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Segregation of epoxy/amine precursors at solid interfaces can have important consequences in the
formation of thin, epoxy-amine films. In this work we study the segregation of a model epoxy molecule
(DGEBA) and an amine (MXDA) on different iron oxide surfaces. We found that the extent of segregation
can depend on the nature of the solid surface, and that segregation on goethite surfaces is more
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pronounced than on hematite and magnetite, regardless of the composition of the film. Detailed analysis
of the interface shows that the contact layer is not well mixed and regions rich in amine and rich in epoxy
molecules can be identified. Furthermore, we suggest that the larger segregation observed in goethite is a

DOI: 10.1039/d41f00042k
consequence of the way the molecules pack on the surface, with stricter binding sites observed at the
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1 Introduction

Epoxy resins are commonly used with amine crosslinkers for
coatings and structural components due to their adhesive
properties, mechanical strength, as well as their chemical and
heat resistance.”” The properties of epoxy-based coatings can
be tailored by changing the chemical structure and mixing
ratio of the components, as well as by incorporating pigments
and fillers into the formulation, which can provide colour
and improve mechanical strength and crack propagation
resistance. A recent review shows the advantages and
disadvantages of different filler particles in the performance
of epoxy resin composites.® Understanding the interactions
between the coating and the surfaces of both substrate and
additive particles is important to optimise the coatings
formulations in terms of adhesion, wetting, compatibility
between the polymer and the substrate, heterogeneity in the
cross-linking, durability and performance.

Epoxy coatings are essentially prepared by mixing an
epoxy precursor with a crosslinker (known also as the curing
agent) at a stoichiometric ratio to form a 3-dimensional
network with a glass transition temperature significantly
above room temperature." One possible choice of crosslinker
functionality is amines. Epoxy/amine coatings can be brittle
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and prone to cracking, nevertheless, their properties can be
modified by incorporating filler particles such as carbon
based materials, metals, fibres, ceramics, and clays among
others, in sizes ranging from nm to um. The performance of
the coating can be strongly influenced by the polymer/surface
interactions, as well as the structure and composition of the
region near the solid surface known as the interphase. The
properties of the interphase are known to be different to the
properties of the polymer far from the solid surface.*”

It is known that polymer blends and mixtures containing
polymers can segregate at surfaces and interfaces as a result
of a balance between enthalpic and entropic contributions.
However, predicting the properties of materials that are
“chemically complex” is still a challenge,° with the
nanometer scale of the interphase making it particularly
difficult to obtain detailed measurements experimentally.”
Despite this, there is experimental evidence of the presence
of low crosslink density interphases as a result of surface
segregation of epoxy resin components near solid surfaces.®®

A number of molecular dynamics simulations have been
performed to calculate the adsorption energy and structures
of epoxy resin precursors at various surfaces.'®*® Yamamoto
and Tanaka used molecular dynamics simulations to show
that segregation at the resin/metal interface can result from
difference in the size of the epoxy precursor and the amine
crosslinker, and that the shape of the molecule also plays an
important role. Their study was carried out in a system where
a stoichiometric mixture of model epoxy precursors and
amine crosslinkers were in contact with a pure copper
surface, and where electrostatic interactions between the
fluid and the solid surface were not considered.'® The
presence of surface oxide layers on metals’” is often not
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considered in computational studies, resulting in the neglect
of electrostatic contributions due to surface atom
charges.'®"'® There is a significant gap in the literature on the
computational study of the effects of surface, coating
composition and cure conditions on the coating/surface
interphase and resulting coating properties.

In this paper, we consider the segregation of epoxy and
amine precursors in a non-reacting system to remove the
effect of crosslink extent reducing polymer mobility, which
will be addressed in a future study. As an example for this
study we take a model epoxy/amine system on surfaces that
are relevant to the application of corrosion-resistant coatings,
focusing on the iron oxides hematite, magnetite, and
goethite. While goethite is an iron oxy-hydroxide, for brevity
all three surfaces are referred to hereon as iron oxides. In the
representative coating mixture, diglycidyl ether of bisphenol
A (DGEBA) and m-xylylenediamine (MXDA) are used as epoxy
and amine linker species respectively, the molecular
structures of which are shown in Fig. 1.

2 Methodology
2.1 Computational details

Molecular dynamics simulations are performed using the
LAMMPS®® software. The Nosé-Hoover thermostat” and
barostat®® algorithms are used to maintain constant
temperature and pressure respectively where relevant. All
simulations are performed using a time step of 1 fs. To model
the interactions of the liquid monomer molecules, the OPLS-AA
force field* is used, which is parameterised to give accurate
potentials for liquid organic systems and atomic partial charges
are calculated using the 1.14*CM1A-LBCC algorithm.>* Different
methods have been reported in the literature to calculate
charges of atoms in epoxy amine polymers.>>”” The method
used in this work has shown to give correct thermal and
mechanical properties of the polymer,> and in simulations
used to parameterise coarse grain models that were successfully
used to calculate glass transition temperatures.”® Other
methods reported in the literature are also able to accurately
reproduce experimental observations,> but it is beyond the
scope of the paper to compare the advantages and
disadvantages of the different methods available.

H,N NH,

(®)
Fig. 1 Skeletal structure of monomer species used in this work, (a)
DGEBA, (b) MXDA.
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To model the solid surface atoms, the ClayFF force field*®
was used with the Kerisit modifications shown to more
accurately model iron oxides applied to all iron atoms.>* !
Periodic boundary conditions are used in all three directions
and the particle-particle-particle-mesh (PPPM) solver is used
for long-range electrostatic corrections.*” The structures of
the solid surfaces were constructed using crystallographic
information available in the literature,®*>°> with slab
thicknesses in the z-direction of approximately 30 A. In the x-
and y-directions, the slab dimensions are 82.164 x 71.156 A*
for hematite, 83.965 x 83.965 A? for magnetite and 82.44 x
81.346 A for goethite. We have chosen the (0001) face for
hematite and (100) (Pnma space group) for goethite, which
are the most thermodynamically stable faces.***” For
magnetite, we consider the (100) face, which is one of the
most prominent growth faces.*®*? Additionally, the magnetite
slab is duplicated, rotated 180° and placed ca. 2 A below the
existing slab (Fig. 2b), to remove simulation artefacts caused
by the polarity of the surface. Images and a description of the
surface structures, as well as details on the simulations
artefacts and on force field parameters and atom charges
used are given in the ESL}

A random arrangement of liquid organic molecules was
generated using the PACKMOL program.’® LAMMPS input
files were then generated from the PACKMOL structure
output by the Moltemplate tool.** The x and y dimensions of
the box are chosen to exactly match the dimensions of the
surface onto which the liquid film will be introduced. The z
dimension is chosen to be 100 A, giving low enough density
that PACKMOL will be able to find a suitable packing
solution (ca. 0.5 ¢ mL™", half the expected room temperature
density of the mixture).

Prior to introduction of the surface, the liquid film must be
equilibrated and complete mixing ensured. A full bulk film
equilibration simulation without surface would result in a
number of molecules partway across the periodic boundary in

(a) (b) ()
Fig. 2 Simulation systems shown for monomer mixture at (a)
hematite, (b) magnetite and (c) goethite, with carbon atoms shown
grey, hydrogen shown white, oxygen shown red, nitrogen shown blue
and iron shown ochre. The periodic box bounds are shown as a blue
outline. An additional, inverted slab of magnetite is included to prevent
simulation artefacts detailed in the ESI}
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the z-direction. When the box is extended to incorporate the
surface and vacuum regions, these molecules would be suddenly
sliced by the added volume. To avoid this, artificial harmonic
force walls were used in the z direction with the potential,

2 .
e(r-r, ifr<r
Eya = (r=re) ¢ (1)
0 otherwise

where ¢ is the strength of the wall potential,  is the distance of
an atom from the wall and r. is the cutoff of the potential. By
introducing the harmonic wall constraints at the top and
bottom walls of the simulation box in the z direction, the
monomer liquid is kept in a film structure, allowing a solid
surface to be easily inserted underneath the film after
equilibration. The NP,T pressure equilibration of the film
mixture was verified to be unaffected by the presence of the
force walls by comparing the density of the film to that obtained
from an NPT simulation of an identical mixture in the absence
of walls, detailed in the ESLf In this work, ¢ = 5.0 keal mol " and
r. = 3.5 A were found to give a sufficiently strong potential to
consistently prevent atoms from passing through.

The monomer mixing methodology is adapted from the
preparation part of the polymer crosslinking methodology of
Demir and Walsh,** as the intention is to produce a well-
mixed binary monomer mixture. The first step involves high-
temperature mixing in the NVT ensemble at 1000 K for 0.4 ns
followed by cooling to 500 K over 0.5 ns and a further 0.1 ns
at 500 K. A temperature of 500 K is high enough to promote
monomer mobility and mixing, without being so high as to
produce an unphysical structure. Finally, an NP, T simulation
is run in which the box z dimension is allowed to fluctuate
while the x and y dimensions remain fixed with a pressure of
P, =1 atm for 0.5 ns. Note that the positions of the harmonic
walls are associated with the upper and lower bounds of the
simulation box in the z direction during NPT simulation and
so move as the box dimensions change.

Total mixing is ensured using 5 repetitions of an
annealing cycle, increasing the temperature to 1000 K and
cooling the system back down to 500 K. To verify the
system had equilibrated and reached a completely mixed
state, the DGEBA-DGEBA, DGEBA-MXDA and MXDA-
MXDA radial distribution functions (RDFs) are calculated
over each constant 500 K simulation period between
annealing cycles. Ideal mixing is reached when these RDFs
show no significant changes between two cycles. More
details are available in the ESL}

Before introducing the surface, the film undergoes all but
the final cooling step of the annealing cycle. The simulation
box is then extended in the z direction to 200 A for hematite
and goethite, and 235 A for magnetite, to give vacuum
regions of approximately 100 A. The lower harmonic wall is
switched off and the solid slab is positioned with the centres
of its topmost atoms at the z coordinate the lower harmonic
wall was previously at. This results in sufficient separation
between liquid and solid atoms that there are no extreme
forces due to overlap, while placing the two close enough that
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little movement of the liquid as a whole is required for ideal
contact with the surface. The resulting simulation systems
are shown in Fig. 2.

After introduction of the surface, the system was cooled
using the NVT ensemble over 0.5 ns to 323 K, chosen to be
representative of temperatures used for DGEBA-MXDA
coatings in both industry and experiment.*® Variation in
temperature was found to have negligible effect on the
segregation behaviour of the films at any surface, as shown
in the ESLf Finally, the system is simulated in the NVT
ensemble for 1.0 ns at constant temperature. The results
obtained for 323 K are shown in the main paper and the
discussion on temperature effects is included in the ESLf
Segregation properties are determined as an average over this
final 1.0 ns. Neither increasing the simulation time to 2 ns,
or use of an additional constant temperature equilibration
prior to structure analysis were found to significantly affect
segregation results but required significantly more
computational resources. More details are available in the
ESL Five independent simulations with different initial film
configurations were averaged over for each condition.

Since each amine is able to react with two epoxide
functionalities, the ratio of DGEBA to MXDA must be 2:1.
Therefore, the stoichiometric DGEBA/MXDA monomer film
used for the majority of this work is composed of 400 DGEBA
and 200 MXDA molecules. Compositions of any other
mixtures used are given in the ESL}

2.2 Analysis

The linear concentration normal to the interface (i.e. along
the z direction) is calculated in slices of d, = 0.1 A using the
linear density function of the Python library MDAnalysis,***
with configurations taken every 1 ps. The position of the
solid surface is defined as the centre of the topmost atoms,
placed at z = 0 A. From these linear concentration plots, we
quantify the number of adsorbed species by integrating the
first adsorption peak. The cutoff in the z direction for the
adsorption peaks was defined as 4 A, 5 A, and 3 A for
hematite, magnetite and goethite respectively, based on the
plotted linear concentrations (section 3.1).

Previous work has found that the epoxide oxygen and
nitrogen atoms are key adsorbate atoms for DGEBA and
MXDA respectively as they are the atoms observed to bind
most strongly to the surface in the simulations.®'*3¢
Therefore, we define a bound molecule as a molecule
containing both adsorbing heteroatoms (epoxide oxygen or
amine nitrogen for DGEBA or MXDA respectively) within the
first adsorption peaks of the linear concentration plots. Since
both DGEBA and MXDA have a central plane of symmetry it
is possible for one side to bind but not the other, resulting in
a “half-bound” molecule. We characterise fully bound
molecular binding modes through the distribution of
intramolecular distances between the adsorbing heteroatoms
and the z distance between the surface and central regions of
each species (Fig. 3). Half-bound molecules are not

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Definitions of configurational descriptors used for investigating
the binding modes of (a) DGEBA and (b) MXDA to surfaces.

considered in the binding mode plots, as their descriptors
are unaffected by the surface type and the noise in the heat
maps obscured the fully bound results. Binding mode heat
maps including the contributions of both fully- and partially-
bound molecules are included in the ESI} for reference.
Across all three surfaces, approximately 25% of adsorbed
DGEBA molecules and 70% of adsorbed MXDA molecules
were fully bound. We do not distinguish between half- and
fully-bound molecules in any other analysis.

3 Results and discussion
3.1 Stoichiometric mixtures

The linear concentration plots of key adsorption atoms
(epoxide oxygen and amine nitrogen) of a DGEBA/MXDA

0.020 A
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monomer film at 323 K on all three surfaces averaged over 5
starting configurations are shown in Fig. 4. The
concentrations shown are of only the epoxide oxygen atoms
and amine nitrogen atoms as representative atoms of DGEBA
and MXDA binding respectively. The total density profile of
the molecules present in the mixture is available in the ESI{
showing a film with practically constant density throughout
its thickness except in the 10 A adjacent to the solid surface.
The extremely sharp and tall initial peaks are due to the
epoxide and amine groups binding strongly to the iron oxide
surfaces, resulting in a high density of epoxide oxygen and
amine nitrogen atoms very close to the surface. The total
density profile of the film shows a contact layer density
higher than the film far from the surface by a factor of 3, 2.5
and 1.7 in the case of hematite, magnetite and goethite
respectively, while the amount of epoxide oxygen or amine
nitrogen in the contact layer is between 10 and 20 times
larger than in the bulk film. Furthermore, the subsequent
approximately 2 A low concentration region in Fig. 4 verifies
that both species bind to the surfaces primarily through the
epoxide and amine groups, as this region is non-zero in the
total density plots, so is populated by the hydrocarbon parts
of the molecules. Fig. 4d-f show cross-sectional images of the
films where alignment near the solid surface of both nitrogen
and oxygen atoms can be easily distinguished. This is
consistent with the contact layer shown in the total density
profile in the ESIT being wider than the contact layers shown
in Fig. 4, extending to approximately 5 A. This ordering of

0.020
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Fig. 4 Linear concentration plots of DGEBA (red) and MXDA (blue) as a function of distance from the surface, z, at 323 K in the presence of: (a)
hematite; (b) magnetite; (c) goethite. Each plot is calculated from the average of 5 simulations that are identical except for the starting
configuration and contains a magnified inset, showing the adsorbate peaks more clearly to highlight the relative widths, heights and positions of
the adsorbate peaks with different surfaces and adsorbates. Figures (d-f) show ca. 5 A slabs of one of each of the systems with segregation close
to average at hematite, magnetite and goethite respectively. DGEBA molecules and MXDA molecules are shown in red and blue respectively, with
adsorbing atoms (DGEBA epoxide oxygen and MXDA nitrogen) highlighted with spheres. Surface atoms are shown as ochre, orange and white
spheres for iron, oxygen and hydrogen atoms respectively. Scale bars correspond to 10 A.
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orientation of both species results in some structure within
the region up to 15-20 A from the surface, but no significant
ordering is seen any further from the surface. Details on the
analysis of the structure of the molecules near the surface are
in section 3.4.

The position of the adsorption peak for both species
depends on the surface, with the peak distance from the
surface increasing for goethite < hematite < magnetite due to
the different interactions with the topmost atom species. For
both hematite and magnetite, the interaction with the surface
is dominated by electrostatic interactions. The topmost surface
of hematite consists of positive iron ions, whilst magnetite has
a mix of positively and negatively charged ions meaning that
the hematite surface acts as a purely attractive surface to the
electronegative adsorbing atoms, whilst the magnetite acts as a
primarily neutral surface. In goethite, the first peak is closer to
the surface, consistent with the ‘bridging” binding
conformation identified in previous works where the
electronegative atoms sit in pockets or wells and form
synergistic hydrogen bonds with the surface OH alongside the
electrostatic interactions.***

It is generally clear from the first peaks seen in Fig. 4 that
the ratio of MXDA:DGEBA adsorbed at the surface is larger
than the overall composition ratio of 0.5, ie. 1 MXDA:2
DGEBA. This indicates that MXDA adsorbs more favourably
than DGEBA to all three iron oxide surfaces studied.
Adsorption peaks were integrated to determine quantities of
adsorbed species and the ratios of MXDA:DGEBA molecules
adsorbed at the surfaces. It is important to note that the
intensity of the DGEBA peak in hematite is larger than for
MXDA, but the width of the peak of MXDA is larger as a result
of two overlapping peaks that represent two adsorption modes,
as seen in section 3.4. Nevertheless the area of the MXDA peak
is larger than the one for DGEBA, indicating a preferential
adsorption of MXDA in the contact layer. The results for the
stoichiometric monomer film are shown in Fig. 5 where it is
clear that segregation is observed in all surfaces, but to a larger
extent in goethite. The tendency of MXDA to favourably adsorb

S 0.8
e
Stoichiometric
Ratio

Hematite Magﬁetite Goethite
Surface

Fig. 5 Ratio of adsorbed MXDA:DGEBA for the stoichiometric
DGEBA/MXDA monomer film at 323 K in the presence of hematite
(red), magnetite (grey) and goethite (blue). Ratios are calculated by
comparing the area of MXDA nitrogen and DGEBA epoxide oxygen
adsorption peaks. Error bars show *1 standard deviation, calculated
from 5 independent simulations of the system.
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to the surface can be the result of both entropic and enthalpic
contributions. Yamamoto and Tanaka have shown that smaller
molecules preferentially adsorb to surfaces in the absence of
electrostatic interactions,'® and in our case, MXDA is smaller
than DGEBA. Additionally, the larger negative charge on the
MXDA nitrogen atom (—0.90755) compared to the DGEBA
epoxide oxygen (-0.3343) means electrostatic attraction to the
surface is generally greater for MXDA over DGEBA. The excess
MXDA at the surface means that the film is slightly depleted
from MXDA far from the surface, which is discussed in more
detail in section 3.2.

As can be seen from the large error bars in Fig. 5, there is
significant variation in the adsorbate ratios between
individual simulations. This is partially due to the small size
of the simulated systems. Since only an approximately 8 x 8
nm® area of surface is simulated, just under 100 total
molecules can adsorb to the surface before total coverage.
Therefore, the exchange of a small number of adsorbate
molecules can result in a significant change in the ratio of
adsorbed MXDA : DGEBA. However, the average obtained here
compares well to the value obtained in a larger simulation,
detailed in the ESIj Additionally, on the nanosecond
timescales of simulations, we find desorption (and therefore
adsorbate exchange) is an extremely rare event. Hence,
increased simulation times would not significantly improve
the precision of the adsorbate ratios calculated from
simulations. Instead, multiple repeats with different but
equivalent initial film configurations were used to calculate
average values.

3.2 Composition dependence

MXDA adsorbs preferentially on the three surfaces studied
independently of the composition as shown in Fig. 6. Various
models can be used to describe the composition dependence
on adsorption. A simple approximation is described in the
ESL} where the mole fraction of component i in the adsorbed
layer y; is given by the following equation:

1004
801 ;
601

401

Stoichiometric
201 Ratio (33.3%)

Surface MXDA Mol %
.

0 y . T : )
0 20 40 60 80 100

Bulk MXDA Mol %

Fig. 6 Surface percent MXDA composition against bulk percent MXDA
composition on hematite (red), magnetite (black) and goethite (blue).
Error bars show *1 standard deviation, calculated from 5 independent
simulations of the system at 323 K. Note that a 2:1 MXDA:DGEBA
ratio is an MXDA mol fraction of 33%.
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N k,-x,-
1+ (k,'—l)x,"

Ji (2)

where £; is a partition coefficient, and x; is the mole fraction
of component i far from the surface.

The fitted values of kyxpa for each surface were 2.59 +
0.15 (hematite), 2.52 + 0.12 (magnetite) and 3.15 + 0.28
(goethite). A kyxpa Of 1 indicates no preferential adsorption,
and larger values indicate stronger preferential adsorption of
MXDA. This shows further that hematite and magnetite
exhibit similar degrees of segregation, while goethite
consistently shows more segregation than the other two
surfaces. The preferential adsorption of MXDA is observed at
all compositions. It is possible that the presence of MXDA on
the goethite surface promotes adsorption of other MXDA
molecules because the measured segregation at the lowest
concentration simulated is slightly less than what the model
would predict. Segregation in hematite and magnetite are
described by the model. Strong MXDA-MXDA
interactions can be associated to ordering of these molecules.
This will be discussed in the next section.

well

3.3 Contact layer microstructure

The contact layer microstructures of stoichiometric MXDA:
DGEBA compositions are shown in Fig. 7. The epoxide
oxygen and nitrogen atoms highlighted can be seen to adhere
primarily to specific adsorption sites on the surface,
replicating the hexagonal, diagonal and square crystal
structures of the hematite, magnetite and goethite surfaces
respectively. Fig. 7c and f also show a number of “empty”
regions at the goethite surface with no directly adsorbed
molecules. A small amount are also observed at the
magnetite surface and none at the hematite surface. The
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Fig. 7 Render of atoms composing the approximate surface-adsorbed
layer, i.e. those within 4 A of the topmost atoms of (a) hematite; (b)
magnetite; (c) goethite. Adsorbed epoxide oxygen and amine nitrogen
atoms are highlighted as spheres. DGEBA molecules are shown in red,
while MXDA molecules are shown in blue. Corresponding plots (d-f)
depict occupied (red) and unoccupied (green) regions around each
surface iron atom (blue points). Scale bars correspond to 10 A.
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Fig. 8 An overlay of Fig. 7c with a render of the adsorption of water
oxygen atom adsorption sites (grey circles) at the same goethite
surface, from previous work.*” Surface regions devoid of monomer
atoms that could contain a number of water molecules are circled in
black. A scale bar indicating 10 A is included.

significant presence of these gaps at goethite may be
attributed to the strict binding sites and comparatively large
sizes of the adsorbates, meaning that these open spaces may
not contain an accessible adsorption site, leading to this
space being filled by a more weakly binding hydrocarbon part
of a molecule. Open sites at surfaces such as these may have
significant impacts on the corrosion resistance of coatings if
water is able to adsorb within these pockets as this could
work to initiate blister formation between the coating and
surface. This is indicated in Fig. 8, in which it can be seen
that as many as 7 water molecules may be able to adsorb to
the surface in some regions.

In the previous section, it was observed that the presence
of MXDA on the surface of goethite promotes the adsorption
of further MXDA. A close analysis of the contact layers at
different film compositions in Fig. 9 show a strong ordering
and orientation of MXDA molecules at goethite, which is not

20% MXDA

33% MXDA 80% MXDA

Hematite

Magnetite

Goethite

Fig. 9 Renders of surface-adsorbed atoms as shown in Fig. 7, showing
structures of surface layers at each surface with film compositions in
DGEBA excess (20% MXDA), stoichiometric (33% MXDA) and MXDA
excess (80% MXDA). DGEBA molecules are indicated in red, and MXDA
molecules are indicated in blue. Scale bars of 10 A are shown beneath
each image for reference.

RSC Appl. Interfaces, 2024, 1, 812-820 | 817


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lf00042k

Open Access Article. Published on 17 April 2024. Downloaded on 10/22/2025 9:41:22 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Applied Interfaces
a) b) (i)
W
(i) (ii)
12 0.020 8 0.06 ;”}a
o 107 (0 0.015 o 1] 005 )
= e > ) =6 0.04 »
1 eeeeeed weeedte -
¥ 6 L T8 ) (iv) : O i .
& £ . L4l (ii) S
= 4] (i) iiV) 0.005 £4 h 0:02ic8 m
) C 37 ) boL o
T T 1
T e BASINEE T
lro-ol 1A ‘ Irv-nl /A » '
d
c) d)
" &
12 0.020 s 0.06
= [ > ~ -
& 0.010 9 S5 . 0.03 §
7 6 ] e 3 (i) ii) s
& ° (i) o 0.005 < (i) 347 q 0.02 &
2 T T 0.000 2 T T T 0.00 (iii) p
4 8 12 16 ‘ 4 5 6 7 8
ool 14 RIQSSESE - %
e) f) (i)
12 0020 (i) (ii) 8 0.06
101 - : 71 0.05
3 o ||z ramamat  tedeBeBetes ] o g
P o Ol 2t ol . . lefe
g i 0.010 § ) $54 0 0.03 § NN
5 ° i | i) (g 36, K g4 i 0.02 & (i)
= 4] 4 0.005 PR PP £ .
(iv) Lo, » S 3 0.01
T T () e T T .
23 8 12 16 000 h‘h‘“ X 2y 5 6 7 s o0
[ro-ol 1 A |rv-nl /A

Fig. 10 Histograms showing probability of binding modes based on descriptors ro_o and rc_surrace for DGEBA, and ry_n and raro-surface for MXDA
(Fig. 3). Renders of sample structures are shown beside each histogram, with the associated points on the histogram indicated by orange dots with
roman numerals matching the renders. Plots are shown for (a) DGEBA on hematite; (b) MXDA on hematite; (c) DGEBA on magnetite; (d) MXDA on
magnetite; (e) DGEBA on goethite; (f) MXDA on goethite, and are calculated as averages over 5 repeats of the full 1 ns simulation of the
stoichiometric monomer film at each surface. Molecules are only considered fully adsorbed if both key adsorbate atoms are in the first adsorption

layer (see Fig. 4). Bulk ro_o and ry_y distributions are plotted in the ESI.+

observed as clearly at the hematite or magnetite surfaces.
Unlike MXDA, DGEBA molecules do not conform to this
order, particularly when mixed with MXDA molecules as in
the stoichiometric film. As MXDA concentration increases,
larger regions of ordered and efficiently packed MXDA
molecules are able to form, favouring the adsorption of
additional MXDA molecules to the surface.

3.4 Monomer adsorption modes

A better understanding of the conformation of the adsorbed
molecules can be obtained by looking at the probability
distribution of ro_o and ry_x as a function of the molecule's
position normal to the surface focusing on the central atom
in DGEBA (rcr_surface) and centre of the aromatic ring in
MXDA (Faro-surface) @S shown in Fig. 10. It is clear that the

818 | RSC Appl. Interfaces, 2024, 1, 812-820

surface structure plays an important role in the conformation
of the molecules. For example, DGEBA on magnetite
(Fig. 10c) is most likely to be flat on the surface with low
Tcr-surface @S shown by structures (ii) and (iii) with a very
small probability of having the hydrocarbon part of the
molecule raised from the surface with high 7o surface
(Fig. 10c(i)). The probability of finding high rcr_surface 1S
significantly larger on hematite (Fig. 10a(i) and (ii)). On the
other hand, goethite shows almost a continuum distribution
for rorsuface between 4-8 A for ro.o 12-13 A
(Fig. 10e(ii) and (iii)). The high probability of finding high
Ter-surface 1N goethite can be attributed to the atomic-scale
roughness of the surface. This leaves few surface atoms that
can interact strongly with the shortrange dispersion
interaction dominated hydrocarbon part of the monomers,
hence negligible attraction of this part to the surface.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Conversely, magnetite has a more atomically smooth surface,
leading to much stronger binding of the hydrocarbon part
and lower average r'cr_surface- These binding mode trends are
also observed in single monomer adsorption simulations.®

Some differences can also be seen by comparing
monomer conformations in the bulk and near the surface.
In bulk, the average ro_o is 14 A and for ry_y is 6.5 A, as
shown in the ESL} The hematite and magnetite surfaces
induce little change on the conformations of the molecules,
with no significant changes to the distribution of DGEBA
To-o, and a slight decrease of ry.n. When adsorbed to
goethite, both are reduced significantly, with an average
To-o Of 13 A and very low probabilities of ry_n exceeding 6
A. The change in conformation of both molecules can be
attributed to the strong adsorption sites uniquely present at
the goethite surface.

4 Conclusions

Our simulations show significant preferential adsorption of
MXDA over DGEBA to all three iron oxides investigated. This
can be partially explained as a result of entropic effects, with
MXDA being a smaller adsorbate than DGEBA and therefore
entropically favoured. However, the observation of differing
degrees of segregation at different surfaces shows that enthalpic
effects also play an important role, with the highly polar MXDA
amine groups providing stronger electrostatic adsorption to the
ionic surfaces than the epoxide groups of DGEBA.

Goethite exhibits the strongest segregation effects of the
three surfaces. Hematite and magnetite show relatively
similar behaviour, with the difference between the
segregation degrees of the surfaces being very small in
comparison to the segregation as a result of the presence of
iron oxide surfaces, as well as the uncertainty in the results.
These findings suggest that some differences in segregation
can be observed depending on the surface and that enthalpic
contributions should not be excluded, even when in some
cases entropic contributions may be the leading factor for
the adsorption behaviour.® It is important to note that over
larger scales and longer times, the effects of processes too
slow to be captured by MD simulations such as exchange of
adsorbates may influence the difference in segregation
behaviour observed. Additionally, since this work was
completed, updates to the interface force field*® claim to
achieve superior accuracy to ClayFF in modelling metal
oxides, so may be of interest in future studies.

This work highlights that chemical features such as
surface functionality may affect the segregation behaviour of
epoxy/linker mixtures, altering cured coating properties near
interfaces with substrates and additive particles alike.
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