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ABSTRACT: Changes in the nanoscale structure of semicrystalline polyethylene (PE) resulting from the sorption/
diffusion of hexane-d14 vapor have been observed and quantified by in situ vapor sorption small-angle neutron
scattering (iVSANS). We find a linear correlation between vapor sorption/diffusion and nanoexpansion of the
amorphous phase within the lamellae confined in the spherulite domains. The expansion depends on the degree
of crystallinity and spherulite perfection. We measured the structure-based sorption kinetics and isotherms of
samples with two different crystalline volume fractions (φVc). The low crystalline polyethylene shows a larger
expansion in the long period, L, than the high crystalline polyethylene. Low crystalline PE shows a Fickian-like
diffusion profile with sorption time while the high crystalline PE (φVc ) 78%) shows a S-shape diffusion profile
(non-Fickian) at P/P° ) 0.95. The diffusion coefficient increases with relative vapor pressure (P/P°) in both
materials. The apparent diffusion coefficient in the low crystalline polymer is approximately a factor of 2 higher
than that of the more crystalline polymer. On the other hand, effective diffusion coefficients, Deff’s, normalized
with the amorphous volume fractions at each vapor activity are identical regardless of crystallinity. This indicates
that amorphous volume fraction is the predominant factor that controls transport properties, at least for small
diffusing molecules. Furthermore, the one-dimensional expansion is reversible during cyclic sorption and desorption
processes, suggesting that the crystals were not destroyed unlike the inference of a previous study.1

Introduction

Linear polyethylene (PE), one of the most common polymers,
has the simplest composition, consisting only of carbon and
hydrogen, -(CH2-CH2)n-, and molecular structure, consisting
only of a repeating unit of the covalently bonded carbon with
a bonding angle of 112° and a carbon-carbon bond distance
of 1.54 Å in the molten state.2 Despite the simple structures,
PE is semicrystalline, consisting of either two phases, amorphous
and crystalline phase, or three phases, in the case of the existence
of an interfacial region between the two phases. The structure
and morphology of this semicrystalline polymer have been
extensively studied. Yet there have been relatively few studies
aimed at correlating nanoscale structural changes with sorption
and diffusion of solvents.3 Most sorption and diffusion studies
have used a standard gravimetric method4-6 in addition to
infrared spectroscopy.7,8 Diffusion and sorption is important in
the areas of barrier materials,9,10 biomaterials,11 polyelctrolyte-
like fuel cell membranes,12 gas or vapor separation, and gas-
phase polymerization of polyolefins.13 We recently used the
iVSANS technique to verify the commonly held assumption
that solvent vapor selectively diffuses into the amorphous
regions of semicrystalline polymers.3,14-16 The diffusion occurs
through both the amorphous phase in the lamellae (at nanometer
scale along the thickness direction and at micrometer scale along
the lateral dimension) and that in the grain boundary between
spherulites (at micrometer scale). The iVSANS technique and
the selective penetration of vapor into the amorphous phase
allow us to trace nanostructural change in the amorphous phase

between the crystalline lamellae and between the spherulites.
The purpose of this study is to systematically investigate
correlations between the structure of lamellae geometrically
confined in spherulite and the sorption and diffusion behavior
of small molecules in semicrystalline materials.

Experimental Section

Linear polyethylene (weight averaged molar mass Mw ) 101.3
kg/mol with polydispersity of around 1.9) was crystallized in two
ways. Both samples were initially melted at 443 K for around 10
min, 28 K above the equilibrium melting temperature (Tm

o ) 415.2
K) of linear polyethylene with Mw ∼ 101 kg/mol,17 to remove any
traces of crystalline nuclei. A high crystalline sample (φVc ) 78%,
PE78) was isothermally crystallized at the preset temperature (Tc

) 383.0 ( 0.5 K) for 36 h. A low crystalline sample (φVc ) 54%,
PE54) was rapidly crystallized at Tc ) 296.0 K by quenching the
melt in water. The former has a low supercooling, (∆T ) Tm

o -
Tc), of 32.2 K, compared with 119.2 K for the latter. The volume
crystallinity, φVc, was estimated from density measurements using
a density gradient column with a methanol/ethylene glycol mixture
at 296 K. Density was converted to crystalline volume fraction with
the relation φVc ) (F - Fa)/(Fc - Fa), where F, Fa ()0.85 g/cm3),
and Fc ()1.00 g/cm3) are the densities of sample, ideal amorphous
phase, and orthorhombic unit cell, respectively. The samples were
0.10 ( 0.01 mm thick. Additional sample preparation details are
given in ref 3.

Details on the iVSANS scattering apparatus, principles of
operations, and apparatus performance are described elsewhere.18

With this equipment relative vapor pressure of degassed hexane-
d14 was dynamically controlled by monitoring the absolute vapor
pressure in the in situ vapor sorption cell, feeding and removing* Corresponding author. E-mail: man-hokim@kist.kr.
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vapor whenever the pressure in the cell deviated from a target vapor
pressure. Relative vapor pressure is expressed as P/P°, where P
and P° stand for partial and saturation vapor pressures at a given
temperature, respectively. A SANS measurement was started
immediately after the target pressure was reached. The iVSANS
experiment was performed on the NG3 30-m SANS instrument at
the NIST Center for Neutron Research. The sample-to-detector
distance was 10.55 m with an wavelength λ ) 5.5 Å and a relative
wavelength spread ∆λ/λ ≈ 14.3%. The transmission of dry PE78
and PE54 was about 93 and 91%, respectively. Additional ultra
small angle neutron scattering (USANS) measurements, to cover
approximately two decades lower (q ∼ 3 × 10-5Å-1) than the low
q limit of the NG-3 SANS instrument, were done on a dedicated
Bonse-Hart-type diffractometer,19 BT5, at the NCNR. For the
USANS measurements the samples were removed from the sorption
cell, wet with liquid hexane-d14 and confined between two quartz
windows. After measurement, no indication of evaporation was
observed. Measuring SANS and USANS together allows us to
investigate a broad range of structure from nanometers to microme-
ters. The SANS and USANS data were reduced to an absolute scale

(cross section per unit volume) with the data reduction package
provided at the NCNR.20

Results

SANS from dry PE does not show strong scattering while
SAXS does (Figure 1 of ref 3). The former is due to the near
cancelation, bc + 2bH ≈ 0, of neutron scattering lengths between
the carbon (bC ) 6.646 fm) and two hydrogens (2bH ) -7.478
fm) in the monomer unit. This causes weak neutron contrast
between the crystalline and amorphous phases despite the mass
density difference between the two phases in the dry polymers
(Figure 1b). The negligible neutron contrast can be overcome
by sorbing a small amount of contrast generating vapor, provided
the vapor goes selectively into one phase (i.e., amorphous phase)
(Figure 1b). Experimental verification of such selective sorption
was reported in ref 3.

As vapor (for example, hexane-d14 for polyolefins) penetrates
selectively into the amorphous phase (green color in Figure 1b),
neutron scattering cross-section increases due to the enhance-

Figure 1. (a) Schematics of spherulite, (b) lamellar stacks confined in spherulite, and (c) scattering length density between amorphous and crystalline
phases in the lamellae.The green color indicates the contrast (i.e., electron density difference between twophases) of dry amorphous phase against
crystalline phase for X-ray or the contrast(i.e., difference in neutron scattering length) between the sorbed contrast generating vapor (and/or liquid)
for iVSANS. SLD stands for scattering length density. Parts b and c) were modified from Figure 1 of ref 3.
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ment of neutron contrast between crystalline and amorphous/
hexane-d14 phases. Figure 2 clearly demonstrates that the
coherent scattering cross-section (i.e., absolute intensity) is
negligible for dry polyethylene and increases with sorption time
at a fixed relative vapor pressure of 95%. Orderly growth of
the cross-section with sorption time allows us to study diffusion/
sorption kinetics from the iVSANS measurements. Unlike
conventional gravimetric methods, the sorption measurement
from iVSANS is not affected by the amount of sorbent on the
surface of the sample films because the total scattering cross-
section is enhanced only when the vapor selectively penetrates
into one (i.e, amorphous phase in semicrystalline polymers) of
the phases. Thus, the measurement truly reflects sorption in the
bulk of the material as well as the amorphous phase of lamellae.
The profiles at other P/P° values are similar to Figure 2 except
for the total cross-section and peak position that depend on the
amount of sorbed vapor.

With a series of measurements at other relative vapor
pressures (P/P° ) 80, 65, 50, 35, and 20%), we can plot the
kinetics as shown in Figure 3.

Figure 4a shows the profiles of PE54 equilibrated at the
indicated P/P° during stepwise sorption and desorption. The
entire profile including the peak around q ) 0.022 Å-1 grows
with vapor pressure preserving the profile shape. The two-
dimensional scattering images, Figure 4b, show the correspond-
ing distribution of the scattering as color contour plots. The
isotropic contour (doughnut) shape does not change during the
cyclic sorption and desorption, which suggests that the isotropic

distribution of lamellae remains unchanged. Figure 4c shows
the quick response time of the apparatus to reach and maintain
the target pressure.

Discussion

The Bragg peak in Figures 2 and 4 directly gives the long
period (L)2π/q*, q* is the peak position) that represents the
spacing between amorphous (or crystalline) layers in the lamellar
stacks within the spherulite regions of the samples. Lamellar
structure was confirmed with the second reflection (2q* ∼ 0.025
Å-1) of PE74 as shown in the inset (semilog plot) of Figure 2.
SAXS also shows the lamellar structure for both PE78 and
PE54.3 The values of long period are plotted in Figures 5
and 6.

Figure 5 shows the change of the long period with sorption
time. The long period increases sigmoidally with the time. The
equilibrium values of L are plotted versus relative vapor pressure
in Figure 6. The long period increases linearly with vapor
pressure. The increase of L is mainly due to the linear expansion
of amorphous phase since the vapor does not penetrate the
crystalline phase.3 The average thickness of the crystalline region
in the lamellae before sorption 〈lc〉 ()LoφVc) is 263.8 × 0.54 )
142.5 Å and 470.6 × 0.78 )367.1 Å for dry PE54 and PE78,
respectively, where the long spacing Lo of the dry polymer was
obtained from the extrapolation to P/P° ) 0. As expected, the
thickness of the lamellae of PE78 is greater than that of PE54.
We can relate this observation to the two crystallization
processes, the initial lamellar formation process during primary
crystallization and the lamellar thickening process during
secondary crystallization. Initial lamellar thickness is inversely
proportional to the supercooling (l* ∝ c/∆T, c is a thermody-
namic parameter during the primary crystallization).21-23 Lamel-
lar thickness further increases with crystallization time during
the secondary crystallization. PE78 has a lower supercooling
(∆T ) 32.2 K) and a longer crystallization time compared with
PE54 so that the lamellar thickness of PE78 becomes larger
than that of the quenched PE54. We note also that the change
of long spacing with relative vapor pressure (dL/da, with a )
P/P°) for PE54 ()0.30) is steeper than that ()0.14) of PE78.

The average thickness, 〈 la〉 , of the amorphous layers in the
lamellae was obtained as follows: since the crystalline thickness
is constant (i.e., 〈 lc〉dry ) 〈 lc〉wet ) 〈 lc〉), regardless of wetting or
drying, due to the impermeability of vapor into the crystalline
phase,3 the average thickness of the amorphous layer, 〈 la〉 during
wetting can be estimated from 〈 la(t,a)〉 ) L(t,a) - 〈lc〉 . For dry
PE54 and PE78, the values of 〈 la〉 are 121.3 and 103.5 Å,
respectively. Hence it is the amorphous layer thickness that
increases linearly with increasing relative vapor pressure
[Figure 6].

The average amorphous lamellar layer thickness 〈 la〉 of the
low crystallinity PE54 is larger than that of the high crystallinity
PE78. One-dimensional swelling, δla ) 〈 la〉 - lao, increases
linearly up to about 30 Å (25 ( 2%) for PE54 and 14 Å (14 (
1%) for PE78 in the full range (0-1.0) of P/P° (or 12 and 7 Å
from 0.2 to 0.95 in the measured range). This means that the
low crystalline PE54 absorbed more vapor than the highly
crystalline PE78. Since PE54 is the rapidly crystallized sample,
spherulites have less time to develop and the distribution of
lamellar thicknesses becomes broad. This results in larger
scattering peak widths, as shown in Figure 8. On the other hand,
since PE78 was isothermally crystallized at low supercooling
for a relatively long time (approximately 1.5 days), spherulites
become well developed, with a narrower distribution of lamellar
thicknesses and higher packing density of crystalline lamellae
compared to PE54. Spherulites of PE78 are expected to cause
a severe geometrical constraint against the expansion of
amorphous phase. Taut tie molecules that bridge the neighboring

Figure 2. iVSANS profiles measured at the indicated sorption time
(time 1)P/P° ) 0.95 at for PE78. Time2 is the counting time (s) of
each iVSANS measurement. Inset is a semilog plot showing the second
reflection, 2q*.

Figure 3. Intensity vs sorption time of PE54 and PE78. Intensity is
the total detector counts recorded in 5 min. The scattered intensity
increases then levels off after about 10 min at each relative vapor
pressure.

2620 Kim and Glinka Macromolecules, Vol. 42, No. 7, 2009



Figure 4. iVSANS profiles (a) of PE54 equilibrated at the indicated P/Po during stepwise sorption (circle) and desorption (triangle) (a), and
corresponding 2D scattering images (b). The response time to reach a target pressure and the stability at that pressure is shown in part c. All
measurements (run time ∼ approximately 15 min) were performed at a temperature of 21.0 ( 0.1 °C. n-Hexane, P°(21 °C) ) 16.94 kPa, rather than
hexane-d14 was used for the response-time measurements. Following the measurements, the sample was purged with flowing dry nitrogen gas and
dried under vacuum.
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crystalline layers can be another reason that limits the swelling
in nanoscale. The population of tie molecules in linear poly-
ethylene is estimated to be less than 1%.24 Such a small fraction
of tie molecules likely has minimal effect on the swelling
behavior. Other possible molecular parameters such as cilia, free
chains, loose loop, and loose tie molecules in the amorphous
phase play a role to increase free volume, which would enhance
the sorption and swelling. In the well-defined spherulite,
therefore, the reduced swelling is likely due to the geometrical
constraint rather than the tie molecules.

It is of interest to know whether the crystals are stable during
sorption/desorption process. If the crystals were dissolved or
disrupted by vapor, the long period would change. The
reversibility of L and 〈 la〉 during the cyclic sorption and
desorption process (as shown in PE54 of Figure 6) indicates
that vapor does not destroy the crystalline lamellae in semi-
crystalline polyethylene, which differs from the inference
discussed in other work.1,25 The reversibility [memory effect
in some sense] in the long period is due to the elasticity of the
amorphous phase confined in the lamellae.

The total detector count rates at equilibrium (the plateau count
rates in Figure 3, for example) at each relative vapor pressure
during sorption and desorption are plotted in Figure 7 for PE54.

This plot is effectively the absorption/desorption isotherm for
the sample. The data in Figure 7 show reversibility with vapor
activity during sorption and desorption. The reversibility is a
further indication that the underlying nanoscale structure is not
altered by the absorption/desorption of the hexane vapor.

The full width at half-maximum (fwhm) of the peak in the
small angle scattering is related to the size distribution of
lamellar spacings. The fwhm of PE54 is broader than that of
PE78 [see Figure 8], indicating the former has a broader size
distribution of lamellae. At higher vapor activity and longer
sorption time, the fwhm becomes slightly narrower in both PE54
and PE78. At a very low vapor content, the broad distribution
of interlamellar distances seems to slightly rearrange to form a
narrower distribution at higher vapor content.

So far we have discussed the correlation between sorption
and structure. Of interest is to investigate whether the nature of
the amorphous phase affects the diffusion behavior of vapor.

The typical diffusion plot for Fickian second law, the reduced
intensity against the square root of sorption time, is shown in
Figure 9.26 Details of the data treatment for this plot using
iVSANS measurement is given in ref 12. PE54 [Figure 9 a]
shows typical Fickian diffusion behavior within our experimental

Figure 5. Long period (L) vs sorption time at the indicated relative
vapor pressure (%).

Figure 6. Long spacing versus relative vapor pressure of hexane-d14.
The measurement of L was conducted at the equilibrium condition at
each relative vapor pressure. Measurements were repeated, varying the
approach to equilibrium, to demonstrate reproducibility. The symbols,
O (all sorption kinetics measured starting from dry membrane), 2 (from
sorption after jumping from the next R/P° after the measurement), 4
equilibrium at desorption).
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error range while PE78 (Figure 9 b) shows a S-shape sorption
profile (i.e., non-Fickian diffusion), especially at high relative
vapor pressure. These results are identical with Rogers’ gravi-
metric measurement for linear polyethylene measured at 0 °C.25

Rogers explained the S-shape sorption profile (time dependent
diffusion) as due to some rearrangement or relaxation of polymer
structure during the early stage of sorption. If we accept the
relaxation concept, the densely packed amorphous chain of PE78
could have a slower relaxation time than the low crystalline
PE54.

The penetrant, n-hexane, and amount of sorption increase the
free volume in semicrystalline polyethylene during sorption.27-29

Molecular packing of amorphous phase for the high crystalline
PE78 is expected to be tight (i.e., less free volume) at this stage,
which hinders the penetration of vapor and is evidenced with a
shallow slope. As vapor continuously sorbs to a site for sorption,
the sorbed vapor may play a role as a plasticizer and increase

the free volume so that the amount of sorption increases as
indicated with a steep slope.

Different chain packing in the confined amorphous phase can
be further investigated with a diffusion coefficient. Diffusion
coefficient (D, cm2/min) was determined from the initial slope
in the plot (Figure 9) of the reduced total intensity versus the
square root of the sorption time, √t, based on Fick’s second
law; (D ) slope × sample thickness × √π /4)2.12 Figure 10a
shows that PE54 has roughly a factor of 2 higher diffusion
coefficients than PE74 at the same vapor activity. Large free
volume (i.e., open space) and amorphous fraction of PE 54 could
provide more space for the vapor to diffuse into the loosely
packed lamellae while the tight chain packing of PE78 restricts
the penetration of vapor. Thus, the former has the higher
diffusion coefficient. Crystallinity has been known to affect
sorption and diffusion.30-33 The diffusion coefficient can be
further normalized with an amorphous fraction φa(t,a).

Figure 7. Sorption and desorption isotherm, as measured by the total
detector count rate, of PE54. Soprtion 1 was measured from the level
off of Figure 3. Sorption 2 and desorption were measured in a stepwise
manner as shown in Figure 4c.

Figure 8. Fwhm of the peak in the scattering of the rapidly crystallized
PE54 and isothermally crystallized PE78. The broken line is drawn to
distinguish the fwhm between PE54 and PE78. Fwhm was determined
from the Lorentzian fit. Error bars represent ( σ.

Figure 9. Fickian second law Diffusion plot of PE54 and PE78 at
the indicated P/P°. The solid line is calculated with Fick’s second
law.

Deff (cm2/min) ) D/�a(t, a) (1)
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The amorphous content at each activity (a ) P/P°) was
estimated from the long period L(tf∞,a) and amorphous
thickness la(tf∞,a) at equilibrium condition (tf∞):

assuming that the dimensional change along the lateral dimen-
sion of the amorphous layer can be neglected because the lateral
dimension is so large compared to the amorphous thickness.
Figure 10b shows the effective diffusion coefficient (Deff) with
vapor activity. The Deff’s of the PE54 and PE78 superimpose
each other keeping the linear increase with vapor activity. This
demonstrates that amorphous fraction, with its free volume, is
the predominant factor that controls transport properties. Studies
show that both chain conformation (tie molecules, entanglement,
et al.) restricted in the amorphous phase of lamellae and the
stresses imposed on the phase can be other factors that affect
the transport properties, depending on the size of penetrant and
magnitude of the elastic stress.30-32 Since a systematic study
on the size of diffusants has not been done in this study, at
least we may say that the Deff of n-hexane vapor in the
semicrystalline polyethylene does not show any difference in
the nature of amorphous phase. One possible reason is that the
size of n-hexane is not large enough to distinguish the subtle

nature (chain conformation, elastic stress, packing, et al.) of
the amorphous phase geometrically confined in spherulite.

A strong upturn in the scattering was observed below q )
0.01 Å-1 (Figure 4) and it is necessary to investigate the low q
region further. USANS measurements for the vapor saturated
PE54 and PE78 show that the low q upturn extended down to
q ) 3.0 × 10- 5 Å-1. This low angle scattering is indicative of
a broad distribution of spherulite sizes, averaging over 10 µm
in diameter. This was confirmed with an optical microscope
[Figure 1]. The low q scattering in the range of q from 10-5 to
10- 3 Å-1 shows a power law scattering defined as I(q) ≈ q-R.
The scattering exponent R is defined as R ) 2d - Ds for surface
fractal with the limit of d < 2d - Ds < d + 1 or R ) Dm for
mass fractal with the limit of 1 < Dm < 3, where d is the
dimension of an object.34 The R ≈ 3.7 for PE54 and R ≈ 3.3
for PE78 in Figure 11 correspond to surface fractal dimensions
of Ds ≈ 2.3 and Ds ≈ 2.7, respectively. This may indicate that

Figure 10. (a) Diffusion coefficient of PE54 (open) and PE 78
(closed) at 21 °C and the indicated amorphous fractions, φa(t,a).
(b) Effective diffusion coefficient, Deff, normalized with amorphous
volume fraction.

�a(t, a) )
la(t f ∞, a)

L(t f ∞, a)
(2)

Figure 11. USANS and SANS of the PE54 and PE78 samples saturated
with hexane-d14 solvent. The solid line was calculated from the
paracrystalline model30 with a Gaussian distribution function for
lamellae (dotted) plus the fractal scattering in USANS region. For PE54,
the average crystalline 〈lc〉 ( σc and amorphous thickness 〈la〉 ( σa of
the lamellae are about 115 ( 16 and 121 ( 59 Å, respectively, with
an average number of lamellae per stack of 〈N〉 ) 2.5. The power law
exponent in the low q region is about -3.7. For PE78, 〈lc〉 ( σc and
〈la〉 ( σa are 246 ( 97 Å and 194 ( 58 Å, respectively. 〈N〉 ) 5.
Detail changes in the slope of the USANS region are neglected on
fitting.
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the spherulite surface becomes rough on isothermally crystal-
lizing at high temperature. The power law scattering above q
≈ 0.02 Å-1, the region of lamellae structure, shows R ≈ 3.7
for PE78. On the other hand, PE54 does not extend far enough
in q range for any meaningful quantitative analysis. Fractal
analysis of this region is shown in the literature.35

Conclusions

Our analysis of the kinetics of hexane vapor absorption/
desorption in two samples of semicrystalline PE with widely
different crystalline volume fractions, PE54 (φVc ) 0.54) and
PE78 (φVc ) 0.78), has given new insight into their microstruc-
ture and its relationship to absorptive capacity and diffusion
rates. We have specifically found that the amorphous layers in
the spherulite domains of PE54 increase in thickness by a larger
percentage (∼25%) than those of PE78 (∼14%) at saturated
vapor pressure of n-hexane at room temperature, indicating that
the amorphous layers are more constrained in the more
crystalline sample (PE78). The nanostructural change in the
amorphous phase is reversible during sorption and desorption
cycle and the structure of the crystalline phases is stable.
Nevertheless, the rate at which hexane molecules diffuse through
the amorphous regions of both samples, as evidenced by their
diffusion constants (Deff) normalized by amorphous volume
fraction is essentially the same. This might be that the nature
of amorphous phase in both low and high crystalline polyeth-
ylene is likely the same or that the size of n-hexane molecule
is not large enough to distinguish the subtle difference in both
samples. These results are relevant both to processing methods
for tailoring the barrier and sorptive properties of semicrystalline
polymer films and to theoretical work on the transport behavior
of semicrystalline polymers.
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