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ABSTRACT: The effect of phase composition and molecular mobility on oxygen permeability is studied for
stretched films prepared from polyamide 6 (PA6) and a blend of PA6 with semiaromatic amorphous
polyamide (aPA)—PAG6/aPa, which is a random co-polyamide containing iso- and terephthalic chain units.
The effect of stretching degree of films on crystallinity and strain-induced immobilization of the amorphous
phase is studied by DSC and solid-state proton NMR transverse (75) magnetization relaxation, respectively.
Changes of these parameters upon strain are determined. Crystallinity and 7, are hardly affected by strain, as
shown by DSC. Molecular mobility in the amorphous phase of stretched films is largely restricted upon
increasing strain. At temperatures well above T, the amorphous phase consists of two fractions of nanometer
thickness: one behaves like glassy polyamides, and the other one, a semirigid fraction, reveals largely hindered
chain mobility. The amount of the glassy-like fraction increases proportionally to the strain. In addition,
molecular mobility in the semirigid fraction decreases with increasing strain. According to high-resolution
solid-state '>*C NMR experiments, the composition of the semirigid fraction in PA6/aPA films is enhanced by
aPA. It is shown that the immobilization of the amorphous phase has a large influence on the permeability of
the films. It appears that oxygen permeability correlates well with a parameter describing strain-induced
decrease in molecular mobility in the amorphous phase. This parameter is the reciprocal product of the
amount of the semirigid fraction at temperatures well above T, and molecular mobility in this fraction as
determined by NMR 75 relaxation time. It is suggested that the semirigid fraction of the amorphous phase
could be considered as “channels” for diffusion of oxygen molecules. Despite lower oxygen solubility in PA6
films, as shown by low-temperature proton NMR T relaxation data, the permeability of all PA6/aPA films
under humid conditions is significantly lower than that of PA6 films. It is suggested that the lower
permeability of PA6/aPA films is due to complex formation between oxygen molecules and aromatic rings
of aPA, which slows down oxygen diffusion. Results of the present study are of interest for a better
understanding of both permeability of polyamide films and other phenomena in polyamides that are affected
by transport properties of small molecules, such as the rate of water uptake, dyeability of fibers, thermal

oxidation, and blooming.

I. Introduction

High thermal stability as well as good mechanical and barrier
properties of polyamides determine a wide application area of
these polymers for food packaging. Processing conditions that
are used for preparation of polyamide films largely influence
morphology, physical, and transport properties. Therefore, know-
ledge of processing—morphology—permeability relationships is
of a large importance for improvement of barrier properties of
polyamide films.

The permeation of gas or vapor molecules through a polymer
film involves the following stages: (1) absorption of penetrant
molecules on to the film surface; (2) solution of the penetrant
molecules in the film; (3) diffusion through the film; and
(4) desorption from the other surface of the film. Solubility ()
and diffusivity (D) are the intrinsic characteristics determining
transport or barrier properties of penetrant molecules in a host
material. Both characteristics are governed by specific interac-
tions, molecular mobility, size and shape of penetrant molecules,
and morphology in the case of heterogeneous polymers. The
permeability (P) is the product (P = SD) of solubility, which is a
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thermodynamic parameter, and diffusivity, which is a kinetic
parameter. The permeability is usually used for describing the
transport rate at steady state.

The sorption and transport properties of small molecules are
largely influenced by several physical structures and morphology
of semicrystalline polymers." The following characteristics
should be discussed in this respect. Degree of crystallinity is
one of the most important parameters since crystalline regions are
generally inaccessible to the most types of penetrant molecules.
Hence, on the one hand, crystalline domains act as excluded
volume for sorption of small molecules decreasing solubility,
whereas on the other hand, crystallites form impermeable bar-
riers for diffusion process increasing the average path length for
penetration of small molecules through a material made from
semicrystalline polymers. These two effects can be described by
the tortuosity factor: 7 = 1 + (L/2W)¢., where L and W are the
length and width of crystalline domains and ¢, is the volume
fraction of crystalline or rigid phase.” If permeability is studied
for stretched polymer films, crystal orientation can also signifi-
cantly affect the permeability.’

Another characteristic of semicrystalline polymers, which is
largely influenced by the degree of crystallinity, is molecular
mobility in the amorphous phase which determines the rate of
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local density fluctuations. A close relationship between perme-
ability and molecular mobility in the amorphous phase of
semicrystalline polymers has been demonstrated.>* The effect
of molecular mobility on permeability is obvious from a large
difference in the diffusion rate of small molecules in polymer
melts as compared to glassy polymers. The diffusion rate de-
creases by approximately 2—3 orders of magnitude upon
vitrification.” At temperatures well above T, o fast local chain
motions cause rapid density fluctuations and the diffusion rate of
small molecules is largely determined by the rate of these density
fluctuations. Contrary to polymer melts, the residence time of
penetrant molecules in the accessible volume (“cavities”) in glassy
polymers is much longer than time between successive jumps
between neighboring cavities. Crystallization of polymers causes
large immobilization of the amorphous phase since crystallites
(1) act as physical network junctions restricting chain mobility in
the amorphous phase and (2) form topological barriers increasing
the anisotropy of chain motions in the amorphous phase. These
restrictions on the chain mobility depend on both crystallinity
and the number of crystallites (their dimensions) in the unit
volume of semicrystalline polymers. The effect of cross-linking on
the permeation is well-known for amorphous rubbers. An in-
crease in cross-link density causes a decrease in the diffusion
coefficient and an increase in the activation energy for diffusion
and makes the diffusion process more dependent on the size and
shape of penetrant molecules.®® Molecular mobility'® and
diffusion coefficient of small molecules in rubbers decrease
approximately linearly with cross-link density at low and mod-
erate cross-linking.!' At higher network densities, the dependence
deviates from linear."!

Different phenomenological and molecular models have been
used for describing the diffusion process and permeability in
polymers.®'>!* Molecular models would seem to offer a better
description of transport properties. However, all such models
involve one or more adjustable parameters limiting quantitative
analysis of experimental results in the relation to molecular
characteristics. In order to understand diffusion of small mole-
cules in semicrystalline polymers, quantitative characterization of
morphology, phase composition, and molecular mobility are of
great importance. In this respect, the phase structure is probably
one of the most important parameters, mainly because the
amorphous and crystalline phases exhibit vastly different beha-
vior. Since crystallites are generally inaccessible to most penetrant
molecules, characterization of noncrystalline regions is of special
interest with respect to transport properties. Traditionally, a two-
phase model is used to describe the morphology of semicrystalline
polymers. However, this model with constant densities of crystal-
line and amorphous phases is rather simplified due to the
presence of a crystal—amorphous interface' ! and/or rigid
fraction of the amorphous phase.’ > Since properties of the
interface or rigid amorphous fraction are intermediate between
those of the crystalline and amorphous phases, the presence of the
interfacial layer, which is usually counted for noncrystalline
fraction, could largely influence the permeability. Therefore,
the two-phase model often fails to provide a good description
of the permeability and other physical properties of semicrystal-
line polymers.*>~*’ For example, chain mobility in the interfacial
layer of polyamide 6 (PA6) fibers is largely hindered and water
molecules are hardly absorbed by the interfacial layer.*® As far as
stretched films are concerned, molecular mobility in the amor-
phous phase is restricted upon drawing PAG6 fibers and films.**!
However, no quantitative relationship between chain orientation
in the amorphous phase and permeability is known for these
materials.

Recent atomistic simulations have shown that diffusivity of
small molecules in polymers is controlled by the mechanism and
the frequency of chain motion.>**¥73% It should be noted that
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“the permeation is a phenomenon encompassing mechanisms
that span a wide spectrum of time and length scales exceeding by
many orders of magnitude the corresponding scales that can’t be
tracked by conventional atomistic molecular dynamics (MD) and
Monte Carlo (MC) simulation techniques”.” Therefore, experi-
mental studies of chain mobility in the relation to permeability
are of significant importance for better understanding barrier
properties of polymers. Solid-state NMR is one of the most
powerful techniques for investigation of morphology and mole-
cular mobility in polymeric materials.** "> When the term crystal-
linity is used in connection with low-resolution NMR technique,
this refers to the rigid fraction at temperatures well above Ty, i.e.,
the fraction of material possessing the lowest molecular mobility,
and to distinguish this material from semirigid and soft non-
crystalline materials (either oriented or nonoriented).*

The phase composition, domain sizes, and molecular mobility
in crystalline and amorphous phases of PA6 fibers and melt-
crystallized PA6 have been studied by several groups using solid-
state NMR techniques. Results of these studies have recently
been reviewed.*® Above the glass transition temperature, various
NMR methods have revealed two types of amorphous regions
in PAG6, i.e., amorphous regions with less constrained chain
fragments—soft amorphous fraction—and semirigid crystal—
amorphous interface where molecular mobility is lower. These
noncrystalline regions significantly differ in local chain mobility.
It is suggested that information about molecular mobility in the
less constrained (more mobile) amorphous fraction and its
amount are of particular interest in the relation to diffusivity of
small molecules in semicrystalline polymers since diffusivity
increases with an increase in molecular mobility in the host
matrix.® Therefore, if some of the molecular characteristics of
semicrystalline polymers are related to transport properties of
small molecules, the amount of amorphous phase with less
constrained chain fragments as well as the molecular mobility
of these fragments could be of larger importance as compared to
crystallinity.

The establishing of relationships between the chemical struc-
ture of the initial polymer, strain which is used for film prepara-
tion, resulting morphology, molecular mobility, and functional
properties of polyamide films is the subject of great interest. Two
types of stretched films are prepared for the present study, i.e.,
films made from PA6 and from a blend of PA6 with amorphous
aromatic polyamide (aPA) which is a random co-polyamide
containing 70% of isophthalic and 30% of terephthalic chain
units. Films are stretched at two different temperatures, and
strain is varied in a wide range from 0% to 200—300%. The aim
of this study is to determine (1) the effect of strain on the phase
composition, domain sizes, and molecular mobility, (2) the
relative difference in oxygen solubility in PA6 and PA6/aPA
films and the effect of absorbed water on oxygen solubility, and
(3) the effect of these molecular characteristics of the films on
oxygen permeability. A number of techniques are used for
characterization of the films: film morphology is analyzed by
AFM; glass transition and melting behavior by DSC; orientation
of crystallites by X-rays; the chemical composition of more
mobile amorphous fraction in PA6/aPA film by high-resolution
solid-state '°C NMR experiment; and relative difference in
oxygen solubility in films, the phase composition, molecular
mobility, and domain sizes by proton low-resolution NMR
methods.

II. Experimental Section

A. Materials. This paper is focused on two types of polyamide
films that were prepared at DSM (Geleen, The Netherlands):
films from polyamide 6 (PA6) and those from a blend of PA6
with an amorphous aromatic polyamide (aPA). The blend was
composed of 60 wt % PA6 and 40 wt % aPA. The PA6 had a
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weight-average molecular weight M, = 50000 g/mol and a
specific density d = 1.132 g/cm®. Amorphous aromatic poly-
amide (PA6I-6T, grade Grivory G21 from EMS) was a random
co-polyamide that was obtained by polycondensation of hex-
amethylenediamine with terephthalic and isophthalic acids. It
contained 70% of isophthalic and 30% of terephthalic chain
units. M, and specific density of aPA were 8120 g/mol and
1.18 g/cm?, respectively.

B. Film Preparation. The PA6 and PA6/aPA blend were
extruded in a single-screw extruder at 275 °C. The materials
were cast into films of ~80 um thick and cooled on a chill roll at
100 °C. Since fast cooling of PA6/aPA film prevents full crystal-
lization of PA6,* the film was annealed at 110 °C for 5 min to
favor the cold crystallization. In order to work with dry samples,
these films were stored under vacuum at room temperature.
Uniaxial stretching of the films was conducted on an Instron
machine equipped with a temperature-controlled oven. Stretch-
ing of the films was performed at two temperatures: 100 and
130 °C, with an initial strain rate of 3.5 x 1072 s . With these
conditions, the stretching was stopped when different strain
values € of 50%, 100%, 150%, 200%, and 300% were reached.
The strain ¢ is defined as the ratio [(L — Lg)/Lo] X 100%, where
Lo and L are the sample gauge length before and after drawing,
respectively. The uniaxial “post-mortem” local strain was deter-
mined from the displacement of ink marks printed on the sample
surface prior to stretching. The marks were initially spaced by
1.5 mm.

C. Characterization of Polyamide Films. C./. Oxygen Per-
meability. The permeability was determined with a Mocon Ox-
tran 2/21 oxygen permeameter. Sample surface area was 5 cm?>.
All experiments were performed at 23 °C and 85% relative
humidity and under atmospheric pressure.

C.2. DSC. The differential scanning calorimetry experiments
were carried out on a Perkin-Elmer Diamond device. The
heating and cooling rates were 10 °C/min, and the sample weight
was ~10 mg. The glass transition temperature 7, was taken at
the middle of the heat capacity jump, whereas the melting point
T and the crystallization temperature 7, were measured at the
maximum and the minimum of the enthalpic peaks, respectively.
Crystallinity was determined as the ratio of the heat of fusion of
the sample (AH,,) to the heat of fusion of the crystalline phases
of PA6 (AH,°). AH,,,° of 230 J/g is often used for the estimation
of DSC crystallinity of PA6.*! However, it should be noted that,
in general, different methods for crystallinity determination do
not always yield the same results on exactly the same sample, as
has been shown previously. #3042

C.3. Solid-State NMR

C.3.1. Sample Preparation. For low-resolution proton NMR
relaxation experiments, ~0.4 g of film was cut into pieces of
approximately 2 x 2 mm, and the pieces were packed in an
NMR glass tube with a diameter of 9 mm. No specific procedure
was followed to ensure a random packing of film pieces in the
sample tube. Because of the large size of the NMR tube
compared to the dimensions of the pieces, however, it is safe
to assume that the pieces do not preferably orientate themselves
toward the direction of the magnetic field of the NMR spectro-
meter. Care was taken in preconditioning of the samples before
starting NMR experiments. Polyamides tend to absorb moist-
ure, and the equilibrium moisture content is a function of the
relative humidity of the surrounding air. The NMR experiments
were performed for dried films. Films were dried in the NMR
tube for 20 h at room temperature and a vacuum of about
1 mmHg. After drying, the tube was filled with dried nitrogen.
The sample tube was tightly closed with a Teflon cylinder, the
bottom part of which was slightly above the upper part of the
sample. Two films were also studied after they were saturated
with water at 23 °C in a climate room with 85% relative
humidity (85% RH).

Low-resolution proton NMR T relaxation experiment for
PA6 and PA6/aPA films saturated with water and the films

Litvinov et al.

under dry nitrogen and air were performed using a 9 mm NMR
tube with a valve on the top of the tube. This experiment was
used to determine the relative difference in oxygen solubility in
these films. After films were dried as described above, the tube
was filled either with dried nitrogen or air. After the 7 value of
the dried films was measured as a function of temperature, the
tubes were placed in a climate room at 23 °C with RH of 85% for
1 month.

C.3.2. NM R Equipment. Low-resolution proton NMR 7'} and
T, relaxation experiments were performed on a Bruker Minispec
MQ-20 spectrometer on static samples. This spectrometer oper-
ates at a proton resonance frequency of 20 MHz. The length of
the 90° pulse and the dead time were 2.8 and 7 us, respectively. A
BVT-2000 temperature controller was used for temperature
regulation with an accuracy of 40.1 °C. The temperature
gradient within the sample volume was less than 1 °C. The
temperature at the sample position was measured separately
using a RTD sensor Pt100 with a diameter of 0.5 mm inserted in
the middle of the sample.

High-resolution '>*C NMR experiments were carried out at
110 and 130 °C with a Varian Inova 400 MHz spectrometer
equipped with a 7 mm variable temperature CPMAS probe. Dry
nitrogen was used for spinning of 7 mm NMR rotor under the
magic angle. The spinning speed was set to 7 kHz. The rotor cap
had a small hole in the center through which absorbed water was
removed from the sample before the experiment was started.
The 90° pulse length in proton and carbon channels was 5 us,
and the recycle delay was 4 s. The acquisition of the carbon
signal was performed under a proton-decoupling field of 50 kHz.
Adamantane was used to optimize the Hartmann—Hahn con-
dition, and it also served as an external secondary chemical shift
reference (38.3 ppm for the methylene resonance relative to
tetramethylsilane).

C.3.3. NMR Experiments and Data Analysis. Partitioning of
PA6 and aPA between rigid and semirigid fractions of the
amorphous phase in unstretched PA6/aPA film was studied by
high-resolution '*C NMR inversion—recovery cross-polariza-
tion experiment (IRCP). The cross-polarization time 7., was 1.5
ms. A variable “inversion” time 7, (during which the phase of
the proton spin-look field was shifted by 180°) was varied from 0
to 0.5 ms.

The phase composition and molecular mobility in polyamide
films were studied using the following proton low-resolution
NMR experiments. Two methods are commonly used for
recording the free induction decay (FID) for static samples:
(1) the 90° pulse excitation: 90°,—dead time—[acquisition of the
amplitude of the transverse magnetization A(¢) as a function of
time ¢ after the 90° pulse]; (2) the solid-echo pulse sequence
(SEPS): 90°,—1,—90°,—t,.—[acquisition of the amplitude of the
transverse magnetization A(f)], where 1 = 2ty + f9g Was set to
zero and 1o is the duration of the 90° pulse. Both methods could
cause systematic errors in the analysis of the phase composition
in heterogeneous materials.>%* The initial part of the FID is not
detected after the 90° pulse excitation because of the dead time
of the spectrometer receiver. Therefore, knowledge of the shape
of the transverse magnetization decay for the rigid phase/frac-
tion is required for accurate deconvolution of the FID into
components corresponding to different phases. The shape of the
FID for the rigid fraction of polyamide films was determined by
the SEPS. Finally, the phase composition and molecular mobi-
lity were determined by analysis of the FID that was recorded
after the 90° pulse excitation. The FID experiment took 5 min.
Sample exposure to 110 and 140 °C during the NMR experiment
did not causes significant change in molecular mobility, and the
phase composition as was shown previously for PA6 fibers.*°

The fractions (% T,™%*) and the apparent relaxation times
(T»™9%) of the relaxation components were obtained by per-
forming a least-squares fit of the data using eq 1. FIDs for
unstretched films were fitted with the two-component function
(first two terms in eq 1) as well as with the three-component
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function which was a linear combination of the stretched
exponential (a < 2) or Gaussian (0. = 2) function and two
exponential functions. FID for stretched films was fitted with
the two-component function which was a linear combination of
the stretched exponential or Gaussian function and exponential
function.

A(1) = A(0)" expl= (1/T3)"] + A(0) exp[— (1/T3)]
+4(0)" expl— (1/T3)] (1)

The superscripts “s”, “i”, and “/” stand for short, intermediate,
and long decay time of the relaxation components, respectively.
These components correspond to the relaxation of rigid, semi-
rigid, and soft fractions of films. The least-squares fit of FIDs
that were measured with the SEPS has shown that o was close to
2 for all samples studied. Therefore, this o value was used for the
fit of FIDs, as recorded after the 90° pulse excitation. The
fraction of the relaxation components, as designated in the text
by %75 = {4(0)™9/[4(0)° + A4(0) + A4(0)]} x 100%,
represents the weight fraction of hydrogen atoms in phases/
domains in PAG6 that reveal distinct differences in molecular
mobility. 7> value allows the relative difference in molecular
mobility to be determined; i.e., the longer the 7, relaxation time,
the larger the amplitude of molecular motions, their frequency,
or both.

The relative difference in oxygen solubility was determined
using the proton longitudinal (7)) magnetization relaxation
experiment. The recovery rate of the longitudinal magnetization
(T relaxation rate — 1/7) was measured using the inversion—
recovery pulse sequence with the solid-echo detection of the
signal amplitude: 180°,—#,,—90°—1,,—90°,—,—[acquisition
of the amplitude of the echo maximum A4(0) as a function of #,,],
where 7, was 10 us. Inversion—recovery curves were fitted with
the following exponential function:

A(linv) = A(O)[l -2 eXp(— ’in\'/Tl)] (2)

The T, experiment at each temperature was performed after fast
cooling of samples from room temperature to the temperature of
the experiment.

Domain sizes for another series of PA6 films were estimated
using spin-diffusion experiments with a proton double-quantum
(DQ) filter. The DQ filter selected the nuclear magnetization
from the rigid fraction of PA6 films. The pulse sequence and
analysis of the spin-diffusion data have been described previ-
ously.*** A global fit, which was used for the analysis of FIDs
recorded in the spin-diffusion experiment, has been also descri-
bed in a previous study.*®

II1. Results

A. Oxygen Permeability of Films. Dried PAG films display
oxygen permeabilities significantly lower those of the PA6/
aPA blend. This can be attributed to the higher crystal
content in PA6 films in comparison with that in PA6/aPA
films. The evolution of permeability with water absorption is
different between PA6 and PA6/aPA films. Water absorp-
tion causes a large increase in the permeability of PA6 due to
the decrease in 7,,.*’ By contrast, the permeability of PA6/
aPA films slightly decreases upon water uptake. This effect is
known for aromatic polyamides,** " and it might be attri-
buted to a competition of water molecules with the permeant
gas for free volume excess in the polymer matrix, thereby
reducing both oxygen solubility and diffusivity.**~>'

Oxygen permeability of PA6 and PA6/aPA films under
humid conditions is compared in Figure 1. The permeability
of both types of films decreases with increasing film strain.
The decrease is larger for PA6 films. However, the perme-
ability of even highly strained PAG6 films is larger than that of
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Figure 1. Oxygen permeability of uniaxially stretched PA6 and PA6/
aPA films as a function of strain used for film preparation. The
permeability was measured at 23 °C and 85% RH. The films were
stretched at 100 and 130 °C.

Table 1. Overall Crystallinity, y., Crystallinity of PA6 in Unstretched

PA6/aPA films (¢ = 0%), x.(PA6), Crystallization, 7., Melting, T,,,

and Glass Transition, 7, Temperatures of Dried Polyamide Films, As
Determined by DSC“

film composition

PA6—aPA, Aes 2(PA6),

wt %—wt % T5,°C  Tw°C  T,°C  wWt% wt %
100—0 (¢ = 0%) 53 221 190 28 -
60—40 (¢ = 0%) 78 217 170 15 26

0—100 (¢ = 0%) 124

“Tt is noted that crystallinity values of PA6 largely depend on the
characterization method, and DSC usually provides lower crystallinity
values as compared to other methods.*

all PA6/aPA films. It has to be added that drawing tempera-
ture has no significant effect on the permeability. The effect
of different morphological parameters, oxygen solubility,
and molecular mobility on the permeability will be discussed
below.

B. Thermal Properties of Films. The thermal characteris-
tics of films are shown in Table 1. No crystallinity is detected
in aPA film. The increase in the strain hardly influences the
T, of PA6 and PA6/aPA films. DSC traces of all PA6/aPA
films show a single 7, similar to previous studies of PA6/aPA
films.**>% The single T, for PA6/aPA films suggests that
under the used processing conditions PA6 and aPA are
mixed on the scale of a few nanometers in the amorphous
phase of these films. This result is in agreement with the
prediction of mean-field binary model for blends of aliphatic
polyamides with amorphous aromatic polyamides for the
concentration used for preparation of films used for the pre-
sent study.”>** The T, of PA6/aPA film is seen to be ~25 °C
higher than that of the PA6 film. This increase is expected
and can be described by the Fox equation.*’

Melting of PA6 in PA6/aPA films is observed at lower
temperatures than in pure PA6 films, which is apparently
caused by a decrease in crystal size and crystal perfection.
Regarding the melting point depression in PA6/aPA films, it
has been shown that it is related to a dilution effect of the
aPA chains® rather than to transamidation of PA6 and aPA
during melt processing.” The decrease in the crystallization
temperature of PA6 in PA6/aPA films is also due to the
reasons described above and the change of the local compo-
sition during crystallization.® As far as PA6 crystallinity in
PAG6/aPA films is concerned, the DSC results clearly show a
decrease in the overall crystallinity, y., with the addition of
aPA. However, the crystal fraction per weight unit of PA6,
x(PA6), hardly changes in the presence of aPA.

C. Molecular Mobility by Low-Resolution "H NMR T,
Relaxation. Analysis of proton NMR transverse magnetiza-
tion relaxation (7 relaxation) is a valuable tool for analysis
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of the phase composition in PA6.%° It has been shown that
the three-phase model provides the most appropriate de-
scription of the phase composition of PA6 fibers. The
crystalline phase and a soft fraction of the amorphous phases
are separated by an interfacial layer revealing chain mobility
intermediate between that for the crystalline and less con-
strained (more mobile) soft amorphous fraction.’® For de-
termination of crystallinity, the measurement should be
preferably performed at a temperature of 140 °C for dried
samples. At this temperature, the crystalline phase, the
semirigid crystal—amorphous interface and the soft amor-
phous fraction exhibit a significant difference in molecular
mobility allowing reliable phase composition analysis. De-
spite exposure of samples to 140 °C, changes in the phase
composition and molecular mobility due to annealing are
negligible during the time required for the measurement, as
has been shown by real-time NMR T, experiments for PA6
fibers.*® For a range of structurally different PA6 fibers, it
was found that crystallinity values, as determined by NMR,
coincide within a few percent with the crystallinity deter-
mined using a rigorous method for PAG6 fibers.*° It will be
shown below that changes in molecular mobility upon strain
of PAG films differ from that of the draw ratio used for the
spinning of PAG6 fibers. This is due to a difference in crystal-
linity during stretching of PA6 films and drawing of PA6
fibers. Comparison of NMR data for PAG6 fibers and films,
which will be provided below, could help us in better under-
standing the effect of processing conditions on molecular
mobility and the phase composition of polyamide films and
fibers.

Similar to PAG fibers, the T, relaxation decay at 140 °C for
unstretched PA6 film consists of the three 7, relaxation
components that are assigned to the crystalline phase
(short relaxation time, 75°), semirigid crystal—amorphous
interface (intermediate relaxation time, 75'), and soft frac-
tion of the amorphous phase (long relaxation time, 75')
(Figure 2a). The relaxation times (7>"9°*) provide informa-
tion about molecular mobility. Longer relaxation time cor-
responds to larger frequency of chain motion, their
amplitude, or both. The relative amount of the relaxation
components, %75, %75, and % Ty, represents the weight
fraction of crystalline phase, semirigid crystal—amorphous
interface, and soft fraction of amorphous phase in PAG6 films,
respectively.

The crystallinity of unstretched PA6 film is 54 wt %, which
is within the common range of crystallinity of PA6 fibers.*
The amount of the interface and the soft fraction of the
amorphous phase in this film is 32 and 13 wt %, respectively.
These values are also in the same range as observed for PA6
fibers.>® It should be noted that the crystallinity of PAG, as
determined by DSC (Table 1) and the NMR method, 28 and
54 wt % respectwely, largely differs due to the following
reasons.”’ (1) Complex morphology of semicrystalline poly-
mers requires different sets of assumptions for the analysis of
data recorded by the different techniques. (2) Discrimination
of the crystalline phase from the amorphous one is made on a
basis of different characteristics, such as the enthalpy of
melting (DSC), long-range periodicity (WAXD), bond vibra-
tions (vibrational spectroscopy), the specific volume (density
analysis), and molecular mobility (NMR relaxometry). For
example, WAXD detects only large crystals consisting of
several crystal unit cells, whereas NMR crystallinity includes
both large and small nanosize crystals as well as disordered
crystals. As far as the NMR crystallinity is concerned, the
method determines the low mobile (rigid) mass fraction of
semicrystalline polymers which is usually close to the crystal-
linity that is determined by traditional methods if the NMR
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Figure 2. Proton NMR 7, relaxation decay (FID) for dried un-
stretched (a) and stretched (b) PA6 films. The films were stretched at
100 °C. The FID’s were measured at 140 °C using the 90° pulse excita-
tion. The solid line represents the result of a least-squares adjustment of
the FID (points) with a linear combination of the Gaussian and two
exponential functions (see eq 1) for unstretched PA6 film (a). Dotted
lines show the separate relaxation components which originate from
polymer fractions with different molecular mobility for unstretched
(¢ = 0%) (a) and stretched (¢ = 100%) (b) PA6 films. The total ampli-
tude of the FID, 4(0) = A(0)* + A(0)" + A(0), was determined by a
least-squares fit of the FID, and its value was normalized to 1. (c) FID
for unstretched PA6 and PA6/aPA films at 23 °C and for PAG film at
0 °C. The films were saturated with water at 23 °C and 85% relative
humidity. Decay times, at which the 75 relaxation is largely affected by
molecular mobility in different fractions of films, are shown by dashed
lines.

experiment is performed at temperatures much higher than
the 7, of the amorphous phase. (3) The two-phase model,
which is traditionally used for determining crystallinity, is
rather simplified for describing semicrystalline polymers due
to the presence of a crystal—amorphous interface, which can
be detected either as a crystalline or amorphous fraction,
depending on the method used. In other words, where is the
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Figure 3. (a) Proton T, relaxation time for rigid (7>%) and semirigid
(T, fractions of dried PA6 and PA6/aPA films. The films were
stretched at 100 °C. The T, relaxation times were measured at 110
and 140 °C for PAG6 films and at 140 °C for PA6/aPA films. (b) The
relative amount of rigid fraction, as determined by the hydrogen content
in this fraction (% 75%). The two-component analysis of the 7> decay was
used for determining the amount of the semirigid amorphous fraction in
all films. The rigid fraction is composed of crystalline PA6 and rigid
amorphous fractions as shown in this figure.

borderline between crystalline and amorphous phases in
terms of physical properties as measured by different meth-
ods? Various experimental methods, such as WAXD, neu-
tron scattering, dielectric relaxation, calorimetry, solid-state
NMR, and molecular modeling, show that a thin layer
separates crystalline and amorphous phases, and the proper-
ties of this layer are intermediate between those of crystalline
and amorphous phases. The term “rigid amorphous phase”
has been also discussed in this respect.

In addition to the 75 relaxation analysis at 140 °C for dried
films, the 7T, relaxation decay was also recorded at 23 and
0 °C for unstretched PA6 and PA6/aPA films which were
saturated with water (23 °C/85% RH) (Figure 2¢). These
experiments were performed because oxygen permeability
was determined for wet films at 23 °C. Chain mobility at
23 °C in the amorphous phase of wet films is lower as
compared to that in dry films at 140 °C as could be seen by
comparing the 7, relaxation decays for unstretched dry and
wet PAG films at 140 and 23 °C, respectively (Figures 2a and
2¢). However, a fraction of the amorphous phase in wet PA6
and PA6/aPA flms is still mobile at 23 °C. A small fraction of
the amorphous phase in wet PAG6 film is still mobile at 0 °C.

Stretching of PAG films causes large decrease in molecular
mobility, as can be seen from the results in Figures 2b and 3.
Stretching causes disappearance of the soft fraction of the
amorphous phase which is already transformed to a semi-
rigid amorphous fraction at 100% strain, as can be seen in
Figure 2b. In addition, molecular mobility in the semirigid
fraction decreases upon increasing strain too (Figure 3a).
The amount of rigid fraction in PA6 films increases from 54
to 72 wt % proportionally to the strain (Figure 3b). This
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increase can be due to an increase in crystallinity, similar to
the effect of draw ratio for PA6 fibers,*’ and/or due to
immobilization of highly stretched chain fragments in the
interface and possibly in the amorphous phase. DSC and
X-ray studies of PA6 films have shown that the crystallinity
is hardly affected by the strain.’”->® Therefore, it can be con-
cluded that the increase in the amount of the rigid fraction is
mainly related to strain-induced immobilization of the crys-
tal—amorphous interface and some chain fragments in the
amorphous phase. Approximately 40% of the noncrystalline
phase of the PA6 film is largely immobilized at 200% strain.
At the time scale of the NMR method (approximately tens of
microseconds), chain mobility in this noncrystalline fraction
is largely suppressed and is similar to that of the glassy
polymer.

The stretching-induced immobilization of the noncrystal-
line phase of PA6 films differs from the effect of draw ratio
on molecular mobility in the amorphous phase of PA6
fibers.>® Contrary to PA6 fibers, molecular mobility in the
noncrystalline phase of PA6 films largely decreases with
increasing strain. This difference in immobilization of the
amorphous phase upon stretching of PA6 films, as compared
to drawing of PAG6 fibers, is due to differences in the degree of
crystallinity of PA6 films and fibers at the moment when the
materials are stretched. Because of very fast cooling of fiber
filaments during fiber spinning, the process of cold crystal-
lization takes place predominantly during or after winding of
spun fibers when the fiber absorbs moisture from the sur-
rounding air and the 7, drops below room temperature.30 In
contrast to PA6 fibers, molten PA6 crystallizes upon fast
cooling on a chill roll at 100 °C, and the films were annealed
at 110 °C before the films are stretched. Stretching of
polyamide films in a semicrystalline state causes high elonga-
tion of chain fragments in the amorphous phase, since
crystallites act as physical network junctions. At this point
the difference between chain elongation and chain orienta-
tion should be mentioned. Chains can be highly elongated
without any preferential orientation. For example, chains in
polymer networks are highly elongated at the equilibrium
swollen state, whereas the order parameter is zero. The chain
elongation and topological constraints from crystallites
cause large anisotropy of chain motion as detected by a large
decrease in the 75 of the amorphous phase (Figure 3a). It
should be mentioned that the effect of chain elongation (the
strain-induced anisotropy of molecular motions) on 75 is
well established for deformed rubbery materials.> ¢

In the discussion below, the permeability of PA6/aPA
films will be compared with that of PA6 films. Since the T,
of PA6/aPA films is ~25 °C higher than the T, of PA6
(Table 1), the NMR experiments for PA6 films are per-
formed not only at 140 °C but also at 110 °C. The results for
PA6 at 110 °C will allow us to compare the molecular
mobility in both types of films at approximately the same
temperature above T,. Upon decreasing the temperature
from 140 to 110 °C, the amount of rigid fraction in PA6
films increases due to the immobilization of more constrained
chain fragments in the amorphous phase (Figure 3b).*
Moreover, molecular mobility of less constrained chain frag-
ments in the amorphous phase decreases, too (Figure 3a).

The amount of rigid fraction (in % hydrogen atoms) at
140 °C in unstretched PA6/aPA film is smaller than in un-
stretched PAG6 film at 110 °C due to the presence of amor-
phous polyamide in the blend (Figure 3b). The degree of
crystallinity of PA6 (in wt %) in unstretched PA6/aPA film
can be estimated from % 75’ using the known percentage of
hydrogen atoms in PA6 and aPA, the sample composition,
and assuming that the majority of aPA chain fragments are
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Figure 4. Amount of rigid fraction (in wt %) in dried PA6 and PA6/
aPA films versus strain used for film preparation. The films were
stretched at 100 °C. The two-component analysis of the 7> decay was
used for determining the amount of rigid fraction in all films. The rigid
fraction is composed of crystalline PA6 and rigid amorphous fractions
as shown in this figure.

not immobilized by trapping in rigid domains of PA6. This
suggestion is confirmed by the '*C NMR IRCP experiment
discussed below. With these assumptions, the crystallinity of
PAG6 in unstretched PA6/aPA film is determined to be
approximately the same as in unstretched PAG6 film, i.e., 54
wt % (Figure 4). The same crystallinity of PA6 in both types
of film was also shown by DSC (Table 1). Thus, the mobile
fraction of the amorphous phase of PA6/aPA films is
enhanced by aPA, as shown schematically in Figure 5.

The stretching of PA6/aPA films causes a significant
increase in the amount of rigid fraction, similar to that for
PAG films (Figure 4). Despite the high amount of amorphous
aPA in the amorphous phase of PA6/aPA films, molecular
mobility in the semirigid fraction of PA6/aPA films at 140 °C
is also largely hindered and is only slightly larger than that in
PAG films, as can be seen in Figure 3a. This suggests that aPA
chains are also largely elongated upon stretching of PA6/
aPA films, similar to that of PA6 chains. Elongation of aPA
chains in PA6/aPA films could find the following explana-
tion. It is known that free chains, solvent, and oligomer
molecules in a deformed polymer network reveal strain-
induced orientation, which may be due to either enthalpic
or entropic origin.** The coupling in elongation of PA6
and aPA chains in the stretched polyamide films should be
even more pronounced due to hydrogen bond formation
between amide groups of PA6 and aPA chains, small amount
of chain entanglements, and most probubly due to the
formation of copolymers caused by transamidation which
could occur during melt processing.

D. Partitioning of PA6 and aPA Chain Units between Rigid
and Semirigid Amorphous Fractions of PA6/aPA Film. The
13C NMR IRCP experiments are very sensitive to the local
proton environment and to the heterogeneity of molecular
motion.®*”® In this experiment, the °C NMR transverse
magnetization is first created during a relatively long cross-
polarization time, 7., and is than inverted during an inver-
sion time, 7;,. The main advantage of this experiment, as
compared to conventional '*C NMR methods, is the follow-
ing. The amplitude of the spectra lines is positive at short zj,.
An increase in T;, causes a phase inversion of the magnetiza-
tion. As a result of that line intensities decrease and become
negative at longer 7;,. The inversion time, the time at which
the intensity become negative, 7;,”", is longer for less proto-
nated carbon atoms (proton poor local environment) and for
more mobile molecular species. Thus, the experiment allows
easy visualization of the differences in molecular mobility for
the same type of carbon atoms, especially in the case of
strongly overlapping spectral lines.*’
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Figure 5. Schematic drawing of the phase composition in PA6/aPA
films at temperatures well above T, as a function of strain used for film
preparation. Difference in permeability of crystalline phase, rigid, and
semirigid amorphous fractions is indicated by black, white, and gray
text bars, respectively.

13C NMR CPMAS spectra (t;, = 0) of unstretched films
were recorded at temperatures above T, i.e., at 110 and 130 °C
for dried PA6 and PA6/aPA films, respectively. The spec-
trum of the PA6 film shows resonances of aliphatic carbon
atoms in the spectra range from 26 to 43 ppm and carbonyl
carbon at ~173 ppm.’*”" In addition to these resonances, the
13C NMR CPMAS spectrum of PA6/aPA film shows reso-
nances in the range of 127—137 ppm originating from
aromatic carbon atoms and a line at ~168 ppm from the
carbonyl atom adjacent to the aromatic ring of aPA.>® Upon
increasing tj,, 7;,"°'C is observed at the following t;,: 40—
60 us for aliphatic carbon atoms of PA6/aPA and those in
crystalline and amorphous phases of PA6, 70—360 us for
aromatic carbons of aPA, and 400—500 us for carbonyl
carbons. No large difference in 7;,”" is observed for crystal-
line and amorphous phases of PA6. This means that molec-
ular mobility in these phases does not significantly differ at
temperatures largely exceeding T,. Thus, molecular mobility
in the amorphous phase of both films is largely restricted.
This is in agreement with 'H T, results as can be concluded
from small difference between T>* and T’ values (Figure 3a)
as compared to that for PA6 fibers.*"

Qualitative information about partitioning of aPA chains
between rigid and semirigid amorphous fractions in the PA6/
aPA film is provided by comparing the inversion behavior of
carbonyl resonances. If PA6 and aPA would be mixed in the
amorphous phase on the molecular scale, one could expect
nearly the same inversion time for carbon%/l atoms of both
nylons in PA6/aPA film. Figure 6 shows °C NMR IRCP
spectra for unstretched PA6/aPA film at a few selected values
of 7;,. The inversion of carbonyl resonances is observed at t;;,
of approximately 400—430 us and at 7, > 460 us for PA6
and aPA, respectively. Resonances of carbon atoms of the
same chemical origin and in the same local proton environ-
ment should have longer inversion times in the case of higher
molecular mobility. Thus, results of the '*C NMR IRCP
experiment show that the composition of the semirigid (more
mobile) amorphous fraction in unstretched PA6/aPA film is
enhanced by aPA. This conclusion does not contradict to
DSC data showing a single glass transition temperature for
PAG6/aPA films due to differences in the length scale of hetero-
geneity determined by these two methods. The NMR method
probes dynamical heterogeneity on the subnanometer level,
contrary to DSC which determines different 7, in blends
if the dimensions of phase-separated domains exceed a few
nanometers.
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Figure 6. Evolution of carbonyl resonances in *C NMR IRCP spectra
for dried unstretched PA6/aPA film upon increasing inversion time 7jj,:
i = 0(a), 400 (b), 430 (c), and 460 us (d). The amplitude of the spectra
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130 °C.

E. Domain Sizes by Different Methods. An AFM study of
PAG films has shown that three to four lamellae form stacks
of uniform size with a width/thickness ratio of about three.”?
The morphology of PA6 and PA6/aPA films, which have
been prepared at DSM using similar conditions, were studied
by X-ray and AFM.**3%7%73 The lamellar thickness in all
films equals 6 £ 1 nm regardless of the strain used, as shown
by AFM.>? X-ray study of uniaxially stretched PA6 films has
revealed that the dimensions of crystallltes are not largely
affected by film processing conditions.” The lamellar thick-
ness in PAG fibers is also in the range of 4—6 nm.** Appar-
ently, the lamellar thickness in PA6 films and fibers is not
largely affected by processing conditions. As far as typical
lamellar width in PA6 films is concerned, it equals ~20 nm.”?
The thickness of interlamellar amorphous layers in similar
PAG films is in the range of 2—3 nm, and its value is not
largely affected by the strain, as has been shown by proton
NMR spin-diffusion experiments.”® Thus, it can be con-
cluded that the aspect ratio of crystallites in polyamide films
is small.

F. Oxygen Solubility in PA6 and PA6/aPA Films. Oxygen
solubility in semicrystalline polymers depends on the chemi-
cal structure of polymers, morphology, and several physical
properties which are influenced by processing conditions and
thermal history of the material. Therefore, knowledge of
differences in oxygen solubility in a series of samples is
needed for determining factors influencing the permeability.
Analysis of oxygen flux through polymer films is generally
used for determining the apparent diffusion coefficient and
oxygen solubility values which are 7geciﬁc for each film
processed at certain conditions.?”*"””-7 In the present study,
the relative difference in oxygen solubility in PA6 and PA6/
aPA films is determined by proton NMR spin—lattice (77)
magnetization relaxation experiments. Oxygen absorbed
by polymers causes a decrease in 7 relaxation time of the
polymer as compared to a well-degassed specimen of the
polymer.”%® A decrease in 7 depends on the amount of
absorbed oxygen and its mobility.
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The temperature dependence of proton 7 relaxation time
for unstretched PA6 and PA6/aPA films is compared for the
samples under dry air and nitrogen atmosphere (Figure 7a,b)
as well as for the films saturated with water (23 °C/85% RH)
under air (Figure 7c,d). The T value for dried films shows a
minimum at ~0 °C. The minimum, which is caused by
molecular motions with frequency of ~20 MHz, can be
assigned to a subglass transition motion of CH, groups in
agreement with lower frequenc%/ dielectric spectroscopy,®' %
solid-state NMR,** and DSC® studies. The 7 increases
upon temperature decrease due to a decrease in the frequency
and/or amplitude of the molecular motions. The 77 value for
PA6 and PA6/aPA films under a dry nitrogen atmosphere is
nearly the same at low temperatures. This suggests that
subglass transition dynamics of aliphatic chain segments is
similar in both types of films. In the presence of oxygen, T}
values are lower than their values for films under nitrogen.
The decrease is larger for PA6/aPA films than for PA6 film.

At low concentrations of paramagnetic impurities,** ™5
such as oxygen molecules, the contribution of oxygen mole-
cules to the overall T relaxation, 7,°*¢", can be prov1ded
by the following equation: (7 ‘”‘yge“Y1 = (1"~}
(T,"iroeemy ™1 where 7, and T,"°8" are T relaxation
times of films under air and nitrogen atmosphere, respectively.
T,°&" decreases proportionally to the amount of oxygen
absorbed by the films. This equation is applicable in the case
of fast spin-diffusion through the sample volume, which is
the present case as it follows from the single-exponential 7'
relaxation process observed. The T;°*¥#" value can be used
for determining relative differences in oxygen solubility
because (l) local mobility of polyamide chains in both
samples is nearly the same because T,"'"°*" values are
approximately the same for both films and (2) molecular
mobility of oxygen molecules in both films could also be
comparable due to similar chain mobility in the host matrix
in both films. It could be suggested that the relative differ-
ence in oxygen solubility between films is not largely affected
by temperatures below T,. The T,°7*" is approximately
1.5—2 times shorter for PA6/aPA film than for PA6 films.
Thus, oxygen solubility in dried PA6/aPA film is larger than
in dried PAG6 films. The 7' experiments for dried PA6 films
stretched to € of 200% reveal slightly lower oxygen solubility
than in unstretched PAG6 film.

Since oxygen permeability was measured for films satu-
rated with water, the effect of absorbed water on the T}
relaxation and, consequently, on oxygen solubility was
studied for the same films after they were saturated with
water under an air atmosphere. Water plasticizes the amor-
phous phase causing a decrease in the glass transition
temperature (7,) from 53 °C for drled PAG film to a temp-
erature well below room temperature.*® Above ~—30 °C, the
T relaxation time of the films with absorbed water is shorter
than that of the dried films due to the lowering of T, upon
water uptake. At lower temperatures, films with absorbed
water have longer 7' as compared to 7 of dried films under
air (Figure 7¢,d). This suggests lower oxygen solubility due to
a competition of water molecules with the permeant gas for
free volume excess in the amorphous phase, thereby reducing
oxygen solubility.** ' The relative decrease in oxygen solu-
bility is nearly the same in PA6 and PA6/aPA films, which
are saturated with water, as could be concluded from similar
T8 (H,0) values for both films (Figure 7¢,d). Thus,
oxygen solubility in dried and wet (23 °C/85% RH) PA6/
aPA film is larger than that in PA6 film. Greater oxygen
solubility in PA6/aPA film could be caused by specific inter-
action of oxygen molecules with aromatic rings of aPA, as
will be discussed below.
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Figure 7. (a,b) Temperature dependence of proton 7 relaxation time of unstretched PA6 (a) and PA6/aPA (b) films under dry nitrogen (closed circles)
and dry air (open circles). Chill roll temperature, which was used for film processing, was 100 °C. Lines are a guide to the eye. Contribution of
paramagnetic oxygen (7,°%") to T relaxation of films under air is shown by crosses. The straight line represents the result of a linear regression
analysis of the temperature dependence of 7;,°#" for (a) PA6 film: intercept = 0.49 £ 0.10's, slope = 0.062 £ 0.014 s/K, coefficient of determination =
0.89 and for (b) PA6/aPA film: intercept = 0.27 £ 0.14 s, slope = 0.065 £ 0.020 s/K, coefficient of determination = 0.77. (c, d) The dependence of proton
T, relaxation time on temperature for unstretched PA6 (c) and PA6/aPA (d) films, which are saturated with water under air atmosphere (closed
squares). 7} values for the films under dry air (open circles) are shown in (c, d) for comparison. The relative decrease in oxygen solubility upon water
absorption [T}°¢(H,0)] is shown by crosses. [T1°¥¢"(H,0)] is determined as follows: [T;°¥¢"(H,0)]' = [7,°¥¢(dry air)]™' —
[T,°%&"(H,0)]'. The straight line represents the result of a linear regression analysis of the temperature dependence of [T;°¥¢"(H,0)] for (c)
PAG film: intercept = —0.96 £ 0.17 s, slope = 0.23 £ 0.03 s/K, coefficient of determination = 0.98 and for (d) PA6/aPA film: intercept = —0.83 £0.09

s, slope = 0.21 4+ 0.02 s/K, coefficient of determination = 0.99.

IV. Discussion

The effect of the following molecular and morphological
characteristics of PA6 and PA6/aPA films will be discussed below
in relation to oxygen permeability of the films: (1) crystallinity
and the amount of crystalline polymorphs, (2) lamellar thickness,
(3) aspect ratio of crystal lamellae and lamellae stacks, (4) crystal
orientation, (5) the amount of rigid amorphous fraction,
(6) molecular mobility and chain orientation in the amorphous
phase, and (7) oxygen solubility and specific interactions of
oxygen molecules with polymer chains. It should be mentioned
that upon stretching several of these structural parameters change
in very close relation to each another. For example, strain-
induced orientation in the amorphous phase hinders molecular
mobility, affects oxygen solubility,® and causes anisotropy of the
diffusion rate relative to the orientation direction.®’ "’

A. PA6 Films. The crystallinity of PA6 films is nearly
the same in all films as determined by DSC study of the
samples.*® Differences in the relative amount of crystalline
polymorphs of PA6 in the films will not influence the
permeability since it is anticipated that crystalline regions

of PAG are not accessible for oxygen molecules. The lamellar
thickness and the mean thickness of amorphous domains are
hardly affected by strain, as discussed above. The aspect ratio
of lamellar stacks that are formed by three to four lamellae is
small, as has been shown by previous AFM studies of PA6
films prepared at DSM in a similar manner.**?"*? Despite
the fact that crystal orientation increases with increasing
strain, no large differences in the orientation are observed
between unstretched and stretched PAG6 films, as determined
by X-ray study of similar polyamide films prepared at
DSM.* Since there are no substantial differences in crystal-
linity, semicrystalline morphology and small aspect ratio of
lamellar stacks in the series of PA6 films studied, we suggest
that these characteristics would not largely affect the tortu-
osity factor as a function of strain. Therefore, differences in
oxygen permeabilitity of PA6 films (Figure 1) should be
determined by structural changes in the amorphous phase
that are induced by film stretching, namely chain orientation
and immobilization of the amorphous phase. Both these
parameters affect oxygen solubility”® and self-diffusion of
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Figure 8. Effect of strain on the parameter SA4 characterizing strain-
induced immobilization (rigidity) of the amorphous phase in dried PA6
and PA6/aPA films. The films were stretched at 100 °C. The parameter
SA is reciprocal product of 75 relaxation time (in us), which char-
acterizes molecular mobility in the semirigid (more mobile) fraction of
the amorphous phase, and the amount of the semirigid amorphous
fraction (f'): SA = (f'T») ", where f' + /* = 1 (see eq 1). Lines represent
the result of a linear regression analysis of the dependence of SA4 on
strain for PAG films at 140 °C: intercept = 0.031 £ 0.003 us™ ", slope =
(4.0£0.2) x 107% us™!, coefficient of determination = 0.997; for PA6/
aPA films at 140 °C: intercept = 0.032 = 0.003 us~", slope = (4.0 &
0.3) x 107 us™", coefficient of determination = 0.993; and for PA6
films at 110 °C: intercept = 0.032 = 0.008 us ™", slope = (6.5 + 0.5) x
10~% us™", coefficient of determination = 0.993.

oxygen in the amorphous phase. Diffusivity largely decreases
with decreasing molecular mobility, i.e., the diffusion coeffi-
cient of small molecules in rigid polymers is ~2 orders of
magnitude smaller than that in rubbery materials.® Chain
orientation in the amorphous phase, which is accompanied
by a decrease in chain mobility, also causes a decrease in
oxygen solubility, as has been demonstrated for polyester”*
and polypropylene” films.

Two parameters that characterize molecular mobility in
the amorphous phase are important for better understanding
film permeability, namely the amount of semirigid amor-
phous fraction—the fraction with less constrained (more
mobile) chain fragments—and molecular mobility in this
amorphous fraction. Permeability should decrease with in-
crease in the amount of rigid amorphous fraction due to an
increase in the diffusion path and a decrease in oxygen
solubility. The diffusion rate of oxygen molecules should
decrease with decreasing chain mobility in the semirigid
amorphous fraction. Thus, a decrease both in the amount
of more mobile amorphous fraction and in molecular mobi-
lity in this fraction should cause a decrease in permeability.
Therefore, we introduced a parameter SA4 (soft amorphous
fraction) that describes the rigidity of the amorphous phase.
The parameter is the reciprocal product of the 75 relaxation
time of the semirigid (more mobile) fraction of the amor-
phous phase (73" in #s) and its amount (f*): S4 = (',
where /' = A4(0)'/[4(0)° + A(0)] (seeeq 1) and f* + /' = 1. An
increase of this parameter corresponds to overall strain-
induced immobilization of the amorphous phase—increase
in its rigidity. Both increase in film strain and decrease in
temperature cause immobilization of the amorphous phase,
as can be seen in Figure 8. It is remarkable that the depen-
dence of the S4 on strains is the same for PA6 and PA6/aPA
films at 140 °C.

In general, one should expect a decrease in permeability with
increasing the SA. In order to establish the role of molecular
mobility in the amorphous phase on transport properties, the
rigidity parameter SA4 was compared with oxygen permeability
in Figure 9. The NMR data for PAG6 films were determined for
dried films at 110 and 140 °C. This temperature is approximately
50—80 °C above the T,. The permeability values, which are
shown in Figure 9, were measured for PA6 and PA6/aPA films
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Figure 9. Parameter SA = (f'T%)"', which characterizes strain-in-
duced immobilization (rigidity) of the amorphous phase in dried films,
versus oxygen permeability of PA6 and PA6/aPA films. The films are
stretched at 100 °C. The permeability was measured at 23 °C and 85%
relative humidity. The minimum and maximum strains of films are
shown in the figure. In order to determine the effect of different 7, of
PAG6 and PA6/aPA films on the SA parameter, the SA4 values for PA6
are shown at 110 and 140 °C.

at 85% humidity and 23 °C. This temperature is also above T,
of unstretched PA6 and PA6/aPA films as shown above
(Figure 2c). It is well established that the temperature depen-
dence of the diffusion coefficient of small molecules in polymers
displays behavior very similar to the temperature dependence of
chain mobility corresponding to glass transition.”* Since both
the SA and the permeability were determined at tempera-
tures above T,, we can compare these two characteristics
assuming the validity of the time—temperature superposition
principle.

The dependence in Figure 9 shows a clear trend, namely,
that the permeability decreases proportionally to the in-
crease in the rigidity of the amorphous phase as determined
by the SA parameter. Therefore, we can suggest that the
semirigid (more mobile) fraction of the amorphous phase in
stretched films plays a crucial role in transport properties
and this fraction could be considered as “channels” for
diffusion of gas molecules. The increase in the amount of
more mobile amorphous fraction as well as in molecular
mobility in this fraction results in an increase in both diff-
usivity and solubility of oxygen molecules. Thus, the results
for PAG6 films show that the SA parameter which describes
rigidity of the amorphous phase can be used for determining
the relative difference in permeability of small molecules in a
series of samples of similar origin.

B. PA6/aPA Films. Strain-induced immobilization of the
amorphous phase in PA6/aPA films, as characterized by the
SA value, is similar to that for PA6 films (Figure 8). This
similarity suggests that immobilization of aPA and PA6
chain fragments in the amorphous phase is comparable
due to the reasons discussed above. Despite lower overall
crystallinity in PA6/aPA films (Table 1), the amount of rigid
fraction, which is composed of crystalline PA6 and rigid
amorphous phase, is nearly the same for both types of films
stretched to the same ¢ (Figure 4).

Similar to PA6 films, the permeability of unstretched PA6/
aPA films decreases proportionally to the increase in the
rigidity of the amorphous phase as defined by the SA4
parameter (Figure 9). The permeability of PA6/aPA film is
significantly lower than its value for all PA6 films. Since
some fraction of the amorphous phase is mobile at 23 °C in
unstretched water-saturated PA6 and PA6/aPA films, this
means that in addition to molecular mobility in the amor-
phous phase oxygen solubility as well as specific interactions
between polymer chains and oxygen molecules plays an
important role in the permeability.
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Oxygen solubility in PA6/aPA films is larger than in PA6
films as was concluded from results of 'H 7 relaxation
experiments discussed above. Therefore, lower permeability
of PA6/aPA films suggests that specific interactions between
oxygen molecules and aromatic rings of aPA can play a role
in slowing down oxygen diffusivity. A previous study of
syndiotactic polystyrenes (s-PS) has shown that oxygen
molecules are selectively adsorbed on aromatic rings.”” The
activation energy for complex formation between aromatic
rings of s-PS and oxygen molecules is 10—16 kJ/mol,”> and
~6 kJ/mol for the complex between benzene and O,, as has
been shown by ab initio calculations”® and an UV spectros-
copic study.”” The formation of charge-transfer complexes
between aromatic rings and oxygen molecules has been
observed for several compounds.” '°! The interaction of
oxygen with aromatic polymers also influences molecular
mobility of polymer chains.”®1°? The effect of specific inter-
actions on a decrease in diffusivity of small molecules in
(bio)polymers is well established.”'>~'% The model pro-
posed assumes that small molecules are “bound” for a
certain fraction of time to larger and less mobile molecules.
The meaning of “bound” should not be taken too literally.
An exchange occurs between “bound” and free states of
molecules. The stronger the interactions regardless of their
type, the longer is the residence time of small molecules in the
“bound” state and the slower the diffusion is. Similar to that,
specific interactions of oxygen molecules with aromatic rings
of PA6/aPA can cause a decrease in oxygen diffusivity. It was
shown above that the composition of mobile amorphous
fraction, which plays a major role in the permeability, is
largely enhanced by aPA in PA6/aPA film. Thus, the specific
interaction between oxygen molecules and aromatic rings of
aPA can explain lower oxygen permeability of PA6/aPA
films as compared to PA6 films as well as the higher gas
barrier propertg of aromatic polyamides as compared to
aliphatic ones.’

V. Conclusions

The present study reveals the important role of molecular mobi-
lity in the amorphous phase on the permeability of polyamides
films. It is shown that immobilization of the amorphous phase
largely depends on the stretching degree of films, although crystal-
linity of PA6 in PA6 and PA6/aPA films is hardly affected by the
strain that was used for film preparation. A significant amount of
the amorphous phase in both types of films is rigid at temperatures
above 100 °C, similar to the amorphous phase of PA6 in the glassy
state. The amount of rigid amorphous fraction increases propor-
tionally to the strain due to strain-induced elongation of chain
fragments in the amorphous phase. Molecular mobility in the
remaining semirigid amorphous fraction is largely restricted even
at temperatures well above T, and decreases upon strain. The
composition of this amorphous fraction in PA6/aPA films is
enhanced by aPA. Itis suggested that the semirigid fraction of the
amorphous phase in stretched films could be considered as
“channels” for diffusion of gas molecules. Therefore, knowledge
of the two parameters characterizing molecular mobility in the
amorphous phase, i.e. the amount of the semirigid (more mobile)
fraction of the amorphous phase and molecular mobility in this
fraction, is important for better understanding of film per-
meability. Both a decrease in the amount of the semirigid frac-
tion and molecular mobility in this fraction cause a significant
decrease in oxygen permeability of polyamide films. In addition
to molecular mobility, the specific interactions between aromatic
rings of aPA and oxygen molecules play an important role in the
permeability of these types of polymer films. Although oxygen
solubility in PA6/aPA films is larger than that in PAG6 films, the
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complex formation between aromatic rings of aPA and oxygen
molecules slows down oxygen diffusivity. Results of the present
study are of interest for a better understanding of both per-
meability of polyamide films and other phenomena in polymers
that are affected by transport properties of small molecules, such
as the rate of water uptake, dyeability of fibers, and thermal
oxidation.
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