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ABSTRACT 

Styrenic thermoplastic elastomers (TPEs) in the form of triblock copolymers possessing glassy 

endblocks and a rubbery midblock account for the largest global market of TPEs worldwide, and 

typically rely on microphase separation of the endblocks and the subsequent formation of rigid 

microdomains to ensure satisfactory network stabilization. In this study, we investigate the mor-

phological characteristics of a relatively new family of crystallizable TPEs that instead consist of 

polyethylene endblocks and a random-copolymer midblock composed of styrene and (ethylene-

co-butylene) moieties. Copolymer solutions prepared at logarithmic concentrations in a slightly 

endblock-selective solvent are subjected to crystallization under different time and temperature 

conditions to ascertain if copolymer self-assembly is directed by endblock crystallization or vice-

versa. According to transmission electron microscopy, semi-crystalline aggregates develop at the 

lowest solution concentration examined (0.01 wt%), and the size and population of crystals, which 

dominate the copolymer morphologies, are observed to increase with increasing aging time. Real-

space results are correlated with small- and wide-angle X-ray scattering to elucidate the concurrent 

roles of endblock crystallization and self-assembly of these unique TPEs in solution. 
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Thermoplastic elastomers (TPEs) combine the melt processability of thermoplastics with the 

elasticity of elastomers and thus constitute an important category of elastomeric materials, which 

are becoming increasingly pervasive in a wide range of commodity technologies such as flexible1,2 

and wearable3,4 electronics. Conventional elastomers generated by chemical crosslinking are ubiq-

uitous in a wide range of commercially relevant applications,5,6 and advances in quantifying net-

work topologies,7 synthesizing materials with tunable properties8,9 and adapting these materials to 

new end uses10,11 signify the expanding role of elastomers. The molecular network that develops 

in these materials is permanent so that (i) shaping must be achieved prior to crosslinking and (ii) 

post-application disposal often results in solid waste or reprocessed filler. In contrast, TPEs12 rely 

on reversible physical crosslinking as a consequence of microphase separation between the incom-

patible sequences of block polymers.13,14 While TPEs are available with different chemical com-

binations and property sets,12,15 styrenic TPEs with a triblock copolymer architecture account for 

~1/3 of global TPE production.16 In this scenario, endblocks typically, but not necessarily,17,18 of 

identical block weight self-assemble into glassy microdomains that serve as physical crosslinks to 

stabilize a rubbery midblock network.  

Most styrenic TPEs consist of endblocks based on atactic polystyrene (S), and the midblocks 

derive from either a polydiene (polyisoprene or polybutadiene) or its hydrogenated analog, eth-

ylene-alt-propylene (EP) or ethylene-co-butylene (EB) rubber, respectively. Block-selective hy-

drogenation greatly increases the interblock thermodynamic incompatibility and significantly ele-

vates the order-disorder transition temperature.19,20 One approach to circumvent processing limi-

tations associated with this family of TPEs is to substitute crystallizable hard blocks for the vitri-

fiable blocks to improve drug delivery,21 catalysis,22 optoelectronics,23 electroactive media,24 and 

hybrid materials.25 Some crystallizable TPEs possess precise triblock copolymer architectures and 
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well-defined morphologies due to their synthesis via living anionic polymerization,26,27 while oth-

ers are more accurately described as randomly-coupled multiblock copolymers.28,29 Triblock co-

polymers consisting of linear polyethylene (E) endblocks help to elucidate the competing effects 

of self-assembly and crystallization on morphology and property development. Myers et al.,30 for 

instance, have reported that TPEs with E endblocks and a hydrogenated poly(5-n-hexylnor-

bornene) midblock exhibit excellent recovery from 200% uniaxial tensile strain. While only bi-

component ABA copolymers have been considered thus far, tricomponent ABC copolymers have 

been synthesized31-33 as TPEs with E and S endblocks and a rubbery midblock.  

In this study, we focus on examining the solution-crystallized morphologies of two triblock 

copolymers with E endblocks and a tailorable SEB random-copolymer midblock, which ensures 

microphase separation due to enhanced interblock incompatibility and the formation of a TPE 

network with a tunable subambient glass transition temperature (Tg).
34,35 [To reflect their block 

architecture, we designate these E-b-SEB-b-E triblock copolymers as ESEBE.] Our interest in 

early-stage copolymer crystallization of such copolymers in solution is inspired by the seminal 

work of Manners and co-workers,36,37 who introduced the concept of crystallization-directed self-

assembly (CDSA) in crystallizable AB diblock copolymers. According to this mechanism, epitax-

ial crystallization of crystallizable block polymers promotes the formation of anisotropic assem-

blies, such as cylindrical micelles instead of traditional nanoscale colloids (e.g., spherical mi-

celles), in the presence of a selective solvent. An intriguing aspect of CDSA is that the aniso-tropic 

assemblies can be sonicated to form nucleation seeds from which subsequent crystallization can 

be controlled in living fashion to yield cylinders with low length dispersity. Combining CDSA 

with coordination chemistry affords38 a facile and effective means by which to connect such nearly 

monodisperse building blocks into a variety of multiscale hierarchical structures. To determine if 
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CDSA governs morphological development in the present copolymers at different solution con-

centrations and under different aging conditions, we employ transmission electron microscopy 

(TEM) and synchrotron small- and wide-angle X-ray scattering (SAXS and WAXS, respectively). 

A high-temperature proton nuclear magnetic resonance (1H NMR) spectrum acquired from one 

of the ESEBE copolymers (ESEBE1) dissolved in o-dichlorobenzene is presented in Figure 1 (see 

Table 1 for extracted measurements). The 

peaks are labeled according to the chemical 

structure of the copolymer. For example, the 

two peaks positioned at 7.0-7.3 ppm corre-

spond to the phenyl protons in the S midblock, 

while the sharp peak located at 1.4 ppm repre-

sents the CH2 groups in both the E endblocks 

and the EB midblock. The fraction of B units 

can be discerned from the peak near 1.0 ppm, 

which reflects the presence of methyl end-

groups. Thermal calorimetry, performed on a TA Instruments Q100 unit operated at a heating/ 

cooling rate of 10 °C/min, reveals that the melting temperature (Tm) values of the E endblocks are 

relatively low (96.8 °C for ESEBE1 and 100.0 °C for ESEBE2, as listed in Table 1) due to branch-

ing, which is consistent with a small fraction of B units remaining within the E endblocks after 

catalytic hydrogenation of 1,4-butadiene, according to 1H NMR spectroscopy. In marked contrast, 

the EB midblock contains about 40% B. It follows that, in addition to the presence of S in the 

midblock, the chemical difference between the E endblocks and the EB midblock is the B content. 

Analysis of 1H NMR spectra in conjunction with results from high-temperature gel  

Figure 1. 1H NMR spectrum acquired from the ESEBE1 

copolymer dissolved in o-dichlorobenzene at 100 °C. The 

peaks are labeled according to the chemical structure of 

the copolymer. 
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Table 1. Molecular weight and composition characteristics of the ESEBE1 and ESEBE1 triblock 

copolymers examined in this study.a 
 

Designation Mn Đ Endblocks Midblock Tm
b Tc

b Tg
c Xc

b 

 (kDa)  E  B EB  S (°C) (°C) (°C) (%) 

   (wt%)  (wt%) (wt%)  (wt%) 
 

 

ESEBE1 145 1.45 33.0  4.0 40.5  22.5 96.8 68.7 −35.4 10.1 

   

ESEBE2 109 1.41 30.0  4.0 44.6  21.4 100.0 70.2 −37.2 9.1  

 

a
Chemical designations: ethylene (E), butylene (B) and styrene (S). 

bMeasured from melt-crystallized extrudates by DSC. 
c
Reported by Flood et al.39 

 

permeation chromatography (GPC) yields the molecular weight and composition characteristics 

tabulated for the two block copolymers in Table 1. Also included in this table are the Tg
39 and 

crystallization temperature (Tc) values of the copolymers, as well as their degree of crystallinity 

(Xc) calculated from the measured melting endotherm relative to 100% E (300 J/g). While the two 

copolymers are chemically identical, they possess modest differences in both number-average mo-

lecular weight (Mn) and endblock weight (26.8 kDa in ESEBE1 vs. 18.5 kDa in ESEBE2). Both 

endblock weights are well above the reported40 entanglement molecular weight for E. 

Figure 2 displays a pair of TEM images collected from relatively dilute ESEBE1 solutions 

(0.01 wt% in Figure 2a and 0.05 wt% in Figure 2b) aged for 1 day at 25 °C in cyclohexane. In 

these images, the S units are selectively stained and appear electron opaque (dark), whereas E 

crystals remain unstained. Since the copolymers are dissolved in cyclohexane at 98 °C for 24 h 

(see the Experimental Section) and since the melting temperatures of the copolymers range from 

97 to 100 °C (see Table 1), the resulting solutions are expected to be initially structureless. Co-

polymer self-assembly proceeds upon cooling to ambient temperature since cyclohexane (with a 

Hildebrand solubility parameter, , of 16.8 MPa1/2) is a good solvent for E ( = 16.4 MPa1/2) but  
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a poor solvent for S ( = 18.5 MPa1/2).41 As a 

consequence, the more solvent-incompatible 

midblocks are anticipated to self-assemble into 

cores surrounded by swollen E endblocks, 

which subsequently crystallize. At the lowest 

concentration, an irregularly-shaped aggregate 

surrounded by circular features are evident in 

Figure 2a. Close examination of the aggregate 

reveals the presence of low-contrast features 

(presumably thin crystals or E-rich microdo-

mains), some of which indicate radial orienta-

tion and others that are parallel to the aggregate 

surface. The appearance of cusps strongly sug-

gests that crystallization played a nontrivial 

role in the formation of the aggregate. Cusps, 

along with much more clearly defined E crys-

tals (some of which are oriented within the cusps), are visible in the ESEBE1 copolymer solution-

crystallized at a higher concentration in Figure 2b. Another feature warranting mention here is the 

presence of large dark regions, which correspond to out-of-plane features indicative of a complex 

3D morphology due to the presence of crystals. Similarly morphologically complex aggregates 

generated by CDSA have been observed in the case of ABC triblock terpolymers possessing blocks 

capable of solidifying, one by crystallizing and the other by vitrifying.42  

Figure 2. TEM images of the ESEBE1 copolymer pre-

pared at two different solution concentrations (in wt%) – 

(a) 0.01 and (b) 0.05 – and aged for 1 d at 25 °C. 
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A series of TEM images acquired from the ESEBE1 copolymer prepared from a 0.1 wt% so-

lution aged for different times up to 7 d at 25 °C is provided in Figure 3. While discrete aggregates 

comparable to those seen in Figure 2 are not observed at this concentration, the specimen imme-

diately quenched to ambient temperature in Figure 3a appears discontinuous, resembling a col-

lection of fused aggregates. Scrutinization of this image confirms the existence of crystals, most 

of which are poorly defined, throughout the specimen. Previous studies have established43 that the 

morphology of block copolymer aggregates containing crystals is controlled 

 

Figure 3. Series of time-resolved TEM images of the ESEBE1 copolymer prepared at a solution concentration of 0.1 

wt%, quenched to 25 °C and aged for four different times: (a) 0 min, (b) 90 min, (c) 4 d, and (d) 7 d. 
 

 

by the interplay of three contributing factors to the free energy: (i) the energy associated with 

crystal solidification and chain-folding, (ii) the energy due to stretching of the amorphous block, 

and (iii) the interfacial energy between crystalline and amorphous domains. As in Figure 2b, the 

crystals discernible in Figure 3a appear acicular and initially measure ca. 160 nm long and 50 nm 
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wide on average (upon analyzing at least 50 

measurements from different images at differ-

ent magnifications). The population, definition 

and correlated orientation of the crystals in-

crease substantially after just 90 min in Figure 

3b. Moreover, the crystal length and width also 

increase appreciably to ca. 240 and 60 nm, re-

spectively. After 4 and 7 d (specimens are pic-

tured in Figures 3c and 3d, respectively), the 

crystals continue to elongate further to ca. 360 

(4 d) and 390 (7 d) nm, but the change in thick-

ness is far less pronounced. For completeness, 

the crystal dimensions measured directly from TEM images such as those presented in Figure 3 

are displayed as a function of isothermal solution-crystallization time in Figure 4 and suggest that 

crystal growth exhibits a kinetic scaling relationship. Some of the crystals in Figure 3c continue 

to form a cusp, whereas most (but not all) of the crystals in Figure 3d are oriented parallel to the 

specimen surface. In specimen regions devoid of crystals in Figures 3b-d, background mottling is 

attributed to either self-assembly of the copolymer blocks and/or the formation of embryonic crys-

tals.  

The morphologies of the ESEBE1 and ESEBE2 copolymers subject to solution crystallization 

at different solution concentrations after being aged for 7 d at 25 °C have likewise been investi-

gated by SAXS in Figures 5a-b and by WAXS in Figures 5c-d. According to Figure 5a, an 

unambiguous correlation peak at 0.84 nm-1 (which corresponds to ≈ 75 nm according to Bragg’s 

Figure 4. Crystal dimensions (labeled and color-coded) 

from TEM images (such as those displayed in Figure 3) 

of the ESEBE1 copolymer. The initial time is taken as 2 

± 1 min as the copolymer is quickly cooled from solution. 

The solid lines, obtained from power-law regressions of 

the data, serve as guides for the eye and suggest the ex-

istence of a scaling relationship with scaling exponents of 

0.102 ± 0.002 (length) and 0.036 ± 0.003 (width). 
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law) develops when the solution concentration 

is at or exceeds 1 wt%. Despite the differences 

in molecular weight and composition between 

the two copolymers, a nearly identical struc-

ture factor peak is evident at all solution con-

centrations in Figure 5b. This observation is 

consistent with the expectation that the 

ESEBE2 copolymer is more readily able of 

crystallizing because of its lower molecular 

weight. Interestingly, the position of the peak 

is independent of solution concentration and 

compares surprisingly well with the width of 

the E crystals in the ESEBE1 copolymer after 

being aged for at least 4 days, as measured by TEM in Figure 3. At 5 and 10 wt% copolymer, a 

broad shoulder forms for both copolymers beyond the principal correlation peak in Figures 5a-b, 

indicating either a modest increase in long-range order or the presence of a second characteristic 

length scale attributed to the form factor. Similarly, the WAXS profiles in Figures 5c-d evince 

that crystallinity is detectable by the appearance of at least one reflection when the solution con-

centration is at least 5 wt% copolymer. As a benchmark, WAXS profiles acquired from bulk solu-

tion-cast copolymer films are included in Figures 5c-d and reveal the existence of scattering peaks 

representative of the (110) and (200) lattice projections of orthorhombic E at 15.0 and 16.6 nm-1, 

respectively.44 At 5 wt% ESEBE1 and higher, only the (110) reflection is observed, whereas both 

reflections are clearly discernible at 5 wt% ESEBE2 and higher. Since only the amorphous halo 

Figure 5. SAXS (a,b) and WAXS (c,d) profiles obtained 

from the ESEBE1 (a,c) and ESEBE2 (b,d) copolymers 

prepared at different solution concentrations (in wt%, la-

beled and color-coded) and aged for 7 d at 25 °C. The 

dotted line identifies the correlation peak. WAXS profiles 

measured from bulk films are included for reference and 

labeled in (c) and (d). 
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exists at lower copolymer concentrations, analysis of the WAXS profiles at 5 and 10 wt% copol-

ymer indicates that Xc lies between 12 and 19% (slightly higher than values obtained from melt-

processed films in Table 1), depending on copolymer grade and concentration. 

The effect of solution temperature on 

morphological evolution is explored in Fig-

ure 6. Here, the initial solution is aged for 24 

h at 98 °C. Upon cooling in-situ at 10 °C/min, 

no evidence of nanostructure development re-

sulting in a correlation peak is apparent by 

SAXS at temperatures as low as 40 °C (cool-

ing for 5.8 min). Shifted along the ordinate 

axis to facilitate discrimination in Figure 6, 

three SAXS profiles acquired at temperatures 

above 25 °C are, in fact, all superposable, 

confirming that they represent homogeneous 

(unstructured) solutions. At 25 °C (cooling 

for 7.3 min), however, a broad scattering peak centered  at the same q value as the structure factor 

peak evident in Figure 5a develops and presumably becomes increasingly refined upon aging. Our 

morphological results from microscopy and scattering consistently verify that the copolymers in-

vestigated here undergo concurrent self-assembly and endblock crystallization in solution over a 

wide range of copolymer concentrations, aging times and solution temperatures. Unlike crystalliz-

able diblock copolymers that crystallize before (or concurrently with) self-assembly via 

CDSA,37,38 the current copolymers are triblock copolymers that, in the present solvent system, 

Figure 6. Temperature-dependent SAXS profiles col-

lected from the ESEBE1 copolymer prepared at a solu-

tion concentration of 1 wt% and cooled from a homoge-

neous solution to 4 different temperatures (in °C, labeled 

and color-coded): 65, 47, 40, and 25. The dotted line iden-

tifies the position of the correlation peak in the aged so-

lutions displayed in Figure 5.  
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appear to self-assemble first (due to solvent-incompatible midblocks) and subsequently crystallize, 

resulting in assembly-directed crystallization,26 without the same midblock constraints encoun-

tered in conventional TPEs.13 The result is the formation of aggregates and films that display acic-

ular crystals measuring up to ca. 400 nm long and 70 nm wide. Examination of the correlation 

peak in SAXS yields a characteristic dimension that is comparable to the width of the crystals.  

When melt-processed, these TPEs are reported39 to afford mechanical improvements over con-

ventional styrenic TPEs. While our findings in this study establish that the early-stage morpholo-

gies of ESEBE copolymers depend on a balance between self-assembly and endblock crystalliza-

tion during solution processing, a future comparison of crystallization mechanisms and outcomes 

from both solution- and melt-based processes can provide additional insight regarding this balance, 

as well as process-related differences related to molecular diffusion and segmental mobility. As a 

relatively new class of TPEs, these materials are resistant to oil and a wide range of organic sol-

vents and are capable of compatibilizing polyolefins in blends and providing new routes to poly-

olefin recycling. Use of ESEBE copolymers for compatibilization of blends composed of a poly-

olefin and oil can yield elastic films for packaging, automotive skins and fabric/nonwoven coat-

ings. An understanding of the competition between crystallization and self-assembly in this class 

of copolymers is clearly warranted in light of this application versatility. 

 

Experimental Section 

Two ESEBE triblock copolymers, synthesized by living anionic polymerization followed by 

hydrogenation, were provided by Kraton Corporation (Houston, TX). Reagent-grade cyclohexane 

was obtained from Fisher Scientific (Pittsburgh, PA), and ruthenium tetroxide (RuO4, 0.5 wt% 

aqueous solution) was purchased from Electron Microscopy Sciences (Hatfield, PA). The molec-
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ular weight characteristics of the copolymers were measured by high-temperature GPC, and co-

polymer compositions were determined from 1H NMR spectroscopy performed on samples dis-

solved in o-dichlorobenzene at 100 °C with a Bruker Advance 400 spectrometer. Results from 

these measurements are listed in Table 1. Approximately 5-10 mL of each copolymer was dis-

solved in cyclohexane at different logarithmic concentrations in a 20 mL vial for 24 h at 98 °C, 

followed by two different cooling procedures: (i) slow-cooling to ambient temperature, and (ii) 

quenching to ambient temperature by submersion in a large water bath. For TEM, 10 L of each 

polymer solution aged according to predetermined times and temperatures was drop-cast onto a 

carbon-supported 400-mesh copper grid (excess liquid was blotted). To enhance contrast between 

the microdomains and outline crystalline features, the specimens were subsequently exposed to 

the vapor of 0.5 wt% RuO4(aq) solution for 7 min at ambient temperature in an isolated glass 

container to ensure staining of the aromatic rings. Images were acquired on a field-emission FEI 

Talos F200X microscope operated at an accelerating voltage of 80 kV. For SAXS, the polymer 

solutions were analyzed in thin-wall quartz capillary tubes, and the measurements were conducted 

on beamline 12-ID-B of the Advanced Photon Source at Argonne National Laboratory. Solutions 

were exposed to a 13.3 keV beam with a wavelength (λ) of 0.087 nm at a flux of ~1012 photons/s 

for 1 s. Resultant 2D scattering patterns were azimuthally integrated to yield intensity profiles as 

a function of the scattering vector (q), where q = (4π/λ)sinθ and θ denotes the scattering half-angle. 

For variable-temperature tests, the solutions were cooled at a rate of 10 °C/min.   
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