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Сажетак: Последњих година биоразградиви полимери, посебно они који се добијају из биообновљивих сировина, постају предмет многих научних и индустријских истраживања. Све већи еколошки проблеми и захтеви савременог друштва појачавају напоре у истраживању нових полимерних материјала, који су еколошки прихватљиви и функционално оптимизовани. У циљу побољшања својстава биоразградивости материјала на основу силоксана, синтетисани су АБА блок кополимери који се састоје од сегмената поли(диметилсилоксана) и поли(лактида). Ова класа материјала комбинује биоразградивост и чврстоћу поли(лактида) са еластичношћу и хемијском стабилношћу поли(диметилсилоксана). У раду је приказанa синтеза и карактеризација кополимера који поседују могућност модификације својстава у складу са захтевима крајње примене. Ови материјали се проучавају у различитим областима укључујући биомедицину, инжењерство материјала и савремену амбалажу.

Abstract: In recent years, biodegradable polymers, especially those obtained from biorenewable resources, have become the subject of many scientific and industrial researches. The increasing environmental problems and demands of modern society are intensifying efforts in researching new polymer materials, which are environmentally friendly and functionally optimized. In order to improve the biodegradability properties of siloxane-based materials, ABA block copolymers consisting of poly(dimethylsiloxane) and poly(lactide) segments have been synthesized. This class of materials combines the biodegradability and strength of poly(lactide) with the elasticity and chemical stability of poly(dimethylsiloxane). The synthesis and characterization of copolymers with modified properties according to the requirements of the end application are presented in this paper. These materials are studied in various fields including biomedicine, materials engineering, and advanced packaging.
Кључне речи: биоразградиви полимери, поли(лактид), одрживи развој, хидроксисилоксан. 
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1. INTRODUCTION
The concern for the protection of nature and the preservation of natural resources has stimulated interest in biodegradable polymers obtained from renewable sources. Bio-polymers have the ecological advantage of being able to naturally break down into organic compounds without releasing any toxic substances. Due to the concern for the whole environment and the difficulties in solid waste treatment, bio-polymers and biodegradable polymeric materials may be among the most suitable alternatives in some applications (Wahit et al., 2012). The term "bio-polymers" is applied not only to polymer materials that can be found in nature, but also to natural substances that polymerize to give high-molecular materials by chemical or biological methods. Therefore, bio-polymers include various synthetic polymers obtained from renewable sources, biopolymers (e.g. polynucleotides, polysaccharides), polyamides, polyoxoesters, polythioesters, polyanhydrides, polyisoprenoids and polyphenols, their derivatives, as well as their mixtures and composites. The argument that contributes to the application of renewable sources is that environmental pollution with carbon dioxide is reduced when using bio-polymers. Biodegradability is only one of the parameters that affects the acceptability of polymers obtained from biological raw materials (Wu et al. 2015). Practically since the beginning of their existence on earth, people have been forced to use renewable raw materials (in the beginning primarily for food and later also for the production of clothing and as building material). Renewable raw materials are still used today for the same purposes, although the intensity of use significantly depends on the level of development of the countries in which they live. Renewable raw materials, in addition to being used for the production of food products, in the last years have increasingly gained importance as basic raw materials for the chemical industry, industry materials and as energy sources. Today, the industrial exploitation of products obtained from renewable raw materials is becoming a field of research that captures the attention of the international scientific community.
Polylactic acid (PLA) is a bio-sourced, bioabsorbable, bio-compostable, and biodegradable polymer (Haider et al. 2015). PLA with helix structure, has an orthorhombic unit cell and has made of biodegradable polyesters L and/or D-lactic acid monomers. PLA polymerization can be either by microbial fermentation or chemically polymerization. The content of lactic acid enantiomers with the PLA chain affects the final characteristics of PLA such as the degree of crystallization rate, melting temperature, and glass transition temperature. PLA chains can be made of homopolymers and heteropolymers. Industrial PLA production can be obtained either by the polymerization of lactic acid

(LA) or by the ring-opening polymerization (ROP) of lactide. Based on the processing grade, PLA Tg varies from 50 to 59 °C with a melting point of 159–178 °C (Ioannidou et al. 2022). PLA is recyclable, eco-friendly, energy saving, with improved thermal processibility, compared to other biopolymers such as PHAs, poly-(ethylene glycol) (PEG), poly(-caprolactone) (PCL), and so forth. Although this polymer has some drawbacks such as a slow degradation rate, a high degree of hydrophobicity, and the absence of reactive side-chain groups (Ming et al. 2018). 
A very effective way to improve the mechanical properties of weak, rubbery polymers, without chemical crosslinking, is the controlled synthesis of block copolymers, where a soft, flexible component is chemically bonded to a glassy or crystalline segment. Using this approach, a large number of block copolymers containing polydimethylsiloxane (PDMS) as the soft segment and various organic polymers as the hard segment have been synthesized and characterized so far. Reactive, telechelic siloxane oligomers (Figure 1 - bishydroxy poly(dimethylsiloxane) OH-PDMS polymer), which have different functional groups at the chain ends, represent the most important starting material for the synthesis of such copolymers. Silanol Terminated Polydimethylsiloxane is a silicon based organic polymer that is nontoxic, optically clear, inert, and inflammable material. It is widely used in heat-resistant lubricants, fire retardants, medical devices, and cosmetics. Polydimethylsiloxane is hydrophobic, cytocompatible, and viscoelastic which can be used to prepare water-repellent coatings in the textile industry. Synthesis of various reactive α,ω-organofunctionally-terminated, i.e. telehelical siloxane oligomers and their copolymerization with a large number of conventional organic monomers or oligomers allowed obtaining a new class of siloxane block-, multiblock- (i.e. segmented) and branched copolymers with new properties and applications (Kickelbick et al. 2003) (Bachari et al. 1995). Most of the published work on siloxane block copolymers deals with the combination of poly(dimethylsiloxane) PDMS and poly(ethylene glycol) (PEG), because PEG is a polymer that is available in various variations on the market. 
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Figure 1. Structure of bishydroxy poly(dimethylsiloxane) PDMS polymer – Reactive siloxane
Heslin, in 1984, who in his first published paper studied PDMS-PEG di- and triblock copolymers with regard to microseparation and their compatibility with water and oils. In 2003, Kikelbeek's group used cryogenic transmission electron microscopy to demonstrate the formation of small vesicles from PDMS-b-PEG in dilute solution. In the same year, a detailed study of the phase behavior and microstructures of such polymers in the melt was carried out by Kunied. In 2002, Wegner took advantage of this microseparation and synthesized the photocrosslinking PDMS-b-PEG-b-PDMS triblock copolymer and used it to stabilize the lyotropic mesophase. In 2013, Sauvet synthesized telechelic Si-H functional PDMS and incorporated hydrogen siliconization to combine it with poly(lactide) (PLA) bearing double bonds at both ends of the chain to form PDMS-PDLA multiblock copolymers. In 2008, Rifle published a paper on ABA-type triblock copolymer PDMS, flanked by two lactide blocks. These polymers were used to disperse magnetic nanoparticles (Riffle et al. 2008). 
The combination of siloxanes and biocompatible polymers, such as PEG or polyesters, is certainly a new direction for the development of multifunctional materials, not only for biomedical purposes, but also for many branches of industrial engineering. The synthesis was carried out using hydroxyl endfunctionalized poly(dimethylsiloxane)s, prepared via anionic or cationic ring-opening polymerization (ROP), as a macroinitiator for the ring-opening polymerization of the dilactide. In polymer chemistry, ring-opening polymerization (ROP) is a form of chain-growth polymerization in which the terminus of a polymer chain attacks cyclic monomers to form a longer polymer (Figure 2).
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Figure 2. Protocol of synthesis of PLA-PDMS-PLA triblock copolymer and its corresponding multiblock copolymer.
2. EXPERIMENTAL SESION

2.1. Materials
The synthesis of tri-block copolymer PLA-PDMS-PLA was performed on the basis of α,ω-bishydroxy poly(dimethylsiloxane) (Tegomer HSi, 2315, Evonic, Mn=2800 g mol-1) and L-lactide (3,6-dimethyl-dioxane-2,5-dione), produced by Sigma Aldrich. Trifluoromethanesulfonic acid (produced by Sigma Aldrich) was used as a catalyst for ionic polymerization, while neutralization of the acid at the end of the reaction was performed with an anionic resin (manufactured by Sigma Aldrich). Dichloromethane (Sigma-Aldrich=98%), was used as a copolymerization solvent. The hydroxyl-terminated PLA-PDMS-PLA triblock copolymer was synthesized in a two-neck round bottom flask equipped with a nitrogen gas inlet and a condenser, which was linked to a vacuum line system. A desired amount of PDMS and L-lactide was added into the reaction apparatus purged with dry nitrogen gas. The dehydrated dichloromethane was transferred into the reaction vessel under nitrogen atmosphere by a stainless needle, and the reactor was then immersed into an oil bath kept at 80 °C. After the polymerization had proceeded for 4 h, the solution was cooled to room temperature. After the synthesis was completed, the catalyst was neutralized with an anion resin until the indicator paper showed a pH neutral environment. After neutralization, the samples were filtered and allowed to evaporate the solvent. The composition of the reaction mixture for the synthesis of triblock siloxane copolymers PLA-PDMS-PLA is given in Table 1.
Table 1. The composition of the reaction mixture for the synthesis of triblock siloxane copolymers PLA-PDMS-PLA.
	Sample name
	PLA, g
	OH-PDMS, g
	%, catalyst

	PLA-PDMS-PLA
	1
	5
	by weight of monomer 1 %

	PLA-PDMS-PLA
	2
	5
	

	PLA-PDMS-PLA
	8
	5
	

	PLA-PDMS-PLA
	15
	5
	


2.2. Characterization
Thermo-Nicolet Nexus 670 (Thermo Fischer Scientific, USA) FTIR spectrophotometer in ATR mode was used for evaluation of the chemical structure of obtained siloxane samples. The recording of samples was performed at a resolution of 4 cm-1, with 100 scans per sample, on the crystals of germanium. The Thermo-Nicolet Omnic 6.0 software was used to process the spectra. 
Thermal properties of siloxane elastomers were analyzed by differential scanning calorimetry (DSC) by using a DSC Q20 device (TA Instruments). Hermetically sealed aluminum pans were used containing 3-5 mg of a sample. First, the samples were heated from 25 to 180 °C in a dynamic mode, then cooled to -90 °C, and finally heated up to 200 °C. In all phases a heating/cooling rate of 10 °C min-1 was used. Calibration of the device was performed by using indium.
3. RESULTS AND DISSCUSION
Fourier transform infrared spectroscopy was used to confirm the structure of the synthesized copolymers. Figures 3 and 4 show the FTIR spectra of monomeric lactide and α,ω-dihydroxy poly (dimethylsiloxane) macroinitiator. In the case of monomeric lactide, the valence C=O vibration from cyclic lactide appears at 1750 cm-1 and its overtone at around 3503 cm-1 (Figure 3). By opening the ring, this keto group changes from the lactone form to the aliphatic ester form, which shows an absorption peak at 1732 cm-1. At the same time, its overtone is also lost, i.e. it is covered by the absorption originating from the valence absorption of the OH-group at 3423 cm-1 in the copolymer (Figure 5). By opening the lactide ring during polymerization, terminal -OH groups appear on all PLA molecules, given that α,ω-bishydroxy poly(dimethylsiloxane) with terminal OH groups was used as a macroinitiator. The band occurring at 2958 cm-1 represents the overlap of vibrations originating from C-H stretching from the CH2 and CH3 groups of PLA and OH-PDMS. The band occurring at 1225 cm-1 also originates from peak overlap due to the stretching vibration of the C-O-C bond in PLA and the presence of the (CH3)3–Si bond in PDMS. The peak observed at 1031 cm-1 originates from the presence of Si-O bond from PDMS.
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Figure 3. FTIR spectrum of monomeric lactide 
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Figure 4. FTIR spectrum of α,ω-bishydroxy poly(dimethylsiloxane)
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Figure 5. FTIR spectrum of the obtained PLA-PDMS-PLA copolymer
By examining the thermal properties of the obtained copolymers, it was confirmed that the length of segments of the PLA in the chain leads to the increase in the glass transition temperatures, due to the separation phase PDMS and PLA (PLA chains are more easily organized). This is the expected behavior with regard to the to the brittleness of the structure PLA structure, which is characterized by a large by the degree of orderliness, as well as due to the flexibility of the structure of PDMS. Also, it is noticed that there is no presence of crystallization of PLA segments for copolimers with a small share of PLA, because there is no melting of the crystalline PLA domains because they are melted in amorphous poly(dimethylsiloxane) - samples 1 and 2 - Table 1. However, with an increase in the mass fraction of PLA segments, a clear shape of the DSC curve of poly(lactide) can be observed, with characteristic peaks of the transition of ordered domains. In the sample PLA-PDMS-PLA-sample 3 (Table 1), only the melting peak is observed at a temperature of 129 °C, while in the sample with a higher proportion of PLA, sample 4 (Table 1), where long chains of poly(lactide) come to the fore, melting occurs at a temperature of 135 °C, and crystallization at 89 °C. Here, it is evident that the molar mass of the PLA segments with lower PLA fractions is sufficient to "melt" the soft OH-PDMS segments and that the copolymer thermally behaves like pure PLA. The melting enthalpy of the sample PLA-PDMS-PLA-sample number 3 (6.53 J g-1) is expectedly lower than the more ordered sample PLA-PDMS-PLA - sample number 4 whose melting enthalpy is 40.9 J g-1. It is also interesting to note that the glass transition temperatures of the PLA segments of the sample with smaller shares of PLA, with smaller molar masses (for samples PLA-PDMS-PLA - sample 1 and PLA-PDMS-PLA-sample 2 Tg is 24 °C and 59 °C, respectively) are significantly higher compared to the Tg values of samples with larger shares of PLA segments, Figure 6. This is probably due to the fact that phase inversion occurs, and the action of PDMS as softener. Thus, the sample PLA-PDMS-PLA - sample 3 has a Tg value of 15 °C, and the sample PLA-PDMS-PLA - sample 4 has a value of 32 °C, because in this case the softening effect of PDMS is significantly reduced.
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Figure 6. DSC thermograms of PLA-PDMS-PLA copolymers
4. CONCLUSIONS
Examining the properties of the obtained copolymers, it can be concluded that by choosing the mentioned components, hybrid materials can be successfully synthesized by polymerization of lactide initiated by the –OH groups of the macroinitiator PDMS, with the formation of triblock copolymers PLA-PDMS-PLA. Also, it was found that the proposed mechanism enables synthesis under very mild conditions and control of the molar mass of the copolymer. Examining the thermal properties of the obtained copolymers confirmed that the length of the PLA segments in the chain enables different transition temperatures to the glassy state, most likely due to the separation of the PDMS and PLA phases so that the PLA chains are easier to organize. 
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