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1 Introduction

Physisorption of bio oil nitrogen compounds onto
montmorillonitet

? Susanna Kuitunen® and Maria Sammalkorpi () *2¢

Maisa Vuorte,
We assess computationally the adsorption of a series of nitrogen containing heterocycles and fatty acid
amides from bio-oil on a model clay surface, Na-montmorillonite. The adsorption energies and
conformations predicted by atomistic detail molecular dynamics (MD) simulations are compared against
density functional theory (DFT) based molecular electrostatic potentials (MEP) and Hirshfeld, AIM, Merz-
Singh-Kollman, and ChelpG charges. MD predicts systematically adsorption via cation bridging with
adsorption strength of the heterocycles following purine > pyridine > imidazole > pyrrole > indole >
quinoline. The fatty acid amides adsorption strength follows the steric availability and bulkiness of the
head group. A comparison against the DFT calculations shows that MEP predicts adsorption geometries
and the MD simulations reproduce the conformations for single adsorption site species. However, the
DFT derived charge distibutions show that MD force-fields with non-polarizable fixed partial charge
representations parametrized for agueous environments cannot be used in apolar solvent environments
without careful accuracy considerations. The overall trends in adsorption energies are reproduced by
the Charmm GenFF employed in the MD simulations but the adsorption energies are systematically
overestimated in this apolar solvent environment. The work has significance both for revealing nitrogen
compound adsorption trends in technologically relevant bio oil environments but also as a
methodological assessment revealing the limits of state of the art biomolecular force-fields and
simulation protocols in apolar bioenvironments.

biomass appears promising because of its high growth rate, efficient
carbon dioxide fixation, high biomass production rate, and elevated

Biofuels, that is, fuels derived from e.g. vegetable oils, animal fats,
starch, waste biomass, or microbial biomass, are an environmen-
tally more sustainable alternative to traditional fossil fuels. In
comparison to fossil fuels, bio fuel alternatives result in a reduction
of CO,, hydrocarbons, and particulate matter emissions. Addition-
ally, bio fuels rely on energy from relatively recent carbon fixation,
which further decreases net carbon emissions to the environment.
Diversification of biofuel sources from traditional food agriculture
commodities and efforts to reduce involved land usage has led to
rising interest in biomass of marine origins."” Especially algae
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oil yield.>”

The composition of biofuels depends strongly on the spe-
cific biomass used as feedstock and the chemical processes
employed in conversion to biofuel.>™ A particular feature of
algae derived bio-oils is their elevated nitrogen compound
content, 5-10 wt% of algae bio-oils procured through
pyrolysis.*'° These nitrogen compounds need to be removed
from the oil for its use as a clean fuel, as well as to ensure
optimal processing and shelf-life of the bio-oil. High concen-
trations of nitrogen containing compounds are problematic
due to contamination of the catalyst, and the formation of NO,
and N,O compounds during combustion of the bio-oil in fuel
usage. These function as greenhouse gases, contribute to the
depletion of the ozone layer, and have a role in the formation of
acid rains and photochemical smog. Hence, denitrogenation is
important in bio-oils refining. The nitrogen removal is com-
monly achieved via selective adsorption of nitrogen compounds
from the rest of the oil onto the active sites of an adsorbent
substrate, such as activated carbon,'*'? silica-alumina®' or
metal-exchanged zeolites."""'*'* The adsorbent may later be
regenerated for reuse through solvent washing or thermal
treatment."
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As selective adsorption of nitrogen compounds is in key role
in their removal, it is enticing to pursue chemical detail level
guidelines to understand and control the adsorption response.
Presently, there are only a few targeted studies of nitrogen
compound adsorption from algae oils, the most recent of these
using phyllosilicate clays, e.g. montmorillonite,">"® activated
carbon,'™'? Cu-zeolites,'" silica gels,"" and aminated metal-
organic frameworks."” Computational approaches to surfac-
tants in apolar environments have mostly focused on bulk
assemblies, see e.g. ref. 18-25, or been limited to modelling
adsorption of surfactants and other organic compounds at the
apolar oil-solid interfaces, see e.g. ref. 26-33. Our previous
work examines adsorption of vegetable oil minority species
(fatty acids, monoglycerides, phospholipids) on silica via mole-
cular dynamics simulation and links head group hydrogen
bonding capability and charge to adsorption strength.**

Here, we pursue the adsorption response of a systematic
series of nitrogen containing heterocycles, fatty acid amides,
and water using atomistic detail molecular dynamics (MD)
simulations. Specifically, physisorption of the compounds on
a model clay (Na-montmorillonite) surface is probed in a
triglyceride (triolein) solvent that describes a model bio-oil.
Montmorillonite is chosen for the work as a common model
adsorbent clay for drywashing bio-oils: montmorillonite-based
adsorbents have formerly been used for both decolorization
and deodorization of bio-oils as well as catalysts for bio fuel
synthesis.'>'®?>¢ Experimental studies of nitrogen compound
adsorption on montmorillonite are mainly limited to chloro-
phyl, phospholipids, and sterols.”>'® We employ MD simula-
tions with the umbrella sampling method to determine the
adsorption conformations and energies of individual molecules
on the Na-montmorillonite surface. As prior studies***”~*! have
raised concern on the performance accuracy of the aqueous
environment force-field parametrizations used typically in ato-
mistic detail MD simulations when taken to apolar solvent
environments, we assess the modelling accuracy via density
functional theory (DFT) electronic structure calculations with
an implicit solvent model. The results enable an objective
performance evaluation of the Charmm force field, in particu-
lar Charmm GenFF** parameters, for examining simple organic
molecules in low dielectric, apolar solvent environments.
Besides the methodological assessment, the work has signifi-
cance for revealing systematic nitrogen compound adsorption
trends in technologically relevant bio oil environments. In
particular, the work provides a mapping of adsorption prefer-
ence order for the nitrogen compounds, which allows making
predictions on the adsorption response based on the accessi-
bility of the nitrogen but also bring out methodological pitfalls
for modelling biobased surfactants in organic solvents.

2 Computational methods
2.1 Molecular dynamics simulations

The adsorption of six nitrogen containing, heterocyclic com-
pounds, five fatty acid amides, and water from triglyceride
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(triolein) solvent onto Na-montmorillonite was studied in terms
of adsorption conformation and free energy changes accompa-
nying adsorption events via MD simulations. All MD simula-
tions were carried out using the Gromacs 2016.5 simulation
package.”® The montmorillonite surface was built based on the
montmorillonite crystal structure (super cell) provided as part
of the INTERFACE force field database,** with Na* counterions
and optimized Al to Mg substitutions. This leads to chemical
formula Nag 3,1[S1405][Al4.670Mg0.32102(OH),]. The chemical
structures of the examined heterocyclic nitrogen compounds
and fatty acid amides are presented in Fig. 1.

The studied nitrogen compound set is selected because the
chemical composition of algae derived bio oils can vary signifi-
cantly depending on factors such as algae species and chemical
processing methods used to process the biomass, such as lipid
extraction or pyrolysis. During chemical processing, organic
macromolecules, such as lipids and proteins, may depolymer-
ize and recombine to form organic chemical species not pre-
sent in the original biomass feedstock. Such species include for
example fatty acid amides. Particularly, the combination of
residual water in the feedstock and elevated temperature will
rapidly hydrolyze proteins into amino acids. These then further
decompose into ammonia and amines. Ammonia or amines
that react with free fatty acids yield primary and secondary fatty
acid amides, respectively’. Additionally, diverse nitrogen con-
taining heterocycles are abundant in algae derived bio-oils.*®*>
By covering the adsorption of heterocyclic compounds and fatty
acid amides as a series that varies systematically in structure,
see Fig. 1, we cover the species that can be expected to be
present relatively well and also obtain a generalizable trend in
the adsorption responses.

The montmorillonite surface and the nitrogen adsorbates
(N-heterocycles and fatty acid amides) are described in fully
atomistic detail level using the INTERFACE force field** and
Charmm GenFF 4.1,"* respectively. Notably, the INTERFACE
force field enables fully dynamic montmorillonite slab and
surface atoms. This allows for possible morphing of the surface
structure. The triolein solvent is described by the Charmm c27
complementary united-atom description by Henin et al.*® Our
previous work points toward Charmm c27 interactions being
better balanced for apolar solvent environment simulations
than the more recent Charmm parametrizations.’” The usage
of a united atom description for the solvent leads to a signifi-
cant speedup of the calculations. For water, the tip3p*”*®
explicit water model is used. Notably, both Charmm and
INTERFACE force fields were originally parametrized in aqu-
eous environments and for fully hydrated biospecies. As the
systems examined here contain charged species (montmorillo-
nite Na'counter ions) in a low dielectric medium (triolein
solvent), all results obtained for these systems require a careful
and critical examination.

To prepare the simulation configurations, 100 triolein mole-
cules were first inserted into a rectangular 3.6 nm x 3.6 nm X
25 nm simulation box. This leads to an excessively sparse,
random mixture of triolein solvent. A montmorillonite surface
1.57 nm (2 repeat layers) in thickness was set to match the
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Fig. 1 Left: Chemical structures of the nitrogen containing heterocyclic compounds and fatty acid amides examined in this work. Middle: Visualization
of an example initial configuration and the simulation box are presented at right. The montmorillonite surface is shown in light purple, Na* ions in red, and
triolein solvent in translucent white. The PMF reaction coordinate r denotes the perpendicular distance between adsorbate center of mass and the plane
defined by the topmost montmorillonite Si atoms. Right: Structure of the simulated two layer montmorillonite surface.

simulation box size in x- and y-dimensions as an infinite
surface plane slab that spans the box in the x,y-plane (periodic
boundary conditions). The simulation box was then gradually
scaled smaller in the direction perpendicular to the surface
(z-direction). Each scaling step was followed by a short 200 step
steepest descent energy minimization. This was continued
until appropriate density of the triolein solvent*®°
reached. Next, a 10 ns NPT ensemble initial equilibration using
a semi-isotropic Berendsen barostat®® with a reference pressure
of 1 bar, compressibility of 4.5 x 107> bar ', and a time
constant of 2.0 ps was performed. In this, the average tempera-
ture was maintained at 343.15 K (70 °C) using the stochastic
velocity rescale thermostat developed by Bussi et al.>” with a
time constant of 0.5 ps. After this initial equilibration of the
triglyceride solvent, a single adsorbate (N-heterocycle or fatty
acid amide) molecule was placed 5.5 nm above the montmor-
illonite surface. During a 50 ps A-coupling simulation, the
interactions between the adsorbate and the rest of the system
(triglyceride solvent and montmorillonite surface) were gradu-
ally turned on to avoid overlap of atoms. The system was then
NPT equilibrated for 5 ns using the barostat and thermostat
parameters specified above. Visualization of an example initial
simulation configuration, the simulation box, and the mon-
tmorillonite slab is provided in Fig. 1. During simulation, the
surface Na' atom positions can fluctuate significantly, resulting
in changes in local electrostatics. The effect of this is pro-
nounced due to the low dielectric screening of the triglyceride
solvent. To avoid the PMF convergence challenges rising from
Na' displacements at the surface, the Na' ion positions were
constrained using 500 k] mol~" nm~> harmonic constraints
after the NPT equilibration for all later simulation steps.

was
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The binding energy of the adsorbate on the montmorillonite
surface was assessed based on the free energy difference
estimate of the adsorbate molecule being fully solvated by the
triolein vs. adsorbed on the surface. This was estimated based
on the potential of mean force (PMF) determined via umbrella
sampling methodology. For the N-heterocycles, the perpendi-
cular component (z-direction) of distance between the center of
mass of adsorbed molecule and the plane defined by the
topmost montmorillonite surface Si atoms was used as the
PMF reaction coordinate, see Fig. 1. As the fatty amides are
relatively large, the center of mass of the amide group con-
nected to the head group (not the fatty acid tail) was used for
the reaction coordinate.

Technical details for obtaining the PMF curves are as
follows. To obtain the PMF curves, umbrella sampling windows
were generated at 0.1 nm intervals along the reaction coordi-
nate. Each of the simulated windows was run for a total of
200 ns using a 2 fs time step. The adsorbate was constrained in
each window by a 1000-8000 k] mol™* nm > harmonic con-
straint. Similar to the simulation system preparation, the
temperature of the system was controlled by the stochastic
velocity rescale thermostat® with a time constant of 0.5 ps and
an average system temperature of 343.15 K. The average pres-
sure was set to 1.0 bar using the Parrinello-Rahman semi-
isotropic barostat with compressibility of 4.5 x 107> bar " and
a time constant of 2.0 ps.”*>* The PMF curves were extracted
from the trajectories of the simulated windows using the
weighed histogram analysis method (WHAM) developed by
Kumar et al>. The presented PMF profiles represent the
average profile of 300 bootstrapped profiles, with error estimate
based on the standard deviation of the bootstrapped profiles.

This journal is © the Owner Societies 2021
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Fig. S1 of ESLf presents an example set of these 300 boot-
strapped profiles, calculated for imidazole, to enable assess-
ment of PMF profile and adsorption energy convergence. The
reported adsorption energies correspond to the difference
between the PMF minimum, ie. the adsorption site at the
adsorbate surface, and the plateau value at large distance.

To assess the contributions of Lennard-Jones (LJ) and Cou-
lombic non-bonded interactions to the overall PMF profiles, we
performed a decomposition of the PMF data curve to L] and
Coulombic contributions for imidazole as the test case. The
decomposed PMF is presented as Fig. S2 in the ESI.{ The data
supports the conclusion that the contribution of L]-interactions
to adsorption is much smaller than the Coulomb interaction
contributions. The difference is so large that even taking into
account the differences in molecule sizes, for species such as in
this work the overall adsorption energy can be expected to scale
with molecule point charges, particularly the adsorbing imida-
zole ring nitrogen. Imidazole is employed as the test case here
due to its two ring nitrogens.

2.2 Electronic structure calculations

Electronic structure calculations were carried out for the same
set of N-heterocycles and fatty acid amides as the MD simula-
tions, see Fig. 1. For the fatty acid amides, the hydrocarbon tail
was truncated from 18 to 6 carbons and the double bond was
omitted. Initial molecular geometries were constructed using
Avogadro: an open-source molecular builder and visualization
tool, version 1.1.1.%° The configurations were energy minimized
in vacuo using the general Amber force field (GAFF)*” included
in Avogadro. Gaussian g16°° was used for subsequent geometry
optimization of the prepared molecular structures and single
point calculations for population analysis to derive Hirshfeld,”®
Merz-Singh-Kollman (MK),**®' and ChelpG® partial charges,
as well as to calculate molecular electrostatic potential (MEP).
The PBEO hybrid functional®®®* and def2-TZVPP basis set®>®°
were used. The solvent was modelled by an implicit CPCM
solvent model®”"®® with relative permittivity of 3.109 and refrac-
tive index of 1.477 based on literature values for triolein.’*®”°
Atoms in molecules (AIM) analysis”'~"* was carried out to derive
AIM”® partial charges based on the calculated electron densi-
ties. VMD was used for MEP visualizations.”®

3 Results and discussion

To assess the adsorption energies of the nitrogen containing
compounds, first the PMF curves corresponding to the free
energy landscape observed by the nitrogen compound near the
montmorillonite surface were calculated. For the heterocycles,
the curves are presented in Fig. 2 and the corresponding
adsorption energies AG,qs collected in Table 1. The data points
toward adsorption strength of the examined N-heterocycles
being purine > pyridine > imidazole > pyrrole > indole >
quinoline.

Let us next consider the binding conformations adopted by
the heterocycles. Fig. 3 plots the radial distribution functions

This journal is © the Owner Societies 2021
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Fig. 2 Potential of mean force (PMF) curves for N-heterocycles and water
adsorbing onto Na-montmorillonite in triolein solvent. Distance r is the
perpendicular distance between heterocycle center of mass and Na-
montmorillonite surface topmost layer Si atoms. Shading indicates the
PMF error estimate.

Table 1 Adsorption energies AG,qs [kJ mol™] for heterocyclic nitrogen
containing compounds and water on montmorillonite

Adsorbate AGags [KJ mol™]
Quinoline —9.8 +1.4
Indole —14.0 + 4.7
Pyrrole —21.4 £ 1.7
Imidazole —22.4 + 4.0
Pyridine —26.9 + 3.6
Purine —32.7 £ 2.0
Water —32.5 + 1.7

(RDFs) of N-heterocycle nitrogens with respect to montmorillo-
nite surface Na' ions. The RDFs were calculated based on the
umbrella sampling windows corresponding to PMF minima in
Fig. 2 over the last 30 ns of simulation time. The data shows
that adsorption involves strong interaction of the adsorbate
with the montmorillonite surface Na' cations for all examined
heterocycle species. Most examined heterocycles bind directly
with the surface Na' cations, as shown by the sharp localized
short distance peak. For example, purine adsorbs on Na-
montomorillonite in a parallel conformation with the surface,
through interaction of a basic nitrogen with the surface Na*
ions. This adsorption conformation is supported by existing
literature.”” However for indole and pyrrole, a more spread-out
binding at larger separation from the surface cation is pre-
dicted. This presumably results from these heterocycles lacking
a similar specific binding site for a cation. Both pyrrole’® and
indole”®®" have been shown to bind cations through cation-n
interactions. The use of static charges in a non-polarizable
force field, such as Charmm GenFF, means this effect is not
captured. Calculations using polarizable versions of both
Charmm®'~®? and OPLS®* force fields have shown that cation-
benzene interaction in gas phase is greatly underestimated by
non-polarizable force fields. Interestingly for this work,

Phys. Chem. Chem. Phys., 2021, 23, 21840-21851 | 21843
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Fig. 3 Radial distribution function (RDF) of N-heterocycle nitrogen with respect to montmorillonite surface Na* ions. Insets are visualizations of

molecule adsorption conformations at the PMF minimum.

Turupcu et al. determined the interaction energy between K'
ion and benzene in water and THF using the cation-n interac-
tions enabled OPLS/2020 force field as —7.5 kcal mol "
(=314 k] mol™) and —6.7 k] mol™" (-28.0 k] mol™)
respectively.®® In the approach, manual tuning of interactions
is required to match ab initio and experimental target
data.?"®#" Furthermore, as hydrated Na* ions rarely directly
participate in cation-t interactions with benzene, this
approach has not been pursued here. Nevertheless, the lack
of competing cation-n interaction in the simulations steers
adsorption to occur via an electronegative atom such as the
ring nitrogen, instead of the n-conjugated rings.

The significance of the strong surface cation correlation in
the binding is that the type of cation present on the montmor-
illonite surface is likely to have a very strong influence on
adsorption. Adsorption is driven mainly by Coulombic interac-
tions while the Lennard-Jones contribution to the overall
adsorption energy is minimal, see Fig. S2 in the ESIL{ for
decomposition of the imidazole adsorption PMF. This means
adsorption energy can be expected to scale with the magnitude
of the interacting point charges. Particularly, cation valency can
be expected to be very significant in guiding adsorption, with
higher valency leading to stronger adsorption. However, size of
the surface cation will also affect steric availability of especially
the amide carbonyl oxygen and divergence from the established
adsorption preference can be expected.®*®” An indirect conclu-
sion of the strong cation correlation of the adsorption is that
also the presence of e.g. water on the montmorillonite surface
can be expected to significantly affect adsorption strength.
With water present on surface, adsorption may occur either
via displacement of water by the adsorbate or via water

21844 | Phys. Chem. Chem. Phys., 2021, 23, 21840-21851

bridging. For example, according to existing literature, the
adsorption of e.g. nitroaromatic compounds in aqueous envir-
onments onto smectite clays involves the displacement on
water at the clay surface by the adsorbate, followed by com-
plexation with the clay surface cations.®®

It is worth noting that periodic plane wave calculations
derived adsorption energies of purine bases adenine
(—84.5 k] mol ") and guanine (—115.4 k] mol ')’” on Na-
montmorillonite in vacuo are higher compared to the adsorp-
tion energy of purine calculated here (—32.7 kJ mol "), likely
explained by the lack of charge transfer in the model. Similarly
elevated in comparison to the here presented MD modelling
derived values are the theoretical literature values for binding
energies of pyrrole - Na* (—107.9 k] mol ")”® and indole - Na*
(—131.8 to —136.5 k] mol~*)">%>% complexes in gas phase. The
elevated adsorption energy values are, however, calculated in
vacuum or gas phase. Furthermore, evidence of chemisorption
of, e.g. pyridine onto montmorillonite in aqueous environ-
ments exists.’® It should be noted that the MD model used
here only accounts for physisorption of the adsorbate on the
adsorbent. Finally, the adsorption energies reported in Table 1
correspond to single molecule adsorption on a surface and
therefore cooperative and competitive adsorption effects (effect
of other adsorbate molecules present on the surface) have not
been assessed here.

The adsorption geometries inferred from Fig. 3 and the
adsorption energies of Table 1 show that the accessibility of
the non-protonated basic nitrogen (in pyridine and imidazole)
leads to higher adsorption energies than those resulting from
Na" cation interaction with the protonated nitrogens (in pyrrole
and indole). The nonprotonated nitrogens in pyridine and

This journal is © the Owner Societies 2021
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Table 2 Adsorption energies AGags [kJ mol™?] for fatty acid amides and
water on montmorillonite

Adsorbate AGags [K] mol™]
Ethanol oleamide —20.2 + 1.3
Phenylethyl oleamide -20.3 £1.3
Dimethyl oleamide —23.0 £ 1.3
Oleamide —32.6 £ 0.9
Methyl oleamide —46.7 £ 1.8
Water —32.5+ 1.7

imidazole and their lone pairs are not involved in the formation
of a delocalized m-orbital and thus do not contribute to the
formation of resonance structures.”® This nitrogen lone pair
explains the basicity of pyridine comparable to regular amines
and imines.”"

Table 2 summarises the adsorption energies of the exam-
ined fatty acid amides on Na-montmorillonite and the corres-
ponding PMF profiles are presented in Fig. 4. The adsorption
strengths follow the order: methyl oleamide > oleamide >
dimethyl oleamide > phenylethyl oleamide > ethanol olea-
mide. In general, adsorption strength can be expected to be
proportional to the steric availability of the headgroup for this
type of linear, analogous molecules. Indeed, except for methyl
oleamide, the results point toward introducing a bulkier head-
group to the amide significantly lowering the adsorption
strength. This influence persists even if the substitute head-
group has some hydrogen bonding capability, such as ethanol
oleamide. Methyl oleamide appears to be an outlier in the
series by its significantly stronger adsorption than what pre-
dicted by its headgroup accessibility. Its adsorption strength is
likely an artefact arising from the Charmm GenFF parametriza-
tion (imbalance of charge distribution vs. other interactions)
and discussed below.

Fig. 5 plots the radial distribution function of the carbonyl
oxygen and amide nitrogen in relation to the montmorillonite

40 J oleamide ——
— ‘methyl oleamide ——
— dimethyl oleamide
© > ethanol oleamide ——
& phenylethyl oleamide
~~
2 o]

—
201
=
o
-40 4
0.0 0.5 1.0 1.5 2.0

r [nm]

Fig. 4 Potential of mean force (PMF) curves for fatty acid amides adsorb-
ing onto Na-montmorillonite in triolein solvent. Distance r is the perpendi-
cular distance between fatty acid amide head group center of mass and
Na-montmorillonite surface topmost layer Si atoms. Shading indicates the
PMF error estimate.
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surface Na' cations, as well as visualizations of the binding. The
data reveals the adsorption sites and conformations. Adsorp-
tion of all the examined amides occurs systematically via
interaction of the carbonyl oxygen with the montmorillonite
surface Na' ions. This means that the adsorption strength can
indeed be expected to be directly related to the steric avail-
ability of the carbonyl oxygen. Consequently, the adsorption
response is directly subject to the partial negative charge
assigned to the carbonyl oxygen atom in the force field
parametrization.

The assessment of adsorption of the nitrogen compounds in
this work is on unhydrated Na-montmorillonite with no water
present in the system. However, montmorillonite and other
smectite clays are prone to surface hydration and significant
swelling due to water in the interlayer space of the clay.”>
Hence, we determined also the adsorption response and energy
of water. Water adsorption energy is —32.5 k] mol ", see Fig. 2.
This means that water at the montmorillonite surface, if pre-
sent, will be bound at the surface by the Na* ions. It may also
influence the adsorption mechanism and adsorption strength
of adsorbates. Notably, prior works have shown that adsorption
related cation bridging primarily occurs at oil-wetted clay
interfaces, while on hydrated clay surfaces cation bridging does
not occur due to hydration of the ions.”® This is in agreement
with deductions of the current work.

The here employed empirical force-fields, similar to most
biomolecular force fields, such as Charmm, Amber, Gromos,
and OPLS, are unpolarizable and rely on static partial charges
of atoms.”>?® Furthermore, the parametrizations are optimized
for aqueous environments and fully hydrated systems. Despite
their shortcomings, empirical biomolecular force fields are
successfully used to describe complex biochemical environ-
ments. However, the lack of polarization is known to become
especially problematic for low dielectric environments, such as
in apolar solvents,””?® inside lipid membranes,”'°® and in
hydrophobic protein core regions'®!. The parametrization pro-
cedure of e.g. the Charmm GenFF force field** that is used in
the MD simulations here involves matching of Hartree-Fock
(HF) level interaction energies and distances for the com-
pounds and water, along with additional matching to experi-
mental properties. Because of the parametrization approach,
the effect of electronic polarization and dielectric charge
screening in aqueous environments are somewhat baked into
the empirically derived interaction parameters of the force
fields; however, the extent of this is unclear.

To assess the effect of this, we next compare the Charmm
GenFF parameters, especially electrostatics in terms of partial
charges, against DFT electronic structure calculations. The
examination focuses on electrostatics because the adsorption
to montmorillonite surface occurs here via cation bridging.

The molecular electrostatic potentials (MEPs) corresponding
to the N-heterocycles and truncated fatty acid amides are
presented in Fig. 6 and 7 respectively. The MEP describes the
electrostatic potential felt by a positive test charge, i.e. proton,
at a certain coordinate around a molecule, disregarding polar-
ization of the molecule in response to the test charge. Typically,

Phys. Chem. Chem. Phys., 2021, 23, 21840-21851 | 21845


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cp01880a

Open Access Article. Published on 13 September 2021. Downloaded on 8/1/2025 7:13:21 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

PCCP Paper
300 300, 300
- O (carbonyl) - surface Na* - O (carbonyl) - surface Na* - O (carbonyl) - surface Na*
250} - N (amide) - surface Na* 250} - N (amide) - surface Na* 250} - N (amide) - surface Na*
200 200k
0150 0150
100} 100}
50 50¢
0 . N 0 N /\ N N
0 0.2 0.2 0 0.2 0.4 .6 0.8 1
r[nm
- O (carbonyl) - surface Na* - O (carbonyl) - surface Na*
250k = O (hydroxyl) - surface Na* 300} - N (amide) - surface Na*
- N (amide) - surface Na* 250 - C (phenyl) - surface Na*
200
0150
100}
50+
0 N
0 0.2 0.8 1

02 04 06
r [nmﬂ

Fig. 5 Radial distribution function (RDF) of fatty acid amide functional oxygens, amide nitrogens, and aromatic carbons (phenylethyl oleamide) with
respect to montmorillonite surface Na* ions. Insets are visualizations of molecule conformations at the PMF minimum. The hydrocarbon tail remains
freely solvated in the triolein solvent and adopts a multitude of conformations.
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Fig. 6 Visualizations of the molecular electrostatic potential (MEP) of
(a) imidazole, (b) pyrrole, (c) pyridine, (d) indole, (e) quinoline, and (f) purine
superimposed onto the molecular structure. Red corresponds to regions
of negative potential and blue to regions of positive potential as experi-
enced by a positive test charge (i.e. proton).

MEP is visualized as a molecular surface that is based on either
the van der Waals radii of the atoms, solvent accessible surface,
or a constant value of electron density. The latter, with an
isovalue of 0.01e/a,®, where e is unit charge and g, the Bohr
radius, was used here.

The data of Fig. 6 and 7 shows that regions of negative
electrostatic potential are concentrated at the nonprotonated
basic nitrogens for N-heterocycles and at the carbonyl oxygens
for the fatty acid amides. For N-ethanolhexamide, the alcohol
hydroxyl oxygen introduces a second region of negative electro-
static potential. Comparison of the negative electrostatic
potential regions with the adsorption geometries inferred from
Fig. 3 and 5 reveals that MEP can be considered as a strong
predictor for the site of adsorption via cation bridging for most

21846 | Phys. Chem. Chem. Phys., 2021, 23, 21840-21851

Fig. 7 Visualizations of the molecular electrostatic potential (MEP) of
(a) hexamide, (b) N-methylhexamide, (c) N-dimethylhexamide, (d) N-
ethanolhexamide, and (e) N-phenylethylhexamide superimposed onto
the molecular structure. Red corresponds to regions of negative potential
and blue to regions of positive potential as experienced by a positive test
charge (i.e. proton).

of the examined adsorbent species. However for molecules with
multiple possible adsorption sites, such as purine, discrepancy
between the MEP prediction of most negative potential sites
and the MD-simulation predicted adsorption sites can be
observed.

Next, we determined based on the electronic structure
calculations the Hirshfeld,”® AIM,””> Merz-Singh-Kollman
(MK),**®" and ChelpG®” partial charges corresponding to each
atom site in the adsorbents. The partial atomic charge is not a
quantum mechanical observable and therefore is not uniquely
defined. Partial charge is highly method dependent, as demon-
strated here by our comparison of the different partial charge
determining methods. Fig. 8 presents a comparison of these

This journal is © the Owner Societies 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cp01880a

Open Access Article. Published on 13 September 2021. Downloaded on 8/1/2025 7:13:21 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper PCCP
A Hirshfeld 159k 1.5 - E 15 - g
o
s 104 = 10 - 1.0 1
* MK
ChelpG O.SW- - 0.5 4 ™ 054 9
Ah CGenFF R A CGenFF g CGenFF
r A z— ) r vy T " r T i T \
15 A .05 0.5 15 -15 05 ¥ § 0.5 15 -15 %.5 0.5 15
-0.5 4 -0.5 4 -0.50 1
= -1.0 - 1.0 A -1.0
B Imidazole o Pyrrole " Pyridine
S 1.5 A -1.5 4
LS.E 1.5-,; I‘S-E
) =) a
104 %* 1.0 4 1.0 A
L 4
o $ o
05 1% m®¥ 05,1 gm 0519, ™
) 2 CGenFF g A CGenFF NI CGenFF
! —- x ) : B o] B ) ! —4% v .
-1.5 Moos g 0.5 15 -15 -05 0.5 15 -15 05 & 0.5 15
-0.5 4 &5 - -0.5%4
e )
-1.0 -1.0 - 1.0
] : o G K
n Purine = Indole Quinoline
-1.5 4 -1.5 4 1.5 -

Fig. 8 Comparison of the DFT calculations based Hirshfeld, AIM, Merz-Singh-Kollman (MK), and ChelpG charges with the Charmm GenFF partial
charges for the studied N-heterocycles. Deviation from diagonal (dashed grey line) corresponds with a mismatch to the partial charge.

DFT derived partial charges for the heterocycles to those of the
Charmm GenFF. Exact values of the partial charges for the
entire set of model compounds including the fatty acid amides
are presented in Fig. S3-S5 of ESI.{ Fig. 8 shows that both
Hirshfeld and AIM charges differ significantly from Charmm
GenFF, particularly for atoms at either extreme of the molecule
charge distribution. The AIM partial charges are systematically
larger and Hirshfeld charges smaller in magnitude in compar-
ison to Charmm GenFF partial charges. Meanwhile, both MK
and ChelpG result in values that match well with the Charmm
GenFF partial charges. The data for the fatty acid amides is
analogous, see ESI.{

To better understand the deviations, let us consider the
charge determination schemes a bit more in detail. Hirshfeld
population analysis involves partition of electron density in real
space and assigned partial charge is dependent on the relative
electron-withdrawing power of an atom relative to its
environment.’>'*> AIM charges are determined by dividing
the molecular charge density into atomic contributions based
on overall molecular topology through construction of zero-flux
surfaces of the electronic density. MK and ChelpG partial
charge schemes aim to replicate the MEP at various grid points
around the molecule.®>®> The two methods differ in definition
of these grid points. ChelpG uses a regularly spaced cubic
lattice, while the MK scheme uses grid points on nested
Connolly surfaces. Since the MK and ChelpG charges are fitted
to reproduce MEP, atoms that lie deeply buried inside the
molecule can vary in their charge which leads to uncertainty.
On the other hand, the Charmm GenFF partial charges have
been determined based on HF/6-31G(d) level theory interaction
energies in aqueous environment, e.g., matching interactions
with single water molecules placed at configurations that would
arise via hydrogen bonding and/or lone pair interaction sites.*>

This journal is © the Owner Societies 2021

The resulting partial charges of atoms are tuned until sufficient
agreement with quantum mechanical calculations based water
interaction distance and interaction energies. Commonly MK
charges at the MP2/6-31G(d) theory level are used as initial
estimates for partial charges.*” The Charmm GenFF parame-
trization compound set includes a wide variety of heterocycles,
which often provide a scaffold for the majority of pharmaceu-
ticals. This explains the good match between the MK, ChelpG
and Charmm GenFF partial charges for the examined hetero-
cycles. Mismatch between Charmm GenFF and the MK and
ChelpG charges is greater for the fatty acid amides, see Fig. S5
of ESL{ for which parameter assignment was done mainly
through analogy, accounting for neighbouring bonded
atoms.'® Notably, atomic charges can depend strongly on the
conformation of the molecule. This means the partial charges
of a fixed point charge model, as in the case of most biomole-
cular force-fields, should be averaged over several molecular
conformations for flexible molecules, such as the amides here.
Here, partial charges were determined based only on a single
molecular conformation. The provided DFT based charges are
to indicate systematic deviations due to the apolar solvent
environment. However, based on the good match with Charmm
GenFF, the effect of this dielectric screening is minimal. Here
the continuum solvent model with a relative permittivity of
3.109 is closely comparable to calculations in gas phase.

The good match between Charmm GenFF and MEP derived
partial charges (MK and ChelpG) indicates that the Charmm
GenFF based molecular dynamics simulations employ charge
distributions that can be considered to accurately represent the
equivalent of DFT simulations MEP even in this apolar solvent
environment. Thus, the predictions of adsorption geometries
and trends in adsorption energies for molecules with a single
likely adsorption site can be considered reliable in comparison
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to quantum chemical calculations. This is supported by the
good agreement with adsorption conformations from litera-
ture. However, subtle differences in electron density for mole-
cules with multiple possible adsorption sites are clearly not
captured by Charmm GenFF charge partition. For example,
Charmm GenFF uses identical charges for the amide nitrogens
and carbonyl oxygens of N-ethanolhexamide and N-
phenylethylhexamide, despite the apparent differing chemical
environments. Both MK and ChelpG predict more negative
charges for both amide N and carbonyl O of N-
phenylethylhexamide than those of Charmm GenFF. The per-
sistence of this trend for other molecular configurations is
unclear. Additionally for purine, Charmm GenFF assings a
charge difference of 0.062e between the two nitrogens of the
six-membered ring. This charge difference is not replicated by
any of the charge calculation schemes. Together with the lack
of polarization and proper charge screening in a low dielectric
medium, such as the triolein solvent of this work, such charge
distribution is likely to produce inaccurate adsorption geome-
tries in the force-field based MD simulations. However, as the
overall charge trends are in line with the various charge
determination schemes, the qualitative response can be
expected to persist.

4 Conclusions

The adsorption of six nitrogen containing heterocyclic com-
pounds and five fatty acid amides from model vegetable oil
solvent to model phyllosilicate adsorbent (Na-montmorillonite)
was examined via MD simulations and DFT electronic structure
calculations. Adsorption energies and configurations corres-
ponding to single molecule physisorption on dehydrated Na-
montmorillonite were determined. We find that the adsorption
of the examined heterocyclic compounds occurs through inter-
action of the ring nitrogen, particularly the basic, non-
protonated nitrogen, with the montmorillonite surface Na'
cations. The examined fatty amides adsorb via interaction of
the carbonyl oxygen with the montmorillonite Na" ions.
Adsorption of the heterocycles is dictated by the basicity of
the ring nitrogen and, when applicable, the strength of cation—
n interaction, while for the fatty acid amide series, the acces-
sibility of the carbonyl group and the bulkiness of the head
group govern the adsorption strength. Throughout, the adsorp-
tion takes place via a cation bridging mechanism, ie. the
montmorillonite surface Na* ions are the adsorption site focii.

The observed cation bridging adsorption mechanism means
that the type and valency of the montmorillonite surface
cations, but also the presence of water on the surface can be
expected to greatly affect adsorption strength. Notably, when
excess water is present in the system, hydration of the mon-
tmorillonite surface and the polar headgroups of the adsor-
bates can be expected. We assessed also water adsorption to the
montmorillonite surface. If water is present in the system to wet
the surface to hydrated montmorillonite, the results leave
under debate whether the N-compounds on a hydrated
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montmorillonite surface adsorb via displacement of water from
the surface to cationic sites or via water bridging.

The electronic structure calculations enabled determining the
reliability and quality of the MD-simulation results. We conclude
that the molecular electrostatic potential provides a good accuracy
predictor for the site of adsorption for the here observed cation
bridging type adsorption response. This good match with the MEP
and the MD simulations results of the adsorption arises because for
most of the examined molecules, the Charmm GenFF partial
charges mirror the trends in molecular electron density. This was
further analyzed via determining the Hirshfeld, AIM, MK and
ChelpG partial charges. We noted that discrepancies between the
DFT calculated electron density and Charmm GenFF arise for
molecules with multiple possible adsorption sites and for molecules
with poorer analogy in the force field parametrization set, such as
the fatty acid amide head groups examined here. For such species,
adsorption geometry predictions based on MD simulations remain
unreliable. An additional source of error is the lack of polarization in
the Charmm force field. This is especially apparent for interaction of
ionic groups or ions in low dielectric mediums, such as the triolein
solvent of this work. As a result, electrostatic interactions can be
considered overestimated by a factor of 2.'**
leads to a direct conclusion that the adsorption energies presented
in this work for physisorption are significant overestimates in the
apolar solvent environment considered here.

We presented here a systematic examination of nitrogen com-
pound adsorption from bio oils via computational means. The
obtained work demonstrates MD simulations can be used to extract
reliable information about selective nitrogen adsorption but the
findings also raise warranted attention to limitations of the mole-
cular modelling approaches in quantitatively accurate adsorption
modelling for apolar solvent systems. The significance of the work is
that the adsorption findings provide a design guideline for adsorp-
tion response of related systems but the findings also provide
means to assess accuracy of molecular level modelling approaches
for similar apolar solvent systems. Overall, we conclude that mole-
cular dynamics based modelling serves as a valuable tool in
providing molecular level description and guidelines of physisorp-
tion responses in bio-oils.
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