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Chapter 1 
 

 

General introduction 
 

 

 

In this chapter we present the general background and the motivation of the thesis. 
The topic, methods and procedures used in the following chapters are introduced. 
Moreover, the outline of the thesis is provided.  
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1.1. Background, motivation, and focus 

In this thesis the interest is on the adhesion of two dissimilar, solid materials 
which is referred to as the ‘multi-material adherence’1. Material combinations 
are observed nearly everywhere in applications with length scales ranging from 
macroscopic to microscopic. The macroscopic interfaces are visible in, e.g. civil 
engineering, ship construction, and aerospace industry, whereas the 
microscopic interfaces are present in the manufacturing processes of chips, 
displays and photovoltaic devices. Within the micro-electronics industry, 
semiconductors constitute a big portion. This semiconductor industry and its 
suppliers have reached a total sales amount of about $ 300 billion covering 
application areas such as telecommunications, automotive, environment, 
security, healthcare, and energy efficiency2. Multi-material adhesion mostly 
features in the packaging of micro-electronic components. Usually, the 
adherent is a polymer and the substrate is an oxidized metal. This constitutes 
about 95 % of all material systems in this industry. The main reason of 
packaging of microelectronic components is to protect electrical parts from 
dust, moisture, corrosion and other outside effects3. For an end-product, the 
service life, durability and quality are substantially dependent on the strength of 
the adhesion between the polymer and the metal. Poor adhesive properties will 
lead to interfacial failure and defects. The interface reliability issues are being 
heavily invested because they correspond to approximately € 600 million of 
direct service costs. So, attempts to predict the roots of the associated failures 
are of crucial importance. One of the major efforts to foresee the cause of the 
reliability issues at polymer-metal interfaces is to understand the interactions 
between the polymer and the metal-oxide. If the underlying dynamics and the 
interactions present at those interfaces are elucidated, this will undoubtedly 
contribute to the development of routes to design better interfaces such that 
the products will last longer. 

‘Adhesion’ or ‘adherence’ can be defined as the ability of two dissimilar 
surfaces to stick to one another. In some definitions adhesion refers only to 
the thermodynamic aspects while adherence covers all aspects. The adhesive 
phenomena are divergent in term of the mechanisms involved. That is, two 
materials can adhere to each other mechanically, chemically or physically. 
Mechanical adhesion is related to the interlocking of two substances to each 
other via surface irregularities (or surface roughness). Chemical adhesion refers 
to the chemical bonding between two surfaces such as ionic, metallic or 
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covalent bonding. Moreover, two materials can be held together by physical 
forces such as van der Waals, London, and electrostatic forces, at surface 
contacts that do not involve any chemical reactions. In reality, the adhesion is a 
result of all these contributions, and a thorough understanding of all the 
mechanisms involved requires attention at different structural levels taking into 
account the proper dominant effects.  

The ongoing miniaturization of micro-electronic components down to the 
nano-scale makes it necessary to understand the interactions at the micro-
structural level in order to tackle and foresee possible problems that might 
occur at the polymer-metal-oxide interface. As mentioned before, the physical 
and chemical insight obtained at the atomistic level will contribute to predict 
the possible interfacial failures originating from the lack of molecular level 
adhesion. Therefore in this thesis, we are interested in the computational 
modeling of the adhesion between a polymer and metal-oxide to understand 
the main physical and chemical factors contributing to adhesion, and to 
comment on the micro-structural properties that occurs at a polymer-metal 
interface. This will provide us (and the scientific community) an essential 
insight about the origins of the adhesion processes at a particular interface, 
which is difficult to extract directly from experimental studies. 

Computational modeling of the adhesion is not a straightforward topic as it 
includes many aspects occurring at different levels. At the atomic level 
vibrations happen usually at time and length scales on the order of 
femtoseconds and Angstroms, respectively (see Fig. 1.1). However, the 
relaxation of polymers occurs at higher scales which fall typically around the 
nano-scale. These fast and slow dynamics lead to the formation of an 
interfacial structure. Observation of the dynamics at these scales provides the 
molecular scale information necessary to understand the interactions at the 
interface. However, in order to predict the product level material behavior 
focusing still at larger scales is needed. For the observation of interface failures 
at the macro-scale such as fracture, effects of dislocations on adhesion or some 
other defect processes, computations are performed usually at the micrometer-
scale4. At this point, the results of the nano-scale observations can be used as 
input to the continuum models by means of local polymer structure, local 
environment such as water, oxygen concentrations, or reaction products. Here, 
in this thesis we are aiming at building a realistic scheme to model and study 
the interfacial interactions present at molecular scale, such that the origins of 
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the adhesion can be predicted. By bridging different length scales, insight about 
the chemical and physical behavior of a polymer-metal-oxide interface will be 
acquired. These procedures and results could later be used in supplying 
information to different scales to study further interfacial properties of an 
interface of interest. 

 

 

Figure 1.1. Different simulation methods focus on multiple scales. 

 

In our work, the selection of the system of study is based on the constraints 
arising from applications in the semiconductor industry. Throughout the thesis, 
the system of interest is the epoxy polymer. This is a widely used material in 
semiconductors to protect electrical parts. Apart from this particular 
application area, epoxies have wide usage in coating, paint, as well as marine 
and aerospace applications. An epoxy polymer is formed as a result of chemical 
reactions between a thermosetting epoxide pre-polymer and an amine cross-
linker, a process commonly denoted as cross-linking or curing and 
conventionally addressed as epoxy. Usually, a polyamide monomer is added to 
the resin to act as curing agent. Next, in the course of hours cross-linking 
reactions occur at an elevated temperature and the structure vitrifies. In the 
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microelectronic industry the epoxy is often in direct contact with oxides of 
simple metals5, 6. One of the most frequently encountered surfaces is aluminum 
oxide (also called alumina). The <0001> surface of α-Al2O3 is the 
thermodynamically stable phase of crystalline alumina at standard pressures 
and temperatures7, 8. In all of the simulations this surface is considered. 

The structure formation of epoxy is driven by the complex cross-link 
formation processes and requires large time scales to obtain the final cured 
structure. Resolving these time scales is currently unfeasible with conventional 
Molecular Dynamics (MD) simulations. Hence, the best procedure to create 
and relax the cross-linked polymer interacting with the metal-oxide is to model 
the system at higher length and time scales. Our work will therefore be at the 
intermediate meso-scale level (see Fig. 1.1). The mesoscopic-scale simulation is 
used to overcome the time-scale problem inherent to a fully atomistic 
computation. At the meso-scale, chains are partitioned with respect to proper 
chemical functional groups, and the atoms within each part are united to 
construct so-called “beads”. This procedure is called coarse-graining9-13. The 
atomistic details within beads are “integrated out” leading to a decrease in 
degrees of freedom, so that the behavior of the structure at larger length and 
time scales can be covered. In this work, the mesoscopic simulation method 
used is the Dissipative Particle Dynamics (DPD)14, 15 method. The application 
of DPD to polymeric systems14-19 has proved to be very fruitful to get the 
mesoscopic structure at longer time and length scales and the thermodynamics 
of those systems20. Moreover, recently more groups have become interested in 
applying DPD to epoxies21. The relaxed meso-scale structure is aimed to be 
used as input to one of the reverse-mapping algorithms18, 22-25. Moreover, by 
means of atomistic simulations quantification of the material or energetic 
properties at the polymer-metal-oxide interface is targeted.  

The procedure followed in this thesis is a multi-scale approach. A major 
step in coupling different scales is the mapping from the coarse-grained (i.e. 
meso-) scale to the atomistic coordinates via a reverse-mapping algorithm. 
However, exchange of information across different scales is also performed 
within each particular step. For example, while parameterizing the coarse-
grained interactions between polymer beads, a top-down approach is followed. 
This is done by mapping some thermodynamic properties from experiments to 
the coarse-grained scale. Moreover, in computing the coarse-grained polymer-
metal interactions, we developed a scheme to couple atomistic scale 
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calculations to the meso-scale via a specific parameter that quantifies the 
amount of adsorption of the beads. In this thesis we use only the non-bonded 
interactions present between the epoxy and the alumina as the alumina in our 
simulations does not have any hydroxyl groups forming chemical bonds 
between the epoxy26.  

1.2. Outline of the thesis 

Three epoxy systems interacting with alumina are considered separately: 
DGEBA (Di-Glycidyl Ether of Bisphenol-A)/DETA (Diethylenetriamine), 
Epikote/Jeffamine, and Eponex/Jeffamine. These systems are depicted in Fig. 
3.1 and Fig. 6.1. The methods and procedures developed for the coarse-
grained parameterizations are initially applied to study the DGEBA/DETA 
mixture. Later in the final chapter, comparisons are performed at different 
scales between different epoxy/amine mixtures. Although the system under 
investigation is narrowed down to a few particular polymeric systems and one 
metal-oxide substrate, the methods and procedures developed in this thesis can 
be applied to model any system of interest composed of polymer-metal hybrid 
interfaces.  

Chapter 2 introduces a new parameterization technique for DPD, where 
the requirement to represent beads with the same pure liquid experimental 
densities is no longer needed. Since we want to use functional chemical groups 
as beads, removal of this constraint is an important step. We derive the 
relations to compute the interactions between similar and dissimilar types of 
beads. Proof-of-concept simulations are performed. This parameterization will 
allow us to model variable volumes around beads consistent with their pure 
experimental volumes which is crucial in the representation and modeling the 
reality. 

Chapter 3 discusses the structural evolution, the interactions, and the cross-
linking process of the bulk epoxy system. This brings insight to the governing 
interactions between the polymer beads, either simulated as single monomer, 
beads or as beads connected to each other forming a chain. Furthermore, an 
analysis of the modeling of the cross-linking process is presented showing that 
the parameters to create the cross-links affects only the dynamics, but not the 
end structure in a simulation. 

Chapter 4 builds a multi-scale parameterization framework to derive the 
coarse-grained interactions between liquid state polymer beads and a solid state 
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metal-oxide surface. For this purpose the coupling of atomistic and 
mesoscopic length scales is performed. The idea behind this coupling scheme 
is to quantify the relative adsorption of beads. Later, the differences between 
the adsorption amounts of beads are discussed as they are favored differently 
by the metal-oxide. In other words, an attempt is made to distinguish between 
the adsorption of each specific bead type, which characterizes the adhesive 
properties, and the interfacial structure. Moreover, the structures and the cross-
link evolution of the epoxy interacting with the alumina are demonstrated. 

Chapter 5 sets up a computational description of fitting the atomistic 
structure to the coarse-grained coordinates thus bridging different scales. The 
main goal of this procedure is to obtain a structure to perform atomistic 
simulations in order to compute the physical properties of interest of a 
material. The process of fitting atomistic detail is called as ‘reverse-mapping’ or 
‘fine-graining’. The details of the reverse-mapping algorithm are presented, and 
the application to the bulk epoxy structure is demonstrated. Moreover, the 
elastic behavior and the glass transition temperature of the bulk material are 
computed and compared with the available experimental findings. 

Chapter 6 glues the methods and procedures developed in the thesis to 
analyze the adhesive properties of different epoxy mixtures. The application of 
the new parameterization methods for polymer-polymer and polymer-metal 
bead interactions, and the reverse-mapping procedure reveals the structure and 
the physical values of interfacial energies of the epoxies interacting with 
alumina. The differences in the interface energies and the adsorption amounts 
are evaluated, and qualitatively compared with the experimental observations.  

Chapter 7 provides a summary of the main results presented in this thesis, 
together with an outlook on further unsolved but interesting problems 
remaining for future research. 
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A generalized method for parameterization of 
dissipative particle dynamics for variable bead 

volumes  
 

 

 

In this chapter we present a generalized protocol to compute dissipative particle 
dynamics interaction parameters where beads may have variable (local) densities in the 
simulations. A generalized relationship for pair-wise interactions is derived and proof-
of-concept simulations are performed. This relationship will be used for simulations in 
the following chapters. 
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2.1. Introduction  

Dissipative Particle Dynamics (DPD)1-7 is a proven and efficient coarse-grained 
simulation tool to study polymer morphologies for the longer time and length 
scales. DPD was first proposed by Hoogerbrugge and Koelman8, to replace 
lattice gas9, 10 and lattice Boltzmann11 methods to solve complex fluid problems 
at the meso-scale.  

Coarse-graining12 means that the atoms are lumped together to form ‘beads’. 
In the usual practice, the chemical groups of polymers are represented at the 
meso-scale by these coarse-grained entities. Usually in DPD, the like-like 
interactions between beads, i.e. the non-bonded interactions between beads of 
the same type, are taken to be independent of the bead-type. In the original 
approach, Groot and Warren1 obtained the ‘universal’ like-like interaction 
parameters by matching the isothermal compressibility as calculated from the 
equation-of-state (EoS) of a DPD fluid to that of water. The authors 
subsequently obtained the parameters for pair-wise interactions by a mapping 
to the Flory-Huggins χ-parameters13. This framework is very convenient for the 
simulation of polymeric systems. For the functional groups polymer solubility 
parameters are well known and Flory-Huggins parameters can be computed by 
various methods14, 15. The non-bonded DPD interactions combined with the 
local equilibration due to the DPD dynamics will give a local structure dictated 
by the χ-parameters.  

However, the Groot-Warren scheme has some limitations. For example, all 
types of DPD beads represent the same (average) molecular volume meaning 
their ‘like-like’ interactions are equal. However, when coarse-graining is done 
by identifying chemically functional groups one can only limitedly control the 
number of atoms that are lumped together to form a bead. This means that 
significant volume differences between beads can occur. For any polymer, this 
difference can amount to a factor 3. It will be clear that the meso-structure will 
not be represented correctly well when beads occupy the wrong volume. 
Hence, beads representing different functional groups ought to have different 
like-like interactions, which will provide not only the volumetric properties, but 
also the essential chemistry.  

In the literature, there are several important approaches reported to 
parameterize DPD beads based on variable like-like repulsions. Travis et al.16 
construct like-like DPD interactions from the bead solubility parameters, and 
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define the pair-wise interactions based on the Hildebrand regular solution 
theory. However in their work, like-like interactions are computed 
independently from each other without considering how to recover correct 
bead densities. Alternatively, Backer et al.17 and Spaeth et al.18 introduce beads 
with variable masses at different coarse-graining levels. Therein, like-like 
interactions of beads are computed from mechanical equilibrium, but the 
densities of individual beads are constant. The method presented in this 
chapter is conceptually different from these by introducing a density-
dependent parameterization which allows recovering experimental bead 
densities from the simulations. A similar idea to ours is reported in the 
dissertation of Stoyanov19. However, to the best of our knowledge, the method 
is neither extended to compute pair repulsions nor to realistic systems. 

The conventional DPD parameterization scheme is a top-down approach. 
The parameters of the model are fitted such that certain thermodynamic 
quantities (namely densities and Flory-Huggins parameters) are recovered. 
Note that there are also other bottom-up coarse-graining approaches to study 
soft-matter systems. In these methods the meso-scale parameters are obtained 
from an underlying atomistic model by techniques such as: iterative Boltzmann 
inversion, inverse Monte Carlo sampling or force matching20, 21. These methods 
are system-specific, and require performing extensive atomistic simulations to 
couple to coarse-grained scale, hence making difficult to be used as a general 
tool. Although a formal statistical mechanics recipe for coarse-graining exists, 
this recipe cannot be used in practice. In the bottom-up approaches many 
assumptions are made (e.g. pair-wise interactions) that severely influence the 
quality of the parameterization. What is often found is that the 
thermodynamics (and other macroscopic properties such as transport 
coefficients) of a meso-scale model that was parameterized by a bottom-up 
approach deviates a great deal from reality.  

In this chapter, we introduce a straightforward procedure to derive DPD 
parameters to represent variable local bead densities in the meso-scale 
simulations. In the alternative approach we keep most of the Groot-Warren 
framework intact, but extend it by allowing bead-type dependent like-like 
parameters. The developed parameterization will be used in the simulations of 
the following chapters. 
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2.2. DPD simulation method and parameterization 

In DPD, the motion of beads is defined by solving Newton’s second law of 
motion, where total force fi acting on bead i is given as: f𝑖 =  f𝑖

 C+ f𝑖
 D+ f𝑖

 R, 

which is the sum of the conservative force f𝑖
 C, dissipative force f𝑖

 D and random 

force f𝑖
 R. 

The latter two are related by a fluctuation-dissipation relation and determine 
the temperature of the system22. The functional forms are, 

iiiiii rwfvrwf θσγ )(,)( RRDD −=−=  (2.1) 

where, γ and σ are amplitudes of dissipation and repulsion, v is the velocity, wD 
and wR are the position r dependent weight functions. θi is the noise term 
fluctuating with Gaussian statistics having zero mean. The weight functions 
and the amplitudes for the dissipative and random contributions are shown to 
have the form, 
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The equilibrium structure is purely determined by the conservative forces. 
Because all forces act pair-wise, the momentum is conserved and DPD gives 
rise to the proper hydrodynamic behavior on long time and length scales. This 
is different from, e.g., Brownian Dynamics and has shown to be beneficial in 
reaching thermodynamic equilibrium23. 

We are mostly interested in (near) equilibrium-structural properties and not 
that much in the dynamic properties of DPD. For the frictional parameters we 
used the optimum values reported in Groot and Warren. This corresponds to σ 
= 3. For a further investigation of the effect of friction coefficients on static 
and dynamic properties we refer to the work of Hijon et al. 24. 

The conservative force consists of bonded and the non-bonded terms. 
When modeling polymeric systems, stretch and bending potentials are 
employed for the bonded terms. In this chapter, we are not concerned with the 
bonded interactions. The non-bonded interaction is purely repulsive, soft, 
short ranged, and species-specific, namely 
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The dimension of the DPD interaction parameter aij is taken to be energy. 
Note that this is different from some other works where aij is often interpreted 
as a quantity with dimension force. However, we do not conform to the DPD 
tradition of presenting formulas in dimensionless form. This means in 
particular that in our formulas the symbol rDPD explicitly appears and we do not 
implicitly assume that r is in units rDPD. 

As shown by the work of Trofimov25, DPD is only suited if the overall 
dimensionless DPD density ρrDPD

3  is within a certain range. In this work we 
choose the DPD length scale in such a way that the overall DPD density is 
about ρrDPD

3 = 3. This is the value most commonly used in DPD simulations. 
Note that for the generalized parameterization we will introduce below this 
means that, in case of a phase separating mixture, different regions might have 
different densities not corresponding to a dimensionless density of 3. 

The non-bonded DPD interactions of the beads can be obtained by 
mapping thermodynamic quantities. For a pure DPD system Groot and 
Warren showed that the following EoS holds,  

2 3
DPD ,  .p kT a rρ α ρ α= + ≈with 0.101  (2.4) 

The parameterization introduced by Groot and Warren fixed the isothermal 
compressibility by choosing the like-like interactions such that 

1 2 3
,pure ,pure DPDT i ii ikT a rκ ρ α ρ− = +  (2.5) 

In fact they did choose all iia ’s equal and such that the compressibility of water 

for the choice 𝜌waterrDPD
3 = 3, gives a value of aii = 25 kT. Note that when a 

Groot-and-Warren DPD bead mixture phase separates, all phases have (nearly) 
the same density and the same compressibility. This does not correspond to 
physical reality. 

In our generalized scheme we require that for each bead type the pure liquid 
density is attained at the applied pressure. This gives a value for the like-like 
interactions of beads of the same type 
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In a mixture one can imagine that certain components phase separate. 
These phases are in mechanical equilibrium with each other, i.e., they have the 
same pressure. If a phase-separated fraction consists of (nearly) pure liquid, we 
want them to attain their pure liquid density. Eq. 2.6 ensures these conditions. 
However, we cannot independently control the individual compressibilities. 
We have only one unused tuning parameter left, namely the applied DPD 
pressure. This pressure does not have a direct correspondence to the real 
physical pressure. We can tune it to fix an overall compressibility of the 
mixture or pick one of the components and fix its compressibility. For 
example, for a pure one component DPD liquid with a dimensionless density 
of 3 and the conventional choice of a = 25 kT, this corresponds to a pressure 
of p = 23.8 kT/rDPD

3 . This is a reasonable choice because a correct order of 
magnitude for the overall compressibility of a mixture is obtained. Our reason 
to focus on the liquid densities rather than the compressibilities is that 
compressibilities characterize density fluctuations. In a multi-scale approach, 
after reverse mapping, local fluctuations can relax more easily than larger scale 
density differences. 

For the pair-wise DPD interactions, Groot and Warren mapped Flory-
Huggins mean field theory onto DPD1 via: 

3
DPDˆ3.51 , , at 3ij ij ij ij ija kT a a a rχ ρ∆ = ∆ = − =  (2.7) 

where a�ij is the neutral repulsion parameter for every bead pair and χij is the 
Flory-Huggins parameter which represents the mixing or demixing character 
between the beads. This Groot and Warren mapping applies for equal like-like 
interactions as a�ij = aii = ajj.  

In our case, an estimate for the neutral repulsion parameter is required to 
give proper mixing for different species having variable like-like parameters. 
Herein, we derive an expression for the neutral interaction parameter a�ij by 
using the EoS as employed in DPD. If we write the generalized Eq. 2.4 for 
mixtures:  

2 3
DPD ( )p kT r A xρ αρ= +  (2.8) 
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where, A(x) = ∑ xixja�ij and x is the composition. This form of mixing rule is a 
postulate. But it is reasonable because the energetic contribution of the 
pressure is approximately quadratic in the density, and the pressure is quadratic 
in the species densities itself.  

Note again that this rule is explicitly applied only for neutral beads. Since for 
this case the mixing is close to ideal, in the sense that there is (by definition) no 
energetic driving force to create local structure. The only reason for some local 
structure formation can be the differences in local bead volumes. The same 
assumption can be found in Groot and Warren1 and Travis et al.16 who, 
however, assume it to be valid for any aij and not only the neutral ones. 

For the phase-separated state, the volumes that the pure phases occupy will 
equilibrate under the constraint that the total pressure is constant. After this 
equilibration, the separated phases are in mechanical equilibrium. The pressure 
expression in Eq. 2.8 is dominated by the quadratic part since for the usual 
interaction parameters: α𝜌i, purerDPD

3 aii > kT. Therefore, for pure components 
in mechanical equilibrium we have: 𝜌i, pure

2 aii ≈ 𝜌j, pure
2 ajj ∝ p. Because we try to 

model real liquids that show generally little volume change upon mixing, we 
require that also in the DPD simulation the molecular volume does not change 
upon mixing. Generally, however, a DPD liquid is far from incompressible. 
This means that the requirement of small volume change upon mixing needs to 
be imposed by the parameterization. This is done by requiring that liquids at 
their experimental liquid densities have the same DPD-pressure, such that 
aii ≈ p (αrDPD

3⁄ 𝜌i, pure
2 ). Using this relation we find  

3
1 1 DPD

,pure .i i i ii
rV x x a
p

αρ ρ− −= = ≈∑ ∑  (2.9) 

If we substitute Eq. 2.9 into the mixing term we find that   

( ) ( ) ( )
( )

2

3 2
DPD

ˆ ˆ

ˆ

i j ij i ii i j ij ii jj

i j ij ii jj

A x x x a x a x x a a a

p x x a a a
rα ρ

= = + −

= + −

∑ ∑ ∑

∑
 (2.10) 

When substituting this expression into Eq. 2.8 (and neglecting the ideal gas 
term) consistency requires that  

ˆij ii jja a a=  (2.11) 
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We define this as the neutral interaction. This is admittedly a hand-waving 
argument. A much more rigorous derivation can be found by determining the 
Gibbs free energy. If we invert the EoS, Eq. 2.8, we find for pressures 

significantly higher than ρkT that: 𝜌-1 ≈ �𝛼rDPD
3 A(x) p⁄ + kT/(2p). Using 

this relation the pressure dependent part of the Gibbs free energy (per bead) 
can be computed as 

( ) ( ) ( )1 3 1
DPD 2, , , 2 ln .G T p x dp f T x r A x p kT pρ α−= ≈ + +∫  (2.12) 

The A(x) containing term in this expression does not influence the mixing 
behavior if it depends linearly on the mole fractions, because in that case its 
contribution to the total Gibbs free energy remains unchanged upon mixing or 
demixing. This rigorously defines the neutral case. In this case we therefore 

find that �A�(x) = ∑ xi�aiii . Here the terms in the sum are found from the 
pure substance limit. Since by definition, for the neutral case, A�(x) = ∑ xixja�ij, 
equating these two expression gives Eq. 2.11 for neutral interactions. 

Note that in derivation of the Gibbs free energy (Eq. 2.12) we did not use 
the functional form of A(x). The expression at neutral interaction follows from 
the requirement of linearity of the term in the Gibbs free energy. For near 
neutral interaction a quadratic form of A(x) can be defended by referring to a 
series expansion around the neutral case. Far from the neutral case, however, 
the quadratic form of A(x) is a wild assumption. In the next section we will 
therefore not use this assumption but find the thermodynamic description that 
fits the DPD results best by numerical experimentation. 

For computing the pair-wise interactions, we propose a generalization of the 
Groot and Warren relation (Eq. 2.13). Two changes of the Groot-Warren 
equation are needed to allow for variable local densities. First, we use the 
neutral reference a�ij defined by Eq. 2.11. Second, Groot and Warren 
considered a constant density. This does not make much sense if phase-
separation can occur with phases adopting different densities. We therefore 
consider constant pressure. The generalization we find is  

( )
3

DPDpure pure
ˆ,  ,  at 23.8

0.0454ij ij ij ij ij
ii i jj j

pa kT a a a p r kT
a a

χ
ρ ρ

∆ = ∆ = − ≈
+

 (2.13) 

The full justification of the relationship of Eq. 2.13 will be discussed in the 
next section. 
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2.3. Mapping onto Flory-Huggins parameters 

Imagine that two types of beads (i and j) having a pure density difference of, 
say, a factor 3 are mixed in a container. If artificial phase separation is induced 
by increasing aij, two different phases will form where one phase is rich in one 
component and is poor in the other (phase 1). The reverse is true for phase 2. 
Since each species has different pure liquid densities, the like-like interactions 
are not equal and the densities for each phase are different. 

The conventional way to map pair-wise DPD parameters aij onto Flory-
Huggins parameters χij is to analyze the composition of two phase-separated 
phases of a binary mixture at high values of aij. This value is then fitted to the 
known result from Flory-Huggins mean field theory and a relation between aij 
and χij is established. The relation found is linearly extrapolated to low χij 
parameters where no phase separation occurs. This is the procedure used by 
Groot and Warren and others1, 18, 26 and will also be applied here. 

However, in case the mixture is in the critical regime, Wijmans et al.26 
showed that DPD is successfully predicting the phase behavior of monomer-
monomer and polymer-solvent mixtures, despite the Flory-Huggins theory is a 
mean field approach.  

For conventional DPD, where aii = ajj, the two phases have inverted 
compositions, i.e. for a binary phase-separated mixture the ratio of mole 
fraction of species i in phase 1 equals that of species j in phase 2: xi1 = xj2 (and 
xj1 = xi2). For the generalization we consider, where beads have different pure 
liquid densities, this symmetry does not exist anymore. This means that the 
analysis of composition of the two phases of the phase-separated mixture give 
a different relation between composition and the aij value. This has as a 
consequence that there are two non-superimposing branches. So there are, for 
each value of aij, two compositions but only one fitting parameter, namely χij. 
This imposes restrictions on the form of the Gibbs-free energy of mixing, 
because it needs to be able to describe both branches simultaneously. 

In the thermodynamics of mixtures it is conventional to introduce volume 
fractions. For example, the Gibbs free-energy of mixing given by regular 
solution theory27 is usually expressed using a combination of molar and volume 
fractions. The volume fraction ϕ is conventionally defined using the pure liquid 
molar volumes (inverse molar densities), as  
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We found that the two branches of the DPD results for our asymmetric 
mixtures can be described by a Gibbs free-energy of mixing per bead that 
depends only on volume fractions (thus not on molar fractions). Therefore the 
generalization of the ‘Flory-Huggins’ Gibbs free-energy used in the symmetric 
case, where mole fractions and volume fractions are identical, has the Flory-
Huggins-like form of the Gibbs free-energy of mixing per bead, 

mix lni i ij i j
i i j i

G kT φ φ χ φφ
>

∆ = +∑ ∑∑  (2.15) 

Note that this expression of Gibbs free-energy is different from regular 
solution theory that describes a large class of liquid mixtures reasonably well. 
This shows that a DPD mixture behaves significantly different as compared to 
a real liquid mixture. The found form is also different from the real Flory-
Huggins expression. 

For our Flory-Huggins-like model the χ parameter can be computed by 
either of the following equations: 

1 1 2 2
,1 ,2

1 2

ln / ln /
,

1 2 1 2
j i j i

ij ij
i i

φ φ φ φ
χ χ

φ φ

      = =
− −

 (2.16) 

These equations are obtained by considering the conditions of 
thermodynamic equilibrium of two phase-separated phases. 

  In the case where the two bead types have the same like-like parameters 
both formulas give the same result by construction. In our case where the like-
like interactions are distinct, the equality χij,1 = χij,2 is convincing evidence that 
the mixing model is suited to describe the thermodynamics of the mixture. 

We performed the proof-of-concept for various cases: Firstly, we 
considered a mixture at a 1:1 molar ratio. We fixed the rDPD value and 
considered several pressures: 10 kT/rDPD

3 , 23.8 kT/rDPD
3 , and 50 kT/rDPD

3 . For 
each pressure the like-like interaction parameters were scaled such that the 
correct pure liquid densities were simulated (Eq. 2.6) using the NPT ensemble. 

In inset (a) of Fig. 2.1 the results for a mixture with a factor 3 difference in 
pure liquid densities are shown. We observe a good correspondence between 
the computed Flory-Huggins parameters of both phases. In addition, the 
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compositions found are nearly invariant on the value of the pressure used if 
the like-like interactions are simultaneously scaled in such a way that the 
correct densities are obtained. When the same curve is compared with the 
Groot and Warren relation a deviation at lower excess repulsions is noticed. 
This deviation is possibly related to the unequal compressibilities of the two 
bead types. If we consider beads with similar like-like interactions we find a 
relation that is closer to the Groot Warren relation (see inset (b) of Fig. 2.1). 

 

 
Figure 2.1. Excess repulsions for different pure volume ratio of beads scaled with a 
factor of (aii𝜌i 

pure+ajj𝜌j 
pure)/p. The Groot and Warren slope is computed by using the 

same scaling with conventional Groot-Warren parameters at pressure 23.8 kT/rDPD
3  

and plotted as a guide to the eye. The parameters for the non-linear fit are: a = 
0.06432; b = 0.00312. Inset (a): Flory-Huggins parameters are computed via Eq. 2.16 
for each phase (1 and 2). The simulations are run in NPT ensemble with rDPD = 6.71 
Å, for which box volume changes are less than 1 %. For each pressure, the aii and ajj 
parameters are chosen such that 𝜌i 

purerDPD
3 = 1.99, 𝜌j 

purerDPD
3 = 6.04. Symbols 

superimpose for different pressures. Inset (b): Three curves are plotted: Beads having 
the same pure density and like-like interactions, mixture where rDPD = 6.97 Å, and 
𝜌i 

purerDPD
3 = 2.42, 𝜌j 

purerDPD
3 = 4.53 (ratio around 2), and finally curve in inset (a) for 

comparison. The same symbols with the main plot in inset (b) is used. 

 

For the purpose of parameterization, i.e. obtaining aij parameters for known 
(experimental) χij values, it would be very worthwhile to have one master-
relation valid for varying pure-density ratio’s and pressures. In an engineering 
approach we have tried to find a scaling that causes the curves in inset (b) of 
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Fig. 2.1 to superimpose. In this way we found a good correlation between the 
computed Flory-Huggins parameters and a scaling factor: 
∆a×[(aii𝜌i 

pure+ajj𝜌j 
pure)/p]. This scaling factor does not significantly influence 

the superposition found in inset (a) of Fig. 2.1 because the pressure increases 
proportionally when the like-like parameters are scaled. 

 The rescaled data is shown in main plot of Fig. 2.1. It can be seen that the 
data can be well described by one master curve. This curve is not fully linear 
though. A fit in the form ax/(1+bx) describes the trend quite well. A non-
linear relation between Flory-Huggins parameters and DPD interactions has 
also been reported elsewhere26. Additionally, we also observe that scaled Groot 
and Warren relationship is still a reasonable linear approximation to this master 
curve. For the sake of computational convenience, this linear approximation 
could be used to compute pair-wise interactions. This is the relation we present 
in Eq. 2.13. 

With the alternative parameterization we obtain a good correspondence to 
the pure volumes of beads when they phase separate in the simulations (see 
inset of Fig. 2.2).  

When the components are phase-separated, the interface width (w) can be 
related to the Flory-Huggins parameters (χ) by a general relation in the form1, 28: 
w ~ (χ ‒ χcrit)-0.5. We fitted a curve in this form to the computed χ vs. w. From 
the fit, χcrit is found as 2.44, which is quite close to the estimation of Groot and 
Warren (χcrit = 2.10 ± 0.04). In Fig. 2.2, an excellent agreement with the 
computed points and the general relation, w ~ (χ ‒ χcrit)-0.5, is observed. 
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Figure 2.2. Flory-Huggins parameters plotted against the interface width (w). The 
points indicate the computed w values in the simulations from an hyperbolic tangent 
fit in the form: 0.5 × �(a− b) + (b− a)tanh ��z − z0�/w��, which ranges from a to b, 
and z0 being the value of z at which the slope of the curve changes from increasing to 
decreasing. The corresponding χ’s are from Eq. 2.16. Parameter c in the fit (solid line) 
is 0.9105. In inset the phase separation for non-bonded bead pairs i-j shown at Δa = 
15 kT. Density profile in the inset for 𝜌i 

purerDPD
3 = 1.99, 𝜌j 

purerDPD
3 = 6.04. The 

interface is parallel to the xy-plane. 

 

2.4. Conclusions  

The key feature of this chapter is that DPD beads, which represent chemically 
functional groups in the polymer, can be modeled to have different local 
volumes with a straightforward computational procedure. Our generalized 
parameterization produces results in agreement with a Flory-Huggins type 
theory and contains the Groot and Warren relation as a special case for equal 
volume beads. 

Compared to the structures that would be obtained with the conventional 
equal-bead-size parameterization, the local volumetric properties are much 
better represented at the meso-scale. This is important in a multi-scale 
approach where DPD is used to relax large length scales, and reverse-mapping 
to build an accurate atomistic configuration.  

The approach we have taken to make sure that beads have correct local 
densities was by tuning the like-like interactions. We showed that the 
thermodynamics such a DPD mixture obeys is quite different from the 
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conventional thermodynamics of mixtures such as Hildebrand regular solution 
theory27. One might be able to approach realistic solution behavior more 
closely by not only tuning the aij parameters, but also varying the range of 
interaction for different pair interaction, i.e., tuning rDPD,ij. This would require a 
much more sophisticated mapping procedure which might be much less easy 
to apply. In our opinion not a lot will be gained by doing this. We feel that, for 
the purpose of providing a relaxation step in the process of creating a faithful 
atomistic structure, our simple procedure has the optimal trade-off between 
accuracy and ease of use. It extends the applicability of the conventional Groot 
and Warren parameterization scheme without introducing too sophisticated 
mapping procedures.  
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Chapter 3 
 

 

Mesoscopic simulations for the molecular and 
network structure of a thermoset polymer  

 

 

 

In this chapter meso-scale simulations are performed to obtain a fully cross-linked, 
equilibrated structure of an epoxy network in bulk. We derive and study the 
interactions giving rise to the final structure.  

 

 

 

 

 

 

 

 

This chapter is adapted from the publication: G. Kacar, E. A. J. F. Peters, G. de 
With, Soft Matter, 9 (24), 5785-5793, 2013. 

  



Chapter 3 

26 

3.1. Introduction  

In this chapter, we perform computer simulations to gain insight about the 
structure and network properties of a particular thermoset epoxy. Due to the 
long time scales involved in cross-linking, this process cannot be simulated on 
an atomistic level. In this work, we use a mesoscopic simulation technique to 
build the cross-linked structure. 

As mentioned in the previous chapter, Groot and Warren2 mapped DPD on 
to mean field theory allowing computation of DPD parameters directly 
obtained from experimental data. By means of a top-down approach, multiple 
scales are coupled to reach a final structure dictated by the thermodynamic and 
transport quantities. Conventionally, Flory-Huggins9 interaction parameters are 
used for this purpose. The assumption made in this mapping is that beads are 
required to occupy the same volume. However, in case of an epoxy, upon 
coarse-graining based on chemical functional groups bead volumes vary 
significantly. If beads occupy the wrong volume in a simulation describing 
cross-linking, an unrealistic network structure will occur. This is highly likely an 
irreversible process: Once an incorrect structure is formed, it cannot be 
corrected. To resolve this, we use a recently developed generalized 
parameterization of DPD where beads can have variable local volumes dictated 
by their pure liquid densities in the simulations10. Having proper local volumes 
around beads will lead to the formation of the realistic network structure. In 
the current chapter, we employ the generalized DPD parameterization 
scheme10 derived in Chapter 2 to study bulk epoxy. 

We organize the chapter as follows: We first show the phase behavior and 
structure for the case of the free beads, and later for the cross-linked chains. 
Furthermore, we discuss the time evolution of the formation of the cross-
linked network which will be supported by a simple scaling theory regarding 
the changing dynamics as function of cross-link formation criteria. Finally, we 
present the effect of a slower cross-link reaction rate on the cross-link 
conversion and meso-scale structure. 
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3.2. Materials 

3.2.1. Chemical structure and coarse-graining of epoxy  

An epoxy is a thermoset polymer composed of a resin and an amine cross-
linker. In our case, DGEBA (Di-Glycidyl Ether of Bisphenol-A) and DETA 
(Diethylenetriamine) acts as the resin and cross-linker, respectively (Fig. 3.1).  

 
Figure 3.1. Coarse-grained representations of (a) DGEBA and (b) DETA. 

 

Upon cross-linking the epoxy group of DGEBA and the amine groups of 
DETA react with each other. The cross-link reaction between epoxy and 
amine is a hydrogen exchange reaction which means that the H-atom of the 
amine hydroxylates the O-atom of epoxy. That means, two H-atoms can 
hydroxylate two epoxy groups, which are bonded to the same nitrogen atom of 
the cross-linker. This makes one amine group di-functional. In overall, one 
DETA molecule has five H-atoms to which five epoxy groups can bind which 
makes it five functional. Due to the high functionality of the cross-linker, a 
well-cross-linked structure will be formed. The system is considered as fully 
cross-linked when all the epoxy and amine groups are linked to their 
counterpart. A schematic representation of fully cross-linked system per amine 
cross-linker is shown in Fig. 3.2. 
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Figure 3.2. Representation of a fully cross-linked epoxy structure. Bonds with thicker 
lines show the chemical links between epoxy and cross-linker molecules. R-groups 
indicate the rest of the epoxy molecular structure. 

 

In DPD the meso-scale interaction parameters are calculated based on the 
appropriate coarse-graining of the chemical units. The general idea is to 
identify chemically identifiable functional groups of atoms in a molecule and 
forming larger particles which are called DPD beads. The coarse-grained beads 
we used, based on chemical groups as often used in group contribution 
methods (see, e.g. reference 13), are shown in Fig. 3.1. 

3.3. Computational details 

3.3.1. Parameterization of dissipative particle dynamics (DPD) 
interactions 

We choose the DPD length scale such that the overall dimensionless DPD 
density is approximately 𝜌rDPD

3 = 3. To compute rDPD, the ‘real’ density 𝜌 of 
the system needs to be known. This value can be determined from the 
experimental value of the mass density. Here we will make an estimate by 
assuming that the system does not change in volume upon mixing. We 
therefore estimate the average molecular volume by assuming that this volume 
is the weighted average of the pure species volumes. This leads to 
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(3.1) 

Here Vi and Ni, with i = A, B,…, F, are the molar volumes and number of 
beads in the simulation box for each type of bead, respectively. The molar 
volumes of the different bead types are estimated from the pure component 
number densities 𝜌i, pure. The mass and number density values used are 
presented in Table 3.1. As the beads are not proper molecules their densities 
cannot be determined experimentally. Therefore the mass densities of pure 
beads (ρm,i) were calculated by running all atom MD simulations for all bead 
types in the isothermal-isobaric (NPT) ensemble with the Discover Module of 
the Materials Studio11 software using the COMPASS force field12. 

 

Table 3.1. Liquid mass densities (ρm,i), molecular weights (MW), and pure component 
number densities (ρi,pure). 

Type of Bead ρm,i (g/cm3) MW (g/mol) ρi,pure = ρm,i /MW (Å-3) 

A 0.938 58.07 0.0097 

B 1.034 94.11 0.0066 

C 0.634 44.09 0.0087 

F 0.987 60.09 0.0098 

D 1.034 31.05 0.0200 

E 1.001 45.08 0.0134 

 

In our simulations we consider both bonded and non-bonded forces 
between beads. The non-bonded DPD interactions of the beads are computed 
by our generalized parametrization procedure presented in Chapter 2. For 
beads that are connected by a bond we use a stretch potential and for three 
subsequent, connected beads we have an angle potential. No normal torsion or 
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out-of-plane torsions are considered. The values of stretch and angle potential 
constants are provided in the appendix section of this chapter. 

The Flory-Huggins parameter9 which quantifies the excess repulsion 
between the beads can be related to the solubility parameters δ by:  

2
bead ( )

.i j
ij

V
kT
δ δ

χ
−

=  (3.2) 

In this equation the δ’s can be obtained directly from group molar 
contributions, e.g. those of van Krevelen13. We used the Molecular Modeling 
Pro software14 to calculate the δ parameters by the van Krevelen/Hoftyzer 
approach. Vbead is the corresponding molar volume of each bead and is directly 
related to the range of interaction, DPDr  in Eq. 3.1. The value for DPDr is taken 
to be the same in all the simulations.  

Table 3.2 gives the δi values, the Flory-Huggins interaction parameters and 
the corresponding like-like and pair-wise DPD interaction parameters. In the 
diagonal entries the like-like interaction parameters of the beads show 
significant differences. Corresponding pure bead number densities show quite 
large differences (see Table 3.1) as well. Beads associated with high pure liquid 
number densities have small like-like interactions. For example, bead B which 
has a low density and bead D which has a high density, illustrates this fact. 
Moreover, there is approximately an inverse relationship between the number 
density and the square root of the bead’s like-like parameter which is expected 
according to Eq. 2.6 in Chapter 2. 

  



Mesoscopic simulations for the molecular and network structure of a thermoset 

31 

Table 3.2. Solubility parameters δi  (in dimensions (J/cm3)0.5), Flory-Huggins 
interaction parameters χij, like-like aii and pair-wise repulsive interaction parameters aij 
for all beads. 

χij A 

δA = 20.02 

B 

δB = 29.08 

C 

δC = 16.11 

F 

δF = 31.91 

D 

δD = 27.74 

E 

δE = 21.64 aij[kT] 

A 
0 2.43 0.45 4.19 1.77 0.08 

27.79 

B 
49.86 

0 4.99 0.24 0.05 1.64 

62.01 

C 
33.22 63.11 

0 7.39 4.01 0.91 

35.46 

F 
45.55 41.61 60.99 

0 0.52 3.12 

26.83 

D 

23.37 19.26 36.43 15.66 

0 1.10 

5.84 

E 
20.23 36.01 26.66 35.51 17.47 

0 

14.15 

 

3.3.2. Modeling cross-link formation at meso-scale 

In the simulations, the cross-link formation algorithm is based on attaching 
bonds between beads that are capable of cross-link formation (i.e. A, D and E) 
if the distance between them falls within a pre-defined distance value, rcross. In 
the simulations we take rcross ≪ rDPD. Therefore, the event of two beads coming 
close together to form a cross-link is quite rare. More than 2 beads 
approaching each other all within a distance smaller than rcross will be even 
rarer. When such a situation occurs there is an ambiguity, namely: which 2 out 
of the 3 beads should cross-link? This ambiguity is solved by attaching priority 
such that a bond between beads having the smallest separation is formed. 
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Besides using the distance rcross to tune the rate of cross-link formation we also 
use probabilities to determine if a cross-link reactions occurs. If, in a time-step, 
two cross-linkable beads are closer than rcross a cross-link will be formed with 
the specified probability for these two beads. The probabilities are used to tune 
the relative rates of the different possible cross-link reactions. 

Moreover, we are concerned with the formation of a permanent epoxy 
network and only consider bonding reactions. Therefore a stochastic approach 
that guarantees that the correct equilibrium (due to bonding and debonding) as 
in reference 15 is sampled is not relevant.  

3.3.3. Protocol for the mesoscopic simulations 

For the coarse-grained DPD simulations we use the parallel LAMMPS MD 
package16, 17. All of the simulations are carried out with a box containing 7610 
coarse-grained DGEBA and 3044 coarse-grained DETA chains such that the 
stoichiometric ratio is satisfied. Periodic boundary conditions are employed in 
all simulations. The overall bead density is near 3/rDPD

3  and a box size of 
30 × 30 × 40.02 rDPD

3  corresponding to a total number of 108,062 beads. The 
box size is selected such that the wavelength of the density fluctuations are 
smaller than the dimensions of periodic box18. We set the pressure at the value 
p = 40 kT/rDPD

3  in our NPT simulations. 

The time step in the simulations is selected as 0.02 tDPD. It is not 
straightforward to relate a DPD time step to an experimental time. One 
approach is to compare the diffusion coefficient of a bead with an 
experimental value. Using this kind of analysis for water a unit DPD time of 
about 90 ps was obtained by Groot and Rabone19. For our purpose the exact 
mapping of the time scale is not that important since our main interest is the 
final cross-linked structure. 

The total simulation time is set as 1∙104 tDPD with the first 4∙103 tDPD is 
equilibration phase, plus 6∙103 tDPD time of data collection unless stated 
otherwise. For the cross-linking simulations, the cross-link formation criterion 
is switched on after the equilibration phase. 
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3.4. Results and Discussion 

3.4.1. Phase behavior and structure of free beads  

Attractive and repulsive interactions of beads are known to exist in epoxies20. 
The phase-separating character of the DPD beads is quantified by the χij 
parameters describing the excess repulsion between beads. Therefore, the 
discussion on the phase character is made in terms of the χij parameters rather 
than in aij parameters.  

For a system composed of a bead-spring model, it is difficult to comment 
on the overall structural or phase behavior tendency of the system by only 
looking at the χ-parameters because of the bonded constraints. Also due to the 
cross-linking, the structure is vitrified at some moment in time where beads no 
longer diffuse. Therefore, the local interactions of epoxy and cross-linker 
functional groups are investigated in the following way: We use the same 
amount of beads as described in simulation protocol section for which all 
bonds are removed (which is called as free beads). This will provide a clear 
observation and quantification of preferential affinity of beads.  

Firstly, we compute the radial distribution function (RDF) for pairs and 
qualify the results as attractive or repulsive. The RDF results and the 
predictions from the χ-parameter are presented in Table 3.3. The species are 
rearranged in groups according to the RDF results. In this way the table 
becomes ‘block-diagonal’. The group of types A-C-E and B-D-F are mutually 
repulsive. All intra-group interactions are attractive. In other words there is a 
phase-separation into an A-C-E-rich phase and a B-D-F-rich phase.  

On the whole the simulation results correspond with the attractive or 
repulsive nature of the interactions as quantified by the χ-parameter. This 
clearly illustrates that our generalized DPD parameterization method works 
well. There is a slight mismatch for some bead pairs. The χ-parameters for E-D 
and E-B indicate that these interactions are weakly attractive. When looking at 
the density profile in Fig. 3.3, there is a small excess of E-beads near the 
interface and these beads have a significant concentration in the B-D-F-rich 
phase. There is also a discrepancy for the A-D interaction. This might explain 
why the concentration of A beads in the B-D-F phase is non-negligible. We 
suspect that the minor discrepancies between expectations on the basis of χ-
parameters and observations from simulation are because beads in a multi-
component mixture have more complex neighboring interactions than those in 
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binary mixtures. The phase separation and the distribution of free beads are 
illustrated in Fig. 3.3. 

 

Table 3.3. Comparison of the attractive/repulsive interactions between bead pairs. 
Attractive (A), repulsive (R), weakly attractive (N/A) and weakly repulsive (N/R) 
interactions from the χ-parameter, and from the RDF plots (in square brackets). A χ 
value of 2.0 (i.e. the critical χ value from Flory-Huggins theory for beads having equal 
number of segments) is considered to be the critical value separating attractive and 
repulsive interactions. 

Bead Index A C E B D F 

A A [A] A [A] A [A] R [R] N/A [R] R [R] 

C A [A] A [A] A [A] R [R] R [R] R [R] 

E A [A] A [A] A [A] N/A [R] A [R] R [R] 

B R [R] R [R] N/A [R] A [A] A [A] A [A] 

D N/A [R] R [R] A [R] A [A] A [A] A [A] 

F R [R] R [R] R [R] A [A] A [A] A [A] 
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Figure 3.3. Snapshots of final structure and bead densities in case of free beads. A-C-
E (top) and B-D-F (bottom) phases appear. Raw number density values are 
normalized with bead concentrations (middle) for fair comparison. 

 

3.4.2. Volumetric properties of the beads 

We applied Voronoi tessellation21 to the meso-scale structure to quantify the 
volumes around beads. The volume of a Voronoi cell is an appropriate 
measure for volume associated with a specific bead. In the Voronoi 
calculations, we use the open-source Voronoi-tesselation code Voro++22. 

Firstly, we computed Voronoi volumes for free beads with neutral repulsion 
parameters (i.e. χij = 0 kT). Fig. 3.4, left, clearly indicates that the volumes of 
the beads differ significantly from each other. If the like-like interactions in 
Table 3.2 are considered (proportional to the square of the pure liquid volume 
of a particular bead), a good correlation with the volumes is observed. For 
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example, bead B has the largest Voronoi-volume and also has the largest like-
like interaction. Conversely, bead D has the least like-like interaction value, and 
its volume observed to be the smallest. If we order the bead types according to 
increasing like-like interactions we find the sequence: aDD < aEE < aFF < aAA < 
aCC < aBB. This is exactly the same sequence of peaks in Fig. 3.4 (VDD < VEE < 
VFF < VAA < VCC < VBB). Types A and F have very similar like-like values and 
indeed have very similar Voronoi volume distributions. 

 
Figure 3.4. Histogram of the Voronoi cell volumes for each bead type (left), and the 
representation of the Voronoi cells (right). 

 

The experimental pure liquid and the computed volumes around beads are 
given in Table 3.4. The computed values for free beads are similar to their pure 
values and the sequence is the same. However, there is still a minor 
discrepancy between them. The reason is that every bead is in contact with 
other beads. Therefore the volume associated with a bead type is only partly 
determined by its own pure liquid density. The average computed volume of a 
species falls in between the average molar volume of the mixture and the 
individual pure volume of that bead type. Therefore, the distance between 
neighboring beads depends on the repulsion parameters of both bead-types. 

The third row in Table 3.4 represents the volumes of beads in the cross-
linked system. Here, the Voronoi volumes of these beads are observed to be 
significantly affected by bond and angle constraints. 
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Table 3.4. Experimental bead volumes compared with bead volumes from Voronoi 
tessellation. The values in parenthesis are standard deviations in the mean. Number of 
data points for each bead type is different and corresponds to the amount of beads of 
a specific type in the simulations. 

Bead Type A B C F D E 

Pure liquid  
bead volume 

( 3
DPDr ) 

0.281 0.413 0.316 0.276 0.136 0.205 

Volume of  
free beads 

( 3
DPDr ) 

0.313 

(0.007) 

0.364 

(0.007) 

0.327 

(0.007) 

0.311 

(0.007) 

0.257 

(0.006) 

0.282 

(0.006) 

Bead volume  
in the 

 cross-linked 
 system 
( 3

DPDr ) 

0.304 

(0.022) 

0.360 

(0.011) 

0.332 

(0.009) 

0.356 

(0.011) 

0.211 

(0.012) 

0.204 

(0.014) 

 

3.4.3. Cross-link formation and cross-linking dynamics 

One of the ways to quantify the cross-link character in a system is the cross-
link conversion value, being the ratio between the actual number of cross-links 
and the maximum amount of cross-links that can occur in the system. The 
number of cross-links is defined as the total number of connections between 
bead pairs: A-D and A-E. 

In Fig. 3.5 we show the conversion as a function of time for different values 
of rcross, which is the critical distance used in the cross-link criterion. In this 
simulation a cross-link is formed with probability one if two cross-linkable 
beads come closer than rcross. In the figure, the time is rescaled to a 
dimensionless time t ′  such that the curves all fall on one master curve. The 
inset shows that the final radial distribution function for pairs A – (D & E) is 
the same for all rcross values. This suggests that the rcross-value sets the rate of the 
cross-linking process, but that the same structure is generated irrespective of its 
value (with the constraint that rcross <<  rDPD). From a computational point of 
view we prefer a large rcross value as less time is required to obtain a fully cross-
linked system. For rcross = 0.2 rDPD we observe after 2·104 DPD times, a final 
cross-link conversion around 0.95, which is comparable to values reported in 
the literature23, 24. Such a high number of cross-links gives rise to a relatively 
rigid structure with low swelling properties and low mobility of the molecules. 
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Figure 3.5. Plot of cross-link conversion versus DPD time scaled for each rcross-value 
according to Eq. 3.3. The inset RDF shows that the local structure is the same for all 
rcross-values at the end of the simulation. 

 

To explain the master curve for the cross-link conversion, we present an 
analysis in the following section demonstrating how the rate of cross-linking 
depends on the parameter rcross. The epoxy structure (final or intermediate) 
does not depend on the rate of cross-linking, only on the amount of cross-
linking. So, for all values of rcross the intermediate stages are in pseudo-
equilibrium. 

3.4.4. Scaling theory for dynamics of cross-link formation 

The cross-link formation is an activated process because rcross ≤  rDPD. Let’s 
define Pcross as the probability that two cross-linkable beads, which have 
approached each other (to say, a distance 0.5 rDPD), will form a cross-link. 
Rigorous computation of Pcross would constitute solving a first passage problem: 
We assume that, at least initially when no cross-links have been formed yet, 
Pcross is proportional to the equilibrium probability density that two beads 
approach each other up to a distance rcross, i.e., Pcross ≈ C(0) × rcross

2 gij(rcross), where 
gij(r) is the radial distribution function between beads i and j in the non-cross-
linking system. 

Clearly as cross-linking progresses the cross-link probability will change 
since there are less and less sites available. For longer times we therefore 
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expect that Pcross ≈ C(conversion) × rcross
2 gij(rcross). The factor rcross

2 gij(rcross) with 
the non-cross-linking radial distribution function: gij(r) sets the time scale of the 
dynamics. Clearly for later times, when cross-linking progresses, the radial 
distribution function will change. However, the influence of this on Pcross is 
accounted for by C(conversion). So, the influence of the rcross on the rate of 
cross-linking will be proportional to Pcross. This means that if we monitor the 
conversion as function of a dimensionless time, 

( )2
cross cross

2
DPD

ij

DPD

r g rtt
t r

′ = ⋅
 

(3.3) 

we expect to find a master curve. This master curve is indeed found in Fig. 3.5. 
In this analysis obtaining the value of gij(rcross) is difficult because this value is 
very small which means that the value obtained by making a histogram for gij(r) 
has poor statistics. We present an accurate approach to compute gij(r) which 
runs as follows. 

We decompose gij(r) into the so-called cavity correlation function, yij(r), and 
the Boltzmann factor, exp[‒βUij(r)] such that gij(r) = yij(r) exp[‒βUij(r)]. Here β 
= 1/kT and Uij is the interaction energy. Since it is expected that yij(r) is a 
smooth function near r = 0 it can be well estimated by performing 
extrapolation of values at larger r. Using this approach, a good approximation 
of the radial distribution function at rcross is obtained. The detailed 
decomposition and the results can be found in Fig. 3.6. 
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Figure 3.6. The main plot shows the function yij(r) = exp[Uij(r)/kT]gij(r) for a non-
cross-linked system. In the region the where r is small, yij(r) can be extrapolated to r 
equal to zero. The inset shows the gij(r) plot of A – (D & E) pairs from the simulation 
taken for the final 1.4·105 DPD time of 1.6·105 run. 

 

3.4.5. Coarse-grained structure of epoxy and the network  

In this section, the structure is analyzed for the cross-linked epoxy where bond 
and angle constraints exist.  

An isotropic cross-linked material results at the end of the coarse-grained 
simulations. Bead densities are plotted and observed to have a homogenous 
density distribution averaged over the yz-plane as a function of x. Profiles as 
function of y and z are similar.  

The system is homogeneous before cross-linking as shown in Fig. 3.7(a). 
After cross-linking is initiated, we see minor density fluctuations of the cross-
linking beads (Fig. 3.7(b)). Spontaneous formation of bonds between those 
beads having them gathered together which increases the local density around 
(i.e. domains become slightly rich in A, D and E beads around cross-links). 
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Figure 3.7. Bead density profiles averaged over time for the spatial direction, x. (a) 
Simulation run without cross-link bonds formed, (b) Cross-linked simulation where 
bonds form after equilibration of the non-cross-link phase. 

 

The degree of cross-linking is different for each bead type. Table 3.5 
quantifies the total number of reacted/unreacted beads in the simulation box 
and exhibits the bead-type specific cross-link conversion.  

Bead D has the highest degree of conversion. In the cross-linker chain 
configuration, bead D is positioned at both ends of the chain (see Fig. 3.1) 
increasing the probability to be found by bead A. Moreover, bead E is 
hindered inside the chain making less accessible to its cross-link counterpart. 
The data in Table 3.5 are obtained from a simulation where a particular cross-
link bond forms with a probability value of 1.0. 

 

Table 3.5. Amounts of reacted and unreacted beads. Bead D is differentiated as once 
and twice reacted since it is di-functional. Beads A and E shown as not-applicable 
(N/A) as they can react once. Conversions are calculated by dividing number of 
reacted beads to the total number of that bead type. 

Bead Type Once 
reacted 

Twice 
reacted Unreacted Total 

Conversion 
A 12267 N/A 2904 0.808 

D 1721 4393 23 0.996 

E 1956 N/A 1088 0.643 
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We also studied the effect of a different reaction rate on the cross-links 
formed. The primary amines (-NH2) are known to have a higher rate constant 
than secondary amines (-NH) when reacting with the epoxy group with a ratio 
varying between 0.1 – 0.625. We impose a slower rate of reaction by assigning a 
probability value of 0.5 to the secondary amine – epoxy reactions. This 
probability will lead to a selective cross-linking mechanism where each possible 
bond is rejected if the generated uniform random number is greater than 0.5.  

Assigning a slower rate to the secondary amine-epoxy reactions has a 
significant influence on the cross-link conversions. For the once and twice 
reacted bead D (having 1 and 2 connections, respectively), we notice that the 
conversion for once reacted (XD

1) is increased and twice reacted (XD
2) is 

decreased: XD
1
, Prob1.0 = 0.28, XD

2
, Prob1.0 = 0.72, XD

1
, Prob0.5 = 0.38, XD

2
, Prob0.5 = 

0.62. This is indeed the result of being the second amine-epoxy bond less likely 
to be formed when compared to the primary amine. 

In Fig. 3.8, we plotted the time evolution of cross-linking beads as reacted 
and unreacted to observe the respective concentrations more clearly. As 
mentioned earlier, bead D makes the first reaction at a much faster rate than 
the second one as the secondary amine-epoxy reaction rate is decreased. As a 
result, the twice bonded bead D concentration decreases significantly. This is 
an expected outcome influencing the topology of the network formed. In fact, 
this might heavily influence the mechanical properties of the material formed.  
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Figure 3.8. Time evolution of reacted and unreacted beads plotted for the fast and 
slow cross-link reactions (i.e. probabilities of secondary amine – epoxy reactions are 
1.0 and 0.5, respectively). Black curves (without symbols) are with probability of 1.0, 
and red curves (with symbols) with probability of 0.5. Percentages are shown to make 
a fair comparison between different bead types. Total simulation time is extended to 
16∙103. At 4∙103 DPD time the cross-link reactions are switched on. 

 

The final distribution of the mesoscopic beads along the box is not strongly 
influenced by the change in cross-link conversion. There is a slight increase in 
the number of unreacted A, once reacted D and reacted E beads. Fig. 3.9(a) 
and Fig. 3.9(b) show that a homogenous distribution is present for both fast 
and slower rates of secondary amine – epoxy reactions. 
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Figure 3.9. The amount of cross-linking beads (A, D and E) are plotted in x 
dimension for (a) Probability of 1.0, and (b) Probability of 0.5 is assigned to the 
secondary amine-epoxy reactions. y and z axes are similar to the x-axis and not shown 
here. 

 

3.5. Conclusions 

In this chapter we studied the meso-scale and network structure of an epoxy 
by coarse-grained DPD simulations. Using different bead-volumes we show 
that the structure found in a DPD simulation indeed corresponds to the one 
expected from the values of the used χ-parameters. Moreover, the volumetric 
properties of free beads demonstrate that the local variations in density due to 
volume based parameterization are represented well.  

The cross-link conversion is monitored. The cross-link evolution in time is 
found to obey the same master-curve for any selected rcross-value if the time-
scale is changed according to simple scaling theory. In other words the change 
of the rate (tuned by changing rcross) does not change the cross-linked structure. 
In experimental practice cross-linking proceeds so slowly that a similar pseudo-
equilibrium will be established. Therefore the final structure depends solely on 
physical equilibrium properties such as the χ-parameters, pure bead densities 
and chain connectivity.  

In the modeling of the cross-linking reactions we also studied the effect of 
variable reactivity of amine-epoxy reactions. A slower reaction rate is assigned 
to the secondary amines upon reaction with epoxy and found to have no 
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significant influence on the local structure, but has an effect on the equilibrium 
cross-link conversions of different beads. Varying the cross-link conversion of 
beads might affect the mechanical properties of the material.  

3.6. Appendix: Bond and angle parameters 

To derive the bond potential and angle potential parameters for DPD, we 
initially run Molecular Dynamics (MD) simulations for each six bond pairs (A-
B, B-C, B-F, D-E, A-D, A-E) and five dihedral angle types (A-B-C, B-F-B, C-
B-F, B-C-B, D-E-D). Fully atomistic structures corresponding to these 
sequences are simulated in the canonical ensemble (NVT). For the MD 
simulations, simulation boxes for each bead sequences are formed with the 
Accelrys Discover Module. The average densities in the simulation boxes are 
set to represent gas phase for each sequence. In all of the simulations, the 
temperature is 298 K and the total simulation time is 1.0 nanoseconds after a 
geometry optimization of 50,000 steps with Steepest Descent, Conjugate 
Gradient and Newton minimization algorithms. Data is collected for the last 
200 picoseconds of the simulation. The center-of-mass coordinates for each 
sequence section representing one bead are calculated to obtain the distance 
and angle values. The bond length and angles are based on the center-of-mass 
coordinates of the first and the last bead. Then, we compute the bond length 
and angle histograms that show probabilities. Boltzmann inversion is used to 
obtain bond and angle potential values from these probabilities. Harmonic 
functional form of the potentials are fitted to the energy curves. In the bond 
potential parameter calculations, the angstrom unit is scaled to the DPD unit 
length before the spring potential functions are fitted. We use the value that 1 
DPD unit length corresponds to 7.15 Å from Eq. 3.1 in the main text. 

3.6.1. Determination of the bond potential parameters 

As a first step, we calculate the distances between the center-of-mass of the 
beads to get the bond length as to represent the connectivity between the DPD 
beads. After all bond lengths are calculated, the histograms are obtained. The 
Boltzmann inversion is applied to obtain the bond potentials in units kT by the 
relation, VB,ij(r) = –ln(P(r))kT, where P(r) is the bond length probability from 
the histograms. A harmonic potential function of the form, VB,ij(r) = kij(r – r0,ij)

2 

+ c  is fitted to the each set of the bond potentials. Finally, we determined the 
constants for each bond in the epoxy and hardener chains, as well as the cross-
linking bonds (i.e. A – D and A – E).  
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Figure A3.1. The plots for the actual bond potentials (black dots) and fitted (red 
lines) curves as well as the constants for the harmonic spring constant and the 
equilibrium angle values.  

 

The equilibrium bond length values are used as they are calculated. On the 
other hand, the harmonic spring constants for all bonds are found to be very 
large because of their very stiff nature. These values are impractically high to be 
used in the DPD simulations. Hence, we used 500 kT/rDPD

2  as lower but still 
representing the stiff bonds instead of the calculated values. 

 



Mesoscopic simulations for the molecular and network structure of a thermoset 

47 

 

3.6.2. Determination of the angle potential parameters 

We can obtain the dihedral angle energy, VA,ijk(θijk), in kT units by again taking 
the inverse Boltzmann factor of the probability, VA,ijk(θ) = –ln(P(θijk))kT where 
P(θijk) is the probability value of the angle for the bead sequence i-j-k.  

An angle potential with the form of a spring potential VA,ijk(θ) = kijk
H (θ – 

θ0,ijk))
2 + c is used in the fitting in which kijk

H  is the force constant in dimensions 
kT/rad2 in the simulations and θ0,ijk is the equilibrium angle value. Figures 
below show the angle potential plots with their corresponding fitted lines as 
well as the angle constants used in the simulations. We found all bead 
sequences form highly stiff angles. Therefore, we used the equilibrium angle 
values as they were obtained and did not use the calculated spring potential 
values because of the very high numerical values. We employed the spring 
constant value as 50 kT/rad2 in the simulations representing stiff angles. 

 

θABC

160 180
0

2

4

6

8

10
H 2

0

1153 3 rad
170 6 degrees

ABC

ABC

k kT
θ

=

=,

.

.

Angle (degrees)

V A
B

C

 

θBFB

100 130
0

2

4

6

8

10
H 2

0

312 2 rad
117 1 degrees

BFB

BFB

k kT
θ

=

=,

.
.

Angle (degrees)

V B
F

B

 

θCBF

160 185
0

2

4

6 H 2

0

756 4 rad
172 3 degrees

CBF

CBF

k kT
θ

=

=,

.
.

Angle (degrees)

V C
B

F

 

θBCB

90 100
0

2

4

6

8

10 H 2

0

3689 9 rad
94 69 degrees

BCB

BCB

k kT
θ

=

=,

.
.

Angle (degrees)

V
B

C
B

 



Chapter 3 

48 

θDED

155 170
0

2

4

6

8 H 2

0

2849 5 rad
163 4 degrees

BFB

BFB

k kT
θ

=

=,

.
.

Angle (degrees)

V D
E

D

 
 Figure A3.2. The plots for the actual dihedral angle potentials (black dots) and fitted 

(red lines) curves as well as the constants for the harmonic spring constant and the 
equilibrium angle values. Red lines show the fit in the form of a spring potential, and 
the black lines show actual potential values. 

 

3.6.3. Bond and angle parameters 

Table A3.1. Sets of (a) bond and (b) angle constants calculated from MD, and used in 
the DPD simulations. 

(a) 

Bond type 

MD DPD 

kij 
[kJ/mol/Å2] 

r0,ij 
[Å] 

kij 
[kT/rDPD

2 ] 
kij ‡ 

[kT/rDPD
2 ] 

r0,ij‡ 

[rDPD] 

A-B 0.88 4.64 5411 500 0.649 

B-C 20.55 3.85 126400 500 0.539 

B-F 3.31 4.48 20380 500 0.627 

D-E 10.76 3.07 66170 500 0.429 

A-D 3.21 3.10 19730 500 0.434 

A-E 9.13 2.94 56140 500 0.411 
 

 

 

 

 



Mesoscopic simulations for the molecular and network structure of a thermoset 

49 

(b) 

Angle type 

MD DPD 

kijk
H  

[kJ/mol/deg2] 

kijk
H  

[kT/rad2] 

kijk
H‡ 

[kT/rad2] 

θ0,ijk
‡  

[deg] 

A-B-C 2.9·10-3 1153 50 170.6 

B-F-B 1.6·10-3 312 50 117.1 

C-B-F 1.9·10-3 756 50 172.3 

B-C-B 9.3·10-3 3689 50 94.7 

D-E-D 7.2·10-3 2849 50 163.4 

Values in DPD columns are converted from physical units calculated from MD. 
‡ Values used in the DPD simulations. 
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Chapter 4 
 

 

Structure of a thermoset polymer near an 
alumina substrate as studied by dissipative 

particle dynamics  
 

 

 

In this chapter we performed dissipative particle dynamics (DPD) simulations to 
investigate the structure and cross-link formation dynamics of a thermoset polymer while 
interacting with the alumina substrate. Mesoscopic polymer-surface interactions are 
determined by matching this surface excess, as computed with atomistic molecular 
dynamics (MD), with those for DPD, thus realizing a coupling between the mesoscopic 
and atomistic scales. 

 

 

 

 

 

This chapter is adapted from the publication: G. Kacar, E. A. J. F. Peters, G. de 
With, The Journal of Physical Chemistry C, 117 (37), 19038–19047, 2013. 
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4.1. Introduction  

In this chapter we study an epoxy interacting with a metal-oxide. We 
performed Dissipative Particle Dynamics (DPD)1 simulations to study the 
cross-linked structure of epoxy. As mentioned in the previous chapters, the 
conventional parameterization scheme of DPD developed by Groot-Warren2 
relates the Flory-Huggins3 theory to the DPD parameters, but requires all 
beads to be of the same volume. It is crucial to model variable local densities 
because when performing a coarse-graining based on identifying chemically 
functional groups, significant volume differences between epoxy beads will 
result. Obviously for a thermoset cross-linked network, the structure of the 
network will be influenced when beads occupy the wrong volume. In the 
current chapter, we employ the generalized DPD parameterization scheme4 
derived in Chapter 2. 

The procedure works well for the liquid state beads, but cannot be applied 
for interactions with a solid interface. At the polymer-surface interface, 
however, the interactions between the liquid and the solid constituents will 
determine the structure near the surface. The successful modeling of the 
mesoscopic structure largely depends on how good the parameterization is. In 
other words, a realistic parameterization that captures the correct chemical 
nature of those interactions is required. There have been some attempts using 
DPD to study the behavior of fluids5-7 and polymers8-10 interacting with a solid 
substrate. But so far, to the best of our knowledge, no straightforward 
procedure to compute DPD interactions between those is reported. Therefore 
in the first part of this paper, we focus on resolving this issue. For the proper 
interaction parameters, atomistic and meso-scales are coupled to obtain the 
preferential attraction of the beads. This is quantified by the surface excess11 
parameter. Atomistic molecular dynamics simulations are performed to 
calculate the amount of a specific bead type adsorbed by the alumina. Then, we 
map this quantity on to meso-scale to compute the coarse-grained interaction 
parameters.  

Our target is to derive the interactions at the epoxy-alumina interface, study 
the structure and understand the overall network formation dynamics. Thus, 
the chapter is structured as based on the importance of the content, and is 
two-fold: Starting from section 4.2, we present all the chemical details and 
coarse-graining of the materials together with simulation details. Additionally, 
we introduce our parameterization scheme to compute the epoxy-alumina 
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coarse-grained interactions. After section 4.3 we discuss the results on the 
structure of the cross-linked epoxy near alumina, and temporal evolution of the 
network formation. 

4.2. Materials 

4.2.1. Epoxy and alumina: Chemical structures and coarse-graining of 
the polymer 

As similar to Chapter 2, the epoxy polymer and the curing agent, an amine 
cross-linker, are the main ingredients of the liquid components in the 
simulations. The epoxy is DGEBA (Diglycidylether of bisphenol-A) and the 
cross-linker is DETA (Diethylenetriamine). We select DETA since, unlike 
other amine cross-linkers such as IPDA (Isophoronepiamine), it does not 
crystallize when in contact with alumina12, 13.  

In this chapter, for the beads that are formed from certain functional sub-
units of the DGEBA and DETA, upon cross-linking the internal chemical 
structure of the reacted ones changes. The chemical structures of the new 
types that form during cross-linking are depicted in Fig. 4.1. 

The metal-oxide that the polymer interacts with is an α-alumina (α-Al2O3). It 
has a distorted hexagonal close packed structure with space group 3 .R c  This 
thermodynamically stable surface14, 15 <0001> is in contact with the polymer. 

 

 
Figure 4.1. Coarse-grained representations of the new bead types formed based on 
the change in internal chemical structures of beads after cross-link reactions. -R 
indicates the rest of the DGEBA chain (Fig. 3.1 in chapter 3). 
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4.3. Simulation parameters and computational details 

4.3.1. Mesoscopic dissipative particle dynamics 

We use the functional forms derived and presented in Chapter 2 and Chapter 3 
in the simulations. As a summary, all parameters are tabulated in the appendix 
section of this chapter. 

4.3.2. Procedure for parameterization of epoxy-alumina interactions 

In DPD simulations the substrate, the alumina surface, is structured as a face-
centered-cubic (fcc) close packed crystal with a number density of 15/rDPD

3 . 
The Cartesian coordinate of bottom layer corresponding to the center of DPD 
beads representing alumina is at z = 0 rDPD, and the coordinate of the bead 
center in the topmost layer of surface equals to z = 2 rDPD. Note that for 
alumina we in fact do not attempt to make a direct mapping between beads 
and the atomistic unit cell of the crystal lattice. Due to the soft-repulsive nature 
of DPD interactions polymer beads might penetrate into the substrate. To 
overcome this artifact of the method various procedures have been reported in 
the literature such as reflective boundary conditions where beads bounce back 
when they hit the surface6, 16, or artificially increasing the strength of repulsion 
between liquid and surface beads11. Alternatively, one can impose a high 
surface bead density compared to the bulk as to exclude polymer beads to 
penetrate to the wall17, 18. We use the last option in computing polymer-surface 
interactions, since the surface density is not important in our parameterization 
scheme. 

The procedure outlined in the previous section to obtain non-bonded DPD 
interactions is only valid for beads in the liquid state. To characterize the 
polymer-surface interactions by a DPD parameter, ais, we propose to examine 
the density profile near the interface. The procedure can be summarized as 
follows: We consider a DPD liquid made-up out of one bead-type next to the 
alumina beads. By varying the DPD interaction parameter ais, the density 
profile of the beads near the interface will change. Next, we will perform the 
same simulation at the atomistic level using classical MD. At this level both the 
alumina and the liquid will be modeled in full atomistic detail. Each chemical 
functional unit is made a neutral molecule by capping it with hydrogen. Next, a 
liquid of these molecules interacting with α-Al2O3 is simulated at its pure liquid 
density. The density profile of the DPD simulation will depend on the value of 
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ais. The value of ais is found by matching the DPD density profile with the MD 
one. We perform this matching for ais by using a quantity called the surface 
excess Г11. The surface excess quantifies to what extent a bead type is adsorbed 
at the interface. In this way the relative adsorptions of different beads are 
characterized.  

Firstly, Г is computed from atomistic MD simulations for every molecular 
unit corresponding to a polymer bead. The relation for Г is given as 

[ ]bulk( )d ( ) d
s

s

L

L

Г z z z zρ ρ ρ
∞

−∞

= + −∫ ∫ , (4.1) 

where, ρ(z) and ρbulk are the bead number densities in the z-dimension and in 
the bulk-phase, respectively. Ls represents the location of the surface. Note 
that this expression is valid for an infinite extended z-dimension. In our case 
the integration into the alumina side (negative z) will proceed until ρ(z) = 0. 
For the polymer side we proceed up to the middle of the layer well into the 
bulk plateau (see Fig. 4.2). 

 

 
Figure 4.2. Number density profile from atomistic MD simulations. Molecular 
center-of-mass of a particular bead (in the figure demonstrated for bead C) is used in 
computation of the profiles. Vertical line is the location of the surface and defines the 
integration boundaries. Parts of Eq. 4.1 are computed for those regions. A pictorial 
representation of the atomistic simulation box snapshot is given as inset picture. 
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In the atomistic simulations, Ls is defined as the z-coordinate of the last 
atom in alumina crystal plus its van der Waals radius. Note that a change in the 
location of Ls will shift the surface excess as Г(L′s) = Г(Ls) – (L′s – Ls)ρbulk. As 
we consider species with different bulk densities it is more practical to present 
values Г′ = Г/ρbulk, that have dimension length and characterize the width of an 
interphase layer. A change of the interface position changes all Г′ by the same 
amount. 

The next stage is to find Г′ values as function of ais at the meso-scale. 
Therefore we run a series of DPD simulations for each polymer bead type 
interacting with surface. Here, we make use of our generalized DPD 
parameterization where each polymer bead type is simulated at its pure liquid 
number density4, 19. The value of ais for bead-type i is found by equating the 
values of Г′ coming from MD and DPD. As noted above the Г′ values depend 
on the position Ls of the surface. However, the differences for the different 
bead types are independent of the choices of Ls, because, as mentioned, the 
values of Г′ change with the same amount when changing Ls. Indeed, changing 
Ls would influence the value of ais. However, the effect would be more in terms 
of the bulk density of the polymer. If the surface location is shifted upwards, 
then the computed ais values will be higher, the hardness of the beads will 
increase and the bulk density will be lower (in an NPT simulation). For the 
reverse, the beads become softer and the density would be higher. The 
structure near the structure is not expected to be influenced significantly 
because the relative preference of one bead-type compared to another is not 
affected. However, it turns out that there is only a limited range of possible 
interface positions where Ls can be located so that the MD values and DPD 
values fall in the same range. Hence, a proper value of Ls is selected in such a 
way that the Г′ values from MD and DPD are matching. This corresponds to 
the location of the surface at the meso-scale as the center of the last alumina 
bead in the z-direction (i.e. 2 rDPD) plus the non-bonded interaction cut-off (i.e. 
1 rDPD). 

4.3.3. Modeling of cross-link formation at the meso-scale 

As mentioned in Chapter 3, in our (mesoscopic or DPD) simulations the 
cross-linkable beads are modeled to react when they approach each other 
within a critical distance. In this chapter this distance is taken to be rcross = 0.3 
rDPD. In principle, there is a competition between movement of beads and the 
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formation of a network structure. In our simulations cross-linking is, however, 
slow as compared to bead-diffusion. The reason is that beads need to 
overcome a high potential barrier to approach each other closer than a distance 
rcross. That means that the probability of forming cross-links depends on the 
pairwise interaction energies of the cross-linking beads. This process is 
reaction-dominated instead of diffusion-dominated. So, at every moment in 
time there is a quasi-equilibrium situation. This means that time, as such, is not 
a relevant parameter. We previously found in Chapter 3 that the final cross-link 
conversion and cross-linked structure are not affected by the value of rcross 
because, rcross only sets the time scale of the dynamics19. From this invariance of 
the structure on the rate of the cross-link reactions we conclude that the 
structure is in quasi-equilibrium at all times. 

We adapted the scheme outlined above by assigning probabilities to 
determine if a cross-link reaction occurs. A cross-link will be formed between 
the cross-linkable beads with a specified probability if they are closer than rcross 
in a time-step. These probabilities are used to tune the relative rates of the 
different possible cross-link reactions. The reason behind is that the secondary 
amine and epoxy react slower than the primary amine and epoxy. The rate 
constants of these reactions differ from each other with a ratio falling in 
between 0.1 – 0.620. We implemented the above procedure to model this 
slower reaction by assigning a probability value of 0.5 to the secondary amine 
and epoxy reactions. This probability will lead to a selective cross-linking 
mechanism where each possible bond is rejected if the generated uniform 
random number is greater than 0.5. 

Upon cross-linking between the epoxy and amine new beads are formed 
since the chemical structures of these functional groups change. This is 
indicated by the reactions:  

I. 
II.
III.

→
→
→

A + D A'+ D'
A + D' A'+ D''
A + E A'+ E'

 (4.2) 

The chemical nature of some of the newly formed beads show similarities 
with other bead types. For example, bead D′ has the same chemical structure as 
bead E, and D′′ is the same with E′ (see Fig. 4.1). New meso-scale parameters 
are assigned to the newly formed beads (A′, D′, D′′, E′) in the simulations. 
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4.3.4. Details of mesoscopic simulations 

The simulation box is initially prepared with 7610 DGEBA and 3044 DETA 
chains which are mixed at a stoichiometric ratio. This corresponds to a total 
number of 108,062 beads that constitute the polymer part of the system while 
the alumina part has a total number of 44,105 beads. The whole simulation box 
is constructed by combining the polymer with the solid substrate. The interface 
is parallel to xy-plane. The initial total box size corresponds to 
30 × 30 × 43 rDPD

3 . We set the pressure at the value p = 38.7kT/rDPD
3  in our 

NPT simulations and control the pressure in the direction perpendicular to the 
polymer-surface interface, such that the box fluctuates only in this particular 
direction. The temperature in DPD is unity. The Cartesian coordinates of 
alumina substrate beads are kept fixed so that only polymer beads fluctuate. 
The fluctuation of the box volume is less than 0.9 % during simulations, which 
has negligible effect on the number density. 

The total simulation time is set as 3∙104 tDPD with the first 1∙104 tDPD used for 
equilibration and the rest is for data collection. For the cross-linking 
simulations, the cross-link formation criterion is switched on after the 
equilibration phase. The time step in the simulations is 0.02 tDPD. Periodic 
boundary conditions are employed in the simulations in all dimensions. We use 
the LAMMPS package21, 22 to perform the DPD simulations. 

4.3.5. Details of atomistic MD simulations 

All atomistic MD simulations are performed with the Materials Studio23 
package. The COMPASS force field24 is used for all the energy minimizations 
and in the simulations. Firstly, the hexagonal alumina crystal available in the 
Materials Studio structure database is cleaved by the <0001> plane. The slab of 
the unit-cell structure is repeated in x and y dimensions to construct a surface 
area of 23.8 × 24.7 Å2. The crystal thickness is 9.02 Å.  

For each bead type a molecular liquid is created with full atomistic detail 
separately. The initial configuration of the liquids is constructed with the 
Amorphous Cell Module. Initially, energy minimization is performed on this 
liquid with steepest descent and Newton-Raphson algorithms following an 
NPT run to reach to the target liquid densities. The pressure is set as 1 atm and 
the temperature is 298 K. Next, the polymer part is combined with the crystal 
such that both are in contact with each other at the xy-interface. 
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For data collection, NPT simulations are run totally for 1 ns with an initial 
relaxation of 200 ps at 298 K, and the rest being data collection. The time step 
is set as 1 fs. During all steps of simulations metal-oxide atoms are kept fixed 
at their spatial positions. The cut-off radius for non-bonded Lennard-Jones 
interactions is 10 Å and the long range Coulomb interactions are taken into 
account by particle-mesh Ewald summation25. The temperature is controlled 
via the Nosé-Hoover thermostat26, 27 while pressure control is performed by 
Berendsen method28. The pressure control is set in the z dimension as the box 
only fluctuates in this direction. 

4.4. Results and discussion 

4.4.1. DPD interactions between epoxy and alumina 

In this section, the computed meso-scale parameters of the polymer-alumina 
interactions are presented. As mentioned before, a range of polymer bead-
surface interactions parameters ais are assigned, and for each value the 
corresponding Г′ value is computed. The location of the surface Ls can be 
regarded as an extra adjustable parameter. However, we choose Ls in such a 
way that the range of the Г′(ais) curves covers the range of values obtained by 
atomistic MD simulations.  

Finally we obtain curves for each type of bead, where one is able to 
compute the meso-scale parameter ais once the Г′ value from atomistic 
simulations is known. When Г′ is scaled with the like-like interaction value 
squared for each bead, a fit in the form of power law is observed to describe 
the trend of all curves reasonably well (see Fig. 4.3). For beads having arbitrary 
liquid number densities, the functional form of this fit is used to solve for the 
ais once the Г′ values from MD are computed. We report parameters of a 
power law fit for each bead in Table 4.1. 

There are several reasons for the definitions of Ls in atomistic and 
mesoscopic scales as mentioned previously. The first reason is due to the 
mesoscopic scale and arises from the fact that the crystal of alumina beads is 
quite dense. In this case, when a surface parameter ais is high enough (ideally 
equals infinity), a bead is actually a hard-sphere. Then, the distance between the 
centers of the first layer of polymer, and the alumina beads can approach only 
to a distance equal to the diameter of one bead. This distance equals the non-
bonded cut-off distance. Therefore with this definition, Г′ goes to zero as ais 
goes to infinity since there will not be any polymer bead centers at distances 
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smaller than this distance. A consequence is that, with this choice, the curves in 
Fig. 4.3 all tend to zero for large ais. Therefore a fit that approaches zero, such 
as a power law fit is appropriate. The second reason for the DPD parameters 
ais to be useful is that their values should be neither too high, nor too low. If ais 
is too high, there will be computational difficulties such as the energy increases 
in the simulations and/or crystallization can occur at the interface. On the 
other hand, if it is too low, the polymer can penetrate into the surface as DPD 
has a soft potential. Therefore, the proper interval for the ais is in between 2 
kBT – 100 kBT. Within the resulting possible choices of Ls we can make a good 
match between the computed Г′ values resulting from MD and DPD. 

 

 
Figure 4.3. Surface excess values normalized with like-like interactions squared for 
each bead plotted with respect to arbitrary surface interactions. A power law fit is 
drawn as solid line as a guide to the eye with parameters: α = 0.495, β = 0.703. 
 
Table 4.1. Parameters for the power laws fitted to the data points in Fig. 4.3.  

Bead type  α β Bead type α β 

A 0.505 0.733 F 0.625 0.758 

B 0.772 0.854 A′ 1.143 1.209 

C 0.179 0.463 D′ 0.445 0.656 

D 0.507 0.665 D′′ 0.510 0.713 

E 0.445 0.656 E′ 0.510 0.713 
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Table 4.2 presents the computed DPD surface interactions between each 
epoxy bead. As mentioned, we use Г′(MD) = Г′(DPD) to compute ais for 
corresponding bead types. Power law fits with parameters presented in Table 
4.1 are used to compute the ais values for each bead type.  

 

Table 4.2. Normalized surface excess values† (Г′(MD)) from atomistic MD, DPD 
interactions between polymer bead i and alumina surface (ais), and like-like (aii). The 
rightmost column qualifies those interactions as strong attraction (++), attraction (+), 
strong repulsion (– –), and weak repulsion (–). 

Bead 
type Г′(MD) [rDPD] ais [kT] aii [kT] ais - aii 

Degree of 
interaction 

A 0.715 6.19 27.79 -21.6 ++ 

B 0.471 13.19 62.01 -48.82 ++ 

C 0.136 82.12 35.46 46.66 – – 

D 0.292 8.67 5.84 2.83 – 

E 0.362 9.19 14.15 -4.96 + 

F 0.681 8.41 26.83 -18.42 ++ 

A′ 0.556 7.01 22.65 -15.64 ++ 

D′ 0.362 9.19 14.15 -4.96 + 

D′′ 0.139 85.01 37.74 47.27 – – 

E′ 0.139 85.01 37.74 47.27 – – 
†All values are scaled to DPD units by 7.15 Å / rDPD. 

The surface excess values computed from MD are reported as well. To get a 
feeling for the strength of these interactions, we qualified those as attractive or 
repulsive. In addition, like-like repulsions of the beads are also presented since 
the difference between ais and aii characterizes the strength of the interactions. 

In summary, all unreacted beads except type C have high affinities to the 
alumina. The epoxy group (bead A) has the highest affinity. The amine cross-
linker beads D and E are slightly less favored by the alumina. When isolated, 
bead C is propane. This is an apolar compound which lacks the possibility of 
H-bonding with the highly polar alumina surface and therefore a high 
repulsion is plausible. The reacted beads A′ and D′ have strong affinities. 
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However, due to their apolar nature, and no possibility to form H-bonds with 
alumina, D′′ and E′ are strongly repelled, similar to bead C. 

4.4.2. Effect of the interaction parameters on the interfacial structure of 
epoxy 

The structure formation of epoxy can be imagined to proceed in two steps: 
First as dictated by the interactions with the alumina, a non-cross-linked 
(quasi)equilibrium structure will be formed because the process of cross-link 
formation is relatively slow. Next, slowly, cross-links will be created and this 
initial structure will change. Since the non-cross-linked equilibrium structure 
sets the stage for the subsequent cross-linking, we firstly investigate the 
structure of epoxy beads for the case where no cross-links are present. 

In Fig. 4.4, the epoxy structure with no cross-links formed is shown. 
Preferential adsorption of beads correlates well with their ais values. We 
observe that bead A, the epoxy functional group, is the closest to the surface. 
This makes sense due to its highest degree of attractive interactions with 
alumina (see Table 4.2). Similarly, bead types F and B are strongly attracted by 
the alumina which corresponds well to their ais values. On the other hand, the 
propane-like bead, type C, seems repelled. One might expect that this 
concentration is even smaller since alumina strongly dislikes it. However, due 
to the bonding with other beads in the epoxy chain which are strongly 
attractive, it is pulled slightly towards the interface.  

 
Figure 4.4. Number densities of the non-cross-linked system near alumina in the 
direction perpendicular to the interface. The main plot is zoomed-in part of the full 
profile (inset). Location of the surface is indicated by the dashed vertical line. 
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The concentrations of DETA beads increase when moving away from the 
surface towards the bulk despite their attractive interactions with alumina. The 
reason is that beads weakly attracted to the alumina and being less abundant in 
the system will be depleted in the interfacial region. The structure therein is 
thus the consequence of this complicated trade-off between surface 
interactions and concentration effects. 

4.4.3. Structure of the cross-linked epoxy 

The formation of cross-links strongly influences the structure at the interface. 
Due to cross-linking, new bonds are created and new bead types are formed. 
This will influence the concentration of cross-linking beads since once they 
react, they evolve into other bead types. As the parameters of the newly 
formed beads are different, this results of the structure change near the surface. 

Fig. 4.5 (a) shows densities of the remaining unreacted beads after cross-
linking at the end of the simulation. For beads that do not form cross-links (i.e. 
B, C and F) the structures look closely similar to the non-cross-linked system 
in Fig. 4.4. It is clear that near alumina there is a surplus of unreacted epoxy 
beads, type A. However, the reacted A′ is observed to be present more in the 
bulk. The chance of forming a cross-link is proportional to the proximity of 
the epoxy amine contacts. In Fig. 4.5 (b), the minor peak of A′ follows the 
attractive interactions in Table 4.2. On the other hand, a similar peak of D′′ is 
not expected as its interaction with the surface indicates repulsion. A possible 
reason could be that having bonds with A and A′ drags D′′ towards the 
alumina. In the bulk region, we observe peaks of A′ and D′′. There is a 
competition between D′′ and E′ being repelled and A′ being attracted to 
alumina. As mentioned earlier, the relatively high abundance of bead A′, is 
expected to lead a concentration increase in this part of the box. Moreover, the 
concentration of bead D′ is almost zero when compared to D′′ and E′ in the 
bulk, although the first reaction is more favorable than the second and third 
reactions in Eq. 4.2. 

On the whole, a high cross-link conversion is expected since the 
concentration of unreacted A, D, and E beads is almost zero in the bulk. The 
investigation of the cross-link conversion will be done in the following section. 
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Figure 4.5. Structure of the cross-linked epoxy interacting with alumina depicted as 
number densities. (a) unreacted (A, B, C, D, E, F), (b) reacted (A′, D′, D′′, E′) beads. 
The main plots are zoomed-in parts of the full profiles (inset). Location of the surface 
is indicated by the dashed vertical line. 

 

Upon comparing profiles of non-cross-linked and cross-linked systems 
there are minor persistent density fluctuations present in the cross-linked bulk 
regime (average wavelength of ca. 1-2 rDPD). Due to the cross-link formation, 
local domains rich and poor in cross-linking beads are created. This causes 
density inhomogeneities. As the motion of beads is restrained those 
inhomogeneities are frozen in. Moreover, because of the finite size of the 
system these statistical fluctuations in density appear to be relatively large. 

4.4.4. Dynamics of cross-link formation 

The degree of cross-linking determines the stiffness of the network. The cross-
link density therefore determines, to a large extend, the mechanical properties 
of the final state of epoxy. How the cross-linked structure develops in time 
gives valuable information in quantifying the evolution of the network 
becoming stiffer. Therefore, we monitor the development of the degree of 
cross-linking in time for beads involved in the reactions and also for the overall 
system. 

In Fig. 4.6, rapid reactions of the epoxy and amines are observed. In other 
words, the cross-link conversion curves show fast slopes at the initial stages of 
cross-linking. However, the rate of formation of cross-links differs for 
different bead types. Bead D has the highest rate, and bead E has the lowest. 
Bead A falls in between these two as it reacts with both, and the value should 
be the weighted average of the rates of D′, D′′ and E′ created. This is the case 
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in Fig. 4.6 (a)-(c). As previously mentioned in the section dealing with 
modeling of cross-link formation, the occurrence of the secondary amine and 
epoxy reactions are subject to a probability of 0.5. As time progresses possible 
pairs of secondary amine and epoxy find each other leading to the third 
reaction of Eq. 4.2. This third step is present in both A – D′, and A – E 
reactions. The reaction mechanism that bead D reacts is two-fold for which 
the primary amine and epoxy reactions (first step in Eq. 4.2) are more probable 
since the assigned probability of occurrence is one. This leads to the fact that 
the concentration of bead D′ increases slightly and then turns into D′′ upon 
finding possible pairs at longer times, shown in Fig. 4.6 (b). 

 

 
Figure 4.6. Temporal evolution of the cross-link conversion of different functional 
groups in time. (a) bead A, (b) bead D, (c) bead E, and (d) the overall conversion. 

 

In Fig. 4.6 (d), the overall conversion is depicted. It is observed to be 
around 93 % at the end of 3·104 tDPD. When compared to the bulk epoxy 
conversion without the presence of alumina which is found in Chapter 2 and 
reference 19 as 95 % at the end of the same time, this is slightly lower. The 
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competing interactions between epoxy-epoxy and epoxy-alumina is in favor of 
the latter. In other words, the trade-off between those interactions results in 
excess of unreacted epoxy groups which are concentrated near the alumina 
surface (see Fig. 4.5). This situation makes them less accessible by the amine 
beads to form cross-links decreasing the overall conversion compared to bulk 
simulation. 

Different cross-link conversions (i.e. reacted/unreacted bead ratio) of each 
reacting group at the end of the simulation are noticed when profiles of cross-
link conversions of cross-linking beads are plotted in Fig. 4.7. The values are 
computed by computing the ratio of reacted amount to the total number of 
that bead type. For the amine group initially defined as bead D which evolves 
into types D′ and D′′, the conversion is the highest. Here, the number of 
unreacted D beads goes to zero at particular parts in the simulation box. On 
the other hand, the conversion of bead E is the lowest of the reacting pairs. 
This is attributed to being the middle bead in the cross-linker molecule. The 
constraints arising from steric hindrance makes it less probable to be found by 
its cross-linking epoxy counterpart. Moreover, similar to as discussed above, 
bead A conversion falls in between (i.e. average) of these values. The total 
conversion is also depicted showing minor deviations near the surface. In the 
bulk, however, settles down to the equilibrium conversion value. 

 

 
Figure 4.7. Profiles of the cross-link conversions of each bead, and overall 
conversion. The vertical dashed line is the location of the alumina substrate. 
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The final structure of an epoxy is vitrified due to curing. Once cross-links 
start to form and large scale movements of beads are not allowed, the initial 
phase of cross-link formation largely characterizes the network end-structure.  

 

 
Figure 4.8. The early stages of the cross-link formation process. The curves show the 
normalized distributions of the cross-link junctions (thicker lines), and weighted 
average of non-cross-linking beads (thinner lines). To the right of each density graph, 
the spatial representations of cross-links at each time are presented. Positions of the 
cross-links are computed from the midpoint of the cross-link bonds. The vertical 
dashed line is the location of the alumina surface. 

 

This is clear upon monitoring the early formation of cross-links in time (see 
Fig. 4.8). Here, the cross-links start and continue to form predominantly in the 
bulk regime rather than at the polymer-alumina interface. This indicates that 
the epoxy groups at the interface initially do not contribute to the cross-link 
formation. Amine cross-linker beads, D and E, are scarce near the surface 
prior to cross-linking, and finding possible pairs is less probable. 

Clearly, the structure of cross-links changes as time progresses. Upon 
comparing cross-link structure at longer and shorter times (i.e. Fig. 4.7 and 4.8) 
a peak in cross-link conversions near the surface is noticed in the former. 
Despite the initiation of cross-link junctions are dominantly present in the 
bulk, they seem to be dragged near the interface due to the attraction between 
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newly formed beads and alumina. This characterizes the equilibrium 
configuration. In summary, the dynamics of cross-linked epoxy is followed by 
two-steps: First, a highly cross-linked system spontaneously occurs in a very 
short time. Then, the system reaches to the equilibrium configuration by slowly 
relaxing at longer times as a function of the epoxy-alumina interactions. 

4.5. Conclusions 

Computational modeling of liquid-solid interactions has always been a 
challenge. Especially for mesoscopic dissipative particle dynamics, there has 
been no straightforward procedure proposed to compute liquid-solid substrate 
interactions. At the beginning of the chapter we focus on this issue. We 
approach the problem in a multi-scale fashion, such that the coarse-grained 
parameters will be consistent with atomistic simulations, and in turn with 
reality. For this purpose the surface excess parameter is used to couple 
different length scales. This parameter properly quantifies the amount of beads 
adsorbed by the surface. Finally, the computed meso-scale parameters predict 
that some bead types (functional groups) prefer to be near the surface while 
others are repelled, conform expectations from their chemistry. In case of the 
epoxy polymer and alumina, the parameterization displays strong attractive 
interactions between unreacted epoxy and amine functional groups at alumina 
surface. Only apolar bead types unable to form H-bonds are repelled. Upon 
cross-linking, beads change their identities and evolve into different types of 
functional groups. Their interactions change accordingly. As a consequence, 
the structure changes from the non-cross-linked system when the cross-link 
formation is switched on. In terms of network dynamics, the rates of cross-link 
conversions are different for different cross-linking beads. Moreover, the 
cross-link formation starts in the bulk region, but the cross-linked beads 
migrate to the interface towards the equilibrium structure.  

The success of the prediction of the correct final network structure for 
coarse-grained simulations heavily depends on the quality of the meso-scale 
parameters used. The proposed procedure for polymer bead surface 
interactions that couples coarse-grained and atomistic scales is an accurate way 
to estimate the structure of polymers near solid surfaces at longer time and 
length scales for systems for which the atomistic MD simulations are 
unfeasible. The procedure is straightforward and easy to apply thus, most likely 
to increase the applicability of DPD to the systems composed of liquid-solid 
interactions. 
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4.6. Appendix: List of simulation parameters 

The parameters used in the DPD simulations for all types of beads are 
presented.  

 

Table A4.1. The non-bonded DPD interaction parameters. 

aij A B C F D E A′ D′ D′′ E′ Al 

A 27.8 49.9 33.2 45.6 23.4 20.2 28.6 20.2 32.8 32.8 6.2 

B 49.9 62.0 63.1 41.6 19.3 36.0 39.2 36.0 59.9 59.9 13.2 

C 33.2 63.1 35.5 61.0 36.4 26.7 38.5 26.7 37.0 37.0 82.1 

F 45.6 41.6 61.0 26.8 15.7 35.5 31.0 35.5 54.5 54.5 8.4 

D 23.4 19.3 36.4 15.7 5.8 17.5 12.8 17.5 29.7 29.7 8.7 

E 20.2 36.0 26.7 35.5 17.5 14.2 19.8 14.2 24.8 24.8 9.2 

A′ 28.6 39.2 38.5 31.0 12.8 19.8 22.7 19.8 35.3 35.3 7.0 

D′ 20.2 36.0 26.7 35.5 17.5 14.2 19.8 14.2 24.8 24.8 9.2 

D′′ 32.8 59.9 37.0 54.5 29.7 24.8 35.3 24.8 37.7 37.7 85.0 

E′ 32.8 59.9 37.0 54.5 29.7 24.8 35.3 24.8 37.7 37.7 85.0 

Al 6.2 13.2 82.1 8.4 8.7 9.2 7.0 9.2 85.0 85.0 25.0 
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Table A4.2. Bond potential parameters of the equation VB,ij(r) = kij(r – r0,ij)2 used in 
the simulations.  

Bond type kij 

[kT/rDPD
2 ] 

r0,ij 
[rDPD] 

Bond type kij 

[kT/rDPD
2 ] 

r0,ij 
[rDPD] 

A-B 500.0 0.65 D'-E 500.0 0.43 

B-C 500.0 0.54 D''-E 500.0 0.43 

B-F 500.0 0.63 D-E' 500.0 0.43 

D-E 500.0 0.43 D'-E' 500.0 0.43 

A'-D' 500.0 0.44 D''-E' 500.0 0.43 

A'-D'' 500.0 0.44 A'-E' 500.0 0.53 

A'-B 500.0 0.65    

 

Table A4.3. Angle potential parameters of the equation VA,ijk(θ) = kijk(θ – θ0,ijk)2 used 
in the simulations.  

Angle type kijk 

[kT/rad2] 
θ0,ijk 
[deg] 

Angle 
type 

kijk 

[kT/rad2] 
θ0,ijk 
[deg] 

A-B-C 50.0 170.6 D-E'-D 50.0 163.4 

B-C-B 50.0 94.7 D'-E-D 50.0 163.4 

B-F-B 50.0 117.1 D'-E'-D 50.0 163.4 

C-B-F 50.0 172.3 D''-E-D 50.0 163.4 

D-E-D 50.0 163.4 D''-E'-D 50.0 163.4 

A'-B-C 50.0 170.6    
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Chapter 5 
 

 

Bridging mesoscopic and atomistic scales by 
reverse-mapping  

Computing elastic properties and Tg of an epoxy 

 

 

 

This chapter presents the computational details associated with the reverse-mapping 
procedure applied to the DPD output to perform atomistic simulations. Moreover, the 
atomistic simulations are further analyzed to compute elastic properties and the glass 
transition temperature of bulk epoxy. 
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5.1. Introduction  

The structure formation of epoxy is driven by a complex cross-link formation 
process and requires large time scales to obtain the final cured structure. 
Resolving these time scales is currently unfeasible with conventional Molecular 
Dynamics (MD) simulations. Therefore, in the previous chapters, we focused 
mainly on creating and relaxing the highly cross-linked structure at the 
intermediate meso-scale level in the bulk, and since the interest of this thesis is 
an adhesion, also in the presence of alumina. 

After having the relaxed mesoscopic cross-linked structure of epoxy a 
possible route for more investigation is to compute some properties of the 
material such that a direct comparison with the experimental values can be 
done. For this purpose one can consider, for example, a combination of 
different multi-scale techniques as in the work of Balazs et al.1 or atomistic 
simulations from the reverse-mapped coordinates of DPD. We opt to continue 
with the second choice as it covers a more general approach, and also avoiding 
many (not easily solved) problems. 

In this chapter, a reverse-mapping (or back-mapping) procedure is reported 
and applied to bulk epoxy as created mesoscopically in Chapter 3 (see, also, 
reference 2) to generate the atomistic coordinates to perform atomistic 
simulations.  

The reason for a need of reverse-mapping approach is as follows: In a 
coarse-grained description a large number of the degrees of freedom, such as 
the spatial rotations or translational mobility of the representative atomistic 
units are lost. However, to perform an all-atom simulation, the proper 
atomistic microstate (i.e. the correct configuration of the atomistic units) for a 
coarse-grained entity should be known. Finding a single solution to the reverse-
mapping procedure is not straightforward as a number of atomistic 
configurations within a coarse-grained unit are possible in an ensemble. In a 
fitting procedure, the only constraint is that the coordinates of coarse-grained 
beads are known. Apart from that, multiple ways can be defined to create a 
reasonable initial structure for the atomistic simulations. For instance, a 
straightforward initial step could be the fitting of the atomistic templates (i.e. 
representative atomistic units of corresponding coarse-grained beads) to the 
meso-scale center-of-mass (CoM) free from any constraint. To improve the 
fitting some rotation operation can be applied to these templates for realizing a 
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fitted structure with lower energy. As an alternative procedure, it can be 
attempted to fit the whole representative, all atom chain configuration to its 
coarse-grained counterpart. Then, energy minimization methods3 such as 
steepest descent, conjugate gradient, Newton-Raphson or a combination of 
these could be applied to relax the fitted structures. These are the steps that 
can be found in various applications of reverse-mapping procedures in the 
literature4-10. 

The first part of the chapter presents the details of our reverse-mapping 
algorithm. In the second part, we perform atomistic simulations to compute 
the elastic properties of the bulk epoxy. Some methods are available for 
computing the stiffness matrix elements from strain fluctuations such as the 
constant-strain minimization method11, which induces infinitesimal stresses to 
deform the box, or the Parinello-Rahman12 approach that employs a constant 
stress ensemble. Here we estimate, explicitly, the elastic modulus E and 
Poisson’s ratio v directly from the correlations in the box fluctuations at zero 
external pressure. The derivations follow the route as usually employed in 
standard fluctuation theory13 and we provide a full derivation in this chapter. 
Moreover, we compute the glass transition temperature (Tg) of bulk epoxy 
from the reverse-mapped atomistic structure. The Tg characterizes the response 
of the material to the variation in temperature. As the polymer is cooled down, 
a transition from the rubber-like state to a glassy state is observed. In 
simulations, this transition can be interpreted as monitoring different 
properties of the material such as heat capacity, mean squared displacement, E 
modulus, density, etc. If these are plotted versus temperature, their decreasing 
trend upon quenching differs in the glass and amorphous regimes. To estimate 
Tg, we plot the density of the bulk material. For all properties, the computed 
values are compared with the ones reported in the literature. 

5.2. Algorithm for the insertion of atomistic detail to the meso-structure 

In a reverse-mapping procedure, as mentioned before, the first step is the 
initial fitting of the atomistic coordinates from a library of templates to the 
mesoscopic coordinates. However, it is quite likely that this step leads to a wide 
distribution of the back-bone bond lengths as the templates are oriented 
differently with respect to each other (see the schematic representation in Fig. 
5.1 (a) where randomly oriented templates are represented as vectors). In this 
case bond lengths may significantly deviate from their equilibrium values, either 
being too large or too small. In both cases these over-stretched bonds or close 
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atom contacts will result in a high energy structure prior to a simulation. At a 
later stage, the energy minimization will be time consuming since the number 
of iteration steps in a minimization is proportional to how far the bond lengths 
deviate from their equilibrium values. Moreover, these randomly oriented 
templates might show concatenating (interlocking of the rings) or spearing 
(main back-bone penetrates into a ring) effects as the epoxy structure contains 
aromatic rings. Fixing this during the minimization becomes impossible as the 
classical atomistic simulations are incapable of solving these type of problems. 
So if, with some procedure, the templates are rotated such that the sum of all 
the bond lengths of the main back-bone is decreased this would induce a great 
benefit in the later minimization process and in repairing the irreversible ring 
interpenetrations.  

In this thesis, we construct a simple but a fast mapping algorithm that aligns 
the templates in such a way that they become ordered within a particular chain 
(see Fig. 5(b)). Thus, the total bond length will be smaller and the 
corresponding energy minimization would take less effort when compared to a 
structure composed of randomly oriented templates. Moreover, the effects 
such as spearing or concatenation will be corrected as the rotation would move 
the rings far from the main back-bone.  

To perform the alignment, characteristic vectors are defined for all 
templates. These are the lines passing from CoM’s of templates and certain 
atoms that connect consecutive templates. These atoms are different for each 
template and the definition of characteristic vectors becomes template-specific. 
A demonstration of how these characteristic vectors are defined for two 
different templates is given in Fig. 5.1 (c). 
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Figure 5.1. (a) A set of randomly oriented characteristic vectors (b) characteristic 
vectors aligned to orient in the same direction. (c) demonstrating how the 
characteristic vectors are defined. Dashed line stands for the bond between these 
templates. Dots are the mesoscopic coordinates to which the templates are translated. 

 

The method applied is a similar but modified version of a previously 
established one14, 15. The main components of the algorithm are the rotation (or 
alignment) and translation steps. Again, in the rotation step, the aim is to 
provide a reasonably pre-equilibrated structure before proceeding with the 
energy minimization. For this purpose, the templates in a chain are oriented in 
parallel directions providing a fast reverse-mapping while providing a 
substantial gain in the CPU times during energy minimization. At a later stage, 
the rotated templates are translated to the DPD output coordinates, following 
an energy minimization for the whole structure. 

The algorithm operates as the following:  
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1) Compute the CoM and translate templates so that their CoM’s 
superimpose at the origin 

2) Define a characteristic vector for each template 
3) By using the characteristic vectors compute a rotation matrix  
4) From the rotation matrix perform a rotation for each template and 

translate to the coarse-grained coordinates  
5) Check the bond length between successive templates to see if the value 

is below a pre-defined value 
6) Update coordinates and iterate from step 3 if step 5 is not satisfied  
7) Perform step 1 till step 6 for templates consecutively in all chains 
8) Energy minimize the whole structure 

The first step is a straightforward one. Computing the CoM’s of the 
templates is nothing but finding the mass weighted averages of coordinates 

[ ]zyxrrm
M

r
i

ii ,,,1
CoM == ∑  (5.1) 

where M is the total mass and mi and are ri are the mass and coordinates of the 
constitutive atom i. 

Then in the translation step, the CoM of each template is subtracted from 
the coordinates of atoms such that their CoM is at the origin.  

new CoM,i ir r r= −  (5.2) 

As mentioned before, the rotation operation is for aligning the templates in 
parallel directions in a chain. The rotation procedure is based on the 
computation of a rotation matrix. This procedure is adapted from the work 
reported in the work of Dollase16. The aim of this procedure is to satisfy the 
optimized alignment between two structures with a least-squares procedure. In 
our case, we align the characteristic vectors defined for each template as 
depicted in Fig. 5.1. In this case the matrix equation to be solved is 

 u
1

u
2 vv R=  (5.3) 

Here, v2
u remains fixed and v1

u is rotated by the rotation matrix, R, with the 
elements 



Bridging mesoscopic and atomistic scales 

79 

















−++−−−
−−−++−
+−−−+−+

=
θθθθθ
θθθθθ
θθθθθ

cos)1(sin)cos1(sin)cos1(
sin)cos1(cos)1(sin)cos1(
sin)cos1(sin)cos1(cos)1(

22

22

22

nnlmnmnl
lmnmmnml

mnlnlmll
R  (5.4) 

where l, m, n are the direction cosines and θ provides the counterclockwise 
rotation.  

Solving Eq. 5.3 gives the R matrix for the best fit. However, this is not a 
one-step procedure, but an iterative one. For the iteration, an intermediate 
matrix, v' 1u, is defined which is initially equal to v 1u and modified in such a way 
that (v 2u − v' 1u)2 is minimized. We do so by using a linearization procedure. 

The approximation for the R matrix follows a procedure called small angle 
rotation17. If the angle of rotation is small then cosθ ≈ 1 and, R can be 
approximated as: 
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This matrix is used as a first estimate for R. With this approximation Eq. 5.3 
can be re-written as v 2u = Sv' 1u. These equations are linear in S which is not the 
case for R. If they are rearranged as in the form of Y = CP this gives 
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To solve this matrix equation we use one of the procedures to compute a 
‘best-fit’ solution to system of linear equations that lacks a unique solution, 
called the Moore-Penrose pseudoinverse formalism, and which yields 

( ) YCCC T1T −
=P  (5.7) 

From Eq. 5.6 and Eq. 5.7 the rotation parameters can be extracted as 

( ) ( ) ( ){ } ( ) ( ) ( ) θθθθθθθθθθ /,/,/,
21222 nnmmllnml ===++=  (5.8) 

Using these parameters the R matrix in Eq. 5.3 can be constructed to be 
employed in v' 1u = Rv 1u and to repeat the procedure. Here, we also introduced 
an extra step such that, at each step after the rotation is applied to the 
templates and translated to the coordinates of DPD, the bond length between 
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two sequential templates is checked. Please note that this rotation should be 
considered as a rigid rotation of the entire set (i.e. set of atoms in a template) 
and upon translation to the DPD coordinates a scaling factor of 7.15 Å is used 
as derived in Chapter 3. If the distance is below a pre-defined criterion (i.e. 2.5 
Å), the iteration stops. The reason is to prevent further (unnecessary) rotation 
if the bond length is sufficiently small. This value is selected to be higher than a 
typical bond length to prevent subtleties in the algorithm. After the algorithm 
is run for all consecutive pairs, the computed rotation matrix is used to rotate 
all the templates. Finally, the translation to the meso-scale coordinates is 
performed following an energy minimization of the whole structure.  

We first tested the algorithm for a single epoxy chain, and then for the 
whole bulk epoxy. To check the improvement in the bond lengths, the 
distributions in terms of histograms are plotted in Fig. 5.2 for three cases: 
Templates fitted from the library of template coordinates, rotated, and energy 
minimized.  

Clearly, aligning the templates in similar directions provides a better bond 
length distribution. As the aligned structure is further energy minimized, the 
tail of the histograms corresponding to bond lengths higher than 2 Å is almost 
zero. If the average bond length values in Fig. 5.2 (a) and Fig. 5.2 (b) are 
compared for each step, the mean values are higher for the whole structure 
than for the single chain. Moreover, although not too frequent, there are values 
which are unrealistically high. The reason is that the rotation algorithm is not 
applied to fix bonds between different chains. Hence, these bonds correspond 
to the cross-link bonds in the epoxy. Moreover, most of bonds deviate from 
equilibrium values are the over-stretched bonds that are present in the raw 
fitted coordinates. These are corrected in the rotation step, but a minor portion 
of these bonds corresponding to cross-links still remain. As the structures are 
further processed these long-bonds are fully corrected later in the energy 
minimization step. 
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Figure 5.2. The distribution of bond lengths after different procedures are applied: 
Templates are fitted from a library of template coordinates, rotated to point to the 
same direction, and energy minimized for (a) single epoxy chain, (b) the whole cross-
linked epoxy structure. Above the histograms of (a) the configurations of each chain 
after each step are depicted. 

 

To further present the improvement in the structure upon rotation we 
demonstrate the CPU times associated with the minimization step in Fig. 5.3. 
Two separate simulations are run with starting configurations taken from the 
structures of fitted library of templates and with a rotation applied. The total 
energy of each system is plotted against the CPU time.  
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Figure 5.3. Total energy of two systems fitted from library of templates and aligned 
coordinates plotted against CPU time of the computation. 

 

For the system subjected to the rotation of templates, the minimization is 
observed to be quite fast. The final total energy value settles down to a value of 
around 65,000 kcal/mol in about 400 seconds. However, the total energy value 
for system with no rotation is above this value, and around 137,000 kcal/mol 
at the same time. The final total energy value is reached by the rotated system 
in about 100 seconds which is a factor 3 faster as compared to the simulation 
with no rotated templates. Moreover, it seems that both curves settle down to 
the minimized energy values. However, the ring spearing or concatenation 
effects prevent further decrease in the energy for the system without rotation. 
Therefore the rotation operation provides a noticeable gain in the 
computational time together with a minimization performed in reasonable 
times. 

Finally, upon application of the algorithm to the bulk epoxy the resulting 
atomistic configuration is obtained as in Fig. 5.4. A smaller box than presented 
in Chapter 3 (x = 7.98 rDPD, y = 8.06 rDPD, z = 11.02 rDPD), but created with the 
same procedure presented therein, is used for the fine-graining of DPD 
coordinates for the computational efficiency. In the next section, we perform 
atomistic simulations to compute the elastic properties of the bulk epoxy. 
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Figure 5.4. DPD output coordinates are presented on the left, and the reverse-
mapped atomistic structure is on the right. 

 

5.3. Elastic properties of bulk epoxy 

In this section, we first derive the relations of the elastic properties from 
standard fluctuation theory13, and then perform simulations to compute 
Poisson’s ratio and the elastic modulus. 

5.3.1. Derivation of the relations 

In this section the relations for computing the elastic properties from atomistic 
simulations will be discussed. The focus is on the NPT ensemble where the 
box dimensions are allowed to change independently of each other, but the 
box shape remains rectangular. The goal is to obtain the elastic constants, i.e., 
elastic modulus E and Poisson’s ratio v from the shape fluctuations of a 
simulation box, as mentioned using standard fluctuation theory13.   

The bulk epoxy can be assumed to be an isotropic material. If we consider 
normal stresses only, i.e., tensile and compressive but no shear stresses, and 
also assume that we are in the linear elastic regime then Hooke’s law  

( ) ( )[ ]zyxii E
σσσννσε ++−+= 11  (5.9) 

is valid, where σi and εi are the stress and strain in the x, y or z directions, 
respectively.  

In an NPT simulation the number of particles, pressure and temperature are 
constant. Here the pressure and temperature are set by an external thermostat 
and barostat, respectively. Below we will consider a somewhat generalized 
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setup where in each off the three directions an independent normal stress (or 
pressure) can be set. The thermodynamic potential that is relevant for these 
control variables is the Gibbs free-energy: G(N,T,σx,σy,σz). Since the situation 
that will be considered is at constant temperature and constant number of 
particles, the variation with temperature and amount of particles is not derived. 
Only the variation with respect to the externally applied stresses is considered. 
So, what below is denoted as G should be read as G(N,T,σx,σy,σz) – 
G(N,T,0,0,0). This choice was made to keep the notation compact. 

If we derive the Gibbs free-energy of deformation G from Eq. 5.9 and 
relate to the elastic properties we have the following relation by integration 
with respect to the three strains 

( ) ( )2 2 2d d 2
2i i x y z x y x z y z

i

VG V G
E

ε σ σ σ σ ν σ σ σ σ σ σ−  = − → = + + − + + ∑  (5.10) 

In this equation V is the volume of the box at zero external stresses. If Li is 
the size of the box in the i-direction and Li is average value at zero tension (in 
all directions) then: V ≡ LxLyLz. The small-deformation strains are defined as  

i i
i

i

L L
L

ε −
=  (5.11) 

The derivatives of G with respect to εi give the strains (times −V) by 
definition and if the differentiation is performed on the given expression 
Hooke’s law is recovered. The second order derivatives are related to the 
elastic constants: 

2 2

2 , ,
i i j

G V G V i j
E E

ν
σ σ σ
∂ ∂

= − = ≠
∂ ∂ ∂

 (5.12) 

The bulk modulus can be computed from 1 1B V V p− −= − ∂ ∂ . Using the 
relations ( )( )( )1 1 1x y zV V ε ε ε= + + +  and x y z pσ σ σ= = = −  results in 

21 1 3 6i

i j i jj i j

G
B V E

ε ν
σ σ σ
∂ ∂ −

= = − =
∂ ∂ ∂∑∑ ∑∑  (5.13) 

This relation confirms the general relation for the bulk modulus for 
homogenous isotropic materials: B = E/3(1-2v). Next, we derive a probability 
distribution for the box sizes. This distribution will be used to compute the 
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covariance matrix of deformations in the three directions. These will be shown 
to be related to the elastic modulus and Poisson’s ratio. 

One (shortcut) route for such a derivation is to start with the observation 
that any probability density in statistical mechanics is proportional to: exp[‒
Stot/kB], where the entropy Stot in this formula is the entropy of the system plus 
that of the environment. This is sometimes called the Einstein distribution. For 
the system, a general thermodynamic relation, namely that the entropy equals 
the energy of the system Esys minus the Helmholtz energy Asys divided by the 
temperature, is used 

sys sys
sys .

E A
S

T
−

=  (5.14) 

The environment is large. When it exchanges energy with the system this 
constitutes a very small relative change such that it is assumed that its 
temperature does not change. Also when the system changes size, the stresses 
applied by the environment are modeled to remain constant. A change of 
entropy of the environment then equals: 

env env
env

E WS
T

∆ −∆
∆ =  (5.15) 

where ΔEenv is the change of energy of the environment and ΔWenv the 
reversible mechanical work performed on the environment. The work is 
performed by the system and equals Wenv = −V∑ εiσii  relative to the 
undeformed system. If the two entropies are added, and conservation of 
energy is used (Esys + Eenv = constant) we find 

( )
( )sys

tot 0

, , , ,
, , , ,

x y z i i
i

x y z

A N T L L L V
S N T L L L S

T

ε σ−
= −

∑
 (5.16) 

The probability distribution of box sizes can now be computed from this as 

( )
( )sys

1

B

, , , ,
, , exp ,

x y z i i
i

x y z

A N T L L L V
p L L L Z

k T

ε σ
−

 −
 = − 
  

∑  (5.17) 

where for proper normalization we need 
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∑
∫∫∫  (5.18) 

which is the isobaric-isothermal partition sum. The Gibbs energy is related to 
this partition-sum as 

B lnG k T Z= −  (5.19) 

One way to check the consistency (up to a constant) is to look at its 
derivatives. For example, 
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(5.20) 

This result corresponds to the expected thermodynamic relation, see Eq. 
5.10. Now all is set to derive the main result, namely, 
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(5.21) 

When we equate these relations to the thermodynamic relations of Eq. 5.12 
we find that 
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In the simulations that will be presented later the x and y dimensions of the 
simulation box are coupled, such that they have equal strain and equal applied 
tension: εx = εy = εw and σx = σy = σw. 

When differentiating the Gibbs free-energy towards σw, keeping σz fixed we 
find 
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(5.23) 

Furthermore, when differentiating the partition sum towards σw a factor 2εw 
comes down (i.e. an extra factor 2). Therefore we obtain, 
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(5.24) 

and the bulk modulus can still be computed from the volume fluctuation by 
Eq. 5.13. When dividing the two last relations in Eq. 5.24 we obtain the 
expression for Poisson’s ratio. The same relation is reported in the work of 
Falcioni et al.18 as obtained by using the linear-response theory. 

( )( )
( )2

.w w z z

z z

ε ε ε ε
ν

ε ε

− −
= −

−
 (5.25) 

5.3.2. Simulation details and computed elastic properties of bulk epoxy 

The equations derived in the previous section are used to estimate the 
Poisson’s ratio v, elastic modulus E, and bulk modulus B. For this purpose, 
atomistic simulations of the reverse-mapped structure are performed. The all-
atom simulations are run with the LAMMPS code19, 20. We use PCFF (Polymer 
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Consistent Force Field)21 which has the same functional form as a class II force 
field22.  

As a first step the total energy of the reverse-mapped cross-linked bulk 
epoxy structure is minimized by iteratively adjusting the atomic coordinates 
until the change in energy is less than 10-6 kcal/mol. Then, the structure is 
relaxed in an NPT ensemble with a small time step of 0.1 fs for 100 ps. Finally, 
a 2 ns production run is performed with a 1 fs time step. The thermostat is 
selected as Nosé-Hoover23, 24, the pressure control is performed by Parinello-
Rahman25 barostat while all simulations are performed at room temperature 
and 1 atm pressure. For the electrostatic contribution the particle-mesh Ewald 
(PME)26 summation is used. For Lennard-Jones interactions a cut-off of 10 Å 
is used. The system consists of 20,850 atoms using a periodic box with initial 
dimensions in xyz as 56.8 Å, 57.5 Å, and 72.5 Å giving rise to a density of 
around 1.2 g/cm3. 

In Fig. 5.5 the fluctuations in box size are plotted as a function of time. The 
box is observed to decrease in size in the x and y, and to increase in size in the 
z directions during the simulations. The change of box shape is due to a slow 
relaxation of the structure. In order to compute the statistics of fluctuations 
these results were used even though equilibrium was not fully reached yet. The 
slowly changing box sizes were fitted to exponential decays. The fluctuation of 
a quantity is computed as the difference between an instantaneous value minus 
the value of the exponential fit at that time such that only the amount of 
instantaneous fluctuations is taken into account. 

Using the data in Fig. 5.5 and Eq. 5.25 we estimate a value of 0.357 (± 0.03) 
for Poisson’s ratio. The error in parenthesis is computed by error estimation 
from the block averages27. From Eq. 5.24, computing the elastic moduli is 
straightforward, and results in as 1.53 (± 0.12) GPa. Having ν and E fixed, Eq. 
5.13 directly estimates the bulk modulus as 1.92 (± 0.57) GPa. 
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Figure 5.5. The instantaneous fluctuations of the box length in x and z dimensions 
and an exponential fit considered as the mean. 

 

We compare our simulation results for the DGEBA/DETA mixture with 
the experimental data available. Although Poisson’s ratio is not so commonly 
reported and specifically not at the stoichiometric ratio (~95:5 wt. ratio), in one 
of the few studies it is estimated as 0.39 (± 0.10)28. For a non-stoichiometric 
mixture (~90:10 wt. ratio) such as in reference 29, it is reported as 0.345. 
Moreover, from various works and for different epoxy systems it is known that 
the experimental measurement of ν is in the range 0.3 – 0.4 30-32.  

The elastic modulus values found in literature shows some differences 
depending on the epoxy-amine composition. For example, Grishchuk et al.33 
prepared mixtures at the stoichiometric ratio measured E by three-point 
bending tests and reported it as 2.8 (± 0.07) GPa. In addition, Aufray and 
Roche34 report E as 2.7 (± 0.1) GPa also from three-point flexure tests. 
However, for non-stoichiometric samples (~90:10 wt. ratio), as in the work of 
Denq et al.35, the E value is around 1.7 GPa, while Asp et al.29 measured as 2.07 
GPa by tensile testing. 

In all, our estimation for Poisson’s ratio is in very good agreement with the 
reported experimental values in literature. However, our computational 
prediction for the E modulus is somewhat lower than experimental 
measurements for stoichiometric mixtures. We summarize the computed and 
experimentally reported elastic properties in Table 5.1. 
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Table 5.1. The computed elastic properties of bulk epoxy compared with the 
experimental values. Poisson’s ratio ν and elastic modulus E are tabulated. In some 
references the error for measurement was absent. The error for the computed values 
is estimated with the block average method27. 

 Poisson’s ratio (ν) Elastic modulus (E) [GPa] 

Experiments 

0.39 (± 0.10) [ref. 28]† 

2.9 (± 0.3) [ref. 28]† 

2.8 (± 0.07) [ref. 33]† 

2.7 (± 0.1) [ref. 34]† 

0.345 [ref. 29]‡ 
2.07 [ref. 29]‡ 

1.7 [ref. 35]‡ 

Simulations 0.357 (± 0.03) 1.53 (± 0.12) 
†Stoichiometic, and ‡non-stoichiometric composition. 

 

5.4. Estimating the glass transition temperature 

Based on the same cross-linked epoxy created in Chapter 3, we performed 
additional runs to compute the glass transition temperature (Tg) for bulk epoxy.  

 In order to obtain the relaxed structures, we used atomistic NPT 
simulations performed at zero external pressure. All the simulation parameters 
are set as mentioned in the previous section, and started with the structure 
relaxed in previous section. Initially, we heat up the epoxy to 600 K, which is 
significantly above the Tg. Then, in a stepwise fashion, we cool down to 300 K. 
The temperature is lowered with steps of 15 K. The cooling rate between 
discrete steps corresponds to 15 K/500 ps. At each step, the structures are 
subject to energy minimization and further 500 ps runs where the density of 
the relaxed epoxy is recorded. This time is observed to be sufficient for cross-
linked epoxy to reach the equilibrium as the density already fluctuates around 
the mean density after 200 ps. 

The plotted estimates of the densities demonstrate two different regions 
where the low temperature region corresponds to the glassy state with less 
mobility of molecules. The higher temperature region corresponds to the 
rubbery state. In Fig. 5.6, the transition is demonstrated. The Tg is calculated 
from fitting linear lines to the upper and lower temperature regions. The 
intersection of these lines gives our estimation. 
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Figure 5.6. Density variation as a function of the change in temperature. 

 

The estimated Tg corresponds to 154.2 ± 9.2 oC. Experimentally, the glass 
transition temperature of DGEBA/DETA systems is measured as 130 oC, and 
135 oC from DSC and DMTA measurements, respectively33. Our computed 
value for Tg differs slightly from the experimental values. The factors such as 
selection of the force field, the set cooling rate, the inaccuracy in the 
experimental measurements, the additive and impurities present in the epoxy in 
reality, polydispersity, etc. are some of the possible reasons that would lead the 
deviation between simulations and experiments. Within those, the cooling rate 
is one of the most considerable factors in the simulation works shifting the 
location of the Tg 

36. 

5.5. Conclusions 

In this chapter the coupling between mesoscopic and atomistic scales is 
presented. We established a fast procedure to insert the atomistic details into 
the mesoscopic structure which allows performing atomistic simulations from 
a structure derived at larger length scales. We used a cross-linked epoxy 
structure created at the DPD-scale as presented in Chapter 3 as an input to the 
reverse-mapping algorithm. The procedure performed was a combination of 
different steps to obtain the best alignment between characteristic vectors of 
consecutive atomistic templates. The reverse-mapping of the atomistic detail 
was tested by observing the bond length distributions between these templates 
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for a single chain and full cross-linked structure of epoxy. The significantly 
more realistic bond lengths in both cases led to a fast minimization of the 
structure as compared to the structure with non-rotated (randomly oriented) 
templates. The computational times associated with the reverse-mapped 
system with rotation included were significantly shorter. Moreover, effects 
such as spearing or concatenation of rings were removed. 

The reverse-mapped structure was used to compute the elastic properties of 
the bulk epoxy. The atomistic simulations are performed on the fine-grained 
structure and the output is analyzed for elastic modulus, Poisson’s ratio and 
bulk modulus. A derivation using standard fluctuation theory for computing 
these properties from the instantaneous box length fluctuations was presented. 
Moreover, the computed elastic properties were compared with the 
experimental values reported in the literature. Poisson’s ratio was found to be 
in a very good agreement. The elastic modulus was estimated somewhat 
smaller but in the same order of magnitude as the available experimental values 
reported in literature.  

It should be noted that by the use of our parameterization method for DPD 
interactions developed in Chapter 2 (see also reference 37), it is ensured that 
the local specific volume around a particular bead is consistent with its 
experimental pure liquid volume. By this improved representation of the 
variable local volumes it is expected that the fitting of atomistic detail is more 
efficient as compared to conventional DPD, where all beads have nearly equal 
volumes irrespective of their type. 
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Chapter 6 
 

 

Multi-scale simulations of the adhesion of epoxy 
and alumina 

 

 

 

In this chapter we perform molecular simulations at different length scales to reveal the 
adhesion properties of various epoxy-alumina interfaces. The methods and procedures 
developed in previous chapters are applied to study different epoxy systems containing 
aromatic and aliphatic rings and their adhesion energies are quantified.  
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6.1. Introduction  

In previous chapters, we built methodologies and procedures for creating a 
realistic structure of an epoxy interacting with an alumina surface at the 
mesoscopic scale. The structure of the epoxy generated at larger length scales 
provided us the initial but crucial step towards computing the properties. For 
determining the physical properties of the material, we couple the structure at 
different length scales. The fine-graining of the structure obtained from the 
DPD simulations allowed us to perform molecular dynamics computations for 
the elastic properties of the bulk material, as shown in Chapter 5. Moreover in 
this chapter, we use this procedure to set up a computation for the adhesion 
energies at the atomistic scale. 

We compute the interface energies of different epoxy-alumina interfaces. 
The computational methods derived and applied to the DGEBA/DETA 
system in previous chapters are further used on Epikote/Jeffamine and 
Eponex/Jeffamine mixtures to derive the structure interacting with an alumina 
surface. The last two epoxy systems are different in their chemical structures: 
whereas the first system contains aromatic rings, the second system contains 
aliphatic rings. It is recently found experimentally that their adhesion to 
alumina shows unexpected differences (in the absence of water)1. Therefore in 
this section, we focus on the computation of the interfacial energy which is a 
way to quantify the adhesion level and make a comparison between these 
different epoxies. 

First, the mesoscopic structures of Epikote/Jeffamine and 
Eponex/Jeffamine mixtures are realized. The meso-scale interfacial structures 
are used to estimate their amount of adsorption to the alumina surface. Then, 
after reverse-mapping, we perform atomistic simulations for the interface 
energy computation of the epoxy interacting with the alumina. Finally, all 
findings are compared with the experimental trends.  

6.2. Computational details 

6.2.1. Chemical structures and mesoscopic parameterization 

The epoxies simulated in this chapter differ from each other with respect to 
their ring structures. Epikote contains aromatic rings, whereas Eponex 
contains aliphatic ring structures. As cross-linker a Jeffamine polyetheramine is 
used. As can be seen in the schematic chemical structures shown in Fig. 6.1, 



Multi-scale simulations of the adhesion of epoxy and alumina 

97 

Jeffamine contains two primary amine end-groups which make the molecule 
four functional. With the epoxy being two functional, this means that the 
stoichiometric ratio of the Jeffamine and epoxy system corresponds to a molar 
ratio of 1:2.  

 

Figure 6.1. Chemical structures of (a) Epikote, (b) Eponex, and (c) Jeffamine. 

 

Similar to the procedure reported in Chapter 3, the coarse-graining of the 
atomistic molecular structures of the Epikote, Eponex and Jeffamine are done 
based on identifying the chemically functional groups as depicted in Fig. 6.1. 
The reacting groups that form cross-links are bead types A and D. Within a 
pre-defined distance upon contact (i.e. 0.3 rDPD), these groups react, the 
chemical structures of those beads change and new bead types are formed. 
These reactions follow as in Eq. 4.2: A + D → A′ + D′ and A + D′ → A′ + 
D′′. The chemical structures of these newly formed beads (i.e. A′, D′, D′′) are 
demonstrated in Fig. 4.1 of Chapter 4.   

To compute the mesoscopic non-bonded DPD interactions, we use the 
functional forms derived for the polymer beads in Chapter 2 and used in 
Chapter 32, 3. The substrate interacting with the epoxy is the <0001> surface of 
α-alumina which is the same as used in Chapter 4. The parameterization for 
polymer-metal interactions follows the procedure therein4. In Table 6.1 the 
DPD simulation parameters for the different types of beads are tabulated. As 
there is only one bead type that differs for Epikote and Eponex, we present all 
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interactions in the same table. Moreover, the bond and angle potentials used 
for the system are given in the appendix section of this chapter. 

 

Table 6.1. The non-bonded DPD interaction parameters used to simulate 
Epikote/Jeffamine and Eponex/Jeffamine systems in contact with alumina. Dashed 
line indicates no interaction computed between the aromatic (bead B) and aliphatic 
(bead L) rings.  

aij/kBT A B L C D J A′ D′ D′′ Al 

A 27.8 49.8 50.1 33.2 23.3 33.9 28.6 20.2 32.8 6.2 

B 49.8 62.0 ‒ 63.0 19.3 64.3 39.2 36.0 59.8 13.2 

L 50.1 ‒ 88.5 59.4 25.9 60.5 45.5 35.5 59.4 35.2 

C 33.2 63.0 59.4 35.5 36.3 35.9 38.4 26.7 37.0 82.1 

D 23.3 19.3 25.9 36.3 5.8 37.4 12.8 17.4 29.6 8.7 

J 33.9 64.3 60.5 35.9 37.4 36.4 39.4 27.4 37.6 23.0 

A′ 28.6 39.2 45.5 38.4 12.8 39.4 22.7 19.8 35.3 7.0 

D′ 20.2 36.0 35.5 26.7 17.4 27.4 19.8 14.2 24.8 9.2 

D′′ 32.8 59.8 59.4 37.0 29.6 37.6 35.3 24.8 37.7 85.0 

Al 6.2 13.2 35.2 82.1 8.7 23.0 7.0 9.2 85.0 0.0 

 

6.3. Mesoscopic simulations for Epikote and Eponex mixtures 

6.3.1. Computational details 

We set up the simulation boxes that contain Epikote/Jeffamine and 
Eponex/Jeffamine mixtures separately. The polymer and metal oxide (i.e. the 
alumina) parts are later combined to create an organic-inorganic interface 
oriented along the xy-plane. The polymer part includes 10,000 Epikote (or 
Eponex) chains mixed with 5,000 Jeffamine chains having a total number 
density of 3 rDPD

-3. This corresponds to a total number of 30,258 beads. The 
metal substrate consists of an fcc (face-centered-cubic) close packed structure 
of beads which has a number density of 15 in order to prevent the penetration 



Multi-scale simulations of the adhesion of epoxy and alumina 

99 

of polymer beads into the substrate. Hence, the total box length corresponds 
to x = 25 rDPD, y =  25 rDPD, z =  39.8 rDPD with a thickness of the substrate as 
2.42 rDPD.  

The Cartesian coordinates of beads corresponding to the metal substrate are 
held fixed during simulations. The total number of simulation steps is 2∙106 

with the first 1∙106 for equilibration and the rest for data collection. For the 
cross-linking simulations the cross-link criterion is switched on after the 
equilibration step. The time step in the simulations is 0.02 tDPD. Periodic 
boundary conditions are employed in the simulations in all dimensions. We use 
the LAMMPS package5, 6 to perform the DPD simulations. 

6.3.2. Mesoscopic epoxy structure 

In this section we discuss the adsorption properties associated with the 
Epikote/Jeffamine and Eponex/Jeffamine systems as derived from the 
structures near the alumina substrate, for the non-cross-linked and cross-linked 
structures. 

As seen in previous chapters, one clear way to characterize the interfacial 
structure is to examine the density profiles. The extent of the fluctuations and 
location of the density peaks in the profiles provides information on the 
relative preference of beads in favor of a substrate. 

Upon comparison of the non-cross-linked density profiles presented in Fig. 
6.2, the bead type nearest to the alumina substrate is the epoxy functional 
group (bead A) in both mixtures, but being closer to the surface for the 
Epikote/Jeffamine mixture. The computed interaction value with the alumina 
(see Table 6.1) is consistent with this observation. When the aromatic (bead B) 
and the aliphatic (bead L) groups, which are the types different in the two 
epoxies, are compared, a higher peak for bead L is observed. Moreover, the 
behavior of the Jeffamine beads is different in both structures, probably due to 
the influence of the aromatic and aliphatic rings. In the Eponex/Jeffamine 
system, the Jeffamine beads (i.e. D and J) are somewhat closer to the alumina 
surface than for the Epikote/Jeffamine system. 
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Figure 6.2. The density profiles of the non-cross-linked Epikote/Jeffamine and 
Eponex/Jeffamine systems in the presence of alumina. The profiles are shown until 
7.5 rDPD in the direction perpendicular to the interface as at this distance the bulk 
density is reached. The profiles are identical with respect to both interfaces. The 
vertical dashed line indicates the location of the alumina substrate. 

 

Although the density profiles provide useful information about the relative 
preference of beads, more can be deduced. For this reason, we compute and 
compare the surface excess values of beads quantifying how much a bead is 
adsorbed near the alumina from the density profiles in Fig. 6.2. The idea is 
similar to the idea of parameterization of DPD beads as discussed in Chapter 
4. However, in this case we use the surface excess to comment on the 
interaction of beads in different epoxy systems. The results are presented in 
Table 6.2 and indicate whether the system is favored by alumina or not. 
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Table 6.2. The surface excess values computed for different beads in non-cross-
linked Epikote/Jeffamine and Eponex/Jeffamine mixtures. The integration in Eq. 4.1 
is taken from the location of the surface until the middle of the simulation box. The 
dashes show that those bead types are not present in the corresponding systems. 

 

Epikote/Jeffamine Eponex/Jeffamine 

A 0.0893 0.0863 

B 0.0761 ‒ 

L ‒ 0.0847 

C 0.0390 0.0207 

D -0.6256 -0.8939 

J -0.6349 -0.8874 

Total -1.0561 -1.5896 

 

A comparison of the same bead types present in both systems reveals the 
differences in the density profiles. For instance, a significant difference is 
observed for the Jeffamine beads for the two mixtures. The adsorption of 
those beads is much less for the Eponex/Jeffamine system than for the 
Epikote/Jeffamine system. As the main difference is the presence of aromatic 
and aliphatic groups, the results confirm that the aliphatic group is less 
attracted by the alumina. The behavior of the epoxy functional group (bead A) 
in both systems is not significant but agrees with the observation from the 
density profiles in Fig. 6.2. Therein, the density profiles indicate that in the 
Epikote/Jeffamine system, bead A stays closer to the alumina than in the 
Eponex/Jeffamine system. The bottom row of Table 6.2 is computed from the 
average density of beads, quantifying the total amount of adsorption, depicts 
that the amount of beads at the epoxy-alumina interface is higher in the 
Epikote/Jeffamine system than in the Eponex/Jeffamine system. 

The structures are somewhat different in the cross-linked simulations. The 
consumption of the cross-linking bead types and generation of new bead types 
having different interaction parameters alters the concentration near the solid 
substrate. In both systems the concentration of the amine functional group (i.e. 
bead D) is almost zero along the simulation box. In addition, unreacted epoxy 
functional groups are clearly present near the alumina, but have almost 
vanished in the bulk region. This is driven by the fact that the cross-link 
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formation process is preferably occurring in the bulk regime rather than close 
to the substrate. A detailed analysis of this behavior can be found in Chapter 4. 
The concentration of the cross-linking beads having a very small value in the 
bulk regime indicates that a high cross-link conversion reached at the end of 
the simulations. That is, for both of the systems, the computed cross-link 
conversions are around 0.92. 

 

 
Figure 6.3. The density profiles of the cross-linked Epikote/Jeffamine and 
Eponex/Jeffamine systems in presence of alumina. The profiles are shown until 7.5 
rDPD in the direction perpendicular to the interface as at this distance the bulk density 
is reached. The profiles are identical with respect to both interfaces. The vertical 
dashed line indicates the location of the alumina substrate. 

 

The bead concentrations of the cross-linked Epikote/Jeffamine and 
Eponex/Jeffamine mixtures near the interface are presented in Fig. 6.3. 
Clearly, the variation in bead concentrations near the alumina is different for 
the two mixtures. The extent of these differences is best illustrated by again 
tabulating the surface excess values for each bead. Table 6.3 depicts the 
amount of a specific bead type adsorbed near the alumina substrate for cross-
linked simulations. 
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Table 6.3. The surface excess values computed for different beads in cross-linked 
Epikote/Jeffamine and Eponex/Jeffamine mixtures. The integration in Eq. 4.1 is 
taken from the location of the surface until the middle of the simulation box. The 
dashes show that those bead types are not present in the corresponding systems. 

 

Epikote/Jeffamine Eponex/Jeffamine 

A 0.6703 0.9797 

B -2.2795 ‒ 

L ‒ -2.2322 

C -1.1420 -1.1128 

D -0.0297 -0.0045 

J -1.7002 -1.9168 

A′ -2.9078 -3.1769 

D′ -0.3575 -0.5946 

D′′ -1.3489 -1.3505 

Total -9.0953 -9.4086 

 

The adsorption of the unreacted epoxy functional group is higher for 
Eponex/Jeffamine system than for the other system. The findings are 
consistent with what is observed in Fig. 6.3 but rather different for this case 
than for the non-cross-linked system. As the epoxy functional group reacts, it 
is consumed to yield the bead type A′ (see Fig. 6.1). More of this bead type is 
present at the alumina interface for the Epikote/Jeffamine system. A similar 
observation can be made for the reacted amine functional groups. On the 
whole, as computed by using the average bead density profiles (shown in the 
bottom row), the beads of the Epikote/Jeffamine system have a higher 
preference for the alumina surface than the Eponex/Jeffamine system.  

6.4. Atomistic simulations for the energy of interaction at epoxy alumina 
interface  

In this section, in order to be able to comment on the physical values of the 
interface energies to characterize of the adhesion strengths, we performed 
atomistic simulations, not only for the two mixtures simulated in the previous 
section, but also for the DGEBA/DETA system as discussed in Chapter 4. 
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6.4.1. Computational details 

To perform atomistic simulations, we make use of our reverse-mapping 
algorithm which generates the atomistic representations of the meso-scale 
coordinates, as explained in Chapter 5. For the reverse-mapping procedure we 
use a smaller box than considered in the previous section. The reason is that 
the DPD simulations performed in the previous section contain in total 70,000 
beads for the polymer part. When reverse-mapped, this corresponds to a total 
of 620,000 atoms. This is a rather high number for which an atomistic 
simulation would require large amounts of computing time. Therefore, we use 
a smaller DPD box which is x = 7.98 rDPD, y =  8.07 rDPD, z =  12.15 rDPD. 
These coordinates are scaled with the physical length scale of rDPD = 7.15 Å 
yielding an xy plane proportional to the unit cell of an α-alumina crystal. As a 
result, the reverse-mapped system consists of 23,640 atoms with initial 
dimensions in xyz as 57.1 Å, 57.7 Å, and 86.7 Å, respectively. 

The alumina crystal is collected from the Materials Studio7 structural 
database. The reverse-mapped coordinates are merged with the alumina as the 
interface lies in the xy plane. The atomistic simulations are performed with the 
LAMMPS5, 6 software by using the Polymer Consistent Force Field (PCFF)8. 
Prior to the simulations, an energy minimization combining Newton-Raphson 
and conjugate gradient algorithms is performed for the whole system. After the 
minimized structure is obtained, atomistic simulations using the NPT ensemble 
are performed for the optimum density. Firstly, we run the simulation with a 
0.1 fs timestep for a time of 50 ps. Later, this is restarted with 1 fs timestep for 
a 2 ns run of which the last 1 ns is used for data collection. The cut-off radius 
used for non-bonded Lennard-Jones interactions is 10 Å, and the Coulomb 
interactions are handled by particle-mesh Ewald9 summation. The temperature 
is set as room temperature with a pressure of 1 atm. The thermostat is selected 
as Nosé-Hoover10, 11 and the pressure control is performed by the Parinello-
Rahman12 barostat. The pressure control is set in the z dimension as the box 
only fluctuates in this direction. The alumina structure is kept fixed during the 
simulations. 

6.4.2. The adhesive properties of epoxy 

The interface energy13-15 (Einterface) is used to characterize the adhesion between 
the epoxy polymer and alumina surface and can be computed from the 
following relation 
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( )interface total epoxy alumina
1
2

E E E E = − +   (6.1) 

where Etotal is the total energy of the epoxy and alumina, Eepoxy is the total 
energy of epoxy without alumina, and Ealumina is the total energy of the alumina 
crystal without epoxy. The factor one-half results from the fact that there are 
two epoxy-alumina interfaces as a result of the periodic boundary conditions. 
Dividing this quantity by the interface area A better illustrates the relative 
adhesion levels. The interfacial energies per unit area are reported in Table 6.4.  

 

Table 6.4. Interface energies computed from atomistic simulations of the three epoxy 
mixtures. Cross-link conversions (X) of each mixture are presented as well. The 
computational errors for all systems are smaller than 0.001 J/m2.  

 

X Einterface/A 
(J/m2) 

Epikote/Jeffamine 0.92 -0.663 

Eponex/Jeffamine 0.91 -0.609 

DGEBA/DETA 0.93 -0.646 

 

The cross-link conversions are given to demonstrate that all the mixtures 
have similar degree of cross-linking. The minus sign in front of all values of the 
interface energies indicates that the epoxies are adhering to the alumina. The 
interface energies of the various epoxy systems differ significantly from each 
other. The Epikote/Jeffamine system is observed to have the highest attraction 
to the alumina while the Eponex/Jeffamine mixture is the least attracted. The 
difference is about 8 % between the most and the least attracted systems. 

When the results for the Epikote/Jeffamine and Eponex/Jeffamine systems 
in Table 6.4 are compared with the observations in Table 6.3, the results, on 
the whole, are consistent with each other. In other words, the adsorption 
trends estimated from the structure at the mesoscopic scale are consistent with 
the interface energies. 

Recently experimental measurements were performed on the stoichiometric 
Epikote/Jeffamine and Eponex/Jeffamine mixtures. The pull-off test was used 
to measure the adherence of Epikote/Jeffamine and Eponex/Jeffamine 
systems to the alumina surface. The experimental results are given in Table 6.5.  
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Table 6.5. Results of the pull-off tests on Epikote/Jeffamine and Eponex/Jeffamine 
mixtures.   

 

Adhesion strength 
(MPa) 

Epikote/Jeffamine 12.3 ± 2.5 

Eponex/Jeffamine 9.4 ± 0.9 

 

The experimental data represent (pull-off) strength values, while from 
simulations we estimate interaction energies between epoxy and alumina. 
Therefore, a direct comparison with experiment is not quite straightforward. 
During the pull-off tests the material undergoes deformation until fracture 
occurs at the epoxy-alumina interface. The measured quantity is then the stress 
at fracture. In order to perform a direct comparison between the experimental 
data and the computational values, Griffith’s criterion16 could be used. His 
criterion is based on an ‘energy approach’ to continuum fracture, and is valid 
for substances that are brittle upon fracture. Griffith found that the product 
σf √a is related to a materials constant K where σf  is the stress at fracture, and 
a  is the flaw length. The Griffith theory indicates that the constant K is 
directly related to the elastic modulus E of the material, Poisson’s ratio ν, and 
the interface energy γ with the expression for plane strain and monolithic 
materials reading K = �2Eγ/(π − πv2). From the experiments, we do not know 
explicitly the flaw length a, and additionally, we have a bi-material interface, so 
that the exact expressions are more complex. Therefore, accepting this, it is 
expected that the strength scales with the square root of the interface energy. 
Since the difference in interface energy is about 10 %, one would expect a 
difference in K and hence in strength of about 4 % while experimentally about 
25 % is observed. However, please note that there are other factors play a role. 
The epoxy-alumina interface might involve chemical bonds, which might result 
in adhesive failures upon pull-off tests, but we only model the non-bonded 
interactions between the epoxy and alumina. Moreover, the surface 
morphology of the alumina in reality contains irregularities such as kinks, steps, 
defects, hydroxyl groups etc. which could change the strength of adhesion 
significantly. For a proper comparison, these effects should be taken into 
account. 
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In summary, in light of the estimated interface energies and the adsorption 
behavior of the epoxy to the alumina from the simulations at different length 
scales, we can draw the qualitative conclusion that the sequence of the 
experimental adhesion strengths is predicted. A further comparison of the 
trends might involve the epoxies in presence of humidity. In principle, the 
fracture energy R scales with γ, and a factor R′ dependent on the strain rate, 
etc. Hence, if the humidity changes the γ, it changes R accordingly and hence 
the strength. So, an estimate of the wet situation would be helpful in 
comparing the trends from simulations and experiments. 

6.5. Conclusions 

In this chapter the procedures developed in the previous parts of the thesis are 
used to create the structure of two different epoxies containing aromatic and 
aliphatic rings interacting with alumina. The adhesion as characterized in terms 
of the interface energies are estimated and discussed. To compute the interface 
energies, we make use of the reverse-mapping algorithm presented in Chapter 
5 followed by atomistic simulations. Moreover, the structure of epoxy near 
alumina is used to compute the amount of adsorbed beads. The results of the 
simulations performed at different scales are consistent with each other. 
Furthermore, the sequence of adhesion properties from the simulations match 
to the experimental observations. 
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6.6. Appendix: Bond and angle potential parameters used in the 
simulations 

Table A6.1. Bond potential parameters of the equation VB,ij(r) = kij(r – r0,ij)2 used in 
the simulations.  

Bond type kij 

[kT/rDPD
2 ] 

r0,ij 
[rDPD] 

Bond type kij 

[kT/rDPD
2 ] 

r0,ij 
[rDPD] 

A-B 500.0 0.65 A'-D' 500.0 0.44 

A-L 500.0 0.70 A'-D'' 500.0 0.44 

B-C 500.0 0.54 A'-B 500.0 0.65 

L-C 500.0 0.56 A'-L 500.0 0.70 

D-J 500.0 0.45 D'-J 500.0 0.45 

A'-D 500.0 0.44 D''-J 500.0 0.45 

 

Table A6.2. Angle potential parameters of the equation VA,ijk(θ) = kijk(θ – θ0,ijk)2  used 
in the simulations.  

Angle type kijk 

[kT/rad2] 
θ0,ijk 
[deg] 

A-B-C 50.0 170.6 

B-C-B 50.0 94.7 

D-J-J 50.0 106.7 

A-L-C 50.0 94.6 

L-C-L 50.0 75.5 

A'-B-C 50.0 170.6 

D'-J-J 50.0 106.7 

A'-L-C 50.0 94.6 

D''-J-J 50.0 106.7 
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Summary, conclusions and recommendations for 
future work 

 

 

 

In this chapter we summarize the main conclusions and achievements of the work 
performed in this thesis. Moreover, recommendations for further research opportunities 
in the field of modeling adhesion between polymer-metal-oxide are given.  
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In this thesis, we modeled the interactions that occur at a polymer-metal-oxide 
interface, and performed simulations in order to study the adhesion properties. 
A thermoset polymer, which was in our case epoxy, interacting with a metal-
oxide, here alumina, were selected as the system of interest. The considerable 
usage of these materials in packaging of micro-electronic components biased 
this choice because the reliability of the associated interfaces is important for 
the long-term service of these components. This is directly related to the 
interfacial adhesion strength, which is a result of the interactions happening at 
the nano-scale. So, the target was gaining insight about the interfacial 
interactions and the factors contributing to the adhesive properties. This 
scientific knowledge is expected to be useful in improving design solutions to 
prevent or delay interface-related failures. Therefore in this thesis, we focused 
on modeling and understanding the nano-scale interactions, which characterize 
the molecular structure and the adhesion process. Here, we used computer 
simulations which are useful tools to provide information about the molecular 
dynamics and structure of a material if used properly.  

Modeling a thermoset polymer interacting with a solid substrate at the time 
and length scales of interest is not straightforward. The first complication is to 
reach a relaxed cross-linked structure. With the available computational power 
and atomistic simulation methods available, reaching the time scales necessary 
to construct and relax a cross-linked polymer is not feasible. Therefore, we 
constructed a multi-scale approach, which involves simulations performed at 
both the mesoscopic and the atomistic scales. The backbone idea is to build 
the equilibrated structure at the meso-scale and then perform a mapping of the 
structure to the atomistic scale such that the physical properties can be 
calculated by atomistic simulations. 

In order to perform mesoscopic (or coarse-grained) simulations, we had to 
be very careful. The reason is the structure built at the end of the simulation 
could completely be dependent on the parameters used. There are several 
coarse-grained molecular dynamics approaches, which require bottom-up 
parameterization, meaning a direct mapping of the coarse-grained parameters 
from the atomistic simulations by iterative Boltzmann inversion, inverse Monte 
Carlo sampling, or force matching methods. Although one expects this in 
general to yield mesoscopic structures completely consistent with the atomistic 
simulations, these methods are totally system specific and require performing 
extensive simulations to compute the coarse-grained parameters for each pair-
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wise interaction. Moreover, although statistical mechanics recipes exist for 
bottom-up parameterization approach, prediction of the thermodynamic or 
other macroscopic properties might still not be correct as they involve many 
assumptions. Therefore, we considered the so-called Dissipative Particle 
Dynamics (DPD) simulation method, which has been used mostly for 
polymeric soft-matter systems. The pair-wise coarse-grained parameters are 
directly obtained from the thermodynamic quantities mapped from 
experiments to the coarse-grained scale indicating a top-down approach. In 
this case, the matched quantity is the experimental Flory-Huggins parameter, at 
least ensuring that the thermodynamic properties of the system are correct. 

While performing this mapping, we had severe complications that arose 
from the nature of the DPD method. By construction, the DPD method 
assumes all beads (i.e. coarse-grained molecular sub-units of a polymer chain) 
having the same experimental pure liquid densities. However, upon coarse-
graining an epoxy based on functional chemical groups, we observed that the 
experimental pure liquid densities of this type of beads are varying by about a 
factor 3. Therefore, we had to come up with a DPD parameterization 
approach valid for beads having different experimental pure liquid densities. 
This is important to obtain a locally correct structure. If the local densities are 
not properly represented by the simulations, the cross-linked structure 
obtained would be irreversibly incorrect. Therefore, as reported in Chapter 2, 
we derived a general relation for computing the DPD interactions for beads 
having different experimental pure liquid densities. This was an important 
achievement in extending the applicability of a widely used method to any 
system having beads with different experimental volumes. 

The derived DPD parameterization scheme was used to create the bulk 
cross-linked epoxy structure in Chapter 3. The network evolution and the 
structure were studied as well. Therein, a simple scaling theory was depicted to 
show that the criterion to create cross-link bonds was not influencing the end-
structure obtained. Instead, it was only scaling the dynamics in a simulation. 
These findings were particularly important in understanding how the cross-
linking develops in a thermoset. 

Until this point, the methods were mainly targeting modeling the bulk 
polymer. However, as mentioned before, the main objective was to model the 
adhesion process between a polymer and a metal-oxide. Therefore in Chapter 
4, we tried to find a solution to this problem. The scale of interest was still at 
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the meso-scale. Besides, there was no straightforward approach reported in 
literature to compute the polymer-metal-oxide substrate interactions for the 
DPD method. Since the polymer-polymer parameterization in DPD is based 
on the solubility approach, which can be used in the liquid state, this procedure 
could not yield realistic results for the polymer-metal interactions as polymers 
do not dissolve in metals. Moreover, a solution based on the solubility 
approach yields (unrealistically) high DPD interaction parameter values. So, we 
constructed a multi-scale procedure, where the interaction between a particular 
polymer bead and a metal-oxide substrate was computed by coupling the 
atomistic and the mesoscopic scales. This procedure was constructed such that 
the preferential adsorption of beads would be revealed. If the preference of 
beads by the substrate is quantified correctly, the resulting interfacial structure 
probably would be correctly represented. For this purpose, we used a quantity 
that maps the amount of beads adsorbed by the substrate from atomistic 
simulations to the coarse-grained DPD simulations. Apart from constructing a 
method to compute the polymer-metal interactions, we studied the interface 
structure, the network evolution of the epoxy, and the substrate effects on 
cross-linking associated with the presence of alumina. This procedure extended 
the applicability of DPD to be used straightforwardly in modeling the liquid-
solid interfacial phenomena, while incorporating the proper chemistry. 

In the rest of the thesis, we focused on the atomistic simulation aspects of 
the problem at hand. For the atomistic structure, as noted earlier, we mapped 
the output coordinates obtained via DPD simulations to the atomistic 
coordinates by a reverse-mapping approach. In Chapter 5, a straightforward 
and efficient reverse-mapping scheme is reported. The algorithm involving a 
rotation step provided a significantly improved optimization in the bond 
lengths as compared to a structure without rotation. Moreover, the expressions 
for the elastic properties of the bulk cross-linked epoxy are derived from 
general fluctuation theory, and the numerical results are compared with the 
available experimental results. Moreover, glass transition temperature of bulk 
epoxy is also estimated from simulations. A reasonable agreement of the 
calculated elastic modulus, Poisson’s ratio and Tg with the experimental values 
was observed. The results of this chapter illustrated that it is possible to 
decorate the coarse-grained output with the atomistic details, giving the 
opportunity to further perform atomistic simulations. 
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In the last chapter, Chapter 6, we extended the methods, procedures and 
analyses developed in the previous chapters to study the adhesive properties of 
different types of epoxy systems in addition to the one modeled before. The 
adhesion of the different epoxy systems was compared in terms of mesoscopic 
and atomistic simulation approaches. In the mesoscopic simulation approach, 
we computed and compared the amount of beads adsorbed at the polymer-
metal interface. This yielded comparative results in terms of the adhesion 
trends under the assumption that more beads adsorbed imply better adhesion. 
Another comparison was made by performing atomistic simulations to the 
structures obtained by fine-graining the meso-structure. The quantity in this 
case was the interface (or adsorption) energy. In all, the results of the 
mesoscopic and atomistic simulations yielded the same adhesive order for all 
the epoxy systems. Moreover in a qualitative comparison, experimentally 
available adhesion strengths for two epoxy systems were observed to yield the 
same sequence of the adhesion energies from simulations.  

In general, the achievements of the thesis can be divided in two parts. 
Firstly, methods to be used in parameterization of the realistic interfaces 
between polymer and metal are developed. Although applied specifically to the 
epoxy-alumina interface, the computational framework developed in this thesis 
can be applied to any polymer-metal system of interest. Moreover, the 
extension of the parameterization procedure of a widely used coarse-grained 
method is expected to widen the research in modeling of the polymers by 
removing the equal pure bead volume limitations, and with the fine-graining, 
elucidation of the physical properties of the polymer interacting with a solid 
substrate. Secondly, the findings on the interactions, structure and the network 
evolution of an epoxy in bulk and in the presence of an alumina surface 
reported in this thesis extend the current knowledge for this particular material 
by providing insight about the adhesion properties of different epoxy systems 
to the community dealing with these materials. 

Apart from applying this modeling methodology for different systems, there 
is still some room left for future improvements in this topic within the 
adhesion of epoxy-alumina concept. For example, environmental effects such 
as humidity, temperature, or substrate morphology are known to be severely 
affecting the adhesion at the interface. Incorporation of these conditions could 
improve the degree of reality of the approach and thereby enable a more direct 
comparison with the experimental observations. However, implementing these 



Chapter 7 

116 

effects is not a straightforward task. It would require a deep analysis of how 
these effects are happening in real life, such that the modeling conditions are 
adjusted properly. This means that, for instance, the water presence near the 
interface is known to result in the hydroxylation of the alumina substrate. This 
happens as the protonation of the Al-O-Al bridge, and is reported to increase 
the adhesion of epoxy to hydroxylated alumina1, 2.  

To model these aforementioned effects, more insightful input is needed 
from more macroscopic scales such as the water profile, experimental 
conditions, substrate surface structure, etc. In addition, bonded interactions 
might take place between the epoxy and the hydroxylated alumina. In principle, 
we cannot model these effects with the classical molecular dynamics 
simulations. If modeling the bonding at the interface is targeted, again, multi-
scale approaches involving coarse and fine graining procedures to model 
bonding/debonding could be pursued. Moreover, atomistic simulations with 
the reactive force fields (ReaxFF) could also be used for this purpose. This 
would contribute further to the computational understanding of adhesive 
failures, running cracks, or delamination dynamics that might happen at the 
interface leading to a more direct computation of the adhesion strength values.  
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Summary 

 

Title: Multi-Scale Modeling of Multi-Material Adhesion 

 

Multi-material adhesion is widely encountered in coatings, adhesive and 
packaging applications. In particular, polymer-metal joints are one of the major 
types of interfaces where such adhesion occurs. For example in 
microelectronics packaging applications, such joints protect electrical parts 
from dust, moisture, corrosion and other outside effects. For an end-product, 
the service life, durability and quality are substantially dependent on the 
adhesion strength between polymer and metal. A good understanding of those 
interactions is crucial to improve the adhesion.  

In this thesis, the aim is to study the adhesive properties of a particular 
polymer-metal interface. An epoxy interacting with alumina substrate are 
selected as the system of interest since their application in microelectronics 
industry is immense. Epoxy is a cross-linking polymer where some functional 
groups react with each other leading to a stiff network structure. Due to the 
relevant time scales inherent in a cross-link formation process, this cannot be 
simulated at the atomistic level. A combination of different length scales is 
needed to build the cross-linked polymer interacting with the metal and to 
further study the system. To build the cross-linked structure, the mesoscopic 
Dissipative Particle Dynamics (DPD) method is used. Then, the meso-
structure is reverse-mapped to perform atomistic simulations with the target of 
computing material and interfacial properties. 

In DPD, the interactions between polymer functional groups derive from 
Flory-Huggins mean-field theory. In the conventional DPD, all coarse-grained 
entities (i.e. beads) are assumed to have similar volumes. This assumption is, 
however, not valid for the specific case of epoxy. The ratio in bead volumes 
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could go up to a factor three. To overcome this artifact, a generalized 
parameterization method is proposed to compute the DPD interactions 
leading to variable local volumes around beads as dictated by their pure-liquid 
densities. This is crucial especially in the step of reverse-mapping. If the 
generated cross-linked structure is not correct (i.e. volumes around beads do 
not match to real values), the relaxation by means of atomistic simulations 
would possibly be a failure. The developed parameterization method is applied 
to study the network properties and the structure of bulk epoxy. 

For the meso-scale epoxy-alumina interactions, a multi-scale approach is 
constructed that bridges the coarse-grained and atomistic scales by a parameter 
called as surface excess. The surface excess quantifies the amount of beads 
near the surface. This parameter is first computed by performing atomistic MD 
simulations and then matched to the coarser scale. This ensures that the 
relative affinities of different beads by alumina, in turn the structure at the 
interface, is correctly quantified. 

Both structures of the bulk epoxy and epoxy interacting with alumina are 
reverse-mapped for atomistic MD simulations to compute the material 
properties. For the former, the mechanical properties such as; Poisson’s ratio, 
elasticity modulus, and glass transition temperature are found to match well 
with the experimental values. For the later, the interaction energies between 
epoxy and alumina are computed. 

In summary, the developed methods for the coarse-grained polymer 
interactions together with the multi-scale coupling procedure for polymer-
metal interactions extends the applicability of the widely used DPD. This 
brings new insights to understand the underlying driving factors for the 
network formation of an epoxy and its adhesion to alumina. Moreover, the 
reverse-mapping procedure in bridging multiple length scales allows to 
characterize the properties of cross-linked epoxy and interactions with the 
alumina. In general, the methods developed in this thesis would open up new 
application areas, and can be extended to different polymer-metal interfaces. 
This would allow bringing new insights to the field of multi-phase hybrid 
materials to develop recipes for better adhesion. 
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