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Abstract

:

A series of polycaprolactones (PCLs) with molecular weights of 950–10,100 g mol−1 and Ð of 1.10–1.87 have been synthesized via one-pot, solvent-free ring-opening polymerization (ROP) of ε-caprolactone (CL) using a heterogeneous double metal cyanide (DMC) catalyst. Various initiators, such as polypropylene glycol, ethylene glycol, propylene glycol, glycerol, and sorbitol, are employed to tune the number of hydroxyl end groups and properties of the resultant PCLs. Kinetic studies indicate that the DMC-catalyzed ROP of CL proceeds via a similar mechanism with the coordination polymerization. Branched PCLs copolymers are also synthesized via the DMC-catalyzed copolymerization of CL with glycidol. The α,ω-hydroxyl functionalized PCLs were successfully used as telechelic polymers to produce thermoplastic poly(ester-ester) and poly(ester-urethane) elastomers with well-balanced stress and strain properties.
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1. Introduction


Thermoplastic elastomers (TPEs) have attracted great interest for both biomedical and industrial applications because of their unique mechanical properties compared with traditional rubbers [1,2,3]. Thermoplastic poly(ether-ester) (TPEE) and polyurethane (TPU) elastomers are the representative commercial TPEs bearing amorphous soft segment and crystalline hard segment domains. Conventional TPEEs and TPUs have used polytetramethylene ether glycol (PTMEG) as soft segments.



Alternatively, polyester-based TPEs have gained increasing attention due to their biocompatibility and biodegradability [4,5]. α,ω-Hydroxyl terminated telechelic polyesters (e.g., poly(ε-caprolactone) (PCL), poly(lactide-co-glycolide)) with a moderate MW (3000–6000 g mol−1) are effective precursors for the synthesis of hydrolytically degradable TPU elastomers [6,7,8]. On the other hand, polyesters with a narrow polydispersity would be useful for biomedical and pharmaceutical applications, e.g., as biodegradable implant materials and drug delivery systems [9,10]. In addition to aliphatic polyesters, polyesters with complex macromolecular architectures, especially star and branched polyesters, are also attractive candidates for viscosity modifiers and plasticizers [11,12].



Polyesters are typically synthesized via two main pathways: (i) polycondensation of aliphatic dicarboxylic acids and (ii) ring-opening polymerization (ROP) of cyclic carboxylic esters [13,14]. ε-Caprolactone (CL) and lactide are among the most prominent and intensively studied cyclic ester monomers for the synthesis of polyesters. The ROP of lactones can proceed via the anionic [15], cationic [16,17], or coordination route [18,19] depending on the catalytic system employed. In the past few decades, organometallic compounds of metals with Lewis acid properties, such as tin, zinc, or aluminum, as well as rare earth metals, such as yttrium and lanthanum, have been widely used for the synthesis of the related polyesters [20,21,22,23]. Brønsted acids, such as triflic acid [24] and phosphoric acid derivatives [25,26], and organic bases, such as 4-(dimethylamino)pyridine [27], 1,5,7-triazabicyclo[4.4.0]dec-5-ene [28,29], and N-heterocyclic carbenes [30,31], which are organocatalytic systems, have attracted increasing attention in recent decades [32]. Stannous octoate complexes are the most well-established catalysts for the ROP of lactones because they are highly efficient and allow for good polymerization control [33]. However, there are several drawbacks attributed to the homogeneous nature of these systems, such as uncontrolled side reactions, high cost of the rare metals, potential toxicity of the residual metals, and the use of organic solvents that require tedious purification [34]. As opposed to homogeneous catalysts, solid catalysts can be easily separated or recycled from the resultant polymers, thus reducing the process cost and affording high-purity polymers. Therefore, heterogeneous systems, such as silica supports [35,36], polystyrene supports [37], and microporous organic polymers [38] have been considered for the ROP of lactones. However, significant transesterification has been observed when employing silica supports [39] whereas polymer-supported catalysts mostly require the use of organic solvents [40]. Despite extensive investigation, reports on heterogeneous catalysis for the ROP of CL are surprisingly scarce, an effective heterogeneous system for the synthesis of polycaprolactone (PCL) thus is in demand.



A double metal cyanide (DMC) complex is a well-known heterogeneous catalytic system for the ROP of epoxides [41,42] and the copolymerization of epoxides with CO2 [43,44,45]. DMC catalysts possess Lewis acidic active sites within their matrix [46] and are highly stable; further, they can be effectively reused after separation from the products. Hence, these solid catalysts find promising application in the ROP of cyclic carboxylic esters. Herein, one-pot, solvent-free polymerization of CL was conducted using the DMC catalyst. Various initiators such as ethylene glycol (EG), propylene glycol (PG), glycerol (GL), and sorbitol (SB) can be employed to produce PCLs with α- and ω-hydroxyl groups. The effect of the initiator on the polymeric structure and properties of the resultant polymers was studied. Note that the use of such initiators is not feasible in DMC-catalyzed epoxide polymerization because they can form stable dormant sites with the Zn atoms [47]. The effects of various ionic liquids (ILs) on the polymerization of CL were also evaluated. Kinetic and mechanistic studies were performed to understand the DMC-catalyzed ROP of CL. Branched PCLs could also be prepared via the DMC-catalyzed copolymerization of CL with glycidol. The hydroxyl end-functionalized PCLs were utilized as soft segments to produce two important thermoplastic elastomers, poly(ester-ester) (PCL-TPE) and poly(ester-urethane) (PCL-TPU). The mechanical properties of the resultant PCL-TPE and PCL-TPU were compared with those of conventional TPEE and TPU counterparts produced by using PTMEG as a soft segment to prove the usefulness of PCLs.




2. Results and Discussion


2.1. Polymerization of CL Using DMC Catalyst


The ROP of lactones using stannous octoate and rare earth metal complexes have been widely established for the synthesis of polyesters [21,22]. Generally, the polymerization was conducted under homogeneous conditions to control the product properties and minimize side reactions (i.e., inter- and intramolecular transesterification). In addition to homogeneous systems, heterogeneous DMC catalysts are potential candidates for the ROP of cyclic carboxylic esters due to their high Lewis acidity and high stability, thus, they can be reused after recovering from the products.



Herein, DMC-EAA, DMC-TBA, and DMC-IBN bearing ethyl acetoacetate (EAA), tert-butyl alcohol (TBA), and isobutyronitrile (IBN), respectively, as complexing agents, were employed for the ROP of CL. The characterization of these catalysts is given in Figure S1, Supporting Information. The structural formulas of the catalysts were determined using an inductively coupled plasma optical emission spectrometer, (C, H, N) elemental analysis, and TGA (Table 1). The molar ratios of Zn2+:Co3+:CN− for the DMC-EAA (1.92:1:6.10) and DMC-IBN (1.94:1:4.87) are close to those reported for DMC catalysts (2:1:6) in the literature [41,44]. The character that distinguished the DMC catalysts of this study from the others was the use of EAA and IBN as organic complexing agents instead of TBA. The polymerization was attempted via a one-pot, solvent-free protocol under different reaction conditions using various initiators, such as PPG400, EG, PG, GL, and SB, and the monomer (M) to initiator (I) ratio was 10. Prescribed amounts of the catalyst and initiator were introduced into a reactor and purged with nitrogen for 30 min. The reaction was then initiated by adding the monomer at 120 °C. To calculate the monomer conversion, the integral of the PCL signal (2.3 ppm) was divided by the sum of the integral of the PCL signal and the CL signal at 2.63 ppm. In the presence of the PPG400 initiator, PCL (MW = 1110 g mol−1; Ð = 1.61) was obtained (Table 2, run 1) with a monomer conversion of 85% after 24 h. Notably, DMC-catalyzed ROP of CL did not proceed in the absence of a hydroxyl initiator, as confirmed by the absence of signals attributable to the polymer chains in the 1H NMR spectrum of the reaction mixture after 24 h (see Figure S2, Supporting Information). Recently, Zhang and coworkers reported that the ROP of CL using DMC catalyst commonly requires the presence of an epoxide for polymerization [48]. However, these results indicated that the DMC-catalyzed ROP of CL can also occur via the insertion of the hydroxyl group from the initiator into the CL monomers.



The polymerizations using EG, PG, and GL initiator were characterized by higher monomer conversion and gave PCLs with narrower Ð values than those initiated by PPG400 (see Table 2, runs 1–4 and Figure S13, Supporting Information). The MW values of the EG-PCLs and PG-PCLs were estimated from the integration ratios of signals corresponding to the polymer backbone (–CH2–CH2–O–) at 4.06 ppm and chain end (–CH2–CH2–OH) at 3.64 ppm in 1H NMR spectra (see Figure 1 and Figures S3–S12, Supporting Information). It appeared that the Mn values of the PCLs obtained at 120 °C are much higher than theoretically calculated, indicating that the PCL chains were longer than expected because chain growing between polymer chains and monomers is favored versus initiation of the initiators with monomers. Furthermore, the DMC-catalyzed intermolecular transesterification may also occur, resulting in uncontrolled MW and broadened Ð values. When the reaction temperature was increased to 160 °C, the polymerization time was shortened and the Mn values of the resultant PCLs were much closer to the theoretical values, indicating that the polymerization was more efficient at higher temperatures (Table 2, runs 5–10). Among the DMC catalysts, DMC-IBN exhibited the highest activity with over 93% of monomer conversion within 3 h. The catalytic activity decreased in the order of DMC-IBN > DMC-EAA > DMC-TBA (Figure S14, Supporting Information). These results indicate that the catalytic activity of the DMC catalysts toward ROP of CL could be tuned by modifying the organic complexing agents.



Characteristic signals corresponding to the polyester backbones of the resultant PCLs were clearly observed in the 1H NMR spectra. The signals assigned to the methylene protons were located at 1.35–1.40, 1.62–1.66, 2.28–2.31, and 4.03–4.06 ppm, whereas those due to the methylene protons adjacent to the hydroxyl end group appeared at 3.61–3.65 ppm (see Figure 1 and Figures S3–S12, Supporting Information). For PPG400-PCL, the signals attributed to PPG400 initiator appeared at 1.12 ppm (methyl protons) and 3.27–3.59 ppm (methine and methylene protons) (Figure S3, Supporting Information). For EG- and PG-PCLs, the signals corresponding to neat EG at 3.34 ppm (methylene) shifted to 4.28 ppm whereas the signals of methyl (1.16 ppm), methylene (3.40/3.62 ppm), and methine (3.91 ppm) protons of the neat PG shifted to 1.25, 4.15, and 5.13 ppm, respectively, upon polymerization (Figure 1a,b, Figures S4, S5 and S7–S10 in Supporting Information). The 1H NMR spectra of EG- and PG-PCLs also indicated the absence of non-substituted and mono-substituted EG and PG after reaction, which would be a significant difference with usual organometallic catalysts [49]. In case of GL-PCLs, the signals assigned to the methylene protons of the reacted GL initiator located at 4.15–4.35 ppm whereas signals of the methine protons appeared at 5.26 ppm (see Figure 1c, Figures S6 and S11, Supporting Information). When the reaction was performed in the presence of the SB initiator, signals attributed to the methyl protons of the esterified primary carbon atoms (a) were located at 4.10–4.40 ppm, while those corresponding to the methine protons of the esterified secondary carbon atoms (b,c) appeared at 4.85–5.35 ppm, indicating that both primary and secondary hydroxyl groups initiated the polymerization (see Figure S12). However, due to the relatively high activity of the primary hydroxyl compared to secondary hydroxyl of the sorbitol, a mixture of PCLs with miktoarm polymer architectures may be generated [11].



The absolute MWs of the PCLs obtained at 160 °C were determined by matrix-assisted laser desorption ionization-time-of-flight (MALDI-TOF) measurements. Figures S15–S17 in the Supporting Information show that the Mn values of the PCLs (1240–1540 g mol−1) are slightly lower than those obtained from NMR and GPC analyses (1500–1700 g mol−1). MALDI-TOF spectra also indicated that PCLs obtained at 160 °C were predominantly initiated by the initiators used with minimal transesterification, at least at low molecular weights. In addition, no conspicuous signals attributed to the formation of macrocycles were observed.



The recyclability of DMC-EAA catalyst for the ROP of CL was investigated at 160 °C using EG initiator. The catalyst shows no remarkable decrease in activity even after being reused for five cycles (Figure S18). FTIR spectra of the catalyst collected after reaction show that the characteristic signals of the DMC-EAA at 2200 cm−1 (v(C≡N)) and 478 cm−1 (δ(Co–CN)) remained, while the v(C=O) peak at 1725 cm−1 disappeared. This indicates that the coordinated complexing agent molecules were removed after reaction. The diffraction pattern of the catalyst after recovery shows that the reflection assigned to the monoclinic phase at 23.7 was relatively collapsed, whereas other reflections at 2θ = 14.1–21.6° remained. These results indicate that the catalyst particles were subjected to fracture after 5 recycles. Note that the catalyst can be simply recovered and reused by centrifugation and washing with chloroform without further reactivation by chemical treatment. Although DMC catalyst exhibits lower activity compared with the conventional homogeneous systems, there is still room for further optimization and potential for industrial applications due to the simple preparation and high stability/reusability of these catalysts.



The ROPs of CL were then conducted at 160 °C with different CL to initiator ratios ([CL]0/[I]0) using the DMC-EAA catalyst. As shown in Table 3, PCLs with MWs in the range of 950–10,100 g mol−1 and with various Ð values (1.10–1.87) depending on the type of initiator were successfully synthesized. GPC analysis showed that the MWs of the resultant PCLs increased with increasing [CL]0/[I]0 ratio (see Figure 2a, Figures S19 and S20 in the Supporting Information). For PG- and GL-PCLs, a significant difference between the theoretical and GPC Mn values and a remarkable increase in the dispersity was experienced when the [CL]0/[I]0 ratio was close to 100, most likely due to intermolecular transesterification reactions (Table 3, run 6–15). When using SB as the initiator, the experimental number-average MW (Mn) values increased linearly with the [CL]/[SB] ratio and were in good agreement with the calculated values, while the Ð values remained narrow, indicating a higher degree of control comparing to PG and GL (Table 3, runs 1–5 and Figure 2b).



The polymerization of CL initiated by the PG and GL initiators was further investigated using an IL at 160 °C ([IL]0/[Zn]0 = 2.5). In the presence of BMIMCl, the Ð values of the resultant PCLs remained narrow when increasing the [CL]0/[I]0 ratio; however, the monomer conversion was significantly reduced, and the MW values were lower than those obtained without using any IL (Table 3, runs 6–15; Table S1, runs 1–5; Table S2, runs 1–5; and Figures S21–S23 in the Supporting Information). The effect of the BMIMCl to catalyst ratio ([IL]0/[Zn]0) on the polymerization of CL was also investigated, even though it had negligible influence on the polymerization (Table S1, runs 6–10 and Figure S24 in the Supporting Information). The ROPs of CL in the presence of other ILs, such as TMAB, TEAB, and TDAB, were also investigated. However, the monomer conversion was much lower (xp < 30%) than that observed when using BMIMCl (see Table S2, runs 4, 6–8, Supporting Information). The strong interaction between Zn and the counterions of the IL may prevent the coordination of incoming monomers to the active sites, resulting in a lower reaction rate.




2.2. Kinetic Studies of the DMC-Catalyzed ROP of CL


To determine the polymerization kinetics, the ROPs of CL were further investigated using the DMC-EAA and DMC-IBN catalysts in the presence of EG, GL, and SB initiators. During the polymerization, the reaction mixture was sampled at different intervals (0.5–4 h) for NMR and GPC analyses. The 1H NMR spectra of monomer consumption versus time showed that the signals attributed to the methylene protons of the CL monomer at 1.80, 2.65, and 4.21 ppm diminished while those corresponding to the polyester backbone at 1.40, 1.65, 2.35, 3.65, and 4.08 ppm became pronounced (Figures S25–S29, Supporting Information). Furthermore, the signals of the neat EG initiator at 3.74 ppm decrease with time while the signal of the esterified EG at 4.28 ppm increase simultaneously, demonstrating that the ROP of CL was initiated by the hydroxyl groups of the initiator (Figure 3). The monomer conversion at four different polymerization temperatures was plotted as a function of time to determine the reaction rate. The linear relationship between ln([CL]0/[CL]) and time (Figure 4a) revealed that the DMC-catalyzed ROP of CL proceeded with first-order dependence on the CL concentration, without an induction period. The reaction rate constants (kp) were derived from the slope, and the activation energy (Ea) was then calculated from the Arrhenius plot (Figure 4b) using Equation (1). The Ea value of DMC-EAA (76.67 kJ mol−1) is relative higher than those obtained using other rare earth coordination catalysts, such as neodymium complexes (59.4 kJ mol−1) [20], scandium complexes (26.5–55.0 kJ mol−1) [23], most probably due to transport/diffusion limitations of the solid catalyst. The reaction rate constants and activation energy are summarized in Table 4.


   k p     = Ae       ( − E   a   / RT )         ln   k   p  −    E a    RT    + ln   A   



(1)







The evolution of the MWs of the PCLs obtained using GL and SB initiators was investigated using GPC analyses. Mn and Ð were plotted as functions of the monomer conversion (xp) and polymerization time. At 130 and 140 °C, the MW of the GL-PCL increased linearly with the monomer conversion and reaction time, while Ð slightly increased (1.01–1.41) at a later stage of the polymerization (Figure 5, Figures S30 and S31 in the Supporting Information). At 150 and 160 °C, Ð was significantly broadened when the monomer conversion was greater than 90% (see Figures S32–S35, Supporting Information), because of unwanted intermolecular transesterification, as observed in the ROP of lactones initiated by other rare earth-based catalysts [50,51].



In the polymerization using the SB initiator, the MW of the PCL increased linearly with time, while Ð remained narrow, indicating a high degree of control even at 160 °C (Figure 6). A two-step monomer addition ROP of CL was performed at 160 °C using the SB initiator to ensure that the polymerization was controlled. After polymerization for 12 h, an additional monomer was added to the reaction mixture and allowed to react for further 12 h. The GPC results in Figure 7 show that the MW increased from 1500 to 2850 g mol−1, while Ð remained narrow (1.19–1.24). These results suggested that the DMC-catalyzed ROP of CL proceeded via a chain growth mechanism with living features.



In the DMC-catalyzed ROP of epoxides (i.e., PO, glycidol), the active sites involve cationic coordination between zinc and the monomer, and the polymerization can proceed via both coordinative and cationic mechanisms [52,53]. Accordingly, the cationic pathway is expected when no initiator is used or when the amount of initiator is negligible, whereas the coordinative mechanism is favored in the presence of the hydroxyl initiator. On the other hand, the ROP of CL using a DMC catalyst only occurs in the presence of a hydroxyl initiator (vide supra). Kinetic studies clearly indicated that the polymerization of CL proceeds via a simple coordinative mechanism. As shown in Scheme 1, the polymerization is initiated by the nucleophilic attack of the hydroxyl initiator on the carbonyl group of the coordinated CL to generate the propagating species with a hydroxy-terminated chain-end, along with insertion of the monomer unit. The reaction then proceeds until the monomer is completely consumed. Nevertheless, intermolecular transesterification is observed at the later stage of polymerization, especially at elevated temperatures and high monomer conversions.




2.3. Copolymerization of CL with Glycidol Using DMC-EAA Catalyst


The copolymerization of CL with glycidol was investigated for various CL/glycidol ratios at 160 °C using the DMC catalyst. The latent cyclic AB2-type glycidol monomer can possibly coordinate to the metal sites via the hydroxyl or oxirane oxygen; thus, glycidol may also act as an initiator and branching monomer (see Scheme S1, Supporting Information). As shown in the 1H NMR spectra in Figures S36–S38 in the Supporting Information, the characteristic signal of the glycidol units appeared at 3.40–3.90 ppm along with the signals of the CL segments, and its intensity increased with increasing glycidol feed ratio. The formation of the branched polyester was also confirmed by 2D and 13C NMR spectra (see Figures S39 and S40, Supporting Information). Diffusion-ordered spectroscopy (DOSY) NMR showed that the diffusion coefficient values for protons corresponding to the polyglycidol core is relatively close to those regarding the PCL chains. In the 1H NMR spectrum, the triplet signal at 3.64 ppm that decreases with increasing of glycidol in the feed are assigned to the terminal groups of CL whereas the signals at 3.79, 2.84, and 3.15 ppm also indicated that the copolymers were partially end-capped with epoxy groups, as observed in the DMC-catalyzed ROMBP of glycidol [53]. The merging of the epoxy end group when the reaction time was increased (Figure S41, Supporting Information) indicated that these terminal epoxide units underwent ring opening by other oligomeric species to generate higher-MW PCL fractions. These high-MW fractions could be traced from the GPC curves of the PCLs when the glycidol feed ratio was increased (Figure S42, Supporting Information). Accordingly, Mn decreased from 5300 to 2800 g mol−1, whereas Ð was significantly broadened from 1.19 to 3.77 when the glycidol feed ratio was increased to CL (Table 5).




2.4. Synthesis of PCL-TPE and PCL-TPU


The EG-PCL-1000 and PG-PCL-1000 diols (F = 2, Mn ≈ 1000 g mol−1) produced by EG and PG initiators, respectively, were employed as the soft segments to prepare PCL-TPEs. The PCL-TPEs with 50% hard segment were synthesized via a one-pot, two-step protocol. The above polyols were reacted with the hard segments formed by the transesterification of NDC with BD (chain extender) at 160–210 °C using TBT catalyst (for synthesis procedure, see Scheme S2, Supporting Information).



Characteristic signals assigned to the hard segments were confirmed by 1H NMR spectra. As shown in Figures S43 and S44 in the Supporting Information, signals attributed to the aromatic protons of the NDC and methylene protons of BD appeared at 7.98–8.61 ppm and 2.05/4.51 ppm, respectively, whereas the signals corresponding to the methylene protons of PCL locate at 1.37–1.84, 2.35, and 4.06–4.38 ppm. The conventional poly(ether ester) elastomer using PTMEG-1000 diol (Mn ≈ 1000 g mol−1) as a soft segment was also prepared for comparison (Figure S45, Supporting Information).



The PCL-based TPUs targeting 50% hard segment were prepared via a two-step procedure using PG-PCL diol. The isocyanate-terminated prepolymer was first prepared by reacting PG-PCL-1000 diol with HDI, followed by chain extended using BD (Scheme S3, Supporting Information). Likewise, conventional polyurethane ether elastomer prepared using PTMEG-1000 diol was obtained for comparison.



As shown in Figures S46 and S47 in the Supporting Information, 1H NMR spectra of the resultant PCL-TPU and TPU indicate the formation of urethane linkages (broad signal at 4.78 ppm). For PCL-TPU, signals at 1.49 and 3.15 ppm correspond to the methylene protons of HDI whereas signals attributed to the methylene protons of BD at 1.67 and 4.06 ppm are over-lapped by the peaks of PCL chains. The disappearance of the methylene protons adjacent to the hydroxyl end group at 3.64 ppm indicates that the hydroxyl-terminated groups were completely consumed.



The resultant TPUs were further characterized by FT-IR analyze (Figure S48, Supporting Information). The disappearance of the isocyanate peak at 2262 cm−1 along with the existence of the urethane linkage signals at 3327 cm−1 (–NH), 1722/1680 cm−1 (–C=O), 1540 cm−1 (–NH–CO) clearly confirm successful synthesis of the TPUs [54].



The thermal stability of PCL-TPE and PCL-TPU samples was determined by TGA analysis. All the PCL-TPEs exhibit complete degradation at 400–405 °C (Figure S49, Supporting Information). For the TPU samples, PCL-TPU completely decomposes at 305 °C, whereas TPU shows a two-stage degradation: i.e., an initial degradation at 305 °C and the second decomposition at 405 °C (Figure S50, Supporting Information). Thermal transitions of the PCL-TPEs and PCL-TPU were also determined by DSC. As shown in Figure S51 in the Supporting Information, all PCL-TPEs exhibit similar melting temperature (Tm ≈ 93 °C) and crystallization temperature (Tc ≈ 56 °C). During the second heating scan, only PCL-TPE-3 shows a cold crystallization (Tcc) peak at 26°C. The glass transition temperature (Tg) values decrease in the order of PCL-TPE-1 (4 °C) > PCL-TPE-2 (−10 °C) > TPEE (−21 °C). The Tg values obtained for TPU and PCL-TPU are −65 and −46 °C, respectively (Figure S52, Supporting Information).



The mechanical properties of PCL-TPE and PCL-TPU samples were evaluated using a universal testing machine and the resultant stress–strain curves are shown in Figure 8. All the PCL-TPE samples exhibit soft plastic stress–strain behavior with low tensile yield strength (5–7 MPa) (Figure 8a). PCL-TPE-1 and PCL-TPE-3 (based on EG-PCL and PG-PCL) reveal surprisingly high tensile strength of 47–64 MPa, far exceeding the value for the conventional TPEE (25 MPa). The tensile strength and elongation values of PCL-TPE-3 (64 MPa/1060%) are higher than those obtained for PCL-TPE-1 (47 MPa/950%). The mechanical properties of the PCL-TPE-2, PCL-TPE-4, and PCL- TPE-5 produced by PG-PCLs of different MWs of ≈500, ≈2000, and ≈3000 g mol−1, respectively, were also investigated. As shown in Figure S53 in the Supporting Information, the stress and strain of the PCL-TPEs slightly increase with increasing MW of PCLs.



PCL-TPU produced by PG-PCL-1000 also exhibits significantly enhanced mechanical properties compared to that of TPU using PTMEG-1000 (Figure 8b). Accordingly, a tensile strength of 53 MPa with elongation at break of 990% was obtained for PCL-TPU. The stronger hydrogen-bonds between the N–H groups of urethane linkages with C=O groups of PCL compared to that of C–O–C groups of PTMEG may account for the mechanical differences.



The rapid growth of the stress at low strain followed by a yielding and a more progressive growth of the stress with the strain (Figure 8) is relevant with a phase separated morphology where the hard segment domains act as reinforcing filler. The higher yield strength for PCL-TPU respect to PCL-TPEs could indicate more phase mixing due to hydrogen-bonds between the N–H groups of urethane linkages with C=O groups of PCL. The results of the mechanical tests are summarized in Table 6.





3. Materials and Methods


3.1. Materials


Potassium hexacyanocobaltate(III) (K3[Co(CN)6]; ≥97%), anhydrous tert-butyl alcohol (TBA; ≥99.5%), ethyl acetoacetate (EAA; 99%), isobutyronitrile (IBN; 99%), Pluronic P-123 (molecular weight (MW) = 5800), polypropylene glycol (MW = 400), ethylene glycol (EG; ≥99%), propylene glycol (PG; ≥99.5%), glycerol (GL; ≥99%), 1-butyl-3-methylimidazolium chloride (BMIMCl; ≥98%), tetramethylammonium bromide (TMAB; 98%), tetraethylammonium bromide (TEAB; 98%), tetradecyltrimethylammonium bromide (TDAB; ≥99%), titanium (IV) butoxide (TBT; 97%), pentaerythritol tetrakis(3,5-di-tert-butyl-4-hydroxyhydrocinnamate) (Irganox 1010, 98%), and hexamethylene diisocyanate (HDI; ≥98%) all purchased from Sigma-Aldrich and used as received. Anhydrous zinc chloride (>98%), and ε-caprolactone (CL; 99%) obtained from Alfa Aesar, dibutyltin dilaurate (DBD; >95%) obtained from TCI and used as received. Glycidol (96%) obtained from Sigma-Aldrich was dried over calcium hydride and distilled in vacuum directly prior to use. Polymerization grades of dimethyl-2,6-naphthalene dicarboxylate (NDC), PTMEG (F = 2, MW = 1000), and 1,4-butanediol (BD) were donated by the Kolon Plastics Co. (Gumi, Republic of Korea) and used after drying. Reagent grades of hexane, chloroform, diethyl ether, ethanol, and dimethylformamide (DMF) were purchased from Dae Jung Chemical Co. (Gyeonggi-do, Korea) and were distilled prior to use.




3.2. Preparation of DMC Catalyst


The DMC catalysts used in this work were prepared using TBA, EAA, and IBN as complexing agents following the procedure reported recently [52]. Typically, a mixture of ZnCl2 (1.23 g, 9 mmol) and EAA (0.3 mL, 2.4 mmol) in aqueous solution was reacted with an aqueous solution of K3Co(CN)6 (0.5 g, 1.5 mmol) for 30 min at 90 °C. Then, a mixture of EAA (1 mL, 7.9 mmol) and P123 (0.1 g, 0.017 mmol) was added and stirred for 10 min. The resulting suspension was separated from the solution by centrifugation (3000× g for 10 min), followed by treatment using water (2.5 mL)/EAA (0.3 mL, 2.4 mmol) mixture and using EAA (0.3 mL, 2.4 mmol)/P123 (0.1 g, 0.017 mmol) mixture in order. The catalyst slurry separated by centrifugation was washed with 10 mL of distilled water to remove unreacted ZnCl2. The final wet catalyst cake isolated by centrifugation was dried at 85 °C under vacuum for 6 h to a constant weight. This catalyst is identified as DMC-EAA. Similarly, DMC-TBA and DMC-IBN were prepared using TBA and IBN as complexing agents, respectively.




3.3. Polymerization of CL


All polymerizations were performed using standard Schlenk techniques. In a typical procedure, the prescribed amounts of the DMC catalyst and PG initiator were added to a 10-mL round-bottom flask immersed in an oil bath, purged several times with pure nitrogen at 90 °C to remove traces of water, and then subjected to various reaction conditions. The products were dissolved in chloroform, centrifuged, and the filtrate was precipitated in diethyl ether. The product suspension was then filtered and dried in a vacuum oven to obtain PG-PCL diol. Likewise, EG-PCL, GL-PCL, and SB-PCL polyols were prepared using EG, GL, and SB as initiators, respectively.



For the kinetic study of CL polymerization, a small amount of the reaction mixture was sampled for 1H NMR and GPC analysis during the polymerization.




3.4. Recycling Experiments


The polymerization of CL using EG initiator was conducted using identical procedure as described above. After completion of each cycle, the reaction mixture was cooled to room temperature, dissolved in chloroform, and then centrifuged. The catalyst slurry was then washed thoroughly with chloroform and dried in a vacuum oven prior to reuse in the next cycles.




3.5. Synthesis of PCL-TPE and PCL-TPU


The preparation of PCL-TPE was performed in a 250 mL stainless steel autoclave (Series 4570, Parr Instrument Co, Moline, IL, USA) reactor system equipped with a vacuum pump and Dean Stark apparatus to collect by-products. The reactor was charged with NDC (20.0 g, 81.9 mmol), BD (11.1 g, 123.2 mmol), and Irganox 1010 (0.2 g, 0.2 mmol) and TBT (0.5 g, 1.5 mmol). The transesterification reaction was carried out under a nitrogen atmosphere at 160–210 °C for 90 min, followed by the removal of methanol by-product. After that, prescribed amount of hydroxyl-functionalized PCL or PTMEG was added to the reactor and the polycondensation was conducted under dynamic vacuum (<25 Pa) at 240 °C for 1–2 h, depending on the type of polyol. The resulting PCL-TPEs were dissolved in chloroform and precipitated from excess diethyl ether. The precipitate was washed with ethanol and dried at 60 °C to a constant weight.



The preparation of PCL-TPU was performed in a 3-necked round-bottom flask equipped with a mechanical stirrer and a stopcock-equipped septum inlet for N2 flow control. Prescribed amount of PCL diol or PTMEG was added to the reactor and evacuated for 2 h at 60 °C. HDI (3.4 g, 20.2 mmol) was then added and allowed to react for 3 h. BD (0.9 g, 10.0 mmol) and DBD (5 mg) were added into the mixture and the reactor temperature was raised to 100 °C and held for an additional 2 h. The time-period of 2 h was sufficient for complete conversion of hydroxyl groups, as found by titration of –NCO groups with dibutylamine.




3.6. Characterization


The 1H NMR and 13C NMR spectra were obtained using a Varian INOVA 400 NMR spectrometer and referenced to the residual solvent signal of CDCl3 (7.25 and 77.16 ppm, respectively). Gel permeation chromatography (GPC) was performed on a Waters 150 instrument, operating at a flow rate of 1 mL min−1 at 40 °C with 104, 103, and 500 Å columns in tetrahydrofuran, using polystyrene standards. Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS) was conducted using a Voyager-DETM STR Biospectrometry Workstation (Applied Biosystems Inc.) equipped with a nitrogen laser delivering 3 ns laser pulses at 337 nm. Dithranol was used as the matrix. FTIR spectra were collected from 4000 to 400 cm−1 using a Shimadzu IR Prestige 21 spectrometer. X-Ray photoelectron spectroscopy (XPS) analyses were recorded using an ESCALAB 250 induced electron emission spectrometer with monochromatic Al Kα radiation (hν = 1486.6 eV) from an X-ray source operating at 12 mA and 20 kV (Thermo Fisher Scientific). Elemental analysis of the metals was performed using an inductively coupled plasma optical emission spectrometer (Varian ICP720-OES) equipped with a double-pass glass cyclonic spray chamber, a Sea Spray concentric glass nebulizer and a high solids torch. The samples were digested using aqua regia. Elemental analysis (C, H, and N) was conducted with a CHNS/O analyzer (Vario-Micro Cube, Elementar Analysensysteme GmbH, Langenselbold, Germany). X-ray powder diffraction (XRD) analysis was performed using a Rigaku RINT2000 wide angle goniometer 185 with Cu Kα radiation. Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were performed from 20 °C to 800 °C at a heating rate of 10 °C min−1 using a TGA Q50 analyzer (TA Instruments, New Castle, DE, USA). The tensile properties of the PCL-TPE and PCL-TPU samples were investigated using a KSU05 machine (Kyungsung Testing Machine Co., Gyeonggi-do, Korea) at room temperature. For the preparation of test specimens, PCL-TPE or PCL-TPU dissolved in chloroform or DMF (3 wt%) were poured into a flat mold and subjected to evaporate the solvent at room temperature for 3 days to get films (≈0.3 mm thickness). The films were then dried at 60–75 °C under a vacuum oven for 8 h. At least 5 dumbbell-shaped specimens (50 mm long × 10 mm width × 0.3 mm thick) were tested at a constant crosshead speed of 100 mm min−1 for each sample. The yield strength, tensile strength, and elongation at break were measured from the stress–strain curves of the samples.





4. Conclusions


A series of PCLs were synthesized via one-pot, solvent-free ROP of CL, using different DMC catalysts with various initiators. In the presence of the PPG400 initiator, PCL with Mn = 1110 g mol−1, Ð = 1.61, and a monomer conversion of 85% were obtained after 24 h at 120 °C. The polymerization of CL initiated by EG, PG, and GL initiators led to higher monomer conversion and produced PCLs with a narrower Ð than those initiated by PPG400. The polymerization of CL exhibited higher efficacy when increased the reaction temperatures. Accordingly, PCLs with Mn and Ð values of 950–10,100 g mol−1 and 1.10–1.87, respectively, with various architectures ranging from linear to branched were achieved at 160 °C. The PCLs produced in the presence of ILs showed narrower polydispersity than those obtained without using Ils, however, the monomer conversion was significantly reduced and the MW. Among DMC catalysts, the DMC-IBN exhibited the highest performance with over 90% of monomer conversion within 3 h at 160 °C. Recyclability of the catalyst was demonstrated without the need for any additional treatment and with no significant loss in efficiency with repeated use.



Kinetic studies demonstrated that the DMC-catalyzed ROP of CL proceeded via a similar mechanism with the coordination polymerization, with typical characteristics of a living polymerization. The reaction was initiated by the nucleophilic attack of the hydroxyl groups in the initiator onto the carbonyl groups of the coordinated CL monomers at the Zn sites to generate the hydroxy-terminated propagating species, followed by continued insertion of the incoming monomer until almost all the monomers were consumed.



The α,ω-hydroxyl-functionalized PCLs produced poly(ester-ester) and poly(ester-urethane) elastomers with excellent mechanical properties. PCL-TPEs exhibit the tensile strength of 47–67 MPa and elongation of 1010–1230%, which is much better tensile strength than conventional poly(ether-ester) produced using PTMEG (25 MPa/1230%). The PCL-TPU was also exhibited enhanced stress and strain (53 MPa/990%) compared to the conventional poly(ether-urethane) elastomer (24 MPa/950%). This work offers a promising approach for synthesizing polyester polyols using easily available heterogeneous catalysts and expanding the scope of DMC catalysis. The polyester polyols produced in this study are effective precursors for the preparation of thermoplastic elastomers with enhanced properties, expanding a wide variety of applications needing high-end processing-performance balance with greater recyclability.
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Figure 1. 1H NMR spectra (400 MHz, CDCl3) of the crude reaction mixture of CL polymerization using various initiators: (a) EG, (b) PG, and (c) GL (runs 5, 8, and 9 of Table 2). * denotes the residual monomer signals. 
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Figure 2. (a) GPC curves of the PCLs and (b) plot of Mn and Ð versus [CL]/[SB] obtained using various amounts of SB initiator. Conditions: DMC-EAA = 10 mg ([Zn]0 = 30 mM), [CL]0 = 9 M, Tp = 160 °C. 
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Figure 3. 1H NMR (400 MHz, CDCl3) spectra of the PCL collected at different intervals. Conditions: DMC-IBN = 10 mg ([Zn]0 = 30 × mM), [CL]0 = 9 M, [CL]0/[EG]0 = 10, Tp = 160 °C. Dash lines denote the monomer signals. 
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Figure 4. (a) First-order time–conversion plots of the batch polymerization of CL at different temperatures and (b) Arrhenius plot of the batch polymerization of CL. Conditions: DMC-EAA = 10 mg ([Zn]0 = 30 mM), [CL]0 = 9 M, [CL]0/[GL]0 = 20. 
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Figure 5. (a) GPC curves of PCL and (b) plots of Mn and Ð versus monomer conversion (xp) collected at different intervals. Conditions: DMC-EAA = 10 mg ([Zn]0 = 30 mM), [CL]0 = 9 M, [CL]0/[GL]0 = 20, Tp = 130 °C. 
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Figure 6. (a) GPC curves of PCL and (b) plots of Mn and Ð versus monomer conversion (xp) collected at different intervals. Conditions: DMC-EAA = 10 mg ([Zn]0 = 30 mM), [CL]0 = 9 M, [CL]0/[SB]0 = 20, Tp = 160 °C. 
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Figure 7. GPC curves of PCL collected during 2-step monomer addition. Conditions: DMC-EAA = 10 mg ([Zn]0 = 30 mM), [CL]0 = 9 M, [CL]0/[SB]0 = 10, Tp = 160 °C. 
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Scheme 1. Proposed mechanism for the DMC-catalyzed ROP of CL. 
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Figure 8. Stress–strain curves for (a) TPEs and (b) TPUs produced by different diols (conducted at a crosshead speed of 100 mm min−1). 
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Table 1. Elemental analysis of the DMC catalysts.
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Catalyst

	
ICP-Mass

(wt %)

	
Elemental Analysis

(wt %)

	
TGA

(wt %)

	
Estimated Catalyst Formulation




	
Zn

	
Co

	
C

	
H

	
N

	
CA

	
P123

	
H2O






	
DMC-EAA

	
21.5

	
10.1

	
30.5

	
3.0

	
14.6

	
14.8

	
25.2

	
0.8

	
Zn1.92Co(CN)6.10·0.66EAA·0.03P123·0.26H2O·0.07Cl−




	
DMC-TBA

	
23.9

	
10.7

	
29.3

	
3.3

	
16.3

	
7.2

	
24.1

	
1.9

	
Zn2.01Co(CN)6.41·0.53TBA·0.02P123·0.58H2O·0.29Cl−




	
DMC-IBN

	
24.6

	
11.4

	
32.3

	
3.6

	
13.2

	
32.0

	
28.1

	
2.9

	
Zn1.94Co(CN)4.87·2.39IBN·0.03P123·0.83H2O·0.14Cl−
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Table 2. Results for ROP of CL by DMC catalysts using various initiators (I).






Table 2. Results for ROP of CL by DMC catalysts using various initiators (I).





	
Run 1

	
Catalyst

	
I

	
Tp [°C]

	
t2

[h]

	
xp3

[%]

	
Mn (Cal.)4

	
MALDI-TOF

	
Mn




	
Mn

	
NMR

	
GPC

	
Ð






	
1

	
DMC-EAA

	
PPG400

	
120

	
24

	
85

	
1380

	
–

	
1190

	
1110

	
1.61




	
2

	
DMC-EAA

	
EG

	
120

	
24

	
90

	
1090

	
3290

	
3960

	
4000

	
1.35




	
3

	
DMC-EAA

	
PG

	
120

	
24

	
92

	
1020

	
–

	
2690

	
2700

	
1.30




	
4

	
DMC-EAA

	
GL

	
120

	
24

	
97

	
1200

	
–

	
2260

	
2100

	
1.05




	
5

	
DMC-EAA

	
EG

	
160

	
6

	
94

	
1140

	
–

	
1610

	
1500

	
1.15




	
6

	
DMC-TBA

	
EG

	
160

	
6

	
91

	
1100

	
–

	
1000

	
750

	
1.05




	
7

	
DMC-IBN

	
EG

	
160

	
3

	
93

	
1120

	
–

	
1530

	
1200

	
1.08




	
8

	
DMC-EAA

	
PG

	
160

	
8

	
94

	
1150

	
1240

	
1490

	
1500

	
1.26




	
9

	
DMC-EAA

	
GL

	
160

	
8

	
96

	
1190

	
1540

	
2270

	
1700

	
1.54




	
10

	
DMC-EAA

	
SB

	
160

	
8

	
95

	
1270

	
1465

	
4400

	
1600

	
1.16








1 Conditions: catalyst amount = 10 mg ([Zn]0 = 30 mM); [CL]0 = 9 M; [CL]0/[I]0 = 10; 2 reaction time; 3 monomer conversion, as determined from 1H NMR; 4 theoretical Mn, Mn (Cal.) = [([CL]0 − [CL]) × 114.14/[I]0] + M(I).
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Table 3. Results for ROP of CL by DMC-EAA catalyst using various [CL]0/[I]0 ratios.






Table 3. Results for ROP of CL by DMC-EAA catalyst using various [CL]0/[I]0 ratios.





	
Run 1

	
[CL]0/[I]0

	
I

	
T

[h]

	
xp2

[%]

	
Mn (Cal.)3

	
GPC




	
Mn

	
Ð






	
1

	
100

	
SB

	
12

	
94

	
10,620

	
10,100

	
1.21




	
2

	
50

	
SB

	
10

	
93

	
5420

	
5900

	
1.20




	
3

	
20

	
SB

	
8

	
95

	
2150

	
3200

	
1.15




	
4

	
10

	
SB

	
8

	
97

	
1110

	
1600

	
1.16




	
5

	
5

	
SB

	
8

	
97

	
550

	
950

	
1.10




	
6

	
100

	
PG

	
12

	
92

	
10,500

	
4800

	
1.68




	
7

	
50

	
PG

	
10

	
95

	
5420

	
3100

	
1.27




	
8

	
20

	
PG

	
8

	
95

	
2170

	
2200

	
1.23




	
9

	
10

	
PG

	
8

	
94

	
1070

	
1500

	
1.26




	
10

	
5

	
PG

	
8

	
96

	
550

	
1050

	
1.25




	
11

	
100

	
GL

	
12

	
92

	
10,940

	
7500

	
1.87




	
12

	
50

	
GL

	
10

	
92

	
5570

	
4800

	
1.62




	
13

	
20

	
GL

	
8

	
93

	
2310

	
3200

	
1.36




	
14

	
10

	
GL

	
8

	
96

	
1190

	
1700

	
1.54




	
15

	
5

	
GL

	
8

	
97

	
650

	
1100

	
1.15








1 Conditions: DMC-EAA = 10 mg ([Zn]0 = 30 mM), [CL]0 = 9 M; Tp = 160 °C; 2 monomer conversion determined by 1H NMR; 3 theoretical Mn, Mn (Cal.) = [([CL]0 − [CL]) × 114.14/[I]0] + M(I).
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Table 4. Kinetic results for the ROP of CL at different temperatures using DMC-EAA catalyst (Zn) and GL initiator.






Table 4. Kinetic results for the ROP of CL at different temperatures using DMC-EAA catalyst (Zn) and GL initiator.





	
Run 1

	
Tp2

[°C]

	
T

[h]

	
xp3

[%]

	
kp4 × 103

[min−1]

	
Ea5

[kJ mol−1]

	
GPC




	
Mn

	
Ð






	
1

	
130

	
20

	
91.55

	
1.96

	
76.67

	
3400

	
1.41




	
2

	
140

	
10

	
95.00

	
4.26

	
3500

	
1.58




	
3

	
150

	
8

	
94.92

	
6.24

	
3000

	
1.76




	
4

	
160

	
6

	
93.77

	
10.00

	
2500

	
1.78








1 Conditions: DMC-EAA = 10 mg ([Zn]0 = 30 mM), [CL]0 = 9 M, [CL]0/[GL]0 = 20; 2 polymerization temperature; 3 monomer conversion, as determined by 1H NMR; 4 rate constant determined from the time–conversion plots in Figure 4; 5 overall activation energy.
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Table 5. Results for copolymerization of CL with glycidol (G) using DMC catalyst (Zn).






Table 5. Results for copolymerization of CL with glycidol (G) using DMC catalyst (Zn).





	
Run 1

	
[CL]0/[G]0

	
xp2

[%]

	
F3

[%]

	
GPC




	
CL

	
G

	
CL

	
G

	
Mn

	
Ð






	
1

	
7:3

	
99

	
98

	
76

	
24

	
5300

	
1.19




	
2

	
6:4

	
99

	
98

	
63

	
37

	
3100

	
3.34




	
3

	
5:5

	
99

	
97

	
51

	
49

	
2800

	
3.77








1 Conditions: DMC-EAA = 10 mg ([Zn]0 = 30 mM), [CL]0 = 5 M, Tp = 160 °C; 2 monomer conversion determined by 1H NMR; 3 copolymer content determined by 1H NMR.
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Table 6. Mechanical properties of the resultant TPEs and TPUs 1.






Table 6. Mechanical properties of the resultant TPEs and TPUs 1.





	Samples
	Soft

Segment
	Yield Strength

[MPa]
	Tensile Strength

[MPa]
	Elongation

[%]





	TPEE
	PTMEG-1000
	11 ± 0.5
	25 ± 2
	1230 ± 38



	PCL-TPE-1
	EG-PCL-1000
	5 ± 0.6
	47 ± 3
	950 ± 22



	PCL-TPE-2
	PG-PCL-500
	7 ± 0.1
	56 ± 6
	1010 ± 62



	PCL-TPE-3
	PG-PCL-1000
	6 ± 0.4
	64 ± 4
	1060 ± 57



	PCL-TPE-4
	PG-PCL-2000
	8 ± 0.4
	65 ± 5
	1140 ± 33



	PCL-TPE-5
	PG-PCL-3000
	8 ± 0.3
	67 ± 7
	1230 ± 44



	TPU
	PTMEG-1000
	11 ± 0.6
	24 ± 4
	950 ± 26



	PCL-TPU
	PG-PCL-1000
	12 ± 0.5
	53 ± 5
	990 ± 31







1 Obtained from the stress–strain curves in Figure 8 and Figure S53, Supporting Information.
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