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Abstract 

We report on concomitant photoinitiated polymerization-induced macrophase and microphase separation 

strategies to produce hierarchically structured recyclable poly(n-butyl acrylate) based elastomeric materials. 

The investigated crosslinker-free formulations are composed of n-butyl acrylate monomer and a UV photo-

initiator mixed with poly(methyl methacrylate)-b-poly(n-butyl acrylate)-b-poly(methyl methacrylate) ABA 

triblock copolymers. Two different pre-synthesized copolymers are used to control the macrophase 

separation. One synthesized by nitroxide-mediated radical polymerization (NMRP), and a second by anionic 

polymerization (AP). Essentially, NMRP route leads to copolymer with unsaturated chain ends, activated 

during photo-polymerization. On the other hand, the copolymer synthesized by AP are chemically inert 

during photo-polymerization. That dissimilarity is also highlighted by time-resolved FTIR and SAXS, 

performed to monitor respectively monomer conversion and nanostructure evolution during photo-

polymerization. The experimental data demonstrate that the reactivity of the triblock copolymer impacts 

drastically the photopolymerization kinetics and the self-assembly processes. Finally, the rheological 

analysis shows that the produced materials present a solid-like behavior at low frequencies despite a large 

PnBA content (i.e., 85 wt-%). This property is associated to the phase segregation and to the sample 

hierarchical morphology. 
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Concomitant photopolymerization-induced macrophase and microphase separations are used to generate 

acrylate-based thermoplastic elastomer. The hierarchical morphologies are essentially driven by the pre-

synthesized block copolymer reactivity during crosslinker-free formulations photopolymerization. The 

multiscale self-assembly process is monitored and highlighted by time-resolved SAXS. The resulting 

hierarchical materials present a solid-like behavior despite a large PnBA content up to 85 wt-%. 
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Introduction 

Thermoplastic elastomer (TPE) is a widely commercialized class of polymer developed as coating, 

adhesives and more recently for 3D printing.[1] Their elastomeric behavior under service temperatures and 

their thermoplastic properties at higher temperatures is compatible with classical polymer processing and 

recycling strategies. Among TPEs, a large part is based on block copolymers (BCPs) taking advantage of 

their self-assembly ability and intrinsic properties.[1] For example, ABA triblock copolymer composed of a 

soft rubbery central block (majority phase) and two outer blocks with glass-transition temperature, Tg, well 

above service temperature.[2] In those conditions, the glassy nanodomains act as physical crosslinks for the 

elastomeric matrix leading to materials displaying a solid-like behavior.[3, 4] With that respect, polystyrene-

b-polybutadiene-b-polystyrene (SBS) or polystyrene-b-polyisoprene-b-polystyrene (SIS) BCPs are 

commonly used as TPE. Nevertheless, the use of those copolymers presents few drawbacks, among them 



the unsaturated soft blocks leading to a poor UV resistance. To overcome that issue versatile acrylic based 

TPEs were successfully proposed, combining low Tg polyacrylates blocks and high Tg polymethacrylates 

blocks, such as such as poly(n-butyl acrylate) and poly(methyl methacrylate) based BCPs.[5-7] 

BCPs self-assembly has been intensively studied during the past decades at thermodynamical equilibrium,[8-

10] including ABA triblock copolymers,[11-15] and blends of ABA BCP with B homopolymer,[16, 17] leading to 

particular rheological signatures.[18-21] However, alternative routes are foreseen to achieve phase segregated 

materials such as polymerization-induced phase separation (PIPS) and polymerization-induced microphase 

separation (PIMS).[22-24] Both approaches lead to kinetically arrested morphologies obtained during bulk 

polymerization of the monomer. PIPS macrophase separations are usually obtained when one or several pre-

synthesized homopolymers are initially solubilized in monomer with crosslinker.[25-30] On the other hand, 

PIMS microphase separations are reached when macro-chain transfer agents are initially solubilized in 

monomer with crosslinker.[31-37] The use of pre-synthesized BCPs, initially solubilized in monomer, can also 

lead to PIPS and PIMS. As an example, BCPs have already been used as additives in epoxy resin 

formulations to bring nanostructures and to adjust the mechanical properties.[38-43] Also, it has been reported 

that macrophase separations between pre-synthesized BCP and growing network can be avoided by using 

reactive BCPs. Thus, ensuring covalent bonds between both phases and preserving microphase 

segregation.[44, 45] Among the abundant photopolymerization literature, there is a growing interest on the 

structural aspect of whether photoinitiated PIPS,[26-29] or photoinitiated PIMS systems[34, 36, 46, 47] and very 

recently toward stereolithography 3D printing.[48-52] 

In the present paper, we demonstrate that photoinitiated PIPS and PIMS strategies can be associated to 

produce hierarchically structured recyclable TPE. To do so, crosslinker-free formulations based on reactive 

or inert pre-synthesized ABA triblock copolymers are investigated. More specifically, formulations 

composed of n-butyl acrylate (nBA) monomer and UV photoinitiator in presence of a poly(methyl 

methacrylate)-b-poly(n-butyl acrylate)-b-poly(methyl methacrylate) (PMMA-b-PnBA-b-PMMA) triblock 

copolymers are prepared. Two different pre-synthesized BCPs are used: (i) one reactive, synthesized by 

nitroxide-mediated radical polymerization (NMRP), named TNMRP, and (ii) the second inert, by anionic 

polymerization (AP), named TAP. The comparison between both BCPs is performed through 

macromolecular and morphological characterizations after photopolymerization. In addition, for a better 

understanding of the concomitant PIPS and PIMS self-assembly processes, time-resolved FTIR and SAXS 

measurements are performed under UV irradiation, to monitor respectively monomer conversion and 

morphological evolutions. Finally, rheological properties and optical transparency of the final materials are 

discussed and corelated to the hierarchical morphology. 



 

Results and Discussion 

The liquid formulations are composed of pre-synthesized PMMA-b-PnBA-b-PMMA triblock, nBA 

monomer and α-hydroxy-cyclohexyl-phenyl-ketone as photoinitiator (PI) of type I. Both pre-synthesized 

PMMA-b-PnBA-b-PMMA triblock copolymer macromolecular characteristics are given in Table 1. All the 

sample formulations are listed in Table 2. The BCP weight fraction in the formulation was first optimized 

by solubility tests. 30 wt-% of BCP was the highest concentration achieved while preserving full solubility. 

Therefore, the present study focuses on that specific concentration, with two series of samples including 

TNMRP or TAP BCP and varying photoinitiator (PI) concentration. The final samples are obtained after nBA 

radical photopolymerization under a xenon-mercury UV lamp (70 mW cm-2) during 300 seconds (see 

supporting information for details). 

Table 1. Characteristics of PMMA-b-PnBA-b-PMMA triblock copolymers used in this study. With Mn and Mw the 

number-average and weight-average molar masses respectively, Đ the dispersity index (Đ = Mw/Mn), and the weight 

fractions of the PnBA block, WPnBA. 

Name Polymerization Mn [g mol−1] a) Mw [g mol−1] a) Đ WPnBA b) 

TNMRP NMRP c) 53000 81000 1.53 0.47 

TAP AP d) 59000 61000 1.03 0.51 

a) Mn and Mw determined by SEC-MALLS using refractive index and light scattering signals, cf. Figure S1. The BCP refractive 

index increments (dn/dC) are given in Table S1. 
b) Obtained by NMR, cf. Figure S4, Figure S5 and Equation S3. 
c) Nitroxide mediated radical polymerization. 
d) Anionic polymerization. 

 

Table 2. List of investigated formulations: weight fractions (wx), monomer conversion (CnBA) and residual monomer 

in the final samples (RnBA). 

Name BCP 
wBCP 

[wt-%]  
wPI  

[wt-%]  
wnBA  

[wt-%]  
CnBA  
[%] a) 

RnBA 
[wt-%] b) 

30TNMRPPI0.5 TNMRP 30 0.5 69.5 96.0 2.78 

30TNMRPPI1 TNMRP 30 1.0 69.0 99.8 0.14 

30TNMRPPI2 TNMRP 30 2.0 68.0 99.6 0.27 

30TNMRPPI4 TNMRP 30 4.0 66.0 99.8 0.13 

30TAPPI0.5 TAP 30 0.5 69.5 97.0 2.08 

30TAPPI1 TAP 30 1.0 69.0 99.0 0.69 

30TAPPI2 TAP 30 2.0 68.0 99.8 0.14 

30TAPPI4 TAP 30 4.0 66.0 99.8 0.13 

a) Obtained by RT-FTIR, cf. Figure 1. 
b) Residual nBA monomer, RnBA = (100 - CnBA)  wnBA, with CnBA the monomer conversion and wnBA the monomer mass fraction in 

the formulation.  

 



The reactivity of the TNMRP neat copolymer is induced by the presence of chain end unsaturations in the 

outer PMMA blocks. Indeed, the poly(methyl methacrylate) propagating radicals are known to undergo β-

Hydrogen transfer to the SG1 nitroxide used for TNMRP copolymer synthesis, thus producing double bonds 

at the end of the PMMA chain.[53, 54] The unsaturated PMMA is able to act as macromonomer in radical 

polymerization, as proven for unsaturated PMMA prepared by catalytic chain transfer polymerization 

(CCTP).[55] To confirm this assertion 1H NMR was performed on both BCPs. Proton NMR spectrum 

collected on TNMRP BCP (Figure S4) reveals signals between 5 and 6.5 ppm which are assigned to 

unsaturated bonds.[53] On the other hand, the TAP proton NMR spectrum does not present any peak in this 

specific chemical shift range (Figure S5). 

Figure 1 presents the nBA monomer conversion, measured by in situ infrared spectroscopy, for both 

formulated series while varying PI concentrations. As expected, polymerization kinetics get significantly 

faster when increasing PI concentration (Figure 1). It is worth to point out that the BCP nature also affects 

polymerization kinetics. Actually, 30TAP formulations present higher polymerization rates compared to 

30TNMRP ones. Also, significant retardation and inhibition are observed exclusively on the 30TNMRP series, 

those effects are reduced with PI content increase. That can be explained by the TNMRP unsaturated chain 

ends interacting with the PI. After 300 seconds of UV exposure monomer conversions range from 96 to 

99.8 % (Table 2). The lower conversion values are measured on samples with the lower PI content (0.5 

wt%). Consequently, those later samples contain 2 to 3 wt-% of residual monomer (Table 2), whereas 

samples prepared with 4 wt-% of PI, contain a negligible amount of residual monomer. 

a)   b)  

Figure 1. Monomer conversion versus time for both series at different PI concentrations: (a) TAP series and (b) TNMRP 

series. Open red circle corresponds to a PI concentration of 0.5 wt-%, open blue square to 1 wt-%, open green triangle 

to 2 wt-% and open orange diamond to 4 wt-%. Those conversion data are obtained by in situ RT-FTIR measurements. 

 



Macromolecular characterization. Both, BCPs and photopolymerized samples of both formulation series 

reported in Table 2 were characterized by size exclusion chromatography (SEC) as presented in Figure 2. 

The chromatograms of both BCPs exhibit a monomodal molar mass distribution (Figure 2), of lower 

dispersity and molar mass values for TAP compared to TNMRP (Table 1). 

a)  

b)  



c)  
Figure 2. SEC MALLS signal versus elution time for both series at different PI concentrations: (a) TAP series and (b) 

TNMRP series. Open red circle corresponds to a PI concentration of 0.5 wt-%, open blue square to 1 wt-%, open green 

triangle to 2 wt-% and open orange diamond to 4 wt-%. (c) Elution time at maximum MALLS signal (peaks #1 and 

#2, determined in Figures S2 and S3) versus photoinitiator content for 30TNMRP series (blue markers) and 30TAP series 

(red markers). The solid markers (pointed with arrows) correspond to the neat BCPs: (blue) TNMRP and (red) TAP BCP. 

 

All SEC chromatograms measured on the formulated samples present a shift of the signal toward lower 

elution times compared to the corresponding neat BCPs. This evidences that the weight average molar 

masses, of the photopolymerized resins, are larger than 61 kg mol−1 for 30TAP series and 81 kg mol−1 for the 

30TNMRP one (Table 1). So, the values of Mw of the final polymer blends are then significantly higher than 

the entanglement molar mass of PnBA, Me  23 kg mol−1.[56] The four SEC chromatograms of 30TAP 

formulations, whatever the PI concentration, are bimodal (Figure 2a). The peak at higher elution time (peak 

2, Figure S2), is attributed to the TAP BCP, since the SEC distribution matches with the neat BCP SEC trace 

(Figure 2). That demonstrates the non-reactivity of TAP BCP. The peak, or shoulder, at lower elution time 

(peak 1, cf. Figure S2), which depends on PI concentration, is then attributed to the PnBA homopolymer 

produced in situ by photopolymerization. To accurately determine peak positions, the SEC MALLS traces 

are fitted with two gaussian functions, as shown on Figure S2. Then, Figure 2c present the resulting elution 

time at maximum intensity of MALLS signal for each different PI concentration. Elution time of peak 1 in 

30TAP series slightly increases with PI concentration. That indicates the production of polymer with lower 

molar masses, as expected for higher initiator concentration. In parallel, DOSY NMR spectra collected on 

30TAPPI0.5 sample also confirms the inert character of the TAP BCP (Figure S6c, Figure S6d and Table S2). 

Indeed, the diffusion coefficient associated to the PMMA peaks between 3.3 and 3.4 ppm in the formulated 

sample (Figure S6d) is similar to the diffusion line of the neat TAP copolymer (Figure S6c). The resulting 

diffusion coefficients are presented in Table S2, and exhibit relatively close values for TAP BCP and 



30TAPPI0.5. This is also confirmed for other PI contents from 30TAP series, all data are shown in Figure S7 

and Table S2. 

On the other hand, DOSY NMR spectra collected on 30TNMRPPI0.5 sample (Figure S6b) demonstrates 

unambiguously a copolymer chain extension. Indeed, the diffusion coefficient associated to the PMMA 

peaks between 3.3 and 3.4 ppm in the formulated sample (Figure S6b) shifts toward lower diffusion 

coefficients compare to the neat TNMRP BCP (Figure S6a), thus indicating an increase of the BCP molar mass 

during photo-polymerization. Similarly, this is observed for all the other PI contents, the data are presented 

in Figure S7 and Table S2. The corresponding SEC chromatograms of photopolymerized resins (Figure 2b) 

are bimodal for all PI concentrations but contrary to 30TAP samples, there is a clear shift of the maxima of 

both SEC peaks. Both maxima of the distributions, for each bimodal chromatogram (Figure S3), are 

positioned at significantly lower elution time compared to the neat TNMRP BCP peak, thus confirming its 

chain extension. Figure 2c presents the evolution of both elution time at peaks, obtained upon fitting 

procedure (Figure S3) as a function of PI concentration. Elution times at peak increase with PI concentration 

for both distributions, hence indicating a decrease of molar mass of both PnBA homopolymer and the 

polymer made by TNMRP chain extension during nBA photopolymerization. 

a) b)  

Figure 3. AFM height images collected on sample 30TAPPI0.5 at low (a) and high (b) magnifications. 

a)   b)  



  Figure 4. AFM height images collected on sample 30TNMRPPI0.5 at low (a) and high (b) magnifications. 

 

Structure characterization. The TAP and TNMRP neat BCP samples were solvent casted from toluene 

solutions, then annealed under vacuum at 120 ºC during 24 hours. Figure S8 shows the corresponding 

representative AFM topographic images. The morphologies are comparable for both BCPs with an evident 

microphase separations. The PMMA rich domains being represented by the brighter areas and the PnBA 

rich domains by the darker ones. An average characteristic distance between domains can be estimated at 

25 nm for both samples (Figure S8b and Figure S8d). Figure 5 shows the corresponding SAXS patterns, 

revealing a structural peak at q* with a weak second order peak at 2q*. Also, a 3q* peak is slightly defined 

for TAP BCP. That sequence of peaks may indicate a lamellar morphology, though not evidently observed 

by AFM. Nevertheless, SAXS confirms the AFM microphase separation with a moderate ordering and 

periods of 24 and 23 nm for TAP and TNMRP respectively. 

Figure 3 and Figure 4 show topographic AFM images collected on photopolymerized formulations 

30TAPPI0.5 and 30TNMRPPI0.5 with two different magnifications. 30TAPPI0.5 sample reveals a clear macro-

phase separation with a sharp interface between PnBA homopolymer rich macro-domains and a nano-

structured percolating network of BCPs (Figure 3a and b). The macro-domains are spherical and their size 

distribution ranges from few tens nanometers to micrometer. At smaller length scale (Figure 3b), bright 

nodules of 20 ±5 nm are associated to the BCP PMMA nano-domains within a PnBA matrix. On the other 

hand, the 30TNMRPPI0.5 formulations reveals a poor macro-phase separation (Figure 4a and b). PnBA rich 

macro-phases, without well-defined contours, are surrounded by a percolating phase composed of the BCP 

PMMA nodules with typical dimensions of 20 ±5 nm. It can be noticed that few PMMA nodules are also 

located within the PnBA rich macro-domains. Those hierarchical structures are repeatedly observed on 

30TAP and 30TNMRP series respectively, with a weak dependence on PI contents (Figures S9 and S10). It is 

worth to note, that the macrophase separation variation between both series is also observable on sample 

transparency. 30TNMRPPI0.5 sample is transparent while 30TAPPI0.5 one reveals a bleaching (Figure S13). That 

can be attributed to a different level of macrophase separation, with a reduced fluctuation in refractive index 

at micrometer length scale for sample 30TNMRPPI0.5. 



a)  b)  

Figure 5. SAXS patterns collected on both formulations series: (a) 30TNMRP series and (b) 30TAP series with the 

respective neat BCP. Open red circle corresponds to a PI concentration of 0.5 wt-%, open blue square to 1 wt-%, open 

green triangle to 2 wt-% and open orange diamond to 4 wt-%. The solid black lines correspond to the Kinning–Thomas 

model fits.[57] The spectra are shifted vertically for clarity. 30TNMRP and 30TAP series patterns were measured at 

synchrotron SOLEIL. Both neat BCP patterns were measured at synchrotron ALBA. 

 

SAXS patterns are displayed on Figure 5. Spectra collected on 30TAP formulations (Figure 5b) reveal a 

single structural peak at 0.026 Å-1, relatively close to the TAP neat copolymer value. That indicates a poor 

insertion of the PnBA homopolymers within BCP PnBA blocks domains. On the other hand, 30TNMRP 

samples do not present a well pronounced structural peak. Thus, the PnBA might penetrate the BCP rich 

domains by homopolymer swelling and BCP chain extension. To extract more quantitative structural 

parameters, the experimental data were fitted with the Kinning-Thomas model,[57] which is based on the 

Percus-Yevick hard-sphere liquid theory. This model assumes that the scattering nano-domains are spherical 

(cf. ESI for details). For 30TAP series, an additional power law of q-4 is introduced in the fitting expression 

to account for the low-q upturn. This low-q upturn is possibly caused by the pronounced macrophase 

separation interfaces. The fitting results are presented in Figure 5 and Table S3. The structural parameters 

are in agreement with AFM observations. The spherical nano-domains are found to be about 20 nm in 

diameters (2R), weakly dependent on PI concentration and slightly higher for 30TNMRP series. Also, the hard 

sphere radius (or closing approach radius), RHS, is independent of PI content. The ratio (R/RHS)
3 (Table S3), 

which is the volume fraction of the PMMA phases in the hard sphere, are in agreement with BCP's 

compositions (Table 1). In addition, a more compact structure is observed for the 30TAP series with a volume 

fraction of hard spheres, , of 0.35 ±0.03 compared to 0.24 ±0.02 for the 30TNMRP series. This corroborates 

the insertion of PnBA homopolymer and TNMRP BCP chain extension around the PMMA nodules. 



 

a) b)  

c) d)  

Figure 6. Time-resolved SAXS patterns collected on 30TAPPI0.5 (a) and 30TNMRPPI0.5 (b) formulations under UV versus 

exposure time. The red SAXS patterns correspond to the formulations before UV exposure. (c) and (d) plots present 

all the scattering patterns from Figures (a) and (b) respectively to highlight the iso-scattering point. 

 

To monitor and better describe the out of equilibrium self-assembly process, in situ time-resolved SAXS 

experiments were performed during photopolymerization. Figure 6a and Figure 6b present typical series of 

spectra collected on 30TAPPI0.5 and 30TNMRPPI0.5 formulations. The scattering pattern evolutions are different 

for both formulations, despite rather comparable initial spectra. During the first seconds, the scattering 

patterns present a broad peak indicating a mixed state of triblock copolymers ABA in monomers and 

possibly oligomers B. Also, the final spectra are comparable to the ones observed on the regular films 

(Figure 5). Similar behaviors are observed for all formulations (Figure S11).  



The plot of the scattering patterns collected on sample 30TNMRPPI0.5 during photopolymerization reveals an 

isoscattering (or isobestic scattering) point, independent of polymerization time, at 0.0365 Å-1 (Figure 6d). 

Isoscattering point are commonly associated to microphase separation processes, where the scattering 

patterns versus q are linear combinations of two q-functions corresponding to initial and final states of the 

scattering object.[58-60] In the present system, this feature is interpreted as the signature of a transition from 

BCPs in solution to the kinetically trapped BCP aggregates. An isoscattering point is observed for all 

30TNMRP formulations as shown on Figure S12. On the other hand, no evident isoscattering point is observed 

for sample 30TAPPI0.5 (Figure 6c). However, a limited crossing area is distinguishable in q-range 0.03 to 0.04 

Å-1; also observed for the other 30TAP formulations (Figure S12). This deviation from an isoscattering point 

do not exclude microphase separation processes. It can be explained by the growing structure factor with 

polymerization time. Consequently, a basic linear combination of two q-functions is not sufficient to fully 

describe the scattering patterns evolution. 

To further analyze the SAXS data, low-q power law exponent, peak intensity and peak full width at half 

maximum (FWHM, for TAP series only) were extracted as function of polymerization time. Regarding TNMRP 

series, peak intensities were extracted from the maximum of the I.q2 curves. Those features, presented in 

Figure 7 and Figure 8, allow to monitor the macrophase and microphase separations. Indeed, a low-q power 

law with a -4 exponent, is the signature of a macrophase segregation with a sharp interface, i.e., Porod’s 

law. On the other hand, structural peak intensity and FWHM evolution inform on the microphase separation 

process.[61] 



 

Figure 7. Analysis of time-resolved SAXS experiments measured on formulations 30TAPPI0.5 (open red circle) 

30TAPPI1 (open blue square), 30TAPPI2 (open green triangle) and 30TAPPI4 (open orange diamond): (a) SAXS peak 

intensity (log scale), (b) peak FWHM (log scale) and (c) low-q power law exponent versus UV exposure time (300 s). 

 



Regarding TAP series (Figure 7c), the low-q power law starts with an exponent of -2.5, followed by a slight 

increase associated with a shift of the initial broad peak towards smaller q (Figure 6c). More interestingly, 

between 1 and 2 seconds, a sharp transition towards a -4 exponent occurs for all PI concentrations, indicating 

the sharp rising of the macrophase separation. In parallel, peak intensity and FWHM follow a transition, 

between 1 and 10 seconds (cf. Figure 7a and b). Indeed, the intensity increases sharply with time and FWHM 

gets narrower, indicating the occurrence of the microphase separation. The same general behaviors are 

observed for all PI contents. However, the transitions are systematically shifting slightly towards shorter 

times when increasing PI content. That indicates that self-assembly process, at both micro- and macro-

scales, are accelerated with an increasing PI content. 

 

Figure 8. Analysis of time-resolved SAXS experiments measured on formulations 30TNMRPPI0.5 (open red circle) 

30TNMRPPI1 (open blue square), 30TNMRPPI2 (open green triangle) and 30TNMRPPI4 (open orange diamond). (a) SAXS 

peak intensity (log scale) and (b) low-q power law exponent versus UV exposure time (300 s). 

 

Regarding TNMRP series kinetic analysis (Figure 8b), similarly to the TAP series, the low-q power law 

exponent is starting around -2.5, followed after 1 second by a slight increase also associated with a shift of 

the initial broad peak toward small q  (Figure 6d). Then a systematic and time limited decrease is detected. 



Typically, between 2 and 4 seconds, which might correspond to the macrophase separation activation. 

Finally, a significant exponent increase towards 0 is observed and attributed to the rising of the microphase 

aggregation scattering (i.e., spherical form factor), which overtakes the ill-defined macrophase separation 

scattering. That growing microphase aggregation can be monitored via the maximum peak intensity, 

presented on Figure 8a. A broad transition is observed, between 1 and 10 seconds. Identical behaviors are 

observed for all formulation, with slightly faster kinetics when PI content increases.  

For both formulation series, the quasi-final morphologies are achieved after 10 seconds. The weak final 

evolution (after 10 seconds) can be attributed to the remaining monomers diffusion within the frozen 

morphology. Since, monomer conversions monitored by time-resolved FTIR indicates that polymerization 

is still on-going well after 10 seconds (Figure 1).  

To summarize, kinetic SAXS experiment analysis on 30TAP series indicates that full macrophase separation, 

between BCP and homopolymer rich domains, is brief and occurs ahead of the BCP microphase separation. 

Indeed, in BCP rich domains the microphase segregation is more progressive. On the other hand, on TNMRP 

series a limited macrophase separation associated with a diffuse microphase segregation are observed. 

Actually, the extension of the reactive TNMRP BCP by PnBA chains during polymerization allows a better 

stabilization of the copolymers within the nBA monomer and PnBA homopolymers domains, thus limiting 

the macrophase separation. 

a)  

b)  

Figure 9. (a) Spectromechanical master curves for the TNMRP BCP (blue markers) and 30TNMRPPI0.5 (red markers). (b) 

Spectromechanical master curves versus frequency for the TAP BCP (blue markers) and 30TAPPI0.5 (red markers). Solid 



square corresponds to G', open square to G'' and open circle to Tan. The master curves reference temperature is Tref  

= 20 °C. 

 

Spectromechanical analysis. Figure 9 presents the spectromechanical master curves measured on the BCP 

and formulated samples. The time-temperature equivalence is applied to build up the master curves by 

successive horizontal translations.[62, 63] The translation coefficients, aT, are adjusted using a WLF law,[64] 

with 20 °C as reference temperature, Tref . The resulting coefficients C1 and C2 are presented in ESI, Table 

S4 and Table S5.  

Both BCPs present rather similar rheological signatures (Figure 9a and b), with G' higher than G'' over all 

frequency range, consistent with their block structure. At high frequency, PnBA and PMMA blocks are both 

in glassy state displaying high elastic modulus, i.e., G'  109 Pa. On the other hand, at low frequency, a 

plateau domain corresponding to the signature of a solid-like behavior is observed. The occurrence of this 

plateau can be explained by the entangled PnBA block which are constrained by the microphase segregation 

and consequently cannot relax. This rheological behavior is in agreement with the observations reported 

previously by Jullian et al. on similar triblock copolymers.[20] 

Figure 9a allows a comparison between TNMRP BCP and sample 30TNMRPPI0.5. G' and G'' moduli, measured 

on sample 30TNMRPPI0.5 are significantly lower than those of TNMRP BCP. This is explained by the additional 

70 wt-% of PnBA soft homopolymer. Although, the glassy domain is not well marked for 30TNMRPPI0.5 

formulation, the transition between the glassy domain and the plateau modulus is located in a frequency 

range comparable to the TNMRP BCP sample. This specific transition corresponds to the relaxation of the soft 

PnBA block. Interestingly, the characteristic PnBA homopolymer terminal region,[56] does not appear in the 

formulated sample, despite a PnBA majority phase. This is attributed to the phase segregation which persists 

in the formulated sample and induces the observed solid-like behavior. Similar behaviors are observed for 

all the other 30TNMRP formulations (Figure S14). The comparison between TAP BCP and sample 30TAPPI0.5 

(Figure 9b) leads to identical conclusions, which can also be extended to the 30TAP series (Figure S15). 

Overall and notably, all formulated samples exhibit a solid-like behavior despite a total PnBA content of 

about 85 wt-%. 

Although, the global rheological signatures of the 30TAP and 30TNMRP formulated samples are rather similar, 

their elastic modulus, G', measured at low frequencies diverge. Indeed, G' values measured on 30TNMRP 

series increase marginally with PI content (Table S4). Whereas G' value measured on 30TNMRP series reveal 

an evident increase (Table S5). This evolution is not consistent with PnBA homopolymer molar mass 

decreases when PI content increases, as shown by SEC on Figure 2a. Thus, one can expect that the residual 



nBA monomer, which decreases when PI content increases (Table 2), induces a swelling effect. 

Consequently, it lowers the elastic modulus. In order to avoid residual monomer impact, G' values measured 

on the formulated samples containing the highest amount of PI (4 wt-%) can be compared (Table S4 and 

Table S5). Sample 30TAPPI4 displays an elastic modulus, at low frequency, a decade higher than 30TNMRPPI4 

sample. This significant modulus improvement might be correlated to the hierarchical morphology 

differences. Essentially, sample 30TNMRPPI4 sample exhibit diffuse macrophase and microphase separations 

(Figure S9). Whereas sample 30TAPPI4 exhibits a percolating network of densely packed nano-structured 

BCPs (Figure S10) reinforcing mechanical properties. 

 

Conclusions 

The photopolymerization process developed in this paper allows a control on concomitant macrophase and 

microphase separations to produce an acrylate based hierarchical thermoplastic elastomer. Firstly, the 

reactive and inert characters of both triblock copolymers during photopolymerization was demonstrated and 

associated to their respective polymerization route: NMRP versus AP respectively. The structural analysis 

performed on the photopolymerized films reveals hierarchical morphologies that can be described as 

networks of high Tg PMMA nodules surrounding macro-domains of low Tg PnBA; with PnBA the majority 

phase, i.e., 85 wt-%. The time-resolved analysis points out the strong interaction between nBA 

polymerization kinetics and BCP self-assembly. More specifically, it is shown that the macrophase 

separation, controlled by the block copolymer reactivity, is triggered by polymerization in the very first 

seconds. Also, the properties of final solid materials are controlled by the hierarchical morphology. The 

optical transparency is well correlated with the characteristic of macrophase separation and surprisingly the 

materials remain easily handleable at room temperature despite a composition of 85 wt-% of PnBA. 

Spectromechanical analysis confirms the later observation since the terminal region, characteristic of the 

PnBA homopolymer, does not appear on formulated PIMS/PIPS samples. This is associated to the 

persistence of the phase segregations inducing a solid-like behavior. In addition, the non-reactive BCP 

hierarchical structure, i.e., percolating network of densely packed nano-structured BCPs, leads to superior 

mechanical properties. Finally, and interestingly, the materials produced in this work can be easily processed 

by close molding and easily recycled since no solvent and no crosslinker are used. 
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