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Dissipative Particle Dynamics (DPD) is a mesoscale tool bridging the gap between 

microscopic atomistic simulation and macroscopic thermophysical modeling. After its 

interaction parameters are mapped to the Flory-Huggins parameters (Groot and Warren, 

Journal of Chemical Physics, 1997), DPD has become very popular in studying the self-

assembly of polymer and surfactant solution. Although DPD has demonstrated the 

capability to qualitatively describe the equilibrium morphology of soft matter, quantitative 

prediction compared with experiments is rarely achieved. The reasons are, non-separately, 

the ambiguous physical unit interpretations and the case-dependent force field 

parameterizations. Here we present a scale-bridging method to extract both microscopic 

and macroscopic information for parameterization. The interaction parameters are 

calibrated by Monte Carlo simulation and mapped to infinite dilute coefficient of the 

reference compounds in the coarse grained particles. The robustness and consistency of the 

parameterization are examined against the experimental micellar properties of several 

surfactants, by varying coarse grained levels and reference compounds. 
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    Modeling dynamic properties in self-assembled materials using DPD is even tricky. A 

practical example is to model proton transfer of polyelectrolyte membrane (PEM) in the 

fuel cell, where proton dissociates from the acidic sites of hydrated PEM and transfer 

within the hydrophilic domain. Such detailed, reaction-like behavior can’t be quantified 

directly from the simulation due to the simplicity of current DPD model. One would need 

to either correlate the morphology to the proton diffusivity by empirical equations, or 

perform inverse mapping and continue with expensive atomistic simulations. Here we 

present an advanced approach which describes the proton dynamics in water as well as its 

dissociation equilibrium from the acid. Combined with the scale-bridging 

parameterization, the model predicts the morphology, water transfer, and proton 

conductivity of sulfonated polystyrene at several sulfonation and hydration levels, and has 

very good agreements with experimental measurement and atomistic simulation results. 
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Section 1. Introduction 

Dissipative Particle Dynamics (DPD) has become a common tool for mesoscale 

modeling of self-assembly in surfactant and polymeric systems. In DPD, the system 

components are modeled by quasiparticles (“beads”), each of which represents several 

atoms that are lumped together. The beads interact via short-range soft repulsion potentials 

that affords superb computational efficiency. Despite the simplicity of the models, DPD 

provides qualitative and sometimes quantitative description of the structure and 

thermodynamics of quite complex systems. Examples include micellization in surfactant 

solutions,1-3 morphology of cell membranes and lipid bilayers,4-5 phase segregation in 

polyelectrolyte membranes,6-8 to name a few. This thesis focuses on the micellization of 

surfactant and the nano-segregation of polyelectrolyte membrane, which will be introduced 

in the following paragraphs subsequently. 

Surfactant is a amphiphilic molecule composed of hydrophobic tail and hydrophilic 

head. Self-assembly in surfactant solutions is ubiquitous phenomenon in natural systems 

and technological processes. Once the concentration of surfactant exceeds the critical 

micelle concentration (CMC), the surfactant molecules aggregate into micelles, which may 

contain from scores to hundreds of molecules. Micelles may coalesce further and form 

various ordered and disordered mesophases. The problem of theoretical prediction of CMC 

and micelle aggregation number (Nag, the average number of surfactant molecules per 

micelle) has many important practical implications and constitutes one of the cornerstone 

problems in colloid science and engineering. 
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Micellization of ionic and non-ionic surfactants has been extensively studied using 

molecular simulations starting from early nineties, 9-11. However, the attempts to 

quantitatively predict experimental data remain limited. The most advanced simulation 

studies 12-17 are based on the state-of-the-art coarse-grained molecular dynamics (CGMD) 

and Monte Carlo (MC) methods, including recent CGMD calculations with using graphics 

processing units15  and atomistic implicit-solvent MD using EEF1 solvation model18 

designed for proteins. Despite the recent progress in CGMD simulations of micellar 

systems, it is desirable to elaborate a more computationally efficient method, which would 

be based on the use of soft repulsion potentials within the DPD framework. However, two 

main issues needs to be overcome to achieve the desired performance of DPD in 

quantitative prediction for micellar properties. 

  The major issue to overcome in order to achieve quantitative prediction using DPD 

is the parameterization of soft repulsion potentials. Pool and Bolhuis 19 performed MC 

simulations with the soft repulsion potentials from ref 20 and obtained extremely low values 

of CMC. The authors expressed doubts on the very applicability of coarse-grained models 

with soft repulsion potentials to qualitative predictions of such parameter-sensitive 

properties like CMC and suggested that hard-core solvent should be an essential feature of 

the coarse-grained model. DPD studies of micellization have been so far rather sparse. The 

authors of recent publications 21-22 studied micellization of model non-ionic surfactants of 

different structure and demonstrated the DPD ability of modeling the formation dynamics 

and equilibrium distribution of micellar aggregates, but they did not target particular 

experimental systems. 
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The main problem hindering such attempts is a lack of the verified parameters of 

coarse-grained soft-core potentials. In general, the coarse-grained potentials should be 

fitted to the thermodynamic 5, 23-24 and/or structural 5, 15, 25 properties of reference systems. 

For this purpose, one has to simulate the model fluid and to choose the potential parameters 

from the best fit of the calculated target properties to the properties of a reference fluid, 

obtained from atomistic simulations or experiments. Liquid-liquid equilibria and interfacial 

tensions between liquid phases are the most common target properties used for validating 

coarse-grained models. In their seminal paper 23, Groot and Warren (GW) suggested a 

linear correlation between the DPD repulsion parameter aIJ and the Flory-Huggins (FH) 

mismatch parameter IJ. It was shown that the FH parameterization provides reasonable 

description of the interfacial tension between homopolymer melts. This method is 

convenient, since the FH parameters are available in the literature for many systems. 

However, the FH model for DPD parameterization is merely a proxi: one has to take into 

account the particular method used for defining IJ parameters. In addition, it was shown 

that the LLE diagram predicted by the FH model qualitatively differs from the results of 

MC simulation of the DPD fluid 24. 

The parameterization by Groot and Warren (GW) 23 has become a gold standard 

employed in most DPD simulations due to its simplicity and computational efficacy. 

Nevertheless, the formation of mesoscale interfaces is very sensitive to the variations in 

the chain local conformations affected by chain rigidity, relative volumes of coarse-grained 

chain fragments, and interactions between them, e.g. between heads and tails. These factors 

weren’t taken into account in GW model, and thusly limit its applicability for quantitative 

description of self-assembly in surfactant and polymeric systems.   
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Several improvements have been done for refining the GW parameterization. Groot 

and Rabone 4 introduced different intracomponent parameters for different bead types to 

properly describe the properties of lipid bilayers. Backer et al. 26 introduce various masses 

for different species. Travis et al. 27 suggested determining both intra- and inter- component 

parameters from the cohesive energy density of individual components. The authors 

obtained a good agreement between calculated and experimental liquid-liquid phase 

diagrams for a mixture of two chemically similar liquids. Maitia and McGrother 28 derived 

correlations between , a and Rc. They concluded that a should increase proportionally 

to Rc. They suggested modified correlation between  and a to account for this 

dependence on the bead diameter.  values were obtained from the cohesive energy 

densities. The authors also stressed that mechanical equilibrium between liquid phases in 

important for proper parameterization. Spaeth et al. 29 introduced beads of different 

effective diameters. The mixtures of soft DPD spheres of different sizes were studied in 

depth by Kacar et al. 30 The parameters for DPD models of individual components were 

designed to produce the same pressure in pure liquids; the bead densities in different phases 

were allowed to differ. The authors obtained equation on state for mixtures of single-bead 

components and related to intercomponent DPD parameters to the Flory-Huggins 

parameters ij. Liyana-Arachchi et al. 31 reported a detailed Monte Carlo study of  - P-T 

properties and structure of single component DPD fluids as well as the phase diagrams of 

symmetric (aII  = aJJ) and asymmetric (aII ≠ aJJ) binary mixtures. They suggested an 

equation of state for single-bead DPD mixtures that allowed facile fitting of the parameters 

to experimental LLE data. The properties of DPD models of polymer solutions were 

explored in MC simulations of Wijmans and Smit. 24 The mismatch parameters in these 
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papers are fitted to LLE phase diagrams of reference mixtures. The other target property 

for fitting DPD parameters is surface tension between liquid phases. The correlations 

between  and a were first obtained by Groot and Warren and are often used in DPD 

simulations of polymers. 20, 32-33 Malti and McGrother 28 extended this approach to beads 

of different diameters. It is worth noting a limited availability of experimental data on 

surface tension. They are not as easy to calculate using the theoretical models compared to 

LLE diagrams.  

Another important factor determining micelle size and shape is the rigidity of 

surfactant molecule. 34 Although the importance of rigidity is well recognized, its impact 

on micellization has not been studied systematically. Several studies explore the effect of 

chain rigidity on micelle shape. Based on the experimental observations, Heerklotz et al. 

35 hypothesized that a spherical micelle must contain very few highly ordered/stretched 

surfactant chains to shape the micelle and also a considerable number of highly disordered 

chains to fill its hydrophobic core. Increased rigidity of the tail segment may favor the 

formation of rod-like micelles. Sterpone et al. 36 studied the correlation of interfacial 

packing of alkyl-polyethyleneglycole type surfactants with different flexibility of 

surfactant hydrophilic head segment using molecular dynamics simulations. They found 

that “hydrophilic head acts as an entropic reservoir for overcompensating the positive 

enthalpic variation at sphere-to-rod transition”. Thus, increased flexibility of the head 

segment may favor rod-like micelles, similarly to effect of increased rigidity of the tail 

segment. Srinivasan and Blankschtein 37 looked into the role of rigidity in micellization by 

comparing the behavior of similar surfactants with alkyl and perfluoroalkyl tails. 

Fluorocarbons are effectively stiffer than hydrocarbons of similar molecular volume; the 
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authors observed that increased rigidity caused fluorinated surfactants form micelles of 

smaller curvature (that is, worm-like or bi-layer) under the solution conditions, at which 

non-fluorinated surfactants would form spherical aggregates. Similar discussion about the 

rigidity affecting the micelle shape for perfluoroalkyl sulfonamide ethoxylate C8F17EO10 

can be found in ref. 38. Firetto el al. 39 used grand canonical Monte Carlo simulations to 

study the effect of chain rigidity on CMC and micelle size for the model surfactant 

composed of four head and tail groups, by changing the rigidity of the whole chain, and 

selectively of either hydrophobic or hydrophilc segment. CMC was found to decrease and 

Nag to increase with the chain rigidity, which is consistent with the experimental 

observation on fluorinated surfactants 37. In a recent paper, Lin et al. 22 studied self-

assembly of various model polymeric surfactants using dissipative particle dynamics 

(DPD) simulations and observed a decline in CMC with the greater degree of the rigidity 

of the solvophobic or solvophilic blocks. Nag grew with the rigidity but the shape of 

micelles remained approximately spherical. Warm-like micelles were observed in the 

concentrated solutions of rigid surfactants.  

 In addition to surfactant micellization, the other topic of interest in this these is 

modeling proton conductivity of polyelectrolyte membrane (PEM) implemented in PEM 

fuel cell.  Hydrated polyelectrolyte for fuel cells typically consists of a hydrophobic organic 

backbone, to which strong acid groups are attached. Upon hydration (or solvation by other 

protonating compounds that are also used in PEM 40), the acid groups dissociate, releasing 

protons and making the PEM proton-conductive. Because PEM have both hydrophobic 

and hydrophilic components, their structure is strongly non-uniform and may be very 

complex. Typically, a hydrated PEM segregates onto the hydrophilic subphase formed by 
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the acid groups, protons and polar solvents, and the hydrophobic subphase formed by the 

organic backbone. The hydrophilic subphase makes a network of clusters and channels 

through which water and protons diffuse. The morphology of the network is determined by 

the chemical structure of the polyelectrolyte and the hydration level. Thus, the proton 

transport through PEM is controlled by several phenomena that have very different 

characteristic spatial and temporal scales: (1) dissociation of the individual acid groups (2) 

proton transfer between solvent molecules and/or acid groups (3) overall segregation 

morphology of the hydrated PEM.   

Due to the wide range of the scales determining water and proton transport in PEM, 

their modeling typically employs hybrid approaches, where different techniques are 

utilized to model the membrane segregation and water/proton diffusion on different levels. 

The segregation morphology, whose typical scale ranges from several to tens of 

nanometers is predicted by a mesoscale methods, such as thermodynamic 41-42 and self-

consistent field theory, 43-44 Mesodyn, 45 coarse grained molecular dynamics (CG MD) 46-

50 or DPD 8, 51-61. Then, the diffusion of water and protons is considered in a static structure 

obtained from mesoscale modeling. Water and ion diffusion is typically considered in a 

pre-determined “ideal” environments such as cylindrical channels 62-63 and then the results 

can be extrapolated onto the structures obtained by mesoscale methods to predict the 

overall transport properties.  

 Because Nafion is the best-known PEM material, most simulation studies 

considered Nafion and other similar perfluorinated polyelectrolytes. The first DPD 

simulation of Nafion was conducted by Yamamoto et al. 8 The conservative repulsion 

parameters were estimated from the mixing energy calculations conducted with atomistic 
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modeling. The electrostatic interactions were implicitly mimicked by short-range forces. 8 

The authors found irregular segregation morphologies, with reasonable correspondence to 

experimental results. They suggested that the proton conductivity may be estimated from 

water cluster connectivity in the structures obtained. 64 Later, Dorenbos et al 65,and Wu et 

al 58, 60 employed the same model for studies of nanostructure and water diffusion in several 

perfluorinated ionomers that differed by equivalent weight and sidechain length. Dorenbos 

et al 65 estimated water diffusion in the resulting DPD structures. The segregated structure 

was mapped onto a lattice; each lattice site belonged to either mobile (aqueous) or 

immobile (organic) subphase. Water self-diffusion coefficients were estimated using the 

random walks on the lattices obtained. The authors concluded that the same approach 

cannot be applied to proton conductivity, since a lattice replica of a nanosegregated 

structure does not carry any information on the local environment around any particular 

site, and therefore is unable to properly account for the interaction between protons and 

negatively charged sulfonate groups. Later, Dorenbos et al 66 used the models developed 

for bulk Nafion in simulations of the PEM in contact with carbon catalyst support.  

Sawada et al 67 accounted for possible crosslinking of the perfluorinated skeleton 

chains and found that crosslinking leads to much smaller hydrophilic aggregates of only 

1.8nm in diameter. Eliott et al 57 combined DPD results with experimental SAXS/SANS 

studies using a novel model-independent procedure. The modeling revealed a multi-level 

membrane organization, with hydrophilic – hydrophobic segregation on smaller scale and 

larger scale organization of the fluorocarbon backbone. This result is consistent with 

previous NMR studies. 68-69 Jorn and Voth 70 modeled the nanostructure of segregated 

polymer with standard short range DPD potentials, and then considered proton transport in 



9 

 

the structures obtained using smoothed particle hydrodynamics (SPH). 71 Transport 

coefficients and coarse-grained forces for the polymer backbone, side chain, proton, and 

water interactions were derived from MD simulations. The proton conductance profiles 

determined in this simulation at 40 nm scale are in semi-quantitative agreement with results 

of earlier experiments. 72-73 The authors also showed that accounting for the electrostatic 

interactions is crucial for the improvement of proton transport modeling with DPD. 

 DPD models with electrostatics considered implicitly were applied to other 

polyelectrolytes, such as sulfonated poly(phenylene) sulfone (sPSO2) at different 

sulfonation levels, 74 SPEEK 75, and grafted copolymers with varying type and the 

attachment of the side chain. 54 Explicit treatment of electrostatic interactions in DPD was 

enabled by the development of smeared charge models. In this approach, the charge is 

distributed around the bead center linear, 6 Slater-type exponential, 76 Gaussian-type, 77 and 

Bessel-type 78 distributions of charge density have been considered in the literature 78. The 

charge distributions are isotropic and spherically symmetric. The charges interact in an 

isotropic medium of a uniform dielectric constant , although newly introduced polarizable 

models 79 enable more precise simulations at extra computational cost. The smeared charge 

approach was applied to hydrated Nafion 7 in the first explicit charge DPD simulation of 

PEM. The adsorption isotherms were calculated by Widom trial insertions of water beads 

into the Nafion structures generated by DPD, and the saturation hydration levels were 

identified for different equivalent polymer weights. Water diffusion was estimated from 

random walk in lattice replicas of the segregated polymer. The simulation results showed 

a good agreement with the experiment on potassium-substituted Nafion. 
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This succinct review shows that in published mesoscale studies of polyelectrolytes, 

dissociation/association of acid groups was considered indirectly. The degree of 

dissociation has to be essentially pre-assumed. For example, in the recent DPD simulations 

7 of metal-substituted Nafion polymer at low water content, the dissociation degree was 

fixed and the respective fraction of the alkali metal counterions were considered as 

dissociated from their sulfonate groups and represented by hydrated counterion beads; the 

rest of the counterions were kept attached to the sidechains, and such pairs were modelled 

by neutral beads. Thus the dissociation degree 7 was determined by the coarse graining 

scheme rather than by chemical consideration. Alternatively, each dissociating group may 

be assigned a fractional charge according to a degree of dissociation calculated 

theoretically. This approach was employed in DPD simulations of -synuclein that 

contains both carbonic acid and amine groups. 1 and in ionic diblock surfactants by Posel 

et al 80. Both approaches share the same major drawback: the dissociation of a particular 

counterion is determined by the macroscopic properties such as hydration or pH. In reality 

the dissociation of a proton and its mobility are determined by local environment around 

it. Therefore, it is desirable that the dissociation is embedded directly into the mesoscale 

simulation forcefield. 

The first main contribution of this thesis is the development of a systematic 

parameterization methodology based on a combination of top-down and bottom-up 

approaches. The methodology keeps intact the GW model assumptions of the equal bead 

size and equal intro-component repulsion potential and includes several steps: 1) – 

dissection of system compounds into equal size fragments, which correspond to reference 

compounds, and choice of the bead size that determines the level of coarse-graining, 2) –
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determination of the intra-component repulsion parameter from the density and 

compressibility of the solvent at given coarse-graining level, 3) – determination of the bond 

potentials between same type beads from the fitting to atomistic MD simulations of 

conformations of respective homo-oligomers, 4) determination of inter-component 

(mismatch) parameters from the fitting of IDAC in binary solutions of reference 

compounds to the results of MC simulations of respective DPD fluids, 5) determination of  

inter-component (mismatch) parameters from the fitting the activity in aqueous solution of 

respective reference compound oligomers, 6) determination of head-tail repulsion and 

bond parameters and verification of the overall set of parameters against atomistic MD 

simulations of molecule conformations. This approach was shown to be efficient in studies 

of micellization of selected non-ionic surfactants 81 and was extended to modeling ionic 

surfactants 82 and polymer brushes in organic solvents. 83  The flexibility of the method is 

examined on a nonionic surfactant polyethylene oxide alkyl ether (CnEm) of different 

composition. A molecule of CnEm surfactant consists of n hydrophobic alkyl monomers 

(CH3 or CH2) and m hydrophilic oxyethylene units (CH2OCH2). By varying the chain 

composition and comparing the simulation results with experimental data on critical 

micelle concentration (CMC) and aggregation number (Nag), we demonstrate and verify 

the robustness of the proposed methodology.  

 This parameterization method certainly improve the performance of DPD in 

modeling self-assembly of surfactant and polymer solution, however, segregation in 

polyelectrolytes is especially challenging, as it involves redistribution of charged species 

far beyond the molecular scale.  The dissociation of a particular counterion is determined 

by the local environment around it rather than by macroscopic properties such as pH. It is 
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therefore desirable that the dissociation is embedded directly into the simulation forcefield. 

In published DPD studies of polyelectrolytes, dissociation/association of counterions was 

considered indirectly. The second class of problems that may require explicit consideration 

of dissociating ions is related to their transport in complex geometries, such as proton 

exchange ionomers of which Nafion is the best-known example. The mechanisms of proton 

mobility in such environments include the Grotthuss-type “hopping” that involves 

formation of various proton-water complexes like hydronium H3O
+, Zundel H5O2

+, and 

Eigen H9O4
+ ions, as well as proton-water-sulfonate complexes. In the literature, the 

hopping mechanisms were accounted for in an indirect manner. 

The second main contribution of this thesis is the development of a new 

mesoscale simulation framework that directly incorporates dissociation-association of 

proton-base complexes into the DPD forcefield. We specifically address the proton 

mobility in the water and protonation equilibria in the solution of acids by artificially 

mimicking Grotthuss-type mechanisms of formation and breakup of the proton-water and 

proton-anion (such as deprotonated acid) complexes. The proton is introduced as a 

separate charged bead that forms dissociable bonds with proton receptive base beads, 

such as water or deprotonated acid anions. The proton-base bonds are described by Morse 

potentials. When the proton established Morse bonds with two bases, they form an 

intermediate complex, and the proton is able to “hop” between the bases artificially 

mimicking the Grotthuss diffusion mechanism. The interaction of model proton with 

different bases and formation of the proton-base complexes are controlled by the Morse 

potential. The model provides quantitative agreement with experiments for the proton 
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self-diffusion coefficient and hopping frequency, as well as for the degree of dissociation 

of benzenesulfonic acid. 

The developed proton model is then applied to DPD simulation for proton diffusion 

in a hydrated polyelectrolye, and sulfonated polystyrene (sPS) is chosen as a characteristic 

example. sPS is a polymer of a significant practical importance, since various sPS based 

materials (especially block copolymers of sPS and polyolefins) are used in proton exchange 

fuel cells; their industrial potential is propped by a low cost, as they are generally cheaper 

that perfluorinated PEM of Nafion type. In sPS-polyolefin block copolymers, water-

swollen sPS forms the hydrophilic domain. But the hydrophilic domain itself is segregated 

onto the aqueous subphase formed by the sulfonic acid groups surrounded by water and 

protons and the hydrophobic alkylbenzene subphase. The segregation inside hydrated sPS 

was observed both experimentally and in simulations. 84-86 The morphology is irregular and 

depends on the level of sulfonation, and the scale of segregation is believed to be relatively 

small. Small size of the hydrophilic channels, tangible dissociation constant of the acid 

group, and the ability to vary the sulfonation level substantially, make sPS an ideal system 

for examining the advantages and limitations of our DPD approach. The simulation results 

semi-quantitatively predict nanoscale segregation of the hydrated sPS in to hydrophobic 

and hydrophilic subphases, water self-diffusion and proton connectivity. As hydration 

increases, the hydrophilic subphase shows a classical transition from a collection of 

isolated water clusters to a percolated network. The analysis of connectivity and water 

diffusion demonstrates the importance of dynamic percolation via formation and breakup 

of temporary junctions between water aggregates. The new DPD approach qualitatively 
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predicts the ratio of proton to water self-diffusion and its dependence on hydration. The 

proton conductivity reasonably agrees with experiments. 

 This thesis is instructed as follows. In Section 2, the general form of DPD force 

field is reviewed, based on the Groot and Warren formulism and the modification in this 

thesis. In Section 3, the top-down approach in obtaining repulsion parameters for chain 

molecule is introduced. The correlation between DPD repulsion parameter and 

thermodynamics activity coefficient is derived and constructed. Three different nonionic 

surfactants are studied where the chain rigidity is applied through harmonic bonds. The 

predicted micellar properties have superb agreements with experimental data. In Section 4, 

the importance of the chain rigidity is discussed. The interplay of strength of rigidity and 

of repulsion parameter is examined by modeling the micellization of nonionic surfactant 

C8E8 and MEGA-10. It reveals that the bond and rigidity coefficients need to be precisely 

determined together with the determination of the repulsion parameter in order to 

reproduce the correct equilibrium morphology of micellization. In order to improve the 

force field related to the chain configuration, a bottom-up approach is introduced in Section 

5. The bond and rigidity of DPD models are surgically determined by matching the 

conformations of the chain molecules in the atomistic scale and based on the coarse grained 

size of DPD. Repulsion parameters are also determined based on the obtained bond 

conformation and bead size, correspondingly. The scheme is examined by reproducing the 

micellar properties of CE surfactant with a variety of tail and head ratio, showing the 

approach is robust in the applicable range. In order to apply the parameterization to 

modeling proton transfer in PEM, an advanced DPD proton model is introduced in Section 

6. The new proton model reproduces the proton dynamics in the bulk water as well as the 
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dissociation equilibrium of proton from the acidic sites of the PEM fragments. The proton 

model is applied to study the sulfonate polystyrene in Section 7, equilibrium morphologies 

and the dynamics properties of sPS are studied compared to previous atomistic simulation 

and available experiments. The thesis is concluded in Section 8. 
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Section 2. Force field of DPD 

The system under consideration is presented as multicomponent mixture of beads with 

equal effective diameter RC. The system dynamics and equilibrium are studied by solving 

Newton equations of motions with pair-wise inter-bead forces given in Eq.1.  
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The details of each force in eq. 2-1 is introduced as follows: 

(1) 
(B)

ijF and 
(A)

ijF are intra-molecule bond and angle interactions in charge of chain 

conformations. In this thesis, we use harmonic bond and FENE bond for bonds between 

neighbor beads (1-2 bonds) and between second neighbor beads (1-3 bonds), that 
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)( )(   for harmonic bonds, andFij
(B)(rij )= Kb(r0 – rij)/(1 – ((rij – 

r0)
2/rm

2))rij/rij  for FENE bonds. Kb is bond rigidity, r0 is the equilibrium bond length, and 

rm is the maximum bond length. In Section 7 of modeling polyelectrolyte membrane, the 

polymer is relatively complex (compared to linear chains we considered earlier) and 

contains very rigid fragments, we also introduced standard harmonic angle potentials 

between certain pairs of nearest neighbor bonds that  ikjikjij K    0

(A) )(F . Assuming 

the bead i and j are separated by another bead k, ikj refers to the angle between vectors ik 

and ,jk and 0  and K are the equilibrium angle and stiffness. 

(2) 
)C(

ijF  is the conservative force for bead repulsion. It acts only on the overlapped beads 

that   ijijijijij rrwa /  )( IJ

)C(
rrF  . The weighting factor w indicates the degree of bead 
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overlapping that w(rij) = 1  rij/RC for rij < RC and w(rij) = 0 for rij ≥ RC. The magnitude of 

repulsive force is characterized by the repulsion parameter aIJ specific to the given bead 

pair of types I and J. The intra-component repulsion parameters between beads of the 

same type are set equal irrespective to the bead type (i.e. aJJ = aII). The determination of 

intra- and inter- component repulsion parameters will be discussed in the following 

sections. 

(2)  The random force 
)R(

ijF  and drag force 
)D(

ijF  institute the Langevin thermostat; they 

act also between the overlapping beads along the line connecting the bead centers. The 

drag force is velocity-dependent: Fij
(D)(rij ,vij) = w(rij)

2 (rij*vij) , where vij = vj – vi; vi 

and vj are the current velocities of the particles. The random force 
)R(

ijF  that accounts for 

thermal fluctuations, is taken proportional to the conservative force: Fij
(R)(rij) = 

w(rij)rijij(t)rij/rij , where ij(t) is a randomly fluctuating in time variable with Gaussian 

statistics. The fluctuation-dissipation relationship couples the noise level and friction 

factor that 2 = 2kT. 87 The parameters is set as = 4.5, a suggested value for a better 

simulation temperature control. 23  

(3) The electrostatic interactions 
)(E

Fij are modeled using the smeared charge approach with 

the Slater-type charge density distribution with an exponential decay, 76  
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At long range, the electrostatic interaction of smeared charges (Eq. 2-2) reduces to the 

Coulomb potential. The standard Ewald summation 88 is used to account for long-range 

electrostatics. The choice of the smearing radius = 0.25Rc for all charged beads was made 

on technical reasons (Supporting Information of ref 89, Section S2). Similar suggestions 

can be found in recent DPD studies. 78, 80, 90. 

(4) The last term Fij
(M)(rij )in Eq.2-1 models the forces only between proton bead P and 

proton receptive beads such as water bead W or sulfonic bead S in benzenesulfonic acid 

(Section6) or sPS side chain (Section 7). The P—base interactions are modelled by the 

Morse potential, cut and shifted at cutoff radius rM:  
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The Morse potential has a minimum at 
0

ijij rr   and is characterized by the strength 

parameter 
IJK  and effective steepness 

IJ . 
)M(

ijF applies to interactions of P beads with 

bases (S and W beads). That is, a P bead connected to a single S bead by Morse potential, 

forms a neutral acid. Formation of a new Morse bond between the same P and another base 

(say, a W bead) leads to a formation of an intermediate complex. A P-base pair dissociates 

when rPS exceeds rM, leading to a breakup of the complex. If the Morse pair that dissociates 

is the original P-S pair, the entire process describes dissociation of the acid in water. In ref 

89 we show how through the sequence of formations and breakup of Morse bonds P beads 

can “hop” between the bases (here sulfonates S and waters W), artificially mimicking the 
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Grotthius 89 mechanism of proton diffusion. The process of P bead transfer between the 

bases is associated with a potential barrier, similarly to actual acts of proton transfer in 

aqueous solutions. By adjusting the depth and steepness of the Morse potential, we were 

able to reproduce both proton mobility in bulk water and the dissociation equilibrium of 

the acid. The details will be discussed in Section 6, and the forcefield is implemented in 

the DL_MESO DPD package. 91 
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Section 3. Parameterization for repulsion parameters 

In this section, we suggest a new approach to parameterizing the soft-core 

interactions and demonstrate that the classical DPD scheme with repulsion potentials (1) 

between the beads of the same size Rc is capable of quantitative predicting micellization in 

non-ionic surfactant solutions. We studied three typical examples of surfactant molecules 

of different chemical structures with experimentally known CMC and Nag values. These 

examples were chosen to represent different classes of non-ionic and zwitter-ionic 

surfactants of suitable molecule size and structure that could be handled with modest 

computational resources: (1) Octaethylene glycol monooctyl ether C8E8, made of 

hydrophobic octyl tail and hydrophilic oxyethylene head; (2) dodecyldimethylamine oxide 

(DDAO), whose hydrophilic segment is zwitter-ionic aminoxide group treated as nonionic 

for short distance between the charged atoms; (3) n-Decanoyl-N-methyl-D-glucamide 

(MEGA-10), also composed of alkyl tail and amide middle segments, and glycol 

hydrophilic segments.  
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Figure 3-1. Schematics of coarse-graining. (a) C8E8 (Octaethylene glycol monooctyl ether 

nC8H17(OCH2CH2)8OH; coarse-grained model  TT-H1H1H1H1); (b) DDAO 

(Dodecyldimethylamineoxide nC12H25NO(CH3)2, coarse-grained model TTT-H2); (c) 

MEGA-10 (N-Decanoyl-N-methylglucamine nC9H19(NCH3)(HCOH)4CH2OH, coarse-

grained model TT-MH3H3).  

 

The coarse-grained models of the surfactant molecules are presented in Figure 3-1 

and Table 3-1. The surfactants were dissected into the tail, head, and middle beads of 

approximately same size. The volumes of different fragments were estimated from the 

masses and densities of reference compounds: n-octane, triglyme, N-methyl acetamide, 

ethyleneglycole, and water. For CE surfactant, we followed the dissection by Groot 32. 

Because the tails in all three surfactants are alkyl chains of length in multiples of four, the 

tail T-bead contained four carbon atoms approximately representing the butyl group, C4H9. 

The water W-bead was chosen to contain nW=4 molecules. This choice is consistent with 

ref 4, where the T-bead volume was evaluated from experimental scattering volumes of 
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water and dodecane 
92; roughly one CH2 group in T-bead corresponds to one water 

molecule in W-bead. 

 

Table 3-1. Coarse-grained models of surfactants, reference compounds, and DPD 

repulsive parameters (aij). 

 

Bead type Reference compound 

Model 

compound 

Repulsion parameter, 

kT/R2
c 

W 4 H2O monomer W aWW =aII=106.5  

T CH3(CH2)6CH3 dimer TT  ΔaTW=19.6  

H1 in C8E8 CH3OCH2CH2OCH3 dimer H1H1  ΔaH1W=1.0; ΔaTH1=6.5 

H2 in DDAO CH3N(O)(CH3)2 dimer H2  

ΔaH2W=-23.5; 

ΔaTH2=6.2 

H3 in MEGA-10 OHCH2(CHOH)3CH2OH dimer H3H3  ΔaH3W=1.0; ΔaTH3=9.8 

M in MEGA-10 CH3CON(CH3)2 monomer M  

ΔaMW=3.0; ΔaH3M=3.0; 

ΔaTM=3.6 

 

 

Following ref 4, the reduced density * of DPD beads (the average number of bead 

centers in 1Rc
3) was set to *=3, which corresponds to the bead size of Rc = 7.1Å. For the 

sake of simplicity, we followed the conventional implementation 4 and assumed that the 
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self-repulsion parameter aII and size Rc,I for all types of beads are the same and equal to 

those of W-beads; aII =aWW and Rc,I =Rc . The self-repulsion conservative parameter 

aWW=106.5kT/Rc was determined from the water compressibility as in ref 93. This value is 

in reasonable agreement with published data.23 Note that the W-bead self-repulsion 

parameter aWW represents the starting point for parameterization of other coarse-grained 

components. 

Assigning the binary repulsion parameters aIJ for beads of different types is the 

most critical step in the parameterization procedure. Here, we suggest defining aIJ values 

from the best match of the infinite dilution activity coefficients ∞ of binary solutions of A 

and B model particles composed of I and J type beads calculated within the adopted DPD 

model to the experimental or ab initio computed ∞ values of the solutions formed by the 

reference compounds, which correspond to the coarse-grained beads. The A and B 

components of these binary solutions may represent either monomers or dimers of coarse-

grained beads. In particular, a convenient choice is to select A=I or A=I2, and B=J or B=J2, 

depending on the availability of reference data needed for the parameter fitting. Infinite 

dilution activity coefficients are standard properties of binary solutions, with the vast body 

of data available in the literature, as they are measured with well-established methods such 

as headspace technology.  

For model binary solutions, ∞  are calculated with the Widom insertion MC 

technique 94 that is especially efficient for soft particle systems,  
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Here, ins

ABE  is the energy of random insertion of A molecule into bath of B molecules 

simulated in the canonical ensemble, ins

AAE  is the energy of insertion of A particle in the 

bath of A particles, and bA/B is the number of beads in A or B particles (b =1 for monomers 

and b =2 for dimers). Eq. 3-1 is derived in Supporting Information of ref 1. Note that in Eq. 

3-1, only ins

ABE  term depends on aIJ.  

The strategy of assigning of aIJ is the following. First, we construct in MC 

simulations the calibration ∞(aIJ) dependencies, which are unique for monomer-monomer, 

monomer-dimer, and dimer-dimer solutions. The respective calibration curves are 

presented in Figure 3-2. Because ∞ has a relatively weak dependence on the self-repulsion 

parameter, it is determined by the mismatch parameter aIJ = aIJ  aII , which is correlated 

almost linearly with lg(∞) that is convenient for fitting (see Supporting Information of ref 

1 ). Then, interpolating experimental ∞ onto the respective reference curve, aIJ is obtained 

for the particular bead pair.   
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Figure 3-2. Calibration correlations between infinite dilution activity and mismatch 

DPD parameter aIJ for binary solutions formed by monomeric coarse-grained compound 

and their dimers at Rc = 7.1 

 

The repulsion parameter aTW between T- and W-beads was determined as 

following. The most natural choice of the reference compound for the T-bead would be 

butane. However, butane is a vapor at ambient conditions, and the DPD model is not 

suitable for the simulating of vapor-liquid equilibrium. Therefore, we chose octane as the 

reference compound for the T-beads. We present octane, which has the volume of 

approximately 8 water molecules or two T-beads, as T2 dimer.  The T—T bond length is 

chosen at 0.8Rc, which is consistent with both the octane molecular structure and the DPD 

fluid density of *=3, since the distance between neighboring beads in BCC lattice at this 

density is close to 0.8Rc. The value of  aTW= aWW  aTW is estimated from the experimental 

value of ∞ using the monomer-dimer and dimer–monomer reference curves from Fig. 2. 

Because water and octane are almost completely immiscible, ∞ is obtained from the 
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solubility of octane in water, as ∞= 1 / xLLE, where xLLE is the octane molar fraction at 

liquid-liquid equilibrium. Using experimental data from ref 95, we obtained ΔaTW = 18.7 

kT/Rc
2, or aTW = 125.2 kT/Rc

2. Similarly, from water solubility in octane we obtain 

aTW=20.6 kT/Rc
2 , which is close to the first value, as well as to the parameter obtained 

from Flory-Huggins using Δa = /0.293 correlation suggested by Wijmans et al 24.  

In a similar fashion, we chose the reference compounds for the other coarse-grained 

fragments of the surfactants given in Table 3-1 and calculated aIJ for all bead pairs using 

the similar algorithm from monomer-monomer or dimer-dimer reference curves from Fig. 

2 in accord to the respective reference compounds. The experimental data for the reference 

compounds of some bead pairs was not found. In this case, we calculated ∞ using COSMO-

RS model 96 with COSMOtherm software 97. However, these calculations did not always 

lead to plausible results. For example, diglyme, the reference head bead of C8E8, modeled 

as H1H1 dimer is miscible with water 98, which means that aH1W should be close to aWW. 

Unable to find the experimental value of ∞, we performed COSMO-RS calculations and 

found that the calculated value of ∞ depended heavily on the conformer and showed 

relatively hydrophobic solvation with lg(∞) varying from 0.95 to 2.6. This implies, in 

conflict with experiments, that diglyme would be miscible with octane rather than with 

water. As a reasonable compromise, we assigned aH1W from the Flory mismatch parameter 

χH1W = 0.3 reported by Saeki et al. 99.  

Rigidity of surfactant molecules substantially influences the CMC, especially for 

long molecules. In this work, we maintained molecule rigidity by using 1-3 secondary 

harmonic bonds that connected beads separated by 2 primary bonds, and the length equals 
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to the sums of the length of the beads. From MD simulations of hexadecane at 298K and 

1atm performed with TraPPE forcefield 100, we assumed bond length proportional to the 

number of covalent bonds between the neighboring beads of the chain, and rigidity inverse 

proportional to the number of flexible angles. As a result, the rigidity K1-2 of 1-2 and 1-3 

bonds was calculated as 320/nt  where nt is the number of nt is the number of flexible torsion 

angles between the bead centers. In a homopolymer chain, 1-2 bonds are twice as rigid as 

1-3 bonds. The validity of this assumption is confirmed by the distributions of the interbead 

distances calculated using the atomistic MD and DPD simulations. The effects of rigidity 

on CMC and other experimentally verifiable quantitative characteristics of surfactants 

have, to our knowledge, never been systematically studied and call for a detailed separate 

work that is beyond the scope of this note. 

 

Figure 3-3. Snapshots of equilibrated DPD configurations for surfactant (a) C8E8 (model: 

TTHHHH) at φS =0.04, (b) DDAO (model: TTTH) at φS =0.02, and (c) MEGA-10 (model: 

TTMHH) at φS =0.04 in water. Bead colors: cyan-head H-bead, pink-tail T-bead, and blue-

middle M-bead (in MEGA-10). 

 

Using the models and techniques described above and the model parameters from 

Table 3-1, CMC and Nag were calculated and compared with available experimental data. 

a
b caa
bb cc
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DPD simulations were performed with the original algorithm based on the work of 

Pagonabarraga et al. 101 and are described in Supporting Information of ref 1. CMC was 

obtained from the recorded simulation trajectories as follows. Two surfactant molecules 

were assumed to belong to the same aggregate if any two of their tail or middle beads 

overlapped. If an aggregate contained more than a certain threshold nmic of surfactant 

molecules, it was counted as a micelle; if a surfactant molecule belonged to a cluster 

containing less than nmono surfactant molecules, it was assumed to belong to the aqueous 

solution of monomers in equilibrium with the micelles. The concentration of “monomeric” 

surfactant in water was treated as the CMC. Aggregation was considered as complete and 

equilibrium reached when the CMC and micelle numbers stabilized and became practically 

insensitive to the choice of nmono and nmic within reasonable limits. In the “production” 

calculations, we used nmic=15 and nmono=5. In Figure 3-3, we present typical snapshots of 

the equilibrated micellar systems. The CMC was calculated from the ratio of the number 

of “free” monomers nfree (that included surfactants in all aggregates smaller than nmono) to 

the number of water beads, and converted into mmol/L as MCMC= nfree /(NAnWnH2ORc
3), 

where nH2O is the number of water beads in the box. In the Supporting Information of ref 

1, we present the dependence of the aggregation number on the values of nmono and nmic 

used for the micelle and cluster definitions for MEGA-10 system. 
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Figure 3-4. Evolution of number of free monomers (left vertical axes) and number of 

micelles (secondary vertical axes) in solution of surfactant C8E8 at concentration φS = 0.04. 

After 3.4*105 steps, the number of micelle is fluctuating from 5 to 6; the number of free 

monomer is fluctuating at averaged 72 with absolute variance equals to 5. Each dot 

represents one trajectory saved each 1000 simulation steps. 

 

Possible dependence of MCMC on the system size and the total surfactant load was 

carefully checked. For C8E8 system, we performed a series of simulations at three 

surfactant volume fractions φs=0.02, 0.04, and 0.06. Even though the aggregation number 

increased drastically because of micelle merging (see Table 3-1, and snapshots in 

Supporting Information or ref 1), we observed very low fluctuations and no evident trend 

for the calculated MCMC.  The evolution of the number of micelles in C8E8 system at φs=0.04 

is shown in Figure 3-4. The averaged CMC 11.8 ± 0.4mmol/L is in quantitative agreement 

with experimental value 10. 102 The aggregation number 63 at φs=0.04 and 83 at φs=0.06 
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also agree with experimental value 72 103 at φs=0.05 and the same temperature. Good 

agreement with the experiment was also obtained for DDAO, where the calculated CMC 

of 1.3 mmol/L fell within the experimental range of 1~2 mmol/L 104, and the NAG coincided 

with the experiment nearly exactly  (77 versus 76). For MEGA-10, the calculated CMC is 

7.5 mmol/L, which is close to the experimental value of 6~7 mmol/L 105 .  

 In conclusions, we suggested a straightforward methodology for obtaining 

conservative soft repulsion parameters for DPD simulations of surfactant solutions formed 

by relatively small molecules. The main idea of the proposed parameterization method is 

fitting to the experimental data on infinite dilution coefficients of reference compounds 

composed of coarse-grained fragments of the molecule under consideration.  In most cases 

such data is available from the literature, or can be obtained in routine experiments. When 

experimental ∞ are unavailable, we used thermodynamic models (in this work, we select 

COSMO-RS, but other approaches such as group-contribution models are also available). 

These models have to be applied cautiously, as this work shows. Widening the scope of 

experimental data to which DPD parameters can be fitted is highly desirable. For example, 

water-octanol and water-hexane partitioning coefficients are widely used for 

environmental purposes, are available for many compounds and characterize their relative 

hydrophobicity. However, utilization of this data is belong the scope of this letter.  

We tested our approach against CMC and mean aggregation number of several non-

ionic surfactants of different chemistry and obtained quantitative agreement with 

experiments. Although the methodology described here is limited by the assumptions of 

equal bead size and equal self-repulsion parameters, the presented examples show its 

potential for modeling complex micellar systems in a computationally efficient manner. 
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Further development of the proposed parameterization method should involve: extension 

to multicomponent solutions of course-grained particles with the fractional numbers of 

groups per beads 5 and beads of different sizes 28 in order to account for unequal volumes 

of reference compounds available from, e.g., Bondi tables; extension to ionic surfactants 

by incorporation of electrostatic interactions with dissolvable counter-ions as was 

suggested in ref 6; independent determination of self-repulsion parameters from the 

compressibility of reference pure liquids in a similar way as it is done for water. Also, the 

proposed method is not limited to surfactants, it can be adopted for coarse-grained 

modeling of self-assembly, rheological, and transport properties of other complex fluid and 

soft matter systems.  
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Section 4. The role of chain rigidity  

In this section, we examine the effect of molecule rigidity on the self-assembly of linear 

non-ionic surfactants using conventional DPD simulations with the standard soft-core 

repulsion potentials. Chain rigidity is controlled using the second neighbor (“1-3”) 

harmonic bonds.1 Several simulations with the angle potential are performed for 

comparison. We focus on quantitative characterization of the most basic properties of dilute 

surfactant solutions: CMC, Nag, and micelle shape.   

We consider two surfactants from our previous study 1: octaethylene glycol 

monooctyl ether (C8E8) and n-decanoyl-N-methyl-D-glucamide (MEGA-10). Both 

molecules are relatively small, with molecular weights of 350 and 482 g/mol, respectively, 

and were modeled as linear chains of 6 (C8E8) and 5 (MEGA-10) soft beads connected by 

standard harmonic nearest neighbor bonds. Thus, each bead represented only 4-5 heavy 

atoms and was substantially smaller than the persistence length. The coarse-grained models 

of the surfactant molecules and repulsive parameters are presented in Figure 4-1 and Table 

4-1. The surfactants were dissected into the tail T, head H, and middle M beads of the same 

size as the water bead W represented nW = 4 water molecules.  
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Figure 4-1. Schematic of coarse-grained surfactant models. C8E8 (octaethylene glycol 

monooctyl ether n-C8H17(OCH2CH2)8OH) is presented as the chain of 2 tail and 4 head 

beads, TT-H1H1H1H1. MEGA-10 (n-decanoyl-N-methylglucamine, n-

C9H19(NCH3)(HCOH)4CH2OH) is modeled as a linear chain of 2 tail beads, 1 middle bead, 

and 2 head beads, TT-M-H2H2).  

 

We used the most common formulation of the method: the reduced density * of 

DPD beads (the average number of bead centers in 1 Rc
3) was set to * = 3, all beads had 

the same effective diameter Rc = 7.1 Å, and the self-repulsion parameter aII was equal to 

aWW=106.5 kBT/Rc for all bead types, as determined from the water compressibility as in 

ref. 93 Conservative repulsion parameters between beads that belong to different types were 

determined from best fit to the infinite dilution activity coefficients of binary solutions 

formed by reference compounds that represent coarse-grained fragments of surfactant 

molecules, as described in ref. 1 Parameter  that determines the level of energy fluctuation 

and dissipation governed by random and drag forces, was set to 1.5. Note that dynamic 

properties of micellar systems are not targeted in this work.  

Table 4-1 lists the equations and parameters that define surfactant rigidity. 

Neighboring beads are connected by harmonic bonds, the choice of equilibrium bond 

length and bond stiffness is described in ref. 1 The rigidity of the coarse-grained surfactant 

molecule was controlled by imposing either the harmonic potential between the second 

neighbor beads, or the harmonic angle potential between the nearest neighbor bonds, 

Figure 4-2. In the first method, each pair of beads that has a common neighbor was 

connected by a “second neighbor” harmonic bond whose equilibrium length was equal to 

the sum of the equilibrium lengths of the bonds to the common neighbor. For example, for 

a sequence of beads L-M-N, re
(LN)= re

(MN) + re
(LM), ELN = K1-3 (r

(LN) re
(LN))2. In the second 
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method, the neighboring bonds were bound by a harmonic angle potential ELMN 

=K(LMNe
LMN2. In both cases, the straight conformation corresponds to the minimum 

of potential energy. Compared to both harmonic 22 and cosine 39 angle rigidity potential, 

the second neighbor bond potential is less stiff when   , but imposes a higher penalty at 

low angles (  0) (Figure 4-2). Although the harmonic angle potential is more 

conventional, we have to note that the rigidity potentials of coarse-grained molecules 

reflect torsional flexibility and 1-3 bonds may describe this flexibility more accurately than 

harmonic angles and cosine formula. Noteworthy, with such introduced second neighbor 

1-3 bond potentials, we obtained 1 quantitative agreement with the experimental CMC and 

Nag for C8E8 and MEGA-10 (at K1-3 = 20 kBT/Rc
2) surfactants considered in this work. 

Table 4-1. Coarse-grained model of molecules, reference compounds, and DPD repulsive 

parameters. Hydrophobic mismatch parameter is defined as aIJ = aIJ  aII 

Bead  Reference compound  Reference Model Repulsive parameters kT/Rc 

W 4 H2O W, monomer aWW = aII = 106.5  

T CH3(CH2)6CH3 TT, dimer aTW = 19.6 

M CH3CON(CH3)2 M, monomer aMW = aMH2 = 3.0, aMT = 3.0 

H1 CH3OCH2CH2OCH3 H1H1, dimer aH1W = 1.0, aH1T= 6.5 

H2 OHCH2(CHOH)3CH2OH H2H2, dimer aH2W = 1.0, aH2T= 9.8 

Potential Definition of rigidity K1-2, K1-3, K Equilibrium length/angle 

1-2  bond E = K1-2 (ri,i+1  re)
2 40 [kBT/Rc

2]  0.8 [Rc] 

1-3  bond E = K1-3 (ri,i+2  re)
2 020 [kBT/Rc

2]  1.6 [Rc]  

angle E = K(  e)
2 5120 [kBT/rad2]  
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Figure 4-2. Two methods for accounting for the chain rigidity: second neighbor (1-3) 

bond harmonic potential (solid line) and harmonic angle potential (dashed line). Cosine 

rigidity potential E() = K (1 + cos ) employed in previously published studies 39 is 

shown by grey line for comparison. 

 

Using the models and techniques described above, we calculated CMC and Nag in 

model C8E8 and MEGA-10 surfactants for a wide range of hydrophobic mismatch aTW 

and second neighbor rigidity K1-3 parameters. The nearest neighbor bonds had the same 

length and rigidity in all systems (Table 4-1). The list of systems modeled and average 

properties obtained are given in Supporting Information, Table S1 of ref 81. We considered 

65 micellar solutions with surfactant volumetric fraction  ranging from 0.02 to 0.06. This 

concentration range lies below the critical aggregation concentration for the systems 

considered. Simulation length was 2×106 DPD steps; time step of  = 0.02  (3.83 ps) was 

chosen to keep temperature deviation under 1%. LAMMPS simulation package 106 was 

employed to perform DPD simulation. 
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Most simulations were performed in the simulation box of 30×30×30 Rc
3. Several 

addition simulations were performed in a larger box of 60×60×60 Rc
3 to confirm that the 

chosen box size of 30 Rc
 provides sufficiently accurate results for both CMC and Nag with 

relatively inexpensive simulations. The influence of the box size on the system 

equilibration and on CMC and Nag with example of C8E8 solutions are described in 

Supporting Information, section S-I. In order to evaluate the influence the surfactant 

concentration on micellization, we performed simulations of MEGA-10 solutions at = 

0.01-0.08 (see Supporting Information, section S-II of ref 81).  

By quantifying the amount of micelles and free surfactants, we found that 

equilibrium was established after 5×105 steps. Once in 1,000 steps, configurations were 

saved for analysis. Two surfactant molecules were assumed to belong to the same 

aggregate if any two of their tail or middle beads overlapped. If an aggregate contained 

more than a certain threshold nmic of surfactant molecules, it was counted as a micelle. If a 

surfactant molecule belonged to a cluster containing less than nmono surfactant molecules, 

it was assumed to belong to the aqueous solution of monomers in equilibrium with the 

micelles. The concentration of “monomeric” surfactant in water was treated as the CMC. 

Aggregation was considered as complete and equilibrium reached when the CMC and 

micelle numbers stabilized and became practically insensitive to the choice of nmono and 

nmic within reasonable limits. In the “production” calculations, we used nmic = 50 and nmono 

= 10. A detailed discussion of choosing nmono and nmic can be found in ref. 1. For CMC, 

statistical error calculated from mean square deviation ranged from 9% to 18%, with the 

averaged relative error of 14%. The deviation for Nag ranged from 9% to 42%, based on 

the system and parameters.  
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A compendium of the simulation results for all 65 systems considered is given in 

Table S1 of Supplemental Information. As a typical example, we present in Figure 4-3 the 

two-dimensional diagram of the CMC dependence on aTW and K1-3 for MEGA-10 

surfactant. The results obtained for two volume fractions of 2% and 4% confirm the 

accuracy of our calculations. This diagram shows that the CMC monotonically decreases 

with the increase of the hydrophobic mismatch and chain rigidity, so that the same CMC 

may correspond to the different sets of these parameters. The respective diagram of the Nag 

dependence on aTW and K1-3 in given in Supporting Information, Figure S4 (b) of ref 81.  

 

Figure 4-3. Dependence the critical micelle concentration (CMC) on the second neighbor 

bond rigidity (K1-3) and hydrophobic mismatch (aTW) parameters. MEGA-10 surfactant 

at volume fractions of 2% (open) and 4% (solid).   
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Figure 4-4. Micellization of C8E8 (a-c) and MEGA-10 (d-f) at 4% surfactant concentration. 

Head beads in cyan, tail beads in pink, middle beads in blue, water beads are not shown. 

(a) aTW = 19.6 kBT/Rc, no chain rigidity is assigned, irregular segregation (b) aTW = 19.6 

kBT/Rc, chain rigidity maintained by 1-3 bonds, K1-3 = 20, well-defined spherical micelles 

(c) increased tail-water hydrophobic mismatch aTW  = 23.6 kBT/Rc, no rigidity with K1-3 = 

0, agglomeration of micelles is evident. (d) aTW = 19.6 kBT/Rc, no chain rigidity is 

assigned, irregular segregation (e) aTW = 19.6 kBT/Rc, modest stiff molecules with chain 

rigidity maintained by harmonic angles, K= 5, well-defined spherical micelles (f) aTW = 

19.6 kBT/Rc, very stiff molecules with K= 120, worm-like micelles form. 

 

Figure 4-4 shows snapshots of C8E8 and MEGA-10 surfactant solutions at = 4%. 

We keep repulsive parameters as well as the parameters for nearest neighbor bonds 

constant and adjust the second neighbor bond rigidity K1-3 from zero (no rigidity, Figure 

4a) to 20 kBT/Rc
2 (Figure 4b). When no second neighbor force applied (K1-3 = 0), 

segregation is visually evident but irregular (Figure 4-4a). The aggregate size distribution 

(Figure 4-5, dashed line) shows that the probability of finding a molecule in an aggregate 

of size N decreases nearly monotonically with N. It is not even clear that this system is 

a b c

d
e f
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indeed a micellar solution, since there is no clear qualitative criterion that allows 

distinguishing between “micelles” and smaller local “lumps,” down to monomers 

dissolved in water.  

 

Figure 4-5. Probability distribution of finding a surfactant molecule in an aggregate 

consisting of N molecules for C8E8 at surfactant concentration of 4% vol.  Line (1) (dotted): 

flexible model with no rigidity, aTW = 19.6kBT/Rc. Line (2) (black solid): aTW = 

19.6kBT/Rc , rigidity applied using second neighbor harmonic bonds, K1-3 = 20 kBT/Rc
2. 

Line (3) (hollowed): aTW = 19.6kBT/Rc, rigidity applied by harmonic angle potential K= 

5 kBT/rad2). Line (4) (red solid): flexible chains with no rigidity with increased tail-water 

repulsion aTW = 23.6 kBT/Rc.  

 

The situation changes rapidly as the rigidity is introduced. With a modest rigidity 

of K1-3 = 5 kBT/Rc
2, the surfactant forms well-defined spherical micelles. The distribution 

of micelle sizes rapidly changes: a well-defined minimum separates micelles from short-

living small aggregates that are normally observed in molecular solutions. The former can 

be characterized by size and shape, which we will describe later. The resulting CMC 

decreases steeply as K1-3 increases from 0 to 5 kBT/Rc
2. Qualitatively similar observation 
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was reported in ref 107 where aggregation of two-dimensional model surfactants was studies 

by off-lattice Monte Carlo. If K1-3 increases further, CMC appears to monotonically 

decrease as the surfactant molecule becomes more rigid. The micelles also become larger 

as K1-3 increases from 0 to 5 kBT/Rc
2 as Nag rises from 58 to 70, but further increase in 

rigidity hardly affects the micelle size, which remains constant within a statistical error. 

The general decline of CMC with rigidity agrees with the literature. 22, 108 

Next, we examined, whether the effect of rigidity could be effectively compensated 

by increasing the short-range conservative repulsion between surfactant tail beads and 

water beads. Figure 4-6a,b shows CMC and Nag for MEGA-10 surfactant. MEGA-10 

behaved qualitatively similar to C8E8 (Figure 4-6c,d). As the rigidity is introduced, CMC 

falls sharply and the micelle size increases. As K1-3 exceeds 5 kBT/Rc
2, both properties show 

saturation with a modest influence of rigidity on CMC. 

Same Figure 4-6 shows CMC and Nag for flexible (no second neighbor bonds or 

angle potentials) surfactants with tails of different degrees of hydrophobicity quantified by 

aTW parameter (definition in Table 4-1). Naturally, aTW significantly affects the CMC 

(Figure 4-6a, c, red circles) and strongly hydrophobic tails make micellization well defined 

(Figure 4-5). No “saturation” is observed in CMC vs aTW dependence, which can be 

approximated as an exponential decay (shown in Supporting Information, Figure S5a of 

ref 81). CMC declines steeply as aTW increases, similar to what we observed for CMC on 

increasing K1-3 and fixed aTW. Thus, the effect of the rigidity on CMC can be easily 

mimicked via changing the short-range repulsion forces. For example, completely flexible 
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MEGA-10 surfactant with aTW = 22.6 kBT/Rc has approximately the same CMC as a rigid 

surfactant with aTW = 19.6 kBT/Rc and K1-3 =16 kBT/R2
c. 

 

Figure 4-6. Averaged critical micelle concentration CMC and aggregation number Nag of 

MEGA-10 (a, b) and C8E8 (c, d) at 4% surfactant concentration. Parameters (independent 

variables) are referred to the two abscissa axis: rigidity to the bottom axis (blue) and 

conservative mismatch aTW to the upper axis (red). Ordinate show CMC (a,c) and Nag 

(b,d) of the surfactants. Blue squares show the dependence of CMC and Nag on K1-3 with a 

constant aTW = 19.6 kBT/Rc. Red circles show the dependence of CMC and Nag on tail-

solvent hydrophobic mismatch aTW for flexible chains (K1-3 = 0). Black dotted lined 

indicate experimental CMC values for MEGA-10 (a) and C8E8 (c). Error bars for of CMC 

are comparable with the symbol size.  

  

The same, however, cannot be said about the micelle size and shape. For example, 

Figures 4-4 b,c depict micellization of C8E8 in two systems with approximately the same 
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CMC: in one system rigidity is produced by second neighbor bonds, and the other one 

formed by flexible molecules with aTW increased from 19.6 to aTW = 23.6 kBT/Rc. System 

formed by rigid molecules (Figure 4-4b) forms well-defined near-spherical micelles, while 

in the system of flexible surfactants with stronger tail-water repulsion, micelle aggregation 

becomes evident. Figure 6d shows that despite similar CMC, Nag for the flexible system is 

greater proximately threefold.  

  The shape of the aggregated was quantitatively characterized by asphericity factor 

A,109 a generalized quantitative measure of the departure from spherical symmetry for the 

gross shape of a polymeric molecule 110 or percolating clusters. 22 A is obtained from the 

gyration tensor S calculated for each micelle:   CM
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gyration. Asphericity ranges from zero for spherically symmetric objects to 1 for an infinite 

cylinder. In Figure 4-7, we compare the distribution of asphericity for two C8E8 systems, 

which have the same CMC: rigid chains characterized by aTW = 19.6 kBT/Rc and K1-3 = 20 

kBT/Rc
2 and flexible chains characterized by aTW = 23.6 kBT/Rc and K1-3 = 0. In the latter 

case, the absence of rigidity is compensated by increased hydrophobic mismatch to provide 

the same CMC. Figure 4-7 clearly shows that the system with equal CMC values may 

exhibit drastically different patterns during the micellar self-assembly. The prominent peak 

at approximately A = 0.09 on the asphericity distribution corresponds to well-defined 
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spherical micelles. In the flexible surfactant system, elongated non-spherical aggregates 

prevail. It appears from the snapshots shown in Figure 4-4c that the larger aggregates are 

formed by micelles merged by their hydrophobic cores instead of well-defined worm-like 

micelles that should precede the formation of hexagonal liquid crystal. We may assume 

that although CMC of these two model surfactants coincide, the critical aggregation 

concentrations, testing of which is beyond the capability of our simulations, should be 

drastically different. 

  

Figure 4-7. Distribution of the micelle asphericity factors in different systems. (1) Spherical 

micelles in C8E8 surfactant, aTW = 19.6 kBT/Rc, rigidity applied using second neighbor 

bond, K1-3 = 20 kBT/Rc
2. (2) Non-spherical symmetric aggregates in C8E8 type surfactant, 

flexible model with stronger tail-water hydrophobic mismatch aTW = 23.6 kBT/Rc, K1-3 = 

0. (3) Mostly spherical micelles in MEGA-10 type surfactant, aTW=19.6 kBT/Rc, rigidity 

applied using the harmonic angle potential, K = 5kBT/rad2. (4) Worm-like micelles in 

MEGA-10 type surfactant, aTW = 19.6 kBT/Rc, very rigid model, K = 120kBT/rad2.  
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In order to compare to what extend the choice of the rigidity potential affect the 

results of simulations, we studied micellization for very rigid surfactants, using the 

harmonic angle potential with K ranging from 0 to 120 kBT/rad2. At relatively low K 

values, the harmonic angle potential influences micellization similarly to the second-

neighbor bond potential as shown in Figure 4-4d,e: the CMC decreases, while the micelle 

size increases, and micelles remain predominantly spherical (Figure 4-7). However, further 

increase in rigidity leads to the formation of large worm-like micelles. For example, the 

snapshot presented in Figure 4-4f, shows both smaller spherical and larger worm-like 

micelles. In Figure 4-7, these two types of aggregates are evident from two peaks on the 

asphericity factor distribution: a sharp peak around A = 0.07 corresponding to spherical 

micelles and a low broad peak (A = 0.33 – 0.47) corresponding to work-like aggregates. 

We should note that such a stiff model can by no means represent MEGA-10; for example, 

a very rigid surfactants may be built with polyaromatic (for example, rigid polyaromatic 

spacers are used in Gemini-type surfactants 111), other polycyclic (such as sodium cholate 

112) or alkyne-type fragments. Because the rigid angle potential imposes constrains on 

conformations adopted by the tails, the tail beads cannot be efficiently packed inside the 

spherical micelle cores, which makes the spherical shape less favorable. Obviously, more 

efficient packing is possible within cylindrical micelle cores, which leads to the formation 

of work-like micelles. Interestingly, CMC monotonically decreases with the rigidity, 

despite the disruption of the micelle core structure by the angle potential. The effect of 

rigidity is expected to be even stronger for longer amphiphiles such as block copolymers, 

where the packing of hydrophobic tails in micelle cores should be even more important 
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than for short molecules studied here. Nevertheless, the effect of rigidity on the micelle 

shape is consistent with the experimental observations described in the introduction.  

To conclude, the present work shows the importance of accurate accounting for the 

rigidity of molecules in DPD simulations of self-assembly processes, even in dilute 

surfactant solutions. We considered two common surfactants of different chemical 

structures: octaethylene glycol monooctyl ether and n-decanoyl-N-methylglucamine. 

Rigidity was introduced either with the second-neighbor harmonic bonds or harmonic 

angles potentials, so that the linear straight conformation corresponded to the minimum of 

intramolecular energy. We found that rigid surfactants had substantially lower CMC and 

form larger and better-defined micelles than flexible molecules with the same non-bonded 

interaction parameters. As rigidity increases further, its effect on micellization weakens 

significantly. The effects of rigidity on CMC and aggregation morphology are consistent 

to what were observed in the literature. 22 We also found that the effect of rigidity on CMC 

cannot be effectively mimicked by strengthening the hydrophobic mismatch between the 

hydrophobic tail and solvent beads: the parameters that produce the same CMC result in 

much higher average micelle size, as micelles of the more flexible surfactant easily 

aggregate and form larger agglomerates. Therefore, if we imagine a set of structurally 

similar linear surfactants with different tail hydrophobicity and chain rigidity but the same 

CMC, the aggregation number will have a minimum corresponding to the surfactants of 

intermediate rigidity: micelles formed by completely flexible surfactants tend to aggregate, 

while very rigid molecules tend to form well-defined rod-shaped micelles. As a 

methodological outcome, we conclude that the introduction of the second neighbor 

harmonic bonds is a convenient and efficient method for accounting for the chain rigidity 
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in DPD simulations. This potential can be parameterized from the analysis of the number 

of flexible angles in the coarse-grained chain fragment, as discussed in ref. 1 The proposed 

method can be recommended for studies of self-assembly and dynamics in  various soft 

matter systems beyond the surfactant solutions considered here. 
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Section 5. Parameterization for chain configuration 

In this section, we discuss the method rigorously determining the chain configuration. The 

target systems is the surfactant solution of CnEm with different coarse-graining levels and 

the forcefield used in DPD simulations. The rigidity on the head and tail segments on the 

basis of atomistic MD modeling of bulk phases of alkanes and PEO. We fit the bonded 

terms of the DPD model to configuration observed in MD. We choose reference 

compounds for the tail block on different coarse-graining levels based on the protocol 

introduced in section 3 of matching the intracomponent repulsion parameters to activities 

in solutions reference compounds, including IDAC and the solvent activities in polymers.  

The scheme is applied to quantitative prediction of critical micelle concentration 

(CMC) and aggregation number (Nag) in aqueous solutions of CnEm surfactants, where 

quantitative prediction of micellar properties is a benchmark problem for testing the new 

parameterization algorithm in DPD. 1, 113-114 We compare the performance of two methods 

in calibrating the bond and rigidity that is rigorously determined using FENE potential and 

estimated from the number of flexible torsions using harmonic potential as in section 3. 

The neighboring beads in a surfactant model are connected by bonds (1-2 bond). 

Additional bonds are also applied on the second neighbor beads (1-3 bond) in order to 

describe the rigidity of the chain that significantly influences surfactant micellization. 81 

The bonds are described by the FENE potential as introduced in section 2, which describes 

molecular rigidity better than the standard harmonic springs. 82 
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Figure 5-1. Examples of coarse-grained models of CnEm surfactrants with different bead 

diameter Rc. T beads (red) are for hydrophobic tail, and H beads (green) are for hydrophilic 

head. Water beads (blue) with corresponding bead size are illustrated by NW, the number 

of water molecules in aW bead. 

 

A CnEm surfactant molecule consists of an n hydrophobic alkyl monomer (CH3 or 

CH2) and m hydrophilic oxyethylene units (CH2OCH2). We model several systems with 

alkyl tail length from n = 8 to n = 12 and the PEO head from m = 3 to m = 9. The first DPD 

model of CnEm was introduced by Groot and Rabone, who studied the effect of such 

surfactants on the properties and rupture of lipid bilayers. 4 Parameterization was based on 

Flory-Huggins model parameters. Other coarse-grained simulation techniques were also 

allied to CE surfactants; for example, Jusufi et al. 115 derived hard-core potentials from 

atomistic simulation of short PEO oligomers in the water. CMC and aggregation number 

for CnEm (n = 6 to 12, m = 3 to 9) near-quantitatively reproduced the experimental results. 

C12E6 in Rc = 0.65 nm

C8E8 in Rc = 0.65 nm

C10E5 in Rc = 0.77 nm

C12E6 in Rc = 0.81 nm

NW = 3

NW = 4

NW = 5

NW = 6
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Coarse grained representations of CnEm surfactants are denoted as TxHy, where T denotes 

a hydrophobic tail bead and H denotes a hydrophilic head bead. The beads are connected 

by bonds into a single chain. The termination hydroxyl group of the Em black is usually not 

modelled separately in DPD to reduce the number of parameters. 1, 4, 81 Based on the 

neutron reflection data 92 interpreted by Groot and Rabone, 4 two ethyl groups are assumed 

to occupy the same volume as  one oxyethylene or two water molecules. For example, a T 

bead denotes a (CHxCH2CH2CH2) fragment of the hydrophobic alkyl block and a head 

bead denotes (CH2OCH2CH2OCH2) if one water bead contains four water molecules. From 

the liquid densities of octane and water at ambient conditions, we estimate that Rc equals 

to 0.65 nm, 0.71 nm, 0.77 nm, and 0.81 nm when a water bead W contains 3, 4, 5, and 6 

water molecules, respectively. Details of coarse graining are listed in the Table 5-1. 

 

Table 5-1.  Surfactant (CH3(CH2)n-1(OCH2CH2)mOH) (a.k.a. CnEm ) molecules and the 

corresponding DPD models TxHy at chosen bead size RC (diameter in nm). Subscript n and 

m are the numbers of methylene and ethylene oxide groups, and x and y are the numbers 

of tail and head beads. System size (box length in RC) varies based on the experimental 

CMC. Last two columns are reference compounds and the models in the calibration for 

inter-species parameters. 

CnEm TxHy 

RC (nm) aII 

T bead 

fragment 

H bead    

fragment n m x y 

8 4 2 2 0.71 106.1 (CH2)4 (CH2OCH2)2 

8 6 2 3 0.71 106.1 (CH2)4 (CH2OCH2)2 

8 8 2 4 0.71 106.1 (CH2)4 (CH2OCH2)2 

10 5 2 2 0.77 133.7 (CH2)5 (CH2OCH2)2.5 

12 3 4 2 0.65 78.5 (CH2)3 (CH2OCH2)1.5 
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12 6 4 4 0.65 78.5 (CH2)3 (CH2OCH2)1.5 

12 9 4 6 0.65 78.5 (CH2)3 (CH2OCH2)1.5 

12 8 3 4 0.71 106.1 (CH2)4 (CH2OCH2)2 

12 3 2 1 0.81 161.2 (CH2)6 (CH2OCH2)3 

12 6 2 2 0.81 161.2 (CH2)6 (CH2OCH2)3 

12 9 2 3 0.81 161.2 (CH2)6 (CH2OCH2)3 

 

Box size (RC) Reference compounds for tail Models for reference compounds 

30 octane dimer 

30 octane dimer 

30 octane dimer 

45 decane dimer 

60 hexane dimer 

60 hexane dimer 

60 hexane dimer 

64 octane dimer 

60 hexane monomer 

60 hexane monomer 

60 hexane monomer 
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Since water occupies almost the entire volume of the system, the self-repulsion 

parameters aII are set equal for all bead types and fitted to isothermal compressibility of 

water. Because of difference in opinions in the literature on the scaling of the 

intramocomponent repulsion parameter with size, we performed MC simulations on the 

dependence of the compressibility on a for the reduced temperature range of 1.0 < T < 1.2. 

The simulation results are shown in Supporting Information, Section S1. The correlation 

between isothermal compressibility as a function of aII and T in reduced DPD units can be 

approximated as II
0

0112.0686.1 a
T

TT
T 












 
 . Converting the equation using the 

physical unit of kBT and Rc, and matching to the experimental isothermal compressibility 

of water at the temperature, we obtain the intracomponent repulsion parameter that  

5.395.01305.0
0

03

cII 












 


T
TT

Ra      (5-1) 

In general, the compressibility declines approximately linearly with aII and our results are 

in good agreement with the GW correlations. A discrepancy with our previous work (see 

Supporting information to ref 1) is obtained for high aII ; the data reported here is certainly 

more precise. By matching the correlation obtained to the experimental compressibility of 

water, we calculated aII for different Rc (Table 5-1). They are in reasonable agreement with 

the values used in the literature 4, 7, 33 and increase almost proportional to Rc
3. This result 

was expected because the dimensionless compressibility  obtained in simulations is 

independent on Rc 
28 while conversion coefficient between the reduced and physical units 

is proportional to Rc
3.  
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Having chosen the intracomponent repulsion parameters, we choose the parameters 

of nearest neighbor (1-2) and second neighbor (1-3) bonds. We fitted the bond parameters 

to the results of atomistic MD simulations. The procedure is identical to that from ref 7. 

The bonds between T beads were parameterized from the best match between the atomistic 

and coarse-grained structures of liquid hexadecane. Hexadecane molecule was dissected 

into equal fragments of 3, 4, 5, or 6 carbons, according to the corresponding bead size (Rc 

= 0.65, 0.71, 0.77, and 0.81 nm). We calculated intramolecular distance distributions 

between the centers of mass of the fragments. These were matched to the distributions of 

the distances between corresponding beads of the coarse-grained model of hexadecane melt 

by adjusting the 1-2 and 1-3 FENE bond parameters (coarse-grained C15H32 was modelled 

for RC = 0.65 nm and RC = 0.77 nm, C16H34 was modelled for Rc = 0.71 nm and Rc = 0.77 

nm, C18H38 was modelled for Rc = 0.81 nm). The schematics of the mapping procedure is 

shown as Figure 5-2a, and the obtained bead-to-bead distance distributions are shown in 

Figure 2b-e. It is clear that we are able to mimic the flexibility of the alkane tail in DPD 

simulations very well. We should notice that FENE bonds turned out to be superior to the 

harmonic in reproducing the rigidity of surfactant molecules. 

 In order to obtain bond parameters for the hydrophilic PEO head, we simulated 

PEO fragments of 9 monomers using a similar procedure. The shapes of intra-molecular 

bead-bead distance distributions are much more complex for PEO melts compared to 

alkanes. In general, the PEO chains are more flexible with shorter persistent length. Small 

peaks on the MD distributions correspond to particular preferential conformations of the 

PEO chains. However, we managed to reproduce the overall rigidity of the PEO chains 
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very reasonably as shown in Figure 5-2. All bond parameters are concluded in Table 5-2a-

b. 
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Figure 5-2. (a)  Schematics of MD-DPD mapping. Example shows the hexadecane 

modeled by coarse grained bead sized 0.71 nm. Each beads represents four methylene 

groups. Center to center bead distances are calculated for DPD model (four connected 

beads) for r12, r13, r14, etc. The reference “coarse grained” MD coordinates are calculated 

from the center of mass from the bead components. (b-e) Normalized distribution of center-

to-center bead distance from DPD (dashed lines) and of the distances between the center 

of masses for alkane chain fragments from atomistic MD simulations (solid lines) (f-i) 

Normalized distribution of center-to-center bead distance from DPD (dashed lines) and of 

the distances between the center of masses for PEO-400 chain fragments from atomistic 

MD simulations (solid lines). 

 

 

 

Table 5-2. FENE bond parameters obtained from the MD-DPD mapping for (a) surfactant 

tail and (b) surfactant head. Parameters for tail and head of modeled CnEm surfactant are 

mapped to reference compounds hexadecane and PEO-400. Nearest neighbor (1-2) bond 

provide connectivity, and second neighbor (1-3) bonds provide the rigidity of the molecule. 

r0 and rm are equilibrium bond length and maximum extendibility as described in Section 

2. Table (c) contains the approximated bond and rigidity using the approach in ref. 1 
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(a) Surfactant tail, FENE potential 

RC (nm) aII Bond type KB r0 rm 

0.65 78.5 1-2 280.0 0.50 2 

  1-3 80.0 1.11 4 

0.71 106.1 1-2 280.0 0.61 2 

  1-3 20.0 1.50 4 

0.77 133.7 1-2 180.0 0.70 2 

  1-3 8.0 1.85 4 

0.81 161.2 1-2 190.0 0.81 2 

  1-3 8.0 1.75 4 

 

(b) Surfactant head, FENE potential 

RC (nm) aII Bond type KB r0 rm 

0.65 78.5 1-2 100.0 0.56 2 

  1-3 15.0 1.30 4 

0.71 106.1 1-2 64.0 0.66 2 

  1-3 5.0 1.42 4 

0.77 133.7 1-2 30.0 0.75 2 

  1-3 2.0 1.55 4 

0.81 161.2 1-2 30.0 0.85 2 

  1-3 2.2 1.90 4 
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(c) Approximated harmonic potential 

RC (nm) Bond type 

tail head 

KB r0 KB r0 

0.65 1-2 106.7 0.6 71.1 0.9 

 1-3 53.3 1.2 35.6 1.8 

0.71 1-2 80.0 0.8 53.3 1.2 

 1-3 40.0 1.6 26.7 2.4 

0.81 1-2 53.3 1.2 35.6 1.8 

 1-3 26.7 2.4 17.8 3.6 

 

For comparison, we also examine the capabilities of a more simplistic model with 

harmonic potentials   0B

)B( )( rrK ijijij rF  for 1-2 and 1-3 bonds according to ref. 1For 

this simplistic model (further on referred to as Model 2, while the “regular” model with 

bonding parameters fitted to MD simulations is referred to as Model 1) 1-2 and 1-3 bond 

parameters were scaled by the number of flexible torsions between the connected bead 

centers torsB nK /160  for 1-2 bonds and 1-3 bonds. r0 were fixed to the distance between 

neighbor beads arranged in perfect BCC lattice at Rc
3 =3: r0 was fixed to torsnr 2.00   for 

1-2 and 1-3 bonds. The respective parameters of both models are given in Table 2c. 

Inter-component repulsion parameters for tail T, head H, and water W beads are 

obtained from the activities in reference binary solutions. For hydrophobic beads T we 

choose different linear alkanes as reference compounds, the choice depends on Rc. The 

reference compound must be a liquid well below its boiling temperature at the simulation 
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conditions. That is, the smallest suitable alkane is hexane, which serves as the natural 

reference compound for T bead both with the coarsest dissection (Figure 5-1c) of Rc = 0.81 

nm, where one T bead effectively represents six methyl/methylene groups. 

Correspondingly, hexane in this case is modeled as single bead T molecule. At finer coarse-

graining levels, reference alkanes are presented as dimers of tail beads TT. For Rc = 0.65 

nm T bead comprised of three CHx groups is modeled as a TT dimer. Respectively, the 

reference compounds for Rc = 0.71 nm and RC = 0.77 nm are octane and decane. The 

reference compounds and models are listed in Table 5-1. 

The inter-component parameters mismatch between T and W beads is fitted to the 

experimental IDAC. We obtained calibration curves for ∞(aIJ) in a series of DPD or 

Monte Carlo simulations of pure reference compound for bead I, augmented by Widom 

insertion of a test molecule which constitutes a reference compound for bead J. For a given 

aIJ, ∞ is calculated using Eq. 5-2 (derived in ref 1, see Supporting Information): 

   kTEkTE
bn

bn
/expln/explnlnln ins

IJ

ins

JJ

JJ

IJ

IJ

JI
J 













   (5-2) 

∞ values obtained experimentally or by thermodynamic modeling are then interpolated 

onto the reference curves. For type J, nJ is the number of physical molecules that a coarse 

grained molecule represents (here, for water bead nJ = NW, for alkanes nJ = 1). bJ is the 

number of beads in the coarse grained molecule (bJ = 1 for monomers, bJ = 2 for dimers 

and so on). ins

IJE is the insertion energy for inserting of the reference molecule for J bead 

type into a bath of reference molecules for I bead type, which changes with the assigned 

repulsion parameters aIJ. If the solvent molecule is dimer, we adjust the solvent density in 
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order to match the pressure of the solvent of monomer (water). Such adjustment is similar 

to Kacar et al, 30 and contributes to the correction term JJIJ  . IJ is the density for the 

system inserting species J into the solvent of I. As illustrated schematic in Figure 5-3a, the 

density IJ is different than the density of the reference system JJ which equals to 3.  

 

Figure 5-3. Example of the MC simulations for calculations of calibration relationship (Eq. 

5-2). Reference compound for bead I is a single-bead molecule (monomer) and the 

reference compound for molecule J is a dimer. The calibration relationship (eq. 5-2) 

calculated for JJ molecules in I bath and for I molecules in JJ bath. Thus, for each aIJ two 

MC simulations are performed. Additionally, we perform simulations to obtain insertion 

energies of I molecules in I bath and JJ molecules in JJ bath. The density in JJ bath is 

adjusted to give the same pressure as in I bath, where Rc=3.  

 

It is worth noting that although ln (IJ/JJ) term is negligible (we used  = 3 for 

monomer solvent.  = 3.11, 3.05, and 3.01 for TT dimer at RC = 0.65 nm, 0.71 nm, and 

0.81 nm), the densities of the baths IJ and JJ substantially affect the insertion energies 
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and therefore dramatically change the calibration curves ∞(aIJ). This is because short and 

stiff bonds that reproduce the chain rigidities (Table 5-2) affect the fluid structure in the 

bath, which becomes quite different from the structure of one component DPD fluid with 

the same Rc. In the simulation of surfactant solution, water constitutes the bulk (96% in 

volume) of the system and alone determines the pressure in NVT ensemble. The 

hydrophobic cores of the micelles are effectively under constant pressure conditions 

created by the solvent, even though the DPD simulations are carried out in the canonical 

ensemble. For this reason, the reference ∞(a) curves for systems with dimers were 

calculated at pressure that corresponds to the solvent (a single-bead fluid) at the reduced 

density of 3RC
-3. Note that this issue is not significant for dimers with very soft bonds 23 or 

at r0 = 0.8, 1, 81 (such as Rc = 0.71 nm in the Model 2 used in this paper) because the resultant 

fluid structure is very close to that of monomers and the pressure at Rc
3 = 3 is practically 

the same as in the solvent bath.  

With this procedure, we obtain the reference correlations between ∞ and a for 

different system types. The correlations are given in Table 5-3. All reference curves are 

monotonic, but we have to note that the slope depends on the bead size, as shown in Figure 

5-4. Even for the same physical solution of two molecules of similar sizes (say, hexane and 

water), different values of a are needed to achieve the same solubility for different coarse 

graining levels, especially when this liquids are very dissimilar and strongly separate. This 

is related to the dependence of the DPD fluid structure on aII and should be taken into 

account when a is calculated from thermodynamic properties of reference solutions, 

including the calculations of a from FH parameters . For alkane-water mixtures, ∞ are 
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estimated from the experimental solubilities (reciprocal of mole fraction) and interpolated 

onto the corresponding reference curves. Following ref. 1 we averaged the aTW parameters 

obtained from water solubilities in alkanes and alkane solubilities in water. We have to 

mention that the experimental errors for such insoluble compounds as octane and decane 

are very substantial, but several sources give values that are reasonably consistent and they 

are used in the present work. We took the values recommended by IUPAC series 95, 116-117 

that collect and examine different resources. The resulting parameters are given in Table 

5-4.  

The average tail-water mismatch parameters depend on the bead size. Generally, 

the larger the bead size, the higher aTW . The reason that aTW for Rc = 0.65 nm is higher 

than that for Rc = 0.71 nm is due to the shorter bond enforced on the tail-tail connection, 

and it need to be compensated somehow to reach the correct overall hydrophobicity. Such 

effects is not considered while a is mapped to Flory-Huggins parameters, for the Flory-

Hugging theory assumes flexible molecules. In model 2 where the bond r0/Rc is fixed, aTW 

monotonically increases with Rc. It is difficult to tell to which extent the linearity ( cRa

) suggested in ref 28 holds, but the increase in significant.  

 



61 

 

 

Figure 5-4. Calibration correlation between a and infinite dilute activity coefficient for 

two single bead components of types I and J. The correction term is independent of aIJ 

given by the LHS of eq 5-2. 

 

Table 5-3. Parameters for calibration relationships correctionln 

A  = m aTW + b  

solute: monomer, 

solvent: monomer 

 solute: monomer, 

solvent: dimer 

 solute: dimer 

solvent: monomer RC (nm) m b  RC (nm) m b  RC (nm) m b 

0.65 0.31 0  0.65 0.29 0.33  0.65 0.63 -2.28 

0.71 0.32 0  0.71 0.33 0.69  0.71 0.74 -1.23 

0.77 0.33 0  0.77 0.34 -0.12  0.77 0.81 -1.80 

0.81 0.35 0         
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Table 5-4. Mismatch parameters for T -- W interactions obtained with eq.4 Model 1 use 

the calibration curves in Table 3. Model 2 use the approximate bond length from ref 1 Table 

2c. 

RC (nm) Compound Model solubilityref   a (method 1) a 

(method 

2)

0.65 hexane dimer 2.40E-06116 aTW 21.2 22.3 

 3 H2O monomer 6.10E-04116 aWT 30.5 15.2 

    avg. aTW 25.9 18.8 

0.71 octane dimer 1.10E-0795 aTW 20.4 24.6 

 4 H2O monomer 6.10E-0495 aWT 26.4 13.6 

    avg. aTW 23.4 19.1 

0.77 decane dimer 3.30E-09117 aTW 23.6 - 

 5 H2O monomer 6.30E-04117 aWT 28.7 - 

    avg. aTW 26.1 - 

0.81 hexane monomer 2.40E-06116 aTW 31.5 41.6 

 6 H2O monomer 6.10E-04116 aWT 26.0 15.8 

    avg. aTW 28.8 28.7 

 

For the H beads, ethers (such as CH3OCH2CH2OCH3) appear to be the most 

suitable reference compounds. However, we face a shortage of reliable data on activities 

for the appropriate reference solutions. Groot and Rabone, 4, 27 fitted H-W parameters to 

LLE data for water-PEO solutions at higher temperatures, where PEO-water system 

undergoes a liquid-liquid separation. They obtained = 0.3 and aHW = 1.3 kT/Rc. Here 

we opted to take short PEO oligomers (molecular weight = 400 g/mol) for reference 

compounds, because the data on water activity in PEO-water solutions were reported for a 

wide range of concentrations. 118-119 The procedure of aHW parameter fitting is essentially 

the same as in ref.83 We perform MC simulations with DPD models for PEO-water 

mixtures, where the overall bead densities are adjusted to yield bulk water pressures 

similarly to the dimer simulations described above. Figure 5-5 shows the activity of water 

in the PEO-water solution as a function of PEO mass fraction at 298.15 K for Rc = 0.65 
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nm. The activity of water aW(x) are calculated for different values of aHW and compared 

with experimental data.119 It is clear that the DPD model cannot describe water activity in 

PEO in the entire concentration range. This is not surprising taking in account the phase 

diagrams of DPD for polymers published by Wijmans and Smit. 24 Water activity in pure 

PEO (i.e. at infinite dilution) is reproduced at aHW = 4.5 kT/Rc. However, this would cause 

a liquid-liquid separation in water-rich systems (experimental PEO activities are not 

available in the literature). The best overall agreement is achieved with a much lower value 

of a = 1.5 kT/Rc. Since water prevails in CnEm micelle coronas, we opted for this value 

which agrees well with the estimates of Groot and Rabone. 4 aHW gives a very reasonable 

overall agreement between experimental and simulated dependences of water activity on 

composition for Rc = 0.65 nm and 0.71 nm. For Rc = 0.77 nm and 0.81 nm, MC statistics 

was very poor and we decided to use the same aHW for all coarse-grained levels. For 

soluble fluids, (a) reference correlations generally show very weak dependence of coarse 

grained size. For tail and head interaction, the only available data also requires the 

extrapolation from a higher temperature. 120 We follow the mixing rule proposed by Groot 

and Rabone based on the chemical structure of ethylene oxide, and aTH equals to one-

third of aTW (given in Table 5-4). 
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Figure 5-5. Water activity versus mass fraction of PEO in water-PEO mixture at 300 K. 

Experimental data (empty squares) is from Malcolm and Rowlinson.119 Cyan squares are 

simulation results by using aHW = 1.5, which produces the best overall agreement with 

the experiment. The red circles are simulation results by using aHW = 4.5 (red circles), 

which has better agreement at the infinite dilute region of water (pure PEO).  

 

Table 5-5. Critical micelle concentration (CMC) of CnEm surfactant with different tail (n) 

and head (m) length. Model 1 and model 2 refer to bonded parameters derived from 

atomistic MD simulations and approximately assigned, correspondingly. Nag is the average 

aggregation number, and the aggregation pattern is exemplified with Figure 5-6. 

Surfactant molecule DPD model 

Surfactant volume (%) RC (nm) CnEm TxHy 

n m x y 

8 4 2 2 4% 0.71 

8 6 2 3 4% 0.71 

8 8 2 4 4% 0.71 
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10 5 2 2 2% 0.77 

12 3 4 2 2% 0.65 

12 3 2 1 2% 0.81 

12 6 4 4 2% 0.65 

12 6 2 2 2% 0.81 

12 8 3 4 2% 0.71 

12 9 4 6 2% 0.65 

12 9 2 3 2% 0.81 

 

log10 (CMC) [M] 

Aggregation 

(method 1) 

method 1 method 2 relative error (%) experiment 102 Nag pattern 

-1.96 -2.26 11% -2.1 905 irregularI 

-1.85 -2.19 9% -2.01 539 irregularII 

-1.74 -2.18 10% -2 83 irregularII 

-2.82 X 16% -3.08 251 irregularII 

-4.42 X 24% -4 728 globularIII 

-3.97 X 63% -4 471 globularIII 

-4.19 X 52% -4.17 258 spherical&vesicularIV 

-3.72 X 39% -4.17 392 globularIII 

-3.18 -3.76 12% -4 311 

spheical & 

cylindricalV 
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-4.03 -3.8 13% -4.1 111 

spheical & 

cylindricalV 

-3.6 -4.27 35% -4.1 200 

spheical & 

cylindricalV 

 

 

 

Figure 5-6. Critical micelle concentration (CMC) of CnEm obtained with DPD modeling 

and experiments. Each Different series show the dependence of CMC on hydrophilic 

segment length m for a given hydrophobic segment length n. Experimental data shown in 

black, with different symbols for different n (+ for n = 8, x for n = 10 and ж for n = 12). 

Lines are shows as guides for the eye. Simulated CMCs are shown in symbols: open 

symbols for n = 8, half-filled for n = 10, filled for n = 12) Symbol shape corresponds to the 

bead diameter (triangles for RC = 0.65nm, squares for RC = 0.71nm, diamonds for RC = 

0.77nm, circles for RC = 0.81nm).  Green symbols are used for the results obtained with 

the rigorous rigidity bonds, and brow symbols are used for the approximate rigidity model. 
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With the models and parameters described above, we calculate the CMC of select 

CnEm surfactants, using both models 1 and 2. DPD simulations of surfactant micellization 

are performed in the canonical NVT ensemble using LAMMPS. 106 Time steps is chosen 

as 0.01 (kT/m)-1/2Rc. The total length of each simulation is 2 to 3 million steps depending 

on the box size. Periodic cubic box is sized from 32 to 64 Rc (Table 5-1) based on the 

targeted CMC estimated from the experiments. CMC is estimated from the average number 

of free surfactant in the solution, as the same way in our previous work. 1 This 

approximation is justified in ref. 81 Relative error is calculated from the deviation of CMC 

divide the average CMC. Surfactant molecules with tail bead overlapped are regarded as 

an aggregate, and the average aggregation numbers of all aggregates determine the 

aggregation number for the system, Nag.  

 Table 5-5 summarizes the micellar properties obtained from the simulation 

compared with the available experimental data. CMC is mostly determined by the alkyl 

tail chain length n, and addition of one ethylene monomer decreases CMC by one order of 

magnitude. The influence of m on CMC is much weaker. Generally, CMC slowly increases 

with m. For the purpose of evaluation of the accuracy of the methods we selected a 

particular tail length n and performed simulations for several m, using, when possible, 

models with different bead size. n = 8 was the shortest hydrophobic block considered; we 

modeled C8E4, C8E6, and C8E8 surfactants using both models 1 and 2 with bead size RC = 

0.71 nm. As shown in Figure 5-6, simulated CMC increases as the hydrophilic block 

becomes longer, which qualitatively agree with experimental observation. The slight over-

estimation is visible, but comparable to the statistical uncertainty of both simulations and 

experiments. Surprisingly, we can obtain also good accuracy without careful fitting of the 
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rigidity (model 2), as the approximate model gives very similar results but slightly under-

estimates the CMC.  

For surfactants with longer hydrophobic tails n = 12, we present CMCs using model 

of different bead size. The statistical errors for these surfactants are much higher both in 

simulations and experiments, because lower free surfactant concentrations and large 

micelle size fluctuations. Model 1 with Rc = 0.65 nm showed a very good agreement with 

the experiments. With Rc = 0.81 nm, DPD model slightly overestimate the CMC, but the 

difference with experiment is still comparable to the error (in fact, almost exact agreement 

was obtained for C12E3). The reference compound for the hydrophobic tail is hexane in 

both cases (Table 1), but it is presented as a monomer for Rc = 0.81 nm and as a dimer for 

Rc = 0.65 nm. Our parameterization technique produces consistent results. A selected 

system C12E9 modeled by Model 2 at Rc = 0.65 nm and 0.81 nm also has good agreement 

with the experimental CMC. This indicates that although the representation on the 

molecule structure is not as accurate as in Model 1, the required hydrophobicity is 

compensated by the mismatch parameter during the calibration process. The only system 

where a serious discrepancy with the experiment is obtained is C12E8; model 1 with RC = 

0.71 nm bead overestimates the CMC by the factor of 6.5. Overall the models show semi-

quantitative to quantitative agreement with the experimental CMC values as shown in 

Figure 5-6. It should be stressed that the presented models are parameterized for different 

bead sizes, corresponding to various DPD model, with particular bond and rigidity, using 

diverse resources for mismatch parameters, yet still generate consistent results in CMC 

prediction.   
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Figure 5-7. Normalized asphericity distribution of the micelles for model C12E9 surfactant. 

The finer model, T4H6 at RC = 0.65 nm (black line), has more well-defined spherical 

micelles; the coarser model, T2H3 at RC = 0.81 nm (red line), has micelles in more irregular 

shape and agglomeration between small micelles. 

 

At the same time, we have found that the use of large Rc substantially alters micelle 

sizes and shapes even when CMC is correct. Figure 5-7 shows the micelle asphericity as 

observed in 2 vol% solution of C12E9 predicted with T4H6 model (Rc = 0.65 nm) and T2H3 

model (Rc = 0.8 nm). Asphericity factor (A) is a generalized quantitative which measures 

the shape of micelle departure from spherical symmetry. 109 It is calculated as 
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coordinate i (i denotes x, y, or z). Asphericity factor is 0 for perfectly spherical micelles 

and reaches 1 for perfect cylinders. As shown in Figure 5-7 (see also Figure 5-8a for 

visualization), the finer model (that is, with smaller Rc) predicts two pronounced peaks 

corresponding to spherical and elongated micelle. The average aggregation number is Nag 

= 111, which agrees well with experimental value reported by Zulauf et al. (about 100 for 

C12E8 at 303 K). 121 The coarser model shows mostly elongated micelles with no 

characteristic values for A. The average aggregation number is about Nag = 200, exceeding 

the experimental value. The explanation lies with the packing of the beads in the 

hydrophobic core: the bead size of the coarser model is comparable with the persistent 

length, and the chain therefore has no rigidity. It appears that despite the “softness” of DPD 

potentials which are unable to reproduce the atomistic details, the finer model with smaller 

and tightly spaced beads gives a better representation of the hydrophilic tail packing in the 

micelle core compared to the coarser model.  

 

 

Figure 5-8. Characteristic aggregation patterns in solutions with 4 vol% CnEm surfactants 

simulated by DPD with RC = 0.65nm bead size. Surfactant tail beads are in red, and head 

beads are in cyan. Water beads are not shown here. The zoomed figures show the inside 

structures of the aggregation. (a) C12E9: mixture a spherical and elongated micelles (b) 

(b)(a) (c)
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C12E6: mixture of spherical, elongated and core-shell micelles (c) C12E3: surfactant form 

core-shell micelles almost exclusive.  

In general, the critical aggregation concentration (CAC) is underestimated by our 

models, especially for surfactants with shorter head segment, and prediction capability 

generally worsens as Rc increases. In experiments, the aggregation number generally 

decreases as the hydrophilic block becomes longer, due to the entropic repulsion between 

the hydrophilic chains. For the same hydrophobic segment length n = 12, this tendency is 

qualitatively reproduced in simulations, but it is much more pronounced compared to the 

experiments. (Table 5-5). Experimental Nag increases from Nag = 100 for C12E8 to Nag = 

150 for C12E6; in simulations with the rigorous fine model (RC = 0.65 nm), Nag increases 

from 111 and 258 respectively. The analysis of DPD configurations for C12E6 reveals a 

mixture of regular spherical micelles, elongated micelles and core micelles (Figure 5-8a). 

Core micelles are especially common in solutions of C12E3 (Figure 5-8c). Aggregation of 

micelles into bigger agglomerates was also observed for n = 8 with Rc = 0.71 nm. Although 

the micelles in C8E8 system are not of a well-defined spherical shape, they have a single 

hydrophobic core, and the aggregation number (Nag = 83) agrees very reasonably with 

experimental value (Nag = 72). 103  For the shorter molecule C8E4, the volumetric 

concentration  = 0.04 at which the DPD simulations are performed is above the 

aggregation transition. The micelles are agglomerated via core-to-core contacts into larger 

agglomerates of complex irregular shapes with the formal Nag reaching 905(!). In 

experiment,  = 0.04 is below aggregation transition, with Nag = 147. The approximate 

model is more prone to aggregation. The reason is constant bond length which is the same 

for hydrophilic and hydrophobic segments in the approximate model. This effectively 

shortens the head segments, reduces the entropic repulsion forces between the micelles and 
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makes them more prone to aggregation. Figure 5-9 shows the size distribution of the 

aggregates in the C8E8 system modeled by moth models 1 and 2. Model 1 with bonds fitted 

to the atomistic MD results predicts mostly spherical micelles with a well-defined peak. 

Some elongated micelles containing up to 350 molecules are also detected, but overall a 

very reasonable agreement with the experimental Nag is observed. On the contrary, the 

approximate model 2 is prone to agglomeration. This results in several peaks (our box size 

and simulation length are not good enough to make a conclusion on the true micelle size 

distribution), and the resulting Nag is overestimated as 128. 

 

 

Figure 5-9. Normalized size distribution of the aggregate for C8E8 obtained with Model 1 

(bonded terms are fitted to atomistic MD) and Model 2 (approximate bonded terms). Model 

1 predicts smaller, mostly spherical micelles. With model 2 aggregates with larger sizes 

are also observed.  
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To conclude, we have thoroughly examined the techniques of parameterization of 

DPD models based on fitting the mismatch parameters to the infinite dilution activity 

coefficients of reference compounds. A reference compound closely resembles a fragment 

of a target molecule and is represented as a bead or a dimer of beads. A reliable 

parameterization technique should, in general, produce results more or less independent of 

the choice of coarse-graining level (that is the bead diameter) or the choice of reference 

compounds. In order to check the consistency of our parameterization strategy, we modeled 

aqueous solutions of CnEm surfactants that consist of hydrophobic alkane segment and 

hydrophilic PEO segment and are widely used in industry. We constructed DPD models of 

the CnEm surfactants for different length of each segment. The parameters for the nearest 

neighbor and second neighbor bonds which provide connectivity and rigidity, were 

matched to the results of atomistic simulations. We also employed an approximate model 

for the bonds, with the bond length and stiffness calculated from the number of flexible 

torsions between the bead centers. That approach is not universally applicable, but gave a 

very good agreement with experiments on CMC and Nag of several chemically different 

surfactants. We parameterized the short-range conservative repulsion for different bead 

sizes from the IDAC of n-alkanes (from C6 to C10) in water and water in alkanes at room 

temperature. Water interactions with the hydrophilic segment were parameterized from the 

best match to experimental water activities in PEO-water mixtures of low molecular 

weight.  

The models with different RC parameterized with different reference alkanes 

generally show consistent results for CMC of CnEm surfactants. We correctly reproduced 

the increase of CMC with the hydrophilic block length and our most of our CMC values 
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agree (not without an exception) with the experimental data. This is the case for both 

rigorous and approximate model for bonds. For CnEm surfactants with longer hydrophilic 

segment we also obtained reasonable agreement on micelle size. The downside of the 

models is general underprediction of the CAC. In several systems we obtained various 

complex aggregates (such as cylindrical micelles, core shell micelles or irregular 

agglomerates), exceeding substantially the experimental Nag values for the same surfactant 

concentrations. The predictions of Nag generally worsens for short hydrophilic segments 

and larger bead sizes.  

Overall, parameterization of DPD models from the activities appears to be a 

relatively straightforward and a reliable technique for parameterization of DPD models, 

and the accuracy of the models derived with this procedure as far as micellization of 

surfactants is concerned is very reasonable considering the general precision of DPD. The 

techniques does not require preliminary atomistic simulations, but does require calibration 

(a) curves. They are obtained very easily for smaller bead sizes using standard codes for 

NVT simulations with Widom insertions. The accuracy of calculations of (a) drastically 

declines with a, and  advanced techniques may be needed when fluids of low 

compressibility are modelled with relatively large beads (~ Rc > 0.7 nm). 

Fitting molecule configuration from the atomistic level becomes relatively popular 

in the DPD simulation. The reason to do so is to preserve the geometry of molecule in the 

atomistic level in order to reverse mapping the morphologies obtained by DPD simulation. 

The relaxation time of the equilibrium in all-atom simulation is affordable in this case. The 

impact of the approach is the change of intra-molecule bead-bead distance and therefore 
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influence the contribution of hydrophobicity of the DPD molecule. Using the literature 

mismatch parameter correlation is no longer suitable, as the correlation was done at weak 

bonds with no chain rigidity. Inter-particle interaction need to be adjusted in order to reflect 

the correct bead-bead mismatch based on the DPD model’s bond length and stiffness. This 

indicate the repulsion parameters need to be determined ad hoc and not transferable.  

 To resolve such issue, we proposed a simple method to determine DPD molecule 

constraints and mismatch parameter for each bead pair. 1 Based on our previous approach, 

the correlation between mismatch parameter and infinite dilution activity coefficient is 

established and extended to different coarse grained level from RC = 0.65 to 0.81 nm. We 

use a variety of experimental solubility data of the reference compounds to determine the 

mismatch parameter of the corresponding bead type. At the same time, the effects of bond 

length is taken into account based on the configuration of DPD molecules fitted to the 

atomistic configurations. For the selected CnEm surfactant, we use hexadecane and PEO 

(molecular weight ~ 400) polymer melting as our reference system in order to obtain the 

bond and rigidity for our DPD model. Using only 1-2 and 1-3 FENE bond, the 

configuration of the whole polymer chain can be quantitatively reproduced. We examine 

our model by predicting micellar properties of CnEm at different tail and head length. 

Experimental observations of head length and tail length dependence on CMC are 

reproduced, and most of the CMC are semi-quantitatively reproduced by different coarse 

grained levels. The obtained aggregation number using models with sufficient chain 

rigidity also reproduces the experimental values quite well. 

 For comparison, we also use an approximate approach to determine constraints for 

coarse grained model. We found that our calibration still preserve the correct mismatch 
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between hydrophobic beads and water, which result in good agreement for CMC 

prediction. Nevertheless, the rigorous method still has privilege on description molecule 

configuration, and the qualitative prediction for micellization and aggregation number is 

better than that of the approximated method.  

The limits of our approach is bound to the accuracy in constructing the calibration 

curves for ∞(aIJ). As the increase of like-bead repulsion parameters, the sampling process 

contains rare events which contributes significant deviation to average insertion energy. 

The reason is that DPD fluid becomes structured as aII increases, creating an excluded 

region at bead-to-bead distance near zero. Although the coarse graining size in this work 

hasn’t reached to the solidification limit (larger than 20 water per bead) discussed by Pivkin 

and Karniadakis, 122 the structured fluid for RC > 0.65 nm has non-negligible uncertainty 

in chemical potential sampling. Further improvement of the sampling technique is desired 

in order to more accurately determine the mismatch parameter, which is crucial for some 

systems such as predicting micellization of surfactant with low CMC.  
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Section 6. Modeling proton transfer and dissociation in DPD 

In this section, we introduce a mesoscale simulation framework that directly 

incorporates dissociation-association of proton-base complexes into the DPD forcefield. 

We specifically address the proton mobility in the water and protonation equilibria in the 

solution of acids by artificially mimicking Grotthuss-type mechanisms of formation and 

breakup of the proton-water and proton-anion (such as deprotonated acid) complexes. 

The proton is introduced as a separate charged bead that forms dissociable bonds with 

proton receptive base beads, such as water or deprotonated acid anions. The proton-base 

bonds are described by Morse potentials. When the proton established Morse bonds with 

two bases, they form an intermediate complex, and the proton is able to “hop” between 

the bases artificially mimicking the Grotthuss diffusion mechanism. We explain how the 

interaction of model proton with different bases and formation of the proton-base 

complexes are controlled by the Morse potential. We apply the proposed framework to 

modeling the proton mobility in water, and then study the equilibrium properties of dilute 

solutions of benzenesulfonic acid.   

The system under consideration is presented as multicomponent mixture of beads 

with equal effective diameter RC. Four types of beads are involved in simulations: 

deprotonated benzenesulfonic acid is represented by a dimer of bead C (C5H5) and bead S 

(CSO3
−) connected by a harmonic bond. Proton (H+) is modeled as a charged bead P 

described in Section III. Water bead W either includes a single H2O molecule (NW = 1; 

this model is used in simulations of proton mobility) or three H2O molecules (NW = 3). 

This bead size is chosen due to coarse graining of benzenesulfonic acid; dissociation of 
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which is considered in Section V. The system dynamics and equilibrium are studied by 

solving Newton equations of motions with pair-wise inter-bead forces given in Eq. 2-1.  

In the model of benzenesulfonic acid, the hydrophobic benzene ring B and the 

hydrophilic sulfonate group C are connected by a harmonic bond. Long-range 

electrostatic forces 
(E)

Fij  between P and S beads representing charged species is 

implemented using the smeared charge approach. 123 Instead of point charges, the charge 

is modeled as a symmetric cloud around the bead center. Charge smearing avoids the 

divergence of electrostatic potential at rij→0 and allows for integration of the equations 

of motion with long time step that is the main advantage of DPD. In this work we use 

Slater type smearing model by Gonzales-Melchor et al. 123 where the charge distribution 

is   






 




rqe
rf

2
exp

3
, and  is the effective smearing length chosen as 0.25 RC to all 

charged beads. At long range, the electrostatic interaction of smeared charges (Eq. 2-2) 

reduces to the Coulomb potential and the standard Ewald summation 88 is used to account 

for the periodic boundary conditions. Fij
(M)(rij )in Eq. 2-1 represents the Morse bond that 

accounts for the formation of dissociative complexes between proton bead P and base 

beads W and S. The details of the Morse bond implementation and parameterization are 

described below.  

To introduce proton into the DPD framework, we employ a concept similar to that 

used in reactive MD. 124-126 We use a proton bead P, which bears +e positive charge and 

has the mass equaled 1/(18NW) of the water bead mass. NW is the number of water 

molecules in one water bead. P is allowed to form dissociable bonds with the proton-
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receptive beads, which we call base beads, such as neutral water bead W and charged 

sulfonate (CSO3
−) bead S. P bead experiences no short-range repulsion F(C) with the 

bases, but may repel from other beads. The dissociable bonds are modeled by the Morse 

potential 
)M(

ijU  cut and shifted to zero at the cutoff distance Mr , 

       20M

IJIJ

20

IJIJ

)M( exp1exp1)( ijijijijijij rrKrrKrU    ,          (6-3a) 

and the Morse force is given by 

       ijijijijijijijij rrrrrK /exp1exp2)( 0

PB

0

IJIJIJ

)M( rrF   , at  
M

ijij rr    (6-3b) 

The Morse potential (Eq. 3a) has a minimum at 
0

ijij rr    and is characterized by the 

strength parameter 
IJK  and effective steepness 

IJ . When 
0

i ijj rr  , the Morse potential is 

similar to the harmonic potential with effective stiffness 
IJK . Because the potential is cut 

and shifted, the overall depth does not equal to K, but rather depends on K,  and rM and 

is denoted as EM. This attractive force keeps the proton in the “associated” state, making 

it fluctuate around a particular base bead. The force is repulsive when 
0

i ijj rr  . Thus, the 

proton does not entirely “belong” to any host base, but the Morse interactions with 

overlapping base beads make its stand-alone existence apart from a base improbable 

especially in the densely packed DPD fluid.  

Figure 6-1a illustrates the proton transfer between two water beads, W1 and W2, 

in the DPD model. Initially, the proton bead P is associated with W1 by P-W1 Morse 

bond. When another base W2 appears within the P-W Morse potential cutoff, an 

intermediate complex W1-P-W2 is formed. The potential energy of the intermediate 
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shown in Figure 6-1b is the sum of the repulsion potential between water beads W1 and 

W2 and the two Morse potentials of P-W1 and P-W2 bonds. The potential energy profile 

has two minima along the reaction coordinate 
211 WWPW rr (P bead is assumed to be located 

on the line connecting the centers of water beads). The two minima are divided by a 

potential barrier associated with possible activated hopping of proton from W1 to W2. The 

minima merge when the distance between the water beads becomes shorter, effectively 

creating a single potential well. When W1-W2 distance increases again due to thermal 

fluctuations, the proton may either migrate from W1 to W2 or remains with W1 after two 

water beads are separated later.  

 

Figure 6-1. (a) Schematics of the coarse-grained model of the proton (P) transfer between 

two water beads W1 to W2 through the formation and breakup of an intermediate complex 

W1-P-W2. The radius of the P bead depicts the P-W Morse potential cutoff, and the red 

bars are effective P-W bonds (solid: strong, dashed: weak). (b) Potential energy of W1-P-

W2 complex along the proton transfer reaction coordinate. The energy profile has two 

potential minima, and the transfer is associated with an energy barrier, crossing of which 
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mimics the proton hopping. The energy profiles are given for NW=1, aWW=23.4 kT/Rc, 

KPW = 8.5, PW = 2, 0
PWr  = 0.22RC =1 Å, and M

PWr = 0.45RC = 2 Å. 

The same schematics holds for the proton transfer between any pair of base beads, 

which may be either neutral or charged. Neutral base beads may represent proton-

accepting solvent molecules such as water, ammonia etc. (one bead can represent one or 

several solvent molecules). Charge base beads are commonly acid anions. In the latter 

case, the potential energy is augmented by the electrostatic attraction, which favors 

association. Therefore, the proposed model mimics proton transfer in a solvent bath and 

allows for equilibrium between protonated and deprotonated forms of acids in solutions. 

In the latter case, one of the water beads in Fig.6-1 should be replaced by the anion bead 

S. Below, we address both equilibrium and dynamic aspects of protonation.  

Formation and breakup of intermediate complexes formed by proton P bead and 

two or more base beads allow one to mimic proton transfer from one base to another. By 

adjusting the depth and range of proton-base Morse potential, we can adjust the height of 

the potential barrier associated with the transfer of P bead between base beads, thus 

reproducing proton dynamics. Here, we consider a dilute aqueous solution, where the 

proton transport is controlled by proton transfer between water molecules (hopping 

mechanism) and diffusion of proton-water complexes (vehicular mechanism).  

Simulations are performed as follows. One P bead is placed in the periodic cubic 

box of size 20 RC filled with 24000 W beads (bead density RC
3= 3). W beads interact 

with each other by standard DPD repulsion potentials. We consider two coarse-graining 

levels: Nw = 1 (that is, one DPD bead models a single water molecule) and Nw = 3 (three 

water molecules per bead). From the density and compressibility of water liquid at 
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ambient conditions, 4 for Nw = 1 we obtain RC = 4.45 Å and aWW = 23.5 kT/RC. For NW = 

3, RC = 6.45 Å and aWW = 78 kT/RC. W beads interact with the P bead only by the Morse 

potential. Since we deal with only very dilute solutions here, counterions are not 

considered and electrostatic interactions are not essential. The length of each simulation 

was 1 million steps and the reduced step length is 0.01, where  is the dimensionless 

time unit in DPD. The self-diffusion coefficients of P and W beads are calculated in a 

standard manner from mean square displacements (MSD) via the Einstein relationship. 

Because of a limited ability of DPD to reproduce the dynamic properties of liquids, 23 we 

do not attempt to reproduce the self-diffusion coefficient of proton DP per se, but rather 

its ratio to the self-diffusion coefficient of bulk water DW determined in the same 

simulation, DP/DW. 127-128 Since the mobilities are compared to the experimental self-

diffusion coefficients of water, we follow the literature approach 4 to convert DPD time 

unit  into physical time. By matching MSD of W bead to the water self-diffusion 

coefficient (details are discussed in supporting information S2 of ref 89), we obtain  = 6.8 

ps for NW = 1 and 10.4 ps for NW = 3 with the simulation setup in this work. Note that for 

NW > 1, the apparent diffusion coefficient calculated from the MSD of W beads is NW 

times lower than the self-diffusion of water molecules as discussed in the ref. 4 Figure 6-2 

shows the MSD of W bead (bulk region) and the P bead in the physical units. 
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Figure 6-2. Mean square displacement (MSD, in nm2) of proton bead (P) and bulk water 

bead (W) versus simulation time (ns). The ratio of the slopes between P and W in the 

figure is about 3.9. Parameters used here are the same as in Fig. 6-1(b). 

 

At NW = 1, W bead contains only one water molecule, P-W complex effectively 

corresponds to the hydronium ion H3O
+, and W-P-W complex corresponds to the Zundel 

ion H5O2
+. Proton transfer in this case has a direct atomistic analogue: formation of 

Zundel complex from hydronium ion and water is followed by its breakup resulting in a 

successful or failed attempt of the proton transfer (Figure 6-1). On the atomistic modeling 

level, a similar scheme was implemented by Walbran et al. 129 As a consequence of 

coarse graining, the DPD model of hydronium has only one P bead, while a real 

hydronium ion has three equivalent protons, each of which can be involved in the 

formation of Zundel ion with a neighboring water molecule. The “fixed” nature of the 

proton bead does not allow larger complexes such as the Eigen ion H9O4
+ with Nw = 1. P 

bead moves in the solvent bath via a trajectory of interdigitating W-P (“hydronium”) and 
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W-P-W (“Zundel”) configurations. In W-P state, the proton, due to its low mass, 

experiences fast fluctuations around the hosting water bead before it forms a new Morse 

bond. We choose Morse parameters to reproduce (1) the number of W beads neighboring 

given P bead (that is, the W beads which simultaneously form Morse bonds with the 

same P bead) (2) P-W bond lifetime (3) experimental DP/DW ratio (proton self-diffusion 

in dilute solutions is about 4 times faster than that of bulk water at ambient conditions 127-

128).  

 

Figure 6-3. Distribution of distances between two beads W1 and W2 in W1–P–W2 

complexes. Parameters used here are the same as in Fig. 6-1(b). The most probable 

distance of W1 and W2 is 2.4 Å, similar to the oxygen-oxygen distance in the Zundel 

complex. Insert shows the distribution of the number P-W bond. 

 

In order to mimic the geometrical parameters of actual hydronium and Zundel 

complexes, we set the equilibrium P-W bonds distance at 10

PW r Å. The reasonable range 

for Morse cut-off 
M

P Wr  is determined from the general definition of hydrogen bond, where 
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the donor-acceptor distance (in this case, it is the distance between two W beads 

connected to the same P bead) ranges from 2 to 4 Å. 130 This condition is satisfied only at 

relatively short 
M

P Wr ; here we chose 
M

P Wr  = 2Å. These parameters also give a reasonable 

estimate for the activation energy of the P bead transfer between the neighboring W 

beads. The characteristic distance between the nearest neighbor beads in the DPD fluid 

corresponds to the first maximum of the radial distribution function that is about 0.83 RC. 

The barrier for the transition of the P bead from its current host to the neighboring one is 

4.3 kT, which is very close to the experimental activation proton transfer activation 

energy in bulk water at room temperature (0.1 eV). 131-133 Figure 6-3 shows the 

distribution of distance between two W beads connected by Morse bonds to the same P 

bead at KPW = 8.5 and PW = 2. The most probable distance between the bases W-P-W 

complex is approximately 2.5 Å. This is very close to the actual distance between two 

water oxygens in a Zundel complex and to the O−O distance in the water wire (2.5 to 2.6 

Å) 128 and demonstrates the existence of Zundel-like structures in our DPD simulations. 

The distribution decays to zero at about 4 Å that as we noted above corresponds well to 

the actual maximum hydrogen bonds length in associating liquids. The insert on the 

figure shows the distribution of the number of bonds made by one proton at the same 

time. The proton mostly connected to one or two water beads, which corresponds to the 

hydronium-like and Zundel-like states. If 
M

P Wr  increases, the P bead may establish the 

Morse bonds with multiple neighboring water beads, yet without identifiable hopping 

events. 
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Table 6-1. Parameters of DPD models. A. Morse parameters for P-W potential (Eq. 3), 

which reproduce experimental proton mobility (DP/DW ~ 4). EM is the depth of the P-W 

Morse potential. B and C. Inter-bead repulsion and bond parameters for modeling 

benzenesulfonic acid solution, NW=3. 
 

A. Morse parameters 

Bead size aWW , 

kT/RC 

KPW, rPW
0, Å PW rPW

M , Å EM [kT] 

NW=1,  

RC = 4.48 Å 

23.4 8.5 1 2 2.0 -1.2 

NW=3,  

RC = 6.46 Å 

78.5 16.0 0 1 3.9 -3.3 

B. Short-range repulsion parameters, (aIJRC)/kT  

NW=3  W S C P  

 W 78.5 78.5 91.2 0.0  

 S 78.5 78.5 78.5 0.0  

 C 91.2 78.5 78.5 91.2  

 P 0.0 0.0 91.2 0.0  

C. Bond parameters  

 Bond/type K r0, Å  rM, Å  

 C-S 

(harmonic) 

200.0 5.2 − −  

 P-W 

(Morse) 

16.0 0.0 1 3.9 -3.3 
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 P-S 

(Morse) 

18.5 2.2 2 4.2 -4.2 

 

 

Once 
M

P Wr is fixed, the strength of the P-W Morse bond (that is, the actual depth of 

the Morse potential) determines the lifetime of the hydronium-like and Zundel-like 

configurations, and therefore, determines the hopping frequency and self-diffusion. For 

cut-and-shifted version of the Morse potential, the overall depth EM determines the entire 

attractive part of the potential (this shortcoming of the chosen type of the dissociating 

bond is discussed in Section V of ref 89). The deeper the P-W Morse potential well, the 

slower P bead moves in the water bath. By scanning the overall depths from 0.5 kT to 

50 kT, we found that the sought proton mobility is achieved when EM ≈ 1.2. To impose 

a stronger repulsion between the P and W beads at short distances, we chose maximum 

value of the steepness parameter  in Eq. 6-3 that does not compromise the 

computational efficiency. The parameters employed in this work are given in Table 6-1. 

With these parameters, we obtained the proton mobility that exceeds the water 

mobility by the factor of DP/DW = 3.8, which is very close to the experimental data. The P 

bead moves in the W bath via a series of “hops”. We characterize the frequency of 

hopping events using a “hosting time” th. The hosting time is a period between two 

consecutive hopping events. The hosting time for our DPD model is about 2.6 ps, which 

agrees very reasonably to the experimental data of 2.0 ps. The average lifetime of a 

hydronium-like formation is 1.7 ps, and for the Zundel-like formation it is 1.4 ps. 
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A coarser representation of water (NW=3) results in a higher repulsion parameter 

aWW, more structured fluid, and lower degree of overlap between water beads. The proton 

is introduced similarly to the monomolecular model with NW=1; P bead that forms 

dissociable Morse bonds to W bead and can be transfer between them according to the 

schematics shown in Fig. 6-1. The main difference is that the actual proton modeled by P 

bead can be transferred between the water molecules that effectively belong to the same 

W bead. Therefore, there is no geometrical reason to introduce Morse repulsion between 

W and P beads. We decided to set the equilibrium P-W distance 0
PWr  in Eq. 6-3 to zero. 

The removal of the repulsion part of the Morse potential at 0
PWPW rr   allows P to reside 

near the center of its host base. Therefore, the distance between the minima of potential 

energy for an individual act of proton transfer (Figure 6-1) increases, the number of 

Morse bonds formed concurrently by the same P bead decreases, which leads to slower 

transfer rates. However, the increasing ratio of W and P bead weight creates a more 

distinct velocity differences of P bead and W bead, requiring a stiffer P-W potential to 

reach the target DP/DW ratio. The dependence of overall proton mobility and P-W 

parameters follows the same trend as in the monomolecular model discussed above. The 

P-W potential, which reproduces proton mobility in bulk water, is used in the following 

section. The potential parameters obtained following the same approach as for the 

monomolecular model are listed in Table 6-1.  

As a representative example, we chose benzenesulfonic acid aqueous solution, 

because polymers containing phenylsulfonic acid groups are commonly used in proton-

exchange membranes, the systems of a particular practical interest. Analogy between the 

atomistic and DPD models is shown in Figure 6-4.  
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Figure 6-4. Coarse-grained representation of benzenesulfonic acid (sulfur in yellow, 

oxygen in red).  Colored blocks on the atomistic model denote the fragments that 

constitute the respective DPD beads. The coarse-graining level corresponds to three water 

molecules per bead. C-S dimer represents the deprotonated acid ion. The equilibrium 

distance and the cutoff of the associative harmonic potential between beads S and P are 

chosen from the ab-initio calculations.  

 

The coarse-graining level of NW = 3 and RC = 6.65 Å is dictated by the chosen 

dissection of the benzenesulfonate anion (C6H5SO3
−) into two beads of the comparable 

size. It should be noted that the presence of dissociating species other than small solvent 

molecules limits the choice of Nw. In particular, Nw = 4 would be a convenient coarse 

graining level for water, since the protonated water bead could effectively represents an 

Eigen ion. However, acid groups (such as sulfonate) are typically rather small. If such a 

group were included in a bigger bead, the same bead would have to contain hydrophobic 

fragments or associated water that might be undesirable. The coarse graining level chosen 

here (Nw = 3) is very common in DPD simulations of surfactants. 4 According to our 
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calculation with the COSMO model 134 performed with PQS software, 135 the volume of 

the benzenesulfonate anion is about six times as large as that of a water molecule 

(Supporting Information, Section S3 of ref 89). Therefore, we model benzenesulfonate as 

a dimer composed of a neutral hydrophobic C bead and a negatively charged hydrophilic 

S base bead. The beads are connected by a stiff harmonic bond at equilibrium length 

equals to 0.8 RC with bond stiffness KB = 200 kT/RC
2. Following the standard DPD 

formulation, 4 the intra-component repulsion parameter aII = 78.5 kT/RC was assigned for 

all bead types. Inter-component parameters between acid and water play no significant 

role in dilute solutions (0.01 to 0.09 M) considered here, since acid molecules are well 

dissolved in the solution with no aggregation. Parameter for hydrophobic component aCW 

= 91.2 kT/RC was estimated from benzene solubility in water using the approach 

suggested in our previous work. 136 Parameter aSW for the hydrophilic component was set 

to zero.  

Sulfur atom is the geometric center of the CSO3
− fragment represented by the S 

bead. Naturally, the S-H distance observed in benzenesulfonic acid molecule serves as 

the equilibrium distance 
0

P Sr . The interaction between sulfonate and proton may be 

reduced to electrostatic attraction if the proton is separated from the anion by water 

oxygen. This distance was chosen as the Morse bond cutoff. It was estimated with the 

DFT optimization of C6H5-SO3H•3H2O clusters described in the Supporting information 

Section S3 of ref 89 as 
M

PSr  = 0.66 RC. 

The P bead experienced no short-range repulsion from W and A beads (aPW = aPS 

= 0), however, repulsion parameter aCP = 91.2kT/RC was assigned in order to avoid 



91 

 

proton bead from overlapping with the benzene ring. P bead interacts with the acid anion 

S bead via electrostatic interaction as well as via the Morse bond, provided 
M

PSPS rr  . The 

existence of the Morse bond serves as a criterion that P and S beads are associated. The 

equilibrium and cutoff distance parameters for P-S Morse bonds were assigned from 

geometric considerations based on the distance from S atom to associate proton and to the 

H atom on the associated water molecule (See Supporting Information Table S3 of ref 89). 

At the same time, P bead may form Morse bonds with the surrounding water beads W. 

The parameters of P-W Morse potential listed in Table 1 were determined to provide 

quantitative agreement with the experimental proton mobility, as described in the 

previous section. 

Dissociation of benzenesulfonic acid is presented as a reaction: CSP + W   CS 

+ WP, characterized by the equilibrium constant 
]CSP[

]WP][CS[aK . This 

approximation holds for dilute solutions, where the dependence of activity coefficients on 

concentration may be neglected. Experimental dissociation constant Ka for 

benzenesulfonic acid is 0.2. The dependence of the degree of dissociation on the total 

concentration of sulfonate may be calculated as Eq. 4 derived in Supporting Information 

Section S4 of ref 89. 

 
 

 

 0

0a
2
aa

0
CSP2

CSP4KKK

CSP

CS 




 
       (6-4) 

The DPD simulations of protonation equilibrium were performed in 30×30×30 

RC
3 simulation box containing the total of 81,000 DPD beads over 500,000 DPD time 

steps of 0.01 (kT/m)-1/2RC After 100,000 steps for equilibration, the degree of 
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dissociation was calculated as a fraction of S beads that formed no Morse bonds with any 

of the P beads at given moment, i.e. 2.4M

PSPS  rr Å. Noteworthy, the electrostatic 

interactions alone are insufficient for describing CS protonation: the calculated degrees of 

dissociation was close to 1 in all systems with 
PSK = 0. Although the electrostatics with 

the short decay length (Eq. 6-2) provides -4 kT when P and S beads are fully overlapped 

(integral of Eq. 6-2 at r = 0), P bead prefers being hosted by W bead (-3.3 kT), which is 

repelled from S bead. Temporary association of P and S beads is due to the rarely 

happened overlap of S bead with P associated W bead. 

Intuitively, the stronger is the P-S potential, which results from higher values of 

PS and 
PSK , more P beads are associated with S beads for longer times that implies a 

lower degree of dissociation . We characterize the P-S potential by reproducing the 

experimentally derived degree of dissociation  at the given initial acid concentration at 

0.05 M, or about 82.5% as calculated by Eq. 6-4. It is found that with the P-S potential 

well of EM = 4.2 kT, the simulated degree with dissociation agrees well with the 

experimental derived value. In order to examine whether the obtained P-S potential 

properly characterizes the proton equilibrium between the S bead and the surrounding W 

beads, we predict the degree of dissociation at several different concentrations in the 

dilute region without future adjustment of P-S parameters. As the concentration of 

sulfonate in the system increases, the degree of dissociation naturally declines. Figure 6-5 

shows the dependence of  on the total molarity using the parameters obtained at 0.05 M 

(
PS = 2 and 

PSK = 18.5), which gives practically exact agreement with Eq. 6-4 for the 

entire concentration range up to 0.1 M. The validity of Eq. 6-4 is questionable at higher 
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concentrations as it implies that the water concentration remains constant. Good 

agreement between the theoretical and simulated degrees of dissociation confirms that the 

proposed model mimics the essence of the process. The model can be parameterized from 

the dissociation constant only and then applied at different concentrations. The reaction 

constant is mostly determined by the P-S potential well. The value of EM =  4.2 kT used 

in this particular example, can be obtained by different combinations of 
PS and

PSK , the 

potential profile and influence on the degree of dissociation are discussed in Supporting 

Information Section S5 of ref 89.  

 

Figure 6-5. Degree of dissociation versus molarity of 0.01 to 0.1 M. Experimentally 

derived values are marked by squares. Lines are obtained from the DPD simulation with 

the Morse potential parameters fitted to reproduce the degree of dissociation at 0.05 M. 

 

To conclude, we develop a coarse-grained model of the proton transfer that allows 

for the incorporation of protonating compounds directly into the DPD forcefield. We 

introduce a new bead type that represents the proton that can be associated with base 
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beads. The proton bead P interacts with base beads by a dissociative, short-range Morse-

type bonds. Base beads represent either neutral solvent (water W) or charged acid anions 

(sulphonate S). Protonation-deprotonation of bases is effectively modeled as a reversible 

reaction that occurs naturally in the course of DPD simulation. In a close analogy with 

the atomistic representation of protonation, the reaction proceeds via formation of an 

intermediate complex B1-P-B2 (B = S or W) where proton is simultaneously bound with 

two base beads. An unavoidable breakup of the intermediate complex results in a 

successful or failed attempt of the proton transfer between the bases. In case, when the 

base beads represent individual water molecules, the intermediate complex W-P-W 

effectively mimics Zundel ion. With a proper choice of the Morse potential parameters, 

we are able to reproduce the O-O and O-H distances in the Zundel complex in DPD 

simulations. The proton motion is DPD simulation consists of a sequence of distinct 

transfers between the neighboring base beads, imitating the Grotthuss mechanism of 

proton diffusion. 

The short-range dissociable potentials preserve computational efficiency of DPD 

and may be easily implemented in standard DPD codes. In this work, we used 

DL_MESO, an openly distributed code that allows for the implementation of smeared 

charges. The Morse potential that is cut and shifted within 1 bead diameter does not 

compromised the computational advantages of DPD simulations. In order to monitor the 

detailed transfer of P beads, the physical unit of simulation time used in this work is 

relatively smaller than in regular DPD simulations, 4 that causes an insignificant increase 

of computational costs.  
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The proposed model successfully describes the equilibrium between dissociated 

and non-dissociated forms of a common organic acid of a moderate strength drawing on 

the example of benzenesulfonic acid. The potential parameters are and quantitatively 

predict the degree of dissociation at several concentrations in dilute and semi-dilute 

solutions. At the same time, the model is capable of reproducing the experimental ratio of 

proton and water self-diffusion coefficients, as well as the proton hopping frequency at 

ambient conditions with different degrees of coarse graining. We specifically studied the 

models with different bead sizes corresponding to one and three water molecules per 

bead.  

Incorporation of dissociable bonds expands the DPD method to a new class of 

systems with chemical equilibria. The proposed model can be suitable for modeling 

proton conductivity and ion-exchange reactions in solid electrolyte membranes like 

Nafion, for example, by embedding it directly into explicit charge DPD models for 

Nafion segregation (e.g. ref. 7). Certain difficulties may be expected in applying this 

model to complex environments. For example, the activation energy for proton transfer in 

hydrated polyelectrolytes may differ substantially from that in the water bulk 131 and 

depends on fine details of the structure, such as the arrangement of surrounding anions 

132, 137-138. Such fine features are difficult to reproduce in DPD. On the other hand, a very 

reasonable agreement with experiment was obtained in recent simulations of Jorn and 

Voth , 139 where proton diffusion in Nafion was modeled implicitly in a segregated 

structure obtained by DPD and electrostatic field created by the sulfonate groups. In this 

paper, we demonstrate the capabilities of the proposed model on a particular simple 

protonation reaction, however, a similar scheme can be elaborated for other equilibrium 
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reactions sensitive to the solvent composition, which involve ion dissociation and 

complexation.  
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Section 7. Modeling sPS PEM using DPD 

In this section, we present a direct DPD study of proton diffusion in a hydrated 

polyelectrolye. The basic approach to incorporation of proton into DPD simulations was 

suggested by us recently 89. There, proton was modelled as a special P-bead; the 

protonating compounds (e.g. water and acid anions) are modelled as proton-receptive base 

beads, and they interact with P-beads by dissociative Morse potential. The calibration of is 

performed by matching simulated proton mobility in bulk water and dissociation degree in 

dilute solutions of reference acids to the experimental data. Now we extend our approach 

onto PEM. We have chosen sulfonated polystyrene (sPS) as a characteristic example. sPS 

is a polymer of a significant practical importance, since various sPS based materials 

(especially block copolymers of sPS and polyolefins) are used in proton exchange fuel 

cells; their industrial potential is propped by a low cost, as they are generally cheaper that 

perfluorinated PEM of Nafion type. In sPS-polyolefin block copolymers, water-swollen 

sPS forms the hydrophilic domain. But the hydrophilic domain itself is segregated onto the 

aqueous subphase formed by the sulfonic acid groups surrounded by water and protons and 

the hydrophobic alkylbenzene subphase. The segregation inside hydrated sPS was 

observed both experimentally and in simulations. 84-86 The morphology is irregular and 

depends on the level of sulfonation, and the scale of segregation is believed to be relatively 

small. Small size of the hydrophilic channels, tangible dissociation constant of the acid 

group, and the ability to vary the sulfonation level substantially, make sPS an ideal system 

for examining the advantages and limitations of our DPD approach.  

Figure 7-1 illustrates the coarse grained model of sulfonated polystyrene. A 

monomer contains an ethyl benzene fragment and a sulfonic acid group if the monomer is 
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sulfonated. Evaluating the volume of each functional group using from the standard Bondi 

tables used in UNIFAC group contribution model, we found that an ethylbenzene can be 

modeled as a dimer of two hydrophobic beads (B-C), and the deprotonated sulfonated 

group is modeled as a single S bead (the volume calculations are given in Supporting 

Information, Section S1). The B bead represents four aromatic carbons of the benzene ring, 

and each C bead contains two aromatic carbons and two aliphatic skeleton carbons (exact 

mapping of atoms onto the beads is shown in Supporting Information, Section S1). The S 

beads contains the sulfur and three oxygens, making the CG mapping consistently has four 

heavy atoms in one DPD bead. A solvent bead W represents three water molecules. The 

corresponding bead size is 0.65 nm, estimated from the bulk density of liquid water. 4 sPS 

in this work is represented by oligomers composed of 20 monomers each. A fraction of 

monomers in each oligomer is sulfonated in para position according to the sulfonation 

level, which is varied from 10% to 40%. The sulfonated monomers are uniformly 

distributed among the chain, as shown in Figure 1b. Each proton H+ is modeled separately 

as a single bead P, according to ref 89. 
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Figure 7-1. (a) Chemical structure of partially sulfonated polystyrene (sPS), and the 

corresponding DPD model. The beads are connected by 1-2 body bond (dashed black 

lines), and 1-3 body bonds (dashed blue line) provides chain rigidity. Rigidity on side chain 

are controlled by harmonic angle (dashed red curves). Details of these constraints are 

discussed in Section 2.4. (b) sPS at different sulfonation level, denoted as vol% sPS. For 

example, 10% sPS means there are 2 sulfonate groups in a chain of 20 monomers.  

 

The employed DPD scheme is introduced in Section 2. All beads are assigned an 

equal effective diameter Rc= 0.65nm. Following the standard approach to DPD simulations 

of self-assembly, 23 the intra-component repulsion parameters aII between beads of the 

same type are set equal, irrespective to the type. The beads are tightly packed the reduced 

density of Rc
3=3, common in DPD simulations. 23 Drag coefficient is assumed = 4.5, a 

common value used in DPD simulations of water. 23 The chain beads are connected by 

FENE bonds with the nearest neighbor (1-2) bonds, as well as with the second neighbor 

(1-3) bonds in order to control the flexibility of the molecule. Because the conformation of 

the polymer is important for segregation structure of hydrated sPS, while the polymer is 

relatively complex (compared to linear chains we considered earlier) and contains very 

rigid fragments, we also introduced standard harmonic angle potentials between certain 

pairs of nearest neighbor bonds as shown in Figure 7-1b. The electrostatic interactions are 

modeled using the smeared charge approach with the Slater-type charge density 

distribution with an exponential decay. 76  The standard Ewald summation 88 is used to 

account for long-range electrostatics. The choice of the smearing radius = 0.25Rc for all 

charged beads was made on technical reasons (Supporting Information to ref 89, Section 

S2). Similar suggestions can be found in recent DPD studies. 78, 80, 90. Morse potential

Fij
(M)(rij ) is applied between the proton bead P and bases that are water bead W and 
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sulfonate bead S. The P—base interactions are modelled by the Morse potential, cut and 

shifted at cutoff radius rM, as the same fashion in Section 6. 

Following the most common DPD implementation, intracomponent repulsion 

parameters aII are assume equal for all bead types I and determined from the 

compressibility of water, which gives aII = 78.5 kT/Rc for Rc = 0.65 nm. 4, 89 The 

intercomponent repulsion parameters are mapped to the infinite dilution activity coefficient 

in solutions of reference compounds for different bead types. 1  

We assume that hydrophobic beads B and C have the same short-range repulsion 

parameters with hydrophilic bead types (that is, aBI = aCI , where I = P,W, or S.). In order 

to estimate aBW, we choose ethylbenzene as a reference compound for hydrocarbon 

skeleton, and (similarly to ref 1) coarse-grain it as a symmetric dimer BB. The bond length 

in the BB dimer is equal to the length of B-C bond in the coarse grained sPS model and is 

found from energy minimized structures of small sPS fragments (see Table 7-1). Water 

was presented as a bath of monomer beads W; each of them models 3 water molecules. We 

performed standard canonical MC simulations with Widom trial particle insertions, and 

determined the calibration dependences ∞ (aWB) for W beads in BB dimer bath, as well as 

BB dimers in the W bead bath. The bead density in the W bath is W = 3Rc
3; the density 

of BB bath is B  to have the same pressure as in liquid DPD water. 30. Using this procedure, 

we obtain the calibration correlations between ∞ and aWB = aWB − aWW. They are similar 

to those reported for other compounds 1 and are given in Supporting Information (section 

S4 of ref 140). By interpolating the ∞ values for ethylbenzene and water, we find aWB 

values. ∞ for ethylbenzene and water 76.12ln   is calculated from the experimental 
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solubility (169 mg/L), and 36.6ln   for water in ethylbenzene is calculated using 

COSMO-RS thermodynamic model. 141 The resulting values of a are 21.3 kT/Rc and 26.3 

kT/Rc correspondingly, and we use the average a=23 kT/Rc, therefore aWB = aWC = 

102.3kT/Rc.  

S bead that models the sulphonate anion is hydrophilic; because parameterization 

techniques for ionic species are still poorly developed, we applied aSW = aWW and imposed 

strong repulsion between S and hydrocarbon beads. (it is worth noting that aSW < aWW is 

often used when electrostatic interactions are implicitly accounted for 8). P bead 

experienced no short-range repulsion from the bases or other P beads but repelled from B 

and C beads.  

Table 7-1. Parameters of DPD model for hydrated sPS.  

A. Morse interaction between P bead and bases 

Bead pair KPW, PW rPW
0 (RC) rPW

M (RC) 

P-W 16.0 1 0 0.60 

P-S 18.5 2 0.34 0.66 

B. Short-range repulsion parameters, (aIJRC)/kT 

bead J \ bead I W S C & B P 

W 78.5 78.5 102.3 0.0 

S 78.5 78.5 78.5 0.0 

C & B 102.3 78.5 78.5 102.3 

P 0.0 0.0 102.3 0.0 

C. Bonds 
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Bond type forcefield type K (kT/Rc
2) r0 (RC) or 0 rm (RC) 

C-C 1-2 FENE  800.0 0.50  2.0 

C-(C)-C (a) 1-3 FENE  

 

130.0 0.59 3.0 

B-C 1-2 harmonic 800.0 0.35 ∞ 

S-B 1-2 harmonic  800.0 0.43 ∞ 

D. Angles 

Angle type forcefield type K (kT/ rad2) 0 (rad.) 

S-B-C Harmonic 500.0 180o 

B-C-C Harmonic 40.0 90o 

(a) second-neighbor bond between two C beads separated by another C bead 

 The parameterization of bonded forcefield terms was performed similarly to 

Section 5. We performed MD simulation of 10-unit oligomer of 100% sulfonated sPS in 

water using forcefields from refs 85-86 and calculated the distribution of distances between 

the centers of mass of polymer fragments corresponding to the different beads (see Figure 

7-1). The distributions are shown in Figure 2. We fit the DPD bonded parameters to achieve 

the best agreement between MD distributions of the distances between the fragments and 

DPD distributions of distances between the corresponding beads. Unlike previous 

simulations of linear chain molecules 1, 84, the conformations of sPS are quite complex. The 

overall rigidity of the aliphatic skeleton is reproduced well (Figure 7-2a). However, the 

distribution of 1-3 and 1-4 distances (that is, distances between two C beads separated by 

one or two other C beads) are multi-modal and it is difficult to capture the details of 

molecular structure by simple DPD potentials. For the same reason, the most probable 
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distance between second neighbor B and C beads (separated by one C bead) is 0.5Å shorter 

in the DPD model compared to the MD results (Figure 7-2b). Table 7-1 contains the final 

parameters that yield the best overall agreement between the DPD and MD distance 

distributions.   

 

Figure 7-2. Intramolecular distance distribution function P(rij) for the distance between 

bead i and bead j, rij. (a) Distribution of distances between backbone C beads from closest 

neighbor distance r12  to C beads separated by 5 other C beads r16. Solid lines are from MD 

simulation, and lines with symbols are from DPD simulation. (b) Distribution distances 

between of backbone C beads and sidechain B and S beads. For the second neighbor 1-3 

distances brackets denote the bead that separates the pair of beads in consideration.  

 

Using the forcefield described above, we perform several DPD simulations of 

hydrated sPS. We considered sulfonation levels of 10%, 20%, and 40%. From water 

sorption data in pure sPS 142 and sPS-polyolefin block copolymers 143 (water sorption in 

the hydrophobic block was neglected) we estimated the correlation between sulfonation 

level and the saturated hydration (that is, the amount of water absorbed by the polymer in 

contact with the saturated water vapor): HL = 1.44 * SL – 3.42, where HL (hydration level) 

is mass of the sorbed water related to the mass of the dry polymer, and SL (sulfonation 
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level) is the fraction of sulfonated monomer. For each sulfonation level, we modelled 

several systems at different hydration, ranging from half of the saturated hydration to fully 

saturated sPS. Similarly to ref, the density of each system was adjusted to give the pressure 

equal to the pressure of pure coarse-grained water. All systems modelled are listed in Table 

2. DPD simulation details are described in Supporting Information (Section S5 of ref 140).  

 

Table 7-2. System information and simulation results. Abbreviations: SL, sulfonation 

level; HL, hydration level; , number of water molecule per sulfonate group; NsPS, NW, NP 

are number of sPS molecules, W beads, and P beads; time: simulation time in ns; box 

length: simulation box size in nm; DH+, self-diffusion coefficient of the P bead (H+); DH2O 

self-diffusion coefficient of water in (three times larger than that of the W bead); P, degree 

of dissociation of the P bead from S bead; , proton conductivity calculated from Nernst 

equation based on DH+ and NP.  

SL (%) HL (%)  NsPS NW NP 

10 0.05 3 1829 4182 3658 

10 0.11 6 1739 7962 3478 

20 0.13 4 1631 9236 6524 

20 0.19 6 1544 13064 6176 

20 0.25 8 1465 16540 5860 

40 0.35 6 1234 21768 9872 

40 0.45 8 1147 25944 9176 

40 0.54 10 1077 29304 8616 

      

time (ns) box length (nm) DH+ [cm2/s] DH2O [cm2/s] P  [S/cm]

93.6 18.3 2.10E-08 1.40E-07 7.50% 8.00E-05 

52 18.4 9.50E-08 3.40E-07 19.80% 3.30E-04 

52 18.4 2.30E-07 5.50E-07 10.40% 1.50E-03 

52 18.5 9.60E-07 1.30E-06 17.10% 5.90E-03 
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52 18.5 2.10E-06 2.30E-06 22.70% 1.20E-02 

52 18.6 5.90E-06 4.40E-06 16.90% 5.70E-02 

52 18.7 8.50E-06 5.50E-06 21.00% 7.50E-02 

52 18.7 1.10E-05 7.00E-06 24.60% 9.30E-02 

 

 

Figure 7-3. 3D perspective of hydrated sulfonated polyetyrene (sPS) at different 

sulfonation level (SL) and hydration level (HL). Upper figures are visualized as beads: grey 

– polymer beads, blue – water beads, yellow – sulfonate beads, and red – proton beads. 

Lower figures are isosurface of W beads. 

 

SL10% HL6%

1
8
.3

 n
m

1
8

.4
 n

m

1
8
.4

 n
m

1
8
.5

 n
m

1
8
.5

 n
m

1
8

.6
 n

m

1
8
.7

 n
m

1
8
.7

 n
m

SL10% HL11% SL20% HL13% SL20% HL19%

SL20% HL25% SL40% HL35% SL40% HL45% SL40% HL55%



106 

 

DPD simulations show that the hydrated sPS is indeed segregated onto the aqueous 

and organic subphases, in agreement with the experimental and atomistic MD results. 

Figure 7-3 shows the morphology of the hydrophilic subphase shown in blue at different 

sulfonation and hydration level. Similarly to Nafion and other PEM, at low hydration water 

forms separate small clusters, which make an interconnected network as the hydration 

increases. To characterize the segregated structure, we employed a geometrical algorithm 

commonly applied to pore structure in solid porous adsorbents, because the hydrophilic 

phase essentially forms a network of pores in the hydrophobic matrix. First, we created a 

lattice replica of each segregated sPS structure. The lattice was cubic with a step of 0.5Rc. 

Each lattice site was assigned to either mobile aqueous or immobile polymer subphase the 

local composition of beads around that particular site in that particular moment. In order to 

assign a lattice site to either the mobile or immobile subphase, we calculate the site 

preference as follows,  





N

i

liil rrwtrp
1

),()(


, where  2/1),( clili Rrrrrw   at 
cli Rrr  , 0w  at 

cli Rrr  , 

Here, rl is the radius-vector to the center of lattice site l, ri is the radius-vector to i-th bead, 

and ti is a mobility coefficient related to the bead type: ti = 1 for all mobile W beads and 

ti =1 was assigned to all polymer beads (B, C, S). )( lrp


 shows whether mobile of immobile 

beads prevail in the close vicinity of site l. If p is negative, site l is assigned to mobile 

(hydrophilic) subphase, otherwise site l is assigned to the immobile (hydrphobic) subphase. 

(Note that S beads were treated as a part of immobile subphase. Even though they are 

hydrophilic, they are rigidly attached to the aliphatic skeleton. The situation differs from 

that in Nafion, where the sidechains are dramatically more flexible compared to the 
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skeleton and arguments can be made to identify them with either mobile or immobile 

subphase). The digitized morphologies are illustrated in Supporting Information, S3 of ref 

140 The pore size distributions for the hydrophilic pore networks were obtained with 

algorithms based on the Connely surfaces 144 and applied previously to both irregular 145 

and regular porous materials 146. Any point X belongs to a pore of size d, if there exists a 

sphere of that diameter that includes X but does not include any of the lattice sites that 

belong to the immobile subphase. Obviously, any point in the system belongs to a pore of 

size 0, and the volume of space that belongs to pores of size d monotonically decreases 

with d. If Vm(d) is the total volume of the space that belongs only to pores of diameters less 

than d, the differential pore size distribution is obtained as a derivative – Vm’(d). For 

selected systems, they are shown in Figure 4. For calculations, we use Poreblazer 3.0.2 146-

147. Pore size distributions for all systems are in Supporting Information S4 of ref 140. 

 

Figure 7-4. Pore size distributions for sPS of different sulfonation level at saturated 

hydration level. Blue line: SL = 10% and HL = 11%; red line: SL = 20% and HL = 25%, 

green line: SL = 40% and HL = 55%. 
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Figure 7-4 shows that the segregation scale in hydrated sPS is indeed small 

compared to Nafion and other PEM. At low hydration levels, the pore sizes are comparable 

with Rc, which means that the typical water aggregates only include several beads and may 

include only one. The total volume of the hydrophilic pores is, obviously, proportional to 

the hydration, and characteristic pore size increases with hydration. Even for 40% 

sulfonation level at saturation conditions, the characteristic pore size is limited to 2nm, and 

the largest pores observed do not exceed 3nm. This generally agrees with the MD 

simulations of potassium substituted sPS. 85 In all systems, the PSD is unimodal; a 

characteristic pore size can be identified for each system. The distributions are slightly 

asymmetric with a “tail” corresponding to larger pores that becomes more prominent as the 

total hydration increases. Figure 7-5 shows the pore surface per unit volume area. It is clear 

that the area depends mostly on hydration rather than on the sulfonation level: the results 

obtained in different systems fall onto the same curve. Thus, the segregation morphology 

for all systems with the same hydration level is similar and barely depends on the surface 

density of the sulfonate groups at the interface between the hydrophilic and hydrophobic 

subphases.  
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Figure 7-5. Accessible surface area per cubic volume (nm-1) of sPS at different SL and HL 

Fitting curve and line are for visualization only. 

 

We applied two different techniques for evaluation of water mobility. First, water 

self-diffusion can be directly calculated from the mean square displacement of water beads 

in the course of DPD simulation using the Einstein relationship. Since the DPD model 

cannot reproduce the hydrodynamics of hydrated sPS, we calculate not the diffusion 

coefficient per se, but its ratio to that in pure bulk coarse-grained water DW/Dbulk. The other 

technique is based on the random walks in the lattice replicas of segregated sPS structure. 

7, 65 We modeled water diffusion within the hydrophilic subphase as a simple random walk 

of a tracer particle within the mobile domain of the lattice replicas created for hydrophilic 

subphase characterization and described above. Each random walk started from a randomly 

selected lattice site that belonged to the hydrophilic subphase, and each step was an 

attempted move to one of the six sites that neighbored the current location. The move was 
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accepted if the attempted site belonged to the mobile subphase. 104 random walks were 

performed on each of 400 replicas for proper averaging. We calculated the MSD between 

current location and the original location as a function of the number of steps. 

 The two manners to estimate the water mobility appear very similar, yet differ 

qualitatively. The random walks are conducted in a static lattice replica. That is, any change 

in the segregation structure (no matter how minor) is assumed infinitely slow compared to 

the water molecule diffusion. Such a consideration excludes dynamic percolation effects 

REF entirely: if two clusters are not connected, they will never be connected. Evaluation 

of DW from DPD MSDs is on the other extreme: the segregation structure is allowed to 

evolve in the process of simulation, and the soft-core DPD potentials employed here may 

significantly overestimate the fluidity of the hydrophobic subphase, which in reality the 

structure may be semi-glassy. The difference between the two methods of water mobility 

evaluation is demonstrated by Figure 7-7, which shows the dependence of water self-

diffusion on the sulfonation level at saturation conditions. As the sulfonation increases 

from 10% to 40%, saturation hydration grows from 10% ( = 3) to 55% ( = 10 ), and the 

volume of the mobile phase increases respectively. In 40% sulfonates PS, both techniques 

predict DW/Dbulk ≈ 0.25. Interestingly, this result agrees extremely well with our earlier 

atomistic MD simulation (although that was carried out with a metal counterion, which 

may affect diffusion). In 20% sulfonated PS, the random walk technique shows a slightly 

lower DW compared to the direct method, and in 10% sulfonated PS, the two estimates 

differ by five orders of magnitude. The evolution of the segregated structure is the obvious 

reason for the difference, since in the course of DPD simulation the hydrophilic aggregates 

are allowed to merge and split and thus water beads are exchanged and their overall 
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mobility increases (this dynamic percolation effects were also observed in MD simulations 

of hydrated Nafion 148). Experimental data on water mobility in pure sPS are very sparse 

(most measurements have been performed on block copolymers). The gravimetric result of 

Manoj et al 142 is very close to the simulated DW/Dbulk obtained directly from DPD 

simulations. This likely means that dynamic percolation effects are indeed very significant 

in this system, as they are not accounted for in lattice random walk simulations, and the 

mobility of the W beads in DPD simulations accurately reproduces the actual mobility of 

water molecules in sPS. However, there is also a possibility that the percolation transition 

in experiment corresponds to a lower hydration compared to the simulation, but the absence 

of continuous pore network is somehow artificially substituted by dynamic evolution of 

the network in DPD.  

 

Figure 7-7. Self-diffusion coefficient of water compared to the bulk water mobility at 

different hydration level (SL10% at HL11%, SL20% at HL25%, and SL40% at HL55%). 

Black line is calculated directly from the MSD of the water from the simulation. Red line 

is calculated by using random walk approach in 400 static trajectories. The empty square 

is the experimental data for 11% sPS (H+) at 13 wt% water adsorption. Cyan circle is MD 

results for 40% sPS (Ca2+) at 54 wt% water uptake. 
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The proton self-diffusion and membrane conductivity are determined not only by 

the segregation morphology, but also by the dissociation of the acid groups, which is 

modeled explicitly. The snapshots of the DPD configuration shown in Figure 7-8 display 

an expected picture: S beads, some protonated and some not, are located at the interface 

between the hydrophobic and hydrophilic subphases. To characterize the dissociation, we 

use the same criterion, as in Section 6: a P bead is considered as dissociated if no S bead is 

found within the Morse cutoff radius rM from the P bead. The degree of dissociation  is 

the fraction of dissociated P beads. The dependence of  on sulfonation and hydration is 

shown in Figure 7-8. 

 Naturally,  increases with hydration and is mostly determined by , the number 

of water molecules per sulphonic group. In all systems, even for the highest  considered, 

most P beads are associated with at least one S bead. state It is worth mentioning that the 

dissociation constant of benzenesulfonic acid is Ka = 0.2, unlike Ka = 1012 149 for triflic acid 

that serves as a reference compound for Nafion. Assuming that the activity coefficients  

of H+ and PhSO3
 ions in a bulk aqueous solution of benzenesulfonic acid are equal to one, 

one would obtain  = 0.18 at  = 10. The H+ = PhSO3- = 1 assumption is only valid in dilute 

solutions and is not applicable in the systems of interest to this work. Yet, it is obvious that 

one can hardly expect full dissociation of protons in concentrated PhSO3H solutions, and 

therefore the low dissociation degree in hydrated sPS is not surprising. At constant ,  

decreases with sulfonation (that is, as the surface density of the sulfonates at the interface 

between the hydrophobic and hydrophilic subphases), which is also expected. 
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 In the snapshots shown in Figure 7-3, one may notice that in some cases, S and P 

beads form “clusters” or agglomerates consisting nearly entirely of charges beads with 

barely any W beads inside. Morse and electrostatic attraction between P and S beads 

overpower the conservative short-range repulsion between S beads and the entropy that 

favors charge bead solvation by W beads. It is also illustrated in Supporting Information, 

Section This effect is probably artificial and shows the shortcomings of the simplistic DPD 

potentials, which do not correctly reproduce the actual short-range interactions between 

the beads. Despite the shortcoming, the general picture of ion solvation and dissociation in 

sulfonated sPS is quite reasonable and agrees with experimental data  

 

Figure 7-8. Degree of proton dissociation  as the function of number of water per 

sulfonate group . Systems with the same  are marked based on the sulfonation levels.  
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water bulk, DP/DW ≈ 3.8: the proton is about four times as mobile as a water molecule 

thanks to the Grotthuss “hopping” mechanism. In hydrated PEM, the Grotthuss 

mechanisms are also in effect; sulfonate ions can also participate in the Grotthuss type 

hopping. To utilize the Grotthuss mechanism the proton has to dissociate from its sulfonate, 

first of all, and then to overcome the electrostatic attraction to its former anion. As a result 

the difference between water and protons self-diffusion in poorly hydrated PEM is not as 

significant as in the water bulk. Proton may be even slower than water at low .  

 Figure 7-9a shows the self-diffusion coefficient of water and proton in hydrated 

sPS related to the diffusion coefficient of bulk water. It appears remarkable that DW and 

DP data obtained for different sulfonation levels fall onto the same master curves and only 

depend on the hydration (the same figure in terms of  is shown in Supporting Information, 

Section S5 of ref 140). Water indeed is more mobile than the proton at low hydration. 

Hydration contributes to the proton diffusion stronger than to the diffusion of water. At 

about 20% water content, water and proton diffusion coefficients become equal, and at 

higher hydration proton diffuses faster than water: in PS with 40% sulfonation and 

saturated hydration of 55% DP/DW≈ 2 at 40% sulfonation and 55% water content. The 

ratio is still two times lower than in bulk water. In experiments, a similar qualitative 

behavior was observed for PVDF-grafted-PSSA block copolymer. 150 Proton diffuse 

slower than water at  = 5, but become faster than water at around  = 10. Such crossover 

happens at lower  =6-7, because there is no distinct segregated morphology such as 

PVDF-g-PSSA and water diffuse much slower at low  compared to that in PVDF-g-

PSSA. Interesting enough, proton diffusion coefficient reaches 1E-5 cm2/s at similar values 

 = 10 in both sPS and PVDF-g-PSSA. In Nafion , where dissociating is more facile due 
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to a much higher Ka, DP is generally higher than in PEM with benzenesulfonic acid groups 

and DP/DW > 1 even at low , but qualitatively DP() is very similar. Thus, our DPD model 

reproduces the mechanism of proton mobility protons in hydrated PEM at least on the 

qualitative level.  

To compare our mobilities with experimental results, we calculated the 

conductivities of hydrated sPS from proton self-diffusion coefficients using the Nernst 

equation:   HH

2

H
CD

RT

F
 , where F is the Faraday constant and H

C is the overall proton 

concentration. Figure 9b shows the proton conductivity in sPS fully saturated with water. 

The experiment data are derived from ref. 151 The experimental conductivities are only 

available for sulfonation levels between 10% and 20%; the water content is not reported in 

ref 151, but we calculated it from sulfonation using the experimental sorption data. Our 

conductivities are of the same order of magnitude as the experimental ones, but show more 

gradual dependence on hydration. In particular, we underestimate the conductivity at high 

hydration. The possible reason are the artificial S-H “clusters” noted above, since the 

protons that belong to such cluster are less mobile in simulation compared to the 

experiment.  
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Figure 7-9. (a) Diffusion coefficient of water and proton estimated from the MSD of W 

beads and P bead, at different sulfonation (SL) and hydration levels (HL). (b) Proton 

conductivity calculated by proton concentration and diffusion coefficient. Black lines are 

derived from the experimental data at different sulfonation level. Conductivity of sPS 

(sulfonation level from 10% to 20% at fully hydrated state) at 22 ºC and 60 ºCare 

interpolated to obtain the conductivity at 30 ºC, 
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coefficients of reference compounds, and bonded forcefield terms are parameterized from 

atomistic MD simulations of sPS fragments.  

 Although sPS forms the hydrophilic domain on the PEM materials, it itself 

segregates into irregular hydrophilic and hydrophobic subphases upon hydration. The fact 

of the segregation and its approximate scale were correctly reproduced by DPD 

simulations. The sulfonate groups locate at the interface between the hydrophilic and 

hydrophobic subphases. The acid showed a partial dissociation; the dissociation degree 

showed an approximately linear dependence on the number of water molecules per 

sulfonate group, and a weak dependence on the sulfonation level. We also observed some 

unphysical clusters of sulfonate anions and protons, relatively tight with little water inside. 

Water self-diffusion was estimated directly from the mean square displacement of water 

beads and showed a remarkable agreement with experimental results (at low hydration) 

and atomistic MD results (at high hydration). Interestingly, an estimate obtained from 

random walks in a static lattice replicas of the segregated structure showed much slower 

diffusion at low hydration, but the same diffusion at higher hydration. We refer this 

difference to dynamics percolation effects: water aggregates merge and break up in the 

course of DPD simulation, and this effect is ignored by random walks in static lattice 

replicas. Proton mobilities obtained from DPD also showed a reasonable agreement with 

experimental data: they are lower than the mobility of water molecule at low hydration and 

higher at high hydration. The conductivities estimated from self-diffusion using the Nernst 

equation showed reasonable agreement with the experiments as well. 

 Overall, the modeling approach presented here is certainly promising for mesoscale 

simulations of proton-exchange membranes. An absence of reliable techniques for 
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parameterization of the short-range interactions between the charged species as well as the 

charge smearing parameters remains a serious problem; we suspect that the unphysical 

clustering between sulphonate and proton beads originates from underestimated short-

range repulsion of such species. Perhaps activity coefficient or even radial distribution 

functions in reference electrolyte solutions or can be used as target properties for 

parameterization of short-range interactions and charge distributions.  
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Section 8. Conclusion 

Dissipative particle dynamics is a simple yet powerful tool for studying self-assembly of 

polymeric systems. Generally speaking, DPD can reproduce most equilibrium 

morphologies of the selected systems by tweaking the repulsion parameters. This thesis 

addresses several important issues in coarse grained model construction and forcefield 

parameterization. The development achieved here elevates the DPD method to be more 

predictive and robust for modeling equilibrium and dynamics properties for the system of 

interests. It is crucial for the research fields involving the design of surfactant based 

detergent and polyelectrolyte implemented fuel cell devices.  

 The construction of coarse grained model and parameterization of the interaction 

parameters need to be done simultaneously. We have shown that the “bottom-up” 

configurational constraints which reproduces the conformation of chain molecule at 

atomistic level certainly improve the performance of DPD in modeling self-assembly. The 

repulsion parameter should be determined using the “top-down” approach introduced here 

taking into account bond, rigidity, and the coarse grained bead size. The obtained repulsion 

parameters produce the accurate hydrophobicity of the target molecule, which matches to 

the thermodynamic properties of its represented compounds such as solubility or activity 

coefficient. The combined use of the top down parameterization and bottom up 

configurational constraints have shown reliable performances in predicting micellar 

properties of various surfactant, which is a benchmark problem for coarse graining 

modeling. 
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 Through studying the proton transfer in the hydrated PEM, we has exhibited the 

possibility to recover the atomistic details in the coarse grained DPD model using a 

customized bead type and forces. The modified DPD scheme preserves the ability in 

describing the bulk properties of polymeric system, yet adding the function to mimic the 

detailed reaction-like association which is important to the systems with significant 

ion/proton dissociation and relocation. Compiled with the parameterization method 

developed with surfactant micellization, it shows a impressing predictive ability in 

describing PEM morphologies, water permeability, and even proton conductivity without 

using any empirical correlations.  

 In addition to all the success we have presented here, we also discuss several 

important limitations for future DPD development. The most crucial part is the assumption 

of equal volume and equal intra-component repulsion parameter made by Groot and 

Warren, which is the basis of our approach. Although there have been several improved 

algorithms related to this assumption, we are not aware of any successful application of 

these approaches in systematically reproducing the self-assembly of complex fluids. 

Another issue is related to the future application of proton model and association potential. 

Unlike protonated PEM in the fuel cell unit, the counterion are usually co-valent in the 

PEM which is applied in the protective cloth. The morphologies of the hydrated PEM is 

highly related to the association between counterion and PEM sidechain. The Morse 

potential should be parameterized (or with constraints) in order to reproduce the correct 

coordination number of the counterion with water and sulfonate group. These 

developments can be easily extended based on the theoretical framework in this thesis. 
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