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[bookmark: _Toc475644171]1.1 Thermoplastic Elastomers
Thermoplastic elastomers (TPEs), first announced by the Shell Chemical Company (USA) in 1965, have been widely used in industry with the market size 4.19 million tons in 2015 and set to reach $20.65 billion by 2023.1  They refer to the polymer materials with both thermoplastic and elastomeric properties. When stretching, the relatively long flexible polymer chains allow for high deformation. Meanwhile, these chains are linked together to form the network that can retain the toughness of the material. Compared to the conventional chemically crosslinked rubbers (normally named as vulcanized rubbers), the junctions are physically formed that are reversible with certain process like the change of temperature, and dissolved or evaporated in certain solvent. 
1.1.1 [bookmark: _Ref471761137][bookmark: _Ref471761162][bookmark: _Toc475644172]Mechanism of TPEs
The physical crosslinked network structure in TPEs is normally formed by the thermodynamic incompatibility between different domains: with the elastomeric chains as the matrix and plastic domains as the junctions, as illustrated in Scheme 1-1. The driving force of this behavior are usually (but not limited) as follows: 
1. Chain absorption due certain fillers;2
2. Formation of crystallites;3
3. Coalescence of ionic centers;4
4. Coalescence of glassy blocks;5
5. Microphase separation caused by other difference such as hydrogen bonding.6
[image: ]
[bookmark: _Toc475644234]Scheme 1-1. Illustration of thermoplastic elastomers structures
Block copolymers or polymer blends are good candidates to make TPEs. The phase separation into soft matrix and hard domains arises can be evaluated by the Flory-Huggins interaction parameter χ and the degree of polymerization N. For instance, as shown in Figure 1-1, for diblock copolymer of polystyrene-block-polyisoprene, with either the increase of χ or N, more distinct microphase separation behavior can be observed.7 For the former parameter, the combination of components with highly different structures and the introduction of extra force like ionic charge and hydrogen bonding can contribute to the large χ;  the role of the latter parameter indicates that segment with high molecular weight can lead to better phase separation behavior of TPEs. 
[image: ]
[bookmark: _Toc475644133]Figure 1-1. (a) Equilibrium morphologies of AB diblock copolymers in bulk: S and S’= spheres, C and C’= cylinders, G and G’= gyroids, and L = lamellae. (b) Theoretical phase diagram of AB diblocks predicted by the self- consistent mean-ﬁeld theory, depending on volume fraction (f) of the blocks and the segregation parameter, χ N, where χ is the Flory–Huggins segment–segment interaction energy and N is the degree of polymerization; (c) Experimental phase portrait of polyisoprene-block-polystyrene copolymers, in which fA represents the volume fraction of polyisoprene, PL = perforated lamellae.7

The molecular mechanism of the train stress behavior of ABA triblock copolymers were simulated by the combination of self-consistent field theory (SCF) and molecular dynamics (MD) simulation, as shown in Figure 1-2.8 
1. Strain up to 150%. Spherical morphology does not change under elongation and compression. The chain configuration can return to the initial state with no damage;
2. Strain to 300%. Spherical morphology is majorly maintained with come domains broken. Thus the chain configuration is slightly changed;
3. Strain to 500%. Most polymer chains are pulled out from the hard domains and the domains are broken under elongation. Thus the recovery behavior of the material is damaged.  
[image: ]
[bookmark: _Toc475644134]Figure 1-2. Illustration of morphology of ABA triblock copolymer under first elongation with the range of: (a) 150%, (b) 300%, (c) 500%. 

[bookmark: _Toc475644173]1.1.2 Advantages & Disadvantages of TPEs
As compared to the vulcanized rubbers, the physical crosslinking behavior make changes in behavior by heating or external force reversible. By this means, TPEs have various merits including recyclability, processability and low cost. Less energy is required to achieve control of product quality. In addition, TPEs also provide versatile dyeing options to the material.9 
Meanwhile, the reversible melt-to-solid transition also lead to the sacrifices of some properties, like compression set, solvent resistance and resistance to deformation at high temperature, for which conventional thermoset rubbers normally have better performance. 
Based on these pros and cons, TPEs are greatly used in the fields including automotive applications, foot wear, wire insulation, adhesives, polymer blending and food packaging.10  
[bookmark: _Toc475644174]1.1.3 Classification of TPEs
Different types of thermoplastic elastomers have been developed, including: (1) styrenic block copolymers (SBCs), (2) polymer blends by dynamic vulcanization (TPVs), (3) polyolefin based thermoplastic elastomers (TPOs), (4) halogen-containing polyolefins, (4) thermoplastic polyurethane elastomers (TPUs), (6) polyamides based thermoplastic elastomers (COPA), (7) polyether ester elastomers (COPE), (8) ionomeric thermoplastic elastomer, etc.9 Except for TPVs, most TPEs are block copolymers. SBCs, halogen containing polyolefins are normally based on the great differences in glass transition temperature (Tg), while crystalline exists and aggregates together in other type of TPEs. The comparison of performances, costs and market share of different TPEs are shown in Figure 1-3.  
[image: ]
[bookmark: _Toc471829581][bookmark: _Toc475644135]Figure 1-3. (a) Approximate ranges of performance vs. cost for commercial TPEs.9 (b) Percent break-up by market segments in revenue in 2000. (Courtesy of Frost & Sullivan Market Insight)
[bookmark: _Toc475644175]1.1.4 Styrenic Thermoplastic Elastomers (SBCs)
The market size of SBCs is dominated among TPEs and generated over $6 billion in revenue in 2015.1,11 They are typically based on the type A-B-A triblock copolymers where A is polystyrene (PS) (Tg ~ 100 oC) and its derivatives as the hard domain, and B is polydiene like polybutadiene (PB) (Tg ~ -90 oC) or polyisoprene (PI) (Tg ~ -56 oC) as the elastomeric domain.9 The spherical morphology are typically formed and preferred by microphase separation to get good mechanical property.8 SBCs exhibit similar performance as vulcanized rubber at ambient temperature, with tensile strength in excess of 28 MPa, and elongation at break over 800%.12 
The most conventional and classic SBCs are polystyrene-block-polybutadiene-block-polystyrene (SBS) and polystyrene-block-polyisoprene-block-polystyrene (SIS) triblock copolymers. However, the polydiene used as the soft domains contain unsaturated bonds that are vulnerable to oxidation and UV degradation. Thus, the life time and stability of the material are limited. 
One solution to overcome the vulnerability of the unsaturated bonds is to change the medium block into saturated polymer chains. This can be attained by hydrogenation of existent PB or PI into poly(ethylene/butylene) (PEB) or poly(ethylene/propylene) (PEP) and the final SBCs are SEBS, or SEPS.13 The modification not only increases the material’s resistance to the attack of oxygen, ozone and UV , but also improve the processability and mechanical strength, as shown in Figure 1-4 (a). 14 Meanwhile, the hydrogenation make the crystallinity prominent, which affects the glass transition temperature, and dynamic hysteresis of the material. (Figure 1-4 (b)) Thus the hydrogenation degree need to be considered during this modification. Another approach to introduce other polyolefin to replace polydiene, such as polyisobutylene (PIB). The resulting triblock copolymer SIBS can be directly synthesized by living cationic polymerization.15 
[image: ]
[bookmark: _Toc475644136]Figure 1-4. (a) Stress-strain curves of SBS and SEBS; (b) Dynamic hysteresis as a function of butylene concentration in partially hydrogenated SBS. The concentration of butylene is proportional to the hydrogenation degree. 14
[bookmark: _Toc475644176]1.2 All Acrylic Based TPEs
As mentioned above, the change of hard block from PS into sPMMA can greatly increase the UST.16 The study of acrylic based block copolymers offers a promising substitution to SBCs. In addition to using sPMMA as the replacement of PS, poly(n-butyl acrylate) (PBA) (Tg ~ -54 oC, similar to PI) was demonstrated to be a good candidate as the soft domain to improve the chemical stability with the elimination of unsaturated bond.17 Moreover, as a big family with various pendent groups, a series of different poly(alkyl (meth)acrylate)s with different Tgs provide the tool box that can meet various requirement for the mechanical performances and applications, like poly(isobornyl methacrylate) (Tg ~ 200 oC) as the glassy segment, and poly(2-ethylhexyl acrylate) (Tg ~ -65 oC)18 or poly(isoctyl acrylate) (Tg ~ -50 oC)19 as the elastomeric segment. 
[bookmark: _Toc475644177]1.2.1 Entanglement Molecular Weight (Me)
	Nevertheless, the mechanical performance of all acrylic TPEs as compared to SBCs is always “disappointing”, especially with much less elongation at break.20 The much higher entanglement molecular weight (Me) can help shed light on their poor mechanical properties. It is defined as the molecular weight between adjacent temporary entanglement point and can affect the molecular architecture of the polymers. Based on the equation below, Me can be estimated by dynamic oscillatory measurements using rheometers, as shown in Figure 1-5.21 
 					(1)
In which K is a constant with a value of 1 or 4/5, R is the universal gas constant, T is the temperature, and ρ is the polymer melt density.22 
[image: ]
[bookmark: _Toc475644137]Figure 1-5. Schematic representation of relaxation function G(t) for an amorphous polymer. The plateau modulus   can be used for the calculation of Me.21
	The entanglement molecular weight is related by the power law to the packing length of the polymer species:
 					(2)
In which Na is the Avogadro number, and p is the packing length. 
	The packing length p is analog to the molecular diameter of the repeat unit in the polymer chain. As shown in Equation (3), if the polymer chain is regarded to be composed of freely jointed rods, p is proportional to the ratio of the cross-sectional area to the length of each rod. 
						   (3)
In which the product  is the Kuhn step length and  is the diameter. Thus, the smaller  is with respect to the skinner the chain and the smaller p.22 
	Compared to polydienes, the large side groups impart poly(meth)acrylates a large diameter. Thus the packng lengths are normally larger for acrylic polymers. As a result, the entanglement molecular weights of poly(meth)acrylates are large as compared to polydienes. Moreover, with the increase of the length of pendent groups, the increase of packing lengths leads to the further increase of Me, as shown in Table 1-1.23 
The Me of the soft blocks determine the elastomeric properties, while the Me of the hard blocks is reported to have effect on the rheological behavior.19 Larger  Me  can lead to the less entanglements in the polymer networks. Therefore, the mechanical strength and strain will be lower. 



[bookmark: _Toc472670711]Table 1-1. Average chain entanglement molecular weight (Me) for polymers23
	Polymer
	
(g/mol)

	Polyisoprene
	6.1

	Polybutadiene
	1.7

	Poly(ethylacryate)
	11

	Poly(n-propylacrylate)
	16

	Poly(n-butylacrylate)
	28

	Poly(isooctylacrylate)
	59



	The Me influence on tensile strength is speculated to be expressed by the equation below:24 
		       			      (4)
In which A is a constant related to the composition, k is a constant at constance copolymer composition,  is the force shared by the slippage of one chain entanglement, and F is the ultimate tensile strength of the triblock copolymer. 
	As shown in Figure 1-6, with the decrease of Me, higher mechanical strength can be attained.24 
[image: ]
[bookmark: _Toc475644138]Figure 1-6. Ultimate tensile strength as a function of 1/ Me. Where M: PMMA; I: Poly(isooctyl acrylate); nB: poly(n-butyl acrylate); nP: poly(n-propyl acrylate); E: poly(ethyl acrylate); S: PS; IB: poly(isobutylene); IP: polyisoprene.24 
The Me influence on elongation can be reflected by the comparison between different TPEs composed of PS, PMMA, PB and poly(n-butyl acrylate) (PBA). The classic SBS can normally reach around 1000% elongation at break.12 When the outer block is changed to PMMA, the elongation at break can also reach 1000%.16 Meanwhile, the switch of the soft domain from PB to PBA distinctly decreased the elongation at break. PS-b-PBA-b-PS exhibited the elongation less than 600% with similar molecular weight to SBS.17 PMMA-b-PBA-b-PMMA normally gives elongation at break around 500%.23 
[bookmark: _Toc475644178]1.2.2 Synthesis and Properties on PMMA-b-PBA-b-PMMA Triblock Copolymer TPEs
	Conventional TPEs are based on ABA triblock copolymers, with the outer block as the hard domains and medium block as the soft domains. Similar to SBCs, all acrylic based TPEs follow the same principle. Various products of PMMA-b-PBA-b-PMMA triblock copolymers have been developed and commercialized, such as Nanostrength® from Arkema, and Kurarity® from Kuraray. For the synthesis of well-defined block copolymers, controlled polymerization is essential to keep the living property of built block and sequentially grow the other blocks.25
	Different methods of controlled radical polymerization have been utilized for the synthesis of PMMA-b-PBA-b-PMMA triblock copolymer TPEs. Although it also has good living properties, controlled radical polymerization does not have the ability to balance the 100% conversion and fully intact living properties. The normal approach to synthesize block copolymers via controlled radical polymerizations is to quench the reaction at certain conversion. After precipitation and purification, the resulting polymer with functional group— either as initiator or chain transfer agent— is used for the further synthesis of the second block.26 It is difficult to  guarantee the same chain length of the outer two blocks through the sequential, three-step polymerization. As a solution, difunctional initiator or chain transfer agent is used so that the two hard blocks can grow simultaneously. For instance, Atom transfer radical polymerization (ATRP) has been utilized for the production of PMMA-b-PBA-b-PMMA. The difunctional initiators attempted include 1,2-bis(bromoisobutyryloxy) ethane (bBr-iBE)18  and diethyl meso-2,5-dibromoadipate
(DEMDBA).27 
The exception is Arkema’s Nanostrength®,which is reported to synthesized through Nitrooxide-Mediated Polymerization (NMP) using BlocBuilder® alkoxyamine (SG-1) as the monofunctional initiator, the structure of which is as shown in Scheme 1-2 (a).28 This initiator has advantages including excellent control of acrylates and methacrylates, fast reaction and no metal residue left in product. However, the more efficient and promising initiator to build symmetric triblock copolymers by NMP is the modified difunctional initiator from SG-1, structure as shown in Scheme 1-2 (b).29
[image: ]
[bookmark: _Toc475644235]Scheme 1-2. Initiators for the synthesis of PMMA-b-PBA-b-PMMA triblock copolymers via NMP. (a) SG-1; (b) SG1- based difunctional alkoxyamine (DIAMA).
	A better method to synthesize the ABA triblock copolymers is living anionic polymerization in virtue of its predictable molecular weights with narrow polydispersities (PDI), 100% conversion and superior living properties.30,31 Both sequential three-step reactions and polymerization initiated by difunctional initiators can produce triblock copolymers with symmetric composition.
Meanwhile, the living anionic polymerization of acrylates is challenging due to intrinsic side reactions including backbiting reactions of propagating enolate anonics and aggregations of active chain ends.32 Although many attempts have been tried, limited acrylate monomers have been reported successfully polymerized anionically with low PDI and predicted molecular weights, which contain bulky pendent groups to prevent the side reactions.33-35 Although PBA was also successfully synthesized with PDI of 1.30 by using tetrabutylammonium dimethyl malonate as the initiator, the living property is still limited.36  
The transalcoholysis reactions provide with the solution to the draw back for the direct anionic polymerization of n-butyl acrylate by the synthesis of poly(tert-butyl acrylate) (PtBA) first. Tong, j. D et al. reported the synthesis of PMMA-b-PtBA-b-PMMA by sequential anionic polymerization using sec-butyllithium/diphenylethylene/lithium chloride (sec-BuLi/DPE/LiCl) initiator system. The polymerization was performed in THF at -78 oC, as shown in Scheme 1-3 (a).23 Leclere, ph et al. synthesized the triblock copolymer by anionic polymerization using Lithium as the difunctional initiator so that the polymer chain can growth from the medium block (Scheme 1-3 (b)). Thereafter, the transalcoholysis can be performed by adding excess of n-butanol in the presence of p-toluenesulfonic acid (PTSA).37
[image: ]
[bookmark: _Toc475644236]Scheme 1-3. Anionic polymerization of PMMA-b-PtBA-b-PMMA. 
The obstacle for the industrialization of the anionic polymerization approaches are the complex post-modification operations and the critical condition required—THF solution at -78 oC. Suprisingly, Kuraray Co. Ltd has developed a new anionic polymerization system using compounds composed of a Lewis base and di-phenoxyalkyl almuminum. (LA system). With this system, living polymerization of acrylates can be performed at roughly -10 oC, and at roughly 50 oC for methacrylates with no no sacrifice of living properties, even for the direct polymerization of nBA. Therefore, the PMMA-b-PBA-b-PMMA triblock copolymers can be synthesized directly with sequential addition of MMA, nBA, MMA monomers(GPC curves as shown in Figure 1-7).The mild temperature greatly decrease the energy consumption.38,39
[image: ]
[bookmark: _Toc475644139]Figure 1-7. GPC curve of “KurarityTM” acrylic triblock colymer.39
Although same composition can be made through both living radical polymerization and living anionic polymerization, the performances of the resulting materials can be different. J. D. Tong et al. synthesized the triblock copolymers by ATRP and anionic polymerization that gave the same molecular characteristics except for the PDI of PMMA blocks (broader for the ATRP samples). Similar separation behaviors were observed. However, part of the chains from ATRP did not participate in the network formation and lead to the low storage modulus and poor tensile properties, as shown in Figure 1-8. Hence, the low PDIs and well-defined structures make living anionic polymerization an ideal method for the synthesis of acrylic based TPEs. 
[image: ]
[bookmark: _Toc475644140]Figure 1-8. Mechanical properties of PMMA-b-PBA-b-PMMA triblock copolymers: (a) Storage modulus as a function of temperature; (b) stress-strain curves.
[bookmark: _Toc475644179]1.2.3 Industrial application of acrylic based TPEs. 
	Besides the flexible options and chemical stability of the resulting materials, all acrylic based TPEs have advantages over SBCs including optical transparency, versatility of adhesion, weatherability, oil resistance, printability, compatibility with fillers, abrasion resistance and low viscosity.39,40
	The introduction of polymethacrylates extends the application range of SBCs, such as the tougher in various fields.11 PS-b-PB-b-PMMA have been effectively used as the tougher for both thermoplastic and thermosetting systems, such as poly(phenylene oxide), poly(vinylidene fluoride), and poly(vinyl chlroide), due to the polarity of PMMA that can increase the compatibility.11 For the epoxy systems, the triblock copolymer also shows the ability to improve the toughness of the epoxy network by the formation of “spheres  on spheres” morphology.41 
Acrylic adhesives family is one of the most commonly used adhesives, especially when it is emphasized ideal for UV-curable materials that can be used in 3D printing.42 Acrylic adhesives can also improve aesthetics, bond to plastics and metals, and even bond between oily or contaminated surfaces, which make them also popularly applied in automobile and furniture industries.43 For acrylic TPEs, the potential use in automotive can be instrument panel, dashboard skins, inner door grips, parking levers shift grips, steering wheel covers, assist grips, switches, etc.(Figure 1-9)44
[image: ]
[bookmark: _Toc475644141]Figure 1-9. Exemples for acrylic TPE in automotive application.44
The thermoplastic property make acrylic TPE good candidate for pressure sensitive adhesive application. The low temperature adhesiveness, good die-cut property and great holding power make it ideal as the removable and reusable adhesive. Moreover, with certain amount of tackifiers such as PBA oligomer, the tack properties can even be adjust as needed.45
[bookmark: _Toc475644180]1.3 Approaches to Improve the Performance of TPEs
[bookmark: _Toc475644181]1.3.1 Compounding
In general, the thermal plastic elastomers can be used without any additives. However, many compounds have been used industry to fulfill different needs of the materials, including fillers, oils, plasticizers, resins, etc.9 The performance of the TPEs can be modified in this way. In principle, if the additive accumulates in the hard phase, the physical crosslinked junctions are reinforced so that the mechanical strength can be improved. If the additive is the polymeric material, its glass transition temperature should be higher than that of hard segments composing TPEs. If the additive accumulates in the elastomeric matrix, the resulting material can be softer and more flexible. In addition, different forces between the additives and the TPE components can lead to the enhancement of phase separation behavior, so that the mechanical performance can be totally improved. 
Nanofillers have been studied on its effect on the mechanical properties of TPEs. The addition of fumed silica (SiO2) to polyetherester elastomer has been approved effective to improve the modulus, elongation at break and creep resistance. The only concern for this observation is that the size and distribution of the silica need to be selected. For unmodified silica, the elongation can even be receded. The influence of microsilica is also more distinct than that of nanosilica filler, as shown in Figure 1-10. 
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[bookmark: _Toc475644142]Figure 1-10. Young’s modulus of (a) microsilica (□) and nanosilica (●) composites; (b) unmodified (○) and modified (●), wt% of silica composites virsus silica content. 
	For acrylic based TPEs, the addition of PBA oligomer as the tackifier help to improve the tack property of PMMA-b-PBA-b-PMMA triblock copolymers. The addition does not change the Tg or modulus at low temperature, since the additive has the same structure as the soft domain. However, its accumulation in the soft regime make the material more elastic, and the cohesive strength is improved.45 
	The phase separation behavior can also be adjusted by certain additives added to the TPEs. With a low-volatility, midblock-compatible mineral oil added, the thermoplastic elastomer gel composed of SEBS was reported to undergo great change in morphology, as shown in Figure 1-11. It is speculated that the self-association of the styrene endblocks due to thermodynamic incompatibility with the oil-rich matrix leads to the formation of spheroidal micelles. 
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[bookmark: _Toc475644143]Figure 1-11. Transmission electron micrograph of (a) neat SEBS copolymer; (b) SEBS gel with  0.70. (9.3 wt% styrene).
[bookmark: _Toc475644182]1.3.2 Glass Transition Temperature
	SBCs, halogen containing polyolefins are normally based on the great differences in glass transition temperatures (Tg). The comparison of Tg can give the evaluation on many different factors, including flexibility of the main chain, the functionality of side groups and end groups, the polymer tacticity, the chain microstructure, etc.46 The great difference in Tg gives the trace of the thermodynamic incompatibility of different components that comprise the TPEs. With the increase of this difference, the phase separation separation behavior can normally be enhanced. Moreover, the upper service temperature (UST) is closely related with the Tg of the hard segments. As shown in Figure 1-12, when the temperature is between the Tgs of different segments, the modulus stays relatively constant and in a region defined as the “rubbery plateau.” When it is further increased to higher than the Tg of the hard segment, the modulus drops dramatically and the TPE becomes fluids.10 Thus to increase the UST of the material, the selection of hard segment with higher Tg is essential. 
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[bookmark: _Toc475644144]Figure 1-12. The change of storage modulus of thermoplastic elastomers  at various termperatures.10
	The typical Tg of PS is around 100 oC. However, S-B-S shows a the upper service temperature (UST) limited to 60-70 oC due to the partial miscibility of the styrene and butadiene blocks.47 
Based on the current S-B-S material, one approach to improve the UST is to fully hydrogenate the unsaturated bonds including the transition from polystyrene to poly(cyclohexylethylene), for which the Tg is around 145 oC.48,49 Moreover, the crystallinity of poly(cyclohexylethylene)also counts for the enhancement of the UST. As a result, the resulting TPE gives the oder dis order transition temperature at around 170 oC. 
Several polystyrene derivatives with higher Tgs have been applied and exhibited great effect on the improvement of UST, such as poly(p-tertbutylstyrene) (Tg: ~130 oC),50 poly(α-methylstyrene) (Tg: ~173 oC),51 and poly(1-adamantylstyrene) (Tg: ~203 oC).52 Polymers with similar structures but higher Tg were also reported, such as polybenzofulvene (Tg: ~190 oC).53 
	As another approach, alkyl (meth)acrylates are also promising candidate to increase the UST. Jian M. Yu et at. reported the replacement of PS into syndiotactic PMMA (Tg: ~125 oC) that distinctly increase the UST of SBS into 125 oC54. More interestingly, if highly isotactic PMMA (Tg: ~127 oC) was used, they reported the resulting PMMA-b-PEB-b-PMMA with soft point as high as 173 oC, which is even much higher the Tg of PMMA. The formation of semi-crystalline stereocomplexes caused by the isotactic PMMA, which reinforce the aggregation of hard segments, counted for this surprisingly high service temperature. 
[bookmark: _Toc475644183]1.3.3 Complex Architectures 
Compared to linear block copolymers, polymers with complex architectures have more advantages of 1) smaller hydrodynamic radii, lower melt and solution viscosities, 2) lower glass transition temperature, 3) lower crystallinity, and 4) higher solubility, which will endow them in many cases with improved rheological behavior (such as strain and hardening) and improved processability.55 Furthermore, block copolymers with miktoarm star architectures and graft/multigraft architectures allow additional capacity to tune morphology and long range order.56 It is reported that for PI2PS miktoarm star copolymers the long range order in cylindrical morphologies could be exceptionally good (Figure 1-13) or very poor, depending on whether PI or PS constitutes the continuous phase 56. 
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[bookmark: _Toc475644145]Figure 1-13. TEM images of PI2PS sample having 0.44 vol fraction PS and forming hexagonally packed cylinders (confirmed by SAXS). (a) A slice perpendicular to the cylinders and, (b) a slice parallel to the cylinders.
	Various polymer architectures (also termed as topologies) have been synthesized and studied, including linear, cyclic, star, graft (comb), multigraft, hyperbranched (dendrimer), network type structures (Scheme 1-4). Similar to that for block copolymer, “living”/controlled polymerizations provide powerful and ideal approaches to build complex architectures, such as living radical polymerization,57 living anionic polymerization,55 and living cationic polymerization.58  
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[bookmark: _Toc475644237]Scheme 1-4. Illustration of polymer structures with different architectures
	For the application of TPEs, besides better ability to tune the phase separation behavior, the complex architecture can increase the density of hard segments outside the polymer structure, so that more entanglements between the hard domains can be formed. This improvement of entanglements can further enhance the physical crosslinking behavior of the material. As a result, the mechanical strength of TPEs with complex architectures are usually increased. 
There are three common methodologies to build the star architecture: graft from the multifunctional initiators,59,60 graft to through coupling reactions with the functional cores, linking reactions by the use of linking agents.55 The star shaped TPEs are usually composed of the soft domains as the inner block and hard domains as the outer block. The entanglements of hard segments are usually dramatically enhanced, even when compared to other architectures. The materials synthesized usually have great toughness, while the elongation can be either increased or sacrificed. Thus, the resulting materials are ideal for the use as the tougher to enhance the mechanical strength of conventional linear type TPEs.61
Analog to the linear SBCs, the star copolymers composed of PS and PB or PI have been greatly studied. Dair, Benita J et al. reported the formation of double gyroid morphology with the PI-b-PS star copolymers.62 As compared to the common morphologies formed in linear SBCs, such as sphere, cylindrical, and lamella structures, this 3-dimensionally interpenetrating periodic structure have superior properties to prevent the sliding of the junctions while the material is stretched. Thus, the resulting polymer exhibited considerably higher stresses for yield than classical SBCs. However, the strain was only 350% to 400%, which is much lower than the conventional SIS TPEs. In addition, asymmetric miktoarm PS-b-PI copolymers were also reported. Taking advantages of the star architecture, much less content of soft domains is necessary in the material. In other words, the resulting material can possess very high mechanical strength, but still have elastomeric property instead to too rigid.63,64
The more distinct comparison between linear type TPEs and star type TPEs can be found from Tsuguto Imaeda and coworkers’ work on Poly(2-adamantyl vinyl ether)-b-poly(n-butyl vinyl ether) block copolymers, both linear type and star type were synthesized through living cationic polymerization. Both the tensile strength and elongation values for star type copolymers were greatly higher than for linear copolymers with similar composition.65 Same performance on both the improvement of stress and elongation were also reported by  Juhari, Azhar and coworkers on the study of poly(n-butyl acrylate)-b-poly(α-methylene-γ-butyrolactone) block copolymers.66 Another key factor that influence the mechanical performance is the number of arms. By the comparison of poly (p-chlorostyrene)-b-poly(isobutylene) star block copolymers composed of triarms and octoarms, it was demonstrated that the increase of the arm numbers can help to increase the tensile strengths and moduli, although the elongation was decreased.67
  Accompany with the increase of mechanical strength, many attempts were also performed to improve the upper service temperature at the same time, such as using polyacrylonitrile (PAN, UST of resulting PBA-b-PAN star copolymer higher than 300 oC).68 The study on all acrylic star block copolymers were also reported. By using functionalized lignin as the ATRP initiator, the pentarm star of Lignin-g-P(MMA-co-BA) exhibited greatly enhanced mechanical strength, where MMA and nBA were randomly copolymerized as the soft segments and lignin was used as the hard segment.59 However, another work producing triarm star composed of PBA-g-PMMA diblock copolymers only exhibited comparable  mechanical performance as compared to the PMMA-b-PBA-b-PMMA triblock copolymers.69 It is supposed that the instruction of lignin as the hard segment contributed to the superior stress in the former case.
	Similar to the star architecture, hyperbranched copolymers were also attempted.  Zhiyuan He and coworkers reported the one step production of random hyperbranched linear polyethylene, taking advantage of an α-diiminonickel complex precatalyst. The resulting polymer exhibited god elastomeric properties. Moreover, the elastomeric properties changed dramatically with the change of temperatures, due to different formation of crystallinities.70 Hyperbranched PMMA-b-PB and PS-PI block copolymers were also reported.The macromonomers of PMMA-b-PB and  PS-b-PI were synthesized  through anionic polymerization first, followed by the Williamson etherification reactions to build the final hyperbranched architectures. The resulting materials exhibited higher mechanical strength but poorer elongation than that of linear TPEs. However, when used as additives in the conventional linear TPEs like Kraton® SIS liner block copolymer, they can considerably increase the strength and even elongation behavior of the materials.71 Moreover, the long range order is hard to be obtained in hyperbranched architecture.71 Thus, hyperbranched TPEs are also good candidates for the use as tougher to the conventional linear type TPEs, silimar to star-shaped TPEs.
The graft type architecture is more promising to be used neatly as the TPE, with both improvements in mechanical strength and elongation. Three common methodologies can be performed to build the graft architecture, including graft onto by the linking reactions, graft from by synthesized the main chain with initiation sites, and graft through by the copolymerization of monomer with macromonomers, as shown in Scheme 1-5. 
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[bookmark: _Toc475644238]Scheme 1-5. Methodologies for the synthesis of graft copolymers: (a) graft from; (b) graft onto; (c) graft through.
	For the use of TPEs, the graft copolymers are usually composed of the soft segment as the main chain, and hard segment as the side chains. Similar to the principle of star copolymers, the build of graft architecture can bring more entanglement between the hard segment. Thus the physical crosslinking behavior can be reinforced. (Scheme 1-6) Meanwhile, the soft segments can still have entanglements with each other rather than isolated by the outer block as the star architecture. The enhancement of physical crosslinking behavior also make it possible to reduce the content of the hard segments without any sacrifice on the mechanical strength. This increase of the soft segments ratio and their entanglents can help to improve the elongation of the resulting materials. As a result, the build of graft architecture offers an ideal method to improve both mechanical strength and elongation of TPEs. 
[image: ]
[bookmark: _Toc475644239]Scheme 1-6. Example on the chain conformation of multigraft copolymers with microphase-separation state.72  
	Suksawad, Patjaree and coworkers reported the introduction of graft architecture into nature rubber.73 After deprotenization, some of the double bonds in nature rubber (DPNR) were attacked by ter-butyl hydroperoxide/tetraethylenepentamine to create the initiation sites so that styrene monomer can be polymerized thereinto. Through this approach, the grafing efficiency can be more than 90 mol%. The resulting DPNR-g-PS exhibited a stress 4 times higher and stress twice to unmodified nature rubber, which was similar to that for the crosslinked nature rubber. 
 	Like the work above, the graft from methodology was also used for the development of many materials through living radical polymerization, living cationic polymerization or ring opening applications. Some nature polymers are “born” with the potential to build graft copolymer architectures, such as cellulose which contains a lot of hydroxy groups along the polymer chain. Feng Jiang and coworkers modified the hydroxyl groups with 2-bromoisobutyryl bromide so that the many initiator sites were formed for the ATRP of MMA/nBA mixtures. (Scheme 1-7(a)).60 Jiuyang Zhang, Marc A. Hillmyer’s approach was more straightforward. The hydroxy group in hydroxypropyl methylcellulose (HPMC) as directly used as the initiation site for the ring opening polymerization of poly(β-methyl-δ-valerolactone)-b-poly(L-lactide) (PMVL-b-PLLA) (Scheme 1-7(b)).74 Both approaches successfully use the cellulose as the matrix to build the graft copolymer TPEs. 
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[bookmark: _Toc475644240]Scheme 1-7. Graft from methodology to make graft copolymer TPEs based on cellulose matrix through: (a) ATRP;60 (b) ring opening polymerization. 74
	As one of the most classic TPEs, graft SBCs have been extensively studied. Graft from methodology was also attempted. Fonagy, Tamas and coworkers reported the synthesis of PIB-g-PS by ATRP. To introduce the initiation sites along the polymer main chain, isobutylene was polymerized with the addition of trace amount of 4-bromomethylstyrene, after which styrene was polymerized by ATRP using the bromomethyl group along the polymer main chain as the initiator.75 
	Inspired by the traditional method to produce SIS triblock copolymer in industry, anionic polymerization has also been one of the most powerful approaches to make graft copolymers with well-defined structures, both for practical application and for the theoretical study. All three methodologies can be used to synthesize graft copolymers by anionic polymerization.As shown in Scheme 1-8, anionic sites can be create through metalation of the PI main chain, where styrene monomer can be polymerized anionically through graft from methodology (Scheme 1-8 (a)). PB can be chlorosilytated through hydrosilation chemistry, where the living PS chain can be graft onto the main chain by the coupling reaction (Scheme 1-8 (b)). The graft through methodology can be attained by the synthesis of PS macromonomer first, followed by the copolymerization with isoprene or butadiene monomers. (Scheme 1-8 (c)).76
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[bookmark: _Toc475644241]Scheme 1-8. Methodologies for the synthesis of styrenic graft copolymers by anionic polymerization: (a) graft from; (b) graft onto; (c) graft through.
	Moreover, Mays, et al. reported the forth methodology to synthesize the graft copolymers by anionic polymerization, which is called polycondensation polymerizations.76-79 With this novel approach, not only the graft copolymers with trifunctional (comb), tetrafunctional (centipede), and hexafunctional (barbwire) branch points can be produced, the resulting polymers also possess strictly well-define, with both same length of side chains and soft segments between the junction points. (Scheme 1-9)
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[bookmark: _Toc475644242]Scheme 1-9. Anionic polymerization of multigraft copolymer architectures with trifunctional (comb), tetrafunctional (centipede) and hexafunctional (barbwire) branch points.76,77
	With these well-defined graft copolymers, different aspects were studied on this type of architecture, including rheology,80 morphology,72 deformation behavior,81,82 stress softeninig,83 mechanical properties and hysteresis.84  
(1) Functionality. With the increase of functionality, the morphology changes from sphere (trifunctional) to cylinder (tetrafunctional) and lamellae (hexafunctional). Thus the mechanical properties also changes.72 Among them, the tetrafunctional multigraft copolymers exhibit the best combination of high mechanical strength and elongation.84 (Figure 1-14 (a))
(2) The tetrafunctional multgraft copolymer shows a surprisingly high strain at break of about 1550%, which is far exceeding the values for commercial TPEs (Styroflex®: 620% due to the the star architecture; Kraton®: 1050%).84 (Figure 1-14(b)) In this way, they name the material as “superelatomer” that can better identify it superior elongation property.85
(3) Branch points. With the increase of branch points, more entanglements can be acquired. Thus the mechanical strength can be increased.84 (Figure 1-14 (c)) 
(4) Hysteresis. The tetrafunctional multigraft copolymer can be deformed until 1400% and reveals a residual strain of only 40%. (Figure 1-14 (d)) This recovery behavior is also distinct as compared to commercial products.  
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[bookmark: _Toc475644146]Figure 1-14. Mechanical properties of PI-g-PS multigraft copolymers. (a) Influence of functionality on stress-strain behavior. (b) Comparison of tetrafunctional multigraft copolymers (MG) with commercial SIS-block copolymer (Kraton®) and star copolymer (Styroflex®). (c) Influence of number of branchpoints on the tensile strength. (d) Hysteresis curve of a tetrafunctional multigraft copolymer.84 
	If not strict to one polymerization method, the graft through methodology can give more versatile options on the synthesis of graft copolymers. Anionic polymerization can be used to make the macromonomer, followed by the copolymerization with the second monomer to build the final structure. Following this strategy, Schulz, G.O et al. synthesized the PBA-g-PS graft copolymer as early as 1982.86 The PS macromonomer was synthesized through anionic polymerization, endcapped by ethylene oxide and coupled with methacryloyl chloride. Then the macromonomer was copolymerized with nBA monomer by free radical polymerization. Similarly, PBA-b-PS,87 PI-g-PS,88 PBA-g-PMMA89 were synthesized by the anionic polymerization of the macromomers and emulsion polymerization of the final copolymers. 
	In the case of all acrylic TPEs. The PMMA macromonomer can be synthesized by group-transfer polymerization,90 anionic polymerization,91 or free radical polymerization.92 The resulting graft copolymers exhibited comparable mechanical properties to the linear all acrylic TPEs.91   
[bookmark: _Toc475644184]1.3.4 Introducing Other Driving Forces
Thermoplastic elastomers were born with the mission to imitate the behavior of vulcanized rubbers. It is critical of the physical crosslinking behavior to the final mechanical properties of the TPEs. By this means, the the introduction of other driving force between the association of hard domains can help to increase the microphase separation and physical crosslinking behavior, which can improve the mechanical properties of TPEs. 
As mentioned in section 1.3.2, when isotactic PMMA was introduced, the crystallinity of the hard segment can contribute to the enhancement of the association force inside the hard segments, which in return, can greatly increase the UST even much higher than the Tg of the hard segments.54 
Analog to ionomeric thermoplastic elastomer, when ionic bond is added to the existing TPEs, the mechanical performance can be modified. Guilherme M.O. Barra and coworkers modified the commercial SEBS by partially sulfonation of the PS domain.93 Unfortunately, with the increase of sunlfonation degree, the mechanical property was destroyed instead of increased. With the sulfonation degree at 8.4%, the tensile stress did not show great change, but the elongation decreased from 800.9% to 720.1%. the further increase of sulfonation degree made the material more brittle, so that less tensile stress and elongation at break was observed. On one hand, the strong ionic bond exists inside the polymer; on the other hand, the modification greatly increase the glass transition temperature of the hard segment. The strong effect on these two forces dramatically change the stiffness of the material. It is obvious that the modification increase the mechanical strength at the same strain, but the brittleness of the material make it impossible to observe the stress at the same value of elongation at break due to the loss of elastomeric property.
Hydrogen bonding is another potential force for the modification of TPEs. The study of hydrogen bonding mainly focuses on polymers like polyureas, polyurethanes, etc., which has very strong intermolecular interactions.  Serge H. M. Sӧntjens et al.  reported poly(propylene adipate) with a 2-ureido-4-[1H]-pyrimidinone (UPy) in the middle of the chain. Even only one unit of UPy can be the efficient hard segment that can physically crosslinked by the strongly dimerizing, for which the hydrogen bonds exist between the UPys.94 Yulin Chen et al. reported the synthesis of PS-g-polyacrylate amide, for which the amide group can form the hydrogen bonding. Although the resulting polymer cannot be strictly defined as TPE due to the lack of soft domains, it also exhibited the improvement of toughness caused by the hydrogen bonding formation.6 In addition, this work give the hint that simply modification of the hard segment with the functional groups can help to tune the performance. 
The use of (meth)acrylate acid can take advantage of both forces mentioned above. In the acidic or neutral condition, the hydrogen bonding can form between the carboxyl groups. While in the basic condition, the ionic bonds can form to improve the physical crosslinking between the polymer chains. With this principle, the carboxylic rubber composed of polybutadiene and poly(methacrylic acid) was reported.95 With the treatment of NaOH, the tensile strength was increased from around 700 KPa to 12 MPa, while with the treatment of ZnO, the strength was even increased to 41 MPa, in virtue to the strong coordination between the carboxyl group with Zn. However, the elongation was sacrificed in this modification from 1600% to 900% (NaOH treatment), and 400% (ZnO treatment). In addition, the power of metal ligand interaction can be observed in this work. 
In conclusion, many intermolecular interactions can be considered for the modification of TPEs. The rather strong interactions can normally dramatically increased the mechanical strength, but the elongation are normally decreased. Prudential thinking on the driving force selection and modification degree is essential to get the optimized performance. On the other hand, the strong interactions also potentially impart the self-healing properties of the materials, due to their reversible characteristics.6 
[bookmark: _Toc475644185]1.4 Characterization Methods for TPE
[bookmark: _Toc475644186]1.4.1 Thermal Characterization
As the root cause of TPE’s mechanism, it is always critical to characterize the thermodynamic mismatch of different segments, no matter it is from the different of glass transition temperature or the existence of crystallinity. The thermal characterization offers a great approach to identify the mismatch. In addition, the evaluation of service temperatures is also essential through the thermal characterization. Herein, we will focus on the TPEs based on Tg difference, and briefly introduce three frequently used thermal characterization methods, including differential scanning calorimetry (DSC), thermomechanical analysis (TMA), and dynamic mechanical analysis (DMA).
	In definition, glass transition is a transition from a liquid state to a solid state. It points out the sharp change of temperature dependence for many properties, including volume, entropy, elastic constants, etc. However, another transition termed as melting point, which is commonly observed in a crystalline polymer, is quite different to the glass transition. If a polymer has both the amorphous and crystalline domains, both the glass transition temperature (Tg) and melting point (Tm) can be observed. As shown in Figure 1-15, when a sample is heated, the change of specific volume at Tg is slow rather than a sharp change of slope at Tm.46 
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[bookmark: _Toc475644147]Figure 1-15. Temperature variations of specific volume at Tg and Tm.46
As a simple and yet powerful thermos analytical technique, DSC is widely used in various fields to identify the physical and chemical properties. At the sample is heated or cooled, the absorbed or released energy of the material is monitored, by the comparison with the standard. In this way, different DSC curves can be observed depending on the different transition types, as shown in Figure 1-16. The value of Tg is normally noted as the middle of the incline in the curve. 
TMA is a measurement that study free volume change of a material under a constant load as a function of temperature. The phase change of the sample with an applied force, whether expansion or contraction, is monitored by the function of time or temperature. The plot of this change versus temperature can be obtained and give the information of the sample, such as Tg, the coefficient of thermal expansion, service temperature and Young’s modulus.96 
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[bookmark: _Toc475644148]Figure 1-16. Features of different DSC curves.
The typical TMA curve is shown in Figure 1-17. The Tg corresponds to the expansion of the free volume allowing the great chain mobility above the transition. Similar to that in DSC, this transition is normally a slow change of the slope instead of the sharp curve. Thus the middle of the incline is also used as the value. 
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[bookmark: _Toc475644149]Figure 1-17. Illustration of the typical TMA curve.97 
	DMA, also called as dynamic mechanical thermal analysis (DMTA), is a powerful technique that can be used to characterize the mechanical properties as a function of temperature, time, frequency, stress, atmosphere, etc. It measures the material’s response to a small deformation applied in a cyclic manner. Instead of the constant static force applied to the material in TMA, an oscillatory at a set frequency is normally used and many more parameters, such as stiffness a damping, can be reported. 
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[bookmark: _Toc475644150]Figure 1-18. Modulus values changes with temperature and transitions in materials.98 
	In the case of temperature, the change of storage modulus (G’) can be illustrated in Figure 1-18.98 At Deformation C, the glass transition happens, where the modulus of the material experiences a sharply drop from glassy state to the rubbery state.
	Different characterization methods normally give different but similar Tg values. Meanwhile, the result can also be affected by many factors. First, it was reported that the heating and cooling rate  can influence Tg following the relation below:99 In other word, higher rate of temperature change can lead to the increase of Tg.

						(5)
	The increase of pressure also lead to the pressure can also increase the Tg of the polymer, as shown in Figure 1-19.100
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[bookmark: _Toc475644151]Figure 1-19. The values of Tg and shapes of DSC thermograms for different pressure change-temperature change sequences.100 
[bookmark: _Toc475644152]	The use of thermal characterization can also give the circumstantial evaluation on the microphase separation behavior. With phase separated materials, two different transitions can observed.101 While, the phase blending materials only give one Tg. When compared to the homopolymers, the shift of Tgs can be used to qualitatively evaluate the miscibility of two domains. The larger the Tgs are shifted compared to those in homopolymers, the domains are more miscible with each other. 
[bookmark: _Toc475644187]1.4.2 Phase separation Behavior
	As discussed in Section 1.1.1, the visualization of the morphology from microphase separation can help to understand the relationship between physical crosslinking behavior and its influence on the mechanical property. 
	The morphology effect on the mechanical properties cannot be isolated from that of the ratio of the glassy domain, since these two factors always related. With different ratio of the glassy domains, different morphologies can be exhibited, and the mechanical properties can also be affected. For instance, with similar total molecular weight, the lamellae morphology shows much better stress and strained compared to cylindric and spherical morphologies (Figure 1-20).102 Among these, the cylinder morphology is most commonly seen in commercial products.(wt% of PS: 20 – 30).
	Various techniques can be used to investigate the morphology of TPE, including atomic force microscopy (AFM), small angle X-ray scattering (SAXS), and transmission electron microscopy (TEM). 
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[bookmark: _Toc475644153]Figure 1-20. Stress-strain curves for SIS triblock copolymers. Sphere: wt% of PS 0.18, molecular weight 10-89-10. Cylinders: wt% of PS 0.30, molecular weight 14-66-14. Lamellae: wt% of PS 0.45, molecular weight 22-29-22.102
	Initially invented to observe surface structures at the atomic scale, the atomic force microscopy (AFM) has been a multifunctional technique suitable for characterization of topography, adhesion, mechanical, and other properties on scales from hundreds of microns to nanometers.103 The schematic operation of AFM can be illustrated as Figure 1-21. There are two common modes for AFM: contact mode and tapping mode. For the former mode, the tip apex is in continuous contact with the surface when imaging is performed; for the latter case, the tip is in intermittent contact with the sample, and the probe is driven into an oscillation at its resonant frequency by a small piezoelectric element. Although the contact mode can give higher resolution and more quantitatively characterization, high tip-to-sample forces, especially the presence of lateral forces often caused mechanical deformation of the surface, which makes it not suitable for soft materials like polymers and biological samples. The tapping mode, on the other hand, have been greatly studied in these applications.104,105 Different images can be acquired from the tapping mode AFM, for which the mainly used are height images and phase images. The conventional height images are not necessarily reflecting the surface topography of the sample due to the large influence of tip-sample interactions. As a result, the roughness of the surface can usually produce “artifact phantom”.106 Meanwhile, although this effect also exist in phase images, they are more sensitive to the viscoelasticity of the sample, which can be used for the detection of different regimes of the material. The quantitative study on the elasticity and viscoelasticity of the polymer sample using tapping mode AFM has been reported. With different stiffness of the polymer, the sharpness of the tip should be considered for the accurate observation.107 For the micro-phase separated sample, the stiffness of the sample can cause the change on the phase angle of the probe oscillation: with the increase of the surface stiffness, the phase angle increases. In other words, the bright regions of the phase image represent the stiff domains, while the dark regions represent the soft domains.108 
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[bookmark: _Toc475644154]Figure 1-21. Schematic operation of AFM.103
Small-angle X-ray scattering (SAXS) is another technique that is commonly used to study the phase separation behavior of the block copolymer systems either in the solid state or in solution. Its resolution, ranging of 1-100 nm, are ideally fit for the domain size of the morphology formed.109 Different information of the polymer samples, including radius of gyration, surface per volume, molecular weight, particle structure, polydispersity, morphology formed, and particle interactions can be acquired.110
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[bookmark: _Toc475644155]Figure 1-22 The components of a SAXS instrument.110
The prototype of a SAXS instrument can be illustrated as Figure 1-22. Multiple SAXS peaks can be observed depending on the microdomain structure formed in block copolymers. By the calculation of specific spatical relationships, the type of the morphology can be determined. For instance, for lamellae, the ratio of the q values is 1, 2, 3,4,…; for cylinders, it will be  ; for spheres in a body-centered cubic array, the ratio will be . 109 The lattice spacing of the microdomain can be calculated based on the equation below: 

Where  is normally the q value of the first peak. 
	The transmission electron microscope (TEM) has been an essential and vital tool to study the morphology of polymers for decades. Two contrast mechanisms exist that produce the final image. For polymer with high crystallinity, crystal orientation, or density due to the presence of heavy elements. Bragg diffraction and Rutherford scattering can be induced, which can cause the relatively high angle-scattering of incident electrons, so that the crystallinity or heavy regions will be dark in a final image. (Figure 1-23 a) More commonly, in the case of amorphous materials, the rich valence electron structure can introduce spatial modulations in the phase or energy of an incident electrons. (Figure 1-23 b). 111
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[bookmark: _Toc475644156]Figure 1-23. Contrast mechanisms of TEM: a) for polymers with crystallinity or heavy element; b) for amorphous soft materials with small variations in density. 111
	TEM is one of the most commonly used technique to investigate the phase separation behavior, with high resolution and direct observation on the formed morphology. However, to form the image with good contrast, complex sample preparation procedures are inevitable, like the microtome of the sample to very thin films and heavy element staining to induce contrast. Moreover, the strong incident ionizing radiation may also make damage to the specimen, particularly in unstained materials. 
	Similarly, AFM can also offer the direct observation of morphology. No expensive and complex sample preparation is needed. Far more complete information can be obtained from the cross-sectional samples, rather than the two-dimensional profiles in TEM. The other side of the coin of AFM is the limited size of the image, with only about  micrometers, as compared to square millimeters for TEM. Besides, the scanning speed of an AFM is also much slower. The hysteresis of the piezoelectric materials and the interactions between the cantilever and the sample surface can also cause possible artificats, which needed the filtration and flattening of the image first.
	SAXS, on the other hand, provides the indirect study on the phase separation behavior. Compared to TEM and AFM which normally study the local surface and details, global parameters and distribution. In situ transition can be studied during the measurement, and no destructive/artifacts is caused. 
	In summary, different characterization methods have their merits and drawbacks, which are complementary to get a profound study on the phase separation behavior. SAXS is necessary to obtain significant sampling and make quantitative statements, while TEM or AFM can give the direct observation on the shape of the morphologies. 
[bookmark: _Toc475644188]1.4.3 Stress-Strain Behavior
	One of the most commonly used and important standards on the performance of a TPE material is the stress-strain curve, which can be measured by the uniaxial tensile test of the sample in specific shape like a dog-bone. The comprehensive illustration on the stress-strain plot of the polymer materials is shown in Figure 1-24. For plastic materials that behaves elastically and recovers to its original dimensions with the applied force, Hook’s law of elasticity is followed as , where  is the restoring force, and  is the displacement of the material. This type of Hookean materials show the stress-strain like that in Figure 1-24 (a). However, the curve only applied for very stiff materials like steels. For polymers, especially when they are elastomeric, the non-Hookean curve in Figure 1-24 (a) is more representative, where the stress in correspond to the strain is not linear. 112 As the thermoplastic elastomers that have both stiff and elastomeric components, the stress-strain curve in Figure 1-24 (b) are more common, taking SBS as an example.113 With low strain, the sample is stretched and behave like plastic. The deformation is reversible and proportional to the stress, the tensile modulus at this linear region is called Young’s modulus (E), and can be expressed by , where σ is the stress and ε is the strain. A rubbery plateau can be observed afterward, where the stress increases slightly or even keeps contant with the increase of stain until certain degree. When certain strain is reached, the crosslink junctions start to response to the stress. Thus strain hardening behavior make the stress increase extensively until the breaking point of the material.8
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[bookmark: _Toc475644157]Figure 1-24. Illustration of stress-strain plots for (a) typical Hookean and non-Hookean materials, 112 and (b) TPEs like SBS.113 
	The stiffness/elongation of the TPEs can be easily tuned by the composition between hard and soft segments. When the content of the hard segments is large enough, the elongation of the material can be greatly affected. The yield point can be observed, beyond which the deformation of the material l cannot return to its original shape and the recovery ability is permanently damaged. (Figure 1-24 (b), with styrene content as 80%, 65% and 53%). On the other hand, the strain hardening behavior cannot be observed if the content of the hard segments is too small. Thus, the mechanical strength of the material is limited. (Figure 1-24 (b), with styrene content as 13%).
	Experimentally, the stress-strain curve can be influenced by the measuring conditions and sample preparation methods. The thermal history can influence the tensile strength of the sample, especially for the polymer with high hard segments. Instead of the annealing process, the fast cooling rate will lead to the inhomogeneous distribution of the material in the mold, and even bring micro ruptures, which was observed by viewing the polymer film with polarized light.114 As a result, the final stress and strain can be limited. On the contrary, this effect is not so distinct for the TPEs with low hard segment content. The soft matrix can easily flow and flexible that makes the resulting film homogenous. In addition, the size of the specimens tested can also affect the stress-strain behaviors. It was observed that the strength increased as the specimen size decreased. It is speculated that the smaller specimens have lower probability of having larger flaws.115 In summary, other than the inherent flaw that is inevitable and homogenously distributed, the mild and homogenous preparation of the measured samples, such as the annealing process and making specimens with no apparent flaws, can contribute to the premium and reliable stress-strain curves. It also needs to be noticed from the influence of thermal history and specimen size that measured stress-strain curves should always be accompanied by the detailed preparation methods. Various independent tests should be performed to get the reliable and consistent results. 
	In the case of mearing conditions, the stress-strain curve can be greatly influenced by both the temperature and strain rate. As illustrated in Figure 1-25a, the strain hardening cannot be observed in monodisperse polymer melts. However, as the polymer composed of different segments, this phenomenon is quite common, as discussed previously. Different types of strain hardening exist, including stress growth ending with breakup of a sample (Figure 1-25b), growth for which a second plateau is observed (Figure 1-25c), and behavior with a maxima in the tensile growth coefficient (Figure 1-25d).116 For any of these cases, with the low deformation rates, the viscous deformation prevail and very large stains are possible, even without showing the strain hardening behavior. When the deformation rates are increased, the competition between viscous flow and elastic deformation occurs and the final stresses are increased, with the loss of elongations. 
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[bookmark: _Toc475644158]Figure 1-25. Schemes illustrating development of the tensile growth stress and strain hardening behavior with different strain rates. Arrows show the direction of increasing strain rates. 
	The temperature influence on the stress-strain curve in a similar manner. As shown in Figure 1-26, two SBCS, Kraton 101 and Thermolastic 226 were tested at different temperatures. With lower temperature, higher stress was observed, with the loss of elongation.117 It is easy to understand that the lower temperature can normally make the polymer stiffer. Thus, the elongation of the sample was sacrificed, but the mechanical strength is reinforced. On the other hand, it has been discussed in Section 1.3, the rubbery plateau can be observed from DMA, where the storage modulus of TPEs do not have apparent change. When the measuring temperatures fall in the range of the rubbery plateau, the Young’s modulus observed will not change, and the influence of the temperature on the final mechanical property is also limited. 
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[bookmark: _Toc475644159]Figure 1-26. Stress-strain curves for Kraton 101 and Thermolastic 226 at -40, 0, 40 oC.117
	The similarity of the influences of strain rates and temperature have been summarized like the illustration in Figure 1-27.118 In brief, both the increase of strain rate and decrease of temperature can lead to higher stress and lower strain. This is a perfect example to reflect the time-temperature superposition, which is commonly used for analysis of viscoelastic properties of polymers. It can be illustrated by the Williams-Landel-Ferry (WLF) equation:119
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[bookmark: _Toc475644161]Where is the shift factor.  is the relaxation rate (time related), and T is the temperature.
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[bookmark: _Toc475644163]Figure 1-27. Schematic representation of the dependence of stress-strain curves on strain rate and temperature. 

[bookmark: _Toc475644189]1.5 The Scope of this Thesis
	With many advantages over the traditional styrenic based thermoplastic elastomers including chemical stability, optical transparency, versatility of adhesion, weatherability, oil resistance, printability, compatibility with fillers, abrasion resistance and low viscosity,39,40 all acrylic based thermoplastic elastomers (TPEs) are recognized as the promising candidate for the next generation of TPEs with advanced properties and performances. The work on this thesis will focus on the synthesis and characterization of different types of all acrylic based TPEs. Based on the discussion in Chapter 1, different methodologies will be applied to explore their influences on the mechanical performance of the materials synthesized, including the selection of monomers, the design of complex architectures and the introduction of extra driving forces. 
	Chapter 2 introduces the synthesis, characterization and solution properties of poly(1-adamantyl acrylate) (PAdA)—an kind of polyacrylate with high glass transition temperature and extraordinary thermal stability. Living anionic polymerization of acrylates is challenging due to intrinsic side reactions including backbiting reactions of propagating enolate anions and aggregation of active chain ends. In this chapter, the anionic polymerization of adamantyl acrylate monomer was investigated and resulting in the polymer products with predicted molecular weights, narrow PDIs, quantitative yields and distinct living property compared to other acrylate monomers. The PAdAA homopolymers exhibit a very high glass transition temperature (132.8 oC) and outstanding thermal stability (Td: 376 oC) as compared to other acrylic polymers such as poly(tert-butyl acrylate) and poly(methyl acrylate). Furthermore, the study on the solution properties of PAdA provides further understandings on the chain rigidity and the unperturbed dimensions of the polymer. The solubility power of PAdA in different solvents were also evaluated to explore the theta condition of the polymer solutions. 
	The distinct thermal properties and chain rigidity make PAdAA a promising candidate for acrylic based thermoplastic elastomers with high upper service temperature and enhanced mechanical strength. The investigation on this application is reported in Chapter 3. The all acrylic based triblock copolymers are compsed of PAdA as the hard segment and poly(tetrahydrofurfuryl acrylate) as the soft segment. The influence of molecular weight, ratios of each segment, phase separation behaviors on the final performance of the resulting TPEs are discussed in this chapter. After the optimization, the combination of these two acrylic based segments leads to the material with higher upper service temperature and better mechanical strength than the current commercial products. 
	In Chapter 4, the other useful strategy to improve the performance of TPEs is carried out, that is the design of complex structures. By using n-isopropyl-4-vinylbenzylamine (PVBA) as the initiator, the poly(methyl methacrylate) (PMMA) macromonomer is synthesized through living anionic polymerization. As compared to conventional approaches, the macromomer is synthesized in one batch with 100% conversion, short reaction time and much simpler operations. Thereafter, the graft copolymer of poly(n-butyl acrylate)-graft-poly(methyl methacrylate) (PBA-g-PMMA) is synthesized using graft through methodology by RAFT copolymerization of n-butyl acrylate monomer with the PMMA macromonomer. By the combination of large molecular weight beyond the entanglement molecular weight and improved phase separation behaviors, the resulting TPE exhibited impressive mechanical properties, especially with the elongation at break higher than 2000%. This make the material much superior to the current commercial acrylic based TPEs and even comparable to styrenic based multigraft copolymers.
	The great improvement has not been ended. In chapter 5, further driving forces are introduced to the graft copolymers of poly(n-butyl acrylate)-g-poly(tert-butyl methacrylate) (PBA-g-PtBMA). The partially hydrolysis of PtBMA block into poly(methacrylic acid) (PMAA) introduces the hydrogen bonding in the hard segments. Great improvement on the mechanical strength can be observed by this modification. Furthermore, after the ionization of PMAA in the basic condition, the existence of ionic bond make if possible to increase the mechanical strength again. In addition, when metal ligand is introduced to the system, the coordination between PMMA and metal ion brings stronger driving force that improve the mechanical property of the TPE the third time. 
	Our comprehensive on the design of all acrylic based TPEs has not produced the “Terminator” of this application. In Chapter 6, other potential modifications on the further modification of this kind of materials are discussed. In addition, as a powerful initiator, the further possible uses of PVBA to build complex architectures have also been predicted.
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Living anionic polymerization of acrylates is challenging due to intrinsic side reactions including backbiting reactions of propagating enolate anions and aggregation of active chain ends. In this study, the controlled synthesis of poly(1-adamatyl acrylate) (PAdA) was performed successfully for the first time via living anionic polymerization through investigation of the initiation systems of sec-butyllithium/diphenylethylene/lithium chloride (sec-BuLi/DPE/LiCl), diphenylmethyl potassium/diethyl zinc (DPMK/Et2Zn), and sodium naphthalenide/dipenylethylene/diethyl zinc (Na-Naph/DPE/Et2Zn) in tetrahydrofuran at -78 oC using custom glass-blowing and high vacuum techniques. PAdA synthesized via anionic polymerization using DPMK with a large excess (more than 40-fold to DPMK) of Et2Zn as the ligand exhibited predicted molecular weights from 4.3 to 71.8 kg/mol and polydispersity indices of around 1.10. In addition, the produced PAdAs exhibit a low level of isotactic content (mm triads of 2.1%). The block copolymers of AdA and methyl methacrylate (MMA) were obtained by sequential anionic polymerization, and the distinct living property of PAdA over other acrylates was demonstrated based on the observation that the resulting PAdA-b-PMMA block copolymers were formed with no residual PAdA homopolymer. The PAdA homopolymers exhibit a very high glass transition temperature (132.8 oC) and outstanding thermal stability (Td: 376 oC) as compared to other acrylic polymers such as poly(tert-butyl acrylate) and poly(methyl acrylate). These merits make PAdA a promising candidate for acrylic based thermoplastic elastomers with high upper service temperature and enhanced mechanical strength.
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60 years has passed since Szwarc reported living anionic polymerization.1 Even though many other so-called “living” polymerizations have been developed, including atom transfer radical polymerization (ATRP), reversible addition-fragmentation chain transfer (RAFT), “living” cationic polymerization and ring opening metathesis polymerization (ROMP),2-4 anionic polymerization has remained widely used in industrial and academic fields because of its superior living properties, quantitative conversions, and predictable molecular weights with narrow polydispersities (PDI) even at extremely high molecular weights. Various monomers, such as styrene and its derivatives, conjugated dienes, vinylpyridines, alkene oxides, have been controllably polymerized anionically.5 
The anionic polymerization of methacrylate-based monomers including methyl methacrylate have also been reported.6 However, the anionic polymerization of acrylate-based monomers, especially acrylates with bulky alkyl substituents, is challenging because of side reactions such as nucleophilic attack of the carbanion either onto the monomer or the polymer chain (backbiting reaction), and the aggregation of the active chain ends with ester enolate structures.7 
The anionic polymerization of alkyl methacrylates has been extensively reported, including the use of modified initiators,8 lower temperature,8 polar solvents,9 various additives,10 and different counter ions.11 One of the most effective approaches so far is their polymerization initiated with bulky organolithium compounds, such as 1,1-diphenylhexyl lithium (DPHLi) in tetrahydrofuran (THF) at -78 oC.12 Lithium chloride is a commonly used additive to suppress backbiting reactions and reduce the PDI. For example, a 3-fold excess of LiCl to DPHLi is added typically to form the complex with carbanion chain ends.13 Interestingly, the combination of solvent polarity along with the amount of LiCl added was reported to affect the stereochemistry of poly(methyl methacrylate) (PMMA).14 It has been reported that the tacticity of poly(alkyl methacrylate) can also be tuned by changing the pendent group,15 initiator and additive used16-19. Another well-developed initiation system for alkyl methacrylate polymerization is diphenylmethyl potassium (DPMK) with diethyl zinc (Et2Zn) as µ-type ligand, first reported by Nakahama et al.20 This system forms a complex with carbanionic chain ends in THF at -78 oC which effectively suppresses the backbiting reactions, and polymers with predicted molecular weight and narrow PDI (below 1.10) are obtained. 
As compared to alkyl methacrylates, the anionic polymerization of alkyl acrylates is still limited. In addition to the intramolecular backbiting reaction similar to that with alkyl methacrylates, proton abstraction of the acidic α-hydrogen in the back bone provides an additional critical obstacle to their controlled polymerization.21 Teyssié et al. first reported the successful controlled copolymerization of MMA and tert-butyl acrylate (tBA) using the combination of α-methyl styrenyl lithium (α-MStLi), DPMK, DPMNa or DPMLi as the initiator with the addition of a large excess of LiCl (more than 10-fold) and produced well-defined block copolymers of PMMA-b-PtBA with expected molecular weights. 22 Thereafter, they reported a series of more favorable ligands- lithium alkoxide, e.g. lithium 2-(2-methoxyethoxy) ethoxide (LiOEEM), that can polymerize 2-ethylhexyl acrylate (P2EtHA) with PDI as low as 1.03.23 However, homopolymer of P2EtHA always remained after synthesis of  P2EtHA-b-PMMA, which suggests the polyacrylate chain ends were not completely “living”.
Nakahama and coworkers reported the anionic polymerization of N,N-dimethylacrylamide (DMAA) using the DPMK/Et2Zn initiator system.24 The polydispersity of the resulting polymer was broad (PDI ~1.28 even when 15-fold Et2Zn to DPMK was applied), but the conversion was quantitative. Interestingly, they observed that PDMAA was highly syndiotactic when certain amount of Et2Zn were used. PtBA was also synthesized with DPMK/Et2Zn system.25 The polymerization was completed within minutes, with 100% yield, controlled molecular weight and narrow PDI (< 1.1). However, an estimated 61% of the living chain ends were deactivated even only after 5 min. The resulting PtBA showed no stereoselectivity as in the case of PDMAA. The polymerizations of primary and secondary alkyl acrylates including butyl acrylate and ethyl acrylate were also attempted.26 However, their successful polymerization has been rarely reported until now and it still remains as a challenge to control the PDI. Compared to the huge number of studies on alkyl methacrylates, new approaches to control the anionic polymerization of alkyl acrylates are required. 
Herein, we report the anionic polymerization of 1-adamantyl acrylate (PAdA) using the DPMK/Et2Zn initiation system. The pendent group, adamantane (tricycle[3.3.1.1]decane), is a symmetric tricyclic hydrocarbon with three fused chair-form cyclohexyl rings in a diamond lattice. Even compared to other bulky pendant groups such as benzene rings, adamantane shows a drastically impact on the physical and chemical properties, especially the glass transition temperature (Tg).  The bulky adamantane moiety can also contribute to the decrease of chain mobility and increase of rotational barrier, which could further increase the Tg of the final polymer.27-30 In addition, adamantyl substituents have been reported to increase the decomposition temperature of polymers, e.g. poly(1-adamantyl methacrylate) exhibits a degradation temperature (Td) ~300 oC.31  We thus envision that PAdA is a promising candidate for acrylic based thermoplastic elastomers with high upper service temperatures and enhanced mechanical strength which may be synthesized by block copolymerization with polyacrylates having low Tgs such as poly(n-butyl acrylate).32,33  Another attractive property of adamantane is its strong host-guest inclusion complexation with β-cyclodextrin and Cucurbit[7]uril because of its size matching to their cavities.34,35 Such complexes have shown distinct self-healing behavior.36,37 
Even though AdA has been previously polymerized through radical polymerization,38,39 and anionic polymerizations of styrene40 and methacrylate31 bearing 1-adamantyl pendent groups were also studied, the anionic synthesis of PAdA and its block copolymers has not been reported, mainly because of the inherent difficulty in the anionic polymerization of acrylates as discussed above. We expected that the bulky size of adamantane and its tertiary carbon connected with the ester group might make the anionic polymerization less problematic than that of PtBA. However, we found that the anionic polymerization of AdA was still not an easy task, requiring more carefully chosen reaction conditions as compared to that of PtBA, including a specific initiation system and a large excess of suitable additive.
In this study, the anionic polymerization of 1-adamantyl acrylate (AdA) was performed with sec-butyllithium/diphenylethylene/lithium chloride (sec-BuLi/DPE/LiCl), diphenylmethyl potassium/diethyl zinc (DPMK/Et2Zn), and sodium naphthalenide/diphenylethylene/diethyl zinc (Na-Naph/DPE/Et2Zn) initiator systems in THF at -78 oC. These initiator systems have been generally applied for the anionic polymerization of (meth)acrylates.6 The living nature and reactivity of poly(1-adamantyl acrylate), and the block copolymerization of AdA with methyl methacrylate (MMA) were also studied. The resulting PAdA was characterized using nuclear magnetic resonance spectroscopy (NMR), gel permeation chromatography (GPC), thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC).  
[bookmark: _Toc475644195]2.1.2 Experiment
Materials. 1-adamantanol (Acros Organics, 99%), acryloyl chloride (Aldrich, 97%), triethylamine (Acros Organics, 99%), and ammonium chloride (Acros Organics, 99.5%) were used as received. Sec-butyllithium (sec-BuLi), 1,1-diphenylethylene (DPE, Acros Organics, 98%), THF (Fisher, GR grade) and methanol (Fisher, GR grade) were purified as previously described.41 Sodium naphthalenide (Naph-Na) was prepared using naphthalene and sodium metal in THF. Diphenylmethyl potassium (DPMK) was prepared according to previously reported work.42 LiCl (Alfa Aesar, 99.995%) was dried at 130 oC for 2 days, ampulized and diluted in THF under high vacuum conditions, giving a concentration of 0.6 mmol/ml. Diethyl zinc was ampulized and diluted in THF under high vacuum condition, giving the concentration 1 mmol/ml. Methyl methacrylate (MMA, Aldrich, 99%) was passed through aluminum oxide (Acros Organics, basic) column to remove inhibitor, stirred for 24 h over anhydrous CaH2 and distilled over CaH2 and trioctylaluminum sequentially under reduced pressure. The resulting MMA was ampulized and diluted immediately with THF under high vacuum condition, giving a concentration of 0.83 mmol/ml. All ampules of the reactants, equipped with break seals were stored at -30 oC. Tert-butyl acrylate (tBA, Sigma-Aldrich, 98%) and methyl acrylate (MA, Acros Organics, 99%) were used directly after passed through aluminum oxide (Acros Organics, basic) column to remove inhibitor. 2,2-Azobis-(isobutyronitrile) (AIBN, Sigma-Aldrich, 90%) was recrystallized before use and the S-1-dodecyl-S’-(α,α’-dimethyl-α’-acetic acid)trithiocarbonate chain transfer agent (CTA) was synthesized following the procedure previously published by Lai et al.43 Copper(I) bromide (CuBr, Sigma-Aldrich, 99.9999%), Ethylene bis(2-bromoisobutyrate) (EBIB, Sigma-Aldrich, 97%), N,N,N’,N”,N”-pentamethyldiethylenetriamine (PMDETA, Sigma-Aldrich, 99%), Benzene (Sigma-Aldrich, ≥99.9%), Anisole (Acros Organics, 99%) were used as received.
Characterization. The molecular weights (MWs) of the polymers were measured using gel permeation chromatography (GPC) with the EcoSEC GPC system, which allows for the use of three semimicro GPC columns (2 Tosoh TSKgel SuperMultiporeHZ-M; 4.6x150 mm; 4 µm; and a TSKgel SuperMultiporeHZ-M guard.). RI detector with flow rate at 0.35 ml/min was utilized for MW estimation based on a PMMA standard curve ranging from 600 to 7,500,000 Daltons. The 1H and 13C NMR spectra were measured with Varian VNMR 500 MHz, and using CDCl3 as the solvent. Chemical shifts were referred to CDCl3 solvent peak at 7.26 ppm for 1H NMR spectra and 77.16 ppm for 13C NMR spectra. Thermal properties were characterized using thermogravimetric analysis (TGA, TA-50) and differential scanning calorimetry (DSC, TA2000) under nitrogen with a heating rate of 10 oC/min.
Synthesis of 1-Adamantyl Acrylate (AdA). The monomer AdA was synthesized following the previously reported work.38 (Scheme 1) Briefly, the procedure was as follows: 1-adamantanol (10.0 g, 65.7 mmol), triethylamine (33.2 g, 328.1 mmol) were dissolved in freshly dried THF (60 ml) and cooled to 0 oC with an ice bath. The THF solution of acryloyl chloride (11.9 g, 131.5 mmol, 4.38 M) was added dropwise. The reaction solution was raised to room temperature and left stirring overnight. After the reaction was complete, the precipitated salt was filtered out. The solution mixture was extracted with saturated ammonium water solution until the aqueous layer became colorless. The collected organic layer was evaporated, mixed with large excess of silica gel, and purified using a flash column with n-hexane as the eluent. Colorless crystals were obtained after the evaporation of n-hexane. The resulting product was obtained with a yield of 59.2% and the chemical structure is shown in Scheme 1. 1H NMR spectra (CDCl3, 500 MHz), δ (ppm): 6.27 and 5.27 (d, 2H, -C=CH2), 6.04 (t, 1H, O=C-CH-C), 1.60-2.22 (15H, -CH2-CH-CH2- of 1-adamantyl pendent group).
For anionic polymerization, AdA was further freeze dried with benzene three times and directly flame sealed in an ampule equipped with a break-seal under high vacuum conditions. The purified monomer was diluted with anhydrous THF. The solution (0.81 mmol/ml) was stored at -30 oC until polymerization. 
Homopolymerization of AdA. All anionic polymerizations were carried out under high-vacuum conditions (10-6 mmHg) in a glass apparatus equipped with break-seals in the usual manner.41,44 The polymerization was performed in THF at -78 oC. Initiator (DPHLi, DPMK or NaphNa/DPE), additive (LiCl or Et2Zn), and monomer AdA were introduced sequentially via break-seals. Polymerization was terminated with degassed methanol at -78 oC. To remove additives used during polymerization, the product was poured into acidified methanol with vigorous stirring. The precipitated polymer was filtered, rinsed with methanol, and vacuum dried overnight. The resulting polymer was characterized by GPC, 1H and 13C NMR spectroscopies. 1H NMR spectra (CDCl3, 500 MHz), δ (ppm): 2.2- 2.3 (br, 1H, O=C-CH-C), 1.7– 1.9 (br, 2H, -C-CH2). 13C NMR spectra (CDCl3, 500 MHz), δ (ppm): 173- 174.1 (C=O), 42.3, 41.4, 36.4, 34.5, 31.0.
Block copolymerization of AdA with MMA. The sequential anionic polymerization of AdA and MMA were carried out to synthesize block copolymers of poly(1-adamantyl acrylate)-b-poly(methyl methacrylate) (PAdA-b-PMMA). The solution was performed in THF at -78 oC. DPMK/Et2Zn, which was used for the homopolymerization of AdA, was introduced via break-seals. Depending on the sequence of the block composition, the two sequential orders of the first addition of AdA and second of MMA as well as the opposite sequential monomer addition was carried out. Aliquots of the first block were withdrawn to an attached receiver for characterization of the first block. Polymerizations were terminated with degassed methanol at -78 oC. To remove additives used during polymerization, the product solution was poured into acidified methanol with vigorous stirring. The precipitated polymer was filtered, rinsed with methanol, and vacuum dried. The resulting polymer was characterized by GPC. 
Homopolymerization of tBA. PtBA was polymerized through reversible addition–fragmentation chain transfer (RAFT) polymerization under high-vacuum conditions (10-6 mmHg) in a glass apparatus. After mixing CTA (0.1 M in benzene, 1.00ml), AIBN (0.1 M in benzene, 0.22 ml), tBA (10.00g) and Benzene (5.00 ml) in a vial, the solution was transferred to an ampule, which was degassed by three freeze-thaw-evacuate cycles. The ampule was flame sealed under vacuum and immersed in an oil bath at 75 oC for 10 h. The polymerization was quenched with liquid nitrogen. The product solution was precipitated twice in large excess of methanol/H2O (60/40) with vigorous stirring and vacuum dried overnight. The resulting polymer was characterized by using gel permeation chromatography (GPC). Mn: 54.2 Kg/mol, PDI: 1.89, as shown in Figure S1. 
Homopolymerization of MA. PMA was polymerized through atom-transfer radical-polymerization (ATRP) under high-vacuum conditions (10-6 mmHg) in a glass apparatus. EBIB (0.1 mmol), CuBr (0.1 mmol), MA (30 g), Anisole (100 ml) and PMDETA (0.1 mmol) were sequentially added to an ampule, which was degassed by three freeze-thaw-evacuate cycles. The ampule was flame sealed under vacuum and immersed in an oil bath at 85 oC for 7 days. The polymerization was quenched with liquid nitrogen. The product solution was passed through aluminum oxide (Acros Organics, neutral) column to remove salt, precipitated twice in large excess of methanol and vacuum dried overnight. The resulting polymer was characterized by using gel permeation chromatography (GPC). Mn: 110.4 Kg/mol, PDI: 1.15, as shown in Figure S2. 
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Figure S1. GPC profiles of PtBA by RAFT polymerization
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Figure S2. GPC profiles of PMA by ATRP	Comment by Author: Still supporting material: NMR, GPC, shceme
[bookmark: _Toc475644196]2.1.3 Result and Discussion
Effect of Initiators on Anionic Polymerization. The initiator systems of sec-BuLi/DPE/LiCl, DPMK/Et2Zn and NaNaph/DPE/Et2Zn have been generally applied for the anionic polymerization of (meth)acrylate.6 To optimize living anionic polymerization of AdA monomer, which was prepared as shown in Scheme 1, various initiator systems of sec-BuLi/DPE, NaphNa/DPE, and DPMK with LiCl and Et2Zn were employed, as shown in Scheme 1 and Scheme S1 in Supporting Information. The detailed results of the polymerization are summarized in Table 1. 
[image: ]Scheme 1. Synthesis of 1-adamantyl acrylate (AdA)38 and anionic polymerization of AdA initiated by DPMK or DPHLi in the presence of Et2Zn or LiCl. Denote: TEA: triethylamine, DPMK: diphenylmethyl potassium, Et2Zn: diethyl zinc, DPHLi: diphenylhexyl lithium, and LiCl: lithium chloride. M is Li or K metal.
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	runs
	initiator/Additive
(mmol/mmol)
	AdA
(mmol)
	time
(min)
	
	Mw/Mnb

	
	
	
	
	calcdc
	obsd
	

	
	   sec-BuLi/DPE/LiCld

	01
	0.10/0.20/1.00
	4.85
	30
	10.0
	13.0
	1.83

	
	  NaphNa/DPE/ Et2Zne

	02f
	0.04/2/1.00
	2.42
	30
	25.0
	94.3, 42.2
	1.03, 1.10

	03
	0.04/0.20/1.6
	2.42
	5.0
	25.0
	55.7
	1.86

	
	         DPMK/ Et2Zne

	04
	0.05/0.75
	1.21
	30
	5.0
	104.3, 4.4
	1.03, 1.21

	05
	0.05/1.00
	1.21
	30
	5.0
	4.3
	1.37

	06
	0.05/2.00
	1.21
	30
	5.0
	4.5
	1.09

	07
	0.05/2.00
	1.21
	60
	5.0
	4.3
	1.10

	08
	0.05/2.00
	1.21
	5
	5.0
	4.8
	1.19

	09g
	0.05/2.00
	2.42
	<1
	10.0
	8.5
	1.14

	10
	0.05/2.00
	16.97
	5
	70.0
	71.8
	1.10



aAll the polymerization showed quantitative yields. bNumber-average molecular weight Mn (obsd) and PDI were measured by GPC calibration using a PMMA standard in THF as the eluent at 40 oC c. dLiCl was  applied as the additive for the anionic polymerization of AdA initiated by sec-BuLi/DPE. eEt2Zn was applied as the additive for the anionic polymerization of AdA initiated by NaphNa/DPE and DPMK. fBimodal peak was obtained in GPC curve. gThe sample demonstrated Mn:8.5 kg/mol, PDI: 1.14 from GPC with refractive index (RI) detector based on PMMA standard and Mn: 9.1 kg/mol, PDI: 1.06 from GPC with a viscometer and multi-angle light scattering (MALLS) detectors.

For the anionic polymerization using sec-BuLi initiator, the combination of sec-BuLi/DPE was used to decrease the nucleophilicity, as previously reported with polymerization of (meth)acrylates.9 The polymeric solution changed from colorless to red once DPE was introduced to sec-BuLi solution in -78 oC, indicating the formation of diphenylethyl anions. Sequentially, LiCl was used to form the complexation with living chain ends, which was reported to be helpful in suppressing the back-biting reaction and decreasing the propagation rate.45 However, the polymerization of AdA using the initiation system of sec-BuLi/DPE/LiCl was poorly controlled and lead to a broad molecule weight distribution (PDI= 1.83) as described in Table 1 run 01 and Figure 1a (black line). Thus, another initiation system of NaphNa/DPE was used for the anionic polymerization to adjust the nucleophilicity to comparable with carbanion of (meth)acrylate, as reported in polymerization of (meth)acrylates.6 In the polymerization, the additive Et2Zn was introduced with molar ratio of [NaphNa]0/[Et2Zn]0 = 25 and 40 (Run02 and 03 in Table 1) to form the complex with living chain ends as well as the coordination bonding with the carbonyl group of AdA monomers to suppress the side reactions. However, the polymerization using NaphNa/DPE/Et2Zn ([NaphNa]0/[Et2Zn]0 = 25, Run02 in Table 1) produced bimodal molecular weight distributions as shown in Figure 1a (red line), that could be the heterogeneous growth of polymer chains from the difunctional initiation site formed by the radical coupling reaction.46 With Na+ as the counter ion, the complexation formed between the enolate ion and the ligand is not strong enough to suppress the side reactions like backbiting reactions, inter-molecular polymer terminations, etc.6 The combination of these side reactions, as well as possible limitation in initiation efficiency, make the molecular weight produced higher than expected. Therefore, we carried out one more polymerization of AdA using NaphNa and Et2Zn with the feeding ratio of 40-fold excess to overcome side reactions and to control anionic polymerization. Interestingly, the different concentration of NaphNa/DPE/Et2Zn with [NaphNa]0/[Et2Zn]0 = 40 (Run03 in Table 1) overwhelmed bimodal curve but exhibited 1.86 of very high PDI. (See Figure S5 in Supporting Information) Although the sodium cation is more favorable for the AdA polymerization generally, this initiation system was still not well controlled. 
Alternatively, the anionic polymerization of AdA was performed by the initiation system of DPMK/Et2Zn. The solution of DPMK in THF changed from red to orange immediately after Et2Zn was introduced at -78 oC, due to the complexation between the additive and diphenylmethyl anion. Once AdA was added, the solution became colorless or pale yellow, which is typical for living poly(meth)acrylates. With certain amount of Et2Zn, PAdA was successfully obtained with target molecular weight and almost 100% yield, giving PDI lower than 1.1. (Table 1 Run 06 and Figure 1a, blue line). Similar results were also reported previously.47,48 An equilibrium of the ligand with enolate ion is presumably involved that endows K with a better ability to control the polymerization than Na and Li.49 For alkali metals, the increase of size leads to higher polarizability of the carbanion with K+ than that with Na+ and Li+. The radii of  K+, Na+, and Li+ were verified at 133, 95, and 60 pm, respectively.50 Thus the complexation of K+ with the ligand is easier, which restricts the either intermolecular termination or intramolecular backbiting between carbanion and carbonyl group.

[image: ]
Figure 1. GPC profiles of PAdA synthesized by anionic polymerization with a) initiation system with different cations, results shown as Run 01, 02 and 06 in Table 1; b) different amount of Et2Zn added, results shown as Run 04, 05 and 06 in Table 1; c) different reaction time, results shown as Run 06 to Run 09 in Table 1; d) wide molecular range, results shown as Run 08 and 10 in Table 1. 

Effect of Additive/Initiator Ratio on Anionic Polymerization. The coordination of ligands with enolate ion pairs has been classified into µ-type ligands, σ-type ligands, and µ / σ -type dual ligands.51 As mentioned above, anionic polymerization of methyl methacrylate,20 N,N-Dialkylacrylamides,24 and tert-butyl acrylate25 have been controlled well by the introduction of Et2Zn. The strong electrostatic interactions lead to μ-type of complexation between potassium or sodium enolate and Et2Zn. This complexation forms the steric hindrance that restrict the backbiting termination. On the other hand, the strong electrostatic interactions decrease the reactivity of living chain ends and suppresses its attack on carbonyl groups. As reported previously, for the anionic polymerization of MMA, only 3~10-fold excess of Et2Zn/initiator is necessary to suppress the side reaction.20 When Et2Zn/initiator is higher than 11-folds, the polymerization of tBA could be well controlled.25
As shown in Figure 1b, however, the previously used ratio of Et2Zn/DPMK is not sufficient for the controlled polymerization of AdA. When Et2Zn/DPMK was 15 folds, unexpected high molecular weight polymer was produced which might be caused by multi-coupling reactions. With a 20-fold excess of Et2Zn, this side reaction was somewhat suppressed, which made the molecular weight lower. However, the side reaction still occurred to some extent and gave a broad shoulder in GPC profiles. The polymerization was controlled completely when a 40-fold excess of Et2Zn/DPMK was used. As studied previously, 1-adamantyl group has a higher ability to pull the electrons away from the ester group than tert-butyl group.52 This enolate is more vulnerable to carbanion attack. More ligand is thus necessary to stabilize enolate and to suppress the side reaction.
Polymerization Kinetics and Molecular Weight Range. Compared to methacrylates, the anionic polymerization of acrylate monomers is much faster, e.g. the conversion of  the anionic polymerization of tBA reached 100% within 1 minute.25 Even though it is reported that the presence of  additive can distinctly reduce the propagation rate,20 and a large excess of Et2Zn was used during the polymerization of AdA, the polymerizations undergoing 30 min and 60 min showed the same MWs as for the polymerization for 5 min. Even though the anionic polymerization was performed for less than 1 min, the well-defined PAdA was synthesized completely with quantitative yield, controlled Mn of 8.5K g/mol , and narrow PDI of 1.14 as shown in Table 1 run09 and Figure 1c blue line. The polymerization of AdA to high molecular weight also proceeded in 5min, giving the Mn 71.8 kg/mol with narrow polydispersity of 1.10 in Figure 1d and it is the highest Mw of PAdA polymer synthesized in this study. 
Tacticity of PAdA. In general, the tacticity of a poly(alkyl methacrylate) is dictated by the size of the alkyl group.15 It can also be effectively tuned by changing initiator and/or ligand. Thus poly(alkyl methacrylate) with highly syndiotactic16,17 or isotactic18,19 structures could be obtained. Ligated anionic polymerization has been widely reported to influence tacticity of (metha)acrylate polymers. The formation of highly isotactic18,19 and highly syndiotactic16,17 structures have been achieved with the selection of different additives. 
The tacticity of PAdA with Mn 71.8 kg/mol (Run 10 in Table 1) was determined by integration of the triad peaks of the carbonyl group in 13C NMR spectra as shown in Figure 2. The resonances at 174.1~173.7 ppm and 173.7~173.4 ppm were assigned to rr and mr triads, with the proportion of 76.8% and 21.1% respectively. The content of mm triad at 173.4~173.2 ppm was only 2.1%. As reported by S. Nakahama et. al, Et2Zn also accounts for the increase of syndiotactic proportion of poly(N,N-dialkylacrylamides) synthesized via anionic polymerization. Even though they have different structures from (meth)acrylate, large excess Et2Zn is used to coordinate with the propagating chain end to suppress the side reactions in the polymerization of both acrylamides and acrylates.24 In addition, as the (meth)acrylate monomers, even though influence of Et2Zn on tacticity was not observed in the polymerization of tBA,25 it has been reported that the tacticity of a poly(alkyl methacrylate) is affected by the size of the alkyl group.15 Based on the works above, it is anticipated that the selectivity of tacticity found in the anionic polymerization of AdA could be attributed to both the ligand effect and the bulkiness of the pendent group.
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Figure 2. 13C NMR spectra of the carbonyl carbons of the PAdA with Mn 71.8 kg/mol (Run 10 in Table 1) measured in CDCl3.

Block Copolymerization of AdA with MMA. One of the merits of living anionic polymerization is easy preparation of well-defined block copolymers through the sequential addition of different monomers. Through the block copolymerization of AdA with MMA, we evaluated the living properties of PAdA, and the nucleophilicity of the living PAdA chain ends. 
Block copolymerization was carried out in THF at -78 oC using DPMK as the initiator and 40 equiv of Et2Zn. For the synthesis of PMMA-b-PAdA, the first block was polymerized for 1 h, followed by the addition of AdA. The polymerization was quenched with degassed methanol after the propagation of PAdA for 10 min in THF at -78 oC. For the synthesis of PAdA-b-PMMA, the first block of PAdA was carried out for 10 min, followed by the polymerization of MMA for 1 h. All the polymeric solutions were precipitated in a large excess of acidified methanol after termination of living polymer chains with methanol. This gave a direct indication of PAdA production, based on the fairly good solubility of PMMA in methanol. The details of the polymerization results are summarized in Table 2. 

[bookmark: _Toc475644244]Table 2. Diblock Copolymerization of AdA with MMA using DPMK/Et2Zn in THF at -78 oCa
	run
	initiator
(mmol)
	1st monomer 
(mmol)
	2nd monomer
(mmol)
	time (min)
	block copolymer (homopolymer)

	
	
	
	
	
	
	Mw/Mnb

	
	
	
	
	
	calcdc
	obsd
	

	11
	0.02
	MMA, 2.00
	AdA, 2.42
	60/10
	25(10)
	25.1(8.5)
	1.09(1.05)

	12
	0.05
	AdA, 2.50
	MMA, 2.42
	10/60
	15(5)
	14.6(4.3) 
	1.06(1.10)


aThe polymerization was initiated by DPMK with Et2Zn as the additive at concentration of [Et2Zn]/[DPMK] = 40. All the polymerization demonstrated quantitative yields. bMn (obsd) and Mw/Mn were measured by GPC calibration using a PMMA standard in THF as the eluent at 40 oC. c.

 Clear shifts were observed in the GPC profiles in both PMMA to PMMA-b-PAdA (Figure 3a) and PAdA to PAdA-b-PMMA (Figure 3b). Block copolymers were successfully synthesized by living anionic polymerization via both sequences, with 100% conversion of each monomer. It is thus demonstrated that the PAdA living chain end has similar nucleophilicity to that of PMMA
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Figure 3. GPC profiles from a) PMMA homopolymer to PMMA-b-PAdA block copolymer, and b) PAdA homopolymer to PAdA-b-PMMA block copolymer.

For the synthesis of PAdA-b-PMMA, the diblock copolymer gave a clean unimodal molecular weight distribution and quite narrow polydispersity, as shown in Figure 3b. Accordingly, it was proven that living AdA initiates MMA completely with 100% conversion of PAdA. From this observation, it was surmised that living PAdA has a distinct 100% living property as compared to other acrylates like 2EtHA and tBA. For the anionic polymerization of tBA by Et2Zn/DPMK, it was demonstrated that 61% of the living chains were deactivated in only 5min.25 In addition, a trace of P2EtHA also existed in the GPC curve of diblock copolymer of P2EtHA-b-PMMA.24 In the case of 1-adamantyl acrylate, the bulky side group contributes to the steric hindrance for backbiting termination, and the large excess of Et2Zn also helps to stabilize the living chain ends. 
Thermal Properties of PAdA. It has been reported that the bulky adamantane moiety can contribute to the decrease of chain mobility and increase of rotational barrier to backbone bond rotation upon incorporation, which further increase the Tg of the final polymer.27 In addition, the enhancement of decomposition temperature of polymers by adamantane incorporation was also reported.31  To evaluate these effects on PAdA, DSC and TGA were used for the characterization of thermal properties. Tg of PAdA with Mw 71.8 kg/mol reached 133 oC (Figure 4a), and is much higher than that of PMA (Tg: 8 oC) and PtBA (Tg: 11 oC). Compared to polymethacrylates, polyacrylates have greatly increased flexibility of the polymer backbone due to the absence of the α-methyl group so that polyacrylates have much lower Tgs than the corresponding polymethacrylates. The Tg of 133 oC of PAdA is distinctively high and very unique, to the best of our knowledge, because it is rare to find polyacrylates with high Tg—the highest found from the literature is 94 oC for poly(isobornyl acrylate), which also has a very bulky side group.53  The unique Tg makes PAdA a promising candidate for use in acrylic based thermoplastic elastomers with high upper service temperature and enhanced mechanical strength by block copolymerization with acrylates with low Tgs such as poly(n-butyl acrylate).32,33  
The thermal behavior of PAdA synthesized by free radical polymerization and ATRP was studied previously.33,54 Compared to Tgs of 153 oC and 145-151 oC as they reported, the PAdA sample in this study is around 20 oC lower (133 oC). In addition, we measured Tg of another PAdA synthesized by reversible addition fragmentation chain transfer (RAFT) polymerization and obtained similar Tg as 134 oC. In general, Tg correlated with molecular weight (MW) so that we measured Tg of PAdA with high MW of 71.8 kg/mol. However, the Tg of PAdA was not increased by increasing MW from 4.3 to 71.8 kg/mol. The effect of tacticity can also be disregarded, since the low isotactic content are normally expected to increase of Tg.55 Based on the Tg ranges of PMMA from 105 oC to 128 oC, ADDIN EN.CITE  it could be anticipated that the Tg deviation is caused by the difference in synthesis methods, instruments or the characterization parameters.
Figure 4b shows the TGA thermograms of a series of polyacrylates. Poly(methyl acrylate) (PMA) and PtBA were synthesized by radical polymerization, and the PAdA shown was polymerized anionically, as shown in Run 10 Table 1. As reported previously, the tert-butyl ester moiety of PtBA decomposed at 228 oC to yield isobutene and poly(acrylic acid) (PAA). This can be confirmed by the weight ratio left after the first transition, with around 56% left, corresponding to the molecular weight ratio of PAA to PtBA. The weight loss afterward from 255 oC to 445 oC was attributed to the degradation of the PAA remaining. In contrast, PMA gave the degradation temperature (Td) at 343 oC (with 5% weight loss). The thermal stability of PMA is reasonable, since the degradation occurred with no decomposition of the side chain. Surprisingly, even containing the ester group connecting with a tertiary carbon like PtBA, PAdA showed a sufficiently high Td of 376 oC. The decomposition of the distorted bridgehead alkene, adamantane, is thermodynamically unfavorable,56 thus leads to the outstanding thermal stability of PAdA. 
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Figure 4. The thermal properties of polymers including PAdA with Mn 71.8 kg/mol, PtBA 54.2 kg/mol and PMA 110.4 kg/mol. (PtBA was polymerized by RAFT polymerization, and PMA was polymerized by ATRP, detailed polymerization conditions can be found in supporting information). a) DSC thermogram of polymers under nitrogen at a heating rate of 10 oC min-1; b) TGA thermograms of polymers under nitrogen at heating rate of 10 oC min-1.
[bookmark: _Toc475644197]2.1.4 Conclusion
The living anionic polymerization of 1-adamantyl acrylate (AdA) was successfully achieved for the first time using DPMK as an initiator, with a large excess of diethyl zinc (Et2Zn) in THF at -78 oC. Compared to other acrylates like tBA and 2EtHA, a lager excess (40-fold relative to DPMK) of Et2Zn is required to control the polymerization. The polymerization was completed within 5 min, giving various molecular weight from 4.3 kg/mol to 71.8 kg/mol with PDIs lower than 1.1 and quantitative yields. The PAdA made exhibited a low level of isotactic content, attributing to the bulk pendent group and coordination complex between enolate and zinc cation. It was demonstrated that the living chain end of PAdA has comparable reactivity to that of PMMA via sequential block copolymerization. Moreover, the chain ends of PAdA showed distinct living properties superior to that of other acrylates which was used to build PAdA-b-PMMA with 100% incorporation of PAdA homopolymer. The homopolymer of PAdA exhibits outstanding thermal behavior with a much higher glass transition temperature (Tg: 133 oC) and degradation temperature (Td: 376 oC) than other acrylic polymers such as poly(tert-butyl acrylate) and poly(methyl acrylate). 

[bookmark: _Toc475644198]2.2 Solution Properties, Unperturbed Dimension and Chain Flexibility of Poly(1-Adamantyl Acrylate)
[bookmark: _Toc475644199]2.2.1 Introduction
Adamantane containing polymers have been extensively studied, such as the polymers of 1,3-adamantane,57 styrene derivatives and (meth)acrylates with pendent group containing adamantane.31,38,58-60 Adamantane can form strong host-guest inclusion complexation with β-cyclodextrin and cucurbit[7]uril.34,35 These complexes have been used to design of materials for self-healing,61 drug delivery62 and molecular switch.63 In addition, the structure of a symmetric tricyclic hydrocarbon with three fused chair-form cyclohexyl rings in a diamond lattice greatly increased the glass transition temperatures (Tgs) and degradation temperatures (Tds) of these polymers, due to the decrease of chain mobility and an increase of rotational barrier of the backbone bond rotation upon the corporation.27 For instance, we have previously reported poly(1-adamantyl acrylate) (PAdA) (Structure as shown in Scheme 1) synthesized by anionic polymerization with Tg of 133 oC and Td of 376 oC, which are much higher as compared to other polyacrylates.59 



Scheme 1. Poly(1-adamantyl acrylate) (PAdA)
The outstanding glass transition temperature and thermal stability make PAdA a promising candidate for acrylic-based thermoplastic elastomers with high upper service temperature and enhanced mechanical strength. It has been reported that the decrease of chain mobility and an increase of rotational barrier to backbone rotation upon incorporation caused by the bulky adamantane moiety contribute to this extensive thermal behavior.27 However, the quantitative evaluation on the stiffness of the polymer chain has not been studied. 
Many series of polymers, such as polymethacrylates and polystyrene derivatives, have been discussed previously and showed the influence of the rigidity and the bulkiness of the side groups.64-66 While the general conformation of polyacrylates has not been reported, possibly due to the lack of enough study on various polymers. Herein, we report the dilute solution properties and conformational behaviors of PAdA in different solutions based on different techniques, including nuclear magnetic resonance spectroscopy (NMR), gel permeation chromatography (GPC) equipped with viscometer and multi-angle light scattering (MALLS) detectors, and multiangle laser light scattering. 
[bookmark: _Toc475644200]2.2.2 Experiment
Sample preparation. Different samples of poly(1-adamantyl acrylate) (PAdA) were made by anionic polymerization as previously reported, 59 in order to meet the requirements of polydispersity indices (PDIs) and tacticity. Thereinto the polymer produced by diphenylmethylpotassium/diethylzinc (DPMK/Et2Zn) initiator system exhibited the low PDI as 1.10. The PAdA produced by sec-butyllithium/diphenylethylene/lithium chloride (sec-BuLi/DPE/LiCl) initiator system exhibited the rather broad PDI as 2.57. (Table 1)
Measurements. The tacticity of the polymers was investigated through molecular calculation based on 13C NMR spectra using a Varian VNMR 500 MHz and CDCl3 as the solvent. Chemical shifts were referred to CDCl3 solvent peak at 77.16 ppm.
 The specific refractive index increment (dn/dc) of PAdA in tetrahydrofuran (THF) at 40 oC was determined as 0.1227 mL/g, measured using Wyatt Technology Optlab rEX (690 nm). The molecular weights (MWs), intrinsic viscosities ([η]) were measured in THF at 40 oC using Polymer Laboratories PL-120 GPC system equipped with four detectors of Polymer Laboratories refractometer, a Precision Detector PD 2040 (two angle static light scattering detector), a Precision Detector PD2000DLS (dynamic light scattering detector), and Viscotek 220 differential viscometer. The column set installed is the Polymer Laboratories PLgel; 7.5 × 300 mm; 10 μm; 500, 1 × 104, 1 × 106, and 1 × 107 Å. 
Static light scattering (SLS) measurements with PAdA from Run 01 were performed on a commercial Brookhaven laser scattering spectrometer equipped with a λ = 637 nm laser. The angles from 30o to 100o with an interval of 5o were applied. The radius of gyration (Rg) was directly calculated by the Rayleigh-Gans-Debye equation from the software. 
[bookmark: _Toc475644201]2.2.3 Result and Discussion
Tacticity and Other Sample Information of PAdA. The information of polymer samples is summarized in Table 1.  The assignment of the triad peaks of the carbonyl carbons of PAdA is shown in Figure 1. The resonances at 174.2−173.8, 173.8−173.6 and 173.6−173.3 ppm were assigned to rr, mr and mm triads respectively. As discussed in previous work, the bulkiness of the pendent group and ligand effect, especially when a large excess of Et2Zn was used, contribute to the low isotactic (mm) ratio. 
Table 1. Molecular Characteristics of Poly(1-adamantyl acrylate)a
	runs
	initiator system
	b
	Mw/Mn
	triad ratio (mol%)c

	
	
	
	
	mm
	mr
	rr

	01
	DPMK/Et2Zn
	174.8
	1.01
	2.1
	21.1
	76.8

	02
	sec-BuLi/DPE/LiCl
	8.3
	2.57
	6.3
	13.5
	80.2


aAll the polymers were synthesized by anionic polymerization as reported previously.59 bNumber-average molecular weight Mn and PDI were measured in THF at 40 oC using Polymer Laboratories PL-120 GPC system, with dn/dc as 0.1227 mL/g. cTriad ratios were calculated based on the 13C NMR spectra using a Varian VNMR 500 MHz and CDCl3 as the solvent.
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Figure 1. 13C NMR spectra of the carbonyl carbons of the PAdA with Mn 8.3 kg/mol (Run 02 in Table 1) measured in CDCl3.
Based on the Rotational Isomeric State (RIS) theory, the unperturbed dimensions of the polymers can be influenced by their stereoregularity.67 Although the influence is not universal for all kind of polymers either experimentally or theoretically,68 its role on polymethacrylates are well studied, which can give us hints on polyacryates with similar structures.69 The lower fraction of isotactic diads can lead to the limited intrinsic viscosities and smaller unperturbed dimensions.  Thus the polymer chains are tend to be less flexible.
Intrinsic viscosities. Instead of the traditional separate measurements of molecular weights and intrinsic viscosities using narrowly dispersed polymer samples from solvent-nonsolvent fractionations, the development of instrumentation provides the convenient approach for establishing the molecular weight dependence of intrinsic viscosity by using GPC with both light scattering and viscosity detectors. Especially, when a multiple angle laser light scattering detector (MALLS) is used, the radius of gyration, as well as the molecular weight of each near-monodisperse eluting fractionation can be determined.70  
Both polymer samples from Run 01 and Run 02 in Table 1 were mixed together to ensure the wide measuring window of molecular weights and intrinsic viscosities. The GPC chromatograph tracing of PAdA in THF at 40 oC is shown in Figure 2. From left to right, the peaks are light-scattering intensity, differential refractive index (DRI), and viscosity. 
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Figure 2. GPC chromatograph tracings for the polymer mixture of Run 01 and Run 02 in Table 1. From left to right the signals are from the light scattering detector, the refractometer, and the viscometer. 
The results of molecular weight () and the pertinent intrinsic viscosity ([η]) of each near-monodisperse eluting fractionation are plotted, as shown in Figure 3. The Mark-Houwink equation was used to fit the data and can be expressed by
 				(1)
It is well known that the exponent coefficients, which is also called the Mark-Houwink coefficient, can be used to evaluate the solubility, chain flexibility, and temperature influence. The value of 0.5 means the theta condition. The coefficient of 0.67 indicates that the polymer has a flexible conformation in THF solution, and THF is the good solvent for PAdA. 
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Figure 3. Relationships between log [η] and log Mw of PAdA in THF at 40 oC.
The [η] of a wormlike chain is calculated for the touched-bead wormlike chain model based on the following equation:71,72
 				(2)
Where L, λ-1, and dB are the contour length, the Kuhn segment length, and the diameter of a bead, respectively. L is related to Mw by , for which ML is the molar mass per unit contour length of the polymer chain. For PAdA in THF, the ML is 820 nm-1 based on the molecular weight of the monomer unit of 206 g/mol. The persistence length of PAdA is 1.2 nm, which is comparable to that of poly(methyl methacrylate) (PMMA, persistence length ~2 nm)73,74 and polystyrene (PS, persistence length ~1.2 nm).75 The diameter of a bead (dB) is 1.0 nm, which is also similar to that of PMMA (~0.8 nm) 22,23 and PS (~1.0 nm).75 Even though the lack of α-methyl group makes the backbone of polyacrylates more flexible than those for polymethacrylates, the bulky adamantyl group greatly restrained the rotation of the polymer chains and lead to such a comparable size to PMMA and PS. 
Further investigation of the unperturbed dimensions was performed based on the Burchard-Stockmayer-Fixman (B-S-F) extrapolation procedure for viscosity.76,77 The B-S-F relation can be expressed as the equation below:
				(3)
Where B is the function of Flory’s interaction parameter, polymer specific volume, molar volume of solvent and Avogadro’s number. Φ is the universal Flory constant (). Kθ can be expressed by the Flory-Fox equation as below:67
				(4)
Even when theta condition cannot be met, the B-S-F relation can still be used to estimate the unperturbed dimensions of the polymer chain. 
The other more commonly used term for the estimation of the unperturbed dimension, the characteristic ratio C∞ can be further calculated, which is defined by Flory as67
			(5)
Where n is the number of bonds in the backbone, l is the bond length (), Mb is the molecular mass per bond. 

[image: ]
Figure 4. Burchard-Stockmayer-Fixman relation for PAdA in THF at 40 oC.
	The B-S-F plot is shown in Figure 4. It yields the  as the intercept of . The characteristic ratio C∞ is 10.4. The  and C∞ of several other reported poly(meth)acrylates are listed in Table 2. The unperturbed dimension in solution (C∞) and glass transition temperature (Tg) roughly follows similar principles. With the increase of chain stiffness, they both tend to increase.78,79 Among polyacrylates studied, the bulky and very rigid adamantyl group make PAdA the least flexible. Thus both its C∞ and Tg are extensively larger than those of poly(methyl acrylate) (PMA) and poly(tetrahydrofurfuryl acrylate) (PTHFA). However, although PMA is more compact that imparts it with a higher Tg than that of PTHFA. The bulky tetrehydrofurfurylmethylene group makes the unperturbed dimension of the latter larger. It needed to be noted that the reported value of C∞ is still inconsistent, ranging from 5.4 to 7.2 depending on different measuring systems and models applied.80 The existence of methyl group greatly enhances the steric hindrance of the polymer chains in bulk, which causes the Tgs of polymethacrylates always larger than polyacrylates with the same pendant groups, this difference can also be observed in solution, from the comparison of the C∞ values between PAdA/PAdMA, PMA/PMMA and PTHF/PTHFMA. Meanwhile, the properties of PAdA, either in bulk or in solution, are outstanding and even superior to polymethacrylates like PMMA and PTHFMA, due to adamantane’s unique compact structure in a diamond lattice and bridged nature.
Table 2. Values of  and C∞ of Poly(meth)acrylates
	Polymer
	Kθ (104)
(dL/g)
	C∞
	Tg
(oC)
	Ref.

	PAdA
	2.9
	10.4
	133
	This work,59

	PMAa
	5.3
	6.5
	8
	59,81

	PTHFAb
	3.3
	8.6
	-11
	82

	PMMA
	4.8
	7.3
	105
	83

	PTHFMAc
	3.5
	9.6
	57
	84,85

	PAdMAd
	5.3
	16.9
	202
	31,65


aPMA: poly(methayl acrylate); bPTHFA: poly(tetrahydrofurfuryl acrylate); cPTHFMA: poly(tetrahydrofurfuryl methacrylate); dPAdMA: poly(1-adamantyl methacrylate).
Light Scattering. The PAdA sample wit narrow PDI (Run 01 in Table 1) was to make the solutions for light scattering measurements. Different solvents were evaluated by making the Zimm plots using static light scattering at 30 oC, based on the equation below.86
 				(6)
Where K is the constant depending on the studied system,  is the Rayleigh ratio depending on the intensity of the light scattered, q is scattering wavevector, Rg is the root-mean-square z-average radium of radius of gyration, c is the concentration of the sample solution, A2 is the second virial coefficient. The value of A2 can be used to estimate the solution power of the solvent to the polymer, i.e.  means it is the good solvent for the polymer;  means it is the bad solvent for polymer; while  means it is the theta solvent. 
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Figure 5. Zimm plot for PAdA in toluene at 30 oC.
	The typical Zimm plot is shown in Figure 5, using PAdA in toluene as an example. Based on the Equation 5, two extrapolations to zero scattering angle () and to zero concentration () result in the production of 1/Mw. The slope ofvs  corresponds to Rg, and the slope of vs  corresponds to . The values of A2 and Rg for the polymer in different solvents are summarized in Table 3. The A2 of THF is rather small, with the order E-5, which is closer to the theta condition than other solvents studied. Consider that the increase of temperature can enhance the solubility of the polymer, this value of A2 at 30 oC, as well as the M-K coefficient of 0.67 in THF at 40 oC, indicate that THF is a thermodynamically moderate solvent for PAdA. Several theta solvents of other poly(meth)acrylates and the molecules with similar structures were also evaluated, like hexane (for poly(tert-butyl acrylate at 24.2 oC)),87 and acetone (for poly(phenyl methacrylate at 25 oC)).83 With the increase of solution power, the polymer chain can be better expanded, thus the Rg is tend to increase. The exception of that in toluene and THF might be caused by the small experimental deviation. On the other hand, when the solubility is bad enough like that in 3-hexanone and hexane, the aggregation and even further precipitation occur that extensively increase the value of Rg. We can expect the in theta condition, the Rg of PAdA should range from 16.8 nm and 30.3 nm from our results. 
Table 3. The Values of A2 and Rg for PAdA in Different Solvents at 30 oC.
	Solvent
	A2 (X104)
(cm3 mol g-2)
	Rg
(nm)

	THF
	
	

	Toluene
	
	

	Cyclohexanone
	
	

	Cyclopentanone
	
	

	3-Pentanone
	
	

	3-Hexanone
	
	

	Hexane
	
	N/A


*Other solvents tested includes 1,4-dioxane (Partially soluble. For 3 mg/mL, cloudy point at around 45 oC), methyl ethyl ketone (insoluble) and acetone (insoluble).
[bookmark: _Toc475644202]2.2.4 Conclusion
We report here the solution properties of poly(1-adamantyl acrylate) (PAdA) in multiple solvents derived from NMR, GPC with viscometer and MALLS detectors, and multiangle static light scattering. Among all the solvents evaluated, THF is the moderate solvent for PAdA, with Mark-Houwink coefficient of 0.67 at 40 oC and A2 as  cm3∙mol/g2. The polymer chain has the comparable persistence length, diameter per bead to those of PMMA and PS. Its characteristic ratio (C∞) of 10.4 is even larger than PMMA. All these results indicate that PAdA is stiffer than common polyacrylates. Even lack of the α-methyl group that normally induce the steric hindrance for polymethacrylates, the bulky structure of three fused chair-form cyclohexyl rings in a diamond lattice and bridged nature of adamantyl pendant group make PAdA extraordinary rigid as an acrylic polymer. In addition, the second virial coefficient (A2) of PAdA in different solvents have been studied, which can be the reference for further investigation on the theta condition of the polymer. The unperturbed radius of gyration were also expected to be ranging from 16.8 nm to 30.3 nm from the SLS study of these solvents. 
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[bookmark: _Toc475644207]Chapter 3 All Acrylic-based Thermoplastic Elastomers with High Service Temperature and Distinct Mechanical Strength
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All acrylic based thermoplastic elastomers (TPEs) offer potential substitution to the widely-used styrenic TPEs. However, the high entanglement molecular weight (Me) of polyacrylates lead to “disappointing” mechanical performance as compared to styrenic TPEs. In this study, the triblock copolymer composed of alkyl acrylates with different pendant groups and glass transition temperatures (Tgs), i.e. 1-adamatyl acrylate (AdA) and tetrahydrofurfuryl acrylate (THFA), was synthesized via reversible addition-fragmentation chain transfer (RAFT) polymerization. Thermal characterization of the resulting polymers were performed using differential scanning calorimetry (DSC) and exhibited the Tgs of both segments. The distinct phase separation behavior were demonstrated using atomic-force microscopy (AFM) and small angle X-ray scattering (SAXS). Dynamic mechanical analysis (DMA) showed the softening temperature of PAdA domain was 120 oC, which is higher than that of both styrenic TPEs and commercial acrylic based TPEs with poly(methayl methacrylate) (PMMA) hard blocks. The tensile tests of XXXX exhibited the mechanical stress as , and strain as , which are superior to the convential all acrylic based TPEs composed of PMMA and poly(n-butyl acrylate) (PBA).


[bookmark: _Toc475644209]3.1 Introduction
Thermoplastic elastomers (TPEs), first announced by the Shell Chemical Company (USA) in 1965, has been widely used in industry with the market size 4.19 million tons in 2015 and set to reach $20.65 billion by 2023.1 The merits, including recyclability, processability and low cost, make them preferable over conventional vulcanized rubbers in many fields like automotive applications, foot wear, wire insulation, adhesives, polymer blending and food packaging.2 Different types of thermoplastic elastomers have been developed, including styrenic block copolymers (SBCs), polymer blends by dynamic vulcanization (TPVs), polyolefin based thermopolastic elastomers (TPOs), halogen-containing polyolefins, thermoplastic polyurethane elastomers (TPUs), polyamides based thermoplastic elastomers, polyether ester elastomers, ionomeric thermoplastic elastomer, etc.3 As compared to the vulcanized rubbers strengthened by chemical crosslinking reactions, microphase separation (or so called physical crosslinking) undergoes in TPEs attributing to the thermodynamic incompatibility between different components.2 The incompatibility can be attained by the combination of elastomeric domains with either glassy domains (e.g. SBCs) or  the crystalline domains (e.g. TPUs).4 
The market size of SBCs is dominated among TPEs and generated over $6 billion in revenue in 2015.1,5 They are typically based on the type A-B-A triblock copolymers where A is polystyrene (PS) (Tg ~ 100 oC) and its derivatives as the hard domain, and B is polydiene like polybutadiene (PB) (Tg ~ -90 oC) or polyisoprene (PI) (Tg ~ -56 oC) as the elastomeric domain.3 The spherical morphology are typically formed and preferred by microphase separation to get good mechanical property, which can change depending on the range of strain.6 SBCs exhibit similar performance as vulcanized rubber at ambient temperature, with tensile strength wll in excess of 28 MPa, and elongation at break over 800%.7 However, a typical polystyrene-block-polybutadiene-block-polystyrene (S-B-S) block copolymer shows a the upper service temperature (UST) limited to 60-70 oC due to the partial miscibility of the styrene and butadiene blocks.8 Moreover, the soft domains of the styrenic TPE, which are normally the polymers of diene with unsaturated bonds, are vulnerable to oxidation and UV degradation. 
Different attempts have been made to increase the UST by changing the glassy domain with higher glass transition temperature (Tg), such as poly(α-methylstyrene) (Tg ~ 173 oC)9 and poly(tert-butylstyrene) (Tg ~ 130 oC).10 Kobayashi, S. and coworkers reported the use of poly[4-(1-adamantyl)styrene] (PAdS) as the hard segment, which gave the UST 175-210 oC. The introduction of adamantyl group extensively increase the Tg of the polymer to 232 oC, which contributs to the distinctive service temperature increase.11 Other than styrenic derivatives, monomers with similar structure but higher Tg have also been studied, such as benzofulvene (BF). The Tg  above 190 oC of the polymer endowed the PBF-b-PI-b-PBF triblock copolymer synthesized with a softening temperature around 145 oC. 
The chemical stability of SBCs have been improved by multiple routines. One of them is to selectively hydrogenate the unsaturated polydienes or replace them with saturated polyolefins, which leads to polystyrene-b-poly(isobutylene)-b-polystyrene (S-iB-S),12 polystyrene-b-poly(ethylene-co-propylene)-b-polystyrene (S-EP-S) or polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene (S-EB-S) triblock copolymers.2  It needs to be notified that the modulus of the materials have some shift compared to those containing unsaturated dienes due to the change of entanglement molecule weight.4 
The study on acrylic based block copolymers offers another promising solution to the issue. With similar Tgs, poly(methyl methacrylcate) (PMMA) (Tg ~ 105 oC, similar to that of PS) was reported to be a good substitution as the hard domain, which was approved to retain similar mechanical properties but increase the UST by around 40 oC due to less miscibility with PB.13 Similarly, poly(n-butyl acrylate) (PBA) (Tg ~ -54 oC, similar to PI) was demonstrated to be a good candidate as the soft domain to improve the chemical stability with the elimination of unsaturated bond.14 Moreover, a series of different poly(alkyl (meth)acrylates) with different Tgs gives versatile options to further improve the mechanical performance, like poly(isobornyl methacrylate) (Tg ~ 200 oC) as the glassy segment, and poly(2-ethylhexyl acrylate) (Tg ~ -65 oC)15 or poly(isoctyl acrylate) (Tg ~ -50 oC)16 as the elastomeric segment. In addition, all acrylic based TPEs, such as PMMA-b-PBA-b-PMMA (MBM) triblock copolymers, have advantages over SBCs including optical transparency, versatility of adhesion, weatherability and low viscosity.17 
The synthesis of all acrylic TPEs requires specific polymerization method to build block copolymers. “living” polymerizations are great tools in this case, including anionic polymerizaiotn, cationic polymerization, group transfer polymerization, ring opening metathesis polymerization, and control radical polymerization.18 Anionic polymerization is preferred with outstanding living property, 100% conversion and short reaction time.19 Since it is still problematic on the anionic polymerization of BA controllably, MBA was synthesized by making the procurer of poly(methyl methacrylate)-b-poly(t-butyl acrylate)-b-poly(methyl methacrylate) (MtBM) first, followed by the transalcoholysis reaction that changed t-butyl units into n-butyl units.20 However, the anionic polymerization of alkyl (meth)acrylates has critical requirement on the reaction condition including solvent polarity (tetrahydrofuran is usually preferred) and temperature (-78 oC), which could greatly increase the cost of the material.21 The improvement was made by KURARAY Co. Ltd., by using compounds consisting of a Lewis base and bulky aluminum (LA system) to make it suitable for manufacture. 22 KURARITY™ (a product of MBM) is thus made by this method and works as an impact modifier, softening agent, fluidity modifier, or adhesion modifier. Control radical polymerization is also a popular method. Arkema’s Nanostrength® (a product of MBM) is made by Nitroxide-Mediated Polymerization (NMP) and based on BlocBuilder® alkoxyamine.23 Atom transfer radical polymerization (ATRP)24 and reversible addition fragmentation chain transfer (RAFT)25 are also reported used to synthesize the acrylic triblock copolymers by using the difunctional initiator or chain transfer agent (CTA).  
Herein, we report a new type of all-acrylic TPE composed of poly(1-adamantyl acrylate) (PAdA) and poly(tetrahydrofurfuryl acrylate) (PTHFA). PAdA was used as the glassy segment with Tg of around 133 oC, which is extraordinary high for polyacrylates. Its distinct thermal property has been discussed in our previous publication, which can contribute to the decrease of chain mobility and increase of rotational barrier to backbone bond rotation upon incorporation.26 PTHFA was used as the elastomeric domain, with Tg of around -13 oC. We expected that the great difference in glass transition temperatures and the dipole moments of the pendent groups (Adamantane: 0.237 D,27 and THF: 1.404 D28) can lead to great thermodynamic mismatch and good phase separation behavior. Which will, in return, help to improve the mechanical property of the block copolymer synthesized.29 
The triblock copolymer of PAdA-b-PTHFA-b-PAdA was synthesized via RAFT polymerization using dibenzyl trithiocarbonate (DBTTC) as the difunctional chain transfer agent (CTA). This CTA has been gengerally applied for the polymerization of triblock copolymers of (meth)acrylates.30 Triblock copolymers with different molecular weight and different ratios between hard and soft segments were produced. The resulting polymers were characterized using nuclear magnetic resonance spectroscopy (NMR) and gel permeation chromatography (GPC) to confirm the chemical structure and composition. The microphase separation behavior was studied via various methods including differential scanning calorimetry (DSC), atomic-force microscopy (AFM) and small angle X-ray scattering (SAXS). The mechanical properties and viselastic properties were characterized by dynamic mechanical analysis (DMA), rheology tests and tensile tests. 	Comment by Author: Add why not anoinc polymerizaiotn??
[bookmark: _Toc475644210]3.2 Experiment
Materials. The monomer of AdA was synthesized as reported in previous work.26 Tetrahydrofurfuryl acrylate (TCI America, >98.0%) were used directly after passed through aluminum oxide (Acros Organics, basic) column to remove inhibitor. 2,2-Azobis-(isobutyronitrile) (AIBN, Sigma-Aldrich, 90%) was recrystallized before use and the dibenzyl trithiocarbonate (DBTTC) was synthesized following the procedure previously published.31 Benzene (Sigma-Aldrich, ≥99.9) was used as received. Both AIBN and DBTTC was dissolved in Benzene to make the stock solutions (0.1 mmol/ml) before use. 
Preparation of PAdA macromolecular chain transfer agent (PAdA-CTA-PAdA). PAdA-CTA was polymerized through reversible addition–fragmentation chain transfer (RAFT) polymerization under high-vacuum conditions (10-6 mmHg) in a glass apparatus. AdA (24.2 mmol, ), AIBN, DBTTC, and benzene were mixed together in a vial. The solution was transferred to an ampule, which was degassed by three freeze-thaw-evacuate cycles. The ampule was flame sealed under vacuum and immersed in an oil bath at 70 oC for certain time. The polymerization was quenched with liquid nitrogen. The product solution was precipitated in large excess of methanol with vigorous stirring and vacuum dried overnight. 
Preparation of PAdA-b-PTHFA-b-PAdA triblock copolymers.  PAdA-b-PTHFA-b-PAdA triblock copolymers were made by RAFT polymerization using PAdA-CTA as the macro chain transfer agent and AIBN as the initiator in benzene. All the polymerizations were carried out under high-vacuum conditions (10-6 mmHg) in a glass apparatus. THFA monomer, AIBN, AdA-CTA, and benzene were mixed together in a vial. The solution was transferred to an ampule, which was degassed by three freeze-thaw-evacuate cycles. The ampule was flame sealed under vacuum and immersed in an oil bath at 75 oC. Different reaction time was performed to reach different target molecular weights. The polymerization was quenched with liquid nitrogen. The product solution was precipitated in large excess of methanol with vigorous stirring and vacuum dried overnight. 
Chemical and thermal property characterization. The molecular weights (MWs) of the polymers were tested using gel permeation chromatography (GPC) with the EcoSEC GPC system, which allows for the use of three semimicro GPC columns (2 Tosoh TSKgel SuperMultiporeHZ-M; 4.6x150 mm; 4 µm; and a TSKgel SuperMultiporeHZ-M guard.). RI detector with flow rate at 0.35 ml/min was utilized for MW estimation based on the PMMA standard curve ranging from 600 to 7,500,000 daltons. The 1H NMR spectra were measured with Varian VNMR 500 MHz, and using CDCl3 as the solvent. Chemical shifts were referred to CDCl3 solvent peak at 7.26 ppm. Thermal properties were characterized with differential scanning calorimetry (DSC, TA2000) under nitrogen with a heat rate of 10 oC/min.
Phase separation behavior characterization. Morphological measurements were performed using atomic force microscopy (AFM) and small-angle X-ray scattering (SAXS). 
To prepare samples for AFM measurement, a solution of 50 mg of polymer in 2ml of toluene was stirred overnight at room temperature. Silicon wafers were cleaned by soaking in deionized water, acetone and isopropanol for one hour in each solvent. Then, the polymer solution was spin-cast on the silicon wafer (1500 rpm for 30 s and 300 rpm for another 30 s). The resulting thin films were dried and annealed at 160 oC for 2 days prior to the measurement. AFM images were collected on Asylum Research MFP3D with a multimode controller at room temperature in tapping mode with an Al reflex coated Si tip (radius 9±2 nm) at a line scanning frequency of 1 Hz. 
Samples for SAXS were prepared was follows: A solution of 100 mg of polymer in 1 ml of toluene was stirred overnight at room temperature and casted into a 1 ml PTFE Griffin beaker and evaporated slowly over 7 days, resulting in film thicknesses of 0.5-1 mm. All dried samples were annealed at 160 oC under vacuum (10-6 mmHg) before measurements. SAXS/WAXS experiments were conducted at 12-ID-B at Advanced Photon Source at Argonne National Laboratory. X-rays of wavelength λ= 0.89Å were used, and each measurement was performed at two different sample-to-detector distances to cover an q-range of 0.0026 < q < 4.4 Å-1, where  is the magnitude of the scattering vector, and θ is the scattering angle.
Measurements of mechanical property. The characterization of mechanical properties of polymers included dynamic mechanical analysis and tensile tests. The samples tested were prepared  as follows: A solution of 1.5 g of polymer in 20 ml of toluene was stirred overnight at room temperature and casted into a 30 ml PTFE Griffin beaker and evaporated slowly over 7 days, resulting in film thicknesses of 0.5-1 mm. Then the samples were dried for 5 days in a vacuum oven at room temperature.
Dynamic mechanical analysis was performed on a TA Instruments Q-800 dynamic mechanical analyzer equipped with a single cantilever clamp. The temperature ramp/frequency sweep experiments were run at 0.5 Hz over a temperature range of −50 to +200 °C. The tensile tests were carried out using …..
Rheology. 
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