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a b s t r a c t

Classical molecular dynamics (MD) simulations were performed to study the association of KF and NaF
ion pairs in water in a wide range of temperatures (423e1273 K) and densities (0.10e0.60 g/cm3). The
association constants (KA) derived from the potentials of mean force (PMF) exhibit a rising tendency as
temperature increases or density decreases. The association of NaF is similar to KF under most conditions
but evidently larger at higher temperatures and lower densities. The radial distribution function (RDF)
and coordination number (CN) reveal the characteristics of ion-water microstructures. There is signifi-
cant water clustering near the Kþ/Naþ at high temperatures or low densities. The results indicate that
fluoride ion acts as an important ligand complexing with Kþ/Naþ and promotes their migration and
concentration in hydrothermal fluids.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Fluorine is a common halogen group element in geo-fluids and
it plays important roles in the process of mineralization [1e5].
Many types of deposits, including Iron Oxide-Copper-Gold (IOCG),
Iron Oxide-Apatite (IOA), Tin, and REE deposits, are found to have
high concentration of fluorine [6e11]. In hydrothermal fluids,
fluoride ions can form a series of complexes with many cations,
such as Mg2þ, Fe3þ, Ca2þ, Al3þ, Naþ and Kþ. The complexation is
considered as an important approach to aid the transportation of
fluoride ions [12e14]. In geological environment, abundant Naþ

and Kþ contained in rock-forming minerals are important cations
forming complexes with fluoride ions. Previous experimental ob-
servations also showed that fluorite is more soluble in solutions
containing NaCl/KCl than pure water [15e17]. This phenomenon is
attributed to the formation of fluoride complexes, which dramati-
cally increase the solubility of fluorite, particularly at high tem-
peratures [17]. In electrolyte solutions, the association of charged
ions form the distinct chemical species known as ion pairs [18].
According to the number of layers of water molecules between
charged ions, ion pairs can be divided into contact ion pair (CIP,
contact directly), solvent shared ion pair (SIP, single solvent layer
between two ions) and solvent separated ion pair (2SIP, double
solvent layers between two ions). The molecular-level study of KF
and NaF ion pairs in water is vital to understanding of the proper-
ties of fluoride complexes. Furthermore, elucidating thermody-
namic behaviors of KF and NaF ion pairs at high temperatures is
helpful for understanding the mobility and transport of F in
geological fluids.

Experimentally, ion pair association constant (KA) can be
determined through conductivity or spectrophotometric mea-
surements. Miller et al. reported the KA values of NaF at the
temperatures (288 K, 298 K and 308 K) in marine environment
[19]. Manohar et al. and Usha et al. measured the KA of KF and NaF
at 298 K in a wide range of pressure (1e2000 atm) [20,21]. Franck
et al. obtained the KA values of NaF at 823 K and different water
densities (0.30, 0.50 and 0.70 g/cm3) [22]. Richardson et al. ob-
tained the KA values of NaF at the temperatures (473 K and 533 K)
from curve fitting, but the densities were not mentioned [17].
Lukyanova et al. measured the KA values of NaF at 298 K, 323 K
and 348 K, respectively [23]. However, experimental KA values of
NaF and KF ion pairs at higher temperatures (above 823 K) are
lacking. At different water densities, KA values are incomplete due
to the limits of experimental techniques. For the research in
subduction zone and the lower crust, ion pair KA values of KF/NaF
are urgently needed [24], which is crucial for estimating the
amounts of ion pairs relative to free ions in high-temperature
geological fluids.
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Molecular dynamics (MD) simulation provides a new way to
obtain KA values of ion pairs. MD has been widely applied in the
studies of LiCl, NaCl and KCl ion pairs at supercritical conditions,
e.g., see [25e28] and references therein. Fennell et al. investigated
ion pair interaction of alkali metal fluoride (Liþ, Naþ, Kþ, Rbþ and
Csþ/F�) and calculated the corresponding association constants at
ambient conditions [29]. However, KA values of NaF/KF ion pairs
have not been investigated by using MD at higher temperatures.

In this study, classical MD simulations have been employed to
calculate the potential of mean force (PMF) and KA values of NaF/KF
ion pairs at high temperatures. The microstructures of ion pairs
were characterized in detail by analyzing the MD trajectories. Ion
pair KA values were predicted at a series of temperatures. This study
provides important data for future research on hydrothermal fluids,
which is useful for understanding the transportation and
complexation of fluoride ions with important metal ions in geo-
fluids.
2. Methods

2.1. Model

One ion pair (Kþ/Naþ-Fe) and water molecules were randomly
inserted into a 3D periodic cubic cell. At the ambient conditions,
MD simulation was performed at 298 K and 1.0 g/cm3 with the
system containing 500waterþ 1 K/NaF. At the higher temperatures
(423, 523, 653, 873 or 1273 K), a series of simulations were per-
formed at different water densities (0.10, 0.30 and 0.60 g/cm3) with
the system of 250 water þ 1 K/NaF. The side lengths of simulation
box were calculated from the densities. The detailed parameters of
the systems were provided in Table S1. The initial configurations
were generated by using the Packmol package [30]. Additional
simulations have been performed with systems (including 250
Water þ 1NaF, 500 Water þ 1NaF, 1000 Water þ 1NaF) to examine
the finite-size effects. As shown in Fig. S1, the differences of PMF
profiles between the systems (250 Water þ 1NaF, 500
Waterþ 1NaF) are small enough and the resulting log KA(m) values
are identical, proving that the systems of 250 Water þ 1Na/KF are
big enough for the simulations.
2.2. Classical molecular dynamics simulation

All MD simulations were carried out using the DL_POLY 4.09
package [31]. In this study, the SPC/E water model [32] was
employed, which has been widely used in aqueous solution sys-
tems [33e36]. The previous studies have confirmed that SPC/E
model describes well its liquid-vapor coexistence curve, provides
better diffusive properties and reproduces good dielectric constants
at supercritical conditions [37e39]. The potential models of Dang
[40] and Smith and Dang [41] were used for Kþ/Naþ and F� ions.
The parameters were summarized in Table S2. As Chialvo
mentioned [25], the Smith and Dang models are specially param-
etrized for SPC/E water model. Smith and Dang models with SPC/E
water model have been successfully used for calculating properties
of alkali metal halide in supercritical water [25e27]. The previous
work [26] has confirmed that the derived association constants for
NaCl ion pairs agree well with the experimental results at different
densities within 1 log KA unit at different densities (0.4 g/cm3 and
0.7 g/cm3).

The interaction potentials between water-ion and ion-ion
consist of the Lennard-Jones (LJ) potential and Columbic term as
described in expression (1)
fij ¼4εij
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where fij is the potential energy between the atoms i and j with the
distance rij. sij and εij are LJ parameters. qi and qj are the atomic
charges. Herein, a cutoff radius of 10 Å was set for van der Waals
interaction. Long-range Coulomb forces were handled using the
Ewald sum method with a real-space cutoff of 10 Å and a precision
of 1.0E-6. As shown in Fig. S2a, the resulting PMF with a larger
cutoff of 20 Å is almost the same as that calculatedwith the cutoff of
10 Å. The calculated log KA(m) values are 7.62 ± 0.14 (10 Å) versus
7.55 ± 0.15 (20 Å) indicating that the cutoff 10 Å is big enough for
the simulations. A different Ewald precision (1E-8) was tested. As
shown in Fig. S2b, the same PMF curve was obtained, indicating
that 1E-6 is enough. The SHAKE algorithm was used with a toler-
ance of 1.0E-6 to fix the distance between Naþ/Kþ and F� [42]. For
the rotational motion of rigid-bodies of water, a quaternion
approach was implemented with a tolerance of 1.0E-6 [43]. The
crossing terms of LJ parameters were determined by applying
Lorentz-Berthelot combining rules [44], that is, εij ¼ ffiffiffiffiffiffiffi

εiεj
p and sij ¼

1⁄ 2ðsi þsjÞ. The leapfrog algorithm with a time step of 1.0 fs was
used to integrate the equations of motion. The temperature was
maintained using the Nos�e-Hoover chain thermostat [45,46]. For
each system, the initial configuration was firstly equilibrated for
500.0 ps before the production run was carried out for 2.0 ns.
2.3. Potential of mean force (PMF) and association constant (KA)

The average mean force values f ðrÞ at ion separation r were
calculated using the method of constraint. In each constrained MD
simulation, extra constraint was imposed to fix the two ions at a
distance, ranging from 8.0 to 2.0 Åwith a distance interval of 0.20 Å.
The PMF WðrÞ, in equation (2), was obtained by integrating f ðrÞ
with respect to r.

WðrÞ�Wðr0Þ ¼ �
ðr
r0

f ðrÞdr (2)

Here, r is the distance between the two ions and r0 is the
reference distance. In continuum water medium, the PMF at r0,
Wðr0Þ, was calculated from equation (3), which was regarded as
effective potential at the reference position [26].

Wðr0Þ¼ � e2
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εLJ and sLJ are the LJ parameters of Kþ and Naþ listed in Table S2. ε0
is vacuum permittivity. In this study, r0 was set as 8.0 Å and ε is the
relative dielectric constant of SPC/E water model [38], as listed in
Table S3.

The ion-pair association constants KA, under infinite dilution
conditionwere calculated from the PMFs with equation (4) [25,47]:

KA¼4pNA10
�27

ðrc
0

exp
�
�WðrÞ

kT

�
r2dr (4)

where rc is the cutoff distance distinguishing “free ions” and
“associated ion pair”. NA is the Avogadro constant, k is the Boltz-
mann constant, and T is the target temperature. KA (L mol�1) was
converted into the molarity based association constant KA(m) (kg
mol�1) by multiplying the fluid density r (g/cm3),



Fig. 1. PMFs of KF and NaF ion pairs at ambient conditions.
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KAðmÞ¼KAr (5)

For the calculations of the errors in PMF and KA, we firstly
computed the standard deviations in forces (i.e. f ðrÞ in equation
(2)). The errors in the PMFs were derived from the integration of
Fig. 2. Snapshots at CIP state (a, b), SIP state (c, d) and 2SIP state (e, f) for NaF/KF ion pairs
clarity, only ions and neighboring water molecules are displayed by ball and stick model. H
purple ¼ sodium, orange ¼ potassium and cyan ¼ fluorine.
the standard deviations in f ðrÞ according to equation (3). Then the
errors in KA were obtained by integrating the errors in the PMFs
according to equation (4).

For the determination of rc, there have been two different cri-
terions, KA for CIP or CIPþ SIP, corresponding to the first and second
maximum of relevant PMF curves. Some researchers calculated KA
values by taking only CIP as associated state at ambient conditions
[48,49]. At high temperatures, more studies regarded both CIP and
SIP as associated ion pair because the difference between the two
criterions becomes smaller as temperature increases or solvent
density decreases [25e28]. For instance, the calculated log KA(m)
values in this work for NaF ion pair at 423 K and 0.60 g/cm3 showed
that log KA(m) of CIP þ SIP is only 0.64 logarithm units higher than
that of CIP. Hence in this paper, two criterions of rc for CIP and
CIP þ SIP are adopted for the calculation of KA(m) at ambient
conditions, whereas only rc for CIP þ SIP are adopted to calculate
the KA(m) under high temperature conditions.

3. Results and discussions

3.1. Potential of mean force

At the ambient conditions, three types of ion pairs (CIP, SIP, 2SIP)
were identified clearly on the PMF curves, which correspond to the
positions of the first, second and third local minima, respectively
(Fig. 1). Specific configurations at different associated states were
carefully depicted by the snapshots of NaF/KF ion pairs at 298 K and
1.00 g/cm3 (Fig. 2), which were obtained from the simulation tra-
jectories. In Fig.1, the calculatedminima for NaF ion pair are located
were obtained from constrained MD simulation at T ¼ 298 K and r ¼ 1.00 g/cm3. For
ydrogen bonding is marked with blue dashed lines. Red ¼ oxygen, white ¼ hydrogen,



Fig. 3. The temperature dependence (a) and density dependence (b) of NaF PMF curves.

Fig. 4. The temperature dependence (a) and density dependence (b) of KF PMF curves.

Fig. 5. log KA(m) values of NaF at different conditions for “CIP þ SIP” state. Fig. 6. log KA(m) values of KF at different conditions for “CIP þ SIP” state.
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Fig. 7. The RDFs and CNs for Na-O and F-H at 0.30 g/cm3 (a, c) and at 873 K (b, d). RDFs and CNs were denoted as identical color solid line corresponding to left-hand side and right-
hand side vertical axes, respectively.
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at 2.3, 4.6 and 6.2 Å respectively. For KF ion pair, the position of CIP
is found around 2.8 because of the larger ionic size of Kþ than Naþ.
It is observed that 2SIP is located at a fairly shallow trough, indi-
cating that 2SIP is unfavorable. The first maxima are found around
3.0 Å and 3.4 Å for NaF and KF respectively, which are called
transition state. The energy barriers from SIP to CIP are more than
1.5 kcal/mol, which is bigger than thermal energy kT, indicating it is
difficult to spontaneously transform from SIP to CIP due to the high
energy barrier at ambient conditions. The comparison of three
minima suggests that SIP has the lowest energy indicating SIP is the
most favorable ion pair type at ambient conditions. In the previous
work, Fennell et al. found that SIP has the deepest well at ambient
conditions for KF ion pair using the SPC/E water and OPLS ionic
models [29], which is consistent with our result. But with TIP3P
water and OPLS force field, their result showed that CIP is the most
favorable ion pair type for NaF ion pair at ambient conditions [29].
This indicates that the models for ions and water can affect the
depth of well and positions of different ion pair types.

Fig. 3 and Fig. 4 display the density dependence (left side) and
temperature dependence (right side) of PMF curves for NaF and KF
ion pairs, respectively. Herein, only the results at 873 K and 0.3 g/
cm3 were presented since PMF curves at high temperatures (423,
523, 653, 873, 1273 K) and low water densities (0.60, 0.30, 0.10 g/
cm3) conditions have similar shapes. The PMFs for NaF/KF ion pairs
are characterized by one deep minimum followed by a shallow
minimum, corresponding to the CIP state and SIP state respectively.
However, 2SIP state appearing at ambient conditions is unimpor-
tant even disappears at higher temperatures. The positions of CIP
minima for NaF/KF are around 2.3 Å and 2.8 Å at 653 K and 0.3 g/
cm3, which are consistent with the previous simulated values [39],
2.2 Å and 2.7 Å at 647 K and 0.322 g/cm3, respectively. The minima
for CIP and SIP are slightly different because of the selected ionic
models. Note that the positions of first minima shift slightly to-
wards shorter interionic distance with temperatures rising and
water densities decreasing. With further increase of temperature or
decrease of density, the second trough gradually changes into a
broad platform, indicating that SIP state is not important at these
conditions. At extremely high temperature (1273 K) and low den-
sity (0.10 g/cm3), only one minimum is observed and the PMF
curves become a deep valley, indicating that SIP is not favorable and
only CIP can exist. Comparison of KF versus NaF ion pairs indicates
that the association of NaF ion pair is stronger than that of KF ion
pair.

Overall, CIP is the most stable and important state among three
ion-pair states at high temperatures and low densities. SIP is
metastable state in contrast to CIP. 2SIP is fairly unstable and pro-
vides a negligible contribution to ion pair association. With tem-
perature increasing and water density decreasing, the energy
barrier from SIP to CIP gradually decreases; at extremely high
temperatures and low densities, only CIP can exist as associated ion
pair.

3.2. Association constants

At the ambient conditions, the log KA values of NaF ion pair
are�1.74± 0.40 for CIP and�0.25± 0.26 for CIPþ SIP. It is clear that



Fig. 8. The RDFs and CNs for K-O and F-H at 0.30 g/cm3 (a, c) and at 873 K (b, d). RDFs and CNs were denoted as identical color solid line corresponding to left-hand side and right-
hand side vertical axes, respectively.
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the log KA for CIP þ SIP agrees with the experimental data of �0.38
[23], �0.78 [21] and �0.96 [19]. For KF ion pair, the calculated re-
sults at ambient conditions are �1.55 ± 0.37 for CIP
and �0.10 ± 0.21 for CIP þ SIP in favor of experimental value
of �0.43 [20] and simulated value of �0.74 [29] for CIP. At higher
temperatures, the log KA(m) values of NaF and KF ion pairs are
shown in Fig. 5 and Fig. 6, respectively. For NaF at 823 K and 0.30 g/
cm3, the calculated log KA(m) value agrees with the experimental
value within 1 logarithm unit [22]. In addition, the optimized po-
tential models [37] (Joung and Cheathammodels) with SPC/E water
model were used to derive the association constants to compare
with the Smith and Dang models with SPC/E water model. As
depicted in Fig. S3, the two models show the same positions of CIP
and SIP, while PMFs of the Smith and Dang models have a slightly
deeper valley at CIP state than those of the Joung and Cheatham
models. The evaluated log KA(m) values at 653 K and 0.6 g/cm3 are
0.90 ± 0.08 versus 0.75 ± 0.08 for Smith and Dang models and
Joung and Cheatham models, respectively. It is clear that the two
Table 1
Coordination Numbers of the first coordination shell.

ion-water CNs Temperature dependence (0.3 g/cm3)

423 K 523 K 653 K 873 K

F-H (NaF) 5.4 5.0 4.2 3.5
F-H (KF) 5.8 5.5 4.7 3.9
Na-O 5.0 4.8 4.3 4.0
K-O 7.1 6.7 6.3 5.8
models give very similar results. At 873 K and 0.3/cm3, the evalu-
ated log KA(m) values are 3.92 ± 0.10 versus 3.56 ± 0.08 for Smith
and Dang models and Joung and Cheatham models, respectively.
The result of Smith and Dang models is closer to the experimental
value 5.0 at 823 K and 0.3 g/cm3 [22]. These comparison further
backups the models we employed.

Comparison between KF and NaF shows that the log KA(m)
values of NaF are similar to those of KF at low temperatures and
high water densities but evidently larger at higher temperatures
and lower densities, indicating that the association of NaF gets
stronger as temperature increases and density reduces. Overall, the
association constants increase with temperature increasing or
density decreasing, implying that elevated temperature or
decreased solvent density promotes the formation of ion pairs.
Also, it was found that at low density (0.10 g/cm3) and high tem-
perature (873 K) association constants appeared to have a
maximum. Up to now, few experimental association constants of
NaF and KF can be used for comparison with our data at higher
density dependence (873 K)

1273 K 0.1 g/cm3 0.3 g/cm3 0.6 g/cm3

2.6 3.1 3.5 4.0
3.0 3.3 3.9 4.5
3.4 3.7 4.0 4.5
5.2 5.1 5.8 6.5



Fig. 9. The snapshots of hydration structures for NaF (a, c and e) and KF (b, d and f). For clarity, only ions and neighboring water molecules are displayed by ball and stick model.
Coordination informations are indicated by different color dotted lines. Red ¼ oxygen, white ¼ hydrogen, purple ¼ sodium, orange ¼ potassium and cyan ¼ fluorine.
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temperatures except Ref. [22]. In the future, more modeling and
experimental studies need to be done at high temperature to
examine the accuracy of the reported KA values in this work. The
obtained association constant information can help us estimate the
amount of NaF/KF ion pairs relative to free ions in hydrothermal
fluids. Markedly, the higher values of log KA(m) indicate the more
considerable amount of ion pairs, especially existing in low-density
steam phases containing abundant volatile components, which is
likely to be a crucial role in controlling the mobility, transportation
and enrichment of fluoride complexes.

To our knowledge, few association constants of K/NaF have been
reported up to now especially at high temperatures. The derived
data in this research can be used in future research on hydrother-
mal fluids, which is useful for understanding the transportation and
migration of important metal ions in geological environment.

3.3. Ion pair structures and hydration structures

The M-O (M stands for Na/K) RDF and CN curves are showed in
Fig. 7a,b and Fig. 8a,b, respectively. The first peaks of the Na-O RDFs
are around 2.35 Å, close to 2.40 Å found in preceding works [50,51].
The first peaks of the K-O RDFs are around 2.80 Å. Table 1 shows the
variation of CNs as temperature or density changes. When tem-
perature increases from 473 K to 1273 K at a constant density
(0.30 g/cm3), the relevant CNs of Na-O change from 5.0 to 3.4
(Fig. 9a,c). Likewise, the CNs of K-O vary from 7.1 to 5.2 (Fig. 9b,d). At
653 K and 0.30 g/cm3, the evaluated CN (4.2) for Na at CIP state is
similar to the simulated value of 4.5 [39] but less than the single ion
hydration number of 5.0 [36]. Comparison of CNs between Naþ and
Kþ suggests that Kþ has more coordinated water molecules than
Naþ at the same condition (Fig. 9a,b, c,d and e,f). Temperature
dependence of CN data shows that the corresponding CNs only
have slight variation as water density decreases (Fig. 9c,e and d,f),
indicating that water molecule are inclined to gather around the
Kþ/Naþ at high temperatures and low densities. This phenomenon
has been reported in previous literatures and can be attributed to
the enhancement of solute-solvent interaction compared to
solvent-solvent interaction in supercritical fluids [48,52e55].

Fig. 7c,d and Fig. 8c,d display the F-H RDFs and CNs, which are
indicative for hydrogen bonding. There are two pronounced peaks,
which correspond to two hydrogen atoms in a water molecule. The
first peak is centered at 1.60 Å, that is close to the previous MD
simulation result of 1.55 Å [56]. The CNs of F-H (NaF) is slightly
smaller than F-H (KF) at the same conditions, which closely relate
to different hydration structures (Fig. 9c,d and e,f). With tempera-
ture increasing, the peak heights of F-H RDFs decrease dramatically
and the relevant CNs reduce (Fig. 9a,c and b,d), suggesting the
weakening of hydrogen bonding interaction. Water molecules
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become less structured at higher temperatures. Hence, the charged
ions are easier to associate.

4. Conclusions

In this work, classical MD technique has been employed to study
KF/NaF ion pairs in water at high temperatures. The analyses of the
PMFs suggest that CIP is the most stable configuration at high
temperatures and low densities. The association constants derived
from the PMFs show a rising trend as temperature increases or
density decreases. The association of NaF is similar to KF under
most conditions but evidently larger at higher temperatures and
lower densities. The hydration structures of the ion pairs have been
characterized in detail. It is found that water molecules gather
around the Kþ/Naþ due to the stronger ion-water interaction
compared to water-water interaction at high temperatures and low
densities. The results indicate fluoride ion acts as an important
ligand complexing with Kþ/Naþ in hydrothermal fluids.
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List of symbols

Å Angstrom (Å)
F Average mean force (kcal mol�1 Å�1)
KA Association constants
K Boltzmann constant (J K�1)
NA Avogadro constant
P Pressure (Pa)
Q Partial charge in units of |e|
rij The separations of particles i and j (Å)
rc Cutoff distance (Å)
T Temperature (K)
W Potential energy (kcal mol�1)

Greek letters
ε Lennard-Jones energy constant (kcal mol�1)
ε0 Vacuum permittivity (C2 N�1 m�2)
f Interaction energy (kcal mol�1)
p Pi number
r Density (g cm�3)
s Lennard-Jones length constant (Å)

Abbreviations
CIP Contact ion pair
CN Coordination number
LJ Lennard-Jones
MD Molecular dynamics
NVT Ensemble: fixed number, volume and temperature
OPLS Optimized potentials for liquid simulations
PMF Potentials of mean force
RDF Radial distribution function
SPC/E Single point charge/extended
SIP Solvent-shared ion pair
2SIP Solvent-separated ion pair
TIP3P Transferable intermolecular potential 3 points

Subscripts
i, j Indexes of the interaction sites

Superscripts
þ Positive charge
e Negative charge
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