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ABSTRACT  

(Re-)processing of cross-linked polyurethanes (PUs) is often energy intensive and inefficient since 

dissociation of urethane linkages at elevated temperatures generates highly reactive isocyanate 

moieties that can react with a wide range of nucleophiles. In this study, we first show with a small 

molecule study that the introduction of N-sulfonyl urethane bonds leads to dynamic covalent 

exchange reactions under much milder conditions compared to regular urethane groups. Then, 

these exchangeable N-sulfonyl urethane motifs have been introduced, in relatively small amounts 
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(5, 10 and 20%), in a cross-linked PU-matrix in an attempt to facilitate plastic flow at lower 

temperatures. Rheological analysis of the elastomeric dissociative networks revealed an interesting 

double relaxation behavior, even for temperatures between 150 and 100 °C, which could be 

described by a Maxwell model with two elements, which can be related to the activated and less 

activated urethane bonds. Finally, the (re-)processability of these sulfonyl urethane containing PUs 

was demonstrated through multiple cutting and hot pressing cycles and the corresponding 

materials showed a good retention of thermal properties. 

 

INTRODUCTION 

Polyurethanes (PUs) are one of the most common cross-linked bulk polymers used in a wide range 

of applications, from foams to coatings, owing to the ability of simple precursors (i.e. isocyanates 

and polyols) to produce both flexible and rigid end products.1,2 However, reprocessing or 

remolding conventionally cross-linked PUs is time-consuming and inefficient, currently 

preventing the recycling of PU waste on large scale. Because PUs account for roughly 30% of the 

thermoset market, novel methods of repurposing or recycling are highly sought after in academia 

and industry. One popular approach to impart plastic flow and processability into various types of 

infusible thermosets has been to introduce reversible bonds that respond to a specific trigger (e.g. 

temperature). The resulting materials, known as covalent adaptable networks (CANs) or dynamic 

covalent polymer networks (DCPNs), should ideally be able to withstand deformation during use 

while still flowing significantly after activation (e.g. at high temperatures).3–7 As a result, a wide 

array of dynamic chemistries have been introduced to common thermoset matrices including 

furan-maleimides,8–10 imines,11,12 transesterification,13–15 disulfides,16,17 and boron-based 
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chemistries.18–20 Moreover, all of the aforementioned chemistries have been introduced into a PU 

matrix.21 

Importantly, whereas other thermosets, such as epoxies and polyesters, are typically formed by 

making use of irreversible bonds, PUs are intrinsically different polymer matrices, as they show 

an inherent bond exchange reactivity. Indeed, the reversibility of urethane linkages is well known 

to occur around 180 °C (even in the absence of catalysts), which can be attributed primarily to the 

relative facile reformation of isocyanates, that can then swiftly recombine with other 

nucleophiles.22–25 However, because the regenerated isocyanate is susceptible to re-cross-linking 

with virtually any nucleophilic active hydrogen compound within a polymer matrix (including 

absorbed moisture), thermally reprocessing regular PU materials is difficult to control. For the 

reformation of bonds to the isocyanate, multiple reactions compete, producing urethane, urea, 

allophanate, biuret and isocyanurate structures, each having their own varying degrees of 

reversibility as dynamic or less dynamic linkages (Scheme 1 a). Nonetheless, while this wide set 

of possible competing reactions contribute to the wide range of applications that can be targeted 

with PU materials, it also complicates the introduction of more controlled reactive cross-linking 

chemistries inside this chemically somewhat intractable, or at least highly convoluted matrix. 

Given the recent surge in interest in dynamic covalent chemistry within the polymer sciences, there 

has also been renewed interest in the study and control of the intrinsic PU dynamicity. 
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Scheme 1. a) Schematic representation of common reaction products observed in polyurethane 

materials. b) Blocked isocyanates as inspiration for the development of blocked sulfonyl 

isocyanates. 

While numerous alternative strategies exist,26–28 blocked isocyanates have proven to be one of the 

most successful approaches for a more temperature-controlled reactivity, as evidenced by the large 

number of patent applications on the subject (Scheme 1 b).29,30 Importantly, the rate and extent of 

reversion of the blocked adduct will be affected by a variety of factors, including the nature of the 

blocking agent and isocyanate, the presence of a catalyst, and temperature. Classic examples of 

blocking agents are oximes,31,32 caprolactams,33 acylsemicarbazide,34 or pyrazoles,35 which deliver 

bench-stable monomers but are more difficult to apply in polymer networks. In contrast, several 

research groups recently demonstrated that, with appropriate catalysis, much more common 
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compounds such as aliphatic thiols can be used to temporarily regenerate isocyanates and create 

(re-)processable polythiourethanes.36–38  

Motivated by the promising results obtained with thiourethanes, Hillmyer, Dichtel, Xie, and others 

revisited the dynamicity of regular urethane linkages in which the constituting polyol (e.g. with a 

polyester, polyether or fatty acid backbone) could be regarded as a formal blocking agent.39–45 

However, as demonstrated by Torkelson and co-workers, complete recovery of the original 

urethane cross-links is impossible without the use of specific catalysts and/or an excess of 

alcohols.46,47 Furthermore, even in these cases, it is difficult to rule out the formation of other (more 

stable) structures such as ureas, allophanates, and biurets during thermomechanical recycling. 

Thus, an important research question for the (re-)processability of PU-networks (and the controlled 

(re)generation of  isocyanates within those matrices) is how the equilibrium distribution can be 

directed, and how this affects the final thermomechanical properties of the recycled product. 

Changing the steric and electronic environment surrounding a dynamic covalent bond is arguably 

one of the simplest ways to modify reactivity and steer the outcome. Indeed, several research 

groups, including our own, have recently demonstrated that the addition of electron-withdrawing 

and electron-donating groups has a significant impact on the thermodynamics (𝐾𝑒𝑞[𝑇]~𝐺[𝑇]) and 

kinetics of bond exchange (𝜈𝑒𝑥[𝑇]~𝜏[𝑇]) in vitrimers and dissociative CANs.48–53 More 

specifically, by making intermediates more reactive and thus shorter-lived, fast material flow at 

lower temperatures (e.g. 140-160 °C) can be achieved, limiting the possibility of side-reactions.54 

Given these findings, one appealing strategy for PUs would be to attach an electron-withdrawing 

group to an isocyanate, increasing the overall dynamicity of the resulting urethane cross-linkage 

and  PU network. 
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Sulfonyl isocyanates are a relatively unexplored class of modified isocyanates that are known in 

organic synthesis to be efficient coupling reagents for the production of N-sulfonyl urethanes 

(SUs), even with hindered alcohols.55–57 Because of the electron-withdrawing effect of the sulfonyl 

moiety, SUs can be thought of as reversibly blocked isocyanates that can simultaneously add 

acidity to PU materials.58–60 The sulfonyl urethane NH proton is indeed quite acidic, and with a 

pKa value around 3.5, it is frequently compared to carboxylic acids.61–63 As a result, we 

hypothesized that adding a specific amount of SU-moieties in a cross-linked matrix would not only 

introduce an internal acid catalyst but would also help to improve controlled (de)cross-linking of 

PU materials.64,65 In fact, our own research group demonstrated several times how blocked or 

delayed (very reactive) systems can be engineered to produce polymeric materials with customized 

dynamic properties.66–69 

Herein, we report a strategy to introduce SU-motifs as blocked isocyanates to promote and control 

the thermomechanical recycling of PU materials at lower temperatures. Specifically, SUs with 

multiple functionalities were added as co-monomers to regular PU formulations to obtain cross-

linked polymer networks with varying degrees of built-in acidic SU units. First, small molecule 

studies were performed to investigate the efficient blocking and deblocking of SUs to the 

corresponding sulfonyl isocyanate and alcohol moiety. Following that, rheology experiments at 

the material level were carried out to gain mechanistic insights into the way how the introduction 

of “masked” sulfonyl isocyanates would affect (re)processability. Furthermore, the obtained 

polymer networks were subjected to extensive mechanical, thermal, solubility, and recycling tests 

in order to obtain more “molecular information” about isocyanate-based dynamic chemistries in 

general. 
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RESULTS AND DISCUSSION 

Synthesis and evaluation of blocked sulfonyl isocyanates 

A first objective of this work was to determine the onset of reversibility or deblocking temperature 

of the SU adducts. Interestingly, previous studies already indicated that heating the SUs in the 

presence of an alcohol or amine, results in the thermal deprotection of the sulfonyl isocyanate and 

swift conversion to the exchange product.58–60 However, information regarding the kinetics and 

extent of SU reversion at a given temperature is lacking. To that end, several model compounds 

were prepared by adding commercially available para-toluenesulfonyl isocyanate (p-TsNCO) to 

a cooled solution of a selection of alcohols. Reactions with methanol (SU-Me, 1), decanol (SU-

De, 2) and triethylene glycol monoethyl ether (SU-TEG, 3) proceeded swiftly to give the 

corresponding SUs in quantitative yields within minutes. The chosen alcohols were used 

specifically to have a low boiling, high boiling, and polar blocking agent, respectively (vide infra 

for rationale). Besides these model compounds, a regular urethane (decyl N-phenyl carbamate, 4) 

was synthesized and used as a benchmark. 

Initial assessment of the sulfonyl isocyanate deblocking parameters was done via DSC and TGA 

analysis of 1, 2, 3 and 4. Large endothermic melting peaks are observed at 64, 72 and 112°C for 

4, 2 and 1 respectively (Figure 1 b and Figure S1). Model compound 3 does not have an 

endothermic peak Figure 1 b, while Figure S1 reveals a phase transition around -38°C. 

Interestingly, while an endothermic peak is still observed for 4 in the second heating (Figure 1 b), 

no clear signal is visible for 1 and 2, which is a first indication of the less favorable dissociation 

of 4. TGA revealed a 5% weight loss starting around 200°C and complete decomposition at 250°C 

for all compounds, with the greatest stability for SU-TEG (Figure 1 c). 
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Figure 1. a) Structures of the model sulfonyl urethane components SU-Me (1), SU-De (2), SU-

TEG (3) and decyl N-phenyl carbamate (4). b) DSC thermograms of 1, 2, 3 and 4 measured at 5°C 

min-1 under N2 atmosphere (-: first heating curve; --: second heating curve). c) TGA thermogram 

of 1, 2, 3 and 4 measured at a heating rate of 10 °C min-1. 

Subsequently, the kinetics of deblocking were investigated using offline 1H-NMR analysis to 

monitor the formation of an exchange product when heating SU-De for 60 minutes in the presence 

of excess benzyl alcohol (Figure 2). Hence, the fraction of released sulfonyl isocyanate could be 

conveniently monitored in an interval between 80 and 130°C (Figure S2-7 and Table S1), which 

allowed to determine rate constants 𝑘𝑜𝑏𝑠 for each investigated temperature by fitting the 

experimental data to the rate equation of sulfonyl urethane consumption (Eq S1-3). Moreover, 

plotting ln(𝑘𝑜𝑏𝑠) against 1000/T in an Arrhenius plot, allowed to determine an apparent activation 
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energy (𝐸𝑎,𝑒𝑥) of 77.1 ± 4.62 kJ mol- 1 from the slope of the curve, which was in the same order of 

magnitude as previously reported dynamic systems.50 In line with our previous investigations 

regarding thermal deblocking systems,68,69 we could also identify an initial “deblocking 

temperature” at ~ 90 °C (point at which 5% of adduct is released after 15 min) and a “half-life 

temperature” at ~ 130 °C (point at which 50% of adduct is released after 15 min) to identify at 

which temperature sulfonyl isocyanate release became relatively fast. In contrast, when performing 

the same experiment with decyl N-phenyl carbamate (4) at 100 °C (i.e. above the deblocking 

temperature of SU-De), no exchange products could be determined (Figure S8).  

 

Figure 2. a) Exchange reaction between SU-De and benzyl alcohol. b) Plot of the molar fraction 

of SU-De as a function of time and c) related Arrhenius plot. 

As expected, the stoichiometric excess of benzyl alcohol impacted the reaction rate (Figure S9-12 

and Table S2).  Based on these experiments, a purely associative exchange mechanism cannot 

unambiguously be confirmed. Indeed, in line with common urethanes, a dissociative exchange 
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behavior - yielding sulfonyl isocyanates and alcohols as intermediates - could not be excluded. In 

order to investigate the possibility of such a dissociative exchange pathway, two different sulfonyl 

urethanes were mixed and heated in a crossover experiment, after which LC-MS analysis showed 

the presence of starting as well as exchange products (Figure S13). Based on the kinetics as well 

as the crossover experiments, it can be concluded that both associative and dissociative exchange 

is possible depending on the environmental conditions i.e. whether or not free hydroxyl groups are 

available. Interestingly, this dissociative pathway does not require the presence of hydrophilic 

hydroxyl groups, which is in turn protecting the SU bonds from hydrolysis, indicating that the 

isocyanates are relatively stable, and recombine cleanly even with the generated low amount of 

free hydroxyls.  

When introducing the acidic SU groups into PU materials, a valid concern could indeed be related 

to the hydrolysis resistance of these blocked sulfonyl isocyanate adducts. Naturally, this heavily 

depends on the environmental conditions and whether hydrolysis sensitive sulfonyl isocyanates 

are prematurely released during the process. To that end, SU-TEG was used as a hydrophilic model 

compound that could be completely dissolved in deuterated water, allowing to track SU 

decomposition by recording 1H-NMR spectra at regular time intervals. It could be concluded that 

temperature had a significant effect on small molecule level, with limited hydrolysis at 25 °C over 

40 days and complete decomposition at 80 °C after 5 hours, which could be explained by the fact 

that this was close to the deblocking temperature as described above (Figures S14-17 and Tables 

S3-5). 

Blocked sulfonyl isocyanates in polyurethane networks 
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Starting from the aforementioned qualitative insights into the dynamic behavior of blocked 

sulfonyl isocyanates, some rational material design rules could be drawn. As SU moieties are 

highly polar structures with strong hydrogen bonding capacity, they can attract water over time. 

Therefore, the amount of SU motifs in the PU material should be controlled to retain the polarity 

of the polymer matrix and have a good balance between reactivity and stability. To that end, a set 

of PU networks was prepared with a variable amount of SU bonds up to 20 mol%. First, a 

benchmark PU was synthesized by equimolar mixing of the bifunctional alcohol Pripol 2033 (5) 

and trifunctional isocyanate Desmodur N3600 (6) with 1 mol% dibutyl tin dilaurate (DBTDL) 

catalyst (PUSU-0, i.e. 0% of SU bonds present in the material). As bifunctional sulfonyl 

isocyanates are neither commercially available, nor bench stable, a blocked bifunctional sulfonyl 

isocyanate monomer (7) was prepared from 1,3-benzene disulfonyl chloride in a straightforward 

fashion (see Supporting Information). Modified PUs were then made by adding 7 as co-monomer 

to a large excess of diol 5 at 140 °C for 1 h to generate sulfonyl urethane moieties embedded in 

dynamic chain extenders/curing agent (Figure S18 for NMR spectrum) and further curing through 

reaction of all hydroxyl groups with trifunctional isocyanate 6 (Figure 3). As a result, materials 

with a similar composition to PUSU-0 could be obtained (i.e. consisting of mainly diol 5 and 

trifunctional isocyanate 6), when adjusting the amount of diol 5 to take into account the 

incorporation of 5, 10 or 20 mol % of SU units prior to network formation at 80 °C for 16 h. The 

resulting materials, further referred to as PUSU-5, PUSU-10 and PUSU-20, were analyzed via 

ATR-FTIR to monitor the disappearance of the isocyanate peak at 2270 cm-1 (Figure S19). 
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Figure 3. General reaction scheme for the synthesis of sulfonyl urethane diol curing agent from 7 

and Pripol 2033 (5). Addition of Desmodur N3600 (6) and a catalytic amount of DBTDL yields a 

sulfonyl urethane containing material. 

The (re)processability of all of the aforementioned (modified) networks was initially investigated 

using compression molding. Homogeneous samples of PUSU-5 to PUSU-20 could be obtained 

after shredding the pristine materials and heating for 1 h at 140 °C while applying a pressure of 2 

tons. Interestingly, even after 3 h of applying the same conditions to PUSU-0, no well-consolidated 

samples could be obtained, in line with the previously mentioned need for specific catalysts and 

high temperature to (re)process conventional PU materials (Figure S20). From differential 

scanning calorimetry (DSC) analysis (Figure S21), glass transition temperature (Tg) values were 

obtained in the range of -4 to 0 °C, indicating the formation of flexible PUs (see Table 1). These 

values were in good agreement with the glass transition temperatures obtained from DMTA 

measurements (6.1, 8.8 and 4.3 °C for PUSU-5, PUSU-10 and PUSU-20 respectively). 

Interestingly, the DMTA-thermogram of PUSU-20 shows a clear second transition around -17.6 
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°C, which might (to some extent) be attributed to thermally reversible phase separation (Figure 

S22). Because of the large Pripol 2033 content, high thermal stability could be observed after TGA 

analysis with Tdeg,5% around 320 °C (Figure S23). Isothermal TGA measurements at 140 °C for 

80 min further confirmed negligible mass losses at (re)processing conditions (Figure S24). 

Moreover, only minor mass losses (1.2%) are observed for PUSU-20 at 150°C for 12 h (Figure 

S25). 

Table 1. Overview of the thermal and mechanical properties of the N-sulfonyl urethane containing 

polyurethanes. 

Properties PUSU-0 PUSU-5 PUSU-10 PUSU-20 

Tg (°C)(a) 0 -2 -4 -4 

Tdeg,5% (°C)(b) 323 318 324 312 

Swelling ratio (%)(c) 133 ± 4 151 ± 2 113 ± 1 159 ± 6 

Soluble fraction (%)(c) 1 ± 1 3 ± 2 1 ± 0.5 6 ± 4 

E-modulus (MPa)(d) n.d.(e) 2.14 ± 0.24 2.44 ± 0.46 4.17 ± 0.56 

Strain at break (%)(d) n.d.(e) 124.12 ± 27.60 199.98 ± 59.79 237.14 ± 63.64 

Stress at break (MPa)(d) n.d.(e) 1.64 ± 0.26 2.83 ± 0.97 4.78 ± 1.63 

a Obtained from the second heating curve of DSC measurements with heating and cooling 

rate of 10 K min-1. b Determined as onset temperature for 5% mass loss observed by TGA at 

a heating rate of 10K min-1. c Values obtained after Soxhlet extraction in THF for 24 h on a 

set of four samples. d Obtained from uniaxial tensile measurements at room temperature with 

a rate of 10 mm/min on a sample set of at least 5. e Not determined. 
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After confirming good network formation, Soxhlet extraction experiments in THF (at 66 °C) for 

24 h were conducted to verify strong network integrity. With soluble fractions well below 10 %, 

these first qualitative measurements indicate that the formation of sulfonyl isocyanate 

intermediates are short-lived and did not result in complete dissolution of the polymer network. 

Moreover, analysis of the soluble fraction of PUSU-20 by 1H-NMR did not reveal any signals 

originating from the blocked reactive adduct (Figure S26). 

A distinct trend in the mechanical properties could also be observed when increasing the amount 

of SU units in the modified PU materials, as measured via uniaxial tensile tests (Figure 4 and 

Figure S27). For example, the Young’s modulus almost doubled from PUSU-5 to PUSU-20 (2.1 

MPa to 4.1 MPa). Moreover, a gradual increase in strain and stress at break could be detected up 

to 237 % and 4.8 MPa, respectively. The increase in tensile properties is clearly related to the self-

complementary hydrogen bonding of the SUs.64 The improved mechanical performance can 

therefore be explained by the inclusion of the more acidic SU domains, which enable strong 

hydrogen bonding in an otherwise flexible, apolar matrix.  

 

 



 15 

 

Figure 4. Stress strain curves obtained from uniaxial tensile measurements of the PUSU materials, 

showing a significant improvement when increasing SU content. 

To determine changes in viscoelastic behavior when including reversible SU units, stress-

relaxation experiments were performed from 150 to 100 °C (Figure 5). Importantly, as discussed 

in seminal work of Flory on the rubber elasticity theory,70 it was necessary to evaluate non-

normalized relaxation values to reveal any cross-linking density changes due to (sulfonyl) 

isocyanate deblocking during the measurement. Similar trends are observed in frequency sweep 

measurements (Figure S28). As such, variations in both the modulus (𝐺[𝑇], y-axis) and relaxation 

time (𝜏[𝑇], x-axis) could be determined as a function of temperature and SU content. Distinct 

viscosity values (𝜂[𝑇]) could then be calculated from the Maxwell relation 𝜂[𝑇] = 𝐺𝜏, which 

allowed to make a better comparison than considering the impact on relaxation time 𝜏[𝑇] alone.54,71  
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Figure 5. Non-normalized stress relaxation plots of PUSU-0 (a), PUSU-5 (b), PUSU-10 (c) and 

PUSU-20 (d) from 150 to 100°C; the fitting with a Maxwell model containing two elements is 

given in dashed lines. 

When analyzing the relaxation curves of PUSU-0 (Figure 5a), the first obvious observation are 

the long relaxation times (> 10 000 s, Table S6) and only a minor variation in cross-linking density. 

In light of the negative compression molding and relaxation results, we reasoned that any 

“processability” of (elastomeric) conventional PU materials could be mostly explained by 

unavoidable network defects. These results demonstrate why direct (catalyzed) urethane exchange 
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still needs additional mechanistic research efforts to become a more viable PU recycling 

strategy.39,40 

Notably, introducing SU bonds had a significant impact on both the modulus and relaxation time 

of the modified PU networks (Figure 5b-d). Furthermore, structural differences in the material 

exist as the deblocked sulfonyl isocyanate is much more reactive compared to the regular 

deblocked isocyanates (i.e. a chemically heterogeneous network), resulting in two relaxation 

modes with distinct chemical reactivity differences. Moreover, this effect became even more 

pronounced when increasing the relative SU content. Our research group recently published on a 

rheological study, where we demonstrate how these relaxation modes (i.e. macroscopic response) 

can be analyzed and linked to a specific reactive segment (i.e. microscopic structure) to measure 

reactivity changes in polymer networks.71 Specifically, while the single-element Maxwell model 

is often a good starting point (Eq S4, Figure S29), using a two-element Maxwell model (Eq 1) is 

much more accurate in many cases. Here, one element can be linked to the more reactive segments, 

while another element can be linked to the less reactive segments. 

𝐺(𝑡) = 𝐺0,𝑓𝑎𝑠𝑡𝑒
−𝑡

𝜏𝑓𝑎𝑠𝑡 +  𝐺0,𝑠𝑙𝑜𝑤𝑒
−𝑡

𝜏𝑠𝑙𝑜𝑤 (𝐸𝑞 1) 

We rationalized that the more reactive element should correspond to the SU bonds based on two 

important factors. Firstly, sulfonyl isocyanates are roughly 100 times more reactive than regular 

isocyanates.22,56 Secondly, the weight of the fast relaxing element to the total relaxation curve 

corresponds well to the relatively low fraction of SU units in the material.  

In isocyanate-based dynamic covalent networks, it can be expected that multiple reaction pathways 

for the reformation of network bonds are always competing, making interpretation of molecular 
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parameters (e.g. enthalpy or entropy values) of a specific relaxation mode difficult.  However, 

based on the experimental data, some more general observations can be made and the dominant 

pathways rationalized. Viscosity values (𝜂[𝑇]) can be calculated based on the stress relaxation by 

simply multiplying G0 with (𝜏𝑠𝑙𝑜𝑤 + 𝜏𝑓𝑎𝑠𝑡) (Table S6). Flow activation energies (𝐸𝑎,𝑓𝑙𝑜𝑤) can be 

calculated from the viscosity by plotting ln (𝜂) against 1000/T in an Arrhenius plot (Figure 6b 

and Table 2). As a result of faster relaxation and more pronounced decrosslinking, 𝐸𝑎,𝑓𝑙𝑜𝑤 almost 

halved already after the introduction of only 5% SU. Moreover, a further decrease is visible when 

more SU is incorporated, indicating that even a small amount of SU bonds has a positive effect on 

the overall (re)processability of the PU samples, and thus making clear that the dynamicity in the  

presented PUSU materials is governed by a specific degree of PU and SU kinetics. 

Table 2. Summary of the rheological results of the N-sulfonyl urethane containing materials. 

Network Ea,slow (kJ mol-1)(a) Ea,fast (kJ mol-1)(a) Ea,flow (kJ mol-1)(b) G’ (kPa)(c) G’ (kPa)(d) 

PUSU-0 252.36±54.52(e) 143.26±45.15 238.90±52.23  314  429 

PUSU-5 139.58±8.42 112.45±14.54 155.42±14.12 463 1155 

PUSU-10 117.59±4.39 226.84±52.32 164.65±4.30 577 937 

PUSU-20 99.45±5.41 163.01±13.97 124.33±2.39 542 902 

a Activation energies obtained from Arrhenius plots after stress relaxation measurements and fitting with a 

generalized Maxwell model with two elements. b Flow activation energies obtained from viscosity values c Plateau 

storage modulus obtained from frequency sweep measurements at 150°C and 1 rad.s-1. d Plateau storage modulus 

obtained from frequency sweep measurements at 100°C and 1 rad.s-1. e Calculated using extrapolated values. 
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Figure 6. a) Viscosity values as a function of temperature for the sulfonyl urethane containing 

materials and related Arrhenius plots (b). 

Critically, it can be expected that the reversal of sulfonyl urethane bonds, which deblocks the 

reactive sulfonyl isocyanates, can lead to side reactions, just as is known normal isocyanates. The 

lower temperature could help to limit these side reactions, but our data indicates that the dynamic 

covalent behavior indeed involves more than simple deblocking and recombining to hydroxyls, as 

some properties do change over multiple cycles (Scheme 2). If the sulfonyl isocyanate reacts 

partially with the surrounding urethane or urea bonds, allophanate or biuret structures could form, 

leaving a dangling alcohol chain behind (Scheme 2). Nonetheless, we expect that the reversibility 

of these “secondary products or cross-links” is also highly facilitated by the electron-withdrawing 

sulfonyl group, which can then promote reversion or alcohol exchange alone. In this way, this new 

chemistry to improve PU (re-)processability has an important advantage over approaches wherein 

the reversibility of the urethane bond is promoted by reacting it with a hindered or more readily 

eliminated nucleophile (hindered amine, thiols, …). 
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Scheme 2. Possible side reactions of the deblocked sulfonyl isocyanate with surrounding urethanes 

and ureas in the polyurethane materials, leaving a dangling alcohol group behind. 

The potential side reactions could influence both storage and loss modulus of the materials, which 

is often undesirable. In an effort to investigate the side reactions that produce these secondary 

products, a time sweep experiment was conducted at 140°C on both PUSU-0 and PUSU-10. For 

both materials, a slight increase in G’ is observed, indicating that an increase in cross-link density 

is occurring (Figure S30). Repeated stress-relaxation experiments at 150°C, a temperature where 

fast relaxation occurred for both materials, were used to probe this aging behavior. While 

relaxation is still occurring, an increase in modulus over the cycles is visible for both materials 

(Figure S31).  

As mentioned above, hydrolysis is a valid concern in the PUSU materials. Therefore, as proof-of-

principle, a sample of PUSU-20 was submerged in water at 100°C for 16 hours after which a stress-

relaxation experiment on the dried sample was conducted. The relaxation behavior before and after 

showed to be very similar (Figure S32 and Table S7). 

Finally, in order to demonstrate the improved recyclability of PUs containing sulfonyl urethanes, 

the materials were subjected to multiple cutting and remolding steps. On the one hand, the 

properties of the PUSU-20 materials decreased over the reprocessing cycles (Table S8 and Figure 
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S33-38). This could most likely be attributed to the above mentioned side reactions of the 

deblocked sulfonyl isocyanates. Moreover, after 1H-NMR analysis of the soluble fraction of the 

recycled PUSU-20, signals from a degradation product of 7 are visible (Figure S37). On the other 

hand, PUSU-5 and PUSU-10 showed to be recyclable at least three times, as evidenced by only a 

small change in thermal, mechanical and rheological properties (see Supporting Information, 

Table S9, Figure S39-44, Table S10, Figure 45-50 and Table S11). Under the same conditions, 

PUSU-0 was not processable, which demonstrates that the introduction of SU-moieties indeed 

improved the overall (re-)processability of PU matrices. 

CONCLUSION 

In summary, blocked sulfonyl isocyanates were investigated as dynamic motifs in covalent 

adaptable polyurethane networks. Exchange reactions of blocked sulfonyl isocyanates (i.e. 

sulfonyl urethanes) were observed on small molecule level, with an activation energy of 77 kJ 

mol- 1, while no exchange was observed for regular urethanes. Elastomeric, hydrophobic regular 

PU-based CANs with small amounts of these sulfonyl urethane moieties embedded as dynamic 

chain extenders (5, 10 and 20%) were prepared in a straightforward fashion and compared to 

reference polyurethanes with similar composition. Increasing the sulfonyl urethane content in the 

materials positively influenced the tensile properties because of the increased hydrogen bonding. 

Rheological experiments were used to investigate the viscoelastic characteristic of the materials 

and revealed a complex behavior, that could be described by a Maxwell model containing two 

elements, indicating the influence of the two dynamic chemistries (‘native urethanes’ and sulfonyl 

urethanes). Finally, we could confirm that incorporation of only small amounts of these sulfonyl 

urethane bonds in polymer networks is beneficial for their recycling under milder conditions and 
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further investigations into this attractive dynamic chemistry platform is currently underway and 

will be reported in due course. 
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