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Abstract 
We present an extension of the generalized energy-conserving dissipative particle dynamics 
method (J. Bonet Avalos, et al., Phys Chem Chem Phys, 2019, 21, 24891-24911) to include 
chemical reactivity, denoted GenDPDE-RX.  GenDPDE-RX provides a means of simulating 
chemical reactivity at the micro- and mesoscales, while exploiting the attributes of density- and 
temperature-dependent many-body force fields, which include improved transferability and 
scalability compared to two-body pairwise models.  The GenDPDE-RX formulation considers 
intra-particle reactivity via a coarse-grain reactor construct.  Extent-of-reaction variables assigned 
to each coarse-grain particle monitor the temporal evolution of the prescribed reaction mechanisms 
and kinetics assumed to occur within the particle.  Descriptions of the algorithm, equations-of-
motion, and numerical discretization are presented, followed by verification of the GenDPDE-RX 
method through comparisons to reaction kinetics theoretical model predictions.  Demonstrations 
of the GenDPDE-RX method are performed using constant-volume adiabatic heating simulations 
of three different reaction models, including both reversible and irreversible reactions, as well as 
multi-step reaction mechanisms.  The selection of the demonstrations is intended to illustrate the 
flexibility and generality of the method, but are inspired by real material systems that span from 
fluids to solids.  Many-body force fields using analytical forms of the ideal gas, Lennard-Jones, 
and exponential-6 equations-of-state are used for demonstration, although application to other 
forms of equation-of-states is possible.  Finally, the flexibility of the GenDPDE-RX framework is 
addressed with a brief discussion of other possible adaptations and extensions of the method. 

 

Keywords: chemical reactivity, coarse-grain models, dissipative particle dynamics, microscale 
and mesoscale modeling 

 

*corresponding author (john.k.brennan.civ@army.mil) 



2 
 

1. Introduction 
Nearly all materials and processes, whether natural or synthetic, are innately heterogeneous, where 
the heterogeneity is manifested at the microscale.  Moreover, while chemical reactivity is 
intrinsically an atomistic scale event, the initiation of chemistry often stems from mechanisms 
occurring at the microscale (e.g., microstructural changes, diffusion, or mixing).  As the central 
science, chemistry can be the pivotal driver in such microscale mechanisms, where in all but the 
simplest reactive systems, the macroscopic properties are effectuated from these multiscale 
processes.  Examples of chemistry dictating the microscale-dependent response can be found in 
both natural processes (e.g., cell chemistry, atmospheric chemistry, and colloid chemistry) and 
synthetic processes (e.g., fuel cell chemistry, material manufacturing, tissue engineering, and drug 
delivery). 

Microscale modeling and simulation is a vital component for improving and understanding 
existing microscale materials and processes, as well as developing novel materials.  However, 
modeling microscale behavior poses many significant challenges.  While the spatial and temporal 
scales preclude the use of atomistic simulation, at the continuum scale, the microscale effects are 
necessarily homogenized such that they are only resolved in an average manner.  Discrete coarse-
grain (CG) particle modeling and simulation are capable of filling this gap in computational length 
scales; accordingly, it is an ever-growing computational research area.  A plethora of discrete CG 
particle modeling studies of micro- and mesoscale phenomena can be found in the literature.  
Studies have been performed over an extensive scope of materials and applications, including the 
life sciences (proteins, colloidal suspensions, bio-membranes, micelles), industrial applications 
(surfactants, asphaltenes, viscoelastic fluids), defense applications (energetic material composites, 
liquid propellants), and novel materials (self-assembled block copolymers and nanoparticles).1-18 

For these and other discrete CG particle studies, dissipative particle dynamics (DPD) has 
demonstrated to be a valuable method.  Based on a rigorous statistical mechanics foundation,19-21 
the family of DPD methods allows for simulations under isothermal, isobaric (DPDP),22-23 
isoenergetic (DPDE),24-26 or isoenthalpic (DPDH)27 conditions.  Further, a method for simulating 
chemical reactivity exists that was built upon the DPDE framework, notated as DPD-RX.8, 16, 28  
DPD-RX treats the CG particles as interacting CG reactors, where reaction progress variables are 
assigned to each CG particle that monitor the time evolution of an extent-of-reaction associated 
with each of the prescribed reactions that may occur within each CG particle.  Changes in the 
chemistry of a reacting CG particle coincide with changes in the particle’s interaction potential.  
Moreover, the particle interaction changes in such a way that it captures both heat exchange and 
pressure volume work due to the chemical reactivity.  To date, the DPD-RX method has been 
applied to the simulation of the decomposition of energetic materials.8, 11, 15-16, 28-31 

A more recent DPD method advancement is the generalization of the DPDE method 
(GenDPDE),14, 32 which can incorporate density- and temperature-dependent interaction potentials, 
e.g., a many-body force field based on an analytical equation-of-state (MB-FF-EoS).33-37  MB-FF-
EoS CG models overcome the lack of both scaling consistency and transferability that hinder the 
use of purely pairwise force fields.  In recent work, a detailed derivation of the GenDPDE 
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equations-of-motion were formulated in a bottom-up manner, preserving a direct link to the higher 
resolution scale.14, 32 

In light of these two recent extensions of the DPDE method, namely DPD-RX and GenDPDE, an 
extension of the GenDPDE method to include chemical reactivity intuitively follows and is 
presented in this work.  Notated as GenDPDE-RX, the extension is based on the isoenergetic 
version of the DPD-RX method (DPDE-RX), which considers intra-particle reactivity via a coarse-
grain reactor construct.  Analogous to the DPDE-RX approach, reaction progress variables are 
assigned to each particle that monitor the time evolution of an extent-of-reaction associated with 
the prescribed reaction mechanisms and kinetics, assumed to occur within the particle, and coupled 
to particle state variables, such as the temperature and pressure.  The GenDPDE-RX method 
provides a means of simulating chemical reactivity while utilizing the attributes of density- and 
temperature-dependent many-body force fields. 

The manuscript is organized as the following.  In Section 2, the GenDPDE-RX method is 
presented, including descriptions of the algorithm and numerical discretization.  In Sections 3 and 
4, details of the reaction models and computational aspects are presented.  Sections 5 and 6 provide 
verification and demonstrations of the GenDPDE-RX method by performing constant-volume 
adiabatic heating simulations of various types of reaction models, and through comparisons to 
theoretical model predictions of the reaction kinetics.  Finally, a discussion of other possible 
adaptations and extensions of the GenDPDE-RX method is given. 

 

2. Methodology 
A. Algorithm 

The extension of GenDPDE to include chemical reactivity is constructed upon the DPDE-RX 
method,16 whereby the CG particles are treated as seemingly interacting coarse-grain reactors 
(CG-reactors).  The CG-reactor model differs from a reactive-type model in which chemical bonds 
are explicitly present.  Rather, temporal changes in the species type and concentration of the 
molecules representing the CG particle can occur.  As such, the interaction between CG particles 
varies as reactions proceed during the simulation.  These intra-particle changes in chemistry are 
governed by a prescribed set of chemical reactions and kinetics (termed here as the reaction model) 
and the associated extents-of-reaction.  Within each time step, it is assumed that for any 
composition change within a CG particle, complete species mixing has occurred and the 
equilibrium reactions reached their steady-state compatible with the actual state variables of the 
mesoparticle.  Schematics of the CG-reactor depiction for the reactions considered in the main text 
are shown in Figure 1.  The total energy of a given particle remains constant during the update of 
the particle internal energy, which occurs when the composition of the CG particle changes due to 
reaction.  Variations in the CG particle composition are reflected through a CG particle equation-
of-state (CG-EoS), which defines the thermodynamics of the internal state of the particle, i.e., the 
degrees-of-freedom that are not reflected by the explicit particle interactions.  The form of the CG-
EoS is a modeling choice, where a wide variety can be considered.  For example, assuming that 



4 
 

the internal degrees-of-freedom are purely harmonic, the particle internal energy 𝑢𝑢𝑖𝑖 and particle 
temperature 𝜃𝜃𝑖𝑖 can be related through a constant-volume heat capacity 𝐶𝐶𝑉𝑉,𝑖𝑖, as 𝑢𝑢𝑖𝑖 = 𝐶𝐶𝑉𝑉,𝑖𝑖𝜃𝜃𝑖𝑖.  More 
advanced CG-EoS forms can incorporate temperature dependence in the parameters as 𝐶𝐶𝑉𝑉,𝑖𝑖(𝜃𝜃𝑖𝑖), 
or quantum contributions that provide a more accurate description of the high frequency modes.38  
In this work, the CG-EoS is defined as 

𝑢𝑢𝑖𝑖(𝜃𝜃𝑖𝑖) = ∆𝐻𝐻𝑓𝑓,𝑖𝑖(𝑇𝑇𝑟𝑟) + � 𝐶𝐶𝑃𝑃,𝑖𝑖
0 (𝑇𝑇)𝑑𝑑𝑑𝑑

𝜃𝜃𝑖𝑖

𝑇𝑇𝑟𝑟
−𝒩𝒩𝑚𝑚𝑚𝑚𝑚𝑚𝑘𝑘𝐵𝐵𝜃𝜃𝑖𝑖 −

3
2
𝑘𝑘𝐵𝐵𝜃𝜃𝑖𝑖 (1) 

where 𝑇𝑇𝑟𝑟 is a reference temperature, albeit arbitrary, and 

∆𝐻𝐻𝑓𝑓,𝑖𝑖(𝑇𝑇𝑟𝑟) = �𝑓𝑓𝑖𝑖𝛼𝛼∆𝐻𝐻𝑓𝑓,𝛼𝛼(𝑇𝑇𝑟𝑟)
𝑁𝑁𝑠𝑠

𝛼𝛼=1

  

𝐶𝐶𝑃𝑃,𝑖𝑖
0 (𝜃𝜃𝑖𝑖) = �𝑓𝑓𝑖𝑖𝛼𝛼𝐶𝐶𝑃𝑃,𝛼𝛼

0 (𝜃𝜃𝑖𝑖)
𝑁𝑁𝑠𝑠

𝛼𝛼=1

 (2) 

𝒩𝒩𝑚𝑚𝑚𝑚𝑚𝑚 = �𝒩𝒩𝑖𝑖
𝛼𝛼

𝑁𝑁𝑠𝑠

𝛼𝛼=1

  

In Eqs. (1) and (2), 𝑁𝑁𝑠𝑠 is the number of species types embedded within particle 𝑖𝑖, 𝑓𝑓𝑖𝑖𝛼𝛼 is the fraction 
of species 𝛼𝛼 within particle 𝑖𝑖, 𝒩𝒩𝑖𝑖

𝛼𝛼 is the number of particles of species 𝛼𝛼 embedded within 
mesoscopic particle 𝑖𝑖, ∆𝐻𝐻𝑓𝑓,𝛼𝛼(𝑇𝑇𝑟𝑟) is the heat of formation of species 𝛼𝛼 at reference temperature 𝑇𝑇𝑟𝑟 
(typically 𝑇𝑇𝑟𝑟 = 298.15 K), 𝐶𝐶𝑃𝑃,𝛼𝛼

0 (𝜃𝜃𝑖𝑖) is the isobaric heat capacity of an isolated molecule of species 
𝛼𝛼 at reference pressure 𝑃𝑃𝑟𝑟 (typically 𝑃𝑃𝑟𝑟 = 1 bar), and 𝑘𝑘𝐵𝐵 is the Boltzmann constant.  Updates of 𝑢𝑢𝑖𝑖 
due to composition changes result in changes in 𝜃𝜃𝑖𝑖, which reflect either the exothermic or 
endothermic behavior of the reaction model.  In the GenDPDE-RX method, the reaction volume, 
𝒱𝒱𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟, is equivalent to the volume of the particle, 𝒱𝒱𝑖𝑖 = 1

𝑛𝑛𝑖𝑖
, where 

𝑛𝑛𝑖𝑖 =
∑ 𝓌𝓌𝑖𝑖𝑖𝑖𝑗𝑗≠𝑖𝑖

[𝓌𝓌]
 (3) 

 

is the local density of particle 𝑖𝑖; 𝓌𝓌𝑖𝑖𝑖𝑖 ≡ 𝓌𝓌(𝑟𝑟𝑖𝑖𝑖𝑖) is a smooth, non-negative, monotonically 
decreasing, spherically-symmetric weighting function vanishing for 𝑟𝑟𝑖𝑖𝑖𝑖 ≥ 𝑅𝑅𝑐𝑐; 𝑅𝑅𝑐𝑐 is the cut-off 
radius and [𝓌𝓌] = 4𝜋𝜋 ∫𝓌𝓌(𝑟𝑟)𝑟𝑟2𝑑𝑑𝑑𝑑. 
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Figure 1:  Schematics of the CG-reactor end states for (a) R1, 2𝐴𝐴⇌𝐴𝐴2; and (b) R2, 𝐴𝐴 → 3𝐵𝐵 + 3𝐶𝐶.  𝑁𝑁𝑖𝑖𝛼𝛼 is the number 
of species 𝛼𝛼 within CG particle 𝑖𝑖 and 𝜆𝜆𝑖𝑖

𝑅𝑅𝑥𝑥 is the extent-of-reaction for Reaction 𝑅𝑅𝑥𝑥. 

B. Equations-of-Motion and Numerical Discretization 

The GenDPDE-RX method is built upon the GenDPDE and DPDE-RX frameworks, where the 
equations-of-motion (EoM) are taken as a combination of the EoM from the two methods.  The 
complete set of EoM for GenDPDE-RX is taken as the GenDPDE EoM accompanied by an update 
of the particle internal energy due to changes in the particle composition resulting from reaction.  
An alternative heat flow model has been introduced recently for the GenDPDE method,32 which 
was used here. 

For particle (𝑖𝑖 = 1, … ,𝑁𝑁), the EoM for the GenDPDE method are: 

𝐫𝐫𝑖𝑖′ = 𝐫𝐫𝑖𝑖 +
𝐩𝐩𝑖𝑖
𝑚𝑚𝑖𝑖

𝛿𝛿𝛿𝛿 (4) 

𝐩𝐩𝑖𝑖′ = 𝐩𝐩𝑖𝑖 + �𝐟𝐟𝑖𝑖𝑖𝑖𝐶𝐶

𝑗𝑗≠𝑖𝑖

𝛿𝛿𝛿𝛿 + �𝐟𝐟𝑖𝑖𝑖𝑖𝐷𝐷

𝑗𝑗≠𝑖𝑖

𝛿𝛿𝛿𝛿 + �𝛿𝛿𝐩𝐩𝑖𝑖𝑖𝑖𝑅𝑅

𝑗𝑗≠𝑖𝑖

 (5) 

 

(a) 

𝓝𝓝𝒊𝒊
𝑨𝑨𝟐𝟐 = 𝟎𝟎 

𝝀𝝀𝒊𝒊
𝑹𝑹𝟏𝟏 = 𝟎𝟎 

𝓝𝓝𝒊𝒊
𝑨𝑨𝟐𝟐 = 𝟏𝟏 

𝝀𝝀𝒊𝒊
𝑹𝑹𝟏𝟏 = 𝟏𝟏 

(b) 

𝓝𝓝𝒊𝒊
𝑨𝑨 = 𝟏𝟏 

𝝀𝝀𝒊𝒊
𝑹𝑹𝟐𝟐 = 𝟎𝟎 

𝓝𝓝𝒊𝒊
𝑨𝑨 = 𝟎𝟎 

𝝀𝝀𝒊𝒊
𝑹𝑹𝟐𝟐 = 𝟏𝟏 
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𝑢𝑢𝑖𝑖′ = 𝑢𝑢𝑖𝑖 −
1
2
��

𝐩𝐩𝑖𝑖
𝑚𝑚𝑖𝑖

−
𝐩𝐩𝑗𝑗
𝑚𝑚𝑗𝑗
� ∙ 𝐟𝐟𝑖𝑖𝑖𝑖𝐶𝐶

𝑗𝑗≠𝑖𝑖

𝛿𝛿𝛿𝛿 −
1
2
��

𝐩𝐩𝑖𝑖
𝑚𝑚𝑖𝑖

−
𝐩𝐩𝑗𝑗
𝑚𝑚𝑗𝑗
� ∙ 𝐟𝐟𝑖𝑖𝑖𝑖𝐷𝐷

𝑗𝑗≠𝑖𝑖

𝛿𝛿𝛿𝛿 −
1
2
��

𝐩𝐩𝑖𝑖
𝑚𝑚𝑖𝑖

−
𝐩𝐩𝑗𝑗
𝑚𝑚𝑗𝑗
� ∙ 𝛿𝛿𝐩𝐩𝑖𝑖𝑖𝑖𝑅𝑅

𝑗𝑗≠𝑖𝑖

−
1

2𝑚𝑚𝑖𝑖
��𝛿𝛿𝐩𝐩𝑖𝑖𝑖𝑖𝑅𝑅

𝑘𝑘≠𝑖𝑖

∙ 𝛿𝛿𝐩𝐩𝑖𝑖𝑖𝑖𝑅𝑅

𝑗𝑗≠𝑖𝑖

+ �𝑞̇𝑞𝑖𝑖𝑖𝑖
𝑗𝑗≠𝑖𝑖

𝛿𝛿𝛿𝛿 + �𝛿𝛿𝛿𝛿𝑖𝑖𝑖𝑖𝑅𝑅

𝑗𝑗≠𝑖𝑖

 
(6) 

where primed variables refer to the final state at 𝑡𝑡 + 𝛿𝛿𝛿𝛿, and non-primed variables refer to the 
initial state at time 𝑡𝑡; 𝛿𝛿𝛿𝛿 is the timestep, 𝑚𝑚𝑖𝑖, 𝐫𝐫𝑖𝑖, 𝐩𝐩𝑖𝑖, and 𝑢𝑢𝑖𝑖 are, respectively, the particle mass, 
position, momentum, and internal energy.  In Eqs. (5) and (6), the interactions between particles 
𝑖𝑖 and 𝑗𝑗 are the following: 

𝐟𝐟𝑖𝑖𝑖𝑖𝐶𝐶 = −�
𝜋𝜋𝑖𝑖𝑒𝑒𝑒𝑒

𝑛𝑛𝑖𝑖2
+
𝜋𝜋𝑗𝑗𝑒𝑒𝑒𝑒

𝑛𝑛𝑗𝑗2
�
𝓌𝓌𝑖𝑖𝑖𝑖

′

[𝓌𝓌]
𝒆𝒆𝑖𝑖𝑖𝑖 (7) 

is the conservative force, 

𝐟𝐟𝑖𝑖𝑖𝑖𝐷𝐷 = −𝛾𝛾𝑖𝑖𝑖𝑖𝐞𝐞𝑖𝑖𝑖𝑖 ∙ �
𝐩𝐩𝑖𝑖
𝑚𝑚𝑖𝑖

−
𝐩𝐩𝑗𝑗
𝑚𝑚𝑗𝑗
�𝐞𝐞𝑖𝑖𝑖𝑖 (8) 

is the dissipative force, 

𝑞̇𝑞𝑖𝑖𝑖𝑖 = −𝜅𝜅𝑖𝑖𝑖𝑖�𝜃𝜃𝑖𝑖 − 𝜃𝜃𝑗𝑗� (9) 

is the heat flow, 

𝛿𝛿𝐩𝐩𝑖𝑖𝑖𝑖𝑅𝑅 = �𝑘𝑘𝐵𝐵�𝜃𝜃𝑖𝑖 + 𝜃𝜃𝑗𝑗�𝛾𝛾𝑖𝑖𝑖𝑖𝜉𝜉𝑖𝑖𝑖𝑖𝐞𝐞𝑖𝑖𝑖𝑖𝛿𝛿𝑡𝑡
1
2 (10) 

is the random contribution to the momentum with 𝛿𝛿𝐩𝐩𝑖𝑖𝑖𝑖𝑅𝑅 = −𝛿𝛿𝐩𝐩𝑗𝑗𝑗𝑗𝑅𝑅 , and 

𝛿𝛿𝛿𝛿𝑖𝑖𝑖𝑖𝑅𝑅 = �2𝑘𝑘𝐵𝐵𝜃𝜃𝑖𝑖𝜃𝜃𝑗𝑗𝜅𝜅𝑖𝑖𝑖𝑖𝜉𝜉𝑖̅𝑖𝑖𝑖𝛿𝛿𝑡𝑡
1
2 (11) 

is the random heat exchange with 𝛿𝛿𝛿𝛿𝑖𝑖𝑖𝑖𝑅𝑅 = −𝛿𝛿𝛿𝛿𝑗𝑗𝑗𝑗𝑅𝑅.  In Eqs. (4) to (11), 𝑟𝑟𝑖𝑖𝑖𝑖 = �𝐫𝐫𝑖𝑖𝑖𝑖�, 𝐫𝐫𝑖𝑖𝑖𝑖 = 𝐫𝐫𝑖𝑖 − 𝐫𝐫𝑗𝑗, 

𝐞𝐞𝑖𝑖𝑖𝑖 = 𝐫𝐫𝑖𝑖𝑖𝑖 𝑟𝑟𝑖𝑖𝑖𝑖⁄ , 𝛾𝛾𝑖𝑖𝑖𝑖 = 𝛾𝛾𝜔𝜔𝑖𝑖𝑖𝑖, 𝜅𝜅𝑖𝑖𝑖𝑖 = 𝜅𝜅𝜔𝜔�𝑖𝑖𝑖𝑖, 𝜔𝜔𝑖𝑖𝑖𝑖 = 𝜔𝜔 �𝑟𝑟𝑖𝑖𝑖𝑖
𝑅𝑅𝑐𝑐𝐷𝐷
� and 𝜔𝜔�𝑖𝑖𝑖𝑖 = 𝜔𝜔� �𝑟𝑟𝑖𝑖𝑖𝑖

𝑅𝑅�𝑐𝑐
� are weighting functions of 

the distance between the particles with radial cut-offs 𝑅𝑅𝑐𝑐𝐷𝐷 and 𝑅𝑅�𝑐𝑐, 𝛾𝛾 is the friction coefficient, 𝜅𝜅 is 
the thermal conductivity coefficient, and 𝜉𝜉𝑖𝑖𝑖𝑖 and 𝜉𝜉𝑖̅𝑖𝑖𝑖 are normalized Gaussian random numbers.  
𝜋𝜋𝑖𝑖𝑒𝑒𝑒𝑒 = 𝜋𝜋𝑖𝑖 − 𝑘𝑘𝐵𝐵𝜃𝜃𝑖𝑖𝑛𝑛𝑖𝑖 is the excess particle pressure, where 𝜋𝜋𝑖𝑖 is the functional form of the pressure 
that arises from the selected MB-FF-EoS.  The distinction between 𝜋𝜋𝑖𝑖 and 𝜋𝜋𝑖𝑖𝑒𝑒𝑒𝑒 is introduced to 
ensure that the MB-FF-EoS faithfully reproduces the macroscopic EoS.  This difference arises 
from the motion of the mesoparticles themselves, which account for the ideal gas contribution 
(𝜋𝜋𝑖𝑖𝐼𝐼𝐼𝐼 = 𝑘𝑘𝐵𝐵𝜃𝜃𝑖𝑖𝑛𝑛𝑖𝑖) to the system pressure. 

These GenDPDE EoM are accompanied by an update of the particle internal energy due to changes 
in the particle composition resulting from chemical reactions.  During the reaction step, it is 
assumed that the total energy of the system remains constant.  The particle compositions are 
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updated based on the reaction rate-law model, which subsequently requires updates of the particle 
internal energies and particle temperatures. 

The numerical integration of the EoM given in Eqs. (4) to (6) was performed using an extended 
Shardlow-splitting algorithm developed previously,14 while numerical solution of the reaction 
model follows the original DPDE-RX method.16  The complete numerical discretization of the 
EoM and numerical solution of the reactive component of the GenDPDE-RX method are given in 
Section S.2 of the Supporting Information.  Lastly, a list of the key symbols used in the manuscript 
is provided in Section S.3 of the Supporting Information. 

C. Brief comparison between GenDPDE-RX and DPDE-RX 

A brief discussion comparing the GenDPDE-RX and DPDE-RX methods is worthwhile here.  In 
accounting for chemical reactivity, both methods are formulated upon the CG-reactor construct, 
which is merely a computational means of depicting the reactivity occurring within the local 
volume of the CG particle.  In both methods, reaction progress variables are assigned to each 
particle that monitor the time evolution of an extent-of-reaction associated with the prescribed set 
of chemical reaction mechanisms and kinetics defined in the reaction model.  It is assumed that 
for any change in chemistry that occurs within a CG particle, the species mixing is instantaneous, 
and the internal state of the particle, including the internal chemical potential, is further assumed 
equilibrated.  Likewise, in both methods mass exchange between CG particles does not occur 
during the reaction step; moreover, the total energy of a given particle does not change either.  
Both methods exhibit both heat-exchange and pressure-volume work, which occur due to chemical 
reactivity, although through slightly different mechanisms.  Finally, both methods maintain total 
linear and angular momenta, preserve Galilean invariance, and conserve total energy. 

In the context of comparing the general frameworks of GenDPDE and DPDE that the GenDPDE-
RX and DPDE-RX methods themselves are built upon, a key advantage of GenDPDE is the 
integration of temperature-dependent interaction potentials, which is not viable in DPDE.14, 32  As 
mentioned previously, temperature-dependent interaction potentials provide improved 
transferability and scalability compared to two-body pairwise models.  Moreover, key differences 
related to the treatment of chemical reactivity exist between the GenDPDE-RX and DPDE-RX 
methods, where one such difference is in the treatment of the stored chemical energy released or 
absorbed during reaction, i.e., the heat of reaction.  For either method, the heat of reaction is 
reflected in the observed changes in the particle temperature 𝜃𝜃𝑖𝑖.  However, in the GenDPDE-RX 
method, the particle temperature 𝜃𝜃𝑖𝑖 appears in both the conservative force 𝐟𝐟𝑖𝑖𝑖𝑖𝐶𝐶  and the CG-EoS, 
while in DPDE-RX, 𝜃𝜃𝑖𝑖 appears in only the CG-EoS.  As such, the heat of reaction is manifested 
differently in the methods.  Another key difference is that the reaction volume, 𝒱𝒱𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟 in the 
GenDPDE-RX method is equivalent to the volume of the particle, 𝒱𝒱𝑖𝑖, which is a function of the 
particle positions and varies during the simulation.  In contrast, within the DPDE-RX framework, 
a direct physical equivalence does not exist between these two quantities, as the particles are 
regarded as constant-volume reactors.  As such, several approaches for defining 𝒱𝒱𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟 are possible 
within the DPDE-RX framework and ultimately is a modeling choice, albeit a choice that can 
significantly influence the reaction rate.16  Finally, explicit values of the particle chemical potential 
are readily available in the GenDPDE-RX framework via the MB-FF-EoS, which are not available 
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from the DPDE-RX method.  The accessibility of these values may be convenient when 
considering implementing alternative modeling forms of the reaction model or performing 
additional analysis (cf. Section 5). 

 

3.  Models 
For demonstration of the GenDPDE-RX method, three different reaction models are considered: 
(R1) a reversible, dimerization reaction, 2𝐴𝐴 ⇌ 𝐴𝐴2; (R2) a unimolecular, irreversible, exothermic 
decomposition reaction,  𝐴𝐴 → 3𝐵𝐵+ 3𝐶𝐶; and (R3) a unimolecular, four-step decomposition 
reaction, which has been previously studied using the DPD-RX method.16  Further details along 
with the demonstrations of R3 are presented in Section S.1 of the Supporting Information.  The 
reaction models are presented here in a general fashion to illustrate the flexibility and robustness 
of the GenDPDE-RX framework.  However, these reaction models and the chemical species 
models are inspired by realistic systems that are physically meaningful and span a range of phase 
behavior from fluids to solids.  Lastly, for simplicity the reaction models considered in this work 
are purely deterministic, rather than stochastic in nature.  Stochastic reaction models, which are 
commonly found in theoretical stochastic processes,39 consider both the deterministic reaction 
laws and the mesoscopic fluctuations about them.  Implementing stochastic reaction models within 
the GenDPDE-RX framework may be considered in the future. 

For the reversible, dimerization reaction (R1), the rate laws for the forward (𝑓𝑓𝑓𝑓𝑓𝑓) and reverse 

(𝑟𝑟𝑟𝑟𝑟𝑟) reactions are defined as: 

𝑑𝑑[𝐴𝐴] = −2𝑘𝑘𝑅𝑅1
𝑓𝑓𝑓𝑓𝑓𝑓[𝐴𝐴]2𝑑𝑑𝑑𝑑 + 2𝑘𝑘𝑅𝑅1

𝑟𝑟𝑟𝑟𝑟𝑟[𝐴𝐴2]𝑑𝑑𝑑𝑑 

𝑑𝑑[𝐴𝐴2] = 𝑘𝑘𝑅𝑅1
𝑓𝑓𝑓𝑓𝑓𝑓[𝐴𝐴]2𝑑𝑑𝑑𝑑 − 𝑘𝑘𝑅𝑅1

𝑟𝑟𝑟𝑟𝑟𝑟[𝐴𝐴2]𝑑𝑑𝑑𝑑 
(12) 

while the rate laws for the unimolecular, irreversible decomposition reaction (R2) are defined as: 

𝑑𝑑[𝐴𝐴] = −𝑘𝑘𝑅𝑅2[𝐴𝐴]𝑑𝑑𝑑𝑑 

𝑑𝑑[𝐵𝐵] = 𝑑𝑑[𝐶𝐶] = 3𝑘𝑘𝑅𝑅2[𝐴𝐴]𝑑𝑑𝑑𝑑 
(13) 

In Eqs. (12) and (13), 𝑘𝑘𝑅𝑅x is the reaction rate constant of reaction 𝑅𝑅x, [𝛼𝛼] = 𝒩𝒩𝑖𝑖
𝛼𝛼

𝒱𝒱𝑖𝑖
 is the 

concentration of species 𝛼𝛼 within particle 𝑖𝑖, 𝒩𝒩𝑖𝑖
𝛼𝛼 is the number of particles of species 𝛼𝛼 embedded 

within particle 𝑖𝑖, and 𝒱𝒱𝑖𝑖 is the reaction volume associated with particle 𝑖𝑖, both defined above.  For 

each CG particle, each reaction rate law can be re-written in terms of an extent-of-reaction, 𝜆𝜆𝑖𝑖
𝑅𝑅𝑥𝑥 =

𝒩𝒩𝑖𝑖
𝛼𝛼−𝒩𝒩𝑖𝑖

𝛼𝛼,0

𝜈𝜈𝛼𝛼
, where 𝒩𝒩𝑖𝑖

𝛼𝛼,0 is the initial number of species 𝛼𝛼 within particle 𝑖𝑖, and 𝜈𝜈𝛼𝛼 is the 

stoichiometric coefficient of species 𝛼𝛼.  Each reaction rate constant 𝑘𝑘𝑅𝑅x is modeled by an Arrhenius 

expression 
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𝑘𝑘𝑅𝑅x = 𝐴𝐴𝑅𝑅x𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝐸𝐸𝑅𝑅x
𝑘𝑘𝐵𝐵𝜃𝜃𝚤𝚤�

� (14) 

where 𝐴𝐴𝑅𝑅x is the Arrhenius pre-factor, 𝐸𝐸𝑅𝑅x is the activation energy, and 𝜃𝜃𝚤𝚤�  is defined as a Lucy-
weighted local-average particle temperature of CG particle 𝑖𝑖, which includes the neighboring 
particles of 𝑖𝑖 and itself.  For consistency with the GenDPDE algorithm,14, 32 an arithmetic average 
of  𝜃𝜃𝚤𝚤�  is used.  The form of 𝜃𝜃𝚤𝚤�  is a modeling choice, where alternative forms of 𝜃𝜃𝚤𝚤�  can be considered, 
but keeping with the spirit of the GenDPDE framework, a form that considers neighboring particles 
is recommended.  The use of 𝜃𝜃𝚤𝚤� = 𝜃𝜃𝑖𝑖 is not recommended due to potentially large fluctuations in 
the instantaneous value of 𝜃𝜃𝑖𝑖. 

The internal state of the particles is modeled using the ideal gas (IG) EoS, for reaction model 𝑅𝑅1, 
and an analytical EOS for the Lennard-Jones (LJ) fluid, for reaction model 𝑅𝑅2.  The LJ EoS 
developed by Kolafa and Nezbeda40 was implemented, which produces results of high accuracy, 
when compared to the simulated ones, for both the pressure and internal energy over a wide range 
of temperatures and densities.  Analogous to the DPD-RX method,16 the mixture within a CG 
particle is modeled using the van der Waals one-fluid (vdW-1f) approximation.41-43  The 
composition-dependent LJ parameters are determined in typical fashion as43-44 

𝜎𝜎𝑚𝑚3 = ��𝑥𝑥𝑎𝑎𝑥𝑥𝑏𝑏𝜎𝜎𝑎𝑎𝑎𝑎3
𝑏𝑏𝑎𝑎

 

𝜀𝜀𝑚𝑚 =
1
𝜎𝜎𝑚𝑚3

��𝑥𝑥𝑎𝑎𝑥𝑥𝑏𝑏𝜀𝜀𝑎𝑎𝑎𝑎𝜎𝜎𝑎𝑎𝑎𝑎3
𝑏𝑏𝑎𝑎

 
(15) 

𝜀𝜀𝑚𝑚 and 𝜎𝜎𝑚𝑚 are the LJ energy and size parameters, respectively, 𝑥𝑥𝑎𝑎 and 𝑥𝑥𝑏𝑏 are mole fractions of 
species 𝑎𝑎 and 𝑏𝑏, respectively, which comprise the mixture, defined within each particle, while 
𝜀𝜀𝑎𝑎𝑎𝑎 = �𝜀𝜀𝑎𝑎𝑎𝑎𝜀𝜀𝑏𝑏𝑏𝑏 and 𝜎𝜎𝑎𝑎𝑎𝑎 = 𝜎𝜎𝑎𝑎𝑎𝑎+𝜎𝜎𝑏𝑏𝑏𝑏

2
.  For reaction model 𝑅𝑅2, the change in the level of coarse-

graining was considered as the reactions proceeded.  The CG resolution was adjusted through the 
local density term used in the many-body interaction potential, where details can be found 
elsewhere.37 

 

4.  Computational Details 
All simulations utilized the Large-scale Atomic/Molecular Massively Parallel Simulator 
(LAMMPS)45 with modifications to the USER-DPD add-on package,8, 12, 27, 30, 46 and were 
performed on a three-dimensional system of 8,000 particles, where periodic boundary conditions 
were imposed in all directions, using a time step of 5.0 fs.  A quadratic weighting function was 

used in the local density model, while the weighting function �1 − 𝑟𝑟𝑖𝑖𝑖𝑖
𝑅𝑅𝑐𝑐
�
2

 was used for the friction 

term and the heat exchange term.  The weighting functions of the friction and heat exchange terms 
vanish beyond a spherical cutoff radius, 𝑅𝑅𝑐𝑐, 𝑟𝑟𝑖𝑖𝑖𝑖 > 𝑅𝑅𝑐𝑐, where 𝑅𝑅𝑐𝑐 = 𝑅𝑅𝑐𝑐𝐷𝐷 = 𝑅𝑅�𝑐𝑐 = 16.0 Å.  For all 
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cases, the friction coefficient 𝛾𝛾 = 0.02 𝑒𝑒𝑒𝑒∙𝑝𝑝𝑝𝑝
1
2�

Å
  and the heat conductivity coefficient 𝜅𝜅 =

0.0001 𝑒𝑒𝑒𝑒∙𝐾𝐾
𝑝𝑝𝑝𝑝

 were used. 

 

5.  Verification of the GenDPDE-RX Framework 
For verification of the GenDPDE-RX method, the 𝑅𝑅1 reversible dimerization reaction, 2𝐴𝐴 ⇋ 𝐴𝐴2, 
is considered at a density of 𝜌𝜌 = 1.0 g/cm3 and an initial temperature of 𝛵𝛵0 = 300 K.  The system 
consists of 8,000 CG particles initially arranged on a simple cubic lattice.  The CG particles are 
initially indistinguishable (i.e., all CG particles have a molecular weight of 300.061 g/mol and are 
initialized with an identical chemical composition), where the particle interactions are described 
through an IG MB-FF-EoS.  The chemical kinetics are described through an Arrhenius expression 
that depends on the chemical affinity (𝑎𝑎𝑟𝑟) of the reactants (𝑟𝑟) in the forward and reverse reactions 

𝑘𝑘𝑅𝑅1 = 𝐴𝐴𝑅𝑅1𝑒𝑒𝑒𝑒𝑒𝑒 �
𝑎𝑎𝑟𝑟 − 𝐸𝐸0
𝑘𝑘𝐵𝐵𝜃𝜃𝚤𝚤�

� (16) 

where 𝑎𝑎𝑟𝑟 = ∑ 𝜈𝜈𝛼𝛼𝜇𝜇𝛼𝛼𝛼𝛼∈𝑟𝑟 , 𝜈𝜈𝛼𝛼is the stoichiometric coefficient of species 𝛼𝛼, and 𝜇𝜇𝛼𝛼 is the chemical 
potential of species 𝛼𝛼 given by the expression 

𝜇𝜇𝛼𝛼 = 𝜇𝜇0𝛼𝛼 + 𝐶𝐶𝑉𝑉𝛼𝛼(𝜃𝜃𝚤𝚤� − 𝑇𝑇𝑟𝑟) − 𝜃𝜃𝚤𝚤�𝐶𝐶𝑉𝑉𝛼𝛼 ln
𝜃𝜃𝚤𝚤�
𝑇𝑇𝑟𝑟

 (17) 

𝜇𝜇0𝛼𝛼 is the chemical potential of species 𝛼𝛼 at a reference temperature 𝑇𝑇𝑟𝑟 and 𝐶𝐶𝑉𝑉𝛼𝛼 is the constant 
volume heat capacity of species 𝛼𝛼.  A temperature independent, constant volume heat capacity was 
used for each species in 𝑅𝑅1.  The reaction kinetics parameters of the forward and reverse reactions 
of reaction 𝑅𝑅1 are listed in Table 1 and the thermochemical data of each chemical species is given 
in Table 2. 

Table 1:  The Arrhenius pre-factor 𝐴𝐴𝑅𝑅1 and the energy barrier 𝐸𝐸0 for the reversible dimerization 
reaction 𝑅𝑅1, as described by the Arrhenius expression given in Eq. (16). 

𝑅𝑅1 𝐴𝐴𝑅𝑅1 𝐸𝐸0
𝑘𝑘𝐵𝐵

 [K] 

𝑅𝑅1
𝑓𝑓𝑓𝑓𝑓𝑓:   2𝐴𝐴 → 𝐴𝐴2 (1.0𝑥𝑥1013  

1
𝑠𝑠

) ∙ 𝒱𝒱𝑖𝑖 12000.1 
 

𝑅𝑅1𝑟𝑟𝑟𝑟𝑟𝑟:   𝐴𝐴2 → 2𝐴𝐴  1.0𝑥𝑥1013  
1
𝑠𝑠

 12000.1 

 

Table 2:  Thermochemical data for reversible dimerization reaction 𝑅𝑅1. 

Species 𝛥𝛥𝐻𝐻𝑓𝑓
0

𝑘𝑘𝐵𝐵
 [K] a 

𝐶𝐶𝑉𝑉
𝑘𝑘𝐵𝐵

 𝜇𝜇0 [K] a 
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A [NO] 10854.6 15.0 5129.1 
A2 [(NO)2] 20279.0 30.0 9984.6 

a Heats of formation (𝛥𝛥𝐻𝐻𝑓𝑓0) and chemical potentials (𝜇𝜇0) are reported at a reference temperature of 𝑇𝑇𝑟𝑟 = 298.15 K. 
 
Particle velocities and particle internal temperatures are randomly assigned from a Maxwell-
Boltzmann distribution with a temperature of 𝛵𝛵0 = 300 K.  A 1.0-ns GenDPDE equilibration 
simulation with velocity rescaling (±25 K window) is conducted in a non-reactive mode (i.e., the 
chemical compositions of the particles do not evolve with time) to equilibrate the system at 𝛵𝛵0 =
300 K, followed by a 10-ns GenDPDE-RX non-equilibrium simulation during which the 
chemistry evolves to steady-state conditions. 

The temporal evolution of the internal temperature and the average CG particle extent-of-reaction, 
〈𝜆𝜆𝑖𝑖

𝑅𝑅1〉, is presented in Figure 2.  Three separate GenDPDE-RX simulations with different initial 
conditions are conducted, where each CG particle 𝑖𝑖 is initialized with the following extents-of-
reaction: (Case 1) 𝜆𝜆𝑖𝑖,0

𝑅𝑅1  = 0, (Case 2) 𝜆𝜆𝑖𝑖,0
𝑅𝑅1  = 1, and (Case 3) 𝜆𝜆𝑖𝑖,0

𝑅𝑅1 = 0.5.  Cases 1 and 2 correspond to 
pure reactant and product, respectively.  For each case, the systems are shown to converge to an 
equivalent steady-state extent-of-reaction of 〈𝜆𝜆𝑖𝑖

𝑅𝑅1〉 ≈ 0.63.  For Case 1, the system temperature is 
shown to rise since the forward reaction is favored, which is exothermic.  Contrastingly, for Case 
2, the endothermic reverse reaction is favored, thus the temperature decreases.  For Case 3, the 
initial condition is near the steady-state chemical composition, thus only a small increase in 
temperature is observed due to a shift in the forward (exothermic) direction. 
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Figure 2:  Temporal evolution of the internal temperature and extent-of-reaction using a reversible, dimerization 
reaction (𝑅𝑅1) at a temperature of 300 K and a density of 1.0 g/cm3.  The different systems were initialized with 
extents-of-reaction of: (Case 1) 𝜆𝜆𝑖𝑖,0

𝑅𝑅1 = 0, (Case 2) 𝜆𝜆𝑖𝑖,0
𝑅𝑅1 = 1, and (Case 3) 𝜆𝜆𝑖𝑖,0

𝑅𝑅1 = 0.5. 

For verification of these results, comparisons are made to the Kramers theory of chemical reaction 
kinetics, which relates the rate of chemical reaction to the probability of crossing a thermally-
activated energy barrier of height, 𝐸𝐸0.47-48  The probability of overcoming the barrier either from 
the reactant or product state is given by the exponential of the difference between the state and the 
maximum of the barrier, scaled by 1/(𝑘𝑘𝐵𝐵𝑇𝑇).  This leads to the notion of a flow through the energy 
barrier in the forward direction (reactants to products) 𝐽𝐽+ and reverse direction 𝐽𝐽−, where 
specifically for 𝑅𝑅1: 

𝐽𝐽+ = 𝑘𝑘+𝑒𝑒𝑒𝑒𝑒𝑒 �
−𝑎𝑎𝑟𝑟 − 𝐸𝐸0
𝑘𝑘𝐵𝐵𝜃𝜃𝚤𝚤�

� = 𝑘𝑘𝑅𝑅x
exp�

2𝜇𝜇𝐴𝐴 − 𝐸𝐸0
𝑘𝑘𝐵𝐵𝜃̅𝜃𝑖𝑖

� (18) 
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𝐽𝐽− = 𝑘𝑘−𝑒𝑒𝑒𝑒𝑒𝑒 �
𝑎𝑎𝑝𝑝 − 𝐸𝐸0
𝑘𝑘𝐵𝐵𝜃𝜃𝚤𝚤�

� = 𝑘𝑘𝑅𝑅x
exp�

𝜇𝜇𝐴𝐴2 − 𝐸𝐸0
𝑘𝑘𝐵𝐵𝜃̅𝜃𝑖𝑖

� 

 
In Eq. (18), the reactant (r) and product (p) states are characterized by the affinity 𝑎𝑎𝑟𝑟 and 𝑎𝑎𝑝𝑝 
defined by 𝑎𝑎𝑟𝑟 = ∑ 𝜈𝜈𝑎𝑎𝜇𝜇𝛼𝛼𝛼𝛼∈𝑟𝑟  and 𝑎𝑎𝑝𝑝 = ∑ 𝜈𝜈𝑎𝑎𝜇𝜇𝛼𝛼𝛼𝛼∈𝑝𝑝 , respectively, where 𝜈𝜈𝑎𝑎 and 𝜇𝜇𝛼𝛼 are the 
stoichiometric coefficient and chemical potential of species 𝛼𝛼, respectively, and 𝑘𝑘𝑅𝑅x is the 
equilibrium pre-factor, and the barrier is scaled by 1/(𝑘𝑘𝐵𝐵𝜃̅𝜃).  The balance between 𝐽𝐽+ and 𝐽𝐽− 
“drives” the chemical reaction in terms of the extent-of-reaction, 𝜆𝜆: 

𝑑𝑑𝜆𝜆
𝑑𝑑𝑑𝑑

= 𝐽𝐽+ − 𝐽𝐽− 

At equilibrium, 𝑑𝑑𝜆𝜆/𝑑𝑑𝑑𝑑 = 0, i.e., 𝐽𝐽+ = 𝐽𝐽−, and since the equilibrium condition cannot depend on 
the kinetic properties, the forward and reverse pre-factors are, respectively, 𝑘𝑘+ = 𝑘𝑘− ≡ 𝑘𝑘𝑅𝑅x. 

Figure 3 compares the temperature dependence of the extent-of-reaction between the Kramers 
theoretical model predictions (solid line) and GenDPDE-RX predictions.  GenDPDE-RX 
simulations presented in Figure 2 were repeated at initial temperatures 𝛵𝛵0 ranging from 300 K to 
800 K using a constant, temperature-independent chemical potential (i.e., 𝜇𝜇𝛼𝛼 = 𝜇𝜇0𝛼𝛼 (298 𝐾𝐾)).  
Excellent agreement is found between the theoretical and simulation predictions at all 
temperatures, indicating consistency of the GenDPDE-RX framework.  As an additional 
interesting comparison, GenDPDE-RX simulations at the various temperatures were performed 
using the instantaneous particle chemical potential.  The effect of using a locally-fluctuating, 
temperature-dependent chemical potential (cf. Eq. (17)) is shown in Figure 3 (𝜇𝜇 = 𝜇𝜇 (𝜃𝜃)).  Both 
the temperature dependence and the local fluctuations in the thermodynamic variables, which are  
distributions rather than merely scalar quantities in the GenDPDE-RX framework, cause 
deviations from the constant-temperature theoretical predictions. 

As a final note, the treatment of the reaction kinetics based on Kramers theory requires evaluation 
of 𝜇𝜇𝛼𝛼, which can be readily performed in the GenDPDE-RX framework via the mesoparticle 
thermodynamics.14, 32  However, in the DPDE-RX framework, an explicit value of 𝜇𝜇𝛼𝛼 is not 
available, thus such an analysis is not feasible.16 
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Figure 3:  Comparison of the temperature dependence of the extent-of-reaction between the Kramers theoretical 
model of reaction kinetics (solid line) and GenDPDE-RX for reaction model 𝑅𝑅1. 

 

6. Demonstration of the GenDPDE-RX Framework 
For demonstration purposes, constant-volume adiabatic flash heating simulations are performed 
by instantaneously heating all CG particles to a target temperature (𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒), after which no 
additional energy is added to the system.  A unimolecular, irreversible, exothermic decomposition 
reaction (𝑅𝑅2),  𝐴𝐴 → 3𝐵𝐵+ 3𝐶𝐶, is considered, where the three molecular species were modeled using 
an analytical EOS for the Lennard-Jones fluid40.  For reaction (𝑅𝑅2), an Arrhenius prefactor of 
𝐴𝐴𝑅𝑅2 = 6 ∙ 1013 1

𝑠𝑠
 and an activation energy of  𝐸𝐸𝑅𝑅x

𝑘𝑘𝐵𝐵
= 18041 K were used to describe the reaction 

kinetics.  The thermochemical data and LJ fluid parameters for the chemical species in reaction 
(𝑅𝑅2) are given in Table 3. 
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Table 3: Thermochemical data and Lennard-Jones fluid parameters, 𝜀𝜀𝐿𝐿𝐿𝐿 and 𝜎𝜎𝐿𝐿𝐿𝐿, for 
decomposition reaction 𝑅𝑅2. 

Species 𝛥𝛥𝐻𝐻𝑓𝑓
0

𝑘𝑘𝐵𝐵
 [K] 

𝐶𝐶𝑃𝑃
𝑘𝑘𝐵𝐵

 
𝜀𝜀𝐿𝐿𝐿𝐿
𝑘𝑘𝐵𝐵

 [K]  𝜎𝜎𝐿𝐿𝐿𝐿 [Å] 

A [RDX] b 23092.3 11th-order 
polynomial 750.0 6.55 

B [CH2O] c -13939.6 Chebyshev 325.0 3.29 
C [N2O] c 9868.4 Chebyshev 217.0 3.80 

b For Species A, the heat of formation and 11th-order polynomial used for the temperature-dependent heat capacity 
model are obtained from previous studies involving the RDX molecule16. 
c For Species B and C, the heats of formation are obtained from NIST49 and the temperature-dependent, Chebyshev 
heat capacity models are obtained from the Cheetah product library50 for the CH2O and N2O molecules, respectively.  
 

The equilibration protocol for generating the initial states consisted of a two-stage decompression-
compression process, as described in our previous work.16  Each of the CG particles are initially 
indistinguishable with a molecular weight of 222.1 g/mol and a chemical composition 𝒩𝒩0,𝐴𝐴 = 1.0.  
A scheme that prevents numerical instabilities at low and high local densities was used when 
determining the particle interactions described through the LJ EoS used.14 

Figure 4 presents the temporal evolution of the kinetic temperature, average particle internal 
temperature, pressure, and average particle extent-of-reaction evolution for reaction 𝑅𝑅2 at two 
different densities (𝜌𝜌 = 1.0 g/cm3 and 1.8 g/cm3) and two different flash heating temperatures 
(𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 1000 K and 1250 K).  Under these conditions, the system changes from an initial melt 
state, into a high-density fluid phase, until reaching steady-state behavior at supercritical fluid 
conditions.  As the reactant decomposes, an increase in the system pressure is observed due to the 
multiple product species being formed. Similar to the behavior observed for 𝑅𝑅1, steady-state 
behavior was achieved with simulation times dependent on 𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒.  A strong dependence on 𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒 
is observed, where the release of chemical energy occurs at time scales that differ by 1-2 orders of 
magnitude.  Additionally, a dependency on the density is observed, where the higher density 
system results in faster reaction kinetics due to a smaller reaction volume (𝒱𝒱𝑖𝑖,𝑟𝑟𝑟𝑟𝑟𝑟), mimicking an 
increase of molecular collisions.  The effect of density is manifested through a higher system 
pressure, while minimal dependence is observed for the temperature profiles.  The exothermicity 
of the reaction model is evident in the temperature profiles, where the continually increasing 
kinetic temperatures (transparent blue lines) and particle internal temperatures track closely with 
each other during the entirety of the simulations. 
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Figure 4:  Temporal profiles of the kinetic temperature (transparent blue line), average particle internal temperature 
(red line), pressure and average particle extent-of-reaction from constant-volume adiabatic flash heating simulations 
of an irreversible reaction (𝑅𝑅2) model at 1000 K (left frames) and 1250 K (right frames) at densities of 1.0 g/cm3 and 
1.8 g/cm3. 

As a final demonstration of the GenDPDE-RX method, constant-volume adiabatic flash heating 
simulations were performed for an irreversible four-step decomposition reaction model, where the 
nine reacting species were modeled using an analytical EoS for the exponential-6 fluid.51-53  
Additional details of the models, simulation set-up, and the resulting temporal profiles can be 
found in Section S.1 of the Supporting Information. 

 

7.  Discussion and Conclusions 
As a computational means of investigating the role of chemistry on microscale mechanisms and 
material microstructure, we extended the generalized energy-conserving dissipative particle 
dynamics method to include chemical reactivity.  The GenDPDE-RX method combines elements 
of both the GenDPDE14 and DPDE-RX16 methods.  GenDPDE-RX provides a means of simulating 
chemical reactivity at the micro- and mesoscales, while exploiting the attributes of density- and 
temperature-dependent many-body force fields.  Analogous to the DPDE-RX method, the 
GenDPDE-RX formulation considers intra-particle reactivity via a CG reactor construct.  Extent-
of-reaction variables assigned to each CG particle monitor the temporal evolution of the prescribed 
reaction mechanisms and kinetics. 

Demonstrations of the GenDPDE-RX method were performed using three different reaction 
models, including reversible and irreversible reactions, and multi-step reaction mechanisms.  The 
choices of the particular reaction models were intended to illustrate the flexibility and generality 
of the method, but were inspired by real material systems that encompass a wide range of phase 
space.  GenDPDE-RX has a flexible framework such that further adaptations and extensions of 
the method are possible, including chemistry modeled using reduced or complex reaction 
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mechanism models.  Furthermore, GenDPDE-RX is applicable beyond the EoS considered for the 
demonstration purposes in this work, including advanced EoS such as the Statistical Associating 
Fluid Theory (SAFT) EoS,54 numerically-tabulated EoS, and density-dependent only models. 

The version of the GenDPDE-RX method presented here is limited to intra-particle chemical 
reactivity.  Neither inter-particle chemical reactions nor mass diffusion between particles can 
occur.  As such, for the demonstrations presented here, we only considered activation-controlled 
reactions in homogenous systems.  However, the inclusion of reactivity within the mesoscopic 
description of GenDPDE was a necessary step towards the construction of a complete mesoscopic 
framework, which includes fluctuating reactions within particles of variable composition, together 
with mass transport between particles.  Work is planned to extend the GenDPDE-RX framework 
to include mass transfer between particles, which within such a framework, diffusion-limited 
reactions could be simulated.  The ability to simulate diffusive mass transport using GenDPDE-
RX would be valuable for a wide range of heterogeneous systems such as shocked composites,15-

16,28-31 flame front propagation,55 and fuel combustion, among many other possible applications.  
Subsequently, fundamental reaction kinetic principles56-57 can be used for straightforward 
application of the method to a wider range of reacting systems, e.g., combination reactions, 𝐴𝐴 +
𝐵𝐵 ⇋ 𝐶𝐶 + 𝐷𝐷, or conformational transitions, 𝐴𝐴1 ⇋ 𝐴𝐴2.  For these additional reacting systems, in 
particular the latter, mass transfer via diffusion can play a dominant role.  Lastly, further future 
work on the GenDPDE-RX method will include a study of the dependence of the level of coarse 
graining on the thermodynamic and transport properties. 
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