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Abstract 

Improving the barrier properties to gas and organic compounds of biosourced polyesters, such 

as polylactides (PLA), by increasing their crystallinity has been suggested by several authors. 

This paper investigates the risk of microphase separation for a technological approach that 

would involve a plasticization of PLA, to further its crystallization kinetics, with common 

plasticizers: Acetyl tributyl citrate (ATBC) and Poly(ethylene glycol) (PEG). 

Overplasticization effects following microphase separation were monitored along the film 

thickness by exposing dynamically thermo-compressed films to nitroxide spin-probes. The 

method enabled a scan of the local polymer mobility for different concentration profiles in 

spin-probes, with in particular a maximum moving continuously in time towards the 

geometric center. The results were interpreted as excess local temperatures that would give 

similar ESR spectra motion in the bulk. It was shown that measured excess temperatures 

could be related to local shifts in the glass transition temperature along the film thickness.  
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1 Introduction 

The use of renewable resources for food packaging material producing is interesting for 

environmental reasons. Persistent pollution and limited fossil fuel resources are major 

concerns in our current society [1]. Bio-based polymers may offer solution to lessen our 

dependence to petroleum stocks while limiting the greenhouse gas emission [2]. Aliphatic 

polyesters such as polylactides (PLA) offer an attractive alternative to synthetic polymers 

with similar mechanical properties [3-6]. Barrier properties to gas [7, 8], water vapor [9] and 

organic compounds [10, 11] have been studied extensively over the past decade. PLA is 

ranked between polystyrene and poly(ethylene terephthalate) (PET) for its barrier properties 

to oxygen with permeability values close to  high density polyethylene ones. Permeability to 

gas or small solutes in thermoplastics tends to increase exponentially with the fractional free 

volume to cohesive energy density ratio [12]. In the case of PLA, few correlations have been 

proposed to correlate its structure with its transport properties. Available studies targeted the 

effect of crystallinity [13-19] on the sorption and diffusion of oxygen. It was shown that the 

permeability decrease with crystallinity, well-established on a polyester such as PET (down to 

50 % without orientation) [15, 16], could not be easily reproduced at lab scale with PLA. 

Some groups showed an enhancement [14, 17] and others non-significant effects [10]. The 

complication arises from the slow crystallization rate of unplasticized PLA with typical half 

time crystallization of 2 min at 110 °C for of poly(L-lactide) [20]. 

To get reproducible results at industrial scale, a possible strategy could be to plasticize PLA to 

accelerate cold crystallization. Previous results [21] showed however that the incorporation of 

linear plasticizers such as poly(ethylene glycol) (PEG) led to significant exsudation. The 

current work aims at assessing possible micro-phase separation and heterogeneities in PLA 

blended with different plasticizers and concentrations: PEG and acetyl tributyl citrate 

(ATBC), which do not yield detectable exsudation in differential scanning calorimetry (DSC).  

To our best knowledge, few studies investigating the micro- or even nano-phase separation by 

ESR have been published. It was mainly carried out by the spin labeling method or on petro-

sourced polymers [22-24]. Our motivation was to get an imaging of the molecular dynamics 

of small probes along the film thickness (half thickness: 75 µm) in well equilibrated PLA-

plasticizer blends. Such profiles were obtained by introducing in a controlled manner a stable 

nitroxide radical acting as molecular probe and whose reorientation dynamics was detected by 

electron spin resonance (ESR). Different regions, either near the surface or deeper in the 
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material, were monitored non-intrusively by changing the spin-probe concentration profiles 

along the material thickness via successive sorption and desorption of nitroxide radicals.  

Microphase separations were detected by comparing the spin probe motion obtained with 

localized spin-probes to those obtained in the bulk. Local polymer chain dynamics were 

reconstructed from bidimensional ESR spectra (Temperature×Field) and interpreted as excess 

temperature that would lead similar spin-probe motion. 

The paper is organized as follows. Section two describes the methodology of preparation of 

blends and our ESR technique. Two spin-probes were used to increase the detectability of 

change in molecular dynamics for a same measurement temperature. Section three presents 

firstly the changes in spin probe motion spectra with time when a same processed film is 

exposed to decreasing probe vapour partial pressures. Exposure conditions were chosen to 

maintain during the whole experiment a strong disequilibrium between the surface and the 

ambience. The maximum concentration in the film was thus moving from the surface towards 

the material center. The concept of excess temperature was demonstrated by showing that 

localized 2D ESR spectra and bulk 2D spectra were almost invariant by temperature 

translation. An attempt of validation as a deviation of the local glass transition temperature 

(Tg) is proposed. Diffusional mechanisms of probes in neat and plasticized PLA are finally 

discussed in Section 4. 

2 Material and methods 

2.1 Materials 

Polylactide pellets were supplied by ECPM-LIPHT (France). The content in L-lactide was 

about 92 wt%. The average molecular weight was of 9.0×10
4
 g.mol

-1
 with a polydispersity 

index of 2.75. 

Plasticizers, Acetyl tributyl citrate (ATBC) and Poly(ethylene glycol) (PEG, n=7), were 

purchased from Sigma Aldrich (France). Spin-probes, 4-hydroxy ï 2,2,6,6 ï 

tetramethylpiperidine-1-oxyl (TEMPOL) and 4-aminoï 2,2,6,6 ï tetramethylpiperidine-1-oxyl 

(AminoTEMPO) were supplied by Aldrich (France) and Fluka (France) respectively. Table 1 

lists the typical properties of plasticizers and spin-probes.  

2.2  Methods 
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2.2.1 Film preparation 

Before use, PLA pellets and plasticizers were dried at 80 °C overnight in a vacuum oven. 

Films were possibly formulated with plasticizers and spin-probes in molten state within an 

internal mixer (Haake Rheocord 9000) at 160 °C and 60 rpm for 15 min. Two different levels 

of plasticizers, either PEG or ATBC, were considered: 9 and 17 wt%. When directly 

incorporated to formulation, a concentration of 0.15 wt% was used for both spin-probes. Final 

blends were dried during a minimum of 4 h at 80 °C. 

Neat and plascticized PLA films were processed by thermo-compression (press model:   15 

tonnes, Telemecanique, France) at 185 °C and 150 bars in a multistep process. PLA blends 

were first molten between both hot plates without pressure for 3 min. They were subsequently 

successively pressed under 10 bars for 30 s, 50 bars for 30 s and finally 150 bars for 1min to 

remove air bubbles. The final film thickness was approximately of 0.15 mm for surface area 

of ca. 100 cm
2
. All  films were quenched in water at ambient temperature. 

 

2.2.2 Dynamic exposure to spin-probe vapors 

Experimental 

Variable concentration profiles in spin-probes with a maximum moving towards the center of 

films were obtained out by exposing the films to probe vapors within a sorption vessel at 343 

K (above the melting point of probes and above the glass transition temperature of the tested 

PLA). The sorption experiment was carried in a finite volume (ca. 1200 cm
3
) in equilibrium 

with a finite amount of liquid probes (ca. 20 mg) and subjected to a periodic renewal (14 

renewals, initially every day and subsequently every three days) of the whole gas phase by 

fresh air at 343 K. The design ensured that a complete consumption of the liquid probe 

amount (by either sorption or due to air renewal) was achieved after 8 days of contact. As a 

result, the profiles during the first 8 days corresponded to a sorption situation with a 

maximum at the immediate surface whereas profiles after 8 days obeyed to a desorption 

situation with a maximum translating progressively towards the center. Samples consisted in 

small 20×2×0.15 mm
3
 strips. All neat and plasticized samples were exposed to the same 

enriched probe vapor ambience in the same flask to get comparable results with exposure 

time. 

Renewal times were used to acquire the ESR spectrum of each sample at 298 K. All 

acquisitions were performed in less than 20 min with an initial cooling time of 5 min. Last 

acquisition occurred after 29 days of residence time in the sorption vessel at 343 K. 
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Such conditions ensured that the maximum intensity of the paramagnetic signal for different 

exposure times was related to probes located at different depths. As the diffusion coefficients 

of the probe within PLA varied plasticization level, ESR measurements for a same exposure 

time corresponded however to different positions between samples except for small contact 

times. 

 

Interpretation  

The principles of mass diffusion of a spin-probe into the sample under dynamic exposure 

were interpreted with the help of a simple diffusion model. At time t=0, a probe-enriched 

atmosphere with partial pressure equal to pÐ(t=0) is put in contact with a sample of thickness 

2l. The atmosphere is subjected to kinetic losses due to either transfer to the sample or to 

some leakages with an atmosphere with a probe partial pressure p0=0. By assuming that mass 

flux at the sample-air interface (x=0) is controlled by a mass transfer coefficient, h, and a 

Henry constant, k, the transport and mass balance equations become in one dimension: 
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where Ŭ is a constant controlling the dilution rate of the probe-enriched atmosphere. R and 

T are the gas constant and the absolute temperature respectively. A and VÐ are the surface 

contact area and the volume of the atmosphere in contact respectively. 

Fig. 1 presents the simulated probe concentration profile along the film half-thickness C(x,t) 

for typical chemical affinities of the probe (i.e. k values) for the film while keeping constant 

all other parameters. Without changing the conclusions, a uniform diffusion coefficient in the 

film, D(x), and large mass Biot number Bi=hl/D>100 were assumed. System of equations (1) 

was discretized in space according to a finite volume discretization method (strictly verifying 

the mass balance) and integrated in time via a second order backward difference scheme. 

Scaling parameters A/VÐ and Ŭ were chosen to fit the discontinuous experimental dilution 

profile with a theoretical continuous one (Fig. 1a). Depletion time, tdepletion, was defined as the 

time to reach a maximum bulk concentration in the film (Fig. 1c) and used as time scale to 

plot simulated results. Corresponding concentrations profiles are plotted in Fig. 1b for times 
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shorter and longer than depletion time. Important features such as the position of maximum of 

concentration in the film and the position of 99
th
 percentile (first position x99 such that 

ññ =

1

00

),(99.0),(
99

dxtxCdxtxC

x

) are depicted in Fig. 1d. For times shorter than depletion time, 

probes were located within a region positioned at the interface and thickening linearly with 

the square root of time. By contrast, depletion time triggered a situation where the maximum 

of concentration started to move in the material linearly with the square root of time. It is 

worth to notice that the displacements of the position of the maximum and of the 99
th
 

percentile were almost independent of the chemical affinity of the probe and were only 

controlled by the value of the probe diffusion coefficient in the tested material. Effective 

diffusion coefficients in agreement with the values published by Fang et al. [25] were used for 

comparing the materials with similar probe penetration depths by assuming similar k values. 

For a same k value, the ratio of diffusion coefficients between two materials was indeed given 

by the square ratio of initial slopes plotted in Fig. 1c.  

2.3 Thermal analyses 

The thermal analyses were performed with a modulated differential scanning calorimeter 

(model: MDSC Q100, TA Instruments, USA) under nitrogen atmosphere. The samples (ca. 10 

mg) were put into hermetic aluminium pans (TZero, TA Instruments) to avoid any loss of 

plasticizer and spin-probe upon heating. The glass transition temperature was determined 

under a sinusoidal temperature modulation of ± 1.5 K (period 80 s) applied to a temperature 

ramp from 283 K up to 353 K with a heating rate of 1 K.min
-1

. The glass transition 

temperature (Tg) was defined from the reversing signal as the midpoint of specific heat 

increments on both sides of Tg. All experiments were carried out in triplicate. 

2.4 Electron Spin Resonance (ESR) measurements and interpretation 

Samples containing spin-probes incorporated either during processing (so called ñmeltò) or by 

vapor sorption (so called ñvaporò) were inserted vertically in ESR tubes as 20×2×0.15 mm
3
 

strips. Tubes were sealed before measurement to avoid probe losses during temperature scan 

measurements. Temperature scans lasting 2-3 hours were only applied to samples with 

uniform concentration in spin-probes (i.e. with probes incorporated during processing). 

ESR measurements were carried out with a Brucker ESP 300 Spectrometer (Wissembourg, 

France) operating with a X-Band resonator at a microwave power and frequency of 20mW 

and 9.59 GHz. It is equipped with a Bruker ER 041 MR microwave bridge and a Bruker ER 
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4111 VT variable-temperature unit. For all measurements, a 150 G scan range was used with 

a modulation in frequency and amplitude of 100 kHz and 1G respectively. For temperature 

scans, ESR spectra were recorded from 175 to 430 K with steps from 5 to 10 K and a holding 

time of 2 min. All acquisitions were carried with BioSpin WinEPR Acquisition Software for 

EMX (Brucker, Germany) and subsequently chained to Matlab (Matlab, USA) with 

importation features provided by EasySpin toolbox version 3.1.6 [26]. Interpretation and 

detailed analysis of 789 collected spectra were carried out with a proprietary toolbox so-called 

ñspinosaurusò. 

 

The interpretation of spectra follows the method described by Kovarski [27] for both liquid 

and polymers. Similar analyses were also performed on polymers by Veksli et al. [28], 

Ġvajdlenkov§ and Bartoġ [29] and WoliŒska-Grabczyk et al. [30]. Important quantities 

derived from ESR spectra are sketched in Fig. 2. Outer hyperfine extrema (apparent 2Azz 

named 2Aôzz) were assessed by the distance separating outer peaks. T50G was defined from a 

set of scans in temperature as the temperature for which 2Aôzz equals 50 G. This temperature 

reflects the fluctuations of the microenvironment around the spin-probe that are able to hinder 

its tumbling mechanism from free motions (when 2Aôzz < 50 G) to motions in confined space 

(when 2Aôzz > 50 G). By assuming an isotropic radical rotation, rotational mechanisms of 

spin-probes were revealed by the shift of extremum positions of outer triplet components as 

temperature increases: 

+- DD= HHR /                 (2) 

where () ( )¤D-D=D ° tt HHH  are the shifts of extrema positions of outer components in 

relation to dispositions of the same extrema at the lowest temperature, T0, depending on each 

blend, when the motion time diverges. Rotational model was determined by the ( )+DHR  

dependence. Values ranging from 1.5 to 3 are characteristic of continuous Brownian 

rotational diffusion, while values lower than 1.5 reveals a jump-tumbling rotation. 

 

Correlation times, Űcorr, were performed for both slow and fast rotational regimes by using two 

different models. For their estimation, we assumed a Browninan isotropic rotational diffusion. 

So, in the fast spin probe motion regime (Űcorr in the range of 10
-11

 to 10
-9
s), Űcorr was estimated 

by from the Kivelsonôs theory [30] as: 
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where 0HD  is the line width (in G) of the central line (assessed from peak to peak). I+1, I0, 

and I-1 are the intensities of the lines (assessed from peak to peak) in weak, intermediate and 

strong fields respectively. 

In the slow spin probe motion regime (Űcorr longer than 10
-8

 s), Űcorr was extrapolated from the 

external spectrum at a reference temperature (T0) with extremely high correlation times [28, 

31, 32] as a power law: 
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where a and b are constants depending on the mode of diffusion. The reference temperature is 

the lowest temperature tested for each blend. For Brownian isotropic rotational diffusion 

mode,  a = 5.4 × 10
-10

 and b = -1.36 [27, 33]. 

 

In the case of a composite spectrum, the outer hyperfine extrema is measured from the major 

signal. Yet the correlation time is calculated with equation 3 in case of fast spin probe motions 

(2Aôzz above 50G), and with equation 4 in case of slow spin probe motions (2Aôzz below 

50G). 

 

In experiments with dynamic exposure to spin-probe vapors, the amount of absorbed was 

estimated by the number of unpaired spins contributing to the measured resonance. This 

quantity, M, is proportional to the area under the curve of microwave absorption, P, against 

applied magnetic field. As ESR spectra are recorded as the first derivative of the power curve 

(i.e. as ( )dP dH H ), M was calculated with a double integration according to: 
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subjected to the following boundary conditions:  

( ) ( ) ( ) ( ) 0dHP Ha P Hb dP Ha dP HH bd . Such conditions were fulfilled by 

removing the residual baseline, when it existed, between extreme field values. 

3 Results and Discussion 

3.1 Molecular dynamics (MD) of spin-probes along the film thickness 
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Dynamic exposure to spin-probe vapors was used to assess the molecular dynamics of probes 

along the film thickness (half-thickness: l/2=75 µm) with a goal of detecting possible local 

heterogeneities. Exposure to vapors were carried out at relatively high temperature (70°C), 

above the glass transition temperature of all samples (5 different samples), to induce 

significant penetration depths during tractable diffusion times (lower than one month). All 

samples were previously subjected to significant annealing to avoid undesirable evolution of 

the polymer itself during the experiment. The variation of the DSC endotherm with time 

showed that annealing times lower than 2 days at 70°C were enough to reach a constant 

crystallinity. 

All samples were exposed to the same atmosphere during the same experiment, so that the 

typical depletion time of the atmosphere was the same for all samples close to 8 days. It is 

worth to notice that each sample might ñfeelò the depletion differently according to the 

chemical affinity of the spin-probe for the considered sample (see Eq. (1) and Fig. (1)). ESR 

spectra of all samples were acquired on a regular basis (from 1 to 3 days intervals) at a 

constant temperature chosen lower than the glass transition temperature (300 K) to minimize 

the perturbations on the spin-probe concentration profiles. Cooling prior measurement and 

ESR acquisitions all samples were performed within 20 min. Bidimensional 

Temperature×Field profiles (minimum 20 scans) were acquired only for t=18 days (i.e. far 

from the depletion time) and corresponded to an additional perturbation of 2 hours for all 

samples.  

 

Typical TEMPOL ESR spectra at 300 K for different exposure times are compared in Fig. 3 

to the spectrum obtained when the probe is uniformly dispersed in the melt (reference). All 

spectra were normalized to present the same spectral energy density. Similar results including 

a narrow triplet were obtained with the spin-probe AminoTEMPO. It was verified that similar 

ESR spectra were obtained when the spin-probe was uniformly distributed before and after 

annealing. Annealing was however avoided for the reference as it induced a significant loss in 

spin-probes and consequently an uncontrolled change in the concentration profile. Fig. 3a 

shows that ESR spectra did not vary with exposure time in unplasticized samples (neat PLA). 

By contrast, a significant evolution was observed in plasticized samples but with different 

trends according to the plasticizer. With ATBC used as plasticizer at the highest concentration 

17 wt% (Fig. 3b), the ESR spectrum tends to converge to the spectrum obtained with a 

uniform concentration profile (so-called ñmeltò). As the convergence appears after the 

depletion period (8 days), the theoretical separation between the two observed behaviors from 
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ñfastò to ñslowerò spin probe motion appears far from the surface. Samples formulated with 

PEG at 17 wt% led to an opposite behavior with a high self-similarity with the ñmeltò 

response at the very beginning of the exposure. For exposure times longer than depletion 

period (i.e. deeper in the material), much slower spin probe motions were observed. 

 

A crude analysis of ESR spectra acquired for different exposure times demonstrated that an 

heterogeneous plasticization of PLA samples was achieved with all plasticizers when they 

were used at the highest concentration (17 wt%). As a whole, spin-probes have much faster 

reorientation dynamics close to the interface than in the bulk. In the case of PEG, an initiated 

phase separation between PLA and the plasticizer was detected both by a greasy/sticky 

contact and by an increasing deviation of ESR spectra with ñmeltò when exposure time 

increased. It is argued that there is a partitioning of the probe in favor of the PEG exsudate 

rather than in favor of the plasticized polymer. Hence the concentration profile when the spin-

probe is incorporated in melt would not be uniform at least close to the surface. 

Further insights were gained by integrating the microwave power curve (see Eq. (5)) and by 

analyzing fluctuations of the low field line in response to heterogeneous micro-environments 

Low field components H1 and h1 depicted in Fig. 3 were related to the spin-probe fractions 

with slow and fast spin probe motions respectively. The amount of unpaired spins and ratios 

H1/h1 results are represented in Fig. 4 and compared to similar values when the spin-probe is 

dispersed uniformly in melt. Indeed, highly sensitive and specific ESR measurements at 300 

K enabled without calibration the detection and the measurement of the motion of small 

amounts of spin-probes even after the initial depletion period. The amount of unpaired spins 

plotted in Fig. 4a matched accordingly theoretical spin-probe concentration kinetics depicted 

in Fig. 1c. In particular, the initial linearization as the square root of time supported the initial 

assumption of a diffusive transport of spin-probes with an apparent diffusion coefficient that 

was constant during the exposure experiment. Larger amounts were absorbed in plasticized 

samples with almost symmetric peaks in samples plasticized with PEG. This condition 

confirmed the apparent highest chemical affinity of the spin-probe for PEG-plasticized films 

and consequently for PEG (see similar effects in Fig. 1c). As depletion effects were delayed in 

ATBC-plasticized and in neat PLA, it was inferred that slower diffusion coefficients and 

possibly higher Henry constants occurred in these samples. As a result, the spatial information 

retrieved from dynamic exposure to spin-probes was related to smaller length scales for these 

films. In neat PLA, another practical consequence was that the amount of absorbed spin-

probes was up to 80 times lower than in PEG-plasticized films.  
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Fig. 4b illustrates how fast the mobility of the probe measured in time converged to the 

behavior assessed in the bulk when the spin-probe spread in the film. For exposure times 

longer than the time required to observe depletion effects (in Fig. 4a), time scales expressed 

on square root scale could directly related to the depth of the maximum of the concentration 

in the sample, as illustrated on the theoretical example depicted in Fig. 1d.  

 

When the concentration gradient is only controlled by the random walk of spin-probes, the 

constant of proportionality is given by the square root of the spin-probe diffusion coefficient. 

This last quantity ( D ) was a priori unknown but it was known to be proportional to slope of 

the initial mass uptake versus the square root of time (see Fig. 1c) and within the values 

tabulated in [25]. For a same depletion time, the spin-probe penetration depth was therefore 

higher in highly plasticized samples with depth ratios varying as the initial slopes of absorbed 

amounts plotted in Fig. 4a. Although diffusion coefficients might vary locally due to mutual 

diffusion or local change in glass transition temperature, the assumption of an effective D 

value was reasonable, as validated by the linear shape of the sorption kinetic. Finally, it is 

worth to notice that the apparition of depletion effects might be delayed for unplasticized 

sampled by possible spin-probe cross exchange between samples, as they were all exposed to 

the same head-space composition during both sorption and desorption stages. 

 

For short exposure times, ESR measurements were related to a concentration-averaged 

mobility starting from the immediate surface down to a front moving towards the geometric 

center (i.e. almost no spin-probe at the center). As described by Vitrac and Hayert [34], spin-

probes concentration profiles decrease almost linearly with position (see Fig. 1b) in a material 

with smooth variations of activity and diffusion coefficients. In this perspective, 

measurements in ñmeltò samples would correspond to the response of the spin-probe at 

thermodynamical equilibrium, when the concentration profile is uniform. The distance 

between the measured ratio H1/h1 and the theoretical ratio at equilibrium plotted as a 

horizontal line in Fig. 4b assessed the difference in mobility with òmeltò when the spin-probe 

diffusion front progressed in the material. After the depletion period, the spin-probe motion 

far from the surface was mainly sampled. This ideal description applied well to all studied 

cases except for PLA films plasticized with PEG at high concentrations, for which the ratio 

H1/h1 overpassed its maximum theoretical value for a uniform concentration profile. This 

outstanding behavior was associated to a spin-probe sorption into a strongly heterogeneous 
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material subjected to partial exsudation of the plasticizer. The highest chemical affinity of 

spin-probe for the exsudate would explain the observed decrease in the ratio H1/h1 (faster spin 

probe motion) after the depletion period. Such a trend occurred for all concentrations in PEG 

and could occur in a much lesser extent in PLA samples plasticized with ATBC at the highest 

concentration as no further increase in the ratio H1/h1 was detected during the desorption 

stage. Neat PLA and low plasticized films with ATBC matched theoretical behaviors with a 

detectable gradient of mobility close to the surface. When related to penetration depths, the 

H1/h1 gradient was extremely high in neat PLA (higher mobility appear only near the 

immediate surface), high close to the surface in PLA plasticized at high concentration with 

ATBC and at all concentrations in PEG and lower elsewhere (partial phase separation), low in 

PLA plasticized at low concentration with ATBC with a rapid convergence to the bulk 

mobility (almost uniform plasticization). 

3.2  Variation of polymer chain dynamics along the film thickness 

Variation in polymer chain dynamics along the thickness was assessed by comparing the spin-

probe MD obtained in similar materials when the spin-probe is uniformly distributed in the 

material and when it is concentrated in a specific region. Polymer chain dynamics was 

interpreted as equivalent temperatures giving similar spin-probe MD. The equivalent 

temperature was defined as the temperature that minimizes the mean square distance between 

ESR spectra obtained in the ñmeltò and when the sample was exposed to spin-probe vapors. It 

was a priori assumed that the corresponding temperature shift was independent of the 

temperature used for ESR measurements and types of spin probe motion, fast or slow. This 

assumption enabled a crude comparison without the help of any theory or any assumption 

regarding the true mechanism of reorientation of the considered spin-probe. Subsequent 

comparisons relied on spin probe motion times and therefore on inherent theories that support 

their calculations. 

 

Bi-dimensional Temperature×Field spin probe motion spectra of TEMPOL spin-probe at 

equivalent temperatures are compared in Fig. 5 for an exposure time of 18 days. This 

exposure time ensured that the concentration profile in spin-probes was maximal close to the 

surface but not at the immediate surface. Measurement temperatures in ñmeltò were chosen as 

reference and the equivalent measurement temperatures in ñvaporò samples were inferred 

from the constant temperature shift ȹT that minimizes the global root mean square distance 

(RMS) plotted in Fig. 7a. Almost continuous 2D spin probe motion spectra were obtained by 
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interpolating spectra along Temperature direction with cubic Hermite polynomials. Prior 

interpolation, 1D Field spectra were rescaled and translated to yield spectra respectively with 

similar energy norm and with a same position for the central line (its position at 300K was 

chosen as reference). Accurate comparisons with almost vanishing residues were obtained for 

neat PLA and a low level of ATBC. In this case, the temperature shift was minimal and 

confirmed that properties below the surface were similar to bulk ones without detectable 

inhomogeneity. In samples plasticized with PEG and high levels of ATBC, the temperature 

shift was significantly positive, from 40 °C down to 10 °C. Due to disparate H1/h1 ratios, the 

goodness of the fit was lower and only an overall fit matching in particular the span of each 

spectrum was achievable.  

Further details were gained by comparing the correlation times between ñmeltò and ñvaporò 

samples as plotted in the right column of Fig. 5 as Vanôt Hoff plots. The fast correlation times 

(i.e. 10
-11

 ï 10
-9

s) were estimated with Eq. 3, taking into account the relative heights of peaks 

and the span of the central line, whereas the slow ones (i.e. longer than 10
-8

 s) were calculated 

with Eq. 4. thanks to the span of spectrum. As a whole, similar conclusions were drawn for 

temperatures close to ambient or above. Such conditions led to almost overlapping curves 

with positive temperature shifts. The temperature shift was particularly significant, up to 100 

K, for samples plasticized with high levels of PEG (Fig. 5e). At low temperature, the 

temperature shift appeared positive and stronger at low levels in plasticizers (Figs. 5b and 5d) 

due to a large discrepancy in activation energies between ñmeltò and ñvaporò samples with 

activation energies near 13 kJ.mol
-1 

and   50 kJ.mol
-1

 respectively. At low temperature and 

high level in plasticizers (Figs. 5c and 5e), the temperature shift assessed on correlation time 

was assessed opposite with close activation energies in both ñmeltò and ñvaporò samples with 

values ranged between 34 and 88 kJ.mol
-1

. Small differences observed in neat PLA were not 

considered significant as they were related mainly on slow spin probe motions spectra (Fig. 

5a). 

Replacing TEMPOL spin-probe by AminoTEMPO did not change previous conclusions. As 

AminoTEMPO relaxed more slowly than TEMPOL (i.e. as shown in Table 1 the vector NH2-

NO
ǒ
 is longer than the vector HO-NO

ǒ
), the comparisons for a same range of temperatures 

were however mainly supported by slow spin probe motion spectra and the sensitivity of the 

method to detect a significant temperature shift was lower. The results of the crude 

comparison of AminoTEMPO spectra are plotted in Figs. 6 and 7b. Neat PLA and low 

plasticized PLA samples were fitted similarly with a slightly negative temperature shifts   



 15 

(Fig. 7b). At high levels in plasticizers, RMS curves were asymmetric with ATBC towards 

positive temperature shifts and a temperature shift of 20°C was estimated with PEG. 

 

Variation of chain dynamics along the film thickness comparatively to bulk was reconstructed 

from the spin probe motion times of spectra acquired during the exposure of samples to 

TEMPOL vapors (see Fig. 3). An equivalent temperature for spectra of vapor samples 

measured at 300 K was inferred by looking for the temperature in the right column of Fig. 5 

that gives a similar spin probe motion time in ñmeltò samples. When plotted versus the square 

root of time as shown in Fig. 8, such an approach gives the equivalent temperature profile 

along the film thickness. Indicative thicknesses are given by assuming a likely diffusion 

coefficient ranging between 10
-17

 and 5 10
-17

 m
2
s

-1
 as estimated roughly from Fig. 4.  The 

profile showed an equivalent temperature up to 390 K significantly in excess of the 

measurement temperature (300 K) near the surface for all samples plasticized with PEG and 

with the highest level in ATBC. For all other samples, there was no significant excess 

temperature comparatively to bulk and confirmed a homogeneous polymer relaxation in the 

bulk. Homogeneous chain dynamics was recovered in highly plasticized samples only after 

the depletion period when the maximum of spin-probe concentration penetrated deeper in the 

sample. Due to the ratio of diffusion coefficients, the thickness of the inhomogeneous region 

with excess mobility was 1.8 times larger in samples plasticized with PEG than in the samples 

plasticized with ATBC.  

3.3  Quantitative correlations between spin-probe MD and chain dynamics 

Previous interpretations were mainly qualitative and did not allow a priori a direct conversion 

of excess temperatures into shifts of local glass transition temperatures (Tg). This subsection 

proposes a first interpretation of temperature as local changes in Tg. In this perspective, the 

existence of invariants by temperature translation between samples with localized and 

uniform spin-probe concentrations is discussed according to the span of spectra (2Azz), the 

mechanism or reorientation of the spin-probe and finally according to calibration curves 

between T50G and Tg measured in the bulk. As a guiding principle, it was indeed thought that 

local excess temperatures estimated from correlation times at a constant ESR measurement 

temperature (300 K) and T50G shifts interpolated from 2D Temperature×Field measurements 

were closely related to local Tg variations and almost independent of the considered spin-

probe. 
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Fig. 9 compares outer hyperfine splitting values (2Azz) versus the ESR measurement 

temperature for both local (vapor) and bulk spectra. Corresponding Temperature×Field 

spectra are plotted in Figs. 5 and 6 for TEMPOL and AminoTEMPO spin-probes respectively. 

Local and bulk curves were nearly self-similar with sigmoidal shape and almost overlapping 

for neat PLA and films plasticized with ATBC. By contrast, significant shifts towards lower 

temperatures occurred for local spectra acquired in films plasticized with PEG. When 

expressed on a same temperature reference scale, the detected temperature shifts had similar 

magnitudes with opposite signs than local excess temperatures (few K at 18 days) assessed 

from correlation times (see Figs. 5, 6 and 8). It is emphasized that the splitting of the low field 

line into two peaks, denoted H1 and h1 in Fig. 1, in samples subjected to a microphase 

separation might generate sharp variations in Azz values each time the ratio H1/h1 crossed the 

unitary value. This effect was particularly significant for the 2D spectra of AminoTEMPO 

dispersed films plasticized with 17 wt% PEG (Fig. 9d).  

By reducing the measured spectra to the temperature that yields theoretically 2Azz=50 G, 

denoted T50G, shifts in T50G were similar for both spin-probes, with values ranging from 279 K 

to 382 K. It is worth to notice that this property was not available in dynamic experiments 

involving exposure to vapors as most of ESR measurements were performed at single 

temperature of 300 K (see Figs. 4 and 8), except after 18 days for which a temperature scan 

was performed. 

 

Previous analyses showed that the position of the central line was shifted with temperature. 

This effect was accounted in particular in 2D translated spectra plotted in Figs. 5 and 6.  It 

was related to asymmetric displacements of low and high field lines as shown in Fig. 10 for 

slow spin probe motion spectra. In this spin probe motion regime, ESR spectra were not 

averaged on all motions accessible to spin-probes and were integrated over particular spin-

probe orientations.  

Spectral broadening and inward shift were hence used to diagnose the molecular rotational 

diffusion model for different temperature measurements, samples and spin-probes. 

Displacements of the high field line larger than for the low field one (R>>1) highlighted 

Brownian rotational diffusion whereas uniform broadening (RŸ1) revealed an orientation 

process controlled by Poissonian dynamics (i.e. discontinuous jump process separated by long 

dwelling times). In our experiments, the interpretation was complicated by inhomogeneities in 

the film that contributed to superpose the response of spin-probe in differently plasticized 

environments in the bulk and in a less extent after 18 days of exposure to spin-probe vapors. 
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Globally, a Brownian rotational diffusion tended to dominate with non-monotonous variations 

with temperature. Besides, TEMPOL characteristic curves (Figs 10a and 10c) corresponding 

to ñmeltò and ñvaporò samples looked similar but translated along both the Field and R 

directions: similar mechanisms occurring but for different conditions. Such results enforced 

the original assumption that exposing films to spin-probe vapors would help to separate the 

contribution of probes closer to the surface and therefore with excess mobility (i.e. with 

higher R value). It was not however possible to conclude similarly with AminoTEMPO spin-

probe due to the strong dissimilarities between characteristic curves between ñmeltò and 

ñvaporò plasticized films (Figs 10b and 10d). Good agreement was however found between 

ñmeltò and ñvaporò neat PLA. 

 

Spectra acquired during dynamic exposure to spin-probes were interpreted as local 

temperature shifts above the temperature of measurement (300 K) (see Figs. 4, 5 and 8) but 

did not allow a direct comparison with Tg. Further insights were drawn by comparing T50G to 

Tg values measured on bulk films in DSC. In absence of phase separation, as in neat PLA, 

measured Tg values matched local ones but only apparent Tg values were achievable for the 

others. Fig 11 plots T50G values estimated in ñmeltò and ñvaporò (after 18 days of exposure to 

spin-probe vapors) films versus apparent Tg. T50G values given by TEMPOL spin-probes were 

in good agreement with Tg of neat PLA close to 332 K (Fig. 11a). By contrast, T50G 

determinations from AminoTEMPO motion spectra overestimated significantly the Tg of neat 

PLA with values up to 380 K (Fig. 11b). Both spin-probes detected a significant decrease in 

T50G when the plasticizing level increased. Besides, both spin-probes yielded accordingly 

similar T50G values in ñmeltò and ñvaporò films when PLA films were plasticized with ATBC. 

This result was expected as both spin-probes were known to monitor bulk properties and not 

superficial properties after 18 days of exposure to vapors (see Fig. 4). In addition, TEMPOL 

generated T50G values very close to real Tg ones for all plasticizing levels in ATBC (Fig. 11a). 

 

When PEG was used as plasticizer, T50G derived from TEMPOL spectra were much lower 

than measured Tg values with deviations down to 20 K and 25 K at 17 wt% in PEG 

respectively in ñmeltò and ñvaporò films. Such description was consistent with a higher 

chemical affinity of TEMPOL for the exsudate and consequently to an oversampling of the 

mobility near the surface. 

  

4 Conclusions 
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The general goal of the present study was to assess the risk of micro-phase separation in 

polylactide (PLA) films processed in presence of plasticizers. The work contributed to 

complementary results: i) methodological developments for the non-intrusive determination 

of microphase separation along the thickness in thin thermoplastic films and ii) an application 

of the method to PLA films formulated with conventional plasticizers, Acetyl tributyl citrate 

(ATBC) and Poly(ethylene glycol) (PEG).  

Variations in polymer chain relaxation along the film thickness induced by a partial 

polylactide-plasticizer demixion were assessed by analyzing the spin probe motion spectra of 

two nitroxide spin-probes with different spatial distributions. Two modes of sampling along 

the thickness were investigated by controlling the exposure of samples to spin-probe vapors: 

i) by thickening the distribution of spin probes starting from the outer surface (sorption mode) 

and ii) by moving the maximum of concentration towards the geometric center of the film 

(desorption mode after initial depletion). Due to many inherent unknowns in possibly 

heterogeneous films, it was not possible to control the absolute position of spin-probes but, as 

all samples were subjected dynamically to the same ambience, it was possible: i) to 

reconstruct bulk and extreme surface properties and ii) to reach relative comparison between 

samples. Heterogeneous local dynamics of spin-probes were revealed by a split of the low 

field line in ESR spectra and its significant deviation with its theoretical value in a similar 

plasticized film with an equilibrated distribution in spin-probes. It was showed that ESR 

spectra were almost invariant by temperature translation and could be used to reconstruct a 

local excess temperature comparatively to the same response for an equilibrated distribution 

in spin-probes. To check whether the temperature in excess could be interpreted as local shift 

in polymer glass transition temperature (Tg), T50G and Tg were crudely compared. Without any 

fitting, T50G determined with TEMPOL as spin-probe predicted remarkably Tg of PLA for all 

levels in ATBC. In films plasticized with PEG, a calibration procedure was required. 

Macroscopically, films plasticized with PEG appeared subjected to phase separation for the 

whole concentration range 9 - 17 wt% with a significant exsudation at 17 wt%.  A similar 

behavior but with twice less over-plasticizing effect occurred also with 17% of ATBC. So low 

molecular weight PEG (n=7) displays its limitations as plasticizer for PLA with demixion 

which may result in a loss of the formulation properties. However, uniform plasticization of 

PLA was achieved with ATBC at low content. This formulation of PLA appears to be more 

adequate for typical packaging applications. Higher molecular weight plasticizers have 

already been tested in PLA with good impact on its mechanical properties. Nevertheless 

microphase separation has not been evaluated yet to confirm their real efficiency with time.  
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The methodology developed in this article can be extended to the problem of chemical entities 

migration in food packaging applications. Indeed since decades, the migration of substances 

(plasticizer, antioxidant, UV absorber, etcé) from packaging to packed food is the subject of 

numerous studies, in particular for obvious toxicity issues. This ESR method might detect 

dynamically interactions between packaging and foodstuffs and assess the risk of negative 

impact of the packaging constituents on food. 

 



 20 

References 

[1]        L. Shen, J. Haufe, MK. Patel, Report commissioned by EPNOE and European 

Bioplastics. Group Science, Technology and Society (STS), Copernicus Institute for 

Sustainable Development and Innovation Utrecht University, 2009. 

[2]       ETH. Vink, KR. Rabago, DA.Glassner, PR.Gruber, Applications of life cycle 

assessment to NatureWorks
TM

 polylactide (PLA) production, Polym. Degrad. Stabil. 80 

(2003) 403-419. 

[3] R. Auras, SP. Singh, JJ. Singh, Evaluation of oriented poly(lactide) polymers vs. 

existing PET and oriented PS for fresh food service containers, Packag. Technol. Sci. 18 

(2005) 207-216. 

[4] K. Petersen, P.V. Nielsen, M.B. Olsen, Physical and mechanical properties of 

biobased materials - Starch, Polylactate and polyhydroxybutyrate, Starch/Stärke 53 (2001) 

356-361. 

[5] A.M. Walker, Y. Tao Y, J.M. Torkelson, Polyethylene/starch blends with enhanced 

oxygen barrier and mechanical properties: Effect of granule morphology damage by 

solid-state shear pulverization, Polymer 48 (2007) 1066-1074. 

[6] Y. Wang, Y. Xiao, Q. Zhang, X.-L. Gao, Q. Fu, The morphology and mechanical 

properties of dynamic packing injection molded PP/PS blends, Polymer 44 (2003) 1469-

1480. 

[7] T. Komatsuka, A. Kusakabe, K. Nagai, Characterization and gas transport properties 

of poly(lactic acid) blend membranes,  Desalination 234 (2008) 212-220. 

[8] L. Bao, J.R. Dorgan, D. Knauss, S. Hait, N.S. Oliveira, I.M. Maruccho, Gas 

permeation properties of poly(lactic acid) revisited, J. Membrane Sci. 285 (2006) 166-172. 

[9] H. Tsuji, R. Okino, H. Daimon, K. Fujie, Water Vapor Permeability of 

Poly(lactide)s : Effects of Molecular Characteristics and Cristallinity, J. Appl. Polym. Sci. 

99 (2006) 2245-2252. 

[10] G. Colomines, V. Ducruet, C. Courgneau, A. Guinault, S. Domenek,  Barrier 

properties of poly(lactic acid) and its morphological changes induced by aroma 

compound sorption, Polym. Int. 59 (2010) 818-826. 

[11] R. Auras, B. Harte, S. Selke, Sorption of Ethyl Acetate and d-limonene in 

Poly(lactide) Polymers, J.Sci. Food Agr. 86 (2006) 648-656. 

[12] J.L. Duda, J.M. Zielinski, in: P. Neogi (Eds.), Diffusion in polymers, New York: 

Marcel Dekker, 1996, p. 143. 

[13] S. Kanehashi, A. Kusakabe, S. Sato, K. Nagai, Analysis of permeability; solubility 

and diffusivity of carbon dioxide; oxygen; and nitrogen in crystalline and liquid 

crystalline polymers, J. Membrane Sci. 365 (2010) 40-51. 

[14] H. Sawada, Y. Takahashi, S. Miyata, S. Kanehashi, S. Sato, K. Nagai, Gas 

transport properties and crystalline structures of poly(lactic acid) membranes, Trans. 

Mater. Res. Soc. Japan 35 (2010) 241-246. 

[15] Y.S. Hu, A. Hiltner, E. Baer, Improving oxygen barrier properties of poly(ethylene 

terephthalate) by incorporating isophthalate. II. Effect of crystallization, J. Appl. Polym. 

Sci. 98 (2005) 1629-1642. 

[16] D.J. Sekelik, E.V. Stepanov, S. Nazarenko, D. Schiraldi, A. Hiltner, E. Baer, Oxygen 

barrier properties of crystallized and talc-filled poly(ethylene terephthalate), J. Polym. Sci. 

Pol. Phys. 37 (1999) 847-857. 

[17] M. Drieskens, R. Peeters, J. Mullens, D. Franco, P.J. Lemstra, D.G. Hristova-

Bogaerds, Structure versus properties relationship of poly(lactic acid). I. Effect of 

crystallinity on barrier properties, J. Polym. Sci. Pol. Phys. 47 (2009) 2247-2258. 

[18] A. Natu, E. Lofgren, S. Jabarin, Effect of morphology on barrier properties of 



 21 

poly(ethylene terephthalate), Polym. Eng. Sci. 45 (2005) 400-409. 

[19] Y.S. Hu, R.Y.F. Liu, L.Q. Zhang, M. Rogunova, D.A. Schiraldi, S. Nazarenko, 

Oxygen Transport and Free Volume in Cold-Crystallized and Melt- 

Crystallized Poly(ethylene naphthalate), Macromolecules 35 (2002) 7326-7337. 

[20] M.L. Di Lorenzo, The Crystallization and Melting Processes of Poly(L-lactic acid), 

Macromol. Symp. 234 (2006) 176-183. 

[21] C. Courgneau, S. Domenek, A. Guinault, L. Avérous, V. Ducruet, Analysis of the 

structure-properties relationships of different multiphase systems based on plasticized 

      poly(lactic acid), J. Polym. Environ. 19 (2011) 362-371. 

[22]    S.M. Chen, L. Tan, F.R. Qiu, X.L. Jiang, M. Wang and H.D. Zhang, The study of   

poly(styrene-co-p-(hexafluoro-2-hydroxylisopropyl)-alpha-methyl-

styrene)/(poly(propylene carbonate) blends by ESR spin probe and Raman, Polymer 45 

(2004) 3045-3053. 

[23]   L. Tan, S.M. Chen, Z.H. Ping, Y.M. Shen, Study of miscibility enhancement in 

poly(styrene-co-4-vinylphenol)/(poly(ethylene oxide) blends by spin labelling method, 

Polym. Int. 53 (2004) 204-211. 

[24]     M. Okazaki, K. Toriyama, N. Sawaguchi, K. Oda, Spin-probe study on the dynamics 

and distribution of solution molecules in the nano-channel of MCM-41, Bulletin Chem. 

Soc. Jap. 77 (2004) 87-93. 

[25]    X. Fang, S. Domenek, V. Ducruet, M. Réfrégiers, O. Vitrac, Diffusion of Aromatic 

Solutes in Aliphatic Polymers above Glass Transition Temperature, Macromolecules 46 

(2013) 874-888. 

[26] Stefan Stoll, U.o.C. EasySpin 2003  [cited 2012 15/09/2012] The Crystallization and 

Melting Processes of Poly(L-lactic acid); Available from: http://www.easyspin.org/  

[27] A.L. Kovarski, in: A.L. Kovarski (Eds.), New concepts in polymer science, The 

Netherlands: VSP Utrecht, 1997, p. 53. 

[28]     Z. Veksli, M. Andreis, B. Rakvin, ESR spectroscopy for the study of polymer 

heterogeneity, Prog. Polym. Sci. 25 (2000) 949-986. 

[29] H. Ġvajdlenkov§, J. Bartoġ, Spin probe mobility in relation to free volume and 

relaxation dynamics of glass-formers, J. Polym. Sci. Pol. Phys. 47 (2009)1058-1068. 

[30] A. Wolinska-Grabczyk, W. Bednarski, A. Jankowski, S. Waplak, Temperature 

dependence of molecular motions in the polyurethane-based membranes studied with 

paramagnetic spin probe, Polymer 46 (2005) 2461-2471. 

[31] S.A. Goldman, G.V. Bruno, J.H. Freed, Estimating slow-motional rotational 

correlation times for nitroxides by electron spin resonance., J. Phys. Chem. 76 (1972) 

1858-1860. 

[32]     J.H. Freed, in: L.J. Berliner (Eds.), Spin Labeling - Theory and Applications,      

       Academic: NY, 1976, p. 53.  

[33] A.M. Riquet, A. Feigenbaum, P. Colonna, D. Lourdin, Molecular mobility in 

starchy materials studied by electron spin resonance, J. Appl. Polym. Sci. 88 (2003) 990-

997. 

[34] O. Vitrac, M. Hayert, Identification of Diffusion Transport Properties from 

Desorption/Sorption Kinetics: An Analysis Based on a New Approximation of Fick 

Equation during Solid-Liquid Contact, Ind. Eng. Chem. Res. 45 (2006) 7941-7956. 

[35]      J. Crank, Mathematics of Diffusion, Oxford University Press, London, 1975. 

 

http://www.easyspin.org/


 22 

Table 

 

Table 1. Physical properties of neat PLA, the plasticizers (ATBC and PEG) and the probes 

(TEMPOL and AminoTEMPO): molecular weight (M), molecular volume (V), glass 

transition temperature (Tg) and melting temperature (Tm). 
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Figures 

 

 

Fig. 1. Simulation of the (a) temporal evolution of the normalized spin-probe vapor pressure 

in the whole gas phase of the flask, (b) concentration profile in the normalized film thickness 

depending on exposure time, (c) time dependent bulk concentration according to the chemical 

affinity and (d) the time-dependent maximum concentration position in the film according to 

the chemical affinity. 
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Fig. 2. Typical ESR-spectra of nitroxide radicals with: (a) slow rotational motion, (b) fast 

rotational motion and (c) composite rotational motion. Main characteristic spectral parameters 

are also indicated. 
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Fig. 3. Time-dependent ESR spectra (TEMPOL spin probe) during dynamic exposure to 

TEMPOL vapors in formulated films: (a) neat PLA, (b) PLA with 17 wt% of ATBC and (c) 

PLA with 17 wt% of PEG. The reference spectrum when the probe is incorporated in melt is 

also plotted.  
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Fig. 4. Evolutions as the square root of time of: (a) the absorbed amount of TEMPOL at 70°C 

in neat and plasticized PLA and (b) of the intensity ratio H1/h1 for neat and plasticized PLA. 

Reference H1/h1 ratios when the probe was incorporated in melt are plotted in horizontal 

dashed lines in (b). All ESR measurements were performed at 300 K. 
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Fig. 5. Comparisons of 2D Field×Temperature TEMPOL spectra in melt and after 18 days of 

exposure to probe vapors at 70°C. The left column compares typical spectra with 

measurement temperature shifts that maximize their resemblance. The right column plots on a 

Vanôt Hoff diagram the correlation times for all measured spectra. Depicted conditions are:  

(a) neat PLA, (b) PLA with 9 wt% of ATBC, (c) PLA with 17 wt% of ATBC, (d) PLA with  9 

wt% of PEG, (e) PLA with 17 wt% of PEG. The results corresponding to the reference 

temperature T = 300 K appears either as thick lines or dashed lines. 
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Fig. 6. Comparisons of 2D Field×Temperature AminoTEMPO spectra in melt and after 18 

days of exposure to probe vapors at 70 °C. Vapor spectra were temperature shifted to 

maximize their resemblance with melt spectra. Depicted conditions are: (a) neat PLA, (b) 

PLA with 9 wt% of ATBC, (c) PLA with 17 wt% of ATBC, (d) PLA with 9 wt% of PEG, (e) 

PLA with 17 wt% of PEG. The results corresponding to the reference temperature               T 

= 300 K appears either as thick lines. 

 


