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ABSTRACT 

This work focuses on the temperature dependent structural and rheological characterization of 

Polystyrene-b-Poly(nbutyl acrylate)-b-Polystyrene triblock copolymers (PS-b-PnBA-b-PS) in the melt 

and in particular, on their ability to show a lower disorder-to-order temperature (LDOT). To this aim, 

copolymers of varying block length, but keeping the PnBA block as major component, were 

synthesized. Small-Angle X-ray Scattering revealed that the copolymers with short PS blocks (∼10 

kg/mol) approach a LDOT but do not cross it. At room temperature, these copolymers exhibit higher 

moduli compared to a PnBA homopolymer due to the reinforcing effect of the PS but are flowing at 

temperatures above the glass transition of the PS. Increasing the PS and PnBA block length, to keep 

the same PS fraction, induces more profound changes in the structural and viscoelastic behaviors. Such 

copolymer crosses the LDOT, leading to a microphase separated and ordered state at high 

temperature. Contrary to the copolymers with short PS blocks, the flow regime was not reached, even 
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at temperatures well above the glass transition of the PS. Instead, a low frequency plateau was 

observed in rheology, showing the increased lifetime of the microphase separated PS domains. ABA 

triblock copolymers exhibiting a LDOT behavior could thus be of interest for the design of 

thermoplastic elastomers or pressure sensitive adhesives that can resist flow at high temperatures.  

I. INTRODUCTION 

Block copolymers can form microphase-separated structures (lamellae, spheres,…) in bulk1,2 or 

self-assemble into various structures (micelles, vesicles,…) in a selective solvent of one of the blocks.3–

6 ABA triblock copolymers, in particular, can form structures similar to their simpler AB diblock 

counterparts but are especially interesting because of the ability of the B block to form bridges 

between A domains. This capacity has a strong impact on the properties of the material.7 Multi-block 

copolymers that use microphase separation to form a network are part of the so-called family of 

thermoplastic elastomers (TPEs). ABA thermoplastic elastomers exhibit interesting elastomeric 

properties like melting at high temperatures, extensibility, shape memory, and reprocessability.8–10 

Generally, ABA thermoplastic elastomers are constructed with a dominant B rubbery segment and 

smaller hard A blocks to form physical crosslinks with high strength and tunable modulus.11,12 The hard 

domains provide good tensile and tear strength at room temperature, whereas the rubbery phase 

provides elastomeric properties such as flexibility and extensibility. Elastomers based on ABA 

copolymers have seen a growing interest in various applications, ranging from adhesives to clothing, 

automotive, and biomedical components.13–15 For example, ABA copolymers with polystyrene as A 

block and polyisoprene or polybutadiene as B block offer improved optical transparency and stability 

to UV light.16,17 In addition, acrylate-based triblocks exhibit excellent pressure-sensitive adhesive 

properties,18,19 which can be tailored in function of the adhesive formulation.  

It is well established that most TPEs owe their elastomeric properties to a microphase-separated 

structure, which affects both the mechanical and viscoelastic properties.20–23 In particular, ABA 

triblocks can form different morphologies depending on their composition and degree of block 

incompatibility in bulk. The microphase-separated domains of hard A blocks often lead to the 

reinforcement of the sample,  their elastic modulus being much higher than the rubbery plateau of the 

B blocks. Moreover, the B block can either form loops, so that the A blocks fold into the same 

microdomain, or form bridges between distinct A microdomains, which strongly affect the viscoelastic 

and tensile properties.24 

While TPEs have excellent mechanical properties at room temperature, a major drawback of 

these systems is their rapid loss of tensile and tear strength at high temperatures,25 limiting their range 

of applications. Amorphous TPEs are also flowing when heated above the Tg of the hard blocks. An 
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interesting way to address these limitations would be to design block copolymers that can microphase-

separate upon a temperature increase, thus showing a lower disorder-to-order temperature (LDOT),26  

improving their temperature resistance. However, such transition is not common for block 

copolymers, contrary to an upper order-to-disorder transition (UODT), which easily takes place since 

at low temperature, the mixing entropy cannot overcome the unfavorable enthalpic interaction 

between the two blocks, thus leading to microphase separation. For example, a LDOT has been 

reported in three kinds of weakly interacting block copolymers: polystyrene-b-poly(n-alkyl 

methacrylate), poly(ethylene oxide)-b-poly(2-vinylpyridine), and poly(n-hexylnorbornene)-b-

poly(cyclohexylnorbornene),27–31 in which only van der Waals forces exist. The LDOT behavior of the 

two first systems has an entropic origin and has been attributed to differences in component 

compressibility. In such systems, the mixed state is indeed more densely packed than the microphase 

separated state.32,33 With increasing temperature, a disorder-to-order transition is thus promoted due 

to the increase of the volume upon microphase separation, which induces an increase of the entropy. 

The behavior of the norbornene-based system was rather attributed to a different temperature-

dependence of the solubility parameters for the two blocks. This property has been recently further 

exploited to design new LDOT block copolymers by introducing extra interactions such as H-bonding 

and Coulombic interactions to modulate the temperature dependence of the microphase separation, 

and to observe different behaviors such as a close-loop behavior or an order-to-order transition for 

example.27,34–37  

In this work, we focus on ABA triblocks where the B soft central block is composed of low Tg (-

53 °C) Poly(n-butyl acrylate) (PnBA), and the outer A blocks are made of moderately high Tg (100 °C) 

Polystyrene (PS).38 We selected this pair of monomers because, as detailed below, PS/PnBA 

copolymers are known to  exhibit a LDOT behavior in specific conditions. We investigate the 

relationships between the copolymer microstructure and their rheological properties as a function of 

temperature and copolymer composition. More precisely, the triblock copolymers have been designed 

to favor their microphase separation upon increasing temperature, thus offering the possibility to use 

these materials for applications such as temperature resistant pressure-sensitive adhesives or TPEs. 

The microphase separation behavior of different types of PS-(meth)acrylate copolymers and 

their possible LDOT behavior has been previously studied in the literature. Russel et al.33 were the first 

to report a LDOT behavior for styrene/n-butyl methacrylate (nBMA) diblock copolymers containing 

around 60 wt% of PS. They showed that the phase diagram was strongly dependent on the molar mass 

of the block copolymers. In particular, while a low molar mass copolymer (26 kg/mol) stays 

homogeneous whatever the temperature, a long copolymer (170 kg/mol) containing the same 

proportion of PS was found to be always microphase separated. In order to observe both a UODT and 

a LDOT within the same sample, a copolymer with an intermediate molar mass (99 kg/mol) had to be 
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used. The LDOT was observed at a high temperature (around 150 °C), and the UODT could take place 

since it is higher than the glass transition temperature (Tg) of the PS blocks.  

Compared to PS-b-PnBMA block copolymers, copolymers based on PS and PnBA have a higher 

incompatibility between the blocks,26 with a Flory-Huggins interaction parameter varying from 0.034 

to 0.087 at room temperature.39–44 For this reason, Mok et al.32 reported that it is more difficult to 

observe a LDOT with these systems: while a block copolymer of molar mass 27 kg/mol is fully 

homogeneous, copolymers of 34 kg/mol are already too long and microphase separate in the whole 

range of temperatures studied.45 The room to observe a LDO transition is thus very narrow. In order 

to circumvent this issue, the authors proposed to use gradient S/nBA copolymers as they have a lower 

driving force for microphase separation and hence have a better miscibility than the corresponding 

block copolymers. The gradient copolymers showed similar microphase transition behavior as the PS-

b-PnBMA block copolymers, with a LDOT observed for copolymers of higher molar mass (of the order 

of 100 – 150 kg/mol). In addition, by tuning the magnitude of the S/nBA gradient, the authors showed 

that it is possible to adjust the transition temperature. Similar conclusion was found in ref. 46 where 

the authors compared the properties of random, gradient and block copolymers.  

In the present work, we investigate the effects of the variation of block length, PS content, and 

temperature of PS-b-PnBA-b-PS triblock copolymers (named SAS in this paper) on their dynamics and 

viscoelastic properties in relation to their microphase separation behavior. Triblock copolymers have 

been chosen because they are a typical architecture used to prepare TPEs or PSAs. The triblock 

composition has been varied to promote a LDOT upon increasing temperature. As already mentioned, 

previous works on PS/PnBA systems showed that it is difficult to obtain LDOT behavior with block 

copolymers. 32,44 However, all these samples had a high PS content (around 60 wt%). Therefore, it 

seems important to verify if a decrease of the PS fraction to have a majority of PnBA, and thus ensure 

elastomeric properties, reduces the degree of microphase separation and favors a LDOT behavior.  

To prepare PS-b-PnBA-b-PS triblock copolymers with low PS content, we developed a two-step 

synthetic procedure based on reversible addition-fragmentation chain transfer (RAFT) polymerization 

where we can easily vary the length of the PS outer blocks and of the PnBA central block to design 

well-defined triblock copolymers. This allows us to tune the microphase separation of the triblocks and 

study its impact on the dynamics of the systems at different temperatures. We investigate the 

relationship between the structural properties obtained by small-angle X-ray scattering (SAXS) and the 

linear viscoelastic properties obtained by rotational shear rheometry to understand how the sample 

properties can be modulated. Based on our first results, we then design a PS-b-PnBA-b-PS triblock 

copolymer that can still form physical bonds at high temperatures (165 °C) to create a stable network 

that can resist flow at elevated temperatures. This high-temperature resistance adds a new feature 

compared to typical TPEs or PSAs that melt or soften when the temperature is increased.  
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II. MATERIALS AND METHODS 

II.1. Materials 

The triblock copolymers were synthesized via RAFT polymerization in bulk. The full details are 

given in the supplementary information. The purified copolymers were analyzed using a combination 

of size exclusion chromatography (SEC) with polystyrene calibration, and 1H NMR spectroscopy. The 

degree of polymerization of the PnBA block, and thus its molar mass, was determined by comparing 

the characteristic peaks of PS and PnBA in the 1H NMR spectrum. The triblock characteristics are 

summarized in Table 1. The synthesis of the chain transfer agent, (1-Carboxy-1-

methylethylsulfanylthiocarbonylsulfanyl)-2-methylpropionic acid, was achieved via a previously 

reported one-pot reaction as described in the SI.33,34 A PnBA homopolymer, also synthesized by RAFT 

polymerization (see SI for details), was investigated as a reference sample.  

 

 

Figure 1: Chemical structure of a PS-b-PnBA-b-PS triblock copolymer (named SAS in the paper) and its schematic 
representation. 

 

II.2. Characterization methods 

 

Small Angle X-ray Scattering (SAXS):  

SAXS measurements were performed at different temperatures with an in-house setup of the 

Laboratoire Charles Coulomb, Université Montpellier, France. A high brightness low power X-ray tube, 

coupled with aspheric multilayer optics (GeniX3D from Xenocs), was employed. It delivers an ultralow 

divergent beam (0.5 mrad, λ=0.15418 nm). Scatterless slits were used to give a clean 0.6mm beam 

diameter with a flux of 35 Mphotons/s at the sample. We worked in a transmission configuration, and 

scattered intensity was measured by a 2D “Pilatus” 300K pixel detector by Dectris (490*600 pixels) 

with a pixel size of 172×172 µm2, at a distance of 1.9 m from the sample. All Intensities were corrected 

by transmission, and the empty cell contribution (two mylar foils) was subtracted. For each 

temperature, ten scans of 30 min were performed, and a Mettler F12 stage was employed to control 

the sample temperature. 

 

Linear viscoelasticity:  
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Rotational shear rheological experiments were performed in the linear regime on an ARES (TA 

Instruments) strain-controlled rheometer equipped with an oven. All experiments were carried out at 

given temperatures, using 8 mm plate-plate geometries. The gap was adjusted between 0.8 and 1 mm 

to fill the geometry. All samples were equilibrated for about an hour in the rheometer at a temperature 

of 130 °C, and normal forces were checked to be relaxed prior to any measurement. Samples were 

measured at several temperatures from T= -20 to 200 °C, depending on the samples. Measurements 

were conducted from both high to low and low to high temperatures to check the reversibility of the 

measurements. For the triblock master curves, the association of the PS blocks depends on 

temperature, and it is thus expected that the triblocks exhibit thermorheological complexity. 

 

Dynamic mechanical analysis:  

Dynamic mechanical analyses were performed with a DMTA/SDTA861e from Mettler Toledo 

(Greifensee, Switzerland). Disc specimens of 6 mm diameter and 0.5 mm thickness were heated from 

-70 to 200 °C at 3 °C/min for the samples S12A35S12, S12A62S12, S10A100S10, and PnBA, while the heating 

rate was 1 °C/min for the sample S25A120S25. The samples were analyzed under shear at a constant 

frequency of 1 Hz, a constant force of 0.1 N, and by a maximum strain imposed of 0.2%.   

 

Table 1: Composition parameters of PS-b-PnBA-b-PS triblock copolymers and of the PnBA reference. 

   
a The numbers indicate the number averaged molar mass of the corresponding block in g/mol. 

b Molar mass of the PnBA block determined by 1H NMR. 

c Molar mass of the PS macro-CTA determined by SEC (PS standards calibration). 

MnPnBA 

(kg/mol)b

MnPS 

(kg/mol)c

PS12k-b -PnBA35k-b -PS12k S12A35S12 35 25 42 1.45

PS12k-b -PnBA62k-b -PS12k S12A62S12 62 25 29 1.45

PS10k-b -PnBA97k-b -PS10k S10A100S10 97 19 16 1.5

PS25k-b -PnBA120k-b -PS25k S25A120S25 120 49 29 1.5

PnBA PnBA 95 / 0 1.18

Ð
PS content 

(wt%)
NameSamplea 

Components 
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III. RESULTS AND DISCUSSION 

III.1. Properties of SAS block copolymers composed of short PS blocks   

A. Structuration of the SAS triblock copolymers 

As mentioned in the Introduction, the objective is to synthesize triblock copolymers with a major 

PnBA block to favor a LDOT behavior. To this end, short PS blocks of molar mass around 10-12 kg/mol 

have been selected. Since the microphase separation depends on the sample composition, PnBA 

central blocks of different molar mass (35 kg/mol, 62 kg/mol, and 97 kg/mol) have been synthesized 

(see Table 1).  

The influence of the presence of the PS blocks on the sample microphase separation can be first 

detected by looking at the glass transition temperatures (Tg) obtained by DMA. For PnBA and PS 

homopolymers, the glass transition temperatures reported in the literature are Tg =-53 °C for a PnBA 

with a molar mass of around 100 kg/mol,47 and for PS, Tg varies between 90 °C to 105 °C for molar 

masses between 12 and 25 kg/mol.48 The data obtained by DMA for our triblock copolymers are 

presented in Figure 2.  

 

 

Figure 2: a) DMA data of SAS copolymers, b) corresponding Tan δ. Temperature sweep tests have been performed 

under oscillatory shear at a frequency of 1 Hz.  

 

At low temperature, all samples have very high, and more or less constant, moduli (despite some 

scattering in the experimental data), indicating that they are all in the glassy state. The moduli then 

decrease with temperature. For the three triblocks, the first drop in moduli occurs at a higher 

temperature compared to the PnBA homopolymer and depends on the PS fraction: the higher the PS 

fraction, the higher the temperature where this first modulus drop occurs. This is also seen in Figure 

2b by the shift of the tan peak toward high temperature with increasing PS fraction. Moreover, the 

broadness of the tan peak changes with the sample composition. While it is rather sharp for the PnBA 

homopolymer, it is broader for the copolymers. At temperatures around 100-120 °C a second modulus 

drop occurs, leading to the flow of the samples as indicated by the crossover between the storage, G’, 

and the loss, G”, moduli. For the S12A35S12 sample, the two modulus drops are barely noticeable and 

almost merge into a single drop. These observations suggest that the triblocks are weakly segregated 

or in the composition fluctuation regime. Indeed, if the samples were microphase separated, two clear 

tan peaks would be observed at the glass transition temperatures of the pure PnBA and pure PS.44,46 

On the other hand, if the samples were fully homogenous, a single clearly marked tan peak would 
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occur at an intermediate temperature. Here, an intermediate situation is observed. For the S12A62S62 

and the S10A100S10 samples, a first Tg is observed at low temperature but above the Tg of pure PnBA (-

53 °C) and with a much broader tan peak as explained above. The second drop in modulus at high 

temperature probably starts at the Tg of the PS even if no associated tan peak is seen in Figure 2b. 

These two triblocks show thus some degree of segregation. On the other hand, the two drops of 

modulus for the S12A35S12 sample almost merge into a single one, indicating a more homogeneous 

sample characterized by a smaller amplitude of the composition fluctuations. Finally, it is interesting 

to note that at room temperature, which would be the usage temperature of these materials, the 

elastic moduli of the three copolymers are very different, covering about two orders of magnitude. 

Tuning the degree of segregation of the sample has thus an important impact on the mechanical 

properties and thus on the selection of potential applications. 

Since DMA revealed differences in the sample microphase-separation, the structuration of the 

triblock copolymers was then analyzed by SAXS. We first investigate the microstructure of S10A100S10 

sample, which contains the lowest fraction of PS. DMA measurements suggested that this sample 

exhibits composition fluctuations. It must be noted here that a weak scattering intensity is expected 

for these triblocks due to the small electron density difference between PS (0.565 mol/cm3) and PnBA 

(0.590 mol/cm3). The scattering profiles of the S10A100S10 sample are shown in Figure 3 for different 

temperatures in the range 25-92°C. A single, weak and broad peak is observed around 0.25 nm-1 at 

room temperature, compatible with composition fluctuations and in good agreement with the DMA 

results.49–53  

 

As expected, the intensity of the SAXS peak increases gradually with temperature while the peak 

position stays fixed (Figure 3). This is not an annealing effect since the peak intensity goes back to its 

initial level upon cooling the sample (See SI, Figure S1). This increase of the SAXS peak intensity with 

an increase in temperature indicates that the amplitude of the composition fluctuations in the 

S10A100S10 sample increases with temperature, suggesting that the sample approaches the order-to-

disorder temperature (LDOT).54 This finding is in contrast with the results of Mok et al., who reported 

that a LDOT could not exist for diblock copolymers of large molar mass (> 34 kg/mol).32 However, the 

copolymers studied had a much higher PS fraction, around 60-70%. Our results unambiguously show 

that it is possible to approach a LDOT, provided that the PS blocks are short, and the PS fraction is 

rather low, i.e., PnBA should be the major component. Our results are consistent with the ones 

obtained by Pakula et al., who reported an increase of the SAXS peak intensity in SAS asymmetric 

triblocks upon an increase in temperature, but mistook this increase for an annealing effect since they 

did not record the SAXS data upon cooling back the sample to room temperature.55 Thus, the 

amplitude of the composition fluctuations increases with temperature, but no high-order peaks are 
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present in the scattering profiles, showing the absence of long-range correlation. Therefore, while the 

system evolves toward a more structured state, the ODT is not crossed, and the sample remains 

disordered. 

 

Figure 3: SAXS data of the S10A100S10 sample from 25 °C to 92 °C. The insert corresponds to the peak maximum intensity 
as a function of temperature. 

 

In order to further investigate the temperature dependence of the microstructure of SAS triblock 

copolymers, SAXS profiles at different temperatures for the S12A35S12 and S12A62S12 samples have been 

collected (Figure 4). The PS block length of these two samples is comparable to that of the S10A100S10 

sample, but they have a larger PS fraction since the PnBA block is shorter. At 20°C, the S12A35S12 sample 

shows no peak in SAXS, but a weak and broad peak appears around 40°C which intensity then increases 

up to 80 °C (see Figure 4a). Then, its intensity continues to slowly increase with temperature, indicating 

that this sample also tends towards a LDOT, albeit more weakly than the other copolymers. At room 

temperature, there is thus no or very weak composition fluctuations and their amplitude weakly 

increases with temperature. This behavior is globally similar to the S10A100S10 sample, but since the 

S12A35S12 sample has the smallest molar mass, it has the lowest incompatibility between the blocks (as 

also observed in DMA, see Figure 2), and the composition fluctuation amplitude starts to increase at 

higher temperatures. Finally, for the third sample, S12A62S12 (Figure 4b), an intermediate behavior 

compared to the ones of the S10A100S10 and S12A35S12 samples is observed, in good agreement with the 

DMA results. 

 

 

Figure 4: SAXS data on a) S12A35S12, and on b) S12A62S12 at temperatures from 20 °C to 120 °C. The insert corresponds 
to the peak maximum intensity as a function of temperature. 

 

The SAXS data of the three block copolymers are then compared in Figure S2 at specific 

temperatures. As already mentioned, the SAXS peak intensity increases with temperature for all the 

triblock copolymers. In Figure S2b, it is also seen that the distance associated with the SAXS peak 

correlates with the length of the PnBA block: the longer the PnBA block, the smaller the q value of the 

SAXS peak (larger associated distance). To have a better insight about these values, we estimated the 

end-to-end distances of a SAS triblock chain in a fully stretched conformation and for the freely rotating 

chain model where the long-distance self-interactions are not considered. We compared them to the 

average distance corresponding to the SAXS peak (dSAXS=2/qpeak, where qpeak is the peak position). The 

end-to-end distance of a fully stretched linear SAS copolymer chain can be estimated by: 
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𝐿𝑧𝑖𝑔−𝑧𝑎𝑔(𝑛𝑚) = 𝑁𝑏 sin (
𝜏

2
) , (1) 

Where N is the number of C-C bonds in the copolymer chain, b is the length of a C-C bond (0.159 nm) 

and τ is the angle of a C-C-C bond (109.5°). On the other hand, the freely rotating chain model for a 

linear SAS copolymer chain is calculated from: 

 

𝐿𝑓𝑟𝑐
2(𝑛𝑚) = 𝐶∞𝑁𝑏2 (2) 

 

Where C∞ is the characteristic ratio of the copolymer chain. Since the C∞ of PS and PnBA are rather 

close (C∞,PnBA = 10,1 and C∞,PS = 10,8),56 an average value for C∞, calculated based on the triblock 

composition, was used. The results are shown in Table 2. 

 

Table 2: dSAXS is the distance measured by SAXS, Lfrc is the calculation of the end-to-end distance with the freely rotating chain 

model, and Lzig-zag is the model used for the end-to-end distance calculation for a fully stretched polymer chain.  

 

 

For all triblocks, the calculated end-to-end distances of freely rotating chains agree relatively 

well with the distances measured in SAXS, even if they are a bit lower. This shows that the triblocks 

are in a random coil conformation, possibly slightly stretched, in good agreement with the composition 

fluctuation regime.44 Since the PS block length in these samples is almost constant, the characteristic 

distances mainly scale with the PnBA block length.  

B. Viscoelastic properties of SAS triblock copolymers 

Changes in the sample microphase separation of copolymers can strongly affect their linear 

viscoelastic properties, as reported by Bates for example.57 Therefore, we investigated the 

temperature-dependent linear viscoelastic (LVE) behavior of the three triblocks. Results are 

summarized in Figure 5, which shows the storage and loss moduli of the copolymers at given 

temperatures compared to the data of a PnBA homopolymer sample 

At low temperature, T = 0 °C, the frequency sweep data reveal that the level of the plateau 

modulus of the triblock copolymers strongly increases with the PS fraction, taking values that can be 

several orders of magnitude larger than the rubbery plateau of the PnBA homopolymer estimated at 
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160 kPa.58,59 The increase in modulus depends on the PS fraction, the higher the PS content the larger 

the modulus, in agreement with the DMA data (see Figure 2). This reinforcement effect is attributed 

to the high modulus of the glassy state of the PS. The slight decrease of the storage modulus at low 

frequency is attributed to the local equilibration of the PnBA matrix. At 25 °C, the general behavior is 

similar to the one at 0 °C, with the level of the elastic plateau following the PS fraction in the samples. 

Moreover, while the PnBA homopolymer reaches its terminal regime of relaxation, the triblock 

copolymers do not flow (G’ is till larger than G”). The S12A35S12 sample shows a much higher elastic 

plateau than the two other copolymers because this sample has not yet reached its softening 

temperature, as observed in the DMA data (Figure 2) 

 

 

Figure 5: Linear rheology at 0 °C, 25 °C, 60 °C and 100 °C of PnBA95k homopolymer (green curves), S10A100S10 (blue 
curves), S12A62S12 (red curves) and S12A35S12 (pink curve). Above 40 °C, PnBA is in the flowing regime. 

 

At 60 °C, the viscoelastic behavior of the S10A100S10 and S12A62S12 triblocks qualitatively changes, 

with the appearance of a ω1/2 dependence of the storage and loss moduli in the low-frequency region. 

This transition results from two opposing effects. On the one hand, the PS starts to soften. As it does 

not reinforce the sample anymore, the plateau modulus of the triblock copolymers drops, and reaches 

values close to the room temperature rubbery plateau of an entangled PnBA homopolymer (160 kPa 

58,59). This softening of the PS also allows the relaxation of the PnBA entanglements. On the other hand, 

as shown by the SAXS data, the amplitude of the composition fluctuations increases with temperature. 

This tends to limit the relaxation of the PnBA chains, which are trapped between PS-rich regions. The 

net result is that, at this temperature, the viscoelastic response of the sample is mostly dominated by 

the entanglements of the PnBA chains, which are unable to fully relax since their chain extremities are 

trapped into PS-rich regions that act as physical crosslinking points. The linear rheological response of 

the S12A35S12 sample at 60 °C is slightly different, showing higher modulus values and a continuous 

decrease in the storage and loss moduli with a ω1/2 dependence over the whole frequency range. This 

behavior is attributed to the higher softening temperature of the PnBA of the S12A35S12 sample (see 

Figure 2), which occurs in the high frequency region at 60 °C, and is directly followed by the softening 

of the PS.  

 

Finally, at 100 °C, all samples show a transition from a solid-like to a liquid-like behavior. Their 

flow regime reflects the ability of the chains to disentangle, which mainly depends on two factors. First, 

it depends on the probability of a PS block to escape from the PS-rich regions. While increasing the 

temperature leads to an increase of the amplitude of the composition fluctuations (see Figures 3 and 
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4), we observe, however, that the relaxation of the samples is accelerated. This suggests that, at this 

temperature, the lifetime of the PS-rich regions is decreasing. Second, it depends on the length of the 

PnBA chains. The more they are entangled, the longer will be their relaxation time. Considering that 

the molar mass between two entanglements is 18 kg/mol,58,59 the S10A100S10, S12A62S12, and S12A35S12 

samples contain around 6.5, 4.8, and 3.2 entanglements per PnBA chain, respectively.  

In order to further highlight the structural modification taking place in the block copolymers with 

increasing temperature, we plot in Figure 6 the evolution of the storage modulus G’ as a function of 

the loss modulus G”, following the method proposed by Han et al.60,61 Such plot can be seen as an 

alternative method to the Time-Temperature Superposition principle, for which a good overlap of data 

taken at different temperatures means that the temperature only affects the segmental dynamics of 

the material. Overall, the curves of the triblocks superimpose quite well at low temperature, which 

indicates that there is no structural or phase change in the material, only the expected evolution of 

the dynamics with temperature. However, a deviation is observed at higher temperatures. For the 

S12A62S12 and S10A100S10 samples, the level of G’ lowers with increasing temperature. As G’ is well below 

the entanglement plateau modulus of the PnBA, this result suggests that, in this temperature range, 

increasing the temperature leads to a slightly lower fraction of PnBA segments trapped by the PS, 

which can be attributed to the increased dynamics of the PS segments, which dominates over the 

effect of stronger composition fluctuations. On the other hand, for the S12A35S12 sample, the opposite 

trend is observed for intermediate loss moduli. This can be understood based on the higher softening 

temperature of its PnBA (see Figure 2): at high temperature (T > 80-100 °C) the segmental dynamics of 

the PnBA is still too slow to overcome the sample structuration induced by increased composition 

fluctuations.  

 

 

Figure 6: Han’s plot for the reference triblock a) S12A35S12, b) S12A62S12, and c) S10A100S10. 

These LVE results show that despite the temperature-induced increase of the amplitude of the 

composition fluctuations, these triblock copolymers are flowing at high temperatures and do not reach 

an elastomeric-like behavior. This indicates that, although the samples approach their LDOT when 

increasing temperature, this transition is never reached. Therefore, as described in the following 

Section, a triblock copolymer containing longer PS blocks was synthesized and characterized. In order 

to favor its LDO transition, a very long PnBA block was used to keep the volume fraction of PS below 

50%. 
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III.2. Properties of a SAS block copolymer composed of longer PS blocks   

A. Structural properties 

Based on the SAXS and rheology results described for triblock copolymers with short PS blocks, 

we synthesized a new copolymer, S25A120S25, with longer outer and central blocks in order to induce a 

microphase separation with increasing temperature. The long, entangled, PnBA middle block should 

exhibit good elastomeric properties, while the longer PS blocks should provide a longer lifetime of the 

PS domains, even at high temperatures, that should prevent the material from flowing. Figure 7 

presents the DMA data of this sample in comparison to the S12A62S12 sample, which contains the same 

PS fraction, and to the PnBA homopolymer. 

 

Figure 7: a) DMA data of the S12A62S12 and S25A120S25 copolymers and of the PnBA homopolymer, b) corresponding Tan 
δ. Temperature sweep tests have been performed under oscillatory shear at a frequency of 1 s-1 and an amplitude of 1%. 

The S25A120S25 sample shows two well-separated peaks in the tan curve, corresponding to the 

Tg values of the PnBA and PS blocks, at values close to the corresponding homopolymers (note that the 

PS Tg is a bit overestimated, 120°C from the tan peak, as often in DMA measurements compared to 

DSC). 55 On the opposite, the S12A62S12 sample shows only a broad tan peak as previously discussed. 

This indicates that the S25A120S25 sample is better microphase-separated than the other triblock 

copolymer. Moreover, contrary to our findings for the triblock copolymers with shorter PS chains, the 

flow regime of the S25A120S25 sample (with G” > G’) is not observed, even at very high temperatures 

well above the Tg of the pure PS blocks. This indicates that at these high temperatures, a part of the 

PnBA blocks is still unable to disentangle and relax, most probably due to the existence of stronger 

microphase separated domains between which the PnBA blocks are trapped. From these results, we 

can estimate the maximum usage temperature of this copolymer by applying the Dahlquist criterium 

(G' should be below 0.1 MPa). This criterium, often used in adhesive formulations, defines the 

maximum temperature that can be reached before obtaining a sticky material. 62 From Figure 7, the 

maximum usage temperature of the S25A120S25 sample would be 165 °C. At this stage, it is unclear 

whether these presumed microphase separated domains are already present at low temperatures or 

if they only appear at high temperatures due to the crossing of the LDOT. In order to address this 

question, SAXS measurements have been performed.  

Figure 8 shows the SAXS profiles obtained for this sample at temperatures from 25 °C to 200 °C. 

At 25 °C, no peak is observed in the SAXS analysis. This observation is difficult to rationalize since a 

better degree of microphase separation was expected for this sample considering its composition and 

based on the DMA results. This could suggest that despite the larger immiscibility of the blocks, the 

contrast between the PnBA and the PS regions is still too weak to be detected by SAXS. However, as 
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soon as the temperature is increased to 50 °C, a peak appears in the SAXS data, with higher relative 

intensity compared to the other triblocks (Figure S3). This larger intensity indicates a larger amplitude 

of composition fluctuations for this sample. The peak intensity further increases with increasing 

temperature up to 100 °C and reaches very large values. Above 100 °C, another regime is observed, in 

which the peak gradually shifts to lower q values with temperature up to 200 °C, indicating an increase 

of the characteristic distance. This shift in peak position was not observed for the other three triblocks. 

As previously done, we calculated the end-to-end distance by the freely rotating chain model (see 

Equation 2) for this triblock and found 29 nm. The distance corresponding to the SAXS peak position is 

dSAXS= 42 nm in the regime up to 100 °C, where the peak position does not vary with temperature and 

reaches a value of dSAXS= 71 nm at 200 °C. The greater discrepancy between the calculated and 

experimental values compared to the other triblocks indicates a larger degree of chain stretching than 

for the other triblocks, in agreement with a better microphase separation.44  

The much larger characteristic distance observed above 100 °C (up to 71 nm at 200 °C) indicates 

that more profound structural changes occur for this sample as compared to the other triblocks. While 

the shift in the peak position could be partially due to the thermal expansion of the sample taking place 

with increasing temperature, it could also be due to a gradual change of the structure as the sample is 

becoming more ordered. Indeed, while up to 100 °C, the sample stays in a disordered state 

(composition fluctuation regime), at higher temperatures, it starts to become more ordered, as 

confirmed by the apparition of a high-order peak at high q from 125 °C, which shifts to lower q when 

temperature increases, following the shift of the main peak. While its intensity is rather low, this peak 

is observed around √3  q*, with q* being the position of the main peak, possibly indicating a 

hexagonally packed cylinders morphology, compatible with the PS fraction of 29% (Figure S4). Contrary 

to the other triblocks, it is thus possible that the TDOT is crossed in this case. As for the other three 

copolymers, the evolution of the SAXS peak intensity with temperature is fully reversible (see Figure 

S5). 

 

Figure 8: SAXS data of S25A120S25 sample at temperatures from 25 °C to 200 °C. The insert corresponds to the evolution 

of the peak position q* (▲) versus the temperature. 

 

B. Viscoelastic properties 

The S25A120S25 sample shows a different structural behavior at elevated temperatures compared 

to the previous triblocks studied. It is thus interesting to see if this difference also translates into its 

viscoelastic behavior. It will be particularly interesting to compare the S25A120S25 and S12A62S12 samples 
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since both have the same PS fraction, but the length of all the blocks of the S25A120S25 triblock is two 

times larger. 

Figure 9 presents the frequency sweeps recorded at different temperatures for the S25A120S25 

and S12A62S12 triblocks and for the PnBA homopolymer. At 0 °C and 25 °C, the S25A120S25 sample exhibits 

a plateau modulus, which is higher than the one of the PnBA homopolymer due to the rigid PS 

reinforcing the PnBA. However, this reinforcement effect is weaker than in sample S12A62S12. This is 

consistent with the DMA data, which showed that the glass transition of the PnBA is taking place at a 

lower temperature for S25A120S25 than for S12A62S12 due to its microphase separation, and, 

consequently, to its purer PnBA phase. 

 An important difference between the two triblocks can also be observed at 60 °C and 100 °C. 

While the S12A62S12 sample goes through a transition leading to its flow regime at 100 °C, for the 

S25A120S25 sample, a transition leading to a second, low-frequency, plateau occurs at 60 °C. This low-

frequency plateau persists at 100 °C despite the fact that the glass transition of the pure PS is reached. 

This indicates that PS-rich regions are formed at high temperature, which are stable enough to prevent 

the relaxation of the copolymer chains, i.e., the microphase separated domains which appear at high 

temperature exhibit a long lifetime. This is in good agreement with the SAXS data (Figure 8) which 

showed a change of regime from around 100°C, where the sample reaches a microphase separated 

state. 

 

 

Figure 9: Linear rheology at 0 °C, 25 °C, 60 °C, and 100 °C of the PnBA homopolymer (green curves), and of the S12A62S12 
(red curves), and S25A120S25 (black curves) copolymers. 

In order to better highlight the sample evolution at high temperatures, the thermorheological 

complexity of the S25A120S25 triblock is studied in Figure 10. To this end, dynamic rheological 

measurements were carried out in a temperature range from -20 °C to 200 °C. The time-temperature 

superposition (TTS) principle was first used on the PnBA homopolymer to create a master curve at a 

reference temperature Tref= 25 °C. Horizontal shift factors were fitted with the WLF equation63 

(Equation 3) at Tref= 25 °C, using the constants c1= 6.2 and c2=131.17 K proposed in Ref. 57.  

 

log 𝑎𝑇 =  
−𝑐1(𝑇 − 𝑇𝑟)

𝑐2 + (𝑇 − 𝑇𝑟)
(3) 

 

Where aT is the WLF shift factors, T is the temperature, Tr is the reference temperature used to 

construct the master curve, and c1, c2 are empirical constants adjusted to fit the values of the 

superposition parameter aT. 
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We then used the same c1 and c2 coefficients to determine the shift factors for the S25A120S25 

triblock. This requires considering a new reference temperature for sample S25A120S25 to ensure that 

the master curves of both samples are built at iso-Tg condition (i.e., Tref –Tg = constant). 64 A very good 

superposition of the low temperature curves is found by considering Tref(S25A120S25)= 32 °C, which 

corresponds to an increase of 7 °C of the PnBA Tg value, compared to the reference sample. The master 

curve for the S25A120S25 triblock built with these shift factors is very good at high and intermediate 

frequencies, however, it fails at low frequencies, where the level of the second plateau varies with the 

temperature.  

The second, low-frequency plateau is visible from temperatures above ca. 40 °C, and its level 

does not vary up to 80 °C. Above this temperature, its level progressively decreases until 130 °C. The 

80-130 °C temperature range corresponds to the softening of the PS, which becomes able to 

reorganize, leading to microphase separation, as supported by the SAXS data (Figure 8). Thus, we can 

conclude that in the 80-130 °C range, the storage modulus decreases because the appearance of the 

microphase separation does not allow to fully compensate for the increased dynamics of the PS 

segments. Nevertheless, this compensation is much better for the S25A120S25 triblock than for the other 

samples since it is not flowing at these high temperatures, contrary to the latter. This is attributed to 

its longer PS blocks and the larger stability of the microphase separated PS domains, the other triblocks 

being only in the composition fluctuation regime at high temperature.  

Between 130 °C and 200 °C, the level of the second plateau stays constant. This is an unusual 

behavior for block copolymers, as it suggests that the stability of the PS domains is not reduced with 

increasing temperature. In this temperature regime, the SAXS data shows that the sample keeps on 

ordering as indicated by the appearance of a high-order peak (Figure 8). Therefore, we can conclude 

that the LDOT prevents the sample from flowing at high temperatures, giving rise to a high-

temperature resistant block copolymer.  

 

 

Figure 10: S25A120S25 master curve (Tref= 32 °C) vs PnBA homopolymer (Tref= 25 °C) based on the c1 and c2 determined 
for the pristine PnBA master curve and created at iso-Tg. 

Figure 11 presents the Han plot for the S25A120S25 sample. Similar conclusions as from the master 

curve can be drawn, with the first regime from -20 °C to around 80 °C where the curves superimpose, 

then a second regime from 80 °C to 130 °C, where the offset between the curves gets larger and larger 

as the temperature increases, and, finally, a third regime above 130 °C where the low-frequency 

plateau is strengthened.  

 

Figure 11: Han’s plot for the sample S25A120S25.  
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IV. CONCLUSION 

In this work, we have exploited the possibility of achieving a lower disorder-to-order 

temperature (LDOT) behavior with PS-b-PnBA-b-PS triblock copolymers to evaluate the potential utility 

of such materials as temperature resistant thermoplastic elastomers. To this aim, we have first 

synthesized three triblock copolymers with short PS blocks (around 10-12 kg/mol) and a PnBA major 

block of different length. SAXS and rheology showed that an increase of temperature leads to an 

increase of the amplitude of the composition fluctuations, but these samples only tend to the LDOT 

and stay in the disordered state. The copolymers showed a high modulus at room temperature due to 

the reinforcing effect of the PS but flowed at temperatures above the glass transition of the PS because 

the faster segmental dynamics of the PS blocks dominates over the better structured morphology of 

the sample. Another triblock copolymer was thus designed to ensure the crossing of the LDOT, leading 

to a microphase separated state, and thus to a longer lifetime for the PS domains. Longer PS outer 

blocks were thus used, but the PnBA block length was also increased to keep a relatively low PS fraction 

to be able to reach the LDOT. As expected, this copolymer crossed the LDOT and was microphase 

separated at high temperature, while keeping the reinforcement effect at room temperature. 

However, contrary to the first three copolymers, the flow regime of this longer copolymer was not 

reached, even at very high temperatures well above the glass transition of the PS. Instead, a plateau 

was observed in rheology, showing the increased lifetime of the microphase separated PS domains. 

These observations show that PS-b-PnBA-b-PS triblock copolymers are potentially interesting 

candidates for developing TPEs that can keep their elastomeric properties even at high temperatures, 

around 165 °C in the present case, provided that the copolymer composition is appropriately adjusted. 

Tensile tests at high temperature will have of course to be performed to confirm the potential use of 

these triblock copolymers as TPEs. These copolymers could find applications in diverse areas since they 

combine good mechanical properties at room temperature and improved resistance to flow at 

elevated temperatures. 

 

SUPPLEMENTARY MATERIAL 

 Full details on copolymer synthesis, additional SAXS and DMA graphs, master curves for some 

copolymers. 
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