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Supplementary Text 

Molecular dynamics simulations 
In this work, coarse-grained molecular dynamic (CGMD) simulations were used to study 

polymer chain conformations in the DELSE and in the DELE when crosslinked at the overlap 
concentration. Although all-atom molecular dynamic simulations are commonly used to study 
polymer conformations, the small timesteps, many pair interactions, and large polymer chain 
relaxation times make it challenging to study large systems with entanglements. CGMD groups 
atoms into beads to improve computational efficiency by reducing the number of degrees of 
freedom (49). CGMD have been used to understand the mechanical and fracture properties of 
ideal-networks (50–52), crystalline polymers (53), and elastomers (54). There is currently no 
simulation study comparing polymer chain statistics of DELSE and DELE crosslinked at their 
overlap concentrations. 

The Kremer-Grest (KG) polymer model with added chain rigidity was used to model polymer 
chain conformations (55). Polymers were modeled as repulsive Lennard-Jones (LJ) beads 
connected by finite extensible nonlinear (FENE) springs. The LJ potential was truncated at the 
potential minimum and shifted. This LJ potential is also known as the Weeks-Chandler-Anderson 
(WCA) potential (56). 
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where 𝜎 characterizes the bead diameter, 𝜖 characterizes the repulsive potential energy, 𝐾 
characterizes the spring stiffness, and 𝑅଴ characterizes the maximum extension of the spring. 
Standard parameters were used where 𝑅଴ = 1.5𝜎, 𝜖 = 𝑘୆𝑇, and 𝐾 = 30𝑘୆𝑇. Angle bending 
potentials were added to the KG model to introduce stiffness into the polymer backbone, which 
influence the system’s dynamics and structure (57–59). An angle bending potential was also added 
to match the polymer chain stiffness to the properties of PEG (60). The angle bending potential is, 

𝑈୆୉୒ୈ(𝜃) =
𝜅

2
[1 − cos(𝜃)] (S3) 

where 𝜅 characterizes the bending stiffness. The terms were set to 𝜅 = 2.172𝑘୆𝑇. This potential 
gives a conversion of roughly 2.56 beads per Kuhn segment. 

All simulations were conducted in reduced LJ units with a timestep of d𝑡 = 0.005𝜏∗ where 

𝜏∗ = 𝑡ට
ఢ

௠ఙమ
 for mass 𝑚. Periodic boundary conditions were used in each direction. Polymer chain 

lengths of 20, 60, 100, 140, 180, and 220 beads between crosslinking points inclusive were studied 
in these simulations. Every bead has the same reduced mass of  𝑚∗ = 1. All simulations were 
conducted in implicit solvent by using the Langevin thermostat with a damping constant of 𝜏∗. All 
simulations were conducted using the LAMMPS software (61) and Moltemplate was used to 
prepare the simulation data files (62).  

Initially, a single macromer or chain for each polymer size was simulated in a large simulation 
box for 10,000𝜏∗ to generate a starting configuration. Afterwards, the final configuration of each 
polymer was randomly inserted using Packmol (63) at a very low-density initial state of 0.002. 4 
independent configurations were generated this way for each polymer size to obtain better chain 
statistics when averaged. 32 type-A tetra-arm macromers and 32 type-B tetra-arm macromers were 
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used to simulate the crosslinked DELSE elastomer in each simulation. Type-A and type-B 
macromers were differentiated by the bead type at the end of each arm to replicate experimental 
crosslinking procedures. To ensure that there were about the same number of chains in the 
crosslinked DELE elastomer simulations, 129 polymer chains were simulated with 86 crosslinking 
beads. All bead types shared the same chemical and physical properties described above. The only 
difference between beads was whether they were allowed to react with each other in the 
crosslinking scheme described below. To sample the unperturbed radius of gyration of each 
polymer, 500,000𝜏∗ were simulated, and the radius of gyrations of all molecules were collected in 
the final 150,000𝜏∗ periodically (see tables S2 and S3). The overlap concentration was then 
calculated by estimating the averaged pervaded sphere of each molecule using the system averaged 
radius of gyration. 

Each of the samples were then compressed to the overlap concentration using the following 
scheme based on a procedure from Asai et al. (63). First, the simulation volume was reduced by 
1% of its initial volume in an isotropic manner over 5,000𝜏∗ and then allowed to relax for 50,000𝜏∗ 
to re-equilibrate itself. These two steps were cycled until the overlap concentration was reached. 
The ratio of initial to overlap volume ranges from about 194 for the shortest chain simulations to 
about 19 for the longest chains and takes 95 to 99 cycles. Upon reaching the overlap concentration, 
the polymer solution was equilibrated over 500,000𝜏∗. The mean squared displacement and radius 
of gyration were tracked to ensure that there was sufficient time for the polymers to diffuse 
distances many times larger than its beyond their radii of gyration and that the system average 
radius of gyration did not change with time. 

Afterwards, the equilibrated system was subjected to a crosslinking procedure using the fix 
bond/react scheme for up to 1,500,000𝜏∗ (64, 65). Two dangling chains were allowed to react if 
they were within a reduced distance of 21/6 of each other and satisfied the reaction topology maps. 
For the DELSE simulations, the reaction topology map was satisfied if a dangling type A and a 
dangling type B bead were close enough. For the DELE simulations, the reaction topology map 
was satisfied if a dangling chain end was close enough to a crosslinking bead with less than 3 
chains bonded to it. After a reaction, the system’s topology between the bonding beads was 
updated to match the bonding terms described above. Smaller chain length simulations typically 
had 100% reactions completed while longer chain length simulations had 1 to 2 unreacted chains 
at the end of this procedure (see table S4). 

The crosslinked systems were then deswollen by reducing the volume by 10% of its overlap 
concentration volume in an isotropic manner over 5,000𝜏∗ and then relaxed for 50,000𝜏∗. This 
cycle was looped between 5 and 9 times (depending on overlap concentration volume) until it 
reached its final equilibrium density of 0.85. The system was then equilibrated for 1,000,000𝜏∗ 
while monitoring the system average chain lengths, temperature, and potential energy per bead to 
ensure equilibration. A production run was conducted for 1,000,000𝜏∗ with chain statistics output 
every 50𝜏∗. Unreacted chains and self-looping chains in the DELE were not included in the chain 
statistic calculations. 

For the melt simulations, a procedure based on Auhl et al. was used (66). A single polymer 
chain was simulated in a large simulation box for 10,000𝜏∗ to generate a starting configuration. 
Afterwards, the final configuration of each polymer was randomly inserted using Packmol (63) at 
the final density of 0.85. Instead of using the WCA repulsive term initially, a soft potential was 
used to remove overlaps between beads. 
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where 𝑟𝑐 was set to 2ଵ/଺𝜎. The coefficient, 𝐴, was linearly ramped from 𝐴 = 2𝜖 to 𝐴 = 100𝜖 over 
500𝜏∗. The damping coefficient of the Langevin thermostat was set to 𝜏∗/4 to induce stronger 
coupling to the thermostat. Every 6.25𝜏∗, the velocities of all beads were reset to 0 to promote fast 
push-offs between overlapping beads. After this initial equilibration, the soft potential was 
replaced with the original force field and equilibrated for 1,000,000𝜏∗ with a thermostat damping 
coefficient set to 𝜏∗. Statistics were then collected in the final production run over an additional 
1,000,000𝜏∗ like the crosslinked simulations described above. All melt statistics were also 
averaged over 4 independent runs. 
 
Theoretical calculation of the stretch limit of a deswollen end-linked star elastomer 

The Arruda-Boyce model gives a means of relating the stretch of a single polymer chain to 
that of the bulk material (67). Here we derive a similar relation for a model of the DELSE. The 
result indicates that the stretchability of the bulk relates the that of single polymer chains using the 
following relation: 
 𝜆ଵ

୫ୟ୶ ≈ √3λୡ୦ୟ୧୬/𝐴 (S5) 
where 𝜆ଵ

୫ୟ୶ is the maximum bulk stretch, 𝐴 is a geometric constant, and λୡ୦ୟ୧୬ is the average 
maximum single-chain stretch (fig. S19, A-C). This model was used for comparison with the 
experimental stretch limit (Fig. 4). 
 
Deswollen polymer chain end-to-end distance 

 The DELSE is crosslinked at the overlap concentration, so the initial volume fraction of 
polymer can be defined. 
 𝜙଴ = 𝜙∗ (S6) 

where 𝜙଴ is the polymer volume fraction of the end-linked star hydrogel as prepared, and 𝜙∗ is the 
overlap volume fraction, which can be written generally as follows. 
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𝑁𝑣୫୭୬

𝑉
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where 𝑁 is the degree of polymerization of a single polymer chain, 𝜈୫୭୬ is the Kuhn monomer 
volume, 𝑉 is the volume of polymer chains, and 𝑅଴ is the polymer chain end-to-end distance at the 
overlap concentration, which can be further described as follows. 
 𝑅଴ ≈ 𝑏𝑁ఔ (S8) 

where 𝑏 is the length of a single Kuhn monomer and 𝜈 is the pervaded volume (𝜈 = 1/2 for theta 
solvent while 𝜈 = 0.588 for good solvent). The network is then assumed to affinely deswell to the 
dry state (44). 
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where 𝜆ୢ is the stretch to deswell from the initial concentration 𝜙୧ to the final concentration 𝜙୤. 
For the fully deswollen case of 𝜙 = 1, the stretch to deswell can be defined for this network. 
 

𝜆ୢ = 𝜙∗ଵ/ଷ ≈
𝑁𝑣୫୭୬

𝑅଴
ଷ

ଵ/ଷ

≈ ቀ
𝜈୫୭୬

𝑏ଷ
ቁ

ଵ/ଷ

𝑁
ଵିଷఔ

ଷ  (S10) 

The final polymer RMS end-to-end distance can then be determined. 
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𝑁ଵ/ଷ (S11) 
where 𝑅 is the end-to-end distance of a single polymer chain in the fully deswollen case. Note that 
this relation is independent of solvent quality given that gelation occurs at the overlap condition. 
  
Stretch of a single polymer chain 

To determine the stretch of a single polymer chain at its elastic, we now must consider the 
length of a single polymer chain at the elastic limit. This can be written as follows: 
 𝐿 = 𝑁𝑏 (S12) 

where 𝐿 is the length of a fully stretched polymer chain. Note that the finite but small stretching 
between individual bonds near failure is neglected. We can determine the single chain stretch 
𝜆ୡ୦ୟ୧୬ using the initial and final lengths defined above. 
 

λୡ୦ୟ୧୬ =
𝐿

𝑅
≈

𝑁𝑏

𝑣୫୭୬
ଵ/ଷ 

𝑁ଵ/ଷ
=

𝑁ଶ/ଷ

𝐴
 (S13) 

where 𝐴 is a constant depending on Kuhn monomer geometry. 
 
Stretch of the bulk material 

The bulk material stretch can be approximated as a network of single polymer chains within 
repeating unit cells. Given an arbitrary deformation to the unit cell (fig. S19, A-C), the average 
stretch of a single polymer chain can be found through geometrical relations. The characteristic 
side length of the unit cell is proportional to that of a single polymer chain. 
 

𝑎଴ =
4

√3
𝑅 (S14) 

When the unit cell is stretched, the length of each side is stretched by 𝜆ଵ, 𝜆ଶ, and 𝜆ଷ in the 𝚤̂, 𝚥̂, and 
𝑘෠  directions, respectively. A vector representing a single chain can be written as follows: 
 c୪ =

𝑎଴

4
𝜆ଵ𝚤̂ +

𝑎଴

4
𝜆ଶ𝚥̂ +

𝑎଴

4
𝜆ଷ𝑘෠  (S15) 

where 𝑐୪ is the vector representing the end-to-end distance and direction of a single polymer chain. 
The length of this single representative chain in the deformed configuration is given by: 
 

𝑅ୡ୦ୟ୧୬ =
𝑎଴

4
ට𝜆ଵ

ଶ + 𝜆ଶ
ଶ + 𝜆ଷ

ଶ (S16) 

where 𝑟ୡ୦ୟ୧୬ is the length of a single deformed polymer chain. The length of a single polymer chain 
can be substituted into this relation. 
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The stretch of a single chain can then be defined in terms of the bulk material stretches. 
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Using the relation for chain stretch from before, the bulk stretches relate to the number and size of 
monomers in a single polymer chain. 
 𝑁ଶ/ଷ

𝐴
≈
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Experimental conditions 
Uniaxial tension and pure shear experimental loading conditions give specific relations for 

each principal stretch. First, we get the following relation from the incompressibility condition 
commonly used for rubbers. 
 𝜆ଵ𝜆ଶ𝜆ଷ = 1 (S20) 

Measuring using pure shear gives the following principal stretches. 
 𝜆ଵ = 𝜆,   𝜆ଶ = 𝜆ିଵ,   𝜆ଷ = 1 (S21) 

In contrast, uniaxial tension gives the following principal stretches. 
 𝜆ଵ = 𝜆,   𝜆ଶ = 𝜆ିଵ/ଶ,   𝜆ଷ = 𝜆ିଵ/ଶ (S22) 

In either case, for highly stretchable materials, the maximum stretch can be approximated as the 
stretch in the first principal direction. 
 𝜆 ≈ 𝜆ଵ

୫ୟ୶ (S23) 
We can use this to get a fundamental relation relating the maximum stretch to the number and size 
of monomers in a single polymer chain. 
 𝜆ଵ

୫ୟ୶ ≈ √3λୡ୦ୟ୧୬/𝐴 (S24) 
 
Theoretical derivation of adiabatic temperature change 
 The Helmholtz free energy of DELSE can be given in the general case as 
 Ψ =  𝑈 − 𝑇𝑆 (S25) 

where 𝑈 = 𝑐𝑇 − χρΔ𝐻 is the internal energy, 𝑐 is volumetric specific heat, 𝑇 is the temperature 
[K], χ is the crystallinity, ρ is the density, and Δ𝐻 is the latent heat (per unit mass) of crystalline 
domains. 𝑆 is the total entropy and contains three parts: 𝑆 = 𝑆ୡ୰୷ୱ + 𝑆ୡ୦ୟ୧୬ + 𝑆୲୦ୣ୰୫ୟ୪, where 
𝑆ୡ୰୷ୱ = −χρΔ𝐻/𝑇ୡ is the configurational entropy of crystalline domains with 𝑇ୡ as the critical 
crystallization temperature, 𝑆ୡ୦ୟ୧୬(λ, χ) is the configurational entropy by stretching individual 
polymer chains (which depends on the stretch λ and crystallinity χ), and 𝑆୲୦ୣ୰୫ୟ୪ = 𝑐 ln(𝑇/𝑇ୟ) is 
the thermal entropy with 𝑇ୟ as the base temperature experienced by the sample. The Helmholtz 
free energy can be expanded as follows. 
 Ψ = c𝑇 − χρΔ𝐻 − 𝑇[−χρΔ𝐻/𝑇ୡ + 𝑆ୡ୦ୟ୧୬(λ, χ) + 𝑐 ln(𝑇/𝑇ୟ)] (S26) 

 The equilibrium crystallinity χୣ୯ can be identified by minimizing the free energy with 
respect to crystallinity. 
 

൬
1
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−

1

𝑇
൰ ρΔ𝐻 =

∂𝑆ୡ୦ୟ୧୬

∂χ
 (S27) 

To calculate the temperature change under adiabatic conditions, we impose the condition of 
constant entropy. 
 

d𝑆 = −
ρ Δ𝐻

𝑇ୡ
dχ +

∂Sୡ୦ୟ୧୬

∂λ
 dλ +

∂𝑆ୡ୦ୟ୧୬

∂χ
  +

𝑐

𝑇
d𝑇 = 0 (S28) 

The constant entropy condition (Eq. S28) can then be substituted into the equation for the 
minimization of free energy (Eq. S27). 
 

 
𝑐

𝑇
d𝑇 =

ρ Δ𝐻

𝑇
dχ −

∂𝑆ୡ୦ୟ୧୬

∂λ
 dλ (S29) 

The adiabatic temperature change can then be calculated. 
 

ΔTୟୢ୧ =
ρΔ𝐻

𝑐
Δχ −

1

𝑐
𝑇Δ𝑆ୡ୦ୟ୧୬ (S30) 
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where Δχ is the change in crystallinity due to strain-induced crystallization and Δ𝑆ୡ୦ୟ୧୬ is the 
change in configurational entropy of polymer chains due to stretching. For the DELSE, we assume 
all chains can be stretched to their extension limit. 
 

Δ𝑆ୡ୦ୟ୧୬ = −
1

2
𝑛𝑘ୠ ൬λଶ +

2

λ
− 3൰ (S31) 

where 𝑛 is the number of effective rubbery amorphous chains per unit volume. Note that this form 
is used to approximate the entropy change since it assumes ideal Gaussian chain statistics that do 
not hold for the DELSE system. 
 The theoretical elastocaloric temperature change due to strain-induced crystallization and 
configurational entropy can be approximated as follows. 
 

Δ𝑇ୟୢ୧
ୡ୰୷ୱ

=
ρΔ𝐻

𝑐
Δχ ≈ 70Δχ (S32) 

 
Δ𝑇ୟୢ୧

ୡ୦ୟ୧୬ = −
1

𝑐
𝑇Δ𝑆ୡ୦ୟ୧୬ ≈ 5.7 K (S33) 

where the material properties, testing parameters, and constants are defined as follows: Δ𝐻 =
 150 J/g, ρ = 1.125 × 10଺ g/m3, 𝑐 = 2.4 × 10଺ J/m3, 𝑛 = 6 × 10ଶହ m-3, 𝑘ୠ = 1.38 × 10ିଶଷ J/K, 
and λ =  10.  
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Fig. S1. 

Elastomer synthesis. Schematics depict the fabrication process for (A) the DELSE, (B) the DELE, 
and (C) common elastomers. Illustrations are exaggerated to highlight the differences in network 
architectures.  
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Fig. S2. 

1D WAXS curve peak fitting scheme. Crystallinity measurements were classically measured by 
averaging the 2D WAXS scan over all azimuthal angles to give a single 1D plot. The DELSE was 
stretched to 0.5𝜆ଵ

௠௔௫ to give the representative experimental data. 
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Fig. S3. 

DELSE WAXS scans. (A) Raw WAXS scans of the DELSE at various stretches are depicted with 
their measured crystallinity at 55 °C. (B) 1D radial WAXS profiles at increasing stretches are 
averaged over all azimuthal angles. 
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Fig. S4. 

NR WAXS scans. (A) Raw WAXS scans of NR at various stretches are depicted with their 
measured crystallinity. 1D radial WAXS profiles at increasing stretches are averaged over all 
azimuthal angles at (B) 22 °C and (C) 55 °C. 
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Fig. S5. 

Strain-induced crystallization around an artificial notch. (A) Strain-induced crystallization 
heightens around stress concentrations at cracks or flaws in the DELSE at 55 °C. (B) At low 
stretches, the crystallinity increases around the crack while the bulk material remains amorphous. 
(C) At intermediate stretches, the bulk material also develops crystalline domains. (D) At high 
stretches, the crystallinity in the bulk begins to approach that of the crack tip, reinforcing the entire 
sample. 
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Fig. S6. 

(7/2) helical structure of the PEG crystal formed by strain-induced crystallization. (A) 1D 
averaging from WAXS scans over all azimuthal angles for the highly stretched DELSE gives 
characteristic crystalline peaks associated with PEG crystals, as measured at 55 °C in the stretched 
configuration. (B) The diffraction spots can be labeled the 2D scan. (C) The dimensions of the 
PEG crystal and associated configurations. 
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Fig. S7. 

Crystallite orientation due to strain-induced crystallization. (A) The azimuthal spread of 
diffraction spots from WAXS scans indicates the degree of crystallite orientation. The (120) peak 
of the (7/2) helical PEG crystal is studied as a representative of the crystal. (B) The azimuthal 
intensity contribution of the peak spread is captured at increasing stretch at 55 °C. (C) Pseudo-
Voigt functions fit the azimuthal spread of each peak. (D) The Hermans’ orientation factor is >0.9 
for the DELSE and NR in the regime of strain-induced crystallization, indicating highly oriented 
crystalline domains in the stretching direction. 
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Fig. S8. 

Isotropic and anisotropic deconvolution of amorphous and crystalline phases from WAXS 
patterns. (A) Amorphous and crystalline phases from WAXS patterns in polar coordinates are fit 
with Pseudo-Voigt or Gaussian functions at all azimuthal angles. Representative scans show the 
crystalline and amorphous diffraction peak contributions at (B) 46°, (C) 66°, and (D) 90°. The fit 
curves can reconstruct the polar WAXS scan. The (F) amorphous, (G) oriented amorphous, and 
(H) crystalline contributions can be separated. (I) The polar scan shows the intensities of oriented 
crystals as (J) 3D peaks. (K) By averaging over all azimuthal angles, the 1D curve depicts how 
fitting reproduces experimental data. Representative data is shown from the DELSE at 55 °C. 
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Fig. S9. 

Impact of thermal history on strain-induced crystallinity of stretched samples. (A) When 
cooled from high above 𝑇௠ to 55 °C, the effect of strain-induced crystallization slowly increases 
with time towards equilibrium. (B) When heated from below 𝑇௠, the strain-induced crystallization 
remains relatively constant. (C) A more complex thermal history was applied to ensure samples 
reached an effective steady state before measurement. 
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Fig. S10. 

Strain-induced crystallinity of the DELSE, DELE, and common rubbers. A direct comparison 
is included between the DELSE and DELE (𝑇 = 55 °C) each prepared at twice their respective 
overlap concentrations. DELSE and DELE results were measured in this study, while the 
remaining rubber data is from the literature at 0 °C (18).  
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Fig. S11. 

WAXS scans of highly stretched elastomers. Raw WAXS scans of (A) the DELSE (crosslinked 
at 𝑐∗, 𝑇 = 55 °C) (B) the DELSE (crosslinked at 2𝑐∗, 𝑇 = 55 °C), (C) the DELE (𝑇 = 55 °C), and 
(D) NR (𝑇 = 22 °C) stretched to ~0.8𝜆ଵ

୫ୟ୶.   
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Fig. S12. 

Structural transitions during stretching analyzed by SAXS. (A) SAXS patterns indicate 
alignment in the stretching direction of ordered domains of the DELSE at 55 °C. (B) The hump in 
the intensity plots shift to smaller scattering angles at higher stretches, suggesting longer length 
scales associated with ordered domains. 
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Fig. S13. 

Crack propagation through the DELSE with 20,000 g mol-1 molecular weight. The fracture 
toughness was measured to be 4.2 kJ m-2 at 60 °C. 
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Fig. S14. 

Mechanical testing of the DELSE with 10,000 g mol-1 molecular weight. Cyclic loading and 
unloading at (A) 0.17 s-1 and (B) 0.77 s-1 shows little hysteresis at 60 °C. (C) A single loading and 
unloading cycle to λ = 12 gives a hysteresis ratio of 0.054. (D) Cyclic hysteresis loops are 
compared with that of the end-linked star hydrogel at 22 °C.  
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Fig. S15. Mechanical hysteresis of the DELSE and DELE. Cyclic loading and unloading gives 
low hysteresis for DELSE samples with molecular weights of (A) 10,000 g mol-1 and (B) 20,000 
g mol-1 yet high hysteresis for (C) the DELE sample (𝑇 = 60 °C). 
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Fig. S16. Dynamic mechanical analysis of the DELSE and DELE. The DELE crosslinked at 
2𝒄∗ is compared with the DELSE crosslinked at 𝑐∗ and 2𝑐∗ (𝑇 = 60 °C). The DELSE and DELE 
elastomers have similar storage moduli from 0.1 ~ 10 Hz, but the DELSE exhibits less rate 
dependence. The loss moduli of both DELSE samples are an order of magnitude smaller than that 
of the DELE. 
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Fig. S17. Work to rupture of the DELSE. Experimental work to rupture measurements at 60 °C 
with increasing macromer single polymer chain length. 
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Fig. S18. 

Stress-stretch curves are recorded at varying chain lengths. Stretchability of the DELSE 
elastomer above scales with 𝑁ଶ/ଷ (𝑇 = 60 °C).  
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Fig. S19. 

Network model for stretchability of the bulk DELSE. (A) The microstructural unit cell of the 
proposed model architecture contains polymer chains whose initial chain length is proportional to 
N1/3. (B) Geometric arguments relate the stretchability of the bulk material to that of a single 
polymer chain. (C) Polymer chains align near the elastic stretch limit. (D) The effect of changing 
the geometric variable A is compared to experimental stretchability of the DELSE (𝑇 = 60 °C). 
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Fig. S20 

Molecular dynamics to measure the RMS end-to-end length of polymer chains in networks. 
The undeformed RMS end-to-end distance of polymer chains within the (A) DELSE, (B) DELE, 
and (C) a polymer melt scale with 𝑁଴.ଷ଻, 𝑁଴.ଷଽ, and 𝑁଴.ହଷ, respectively. End-to-end distances are 
measured from discrete chain snapshots and RMS averaged. 
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Fig. S21 

Differential scanning calorimetry (DSC) of the DELSE. The 20,000 g mol-1 molecular weight 
DELSE measured at a constant heating rate of 10 °C min-1 past Tm is depicted.  
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Fig. S22 

Mechanical performance comparisons between the DELSE and NR. The (A) nominal stress-
stretch curves compare loading and unloading of the 10,000 g mol-1 DELSE at 𝑇 = 60 °C to 𝜆 = 
12 and NR at 𝑇 = 22 °C to 𝜆 = 6; (B) hysteresis from this loading cycle is much lower in the 
DELSE compared with NR. The (C) fracture energy of the DELSE at 𝑇 = 60 °C is on the same 
order of magnitude as NR from the literature (45) while (D) the shear modulus – measured using 
DMA – is significantly lower due to a lower chain density.   
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Fig. S23 

Loss tangent comparisons between the DELSE, DELE, and NR from DMA. The loss tangent 
(tan 𝛿 = 𝐸ᇱᇱ/𝐸′) of the DELSE (𝑇 = 60 °C) is about an order of magnitude lower than that of the 
DELE (𝑇 = 60 °C) and NR (𝑇 = 25 °C) along a frequency sweep, indicating that the DELSE has 
fewer defects and that the DELE and NR have a similar defect density. 
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Fig. S24 

Mechanical performance of the DELSE above and below the melting temperature. The 
DELSE with 10,000 g mol-1 molecular weight stretched plastically in uniaxial tension below 𝑇୫ 
at 𝑇 = 22 °C to failure is compared with the same material stretched elastically in pure shear above 
𝑇୫ at 𝑇 = 60 °C on (A) linear and (B) logarithmic nominal stress scales.  
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Table S1. 

SAXS/WAXS experimental parameters. 
 
Configuration SAXS WAXS WAXS 
Measurement All Crack tip All else 
Distance from detector (mm) 1059.1 mm 109.1 mm 109.1 mm 
Aperture Slit Height 0.7 mm 0.7 mm 0.9 mm 
Aperture Slit Width 0.3 mm 0.3 mm 0.9 mm 
Wavelength (Å) 1.5409 (CuKα1) 1.5409 (CuKα1) 1.5409 (CuKα1) 
Power 45 kV, 0.65 mA 45 kV, 0.65 mA 45 kV, 0.65 mA 
Measurement time (s) 180 300 180 
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Table S2. 

Simulated radius of gyration of unreacted polymers for the DELSE. 

Arm Length (Beads) ELSE Macromer Radius of Gyration 
 9  2.84 

 29  5.91 
 49  8.18 
 69 10.10 
 89 11.79 
109 13.34 
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Table S3. 

Simulated radius of gyration of unreacted polymers for the DELE. 
 

Chain Length (Beads) DELE Chain Radius of Gyration 
  18   2.29 
  58   4.90 
  98   6.82 
138   8.43 
178   9.86 
218 11.12 
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Table S4. 

Percentage of simulated active chains and self-looping chains (reported as: DELSE% | DELE%). 
 
Chain length Active chain percentage (%) Average self-loop percentage (%) 
  20 100.0 | 95.5 0.0 | 0.4 
  60 100.0 | 95.3 0.0 | 0.5 
100 100.0 | 95.0 0.0 | 0.5 
140   99.8 | 92.4 0.0 | 0.7 
180   99.6 | 95.0 0.0 | 0.4 
220   99.2 | 92.4 0.0 | 0.6 
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