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Abstract

Improving the barrier properties to gas and orgaeimpounds 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 plasticiation 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 exposindynamically thermecompressed films tamitroxide spin-probes. The
method enabled a scan of the local polymer mobility for different concentration profiles in
spinprobes, with in particular a maximum moving continuously in time towards the
geometric centerThe results were interpreted as excess local temperatures that would give
similar ESR spectranotion 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 reasongersisent pollution and limited fossil fuel resources are major
concerrs in our current societyl]. Bio-based polymers may offer solution to lessem
dependence to petroleustockswhile limiting the greenhouse gas emiss|@h. Aliphatic
polyesters such as polylactidd3L@) offer an attractive alternative to synthetic polymers
with similar mechanicapropertieq 3-6]. Barrier properties tgas[7, 8], water vapof9] and
organic compound$10, 11] have been studd extensivelyover the pastiecade PLA is
ranked between polystyrene and poly(ethylene terephth@REd)) for its barrier properties

to oxygen with permeability values close togh density polgthyleneones Permeability to

gas or small solutes inghmoplastics tends to increase exponentially with the fractional free
volume to cohesive energy density rdti@]. In the case of PLA, few correlations have been
proposed to correlate its structure with its transport propeAieslable studies targeted the
effect of crystallinity[13-19] on the sorption and diffusion of oxygen. It was shown that
permeability decrease with crystallinity, welstablishean a polyester such as PEdown to

50 % without orientation)15, 16] could not beeasily reproducedat lab scalewith PLA.
Some goups showedn enhancemeni4, 17] and othersnonsignificant dfects [10]. The
complication arises from the slow crystallization rate of unplasticized PLA with typical half
time crystallization o2 min at 110°C for of poly(L-lactide)[20].

To get reproducible results at industrial scalpgssiblestrategy could be to plasticize PLA to
accelerate cold crystallization. Previous resjid showed however that the incorporation of
linear pasticizers such as poly(ethylene glycol) (PEG) led to significasadation. The
currentwork aims at assessing possible miptase separation and heterogeneities in PLA
blended with different plasticizerand concentrationsPEG and acetyl tributyl cte
(ATBC), which do not yield detectabéxsudatiorin differential scanning calorimetry (DSC).

To our best knowledgéew studies investigating the micror even nanghase separation by
ESR have been publishdtlwas mainly carried out by the spiableling method oon petre
sourced polymers [224]. Our motivationwas to get an imaging of the molecular dynamics
of small probes along the film thickne@salf thickness: 75 umijn well equilibrated PLA
plasticizer blends. Such profiles were obtainedniypducing in a controlled mannerstable
nitroxide radicalacting as molecular proland whose reorientation dynamics was detelsjed

electron spin resonance (ESRifferent regions, either near the surface or deeper in the



material, were monitored nantrusively by changing thepinprobe concentration profiles

along the material thickness via successive sorption and desarptigroxide radicals

Microphase separations were detected by comparingpineprobe motiorobtained with
localized spirprobes to those obtained in the bulk. Local polymer chain dynamics were
reconstructed frorbidimensional ESR spectra (TemperaturexField) and interpreted as excess
temperature that would lead similar sjprobemotion

The paper is organized as follows.céen two describes the methodology of preparation of
blends and our ESR techniquewo spinprobes were used to increase the detectability of
change in molecular dynamics for a same measurement temperature. Section three presents
firstly the changesn spn probe motionspectra with time when a same processed film is
exposed to decreasing probapour partial pressuse Exposure conditions were chosen to
maintain during the whole experiment a strong disequilibrium between the surface and the
ambience. Thenaximum concentration in the filwas thus moving from the surface towards

the material center. Theoncept 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 loglass transition temperature

(Ty) is proposedDiffusional mechanisms of probes in neat and plasticized PLAfinadly

discussed in Section 4

2 Material and methods

2.1 Materials

Polylactide pelletswere supplied byeCPM-LIPHT (France).The contentn L-lactide was
about 92 wib. The average molecular weight wais9.0x10" g.mol™ with a polydispersity
index of 2.75.

Plasticizers,Acetyl tributyl citrate (ATBC) and Poly(ethylenglycol) (PEG n=7), wer
purchased from Sigma Aldrich (France)Spin-probes, 4-hydroxy i 2,2,6,6 1
tetramethylpiperidind-oxyl (TEMPOL) and4-amind 2,2,6,61 tetramethylpiperidind-oxyl
(AminoTEMPO)were supplied byldrich (France)andFluka (France) respectivelyfable 1

lists the typicapropertiesof plasticizers and spiprobes

2.2 Methods



2.2.1Film preparation

Before usePLA pellets and plasticizers were dried at 80 °C overnight in a vacuum oven.
Films were possibly formulated with plasticizers and gpisbes in molterstate within an
internal mixer (Haake Rheocord 9000) at 160 °C and 60 rpm for 15Tmimdifferent levels
of plasticizers, eithelPEG or ATBC, were considered9 and 17 wt%.When directly
incorporated to formulation, a concentratior0dfb wt% was useébr both spirprobesFinal
blendswere dried during minimum of4 h at 80 °C

Neat andplascticiz2d PLA films wereprocessed byhermacompressiongress model: 15
tonnes TelemecaniqueFrancg at 185 °C and 150 bam a multistep process. PLA blends
werefirst moltenbetweernbothhot plates without pressure fon8n. They weresubsequently
successivelypressed under 10 bars for 8050 bars for 3@ andfinally 150 bars for 1min to
remove air bubblesThe finalfilm thickness waspproximatelyof 0.15 mm for surface area

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

2.2.2 Dynamic exposure to spiaprobe vapors

Experimental

Variable concentration profiles in spamobes with a maximum moving towards the center of
films wereobtanedout by exposing the films tprobe vapors within a sorption vessel at 343

K (above the melting point of probesd above the glass transition temperature of the tested
PLA). The sorption experiment was carried in a finite volume (ca. 126pinnequilbrium

with a finite amount of liquid probes (ca. 20 mg) and subjected to a periodic renewal (14
renewals,initially every day and subsequently eveéhyee days) of the whole gas phase by
fresh air at 343 K. The design ensured thatomplete consumptionf ¢he 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 &ftdays obeyed to a desorption
situation with a maximum translating progressively towards the ce3aenples consisted in
small 20xx0.15 mm® strips. All neat and plasticized samples were exposed to the same
enriched probe vapor ambience in the same ftasget comparable results with exposure
time.

Renewal times were used #xquirethe ESR spectrum of each sample288 K All
acquisitions were performed in less than 20 min with an initial cooling time of 5 min. Last

acquisition occurred after 29 dayisresidence time in the sorption vessel at 343 K.



Such conditions ensured that the maximum intensity of the paramagnetic signal for different
exposure times was related to probes located at different dégthlise diffusion coefficients

of the probe witm PLA varied plasticization level, ESR measurements for a same exposure
time correspondedhoweverto different positions between samples except for small contact
times.

Interpretation

The principles of mass diffusion of a sgrobe into the sample unddynamic exposure
were interpreted with the help of a simple diffusion modeltime t=0, a probesnriched
atmosphere with partial pressure equagbg@i=0) is put in contact with a sample of thickness
2l. The atmosphere is subjectedkioetic losses due to either transfer to the sample or to
some leakages with an atmosphere with a probe partial prggs0reBy assuming that mass
flux at the samplair interface §=0) is controlled by a mass transfer coefficiamtand a

Henry constantg, the transport and mass balance equations become in one dimension:
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whereUis a constant controlling the dilution rate of firebe-enrichedatmosphereR and
T are the gas constant and the absolute temperature respediaiy.Vy are the surface
contact area and the volume of the atmosphere in contact respectively.
Fig. 1 presents the simulatgmobe concentratioprofile aong the film haltthicknessC(x;t)
for typical chemical affinities of the probe (ilevalues)for the film while keeping constant
all other parameter§Vithout changing the conclusiang uniform diffusion coefficient in the
film, D(x), andlargemass BiothumberBi=hl/D>100were assumedystem of equations (1)
wasdiscretized in space according to a finite volume discretizatietmod(strictly verifying
the mass balance) and integrated in time via a second order backward difference scheme.
Scaling parametsAVpand U were chosen to fit the dis
profile with atheoreticalcontinuous one (Fig. lalpepletion timefyepieion Was defined as the
time to reach a maximum bulk concentration in the film (Fig. 1c) and used asdaigeto

plot simulated results. Corresponding concentrations profiles are plotted in Fig. 1b for times



shorter and longer than depletion time. Important features such as the position of maximum of

concentration in the film and the position of"9percenile (first position xes such that

X99 1

- (x t)dx = 0.997(x,t)dx) are depicted in Fig. 1d. For times shorter than depletion time,
0 0

probeswere located within a region positioned at the interface and thickening linearly with
the square root of tim@&y contrast, dpletion time triggered a situation where the maximum
of concentration started to mowe the material linearly with the square root of time. It is
worth to notice that the displacements of the positibrthe maximumand of the 99
percentile were almosndependent of the chemical affinity of the probe awmere only
controlled bythe value of the probaiffusion coefficient in the tested materi&@ffective
diffusion coefficients in agreement with the values published by Etalg[25] were used for
comparing the materials with similar probe penetration depthassuming similak values.

For a samé& value, theratio of diffusion coefficients between two materials wakeedgiven

by the square ratio of initial sloppkotted inFig. 1c.

2.3Thermal aalyses

The thermal analyses were performed wittmadulated differential scanning calorimeter
(model: MDSC Q100TA InstrumentsUSA) under nitrogen atmosphere. The samptasi0
mg) were put into hermetic aluminium pans (TZero, TA Instruments) to aridoss of
plasticizer and spHprobe upon heating. Theglass transition temperature was determined
undera sinusoidal temperature modulatioh+ 1.5 K(period 80 s) applied to a temperature
ramp from 283 K up to 353 Wvith a heating rate of K.minl. The glass transition
temperature (J) was definedfrom the reversing signaas the midpoint of specific heat

incremens on both sides of,TAll experiments were carried out in triplicate.

2.4Electron Spin Resonan¢ESR)measuremestand interpretation

Samples containing spiprobes incorporated either during proces¢sur a |l | e dorbyne | t 0)
vapor sorptionsoc al | e d were mgered vejtically in ESR tubes as 20x250rin’

strips. Tubes were sealed before measurement to avoid probe lossedetnpeature scan
measurements. Temperature scans lasthdy burs were only applied to samples with
uniform concentration in spiprobes (i.e. with probes incorporated during processing).

ESR measurementwere carried outwith a Brucker E® 300Spectromeer (Wissembourg,

France) operating with a-Band resonatoat a microwavepower andfrequencyof 20mw

and9.59 GHz It is equipped with a Bruker ER 041 MR microwave bridgd a Bruker ER



4111 VT variablgemperature unit-or all measurements,150 Gsaan rangavas used with

a modulationin frequencyand amplitude of 100 kHz and 1G respectivélgr temperature
scansESR spectra weneecoraed from 175 to 43& with steps from 5 to 1& and a holding
time of 2 min All acquisitions were carried witBioSpin WinEPR Acquisition Softwareor

EMX (Brucker, Germany) and subsequently chained to Matlab (Matlab, USA) with
importation features provided by EasySpin toolbatsion 3.1.6[26]. Interpretation and
detailed analysis of89 colletedspectra were carried out with a proprietary toolboxalled

Aspinosaur uso.

The interpretation of spectfallows the methodiescribed by KovarskR7] for both liquid
and polymers. Similar anags were also performed on polymers by Veksli et [2@B],
Gvajdl enkov §9 amldo BkaGibrayk et al.[30]. Important quantities
derived from ESR spectra asietched in Fig2. Outer hyperfine extremadgpparent 24,
named2Ad;) wereassessebtly the distance separatirgiter peaks.Tsoc wasdefinedfrom a
setof scars in temperatures the temperate for which 2A4; equas 50 G. This temperature
reflects theluctuations of the microenvironment around the gmiobe that are able to hinder
its tumblingmechanism from free motiorfghen2A§, < 50 G) to motions in confined space
(when 2A4; > 50 G). By assuming @ isotropic radical rotation,otational mechanisms of
spinprobes were revealed by the shift of extremum positions of outer triplet components as
temperature increases:

R=DH_/DH, 2

where DH. =[DH(z)- DH(z - =) are the shifts of extrema positions of outer components in

relation to dispositions of the same extrema at the lowest tempefRfulepending on each
blend, when themotion time diverges Rotational model was determined by tRéDH, )

dependence. &ues ranging from 1.5 to &re characteristic ofcontinuous Brownian

rotational diffusion, while valudewer thanl.5 reveals a junmyumblingrotation

Correlation tims, o, wereperformed for both slow and fast rotational regirog using two
differentmodels For their estimation, we assumed a Browninan isotropic rotational diffusion.
Sq, in thefastspin probe motiomegime({,in the range of 18 to 10%), corWas estimated

byfromtheKi vel sonN3sast heory
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where DH,, is the line width (in G)of the central lingassessed from peak to pedk), lo,

andl_; are theintensities of the lines (assessed from peak t&)peaveak intermediateand
strongfields respectively.

In the slowspin probe motiomegime(Uorlongerthan 10° s), cWas extrapolated from the
external spectrum at a reference temperaftgewith extremely high correlation timgg8,

31, 37 as apower law

o ]
£ (T) = - D)8 @
¢ AuTo) =
where a and b are constants depending on the mode of difflitiemeference temperature is
the lowest temperature tested for each bldfat. Brownian isotropic rotational diffusion
mode, a = 5.4 x 13°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 calculateith equation 3 in case édist spin probe mains

2A6zz albh andavith®e@u&ion 4 in case sibw spin probe motion2(Adzz bel ow
50G).

In experiments with dynamic exposure gpinprobe vaporsthe amount of asorbed was
estimated by the number of unpaired spins contributing to the measseaance. This
guantity, M, is proportional to the area under the curve of microwave absorpti@yainst
applied magnetic field. As ESR spectra are recorded as the first derivative of the power curve

(i.e. asdP/dH‘(H) ), M was calculatd with a double integraticaccording to

HbéH dP

) )
M %‘(h)dhfédH (5)

HaCHa

subjected to the following boundary conditions:
P(Ha) = P(Hb :dP/de Ha = dP/dH{ Hp =0 . Such conditions were fulfilled by
removing the residual baseline, when it existed, betweteam field values.

3 Results and Discussion

3.1 Molecular dynamic¢MD) of spinprobesalong the film thickness



Dynamic exposure to spiorobe vapors was used to assess the molecular dynamics of probes
along thefilm thickness(half-thickness:1/2=75 pum)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 samfBegifferent samples)to induce
significant penetratiomepths duringractable diffusion times (lower than one montAl.

samples were previously subjected to significant annealing to avoid undesirable evolution of
the polymer itself during the experimenthe variation of the DSC endotherm with time
showed that annealingmes 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 & @ays. |
worth to notice that each sample might Af e
chemical affinity of the spiprobe for the considered sample (see Eq. (1) and Fig. (1)). ESR
spectra of all samples were acquirea a regular basis (from 1 to days intervalsjt a
constant temperature chosen lower than the glass transition temperature (300 K) to minimize
the perturbations on the sgimobe concentration profiles. Cooling prior measurement and
ESR acquisitions all samples were performed withi® 2nin. Bidimensional
TemperatureField profiles (minimum 20scan$ were acquired only fot=18 days (i.e. far

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

samples.

Typical TEMPOL ESR pectraat 300 K for diferent exposure times are compaiedrig. 3

to the spectrum obtained whemetprobe is uniformly dispersed in the megéference)All

spectra were normalized to present the sgpaetral energy densitgimilar resultancluding

a narrow tripletwere obained with the spiprobe AminoTEMPOIt was verified that similar

ESR spectra were obtained when the gpobe was uniformly distributed before and after
annealing. Annealing was however avoided for the reference as it induced a significant loss in
spinprobes and consequently ancontrolledchange 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 thutivierent

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 (soal | ed A mel t adgence appearst aftex thec o nv e

depletionperiod(8 days), the theoretical separation between the two observed behaviors from

1C



Af ast 0o tspin giabd nootioeappéars far from the surface. Samples formulated with
PEG at 17 wt% led to an opposite behavior watthigh sefs i mi | ar i ty wi t h
response at the very beginning of the exposure. For exposure times longer than depletion

period (i.e. deeper in the material), much sloggn probe motiong/ere observed.

A crude analysis of ESR spectra acquired 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 wholepspies have much faster
reorientation dynamics cloge 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
cont act and by an increasing deviation of
increased. It imrgued 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 responsénéberogeneous micienvironments

Low field component$d; and h; depicted in Fig. 3 wereelated to the gp-probe fractions

with slow and fasspin probe motios respectivelyThe amount of unpaired spins and ratios
Ha/hy results argepresentedh Fig. 4 and compared &milar valuesvhen the spifprobe is
disperseduniformly in melt. Indeed, highly sensite and specifiESR measuremengt 300

K enabled withoutcalibrationthe detection and the measurement of rin&tion of small
amounts of sphprobes evemfter the initial depletion periodhe amount of unpaired spins
plotted in Fig. 4a matched accordingheoretical spirprobe concentration kinetics depicted

in Fig. 1c. In particular, #hinitial linearization as the square root of time supported the initial
assumption of a diffusive transport of sypirobes 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-ppaibe for PE&lasticizd films

and consequently for PEG (see similar effa@ctSig. 1¢).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 samplesrésslt, the spatial information
retrieved from dynamic exposure to sjpirobes 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 E@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-ppaibe spread in the film. For exposure times
longer than the time required to observe depletiorcef{en Fig. 4a), timescales 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 exadgpected in Fig. 1d.

When the concentration gradient is only olled by the random walk of spirobes, the

constant of proportionality is given by the square root of themmhbe diffusion coefficient.

This last quantity (/5) was a priori unknown but it was known to be proportional tpestaf

the initial mass uptake versus the square root of time (see Figndcyvithin the values
tabulated in 25]. For a same depletion time, the spiobe penetration depth was therefore
higher in highly plasticized samples with depth ratios varyinh@snitial slopes of absorbed
amounts plotted in Fig. 4@lthough diffusion coefficients mightary locally due to mutual
diffusion or local change in glass transition temperature, the assumption of an efiective
value was reasonable, as validated by lthear shape of the sorption kinetic. Finallyjsit

worth to notice that the apparition of depletion effects might be delayed for unplasticized
sampled by possible spprobe cross exchange between samples, as they were all exposed to

the same heaslpa®@ composition during both sorption and desorption stages.

For short exposure times, ESR measuremevae related to aconcentratioraveragd
mobility starting from the immediate surface down to a front moving towards the geometric
center {.e. almost napin-probe at the centerAs describedy Vitrac and Hayer{34], spin-
probes concentration prads decreasalmost linedy with position (see Fig.d) in a material
with smooth variations of activity and diffusion coefficientth this perspective,
measur ement s i rnwoulll merespond tegha megpbneesof the spmmobe at
thermodynamical aquilibrium, when the concentration profile is uniforniThe distance
between the measured ratidn/h; and the theoretical ratio at equilibrium plottad a
horizontal line in Fig. 4b assessin@ difference in mobility witd me Wherdthe spirprobe
diffusion front progressed in the materiéffter the depletion period, the sppmobemation
far from the surface was mainly sampled. Tikisal descriptionapplied well to all studied
cases except for PLA films plasticized with PEG at high concentrationghich the ratio
Hi/h; overpasedits maximum theoretical value for a uniform concentration profileis

outstanding behavior was associated tgpar-probe sorption irio a strongly heterogeneous
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material subjected to partial ®xdation of the plasticizeThe highest chemical affinity of
spinprobe for the exsudate would explain the observed decrease in thdifhatifasterspin
probe motioh after the depletion period. Such a trend occurred for all concentrations in PEG
and could occur in a much lessattent in PLA samples plasticized with ATBC at the highest
concentration as no further increase in the ratith; was detected during the desorption
stage.Neat PLA and low plasticized films with ATBC matched theoretical behaviors with a
detectable gradnt of mobility close to the surfac&/hen related to penetration depths, the
Hi/hy gradient wasextremely high in neat PLA bigher mobility appear only neahe
immediate surfacehigh close to the surface in PLA plasticizech&h concentration with
ATBC andat all concentrations IREG and lower elsewhe(partial phase separatigndw in

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

mobility (almost uniform plasticization)

3.2 Variation ofpolymer chain dynamicalong thefilm thickness

Variation in polymer chain dynamics along the thickness was assessed by compaspig the
probe MDobtained in similar materials when the spimobe is uniformly distributed in the
material and when it is concentrated in a speaifigion. Polymer chain dynamics was
interpreted as equivalent temperatures giving similar -gmbe MD. The equivalent
temperature was defined as the temperature that minimizes the mean square distance between
ESR spectra mdit aa md dsample wahbxposed to spimbe vapors. It

was a priori assumed that the corresponding temperature shift was independent of the
temperature used for ESR measurements and typgsiroprobe maon, fast or slowThis
assumption enabled a crude comparisathout the help of any theory or any assumption
regarding the true mechanism of reorientation of the considereepisir. Subsequent
comparisons relied ospin probe motiotimes and therefore on inherent theories that support

their calculations.

Bi-dimensional TemperaturgField spin probe motiorspectra of TEMPQ spinprobe at
equivalent temperatures asempared in Fig. Sor an exposure time of 18 day$his

exposure time ensured that the concentration profile in@pines was maximal close toeth

surface but not at the immediate surfddeasurement temperatsrie n i werelchosen as
reference and the equivalent measurement tempesdatune v a p o rwereirdfearedp | e s
from the constant mieimzesthe globalroet medequdra distgnite t h at
(RMS) plotted in Fig. 7aAlmost contiruous 2Dspin probe mtion spectravere obtained by

13



interpolating spectraalong Temperature direction with cubic Hermite polynomi&sor
interpolation, 1D Field spectra were rescaled and trandlatgi@ld spectrarespectivelywith

similar energy norm anwith a same position for the central line (its position at 300K was
chosen as referencéyccurate comparisons with almost vanishing residues were obtained for
neat PLA and a low level of ATBC. Irhis case, the temperature shift was minimal and
confirmed that properties below the surface wairailar to bulk ones without detectable
inhomogeneity. In samples plasticized with PEG and high levels of ATBC, the temperature
shift was significantly positie, from 40°C down to 10°C. Due to disparatkli/h; ratios, the
goodness of the fit was lower and only an overall fit matching in particular the span of each
spectumwas achievable.

Further details were gained bymdid mpradi mygap dir
samples as plotted in the rigtdlumn of Fig. lasVa n 6 t  H oTheffastdrrelatisn.times

(i.e. 10" 7 10°%) were estimated with Eq, Biking into account the relative heights of peaks
and the span of the central ljimehereastie slow ones (i.donger tharll0® s) were calculated

with Eq. 4. thanks to the span of spectruxa.a wholesimilar conclusionswere drawn for
temperatures close to ambient or above. Such conditions lalintust overlappingurves

with positive tempetare shifts. The temperature shift was particularly significaptto 100

K, for samples plasticized with high levels of PEG (Fig. 9&).low temperature, the
temperature shifhppeared positive and stronger at low levels in plasticizers. Gbgand 53
duetoa | arge discrepancy in activation energi ¢
activation energiesear13 kdmol*and 50 kJmol™* respectively At low temperature and

high level in plasticizers (Figs. 5c and 5e), the temperature shiisessen correlation time
was assessed opposite with close activation
values ranged betwe&4 and 88 kJ.mol™*. Small differences observed in neat PLA were not
considered significant as theyere relatednairly on slowspin probe mabns spectraKig.

53).

Replacing TEMPOL spuprobe by AminoTEMPO did not changeevious conclusionsAs
AminoTEMPO relaxed more slowly than TEMPOL (i.e. as shown in Table 1 the vecter NH
NO° is longer than the vector HNOé), the comparisons for a same range of temperatures
were however mainly supported by slepin probe mbon spectra and the sensitivity of the
method to detect a significant temperature shift was lower. The results ofruble
comparison of AminoTEMPO spectra are plotted in Figs. 6 andNébat PLA and low

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

14



(Fig. 7b). Athigh levels in plasticizers, RMS curves were asymmetric witlB@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 mtion times of spectra acquired during the @xre of samples to
TEMPOL vapors ¢ee 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 similaspin probe mot o n  t metie@ $ a nWihneneplstted versus the square
root of timeas shown in Fig. 8such ampproach gives the equivalent temperature profile
along the film thicknessIndicative thicknesses are given by assuming a likely diffusion
coefficient ranging between T0and 5 10" m’s* as estimated roughly from Fig. 4The

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. d¢f 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 samjylesfter

the depletion period whethe maximum of spiprobe concentration penetrated deeper in the
sample. Due to the ratio of diffusion coefficients, the thickness of the inhomogeneous region
with excess mobility was.8times larger in samples plasticized with PEG than in the samples
plasticized with ATBC.

3.3 Quantitative correlations between spirobe MD and chain dynamics
Previous interpretations wenaainly qualitativeand did not allowa priori a direct conversion
of excess temperatures into shiffslocal glass transition temperadsr {Tg). This subsection
proposes a first interpretation of temperature as local chandgs lim this perspectivethe
existence of invariants by temperature translation between samwgieslocalized and
uniform spinprobe concentrations discussed @&ording to the span of spectra (2A the
mechanism or reorientation of the sjpirobe and finally according to calibration curves
betweenTsoc and Ty measured in the bullds a guiding principle, it wasideedthought that
local excess temperatures estited from correlation times at a const&8R measurement
temperature (300 Kand Tsog shifts interpolatedfrom 2D TemperaturexFieltheasurements
were closely related ttocal Ty variations and almost independent of the considered spin

probe.
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Fig. 9 compees outer hyperfine splittingvalues (2A;;) versus the ESR measurement
temperature for both localvapor) and bulk spectraCorresponding TemperaturexField
spectraare plotted in Figs. 5 and 6 for TEMPOL and AminoTEMPO fpobes respectively.
Local and llk curveswere nearly selsimilar with sigmoidal shapand almost overlapping

for neat PLA and films plasticized with ATB®y contrast, significant shifts towards lower
temperatures occurred for local spectra acquired in films plasticized with RAEBE@n
expressed on a same temperature reference dvaldetected temperature shifts had similar
magnitudeswith opposite signshanlocal excess temperaturéew K at 18 dayslassessed
from correlation timegsee Figs. 5, 6 and 8}.is emphasized that theplitting of thelow field

line into two peaks denotedH; and h; in Fig. 1, in samples subjected to a microphase
separatiomrmight generate sharp variationsAg, values each time the rati;/h; crossed the
unitary value. This effect was particularlygsificant 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 theoretica$R&,
denotedTsog, shifts inTsoc were similar for both sphprobes, withvalues 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 a8eatays 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 irbFagsl 6. It

was related t@asymmetric displacements of low and high field lines as shown in Fifipr10

slow spin probe motiorspectra In this spin probe motin regime, ESR spectra menot
averaged on all motionaccessibldo spinprobes andvereintegratel 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 andprepas.
Displacements of the high field line larger than for the lowdfiehe R>>1) highlighted
Brownian rotational diffusion whereas uniform broadeniRY () revealed an orientation
process controlled by Poissonian dynami@s discontinuous jump process separated by long
dwelling times). In our experiments, the interptietawas complicated by inhomogeneities in

the film that contributed to superpose the response ofmpive in differently plasticized

environments in the bulk and in a less extent after 18 days of exposure-pyapnvapors.
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Globally, aBrownian rotaibnal diffusiontended to dominate with nemonotonous variations

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

to fAmeltod and fAvaporo samples | ooked simile
directions: ginilar mechanisms occurring but for different conditions. Such results enforced

the original assumption that exposing films to smiabe vapors would help to separate the
contribution of probes closer to the surface and therefore with excess mobilitwithe.

higherR value). It was not however possible to conclude similarly with AminoTEMPO spin
probe due to the strong dissimilarities bet
Avaporo plasticized films (Fi gs fdufidibetveeend 10d

Aimel to and fivaporo neat PLA.

Spectra acquired during dynamic exposure to -ppiibes 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 witly. Further insights were drawn lmpmparingTsog to

Ty valuesmeasured on bulk films in DS@n absence of phase separation, as in neat PLA,
measuredly values matched local ones but only appaiigntalues were achievable for the
others. Fig 11 plotSs.cv al ues esti mated in fAmelto and Ava
spinprobe vapors) films versus apparé@gtTsos values given by TEMPOL spiprobes were

in good agreement witify of neat PLAclose to 332 K(Fig. 11a) By contrast, Tsoc
determinatios fromAminoTEMPOmotionspectra overestimated significantly thgof neat

PLA with values up to 380 KFig. 11b) Both spinprobes detected a significant decrease in

Tsoc When the plasticizing level increaseBlesides,both spinprobes yielded accordihg
similarTsopgv al ues i n § @Emstwben ALA dimsivera plasticized with ATBC

This result was expected as both spinbes were known to monitbulk properties and not
superficial properties after 18 days of exposure to vapors (see Fig.at)dition TEMPOL
generated’soc valuesvery close to realy onesfor all plasticizing levels in ATBQFig. 11a)

When PEG was used as plasticjZBfyc derived from TEMPOL spectra were much lower
than measuredy values withdeviationsdown to 20 Kand 25 K at 17 wt% in PEG
respectivel y i n filnism&uthtdéscriptiondas cdonsistgntwithoa higher
chemical affinity of TEMPOL for the exsudate and consequently to an oversampling of the
mobility near the surface.

4 Conclusios
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The generagoal of thepresentstudy was to assess the risk of mipttase separatiom
polylactide (PLA) films processed in presence of plasticizefbe work contributed to
complementary results: i) methodological developments for thamirsive determination

of microphase separation along the thickness in thin thermoplastic films and ii) an application
of the methodo PLA films formulated with conventional plasticizei&cetyl tributyl citrate
(ATBC) and Poly(ethylene glycol) (PEG)

Variations in polymer cha relaxation along the film thickness induced by a partial
polylactideplasticizer demixion were assessedamalyzingthe spin probe mtion spectra of

two nitroxide spinprobeswith different spatial distributions. Two modes of sampling along
the thicknes were investigatelly controlling the exposure of samples to spiabe vapors

i) by thickening the distribution of spin probstsrting from the outer surface (sorption mode)
and ii) by moving the maximum of concentration towards the geometric cdntiee &Glm
(desorption mode after initial depletion). Due to many inherent unknowns in possibly
heterogeneous films, it was not possible to control the absolute position -girspas but, as

all samples were subjected dynamically to the same ambienceasit possible: i) to
reconstruct bulk and extreme surface properties and ii) to reach relative comparison between
samples Heterogeneous local dynamics of spimobes were revealed by a split of the low
field line in ESR spectra and its significant dewaatiwith its theoretical value in similar
plasticizedfilm with an equilibrated distribution in spiprobes.It was showed that ESR
spectra were almost invariant by temperatua@slationand could be used to reconstruct a
local excess temperature comgtarely to the same response for an equilibrated distribution
in spinprobes.To check whether the temperature in excess could be interpreted as local shift
in polymer glass transition temperatulg)( Tsoc and Ty were crudely comparedlVithout any
fitting, Tsoc determined with TEMPOL as spprobe predicted remarkably 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 separatton for
whole concentration range-917 wt% with a significant exsudation at 17 wt%. A similar
behavior but with twice less owplasticizing effect occurred also with 17% of ATBC. So low
molecular weight PEG (n=7) displays its limitations as plasticizePtok with demixion
which may result in a loss of the formulation propertldewever uniform plasticization of

PLA was achieved witATBC at low content This formulation of PLAappears to be more
adequatefor typical packaging applicationddigher moleclar weight plasticizes have
already been tested in PLwith good impact on its mechanical propertieNevertheless

microphase separation has not been evaduato confirmtheir realefficiencywith time,
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The methodologydeveloped in this articleanbe extended to the problem ofiemical entities
migrationin food packaging applicationgndeed sincelecadesthe migrationof substances
(plasticizer, ant i ofrom phekaging to phdkeddobtise subjectrof et c é
numerous studiesn particular forobvious toxicity issuesThis ESR method nght detect
dynamically interactions betwegrackaging and foodstuffand assess the risk of negative

impact of thepackagingconstituent®n food
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Table

Substances M (g mol 1) V(A3) Ty (K) Ty (K) Molecular structure
PLA 60,000 - 332 428 CHj
o]
H OH
(o] n
PEG 300 - 208 262
HO. OH
O
n
ATBC 402 - 190 282 0
ﬁ (|3H2—c:—c)(:r-lchchch3
HBC—C—O—T—C"—OCHZCHZCHQCHg
CH2—0—C|—OCHQCHZCHQCH3
o]
TEMPOL (Tol) 172.25 174 - 342-344 OH

HaC™ "N” “CHg

o
AminoTEMPO (AT) 171.25 179 - 273 NH2

HsC \I/‘\I/CHS
ch/\rlxl/\CH3_

0

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
transitiontemperature (Tg) and melting temperature (Tm).
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Fig. 1. Simulation of the (a) temporal evolution of the normalized-gmbe vapor pressure
in the whole gas phase of the flask, (b) concentratiofil@iin the normalized film thickness
depending on exposure time, (c) time dependent bulk concentaatonding to the chemical
affinity and (d) the timedependent maximum concentration position in the film according to

the chemical affinity.
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Fig. 2. Typical ESRspectra of nitroxide radicals with: (a) slowtational motion, (b) fast
rotationalmotionand (c) compositeotationalmotion Main characteristic spectral parameters

are also indicated.
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Fig. 3. Timedependent ESR spectra (TEMPOL spin pjobtaring dynamic exposure to
TEMPOL vapors iformulated films:(a) neat PLA, (b) PLA with 17 wt% of ATBC and (c)
PLA with 17 wt% of PEGThe reference spectrum when the probe is incorporated in melt is

also plotted.
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Fig. 4. Evolutiors as the square root time of: (a) the absorbed amount of TEMP@tL70°C
in neat and plasticized PLA and (&f) the intensity ratidd,/h; for neat and plasticized PLA
ReferenceH1/h1l ratios when the probe was incorporated in melt are plotted in horizontal

dashed lines inb). All ESR measurements were performed at 300 K.
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Fig. 5. Comparisons of 2D FieldxTemperature TEMPOL spectra in melt and after 18 days of

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

measurement temperature shifts that maximize their resemblance. The right column plots on a
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(a) neat PLA, (b) PLA with 9 wt% AATBC, (c) ALA with 17 wt% of ATBC, (d) PLA with 9

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

temperature T = 300 Kppears either as thick lines or dashed lines
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Fig. 6. Comparisons of 2D FieldxTemperature AminoTEMPO specatraelt 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 conditiongagreeat PLA, (b)

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

PLA with 17 wt% ofPEG The results corresponding to the reference temperature T

= 300 Kappears either as thick lines.
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