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Unravelling the nature of glyphosate binding to goethite surfaces
by ab initio molecular dynamics simulations

Ashour A. Ahmed, ®® Peter Leinweber® and Oliver Kiihn®

Investigation of the interaction between glyphosate (GLP) and soil minerals is essential for understanding GLP’s fate in the
environment. Whereas GLP—goethite binding has been discussed extensively, the impact of water as well as of different
goethite surface planes has not been studied yet. In this contribution, periodic density functional theory-based molecular
dynamics simulations are applied to explore possible binding mechanisms for GLP with three goethite surface planes (010,
001, and 100) in the presence of water. The investigation included several binding motifs of monodentate (M) and bidentate
(B) type. It was found that the binding stability increasing in the order M@001 < M@010 < 20+2Fe B@100 < M@100 <
10+2Fe B@001 < 20+1Fe B@010. This behavior has been traced to the presence of intramolecular H-bonds (HBs) in GLP,
intermolecular HBs between GLP and water, GLP and goethite, and water and goethite. These interactions are accompanied
by proton transfer from GLP to water and to goethite, and from water to goethite as well as water dissociation at the goethite
surface. Further, it was observed that OH™ species can replace the adsorbed GLP at the goethite surface, which could explain
the well-known drastic drop in the GLP adsorption at high pH. The present results highlight the role of water in the GLP-
goethite interaction and provide a molecular level prospect on available experimental data.

impact and fate of GLP in the environment. Previous

1. Introduction

There is an ongoing debate about the use of glyphosate (GLP,
N-(phosphonomethyl)-glycine) in view of its possible
carcinogenic effects™ and its occurrence in ground and surface
water 3’4, for instance, in the Baltic Sea”. GLP is the most widely
used nonselective post-emergent herbicide in the world. It is
applied to many food and non-food crops as well as non-crop
areas such as roadsides.® It has a highly polar character due to
its three polar functional groups (amino, carboxylic, and
phosphonic groups, see Fig. 1). As a consequence of its chemical
properties, GLP is strongly bound to soil constituents, highly
soluble in water, and charged according to the soil pH.7 Due to
the chemical similarity between the GLP phosphonate group
and inorganic phosphates, they compete with each other for
the same sorption sites at soil components.&9

In soil, GLP binds to heavy metals,‘s'10 soil organic matter
(som),"*2 1314 The strong binding to mineral
surfaces is commonly taken as an important factor for the
deactivation of GLP in soil,ls’16 which leads to a reduction of its
mobility and  herbicide efficiency”‘lg. Consequently,
understanding the nature and extent of the interaction of GLP

and soil minerals

with soil mineral surfaces is a key point for investigation of the
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experimental studies showed strong adsorption for GLP on soil-
abundant mineral surfaces of gibbsite (cx—AI(OH)3),17 bayerite (B-
AI(OH)3),19 manganite (y-M nOOH),20 and goethite (a—FeOOH)Zl_
25

amino group

phosphonic
group

Figure 1. GLP spatial configuration with its three polar (amino, carboxylic, and

carboxylic
group

phosphonic) functional groups. White, gray, blue, red, and green colors are
corresponding to H, C, N, O, and P atoms, respectively. Its five oxygen atoms are
labelled with numbers from 1 to 5 to aid the discussion of the GLP—goethite—
interaction.

Particularly, the mineral goethite received much attention over
the past few decades because it is the most common ferric iron
Fe(lll) oxyhydroxide in soils and its reactivity couples to a wide
. 23 .
range of environmental processes. Sheals et al.”” and Barja and
Afonso® both showed that the GLP adsorption on goethite
surface decreases with increasing the soil pH. Sheals et al.®
employed adsorption batch infrared and

photoelectron spectroscopy to find evidence for the formation

experiments,
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of intramolecular hydrogen bonds (HBs) between the GLP
amino group and both the carboxylate and the phosphonate
groups at low pH. This HB is lost upon deprotonation of the
amino group at high pH. In another experimental study, it was
observed that the amino and carboxylic functional groups do
not contribute to the surface complexation.24 In contrast, the
GLP phosphonate group was found to bind directly to the
goethite surface, forming inner-sphere complexes
predominantly monodentate (M) complexation. This M form
was supported by a quantum mechanical study using a cluster
model.”® Furthermore, the formation of a minor quantity of
bidentate (B) complexes is possible at low GLP surface coverage
and around neutral pH. Barja and Afonso®® indicated that GLP
adsorbs on goethite surface through the phosphonate group in
a B form at pH range of 3.5-9.2 and low to moderate surface
coverage, and in a M form at low pH and high surface coverage.
Moreover, they reported that the GLP phosphonate group of
the B complex is unprotonated, and that of the M complex is
mostly protonated. Despite these studies, systematic
knowledge about the dynamics and mechanism of the GLP—
goethite interaction at the molecular level is still lacking. In
particular, there are neither experimental nor theoretical
studies focusing on the GLP—goethite—water
interactions and the individual (GLP—goethite, GLP—water, and
goethite—water) interactions for different goethite surface
planes at a molecular scale.

The main objective of the present contribution is to unravel the
nature of binding between GLP and different goethite surface
planes at the molecular level by means of periodic density
functional theory (DFT) based molecular dynamics (MD)
simulations. Specifically, mixed Gaussian and plane wave
be performed for investigation of the
interaction of GLP with three different goethite surface planes
in the presence of water. Based on previous experimental
outcomes,23,24 only binding of GLP through its phosphonate
group with the goethite surfaces will be considered. The
individual GLP—goethite, GLP—water, and goethite—water
interactions will be addressed. Further, the competition
between GLP and water molecules for adsorption sites will be
explored. The present exhaustive study of different binding
motifs and surface planes wusing a state-of-the-art
computational approach provides a benchmark and starting
point for future investigations of interactions of GLP with soil
constituents.

via

overall

calculations will

2. Molecular modelling and computational details
2.1. Model systems

In order to investigate possible binding motifs between GLP’s
phosphonate group and goethite, three different goethite
surface planes (010, 001, and 100 according to the Pnma space
group) were considered. These three goethite surface planes
have been selected due to the prominent stability of the 010
surface”””® and the abundance of the 100 and 001 surfaces™>>.
Moreover, these three surfaces exhibit three kinds of Fe atoms
with three different coordination numbers based on the surface
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plane. In view of the heterogeneity of mineral particles, the
present models resemble typical binding situations, but without
considering the aspect of imperfections. The three model
surfaces were described by periodic slabs, constructed by
repetition of the goethite unit cel®® shown in Fig. 2a in the
relevant directions. The goethite orthorhombic unit cell
contains four FeOOH formula units (16 atoms, lattice constants
are a=9.9560 A, b=3.0215 A, and c = 4.6080 A). The 010, 001,
and 100 goethite surface planes were generated from 2a x 2b x
2c (Fig. 2b), 2a x 4b x 1c (Fig. 2c), and 1a x 4b x 3c (Fig. 2d) unit
cells, respectively. To simulate these surfaces, a layer of about
20 A vacuum was added between the periodic slabs
perpendicular to the surface plane. GLP was added to the
vacuum region with its long axis being perpendicular to the
surface planes such as to facilitate binding through the
phosphonate group. For each surface plane, GLP was situated
in two starting spatial configurations to construct M and B
motifs between the phosphonate O atoms and the goethite Fe
atoms. Due to the expected importance of solvating water for
the GLP—surface interaction, water molecules at a density of
about 1g/cm3 were introduced into the vacuum region between
the slabs to construct the final simulation box (for example, see
Fig. 2e, which contains 128 FeOOH atoms + 1 GLP molecule + 84
398 atoms). The solvation procedure
involved filling the box vacuum region with a generic
equilibrated 3-point water solvent model (SPC), by using the
solvation tool provided by the GROMACS package * . Hence, in
total there are six GLP—goethite—water models, i.e. M and B at
each of the three surface planes. For each model, the bottom
layer atoms of the relevant goethite surface plane were kept
fixed to approximate the properties of the underlying extended
goethite bulk and to decrease the interaction with water of the
next box image.

water molecules =

e

IR AFUR RFSR SFUR B

Figure 2. Goethite unit cell (a), top view for the modelled goethite surface planes 010 (b),
001 (c), and 100 (d) in the Pnma space group using a polyhedral representation, and GLP—
goethite (010)—-water model (e). The polyhedra represent Fe in octahedral coordination.
White, black, blue, red, green, and yellow colours are corresponding to H, C, N, O, P, and
Fe atoms, respectively.

2.2. Quantum chemical calculations

For the six GLP—goethite—water models, DFT-based
Born-Oppenheimer MD simulations have been carried out
using the quickstep code® implemented in the CP2K simulation
package37. Here, the hybrid Gaussian and plane-wave (GPW)

method®® was applied for calculating the DFT electronic ground

This journal is © The Royal Society of Chemistry 20xx



state structure. The Perdew—Burke—Ernzerhof functional
(PBE)39 has been used together with the Goedecker—Teter—
Hutter (GTH) pseudopotentials4°. The electronic density cutoff
for atomic core electrons was chosen as 500 Ry. The double—(
valence polarized (DZVP) basis set optimized for the GTH
pseudopotentials41 has been used for all atomic species
included in GLP and the goethite surface model. For O and H
atoms of water, the corresponding single— valence (SZV) basis
set has been applied to reduce the computational cost. The
empirical dispersion correction D3 by Grimme et al.* was
employed. Periodic boundary conditions have been applied in
all the three spatial directions. Moreover, the total energy value
was tuned to be accurate up to 10™° with a convergence
threshold for the SCF energy of 10°. 25 picoseconds (ps) NVT-
MD simulations have been performed for each model with a
time step of 0.5 femtoseconds (fs) for integrating the equations
of motion. The temperature was kept at 300 K through a
velocity rescaling thermostat (canonical sampling through
velocity rescaling, CSVR) with time constant of 100 fs and
temperature tolerance of 10 K. Based on analysis of potential
energy, kinetic energy, and temperature, the first 10 ps were
assigned for equilibration, the remaining 15 ps (production
trajectories) were analysed in terms of dynamics of the
individual GLP—goethite—, GLP—water—, and goethite—water—
interactions.

To characterize the complexation reaction, GLP + goethite
surface => GLP—goethite—complex, snapshots are taken every
50 fs during the production trajectories. For each snapshot, the
interaction energy (E;,;) between GLP and each goethite surface
plane for this complexation reaction was calculated as follows:

Eint = EGLP—goethite—complex - (EGLP + Egoethite surface) (1)

Where’ EGLP—goethite—compIex: EGLP: and Egoethite surface Are the total
electronic energy of the GLP—goethite-complex, GLP, and
goethite surface, respectively. Here, the effect of the basis set
superposition error (BSSE) has been corrected using the
counterpoise scheme.”

To investigate the effect of water on the GLP—goethite—
interaction, a MD simulation has been performed for one of the
GLP—goethite models in vacuum. Here, the same initial
configuration for GLP on top of the 010 goethite surface plane
in presence of water (Fig. 2e) was selected but without including
water. The same box dimensions and all MD parameters have
been used exactly as in the water case. Moreover, geometry
optimization has been performed for the same six GLP—goethite
models mentioned above at the same level of theory and with
the same parameters as used in the MD simulations, but
without including water.

3. Results and discussion

In the goethite bulk, each Fe atom is surrounded by six O atoms
(three 0% and three OH’) to give FeO3(OH); octahedra. For the
bare goethite surface, coordination of the surface Fe atoms with
the neighbouring O atoms depends on the surface plane. Here,
we will discuss three different planes having three different Fe

This journal is © The Royal Society of Chemistry 20xx

coordination numbers. Specifically, each surface Fe atom is
coordinated by three, four, and five O atoms for the 001, 010,
and 100 goethite surface planes, respectively (see Fig. 2b-d). For
this reason, the nature and mechanism of the GLP—goethite
interaction as well as water—goethite interaction depend on the
goethite surface plane. In the following this dependence will be
explored on the basis of MD simulations. Important average
bond lengths and interaction energies are summarized in Tab.
1.

3.1. Glp @ 010 surface plane

Regarding the GLP—goethite—interaction, at the 010 surface
plane Fe atoms may exhibit two different binding motifs, i.e. M
and B. At the 010 surface plane, the shortest and longest
distances between the adjacent Fe atoms are around 4.6 and
5.4 A, respectively. Therefore, formation of B complex between
GLP and this surface plane will mainly take place between two
GLP phosphonate O atoms and one Fe atom.

3.1.1. Monodentate (M) binding motif

For the M motif, GLP was set initially close to a central surface
Fe atom through its non-protonated oxygen (O1) of the
phosphonate group. In course of the MD equilibration, chemical
bond formation occurred between GLP and goethite, water and
goethite, and GLP and water.

Regarding the GLP—goethite interaction, a stable M complex has
been formed between GLP and the goethite surface (see Fig.
3a). Along the production trajectory, the length of the M Fe-O1
covalent bond ranges from 1.83 to 2.12 A with an average of
1.96 A (see Fig. S1ain the supplementary information (Sl)). The
distances between the same Fe atom and the other
phosphonate O atoms (02 and O3) vary in the range of 3.32—
3.80 and 3.61-4.16 A giving rise to averages of 3.56 and 3.93 A,
respectively. The distance between the phosphonate’s P atom
and the closest Fe atom changes from 3.02 to 3.36 A with an
average of 3.20 A. Moreover, three proton (H') transfer
processes have been observed from GLP to the goethite surface
as well as to water (see Fig. 3a). Here, one proton is transferred
from GLP to the goethite surface forming a strong HB (1.49 A)
with its original donating GLP O2 atom (see Fig. 3a and Fig. S2 in
Sl). This HB enhances formation of the M complex between GLP
and the goethite surface and retards formation of the
corresponding B one. For the other two proton transfer
processes from GLP to water, both protons show HBs with their
original donating GLP O3 and O5 atoms with average H---O
distances of 1.86 and 1.89 A (see Fig. 3a and Fig. S2b-c in SI).
Moreover, it was observed that the GLP amino group through
its H atom can form two bifurcated* weak intramolecular HBs
with two O atoms (one from the phosphonic and one from the
carboxylic group with average H---O distances of 2.52 and 2.50
A, respectively). In general, these observations are in accord
with experimental infrared spectra, which indicated that the
GLP amino group forms two intramolecular HBs with the GLP
phosphonic and carboxylic groups at low pH.23 This enhances
the possibility of formation of the M complex compared to the
B complex.23

Regarding the water—goethite interaction, four water molecules
approach the goethite surface along the MD simulation and
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form four M binding motifs through their O atoms (Oy,0) with
the goethite surface Fe atoms (see Fig. S1b in Sl). Their average
Fe—Oy,0 bond lengths are in the range of 1.86-1.99 A. Further,
two of these four water molecules dissociate at the goethite
surface producing two protons (H'), which transfer to the
goethite surface O atoms (Oeoon) forming covalent bonds. In
addition, regardless of the covalent bond formation, water
forms five HBs with goethite surface O atoms (see Fig. S1cin Sl)
and four HBs with GLP.

Next, let us have a quantitative picture of the strength of the
GLP—goethite, water—goethite, and GLP—water interactions.
Along the production trajectory, the interaction energy
between GLP and goethite fluctuates around —110 kcal/mol (for
details, see Fig. S3 in Sl). The average energies along the
trajectory for the interaction of 84 water molecules with GLP
and goethite are —389 and —1710 kcal/mol, respectively. This
indicates a very strong interaction between these three
subsystems and shows that the water—goethite interaction is
stronger than the water—GLP interaction. Recalculating these
energies per single water molecule yields interaction energies
of —4 and —20 kcal/mol for the water—GLP and water—goethite
interaction, respectively, under the strong assumption of equal
contributions for the water regarding their
interaction with GLP and goethite.

molecules

Figure 3. Snapshot along the equilibrated GLP—goethite—water trajectory for the M motif
at the 010 goethite surface plane (a), 20+1Fe B motif at the 010 surface plane (b),
20+2Fe B motif at the 001 surface plane (c), M motif at the 001 surface plane (d), 10+2Fe
B motif at the 001 surface plane (e), M motif at the 100 surface plane (f), 20+2Fe B motif
at the 100 surface plane (g), and outer-sphere complex at the 100 surface plane (h). GLP,
goethite, and water atoms are coloured in red, silver, and green, respectively.
Intramolecular and intermolecular covalent bonds included goethite atoms are coloured

in yellow and HBs are coloured in blue.

Table 1. Average interaction energies and selected distances obtained from the MD production trajectory for the different modelled binding motifs at the 010, 001, and 100 goethite

surface planes.

distance [A]

surface plane binding motif Eint [kcal/mol]
C-N Cc-P Fegoethite—Ogtp Fe—-P
010 M -110 1.47 1.85 1.96 3.20
B (20+1Fe) -268 1.48 1.83 2.06 & 2.20 2.64
M -68 1.49 1.83 2.02 3.36
001 B (10+2Fe) -172 1.46 1.85 1.94 & 1.99 3.02 & 3.35
M -154 1.47 1.83 2.04 3.28
100 B (20+2Fe) -131 1.47 1.85 2.04 & 2.10 3.10&3.21

3.1.2. Bidentate (B) binding motif

In this case GLP was initially placed in a B motif between its
phosphonate group and the 010 goethite surface. Similar to the
M motif case, one observes a stable B complex formation in
Here, the B complex is formed between two
phosphonate O atoms (01 and 02) and one surface Fe atom
(20+1Fe) as shown in Fig. 3b. The lengths of these two covalent
bonds (Fe—O1 and Fe—02) forming the B motif fluctuate around
2.06 and 2.20 A. This means that each of these bonds is longer
than the M Fe-O bond (1.96 A). The average distance between
the third phosphonate O atom and this Fe atom, participating in
the B motif, (Fe—03) is 3.56 A. Here, the GLP phosphonate P
atom is closer to the same Fe atom compared to the M case,
with an average Fe—P distance of 2.64 A. Furthermore, two
protons are transferred from the GLP phosphonate group to the
goethite surface Ogeoon atoms (see Fig. 3b). These protons form
HBs with their original donating O atoms (02 and 0O3) with
average H---O bond lengths of 1.79 and 2.48 A. In addition, a
proton transfer occurs from the GLP carboxylic O5 atom to the

water.
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surrounding water (see Fig. 3b). Compared to the M case, the
GLP amino group forms weaker intramolecular HBs with the
phosphonic group, with an average H---O distance of 2.64 A.
Regarding the water—goethite interaction, M complexes
between water Oy,o atoms and the surface Fe atoms, water
dissociation into H and OH™ at the surface, proton transfer from
water to the surface, and HBs between water and the surface
are observed along the MD trajectory. Further, HBs between
water and GLP are found as well. Finally, the average interaction
energy between GLP and goethite for this B binding motif is —
268 kcal/mol (see Fig. S3 in Sl). This value is more than twice the
value obtained for the M case due to formation of two Fe-O
bonds in a cyclic form, the proton transfer from GLP to water
and the surface, and saturation of the B Fe atom to its
octahedral coordination. This indicates to a favoured formation
of the B motif as compared with the M one. Finally, observation
of the formation and stability of this 20+1Fe B binding motif at
the 010 goethite surface is in good agreement with the
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experimental outcomes suggesting formation of the same
binding motif.2>**
3.2. GLP @ 001 surface plane

For the 001 goethite surface plane, the shortest distance
between any two adjacent surface Fe atoms is around 3.0 A.
Therefore, in principle this plane may exhibit M and B (2Fe
atoms + 2 GLP O atoms) binding motifs for GLP at the surface.
In the following, we will discuss the MD simulation results for
two different starting configurations.

3.2.1. Monodentate (M) binding motif

For this case, the initial spatial configuration was actually set as
a 20+2Fe B motif for GLP at the 001 goethite surface plane.
During the first three picoseconds of the MD trajectory, a
20+2Fe B binding motif (see Fig. 3c) transiently existed, which
eventually was disrupted to yield a stable M binding motif
(10+1Fe, see Fig. 3d). For this M motif, the average interaction
energy between GLP and goethite is —68 kcal/mol (see Fig. S3 in
Sl). Here, the average distances of the M Fe—0O and Fe—P bonds
are 2.02 and 3.36 A, respectively. Moreover, the GLP amino
group forms two weak intramolecular HBs with the carboxylic
and phosphonic groups. In addition, three protons are
transferred from GLP to the surrounding water but stayed in
contact via HBs with the GLP 02 and O5 atoms (see Fig. 3d).
Focusing on the water interaction with goethite and GLP, M
complexes between water O atoms and the Fe surface atoms,
water dissociation at the surface, proton transfer from water to
the surface, and intermolecular HBs between water and the
surface, and between water and GLP have been found along the
MD trajectory.

3.2.2. Bidentate (B) binding motif

Starting with a M motif for GLP at the 001 goethite surface plane
the configuration turned into a B one during the first
picoseconds of the MD trajectory. It connects one GLP O atom
(01) in an oxonium fashion with two goethite Fe (Fel and Fe2)
atoms (10+2Fe, see Fig. 3e) that has not been discussed
previously. The average interaction energy between GLP and
goethite for this 10+2Fe B motif is =172 kcal/mol (see Fig. S3 in
Sl). This indicates that the 10+2Fe B binding motif is more stable
than the M one at the 001 goethite surface plane. The average
bond lengths for the two Fel-01 and Fe2-O1 bonds are 1.94
and 1.99 A. The average distances between the GLP P atom and
Fel and Fe2 atoms involved in the B motif are 3.02 and 3.35 A.
Moreover, two protons are transferred from the GLP O3 and O5
atoms to the surrounding water and a third one from the GLP
02 atom to the goethite surface (see Fig. 3e). Two of them form
HBs with their original donating GLP O atoms (02 and O5) with
an average H---O bond lengths of 1.65 and 1.74 A. In addition,
the GLP amino group forms an intramolecular HB with the
carboxylic one with an average H---O bond length of 2.41 A.
Compared to the M motif at the 001 surface plane, here the
same mechanism for the proton transfer processes from GLP to
the goethite surface and surrounding water is effective. In
addition, similar GLP—goethite—water interactions are found,
involving intermolecular GLP—water HBs, goethite—water HBs,
goethite(Fe)—(O)water covalent bonds in M and 10+2Fe B

This journal is © The Royal Society of Chemistry 20xx

forms, water dissociation at the surface, and proton transfer
from water to the surface.
3.3. GLP @ 100 surface plane

The distance between the adjacent surface Fe atoms for this
surface plane is exactly the same like for the 001 goethite
surface plane. Therefore, this plane may exhibit M and B (2Fe
atoms + 2 GLP O atoms) binding motifs for GLP at the surface.
For this surface plane, each surface Fe atom is surrounded by 5
O atoms that means that the upper surface layer contains O
atoms and not Fe atoms. This already indicates that it could be
difficult for GLP to approach the surface Fe atoms through its
phosphonic O atoms. For this reason, three cases will be
discussed below involving M, and B and outer-sphere complex
formation with the 100 goethite surface plane.

3.3.1. Monodentate (M) binding motif

We have observed a stable M motif for GLP at the 100 goethite
surface plane along the MD trajectory (see Fig. 3f). Here, the
average Fe—01 bond length is 2.04 A and the average distances
between this Fe atom and the unbounded phosphonate O
atoms (02 and 03) are 3.54 and 4.52 A. Further, the average
distances of the Fe—P bond is 3.28 A. Similar to the previous
proton transfer processes from the GLP to the
surrounding water and goethite surface, formation of
intramolecular HBs between GLP amino group and carboxylic
group, and formation of goethite—water HBs have been
observed. In contrast, the processes involving goethite(Fe)—
(O)water covalent bonds, water dissociation at the surface, and
proton transfer from water to the surface are not found for this
case. Finally, the average interaction energy between GLP and
goethite for this M motif is —154 kcal/mol (see Fig. S3 in Sl).
3.3.2. Bidentate (B) binding motif

Starting with the B motif for GLP at the 100 goethite surface
plane, we have observed almost the same reactions between
the individual subsystems (GLP—goethite, GLP—water, and
goethite—water) along the MD trajectory compared to the M
motif at 100 surface plane. The only difference is that we have
in this case a 20+2Fe B motif with 2 GLP O atoms + 2 goethite
Fe atoms (Fel and Fe2 see Fig. 3g). Here, the relevant average
distances for the 20+2Fe B motif are 2.04 (Fe1-01), 2.10 (Fe2—
02), 2.57 (01-02), 2.95 (Fel-Fe2), 3.10 (Fel-P), and 3.21 A
(Fe2—P). The average interaction energy between GLP and the
100 goethite surface plane for this 20+2Fe B motif is —131
kcal/mol (see Fig. S3 in Sl). This indicates that the M binding
motif is more favourable than the 20+2Fe B one at the 100

goethite surface plane.
3.3.3. Outer-sphere complex formation

cases,

The possibility of outer—sphere complex formation between
GLP and the 100 goethite surface has been studied by
introducing GLP at the surface without direct covalent bond
between them. Upon equilibration, two protons have been
transferred from GLP to the surrounding water molecules.
Furthermore, formation of two M covalent bonds between
water and goethite and intermolecular water—goethite HBs
have been observed. In fact, there is an indirect interaction
between GLP and the goethite surface in which water acts as a
bridge (see Fig. 3h). The calculated average interaction energy
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between GLP and the goethite surface is —43 kcal/mol (see Fig.
S3in Sl).
3.4. Effect of water

In this section, we will focus on the effect of water as a solvent
for the real environmental molecular systems. Here, all the MD
simulations have been performed with the same previous
modeling setup in vacuum, i.e. without water. Four main points
will be briefly introduced including 1- the competition between
water and goethite regarding their interaction with GLP, 2- the
competition between GLP and water regarding their interaction
with the goethite surface, 3- the pH effect, and 4- the stability
of the previously discussed binding motifs in the absence of
water.

First, we focus on the competition between water and goethite
regarding their interaction with GLP. To achieve this goal,
exemplary MD simulations have been performed for the same
starting configuration as for the M complex between GLP and
the 010 goethite surface plane (see Fig. 2e) but without
including water. As a result, one observes a very strong
interaction between GLP and goethite. Snapshots along the MD
trajectory are shown in Fig. 4. Here, GLP approaches to the
surface with its carboxylic acid group, leading to a situation
where GLP interacts through both its carboxylic and phosphonic
groups. This gives rise to formation of three HBs (two from the
phosphonic and one from the carboxylic group) and one M Fe—
O bond (see Fig. 4d). Comparing with the situation in the
presence of water (see Fig. 3a) we notice that, apparently,
water retards the interaction between GLP and the goethite
surface and competes with the surface regarding their
interactions with GLP. This indicates the possibility of the GLP
carboxylic group interaction with the surface in the absence of
water. Finally, one can predict that solvation of the carboxylic
group is more preferable than formation of a surface bond in
the presence of water.

a)
)

e B
C

b)

5

A0 6

Figure 4. Four snapshots, from a) to d), characterizing the interaction of GLP with
goethite surface in vacuum along the MD trajectory representing the GLP
approach to the 010 goethite surface with its carboxylic acid group. The first
given snapshot a) corresponds to the initial configuration of the GLP M binding
motif at the 010 goethite surface.
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Second, a more detailed view of the GLP and water interactions
with the goethite surface is obtained by focussing on a single
GLP as well as a single water molecule at the bare 010 goethite
surface. Geometry optimization has been performed in vacuum
for both cases. The obtained optimized geometries are shown
in Fig. 5a-b. The calculated interaction energies for GLP and
water with goethite are =53 and —31 kcal/mol, respectively. This
indicates that GLP indeed binds stronger than water to goethite
and explains why GLP can easily exchange the water molecules
at the goethite surface. In passing we note that the difference
with respect to the MD results can be explained by the
formation of a dissociative M binding motif (Fig. 3a) in the MD
case. This can increase the interaction energy two times or
more compared to a non-dissociative binding motif (Fig. 5a),
that agrees with previous studies.”

Third, we discuss the effect of the soil solution pH. To get an
estimate of the associated interaction energies, the effect of
high pH has been simulated by geometry optimization of a
setup where a single OH™ group, in the presence of K" as counter
ion, forms a M binding motif with the 010 goethite surface (Fig.
5c). The resulting interaction energy between the OH™ group
and goethite was —80 kcal/mol, thus indicating a stronger
adsorption for OH™ than GLP at the goethite surface. This means
that at high pH, OH™ can replace the adsorbed GLP at the
goethite surface yielding a strong drop of the GLP adsorption.
This explains at a molecular level the experimental results
referring to the GLP adsorption decrease with increasing the soil
solution pH.B’M’46 Of course, the absolute numbers of this
comparison in gas phase should be taken with caution and
cannot be used for solution phase estimates.

Finally, to elucidate the decisive role played by water as the
solvating medium, the six GLP—goethite models without water
have been investigated using quantum chemical geometry
optimization. The optimized structures for all models are
gathered in Fig. 5 (a, and d-h). For more details, relevant
important bond lengths are summarized in Tab. S1. Here we will
compare briefly the structural differences to the GLP—goethite—
water models. In general, approach of the GLP carboxylic group
to the goethite surface and their direct interaction has been
observed for most cases, which is in contrast to the models
including water (for details, see Fig. 5d and 5f-h). In addition to
the covalent bond formation between GLP and the different
goethite surface planes, several intermolecular HBs have been
observed for all cases (see Fig. 5a,d-h). Moreover, proton
transfer processes have been found from GLP to the 001 and
100 goethite surfaces (see Fig. 5e-h). The 010 goethite surface
exhibits the same binding motifs (M and 20+1Fe B) like to the
case of including water. Similarly, the 100 goethite surface also
exhibits the same binding motifs (M and 20+2Fe B) as the case
of including water. For the 001 goethite surface, two different
stable B binding motifs (10+2Fe and 20+2Fe) have been formed
between GLP and the surface. This indicates the stability of the
20+2Fe B binding motif and the instability of the M one at the
001 goethite in vacuum compared to the case of including
water.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Vacuum geometry optimized structures for the GLP M motif (a), H,O (b), OH
(c), and GLP 20+1Fe B motif (d) at the 010 goethite surface plane; GLP 10+2Fe B motif
(e) and GLP 20+2Fe B motif (f) at the 001 goethite surface plane; and GLP M motif (g)
and GLP 20+2Fe B motif (h) at the 100 goethite surface plane.

4. Summarizing discussion and conclusions

There is a huge body of investigations discussing the GLP—
goethite binding nature, formation of M versus B binding motif,
and pH effect on this interaction with the aim to clarify the
impact and fate of GLP in the environment. With a few
exceptions, most of it is experimental work, which provides only
indirect insight into the molecular level details. Direct insight
comes from atomistic simulations, but the dynamics and
mechanism of the overall GLP—goethite—water interactions and
the individual GLP—goethite, GLP—water, and goethite—water
interactions for different goethite surface planes have not yet
been explored at the molecular scale. This gap has been filled
by the present contribution, which aimed to investigate the
mechanism and dynamics of the different GLP binding motifs at
different goethite surface planes, intermolecular as well as
intramolecular HBs, the competition between GLP and water
molecules for goethite adsorption sites, effect of solution pH,
and effect of water. For the first time, these objectives have
been tackled using DFT-based MD ab initio simulations. The
main results can be summarized as follows:

For all GLP—goethite models, MD simulations showed that
neither the GLP amino group nor the carboxylic one contributes
to the surface complexation, which is in good agreement with
previous studies.* In addition, GLP was found to be stable
against dissociation of its C—N and C—P bonds (their calculated
distances vary in the range of 1.46-1.49 and 1.83-1.85 A,
respectively), which is in accord with experimental data
indicating that these GLP bonds are highly stable and
impervious to strong acid/base hydrolysis.47

Referring to the heterogeneity of goethite nanoparticles in real
environmental systems containing different crystal planes, two
binding motifs have been examined for the considered relevant
crystal planes. They all exhibit M binding motifs and their
binding stability to the goethite surface planes increases in the

This journal is © The Royal Society of Chemistry 20xx

order 001 < 010 < 100 surface plane. Three stable B binding
motifs have been investigated for the different surface planes
with a binding stability increases in the order 20+2Fe B at the
100 surface < 10+2Fe B at the 001 surface < 20+1Fe B at the
010 surface. Overall, the binding strength of GLP at the goethite
surface increase in the order M at 001 < M at 010 < B at 100 <
M at 100< B at 001 < B at 010. Therefore, one can conclude that
in general the binding motifs for GLP at the 010 goethite surface
plane are more favoured than the corresponding ones at the
001 surface plane. This indicates to stronger binding for GLP at
the 010 surface plane compared to the 001 surface plane.
Moreover, both the 010 and 001 goethite surface planes prefer
formation of the B binding motif to the M one. In contrast, the
M binding motif is more favoured than the B one at the 100
surface. In addition, this M binding motif is more favourable
than the corresponding ones at the 010 and 001 surface planes.
One may attribute this observation to the saturation of the Fe
atom participating in the M motif to its octahedral coordination
for the 100 goethite surface plane, compared with the same M
binding motifs at the 001 and 010 surfaces. Similarly, one can
conclude that the M binding motif stability increases with
increasing the coordination of its contributing Fe atom. This
explains the increasing interaction energy between GLP and
goethite for the M binding motifs at the goethite surface in the
order of 001 < 010 < 100 surface plane.

The present study indicates that the most stable M and B
binding motif occurs for the 100 and 010 goethite surface
planes, respectively. Considering the fact that the 100 surface
plane is the most abundant surface plane, one can conclude
that the M binding motif is the most predominant species for
the GLP adsorption on goethite. This is in good agreement with
previous experimental23 and theoretical® studies referring to
the predominance of the M binding motif compared with the B
one.

GLP forms dissociative complexes with the studied goethite
surfaces by deprotonation and transfer of these protons to the
surrounding water as well as to the surface. This process
increases the interaction energies between GLP and the
relevant surfaces as discussed in Ref.**. For most cases, some of
the transferred protons stayed in contact with their original GLP
donating O atoms via HB formation. The presence of these HBs
between the GLP phosphonate group and the goethite surface
enhances formation of the M binding motifs over the B one. The
same effect has also been observed due to formation of
intramolecular HB between the GLP phosphonate and amino
groups. This confirms and explains the experimental outcomes
by Sheals et al.® indicating that GLP adsorbs via predominantly
M complexation in the presence of this intramolecular HB
between the GLP phosphonate and amino groups. In addition,
considering the fact that the GLP deprotonation process takes
place with increasing the solution pH, one can explain the
predominance of the M binding motif at low pH and the
predominance of the B one by increasing the pH up to around
the neutral pH as found in Refs. 23,24

In addition to the strong interaction between GLP and the
goethite surface, water also shows a strong interaction with the
goethite surface. This interaction included formation of M and
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also B motifs between the water O atoms and the surface Fe
atoms of different surface planes, dissociation of water at the
surface, and formation of intermolecular HBs between water
and the surface. But in comparison with the GLP—goethite—
interaction, our results indicate that GLP can replace the
competing water molecules at the goethite surface. In the same
context, we have found that the presence of the OH can
replace the adsorbed GLP at the goethite surface. This is a key
point for explaining the experimental observation of the drastic
drop in the GLP adsorption at high pH.B’u’46

To summarize, we have provided a molecular-level picture of
the various interactions occurring at the goethite-water
interface in the presence of GLP. The explicit consideration of
water molecules has been found to be vital for any realistic
simulation of GLP binding. The present exhaustive study of
different binding motifs and surface planes using ab initio
molecular dynamics will provide a benchmark and starting point
for future investigations of the interactions of GLP and other
phosphorus-containing compounds with soil constituents.
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Figure S1. Intermolecular distance between the GLP phosphonate O atoms and surface Fe contributed
to the monodentate binding motif (a), water O atoms and different surface Fe atoms (b), and water H
atoms and different surface O atoms (c) along the MD trajectory of the monodentate binding motif at
the 010 goethite surface plane.
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Figure S2. Intermolecular proton transfer from GLP to goethite surface (a), and water (b,c) along the
MD trajectory of the monodentate binding motif at the 010 goethite surface plane.

—50 |,

—100

—150'

-200

interaction energy [kcal/mol]

—250 |1
}

- &% ¥ Ly % | e A vahain
\ L » & i 4
_300 1 1 1 1 1 1 _ 1

time [ps]

Figure S3. Interaction energy in kcal/mol along the production trajectory between GLP and the different
goethite surface planes. Red, green, black, blue, brown, cyan, violet colours are corresponding to the
monodentate at 010-, bidentate at 010-, monodentate at 001—, bidentate at 001—, monodentate at
100-, bidentate at 100—, and outer surface complex at 100-goethite surface plane, respectively.



Table

Table S1. Selected bond lengths in A for the geometry optimized binding motifs at the 010, 001, and 100 goethite

surface planes.

surface plane

binding motif

distance [A]

C-N C-P Fegoethie—OaLp | Fe—P

monodentate 1.45 1.82 1.96 3.00

010 bidentate
(20+1Fe) 1.49 1.83 2.02 & 2.05 2.52
bidentate

001 (10+2Fe) 1.45 1.84 1.89 & 1.99 2.99 & 3.47
bidentate
(20+2Fe) 1.47 1.84 1.90 & 1.91 2.76 & 2.87
monodentate 1.45 1.83 2.08 3.51

100 bidentate
(20+2Fe) 1.49 1.84 2.02 & 2.03 3.20 & 3.20




