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New Concepts

In this manuscript, we establish molecular mechanochemical design principles for Diels–Alder 
(DA) crosslinked polymer networks to improve macroscopic failure properties. To-date, DA-based 
hydrogels typically rely on the cycloaddition between furan and maleimide, where molecular-level 
design has either focused on the thermal cycloreversion to afford delivery systems or cycloaddition 
kinetics to enable rapid gelation for cell encapsulation. The consideration of the mechanically 
induced cycloreversion, however, has yet to be explored as a strategy to improve material 
properties or applications. Herein, we employ constrained geometries simulate external force 
computational methods, to identify “mechanoresistant” DA adducts with reduced 
mechanochemical activity over the traditional “mechanolabile” furan–maleimide system. 
Impressively, when these “mechanoresistant” crosslinks are employed within tetraPEG hydrogels, 
a nearly 3-fold increase in puncture resistance is observed over the traditional furan–maleimide 
system. Furthermore, through combined mechanochemical and kinetic design principles we 
present a new diene for rapid gelation applications (< 5 min) that also imparts improved material 
toughness. Given the ubiquity of DA cycloadditions in the preparation of hydrogels for a variety 
of biological applications, this new molecular design principle will enable access to mechanically 
robust hydrogels and could provide great potential in the design of dynamic biomimetic materials.
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ABSTRACT

An important but often overlooked feature of Diels–Alder (DA) cycloadditions is the ability for DA 

adducts to undergo mechanically induced cycloreversion when placed under force. Herein, we 

demonstrate that the commonly employed DA cycloaddition between furan and maleimide to crosslink 

hydrogels results in slow gelation kinetics and “mechanolabile” crosslinks that relate to reduced material 

strength. Through rational computational design, “mechanoresistant” DA adducts were identified by 

constrained geometries simulate external force models and employed to enhance failure strength of 

crosslinked hydrogels. Additionally, utilization of a cyclopentadiene derivative, spiro[2.4]hepta-4,6-

diene, provided mechanoresistant DA adducts and rapid gelation in minutes at room temperature. This 

study illustrates that strategic molecular-level design of DA crosslinks can provide biocompatible 

materials with improved processing, mechanical durability, lifetime, and utility.

Diels–Alder (DA) cycloadditions have found extensive use in drug delivery, biomedical device 

fabrication and tissue engineering due to their cytocompatible, additive free and efficient click nature.1,2 

In addition to the advantages that DA cycloadditions offer in the construction of materials, the thermal 
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reversibility has also provided numerous advances in the design of remendable materials,3 on-demand 

reactivity,4,5 and drug delivery systems.6 While thermal retro-DA (rDA) reactions are well-known and 

exploited, the mechanically induced cycloreversion has only recently been explored.7–11 Interestingly, 

mechanochemical reactivity is particularly sensitive to the geometry of a molecule relative to the forces 

applied; thus, regio- and stereo-isomers of DA adducts have been shown to exhibit notable differences in 

their ability to undergo mechanically induced cycloreversion.10,11 Furthermore, the effect of mechanically 

labile (or mechanolabile) bonds on macroscopic material properties was recently highlighted by Craig and 

coworkers, who showed that the macroscopic fracture properties of poly(ethylene glycol) (PEG) gels can 

be directly related to the presence and reactivity of cyclobutane mechanophores as “weak links.”12 

However, the direct use of mechanochemical reactivity to improve material properties has yet to be 

addressed. 

In designing biocompatible materials, one inherent drawback of synthetic hydrogels is that they often 

do not possess the same strength of the natural soft tissues they are designed to interface with or replace. 

Given that extensive work has been conducted improve the mechanical properties of biocompatible 

hydrogels,13–15 we envision that the rational design of DA cycloadducts could provide a facile route to 

improved strength of materials by structurally modifying the diene–dienophile pairs invoked to prevent 

mechanically induced rDA reactions (Figure 1a–b). This hypothesis is predicated on the striking 

difference in threshold forces reported for the mechanically induced rDA between furan regioisomers10 

and the recently reported effect of mechanical bond strength on macroscopic fracture properties.12,16 In 

reviewing the multitude of elegant and exciting DA-based biomaterials reported in literature1,2,17–19 we 

recognized a striking commonality: furan–maleimide crosslinked biomaterials have exclusively used 

proximal furans. However, this regioisomer is known to provide facile and selective polymer 

mechanoscission by rDA with maximum force values (Fmax) of 3.6 and 3.8 nN for endo and exo isomers, 

respectively, determined by constrained geometries simulate external force (CoGEF) computational 

methods.10 In contrast, the distal furan–maleimide regioisomer was reported to possess increased 
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mechanical resistance (or mechanoresistance), with the Fmax of the  endo isomer increasing to 4.3 nN to 

induce rDA and the exo isomer becoming mechanically inert; thus, applied forces resulted in non-selective 

bond rupture instead of rDA with Fmax = 5.8 nN.10 Given the significant difference in mechanolability of 

these DA adducts, we hypothesized that the failure strength of biocompatible materials could be increased 

through strategic employment of mechanoresistant DA linkages.

 

Figure 1. a) Graphical depiction of force-induced material fracture. b) Structures of DA cycloadducts 

investigated. c) Schematic representation of the CoGEF method.
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To elucidate the impact of DA adduct mechanolability on the strength of materials, three dienes were 

chosen for investigation: proximal furan (pFA), mechanoresistant distal furan (dFA), and a new 

cyclopentadiene derivative, spiro[2.4]hepta-4,6-diene (SpCp) with unknown mechanochemical reactivity 

(Figure 1b). We were particularly interested in the employment of SpCp–maleimide crosslinking as the 

cycloaddition has a reported second-order rate constant of 2.6 M-1s-1 in water,20 providing promise in rapid 

gelation applications such as 3D printing21 and cell encapsulation19, 22 which are traditionally incompatible 

with the slow cycloaddition between furan and maleimide. In comparison to cyclopentadiene, attachment 

of a bulky cyclopropane ring prevents unwanted dimerization of SpCp23 which provides improved control 

and long-term storage of functionalized building blocks. Though cyclopentadiene–maleimide adducts 

require high temperatures (>200 °C) to induce thermal cycloreversion,24 proximal cyclopentadiene–

maleimide adducts are reported to undergo mechanical rDA reactions.25,26 However, we hypothesized that 

the non-traditional connectivity of the SpCp–maleimide adduct might reduce the ability to transduce 

forces to the DA bond. Additionally, gem-dihalocyclopropane (gDHC) units are known to act as 

nonscissile mechanophores such that mechanical ring opening dissipates stress in gDHC containing 

polymers without scission of the main chain.27 Thus, we envisioned that the cyclopropane unit might also 

affect the overall mechanolability of SpCp–maleimide. 

Table 1. Summary of mechanochemical reactivity of DA adducts determined by CoGEF

Umax 
(kJ/mol) Fmax 

(nN) Mechanolabile?

endo pFA 231 3.9 Yes
exo pFA 295 4.0 Yes

endo dFA 493 4.8 Yes
exo dFA 553 5.7 No

endo SpCp 492 5.7 No
exo SpCp 517 5.7 No

To assess the mechanochemical reactivity of SpCp–maleimide we completed a comparative CoGEF 

investigation on truncated structures of the three adducts we intend to employ within hydrogels following 
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reported methods (Figure 1c).28 Plotting the relative energy of each optimized constrained geometry 

against the displacement (D) from equilibrium afforded the maximum energy before scission (Umax) and 

the slope of CoGEF curves preceding Umax provided a measure of the maximum force imparted on the 

system (Fmax) (see Supplementary Information Section 5).28 The calculated Umax and Fmax values for pFA 

and dFA adducts were in good agreement with previous CoGEF analyses (Table 1, Supplementary Figures 

S18–20).10,11,28 As previously reported and depicted in Figure 2a, the stepwise elongation of pFA and 

dFA–maleimide adducts reveals an exponential increase in the change in bond length (d) between furan 

and maleimide (bond indicated in blue, Figure 2b) for both endo and exo pFA–maleimide and endo dFA–

maleimide, indicating preferential cycloreversion to furan and maleimide. In contrast, elongation of exo 

dFA–maleimide results in a plateau and eventual relaxation to initial DA bond length, indicative of non-

selective bond rupture (Figure 2a). Notably, elongation of both endo and exo SpCp–maleimide adducts 

resulted in the same behavior, again indicating non-selective bond rupture. The implications of these plots 

are corroborated by each optimized geometry after the simulated scission event by CoGEF. For 

“mechanolabile” adducts – endo pFA, exo pFA and endo dFA – the scission event results in reformation 

of furan and maleimide, whereas “mechanoresistant” adducts, exo dFA, endo SpCp and exo SpCp, prompt 

terminal bond rupture of the truncated structure, indicative of non-selective polymer scission (Figure 2b, 

Supplementary Figures S18–S20). These results suggest that employment of SpCp–maleimide adducts 

would provide mechanically robust crosslinks, similar to distal furan–maleimide adducts, and in contrast 

to the pFA–maleimide counterparts. 
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Figure 2. a) Change in DA bond length (d) plotted against displacement from equilibrium (D) for each 

adduct. b) Truncated structures used for CoGEF and graphical depiction of scission route for each adduct. 

To validate the computational studies and probe the effect of DA mechanochemical reactivity on failure 

strength in biologically relevant materials, we prepared PEG hydrogels from DA-based crosslinking of 

maleimide with pFA, dFA or SpCp. Hydrogels were prepared from crosslinking four armed telechelic 

maleimide poly(ethylene glycol) (tetramalPEG) (20 kDa) to provide precise control over network 

structure29–31 and enable a straightforward comparison of adduct molecular structure on resulting material 

mechanics. Diene containing crosslinkers were prepared by functionalizing 2 kDa PEG with carboxylic 

acid containing pFA, dFA and SpCp derivatives (see Supplementary Information Sections 1.2–1.3). 

TetraPEG hydrogels were then prepared by combining these diene crosslinkers and tetramalPEG at 8 wt% 
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polymer in water with diene and maleimide groups in stoichiometric balance and allowing to cure at room 

temperature over 10 days (Figure 3a, Supplementary Information Section 1.4).

Small angle neutron scattering (SANS) measurements on fully cured 8 wt% gels in deuterium oxide 

(D, 99.9%) were conducted to compare the resulting nanostructures from each diene type. As presented 

in Figure 3b, SANS curves of the hydrogels indicate signatures consistent with previously reported 

scattering from tetra-PEG networks,32,33 but with indistinguishably different structural features for 

networks prepared with SpCp, pFA or dFA. Notably, the mesh size Ɩ was determined to be approximately 

60 nm, where Ɩ=2π/q* and q*~ 0.01 Å-1 is the critical scattering vector below which scattering intensity 

shows a featureless upturn. The 12 kDa PEG chains have a contour length of approximately 90 nm, so the 

measured mesh size is consistent with expectations for hydrogels constructed of 12 kDa PEG chains 

between crosslinks. This similarity of the underlying nanostructure is further corroborated by similarities 

in the swelling behavior of each hydrogel (Figure 3c, Supplementary Table S2). Some variance in the 

measured Young’s modulus (E) of fully cured hydrogels was observed and attributed to the more efficient 

crosslinking obtained through SpCp–maleimide which occurs rapidly within minutes, resulting in a final 

modulus value of 14.5 kPa; by contrast, pFA and dFA networks required 7–10 days to reach comparable 

modulus values of 10.3 and 11.9 kPa, respectively (Figure 3d). Taken together, these results support that 

SpCp, pFA and dFA can be used interchangeably without greatly affecting the final morphology of the 

network, although variance in final modulus values should be considered in the assessment of material 

failure strength. 
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Figure 3. a) Schematic representation of tetraPEG hydrogel formation from crosslinking maleimide-

functionalized tetraPEG (20 kDa) with diene functionalized PEG linkers (2 kDa). b) Overlay of SANS 

plots of fully cured hydrogels prepared at 8 wt% in deuterium oxide. The critical scattering vector q* is 

approximately 0.01 Å-1 for the three hydrogels, wherein scattering from individual PEG chains between 

crosslinks dominate for q>q*.  c) Equilibrium swelling ratio, Q, for each hydrogel (n = 3). d) Modulus 

determined by indentation for each hydrogel (n = 6 pFA, n = 4 dFA/SpCp).

The contrasting curing times for furan (pFA/dFA) and cyclopentadiene (SpCp) derived hydrogels were 

in agreement with reported kinetics of hydrophobic accelerated DA cycloadditions.20,34 As anticipated, 

the SpCp containing linker provided rapid gelation, passing a flip-test within 2 minutes (Figure 4a). 

However, pFA and dFA based hydrogels, which undergo a much slower cycloaddition required 20 h and 

42 h to gel, respectively, and multiple days to reach full cure at room temperature as determined by in situ 
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indentation measurements (Figure 4a, Supplementary Table S3). To further compare the efficiency of 

these cycloadditions, a kinetics study was completed by monitoring the reaction of each diene crosslinker 

(prepared at 2.5 mM in D2O) with two equivalents of 3-maleimidopropionic acid by 1H NMR spectroscopy 

(Supplementary Information Section 4). Strikingly, the SpCp–maleimide system reached 85% conversion 

within 5 minutes, and quantitative conversion was confirmed after 30 minutes (Figure 4b). In contrast, the 

two furan-based crosslinkers exhibit considerably slowed kinetics in agreement with gelation times 

(Figure 4a) and previous reports.19,20 Given that SpCp network morphology is comparable to classically 

employed pFA, the enhanced kinetics and crosslinking efficiency offers a significant advantage for 

material throughput and for applications such as 3D printing where rapid gelation is desired. Additionally, 

this study provided insights into the anticipated endo:exo ratio of cycloadducts within each hydrogel 

(Figure 4b, Supplementary Figure S15–S17). This ratio is most important in the case of dFA where the 

endo and exo isomers have strikingly different mechanochemical behavior. After 120 h, the endo:exo ratio 

for dFA–mal was determined to be 1:0.8, indicating that under room temperature curing conditions nearly 

half of the formed linkages in our hydrogel will be mechanoresistant exo dFA–mal.

Initial investigations into the fracture properties of the tetra-PEG hydrogels were attempted via notch 

tests; however, multi-day curing was incompatible with preparing the thin film (1 mm) geometries 

required for this method due to solvent evaporation from molds. Additionally, the low working time of 

the SpCp samples (less than 2 minutes) prohibited the creation of films with uniform thickness. As an 

alternative, we identified puncture as a preferable technique that involved facile sample preparation within 

sealed glass vials, did not require the manipulation of fragile gels, and provided high throughput and 

repeatable measurements.35–37 Puncture of samples was accomplished by inserting a blunt needle (359  𝜇𝑚

outer radius) into samples with constant displacement rate (1 mm/s) until puncture was achieved (see 

Supplementary Information Section 2). Here puncture force is used as a relative indicator of the strength 

of the different samples, as has been done previously.36 Note that while the puncture force is representative 

of a material strength, a positive relationship between this quantity and fracture toughness has been 
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previously observed in experiment38 and modeling.39 Further, recent work has suggested a link between 

bond strength and puncture force.16 As presented in Figure 4c, significantly different puncture forces were 

required for dFA and SpCp-based hydrogels compared to pFA, although scattering measurements, 

Young’s moduli and swelling behaviors indicate similar nanostructures. Hydrogels containing 

mechanolabile pFA–maleimide crosslinks punctured most readily with a required puncture force (Fc) 

nearly 3 times lower than that required of the dFA and SpCp analogs (Figure 4c).  This observation is in 

agreement with the trends in mechanochemical reactivity predicted from CoGEF calculations. Some 

difference in Fc can be attributed to the variance of Young’s modulus values presented in Figure 3d in 

addition to the displacement distance of the needle before puncture (dc). If the weakest bond strengths in 

the materials were equal, a molecular argument (Supplementary Information Section 2) predicts that 

having a reduced crosslinking density in the pFA samples relative to the SpCp samples should result in a 

22% increase in Fc in the pFA samples, in contrast to the to the observed 72% decrease in Fc. This indicates 

that the changes in crosslinking density are not sufficiently large to overcome the changes induced by 

weakening the bonds in the material. Further, from the continuum perspective, deconvoluting the effect 

of dc and E on Fc (Supplementary Figure S12, Supplementary Table S4) indicates that the observed 

increases in puncture force can be primarily attributed to changes in dc. This finding suggests that Fc can 

be used in this case as a relative indicator of the mechanoresistance of DA adducts. The increase in Fc 

observed in the dFA and SpCp relative to the pFA samples indicates an increase in the molecular strength, 

or conversely a decrease in the mechanochemical reactivity.
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Figure 4. a) Plot of Young’s modulus (E) measured via indentation as samples cured over multiple days. 

b) Cycloaddition kinetics of diene crosslinkers determined by 1H NMR and final endo:exo ratio of adducts. 

Conversion and ratio of isomers determined by integration of diene signals against ethylene carbonate 

internal standard.  c) The required puncture force (Fc) for pFA (n = 6), dFA (n = 4) and SpCp hydrogels 

(n = 3).
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CONCLUSIONS

In conclusion, we have demonstrated that rational consideration of the mechanolability of DA 

cycloadducts plays a critical role in the resulting macroscopic properties of networks prepared from them. 

Specifically, we find a direct relationship between the presence of mechanolabile DA linkages and the 

resulting puncture force of the network. As such, by employing mechanoresistant DA adducts in place of 

traditional proximal furan–maleimide, the puncture resistance of networks was increased 3-fold. Based on 

the reported results of this study, we suggest that the simple substitution of traditional proximal furans for 

the distal regioisomer, which is commercially available, will provide a facile route to improved lifetime, 

utility, and mechanical durability in furan-based biomaterials while maintaining potential for thermal 

reversibility and dynamic behavior. Alternatively, we present a second thermally stable and 

mechanoresistant diene, spiro[2.4]hepta-4,6-diene, with significantly improved gelation kinetics that we 

anticipate will have great utility in bioprinting and cell encapsulation applications. This study highlights 

how mechanochemical reactivity can optimize for mechanical robustness. Conversely, we also envision 

that the purposeful design and use of DA mechanophores could provide unique advantages in the 

preparation of dynamic self-healing or stress relaxing materials that could mimic the viscoelasticity of 

natural tissues. Thus, the combinatorial mechanical and thermal rDA for improved dissociative stress 

relaxing biomimetic materials is an exciting future direction. Given the ubiquity of DA cycloadditions in 

the preparation of hydrogels for a variety of biomedical applications, this work demonstrates that DA 

cycloadduct mechanochemistry should be an important consideration in the synthetic design of devices 

and therapeutics.

ASSOCIATED CONTENT

Detailed descriptions of synthetic procedures, characterization of building blocks and hydrogels, puncture 

methods employed, and CoGEF calculations can be found in the Supplementary Information (PDF). 
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Videos provide examples of puncture runs with conical crack (SV1, MP4) and cone and tube-type crack 

(SV2, MP4) morphologies.
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