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S.1 Simulation Details 

S.1.1 All-Atom (AA) Simulations 

We performed AA simulations using GROMACS 5.1.4 software1-3. The potential formulae 

and parameters (including charges) were determined from the standard OPLS-AA force field4, and 

the molecular topology file was generated by free software, MKTOP5. The time step for the 

molecular dynamics simulations was set to 1 fs. To facilitate the computational speed, the bond 

lengths between the hydrogen and carbon atoms were constrained with LINCS algorithm6. 

An initial configuration was generated by randomly locating syndiotactic polystyrene (sPS) 

or atactic polystyrene (aPS) chains in a large simulation box (i.e., 0.1 g/cm3). In the case of aPS, 

aPS chains were generated with random sequences consisting of 50% right-handed and 50% left-

handed monomers. Topological frustrations of the initial chain conformations were released by 

energy minimization with the steepest descent method, followed by a short NVT simulation. The 

initial velocities in the NVT simulation were randomly generated from Maxwell distribution. After 

the NVT simulation, NPT simulation was performed over 10 ns to equilibrate the system at 1 atm. 

The temperature and pressure were controlled by Nose-Hoover thermostat7, 8 and Parrinello-

Rahman barostat9, respectively. The equilibrated system was used as an input for the production 

run of NVT simulation over 100 ns. Different temperatures were used in various simulations and 

1 atm was used as the pressure in all simulations. The thermodynamic properties (e.g., the pressure 

tensor) were calculated at every 1 fs and the block-averaged at every 1 ps. The positions of all 

atoms were sampled at every 10 ps for calculating the mean squared displacement (MSD) 

and the chain conformations.  

 



S.1.2 Coarse-Grained (CG) Simulations 

We applied Iterative Boltzmann Inversion (IBI)10 to derive the CG force fields, including 

the nonbonded, bond, angle, and dihedral potentials (see Figure S1 for example CG force fields 

for sPS). The distribution functions of nonbonded pairs, bond lengths, angles and dihedral angles 

obtained from the AA model with DP=20 were used as the reference for both sPS and aPS.  

 

We performed CG simulations of sPS and aPS melts with different degrees of 

polymerizations (DPs) from 20 to 600 using LAMMPS (version 7 Aug 2019)11. The initial 

configuration was generated by randomly adding sPS or aPS chains in a simulation box to achieve 

a designated density 𝜌 =  0.84 g/cm3. A soft-core potential 𝑈𝑠𝑜𝑓𝑡(𝑟) = 𝐴𝑠𝑜𝑓𝑡(1 + cos(𝜋𝑟/𝑟𝑐)) 

with 𝑟𝑐 = 7Å  was applied to all CG beads. The energy of the soft-core potential 𝐴𝑠𝑜𝑓𝑡  was 

increased from 10 to 100 kcal/mol within 30 ps during an NVT simulation to push off CG beads 

Figure S1. Examples of tabulated force fields (blue solid lines) developed for the coarse-grained (CG) model of 

syndiotactic polystyrene together with the distribution function obtained from the target all-atom (AA) model 

(black solid lines) and the CG model (red dashed lines). (a) Nonbonded pairwise potential and the radial 

distribution function (excluding 1-2, 1-3 and 1-4 bonded neighbors) of the (CG2, CG2) pair. (b) Bond potential 

and the bond length distribution function of the CG1-CG1 bond. (c) Angle potential and the bond angle 

distribution function of the CG2-CG1-CG2 angle. (d) Dihedral potential and the dihedral angle distribution of the 

CG1-CG1-CG1-CG1 dihedral. 



to avoid overlaps. Then the non-bonded pairwise potentials were switched back to the IBI-derived 

ones and a 3 ns NPT simulation was performed to relax the simulation box size. Finally, a 

relaxation run followed by a production run under the NVT ensemble was performed. The 

relaxation and production run lasts 20 ns and 100 ns for DP = 20~100, 100 ns and 400 ns for DP 

= 600. The temperature, 700 K, and pressure, 1 atm, of all CG simulations were controlled by the 

Nose-Hoover style thermostat and barostat12, and the integration time step was set to 4 fs. 

The root mean squared end-to-end distance of chains with different DPs is shown in Figure 

S2. At small DPs (DP < 100), the chain size increases faster than √DP due to the local rigidity of 

the sPS chain. At large DPs (DP ≥ 100), the chain size follows the ideal chain conformation, and 

𝑅𝑒 = 0.788(DP)0.5 nm for sPS and 𝑅𝑒 = 0.657(DP)0.5 nm for aPS. 

 

S.1.3 Slip-Spring (SS) Simulations 

 In the SS model, polymers are represented by a flexible chain of Nss beads connected by 

harmonic springs.  The bonded potential between two bonded beads i and j is described by 

𝛽𝑈𝑏,𝑖𝑗(𝒓𝑖𝑗) =
3
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(S1) 

where 𝛽 = 1/(𝑘𝐵𝑇) and 𝑘𝐵 is the Boltzmann constant, 𝒓𝑖𝑗 is the bond vector, b is the bond length. 

The nonbonded potential between beads i and j is described by 

Figure S2. Root mean squared end-to-end distance of coarse-grained (CG) (a) syndiotactic polystyrene (sPS) and 

(b) atactic polystyrene (aPS) with different degree of polymerizations (DPs). The CG simulation data is shown as 

black squares and fitted with the worm-like chain model. At large DPs, the fitted worm-like chain model as well 

as the CG simulation data converge to the 0.788 × (DP)0.5 nm for sPS and 𝑅𝑒 = 0.657(DP)0.5 nm for aPS, 

which agrees with the ideal chain conformation of polymers in a melt. 



𝛽𝑈𝑛𝑏,𝑖𝑗(𝒓𝑖𝑗) =
√𝒩̅

𝑅𝑒
3 𝜅𝑁 × 𝐼(𝒓𝑖𝑗) 

(S2) 

where 𝒩̅ = (𝜌0𝑅𝑒
3/𝑁)2  is the invariant degree of polymerization, where 𝜌0 is the bead number 

density, 𝑅𝑒 is the end-to-end distance of the polymer chain, N is the number of beads in each chain. 

𝜅 is a parameter related to the inverse of compressibility. The function 𝐼(𝒓𝑖𝑗) depends on the 

displacement vector between the two beads 𝒓𝑖𝑗 = 𝒓𝑗 − 𝒓𝑖 and is calculated as 

𝐼(𝒓𝑖𝑗) = ∫ d3𝒓 𝑤(𝒓 − 𝒓𝑖)𝑤(𝒓 − 𝒓𝑗) 

(S3) 

where 𝑤(𝒓) is the normalized density cloud so the 𝜌0 ∫ d3𝒓 𝑤(𝒓) = 1. For simplicity, we choose 

a uniform density cloud 

𝑤(𝒓) = {
1,        |𝒓| ≤ 0.5𝑟𝑐𝑢𝑡

0,        |𝒓| > 0.5𝑟𝑐𝑢𝑡
 

(S4) 

where the cutoff distance 𝑟𝑐𝑢𝑡 = (3𝑛𝑖/4𝜋𝜌0)1/3  is chosen by setting the mean number of 

interacting beads 𝑛𝑖 = 14. The topological constraints are modeled by introducing slip-springs. A 

slip-spring is a “topological bond” connecting a pair of beads from different chains and introduces 

an extra interaction potential 

𝛽𝑈𝑠𝑠,𝑖𝑗(𝒓𝑖𝑗) =
3
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(S5) 

where 𝒓𝑖𝑗  is the slip-spring bond vector, 𝑏𝑠𝑠  is the slip-spring bond length that determines its 

strength and is chosen to be 𝑏𝑠𝑠 = 𝑏. The slip-spring evolves by hopping from one bead to its 

neighboring beads and can be created/destroyed at the chain end, both in a Monte Carlo manner 

as described by Ramírez-Hernández et al.13 With the abovementioned formulism for the system 

interaction potential, the force acting on each bead can be obtained by 𝒇𝑖 = 𝒇𝑖
𝑏 + 𝒇𝑖

𝑛𝑏 + 𝒇𝑖
𝑠𝑠 =

−∇[𝑈𝑏,𝑖𝑗(𝒓𝑖𝑗) + 𝑈𝑛𝑏,𝑖𝑗(𝒓𝑖𝑗) + 𝑈𝑠𝑠,𝑖𝑗(𝒓𝑖𝑗)]. The system is updated by a hybrid scheme, where the 

position of beads are updated via Brownian dynamics and the slip-spring configurations are 

updated via Monte Carlo moves every 𝜏𝑠𝑠  time units. Therefore, the equation of motion is 

integrated for each bead 

𝑚𝛾𝒗𝑖(𝑡) = [𝒇𝑖
𝑏 + 𝒇𝑖

𝑛𝑏 + 𝒇𝑖
𝑠𝑠] + √2𝑚𝛾𝑘𝐵𝑇𝑹𝑖(𝑡) 

(S6) 



where the mass of the bead m is set to unity, 𝛾 = 1𝜏−1 is the friction coefficient (𝜏 is the time unit), 

the second term on the r.h.s of the equation is the random force where  𝑹𝑖(𝑡) is a Gaussian process 

satisfying 〈𝑹𝑖(𝑡)〉 = 0 and 〈𝑹𝑖(𝑡)𝑹𝑗(𝑡′)〉 = 𝛿𝑖𝑗𝛿(𝑡 − 𝑡′). The quantities in the SS model are in 

reduced units. The chain size 𝑅𝑒 sets the unit of length and the simulation box size is (2𝑅𝑒)3 . The 

energy is measured in 𝑘𝐵𝑇 units. The simulation is performed for 3 × 106 steps with timestep 

Δ𝑡 = 0.0002𝜏. The hopping/creation/destruction of slip-springs are performed in each time step. 

The stress of the system is computed from the sum of the bonded, nonbonded, and slip-spring 

interactions. 

 To model a polymer melt, we need to determine the following parameters in the SS model: 

the number of beads per chain (𝑁𝑠𝑠), the bead number density (𝜌0), and the compressibility (𝜅). In 

our slip-spring simulations of sPS melts, we chose to discretize an entangled strand to 𝑁𝑒,𝑠𝑠 = 4 

slip-spring beads. Since the DP of an entangled strand is 𝑁𝑒 = 126  as obtained from CG 

simulations using the Z1 algorithm14-16, the number of beads per chain is 𝑁𝑠𝑠 = DP × 𝑁𝑒,𝑠𝑠/𝑁𝑒 . 

From CG simulations, we also obtained the root mean squared end-to-end distance of a chain 𝑅𝑒 =

0.788(DP)0.5 𝑛𝑚  for DP ≥ 100  (see Figure S2(a)), so the bead number density is 𝜌0 =

𝜌𝑅𝑒
3𝑁𝑒,𝑠𝑠𝑁𝐴/(𝑀0𝑁𝑒) = 0.0743(DP)1.5, where 𝜌 = 0.827 g/cm3 is the density, 𝑀0 = 104.15 g/

mol is the molecular weight of a monomer, and 𝑁𝐴 is the Avogadro’s number. The compressibility 

is chosen to be 𝜅 = 3.58. Similarly, in the slip-spring model of aPS melts, we chose to represent 

an entangled strand with 𝑁𝑒,𝑠𝑠 = 3 beads. Since and the density of aPS is similar to that of sPS, 

The bead number density of aPS was determined by 𝜌0 = 𝜌𝑅𝑒
3𝑁𝑒,𝑠𝑠𝑁𝐴/(𝑀0𝑁𝑒) = 0.0226(DP)1.5, 

where the root mean squared end-to-end distance of a chain is 𝑅𝑒 = 0.657(DP)0.5 𝑛𝑚 for DP ≥

600  (see Figure S2(b)), the DP of an entangled strand is 𝑁𝑒 = 180  as obtained from CG 

simulations and the density is 𝜌 = 0.827 g/cm3. 

S.1.4 Building the Master Curve for Atactic Polystyrene 

The master curves of aPS melts at 700K with DP ≫ Ne  were obtained by combining the 

stress relaxation modulus from three models: (i) AA model with DP = 50, (ii) CG model with DP 

= 600, after rescaling the time and modulus by τCG-AA = 7.13 and γCG-AA = 1, respectively, (iii) SS 

model with DP > 600, after rescaling the time and modulus by τSS-AA = τSS-CG × τCG-AA = 1.43×104 

ns and γSS-AA = γSS-CG × γCG-AA = 5×105 Pa, respectively. Figures S3(a) and S3(b) show the master 

curve, as well as the storage and loss moduli of aPS melts with DP = 600, 1200, 2100, and 2700, 



where the latter is obtained from the Fourier transform of G(t) which is fitted with a generalized 

Maxwell model. 

 

To extrapolate the viscoelastic properties measured at 700K to lower temperatures, we use 

the time-temperature superposition approach. AA simulations of aPS melts with DP = 50 are 

performed at various temperatures in the range T = 500~700 K. We then superimpose the stress 

relaxation modulus at a reference temperature T0 = 500K using the time-shift factor aT and the 

modulus-shift factor bT as shown in Figure S4.  

 

Figure S3. (a) Stress relaxation modulus master curves of entangled aPS melts at 700K built from all-atom (AA, 

red circles), coarse-grained (CG, orange squares) and slip-spring (SS, green, blue, purple, and black triangles) 

models. Error bars of the SS model indicate the uncertainty obtained from 6 parallel samples. Dashed lines are 

best fits of the master curve for aPS melt with DP = 600 (green), 1200 (blue), 2100 (purple), and 2700 (black) 

using generalized Maxwell model. (b) Storage (solid lines) and loss (dashed lines) moduli of aPS melt at 700K 

with DP = 600 (green), 1200 (blue), 1260 (purple), and 2700 (black). Shadows indicate the uncertainty obtained 

from 6 independent realizations of the simulation. 

Figure S4. (a) Time-shift factor 𝑎𝑇 of aPS as a function of temperature T. Red dashed line is the best fit of eq 2a 

in the main text with T0 = 500 K. (b) Modulus-shift factor 𝑏𝑇 of aPS as a function of temperature T. Red dashed 

line corresponds to eq 2b using ρ(T)/(kg·m-3) = 1240.5 – 0.5825 × T/K, T0 = 500 K and ρ0 = 956.4 kg·m-3. 



S.2 Mean Squared Displacement of Syndiotactic Polystyrene Chain in Coarse-Grained and 

Slip-Spring Simulations 

 

 

S.3 Monomer Mean Squared Displacement of Syndiotactic Polystyrene Melts with Different 

Degrees of Polymerization 

 

  

Figure S5. Mean squared displacement of chain, g
3
, of the syndiotactic polystyrene melt with degree of 

polymerization DP = 600 in coarse-grained (CG) and slip-spring (SS) simulations. 〈𝑅𝑒
2〉 is the mean squared chain 

end-to-end distance. The 1/2 scaling at long time scales from the SS simulation indicates the diffusive behavior 

after disentanglement, i.e., g
3
 ~ t. Since the melt is not strongly entangled (the number of entanglements per chain 

is Z ≈ 5), the dynamics of this melt at shorter time scales is faster than the predicted scaling for highly entangled 

melts, g
3 ~ t1/2. This is manifested by the almost flat but slowly increasing curve from ~1 to ~103 ns. 

Figure S6. Monomer mean squared displacement, g1, of syndiotactic polystyrene melts with different degrees of 

polymerizations (DPs) in (a) coarse-grained (CG) and (b) slip-spring (SS) simulations. The time and modulus of 

CG and SS results are not renormalized. The power law slope -1/4 in both CG and SS models indicates 

entanglement. The power law slope 1/2 in the SS model indicates diffusive behavior thus fully relaxed dynamics. 



S.4 Stress Relaxation Modulus of Syndiotactic Polystyrene Melts with Different Degrees of 

Polymerization at Short Time Scales 
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