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ABSTRACT: We have investigated the relationship between amorphous structure and its gas permeability of poly(lactic acid) (PLA)

using differential scanning calorimetry, wide-angle X-ray scattering, and small-angle X-ray scattering measurements. We focused on

the hierarchical interlamellar amorphous structure of various gas-permeable PLA films. The films crystallized just above Tg did not

have any long-spacing period peaks at the room temperature even with the existence of crystals; conversely, peaks could be observed

from long spacing periods with heating. Therefore, the interlamellar amorphous density became as high as crystalline region one at

the room temperature. These high-density amorphous regions, the so-called rigid-amorphous phase, reduced the gas diffusion and

permeation. In the case of samples crystallized above 90�C, the long spacing period peaks could be observed even at the room tem-

perature. The amorphous region did not develop the rigid-amorphous phase, and the gas permeability depended only on crystallinity.
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INTRODUCTION

Currently, most polymer composites utilize petroleum-based

materials, which are nondegradable, thereby posing significant

problems with and incurring substantial cost for disposal. This

has motivated significant research in the development of

degradable bio-based polymers or green composites. Among

these, poly(lactic acid) (PLA) has been widely used as an alter-

native to petroleum-based polymers.1–4 Commercially, PLA is

prepared by the fermentation of lactic acid produced from nat-

ural renewable sources such as corn in a typical compost envi-

ronment. In fact, the synthesis method is environmentally

benign with no emission of carbon dioxide. Although PLA was

initially intended for use in biomedical applications, its interest-

ing technological features such as ease of polymer processing,

good clarity, and acceptable mechanical properties have widened

its use as a material in packaging, electronic, and automobile

applications. Furthermore, PLA exhibits carbon dioxide barrier

properties, which are highly sought in plastic bottling and food

packaging.5,6 Despite these advantages, the use of PLA remains

limited because of its high cost and inferior thermal stability

and mechanical properties.

In general, the gas diffusivity, solubility, and permeability of

semicrystalline polymers decrease with the degree of crystallin-

ity, Xc.
7 Thus far, several researchers have analyzed and reported

the factors affecting the permeability of different polymers. In

an earlier study on polyethylene, Michaels and Bixler demon-

strated that oxygen permeability decreases with increasing den-

sity.8 This indicates that “denser” crystalline structures are

impermeable to small, permeating gas molecules. In other

words, the increase in crystallinity decreases the amount of

amorphous region that is available for gas absorption. The

transport of gas molecules is, therefore, limited to the amor-

phous phase, in which they need to adopt a tortuous path.

Kanehashi et al. published a review based on an extensive litera-

ture survey in which they discussed the relationship between the

Xc and the gas permeability of a many semicrystalline and liquid

crystalline polymers.9 The review stated that the gas diffusivity,

solubility, and permeability decrease with increasing crystallinity

in many polymers, while it highlighted that some polymers exhib-

ited almost constant or slightly increased values of permeability

and diffusivity at lower Xc values. Furthermore, at higher Xc val-

ues, the gas permeability and diffusivity essentially decreased. At
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the same time, solubility decreased with increasing Xc. These

results indicate an unsolved problem pertaining to the inconsis-

tency between gas permeability (diffusivity and solubility) and Xc.

This is crucial because Xc is not a good parameter to describe as

complicated crystal/amorphous structures.

Bao et al. 10 have reported the gas permeability of amorphous PLA

films by estimating the gas diffusivities and solubilities using a

time-lag method. It was found that the diffusivities increased with

the annealing temperature, while the solubilities decreased. Colo-

mines et al.5 have observed that oxygen permeability was independ-

ent of the Xc of PLA. Moreover, Driesken et al.11 have shown that

an increase Xc causes a decrease in oxygen permeability, but it is

not in linear proportion to the decrease in amorphous volume.

Sawada et al.12 have reported oxygen permeability of up to 20% for

PLA membranes because of the decreased continuous space around

crystalline regions, which was due to the stress imposed on macro-

molecular chains at the interface of lamellar crystals. Later, Gui-

nault et al.13 analyzed the helium and oxygen barrier properties of

PLA films as a function of stereochemistry and Xc. According to

those authors, gas permeability increased with increasing amounts

of a ’-form crystals,14 which were specifically observed under low

crystallization temperature conditions. Furthermore, it has been

reported that the gas barrier properties could be improved by

increasing the formation of a-form crystals with higher tempera-

ture crystallization. In addition, they also insisted that gas perme-

ability (or barrier properties) did not strongly depend on Xc but

rather depended on the amount of rigid-amorphous region. Fur-

thermore, under high-pressure conditions, Oliveila et al.15,16 stud-

ied the gas solubility of carbon dioxide in PLA films under several

annealing conditions and L : D contents. They found that the

experimental data could be described by the dual sorption model.

The solubility strongly depended on the L : D contents. The crystals

in PLA films affect the gas solubility.

PLA crystals have been extensively studied based on the morphol-

ogy of the crystalline structure and the influence of nucleating

agents. Conventionally, PLA crystallizes in the a-form. However,

in the case of crystallization below 90�C, Kawai et al. observed

precise crystal structure and crystallization processes of PLA in

the a’-form, which is a distorted a-form.14 In amorphous region,

many researchers have reported physical aging during annealing

below Tg.
17–21 Mano et al. have studied both crystalline and

amorphous forms of PLA by differential scanning calorimetry

(DSC) measurements to investigate both molecular dynamics and

structural relaxation.22 They observed the mobility of amorphous

chains in semicrystalline PLA with confinement on segmental

mobility of the interlamellar structure.

Despite the extensive research and substantial data reported so

far, the correlation between lamellar/interlamellar structure and

gas transport properties still remains unclear. It is extremely

important to clarify the role of crystalline/amorphous structure

in improving and controlling gas transport properties. There-

fore, the aim of this study is to understand the nanometer-scale

hierarchies of crystal and amorphous structures influencing the

gas transport properties of PLA films, in which the morphology

is modified by crystallization from glassy samples at various

temperatures.

EXPERIMENTAL

Materials

PLA polymer (4032D) was purchased from NatureWorks LLC,

Minnetonka, MN. The ratio of isomers was in the L : D range of

96.0 : 4.0–96.8 : 3.2. PLA films were casted from a 2 wt % solution

in dichloromethane using flat-bottomed glass Petri dishes in a

glass bell-type vessel. The solvent was slowly evaporated for 48 h

under atmospheric pressure at room temperature. Next, the dried

PLA films were vacuum-crystallized at 70, 80, 90, and 150�C for

48 h, and the corresponding samples were denoted PLA-70, PLA-

80, PLA-90, and PLA-150, respectively. The crystallization of the

samples was carried out to completely eliminate any residual sol-

vent and to obtain films with various Xc values. The thickness of

the obtained films was between 35 and 45 mm. We confirmed the

chemical structure and the removal of solvent by proton nuclear

magnetic resonance (JNM-ECA500, JEOL Ltd., Tokyo, Japan)

and Fourier-transform infrared spectroscopy (FT-IR 4601,

JASCO CO., Tokyo, Japan). Further details on the samples have

been reported elsewhere by Sawada et al.12

Characterization

The thermal properties of the prepared PLA films were analyzed

using a Q-200 system DSC (TA Instruments, New Castle, DE).

The correlation between PLA film structure and gas transport

properties was investigated by analyzing the first heating scan

data after annealing. The heating rate was kept at 5�C/min

under nitrogen atmosphere. From these data, the degree of crys-

tallinity, Xc, was determined as follows:

Xc5
DHm2DHc

DH0
m

(1)

where DHm and DHc are the enthalpies of melting and crystalli-

zation of a polymer, respectively, and DH0
m is the enthalpy of a

perfect PLA crystal, which is 93 J/g.23

Small-angle X-ray scattering (SAXS) measurements were per-

formed with a Nano-viewer (Rigaku Co., Tokyo, Japan) using a

Cu-Ka radiation source. The wavelength of the X-ray beam

used was 0.154 nm, and the scattered X-rays were detected by a

2D detector (Pilatus 100K; Detris, Baden, Switzerland). The

scattering vector, q, was recorded between 0.1 and 1.0 nm21,

where q is given by q 5 4psin h/k (2h is the scattering angle).

Wide-angle X-ray scattering (WAXS) measurements were car-

ried out on a Rint Rapid X-ray diffractometer (Rigaku, Co.,

Tokyo, Japan) using a Cu-Ka radiation source. The wavelength

of the X-ray beam was 0.154 nm. The WAXS intensities were

detected by a curved imaging plate. The q range covered in the

WAXS experiments was between 2.5 and 25 nm21.

RESULTS AND DISCUSSIONS

Gas Transport Properties

The gas permeability, diffusion, and solubility coefficients at

35�C of the PLA films have been discussed in previous papers.12

The Supporting Information describes the conditions and

results of the gas permeability data in detail. The solubility coef-

ficients of O2, N2, CO2, and CH4 decreased monotonically with

increasing crystallization temperature, PLA-70>PLA-80>PLA-

90>PLA-150. Conversely, the gas permeability and diffusion
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constants of O2, N2, CO2, and CH4 had different tendencies

from that of the solubility with PLA-80>PLA-90>PLA-

70>PLA-150. These results suggest that the gas permeability of

PLA films depends more on the diffusivity than on the

solubility.

DSC Measurements

The thermal properties of the PLA films after annealing at 70,

80, 90, and 150�C (PLA-70, PLA-80, PLA-90, and PLA-150,

respectively) were analyzed as shown in Figure 1. From the

thermograms, the glass transition peak, crystallization peak,

and melting peak of the PLA crystals were observed at �63,

118, and 140–160�C, respectively. The corresponding thermal

properties are summarized in Table I. Here, with multiple

melting peaks, the melting temperature (Tm) was defined as

the temperature at which the corresponding maximum peak

occurs. For the PLA films PLA-70 and PLA-80, we observed

broad crystallization peaks, while no crystallization peaks were

observed for the PLA-90 and PLA-150 films because the Xc is

high enough after crystallization. The Xc value was found to

increase with increasing in crystallization temperature: PLA-

150>PLA-90>PLA-80>PLA-70. Furthermore, in the case of

PLA-150, the melting temperature was found to be higher

than those of PLA-70, PLA-80, and PLA-90. Because PLA-70

and PLA-80 films exhibited broad exothermic peaks corre-

sponding to the crystallization of the films, they exhibited high

Xc below 10%.

In the PLA-70 and PLA-80 films, we observed strong endother-

mic peaks around the glass transition temperature, Tg. Con-

versely, the PLA-90 and PLA-150 sample showed weak

endothermic peaks. Pan et al. performed DSC measurements of

amorphous PLA films obtained by annealing at tempeartures

below Tg.
19 According to their study, the endothermic peak

around Tg increased with annealing time. Similarly, Mano et al.

analyzed the effect of Xc on these endothermic peaks in PLA

films.22 Their study indicates that these endothermic peaks

could be attributed to the physical aging of PLA films. These

physical aging processes were observed in b-form polypropyl-

ene20 and polysulfone films21. The physical aging is the process

of approaching an equilibrium state that is undergone by a glass

held in constant environmental conditions after its formation

history. Furthermore, Iannace and Nicolais studied the isother-

mal chain mobility of crystalline PLA films with DSC measure-

ments.24 From the heat capacity analysis, the fraction of rigid-

amorphous phase, in which the relaxation process does not

occur even above Tg, was observed during the crystallization

process. Therefore, in our results, in the cases of PLA-70 and

PLA-80, the amorphous chains could enter a nonequilibrium

state, that is, the rigid-amorphous phase. This happens through

a rearrangement of polymer chains from the nonequilibrium

state to molten-type morphology by a microstructural evolution

such as conformational change. In the case of the PLA-150

films, the crystallization temperature is high enough that the

amorphous chains might be in the equilibrium state.

WAXS Measurements

The crystallinity of the PLA films was estimated by WAXS. Fig-

ure 2 shows the WAXS profiles of annealed PLA films. Accord-

ing to previous peak attribution,25 the peaks at q 5 8.5 and 21.0

nm21 are those of stereocomplex crystals due to diffraction

from the (110), and (300)/(030) planes, respectively, while the

peaks at q 5 11.3 and 13.1 nm21 are those of PLA crystals due

to the diffraction from the (110)/(200) and (113)/(203) planes,

respectively. We observed crystalline peaks in all PLA films,

which increased in the intensity with increasing crystallization

temperature. From Figure 3, we evaluated the d-spacing of the

(110)/(200) plane and the crystal size B110/200 using the Scherrer

equation as follows:

B110=2005
Kk

b cos h
(2)

where K is a dimensionless shape factor with a value close to

unity (50.9), and b is the line broadening at half the maximum

intensity in radians.26 It was observed that the d-spacing

decreased with increasing crystallization temperature. This

Figure 1. DSC thermograms of PLA films after annealing at 70, 80, 90,

and 150�C (PLA-70, PLA-80, PLA-90, and PLA-150, respectively). The

heating rate was kept at 5�C/min.

Table I. Thermodynamic Parameters of the Poly(Lactic Acid) (Pla) Films Obtained After Annealing at 70, 80, 90, and 150�C (PLA–70, PLA–80, PLA–90,

and PLA–150, respectively).

Tg [�C] Tc [�C] DHc [J/g] Tm [�C] DHm [J/g] Xc [%]

PLA–70 63.6 120.2 10.7 148.1 11.2 0.53

PLA–80 63.4 117.1 9.7 147.8 16.9 7.81

PLA–90 65.2 – – 149.2 21.9 23.5

PLA–150 63.0 – – 157.6 36.7 39.5
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decrease could be attributed to the transition from the a’ crys-

talline state at low temperatures to the a crystalline state above

120�C.14 Therefore, it could be assumed that the crystal form of

the PLA-70, PLA-80, and PLA-90 samples is the a’-form, while

that of PLA-150 is the a-form. This transformation in the crys-

tal structure is consistent with the Tm changes observed from

the DSC measurements in Figure 1. In the WAXS patterns, it

was observed that the diffraction intensity was PLA-150>PLA-

90>PLA-80>PLA-70. This tendency is consistent to increasing

with increasing crystallization temperature due to increased Xc.

Furthermore, the crystallite size also increases with crystalliza-

tion temperature because of shallow quenching depth. These

results signify that the size, crystal form, and Xc are not the key

parameters influencing the gas permeability and diffusivity.

However, the solubility coefficients of the gas molecules corre-

lated strongly with Xc because of the reduction of the amor-

phous volume that could be used for the penetrant to make a

diffusional jump and avoid the swelling of gas molecules. Next,

we focused on the amorphous structure at the 10 nm scale.

SAXS Measurements

Figure 4 shows the SAXS profiles of the PLA-70, PLA-80, PLA-

90, and PLA-150 samples recorded at room temperature. For

the PLA-90 and PLA-150 samples, the SAXS patterns indicated

a clear peak due to the long spacing period. The peak position

moves to smaller q with increasing crystallization temperature.

From the SAXS profiles of PLA-90 and PLA-150, the lengths of

the long spacing periods were estimated to be 20.1 and 27.3

nm, respectively. In general, the long spacing period depended

quite strongly on the crystallization temperature. The lamellar

crystal thickness decreased with the quenching depth. Further-

more, the peak intensity increased with crystallization tempera-

ture due to the increase in Xc.

Meanwhile, in the PLA-70 and PLA-80 samples, we did not

observe any peaks due to long spacing periods. Conversely, crys-

tals were observed with WAXS and DSC measurements. The

lack of scattering from long spacing periods might be caused

not by lamellar structure but rather by fringed-micelle-type

structure. To precisely clarify the formation of 10-nm scale

structure in PLA-70 and PLA-80, we performed SAXS measure-

ments (Figure 5) at 80�C and at room temperature. There was

no crystal growth during the heating process because the sam-

ples were annealed for a short time of 10 min. In the SAXS pro-

file recorded at 80�C, we observed the hidden scattering peak

originating from the lamellar structure. The corresponding long

spacing periods were estimated to be 17.9 and 19.0 nm for

PLA-70 and PLA-80, respectively. The hidden long spacing peri-

ods also increased with crystallization temperature. Further-

more, on cooling the samples from 80�C to room temperature,

the SAXS profiles did not show any scattering peaks indicates

that the samples regained their original structure. These results

indicate the absence of lamellar crystals at room temperature

but signify minute density fluctuations on the order of 10 nm

from the lamellar crystals. The density of the amorphous region

in PLA-70 and PLA-80 is roughly the same as that of the crys-

talline region at room temperature. In other words, the rigid-

amorphous phase exists between the lamellar crystals. When the

sample is annealed above Tg, the molecular motion becomes

Figure 2. WAXS profiles of the PLA films annealed at different

temperature.

Figure 3. Annealing temperature dependence of d-spacing of (110)/(200)

plane and crystalline size B110/200.

Figure 4. SAXS profiles of PLA films annealed at different temperatures.
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active, especially in the rigid-amorphous phase. Therefore, den-

sity fluctuations from the lamellar structure could be detected.

These findings suggest that amorphous state of the interlamellar

region might depend strongly on the permeability of gas

molecules.

Correlation Between the Rigid-Amorphous Phase and the Gas

Permeability

Figure 6 shows the lamellar and interlamellar amorphous struc-

ture in the case of various annealing temperature conditions.

The rigid-amorphous phase exists in PLA-70 and PLA-80

because of the lack of scattering peaks in the SAXS measure-

ments. In the DSC measurements, strong endothermic peaks

were observed around Tg because of the physical aging of amor-

phous polymer chains. Conversely, in the PLA-90 and PLA-150

films, we observed the SAXS peak from long spacing periods

and weak endothermic peaks around Tg. The samples crystal-

lized above 90�C were relaxed because the rigid-amorphous

phase decreases with crystallization temperature.24

Generally speaking, the gas permeability, diffusivity and solubil-

ity depend on Xc.
7 This is especially true for the gas solubility

of PLA films because the dissolution of gas molecules in the

films depends on the amorphous fraction (512Xc/100). How-

ever, for the gas diffusivity and the gas permeability (PLA-

80>PLA-90>PLA-70>PLA-150), the tendencies are quite dif-

ferent from that of Xc (PLA-150>PLA-90>PLA-80>PLA-70).

We focused on the correlation between the gas permeability

(gas diffusivity) and the rigid-amorphous phase. Tsujita et al.

have reported that the permeability of amorphous polymers

decreased upon annealing below Tg.
27,28 The reduction of gas

permeability could be due to the restriction of chain mobility in

the rigid-amorphous phase; in other words, due to the decrease

of free volume in glassy polymeric membranes.29 The rigid-

amorphous phase restricts the diffusion of gas molecules quite

strongly. This consideration is again consistent with the SAXS

results, which indicate an increase in the density of the amor-

phous region with increasing annealing temperature. The effects

of the restriction became weaker at higher crystallization tem-

peratures because of decreases in the fraction of the rigid-

amorphous phase.24 In particular, the gas diffusivity and the gas

permeability of the PLA films depended on both the existence

of rigid-amorphous phase and Xc. In PLA-70, PLA-80, and

PLA-90, Xc is very small, but the effect of the rigid-amorphous

phase is quite large. Consequently, the gas permeability

Figure 6. The schematic drawing of lamellar crystals and interlamellar

amorphous structure in various annealing temperature conditions.

Figure 5. SAXS profiles of PLA films measured at room temperature (RT) and 80�C. (a) PLA-70 and (b) PLA-80.
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increased with crystallization temperature because of the

decreased fraction of rigid-amorphous phase. Conversely, in

PLA-90 and PLA-150, the gas permeability decreased with

increasing crystallization temperature because Xc became the

main factor by reducing the rigid-amorphous phase.

CONCLUSIONS

In summary, we have analyzed the relationship between the

amorphous structure of PLA films and gas permeability. It was

found that the crystallite size and crystallinity increased with

increasing annealing temperature. However, the abovementioned

parameters are not the sole influences on the gas permeability

of PLA films because not only do crystallinity and crystal struc-

ture have strong dependence on crystallization temperature, but

amorphous structure does as well. DSC measurements indicated

the occurrence of physical aging processes, especially in the case

of samples annealed below 80�C. The amorphous region in

these PLA films might transform into the so-called rigid-amor-

phous phase. This fraction decreases with crystallization temper-

ature, according to the DSC results. The density of the rigid-

amorphous phase is roughly the same as that of lamellar crys-

tals according to SAXS measurements. This implies that the

high-density and low mobility of the rigid-amorphous phase

restricted the gas diffusion and permeation in the PLA films.

Conversely, in PLA films annealed above 90�C, the amorphous

region did not develop rigid-amorphous and condensed phase

properties. In these cases, the gas molecules could penetrate the

amorphous region and/or between the lamellar crystals and

amorphous region. Then the gas permeability and the gas diffu-

sivity depended on the amount of amorphous region such as

the solubility of gas molecules.
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