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ABSTRACT: Cyclic anhydrides, classical monomers for bulk synthetic materials, have recently 

gained attention in covalent adaptable networks (CANs). They undergo reversible ring-opening 

with polyols, forming dynamic monoester linkages. This inherent property makes cyclic 

anhydrides ideal for industrially relevant polymer matrices with CAN-like recycling and 

reprocessing capabilities. Our study presents a rational design for poly(styrene-co-maleic 

maleate) monoester (PS-MME)-based polymer networks, achieved by crosslinking commercially 

available poly(styrene-co-maleic anhydride) (PS-co-MA) with a series of diols. The network 

synthesis is not only feasible on a large scale and under solvent-free conditions, but also allows 

for the tailoring of the final crosslinking degree and properties by independently tuning the PS-

co-MA maleic anhydride content, its chain length and/or the loading of crosslinker diols used. 

Previous limitations in thermal stability of MME-based CANs, stemming from remaining free 

carboxyl acids in mono-ester linkages, are circumvented through the dilution of reactive sites in 

an apolar matrix and switching to a cyclic anhydride ring embedded into the polymer backbone. 

This robust macromolecular architecture enhances the kinetics and thermodynamics of reversible 

mono-ester formation, resulting in PS-MMEs with exceptional thermal resilience. Even at 

temperatures exceeding 210°C, PS-MMEs exhibit fast crosslink exchange without compromising 

their rheological, mechanical, or thermal properties. This feature not only enables continuous 

(re)processing via extrusion and injection molding, but a chemical recycling study also 

demonstrates a solvent-assisted recovery of the pure starting polyol monomers and PS-co-MA 

linear polymers, facilitating their use in new polymer materials. In other words, this research 

paves the way for industrially applicable CANs by leveraging widely used bulk monomers and 

polymers.  

 



 

Introduction 

Traditionally, the selection of a polymer material for any given application is based on the 

distinctive properties that differentiate thermoplastics
1
 from thermosets.

2
 While the permanent 

network structure of the latter results in a more robust structural integrity for high demand 

applications,
3
 it also comes with a reduced amenability to thermomechanical or chemical 

recycling (as thermoplastics offer).
4
 In this context, covalent adaptable networks (CANs)

5,6
 

emerged industrially as an alternative option, capable of unifying the superior mechanical 

properties of thermosets and the (re)processability of thermoplastics because of their capability 

to flow when subjected to stimuli such as light, pH changes, ultrasonic waves or elevated 

temperatures.
7,8

  

The defining characteristics of CANs originate from topological network rearrangements, 

either through associative mechanisms (in material science also referred to as vitrimers)
9–11

 or 

through reversible decrosslinking as a result of reversible equilibria following a dissociative 

mechanism.
12–17

 For a clearer understanding and optimization of the design and properties of 

temperature-triggered dissociative CANs, it is essential to appreciate the intricate synergy 

between the functionality of the constituent building blocks, the thermodynamic parameters 

controlling the lifetime (τbond) and mass balance of adduct and dissociated species, and on the 

other hand the resulting temperature dependence of the viscoelastic properties.
14

 This 

relationship will ultimately determine the flow properties of the CAN at a particular 

temperature.
8,10

 For example, networks featuring low functionality building blocks, ranging from 

small molecules to oligomers, could potentially result in a low-viscosity material, even when the 

dynamic bonds are only partially dissociated.
18,19

 On the other hand, networks synthesized from 



highly entangled polymer backbones display a rheological behavior that is constrained by the 

parent polymer precursor, in alignment with the Rouse model and the corresponding relaxation 

time (τR).
20–23

 For such networks, a complete dissociation may not be achievable and the chain 

dynamics are thus expected to follow the so-called ‘sticky Rouse model’.
24

 

In all cases, the network connectivity and thermal responsivity would still be determined by 

the dynamic bond's thermodynamic nature, as the reaction enthalpies and entropies govern the 

dissociation equilibrium.
8,13

 A high reaction enthalpy lowers the degree of dissociation, while the 

reaction entropy generally favors the decrosslinked state. Recently, many studies reported CANs 

that were synthesized from thermoplastic precursors based on commodity thermoplastics such as 

polyolefins,
9,25–27

 poly(meth)acrylates,
16,28,29

 or polystyrene (PS).
14,30–32

 This strategy has been 

recognized to offer good opportunities to translate CANs into industrially relevant applications, 

as a small degree of reversible crosslinking could already improve the material’s properties when 

compared to their non-crosslinked counterparts (e.g., tensile strength, solvent, creep or stress 

cracking resistance), thus opening novel end user opportunities while retaining their 

(re)processability. 

An attractive strategy to entropically favor the rate of bond dissociation is that of the 

neighboring group participation,
33

 as has been demonstrated in materials based on phthalate 

monoesters (PMEs) for example.
19,34

 Such CANs have relatively high activation energies but 

benefit from neighboring nucleophilic or acidic groups involved in covalent exchange reaction 

mechanisms, increasing the dissociation rate without lowering enthalpic barriers. Since their 

implementation in CANs, a large variety of dynamic chemistries that exploit an internally 

catalyzed ring closure mechanism has been developed.
17,18,35–37

  



While targeting an industrially attractive protocol for the continuous reprocessing of PS-based 

CANs, the starting point of this study was the creation of dissociative CANs from poly(styrene-

co-maleic anhydride) (PS-co-MA) copolymers that are widely used as compatibilizers for 

polymer blends.
38,39

  

 

Scheme 1. A) Maleic anhydride radical-mediated grafting procedure used as a dynamic transesterification 

moiety,
25,41

 synthetic handle
40,43

 or grafted MA monoesters.
44,45

 B) Schematic representation of the 

synthesis of PS-MMEs developed in this study, including copolymerized MA monoesters. C) 

Dissociative crosslink rearrangement mechanism involved in PS-MME CANs. 

 

Maleic anhydride (MA) reactive units have already been used as synthetic handles
40

 or grafted 

on thermoplastics to provide dynamic crosslinks. Terentjev and coworkers demonstrated in 

particular their combination with polyols to form transesterification-based CANs.
25,41

 Also, 

direct copolymerization of styrene with MA has been explored very recently in the field of 

CANs by Ma and coworkers.
42

 They applied the MA-units as a way to crosslink PS with an 

acetal containing diol to dominate the bond exchange in dual dynamic networks. As a 

straightforward alternative, herein we report a strategy for the synthesis of PS-based CANs 



(further referred to as PS-MMEs) from two PS-co-MAs of high and low molecular weight and 

commercially available diols (Scheme 1.B), where the resulting maleate monoester (MME) 

crosslinks are able to reversibly dissociate into alcohols and cyclic anhydrides upon heating 

(Scheme 1.C). 

From those reports, it remains unclear how copolymerized MA monoester structures compare 

with polymer materials in which MA has been grafted incorporated through radical-mediated 

reactions (Scheme 1.A-B).
44–46

 Based on our experience with anhydride-containing precursors 

for the design of CANs,
19

 we hypothesized that, in contrast to materials with grafted-MA 

pending groups, the MA-moieties inserted in the polymer backbone could have a positive impact 

on rheological properties and overcome thermal limitations. Indeed, it is well known that PMEs 

and MME-based materials undergo branching or crosslinking side reactions after exposure at 

temperatures above 180°C, which strongly impedes their (re)processing.
35,44–47

 The present work 

will therefore focus on the crosslinking of two commercial and quasi-random PS-co-MA 

copolymers both above and below their critical entanglement molecular weight (Mc),
48,49

 which 

are industrially obtained via starve-fed copolymerization involving constant comonomer 

feedings.
50,51

 We compare upscalable PS-MME synthesis protocols with various 

functionalization ratios and molar masses, both in solution and bulk. Furthermore, we propose a 

comprehensive study of their viscoelastic and rheological properties. 

Finally, we will show that the readily accessible PS-MMEs represent an inexpensive and easily 

processable class of dissociative CANs, with ideal chemistry and rheological profiles to allow for 

high resilience at service temperatures, easy reprocessing via extrusion or injection molding, and 

upcycling back to the parent polymers.  



Experimental procedures 

Synthesis of PS-MME CANs in solution. To a 250 mL Teflon® beaker immersed in an oil 

bath and equipped with a magnetic stirrer, 70 mL of tetrahydrofuran (THF) was added. 

Afterwards, 10 g of Xibond® 120 (PS-co-MA191k), Xibond® 220 (PS-co-MA13k) (Scheme 2.A) 

or polystyrene-b-poly(ethylene-r-butylene)-b-polystyrene-g-maleic anhydride 2 wt% (SEBS-g-

MA) beads (Scheme 2.A) were slowly poured into the beaker while stirring. The beaker opening 

was then covered and heated to 60°C. Once the beads had completely dissolved, targeting 

specific stoichiometric ratios as stated in Tables S2-S4 in Supporting Information, the specified 

amounts of Pripol™ 2033 (PP2033), 1,4-cyclohexanedimethanol (CHDM), β-amino alcohol 

(BA) or Priamine™ 1074 (PA1074) see Scheme 2.A were dissolved in 10 mL of THF and added 

to the beaker. Next, the mixture was covered again, the temperature was then set to 70°C and the 

solution was left to stir and concentrate overnight. Finally, the remaining solvent was removed 

by heating the mixture inside the beaker in an oven at 100°C for 1 h and then 4 h at 140°C 

(180°C overnight and under vacuum for network HSPA100, see the beginning of the results and 

discussion section for an overview of the systematic sample coding and Table 1 for a detailed 

network composition summary). All PS-MME CANs were obtained as colorless, glassy 

transparent materials. 

Synthesis of PS-MME CANs in bulk. The synthesis of PS-MME CANs in bulk indicated in 

Table 1 was conducted using a twin rotor single batch internal mixer. To the chamber of the 

mixer, preheated to 180°C and set at 50 rpm, PS-co-MA191k or PS-co-MA13k beads (Scheme 2.A) 

were added according to Tables S2-S4. Once the torque and temperature had stabilized, the 

corresponding amount of PP2033 (Scheme 2.A) was added with a syringe by injecting the diol 

through the feeding hole straight into the chamber. Then, the mixing was allowed to proceed 



until the torque and temperature stabilized (always below 210°C) (Figure S1). Lastly, the warm 

material was removed from the screws as a white solid. All PS-MMEs were then annealed under 

vacuum at 140°C for 2 h to afford colorless and transparent glassy materials.  

Room temperature solubility tests. Solubility tests were conducted using sets of at least six 

discs of 2 to 3 mm thickness obtained using a 3 mm diameter puncher on the preheated single-

pressed samples. The discs were then annealed at 140°C for two hours and slowly cooled down. 

The different samples were then immersed in 40 mL of acetone for 7 days in 40mL vials and the 

acetone was renewed on the 2
nd

, 4
th

 and 6
th

 day. The swollen discs were weighed on the 7
th

 day, 

immediately after removing the non-swollen acetone from the discs by momentarily placing 

them on top of a paper towel. Then the samples were dried overnight under vacuum at 140°C. 

The swelling ratios and soluble fractions were calculated using equations (1) and (2), where m0, 

ms, md are the initial, swollen state and dry masses of the respective samples and the soluble 

fractions were analyzed through 
1
H-NMR (Figure S16). 

                   
     

  
      (1) 

                     
     

  
      (2) 

Solvent spillage resistance test. A comparison was conducted between the acetone spillage 

resistance on smooth surfaces of network HSPP10 (Table 1) and a commercial polystyrene (Mw = 

192 kg/mol). Disks with a 22 mm diameter and 0.1 mm thickness were prepared by compression 

molding the materials between two Teflon sheets placed between two smooth steel plates (500 

kPa, 30 min, 180°C). Then, the films were cut using a preheated circular blade and vacuum-

annealed at 140°C for 2 h, sandwiched between the previously used steel plates. The samples 

were then transferred over a smooth polypropylene surface on a bench protected from air drafts 



at room temperature. Using a micro-pipette, a single drop of 50 μL was gently deposited on the 

surface of the films from a height of approximately 2 cm. The acetone was then left to permeate 

the samples at room temperature for 24 h. The integrity and transparency of the affected areas 

were visually evaluated by positioning the samples over a paper sheet containing printed lorem 

ipsum text in Calibri (body) font (size 8) to highlight potential defects such as surface cloudiness 

or crack formations. 

Results and discussion 

The synthesis of a series of PS-MME CANs from commercial PS-co-MA copolymers and 

diols (Scheme 2.A) has been carried out both in solution as well as in bulk (see experimental 

procedures and Scheme 2.B). The materials synthesized on this project were named following a 

systematic ABCD labeling code in which A stands for the polymer precursor used: ‘L-series’ 

(from Low Mw) for PS-co-MA13k, ‘H-series’ (from High Mw) for PS-co-MA191k and ‘G-series’ 

(from Grafted) for the MA-grafted SEBS-g-MA terpolymer. B refers to the synthesis method: 

‘S-series’ for Solution and ‘B-series’ for Bulk. C indicates the bifunctional crosslinker used: 

‘PP’ for Pripol™ 2033, ‘CH’ for 1,4-cyclohexanedimethanol, ‘BA’ for a 70/30 mol% mixture of 

a β-amino alcohol and Pripol™ 2033 and ‘PA’ for Priamine™ 1074) (Schemes S1-S3). Finally, 

D (i.e., ‘100’, ‘50’, ‘25’ and ‘10’ ending values) specifies the reacting nucleophile/MA mol% 

ratio used in the synthesis of the materials.  

A material composition reference appendix, including an acronym glossary, is provided at the 

start of the Supporting Information section to facilitate easy reference to material formulations 

and abbreviations found in the main manuscript. Yet, an overview of all PS-MME, composition, 

synthesis protocols and properties can also be found below in Table 1. As will be discussed in 



following sections, high glass transition temperature (Tg) values (i.e., av Tg ≥ 80°C), high thermal 

stability and resilience, exceptional property retention upon recycling and improved solvent 

resistance were observed (vide infra). An in-depth study of the molecular structure and its 

possible relationship to mechanical and rheological properties was conducted.  

 

Scheme 2. A) (Left) details of the used MA-containing copolymers (Figure S2) and (right) 

crosslinkers used for the synthesis of the studied PS-MMEs. B) Scheme of the PS-MME 

synthesis methods with a picture of PS-MME sample. 
§
Note that these compounds were used to 

synthesize model networks GSPP100, LSBA100 and HSPA100 (Table 1), only to be compared with 

the PS-MMEs synthesized from the PS-co-MAs and aliphatic diols included in this scheme. 

Network structural analysis: investigation of the origin of unreacted anhydrides 

A deeper understanding of the kinetic and thermodynamic parameters that govern the 

reversible formation of the MME crosslinks, involving the diols and the MA units embedded into 



the PS backbone as 2,3-substituted succinic anhydride moieties, was acquired by FTIR 

experiments performed on a series of networks with different compositions (Table 1).  

Table 1. Overview of network formulations, thermal and physical properties of synthesized polymer 

networks (see Schemes S1-S3). 

Network
a
 Precursor 

polymer 

Method Crosslinker [OH]/[MA] or 

[NH2]/[MA] 

Tg
b
   

(°C) 

Td2%
c 

(°C) 

Swelling 

ratio (wt%) 

Soluble 

fraction (wt%) 

LSPP100 PS-co-MA13k Solution PP2033 1.00 80 305 79 ± 3 4.2 ± 0.3 

LBPP100 PS-co-MA13k Bulk PP2033 1.00 82 310 87 ± 2 5.7 ± 0.5 

LSCH100 PS-co-MA13k Solution CHDM 1.00 120 270 92 ± 4 4.6 ± 1.3 

HSPP100 PS-co-MA191k Solution PP2033 1.00 92 330 70 ± 2 1.2 ± 0.5 

HBPP100 PS-co-MA191k Bulk PP2033 1.00 90 330 74 ± 1 3.2 ± 0.4 

HSPP50 PS-co-MA191k Solution PP2033 0.50 106 325 90 ± 1 1.6 ± 0.2 

HSPP25 PS-co-MA191k Solution PP2033 0.25 110 330 130 ± 1 2.2 ± 0.2 

HSPP10 PS-co-MA191k Solution PP2033 0.10 116 355 170 ± 3 4.8 ± 0.3 

HBPP10 PS-co-MA191k Bulk PP2033 0.10 117 365 180 ± 7 4.9 ± 1.4 

HSPA100
d
 PS-co-MA191k Solution PA1074 1.00 118 390 42 ± 1 1.5 ± 0.4 

LSBA100
d
 PS-co-MA13k Solution PP2033/BA(7/3 eq.) 1.00 91 285 89 ± 3 4.3 ± 0.3 

GSPP100
d
 SEBS-g-MA Solution PP2033 1.00 -54

e
/ 83

e
 390 210 ± 5 10 ± 1 

a
Systematic ABCD labeling codes is explained at the beginning of the present section. 

b
Glass transition 

temperature (Tg) obtained from the second heating run measured by DSC (Figure S3). 
c
Onset temperature 

after 2% mass loss measured by TGA (Figures S6-S7).
 d

These networks were conceived to be compared 

with the PS-MME networks later in the study. 
e
The coexistence of soft polyethylene-co-butylene graft 

maleic anhydride and rigid polystyrene blocks yielded two different glass transition temperatures see 

Figure S4.  

 

Based on the reactivity previously observed for molecular anhydrides and alcohols, the applied 

curing conditions (140 °C) should give a full conversion of the anhydride moieties into 

monoesters. Thus, the expectation was that for the stoichiometric networks ([OH]/[MA] = 1.00, 

see Table 1) the characteristic       absorption band of cyclic anhydrides at 1780 cm
-1

 should 

fully disappear in favor of the formation of two new signals that are corresponding to an intense 



          band at 1740 cm
-1

 and a weaker intensity       band at 1710 cm
-1

. To our surprise, the 

IR spectra of all stoichiometric PS-MME CANs (Table 1) still displayed a remaining and 

persistent anhydride peak, independently of the molar mass of the PS-co-MA precursor or diol 

used (see Figures S10-S11). The correct stoichiometry and reactivity of anhydrides in such 

conditions were indeed verified by preparing a permanent network with stoichiometric amounts 

of bisamine crosslinkers (HSPA100, see Table S4 and Scheme S3.B for details). In such a case, 

complete consumption of anhydrides was observed by FTIR (see Figure S11). 

Hence, unreacted anhydrides in PS-MMEs appear due to the reversible ring opening of the 

anhydride into monoester, which is key to the dynamic properties of these materials (Scheme 

1.C). A low equilibrium constant could favor the presence of unreacted anhydrides due to the 

limited thermodynamic driving force for the ester formation that is unable to overcome the 

molecular statistical effects hindering full conversion. Such equilibria, involving ring opening, 

feature significant entropy changes and are thus likely to show a strong temperature dependence. 

An important aspect to consider is also the high Tg of the styrenic phases (≥ 80°C, see Table 1), 

since their vitrification will ‘kinetically arrest’
52

 the anhydrides and prevent the re-equilibration 

of the networks towards the monoester formation upon cooling, maintaining a considerable 

fraction of dissociated anhydrides preset on any FTIR measured at room temperature. As 

illustrated in (Scheme 3.A), the dissociation of PS-MME crosslinks involves main-chain bond 

rotations, which are expected to be rapidly hampered as the temperature decreases to values 

close to the Tg.  



 

Scheme 3. A) Schematic representation of a MME unit formation from copolymerized MAs in PS-MME 

networks. B) Schematic representation of a MME unit formation from grafted MAs within GSPP100.  

To evaluate whether a kinetically arrested equilibrium could explain the presence of 

anhydrides at low temperatures, identical samples of HSPP100 were brought from 200°C to room 

temperature via a fast quenching and a slow cooling rate (below 1 K/min) respectively to have 

their IR spectra compared. As observed in (Figure 1), the quenched material indeed showed a 

more intense anhydride peak in comparison to the sample that took several hours to be brought to 

room temperature, similarly to what has been observed by XPS on PS-based dissociative CANs 

involving 1,2,3 triazolium crosslinks.
14

  

With the aim to assess the extent of kinetic inhibition of monoester formation, network 

LSBA100 (Table 1) was also studied in which a much more reactive diol crosslinker, i.e., a β-

amino assisted one, was used (Scheme S3.C). There, the tertiary amine functionality within such 

diol crosslinkers typically results in much faster bond forming and bond exchange reactions with 

cyclic anhydrides as a result of a double neighboring group participation effect.
34,53

 However, 

although the concentration of unreacted anhydrides got indeed reduced, the curing of LSBA100 

could also not be driven to full completion (Figure 1).  



While the vitrification effect in PS-co-MA chains could effectively hinder the kinetics of 

crosslink reformation, thermodynamic factors could also contribute as mentioned before 

(Scheme 2.A). To investigate this further, GSPP100 was synthesized using the available 

terpolymer SEBS-g-MA containing 2 wt% MA (Scheme S3.A). This copolymer displays phase 

separation between glassy PS domains and rubbery ethylene-butene domains (Tg = 83 and -54 

°C, respectively) that contain the grafted anhydrides. In such material, grafted MA groups are 

expected to have milder kinetic restrictions for the anhydrides to reform and for the diols to 

diffuse and find reaction partners. In line with this reasoning, an almost full conversion could 

indeed be achieved as shown in Figure 1.  

 

Figure 1. ATR-FTIR spectra of species with individually altered parameters to allow for a comparative 

study of the final conversion of PS-MME networks (Table 1). Reference network HSPP100 slowly cooled 

from 200°C (red), reference HSPP100 rapidly cooled from 200°C (black), LSBA100 containing beta tertiary 

amino groups (blue, see Scheme S3.C), GSPP100 synthesized from a PS and PE copolymer grafted with 

maleic anhydride (green, see Scheme S3.A), permanent HSPA100 network crosslinked with dicarboximide 

bonds synthesized using a bisamine crosslinker (lavender, see Scheme S3.B), and dry PS-co-MA191k used 

as a network precursor (ochre).  



It should be noted that different degrees of remaining unreacted or ‘trapped’ maleic 

anhydrides, induced by different cooling rates, also proved to influence thermal properties such 

as the Tg in networks like HSPP100, observable in DSC experiments (Figure S5). Consequently, 

in order to reduce concentration of unreacted species within the materials and to ensure optimal 

reproducibility and comparability of the obtained data for different networks, all PS-MME 

samples were subjected to an hour-long annealing process at 140°C and posterior gradual 

overnight cooling process at rates below 1 K/min prior to any analysis performed below their Tg. 

Additionally, since the presence of free alcohols could not be avoided, networks with 50%, 25% 

and 10% mol content of PP2033 were synthesized using PS-co-MA191k as polymer precursor 

(Table 1). In these materials, a large amount of unreacted MA is present at any temperature, 

regardless of the cooling efficiency or kinetic effects. These less densely crosslinked networks 

showed comparatively higher Tg values (Table 1), as a result of the stiffening caused by the 

lower amounts of the long aliphatic PP2033 diol (acting as an embedded plasticizer) as can be 

observed in Figure S3. 

High temperature FTIR analysis – Assessing the thermal stability of PS-MME CANs 

In order to achieve a more comprehensive understanding of the influence of grafted versus 

copolymerized MA, we studied their dissociation equilibria at elevated temperatures between 

80°C and 250°C using high temperature transmission FTIR spectroscopy. Previous 

investigations pointed towards a dehydrative coupling between free carboxyl functions, resulting 

in anhydride linkages at elevated temperatures.
47

 Therefore, a direct chemical comparison of 

networks HSPP100 and GSPP100 was performed to follow significant changes in the molecular 

structure as well as intermediate or transient species that might emerge with increasing 

temperature. 



In the IR spectra of HSPP100, the carboxylic acid and ester absorption bands, which are  

decreasing with temperature, and the simultaneous increasing cyclic anhydride signals can be 

clearly observed (shown between 100°C and 220°C in Figure 2.A). As the temperature 

surpassed 140°C, a gradually increasing shoulder at 1755 cm
-1

 was found alongside the MME-

related ester signal that decreased in intensity. This carbonyl stretch was never observed during 

room temperature FTIR analysis despite the elevated temperature treatments performed on every 

analyzed sample. This observation pointed to an initially overlooked thermally reversible signal 

that was always necessary to be included for optimal fittings on the performed FTIR 

deconvolutions, especially at temperatures above 140°C.  

This additional band could be attributed to the asymmetric carbonyl stretch of linear (non-

cyclic) anhydrides bridging two different chains.
54

 Within the given network architecture, a 

linear anhydride can be achieved by a ring opening reaction between cyclic anhydrides and 

pendant carboxylic acids, yielding an anhydride bridging across the PS-co-MA precursor chains, 

and making up highly reactive and reversible additional crosslinks (Figure 2.C). Once adequate 

deconvolution parameters were set, high-quality deconvolutions could be obtained (Figure S15). 

Then, the integrated areas of the carbonyl signals were normalized, using the area of the aromatic 

ring stretch present in every spectrum at 1600 cm
-1

 as a shared internal standard. This allowed 

for the creation of Figure S14 as a quantitative measure for the evolution of all described species 

at specific temperatures. This analysis showed that the formation of such linear anhydride was 

negligible until 120°C and that their concentration stabilized around 160°C.  

As the same analysis was performed on the grafted MA-derived GSPP100, the lower MA 

content (2 wt%) resulted in noisier spectra (Figure S12), unsuitable to obtain accurate 

deconvolutions. Nevertheless, a qualitative comparison with its denoised spectra (Figure 2.B) 



still provides sufficient information to support a qualitative analysis of the thermal differences 

between GSPP100 and PS-MMEs. In the spectra of GSPP100, the cyclic anhydride signals 

increased significantly, even though the carboxylic acid carbonyl signals did not significantly 

decrease at higher temperatures. Likewise, the ester peak did not decrease significantly upon 

heating, but rather retained its intensity and broadened, especially above 160°C. Again, a 

significant shoulder formation could be observed as the temperature surpassed 120°C. This 

qualitative analysis of GSPP100 suggests that linear anhydrides are again being formed like for 

HSPP100 (Figure 2.A). However, in contrast to the PS-MME, GSPP100 displayed a milder 

disappearance of carboxylic acids and showed that somehow ester bonds being formed as 

temperature further increases beyond 160°C. 

 

Figure 2. A) High temperature spectra of HSPP100 with the indicated evolution of its carbonyl stretch 

peaks with increasing temperature. B) Denoised elevated temperature spectra of GSPP100 with the 

indicated evolution of its carbonyl stretch peaks. C) Permanent double ester bond formation pathway via 

anhydride bridge intermediates originated in reversible ring openings between carboxylic acids and cyclic 

anhydrides.  



In previous literature on networks containing a high content of cyclic anhydride derived 

monoesters, a limited thermal stability has been attributed to the formation of head-to-head 

dehydrative formation of linear anhydrides,
47

 resulting in permanent crosslinks. However, 

exothermic reactions with free hydroxyls would result in an alkyd resin type diester linkage that 

generally requires temperatures above 200°C (or close to 250°C if no vacuum is applied).
55,56

 

Thus, as prior studies on phthalate monoester systems
19

 and grafted MA-derived MMEs
44–46

 

employed strict upper temperature thresholds (far below 200°C) in their experiments to avoid 

permanent crosslinks.
35,57

 The neighboring carboxylic acid seems to be the key to this 

phenomenon, as Heuts and coworkers reported that substitution for a sulfonic acid group seemed 

to prevent the formation of permanent crosslinks.
35

 Based on this high temperature IR study and 

the observed rheological behavior of PS-MMEs (vide infra), we propose an alternative pathway 

for the formation of permanent diester crosslinks in cyclic anhydride/monoester networks that 

does not require a condensation of carboxylic acids, but rather a reversible and non-dehydrative 

ring-opening reaction, initiated by a free carboxylic acid and resulting in asymmetric linear 

anhydride intermediates bridging across polymer chains. As detailed in Figure 2.C, a hydroxyl 

function could then either react with the formation of a permanent diester crosslink (pathway A) 

or with the restoration of the MME moiety (pathway B).  

It can be expected that the conformationally and sterically more restricted structure of 

polymerized MAs, present as styrene-maleic anhydride-styrene monomer triads
50,51

 within PS-

co-MAs (Scheme 3.A), will less readily undergo these alcoholysis reactions (pathway A and B), 

thus minimizing the impact of these mechanisms in PS-MMEs. Furthermore, a dehydrative 

pathway did not seem likely to be operating in PS-MMEs as no significant mass losses below 



270°C (Figure S7) nor flow property losses were observed (see rheological analysis, vide infra), 

even after long exposures at elevated temperatures (see Table 1 and Figure S24). 

Mechanical property analysis of PS-MME CANs 

Despite the difficulties in achieving ‘full curing’ in most networks, the tensile properties PS-

co-MA191k derived networks (annealed at 140°C vide supra) were measured to study the effects 

of material synthesis conditions and network recycling of computer numerical control machine-

cut dog-bones. As observed in the tensile test results (Figure 3), all samples with varying 

amounts of crosslinker (see Table 1 and Figure S17) exhibited stress at break values that were 

considerably higher than those of the PS-co-MA191k or a commercial PS-sample with a Mw of 

192 kg/mol (PS192k).  

 

Figure 3. Obtained stress at break (green), elongation at break (blue) and Young’s moduli (top) results 

from uniaxial tensile tests of PS-co-MA191k derived PS-MME networks, with PS-co-MA191k and a 

commercial polystyrene of a molecular weight of 192 kg/mol as references (right). 

A comparison between HBPP100 and HSPP100 CANs synthesized in bulk and in solution 

respectively, revealed that the former displayed slightly improved mechanical properties. On the 

other hand, no major differences are observed between HBPP10 and HSPP10, suggesting the 



absence of a method dependence for networks of lower crosslink densities. In addition, this last 

result indicates that processing those materials at elevated temperatures in the internal mixer (i.e., 

180 to 210°C for at least 5 min, see Figure S1) did not induce any loss in mechanical strength. 

This was a first indication for the excellent thermo-mechanical recyclability of PS-MME CANs. 

Likewise, it is noteworthy how the low diol loads on HSPP25 and HSPP10 were already enough to 

increment their stresses at break to values 20% and 40% higher than those obtained for un-

crosslinked PS-co-MA191k while still yielding soluble fractions below 5% (Table 2). Lastly, as 

expected, the networks’ Young's moduli (E ) had a proportionally inverse effect on the measured 

elongations at break of the networks. 

Network rheological assessment 

The extent of crosslinking at different temperatures, as well as the dynamic behavior of these 

dissociative networks were further studied by rheological analyses. Small amplitude oscillatory 

shear (SAOS) experiments of PS-MMEs, conducted between 200°C and 140°C, show three main 

regimes for all samples (see Figure 4.A-D and Figures S19-S21), i.e.,  ) for low temperatures, 

an increase of shear storage (G’(ω T)) and loss (G”(ω T)) moduli is present at high frequencies, 

typical for the proximity of the glassy regime;   ) an apparent plateau in G’ at intermediate 

frequencies characteristic for efficiently crosslinked networks (Figure 4.E) and    ) a relaxation 

at low frequencies and high temperatures typical of CANs with relatively fast relaxation (i.e., 

lower than 100 s). In the vast majority of networks, time-temperature superposition does not 

apply over the complete frequency range, which effectively indicates that the network relaxation 

obeys distinct temperature dependencies, similar to what has been observed in dissociative PS-

based 1,2,3-triazolium dissociative CANs.
14

 



First, the G’ plateau values of all dissociative CANs demonstrate a continuous decrease upon 

increasing temperature, which is indicative for thermally induced net crosslink dissociation 

(Figures S19-S22.B-C).
36,58

 On the other hand, the irreversibly crosslinked network HSPA100, 

shows a constant crosslink density and an absence of any relaxation at low frequencies (Figure 

S22.A). Also, only marginal differences can be seen between bulk and solvent-synthesized 

networks (B and S series, respectively), which nicely confirms the effectiveness of the 

aforementioned upscalable preparation using a single batch internal mixer.  

At lower temperatures, both networks derived from PS-co-MA191k (H-series, well above the 

Mc)
48,49

 (Figure 4.B-C) and those synthesized from the unentangled PS-co-MA13k (L-series, 

below the Mc) (Figure 4.A) demonstrate G’ plateau values that surpass the entanglement moduli 

of the parent polymer (GN   200 kPa, see Figure 4.D-E), indicating that the network moduli are 

essentially driven by the formation of MME crosslinks. At 200°C, networks derived from both 

entangled and non-entangled parent polymers demonstrate a decrease of G’. However, this 

decrease is limited to the entanglement modulus GN, indicating that the extent of dissociation is 

not sufficient to result in effective decrosslinking. Only lowly crosslinked samples (e.g., HSPP10) 

demonstrate significant thermally induced decrosslinking, as shown by a decrease of their 

apparent G’ plateau significantly below that of GN (Figure 4.E). 

In light of these rheological results, it became clear that reaching sufficiently low viscosities 

for continuous melt (re)processing would require temperatures well above 200°C. The thermal 

stability and resilience of the sample PS-co-MA191k based materials (e.g., HSPP10) was thus 

assessed by isothermal TGA-analysis (2 h at 250°C under N2 flow (Figure S8), and successive 

frequency sweep experiments on the same sample with an atypical duration of ca. 105 min run 

alternatively at 140°C and 250°C (Figure 4.F).  



 

Figure 4. Frequency sweep measurements from 200°C to 140°C showing a decrease in elastic modulus 

with increasing temperature of: A) LSPP100 B) HSPP100 C) HSPP10 D) PS-co-MA191k. E) Apparent G’ 

plateau values as a function of temperature of all in-solution synthesized networks with the GN of PS-co-

MA191k as reference. F) Frequency sweep measurements of HSPP10 measured on the same sample on 

alternating runs at 140°C and 250°C, including a close-up of the complex viscosity (|η*|) plateau reached 

on the terminal zone at low frequencies.  

 



In contrast to other PME
19

 or MME-based
44–46

 systems, the recorded small mass loss (< 1 

wt%), together with an absence of any significant G’ and G” deviations observed after being 

exposed at such elevated temperatures, demonstrate that PS-MME CANs hold a remarkable 

thermal stability and resilience that does not compromise their integrity nor rheological 

properties. 

As the analysis of dynamic network relaxations at low frequencies using SAOS is rather 

complex, temperature dependent stress relaxations were performed between 160 and 210°C. The 

relaxation moduli G(t) were monitored for at least one complete decade of relaxation, over 

durations ranging from 1000 to 10,000 s (Figures S35-S36). When possible, representative 

relaxation times (τ) were extracted by fitting the relaxation moduli for each temperature with a 

Kohlrausch−Williams−Watts (KWW) stretched exponential decay
8,14,62,63

 (see equation (S1) on 

SI file for detailed information). The values of network moduli G0 were taken at the plateau, 

typically designated as G0 = G(1 s). However, as it will be further discussed below, we also 

determined the continuous relaxation spectra from the stress relaxation curves and proposed a 

more detailed analysis of the distribution of relaxation times, extracted from their Continuous 

Relaxation Spectrum (CRS)
64–66

 rather than from a single averaged value (Table 2). 

The thermal stability of the samples during the measurements and the reversibility due to 

temperature variations were confirmed using LSCH100 (with the lowest Td2%) by repeating up to 

four different cycles of temperature steps between 150°C and 200°C, showing only minimal 

changes (Figure S24). PS-co-MA networks incorporating β-amino alcohol crosslinkers 

(LSBA100) and SEBS-g-MA networks incorporating Pripol crosslinkers (GSPP100) were 

examined in similar conditions (Figure S25). In both cases, irreversible side reactions lead to an 



increase of the moduli and of relaxation times, demonstrating significantly impaired flow 

properties.  

A strategy to complement the measurements of relaxation times of these CANs is the 

assessment of creep viscosities, which are not solely dependent on relaxation time but also on the 

effective variation of their moduli with temperature. Such analysis provides critical insight on the 

effective network connectivity.
14,59–61

 Thus, creep tests at different temperatures were performed 

in the linear regime, under constant shear stresses (σ) of 1 or 2 kPa. From them, creep 

compliances (J(T, ) = γ(T, ) ∕ σ) were analyzed in the apparent steady viscous flow regime to 

estimate the zero shear viscosities (η0) (see details in Supporting Information and Figure 

S34).
14,67

  

When the unentangled PS-co-MA13k was used as network precursor (with a molar mass below 

Mc), the resulting CANs (L-series, see Figure 5.A and Figure S26) showcased fast relaxation 

(τ200°C < 30 s, Table 2) as extracted from KWW exponential decay fittings (       

    
  

 

  
 
 

 . This resulted in nearly monomodal relaxations in the full temperature range (160 to 

200°C), characterized by β parameters close to 1 (from 0.7 to 0.8 Table S6), as well as a 

significant decrease of modulus between 160 and 200°C, down to 30 kPa (Figure 5.A and Table 

2). The corresponding temperature-dependency of relaxation times conform closely to a single 

Arrhenius model           
    
    with Ea,k being the kinetic activation energy. Pripol 2033- 

and CHDM-based networks exhibit similar Ea,k values (ca., 125 kJ mol
-1

), indicating that all 

relaxations are driven by the same chemical events, i.e., dissociation and re-formation of MMEs 

occurring on crosslinked networks. 

 



Table 2. Rheological properties of PS-MME networks obtained via stress relaxation and creep 

measurements. 

Material 

G0(200°C)
a
 

(kPa) 

G0(160°C)
b
 

(kPa) 

τ200°C
c 

(s) 

Τ160°C
c 

(s) 

    
 d 

(kJ mol−1) 

    
 e 

(kJ mol−1) 

    
  f 

(kJ mol−1) 

   KWW CRS KWW CRS KWW CRS   

LSPP100 29 325 16 17 288 290 124 ± 2.4 119 ± 2.4 - 136 ± 1.7 

LBPP100 30 390 15 15 248 250 119 ± 5.3 122 ± 9.5 - 124 ± 1.9 

LSCH100 98 500 34 38 750 893 129 ± 1.0 131 ± 2.9 - 174 ± 3.5 

HSPP100 190 390 123 91 1454 785 105 ± 5.2* 92 ± 1.9 47 ± 0.7 93 ± 2.5 

HBPP100 130 280 117 91 1141 679 96 ± 2.2* 84 ± 2.4 66 ± 2.2 101 ± 2.8 

HSPP50 230 390 173 96 2012 1069 98 ± 4.6* 83 ± 5.7 57 ± 1.1 137 ± 2.5 

HSPP25 100 230 104 118 1350 1255 104 ± 3.8 95 ± 4.3 118 ± 4.5 211 ± 7.4 

HSPP10 80 240 89 124 905 1401 102 ± 2.9 102 ± 1.9 128 ± 1.8 299 ± 2.2 

HBPP10 80 300 51 96 513 1177 106 ± 3.4 108 ± 2.3 131 ± 2.2 298 ± 24 

PS-co-MA191k - - - - - - - - - 300 ± 10* 

a,b
Network G(t,T) values assuming: G0 =    ( →0+) G(   T); taken at plateau values at 200°C and 

160°C, respectively. 
c
Relaxation times τ at 200°C obtained from the fitting with KWW model equation 

(3). 
d
Kinetic activation energy (Ea,k) of the stress relaxation of the network calculated from the KWW 

fittings and CRS H(λ) maxima (3). 
e
Viscous flow activation energies (Ea,v) of networks on the flow 

regime I calculated by fitting their zero shear viscosities (η0(T)) to equation (S4). 
f
Viscous flow activation 

energies (Ea,v) of networks on the flow Regime II calculated by fitting their zero shear viscosities (η0(T)) 

to equation (S4).*Note that the lower quality of the KWW fittings used to calculate these Ea,k render these 

values less accurate to any value obtained from the τ distribution analysis. 

 

In contrast to the unentangled samples, the longer PS-co-MA chains (above the Mc) bearing 

more MA units per chain, are expected to result not only in chain entanglements,
68

 but also in 

more efficiently crosslinked chains,
8
 hampering the stress relaxation phenomena at lower 

temperatures. Thus, CANs obtained from entangled PS-co-MA191k (H-series, see Figure 5B and 

Figure S27) displayed relaxations with significantly broader distributions that could not always 

be effectively captured with stretched KWW exponential decays across all temperatures (Figure 

S27.A-C). The presence of slow relaxation modes becomes particularly obvious at temperatures 



lower than 180°C in highly crosslinked networks incorporating over 50 mol% crosslinkers (e.g., 

HBPP100 to HSPP50). Such materials denote a temperature dependent relaxation regime that 

renders conventional rheological tools such as time-temperature superposition (TTS) 

ineffective.
22,63

 At 200°C, a reasonably well fitting with stretched exponentials can be achieved. 

The corresponding relaxation times (τ200°C =120 s for HSPP100) increase up to eightfold in 

comparison to that of the unentangled PS-MME analogues. Notably, a significant decrease of 

relaxation times is also seen when the extent of crosslinking is decreased from HSPP50 to HSPP10 

as expected.  

However, it should be noted that at lower temperatures, slow relaxation modes alter the 

relaxation profiles and are rather captured by a power law than by exponential decays. For this, 

we refer to Figure 5B where sample HBPP100 at 160°C and 170°C decays in particular as 

            and             respectively. In fact, the theoretical description of relaxation 

phenomena in entangled dynamic polymer networks can be rationalized through the Sticky 

reptation model by Leibler, Rubinstein, and Colby.
24

 This model delineates relaxation events 

based on critical timescales: the Rouse time of an entanglement strand (τe), the lifetime of 

dynamic bonds (τbond), and the terminal relaxation time of the network (τR). At low crosslink 

density and slow dynamic exchanges (τbond > τe), dynamic bonds and entanglements jointly 

determine the network moduli. This significantly delays relaxation (τR), which is governed by the 

bond lifetime and topological features such as chain size and crosslink density.  

 

 



Figure 5. A) Stress relaxation results of LSPP100 synthesized from unentangled PS-co-MA precursor. B) 

Stress relaxation results of HBPP100 synthesized from a PS-co-MA precursor of high molar mass. C) 

Relaxation time distributions extracted from the CRS ‘PyReSpect’ fit of the stress relaxation experiments 

performed on LSPP100. C) Relaxation time distributions extracted from the CRS fit of the stress relaxation 

experiments performed on HBPP100. E) Stress relaxation Arrhenius plots of network LSPP100 extracted 

from the single Maxwell stretched exponential decay (KWW) model fittings and CRS maxima (Table 2 

and Figures S26-S29). E) Stress relaxation Arrhenius plots of network HBPP100 extracted from the single 

Maxwell stretched exponential decay (KWW) model fittings and CRS maxima (Table 2 and Figures 

S26-S29). 



This model was later extended by Ricarte and Shanbhag to decouple the interactions between 

modes of relaxation, associated with regular segments and “sticky” segments.
69

 Their 

simulations focused on highly entangled polymers and led to the prediction of distinct regimes in 

the time evolution of relaxation moduli:  ) initial Rouse dynamics transitioning from the glassy 

state to the rubbery state and following a power-law decay with t
‑ 1/2

,   ) a rubbery plateau 

modulus depending on the effective formation of dynamic bonds, that extends with the density of 

crosslinks and the lifetime of dynamic bonds,    ) then a second power-law decay, also with t
‑ 1/2

 

linked to the initial Rouse dynamics through a reptation model and finally   ) a terminal 

relaxation beyond which the modulus decays mono-exponentially.  

To the best of our knowledge, experimental evidence has not yet consistently supported the 

presence of regime    , even if some numerical models including reptation phenomena 

highlighted the presence of a regime     with a slope            as characteristic of dynamic 

network relaxation.
70–72

 While our data do not exhibit clearly separated relaxation modes    and 

   , they rather suggest entangled PS-MMEs transition from a power-law trend towards a nearly 

monoexponential stretched decay (β ≥ 0.7) upon temperature increase. Then, the presence of 

nearly monoexponential network relaxations in some cases suggests that the terminal relaxation 

in PS-MMEs is primarily determined by the lifetime of bonds τbond, and that no intense reptation 

mechanism is longer associated to it. This situation corresponds to both unentangled materials 

(L-series) and entangled materials (H-series) at high temperatures or of lower crosslink densities 

(e.g., HSPP25 and HSPP10). For entangled systems at lower temperatures, where reptation times 

are higher, the relaxation moduli rather follow powerlaw decays; thus indicating an effective 

interplay between Rouse dynamics and covalent bond exchanges. 



Consequently, the KWW stretched model (while very useful for fitting relaxation curves 

featuring a narrow relaxation time distributions) does not accurately capture some of our 

experimental data due to the presence of Rouse regimes   (Figure S27.E-F) or     (Figure 

S27.A-D). An alternative strategy for analyzing relaxation data based on the complete relaxation 

spectrum is thus necessary. Different methods have been well established over the years, such as 

discrete models featuring multiple exponential modes (e.g., the generalized Maxwell model), or 

continuous models aiming to obtain the complete shape of the relaxation spectrum. 

Mathematically, determination of the relaxation spectrum is an ill-conditioned problem with 

strong numerical instability in the presence of low-precision data. This has been conventionally 

solved using regularization data processing codes that impose a smooth-shaped solution based on 

the CONTIN algorithm developed by Provencher in the 80s.
73

 This seminal code was later 

ported to different programming languages and operating systems, and the regularization 

conditions fine-tuned to distinct analytical requirements. The 'PyReSpect' model, for instance, 

processes rheological stress relaxation data into Continuous Relaxation Spectra (CRS) while 

ensuring that the minimum amount of distinct relaxation modes are used (Figures S28-S29).
64,74

 

The resulting CRS, referred to as H(λ) (Figures S30-S31), represent the distribution of 

relaxation strengths
75

 as a function of the relaxation times λ. This shows how the relaxation is 

dominated by a single relaxation mechanism
65,66

 from which the τCRS assigned to the H(λ) 

maxima were utilized to construct the CRS Arrhenius plots and to calculate their respective CRS 

    
  values as seen in Table 2 and Figure S32. However, in view of how the CRS of entangled 

materials significantly broaden and skew towards slower relaxation modes (e.g., HBPP100 and 

HSPP50 at low temperatures), a single averaged τKWW or τCRS value seemed to be insufficient to 

properly characterize the relaxation dynamics of entangled materials. Therefore, λ ranges were 



constructed, selecting values comprised within ‘H(λ)max - 2’ and were overlayed in the Arrhenius 

plots (Figure 5.E-F and Figure S32) to represent the relaxation time distributions of PS-MMEs. 

On the one hand, the λ areas resulting from unentangled systems (shown as green areas between 

the solid gray lines in Figure 5.E and Figure S32.A-C), revealed symmetric λ distributions 

centered in CRS Arrhenius plots.  

On the other hand, the H(λ) positive skewness observed in entangled systems led to λ ranges 

that are not centered in the CRS but rather in the KWW Arrhenius plots. There, the Rouse 

dynamics resulted in an additional range of slow relaxation events that broadens as temperature 

decreases (shown as orange areas in Figures 5.F and Figure S32.D-F). Additionally, in the case 

of L-series materials (e.g., LSPP100 or LSCH100) the τ and     
  values (Table 2) practically 

overlay, independently of the method used (KWW or CRS). Conversely, in highly entangled 

systems (e.g., HBPP100 and HSPP50), the KWW values deviate towards higher values due to the 

positive skewness of the relaxation time distributions. Furthermore, as observed in KKW fits 

performed on materials from the H-series with lower crosslinker loads (i.e., HSPP10 and HBPP10 

in Figures S29.E-F), intense initial Rouse decays in regime   render the KWW fittings to be less 

precise and deviate from the CRS results (Table 2, Figure S33). This evidences how CRS not 

only serves to extract high quality relaxation data from such non-monoexponential curves, but 

also allows the calculation of τ and     
  values that are independent of the skewness induced by 

Rouse reptation mechanisms in regime    , while also revealing how they broaden the resulting λ 

distributions. 

Given the presence of slow relaxation modes and broad relaxation time distributions, assessing 

shear viscosities (η0) close to the terminal regime is best achieved through extended creep 



experiments over 5000 s (see Figure S25). There, unentangled CANs (L-series, Figures 6A and 

Figure S36) demonstrated a single Arrhenius dependency of viscosity across the entire 

temperature range, which is consistent with simultaneous decreases in relaxation times and 

crosslink density with increasing temperature. The corresponding viscous flow activation energy 

    
 

 could be calculated following:           
    
  .  

 

Figure 6. A) Arrhenius plot of the zero-shear viscosity evolution calculated from creep experiments of 

networks synthesized from low molecular weight PS-co-MA precursor and PS-co-MA191k as reference. 

B) Arrhenius plot of the zero-shear viscosity evolution calculated from creep experiments of networks 

synthesized from PS-co-MA191k precursor with PS-co-MA191k as reference where the half full symbols 

denote non-linear regions transitioning towards a different flow regime. 



In contrast, CANs from entangled PS-co-MA precursors (H-series) displayed tow main 

regimes, characterized by different slopes when plotting         vs 1/T (Figures 6B). 

Dissociative CANs are theoretically capable of transitioning across four different viscoelastic 

flow regimes upon increase of temperature: R-I) dynamic networks with constant crosslink 

density, R-II) dynamic networks with crosslink densities decreasing at high temperatures, R-III) 

dynamic networks undergoing gel-sol transition as the net fraction of crosslinks decays below a 

critical value, R-IV) fully decrosslinked networks behaving as the parent precursors.
14

 In the 

studied temperature range, all dissociative networks typically display a R-II regime, as evidenced 

by the moderate variation in network moduli by a factor < 5. The evolution of η0 with 

temperature can thus be attributed to the combination of variations in the relaxation times and 

thermally induced decrosslinking.  

While direct comparison of stress relaxations results using a single set of relaxation time 

values proved to be more complex for entangled systems, the creep viscosities provide a useful 

comparison of their near-terminal flow behaviors, which will admittedly be strongly driven by 

slow relaxation modes. We reported the discrete     
  and     

   viscous flow activation energies 

found at low and high temperatures respectively (Table 2). Whereas all systems display expected 

viscosities converging to very high values close to 10
8
 Pa s in proximity to their Tg, entangled 

crosslinked networks show significantly lower     
 values at low temperatures, which results in 

much higher viscosities in the 140-180°C range. The viscosities also increase strongly with the 

crosslink density of the networks between 170 and 190°C. Entangled networks enter a second 

regime with much higher     
  values, ranging from ca. 90 to 140 kJ mol

-1
 for highly crosslinked 

samples to 200 to 300 kJ mol
-1

 for weakly crosslinked samples. It is interesting to note that the 

value of 300 kJ mol
-1

 is also found for the precursor PS-co-MA191k and appears to correspond to 



a truly terminal regime. By analogy with the discussion above regarding distinct relaxation 

mechanisms, we attribute the     
  and     

   values to regimes where interplay between reptation 

and dynamic crosslink exchanges occurs,
59–61

 and where only dynamic crosslink exchanges drive 

the viscoelastic behavior. In order to coherently present the data of unentangled systems , we 

attributed their unique     
  value to the     

   that corresponds to the reptation-free regime. 

Interestingly, while in the former case, variations of     
  are only moderate in the 50-90 kJ mol

-1
 

range, variations of     
   in the latter case can vary dramatically from 90 to 300 kJ mol

-1
 

depending on the crosslink density. Such evolutions appear tightly connected to the effective 

connectivity of the networks. Moreover, this will understandably decrease faster upon increase of 

temperature for low molar mass precursors that feature weakly crosslinked chains, highlighting 

their insufficient crosslink densities and lower energies required to facilitate flow. 

Single Screw Extrusion and Injection Molding – (Re)processing of PS-MMEs  

Given the high thermal resilience and excellent flow properties of PS-MMEs, the next 

objective was the exploration of continuous (re)processing methods. In this context, despite their 

faster flowability, materials derived from PS-co-MA13k were not further investigated because of 

their lower degradation temperatures, abrupt viscosity reductions and poor mechanical 

properties. As the processing of PS-co-MA191k based PS-MMEs required elevated temperatures, 

an isothermal thermogravimetric analysis (TGA) was conducted at 250°C for a duration of two 

hours. There the network exhibited minimal mass loss, retaining more than 99% of its initial 

mass (Figure S8). Since HSPP10 proved to be the fastest flowing material and displayed not only 

a low soluble fraction but also enough solvent resistance at low temperatures (Figure 7), HSPP10 

and HBPP10 were selected for the extrusion experiments. Prior to actual single screw extrusion, 



their extrusion feasibility was confirmed by analyzing the melt flow index (MFI) of HSPP10 at 

250°C (see section 11 on SI for detailed information). 

 

Figure 7. Pictures before (left) and after (right, 24h at 21°C) adding a drop of 50 μL of acetone on the 

surface of samples 22mm in diameter and 0.1mm thick of A) PS (192 kg/mol) and B) network HSPP10. 

As can be observed, unlike the PS, HSPP10 showed no surface cloudiness or crack formation defects. 

The extrusion of HSPP10 and HBPP10, fed as granules with an approximate diameter between 

0.5 to 1.0 mm, was performed without thermal stabilizers using a custom-built single screw 

mini-extruder (Figure S38.B). Initial experiments were conducted at 210°C with a 1.0 mm 

diameter die, protruding the extruder's barrel heating jacket (Figure 8.A). As demonstrated in the 

(see supporting Video 1), continuous extrudates with a diameter of 1.85 ± 0.04 mm (Figure 8.B) 

were produced for both HSPP10 and HBPP10 with 85% post-extrusion swell and minimal 

yellowing (Figure 8.C). Additionally, while covering the die with the heating jacket, hot 

drawing experiments were conducted at 250°C using a spinning device (see supporting Video 2), 



yielding continuous filaments with a minimal diameter of 0.25 mm (Figure 8.D). No major 

superficial defects were observed at extrusion temperatures ranging from 210°C to 250°C for 

HSPP10 and HBPP10 and their thermal properties, swelling degrees and soluble fractions 

remained comparable to the values obtained for samples obtained via hot pressing (for both in 

solution and in-bulk synthesized PS-MMEs, Table S9). Thus, the combination of favorable post-

extrusion property retention and efficient drawability (attributable to a low extensional viscosity) 

demonstrates that such dissociative networks are suitable for advanced thermoplastic processing 

tools like blow molding or blown film extrusion. In view of these successful results, the 

suitability of both HSPP10 and HBPP10 to be processed through injection molding processes was 

finally evaluated using a lab-scale injection machine as a proof of concept study (Figure S39), 

operating at an injection pressure of 8 bar. Preheated samples (2 min, 260°C) were effectively 

injected to the mold (80°C) yielding clear rectangular shapes (63.5 mm x 12.5 mm x 3.15 mm, 

Figure 8.E) within a combined injection and cooling time of 12 s.  

 

Figure 8. A) Picture of the extrusion of HSPP10 performed at 210°C. B) Picture of a HSPP10 

homogeneous extrudate. C) Close-up picture of HSPP10 (bottom) and HBPP10 (top) extrudates. D) Picture 

of hot-drawn HSPP10 filaments where different constant diameter sizes are displayed. E) Picture of a 

HSPP10 homogeneous and clear bar (63.5 mm x 12.5 mm x 3.15 mm) injected at 260°C into the 

rectangular mold at 80°C. 



 

Chemical Recycling of PS-MMEs 

Processes with the aim of recovering and repurposing the starting components have gained 

considerable attention over the last decade.
76–80

 Therefore, in addition to the physical recycling 

via single screw extrusion and injection molding discussed above, we targeted a chemical 

recycling process with the aim to recover both the diol crosslinker and the PS-co-MA precursor 

or to regenerate the PS-MME network. After isolation and purification, these could be 

repurposed or used again to resynthesize pristine PS-MMEs. It is notable that all PS-co-MA191k 

derived networks proved to be soluble in hot xylene, indicating extensive decrosslinking (Figure 

S40). For this part of the study, 10 g of HSPP10 was dissolved in 300 mL of xylene via soxhlet 

extraction (Scheme 4.A-B, see SI section for further details). The obtained solution (33.2 

mg/mL) was subsequently divided into three aliquots to be used for separate procedures.  

 

Scheme 4. Schematic representation of the chemical recycling experiments performed on HSPP10. A) 

Fine shredded HSPP10 sample used in the study. B) HSPP10 solubilized in xylene after the Soxhlet 

extraction. C) Retrieved PS-co-MA191k sample. D) Separated (predominantly) acetylated form of PP2033. 

E) Recycled HSPP10 from its solution in xylene. 

Two 75 mL fractions were treated to isolate the two constituents from the network (Scheme 

4.C-D), whilst the third demonstrator experiment was aimed at regenerating the network straight 

from the solution by solvent removal and direct re-curing (full detail of the procedures can be 



found in the SI). The retrieved PS-co-MA copolymer was then reused in the synthesis of a PS-

MME network (Scheme 4.C).  

After its purification by iterative precipitations in cold diethyl ether, the precursor polymer 

could be recovered in more than 90% yield. Moreover, no notable variations in FTIR spectra 

were detected between the original and recycled PS-co-MA (Figure S42). The sole discernible 

difference could be detected via GPC analysis, indicating a rise in the chromatogram region 

associated with elevated molecular weight chains (Figure S2), an outcome attributed to chain 

couplings arising from diol traces not observable via FTIR. Then, the synthesis of HSPP10 was 

repeated by combining the isolated PS-co-MA with a diol while the properties of the obtained 

network were compared with pristine HSPP10. All FTIR, DSC, TGA frequency sweep and creep 

experiments (Figures S42-S46 and Table S9) pointed towards a higher crosslink density in the 

network with recycled PS-co-MA191k, exhibiting properties closer to HSPP25 than those of 

HSPP10. These results indicate the presence of residual crosslinker in the recuperated precursor 

polymer due to an incomplete (physical or chemical) separation of PP2033 from the polymer 

chains. In principle, this could be swiftly corrected with the addition of virgin PS-co-MA191k. 

Likewise, it can be expected that further optimization of the separation procedure could increase 

the PS-co-MA191k and diol separation efficiency.  

From the second HSPP10 75mL aliquot, a quantitative retrieval of a partially acetylated form of 

PP2033 was performed by treating the xylene solution with acetyl chloride and separating the 

dissolved PS-co-MA by precipitation in MeOH (Scheme 4.D). The resulting oil was then 

compared through 
1
H-NMR with a fresh PP2033 sample subjected to the same acetylation 

procedure (64.1% yield calculated including the residual monoacetylated and/or non-acetylated 



PP2033 observed by 
1
H-NMR as seen in Figure S47). The obtained oil could be repurposed or 

used to regenerate the original alcohols via ester hydrolysis. Lastly, a network re-curing 

experiment was performed using the remaining 150 mL of HSPP10 solution by simply 

concentrating and drying it, following the original solution synthesis procedure described for PS-

MMEs (98.8% yield). The resulting materials could be hot-pressed (Scheme 4.E), analyzed and 

have their properties compared with those of the original HSPP10. In contrast to the network that 

was resynthesized from the recuperated PS-co-MA191k, the analyses of the re-cured material 

(Figures S42-S46, Table S9) pointed towards a network with comparable properties to HSPP10. 

The sole difference is a slightly lower crosslink density, as can be deduced from the lower η0 and 

apparent G’ plateaus, ascribed to diol loss during the recycling process that could be 

compensated by adding extra PP2033 during the synthesis step. 

Conclusions 

In this study, we designed and characterized an extensive array of PS-MME CANs, prepared 

both in solution and in bulk from readily available polymers and monomers. The study focused 

on structure-property relationships, where the dynamic properties of CANs can be attributed to 

factors such as crosslink density, the choice of building blocks, and the molar mass of the 

thermoplastic precursors. The materials demonstrated mechanical, thermal, and rheological 

properties suitable for practical applications. 

Investigations into the relaxation behavior of PS-MME materials, derived from high molecular 

weight PS-co-MA precursors, revealed unprecedented experimental relaxation profiles with 

distinct regimes that are defined by critical timescales and discrete flow regimes. It was 

rationalized how in some cases a single parameter, such as relaxation time, becomes insufficient 



to provide a comprehensive view of relaxation time distributions in entangled systems. We 

therefore proposed the use of a Continuous Relaxation Spectra (CRS) analysis. Zero shear 

viscosity assessments, revealing up to two distinct viscoelastic flow regimes in entangled PS-

MMEs, highlighted how thermally induced covalent bond exchanges are not the sole factor 

governing viscosity evolution in CANs. Overall, these findings underscored the intricate 

relationship between network connectivity, relaxation dynamics, and processability in 

dissociative dynamic polymer networks. 

Moreover, high temperature FTIR and looped rheological analyses demonstrated the origin of 

the loss of dynamic properties previously observed in monoester-based dissociative CANs at 

temperatures above 170°C. While a tentative mechanism for thermal degradation of MME 

CANs, such as the formation of non-dynamic diesters via linear anhydride intermediates, has 

been proposed, we experimentally demonstrated that such reaction pathways are strongly 

hindered in PS-MME CANs up to at least 250°C. Thanks to this unprecedented thermal 

resilience, our materials can achieve flow rates that allow for continuous reprocessing via 

extrusion or injection molding, without degradation or property loss. Finally, leveraging the 

same dynamic equilibrium, the crosslinked materials could also be chemically recycled by 

shifting the equilibrium back to linear polymers and monomers through dilution and heating in 

an inert solvent. 
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TOC Synopsis: From commercially available poly(styrene-co-maleic anhydride) and diols, fully 

transparent and (re)processable maleate-monoester containing polystyrene-inspired covalent 

adaptable networks were obtained and analyzed. These materials could then be reprocessed via 

injection molding and single screw continuous extrusion. Lastly, the feasibility for the 

regeneration and separation of the initial building blocks and the regeneration of the original 

network was demonstrated as chemical recycling strategies. 
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