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1. Introduction

Interactions between calcium ion and functional
groups of organic scale inhibitors in aqueous
solutions: an ab initio study

Yue Li, 2 Jiarui Zhang, ) Hongbo Zeng‘® and Hao Zhang (= *

The anti-scaling performance of organic inhibitors is closely related to the Ca-trapping capacity of
functional groups in polymer frameworks. In this study, we performed static density functional theory
calculations and ab initio metadynamics simulations to systematically investigate the association
behaviors of Ca" with carbonate species (COs>~ and HCO3™) and representative functional groups of
organic inhibitors (carboxylate, phosphonate, and sulfonate) in agueous solutions. By calculating the
binding free energies and activation barriers for separating contact ion pairs, we propose a new strategy
for predicting the Ca-trapping capacity of organic additives. Simulation results revealed that carboxylate
and phosphonate groups possess potential calcium sequestration abilities, while the formation of the
calcium-sulfonate pair is almost impossible in agueous solutions. For the carboxylate group, which pos-
sesses a planar structure akin to that of the carbonate species, its presence has less impact on the solva-
tion structure of Ca?". The monodentate and bidentate configurations have similar stabilities for the
contact ion pair. However, for the phosphonate and sulfonate groups that possess a trigonal pyramid
structure, their association with Ca®* disrupts the symmetry of the coordination structure to a greater
extent. The monodentate state is clearly favored over the more tightly coordinated bidentate state.
Moreover, since CO32~ exhibits the strongest affinity for Ca2*, a rising CO32~ concentration at a high pH
diminishes the anti-scaling efficiency of all inhibitors. Overall, we offer new insights into the inhibiting
effects of organic additives on the initial stage of CaCOs formation by analyzing calcium-organic
compound interactions. These findings provide theoretical support for the development of more
effective scale inhibitors in the industry.

Nevertheless, undesired scale deposits progressively clog the
pores and increase the wettability of the membrane, resulting

Calcium carbonate (CaCOj3) scale deposition has been recog-
nized as one of the major issues in industrial production.' The
development of scale layers in circulating cooling water systems
blocks pipes and boilers and lowers the efficiency of heat
exchangers, thus resulting in severe machine damage.” In the
oil and gas industries, water-flooding operations are commonly
required to enhance secondary recovery from mature fields.?
However, excessive precipitation of scale impedes fluid flow in
the wellbore, reservoir, tubing, casing, and even the oil-
producing formation matrix, reducing well productivity and
ultimately leading to considerable treatment costs and dete-
rioration of the oil extraction process.* Additionally, membrane
distillation has emerged as one of the most promising techno-
logies in desalination for water separation and purification.”
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in a decline in both the permeate flux and separation
efficiency.®” Therefore, in recent years, increasing attention
has been directed toward exploring the nucleation and growth
mechanisms of CaCO; and how to regulate such crystallization
events in a particular context.®°

A typical method for hindering CaCO; precipitation is the
use of environmentally friendly chemicals, which act as anti-
scaling reagents, that is, inhibitors."" The commonly used
organic inhibitors include, but are not limited to, carboxylic
acids (e.g., polyacrylic acid (PAA),"> polyepoxysuccinic acid
(PESA)," and polyaspartic acid (PASP)"*), phosphonic acids
(e.g., amino trimethylene phosphonic acid (ATMP),"* 2-phos-
phonobutane-1,2,4-tricarboxylic acid (PBTCA),"® and diethyle-
netriamine pentamethylene phosphonic acid (DTPMP)"’), and
sulfonates (e.g., polystyrene sulfonate (PSS)'®).

As discussed in detail in our previous review article,"®
inhibitors can restrain scale deposition by influencing one
or multiple stages of CaCO; crystallization, ranging from the
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aggregation of prenucleation clusters (PNCs), formation of
amorphous CaCO; (ACC) particles, and crystallization of ACC
to the growth of crystals. Notably, the anti-scaling performance
of an inhibitor is largely determined by the type, concentration,
and arrangement of the functional groups within the polymer
structure.’® In titration experiments conducted by Verch
et al.,>" carboxylate groups were found to possess a stronger
affinity toward Ca*>" than sulfonate groups in aqueous solu-
tions, so the carboxylate-containing additive PASP can reduce
the concentration of free Ca®* ions involved in CaCOj; crystal-
lization to a greater extent and therefore manifests a stronger
inhibiting effect on scale deposition than the sulfonate-
containing additive PSS. Li et al.® employed scanning electron
microscopy (SEM) to observe the crystal structure of scale
deposits in both the presence and absence of inhibitors. They
discovered that the carboxylate-containing additive PAA exhibits
a rather insignificant effect on the surface structure of CaCO;
crystals, while the phosphonate-containing additives PBTCA and
DTPMP fully open the crystal layers and effectively retard the
growth of CaCO; in a three-dimensional direction. Cui et al**
synthesized a terpolymer scale inhibitor incorporating carboxylate,
sulfonate, and amide groups and proposed that the synergistic
effects of multiple functional groups in the polymer structure are
beneficial in improving inhibition efficiency.

Although exceptional progress has been made in experi-
mental techniques for evaluating the anti-scaling performance
of inhibitors, the cardinal fact that one has to acknowledge is
that the discovery of new inhibitors still relies on the labor-
intensive “trial-and-error” paradigm, which consumes too
much time and resources. In the past two decades, with the
rapid development of computing facilities, there have been
major advances in computer simulation, which plays a momen-
tous role in providing atomic-level insights to uncover the
physical mechanisms underlying the convoluted phenomena
and thus exhibits remarkable potential to offer suggestions for
the continuous development of more effective scale inhibitors
in the industry.

To the best of our knowledge, the earliest attempt that
employed atomistic simulations to investigate the inhibiting
effects of organic additives on CaCO; formation was the classi-
cal molecular dynamics (MD) studies conducted by de Leeuw
and Cooper.”*>® They used a combination of three empirical
potential models to describe the interatomic interactions in the
system: the model by Pavese et al.>® for CaCO; crystals, the
consistent valence force field (CVFF)*” for organic molecules,
and the water potential model by de Leeuw and Parker.”® Based
on an analysis of the adsorption properties of a selection of
organic molecules on calcite surfaces, they suggested that
carboxylic acids can block the active growth sites of CaCO;
crystals, reduce the direct contact between surfaces and solu-
tions, and thus retard crystal growth. Duchstein et al.>® utilized
the assisted model building and energy refinement (AMBER)
force field*® for the organic part and performed MD simula-
tions to examine the dynamic interaction modes of carboxylate-
and phosphonate-containing additives with PNCs. Their findings
revealed the significance of scale inhibitors as “surfactants” in the
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initial stage of CaCO; formation, reducing interactions among
PNCs, restraining their aggregation, and delaying the formation of
ACC. Recently, Schuitemaker et al.*" developed and characterized
a new polarizable model for both calcium carbonate and organic
functional groups (carboxylate and ammonium) in water based on
sophisticated electrostatic treatment within the atomic multipole
optimized energetics for biomolecular application (AMOEBA)
force field.*> Compared with conventional rigid-ion (RI) models,
not only the thermodynamics but also the solvation structures
around the species are improved. Although numerous force fields
have been proposed in MD studies to evaluate the effects of
organic inhibitors on CaCO; precipitation, the applicability of
these models is severely restricted to chemical environments
intended for parametrization. With the ever-growing complexity
of the investigated problems, some degree of compromise
between accuracy and transferability is inevitable.*

Compared with classical MD, quantum-mechanics-based
density functional theory (DFT) describes interatomic interac-
tions by directly solving the time-independent Schrodinger
equation, thereby providing accurate and consistent predic-
tions for chemical systems without relying on empirical data.
Saharay et al.>* examined the interactions of Ca®>" and CO;>~
with representative amino acid functional groups, including
guanidinium, acetate, acetic acid, and ethanol, in the gas
phase. Delgado et al.*®> and Dooley et al.>® incorporated implicit
solvation models into their DFT studies and successfully repro-
duced the solvation structures of Ca®* and CO;>". Lopez-
Berganza et al.’>” and Di Tommaso et al.*® explored the struc-
tural and energetic properties of CaCO;(H,0), and CaHCO;(-
H,0)," clusters, respectively, advancing the understanding of
ion association behaviors in the initial stage of CaCO; nuclea-
tion. Unfortunately, no DFT study has evaluated the interaction
strength between Ca>" and anionic groups in aqueous environ-
ments. Despite the broad application of DFT, it is worth noting
that this method is fundamentally static because it computes
the energies and forces for fixed configurations and cannot
capture the real-time evolution of microstructures under spe-
cific conditions.

Recently, the ab initio molecular dynamics (AIMD) method
has emerged as an appealing alternative for overcoming the
intrinsic limitations of both classical MD and static DFT
calculations.®® On the one hand, interatomic interactions are
determined using DFT, which goes beyond the feasibility of
empirical models. On the other hand, atomic trajectories are
generated by integrating Newton’s laws of motion, which
enables the analysis of dynamical properties. In particular, in
recent studies,*® AIMD simulations were combined with some
enhanced sampling methods, e.g., umbrella sampling (US)*!
and metadynamics (MetaD),** to study the thermodynamics
and kinetics of chemical reactions and material processes.
Henzler et al*® employed US in their AIMD simulations to
construct potentials of mean force between Ca>* and carbonate
species (CO;>~ and HCO; ). Li et al** utilized a two-
dimensional set of collective variables characterized by the
coordination number in their ab initio MetaD simulations to
monitor the association processes of calcium silicate aqua
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complexes. In studies conducted by Gale and co-workers,*>*
ab initio MetaD simulations were carried out to calculate the
ion-pairing free energy profiles between Ca** and either carbo-
nate species (CO;>~ and HCO; ) or SO,>". Notably, there are
also some issues associated with AIMD, including the charge
delocalization error induced by exchange-correlation func-
tionals*® and the limited time and length scales due to high
computational costs. However, integrating the AIMD results
with those from MD, DFT, and experimental studies can facil-
itate a more comprehensive understanding of the interactions
between Ca”>* ions and organic-scale inhibitors in aqueous
solutions.

In this study, we first carried out static DFT calculations to
examine the pairwise interactions between Ca®" and organic
scale inhibitors in implicit solvents. Given that the majority of
inhibitors, including carboxylic acids,”” phosphonic acids,*®
and sulfonates,*’ exist in deprotonated forms in slightly alka-
line environments, where the formation efficiency of CaCO;
reaches its maximum,*® we opted to use acetate (CH,CO,,
ACE"), mesylate (CH3SO;~, MES™), and two methylphospho-
nates (CH;PO;>”, MP*>~ and CH;PO;H™, MP™) as the basic
units representing the functional groups within the polymer
frameworks of organic inhibitors. Hereafter, using AIMD simu-
lations and the MetaD method, we obtained the Helmholtz
free energy surfaces for ion pairing, calculated the activation
barriers for separating the contact ion pairs, and analyzed the
dynamic structures of the ion complexes in real aqueous
environments. The discussion of the association behaviors
of calcium-organic ion pairs has provided new insights into
the functional mechanisms of organic inhibitors on CaCO;
formation.

2. Computational methods

Pairwise interactions were investigated using the quantum
chemistry package Gaussian 16.>' All structures were fully
optimized at the level of B3LYP/def2-TZVP>>>? with the DFT-
D3 dispersion correlation.>* Vibration frequency analyses were
performed to ensure that the obtained stable minima had no
imaginary frequencies. Based on the optimized geometries,
single-point energies were calculated within the framework of
the expensive ®B97X-D functional® and the def2-QZVPP basis
set>>® of the quadruple zeta quality. At such a high level of
theory, the influence of the basis set superposition error (BSSE)
can be neglected, as recommended in previous studies.’®™>®
In addition, the implicit solvation model based on solute
electron density (SMD)>° with the water parameter (¢ = 78.4)
was used to depict the solvation status. As utilized in the
parametrization of SMD, the solvation free energies of all
species were calculated at the level of M05-2X/6-31G(d).**°"
The binding free energies between Ca** and various anions
were calculated following Scheme S1 and eqn (S1)—(S6). Please
refer to Section S1 of the SI for more details.

Hereafter, the optimized stable complexes, ie., aqueous
Ca**-C0;%", Ca®"'-HCO;™, Ca**-ACE™, Ca*'-MP>", Ca*'-MP",
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and Ca’’-MES™ ion pairs, were selected as candidates for the
explicit solvation model in further AIMD simulations to explore
their association behaviors in real aqueous environments.
All the AIMD simulations reported in this work were carried
out using the CP2K/quickstep package®®®® with a mixed
Gaussian and plane wave (GPW) approach.®* The generalized
gradient approximation (GGA) proposed by Perdew, Burke, and
Ernzerhof (PBE)®® was applied to describe the exchange-corre-
lation energy functional. Grimme’s DFT-D3* dispersion corre-
lation was used to depict the van der Waals interactions. Core
electrons were described using Goedecker-Teter-Hutter (GTH)
pseudopotentials.®®®® For valence electrons, a DZVP-MOLOPT-
SR-GTH basis set®* was chosen for real space representation, and
plane waves up to a cutoff energy of 500 Ry were employed to
expand the electron density in reciprocal space. Brillouin zone
sampling was performed only at the I™-point.

In CP2K, periodic boundary conditions (PBCs) are employed
to approximate an infinite system using a finite unit cell.
However, if the investigated system carries a net charge, the
long-range Coulomb interactions between the cell and its
periodic replicas become divergent.®® To address this issue, a
uniform background charge, often referred to as a “jellium”
background, was introduced to neutralize the net charge,”®
enabling charged systems, such as the aqueous Ca*>*~HCO;",
Ca®>*~-ACE™, Ca®>*~-MP~, and Ca®>'-MES™ pairs in this work, to be
studied within the periodic framework. In contrast, Gaussian
16 treats the system as an isolated finite molecule without
applying PBCs, thereby avoiding divergence of the electrostatic
energy. The change in the total charge is implemented by
adjusting the number of electrons in the system and construct-
ing the corresponding spin state. In Section S2, we discuss the
influence of the system charge on the calculated results.

In AIMD simulations, the initial structures of bulk aqueous
systems were constructed by randomly solvating an optimized
ion pair in a 14.41 x 14.41 x 14.41 A® periodic cubic box with
100 water molecules (for a density of 1 g cm™ %) using the
PACKMOL code.”’ Energy minimization was first performed
to optimize the initial structures. Hereafter, the AIMD simula-
tions were carried out within the isothermal-isochoric (NVT)
ensemble at 330 K for 270 ps, where the last 240 ps run was
used for the statistical analysis. As suggested by previous
studies,”®”’* elevating the temperature by ~30 K is an econom-
ical and effective approach that mitigates the over-structured
description of liquid water by GGA functionals and mimics the
real properties of aqueous solutions at room temperature.
During AIMD, the time step for the integration of the equations
of motion was set to 0.5 fs. A three-chain Nosé-Hoover
thermostat’>”” was used to regulate the temperature with a
coupling constant of 100 fs.

The well-tempered MetaD method’® was combined with
AIMD simulations to accelerate the sampling of the configu-
ration space. In MetaD, a chemical reaction or material process
can be represented by a set of carefully selected geometric
parameters, typically referred to as collective variables (CVs).
During the simulation, the bias potential is constructed by
periodically depositing Gaussian hills along the CVs, which
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forces the system away from the traps and drives it toward
unexplored regions of the energy landscape. Once the CV space
is sufficiently sampled, the accumulated bias potential with its
sign inverted provides an estimate of the free energy surface
(FES). In this study, we used the distance d between the Ca>*
ion and the central atom of the anionic group (C for CO5>",
HCO; ", and ACE™; P for MP>~ and MP; and S for MES ™) as the
CV to investigate the thermodynamics of ion pairing. As sug-
gested in previous studies,"*’°®' the interionic distance d
provides a physically unambiguous descriptor for distinguishing
the bidentate, monodentate, solvent-shared, and dissociated
states of an ion pair. In the resulting FES, as a function of d,
the depths of the local minima quantify the stability of each state,
while the swells between neighboring minima indicate the reac-
tion barriers along the corresponding pathways. The Gaussian
hills were deposited every 60 time steps (30 fs) with an initial
height of 2.5 k] mol™*, a width of 0.1 A, and a bias factor of 6. A
quadratic upper wall with a force constant of 500 k] mol™* nm >
was introduced at d = 6.2 A in all systems to prevent the
exploration of distances beyond half the box length. The time
evolutions of CV during the whole simulation time and the
convergence tests for FESs are shown in Section S3 of the SI

In addition, we utilized a two-dimensional set of CVs char-
acterized by the coordination number (CN) to monitor the ion
association processes. Notably, the CVs defined here were used
only for analysis and not for constructing the bias potential.
CN(Ca-0,) is the coordination number of the Ca*" ion with
O atoms from anionic groups, while CN(Ca-0O,,) is the coordi-
nation number of the Ca** ion with O atoms from water
molecules. As defined in the PLUMED plugin,®* CN has the
following expression:

2
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where r; represents the distance between atoms 7 and j; d, and
ro denote the central value and acceptance distance of the
switching function s, respectively; and  and m are two tunable
exponents that control the curvature of the function. Here, we
used the same parameter settings from previous literature,'®***3
in which d, and r, are 2.42 and 0.4 A, and n and m are 6 and 12,
respectively. Information for CNs was generated every 30 fs,
yielding 8000 sets of data for each system during the 240 ps
production run. The heat maps of the CNs are shown in
Section 3.3.

3. Results and discussion

3.1. Pairwise interactions

We first investigated the pairwise interactions between the Ca**
ion and either the carbonate species (CO;*~ and HCO;") or
the functional groups of organic scale inhibitors (ACE™, MP”~,
MP~, and MES™) in implicit solvents. The structures and
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energetics of the ion complexes were explored by initiating
simulations with a number of starting geometries in which the
anionic groups were placed around Ca** via a monodentate
or bidentate binding mode. Hereafter, twelve explicit water
molecules were introduced into the systems using the
PACKMOL code’" to generate solvation shells around ion pairs.
As reported in previous studies,>*®® such a mixed explicit/
implicit solvation method captures both local and bulk solvent
effects and thus enhances the accuracy of thermodynamic
properties. In Section S4, we discussed the influence of the
number of explicit water molecules on the binding free energy.
The most stable configurations of all aqueous calcium-anion
complexes after optimization are illustrated in Fig. 1(a)-(f),
while the corresponding atomic coordinates are included in
Table S1. The structural and energetic information of several
representative, less stable calcium-anion complexes is dis-
played in Table S2.

Table 1 summarizes the binding free energies of the contact
ion pairs. The calculated results agree well with the existing
experimental and theoretical data from previous studies (see
Table 1), indicating the accuracy achieved in our calculations.
Generally, a more negative binding free energy is associated
with a stronger interaction. Hence, among four organic func-
tional groups, Ca** ion prefers to bind MP*>~ with the lowest
binding free energy of —14.0 k] mol ", followed by ACE~, MP~,
and MES™ ions of —6.2, —5.3, and +4.4 k] mol ', respectively.
For the Ca®"~ACE™ pair, Ca®" is coplanar with the COO™~ group
and coordinates with the carboxylate O in a bidentate mode.
For MP*>~, MP ™, and MES™ ions that contain a trigonal pyramid
-XO3(H) (X = P, S) structure, even if the phosphonate or
sulfonate group is placed in a bidentate coordination with
Ca®" in the initial setup, one O atom from anions is detached
from Ca*>* during the energy minimization, forming the mono-
dentate binding mode in the end.

To ascertain the competition among carbonate species and
organic inhibitors for interactions with Ca®", we examined the
binding of CO;>~ and HCO; ™ ions to Ca®", as shown in Fig. 1(a)
and (b), respectively. Relative to the HCO;™ ion, three organic
functional groups, including MP*~, ACE™, and MP~, exhibit a
stronger or comparable affinity to Ca®>", indicating the potential
capacity of these groups as Ca-trapping agents in near-neutral
environments where HCO;  dominates the carbonate
species.”® With the binding of Ca®" to organic inhibitors, fewer
ions are involved in PNC formation, and the crystallization
process is therefore retarded. In contrast, the positive binding
free energy for the Ca**-MES™ pair demonstrates that the
association of the sulfonate group with Ca®>" is energetically
unfavorable in aqueous solutions. This is one of the reasons
that the sulfonate-containing additive PSS cannot practically
reduce the concentration of free Ca>* ions in carbonate buffer,
as observed in the titration experiments by Verch et al.**

With increasing solution pH, CO;*>~ ion gradually domi-
nates the carbonate species.” In this case, the binding energy
of the Ca®>*~C0O;>~ pair reaches —17.0 k] mol ', and all inter-
actions between Ca®" and inhibitors lose their advantages. This
finding can explain the diminishment in the anti-scaling
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Fig. 1 The most stable configurations of aqueous (a) Ca®*—CO3?~, (b) Ca>*—HCO3~, (c) Ca®**—~ACE", (d) Ca®*-MP?", (e) Ca®*-MP~, and (f) Ca®* ~MES"~
ion pairs.

performance of organic inhibitors in alkaline environments.’*
However, since a substantial portion of the phosphonic acids
exist as the fully deprotonated form (-PO;>~) at high pH*® and
Ca”" displays a stronger affinity toward MP>~ than MP~ with a
lower binding free energy, the Ca-trapping capacity of the
phosphonate-containing inhibitors can be maintained to a
greater extent. As evidenced by the experiments by Yao
et al.,’® the inhibition rate of the carboxylate-containing addi-
tive PAA decreases by 21%, while the phosphonate-containing
additive PBTCA merely decreases by 6% in the pH ranging from
5 to 10.

Moreover, in Section S6, we performed an analysis of the
charge density difference to estimate the bonding strength
between Ca®>* and the anionic groups. Combining the values
of binding free energy in Table 1 with the results of the charge
density difference in Fig. S4-S6, one can notice that stronger
calcium-anion interactions typically result in enhanced stabi-
lity. The only exception is the Ca>*~MP~ pair, which exhibits a
stronger Ca-O bonding strength but less negative binding free
energy in comparison with the Ca®>*~HCO;~ pair. We attributed

Table 1 Binding free energies (kJ mol™?) for contact ion pairs compared
with previous experimental and theoretical data

Ion pair This work Exp. Theor.

ca®*-co,>~ -17.0 ~19.0%, —18.0° —20.3%, —17.3%, —12.5¢
Ca’*-HCO;~ —8.1 -6.2%, —7.5 —-11.3% —8.0¢
Ca**-ACE~  —6.2 —4.4 to —7.15, —3.2" —9.5), 8.0/
Ca®?*-MP*~ —14.0

Ca’*-Mp~ —5.3

Ca**-MES™ +4.4

“ Ref. 87.° Ref. 88. ° Ref. 89. ¥ Ref. 46. ° Ref. 81./ Ref. 90. ¢ Ref. 91.
" Ref. 80. " Ref. 92.7 Ref. 31.
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this phenomenon to differences in the geometries of the
functional groups. Compared to the planar (bi)carbonate or
carboxylate, the attachment of the trigonal pyramidal phospho-
nate group with Ca** squeezes the living space of water mole-
cules in the first solvation shell of Ca®* and thus weakens the
stability of the contact ion pair. The bulky structure of the
phosphonate group also restricts its coordination with Ca*".
For the Ca®>*~MP?>~ pair that exhibits stability second only to
Ca*'-C0;%", the monodentate state is favored over the more
tightly coordinated bidentate state.

3.2. Free energy profiles

After analyzing the pairwise interactions from the static DFT
calculations, we performed ab initio MetaD simulations with
explicit water molecules to investigate the thermodynamics of
ion pairing in real aqueous solutions. Fig. 2 shows the free
energy profiles as a function of ion separation for all systems.
The free energy minima, or shoulders, at calcium-anion dis-
tances of approximately 3 and 3.5 A correspond to the bidentate
and monodentate binding modes of ion complexes, respec-
tively. The activation barriers for the decomposition of the
contact ion pairs are shown in Table 2.

For the Ca®>~CO;>" system, the bidentate configuration is
4.5 k] mol ', which is preferred over the monodentate counter-
part. For the Ca>*~HCO;~ system, the Ca®>" ion favors coordi-
nating with only one O atom from HCO; ™, which is consistent
with the findings displayed in our static DFT calculations.
According to the simulation results presented in Table 2, the
total activation barrier for separating the contact Ca**-CO;>~
pair reaches 20.9 kJ mol ™", which is 8.0 k] mol™" higher than
that of the Ca**~HCO;™ pair. Therefore, we can predict that
CO;>  exhibits a stronger affinity to Ca®** compared with

This journal is © the Owner Societies 2026
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(c) Ca®*—ACE™, (d) Ca**-MP?~, (e) Ca®*—MP~, and (f) Ca®*—MES™ system:s.

Table 2 Activation barriers (kJ mol™) for the decomposition of contact
ion pairs in aqueous solutions

Force field

Ion pair This work  AIMD RI AMOEBA ML
ca?’-Co,2~  20.9 16.39, 10-16%, 16° 189 25° 20°
Ca’*-HCO;~ 12.9 13.4% 167 10°

Ca?’-ACE~  16.8 14°, 19 155 21%

Ca*'-Mp*~ 17.2

Ca**-MP~ 11.5

Ca®>"-MES™ 5.7

@ Ref. 43. ? Ref. 46. © Ref. 81. ¥ Ref. 97. ¢ Ref. 98./ Results for the Ca**-
HCOO™ ion pair from ref. 79. ¢ Ref. 31.

HCO; ™, leading to the formation of a more stable precursor
phase in the prenucleation stage, which benefits subsequent
CaCO; nucleation. This finding is consistent with the experi-
ment of Andritsos and Karabelas,”® who reported that an
increased CO,> concentration in the pH range of 8.8-10
promotes CaCO; scale deposition from 2 to 12 mg cm™ > after
a2 h run.

However, when comparing the results between the present
work and previous AIMD studies, one notices that there are
some clear differences, even though all calculations were
performed using a similar-sized box. Henzler et al.** proposed
that both the CO;>~ and HCO;~ ions favor coordinating with
Ca”" in a bidentate manner. This viewpoint is not completely
consistent with our findings because the monodentate state of
the Ca®*~HCO;  pair is effectively a point of inflection in our
calculations. Although the lowest-energy configuration is
debated, their study also reported a higher activation barrier
for separating the Ca®>-CO,;>~ pair than for the Ca**~HCO;~
pair (16.3 k] mol " vs. 13.4 k] mol™"). This suggests that we are
consistent with each other on the most essential conclusion; for
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example, CO;>~ ion exhibits a stronger affinity to Ca®>" com-
pared with HCO; ™. Scrutinizing the computational methodo-
logy, it is evident that the primary difference lies in the system
temperature. Henzler et al.** used a temperature of 300 K, while
in this study, we elevated the temperature to 330 K to mitigate
the over-structured description of liquid water by GGA func-
tionals. Here, the “over-structured” behavior indicates that the
hydrogen-bond network described within the GGA framework
is more persistent and less flexible than in real liquid water.
Therefore, if Henzler et al. initialized the Ca**~HCO; ™ pair in a
bidentate configuration, the overly strong hydrogen-bond net-
work may restrict the structural evolution of the contact ion
pair and result in an underestimation of the free energy at this
state. Compared with implementing expensive meta-GGA or
hybrid functionals, elevating the temperature by ~30 K is an
economical and effective approach that mimics the real proper-
ties of aqueous solutions at room temperature.

Notably, system temperature is merely one of the factors that
can potentially affect AIMD results. In the ab initio MetaD
simulations conducted by Raiteri et al.,*° the free energy land-
scape at 330 K suggests that the monodentate state of the
Ca®*-C0;”" pair is ~1 k] mol~ " more stable than the bidentate
state, which is different from both our results and those of
Henzler et al.*’ This discrepancy is partly due to the selection of
CVs. Raiteri et al.*® employed a two-dimensional set of CVs
characterized by the calcium-anion distance and the coordina-
tion number of calcium by water to monitor ion pairing.
Although this setup considers various solvation structures of
ion pairs at the same distance, offering deeper insights into the
ion association processes in theory, it poses additional chal-
lenges for the convergence of MetaD calculations. Notably,
uneven sampling of different solvation structures within the
same binding mode may influence the determination of the
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lowest-energy configuration. In the present study, we utilized
the calcium-anion distance as the sole CV to provide an overall
assessment of the stability of the monodentate and bidentate
states. In a more recent study, Piaggi et al.®! utilized the same
one-dimensional CV and obtained similar results to ours; that
is, the bidentate configuration is the most stable state for
the contact Ca**~-CO;>~ pair. Apart from the parameter set in
MetaD, some intrinsic weaknesses of the DFT method, such as
the charge delocalization error induced by GGA functionals,
have also been reported to affect ion association behaviors.*®
Given the systematic errors associated with AIMD simula-
tions, it is reasonable for researchers to question whether the
classical MD method, which utilizes a carefully parametrized
force field, is a better choice for investigating the association
behaviors of ion pairs. The MD method exhibits a striking
advantage in computational speed, allowing the configuration
space to be fully sampled within a sufficient simulation time.
In addition, AIMD simulations can be performed only in small
periodic cells. Even at the farthest calcium-anion distance
considered in our simulations (~6 A), the ion pairs are not
completely dissociated but exist in a solvent-shared state.
Hence, AIMD simulations are incapable of mimicking the
entire ion association process, as is carried out in MD simula-
tions. However, it is worth noting that the quality of MD
simulations is largely determined by the accuracy of the applied
force field. In the case of the Ca®>*~CO,>~ pair, the polarizable
AMOEBA force field*® suggests that bidentate coordination is
more stable than its monodentate counterpart. In the conven-
tional RI force field,”” the opposite order of stability is offered
with a weaker minimum for the bidentate binding arrange-
ment. Overall, our findings are more consistent with those
obtained from the AMOEBA force field although the activation
barrier for separating the contact Ca>*~CO,”~ pair provided by
this model is ~4 k] mol~' higher than our result. In 2025,
Piaggi et al.®" developed a new force field based on advanced
machine learning (ML) technology. In this model, the activa-
tion barrier for separating the Ca®>~C0O,>~ pair was corrected to
20 kJ mol™', closely aligning with our result of 20.9 k] mol .
Based on the aforementioned discussion, it can be con-
cluded that there is no perfect approach for studying ion-
pairing thermodynamics in aqueous solutions. The selection
of the simulation method largely depends on the problem
being investigated. In this study, we aim to devise a simple
strategy for screening organic functional groups with excellent
Ca-trapping capacity to offer suggestions for the development
of effective scale inhibitors in the industry. Therefore, con-
structing a reliable and transferable force field that encom-
passes all organic functional groups in CaCO; solutions is
unrealistic and uneconomical for us. In this case, we must
use some general-purpose force fields to describe the calcium-
organic interactions in MD simulations. A study by Kahlen
et al.®® has certified that the general-purpose force fields are far
from accurate in describing the ion-pairing thermodynamics,
resulting in a deviation of ~30 k] mol~" on binding free energy
for the Ca**~ACE™ pair. In view of this, the AIMD method is a
more practical choice for us. Integrating the ab initio results
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with available MD and experimental studies can facilitate a
more comprehensive understanding of the calcium-anion
interactions. Actually, the main concerns regarding the ab initio
MetaD simulations mainly focus on areas with calcium-anion
distances above 5 A,*® where the rapidly expanding configu-
ration space cannot be fully sampled within the limited time
scale of AIMD simulations. However, as shown in Fig. 2, both
the lowest energy states of the contact ion pairs and the
transition states during the ion separation process are located
in the area with calcium-anion distances below 4.5 A. There-
fore, the derived activation barriers should be reliable. Notably,
the small peaks or minima observed at larger calcium-anion
distances on free energy profiles should be considered numer-
ical artifacts arising from insufficient sampling rather than
specific configuration states. In Section S7 of the SI, we
conducted three independent ab initio MetaD simulations for
the Ca’’-CO;*>~ system, each starting from distinct initial
structures, to confirm the consistency of our calculations
within the given methodological framework.

Next, we studied the ion-pairing thermodynamics of Ca®*
with organic functional groups in aqueous solutions. For the
Ca®*-ACE~ system, the bidentate configuration is found to
be 1.5 k] mol™" preferred over the monodentate counterpart.
The nearly equal stability between bidentate and monodentate
configurations aligns well with the findings presented in
the AIMD study of Mendes de Oliveira®® although they
reported that the monodentate configuration is ~1 kJ mol™*
favored. Moreover, the activation barrier for separating the
Ca®>'-ACE™ pair is predicted to be 16.8 k] mol*, which falls
within the range of results obtained from previous studies
(14-21 kJ mol ").*"7%% Notably, this value is 3.9 kJ mol*
higher than that of the Ca**~HCO;™ pair, indicating that the
carboxylate group exhibits a potential calcium sequestration
ability in near-neutral environments. However, as the CO3*~
ion exhibits a stronger affinity to Ca** than ACE ™, with a higher
separation barrier of 20.9 kJ mol ', an increase in the concen-
tration of CO;>~ at alkaline pH diminishes the inhibition
efficiency of carboxylate-containing additives.

Additionally, for phosphonate and sulfonate groups that
contain a trigonal pyramid structure, their association with
Ca”" favors the monodentate binding mode. The bidentate
state in Ca®*-MP?>~ and Ca>*-MP~ pairs are still local free
energy minima, which are separated by small activation bar-
riers of 3.6 and 0.5 k] mol ™", respectively. However, for the
Ca®*-MES"~ system, the bidentate state essentially becomes a
point of inflection rather than a distinct minimum. Regarding
the decomposition processes, the activation barrier for separ-
ating the contact Ca**~-MP™ pair is only 11.5 k] mol ', which is
1.4 kJ] mol™' lower than that in the Ca®~HCO;  system.
Combining the less negative binding free energy between
Ca*" and MP~ shown in Section 3.1, we can confirm that the
phosphonate group is actually a substandard Ca-trapping agent
at near-neutral pH, whose affinity to Ca®>* has no obvious
advantage compared with HCO; ™. This finding provides crucial
evidence in support of the viewpoint of Duchstein et al.,”
where they proposed that the inhibiting effect of the
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phosphonate-containing additives is mainly achieved by stabi-
lizing the prenucleation phases in the initial stage of CaCO;
formation, which is independent of a strong calcium seques-
tration ability. Although the strong interaction between Ca** and
MP?>~ enhances the decomposition barrier to 17.2 k] mol ™,
it is still 3.7 k] mol " lower than that of the Ca**-CO5>~ pair.
For the Ca®>’~MES™ system, the free energy profile illustrates
that the Ca®>" ion favors keeping a distance from MES™. Any
contact ion pairs, whether following the monodentate or
bidentate binding mode, are energetically unfavorable in aqu-
eous solutions. Although ab initio MetaD simulations exhibit
limited accuracy in calculating the free energy of states where
the calcium-anion distances exceed 5 A, such a special phe-
nomenon is sufficient to demonstrate the lability of the contact
Ca**-MES™ pair. Even if minor amounts of ion pairs can be
formed occasionally, it is effortless to separate them with a
decomposition barrier of 5.7 k] mol . As shown in Table 2, this
value is the lowest among all ion pairs considered, indicating
that the Ca**~-MES™ pair is almost impossible to form in the
presence of carbonate species in aqueous solutions. This find-
ing is supported by the crystallization experiments by Verch
et al.,>* who estimated the amount of free and bound Ca*" ions
in solutions by means of a Ca®>"-ion selective electrode and
discovered that only 0.04 Ca** ions are bound per sulfonate group
in the presence of a carbonate buffer. In contrast, one carboxylate
group can adsorb 0.21 Ca** ions in the same environment,
demonstrating a stronger calcium sequestration ability.

3.3. Structural analysis

During ab initio MetaD simulations, we utilized a two-
dimensional set of CVs characterized by CN(Ca-O,) and
CN(Ca-0Oy,) to monitor the solvation structures of all ion pairs
in real aqueous environments. The probability distributions of
CNs and the configurations of the representative states on
the heat maps are illustrated in Fig. 3. The coordinates of each
state are presented in the form of (CN(Ca-O,), CN(Ca-Oy)).
As depicted in Fig. S8, the spatial distributions of Ca®>" around
the anionic groups illustrate the effect of the anion type on the
binding mode of the ion pair.

At CN(Ca-0,) equals 0, the Ca®" ion tends to be surrounded
by several water molecules to form the hydrated Ca(H,0),>"
(n = 5-7) clusters, wherein the six-coordinated (0, 6) states with
a nearly octahedral symmetry are commonly regarded as the
starting points for the association processes of all ion pairs. For
carbonate species and the carboxylate group that possess a
planar structure, as shown in Fig. 3(a)-(c), their association
with Ca** is initiated by introducing one O atom from anions
into the first solvation shell of Ca*". After going through the
seven-coordinated (1, 6) states, the systems reach (1, 5) with one
water molecule detached from Ca*', and the total coordination
number returns to six. Moreover, since the occurrence prob-
ability of (1, 5) is higher than that of (1, 6), the seven-
coordinated (1, 6) states with distorted pentagonal bipyramidal
structures serve as intermediates of the association processes.
Therefore, the formation of the contact Ca®>*-C0O,>~, Ca*>*-HCO,; ",
and Ca**-ACE~ pairs with the CN(Ca-0,) value increasing from
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0 to 1 can be simplified as a water-anion exchange process,
which follows an associative ligand substitution mechanism.
The derived formation process of the Ca®>*~CO;>~ pair agrees well
with the findings presented in the AIMD study carried out by
Raiteri et al.*® Hereafter, the Ca** ion can connect with the second
O atom from the anionic groups to form the bidentate binding
arrangement at CN(Ca-0,) equals 2. In particular, for Ca**-CO5>~
and Ca**-ACE~ systems, the bidentate configurations are actually
ion complexes that encompass 4-5 water molecules. Notably, for
contact ion pairs, the total coordination number of Ca** generally
falls in the range of 6-7. This result is consistent with previous
AIMD simulations of Ca** in water,”® demonstrating that
the presence of carbonate species and the carboxylate group does
not change the coordination preference of Ca** in its first
solvation shell.

However, for the phosphonate and sulfonate groups, their
association with Ca®>" is much more complicated. As shown in
Fig. 3(d)—(f), the intermediate states (1, 6) almost disappear.
Instead, a large number of transition states emerge in the area
where CN(Ca-0,) and CN(Ca-0,,) vary from 0.5 to 1 and from
5.5 to 6, respectively. Based on the analysis of the dynamic
structures of the calcium-organic ion complexes, we primarily
ascribed this difference to the varying geometries of functional
groups. Compared to the planar (bi)carbonate/carboxylate, the
attachment of the trigonal pyramidal phosphonate or sulfonate
group with Ca®>* undoubtedly disrupts the symmetry of the
coordination structure to a greater extent. To accommodate the
bulky phosphonate or sulfonate, the Ca>* ion at (0, 6) has to
simultaneously liberate one water ligand to prepare ample room
for ion association. More interestingly, the formation of the
contact ion pairs can potentially follow the dissociative ligand
substitution mechanism. In other words, the Ca*" ion discards
one water ligand at first and coordinates one anion O afterward to
keep the total coordination number no more than six. Actually, it
has been reported that the release of water ligands from the metal
ion’s solvation shell can increase the translational and rotational
degrees of freedom of water molecules and, therefore, enhance
the entropy of the system.®®°° As proposed by Byrne et al.,*> such
entropic terms drive the association of ions.

Structural analysis of ion complexes can also be used to
explain why the phosphonate group fails to serve as a qualified
calcium sequestration agent. In real aqueous environments, as
the MP?>~ or MP~ ion approaches Ca>* and connects with it via
bridging oxygen, the remaining -O or -OH moiety of the
phosphonate group strongly squeezes the living space of water
molecules in the first solvation shell of Ca** and even compels
the Ca®>" ion to release more water ligands to balance the
structure. As shown in Fig. 3(d) and (e), the probability of the
monodentate configurations encompassing 4-5 water mole-
cules increases significantly in comparison with the Ca*'-
CO,;*", Ca**-HCO;, and Ca®>-ACE~ systems, indicating a
decrease in the total coordination number of Ca**. In this case,
the Ca®" ion has a tendency to restore coordination symmetry,
and the stability of the Ca>*~-MP*~ and Ca>*-MP™ pairs is, there-
fore, degraded. For the Ca>~-MES™ system, considering the weak
interaction between Ca*" and MES™ and the bulky structure of the
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Fig. 3 Probability distributions of CN(Ca-0,) and CN(Ca-0,,) for (a) Ca%*-COs>~, (b) Ca®*-HCOs", (c) Ca>*—ACE™, (d) Ca®*-MP?~, (e) Ca®*-MP~, and
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sulfonate group, it is not surprising that the probability of contact
ion pairs is lower than in the other systems.

4. Conclusions

In the current study, we performed static DFT calculations
and ab initio MetaD simulations to systematically explore the

2420 | Phys. Chem. Chem. Phys., 2026, 28, 2412-2424

association behaviors of Ca** ions with either carbonate species
or organic inhibitors in aqueous solutions. Here, we employed
acetate (ACE™), mesylate (MES™), and two methylphosphonates
(MP~ and MP*") as the basic units representing carboxylate,
sulfonate, and phosphonate groups, respectively, within the
polymer frameworks of organic inhibitors.

By analyzing the thermodynamic and structural proper-
ties of the calcium-anion ion pairs, we discovered that the
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Ca-trapping capacity of an inhibitor is determined by two
factors. The first one depends on the strength of the inter-
action. Apparently, a strong interionic interaction is a crucial
prerequisite for the stable existence of an ion complex. The
second one is derived from the geometry of the functional
group. For the carboxylate group, which possesses a planar
structure akin to the carbonate species, its presence has less
impact on the solvation structure of Ca**. The monodentate
and bidentate binding modes have similar stability for the
contact ion pair. However, for phosphonate and sulfonate
groups that contain a trigonal pyramid structure, their asso-
ciation with Ca*" disrupts the symmetry of the coordination
structure and decreases the capacity of Ca®>" for accommodat-
ing O. The monodentate binding arrangement is preferred for
contact ion pairs.

By considering the synergistic effects of these two factors on
ion pairing, we confirmed that carboxylate and phosphonate
groups possess potential calcium sequestration ability, while
the formation of the calcium-sulfonate pair is almost impos-
sible in near-neutral environments, where HCO;~ dominates
the carbonate species. Moreover, since CO;>~ exhibits the
strongest affinity to Ca’*, an increase in the concentration
of CO;>~ from near-neutral to alkaline pH diminishes the Ca-
trapping capacity of all organic functional groups. Because a
substantial portion of the phosphonic acids exist as the fully
deprotonated form (-PO;>7) at high pH and Ca®>" displays a
stronger affinity toward MP*>~ than MP~ with a more negative
binding free energy and a higher separation barrier, the cal-
cium sequestration ability of the phosphonate group can be
maintained to a greater extent compared with the carboxylate
in alkaline environments. Notably, we discovered that all func-
tional groups of organic inhibitors considered in this study
have no obvious advantage for interactions with Ca>* compared
to carbonate species, indicating that Ca-trapping capacity is
perhaps not the dominant factor that directly determines anti-
scaling efficiency. A more comprehensive strategy is needed to
evaluate the overall effects of organic inhibitors on CaCO;
crystallization.

Overall, we provided new insights into the understanding of
the inhibiting effects of organic additives on the initial stage
of CaCO; formation by analyzing the calcium-organic inter-
actions in aqueous environments. However, we must acknow-
ledge the limitations of this ab initio study. First, we neglected
the possible multibody interactions between the dissolved
species in solutions, e.g., the synergistic effects of multiple
functional groups and the interactions between organic inhi-
bitors and larger molecular clusters (PNCs or ACC particles).
Second, due to the limitations of AIMD studies on time and
length scales, the impact of some macroscopic factors on anti-
scaling efficiency (e.g., the concentrations of organic inhibitors)
was not considered. MD simulations based on force field
methods are more adequate for solving these complex pro-
blems. Our calculation results can be utilized as reference data
in future research to accelerate the construction of more
accurate force fields for describing the role of organic additives
in CaCO; crystallization.
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