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Abstract

Thermoplastic elastomers based on ABA triblock copolymers are typically limited in modulus and 

strength due to crack propagation within the brittle regions when the hard end-block composition 

favors morphologies that exhibit connected domains. Increasing the threshold end-block 

composition to achieve enhanced mechanical performance is possible by increasing the number of 

junctions or bridging points per chain, but these copolymer characteristics also tend to increase the 

complexity of the synthesis. Here, we report an in situ polymerization method to successfully 

increase the number of effective junctions per chain through grafting of poly(styrene) (PS) to a 

thermoplastic elastomer, poly(styrene)-poly(butadiene)-poly(styrene) (SBS). The strategy 

described here transforms a linear SBS triblock copolymer-styrene mixture into a linear-comb-

linear architecture in which poly(styrene) (PS) grafts from the mid-poly(butadiene) (PBD) block 

during the polymerization of styrene. Through systematic variation in the initial SBS/styrene 

content, nanostructural transitions from disordered spheres to lamellar through reaction-induced 
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phase transitions (RIPT) were identified as the styrene content increased. Surprisingly, maximum 

mechanical performance (Young’s modulus, tensile strength, and elongation at break) was 

obtained with samples exhibiting lamellar nanostructures, corresponding to overall PS contents of 

61 - 77 wt% PS (including the original PS in SBS). The PS grafting from the PBD block increases 

the modulus and the strength of the thermoplastic elastomer while preventing brittle fracture due 

to the greater number of junctions afforded by the PS grafts. The work presented here demonstrates 

the use of RIPT to transform standard SBS materials into polymer systems with enhanced 

mechanical properties.  
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Introduction

Thermoplastic elastomers (TPEs) are a class of block polymers  in which the microphase separated 

domains of low glass transition temperature (Tg) regions (“soft” domains) are reinforced with high-

Tg or crystalline domains (“hard” domains) that act as physical crosslinks.1,2 The strength and 

resilience of TPEs has enabled their commercial use in a variety of applications ranging from 

footwear to automotive products.3–5 Unlike chemically crosslinked thermoset elastomers, the 

performance of TPEs is directly tied to the microstructure in which the hard domains create 

physical crosslinks and the rubbery mid-blocks act as bridges between the hard domains.4,5 While 

many advancements in TPEs, led by supramolecular design,4 macromolecular architecture,6 and 

polymerization catalysts,7 have enabled self-healing properties and tunable mechanical responses, 

these strategies are focused in designing the static polymer structure resulting in hard segments 

embedded within a soft matrix. Although synthetic improvements for controlling polymer 

topology and chemical composition have led to TPE advances, there are a wealth of opportunities 

in utilizing in situ reaction and processing modalities to tune macromolecular structures and 

nanoscale phases not easily accessible via traditional methods.8–11

The molecular architecture of TPEs is based on a block polymer framework in which covalent 

bonds chemically link distinct repeat segments or “blocks” (e.g., A or B blocks in an ABA triblock 

copolymer) to form a single macromolecule.12 Block polymers will microphase separate into 

distinct domains as a result of the incompatibility between the polymer blocks.12 In TPEs, the 

simplest ABA triblock copolymer architecture in which the end A-blocks are composed of hard 

glassy domains enables bridging of the mid-block chains between two different A-block domains, 

reinforcing the polymer material and preventing macrophase separation. TPEs are designed to 
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favor isolated hard domains to prevent crack propagation during fracture by controlling the volume 

fraction of the different polymer blocks. However, isolated ordered phases (e.g., body-centered 

cubic spheres and hexagonally-packed cylinders) are preferred due to the ability to prevent crack 

propagation during deformation. When designing TPEs with desirable nanoscale morphologies, 

one must consider the block volume fraction (φA, for the A-block of an ABA triblock copolymer), 

degree of polymerization (N), Flory-Huggins interaction parameter (χ), and macromolecular 

architecture and block sequence (e.g., linear and brush, or AB, ABA and ABC).12,13 The self-

assembled nanoscale phases that exhibit either periodic or non-periodic ordering of hard and soft 

regions in TPEs increases the hard-soft component interface compared to traditional blends, and 

effectively increases the number of physical crosslinks per unit volume.14 However, an inherent 

limitation to increasing the modulus of TPEs with linear macromolecular architectures via 

increases in hard-block composition is that when hard domains form connected phases such as 

gyroid or lamellar, materials become brittle and prone to fracture. To circumvent the impact of 

morphology on the TPE properties, previously reported results show that multigraft copolymers 

lead to enhancement in tensile strength and elongation at break as a result of an individual 

copolymer chain bridging domains.15,16 Although complex macromolecular architectures have 

shown to be a viable method for enhancing or tuning the properties of TPEs,17 the synthetic rigor 

required to produce such is a potential issue. Therefore, facile synthetic methods to generate graft 

copolymers that increase the number of junctions per chain are highly desirable for widespread 

implementation of complex macromolecular architectures in commercial applications.

In situ chemical methods to transform the state of a material (i.e., reaction-induced phase 

transitions (RIPT)) have been recently utilized to control the nanostructure of polymer materials 
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in solution and in the bulk.8 Although polymerization processes to drive nanoscale morphology 

transitions are being actively explored, the concept of RIPT has been broadly used to create high-

impact poly(styrene) (HIPS),18 polymer monoliths for separations,19 siloxane hydrogels for contact 

lenses,20 and polyurethanes.21–23 In many of the RIPT examples, the underlying driver of the phase 

transition is polymer incompatibility between either a different polymer or solvent during the 

polymerization of monomer.24 In situ polymerization methods resulting in a variety of block 

polymer topologies (linear or grafted) have demonstrated the usefulness of RIPT as a means to 

control nanostructure during bulk polymerizations as opposed to simply blending block polymers 

and homopolymers.25–27 The synthesis of HIPS is an excellent example of the in situ process of 

creating graft copolymers during the polymerization of styrene in the presence of poly(butadiene) 

(PBD). The formation of graft copolymers is a result of using a radical generator that creates allylic 

radicals along the PBD backbone, leading to the formation of poly(styrene) (PS) grafted from 

PBD. Homopolymer PS also forms during the polymerization due to the presence of free radicals 

in the mixture. The grafting of PS from PBD prevents macrophase separation of PBD and PS 

during the polymerization, enhances interfacial adhesion, and leads to intricate PBD droplet 

morphologies embedded within a PS matrix, which are critical for the desirable properties of 

HIPS.28–30 While HIPS is an excellent example of how in situ polymerizations drive phase 

transitions, there are unlimited possibilities for harnessing in situ polymerization methods that 

result in complex macromolecular architectures favoring unconventional nanostructural 

transitions, opening new directions for creating nanoscale morphologies with enhanced 

mechanical properties that are not easily accessible using traditional self-assembly methods. 
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Here, we report on controlling nanoscale morphologies using in situ polymer grafting chemistry, 

similar to the synthesis of HIPS, and correlate the enhanced mechanical properties to PS content 

and chain architecture after polymerization. The in situ polymer grafting strategy described here 

transforms a linear poly(styrene)-poly(butadiene)-poly(styrene) (SBS) triblock copolymer to a 

linear-comb-linear architecture in which PS grafts from the mid-PDB block during the 

polymerization of styrene (Figure 1). Our strategy follows previously published work in which 

PS is grafted from the PBD backbone of a PS-PBD diblock copolymer via the generation of an 

allylic radical.9,10 The in situ grafting during the polymerization of styrene resulted in both order-

order and disorder-order nanostructural transitions,9,10 but the impact of these changes on 

properties was not previously investigated. The polymer grafting chemistry has been shown to be 

generalizable to other unsaturated polymer motifs (hybrid inorganic nanoparticle/polymer 

materials) and grafting polymers (PS and poly(methyl methacrylate)).31 Here combining in situ 

grafting chemistry with the SBS TPE leads to nanoscale morphology transitions from an originally 

microphase separated but disordered sphere morphology (DIS Sphere) for the neat SBS to lamellar 

(LAM) morphologies or co-existing morphologies in which PS is the majority phase with 

increasing styrene content (Figure 1). Despite the transition to an unfavorable morphology (LAM) 

for high performance TPEs, the increases in Young’s modulus (E), tensile strength (TS), and 

elongation at break (εb) relative to the original SBS occur at intermediate PS wt%, while the 

mechanical performance degrades at high styrene content. The maximum values in E, TS, and εb 

occur at an overall PS content of around 77 wt%, which highlights the potential to eschew common 

design limitations for TPEs through in situ grafting chemistry. 
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Figure 1. In situ polymerization and polymer grafting scheme to create linear-comb-linear grafted 

block polymers. Initially, a SBS triblock copolymer (φSBS = 100%), exhibiting a microphase 

separated but disordered sphere morphology, is blended with styrene and benzoyl peroxide (BPO). 

The blend is heated to 100 °C and reacted for 3 h. The reaction produces linear-comb-linear grafted 

block polymers and a small fraction of PS homopolymer, and results in a morphology transition 

to either lamellar morphologies (samples in the φSBS = 50% - 20% range) or co-existing 

morphologies (φSBS = 10%) in which PS is the majority phase.

Experimental

Materials

Poly(styrene)-poly(butadiene)-poly(styrene) (SBS) triblock copolymer (styrene 30 wt%), benzoyl 

peroxide (BPO), styrene, and deuterated chloroform (CDCl3) were purchased from Sigma Aldrich 

(St. Louis, USA). Tetrahydrofuran (THF) was purchased from ThermoFisher Scientific (Waltham, 

USA). Methanol was purchased from VWR (Radnor, USA). Alumina was purchased from 
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Honeywell (Charlotte, USA). The tin-cure silicone rubber mold mixture was purchased from 

Smooth-On (Macungie, USA). 

Mold Preparation

The silicone molds used to polymerize bulk dog bone samples were based on ASTM standard 

D638 type IV dog bones for tensile measurements. 3D printed dog bones following the ASTM 

specifications (3D Hubs, 115x19x4 mm) were laid across packing tape lining the bottom of a 

disposable aluminum baking pan, and the silicone mold mix was poured over the dog bones. The 

resulting mold was cured for 6 hours at room temperature then placed in an oven for 4 h at 65 °C. 

SBS dog bone preparation

Pre-polymerized blends containing SBS, styrene, and BPO were prepared with desired 

SBS/styrene volume fractions, mixed until homogeneous, injected into the silicone dog bone mold, 

and placed into an oven that had been preheated to 100 °C. The polymerization was run for 3 h, 

and the resulting dog bones were removed from the mold and placed under vacuum overnight to 

remove any unreacted styrene, giving an overall yield of around 80%. All initial pre-polymerized 

blends used freshly purified styrene that was passed over basic alumina, and SBS that had been 

reprecipitated in methanol to remove inhibitor. A molar ratio of 100:1 of styrene to BPO was used 

for all samples.

Neat SBS dog bones were fabricated by injecting a SBS/THF solution (0.6 g/mL) into the silicone 

dog bone mold and removing the THF via initial ambient evaporation in the hood and then placed 

under vacuum to remove any remaining THF.
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Nuclear Magnetic Resonance (NMR)

1H NMR spectroscopy was used to determine the wt% of PS in the neat SBS as well as the relative 

amount of 1,2- and 1,4- PBD using an AVANCE III HD 500 NMR (Bruker) instrument fitted with 

a 5 mm Prodigy BBO cryoprobe (Bruker) at 25 °C. Samples were prepared by dissolving 10 - 15 

mg in 1 mL of deuterated chloroform, then transferred to standard NMR tubes. The SBS PS wt% 

was determined to be 35% and was found to be 89% 1,4- PBD (Figure S1).

Size Exclusion Chromatography (SEC)

The molecular weight of the neat SBS and the grafted SBS polymers were determined using a 

Tosoh EcoSEC (Tosoh Co.) equipped with a Wyatt Dawn Heleos-II eight angle light scattering 

detector (Wyatt Technology Corp.) with a THF mobile phase at 40 °C. Samples with a 

concentration of 2.5 mg/mL were filtered with 0.2 µm PTFE filter prior to injection. A dn/dc value 

of 0.1495 was used to calculate the molecular weight of the neat SBS.

Small-Angle X-Ray Scattering (SAXS)

SAXS analysis was conducted at the National Synchrotron Light Source II (NSLS-II) at 

Brookhaven National Laboratory using the Complex Materials Scattering (CMS/11-BM) 

beamline. Samples were mounted with Kapton tape and exposed for 10 s using a 13.50 keV beam, 

where the wavelength was 0.9184 Å. A sample to detector distance of 2 m was used to probe the 

q range 0.008 - 0.444 Å-1. The scattering images were captured with a Dectris Pilatus 2M detector 

(pixel size 172 μm × 172 μm). These 2D scattering data were corrected for background using an 
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empty glass capillary as the reference. The raw 2D SAXS data were converted to 1D by circular 

averaging using the software SciAnalysis.

Transmission Electron Microscopy (TEM)

Micrographs of the polymer systems were obtained using a FEI Tecnai G2 Spirit BioTwin TEM. 

Polymer samples were prepared by first microtoming polymerized dog bone samples 

(approximately 70 - 90 nm thick sections using a Leica UC6 ultramicrotome), placing the 

microtomed samples onto TEM grids (Electron Microscopy Sciences, Formvar/Carbon 200 Mesh, 

Copper), and staining the samples with osmium tetroxide to differentiate between the PS and PBD 

domains. The OsO4 stain enables the differentiation between the PS and PBD domains by 

selectively staining the vinyl groups of the PBD mid-block.32

Tensile Measurements

Uniaxial extension measurements were conducted using an MTS Exceed load frame with a 10 kN 

transducer. The gauge length was measured with calipers once the samples were mounted, and the 

width and thickness were measured at both grips and averaged. The applied rate of strain was 5 

mm/min. The Young’s Modulus (E), yield strength (YS), yield strain (εy), tensile strength (TS), 

and strain at break (εb) were determined from the measured stress versus strain plots that were 

generated from the tensile measurements. For each composition, at least five dog bone samples 

were prepared and measured. The reported mechanical properties are the average obtained from 

five (or more) individual stress-strain curves at the respective composition.
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Results and Discussion

Nanostructure morphologies and mechanical properties were investigated for a series of PS-grafted 

SBS samples after conducting the RIPT process. Dog bone samples (ASTM standard D638 type 

IV) with varying PS content were synthesized by conducting in situ polymerizations on mixtures 

of SBS, styrene, and BPO using silicone dog bone molds (Figure 2). Sample nomenclature is 

based on the initial SBS volume fraction (φSBS) with respect to styrene before polymerization (i.e., 

φSBS = 50% initially had a SBS volume fraction of 50% before polymerization). The number-

average molecular weight (Mn), dispersity (Ð), weight percent of PS (wt%), and 1,4 versus 1,2 

microstructural content of the PBD block for the neat SBS triblock copolymer used in the work 

were 62 kg/mol, 1.11, 35%, and 89%, respectively (see Supporting Information). Polymerizations 

were run at 100 °C for 3 h. After polymerization, dog bone samples were removed from the silicon 

mold and vacuum dried to remove unreacted styrene. The yield from the polymerization was 

approximately 80% for all samples synthesized in this work.

Figure 2. Digital photograph of the dog bone samples after the RIPT process and drying under 

vacuum.
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The proposed PS-grafting mechanism from PBD during the in situ polymerization is predicted to 

occur via an allylic radical that forms on the PBD backbone when BPO abstracts a hydrogen from 

a carbon adjacent to the vinyl groups.33,34 In addition to forming grafted PS, which is initiated from 

the allylic radical, PS homopolymer is also produced due to the presence of free radicals. PS 

grafting was verified for the polymerization process described here by conducting the styrene 

polymerization at low SBS volume fractions (φSBS = 2.5%). The size-exclusion chromatogram 

indicates a shift in the elution peak to shorter retention times, corresponding to an increase in the 

molecular weight for the PS-grafted SBS compared to the neat SBS (Figure S2). At higher φSBS 

(φSBS ≥ 5%), the samples became crosslinked and thus could not be analyzed via SEC or solution 

1H NMR. Therefore, the PS content was determined gravimetrically by measuring the change in 

mass after polymerization and vacuum drying in comparison to the styrene and polystyrene in the 

SBS in the original solution. The amount of uncrosslinked homopolymer in each sample after 

polymerization was determined by conducting swelling experiments and measuring the weight of 

the sample before and after swelling. Specifically, dog bone samples (approximately 0.5 g) were 

swollen in THF for 1 h. During swelling, uncrosslinked homopolymer (sol) was extracted from 

the crosslinked network (gel). The swollen crosslinked samples were retrieved from the THF (20 

mL), dried, and weighed. The difference in mass before and after swelling for samples φSBS = 50% 

- 20% was between 3 and 7 wt%, suggesting that the majority of PS formed during polymerization 

was grafted onto the PBD mid-block (Table 1). For the φSBS = 10%, the mass loss was greater 

(37%), indicating that at sufficiently high styrene concentration that a fair amount of PS 

homopolymer forms during the RIPT process.
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There is a potential for oligomer styrene (either homopolymer or grafted) to form during the free 

radical polymerization and that is miscible in the PBD domain. However, the glass transitions for 

the PBD (Tg,PBD) and PS (Tg,PS) domains remain relatively constant across all samples (Table 1). 

The Tg,PS varies from 89 °C for φSBS = 100% to 81 °C for φSBS = 10% (Table 1). The decrease by 

approximately 10 °C is attributed to plasticization by low molecular weight PS chain formed 

during polymerization (Figure S3). Similar reductions in Tg,PS have been reported using related 

PS polymerization and processing procedures.35 An estimate of the segregation of the PS and PBD 

domain was estimated using the Fox equation to determine the weight fraction of either PBD or 

PS in the PS or PBD domains, respectively (Table S1). These results infer that the domains are 

relatively pure with limited difference in the Tg of either phase relative to the original ABA triblock 

copolymer. Table 1 summarizes some of the characteristics of the samples produced by RIPT 

including the total PS wt% (SBS, grafted PS, and uncrosslinked PS), PS homopolymer wt% (H-

PS wt%), glass transition temperatures of the PS and PBD phases, and resulting morphologies 

explored in this study.

Table 1. Summary of the PS Content, PS Homopolymer Weight Percent, Glass Transition 

Temperature, and Nanoscale Morphology of Dog Bone Samples after RIPT.

Samplea PS wt%b H-PS wt%c Tg,PBD (°C) Tg,PS (°C) Morphologyd

φSBS = 100% 35 - -91 89 DIS Spheres

φSBS = 50% 61 3 -85 95 LAM

φSBS = 40% 69 5 -92 91 LAM

φSBS = 30% 77 4 -91 90 LAM

φSBS = 20% 84 7 -90 82 LAM
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The morphologies of the dog bone samples after the RIPT process were determined using a 

combination of SAXS and TEM. TEM micrographs clearly illustrate the change in the 

morphologies of the samples due to the RIPT process (Figure 3). The TEM images confirm that 

all samples are microphase separated with the PS and PBD domains easily resolved after staining 

with OsO4. The original ABA triblock copolymer (φSBS = 100%) forms a disordered sphere (DIS 

Sphere) in which isolated spherical PS domains are dispersed within a PBD matrix (Figure 3a). 

After the RIPT process for the φSBS = 50% sample, the TEM micrograph indicates that the phase 

is transformed to what can be interpreted as either a hexagonally-packed cylinder or a LAM 

morphology (Figure 3b) with no long-range order. As φSBS decreases, the TEM micrographs 

illustrate the typical striped pattern associated with LAM for samples φSBS = 40%, 30%, and 20% 

(Figures 3c – e). At φSBS = 10%, there is a shift in the morphology with some undulations on the 

lamellae and apparent cylindrical or spherical phase co-existence. The TEM is interpreted that the 

φSBS = 10% consists of co-existing multiple phases that include disordered microphase separated 

φSBS = 10% 92 37 -91 81 Co-Existing

aSample name corresponds to the initial SBS volume fraction in the pre-polymerized 

SBS/styrene mixture. bPS wt% referrers to the total PS content in the samples after RIPT and 

was gravimetrically determined. The value includes PS end blocks in SBS, PS grafted onto the 

PBD midblock, and uncrosslinked homopolymer PS. cPS homopolymer wt% was determined 

by conducting swelling experiments. Swelling experiments were not conducted for the φSBS = 

100% sample. dThe morphology of the dog bone samples after RIPT was determined using a 

combination of TEM and SAXS. 
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regions (PBD is the minority phase) and ordered regions of LAM and/or hexagonally-packed 

cylinders (Figure 3f).

Figure 3. TEM images for microtomed and stained RIPT dog bone samples. a) φSBS = 100%, b) 

φSBS = 50%, c) φSBS = 40%, d) φSBS = 30%, e) φSBS = 20%, and f) φSBS = 10%. Samples were 

stained with OsO4.

To confirm the phase assignment based on TEM images, 1D SAXS patterns are shown in Figure 

4. The results from the SAXS measurements are consistent with the finding that the φSBS = 100% 

sample transitions from a DIS Sphere to a LAM morphology with increasing PS content (φSBS = 

50%, 40%, 30%, and 20%) after the polymerization process based on higher order reflections 

present in the scattering profiles. The 1D SAXS pattern for the φSBS = 100% sample exhibits a 

broad primary scattering peak, which is due to the distribution in distances between spherical 

domains associated with DIS Sphere. Samples φSBS = 50% and 40% are indexed to a LAM 

Page 15 of 28 Soft Matter



16

morphology (Bragg reflections, q/q* = √1, √4, √9, and √16, where q* is the principle scattering 

peak). Additionally, the primary Bragg reflections become sharper than the broad scattering peak 

of the φSBS = 100% sample, indicating that the system becomes ordered as a result of the 

polymerization process. Analysis of the 1D SAXS patterns display a nanostructural transition from 

a DIS Sphere (still microphase separated) to LAM morphology during the in situ polymerization 

process in which PS-grafts from SBS along with some formation of PS homopolymer. The 

scattering for φSBS = 30% is suggestive of an approach to a transition point due to the reduction in 

the higher-order Bragg reflections. At φSBS = 20%, there is both a decrease in the scattering 

intensity and an increase in the peak width for the primary scattering peak, signifying a continual 

disordering process. Finally, at φSBS = 10%, there is a change in the scattering reflections, but these 

peaks are broad, indicating that the sample transitions from a LAM phase to a different phase. 

Based on the TEM and the asymmetry of the peak at q ≈ 0.035 Å–1, the sample likely consists of 

a co-existing microphase separated morphology in which the PBD domains become the isolated 

minority phase within a PS matrix.
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Figure 4. 1D SAXS patterns for the dog bone samples after polymerization and vacuum drying. 

A transition to LAM is seen with samples φSBS = 50%, 40%, 30%, and 20% from the higher-order 

reflections indexed to the primary scattering peak as indicated on the scattering curves.

The TEM and SAXS results are consistent in concluding that swelling the PS-PBD-PS triblock 

copolymer with styrene monomer and conducting in situ polymerizations leads to nanostructural 

transitions. Comparing the TEM images, it is evident that the morphology of the φSBS = 100% 

sample consists of disordered spheres in which the PS minority phase is embedded within a PBD 

matrix transitions to a lamellar phase after polymerization. Although there are similarities between 
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the 1D SAXS plots for the different samples, the examination of the peak positions can eliminate 

the possibility of a pure LAM phase for φSBS = 100% and 10%.   The lack of what could be indexed 

as q/q* = √9 peak for the φSBS = 100% sample is not a possible systematic absence for a lamellar 

morphology if the q/q* = √1, √4, and √16 are present, further supporting the SAXS identification 

that the φSBS = 100% sample is consistent with a disordered sphere phase. Additionally, the TEM 

images show that the φSBS = 100% sample is not lamellar.

Interestingly, all φSBS compositions exhibit only minor variations in the domain spacing (d), 

despite the large differences in the PS content. In linear diblock copolymers, d increases with 

increasing molecular weight. Here, two different processes are occurring: 1) the increase in the 

SBS molecular weight is a result of PS grafting from the PBD mid-block, and 2) PS homopolymer 

is forming. Therefore, the overall domain spacing will be affected by both the molecular 

architecture and the swelling of the PS domains with PS homopolymer. Here, the polymerization 

process creates grafted block polymers, which architecturally resemble miktoarm block polymers. 

Miktoarm block polymers have been shown to result in smaller domain sizes as compared to the 

linear counterparts.36 The reason for the minimal change in d for all φSBS compositions is being 

currently explored, but we posit that the PS that grafts from the PBD mid-block undergoes 

microphase separation to reside in the PS domains formed by the PS end-blocks, potentially 

reducing increases in d with increasing PS content.

Uniaxial extension measurements were conducted to establish the influence of PS content on the 

mechanical properties of the dog bone samples using the described RIPT procedure. At least five 

dog bone samples for each composition (φSBS = 100% - 10%) were tested using tensile 
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measurements to validate the stress-strain response (see Supporting Information Figures S4-S9). 

Figure 5 shows representative stress-strain curves for the φSBS samples. The Young’s modulus 

(E), yield strength (YS), elongation at yield (εy), tensile strength (TS), and the elongation at break 

(εb) were determined from the stress-stain curves and are summarized in Table 2.  The mold 

preparation method used in the current study was chosen due to the ease of processing the dog 

bone geometry. However, solvent casting is known to lead to the formation of air bubbles, which 

is the reason for the variance in the stress-strain responses.37

Figure 5. Representative stress-strain curves for dog bone samples investigated in the current 

study. All samples were run until fracture at a strain rate of 5 mm/min. All mechanical property 

values determined from the stress-stain curves are found in Table 2. Stress-strain curves for a) 

φSBS = 100%, 50%, 40%, and 30%, and b) φSBS = 20% and 10%.
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Overall, the dog bone samples prepared using RIPT spanned a range of mechanical properties, 

which correspond well with the final styrene content (PS wt% in Table 1). With increasing styrene 

content, from 35 PS wt% to 61 PS wt%, which correspond to samples φSBS = 100% and φSBS = 

50%, respectively, E, YS, TS, and εb increase, while εy is invariant within the experimental 

uncertainty (Table 2). There are three possible reasons for the increases in E, YS, and TS for 

sample φSBS = 50% when compared to φSBS = 100%: 1) increase in the PS wt%, 2) morphology 

transition to LAM, or 3) greater number of branch points per molecule due to PS grafting. At this 

point, additional experiments need to be conducted to identify the various factors that account for 

the change in mechanical properties, but previously published results indicate increasing the 

number of branch points plays a significant role.15,16 Comparing the mechanical properties of 

samples φSBS = 50%, 40%, and 30%, all of which exhibit LAM morphologies, shows an increase 

in E, YS, and TS as PS content increases. Therefore, the higher PS content is a major contributor 

to the mechanical properties, as expected from the known mechanical performance of styrenic 

TPEs.38 Both YS and TS are maximized at 77 wt% PS, while E reaches a maximum at 84 wt% PS. 

Further increasing the PS wt% to 84 wt% leads to a significant drop in YS and TS, while increasing 

in E, which is expected due to the increased brittleness of the materials imparted by the glassy PS 

domains. Remarkably, samples φSBS = 50% - 30% are extendable beyond 250%, which 

corresponds to 61 – 77 wt% PS. The high PS contents and large εb values highlight how in situ 

polymer grafting during RIPT leads to new nanostructured materials not easily accessible using 

current polymerization and self-assembly methods. However, the mechanical properties are 

significantly reduced above 84 wt% PS. Figure 6 clearly displays the variation in E and TS with 

respect to PS wt%. Overall, the work presented here indicates that the RIPT process leads to an 

enhancement in the mechanical properties (Young’s modulus, yield stress and strain to break) 
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despite the resulting materials exhibiting a LAM morphology, which is generally not optimal for 

mechanical properties. Increasing the PS content will intrinsically increase E from a simple rule 

of mixtures based on the modulus of PBD and PS. The increased glassy PS content will also 

increase the yield stress. We hypothesize that the PS grafting from the PBD block results in 

increasing polymer chain bridging between brittle domains that provide a mechanism to prevent 

fracture propagation, ultimately increasing εb.

As the PS content of the samples is increased, there is a discernible change in the fracture 

mechanism. For φSBS = 100%, defects caused by the escaping solvent caused the samples to form 

sparse tendrils connecting the sample at the fracture point. For samples in the φSBS = 50% - 30% 

range, the samples stress whiten, indicating that crazing or microvoids are produced during 

deformation. Crazing in the samples leads to greater εb, as both crazing and microvoids help to 

inhibit crack growth by acting as energy sinks.39 Furthermore, crazing should suppress the 

nucleation of cavities around the fracture point by allowing continual extension of the fibers of the 

material until fracture occurs.14 The φSBS = 20% sample exhibits an upper yield point during the 

onset of plastic deformation and deforms at a slightly lower and constant stress before resuming 

plastic deformation. The reported deformation behavior of the φSBS = 20% sample is consistent 

with the formation of Lüder’s bands during uniaxial extension, similar to what has been seen in a 

variety of materials including poly(carbonate). Lüder’s bands are caused by heterogeneity in the 

plastic deformation in the sample due to defects.40 For φSBS = 10%, the high PS content caused 

these samples to fracture almost immediately at the yield point with no observable change in the 

samples. Without crazing or microvoids, the nucleation of cavities caused by the fracture cannot 

be suppressed, leading to the sudden failure. Overall, the work presented here indicates that the 
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RIPT process leads to an enhancement in the mechanical properties of the materials by increasing 

the PS content. This is even despite the resulting materials exhibiting a LAM morphology, which 

is expected to perform poorly due to the interconnected brittle domains, thus providing a fracture 

propagation mechanism leading to the early onset of fracture.

Table 2. Mechanical Properties Determined from Tensile Measurements

Sample E (MPa) YS (MPa) εy (%) TS (MPa) εb (%)

φSBS = 100% 0.4 ± 0.1 0.8 ± 0.1 4.5 ± 0.9 0.9 ± 0.1 128.7 ± 21.3

φSBS = 50% 1.9 ± 0.1 4.0 ± 0.3 3.7 ± 0.2 5.9 ± 0.5 342.0 ± 36.4

φSBS = 40% 2.0 ± 0.1 4.8 ± 0.4 4.1 ± 0.3 7.1 ± 0.5 301.1 ± 63.1

φSBS = 30% 2.5 ± 0.2 7.6 ± 0.3 4.6 ± 0.1 8.7 ± 0.4 267.9 ± 63.6

φSBS = 20% 3.6 ± 0.3 2.6 ± 0.3 1.6 ± 0.2 2.6 ± 0.3 1.8 ± 0.1

φSBS = 10% 1.5 ± 0.3 1.1 ± 0.2 0.8 ± 0.1 1.2 ± 0.2 1.5 ± 0.4
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Figure 6. E (left, blue) and TS (right, red) with respect to PS wt%. As PS wt% increases, the 

modulus and the tensile strength increase. However, a significant reduction in mechanical 

properties occurs when the PS content increases beyond a specific amount.

Conclusion

The RIPT process presented here is a facile synthetic method for transforming linear block 

copolymers into graft copolymers to control the nanostructure and, as a result, the mechanical 

properties. Starting with a SBS triblock copolymer with a DIS Sphere morphology, an in situ 

polymerization was performed, leading to PS grafting on the PBD mid-block as well as forming 

homopolymer PS. Increasing the PS wt% from 35% to 61% caused a nanostructural transition to 

LAM. The DIS Sphere-to-LAM transition and increases in PS content led to significant 

improvements to the mechanical properties, which was unexpected as connected phases such as 

LAM are known to be brittle. At compositions greater than 84 wt% PS, the morphology of the 

system begins transitioning to a morphology in which multiple phases are co-existing. 

Furthermore, the mechanical properties maximize in the 77 PS wt%, and then significantly reduce 

due to increased brittleness caused by the abundant PS. The reported work highlights that the in 

situ polymer grafting during RIPT results in nanostructured materials with high PS content and 

large εb values, which is surprising with materials that have large PS content.  The results presented 

here indicate that the PS content plays a major role in the mechanical properties of the materials, 

however it is also suspected that the increased number of branch points per molecule is a significant 

factor in the mechanical properties of the materials.
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