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Abstract
The development of sustainably sourced polymers with robust mechanical properties is an important aspect 
of the challenge to mitigate the impact of plastic waste on the environment. However, with a wide range of 
potential bio-derivable building blocks and chemicals with which to construct polymers, predicting their 
thermomechanical properties is challenging. To address this challenge, here we established an integrated 
computational framework to relate chemical design to mechanics in isohexide-based polyurethanes (PUs). 
We combined and varied three structural motifs: (i) dynamic-bond moieties in the backbone, (ii) hydrogen-
bonding moieties that mediate interchain cohesion, and (iii) stereochemical ring configurations. Density 
functional theory with the “External Force is Explicitly Included” (EFEI) formalism quantified how 
different dynamic bonds control single-chain scission forces, while semiempirical EFEI calculations and 
classical molecular dynamics (MD) revealed how the number and arrangement of hydrogen bond sites 
govern double-chain shear forces. Reactive MD with ReaxFF was used to probe uniaxial tensile 
deformation of amorphous PU bulk systems. Sulfur-containing dynamic-bond moieties markedly reduced 
single-chain scission forces, consistent with their use in self-healing and reprocessable PUs, whereas 
nitrogen-containing motifs combined with highly multidentate hydrogen-bonding groups maximized both 
intrachain strength and interchain cohesion. A representative design (NO5M) achieved a substantially 
higher peak stress than a disulfide-rich analogue (SS4I) under tensile loading. This multiscale framework 
yields chemically interpretable design rules for high-performance, recyclable PUs and illustrates the 
synergistic use of EFEI and MD simulations in polymer mechanochemistry.

Introduction
Polymeric materials underpin technologies ranging from structural components and coatings to elastomers 
and biomedical devices,1-4 yet their persistence in the environment has created a pressing sustainability 
challenge.5, 6 Designing polymers whose end-of-life fate can be controlled without sacrificing mechanical 
robustness is therefore a key goal in polymer chemistry. Dynamic covalent chemistry offers one powerful 
strategy: incorporating exchangeable bonds into polymer backbones enables reprocessing, 
depolymerization, and chemical recycling under appropriate triggers, while preserving covalent 
connectivity.5, 7-9 However, many dynamic covalent bonds (for example, imines and disulfides) are 
intrinsically weaker than the C–C, C–O, or C–N bonds they replace, so their introduction often leads to 
trade-offs in mechanical properties.5, 10, 11 Understanding and mitigating these trade-offs is essential for 
translating dynamic polymers into demanding applications.

Polyurethanes (PUs) are an especially important platform for such efforts.12 They are ubiquitous in foams, 
elastomers, and high-performance coatings,13, 14 yet most commercial PUs are based on permanent urethane 
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linkages that are difficult to recycle. Recent work has shown that embedding dynamic covalent motifs into 
PU backbones or cross-links—such as disulfides, imines, or other exchangeable linkages—can yield 
materials that are reprocessable, degradable, or self-healing, while strong hydrogen bond interactions in the 
hard segments can partially compensate for the mechanical weakness of dynamic bonds in the soft 
segments.15-17 In these systems, the overall thermomechanical response is governed not only by the dynamic 
bond chemistry but also by supramolecular interactions and the underlying segmental architecture.

Stereochemical control adds a further, powerful lever for tuning the properties and degradability of such 
polymers. Isohexide-based monomers derived from sugar alcohols (isosorbide, isomannide, and isoidide) 
provide rigid, chiral bicyclic units whose configuration strongly influences chain packing, glass-transition 
temperature, and susceptibility to hydrolytic or enzymatic degradation.18-20 Building such isohexide units 
into polyesters, polycarbonates, or polyurethanes has produced families of materials in which mechanical 
properties and degradation profiles can be modulated simply by switching stereochemistry at the monomer 
level.12, 21, 22

Dove and co-workers recently reported a series of nonsegmented, alternating isohexide-based 
polyurethanes (IIPU and IMPU) that display stereochemistry-dependent mechanical behavior and 
degradability.12 They showed that exchanging isoidide for isomannide converts a tough, semicrystalline 
plastic into a strong amorphous thermoplastic elastomer, while keeping the overall composition and 
stoichiometry nearly identical. Detailed rheology, tensile testing, and accelerated degradation experiments 
demonstrated that stereochemistry controls supramolecular hydrogen bond networks, crystallinity, and 
hydrolytic stability; copolymerization and blending of the stereoisomers allowed independent tuning of 
toughness and degradation rate. Molecular dynamics simulations supported the experimental observation 
that the isohexide configuration directs the balance of intra- and intermolecular hydrogen bonds and thereby 
the bulk mechanical response.

The current work extends this isohexide PU platform by introducing dynamic covalent bonds and hydrogen-
bonding motifs to create recyclable PUs with tunable mechanics. Our goal was to obtain a mechanistic, 
multiscale picture that connects local bond scission, supramolecular cohesion, and bulk stress–strain 
behavior, and to clarify how the choice of dynamic-bond moiety in the backbone and the number and 
arrangement of hydrogen-bond donors and acceptors in the side chains interplay with the isohexide 
stereochemical environment. From a polymer-mechanics perspective, macroscopic failure under tensile 
loading reflects competition between covalent scission along load-bearing chains and interchain 
debonding/chain pullout governed by supramolecular cohesion. Accordingly, we used single-chain scission 
forces and double-chain shearing forces as complementary molecular-scale descriptors to quantify these 
two limiting contributions and to rationalize bulk stress–strain behavior.

To this end, we have developed a multiscale computational framework that links single-chain 
mechanochemistry, interchain cohesion, and bulk mechanical response in isohexide-based PUs. We 
focused on three modular, synthetically accessible features: dynamic-bond moieties in the backbone, which 
set the intrinsic strength of the chains; hydrogen-bonding moieties, which provide tunable supramolecular 
interactions between chains; and isoidide or isomannide rings, which influence chain packing. Density 
functional theory with the “External Force is Explicitly Included” (EFEI) formalism was used to quantify 
single-chain scission forces.23-27 Semiempirical EFEI simulations and classical molecular dynamics (MD) 
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then determined how the number and spatial arrangement of hydrogen bond sites govern double-chain shear 
forces and hydrogen-bond statistics. Finally, reactive MD with ReaxFF probed uniaxial tensile deformation 
of amorphous bulk systems, thereby connecting molecular-scale design parameters to macroscopic stress–
strain behavior.28-31

Figure 1. Modular design space of isohexide-based polyurethanes: (i) dynamic-bond moieties (red) incorporated in 
the fragile segment; (ii) hydrogen-bonding moieties (blue) with varying numbers and arrangements of hydrogen-bond 
donors and acceptors; and (iii) stereochemical rings (green), either isoidide (I) or isomannide (M), that define the 
backbone stereochemistry. These modular combinations generate the library of PU structures investigated in this 
study.

Computational Details
Quantum-chemical calculations with EFEI
All quantum-chemical calculations were performed with ORCA 5.0.32 For single, finite PU chains (Figure 
2a), we used the BP86 exchange–correlation functional33 with the def2-TZVP basis set, augmented by 
D3(BJ) dispersion corrections to account for long-range interactions. For double-chain systems (Figure 2c), 
which comprise more than 300 atoms, we employed the GFN2-xTB semiempirical quantum mechanical 
method, which provides an efficient description of geometry and dispersion interactions in large organic 
systems. 34

To model mechanical deformation, we used the “External Force is Explicitly Included” (EFEI) formalism.24, 

25, 35 In this approach, an external force is applied along a specified vector between two atoms, and geometry 
optimization is performed under this constraint. For both single-chain and double-chain systems, the force 
was applied between terminal carbon atoms located at the two ends of the chain.35, 36 After each force 
increment, a constrained geometry optimization was carried out. For single-chain calculations, the external 
force was initially increased in steps of 0.5 nN, and then refined to 0.1 nN near the scission point. For 
double-chain calculations, a constant increment of 0.02 nN was used until shear occurred.

To determine the scission point in single chains (Figure 2a, b), we analyzed the force–extension curve 
between the two terminal atoms. The scission point was defined as the last converged geometry before 
irreversible breaking of one or more covalent bonds, as evidenced by a discontinuous jump in extension 
and subsequent structural fragmentation.
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For double chains (Figure 2c,d), we defined the shear point based on changes in extension under successive 
force increments. Shear was identified when an increase in force produced an elongation more than ten 
times larger than in the previous step, and when this accelerated elongation persisted for at least three 
consecutive steps. This behavior signals the loss of non-bonded interactions that maintain the close-contact 
geometries of the two chains. The last point prior to this rapid extension was taken as the shear point.

Figure 2. Quantum-chemical EFEI protocol for defining single-chain scission and double-chain shear points. (a) 
Representative geometries along tensile deformation of the single S2M chain: (i) relaxed, force-free structure; (ii) 
straightened chain under moderate load; (iii) configuration at the scission point, corresponding to the last intact 
structure before covalent bond scission; and (iv) fully scissile structure.36 (b) Calculated force–extension curve for 
S2M, with the four configurations in (a) indicated and the maximum tolerated force Fmax marking the scission point. 
(c) Representative geometries along tensile deformation of the SS5I double chains: (i) relaxed configuration; (ii) 
straightened pair of chains; (iii) configuration at the shear point, i.e., the last structure before loss of key non-bonded 
interactions between chains; and (iv) fully separated, sheared chains. (d) Corresponding force–extension curve for the 
SS5I double chains, showing the definition of Fmax used to quantify intermolecular ductility.

Classical MD simulations of double chains
Classical MD simulations of the double PU chains studied by EFEI were conducted using the LAMMPS 
package.37, 38 Atomistic force-field parameters were generated with the LigParGen web server, which 
provides OPLS-AA/CM1A-LBCC parameters suitable for organic systems.37-41

Each system was placed in a 100 × 100 × 100 Å³ simulation box with periodic boundary conditions. An 
initial NVT simulation at 500 K was run for 8 ns with a time step of 0.001 ps, using a Langevin thermostat 
for temperature control. During the production phase, configurations were saved every 2 ps over the last 4 
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ns, yielding 2000 configurations per system. Hydrogen bonds were identified geometrically: a hydrogen 
bond was counted when the hydrogen–acceptor distance was < 2.0 Å and the donor–hydrogen–acceptor 
angle exceeded 135°.42 

Reactive MD simulations of PU bulk materials
Bulk mechanical properties were investigated using the ReaxFF reactive force field, as implemented in 
LAMMPS. 37, 38 We employed the dispersion/CHONSSi-lg ReaxFF parameter set, which has been validated 
for polymers containing C, H, O, N, and S atoms.43-45

For each PU design, we constructed a simulation box consisting of 24 polymer chains, each with four 
repeating units (n = 4 in Figure 1), amounting to a total of approximately 8500 atoms. All chains were 
initially aligned parallel to the x-axis in a periodic simulation box of ~170 × 150 × 200 Å3, corresponding 
to an initial density of ~0.02 g·cm-3. 

Amorphous polymer structures were then prepared via the following protocol:
1. Energy minimization of the initial configuration using a conjugate-gradient algorithm.
2. Heating to 300 K at 1 atm using an NPT ensemble for 50 ps.
3. Sequential heating from 300 K to 800 K in 100 K increments, with 15 ps of NVT dynamics at each 

temperature.
4. Additional NPT equilibration at 800 K for 15 ps.
5. Cooling from 800 K to 300 K using a similar staged protocol.

This heating–cooling cycle was repeated until the density variation between consecutive cycles was less 
than 0.1% over five successive iterations. The final equilibrated densities were 1.25–1.35 g·cm-3, consistent 
with dense amorphous polymers. 

Uniaxial tensile deformation was then applied along each of the three Cartesian axes at 300 K and 1 atm. 
The deformation speed was set to 15 m·s-1. Engineering stresses were computed via the Virial stress 
tensor.46 Engineering stress is the applied force divided by the original cross-sectional area of a material, 
which is a measure of internal resistance per unit area and is often called nominal stress. Simulations were 
continued until significant bond breaking occurred along the deformation direction or until delamination of 
chains was observed in the directions transverse to loading.

Results
Scission of single chains
We first examined how dynamic-bond and hydrogen-bonding moieties influence the mechanical response 
of isolated PU chains. Six representative dynamic-bond motifs and six hydrogen-bonding motifs, selected 
from previously reported materials,7, 47-54 were incorporated into isomannide-based (IMPU) and isoidide-
based (IIPU) PU chains. The resulting maximum tolerated forces were obtained from DFT-EFEI 
calculations (Figure 3a,b). IMPU and IIPU single chains displayed very similar scission forces, with 
differences of at most 0.1 nN for a given combination of dynamic-bond and hydrogen-bonding moieties. 
This suggests that the large experimental contrast in Young’s modulus and tensile response between IMPU 
(elastomeric) and IIPU (tough plastic) reported previously does not originate from differences in covalent 
bond strength, but rather from supramolecular packing and morphology. Our results therefore support the 
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experimental interpretation12 that isohexide stereochemistry primarily tunes network structure and 
hydrogen-bond organization, while the underlying backbone bonds remain comparably robust.

Figure 3. Mechanical response of IMPU and IIPU structures. (a,b) Heat maps of the maximum tolerated force at the 
scission point Fmax (nN) obtained from DFT–EFEI pulling simulations of (a) IMPU and (b) IIPU chains, plotted as a 
function of dynamic-bond moiety (columns) and hydrogen-bonding moiety (rows). (c,d) Corresponding Fmax values 
at the shear point for (c) IMPU and (d) IIPU double chains from xTB–EFEI calculations, quantifying intermolecular 
ductility for each combination of dynamic-bond and hydrogen-bonding moieties. (e,f) Distributions of hydrogen-bond 
numbers obtained from MD trajectories for double-chain systems with hydrogen-bonding moieties 1 and 6 and N- or 
S-type dynamic bonds moiety in (e) IMPU and (f) IIPU. Colors denote the fraction of configurations containing 0, 1, 
2, or ≥3 hydrogen bonds, and the mean shear force Fmax (nN) for each case is reported next to the pies.
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Focusing on IMPU, we found that dynamic-bond moieties have a stronger effect on chain scission than 
hydrogen-bonding moieties. The scission force depends sensitively on which bond in the dynamic-bond 
motif breaks first (see Figure S4). For most dynamic-bond moieties, the maximum tolerated force lies 
between 4.7 and 6.1 nN, indicating a relatively robust covalent network. In contrast, the original S-
containing structure supports only 4.4 nN, and the disulfide-based dynamic-bond moiety (SS) exhibits even 
lower scission forces of 3.7–3.8 nN. These results indicate that sulfur-containing dynamic bonds 
substantially weaken the chains, as C–S and S–S bonds easily rupture under tensile loading. Hydrogen-
bonding moieties exert a more subtle but non-negligible influence. Certain hydrogen-bonding motifs 
(notably moiety 5) break earlier, with maximum tolerated forces below 5.0 nN, due to cleavage of a C–O 
bond within the hydrogen bond group. This behavior can be attributed to hyperconjugation and electronic 
effects associated with the side chain. Among all tested combinations, IMPU and IIPU chains bearing the 
NN dynamic-bond moiety together with hydrogen-bonding moieties 1, 2, or 3 reach the highest scission 
forces of 6.1 nN. The NN dynamic-bond moiety here is so robust that the rupture point is on the adjacent 
hydrogen-bonding moiety rather than moiety NN. These three robust IMPU which can compensate for the 
weakness of degradable linkages, while the choice of hydrogen-bond group modulates but does not 
dominate the intra-chain-level mechanochemical response.

Intermolecular ductility of PU double chains
We next investigated how the same chemical modifications affect intermolecular cohesion between PU 
chains. Using semiempirical EFEI calculations, we computed the shear forces required to disrupt non-
bonded interactions between chains for all combinations of dynamic-bond and hydrogen-bonding moieties 
(Figure 3c,d).

In contrast to the single-chain results, the strength of non-bonded interactions is influenced primarily by the 
hydrogen-bonding moiety rather than the dynamic-bond motif. Among all hydrogen-bonding moieties, 
moiety 5—which can form up to four hydrogen bonds—exhibits the highest shear forces, typically 
exceeding 1.0 nN. Moiety 4, which has only two hydrogen-bond sites, shows significantly weaker non-
bonded interactions, generally below 0.8 nN. Moieties 1, 2, and 3, each offering three hydrogen bond sites, 
yield intermediate shear force in the 0.8–0.9 nN range. Moiety 6 also contains two hydrogen bond sites but 
exhibits somewhat higher and more variable shear force than moiety 4. This behavior can be attributed to 
outer hydroxyl groups, which can form relatively strong but geometrically sensitive hydrogen bonds.

Overall, the dynamic-bond moiety has only a minor influence on inter-chain shear force, and no systematic 
differences are observed between IMPU and IIPU, despite variations in stereochemical ring configurations. 
Within the IMPU set, the optimal PU design combines the NO dynamic-bond motif with hydrogen-bonding 
moiety 5, tolerating shear force up to 1.36 nN. For IIPU, the best performer uses the B dynamic-bond motif 
with moiety 5, withstanding up to 1.22 nN. These results reinforce that hydrogen bond topology—number 
and spatial arrangement of donors and acceptors—is the primary determinant of intermolecular ductility in 
the double chains system.

To capture the structural diversity accessible at finite temperature, we performed MD simulations for 
selected combinations and computed ensemble-averaged hydrogen-bond statistics (Figure 3e,f). For 
hydrogen-bonding moiety 1, other structural variables (dynamic-bond type and stereochemical ring) exert 
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little influence: both IMPU and IIPU chain pairs predominantly form a single interchain hydrogen bond 
(~40%), followed by no hydrogen bond (30–37%), while configurations with two hydrogen bonds account 
for ~20% and those with three or more are rare. Consistent with the similar hydrogen-bond populations, the 
mean shearing forces are comparable (0.87 nN for IMPU and 0.84 nN for IIPU).

In contrast, for hydrogen-bonding moiety 6, hydrogen bonding is strongly suppressed. In IMPU chain pairs, 
>80% of configurations contain no interchain hydrogen bond and only ~15% contain one, consistent with 
the reduced number of donor/acceptor sites (two vs three in moiety 1) and the less favourable orientation 
of the terminal hydroxyl groups. This reduction in effective interchain cohesion is reflected in the lower 
mean shearing force (0.81 nN). In IIPU chain pairs, the fraction of configurations without hydrogen bonds 
decreases to >60% and those with one hydrogen bond increases to ~25%, indicating a modest 
stereochemical effect. Moreover, N6 forms a higher fraction of hydrogen-bonded configurations than S6, 
consistent with the additional acceptor capability of the nitrogen-containing dynamic-bond motif. 
Importantly, analysis of hydrogen-bond geometries (H···A distance and donor–H–acceptor angle 
distributions) shows that moiety 6 not only forms fewer hydrogen bonds but also samples more bent and 
longer hydrogen bonds on average, providing a mechanistic basis for its weaker resistance to shearing.

Taken together, these results show that synergistic, with the number and geometry of hydrogen bond sites 
setting the overall hydrogen-bond population. The strong correlation we observe between shear force and 
the number of accessible hydrogen bond sites mirrors the conclusions of Stubbs et al.,12 who used MD 
simulations and tensile experiments to show that the isoidide and isomannide stereochemistries direct 
distinct intra- and intermolecular hydrogen-bonding patterns and thereby govern crystallinity and 
mechanical behavior. In our case, multidentate hydrogen-bonding motifs mimic the role of the IIPU 
“hardening” motif: they increase the population of interchain hydrogen bonds and yield higher shear force, 
whereas motifs with fewer or poorly oriented donors/acceptors resemble the IMPU-like situation with 
weaker interchain cohesion. Relatively, dynamic-bond motifs and stereochemistry play secondary roles that 
become noticeable mainly when the hydrogen bond network is intrinsically weak.

From chains to bulk mechanical response
Connecting the single-chain and double-chain insights to bulk mechanical performance (Figure 4), it 
summarizes the calculated single-chain scission forces and double-chain shear forces across all 72 designed 
PU structures. In general, polymers with fewer hydrogen-bond donors and acceptors and weak dynamic 
bonds show poor performance at one or both scales, whereas structures with more hydrogen bond sites and 
stronger dynamic bonds perform better in both single-chain scission and double chain shear force.

Based on these trends, two representative PU polymers are selected for reactive MD tensile tests of 
amorphous bulk materials: (1) NO5M—an IMPU-based PU with the NO dynamic-bond moiety and 
hydrogen-bonding moiety 5, which exhibits strong performance at both the single-chain and double-chain 
levels; (2) SS4I—an IIPU-based PU with the disulfide (SS) dynamic-bond moiety and hydrogen-bonding 
moiety 4, which shows among the lowest scission and shear force. 
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Figure 4. Comparison of all designed PU polymers from combined single-chain and double-chain mechanical 
properties. (a) Scatter plot of maximum single-chain scission force versus double-chain shear force for all 72 modified 
isohexide-based PUs. Each point corresponds to a specific PU design; the marker size encodes the total number of 
hydrogen bonds (2–4). The two systems chosen for bulk ReaxFF simulations, NO5M and SS4I, are highlighted. (b) 
Chemical repeat units and representative equilibrated chain conformations of NO5M (top) and SS4I (bottom). 
Dynamic-bond moieties are shown in red, hydrogen-bonding moieties in blue, and the stereochemical isohexide rings 
in green.

Figure 5 presents the stress–strain curves obtained from ReaxFF tensile simulations. The maximum stress 
(peak of the curve) is taken as the apparent scission stress, while the subsequent decrease reflects continued 
bond breaking and delamination, indicative of material failure. When the external load is applied along the 
x-axis, parallel to the initial chain orientation, both covalent and non-bonded interactions contribute to the 
response, providing a likely representation of load transfer in aligned polymer domains. Given that MD 
simulations utilize a relatively small simulation box, we can efficiently determine the relative differences 
in mechanical responses of two materials.55, 56

For NO5M, the stress–strain curve along x initially rises steeply. At stresses above ~500 MPa, small cavities 
start to appear, leading to a plateau and fluctuations. As deformation proceeds and most non-bonded 
interactions are overcome, the covalent backbone bears the majority of the load, and the stress rapidly 
increases to a peak of ~3500 MPa. Beyond this point, extensive bond scission triggers a continuous decline 
in stress, marking material failure.

For SS4I, the stress–strain curve increases more gradually but continues to rise as the simulation cell is 
elongated to roughly three times its original length. The maximum stress, however, is only ~1500 MPa, less 
than half that of NO5M, underscoring the detrimental impact of weak S–S and C–S bonds on bulk strength. 
Notably, the stress does not drop sharply after the peak. Upon visual inspection of the relevant MD 
snapshots, it is found that dynamic exchange of disulfide bonds allows partial network reconfiguration 
(Figure 5d, inset), which sustains load over a broader strain range despite substantial bond breakage. 57, 58

When deformation is applied along the y- and z-axes, the chains are predominantly loaded through non-
bonded interactions, resulting in markedly lower stress levels and earlier onset of delamination for both 
systems. These directions thus report on the interchain cohesion established by the hydrogen bond network 
and other non-covalent interactions. 
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Although our simulations are performed at much higher strain rates than experiment, the qualitative features 
of the NO5M and SS4I stress–strain curves resemble the behavior of isohexide PUs reported previously: a 
pronounced strain-hardening regime and high peak stress for materials with strong, well-organized 
hydrogen bond networks, and a softer, more gradual response when supramolecular cohesion is weaker. 12, 

59 In this sense, NO5M plays a role analogous to the semicrystalline, strongly H-bonded IIPU, whereas 
SS4I behaves more like a softer, strongly dynamic system in which weak S–S linkages cap the attainable 
strength.

Figure 5. Reactive MD tensile deformation of NO5M and SS4I bulk systems. (a) Sequence of snapshots of the NO5M 
simulation cell under uniaxial extension along three directions at 300 K: (i) equilibrated amorphous structure, (ii) 
highly elongated configuration close to failure, (iii) the fractured structure. (b) Engineering stress–strain curves from 
ReaxFF simulations of NO5M for loading along the x, y, and z directions. Loading along x, where chains are 
predominantly aligned, produces the highest stress and a pronounced fracture point, while deformation along y and z 
is influenced mainly by weaker intermolecular interactions. The inset highlights the multidentate hydrogen-bonding 
moiety. (c) Sequence of snapshots of the SS4I simulation cell under uniaxial extension along three directions at 300 
K: (i) equilibrated amorphous structure, (ii) highly elongated configuration close to failure, (iii) the fractured structure. 
(d) Engineering stress–strain curves from ReaxFF simulations of SS4I for loading along the x, y, and z directions. The 
maximum stress along x is markedly lower than for NO5M, consistent with the presence of weaker disulfide-based 
dynamic bonds illustrated in the inset. Red markers i–iii in panels (b) and (d) indicate the configurations shown in (a) 
and (c), respectively.
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Overall, the bulk simulations confirm the design rules inferred at smaller scales. First, dynamic-bond 
moieties control the intrinsic strength of the backbone and thus strongly influence single-chain scission 
forces and the maximum attainable bulk stress. Sulfur-based motifs (S, SS) substantially weaken the 
material, while nitrogen-containing motifs (NN, NO, B) are more robust. The reduction in simulated 
fracture stress for the disulfide-rich SS4I analogue is also consistent with numerous experimental studies 
on disulfide-containing PUs, where the introduction of S–S bonds improves self-healing or reprocessability 
but generally lowers modulus and strength compared to non-dynamic analogues.60 By contrast, the NO- 
and NN-based dynamic moieties provide higher single-chain scission forces and bulk stresses, in line with 
reports that imine-containing PUs can combine excellent mechanical properties with dynamic exchange 
and recyclability when placed in appropriately reinforced domains.61 Second, hydrogen-bonding moieties 
dictate the density and strength of inter-chain interactions, modulating inter-chain shear forces and affecting 
the onset of cavitation and delamination in bulk. Multidentate motifs with four hydrogen-bond sites (moiety 
5) yield the strongest cohesion. Last, the NO5M system combines a stronger dynamic-bond motif with a 
highly multidentate hydrogen bond network, leading to superior performance at all scales compared to the 
disulfide-rich, weakly hydrogen-bonded SS4I analogue.

Conclusion
We have developed a comprehensive multiscale methodology for probing and designing the mechanical 
properties of dynamic, recyclable polymers, illustrated here for isohexide-based polyurethanes. By 
integrating DFT-based and semiempirical EFEI calculations with classical and reactive MD simulations, 
we systematically connected single-chain-level mechanochemistry, in which dynamic-bond moieties 
control single-chain scission forces, to double-chain-level intermolecular cohesion, where hydrogen-
bonding moieties determine non-bonded interaction strengths and hydrogen-bond statistics, and finally to 
bulk-scale mechanical response, where both factors combine to set the stress–strain behavior under uniaxial 
tensile loading.

Our results show that dynamic-bond moieties dominate single-chain-level strength: sulfur-containing 
motifs (S, SS) significantly reduce scission forces, whereas nitrogen-containing motifs such as NN, NO, 
and B provide markedly stronger backbones. Hydrogen-bonding moieties emerge as the primary 
determinants of inter-chain cohesion, with the number and spatial arrangement of hydrogen-bond donors 
and acceptors controlling double-chain shear forces and hydrogen-bond populations. These two design 
dimensions remain important in the bulk, where polymers that combine robust dynamic bonds with 
multidentate hydrogen-bonding motifs (for example, NO5M) display significantly higher scission stresses 
than disulfide-rich, weakly hydrogen-bonded analogues such as SS4I. In combination with the experimental 
isohexide PU family,12, 59 our results suggest a route to experimentally implement the NO- and NN-type 
dynamic motifs and multidentate hydrogen-bonding groups identified here, providing a clear set of 
molecular targets for future synthesis and mechanical testing.

Beyond the specific PU chemistries studied here, our framework provides a general strategy for relating 
chemical design to macroscopic mechanical performance in dynamic and degradable polymers. The 
workflow is compatible with high-throughput screening and could readily be coupled to machine learning 
or optimization algorithms to explore broader chemical spaces. Future work will focus on integrating such 
data-driven approaches, extending the methodology to more complex architectures (e.g., cross-linked 
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networks and block copolymers), and refining the connection between simulation and experiment for 
predictive polymer design.

Data availability
The data supporting the findings of this study are available within the paper and its Supporting Information 
files. All code developed and used in this study is available at https://github.com/pic-ai-robotic-
chemistry/poly-mech-props.
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The data supporting the findings of this study are available within the paper and its Supporting 
Information files. All code developed and used in this study is available at https://github.com/pic-ai-
robotic-chemistry/poly-mech-props. 
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