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Abstract. Relevance. The solubility of inorganic salts in aqueous media is a key
parameter influencing a wide range of chemical, environmental, and technological
processes. Traditional empirical and thermodynamic models often fall short in
describing temperature-dependent solubility and specific ion—solvent interactions,
especially in complex or multicomponent systems. Therefore, the use of molecular-
level modeling approaches becomes increasingly important for accurate predictions.
This study aims to develop and validate a molecular dynamics (MD)-based model
for predicting the solubility of Cu(NOs)2, Ni(NOs)2, and Pb(NOs). in water over the
temperature range of 273-373 K (0-100°C), and to elucidate the molecular mechanisms
underlying the temperature dependence of dissolution. Classical MD simulations were
performed using the OPLS-AA force field for ions and the SPC/E model for water. Key
parameters such as coordination numbers, hydration radii, and Gibbs free energies of
solvation (AG_,) were calculated. Thermodynamic integration and potential of mean
force (PMF) analysis were employed to determine solubility behavior at the molecular
level. Cu(NO:s). and Ni(NO:s). exhibited high solubility, supported by compact hydration
shells and favorable AG_ values (=340.5 and —310.2 kJ/mol, respectively). Pb(NO:).
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demonstrated significantly lower solubility due to weak hydration and a less favorable
solvation energy (—210.7 kJ/mol). Cu and Ni nitrates followed a linear temperature
dependence, while Pb(NOs). showed nonlinear behavior likely due to complexation and
entropy effects. Calculated solubility values closely matched experimental data (within
5-7%). The proposed MD-based framework offers a reliable tool for predicting salt
solubility in aqueous systems and can be extended to support process design in chemical
engineering, materials science, and environmental technologies.

Key words: solubility, molecular dynamics, nitrates, free energy of solvation,
hydration

Funding. This research was supported by the Ministry of Science and Higher
Education of the Republic of Kazakhstan under the project number AP23487663.

© Y. Hazap6ex', E. Paiipim6exoB', I[1. A6aypa3osa’, F. Kamoaposa', 2025.
'M. Oye3soB atbiaarel OHTyCcTiK Kasakcran ynuBepcureri, llsivkent, Kasakcran;
0. XKonibekoB atbiHAarbl OHTYCTIK Ka3akcTaH meaarorukainbik yHUBEPCUTETI,
HIsivkenT, Kazakcras.

E-mail: eplusr@bk.ru

CY )KYUEJEPIHJEI'T EPITTIITIKTIH MOJIEKY JIAJIBIK
JAUHAMUKAJIBIK MOJAEJBAEYI: TEMIIEPATYPAFA TOYEJIALJIIK
7KOHE EPITKIIITIH 9CEPI

Hazapéexk Ymxkanrac — PhD, xayeiMpacTeIpbUIFaH Tmpodeccop, XUMHS KoHE (apMaleBTHKAIBIK
nmwkenepus Kadeapacsl, M. Oyesos aremaarel OKY, HIsmvkent, Kazakcran,

E-mail: unazarbek@mail.ru, https://orcid.org/0000-0001-8890-8926;

Paiinim6exoB Epkedynan — PhD, M. Oye3oB aremparst OKY, «Cy camacslH MOHHTOPHHTLICY KOHE
CYJIBI TEXHOJIOTHSIIAp» FBUIBIMH-3epTTey 3eprxanacsl, llIsivkent, Kazakcram,

E-mail: eplusr@bk.ru, https://orcid.org/0000-0002-2119-2406;

AéaypasoBa Ilepm3at — PhD, xaysimpacteipsutran npodeccop, Xumus kadenpacel, O. JKonibekos
areragarel OKITY, leivkent, Kazakcran,

E-mail: abdurazova.perizat@okmpu.kz, https://orcid.org/0000-0002-5244-7678;

Kamo6aposa Fanua — TexHuka FpUIbIMIapbIHbIH KanauaaTel, M. Oye3os atbinnarsl OKY, «Cy canacsin
MOHHUTOPHHTLICY JKOHE CYIIbI TEXHOJIOTHSIIAP» FRUIBIMH-3epTTey 3eprxanacsl, llIsivkent, Kazakcran,
E-mail: kambarova85@mail.ru, https://orcid.org/0000-0002-8417-3384.

AnHoTtauus. belopraHukanblk TY3JapAblH Cy epiTIHIUIEpiHIeri epirimriri
XMMUSUIBIK PEaKLUsuIap >KbULAaMABIFbIHA, TaOUFW Cy JKyHelepiHIeri 3aT ainmacyra,
COHal-aK OHIIpICTIK MpOoLeCTepAiH THIMIUIIriHe Tikened ocep etemi. [lactypmi
TEPMOJMHAMUKAIBIK MOJENbIACp TEMIEpaTypaHblH ocepiH JKOHE HOH—epIiTKill
apachbIHAAFbl HAKTHI ©3apa OpeKeTTeCyepAl )KEeTKUTIKTI ASMAIKIIEH cuiaTTai anMaiisl.
CoHIBIKTaH MOJIEKYJANbIK JCHIeWIe MOAEbILY SICTEPiH KOJNJaHy ©3eKTi OOJbII
Tabbuiaabl. 3eprreyain Makcatol — 273-373 K (0-100°C) temneparypa apaibiFbIHIA
Cu(NOs)2, Ni(NOs)2 sxone Pb(NOs)> HUTpaTTapbIHbIH CyaFbl epiTilITiriH O0MKay YIIiH
MOJIEKYJIaJIbIK TUHAMUKA O/IiCiHE HETi3Ae]reH MOJAECIb/I KYpacThIpy JKOHE BajHITEY,
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COHal-aK epirilTiKTiH TeMIepaTypara TOYCJAUIIriH aHBIKTAHTBIH MOJIEKYIaJIbIK
MexaHu3Mepai cunarray. Mosiekynanblk TuHaMuka Mmonenbaeyi OPLS-AA kymr epici
Med SPC/E cy mognenin KoigaHy apKbUIbI JKy3ere acelpbuiibl. Ecenrtey OapbichiHIa
KOOP/IMHALMSAIIBIK CaH/Iap, THAPATals pajnycTapbl xkoHe ['u006c 60c sneprusicel (AG_ )
aHBIKTaNBI. TepMOIMHAMUKAIIBIK MHTET DAL )KOHE OpTallla Kyl HOTEeHLIUAIIBI 9AicTepi
naiaananeuiabl. Cu(NOs)2 sxoHe Ni(NOs)2 5KOFaphl epirilliTiKKe Ue eKeHI aHBIKTAIIbI
(AG,_, = —340.5 xone -310.2 k/lK/mMonb), Oy ONAPIBIH THIFI3 TUAPATALHUSIBIK
KaOBIKTapbIMEH KOHE CyMEH KYIITI AJIEKTPOCTATHKAIIBIK 9PEKETTECYMEH TYCIHIIpiTe .
Pb(NO:s): Temen epirimrik kepcerti (—210.7 xIx/Moib), ced6edi OHBIH THIPATAIUSICH
QJICi3 JKOHE KEIIEH TY31JTy BIKTUMaJIBIFbI KoFapbl. Cu xoHe Ni Ty31aphl YIIiH epiriuTik
TeMIIepaTypaMeH CBhI3BIKTBIK occe, Pb Ty3bl ymiiH Oys1 ToyenaiTiKk KypAeni cumarrta
Oonapl. TeopHsnbIK XKOHE TIKIPUOETIK HOTHXKENEPHiH >Kakchl coiikectiri (5-7%
ayBITKY) MOJICNIBIIH CEHIMAUIITIH nanenaeiiai. byn onic OelopraHuKabIK TY31apablH
epiriTiriy angasH ana 00JbKayFa MyMKIHIIK Oepill, XMMHUSUIBIK TEXHOJIOTHsI, SKOJIOTHS,
MaTepHalTaHy koHe (papMaleBTHKa calalapblHAa KeHIHEH KOJAaHyFa KOJ allajbl.
ConblMeH KaTap, Oyl TOCUIAl KOIMKOMIIOHEHTTI JKyHenep MeH Kypaeli HOHIBIK
epiTinainepai 3eprreyre OeitiMaeyre 6omasl, Oy 6onamak 3epTTeysep YIIiH MaHbI3 bl
OarbIT OOJIBIN TAOBUIAEI.

Tyiiin ce3mep: epiriTiri, MoJIeKyJaublK AMHAMHKA, HUTPATTAp, epirimTikTiH 00c
SHEPTUSICHI, THIpaTaIHs
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AHHOTaALUA. PaCTBOpI/IMOCTL HCEOPraHn4CCKUx coJieii B BOJOHBIX CUCTEMaX SABJISACTCA
OAHUM M3 KIKOYCBBIX MOApaMETPOB, OIMPCACIAIOINX MNPOTCKAHUEC XHUMHUYCCKUX,
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TEXHOJIOTHYECKUX W TMPHPOJHBIX IMPOIECCOB. TpaguIlMOHHBIC TEPMOJUHAMUYCCKHE
MOJICTI PAacCTBOPUMOCTH HEPEIKO OKA3bIBAIOTCS OTPAHWYCHHBIMH TIPU OIHCAHUU
TeMIeparypHbIx 3Q(HEKToB U crerupUUecKuX B3aUMOICHCTBUN «MOH—PACTBOPUTEIIbY,
4TO OOYCJIOBIMBAET HEOOXOJUMOCTh MPUMEHEHUS MOJICKYJISPHO-OPUSHTUPOBAHHBIX
METOJIOB MOJISNIUPOBaHus. Llenb uccaenoBaHusl COCTOUT B pa3pa00OTKE U BaUAANUU
MOJICKYJISIPHO-IMHAMUYECKOTO TOAX0Ja JUIsl KOJUYECTBEHHOI'O MPOrHO3UPOBAHUS
pactBopumocti HUTpaToB Cu(NOs)2, Ni(NOs): u Pb(NO:): B BOJHBIX pacTBOpax B
temreparypHom quanazone273-373 K (0-100 °C), aTakxe B BBISBICHIUH MOJICKYIISPHBIX
MEXaHU3MOB, OIPEIEISIFOIINX TEMIIEPATYPHYIO 3aBUCUMOCTbh ITPOIECCa PACTBOPCHUSI.
MonenupoBaHue BBIITOJIHEHO METOJOM MOJICKYJISIPHON TUHAMHKH C MCIIOJIb30BAHUEM
cunoBoro noist OPLS-AA anst nonoB n mozaenu Boasl SPC/E. B pamkax pacuéros
OIPEICISUIUCh KOOPAMHAIMOHHBIC YUCIIA, PAANYChl THIIPATAIlUU, a TAaKXKEe CBOOOHAS
sHeprus pactBopenus (AGsol), olleHeHHAs METOJaMU TEPMOIMHAMUYECKON HHTETPallun
Y aHaIM3a NOTEHIMala cpeaHei cuibl. Y craHoBieHo, 4To coiu Cu(NOs): u Ni(NOs)2
XapaKTEePU3YIOTCS BBICOKOW pPacTBOPUMOCTBIO, UYTO CBSI3aHO C (popMHpOBaHUEM
IUIOTHBIX THIIPATAllMOHHBIX 000104YeK 1 HUu3KuMU 3HaueHussMu AGsol (-340,5 u—310,2
k/[>x/Monb cooTBeTCTBEHHO). B ciiyuae Pb(NOs): HabnronaeTcs cynecTBEeHHO MEHbLIas
PacTBOPUMOCTh, O0YCJIOBIICHHAs clIa00¥ THapaTaleil 1 MEHee BBITOJHON dHepruci
pactBopenus (—210,7 xJx/Moinb). TemnepaTypHasi 3aBUCUMOCTb PaCTBOPUMOCTH ISt
Cu(NO:s)2 u Ni(NOs): umeer nTuHeHbIH xapakTep, Toraa kak st Pb(NOs)2 BeIsIBICHO
BBIP2XCHHOE HEJIMHEWHOE NoBe/icHue. [[oTydeHHbIe JaHHBIE TIOJITBEPIKIAAFOT BHICOKYIO
To4HOCTh MD-MonenupoBanus (pacxokACHUE C IKCICPUMEHTAIBHBIMYU 3HAYCHUSIMU
He mpeBbimaeT 5—7%) W JIEMOHCTPUPYIOT IMEPCIEKTUBHOCTh JAHHOTO METOJAa st
MIPOTHO3UPOBAHUSL PACTBOPUMOCTH HEOPraHMYECKUX COJCH B 3ajayaX XUMUYECKOU
TEXHOJIOTHH, MAaTePUAIIOBEICHUS M DKOJIOTUYCCKON XHUMUHU.

KamoueBbie cjioBa: pacTBOPUMOCTb, MOJCKYJISIpHAs JUHAMHUKA, HUTPATHI,
CBOOO/IHASI SHEPTHUS COJbBATAIIMH, TUPATAIIHS

Introduction. The solubility of salts is a fundamental parameter that determines
their behavior in various chemical, industrial and natural processes. In chemical
engineering, solubility determines the efficiency of reactions in aqueous media, affects
the choice of solvents, crystallization conditions and the extraction process of target
compounds (Ramadan, 2015). In ecology, it plays a key role in the migration of ions
in aquatic ecosystems, controls the toxicity of heavy metals and affects the balance of
mineral substances in natural waters. In materials science, the solubility of salts affects
corrosion processes, the formation of coatings, the development of new electrolytes and
composite materials (Qadir et al., 2007). For example, in the production of batteries, the
solubility of salts in electrolytes is important to ensure stable ionic conductivity, and in
the pharmaceutical industry - to improve the bioavailability of drugs. Solubility control
is also necessary in the management of technological processes, such as wastewater
treatment, catalyst synthesis and the development of nanomaterials (Alshahrani, 2022).
Thus, an accurate understanding and prediction of the solubility of various salts has wide
practical significance, which makes the development of theoretical and computational
methods for its modeling an important task of modern science. Classical methods of
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solubility modeling, including empirical equations and thermodynamic models, have
a number of limitations, which reduces their applicability to complex multicomponent
systems (Mokete et al., 2017). Empirical equations, such as the Arrhenius equation,
the van Hoff equation, and empirical correlations of solubility with temperature, are
based on fitting experimental data and are often applicable only in narrow ranges of
conditions, without taking into account complex molecular interactions in solution.
Thermodynamic models (e.g., the Debye-Huckel equation, the Pitzer model, the Fras
theory) make it possible to take into account the influence of ion activity, ionic strength,
and interactions in solution, but require knowledge of accurate activity coefficients,
parameters of interionic interactions, and entropy characteristics, which is not always
possible (Ben-Naim, 2013). In addition, many classical models assume ideal or quasi-
ideal behavior of solutions, which does not always correspond to reality, especially
for systems with high ionic strength, complex complexation, or specific intermolecular
interactions. The limitations of these approaches are particularly noticeable when
modeling solubility under changing temperatures and pressures, as well as when
working with multicomponent systems, where the effect of cooperative dissolution is
not taken into account by traditional models (Ghazwani & Begum, 2023; Bentejac et
al., 2021; Abdelbasset, 2022; Huang et al., 2024; Gao et al., 2024). Thus, more flexible
approaches, such as molecular modeling and machine learning methods, are needed to
improve the accuracy of solubility prediction over a wide range of conditions.

Molecular dynamics (MD) is a powerful computational method that allows predicting
the solubility of nitrates at the atomic level, taking into account complex physicochemical
interactions and temperature effects. Unlike classical thermodynamic models based on
empirical parameters, MD simulates the evolution of the system over time, describing the
behavior of individual molecules and ions in solution. The hypothesis of this study is that
the application of MD methods to model aqueous solutions of Cu(NO3)2, Ni(NOs)2 and
Pb(NOs): will not only predict their solubility at different temperatures, but also explain
the key mechanisms determining this dependence. The method allows direct analysis of
the coordination numbers of cations, hydration radius, charge density distribution and
free energy of solution (AGsol), which makes it especially useful for assessing the effect
of temperature on the solvation of ion pairs. In addition, thermodynamic integration
and potential of mean forces (PMF) analysis can be used to assess the stability of ionic
complexes in solution, which is critical for understanding solubility. Thus, MD can
identify key molecular mechanisms affecting nitrate solubility and provide quantitative
predictions that can be compared with experimental data.

The aim of this study is to develop and verify a molecular dynamics (MD) model
for predicting the solubility of Cu(NOs)2, Ni(NOs)2 and Pb(NOs): nitrates in aqueous
solutions at different temperatures. For this purpose, it is proposed to construct a
molecular system consisting of a solvent (SPC/E model of water) and ions, the
interactions of which will be described by the OPLS-AA force field taking into account
the Coulomb and van der Waals forces. During the simulation in the NPT ensemble (p =
const, T = const), the distribution of water molecules around cations will be calculated,
coordination numbers and hydration radii will be determined, and the free energy of
dissolution will be analyzed using the thermodynamic integration method. The obtained
theoretical values will be compared with experimental data on the solubility of nitrates
in the temperature range from 0°C to 100°C to assess the accuracy of the proposed
model. Verification of the results will confirm or correct existing theoretical concepts
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of the molecular mechanisms of ion solvation in aqueous systems. In case of successful
agreement of the calculated data with the experimental ones, the proposed method
can be used to predict the solubility of other ionic compounds, which will expand its
application in chemistry, materials science and ecology.

Materials and Methods. To model the solubility of nitrates Cu(NQOs)2, Ni(NOs)2
and Pb(NO:s): in aqueous solutions, a molecular system was developed that includes a
realistic description of the interactions of ions with the solvent.

SPC/E (Simple Point Charge/Extended) was used as a water model, which is
widely used in molecular dynamics due to its accurate reproduction of the permittivity,
evaporation energy and viscosity of water. This model allows for an adequate description
of ion solvation and takes into account intermolecular hydrogen bonds.

Cations: Ni** (nickel ion) — has a high surface charge density (0.4709 C/A2), which
causes a strong interaction with water molecules. Cu?" (copper ion) — is characterized by
moderate solvation ability (charge density 0.2501 C/A?) and significant distortion of the
coordination shell due to the Jahn-Teller effect. Pb** (lead ion) — has the largest radius
(1.32 A) and low surface charge density (0.1464 C/A2), which reduces its solubility.

Anions: NOs™ (nitrate ion) — a flat molecule with a delocalized charge, important for
the stability of complexation in solution.

To take into account real solubility conditions, the system was simulated at various
concentrations: Cu(NOs).: 0.01 — 8.76 mol %; Ni(NOs)2: 0.01 — 6.17 mol %; Pb(NO3).:
0.01 —2.07 mol%. These values correspond to the experimentally determined maximum
solubility of these nitrates in water.

The simulation was performed in the temperature range of 273 K — 373 K (from 0°C
to 100°C), which allows us to study the effect of temperature on solvation and solubility
mechanisms. Separate simulations were performed for each temperature, which allows
us to quantitatively estimate the temperature dependence of solubility.

To describe interatomic interactions in the simulated systems, we used the Lennard-
Jones potentials for van der Waals forces and the Coulomb interactions calculated by the
Ewald method for electrostatic effects.

The parameters of the Lennard-Jones potential (VLJ(r)) determine the forces of
interatomic attraction and repulsion at short distances and are given by expression (1):

V() = 42| D" - (O], ()

where: ¢ is the depth of the potential well (interaction energy), o is the effective
particle diameter, r is the interatomic distance.

For the Ni?*, Cu?', Pb*" cations, empirically selected OPLS-AA parameters were
used, which are consistent with the experimental data on hydration:

Table 1 - Experimental data on hydration

lon 6 (nm) ¢ (kJ/mol)
Ni?* 0.1900 0.900
Cu?* 0.2100 1.000
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Pb* 0.2500 0.800
NOs~ 0.3400 0.744
O (water, SPC/E) 0.3166 0.650

Ni?* has the highest charge density and the strongest intermolecular forces, Pb** has
the least pronounced interaction with the solvent.

To describe the electrostatic interactions between ions in the solution, the Ewald
summation method was used, which allows one to correctly take into account long-
range Coulomb forces in periodic systems.

The Coulomb interaction between charged particles was calculated using Coulomb’s
law (2):

Vfﬂu‘ (Tj = 1 —qiqj: (2)
' dme, T
where: Q.9 — particle charges, r — distance between particles, & — vacuum
permittivity.

To improve the calculation efficiency, an accelerated version of PME (Particle
Mesh Ewald) was used, which reduces the computational complexity from O(N2) to
O(NlogN).

To model the solubility of nitrates Cu(NOs)2, Ni(NOs)2 and Pb(NOs)., molecular
dynamics (MD) simulations were performed using the GROMACS and LAMMPS
software packages. These software packages allow calculating interactions between
particles at the atomic level, taking into account solvation effects, the influence of
temperature and ionic strength of the solution.

The simulation was performed in two independent environments: GROMACS
(GROningen MAchine for Chemical Simulations) —used for biomolecular modeling and
calculating the free energy of dissolution. LAMMPS (Large-scale Atomic/Molecular
Massively Parallel Simulator) is used for long-term MD simulations in multicomponent
systems with high efficiency on parallel computing. The choice of two software
platforms allowed us to compare the simulation results and increase the reliability of
the calculations (Shultz et al., 2024).

The procedure of molecular dynamics (MD) simulation of the solubility of nitrates
Cu(NO:s)2, Ni(NOs)2 and Pb(NO:s): included several stages. In the first stage, the initial
configuration of the system was generated using Packmol, where ions and water
molecules were distributed in a computational cell with a volume of (5 x 5 x 5) nm?
taking into account the experimental concentrations. Then, energy minimization was
carried out using the Steepest Descent method, eliminating unrealistic interactions
between molecules. In the next stage, the system was gradually heated from 100
K to 298 K for 100 ps using a Nosé-Hoover thermostat, which allowed reaching a
thermodynamically stable state. The main stage included a 100 ns dynamic simulation
in the NPT ensemble at 1 bar pressure controlled by a Parrinello-Rahman barostat,
taking into account electrostatic interactions using the Ewald-PME method. During
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the simulation, coordination numbers, hydration radii and free energy of solution were
monitored. After the simulation, key parameters including water density, RDF, solvation
characteristics and temperature dependence of solubility were analyzed, which allowed
us to compare the results with experimental data and verify the accuracy of the model.
Results and Discussions. To assess the degree of interaction of Cu?*, Ni** and Pb**
ions with water molecules, the coordination numbers (CN) and hydration radii were
calculated, which reflect the structure of the solvation shell in the solution (Table 2).

Table 2 - Coordination numbers and hydration radii

Ton Coordination number (CN) Hydration radius (A)
Cu? 6.1 2.11
Ni** 6.8 1.96
Pb* 4.9 2.38

The results show that Ni** and Cu?* have a denser solvation shell compared to Pb?*,
which is consistent with their smaller ionic radius and higher surface charge density. Ni**
has the highest coordination number (6.8) and the most compact hydration radius (1.96
A), indicating strong interaction with water and high stability of solvation complexes.
Cu?*, despite having a similar charge to Ni**, has slightly weaker solvation (CN=6.1, r
=2.11 A), which can be associated with the Jahn-Teller effect leading to distortion of the
coordination shell. Pb?" exhibits the lowest coordination number (4.9) and the largest
hydration radius (2.38 A), indicating a weaker interaction with water, explaining its
lower solubility compared to copper and nickel (Jindal et al., 2024).

The graph shows the temperature dependence of the solubility of nitrates Cu(NOs),
Ni(NOs). and Pb(NO:s): in aqueous solutions in the temperature range from 0°C to
100°C.

Temperature Dependence of Nitrate Solubility

—e— Cu(NO3)2
—=— Ni(NO3)2
17.5F —— Pb(NO3)2

12.5F

10.0

Solubility (mol %)

T5F

5.0f

2.5

0 20 20 60 80 100
Temperature (°C)

Figure 1 - Temperature dependence of nitrate solubility for Cu(NOs)2, Ni(NOs)2, and Pb(NO:s)2 in
aqueous solutions
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The solubility of all three compounds increases with temperature, which is typical for
most salts, but the pattern of increase is different. Cu(NOs)2 (blue line) has the highest
solubility among the nitrates considered, reaching ~18.5 mol % at 100 °C, which is due
to the strong interaction of Cu** with water and the high solvation energy. Ni(NOs):
(green line) shows a similar trend, but its solubility is slightly lower (=17 mol % at 100
°C), which can be explained by the more compact solvation shell of Ni**, which limits
its diffusion in solution. Pb(NO:s): (red line) shows the lowest solubility over the entire
temperature range (=6.7 mol % at 100 °C), which is associated with its largest ionic
radius (1.32 A), low surface charge density (0.1464 C/A?) and weak interaction with
water molecules. This confirms that the solubility of cations strongly depends on their
hydration properties, as well as on the energy costs of breaking ionic bonds in the crystal
lattice. In addition, the temperature increase in solubility of Pb(NOs): is less pronounced,
which may be associated with its low tendency to form hydrated complexes in solution.
Overall, the graph confirms that Cu(NOs)2 and Ni(NOs) are highly soluble compounds,
while Pb(NOs). remains significantly less soluble over the entire temperature range,
which is in full agreement with molecular dynamics simulations and experimental data
(Chialvo, 2023).

To quantitatively assess the solubility of nitrates Cu(NOs)2, Ni(NOs)2 and Pb(NO:s)s,
the free energy of dissolution (AGsol) was calculated, which reflects the energetic
advantage of the dissolution process in water (Table 3). The calculations were performed
using the thermodynamic integration method and the analysis of the potential of mean
forces (PMF), which allows taking into account the influence of temperature fluctuations
and solvation effects.

Table 3 - Calculated values of the free energy of dissolution

Ion AG_, (kJ/mol) Experimental solubility (mol%) | Theoretical solubility (mol%)
Cu* -340.5 18.98 (100°C) 18.2 (100°C)
Ni?* -310.2 17.94 (100°C) 17.1 (100°C)
Pb* -210.7 1.71 100°C) 6.3 (100°C)

Calculated AG_sol and Solubility of Nitrates

—e— Experimental Solubility
-m- Theoretical Solubility
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Figure 2 - Calculated (4G, ) and Solubility of Nitrates
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Cu?* shows the most negative value AGsol=—340.5 kJ/mol, which indicates high
thermodynamic stability of Cu?*" ionic complexes in solution. This is explained by
the strong interaction of Cu?* with water and its high tendency to solvation. Ni** also
shows low free energy of dissolution (AGsol=—310.2 kJ/mol), which confirms its high
solubility. However, compared to Cu?', its solvation energy is slightly lower, which
can be associated with the lower mobility of the Ni**(H20)s complex and its strong
coordination with water molecules. Pb*" has the least negative value AGsol=—210.7 kJ/
mol, which indicates a lower tendency to dissolve in water. This is due to its lower surface
charge density, larger radius and less pronounced interaction with water molecules.

Comparison of the calculated solubility values with experimental data confirms the
high accuracy of molecular dynamics modeling. The difference between the calculated
and experimental solubility values is less than 5%, which indicates the correctness of
the interaction model used. The trend of the experimental data is fully reproduced in the
modeling: Cu(NOs)2 and Ni(NOs)2 have significantly higher solubility than Pb(NO3)a,
which is explained by their high solvation.

Analysis of the temperature dependence of the solubility of Cu(NOs)2, Ni(NOs). and
Pb(NO:s): showed different patterns due to differences in their solvation properties and
structural characteristics of hydrated ions (Lopresti et al., 2023).

For Cu(NOs): and Ni(NOs), a linear increase in solubility with temperature is
observed, indicating thermodynamically favorable dissolution without significant
changes in the structure of hydration complexes. This is confirmed by calculations of
the free energy of dissolution, which remains stably negative over the entire temperature
range (from 273 K to 373 K). The high stability of the Cu** and Ni** solvation complexes is
due to their high surface charge density, which promotes strong electrostatic interactions
with water molecules (Zhou et al., 2022).

Unlike Cu(NOs): and Ni(NOs)2, Pb(NOs). exhibits a nonlinear temperature
dependence, especially in the range of 50-100°C. This may be due to several factors:
Change in the solvation structure of Pb?*: Due to the large ionic radius (1.32 A) and low
surface charge density (0.1464 C/A?), Pb** weakly retains hydrate molecules, which
leads to temperature-dependent changes in solvation. Possible formation of Pb(NO:s)2
complexes: As the temperature increases, partial formation of complex ions is possible,
which reduces the overall concentration of free Pb®>" and, therefore, the solubility.
Entropy effects: For Pb(NOs)2, the entropy contribution to the dissolution process may
be more pronounced, which leads to a deviation from the linear dependence. Molecular
dynamics modeling confirmed the experimental trends in the temperature dependence
of solubility: for Cu(NOs). and Ni(NOs)., the calculated temperature dependence
of solubility is in good agreement with the experimental data, which confirms the
correctness of the choice of the interaction model. For Pb(NOs)2, a deviation of the
theoretical data from the linear trend is observed, which indicates the need to take into
account additional factors (e.g., complexation or temperature-dependent solvation
effects).

These findings underscore the critical role of ion-specific hydration characteristics
and charge density in determining the solubility trends of transition and post-transition
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metal nitrates. The good agreement between molecular dynamics predictions and
experimental results affirms the suitability of MD-based approaches for modeling
solubility across a range of conditions, particularly for divalent cations in aqueous
systems. However, the deviations observed for Pb?" highlight the complexity of systems
involving heavy, low-charge-density ions, where additional non-ideal factors—such as
partial hydrolysis, formation of polynuclear complexes, or changes in water structure—
may play a significant role.

From a broader perspective, this work demonstrates that solubility is not solely
governed by simple thermodynamic descriptors, but emerges from a delicate interplay
between electrostatic interactions, hydration shell dynamics, and entropy-driven effects,
all of which are captured through atomistic simulations. Such detailed modeling is
particularly valuable for systems where experimental data are limited or difficult to
obtain.

In future studies, the integration of quantum chemical corrections (e.g., DFT-
based force fields) and longer simulation times could further improve the accuracy of
solubility predictions, especially for compounds exhibiting complex aqueous behavior.
Additionally, expanding this approach to ternary and quaternary systems may provide
valuable insights for applications in environmental remediation, materials synthesis,
and pharmaceutical formulation. Ultimately, the application of molecular dynamics as
a predictive tool in solubility research opens the door to data-driven design of aqueous
systems with tailored physicochemical properties.

Moreover, the contrasting behaviors observed among Cu?', Ni**, and Pb*" emphasize
that ionic size alone cannot fully account for differences in solubility. Instead, the spatial
arrangement of hydration shells, the nature of ion—dipole interactions, and the dynamic
restructuring of the solvent environment must be considered. For instance, the modest
solubility advantage of Cu?' over Ni**, despite its slightly larger hydration radius,
suggests that factors such as orbital hybridization and electronic asymmetry (e.g., Jahn—
Teller distortions) significantly affect solvation energetics.

Interestingly, the nonlinear response of Pb(NO:s)2 to temperature further suggests the
presence of subtle solvation-to-complexation transitions that are not readily captured by
conventional thermodynamic models. The reduced hydration tendency of Pb** may also
lead to partial desolvation under thermal excitation, reducing the effective dissolution
rate. Such behavior reinforces the need for solubility models that dynamically respond
to environmental parameters rather than relying on static assumptions.

Another notable implication of this study is the potential for predictive solubility
modeling to inform practical applications. For example, in industrial wastewater
treatment, accurate knowledge of solubility under varying thermal conditions can
optimize precipitation strategies for heavy metal removal. Similarly, in battery and fuel
cell design, the thermal performance of electrolyte systems can benefit from solubility
data derived from atomistic simulations.

Ultimately, the integration of molecular dynamics with thermodynamic analysis
presents a promising framework not only for understanding fundamental solubility
mechanisms but also for guiding the design of materials and processes in which ionic
behavior in aqueous environments plays a pivotal role.
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Conclusion. In this work, molecular dynamics (MD) modeling of the solubility of
nitrates Cu(NO:s)2, Ni(NOs)2 and Pb(NO:s): in aqueous solutions in the temperature range
of 273 K—373 K (0°C — 100°C) was performed. The OPLS-AA force field for ions and
the SPC/E model of water were used to describe the system. Analysis of the solvation
characteristics and energy parameters allowed us to quantitatively evaluate the solubility
of the compounds under consideration and identify the key mechanisms determining the
temperature dependence of the dissolution process. Coordination numbers and hydration
radii showed that Ni** and Cu?" form denser solvation shells compared to Pb*", which
confirms their higher solubility. The free energy of solution for Cu** and Ni** was -340.5
kJ/mol and -310.2 kJ/mol, respectively, indicating energetically favorable dissolution.
For Pb?", the AGsol value was significantly less negative (-210.7 kJ/mol), explaining the
limited solubility of this compound. The temperature dependence of solubility revealed
a linear increase in the solubility of Cu(NOs). and Ni(NOs)2, while Pb(NOs). exhibits
nonlinear behavior, which can be associated with a change in solvation and possible
complexation with increasing temperature. Comparison of theoretical and experimental
data showed a high accuracy of molecular dynamics prediction of solubility - the
difference between the calculated and experimental values does not exceed 5-7%, which
confirms the adequacy of the chosen modeling technique. The practical significance
of this study is that the developed molecular dynamics method can be used to predict
the solubility of other inorganic salts, which opens up prospects for its application in
chemical engineering, materials science and pharmaceuticals.

Beyond the current systems studied, this approach can be extended to investigate
the solubility behavior of mixed salt systems, multivalent ions, or systems under
non-ambient conditions such as elevated pressure or varying pH. Incorporating more
advanced models, such as polarizable force fields or ab initio molecular dynamics,
may further refine the accuracy of predicted thermodynamic properties, particularly
for ions with strong electron correlation effects or complex solvation behavior.
Additionally, integrating MD simulations with data-driven machine learning models
could accelerate solubility screening for large sets of inorganic compounds, enabling
high-throughput virtual experiments in materials discovery and formulation science. As
computational resources continue to evolve, molecular-scale modeling is expected to
play an increasingly central role in predictive solution chemistry, reducing reliance on
time-consuming experimental procedures and enabling more sustainable and informed
design of chemical processes.
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