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Abstract

Phosphorus (P) is essential for all life forms and is crucial for global food security.
The agricultural industry heavily relies on chemical fertilizers, resulting in inefficient
P utilization. With concerns about a potential P peak scenario affecting P importing
nations, sustainable P extraction methods are necessary. The effectiveness of P fertiliz-
ers relies on P mobilization and fixation, which are strongly connected to the strength
of P binding to soil constituents, particularly mineral surfaces. Within this context,
this thesis highlights the P binding mechanisms at the mineral-water interface, with
a particular emphasis on minerals relevant to the P fixation issue, specifically goethite
(a—FeOOH) and its isomorphous diaspore (a«—AlOOH). The spotlight is placed on
common and abundant phosphates in environmental and biological systems, particu-
larly glycerolphosphate (GP) and inositolhexaphosphate (IHP). The thesis embarks on
a scientific journey, employing advanced Computational Chemistry techniques, notably
hybrid quantum mechanical /molecular mechanical (QM/MM) methods based on molec-
ular dynamics (MD) simulations. The simulations examine multiple surface planes with
distinct properties, specifically (010) and (100) for both goethite and diaspore and the
complex interactions with phosphates. For goethite, GP exhibits stable M (Fe+0O) and
B (Fe+20 or 2Fe+20) binding motifs at both (010) and (100) goethite surface planes.
IHP exhibits M and 2M (2Fe+20) motifs on the (100) surface plane and an additional
3M (3Fe+30) motif at the (010) surface plane. The prevalence of specific motifs is deter-
mined by their abundance, stability throughout the MD trajectory, and corresponding
interaction energies. The presence of intermolecular hydrogen bonds (HBs) between
phosphates (GP and THP) and water, as well as intramolecular HBs among phosphate
groups within IHP, plays a significant role in influencing the stability of these binding
motifs. Notably, the degree of surface saturation and positioning of surface Fe atoms
play a critical role in governing the stability of these binding motifs. For example, the
(010) surface, characterized by lower saturation, exhibits more robust interactions, thus
significantly impacting the formation of motifs. The simulations also capture proton
transfer events from phosphates to water and the surface. Similarly, diaspore exhibits
stable motifs for phosphates, mirroring the behavior observed in goethite. However,
diaspore displays notably higher interaction energies, emphasizing its role in phosphate
binding processes. The validity of our molecular modeling approach was confirmed by
comparing calculated infrared (IR) spectra to experimental ones, ensuring simulation
reliability. Combining simulation results with adsorption experiments provided a com-
prehensive understanding of the hierarchy of interaction energies, shedding light on the
factors that govern phosphate binding. In conclusion, this thesis emphasizes the need
to address molecular modeling challenges and bridge scales. This interdisciplinary ap-
proach enhances our understanding of phosphate binding and aids sustainable extraction
methods, which are crucial for global food security and environmental sustainability.
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Zusammenfassung

Phosphor (P) ist fiir alle Lebensformen und fiir die weltweite Erndhrungssicherheit von
entscheidender Bedeutung. Die Landwirtschaft ist stark auf chemische Diingemittel
angewiesen, was zu einer ineffizienten P Nutzung fithrt. Angesichts der Besorgnis tiber
ein mogliches P Peak Szenario, das die P Importlander betrifft, sind nachhaltige P Ex-
traktionsmethoden erforderlich. Die Wirksamkeit von P Diingern hangt von der P Mobil-
isierung und -Fixierung ab, die eng mit der Stérke der P Bindung an Bodenbestandteile,
insbesondere an mineralische Oberflachen, verbunden sind. In diesem Zusammenhang
werden in dieser Arbeit die P Bindungsmechanismen an der Mineral Wasser Grenzflache
beleuchtet, wobei der Schwerpunkt auf Mineralen liegt, die fiir die Frage der P Fix-
ierung relevant sind, insbesondere Goethit (a—FeOOH) und seine isomorphe Diaspore
(a—AlOOH). Im Mittelpunkt stehen die in der Umwelt und in biologischen Systemen
héufig vorkommenden Phosphate, insbesondere Glycerolphosphat (GP) und Inositol-
hexaphosphat (IHP). Die Dissertation begibt sich auf eine wissenschaftliche Reise, bei
der fortschrittliche Techniken der rechnergestiitzten Chemie eingesetzt werden, insbeson-
dere hybride quantenmechanische/molekularmechanische (QM/MM) Methoden auf der
Grundlage von Molekulardynamiksimulationen (MD). Die Simulationen untersuchen
mehrere Oberflichenebenen mit unterschiedlichen Eigenschaften, insbesondere (010) und
(100) sowohl fiir Goethit als auch fiir Diaspore und die komplexen Wechselwirkungen
mit Phosphaten. Bei Goethit zeigt GP stabile M (Fe+O) und B (Fe+20 oder 2Fe+20)
Bindungsmotive sowohl auf der (010) als auch auf der (100) Goethit Oberflichenebene.
IHP weist M und 2M (2Fe+20) Motive auf der (100) Oberflichenebene und ein zusét-
zliches 3M (3Fe+30) Motiv auf der (010) Oberflichenebene auf. Das Vorherrschen bes-
timmter Motive wird durch ihre Haufigkeit, ihre Stabilitat wéhrend der MD Trajektorie
und die entsprechenden Wechselwirkungsenergien bestimmt. Das Vorhandensein inter-
molekularer Wasserstoffbriickenbindungen (HBs) zwischen Phosphaten (GP und IHP)
und Wasser sowie intramolekularer HBs zwischen Phosphatgruppen innerhalb von IHP
spielt eine wichtige Rolle bei der Beeinflussung der Stabilitiat dieser Bindungsmotive.
Vor allem der Grad der Oberflichensattigung und die Positionierung der Fe Atome an
der Oberflache spielen eine entscheidende Rolle fiir die Stabilitat dieser Bindungsmotive.
So weist die (010) Oberfliache, die durch eine geringere Sattigung gekennzeichnet ist, ro-
bustere Wechselwirkungen auf, was sich erheblich auf die Bildung von Motiven auswirkt.
Die Simulationen erfassen auch den Protonentransfer von Phosphaten auf Wasser und
die Oberfliche. In &hnlicher Weise zeigt Diaspore stabile Motive fiir Phosphate, die
das in Goethit beobachtete Verhalten widerspiegeln. Allerdings weist Diaspore deutlich
hohere Wechselwirkungsenergien auf, was seine Rolle bei Phosphatbindungsprozessen
unterstreicht. Die Giiltigkeit unseres Molekiilmodellierungsansatzes wurde durch den
Vergleich der berechneten Infrarot (IR) Spektren mit den experimentellen Spektren
bestétigt, wodurch die Zuverléssigkeit der Simulation sichergestellt wurde. Die Kom-
bination von Simulationsergebnissen mit Adsorptionsexperimenten ermoglichte ein um-
fassendes Verstdndnis der Hierarchie der Wechselwirkungsenergien und gab Aufschluss
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iiber die Faktoren, die fiir die Phosphatbindung entscheidend sind. Zusammenfassend
lasst sich sagen, dass diese Arbeit die Notwendigkeit unterstreicht, sich den Heraus-
forderungen der Molekiilmodellierung zu stellen und Skalen zu tiberbriicken. Dieser
interdisziplinare Ansatz verbessert unser Verstidndnis der Phosphatbindung und unter-
stiitzt nachhaltige Extraktionsmethoden, die fiir die globale Ernahrungssicherheit und
die okologische Nachhaltigkeit von entscheidender Bedeutung sind. !

translated using deepl.com/de/translator
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1 Introduction

In the context of extensive industrialization and a growing population, natural resources
are depleting with time due to ever—increasing human consumption, which outpaces
natural cycling. Even though they are still abundant in nature, they could be emptied
as they are limited. Therefore, understanding biogeochemical cycles and corresponding
mass and energy transfer between ecosystems is vital for efficiently recycling and re-
producing these resources. For instance, carbon (C) in the form of COy from industrial
wastes can be converted to methanol (Goeppert et al.; 2014) or captured and sequestered
to be used in construction applications (Sanna et al., 2014) to reduce global warming
and carbon depletion. Likewise, the nitrogen (N) and phosphorus (P) from municipal
wastewater can be removed using microalgae, which are then harvested and reused as
fertilizer and soil conditioner (Shi et al., 2007). Nevertheless, the biogeochemical cycles
are complex systems requiring extensive studies to discover and understand the mass
and energy exchange involved. Of the primary biogeochemical cycles C, N and P, the C
and N cycles are studied extensively for the past few decades, but the P cycle studies
are comparatively limited in number (Bol et al., 2016).

1.1 Motivation — Need for P Study

Phosphorus is an essential element required for both plant and animal growth. How-
ever, it is a limiting nutrient as only a small amount of P is present in the soil, which
restrains plant growth. While the forests have evolved with efficient strategies to com-
ply with P limitation (Rennenberg and Schmidt, 2010; Hinsinger et al.; 2011), in the
agriculture setup, fertilizers are added manually to maintain and improve plant and an-
imal production (Daniel et al.; 1998). Today’s primary P source for fertilizers is mined
phosphate rocks, which are expected to be exhausted within the next 100 years (Steen,
1998; Smil, 2000; Vaccari and Strigul, 2011). The US Geological Survey studies show
that P rock resources are available only in a few countries, and a P peak scenario might
affect regions like northern Europe (no reserves), India (few) and the USA (diminishing)
who obtain these resources mainly through imports (Rosmarin, 2004; Elser and Bennett,
2011; Cordell and Neset, 2014; Withers et al., 2019). This projected peak P scenario
might evolve into a global environmental challenge that could result in catastrophic food
shortages (Cordell et al., 2009; Elser and Bennett, 2011; Cordell and Neset, 2014; van
Dijk et al., 2016; Reitzel et al.; 2019). As P rock reserves dwindle with time, P importing
countries’ food security is in question, exposing farmers to exorbitant fertilizer prices.
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Only three countries control more than 85% of global P, with Morocco holding the most
significant share. A prolonged peak P scenario could flip oil-based economies to P based
economies since P has no alternative in agriculture. This scenario emphasizes the need
to study the P biogeochemical cycle to discover ways to recycle and reuse P effectively.

The P input to the soil through P fertilizers is not fully available to plants as most of it is
bound to soil particulates or colloids (Grant et al., 1996; Hens and Merckx, 2001; Kruse
et al., 2015; Jiang et al., 2015) causing P inefficiency. To overcome this, fertilizers are
often applied in excess to maintain and increase agricultural production. However, stud-
ies showed that excess P fertilizers increased P runoff (Romkens and Nelson, 1974). In
the long term, the P bound to colloids accumulate in the off-farm environment causing
eutrophication of waterways (Sharpley et al.; 1994), lakes and reservoirs (Daniel et al.,
1998; Smith, 2003). Eutrophication defines the state of a lake that has excess nutrients,
low transparency and dense plant growth. Phosphorus is identified as the main limiting
nutrient for algae and aquatic plants’ growth in lakes and reservoirs (Schindler, 1977;
Caspers, 1984). With an excess supply of P, the algae bloom continues to expand and
create dead zones by depleting oxygen in water bodies. Cordell et al. (2009) highlighted
that out of 17.5 million tons of mined P, about 14 million tons are used in fertilizers
production; however, only three million tons made it to the food table (Flser and Ben-
nett, 2011). P leaching and soil erosion contribute significantly to P losses, which is
about 8 million tons. Therefore, in the context of dwindling P rock reservoirs, there is
a need for an extensive study of the biogeochemical P cycle for efficient P (re)use. This
includes 1) manufacturing fertilizers that improve P efficiency, 2) improving techniques
to reduce P leaching and 3) developing recycling methods to extract immobilized and
fixed P. The oil crisis in the 1970s emphasized the need for renewable energy sources,
but unfortunately, for the peak P crisis, there is no alternative but to extract and reuse
P effectively (Rosmarin, 2004; Cordell et al., 2009; Withers et al., 2019; Withers, 2019).
In contrast to major biogeochemical elements C, N, oxygen (O) and hydrogen (H), P is
not significantly present in gaseous form in the atmosphere. Therefore, terrestrial and
marine P cycles are prominent in understanding P’s fate, but only the terrestrial P cycle
is discussed here in the current work context.

1.2 Basic Overview of P Terrestrial Cycle

When P bearing bedrock minerals (I1, see Fig. 1.1) are uplifted and exposed to weath-
ering and erosion, the dissolved and particulate P is introduced into the soil system.
The most stable and abundant primary P mineral is apatite (Ca5(PO4)3X X =F!,
OH!~, C1'7). It accounts for more than 95% of P in Earth’s crust (P< 10~2gP /kg) (. ahnke
1992; % 1en et al., 2011; Kruse et al., 2015). About 90% of the eroded P is bound to min-
eral lattices of partlculate matter and reaches water bodies without involving the biologi-
cal systems (L1). Another P source is secondary P minerals, which are mainly Ca, Al and
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Figure 1.1: Overview of terrestrial P cycle. Adapted from (Shen et al., 2011; Kruse
et al., 2015). The green and red square boxes indicate P inputs and outputs,
respectively.

Fe phosphates. Monocalcium phosphate [Ca(HoPOy)s - H2OJ, brushite [Ca(HoPOy)s -
2H,0], monetite [Ca(H2POy)s], fluorapatite [Caz(PO4)3F] and octacalcium phosphate
[CagHy(POy)g - 5BH20] are some of the secondary Ca-phosphate minerals. And variscite
[AIPO4 : 2HQO], wavellite [Alg(PO4)2(OH)3 . 5H20], strengite [FG(PO4) . QHQO] and vi-
vianite [Fe3(POy)2-8H,0] are common secondary Al- and Fe-phosphate minerals (Kruse
et al., 2015). The secondary minerals are formed through the weathering of primary min-
erals with time. The P dissolved from these minerals are mainly inorganic P (P;), i.e.,
phosphate ions (H,PO;~, HPO3~, PO} ™) and polyphosphates (H,; 2P, O3,.1). Polyphos-
phates are significantly less abundant than total P in nature and mostly used in industrial
and commercial applications. The dissolved P in soil solution is the plant available P
form and it is readily available for plant uptake (L3). Even though a small percentage
(=~ 0.1% of total P) is present in soil solution, it is vital as it acts as a reservoir for
plant P uptake (Kruse et al., 2015). The P dissolution from secondary minerals depends
mainly on mineral particle size and soil pH (Shen et al.; 2011). The opposite of P dis-
solution is precipitation wherein the metal ions AI**, Fe3™ (dominant in acidic soils)
and Ca?' (dominant in alkaline soils) interact with P to form corresponding mineral
phosphates (Brady, 2017; Penn and Camberato, 2019). Recent studies show that the
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soil colloids retain about 50% of the existing P in soil solution (Holzmann et al., 2015;
Bol et al., 2016) through the adsorption process. Consequently, a significant amount
of P in soil solution becomes unavailable to plants. Based on existing soil chemistry,
the adsorbed P’s desorption is also found in nature but with a lower rate than adsorp-
tion (Jahnke, 1992). Nevertheless, the dissolved P enters the biological systems through
plant uptake and plays a crucial role in plant cells’ energy storage and formation of
nucleic acids (L2). When animals consume plants, P is incorporated into the animal
body cells or excreted.

The organic P (P,) is released into the soil system when soil microorganisms synthesize
the plant and animal waste. For instance, dead mass, dried plants, animal excreta/-
manure, and bird droppings (12). For arable soils, the plant accessible P is maintained
by adding fertilizers (12). Often, fertilizers are added in excess to improve production;
therefore, the arable soils are usually higher in P than forest soils. The P; in soil so-
lution is also transformed to P, by soil microorganisms during the decomposition of
organic residues (Condron et al., 2015). This biological transformation of P; to P, is
called immobilization. The process countering this transformation is called mineraliza-
tion, wherein P; is released from P,. The contribution of P, in supplying P nutrient
to plants depends on the immobilization and mineralization rates. Even though P; is
the prime source of P for plants and microorganisms, numerous studies show that P,
contributes significantly to P nutrition of plants (Ochl et al., 2001; Chen et al., 2002).
Unfortunately, both P; and P, are known to interact with soil colloids in soil solution
and get leached to water bodies escaping the terrestrial P cycle (L3). About 90% of
P that oceans receive from rivers is in particulate form. The dissolved P participates
in biological cycles in oceans while the particulate P accumulates into sediments with
time. Due to the confined size of lakes and reservoirs, continuous P input causes P
accumulation, which further results in eutrophication. Atmospheric P deposition (I3)
with varying quantities based on on-site location, time, rainfall, temperature and season
is also observed (Tipping et al., 2014).

This overall picture of the P cycle shows that the P interaction with soil colloids is the
main reason that causes P leaching and P inefficiency. Therefore, effective extraction
and reuse of P lost through leaching would improve domestic P production, which would
improve the global population’s food security. For this, one needs to understand the P
interaction with soil colloids.

1.3 Colloidal P in Soil

The particles in the soil are divided based on the size as sand (2-0.05 mm), slit (0.05—
0.002 mm) and clay (< 0.002 mm). Colloids are part of the fine clay particle phase in soils
with sizes ranging from 50 A to 0.2 gm (Tan, 2011). Most soils contain large amounts
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of colloids and the physical and chemical properties of these colloids significantly influ-
ence soil chemistry. Many colloids are smaller in size and exhibit higher surface area
per mass (specific surface area) than parent sand and slit materials. This could ex-
plain why some colloids deviate from the bulk properties of their parent materials. The
inorganic colloids include weathered clay minerals (mainly phyllosilicates), Fe— and Al-
(oxyhydr)oxides and Ca—oxides, while the organic colloids include mainly SOM (plant
solids like humus and cell walls). The aggregates formed from possible combinations of
aforelisted constituents are also considered colloids. For instance, SOM interacts with
Fe— and Al-(oxyhydr)oxides (Davis, 1982; Gu et al., 1994; Teermann and Jekel, 1999)
and other clay minerals (Davis, 1982) primarily through electrostatic interaction, surface
complexation and hydrogen bonding to form aggregate colloids (Bolt and van Olphen,
1985). The mineral-SOM colloids show weaker interaction with phosphates than pure
mineral colloids because of saturated active sites on the mineral surface. Also, studies
show that the SOM interaction with the mineral surface makes mineral-SOM colloid
more stable (Kalbitz et al.; 2005). Hence, the pure forms of Fe— and Al-(oxyhydr)oxides
are comparatively more reactive to adsorb P and contribute significantly to P leaching.
Nevertheless, the formation and characteristic of a colloidal P is complicated and mostly
depends on the existing soil composition, soil pH, SOM type and many other factors.

Both P; and P, phosphates interact with soil colloids to form colloidal P. Naturally,
phosphorus is present often in +5 oxidation state as phosphate (PO3") anion and
most of the dissolved and particulate form of P in soils are complexed or slightly
modified forms of this anion (Jahnke, 1992). While P; is often present as phosphate
ions (H,POL ™, HPO3™,PO3™) (Newman and Tate, 1980), the P, fractions occur mainly
as phosphonates, phosphoanhydrides and orthophosphate monoesters/diesters (Cade-
Menun, 2005; Turner, 2008; Missong et al., 2016). Among them, inositol phosphates are
the more dominant P, compounds (Oniani et al., 1973; Turner et al., 2002; Gerke, 2015;
Anderson, 2015) which account for an average of 17% (range of 3—52%) of the total
P, (Caldwell and Black, 1958). The phosphates generally exhibit an overall negative
charge, especially in acidic to neutral pH and therefore, get adsorbed onto positively
charged surfaces. In acidic soils, phosphates often form Fe— and Al-phosphate colloids,
whereas in alkaline soils, they form Ca-phosphates (Brady, 2017; Penn and Camber-
ato, 2019). Most soils, especially forest soils are acidic with typical pH in the range
of 3-6. Therefore, studying phosphates interaction with Fe— and Al-(oxyhydr)oxides is
crucial to control P leaching. Major forces that influence phosphates’ interaction with
these minerals include 1) physical forces, 2) chemical forces, 3) hydrogen bonding, 4)
hydrophobic bonding, 5) electrostatic bonding, 6) coordination reactions and 7) ligand
exchange (Tan, 2011). Molecular level analysis would provide a detailed understanding
of these interactions and therefore, the mineral-phosphate-water complexes are studied
using molecular simulation methods here.
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1.4 Molecular Simulations of Geochemical Systems

With increasing computational power and resources, molecular level simulations are be-
coming essential tools to understand the physical and chemical behavior of complex
geochemical systems (Kubicki, 2016). As early as 1973, Tossell et al. studied the elec-
tronic structure and bonding in iron oxide minerals with molecular simulations and val-
idated this approach with experimental studies. By the 1980s, computational methods
are considered valuable tools for studying Geochemical systems. The review by Mulla
(1987) proposes the importance of molecular and theoretical models and highlights the
then—popular simulation techniques used to study water—water and surface-water mod-
els. Leherte et al. (1991) presented detailed analyses of water’s translational and ro-
tational properties to characterize their behavior inside the ferrierite channels using
molecular simulations. Kwon and Kubicki (2004) used molecular simulations to resolve
controversies in experimental studies related to phosphate surface complexes on iron hy-
droxides. They correlated different phosphate motifs with goethite to pH and suggested
that binding motifs change with pH.

Analysis of experimental spectra in the light of simulation data provided a more com-
prehensive picture of the intermolecular interactions. Review by Gaigeot (2010) showed
why molecular simulations are mandatory for a precise understanding of experimental
spectra. The infrared investigation and theoretical calculations of Guan et al. (20006)
to study IHP adsorption onto aluminum hydroxide showed that IHP binds to the sur-
face through two phosphate groups. Kubicki et al. (2012) demonstrated that phosphate
interaction with goethite involves various surface complexes in multiple configurations,
which explained the difficulties one faces when interpreting, e.g., IR spectra. Huang
et al’s (2014) study on alumina-water interface provided molecular level interpreta-
tion of these systems’ structural properties and infrared spectra. Ahmed et al. (2018a)
explored the possible binding mechanisms for glyphosate (GLP) with three goethite sur-
face planes (010, 001, and 100) in the presence of water via ab initio molecular dynamics
simulations. The results showed the prominence of water in controlling the goethite—
GLP-water interactions. Further, Ahmed et al. (2019) investigated the molecular level
mechanism of phosphate binding at the goethite-water interface referring to the possible
phosphate binding motifs formed at the modeled goethite surface planes. Moreover, the
latter study’s theoretical IR spectra assignment introduced a benchmark for character-
izing experimental IR data for the distribution of adsorbed phosphate species. Kubicki
and Watts's (2019) review present methods to calculate vibrational spectra of materials
like clay and silicates using simulation methods. This incomplete list already indicates
the vast potential of computational chemistry as a powerful emerging tool for detailed
investigations of complex geochemical reactions, especially P species’ reaction mecha-
nisms in soil. In this context, molecular level simulations are selected in this thesis to
study mineral-phosphate interactions in the presence of water. An overview of simu-
lation methods and the theoretical background of the simulations used in this thesis is
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given in Chapter 2.

1.5 Thesis Objective

This thesis aims to perform molecular level simulations of phosphate interaction at the
mineral-water interface and analyze factors that influence these interactions. To achieve
this goal, the most common phosphates and mineral surfaces are considered for the study.
As discussed in Section 1.3, orthophosphate (OP) and inositol phosphates are the most
common P; and P, phosphates in nature, respectively. Moreover, among all inositol
phosphates, myo-inositol hexaphosphate (IHP) is the most prevalent form in soil (Cos-
grove and Irving, 1980; Turner et al., 2002). In addition, glycerolphosphate (GP) is also
one of the abundant P in soil (Pant et al.; 1999; Doolette et al.; 2009; Vincent et al.,
2013; Missong et al., 2016). Since OP shows strong interaction with most soil miner-
als, it was studied extensively (Chitrakar et al., 2006; Torrent et al.; 1992; Parfitt and
Atkinson, 1976) and hence this study mainly focuses on IHP and GP interaction at the
mineral-water interface.

The most common soils are acidic and the pH is in the range of 3-6. In this range, the Fe—-
and Al-(oxyhydr)oxides are the common and dominant P fixing minerals (Tsao et al.,
2011; Tan, 2011; Brady, 2017). Most frequently found iron hydroxide minerals in soils
are goethite (a—FeOOH), lepidocrocite (y—FeOOH), hematite (a—FeyO3), maghemite
(vFe203) and ferrihydrite (FesHOg.4H5O) (Tan, 2011). Named after famous German
poet Johann Wolfgang von Goethe, goethite is one of the most abundant reactive iron ox-
ides with Fe*? oxidation state and has high stability at ambient temperatures. It is also
known to exhibit strong interaction with phosphates (Cornell and Schwertmann, 2003).
Regarding aluminum hydroxides, the most commonly found oxide is gibbsite (Al(OH)3),
whereas diaspore («—AlOOH) and boehmite (y—AIOOH) are less common hydroxides.
In addition to pure Fe/Al hydroxides, isomorphous Fe/Al hydroxide mixtures also exist
in soil due to frequent isomorphic substitution of Al and Mn with Fe. In this context,
the current study focuses on goethite and diaspore mineral’s interaction with phosphates
IHP and GP. Goethite is selected for its abundance and stability. Diaspore is selected
as it is isomorphous with goethite and by analyzing diaspore—P complexes additional
insight into P interaction with amorphous Fe/Al hydroxide mixtures could be achieved.
Cation substitution is a widespread phenomenon observed for goethite in soil, especially
Al atom substitution with Fe (Cornell and Schwertmann, 2003; Bazilevskaya et al., 2011;
Li et al., 2016)

In summary, the current study focuses on goethite/diaspore-THP /GP complexes in the
presence of water. This thesis aims to model and simulate goethite/diaspore-IHP /GP
complexes at the molecular level using ab initio molecular dynamics (AIMD) simu-
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lations. The post—processing analysis scheme involves a systematic understanding of
binding motifs, proton transfer events, inter— and intramolecular hydrogen bonds (HB),
interaction energies, effects of mineral surface saturation and competition between wa-
ter and IHP/GP adsorption onto goethite and diaspore mineral surfaces. The current
thesis is divided into four chapters. Followed by this introduction, which outlined P in
soil, projected peak P scenario and molecular simulations in geochemical systems, the
subsequent chapters are:

Chapter 2 outlines the theoretical concepts involved in AIMD simulations and their im-
plementation in CP2K (2017) software.

Chapter 3 discusses the modeling approach behind goethite/diaspore-IHP /GP—water
complexes, binding motifs and theoretical concepts to analyze HBs and interaction en-
ergies.

Chapter 4 provides overall summary of thesis work.

Chapter 5 focuses on general conclusions based on results.

Appendix A includes accepted and archived manuscripts from this thesis and their sum-
mary.



2 Theoretical Background

This chapter provides the theoretical concepts behind molecular level simulations in the
present thesis. The phosphate interaction at the mineral-water interface is a dynamic
process influenced by multiple physical and chemical factors. These interactions are
studied here at the atomic level using molecular dynamics (MD) simulation technique.
The MD simulations mimic the atom’s thermal motion and enable us to visualize the
sequence of events happening under given conditions. It also provides us options to
calculate the time averaged properties that reflect the system’s state. One of the bot-
tlenecks to reaching a higher spatiotemporal scale for an MD simulation is the level of
theory adopted, i.e., the method used to describe the forces between the atoms. The
most common molecular simulation methods relevant to the current study are quantum
mechanical (QM), molecular mechanical (MM) and hybrid quantum mechanical /molec-
ular mechanical (QM/MM) methods. When sorted based on an accurate description of
interatomic interactions, the QM level of theory is at the top of the hierarchy, followed
by QM /MM and MM. The hybrid QM /MM method combines both QM and MM theo-
ries and provides a framework to retain accuracy at a reduced computational cost.

An overview of the simulation methods is provided in Section 2.1, which outlines their
hierarchy, advantages and disadvantages, and corresponding spatiotemporal scales. Sec-
tion 2.2 focuses on MM theoretical concepts involved in calculating the system’s energy
and its limitations. In Section 2.3, different ab initio methods and their correspond-
ing mathematical formulations for inter— and intramolecular interactions are provided.
First, a short overview of the Schrodinger equation and associated bottlenecks to solve it
numerically is presented, followed by Hartree and Hartree-Fock approximations. Next,
the theory behind Density Functional Theory (DFT) and its implementation using a
hybrid basis as in CP2K software (CP2IK, 2017; Kithne et al., 2020) is discussed. In
Section 2.4 an overview of the hybrid QM/MM methods is given, highlighting the elec-
trostatic embedding method which is used here. In the final Section 2.5, the concepts
involved in MD simulations and their corresponding equations of motion are presented
briefly. Note that theoretical models are not developed in this study but rather only
used to study P interaction with soil minerals. Most of the theoretical concepts pre-
sented here could be found in elaborate form in textbooks: Cramer (2004), I I et al.
(2008), Marx and Hutter (2009) and Kubicki (2016).
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Figure 2.1: Simulation methods and their corresponding spatiotemporal scales. Note
that the ranges mentioned here are approximate values. Adopted from
Ozboyaci et al. (2016).

2.1 Molecular Simulation Methods Overview

In QM methods, the nuclei and electrons are defined explicitly and the Schrodinger
equation is solved to obtain the system’s molecular description. However, solving the
Schrodinger equation for a multiatomic and multielectronic system is computationally
expensive and time consuming. Therefore, MD simulations performed at the QM level
have shorter spatiotemporal ranges than MM methods, as shown in Fig. 2.1. Neverthe-
less, the main advantage of QM methods is that one could simulate the bond breaking/-
formation and the charge transfer events (Marx and Hutter, 2009). Density functional
theory (DFT) is a prominent QM method that provides a reasonable trade between
accuracy and computational cost. It is used extensively for large systems and often to
simulate geochemical models (Kubicki, 2016). The main limitation of DFT is that it is
computationally expensive for systems with more than 1000 atoms.

The MM methods, also called force field (FF) methods, are computationally inexpen-
sive compared to QM methods. Here, the system specific atomic parameters are derived
based on macroscopic properties obtained experimentally or from QM methods. The
atoms are considered as point charges and the bonded and non bonded interactions are
defined using simple mathematical functional forms (empirical potentials) (Gonzalez,
MUAL 2011). Comparatively, this method could reach higher spatiotemporal scales than
QM methods, see Fig. 2.1. The limitation with most MM methods is that bond break-
ing/forming and charge transfer events between atoms could not be simulated. Also, the
FF parameters must be reparameterized if a new component is added to the simulation
model. A more abstract form of the MM method is the coarse grain (CG) method (not
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used in the current study). Here, a set of atoms or molecules are grouped into a single
interaction functional group (bead), significantly reducing particle numbers and compu-
tational cost.

Most geochemical models are complex systems comprising multiple soil components with
more than 1000 atoms (Kubicki, 2016). The MM methods could be used to simulate
these systems, but if bond breaking/forming is to be observed in the reactive region,
the MM methods cannot be adopted. Some FF exists that define bond breaking/form-
ing, but these are computationally expensive, complex to adopt, and available only for
limited molecular systems. Unfortunately, considering QM methods would be computa-
tionally expensive, given the system size. However, hybrid QM/MM methods allow us
to define the reactive region specifically as QM and the remaining part as MM (Senn
and Thiel, 2009). Hence, by adopting the QM /MM method, the simulation of large
systems is made possible with limited computational resources without compromising
the reactive regions’ accuracy. This method enables us to reach higher temporal scales
for a system compared to pure QM methods. Therefore, the hybrid QM /MM method
is employed to perform simulations in the current work.

2.2 Molecular Mechanics

2.2.1 Theoretical Description of Common Force Fields

The FF is a mathematical expression representing the system energy based on the atom’s
coordinates. The parameters involved in the mathematical expression are derived from
QM methods or semi—empirical calculations or experimental studies to reproduce desired
system properties. Different variants of FF implementations use different mathemati-
cal expressions to define the potential functions (Gonzdlez, M.A., 2011). For instance,
polarizable FF (Baker, 2015) and ReaxFF (Senftle et al., 2016) include complex math-
ematical expressions to define the polarization of atoms and bond making/breaking
between atoms, respectively. Nevertheless, developing a complex FF is a rigorous and
time consuming process and hence these FF are not commonly available and not often
used in studies. A typical expression of a common FF includes components as shown
below:

Esystem = Ebonded + Enonbonded (21)
Ebonded = Ebond + Eangle + Edihedral
Enonbonded - EvdW + Ecoulomb 23)

The total energy of the system (Egystem) contains both bonded (Epondea) and nonbonded
(Enonbonded) contributions. The bonded part is about intramolecular or local contribu-
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tions like bond stretching (Epond), angle bending (Eange) and torsional term (Eginedral)
whereas the noncovalent part includes short range van der Waals (vdW) (Eyqw) and
long range electrostatic interactions (Ecouomb)-

For instance, in CHARMMFF (Brooks et al., 1983; MacKerell et al.; 1998), the bond
stretching energy between two bonded atoms i and j is defined as:

Ebond = Z kb(l"ij - Yo)2 (2-4)

where, k;, is the force constant and rj;, ro denotes distance between i, j atoms and equi-
librium bond length, respectively. The ry and k;, values could be estimated from X-ray
diffraction experiments and infrared or Raman spectra, respectively (Gonzdlez, M.A
2011). Similarly, the energy of the angle bend is:

angle Z k@ 1Jk (25)

where, ko denotes a force constant, 6 is bond angle between i, j and k atoms and
0y is equilibrium bond angle. The torsional movements are essential in enforcing the
right degree of rigidity in the molecule to reproduce major conformational changes. The
dihedral or torsional term is defined as:

Edihedral = Z k¢[1 + COS(I’I(Z5 — (5)] (26)

where kg is the dihedral force constant, ¢ and ¢ are the torsional angle and phase shift,
respectively and n is total maxima or minima in the range of 0-27. The torsional
and angle parameters are mostly obtained from QM methods and then corrected based
on experimental data such as molecular geometry or vibrational spectra. The vdW
interaction energy between particles i and j separated by distance 1;; is given as:

=g (2) ()]

I#J

where, €; and oj; are empirical parameters. The terms €; and oy; denote the depth of the
potential well and the distance at which the inter—particle potential is zero. Most FF
provides individual atomic parameters (i.e., ¢ and o;) and the parameters for the unlike
atoms could be obtained as oy = (01 + O'J) and €= NGGE The long range coulomb
interaction energy between atoms is given by:

2 Q1CIJ
E 2.8
coulomb € 4 GOrU ( )

I;ﬁJ

where, q;,q; denote partial charges, e denotes electron charge and ¢, is the dielectric
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permittivity of vacuum. The parameters involved in vdW and electrostatic interactions
are calculated mostly from QM calculations.

To implement these potentials, a fixed topology connection should be predefined for a
system, i.e., the bonds, angles and dihedrals between atoms should be predefined in a
connection file. These connections are not expected to change with time in simulations.
Based on the definitions in the topology file, the nonbonded interactions are set up.
Most FF implements nonbonded interactions between atoms that are only separated by
more than two or three bonds (i.e., > 1-3 or > 1-4) and excludes atoms that are 1-2

and 1-3 bonded.

Force fields: Applications in geochemical systems

As discussed in Section. 2.1, molecular mechanics methods are computationally inexpen-
sive, and therefore, employing them would be cost—effective for large geochemical sys-
tems. Nevertheless, developing FF for a complex geochemical system is complicated and
requires tremendous resources. Despite the complications, molecular mechanics methods
have been used significantly for the past two decades to study geochemical systems. For
instance, Pavese et al. (1996) studied the effect of temperature on the calcite’s elastic
constants and structural features. They showed that the simulated thermal coefficients
matched well with experimental values. Teppen et al. (1997) derived FF for quartz,
gibbsite, kaolinite, and pyrophyllite and the MD simulations of these minerals repro-
duced structural parameters within 1% of experimentally observed values. In addition
to mineral characteristics, mineral-interface interactions are also studied extensively. For
instance, Kerisit and Parker (2004) performed MD simulations of calcite-water interface
to calculate free energies of water adsorption on the mineral surface to address water
ad/desorption rates. Chicot et al.’s (2011) study successfully compared the mechanical
properties of pure and complex (corrosion products) iron oxides, magnetite, hematite
and goethite computed using molecular dynamics with experiments. Further, complex
ReaxFF are also used to study mineral interaction with surface water. Gale et al. (2011)
derived ReaxFF for calcium carbonate—water system and reached longer time scales than
QM methods. However, the derived FF parameters are often system-—specific (Lii and
Allinger, 1991; Hwang et al.; 2001) and their transferability to other systems is not feasi-
ble (Kubicki, 2016). For instance, in the current study where mineral-phosphate-water
complexes are of interest, FFs compatible for studying all mutual interactions are not
readily available.

Interestingly, FFs for organic and biological molecules have been derived extensively for
the past few decades. Popular FFs like CHARMMFF (Vanommeslacghe et al.; 2010),
AMBERFF (Wang et al., 2004b) and OPLS (Jorgensen et al., 1996) provide all-atomic
general FFs in addition to system—specific ones. This allows one to include new molecules
into the system without reparameterizing the FFs. However, an all-atomic general FF is



2 Theoretical Background 14

not available for minerals yet and efforts are in progress to provide a general framework
to simulate mineral-organic/biological-water complexes (I<ubicki, 2016). CLAYFF (Cy-
gan et al., 2004) and INTERFACEFF (Heinz et al., 2013) FFs are perhaps the only FFs
that provide parameters for a wide range of minerals. These FFs are also compatible
with the most common water FFs. Hence, they are employed extensively for studies
related to mineral-water interfaces. The mutual interactions between atoms are defined
using harmonic bond stretching, angle bending, coulombic and Lennard Jones interac-
tions (as discussed in Section. 2.2.1).

For the current study, we adopted CLAYFF, which are developed specifically for clay
minerals. These FFs are compatible with flexible and popular single point charge
(SPC) (Berendsen et al., 1981) based water FFs. Therefore, they are significantly used
to study mineral-water interface interactions. They efficiently simulate different mat-
ter phases as most interatomic bonds, like metal— oxygen bonds, are defined only with
Lennard Jones and coulombic terms (( vean et al., 2004). The partial atom charges are
assigned based on a combination of Mulliken (Mulllk(,n, 1955) and electrostatic popula-
tion analysis (Chirlian and Francl, 1987; Breneman and Wiberg, 1990) of DFT results.
Further, they are validated extensively by comparing the simulated bulk structures, re-
laxed surface structures, and intercalation processes to experimental and spectroscopic
findings (Cygan et al., 2004). The application of these FFs could also be found exten-
sively in the hterature For instance, Wang et al. (2004a) applied CLAYFF to perform
MD simulations of brucite-water interface and found a strong HB network formed with
surface atoms acting as HB acceptors and donors. Similarly, Kalinichev et al. (2007)
studied the tobermorite—water interface and found strong water structuring above the
surface because of the integrated HB network between water and surface active sites.
The diffusion coefficients from simulations for the surface—associated water agree with
the published experimental results. Vasconcelos et al. (2007) studied the adsorption of
various ions onto the basal surface of kaolinite and compared their adsorption behavior.
Therefore, the CLAYFF are reliable and efficient FFs to simulate clay minerals contain-
ing geochemical systems.

Regarding the goethite surface studied here, the goethite-water interface interactions
were also studied successfully using CLAYFF. Boily (2012) studied water structure and
hydrogen bonding at different surface planes of goethite. Song and Boily (2013) high-
lighted the importance of goethite—water vapor interactions and salt effect on these
interactions. Criscenti et al. (2018) studied different types of aqueous solutions inter-
acting with different surface planes of goethite. They suggested that a single goethite
surface plane adsorption properties cannot be used to represent all goethite interfaces
present in soils and sediments. The above list of studies shows successful applications
of CLAYFF. An important caution while using the CLAYFF is regarding the topology
file generation that contains connection data of atoms in the simulation box. Since the
metal-oxygen interactions are defined using the nonbonded formulation, these bonds
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should be excluded from the connection file.

2.3 Quantum Mechanics

2.3.1 Schrodinger Equation and Variational Principle

The stationary properties of matter composed of interacting nuclei and electrons are
determined by the stationary Schrodinger equation:

H¥(r, R)=E U(r, R) (2.9)

where H is the hamiltonian operator, U(r, R) is the time independent wave function
with electron (r) and nuclei (R) coordinates as variables and E is the energy of the
system. The electrons and nuclei possess kinetic and potential energy depending on the
inter— and intra-atomic interactions. The corresponding kinetic (T) and potential (V)
energy operators are defined in the hamiltonian as H =T+ V. The total hamiltonian
is given as:

- R, R,
H=-— _ —
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The first two terms in the above equation are part of kinetic energy operator T and repre-
sent nuclei and electronic kinetic energies, respectively. The remaining terms constitute
the potential operator V and represent electron—electron, electron—nuclei, nuclei-nuclei
attraction /repulsion interactions, respectively. The symbols m; and Mj, Vfi and VQRI, I
and Ry are the mass, laplacian operators and coordinates of the i* electron and I*" nuclei,
respectively. Note that the Schrodinger equation is dependent on both electronic (r;)
and nuclei (Ry) degrees of freedom, which consequently increases the computational cost
substantially with system size. For instance, consider a system of size N + n (nuclei plus
electrons), the computational workload for 1D mesh with 10 points is around ~ 10N+,
This increases the storage requirement exponentially and substantially challenges the
computational power, which is also called a curse of dimensionality. Therefore, solving
the Schrodinger equation numerically for multiatomic and multielectronic systems is a
computationally impossible task even with the current state-of-the-art resources.
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2.3.2 Approximations

A list of theoretical approximations is adopted to reduce the complexity of solving the
Schrodinger equation. One such major approximation is the Born-Oppenheimer ap-
proximation, which provides a theoretical framework to decouple electronic and nuclei
motion.

Born—Oppenheimer approximation

The proton and neutron’s cumulative mass is ~ 2000 times larger than that of the
electron. Therefore, the electrons can respond instantaneously to the changes in the po-
sitions of the nuclei. Numerically, this provides an opportunity to decouple the electron
and nuclei motion and consider that the electrons are moving in the field of clamped nu-
clei. Based on this approximation, the wavefunction could be decoupled into two parts,
i.e., a separate wavefunction for electrons (W) and nuclei (V) as:

U(r, R) = Va(r; R)¥n.(R) (2.11)

Here the electronic coordinates r are independent variables while the nuclei coordinates
R are parameters. This decoupling reduces the system’s computational cost as the
nuclei coordinates are no longer the variables but parameters of the hamiltonian. The
electronic hamiltonian operator (ﬂel[R]) is given as:

o= -3 >

i<j

h2

2m1 47T€0
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and the Schrodinger equation with Born-Oppenheimer approximation is given as:
ItIel \I,el(r; R) = Eel \I’el(r; R) (213)

By applying this approximation, the dynamics between nuclei and electrons are decou-
pled. Consequently, the computational expense to calculate the nuclear—electron and
nuclear—nuclear correlation interactions became relatively cheaper as the nuclei coordi-
nates are fixed. For instance, nuclear—nuclear electrostatic repulsion energy is constant
for fixed nuclei and could be calculated analytically. Nevertheless, this approximation
reduces the Schrodinger equation’s complexity only slightly as the computationally ex-
pensive electron—electron interactions still exist in the electronic hamiltonian.

Hartree and Hartree—Fock methods

In addition to the Born—-Oppenheimer approximation, independent particle approxima-
tion is another vital approximation in building a practical and numerically solvable
wavefunction. Here, the electrons are considered noninteracting independent particles
in different orbitals. Hartree was one of the first to introduce the idea of independent
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particle approximation in 1927, also called Hartree approximation. In this approxima-
tion, the many electron wavefunction is built as the product of individual electron wave
functions, also known as the Hartree product:

Ypp = 9y (1‘1)1/12(1‘2)?/13(1‘3) e 'wn(rn)- (2-14)

The Hartree method adopts the many body wavefunction as in Eq. 2.14 to solve the
Schrodinger equation for an independent one—electron system. The terms in the one—
electron Hamiltonian are electronic kinetic energy, nuclear—electron and electron—electron
potential energy, as shown below:

. 2 N 2 1 /
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The last term in the above equation denotes electron—electron interaction, also known
as Hartree potential, where p(r) = 37, |1(r)|?>. Here, the electron—electron interaction
is approximated as the interaction potential between the electron at position r and the
mean field from all the electrons. This approximation is called mean field approxima-
tion. Even though, Hartree approximation reduced the computational cost of electron—
electron interactions, the hamiltonian here does not consider the indistinguishable nature
of electrons and the spin and antisymmetric properties (Paulis exclusion principle) of
electrons. This is because the Hartree product wavefunction does not incorporate these
properties into the wavefunction. The Hartree—Fock method addresses this issue by
adopting a wavefunction that defines the missing electronic properties in the Hartree
product wavefunction.

The Hartree Fock method is a modification to the Hartree method to include antisym-
metric properties into wavefunction, which leads to exchange interaction. The electrons
are fermions; therefore, the wavefunction should be antisymmetric and change sign when
any pair of coordinates exchange. The electronic wavefunction built using Slater deter-
minants incorporates the above mentioned properties of the electrons into the wavefunc-
tion. Therefore, the Hartree product wavefunction in Eq. 2.14 is replaced with Slater
determinant wavefunction. The additional exchange term includes the spin properties of
the electrons into the hamiltonian and it is non—zero only for the parallel spin electrons
and zero otherwise. This also includes correcting the self-interaction between the elec-
trons observed in Hartree potential. One computational bottleneck for the Hartree—Fock
method is that it is expensive to calculate the expectation value of the exchange term as
it includes sixfold integrals for a pairwise combination of parallel spin electrons. Another
limitation of this method is that the instantaneous correlation between the electrons is
not included in the wavefunction, which increases the overall electronic energy of the
system.
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2.3.3 Basis Sets

Basis sets are the building blocks of mathematical functions that describe the system
orbitals used for theoretical calculations. A molecular spatial orbital electron wavefunc-
tion [W(r;)] is expressed in terms of the individual one-electron atomic orbitals (¢,) by
the concept of a linear combination of atomic orbitals (LCAQO) as shown below:

U = c19q + cotpg + c3thg + -+ - + cpthy (2.16)

where ¢, denotes molecular orbital coefficient expansion of n'" electron which is normally
varied during SCF calculations. John. C. Slater is the first to introduce orbital computing
using basis sets known as Slater type orbitals (STOs). A typical mathematical expression
of an STO as a one—electron orbital is:

Y(r) = Nroteor (2.17)

Here N is the normalization constant and n is an integer in lines with the principal quan-
tum number. Even though the STOs are more accurate, it takes a long time to compute
integrals using them as they cannot solve common integrals in quantum calculations an-
alytically. Therefore, another approach is to use a linear combination of Gaussian type
functions as basis functions to mimic STOs. The Gaussian type orbitals (GTOs) sup-
port calculating common integrals in quantum calculations analytically, which reduces
the computational cost. It is essential to use multiple Gaussian functions as a single
Gaussian function, i.e., a primitive Gaussian function is not sufficient to accurately de-
scribe the electron orbital like STOs, especially the cusps around the nuclei. Therefore,
a fixed linear combination of primitive Gaussian functions, called contracted Gaussians,
is used to approximate STOs to represent the orbitals better. For instance, STO in
terms of a contracted Gaussian with contraction coefficients ¢;; and Gaussian function

gi(r) is given as:
Uy(r) = Y iy i) (2.18)

A systematic combination of these contracted Gaussian functions would provide the
system’s wavefunction ¥(r) for a multiatomic system. There are different types of con-
tracted basis sets, and the basic type is called minimal basis sets and is generally denoted
as STO-—nG, where n denotes the number of GTOs fitted to mimic one STO. The split—
valance basis is an improvement over the minimal basis where the valance orbitals are
represented with two basis functions (inner—shell orbitals only one basis) to obtain a more
reliable total wavefunction. For instance, in the 6-31G basis set, the inner—shell orbital
is defined with six—primitive contracted Gaussians and the valence orbital is described
by two orbitals, one made of a contraction of 3 Gaussians and one a single Gaussian
function. The splitting of the basis here is to incorporate diffusioness into the valance
electron description to obtain a better wavefunction. Nevertheless, the basis is spherical
symmetric with atom position and needs to be more flexible to describe complex bond
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formations. In the Polarized basis sets, p, d, f type basis functions are added to the
s, p and d type orbitals to describe the distortion in the s, p and d type orbitals while
forming molecular bonds. For instance, 6-31G(d) denotes that d type functions are
added to the basis set of all p orbitals and 6-31G(p,d) denotes p and d functions added
to s and p orbitals respectively. The Polarized basis set significantly improves the bond
length and bond angles and the corresponding overall energy of a molecule. A basis
set that incorporates split valance and polarization description is commonly denoted as
DZP (double zeta plus polarization) or TZP (triple zeta plus polarization) and so on,
depending on the number of splits adopted for the basis function. To further improve the
basis set’s reliability, highly diffusive functions are added, generally denoted by a plus
“4+7 sign, for example, 6-31+G(p,d). In general, the diffusive functions are Gaussians
with small exponents that would improve the electron’s description and flexibility far
from the nucleus. These diffuse functions are vital, especially for anions to describe the
valance electrons and also for highly electronegative atoms with high electron density,
like fluorine, and also for accurate polarizabilities or binding energies of vdW complexes

Both STOs and GTOs are atom centered and localized basis sets. These basis sets are
suitable for systems where the electron density is confined to the space centered around
the atom. However, the valance electrons roam freely for metallic systems and are not
localized. The plane wave basis is suitable for these systems and a single plane wave is
defined as:

Y(r) = " (2.19)

where G is a reciprocal lattice vector. A linear combination of plane waves could be
used to describe a fairly localized state:

G= cutoff

Ur)= Y £ (2.20)

G=0

Nevertheless, describing core electrons requires many plane waves, which increases the
computational cost. To overcome this, the core electrons are commonly replaced by
Pseudopotentials. The pseudopotentials are often used in quantum calculations to in-
tegrate out the highly localized core electrons to reduce computational costs. The core
electrons do not contribute much to the physical and chemical properties; hence, only the
valance electrons that take part in bond breaking and formation are defined explicitly.

2.3.4 DFT and GPW method

Both Hartree and Hartree-Fock methods do not provide a mathematical framework
that describes all electron interactions. Therefore, there is a need to frame an exact
method that includes all interactions mathematically while keeping the effective single
electron form of the Schrédinger equation. In this context, Hohenberg and Kohn (1964)
introduced a landmark paper that states that there is a universal functional of the
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electron density, which corresponds to the ground state energy of a system associated
with an external potential. This is the basic theoretical idea behind most of the current
modern DF'T programs. The first Hohenberg—Kohn theorem states that the external
potential is a unique functional of the electron density p(r). The electron density p(r)
of n electrons is given as:

— n/.../|\p(r1,r2’... o) |2dsydry - - - dry, (2.21)

where s denotes the spin of the electron. The second Hohenberg—Kohn theorem states
that the energy of a system with trial density ps.;oi(r) holds:

Elptriar(r)] > Eo (2.22)

where Eq denotes the ground state energy of the system and the E[p;.;.i(r)] denotes
energy calculated using trial electron density. This suggests that systematically improv-
ing trial electron density would allow us to reach a system’s exact ground state density.
Therefore, the variational principle approach could be used to fine-tune the electron
density to reach the system’s ground state. Unfortunately, the Hohenberg—Kohn theo-
rems do not provide any framework to construct the functional E[py.q(r)] that could
provide the ground state energy. After a year, Kohn and Sham (1965) introduced a
framework to build the energy functional, which could also be solved numerically. The
Kohn—-Sham energy expression is given as:

Elp(r)] = ET[ (r)] +E"[p(r)] + E*[p(r)] + E™ + AE [p(r )] + AE%[p(r)]

n
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(2.23)

47r €0

where ET[x(r)] is the kinetic energy of the non—interacting electrons, E"[p(r)] is the
nuclear—electron interaction, E®[p(r)] is the electron—electron interaction, E™ is the
nucleus—nucleus interaction, AET[p(r)] is the correction to the electron kinetic energy as
the electrons interact in real systems, AE®[p(r)] is the non—classical corrections to the
electron—electron interactions. The last two terms are corrections which are collectively
referred as EXC[p(r)], exchange-correlation energy.

By applying variational principle to energy E in Eq. 2.23 with respect to the spin orbitals
x and the constrain (x;|x;) = J;;, the one-electron Kohn-Sham equation for the orbital
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Xi 1s given as:

h2
-ty e R
< 2my; Vi 47reoz|r—R1] 4’/T€0 /\r—r’\ o Vxe I X (2.24)
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Here the ¢; denotes Kohn—Sham energies of the orbitals and Vg is the functional deriva-
tive defined as:

(2.25)

A hierarchy of functionals are available to calculate the exchange—correlation energies
based on the homogeneous electron gas distribution. At the bottom of the hierarchy is
the local density approximation (LDA) where EXS, [p(r)] depends on the charge density
of the electron position. The LDA is suitable for systems whose electron density does
not vary much with space. However, since most systems do not have uniform electron
density, this approximation does not yield accurate results. The second rung of the
ladder is Generalized gradient approximation (GGA). The GGA accounts for the non—
uniform electron density by considering the gradients of the electron density in addition
to the electron density at that point, i.e., EXG4[p(r), Vp(r)]. The GGAs provide more
accurate results compared to LDA at a &gmﬁcantly lesser computational cost. Some of
the popular GGAs include PBE (Perdew et al., 1996), BLYP (Becke, 1988). In the cur-
rent work, PBE functional is used to calculate the DFT energies. Even though arranged
hierarchically, selecting the functionals based on the system type is advised.

Since the electron—electron correlation is also included in the hamiltonian with exchange
term, the DF'T method is considered exact, including all required interactions. Note
that the computational cost to calculate the kinetic energy, nucleus—electron interaction
energy and electron—electron columbic interaction energy here is similar to Hartree—Fock
method. However, the computational cost savings in DFT comes mostly from the calcu-
lation of the exchange term using approximations in EX©. The exchange term obtained
in DFT is not as accurate as the Hartree-Fock method, but choosing an appropriate
exchangecorrelation functional could still yield good results. However, the EXC is not
known accurately, which limits the accuracy of this method.

Dispersion correction

The DFT method does not include the dispersion interaction between the atoms. These
interactions are essential, especially for weakly interacting systems and a variety of
schemes are available to include them in DFT. In DFT-D, the dispersion correction
energy is added as follows:

Eprr—p = Eprr + Episp (2.26)
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The most popular dispersion correction schemes are Grimmes DFT-D2 (Grimme, 2006)
and DFT-D3 (Grimme et al,, 2010). In DFT-D2, the dispersion energy (EBZ,) includes
pairwise sum of interactions between atom i and j as shown below:

Epip = S6ZZR6 £ (Ruy) (2.27)
ILJ L

I£]

Here the summation is over a total number of atoms (N) and also includes atoms in
the translations of unit cells in z, y, z directions L = (I, I, [,). The term C{’ is the
dispersion coefficient for atoms I and J separated by distance Ryy. The C¥ value is in
general pair specific and also depends on the oxidation state and hybridization state of
atoms. The pairwise dispersion coefficient for atoms I and J is obtained as geometric
mean which is common in classical FF:

Cf = /CLC} (2.28)

Note that in periodic systems, the distance Ry; could be between atoms from the same
unit cell or between an atom in the reference cell and an atom in the translational
image of the reference cell. To minimize this correction between bonded atoms or atoms
separated by short distances, a damping function:

Se
fdmp(RU) 1 + e—d(Riy/Ri—1)

(2.29)

is used. The term R, is the sum of the vdW radius of the atom pair and d is usually
set to 20 or 23. Nevertheless, DFT-D2 does not include the effects of the chemical
environment and to overcome this in DFT-D3, the dispersion coefficient is defined as
a function of coordination number. The dispersion coefficient varies depending on the
neighbors at each step during the simulation. The dispersion correction for DF'T-D3 is
defined as:

ED3

Disp —

=E® +E® (2.30)

where the first term refers to the two body contribution and it is given as:

Z > ZS CU dmpn (Ru) (2.31)

1) n=68,10,... L
1£J

with its corresponding damping function is:

1
23 (Ry) = 2.32
dmp, n( U) 1 + 6 (RIJ/ (Sr,nROIJ))ian ( )
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In Eq. 2.31, the term CY is the averaged n'® order dispersion coefficient defined specifi-
cally for atoms I and J separated with internuclear distance of Ryj. The scaling factor
S¢ is usually set to one while Sg is functional dependent. For n > 10 this approach
becomes unstable; hence, the terms after n = 8 are usually truncated. In the damping

function Eq. 2.32, the term Roy = 1/CY /C¥ with g = 12 and ag = 14. Here the S, ¢
is functional dependent and S, g is equal to one.

The second term in Eq. 2.30 is the three body contribution:

B CH® (3 cos b, cos by cosl, + 1)
(RuRykRyi)’

E? (2.33)

Here the angles 6,, 6, and 6. denote the internal angles of the triangle formed between
atoms I, J and K, respectively. The term C§¥ is triple dipole constant defined as

CP¥ ~ —/CYCIKCKL. The damping function is same as the one in Eq. 2.32 with
a =16 and S, ,=4/3 (Grimme et al., 2010). The input to the damping function is equal
to the geometrically averaged vdW radii of atoms.

DFT implementation in CP2K

This section discusses the hybrid Gaussian Plane Wave (GPW) method and its imple-
mentation in Quickstep code (VandeVondele et al.; 2005) for DFT in CP2K. The main
idea in the GPW method is to consider two representations of the electron density using
Gaussian [p(r)] and auxiliary plane wave [p(r)] basis sets. The advantage of this ap-
proach is that with the efficient treatment of electrostatic interactions, one could obtain
linear scaling of computational costs in calculating the total energy with system size.
The electron density is initially generated on the Gaussian basis and from there, it is
transferred to plane waves on a uniform grid using Fast Fourier Transform (FFT). The
electron density representation using Gaussian waves is given as:

p(r) = > PUxi(r)x;(r) (2.34)

where PV and y;(r) are the density matrix element and orbital wavefunction, respectively.
The second representation on auxiliary plane waves basis is given as:

pr) = glz%: H(G) exp(iG - 1) (2.35)

where €2 is the unit cell volume, G are the reciprocal lattice vectors and p(G) are the
expansion coefficients which are chosen such that p(r) is close to p(r). The difference
between the p(r) and p(r) becomes zero for an infinite plane wave cutoff. However, as it
is impractical to consider an infinite cutoff, energy based convergence study is performed
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before finalizing the plane wave cutoff.

As discussed in Section. 2.3.3, the advantage with Gaussians is that they are localized
in the space around the atoms and therefore are efficient in describing the localized
atomic characteristics and short range interaction between atoms. The Gaussian product
theorem states that the product of two Gaussian functions is also a Gaussian. A typical
primitive cartesian Gaussian function centered at atomic coordinate A is given as:

g(r, A L) = (2 — A (y — Ayl (2 — A,)le A (236)

where r is electronic coordinate, 1 is quantum number that controls angular momentum
defined as 1 = 1, + 1, + 1, and 7 is the exponent that describes the diffuseness (small
values — broader, large values — localized) of the function. The product of two Gaussian
functions with centers A and B is also a Gaussian function with center P = %%ZZB.
The screening methods take advantage of this property by ignoring the mesh points after
a certain cutoff from the product center P during calculations, which leads to sparse
matrices. Also, the wavefunction pairs (i,j) that are far apart from each other could
be ignored for integration or mapping. The multigrid meshing approach is used here
to speed up the calculations further. Based on the Gaussian product’s exponent, this
approach maps the Gaussians onto corresponding fine or coarse grids. For instance, a
small exponent smooth Gaussian product is mapped onto coarse grids, whereas a large
exponent sharp Gaussian is mapped onto fine grids. This reduces the computational cost
by avoiding smooth Gaussian mapping onto fine grids, which otherwise would increase
the numerical operations. Another advantage of Gaussians is that the analytical ex-
pressions are available for density functional calculations involving them. On the other
hand, plane waves are originless functions that extend over the complete simulation cell.
The main advantage of plane waves basis here is to speed up the calculations with elec-
trostatic interactions more effectively (compared to Gaussian). Also, periodicity comes
naturally to the plane wave basis and the GPW method exploits this feature to effec-
tively solve electrostatic interactions for periodic systems.

Calculation of Kohn—Sham DFT energy in Eq. 2.23 using GPW method gives:

Elp(r)] = E*[x(r)] + E*[p(r)] + E*[p(r)] + E™ + E*[p(r)]

= 3 PUE) (ul®)] — -9 hy(o)

+ 3 PI(r) (a(@) nVie (r) [ () +ZP” (0] Vi (r, 1) [x(r)) - (2.37)
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Note that the kinetic energy of the electrons ET[x(r)] is calculated analytically using
a Gaussian basis. The labels V¥ and VIF in the second and third terms are part
of norm—conserving Goedecker—Teter—Hutter (GTH) pseudopotentials (VandeVondele
and Hutter, 2007) which represent the local part and non—local part, respectively. The
formulation of these pseudopotentials is designed to obtain solutions analytically and
also through FFTs using plane waves. The pseudopotential’s hardness less influences the
GPW method because the electronic kinetic energy and short range pseudopotentials
terms are calculated analytically using the Gaussian basis. The electrostatic calculations
in terms 2,4 and 5 of Eq. 2.37 are solved using plane wave basis through the Ewald
summation method, which is commonly used in pure plane wave basis codes for cost
effective scaling with system size. The long range part of the electrostatic interactions
are treated in Fourier space and the short range parts using real space. The potentials
calculated using the plane wave basis are transferred back to the Gaussian basis. Hence
the GPW method incorporates the best of both Gaussian and plane wave basis sets to
calculate DFT energy.

Speedup SCF: Density mixing and Fermi smearing

In the SCF procedure, the electronic charge is redistributed iteratively to reach mini-
mum energy for an external potential of the system. The redistribution is done until
a specific SCF criterion is met. Example criteria could be: change in total electronic
energy is not more than 107° Hartree between consecutive SCF iterations. The iterative
process fine—tunes the wavefunction to achieve ground state wavefunction until the SCF
criterion is met. For tighter SCF criteria, more SCF cycles are required to achieve SCF
convergence, which correlates to the overall computational time. Nowadays, system spe-
cific cost reduction techniques are available to converge SCF in fewer cycles. Density
mixing and Electronic smearing are reliable and commonly applied techniques, especially
to metallic systems to attain faster SCF convergence.

Directly using the current iteration output density as the next iteration input density to
construct hamiltonian may sometimes result in unstable SCF. This is observed primarily
when a slight change in input density results in a significant change in output density
followed by strong density fluctuations. In density mixing, the density fractions from
previous iterations are added systematically to the current iteration’s input density to
damp oscillations in the SCF procedure. A basic mixing technique is called linear mixing,
wherein only a fraction of output density po"* is added to the subsequent input density
P as shown below:

Pt = (1= a)py + app™ (2.38)

The value of a ranges between 0 to 1 and when o = 1, it denotes that mixing is not
used. Unfortunately, this method is not stable for all atomic systems. Therefore, in
the current study, Broyden Mixing (Broyden, 1965; Bendt and Zunger, 1982), based on
quasi—-Newton—Raphson approach, is used for its reliable convergence for a large class of
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DFT problems.

Electronic smearing is another technique that speeds up SCF convergence for metallic
systems. The metallic or semiconductor type systems usually consist of multiple free
electrons with very close energies. Consequently, during SCF, a significant change in
total density or energy in a consecutive iteration is not often observed. Sometimes the
magnitude of change might be larger than the SCF criteria, which prevents the SCF
convergence indefinitely. Fermi Smearing (Mermin, 1965) is used here wherein some ad-
ditional higher Kohn-sham orbitals are added during SCF. The states are then smeared
out by using fractional occupation numbers obtained from Fermi-Dirac distribution
function at a finite temperature. The SCF convergence is achieved faster with smeared
out states at the Fermi level.

DFT applications in geochemical systems

Today, nearly all popular DFT codes provide a framework to simulate most atoms in the
periodic table. Unlike molecular mechanics, this supports adding new molecules to the
simulation environment without reparameterization. Hence, the DF'T method usage has
risen significantly for almost all chemistry fields, including studies related to geochemical
systems (Kruse et al., 2015). For instance, Kwon and Kubicki (2004) employed DFT
to provide a detailed understanding of phosphate surface complexes on iron hydroxides.
They calculated theoretical IR frequencies through DF'T calculations and compared them
to experimentally observed frequencies to estimate the most favorable binding motifs at
specific pHs. Similarly, Tribe et al. (2006) estimated glyphosate’s most favorable bind-
ing motifs on goethite at different pH values. Aquino et al. (2008) computed the effect
de/protonation of goethite surface reactive sites and estimated its point of zero charge
as 9.1, which matches with the experimental values of 6.4-9.7 (Strauss et al., 1997; Kos-
111111%1&1 2009). Tunega et al. (2009) focused on interactions between goethite and a set of
mono— and polyaromatic hydrocarbons and found that adsorbates form relatively weak
surface complexes with the surface. Kubicki et al. (2012) studied phosphate interactions
at different goethite surface planes in the presence of water. Their results highlight that
the surface plane type and solution pH are influential for phosphate adsorption onto
goethite. Kersten et al. (2014) showed that for the interaction between goethite and
4—chloro—2-methylphenoxyacetic acid herbicide using DFT the outersphere complexes
and monodentate innersphere complexes are more stable ones. Ahmed et al.’s (2018a)
study of goethite—glyphosate—water complexes for three different goethite surface types
of varying saturation (Fe surface atoms coordinated by 3, 4, and 5 O~2/OH™ groups)
showed the impact of surface saturation on phosphate interaction. The study also high-
lighted the significance of water in these interactions. Ahmed et al. (2019) showed that
an analysis of theoretical spectra for different goethite-phosphate binding motifs could
estimate their abundance ratio at the goethite surface. Ahmed et al. (2020) estimated
the most abundant binding motifs at extreme pH ranges in light of experimental find-
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Figure 2.2: Different scenarios contributing to QM /MM interaction energy. Bond (a),
angle (b), torsion (c¢), vdW interactions like lennard—jones [LJ] (d), link-
atoms (e), electrostatic interaction (f). Taken from Groenhof (2013).

ings. Kubicki and Ohno (2020) studied complexes of phosphate and salicylate adsorbed
onto different goethite surface planes. They predicted the surface complex structures and
the vibrational frequencies calculated based on simulations matched well with previous
observations. The above literature shows DFT’s success in unraveling molecular level
insights of geochemical interactions, which is otherwise impossible using only experimen-
tal tools. Nevertheless, given the size of the geochemical systems, employing DFT is not
always feasible. Therefore, to maintain accuracy at reactive regions and reach higher
timescales with reduced computational costs, one might use hybrid QM /MM methods
to study geochemical systems.
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2.4 Hybrid Quantum Mechanics/Molecular Mechanics

As discussed before, the QM /MM method could reduce the computational cost for
atomic systems where a distinct separation could be made between atoms in the re-
active center and atoms that do not directly participate in the reaction. This section
provides a basic overview of QM /MM methods and a detailed overview of these methods
is given in Senn and Thiel (2009) and Groenhof (2013). There are two main schemes
by which one could implement the QM /MM method, namely subtractive and additive
schemes. The system’s total energy in the subtractive scheme is evaluated in three steps,
1) calculate the energy of the total system at the MM level, 2) calculate the energy of
the QM system at QM level, 3) calculate the energy of the QM system at MM level and
subtract. The steps above are formulated as shown below:

E = EMM(r; Ry) + E?™M(Ry) — EMM(Ry) (2.39)

where r; and Ry are MM and QM atoms, respectively. This method’s main advantage is
that there is no interaction between the QM and MM subsystems, making the implemen-
tation straightforward. The disadvantage with this method is that the FF parameters
are required for both QM and MM subsystems to calculate EMM(r;, R;) and EMM(Ry)
terms. Also, the FF should be flexible to adapt to the changes happening in the reactive
QM region. The additive scheme overcomes this problem by treating the interaction
between the QM and MM systems explicitly, as shown below:

E(Ry,1;) = E?(Ry) + EMM(r)) + E?MMM(R) 1)) (2.40)

The interaction between QM and MM subsystems decides on the nature of the additive
QM/MM method. For instance, in the mechanical embedding QM /MM method, the
interaction between QM and MM systems is handled at the MM level of theory. That
is, the bonded interactions like bonds, angles, dihedrals and nonbonded interactions
between QM and MM atoms are defined at the MM level, see Fig. 2.2a—d,f. To handle
the nonbonded electrostatic interactions, partial MM charges are assigned to QM atoms
and pairwise coulomb interactions are computed classically. Since handling interactions
at the MM level is computationally inexpensive, this method is generally faster but
compromises accuracy than other methods below. This method’s main disadvantage is
that the MM section could not influence the QM region’s reactions. This is addressed in
the electrostatic embedding method (used in the current study), wherein the MM atoms
polarize the QM atoms and bonds across QM and MM subsystems could be handled at
QM level, see Fig. 2.2d-f. However, note that the QM subsystem cannot polarize the
MM subsystem. The total interaction energy between QM and MM subsystems is given
as:

BN = BRI Eg MY + BT (2.41)

The first term in the above equation is the QM /MM interaction energy due to bonds that
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are formed across QM and MM subsystems (see Fig. 2.2e), the second and third term
are nonbonded interaction energies (E%;“ / MM) due to electrostatic and vdW interactions
(see Fig. 2.2d,f). The nonbonded interaction energy between QM and MM subsections

is given as:

B, Ry) =

Z /p d + Z Vvaw ruRI) (2.42)

aeMM aeMM
aeQM

47?(—:0

Here p(Ry,r) is the total (electronic plus nuclear) charge density of the quantum system
and vy (ri, Ry) is the vdW interaction between QM and MM atoms. The QM subsys-
tem’s polarization is achieved by including MM charges as one electron operator into QM
hamiltonian, as shown in the above equation. This improves the accuracy of the reactive
region simulation but raises the computational cost. Nevertheless, this method is more
accurate than the mechanical embedding method as the latter method does not polarize
the QM subsystem. An important issue with this approach is that the point charge MM
atoms in short-range interaction with QM atoms may attract or repel the QM charge
distribution strongly, leading to electron spilling. This artefact is more profound if the
adopted basis set includes polarization and diffuse functions or plane wave basis. To
avoid this, the MM atoms are defined as smeared—out charges instead of point charges
using Gaussian functions centered at the MM atom position. The Gaussian function’s
initial guess width is expected to be the covalent radius of the MM atom.

Gaussian expansion of the QM /MM electrostatic potential (GEEP) (Laino et al., 2005)
is a module in CP2K package that defines MM charges as smeared out Gaussians and
adopts efficient screening techniques to reduce the computational cost in calculating
E%\éI /MM 1 this method, the charge distribution of an MM atom “a” using Gaussian

function is defined as:
1 Ir — ;| \?2
p(I‘, I'i) = m exXp <—( ) ) (243)

and its corresponding classical potential is:

|r—ri|
af () (2.44)

Va(rari) = |I’—I‘"
i

where 7., is the atomic parameter that often has a value close to the atom’s covalent
radius. The key feature of the GEEP method is to breakdown the electrostatic potential
of a MM atom in Eq. 2.44 into Gaussians of different cutoffs and a residual function
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Figure 2.3: Collocation procedure highlighting the MM atom’s (green color) collocation
radius and its contribution onto QM multigrid setup. MM atom whose col-
location radius is greater than its distance from QM grid and another MM
atom whose collocation radius lies completely inside QM grid (a), colloca-
tion radius partially overlays onto QM grid (b), long-range contribution
(RES)pw) from all the atoms mapped onto the coarsest grid (c). Redrawn
from Laino et al. (2000).

RESiow as shown below:

va(r, 1) = 3" A, exp (— ('ré;'> ) + RESpou(|r — 13]) (2.45)

where Ny is the number of Gaussian functions expressed as the sum of the potential and
RESiow is the residual function. By appropriately choosing the amplitude A, and width
Gg of the Gaussian functions a smooth residual function RES,,, could be obtained.
The main idea behind decomposing the potential to Gaussian and residual functions
is to provide a framework to reduce computational cost and use the multigrid setup
discussed in Section. 2.3.4. The sharp Gaussians are mapped onto the fine grids and
the smooth Gaussians are mapped onto the coarse grids while the residual function is
mapped onto the coarsest grid. The Gaussians are truncated after a certain threshold
radius called collocation radius, beyond which the Gaussian function values are set to
zero. This reduces the computational cost by avoiding MM atoms in calculations whose
collocation radius does not overlap with the QM box. The framework for collocation of
Gaussians onto the QM grid is as follows: 1) MM atom inside QM box or close to it
whose collocation radius is less than or equal to its distance to QM box contributes to
the finer grids 2) MM atom whose collocation radius is shorter than its distance from
QM box does not contribute to finer grids, 3) all atoms contribute to the coarsest grid
through the residual function RES),, see Fig. 2.3. The grids are commensurate, i.e., all
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the points on the coarse grid are also present on the fine grid. The potential contribution
from all the grids is then interpolated onto the finest grid and the QM /MM electrostatic
energy is calculated as shown below:

QMM (R,ry) = [ o, ROV (r, 1 ar (2.46)

where VOM/MM(y 1) is the electrostatic potential due to MM atoms onto the finest grid
and p(r, Ry) is the total density (electron plus nucleus) evaluated on the same finest grid.

As mentioned before, in the electrostatic embedding method, the MM subsystem is not
polarized by the QM subsystem. The mutual polarization of QM and MM systems
i.e., QM subsystem polarized by MM subsystem and vice versa, is implemented in the
polarization embedding method. However, this method is computationally expensive
compared to the methods mentioned above due to the implementation of mutual polar-
ization. The MM parameters should also be compatible with polarization, which is hard
to find for a specific system since polarizable force fields are not often used in simula-
tion studies. Therefore, the polarization embedding method is not commonly used for
geochemical systems.

For cases where QM and MM systems are connected with covalent bonds, the bonded
interaction energy should also be calculated. In the subtractive QM/MM scheme and
Mechanical embedding (additive QM /MM scheme), the bonds and angles across subsys-
tems are handled at MM level. In electrostatic embedding and polarization embedding
methods, the covalent bonds are handled at the QM level by adopting the “link atom”
scheme, see Fig. 2.2e. In this scheme, a monovalent link atom is added along the bond
vector between QM and MM atoms. This monovalent atom is visible only to the QM
subsystem during the calculation of energies but remains invisible to the MM subsystem.
Another approach is the “localized orbitals” scheme, where a doubly occupied molecular
orbital replaces the covalent bond.

QM /MM simulations in geochemical systems

Even though the QM /MM method allows one to simulate longer trajectories at lower
simulation costs, setting the simulation environment that describes precisely the QM and
MM subsystems’ mutual interaction is not straightforward. Also, the limitations with
readily available force fields discourage one from adopting QM /MM methods. Therefore,
the hybrid QM/MM methods are not used extensively as pure QM and MM methods
to study geochemical systems (Kubicki, 2016). Nevertheless, successful QM /MM stud-
ies for geochemical systems highlight the benefits of QM/MM methods. Ivanova Shor
et al. (2005) studied the aluminum content effect on acidic zeolites’ properties at re-
duced computational costs than pure QM methods. However, they had to develop
custom force fields for aluminum containing zeolites since the required force fields are
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not readily available, which is time-consuming. Stoyanov et al. (2008) performed both
pure DFT calculations and QM /MM calculations to investigate zeolite nanoparticles’
surface acidity. Both methods’ observed molecular orbital spatial distributions are quite
close, suggesting a good correlation between QM /MM and pure DFT methods and again
at reduced computational costs with the former. Recently, Ha et al. (2018) investigation
of arsenate-goethite clusters adsorption onto carbon nanotubes showed that a broader
diameter carbon nanotube improved the chemisorption capability of carbon nanotubes.
Thus, there are only a few QM/MM applications to geochemical systems. This holds
the same, especially for mineral-phosphate—water interactions and the current study
contributes towards initial steps in this region.

2.5 Molecular Dynamics

MD simulations provide a theoretical framework to simulate the evolution of reaction in
a thermal ensemble. The typical steps in an MD algorithm are to calculate the attrac-
tive/repulsive force acting on every atom due to interatomic interaction in a simulation
box, followed by updating the position and velocity of atoms by Newton’s law of motion.
The atoms in the system have potential energy based on the charge and its position.
The overall potential energy E(R1,Ra, -+ Ry) of a system is a function of its atom
positions in the system. The forces acting on the atoms could be calculated numerically
as the gradient of the system potential energy. From Newton’s second law of motion,
the MM atom’s equation of motion is given as:

@R,
=—-ViE(R;{,Rs,--- R

D VIE(R1, Rz, N) (2.47)
= -V Iﬁgl E({R1,Rz,--- Ry, p(1))

where M; and R; are the atomic mass and the cartesian coordinates of QM atom “I”.
The dynamics of the QM atoms is simulated here using the Born—-Oppenheimer MD
(BOMD) scheme. As discussed in Section. 2.3.1, the electron and nuclei wavefunction
are decoupled after applying the Born-Oppenheimer approximation. In the BOMD
scheme, the decoupled nuclei are considered classical particles and these particles are
then propagated in time using the Newton equations of motion. In both MM and QM
atom cases, the time propagation of the atoms is performed using the velocity Verlet
algorithm:

R(t + At) = R(t) + V()AL + ;a(t)AtQ (2.48)

a(t) + a(t + At)
2

V(t+At) =V(t) + At (2.49)
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where V() and a(t) are the instantaneous velocity and acceleration of the atom, which
are updated at each time step of At. The time step is dependent only on the fre-
quency spectrum of the system. For molecular systems with flexible and light atoms
like hydrogen, one needs shorter intervals (around 0.25-0.5 fs). One of the bottlenecks
to reach higher timescales with the QM /MM method is that the Kohn—Sham equations
are to be solved self-consistently at each time step. The time required to reach full
self-consistency is usually high since many iterations are required to achieve it. Never-
theless, since only a fraction of system atoms is considered QM in QM /MM methods,
this reduces the overall computational cost and time compared to the pure QM case. It
is common to consider relaxed SCF criteria in MD simulations with shorter time inter-
vals as the system changes are insignificant. Even with relaxed SCF criteria, the MD
simulations using QM /MM methods do not reach the time scales that one achieves with
pure MM.

Thermostat and NVT ensemble

Many experiments and natural phenomena are related to the canonical ensemble (NVT).
In the canonical ensemble, the total number of particles (N), system volume (V) and
the overall system temperature (T) are to be maintained constant theoretically. Main-
taining a constant number of particles and volume in a system during the simulation is
straightforward. However, to maintain a constant average temperature system must be
coupled with a thermostat (heat bath). From classical statistical mechanics, the average
temperature of the system with N particles and kinetic energy (Ey,) is:

(2.50)

where kg is the Boltzmann constant. One could use the instantaneous kinetic energy to
find the system’s instantaneous temperature from the above equation. Also, for a fixed
number of particles, the probability of kinetic energy of particles follows the Maxwell—
Boltzmann distribution based on the temperature as:

E in
P(Eypn) o exp(—kkT> (2.51)
B

The basic idea for implementing a thermostat from the above equations is to rescale
and redistribute particles’ velocities in a system to maintain the overall temperature
at the desired temperature. In the Berendsen thermostat (Berendsen et al., 1984), all
particles” velocities are rescaled by a factor that includes a ratio of target and instant
velocity. This method does not sample canonical ensemble and causes unusual atoms
dynamics during simulations. The Andersen thermostat (Andersen, 1980) adopts a
stochastic approach wherein at each n'™ time step, the particles’ velocities are randomly
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distributed based on the velocities drawn from the Maxwell-Boltzmann distribution at
the target temperature. Unfortunately, this method is inefficient for canonical ensemble
cases and is very sensitive to relaxation time. A combination of these approaches is the
thermostat by Bussi et al. (2007) called canonical sampling through velocity rescaling
(CSVR) thermostat. This combines both velocity rescaling and stochastic approach.
This thermostat (used in the current study) is very efficient with canonical ensemble
cases and exhibits weak dependence on relaxation time.
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3 Molecular Systems, Modelling And
Analysis

This chapter provides a basic overview of soil minerals and phosphates’ characteris-
tics relevant to the current study. Section 3.1 focuses on the characteristics of abun-
dant phosphates: orthophosphate (OP) (Newman and Tate, 1980; Missong et al., 2016),
glycerolphosphate (GP) (Pant et al., 1999; Doolette et al.; 2011; Vincent et al., 2013;
Missong et al.,; 2016) and inositol hexaphosphate (IHP) (Turner et al.; 2002; Gerke,
2015; Missong et al., 2016; Missong, 2018) and common P—fixing minerals: diaspore and
goethite (Cornell and Schwertmann, 2003; Tsao et al., 2011). The critical properties
of minerals and phosphates that influence mineral-phosphate interactions are detailed.
Next, Section 3.2 presents an overview of molecular modeling for mineral-phosphate—
water complexes. Section 3.3 discusses the calculation of interaction energies between a
combination of mineral, phosphate and water complexes. The last Section 3.3 presents
the importance of HBs and a theoretical approach from the literature to quantify their
strengths. For more details related to the present discussions, refer to textbooks: Dixon
et al. (2002), Cornell and Schwertmann (2003), Tan (2011) and Kubicki (2016).

3.1 Molecular Systems and Relevant Interactions

Phosphates: OP, GP and IHP

The phosphorus atom has five valance electrons (1s?, 2s%, 2p% 3s% 3p?), three elec-
trons short of completing the third shell. Therefore, it is less electronegative than fluorine
and oxygen atoms and often forms covalent bonds. It is commonly found in nature as
phosphate or also known as OP anion [PO}7] (Jahnke, 1992). In OP, the P atom is
tetrahedrally coordinated with four oxygens, see Fig. 3.1a and as the O atom is more
electronegative than P, the electron density is spatially distributed around the tetra-
hedron. In solution, these oxygens further interact with hydrogens to form protonated
anions (H,PO;,HPO7 ). The protonation state of phosphate anion depends mostly
on the solution pH and increases with a decrease in pH. Also, given the asymmetry of
the charge distribution, the unprotonated oxygens of phosphate anions interact strongly
with mineral cations. The strong interaction of phosphate anion with the mineral surface
sometimes results in displacement and substitution of ligands like OH™ or water (Beck
and van Riemsdijk, 1979). This substitution is a ligand exchange reaction and the phos-
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phate bound to the surface becomes part of the mineral’s surface metal atoms coordinate
sphere. Furthermore, the adsorbed phosphate influences the surface charge and alters
the mineral interaction with molecules of the environment.

Figure 3.1: Phosphates: Phosphoric acid (fully protonated OP) (a), GP (b) and IHP
(c). Red, white, black and green colors correspond to oxygen, hydrogen,
carbon and phosphorus atoms, respectively (Ganta et al., 2021b).

GP and THP are organic phosphates P,, also called organophosphates, are esters of
phosphoric acid. At least one OH group of phosphoric acid (O—P[OH]3) is replaced by
an O-R group, where R is an organic species. For instance, in the formation of GP,
glycerolphosphate (HoPO3-C3HO3), the glycerol group replaces the hydroxyl group of
phosphoric acid. Note that forming a polyphosphate compound is also possible where
phosphate ions are linked together by sharing oxygen atoms. The organic part is known
to alter the characteristics of phosphate ions and influence P, interaction with the min-
eral surfaces. In the case of GP, only three out of four phosphate oxygens are free to
bind with the soil minerals; see Fig. 3.1b. Hori et al. (1985) suggest that the tendency
of GP to adsorb onto a surface might be weaker than OP because all the oxygens of OP
are free to bind. Studies show that ligands characteristics influence the phosphate in-
teraction with soil minerals and the attraction/adsorption of incoming phosphates. The
mechanism of GP interaction with minerals is similar to that of OP, where GP replaces
hydroxyl groups or water molecules at the mineral surface, i.e., ligand exchange to form
innersphere complexes (Li et al., 2017).

Inositol phosphates (IPy = 1,2,...,6) are a family of phosphoric esters found widely in
nature. Among these esters, IHP is the most prevalent form, which interacts strongly
with cations and positively charged surfaces (Turner et al., 2002). THP has six phos-
phate groups (see Fig. 3.1¢) and acts as a strong ligand because of its high anionic charge
and ability to interact with multiple phosphate groups. The interaction of individual
phosphate groups with minerals is similar to that of OP. However, intramolecular hy-
drogen bonds (HBs) between adjacent phosphate groups and interaction of additional
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phosphate groups with environmental molecules differentiate IHP interaction with min-
erals compared to other phosphates (Johnson et al., 2012). The study by Anderson and
Arlidge (1962) proposed that phosphate molecules with multiple phosphate groups like
IHP could form a more stable mineral-phosphate complex compared to a single phos-
phate group like OP and GP.

Minerals: Goethite and diaspore

Goethite (a-FeOOH) is one of the most common and highly reactive soil minerals
that bind phosphates. The overall positive surface charge of the goethite surface al-
lows it to attract and bind the phosphate anions under common soil conditions. The
(un)saturation of surface Fe atoms is a key factor controlling goethite’s interaction
strength. The Fe atoms inside the bulk of goethite are surrounded by three O?~ and
three OH™ forming an octahedron with orthorhombic unit cell. However, the Fe atoms
are undercoordinated at the surface, exhibiting an overall positive charge. The com-
mon surface planes of goethite are (010), (100), (110), (021), aaccording to Pbnm space
group (Cornell and Schwertmann, 2003). Depending on the bare surface plane, the sur-
face iron atoms are coordinated by 3, 4 or 5 oxygens. For instance, the surface Fe atoms
of (010) surface plane are coordinated by four atoms whereas the ones at (100) surface
plane are coordinated by five oxygen atoms, see Fig. 3.2. The highly undercoordinated
surface iron atoms can attract and bind phosphates more. Ahmed et al.’s (2018a) study
of glyphosate adsorption at goethite surface with three different degrees of saturation
(Fe surface atoms are coordinated by 3, 4, and 5 O~2/OH™ groups) highlighted the effect
of goethite surface saturation on phosphate binding stability.
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Figure 3.2: Goethite surface: (010) surface plane (a), (100) surface plane (b). Pink,
red, yellow and white colors correspond to iron, bridging oxygen, hydroxyl
oxygen and hydrogen atoms, respectively. The blue lines show the coordi-
nation of surface Fe atoms, four at (010) surface plane and five at (100).

In addition to the surface plane type, the pH of the environment and the purity and
crystallinity of goethite are other main factors that control the phosphate adsorption



3 Molecular Systems, Modelling And Analysis 38

process. In general, the overall surface charge of a mineral is a function of pH (Tan,
2011) where for pH < point of zero charge (PZC), the mineral surface is unsaturated
with positive surface charges, which attract anions. For pH > PZC, it is saturated with
a negative surface charge which attracts cations. As phosphates often exist as negatively
charged anions, their adsorption is more favorable at pH < PZC. OP adsorption onto
goethite was more favorable (Tejedor-Tejedor and Anderson, 1990; Strauss et al., 1997)
below pH values of 6-10, which is the PZC range of goethite (Cornell and Schwertmann,
2003; Kosmulski, 2009).

The cation substitution (Al, Co, Cr, Ga could substitute Fe) in goethite and several
other iron oxides and hydroxides is common in nature (Cornell and Schwertmann, 2003).
Given the abundance of Al in nature, it is more commonly found to substitute Fe even
though it has a smaller atomic size than Fe. This substitution often does not completely
modify the structure of the goethite unit cell but affects the unit cell size. However, the
adsorption properties of goethite are affected; for instance, the Fe:Al ratio in amorphous
Fe/Al hydroxide mixtures influenced the phosphate adsorption/desorption rates (Gypser
et al., 2018). In this context, analyzing the phosphate binding to diaspore (a-AIOOH)
surface could provide additional insight into the P interaction with these amorphous
mixtures. Diaspore is isomorphous with goethite with Al™ oxidation state instead of
Fe™. Interestingly, diaspore exhibits higher surface energy compared to goethite (Guo
and Barnard, 2011). Surfaces with higher surface energy interact stronger with the
adsorbents than those with lower surface energy. This implies that diaspore would adsorb
phosphates stronger than goethite. Diaspore PZC value is around pH 6 (Kosmulski,
2009) and therefore, one might expect significant adsorption at pH < 6.

Mineral-Phosphate interactions

Newman and Tate’s (1980) characterized Newzeland soils by *'P nuclear magnetic res-
onance (NMR) and showed that OP is abundant phosphate and it dominates other
phosphates adsorption onto minerals. A similar study using 3'P NMR of forest soils
by Missong et al. (2016), showed that OP is the most abundant phosphate in forest
soils. The abundance of OP in common soils is because of its strong interaction with
soil minerals and soluble metal ions (Beek and van Riemsdijk, 1979). Regarding OP
interaction with ions, Rose et al. (1997) established that it interacts strongly with Fe3*
metal ion and one OP could be bound with two to three free metal ions. Focusing on
mineral-OP interactions, OP interacts with soil minerals through unprotonated oxygens,
often forming one or two P-O-Fe/Al covalent bonds with surface mineral atoms. Parfitt
and Atkinson (1976) studied the OP interaction with goethite and other iron oxides us-
ing infrared (IR) spectroscopy. They showed that OP often forms a bridging binuclear
BB (2Fe + 20, see Fig. 3.3b) complex and forms innersphere complexes. Innersphere
complex adsorption proceeds by a coordination reaction where the ligand, here OP, in-
teracts directly with a surface metal atom. In contrast, the outersphere complex reaction



3 Molecular Systems, Modelling And Analysis 39

denotes the bonding of OP to water in the hydration shell of the metal (Tan, 2011). Hori
et al. (1985) investigated the OP adsorption experiment as a function of pH and showed
that it adsorbs onto hydrated iron (Fe™) oxides precipitates mostly between pH 4.0
8.0. Tejedor-Tejedor and Anderson (1990) provided a detailed overview of binding motifs
between OP and goethite and the change of OP’s protonation with pH. They suggested
that OP forms three different complexes, a protonated and nonprotonated BB motif
and a non protonated monodentate (M motif (Fe + O), see Fig. 3.3a). Predominantly,
OP forms BB motif at the goethite surface. Further, OP is singly protonated in the pH
range of 3.6—6, but above pH 6 it often exists in a completely deprotonated state. In
contrast, Persson et al.’s (1996) Fourier-transform infrared spectroscopy (FTIR) inter-
pretation suggests that at the mineral-water interface, OP forms only M motifs with
different protonation states. The study focuses on OP interaction with goethite and
hematite in the presence of water. In another study focusing on binding as a func-
tion of pH and phosphate concentrations, [Kim et al. (2011) found that OP formed BB
motif. In contrast, Abdala et al. (2015) investigated surface loading effects of OP ad-
sorption onto goethite and demonstrated that at low (1.25 gumolm™2) surface loading
B motif (2Fe + O see Fig. 3.3c) and BB motifs are dominant, at medium loading (2.5
pmolm~2) B motif is dominant, and at high loading (10 gmolm~—2) M motif is dominant.

Figure 3.3: Binding motifs: monodentate M (a), binuclear bidentate BB (b), bidentate
B (c), 4M (c). Blue, red, white, black and green colors correspond to iron,

oxygen, hydrogen, carbon and phosphorus atoms, respectively (Ganta et al.,
2021b).

In addition to existing experimental efforts, theoretical investigations of the OP inter-
action with minerals are also available in the literature. Kwon and Kubicki (2004) using
DF'T simulations resolved controversies in experimental studies about phosphate surface
complexes on iron hydroxides and suggested how the interactions change with pH. They
proposed that OP forms both M and BB motifs, but the latter one is dominant in the
range of pH 4-6. Kubicki et al. (2012) in a joint experiment and theoretical approach ex-
plored goethite—phosphate binding motifs and their corresponding stability at different
surface planes to find dominant motifs that contribute significantly to IR spectra. They
highlighted the influence of surface plane and solution pH on the formation of binding
motifs. Depending on the surface plane, they proposed three complex types for OP:
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OP forming innersphere complexes via M, B motifs and OP forming an outersphere
complex. Ahmed et al. (2019) showed that both M, B motifs are possible. However,
based on analysis of theoretical spectra for different motifs compared to experiments, it
was concluded that B motif is dominant at (010) goethite surface and M motif at (100)
goethite surface. A combined experimental and theoretical work focusing on the OP ad-
sorption concerning pH concluded that OP forms both M and B motifs, but depending
on pH, their abundance changes (Ahmed et al.; 2020). The M motif is dominant at both
extremely low and high pH values, while the B motif is dominant at the intermediate
pH range. Summarizing the OP interaction with minerals, both experimental and the-
oretical results point out that depending on surface type, surface loading and pH, OP
forms M and B motifs. It interacts with mineral surface via ligand exchange and could
replace water.

GP interaction with soil minerals was not studied extensively; therefore, the informa-
tion about factors influencing its interaction is limited. However, as GP interaction
with minerals is only through the phosphate group, one could imply that the same fac-
tors that influence OP interaction with minerals could be present here as well. Li et al.
(2017) showed that GP forms innersphere complexes with goethite by replacing water
and hydroxyl groups from surface active sites. The study also proposes that GP might
only form M motif as the formation of BB motif is sterically hindered by the organic
moiety. Yan et al. (2014) studied sorption of different phosphates involving OP and GP
on aluminum (oxyhydr)oxides and found that for identical conditions, the amount of
GP adsorbed onto minerals is less than OP. Xu et al.’s (2017) study of GP on hematite
showed that GP adsorbed onto the surface through ligand exchange and remained as
twice deprotonated at high pH. The adsorption of GP onto the hematite surface resulted
in a more negatively charged hematite surface than OP adsorbed hematite surface. The
recent study by Amadou et al. (2022) shows that GP is retained in lower proportions
at goethite than OP. Focusing on the literature of other monoester phosphates, Persson
et al. (2012) suggested monomethyl phosphate (CH3—HyPOy) forms a dominant M motif
for its adsorption onto goethite. In addition, L et al. (2017) suggested that molecules
with a similar binding mechanism like GP, such as glucose 6-phosphate and adenosine
mono/triphosphates, form nonprotonated bidentate complexes within the first ten min-
utes after mixing. Further, adsorption isotherms and FTIR spectra by Sheals et al.
(2002) proposed that glyphosate (GLP, HyPO3~CHy—NH;—CH,—COO) binds predomi-
nantly through an M motif but B motifs might be formed at low P concentration and
neutral pH. Ahmed et al. (2018b) using periodic DF'T based MD simulations proposed
that the glyphosate dominant binding motif depends on surface plane type. Summa-
rizing, GP could form both M motif and B motifs by replacing water at the mineral
surface and the organic moiety could influence its interaction with the mineral surface.

A review by Turner et al. (2002) pointed out that IHP exists abundantly in nature and
its interaction with soil minerals needs significant focus. Ognalaga et al. (1994) showed
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that THP was adsorbed onto goethite through their phosphate groups. It formed inner-
sphere complexes with goethite and the adsorption mechanism involved ligand exchange
with surface hydroxyl groups. Also, tentative configurations for goethite-IHP com-
plexes are proposed, which show that IHP interacts with four phosphate groups (prob-
ably forms 4M motif, 4Fe 4+ 40 see Fig. 3.3d), while two remain free. Supporting the
same conclusion, Celi et al. (1999) proposed that IHP forms innersphere complexes with
goethite and interacts through its multiple phosphate groups. They also proposed that
phosphate groups of IHP interact with goethite with the same mechanism as OP. Guan
et al.’s (2006) ATR-FTIR study showed that IHP formed innersphere complex with alu-
minum hydroxide and the adsorption facilitated deprotonation of its phosphate groups.
In addition, molecular simulations by the same authors showed that IHP formed sta-
ble 3M motif (3Al 4+ 30) while the remaining three phosphates remained free. In con-
trast, Johnson et al.’s (2012) study suggested that THP forms outersphere complexes
with goethite. Intramolecular HBs are observed between adjacent phosphate groups
and intermolecular HBs are observed between IHP and water. In literature, there is no
consensus on the number of IHP’s phosphates that interact with minerals, for instance:
four (Ognalaga et al., 1994), three (Guan et al., 2006; Xu et al., 2017), two and one (Celi
et al., 2003) and 0 (Johnson et al.; 2012). Numerous studies show that THP can compete
with OP for the same binding sites and could release and replace OP on goethite (Turner
et al.; 2002). Interestingly, De Groot and Golterman (1993) showed that IHP adsorption
on goethite had an inhibitory effect on OP adsorption. Also, their results showed that
IHP replaced OP and inhibited its adsorption. Anderson and Arlidge (1962) investiga-
tion of IHP and GP interaction on clay minerals show that THP is adsorbed more in
quantity than GP. Xu et al.’s (2017) comparative study of OP, GP and THP on hematite
showed that THP was adsorbed almost twice of OP and GP. In contrast, OP and GP
adsorption values were close. A similar pattern of phosphate adsorption on goethite is
observed in a recent study by Amadou et al. (2022). Summarizing IHP interaction with
minerals, IHP interacts with minerals through multiple phosphate groups and therefore,
strongly adsorbs at the surface compared to phosphates with a single phosphate group.
A consensus on IHP’s dominant motif is not achieved in the literature.

3.2 Molecular Modelling and Computational Details

Goethite is an orthorhombic crystal containing ferric iron coordinated by six oxygen
atoms with the unit cell lattice constants: a = 9.95,b = 3.01,¢ = 4.62 A. Tts unit cell
contains 16 atoms, i.e., four FeO(OH) units. To understand the goethite-OP/GP /THP—
water complex interactions, two common surface planes, (010) and (100), of goethite
are considered here. The (010) goethite surface is known for its high stability (Xiu
et al., 2016; Guo and Barnard, 2011), whereas the (100) goethite surface plane is one of
the most abundant ones (Cornell and Schwertmann, 2003; Rakovan et al.; 1999). The
goethite surface planes, (010) and (100) are modeled by repetition of the goethite unit
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cell as: 2a x 4b x bc and la x8b X bc, respectively, see Fig. 3.4. Each model comprises
640 atoms (160 Fe, 160 H, and 320 O atoms). Both surface planes exhibit unsaturation
at the surface with active surface sites and are modeled as undercoordinated surfaces,
as shown in Fig. 3.2. This aligns with experimental findings that phosphates adsorp-
tion occurs mainly at pH < PZC, where the surface has unsaturated active sites with
overall positive charge (Celi et al., 2001; Li et al., 2017). This also mimics common
acidic soil conditions, which have a pH range of 3-6. In this pH range, the adsorbed
phosphates are deprotonated (Tejedor-Tejedor and Anderson, 1990; Persson et al., 1996;
Ahmed et al.; 2020) and the water is adsorbed to remaining active surface sites. The
initial models, see Fig. 3.4, are modeled with neutral phosphate molecules. During the
first few pico-seconds (ps) of equilibration, the phosphates are deprotonated and the
unsaturated surface sites are occupied by water molecules, reflecting the experimental
findings under acidic soil conditions.

Regarding binding motifs, three main motifs: M, B and BB found in literature (Abdala
et al., 2015) are considered here for OP at the goethite surface. As GP interacts with
the surface via the phosphate group, the same motifs are also considered for goethite—
GP complexes. At both surface planes, (010) and (100), M motif is considered for
goethite-OP/GP complexes, the B motif is considered only at (010) surface plane as
the interatomic distance between surface Fe atoms is not feasible for OP/GP to form BB
motif. The BB is considered only at the (100) surface plane as it is more favorable to
form than the B motif. For IHP, additional 3M (3Fe + 30) and 4M (4Fe + 40) are
considered at (010) and (100) surfaces, respectively. These motifs are chosen based on
the individual phosphate group’s feasibility of bonding with surface iron atoms. Mod-
eling different initial configurations for each binding motif could give more information
about the mineral-phosphate interactions. However, as high—level molecular simulations
are computationally expensive, only binding motifs observed in the literature are consid-
ered. First, a vacuum layer of about 18 A is added in the perpendicular direction (along
the z axis) between goethite periodic slabs to model these motifs. Then the phosphates
are added to the goethite surface, forming the desired motif in the vacuum region. To
simulate the soil solution and its prominent role in influencing the interactions of the
phosphates with the mineral surfaces, the goethite-phosphate complexes are solvated
with water. The density of water is chosen to be ~ 1 gecm™3, and water molecules are
added perpendicular to the surface plane with a height of ~18 A by using the solvate plu-
gin of visual molecular dynamics (VMD) package (Humphrey et al., 1996). The bottom
layer of goethite is kept fixed during the simulation to mimic the underlying extended
goethite bulk characteristics. This also avoids artefacts due to the water interaction in
the next box image.

Even though ab inito methods provide better accuracy, the computational costs restrict
their applicability to large systems. One could simulate a reduced system size to avoid
this, but this might incorporate unnecessary artefacts due to a finite simulation box that
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Figure 3.4: Goethite-GP-Water complexes: (010) goethite-GP-water complex (a) and
(100) goethite-GP—water complex (b). Blue, red, yellow, white, black, and
green colors correspond to iron, bridging oxygen, hydroxyl oxygen, hydro-

gen, carbon, and phosphorus atoms, respectively. The box denotes QM box
of the model. (Ganta et al., 2021a,b).

alters the goethite—phosphate interactions. Therefore, the quantum mechanics/molecu-
lar mechanics (QM/MM) (Senn and Thicl, 2009) method is adopted here because of the
large number of atoms (/= 1200) in each complex. In QM /MM methods, the reactive part
of the system where the targeted reaction happens is modeled using the QM method,
while the rest of the system is treated with MM. For instance, our focus is on goethite—
phosphate interaction which is local at goethite-water interface and therefore, the top
two layers of goethite surface, phosphate and solvating water within a layer of ~ 10 A
perpendicular to the surface are chosen as QM part and the rest of the system as MM.
The QM box dimension is chosen the same as the total simulation box dimension in x
and y directions, but it is confined only to cover the reactive region along the z direction.

The simulations have been performed using the CP2K (CP2K, 2017) package with elec-
trostatic embedding QM /MM method. The electrostatic embedding QM /MM method
allows the MM atoms to polarize the QM atoms, which provides a more accurate picture
of goethite—phosphate interactions. The QM region is defined with density functional
theory (DFT) as implemented in the quickstep code (VandeVondele et al., 2005) and
MM by the FIST package (Mundy et al., 2017). In quickstep code, a hybrid Gaus-
sian and plane wave (GPW) dual basis method is used with ionic cores described by
Goedecker-Teter-Hutter (GTH) pseudopotentials (I<rack, 2005) in combination with the
Perdew-Burke-Ernzerhof (PBE) (Perdew et al.; 1996) exchange—correlation functional
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and the Grimme D3 empirical dispersion correction (Grimme et al., 2010). The va-
lence electrons of all atoms are defined with the double-( valence polarlzed MOLOPT
(DZVP-MOLOPT-SR-GTH) basis set except water for which the single-¢ valence (SZV-
MOLOPT- SR GTH) basis set is used to reduce computational cost (VandeVondele and
Hutter, 2007). The SCF convergence threshold was chosen to be 10~° Hartree. The MM
part is descrlbed by classical force fields (FF). The goethite surface is modeled with the
CLAYFF (Cygan et al.; 2004) while water is modeled with the single point charge
(SPC) water model (Berendsen et al., 1987) and OP/GP/ITHP with CHARMMFF using
the SwissParm tool (Zoete et al.,, 2011). Both CLAYFF and CHARMMFF are com-
patible with the SPC water model. The interaction between the QM and MM parts
in CP2K is implemented using the Gaussian expansion of the electrostatic potential
method (GEEP) (Laino et al., 2006), wherein the MM charge is distributed by defining
it using Gaussians instead of point charges to avoid electron spilling. QM/MM-based
canonical (NVT, i.e., constant number of atoms N, volume V and temperature T) MD
simulations are performed with a 0.5 fs time step while the temperature was maintained
at 300 K using velocity rescaling thermostat (CSVR) (Bussi et al., 2007). The first ten
ps of each trajectory are assigned for the equilibration, and the remaining trajectory
(production trajectory) is used for analysis.

Regarding the diaspore-phosphate-water simulations, an identical procedure as men-
tioned above is followed to perform the simulations, as diaspore is isomorphous with
goethite. More detailed information regarding diaspore and goethite simulations are pre-
sented in Appendix. A and also at corresponding publications: (010) diaspore-GP /THP—
water (Ganta et al., 2019), (100) diaspore-GP/IHP—water (Ganta et al., 2020), (010)
goethite-GP /THP— Water (Ganta et al., 2021a), (100) goethite— OP/GP/IHP ~water (Ganta
et al., 2021b).

3.3 Analysis

Interaction Energies

The modeled goethite—phosphate—water complexes comprise three sub—systems or frag-
ments. Often one wants to find the interaction energy between the combination of two
sub-systems along the production trajectory. The pair interaction between two sub-
systems is calculated using the CP2K software, which separates the influence of the
third sub-system from the selected ones. The interaction energy between the goethite
and phosphate is given as:

Einteraction = Egoethite—phosphate - (Egoethite + Ephosphate) (31)

Even though water influences the phosphate geometry, it is not included in the above
equation. However, the calculated binding energies are overestimated if basis set super-
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position error (BSSE) is not considered. This error arises as the energies of individual
sub-systems are usually higher if only the basis functions of individual sub-systems are
used. This error can be corrected if the energies of individual sub-systems are calcu-
lated in the presence of basis functions of both sub-systems. This allows the sub-system
wavefunction to relax further and provide better energy values without overestimating.
Similarly, the interaction energies between goethite—water:

Einteraction == Egoethitefwater - (Egoethite + Ewater) (32)

and phosphate-water is given as:

Einteraction - Ephosphate—water - (Ephosphate + Ewater) (33)

The interaction energies involving water are divided by the number of water molecules
in the simulation box to calculate interaction energies per water molecule.

HB Analysis

(a)

+ @

Figure 3.5: Defnition of coordinates ¢, and g, in an HB between water’s oxygen and
IHP’s oxygen from a phosphate group (a) (Limbach et al., 2009), intramolec-
ular HB in THP (b) (Ganta et al., 2019).

HBs play an important role in influencing mineral-phosphate interactions (Parfitt and
Atkinson, 1976; Persson et al., 1996; Johnson et al., 2012). Intermolecular HBs are ob-
served mainly between phosphates and water as well as between mineral surface and wa-
ter. Interestingly, intramolecular HBs are observed between adjacent phosphate groups
of IHP (Johnson et al.,; 2012). Therefore, there is a need to understand the strength of
these hydrogen bonds theoretically.
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Here, the HB strengths are analyzed using their geometrical correlations expressed in
terms of the coordinates ¢; and g (Strassner, 2006; Limbach et al.; 2009; Zentel and
Kiithn, 2017) where ¢ = %(rl — ry) A and ¢» = (r1 + o) A. Here r; and ry denote
the distance between donor oxygen and hydrogen (Op—H) and distance between hy-
drogen and acceptor oxygen (H---O,), respectively, see Fig. 3.5a. The same holds for
intramolecular HBs between phosphate groups for the IHP case, see Fig. 3.5b. Thus, ¢
denotes the hydrogen deviation from the HB’s center and ¢, denotes the total HB length.
In addition, ¢; < 0 indicates that the hydrogen stays with the donor oxygen, whereas
¢1 > 0 denotes a proton transfer to the acceptor. A HB will be called strong if ry is about
1.2-1.5 A and thus ¢ (Op—H---04) about 2.2-2.5 A. When r =~ 1y, ie., ¢ tends to
zero. Similarly, moderate and weak HBs have ry distances ranging from 1.5-2.2 A (g2
from 2.5-3.2 A and r; < r9) and 2.2-3.2 A (go from 3.2-4 Aand r < T9), respectively.
In this study, HB analysis is performed only for the QM part of the system because we
are mainly interested in the interface region. This region is our reactive system which
includes all reactions concerning and affecting the surface binding/adsorption process.
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4 Summary of Simulation Results

This chapter summarizes the current thesis results and outlines the highlights of the
corresponding publications. The focus is on common phosphates like glycerolphosphate
(GP) and inositol hexaphosphate (IHP) interacting with abundant soil minerals, i.e.,
goethite (a«—FeOOH) and diaspore («—AlOOH). In forest soils, phosphates generally
have an overall negative charge and interact with positively charged surfaces like soil
minerals. Goethite is one of the most abundant and reactive soil minerals having an
Fe™ oxidation state, whereas diaspore is isomorphous with goethite with Al™® oxida-
tion state. These minerals often exhibit an overall positive surface charge that attracts
phosphates to their surface, which leads to the binding of phosphates on reactive sites
on minerals. In addition to pure minerals, amorphous Fe/Al hydroxides also exist in
nature, emphasizing the need to study these minerals. The current thesis provides a
molecular level picture of interactions in mineral-phosphate-water complexes and ana-
lyzes the factors that influence them. Molecular dynamics (MD) simulations provide a
framework to simulate interatomic interactions. However, a detailed description of these
interactions with Quantum Mechanics (QM) methods is expensive; therefore, the current
simulations are performed using hybrid electrostatic embedding quantum mechanics/-
molecular mechanics (QM/MM) based MD simulations to investigate interactions in
mineral-phosphate-water complexes. In the hybrid QM /MM approach, the reactive re-
gion is described with QM and others with MM to reduce computational cost and time;
see Section. 2.1 for an overview of the methods.

Previous studies showed that the mineral-phosphate interaction in diaspore/goethite—
[HP /GP—water complexes is mainly through covalent bonds and proton transfer events.
Furthermore, the binding energy of the mineral-phosphate complex depends on the to-
tal number of covalent bonds. However, factors that lead to the stable binding motifs
for diaspore/goethite-IHP/GP complexes were not explored thoroughly. Hence, the
typical surface planes of diaspore and goethite are investigated here to understand the
effect of surface termination and its saturation on phosphate’s adsorption (more details
in Chapter. 3). The initial mineral-phosphate binding motifs at the beginning of the
simulations are modeled to match the stable motifs found in experiments. The mineral
and phosphate binding strength is calculated by averaging the binding energies of di-
aspore/goethite and ITHP/GP at multiple timesteps along the production trajectory. In
literature, the water interaction with minerals is found mainly through the formation of
covalent bonds at the mineral surface. Its interaction with phosphates is mainly through
hydrogen bonds (HBs). Therefore, water’s influence on the mineral-phosphate binding
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diaspore

goethite

Figure 4.1: Snapshots of GP/IHP at diaspore/goethite-water interface (Ganta et al.,
2019, 2020, 2021a,b).

motifs is studied by calculating the phosphate—water and mineral-water binding ener-
gies and analyzing the strength of HBs between them. Further, the phosphate—water
interactions that restrict the mineral-phosphate binding motifs are highlighted through
trajectory snapshots. The following sections outline diaspore and goethite’s (010) and
(100) surface planes and phosphates, IHP and GP’s interaction with them in the pres-
ence of water. For the goethite (100) surface, orthophosphate (OP) is also included in
our study to correlate with experiments.
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Diaspore (010)

Diaspore (010) surface interaction with glycerolphosphate (GP) and inositol hexaphos-
phate (IHP) (Ganta et al., 2019) leads to the formation of monodentate (M, 1Al + O)
and bidentate (B, Al + 20 or 2Al + 20) motifs for GP and two (2M, 2Al + 20), three
(3M, 3Al + 30) monodentate motifs for IHP, see Fig. 4.1(a—d). Examining diaspore—
GP complexes, GP B motif remained stable throughout the production trajectory and
exhibited higher interaction energies than the M motif. The interaction energies dis-
cussed here are time averages of production trajectories, which quantitatively measure
the interaction strength. The interaction energy per bond of the B motif is 2.4 times
higher than of M. The higher overall interaction energy in the former case is due to
additional bond and proton transfer to the surface. Both motifs formed around seven
HBs with water. The strength of these HBs is often strong to moderately strong (see
Section. 3.3 for details about calculating HB strength).

For diaspore-IHP complexes (see Fig. 4.1c—d), IHP formed stable 2M and 3M motifs.
The THP 3M motif has higher overall interaction energy than the 2M motif. However,
it has 1.2 times weaker interaction energy per bond due to a mismatch between the
phosphate group’s position in IHP and the surface Al sites. This mismatch also intro-
duces strain into the 3M motif and restricts the formation of additional P-O—Al bonds.
The IHP B motif transformed to 2M motif due to intramolecular HBs between adjacent
phosphate groups and its interaction with nearby water molecules. The IHP—water in-
teraction caused considerable fluctuation of IHP concerning the diaspore surface, leading
to the dissociation of the covalent bond in the B motif. Intramolecular HBs are found
to be strong to moderately strong. The binding motif interaction energies comparison
shows that THP binds stronger than GP. The results agree with experiments that the
number of phosphate groups in phosphate is an important factor in deciding the P—
binding strength. The phosphate’s interaction with minerals does not affect the organic
moiety.

Water played an essential role in these interactions through multiple HBs and proton
transfer events (see Fig. 4.1a-d) with phosphates and diaspore. Both GP motifs formed
around 7 HBs with water, whereas IHP ones formed more than 15 HBs each, mostly
strong to moderately strong HBs. The IHP—water interaction energy per water molecule
is more than thrice that of GP, suggesting that IHP interacts more strongly with wa-
ter. The reason is that THP has a higher water—accessible surface area compared to
GP. The interfacial water molecules interacted strongly with the diaspore surface by
forming M motifs and strong HBs at the diaspore-water interface. Almost all surface
Al atoms have formed a M motif with water oxygens. Some water molecules dissociate
into protons and hydroxyl groups, leading to proton transfer processes at the interface.
The diaspore-water interaction energy per water molecule in all motifs here is higher
than that of IHP/GP-water suggesting that water interacts more strongly with dias-
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Table 4.1: Time-averaged interaction energies divided by the number of bonds of se-

lected stable binding motifs, bond lengths and distances for phosphates at
diaspore/goethite-water interface.

P, motif  Ejy/bond(kcal/mol)  Al-Op (A) AL-P (A)
Diaspore (010) surface (Ganta et al., 2019)
GP M —63 1.90 3.3
B —148 2.03 & 2.05 2.65
IHP M -170 1.84 & 1.87 3.15 & 3.25
3M 145 1.90 & 1.88 & 1.86 3.25 & 3.17 & 3.18
Diaspore (100) surface (Ganta et al., 2020)
GP M 23 2.3 3.4
B —~15 23& 24 3.3
IHP M -33 24 3.5
2M -109 21& 22 3.3 & 34
Goethite (010) surface (Ganta et al., 2021a)
GP M 112 2.0 3.2
B —61 22 & 2.3 2.6
IHP M -190 1.95 3.2
3M -86 207 & 1.9 & 1.91 3.3& 3.4
Goethite (100) surface (Ganta et al., 2021Db)
OoP M 35 2.1 3.5
B 41 2.01 & 1.97 3.19 & 3.2
GP M 48 1.99 3.19
B -38 2.01 & 2.03 3.19 & 3.1
IHP M -85 2.0 3.1
3M 72 2.01 & 1.98 & 1.94 31&32& 34
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pore than ITHP/GP. The diaspore-IHP /GP interaction energies are dominant compared
to diaspore—water interaction energies per water molecule, suggesting phosphate could
replace water bound to the diaspore surface.

Diaspore (100)

At diaspore (100) surface, the GP formed stable M and B motifs as shown in Fig. 4.1e~
f. In contrast to GP B motif in diaspore (010), the dynamics of the GP B motif here
show elongated and compressed Al-O covalent bonds in an alternating see—saw fashion
suggesting a strain in covalent bonds, see Fig. 4.2. Therefore, the interaction energy per
bond for GP B motif case is 1.5 times less than for the M motif. However, the overall
interaction energy of the B motif dominates the M motif suggesting that the former
motif is more likely to form.

s

Figure 4.2: Diaspore-GP B motif along the production trajectory (Ganta et al., 2020).

For diaspore-IHP complexes, IHP formed stable M and 2M motifs with diaspore (100)
surface, see Fig. 4.1g,h. The initial B and 4M motifs transformed to form M and 2M
motifs, respectively. The reason for the transformation of B motif is the same as dis-
cussed in the diaspore (010) surface case. Whereas the 4M transformation to 2M motif
is due to the diaspore (100) surface termination. As shown in Fig. 4.3, the AI-O bonds
are inclined due to repulsion between IHP oxygens and surface hydroxyl oxygens. During
equilibration, some oxygens in AI-O bonds dissociate from the surface Al atoms as they
are restricted to the region (see regions R1-R2 in Fig. 4.3) between surface hydroxyl
groups. Consequently, IHP 4M motif transforms to 2M motif. The diaspore-IHP 2M
motif has more than three times higher interaction energy per bond than M motif and
is hence more likely to form with a diaspore (100) surface. IHP formed intramolecular
HBs between adjacent phosphate groups, see Fig. 4.1g.

The water interaction with GP showed multiple proton transfers from GP to water (see
Fig. 4.1e—f) with few strong to moderately strong HBs. The see-saw motion of GP in
B motif is also influenced by GPs interaction with surrounding flexible water molecules.
[HP also showed proton transfer events to water in addition to multiple strong HBs.
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)

Figure 4.3: Snapshots along the MD trajectory for the 100 diaspore-IHP—water 2M
motif (a—c) and the top view of surface atoms showing interatomic Al-Al
distances (d). Similarly, the snapshots of 3M motif (e-g) and the top view
of surface atoms show interatomic Al-Al distances (h). The circle around
the Al atom denotes the site of AI-Op bonds in 2M and 3M motif, respec-
tively, wherein the red circle denotes the site where Al-Op bond dissociated.
Note that water is ignored in this image for better view (Ganta et al.; 2020).
Regions R1-R4 are selected regions for understanding Al-O bonds dissoci-
ation.

The [HP—water interaction energy is about 2.3 times higher than GP-water interaction
energies. At the diaspore—water interface, an average of 17 out of 40 surface Al atoms
formed M motif with water. Some water molecules also formed moderately strong HBs
with surface Al atoms. However, the diaspore-IHP/GP interaction energies are higher
than the diaspore-water interaction energy.

The effect of surface saturation and its termination is evident with the interaction energy
differences observed for IHP/GP at diaspore (010) and (100) surfaces, see Table. 4.1.
A highly saturated (100) surface with five oxygens (O~2/OH™ groups) coordinating the
surface Al atoms showed weak interaction with surrounding molecules compared to a
(010) surface with only four oxygens coordinating the surface Al atoms. The electro-
static potential of these surfaces in Fig. 4.4 shows that the (010) surface could interact
more strongly with negatively charged molecules than the (100) surface. The GP B
motif dominates M at both surface planes, with the GP B motif at the diaspore (010)
surface interacting ten times stronger than at the diaspore (100) surface. In GP B motif
at the diaspore (010) surface, two oxygens from the phosphate group are coordinated to
the same surface Al atom. In contrast, on the diaspore (100) surface, the oxygens from
phosphate are coordinated with two adjacent surface Al atoms resulting in unfavorable
large O—Al-O angles for strong binding. This resulted in a weaker B motif in the latter
surface plane. Similarly, IHP could only form 2M motif at the diaspore (100) surface,
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Figure 4.4: Electrostatic potential (a.1.) at one A (perpendicular to the surface) for the
bare (010) diaspore surface plane (a) as well as for the bare (100) diaspore
surface plane (b). These have been calculated for bare surfaces without
involving phosphates and water (Ganta et al., 2020).

but at (010) surface, it formed 3M motif with about twice the overall interaction en-
ergy. In addition to IHP/GP, the water showed weaker interaction at the diaspore (100)
surface. The diaspore-water interaction energy in the case of the diaspore (100) surface
is 3.4 times smaller than that of (010) case. The number of water M motifs with surface
Al atoms is half at the diaspore (100) surface compared to (010). Further, the IHP/GP-
water interactions are also affected because the water accumulated more around the
(010) surface than (100), see Fig. 4.5. For both surfaces, the diaspore-water interaction
energy per water molecule is lower than diaspore-IHP /GP, suggesting phosphates could
replace water bound to the diaspore.

I
09 I 010 —
0.8 100 ——

Figure 4.5: Comparison of radial distribution functions calculated for (010) and (100)
diaspore surface oxygens and hydrogens of water (Ganta et al., 2020).
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Goethite (010)

Goethite (010) surface interaction with GP (Ganta et al., 2021a) shows that it forms
similar motifs as for diaspore (010) surface, see Fig. 4.1i—j. The interaction energy per
bond of the GP M motif is higher than the B motif, but the overall interaction energy
for the latter motif is twice that of the former. This suggests that B motif is more likely
to form. However, Li et al. (2017) suggested that GP might only form M motifs due to
steric hindrance of organic moiety in GP molecule. Along these lines, other literature
suggests that GP or similar molecules with a single phosphate group dominantly form M
motifs. The study by Abdala et al. (2015) related to surfacing loading of orthophosphate
(OP) on goethite showed that at low surface loading, OP forms B motif and at high
surface loading, the M motif dominates. The current simulation setup corresponds to
a low surface loading situation; therefore, the B motif is more dominant than M. GP
formed around eight HBs with water and multiple protons transfer events in both motifs.

[HP interaction at goethite (010) surface formed stable M and 3M motifs, see Fig. 4.1k,1.
Similar to diaspore surfaces, it interacted through multiple phosphate groups. Unlike
at the diaspore (010) surface, the IHP initial M motif did not transform to 2M motif.
However, the initial B motif transformed to M. The interaction energy per bond of 3M
motif is smaller than that of M motif, but its overall interaction energy is higher than the
latter. The THP binding motifs at goethite from literature range from 4M, 3M, 2M, M
and zero. In current results and from diaspore-IHP motifs (Ganta et al., 2019, 2020),
IHP formed three different types of stable motifs, namely M, 2M and 3M. Therefore,
one can conclude that based on interface interaction, IHP could form different types of
binding motifs. Here, IHP formed more than 20 HBs with water, often strong to mod-
erately strong ones and donated multiple protons to water in both motifs. Compared to
GP, THP exhibited strong interaction with both goethite and water.

Water interacts strongly with both ITHP and GP and also with the goethite surface. It
forms multiple M motifs with surface iron atoms, proton transfer events and HBs with
goethite surface. The goethite-water interaction energy for the GP M motif is 1.2 times
larger than that of IHP M motif, supporting the finding by Celi et al. (2001) that IHP
adsorption on goethite makes the surface more negative.

To further characterize the binding motifs, the IR spectra originating from the stable
binding motifs of the goethite-IHP/GP—water complexes were investigated. For the
GP, the IR spectra calculated for M and B motifs matched well with spectra of GP and
phosphates with a single phosphate group from experimental and theoretical studies in
the literature. Similarly, the calculated IR spectra for IHP match well with experimental
spectra from literature, see Fig. 4.6. The match of calculated spectra with experiments
suggests that the current modeling approach is valid for simulating mineral-phosphate—
water interactions.
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Figure 4.6: Comparision of GP and IHP (at goethite) IR spectra with experimental
spectra from (Li et al.; 2017) and (Yan et al., 2015), respectively. The blue
rectangle denotes region within +15cm™! around frequencies observed in
experimental studies (Ganta et al., 2021a).

Goethite (100)

In addition to GP and THP, orthophosphate (OP) has been studied to understand
its adsorption onto the goethite (100) surface plane in the light of adsorption exper-
iments (Ganta et al., 2021b). As goethite is isomorphous with diaspore, the diaspore
(100) surface, as seen in Fig. 4.2, is similar to goethite (100) surface but surface metal
atoms as Fe. OP is one of the most abundant inorganic phosphates, which often exists in
the deprotonated state with an overall negative charge and hence attracts to the overall
positively charged surface. Goethite-OP complexes show that OP B motif has higher
interaction energy per bond than M motif, suggesting that the additional bond in B
motif is favorable. OP B motif’s overall interaction energy is 2.3 times higher than of M
motif. In both motifs, two proton transfer events are observed from OP to water forming
an average of five HBs each.

Goethite-GP complexes show that GP formed stable M and B motifs. In contrast to
OP, the B motif interaction energy per bond is less than the M motif, suggesting the
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Figure 4.7: Sum of Fe-O bond lengths observed in goethite-OP and goethite-GP B
motifs (Ganta et al.; 2021b).

additional covalent bond is unfavorable. Even though both OP and GP interact with
goethite through a single phosphate group, the interaction energy pattern is not the
same. The glycerol group present in GP increases the water—accessible surface area for
GP and hence its interaction with water compared to OP. This interaction strains the
Fe—O covalent bonds of the GP B motif. Therefore, the GP molecule, similar to GP
interaction at the diaspore (100) surface discussed above, performs see-saw like motion.
The time averaged Fe-O bond lengths of OP and GP B motifs show that the latter
bonds are elongated, see Fig. 4.7. Therefore, the OP B motif’s interaction energy is 1.1
times greater than that of the GP B motif. Both GP motifs showed that GP formed
around seven HBs with water with more than two proton transfers. GP showed stronger
interaction with water than OP because of its higher water—accessible surface area.

IHP formed stable M and 3M motifs at goethite (100) surface. The initial B motif
is unstable and transformed to M as seen in diaspore-IHP and goethite-IHP studies
above. Interestingly, the initial 4M motif transformed to 3M, for the same reason as
to why IHP transformed from initial 4M to 2M motif at diaspore (100) surface, see
Fig. 4.3. The 3M motif showed higher overall interaction energy, but the interaction
energy per bond is less than M motif. This suggests that the alignment of IHP over
goethite in 3M motif weakens the overall strength of individual Fe-O covalent bonds.
[HP has multiple proton transfers to water with more than 20 HBs with surrounding
water molecules. Comparing the phosphate’s interaction energies, the order of interac-
tion strength with the goethite surface is IHP > OP > GP and water is [HP > GP > OP.

The adsorption data from collaboration with the experiment provided new insight into
the binding interaction energies from modeling. The adsorption isotherms based on
Freundlich model (Freundlich, 1907) are mainly used to correlate the simulation findings.
The Freundlich equation reads:

Quas = 1 ;C1 (4.1)
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(Quqs denotes the adsorbate quantity adsorbed per unit mass of adsorbent, C. is ad-
sorbate equilibrium concentration in solution, K is Freundlich adsorption constant or
Freundlich unit adsorption capacity, and n; is the Freundlich exponent. Correlating to
modeling, the term Ky relates to the phosphate binding energies, whereas ny denotes the
extent of surface saturation that affects the interaction of the next incoming P molecules
to the surface. The order of K values are in line with interaction energy strength order
GP B < OP B < IHP 3M (Ganta et al.,, 2021b). However, OP Ky values are more
than twice the GP value, but the interaction energies obtained through simulations do
not hold the same relation, see Table. 4.1. This suggests that GP might predominantly
form M motif instead of B. Also, the IHP K value is 1.58 times of OP, meaning that
IHP might form both M and 3M motifs. The order of ny values, IHP < GP < OP, shows
that IHP saturates the surface faster than GP and OP and avoids subsequent incoming
phosphates interaction with goethite. This is because multiple unbounded phosphate
groups, often unprotonated, induce a negative charge to the surface compared to GP or
OP. The ny order could be related to the total number of proton transfer events from

phosphates at goethite-water interface. IHP showed more proton transfer events than
GP and OP, whereas GP dominates OP.
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5 Conclusions

Phosphorus (P) is a vital element for life on Earth, playing a crucial role in the growth
of plants and animals. A potential future scenario involving a peak in P availability
could disrupt global food production. Given the continuously growing global population,
exploring ways to recycle phosphorus efficiently is essential. In addition to numerous ex-
perimental studies, molecular modeling methods can provide a comprehensive molecular
level understanding of how P binds to soil minerals. In this thesis, we demonstrate this
approach by investigating the impact of various important factors on the process and
strength of P binding. These factors include the type of P—containing compound, the
mineral surfaces and their planes, the degree of surface saturation, binding patterns, and
the presence of water. Specifically, we conduct a molecular modeling study to examine
the binding of common phosphates like glycerolphosphate (GP), inositol hexaphosphate
(IHP), and orthophosphate (OP) to soil minerals such as goethite («—FeOOH) and di-
aspore (a—AlOOH).

Based on both the modeling results and existing literature, we can make the following
general observations and predictions:

o The adsorption of phosphates onto a mineral surface is significantly influenced by
the degree of surface saturation and the surface’s structure. A highly saturated
surface tends to have weaker interactions with phosphates. Additionally, the po-
sitions of surface atoms play a crucial role in determining the binding patterns
and their strength. If surface metal atoms are in an unfavorable position relative
to phosphate oxygens, it can strain the covalent bonds between the mineral and
phosphate or, in some cases, lead to temporary dissociation.

« Phosphates with a single phosphate group, such as OP and GP, typically form
stable M and B motifs when binding to mineral surfaces. However, the dominant
motif may change depending on the surface loading of phosphates. The organic
part of organic phosphates can also affect their interaction with the mineral surface
and the resulting binding motif.

o Phosphates with multiple phosphate groups, like IHP, can bind to the mineral sur-
face through multiple phosphate groups. In this case, the alignment of phosphate
groups with surface metal atoms significantly impacts their interaction with min-
erals. Unlike phosphates with a single phosphate group, IHP exhibits intramolec-
ular HBs between adjacent phosphate groups. These HBs can be strong enough
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to strain the covalent bonds between the mineral and IHP, occasionally causing
dissociation. However, IHP can form stable M, 2M, and 3M motifs, with the
dominant motif depending on the mineral-water interface interactions.

o The number of phosphate groups in a phosphate increases its binding strength
with minerals. IHP exhibited stronger interaction than GP and OP. The order of
binding strength at the goethite/diaspore-water interface can be estimated as THP
> OP > GP. Furthermore, phosphates induce a negative charge on goethite/dias-
pore, with THP inducing the highest charge, followed by GP and OP.

o Water plays a significant role in goethite/diaspore—phosphate interactions. HBs
between phosphate and water molecules can strain the covalent bonds between
minerals and phosphates, depending on the water—accessible surface area of the
phosphate. This also affects the stability of binding motifs. Multiple proton trans-
fers from phosphates to water can result in negatively charged phosphates interact-
ing with mineral surfaces. Water forms multiple M motifs with diaspore/goethite
and strong hydrogen bonds, saturating the surface.

e The binding strength order of phosphates and water with goethite/diaspore can
be projected as IHP > OP > GP > water. This suggests that IHP, GP, or OP can
replace water at the diaspore/goethite surface, with IHP being capable of replacing
OP and GP. This finding helps explain why IHP is more commonly found in forest
colloid samples than other phosphates.

o Comparing goethite and diaspore surfaces, the binding energies of water and phos-
phates with diaspore are significantly higher compared to goethite. This indicates
that the phosphates have a strong interaction with diaspore mineral. Therefore,
one can suggest that the isomorphic substitution of Al with Fe in nature might
further increase the phosphate binding capabilities of the goethite.

In the future, more comprehensive studies should encompass a wider range of soil min-
erals, various surface orientations for each mineral, an expanded array of phosphates
and other related compounds, different levels of phosphate loading, consideration of or-
ganic matter and metal ions, and exploration across a range of pH values. These studies
should aim to provide a more detailed and nuanced understanding of how phosphates
are adsorbed onto soil minerals. This can be achieved through the application of diverse
multi-scale molecular modeling techniques.
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Phosphorus (P) immobilization and thus its availability for plants are mainly affected by the strong
interaction of phosphates with soil components especially soil mineral surfaces. The related reactions
have been studied extensively via sorption experiments especially by carrying out adsorption of ortho-
phosphates onto Fe-oxide surfaces. But a molecular-level understanding of the P-binding mechanisms
at the mineral-water interface is still lacking, especially for forest eco-systems. Therefore, the current
contribution provides an investigation of the molecular binding mechanisms for two abundant
phosphates in forest soils, inositol hexaphosphate (IHP) and glycerolphosphate (GP), at the diaspore mineral
surface. Here a hybrid electrostatic embedding quantum mechanics/molecular mechanics (QM/MM) based
molecular dynamics simulation has been applied to explore the diaspore—IHP/GP-water interactions. The
results provide evidence for the formation of different P-diaspore binding motifs involving monodentate (M)
and bidentate (B) for GP and two (2M) as well as three (3M) monodentates for IHP. The interaction energy
results indicated the abundance of the GP B motif compared to the M one. The IHP 3M motif has a higher
total interaction energy compared to its 2M motif, but exhibits a lower interaction energy per bond.
Compared to GP, IHP exhibited stronger interaction with the surface as well as with water. Water was found
to play an important role in controlling these diaspore—IHP/GP-water interactions. The interfacial water
molecules form moderately strong H-bonds (HBs) with GP and IHP as well as with the diaspore surface. For
all the diaspore—-IHP/GP-water complexes, the interaction of water with the diaspore exceeds that with the
studied phosphates. Furthermore, some water molecules form covalent bonds with diaspore Al atoms while
others dissociate at the surface to protons and hydroxyl groups leading to proton transfer processes. Finally,
the current results confirm the previous experimental conclusions indicating the importance of the number
of phosphate groups, HBs, and proton transfers in controlling the P-binding at soil mineral surfaces.
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mineral surfaces and especially to Fe- and Al-{oxyhydr)oxides.®"°
This strong binding will reduce the availability of P to the plants
and consequently reduce the P efficiency. Molecular level insight
into this interaction could trigger a deeper understanding of the

1 Introduction

Phosphorus (P) is a vital element supporting global food
systems by enhancing soil fertility, plant growth and consequently

the nutritional security of the world population. A P peak scenario
has been predicted to arise this century’ and thus P scarcity could
become one of the most important global food security challenges.
Knowledge about substantial P leaching as well as about a more
efficient and sustainable use of P resources is still limited and
needs to be enhanced.>™ For instance, P leaching accompanies
heavy rains through the dispersion of rain water with soluble and
adsorbed P.° In rain water, minerals retain about 50% of the
existing P in the soil solution.”® A major factor in the context of P
efficiency is the interaction between P-containing compounds and
soil components.” Specifically, phosphates bind strongly to soil
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Rostock, Germany. E-mail: ashour.ahmed@uni-rostock.de
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24316 | Phys. Chem. Chem. Phys., 2019, 21, 24316-24325

fate of P in the environment and eventually lead to smarter
fertilisers with increased P efficiency.”®""

Organic and inorganic P (P, and P;) containing compounds
play a substantial role in controlling the P environmental cycle.
The most abundant P compounds in soils and especially forest
ecosystems are orthophosphates,'” inositolhexaphosphates
(IHPs)"™"* and glycerolphosphates (GPs).'*'® In addition,
Fe- and Al-(oxyhydr)oxides are among the most common
P-fixing minerals found in forest soils."® The colloids of these
minerals can adsorb P at their surfaces forming colloidal P
complexes. Goethite (a-FeOOH) is one of the most abundant
reactive soil minerals having a ferric ion (Fe*") in an iron
oxyhydroxide chemical formula within the orthorhombic crystal
system. In general, phosphates and especially orthophosphates
show strong interactions with goethite and thus, these inter-
actions are thoroughly studied.?”*® Here, it was found that the

This journal is © the Owner Societies 2019
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number of phosphate groups in a certain P, compound deter-
mines the stability of its complex with the mineral surface.>* For
instance, IHP with its six phosphate groups generally exhibits a
strong binding and high stability compared with other P,
compounds with a smaller number of phosphate groups. Ognalaga
et al.”® showed that IHP interacts with goethite via the formation of
inner-sphere complexes between the IHP phosphate groups and the
goethite surface Fe atoms. It was suggested that IHP binds to the
goethite surface by up to four phosphate groups. The remaining
non-interacting phosphate groups induce a modification of the
electro-chemical properties, for instance, IHP adsorption causes
particle dispersion and a net increase of the negative charge of
the surface. The IHP organic moiety affects only the conformational
flexibility of the binding motif. In addition, very little dissolution of
the goethite surface has been observed during the adsorption
process. Adsorption experiments and FTIR results by Celi et al*®
confirmed the above conclusions by Ognalaga et al.>® In contrast,
FTIR and adsorption experiments by Guan et al.”” showed that only
three phosphate groups in IHP were bound to the amorphous
aluminium hydroxide while others remained free.

The binding capabilities of IHP can be compared with those
of GP which has a single phosphate group only. Li et al.?®
suggested that GP adsorbs onto the goethite surface by forming
inner-sphere complexes through the phosphate group. Moriguchi
et al”® showed that GP adsorbs onto hydrated iron (Fe**) oxide
precipitates. In addition, GP exhibits strong interaction with
boehmite, o-Al,0; and Al(OH);,*® and also with ferric oxide.*"

Despite the presence of quite a few studies reporting on the
binding of IHP and GP to the goethite surface, almost nothing
is known about the interaction of these P, compounds with the
diaspore surface. Diaspore (¢-AIOOH) is isomorphous with
goethite having an AP** oxidation state instead of Fe**. Compared
with goethite it exhibits a higher surface energy.>” In soil minerals
amorphous Fe/Al hydroxide mixtures are present, thus having a
more detailed knowledge about the P interaction with diaspore will
provide a better understanding of the P interaction with these soil
mineral components.

Accompanying experimental studies, molecular level simulations
are emerging as an important tool in soil sciences.®® For instance,
Kubicki et al***® analysed different phosphate—goethite complexes
in terms of their fingerprints in infrared vibrational spectra. Recently,
Ahmed et al*® performed ab initio simulations of infrared spectra
and the associated binding motifs for the phosphate at the goethite—
water interface. A comparison with experiments emphasised the
importance of combining the results from different binding motifs
and surface planes in order to account for the heterogeneous nature
of the samples. A similar statistical approach has been proven useful
also for the description of the interactions of pollutants with soil
organic matter.**?” Taking into account solvating water molecules
in the simulations is essential for a realistic description of the
P-mineral surface interaction, which has also been concluded
from a study of glyphosate at the goethite-water interface.*®

A similar molecular level analysis of the IHP and GP inter-
action with the diaspore surface is missing so far, which provides
motivation for the present study. The main objective of this
work is to characterise the adsorption of IHP and GP at the
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diaspore-water interface on the basis of periodic boundary quantum
mechanics/molecular mechanics (QM/MM)** molecular dynamics
simulations. To this end, a systematic analysis of the binding motifs,
proton transfers, intramolecular and intermolecular hydrogen bonds
(HB), interaction energies and the competition between water and
IHP/GP adsorption onto the diaspore surface will be presented.

2 Computational details
2.1 Model systems

The interaction of IHP and GP with diaspore will be investigated
by considering the 010 diaspore surface plane (according to the
Pnma space group) which corresponds to the 001 diaspore
surface plane within the Pbnm space group. The orthorhombic
diaspore unit cell has 16 atoms, i.e., four AIO(OH) formula units
with lattice constants a = 4.4007, b = 9.4253, and ¢ = 2.8452 A
(according to the Pbnm space group), see Fig. 1a. The surface
plane slab was generated by repetition of the diaspore unit cell
as 5a x 2b x 4c, Fig. 1b and c. This slab model consists of
640 atoms (160 Al, 160 H, and 320 O atoms). Each top surface Al
atom of the slab is coordinated by four O atoms, see Fig. 1c. This
means that in the present contribution the diaspore has been
simulated as an unsaturated surface. The main reason for that
is the diaspore has point of zero charge (PZC) around 6.*°
Consequently, at pH below 6, the diaspore surface will be
partially unsaturated and exhibit a positive charge. Thus it has
the ability to attract/adsorb anions such as phosphates and/or
hydroxyl groups. More details about modeling of the diaspore
surface is given in the ESL{ It is important to mention that here
we are simulating common and normal acidic soil conditions,
i.e. in the pH range of 3-6.

The initial binding motifs are modelled to have phosphate
group(s) of GP and IHP interacting with the Al atoms of the
diaspore surface. GP has one phosphate group, see Fig. 2a, and
IHP has six phosphate groups, see Fig. 2b. To differentiate
between phosphate groups in the IHP, each phosphorus is
color-coded and denoted as Px, where x = 1, 2..., 6 and the
corresponding oxygens are denoted as Ox1 (non-protonated
oxygen), Ox2 and Ox3 (OH functional group oxygens), and
Ox4 (oxygen bonded with carbon) with the same color as the
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Fig. 1 Diaspore unit cell (a), top view (b) and side view of the modelled
diaspore surface (c), the diaspore—GP-water complex (d), the M motif (e),
the B motif (f), and the 3M motif (g). Pink, red, yellow, white and lime colors

correspond to Al, bridging oxygen, hydroxyl oxygen, hydrogen and phos-
phorus respectively.
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(b)

Fig. 2 Molecular structure of glycerolphosphate (CsHgOgP, GP) (a) and
inositol hexaphosphate (CgH18024Ps, IHP) (b). In general all the phosphate
groups are equivalent. The oxygen and phosphorus atoms are labelled to
ease the discussion of diaspore—IHP/GP-water interactions.

corresponding phosphate, see Fig. 2b. More details about
modelling of IHP and GP are given in the ESL¥

A vacuum layer of about 18 A was added between the
periodic slabs perpendicular (along the z axis) to the studied
surface plane. Then, GP was added into the vacuum region with
its long axis perpendicular to the surface and solvated, see
Fig. 1d. Here, the GP’s phosphate group was aligned to bind to
the surface Al atoms via two different binding motifs. These
motifs involved the formation of diaspore-GP complexes with
monodentate (M, 1 covalent bond between 1 phosphate O atom
and 1 surface Al atom), see Fig. 1e and bidentate (B, 2 covalent
bonds between 2 phosphate O atoms and 1 surface Al atom),
see Fig. 1f bonds. The same binding motifs have been con-
sidered for the diaspore-IHP complex. In addition, another
binding motif (3M, 3 phosphate O atoms with 3 Al atoms)
Fig. 1g was modelled for the IHP interaction with the diaspore
surface. The choice of the latter motif is mainly based on the
experimental studies in ref. 25 and 27 which concluded a
higher number of IHP-surface bonds. It is important to men-
tion that having different starting configurations for each
binding motif could give more insight into understanding the
diaspore-IHP/GP interactions. However, this was not possible
within a reasonable time due to the size of the modeled systems
and the used computationally expensive QM/MM level of
theory. To simulate the soil solution and its vital role in
controlling the interaction of the P containing compounds with
the mineral surfaces,®® the modelled diaspore-IHP/GP com-
plexes are solvated with water at a density of about 1 g cm™>
using the solvate plugin provided by the VMD package,*" see
Fig. 1d. For each model, the slab bottom layer atoms were kept
fixed to approximate the properties of the underlying extended
diaspore bulk and to diminish artefacts due to the interaction
with water of the next box image. Except for these fixed atoms,
all other MM atoms including the MM water molecules are left
fully flexible during the MD simulations.

2.2 QM/MM setup

The accuracy provided by the ab initio methods comes at high
computational costs which restricts the applicability to systems
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with a few hundred atoms at best. The modelled diaspore-IHP/
GP-water complexes include about 1200 atoms and therefore
cannot reasonably be treated by pure ab initio methods. Reducing
the system size, however, always bears the danger of artefacts due
to the finite simulation box in combination with periodic
boundary conditions. Setting the focus on the adsorption of
the P-compounds, i.e. a process which is local at the mineral-
water surface, a full ab initio treatment is not necessary and a
hybrid QM/MM approach is the method of choice.*® In the
present case, the QM (reactive) part is chosen to include the top
two layers of the diaspore surface (160 atoms), IHP (54 atoms)/
GP (19 atoms), and solvating water within a layer of ~10 A
perpendicular to the surface (x 114 atoms). The size of the QM
boxis 5a x 2b x 22 Ai.e. 22.0035 x 18.8506 x 22 A, where a and
b are the diaspore lattice constants. The remaining part of the
system is treated at the MM level. Thereby electrostatic embedding
is used, including the polarization of the QM atoms by the MM
atoms. The QM/MM implementation is performed employing the
CP2K*? package, where QM is treated by the quickstep code® and
MM by the FIST package.** For the QM method, density functional
theory (DFT) was adopted with the hybrid Gaussian and plane wave
(GPW) dual basis method, wherein the atom centered Gaussian
basis describes the wave function and the auxiliary plane waves
describe the electron density. The core electrons are replaced by
Goedecker-Teter-Hutter (GTH) pseudopotentials*® and the Perdew-
Burke-Ernzerhof (PBE)*® version of generalized gradient approxi-
mation (GGA) was used as an exchange-correlation functional.
To account for the van der Waals forces, the D3 empirical
dispersion correction*” was adopted. The electronic density cut-
off of the auxiliary plane wave basis is set to 500 Ry. The double-{
valence polarized (DZVP-MOLOPT-SR-GTH), MOLOPT*® basis
sets that reduce the computational cost for condensed phase
systems and minimize the basis set superposition error (BSSE)
are used except for water atoms. The single-( valence basis set was
selected for the water atoms to further reduce the computational
costs. An SCF energy convergence study was performed for various
configurations and a convergence threshold of 10> was chosen. In
the MM part, water is modeled using a SPC*® based water model and
the surface is modelled with CLAYFF force fields,”® see Tables S1 and
S2 in the ESL{ These force fields are suitable to simulate mineral
surfaces and their corresponding water interfaces. CHARMM force
fields for IHP and GP are obtained via the SwissParm force field
generation tool,> see Table S3 and Fig. S1 in the ESLT The QM/MM
driver in CP2K is the Gaussian expansion of the electrostatic
potential method (GEEP),”> wherein the MM atom charges are
described using Gaussians to prevent electron spill out and to
accelerate QM/MM electrostatic calculations. More details about
the current implementation of the QM/MM approach are given in
the ESL{ The parameters used in the current QM/MM approach are
validated by comparing pair correlation functions and P-O-Al bond
formations observed in pure QM and QM/MM trajectories as shown
in Fig. S2 and S3 in the ESL Periodic boundary conditions (PBC) are
applied in all the three spatial directions to the whole molecular
system involving the diaspore surface, phosphate species (IHP/GP),
and all water molecules. A total of 25 ps NVI-MD simulations are
performed with a time step of 0.5 fs. To maintain the average
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temperature of the system around 300 K, the canonical sampling
through velocity rescaling thermostat (CSVR)* approach is used
with 100 fs time constant. The first 10 ps are considered as
equilibration (see Fig. S4 in the ESIf) of the system and the
production trajectory (remaining 15 ps) was used for analysis of
the diaspore-IHP/GP-water interactions.

To characterize the complexation reaction between the
modeled phosphate species (IHP/GP) and the diaspore surface,
the interaction energy (Ei,) between each phosphate species
and the diaspore surface is calculated at every 100 fs along
the production trajectory. For example, for the complexation
reaction diaspore + GP — diaspore-GP-complex, Ej,; between
GP and the diaspore surface is calculated as follows:

Eint = Ediaspore—GP—complex - (Ediaspore + EGP) (1)

where, Egiaspore-GP-complexy Epy a0 Egiaspore are the total electronic
energies of the diaspore-GP-complex, GP, and the diaspore
surface, respectively. Here, the BSSE is corrected using the
counterpoise scheme.’® Similarly, the interaction energies
between IHP and diaspore, water and diaspore, GP and water,
and IHP and water are calculated. For each model, the inter-
action energy between each of the two subsystems is calculated
for 150 snapshots along the production trajectory and the time-
averaged value is presented here. For more details regarding the

Fig. 3 Snapshots along the trajectories of diaspore—~GP-water models.
Initial M (O + Al) motif (a), proton transfer from O3 to water (b), at 20 ps (c),
a stable M motif at 25 ps (d), the initial B (20 + Al) motif (e), proton transfer
from O2 to diaspore (f), proton transfer from O3 to diaspore (g), a stable B
motif at 25 ps (h).
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calculation of interaction energies, see the ESI.{ Energies
related to the interaction with water will also be given as per
the water molecule, i.e. by dividing the total energy by the total
number of water molecules in the box.

3 Results and discussion

3.1 Diaspore-GP-water interactions

3.1.1 GP M motif. In this model, initially the long side of
GP was placed perpendicular to the diaspore surface in forming
an M binding motif between the GP’s non-protonated oxygen
atom (O1) and the central surface Al atom, see Fig. 3a. The MD
simulation results show that a stable monodentate complex is
formed between GP and the diaspore with an Al-O1 average
bond length of 1.90 A. P-Ox and Al-Ox interatomic distances
are given in the ESIt (Fig. S5b and S6a). Two proton transfer
events are observed from O3 and O5 of GP to water, see Fig. 3c
and d. It is to be noted that the proton transfer events are not
entirely a consequence of diaspore-GP binding, but they are
also observed in the simulations carried out in the bulk, see
Fig. S7 and S8 (ESIt). The average geometry of the PO, moiety is
rather close to that of a free tetrahedral PO,>~ with a RMSD of
0.06 A (see Table 1 and Fig. S5a, b and S6a in the ESI¥).

On average 7 HBs are observed between GP and water in the
production trajectory. In the following, HB strengths are analysed
using their geometrical correlations expressed in terms of the
coordinates g, and g,,”> " where g, =4(r, — ) Aand g, = (r, + 1) A.
Here r; and r, denote the distance between donor oxygen and
hydrogen (Op-H) and the distance between hydrogen and acceptor
oxygen (H- - -O,), respectively, see Fig. 4. Thus, for a linear HB ¢, and
q, denote the deviation of the hydrogen from the center of the HB
and the total HB length, respectively. In addition ¢; < 0 indicates
that the hydrogen stays with the donor oxygen, whereas q; > 0
denotes a proton transfer to the acceptor. A HB will be called strong
if r, is about 1.2-1.5 A and thus g, is about 2.2-2.5 A. In addition
r1 & 1 Le ¢ is close to zero. Similarly, moderate and weak HBs

qz
Fig. 4 Definition of HB coordinates g, and g,.>°

Table1 Time-averaged interaction energies (E;,; according to eqn (1) divided by the number of bonds in the motif) of diaspore—IHP/GP, selected bond
lengths and distances as well as the RMSD of the average phosphate geometry from that of the isolated PO,*~ one (cf. Fig. S5 and S6 in the ESI). Here,
‘motif’ denotes the final motif adopted in the production trajectory, Al and O, denote covalent bonded Al and IHP/GP O atoms. The P denotes the
phosphorus atom of the phosphate group bonded to Al and 2M(1) and 2M(2) denote the two different 2M motifs of IHP

P, Motif Eini/bond (keal mol ™) Al-OP (A) Al-P (A) RMSD(PO,*") (A)
GP M —63 1.90 3.3 0.06

B —148 2.03 & 2.05 2.65 0.10
IHP 2M(1) —-170 1.84 & 1.87 3.15 & 3.25 0.06 & 0.10

2M(2) —115 1.91 & 2.07 2.92 & 3.19 0.10 & 0.19

3M —145 1.90 & 1.88 & 1.86 3.25 & 3.17 & 3.18 0.07 & 0.08 & 0.10
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Fig. 5 HB correlation g, vs. q; of the GP M motif (a—c) and the GP B motif
(d—f), respectively, along the production trajectory. The points in white
square boxes denote the average values of g; and g,. Here, the symbols *,
® and V¥ denote strong to moderately strong HB, moderately strong HB
and moderately strong to weak HB respectively.

have r, distances in the range of 1.5-2.2 (¢, from 2.5-3.2 Aand r, <
r,) and 2.2-3.2 A (g, from 3.2-4 A and r; « r,), respectively.”®

The trajectory data will be analysed by taking snapshot
geometries for all the observed HBs. In addition the averaged
q. and g, lengths will be given. The results for the GP M motif
are shown in Fig. 5. Panel (a) considers the O2 atom which
forms a moderate to strong HB and O3 being involved in a weak
to moderately strong HB. According to Fig. 5b O4 forms a weak
to moderately strong HB, whereas from O5 a proton is trans-
ferred to a water oxygen (r, < ry). The transferred proton forms
a moderate to strong HB with the donating O5. In addition, O5
is an acceptor for a HB with a water H atom. From Fig. 5c we
notice that O6 acts as both, donor and acceptor for moderately
strong HBs. From the overall analysis of HB strengths, 3 (02,
O5p, and O5,) strong to moderately strong HBs and 4 (03, O4,
06p, and 06,) moderately strong HBs are observed. In this
study H-bond analysis is performed only for the QM part of the
system because we are mainly interested in the interface region.
This region is our reactive system which includes all reactions
concerning and affecting the surface binding/adsorption process.

Regarding the diaspore-water interaction, an average of 19
water molecules (out of 20 possible) formed M binding motifs
(Al-Op, o) with the diaspore surface. The oxygen atoms of water,
Op,o are bound to the surface Al atoms of the diaspore with
average bond lengths in the range of 1.8 to 2.0 A. Around five
protons transferred to the diaspore surface after dissociation of
a few water molecules near the surface. In addition to the
proton transfers and covalent bonds, moderate to strong HBs
are also observed between water and diaspore, see Fig. S9a and
b in the ESI.{

The analysis of the time averaged interaction energies of the
production trajectory provides a quantitative measure for the
significance of the bonds and proton transfers discussed above.
The average interaction energy between diaspore and GP is
around —63 kcal mol ', see Table 1. The average interaction
energy values per water molecule with diaspore and GP are
—9.8 and —2.2 kecal mol " respectively. This indicates that water
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has a stronger interaction with diaspore than with GP due to
several M motifs (1Al-10y o), proton transfers and HBs formed
between water and the diaspore surface. This appears to be a
general observation valid for all the studied diaspore-IHP/GP-
water models (see below).

3.1.2 GP B motif. The starting configuration the phosphate
group is placed in a B (20 + 1Al) motif with a surface Al atom
and the long side of GP perpendicular to the diaspore surface,
see Fig. 3e. A stable B motif complex is observed throughout the
trajectory, see Fig. S10 in the ESIL.¥ The average covalent bond
length of Al-O1 and Al-02 is 2.03 and 2.05 A, respectively. Note
that these bond lengths are larger than those of the M motif,
see Table 1. The distance between the P atom and the bonded
Al atom has an average value of around 2.65 A, which is shorter
than the one observed in the M motif, see Table 1. Hence,
establishing a cyclic closed-membered ring structure at the Al
site in the B motif requires the O1-P-O2 angle to widen, while P
moves closer to the surface. As a consequence the average
geometry of the PO, moiety has a RMSD value of 0.10 A with
respect to the free tetrahedral PO,*~ (see Table 1 and Fig. S5¢
and S6b in the ESIT).

The proton bonded to oxygen O2 is transferred to the surface
in the first 5 ps of the trajectory, see Fig. 3f and thus both
oxygens bonded to the Al atom are non-protonated in the
production trajectory. This could be the reason for similar covalent
bond lengths for the Al-O1 and Al-O2 bonds. The P-Ox and Al-Ox
interatomic distances are given in the ESIt (Fig. S5c and Séb).
Observe that O3 is closer to Al compared to the M motif, see
Fig. S6a and b in the ESL{ In contrast to the M motif, two protons
are transferred from O2 and O3 to the surface, see Fig. 3h.
Moderately strong HBs are formed between oxygens O1, O2
and protons transferred to the surface, see Fig. S5c in the ESL{

Similar to the M motif, GP forms an average of 7 HBs with
water. Geometrical correlations and HB strengths can be taken
from Fig. 5. Observe that 2 (O5 and 06) strong to moderately
strong HBs, 3 (01, 03, and O5) moderately strong HBs and 2
(02 and O4) moderately strong to weak HBs are formed, see
Fig. 5d-f. Altogether, GP often forms moderately strong HBs
with water see Fig. S11a and b in the ESL The interaction of
water with the diaspore surface in the B motif is similar to the
interaction of water with the diaspore in the M motif.

The average interaction energy between GP and diaspore for
the B motif is —295 keal mol ?, i.e. —148 keal mol * per bond, see
Table 1. This interaction energy is more than twice of the interaction
energy calculated per bond in the M motif case. The increased
interaction energy is due to the two proton transfer processes from
GP to the diaspore surface. Therefore, the formation of the B motif
is more favourable compared to the formation of the M motif.
The average interaction energy per water molecule with GP is
—0.78 keal mol™". A weaker GP-water interaction energy is
observed compared to the M motif case since in the latter two
proton transfers to the water solvation shell are found.

3.2 Diaspore-IHP-water interactions

3.2.1 IHP 2M motifs. Here, two different initial configurations
of the diaspore-IHP-water model have been modelled and both

This journal is © the Owner Societies 2019



Published on 29 August 2019. Downloaded by University of Rostock on 6/7/2020 1:04:20 PM.

Paper

View Article Online

PCCP

Fig. 6 Snapshots along the trajectories of diaspore—IHP—water models. Here, the phosphate groups are color-coded and the oxygen label color
denotes the phosphate group it belongs to. Initial M (O + Al) motif (a), proton transfer from O13 and O62 to the surface and formation of the Al2-061
covalent bond (b), proton sharing between P1 and P6 phosphate groups (c), a stable 2M motif (d), the initial B (20 + Al) motif (e), proton transfer from O12
to the surface (f), proton sharing and HB between P1 and P6 phosphate groups (g), HB between P1 and P2 phosphate groups and a broken Al2-062
covalent bond (h), the initial 3M motif (i), proton transfer from O43 to the surface and protonation of O32 (j), and a stable 3M motif (k) and (l).

cases finally transformed to 2M motifs (2 covalent bonds between 2
phosphate’s 2 O atoms and 2 surface Al atoms). In the first case,
2M(1), a non-protonated IHP phosphate oxygen atom (O11) is
aligned to form a M motif with a surface Al atom (Al1) and the
remaining part of IHP is aligned perpendicular to the diaspore
surface, see Fig. 6a. The MD results show that within 2 ps, 061
forms a covalent bond with another surface Al atom (Al2), adjacent
to All. A stable 2M binding motif is observed between IHP and
diaspore with Al1-O11 and Al2-O61 average covalent bond lengths
of 1.84 and 1.87 A, see Fig. $12b in the ESIt and Fig. 6d, respectively.
Further, the average geometries of the PO, moieties deviate from
that of a free tetrahedral PO,>~ with RMSD values of 0.06 and 0.10 A
(see Table 1 and Fig. S5d and Séc in the ESIt).

The series of events which unfolds to form the stable 2M(1)
motif starting from Fig. 6a is as follows: from O13 a proton is
transferred to the surface, followed by HB formation between
the transferred proton and the donating oxygen O13. After a few
fs a HB to the surface from 062 oxygen of the P6 phosphate
group is formed, see Fig. 6b. After the formation of this HB, the
P6 phosphate group is now close to the surface and the non-
protonated oxygen atom (061) of the P6 phosphate makes a
covalent bond with Al2. The formation of HBs between IHP’s
phosphate group and the surface supported the formation
of the Al2-O61 covalent bond. For P-O1lx, P-O6x, Al1-Olx
and Al2-O6x interatomic distances, where x = 1, 2, 3, and 4,
see Fig. S5d and S6c in the ESI.{ Notice that the bond lengths,

This journal is © the Owner Societies 2019

P-O-Al angle and distances observed between All and the P1
phosphate group are shorter than those between Al2 and the P6
phosphate group, i.e. the two binding sites are not equivalent.
The distance between All and all P atoms along the course of
the trajectory is shown in Fig. S12a in the ESL¥

A total of two proton transfer processes is observed from IHP
to the surface, one proton transfers from 013 and it forms a
moderately strong HB with the donating oxygen atom O13.
Another proton transfers from 062 to form a moderately strong
to weak HB with 062, see Fig. 7a (1, < ry). In addition to the
intermolecular HBs, strong to moderately strong intramolecular

T T T T T T T T T T T T
4| 8]
(a) O13p - (b)  023-H-032 - 011-H-022 -
062y - 012-H-062 - 012-H-062 -
— 032-H-021
<32
N
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5 0, O.
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Fig. 7 HB correlation g, vs. g; of O13, O62 and protons transferred to the
surface in IHP 2M(1) motif (a), intramolecular HBs in IHP observed in the
IHP 2M(1) motif (b) and the IHP 2M(2) motif (c). The points in white square
boxes denote the average value of g; and g, along the course of the
corresponding production trajectory. Here, the symbols *, @ and V¥
denote strong to moderately strong HB, moderately strong HB and

moderately strong to weak HB respectively.
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Fig. 8 HB correlation g, vs. q; of IHP and water in the IHP 2M(1) motif
(a—f). The points in white square boxes denote the average value of g, and
g, along the course of the corresponding production trajectory. Here, the
symbols *, @ and ¥ denote strong to moderately strong HB, moderately
strong HB and moderately strong to weak HB, respectively.

HBs are observed in IHP, namely O12-H-062 and 023-H-032
(see Fig. 7b). Regarding the IHP interaction with water, a total of
5 proton transfers are observed from IHP to water with an
average of 19 HBs between IHP and water. Upon analyzing HB
strengths between IHP and water using the g, vs. g; correlation,
2 (021 and 043) strong to moderately strong HBs, 4 (013, 022,
033, and 042) moderately strong HBs and 6 (031, 043,, O51,
052, 053, and 063) moderately strong to weak HBs are formed,
see Fig. 8. Note that in Fig. 8b 022 exhibits a proton transfer
(ro < ry). In addition, it is also observed that the water
molecules tend to move closer to the diaspore surface during
the course of the simulation, see Fig. S12c¢ and d in the ESL.¥}

The time-averaged interaction energy between IHP and the
diaspore surface is —340 kcal mol ', i.e. —170 kcal mol™" per
bond, see Table 1. The interaction energy of IHP with diaspore
is higher than that of the GP B motif. The average interaction
energy per water molecule with THP is —6.9 keal mol™". Observe
that the interaction of water with IHP is stronger than that
with GP.

Given the size and flexibility of IHP a number of different
configurations can be expected for a given motif. Exemplarily,
we discuss a second 2M motif, in the following called 2M(2). It
has been obtained starting with a B motif, where the phosphate
group is placed such that the surface Al atom forms a B motif
with O11 and O12 oxygens and the remaining part is aligned
perpendicular to the diaspore surface, see Fig. 6e. The stable
2M(2) motif which is obtained is shown in panel (h). The P6
phosphate group forms an additional covalent bond with another
surface Al atom (Al2), which is adjacent to the P1 phosphate
group bonded surface Al atom (Al1). The average covalent bond
length of Al1-O12 and Al2-062 is 1.91 and 2.07 A, respectively.
Further, the average geometries of the PO, moieties deviate from
that of a free tetrahedral PO,>~ with RMSD values of 0.10 and
0.19 A (see Table 1 and Fig. S5e and S6d in the ESIY).

One proton transfer occurs from IHP to diaspore which
forms a HB with the bonded oxygens O12 and 062. The series
of events that led to the formation of 2M(2) is as follows: a
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proton is transferred from O12 to the diaspore surface followed by
intramolecular HB formation between 012 and 062 (012-H-062),
see Fig. 6f. The HB pulls 062 close to the surface, see Fig. 6g and
supports the formation of the Al2-062 covalent bond. After a few ps,
the covalent bond between the non-protonated oxygen O11 and All
(see Fig. S13 in the ESIt) is distorted by a moderately strong to weak
intramolecular HB formed between O11 and 022 (0O11-H-022).
In addition two moderately strong to weak intramolecular HBs
(011-H-022 and 0O12-H-062) are present (see Fig. 6h and 7c).

In addition to the O11-H-022 intramolecular HB, another
reason for dissociation of the Al1-O11 covalent bond in the
initial B motif could be that IHP has a strong interaction with
water. The phosphate groups of IHP often form moderately
strong HBs with the surrounding water molecules. A total of
three proton transfers and 17 HBs are observed between IHP
and water molecules. These interactions lead to a considerable
fluctuation of IHP with respect to the diaspore surface, causing
dissociation of the covalent bond in the B motif.

The average interaction energy between IHP and the diaspore
surface is —230 kcal mol ' i.e. —115 kcal mol " per bond, see
Table 1. The average interaction energy per water molecule with
IHP is —6 kcal mol™". The interaction energy per bond is
smaller than that for 2M(1), implying that eventually 2M(2)
could transform into 2M(1) on a longer time scale. Observe that
the P1-0O12 average bond length (1.64 A) is larger than the average
bond length observed between phosphorus and the corresponding
Al-bonded oxygen in the IHP 2M(1) motif, see Fig. S5d and e in the
ESLT Also, the P1-O12-All angle is smaller than the angle
observed between P, corresponding Al-bonded oxygen and Al in
the IHP 2M(1) motif, see Fig. S5d and e in the ESLY

There are several reasons for the higher stability of 2M(1) as
compared to 2M(2). Most importantly there is a difference in
the deprotonation state, i.e. in the case of 2M(1) a total of seven
proton transfers are observed, whereas only four are found for
2M(2). In addition, the intramolecular HB 012-H-062, which
is close to the binding sites, could have a stabilizing function. It
is much stronger for 2M(1) as compared to 2M(2).

Analyzing the binding mechanisms in the IHP 2M motif
cases, one can conclude that intermolecular HBs, proton transfer
processes and intramolecular HBs play a prominent role in
deciding the stability of the IHP binding motifs with the diaspore
surface.

3.2.2 IHP 3M metif. Initially, IHP has been aligned parallel
to the surface with non-protonated oxygens of three phosphate
groups forming the 3M motif with the surface, see Fig. 6i. A
stable 3M motif is observed along the whole trajectory. The
average Al1-021, Al2-O41 and Al3-0O51 covalent bond length is
1.90, 1.88 and 1.86 A, respectively (P2-O2x, P4-O4x, P5-O5x,
Al1-02x, Al2-O4x and Al3-O5x interatomic distances, where
x =1, 2, 3, and 4 are given in Fig. S5e and S6f in the ESIY).
Further, the average geometries of the PO, moieties deviate
from that of a free tetrahedral PO,*~ with RMSD values of 0.07,
0.08, and 0.10 A (see Table 1 and Fig. S5e and Sef in the ESIt).
Two protons transferred from 032 and 043 to the diaspore
surface. The proton transferred from 043 was kept within a HB
close to 043.

This journal is © the Owner Societies 2019
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Fig. 9 HB correlation g, vs. g; of IHP and water in the IHP 3M motif (a—f).
The points in white square boxes denote the average value of g; and g,
along the course of the corresponding production trajectory. Here, the
symbols *, @ and ¥ denote strong to moderately strong HB, moderately
strong HB and moderately strong to weak HB respectively.

A total of 4 proton transfers are observed from IHP to water
with an average of 17 HBs between them. Upon analyzing a few
HBs, in Fig. 9, 8 (011, 012, 023, 033, 052, 062, 063, and 064)
moderately strong to weak HBs, 3 (013, 042, and 043) moderately
strong HBs, and 1 (063) strong to moderately strong HB are
observed over the course of the trajectory. Thus, similar to the
2M motifs, IHP and water form predominantly moderately strong
HBs (¢f: Fig. S1ic and d in the ESIY).

The interaction energy between IHP and diaspore is
—436 kecal mol %, i.e. —145 kcal mol~* per bond, see Table 1.
Thus the additional bond in the 3M motif does not yield an
increase in the stability per bond compared to the stable 2M
motif. This may be caused by steric and strain effects due to the
fact that the positions of the phosphate groups in IHP do not fit
the positions of the possible Al binding sites at the surface.
The average interaction energy per water molecule with ITHP is
—6.8 keal mol ™", similar to the interaction energies observed in
the 2M motif cases.

4 Summary and conclusions

The interaction between the reactive hydroxide surface of the
mineral diaspore with organic phosphates has been investigated
for the exemplary cases of IHP and GP. To this end, periodic
boundary QM/MM simulations of GP and IHP at the diaspore-
water interface have been performed. The analysis of the indivi-
dual interactions, ie. diaspore-IHP/GP, IHP/GP-water, and dia-
spore-water, provided information about the factors that control
the binding mechanisms and the stability of different motifs.
Besides the actual covalent P-O-Al bonds, HBs and proton trans-
fers were found to be vital for understanding the relative stability
of the binding motifs. In fact the proper description of the various
deprotonation steps has been one of the main motivations for
using the computationally expensive QM/MM approach.

Upon analyzing the diaspore-GP-water complexes, the inter-
action energy per bond of the B motif is found to exceed the one
of the M motif by a factor of 2.4. The higher interaction energy
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of the B motif is to some extent due to the larger number of
deprotonation steps, i.e. two more protons transfer from GP to
the surface in the case of B.

Regarding the diaspore-IHP-water complexes, the IHP 3M
motif is found to have a higher interaction energy compared to
the most stable 2M(1) motif, but exhibits a 1.2 times weaker
interaction energy per bond. A possible reason could be the
mismatch between the positions of the phosphate groups in
IHP and the surface Al sites, which introduces some strain into
the 3M motif. This mismatch makes the formation of a fourth
P-O-Al bond rather unlikely. We have also shown that the B
motif is not stable and if chosen initially it transforms into a
2M motif.

The HBs between GP/THP and water as well as diaspore have
been characterized using correlations between their geometries
along the trajectory. Most of the HBs can be classified as being
of moderate strength. In the case of GP, compared to B the M
motif exhibits a stronger interaction with water and has two
more proton transfers to the water. For IHP the interaction with
the solvating water is of similar strength for 2M and 3M. In all
cases the interaction of water with diaspore exceeds that with
phosphate.

GP and IHP are abundant species in forest soils. Based on
the present investigation of their interaction with the diaspore-
water interface it becomes clear that once the two species
compete for the same active sites of the respective mineral
particle, binding of IHP will dominate. Although the interaction
energy per bond of the GP B and the IHP 3M motifs is similar,
IHP’s larger number of phosphate groups allows for more
covalent bonds to the surface and more HBs to the solvating
water. Note that this should hold true under low concentration
conditions, i.e. not regarding surface coverage effects.

Correlating the current analysis with experiments, our simula-
tions confirm the general observation that the number of phosphate
groups is the most important parameter controlling the P-binding
strength.*" As far as the suggestion by Ognalaga et al,*® that THP
binds to the goethite surface by up to four phosphate groups, is
concerned, our findings provide evidence that the 4M motif is
not stable at the studied diaspore surface that is structurally
isomorphous to goethite. Further, our results are in accordance
with the observation that stable binding motifs include only
IHP/GP’s phosphate groups and do not affect the organic
moiety, i.e. no dissociation of C-H, C-O, and C-O-P bonds
occurs.>®?® In addition, our simulations confirm the general
notion regarding the importance of HBs and proton transfers in
deciding on the stable binding motif.>®
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1. Force fields used in the current simulations

The MM level interaction between the diaspore (a-AlIOOH) surface and water is defined based on the CLAYFF force
fields [S1]. It is to be noted that the CLAYFF force fields are compatible with SPC water model. The total energy of
the MM system using CLAYFF is given by:

Esys = Ebond + Eangle + EvdW + Ecoulomb

where, Epong and Eapngle are energies due to bond stretching and angle bending. E,qw and Ecoulomn denote energies due
to van der Waals (vdW) and electrostatic interactions. The total energy is sum of bonded interactions (bond/angle)

and nonbonded interactions (vdW and electrostatic). The bond stretching energy is defined as:
Ebona = kb (155 — 10)?

where, ki, denotes force constant, rj; denotes distance between 1i,j atoms, and ro denotes equilibrium bond length.

Similarly the energy of the angle bend is given by:
Eanglo = k9 (eijk - 90)2

where, ko denotes a force constant, 6;jx is bond angle between i, j and k atoms and 6y is equilibrium bond angle.

Table S1: Bond and angle parameters for diaspore and water

bond stretch

species i species j ky, (kcal/mol AQ) ro(A)

water hydrogen water oxygen 554.1349 1.0

hydroxyl hydrogen hydroxyl oxygen 554.1349 1.0
angle bend

species i species j species k kg (kcal/molrad?) 6 (deg)

water hydrogen water oxygen water hydrogen 45.7696 109.47

aluminium hydroxyl oxygen hydroxyl hydrogen 30.0 109.47

The short range vdW interaction energy is represented as:

12 6
() ()
rij rij

where, D, ;; and R, j; are empirical parameters. For unlike atoms, the parameters can be calculated using:

i<j

EvdW = Z Do,ij

vdW

1
Rojij = 5 (Roji + Roy)
Deij = v/Do,iDg

The long range coulomb interaction energy is given by:

i<j i
— E 2 i4)
Ecoulomb - €
47T€01“ij
coulomb



Table S2: Nonbonded parameters for diaspore and water

species charge (¢) Dg(kcalmol™') Rg(A)
water hydrogen 0.41

water oxygen -0.82 0.1554 3.5532
bridging oxygen -1.05 0.1554 3.5532
aluminium 1.575 1.3298e-6 4.7943
hydroxyl hydrogen 0.425

hydroxyl oxygen -0.95 0.1554 3.5532

where, qj, g; denote partial charges, e denotes electron charge and ¢ is the dielectric permittivity of vacuum.

The MM level interaction between IHP/GP and water is defined with the CHARMM force field parameters obtained

from SwissParm, a force field generation tool [S2]. Here also, the water is defined based on the SPC water model.

Table S3: Nonbonded parameters for THP, GP

species charge () Dg(kcalmol™) Rgy(A)
CR 0.2800 0.0550 3.8754
02CM -0.7000 0.1200 3.0290
ORC2P -0.5512 0.1520 3.1537
ORPOH -0.7712 0.1520 3.1537
ORCOH -0.6800 0.1520 3.1537
PO4 1.5136 0.5850 3.8308
HCMM 0.0000 0.0220 2.3519
HOCO 0.5000 0.0460 0.4000
HORCOH 0.4000 0.0460 0.4000

®cr

@ o2cm
@ ORC2pP
@ ORPOH
@ ORCOH

@ ro4

HCMM

® Hoco

@ HORCOH

Figure S1: IHP and GP color-coded to denote atoms listed in Table S3.



2. Description and validation of the present QM /MM approach

For the current applied electrostatic embedding QMMM approach, the MM parameters are used for calculating
e interaction between the MM subsystems
e coupling interaction between the QM and MM subsystems

The whole MM subsystem consists of two subsystems, 1- bottom six layers of diaspore surface (480 atoms) and 2-
about 175 water molecules in the simulation box. Here, the CLAYFF parameters for the diaspore surface and the SPC
model parameters for water molecules (which are completely compatible with the CLAYFF parameters) are sufficient

to simulate the diaspore-water interactions.

Regarding QM and MM coupling the following approach is implemented:

e QM(water+diaspore+IHP/GP) interaction with MM(diaspore): Here, waterqum — diasporey;y, and diasporeqy —
diasporeyy; interactions are defined with respect to two compatible force fields CLAYFF and SPC based water
model. Regarding IHP/GPQM — diasporey,; interactions, the long range interactions are ignored, since the

corresponding parameters are not available.

o QM(water+diaspore+IHP/GP) interaction with MM(water): Here, MM water is defined based on SPC water
model which is compatible with both CLAYFF (diaspore) and CHARMM (IHP/GP) force fields.

To validate our approach, pure QM(DFT) NVT-MD simulation using THP 2M (1) model is performed for 5 ps. The
trajectory analysis showed similar pair correlation functions between the corresponding QM and QMMM trajectories,
please refer Fig. S2. In addition, the trajectories obtained using pure QM and QMMM have similar Al-O-P bond

formations, please ref Fig. S3.

3. Modeling of diaspore surface with unsaturated active sites

e Diaspore has a point of zero charge (PZC) around 6 [S3, S4]. This means that below pH 6 the surrounding
water molecules will dissociate and donate more protons than hydroxyl groups to the diaspore surface leading to
a positively charged surface. This explains that the diaspore surface at pH below 6 will be partially unsaturated
and has the ability to attract/adsorb anions such as phosphate and/or hydroxyl groups at its surface. Hence,
this adsorption process (or binding reaction) could happen mainly by direct reaction to the unsaturated surface
centers (active sites) without need for a ligand-exchange mechanism. Conversely, above pH 6 the surface will be
negatively charged and more saturated by hydroxyl groups from water. Here the surface saturation will increase
upon increasing the solution pH and the surface will have the ability to attract cations and repel anions. Under
these conditions, the chemisorption process of anions at surfaces (i.e. inner-sphere complexes) should take place
via a ligand-exchange mechanism. Considering the fact that most soils and especially forest soils are acidic [S5, S6],

gives the motivation to model the diaspore surface as a partially unsaturated one.

e In addition to the poor knowledge of the molecular reaction mechanisms of the phosphate binding at the diaspore

surface, diaspore has been modeled in the current contribution for two main reasons. The first one is that diaspore



is isomorphous with goethite (a-FeOOH) which is most abundant and common mineral containing iron atom in
the form of ferric (Fe*3). Hence, by investigating the adsorption process at both diaspore and goethite surfaces
with same degree of unsaturation the effect of central metal ion (Fe/Al) on adsorption process could be understood
in more detail. The second reason is arising from the fact that Fe/Al hydroxide mixtures are highly abundant
in soils thus affecting P fixation and release. It is to be noted that goethite has PZC around 9 [S3]. Therefore,
goethite surface will be unsaturated below pH 9 and thus can adsorb phosphate and form inner-sphere complexes
via a direct interaction mechanism and not a ligand-exchange one. Keeping in mind the PZC of diaspore and
goethite one may expect the amorphous Fe/Al hydroxide mixtures should have PZC values in the range of pH
6-9. So according to reported PZC values, which are in that range, a more realistic model for both diaspore and
goethite should be partially unsaturated and not saturated completely. This holds true unless one is studying a

high pH range which, however, is not in the focus of the present investigation.

e It is well-known from sorption experiments that the phosphate adsorption decreases with increasing the soil
solution pH [S7, S8]. This means that in the presence of OH™ at high pH, OH™~ groups can replace the adsorbed
phosphate indicating a stronger adsorption for OH™ than for phosphate at mineral surfaces. This behaviour has
been observed and explained in more details at a molecular level by our group [S9, S10]. The modelling results
indicated that phosphate can replace the competing water molecules at the goethite surface, but phosphate could
be replaced by OH™ groups. This shows that the reverse reaction, i.e. replacement of OH™ groups by phosphate,
is mainly a non-spontaneous reaction and unlikely to take place. This indicates that formation of inner-sphere
complexes of phosphate with goethite/diaspore surfaces could happen mainly due to direct reaction of phosphate
with the surface unsaturated centers and not with a ligand-exchange mechanism. Consequently, this points to the
necessity of the presence of some unsaturated centers at the mineral surface to form inner-sphere complexes with

phosphates.

4. Model conditions (soil pH and pKa for phosphates)

As mentioned in the previous section and according to the diaspore‘s PZC value, we are simulating common and normal
acidic soil conditions, i.e. at pH in the range of 3-6. Consequently, the diaspore surface was modeled with active
unsaturated centers. According to the best of our knowledge, there are some differences and conflicts between the
available pKa values for IHP and GP. For example, the estimated pKa values by the “ChemAxon” software are 0.14 for
THP and 1.5 for GP. Experimentally, it was mentioned that IHP is a relatively reactive phosphate compound having 12
dissociable protons with pKa values in the range of about 1.5 to 10 [S11]. In view of these conflicts, we have started our
simulation with the neutral forms for both IHP and GP. However, we have observed deprotonation of the phosphates
(IHP and GP) in the first few pico-seconds (ps) of the simulation trajectories (see Figs. S7 and S8), according to the

acidic character of these phosphates which is thus properly taking into account by our modelling approach.

5. Proton transfer in the bulk and at the interface

The proton transfer events have been triggered by the surface. But in general, these processes could take place either in

the presence or absence of the surface (i.e. for simulations carried out in the bulk). To investigate such goal practically,



two additional MD simulations have been performed with the same applied approach. One simulation was carried out
with GP in the presence of the diaspore surface with a separation distance of about 5 A between them. The second
simulation involved GP in a pure water without diaspore. Both simulations showed proton transfer processes during

the simulation trajectory (see Figs. S7 and S8).

6. Description of the interaction energy calculations

In general, the effect of water on the calculated diaspore-phosphate interaction has been considered during the MD
trajectory due to the diaspore-phosphate-water interactions based on the electronic and Van der Waals interactions. Here
phosphate refers to GP and THP. However, this effect has not been considered explicitly for computing the interaction
energy in Eq. 1. In practice, each diaspore-phosphate-water model could be considered as three sub-systems (fragments).
These fragments are diaspore (fragmentl), IHP/GP (fragment2) and water (fragment3). Within CP2K it is possible to

calculate the pair interaction energy between two fragments. According to Eq.1 of the main paper

Eint = Ediaspore—phosphate—Complex - (Ediaspore + Ephosphate)a

we have defined diaspore as the first fragment and phosphate as the second fragment. Water enters only insofar as it
determines the actual geometry of the interacting fragments. The interaction energy is calculated within the BSSE coun-

terpoise correction philosophy, i.e. by performing five energy calculations as follows: diaspore including only the diaspore

diaspore

phosphate
diaspore E )7

basis functions (E phosphate

), total electronic energy of phosphate including only the phosphate basis functions (

Ediasporeerhosphate

diaspore including the basis functions of phosphate and diaspore ( diaspore

), phosphate including the basis func-

Ediaspore+phosphate

tions of phosphate and diaspore ( phosphate

) and finally diaspore-phosphate complex including the basis functions

diaspore+phosphate
diaspore—phosphate—complex

of diaspore and phosphate (E ). From these numbers one gets the interaction energy between di-

. __ pdiaspore+phosphate _ diaspore+phosphate diaspore+phosphate P .
aspore and phosphate as Eine = Ej;, 00 "0 0 0 ptex — (Ediaspore + Ephosphate ). Similarly, the in-
. . . _ pphosphatet+water phosphate+water phosphate+water
teraction energies between phosphate and water (Eine = EJ 00 ™ 00T plex — (Ephosphate + Eqter )

. . _ pdiasporet+water _ diaspore+water diaspore4water
and between diaspore and water (Eint = Egii 00 e vator—complex — (Edinspore + Eqator )) could be calculated.
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Figure S2: Comparison of pair correlation functions calculated using QM and QMMM methods. Al of diaspore and oxygens of water (a),
oxygens of diaspore and hydrogens of water (b), hydrogens of IHP and oxygens of water (c), oxygens of IHP and hydrogens of water (d).
The red and black lines denote correlation function obtained using QM method and QMMM method respectively.

Figure S3: Snapshots along the trajectory of IHP 2M(1) model simulated using QM (DFT) only. Initial M(O + Al) motif (a), proton
transfer from O13 and O62 to surface (b), proton sharing between P1 and P6 phosphate groups (c), and formation of Al2-O61 covalent bond
(d). Similar events are observed in IHP 2M (1) model trajectory simulated using QM/MM.
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Figure S4: GP M motif potential energy (top), temperature (middle), root mean square deviation (RMSD, bottom) along MD trajectory.
This figure suggests that the GP M motif diaspore-GP-water complex is equilibrated within the first 10 ps of the whole trajectory.



Figure S5: Interatomic distances between phosphorus and corresponding oxygens of orthophosphate (a), GP M motif (b), GP B motif (c),
THP 2M(1) motif (d), IHP 2M(2) motif (e), IHP 3M motif (f). Note that P-O-Al angle is also provided for relevant cases, where O and Al

are covalently bonded. Only Al bonded phosphate groups and Al are shown in all motifs for better visualisation.
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Figure S6: Interatomic distances between Al-nonbonded oxygens in phosphate group and Al. GP M motif (a), GP B motif (b), IHP 2M(1)

motif (¢), IHP 2M(2) motif (d), IHP 3M motif (e).
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Figure S7: Snapshots along 10 ps trajectory of diaspore-GP-water model with GP above 5 A from diaspore surface. Initial configuration (a),

proton transfer from O3 to water (b), proton transfer from O2 to water (c) and (d).

(a)

(c) (d)

Figure S8: Snapshots along 10 ps trajectory of GP-water model. Initial configuration (a), proton transfer from O3 to water (b), proton
transfer from O5 to water (c¢) and proton transfer from O2 to water (d).
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Figure S9: HB correlation g2 vs. g1 of a few diaspore oxygens and water molecules in GP M motif (a), (b) and HBs strength between O1,

02 and protons transferred to diaspore in GP B motif (c). Here, the symbols %, @ and ¥ denote strong to moderately strong HB, moderately
strong HB and moderately strong to weak HB respectively.
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Figure S10: Al-O bond lengths in GP B motif with B motif along MD trajectory. Observe that a stable B motif is maintained until the end
of the trajectory.
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Figure S11: HB correlation g2 vs. g1 of selected HBs observed in IHP/GP with water. Observe that IHP and GP often formed moderately

strong HBs with water.
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resulting in 2IM motif until the end of the trajectory.
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The fate of phosphorus (P) in the eco-system is strongly affected by the interaction
of phosphates with soil components and especially reactive soil mineral surfaces.
As a consequence, P immobilization occurs which eventually leads to P inefficiency
and thus unavailability to plants with strong implications on the global food system.
A molecular level understanding of the mechanisms of the P binding to soil mineral
surfaces could be a key for the development of novel strategies for more efficient
P application. Much experimental work has been done to understand P binding to
several reactive and abundant minerals especially goethite (@-FeOOH). Complementary,
atomistic modeling of the P-mineral molecular systems using molecular dynamics (MD)
simulations is emerging as a new tool in environmental science, which provides more
detailed information regarding the mechanisms, nature, and strength of these binding
processes. The present study characterizes the binding of the most abundant organic
phosphates in forest soils, inositol hexaphosphate (IHP), and glycerolphosphate (GP),
to the 100 diaspore («-AIOOH) surface plane. Here, different molecular models have
been introduced to simulate typical situations for the P-binding at the diaspore/water
interface. For all models, quantum mechanics/molecular mechanics (QM/MM) based MD
simulations have been performed to explore the diaspore-IHP/GP-water interactions.
The results provide evidence for the formation of monodentate (M) and bidentate (B)
motifs for GP and M and as well as two monodentate (2M) motifs for IHP with the surface.
The calculated interaction energies suggest that GP and IHP prefer to form the B and 2M
motif, respectively. Moreover, IHP exhibited stronger binding than GP with diaspore and
water. Further, the role of water in controlling binding strengths via promoting of specific
binding motifs, formation of H-bonds, adsorption and dissociation at the surface, as well
as proton transfer processes is demonstrated. Finally, the P-binding at the 100 diaspore
surface plane is weaker than that at the 010 plane, studied previously (Ganta et al., 2019),
highlighting the influential role of the coordination number of Al atoms at the top surface
of diaspore.

Keywords: P-efficiency, P-adsorption, inositolhexaphosphate (IHP), glycerolphosphate (GP), diaspore (AIOOH),
QM/MM simulations
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1. INTRODUCTION

Phosphorus (P) is essential for plant growth and plays an
important role in photosynthesis, energy storage, cell growth, and
many other plant processes. It has been pointed out that P scarcity
could arise in near future (Cordell and Neset, 2014) and to cope
with this situation there is a need to understand the P cycle
in forest and agro-ecosystems (Bol et al., 2016, 2018; Missong
et al,, 2018). In general, phosphates bind to soil components
like soil organic matter (Gros et al., 2017, 2019; Ahmed et al,,
2018a) and to soil minerals like Fe/Al(oxyhydr)oxides (Hens
and Merckx, 2001; Jiang et al., 2015; Kruse et al., 2015; Ahmed
et al, 2019) and amorphous Fe/Al hydroxide mixtures (Gypser
et al., 2018). The P bound to soil minerals forms colloidal
P complexes and consequently becomes unavailable to plants
causing P inefficiency (Holzmann et al., 2015; Bol et al., 2016).
These colloidal P complexes disperse during heavy rains and
accumulate in specific regions resulting in P leaching which
further reduces P availability to plants (Boy et al, 2008).
Molecular level understanding of P adsorption onto these soil
minerals could support efforts to improve P availability to
plants (Bol et al., 2016).

Goethite (x-FeOOH) is one of the most common
and abundant soil minerals that interacts strongly with
phosphates (Parfitt and Atkinson, 1976; Torrent et al.,, 1992;
Chitrakar et al., 2006; Kubicki et al., 2012; Ahmed et al., 2019). It
is a highly reactive soil mineral containing ferric ions (Fet3) with
common surface planes as 010, 100, 110, 021 (according to Pnma
space group) (Cornell and Schwertmann, 2003). The surface
iron atoms are coordinated by 3, 4, 5, or more atoms depending
on the surface plane as well as the pH of the environment.
Consequently, goethite exhibits different levels of saturation
according to the interaction with its environment. The same
holds true for most minerals, i.e., minerals exhibit a net positive
or negative surface charge based on surface (un)saturation and
pH (Cornell and Schwertmann, 2003). Hence, the type of surface
plane, its termination and saturation are important factors that
influence the adsorption of phosphates onto soil minerals. For
instance, Ahmed et al. (2018b) studied glyphosate adsorption at
goethite surface with three different degrees of (un)saturation (Fe
surface atoms coordinated by 3, 4, and 5 O~2/OH ™ groups) and
showed the effect of the surface’s (un)saturation on phosphate
binding stability.

In addition to surface saturation and pH, the Fe and Al ratio
in amorphous Fe/Al hydroxides is also vital for understanding
the phosphates’ interaction with soil minerals. Gypser et al.
(2018) showed the influence of the Fe:Al ratio in amorphous
Fe/Al hydroxide mixtures on phosphate adsorption/desorption
rates. The omnipresent Al in weathering environment results
in most of Fe oxides in soils being substituted by Al and
goethite is no exception (Cornell and Schwertmann, 2003).
Diaspore (a-AIOOH) is isomorphous with goethite with Al™>
oxidation state exhibiting a higher surface energy compared
to goethite (Guo and Barnard, 2011). Since amorphous Fe/Al
hydroxide mixtures exist in soils, analyzing phosphate binding to
diaspore provides additional insight into the P interaction with
these amorphous mixtures.

Orthophosphates (Newman and Tate, 1980),
inositolhexaphosphate (IHP) (Turner et al, 2002; Doolette
et al, 2009; Gerke, 2015), and glycerolphosphate (GP) (Pant
et al,, 1999; Vincent et al., 2013; Missong et al., 2016) are the
most abundant phosphates in soils. Orthophosphate interaction
with goethite has been studied extensively (Parfitt and Atkinson,
1976; Torrent et al., 1992; Chitrakar et al., 2006; Ahmed et al.,
2019). Yan et al. (2014) studied sorption of different phosphates
involving GP and IHP on aluminum (oxyhydr)oxides. They
found that the maximum adsorbed phosphate normalized to
the mass of adsorbent increases with decreasing crystallinity
of the minerals: «—Al,O3 < boehmite < amorphous AI(OH)s.
Moreover, they concluded that the phosphate adsorption,
interfacial reactions, and phosphate fate in the environment are
strongly affected by molecular structure and size of phosphates,
and degree of crystallinity and crystal structure of mineral
surfaces. Li et al. (2017) suggested that GP adsorbs onto the
goethite surface through its phosphate group forming inner-
sphere complexes. IHP has six phosphate groups, and in general
it exhibits strong binding with P-fixing minerals compared to
other phosphates with fewer phosphate groups. Anderson and
Arlidge (1962) suggested that the total number of phosphate
groups in a compound determines the stability of its interaction
with minerals. Ognalaga et al. (1994) showed that IHP forms
inner-sphere complexes with goethite through its phosphate
groups and suggested that up to four phosphate groups could be
involved in binding with the mineral surface; the remaining non-
interacting phosphate groups could alter the electrochemical
properties of the surroundings. However, Guan et al. (2006)
revealed that only three phosphate groups were bound to
aluminum hydroxide while the other three groups remained free.
This was based on adsorption experiments of IHP on amorphous
aluminum hydroxide, FTIR characterization, and quantum
chemical calculations.

Quantum chemical calculations become increasingly
important when it comes to develop a mechanistic understanding
of chemical processes in general. Although not yet widely used,
computational chemistry approaches to environmentally
relevant questions are recognized as tools to complement
experimental investigations. Interestingly, as early as 1973 Tossell
et al. (1973) studied electronic structure and bonding in iron
oxide minerals with molecular simulations and validated
this approach with experimental studies. Kwon and Kubicki
(2004) used molecular simulations to resolve controversies in
experimental studies related to phosphate surface complexes
on iron hydroxides. In another study, Kubicki et al. (2012)
demonstrated that phosphate interaction with goethite involves
a variety of surface complexes in multiple configurations, which
explained the difficulties one faces when interpreting, e.g., IR
spectra. Moreover, Ahmed et al. (2018b) explored the possible
binding mechanisms for glyphosate (GLP) with three goethite
surface planes (010, 001, and 100) in the presence of water via
ab initio molecular dynamics simulations. The results showed
the prominence of water in controlling the GLP-goethite-
water interactions. Further (Ahmed et al., 2019) investigated
the molecular level mechanism of phosphate binding at the
goethite—water interface referring to the possible phosphate
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binding motifs formed at the modeled goethite surface planes.
Moreover, the theoretical assignment of IR spectra in the latter
study introduced a benchmark for characterizing experimental
IR data for a distribution of adsorbed phosphate species.
This incomplete list already indicates the huge potential of
computational chemistry as an emerging powerful tool for
detailed investigations of complex geochemical reactions and
especially reaction mechanisms of P-species in soil (for a more
complete overview, see also Kubicki, 2016).

Which computational methods are available today? Thinking
of it in terms of a hierarchy (Kubicki, 2016; Ozboyaci et al., 2016),
quantum mechanics (QM) methods are at the top because they
provide, at least in principle, an unbiased ab initio description in
terms of the molecular Schrodinger equation. In practice, such
a treatment is not feasible except for the simplest cases. Density
Functional Theory (DFT) has emerged as a low-cost alternative,
which despite of the involved approximations often provides
reliable results even for systems with hundreds of atoms (Kubicki,
2016). At the bottom of the hierarchy there are molecular
mechanics (MM) methods, which are based on parameterized
empirical functions (force fields) describing bonded and non-
bonded interactions. This allows to treat millions of atoms, but
unless special purpose force fields are used chemical reactions,
i.e., bond making and breaking, cannot be simulated (Gonzilez,
M.A., 2011). Here, the hybrid QM/MM approach comes into
play, combining the accuracy of QM methods with the efficiency
of MM methods. In this approach, the reactive region of the
molecular system is treated at the QM level while the remaining
part of the system enters at the MM level (Senn and Thiel,
2009). By this, the bond changes, proton transfer events and
hydrogen bonds (HBs), e.g., at water-mineral interfaces can be
properly described. Besides providing energies in dependence
on nuclear positions, forces on the nuclei can be calculated as
well. This is prerequisite for molecular dynamics simulations
which gives statistical information including thermally accessible
configurations (Marx and Hutter, 2009).

In an earlier hybrid QM/MM study of IHP and GP binding
to the 010 diaspore surface plane we have demonstrated a
strong interaction of IHP/GP with the diaspore surface (Ganta
et al., 2019). Here, IHP forms multiple intramolecular HBs with
three of its phosphate groups bound to the surface, while GP
is bound through its single phosphate group only. Overall, it
has been found that proton transfers from phosphate to water
or surface have a stabilizing effect, most likely due to the
interaction of the HBs dipole with surface charges. Moreover,
in case of IHP intramolecular HBs can be formed, which lead
to a steric constraint that could weaken the binding to the
surface. Since the interaction of IHP and GP with diaspore
is not yet fully explored, in the present work we extend our
previous study in two directions, i.e., we consider a chemically
different surface plane and incorporate the effect of saturation of
the diaspore surface on phosphates adsorption. In our previous
work (Ganta et al., 2019), IHP/GP and water showed strong and
spontaneous interactions with an unsaturated diaspore surface
(010 in pnma) where the surface Al atoms are coordinated by four
oxygens (O~2/OH™ groups). Here, a more saturated diaspore
surface (100 in pnma) is selected where the surface Al atoms

are coordinated by five oxygens i.e, O~2/OH™ groups. The
main objective of current work is to characterize the binding
mechanism of IHP and GP at this diaspore-water interface and
also to understand the effect of (un)saturation of the diaspore
surface on this binding mechanism.

2. MOLECULAR MODELING APPROACH

In general, the surface charge of a certain mineral can be
determined as a function of pH via its point of zero charge
(PZC) (Tan, 2011). For pH > PZC, the mineral surface is saturated
with negative surface charges which attract cations. In contrast,
for pH < PZC, the mineral surface is unsaturated with positive
surface charges which attract anions. The phosphates in general
exhibit overall negative charge and hence can be adsorbed at
the partially unsaturated 100 diaspore surface (according to
the Pnma space group) (Tan, 2011). The diaspore unit cell
has four AIO(OH) units i.e., total of 16 atoms with lattice
constants a = 9.4253, b = 2.8452, ¢ = 4.4007 A (see Figure 1C).
The 100 surface plane model is generated by repetition of
the diaspore unit cell as la x 8b x 5c along x, y, z axes,
respectively (see Figure 1D). In total, the used diaspore slab
consists of 640 atoms (160 Al, 160 H, and 320 O atoms).
Observe that the surface Al atoms are coordinated by five
oxygen atoms (see Figure S3B). The phosphates IHP and GP
(see Figures 1A,B) are modeled to have their phosphate group(s)
interacting via inner-sphere complexes with surface Al atoms
of diaspore (see Figures 1F-H, Figures S2A-C). The diaspore-
IHP/GP complexes are then solvated using the solvate plugin
from the VMD package (Humphrey et al., 1996) with a water
layer of about 18 A perpendicular to the surface along the x axis
and with a density of &~ 1gcm™ ( see Figure 1E). Since we are
interested in IHP/GP interaction at diaspore-water interface, the
QM part of the system (see dashed box in Figure 1E) includes the
top layer of diaspore (160 atoms), IHP (54 atoms)/GP (19 atoms),
and a few water molecules (& 53 molecules depending on the
setup) surrounding THP/GP within layer of & 10 A perpendicular
to the diaspore surface. The enclosing QM box has a size of
22 x8bx5¢c A ie., 22 x22.7616 x 22.0035 A, where b, ¢ are
diaspore lattice constants (see Figure 1E). The remaining part of
the system is treated at the MM level.

The initial motifs of diaspore-GP complexes include the
monodentate motif M (1Al + 10) (see Figure 1F) and bidentate
motif B (2Al + 20, here both oxygens are from same phosphate
group) (see Figure 1G). Note that in contrast to this setup,
in the 010 case the two oxygens bind to the same Al atom.
In addition to these two, the diaspore-IHP complexes include
the four monodentate motif 4M (4Al + 40) as experimental
studies suggest that IHP forms multiple bonds with the
goethite surface (Ognalaga et al.,, 1994; Guan et al., 2006) (see
Figure 1H, Figure S2C). Note that in principle even more initial
conditions/motifs could be sampled. But considering the size
of the modeled systems here and the used computationally
expensive QM/MM level of theory the initial configurations
for the MD simulations are limited to the most common and
experimentally observed binding motifs. More technical details
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FIGURE 1 | Phosphates GP (A) and IHP (B). The oxygen and phosphorus atoms are labeled here to ease the discussion of diaspore-IHP/GP-water interactions.
Diaspore unit cell (C), side view of the modeled diaspore surface (D), diaspore-GP-water complex and the blue box including atoms described at quantum
mechanical level of theory (QM part) and remaining atoms at molecular mechanics level (MM part) (E), M motif (F), B motif (G), 4M motif (H). Pink, red, yellow, white,
lime, and cyan colors correspond to Al, bridging oxygen, hydroxyl oxygen, hydrogen, phosphorus, and carbon, respectively.

about QM and MM methods and their mutual interaction
adopted here is given in Supplementary Material. The QM/MM
based MD simulations are performed for 25 ps with 0.5 fs time
step and with an average temperature of 300 K maintained using
canonical sampling through the velocity rescaling thermostat
(CSVR) (Bussi et al., 2007). Here, for each molecular model the
first 10 ps of the MD trajectory is assigned for equilibration.
The last 15 ps of the trajectory is considered as the production
trajectory which is used for analysis of interactions at diaspore-
water interface with IHP/GP.

To analyze the interaction energies of the complexes,
snapshots are taken at every 100 fs of the production
trajectory and interaction energies between diaspore and IHP/GP
(Ediaspore—IHP/GP)’ IHP/GP and water (EIHP/GP—water)) and
diaspore and water (Egiaspore—water) are calculated. For example,
the interaction energy Ej,; between diaspore and GP for a certain
diaspore-GP-water snapshot is calculated as follows:

Eint = Ediaspore—GP - (Ediaspore + Ecp) (1)

where Egiaspore—Gp> EGp, and Egjaspore denote electronic energies
of the diaspore-GP complex, GP and diaspore surface,
respectively. Likewise, the interaction energies for each pair
of diaspore, IHP/GP and water are calculated at every 100 fs
during the corresponding production trajectory. The interaction
energies with water are divided by the total number of water
molecules involved in the simulation box for better comparison.
More details regarding the calculation of interaction energies are
given in Ganta et al. (2019).

The HBs strength between IHP/GP and water as well as for
the intramolecular HBs of one IHP motif are analyzed using
geometrical correlations of distances between atoms in HB as

FIGURE 2 | Definition of coordinates g; and q» in a HB between water’s
oxygen (Oa) and IHP’s oxygen (Op) from a phosphate group (A) (Limbach
et al., 2009), intramolecular HB in IHP (B).

discussed in Strassner (2006), Limbach et al. (2009), Yan and
Kithn (2010), and Zentel and Kiithn (2017). The quantities g;
and g, in Figures 4, 6 below are defined as the deviation of the
hydrogen from HB center assuming a linear HB (gq;) and the
total HB length (q2) (see Figure 2A). Geometrically g; and ¢,
are defined as q; = %(rl — 1) A and q@ = (r1 + 1) A where
r1, r2 denote the distance between donor oxygen and hydrogen
(Op—H) and distance between hydrogen and acceptor oxygen
(H- - - Oa), respectively (see Figure 2A). The same holds true for
intramolecular HBs between phosphate groups for the IHP case
(see Figure 2B).

A HB will be called strong if g; ~ 0 and g3 is in the range
2.2-2.5 A. Similarly, moderate and weak HBs have ¢, distances
ranging from 2.5 to 3.2 and 3.2 to 4 A, respectively. Also if q; < 0
the hydrogen atom stays with the donor oxygen and if ¢g; > 0
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FIGURE 3 | Diaspore-GP-water snapshots displaying proton transfer events and GP dynamics along trajectories. Proton transfers observed during production
trajectory of M motif from O3 to water (A) from O5 to water (B), and from O2 to water (C), GP M motif at 25 ps (D). Proton transfer events in B (2AI+20) motif from
08 to water (E), from O2 to water and momentary dissociation of Al1-O1 bond (F), momentary dissociation of Al2-O3 bond (G), GP B motif at 25 ps (H).

the hydrogen atom (proton) transferred to the acceptor oxygen.
In the following a HB analysis is performed for the QM part of
the system only as the emphasis of this study is on the interface
region where the binding/adsorption process takes place.

3. RESULTS AND DISCUSSION

3.1. Diaspore-GP-Water Interactions
3.1.1. GP M Motif
For the GP-M initial condition a stable monodentate (1AI+10)
motif is observed between GP and the diaspore surface over the
course of the production trajectory with the Al-O1 average bond
length of 2.3 A (see Figures 3A-D). The average geometry of the
PO4 moiety here has root mean square deviation (RMSD) value
0f 0.17 A with respect to free tetrahedral POi_ (see Figure S2D).
Proton transfer events from GP to the diaspore surface are not
observed, instead three proton transfer events are found from
03, 05, and O2 oxygens of GP to water (see Figures 3A-C),
respectively. On average, eight HBs are observed between GP and
water in the production trajectory. Here, the GPs oxygen atoms
act as HB donors (Oxp) as well as acceptors (Oxa). Exemplary
analysis of six of the above eight HBs shows that four (024, O34,
054, O5p) are strong to moderately strong HBs and two (O1ja,
06,4 ) moderately strong to weak HBs (see Figures 4A-C).
Regarding the diaspore-water interaction, an average of 17
water molecules (out of 40 surface Al atoms) formed M binding
motifs (Al-Op,0) with the diaspore surface and have average
bond length of 1.9-2.3 A. Also moderately strong HBs are

observed between water and diaspore (see Figure S1A). This
scheme of diaspore-water interactions is also observed for the
other diaspore-IHP/GP-water models studied below. For the
average diaspore-water interaction energy per water molecule
one obtains about —3 kcal/mol for all considered models.

The time averaged interaction energy per surface bond
between diaspore and GP is around —23 kcal/mol (see Table 1).
The average GP-water interaction energy per water molecule is
—2.6 k cal/mol.

3.1.2. GP B Motif

The B motif (2A14+20 i.e., Al1-O1 and AlI2-O3) is observed
over the course of the production trajectory with Al1-O1 and
Al2-O3 covalent bond length ranging from 2-2.7 and 1.9-2.7
A with an average value of 2.4 and 2.3 A, respectively (see
Figures 3E-H). Most notably the Al2-O3 and Al1-O1 bonds are
elongated and compressed in an alternating see-saw fashion as
seen in Figures 3F,G. The B motif’s average geometry of the PO4
moiety has a RMSD value of 0.17 A with respect to the free
tetrahedral POZ_.

Proton transfer events are observed from O3 and O2 oxygens
to water (see Figures 3E,F), respectively. The B motif features on
average a total of seven HBs between GP and water. According to
Figures 4D-F, four (O14, 024, O2p, O5p) strong to moderately
strong HBs and two (O1,, O6p) moderately strong to weak HBs
are formed between GP and water.

The average interaction energy per surface bond between
diaspore and GP for the B motif is around —15 kcal/mol. The
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FIGURE 4 | HB correlation gz vs. g1 of HBs formed between GP and water in GP’s M motif (A-C) and B motif (D-F), respectively. The average g1 and g, coordinate
pairs are shown as points in white square boxes. A strong to moderately strong HB is denoted as * while a moderately strong HB and a moderately strong to weak
HB are denoted as e and ¥, respectively.

TABLE 1 | The per bond time averaged interaction energies (calculated with
Equation 1) of diaspore-IHP/GP complexes and some selected bond lengths and
distances.

100 diaspore surface

P, Motif Eint/bond Al-Op (A) Al-P (A)  RMSD(PO) (A)
(kcal/mo)
GP M —-23 2.3 3.4 0.17
B —-15 2.3and 2.4 3.3 0.17
HP  M(1) -33 2.4 35 0.16
M(2) -18 2.7 3.6 0.19
2M —-109 21and 2.2 3.3and3.4  0.18and 0.17
010 diaspore surface (Ganta et al., 2019)
GP B —148 2.08 and 2.05 2.65 0.1
IHP  3M —145 1.90and 1.88 3.25and 3.17 0.07 and 0.08
and 1.86 and 3.18 and 0.1

The RMSD difference between average phosphate geometry and isolated tetrahedral
Pog’ (see Figure S2D) is also provided. Here, P, denotes phosphate and motif
denotes average motif observed during production trajectory. Further, Al-Op denotes
bond distance between covalent bonded Al and Op oxygen of IHP/GR.

per surface bond interaction energy here is smaller than for the
M motif due to GP’s see-saw type of motion over the surface.
Nevertheless, the total interaction energy observed here is larger
than for the M motif and hence the B motif is more likely to form.

Note that due to the formation of a strong to moderately
strong HB with water, the O3 oxygen in M cannot easily

transform into the B motif, i.e., the barrier is too high to be
sampled in the present trajectory (see Figure 4B). The average
GP-water interaction energy per water molecule is around —2.3
kcal/mol. The smaller value as compared with M could be due to
the additional proton transfer event observed in that case.

3.2. Diaspore-IHP-Water Interactions

3.2.1. IHP M Motifs

Here, two initial configurations (M, B motifs) of the diaspore-
IHP-water model resulted in two different M final motifs. In the
first case, M(1), the initial configuration was an M motif, wherein
O11 oxygen is aligned to form a M motif with a surface Al atom
(see Figure S2A). A stable M motif is observed throughout the
production trajectory with average Al-O11 bond length of 2.4
A (see Figures 5A-D). The series of events that are observed
during the formation of the M(1) motif are: a proton transfer
from O12 to water (see Figure 5A), followed by intramolecular
proton transfer from 062 to O12 and formation of O13-H-O61
intramolecular HB (see Figure 5B). After a few femtoseconds,
the O12-H-062 HB is formed and a proton transfer is observed
from O32 to water (see Figure 5C) to reach the final M motif in
Figure 5D. The events in Figures 5A-C occurred within 2 ps of
the simulation trajectory. Overall, a total of three protons transfer
events are observed from ITHP to water from 012, O53, and 032
(see Figures 5A-C), respectively. On average IHP has formed
19 HBs with water over the course of the production trajectory.
Analyzing for illustration 12 out of these 19 HBs, IHP has formed
nine (0124, 0214, 0224, 0234, 0314, 0434, O51,, 0534,

Frontiers in Forests and Global Change | www.frontiersin.org 6

June 2020 | Volume 3 | Article 71



Ganta et al.

Binding of Organic Phosphates to Diaspore

2M motif at 25 ps (L).

FIGURE 5 | Diaspore-IHP-water snapshots displaying proton transfer events and IHP dynamics along trajectories. The phosphate groups are color-coded and the
oxygen atom label color denotes to the phosphate group it belongs. In M(1) motif, proton transfer from O12 to water (A), proton transfer from O53 to water and
intramolecular proton transfer from 062 to O12 (B), moderately strong O12-H-O62 HB and proton sharing between 012 to O62 oxygens and proton transfer from
082 to water (C), M(1) motif at 25 ps (D). In M(2) motif, dissociation of Al2-O13 covalent bond due to O13-H-O61 HB and proton transfers from 023 and O33 to
water (E), proton transfer from O53 to water and formation of O53-H-O63 HB (F), dissociation of Al1-O11 bond due to formation of O11-H-O21 HB (G), M(2) motif at
25ps (H). In 2M motif, dissociation of Al4-O51 bond and proton transfer from O13 to water (l), proton transfer from O43 to diaspore and from O32 to water, also
proton sharing and HB between 022 and 032 (J), and between O33 and 042 followed by dissociation of AI3-O41 bond (K), proton transfer from O42 to water and

063p) strong to moderately strong HBs, two (O33p, O41,)
moderately strong HBs and one (O31,) moderately strong to
weak HB with water (see Figures 6A-E). Interestingly, IHP also
forms multiple intramolecular HBs, for instance, O13-H-061,
041-H-052, and O12-H-062 (see Figures 5A-C). Analyzing
the strength of the intramolecular HBs between P1 and P6
phosphate groups, one finds two (O13-H-O61, O12-H-062)
moderately strong HBs (see Figure 6F). The average geometry of
PO, moiety has a RMSD value of 0.16 A with respect to the free
tetrahedral PO} ™.

The time averaged interaction energy per surface bond
between diaspore and IHP is around —33 kcal/mol (see Table 1)
and between IHP and water is around —5.5 kcal/mol per water
molecule. Notice that IHP exhibits a larger interaction energy
with water as well with the diaspore surface compared to GP.

For the M(2) motif, the initial configuration had the O11 and
O13 oxygens aligned such as to form a B motif with adjacent
surface Al atoms (see Figure S2B). The Al2-O13 covalent bond is
dissociated during the trajectory and the B motif is transformed
into the M(2) motif (see Figures 5E,F). Over the course of the
production trajectory the Al1-O11 bond length ranges from 2.4
to 3.2 A with an average of 2.7 A. In more detail, the series

of events that unfold in this case are as follows: From the 023
and O33 oxygens, two protons are transferred to water and the
Al2-0O13 covalent bond is dissociated (see Figure 5E). After a
few femtoseconds, a proton transfer is observed from O53 to
water followed by formation of an intramolecular HB between
053 and 063 oxygens (see Figure 5F). Also formation of the
intramolecular O13-H-O61 HB is observed. With progressing
simulation time an intramolecular proton transfer event is
observed from O12 to O21, followed by formation of O11-H-
021 HB. Afterwards, the Al1-O11 covalent bond weakens at
around 6 ps and its bond length ranges from 2.4 to 3.2 A further
on (see Figure 5G, Figure S1B). In addition, a proton transfer
is observed from O62 to water (see Figure 5G). The snapshot
at 25 ps shows that multiple inter- and intramolecular HBs
are observed for IHP (see Figure 5H). Their characterization
in terms of HB geometries leads to a similar distribution of
HB strengths as for M(1). Overall the average geometry of POy
moiety has RMSD value of 0.19 A with respect to the free
tetrahedral PO} ™.

The average interaction energy per surface bond between the
diaspore surface and IHP in this case is around —18 kcal/mol.
The interaction energy observed here is smaller than for the M(1)
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FIGURE 6 | HB correlation g, vs. gy of HBs formed between IHP and water (A-E) and between P1 and P6 phosphate groups (F) along trajectory of IHP’s M(1) motif.
The average g1 and qo coordinate pairs are shown as points in white square boxes. A strong to moderately strong HB is denoted as * while a moderately strong HB
and a moderately strong to weak HB are denoted as e and ¥, respectively.

case as the Al1-O11 bond length is longer due to formation of
013-H-061 and O12-H-021 intramolecular HBs. The observed
interaction energy between IHP and water here is —5.7 kcal/mol
per water molecule which is slightly higher than for the M(1)
case, probably due to additional proton transfer from IHP
to water.

3.2.2. IHP 2M Motif

Here, IHP is initially aligned parallel to surface with the non-
protonated oxygens of the four phosphate groups forming a
4M motif, ie., Al1-O11, Al2-O21, Al3-O41, Al4-O51 covalent
bonds with the surface (see Figure S2C). However, only a stable
2M motif is observed along the production trajectory with
average bond lengths of All-O11, Al2-O21 as 2.13 and 2.22
A, respectively. The events observed during simulation that led
to the formation of 2M motif are as follows: within a few
picoseconds, the Al-O51 bond is dissociated transforming 4M
into a 3M motif. A proton transfer is observed from O13 oxygen
to water and from O43 oxygen to diaspore (see Figures 5L)).
Further, an intramolecular HB is observed between O22 and
032 oxygens and two proton transfer events from O32 and
052 to water (see Figure 5J). The Al3-O41 covalent bond is
disassociated due to intramolecular HB formed between O33 and
042 oxygens (see Figure 5K), followed by a proton transfer event
from O42 to water (see Figure 5L). Totally four proton transfer
events are observed from IHP to water and an average of 19
HBs are formed between IHP and water. The inter- and intra-
molecular HBs have a similar distribution of strengths as for M(1)
and M(2). The average geometry of the PO4 moieties deviate

from that of free tetrahedral POi_ with RMSD values of 0.18 and
0.17 A.

The interaction energy between IHP and diaspore in the 2M
motif is —109 kcal/mol per bond (see Table 1). The interaction
energy is larger here compared to M(1) and M(2) motifs due
to the additional covalent bond and a proton transfer from IHP
to the diaspore surface. Hence, the 2M motif is more likely to
form compared to both the M(1) and M(2) motifs. The average
interaction energy per water molecule with ITHP is —5.9 kcal/mol
which is slightly larger than the IHP-water interaction energy
observed in M(1) motif case due to additional proton transfer
from IHP to water here.

3.3. Effect of Surface Saturation

In the following we will compare the present results with those of
our previous work for the 010 surface plane (Ganta et al., 2019).
The 010 diaspore surface plane is relatively unsaturated, i.e. the
surface Al atoms are coordinated by only four oxygen atoms
(see Figure S3A). In contrast, for the present more saturated
100 plane, surface Al atoms are coordinated by five oxygens
(see Figure S3B). Also the 010 diaspore surface plane exhibits
higher electrostatic potential compared to the 100 surface plane
as shown in Figure S6.

For the 010 plane the largest total interaction energy was
observed for the B and 3M motif in case of GP and IHP,
respectively (see Table 1). In case of 100 plane, the B and 2M
motifs dominate the total interaction energies. Comparing the
two B motifs for GP one finds that the binding to 010 being
10 times stronger than to 100 surface plane. The reason for the
weaker interaction energy in case of 100 is due to see-saw type
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of motion of GP yielding a weakening/strengthening of Al1-O1
and Al2-O3 bonds which is not observed for the 010 plane. This
can be attributed to the fact that in case of 010 plane the two
oxygens are coordinated to the same Al, whereas for 100 plane the
coordination is with two neighboring Al atoms, whose distances
is such as to require unfavorably large Op-P-Op angles for strong
binding. Further stabilization of the GPs B motif in the 010 plane
case comes from two additional proton transfers observed from
GP to the diaspore surface.

Regarding the total interaction energies, the dominant
binding motifs for the diaspore-IHP complexes are also different
for 010 (3M) and 100 (2M). In case of 100 the total interaction
energy is about two times smaller than for 010. Comparing the
two motifs we note in particular that the interaction with the
two surfaces is different. This is nicely illustrated by the fact that
no stable 4M motif could be observed for the 100 case. One
reason for the transformation of the 4M motif to 2M motif is
that the Al-Op bonds (regions R1 and R2, see Figures S5A-C)
at the 100 diaspore surface are inclined due to Op and surface
hydroxyl oxygen repulsion. Hence the movement of oxygens
in the Al-Op bonds (regions R1 and R2) is restricted to the
space between consecutive surface hydroxyl oxygens or to move
away from surface (see Figures S5A-C). Consequently, upon
equilibration the oxygens in the Al-Op bonds could dissociate
from diaspore as they are confined between consecutive surface
hydroxyl oxygens (see Figures SSA-C). In contrast for the 010
diaspore-IHP case, the oxygens in the Al-Op bonds (regions R3
and R4, Figures S5E-G) are not restricted and they are free to
move. Hence a stable 3M motif is observed over the course of
production trajectory (see Figures S5E-G). Looking at it from
a geometric point of view, Al-Al distances on the 010 surface
are about 4.4-5.4 A which is much larger than the 2.4 A for
the 100 surface where the 2M motif forms (see Figures S5D,H).
Given the typical distances between the phosphate groups in IHP,
bonding to the 100 surface plane yields a higher strain and thus it
becomes weaker as compared with the 010 surface plane.

In case of the 100 surface the diaspore-water interaction
energy is 3.4 times smaller compared to the 010 case. In fact
less than half of surface Al atoms formed M motifs with
water compared to the 010 diaspore surface. Also the radial
distribution function of diaspore surface oxygens with water
hydrogens in Figure S4 shows higher water accumulation near
the 010 diaspore surface compared to the 100 diaspore surface
which suggests stronger interaction for the 010 diaspore surface
with water.

4. SUMMARY AND CONCLUSIONS

In our previous study (Ganta et al, 2019), a strong and
spontaneous binding of IHP and GP with the 010 diaspore
surface has been described, which provided the motivation for
studying the effect of surface saturation on these interactions.
Therefore, the more saturated 100 diaspore surface has been
investigated here using periodic boundary QM/MM based MD
simulations. The analysis of the MD trajectories showed the
importance of inter- and intramolecular HBs in the formation

of final motifs and also shed light on effects that lead to
disassociation and association of P-O-Al bonds in the diaspore-
IHP/GP-water complexes.

In case of the diaspore-GP-water complexes, the B motif’s
interaction energy per bond is 1.5 times smaller than the M motif.
But considering the total average interaction energy, GP is more
likely to form a B motif with the 100 diaspore surface.

Regarding the diaspore-IHP-water complexes, the interaction
energy per bond follows the order 2M > M(1) > M(2). Here, the
M(2) motif’s interaction energy is 1.8 times smaller than the M(1)
motif due to longer Al-Op, bond length, i.e., due to movement of
IHP away from the diaspore surface. Thus the 2M motif will be
also dominating considering the total interaction energy. This is
due to the additional covalent bond and a proton transfer to the
diaspore surface. Hence IHP is likely to form a 2M motif with the
100 diaspore surface.

Regarding the water interaction with 100 diaspore and
IHP/GP, it can be concluded that the average IHP-water
interaction energy is about 2.3 times larger than the GP-water
one due to IHP’s higher water accessible surface area. Both THP
and GP show proton transfer events to water and formation of
strong to moderately strong HBs with water. The diaspore-water
interaction energy is only 1.1 times that of the GP-water case, but
2.8 times smaller than IHP-water one. Thus, water has a stronger
interaction with IHP than with the 100 diaspore surface.

Of course, studying a particular perfect surface plane can
at best give qualitative trends if compared to real surfaces of
mineral particles in soil. Studying two abundant surface planes,
however, it is possible to pinpoint important factors which
influence the behavior of P-compounds at the mineral/water
interface. The present investigation focused on the effects of
surface saturation and thus electrostatic potential on IHP/GP
adsorption. The soil minerals exhibit a positive charge with an
unsaturated surface and active sites for pH < PZC. For a pH far
below PZC a higher positive charge, i.e, more unsaturated surface
is observed (Cornell and Schwertmann, 2003; Tan, 2011). The
IHP and GP adsorption onto goethite (with PZC around 9-10)
is decreased with increasing pH and reached near zero values for
pHaround 10 (Celi et al., 1999; Li et al., 2017). This shows that the
mineral surface saturation varies with pH and thus the ability of
a mineral to adsorb phosphates. Higher surface saturation leads
to more negative charges on the 100 surface as compared to the
010 case. Phosphates in water are partially deprotonated and thus
have an effective negative charge. Thus the phosphate groups
will be attracted stronger to the 010 diaspore surface plane. The
denser distribution of water around the 010 surface compared
to the 100 surface and transformation of IHP’s M and B motifs
to 2M motif highlight the stronger electrostatic potential of 010
surface than 100.

Comparing our previous study (Ganta et al., 2019) with the
present one, it can be concluded that the diaspore surfaces
with different degrees of saturation exhibit different interaction
energies with phosphates. Moreover, both surface planes form
multiple bonds with IHP while the B binding motif dominates
for GP. The overall interaction energies show that IHP is bound
to diaspore stronger than GP and this confirms the prevailing
view that the number of phosphate groups is a decisive parameter

Frontiers in Forests and Global Change | www.frontiersin.org

June 2020 | Volume 3 | Article 71



Ganta et al.

Binding of Organic Phosphates to Diaspore

determining the adsorption strength (Anderson and Arlidge,
1962). This could also explain why higher percentages of IHP is
found in the forest soil colloid samples than GP as revealed by
liquid-state NMR measurements (Missong et al., 2016). However,
not all available phosphate groups will contribute to the binding,
with details depending on the surface saturation. The present
study also stresses the importance of inter- and intra-molecular
HBs and the observation that IHP is less protonated than solution
counterparts when pH < PZC as shown by Johnson et al.
(2012). For both modeled diaspore surfaces, there is no observed
dissociation for the bonds involved in C-O, C-H, and C-O-P as
suggested by Celi et al. (1999) and Li et al. (2017). In the present
case of IHP we cannot confirm the suggestion of a 4M motif made
by Ognalaga et al. (1994).
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1 ADDITIONAL QM/MM TECHNICAL DETAILS

The electrostatic embedding QM/MM method is implemented here using the CP2K package (CP2K,
5.1, 2017) where QM is simulated by the quickstep method (VandeVondele et al., 2005) and MM
by FIST (Mundy et al., 2017). For the QM part, density functional theory (DFT) is adopted in
which Goedecker-Teter-Hutter (GTH) pseudopotentials (Krack, 2005) and the Perdew-Burke-Ernzerhof
(PBE) (Perdew et al., 1996) exchange correlation functional are used together with the D3 empirical
dispersion correction (Grimme et al., 2010). The double-( valence polarised (DZVP-MOLOPT-SR-GTH),
MOLOPT (VandeVondele and Hutter, 2007) basis set has been selected for all QM atoms except water for
which single-( valance basis was selected to reduce computational costs.The HBs between diaspore-water
and between water molecules could be well defined using these basis sets (Kubicki, 2016). The SCF
convergence threshold of 10~ hartree was chosen. The counterpoise scheme (Boys and Bernardi, 1970) is
used to correct the basis set superposition error (BSSE) for interaction energies.

For the MM part of the modeled system, the bottom three layers of diaspore surface (480 atoms) has been
modeled with CLAYFF force fields (Cygan et al., 2004), water with SPC based water model (Berendsen
et al., 1987) and IHP/GP using the CHARMM force fields obtained via SwissParam force field generation
tool (Zoete et al., 2011). The SPC based water model is compatible with both CLAYFF and CHARMM
force fields. More details about force fields used here are given in (Ganta et al., 2019). The QM/MM
coupling driver is part of the CP2K package, namely we used the gaussian expansion of the electrostatic
potential method (GEEP) (Laino et al., 2006). The QM/MM simulations here are performed within a
canonical (NVT) ensemble that means simulation of molecular systems at constant number of atoms (N),
volume (V), and temperature (T).
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Figure S1: Correlation plot of hydrogen bond (HB) length (q,) and deviation of the H atom from the HB
center (q;) of two HBs formed between the diaspore surface and water for the diaspore-GP—water M motif
(a) AI1-O11 bond length for the diaspore—-IHP—water M(2) motif (b).
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Figure S2: Diaspore-IHP-water initial binding motifs, M(1) case intial motif: M (a), M(2) case intial
motif: B (b), 2M case intial motif: 4M (c), free tetrahedral PO;}_ (d).
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Figure S3: Side view of the neutral and pure 010 and 100 diaspore surface planes. Surface Al atoms of
the diaspore 010 surface plane are coordinated by four oxygen atoms (a) and 100 diaspore surface plane
are coordinated by five oxygen atoms (b). Pink, red, yellow and white colors correspond to Al, bridging
oxygen, hydroxyl oxygen and hydrogen respectively.
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Figure S4: Comparison of radial distribution functions calculated for the 010 and 100 diaspore surface
oxygen atoms and water hydrogen atoms.
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Figure S5: Snapshots along the MD trajectory for the 100 diaspore-IHP—water 2M motif (a-c) and the top
view of surface atoms showing interatomic Al-Al distances (d). Similarly, the snapshots of 3M motif (e-g)
and top view of surface atoms showing interactomic Al-Al distances (h). The circle around Al atom denote
the site of Al-Op bonds in 2M and 3M motif, respectively wherein the red circle denotes the site where
Al-Op bond dissociated. Note that water is ignored in this image for better view.
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Figure S6: Electrostatic potential (a.u.) at 1 A (perpendicular to surface) for the bare 010 diaspore surface
plane (a) as well as for the bare 100 diaspore surface plane (b). These have been calculated for bare surfaces
without involving phosphates and water.
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Abstract: Today’s fertilizers rely heavily on mining phosphorus (P) rocks. These rocks are known
to become exhausted in near future, and therefore effective P use is crucial to avoid food shortage.
A substantial amount of P from fertilizers gets adsorbed onto soil minerals to become unavailable
to plants. Understanding P interaction with these minerals would help efforts that improve P
efficiency. To this end, we performed a molecular level analysis of the interaction of common organic
P compounds (glycerolphosphate (GP) and inositol hexaphosphate (IHP)) with the abundant soil
mineral (goethite) in presence of water. Molecular dynamics simulations are performed for goethite—
IHP / GP-water complexes using the multiscale quantum mechanics/molecular mechanics method.
Results show that GP forms monodentate (M) and bidentate mononuclear (B) motifs with B being
more stable than M. IHP interacts through multiple phosphate groups with the 3M motif being most
stable. The order of goethite-IHP/GP interaction energies is GP M < GP B < IHP M < IHP 3M.
Water is important in these interactions as multiple proton transfers occur and hydrogen bonds are
formed between goethite-IHP /GP complexes and water. We also present theoretically calculated
infrared spectra which match reasonably well with frequencies reported in literature.

Keywords: P-inefficiency; goethite; glycerolphosphate; inositol hexaphosphate; MD simulations;
QMMM; binding energies; infrared spectra

1. Introduction

Phosphorus (P) scarcity is becoming one of the major global environmental challenges,
which needs attention on par with climate change because of the foreseen P peak sce-
nario [1-3]. The P in today’s fertilizer is mostly from mined P rocks, and given the current
mining rate they are predicted to be exhausted within next 50-100 years [4,5]. Complicat-
ing the situation further, the P rock reserves are available only in few countries and a P
peak scenario could affect regions like UK, Western Europe, and India who obtain these
resources mainly through imports [2,6,7]. As P rock reserves dwindle with time, the food
security of P-importing countries is in question, which, in the long-term, might flip oil
based economies to P based economies. The oil crisis in the 1970s emphasized the need for
renewable energy sources, but unfortunately for the peak P crisis there is no alternative
but to develop ways to increase, reuse, and secure the domestic P production [1,6-8].

The P input to soil (P fertilizers or from nature) is not fully available to plants as
most of it is bound to soil organic matter [9-11] or soil minerals [12-16]. To overcome this,
fertilizers are often applied in the agriculture industry to maintain and boost the agricultural
production. As a side effect, P bound to minerals runs off along water paths during heavy
rains and in the long-term causes eutrophication of waterways [17]. Recent studies show
that the soil minerals in rain water retain about 50% of P in the soil solution [18,19].
In addition, heavy rains further decrease P efficiency as P-bound soil minerals, i.e., P
colloid complexes, disperse with rain water and accumulate in specific regions unavailable
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to plants [20]. Methods that support effective extraction of P from these colloids would
increase domestic P sources which in turn would improve the food security of global
population.

Orthophosphate (OP) is one of the most abundant inorganic phosphate, which exists
mainly in the form of phosphate ions (H2P01_, HPOi_, POz_) [21,22]. Regarding organic
phosphates, inositol hexaphosphate (IHP) [23-25] and glycerolphosphate (GP) [26-28]
are some of the abundant and most common organic phosphates in soil. Often they are
present in soil as oxyanions with deprotonated phosphate groups [29-31]. Therefore, the
negatively charged phosphates bind to positively charged soil mineral surfaces to form P
colloids. The most common P-fixing minerals are Fe and Al(oxyhydr)oxides [32-34] and
Ca-oxides [33]. Goethite (x-FeOOH) is one of the most reactive and abundant mineral that
interacts with phosphates [35]. Strong interactions have been reported for OP [15,36-39] as
well as for IHP [30,31,40,41] and GP [29], especially at low to medium pH. The interaction of
phosphates with goethite or most minerals is through bonded and non-bonded interactions,
for instance, covalent bonds, hydrogen bonds (HBs), van der Waals (vdW) interactions,
and electrostatic attraction to form surface complexes [33,42,43]. Numerous studies show
that P compounds with a single phosphate group form one to two covalent bonds between
the phosphate group’s oxygens and surface iron atoms [15,36,44] within inner-sphere
complexes. IHP may bind through one to four of its six phosphate groups [31,40,41,45] to
form covalent bonds with surface iron atoms. In contrast, Johnson et al. [30] suggested
that IHP forms outer-sphere complexes. In addition to the covalent bonds and electrostatic
interaction between phosphates and goethite, water also plays an important role for
the stability of these complexes. In fact, the P colloids often exist in a solvated state in
both arable and forest soils. The study by Ahmed et al. [46] showed the importance
of water in surface complexation reactions and highlighted how water maneuvers the
phosphate interaction with mineral by forming strong to moderately strong HBs with
phosphates [47,48].

A molecular level study of solvated P colloids could provide additional insight into
these interactions and improve our understanding of P availability to plants [13]. Molecular
simulations are efficient tools to achieve this with proven track record [42,49]. For in-
stance, Kwon and Kubicki [50] resolved controversies in experimental studies related to
phosphate surface complexes on iron hydroxides. They correlated different types of phos-
phate binding motifs with goethite to pH and suggested that binding motifs change with
pH. Aquino et al. [51] estimated goethite’s point of zero charge (PZC) to 9.1 which fits well
with experimental values of 6.4-9.7 [22,52,53]. Kubicki et al. [44] explored phosphate and
goethite binding motifs and their corresponding stability at different surface planes to find
dominant motifs that contribute significantly to infrared (IR) spectra. Ahmed et al. [15]
showed that an analysis of theoretical spectra for different motifs could provide an estimate
of their ratio of abundance at the goethite surface.

The main objective of the current study is to unravel the interactions of IHP/GP at
the 010 goethite-water interface. This is achieved by analyzing binding motifs, interaction
energies, and IR spectra obtained using periodic boundary quantum mechanics/molecular
mechanics (QM/MM) [54] molecular dynamics simulations.

2. Modeling and Computations
2.1. Goethite Surface

Goethite is an orthorhombic crystal containing ferric (Fe>™) iron which is coordinated
by six oxygen atoms [35]. The bulk oxygens are triply coordinated and they are of two
distinct types: (1) bridging oxygen coordinated by three iron atoms plus a HB and (2)
hydroxyl oxygens coordinated by three iron atoms and one proton, see Figure 1c. Its unit
cell contains 16 atoms, i.e., four FeO(OH) units with lattice constants a = 9.95, b = 3.01,
c=4.62A. Some common goethite surface planes are 010, 100, 021, and 110 (as per
Pnma space group). The IHP and GP interactions with goethite are studied here by
considering the 010 goethite surface which is known for its high stability [55,56], see
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Figure 1c. The unsaturated and undercoordinated iron and oxygen atoms at the goethite
surface generate an overall positive surface charge that attracts IHP/GP and also water
to the surface. Compared to bulk, the surface iron atoms are coordinated by only four
oxygens while the bridging and hydroxyl oxygens are coordinated by only two irons
instead of three. Modeling an undercoordinated surface supports experimental studies that
phosphate (IHP [31] and GP [29]) adsorption occurs mostly at pH lower than the goethite
PZC, where its surface is unsaturated and has positive surface charge [29,31].

/
)
3
'
)
\
/
)
A\
A
)

Q
-~

Y

, =
AR e AR e A

Figure 1. GP [C3HoOgP] (a), IHP [C¢H13024P¢] (b), goethite-GP-water complex (c), M motif (d), B motif (e), and 3M motif (f). Blue,
red, yellow, white, black, and green colors correspond to iron, bridging oxygen, hydroxyl oxygen, hydrogen, carbon, and phosphorus
atoms, respectively. The dotted line denotes the QM box.

2.2. Model Systems

First, a surface slab is modeled by repetition of the goethite unit cell as 2a x 4b x 5c.
Then, GP (see Figure 1a) is added onto the goethite slab to form covalent bond(s) with a
surface iron atom, see Figure 1c. The binding motifs considered for goethite-GP complex
are based on experimental studies related to OP [22,57] and organic compounds with
monophosphate groups [29,43] interacting with goethite. The study by Li et al. [29] of GP
adsorption on goethite suggests that GP predominantly forms monodentate mononuclear
motifs (M, 1Fe+10 a covalent bond between Fe atom and phosphate free oxygen, see
Figure 1d). However, considering OP’s [58] interaction with goethite, an additional motif
called bidentate mononuclear motif (B, 1Fe + 20 two covalent bonds between Fe atom and
unprotonated and protonated phosphate O atoms, see Figure 1le) is modeled. The bidentate
binuclear motif (BB, 2Fe+20, two covalent bonds between two surface Fe atoms and two
oxygens from phosphate, see Figure S4a) which is commonly discussed for OP interaction
with goethite [22,36,50] is not considered here as the distance between consecutive Fe atoms
does not match the range of distances between oxygen atoms in the phosphate group.
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Similarly, IHP (see Figure 1b) is added onto the goethite surface to form goethite-IHP
complexes. The IHP interaction with goethite is different compared to GP because of the
additional phosphate groups. Guan et al. [45] studied IHP adsorption onto aluminum
hydroxide and showed that IHP binds to the surface through two phosphate groups.
Moreover, Celi et al. [31] and Ognalaga et al. [40] suggested that IHP interacts with goethite
through multiple phosphate groups. Unlike for OP and GP, there is no suggestion for a
clear dominant motif for IHP interaction with goethite. Therefore, in addition to the M
and B motifs, a tridentate motif 3M (3M, 3Fe + 30 three covalent bonds between three
surface Fe atoms and one protonated, two unprotonated phosphate O atoms, see Figure 1f)
is considered. The 3M motif is considered here based on the goethite surface Fe atom’s and
IHP O atom’s structural flexibility to form bonds.

The complexes discussed so far are solvated to include the effects of water on their
interactions. The goethite-IHP /GP complexes are solvated perpendicular to the studied
surface plane up to ~ 18 A using VMD [59] at a density of ~ 1 gcm ™3, see Figure 1c.
To ease the discussion about the interactions, the Fe/Al-bonded oxygens are denoted as
Op. Note that even though the initial motifs considered here may not include all possible
surface configurations they should allow us to draw conclusions from common motifs.

2.3. Computational Details

The atoms in the modeled complexes are separated into two regions as required by
the QM /MM method [54,60]. The atoms of the reactive region (QM) of goethite-IHP /GP-
water complexes include the top goethite layer, phosphate, and water within ~ 10 A from
goethite surface. The average number of QM atoms in each model is around 350400
depending on the complex; the total average number of atoms per each model is around
1200-1250. The atoms excluded from the QM region are described at the MM level with
classical force fields (FF). Note that simulating the above complexes with 1200+ atoms
using pure QM methods is a computational roadblock [42,61], and to overcome this the
QM/MM approach is adopted here.

The potential and forces of the QM subsystems are calculated using density functional
theory (DFT) as implemented in the Quickstep code [62]. Here, the nucleus and highly
localized core electrons of atoms are replaced by Goedecker—Teter—-Hutter (GTH) pseudopo-
tentials [63], while the valance electrons are described with the double-{ valance-polarized
MOLOPT (DZVP-MOLOPT-SR-GTH) basis set [64]. For water atoms, the valance elec-
trons are defined with the simpler single-{ valance (SZV-MOLOPT-SR-GTH) basis set
to further reduce computational cost. The exchange correlation interactions and vdW
interactions are included with Perdew—-Burke-Ernzerhof (PBE) [65] exchange correlation
functional and D3 empirical dispersion correction [66], respectively. The MM part is simu-
lated with the FIST module [67], which is an integral part of CP2K [68,69]. The goethite
surface is modeled with the CLAYFF FF [70] and the water with the single point charge
(SPC) water model [71]. For phosphates IHP and GP, CHARMM FF are obtained from
SwissParm, a FF generation tool [72]. Both CLAYFF and CHARMM FFs are compatible
with the SPC water model.

The interaction between QM and MM subsections is simulated by Gaussian expansion
of the electrostatic potential method (GEEP) [73] which is part of CP2K. This method
defines MM charges as smeared out Gaussians and adopts efficient screening techniques
to reduce the computational cost in calculating mutual interaction energies between QM
and MM subsystems. There is a variety of QM /MM methods available that differ based on
the level of theory used to define QM and MM mutual interactions. Here, the electrostatic
embedding type of QM /MM method is employed which allows MM atoms to polarize
QM atoms and thus to include the effect of surrounding atoms onto the reactive region [60].
For all complexes, the QM box size is 2a x 22 x 5¢,i.e., 19.9 x 22 x 23.1 A, see Figure 1c,
and the remaining region is MM.

Molecular Dynamics (MD) simulations are employed to sample the equilibrium dy-
namics including reactive events. As the phosphate interaction at goethite—water interface
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involve proton transfer events and covalent bond changes [46-48], using the QM /MM MD
technique is mandatory. Specifically, the electron density cut-off for the auxiliary plane
wave basis set is chosen to be 500 Ry with SCF convergence threshold of 10~* Hartree.
The MD simulations are performed for 25 ps with a 0.5 fs time step and the temperature
is maintained at 300K with canonical sampling through the velocity rescaling thermostat
(CSVR) [74].

Each model has been equilibrated for about 10 ps. Interaction energies and information
about geometries have been obtained from a subsequent 15 ps production trajectory.
Specifically, the interaction energy between the goethite surface and IHP is calculated for
every 100 fs (i.e., 150 snapshots) along the production trajectory by using

Eint = EgoelePfcomplex - (Egoe + EIHP) . (1)

The terms Egoe 1P complexs Emp, and Egoe denote total electronic energy of the
goethite-IHP-complex, IHP, and goethite surface, respectively. The basis set superpo-
sition error (BSSE) in interaction energies is corrected using the counterpoise scheme [75].
The interaction energies that involve water are divided by the total number of water
molecules in the simulation box to obtain per water molecule interaction energies for
better comparison.

Infrared (IR) spectra for IHP and GP adsorbed onto goethite are calculated using
the TRAVIS [76] software. In TRAVIS the IR spectra are obtained by Voronoi tessellation
of the electron density yielding molecular dipole moments from bulk phase MD simula-
tions [77,78]. This was done along a 30 ps equilibrium trajectory. The electron density is
calculated for each 4 fs, i.e, every 8th snapshot of production trajectory and the massive
(= 2 TB) electron density files are compressed using the bgb compression tool [79] com-
patible with TRAVIS. The compressed bgb files are then provided to TRAVIS software
to calculate IR spectra. Here, the IR spectra are calculated for the frequency range of
950 to 1250 cm ™!, where the characteristic peaks related to phosphate stretching modes
are observed.

3. Results and Discussion
3.1. Goethite—GP-Water Interactions
3.1.1. GP M Motif

A stable M motif is observed throughout the production trajectory with an average
Fe-O;, bond length of 2.0 A and average Fe-P distance of 3.2 A, see Figure 2b. During
early stages of equilibration, GP has formed an average of seven HBs with water, of which
one is strong enough for a proton transfer to happen from GP to water, see Figure 3a.
By the end of the equilibration, GP is twice deprotonated with one proton transfer to water
and another to surface, see Figure 3a—b. A proton transfer is observed from GP to water
(see Figure 3c¢) in the production trajectory; therefore, GP is three times deprotonated and
its phosphate group completely deprotonated. In Figure 3b, a proton transfer event is
observed from goethite surface oxygen to water. On average 8 HBs are observed between
GP and water over the course of the production trajectory, see Figure S4b. The HBs are
calculated using the VMD [59] plugin with HB donor—acceptor distance selected as 3 A.
Figure 3d shows a stable GP M motif at 25 ps.
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Figure 2. Comparison plot of interaction energies per bond Ej, (a) and Fe-O,, Fe-P distances (b). Panels (a,b) also contain

data for diaspore-IHP /GP-water complexes [47,48]. In the top figure, the number of filled subsquares denote the total

number of proton transfers from IHP/GP to surface and center of box denotes the binding energy. The square with zero

filled subsquares denotes zero proton transfers from phosphate to the surface.

The average interaction energy between goethite and GP calculated using Equation (1)
is —112 kcal/mol, see Figure 2a. The average GP-water interaction energy per water
molecule is —2.3 kcal/mol. The accumulation of water around the goethite surface suggests
that water experiences a strong electrostatic pull from goethite surface, see Figure S5.
The average goethite—water interaction energy is —6.8 kcal/mol, which is larger than the
GP-water interaction energy. The stronger goethite-water interaction is due to multiple
Fe-Op,o covalent bonds (see Figure S4c), proton transfers, and HBs between goethite
active sites and water.

3.1.2. GP B Motif

The initial B motif was found stable during the production trajectory with a mean
average Fe-Op bond length of 2.21 A and Fe-P distance of 2.6 A. The mean average
Fe-Op bond length observed here is longer than in the M motif case, probably due to the
repulsion between the bonded oxygens, see Figure 2b. In contrast to the M motif, proton
transfer events are not observed from GP to the goethite surface. GP formed an average of
eight HBs with water during equilibration stage and of these two yielded proton transfers
from GP to water, see Figure 3e—f. Therefore, GP is deprotonated twice at the end of
equilibration and during the production trajectory it formed an average of eight HBs with
water. The snapshots in Figure 3g and h show the GP B motif at 20 and 25 ps, respectively.

The goethite-GP per bond interaction energy here is —61 kcal/mol per bond which
is less than for the GP M motif because of the additional proton transfer observed in the
latter case. However, the total interaction energy (—122 kcal/mol) here is higher than for
the GP M motif, see Figure 2a. The GP-water interaction energy is —1.9 kcal/mol, which is
smaller than for M motif case, probably due to the additional proton transfer from GP to
water in the M motif.
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Figure 3. Snapshots of goethite-GP—water models along the simulation trajectory. Proton transfer from GP to water (a), a
proton transfer from GP to surface and from surface to water (b), a proton transfer from GP to water (c), a stable M motif
at 25 ps (d), proton transfers from GP to water (e,f), and B motif at 20 ps (g) and 25 ps (h). As proton transfer events are
common in these interactions, the goethite surface hydrogen atoms and GP’s hydrogen atoms are shown in violet and white

colors to avoid confusion. Moreover, the surrounding water is ignored here for better visualization. Snapshots (a,b,e f) are

from equilibration phase.

3.1.3. Discussion of Goethite—-GP-Water Interactions

The study by Li et al. [29] of GP on goethite suggested the formation of only the
M motif and considered that the B motif could not be formed due to steric hindrance
of the organic moiety in the GP molecule. In addition, Persson et al. [43] suggested
a dominant M motif for monomethyl phosphate (MMP; CH3-H;PO,) adsorption onto
goethite. However, similar to our previous studies [47,48], we find that GP forms stable and
strong B or BB motifs, see Figure 2a. In addition, Lii et al. [80] suggested that molecules
with similar binding mechanism like GP such as glucose 6-phosphate and adenosine
mono/triphosphates form nonprotonated bidentate complexes within first ten minutes
after mixing. Furthermore, OP is known to form M, B, and BB motifs when interacting with
goethite [33,44,50,58]. This raises the question of why the M motif could be the dominant
species for GP on goethite, despite the fact that the binding energy for the B motif is
stronger, see Figure 2a. Note that the interaction energies presented in Figure 2a are per
bond. For IHP, we found a transformation of B motif to M motif on diaspore surface [47,48]
because of intermolecular HBs in IHP and its strong interaction with water. Based on this,
and on the study by Li et al. [29], one might assume that GP’s HBs with water or its steric
hinderance might hinder the B motif. Nevertheless, Abdala et al. [58] showed that at low
(1.25 umolm~2), medium (2.5 umolm—2), and high (10 pumolm~2) surface loading of OP
onto goethite, the observed motifs are at low B (48%), BB (47%), and M (=0); at medium
B (77%), BB (25%), and M (=0); and at high B (=0), BB (18%), and M (77%). This clearly
shows that for low surface loading the B and BB motifs are dominant motifs whereas for
high surface loading the B motif is not formed in the first place. In addition to surface
loading, the surface type is also vital in deciding the dominant motifs of phosphates on
surface [15,44]. For the 010 goethite surface, the theoretical study of single phosphate
molecule interaction at goethite-water interface by Ahmed et al. [15,46] showed that the
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B motif has a stronger binding than M. Further, the protonation state of GP’s phosphate
group here could be understood from the study of Sheals et al. [81] of glyphosate (GLP,
HyPO3—CH,-NH,—-CH,—COO) on goethite; the twice deprotonated phosphate species
dominate at the low surface adsorption densities and the monoprotonated phosphate
species dominate at high surface adsorption densities. Correlating the current study with
the above literature, the GP binds through a B motif with a twice deprotonated phosphate
group dominantly at low surface adsorption density. At high surface adsorption density,
GP binds preferentially through a M motif with a monoprotonated phosphate group.

The Fe-P distance observed here for the GP M motif is within the range of Fe-P dis-
tances observed in literature for goethite—phosphate complexes: 3.13-3.37 [82], 3.17-3.32 [83],
3.38 [44], 3.20 [46], and 3.41 [15], see Figure 2b. For the B motif, even though the calculated
phosphate bond in this motif exhibits a strong interaction energy [46-48], it is not often
discussed in experimental studies [22,44]. X-ray absorption studies of Abdala et al. [58]
showed that the Fe-P distance observed for B motif case is around 2.85 A, which is close to
the value observed here, see Figure 2b. Furthermore, similar Fe-P values are observed for B
motif in theoretical studies, i.e., 2.64 [46] and 2.58 A [15]. Comparing the present interaction
energies with other systems we notice the following. The present B motif exhibits stronger
binding energy than the M motif, similar to the OP [46] and GLP [15] interaction with 010
goethite surface. Moreover, OP and GLP bind more strongly with goethite than with water,
as observed for GP and water here. This suggests that phosphates often have the ability to
replace water from goethite surface.

3.2. Goethite—IHP-Water Interaction
3.2.1. IHP M Motifs

Here, the initial M (Fe-Op) and B (Op-Fe-Op) motifs (see Figure S3a,b) resulted in
two different M motifs. M(1) corresponds to the initial M configuration, with an average
Fe-Op bond length and Fe-P distance of 2.09 and 3.45 A, respectively, see Figure 2b. Two
proton transfer events are observed from IHP to water in the equilibration stage, see
Figure 4a,b. Moreover, a proton transfer is observed from goethite to water, see Figure 4a.
During the production trajectory, IHP is twice deprotonated and the protonation state
of IHP has not altered. It has formed an average of 22 HBs with water. In addition,
intramolecular HBs are observed between adjacent phosphate groups along the whole
MD trajectory, see Figure 4b—d. Similar to our previous studies [47,48], the HBs formed
between IHP and water and the intramolecular HBs in IHP are mostly strong to moderately
strong HBs. Figure 4d shows the M(1) motif at 25 ps. The average goethite-IHP and
IHP-water interaction energies observed here are —56 and —5.5 kcal/mol, respectively.
The goethite-water interaction energy here is —5.7 kcal/mol which is less than in the GP’s
M motif.

In M(2) motif case, the initial configuration was the B motif (see Figure S3b), which
transformed to form M(2). Here, one of the Fe-O,, bonds is dissociated, and for the other
bond the average Fe-Op bond length and Fe-P distance is found to be 1.95 and 3.2 A,
respectively, see Figure 2b. In the equilibration phase, a proton transfer event is observed
from IHP’s oxygen to the surface (see Figure 4a), followed by formation of an intramolecular
HB between the same oxygen and an adjacent phosphate group, see Figure 4b. IHP has
formed around 20 HBs with water and two of them are apparently strong enough such
that proton transfer events are observed from IHP to water. In addition, IHP has formed
multiple intramolecular HBs between phosphate groups, see Figure 4f-h. During the
production trajectory, IHP is three times deprotonated with one proton transfer to surface
and two to water. One of the protons transferred from IHP to water formed an HB with
the goethite surface, see Figure 4g-h. The time averaged goethite-IHP interaction energy
observed here is —190 kcal /mol which is higher than the M(1) motif case due to additional
proton transfers from IHP to goethite surface observed here, see Figure 2e-h.
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Figure 4. Snapshots of goethite-IHP-water models along the simulation trajectory. In M(1) motif, proton transfer from

IHP to water and from goethite surface oxygen to water (a), intramolecular HB and a proton transfer from IHP to water
(b), and M(1) motif at 17 and 25 ps (c,d). In M(2) motif, proton transfer from IHP to surface (e), protons transfer from
IHP to water (f,g), and M(2) motif at 25 ps (h). In 3M motif, three proton transfers from IHP to water (i k) and a proton
transfer from IHP to surface (j), 3M motif at 25 ps (1). As proton transfer events are common in these interactions, the
goethite surface hydrogen atoms and IHP’s hydrogen atoms are shown in violet and white colors to avoid confusion.
Moreover, the surrounding water is ignored here for better visualization. Snapshots that show proton transfers are from the
equilibration phase.

3.2.2. IHP 3M Motif

Here, IHP is aligned parallel to the surface to form three Fe-O,, covalent bonds as
shown in Figure 1c. A stable 3M motif is observed during the production trajectory with
mean average Fe-Op, bond length of 1.96 A and the corresponding mean average Fe-P
distance of 3.2 A, see Figure 2b, respectively. During equilibration, THP has formed an
average of 22 HBs with water of which three transformed to proton transfers from IHP
to water, see Figure 4i k. Furthermore, one proton transfer is observed from IHP to the
surface, see Figure 4j. The equilibrated IHP is four times deprotonated with three proton
transfers to water and one to the surface. The average number of HBs formed between IHP
and water in production trajectory is around 23. The Figure 41 shows the IHP 3M motif at
25 ps.

The time averaged goethite-IHP interaction energy per bond observed here is —86 kcal /mol.
The goethite-IHP per bond interaction energy here is small compared to the M(2) motif
case, but the overall interaction energy is higher than for both M motif cases, see Figure 2a.
The IHP-water interaction energy is —7.8 kcal/mol which is higher than for the IHP M
motif cases because of an additional proton transfer from IHP to water.
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3.2.3. Discussion of Goethite-IHP-Water Interactions

Evaluating the interaction of the IHP phosphate groups with goethite, the B motif
is found to be unstable here, similar to our previous studies [47,48] for IHP interaction
with diaspore. To our knowledge, studies in literature have not mentioned the existence
of B or BB motifs for IHP interacting with minerals. However, the M motif is often
observed in theoretical studies [45,47,48] for IHP. Interestingly, for the number of phosphate
groups which will bind to the surface different suggestions exist, ranging from four [40],
three [45,47], two [47,48], one [47,48], and 0 [30]. The present M and 3M stable motifs add
to the list. The goethite—water interaction energy observed here is less than in the GP case.
The weaker interaction of water in the latter case is in line with the study by Celi et al. [31]
who showed that IHP adsorption on goethite makes the surface more negative than in case
of OP.

Numerous studies show that IHP has the ability to compete with OP for the same
binding sites and it could release and replace OP on goethite [23]. Comparing IHP and GP
interaction energies, IHP exhibits stronger adsorption onto goethite than GP (see Figure 2a)
which is in line with experiment [84] and our previous studies [47,48] for diaspore. There-
fore, IHP has the ability to replace GP and the order of adsorption energies is IHP > GP
> water. The Fe-P distances observed here are in close match to the values observed in
experimental [58,82] and theoretical studies [15,44,46,83] of OP adsorption onto goethite.
This is in line with Celi et al. [85] suggestion that IHP phosphate groups react with goethite
in the same way as OP. Compared to GP, one could also infer that the changes in the
phosphate group’s geometry observed upon binding to goethite is similar for IHP and GP.

3.3. Theoretical IR Spectra of GP and IHP Adsorbed onto Goethite

The IR spectra of IHP/GP adsorbed onto goethite are calculated only for the stable
motifs observed above, i.e, M and B of GP and M and 3M of IHP. These motifs remained
stable also during the extended trajectory used to calculate spectra, see Figures S6 and S7.
The theoretical spectra calculated for these motifs are normalized and illustrated in Figure 5.
The spectral analysis here is confined to 950-1250 cm~! mainly to focus on the [P-O]
stretching modes which are dominant in this range [22,86,87]. Therefore, the discussion
below is mainly focused on phosphate ion bondings observed in the production trajectory
and the corresponding IR spectra from literature. However, the peak positions of the IR
spectra are known to shift differently with environmental factors such as water content and
pH [50]. Especially nonprotonated oxygens of phosphate group are more sensitive to water
hydrogens and hydroxyl groups and form HBs which might influence the spectra [50,88,89].
Both IHP and GP form strong to moderately strong HBs with surrounding water [47,48]
and also contain nonprotonated oxygens, see Figures 3 and 4. Therefore, the calculated
spectra here should reflect these interactions. The charge superscript is ignored when
representing the phosphate ion bondings, e.g., FeH,PO4 or FeHPOy, as these complexes
are part of GP or IHP but not a molecule on their own.

Arai and Sparks [90] predicted the type of aqueous phosphate species based on
the number of bands in IR spectra and the corresponding symmetry. According to their
study, the aqueous phosphate species and their corresponding symmetry with number of
bands (in parentheses) are PO4—T4(1), HPO4—C3y (3), HyPO4—Coy (4), and H3PO4—Csy(3).
The study also showed that after OP binds to goethite the symmetry is reduced and the
aqueous phosphate IR bands further split to form additional bands. Here, the symmetry
of the phosphate group/s of IHP and GP is further reduced compared to OP bonded to
goethite because of the P-O-C connection. Therefore, in the current study the spectrum
assignment is performed based on the phosphate group moiety and its binding motif with
goethite rather than symmetry.

Before we start the analysis some limitations about this approach should be men-
tioned. In an experimental set-up the IR spectra are obtained for an ensemble of molecules
interacting with different goethite surface types. In contrast, here the analysis is performed
for a single IHP /GP molecule interacting with only one goethite surface type. Furthermore,
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the IR bands and their corresponding assignments may vary based on pH, experimental
conditions, and surface crystallinity [44]. Ahmed et al. [15] provided a novel approach to
this problem by calculating weighted averages of theoretical IR spectra involving simul-
taneously the most common and abundant motifs and surface planes. This study also
emphasized the idea that an abundant motif’s characteristics dominate the overall spectra
which is in line with experimental studies [22,57].
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Figure 5. Calculated IR spectra of GP M and B motifs (a) and IHP M and 3M motifs (b).

3.3.1. GP IR Spectra

In the GP M motif case, a deprotonated phosphate species is observed throughout the
production trajectory. Therefore, the phosphate species observed here is FePO,. The IR
spectrum for GP exhibits ten bands at 975, 998, 1029, 1042, 1070, 1120, 1146, 1176, 1211, and
1244 cm ™! in the frequency range 950-1250 cm !, see Figure 5a. The first six peaks are of
high to moderately high intense, whereas the remaining ones are less intense. The peaks at
1176 and 1211 cm ™! are less intense and wide ranged peaks distributed in frequency range
of 1165 to 1187 cm~! and 1200 to 1224cm~!. In the GP B motif case also a deprotonated
phosphate species is also observed throughout the simulation trajectory. Here, the GP
exhibits ten bands at 951, 994, 1043, 1088, 1115, 1148, 1170, 1191, 1213, and 1236 cm . Here,
only the first four bands are of high to moderately high intense and the remaining ones
are less intense, see Figure 5a. The bands at 1115 cm ! and 1170 cm ™! are shoulder bands
distributed in the range of 1109 to 1119 cm~! and 1164 to 1175 cm !, respectively. The GP
M and B motif cases have matching bands within £6 cm ! of frequencies at 996, 1041,
1117, 1147, 1173, 1212, and 1240 cm L. In the following we compare these findings with
previous studies.

GP M motif case: Lincoln and Stranks [91] studied phosphate binding to Co in the
Co(NH3)5PO4 complex and assigned bands at 980 and 1030 cm ! to [P-OCo] and [P-O]
modes of monodentate deprotonated phosphate group (CoPQOy), respectively.
Tribe et al. [83] assigned bands at 979 and 1032 cm ™! to [P-O] modes of FePO, phosphate
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species for glyphosate adsorption onto goethite. Therefore, the bands at 975 and 1029 cm !
here are assigned to [P-OFe] and [P-O] modes. Compared to the study by Li et al. [29]
of GP adsorption onto goethite, the bands at 998, 1042, 1120, and 1146 cm ! could be
assigned to [P-O] stretching mode, see Table 1 and Figure 5. The band at 998 cm ™! could
also be assigned to [P-OFe] stretching mode as multiple studies [15,22,57,83] assigned
bands around this frequency to the same stretching mode. Tribe et al. [83] assigned a
band at 1063 cm ! to [P-O] stretching mode for the FeHPO, complex, and therefore the
band at 1070 cm~! here could be assigned to a [P-O] stretching mode. The less intense
band at 1176 cm ™1 might correspond to [P-O] asymmetric stretching mode as Li et al. [29]
assigned a band at 1180 cm ™! to [P-O] or [P-OH] for HPO, phosphate species of aqueous
GP. Moreover, Persson et al. [57] assigned a band at 1178 cem ! to [P-O] stretching mode
for FeH,PO, and Kubicki et al. [44] listed a band at 1176 cm ™! for the FeHPO, phosphate
species. The band at 1211 cm ™! could be assigned to stretching modes of [C-C~C] and
[C-O-C] of glycerol group based on the assignment by Nakagawa and Oyama [92] of
1210 cm~! frequency observed in glycerol-water interactions [93]. Regarding the next
band at 1244 cm~!, Kubicki et al. [44] assigned the band at 1250 cm ™! to [P-O-H] bend-
ing vibrations and in addition, Ahmed et al. [15] assigned the band at 1227 cm ! to
[P-O-H] bending vibrations for OP on 010 goethite surface. Therefore, the band at
1244 cm™~! here could be assigned to GP’s unprotonated phosphate oxygens interaction
with water hydrogens.

GP B motif case: Ahmed et al. [15] study of OP on 010 goethite surface assigned
bands at 957 and 964 cm~! to [O-P-20Fe] and [20-P-OFe] symmetric stretching modes
and Persson et al. [57] assigned the band at 966 cm ! to [P-O] stretching mode. Therefore,
the band at 951 cm ! could be assigned to [P-O] or [P-OFe] stretching modes. The band at
994 cm ! frequency is close to 998 cm ! frequency found in GP M motif case, and therefore
it is assigned the same modes, [P-O] or [P-OFe] stretching modes, as the latter frequency.
The bands at 1043, 1115, and 1148 cm ! could be assigned to [P-O] stretching mode as
per Li et al. [29] study while the band at 1088 cm ! could be assigned to [P=0] [29] or
[P-O] [83] stretching modes, see Table 1. The band at 1170 cm s assigned [P-O] mode
which is the same mode assigned for the band at 1176 cm ! in GP M motif case. The band
at 1191 and 1213 cm ™! could be assigned to [C-C—C] and [C-O-C] stretching modes of
glycerol group as assigned for 1211 cm ™! frequency observed in GP M motif case. The band
at 1236 cm ! is assigned the same mode as 1244 cm~! in GP M motif case.

Comparing IR spectra of GP M and B motifs, we conclude that several common band
assignments are observed between both cases. The bands between 951 and 998 cm ™! are
assigned to [P-O] or [P-OFe] stretching modes, and the ones between 1029 and 1176 cm !
are assigned to [P-O] stretching mode except for 1088 cm~! frequency which could be
assigned to [P=0] stretching mode as well. The bands between 1191 and 1213 cm ! are
assigned to [C-C—C] and [C-O—-C] stretching modes of glycerol group, respectively, while
the bands between 1236 and 1244 cm ! are assigned to unprotonated phosphate oxygens
interaction with water hydrogens. The comparison of spectra calculated here with spectra
from the experimental study by Li et al. [29] is shown in Figure S2a. Moreover, spectral
peaks characteristic to water are analyzed in light of peaks from literature, see Figure S8.
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Table 1. Experimental and theoretical IR frequencies from selected studies related to phosphates OP, GP, IHP, and others on
goethite are listed below. The IR frequencies calculated here for GP and IHP on goethite are also presented here. The symbols t, 1,
e, 0, A, ---,and % denote [P-O], [P=0], [P-OFe], [P-OH], [P-O-C], [P-O- - - H], and [C-C—C] plus [C-O-C] modes, respectively.
The symbols are assigned to frequencies only when specifically mentioned in reference experimental study. The frequency assigned
to multiple modes is denoted as e/ o represent [P-OFe] or [P-OH] modes while e&/ o represent [P-OFe] and/or [P-OH] mode.

Study and Description Wavenumber [em ]

goethite-OP

Ref.Tejedor and Anderson [22]

pH 6.0, 190 umol P/g of Gt 1004 1030 1045 1099 1128
Fe,HPO, 982¢/° 1006 * 1123 %
Fe POy 1044 * 1096 *
FePO, 10014/t 1025*
Ref. Persson et al. [57]
pH 4.2—-5.7 [FeH,POy4] 1001%/° 1049° 11221 1178t
pH 7.9 [FeHPOy4] 1001°/° 1049° 1122 *
pH 13 [FePO4] 966 10571
Ref. Kubicki et al. [44]
pH 4.22 [FeH,PO4] 982 1009 1044 1091 1122 1157 1195
pH 7.51 [FeHPO4] 1022 1043 1084 1124 1177
Ref. Ahmed et al. [15]
pH6.3 1000 1110 1165
M@010 [FeHPO4] 964 1021 1049 1207
B@010 [FeHPO4] 957 992 1007 1035 1071 1227
M@100 [FePO4] 957 999 1044 1058
B@100 [Fe;HPO4] 953 974 1048
goethite—[organic P-compounds]
Ref. Persson et al. [43] (MMP)
pH 2.6 FeHPO, 1003 * 1051 * 1140 * 1185
pH 9.9 FePO, 990 * 1051 F 1120 * 1185
Ref. Tribe et al. [83] (GLP)
FeHPO3 1001 * 1020 * 1030 1 1063 °© 1118 *
FePO3 973 * 979 * 1032 * 1068 * 1084 * 1095 * 1102 *
Ref. Li et al. [29] (GP)
pH3 1008 * 10521 1098 11391
pHI 998 * 10441 1092 % 1126 *
current work
M [FePOy4] 9751/* 998 t/e 1029 * 1042 * 1070 * 1120 * 1146 * 1176 * 1211+ 1244 °
B [FePOy] 9511/¢  9941/e 1043 * 1088/ 1115F  1148% 1170t 1191*  1213*  1236°
goethite-IHP
Ref. Yan et al. [41]
pHS5 998 * 1075 * 1135 * 1166 *
Ref. Yan et al. [94]
pH5 1010 1071 1134 1164
pH6 998 1068 1131
Ref. Johnson et al. [30]
fitted band centers 974 * 991 4 10114 1043 1074 * 1099 * 1128 1160 * 1187 * 1220 %
current work
M 970 t/4 991 1/4 1036 1063t 1090 * 1148%/¢  1190%  1214%  1236°
3M 958 /4 996t/A 10234 1050 10657  1096* 1108t 1141%/* 1164%/* 1193t  1219%

3.3.2. IHP IR Spectra

IHP has six phosphate groups and hence the theoretical spectra calculated here would
include the characteristics of different types of phosphate species originating from the six
phosphate groups. In addition, intermolecular HBs are also common between adjacent
phosphate groups which shift or alter intensity of the IR spectra [88,89]. In the IHP M case,
the six phosphate groups transformed to two types of phosphate species, HPO4 (2) and
H,POy (4), in the production trajectory. The IR spectra for IHP M case exhibited bands at
970, 991, 1036, 1063, 1090, 1148, 1190, 1214, and 1236 cm™ !, see Figure 5b. The first five
bands are high intense bands while the latter ones are moderately intense to often less
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intense. The band at 1090 cm ™! is a shoulder band distributed in the frequency range of
1084 to 1099 cm~! while the band at 1214 is a least intense flat band distributed in the
frequency range of 1205 to 1222 cm ™. In THP 3M motif case all possible phosphate species,
POy (1), HPOy4 (2), HoPOy4 (3), are observed in the production trajectory. The IR spectra have
bands at 958, 996, 1023, 1050, 1065, 1096, 1108, 1141, 1164, 1193, and 1219 cm~'. The bands
at 1065 and 1219 cm ™! are shoulder bands distributed in the frequency range of 1059 to
1071 cm ™! and 1212-1225 cm ™}, respectively. The bands at 1096 and 1108 cm ! are maxima
of abimodal peak which is distributed in the frequency range of 1084 to 1116 cm~!. The THP
M and IHP 3M motif cases have matching bands within +6 cm ! of frequencies at 964, 993,
1064, 1093, 1144, 1191, and 1217 cm L. The IHP spectra obtained here are deconvoluted
into Gaussian functions using the PeakFit v4 software [95] to compare current results
with Johnson et al. [30] study. PeakFit v4 is the same software used by Johnson et al. [30]
for deconvolution of IHP spectra. The deconvoluted spectra and the corresponding fitted
band centers are presented in Figure S1.

IHP M case: Guan et al. [45] assigned bands between 970-985 em~ ! and 970 em ™!
frequency to [P-O—C] stretching mode for IHP adsorbed onto aluminum hydroxide and
for IHP in water, respectively. In contrast, Johnson et al. [30] assigned a fitted band center
at 974 cm ! to [P-O] mode but he assigned fitted band center at 991 and 1011 cm ! to
[P-O-C] stretching mode. Therefore, the peaks at 970 and 991 cm ™! (fitted band centers
at 967 and 992 cm !, respectively, see Figure Sla) could be assigned to [P-O] or [P-O-C]
stretching modes. The band at 1036 cm ™! (fitted band center 1036 cm ') might correspond
to the intermolecular HBs between adjacent phosphate groups or between a phosphate
group and water adsorbed to goethite surface. This assignment is based on the study
of Johnson et al. [30], where the fitted band center at 1043 cm ™! is assigned to P-O---H (H
from the phosphate group or water adsorbed to goethite surface). The high intense peak at
1063 cm~! with fitted band center at peak center could be assigned to [P-O] stretching mode
of HPOy as per Johnson et al. [30] and Yan et al. [41] studies, see Table 1. The next peak is
at 1090 cm ™! (fitted band center at 1091 cm~') and it could be assigned to [P-O] mode
as Johnson et al. [30] assigned a fitted band at 1099 to such a mode. The fitted band center at
1120 cm ™! which does not have a specific assigned peak (see Figure S1a) might correspond
to [P-O] stretching mode as Johnson et al. [30] assigned fitted band center at 1128 cm ! to
[P-O] stretching mode. The peak at 1148 cm ! (fitted band centers at 1147 and 1165 cm 1)
might correspond to [P-OFe] stretching mode as Guan et al. [45] and Yan et al. [41]
assigned bands 1148 cm 1, 1157 em ™1, and 1166 cm ™! to [P-OAl] and [P-OFe] stretching
modes, respectively. It could also be assigned to [P-O] mode as Johnson et al. [30] assigned
1160 cm~! band center to such a mode. The peak at 1190 cm ™! the fitted band center is
at peak center and it is assigned to [P-O] mode as per Johnson et al. [30]. The band at
1214 cm~! (fitted band center at 1213 cm ') could be assigned to [P=0] stretching mode.
This is because, Celi et al. [31] suggested that after IHP adsorption onto goethite the [P=0]
stretching band observed for aqueous IHP at 1223 cm ™! frequency might shift to lower
frequencies. In addition, Johnson et al. [30] assigned the fitted band center at 1220 cm~! to
[P=0] stretching mode. Bands within 1230 and 1250 cm~! are not common in goethite—
IHP-related studies, see Table 1, and therefore the band at 1239 cm ™! is assigned to [P-O-H]
bending vibrations based on Ahmed et al. [15]'s study.

IHP 3M motif case: The first band at 958 cm ! could be assigned to [P-O] or [P-O-C]
stretching modes based on reasons for assignment of 970 cm~! band in THP M motif
case. The next band at 996 cm ! is assigned to [P-O] or [P-O-C] stretching modes for
the same reasons as given for the assignment of the 977 cm~! band in IHP M motif case.
The band at 1023 cm ™! (fitted band center at 1022 cm™!) could be assigned to [P-O—C]
stretching mode, as Johnson et al. [30] assigned the fitted band center at 1011 cm ! to such
a mode. Similar to the band at 1036 cm ™! for IHP M motif case, the band at 1050 cm ™!
(fitted band center at 1048 cm™~!) here could be assigned to inter- and intramolecular HBs
among adjacent phosphate groups and a phosphate group with water bound to goethite,
respectively. The next bands at 1065 and 1096 cm ! (corresponding fitted band centers at
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1068 and 1092 cm ') are assigned to [P-O] stretching modes similar to peaks at 1063 and
1090 cm~! of IHP M motif case, see Table 1. The peak at 1108 cm ™! with fitted band center
at 1113 em ™! could be assigned to [P-O] stretching mode based on Johnson et al. [30]
assignment of fitted band center at 1127 cm ! to [P-O] stretching mode. The band at
1141 cm ™! (fitted band center at 1140 cm™!) is assigned to [P-OFe] stretching mode as
Guan et al. [45] assigned the band at 1048 cm ™! to [P-OAl] stretching mode. It could also
be assigned to [P-O] mode since Yan et al. [41] assigned the band at 1135cm ! to [P-O]
mode. The band 1164 cm~! (fitted band center at 1165cm~!) is assigned to [P-OFe] or
[P-O] mode, as Yan et al. [41] assigned the band at 1166 cm ! to [P-OFe] stretching mode
and Johnson et al. [30] assigned fixed band center at 1162 to [P-O] mode. The peaks at
1193 and 1219 cm ™~ are assigned to [P-O] and [P=0] modes for the same reasons given
the assignment of peaks at 1190 and 1214 cm ! in THP M motif case.

Summarizing the IHP M and 3M motifs’ IR spectra, and their assignments based on
literature (see Table 1), we conclude the following. The bands in the frequency range of 958
t0 996 cm ! could be mainly assigned to [P-O] or [P-O-C] stretching modes. The bands
around 1043 cm ™! are assigned to intermolecular HBs between IHPs phosphate groups
and intramolecular HBs between IHP phosphate groups and water adsorbed to goethite.
The bands observed in the range of 1063 to 1108 cm ! are assigned to [P-O] stretching
modes and the ones in 1141-1164 cm ! frequency range are assigned to [P-OFe] or [P-O]
modes. The peaks around 1191 cm ! are assigned to [P-O] modes and the ones around
1217 cm ! are assigned to [P=0] modes. The comparison of IHP spectra with spectra from
the experimental study of Yan et al. [41] is shown in Figure S2b. A few selected frequency
ranges where the IR spectra of water could be characterized are analyzed, see Figure S8.

4. Summary and Conclusions

The world population is expected to increase 34% by 2050 and will reach 9.1 bil-
lion [96], challenging the agricultural industry to meet the nutritional needs. Unfortunately,
agricultural production is heavily dependent on the soon to be exhausted P rocks. There-
fore, there is a need to find ways to recycle and secure P resources to support the raising
global population. The current study focused on P interaction with soil minerals, a signifi-
cant factor that causes P inefficiency and P loss in soil. The present results are expected to
provide additional insight into organic P interaction at goethite—water interface.

Analysis of binding energies (see Figure 2) show that the GP B motif exhibits stronger
overall binding energy than the M motif. This is in contrast to the suggestion by Li et al. [29]
that GP might not form B motif due to steric hinderance of organic moiety. However, based
on interaction energies calculated here and the study by Abdala et al. [58], we conclude
that GP forms a B motif at low goethite surface loading, while at high loading the M
motif dominates.

Regarding IHP, it is found to interact with goethite through multiple phosphate groups
and its 3M motif has a higher interaction energy than the M motif. Furthermore, its B motif
is unstable which transformed to the M motif. The transformation of the B to the M motif
has occurred in our previous studies [47,48] as well, confirming that IHP phosphate groups
are more likely to form M motifs with goethite. The IHP interaction energy with goethite is
stronger than for GP which suggests that it could replace GP to bind with goethite. This is
in line with the results of De Groot and Golterman [97] which showed that IHP can replace
OP and inhibit it from further adsorption.

The energy required for phosphate to replace a OH™ from the surface could not be
estimated from that study. However, Ahmed et al. [15] showed that OH™ has a higher
interaction energy than OP and water and thus could replace both. However, in contrast,
Li et al. [29] showed that GP replaces OH™ at the goethite surface at a high rate. Therefore,
understanding the priority of adsorption is important as a non-replaceable hydroxyl group
at the surface could restrict the IHP interaction with goethite and also reduce the range of
binding motifs. The current study proposes a competitive adsorption study for multiple
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instances of IHP/GP in presence of water and OH™ at the goethite surface to understand
effect of high surface loading and influence of OH™ on binding motifs.

Finally, we have investigated the IR signatures of the different binding motifs. The IR
spectra calculated for GP M and B motifs match reasonably with phosphates related IR
spectra from literature. This suggests that both motifs might exist simultaneously on the
goethite surface. However, given the similarity of spectra, the proportion of these motifs
could not be estimated as done by Ahmed et al. [15]. The calculated IR spectra for IHP
also matches well with the IR spectra from literature. This validates the current modeling
approach for simulating the interactions of IHP and GP at goethite—water interface.

Supplementary Materials: The following are available online, Figure S1: Fitted IR spectra of IHP,
Figure 52: Comparison of GP and IHP spectra with experimental spectra, Figure S3: Initial motifs of
IHP and GP, Figure S4: GP BB motif, HBs between GP and surrounding water and water bonded
to surface Fe atoms, Figure S5: Pair correlation function for surface Fe atoms and water oxygens,
Figure S6: Fe-Op covalent bond lengths along simulation trajectories between 25 and 55 ps, Figure S7:
Binding energy of IHP M(1) motif along simulation trajectory between 25 and 55 ps, Figure S8: IR
spectra of GP M and B motif cases and IHP M and 3M motif cases.
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Figure S1: Fitted IR spectra of IHP bonded through M (a) and 3M motifs (b).
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Figure S4: GP BB motif (a), HBs (yellow dotted lines) between GP and surrounding water (b), water bonded to surface Fe atoms (c). Pink,

red, yellow, white and lime colors correspond to iron, oxygen, hydroxyl oxygen, hydrogen and phosphorus, respectively.
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Figure S5: Pair correlation function calculated for surface Fe atoms of goethite and oxygens of water observed for GP M motif case.
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Abstract: Knowledge of the interaction between inorganic and organic phosphates with soil minerals
is vital for improving soil P-fertility. To achieve an in-depth understanding, we combined adsorption
experiments and hybrid ab initio molecular dynamics simulations to analyze the adsorption of
common phosphates, i.e., orthophosphate (OP), glycerolphosphate (GP) and inositolhexaphosphate
(IHP), onto the 100 surface plane of goethite. Experimental adsorption data per mol P-molecule
basis fitted to the Freundlich model show the adsorption strength increases in the order GP < OP
El:,ecfla‘tfg < IHP, and IHP adsorption being saturated faster followed by GP and OP. Modeling results show
that OP and GP form stable monodentate (M) and binuclear bidentate (B) motifs, with B being more
stable than M, whereas IHP forms stable M and 3M motifs. Interfacial water plays an important role
through hydrogen bonds and proton transfers with OP/GP/IHP and goethite. It also controls the
binding motifs of phosphates with goethite. Combining both experimental and modeling results, we
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323. https://doi.org/10.3390/ bound P form in soil. This study could be considered as a preliminary step for further studies for
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ublishe are 1. Introduction

The phosphorus (P) adsorption capacity of soil is a crucial factor affecting the P-
immobilization process and thus soil fertility, and fate of P in natural environments [1-4].
This adsorption capacity, defined as the amount of adsorbed substance (adsorbate), reached
in a saturated solution for a specific adsorbent [5], is fundamentally influenced by the
diverse interactions of P with soil constituents, involving free metal ions [6,7], soil min-
erals [8-11], and soil organic matter [12,13]. In particular, the strong interaction between
phosphates and soil mineral surfaces, and especially Fe- and Al-(oxyhydr)oxides, plays
B a very important role in controlling this process [8,14-18]. The Fe-oxides are widespread
in surface environments and constitute a major component of highly weathered soils and
sediments. They have attracted considerable attention due to their high P-adsorption
capacity [19-21]. Phosphate adsorption on iron oxide surfaces shows a biphasic behavior
conditions of the Creative Commons  cONsisting of a rapid and strong ligand exchange step followed by a slower step [22-25].
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precipitation events [26]. Alternatively, the slower phase has been assigned to a diffusion
process of phosphate ions from an outer-sphere complex to the surface [16,23,27,28].

The extent of P-uptake during these processes depends on reactive surface groups
and the degree of crystallinity or porosity of iron oxides [27,29]. In soils, sediments and
natural environments, goethite is the most frequent and widespread form of iron oxy-
hydroxides [30]. It has high crystallinity with a specific surface area varying from 18
to 132 m? g~ ! [27,31] depending on synthesis conditions which may thus influence the
P-adsorption capacity of minerals [32]. Goethite has been studied extensively since it is
considered as one of the most reactive surfaces for P compounds in the environment [33].
However, conflicting discussions are still present about the nature of binding motifs of
the adsorbed phosphate species and the relative abundance of M complexes [34,35] ver-
sus B ones [36,37]. This could be due to the presence of different surface planes for
goethite and several binding motifs for the goethite—-phosphate complexes in addition
to the different setups and conditions of adsorption experiments reported in literature.
Consequently, different opinions have been put forward to assign the goethite-phosphate
binding motifs based on infrared (IR) spectroscopy. This involves assignment either by
the positions of P-O vibrational bands [36], the number of P-O bands and not their exact
position [15], or formation of only an M motif with different protonation states depending
on pH [38]. Molecular modeling is considered as a powerful tool to resolve such conflict-
ing discussions by providing a molecular level description for the nature of the formed
goethite—-phosphate complexes.

By using molecular modeling, Kwon and Kubicki [39] studied the binding process
of phosphate at goethite and suggested the abundance of the diprotonated B complex at
pH 4-6 and the deprotonated B or monoprotonated M complex at pH 7.5-7.9. In a further
study [40], they predicted the formation of M complexes at the 001, 210, 101, and 100
surface planes and B complexes at the 010, 101, and 100 surface planes. Recently, we
have simulated the binding mechanism of phosphate at the goethite water interface at
about pH 6, considering two different goethite surface planes [10]. The outcome of this
study pointed to the abundance of the monoprotonated B motif at the goethite—water
interface and the importance of water in controlling this binding process via promoting
of specific binding motifs, formation of H-bonds (HBs), adsorption and dissociation at
the surface, and proton transfer processes. Furthermore, the assignment of calculated
IR spectra in this study introduced a new approach for characterizing experimental IR
data of adsorbed phosphate species. Investigations at a molecular level for the binding
of other P-compounds to soil reactive surfaces have also been reported. For example,
the mechanism, nature, strength, and different possible binding motifs of interaction of
glyphosate, the most used herbicide, with goethite, as well as with representative models
for soil organic matter, have been explored [9]. Moreover, we studied the interaction of
organic phosphate such as glycerolphosphate (GP) and inositolphosphate (IHP) at the
diaspore(x-AlIOOH)-water interface by focusing on two diaspore surface planes [11,41].
The results revealed stronger interactions for both GP and IHP at the 010 diaspore surface
plane compared to the 100 surface plane. Further, IHP binds stronger to both surfaces via
three phosphate groups compared to GP.

Such a detailed atomistic investigation for the binding mechanisms of both inorganic
and organic phosphates at the goethite—water interface is still lacking. Therefore, our
objective in the present study is to introduce a molecular level understanding for the
binding mechanism of phosphate at the goethite—water interface via a joint experimen-
tal/theoretical approach. Specifically, adsorption experiments have been performed for
orthophosphate (OP), GP, and IHP on the pure synthetic goethite surface at constant pH and
ionic strength. Further, the simulation of these adsorption experiments have been carried
out by molecular modeling for the binding processes of OP/GP/IHP at the goethite—water
interface, applying hybrid quantum mechanics/molecular mechanics (QM/MM)-based
molecular dynamics (MD) simulations.
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2. Materials and Methods
2.1. Goethite Preparation and Adsorption Experiments

Goethite was prepared as described by Dultz et al. [42], i.e., a 10 M NaOH solution
was added to a 0.5 M FeCl; solution (FeCl3 - 6H;0, Merck AG) with stirring continuously
to bring the pH to 12. The resulting ferrihydrite was aged for 120 h at 55 °C to be converted
to goethite. Then, the suspension was subjected to pH adjustment to pH 6 by adding 0.1 M
HCl and followed by centrifugation-washing cycles with distilled water until the electrical
conductivity was lower than 10 pScm 1. The so-prepared goethite was freeze-dried and
stored as powder for further analysis and experiments.

The results of X-ray diffraction (XRD) analysis confirmed the well-crystallinity of
goethite samples; see Figure S1. The measured specific surface area (SAA) of goethite by
Brunauer-Emmett-Teller (BET, N, adsorption; Nova 4000e, Quantachrome, Boynton Beach,
FL, USA) method is 64.5 m? g~!. This value lies in the reported common range values of
SSA of goethite in the literature [27,33,43]. It should be noted that different SSA values of
goethite were reported in the literature. This could be due to the sensitivity of the BET
method to the type of adsorbent, lack of an appropriate linearity criterion (a linear region
within the standard pressure range assuming that monolayer adsorption will occur in this
pressure range), and presence of micro pores [44]. The mean hydrodynamic diameter of
goethite particles is 1.6 & 0.2 um as determined by a particle sizer (Zetapals, Brookhaven,
Holtsville, NY, USA) on a 100 mgL ! suspension treated with a dispersant agent (0.01 mM
NayP>0O7, pH 8) and sonicated for 30 s (Labsonic M, Sartorius Stedim, Gottingen, Germany).
The measured point of zero charge (PZC) of goethite particles is 6.3; see Figure S2.

In the present study, the adsorption of three different phosphate compounds involving
inorganic orthophosphate (OP, potassium dihydrogen phosphate, CAS number: 7778-77-0)
and organic phosphates (a-glycerol phosphate (GP, CAS number: 17603-42-8) and myo-
inositol hexakisphosphate (IHP, CAS number: 83-86-3)) on goethite was performed. Here,
a stock solution of 10 mM P of each P compound was prepared in 0.01 M CaCl, solution.
For each experiment, 200 mg sample of goethite was weighed into a 50 mL centrifuge tube
and equilibrated with 40 mL of each initial P concentration. Here, twelve different initial
P concentrations (0, 0.05, 0.1, 0.15, 0.2, 0.3, 0.5, 1, 2, 3, 5, and 10 mM P) were considered.
Each initial concentration was prepared by the dilution of the P stock in 0.01 M CaCl,
background electrolyte solution, adjusted at pH 5. After an equilibrium period of 24 h
at 25 °C under end-over-end shaking at 20 rpm, samples were centrifuged at 4500 g for
15 min. The P content in the filtered supernatant was quantified by inductively coupled
plasma-optical emission spectroscopy (ICP-OES) method.

It is noteworthy that all adsorption experiments were performed in triplicate and
data were presented as the means of three repeats. Moreover, all used P compounds
(myo-inositol hexakisphosphate: C¢H13074P¢; a-glycerol phosphate: C3HoOgP; potassium
dihydrogen phosphate: KH,;POy) in the present experiments were of analytical grade
chemicals and purchased from Carl Roth GmbH and Sigma-Aldrich. Working solutions
were prepared fresh daily by adding accurate quantities of the prepared P stocks into
0.01 M CaCl; solution.

To describe the adsorption behaviors of P compounds on goethite, the adsorption data
were fitted to the Freundlich [45], Langmuir [46], and Temkin [47] models. The Freundlich
model provides a two-parameter equation that describes the relationship between the
equilibrium concentration and the adsorbed one onto heterogeneous surfaces through the
following equation:

n
Quas = KfC.” (1)
that is rewritten in a linear form as follows:

InQugs =InKy +nglnCe )

where Q,; is the amount of adsorbate adsorbed per unit mass (or surface area) of adsorbent,
C. is the adsorbate equilibrium concentration in solution, K ris Freundlich adsorption
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constant (sometimes it is defined as Freundlich unit adsorption capacity), and n; is the
non-linearity exponent (Freundlich exponent) [45]. In the present study, Qugs, Ce, and Ky

are expressed in umol m 2, umol L™! and umol' ™ L"f m~2, respectively. Notice that
the Freundlich model assumes that the adsorption enthalpy depends on the amount of
adsorbate. In the limit of small Q,;; where the adsorption enthalpy should not depend
on Q,4s one could describe the isotherm by a Langmuir model as well. The Langmuir
adsorption theory assumes that the adsorbate forms a monolayer on a homogeneous
adsorbent surface. The following equation expresses the Langmuir isotherm:

_ Kl Ce
Quds - QmMTKlCe (3)
that is rewritten in a linear form as follows:
C, C, 1 @

= +
Qads Qmax Kl Qmax

where Qjy4x is the maximum amount of the adsorbate which is required to form a monolayer
by complete saturation of all binding sites (it is defined also as the maximum monolayer
coverage capacity or simply as monolayer capacity [5], pmol m~2), K; is the Langmuir
adsorption constant (L. umol 1), which is mainly related to the adsorption energy [46].
The Temkin model exhibits a factor considering the adsorbent-adsorbate interaction with a
uniform distribution of binding energies. The model is expressed by the following equation:

RT RT
Quis = - I Az + 4 -InCo = Brin Az + BrInC, (5)

where R is the universal gas constant (8.314 ] K mol 1), T is the absolute temperature
(K), by is Temkin isotherm constant (] mol~!), At is Temkin isotherm equilibrium binding
constant (L umol '), and By is constant related to the heat of adsorption. It is important
to mention that our adsorption isotherm data were fitted by two ways. The first way is
based on the normal linearization technique while the second way is based on non-linear
equations solver function that was described by Bolster and Hornberger [48]. Fitted pa-
rameters obtained by both ways were compared to each other and the best fit parameters
were selected based on error measures. Non-linear equations solver was found to be more
appropriate compared to the linearization technique, and thus the corresponding param-
eters were selected and presented in the present contribution. For better understanding
for the P adsorption behavior, the calculated adsorption coefficients are interpreted on
three different bases (per mol P (i.e., per mole of P element), per mol molecule (i.e., per
mole of P-containing molecule (OP, GP, and IHP)), and per mass (i.e., per mass (mg) of
P-containing molecule)).

2.2. Molecular Modeling and Computational Details

The current molecular modeling approach for the binding process of phosphates at
the goethite—water interface is illustrated in Figure 1. Here, three different abundant phos-
phates are considered, i.e., OP (H3POy), GP (C3HoOgP), and IHP (C¢H150,4P5), to study the
complexation reaction of each phosphate with the goethite surface in the presence of water
(see Figure 1a—c). Each constructed goethite-phosphate—water complex model (for example,
see Figure 1d), consists of 1- the goethite surface, 2— a phosphate compound with a specific
binding motif to the surface, and 3— water molecules surrounding the goethite—-phosphate
complex. Here, the 100 goethite surface is considered, which is one of the most abundant
goethite surface planes in soil systems [33,49]. This goethite surface plane is modeled by
the repetition of the goethite unit cell (lattice constants: a = 9.95,b = 3.01,c = 4.62 A) as
1a x 8b x 5¢c which consists of 640 atoms (160 Fe, 160 H, and 320 O atoms). The binding
motifs formed between these phosphates and the goethite surface are modeled based
on previous literature studies [9-11,41,50-52]. The initial motifs of OP and GP with the
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goethite surface include monodentate (M, 1Fe + 10 one covalent bond between phosphate
non-protonated O atom and a surface Fe atom) and bidentate (B, 2Fe + 20 i.e., two covalent
bonds between two phosphate O atoms, one protonated and other non-protonated and two
surface Fe atoms); see Figure lef. For IHP, an additional, 4M (4Fe + 40 i.e., four covalent
bonds between four separate phosphates non-protonated oxygens and four surface Fe
atoms) are considered since IHP is known to interact with goethite through multiple phos-
phate groups, see Figure 1g. To simulate the effect of water on the goethite-OP /GP/IHP
complexes, each modeled binding motif is solvated with water molecules at a density of
~ 1 gcm 3 perpendicular to the studied surface plane with height of ~18 A by using the
visual molecular dynamics (VMD) package (see Figure 1d) [53]. To ease the discussion
about the interactions, oxygen atoms bonded to surface Fe atoms are denoted as Op.

) .

ST

)

® 3 0 3

Figure 1. OP (a), GP (b), IHP (c), solvated goethite-GP complex highlighting QM box (d), goethite—
OP M motif (e) and B motif (f), goethite-IHP 4M motif (g). Blue, red, yellow, white, black and
green colors correspond to iron, oxygen, hydroxyl oxygen, hydrogen, carbon and phosphorus
atoms, respectively.

Due to the large size for the modeled goethite-OP /GP /IHP-water complexes (each
model consists of more than 1200 atoms), the simulation of these systems with pure
ab initio methods is computationally expensive and thus not feasible [54,55]. Therefore,
the present models will be studied by molecular dynamics (MD) simulations based on the
electrostatic embedding QM /MM hybrid approach. It should be noted that the present
QM/MM approach has been validated for studying the P binding process at mineral/ water
interfaces. Specifically, this was achieved in two recent studies by comparing outcome of
the QM /MM approach with corresponding results from pure DFT calculations [11] as well
as experimental IR spectra [52]. Here, the reactive part (system of interest) is described at a
QM level of theory, while the remaining part is described using MM. The QM part includes
1- OP/GP/IHP, 2- the goethite top surface layer (160 atoms), and 3— water molecules
within a layer of about 10 perpendicular to the surface (=55 molecules). The total QM
box size is 22 x 8b x 5c¢, i.e., 22 x 24.08 x 23.1 A. The QM part is simulated with density
functional theory (DFT) as implemented in the quickstep code in CP2K [56]. A hybrid
Gaussian and plane wave (GPW) dual basis method is used with ionic cores described
by Goedecker-Teter-Hutter (GTH) pseudopotentials [57] in combination with the Perdew-
Burke-Ernzerhof (PBE) [58] exchange correlation functional and the Grimme D3 empirical
dispersion correction [59]. The valence electrons of all atoms are defined with the double-{
valence polarized MOLOPT (DZVP-MOLOPT-SR-GTH) basis set except water for which
the single-{ valence (SZV-MOLOPT-SR-GTH) basis set is used to reduce computational
cost [60]. The SCF convergence threshold was chosen to be 10~* hartree. The MM part
is described by classical force fields (FF) with FIST module in CP2K [61]. The goethite
surface is modeled with the CLAYFF FF [62] while water is modeled with the single point
charge (SPC) water model [63] and OP/GP/IHP with CHARMM FF using the SwissParm
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tool [64]. Both CLAYFF and CHARMM FFs are compatible with the SPC water model.
The interaction between the QM and MM parts in CP2K is implemented using the Gaussian
expansion of the electrostatic potential method (GEEP) [65], wherein the MM charge is
distributed by defining it using Gaussians instead of point charges to avoid electron
spilling. QM/MM-based canonical (NVT, i.e., constant number of atoms N, volume V
and temperature T) MD simulations are performed for 25 ps with a 0.5 fs time step while
the temperature was maintained at 300 K using velocity rescaling thermostat (CSVR) [66].
The first 10 ps of each trajectory are assigned for the equilibration, and the remaining
15 ps (production trajectory) are used for analysis. The interaction energy between each
phosphate and the goethite surface is calculated for every 100 fs (i.e., 150 snapshots) along
the production trajectory by using;:

Eint = EG—P complex (EG + EP) (6)

where, EG_p complexs Ep, and Eg denote the total electronic energies of the goethite-phosphate
complex, the phosphate (OP/GP/IHP), and the goethite surface, respectively. The inter-
action energies involving water are divided by the number of water molecules in the
simulation box for better comparison. The basis set superposition error (BSSE) in interac-
tion energies is corrected using counterpoise scheme [67].

3. Results and Discussion
3.1. Adsorption Isotherms

Despite some data scatter in OP adsorption, Figure 2 shows that almost the maximum
adsorption capacities are reached for goethite and the selected range of P concentrations is
sufficient to achieve the equilibrium. Here, the sequence of adsorbed P (Q,;s) values per
mol P is IHP > OP > GP (see Figure 2). For most cases, the coefficients of determination
(R?) values indicated that the Freundlich equation fitted the adsorption data better than
the Langmuir and Temkin models; see Table 1. This comes in accord with the study
by Tellinghuisen and Bolster [68] that discussed the statistical reasons leading to better
fitting for the Freundlich equation case compared to Langmuir and Temkin models for the
P adsorption on soils. The Freundlich adsorption constant (capacity) Ky ranged from 0.22

to 4.79 umol' ™ L"f m~2. The order of K ¢ values suggests that IHP exhibits the strongest
adsorption and the highest capacity at the goethite surface, followed by OP and GP (GP <
OP < IHP). The magnitude of the Freundlich exponent 7, that ranged from 0.07 to 0.29
(see Table 1), gives an indication that the sorption mechanism is dominated by adsorption
and not absorption [69,70]. Furthermore, the exponent points to the diversity of the energies
associated with adsorption of P compounds on the goethite surface. Moreover, n < 1 for
all cases indicates that upon increasing the P concentration/loading the binding energy
between the surfaces and P compounds is reduced. The order of the n; values (IHP < GP <
OP) suggests that the binding energy decreases with increasing the P loading in the order
OP < GP < IHP. This means that affinity of the goethite surface to adsorb/bind a P molecule,
with increasing the P concentration, increases in the order IHP < GP < OP. According to the
Langmuir model, the maximum monolayer adsorption capacities (Quax) are 1.2, 7.64 and
8.35 umol m~2, respectively, for GP, OP and IHP (see Table 1). This shows that the order
of saturation of the goethite surface with P per mol P is GP < OP < IHP. This trend fits
well with that one observed based on the Freundlich Ky values. The Langmuir parameter

K; increased in the order 0.001 (OP) < 0.003 (GP) < 0.06 (IHP) L umol~'. This constant is
mainly related to the adsorption energy and could give information on how strong (i.e.,
strength) the goethite—P interaction/binding process is. Therefore, based on Langmuir
model, one expects that the goethite-P interaction increases in the order OP < GP < IHP.
The same order but with different values was obtained from Temkin binding constant
A7 which is also related to the binding strength, see Table 1. The Temkin Br values for
OP (0.75), GP (0.13) and IHP (0.52) suggest that the heat of adsorption increases in the
order GP < IHP < OP. Regardless the Temkin constant Br, all other parameters from the
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represented isotherm models in the present contribution refer to stronger adsorption and
higher capacity for the IHP case compared to OP and GP cases by considering the number
of P moles.

Considering the size and chemical structure of IHP (six phosphate groups), GP and
OP (only one phosphate group), the adsorption data were presented as well in terms of
whole P molecular system. Specifically, both Q,4s and C, concentrations and all related
fitted adsorption isotherm parameters are represented per mole and per mass of the whole
P-containing molecule (OP, GP, and IHP), see Table 1. It should be noted that n ¥ and R?
values for all P compounds do not change upon changing the interpretation/representation
of P concentration (Q,4s and C,). In addition, the order of all adsorption parameters
(k g, k1, Qmax, B, Ar) does not change for OP and GP by different interpretations for
the P concentration (i.e., per mol P versus per mol molecule and per mass bases). Here,
the only change was observed for the IHP case. By considering the number of moles of
the P adsorbed molecules (i.e., per mol molecule), the K fr Qumax and By values for IHP
decreased by a factor of six, while the corresponding K; and At values increased by a
factor of six (see Table 1). In principle, this means that the goethite adsorption capacity will
decrease to one sixth by considering the whole IHP molecule compared to considering six
P moles of each IHP mole. Consequently, the binding /adsorption strength between the
goethite surface and each IHP mole will increase by a factor of six compared to the case of
considering only one mole of P In addition, the orders of K¢ (GP < OP <IHP), K; (OP <GP
<IHP) and At (OP < GP < IHP) do not change compared to the mol P basis. In contrast,
the orders of Quuax (GP < IHP < OP) and Bt (IHP < GP < OP) changed comparing with
considering the mol P cases. Same orders were obtained by considering the P concentration
as mass of the adsorbed P molecule. With respect to the K; order, one can suggest that
GP has stronger interaction than OP with the goethite surface. In contrast, the By order
suggests that OP has stronger interaction than IHP.

In a study evaluating the adsorption properties of goethite, Celi et al. [71] reported the
adsorption ratio of 3:2 between IHP and OP at pH 4.5. Later, Martin et al. [72] confirmed
the greater affinity of IHP than of OP for goethite, indicating that the maximum amount
of adsorbed P were 3.6 and 2.4 umol Pm~2 for IHP and OP, respectively. Likewise, Celi
and Barberis [73] found that goethite shows a higher affinity for IHP (deduced from Lang-
muir K; values) than for other organic and inorganic phosphates. Li et al. [74] reported
a maximum GP adsorption of 1.95 umolPm~2 at pH 5 which is close to the value of
1.20 umol Pm~2 observed here. However, the lower adsorption of GP as compared to
that reported by Li et al. [74] may be due to the differences in experimental conditions.
Specifically, Li et al. [74] conducted their adsorption experiment by B-glycerophosphate
at a goethite sample with SAA of 46.4 m?g~! and PZC of 9.2 in 0.1 M KCl as a back-
ground electrolyte. Overall, both organic and inorganic phosphates exhibited affinity for
goethite. Parfitt [29], compared the adsorption of OP on goethite in CaCl, solution, and
reported that larger amounts of specifically adsorbed P reflect more reactive and available
adsorption sites on the goethite. This was explained by thermal gravimetric analyses
that indicated that goethite contains 24% structural OH [74]. Similarly, Guzman et al. [75]
showed the affinity for phosphate (exponent coefficient of Freundlich equation) for goethite
on a surface area basis. Details of IHP adsorption on goethite have been extensively
studied [71,72,76,77]. Ognalaga et al. [50] investigated the adsorption of IHP on synthetic
goethite and attributed it solely to the inner-sphere complexation of phosphate groups
with reactive OH groups. Celi et al. [71] and Ognalaga et al. [50] suggested that four of the
six phosphate groups of each IHP molecule were involved in bonding to goethite while the
other two remained free.
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Figure 2. Adsorption isotherms of OP, GP, and IHP on goethite at 0.01 M CaCl, electrolyte solution
(pH 5). Points represent the original data and dashed lines represent the fitted isotherms according

to Freundlich model.

Table 1. Freundlich, Langmuir and Temkin isotherm coefficients (K £y, K;, At and Br) of OP, GP and IHP adsorption on
goethite at pH 51in 0.01 M CaCl,.

Sorbate Freundlich Langmuir Temkin
ng Ky R? Qmax K; R? B At R?
OP (umolP) 029+£0.08 057+023 097 7644236 0.001£0.001 088 0.75+0.16 0.49 £0.23 0.83
GP (umolP) 0.19+£0.01 0224+0.02 098 1204+0.06 0.003+0.001 0.81 0.13+0.03 0.89 £0.30 0.92
IHP (umol P) 0.07 £0.001 4.79+0.02 098 835+0.04 0.06+0.002 092 0.52=£0.01 3104.43 +467.8 0.99
OP (umol) 0294008 057+023 097 7.64+£236 0.001+£0.001 088 0.75+0.16 0.49 +0.23 0.83
GP (umol) 019+001 022+0.02 098 120£0.06 0.003+0.001 081 0.13+0.03 0.89 £0.30 0.92
IHP (umol) 0.07 £0.001 0.90 £0.002 098 1.39£0.006 0.36=+0.0009 0.92 0.09+0.0004 18,444.8+148.6 0.99
OP (mg) 029+0.07 014£0.06 097 1.04=x04 0.01 £0.01 0.88 0.10 £0.02 3.6£11 0.83
GP (mg) 020£001 005£0.003 098 021+0.01 00240004 081 0.024+£0.001 519+153 0.92
IHP (mg) 0.07£0.001 0.61 £0.001 0.98 0.92+0.004 0.55=+0.01 092 0.06 £0.0002 7427.1 +£112.6 0.99

3.2. Molecular Modeling of P Interactions at the Goethite—Water Interface
3.2.1. Orthophosphate

The MD simulations showed that OP maintained the initial motifs (see Figure 1e,f)
and formed stable M and B motifs throughout the simulation trajectory, see Figure 3a-h,
respectively. The time averaged Fe-Op, bond length and Fe-P distance observed for the B
motif are shorter than those for the M motif which is probably due to higher stability in the
former case, see Table 2. Here, the total interaction energy between OP and the goethite
surface of the goethite-OP complex for the B and M motifs are —82 and -35 kcal mol !,
respectively. The interaction energy per bond of goethite-OP in the B motif being higher
than in the M motif suggests that the alignment of OP with the goethite surface favors the
formation of an additional Fe-Op, covalent bond in the B motif.
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Figure 3. Snapshots along the simulation trajectories of the goethite-OP /GP /IHP-water complexes.
OP M motif (a—d), OP B motif (e-h), GP M motif (i-1), GP B motif (m—p). Arrows denote proton
transfers from phosphates to water and from goethite to water. For all cases, the first two snap-
shots are from equilibration phase while the last two are from production, except for OP M motif
case where only (a) is from equilibration phase. The last snapshot for each case is taken at 25 ps.
The goethite’s hydrogen atoms and OP/GP/IHP’s hydrogen atoms are shown in violet and white
colors, respectively, for clear visualization of proton transfer events. Blue, red, yellow, black and
green colors correspond to iron, bridging oxygen, hydroxyl oxygen, carbon and phosphorus atoms,
respectively. The surrounding water is ignored here for better visualization.

Table 2. The interaction energies per number of bonds (Eiy¢/bond) and selected interatomic distances
Fe-Op, and Fe-P observed along the trajectories of goethite-OP /GP /IHP-water complexes.

P Motif Eint/bond (kcal mol—?) Fe-Op, (A) Fe-P (A)
OoP M -35 2.1 35
B 41 2.01& 197 319 & 3.2
GP M -48 1.99 3.19
B -38 2.01 & 2.03 319 & 3.1
IHP M) -85 2.0 3.1
M(2) -69 2.03 32
3M -72 2.01 & 1.98 & 1.94 31&32&34

For both M and B motifs, two protons are transferred from OP to water
(see Figure 3a,b,e,f), forming an average of five HBs each. Consequently, the calculated OP-
water interaction energy per water molecule for M (—1.7 kcal mol 1) and B (—1.6 kcal mol 1)
motifs is essentially the same. In addition, proton transfers are observed from goethite
to water, see Figure 3a,e f. The proton transfers observed here occurred only during the
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equilibration phase of the complexes and OP remained twice deprotonated in the pro-
duction trajectory for both cases. The goethite—water interaction energy per single water
molecule (—4.8 kcal mol~!) is lower than the goethite~OP interaction energy for both M
and B motifs. The goethite-water interaction energy is higher than OP-water interaction
energies in both motif cases because of goethite’s larger solvent accessible surface area
(SASA), proton transfer events from goethite to water (see Figure 3), formation of multiple
Fe-Op,0 M motifs (on average 15 of 40 surface Fe atoms, see Figure S6) and HBs between
goethite and water.

3.2.2. Glycerolphosphate

GP is aligned perpendicular to the goethite surface to form initial M and B motifs,
as shown in Figures 1d and S3c,d. The MD simulations show that these initial motifs are
stable during the whole trajectory (see Figure 3i—p, respectively). The time averaged Fe-Op
bond length and Fe-P distance observed for the M motif are close to the corresponding
values for the B motif case; see Table 2. GP forms an average of six and eight HBs with
water in the M and B motifs, respectively. It also exhibits multiple proton transfers to
water, two in the M motif case and three in the B motif. The proton transfer events
observed for both cases occurred during the equilibration phase. The total interaction
energy between GP and goethite for the B motif (—76 kcal mol ') is higher than for the M
motif (—48 kcal mol~!) due to additional covalent bond in former motif. The higher overall
goethite—GP interaction energy of the B motif indicates that it is a more favorable motif
than the M one. However, the goethite-GP interaction energy per bond for the B motif is
lower than for the M motif, suggesting comparatively unfavorable conditions for Fe-Op
bonds in former motif. This is in contrast to the case of OP. The difference comes from the
glycerol group in GP. Both OP and GP interact through the phosphate, but through the
glycerol group, GP has a higher SASA and exhibits stronger interaction with water than
OP (OP/GP—-water interaction energies will be discussed below). In the GP B motif case,
two oxygens of GP’s phosphate group are bound to two individual Fe atoms and when
the glycerol group interacts with flexible water atoms, GP fluctuates with water while the
surface Fe atoms competitively pull O, oxygens towards the surface as a counteraction.
This may induce strain in the Fe-Op bonds for the B motif and, therefore, the goethite-GP
interaction energy per bond for the B motif is less compared to the M motif. The stretch in
the Fe-Op bonds found in the GP B motif is larger than in the OP B motif, see Figure 54,
which signifies a strain in the Fe-Op bonds in the former case. In addition, GP is found to
oscillate occasionally in a seesaw type of motion over the surface which randomly stretches
one of the Fe—Op bonds to its extreme (maximum Fe—Op bond length found ~2.4 A), see
Figure S5. A similar observation was made for GP on 100 diaspore surface [41] which is
isomorphous with goethite [33]. The study by Xu et al. [78] showed that GP induces more
negative charges onto hematite mineral surface than OP, which might also influence the
strength of the Fe-O, covalent bonds.

Regarding GP-water interaction energies, GP exhibited a slightly stronger inter-
action with water for the B motif (—2.8 kcal mol~!) case than for the M motif one
(—2.5 kcal mol~!). This is due to additional proton transfer observed from GP to wa-
ter for the B motif case (see Figure 3m-o). The GP-water interaction energy here is higher
than that of OP-water due to additional glycerol group in GP which contains two polar
OH groups that interact strongly with water. Similar to goethite-OP-water complexes,
proton transfer is observed from goethite to water in both motifs here; see Figure 3in.

3.2.3. Inositolhexaphosphate

IHP was initially aligned perpendicular to the goethite surface to form M and B motifs
(see Figure S3a,b), and parallel to the goethite surface to form the proposed 4M motif
(see Figure 1g). In contrast to goethite-OP-water and goethite-GP-water cases, transfor-
mation of initial binding motifs between IHP and the goethite surface with time is observed.
The simulation results show that the initial M and B motifs resulted in two similar con-
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formers of M motif type; namely, M(1) and M(2). On the other hand, the starting 4M
binding motif transformed along the MD trajectory into a 3M motif. The transformations
observed here happened within the equilibration phase of each complex. The correspond-
ing Fe-Op, bond lengths and Fe-P distances of the relatively long-lived binding motifs
[M(1), M(2), 3M] are in close range and lie within half angstrom difference (see Table 2).
The M(1) motif’s goethite-IHP interaction energy is higher than that for the M(2) one (see
Table 2). This is probably because of the strain in the Fe-Op, bond in the M(2) motif due to
intramolecular HBs between the phosphate group bound to Fe and its adjacent phosphate
groups (see Figure 4h). The 3M motif has a higher total interaction energy than both M
motifs due to additional covalent bonds and proton transfer from IHP to the goethite
surface. However, the interaction energy per bond between IHP and goethite for the 3M
binding motif is less than for the M(1) motif. Thus, in spite of the 3M motif being the more
favorable motif compared to the M motifs, the alignment of IHP with goethite as in the 3M
motif weakens the overall strength of the individual Fe-O,, bonds.

Figure 4. Snapshots along the simulation trajectories of the goethite-IHP-water complexes. IHP M
motif (a—d), IHP B motif (e-h), IHP 3M motif (i-1). Arrows denote proton transfers from phosphates
to water and from goethite to water. The yellow dotted lines denote intramolecular HBs between
IHP’s phosphate groups. For all cases, the first two snapshots are from equilibration phase while the
last two are from production, except for the IHP 3M motif case where only (i) is from the equilibration
phase. The last snapshot for each case is taken at 25 ps. The goethite’s hydrogen atoms and IHP’s
hydrogen atoms are shown in violet and white colors, respectively, for clear visualization of proton
transfer events. Blue, red, yellow, black and green colors correspond to iron, oxygen, hydroxyl
oxygen, carbon and phosphorus atoms, respectively. The surrounding water is ignored here for
better visualization.

Even though an additional proton transfer is observed from IHP to water for the
M(1) motif, the [HP-water interaction energy (—7.3 kcal mol~!) is very close to that for
the M(2) motif case (—7.2 kcal mol™?). This could be probably due to higher number of
time averaged HBs observed for the M(2) motif case (25) compared to the M(1) case (23).
The THP-water interaction energy observed for the 3M motif case (—3.1 kcal mol~') is
lower than those for both M cases due to fewer proton transfer processes (2) and HBs (15)
observed in the 3M motif case.

The stronger interaction of IHP with water is vital for understanding the reason
for transformation of initial B and 4M motifs to M(2) and 3M final motifs, respectively.
For initial B motif case, when IHP interacts with flexible water molecules it fluctuates with
respect to goethite surface which might induce strain in one of the Fe-O,, covalent bonds
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leading to its dissociation. In addition, an intramolecular HB is observed between the Fe
bonded phosphate group and its adjacent phosphate group, see Figure 41. In our previous
work on IHP interaction at the diaspore(100)-water interface (diaspore isostructural with
goethite), [41] the initial 4M motif was transformed into a 2M motif. The reason is that
the Al-O;, covalent bonds are inclined and restricted between diaspore’s surface hydroxyl
groups. Moreover, when IHP interacts with water and fluctuates during the equilibration
phase, the restricted Al-Op, covalent bonds under unfavorable conditions do not have an
alternative but to dissociate and move towards water. The same reason holds true here for
the transformation process of the initial 4M motif to a stable 3M binding motif.

3.3. Discussion of Experimental and Modeling Results

In what follows, we will correlate the present modeling results and the adsorption
isotherms as per mole of P-compound. It is important to emphasize that the experimental
adsorption results are due to a combination of all different binding motifs at the existing
different surface planes (not only the 100 goethite surface plane) in the real goethite sample.
Therefore, a direct quantitative comparison is rather difficult and thus we are aiming
here to present a qualitative behavior. First, let us recollect that K¢, K; and Br relate to the
phosphate’s binding energy and that 1 relates to the binding energy of the next incoming P
molecule to surface (i.e., binding affinity). Since the Freundlich isotherm provided the best
fit to the experimental data for all cases (see Table 1), we will discuss the theoretical results
in Table 2 in the context of Ky and 7. Analyzing the strength of phosphate interaction
shows that the K values are in line with the order of overall binding energies observed
here, i.e., GP B < OP B < IHP 3M. The K Y value for OP adsorption is more than twice that
of the GP adsorption, suggesting a significant difference between OP and GP interaction
with goethite. In light of these results, combined with the theoretical binding energy values
(see Table 2), one could suggest that OP might predominantly form B motif and GP might
form M motif as the predominant binding motif. Therefore, the binding strength order
could be updated as GP M < OP B < IHP 3M. Comparing K values for IHP and OF,
the Ky for IHP adsorption is about 1.58 times that for OP adsorption, which is very close to
the reported adsorption ratio by Celi etal. [71] and Martin et al. [72]. Correlating this ratio
to the present calculated binding energies would suggest that one should rather use the
average of all three bonding motifs, i.e., both M and 3M binding motifs for the adsorbed
IHP molecule are present at the goethite surface. Therefore, based on both experimental
and theoretical binding strength values, one could suggest that the overall binding strength
increases in the order GP (M) < OP (B) < IHP (M + 3M).

The order of 1y values (IHP < GP < OP, see Table 1) suggests that IHP adsorption
leads to a faster saturation of the goethite surface than GP and OP. Even though IHP
binds to goethite through a few phosphate groups, the remaining phosphate groups (often
deprotonated) would induce more negative charges to the surface compared to OP and GP
cases [71,78]. Moreover, it was found that GP leads to a more negatively charged surface
than OP [78]. This explains the reason why the 1 value for GP is lower than for OP.

Let us compare the present modeling results with previous experimental and theoreti-
cal studies. In the case of OP, experimental [36,79,80] and theoretical [10,40] results pointed
to a formation of both, i.e., M and B, motifs with goethite. Specifically, for the 100 goethite
surface studied here, Kubicki et al. [40] and Ahmed et al. [10] demonstrated that OP often
exists in a doubly deprotonated state forming both M and B binding motifs but with the
predominance of the B one. This is confirmed by the present MD results, i.e., OP has formed
stable M and B motifs and remained twice as deprotonated in the production trajectory
with the B motif exhibiting higher interaction energy with the goethite surface compared
to the M motif. Even though the B motif is the more stable motif under the present
conditions, it is not always the dominant one, a topic which has been highly debated in the
literature [39,40,79,80]. For instance, Persson et al. [80] interpreted their FTIR spectra of
the OP adsorption at goethite and hematite by the formation of only M binding motifs with
different protonation states. This analysis was done as a function of total phosphate concen-
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tration, pH, and time. In contrast, Tejedor-Tejedor and Anderson [36] proposed that the B
motif is the dominant motif, for low surface coverage of OP on goethite over the pH range
of 3.6-8.0. Further, they proposed that the M motif exists at low surface coverage but as a
non-dominant motif. By using DFT calculations, Kwon and Kubicki [39] concluded that
the B motif is dominant between pH 4-6. Recently, a joint approach by Ahmed et al. [51]
involving adsorption experiments and DFT simulations showed that the M motif is dom-
inant at both extremely low and high pH values, while the B motif is dominant in the
intermediate pH range.

Keeping in mind that the present simulations correspond to a low surface coverage
scenario and acidic pH, one can conclude that the stable M and B motifs with abundance
of the B one here are in line with the studies of Tejedor-Tejedor and Anderson [36], Ahmed
etal. [51], and Abdala et al. [79]. Moreover, the time averaged Fe-P distance observed in
both motifs (3.5 A for the M motif and 3.19-3.2 A for the B motif) are within the range of
values reported in literature, thus giving further support for the present model. For instance,
an extended X-ray absorption fine structure study of adsorbed OP on goethite [79] showed
that the distances between the surface Fe atoms and the adsorbed phosphate P atoms (i.e.,
Fe-P distances) for M and B binding motifs are 3.6 and 3.28 A, respectively. The Fe-P
distances from other studies are in the range of 3.48-3.55 A for the M motif and 3.13-3.37 A
for the B motif [10,40,81,82].

Compared to OP, GP adsorption on goethite has not been extensively studied and
hence, the information about its binding motifs with goethite is limited. Li et al. [74]
showed that GP forms inner-sphere complexes with goethite by replacing water and
hydroxyl groups from surface active sites. The study also proposes that GP forms only
M motifs at the goethite surface based on FTIR spectra analysis. The B motif is sterically
hindered by the organic moiety. Additionally, Hartree-Fock simulations and FTIR spectra
studies by Persson et al. [83] of monomethyl phosphate (CH3-HPOy), an organic P with
a single phosphate group like GP, showed that it forms mostly M motifs with goethite.
Adsorption isotherms and FTIR spectra by Sheals et al. [34] proposed that glyphosate binds
predominantly through an M motif but B motifs might be formed at low P concentration
and neutral pH. By using periodic DFT based MD simulations, Ahmed et al. [9] studied the
glyphosate binding process at the goethite-water interface by considering three goethite
surface planes. The results indicated that the M binding motif is the most dominant one at
the 100 goethite surface plane, although both M and B motifs exist at the 100, 010 and 001
surface planes. Summing up these literature data, the M motif is the dominant motif for GP
like molecules at the 100 goethite surface. This could be supported by our recent study [52]
about the P binding at the 010 goethite surface plane. We found that the calculated total
interaction energy for the GP B motif (—122 kcal mol~!) is higher than for the M motif
(=112 kcal mol~!). However, the goethite-GP interaction energy per bond for the B motif
is lower than for the M motif. This suggests unfavorable conditions for Fe-Op bonds
for the B case. This is in accord with outcome of the present contribution. In addition,
the calculated interaction energy indicated that the 010 goethite surface plane binds GP
stronger than the corresponding 100 surface plane. Regarding the Fe-P distances observed
for both GP motifs at both 010 and 100 goethite surface planes, the distances are within the
range of Fe-P distances observed for OP on goethite in the literature [10,40,79,81,82]. This
suggests that the GP’s phosphate group interacts with goethite surface in a similar way to
the OP case.

There is no consensus in the literature about the number of IHP’s phosphate groups
that bind to goethite surface or about dominant binding motifs. The binding motifs
observed for goethite-IHP complexes in the current study (M and 3M) have been found in
literature before [11,41]. Similarly, we have observed the same binding motifs (i.e., M and
3M) for IHP at the 010 goethite surface plane [52]. Similar to the GP case, the calculated
interaction energy referred to stronger interaction for IHP at the 010 goethite surface plane
compared to the 100 surface plane. It is important to mention that it is not clear yet in
literature which binding motif is the dominant one. For instance, 3M [11,84], 2M [11,41]
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and 1M [11] are different binding motifs observed for IHP on minerals. In contrast, Johnson
et al. [77] proposed that IHP interacts with goethite by forming outer-sphere complexes.
Interestingly, none of the above mentioned studies for IHP suggest that it forms a bidentate
binuclear (B) motif. Similar to our previous studies [11,41], we found that the initial B motif
of IHP was not stable due to the strong interaction of IHP with water and intramolecular
HBs. Therefore, we propose that IHP phosphate groups form M motif with goethite surface.

De Groot and Golterman [85] showed that IHP adsorption onto goethite had an
inhibitory effect on OP adsorption and it can release adsorbed OP from the goethite surface.
The same could be inferred from binding energies here, where the goethite-IHP binding
energies are larger than for goethite-OP complexes. The goethite-GP binding energies are
also less than goethite-IHP and one might suggest that IHP might replace GP as well from
goethite surface. The same could be inferred from the adsorption strengths order calculated
from experiments here. The Fe-P distances observed here show that they are close to the
Fe-P distances for OP on goethite [10,40,79,81,82] which suggests that IHP’s organic moiety
might not influence the individual phosphate groups interaction with goethite but only
the conformational flexibility of the overall binding motif [11,41]. This comes in accord
with the observation by Celi et al. [71] that phosphate groups of IHP react with a goethite
surface similar to OP.

4. Summarizing Discussion

The current study contributes to the efforts in understanding the interaction of phos-
phates with soil minerals. Here, both experimental and theoretical approaches are adopted
to characterize inorganic (OP) and organic (GP, IHP) phosphates interaction with abundant
and reactive goethite mineral. The goethite-OP /GP /IHP-water complexes are simulated
with the multiscale QM /MM method which provides molecular level insights into ad-
sorption experiments performed for OP/GP/IHP on goethite. The binding energies and
interaction mechanisms of phosphates adsorption on goethite from the modeling study
are correlated to adsorption data fitted to the Freundlich isotherm, which provided a
uniformly better fit than the Langmuir and Temkin models. The model coefficients pro-
vided an overview of the pattern of phosphate interactions with goethite and the QM /MM
simulations demonstrate, at the molecular level, the attributes that build these pattern.

The modeling results show that OP forms stable M and B motifs and OP B motif
has higher interaction energy per bond than OP M motif. This suggests that goethite—
OP interaction favors the additional covalent bond, which makes the OP B motif more
stable. For goethite-GP complexes, the order of interaction energies is same as OP case,
except that GP B motif interaction energy per bond is lower than GP M motif. Compared
to OP, the GP B motif is weaker than OP B motif due to a strain in Fe-O}, bonds in former
case. The strain is due to GP interaction with water molecules. In addition, Xu et al. [78]
study shows that adsorption of GP induces more negative charges on the hematite surface
than OP which might strain the Fe-Op, bonds further. Therefore, the literature [34,74]
and the calculated binding energies in the present contribution show that GP’s dominant
motif might be the M or B motif depending on the GP interaction with environmental
molecules. IHP forms M and 3M motifs with multiple intramolecular HBs between adjacent
phosphate groups [77]. IHP’s 3M motif exhibits the strongest binding energy with the
goethite surface among all goethite—-OP /GP complexes here. This comes in accord with
our recent study [52] for the binding of GP and IHP at the 010 goethite surface plane.
In that study, the 3M binding motif of IHP showed the strongest interaction with goethite
compared to all other existing binding motifs for GP and IHP. Therefore, we propose that
the 3M motif might be the most dominant motif at low surface loading.

The adsorption data from experiment fitted to Freundlich model show that the order
of adsorption strength (Ky) is GP < OP < IHP whereas the order of incoming P binding
strength with surface (n5) is IHP < GP < OP. Based on the magnitude and order of
experimental Ky values combined with theoretical binding strength values, one could
suggest that the overall binding strength increases in the order GP (M) < OP (B) < IHP (M
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+ 3M). This shows that GP might often form M motif, whereas OP might form B, and IHP
might form both M and 3M motifs. The n; order suggests that IHP adsorption on goethite
saturates its surface faster than for the GP and OP cases. The fact that GP adsorption
induces more negative charges on goethite than OP supports our suggestions that GP
would often form M and not B motifs and eventually its interaction energy would be less
than OP.

Eventually, the present experimental and theoretical results, in agreement with the
pertinent literature, plausibly explain why IHP is the predominant organically bound P
form in soil. A challenge for further studies and application is to understand and explore
the mechanisms by which microbes and plants can overcome the strong IHP-mineral
binding and incorporate the phosphate groups into their metabolism.
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polynomial fitting to all data points representing the PZC of 6.3 (R?=0.99).
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Figure S3. Initial motifs of IHP: M, B motifs (a,b) and GP M, B motifs (c,d).
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Figure S4. Sum of Fe-Or bond lengths observed in goethite~OP and goethite-GP B motifs.

Figure S5. Seesaw movement of the bound GP's phosphate group to the goethite surface for the B motif case. (a) and (c)
show momentarily elongated Fe-O bonds (left and right bonds, respectively) passing through a more stable B motif as
shown in (b).

Figure S6. Multiple Fe—-Owater M motifs between water oxygens and surface Fe atoms on goethite.
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