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ABSTRACT: The barrier properties of semicrystalline polymers
are crucial for their performance and their use as packaging
materials. This work uncovers the mechanism of polymorphism
modification (α, α′ and stereocomplex-crystals) and its combined
effect on the oxygen and water vapor barrier properties of
semicrystalline stereocomplex polylactide (SCPLA). A polymor-
phic selective filler-type nucleator was employed to eliminate the
temperature effect on the development of polymorphism and rigid
amorphous fraction (RAF), allowing correlations of barrier
properties with different crystal forms and RAF combinations
under the same amorphous composition (SCPLA). The oxygen
and water vapor barrier performances strongly correlated with
crystallinity and crystal form but were not monotonically related to the RAF quantity. The study proposes that the chain
conformation of intermediate phases between the crystalline and amorphous phases differs with the associated crystal forms, thereby
leading to different RAF “qualities” and contributing to different gas diffusion and solubility coefficients of the amorphous regions.
RAF’s per unit excess free volume may be varied with crystal forms, for instance: α′ ≫ SC > α. Therefore, SCPLA with α′ crystals
exhibited high oxygen and water vapor permeabilities. Those with high SC and α crystals showed similar barrier behaviors governed
by Henry’s law dissolution and followed a linear “two-phase” relationship with total crystallinity.
KEYWORDS: semicrystalline polymer, structure−property relation, gas barrier, biodegradable polymer, three-phase crystalline model

1. INTRODUCTION
Biobased and biodegradable polylactide (PLA) is a sustainable
alternative to fossil-based plastic. PLA has comparable thermal,
mechanical, and barrier properties with its fossil-based
counterparts; therefore, a variety of postmodification strategies
have been proposed to widen its application.1 Benefiting from
the diverse polymorphism nature of PLA, one of the vital
modification strategies is to manipulate the crystalline structure
of PLA.2 Recently, stereocomplex PLA (SCPLA), the mixture
of enantiomer poly(L-lactide) (PLLA) and poly(D-lactide)
(PDLA), has received intensive attention as its straightforward
enhancement on the thermomechanical properties of PLA
when the stereocomplex (SC) crystals are formed.3,4 Structural
analysis by X-ray diffraction (XRD) revealed that the
enhancement by SC crystals could be attributed to the higher
intermolecular interaction of SCPLA than homochiral PLA
(HCPLA).5 Regarding the barrier properties, Sangroniz et al.6

reported that SC crystallization incurs less rigid amorphous
fraction (RAF), thereby lower excess free volume than
homochiral (HC) crystallization, resulting in superior barrier
performance of SCPLA material. RAF is the conformation-
constrained interface between the ordered crystalline fraction
(CF) and the mobile amorphous fraction (MAF) of a random

coil; RAF quantity can dictate barrier properties of semi-
crystalline polymers due to the distinct chain conformation
than MAF.7 Most available research has focused on the impact
of SC on RAF and barrier properties by comparing SCPLA
with PLLA;8−10 however, the difference in amorphous
composition may lead to incomplete prediction of the
barrier−structure correlation.8,11 The capacity and mechanism
of the polymorphism modification on RAF development and
barrier properties in individual SCPLA have yet to be
demonstrated. Not only is it critical for application as barrier
packaging and medical devices, but barrier properties also act
as an indication of hydrolytic degradation,12 which is
important for durable use. Therefore, understanding the
polymorphism−RAF−barrier relation is pivotal for SCPLA as
a sustainable plastic alternative.
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The structure−gas barrier relation in semicrystalline
polymers has been discussed for decades,13,14 with one of
the critical arguments about whether the two or three-phase
crystalline structure model should be applied to correlate gas
barrier properties with total crystallinity (equivalent to
CF).15−17 The fundamental difference between the two models
arises from the inconsistent observations of the barrier
contribution from the amorphous phases. In the two-phase
model, the increase of crystallinity monotonically contributes
to the extended diffusion tortuous path and the reduced
sorption capacity with decreased amorphous content,16

whereas the nature of the amorphous phases is neglected.
However, for the three-phase model, the amorphous fraction is
further specified,11 for example, dividing into the RAF and
MAF.7 The negative contribution of RAF to the barrier
performance can outweigh the positive contribution of crystals.
Under this situation, increasing crystallinity may fail to
improve the barrier properties.16 Beyond the two and three-
phase model arguments, the mixed contribution from different
phases can be varied in different crystallinity ranges.13

Therefore, an inclusive consideration of the barrier contribu-
tions from each phase is essential. For polymorphic semi-
crystalline polymers, additional attention should be focused on
understanding the contribution of CF. Previous work18 has
revealed that polymer chains in the α, α′, and SC crystals have
distinct molecular packing and dynamics, leading to different
properties. As gas permeation is primarily confined within the
amorphous region,11,14,19,20 the influence of different crystal
forms on barrier properties should be realized through their
impact on the amorphous regions. Moreover, in order to
accurately establish the correlation between barrier properties
and different crystal forms, it is essential to ensure uniformity
in the composition of the amorphous regions.
Prior work by Cocca et al.21 assessed the barrier properties

of PLLA with different α/α′ ratios. Increasing the α′-crystal
ratio caused an abrupt decrease in the water vapor barrier,
attributed to the disordered crystal structure. However, the
root mechanism of the barrier difference in α and α′ crystals is
still unclear, as the gas permeation occurs in the amorphous
phases.11 In the present work, oxygen and water vapor barrier
properties of SCPLA with α, α′, and SC crystals were
examined, different polymorphisms were obtained by anneal-
ing at selective temperatures, and the impact of polymorphism
on amorphous phases and the barrier performances were
discussed. Due to faster nucleation of SC than HC,22−24 most
SCPLA products hold polymorphisms of exclusive SC crystals,
SC + α crystals, or SC + α′ crystals. Thus, this study holds
fundamental insights and practical relevance for growing real-
world applications of SCPLA-based materials. Additionally, a
polymorphism-selective filler-type nucleator was employed to
eliminate the temperature dependence of RAF and poly-
morphism, thereby providing an unbiased comparison of the
barrier properties with different RAF contents and poly-
morphisms. This work provides fundamental insights into the
polymorphism−RAF−barrier correlation of SCPLA-based
materials to guide the design and application of sustainable
products.

2. EXPERIMENTAL SECTION
2.1. Raw Materials. PLLA, trade name Luminy L130 with Mw ca.

160 kg/mol; D-lactide content <1%; PDLA, trade name Luminy D120
with Mw ca. 120 kg/mol; and L-lactide content <1% were purchased
from TotalEnergies Corbion (Gorinchem, Netherlands). Layered

double hydroxide (LDH), trade name DHT-4A, and
Mg4.3Al2(OH)12.6CO3·mH2O, modified by fatty acid (<4%), were
kindly provided by Kisuma Chemicals (Veendam, Netherlands).
2.2. Composite Film Preparation. PLLA, PDLA pellets, and

LDH powder were mixed and fed into a Process 11 Parallel Twin-
Screw Extruder (40/1 L/D ratio, Thermo Fisher Scientific,
Massachusetts) to produce pellet-form SCPLA blends (PLLA/
PDLA 1:1 in weight) with different LDH contents (0, 0.2, 0.5, and
1 wt %). The extruder temperature profile from feeder to die was 180,
220, 220, 230, 230, 240, 240, and 230 °C, and the screw speed was set
at 100 rpm. The extruded pellets were then compression molded by a
YLJ-HP300 heat press (MTI corporation, California) at 225 °C, 10
MPa for 5 min to produce films and then instantly quenched at ice
water and collected. Immediately after quenching, compression
molding was performed at 80, 140, and 200 °C and 10 MPa for 30
min to obtain annealed films with different polymorphisms. The
annealed films of around 75 μm thickness were further characterized.
The films treated at 225 °C for 5 min are labeled as T225, and the films
treated further at 80, 140, and 200 °C for 30 min are labeled as T80,
T140, and T200, respectively. The neat SCPLA films are named SCPLA,
and the SCPLA/LDH composite films with x wt % LDH loading are
named xLDH. Amorphous films were made to estimate the heat
capacity change of amorphous SCPLA by compression molding the
pellets at 250 °C, 10 MPa for 5 min and then instantly quenching in
ice water.
2.3. Modulated Differential Scanning Calorimetry (MDSC).

MDSC (Q2000, TA Instruments, New Castle) was employed to
characterize the heat capacity of the annealed film, and the
measurements were conducted with a modulation amplitude of
±0.318 °C, a period of 60 s, and a heating rate of 2 °C/min. The data
from 10 to 100 °C were used to calculate the heat capacity for
estimating the MAF fraction. The instrument was calibrated with
indium and sapphire standards, and 5.5 ± 0.5 mg of annealed films
was weighed for all measurements.
2.4. Small/Wide-Angle X-ray Scattering (SWAXS). The

polymorphism, crystallinity (CF), and crystalline structure of the
annealed SCPLA and its LDH composite films were analyzed by
SWAXS using a Nano-inXider (λ = 0.154 nm, Xenocs, Sassenage,
France) operated at 50 kV, 0.6 mA, and beam size 800 μm within a q
range from 0.01 to 4 Å−1.
2.5. Oxygen and Water Vapor Barrier Properties. Oxygen and

water vapor transmission rates (OTR and WVTR) of the annealed
SCPLA and its LDH composite films were measured on a 2 cm2

surface sample using an XS/Pro-Totalperm permeability analyzer
(Extrasolution Srl, Capannori, Italy) equipped with an electro-
chemical sensor. The OTR was measured according to ASTM F2622,
with a carrier flow (N2) of 10 mL/min at 23 °C, 50% relative
humidity (RH), and 1 atm pressure difference on the two sides of the
specimen. The water vapor transmission rate was measured with a
carrier flow (N2) of 10 mL min−1 at 38 °C, 90% RH, and 0.06 atm
pressure difference on the two sides of the specimen according to
ASTM F 1249. Each of the OTR and WVTR values had an average of
at least two replicates. To eliminate any influence arising from
different film thicknesses, OTR [(cm3/(m2·24h)] and WVTR [(g/
(m2·24h)] values were converted to permeability coefficients POd2

[(kg·m/(m2·s·Pa)] and PHd2O [(kg·m/(m2·s·Pa)], respectively.

3. RESULTS AND DISCUSSIONS
WAXS was used to examine the polymorphism of the resulting
SCPLA and its LDH composite films after annealing at
different temperatures. Figure 1 shows the WAXS patterns of
neat SCPLA films obtained from different annealing temper-
atures (80, 140, 200, and 225 °C). The WAXS and normalized
WAXS patterns of SCPLA and LDH-filled SCPLA samples are
provided in Figures S1 and S2, respectively. The detailed
annealing procedure is described in the Section 2. Samples
annealed at 225 °C (T225) showed three subtle diffractions at
around 2θ = 12.0, 21.0, and 24.0° (red dash lines in Figure 1),
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corresponding to the 110, 300/030, and 200 crystal planes of
the SC crystals.4,25 Similarly, samples annealed at 200 °C
(T200) also showed an exclusive SC crystal with sharper
diffraction peaks, indicating a higher SC crystallinity obtained
at 200 °C. While 225 and 200 °C annealing led to exclusive SC
crystallization, WAXS showed that the samples annealed at 140
°C (T140) and 80 °C (T80) developed a low SC fraction
polymorphism, originating from the film-making process at
225 °C by heat press. In addition to the small content of SC
crystals, T140 showed major diffraction peaks at 14.8, 16.6, and
19.0° (black dash lines in Figure 1) associated with the 010,
110/200, and 203 crystal planes, respectively, of the α
crystals.25,26 The WAXS pattern of T80 and T140 seemed very
similar at first glance; however, in T80, a weak peak at around
14.8° was not observed and a shift of two peaks at around 16.6
and 19.0° took place, indicating an exclusive α′-crystal growth
in the presence of preformed SC crystals.26 So, based on
WAXS, T225 and T200 correspond to samples with an exclusive
SC-crystal polymorphism, and T140 and T80 correspond to
samples with a primary α-crystal and α′-crystal polymorphism,
respectively.

The WAXS-based crystallinity of samples obtained from
different annealing temperatures is shown in Figure 2, and the
values are included in Table S1. The crystallinity was
calculated by the ratio of the areas of crystalline peaks and
the area of the whole diffraction pattern. The area of crystalline
peaks was determined by the area of the peaks after subtracting
the amorphous halo obtained from amorphous SCPLA
annealed at 250 °C.27 Like in the discussion above, T225 and
T200 generated exclusive SC content. Due to the selective SC
nucleation effect by LDH,28 increasing LDH content to ≥0.5
wt % resulted in a higher SC crystallinity compared to lower
LDH content. For T140 and T80 samples, 0.5 and 1 wt % LDH
loading (0.5LDH and 1LDH) altered the polymorphism
toward higher SC-crystal content, whereas less LDH content
yielded HC-dominated polymorphism.
Figure 3 shows the oxygen and water vapor permeabilities of

SCPLA and its LDH composites with different polymorphism
modifications; the data are reported in Table S1. The
corresponding crystal forms were marked in legends and for
samples with polymorphism, the values of SC fraction (ratio of
SC crystallinity to total crystallinity) were denoted by circle
symbols. As reported elsewhere, LDH may weaken the thermal
stability of PLA.29 However, in the present study, the
correlation between polymorphism obtained by different
annealing temperatures and barrier properties remained
consistent at different LDH contents, indicating that the
possible molecular weight reduction of PLA did not alter the
polymorphism−barrier correlation. Future work should further
assess this parameter. On the other hand, unlike the oxygen
molecules, water molecules clustering could occur during the
water vapor transport in polymers, causing plasticization in the
polymer matrix and increased permeant effective size.30,31

However, changing the annealing temperatures had the same
trend of impact on the oxygen and water vapor permeability
values in the present study. Though the water permeation
mechanism of PLA is still in debate,21,32−34 the similar trend in
Figure 3B as A implies that water molecules in this study
followed the sorption−diffusion mechanism as oxygen
molecules did. In this regard, the permeant was strictly
confined in the amorphous regions and bypassed the crystals
during transport, leading to a parallel increase of the tortuous
path and a decrease of the sorption site with crystallinity.14 It

Figure 1. WAXS patterns of neat SCPLA films obtained after
annealing at different temperatures. The dashed lines guide the eyes
for selective diffraction peaks. The red dashed lines represent SC
form, the black dashed line represents the α crystals, and the green
dashed lines represent the α′ crystals.

Figure 2. SC, HC crystallinity (denoted in the legend) of SCPLA and its LDH composite films after annealing at different temperatures (marked
on the X-axis). For polymorphic samples obtained from annealing at 140 and 80 °C, the SC fraction (ratio of SC crystallinity to total crystallinity)
is denoted by yellow circles.
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was also observed that sufficient crystallinity should be
established for barrier improvement related to the space-filling
of crystals.13 Therefore, among samples with different
polymorphisms, T225 samples with low crystallinity showed
less oxygen and water vapor barrier than did the T140 and T200
samples with higher crystallinity. T80 samples, on the other
hand, displayed significantly higher permeability values than
T140 and T200 samples and even the nearly amorphous T225
samples for those with 0, 0.2, and 0.5 wt % LDH. The high
oxygen/water vapor permeabilities of T80 samples at much
higher crystallinities than T225 demonstrate that α′ crystals
deteriorated the barrier properties, compensating for the
positive effect of the increased crystallinity. Since crystals are
impermeable to gases, this indicates that the amorphous
regions associated with α′ crystals are more permeable
compared to those associated with T225, at even lower content
(1-CF). The underlying mechanism for this phenomenon is
elaborated on in later sections.
As the similar SC crystallinity between 1LDH at T225 and

T80, it can be deduced that, in T80 samples, the SC crystal was

formed mainly during the film-making at 225 °C, and the α′
crystals were formed afterward during the 80 °C annealing.
Given the similarity of crystallinity for T80, T140, and T200
samples, this implies that postdecoration of α′ crystals onto
samples with the SC crystals deteriorated barrier performance.
Additionally, the negative contribution gradually decreased
with a lower α′-crystal fraction. Such a phenomenon was also
observed by Cocca et al.21 in PLLA, where α′ modification on
α crystals leads to an abrupt increase in water vapor
permeability. The present study first reports the combined
polymorphism effect on barrier properties between α′ and SC
crystals. Likewise, it is possible that the coexistence of α and
SC crystals rather than the α crystals alone resulted in
exceptional barrier performance in T140 samples via a
combined effect, yet varying SC fractions showed little
influence. Tsuji and Tsuruno8 reported that the barrier
properties of SC-crystallized SCPLA were found to be better
than α-crystallized HCPLA in a wide range of crystallinity from
0 to 40%, which was mainly associated with the different
amorphous compositions of PLLA and SCPLA, where the high

Figure 3. (A) Oxygen and (B) water vapor permeability of SCPLA and its LDH composites with different polymorphism modifications after
annealing at different temperatures, as denoted in the legend. The SC, α + SC, and α′ + SC mark the “exclusively SC”, “primarily α”, and “primarily
α′” polymorphisms of the corresponding samples, respectively. For polymorphic samples obtained from annealing at 140 and 80 °C, the SC
fraction (ratio of SC crystallinity to total crystallinity) is denoted by yellow circles.
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interaction between enantiomers delays the gas permeation.
The mechanism of polymorphism modification on the barrier
properties of SCPLA with the same amorphous composition
and the combined effect between different crystal forms are
discussed in the next section.
As stated, the failure of applying a two-phase semicrystalline

structure model with a sole focus on the crystallinity values to
evaluate the relationship between the microstructure and
barrier properties of semicrystalline polymers has often been
observed, revealing the incomplete prediction of barrier
performance. Therefore, the concept of RAF as an
intermediate phase positioned between the amorphous and
crystalline phases has been introduced to explain the two-phase
model failure. In fact, related studies conducted comprehensive
quantification considering that the RAF6,31 is very limited and
sometimes contradictory. The seemingly straightforward
statement from the existing findings that the RAF is the sole
factor in predicting barrier properties rests on a basic
assumption. There is, however, a need for more inclusive
and comprehensive research to understand the impact of the
relationship of RAF−polymorphism on the barrier perform-
ance of semicrystalline polymers. In the present study, the RAF
was calculated by eq 1

RAF 1 MAF CF= (1)

where MAF can be estimated by the ratio of heat capacity
change (ΔCp) during the glass transition of samples to that of
the amorphous film samples annealed at 250 °C for 5 min, as
described in the Section 2. The WAXS-based CF values were
chosen, and the calculated RAF results are presented in Figure
4. The CF, MAF, and RAF values are summarized in Table S1.
Annealing temperature significantly affected the RAF

formation of SCPLA and its LDH composite films. T225
resulted in RAF lower than 5%, with the exclusive SC
crystallinity below 25%. The subzero values of RAF originated
from the slight underestimation of the ΔCp of the fully
amorphous-state SCPLA by using the values obtained from
SCPLA annealed at 250 °C. This could be because of local
chain ordering, prompted by the nucleation tendency that
might take place during the quenching from 250 °C. Although

WAXS detected no crystal diffraction, it may lead to lower ΔCp
values compared to the ideally fully amorphous SCPLA. As a
result, the MAF may be overestimated due to the under-
estimated ΔCp, and consequently, the RAF, calculated as 1 −
MAF − CF, could be underestimated. Introducing LDH had
little effect on the RAF of T225 and T200 samples but led to a
gradual increase of RAF for T140 and T80 samples. In our
previous work,28 it was found that LDH below 1 wt % loading
does not introduce the filler-induced RAF but the local
nucleation-induced ordering effect could cause an increase of
overall RAF quantity, as evidenced in T140 and T80. The
independence of RAF from LDH loading at T225 and T200
indicates that the nucleation-induced RAF may not develop at
such high temperatures with high chain mobility.
Notably, samples with α (T140) and α′ (T80) crystals

rendered similar RAF quantity that was higher than samples
with exclusive SC (T225 and T200). For nearly amorphous
samples at T225, this may be because RAF may develop only
when sufficient geometrical constraints and crystallinity are
established, as observed in Fernandes-Nassar’s work,19 where
RAF drastically increased from 3 to 35% when the spherulites
impingement occurred after the CF increased from 17 to 35%.
However, T200 samples hold comparable CF but lower RAF as
compared with T140 and T80. This may relate to the
polymorphism-dependent RAF development behavior,35,36

and in Sangroniz et al.’s6 work was attributed to the high
chain decoupling capacity during the SC crystallization. As the
paired enantiomer segments are excluded from the amorphous
region during crystallization, a high free volume may develop,
which enables a more complete chain decoupling and lower
RAF development than HC crystallization. However, compar-
ing 0.2LDH with 1LDH samples, variations in SC fraction did
not obviously alter the RAF quantity at T140 or T80. In contrast,
T225 consistently showed the lowest RAF quantity even the
comparable CF of 1LDH at T225 with 0.2LDH at T200, which
can be attributed to the high chain mobility and decoupling
capacity during crystallization at high temperatures, as
previously revealed by time-resolved MDSC and flash-DSC
techniques.37,38 In summary, the independence of the SC-
crystal fraction with RAF quantity supports the hypothesis that

Figure 4. RAF of SCPLA and its LDH composites with different polymorphism modifications after annealing at different temperatures, as denoted
in the legend. The SC, α + SC, and α′ + SC mark the “exclusively SC”, “primarily α”, and “primarily α′” polymorphisms of the corresponding
sample, respectively. For polymorphic samples obtained from annealing at 140 and 80 °C, the values of the SC fraction (ratio of SC crystallinity to
total crystallinity) are denoted by yellow circles.
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RAF is not built up with sufficient chain mobility at high
temperatures and demonstrates that in the SCPLA system, the
RAF quantity is temperature-dependent rather than poly-
morphism-dependent. Accordingly, the MAF (1 − CF −
RAF), consisting of amorphous chains that did not vitrify into
crystal or RAF regions, is also dependent on temperature,
which influences the crystallization rate and the development
of RAF. For instance, SCPLA at T200 has a higher MAF value
than that at T80 for similar CF, suggesting that more RAF was
developed in the SCPLA samples at T80.
For a given semicrystalline polymer, it is believed that, at a

constant CF, higher RAF yields lower gas barrier perform-
ance.19 Concerning the RAF−barrier correlation in SCPLA, as
shown in Figure 4, at similar CF, T200 with a significantly lower
RAF content showed a similar oxygen barrier performance
with T140. In contrast, T140 and T80, with similar RAF contents,
exhibited significantly different barrier performances. This
means that the RAF quantity alone cannot be the decisive and
dominating factor for the barrier performance of the
polymorphic SCPLA system, even at similar crystallinity. To
further understand the structure−barrier relation in the
SCPLA system, Figure 5 shows the oxygen barrier and total

crystallinity correlation for all samples in the present study.
Interestingly, the barrier−crystallinity correlation for samples
with exclusive SC crystals (T225, T200) and α crystals (T140)
followed a linear, “two-phase” model, whereas the samples with
α′ crystals (T80) behaved differently and fell out of the linear
correlation. Increasing the LDH content to 1 wt % halved the
oxygen permeability of T80 samples but had less impact on the
samples with an exclusive SC (T225 and T200) or α crystal
(T140), which probably reached the barrier limit under the
corresponding polymorphism and crystallinity. Notably, when
1 wt % LDH was loaded, the polymorphism of T80 samples was
altered to a high SC crystal, and the barrier−crystallinity
correlation fell into the linear region. This behavior
demonstrates the strong correlation between polymorphism
and barrier properties of SCPLA. Meanwhile, the linear

correlation of barrier−crystallinity for SCPLA with exclusive
SC and α crystals suggests that the structural variations in the
amorphous phase, signified by the RAF ratio in amorphous
phases, did not substantially alter the barrier performance.
Since the existence of the intermediate phase, RAF, is evident,
it is critical to understand the possible mechanism of this
unique structure−barrier correlation in the SCPLA system.
As previously mentioned, modifying the annealing temper-

atures and LDH content generated a parallel pattern in terms
of its effect on the permeability of both oxygen and water
vapor in the present study (Figure 3). Despite ongoing
discussion concerning the precise mechanism of water
permeation within PLA,21,32−34 the analogous trend observed
in oxygen and water vapor permeabilities suggests that the
water molecules followed the same sorption−diffusion
mechanism as their oxygen counterparts in this work.
Therefore, the permeability coefficient P, diffusivity coefficient
D, and solubility coefficient S can be described by eq 2.

P DS= (2)

For the two-phase and three-phase models, the crystals are
considered impermeable, and thereby, the gas sorption and
diffusion are strictly limited to the amorphous phase.
Consequently, the nature of the amorphous phase, such as
conformation, chain defects, segmental dynamics, and excess
free volume, plays a crucial role in determining D and S. The D
of the semicrystalline polymer can be described by eq 320

D
Da=

(3)

where Da is the diffusivity coefficient of a completely
amorphous polymer, τ represents the tortuosity factor of the
diffusion path, and β is the impedance factor reflecting the
ability to trap permeant motion by the intermediate phases
near crystals.20 The sorption behavior in the semicrystalline
polymer can be characterized by the dual-model sorption,39−41

where the solubility coefficient is represented by eq 4

S k
c b

bp1D
H= +

+ (4)

kD is the Henry’s Law constant, representing the contribution
from the dissolution following Henry’s law, where the sorption
behavior resembles the gas dissolution into liquid or rubbery
polymers.41 kD is dependent on the thermodynamic interaction
between the gas and the polymer.42 The latter part denotes the
contribution from Langmuir-type sorption where the sorption
occurs within “microvoids”.43,44 p is pressure, cH’ is the
Langmuir capacity related to the excess free volume, and b is
the Langmuir affinity parameters.41 For semicrystalline
polymers characterized by the three-phase structure, the
contribution of amorphous phases to β and cH’, as indicated
by changes in D and S, should be determined by the nature of
the amorphous phases, including chain conformation and
composition of RAF and MAF.
A unique feature of polymorphic systems is the distinct

chain packing within different crystal forms. Pan et al.18

investigated the molecular packing and dynamics in the α, α′,
and SC crystals. The α′ crystals were found to have a
disordered conformation and loose lateral packing, while in the
α and SC crystals, the dipolar interactions and hydrogen
bonding enable a tighter chain packing. Figure 6 shows the
Lorentz-corrected SWAXS curves for SCPLA with different

Figure 5. Unbiased correlation between oxygen permeability and total
crystallinity (CF) of all SCPLA and its LDH composites in the
present study after annealing at different temperatures. The blue
dashed line represents an extrapolated linear correlation between
oxygen permeability and crystallinity, and the red arrow indicates the
increase of filler content for samples annealed at 80 °C. The
polymorphism is labeled in the legend and the SC, α + SC, and α′ +
SC mark the “exclusively SC”, “primarily α”, and “primarily α′”
polymorphism of the corresponding sample, respectively.
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polymorphisms. The T200 and T140 showed distinguishable
long-period maxima in the SAXS profile, standing for the
periodic lamella structure of the SC/α crystal and the sharp
interface between crystalline and amorphous phases. On the
other hand, T225 with low crystallinity and T80 with an α′
crystal exhibited diffuse and broad scattering, which is an
indication of the low electronic density difference between the
crystalline and amorphous phases. The diffuse SAXS pattern of
the α′ crystal, even with the periodic lamellae structure, has
been observed in other studies as well.45−47 For example, Diéz-
Rodriǵuez et al.45 found that in samples annealed at 75 °C,
which developed a primary α′ crystal, no long-spacing peak
was detected. This diffuse SAXS pattern without the long-
spacing maximum in the α′ crystal can be ascribed to the
conformational disorder,18,46,48 where partial chains in the unit
cell of the α′ crystal may adopt the helix conformation other
than 103 as the most do and distribute randomly in the unit
cell.26,49 Such a disorder could decrease the electronic density
difference between the crystalline and amorphous phases,
showing a diffuse SAXS pattern.46 Despite this disorder, the
chain packing within the α′ crystal remains sufficiently

Figure 6. SAXS profiles of SCPLA with different polymorphism
modifications after annealing at different temperatures. The poly-
morphism is labeled in the legend, and the SC, α + SC, and α′ + SC
mark the “exclusively SC”, “primarily α”, and “primarily α′”
polymorphism of the corresponding sample, respectively.

Figure 7. Oxygen solubility (A) and diffusivity (B) of SCPLA and its LDH composites with different polymorphism modifications after annealing
at different temperatures, as denoted in the legend. The SC, α + SC, and α′ + SC mark the “exclusively SC”, “primarily α”, and “primarily α′”
polymorphisms of the corresponding sample, respectively.
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compact to be impermeable to gas molecules. In fact, the α′
crystal possesses similar unit cell parameters (a = 10.80 Å, b =
6.20 Å, c = 28.80 Å) as the α crystal (a = 10.683 Å, b = 6.170
Å, c = 28.860 Å).48,50 However, given the similar CF and RAF
quantities in T80 and T140 samples, it is rational to propose that
the nature of amorphous phases, especially regions anchored
onto the lamella surface, differs depending on the crystal forms.
In fact, the nature of amorphous or intermediate phases has
been found to be variable, for example, holding restricted
mobility and rendering low water vapor transmission,8

tailorable free volume and barrier properties by low molecular
weight compound,11 holding a continuum of mobility,51 and
showing polymorphism-dependent RAF quantity and thermal
properties.35,36 Hence, while the random enantiomer chains in
MAF may have the same properties, RAFs associated with α′,
α, and SC crystals (denoted by RAFα′‑crystal, RAFα‑crystal, and
RAFSC-crystal) may hold different chain conformations and
excess free volume, thereby contributing differently to the β
and cH’ values; consequently, the different D and S can serve as
an insight of difference in the excess free volume.
To ascertain the excess free volume of RAF associated with

different polymorphisms and its impact on the barrier behavior
of SCPLA, the D of films was first estimated by fitting the
experimental gas transmission rate curves with eq 5, as
described in previous works.6,32,52

F
F

l
Dt

n l
Dt4

exp
4

t

n

2

1,3,5

2 2i

k
jjjjjj

y

{
zzzzzz

i
k
jjjj

y
{
zzzz=

= (5)

where Ft and F∞ are the gas transmission rate at time t and
steady state, respectively, and l is the film thickness. The
representative plots of experimental and fitted curves as a
function of time are provided in Figure S3 of the Supporting
Information. Consequently, the S of films can be obtained by
solving eq 2, where P = DS. Figure 7 shows the oxygen
diffusivity and solubility coefficients of SCPLA and its LDH
composites. The coefficients of water vapor are in a similar
trend and are shown in Figure S4. It can be found that
increasing the LDH content in T225 and T80 samples
significantly altered the solubility rather than the diffusivity,
which indicates that LDH itself did not substantially contribute
to the tortuosity path within the studied range. The improved
permeability was the consequence of increased crystallinity or
altered polymorphism induced by the selective nucleation
effect of LDH. Notably, altering polymorphism hardly affected
the diffusivity either, which means that the permeation was
primarily sorption-controlled progress. While the polymor-
phism effect on D was revealed to be negligible, the
polymorphism obviously affected the S.
For a given matrix of SCPLA and gases (oxygen or water

vapor), Henry’s Law constant kD and Langmuir affinity
parameter b should remain constant.53 As such, according to
eq 4, the S values should be proportional to the excess free
volume (S ∝ cH’). Consequently, as indicated in Figure 7, at
similar CF and RAF, samples with α′ crystals demonstrated
high S values that could be ascribed to the high excess free
volume in the RAFα′‑crystal formed near the disordered α′-
lamella surface. This implies that polymorphism may exert
different properties on the RAF through different excess free
volumes, which may relate to the different chain packing habits
in lamellae; however, more quantification analysis for free
volume should be conducted to estimate further the RAF
associated with different crystal forms in more semicrystalline

polymers. In the present study, we may propose that per unit
of RAFα‑crystal has lower excess free volume than RAFSC‑crystal,
resulting from that at similar crystallinity (30−35%) in the T140
and T200 samples, the quantity of RAFα‑crystal (around 33%) is
about twice of RAFSC‑crystal (around 15%); however, the S
values of T140 and T200 samples are similar.
Additionally, for the samples with exclusive SC (T225, T200)

and α crystals (T140), the sorption behavior governed the
barrier performance demonstrating a linear correlation
between S and crystallinity and the unpronounced changes
of D values (Figure S5). Specifically, as the variations of
amorphous regions (RAF) in these T200 and T140 samples with
similar crystallinity did not significantly change the barrier
behaviors, the sorption may be governed by Henry’s law
dissolution. This could be because both RAFSC‑crystal and
RAFα‑crystal have relatively low excess free volume, thereby weak
Langmuir-type sorption (low cH’).

44,54 As discussed above, T200
samples with an exclusive SC-crystal form had lower RAF but
held similar barrier properties with T140 samples with α crystals
and higher RAF content; the excess free volume per unit of
RAF may follow: RAFα′‑crystal ≫ RAFSC‑crystal > RAFα‑crystal.
Consequently, this could explain the possible mechanism of
the observed combined polymorphism effect on the barrier
properties of systems with multiple crystal forms. This
remarkably high excess free volume associated with α′ crystals
deteriorated the barrier properties of samples by offering
microvoids,6,55 thereby showing an obvious negatively
combined effect when the α′ crystals formed aside with SC
and α crystals. When the fraction of α′ crystals is very low, the
deterioration impact of α′ crystals can be neglected, as in the
cases of 1LDH, T80 samples. As for the combination of SC and
α crystals, on the other hand, these two crystal forms may
generate RAF with slightly different quantities but low excess
free volume; therefore, the variations in the SC/α-crystal ratio
had little effect on excess free volume, resulting in a less
pronounced influence on barrier properties, as in the cases of
T200 and T140 samples. Future works, including positron
annihilation lifetime spectroscopy techniques, can also verify
the impact of polymorphic changes on the free volume of RAF
on the transport properties of a wide range of semicrystalline
polymers.

4. CONCLUSIONS
In the present study, SCPLA with various α, α′, and SC
polymorphisms was obtained by implementing the annealing
process at different temperatures. The polymorphism,
crystallinity, and RAF content of the samples were
quantitatively analyzed by MDSC and WAXS. To correlate
these properties with oxygen and water vapor barrier
performances, the temperature effect on polymorphism and
RAF development was eliminated with the aid of a poly-
morphism-selective nucleator, LDH. The results showed that
SCPLA with exclusive SC crystals obtained by annealing at 200
°C presented a similar barrier property as the SCPLA with α
crystals obtained by annealing at 140 °C. In contrast, SCPLA
with α′ crystals obtained by annealing at 80 °C demonstrated
much worse barrier performance than a solely SC crystal or
combined SC/α crystal polymorph-included samples. Addi-
tionally, barrier properties indicated a strong correlation with
total crystallinity for the SCPLA with SC or SC/α poly-
morphism, unlike the sample annealed at 80 C with SC/α′
polymorphism. This was manifested by introducing the
polymorphism-selective nucleator LDH into SCPLA. As the
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LDH concentration of annealed samples at 80 °C increased
from 0 to 0.5 wt %, SC-crystal fractions in the samples
gradually increased and later became dominating when the
polymer reached its maximum LDH content, leading the
sample to fall into the linear region of the barrier−crystallinity
correlation. Another factor, RAF, mostly known for its
detrimental gas barrier impact, was found depending on
crystallization temperature rather than polymorphism. How-
ever, though the permeation should follow a sorption−
diffusion mechanism in the amorphous phases, barrier
performances were observed to have less reliance on the
RAF quantity. We propose that both RAF quantity and
“quality” are crucial for the barrier performance of the
semicrystalline polymer. The RAF “quality”, signified by the
per unit excess free volume, should be related to the associated
crystal form. Consequently, the S and D coefficients results
suggest that per unit excess free volume in RAF associated with
α and SC crystals is much less than that of α′ crystals.
Therefore, the SCPLA with the α′ crystal-dominated poly-
morphism showed exceptionally high permeabilities, and
SCPLA with α and SC crystal-dominated polymorphisms
presented the linear crystallinity−permeability correlation
where the barrier properties were dominated by Henry’s law
dissolution. This work demonstrated a possible mechanism of
using polymorphism to modify the barrier properties of
SCPLA systems, and this proposed mechanism is anticipated
to expand other semicrystalline polymers with the motivation
of raising awareness about biobased polymers and increasing
demand for high-barrier sustainable solutions.
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