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1. Procedure for the Curing of Resins in MD Simulations

The procedure for simulating the curing of resins in MD simulations is shown in Figure S1. 

Uncured resins were placed in a simulation box using an Amorphous Cell modulus. The system was 

subjected to geometry optimization, and molecular dynamics simulation under the NPT ensembles 

was performed successively. The equilibrium configuration was used for the following crosslinking 

strategies. Pairs of reactive atoms within the cut-off distance were searched and connected by 

forming new bonds. Bonds and neighboring atoms for the reacted atoms were adjusted, and the total 

system was subjected to the geometry optimization and 10-ps NPT simulations to eliminate internal 

stress stemming from the crosslinking. The relaxation time is sufficient for removing unrealistic 

distortions. Cyclotrimerization, Diels-Alder reaction, and radical polymerization were considered in 

this procedure. The above simulations were repeated until the target conversion was reached, or there 

was no new pair of reactive atoms generated within the maximum cut-off distance. To build 

reasonable crosslinked polymers in a suitable computational time, we increased the cut-off distance 

from 4 Å to 12 Å in this study. Such an approach has been commonly used in molecular dynamics 

simulations to construct the crosslinked polymer networks[S1-S6]. Since the present study does not 

focus on the properties related to the reaction time, this strategy is suitable for building crosslinked 

polymers with a reasonable time by molecular dynamics simulations.



S-4

Build a box with monomers

Geometry optimization and NPT 
molecular dynamics

Identify potential reactive atoms 
within a cutoff distance 

Reactive atoms undergo curing 
reactions

Geometry optimization and molecular 
dynamics

Target conversion is reached ?

Exit

Yes

No

Figure S1. Crosslinking flowchart in the MD simulations.

In the curing process, several methods have been adopted to construct the polymer networks 

without unrealistic distortions. The maximum bond energy in the cured system during the curing was 

monitored to avoid ring spearing. The abrupt increase of the maximum bond energy indicates the 

occurrence of the ring spearing, as shown in Figure S2. The cured systems with ring spearing were 

abandoned. 

0.0 0.2 0.4 0.6 0.8

0

100

200

 

 

M
ax

im
um

 B
on

d 
En

er
gy

/ k
ca

lm
ol

Extend of Reaction

Ring spearing

Figure S2. The maximum bond energy in the system as a function of the extent of reaction
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In addition, we analyzed the length distributions of all the bonds in the cured systems to check 

the sufficient relaxation of cured systems. Figure S3 shows the bond length distributions in the cured 

systems with a reaction extent of 0.8. Compared with the distribution curve of the uncured system, 

the smaller peaks at 1.2 Å in the curves of the cured systems indicates the consumption of the 

alkynyl groups and the difference in the curves for the cured and uncured systems in the range of 1.4 

Å to 1.6 Å suggests the formation of the new cured structures. No stretched bonds have been found 

in the bond length distributions in the cured systems, which means that unrealistic distortions have 

been avoided.
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Figure S3. The length distributions of all the bonds in the cured systems for (a) CT, (b) DA, (c) RP-3, 

and (d) RP-2 at the extent of reaction of 0.8.
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Our previous density functional theory computation shows that the major cyclotrimerization 

pathway includes the dimerization of two arylacetylenes into a diradical intermediate, which then 

undergoes the intramolecular couplings to strained cyclic allene and cyclobutadiene, followed by the 

evolution into naphthalenic dimer and benzenic trimer[S7]. The stress can be alleviated in the stepwise 

reaction. However, such a process cannot be achieved in molecular dynamics simulations. In our 

work, the crosslinking reaction was simulated by applying a harmonic potential to bring reactants 

together in a single step. Only one reaction takes place at a time, and enough time was taken for 

relaxing the chain after each crosslink. Such a method could mimic the stepwise alleviation of 

stresses from crosslinking.
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2. Average Molecular Weight of the Cured Polymers 

We have examined the number-average molecular weight (Mn) of polymers as a function of the 

extent of reaction. The result is shown in Figure S4. Since three alkynyl groups are involved in each 

CT/RP-3 reaction and only two alkynyl groups are included in each DA/RP-2 reaction, the average 

molecular weights of DA and RP-2 systems are lower than those of CT and RP-3 systems.
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Figure S4. The number-average molecular weight (Mn) of polymers as a function of the extent of 

reaction.
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3. Radial Distribution Function

Figure S5 shows the pair distribution function g(r) for molecule pairs in the cured polymers. As 

shown, compared with the linear polymers obtained by DA and RP-2, the polymers crosslinked by 

CT and RP-3 have an apparent distinction in g(r) with intermolecular distance in the range of 4 to 6 

Å. The intermolecular distances in the polymer networks cured by CT and RP-3 are shorter than 

those in the DA and RP-2 systems. The results indicate that the crosslinking effects of CT and RP-3 

decrease the intermolecular distance between monomers and increase the density of the cured resins.

Figure S5. Radial distribution function g(r) for molecule pairs in the cured polymers.
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4. Curing Process for the Resins of Different Kinds of Reactions

Figure S6 shows the plots of the conversion of monomers as a function of the extent of the 

reaction. As shown, the four reaction systems exhibit a similar variation of the conversion. The 

number of uncured molecules decreases, and the number of fully reacted (cured at two ends) 

molecules increases in the entire process. The number of partly reacted (cured at one end) molecules 

first increases and then decreases with increasing the reaction extent. The maximum number of one-

end cured resins appears at the reaction extent of ca. 0.5.

Figure S6. Plots of the conversion of monomers as a function of the extent of the reaction for the 

resins under the reactions of (a) cyclotrimerization, (b) Diels-Alder reaction, (c) free radical reactions 

by three alkynes, and (d) free radical reactions by two alkynes.
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5. Variations of the Constitutes of Potential Energies

Figure S7 shows the variations of bond energy, angle energy, torsion energy, and non-bond 

energy as a function of the conversion. As shown, the bond energy (Figure S7a), the angle energy 

(Figure S7b), the torsion energy (Figure S7c), and the nonbonded interaction energy (Figure S7d) 

increases with the increase in the conversion. Among the constitutes of potential energies, the torsion 

energy plays a dominant role in the increase in total potential energy (see Figure S7c). During the 

curing process, the degree of structural restriction increases due to the formation of new bonds, 

leading to an increase of torsion energy. Among the four curing reactions, the increase in torsion 

energy for CT is significantly higher than those for other curing types. For the CT, three molecules 

cyclotrimerize into a rigid benzene ring, which significantly increases the stiffness of the system and 

the torsion energy. 

Figure S7. Variations of (a) bond energy, (b) angle energy, (c) torsion energy, and (d) non-bond 

energy as a function of the conversion. 
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6. Combined Effects of Various Curing Reactions

We proposed two curing procedures for acetylene-terminated polyimides in which the curing 

temperature is varied. In the first curing procedure, the acetylene-terminal polyimides are cured at a 

low temperature (about 150~160°C). In the second curing procedure, the acetylene-terminal 

polyimides are cured first at a low temperature (about 150~160°C) and then at a high temperature 

(about 200°C).

As different curing reactions (including radical polymerization, cyclotrimerization, and Diels-

Alder reaction) are involved in the two curing procedures, the reaction probability for each reaction 

needs to be known. We calculated the probabilities of the reactions in MD simulations using the 

following expression[S8]:

                                                   (S1)r a B
0

[ ]( )( ) exp( / )
[ ]
M tP t A E k T
M

 

where Pr(t) is the probability for the reaction in MD simulations; A is a modifying factor; Ea is the 

activation energy of the reaction obtained from the DFT calculations[S7]; T is the reaction temperature; 

[M0] is the concentration of the reactive units at the beginning, and [M](t) is the concentration of the 

reactive units at the specific time.

As the second curing procedure is a two-stage curing process, the conversion at the first stage 

(low-temperature curing) can be varied, which can be realized by changing the curing time in 

experiments. The curing time at low temperatures in experiments is usually shorter than the gel time 

of the resin for easy processing. Therefore, we designed the second curing procedure as follows: the 

resin was first cured at a low temperature before the gel point was reached, and then the resin was 

adequately cured at a high temperature. In MD simulations, we determined the conversion at the gel 

point by analyzing the molecular weights of the fragments in the cured polymer.[S9] 
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