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Abstract

Epoxy-based coatings are widely used in a range of industries as protective coatings.

The performance of the final solid-polymer system is dependent on the physicochemical

properties of the interface and the interaction between the polymer and the solid

substrate. In this study we perform atomistic molecular dynamics simulations to

investigate the binding of a common component in epoxy resins, diglycidyl ether of

bisphenol A (DGEBA) on two iron oxide surfaces, hematite (0001) and magnetite

(100), and investigate the affect of surface hydroxylation on the binding energy. We

show that adsorption of DGEBA on hematite is more favourable than on magnetite, and

that the adsorbed molecules are highly localized on the pristine hematite surface but

mobile on highly hydroxylated hematite surfaces and magnetite surfaces irregardless

of surface hydroxylation fraction. A high degree of hydroxylation significantly reduces

the binding energy of DGEBA on hematite, but not on magnetite. The free energy
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calculations confirm the trends observed upon hydroxylation but the magnitude of the

potential of mean force (PMF) is lower than the binding energy due to the entropic

contributions. Therefore, it can be suggested that DGEBA will adsorb more strongly

on a surface containing a higher content of hematite than magnetite, and that the

presence of hydroxyl groups will weaken this adsorption. The presence of hydroxyl

groups increases mobility of the chains, which can affect the coating rigidity.

Introduction

Polymer composites have revolutionised a range of industries including aerospace, automotive,

the oil/gas industry and freight, as both adhesives and protective coatings.1,2 The performance

of these composites is highly dependent on the surface-polymer interaction. In applications

epoxy resin films are crosslinked or cured with amine or acid anhydride hardeners which

produce a 3D network that imparts the physical properties that make them so useful. A

wide range of different hardener species are used, ranging from small molecules (e.g. MXDA),

to large polymeric species (e.g. Jeffamines) with a differing degrees of flexibility and chemical

reactivity. On the contrary, a large proportion of resins use very similar epoxy components

such as diglycidyl ether of bisphenol A (DGEBA) (Fig 1). Therefore, here we focus on the

epoxy component of the resin films and consider a common epoxy system based on DGEBA

on iron oxide surfaces as an example of protective organic coatings on steel substrates such

as bridge, oil rigs and pipelines.3,4 Industrial systems are normally composed of a mixture of

oligomers and so we a number of oligomers on different iron oxide surfaces. Weak surface-

polymer interactions can lead to delamination of the protective coating from the surface,

exposing the underlying substrate and making it vulnerable to corrosion.

The industry standard method for testing the strength of adhesion is a pull-off test.5,6

However, this does not provide any insight into the nature of the bonding or the delamination

process along with destroying the sample. Other experimental methods have been developed

to investigate the bonding at a molecular level include x-ray photoelectron spectroscopy
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Figure 1: a) Structure of diglycidyl ether of bisphenol A (DGEBA), b) and c) top and
side views of hematite and magnetite respectively. Red corresponds to oxygen, whilst ochre
corresponds to iron atoms.

(XPS),5,7,8 electrochemical impedance spectroscopy (EIS),5,9,10 attenuated total-internal reflection

Fourier transform infrared (ATR-FTIR) spectroscopy,11 and time of flight secondary ion

mass spectrometry (ToF-SIMS).7,12 A drawback to many of the aforementioned techniques

is that they require very thin films, which may alter the properties of the film and are

difficult to produce. One approach to circumvent this is the use of computer simulations to

investigate the polymer-surface interaction at a molecular level.

Computer simulations have been used to investigate a range of epoxy-surface combinations

similar to the ones of interest in this work. There have been several papers published

looking at the interaction of DGEBA and related epoxy systems on alumina, including

3



Semoto et al ,13 Knaup et al ,14 Yoshizawa et al ,15 and Krugeret al 16 who all employ quantum

mechanical approaches to investigate the bonding contributions. Valega et al 17 have developed

a reactive force field (REAXFF) approach to model alumina-amine interactions to capture

the bond formation between the surface and the adsorbate. Lee et al 18 investigated the

bonding of DGEBA on an iron (100) surface and unlike on an alumina surface, no chemical

bonds were found to form between the DGEBA and the iron surface. Similarly no chemical

bonds have been shown to form between DGEBA and iron oxide surfaces. Lee et al 19 perform

DFT calculations and find that the binding energy for a prepolymer fragment of DGEBA on

hematite (0001) is -101.6 kcal mol−1. Bahlakeh et al 20 take an approach combining quantum

calculations with classical molecular dynamics to allow for larger system sizes and consider

the binding of DGEBA and a modified DGEBA on FeO, hematite (110) and magnetite (100)

surfaces and find good agreement between molecular dynamics and quantum mechanical

calculations. They then went on to study the influence of a novel cerium-lanthanum nanofilm

using similar techniques.21,22 The lack of chemical bond formation between the iron oxide

surfaces and DGEBA makes it an excellent candidate for classical molecular dynamics (MD)

simulations, which allow for larger system sizes than quantum mechanical calculations.

Molecular dynamics simulations have also been used to investigate the bonding between

epoxy-based and fillers in composite materials.23–25 In this work MD simulations are used to

calculate the interaction energy, or binding energy (∆Ebinding), defined as

∆Ebinding = Eadsorbate/surface − (Eadsorbate + Esurface) (1)

where Eadsorbate/surface is the potential energy of the DGEBA adsorbate on the surface and

Eadsorbate, Esurface are potential energies of the DGEBA and surface in vacuum respectively.

Binding energy calculations are routinely used in a variety of fields to measure the strength

of interaction, e.g. pharmaceutical applications and drug interactions26 and it has also been

used to measure the binding strength of molecule-surface systems as we do here.20,21
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∆Ebinding exclusively considers energetic contributions to the binding of the polymer to

the surface. However, it should not be confused with the free energy of adsorption, ∆Gbinding,

which includes the potential energy contribution, ∆Ebinding, and an entropic contribution,

∆Sbinding, given by the fundamental equation

∆Gbinding = ∆Hbinding − T∆Sbinding (2)

where ∆Hbinding is the binding enthalpy. Previous research has shown the importance of

the entropic contribution in adsorption of small molecules on minerals,27 linear alkanes28

and large molecules onto surfaces. Gaberle and coworkers29,30 found that in the case of two

large molecules with differing flexibility T∆Sbinding was of the same order of magnitude as

∆Hbinding and so must not be neglected.

In this paper we investigate the binding energy of different DGEBA oligomers on two iron

oxide surfaces, hematite (α−Fe2O3) and magnetite (Fe3O4). We show that the strength of

the binding energy depends on the extent of surface hydroxylation, and provide a molecular

level representation closer to experimental conditions.8 Finally, we compare the potential

energy calculations with free energy calculations and discuss the importance of entropy in

these systems.

Computational Details

We performed molecular dynamics simulations of DGEBA with n = 0, 1, 2, 3 for hematite

(0001) and magnetite (100) surfaces using LAMMPS31 (Fig 1). We have chosen the (0001)

surface for hematite as it is the most thermodynamically stable face.32 For magnetite we look

at the (100) face as it is one of the most prominent growth faces.33,34 The simulations were run

at constant temperature, volume and number of particles (NV T ) with a standard velocity-

Verlet35 algorithm to integrate through time with a time step of 2 fs, and a Nose-Hoover

thermostat36 to maintain a constant temperature of 300K. The long-range electrostatic
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forces are handled using a standard particle-particle-particle-mesh (PPPM) solver.37 The

simulation box size is 200 Å in the z-direction, with the x, y dimensions equal to 82.165 Å,

71.1567 Å respectively in the case of hematite and x = y = 83.965 Å in the case of magnetite.

The difference in box sizes is due to the crystal unit cell of the iron oxides,38,39 whilst the

large z value means that the systems do not interact with its periodic images through the

periodic boundaries.

The OPLS-AA force field40 is used to represent the DGEBA (Fig 1) with the C-H bonds

constrained using SHAKE41 to allow for a larger time step. The adsorbate parameters and

connectivity were prepared using LigParGen42 and charges assigned using the 1.14*CM1A

utility43 and averaged over equivalent sites.

The surfaces were prepared by replicating crystallographic information along three Cartesian

coordinates. The CLAYFF force field44 was used to model the surfaces, with the modification

suggested by Kerisit45 to account for octahedrally coordinated iron.

In all cases standard Lorentz-Berthelot mixing rules are used to represent cross interactions

with a cut-off of 10 Å. More details of the parameters used and charges can be found in the SI.

The interaction between iron-iron, iron-oxygen and oxygen-oxygen within the solid structure

are not considered as the slab is described as rigid in this work (i.e. particles in the slab are

not integrated though time).

To create the hydroxylated iron oxide surfaces, iron sites on the top surface are randomly

selected and functionalised with a hydroxyl group. To maintain overall charge neutrality,

additional hydrogen atoms are added to oxygen sites on the underside of the iron oxide slab.

For hematite the maximum number of hydroxyl groups is 256. For the magnetite surfaces,

an additional restraint is required. The minimum distance between iron sites in magnetite is

2.969 Å, which would lead to an overlap of the oxygen atoms in the hydroxyl, as the Lennard-

Jones σ parameter for these oxygen atoms is 3.1655 Å(Figs S1 and S2 in SI). Therefore, a

restraint was employed that did not allow for two adjacent iron sites within 3 Å to both be

functionalised for magnetite. Thus the maximum number of hydroxyl groups for magnetite
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is 200. As with the pristine surfaces, the surface hydroxyl groups are fixed in position and

not integrated through time.

Moltemplate46 is used to create the starting configurations. For the ∆Ebinding simulations

the DGEBA was placed 15 Å from the surface, whilst for the free energy calculations it was

placed at 20 Å from the surface. In both cases the atoms in DGEBA were initially assigned

velocities from a Gaussian distribution with a mean of 0.0 and a standard deviation to

produce the average temperature of 300K, with zero total linear momentum.

Binding energy calculations

The binding energy, ∆Ebinding, is defined as the difference in energy between the adsorbate on

the surface and the adsorbate at infinite distance from the surface (Eq. 1). Therefore, three

simulations are required to calculate the ∆Ebinding. Eadsorbate is taken as the mean potential

energy from the final 3 ns of a 6 ns simulation for the adsorbate in vacuum, whilst Esurface is a

single calculation as the atoms in the solid are not integrated through time. Eadsorbate/surface

is taken as the mean potential energy of at least 2 ns following a 2 ns equilibration run.

In some cases longer equilibrium runs were needed (up to 6 ns), particularly in the case of

hydroxylated surfaces. We investigated the binding energy for DGEBA with n = 0, 1, 2 the

surfaces shown in Table 1 at 300K. In addition, we also calculated ∆Ebinding for n = 3 on

the pristine surfaces.

Potential of mean force and entropy

Whilst the ∆Ebinding provides information on the potential energy, it does not provide

information on the underlying free energy surface that governs the binding process. To

investigate this, we performed umbrella sampling simulations to calculate the potential of

mean force (PMF) for an adsorbate approaching the surface for a subset of systems with

n = 0, for hematite with 0.0, 0.5 and 1.0 OH fractions, and magnetite with 0.0 and 1.0 OH

fractions at 300K. In these umbrella sampling simulations, the molecule is gradually moved
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Table 1: Surfaces for which ∆Ebinding was calculated for DGEBA with n = 0, 1, 2 at 300K

Iron Oxide surface OH Fraction Number of OH

hematite (0001)

0.0 0
0.1 26
0.2 51
0.5 128
0.7 179
1.0 256

magnetite (100)

0.0 0
0.1 20
0.2 40
0.4 80
0.5 100
0.7 140
0.85 175
1.0 200

along the reaction coordinate using a harmonic biasing potential,

U (λ) =
kbias

2
(λ− λ0)2 (3)

where λ is the reaction coordinate, here taken to be the distance along z from the top of

the slab surface to the centre of mass of the adsorbate. We calculate the PMF from 20Å

to 2.5Å using a biasing constant kbias = 21 kcal mol−1. λ0 is the centre of the window

where U (λ) = 0. The top of the surface is defined by the z-coordinate of the uppermost iron

positions in all cases. In order to accurately calculate the PMF, overlap in the configurations

sampled is required between neighbouring windows (shown in SI Fig S7), as such, we use a

window spacing of 0.3 Å, resulting in 60 simulations per PMF. Each simulation is run for a

total of 5 ns, with the final 2.5 ns used to calculate the PMF. The bias is removed from the

simulations and the unbiased PMF reconstructed using weighted histogram analysis method

(WHAM).47 The starting configurations are prepared from a steered molecular dynamics

simulation in which λ0 is gradually decreased, bringing DGEBA closer to the surface at a

rate of 0.25 nm ns−1 with kbias = 50 kcal mol−1.
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Surface Coulombic energy

We use a positive point charge to probe the spatial fluctuations in the long range Coulombic

interaction energy at a fixed distance from the surface. To do this a point charge is placed at

(0, 0, z) and the interaction energy is calculated. The charge is then moved along by dr until

the whole of the simulation cell is covered. This is then repeated for (0, dr), resulting in a grid

which is then converted to a heat map. These are measured at a distance of z = 1.1 Å from

the surface, which gives the highest contrast between iron sites with and without hydroxyls

on.

Concentration profile

For the binding energy simulations, we calculate the concentration profile along the z-

direction for different atoms from the top of the surface, which is defined as the z-coordinate

of the top iron sites. These are averaged over the production run in each case, using a spacing

of 0.25 Å.

Results and Discussion

Hematite

In this section we focus on DGEBA binding on a hematite surface and the effect of surface

hydroxylation on ∆Ebinding (Fig 2). At OH fractions up to 0.5, the ∆Ebinding is approximately

constant at -61.5, -90.1 and -109.4 kcal mol−1 for n = 0, 1, 2 respectively, whilst when all the

iron sites are hydroxylated at 1.0 OH the ∆Ebinding is significantly higher in energy.

We find that, in all cases where there are exposed iron sites on the surface, the oxygen

atoms in the DGEBA bind locally to a single iron site on the surface, with the oxygen

binding found closest to the surface at approximately 1.8 Å (Fig 3 bottom left). The tight

binding between the oxygen and cationic sites on the surface mean that the DGEBA binds
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Figure 2: The binding energy for DGEBA on hematite (0001) surface for different OH
fractions.

to one place on the surface, which can be seen in Fig 3 top left, which plots the positions

of the oxygen atoms in 40 configurations in the production run. We attribute the higher

(i.e. less favourable) ∆Ebinding found for 1.0 OH to the lack of strong Fe-O interactions, as

all the iron sites on the surface are essentially capped by a negatively charged OH group.

The lack of attractive Fe-O interactions and the abundance of repulsive interactions between

the O in DGEBA and the surface OH groups also mean that, overall, the DGEBA on the

fully hydroxylated hematite are found at a greater distance from the surface than for the

pristine hematite. However, this is due partly to how the surface is defined; in both cases the

surface is defined as the position of the top iron, with the OH groups are protruding from

the surface. This means that the surface for the fully hydroxylated case is actually found at

1.84 Å with the hydrogen at 2.31 Å. Taking this into account, the oxygen peak is found at

4.2Å, still significantly further away than in the pristine case. The adsorbate is also much

more mobile on the surface at 1.0 OH (for all n investigated), as shown by the increased
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scatter of the oxygen points on the surface (Fig 3 top right). We again attribute this to the

lack of strong Fe-O interactions present. A similar increase in mobility between a pristine

and fully hydroxylated hematite surface was also found by Olsen et al. for glycols.48
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Figure 3: a,b) Graphs showing the coulombic interaction energy between the surface and
a point charge 1.1 Å from the surface. Yellow corresponds to higher energy regions where
the iron are located, dark blue to regions of negative charge where the OH groups are. Red
points are the oxygen positions for DGEBA (n = 0) throughout the production run. c,d)
Density profile in z−direction for n = 0. a and c corresponds to 0.1 OH whilst b and d to
1.0 OH

To calculate the binding energy long simulations may be required because trajectories

may be trapped for a significant amount of time in a local minima. For example, Figure 4

shows a drop in the energy at 3.5 ns, where both sides of DGEBA bind to an exposed iron

site. The density profile in Figure 4 confirms the change in conformation of the molecule and

the increased density near the solid surface. Similar behaviour has been observed in other

cases, such as n = 2 with 0.1 and 0.7 hydroxyl fractions and can be found in SI Fig S4.
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Figure 4: a) Potential energy throughout the simulation, b) Concentration profile at the
start (1.5-3.0 ns) and end (4.0-8.0 ns) for n = 0 on hematite with 0.7OH.

Our calculations are in good agreement with the work of Lee et al 19 where the binding

energy of a prepolymer fragment of DGEBA on hematite (0001) was calculated using DFT

including a dispersion correction (∆Ebinding = −101.60 kcal mol−1).

However, the results obtained in this work are about an order of magnitude lower than

those found by Bahlakeh et al.20 We found that for n = 1, ∆Ebinding = −86.73 kcal mol −1

whilst Bahlakeh et al found the binding energy of DGEBA on hematite (110) to be -664.8

kcal mol−1. The discrepancy is due to a combination of the force field employed and the

difference in surface composition; the (110) surface is less stable than the (0001) surface

investigated here.32

Magnetite

For pristine surfaces, the ∆Ebinding for DGEBA on magnetite is less favourable than on

hematite, for all DGEBA lengths investigated (Fig 5). This agrees with the finding of

Bahlakeh et al.,20 who found that ∆Ebinding was stronger for hematite, however again the

value we find is lower in magnitude. The less favourable ∆Ebinding for magnetite than

hematite is due to the negatively charged oxygen atoms on the magnetite surface, which repel

the oxygen in the DGEBA. This effect can be seen on the density profile in Fig 6 bottom left,

where unlike that of hematite (Fig 3) the sharp peak at 1.8 Å observed for hematite is not
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present, and the oxygen atoms in DGEBA are found at a much larger distance of over 4 Å for

an OH fraction of 0.1. The DGEBA is also much more mobile on the magnetite surface than

on hematite, as evidenced by the oxygen positions in Figs 6 and 3 for magnetite and hematite

respectively. We find that as the OH fraction increases, there is a small initial decrease in

∆Ebinding which then plateaus at the same value as hematite because the introduction of the

OH groups shield the underlying crystalline structure, creating similar surfaces consisting

of local positively charged pockets surrounding by protruding hydroxyl groups. However,

unlike on the hematite surface, no increase in ∆Ebinding is observed as the OH fraction

approaches 1.0. This is because there are still exposed positive sites on the surface for

magnetite, due to the geometrical constraints in adding OH groups discussed earlier. The

initial plateau in ∆Ebinding with increasing OH fraction on both magnetite and hematite is

consistent with experimental findings by Ghaffari et al ,5 who found that the surface adhesion

did not significantly increase with OH fraction for a DGEBA-polyaminoamide resin on carbon

steel . Wielant et al 49 also found that the amount of adsorbed molecules was independent

of the hydroxyl fraction of the oxide layer when considering model epoxy-resin compounds

on iron oxide surfaces.

To quantify the different mobility of DGEBA on magnetite and hematite with low and

high levels of OH fractions we calculated the mean distance that the oxygen atoms in DGEBA

move over a period of 1ns in the simulation. We perform this calculation for the cases shown

in Figs 3 and 6, that is, for DGEBA with n = 0 on surfaces with 0.1 and 1.0 OH fractions.

Note that this distance calculated does not take into account the path the oxygen atoms

have taken, i.e. it is |r(t = 1ns) − r(t = 0ns)|, and is averaged over all oxygen atoms in

DGEBA and multiple start points within the run. It was found that the mean distance

moved in 1ns follows the same trend as the ∆Ebinding, with 0.1 OH on hematite moving the

lowest average distance and hematite with 1.0OH moving the greatest distance. The results

are given in Table 2.

The magnetite (100) surface can have two different terminations; the A-termination which
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Figure 5: The binding energy for DGEBA on magnetite (100) surface for different OH
fractions.

Table 2: Mean distance that oxygen atoms in DGEBA(n=0) move in 1ns for the cases in
Figures 3 and 6

Surface mean distance oxygen atoms move in 1ns / Å
Hematite with 0.1 OH 0.33
Hematite with 1.0 OH 19.88
Magnetite with 0.1 OH 6.36
Magnetite with 1.0 OH 15.71

is capped with tetrahedral iron sites, and the B-termination which contains both oxygen and

octahedral iron sites.34 Here we consider the B-termination, which has been shown to be

slightly more stable than the A-termination.33,50 However, in order to maintain the charge

neutrality of the system, the bottom of the slab is A-terminated. In some cases the DGEBA

molecule was repelled from the top surface and favourably adsorbed on the bottom surface

where exposed iron atoms are accessible. This gives us the opportunity to compare the

A-terminated surface with the B-terminated surface.

The ∆Ebinding was significantly more favourable on the bottom (A-terminated) surface
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Figure 6: a,b) Graphs showing the Coulombic interaction energy between the surface and
a point charge 1.1 Å from the surface for magnetite. Yellow corresponds to higher energy
regions where the iron is located, dark blue to regions of negative charge where the OH groups
are. Red points are the oxygen positions for DGEBA (n = 0) throughout the production
run. c,d) Density profile in z−direction for n = 0. a and c corresponds to 0.1 OH whilst b
and d to 1.0 OH

than on the top (B-terminated) magnetite surface (Table 3). Note that, along with the

different termination, on the bottom side of the slab hydrogen atoms added to the existing

oxygen atoms, rather than additional OH groups. The ∆Ebinding for the bottom side is

comparable to that found by Bahlakeh et al.20 who consider the A-terminated (100) surface.

The difference observed here for the different terminations demonstrates the importance of

surface chemistry.
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Table 3: ∆Ebinding on the top (B-terminated) and bottom (A-terminated) surfaces of the
magnetite (100) slab

∆Ebinding / kcal mol−1

System top surface (B-terminated) bottom surface (A-terminated)
n = 1 on 0.4 OH −81.1± 9.7 −147.1± 9.8
n = 2 on 0.5 OH −115.4± 11.9 −203.5± 11.8
n = 1 on 1.0 OH −79.2± 10.0 −212.5± 9.9
n = 2 on 1.0 OH −108.9± 12.3 −287.9± 11.9

Length of adsorbate

For all surfaces studied, the magnitude of ∆Ebinding becomes larger with increasing n,

indicating that the longer molecules bind more strongly to the surface than the shorter

ones (Table 4). The electrostatic interaction between the iron in the surface and the oxygen

in DGEBA dominates the binding interaction. As the number of repeat units increases, there

are more possible Fe−O interactions that contribute to ∆Ebinding. However, as n increases,

the additional contribution of adding more repeat units decreases, that is, the change in

∆Ebinding is largest when going from n = 0 → n = 1. This is because the additional length

also imparts additional flexibility and the polymer forms a coiled structure that means that

not all the oxygen in the DGEBA are close enough to the surface to contribute to ∆Ebinding.

This difference can be visualised by re-plotting Figures 2 and 5 by normalising the ∆Ebinding

by the number of monomer units in the adsorbate (i.e. n + 1), these graphs can be found

in the SI, Fig S5. By doing this, it is clear that the same trend is seen for both iron oxide

surfaces and all OH fractions, with n = 0 → n = 1 showing the largest difference. A

number of simulations were repeated to test if ∆Ebinding is sensitive to different starting

configurations of DGEBA with n = 2 on the iron oxide surface, and it was found that the

differences were within the error of the simulations. Details for these calculations can be

found in the SI, Fig S6.
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Table 4: Effect of molecule length (n) on ∆Ebinding for DGEBA on hematite (0001) surface
and magnetite (100) surfaces.

∆Ebinding / kcal mol−1

n Hematite (0001) surface Magnetite (100) surface
n = 0 −53.07± 6.8 −42.97± 6.8
n = 1 −86.73± 9.8 −56.93± 10.0
n = 2 −113.11± 11.6 −80.92± 11.9
n = 3 −126.03± 13.4 −89.93± 13.7

Hydrogen bonds

The importance of hydrogen bonding between the adsorbate and surface has been discussed

in literature for other systems20,51–53 and can provide insights to understand the difference

between adsorption of DGEBA on different functionalised iron oxide surfaces. The analysis

we present uses a definition of a hydrogen bond as the distance between the acceptor and

donor of less than 3.5 Å, and an angle between D-H· · ·A of more than 145◦, where D-

H· · ·A indicates the hydrogen bond donor atom, hydrogen, and acceptor atom respectively.

Calculations were repeated where the angle criteria was relaxed give the same results. We

found that for n = 0 no hydrogen bonds are formed with any surfaces. In the case of n = 1

and n = 2, we find the presence of a single, long-lived hydrogen bonds for intermediate surface

hydroxylation level. In a few cases we find two hydrogen bonds although these are much less

common. We classify the nature of the resulting hydrogen bonds by the species of the donor,

leading to three types; DGEBA-donor hydrogen bonds, in which the secondary alcohol group

interacts with the hydroxyl group on the surface (type 1), surface-donor hydrogen bonds, in

which the hydroxyl on the surface interacts with the oxygen in the DGEBA (type 2), and

bulk types where the alcohol in the DGEBA acts as a donor and the acceptor is an oxygen

ion within the iron oxide surface (type 3) (Fig 7). We find that 76% of hydrogen bonds

formed are type 1, whilst type 2 are only seen in less than 1% of the cases, with the rest

being type 3. The prevalence of type 1 hydrogen bonds can be rationalised by considering the

relative charges on the oxygen atoms; in the secondary alcohol the oxygen charge is -0.6685
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(see Fig S3 in the SI), whilst in the surface OH it is -0.925, meaning that the interaction

between surface oxygen and DGEBA hydrogen is stronger than the type 2 condition. The

difference in charge magnitude also explains why no hydrogen bonding with the epoxide or

ether groups in the DGEBA are seen, which have charges of -0.3343 and -0.2962 respectively.

Figure 7: Schematic of different hydrogen bond types. Type 1 is DGEBA-donor hydrogen
bonds, in which the secondary alcohol group interacts with the hydroxyl group on the surface.
Type 2 surface-donor hydrogen bonds, in which the hydroxyl on the surface interacts with
the oxygen in the DGEBA. Type 3 where the alcohol in the DGEBA acts as a donor and
the acceptor is an oxygen ion within the iron oxide surface.

No correlation was found between the number of hydrogen bonds and ∆Ebinding. Figure 8

shows that the same energy of binding (within the error of the calculations) is obtained when

analysing blocks of 40 configurations taken every 100 ps of the final 4 ns of a simulation.

Therefore we find that, in the case of DGEBA on iron oxide surfaces, the formation of

hydrogen bonds does not influence ∆Ebinding to a measurable extent when using CLAYFF

in conjunction with OPLS. This is in agreement with previous findings by Kerisit.45

Free energy calculations

The ∆Ebinding can only provide information about the start and end points of adsorption,

it does not give us any insight into the mechanism of adsorption, or the free energy change

associated with it. However, by calculating the potential of mean force (PMF), it is possible

to understand the mechanism of adsorption onto the surface and the underlying free energy.

We find that the potential energy well depth for DGEBA (n = 0) on hematite is more
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attractive than DGEBA (n = 0) on magnetite (Fig 9), in agreement with ∆Ebinding. The

PMF well depths at -32.96 kcal mol−1 and -11.01 kcal mol−1 respectively.
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The profile of the PMF of adsorption onto the two surfaces is also different, with more
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structure observed in the case of hematite. Indeed, the free energy well depth occurs at 2.95Å

for hematite and 4.15Å for magnetite, in agreement with the unbiased simulations employed

to calculate ∆Ebinding (Figs 3 and 6) where we find that the oxygen in DGEBA sit at ≈ 2Å

on hematite, whilst at > 4Å for magnetite. The interaction of DGEBA with the hematite

surface starts around 11.4Å from the surface, whilst in the case of magnetite the influence of

the surface is only felt at approximately 8.0Å. On the addition of surface hydroxyl groups,

we see the same trend as for the calculated ∆Ebinding. The PMFs for hematite with 0.0

and 0.5 OH fractions also show a plateau at ≈ 4.5 Å, due to the adsorption of half of the

DGEBA onto the surface. A similar feature is also seen for the pristine magnetite, although

it is much less pronounced due to the overall weaker surface-DGEBA interaction in the case

of magnetite. For a hydroxyl fraction of 1.0, the PMF well depth is −3.76 and −5.33 kcal

mol−1 for hematite and magnetite respectively, showing only a very small attraction to the

surface. This is in agreement with the ∆Ebinding calculations which found that at 1.0 OH

binding is stronger to a magnetite surface than hematite.

Unlike the ∆Ebinding, the PMF includes the entropic contribution to adsorption.27,29,54

Indeed, it is clear from the difference in the PMF well depth and the ∆Ebinding that the

entropy contribution should not be overlooked when considering adsorption. It is theoretically

possible to quantify the entropy of adsorption by repeating the PMF calculation at two

temperatures, however this relies on two assumptions, firstly that the enthalpy is independent

of temperature, that is,
(
∂∆H
∂T

)
N,p
≈ 0,55 and secondly that the PMF is accurate enough to

calculate the difference (see SI Fig S8). Due to the complexity of the system studied here, it

was not possible to calculate the entropy change using the difference between two PMFs at

different temperatures to a reasonable degree of accuracy. Another method for estimating

the entropy change is to take ∆H = ∆Ebinding and ∆G from the PMF at the same centre of

mass - surface separation, which occurs at the minima of the PMF. However, we found that

the error associated with the ∆Ebinding due to the fact that it is the difference between two

very large numbers meant that it was not possible to calculate the entropy without a large
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associated error.

Instead we use a theoretical guide to highlight the importance of entropy in a qualitative

manner. We estimate the conformational entropy change, ∆Sconf by considering the number

of possible conformations a molecule can adopt, each with probability pi.
29 Note that

this method relies on a number of significant assumptions; 1) that each conformation is

equally likely, 2) that the adsorbed molecule has no entropic contribution and 3) it neglects

translational and rotational entropy of the system. The gain in entropy from a purely rigid

molecule is given by

∆Sconf = −R
M∑
i=1

pi ln (pi) (4)

where R is the gas constant, and M is the number of conformations. We can evaluate ∆Sconf

by considering the different rotamers of the system, where a rotamer is a conformational

isomer in which different conformations can be interconverted by rotation single bonds. For

example, rotation around a H3C−C bond in the centre provides only one conformation (each

is equivalent), whilst rotation around the H2C−O bond there are two possible conformations.

Counting the number of different conformations, ∆Sconf = 0.263 kcal mol−1 K−1. Using the

∆Ebinding calculated in the case of pristine hematite, along with the fundamental equation

for free energy; we obtain a value of ∆Gest = +25.86 kcal mol−1. However, we can

refine this estimate by considering that there will be no rotation around the central carbon

and the benzene rings due to steric hindrance. This reduces ∆Sconf to 0.191 kcal mol−1

K−1 and ∆Gest = +4.12 kcal mol−1. This crude estimate for the free energy well depth

is still significantly larger than the actual value, indeed it suggest that the adsorption

is unfavourable which is not physically meaningful in the case of adsorption. The large

deviation is due to the significant approximations discussed above. Therefore, whilst this

∆Sconf can serve as a qualitative guide to demonstrate the importance of considering entropy

in the adsorption of DGEBA on iron oxide surfaces, it does not provide quantitative information.
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Conclusions

We have shown the differences and similarities between adsorption of DGEBA on hematite,

magnetite, and hydroxylated surfaces, focusing the analysis on the binding energy, ∆Ebinding,

the structure, and mobility of the adsorbed DGEBA. Adsorption of DGEBA is more favourable

on hematite than magnetite and ∆Ebinding is stronger for longer DGEBA chains. The

positively charged iron atoms on the surface of hematite are mainly responsible for the

strong attraction of DGEBA to hematite. Hydroxylating the surface has different effects

for the different iron oxides. In hematite, low hydroxylation has negligible effect on the

binding energy because DGEBA can adsorb on regions where the OH groups are not present,

but at high hydroxylation the binding of DGEBA becomes less favourable because there

are no accessible iron atoms. In magnetite, the effect of hydroxylation is less pronounced,

making adsorption on hydroxylated surfaces slightly more favourable than on the pristine

metal oxide. For hematite, the adsorbed DGEBA is highly localized at low OH content

and becomes more mobile at high hydroxylation, whilst for magnetite it has a high surface

mobility irregardless of OH fraction.

Whilst the ∆Ebinding provides valuable information quickly to enable use to compare

the different surfaces, it does not capture the underlying free energy surface of adsorption.

We probe the underlying free energy surface by calculating the potential of mean force

(PMF) for n = 0 approaching the surface. We find that the free energy well depth is

significantly shallower than the ∆Ebinding due to the entropy loss on adsorption in all cases,

thus demonstrating the importance of entropy and the need for more rigorous free energy

calculations to fully understand the adsorption process.

This work has shown how interaction of DGEBA oligomers varies depending on the exact

form of the different iron oxide and partially hydroxylated iron oxide surfaces. Future work

should also consider other groups that are present in the coating (e.g. amine crosslinkers).

The composition of corrosion products of steel depends on the environment that the steel

is exposed to in application, so this work provides insight into the experimental differences
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between steel in different applications. This work allows the difficulty of providing corrosion

protection to a range steel surfaces where their surface corrosion products are known to be

assessed and to assess which coating formulations will be most effective at providing corrosion

protection.
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