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Introduction

Oligomeric materials represent a growing area of research, [1] in which polymer chemistry is fed by organic synthesis to enable the design of new material properties. Processing biopolymers such as poly (lactic acid) (PLA) with their oligomeric homologues constitutes an interesting way to tune their macroscopic properties, while keeping their environmental friendly character.

PLA brittleness is among the main drawbacks limiting its industrial use. Although flexibility improvement was demonstrated from the addition of many plasticizers, the research for efficient additives is still intensive to answer other requirements like decent barrier properties and biocompatibility. [2][3] For the latter, lactic acid oligomers (OLAs), which were characterized by Cicogna et al. [4] in terms of structure, thermal features, and biodegradability once mixed with PLA, showed promises. In the current study, the investigation of OLAs molecular mobility at the glass transition is motivated by its connection with the free volume, [5] an essential structural criterion to understand barrier properties.

The calorimetric signature of the glass transition in PLA and OLAs is easily obtained from modulated temperature differential scanning calorimetry (MT-DSC). To characterize the molecular mobility, one can use the concept of fragility index m introduced by Angell: [6] m depicts how abrupt is the increase of relaxation time  when a polymer is cooled down to the glass transition. An abrupt increase of , which leads to high values of m, is characteristic of fragile polymers, by opposition to strong ones.

𝑚

= 𝑑𝑙𝑜𝑔 10 𝜏 𝑑 𝑇/𝑇 𝑔 𝑇=𝑇 𝑔 (1) 
Often, dielectric relaxation spectroscopy (DRS) analyses are performed to plot the temperature dependence of , so to obtain m. Moreover, it is possible to extend the window in which the molecular mobility can be probed by combining DRS with calorimetric techniques, such as fast scanning calorimetry (FSC), and using the concept of fictive temperature Tf introduced by

Tool. [7] Tf depicts how far a polymer in the glassy state is from equilibrium. When the polymer is non-aged, Tf is renamed limiting fictive temperature Tf' and directly depends on the cooling rate |c|. This dependence can be adjusted, at least on a limited window, [8][9] by Vogel-Fulcher-Tammann (VFT) equation ( 2), similarly to the temperature dependence of . To improve m estimation accuracy, data issued from FSC can therefore be superimposed to the DRS results, using the same VFT parameters: pre-exponential factor 0, strength parameter D and Vogel temperature TV.

𝜏 = 𝜏 0 𝑒𝑥𝑝 𝐷𝑇 𝑉 𝑇 -𝑇 𝑉 (2)
The plasticizing efficiency of oligomers increases with the decrease of their chain length, presumably because the free volume increases. Thus, the idea of this study is to combine FSC and DRS to provide a very accurate description of the molecular mobility at the glass transition for amorphous PLA and OLAs, and then to estimate the size of the cooperative rearranging regions related to the free volume, quantity directly linked to the barrier properties. [5,10] The characteristic cooperativity volume  3 T at the dynamic glass transition temperature T has been calculated from MT-DSC data by applying Donth's equation: [11] 

𝜉 𝑇 𝛼 3 = 1 𝐶𝑝 𝑔𝑙𝑎𝑠𝑠 𝑇𝛼 - 1 𝐶𝑝 𝑙𝑖𝑞𝑢𝑖𝑑 𝑇𝛼 𝑘 𝐵 𝑇 𝛼 2 𝜌 𝛿𝑇 2 (3)
Where T is the mean temperature fluctuation related to the dynamic glass transition of one CRR, kB is the Boltzmann constant,  is the density and Cp is the heat capacity at constant pressure.

Experimental

Oligomers of D-/L-lactic acid (Glyplast® OLAs, code OLAMw, where Mw is the weight average molecular mass in g/mol, being equal to 1400, 1900, or 2700) were synthesized and supplied by Condensia Química SA®. [4] Mw values were obtained by size exclusion chromatography (Agilent Technologies 1200 Series instrument equipped with a degasser, an isocratic HPLC pump, a refractive index (RI) detector, and two PLgel 5 μm MiniMIX-D columns), [4] and did not change after thermal treatment. PLA pellets were provided by Natureworks® (grade 4042D having 4.3% D-, and 95.7% L-lactic acid, named PDLLA in the rest of the manuscript), with Mw = 188 kg/mol. Films were obtained by applying 2 bars pressure on melted pellets, initially dried at 50 °C for several hours, under steel plates of Specac® manual hydraulic press. Amorphous samples were obtained by quenching from the melt, in liquid nitrogen for OLAs, in cold water for PDLLA.

MT-DSC experiments were performed at 2 K/min under 50 mL/min nitrogen flow gas in a TA® DSC Q2000 apparatus equipped with a refrigerating cooling system. The calibration was performed using indium for temperature and energy, and using sapphire for heat capacity. The modulation parameters were 60s period and ± 0.318K amplitude. In line with previous works, the deconvolution procedure, [START_REF] Lacey | Modulated Temperature Differential Scanning Calorimetry[END_REF] and phase lag correction, [START_REF] Weyer | [END_REF] were done. DRS analyses were performed using an Alpha Analyzer from Novocontrol® technologies. Spectra were collected from -150 up to 100 °C in a frequency range of 10 -1 -2*10 6 Hz. PDLLA film was placed between 30 mm gold parallel electrodes. OLAs were placed on interdigitated electrodes (20 mm sensor diameter and 0.001 loss factor accuracy). DRS responses were analyzed using the Havriliak-Negami complex function.

FSC experiments were performed in Mettler Toledo® Flash DSC1 apparatus equipped with a Huber® TC100 intracooler. Each MultiSTAR UFS 1 MEMS® chip sensor was conditioned before the low thickness sample was positioned on it. The static thermal lag was corrected from the response of a gallium standard. The dynamic thermal lag was corrected as described elsewhere. [8] The sample mass was estimated from the amplitude of the glass transition, by assuming that the heat capacity step of the amorphous system was the same than the one determined from MT-DSC. [8] The atmosphere was continuously flushed with nitrogen (20 mL/min).

Results and discussion

Figure 1 shows the MT-DSC responses of amorphous PDLLA and OLAs recorded in the glass transition range. From MT-DSC, the observation of the glass transition is facilitated. One can separate the kinetic events which sometimes occur in its temperature domain from its calorimetric signature itself, i.e., the heat capacity increment, which manifests in the reversing heat capacity signal. The results are presented in Table 1. As expected, the glass transition Tg shifts to lower temperatures with the decrease of the chain length. The heat capacity step Cp at Tg slightly increases from 0.51 (PDLLA) up to 0.60 (OLA1400) J/(g.K). In Figure 2 the dielectric response of the imaginary part of complex permittivity noted '' is presented for all the samples in the glass transition domain, at various temperatures, as a function of frequency. For each temperature, the slope in the low frequency domain is due to the conductivity, whereas the signature of the glass transition is recorded at high frequency. As expected, this signature shifts to higher frequencies with increasing temperature. Finally, one can observe a shouldering close to the conductivity slope, likely due to a slower relaxation mode. Figure 3 shows the analytical fitting procedure of OLA2700 dielectric response '' at 299 K.

MT-DSC FSC + DRS

Tg (K) Cp (J/(g.K)) log C log (0) (s -1 )] D TV (K) Tg ( = 100s) (K)
The relaxation time  was extracted using a conductivity  term and two Havriliak-Negami contributions. The low frequency contribution (in red) might be the signature of the normalmode, as reported for PLA, [14][15] related to the fluctuation and orientation of the end-to-end chain, [16] but this is not ascertained and goes beyond the scope of the study. The high frequency contribution (in blue), that is the contribution of interest in this study, from which  is obtained, is associated with the main relaxation of polymer chains, or -relaxation. The general expression for the Havriliak-Negami complex function is given below.

𝜀 * 𝜔 = -𝑖 𝜎 𝜔𝜀 0 𝑛 + ∆𝜀 𝑘 1 + 𝑖𝜔𝜏 𝑘 𝛼 𝑘 𝛽 𝑘 + 𝜀 ∞ 𝑘 (4)
Where  is the angular pulsation, k is the number of contributions for the fitting procedure (equal to 2 in the present study), n is a fitting parameter related to the conductivity slope (black dashed line),  is the dielectric strength,  and  are the symmetric and asymmetric broadenings of the complex dielectric function respectively, ∞ is the permittivity at high frequency of the relaxation process, 0 is the vacuum permittivity. The procedure is extended to the measurements performed at different temperatures in the glass transition range to obtain the temperature dependence of the -relaxation time. The results are presented in Figure 4 showing the temperature dependence for all the relaxation processes detected from DRS measurements. The DRS signatures of local relaxations are given in Supporting Information (Figure SI1). One can notice first that PDLLA and OLAs exhibit different local relaxation processes. In PDLLA, two relaxations are recorded in the same temperature range. On the other hand, OLAs undergo a common fast local process at temperatures situated farther below. Besides, the detection of a slow local process is more difficult. It has only been recorded for OLA2700 and OLA1900, still on a very narrow temperature range. Furthermore, the temperature dependences of both -relaxation and low frequency process are obviously steeper for PDLLA than those of oligomers.

Figure 5 shows FSC curves of PDLLA and OLAs. The analyses were performed at constant heating rate h =1500 K/s for various |c|. The glass transition appears as an endothermic step with a superimposed recovery peak used to calculate the dependence of Tf' with |c|. By decreasing the cooling rate, the peak increases in amplitude and shifts towards higher temperatures. The area matching method, [17] which allows calculating the limiting fictive temperature Tf' is presented in Supporting Information (Figure SI2). Data from FSC and DRS are plotted in Figure 6 and superimposed by using Frenkel-Kobeko-Reiner (FKR) equation ( 5), using same D, 0 and TV fit parameters, and applying a simple constant logarithmic shift log C (Fitting parameters given in Table 1). Tg ( = 100s) is the glass transition temperature arbitrary defined as the temperature for which  and the experimental time scale are of the same order, i.e., about 100s. (ranging from 0.01 K/s up to 1500 K/s) at constant heating rate h =1500 K/s. The sample masses have been estimating by comparing the Cp step values obtained by MT-DSC and FSC. [8] MT-DSC results are also added. It is worth mentioning that the validity of this approach can be questioned since a decoupling between vitrification and molecular mobility has recently been evidenced. Nevertheless, as can be seen in Figure 6, dielectric and calorimetric data superimpose well in the present study. In consistence with previous studies, [5] PDLLA exhibits a fragile behavior (m = 155). On the other hand, oligomers exhibit lower m, which decreases from 99 (OLA2700) down to 68 (OLA1400) with the decrease of Mw. The dependence of the segmental dynamics on the chain length has been the focus of several studies. [20][21][22][23][24] A correlation between the fragility index and the chain length is frequently observed. On the other hand, some systems show no dependence of the fragility index on the molecular weight. [20] According to Santangelo and Roland, [21] only polymers which exhibit a high cooperativity length at the glass transition, that is the case of PDLLA, [25] show a significant decrease of m with the decrease of Mw. weight. This result might be linked to their chemical structure. They carry an end-chain group that increases their plasticizing efficiency. [4] Determining the influence of this group on the segmental dynamics will require further investigations. . 

𝑙𝑜𝑔( 𝛽 𝑐 ) = 𝑙𝑜𝑔( 1 𝜏 ) + 𝑙𝑜𝑔 𝐶 = 𝑙𝑜𝑔 1 𝜏 0 - 𝐷𝑇 𝑉 ln 10(𝑇 -𝑇 𝑉 ) + 𝑙𝑜𝑔 𝐶 (5) 

Conclusion

The tracking of the segmental relaxation dynamics by combining calorimetric and dielectric investigations has provided a relaxation map from which the fragility has been estimated without much uncertainty. The global agreement between cooperativity and fragility variations is sufficiently convincing to interpret the difference of segmental dynamics between the lactic acid oligomers and poly (lactic acid) by a fall of cooperativity with the reducing of the chain length. This assumption is not fully ascertained when it comes to explaining the variations of fragility among oligomers only, since the cooperativity volume is about the same. Free volume measurements would therefore be of interest to complement the results of this study. 

Sareh Mahmoudian

Figure 1 :

 1 Figure 1: MT-DSC reversing heat capacity signals recorded in the glass transition range for amorphous
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 2 Figure 2: Frequency dependence of the imaginary part of complex permittivity '' at several

Figure 3 :

 3 Figure 3: Fitting procedure used to investigate the segmental relaxation region with a conductivity
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 4 Figure 4: Relaxation map including all the relaxation processes recorded from DRS measurements for
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 5 Figure 5: FSC normalized heat flow of amorphous PDLLA and OLAs for various cooling rate |c|
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 67 Figure 6: Temperature dependence of the relaxation rate (1/max) (left coordinate) and cooling rate |c|
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 7 Figure 7: Fragility index as a function of the cooperativity volume for PDLLA and OLAs. Additional
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 1 Figure SI.1: DRS signatures of local relaxation processes recorded for PDLLA and OLAs.
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Table 1 :

 1 Glass transition characteristic parameters for PDLLA and OLAs from calorimetric and dielectric measurements.
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Supporting Information

Fragility of Short-Chain Poly(lactic acid)s Derivatives by Combining Dielectric

In Figure SI.2 the area matching method [1] is presented, which allows calculating the limiting fictive temperature Tf' from the following equation:

Where Cp,g and Cp,l are the heat capacity of the glass and the liquid respectively, Cp is the heat capacity of the material, T1 and T2 are two arbitrary temperatures, chosen in the glass and the liquid like states respectively, in such a way that Cp = Cp,g at T1 and Cp = Cp,l at T2. In this study, the signal used to apply this method was the FSC heat flow, having been normalized to the heating rate h and the sample mass, to be expressed in unit equivalent to the heat capacity one. The procedure is extended to the measurements performed at different cooling rates |c| to obtain the cooling rate dependence of the limiting fictive temperature.