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SUMMARY

Dithioalkylidenes are a newly-developed class of conjugate acceptors that undergo thiol exchange 

via an associative mechanism, enabling decoupling of key material properties for sustainability, 

biomedical, and sensing applications. Here, we show that the exchange rate is highly sensitive to 

the structure of the acceptor and tunable over four orders of magnitude in aqueous environments. 

Cyclic acceptors exchange rapidly, from 0.95 to 15.6 M−1s−1, while acyclic acceptors exchange 

between 3.77x10−3 and 2.17x10−2 M−1s−1. Computational, spectroscopic, and structural data 

suggest that cyclic acceptors are more reactive than their acyclic counterparts because of 

resonance stabilization of the tetrahedral exchange intermediate. We parametrize molecular 

reactivity with respect to computed descriptors of the electrophilic site and leverage this insight 

to design a compound with intermediate characteristics. Lastly, we incorporate this dynamic 

bond into hydrogels and demonstrate that the characteristic stress relaxation time (τ) is directly 

proportional to molecular kex.
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eTOC Blurb

Dithioalkylidene conjugate acceptors undergo dynamic exchange with thiols, enabling materials 

with this functional group to exhibit dynamic properties such as self-healing. We report a family 

of dithioalkylidenes with exchange rates spanning four orders of magnitude, rationalize their 

reactivity through computational and experimental studies, and use this insight to tune the 

viscoelastic properties of hydrogels. By defining quantitative relationships between cross-link 

structure, reactivity, and macromolecular properties, we establish a means to predictively tune 

network properties starting from the small-molecule level.

INTRODUCTION

The physical properties of polymer networks may be varied over a vast range simply by 

changing the identity of network cross-links. Insight into the relationship between cross-link 

structure and bulk properties empowers chemists to precisely design materials suitable for a 

myriad of applications.1,2 Hydrogels, three-dimensional (3D) hydrophilic networks swelled 

with water, are a ubiquitous class of soft materials used across agriculture, personal care 

products, and biomedicine.3 Imparting viscoelasticity (both solid- and liquid-like behaviors) 

into hydrogels enables desirable features such as stress relaxation (adaptation to applied 

strains) and stimuli responsiveness.4,5 In biomedical fields, engineered cell culture scaffolds 

with biomimetic mechanical properties have transformed how cell-matrix interactions and 

downstream processes are studied, motivating the development of hydrogel systems where 
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stress relaxation can be precisely controlled.6–9 The timescale of stress relaxation in soft 

tissues ranges from 1 s (brain) to 103 s (skin), and changes in stress relaxation are proposed 

to be associated with pathological disease processes.9 The rate of stress relaxation also 

influences developmental processes such as tissue organization.10 The ability to design 

synthetic hydrogels with stress relaxation across these timescales while keeping other 

network parameters constant (stiffness, mesh size, polymer backbone) will allow researchers 

to precisely match the mechanics of their scaffold to the tissue, disease, or developmental 

state of interest. To predictively tailor hydrogel networks through chemical design, we must 

first establish quantitative relationships between cross-link structure, molecular reactivity, 

and macromolecular stress relaxation.

Viscoelasticity arises in part from cross-link rearrangement, which can occur through 

dissociative or associative mechanisms. The mechanism has implications on how 

network stiffness and stress relaxation are coupled (Figure 1a). The majority of 

viscoelastic hydrogels are based on dissociative dynamic interactions, such as hydrophobic 

association,11,12 host-guest complexation,13–15 hydrogen bonding,16 or hydrolyzable 

dynamic covalent bonds like boronic esters and imines.8,17–22 In dissociative networks, 

stiffness, a property determined by cross-link density, is related to Keq (ka/kd) of the 

cross-link because it defines the proportion of bound to unbound cross-links at equilibrium. 

The self-healing rate depends on the rate of cross-link association (ka), whereas stress 

relaxation is related to the rate of cross-link dissociation (kd), the first step of network 

rearrangement.23–25 Because Keq is defined by ka and kd, it is challenging to design 

dissociative reactions for cross-links in which rate and equilibrium constants, and therefore 

network stress relaxation and stiffness, can be independently manipulated.19,22,26 The 

interdependence of these properties can be represented on a non-normalized stress relaxation 

plot, where a modification to kd would typically result in changes to both the characteristic 

timescale of stress relaxation (τ) and the initial modulus (G0), which describes stiffness.

To bypass the codependence of these properties in dissociatively-exchanging networks, 

we sought to develop hydrogels based instead on associative dynamic covalent exchange, 

following precedent from the field of reprocessable networks. Dry networks based on 

associative exchange mechanisms, or vitrimers, have gained attention due to their ability to 

undergo reprocessing while maintaining cross-link density.27 Inspired by “declick” reactions 

developed by Anslyn and coworkers,28 we previously developed PDMS vitrimers based on 

the conjugate addition–elimination of thiols to dithioalkylidene cross-links (Figure 1b).29 

We further demonstrated that the rate of vitrimer stress relaxation could be varied over 

four orders of magnitude without affecting stiffness by using different conjugate acceptor 

cross-linkers.30

These studies motivated us to develop hydrogels cross-linked with associatively-exchanging 

dithioalkylidenes. We envisioned tailoring the exchange rate kex to tune stress relaxation 

while the cross-link density that determines stiffness is unaffected. Meldrum’s acid-derived 

dithioalkylidenes have been incorporated into chemically-responsive hydrogels, but stress 

relaxation (if present) was not characterized.31–33 Thioesters, which exchange through an 

associative mechanism, have been used as dynamic cross-links in stress-relaxing hydrogels. 

At physiological pH in the absence of a catalyst, the rate of thioester exchange (t½ > 30 

Zhang et al. Page 3

Chem. Author manuscript; available in PMC 2024 August 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



h) leads to stress relaxation on the order of 104–106 s, which is slower than most soft 

tissues.34–37

Here, we investigate the relationship between conjugate acceptor structure, kex, and 

viscoelasticity for conjugate addition–elimination using a series of dithioalkylidenes 

and their corresponding hydrogels (Figure 1b). Though we previously observed cross-

link-dependent effects on stress relaxation for vitrimers, we did not measure the 

small-molecule exchange rates for the cross-links employed. In order to quantitatively 

evaluate the relationship between molecular reactivity and network properties, these 

kinetic data are required. We therefore measured the molecular exchange rates under 

aqueous conditions and used computational and experimental data to rationalize structure-

dependent changes in reactivity. The exchange rates were quantitatively correlated to 

computed molecular parameters. By incorporating the corresponding cross-links into 

photopolymerized hydrogels, we further demonstrated that the hydrogel’s characteristic 

stress relaxation time (τ) is directly proportional to molecular kex. We leveraged this 

insight to design a compound and computationally appraise its reactivity and relaxation 

timescale. Overall, we demonstrate that mechanistic insight into cross-link exchange and 

parametrization of cross-link reactivity enables the design of materials with targeted 

viscoelasticity.

RESULTS

Kinetic measurements of dithioalkylidene exchange in aqueous media.

We sought to synthesize and measure exchange rates for a library of dithioalkylidene 

structures (generically abbreviated XL; see Figures 1b and Figure 4c for abbreviations of 

specific structures) to evaluate the compatibility of this exchange reaction with associatively-

exchanging, stress-relaxing hydrogels (see SI, Section I for synthetic details and section 

VIII for NMR spectra). We therefore designed the non-degenerate small molecule model 

system shown in Figure 2a to mimic cross-link conjugate exchange. Water-soluble XL-1 was 

dissolved in an 8:2 mixture of aqueous HEPES buffer (0.1 M, pH 7.44)—acetonitrile and 

subjected to 2 equiv of a chemically distinct thiol BT to generate singly- and then doubly-

exchanged products XL-2 and XL-3. The concentrations of each species were monitored 

over time using reverse-phase high-performance liquid chromatography (RP-HPLC) until 

equilibrium was reached.

We first began our investigation with compound MA-1 and observed that the concentrations 

of MA-1, -2, and -3 approached an approximately 1:2:1 ratio as the reaction approached 

equilibrium over ca. 30 minutes (Figure 2b). The second-order rate constant (kex) for 

associative exchange of MA-1 with BT was determined to be 6.65 ± 0.85 M−1s−1 (see 

SI Section III for details of derivation and fit). We independently synthesized MA-3 and 

performed the reverse reaction with ET, which yielded a kex of 3.56 ± 0.49 M−1s−1, 

indicating that BT and ET exhibit comparable, though not identical, exchange rates (SI, 

Figures S1 and S2 and Table S1).

We next synthesized diketones DD-1 and CP-1 from dimedone and 1,3-cyclopentanedione, 

respectively, to determine how ring size and carbonyl class influence the rate of exchange. 
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Equilibration of these compounds with 2 equiv BT occurred within an hour, with the 

disappearance of starting material following the trend CP > MA > DD (SI, Figures S3–S5 

and Tables S2–S4). Inspection of the concentration versus time data, however, revealed a 

gradual decrease in the total concentration of dithioalkylidene species for CP-1 and DD-1, 

which was not observed for MA-1 on the same timescale. Jewett and coworkers previously 

used related diaminoalkylidenes derived from Meldrum’s acid as tools for the irreversible 

modification of amines in basic solution. They discovered that these compounds react 

reversibly with hydroxide anions to form a stable adduct at high pH (Figure 3a).38 We 

therefore hypothesized that DD-1 and CP-1 react analogously with hydroxide but undergo 

irreversible loss of thiol (Figure 3b). Control experiments with DD-1 or CP-1 in the absence 

of BT confirmed a slow, linear decrease in concentration as a function of time (SI, Figure 

S9), and the hydrolysis products were confirmed by mass spectrometry. The kinetic model 

was modified to include the hydrolysis pathway for DD and CP, and kex values were 

thus determined to be 0.95±0.0046 and 15.6±0.45 M−1s−1, respectively (Figure 4a). The 

non-negligible hydrolysis of DD and CP within the time frame of the kinetic experiments 

limit their use as cross-links in hydrogels when stable mechanical properties are required.

Based on our previous studies of stress relaxation in PDMS vitrimers,30 we hypothesized 

that dithioalkylidenes derived from acyclic 1,3-diketones and diesters would undergo 

exchange more slowly than their cyclic analogs. However, we anticipated that the calculated 

gas-phase exchange mechanism may not apply to the aqueous environments of interest here. 

Compounds MM and AA were synthesized from dimethyl malonate and acetoacetone as 

acyclic analogs of MA and DD/CP. Under the standard second-order reaction conditions 

with 2 equiv of BT, MM-1 and AA-1 failed to show measurable conversion over multiple 

days. Therefore, we instead employed pseudo-first-order conditions with 20–100 equiv BT 
to measure kex for these acyclic dithioalkylidenes (Figure 4b). Second-order rate constants 

(under pseudo-first order conditions) for kex of MM-1 and AA-1 were determined to be 3.77 

x 10−3 and 2.17 x 10−2 M−1s−1, respectively, which are 2–4 orders of magnitude slower than 

those of the cyclic acceptors (Figure 4c; SI, Figures S6 and S7, Tables S5 and S6). These 

data demonstrate the highly sensitive relationship between cross-link structure and kex.

Mechanistic rationale

In order to design cross-linkers with targeted exchange rates, we sought to understand 

the structure-dependent changes in kex. We envisioned that at pH 7.44, the reaction could 

occur through either a neutral or anionic pathway. Previously, we used gas-phase density 

functional theory (DFT) calculations to rationalize the difference in reactivity between cyclic 

and acyclic dithioalkylidenes in a nonpolar PDMS matrix.30 Those studies implicated a 

neutral pathway, wherein cyclic acceptors experience lower activation energies for thiol 

addition due to the participation of the carbonyl as an internal base that activates the 

incoming thiol as it attacks in a closed transition state (Figure 5a). For acyclic acceptors, this 

closed transition state was unfavorable and thus internal catalysis could not occur.

However, our kinetic data suggest that the aqueous system may favor a different pathway. In 

the PDMS vitrimers, DD underwent stress relaxation ~70x faster than MA. In the aqueous 

experiments described here, MA exchanged ~7x faster than DD. To determine if the reaction 
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proceeds through an anionic pathway (Figure 5b), we measured exchange rates of MA-1 
with BT in 8:2 aqueous HEPES (0.1 M, pH 7.0–8.0)–acetonitrile. We observed a clear 

pH dependence, with kex increasing as a function of pH (Figure 5c). These results suggest 

that the anionic exchange pathway is favored under aqueous conditions; increasing pH 

increases the concentration of thiolate and thus accelerates the reaction. These results can 

be rationalized in analogy to the well-studied thiol-thioester exchange, which is known to 

proceed in part through a thiolate pathway in water.36,37 DFT calculations for both DD 
and AA in water (conductor-like polarizable continuum model) further corroborated our 

experimental observations (see SI Section V for details). The anionic intermediate was 

significantly favored relative to the neutral one, by 11 kcal/mol for DD and 4.5 kcal/mol 

for AA. Accounting for energy differences arising from the speciation of the nucleophile 

(pKa 10 in water) into neutral thiol and anionic thiolate at pH 7.4, the computations are 

overestimated by 3-4 kcal/mol. Despite this overestimation, the anionic pathway is clearly 

favorable for the cyclic species and slightly favored under these conditions for the acyclic 

one.

The proposed anionic mechanism for dithioalkylidene exchange under aqueous conditions 

is thus distinct from the neutral mechanism proposed for PDMS vitrimers. For an anionic 

mechanism, internal catalysis in a closed transition state cannot be implicated because the 

thiol proton is not present in the rate-limiting step. Therefore, we performed computational 

and spectroscopic studies to understand the origin of rate differences for this series of 

dithioalkylidenes.

We calculated energy-minimized structures for MA, DD, CP, AA, and MM and their 

anionic tetrahedral intermediates following addition of methanethiolate using DFT (see 

SI Section IV for details). Based on conformational analysis using the Conformer-

Rotamer Ensemble Sampling Tool, the acyclic dithioalkylidenes had many more accessible 

conformers (19 to 29) compared to the cyclic acceptors (3 to 6), as expected based 

on the greater degrees of freedom for acyclic acceptors. While methanethiolate addition 

is endergonic for all dithioalkylidenes, it is less endergonic for the cyclic compounds. 

Indeed, there was a reasonable correlation between calculated ΔΔG for addition and the 

experimental ΔΔG‡ determined from the measured exchange rates, consistent with the 

Bell–Evans–Polyani principle (Figure 6a; SI, Table S9). We next used the lowest-energy 

conformer of each tetrahedral intermediate to optimize transition state geometries for 

thiolate addition to each dithioalkylidene. The calculated ΔΔG‡ values were also consistent 

with the experimental data (Figure 6b; SI, Table S9). Notably, for both calculated ΔΔG and 

ΔΔG‡ values, MA was an outlier when compared to experimental trends. The anomalously 

low pKa of Meldrum’s acid (7.3 in DMSO) has long been debated in computational studies 

and may point to factors influencing the exchange rate that cannot be captured by the 

methods used here.39–43

Inspection of the transition states revealed that the cyclic dithioalkylidenes generally 

featured earlier transition states, with longer distances between the incoming nucleophile 

and the acceptor’s β carbon, compared to their acyclic counterparts. For example, the C…S 

distance is 2.80 Å in the DD TS and 2.46 Å in the AA TS (Figure 6c). These differences 

suggest that the acyclic dithioalkylidenes react via more product-like transition states 
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compared to more reactant-like transition states for the cyclic dithioalkylidenes (SI; Table 

S8). These trends are consistent with Hammond’s postulate given the more endothermic 

addition to acyclic dithioalkylidenes. We thus conclude that the stabilization of the anionic 

tetrahedral intermediates governs the overall exchange rate. The conformationally restricted 

structure of the cyclic acceptors provides greater resonance stabilization of the anionic 

tetrahedral intermediate. In contrast, the acyclic dithioalkylidenes can adopt numerous 

ground-state conformations with respect to the carbonyl.

Increased polarization between the α and β carbons in cyclic dithioalkylidenes compared to 

acyclic ones were verified experimentally through 13C NMR spectroscopy, crystallography, 

and UV-vis spectroscopy. For example, we observe similar 13C NMR shifts for the α 
and β carbons of acyclic diketone AA (148 and 147 ppm, respectively), compared with 

significantly more shielded Cα and deshielded Cβ signals for CP (122 and 194 ppm, 

respectively) (Figure 7). This trend is also observed when comparing MM and MA and 

suggests that the C=C π bonds are more polarized in the cyclic compounds. This conclusion 

is further supported by single-crystal X-ray structures of CP, AA, MA, and MM, which 

reveal longer C=C bonds and larger SCαCβC(O) dihedral angles for the cyclic compounds 

(see SI, Section IX for crystallographic data). Greater resonance stabilization for cyclic 

dithioalkylidenes is also reflected in red-shifted λmax for the π–π* transition in UV-vis 

absorption (SI, Figure S15). While we were unable to observe any tetrahedral intermediates 

spectroscopically, we can infer that the resonance stabilization in the dithioalkylidene 

reactant will be even more significant in the corresponding anionic intermediate. Therefore, 

we believe that these spectroscopic and structural descriptors of resonance stabilization 

trends are reasonable proxies for resonance stabilization of the intermediates, which dictates 

exchange rate.

Based on these trends, we sought a single, computationally derived descriptor of resonance 

stabilization that could be used to predict exchange rates. We first applied intrinsic atomic 

orbital (IAO) analysis,44,45 which allows localized bonding orbitals to be assigned to a 

specific atom, to the lowest energy conformer of each dithioalkylidene. This analysis 

shows how the two electrons in the π bond are delocalized across the CαCβC(O) π 
system (SI, Figure S11 and Table S11). Compounds that exchange faster demonstrated 

decreased electron density at the β carbon, but the percent charge contributions did 

not correlate linearly with observed reaction rates. Therefore, we evaluated additional 

electronic descriptors and found that Hirshfeld charges of the dithioalkylidene β carbon 

(Figure 8a) and LUMO (Figure 8b) are well correlated to the experimental exchange 

rates. Other descriptors, such as HOMO value or condensed electrophilic Fukui function 

based on Hirshfeld charges, showed worse correlation (SI, Figure S88). The Hirshfeld 

charge intrinsically describes the difference between the molecular and charge density from 

the promolecule (i.e. the constituent atoms). Hirshfeld charges have been used to predict 

electrophilicity for electrophilic aromatic substitution and to generate a quantitative scale of 

electrophilicity and nucleophilicity.46–48
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Predicting reactivity of a dithioalkylidene acceptor in silico

To demonstrate that these structure-reactivity relationships are indeed predictive, we 

designed an acceptor in silico that was predicted to provide reactivity intermediate to the 

cyclic and acyclic dithioalkylidenes. CH is a 7-membered cyclic diketone that is more 

flexible than DD and CP. Additionally, CH maintains the cyclic conformation that would 

enable internal catalysis and a closed transition state in the neutral pathway and can provide 

additional support for or against the proposed anionic mechanism. Indeed, the calculated 

Hirshfeld charge for Cβ in CH is 0.0161, which is greater than but more similar to 

the acyclic dithioalkylidenes (0.006–0.0102) compared to the cyclic ones (0.0344–0.0361) 

(Figure 8a; SI, Table S10). Similarly, the calculated LUMO value for CH is −0.0685, which 

also falls between that of the cyclic and acyclic values (SI, Table S10). The predicted 

reaction rates of CH based on the linear trend of log(kex) against Hirshfeld charge and 

LUMO values (SI, Figure S89) are 5.6x10−2 M−1s−1 and 4.1x10−2 M−1s−1, respectively.

Encouraged by this result, we synthesized CH from 1,3-cycloheptanedione (see SI, Section 

I for synthetic details) and noted that the Cα and Cβ 13C shifts appear at 140 and 160 

ppm, consistent with π bond polarization intermediate to acyclic diketone AA and cyclic 

diketones DD/CP. Furthermore, UV-Vis absorption revealed λmax intermediate to the 

acyclic and cyclic dithioalkylidenes (SI, Figures S12-S15). Water-soluble derivative CH-1 
was then prepared and subject to the second-order kinetic assay with 2 equiv BT, which 

failed to show any appreciable conversion. Gratifyingly, the kinetic analysis with excess BT 
under pseudo first-order conditions revealed an exchange rate of 7.73 x 10−2 M−1s−1 (Figure 

4b; SI, Table S7), comparable to the predicted kex values. Thus, the flexible cyclic acceptor 

CH undergoes exchange 12 times slower than DD and 3.5 times faster than AA.

Synthesis and characterization of stress-relaxing hydrogels

We next incorporated these dithioalkylidene derivatives as cross-linkers in stress-relaxing 

hydrogels to investigate the relationship between τ and kex in associative covalent adaptable 

networks. We first attempted to fabricate hydrogels by combining mercapto-terminated 

multi-arm poly(ethylene glycol) with dithioalkylidenes, wherein displacement and evolution 

of methanethiol would lead to gelation. This route was limited by the wide range of 

exchange rates: because gelation was contingent on thiol exchange, gelation with the acyclic 

cross-linkers was prohibitively slow. In order to form the network rapidly independent of 

the exchange chemistry, we designed cross-linkers MA-4, AA-4, CH-4, and MM-4 with 

PEG-linked norbornene units, which can engage in rapid thiol-ene reactions (Figure 9a).35 

These dithioalkylidenes were selected based on the absence of competitive hydrolysis and 

the range of exchange rates they represent (SI, Figures S9 and S10). Ctrl was synthesized as 

a control cross-link that cannot undergo associative exchange after cross-linking.

To form hydrogels, either MA-4, MM-4, AA-4, CH-4, or ctrl was added to a solution of 

4-arm PEG-SH (Mw 5 kDa) with a norbornene:thiol ratio of 1:2 to achieve a final polymer 

concentration of 10 w/v% in methylene chloride. When the ratio of norbornene to thiol 

is less than 1, free thiols are available to participate in the exchange reaction. Eosin Y 

was added at 5 mol% relative to the number of thiol end groups, and the solution was 

irradiated with 525 nm green light for 6–27.5 minutes depending on the cross-linker, due 
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to variable cross-linker absorption at this wavelength (SI, Figure S15). The gelation could 

not be performed in water due to limited aqueous solubility of the linkers, so the organic 

solvent was subsequently removed in vacuo and the gel re-swelled with 200 μL of aqueous 

HEPES buffer (0.1 M, pH 7.44). Gels did not form in the absence of cross-linker or Eosin 

Y, suggesting that disulfide formation is not responsible for network formation under these 

conditions.

In a frequency sweep, all gels exhibited similar plateau moduli of ~1600 ± 150 Pa, 

as expected for an associative hydrogel in which cross-link density is dictated by the 

synthesis conditions rather than the exchange chemistry (Figure 9b). These mechanical 

data, obtained from shear rheology, are available in the Supporting Information (Figures 

S16-30, Table S12). Only gel-MA underwent crossover between G’ and G” within the 

experimental frequency range at 1.6 rad/s, consistent with its faster exchange kinetics. The 

stress relaxation plot of gel-ctrl showed slow but evident stress relaxation (τ value of 1553 

s), which may be attributed to other modes of stress relaxation such as the reptation of 

dangling chain ends (Figure 9c).49,50 By using a 1:2 norbornene:thiol ratio, these networks 

were synthesized with a large concentration of dangling ends (free thiol) by design to 

promote the associative exchange reaction. Gel-MA, gel-AA, and gel-MM relaxed all stress 

faster than gel-ctrl, and fitting data to a single element Maxwell model yielded characteristic 

relaxation times (τ) of 0.672, 173, and 621 s. These trends were replicated in gels irradiated 

to a different stiffness of 1200 Pa (SI, Figure S34 and Table S13). Thus, the rates of stress 

relaxation for the cross-linker scope span four orders of magnitude and match the stress 

relaxation of soft tissues.9

Based on the trends obtained from correlating stress relaxation time with Hirshfeld charge 

(Figure 10a; SI, Figure S89a) and LUMO (Figure 10b; SI, Figure S89b), gel-CH was 

predicted to exhibit a τ value of 49.8 s and 53.7 s, respectively. While gel-CH relaxed stress 

on a timescale intermediate to that of gel-MA and gel-AA as anticipated, its characteristic 

relaxation time was 115 s, approximately twice the predicted value (Figure 9c). This error 

reflects the simplicity of our model, inspired by classic linear free energy relationships, 

which correlates gel properties to a single molecular descriptor and assumes that molecular 

exchange is the sole determinant of stress relaxation. The use of multivariate descriptors of 

reactivity51 and the incorporation of additional factors that influence stress relaxation, such 

as chain dynamics,25 would improve the accuracy of our model. Nevertheless, the simplicity 

of the approach described here makes it readily accessible.

Qualitatively, the trend in stress relaxation rate correlates with the rates of small molecule 

thiol exchange: cross-linkers that exchange faster also relax stress faster. However, while 

other studies have provided a similar qualitative comparison of small-molecule and 

mechanical data in associative networks,52–57 we sought to analyze the scaling relationship 

quantitatively. In supramolecular networks, time-cross-linker superposition of the frequency 

sweep data has been applied when there is a 1:1 scaling relationship between G’ and 

G” with kd
58 or Ea,d.59 This analysis confirms that networks composed of distinct but 

analogous cross-linkers rearrange through common mechanisms. However, this approach 

was not compatible with our system because only gel-MA displayed a crossover frequency 

within an experimentally accessible range. Therefore, for a direct comparison, we instead 
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plotted 1/τ obtained from stress relaxation and small-molecule rate constants (kex) on a 

log-log plot, yielding a line with a slope of 1.01 (Figure 10c; SI, Figure S87 and tabulated 

data available in Table S43). The slope of nearly unity demonstrates that 1/τ is linearly 

proportional to kex. These data suggest that stress relaxation in swollen associative networks 

is predominantly controlled by network exchange and can be quantitatively predicted by 

trends in cross-link kinetics.60

In an associative mechanism, removing the free thiols should inhibit stress relaxation. 

Therefore, gel-AAcap was formed with stoichiometric norbornene end-capper cap, which 

reacts with the excess free thiols. Indeed, gel-AAcap exhibited significantly slower stress 

relaxation relative to gel-AA (τ value of 675 s with cap, compared to 173 s without), 

confirming the associative nature of thiol-dithioalkylidene exchange (Figure 11c; SI, Figure 

S31-S33). The residual stress relaxation suggests that capping may not be quantitative (see 

SI for a summary of capping strategies attempted).

Associative networks such as vitrimers are commonly assumed to resist dissolution in good 

solvent in the absence of any competitive nucleophiles. However, we61 and others55,62,63 

have shown that vitrimers can undergo dissolution. As concentration of the polymer network 

decreases relative to the surrounding medium, successive associative exchange reactions 

favor intramolecular linkages, disrupting the infinite network structure and dissolving it into 

soluble hyperbranched loopy polymers (Figure 11a). We performed swelling experiments 

on the hydrogels to evaluate whether such a mechanism for dissolution is possible in this 

system. When gel-AA was suspended in excess buffer, we observed complete dissolution of 

the gel within 24 hours (Figure 11b), while non-dynamic gel-ctrl remained stable for at least 

a week. Subjecting gel-AAcap to the swelling experiment yielded slower dissolution than 

gel-AA (incomplete dissolution after 5 days), again confirming that free thiols are required 

to mediate the exchange reactions that lead to hydrogel dissolution, and that hydrolysis is 

not the major dissolution pathway.

We hypothesize that the dissolved network sample is comprised of multiple species 

including unimers with primary loops and numerous large, polydisperse polymers. Gel 

permeation chromatography (GPC) of the dissolved gel-AA solution indicated that the 

dissolution products had increased polydispersity compared to a sample of 4-arm 5 kDa 

PEG-SH (SI, Figure S90). 1H DOSY analysis of 4-arm 5 kDa PEG-SH and dissolved 

gel-AA also suggests that larger species are present in the latter. Diffusion analysis of the 

PEG monomer methylene proton at 3.66 ppm yielded diffusion constants of 2.54 x 10−6 

for 4-arm PEG-SH and 1.57 x 10−6 for dissolved gel-AA (SI, Table S44). We anticipate 

that with longer reaction times, decreased network concentration relative to the surrounding 

medium, and increased temperature to accelerate equilibration, the networks will dissolve 

into a more uniform set of products.

Lastly, we demonstrated the capacity of the gels to undergo self-healing, which should also 

be determined by the rate of associative exchange (kex). We cut samples of gel-MA, gel-AA, 

and gel-ctrl, pressed the cut halves together, and qualitatively compared self-healing ability 

over time (Figure 12). Gel-MA, which undergoes the fastest cross-link exchange, healed the 

fastest of the three samples and within minutes could be held against gravity with a spatula. 
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Similarly, gel-AA was self-supporting after 30 minutes. While healed, it still displayed a 

visible seam where the original gel was divided. By comparison, gel-ctrl remained unhealed 

after 2 hours, and an attempt to pick it up resulted in gel refracture. Taken together, these 

studies demonstrate that both stress relaxation and self-healing rates can be controlled by kex 

in associative hydrogels.

CONCLUSION

We investigated the aqueous reactivity of a family of dithioalkylidenes to associative thiol 

exchange, elucidating the relationship between structure and reactivity. Cyclic compounds 

were shown to undergo associative exchange faster than their acyclic analogs due to reduced 

conformational freedom and greater resonance stabilization of the anionic tetrahedral 

intermediate. Based on the observed trends with spectroscopic and computational data, the 

relative reactivity of new dithioalkylidenes may be predicted in silico using readily obtained 

values such as Hirshfeld charge or LUMO values. Cross-linkers with different exchange 

rates were incorporated into hydrogels and the rates of stress relaxation were quantitatively 

related to associative exchange rates. The timescales of stress relaxation achieved match 

those of soft tissues. We envision that the ease of structural manipulation and predictive 

reactivity of dithioalkylidenes will motivate their adoption in stress-relaxing hydrogels and 

other dynamic materials with tunable reconfiguration. Furthermore, we hope that this work 

emphasizes the utility of quantitative structure-reactivity-property relationships to predict 

and understand the properties of dynamic networks.64,55
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Bigger Picture

Dynamic covalent bonds have enabled key advances in sustainable materials, 

biomedicine, and 3D printing. Materials containing dynamic bonds exhibit unique 

properties compared to their static counterparts, such as self-healing, reprocessability, 

and stimuli-responsiveness. In hydrogels, dynamic bonds provide a mechanism to 

dissipate applied stress, which can be exploited to develop synthetic materials that 

recapitulate mechanical features of native tissue.

We develop a suite of hydrogel cross-links that employ an associative exchange 

mechanism, allowing stress relaxation to be tuned independently from stiffness. We 

present a structure–reactivity–property relationship that enables reactivity and stress 

relaxation time scales to be estimated in silico for new structures. This work therefore 

opens new avenues to design and control associative dynamic hydrogels with targeted 

properties, overcoming limitations of previous systems that have largely relied on 

dissociative exchange mechanisms.
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Highlights

• Dynamic conjugate addition-elimination of thiols to dithioalkylidenes in 

water

• Fabrication of viscoelastic hydrogels with associatively-exchanging cross-

links

• Correlation of macromolecular trends with molecular rate constants

• Prediction of macromolecular trends based on computed molecular 

parameters
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Figure 1. 
(a) Comparison between dissociative and associative exchange mechanisms and their effects 

on macroscopic network properties. In dissociative systems, the binding constant (Keq) 

determines stiffness (G0) while the rate of dissociation (kd) determines viscoelasticity. In 

associative systems, the cross-link density, determined by synthesis conditions, dictates 

stiffness, while exchange rate (kex) determines viscoelasticity. (b) Examples of associative 

thiol exchange reactions applied to hydrogels and vitrimers. In this work, a range of 

conjugate acceptors are synthesized from organic diacids to study the aqueous exchange 
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mechanism of dithioalkylidenes and translate these effects to hydrogel viscoelasticity. aIn 

ref. [33], hydrogels with excess thiol are qualitatively self-healing, but stress relaxation is not 

characterized.

Zhang et al. Page 19

Chem. Author manuscript; available in PMC 2024 August 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
(a) The non-degenerate reaction used to monitor the exchange process with various cross-

linkers (XL). (b) Representative kinetic profile for the equilibration of 100 μM of MA-1 
with 200 μM BT to generate a 1:2:1 mixture of MA-1–3. Curves show fit to the second-

order kinetic model.
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Figure 3. 
(a) pH-dependent amine addition to Meldrum’s acid-derived diaminoalkylidenes and 

reversible hydrolysis in aqueous solution. (b) Proposed hydrolysis of dithioalkylidenes in 

water.
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Figure 4. 
Structure-reactivity trend for a library of dithioalkylidenes determined using a quasi-

degenerate thiol exchange reaction. (a) Concentration versus time traces for the 

disappearance of 100 μM MA-1 (green), DD-1 (blue), or CP-1 (purple) with 200 μM BT 
in 8:2 aqueous HEPES (0.1 M, pH 7.44)–acetonitrile. Curves show fit to the second-order 

kinetic model incorporating hydrolysis. (b) kobs versus [BT] to determine kex for AA-1 
(pink), MM-1 (maroon), and CH-1 (teal) (100 μM XL-1 in 8:2 aqueous HEPES (0.1 M, 

pH 7.44)–acetonitrile) with 20–100 equiv BT. Lines show fit to a pseudo-first-order kinetic 

model. (c) Summary of kex values for cyclic and acyclic acceptors. Shaded boxes denote a 

structure and corresponding data for which the reactivity was first calculated in silico before 

experimental confirmation (vide infra).
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Figure 5. 
Proposed mechanisms for exchange through addition of (a) neutral thiol or (b) thiolate. (c) 

Increasing solution pH increases the exchange rate for MA-1.
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Figure 6. 
Computed thermodynamics and energies for methanethiolate addition to all XLs. (a) 

Correlation between calculated and experimental ΔG‡, both normalized to CP. (b) 

Correlation between calculated ΔG for addition and experimental ΔG‡ normalized to 

CP. (c) Qualitative reaction landscapes comparing thiolate addition to cyclic and acyclic 

dithioalkylidenes. Geometry optimizations of transition states performed at CAM-B3LYP/

def2-SVPD-cpcm(water) level of theory demonstrate that the nascent bond is longer for 

cyclic DD (2.80 Å) than for acyclic AA (2.46 Å).
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Figure 7. 
Structural comparisons of cyclic vs. acyclic diketone and diester Cα–Cβ π bond obtained 

from 13C NMR and single-crystal X-ray crystallography.
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Figure 8. 
Correlating experimental ΔG‡ normalized to CP with (a) Hirshfeld charge at Cβ and (b) 

calculated LUMO (eV) of each dithioalkylidene.
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Figure 9. 
(a) Conditions for network formation by photoinitiated thiol-ene reaction with 4-arm PEG-

thiol and structures of the norbornene-terminated cross-linkers. (b) Frequency sweeps of 

gel-MA, gel-CH, gel-AA, and gel-MM in HEPES (10 w/v%, 0.1 M, pH 7.44, 5% strain). 

(c) Stress relaxation profiles of gel-MA, gel-CH, gel-AA, gel-MM, and andgel-ctrl (5% 

strain), τ values were obtained by fitting data to a single-element Maxwell model and taking 

the average of 3 datasets.
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Figure 10. 
(a,b) Correlation of stress relaxation time scale of gel-MA, gel-CH, gel-AA,and gel-MM 
and kex of MA-1, AA-1, CH-1, and MM-1 with (a) Hirshfeld charge and (b) LUMO 

values. (c) Log-log plot comparing stress relaxation timescale of gel-MA, gel-CH, gel-AA, 
and gel-MM to exchange rate of MA-1, AA-1, CH-1, and MM-1. Shaded boxes indicate 

cross-linker for which reactivity and stress relaxation time were predicted in silico before 

experimental confirmation.
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Figure 11. 
Effects of capping excess thiol on stress relaxation and exchange-mediated network 

dissolution. (a) Illustration and (b) photographs of exchange-mediated dissolution with or 

without capping agent cap. (c) Stress relaxation profiles of gel-AA and gel-AAcap.
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Figure 12. 
Pictures of gel-MA, gel-AA, and gel-ctrl undergoing self-healing. White boxes outline 

residual seams.
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