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Abstract

Fenhexamid, N-(2,3-dichloro-4-hydroxyphenyl)-1-methylcyclohexanecarboxamide, a

fungicide, is authorized in the European Union to be used in agriculture. Active

molecule behavior in the environment and their transfer to environmental components

(soil, water and air) are primordial topics to study to limit environmental pollution.

Following a step by step approach, we studied fenhexamid. In previous works, we

worked on the fenhexamid pesticide isolated, then on its complexes with one or two

Ca2+ and Na+, the most abundant cations into soils, in the gas phase. We also re-

ported theoretical calculations about fenhexamid in interaction with a clay surface: a

Ca�montmorillonite. In the present paper, potentials of mean force describing over-

all fenhexamid desorption from a Ca�montmorillonite surface in presence of water were
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computed from molecular dynamics simulations combined with umbrella sampling. Sev-

eral mechanisms were envisaged. The results allow to quantitatively estimate the free

energy of desorption and to provide a detailed insight into the hydration sphere of Ca2+

during the desorption process.

Introduction

The development of water resources is a major issue regarding the impacts of climate change,

population �ows (tourism, urban sprawl), epidemics, etc. All uses of water are concerned:

drinking water supply and sanitation, agricultural and industrial uses. However, these water

resources are often contaminated with many organic compounds. In this context, studying

the behavior of organic contaminants such as pesticides (PEST) in water and the interactions

between these contaminants and natural inorganic substrates such as clay is of paramount

importance. The process of pesticide desorption from clay is not easy to monitor experi-

mentally, while computational chemistry can provide signi�cant input into soil and water

contaminant behavior. Several pesticides (atrazine, metamitron, fenhexamid...) have al-

ready been studied in our group. The global project is carried out using a step by step

approach. The pesticide is considered: (i) isolated and (ii) in interaction with cations1�3;

(iii) in interaction with soil surfaces4,5; (iv) all the previous systems are currently studied

in the presence of water. The present work concerns more particularly the fenhexamid pes-

ticide. Smectite clay minerals are abundant in soils and have very interesting properties as

high swelling behavior, high surface area, large negative charge... Due to those properties,

smectites are used as catalysts, sorbents and barriers for contaminants (radioactive waste

repositories)... Montmorillonite family belongs to smectite type and shares basic structure

with pyrophyllite, an aluminum phyllosilicate of formula: Al2(Si4O10)(OH)2 organized in

layers. Temperature ramp experiments measuring the weight loss of water from smectite

type of clay have shown at least two kinds of interlayer water in smectites6�9. A �rst type

of water is readily removable through drying or heating, a second kind of water is more
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strongly bound. Water lost below 150◦C is assigned to bulk and weakly bound water. The

highest peak temperatures for magnesium, calcium, strontium, barium, and lithium clay are

found to correlate with the hydration energies of the cations and are related to the inter-

action of the clay with the cation. About six water molecules per cation was found, at the

�rst step of hydration for divalent cations, and about three water molecules for lithium and

sodium cations. In addition, in montmorillonite (Mont), IR experiments have shown that

spectral absorptions due to water molecules are in�uenced by both the interlayer cation and

the moisture content9�11. First, adsorbed water on Mont solvates the cationic counterions.

Trends in the sorbed amount of water, swelling properties, and the enthalpy of hydration

have led to deduce that the principal mechanism underlying the observed variations is the

hydration of the cationic counterions.

In di�erent theoretical works on pyrophyllite12 and montmorillonite13�16, the water con-

tents were varied in order to get insight into swelling mechanisms and into the cation hydra-

tion state when the moisture content increases. In particular, Holmboe group studied cation

hydration in the interlayer of Na�Mont and Ca�Mont going from dry clay (0W), up to the

tenth-layer hydrate called 10W using CLAYFF force �eld Molecular Dynamics (MD) simula-

tions (see Table 1)17,18. For Ca�Mont, at 1W in the basal spacing d001 of about 13.7 Å, Ca2+

are close to the Mont surface and hydrated by 7 water molecules which are not spherically

distributed around Ca2+. From 2W to higher hydration states, Ca2+ are surrounded by 8

water molecules in their �rst hydration sphere (HS) but only from the 3W hydrate state,

Ca2+ are hydrated with an evenly distributed spherical �rst coordination sphere. At the 5W

hydration state, the basal spacing d001 is equal to ≈ 24.8 Å for both Na�Mont and Ca�Mont.

Table 1: Water contents and basal spacing, d001, for di�erent hydrate states of Mont. NW:
Nth-layer hydrate state and n: number of water molecules per unit cell per layer-hydrate17,18.

NW 0W 1W 2W 3W 4W 5W 10W
d001 (Å) 9.5-10.1 12.0-12.7 15.0-15.7 18.0-19.0 21.4-22.0 ≈24.8 ≈40.7

n 0 5 10 15 20 25 50
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The geometrical structure and energetics of hydrated Ca2+ have also been studied in

vacuum by theoretical calculations or via EXAFS neutron di�raction experiments19. Coor-

dination numbers of 6, 7 and 8 are common for the �rst HS of Ca2+. For hydrated structures

of the form Ca(H2O)2+i .jH2O, i water molecules are in the �rst coordination sphere and j

water molecules are in the second coordination sphere (hydrogen bonded to water molecules

in the �rst sphere). The clusters Ca(H2O)2+4 .2H2O and Ca(H2O)2+5 .1H2O were signi�-

cantly higher in relative energy than Ca(H2O)2+6 (> 8 kcal.mol−1)20,21. On the contrary,

Ca(H2O)2+6 .2H2O, Ca(H2O)2+7 .1H2O or Ca(H2O)2+8 were in the same range of energy (rel-

ative energies < 2 kcal.mol−1)20,21. Moreover, the �rst HS was found to be long-lived at

room temperature (300 K). Half of the initial solvating water molecules are still in the HS

after 1 ns of simulation time (Car-Parrinello MD within the NVT ensemble using the hybrid

DFT functional B3LYP). In contrast, at higher temperature, 500 K, frequent exchanges are

observed between HS. At 900 K, the rate of exchanges is raised to a great extent compared

to 300 K. In average, the residence time is estimated to be between 0 and 6.4 ps22.

Water adsorption on Mont surface is greatly in�uenced by the cationic counterions just

like organic molecule adsorption on Mont is greatly in�uenced by the cationic counterions

and the water loading of Mont interlayer space. Due to Mont adsorption properties, this

clay family has been considered as highly e�cient materials for the removal of contaminants

such as pesticides from wastewater. Mont combines several strengths: it is inexpensive, envi-

ronmentally friendly, abundant and e�cient to adsorb a wide range of contaminant types23.

Theoretical groups have previously been working on adsorption of small organic molecules on

Mont. Among them, Mignon et al. have studied DNA bases adsorption energies on dry Na�

Mont24,25, and cytosine adsorption on hydrated Na�Mont26 with ab initio MD simulations;

Szczerba et al. have performed force �eld molecular dynamics simulations in order to study

the interactions of ethylene glycol with watered smectite (Ca�Mont)27; Aggarwal et al. have

used force �eld quantum mechanics to estimate relative energies for the adsorption of non-

ionic organic solutes in clay mineral-water-solute systems (K�Mont)28; Clausen et al. have
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investigated the adsorption of single molecules of volatiles, such as water, ethanol, ethyl ac-

etate, pyridine, toluene, and n-octane, on the dry surface of a smectite clay (Na�Mont) using

DFT MD29; sorption of the anionic form of the 2,4�D pesticide (2,4�dichlorophenoxyacetic

acid) on dry and hydrated surfaces of a Ca�montmorillonite has been investigated using ab

initio molecular dynamics simulation at room temperature30; carbon dioxide intercalation

in hydrated Na�montmorillonite has also been under investigations31.

To the authors' knowledge, one other work in scienti�c literature reports the combination

of MD and umbrella sampling to compute the desorption of organic molecules, paracetamol

and carbamazepine, from a watered clay surface, Na�saponite. This study was made in the

force �eld framework using LAMMPS software.32 Moreover, prior DFT researches using um-

brella sampling to understand adsorption and desorption mechanisms on surfaces and bulk

systems have been conducted, for instance: (i) the exploration of the free-energy pro�le of

dimethylamine at the air�water surface33; (ii) the degradation of diisopropyl methylphospho-

nate on γ−Al2O3 surface34. The present work is more ambitious and allows the quantitative

estimation of the free energy of desorption of the fenhexamid (Fen, see Figure 1) from a Ca�

Mont clay surface in presence of water within the DFT framework. Fen is a fungicide for

preventive use against Botrytis cinerea, the agent of gray rot. After a brief presentation of

Figure 1: Structural formula of the fenhexamid, C14H17Cl2NO2.

the theoretical tools, we present the di�erent mechanisms for the desorption of a pesticide

from the Ca�Mont surface. The free energy pro�les of desorption were calculated. The

di�erent alternatives are compared energetically and highlighting the importance of Ca2+

hydration.
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Methods

Montmorillonite model

Phyllosilicates designate minerals in which tetrahedral (T) and octahedral (O) sheets are

stacked successively. Tetrahedron and octahedron vertices are oxygen (O2−) and hydroxyl

(OH−). Montmorillonite, a 2:1 phyllosilicate (T/O/T), is a dioctahedral smectite (see Figure

2):

� in T sheets, Si4+ cations occupy all sites;

� in O sheets, two thirds of the octahedral sites are occupied by Al3+.

Isomorphic substitutions can occur in both T and O sheets but are naturally more abundant

in the O sheet. Consequently, montmorillonite interlayer space contains cationic counterions

to compensate the net negative charge of the clay. The montmorillonite model we worked

with had the following characteristics:

� ≈16.7% of substitutions of Al3+ by Mg2+ in O sheets;

� no substitution in T sheets;

� Ca2+ compensating cations in the interlayer.

X-ray data from Wardle et al.35 on pyrophyllite (2:1 dioctahedral smectite with neither sub-

stitution, nor interlayer compensating cation) was our starting point to build Mont model.

Unit cell parameters (a, b, c, α, β and γ) optimized at PBE-D2 level were in very good

agreement with experimental data (see previous works4,5). The triclinic computational cell

consisted of six pyrophyllite unit cell (3a×2b×c) in order to accommodate fenhexamid pes-

ticide in the interlayer. Four Al3+ were substituted by Mg2+ in O sheets, and the resultant

negative charge was compensated by two Ca2+ cations in the interlayer. In a previous work,

we showed that Fen interacts with only one cation5. In the following, the Ca2+ in interac-

tion with the pesticide is noted Ca1 while Ca2 designates the Ca2+, which does not interact
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Figure 2: Montmorillonite representation. Mont contains 4 substitutions of Al3+ (ligth blue)
by Mg2+ (yellow) in the O sheet and 2 Ca2+ cations (magenta) compensate the net negative
charge carried by the clay layer and are situated above substitutions (ditrigonal ring of basal
oxygens, Ob). The whole set of Ob atoms forms Mont surface, noted surf. Si ions in the T
sheet are in dark blue. δ designates the interlayer spacing and d001, the basal spacing.

with the pesticide. In the following, computational cell parameters were set to: 15.500 Å×

17.931 Å× 25.000 Å and α= 91.030°, β= 100.374°, γ= 89.757°; and were kept �xed during

molecular dynamics simulations. The basal spacing d001 =csinβ is equal to 24.6 Å.

CPMD parameters

Car-Parrinello molecular dynamics simulations36 were performed under periodic boundary

conditions using the Perdew-Burke-Ernzerhof (PBE)37�41 functional as implemented in the

CPMD package42. The D2 Grimme's dispersion correction43�45 has been added (PBE-D2).

Valence-core interactions have been described using Troullier-Martins norm-conserving pseu-
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dopotentials46,47 in combination with a plane-wave basis set. The cut-o� energy for plane

waves is 80 Ry and the Monkhorst-Pack method48 was used to sample the Brillouin zone at

the Γ point only within the triclinic computational cell. Hydrogen atoms were replaced by

deuterium atoms. The �ctitious mass of the electrons was µ = 500 a.u. and the time step

4.5 a.u.. Hydrated Fen�Ca�Mont starting point originates from a 12 ps molecular dynamics

(MD) trajectory performed within the NVT ensemble with a Langevin thermostat49 at 350

K50�52. 132 water molecules are present in the interlayer space measuring around ≈18 Å in

all the trajectories of this work. These conditions corresponds to the 5W hydrate state qual-

i�ed by Holmboe and coworkers at 298 K (see Table 1)17,18. To model the desorption of Fen

from the hydrated surface of Mont, the Umbrella Sampling method53�55 was implemented.

Eleven biased Car-Parrinello molecular dynamics simulations were conducted to move the

system under study from one thermodynamically stable state to another following a reaction

coordinate noted ξ (see Table 2). PLUMED, an open-source, community-developed library

was used to bias the trajectories56�58. The simulations lasted between 11 and 25 ps. An

equilibration time of 4 ps was removed from the analysis for each simulation. With the

eleven trajectories, a total duration of 177 ps was simulated.

Fen desorption from watered Ca�Mont has been quanti�ed by deriving the potential of

mean force (PMF). The PMF characterizes the change in the free energy of the system due

to the changes in its con�guration59�62. The free energy F of a system in thermodynamic

equilibrium in an NVT statistical ensemble is de�ned as:

F = −kBT lnZ (1)

where Z is the canonical partition function and kB is the Boltzmann constant. For two

interacting species, the PMF, W (ξ), is a function of the reaction coordinate ξ. The chosen

reaction coordinate ξ is the distance between the geometric center of Fen and the clay surface,

i.e., the plane containing the basal oxygen, Ob. The whole set of Ob atoms forms the Mont
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surface, noted surf hereafter. Increasing ξ should make possible to switch from Fen adsorbed

on Mont to Fen desorbed. The PMF is the free energy pro�le of the system as a function of

the separation distance ξ between Ca�Mont and Fen:

W (ξ) = −kBT ln(g(ξ)) (2)

where g(ξ) is the distribution function of distances for the pair (Fen;Ca�Mont). Each biased

dynamic simulation made possible to sample the con�guration space around a value ξi of ξ

by introducing into the Hamiltonian of the system for each simulation an harmonic potential

V centered on the ξi value:

V =
1

2
ki(ξ − ξi)

2 (3)

The harmonic constant ki is chosen to allow for an adequate sampling of the potential energy

surface (PES). Table 2 gives the ki values as well as the spacing of the umbrella windows,

which are the two parameters to control the sampling of the PES.

Table 2: Parameters of the 11 biased MD trajectories: i is the window index, ξi is the value of
the reaction coordinate around which the harmonic potential oscillated, ki is the associated
harmonic constant and ti the duration of the simulation (ps).

i ξi (Å) ki (kcal.mol−1.Å−2) ti (ps)
1 4.41 14.3 20
2 4.70 28.6 20
3 4.89 114.3 13
4 5.05 14.3 20
5 5.55 57.1 12
6 5.58 114.3 13
7 5.65 114.3 16
8 5.78 57.1 25
9 6.20 57.1 14
10 6.40 14.3 11
11 7.11 14.3 13

The free energy surface was reconstructed from the distributions of ξ resulting from each

biased MD simulation using the WHAM self-consistent method (weighted histogram approx-

imation method)63,64. In addition, before plotting our free energy curves corresponding to
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the Fen desorption from the surface, we checked if our sampling was su�cient. Indeed, we

plotted the distribution functions of the reaction coordinate ξ and we were careful about

their overlaps. These distributions are centered on the values of ξ around which the har-

monic potentials of the umbrella sampling oscillate. We put Figure S1(i) in supplementary

material that represents the plot of these di�erent distributions as a function of ξ.

Results and discussion

When a pesticide is desorbed from the Ca�Mont surface, several mechanisms can be envis-

aged. First, the pesticide is desorbed and Ca2+ stays close to the surface (Figure 3(b)).

Second, the pesticide and the interlayer cation are desorbed together (Figure 3(c)). In a last

mechanism, we can envisage that PEST-Ca2+ complex moves away from the surface and �-

nally, dissociates (Figure 3(d)). In the following, the simulated desorption pro�le is described

and the Ca�surf distances are analyzed to determine, which is the desorption mechanism.

Then, the hydration state of both cations helps to better understand the reaction path.

Moreover, correlation between positions and hydration states of Ca2+ is highlighted.

Description of the desorption pro�le and Ca�surf distances

Figure 4 displays the calculated desorption pro�le of a fenhexamid molecule from the mont-

morillonite surface. The pro�le presents three free energy wells separated by two barriers of

2.5 and 5.0 kcal.mol−1. The singularities of the free energy pro�le are noted P1, P2 and P3

for the minimums or wells and M1 and M2 for the maximums along the reaction coordinate ξ.

We demonstrate in the Supporting Information that those maximums are transition states.

For all the trajectories, Oe�Oe and Oe�Ob radial distribution functions (RDF) were plotted

to con�rm the liquid phase of water all along the desorption. On Figure S2, the Oe�Oe and

Oe�Ob RDF are given for each singularity:

� Oe�Oe distances between the oxygen atoms of water molecules � For each singular-
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Figure 3: Mechanism propositions for the desorption of a pesticide (PEST) from a clay
surface (MONT): (a) De�nition of the Ca1 and Ca2 cations. Ca1 is the Ca2+ interacting
with PEST and Ca2 does not interact with PEST; (b) PEST alone is desorbed from MONT,
Ca1 remains attached to MONT; (c) PEST�Ca1 complex is desorbed from MONT; (d) PEST
and Ca1 have a concerted departure from MONT but the interaction between PEST and
Ca1 is not retained during the desorption.

ity, the pro�les are almost stackable. In addition, the �rst peak of each distribution

corresponds to a distance of ≈ 2.8 Å, which is characteristic of liquid water;

� Oe�Ob distances between the oxygen atoms of the water molecules Oe and the oxygen

atoms of the surface Ob � Similarly, for each singularity, the distributions are compa-

rable, which indicates a similar hydration of the surface all along the desorption. The

�rst peak at ≈ 3.0 Å indicates that the water molecules are not in direct contact with

the surface of the montmorillonite.

During the process, the global water structure does not seem to be a�ected by the desorption

of Fen from Mont and the inevitable induced reorganizations.

In order to follow the movements of the cations during the desorption, we evaluated the

distance distribution functions of both Ca2+ to the surface, denoted Ca1�surf and Ca2�
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Figure 4: Free energy pro�le of fenhexamid desorption from the montmorillonite surface as
a function of ξ, the distance from the geometric center of fenhexamid to surf, the surface
containing the oxygen atoms Ob (see Figure 2). Every purple cross represents a structure
visited during the 11 MD trajectories. The continuous green line gives the free energy
pro�le of the desorption after smoothing. P1, P2, P3 are the minimums or energetic wells
of this pro�le. M1 and M2 are the maximums. The zones delimited by the red horizontal
lines enclose the structures considered as belonging to the minimums and to the maximums.
Numbers on the top of the graph are the ξ values for each singularity.

surf thereafter (see Figure S3). Within P1, Ca1 is close to the surface and the Ca1�surf

distribution has a double peak with two maximums at ≈ 1.1 Å and ≈ 1.6 Å (see Figure

S3(a)). Ca2 is further from Mont with three preferred positions ≈ 2.7, 4.1 and 5.2 Å. For

P2, the Ca1�surf distribution displays a single peak centered at 2.3 Å, while the distribution
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of Ca2�surf has a peak centered at 2.5 Å. For P3, the distributions share common features

with P1. The Ca1�surf distribution has only one maximum at 1.4 Å, as for Ca2, two preferred

positions ≈ 2.5 and 4.0 Å exist. These observations show that the simulated mechanism is

the one shown in Figure 3(b). In P1 and P2, Ca1 interacts with Fen whereas, in P3, the

Fen�Ca1 interaction is broken and Ca1 comes back closer to the surface.

Hydration state of the cations

In the analysis of the desorption free energy pro�le of Fen from the montmorillonite sur-

face, the hydration states of both Ca2+ are important to explain the process. Thus, the

arrangement of both Ca2+ �rst HS is investigated in the following.

On Figure S4, the Ca�Oe RDF have been extracted from the trajectories and sorted by

singularities of the free energy pro�le: i) for Ca1�Oe, all the pro�les are similar, with a �rst

peak centered on 2.3 Å and the Ca1�Oe RDF �rst minimum equals zero at 3.0 Å; ii) for

Ca2�Oe, all the curves are also similar, the �rst peak is more intense but also centered on

2.3 Å and the Ca2�Oe RDF �rst minimum also equals zero at 3.0 Å. Thus, a water molecule

has been counted in the �rst HS of a calcium cation when dCa−Oe ≤ 3.0 Å.

Then, to better understand the shape of the distributions of Figure S3, we sorted the

structures according to the number of water molecules in the �rst HS (see Figures 5 for wells

and 6 for maximums). For both cations Ca1 and Ca2, we were able to deconvolute the peaks

of Ca�surf distributions and to draw the following information:

� Ca1 is hydrated by 1 to 4 water molecules: 1 to 2 for the structures in P1, 2 to 3 for

M1 and P2 and 2 to 4 (with a majority of 3 water molecules around Ca1) for M2 and

P3. Moreover on average, Ca1�surf distances are similar for P1 and P3 (≈ 1.4 Å). For

M1, P2 and M2, this average distance is longer, ≈ 2.4 Å, because Ca1 interacts with

Fen, which moves away from the surface. For the majority of these structures, three

water molecules solvate Ca1.
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� Ca2 is solvated by 5 to 8 water molecules: 5 to 8 for P1, 5 for M1, 5 (to 6) for P2 and

M2, and 5 to 7 for P3. In M1 and P2, Ca2 is localized at an average distance of about

2.5 Å from Mont with an inner �rst HS, thus including the surface in a square-based

bi-pyramid structure. This kind of structures with 5 water molecules in the �rst HS

is predominant in M2 (Ca2�surf distance ≈ 2.5 Å) but Ca2 can also be solvated by 6

water molecules (Ca2�surf distance ≈ 3.9 Å). In P1 and P3, more hydration states are

accessible to Ca2, while Ca1 is located near the surface (≈ 1.4 Å). In P1 and P3, Ca2

displays di�erent HS: a square-based pyramid (5 H2O), an octahedron (6 H2O), and a

distorted square antiprism (8 H2O) (both the latest are among the most stable of the

�rst HS of Ca2+ according to the literature). In the interlayer space of an hydrated

montmorillonite system, Holmboe and coworkers showed that the 5W hydration state

allows full hydration of Ca2+ cations17,18. For Holmboe at 300 K, full hydration for

Ca2+ includes 8 water molecules in the �rst HS, whereas, Fockenberg et al. counts 6

water molecules in the �rst HS of Ca2+ in aqueous solution22. Our results are consistent

with those obtained by Holmboe et al. and Fockenberg et al. but in our simulations,

a great amount of structures in P1, P2 and P3 count 5 and 7 water molecules in the

�rst HS of Ca2+.

Finally, comparing Ca1�surf and Ca2�surf distances in P1, P2 and P3, we can see that, when

Ca1 is close to the surface (≈ 1.4 Å) then Ca2 is further (≈ 4.0 Å) (in P1 and P3), whereas

if Ca1�surf equals about 2.3− 2.5 Å then Ca2�surf is in the same range (in P2). Everything

happens as if Ca1�surf and Ca2�surf are correlated with each other. In the following part,

we then investigate whether there is a correlation between the distances of the two cations

to the surface and we seek to relate this to the hydration of the cations.
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Figure 5: Ca1�surf and Ca2�surf normalized distributions for each of the wells P1, P2 and
P3 of the free energy pro�le. In each well, the structures were sorted according to the number
of water molecules in the �rst HS (dOe−Ca ≤ 3.0 Å) of Ca1 or Ca2.
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Figure 6: Ca1�surf and Ca2�surf normalized distributions for each of the maximums M1 and
M2 of the free energy pro�le. For each maximum, the structures were sorted according to
the number of water molecules in the �rst HS (dOe−Ca ≤ 3.0 Å) of Ca1 or Ca2.
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Correlation between positions and hydration states of both cations

Figures 7 and 8 report the density of structures regarding to Ca1�surf and Ca2-surf values

visited for the minimums (Figure 7) and the maximums (Figure 8) of the free energy desorp-

tion pro�le. Moreover, Figure 9 reports four snapshots of structures along the free energy

pro�le of desorption of Fen from Mont: one for each minimum and one for the M2 maximum,

which di�ers from other singularities. The number of water molecules in the �rst HS of Ca1

and Ca2 is given as well as the Ca1�Ca2, Ca1�surf, Ca2�surf and Ca1�Om distances (Om

is the oxygen atom of the Fen carbonyl group).
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Figure 7: Density of structures for the three wells P1, P2 and P3 of Fen desorption from
the montmorillonite, at given Ca1�surf and Ca2�surf distances. Distances are in Å, the
logarithm (log) of the density of structures is represented (scale from -4 to 0). In round
boxes, the numbers of water molecules in the �rst HS around Ca1 (blue) and Ca2 (red) are
also given (in bold: the most abundant; in dashed circles: �rst HS including the surface,
square-based bi-pyramid structures formed by 5 water molecules and the surface). In square
boxes, distances corresponding to the maximums of density of structures are put forward.

Figure 8: Density of structures for both minimums M1 and M2 of Fen desorption from
the montmorillonite, at given Ca1�surf and Ca2�surf distances. Distances are in Å, the
logarithm (log) of the density of structures is represented (scale from -5 to 0). In round
boxes, the numbers of water molecules in the �rst HS around Ca1 (blue) and Ca2 (red) are
also given (in bold: the most abundant; in dashed circles: �rst HS including the surface,
square-based bi-pyramid structures formed by 5 water molecules and the surface). In square
boxes, distances corresponding to the maximums of density of structures are put forward.
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Ca2�surf 4.03
Ca1�Om 2.15
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Ca1�Ca2 10.48 11.21 10.60
Ca1�surf 1.12 2.52 1.44
Ca2�surf 2.80 2.66 4.17
Ca1�Om 2.36 2.25 4.02

Figure 9: Snapshots taken in the 3 minimums, P1, P2 and P3, and in the M2 maximum
of the free energy pro�le of desorption of Fen from Mont. For clarity, only the Ob oxygen
atoms are represented for the Mont surface. For the same reason, only the water molecules
involved into the �rst HS of Ca1 and Ca2 are represented (dOe−Ca ≤ 3.0 Å). HSCa1 and HSCa2

are the numbers of water molecules in the �rst HS of Ca1 and Ca2, respectively. Ca1�Ca2,
Ca1�surf, Ca2�surf and Ca1�Om distances are given in Å. Om is the oxygen atom of the
Fen carbonyl group.
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For P1, the density of structures presents four high density basins (B):

B1. Ca1�surf ≈ 1.1 Å and Ca2�surf ≈ 2.7 Å: Ca1 is solvated by only one water molecule

and Ca2 by 5;

B2. Ca1�surf ≈ 1.1 Å and Ca2�surf ≈ 4.1 Å: Ca1 is solvated by only one water molecule

and Ca2 mostly by 7;

B3. Ca1�surf ≈ 1.6 Å and Ca2�surf ≈ 4.1 Å: Ca1 is solvated by two water molecules and

Ca2 by 6 or 7, mostly by 6;

B4. Ca1�surf ≈ 1.6 Å and Ca2�surf ≈ 5.2 Å: Ca1 is solvated by two water molecules and

Ca2 by 7 or 8.

Figure 10: Ca1�Ca2 normalized distribution for the �rst minimum P1 of the free energy
pro�le. The structures were sorted according to the number of water molecules in the �rst
HS (dOe−Ca ≤ 3.0 Å) of Ca1.

Ca1�surf and Ca2�surf distances increase with the number of water molecules into their �rst

HS. One may wonder why no structure corresponding to the couple Ca1�surf ≈ 1.6 Å and
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Ca2�surf ≈ 2.7 Å, i.e. Ca1 solvated by 2 water molecules and Ca2 by 5, has been found. For

the structures corresponding to B1, Ca1�Ca2 distances are shorter in average (see Figure

10) than in dry Mont (dCa−Ca = 10.341 Å). But in the hypothetical situation, Ca1�surf ≈

1.6 Å and Ca2�surf ≈ 2.7 Å (Ca1 solvated by 2 water molecules and Ca2 by 5) compared to

B1, Ca1 moves away from the surface, while Ca2 stands still resulting in the shortening of

the Ca1�Ca2 distance. The cation charge repulsion is no longer compensated by the surface

and not yet by water molecule screening. Thus, when Ca1 moves away from the surface, Ca2

has to do the same (B3 and B4). Thus, Ca1�Ca2 distances become longer in average (see

Figure 10) than in dry Mont and Ca2 �rst HS grows to 6 till 8 water molecules. In B2, Ca1

solvated by one water molecule stays close to Mont and Ca2 is further from the surface. In

this case, Ca1�Ca2 distances are shorter than in dry Mont, which is probably possible thanks

to the screening of Ca2 by the higher number of water molecules into its �rst HS (6 to 8 but

mostly 7). Experimental evidence allows to list two di�erent types of interaction of water

with the cations of the clay: i) water molecules bound to the cations attached to the clay

surface (inner HS); ii) water molecules bound to fully hydrated cations detached from the

surface (outer HS). Snapshot P1 belongs to B1 and presents 5 water molecules around Ca2

and a Ca2�surf distance of 2.80 Å (see Figure 9). Thus, the Ca2 inner HS is a square-based

bi-pyramid structures formed by 5 water molecules and the surface. Ca1 stays attached to

the surface and to Fen by the monodentate complexation site Om. Thus, only one water

molecule enter the space between Fen and the surface near Ca1 to form its �rst HS.

On Figure 7 P2, the density of structures shows only one basin with an high density of

structures corresponding to Ca1�surf ≈ 2.3 Å and Ca2�surf ≈ 2.5 Å. Ca1 is solvated by two

but predominantly three water molecules and Ca2 by mostly 5. Localization of the density

goes along with Ca1�Ca2 distances around 10 Å comparable with dry Mont. Compared to

P1, Ca1 positions are further from the surface and Ca1 are at almost equal distances to

Mont than Ca2. For the second minimum, the snapshot P2 shows again 5 water molecules

around Ca2 and an even shorter Ca2�surf distance than in P1 (2.66 Å, see Figure 9). The
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Ca2 inner HS is a square-based bi-pyramid structure formed by 5 water molecules and the

surface. Here, Ca1 is still attached to the surface and to Fen (Ca1�Om = 2.25 Å). As Fen

moves away from the surface from P1 to P2, a second and a third water molecules enter the

space between Fen and the surface near Ca1. Its HS contains 3 water molecules.

For P3, Ca1 is closer to the surface, while the interaction between Ca1 and the oxygen

atom of Fen carbonyl group is lost. The structures present Ca1�surf distances around 1.4

Å corresponding to mostly three water molecules in the �rst HS. These water molecules insert

the space between Fen and Ca1. Again as in P2, Ca1�Ca2 distances are in average roughly

equal to the Ca�Ca distance in dry Mont. If the �rst HS of Ca2 counts 5 water molecules,

thus Ca2�surf is about 2.5 Å, while if the �rst HS of Ca2 counts 6 to 7 water molecules,

thus Ca2�surf is longer being around 4.0 Å. In the P3 minimum, while Fen moves away from

the surface,the space between Fen and the surface can host additional water molecules. In

snapshot P3, we chose to show on Figure 9, a structure for which, Ca2 has 6 apices and Ca1

has 5. For Ca2, 6 water molecules are at the apices of a square-based bi-pyramid. For Ca1,

4 water molecules and the surface constitute the �ve apices of a square-based pyramid. Ca2

is located at the center of an outer HS whereas Ca1 is at the center of an inner HS.

On Figure 8, for M1 and M2 maximums, the density of structures according to both

distances Ca1�surf and Ca2�surf are given. For M1 transition state (see Figure S6(a)), the

density is localized around Ca1�surf = 2.4 Å and Ca2-surf = 2.6 Å. HSCa1 contains mostly

3 water molecules and HSCa2 5. This graph is quite similar to P2 graph on Figure 7. Thus

M1 resembles the well, which is downstream and could be quali�ed of a late connecting

maximum. On the other hand, M2 graph connecting P2 and P3 looks like the P2 well,

which is upstream, for the basin around Ca1�surf = 2.5 Å and Ca2�surf = 2.5 Å (noted

B'1). As well as for P2, in B'1, HSCa1 is mostly 3 and HSCa2 = 5. However, new basins are

visited:

B'2. Ca1�surf = 2.5 Å and Ca2�surf = 3.9 Å, HSCa1 contains two to four but mostly 3

water molecules and HSCa2 contains mostly 6 water molecules;
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B'3. Ca1�surf = 3.3 Å and Ca2�surf = 2.5 Å, HSCa1 contains three to �ve but mostly 3

water molecules and HSCa2 contains mostly 5 water molecules.

On Figure 9, snapshot M2 belonging to B'2 shows a structure for which, both Ca2+ cations

are in a 6 apices HS (see Figure 9). For Ca2, 6 water molecules are at the apices of a square-

based bi-pyramid. For Ca1, 4 water molecules, Om and the surface constitute the apices of

a square-based bi-pyramid again. Ca2 is located at the center of an outer HS whereas Ca1

is at the center of an inner HS.

Alternative desorption mechanisms

In the previously presented desorption pro�le, the interaction between Ca1 and Fen is lost

in P3 in agreement with the mechanism shown on Figure 3(b). To con�rm this mechanism

is preferred or not, an alternative mechanism has been studied. When the chosen reaction

coordinate ξ increases beyond 5.7 Å (M2), all the structures end up in well P3 with Ca1-surf

distances around 1.4 Å. Thus, one question arises: is it possible that Fen desorbed from

Mont along with Ca1 (Figure 3(c))? If so, is this mechanism energetically accessible? For

the structures of B'3 (Figure 8 M2), Ca1 is moving away from the surface (Ca1�surf = 3.3

Å). The interaction between Ca1 and the surface is lost but the monodentate interaction

between Fen and Ca1 via Om is preserved. Thus, ξ is adapted to deal with the desorption

of Fen�Ca1 complex from the surface (see Figure 3(c)). We decided to take over from a B'3

structure and with the same reaction coordinate ξ to launch 6 new biased MD trajectories

(see windows 9 to 14 on Table 3 and overlapping distributions of the umbrella sampling

simulations on Figure S1(ii)). Therefore, we obtained a new end of pro�le for ξ > 5.8 Å that

we superimposed to the �rst in Figure 11. This new pro�le corresponds to the desorption of

the Fen�Ca1 complex from the surface (Figure 3(c)). After M2, the new pro�le di�ers from

the previous one with a minimum P3c at ξ = 6.23 Å and a maximum M3c for ξ = 6.74 Å.

The new pro�le is energetically disfavored with respect to the previous one. The bottoms of

the wells P3 and P3c are ≈ 2 kcal/mol apart in free energy and o�set by 0.3 Å. In P3c, the
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Table 3: Parameters of the 14 biased MD trajectories: i is the window index, ξi is the value of
the reaction coordinate around which the harmonic potential oscillated, ki is the associated
harmonic constant and ti the duration of the simulation (ps). In bold, the characteristic of
the 6 trajectories that di�er from the �rst energy pro�le are given.

i ξi (Å) ki (kcal.mol−1.Å−2) ti (ps)
1 4.41 14.3 20
2 4.70 28.6 20
3 4.89 114.3 13
4 5.05 14.3 20
5 5.55 57.1 12
6 5.58 114.3 13
7 5.65 114.3 16
8 5.78 57.1 25
9 6.20 57.1 12

10 6.40 14.3 12

11 7.11 114.3 12

12 7.11 114.3 12

13 7.11 114.3 12

14 7.11 14.3 12

Om�Ca1 interaction is present. Ca1 is further from the surface than in P3 as it can be seen

in Figure 12 (2.6 and 1.4 Å respectively). Moreover, one more water molecule forms the �rst

HS in P3c (HSCa1 = 4 mostly) than in P3 (HSCa1 = 3 mostly). Concomitantly, the main

di�erence on Ca2 HS is the loss of the structures with 5 water molecules in HSCa2 in favor

of HSCa2 = 6. The M3c maximum of the new pro�le is ≈ 2.5 kcal/mol higher in energy than

P3c. Ca1 in those structures is hydrated mostly by 5 water molecules and is, in average,

distant of ≈ 3.5 Å from the surface; Om being the sixth apex of the Ca1 octahedron. Ca2

remains mainly in the same hydration pattern than in P3c (HSCa2 = 6).

After M2 transition state (see Figure S6(b)), either the (b) path is followed losing the Ca1�

Fen interaction or the (c) path, higher in energy, keeping this interaction. Choosing a path,

(b) or (c), is exclusive. In order to understand why we obtained two distinct mechanisms, we

conducted an other pro�le (see Figure 13). Starting from a P3 structure (Ca1 close to the

surface and Fen�Mont ≈ 6.5 Å), we de�ned a new reaction coordinate ξ′ = Ca1�surf. When

ξ′ lengthens, Ca1 is going away from the surface and is getting closer to Fen. The reaction
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pro�le shows two minimums, PI and PII, and one maximum, MI. PI bottom of the well is

less than 1 kcal/mol lower in free energy than PII. The barrier from PI is about 6 kcal/mol,

which is consistent with the exclusivity of the paths. In Figure S5, Ca1�surf and Ca2�surf

normalized distributions for each of the PI, PII and MI singularities are presented. For the

�rst HS of Ca1, PI is in accordance with the P3 well of path (b). However, for all structures

in PI, HSCa1 = 3 because the Ca1�surf distance is in between 1.225 and 1.485 Å excluding

HSCa1 = 2 and HSCa1 = 4 structures. Similarly, PII is consistent with P3c (path(c)) with

mostly 4 water molecules in the Ca1 �rst HS. Going from PI to PII via MI, an increase in

HSCa1 is observed from 3 to 5. Ca2, the non interacting cation, has an HS of mostly 6 or 7

water molecules.
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Figure 11: Free energy pro�le of fenhexamid desorption from the montmorillonite surface as
a function of ξ, the distance from the geometric center of fenhexamid to surf, the surface
containing the oxygen atoms Ob (see Figure 2). Every purple or green cross represents a
structure visited during the 11 (b) and 14 (c) MD simulations. The continuous green line
gives the free energy pro�le of the desorption after smoothing. P1, P2, P3 and P3c are the
minimums or energetic wells of this pro�le. M1, M2 and M3c are the maximums. The zones
delimited by the red horizontal lines enclose the structures considered as belonging to the
minimums and to the maximums. Numbers on the top of the graph are the ξ values for each
singularity.
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Figure 12: Ca1�surf and Ca2�surf normalized distributions for the P3c well and the M3c
maximum of the free energy pro�le. In P3c and M3c, the structures were sorted according
to the number of water molecules in the �rst HS (dOe−Ca ≤ 3.0 Å) of Ca1 or Ca2.
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Figure 13: Free energy pro�le of Ca1 moving away from the surface. ξ′ is the distance between
Ca1 and surf, the surface containing the oxygen atoms Ob (see Figure 2). Every purple cross
represents a structure visited during the MD simulations. The continuous green line gives
the free energy pro�le after smoothing. PI and PII are the minimums or energetic wells of
this pro�le. MI is the maximum. The zones delimited by the red horizontal lines enclose the
structures considered as belonging to the minimums and to the maximums. Numbers on the
top of the graph are the ξ′ values for each singularity.
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Conclusion

The desorption of fenhexamid from an hydrated Ca�montmorillonite surface has been studied

by ab initio molecular dynamics. The free energy pro�le is common to both mechanisms

considered until the fenhexamid reaches a distance of about 5.7 Å from the surface. Initially,

the fenhexamid is close to the surface and in interaction with the Ca1 cation. At the passage

of the �rst barrier, an additional water molecule joins the �rst HS of Ca1 passing from 1 to 2

molecules to 2 to 3. The associated free energy barrier is 2.5 kcal/mol. Thereafter, a second

barrier (5 kcal/mol) is crossed corresponding to an increase in the hydration of Ca1: 2 to 4

water molecules for M2 (see Figure 11). After M2, two pathways are possible: the fenhexamid

is desorbed, it disassociates from Ca1, which then interacts with the surface (Figure 3(b));

the Fen�Ca1 complex is desorbed from Mont (Figure 3(c)). The pro�le corresponding to (b)

mechanism is preferred: the bottoms of wells P3 and P3c are distant by 2 kcal/mol in free

energy. From M2 to P3 (b), the �rst HS of Ca1 contains predominantly 3 water molecules

while for structures belonging to P3c (c), the preferred hydration is 4. Following the (c)

mechanism, a new barrier (P3c→M3c) is encountered (2.5 kcal/mol) corresponding to the

addition of an extra water molecule in Ca1 �rst HS, i.e., 5 water molecules in majority.

This work shows that once one pathway is taken the other is no longer accessible except

by crossing a free energy barrier of more than 5 kcal/mol (see Figure 13). By pursuing (c)

pathway beyond M3c, the Fen�Ca1 complex could evolve towards dissociation to increase

the hydration energy of each entity: Ca1 and Fen. This pathway is evoked in Figure 3 as

(d) mechanism. However, the (b) desorption mechanism will remain preferred.
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� Figure S1: Overlapping distributions of ξ, the distance from the geometric center

of fenhexamid to surf, obtained for the umbrella sampling simulations to determine

the free energy pro�le of fenhexamid desorption from the montmorillonite surface: (i)

mechanism (b); (ii) mechanism (c) (see Figure 3).

� Figure S2: Oe�Oe (a) and Oe�Ob (b) radial distribution functions for the singularities

P1, M1, P2, M2 and P3 of the free energy pro�le of desorption of Fen from Mont. Oe

are the oxygen atoms of water molecules and Ob, the surface oxygen atoms.

� Figure S3: Ca1�surf (a) and Ca2�surf (b) normalized distributions for the singularities

P1, M1, P2, M2 and P3 of the free energy pro�le of desorption of Fen from Mont.

� Figure S4: Ca1�Oe (a) and Ca2�Oe (b) radial distribution functions for of the singu-

larities P1, M1, P2, M2 and P3 of the free energy pro�le of desorption of Fen from

Mont. Oe are the oxygen atoms of water molecules. Ca1 and Ca2 are the Ca2+ cations

in the computational cell. Ca1 is in interaction with Fen.

� Figure S5: Ca1�surf and Ca2�surf normalized distributions for each of the maximums

PI and PII and for the MI well of the free energy pro�le of Ca1 moving away from

the surface. For each maximum, the structures were sorted according to the number

of water molecules in the �rst HS (dOe−Ca ≤ 3.0 Å) of Ca1 or Ca2.

� Figure S6: Distributions of ξ, the distance from the geometric center of fenhexamid

to surf, obtained for simulations starting: (a) from 7 TS con�gurations for the M1

transition state; (b) from 7 TS con�gurations for the M2 transition state.
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