynamics simulation. 





 
DIFFUSION AV LÅGMOLEKYLÄRA FÖRENINGAR  

I SFÄROLITISK POLYETEN: 
Experimentella resultat och simuleringar 

 
Alessandro Mattozzi 

 
Sammanfattning 
 Diffusion av lågmolekylära föreningar i polyeten bromsas av de icke-genomträngliga 
kristallerna och genom kristallerna begränsande inverkan på segmentrörligheten hos 
den penetrerbara fasen. Studier av sorption och desorption av vätske- och ångformig n-
hexan gjordes för en serie av metallocenkatalyserade homogena sampolymerer av eten 
och 1-okten. Resultaten visade att den fraktionella frivolymen hos polymerens 
penetrerbara komponent ökade med såväl ökande andel av penetrerbar komponent i 
polymeren som med ökande andel av vätskeformig komponent i den penetrerbara 
andelen av polymeren. Den geometriska impedansfaktorn ökade med minskande 
kristallinitetsgrad vilket på ett tillfredställande sätt kunde förklaras med resultaten från 
morfologiska studier av nämnda polymerer baserade bl.a. på elektronmikroskopi. 
Förändringar i både fassammansättning och faskaraktär i polyeten vid sorption av 
n-hexan detekterades med spektroskopiska metoder (Raman och NMR) och 
röntgendiffraktion. Densiteten hos den amorfa komponenten minskade och densiteten 
hos den ortorombiska kristallina komponenten ökade med inlösningen av n-hexan i 
polymeren. 
 Molekyldynamiksimulering har utnyttjats för att studera diffusion av n-hexan i helt 
amorfa sampolymerer av eten och 1-okten. Simuleringarna visade i enlighet med 
experimentella data att kedjeförgreningarna i dessa sampolymerer försvårade 
tätpackning av kedjorna och att de minskade därmed materialets densitet. Diffusion av 
n-hexan i system med låg koncentration av penetrant uppvisade enligt simuleringen en 
ovanlig karaktär: diffusionskoefficienten minskade med ökande kedjeförgreningsgrad. 
 Sfärolittillväxt som den ser ut i polyeten efterliknades med en numerisk algoritm. 
Diffusion simulerades med en slumpvandringsalgoritm (Monte Carlo-teknik). Detta 
möjliggjorde bestämning av den geometriska impedansfaktorn. Dessa resultat kunde 
sedan jämföras med resultat erhållna från beräkningar enligt Frickes teori. Simuleringen 
bekräftade ett linjärt samband mellan den geometriska impedansfaktorn och 
kristalliniteten, vilket också är samstämmigt med Frickes teori. Den senare 
undervärderar dock systematiskt kristallernas blockeringseffekt. Simuleringarna visade 
också att i system med kristaller med en bred fördelning i kristallvidd-tjocklekskvot så 
har de kristaller med högt värde på nämnda kvot en större inverkan på den geometriska 
impedansfaktorn än sin antalsandel. 
 
 
Nyckelord: diffusion; polyeten; sampolymer av eten och 1-okten; frivolym; morfologi; 
intermediära faser; sfärolit; Monte Carlo-simulering; molekyldynamiksimulering 
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1. PURPOSE OF THE STUDY 
 
 

Polyethylene (PE) is an industrially important polymer, having one of the largest 
volume of sales on the worldwide scale. Polyethylene comprehends a very broad range 
of materials, with crystallinities varying from 0 to 80% and varying properties. 

Further knowledge of diffusive process in polyethylene has paramount importance 
both in applications where barrier properties are keys requisites, such as in packaging 
industry, and in all generic applications to predict interactions between the polymer and 
the environment in service life. Diffusion of penetrant molecules in semicrystalline 
polymers is influenced by both polymer structure and morphology. Crystallites in 
semicrystalline polymers either can be arranged in superstructures such as spherulites or 
axialites or be in the form of single platelet embedded in the amorphous phase. The 
chain segments in the amorphous phase are constrained by the presence of crystallites 
that furthermore, being impenetrable, lengthen the diffusive path of penetrants. 
The objective of the present work was: 
• To increase the understanding of the influence of phase morphology on the diffusive 

process in polyethylene and its copolymers, used as a paradigm for the behaviour of 
semicrystalline polymers. 

• To analyze the effect of lamellar lateral habit on diffusion. 
• To investigate the effect of molecular architecture on diffusion in the amorphous 

component by atomistic simulations of the amorphous analogue of polyethylene and 
its copolymers.  

• To investigate the effect of chemical structure and crystallinity on the behaviour of 
the interfacial component. 

• To analyze the effect of sorption of organic penetrants on the phase composition. 
• To study the role of interfacial component in the diffusive process. 
• To study the effect of superstructure on transport properties by simulation of 

diffusion on computer-generated superstructures. 



INTRODUCTION 

 2 

2. INTRODUCTION 
 

2.1. Morphology of polyethylene 
 

Polyethylene, due to its simple chemical structure, has been used ever since for 
morphological studies of polymers, becoming hence a sort of paradigm for 
semicrystalline polymers. The semicrystalline nature of polyethylene was early 
discovered by X-ray diffraction measurements; Bunn [1] first determined the crystal 
structure of polyethylene: the orthorhombic unit cell, presented in Fig.1, contains 4 CH2 
groups and is the most stable allotropic form. The monoclinic phase, less stable, was 
observed in mechanically stressed samples [2]; a hexagonal phase, stable at high 
pressure, was discovered later by Bassett et al. [3]. The first model of crystals in 
polymer, known as “fringed micelles” model, was suggested by Gerngross and 
Hermann [4]. According to this model, the material consists of crystalline regions 
randomly dispersed in the amorphous phase. Chain folding was initially suggested by 
Storks [5] and validated independently by Keller [6], Till [7] and Fischer [8] using 
electron microscopy and electron diffraction on polyethylene: all revealed that crystals 
in polyethylene are platelet having thickness in the range of 10 nm, hence much thinner 
the polymer chain length, and that the chain axis was oriented perpendicular to the 
crystal surface. This led Keller to postulate that polymer chains are folded upon 
themselves. According to the adjacent re-entry model, molecules fold back and forth in 
a hairpin manner; small-angle neutron scattering and infrared studies on solution grown 
single crystals have confirmed this theory. The lamellar structure of melt-crystallized 
polyethylene was shown independently by Fischer [8] and Kobayashi [9]. 

 
 

 
 

Figure 1. The orthorhombic unit cell of linear polyethylene (view along c). 
a=7.41 Å, b= 4.94Å, c=2.55 Å [10]. 

 

2.1.1. Lamellar habit 
 
The thickness of polymer crystal is affected by numerous parameters, most 

prominently growth conditions. Crystals get thicker along the c axis at temperatures 
between the crystallization temperature and the melting point. The equilibrium 
thickness of the crystal, calculated by the minimization of surface energy for a given 
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crystal volume, is in fact seven times its width, while observed crystal have a thickness-
to-width ratio of 10-2 to 10-3. Hence, there is an energetic driving force for lamellar 
thickening. The initial thickness L*

C of the crystals for a polymer before the lamellar 
thickening process starts, is only depending on the degree of undercooling ΔT, defined 
as the difference between the equilibrium melting point T0

m and the crystallization 
temperature Tc [11]. 

 

! 

L
c

*
=
A

"T
+ B  (1) 

 
 
Not only the thickness is influenced by growth conditions; the shape of the lamella as 

viewed along c axis, also referred to as lateral habit, is affected by it as well. Single 
crystals grown from solutions at low temperatures are shaped as hollow pyramids 
having non-planar bases formed by the 

! 

110{ } growth planes (Figs. 2a,b); crystals grown 
at higher temperatures show an evident elongation in the b crystallographic direction 
(Fig.3). 

 

 
 a) b) 
 

Figure 2. a) Perspective view of polyethylene single lamella. b) View along 
c axis. 

 

2.1.2. Melt-crystallized polymers 
 
Polymers cooled from the melt crystallize partially. The obtained structure has been 

classically defined as two-phased, but this model is based on physical incongruity such 
as an abrupt change in density, conformation, and orientation across the crystalline 
boundaries. The presence of an interfacial component, with intermediate properties, is 
therefore realistic. Experimental studies have shown that a third, or even a fourth, 
interfacial component can be observed. Theoretical studies [12] and data obtained by 
Raman spectroscopy [13-17], NMR spectroscopy [18-20] and WAXS [21-23] 
confirmed the presence of an interfacial component located between the crystallites and 
the liquid-like disordered phase, consisting of chains emerging from the crystallite 
surface and either folding back in the crystals or propagating into the amorphous 
component. Adjacent reentry in melt-crystallized polyethylene has been estimated by 
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Flory et al. [12] to occur in less than 20% of the chains emanating from the crystals, 
hence most of the chains in the interphase are propagating into the amorphous 
component. These chains will have constrained mobility and chain orientation 
distributed around the normal to the lamellae. In the case of branched polyethylenes, it 
has been proved that methyl and ethyl branches are housed into the crystals, whereas 
larger pendant groups are rejected into the amorphous component [24,25]; in the latter 
case it can be suggested that the interphase will contain the rejected branches. 

 

 

 
 

Figure 3. Lateral habit of solution- and melt-grown polymer crystals. 

 
Lamellae in melt-crystallized samples are often organized in superstructures: the first 

being discovered were spherulitic structures (Fig. 4), observed by Bunn and Alcock [26] 
in branched polyethylene. Other superstructures such as axialites [27] and shish-kebabs 
[28] were observed later. 

 
 

 
a) b) 

Figure 4. a) Optical micrograph of a spherulite  (micrograph by E. Núñez 
Calzado, Dept. of Fibre and Polymer Technology, KTH, Sweden). b) 
Transmission electron micrograph: replica of permanganic acid-etched 
spherulite. 



INTRODUCTION 

 5 

 
Birefringence measurements on spherulites showed that the polymer chain axis (c 

axis) is located perpendicular to the spherulite radius [29] while the b axis is on an 
average located parallel to the spherulite radius [30,31]. The scientific problem of how 
lamellar crystals could fill the three-dimensional space of the spherulite was solved 
assuming that the number of growing crystal fronts increases during the course of 
spherulite formation and that branching and splaying of lamellae occurs; this suggestion 
was validated by electron microscopy observations [32-34]. Frequently a new lamella 
starts in the proximity of a screw dislocation, but phenomena such as self-epithaxy and 
non-crystallographic branching are also responsible for spherulites formation. The 
frequency of branching at different growth conditions underlies the formation of 
different morphologies: less frequent branching leads to sheaf-like structures (axialites) 
while more frequent branching will increase the spherical symmetry of the obtained 
superstructure.  

 
 

    
a) b) 

Figure 5. a) Lenticular shaped lamella showing a (etched off) dislocation in 
correspondence of the branching point. From [35] b) Morphological 
hierarchy in a polyethylene spherulite. 
 
 

Bassett [32] proposed that the reason for the splaying of crystallographic branched 
lamellae is ‘ciliation’: when a stem attaches to the growth surface of a growing crystal, 
the remaining uncrystallized portion of the chain creates a cilium. Gathering of cilia in 
the proximity of the contact point should generate a pressure that forces the crystal arms 
to diverge. In Fig. 5 is shown the branching of a lenticular lamella and how 
crystallographic branching and ciliation can explain the growth of spherulitic 
superstructures. 

 
 

2.2. Diffusion in polymers 
 

The fundamental equations of diffusion were derived by Fick [36] and for one 
dimensional diffusion, Fick first and second law of diffusion respectively are: 
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where J is the rate of transfer per unit area of section, D is the diffusivity of the 
penetrant and C is the local concentration of diffusing penetrant at time t and position x.  

In the case of diffusion through polymers, the penetrant can act as plasticizer for the 
matrix and swell the material: in conditions were swelling is extensive, the diffusivity 
increases with penetrant concentration [37] and can be expressed with the semi-
empirical exponential equation: 
 

! 

D = D
C 0
e
"
C
C  (4) 

 
where DC0 is the zero-concentration diffusivity and αC is the solute concentration 
plasticization power. The thermodynamic diffusivity DT can be obtained by the free 
volume theory according to Cohen, Turnbull and Fujita [38,39]: 

 

! 

DT = RTAd exp "
Bd

f

# 

$ 
% % 

& 

' 
( (  (5) 

 
in which Ad and Bd are constant dependent on the penetrant shape and size and f is the 
fractional free volume of the polymer-penetrant system. 

In the case of semicrystalline polymers, the diffusive process is confined to the 
amorphous phase; crystals are in fact considered impenetrable, even though small gas, 
such as helium, can diffuse through crystal defects [37]. The penetrant is hence forced 
to follow a diffusive path around the crystallites; the lengthening of the diffusive path 
will lead to a decrease in diffusivity, usually quantified using the geometrical 
impedance factor τ: 

 

! 

" =
D
a

D # $
 (6) 

 
where D is the diffusivity in the semicrystalline material, Da the diffusivity in its 
amorphous analogue and β  is an “immobilization factor” taking in account the fact that 
in highly crystalline polymers the diffusion activation region is of the same order of 
magnitude as the intercrystalline layer [40,41]. The immobilization factor can be 
neglected in the case of small penetrants [40]. 

Hedenqvist and Gedde [42] derived an expression for the geometrical impedance 
factor τ in semicrystalline polymers with spherulitic superstructure from the derivation 
of Boyd and Pant [43,44] of the dielectric constant in semicrystalline polymers: 
 

! 

" =
2

5 #1( ) 1# vc( )
 (7) 
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Many models have been developed aiming to take in account geometrical and 

morphological aspects of the crystallites. Most of the theories are based on simple two-
phase model, each phase having known volume fraction and diffusivity and being 
regular and monodisperse in shape and size. Michaels et al. [41,45,46] derived an 
analytical expression of the geometrical impedance factor in semicrystalline polymers 
from the theory of Fricke [47] describing electrical conductivity in two-component 
systems: 
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In Eq. (8) vc is the volume fraction of the crystalline component and Lc and W are 

respectively the thickness and width of the crystallites, simplified as oblate spheroids. 
Eq. (5), valid only for amorphous polymer, can be adapted to semicrystalline 

polymers, as: 
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where A is a factor inversely proportional to τ, v1

a and v2
a are respectively the volume 

fractions of penetrant and polymer in the amorphous component,  f1 is the fractional free 
volume of the pure penetrant and f2 is the fractional free volume of the penetrable 
component of the pure polymer. The product of the first two factors is defined as the 
zero-concentration diffusivity (

! 

D" #0
). The third factor in Eq. (9) is taking in account for 

the ability of the penetrant of plasticizing the material and hence increasing the 
diffusivity. This equation is valid only for systems showing constant volume on mixing. 
Fleisher [48] and Hedenqvist et al. [49] showed from desorption data of polyethylene 
that f2 is depending on crystallinity and is considerably smaller than that of an 
amorphous analogue. It was hence proposed by Hedenqvist et al. [49], in accordance 
with the theory of Strobl [16,48] that the non-crystalline fraction of polyethylene is 
formed by a liquid-like component, resembling the fully amorphous material, and a 
constrained material having lower free volume and mobility (interfacial component). 
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3. EXPERIMENTAL 
 

3.1. Materials 
 

The word polyethylene no longer refers to one single polymer but rather refers to a 
whole class of materials comprehending linear and branched polyethylene as well as its 
copolymers with α-olefines. There are two main families of copolymers: in the 
homogeneous copolymers, the chains can be considered to be “statistically” identical, 
and every chain presents the same comonomer/monomer ratio; in the heterogeneous 
type differences in branching content and distribution between chains are presents 
together with a molecular weight distribution much broader than in the homogeneous 
ones. The first are polymerized mainly with metallocene catalysts whereas for the latter 
Ziegler-Natta techniques are widely used. 

The crystallization of short-chain-branched materials from copolymerization of 
ethylene with a α-olefines can differ from the process in linear polyethylene. In the 
latter, lamellar morphologies developed during cooling from the melt are prominently 
determined by thermal treatment, molecular weight and polydispersity of the sample. 
The crystalline structure of branched polyethylene is controlled predominantly by the 
length, content and distribution of pendant group. The length of the side chain, which is 
controlled by the nature of the comonomer used, determines whether it will be 
incorporated in the crystal or not. Early studies [50-52] have shown that methyl pendant 
groups can be incorporated in the crystal at interstitial positions. For hexyl branches, 
Hay and Zhou [53] stated that a small fraction of branches (~10%) are included in the 
crystals in samples quenched from the melt, while slowly cooling would lead to 
segregation of branches outside the lamellae, the latter being confirmed by several 
groups [51,54,55]. 
 
 

 
Figure 6. Chemical structure of poly(ethylene-co-octene). The ratio m/n is 
defined as the comonomer on monomer ratio. 
 

The possibility of controlling lamellar morphologies in a much more precise way 
lead to the choice of using poly(ethylene-co-octene)s (Fig. 6) for the present study: the 
short-chain branches hinder thick lamellae formation, crystal thickness is controlled by 
the comonomer content and phenomena such as lamellar thickening are negligible. 

The homogeneous poly(ethylene-co-octene)s used in Papers 2,3 and 7 were 
polymerized in a continued stirred tank reactor (CSTR) using a boron-activated 
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metallocene catalyst. The molecular characteristics of the materials (denoted EOXhex, 
where Xhex is the percentage molar fraction of hexyl branches in the polymer) are 
presented in Table 1. The copolymers were obtained from DSM Research, the 
Netherlands. 

 

 
Table 1. Molecular characteristics of the poly(ethylene-co-octene) samples 
studied. 

 
 

The copolymers were compression moulded into circular discs 60±1 mm in diameter 
and 0.94±0.06 mm thick in a Schwabenthan Polystat 400s compression moulding 
machine at 433 K under a pressure of 10 MPa for 5 min followed by cooling at 0.2 K 
min-1 to 298 K while the pressure was maintained. The tests were performed on samples 
obtained in this way if not specified otherwise. 

The polyethylenes used in Paper 8 were obtained from Borealis AB, Sweden: linear 
polyethylene, hereafter LPE, grade BCL 6212 (density at 23°C= 962 kg m-3; 

! 

M 
n
=14.4 

kg mol-1; 

! 

M 
w

=66.7 kg mol-1; mass crystallinity=77%); branched polyethylene, hereafter 
BPE, grade BCM 1912 (ethyl branched; density at 23°C= 919 kg m-3; 

! 

M 
n
=29.3 kg mol-

1; 

! 

M 
w

=104 kg mol-1; mass crystallinity=47%). 
The materials used in Paper 9 were supplied by Borealis AB, Sweden: high density 

poly(ethylene-co-butene), MG 7547; crosslinked poly(ethylene-co-
vinyltrimethoxysilane), BorPEX HE 2525.  
 

Sample code
  
M 

w

(kg mol-1)

    M 
w

/ M 
n

Density

(kg m-3)

MFI2

(g/10 min)

X hex

EO0.4 73 2.09 955.3 2.39 0.39

EO0.8 - - 931.7 1.64 0.84

EO1.9 - - 909.0 1.38 1.92

EO2.3 54 1.93 905.4 10.31 2.33

EO2.4 88 2.44 900.6 1.04 2.36

EO3.6 - - 882.8 1.23 3.59

EO4.3 - - 875.9 1.51 4.29

EO5.1 88 2.26 859.3 3.57 5.09
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3.2. Methods 
 

3.2.1. Sorption and desorption measurements 
 
Hexane sorption and desorption in poly(ethylene-co-octene)s were studied with two 

different methods, referred to as the integral method and the differential method. 
In the integral method, the compression moulded discs were immersed in liquid n-

hexane (purity 99%, ρL=656 kg m-3 at 298 K, purchased from Merck) at 298 K until 
sorption equilibrium was reached. The saturated sheets were then kept in air at 298 K 
and the desorption kinetics were followed by intermittently weighing the samples on a 
Mettler Toledo AE100 balance until constant weight was attained. 

For the differential method, a second set of specially manufactured samples was 
used. The compression moulded films, 50 ± 6 µm thick and obtained with the same 
temperature and pressure conditions, were hooked to a quartz spring placed in a glass-
jacketed column, where the gas pressure could be raised to 101 kPa and measured with 
an accuracy of 1 Pa. A weight vs. time curve was obtained by recording with a DVT 
CCD camera the sample position in the camera during sorption/desorption. Both during 
sorption and desorption measurements, the n-hexane vapour pressure was varied 
stepwise, equilibrium being reached for each step. The recorded kinetics of sorption and 
desorption corresponding to the actual penetrant pressure, were used to determine the 
solubility and the diffusivity of the samples as a function of the partial pressure of the 
penetrant. 

With the exception of sample EO5.1, the loss of polymer material into the n-hexane 
liquid during sorption was low: <3 wt.% for sample EO4.3 and <1 wt.% for the other 
sample. Sample EO5.1 dissolved in the n-hexane liquid. Because of this, the sample 
was subjected only to a minor analysis, not discussed in the present thesis. 

 

3.2.2. Theory and analysis of sorption and desorption data 
 

The solution of Fick’s second law for penetrant diffusion in one direction for a thin 
film was used to obtain the diffusivity (D) from desorption data obtained by the 
differential method. Assuming a constant diffusivity over the low n-hexane activity 
desorption experimental data [36]: 
 
M!"Mt

M!

= 8
#2

1
(2n + 1)

n=0

n=!

$ exp "
D(2n +1)2#2

4L
2 t

% 

& 
' 

( 

) 
*  (10) 

 
where Mt is penetrant mass leaving the polymer sheet after time t, M∞  is the 
corresponding quantity after infinite time and L is half of the film thickness. D is related 
to the thermodynamic diffusivity (DT) through a thermodynamic correction term: 
 

D = D
T

! lna
1

! ln"
1

a

# 

$ 
% 

& 

' 
(  (11) 
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where a1 is the penetrant activity in the polymer. The second term in Eq. (11) can be 
obtained directly using data obtained from sorption/desorption curves at different 
activities. 

The following methodology was used in numerical analysis of the desorption data for 
samples initially saturated with liquid n-hexane (a1 =1) [49,56,57]. For binary system 
and for penetrant diffusion in one direction, the following equation is obtained 
substituting Eq. (11) into Fick’s second law of diffusion [36] for a sheet geometry: 
 
!"

1

!t
= !
!x

DTg
!"

1

!x

# 

$ 
% 

& 

' 
(  (12) 

 
where DT is the thermodynamic diffusivity related to !

1

a  and ƒ2 as described in Eq. (9); t 
is time and x  is the position from the outer surface of the sheet;  half of the sheet 
thickness (L) was considered during numerical solution. The following inner and outer 
boundary conditions, respectively, were applied in Eq. (12) during the numerical 
analysis: 
 

! 

"#
1

"x
$ 

% 
& 

' 

( 
) 
x=L

= 0 (13) 
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a
)
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1

"x
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$ 
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' 
( 
x= 0

= Fo (!1) x=0  (14) 

 
where F0 is the rate  evaporation on the surface of the sheet for desorption and was 
calculated by using initial rate of desorption [58]: 
 

! 

F
0

=
dMt dt

2S C
0
"Ceq

# 

$ 
% 

& 

' 
( 

 (15) 

 
where S is the area of the polymer surface, C0 is the concentration of the liquid on the 
surface of the polymer at the beginning of desorption and Ceq=0 is  equilibrium 
concentration of the penetrant with the surrounding. 

In the numerical analysis of Eqs. (9,12-15),  A and ƒ2 were the adjustable parameters. 
The constant parameters ƒ1=0.168 and Bd= 0.8, in Eq. (9), were taken from the work of 
Fleischer [48]. Two different assumed systems of penetrable phases were analyzed: in 
Method I, the liquid-like (L), the interfacial liquid-like (IL) and the interfacial crystal 
core (ICC) components were assumed penetrable; in Method II, the L and the IL 
components were assumed penetrable phases. The mass fractions of the components 
(wi) were converted into volume fraction from ρ2 according to: 
 

! 

"
i
=
w

i
#

2

#
i

             i = CC,L or ICC (16) 
 
where ρ2 and ρi are, respectively, the densities of the polymer and its  components. The 
following density values were used: ρCC = 1000 kg m-3 [28], ρL = 855 kg m-3 [28] and 
ρICC=930 kg m-3 [49,57]. 
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3.2.3. Density measurements 
 

Sample densities (ρS) were obtained by weighing them in air and ethanol (density 
ρ=790 kg m-3) and applying the Archimedes principle. A Mettler Toledo AE100 balance 
with a density determination kit ME-33360 was used for the measurements. The density 
values were converted to mass crystallinity considering the densities of crystalline and 
amorphous phases reported in literature [28]. 
 
 

3.2.4. Wide Angle X-Ray Spectroscopy 
 

X-ray diffraction measurements of dry and n-hexane saturated poly(ethylene-co-
octene)s were done using a Philips Xpert PRO  diffractometer with monochromatic 
CuKα radiation generated at 45 kV and 40mA equipped with a rotating sample holder 
Spinner PW 3064.  Diffraction patterns were recorded in the range 10-40° 2θ using a 
proportional counter with a step size of 0.008° and a scan speed of 0.042°/s. The 
rotation of the sample holder was set to 16 revolution/minute. Correction for sample 
transparency, Lorentz and polarization factor were applied [59]. 

 

3.2.5. NMR Spectroscopy 
 

CP/MAS 13C-NMR spectra were recorded on a Bruker AQS 300 WB instrument 
(ambient temperature 291 +/- 1 K) operating at 7.04 T.  A zirconium oxide rotor was 
used. Polyethylene samples were prepared in the form circles, 5 mm in diameter and 
approximately 2-4 mm thickness, and positioned in the rotor by use of spacers. In the 
case of n-hexane-saturated polyethylene samples, the rotor was filled with an excess of 
n-hexane prior to inserting the spacers. The MAS rate was 5 kHz. Acquisition was 
performed with a CP pulse sequence using a 5 µs proton 90° pulse, a 1000 µs contact 
pulse and a 100 % - 50 % power ramp for cross-polarization. For proton decoupling a 
TPPM15 composite pulse decoupling sequence was used with a 8 µs excitation pulse. A 
5 s delay between repetitions was used.  Typically, 128 transients were recorded. 
Glycine was used for the Hartman-Hahn matching procedure and was used as an 
external standard for the calibration of the chemical shift scale relative to 
tetramethylsilane ((CH3)4Si). The data point of maximum intensity in the glycine 
carbonyl signal was assigned a chemical shift of 176.03 ppm. 
 

3.2.6. Raman spectroscopy 
 

Raman spectra were recorded at 298 K in a Perkin-Elmer Spectra 2000 NIR-Raman 
instrument. Raman spectra were analyzed according to Mutter et al. [17] as described 
by Hedenqvist et al. [49]. Mass contents of the crystal core (CC), interfacial crystal core 
(ICC), interfacial liquid-like (IL) and of the liquid-like amorphous component were 
from the analysis of the CH2-bending (1390-1510 cm-1), CH2-rocking (700-970 cm-1) 
and CH2-twisting (1250-1350 cm-1) regions of the Raman spectrum. Hexacontane was 
used as 100% CC standard and n-octadecane as 100% L standard. Each spectrum was 
based on 128 scans at 1 W. Every sample was run in triplicate. 
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3.2.7. Differential Scanning Calorimetry (DSC) 
 

Differential Scanning Calorimetry was used to study crystallinity and crystal 
thickness population in the materials. Samples weighing 5 ± 1 mg were encapsulated in 
40 µl aluminium crucibles and analyzed in a temperature- and energy- calibrated 
Mettler Toledo DSC 820 using nitrogen as purge gas. Calibration was performed by 
recording the melting of pure indium at the actual heating rate used. The heat of fusion 
Δhf was determined from the normalized melting peak area of the DSC thermogram 
obtained at a heating rate of 10 K min-1. The recorded heat of fusion was converted into 
mass crystallinity using the total enthalpy method [60] according to the expression: 
 
 
 
 

! 

wc (DSC) =
"hf

"h f

0 # cp,a # cp,c( )dT
T1

Tm
0

$

  (17) 

 
 
where T1 is an arbitrary temperature below the melting range, cp,a and cp,c are 
respectively the specific heats of the amorphous and the crystalline phases, and 

! 

"h
f

0 = 
293 kJ kg-1 is the heat of fusion for 100% crystalline polyethylene at the equilibrium 
melting point (

! 

T
m

0=418.7 K [61]). Data for cp,a and cp,c from Wunderlich and Baur [62] 
have been used. Calculating mass crystallinity of poly(ethylene-co-octene) systems 
using reference values for pure polyethylene leads to negligible errors. 

The Thomson-Gibbs equation [11] was used to convert melting peak temperature Tm 
to crystal thickness (LC): 
 
 

! 

Tm = Tm

0
(p) "  1#

2$ p( )
%hf

0&cLc

' 

( 
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+ 
,  (18) 

 
where 

! 

T
m

0
p( )  is the equilibrium melting point for the copolymer with p molar fraction 

of crystallisable units, σ(p) is the specific free energy of the fold surface for the 
copolymer with p molar fraction of crystallisable units – for linear polyethylene it is 
equal to 93 mJ m-2 [63]– and ρc is the crystal phase density, which for linear 
polyethylene at 295 K is equal to 996 kg m-3 [10]. Defoor et al. [64] reported a moderate 
increase in the unit cell volume for fractions of poly(ethylene-co-octene)s with 
increasing degree of chain branching: 93.5 Å3 (linear polyethylene) to 96.2 Å3 for a 
copolymer with 2.8% hexyl branches. These samples crystallized during a 5 K min-1 
cooling from the melt. Thus, the crystal density showed a variation between 967 and 
996 kg m-3. The use of a universal value, ρc=996 kg m-3, in the calculation of crystal 
thickness according to Eq. (18) gives thus a maximum error of 3%. 

The equilibrium melting points of the copolymers were calculated according to [65] : 
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where 

! 

"H
f,r

0  is the heat of fusion per mole of crystallisable repeating unit, which for 
polyethylene is equal to 4.1 kJ (mole CH2 units)-1 [66]. Eq. (19) assumes that the 
branches are excluded from the crystals. The incorporation of hexyl-branches in the 
crystalline component in our samples should be very low in view of the low cooling rate 
(0.2 K min-1) used during crystallization. The prerequisite for Eq. (19) is thus fulfilled. 

The specific free energy of the fold surface is another concern. Li and Akpulo [55] 
obtained in a study of isothermally crystallized poly(ethylene-co-1-hexene) with 
6.4 mol% 1-hexene using differential scanning calorimetry and small-angle X-ray 
scattering a value of 90 mJ m-2 for the specific fold surface energy. Darras and Séguéla 
[67] reported a gradual increase in σ with increasing p for rapidly cooled poly(ethylene-
co-butene)s from 70 mJ m-2 for the copolymer with 1 mol% 1-butene to 110 mJ m-2 for 
the copolymer with 7.6 mol% 1-butene. The increase in fold surface energy was 
attributed to disordering of the fold surface in the highly branched samples. The fold 
surfaces in the samples of the present study were given time to mature during the very 
slow cooling used (0.2 K min-1), which induced the use of a universal value, 93 mJ m-2, 
for all the copolymers. The trends in the obtained data would not be qualitatively 
different even in the case of an increasing σ(p) with decreasing p in accordance with the 
data of Darras and Séguéla [67]. 
 

3.2.8. Polarized optical microscopy 
 

Crossed polarized light microscopy was used to qualitatively assess the morphology 
of superstructures. The instrument used was a Leitz Ortholux POL BK II optical 
microscope equipped with crossed polarizers. The specimens used were 50 µm thick 
microtomed sections of the materials. The micrographs were recorded with a Leica DC 
300 CCD camera and transferred to a computer for further analysis with Leica IM50 
software. 
 

3.2.9. Small Angle Light Scattering (SALS) 
 

Small Angle light Scattering was used to assess the average spherulite radius 

! 

r
s

 on 
50 µm thick microtomed sections of the materials. The scattering pattern was recorded 
on a photographic film and the scattered intensity maximum was evaluated by visual 
examination of the films. The scattering angle θmax corresponding to the scattered 
intensity maximum was calculated and the average spherulite radius 

! 

r
s

 was obtained 
according to Pakula et al. [68]: 
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where λ = 617.6 nm is the wavelength of the light used (Marwell M1805-P, 5 mW He-
Ne-laser) and n = 1.5 is the average refractive index of the polymer. 
 

3.2.10. Transmission electron microscopy 
 

Transmission electron microscopy was used to investigate the lamellar morphology. 
The bright field observations were carried out in a Philips Tecnai 10 electron 
microscope operated at 100kV. Images were recorded with a Megaview II digital 
camera and analyzed with the AnalySIS program. 

Samples were treated with the permanganic etchant developed by Shahin et al. [69] 
and digested with fuming nitric acid. The permanganic etching was carried out as 
follows: samples were etched at room temperature for either 5 h or 20 h in two different 
reagents: (i) 1 g/l potassium permanganate in a mixture of 2 parts by volume of 
concentrated sulphuric acid and 1 part by volume of orthophosphoric acid (99%); (ii) 
1 g/l potassium permanganate in a mixture of 10 parts by volume of concentrated 
sulphuric acid, 4 parts by volume of orthophosphoric acid (99%) and 1 part by volume 
of water. The samples were subsequently washed, replicated in two stages using 
cellulose acetate for the first impression, shadowed with Au/Pd in a vacuum evaporator, 
coated with carbon, transferred to a copper grid and examined in the transmission 
electron microscope. The nitric acid digestion was performed on 5 mg samples at 333 K 
in fuming nitric acid for 9 days, washed and ultra-sonicated for 10 min in 5 ml of 
distilled water. A drop of the suspension of crystals in distilled water was collected with 
a pipette and laid on a carbon-Formvar coated grid; after the water had evaporated, the 
grids were shadowed with Au/Pd in a vacuum evaporator and examined in the 
transmission electron microscope. 
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4. COMPUTATIONAL MODELS 
 

Simulations of diffusive processes in polymers have been widely used to better 
understand permeation processes. The approach used in most of the contributions [70-
75] was to simulate dynamic movement of simplified models of chains in the bulk 
amorphous polymer in the presence of diverse small molecules. Analysis of diffusive 
process for larger molecules requires an adequate increase of the length- and time-scales 
of the simulated system. The use of an efficient algorithm and a state-of-art hardware 
permit the study of systems of up to 8000 atoms on a 4 µs time scale [76]. 
Unfortunately, whereas atomistic simulations are recognized nowadays as a reliable tool 
to forecast diffusive behaviour in bulk amorphous polymers, simulation of diffusive 
process in semicrystalline polymers would require excessive computational time due to 
the time- and length-scale of diffusion in them. Müller-Plathe [77] and Hadgett et 
al. [78] used a mesoscale approach in order to simulate diffusion in semicrystalline 
materials and assess the effect of crystallinity and crystal shape on diffusivity. These 
studies are based on Monte-Carlo simulations of a random walker in a bi- or tri-
dimensional lattice in which an algorithm places crystal lamellae, modelled as platelet. 
A major simplification is common to both the works: the real semicrystalline material, 
formed by a complicated branched superstructure, is modelled as a set of non-
interconnected platelets, uniform in shape and size, embedded in the amorphous 
component.  

In the present work, both atomistic simulations and mesoscale simulations were used 
in an effort to understand the process of diffusion at different length- and time-scales. 
Diffusion of n-hexane in the amorphous component in poly(ethylene-co-octene)s was 
studied using molecular dynamics simulations, whereas the effect of crystallinity and 
crystal shape on the diffusion of an ideal small penetrant was investigated using 
mesoscale simulations based on an algorithm able to create spherulitic structures similar 
to those observed in polymers. 
 

4.1. Molecular dynamics simulations 
 

4.1.1. System representation 
 

The polymer systems studied contained five chains, each consisting of 1000 carbon 
backbone atoms. 1-Octene monomers were randomly inserted into the chains. The 
comonomer content was varied as shown in Table 2.  The –CH2– and –CH3 units in both 
the polymer chains and n-hexane were represented as “anisotropic united atoms” 
(AUA) [79]. The C and H centres of the CH- groups of the branching units were 
represented explicitly. The simulated systems were subjected to rectangular periodic 
boundary conditions. 

4.1.2. Molecular dynamics details 
 

The simulations were carried out using the GROMACS software [80] on several 
Nocona Xeon® equipped workstations. Constant pressure and temperature dynamics 
were obtained by a weak coupling to a pressure and temperature bath with the coupling 
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times 1.5 ps (pressure) and 0.5 ps (temperature) [81]. The time step was set to 1 fs for 
simulation dealing with the PVT relations and to 2 fs for the diffusivity assessment. 

 
 

 
Sample code Comonomer content (wt.%) Total carbon atoms number 
PE 0 5000 
EO0.5 0.96 5144 
EO1.4 2.68 5402 
EO3.0 5.92 5888 
EO5.8 11.52 6728 

 
 
Table 2. Systems studied in the molecular dynamics simulations 

 
 
All the boxes were obtained by placing the chains and the penetrant molecules in all-

trans conformation in a very large periodic box, allowing the box to shrink in steps at 
high temperature under constant particle, pressure and temperature (NPT) dynamics 
until the box size stabilized. The system was finally cooled to 298.15 K. The 
equilibrium was reached when the volume fluctuations were within the 1% of the mean 
value for a time period of at least 1 ns. 

 

4.1.3. Potential functions 
 

The potential function parameters were obtained from Pant et al. [82](Table 3). The 
truncation distance for non-bonded interactions was set to 1 nm. 

 
 

Function Constants 
Bond stretch energy = kR(R-R0)2/2   

C-C kR=663 R0=1.54 
C-H kR=663 R0=1.54 

Bond angle bending energy = kθ(θ-θ0)2/2   
-CH2- kθ=482 θ0=111.6 
>C< kθ=482 θ0=109.47 

Torsional potential =V3(1+cos 3φ)/2 V3=13.4 
Non-bonded potential, Lennart-Jones 6-12   

-CH2- (AUA) ε=0.686 σ=3.510 d=0.42 
C (in >CH-) ε=0.397 σ=3.450 d=0 
H (in >CH-) ε=0.041 σ=3.00 d=0 
-CH3 (AUA) ε=0.837 σ=3.763 d=0.42 

 

 
Table 3: Potential functions for linear PE and poly(ethylene-co-octene)s 

a Energies in kJ mol-1, distances in Å and angles in radians. 
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4.1.4. Diffusion 
 

For any given branching content, 5 different n-hexane contents were tested. The 
diffusion coefficient D was determined according to the Einstein equation [83] from the 
mean square displacement r(t) at time t of the centre-of-mass from the origin r(0) : 

 

! 

D =
r t( ) " r 0( )( )

2

6t
 (21) 

 
The averaging was done by generating a new origin at every sampled point along the 

penetrant trajectory. 
  

4.2. Mesoscale simulations 
 

4.2.1. Algorithm to create spherulitic superstructures 
 

In order to create superstructure sufficiently similar to spherulites found in real 
materials, the natural growth process was mimicked, notwithstanding that some 
simplifications were necessary: the lateral habit was assumed rectangular and the 
lamellae were considered infinitively stiff objects. 

Starting from an initial configuration of a single lamella having width w and 
thickness t and two faces active for the growth, the growth proceeded for discrete steps, 
adding every growth step a parallelepiped with the same width and thickness as the 
initial portion of the lamella and predefined length gs. The unitary growth element is 
represented in Fig. 7. 
 

 

Figure 7. Unitary growth element. The white arrow represent the direction of 
growth. The local coordinate system is also represented 

 
The unitary growth step was defined by a set of numbers that describes the position 

of the centre of the new crystalline element (item P in Fig. 7), the local coordinate 
system, the growth direction and the growth stage. This set of number, named 
‘keypoint’ was stored in a matrix, called ‘kps’, for every growth step of the whole 
growth history. In such way, the growth history was saved and could be reprocessed in 
a second time. 

. 
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 a) b) 

Figure 8.  (a) The initial stage of the growth of a spherulitic superstructure. 
(b) The branching process in detail. Vectors z and u are the growth directions 
respectively of the mother and the daughter lamella. 

 
The growth process continued until the lamella either is obstructed by another 

lamella, or exits the predefined space. Hence, the length of the lamellae was not decided 
a priori nor was constant. The initial steps of growth are represented in Fig. 8a. The 
initial configuration is the square brick in the middle of the structure. For every growth 
step, an element as in Fig. 7 is added 

The branching process was regulated by the direction of the vectors u and v in 
Fig. 8b. Two angles identify the direction u of the lamellar branch: the angle between 
the z-axis and the projection v of u on the yz plane and the angle between u and v. In the 
branching algorithm, these angles were termed “splay” and “split”. The “splay” angle 
was varied between 20° and 40° while the “split” angle was varied between 15° and 
30°: the selected angular values are in the range of the branching angles obtained by 
transmission electron microscopy in structure grown from the melt [32-34]. 

 

 
  a) b) 

Figure 9. (a) The first stage of the growth process. a) The lamellae grown in 
the secondary growth process are shown in blue. 
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The first part of the growth process was the growth of dominant lamellae. The result 
of this first step is a lamellar structure from which secondary lamellar growth could take 
place. Secondary growth could be repeated until the desired crystallinity is obtained. 
The process is schematically shown in Fig. 9. 

A cubic lattice was defined in the three dimensional space where the crystalline 
structure was built by geometric planes. The points of the cubic lattice inside the 
volumes defined by the planes describing the lamellar morphology were considered 
crystalline sites (Fig. 10). The elements of the matrix representing crystalline lattice 
sites were set equal to one; the others are set equal to zero 
 

 

a) b) 

Figure 10. a) Rendering of the structure by colouring the crystalline lattice 
points. b) Rendering of the structure by drawing the parallelepiped-shaped 
borders of the unitary growth element. 

 
The cubic lattice was centred in the single initial growth site and the growth was 

disabled outside the sphere inscribed in the cubic lattice, hence every lattice contained 
one spherulitic structure. The points of this cubic lattice were stored in a cubic matrix 
(called “box3D”) representing the lattice itself. In this way, the geometry of the 
supermolecular structure was simultaneously saved in two different ways. The first way 
consists in storing the morphology in terms of crystalline and non-crystalline points of 
the lattice. The second way consisted in preserving the whole growth history in terms of 
unitary growth steps, i.e. in terms of keypoints. The matrix “box3D” was a compact 
method of storing the position of the crystallites. This matrix could be scanned at high 
speed (e.g. for assessing the degree of crystallinity, defined as the ratio of the number of 
lattice crystalline sites and the total number of lattice sites, and checking crystallinity 
distribution in the space) or used to simulate permeant diffusion in the structure. The 
matrix “kps” was not suitable, because of the structure and the size, for these tasks. On 
the other hand saving the whole growth history was the only way of having the 
possibility of further processing the morphology. 

A set of morphological parameters could be varied in the model, namely lamellar 
width and thickness, branching and twisting angles, minimum interlamellar distance; the 
spherulitic radius could be varied by choosing different edge length for the cubic lattice. 
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4.2.1.1 Crystal widening and thickening 
 

In a further improvement of the model, crystal growth was allowed along the 
crystallographic a- and c-axes. Hence, the simulated spherulites consist of crystals with 
a distribution in the crystal width-to-thickness ratio. A positive side effect of the 
relaxing condition was that structures with a moderately higher degree of crystallinity 
were attainable. The initial crystal block had a specified initial length, width Wi and 
thickness LCi . The number of active faces for crystal growth was 4 when both 
lengthening and widening processes were considered and 6 when lengthening, widening 
and thickening processes were considered. In addition to global position, local 
coordinate system, lengthening direction and growth log, in the present model data for 
the width and thickness of the crystal unitary blocks were stored in the matrix “kps”. 
Crystal widening and thickening occurred by increasing the width and the thickness of 
the single crystalline elements using discrete quantities referred to respectively as gsw 
and gst. The two directions of crystal widening and thickening were processed 
separately. Crystal lengthening, widening and thickening proceeded until impingement 
with other crystals occurred. Widening and thickening occurred either simultaneously 
(parallel model) or subsequent to (series model) crystal growth along b and branching. 
The single initial crystal was placed in a corner of a cubic lattice and the spherulite 
growth was allowed to take place inside a spherical octant centred in the initial crystal 
and inscribed in the cubic lattice: the final structure was therefore a spherulite octant. 
Parallel widening steps are displayed in Figs. 11a-c: a widening step (Fig. 11b) is 
completed at each lengthening step (Fig. 11c). 
 

 
 a) 

 
 b) 

 
 c) 
 

Figure 11. The crystallisation process: the initial structure (a) undergoes a 
lateral growth step (b), followed by a lengthening step (c). 
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4.2.2. Simulation of penetrant diffusion 
 

The motion of the penetrant in the polymer was simulated with a random walker on 
the cubic lattice. The position of the penetrant was recorded referring to the fix 
reference frame (Lagrangian approach). The penetrant could move with same 
probability to any of the prime adjacent sites; if the site was recorded as crystalline, the 
move was rejected but the step was counted. This approach was in accordance with 
previous simulation studies [77,78]. It is reasonable to simulate diffusion in a material 
made of impinged centrospherical superstructures by considering one of them and 
diffusing across it many times. Spherical boundary conditions were therefore used: 
when the penetrant reached the boundaries of the spherulite and diffuses out of the 
spherulite, the site available for the diffusion was the one located on the diametrically 
opposite side of the spherulite. As a result, the trajectory needed to be reprocessed 
before being used for diffusion calculations: the jumps from one site to the diametrically 
opposite one in the spherulite were transformed in unitary step in the radial direction. 
Fig. 12a shows a trajectory in the presence of spherical boundary conditions: the long 
straight lines are the imaginary trajectories when the permeant crosses the boundaries 
and enters the spherulite in the diametrically opposite site; Fig. 12b is the trajectory 
shown in Fig. 12a converted to a physical trajectory. 

 

 

 a) b) 

Figure 12.  a) Permeation in presence of spherical boundary conditions. b) 
The same walk with the conditions removed. 

 

4.2.3. Calculation of penetrant diffusivity and geometrical 
impedance factor 

 
The permeant diffusivity (D) was calculated according to the Einstein equation [84] 

(Eq. (21)) from the change in the penetrant displacement (r) with time (t). 
The validity of the equation is limited: the time scale of the simulation has to be 

sufficiently long to ensure that diffusion process is not spatially restricted, causing the 
mean-square displacement not to be linear in t. In order to improve the statistics, every 
point was considered as a new origin for the calculation on the subsequent part of the 
path. The analytical geometrical impedance factor (τ) of a given morphology was 
obtained according to Eq. (8). 
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The effective geometrical impedance factor of the superstructure was calculated 
according to Eq. (6), being Da the diffusivity of the penetrant in a lattice having same 
edge length of the given superstructure and no crystalline sites, model of the amorphous 
analogue of the superstructure, and D the diffusivity obtained in the superstructure. 
Being the penetrant a punctiform particle, the factor β was considered equal to 1 in all 
the calculations in agreement with Michaels et al. [45]. 
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5. RESULTS AND DISCUSSION 
 

5.1. Crystallinity, phase composition and morphology 
 

The different methods for phase composition assessment used in Papers 2 and 7 are 
based on different basic assumptions: characterization with calorimetry studies or 
density measurements consider semicrystalline polymers as strictly biphasic material: 
only the amorphous and crystalline component are present and no interfacial component 
is considered in the model. Using the two-component model for describing transport 
properties has proved to be inadequate because the diffusivity-derived free volume data 
of the amorphous component showed a pronounced dependence on crystallinity. Raman 
spectroscopy permit to distinguish different components according to their chain 
conformation. In Table 4, results obtained with the different methods are confronted. 
 

 
Table 4. Crystallinity and phase composition according to Raman 
spectroscopy. 
a) By differential scanning calorimetry. 
b) By density measurements. 
c) By Raman spectroscopy. 

 
 

The crystallinity fractions based on calorimetric measurements were between the 
mass fractions of crystal core and the sum of the crystal core and interfacial crystal core 
components obtained by Raman spectroscopy [49]. The crystallinity of sample EO2.3 
was much higher than that of EO2.4 although the comonomer content differed by only 
0.1%. It is possible that the low molar mass of EO2.3 is responsible for its relatively 
high crystallinity. 

Polarized optical microscopy provided qualitative information on the crystalline 
superstructure. Samples with low degree of branching (≤2.4%) showed spherulitic 
superstructures. Observations of samples EO3.6 and EO4.3 showed no birefringence, 
and hence random lamellar arrangement was suggested in both the samples. These 
findings were substantiated by small-angle light scattering. The samples with a lower 
degree of branching (≤2.4%) showed clover-leaf patterns typical of spherulites, whereas 
the samples with a higher degree of chain branching showed azimuthal-angle-
independent scattering, indicative of a random lamellar structure. Sample EO2.3 
showed distinctly larger spherulites than the other samples, also in this case due to its 

Sample wc
a

wc
b

wCC
c

wICC
c

wIL
c

wL
c

EO0.4 0.78 0.72 0.72 0.071 0.052 0.162

EO0.8 0.56 0.57 0.55 0.099 0.092 0.257

EO1.9 0.43 0.41 0.34 0.135 0.111 0.414

EO2.3 0.38 0.38 0.27 0.143 0.130 0.453

EO2.4 0.36 0.35 0.24 0.150 0.113 0.493

EO3.6 0.20 0.22 0.06 0.136 0.136 0.672

EO4.3 0.14 0.17 0.02 0.149 0.128 0.705
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low molar mass. The average spherulite radius 

! 

r
s

 data obtained by small-angle light 
scattering are presented in Table 5. 
 

Table 5. Melting points (Tm: recorded; 

! 

T
m

0
p( ) : equilibrium) and 

morphological characteristics of samples. 
a) No clover-leaf pattern. 

 
The melting curves were unimodal with two exceptions (EO3.6 and EO4.3) and the 

melting peaks were relatively narrow. The peak temperature Tm is thus a good 
representation of the crystal population. Melting peak temperatures as averages of three 
measurements are presented in Table 5. Fig. 13 presents crystal thickness Lc data 
together with data for the average chain length between adjacent chain branches as a 
function of the degree of branching. 
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Figure 13. Crystal thickness (Lc; ) and average chain length between 
adjacent chain branches (

! 

L ; ) as a function of hexyl branch content 
given in mol%. The continuous lines are power law fits to the data. 

 
The highly branched systems showed crystal thicknesses only slightly less than the 

average chain length between adjacent branches, whereas for the sample with the lowest 
degree of chain branching (EO0.4), 

! 

L
c
" L 2 . The crystal thickness range included in 

this study is broad, ranging from ca. 3 nm to 28.6 nm (Table 5). The polymers with the 
highest degree of chain branching (EO3.6 and EO4.3) showed bimodal melting 
suggesting a heterogeneous distribution of branches. The difference in crystal thickness 
associated with the two melting peaks was, however, small (Table 5). 

Crystal widths were measured on transmission electron micrographs of replicas of 
permanganic-etched samples. Crystal width is defined in Fig. 14. 

Sample Tm (K)

! 

Tm

0
p( )  (K)

! 

rs
 (µm) Lc (nm) W (nm)

EO0.4 408.1 417.3 5.4 28.6 609

EO0.8 396.0 415.9 6.1 13.2 516

EO1.9 376.7 412.0 7.0 7.4 325

EO2.3 372.8 410.6 18.2 6.9 568

EO2.4 367.5 410.2 7.3 6.1 513

EO3.6 317; 336 406.1 –a 2.9; 3.7 732

EO4.3 317; 337 403.7 –a 3.0;3.9 1353
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Figure 14. Definition of crystal width (W) and crystal  thickness (LC). The 
spherulite radius is denoted r. 

 
 

  

a) b) 

  

 c) d) 

Figure 15. Transmission electron micrographs of permanganic-etched 
samples: a) EO0.4; b) EO3.6; c) EO1.9 and of fragments obtained after nitric 
acid digestion of  sample d) EO1.9. 

 
Fig. 15 presents a few selected micrographs. The spherulitic morphology in the 

samples with a low degree of chain branching was also evident in the low magnification 
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electron micrographs (Fig. 15a). The samples with low crystallinity showed few but 
very wide crystal lamellae and no spherulitic order (Fig. 15b). These lamellae are 
almost in the plane of the surface with a vertical b axis orientation and a visible 

! 

110{ } 
tip. Many samples contained S-shaped lamellae (Fig. 15c). The particles obtained after 
nitric acid etching occasionally revealed the true structure of the crystals (Fig. 15d). In 
most cases, however, the particles were only fragments of crystals and they were not 
useful for the assessment of the crystal width. In order to obtain a realistic, observer-
unbiased value of the crystal width, all the crystal dimensions in every edge-on view 
were measured and averaged. In this way, the quantity measured is a combination of 
crystal widths seldom perpendicular to the spherulite growth direction. 

The relationship between the average size of a lamella in an edge-on view and the 
true width of the lamella according to Fig. 14 can be calculated considering the shape of 
the intersection of a plane and a ribbon of width W freely rotating in space. The solution 
to the problem is the following integral (Appendix A of Paper 2): 

 

! 

Q =
4

" 2
lim
t#0

 cos(arctan(
cos$ % sin&

sin$
)

& = 0

"

'
$= t

"

2

' )d$d& = 0.74245 (22) 

 
The average width data obtained from the micrographs were multiplied by the factor 

Q to obtain the ‘true’ average crystal width (Table 5). 
 

5.2. Diffusivity assessment: integral and differential method 
 

Table 6 presents a summary of data obtained for the adjustable parameters in Eq. (9) 
(A and ƒ2), the zero-concentration diffusivity (D!"0

) and the normalized sum square 
difference (SSD) between the fitted and experimental data obtained by the integral 
desorption method. The error estimation for the adjustable parameter A gave results 
with an average of ±9% and ±5% from the final optimum values for methods I and II, 
respectively.  Values of ƒ2 were within ±1% of the optimum values reported. Values of 
D!"0

 were estimated with an average of ±5% and ±4% deviation from the optimum 
values for methods I and II, respectively. The error estimation was based on sensitivity 
analysis, which takes into account the experimental error involved in the determination 
of the mass fraction of the components by Raman spectroscopy. For method I, 5% 
relative error of CC component was considered in the error analysis (note: 1-wCC= 
wICC+wIL+wL). For method II, 2.5% uncertainty of the penetrable components, IL+L, 
was used in the error analysis during the numerical search for the optimum values of the 
adjustable parameters.  

The good fit of the desorption data for sample EO1.9 is illustrated in Fig.16. As the 
SSD data show (Table 6), the goodness of the fits for both methods were relatively 
similar and good, except for sample EO4.3 obtained by method II. 

Diffusivity results according to the integral and the differential method are presented 
in Table 7. The differential data were only analyzed according to method I (L, IL and 
ICC are penetrable components). The diffusivities obtained by the differential method 
were on an average 40% smaller than those obtained by the integral method. These 
differences are within the margins of experimental error. Furthermore, the samples were 
exposed to different sorption-desorption histories. The concentration of the penetrant in 
the environment during exposure and the exposure time have been proved [56] to affect 
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diffusivity. In the following part of the thesis, only results from the integral method will 
be discussed. 
 

 
Table 6.  Free volumes parameters obtained by fitting according to methods I 
and II: 

a) relative error ±1%. 
b) relative error ±9%. 
c) in cm2 s-1. 
d) relative error ±5%. 
e) diffusivity at v1 = 0 in 10-8 cm2 s-1. 
f) SSD= sum of squares difference between normalised experimental and 
fitted desorption data. 
g) relative error ±4%. 

 

Table 7. Zero-concentration diffusivity and parameters of the free volume 
equation obtained by different experimental methods. 
a) diffusivity at v1 = 0 in 10-8 cm2 s-1. 
b) in cm2 s-1. 

Sample Method I Method II

ƒ2
a

A
b,c

! 

D
v1 "0

d,

e

SSDf ƒ2
a

A
c, d

! 

D
v1 "0

e, g SSDf

EO0.4 0.0436 0.0818 0.0988 0.0033 0.0464 0.0241 0.0784 0.0043

E00.8 0.0469 0.0646 0.252 0.0042 0.0504 0.0185 0.235 0.0044

EO1.9 0.0598 0.0178 2.75 0.0004 0.0628 0.0084 2.47 0.0005

EO2.3 0.0624 0.0155 4.19 0.0058 0.0671 0.0064 4.25 0.0052

EO2.4 0.0643 0.0135 5.33 0.0019 0.0664 0.0076 4.45 0.0008

EO3.6 0.0723 0.0075 11.8 0.0039 0.0739 0.0053 10.5 0.0036

EO4.3 0.0784 0.0061 22.5 0.0087 0.0749 0.0062 14.3 0.0101

Differential method             Integral methodSample

code

! 

Dv1 "0

a f2       Ab

! 

Dv1 "0

a f2 Ab

EO0.4 - - - 0.0988 0.0436 0.0818

E00.8 0.045 0.0394 0.297 0.252 0.0469 0.0646

EO1.9 1.68 0.0584 0.0149 2.75 0.0598 0.0178

EO2.3 3.05 0.0615 0.0136 4.19 0.0624 0.0155

EO2.4 3.66 0.0600 0.0260 5.33 0.0643 0.0135

EO3.6 8.50 0.0807 0.0017 11.8 0.0723 0.0075

EO4.3 12.0 0.0880 0.0011 22.5 0.0784 0.0061
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Figure 16. Normalized n-hexane desorption curves for sample EO1.9 
showing experimental data (points) and fitted data (line) according to method 
I. Dimensionless time (Td) is defined as 

! 

T
d

= D
v1"0

t L
2 , where 

! 

D
v1"0

 is the 
diffusivity at v1= 0, t is time and L is half the specimen thickness. The n-
hexane concentration (v1) is normalized with respect to the equilibrium 
penetrant concentration 

! 

v1
eq( ) at al=1. 

 
 

5.2.1. Morphology and geometrical impedance factor 
 

Eq. (8) was used to calculate the geometrical impedance factor from the lamellar 
dimension. The geometrical impedance factor was calculated using data for the volume 
crystallinity obtained from mass crystallinity by density measurements (Table 4) and 
crystal width-to-thickness ratio (W/Lc) (Table 5). The crystallinity based on calorimetric 
measurements differed on an average only by 0.01 from the density-based crystallinity 
(Table 4). The difference in the calculated τ values obtained by the two different 
assessments of crystallinity would be maximum 4% for the sample with the lowest 
degree of crystallinity. The crystal thickness average and the whole distribution of 
crystal widths obtained from the transmission electron micrographs were used in the 
calculation of W/Lc. From the distribution of the geometrical impedance factor, an 
average τ value was obtained. For samples showing two separate melting peaks and 
hence a bimodal distribution of the crystal thickness, the average of the two crystal 
thicknesses was used. It is important to point out, that, although several hundred 
lamellae were included in the analysis of each sample, the calculated average in crystal 
width is associated with considerable uncertainty. 

The geometrical impedance factors for the crystalline structures observed are 
presented in Fig. 17 together with the values of the reciprocal of the geometrical factor 
A (

! 

A"#$1) obtained from fitting of the free-volume model (Eq. (9)). All the series are 
normalized with respect to the values for EO0.4. The highly branched polymers showed 
very high crystal width-to-thickness ratio (W/Lc), and high values of the geometrical 
impedance factor were thus calculated for these samples. The Fricke theory is thus 
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giving the correct trend in the geometrical impedance factor-crystallinity data (Fig. 17). 
The calculated τ  data were in fair agreement with the data obtained by method II (IL 
and L are penetrable phases). The discrepancy between the calculated τ values and 
those obtained by method I (ICC, IL and L are penetrable phases) was significant. 
However, simple arguments suggest that the analysis based on the Fricke theory has 
limitations. The crystals are assumed to be oblate spheroids with a certain width and 
thickness. The real morphology is a highly branched and continuous crystalline 
structure from the centre to the periphery of each spherulite. The continuity of crystals 
along the spherulite radius and the difference in the crystal dimensions along the two 
directions perpendicular to the lamellar normal are aspects not considered in the Fricke 
theory. 
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Figure 17. Geometrical impedance factor normalized with respect to the 
value for EO0.4 as a function of volume crystallinity (vc) obtained from n-
hexane desorption data ( Method I;  Method II) and calculated from 
Eq. (8) using morphological data (). The continuous lines are third degree 
polynomial fits to the data. 

 

5.2.2. Morphology and free volume of penetrable component 
 

Fig. 18 presents a summary of the effect of crystallinity on the free volume of the 
penetrable component. Data for heterogeneous poly(ethylene-co-octene)s and for linear 
polyethylene are taken from Neway et al. [57,85]. The poly(ethylene-co-octene)s show 
a pronounced increase in f2 with decreasing crystallinity whereas linear polyethylene 
exhibits only a small change in f2 with changing crystallinity (Fig. 18). Linear and 
branched polyethylenes with a 40% crystallinity show different f2 values: 0.042 (linear 
polyethylene) and 0.052 (poly(ethylene-co-octene)s). The f2 data for the two groups of 
polymers converge at a high degree of crystallinity. It is possible, by analogy with the 
mechanical data reported by Boyd [86], that the phase properties of branched 
polyethylene gradually change with crystallinity. Linear polyethylene shows only a 
moderate change in f2 with increasing degree of crystallinity, which is precisely what 
the relaxation modulus of the amorphous component shows for this material [86]. 
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An alternative approach, not necessarily correct, considers the penetrable phase as a 
composite consisting of a liquid-like phase resembling the free amorphous phase and an 
interfacial component with different conformation and reduced fractional free volume.  
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Figure 18. Fractional free volume of the penetrable polymer fraction (f2) as a 
function of volume fraction of non-crystalline phase (vcc is the volume 
fraction of crystal core component) for linear polyethylene () [85], 
homogeneous poly(ethylene-co-octene)s () and heterogeneous 
poly(ethylene-co-octene)s () [57]. The method used to obtain f2 assumed 
that the interfacial crystal core, the interfacial liquid-like and the liquid-like 
components were penetrable. The continuous lines are polynomial fits (linear 
polyethylenes–second degree; poly(ethylene-co-octene)s–forth degree) to the 
experimental data. 

 
The interfacial component is according to the composite model (Fig. 19) assumed to 

trap a given penetrants molecule for a significant fraction of its diffusive time (ttr). The 
effective diffusivity (Deff) in the penetrable phase can be approximated by (Appendix B 
of Paper 2): 
 

! 

Deff

Dliq

"
tliq

tliq + tint
"
tliq

tint

=
t # tint

tint

=
1# ttr

ttr

"1# ttr  (23) 

 
where Dliq is the diffusivity in the liquid-like component, tliq is the time spent in the 

liquid-like component (mobile state), tint is the time spent in the interfacial phase 
(trapped state) and ttr is the fractional time spent in trapped states at the interfacial sites. 
It is here assumed that (i) the penetrant molecules are immobile in their trapped states; 
(ii) tint>>tliq.  

The data presented in Fig. 18 can be used to calculate ttr on the basis of Eq. (9) 
(Appendix B of Paper 2): 
 

! 

Deff

Dliq

=
e
"  
Bd

f2

e
"  

Bd

f2
liq

# e
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 "
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=1" ttr  (24) 

 
For linear polyethylene with f2=0.41-0.43 and 

! 

f2
liq
" 0.80 (Method I; ICC, IL and L 

are assumed to be penetrable phases), and with f2=0.44-0.46 and 

! 

f2
liq
" 0.85 (Method II; 

IL and L are assumed to be penetrable phases): 1-ttr≈0.7-3.410-4. For branched 
polyethylene depending on the degree of crystallinity – f2 ranges from 0.045 to 0.081 



RESULTS AND DISCUSSION 

 32 

(Method I) yielding 1-ttr≈210-4–0.62. For branched polyethylene with vcc=0.20 1-
ttr≈0.02. It should be noted that one of the assumptions (tint>>tliq) is not valid for the 
branched polyethylene with low crystallinity, vcc<0.15. The implication of the 
composite model is that the penetrant molecules in polyethylene with vcc>0.15 will 
spend almost all their time trapped at interfacial sites. Hence, the concentration of 
penetrant molecules will be higher in the interfacial component than in the liquid-like 
component. This paradox may be sorted out by considering that only a small part of a 
penetrant molecule is within the interfacial component and the larger part housed within 
the liquid-like component. 
 

 

Figure 19. The “interfacial trapping” model: schematic representation of the 
penetrable phase between two lamellae. Unfilled circles represent the liquid-
like component. The filled circle represent the interfacial component. 
Redrawn after [57]. 
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Figure 20. Fractional free volume of the penetrable polymer fraction (f2) as a 
function of volume fraction of the liquid-like component in the penetrable 
fraction of the polymer (

! 

v
L

n ). Drawn after data from Neway et al. [57,85]. 
The continuous line is a third degree polynomial fit to the data. ICC, IL and L 
are penetrable phases. 

 
The difference in the free volume-crystallinity relationship between linear and 

branched polyethylene shown in Fig. 18 is given an explanation in Fig 20: f2 shows a 
continuous change with the volume fraction of liquid-like component in the penetrable 
fraction (

! 

v
L

n ) for both linear and branched polyethylene. The data obtained by method I 
(ICC, IL and L are penetrable phases) showed less scatter than those obtained by 
method II (IL and L are penetrable phases). The balance between liquid-like and 
interfacial components was thus different at a specific crystallinity for linear and 
branched polyethylene; branched polyethylene had a higher proportion of liquid-like 
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component. Method I provided a reasonably unified description of the data obtained for 
the different groups of materials (Fig. 20).  

The significant scatter was not due to low accuracy in the determination of f2.. It was 
shown in a previous paper [85] that the uncertainty in the assessment of f2 arising from 
the uncertainty in the determination of phase composition by Raman spectroscopy is 
negligible. The scatter in the data presented in Fig. 20 was due to the sizeable 
uncertainty in the assessment of 

! 

v
L

n : the error in 

! 

v
L

n  is having a maximum at low 

! 

v
L

n : 10-
15% (relative error) and 5-10% in the high 

! 

v
L

n -range. The scatter in the data presented 
in Fig. 20 is well within these limits. 
 

5.2.3. Diffusion of phenolic antioxidants 
 

Table 8 shows the diffusivity data obtained from the studies on migration of 
Irganox 1081, Lowinox 22M46 and Santonox R from linear and branched polyethylene. 
The details of the method used to obtain diffusivity data from migration experiments are 
described in Paper 8 and by Lundbäck et al. [87] The ratio between the diffusivities in 
LPE and BPE is equal to 2.6±2.3.  

The geometrical impedance factor calculated from crystal dimensions were 4.6±1 for 
LPE and 2.0±0.5 for BPE; the ratio of the diffusivities in LPE and BPE if only the 
geometrical hindrance is considered is equal to 0.5, and therefore within the error limits 
for the experimentally obtained values.  

 

 
Table 8. Antioxidant diffusivity D. a Data from Lundbäck et al.[87] 

Polymer 
 
 
 

Antioxidant 
 
 
 

Temperature (°C)/medium 
 
 

D (cm2 s-1) 
(10-9) 

 
 

LPE Irganox 1081 90/N2 3.2 
LPE Irganox 1081 95/N2 3.2 
LPE Irganox 1081 90/H2O 1 
LPE Irganox 1081 95/H2O 4.3 
LPE Lowinox 22M46 90/N2 5.5 
LPE Lowinox 22M46 95/N2 9.4 
LPE Lowinox 22M46 90/H2O 4.1 
LPE Lowinox 22M46 95/H2O 14.6 
LPE Santonox R 75/H2O 1.9 
LPE Santonox R 90/H2O 4-7 
LPE Santonox R 95/H2O 10 
BPE Irganox 1081 90/N2 0.6 
BPE Irganox 1081 95/N2 1.6 
BPE Lowinox 22M46 90/N2 0.99 
BPE Lowinox 22M46 95/N2 2.6 
BPE Lowinox 22M46 90/H2O 2.8 
BPE Lowinox 22M46 95/H2O 2.8 
BPEa Santonox R 75/H2O 20 
BPEa Santonox R 90/H2O 30 
BPEa Santonox R 95/H2O 35 



RESULTS AND DISCUSSION 

 34 

 
 
As presented above, the zero-concentration diffusivity of n-hexane in polyethylenes 

having crystallinities similar to LPE and BPE increases of an order of magnitude from 
LPE to BPE while the geometrical impedance factor in the same materials increases of a 
factor 1.2. It is clear that the crystals blocking effect is not the cause determining the 
change in n-hexane diffusivity, but it may perhaps be in the case of hindered-phenol-
antioxidants. It can be speculated that diffusion mechanism is following two different 
mechanisms in the case of small and flexible penetrants, such as n-hexane, or large and 
rigid molecules, in the case of hindered-phenol-antioxidants. In the case of small 
molecules, diffusion occurs according the interfacial-trapping model explained in 
Section 5.2.2, and crystals affect diffusion by both lengthening of the diffusive path and 
trapping the penetrant molecules at interfacial sites; large and stiff molecules are 
confined in the liquid-like component and sense solely the geometrical hindering effect 
of the crystals.  
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5.3. n-Hexane diffusion assessed by MD simulations 
 

5.3.1. PVT behaviour 
 

The importance of realistic PVT properties for the host polymer in diffusion studies 
has been underlined in several MD simulations studies [73,88]. The specific volume of 
polyethylene and the four poly(ethylene-co-octene)s studied at different temperatures 
and pressures are shown in Figs. 21a,b together with values calculated for linear and 
branched polyethylene from a power series fitting the experimental data of Olabisi and 
Simha [89,90]. The average deviation in density assessments is 0.5% of the absolute 
values (peak deviation: 0.8% of the absolute value). Fig. 22 shows that specific volume 
increased in a linear fashion with increasing comonomer content. This trend was 
observed at all the temperatures and pressures studied. The results can be understood by 
viewing the chain branches as a ‘disturbance’ to the efficient close packing of parallel 
linear chains. The coefficient of thermal expansion (calculated at 323.15K and 105 Pa 
by linear fit of the V-T data) decrease from 8.47 × 10-4 K-1 for linear PE to 7.30 × 10-4 K-

1 for EO5.8, compared to 6.41×10-4K-1 -8.21×10-4K-1 for linear PE.  

 
 a) b) 
 

Figure 21. PVT data for linear PE (), EO0.5 (), EO1.4 (), EO3.0 (), 
EO5.8 (): a) specific volume at 105 Pa as a function of absolute 
temperature Experimental data from Olabisi and Simha [89,90] are shown for 
linear PE (dashed line) and branched PE (solid line); b) specific volume at 
298.15 K as a function of pressure. 
 

 
Figure 22. Specific volume at 298.15 K and 105 Pa as a function of 
comonomer content. 

 



RESULTS AND DISCUSSION 

 36 

5.3.2. Penetrant diffusion 
 

In order to analyze n-hexane diffusion at low penetrant concentration, five molecules 
of penetrant were placed in each system. The solute weight concentration varied from 
0.46% for EO5.8 to 0.61% for linear PE. The reliability of the statistics sampled was 
affected by the low number of penetrant molecules studied, and therefore the systems 
with low penetrant concentration were simulated for a longer period of time, ranging 
from 0.124 µs for EO1.4 to 0.196 µs for linear PE. The effect of polymer branching on 
the low penetrant concentration diffusivity is displayed in Fig. 23 together with 
diffusivities calculated from experimental data for homogeneous poly(ethylene-co-
octene)s (Paper 7), corrected for the geometrical impedance factor (Paper 2).  

 

 
Figure 23. n-Hexane diffusivity at low penetrant concentration as a function 
of comonomer content for simulated systems () and data calculated with 
Eq. (9) from Paper 2 and 7 (). 

 
Unexpectedly, the presence of comonomer decreased the diffusivity in the simulated 

systems regardless of the fact that it increased the specific volume of the host polymer. 
This effect can be explained by considering the mechanism of penetrant ‘cage-like’ 
diffusion in polymers: penetrants are dissolved in free volume cavities having fixed 
position and varying shape. The chain dynamics can eventually create a channel 
between two free volume cavities (‘Red Sea mechanism’) and the penetrant can move to 
the new cavity. Assuming that the hexyl branches impede chain dynamics, as verified 
by rheological studies [91] and molecular dynamics simulation studies [92], in the 
highly branched system, less dense and therefore more abounding of free volume 
cavities, the hindered chain mobility will reduce the probability that channels 
connecting free volume pockets are built. This hypothesis was validated by the analysis 
of the centre-of-mass (COM) jump length distributions for the systems shown in Figs. 
24a-b. The distributions became narrower in systems with increasing comonomer 
content (Fig. 24a). In order to quantify the peakedness of the curves, the kurtosis were 
calculated for the given COM jump length distributions (Fig. 24b): the high values of 
kurtosis for highly branched systems are due to a penetrant motion that is characterized 
by a high mobility at short length scales (i.e. inside a free volume hole) and lower 
mobility at longer length scales (i.e. between free volume holes).  
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 a) b) 
 

Figure 24. a) Distributions of n-hexane jump length in linear PE (—), EO0.5 
(—),  EO1.4 (—), EO3.0 (—), EO5.8 (—), averaging interval 3 ps; b) 
kurtosis of the distributions of jump length shown in (a) as a function of 
comonomer content. 

 
The diffusivity values calculated from experimental data were in apparent 

disagreement with the results from molecular dynamics simulation as shown in Fig. 23. 
The experimental data presented in Fig. 23 are corrected only for the geometrical 
impedance factor τ. The values of fractional free volume f2 used in the calculation are 
taken from fitting Eq. (9) to experimental data for semicrystalline materials. It has been 
shown that f2 is considerably smaller in semicrystalline polyethylene than in its 
amorphous analogue. The data are therefore representing the behaviour of a polymer 
with varying, constrained mobility. The constraining effect is increasing with the 
crystallinity of the material used in the desorption study. 

A second factor that ought be taken into account is the difference between the branch 
content in the amorphous component of the semicrystalline polymer and the overall 
content. The branches are rejected from the crystalline component and hence are 
enriched in the amorphous phase, particularly in the proximity of the fold surface. 
Boyd [86] studied the conjunct effect of segmental constrain and branch segregation on 
amorphous modulus for branched polyethylene and remarked on the impossibility of 
interpreting properties of branched polyethylene in term of a composite crystal-
amorphous model, due to the variable nature of the amorphous component with 
crystallinity. 

The n-hexane diffusivity in all the systems, assessed varying the solute content, is 
shown in Fig. 25 as a function of the penetrant weight concentration together with 
values calculated according to the theory of Cohen-Turnbull-Fujita [39,93,94] from the 
experimental data. The effect of branching in lowering the diffusivity is observed 
throughout the penetrant concentration range. All the systems showed a drop in 
diffusivity at ~1wt.% penetrant concentration. The drop in diffusivity can be ascribed to 
a phenomenon of antiplasticization [95]. In the case of antiplasticization, adding solute 
to a polymer decreases the free volume of the system and it occurs if the penetrant fill 
the pre-existent free volume cavities in the matrix. The specific volumes of the 
polymer-penetrant systems are shown in Fig. 26: as suggested, some systems show a 
negative mixing volume, explaining the drop in diffusivity. 
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Figure 25. n-Hexane diffusivity as a function of n-hexane concentration for 
linear PE (), EO0.5 (), EO1.4 (), EO3.0 (), EO5.8 (). Values 
calculated with Eq. (9) from experimental data (Paper 2, 7) are shown for 
poly(ethylene-co-octene)s with a comonomer content of 3.84% (dashed line) 
and 4.72% (thick line) .  
 

 
Figure 26. Specific volume of the polymer/n-hexane mixture as a function of 
n-hexane concentration for linear PE (), EO0.5 (), EO1.4 (), EO3.0 
(), EO5.8 (). 

 
 
At penetrant concentrations greater than 1 wt.% the swelling effect of the penetrant 

caused an increase in diffusivity in all the systems. The data calculated using the free 
volume theory of Cohen-Turnbull-Fujita [39,93,94] show a monotone increase of 
diffusivity with increasing penetrant concentration. The discrepancy in the trend 
between the data obtained from simulation and the calculated ones can be ascribed to 
the fact that the free volume theory used is valid for systems having constant volume of 
mixing.  

An empirical relationship was found between the n-hexane diffusivity in the polymer 
and the density of the system, as shown in Fig. 27. It suggested that for a given polymer 
the diffusivity could be comparatively estimated by means of the density of the 
polymer-penetrant system; however density was proven to play a secondary role when 
comparing different polymers with different comonomer content, in which case the 
chain dynamics is the principal factor affecting penetrant mobility.   
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Figure 27. Diffusivity of n-hexane vs. specific volume of the system 
polymer-n-hexane for linear PE (), EO0.5 (), EO1.4 (), EO3.0 (), 
EO5.8 (). The lines are exponential fit.  

 
 

5.4. Effect of n-hexane sorption on phase composition and 
phase character 

 
The assessment of the  content of crystal core (CC), liquid-like (L) and interfacial (IL 

and ICC) components in semicrystalline poly(ethylene-co-octene)s from Raman 
measurements was done using data from CH2-twisting (1250-1350 cm1) and CH2-
bending (1390-1510 cm1) regions [13-17]. The CH2-twisting intensity I1250-1350 was used 
as internal standard [16]. The spectrum regions were approximated by a sum of several 
Lorentz functions [49]. The Raman peaks associated with deuterated n-hexane did not 
overlap with the majority of poly(ethylene-co-octene)s peaks with the exception of the 
CH2-rocking (700-970 cm-1) region, assigned to the liquid-like component. The mass 
fractions of crystal core component wCC and the total content of liquid-like and 
interfacial liquid-like wL+IL were calculated according to: 
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Data for the fully crystalline homologue (wCC=1) were obtained from hexacontane. 

The mass fraction of the crystal-like interphase was calculated as: 
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Figure 28. Phase contents from Raman spectroscopy as a function of 
comonomer content: crystalline component (),liquid-like and interfacial 
liquid-like component () and interfacial crystal-core component () are 
reported. 

 
The results of phase determination are shown in Fig. 28. The significant differences 

between the phase composition values reported in the present and in Table 4 are 
ascribed to experimental discrepancies during the thermal treatment of the material.  

The so called “Raman crystallinity band” at 1415 cm-1 was found to shift to higher 
values with increasing comonomer content (Fig. 29), accompanied by an opposite shift 
of the 1440 cm-1 band; as suggested by Lagaron [96,97]; the decreased splitting 
separation is attributed to decreased interchain interactions in the orthorhombic phase 
and decreased crystal density in concomitance with decreasing lamellar thickness.  

Unexpectedly the 1415 cm-1-band shifted towards lower values after sorption of 
deuterated n-hexane: this finding lead to the speculation that in the n-hexane-saturated 
system the surface dilatometric stresses decreased because of phase rearrangements in 
the interphase and in the crystalline component.  

 

 
Figure 29. Position of the 1415 cm-1 Raman band as function of comonomer 
content for dry () and deuterated n-hexane saturated samples (). 

 
 
The relative phase change after sorption was calculated as ratio of the phase content 

in the n-hexane-saturated and in the dry state. It was not possible to detect any 
systematic change in phase composition after deuterated n-hexane sorption (Fig. 30). 
Whereas the position of the 1415 cm-1-band has been proven to be a reliable indicator of 
transformations in the crystalline component [96,97], doubts have been raised about the 
trustworthiness of phase composition information, and in particular interphase 
determination, derived from Raman spectra [98,99].  
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Figure 30. Relative phase change after sorption of deuterated n-hexane 
according to Raman spectroscopy: crystalline component () and interfacial 
crystal-core component (). The relative phase change is calculated as ratio 
between the component weight fractions in the saturated and in the dry 
material. 

 

 
Figure 31. X-ray scattering patterns of  EO1.9 

 
An example of WAXS pattern is shown in Fig. 31. Scattering peaks were fitted in the 

10-40° 2θ range using a sum of Pearson VII functions [21], one for each of the 
amorphous halo (A in Fig. 5), (110) and (200) crystalline reflection (peaks C and E, 
respectively), and for the two interfacial component contribution as modelled by Baker 
and Windle [21] (peaks B and D). A further peak situated at 19.3° 2θ was observed in 
low crystallinity samples and it has been assigned by Pezzutti et al. [100] to a 
monoclinic phase.  

The phase composition of poly(ethylene-co-octene)s for varying comonomer content 
is shown in Fig. 32. The results are expressed as fraction of the whole area of the 
spectra in the range 10-40° 2θ range and not in term of weight fraction since in order to 
have a realistic estimate of the weight fractions higher order reflections should be 
analyzed [101,102]. The results for the interfacial component determination are in 
disagreement with the Raman assessment.  
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Figure 32. Phase content by WAXS (relative fractions) as a function of 
comonomer content: orthorhombic (), amorphous (), interfacial () and 
monoclinic () components. 

 
 

The values of  2θam, 2θ110 and 2θ200 for dry and n-hexane-saturated poly(ethylene-co-
octene)s for varying comonomer content are shown in Fig. 33. The decrease in 2θam 
with increasing branching content is effect of increasing distances in the intramolecular 
range; notwithstanding the need of further analysis of the intermolecular contribution 
centred at 42° 2θ , it is possible to suggest that branches increase the specific volume of 
the amorphous component, as predicted by the molecular dynamics results. Similarly it 
can be suggested that the decrease of 2θam after solvent sorption observed throughout 
the branching content range is generated by the solvent-induced swelling, as was also 
observed in the systems simulated with molecular dynamics techniques.  

 
Figure 33. Scattering angle positions of scattering peaks as a function of 
comonomer content: 2θam (), 2θ110 () and 2θ200 (). Open symbols 
represent data taken for the dry polymers and filled symbols represents data 
for n-hexane saturated samples. 

 
The effect of branching on 2θ110 and 2θ200 reported in Fig. 33 is in accordance with 

reported values for poly(ethylene-co-α-olefine)s [103-105]  and the assessments from 
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Raman spectroscopy. The rejection of hexyl branches from the crystalline phase has 
been revealed by numerous independent studies [51,53,54]. The segregation of branches 
near the crystal surface is suggested to result in a tensile stress in the ab plane on the 
lamellae [12,105,106]; increasing branch content would therefore affect the unit cell 
parameters a and b by increasing the tensile stresses exerted by the interphase on the 
crystal lamellae and in addition decreasing the lamellar thickness and hence the tensile 
stiffness of the lamellae. After n-hexane sorption the surprising result obtained by the 
analysis of the shift of the 1415 cm-1 Raman-band is confirmed. The phase composition 
change after solvent addition is shown in Fig. 34. It is evident the decrease of interphase 
fraction after solvent addition. The partial dissolution of the interphase would release 
the stresses on the lamellae [12,105,106], resulting in a more dense crystal state. 

 
Figure 34. Change in phase contents after n-hexane saturation according to 
WAXS: orthorhombic component () and interfacial crystal-core component 
(). The relative phase change is calculated as ratio between the component 
relative fractions in the saturated and in the dry material. 

 
In Fig. 35 is shown an example of curve fitting of a NMR spectrum; the signal 

centred at 30.45 ppm (peak A) is assigned to the amorphous component, the sharp 
signal entered at 32.3 ppm (peak B) is assigned to the crystalline orthorhombic 
component and the wide signal centred at 31.7 ppm (peak C) is thought to be correlated 
to the interfacial component [18,20].  

 

 
 

Figure 35. CP/MAS 13C-NMR spectra of EO0.8 
 
The NMR spectra were fitted in the range 20-40 ppm by a sum of Lorentz and 

Gaussian functions: Lorentz functions were used for fitting the signal from crystalline 
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components as suggested by Larsson and Westlund [107]. In a semi-crystalline solid 
several distinct states of molecular order and molecular mobility may concurrently be 
present. This motivates the use of a fitting model containing line shapes representing 
both the fast (Lorentz) and the slow (Gauss) modulation regimes [107]. Phase relative 
abundance is expressed as ratio between the chosen peak area and the area of the whole 
spectra in the range 20-40 ppm since the crosspolarization enhancement factor is higher 
for the crystalline component than for the mobile amorphous causing an overestimation 
of crystal content in phase analysis based on CP/MAS 13C-NMR experiments [108].  

 

 
Figure 36. Phase contents (relative values) according to CP/MAS 13C-NMR 
as a function of comonomer content: orthorhombic (), amorphous (), 
interfacial () and monoclinic () components. 

 
The relative phase abundance for poly(ethylene-co-octene)s for varying comonomer 

content is shown in Fig. 36. As expected the crystal content is highly amplified; the 
interphase relative abundance results show some discrepancy with the WAXS 
assessment: this divergence can be explained considering the different properties 
measured by the two techniques: the density and the packing in WAXS, segmental 
mobility in 13C-NMR spectroscopy. It is therefore possible to speculate that the partially 
ordered phase measured by WAXS is decreasing with increasing branching content 
because of the lamellar extension in the chain fold plane, whereas the phase having 
hindered chain mobility measured by NMR is mainly affected by branch crowding.  

A partial dissolution of the crystalline and the semi-rigid interphase is observed after 
n-hexane addition (Fig. 37), in accordance with WAXS assessment. It has to be pointed 
out that the reliability of the phase determination for the sample EO4.3 is questionable 
because of the noisiness of the spectra. Gedde et al. [109,110] have reported partial 
dissolution of crystals in polyethylene exposed to solvent. The effect of n-hexane 
addition on the interphase can elucidate the role played by interphase in diffusion in 
semicrystalline polymers. The partial dissolution of the interphase assessed with two 
independent methodologies can be an effect of the penetration and the sojourn of the n-
hexane in the partially oriented, constrained, interfacial component and can therefore be 
considered as an empiric evidence partially validating the assumptions of the interfacial 
trapping model.  
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Figure 37. Change in phase contents after n-hexane saturation according to 
CP/MAS 13C-NMR: orthorhombic component () and interfacial crystal-
core component (). The relative phase change is calculated as ratio between 
the component relative fractions in  the saturated and in the dry material. 

 
 

5.5. Effect of n-hexane sorption on mechanical properties 
 

The mechanical properties of dry and n-hexane saturated high-density poly(ethylene-
co-butene) are compared  in Table 9; 
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. The phase composition in dry and in deuterated n-hexane saturated 
samples was monitored by Raman spectroscopy as described in Section 5.4. 
Considering the similarity in chemical structure and diffusive behaviour, the effect of 
deuterated n-hexane on phase composition was considered comparable to the effect of 
n-hexane. Whereas the content of the crystal-core component decreased only slightly 
after solvent exposure (wCC= 0.76 in dry sample; wCC= 0.75 in deuterated n-hexane 
saturated sample), the crystal-core interface decreased noticeably from wICC= 0.11 in the 
dry sample to wICC= 0.02 in the sample saturated in deuterated n-hexane.  

 
 

 
 

Table 9. Mechanical properties of high-density poly(ethylene-co-butene). 
 
 

The drop in elastic modulus in samples exposed to n-hexane was supposed to be 
caused by plasticization of the amorphous component, as suggested for natural gas 
condensate-exposed HDPE [111], and possibly by the reduction of crystal content. A 
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Air 1960±360 32.5±1.4 1630±20 52.1±0.3 6.50±0.44 
n-Hexane 490±400 26.0±0.8 1240±70 49.6±2.8 6.34±0.32 
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reduction in yield stress after n-hexane exposure was observed and it was correlated to 
the partial dissolution of crystalline component. Popli and Mandelkern [112] detected a 
linear relation between yield stress and crystallinity, whereas Brooks et al. [113] 
observed a correlation between decreased crystal thickness and decreased yield stress in 
melt crystallized polyethylene. In another study [114], it has been speculated that the 
chain fold surface morphology may affect the macroscopic yield stress: according to 
this model it can be conjectured that the change in crystal-core interface content also 
could be the cause of the drop in yield stress.   

The decrease in elongation at break after n-hexane exposure was ascribed to the 
increased chain mobility in the n-hexane exposed samples that would favour chain 
disentanglements associated with crack growth.  

Data from stress relaxations curves did not show any significant change after solvent 
addition. It can be stated that n-hexane sorption did not affect the α-relaxation, which 
determines the stress relaxation behaviour within the experimental window used (1s to 
18h) [115]. This result was in accordance with previous findings: Arai and 
Kuriyama [116] did not observe any change in the α-relaxation temperature of melt 
crystallized polyethylene after exposure to carbon tetrachloride and the change in size 
of the loss modulus peak was suggested to be due to the plasticizing effect of carbon 
tetrachloride.  

It is realistic to suggest the presence in high-density poly(ethylene-co-butene) of 
variation in crystalline density after n-hexane addition similar to those observed in 
poly(ethylene-co-octene)s (Paper 3) and reported in Section 5.4. The lack of any change 
in the stress relaxation behaviour after n-hexane addition suggested that small variations 
of crystalline lattice dimensions were not affecting the α-relaxation. 
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5.6. Simulation of spherulitic structures 
 

A fully-grown spherulitic structure is represented in Fig. 38. Several secondary 
growth processes were utilized in order to have structures having uniform spatial 
distribution of crystals. Routines were developed in order to check the crystallinity of 
the structures during the growth and after the growth.  
 

 
 

Figure 38. Fully grown spherulitic structure. 
 
 

Homogeneous crystallinity was achieved by implementing crystallinity checks while 
the growth process takes place: these routines evaluate the homogeneity of crystallinity 
by scanning the geometry, divided in concentric shells.  In the model, the lamellae grow 
starting from the initial configuration until they reach the border of the first spherical 
control volume. If the crystallinity in the control volume was within the tolerance set in 
the parameters list, the stage of growth was saved and the lamellae continued the 
growth in the next shell. Otherwise, the grown structure was deleted and the growth was 
resumed from the external border of the previous shell. The growth restarted from the 
active ends of the existing lamellae; hence, the shell-wise crystallinity check did not 
affect the continuity of the growing lamellae. 

Completed the growth process, the structures could be checked by meshing them in 
small cubic elements: the crystallinity was calculated in every cubic element of the 
mesh; subsequently the spatial distribution of crystallinity could be visualized and 
checked.  

The morphologies were qualitatively evaluated by analysis of sections of the matrix 
“box3D”. The two dimensional matrix obtained can be visualized assigning to the 
crystalline and the amorphous lattice points different colours, hence obtaining a view of 
the crystalline texture in the section plane. Furthermore, it was possible to simulate 
electron microscopy view of nanosections of semicrystalline material where the 
amorphous component has been stained.  
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Figure 39. Simulated micrograph of a mature spherulite. The method is an 
attempt of simulating the effect of chlorosulphonic etching on semicrystalline 
materials. 

 
By using a grey-scale rather than a binary black and white, it was possible to mimic 

the variation in contrast that arises in electron micrographs of chlorosulphonated 
sections due to the fact that the crystals are oriented at different angles to the section 
surface. By summing along one axis the number of crystalline lattice points in the 
“box3D”-matrix in the thickness direction for each normal coordinate and assigning a 
certain grey value to it, it was possible to obtain a two dimensional grey scale-surface. 
Regions with a sharp black-to-white boundary indicated that the normal to the fold 
surface was parallel to the cut section surface (Fig. 39).  

The similarity between a simulated structure and a real structure as revealed by 
electron microscopy is shown in Figs. 40a,b. 

  
a) b) 

Figure 40. Comparison between simulation and reality: a) simulated 
microscopy on simulated structure; b) transmission electron micrograph on 
permanganic acid-etched poly(ethylene-co-octene). 

 
In Fig. 41 is shown the plot of the mean square displacement versus time for 102 

random walks of 105 steps each in a geometry having 150 lattice units as spherulite 
radius. Every random walk was started in a randomly chosen point associated with 
amorphous material of the cubic lattice. The slope of the linear fit of <r2> is used to 
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calculate the diffusivity; the goodness of the linear fit indicate the reliability of 
diffusivity values obtained with this kind of penetrating systems. 
 

 
 

Figure 41. Mean square displacement <r2> in (lattice units)2 as a function of 
time (in number of steps) for a penetrant molecule making 100 trajectories, 
each trajectory consisting of 105 steps (thick line). The radial component <s2>  
and the tangential component <t2> of the square displacements sampled from 
the same trajectories are presented by the thin lines. 

 
The spherical boundary conditions introduced were tested simulating diffusion in 

empty (amorphous) cubic lattice having different edge length. The diffusivities in the 
structures are plotted in Fig. 42 for varying lattice edge. The average value of diffusivity 
D=0.166755 with a RMS error equal to 0.00245 show that the boundary conditions 
introduced are not leading to miscalculation. 
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Figure 42. Effect of cubic lattice edge on diffusion in the case of empty 
(amorphous) lattice. The solid line is the average of the values obtained.  

 
A set of spherulitic superstructures having same morphological parameters and 

varying crystallinity was created. The crystallinity content ranged from 22% to 35%. In 
Fig. 43 the values of the geometrical impedance factor τ is plotted versus the volume 
crystallinity for a set of spherulitic structure having all lamellar width-to-thickness ratio 
equal to 5 and lattice edge equal to 150 cell edges. The number of growth cycles of 
secondary lamellae was varied in order to obtain different crystallinities. 
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Figure 43. Effect of crystallinity on the geometrical impedance factor. 
Crystal width-to-thickness ratio=5, cubic lattice edge = 300. The solid line is 

the fitting of Eq. (8) for an 
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The upper bound of the crystallinity content obtainable is function of the ratio 

between crystal thickness and interlamellar distance. For both the quantity was used a 
minimum value of two times the distance between two neighbouring lattice positions. 
This choice intended to avoid merging of parallel crystal lamellae or of parallel 
intercrystalline layers.  High values of crystal thickness and interlamellar distance 
caused the spherulitic structure to be immature, with big pocket of empty space, unless 
the edge of the cubic lattice was rescaled. Obviously, the choice of longer cubic lattice 
edge is limited by the computing time. The maximum lattice edge length tested was 315 
cell edges, giving 3.12*107 lattice points.  

On the graph are showed as well Eq. (8) for (W/Lc) equal to 5 and the fit obtained 
with Eq. (8) for an effective lamellar width-to-thickness ratio equal to 9.576. The linear 
fit according to Fricke’s theory was utilized with good results, but the effect of the 
lamellar length, measured along the spherulite radius is evident from the increased 
blocking effect.  

The lamellar width-to-thickness ratio was varied between 5 and 15. The effect of the 
lamellar lateral habit on diffusion is showed in Figs. 44a-d. The blocking effect of 
lamellae is shown to be dependent on the crystal third dimension (length along the 
spherulite radius) for the structure having width-to-thickness ratio 5, 7.5 and 10. The 

anomalous behaviour of the structure having 
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'  equal to 15, showing a lower 

effective impedance factor than expected, is believed to depend on the low crystallinity 
content of the structures that could present pockets of entirely amorphous material. 
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Figure 44. Effect of lamellar width-to-thickness ratio on geometrical 
impedance factor: (a) W/LC=5, W/LC, eff =9.6; (b) W/LC =7.5, W/LC, eff =9.9; (c) 
W/LC =10, W/LC, eff =13; (d) W/LC =15, W/LC, eff =12.7; in all the pictures the 
solid line represents Eq. (8) for W/LC, eff and the dashed represents Eq. (8) for 
W/LC. 

 

5.7. Effect of crystal widening and thickening 
 

Fig. 45 shows a fully developed spherulite octant: crystalline elements added in 
lateral growth are shown in red. The volume crystallinity of the simulated structure was 
27%, the average width attained was 12.8, with a standard deviation of 9.0; the initial 
value of Wi was set to 4 lattice units. The distributions of overall widths for the same 
spherulite structure displayed in Fig. 45 are presented in Fig. 46. Crystal thickening was 
less extensive and the greatest average thickness increase obtained was 24%; from the 
initial LCi =1 to 1.2364, with a standard deviation of 5.0. The limited crystal thickening 
was due to the low value set for the growth rate along c and to the spatial limitation 
originating from the requirement of a minimum amorphous layer thickness. The latter 
principle became violated in the case of parallel stacking of the crystal lamellae. Crystal 
growth in all the crystallographic directions increased the crystallinity range attainable: 
it was possible to reach a volume crystallinity of 40% in structures with high average 
width-to-thickness ratio while maintaining uniform crystallinity.  

The repeatability of the diffusivity calculations was assessed by running 10 replicates 
with 100 random walks of 105 steps each in the same spherulite octant and comparing 
the results: the standard deviation for the global, radial and tangential diffusivities were, 
respectively, 1.2%, 3.0% and 1.6% of the mean values, whereas the same deviations for 
an empty “amorphous” octant were 1.9%, 2.6% and 1.9% of the mean values. The 
difference between the radial and tangential diffusivities for the amorphous octant lies 
within the experimental error, confirming that the periodic boundary conditions and 
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diffusivity calculation algorithm used did not introduce any systematic anisotropic 
behaviour of the system.  

 
 

 
 

Figure 45. A fully-grown octant of a spherulite with laterally grown crystal 
elements displayed in red. 

  

 
  

Figure 46. Width population density in a fully-grown structure. The width of 
the initial crystal block was set to 4 lattice units, the lateral growth step gsw 
to 1 lattice unit. 

 
Fig. 47 shows the global, radial and tangential blocking factors as a function of the 

arithmetic mean of the width-to-thickness ratio in a set of spherulitic octants. The 
crystallinity of the structures ranged from 23 to 40%. The global and tangential 
blocking factors showed the strongest increase with increasing average lamellar width-
to-thickness ratio, whereas the effective radial blocking factor displayed a more 
moderate increase with increasing crystal width-to-thickness ratio. The crystal lamellae 
blocked motion in the tangential plane relatively efficiently, whereas motion along the 
spherulite radius (crystal growth directions) occurred more readily in the ‘channels 
between the crystal lamellae. 
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Figure 47. The effective crystal blocking effect (W/Lc)eff as a function of the 
average of the width-to-thickness ratio <W/Lc> for a series of different 
simulated spherulite systems. The global crystal blocking effect () and its 
radial () and tangential () components were calculated from the global, 
radial and tangential diffusivities and volume crystallinity according to Eq. 
(8). 

 
Expressed differently, the crystal cross-section along a vector in the tangential plane 

must be greater than that along the spherulite radius. It should be noticed that the 
diffusion was simulated on-lattice and that all penetrant jumps, except those at the edge 
of the octant and parallel to it, contain both a radial and a tangential component. Hence, 
two components of the diffusivity are correlated.  

 
Figure 48. Values of diffusivity as a function of geometrical impedance 
factor (τ) calculated according to Eq. (8): () spherulites with constant W/Lc 
() spherulites with a W/Lc distribution: in Eq. (8) the arithmetic mean of 
W/Lc was used. 

 
Fig. 48 shows the normalized diffusivities as a function of the geometrical 

impedance factor (τ) calculated according to Eq. (8), inserting proper values for volume 
crystallinity and crystal width-to-thickness ratio. In the case of a spherulite with crystal 
blocks having varying crystal width-to-thickness ratios, the arithmetic mean of the 
crystal width-to-thickness ratios was used as W/Lc in Eq. (8). The data presented in 
Fig. 48 were scattered depending on whether they were based on spherulites with a 
uniform or a varying crystal width-to-thickness ratio. Interestingly, the diffusivity data 
representing structures with a single W/Lc ratio and structures with a W/Lc ratio 
distribution converged into a single relationship when these were plotted as a function 
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of the geometrical impedance factor using the mean square width-to-thickness ratio in 
Eq. (8) (Fig. 49).  

 
Figure 49. Values of diffusivity as a function of the geometrical impedance 
factor (τ) calculated from Eq. (8): () spherulites with constant W/Lc; () 
spherulites with W/Lc distribution: in Eq. (8) the arithmetic mean of the 
square of W/Lc was used. 

 
It shows that the effect of the crystal width-to-thickness ratio on diffusivity is not a 

linear function of the crystal width-to-thickness ratio and that wider crystals are 
significantly more effective than smaller crystals in blocking penetrant diffusion. The 
experimental data presented showed that Eq. (8) lacks accuracy when predicting crystal 
blocking effect for materials with a high crystal width-to-thickness ratio; the source of 
the error may well be in the systematic underestimation of crystal blocking effect if the 
arithmetic mean is used to define the crystal width-to-thickness ratio distribution. The 
results show that, besides the volume crystallinity and the width-to-thickness ratio 
average, the distribution of the crystal width-to-thickness ratio is important and has to 
be considered when assessing the transport properties of spherulitic semicrystalline 
polymers. 
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6. CONCLUSIONS 
 
 

• The Cohen-Turnbull-Fujita free volume model has been successfully used to 
assess diffusivity of n-hexane in a series of poly(ethylene-co-octene)s. The 
goodness of fit was very high both if the liquid-like, the interfacial-liquid-like 
and the interfacial-crystal-core components were considered as penetrable 
phases and if only the liquid-like and the interfacial-liquid-like components were 
considered as penetrable phases.  

 
• The data obtained showed an unexpected trend of the geometrical impedance 

factor derived from the pre-exponential factor A. The geometrical impedance 
factor τ increased with decreasing crystallinity. The data for the fractional free 
volume of the penetrable component f2 showed a dependence on crystallinity in 
agreement with data for branched polyethylenes [57]. Confrontation of f2 for 
branched and linear [85] polyethylenes reveals that it increases in branched 
polyethylenes more pronouncedly with increasing crystallinity. 

 
• Geometrical impedance factor τ  data were calculated from observed lamellar 

dimensions according to Fricke’s theory [45,46]. Calculated data showed the 
same trend with increasing crystallinity as the data obtained from fitting of n-
hexane desorption data. The high geometrical impedance factor shown by the 
low crystallinity samples was due to the presence of crystals with an unusually 
high crystal width-to-thickness ratio. The analytical model used to convert the 
lamellar dimensions in geometrical impedance factor τ is based on vast 
simplifications of the morphology of real materials: the branched, continuous 
structure of crystals in melt-crystallized polymers is modelled as a set of not-
interconnected platelet. 

 
• The different trend of fractional free volume of the penetrable component f2 with 

crystallinity for branched and linear polyethylene was due to different balance 
between interfacial and liquid-like component in the two groups of materials. A 
unified relationship, including data for both linear and branched polyethylene, 
was found between fractional free volume and phase composition of the 
penetrable phase including liquid-like, interfacial liquid and interfacial crystal 
core components. 

 
• Molecular dynamics simulations were used to study the diffusive behaviour of 

the amorphous component in branched polyethylene. The specific volume of the 
systems increased with the branching content, suggesting that side chains disturb 
the chain packing in the amorphous component. In apparent contradiction with 
the specific volume results, the n-hexane diffusivity decreased with increasing 
branching content, suggesting a slower free volume readjustment rate in the 
highly branched systems. 

 
• The change in phase composition in branched polyethylene was monitored after 

n-hexane sorption by means of Raman spectroscopy, NMR-spectroscopy and 
WAXS. The crystalline a and b dimensions were found to increase with branch 
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content, substantiating the hypothesis that branches segregated in the interphase 
exerted a tensile stress in the ab-plane on the crystallites. After n-hexane 
sorption, a partial dissolution of the crystalline and interfacial component and a 
decrease of the crystalline dimensions a and b were observed: the latter was 
suggested to be caused by the tensile stress relief consequent to the dissolution 
of the interfacial component.  

 
• A model for diffusion, called composite or “interfacial trapping” model, was 

developed: the basic assumption of the model is that small molecules are trapped 
in sites in crystal interphase. The model was found to explain the diffusive 
behaviour of n-hexane in linear and branched polyethylenes. Large molecules 
such as hindered-phenols antioxidants were found to be confined to the 
amorphous component, hence not sensing the interfacial trapping-effect. 

 
• An algorithm was developed to mimic the growth of spherulitic superstructures. 

User-specified morphological parameters of the superstructures were varied.  
Several routines were developed for observations and analysis of the modelled 
structures. The structures obtained were highly realistic. Penetrant diffusion in 
semicrystalline polymers was modelled by a punctiform random walker moving 
in the spherulites. Diffusivity and geometrical impedance factor were calculated 
for each structure.  

 
• Fricke’s theory was tested on the simulated structures. A value for the 

geometrical impedance factor was calculated from the morphological 
dimensions of the simulated structure and confronted with the value obtained 
from diffusion simulation. Fricke’s theory was confirmed to estimate correctly 
the crystallinity effect on geometrical impedance factor. Nevertheless, modelling 
the morphology as a set of not-interconnected oblate spheroids was proven to 
lead to underestimation of lamellar blocking effect. 

 
• A unified linear relationship for structures with both a uniform single crystal 

width-to-thickness ratio and a crystal width-to-thickness ratio distribution was 
established between diffusivity and the geometrical impedance factor calculated 
according to the Fricke equation. This finding suggests that wide crystals had a 
more pronounced effect on the geometrical impedance factor than is indicated 
by their number fraction weight. 
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7. SUGGESTION FOR FUTURE WORKS 
 

The motion of penetrants in the liquid like component should be analyzed further in 
order to confirm (or confute) the findings on diffusivity in linear and branched 
structures. PALS-measurements, NMR spectroscopy aimed at the analysis of the motion 
of deuterated penetrants in the polymer and free volume analysis in molecular 
dynamics-simulated structures are three suggested techniques.  

The interfacial trapping could be tested by simulating small molecule diffusion in a 
model of polymer chains having partially constrained mobility and conformation. 

The mesoscale model of semicrystalline polymers should be extended for the study 
or different properties such as optical, dielectric and mechanical properties. Other 
superstructure such as axialites, row-nucleated- and shish-kebab structure could also be 
analyzed. 

The gap between the atomistic and mesoscale simulations should be bridged: a 
multiscale approach, integrating MD, mesoscale and coarse-grained technique could be 
tested.    
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