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Abstract

The desorption of n-hexane from high molar mass polyethylene at 298 K has been studied. The polymer was given different thermal

treatments to obtain differences in crystallinity, morphology and composition of the non-crystalline fraction. Crystal contents determined by

Raman spectroscopy were always lower than those determined by density measurements. The systems with high crystallinity showed in

relative terms a low content of interfacial component. The n-hexane solubilities of the samples were strictly proportional to the volume

fraction of penetrable polymer (liquid-like and interfacial components) and the solubility was low in comparison with that of branched

polyethylene of the same crystallinity. The Cohen–Turnbull–Fujita free volume theory was numerically capable of describing the

desorption process in the polyethylenes studied. One of the methods used assumed that all three non-crystalline components—liquid-like,

interfacial liquid-like and interfacial crystal core components—are penetrable by n-hexane and this method yielded data for the geometrical

impedance factor and the fractional free volume with physically realistic trends, but the changes in the geometrical impedance factor was not

in quantitative agreement with the Fricke model applied to the morphological data. This lack of numerical agreement is tentatively due to the

fact that the assessment of crystal shape by transmission electron microscopy of stained sections systematically underestimates the crystal

widths, particularly for the low-crystallinity samples with curved and ‘twisting’ crystal lamellae.

q 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Diffusion; Polyethylene; Free volume

1. Introduction

Diffusion in semicrystalline polymers such as polyethy-

lene is complicated by the presence of crystallites. The

crystallites in polyethylene are inpenetrable for non-reactive

molecules except for the smallest gas molecules such as

helium [1]. The restriction of the diffusion of the penetrant

molecules to the non-crystalline phase extends the diffusion

path because all the crystals along the path have to be

circumvented [3,4]. The effect of the detour on the

diffusivity is often quantified by the geometrical impedance

factor ðtÞ; which is defined as the ratio of the diffusivity of a

hypothetical fully amorphous polymer to that of the

semicrystalline polymer [4]. The geometrical impedance

factor is thus always greater than unity. Both the crystal-

linity and the shape of the individual crystallites affect t:

The classical Fricke model [5] and more ‘modern’

approaches such as that of Hadgett et al. [6] using Monte

Carlo simulation can be used to relate t to the morphology.

The second effect of the crystallites is that, if the amorphous

chain segments have both ends anchored in one or two

crystallites then the positional and conformational freedom

of such piece of a chain will be reduced compared with that

of a fully amorphous analogue. One possible approach to

quantify the constraining effect of the crystals is to use free

volume theory [7,8].

Free volume theory according to Cohen and Turnbull [9,

10] and Fujita [11], hereafter referred to as the CTF model,

accurately describes the desorption of hydrocarbons from

polyethylene [7,8,12–14]. The following equation, shown

here to present the basic concepts, provides an excellent

numerical fit to experimental data:

D ¼ A expð2ðBd=f2ÞÞ

£ expððBdn
a
1ðf1 2 f2ÞÞ=ðf2ðf2 þ na

1ðf1 2 f2ÞÞÞÞ

ð1Þ

where D is the penetrant diffusivity, A is a factor that is
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inversely proportional to the geometrical impedance factor,

Bd is a constant that depends only on the size and shape of

the penetrant molecule [13,14], na
1 is the penetrant

concentration in the penetrable phase, f1 is the fractional

free volume of the penetrant and f2 is the fractional free

volume of the penetrable fraction of the polymer. Eq. (1)

assumes that the fractional free volume of the penetrable

phase is the sum of contributions from polymer and

penetrant, i.e. that the volume is invariant during mixing.

This assumption is valid for polyethylene and n-hexane [7].

The geometrical impedance factor and the fractional free

volume of the penetrable fraction of the polymer are

separated into different factors in Eq. (1). The product of

the first two factors is the zero-concentration diffusivity.

The third factor describes the concentration dependence of

the diffusivity. Let us examine Eq. (1). The difficulty in

defining absolute values of the fractional free volume is

obvious in the literature. Values reported for the fractional

free volume at the glass transition temperature can be

divided into three categories: (1) ,0.02–0.03 according to

Doolittle [15], Williams et al. [16] and Cohen and Turnbull

[9]; (2) ,0.08 according to Simha and Somcynsky [17],

Hirai and Eyring [18], and Dlubek et al. [19]; (3) ,0.3–0.4,

‘van der Waals type’ according to Simha and Carri [20].

Only the first type can be used to fit the experimental

desorption data for polyethylene and n-hexane. The correct

concentration dependence of the diffusivity is preserved

only if ›f2=›f1 < 0:1: If f2 is increased by 0.05 (category

1 ) category 2), then f1 is increased by 0.50, reaching a

clearly physically unrealistic value. Hence, only fractional

free volume values on the scale of Doolittle, WLF and

Cohen and Turnbull can give physically feasible results. In

previous papers [7,8] and in the present paper, the fractional

free volume value ðf1Þ used for n-hexane was, according to

Fleischer [14], f1 ¼ 0:168; which yields fractional free

volumes for amorphous polyethylene consistent with a

fractional free volume of 0.025 at the glass transition

temperature.

Previous papers [7,8] dealing with the desorption of

n-hexane from a collection of different polyethylenes

showed that the fractional free volume of the penetrable

phase was strongly dependent on its total volume

fraction, suggesting the presence of an interfacial

penetrable component with low fractional free volume.

The data obtained suggest that mass transport occurs

from the liquid-like component to the interfacial

component and that the penetrant molecules are trapped

at the interfacial sites [8]. A problem was experienced

with the heterogeneous branched polyethylenes, which

showed a decrease in the geometrical impedance factor

with increasing crystallinity [8]. This unusual behaviour

was explained by the presence of a few extraordinarily

wide crystal lamellae in the heterogeneous low crystal-

linity samples [8]. In the present work, high molar mass

linear polyethylene has been given different thermal

treatments to produce a series of samples with different

degrees of crystallinity that partly covers the crystal-

linity range of the heterogeneous branched polyethy-

lenes previously studied. The morphologies obtained are

supposedly more uniform than in the case of the

heterogeneous branched polyethylenes but the variations

between the different samples are still significant. The

aim of the study is to see whether the CTF model is

applicable, in view of the observed trends in the

lamellar structure as revealed by transmission electron

microscopy.

2. Experimental

High molar mass linear polyethylene with �Mw ¼

1 040 000 g mol21 and �Mw= �Mn ¼ 54:45 was compression

moulded into 30 £ 40 £ 0.70 ^ 0.13 mm sheets in a

Schwabenthan Polystat 400 s compression-moulding

machine at 473 K for 10 min and then given one of the

following thermal treatments: (a) quenched in an ice–

water–salt mixture (sample Q); (b) cooled in air (sample

A); (c) cooled at a rate of 0.2 K min21 to room temperature

while the pressure was maintained (sample S); (d)

transferred to 401.2 ^ 1 K oven chamber and kept at this

temperature for 3 weeks in nitrogen, and then cooled in air

to 298 K (sample IC).

Melting endotherms were obtained by heating

5 ^ 0.5 mg samples at a rate of 10 K min21 using a

temperature- and energy-calibrated Mettler–Toledo DSC

820 with nitrogen as purge gas. Mass crystallinities ðwc;rÞ

were obtained from density data at 298 K by comparing the

weights of the samples in air and ethanol ðr ¼ 790 kg m23Þ

and by then considering the densities of crystalline

(1000 kg m23) and amorphous (855 kg m23) components

reported by Wunderlich [21]. A top-loaded Mettler AE 100

balance with resolution 1025 g and a Mettler-density

determination kit ME-33360 were used. Raman spectra

were recorded at 298 K in a Perkin–Elmer Spectra 2000

NIR-Raman instrument in order to determine the mass

fractions of liquid-like, interfacial liquid-like, interfacial

crystal core and crystal core components of the samples

[22]. Each spectrum was based on 200 scans. The lamellar

structure was revealed by transmission electron microscopy

using a Philips Tecnai 10 electron microscope. Chloro-

sulphonated 50 nm sections stained with uranyl acetate

according to Kanig [23] were studied in the electron

microscope.

The sheets were first immersed in liquid n-hexane (purity

99%; Merck; density rL ¼ 656 kg m23 at 298 K) at 298 K

until sorption equilibrium was attained. The saturated sheets

were then held in air at 298 K and the desorption kinetics

were followed by weighing the samples on a Mettler AE

balance after different periods of time until constant mass

was attained.
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3. Analysis of desorption data

The details regarding the numerical analysis of the

desorption data have been presented before [7,8,24]. A brief

description of the methods used is presented here. The

thermodynamic diffusivity ðDTÞ is related to the fractional

free volume of the penetrable phases of the polymer ðf2Þ

according to Eq. (1). The thermodynamic diffusivity is

related to the diffusivity of penetrant with the polymer as a

fixed frame ðD12Þ according to [8]:

DT ¼
D12

ð1 2 n1Þ½ð1 2 na
1Þð1 2 2x12n

a
1Þ�

ð2Þ

where n1 is the volume fraction of penetrant dissolved in the

polymer, na
1 is the volume fraction of penetrant in the

penetrable fraction of the polymer and x12 is the Flory–

Huggins interaction parameter. The following penetrant-

concentration-dependence of x12 for the binary system

reported by Rogers et al. [25] was used in the analysis:

x12 ¼ 0:6ð1 2 na
1Þ

25=3 þ 0:08 ðfor na
1 , 0:183Þ ð3Þ

x12 ¼ 0:92 ðfor na
1 $ 0:183Þ

Eqs. (2) and (3) were combined with Fick’s second law of

diffusion to yield the following differential equation:

›n1

›t
¼ ›

›x
DTð1 2 na

1Þð1 2 2x12n
a
1Þ

›n1

›x

h i
ð4Þ

In the numerical solution, only half the plate thickness was

considered. The inner boundary co-ordinate was described

as an isolated point:

›n1

›x

� �
x¼L

¼ 0 ð5Þ

where x is the distance from the outer wall and L is half the

plate thickness. During desorption, evaporation took place

at the surface of the plate, and the outer boundary condition

was given by:

DTð1 2 na
1Þð1 2 2x12n

a
1Þ

›n1

›x

� �
x¼0

¼ F0ðn1Þx¼0 ð6Þ

where the rate of evaporation ðF0Þ was calculated from data

for the initial rate of desorption according to a method

proposed by Bakhouya et al. [26] to 2.51 –

5.45 £ 1025 cm s21. Two different approaches were used:

Method I: liquid-like (L), interfacial liquid-like (IL) and

interfacial crystal core (ICC) components were assumed to

be penetrable. Method II: L and IL components were

assumed to be penetrable. In the numerical analysis of Eqs.

(1)–(6), two parameters were treated as adjustable: A and f2:

Eq. (1) is based on the model of Fujita [11], who stated that

the coefficient Bd for a given polymer is proportional to the

size of the penetrant molecule and also dependent on the

shape of the penetrant molecule. It has been reported that Bd

is independent of temperature for n-hexane–polyethylene

[13] and benzene–polyethylene [12]. These findings show

that Bd remains constant independent of changes in the

structure of the penetrable polymer fraction accompanying a

change of temperature. Accordingly, the parameter Bd was

set to 0.8 [14]. The fractional free volume of the penetrant

ðf1Þ was set to 0.168 [14].

4. Results and discussion

4.1. Crystallinity, phase composition and morphology

Table 1 presents the crystallinities and the mass fractions

obtained by Raman spectroscopy. Mass crystallinities

obtained from density data ðwc;rÞ were larger than the

mass fraction of crystal core component ðwCCÞ obtained by

Raman spectroscopy; the average difference between the

two series of data was 0.095 which was 15% of the crystal

content as assessed by density measurements. This differ-

ence, wc;r 2 wCC; is significantly larger for these high molar

mass linear polyethylenes than for linear polyethylenes with

lower molar mass; the difference for the whole group was

only 0.055 [7]. The relative mass proportions of the

interfacial components to that of the liquid-like component

were between 0.86 and 1.25 with the highest value for the

highly crystalline IC sample. These data are consonant with

the trend in earlier reported data on linear polyethylene [7,

8]. The mass fraction of the interfacial component ðwICC þ

wILÞ increased with decreasing crystallisation temperature:

sample Q (low crystallisation temperature) had 28 wt%

interfacial component whereas sample IC (most of the

crystals were formed at 401.2 K) had only 16% interfacial

component. The data were generally in accordance with the

NMR data of Cheng et al. [27] for linear polyethylene: They

reported mass fractions of the interfacial component of the

order of 20% and, furthermore, a similar crystallisation-

temperature-dependence of the mass fraction of the

interfacial component as was found in the present study. It

is also interesting to assess the proportion of interfacial

component in the penetrable phases, ICC þ IL þ L or

IL þ L depending on the model chosen (Table 1): ðwICC þ

wILÞ=ðwICC þ wIL þ wLÞ ranged between 0.49 (sample Q)

and 0.55 (sample IC); wIL=ðwIL þ wLÞ ranged from 0.32

(sample Q) to 0.405 (sample IC).

Table 1

Mass crystallinities and mass fractions of components by Raman

spectroscopy at 298 K

Sample code wc;r
a wCC

b wICC
b wIL

b wL
b

Q 0.536 0.426 0.144 0.137 0.293

A 0.563 0.501 0.101 0.130 0.268

S 0.630 0.558 0.096 0.114 0.234

IC 0.818 0.683 0.080 0.096 0.141

a From density data (s.d. ^ 0.025).
b From Raman spectra according to Refs. [8,22]: CC ¼ crystal core;

ICC ¼ interfacial crystal core; IL ¼ interfacial liquid-like; L ¼ liquid-like

(s.d. ^ 0.020).
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The average density of the two interfacial components

(ICC and IL), rICCþIL; at 298 K was calculated from the

density data (not explicitly shown) and the Raman data

presented in Table 1:

rICCþIL ¼
wICCþIL

1=r22wL=rL2wCC=rCC
ð7Þ

where r2 is the density of the sample, rL is the density of the

liquid-like component, which is equal to 855 kg m23 [21].

The obtained vale for rICCþIL based on the four samples was

914 kg m23, which is in the same range as 907 kg m23

obtained for a wide range of linear and branched

polyethylenes [8]. The individual samples showed a

standard deviation of 20–30 kg m23 in rICCþIL:

The melting traces of samples Q, A and S were unimodal

with recorded melting peak temperatures of 408.6, 410 and

413 K, respectively. Unimodal melting was expected since

these samples had crystallised during steady cooling.

Sample IC crystallised first under isothermal conditions

(401.2 K) and then at a later stage during steady cooling to

give a sample with two melting peaks; the high temperature

peak constituted almost 80% of the total enthalpy of melting

and was due to the melting of crystals formed during the

isothermal period. The low temperature peak that appeared

at 370 K is associated with the crystals formed during the

cooling period.

The morphology of the samples was revealed by

transmission electron microscopy of chlorosulphonic-acid-

stained sections (Figs. 1(a) and (b)). The IC sample, with

most of its crystals formed at high temperature (401.2 K),

showed dominantly straight, thick and wide crystal lamellae

(Fig. 1(a)). Crystallisation at 401.2 K is very slow and time

is required to disentangle the molecules and allow the

formation of well-developed crystal lamellae. Fig. 1(b)

shows that the rapidly cooled sample (Q) displayed thinner,

more narrow and curved crystal lamellae. The aspect ratios

[width ðwÞ/crystal thickness ðLCÞ] of the crystals were

assessed from a series (10) of electron micrographs of each

sample. The width was determined by recording the length

of clearly revealed crystals. The width of a given crystal can

be greater than the determined value because it is possible

that the crystal ‘twists’, i.e. becomes tilted with respect to

the electron beam outside the field within which it shows a

clear contrast. Data for the crystal thickness and crystal

aspect ratio ðw=LCÞ of the four samples studied are presented

in Table 2. Both crystal thickness and crystal aspect ratio

showed a pronounced increase with increasing crystal-

lisation temperature. The change in these parameters was

moderate for samples Q, A and S, whereas sample IC

showed markedly thicker crystals with higher aspect ratios.

Fig. 2 shows the distribution of the crystal aspect ratio for

the different samples. The crystal aspect ratio distributions

of samples Q, A and S were relatively similar. Sample IC

showed a wider distribution in crystal aspect ratio and

particularly a fraction of crystals with very high aspect

ratios. The broad distribution of the aspect ratio is probably

due to the fact that only 80% of the crystals were formed at

401.2 K whereas, the other crystals (20%) were formed

during the cooling period at considerably lower

temperatures.

The geometrical impedance factor ðtÞ was calculated

according to the Fricke model [5] with the modification

Fig. 1. Transmission electron micrographs of chlorosulphonated sections of

(a) sample IC and (b) sample Q.

Table 2

Lamella shape and calculated geometrical impedance factor

Sample code LC (nm)a w=LC
a tb

Q 12.9 ^ 2.1 25.7 ^ 10.6 3.1 ^ 0.9

A 13.9 ^ 2.3 26.2 ^ 11.2 3.5 ^ 1.1

S 15.9 ^ 2.9 31.7 ^ 11.2 4.4 ^ 1.3

IC 23.0 ^ 4.8 49.4 ^ 30.6 7.8 ^ 2.9

a Average ^ standard deviation.
b Geometrical impedance factor calculated from Eq. (8) also using

volume crystallinity data presnted in Table 1.
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suggested by Michaels and Bixler [2] using data for the

volume crystallinity ðnCCÞ and crystal aspect ratio ðw=LCÞ:

t ¼ 1 þ nCCð0:384þx2Þ

1:84823x2 ð8Þ

x ¼ 0:785 2
LC

w

Table 2 presents the calculated values of t using Eq. (8). The

geometrical impedance factor increased with increasing

crystallinity, (Q , A , S , IC). These calculated values

are compared with values obtained from desorption data in

Section 4.3.

4.2. Solubility

The penetrant concentration in the polymer at equili-

brium with liquid n-hexane decreased with increasing

crystallinity. A more detailed analysis requires a precise

knowledge of the volume fraction of the penetrable

component. Fig. 3 shows the volume fraction of penetrant

in the polymer ðn
eq
1 Þ as a function of volume fraction of

penetrable polymer component ðnpenÞ: Three different cases

of penetrable components were tested: (a) liquid-like

component (L); (b) liquid-like and interfacial liquid-

like components (L þ IL); (c) liquid-like, interfacial

liquid-like and interfacial crystal core components (L þ

IL þ ICC). The experimental data ½n
eq
1 ¼ f ðnpenÞ� followed

a linear trend with coefficients of determination ðr2Þ greater

than 0.984. The intercepts (n
eq
1 value at npen ¼ 0) for the

three cases were 0.024 ^ 0.018 (L), 0.011 ^ 0.017

(L þ IL) and 0.008 ^ 0.012 (L þ IL þ ICC). The upper

and lower limits denote the 95% confidence limits of the

linear fits. A non-zero value for the intercept at the 95%

confidence level is obtained only in case of L being the only

penetrable component. The data thus suggest that the liquid-

like and either one or two of the interfacial components are

penetrable by n-hexane.

The solubilities of the studied samples were low in

comparison with branched polyethylene of the same density

(crystallinity). For instance, heterogeneous hexyl-branched

polyethylene with a density of 937 kg m23 had n
eq
1 ¼ 0:097

[8], whereas sample Q with a density of 927 kg m23, had

n
eq
1 ¼ 0:085: The low solubility of the high molar mass

linear polyethylenes can be attributed to their low

concentration of chain ends, the lack of chain branches

and the presence of chain entanglements.

4.3. Desorption data; fitting of the free volume equation

The CTF free volume theory using the starting and

boundary conditions described in Section 3 and allowing

two of the parameters (A and f2) to be adjustable described

the experimental desorption data exceedingly well (Sample

Q; Fig. 4). The fits to the experimental desorption data of the

other samples were almost as good as for sample Q. Table 3

Fig. 3. Equilibrium volume fraction of n-hexane in polymer ðn
eq
1 Þ as a

function of the volume fraction of penetrable phases in dry polymer ðnpenÞ:

The following assumed penetrable phases were tested: L, IL and ICC (X); L

and IL (W) and L (B). The lines represent linear fits to the experimental

data.

Fig. 4. Normalized n-hexane desorption curves for sample Q showing

experimental data (points) and fitted data (line) according to method

I. Dimensionless time ðTdÞ is defined as Td ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Dn1!0t=L2

p
; where Dn1!0 is

the diffusivity at n1 ¼ 0; t is time and L is half the specimen thickness. The

n-hexane concentration ðn1Þ is normalized with respect to the equilibrium

penetrant concentration ðn
eq
1 Þ:

Fig. 2. Distribution of crystal aspect ratio ðw=LCÞ for the following samples:

(X) Q; (W) A; (B) S; (A) IC.
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presents a summary of the values obtained for the adjustable

parameters (A and f2) and the sum of squares difference

(SSD) between the fitted and experimental data for the two

methods employed. Method I assumed that L, IL and ICC

were penetrable by n-hexane whereas, Method II assumed

only L and ILL to be penetrable in the calculations. The

SSD data displayed in Table 3 show that the goodness of fit

values for both methods were relatively similar. Error

analysis based on sensitivity analysis around the optimum

set of the adjustable parameter values, f2 and A; estimated by

the numerical search indicated that the search was most

sensitive to the parameter f2 and the error associated with

estimating A is an order of magnitude higher than the error

in estimating f2: The experimental relative error (^3–5%)

arising from the determination by Raman spectroscopy of

the mass fraction of the components was used in the

sensitivity analysis. For method I, it was found that the

relative uncertainties in f2 and A are ^1 and ^25%,

respectively. Dn!0 was estimated to be within about ^3%

of the optimum values. The corresponding values for

method II were ^40, ^2 and 5%.

It is interesting to examine the A and f2 values obtained

by the two methods. The pre-exponential factor ðAÞ is

inversely proportional to the geometrical impedance factor

ðtÞ: The latter was calculated by applying the Fricke model

to density and transmission electron microscopy data (see

Eq. (8) in Section 4.1 and Table 2). It is interesting to

compare the data obtained for the pre-exponential factor

using methods I and II with the theoretical values of t/ 1=A

(Fig. 5). Method II yielded A values that showed a

maximum at intermediate 1=t values (Fig. 5). In view of

the large difference in morphology displayed between the

different samples in Tables 1 and 2, the presence of an

intermediate maximum suggests that method II is not giving

physically realistic A data. Method I yielded A data that

were essentially proportional to the theoretical 1=tð/AÞ:

However, the change in A was only a third of the change

predicted by the Fricke model. The sizeable uncertainty

(^25%) in the determination of A does not alter this

conclusion, i.e. the relative change in A is smaller than

predicted by the Fricke model based on the transmission

electron microscopy data. The lack of quantitative corre-

lation between the A data obtained by the CTF model and

the Fricke model may well be due to problems in assessing

the true geometry of the crystals. Only a small volume

fraction of the sample is assessed and, furthermore, it is not

possible to determine the exact widths of the crystals

because the contrast is lost when the crystals are twisting.

This means that a sample with curved and twisting lamellae

will show a larger discrepancy between assessed and true

crystal widths. The samples that crystallised at the lower

temperatures (Q and A) showed curved lamellae with a

large anticipated difference between measured and true

crystal widths (Fig. 1(a)). The sample crystallised at

401.2 K showed straight crystal lamellae with a smaller

expected difference between measured and true crystal

Table 3

Free volume parameters obtained by fitting according to methods I and II

Sample Method I Method II

f2
a Ab,c Dn1!0

d,e SSDf f2
g Ab,h Dn1!0

d,i SSDf

Q 0.0436 0.5446 5.85 0.0003 0.0471 0.1302 5.57 0.0004

A 0.0424 0.5409 3.44 0.0015 0.0447 0.1860 3.22 0.0021

S 0.0421 0.5299 2.96 0.0013 0.0446 0.1667 2.70 0.0016

IC 0.0412 0.4318 1.58 0.0014 0.0445 0.0942 1.45 0.0023

a Relative error ^1%.
b In cm2 s21.
c Relative error ^25%.
d Diffusivity at n1 ¼ 0 in 1029 cm2 s21.
e Relative error ^3%.
f SSD ¼ SSD between normalized experimental and fitted desorption data.
g Relative error ^2%.
h Relative error ^40%.
i Relative error ^5%.

Fig. 5. The pre-exponential factor A as a function of the reciprocal of

the geometrical impedance factor ðtÞ; the latter is calculated from the

crystallinity and crystal shape data presented in Tables 1 and 2 using the

Fricke model [Eq. (8)]. The different results obtained by Methods I and II

are displayed. The error bars indicate the uncertainty in determined A value

based on the maximum error in the determination of volume fraction of

penetrable polymer fraction.
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widths (Fig. 1(b)). The true range in crystal aspect ratio is

thus likely to be smaller than the assessed range from 25.7 to

49.4 (Table 2), which in turn would decrease the relative

changes in t and bring the theoretical and experimental data

closer together. It is interesting to note that the pre-

exponential factor was in accordance with the Fricke model

applied to transmission electron microscopy data for a series

of linear polyethylenes covering a wide crystallinity range,

0.55–0.90 [7].

It should be noted that the error in f2 from the uncertainty

in the assessment of the volume fraction of penetrable

component is small (1–2%) and that the trends in the free

volume data are statistically significant. The fractional free

volume ðf2Þ obtained by method I was on average 0.0029

lower than that obtained by method II. This value is

significant in view of the average difference (0.0007)

obtained for a series of heterogeneous poly(ethylene-co-

octene) samples [8]. In a previous paper [8], it was shown

that f2 was related to the volume fraction of liquid-like

component in the penetrable polymer fraction, na
L: The

present study involved samples within a relatively narrow

na
L range: 0.46–0.56 (Method I) and 0.61–0.69 (Method II).

The f2 data obtained are in the same range as those reported

for linear polyethylenes of lower molar masses [7]. Method

I yielded f2 values that increased in a linear fashion with na
L

(Fig. 6). Method II gave almost the same f2 value for the

three samples with the highest degree of crystallinity (A, S

and IC). Hence, only method I gave physically realistic

results.

In conclusion, the CTF theory is numerically capable of

describing desorption from the high molar mass linear

polyethylene studied. One of the methods used (‘Method 1’)

assumed that all three non-crystalline components—L, ILL

and ICC—are penetrable by n-hexane and this method

yielded data for the geometrical impedance factor and

fractional free volume with physically realistic trends, but

the changes in the geometrical impedance factor were not in

quantitative agreement with the Fricke model applied to the

morphological data. It is tentatively suggested that the lack

of numerical agreement is because the analysis of crystal

shape by transmission electron microscopy of stained

sections systematically underestimates the crystal width

particularly for the low-crystallinity samples with curved

and twisting crystal lamellae.
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