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Abstract 

Kinetic Monte Carlo (KMC) has become a well-established technique for simulating the kinetics of free 

radical polymerization, both to generate polymer molecular weight distributions and, more recently, to 

track the explicit monomer sequence in every chain. However, KMC simulations require a minimal 

number of molecules in order to accurately describe monomer conversion and macromolecular quantities, 

which can render them computationally prohibitive. In this work, we propose a novel approach for 

accelerating KMC simulations through scaling relationships that allow the number of molecules 

simulated to be reduced. Using the concept of the minimal number of molecules and an explicit 

expression we derived for copolymerization, we propose a factor that is used to scale the reaction rate 

constants which results in an acceleration of KMC simulations by a factor of ~100. We illustrate this 

approach using examples of acrylate copolymerization, but this approach is sufficiently general that it 

can be applied to a wide variety of free radical polymerization systems and even other free radical 

chemistries.  
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Kinetic Monte Carlo (KMC) (Gillespie, 1976) is a 

powerful tool for simulating polymeric reactions because 

of its capability of recording the explicit sequence of every 

polymer chain, enabling more detailed analysis of polymer 

properties. In KMC simulations of polymerization, 

researchers have noted that there is a minimal requirement 

on the number of molecules used in the system in order to 

obtain converged results (Van Steenberge, D’hooge, 

Reyniers, & Marin, 2014). Currently, this number is 

determined through a trial and error process. A sequence 

of increasing numbers of initial molecules (e.g., 106, 107, 

108, …) is used until convergence is reached (Wang & 

Broadbelt, 2011). This limit is an important barrier for the 

acceleration of KMC simulations. In this work, we 

analyzed the cause of this requirement and developed a 

method to use much fewer molecules and generate a small 

polymer chain sample (Gao, Oakley, Konstantinov, Arturo, 

& Broadbelt, 2015). The importance of this work lies in 



  
 

expediting KMC simulations and opening up the 

possibility of linking KMC simulation with molecular 

simulation. 

Method 

The deviation of the simulation results below the 

minimal system size is related to the fact that the number 

of radicals in a KMC simulation must be discrete. Radical 

concentrations increase if the system size continues to 

decrease after reaching the point when there are on average 

two radicals, affecting related reaction rates. Our approach 

focuses on maintaining the correct rates even when running 

simulations using insufficient number of molecules, by 

scaling the rate constants of all reactions that depend on 

the radical concentration. All rates that depend on radical 

concentration to the first power should be divided by a 

factor of λ and those to the second power should be 

divided by a factor of λ2. To exactly cancel out the effect 

of an increase in the radical concentration, the scale factor 

λ should be equal to the system size corresponding to the 

state when the system has exactly two radicals, calculated 

from Eq. (1), divided by the actual system size used. 
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where Ntot,exact min is the exact minimal system size, xj 

represents the mole fractions of monomers and the solvent, 

and ρj’s are the molar densities of monomers and the 

solvent. kt, eff is the effective termination rate constant. ki is 

the initiation rate constant and Ci is the initiator 

concentration. 

Results 

In a case study of the copolymerization of butyl 

acrylate/methyl methacrylate, our method reduced the 

number of molecules from more than 109 to 107, which 

accelerated the simulation by more than 100 times. This 

significant reduction in simulation time makes available 

fast evaluation of multiple synthesis conditions, which can 

be used for efficiently designing synthesis recipes for 

desired polymer properties. In addition, the small chain 

sample is a suitable representative of the large population 

(Figure 1) and can be used in molecular simulation in order 

to calculate macroscopic polymeric physical and chemical 

properties. 

 

Fig. 1 Comparison of the full molecular weight 

distribution at 3 x 104 s between four cases with system 

sizes of 1010, 1.39×109 (exact minimal system size), 108 

and 107, with the last two cases using scaled rate constants 

Conclusion 

The minimal system size for KMC simulations of free 

radical polymerization processes can be determined based 

on synthesis conditions. By properly scaling the rate 

constants, the system size was further reduced, accelerating 

simulations by two orders of magnitude and generating a 

smaller sample of polymer chains representative of the 

chain population associated with the KMC simulation 

when the number of molecules in the system equaled or 

exceeded the necessary minimum value. Furthermore, this 

work may facilitate the linkage of KMC output with 

molecular simulations to explore structure-property 

relationships, since molecular simulation can only handle a 

limited number of molecules. This can be an important 

step towards formulating a multi-scale model. 
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