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Entropy-driven segregation in epoxy-amine systems at a copper 
interface 
Satoru Yamamoto*a and Keiji Tanaka*abcd

The composition of an epoxy resin at the interface with the adherend is usually different from that in the bulk due to the 
enrichment of a specific constituent, a characteristic called interfacial segregation.  For better adhesion, it should be 
precisely understood how epoxy and amine molecules exist on the adherend surface and react with each other to form a 
three-dimensional network.  In this study, the entropic factor of the segregation in a mixture of epoxy and amine at the 
copper interface before and after the curing reaction is discussed on the basis of a full-atomistic molecular dynamics (MD) 
simulation.  Smaller molecules were preferentially segregated at the interface regardless of the epoxy and amine, and this 
segregation remained after the curing process.  No segregation occurred at the interface for a combination composed of 
epoxy and amine molecules with a similar size.  These findings make it clear that the size disparity between constituents 
affects the interfacial segregation via the packing and/or translational entropy.  The curing reaction was slower near the 
interface than in the bulk, and a large amount of unreacted molecules remained there.  Finally, the effect of molecular shape 
was also examined.  Linear molecules were more likely to segregate than round-shaped ones even though they were similar 
in volume.  We believe that these findings, which are difficult to obtain experimentally, contribute to the understanding of 
the interfacial adhesion phenomena on a molecular scale.

1. Introduction
The design of filler-containing composites is essentially based 
on the selection of a matrix and filler suitable for the 
application.  At the same time, the interfacial adhesion between 
matrix and filler which strongly influences the thermal and 
mechanical properties and thereby the durability is also a key 
issue to be considered.1-7  The surface modification of fillers8-17 
is a commonly adopted strategy for improving interfacial 
adhesion.  In general, the filler surface is designed to work with 
the matrix via enthalpic interactions, considering compatibility 
based on the cohesive energy density.  For example, 
dispersibility is improved by modifying the surface of nanofillers 
to be either hydrophilic or hydrophobic according to the 
matrix.14,17,18  It is therefore of pivotal importance to obtain a 
better understanding of how the filler surface and matrix 
interact at the molecular level.

Epoxy resin which is a class of typical thermosetting resins is 
expected to be used as a structural adhesive for the automobile 
and aviation industries as well as a precise adhesive bonding 
and sealing resin for the electrics industry thanks to its excellent 

adhesive strength, high stiffness and light weight.19-26  Epoxy 
and amine compounds with various molecular structures are 
generally used as a base resin and curing agent, respectively, 
and the combination is determined on the basis of the 
application of the cured resin.  They are stoichiometrically 
mixed to promote the cross-linking reaction between epoxy and 
amino groups.  The rigid three-dimensional network so formed 
plays an important role in material properties such as the 
modulus, adhesive properties, thermal expansion, and fracture 
behavior.27-32  Thus, to improve the adhesive performance with 
the adherend, for example, fillers for composite materials as 
well as metals and wafers for electronic packaging, it is essential 
to understand the detailed molecular picture and successive 
reaction process to form the network structure at and near to 
the interfaces.

The composition of a mixture at the interface is usually 
different from that in the bulk due to the enrichment of a 
specific component.  Such segregation can be promoted by both 
enthalpic and entropic factors to minimize the free energy at 
the interface.33-39  The enthalpy-driven segregation is easy to 
understand intuitively as the compatibility is based on the 
cohesive energy density, and the material is often designed 
based on this factor.  The entropic attraction toward the 
interface should also play an important role in the mixture.  This 
is the case even for linear polymers because of the favourable 
existence of shorter chains at the interface due to this factor in 
terms of conformational, translational, or packing, depending 
on which aspect is the focus.40-42  In our earlier report on an 
epoxy-amine mixture via both experimentation43,44 and 
simulation45 in which the average composition was adjusted to 
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the stoichiometric ratio, an excess amount of amine molecules 
that were smaller than epoxy existed at the interface, which 
was neutral in charge, owing to the entropic factor.  Although 
there are no such reports dealing with the interfacial 
segregation of the epoxy component, it should also be 
segregated under entropically favorable conditions where the 
energetic, or enthalpic, factor is relatively smaller.  Tackling this 
point leads to an understanding of how the epoxy and amine 
agents are present on the adherend surface and how they move 
around dynamically and react with each other to form the 
three-dimensional network.  This should thereby result in the 
better adhesion of epoxy resins.

In this study, from the perspective of the entropic factor, we 
investigated how the molecular size influenced the interfacial 
segregation based on a full-atomistic molecular dynamics (MD) 
simulation using various combinations with two different size 
epoxy and amine molecules.46-58  In addition, the interfacial 
segregation was further investigated using a combination of 
constituents which were identical in size but different in shape.  
Although a full-atomistic MD simulation is suitable for this kind 
of research, the number of atoms handled is generally limited.  
This drawback was overcome herein by performing the 
simulation with a narrow gap sandwiched between two copper 
layers, which was sufficient to shed a light near the solid 
interface.45  The information at the molecular level obtained 
here will help to understand the adhesive interface phenomena 
and lead to the development of adhesives with better 
performance.

2. Simulation method
2.1 Materials

Fig. 1 shows the chemical structures of diglycidyl ether of 
bisphenol-A (referred to as Ep-L), ethylene glycol diglycidyl 
ether (Ep-S), 2,2-di(4-(3-aminopropyl)phenyl)propane (Am-L), 
and 1,8-diaminooctane (Am-S) as large/small epoxy and amine 
molecules, respectively.  Their molecular weights and volumes 
are summarized in Table 1.  The volume was estimated based 
on the surface which was the boundary between a 0.14 nm 
probe, which was approximately the radius of a water molecule, 
and atoms.59  Larger molecules are roughly twice the size of the 
smaller ones.

2.2 Simulation system

All calculations reported in this study were performed using the 
Materials Studio 2020 (Dassault Systèmes) software package.  
Using a confined space of a 15 nm gap sandwiched between two 
copper (1 1 1) surfaces with an area of 3.1 × 3.1 nm2 and a 
thickness of 1.9 nm as shown in Fig. 1, the segregation 

phenomenon for the mixture at the copper interface was 
investigated via a full-atomistic MD simulation before and after 
the curing process.  The size of the copper surface was chosen 
to maintain computational performance, and its plausibility was 
confirmed comparing with a result with a 6 × 6 nm2 copper 
substrate.45  A Forcite module was used with a COMPASS II 
forcefield60-62 under an NVT ensemble using a Nose-Hoover-
Langevin (NHL) thermostat, after determining the equilibrium 
density under the NPT ensemble.  The gap size of 15 nm for the 
simulation was sufficient to avoid the thinning effect on the 
interfacial segregation phenomenon.45  A copper surface was 
chosen because it is often used as a substrate for epoxy resins 
and the interface has been well characterized experimentally.44  

To create the initial structure for each combination of epoxy 
and amine, an Amorphous Cell module using the Monte Carlo 
method was used.  The mixture of epoxy and amine molecules 
with a stoichiometric ratio was introduced into the gap with a 
density of 1.09, 1.08, 1.07, and 1.02 g·cm−3 for the Ep-L/Am-L, 
Ep-L/Am-S, Ep-S/Am-L, and Ep-S/Am-S combinations, 
respectively.  These densities were obtained at an equilibrium 
state for 100 epoxy and 50 amine molecules in the cubic cell 
after a 1 ns MD simulation under the fully periodic boundary 
condition for the NPT ensemble at 1 atm and 296 K.  Although 
the density increased after the reaction proceeded due to the 
formation of the cross-linked structure by at most a few 
percent, the MD simulation was here conducted under the NVT 
ensemble.  This was because the NPT ensemble could not be 
adopted as the specification of the MD module used under a 
condition that the copper layer was constrained.  Thus, it was 
pre-confirmed that the reaction kinetics was essentially the 

Fig. 1  Chemical structures of (a) epoxy and (b) amine molecules, and 
(c) a simulation system with a cell size of 3.1 × 3.1 × 16.9 nm3, which 
is composed of an epoxy-amine mixture confined in a 15 nm-thick 
gap between the copper layers with a total thickness of 1.9 nm, 
under a periodic boundary condition.  Carbon, oxygen, nitrogen, 
hydrogen and copper atoms are colored gray, red, blue, white and 
brown, respectively.

Table 1  Molecular weight (Mw) and volume (Vm) of components.

Ep-L Ep-S Am-L Am-S

Mw 340 174 310 144

Vm (nm3) 0.344 0.179 0.359 0.176

Table 2  Number of constituent molecules for the simulation 
systems.
 

epoxy/amine epoxy 
molecules

amine 
molecules

total atoms of 
epoxy/amine

Ep-L/Am-L 188 94 14,194

Ep-L/Am-S 224 112 14,336

Ep-S/Am-L 280 140 14,700

Ep-S/Am-S 356 178 14,596
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same for both NVT and NPT ensembles.  Table 2 shows the 
number of constituent molecules and the total number of 
atoms for the simulation excluding copper layers.  The number 
of copper atoms was fixed at 1,680 and the copper layers were 
constrained during the simulation.  A 1 ns simulation was run to 
investigate the structural and dynamic properties of the system 
before the curing process.  All calculations were run for ten 
different initial structures and then averaged.

2.3 Curing process

The curing reactions of the epoxy-amine system were 
performed via the MD simulation.52,55  If an epoxy group 
approaches an amino group within the reaction range set at 0.4 
nm, a reaction may occur resulting in the formation of a cross-
linking point.  The judgement of whether or not a reaction had 
occurred was based on the comparison between a reaction 
probability composed of the frequency factor and the activation 
energy with the local absolute temperature and a random 
number.  Since the purpose of this study was to examine the 
size disparity effect for the constituents on the interfacial 
segregation, the activation energies were set to be equal for all 
systems, 56.8 and 55.3 kJ‧mol−1 for the 1st and 2nd reactions, 
respectively.  The heat of formation was also set to 58.6 kJ‧
mol−1 for both reactions in all systems, following our previous 
differential scanning calorimetry (DSC) results.44  To analyze the 
reaction process of the mixture in detail, the curing reaction was 
monitored at 296 K, which was the same as our previous 
experiment,44 for 10 ns.  While the data for before the curing 
reaction were averaged over ten simulation runs, the results 
from three different initial structures were averaged for the 
curing process.

3. Results and discussion
3.1 Interfacial aggregation states

Fig. 2 shows the density profiles for Ep-L/Am-L, Ep-L/Am-S, Ep-
S/Am-L, and Ep-S/Am-S with a sampling interval of 0.05 nm.  The 
position is defined along the direction perpendicular to the 
copper surface, and the positions of 0 and 15 nm correspond to 
the bottom and top interfaces, respectively.  As a trend 

common to all systems, the density near the interface was 
higher than in the internal region.  It asymptotically reached the 
bulk value while oscillating toward the internal region.  The 
thicknesses of the interfacial region where the density 
oscillation appeared were 1.3, 1.4, 1.9, and 2.6 nm for Ep-L/Am-
L, Ep-L/Am-S, Ep-S/Am-L, and Ep-S/Am-S, respectively.  For 
instance, in the case of Ep-L/Am-S which was a combination of 
the larger epoxy and smaller amine components, as shown in 
panel (b), although the density was 1.08 g·cm−3 averaged over 
the entire region, it was maximized to 1.8 g·cm−3 very near to 
both the bottom and top interfaces and minimized to 0.8 g·cm−3 
at the adjacent region located on the opposite side to the 
interface.  The second maximum was also observed around 1 
nm from the interface.  This density oscillation was the least and 
most striking for the Ep-L/Am-L and Ep-S/Am-S systems, which 
were the combinations of both larger constituents and both 
smaller ones, respectively, as shown in panels (a) and (d).  In all 
systems, although epoxy and amine molecules existing near the 
interface basically oriented parallel to the copper wall, as shown 
in Figs. S1 and S2 (see ESI†),45,63,64 there were also some 
randomly-oriented molecules.  The presence of randomly-
oriented molecules disturbed the interfacial ordering and the 
degree was more remarkable for larger molecules than for 
smaller one.65

Fig. 3 shows the position dependent relative number density 
of epoxy and amine molecules for all mixtures.  The average 
values for epoxy and amine should be 2 and 1, respectively, 
according to the stoichiometry.  As a general trend for all 
combinations, both epoxy and amine were enriched at the 
interface compared with the interior region.  The amount of 
amine was divided by that of epoxy so that the particular 
component and to what extent it was segregated at the 
interface could be discussed.  Fig. 4 shows the results of the 
analysis of data depicted in Fig. 3.  The molar ratio of amine to 
epoxy was 0.5 on average in the internal region for all systems, 
meaning that both existed in stoichiometric quantities.  In panel 
(a) for the Ep-L/Am-L system, the ratio was 0.56±0.07 even at 
the interface, almost maintaining the stoichiometric ratio.  On 

Fig. 2  Density profiles of (a) Ep-L/Am-L, (b) Ep-L/Am-S, (c) Ep-S/Am-
L, and (d) Ep-S/Am-S mixtures along the perpendicular direction to 
the copper interface.  The 0 and 15 nm positions correspond to the 
bottom and top interfaces, respectively.

Fig. 3  Relative number densities of epoxy and amine molecules in (a) 
Ep-L/Am-L, (b) Ep-L/Am-S, (c) Ep-S/Am-L, and (d) Ep-S/Am-S 
mixtures.  Initial relative number densities were 2 for epoxy and 1 for 
amine.
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the other hand, in the case of the Ep-L/Am-S system shown in 
panel (b), the ratio was 0.97±0.15 at the interface.  This makes 
it clear that there was an excess amount of amine at the 
interface.  In contrast, for Ep-S/Am-L in panel (c), the ratio was 
smaller than 0.5 near the interface.  For clarification therefore, 
the ratio of epoxy to amine is taken on the ordinate in the inset 
of panel (c), which is the opposite of that in the main panel, and 
in this case, the stoichiometric value is supposed to be 2.0 on 
average.  The molar ratio of epoxy to amine reached 3.71±0.80, 
meaning that the epoxy component was segregated at the 
copper interface for the Ep-S/Am-L system as opposed to the 
Ep-L/Am-S system.

In the current simulations, only van der Waals forces were 
counted for the attraction of the epoxy and amine molecules 
due to the lack of charge on the copper surface, implying that 
the interactions were of a similar magnitude for all molecules.  
This was verified by comparing the density profile of each 
constituent on the copper surface with those of others as well 
as the mixtures.63  Thus, it seems most likely that the interfacial 
segregation of Am-S and Ep-S shown in Fig. 4 (b) and (c), 
respectively, was driven by the size disparity, or packing and 
translational entropy.40,42  Finally, in the Ep-S/Am-S system as 
shown in panel (d), the molar ratio of amine to epoxy was 
maintained at 0.5 throughout the system and was 0.51±0.05 
even near the interface.  Therefore, such an entropy-driven 

segregation was not clearly discernable in panels (a) and (d) in 
which the constituents of epoxy and amine were of a 
comparable size to each other.

In industry, to regulate the physical properties of 
thermosetting resins, the reaction mixture is prepared by 
multiple constituents.  Thus, the following describes what 
happens with the interfacial segregation when the two epoxy 
and two amine molecules used in this study are mixed together.  
A simulation system consisting of 272 epoxy and 136 amine 
molecules, or a mixture of 94 Ep-L, 178 Ep-S, 47 Am-L, and 89 
Am-S, was constructed.  The number of the constituent 
molecules was determined so that the amount of Ep-L/Am-L 
and Ep-S/Am-S systems became equal to each other by mixing 
them.  The density of this quaternary mixture increased near 
the interface in a similar manner to the binary one, as shown in 
Fig. S5 (see ESI†).  Similar to the binary mixture, the relative 
number density of epoxy and amine molecules was analyzed as 
a function of the position from the copper interface for the 
quaternary mixture, as shown in Fig. S6 (see ESI†).  However, it 
was difficult only from this figure to judge whether the 
interfacial segregation of the constituent/s occurred.  The 
relationship between the relative amount and the distance 
from the interface was then divided into each constituent.  Fig. 
5 shows the relative number densities of (a) epoxy and (b) 
amine molecules as a function of the position for all 
constituents.  This clearly indicates that the smaller constituents 
of both epoxy and amine, namely Ep-S and Am-S, respectively, 
were selectively segregated at the interface.  On the other hand, 
the amount of the larger molecules of epoxy and amine, Ep-L 
and Am-L, respectively, at the interface was comparable to the 
average one.  To facilitate intuitive understanding, a snapshot 
of the cell containing constituents in the vicinity of the interface 
is shown in panel (c).  This was obtained by an additional 1 ns 
MD calculation on a supercell with an area of 6.2 × 3.1 nm2, 
which was doubled in width for the sake of clarity.  It is clear 
that Ep-S and Am-S were preferentially segregated at the 
interface.

In panels (a) and (b), the relative number density of the 
smaller epoxy and amine constituents, Ep-S and Am-S, at the 
interface increased twofold from the average value of 2 to 4 and 
1 to 2, respectively.  Therefore, it can be claimed that the effects 
of segregation of epoxy and amine having the same size are 
similar.

Fig. 4  Molar ratios of amine to epoxy for (a) Ep-L/Am-L, (b) Ep-L/Am-
S, (c) Ep-S/Am-L, and (d) Ep-S/Am-S mixtures with a bulk ratio of 0.5.  
The inset in panel (c) shows the same data as the main panel but with 
the molar ratio of epoxy to amine in which a bulk ratio was 2.0 on 
average.

          

Fig. 5  Relative number densities of (a) epoxy and (b) amine molecules.  Initial relative number densities were 2 for epoxy and 1 for amine.  
(c) A representative snapshot of a supercell with an area of 6.2 × 3.1 nm2 near the interface.  Molecules of Ep-L, Am-L, Ep-S, and Am-S are 
colored red, blue, green and yellow, respectively.  Copper atoms are colored brown.
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3.2 Curing process

Fig. 6 (a) shows the time course of the reaction conversion for 
Ep-L/Am-L, Ep-L/Am-S, Ep-S/Am-L and Ep-S/Am-S in the gap 
with a thickness of 15 nm sandwiched between the copper 
surfaces.  The conversion was derived from the consumption 
ratio of epoxy molecules.  The results of the bulk system, 
consisting of 100 epoxy and 50 amine molecules in a cubic unit 
cell with fully periodic boundary conditions, are also shown in 
Fig. 6 (b) for comparison.  The overall trend was that the 
reaction proceeded more slowly in the confined states than in 
the bulk ones probably due to the inhibition of the molecular 
motion in close proximity to the copper walls and thereby the 
depletion of a reaction partner.45,65  This explanation was 
verified by the reaction conversion profiles, as shown in Fig. S11 
(see ESI†), and good accordance with our knowledge for 
polymer systems.66,67  In the bulk, the percolated network 
structure, which was three-dimensionally connected via 
chemical bonds, was formed in the entire cell for all 
combinations.  The combination of smaller reactants, Ep-S/Am-
S, reached the highest conversion both in the confined and bulk 
systems, and the reaction conversions after 10 ns were 69.3±1.9 
% and 90.2±1.3 %, respectively.

Fig. 6 (c) shows snapshots of the microstructure for each 
combination in the confined state after 10 ns-reaction.  An 
isolated fragment developed via chemical bonds is drawn by a 
color.  In the case of the Ep-S/Am-S system, a fragment 
percolating from the bottom to the top interface, indicated in 
blue, was discernable even though small fragments remained in 
some places.  The system which attained the second highest 

conversion was Ep-S/Am-L, and the conversions for the 
confined and bulk states were 54.0±1.4 % and 87.3±1.2 %, 
respectively.  The two systems of Ep-L/Am-L and Ep-L/Am-S 
exhibited lower conversions both in confined and bulk states.  
The values after 10 ns were 47.0±0.8 % and 74.8±3.8 % for Ep-
L/Am-L and 46.7±1.3 % and 79.7±1.5 % for Ep-L/Am-S, 
respectively.  Except the Ep-S/Am-S system, the percolating 
structure throughout the entire region was not observed.

Here, the aggregation states of constituents in the confined 
system, which are the density (Fig. S7 (see ESI†)), the relative 
concentration of epoxy and amine molecules (Fig. S8 (see ESI†)), 
the molecular ratio of amine to epoxy (Fig. S9 (see ESI†)), and 
the relative concentration of primary, secondary and tertiary 
amines (Fig. S10 (see ESI†)), at the copper interface after the 
reaction of 10 ns are briefly stated.  Comparing these with the 
results shown in Figs. 2, 3, and 4, it is conceivable that the 
density increase, segregation of epoxy and amine, and deviation 
of the molecular ratio of amine to epoxy at the interface were 
essentially the same as before the reaction.  Although the 
conversions reached after 10 ns-reaction differed from one 

          

            

Fig. 6  Time course of reaction conversions for various combinations of epoxy and amine molecules in (a) the confined system between 
copper layers and (b) the bulk system with periodic boundaries.  (c) Snapshots of the microstructure at 10 ns.  Each color represents an 
isolated fragment which is connected via chemical bonds.  (d) Distribution of primary, secondary, and tertiary amine molecules in the Ep-
S/Am-S system.

Table 3  Self-diffusion coefficients of epoxy and amine molecules in 
the bulk for four epoxy/amine systems before the curing reaction.

epoxy-amine Depoxy (10-10 m2·s-1) Damine (10-10 m2·s-1)

Ep-L/Am-L 0.13±0.01 0.14±0.02

Ep-L/Am-S 0.20±0.03 0.37±0.11

Ep-S/Am-L 0.56±0.44 0.31±0.20

Ep-S/Am-S 2.08±0.35 2.17±0.46
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another, the unreacted primary amine was localized in close 
proximity to the interface for all systems, as shown in Fig. S10 
(see ESI†).  Even in the Ep-S/Am-S system which reached the 
highest reaction conversion and formed the percolated 
network, the peak of primary amines was observed near the 
interface, as shown in Fig. 6 (d).  This implies that the reaction 
was suppressed near the copper wall due to the decrease in 
mobility of molecules and the depletion of reaction partners.

Comparing two combinations composed of larger and 
smaller molecules such as Ep-L/Am-S and Ep-S/Am-L, the 
system with smaller epoxy molecules reacted faster both in the 
confined and bulk states.  To better understand this 
phenomenon, the dynamic feature of epoxy and amine 
molecules was examined.  Table 3 lists bulk self-diffusion 
coefficients of constituents for four epoxy/amine combinations, 
provided that these values represent the mobility before the 
reaction.  Ep-S and Am-S in their combination exhibited the 
largest self-diffusion coefficients as epoxy and amine molecules, 
and thus reacted promptly.  On the other hand, the diffusion 
coefficients of larger epoxy and amine molecules in their 
combination, Ep-L/Am-L, were the smallest.  The point that 
should be noted is that Ep-S mixed with Am-L moved more 
slowly than that mixed with Am-S.  This indicates that when a 
certain molecule is mixed with a slow-moving larger molecule, 
the self-diffusion coefficient is lower than that for the same 
molecule mixed with a fast-moving smaller molecule.  The 
“matrix” effect greatly impacts the kinetics of the successive 
reactions in the epoxy and amine mixture.

An epoxy group reacts once, whereas an amino group reacts 
twice.  Once an amino group reacts with an epoxy group, it is 
incorporated into a part of the product and must then wait for 
another epoxy to approach.  Although the product itself can 
move before the vitrification occurs, the mobility is much 
slower than that of an unreacted epoxy molecule, leading to a 
situation where the amine incorporated in the product looks to 
be relatively immobile.  This matrix effect is supposed to be 
amplified as the reaction proceeds and is consistent with the 
simulation results shown in Figs. 6 (a) and (b).  Since the 
discussion is important in considering competitive multi-step 
reactions in thermosetting resins, this hypothesis is further 
studied in the near future, changing the mobility of molecules 
in the reaction process.

3.3 Molecular shape effect

In the above, it was reported that the size disparity 
between/among constituents is one of the important 
controlling factors in the aggregation states of thermosetting 
resins at the interface.  This entropy-driven segregation can be 
understood on the basis of the packing and/or the translation 
of molecules at the interface.  Thus, even if the sizes of epoxy 
and amine are comparable to each other, it seems reasonable 
to predict that the interfacial segregation is promoted by the 
unique molecular shape of one of the constituents.  To confirm 
this hypothesis, calculations were performed using a 
combination of linear and round-shaped molecules.

Fig. 7 shows space-filling models of round-shaped 
larger/smaller (a) epoxy and (b) amine molecules such as 3,3’-
(diphenylmethanediyl)bis(7-oxabicyclo[4.1.0]hepta-1,3,5-
triene) (referred to as Ep-L(r)), 4’-oxaspiro(oxirane-2,9’-
tetracyclo[4.3.1.13,8.03,5]undecane) (Ep-S(r)), 4,4’-
(diphenylmethanediyl)dianiline (Am-L(r)), and adamantane-2,6-
diamine (Am-S(r)).  The molecular volumes of Ep-L(r), Ep-S(r), 
Am-L(r), and Am-S(r) were 0.345, 0.183, 0.368, and 0.181 nm3, 
respectively.  These volumes are comparable to those of the 
linear epoxy and amine molecules listed in Table 1.  They were 
independently mixed with the linear epoxy or amine molecules 
with a corresponding size; Ep-L/Am-L(r), Ep-L(r)/Am-L, Ep-
S/Am-S(r), and Ep-S(r)/Am-S.  The mixtures consisted of 190 Ep-
L and 95 Am-L(r), 194 Ep-L(r) and 97 Am-L, 368 Ep-S and 184 
Am-S(r), and 360 Ep-S(r) and 180 Am-S molecules, respectively, 
and the numbers of molecules were determined from the 
equilibrium density of 1.14, 1.14, 1.10, and 1.05 g·cm−3 at 296 
K.  

Fig. 8 shows the relative number densities of epoxy and 
amine molecules in Ep-L/Am-L(r), Ep-L(r)/Am-L, Ep-S/Am-S(r), 
and Ep-S(r)/Am-S as a function of position obtained from 1 ns 
simulation.  In panels (a) and (c), the density of epoxy was 
noticeably higher near to the copper wall than in the internal 
region.  This indicates that the linear epoxy components, Ep-L 

Fig. 7  Space-filling models of round-shaped larger/smaller (a) epoxy 
and (b) amine molecules.  Carbon, oxygen, nitrogen and hydrogen 
are colored gray, red, blue and white, respectively.

Fig. 8  Relative number densities of epoxy and amine molecules in (a) 
Ep-L/Am-L(r), (b) Ep-L(r)/Am-L, (c) Ep-S/Am-S(r), and (d) Ep-S(r)/Am-
S.  The average density was set to 2 for epoxy and 1 for amine in all 
systems.
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and Ep-S, were selectively segregated at the interface.  Similarly, 
in panels (b) and (d), the density of amine, which was a linear 
component, was higher at the interface.  In all systems, linear-
shaped molecules existing near the interface were strongly 
oriented parallel to the copper wall, as shown in Figs. S3 and S4 
(see ESI†).45,63,64  The enthalpic interaction with the wall surface 
was slightly greater for linear-shaped molecules than for round-
shaped one.  However, as seen in the snapshots (Fig. S4 (see 
ESI†)), round-shaped molecules were not tightly packed at the 
interface, whereas linear ones were.  Thus, the interfacial 
segregation of the linear component can be explained in terms 
of the packing of molecules, namely the entropy, at the 
interface.

Fig. 9 shows the molar ratio of amine to epoxy calculated 
from the data depicted in Fig. 8.  In the combination of larger 
molecules, the molar ratios of amine to epoxy at the copper 
interface were 0.46±0.15 (2.60±0.89) and 1.45±0.69 (1.01±0.31) 
for the Ep-L/Am-L(r) and Ep-L(r)/Am-L systems, respectively.  
The number in parentheses is the inverse of the ratio, or the 
molar ratios of epoxy to amine.  Taking into account the bulk 
amine/epoxy ratio of 0.5 (the inverse ratio of 2.0), it is apparent 
that Ep-L and Am-L were segregated at the copper interface in 
the Ep-L/Am-L(r) and Ep-L(r)/Am-L mixture, respectively.  
Similarly, in the combination of smaller molecules, the molar 
ratios of amine to epoxy at the interface were 0.41±0.09 
(2.87±0.80) and 0.76±0.10 (1.54±0.14) for the Ep-S/Am-S(r) and 
Ep-S(r)/Am-S systems, respectively.  This indicates that Ep-S and 
Am-S were preferentially segregated at the interface in these 
two systems.  It is also notable that peaks were observed at 
positions adjacent to the interface in the main panel of Fig. 9 (c).  
This means that a linear component was depleted in the 
adjacent region on the opposite side of the interface, where the 
linear component was segregated.  This was because the 
density oscillation was clearly observable for the combination 
of smaller molecules, as shown in Fig. 2 (d).  That is, the layered 
structure was formed near the interface in this case so that the 
segregation of one component might cause the depletion of the 
component in the adjacent region.  Therefore, it can be claimed 
that the segregation in the epoxy/amine system at the interface 

is tunable based on the molecular shape in addition to the 
molecular size.

4. Conclusions
The aggregation states for stoichiometric mixtures of epoxy and 
amine molecules with two different sizes at a copper interface 
were studied via a full-atomistic MD simulation so that the 
effect of the size disparity of the constituents on interfacial 
segregation could be discussed.  The mixture was confined to a 
15 nm-thick gap between two copper walls and dynamically 
simulated using a Forcite module of Materials Studio 2020 with 
the COMPASS II forcefield under the NVT ensemble using an 
NHL thermostat after determining the equilibrium density 
under the NPT ensemble.  As a general trend, the density was 
much higher in close proximity to the interface than in the 
internal region of the gap.  When epoxy was smaller than amine, 
an excess amount of epoxy was present at the copper interface 
and vice-versa.  On the other hand, no interfacial segregation 
occurred for the mixtures of epoxy and amine with a similar 
size.  Since the enthalpic interactions of epoxy and amine with 
the copper surface were identical to each other, it was claimed 
that the segregation was promoted by the size disparity 
between the constituents via packing and/or translational 
entropy at the interface.  Even when the epoxy/amine mixture 
was expanded to the quaternary system, the smallest 
constituent was enriched at the interface.  The final challenge 
was undertaken using a binary mixture in which the 
constituents were identical in volume but different in molecular 
shape.  In this case, the linear constituent was segregated at the 
interface rather than the round-shaped one.  These results 
demonstrate that the entropy-driven interfacial segregation is 
universal for the epoxy/amine system if the enthalpy 
contribution is small enough, that is, in the absence of the 
strong electrostatic interaction.  With respect to the curing 
process, the system of both smaller epoxy and amine reached 
the highest conversion due to their higher mobility, whereas the 
conversion for the combination of both larger epoxy and amine 
was the lowest.  Also, the size effect on the reaction kinetics was 
more striking for epoxy than amine in the curing process.  This 
was because while an epoxy group reacts once, an amino group 
reacts twice.  The amino group once reacted with an epoxy 
molecule was incorporated into the product and had to wait for 
another epoxy to approach due to the relatively lower mobility, 
or larger size.  We believe that the findings in this study are 
useful for understanding interfacial phenomena and designing 
better adhesives from the viewpoint of the molecular picture at 
the interface.
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Smaller molecules were preferentially segregated at the interface regardless of the epoxy 
and amine, and this segregation remained after the curing process.
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