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Abstract

The formation of calcium naphthenate precipitates occurring in the petroleum in-
dustry is both an undesirable side reaction and can introduce costly shutdowns
and cleaning processes. Although the reaction has been studied by experimental
techniques, the exact mechanism of reaction and precipitation is still under debate.

In the present work, we apply a multiscale approach to study the formation of
calcium naphthenate precipitates. To systematically study this otherwise complex
reaction influenced by many factors, we first have applied density functional the-
ory (DFT) calculations on the interaction energies between carboxylate anion(s)
and calcium and sodium cations. The influence of the multibody effects have been
determined by DFT and their impact on the commonly used OPLS-AA force field
is assessed. It has also been indicated that the calcium ion can coordinate up to
four carboxylate molecules. The lowest interaction energy has been reached when
calcium interacts with 3 carboxylates. A comparison between DFT and OPLS-AA
shows satisfactory representation of the carboxylate - calcium interactions by the
force field, which has been further used to study the calcium naphthenate precipit-
ation reaction.

The calcium naphthenate reaction has been shown to be very selective and calcium
is the most abundant cation in the precipitates amongst all the divalent cations. To
address this observation ab initio molecular dynamics simulations have been per-
formed to understand the basic mechanism of the carboxylate - metal ion dissoci-
ation in water. By thermodynamic integration we have evaluated the free energy
of interaction between propanoate anion and the divalent Mg?*+, Ca®*, Sr’>* and
Ba®* cations. This study revealed that the strongest interactions of the carboxylate
anion are with magnesium followed by calcium, strontium and barium, which par-
tially explains the selectivity. However, magnesium shows also the strongest in-
teractions with the solvent molecules, which has affected their dynamics. The
dynamics of the solvent molecules together with the self-diffusion of the divalent
ions infer that calcium most likely will bind with the carboxylate rather than mag-
nesium.

The preferred binding with calcium has been further complimented by calculat-
ing the probability for reaction between two carboxylates and one divalent metal
cation as a function of the distance separating the carboxylates. That has been
achieved by performing molecular dynamics (MD) simulations together with um-
brella sampling. The probability of reaction has been finally used as a constituent
function in the method development for recreating the interfacial density of tetra-
carboxylic acid (TA) molecules to calcium naphthenate precipitation. This method
involves MD simulations of TA molecules at an oil-water interface for obtaining
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different probability distributions from the simulation trajectories describing their
molecular orientation and structuring. Then the MD simulated probabilities are
used to recreate the interfacial density in a coarse-grain manner from which we
have determined the fractional conversion of TA molecules to calcium naphthenate
precipitation as a function of the interfacial concentration (f,(I'r4)). The f,(I'74)
is shown to increase non linearly with the increase of interfacial concentration.
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Chapter 1

Introduction

1 Crude oil

Crude oil is a complex fluid mixture of thousands of various hydrocarbons and
other organic compounds.[1] The complex nature of crude oil is a result of the
complicated pathways which led to its formation and from the various precurs-
ors involved in the process. The most widely accepted theory is the biogenic [1]
origin of crude oil. The biogenic theory suggests that crude oil originated from
aquatic plants and animals that lived and died hundreds of millions of years ago.
The organic matter left after their death has been gradually decomposed over the
geologic timescale which eventually led to the formation of crude oil or to its
precursor. Then the crude oil moved from its initial sedimentation basins to adja-
cent rock layers. There became trapped into porous rocks and the reservoirs have
formed.

Although the precursors of crude oil vary widely, the proportions of the constitut-
ing chemical elements vary in a narrow limit.[1] The main elemental constituents
of crude oil are carbon, hydrogen, nitrogen, oxygen, sulfur and traces of some
metal elements as vanadium and nickel. The elemental composition [1] of crude
oil is presented in Table 1.1.
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Table 1.1: Elemental composition of crude oil

Chemical element Appearance

Carbon 83.0% - 87.0%
Hydrogen 10.0% - 14.0 %
Nitrogen 0.1% - 2.0%

Oxygen 0.05% - 1.5%

Sulfur 0.05% - 6.0%

Metals <1000 ppm

The chemical (molecular) composition of crude oil on the other hand is very com-
plex and the chemical structure of all of its components can not be determined. Al-
though, much work [2—4] has been done to analyse specific chemical compounds
from crude oil with mass spectroscopy, it is tedious and difficult and still difficult
to identify specific chemical structures. However, the chemical compounds can be
divided into different fractions by their solubility, aromaticity and polarity. The
SARA fractionation [5-8] divides the components of crude oil into four groups:
Saturates, Aromatics, Resins and Asphaltenes. A general scheme[9] of the process

is given in Figure 1.1

Crude oil
n-hexane
Solution
i
Maltenes
Precipitate
Silica
Trichloro-
n-hexane n-hexane
methane
y v
Asphaltenes Resins Aromatics Saturates

Figure 1.1: SARA fractionation
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1.1 Saturates

Saturates (aliphatic) are non-polar, straight-chain and branched hydrocarbons (al-
kanes) and they are the lightest fraction of crude oil. Cycloalkanes (naphthenes)
also belong to the group of saturates as well as waxes (paraffins). Waxes are long-
chain alkanes with chain lengths typically between 20 and 30 carbon atoms. The
saturates have very low interfacial activity.

1.2 Aromatics

The aromatic compounds in crude oil contains benzene and its structural derivat-
ives. They are classified as mono-, di-, tri- or polyaromatic where several benzene
rings present in the molecular structure. In addition to the aromatic rings, often
alkyl chains and cycloalkane rings are substituted in the benzene moieties. The
aromatics have low interfacial activity.

1.3 Resins

Resins are the fraction of crude oil defined as soluble in light alkanes, such as
pentane and heptane, but insoluble in liquid propane. Resins contain in their struc-
ture heteroatoms (O, N, S) and have higher molecular weight than saturates and
aromatics. Resins are structurally similar to asphaltenes, but have lower molecu-
lar weight and higher H/C ratio of 1.2 - 1.7 compared to asphaltenes with 0.9 -
1.2. Within the resin fraction, naphthenic acids are also commonly classified. The
resins have high interfacial activity.

1.4 Asphaltenes

Asphaltenes are the heaviest fraction of crude oil and they are defined as the insol-
uble fraction of crude oil in light alkanes, such as pentane and heptane from which
they precipitate. They have a similar structure as resins, but have much higher
molecular weight and lower H/C ratio. Asphaltenes contain the largest percentage
of heteroatoms (O, N, S) in the crude oil. The asphaltenes have high interfacial
activity.

2 Flow assurance

Flow assurance refers to the successful and most cost-effective multiphase trans-
port of the produced hydrocarbons from the reservoir to the receiving facility or to
the point of sale. With increasing numbers of more remote oil fields and deeper
and colder water, the transportation of crude oil will become more and more chal-
lenging. Several undesirable problems that can obstruct pipelines and block the
flow can occur during the transportation of crude oil. For instance, the formation
of gas hydrates [10, 11], wax [12, 13] and asphaltenes [14] deposits as well as scale
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deposits [15] and calcium naphthenate precipitation [16—18] can cause blockage
and/or shutdowns. The main scope of the present study is in the framework of
calcium naphthenate precipitation. Therefore, the following section presents the
problem of calcium naphthenate precipitation in grater detail.

3 Calcium naphthenate precipitation

3.1 Naphthenic acids

Naphthenic acids are natural components of crude oil (within the resins frac-
tion) and are a complex mixture of alkyl-substituted acyclic and cycloaliphatic
carboxylic acids where the carboxylic acid group is attached to the aliphatic side
chain of the cycloaliphatic ring. They are non-volatile, chemically stable and act as
surfactants. Naphthenic acids are often found in immature heavy crude oil and con-
sidered products of biodegradation of petroleum hydrocarbon in the reservoir.[18]
Naphthenic acids have the general formula C,,Hs, 702, where n indicates the
total number of carbon atoms and Z is specifying the hydrogen deficiency arising
from the ring formation. The value of Z can be zero or a negative even integer. The
absolute value of Z divided by 2 gives the total number of rings in the chemical
structure. The rings can be fused or bridged. The structure of naphthenic acids is
shown in Figure 1.2. [19]

Z=0 CH;(CH,),,CO,H

-/

(CH,)»COH R~ (CH,),,CO,H

!
)

R ~
2=+ <I>(CH2)mCOZH R {/\O—(CHz)mCOQH
—(CH,),,CO,H R— T (CHy),,COH
7Z=-6 R L

Figure 1.2: Naphthenic acid structures where Z is the hydrogen deficiency, R is alkyl
chain and m is the number of CHs groups.
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The standard way of quantifying the content of acids in crude oil is the Acid Stand-
ard Test Method (ASTM). The acid content is represented by the Total Acid Num-
ber (TAN). This test method involves titration of dissolved sample with potassium
hydroxide (KOH) and the TAN is given by milligrams of KOH able to neutralize 1
gram of the sample (mg KOH/g). High acidic crude oils are considered to be crude
oils with TAN > 1.0. There is an increase of the production of crude oils with high
TAN number in the recent years. Some oil fields in the Norwegian continental
shelf, North Sea, West Africa, South America and South East Asia are considered
to produce crude oil with high TAN. The high content of acids in the crude oil can
lead to several technical difficulties during the production and transportation of
the oil, such as formation of tight emulsions (sludge), increased salt content in the
exported crude oil, difficulty of treating the produced water because of dissolved
acids, corrosion and formation of naphthenate precipitates.

3.2 Tetrameric carboxylic acids

The formation of calcium naphthenate deposits during the production of oil have
been observed at several different locations around the world. Calcium naphthen-
ate deposits were first observed on the Norwegian continental shelf in the Heidrun
oilfield in 1996, but also found in oilfields in United Kingdom, West Africa, Brazil
and China. It was not before 2005 when Baugh et al. [16] identified the main
constituent of these deposits to be a new class of tetra-carboxylic acids and given
them the generic name - ARN acids. The ARN acids have molecular weights in
the range of 1227-1237 g/mol. These acids possess four carboxylic acid groups at-
tached to a mono- or bi- cyclopentane moiety and are linked together through long
hydrocarbon chains [18]. The molecular structure of ARN acid with a molecular
weight 1231 g/mol and the empirical formula CggH1420sg is used to represent a
typical tetra-acid structure and is shown in Figure 1.3.

Figure 1.3: Molecular structure of ARN tetra-carboxylic acid.

The indigenous ARN tetra-carboxylic acids are difficult to purify to the extent that
they can be used for quantitative laboratory experiments in order to understand the
interfacial behaviour of these molecules. Thus, a synthetic analogue of the indi-
genous compounds has been developed [20, 21] to mimic the interfacial behaviour
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of the naturally occurring acids. The synthetic analogue named BP10 is shown in
Figure 1.4.

o o o]
r Sas r
ch O [s) C:R‘O

Figure 1.4: Molecular structure of the synthetic BP10 tetra-carboxylic acid.

3.3 Formation of calcium naphthenate precipitates

The calcium naphthenate deposits are adhesive, difficult to remove and can form in
various process equipment, such as hydrocyclones, separators, coalescers, pipes,
pumps etc. The precipitates can obstruct the process equipments and flow assur-
ance problems could occur. Their removal leads to costly shut-down, cleaning,
and restart processes. Calcium naphthenate precipitates formed inside [18] and re-
trieved [22] from a coalescer are shown in Figures 1.5(a) and 1.5(b), respectively.

(a) Calcium naphthenate deposit formed in-  (b) Calcium naphthenate deposit re-
side a coalescer trieved from a coalescer

Figure 1.5: Calcium naphthenate precipitates formed in a coalescer

The exact reaction mechanism of the formation of calcium naphthenate precipit-
ates is not yet completely known. However, the most widely accepted mechanism
includes formation of a cross-linked network of tetra acid ARN molecules at the
oil-water interface. This hypothesis includes several factors.

e During the extraction of crude oil from the reservoir, the pressure decreases
significantly, which leads to the release of the CO; gas solvated in the water.
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This leads to increase of the pH of the water.

e The naphthenic acids migrate to the oil-water interface and adsorb. This
leads to a dense grouping of carboxylic groups at the interface.

e The increase in pH then leads to the dissociation of the carboxylic groups
of the naphthenic acids. The interfacial activity and water solubility of the
naphthenic acids are increased due to their dissociation.

o At the oil-water interface the tetra-carboxylic acids react with the dissolved
in the water metal ions. This leads to precipitates.

The molecular structure of the tetra acids allows carboxylic groups from different
TA molecules to react with one divalent metal ion, particularly calcium.[17] In that
way a cross-linked network of tetra acid molecules can be formed at the oil-water
interface, as depicted in Figure 1.6. The high molecular weight polymeric salt
structure formed in this reaction is insoluble in both water and oil and therefore
stays at the interface between the two phases. Eventually, the precipitates start to
deposit on different metal surfaces of the process equipment.

il
Tetraacid Tetraacid Tetraacid
Crosslinking Crosslinking

Figure 1.6: Cross-linked network of tetra-acid molecules at an oil-water interface.

The interfacial and bulk behaviour of tetra acids has been extensively studied ex-
perimentally [17, 20, 21, 23-31]. These studies are based on the tetra acid mo-
lecule BP10 since ARN has not been able to be purified to the desired quality.
However, BP10 has been designed to have similar interfacial behaviour as ARN,
as it was mentioned above, therefore the conducted experiments should in principle
be valid for ARN as well.
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The tetra-carboxylic acid - metal ion reaction is shown [17] to be very selective
and calcium is the most reactive amongst the divalent ions with the following se-
lectivity - Ca?* > Sr’t ~ Ba?T > Mg?*. The precipitates obtained from the
field also include primarily calcium. The affinity of binding divalent ions has been
explained [17] by the shielding density of solvation molecules and the size of the
cations. However, the experimental confirmation of this explanation was beyond
the scope of the study and the odd selectivity behaviour of metal ions remained an
open question.

Molecular dynamics (MD) simulations [32] of tetra-carboxylic acids at the oil-
water interface have been performed and demonstrated that carboxylic groups
from different molecules could be cross-linked due to the presence of metal ions
dissolved in the water phase. The extent of cross-linking is dependent on the in-
terfacial concentration of TAs - I'r4. Consequently, a multiscale framework [33,
34] employing MD simulations and continuum modelling has been developed for
liquid-liquid dispersions to predict I'r 4 on the process scale, which could provide
quantitative results for the mass of calcium naphthenate precipitates produced per
unit process volume. An important constituent function in this multiscale approach
is the fractional conversion (f,(I'74)) of tetra-carboxylic acids to calcium naph-
thenate precipitates as a function of the interfacial concentration of tetra acids.
Since the functionality of the fractional conversion is not known, Kovalchuk et
al.[34] assumed f,(I'74) to have a sigmoidal shape. However, the exact function-
ality of f,(I'r4) has not been determined experimentally or by simulations.

3.4 Scope and main objectives of the work

The present study, as it was mentioned above, is within the scope of the study of
the calcium naphthenate precipitation problem occurring in the petroleum industry.
The main objectives covered in the present work could be divided into three main
parts:

e Obtaining explanation for the observed experimental selectivity behaviour
of the divalent metal ion reaction with carboxylic acids.

e Calculating the probability for reaction of two carboxylic groups with one
divalent metal ion as a function of the distance between the carboxylic groups.

e Calculating the fractional conversion (f,(I'74)) of tetra-carboxylic acids to
calcium naphthenate precipitates as a function of the interfacial concentra-
tion of tetra acids.

To accomplish these goals and to model the desired interaction we have used a
combination of Density Function Theory (DFT), Molecular Dynamics (MD) and
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ab initio Molecular Dynamics (AIMD). Based on the results of this work, four ma-
nuscripts have been prepared, from which two have been already published. In the
first paper we have investigated the interactions between deprotonated carboxylic
acids (propanoate ions) with calcium and sodium metal ions in the gas phase. Em-
phasis in this paper has been put on testing and validating the force field (OPLS-
AA) used later on the MD simulations and on the multibody effects when more
carboxylate ions interact with one metal ion. The second paper deals mainly with
the ion selectivity discussed above, where we have studied the interactions between
a propanoate ion and divalent metal cations via AIMD in solution. In the third
paper we have calculated the probability for reaction of two carboxylate groups
with one divalent metal ion as a function of the distance between the carboxylate
groups via umbrella sampling and MD. For the final, fourth, paper we have per-
formed full-atomistic MD simulation of ARN and BP10 and have obtained dif-
ferent probability distribution functions describing the molecular geometries and
structuring of the molecules at an oil-water interface. Then, we have used the
probability distributions to recreate in a coarse-grain manner the interfacial region
and to calculate the fractional conversion (f,(I'r4)) of tetra-carboxylic acids to
calcium-naphthenate precipitates as a function of the interfacial concentration of
tetra acids. Details of the methods used here and the main results can be found in
the following sections.
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Chapter 2

Models and methods

1 Density Functional Theory - DFT

Density functional theory (DFT) is one of the most widely used computational
quantum chemistry methods. DFT calculates the energy and describes the elec-
tronic structure of atoms and molecules based on the electron density. The work of
Hohenberg and Kohn [35] has been considered as the foundation of modern DFT.
According to their work [35], there is only one unique functional F[p] describing
the electron state of a many-body system and this functional delivers the ground
state of the system only if the input density is the true ground state density pg.
In other words, DFT is variational with respect to the energy and any trial density
p(r) will deliver an upper boundary of the true ground state energy Eg. The ground
state energy of the system can be calculated from:

Eulp] = [ p(r)Veus(r)dr + 1o @.1)

where
Flp] =T[p] + Veelp] (2.2)

Veqt is the external potential in which the electrons are moving, V.[p] is the
electron-electron interaction and T'[p] is the kinetic energy of the electrons. In
principle, DFT is exact if F[p] could be known. In that case Eq can be obtained
from the variational principle. Kohn and Sham [36] have proposed the following
form of the functional F'[p]:

Flp] = Ts[p] + J[p] + Exclp] (2.3)

11
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where J[p] is the Coulomb potential, F,.[p] is the exchange-correlation energy
and T|[p] is the kinetic energy of the non-interacting system given by:

N

Tl = —5 Sl V1) @4

where 1); is a molecular or atomic orbital. T[p] is different from 7'[p] and the
difference between them is included in F,.[p]. Now the energy functional can be
written as:

EO[p] = [ ]+J[ ]+Ezc[ ]+EN€[ ] =

ZWWm Zzﬂmmwmwm
_ ZA g (r) dr
Z;/%jmlwz( 1)[7dr

Where 719 is the distance between electrons, 71 4 is the electron-nuclear distance
and Z 4 is the nuclear charge.

(2.5)

E,.[p] basically contains everything which is unknown. By applying the vari-
ational principle [37, 38] the resulting Kohn-Sham equations are:

(—;v2+[/”(r2>+vmc(r1) S Z

2l Vs = (=5 vat) s = e

T12 A T1A
(2.6)
M
%(rl):/’w+vm(m)— 24 @7
T12 A T1A

Vze(r1) is the potential due to the exchange-correlation energy F,.[p]. Since
Eqyc[p] is not known, also V,.(r1) is unknown and is simply defined as the func-
tional derivative of E,.[p] with respect to p:

5Exc

ch =
op

(2.8)

The accuracy of DFT depends completely on the accuracy of the exchange-correlation
functional and on the basis set. The quest for finding the best exchange-correlation
functional is the greatest challenge in DFT. Kohn and Sham [36] have introduced
the first approximation for the exchange-correlation functional named the local
density approximation - LDA. LDA is based on the assumption of uniform elec-
tron gas, where the electrons move on a positive background charge distribution.
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This model represents to a very good extent a simple metals as for example so-
dium. ELPA[p] is given by:

FLPAl] = / p(F)enelp(r))dr 2.9)

where €. is the exchange-correlation energy per particle of an uniform electron
gas of density p(r), which is weighted with the probability p(r) that there is an
electron at this position in space. Furthermore, €,.(p(7)) can be split into exchange
and correlation contributions, where they can be evaluated separately:

eaclp(r)) = e(p(r)) + ec(p(r)) (2.10)

However, LDA has only limited application and in general does not give good
results for molecules, where the electron density varies considerably. An intuitive
extension of LDA is to take into account the gradient of the charge density Vp(r).
This approximation is known as the generalized gradient approximation - GGA.
The GGA functionals can be generally written as:

EGS o) = / f(p, Vp)dr @.11)

where like in LDA the functional can be separated to exchange and correlation part
and approximations for them can be applied individually.

Another approach for having the appropriate form of the exchange-correlation en-
ergy is the approach for hybrid functionals proposed by Becke. [39] The hybrid
functionals incorporates combination of pure density functional for exchange and
a portion of the exact Hartree-Fock exchange [39, 40]:

R = BEPA L aq(EBT - BEPA) 4 0, (ESO — EPA) 4 ao(ESO — EEPA)
(2.12)
where the different a parameters are empirically fitted values.

2 Molecular Dynamics - MD

Molecular dynamics (MD) is a method which traces the dynamical evolution of a
many-body molecular system by integrating Newton’s laws of motion. This results
in a phase-space trajectory describing how the positions and velocities evolve in
time. The trajectory is obtained by solving the following differential equation
given by Newton’s second law:

dv d?r

F:ma:md— :mﬁ (2.13)
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where F is the force acting between particles, m is mass, a is acceleration, v -
velocity, r - position and ¢ is the time. The forces in MD simulations are calculated
from the negative gradient of the potential energy:

dU
F(r)=—— 2.14
) =- 2.14)
The potential energy, (U), is given by the sum of the intra- and inter-molecular
potential energies:
U = Uintra + Uinter (215)

The intra-molecular potential energy has three contributions: bond stretching,
angle bending and bond rotation (torsion) also referred as bonded interactions.
The inter-molecular or non-bonded interactions are given by the sum of the van
der Waals and electrostatic interactions. All of these interactions combined to-
gether are known as a force field, which generally is given by [41]:

U(r) = Zkl—lzo +Z (0 =010 + Y %(Hcos(nw—v))

bonds cmgles torsions
+ dey | (Z2) — (%5 | 4 4%
Z Z < g |:< i Tij 471'607’1']'
i=1 j=1+1

Where the first term on the right is the bond stretching, the second is the angle
bending, the third is the torsion potential, the fourth is the Lennard-Jones potential
and the final term is the Coulomb potential.

(2.16)

Many force fields have been developed and parametrized for different systems,
from which some of the most widely used are AMBER [42], CHARMM [43],
OPLS-AA [44], GROMOS [45] etc. In this work we have used the OPLS-AA force
field to carry out the necessary MD simulations in the GROMACS [46] simulation
package.

3 Ab initio Molecular Dynamics - AIMD

Ab initio molecular dynamics (AIMD) can be viewed as a combination of the two
methods (DFT and MD) described in the previous sections. Like in the classical
MD, AIMD predicts the time evolution of the system. Unlike classical MD, the
forces in AIMD are calculated by ab initio methods, usually DFT. There are three
approaches for AIMD: Ehrenfest MD [47], Born-Oppenheimer MD (BOMD) and
Car-Parrinello MD [48]. In this work we have used BOMD, which has been in-
cluded in the CP2K simulation package [49] and we shall give a brief description
of the method.
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In Born-Oppenheimer MD, the electronic and nuclear degrees of freedom are sep-
arated and the nuclear coordinates are propagated in time according to classical dy-
namics. The electrons are following the dynamics of the much heavier nuclei, thus
they do not possess their own dynamics. On every MD step, the time-independent
Schrodinger equation is solved for the electronic part of the system for a given
fixed positions of the nuclei at this particular moment of time. The total energies
obtained in a specific electronic state yield directly the forces and the equations of
motion of the BOMD method are given by [50]:

MRy (t) = Vymin{(Vo|H.|¥o)} (2.17)

EoWo = H, Y, (2.18)

where for every MD step the minimum of (H.) has to be reached.

4 Calculation of free energy of interaction and probability of
reaction

The interactions between deprotonated carboxylic group(s) (carboxylate anion(s))
and divalent metal cations are identified as the dominant interactions influencing
the calcium naphthenate precipitation behaviour. Therefore, the carboxylate-metal
ion interactions, in the context of the calcium naphthenate precipitation phenom-
ena are extensively studied in this work. The TA molecules ARN and BP10 possess
more then 150 atoms, which would require a substantial amount of computational
power and time, if one considers the whole molecules in a DFT calculation or
AIMD simulation. Moreover, the main interactions are between the carboxylate
groups and the metal ions, as was mentioned above, and the rest of the molecule
would not have much effect on these interactions. Therefore, we have used a short
chain mono-acid molecule (propanoate anion), to represent a general carboxylate
group interacting with divalent metal ions. To wit, we have calculated the interac-
tion free energies and probability for reaction using the thermodynamic integration
and umbrella sampling methods described below. However, it should be noted that
full-atomistic MD simulations on the TAs have also been carried out.

41 Thermodynamic integration

The method of thermodynamic integration (TI) allows the free energy difference
between two states of a system to be calculated from a molecular simulation. A
system with a potential energy function U is coupled with a coupling parameter A,
which varies between 0 and 1, such that for A = 0 if the system is in one state (Uj)
and for A = 1 is in different one (Usy) [51]:

UN) = (1= NU; + XU =Ur + MU — Uy) (2.19)
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The slow variation of A between 0 and 1 is connecting the two states of the system
and the partition function of this system is given by:

1
—BU(N)
QINViT.A) = v / c (2.20)
The derivative of the free energy with respect to A\ can be written by:
0A(N) 10 1 OQ(N,V, T, \)
— | =——=—hQ(N,V,T, A
( o) > soamQl =R VTN o

fdr A)/dX\) exp[=BUN)] _ <3U(>\)>
fdrN exp[—BU (M) ox /,
2.21)

By integrating Equation 2.21, one can obtain the free energy difference between
states II and I: N
= JoU(A
AN AN = / <()> dX (2.22)
A=0 2N

In this work, we have used BOMD simulations and TI to calculate the free energy
profiles of the propanoate-divalent metal ions interactions in water. This has been
done by varying the distance between the carboxylate group and the metal ion, and
calculating the force between them. Then by integrating the force, the free energy
of interaction has been calculated.

4.2 Umbrella sampling

The umbrella sampling is another method to sample the configuration space between
two states (I and II) of a system from which one can obtain the free energy differ-
ence between them. In umbrella sampling, the states I and II are biased with an
umbrella potential (often harmonic potential), the respective states are sampled
and the probability for finding the system in state I and II is obtained. Thus, states
which are difficult to be sampled otherwise and therefore remain inaccessible in
the potential energy surface become accessible. That is particularly helpful when
studying chemical reactions.

In this work, we have used umbrella sampling to find the probability for reaction
as a function of the distance between two carboxylates molecules, providing the
requirement that a metal ion is interacting with both carboxylates at the same time.
To accomplish that, we have applied umbrella potentials to different separation
distances between the two carboxylates in the presence of a metal ion. Then we
have used the Weighted Histogram Analysis Method (WHAM) [52, 53] to unbias
the obtained probability. The set of equations needed to solve in order to unbias
the probability distributions are:
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Z]iwl nip(é“)bias
HEn = : : 2.23
(f) Zj\f:u,l nje—[wj(f)—Fj]/ka ( )
€7Fi/ka — /ewj(é)/kaP(g)un 020

where P()uy, is the unbiased probability distribution, N, is the number of sim-
ulation windows, n; and n; are the respective simulation window, p(§ )i?iaS is the
biased probability distribution, w; () is the umbrella potential, Fj is a free energy,
ky is the Boltzmann constant and 7 is the temperature. The equations can be solved
iteratively.

Subsequently, the probability for reaction has been used for the generation of
coarse-grain interface maps described in the following section. The unbiased
probability distribution in Equation 2.23 is the actual probability for reaction as
a function of the reaction coordinate &, which respectively is the distance between
the carboxylate groups. The highest probability in the distribution function would
correspond to the most probable distance where the carboxylate are located and
are bound to the divalent metal ion.

5 Generation of random interface COO~ density maps

In order to generate a coarse-grained representation of the density of the carboxy-
alte groups of the TA molecules at the oil-water interface we have used various
probability distributions [32] obtained from MD simulations and presented in Fig-
ures 3.13 and 3.14. To wit, we can randomly place a large number of TA mo-
lecules on an interface at a given concentration I';4 and use these distribution
functions to recreate the interfacial distribution of all the COO™ groups at the in-
terface in a Monte Carlo approach. By generating a substantial amount of random
COQO™ interface maps for a fixed value of I'r4, the fractional conversion of the
tetra-carboxylic acid to calcium-naphthenate precipitates could be calculated as a
function of the interfacial concentration by evaluating the mutual displacement of
the COO™ groups with respect to the probability of binding (Section 4.2) to de-
termine if the COO™ groups are corss-linked. The main algorithm for generating
the random density maps is shown in Figure 2.1. First, the input parameters have
been passed to the main program. The necessary input parameters are the interface
map dimensions (A) and the interfacial concentration of the tetra-carboxylic acids -
I'r 4. The condition on A is that it should be large to accommodate a large number
of TA molecules. Based on the values of I'7 4 and A, the number of TA molecules,
N4, in simulation is given by:

Nra=T74A (2.25)
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where I'74 is given in molecules/nm?.

For the specified interfacial concentration, lateral dimensions (x and y) of the N7 4
molecule centers have been randomly placed on a plane representing the interface
region and the probability distributions from Figure 3.13 have been used to gen-
erate the positions of the COO™ groups based on arm lengths, orientation angles
and vertical displacement from an arbitrary "dividing" surface as done by Ricardi
et al. [32] Once the intermolecular distances between the COO™ groups have
been determined, the fractional conversion of tetra-carboxylic acids to calcium-
naphthenate precipitation can be obtained from the binding probability in Figure
3.14. More detailed algorithms for generating the coordinates of molecular centers
and COO™ groups are presented in Figures 2.2 and 2.3, respectively.
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Figure 2.1: Main algorithm for generating the interface maps based on the probability
distributions obtained from MD simulations

In Figure 2.2, the algorithm for randomly generating the molecular centers is



20 Models and methods

presented. The molecular center of BP10 is composed of a benzophenone core
and the center of ARN is comprised of the central hydrocarbon moiety connecting
the four carboxylate groups. The molecular centers are placed randomly on a plane
with dimensions of 100 x 100 nm using PBC. We have set the interfacial concen-
trations of the TAs in the range of 0.0007 - 0.1387 molecules/nm?. Kovalchuk et
al.[33] have calculated the minimum interfacial area per molecule to be 7.21 nm?
for BP10, which for I';-4 gives a maximum value T'},,,=0.1387 molecules/nm?.
I',q2 for ARN is not available, therefore we have used the same value as for BP10,
although it might slightly differ. After the first random assignment of molecule
centers, we check to see if the required value of I'r4 is reached. Specifically,
when a new molecule center is placed, the program checks if there is overlap with
the previously placed TA molecule. If the distance between the new molecule and
any previously placed TA is smaller than a certain threshold the new molecule is
rejected. The molecular center distance threshold has been set to 1.4 nm and 1.0
nm for ARN and BP10, respectively. These values represent roughly the molecule
center diameter. The random assignment of molecule centers continues until the
desired value of I'7 4 is reached.

If the threshold is satisfied the molecule center coordinates are saved and the pro-
gram generates the z position of the respective molecule center according to a cu-
mulative distribution function (CDF). The CDF is constructed based on the prob-
ability distribution function (PDF) for the molecular center obtained from the MD
simulations, Figures 3.13(e) and 3.13(f). To assign the z-coordinate, a random
number generator (RNG) has been used to generate a random number between 0
and 1. Since both the CDF and the random number are between 0 and 1, the ran-
dom number will correspond to a value for the z-coordinate from the CDF. Then
the assigned z-coordinate is compared to the PDF obtained from the MD simu-
lation and is checked to determine if it falls within the boundaries of the PDF.
If the condition is not satisfied, a new z-coordinate is generated, until the new
z-coordinate is accepted according to the criteria discussed above.
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Figure 2.2: Algorithm for generating the coordinates of the molecule centers
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Once all the coordinates of the molecular centers are determined, four arm groups
must be assigned to each molecular center. The algorithm for generating the length
and orientation angles of the four long hydrocarbon chains on each TA molecule,
referred as "arms", is depicted in Figure 2.3. For each molecule center we generate
four arms where in the first step of the algorithm, four lengths are generated in
accordance with the PDF in Figure 3.13(a) of the arm vector lengths. After that,
the vertical orientation angle of each of the 4 the molecule arms relative to the
interface has been generated using the PDF in Figure 3.13(b). Then the z-position
of each COO™ group for the respective arm is calculated by:

25— = Lo + V" sin @™ (2.26)

Zg’g”o, is the z-position of the COO™ group of the m*"* arm of the n** TA mo-

lecule, Z7, is the z-position of the n'* molecular center, V;"™ is the arm vector
length, ©™™ is the vertical orientation angle of the arm, n and m are the indexes
for molecule center and COO™ group, respectively. Afterwards, the generated z-
position is checked to determine if it is within the PDF obtain from the MD simu-
lation shown in Figures 3.13(e) and 3.13(f) for ARN and BP10, respectively. Once
all vertical orientation angles are determined, a horizontal orientation angle of the
molecular arm is generated according to Figure 3.13(c). Then the arm xy-position
is calculated by:

Xoho- = Xen + V"™ cosy™™ (2.27)
Yg’o%, =Y + VLn’m sin~"™"™ (2.28)

Xipo- and Y.OU are the respective xy-positions of the COO™ group, X3, and
Y are the respective xy-position of the molecule center and v™"* is the horizontal
orientation angle of the arms. In the next step, the distances between the intra-
molecular carboxylate groups as well as the distance of the carboxylate group with
the molecular centers are checked, if they overlap or fall into the acceptable region
of the PDF for the case of the intra-molecular COO~ - COO™ distance in Figure
3.13(d). If the conditions are satisfied the coordinates are saved and a new cycle
begins, otherwise 4 new arms are generated until the required conditions are met.
At this point an interface map is generated in terms of knowing all the x,y,z co-
ordinates of the molecular centers, and their 4 corresponding COO™ groups and
now we have to evaluate how many TA molecules are cross-linked by evaluating
the probability of reaction based on the relative distances between the carboxylate
groups.
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In order to calculate the fractional conversion of TA to calcium-naphthenate pre-
cipitates, we have evaluated how many possible cross-linked sites exist. This has
been done by calculating the distances between the inter-molecular carboxylate
groups and evaluating the probability to place a calcium ion between them accord-
ing to Figure 3.14. We have used the probability distribution for checking the prob-
ability for reaction of two carboxylate groups with one calcium ion. The probabil-
ity of reaction is constructed to represent the probability of two carboxylate groups
to be associated to one calcium ion as a function of the separation distance between
them. Then we generate random numbers and check if this number is within the
probability. If the random number is smaller then the PDF of reaction, the site is
marked as cross-linked and if it is larger there is no cross-linking possibility. The
fractional conversion f,(I'74) is calculated by Equation 2.29 where (N (I'r4))
is the average number of cross-linked sites for a given I'r4 and T',,4, is the max-
imum interfacial concentration, which was given above and equals I, = 0.1387
molecules/nm?. f,(I'74) is scaled so the highest value equals 1.

(Na(T'r4))

Fmax

fo(Tra) = (2.29)
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Figure 2.3: Algorithm for generating the coordinates of the COO™ groups at the terminus
of the TA arms.



Chapter 3

Main results

The present section highlights the main results obtained in this study. For a more
comprehensive discussion of the results the reader is encouraged to see the attached
manuscripts.

1 DFT gas phase calculations

The interactions between one to four carboxylate anions with calcium and sodium
metal cations in the gas phase have been first investigated by DFT. The geometries
of the four anion-cation complexes are depicted in Figure 3.1. The total interaction
energy and the pair-interaction energy of these complexes have been calculated by
Equations 3.1 and 3.2, respectively.

E(T)mter = E(T)complex — Fion — NEgciq (3.1)

E(r)complex — Eijon — En (7')
N

E(7)comples 18 the total energy of the multibody complex at different carboxylate
- ion distances, r, Fj,, is the energy of the metal ion, F, ;4 is the energy of the
carboxylate and N is the number of propanoates considered in the system. En (r)
is the energy of the system in absence of the metal ion, which is the energy of the
complex of carboxylates. The total interaction energy provides an estimation of the
most stable and, respectively, more probable molecular geometry and orientation
of the carboxylate acids around the metal ions. The pair-interaction energy on the
other hand evaluates the average relative strength of the ionic interaction between
a single carboxylate acid group and the metal ion in the presence of the other
carboxylate acid pair interactions. In that way, this is an estimation of the influence
of the multibody effects on the ionic interactions in the complex.

E(T)pairfinter = (32)

25



26 Main results

Carboxylate anions can have numerous chain lengths, thus a suitable model must
be chosen to mimic many chains in general. Therefore, we initially consider
carboxylates with chain lengths of 2 - 6 carbon atoms. For these molecules we
have calculated and presented in Table 3.1 the Mulliken [54] partial charges in
order to determine the effect on the charge distribution of the COO™. It can be
observed that the prolongation of the carbon-hydrogen tail beyond 3 carbons min-
imally affects the charge distribution of the carboxyl group. It should be noted that
either the propanoate or butanoate ion could be a possible model molecule for the
following calculations since the charge distribution on the oxygens on both ions
is nearly identical. That indicates that an explicit comparison of the interaction
energy is needed. Thus, calculations of the interaction energies have been carried
out for both, propanoate and butanoate, and presented in Figure 3.2. It can be seen
that they give similar results and, therefore, the propanoate ion has been selected
as the best compromise between computational efficiency and effects of the chain
length on the carboxyl group charge distribution. Therefore, the results presented
afterwards are only for the propanoate ion.
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Figure 3.1: Optimized geometries of the complexes with 1 (A), 2 (B), 3 (C) and 4 (D)
carboxylates and 1 Ca?*. Distances are given in A, in black are the distances between
Ca?*t and C from (COO™) group, in red-Ca?* and O from (COO™) group and in blue-
between the carbon atoms of the carboxylate groups.
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Table 3.1: Mulliken partial charges (e ™) of the carboxylate group and its constituent atoms
for different carboxylate ions

E, kJ/mol

Number of carbon atoms

COO™

O O C

3 (propanoate)

5 (pentanoate)
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Figure 3.2: Comparison between the total interaction energies, E(7)inter » according
to Equation 3.1 and pair-interaction energy, E(r)pqir—inter » according to Equation 3.2
between the propanoate ion(s) and Ca?* (left) and butanoate ion(s) and Ca?* (right).

Beside quantifying the carboxylate-metal ion interactions, we have also made a
comparison and validated the fit of the interactions with the OPLS-AA force field
[44] and a modification of OPLS-AA made by Yan et al. [55], where the force field
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parameters are presented in Table 3.2. The multibody effects are also evaluated by
Equation 3.2 and presented in Figure 3.3.

Both Figures 3.1 and 3.3 demonstrate that increasing the number of carboxylate
groups increases the equilibrium distance between Ca?t and the carbon in the
carboxylate group. The distance varies from 2.5 A for 1 carboxylate to 2.9 A for
4 carboxylates as shown in Figure 3.1. Figure 3.3 reports how the total interac-
tion energy varies as a function of distance for different numbers of carboxylate
acid groups. It appears that the lowest total interaction energy (Equation 3.1) for
the investigated systems can be reached when 3 carboxylates are surrounding the
metal ion. That has been shown to be valid for both DFT and MM interaction
energies, implying that the MM results are qualitatively in agreement with DFT.
Although, MM reproduces the same ordering of the potential curves as DFT, it fails
to predict the equilibrium distance in the complexes of 2 and 3 carboxylates, where
they have shifted with 0.04 A and 0.15 A compared to DFT, respectively, towards
shorter distances. In DFT, the placement of more negatively charged carboxylates
would promote more charge transfer to the positively charged calcium, which de-
creases the total interaction energy in Figure 3.3. Then one could expect that by
placing more carboxylates, the interaction energy would decrease, because that
would imply more charge transfer to the calcium, as it is shown from the partial
charges determined by the natural bond orbital method [56, 57] in Table 3.3. How-
ever, the complex with the lowest interaction energy is the one with 3 carboxylates,
not 4 as one could expect. This observation could be explained by a) reaching a
case where the charge transfer difference is decreasing significantly upon addition
of extra carboxylate and b) the mutual orientation of the carboxylates relative to
each other. When more carboxylates are placed around the ion the mutual dis-
tance between them decreases, as seen from Figure 3.1, which destabilizes the
complex (decreases the interaction energy) since they are negatively charged and
tend to repel each other. The balance between the effect which stabilizes the com-
plex (charge transfer from the carboxylate group to the metal ion) and the effect
destabilizing it (the repulsion between the carboxylates) determines the trends of
the potential curves in Figure 3.3. From Figure 3.3, it can also be seen that the
MM calculated energies, for the equilibrium geometries underestimate the interac-
tion energy compared to DFT for the case with 1 and 2 carboxylates by 92 kJ/mol
and 210 kJ/mol, respectively. In contrast, the MM interaction energies for 3 and 4
carboxylates are overestimated by 195 kJ/mol and 250 kJ/mol, respectively. This
observation clearly highlights the importance of the multibody interactions in the
cases where two or more carboxylates interact with the calcium.

The pair interaction energies (Equation 3.2) calculated with the two methods for
different numbers of acid molecules interacting with the metal ion are reported
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in the bottom plot of Figure 3.3. The strongest carboxylate-calcium interaction
as indicated by the pair-interaction energy is formed when one carboxylate group
interacts with the metal ion, as shown by both DFT and MM. However, the pair-
interaction energy computed via MM is higher in energy by 125 kJ/mol compared
with DFT. The pair-interaction energy for the cases of more than 1 carboxylate
ion computed by DFT increases nearly linearly with the addition of more acids to
the complex and it is highest with 4 acids. That could be explained by the fact
that as more molecules share the interaction energy with the ion, the energy per
acid-ion pair in the complexes of more than one carboxylate ion becomes weaker.
Another effect would also be the mutual orientation and repulsion between the
carboxylates as explained in the previous paragraph. In the case of MM, the pair-
interaction energy for all the cases is similar, as one would expect. Not only is
the energy different, but also the trend does not match the DFT derived potentials.
The strongest pair-interaction is again with 1 carboxylate, but in this case followed
by 3, then 4, and then 2. Also the equilibrium distances obtained with MM, in
all of the complexes except for 1 carboxylate, moved to shorter distances com-
pared to DFT. These observations also point out the importance of the multibody
interactions in the examined complexes which are not represented in simple pair
potentials.
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Table 3.2: Molecular mechanics parameters, Lennard-Jones and electrostatic interactions.

Atoms (i) and (ii) OPLS-AA (i) | Yan [55] (ii)
o (nm) [ e (nm) q(e”) q(e?)
C(in-CHz) | 0.350 | 0.27614 -0.18 -0.18
C(in-CHz-) | 0350 | 0.27614 -0.22 -0.12
H 0.250 | 0.12552 0.06 0.06
C(in-COO™) | 0.375 | 0.43932 0.70 0.91
O (in -COO™) | 0.296 | 0.87864 -0.80 -0.84
Na*t 0.333 | 0.01160 1.00 1.00
Ca?t 0.241 | 1.88130 2.00 2.00

Table 3.3: Partial atomic charges calculated with Natural Bond Orbital (NBO) analysis
method.

Complex with | Complex with | Complex with | Complex with
1 carboxylate | 2 carboxylates | 3 carboxylates | 4 carboxylates
Ca’* 1.76 1.68 1.56 1.49
COO™ -0.84 -0.84 -0.80 -0.77
C (from -COO™) 0.82 0.79 0.78 0.76
O (from -COO™) -0.83 -0.82 -0.79 -0.76

The potential curves for 1 and 2 carboxylates with Ca?* and Na™ have been calcu-
lated for separation distances between 2 and 20 A and are presented in Figures 3.4
and 3.5 along with the molecular geometries at selected separation distances. In
the plots, the red star symbol (*) implies that the potential curves are derived with
the relaxed scan procedure - optimizing the geometry of the complex for every
step while the distance between the ion and the carbon atom in the carboxylate
group are kept constant. The results suggest that near the equilibrium distance, the
charge transfer favors the stabilization of the complex and, thus, lowers the total
interaction energy. On the other hand, at distance around 6 A the DFT and the MM
potential curves start to diverge and the interaction energy does not converge to 0
in the case of DFT as seen from Figure 3.4(a). It has been found that due to the
DFT gas phase calculations, the charge on the calcium ion for separation distances
above 6 A is +1, which leads to different dissociation of the charges than the liquid
systems we want to investigate. The carboxylate - calcium complex in water solu-
tion dissociates to the following partial charges: -1 located on the carboxylate and
+2 on the calcium ion, respectively, and since the OPLS-AA force field is para-
meterized for liquid simulations we constrain the charges to mimic dissociation
in a liquid phase. In order to reproduce exactly the dissociation of the charges in
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the complex at longer distances and to compare the tail of the interaction energy
directly with molecular mechanics, constrained density functional theory (CDFT)
[58, 59] calculations have been carried out. In CDFT, the electron population of
the calcium and sodium ions has been constrained so their charge has been kept
fixed during the optimization of the complex and, thus, the charge transfer between
the ions and the carboxylate group has not been allowed. That could consequently
affect the potential curves as can be seen later, in the sense that the potential curves
converge to 0 at high separation distances. The calcium and sodium charges have
been constrained to +2 and +1, respectively. The black circles (o) in Figures 3.4
and 3.5 represent the CDFT potential functions. By blocking the charge transfer
between the carboxylate group and the counter ion, the potential curve asymptot-
ically converges to 0. However, at the equilibrium distance, an underestimation
of the potential well of about 200 kJ/mol has been recorded with a shift of the
equilibrium distance towards higher distances - from 2.53 A to 2.71 A in the com-
plex with 1 carboxylate and 1 Ca?*; from 2.64 A t0 2.78 A in the case with 2
carboxylates and 1 Ca2*; from 2.5 A to 3.1 A for the complex with 1 carboxylate
and 1 Na™ and from 2.65 A to 3.26 A in the case of 2 carboxylates and 1 Na™.

The MM potential should accurately represent the interactions around the equilib-
rium distance as well as at higher separations. Around the equilibrium distance,
the MM potential should be compared with the relaxed scan curve (*), where the
charge transfer is allowed and for longer separation distances it should match the
CDFT curve. In the cases with 1 carboxylate, the original OPLS-AA potential is
shown to be the closest to the obtained DFT potential curves. This potential shows
an underestimation of the interactions of about 100 kJ/mol at the equilibrium dis-
tances (the minimum in the potential well), while using the parameters from Ref-
erence [55] showed an even greater discrepancy - about 300 kJ/mol. On the other
hand the tail of the potential curve (high separation distance) is well matched by
the OPLS-AA FF. For the case of 2 carboxylates and 1 calcium, the original para-
meters of OPLS-AA once again matched the DFT calculated interactions better.
However, the difference in the depth of the potential well between DFT and MM
is slightly more, about 200 kJ/mol, compared to the case of 1 carboxylate. The tail
of the potential has shifted to lower energies. The parameters of Yan et al.[55] are
shown to shift the whole potential to higher interaction energies compared to the
original ones.

The potential curve for sodium and 1 carboxylate, Figure 3.5(a), is perfectly matched
by the original parameters of OPLS-AA for the whole range between 2 A and 20 A.
The MM potential overlaps with the DFT derived one for short separation distances
and with the CDFT for long separation distances. The Yan et al.[55] parameters
underestimated the potential depth by approximately 100 kJ/mol. The equilibrium
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distance of the complex with 1 carboxylate as depicted in Figure 3.5(a) is 2.5 A,
for both DFT and MM. For the case of 2 carboxylates, the DFT potential falls
between the two MM potentials where the OPLS-AA parameters overestimate the
interaction energies by 50 kJ/mol and the Yan et al.[55] parameters underestimate
the interaction energies by 50 kJ/mol. The equilibrium distance of the complex
with 2 carboxylates is 2.65 A, for both DFT and MM.

In the cases with calcium at distance around 3.4 A, the ion coordinates itself to only
one of the oxygens, which gives a little plateau and changes the potential curves
around that distance. This is observed for both the constrained and unconstrained
DFT potential functions. At longer separation distances above 10 A, the coordin-
ation of the counter ion has been found to be the same as near the equilibrium
distance - directly opposite to the carbon atom and at equal distance to the oxygen
atoms. The same coordination phenomenon has also been observed in the cases
for the sodium ion. However, due to a weaker interaction, the impact on the shape
of the potential function is not so significant compared to calcium. In the case of
1 acid and 1 Na™, the change of the coordination of the sodium to only one of the
oxygens does not affect the shape of the potential curve as much as compared to
calcium. In the case of 2 acids and 1 Na™, the difference in the coordination seems
not to affect the shape of the potential curve at all and the observed plateau in the
previous cases does not exist.
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2 BOMD calculations in water phase

The interactions between 1 carboxylate and 1 divalent metal ion in water are fur-
ther investigated by performing BOMD simulations. We have calculated the in-
teraction energies between 1 propanoate and 1 Mg?*, Ca?*, Sr?T and Ba?* by
thermodynamic integration. Furthermore, we have carried out extensive analysis
of the simulation trajectories in order to obtain more detailed mechanism of the in-
teractions. That includes, calculation of the water binding energies, self-diffusivity
and mobility of ions, radial distribution functions and water coordination numbers
and exchanges of water molecules in the first solvation shell of the ions during the
simulations. The water binding energy is depicted in Figure 3.6 and is calculated
by:

AE = E{M(H>02" )} + E(H0) — E{M(H,02")} (3.3)

The first term on the right is the energy of the metal ion-water complex with (n—1)
water molecules, the second is the energy of an isolated water molecule and the
third term is the energy of the metal ion-water complex with n water molecules.
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Figure 3.6: Successive water binding energy as a function of the coordination number.

From Figure 3.6, it can be seen that the magnesium ion has the highest success-
ive binding energies with water amongst the studied ions, followed by calcium,
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strontium and barium. The highest change in the successive binding energy by
adding more water molecules to the first solvation shell is for the magnesium ion,
which can be seen from the most negative magnitude of the average slopes of the
curves in Figure 3.6. The average slope represents the average change in energy
for adding or removing water molecules. For the calcium ion the magnitude of the
average slope is 41% lower compared to magnesium, while the slope is 57% lower
for strontium and 67% lower for barium compared to magnesium, respectively.
The first water molecule successive binding energies differ amongst the different
ions. The values for Mg?™, Ca?*, Sr?>* and Ba?* are 320.9, 230.9, 191.6 and
160.2 kJ/mol, respectively. The successive binding energies of the fifth, sixth and,
especially, the seventh and eight water molecules binding energies are almost the
same. It appears that the binding energies follow the group trend and the smal-
ler ions from the second group in the periodic table have higher binding energies.
Therefore, the smaller 2"¢ group ions appear to form stronger complexes with the
water molecules. The slopes of the curves in Figure 3.6 combined with the water
binding energies imply that the magnesium ion attracts the water molecules more
strongly.

The metal ion - water radial distribution functions (RDF) without and with pres-
ence of the carboxylate ion have been calculated and presented in Figure 3.7. he
RDF is denoted as g(r) and constructed based on the separation distance between
the metal ion and the oxygen atom of the water molecule. The magnesium ion has
the most compact solvation shell which can be seen from the distance at which
the first solvation shell peak appears. The peak magnitude is highest for Mg?™*
and lowers in the order Ca?t > Sr?> > Ba?*. Beside the magnitude, the first peak
is also narrower for the small ions and it becomes wider for the larger ions. The
coordination number of water molecules increases with increasing ionic radius.
These observations imply that the smaller ions have stronger interactions with the
water molecules, as seen also from the magnitude in Figure 3.6, and also that the
structure of the first solvation shell around the small ions is more compact com-
pared to the larger ones. It can also be seen from Figures 4a) and b) that when the
metal ion is in a complex with carboxylate, its water coordination number is lower.
It is also apparent from Figure 4b) that the first solvation shell for Ca?* became
more compact and the peak has moved to shorter distances in the presence of the
carboxylate, which means that its hydrodynamic radius [60] has decreased.
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Figure 3.7: Radial distribution functions between a given metal ion and the oxygen from
the water molecules a) without carboxylate, b) in the presence of carboxylate. In the
legend, the coordination number of the respective ions is given in parenthesis.

The self-diffusion, mobility coefficients and number of exchanges of solvent mo-
lecules in the first solvation shell of the metal ions have been calculated and presen-
ted in Table 3.4. The self-diffusion coefficients have been calculated by the mean
square displacement and the Einstein relation:

N
D :tgnoomlvt<2[n(t) —ri(to)]2> (3.4)

=1

where N is the number of molecules, 7 is time, 7;(¢) are the spatial coordinates at
time ¢ and r;(to) are the coordinates at time ¢,. The ion mobilities are calculated
from the self-diffusion coefficients by:

_ Dyq

u = Tl 3.5)

where kj, is the Boltzmann constant, 7 is the temperature and g is the charge of the
ion. The values of D and u for the ions decrease with the ionic radius from Ba?* to
Mg?™ , as seen from Table 3.4. The same trend for the self-diffusion coefficients of
the divalent ions in water at 298.15 K has been reported by Buffle et al. [61] When
the metal ions are in the complex with the carboxylate, the self-diffusion and the
mobility coefficients decrease, except in the case of Ca?*, which has increased.
The increase of the self-diffusion and the mobility coefficients can be associated
with the decrease of the hydrodynamic radius observed in Figure 3.7 in the pres-
ence of carboxylate, since the hydrodynamic radius is inversely proportional to the
diffusion coefficient.

It can also be observed from Table 3.4 that the smaller ion, Ca?* and Mg?*, have
significantly less exchanges in their first solvation shell. That is consistent with
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the results for the successive binding energies presented in Figure 3.6, where the
smaller ions (Ca?*, Mg?™") have higher binding energies and the water molecules
are strongly bound to them. That implies that the interchange of water molecules
in the first solvation shell is easier and happens relatively more frequently for the
larger ions.

Table 3.4: Calculated self-diffusion coefficients, mobility, and number of exchanges of
the water coordination shell for the metal ions with and without carboxylate.

Ion without COO™ Ion with COO™
Ba?t Ca’t Mg?t St | Ba?t  Ca?t  Mg?t St

D(1071%n?%/s) | 659 216 0.68 284 | 452 5.17 0.0003 1.73
u(1078m?/Vs) | 510 1.69 053 219 | 349 399 0.0002 1.34

Change in
coordination 11 2 0 8 31 0 0 16

In Figure 3.8 and Table 3.5, the interaction free energies and free energy barri-
ers between the carboxylate group and a given metal ion are presented. The free
energy profiles have been obtained by calculating the force by keeping the dis-
tance between the carbon atom from the carboxylate group and the metal ion fixed
between 2 and 6 A at intervals of 0.25 A. Then the force has been integrated ac-
cording Equation 2.21. The highest interaction energy is with Mg?* followed by
Ca?t, Sr?* and Ba?*. The free energy barrier also increases in the same order.
These observations of the potential curves could partially explain the selectivity of
the reaction for calcium-naphthenate precipitation. Since the free energy barrier is
higher for Sr?* and Ba®*, the possibility of reaction with carboxylate ions is much
lower compared to Ca?T and Mg?" and, therefore, the formation of precipitates
with Sr?* and Ba®* should not be very likely. As seen from the potential curves,
the magnesium interaction free energy is 4 times greater than the calcium interac-
tion free energy and, moreover, there is no free energy barrier, which suggests that
the carboxylate preferably would undergo a reaction with magnesium rather than
with calcium, which contradicts the experimental findings.
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Figure 3.8: Helmholtz free energy, E;,,;, curves of the metal ion - carboxylate ion complex
in solvent. The distance in the abscissa is given in A and represents the distance between
the metal ion and the carbon atom from the COO™ group. Along the right ordinate axis
the interaction free energy with the magnesium ion is given and along the left ordinate axis
the interaction free energy with the other ions is given.

Table 3.5: Calculated Helmholtz free energy and free energy barriers for the carboxylate
- metal ion interaction.

Ion | Free energy, kJ/mol | Free energy barrier, kJ/mol

Mg?* -77.99 0.56
Ca?t -19.50 243
Sr2t -17.76 426
Ba?t -16.86 9.30

In Table 3.6, the number of exchanges of water molecules in the first solvation
shell has been reported for separation distances from 2 A to 6 A. For the divalent
ions, most exchanges are found for the bigger ions, Ba?>* and Sr>* | compared
with the small ones (Mg?* and Ca?"). The magnesium does not exchange water
molecules (for the present simulation time) except for at separation distances of
3 A and 3.25 A, where only 1 and 2 exchanges have been observed, respectively.
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The calcium ion has exchanged water molecules significantly more often com-
pared to magnesium. The strontium and barium ions exchange water molecules
in their first solvation shell more frequently, which can also be correlated with
the successive hydration energy, although it has been derived for O K and the mo-
lecular dynamics simulations are performed at 300 K. Since the successive water
binding energy between Mg?* and water is strongest and decreases in the order of
Ca?t>Sr?T>Ba?" it is expected to see an increase of water exchanges going in the
opposite direction Ba?>t>Sr?*>Ca?*>Mg?*, which can be observed in Table 3.6.
The reluctance of Mg?* to exchange water molecules could suggest that there is a
lower probability that the metal ion will be associated with a second carboxylate
group. The magnesium needs to lose some of the water molecules coordinated
around it in order to be able to coordinate an additional carboxylate group. As we
also can see from Figure 3.6, the change in the coordination to a lower number of
water molecules is not energetically favourable compared with the other divalent
ions, because of the steepest average slope of the curve. Moreover, the ionic radius
of the magnesium is the smallest of all the divalent ions studied here and sterically
it cannot sustain the possibility to coordinate many functional groups with bigger
van der Waals radii. The mobility coefficient of the magnesium is also lower in
magnitude compared with the calcium, especially in the presence of COO™. All
of the above observations suggest that the calcium ion could have more binding
potential than the magnesium. That could explain the experimentally observed se-
lectivity towards a reaction of the tetracarboxylic acids anions with calcium and
the formation of naphthenate precipitates preferably with calcium and not with the
other divalent ions.
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Table 3.6: Number of exchanges of water molecules in the first coordination shell of the
different metal ions. The constrained separation distance between the metal ion and the
carbon from the COO™ group is given in the first column. Every distance in the first
column represents different 12 ps simulations, respectively.

r A ‘ Ba?t ‘ CaZt ‘ Mg+ ‘ Sr2t

2.00 - 0 0 -
2.25 - 0 0 -
2.50 8 0 0 8
275 25 0 0 0
3.00 3 8 1 0
325 | 18 1 2 8
350 | 21 10 0 10
3.75 4 1 0 15
4.00 1 0 0 2
4.25 0 4 0 34
450 | 12 0 0 25
475 | 35 1 0 13
5.00 | 30 8 0 6
5.25 18 12 0 2
5.50 | 37 18 0 21

In Figure 3.9, the above results are schematically summarized in an attempt to ex-
plain the specific ion selectivity. It should be noted that the scaling in the figure
does not represent the true values and it is made just for clarity of illustration. The
reported selectivity of the reaction between divalent metal ions with carboxylic
groups shown in Figure 3.9 can be interpreted by considering that an increas-
ing arrow indicates an increased value of the property which it describes. First,
the factors determining the selectivity can be roughly divided into two groups:
(i) the first group contains properties which promote the interaction between the
metal ions and the COO™ group(s), such as the interaction free energy between the
metal ion and the COO™ group along with the self-diffusion coefficient, and (ii)
the second group contains the properties which weaken the interaction between
the metal ion and the COO™ group, such as the interaction energy of the metal
ion with the solvent molecules, the number of exchanges of solvent molecules and
the energy free barrier for the Me?* - COO™ reaction. The preference of bind-
ing Ca’" instead of Sr’T and Ba?*t could be explained by the fact that Ca* has
a higher interaction free energy and lower free energy barrier for a reaction with
COO™. On the other hand, taking into account only those two properties suggest
that Mg+ would have higher binding probability when compared to Ca?*. Thus,
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a more detailed examination of the ion - solvent interactions must be considered in
order to understand the experimental and simulation results for Ca?* and Mg?™.
First, the successive binding energy of water molecules to the ion was examined,
showing that Mg?* has a much higher binding energy with water than Ca?*. This
potentially could affect the ion - water dynamics. That is exactly what has been
shown from the number of exchanges for both ions, since Mg?* has higher in-
teraction energy with the water molecules, it has a lower amount of exchanges of
water into its first solvation shell. This observation could become important when
a second COO™ group is in close proximity to the ion, since with more exchanges
of solvent molecules there is a higher probability for this second COO™ group to
bind with the ion. Finally, the self-diffusion coefficient of Ca?" is higher than that
of Mg?™, which in solution indicates that Ca?* is a more mobile ion compared to
Mg?*. This means that when the two metal ions (Ca?*, Mg?™) are present in solu-
tion, most likely Ca?* will be able to diffuse faster to any available COO™ groups,
especially for tetracarboxylic acids adsorbed at an oil-water interface where trans-
port dynamics should affect the selectivity. However, it should be pointed out that
some of the estimated features, such as the interaction free energy and the free
energy barrier or the water binding energies and number of exchanges of water
molecules, are strongly interrelated, so conclusions about one of them naturally
applies to the others.
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Figure 3.9: Schematic summary of the Me?t - COO~ selectivity. The scaling does not
represent the true values.

3 Calculation of the probability of reaction with umbrella sampling

The probability of reactions between two carboxylate groups with one metal ion
as a function of the distance between the carboxylates have been calculated by
umbrella sampling. We already saw that OPLS-AA represents well the poten-
tial functions in terms of equilibrium distances between carboxylates and divalent
metal ions. Therefore, we have used it to obtain the probability for reaction. The
initial configuration for the umbrella sampling is shown in Figure 3.10. In the ini-
tial configuration of the complex, the carboxylates are in opposite position with
respect to each other with point group symmetry Cy;,. The complex is centred in
the geometrical centre of the simulation box and the coordinates of the metal ion
have been frozen. Umbrella potentials have been imposed at the centre of mass
(COM) of the two carboxylate groups by employing a harmonic potential with a
force constant of 2000 kJ/mol. We have performed 14 simulations per ion where
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every simulation has been 1.2 ns long from which the last 1.0 ns has been used for
the production run. The umbrella windows have been separated by 0.25 A start-
ing from 2 A as depicted in Figure 3.10. In that way we have initial separation
distances between the carboxylates of 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5,
9.0, 10.0, 12.0 and 14.0 A. By imposing the umbrella potentials on the COM of the
carboxylate groups and starting from opposite positions of the two carboxylates,
we have assumed that the distance between the carboxylates would be double the
distance between one carboxylate and the metal ion. By using the above assump-
tion as well as the frozen position of the metal ion, we have assured that the two
carboxylates are sampling equally the distances around the metal ion. In that way,
we are avoiding the probability of only one of the carboxylates to interact pref-
erentially with the metal ion, since the main objective is to find the probability
for reaction as a function of the distance between the carboxylates, providing the
requirement that the metal ion is interacting with both carboxylates at the same
time.

~\

\ |
Umbrella , ~ Umbrella
/ potential 1  — — potential 2

Frozen
position

Figure 3.10: Initial configuration of the system. The initial distance between the two
carboxylate groups has been set to 2 x A and umbrella potentials have been applied to the
centre of mass of both carboxylate groups. The carbon atoms are depicted in cyan, oxygen
in red, hydrogen in white, the metal ion in green and the water molecules are depicted as
blue sticks.

The probability of reaction as a function of the separation distance between the
centre of masses of the carboxylate group is depicted in Figure 3.11. First it should
be noted that the probability of reaction has been rescaled such that the highest
peak takes the value of 1, because of its convenience for further use for the gen-
eration of the interface density maps discussed above. In both cases for Ca?* and
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Mg?*, the probability of reaction has three distinct peaks with highest probability
located at 4.53 A and 3.65 A, respectively. The probability of reaction for Ca?*
spans the region between 4.3 A to almost 7 A, while the probability of reaction for
Mg?* is located between 3.5 and 6.1 A. However, the probability for calcium never
quite goes to zero between the peaks, whereas the probability function for mag-
nesium clearly goes to zero between the peaks in the regions between 3.8 - 4.2 A
and 5.0 - 5.7 A. Tt can also be observed that the peaks for Mg2* are narrower com-
pared to Ca?*, which has a wider probability distribution in all regions. According
to a previous study magnesium has much higher interaction free energy and more
tightly coordinated 1¢ solvation shell compared to calcium which could also be a
reason for the narrower distribution. That would mean the carboxylates would be
more strongly attracted to the magnesium and most likely within shorter distances.
However, from Figure 3.11 it can be seen that for calcium, the carboxylates have
higher probability of binding to it, because of the non-zero values between the
peaks and the broader span of the probability. Additionally from Figure 3.11, it
can be inferred that the complexes are dissociated when the distance between the
COM of the carboxylate groups is larger than 6.9 A and 6.1 A for calcium and
magnesium, respectively. The probability of reaction also compliments the results
showed above concerning the selectivity of the metal ions to react with carboxylate
groups. The higher mobility, shown in the previous section implies that Ca?* will
diffuse faster to any available carboxylate groups compared to Mg?*. Moreover,
not only will diffuse faster, but also will bind the carboxylates when the distance
between them is higher, because of the probability of binding is higher and spans
to higher separation distances shown in Figure 3.11.
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Figure 3.11: Probability of reaction as a function of the separation between the centres of
masses of the carboxylate groups.

4 MD simulations and coarse-grain interface density maps

We have performed MD simulations of ARN and BP10 at an oil-water interface
in the presence of calcium ions in the water phase. Then based on MD gener-
ated structural probabilities of ARN and BP10, we have constructed a coarse-
grain interfacial maps of COO™ groups which we used to obtain the functionality
of fp(I'ra). fp(I'ra) could be used in the multiscale approach of Kovalchuk et
al.[34] to calculate the the mass of calcium-naphthenate precipitates produced per
unit process volume.

In Figure 3.12 snapshot from the MD simulations are depicted and a cross-linked
network of ARN molecules can be observed and are highlighted in red. The mo-
lecules are cross-linked through their carboxylate groups interacting with the cal-
cium atoms which are depicted in yellow. That is one possible configuration of
a cross-linked network at the interface and there are more cross-linked molecules
in the same simulation, but for clarity only one has been highlighted. Practically,
one MD simulation could present only one configuration of the interface density or
cross-linked network, therefore it will be very computationally expensive to sim-
ulate many different systems in order to have statistically reliable results for the
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fractional conversion of the tetra-acid molecules to calcium-naphthenate precip-
itates. Thus, a coarse-grain representation of the interfacial density based on the
MD derived probabilities could be more computationally effective to calculate the
fractional conversion fj,(I'r4).

Figure 3.12: Top view of the cross-linked network from the MD simulations. A cross
linked-network of ARN molecules is highlighted in red.

We have first carried out MD simulations of ARN and BP10 at an oil-water in-
terface and obtained the structural probability functions described previously by
Riccardi et al.[32] In Figure 3.13 the probability distribution functions (PDF) used
for generating the coarse-grained interface density maps are shown. The arm vec-
tor lengths are generated according to the PDF depicted in Figure 3.13(a). The arm
vector lengths are considered to originate from the nearest carbon atom linking the
hydrocarbon chains in the case of ARN and from the oxygen atoms linking the ben-
zophenone core in the case of BP10 [18, 32] and to terminate at the carboxylate
groups, respectively. The vertical orientation angle is the angle formed by the
arm vector and a plane parallel to the oil-water interface and is depicted in Figure
3.13(b). The positive values in Figure 3.13(b) imply that the arm vector points
toward the water phase and the negative value to the oil phase, respectively. From
Figure 3.13(b) can be seen that the preferable orientation of the molecule arm is
toward the water phase, which is due to the fact that the carboxylic acid arms are
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deprotonated and are orientated towards the more polar phase. The horizontal ori-
entation angle of the molecular arms is presented in Figure 3.13(c). The horizontal
angle is calculated by arbitrarily choosing a single arm vector of the tetra-acid
molecule and the distribution of the remaining arms is plotted versus the angle
between the selected arm group and the other arm groups in the plane parallel to
the oil-water interface. It can be also observed from the horizontal angle distribu-
tion that the there is an increase in the probability between -60° to +30°, but is a
uniform distribution otherwise. The increased probability would mean that there
will be aggregation of more arms to each other most likely because of hydrophilic
interactions between the hydrocarbon chains. The intra-molecular COO™ groups
distance has been used as a criteria to accept the xy-positions of the COO™ groups
and is presented in Figure 3.13(d).
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Figure 3.13: Probability distribution functions used to generate the carboxylate groups.

To determine how many carboxylate groups are cross-linked we have used the
probability of reaction as a function of the distance between two carboxylate groups,
which is presented in Figure 3.14. If the distance between the carboxylate groups
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are within the distance span of the PDF in Figure 3.14 the respective site is marked
as a cross-linked place. In that way we can generate a sufficient number of random
static 3D coarse-grain interface maps COO~ groups based on the MD simulated
structural probabilities from which the fractional conversion as a function of the
interfacial concentration has been calculated.
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Figure 3.14: Probability of reaction between Ca®* and two COO~ groups as a function
of the distance between COO~ - COO™.

Next, the coarse-grain representation ("interface map") of the interface region and
the derived fractional conversion of tetra-acids to calcium-naphthenate precipitates
is discussed. In the previous section it has been discussed how the interface maps
have been built from MD simulation derived probabilities explicitly accounting
for the solvents (oil-water interface region) and the calcium ions. Therefore, the
interface maps build in a Monte Carlo like approach implicitly include the solvent
and the calcium ions effects.
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Figure 3.15: Generated interface density map of ARN with I'7 4=0.0687 mol/nm?. The
molecular centers are depicted in blue and the carboxylate groups in red.

In Figure 3.15 an example of an interface map created for the ARN molecule is
presented for an interfacial concentration of 0.0687 molecules/nm? as an example.
The molecule centers are depicted in blue and the carboxylate groups in red. In or-
der to analyse the sensitivity of the behavior with respect to the number of interface
maps we have generated 50, 100 and 500 interface maps for every concentration
and have calculated the fractional conversion for ARN and BP10 based on their
average. The results are presented in Figure 3.16(a) for ARN and Figure 3.16(b)
for BP10. First, it can be noted that the results for ARN and BP10 are very similar
to each other, since BP10 has been designed to have similar interfacial properties
as ARN. A second observation is that averaging over 50 maps gives fluctuation
in fp(I'74), while generating at least 100 maps provides a smoother prediction of
fp(I'ra). The fractional conversion appears to increase from O to 1 non linearly,
but not sigmoidally as assumed by Kovalchuk et al. [34] At 50% surface con-
centration about 24% of the tetra-acid molecules are converted and the conversion
rises to 50% for 70% of surface concentration.

In Figure 3.17 the number of intra- and inter-molecular cross-linked sites as a
function of the interfacial concentration for ARN and BP10 and averaged over
500 maps are presented. BP10 overall has more cross-linked sites, both intra-
and inter-molecular. The intra-molecular bonding sites are dominating the inter-
molecular bonding sites for both TA molecules. The increase of intra-molecular
bonding sites is linear with the increase of I'r 4, while the inter-molecular sites are
increasing non-linearly.

The MD simulations sampled numerous geometric configurations of the tetra acid
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Figure 3.16: Fractional conversion (f,(I'r4) of ARN and BP10 to calcium-naphthenate
precipitates as a function of the interfacial concentration (I'r4).
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molecules at the oil water interface and indicate that for any carboxylate group,
three of the nearest neighbours will most likely be carboxylate groups from the
same tetra acid molecule. Figures 3.13(f) and 3.14 clearly indicate that carboxylate
groups from the same parent molecule are very likely to be within the mutual
displacement range where bonds can form with calcium. The results in Figure
3.17 clearly show that the bonds between carboxylate groups are predominately
between carboxylate groups in the same molecule (e.g., not a cross-linked calcium
naphthenate precipitate). The linear trend for the intra-molecular bonds in Fig-
ure 3.17 should be expected since the relative displacement between carboxylate
groups within the same tetra carboxylic acid molecule is not strongly affected
by the interfacial concentration of all tetra acids. [32, 33] Increasing the inter-
facial concentration of tetra acid molecules increases the probability that the set of
nearest carboxylate neighbours within the range necessary to form a bond with a
given carboxylate will contain an increasing number of carboxylate groups from
other tetra acid molecule in addition to the 3 carboxylates attached to its parent
molecule. Thus, as one approaches the upper bound of the interfacial concentra-
tion domain, the available sites for cross-linking only increase relative to the 3
intramolecular binding sites. Clearly, this would lead to an increased probability
to form cross-linked bonds as one approaches the upper bound of the I'r4 /T 44
domain unless there is a bias to form intramolecular bonds. However, Figure 3.17
indicates that intramolecular bonding is not biased to increase from its linear trend
near the upper bound of the 'z 4 /T4, domain. Consequently, based on the res-
ults presented here, one should not expect a sigmoidal shape for the functional
form of f,(I'r4) as assumed by Kovalchuk et al.[34] because a sigmoidal func-
tionality for f,(I'r4) would imply that the probability to cross-link two different
parent TA molecules would have to steadily decrease from the inflection point of
the sigmoid to the upper bound of the I'r 4 /T'y,q, domain.



Chapter 4

Conclusions and future work

The aim of this work is to theoretically study and advance the basic knowledge
of the calcium naphthenate precipitation reaction occurring in the petroleum in-
dustry. To wit, molecular modelling on different length and time scales has been
conducted in order to investigate the calcium naphthenate reaction.

The interactions between the carboxylate groups from the tetra-carboxylic acids
molecules and the divalent metal ions have been identified to be the most im-
portant factor influencing the calcium naphthenate precipitation. Therefore, these
interactions have been studied in greater detail. In the first paper, the main focus
has been put on studying the interactions of up to four carboxylate anions with
calcium. The multibody effects in these complexes were assessed by the pair-
interaction energy (Epqir—inter) through DFT and compared with the OPLS-AA
force field. A discrepancy between the two methods has been found, although it
has been anticipated because of the pair additivity of the interactions in the force
field. The most stable complex was formed between three carboxylates and one
calcium, which favours the hypothesis of cross-linking discussed already. The
strongest pair-interaction was between one carboxylate and one calcium. We have
further examined the potential curves to higher separation distances for one and
two carboxylates and one calcium or sodium ion. The DFT results were again
compared with OPLS-AA and a modification of OPLS-AA by Yan et al. [55] The
original force field parameters have shown better agreement with DFT, although a
lower interaction energy was computed with DFT. However, the equilibrium dis-
tances were shown to be very well represented in the original OPLS-AA, which
have been important for the further study of these interactions by MD, especially
in determining the probability of reaction presented in Paper 3.

55
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The experimentally observed selectivity of reaction between the TA molecules and
divalent metal cations has been studied by BOMD in solvent. The free energy of
interaction between one carboxylate and one divalent metal ion has been calculated
by thermodynamic integration. However, the observed selectivity was partially ex-
plained only by the interaction energy, where the strongest interactions were ob-
served with magnesium followed by calcium, strontium and barium. Therefore, the
simulation trajectories were further investigated in order to clarify the selectivity
of the reaction. The dynamics of the solvent molecules in the solvation shell along
with the self-diffusion of the metal ions appeared to be the most important factors
of the preferred selectivity of calcium rather than magnesium. The interaction
energy between the magnesium ion and the solvent molecules were the highest,
which resulted in fewer exchanges of solvent molecules in the first solvation shell
of all the metal ions. Calcium also appeared to have higher self-diffusion and
mobility compared to magnesium, especially in the complex with the carboxylate.

In Paper 3, we have calculated the probability of reaction between two carboxylates
and with calcium or magnesium as a function of the distance between the carboxylates.
Calcium demonstrated a higher probability for reaction compared to magnesium.
Therefore, the probability of reaction strengthens and compliments the conclusions
drawn from the second paper concerning the selectivity. Moreover, the probability

of reaction has been key function for determining the fractional conversion of TA

to calcium naphthenate precipitation (f,(I'74)) presented in Paper 4.

The fractional conversion of TA to calcium naphthenate precipitation (f,(I'74))
has been determined by reconstructing the interfacial density of TA molecules in
a coarse-grain manner, which we refer to COO ~ interface map. MD simula-
tions were performed on the ARN and BP10 molecules at an oil-water interface.
Structural probability functions of the orientation of the TA molecules have been
obtained from the MD trajectories. A methodology of recreating the interface
density by using the MD simulated probabilities has been developed and presen-
ted. The fractional conversion increases non linearly as a function of the interfacial
concentration of TA and was very similar for both ARN and BP10 molecules. The
fp(I'14) calculated in this work is important constituent function in the multiscale
process model of Kovalchuk et al. [34]. Therefore, it should be used to properly
characterize the cross-linking mechanism in this multi-scale framework.

The calcium naphthenate precipitation reaction occurring in the petroleum industry
is a complex reaction involving many steps and factors. We can conclude in con-
junction with the results of Kovalchuk et al. [34] that the cross-linking hypo-
thesis discussed above is the most probable reaction mechanism for the calcium
naphthenate reaction. However, this is the idealized reaction mechanism and the
reaction can be influenced by many factors due to the complex composition of
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crude oil. Some factors can be the presence of mono-acids, asphaltene and resin
molecules adsorbed on the oil-water interface. These factors can be included in
further studies in order to assess their impact on the formation of calcium naph-
thenate precipitates. The fractional conversion can also be determined for the other
divalent ions by the presented coarse-grain method of creating interface maps. This
will further clarify on the process scale the selectivity of the precipitation reaction.

The developed methodology for reconstructing the interfacial density in a coarse-
grain manner and assessing the extend of the cross-linked network of surfactant
molecules could also be used to study other systems of interest where cross-linking
of different molecules is governing the behaviour of the system. The extend of the
influence of cross-linking could provide valuable information for the study of such
systems. Moreover the methodology is also applicable to bulk systems not only to
liquid-liquid interfaces.
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ABSTRACT: In this work, interactions between carboxylate ions and calcium or
sodium ions are investigated via density functional theory (DFT). Despite the
ubiquitous presence of these interactions in natural and industrial chemical
processes, few DFT studies on these systems exist in the literature. Special focus has
been placed on determining the influence of the multibody interactions (with up to
4 carboxylates and one metal ion) on an effective pair-interaction potential, such as
those used in molecular mechanics (MM). Specifically, DFT calculations are
employed to quantify an effective pair-potential that implicitly includes multibody
interactions to construct potential energy curves for carboxylate—metal ion pairs.
The DFT calculated potential curves are compared to a widely used molecular
mechanics force field (OPLS-AA). The calculations indicate that multibody effects
do influence the energetic behavior of these ionic pairs and the extent of this
influence is determined by a balance between (a) charge transfer from the
carboxylate to the metal ions which stabilizes the complex and (b) repulsion

between carboxylates, which destabilizes the complex. Additionally, the potential curves of the complexes with 1 and 2
carboxylates and one counterion have been examined to higher separation distance (20 A) by the use of relaxed scan
optimization and constrained density functional theory (CDFT). The results from the relaxed scan optimization indicate that
near the equilibrium distance, the charge transfer between the metal ion and the deprotonated carboxylic acid group is significant
and leads to non-negligible differences between the DFT and MM potential curves, especially for calcium. However, at longer
separation distances the MM calculated interaction potential functions converge to those calculated with CDFT, effectively
indicating the approximate domain of the separation distance coordinate where charge transfer between the ions is occurring.

1. INTRODUCTION

The interactions between charged species (ions) are one of the
most common in nature,' "> among which the interactions
between calcium ions and carboxylic acids'™>"~'* play an
important role in many biological reactions">> as well as in
colloidal®® and interfacial systems.””” The carboxylic acid
groups usually dissociate above a certain pH level, which makes
them very reactive and allows calcium ions to bind very
strongly with them. As an example, in an oil—water biphasic
system, the calcium ions dissolved in the water phase could
interact with naphthenic acids, originally found in immature
crude oil, forming insoluble naphthenate precipitates.””” The
current work is in the framework of the study of formation of
calcium naphthenate precipitates and, therefore, special focus
will be placed on the interactions between carboxylic acid ions
with a calcium divalent ion. Quantum chemical calculations can
be used to study such reactions. Despite the ubiquitous
importance of the calcium—carboxylic acid reactions, few ab
initio studies exist.'”""

<7 ACS Publications — © Xxxx American Chemical Society

In these quantum chemical calculations, the interactions
between atoms or molecules can be theoretically studied via the
potential energy surface (PES), where the energy of these
interactions is a function of interatomic distances. Potential
energy surfaces of interactions for different molecules are
widely studied by quantum chemistry methods such as
Hartree—Fock, post Hartree—Fock and density functional
theory (DFT).'*'® These methods provide a description of
the interactions and a quantification of the interaction energies
and, therefore, it can provide the potential energy'*™'® and
allow the development'’ or improvement'®™>" of force fields
for molecular dynamics (MD) simulations.

MD simulations have been successfully employe to
study systems in which metal ions are present. To increase the
predictive capability of such simulations, accurate force fields
are required. Via DFT calculations, local partial charges have
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been recently computed,”"*> improving existing force fields like

OPLS-AA™ and providing a model enhancement based on
fundamental physics that, in principle, can be applicable to
different types of systems. Empirically developed improvements
to force fields including OPLS-AA, have also been obtained by
fitting experimental measured pK’s,”® where nonbonded VAW
parameters are adjusted to fit the data. Despite the closer match
obtained between experiment and simulation with the latter
approach, improved predictions for different types of systems
should not be expected because the parameters are tuned to
reproduce data for a specific system.

In the past years, intense focus has been placed on improving
the predictive capability of force fields used in molecular
simulations.”*™>* Mainly, researchers have been working on the
introduction and development of polarizable effects”*>' and
multibody interactions®>*? in the force fields. Despite the large
volume of work that has been done, >~ there is still much
ongoing activity in this field. Including these effects can be
computationally expensive and the development of new ways to
incorporate such effects is currently still a significant part of
MD research. The multibody effects could potentially play an
important role in systems where ions of different valences
interact, such as the carboxylic acid—calcium system.

In the present work, focus on the interactions of monovalent
(sodium) and divalent (calcium) cations with deprotonated
carboxylic acid groups have been studied via DFT. More
precisely, we investigate the multibody interactions and how
these determine the shape of the effective pair-interaction
potential. Understanding the influence and importance of
multibody effects on effective pair-interaction potentials is of
great importance for molecular dynamics simulations. The
OPLS-AA™ force field has been selected to describe the
interactions between deprotonated carboxylic acid groups and
metal ions, because of its wide applicability to different systems
in solution, and therefore, is widely used in MD simulations.
The interactions described by OPLS-AA have been compared
to DFT-derived potential functions to provide a reference point
from which to evaluate the effect of multibody interactions.
Furthermore, the present methodology can also be applied to
other existing force fields for assessment and optimization of
the interactions.

2. MODELS AND METHODS

Density functional theory (DFT) calculations have been
performed with Becke’s three-parameter hybrid exchange—
correlation functional (B3LYP)** in the quantum chemical
package Gaussian 09°° and NWChem version 6.1.°° The
B3LYP functional has been shown to produce reliable
geometries and energies in many different systems®’~*!
including also ionic interactions.”’™*" Triple-¢ basis sets (6-
311G) with one diffuse function and one set of d polarization
functions for the heavy atoms have been chosen. The presence
of ions governs the necessity of adding polarization and diffuse
functions.

Carboxylic acid groups have been investigated considering
the functional group of deprotonated carboxylic acid.
Carboxylic acids can have numerous chain lengths; thus a
suitable model must be chosen to mimic many chains in
general. Therefore, we initially consider carboxylic acids with
chain lengths of 2—6 carbon atoms. Mulliken partial charges*”
have been calculated for them and are presented in Table 1. It
can be observed that the prolongation of the carbon—hydrogen
tail beyond three carbons minimally affects the charge

Table 1. Mulliken Partial Charges (e”) of the Carboxylate
Group for Different Carboxylate Ions and Schematic
Representation of the Propanoate Ion with the Charges
Drawn on the Respective Atoms”

no. of carbon atoms COO~ (¢} o C

2 (acetate ion) —0.847 —0.498 —0.498 0.148
3 (propanoate ion) —0.896 —0.480 —0.499 0.083
4 (butanoate ion) —0.869 —0.474 —0.498 0.103
S (pentanoate ion) —0.872 —0.473 —0.491 0.092
6 (hexanoate ion) —0.881 —0472 —0.487 0.077

“The blue color depicts carbon atoms, red depicts oxygen, and gray
depicts hydrogen.

distribution of the carboxyl group. It should be noted that
either the propanoate or butanoate ion could be a possible
model molecule for the following calculations because the
charge distributions on the oxygens on both ions are nearly
identical, as seen from Table 1. That indicates that an explicit
comparison of the interaction energy is needed. Thus,
calculations of the interaction energies have been carried out
for both propanocate and butanoate and presented in the
Supporting Information in Figure S1. It can be seen that they
give similar results, and therefore, the propanoate ion has been
selected as the best compromise between computational
efficiency and effects of the chain length on the carboxyl
group charge distribution.

When the model carboxylate was chosen, ground state
geometry optimizations were performed. A metal ion was then
added to the system, and the geometry of the whole complex
was further optimized. The ground state carboxylate structure
has then been replicated the desired number of times and
transrotated around the metal ion to a symmetrical structure to
maximize the distance between the carboxylate acid groups.
With this procedure, all the carboxylates have identical
structures and distances from the metal ion positioned at the
center of the system, as shown in Figure 1. This implies that for
the system with two carboxylates, the acids are in opposite
positions with respect to each other and have point group
symmetry C,,. For three carboxylates, a triangular distribution
(Cy;) is obtained, whereas a tetrahedral distribution (T})
provides the maximum distance between the acid groups for
the system with four acid molecules. These geometries allow a
minimal interaction between the carboxylates and symmetrical
orientation of the acids around the ion, which is desired to
make the comparison with the OPLS-AA force field. It should
be noted that, in the cases where electroneutrality could not be
maintained, the net charge of the system has been considered
with respect to the system constituents and their population.
The metal ions considered in the present analysis are
monovalent sodium and divalent calcium.

2.1. Interaction Potentials. The interaction energies as a
function of the separation distance between the metal ion and
the carboxylate group have been calculated. The separation

DOI: 10.1021/acs.jpca.5b04136
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Figure 1. Optimized geometries of the complexes with one (A), two (B), three (C), and four (D) carboxylates and one Ca**. Distances are given in
A, in black are the distances between Ca* and C from the (COO™) group, in red are distances between Ca** and O from the (COO™) group, and in

blue are distances between the carbon atoms of the carboxylate groups.

distance is defined as the length between the position of the
metal ion and the position of the carbon in the carboxylate acid
group(s). These distances have been subsequently modified by
translating each molecule along its carboxylate acid—metal ion
vector. The energy has been then computed at regular intervals
(02 A) of separation starting from 2 A using relaxed scan
optimization. In the relaxed scan optimization, the distance
between the carbon of the carboxylate acid group and the ion
has been kept fixed for every step (different separation
distance) whereas for the rest of the complex, a geometry
optimization has been applied. Along with the dependence of
the energy as the distance increases, the changes in the
geometry of the complex with respect to the increasing of the
separation distance could also be observed. In principle, the
interaction energy can be defined in different ways. In the
present study, the total, Ey,,, and the pair-interaction, Epqirinter
energies have been defined in eqs 1 and 2, respectively.

E(T)inter = E(r)complex - Eion - NX Eacid (1)

Here, E(r)complex is the total energy of the multibody complex at
different carboxylate—ion distances, r, E, is the energy of the
metal ion, E, 4 is the energy of the carboxylate with net charge
—1, and N is the number of propanoates considered in the
system. The energy of the complex and the acid have been
calculated from their respective optimized geometries.

The pair-interaction energy, Epai,,ime,, is the interaction energy
per pair of cation—carboxylate averaged for the number of acid
molecules in the system and is given as follows:

E(r)pair—inter = (E(r)complex = Eion — EN(r))/N 2)

Here, Ey(r) is the energy of the system in the absence of the
metal ion (ie., is the energy of the complex of carboxylates)
and N is the number of carboxylate molecules. It should be
noted that Ey(r) is taken from a single-point energy calculation
on the geometry of the complex of carboxylate(s). Ey(r)

depends on the distance between the carboxylate and the metal
ion, because the geometry of the carboxylate acid group(s)
(valence angle and bond lengths) would be slightly different
when the metal ion is closer to or further away from the metal
ion. The total interaction energy, eq 1, provides an estimation
of the most stable and, respectively, more probable molecular
geometry and orientation of the carboxylate acids around the
metal ions. The pair-interaction energy, eq 2, on the contrary,
evaluates the average relative strength of the ionic interaction
between a single carboxylate acid group and the metal ion in
the presence of the other carboxylate acid pair interactions. In
that way, this is an estimation of the influence of the multibody
effects on the ionic interactions in the complex. Because the
interactions in the OPLS-AA force field are pairwise additive,
the pair-interaction energy calculated by eq 2 allows
comparison of the DFT and the molecular mechanics potential
and assessment on the role of the multibody interactions. After
summing eq 2 over all N-bodies in the system, one is left with
the excess energy contribution of the set of carboxylate acid
groups that is caused by the presence of the ion, which should
facilitate the evaluation of the multibody interaction compo-
nent to the pair-interaction energy.

The basis set superposition error (BSSE) correction of the
interaction energy has been determined by the counterpoise
method of Boys and Bernardi.**

2.2. Molecular Mechanics. The total interaction energy
corresponding to eq 1 and the pair-interaction energy
corresponding to eq 2 has also been computed via molecular
mechanics (MM) using the GROMACS 4.6 simulation
package,* where the geometries from the DFT calculations
are being used for the MM calculations. Two sets of force field
(FF) parameters are being considered in the present study, one
set being the original parameters of OPLS-AA** as
implemented in GROMACS and the other set as given by
Yan et al*' The parameters presented by Yan et al.”' are
derived for two surfactant molecules: sodium dodecyl

DOI: 10.1021/acs.jpca.5b04136
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carboxylate (SDC) and sodium dodecyl sulfonate (SDSn).
These parameters give good correlation to experimentally
measured densities and self-diffusion coeflicients while
providing reasonable structures.”’ These FF parameters can
therefore provide a desirable additional basis of comparison
alongside the original OPLS-AA force field. The two sets of
parameters are presented in Table 2. It can be seen from Table

Table 2. Molecular Mechanics Parameters and Lennard-
Jones and Electrostatic Interactions

E._of 1Ca”" with 1,2,3,4 carboxylate ions

inter
Propanoate ion

00— ‘ ‘ .
i 4

00K, \ ©-®1cabDFT GO 1cabOPLSAA |
PN L \ 6 2cabDFT &9 2cab OPLS-AA ]
-800+ \ \ A—A3cabDFT A 4A3carbOPLS-AA
\ ¥—% 4carbDFT % % 4 carb OPLS-AA 1

E, kJ/mol

(@) and (i) g
atoms o (nm) & (kJ/mol) OPLS-AA (i)  ref 21 (ii)
C (in —CH3) 0350 027614 —0.18 —0.18
C (in —CH2-) 0.350 0.27614 —0.22 —0.12
H 0.250 0.12552 0.06 0.06
C (in —COO") 0.375 0.43932 0.70 091
0 (in —COO0") 0.296 0.87864 —0.80 —0.84
Na* 0.333 0.01160 1.00 1.00
Ca™ 0.241 1.88130 2.00 2.00

2 that the difference in the parameters of the carboxylate group
is in the magnitude of the partial charges of the constituent
atoms, which have been calculated via DFT-B3LYP/6-
31+G(d).

3. RESULTS AND DISCUSSION

The interaction energies between the carboxylate and the
calcium have been calculated in the presence of one, two, three,
and four carboxylates around the calcium ion and the influence
of the multibody effects on the potential curves are presented
and discussed in section 3.1. In section 3.2, a comparison and
assessment of the OPLS-AA potential curves with the DFT-
derived potential functions for sodium and calcium have been
presented and discussed. Calculations of the potential curves
for sodium have been only made for the second part of the
paper, because the multibody interactions could be more
influential on the behavior of the divalent calcium, because it
could potentially coordinate more carboxylate groups.

3.1. Carboxylates Multibody Interaction with Ca®'.
Figure 1 schematically shows the equilibrium structures, of the
complexes consisting of one carboxylate and one calcium (A),
two carboxylates and one calcium (B), three carboxylates and
one calcium (C), and four carboxylates and one calcium (D),
where the total interaction energy, E(r)y., and the pair
interaction energy, E(r)Pai,,ime,, as a function of distance have
been computed according to eqs 1 and 2, respectively. In Figure
2, the total interaction energy, E(7);nten and the pair interaction
energy, E(r)Pai,,im,, are presented for the cases with one, two,
three, and four carboxylates. The interaction and the pair-
interaction energies have been calculated also for the butanoate
ion and are presented in Figure S1 in the Supporting
Information as mentioned above. The interaction energy has
not been affected by the prolongation of the hydrocarbon
chain, meaning that the results presented here could generally
be valid for long chain carboxylates as well. This is important
because in a subsequent paper the carboxylic acid—metal ion
interactions will be further examined, accounting explicitly for
the solvent molecules through ab initio molecular dynamics
(AIMD). Additionally, the basis set superposition error (BSSE)
correction has been evaluated for the complex employing the
propanoate ion by the counterpoise method*’ and is presented
in Figure S2 in the Supporting Information. It can be seen that

2+ . .
E of 1Ca” with 1,2,3,4 carboxylate ions
pair-inter
Propanoate ion
-600——m— T T T T
Vo
VN GO1amOPLS-AA @8 1cad |
Ny &©2cabOPLS-AA  4—# 2 carb
* oy £-A3cab OPLS-AA  A—A 3carb
800N\ 0 #**4carb OPLS-AA % 4carb i

E, kJ/mol
]
o
o

-1200

-1400
20 22 24 26 238 3.0 32

rA

Figure 2. Comparison between the DFT (solid lines) and the MM
(dashed lines) total interaction energies, E;,,, according to eq 1 (top)
and pair-interaction energies, Eipairinten according to eq 2 (bottom)
between complexes with one (black), two (red), three (green), and
four (blue) carboxylate groups and Ca?*.

the BSSE changes the equilibrium distance of the potential
curves of one and four carboxylates by 0.07 and 0.1 A,
respectively. However, the introduction of BSSE correction
does not change the order of appearance of the potential curves
and the slight difference in the equilibrium distances should not
have a considerable impact on the conclusions drawn from the
results. More detailed discussion of the BSSE correction can be
found in the Supporting Information.

Both Figures 1 and 2 demonstrate that increasing the
number of carboxylate groups increases the equilibrium
distance between Ca** and the carbon in the carboxylate
group. The distance varies from 2.5 A for one carboxylate to 2.9
A for four carboxylates, as shown in Figure 1. Figure 2 reports
how the total interaction energy varies as a function of distance
for different numbers of carboxylate acid groups. It appears that
the lowest total interaction energy eq 1 for the investigated
systems can be reached when three carboxylates are
surrounding the metal jon. That has been shown to be valid
for both DFT and MM interaction energies, implying that the
MM results are qualitatively in agreement with DFT. Although,
MM reproduces the same ordering of the potential curves as
DFT, it fails to predict the equilibrium distance in the
complexes of two and three carboxylates, where they have
shifted by 0.04 and 0.1S A compared to DFT, respectively,
toward shorter distances. In DFT, the placement of more
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negatively charged carboxylates would promote more charge
transfer to the positively charged calcium, which decreases the
total interaction energy in Figure 2. Then one could expect that
by placing more carboxylates, the interaction energy would
decrease, because that would imply more charge transfer to the
calcium, as shown from the partial charges determined by the
natural bond orbital method**® in Table 3. However, the

Table 3. Partial Atomic Charges Calculated with the Natural
Bond Orbital (NBO) Analysis Method

complex complex with  complex with complex with
with 1
carboxylate  carboxylates  carboxylates  carboxylates
Ca™* 176 1.68 1.56 1.49
COO~“ —0.84 —0.84 —0.80 —0.77
C (from 0.82 0.79 0.78 0.76
—CO0)*
O (from —0.83 —0.82 —-0.79 -0.76
—-Co0")*

“The atomic partial charges are averaged over all carboxylate group(s).
bAverage partial charge from both oxygens and from all carboxylate
group(s).

complex with the lowest interaction energy is the one with
three carboxylates, not four as one could expect. This
observation could be explained by (a) reaching a case where
the charge transfer difference is decreasing significantly upon
addition of extra carboxylate and (b) the mutual orientation of
the carboxylates relative to each other. When more carboxylates
are placed around the ion, the mutual distance between them
decreases, as seen from Figure 1, which destabilizes the
complex (decreases the interaction energy) because they are
negatively charged and tend to repel each other. The balance
between the effect that stabilizes the complex (charge transfer
from the carboxylate group to the metal ion) and the effect

destabilizing it (the repulsion between the carboxylates)
determines the trends of the potential curves in Figure 2.
From Figure 2 it can also be seen that the MM calculated
energies, for the equilibrium geometries underestimate the
interaction energy compared to DFT for the case with 1 and 2
carboxylates by 92 and 210 kJ/mol, respectively. In contrast,
the MM interaction energies for three and four carboxylates are
overestimated by 195 and 250 kJ/mol, respectively. This
observation clearly highlights the importance of the multibody
interactions in the cases where two or more carboxylates
interact with the calcium.

The pair interaction energies (eq 2) calculated with the two
methods for different numbers of acid molecules interacting
with the metal jon are reported in the bottom plot of Figure 2.
The strongest carboxylate—calcium interaction as indicated by
the pair-interaction energy is formed when one carboxylate
group interacts with the metal ion, as shown by both DFT and
MM. However, the pair-interaction energy computed via MM is
higher in energy by 125 kJ/mol compared with DFT. The pair-
interaction energy for the cases of more than 1 carboxylate acid
computed by DFT increases nearly linearly with the addition of
more acids to the complex and it is highest with four acids.
That could be explained by the fact that as more molecules
share the interaction energy with the ion, the energy per acid—
ion pair in the complexes of more than one carboxylate acid
becomes weaker. Another effect would also be the mutual
orientation and repulsion between the carboxylates, as
explained in the previous paragraph. In the case of MM, the
pair-interaction energies for all the cases are similar, as one
would expect. Not only the energy is different, but also the
trend does not match the DFT-derived potentials. The
strongest pair-interaction is again with 1 carboxylate, but in
this case followed by three, then four, and then two. Also the
equilibrium distances obtained with MM, in all of the
complexes except for one carboxylate, moved to shorter

2 .
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Figure 3. Potential energy curves and molecular structures of one carboxylate—one Ca®*. DFT curves: red dots, relaxed scan; black circles, relaxed
scan with CDFT B3LYP/6-311+G(d). MM curves: OPLS-AA original set of parameters, ref 24; OPLS-AA modified, Yan et al*!
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Figure S. Potential energy curves and molecular structures of one carboxylate—one Na*. DFT curves: red dots, relaxed scan; black circles, relaxed
scan with CDFT B3LYP/6-311+G(d). MM curves: OPLS-AA original set of parameters, ref 24; OPLS-AA modified, Yan et al!

distances compared to DFT. These observations also point out
the importance of the multibody interactions in the examined
complexes, which are not represented in simple pair potentials.
In the following section, the case with the lowest pair-
interaction energy (one carboxylate) and the electroneutral case
(two carboxylates) are examined toward higher separation
distances for calcium and sodium. That has been done to
examine the tail of the potential functions and how DFT and
MM energies compare at high separation distances.

3.2. Potential Curves for Ca** and Na*. The potential
curves for one and two carboxylates with Ca** and Na* have
been calculated for separation distances between 2 and 20 A
and are presented in Figures 3—6 along with the molecular
geometries at selected separation distances. The potential
curves for one and two carboxylates and one Ca®" are presented

in Figures 3 and 4, respectively; the potential curves for one
and two carboxylates and one Na* are presented in Figures 5
and 6, respectively. In the plots, the red dot implies that the
potential curves are derived with the relaxed scan procedure—
optimizing the geometry of the complex for every step while
the distances between the ion and the carbon atom in the
carboxylate group are kept constant. The results suggest that
near the equilibrium distance, the charge transfer favors the
stabilization of the complex and, thus, lowers the total
interaction energy. On the contary, at a distance of around 6
A the DFT and the MM potential curves start to diverge and
the interaction energy does not converge to 0 in the case of
DFT, as seen from Figure 3. It has been found that due to the
DFT gas phase calculations, the charge on the calcium ion for
separation distances above 6 A is +1, which leads to different
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Figure 6. Potential energy curves and molecular structures of two carboxylates—one Na*. DFT curves: red dots, relaxed scan; black circles, relaxed
scan with CDFT B3LYP/6-311+G(d). MM curves: OPLS-AA original set of parameters, ref 24; OPLS-AA modified, Yan et al*!

dissociation of the charges than the liquid systems we want to
investigate. The carboxylate—calcium complex in water solution
dissociates to the following partial charges: —1 located on the
carboxylate and +2 on the calcium ion, respectively, and
because the OPLS-AA force field is parametrized for liquid
simulations, we constrain the charges to mimic dissociation in a
liquid phase. To reproduce exactly the dissociation of the
charges in the complex at longer distances and to compare the
tail of the interaction energy directly with molecular mechanics,
constrained density functional theory (CDET)*”* calculations
have been carried out. In CDFT, the electron population of the
calcium and sodium ions has been constrained so their charge
has been kept fixed during the optimization of the complex and,
thus, the charge transfer between the ions and the carboxylate
group has not been allowed. That could consequently affect the
potential curves as can be seen later, in the sense that the
potential curves converge to 0 at high separation distances. The
calcium and sodium charges have been constrained to +2 and
+1, respectively. The black circles (O) in Figures 3—6 represent
the CDFT potential functions. By blocking the charge transfer
between the carboxylate group and the counterion, the
potential curve asymptotically converges to 0. However, at
the equilibrium distance, an underestimation of the potential
well of about 200 kJ/mol has been recorded with a shift of the
equilibrium distance toward higher distances: from 2.53 to 2.71
A in the complex with one carboxylate and one Ca**; from 2.64
to 2.78 A in the case with two carboxylates and one Ca**; from
2.5 to 3.1 A for the complex with one carboxylate and one Na';
from 2.65 to 3.26 A in the case of two carboxylates and one
Na'.

The MM potential should accurately represent the
interactions around the equilibrium distance as well as at
higher separations. Around the equilibrium distance, the MM
potential should be compared with the relaxed scan curve (red
dots), where the charge transfer is allowed, and for longer
separation distances, it should match the CDFT curve. In the
cases with one carboxylate, the original OPLS-AA potential is
shown to be the closest to the obtained DFT potential curves.
This potential shows an underestimation of the interactions of

about 100 kJ/mol at the equilibrium distances (the minimum in
the potential well), whereas using the parameters from ref 21
showed an even greater discrepancy, about 300 kJ/mol. On the
contrary, the tail of the potential curve (high separation
distance) is well matched by the OPLS-AA FF. For the case of
two carboxylates and one calcium, the original parameters of
OPLS-AA once again matched the DFT calculated interactions
better. However, the difference in the depth of the potential
well between DFT and MM is slightly more, about 200 kJ/mol,
compared to the case of one carboxylate. The tail of the
potential has shifted to lower energies. The parameters of Yan
et al”' are shown to shift the whole potential to higher
interaction energies compared to the original ones.

The potential curve for sodium and one carboxylate, Figure
S, is perfectly matched by the original parameters of OPLS-AA
for the whole range between 2 and 20 A. The MM potential
overlaps with the DFT-derived one for short separation
distances and with the CDFT for long separation distances.
The Yan et al.>' parameters underestimated the potential depth
by approximately 100 kJ/mol. The equilibrium distance of the
complex with one carboxylate as depicted in Figure S is 2.5 A,
for both DFT and MM. For the case of two carboxylates, the
DFT potential falls between the two MM potentials where the
OPLS-AA parameters overestimate the interaction energies by
50 kJ/mol and the Yan et al.”' parameters underestimate the
interaction energies by 50 kJ/mol. The equilibrium distance of
the complex with two carboxylates is 2.65 A, for both DFT and
MM. For the complexes consisting of one and two carboxylates
and one sodium, calculations of the BSSE correction have been
performed to confirm that both MM and DFT give the same
equilibrium distances and results are presented in Table S1 in
the Supporting Information. Table S1 demonstrates that the
BSSE correction does not change the equilibrium distances for
these cases.

In the cases with calcium at distances around 3.4 A, the ion
coordinates itself to only one of the oxygens, which gives a little
plateau and changes the potential curves around that distance.
This is observed for both the constrained and unconstrained
DEFT potential functions. At longer separation distances above
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10 A, the coordination of the counterion has been found to be
the same as near the equilibrium distance, directly opposite to
the carbon atom and at equal distance to the oxygen atoms.
The same coordination phenomenon has also been observed in
the cases for the sodium ion. However, due to a weaker
interaction, the impact on the shape of the potential function is
not so significant compared to calcium. In the case of one acid
and one Na’, the change of the coordination of the sodium to
only one of the oxygens does not affect the shape of the
potential curve as much as compared to calcium. In the case of
two acids and one Na*, the difference in the coordination seems
not to affect the shape of the potential curve at all and the
observed plateau in the previous cases does not exist.

4. CONCLUSIONS

The interaction energies within an organometallic complex
consisting of a metal ion and deprotonated carboxylic acid(s)
have been computed via DFT calculations. Such energies have
been compared to a molecular mechanics force field to provide
a basis of comparison for evaluating the effects of multibody
interactions. It has been shown that the multibody effects play
important role in the interactions between carboxylates and
metal counterions, especially in the case of calcium. The
complex consisting of three carboxylates and one calcium has
the lowest total interaction energy among the ones studied,
whereas the strongest pair-interaction occurs in the complex
with one carboxylate. The comparison with MM demonstrates
that interaction potentials implicitly considering the multibody
effects can quantitatively differ from conventional force fields
using simple pair potential functions, especially near the
equilibrium distance.

Comparisons of the interaction energy obtained with DFT
have been made with the OPLS-AA force field and a modified
version of OPLS-AA presented by Yan et al.>’ The potential
functions obtained by the two methods (DFT, MM) show an
equivalent equilibrium distance for the metal ion—carboxylate
group. The interaction energies computed using the original
implementation of the OPLS-AA force field was in closer
agreement with the DFT-derived potential functions, whereas
the potential functions derived using the parameters presented
by Yan et al.*' are less consistent with DFT calculations.

To examine the potential curves with DFT at small and high
separation distances, the interaction energy has been computed
with and without constraint on the charge of the metal ion.
Near the equilibrium distance, the charge transfer between the
metal ion and the carboxylate group is high and, respectively,
very important in determining the interaction energy. The
charge transfer arises from the lack of electron density on the
metal ion, the excess of electron density on the carboxylate
group, and the difference in the electronegativity between the
metal jon and the oxygens. However, going toward high
separation distances, the charge transfer should stop and the
two constituents should dissociate with integer charge, where
Ca has +2 charge. To accomplish that, it was necessary to
impose a constraint on the charge of the metal ion. That
resulted in the asymptotic convergence of the interaction
energy toward zero, whereas the unconstrained potential curve
does not converge to zero even at high separation distances
because of the different dissociation of the complex. To
examine low and high separation distances in the potential
curves, it is necessary to calculate the interaction energy near
the equilibrium distance allowing charge transfer as well as to
examine the tail of the potential. Thus, one has to constrain the

charge in the DFT calculations. This means that at some point
one should go from the unconstrained to the constrained
potential curve. But where is that point? It can be seen from
Figures 3—6 that the two curves, unconstrained (red dots) and
constrained (black circles), become very close to each other.
This most likely is the region where the charge transfer stops
and the constraint curve becomes physically more correct for
the dissociation described here.
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In Figure S1, a comparison between the potential energy curves of the propanoate and butanoate ion with 1

calcium are presented. The propanoate ion is presented in the left set of plots, while the butanoate ion is

presented in the right set of plots. The total interaction energy according to Equation 1 and the pair-interaction

energy according to Equation 2 are given in the top and bottom plots, respectively. The potential curves of both

ions are nearly identical. Therefore, propanoate ion has been used to represent general carboxylate ion.
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Fig. S1: Comparison between the total interaction energies, E;.., according to Equation 1 and pair-interaction

energy, Eqair-inter, according to Equation 2 between the propanoate ion(s) and Ca®* (left) and butanoate ion(s)

and Ca”* (right).



In Figure S2, the total interaction energy of the propanoate(s) with 1 calcium with and without the BSSE
correction is presented. The BSSE correction lowers the interaction energy in all the cases. With the BSSE
correction, the equilibrium distance for the complex with 1 carboxylate is changed from 2.53 A to 2.60 A (a 0.07
A difference towards a higher distance) with an energy difference of -3.57 kJ/mol; the equilibrium distances for
the complexes of 2 (2.64 A) and 3 (2.75 A) carboxylates are the same with and without the correction; the
equilibrium distance for the complex with 4 carboxylates has changed from 2.9 A to 3.0 A with an energy
difference of -3.43 kJ/mol. Although, there is a slight change in the equilibrium distances for two of the
examined complexes, the more important fact is that the order of the potential curves have been kept the same.

Namely, the complex with 3 carboxylates is the most stable, followed by 4, 2 and 1 carboxylate(s).
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Fig. S2: Total interaction energy according to Equation 1, Eipr, (solid lines) and the interaction energy corrected
for the basis set superposition error - BSSE (dashed lines) determined by the counterpoise method.



In Table S1 the total interaction energy of 1 and 2 propanoate(s) with 1 sodium with and without the BSSE
correction for few points around, and at, the equilibrium distance (2.5 A for 1 carboxylate and 2.65 A for 2
carboxylates) is presented. It can be seen from the table that the BSSE correction does not change the

equilibrium distance for these complexes.

Table S1: Total interaction energy according to Equation 1, E,, and the interaction energy corrected for the
basis set superposition error, BSSE, determined by the counterpoise method for the complexes consisting of 1
sodium and 1 and 2 propanoate(s), respectively.




In Figure S3, a comparison of the distances and angles between the different carboxylates for the complexes
consisting of 2, 3 and 4 carboxylates is presented. It should be noted that when more carboxylates are added to
the complex, the distances between the oxygen atoms (depicted in red) and angles (depicted in blue) decrease.
This leads to more repulsion between the carboxylate groups and is therefore partially responsible for the

multibody effects as explained in the main text.
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Fig. $3: Distances depicted in red are between the oxygen atoms from the different carboxylate groups for 2
(top), 3 (middle) and 4 (bottom) carboxylates. Angles depicted in blue are between the different carboxylate
molecules in the complex.



The Cartesian coordinates of the equilibrium geometries of the complexes consisting of 1, 2, 3 and 4
carboxylates and 1 calcium, respectively, are given below.
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