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Fluorinated ether-based electrolytes represent a promising avenue for improving lithium-ion battery
performance and safety, yet the molecular mechanisms governing ion transport in these systems remain
insufficiently understood. To elucidate the solvation behavior and ion dynamics in mixed solvents, molecular
dynamics simulations of 1M (bisfluorosulfonyl)imide (LiFSI) / 1,2-dimethoxyethane (DME) / bis (2,2,2-
trifluoroethyl)ether (BTFE) (1:1) system were performed. The results reveal a distinct solvation preference: Li*
form predominantly anion-rich aggregates (FSIsDME/BTFE,, 28.9%) instead of traditional solvent-separated
structures, with fluorinated BTFE completely excluded from the first coordination shell despite its equimolar
presence. Diffusion analysis showed significant mobility differences — BTFE diffuses 17-18 times faster than
ionic species—-while van Hove correlation function demonstrate that Li* transport proceeds via hopping between
confined regions rather than continuous diffusion. Cluster analysis reveals small weakly charged aggregates
dominating the electrolyte structure, explaining the system’s efficient charge transport. These molecular insights
provide design principles for optimizing fluorinated ether electrolytes with enhanced ionic conductivity.

Keywords: lithium-ion battery electrolytes, molecular dynamics simulation, hopping transport mechanism, ion
clustering, fluorinated solvents, solvation shell structure.

Introduction

The development of advanced lithium-based batteries requires electrolytes with wide electrochemi-
cal stability windows, high ionic conductivity, thermal stability and compatibility with lithium-metal
anodes [1-3]. While carbonate-based electrolytes dominate in current lithium-ion batteries, their limi-
tations — including flammability, poor high-voltage stability and reduced performance at extreme tem-
peratures — motivate the search for safer alternatives [4-6].

Ether-based electrolytes offer promising advantages such as better thermal resistance, lower
flammability and excellent compatibility with lithium-metal anodes. Among ether solvents,
1,2- dimethoxyethane (DME) exhibits strong Li" solvating capacity due to its bidentate coordination
ability [7]. However, pure DME electrolytes suffer from poor oxidative stability and suboptimal
transport properties [8, 9], necessitating mixed-solvent formulations with fluorinated co-solvents
[10, 11].

Fluorination of ether solvents has emerged as an effective approach to enhance battery performance
[12, 13]. Fluorine atoms withdraw electron density, strengthening adjacent bonds and improving ox-
idative stability while promoting stable solid electrolyte interphase formation [14, 15]. However, the
effect is non-linear: moderate fluorination increases ionic conductivity and anodic stability, while ex-
cessive substitution can increase viscosity and impair Li" solvation [16]. Bis(2,2,2-trifluoroethyl)ether
(BTFE), despite lower conductivity than mono- or difluorinated analogues, provides high oxidative
stability and reduced flammability [17].

Recent experimental studies of 1M LiFSI/DME/BTFE mixtures demonstrate high ionic conductiv-
ity, wide electrochemical windows, and improved interfacial stability [8, 18, 19].

Spectroscopic measurements, including ’O NMR and Raman spectroscopy, confirm BTFE’s mini-
mal participation in Li" coordination, suggesting its role as a non-coordinating diluent [17, 20]. The
choice of LiFSI over conventional salts like LiPF, is driven by its higher ionic conductivity, superior

© Dikarieva K. S., Koverga V., Kalugin O. N., 2025
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thermal stability, and ability to form robust fluorine-rich interphases that synergize with low-coordi-
nating solvent like BTFE [8, 18, 19].

While experimental data provide valuable macroscopic insights, understanding the molecular-level
mechanisms governing ion transport and solvation requires computational approaches. Molecular dy-
namics (MD) simulations enable direct correlation between solvation structure, local organization and
transport properties in complex multicomponent systems [21]. Recent MD studies of fluorinated elec-
trolytes have revealed the prevalence of in Li" - anion aggregates and weak solvation behavior in sys-
tem like FEME [16], while multiscale approaches combining MD with DFT have established design
principles for fluorinated diethoxyethane variants [22]. However, systematic MD investigation of
BTFE-containing LiFSI/DME system remain absent.

This study addresses this gap through comprehensive MD simulations of 1M LiFSI/DME/BTFE
(1:1) electrolyte. We examine in Li" solvation structures through radial distribution function analysis,
evaluate transport properties via diffusion coefficients and van Hove correlation functions,
characterize solvation shell composition, and analyze ion clustering behavior. These molecular-level
insights provide fundamental understanding and design principle for optimizing fluorinated ether
electrolytes for next-generation lithium batteries.

Methodology

Details of molecular dynamics modeling. MD were carried out using LAMMPS (Large-scale
Atomic/Molecular Massively Parallel Simulator) package version 08-02-2023, for a ternary LiFSI/
DME/BTFE mixture in equimolar ratio (containing 288 molecules of each components), correspond-
ing to a cubic simulation box length of 57.79 A, respectively [23].

The system sizes were selected to balance computational efficiency with the minimization of finite-
size effects, following the rationale of Yeh and Hummer. To account for residual finite-size effects in
diffusion coefficients, the Yeh-Hummer correction was applied [24]:

2.8373k,T
e — (1)
67mL
where D is the corrected diffusion coefficient, D, is the raw MD value, ks is the Boltzmann constant,

T is the temperature, # is the shear viscosity and L is the box length.
The geometry of the ions and solvent molecules investigated in this work are shown in Figs.1-3.

D, =D

9 .

Figure 1. [llustration of lithium cation (Li*) and bis(fluorosulfonyl)imide (FSI-, [N(SO,F).]"), which was studied
in this work, where (A) the accepted acronyms for atom types used in the force field are shown, and (B) the
atom labeling nomenclature used for structural analysis is presented.
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Figure 2. Illustration of 1,2-Dimethoxyethane (DME, C4H;00-), which was studied in this work, where (A) the
accepted acronyms for atom types used in the force field are shown, and
(B) the atom labeling nomenclature used for structural analysis is presented.
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Figure 3. Illustration of bis(2,2,2-trifluoroethyl)ether (BTFE, CsH4FsO), which was studied in this work, where
(A) the accepted acronyms for atom types used in the force field are shown, and
(B) the atom labeling nomenclature used for structural analysis is presented.

The LiFSI/DME/BTFE ternary system was simulated using the OPLS-AA force field, with param-
eters generated via LigParGen [25]. For OPLS-AA, harmonic potentials were used for bond stretching
and angle bending, while dihedral interactions were describes as a sum of cosine functions up to the
fourth harmonic. Scaling factors for 1-4 interactions were set to 0.5, and the Lennard-Jones mixing
rules was arithmetic for OPLS-AA. These parameters optimized for liquid-phase systems and ensure
correct reproduction of intermolecular interactions in the simulation.

The total potential energy of the system was expressed as [26]:
=U

total bonded + Ununbunded (2)

where the bonded component comprised bond, angle, dihedral and improper contributions:

bonded = Ubond + Uungle.s' + Udihedmls + Uimproper.v (3)
Upua =k, (r=1,)’ @
Uungle = k0 (0 - 00 )2 (5)
k, k, k, k,
U dinearar = 3[1 +cos(@)] + ?[l —cos(2¢)]+ ?[1 +cos(3p)] + ?[1 —cos(49)] (6)

where U~ potential energy, k; — force constant,’;,0; and ¢ — associated with degrees of freedom for

covalent bonds, angles and dihedral angles.
The non-bonded interactions consisted of Lennard-Jones and Coulomb terms:

12 6
U =g, || L | -| L] |+>—2
nonbonded .y i ( 7. J ( 7. J g}'l} (7)

ij ij >

where ¢;—partial charge, &, — dielectric constant , 7 — interatomic distance, ¢ — depth of potential mini-
mum, o — distance to potential minimum.
Mixing parameters were determined:

B \/— _o0,+0,
&y =€y Ty = 5 ®)

where g; is Lennard-Jones energy parameter (well depth) between species i and j, 0; is Lennard-Jones
size parameter (collision diameter) between species i and j, €;, €; is Lennard-Jones energy parameters
for pure components i and j, 6;;, 6;; is Lennard-Jones size parameters for pure components i and ;.
Quantum chemical calculations were also carried out for the FSI~ anion and its partial atomic
charges were refined using the CHELPG scheme at the MP2/cc-pVTZ level of theory.
The parameters of the inter- and intramolecular interactions are given in Tables 1-8.
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Table 1. Intermolecular parameters for the Li" and FSI™ represented as partial charges (¢), whereas the Lennard-
Jones potentials are represented by the distance (o) to the potential minimum and the depth of the potential well
(e) for the corresponding atoms shown in Figure 1.

Atoms Atoms type qle & / kcal mol”! /A
Li Li 1.0000 0.018 2.13
N1 NBT 0.0122 0.170 3.25
S1 SBT 0.4746 0.250 3.55
S2
o1 -0.3488
02 OBT -0.3488 0.170 2.96
03 -0.3488
04 -0.3488
F1 FSI -0.2831 0.060 2.90
F2 -0.2831

Table 2. Intramolecular stretching and bending parameters for the Li" and FSI™ corresponding to the relevant de-
grees of freedom, taken from the OPLS-AA library (see the figure corresponding atomic labels, Figure 1).

Bonds Ty 1A k. / kcal mol ! A
FSI-SBT 1.60 336.92
SBT-OBT 1.44 700.00
SBT-NBT 1.67 434.00

Angles 0,/° k,/ kcal mol™' rad?
FSI-SBT-OBT 104.36 78.67
FSI-SBT-NBT 104.36 78.67
OBT-SBT-NBT 107.00 120.00
SBT-NBT-SBT 118.33 48.37
OBT-SBT-OBT 119.00 104.00

Table 3. Intermolecular parameters for DME represented as partial charges (¢), whereas the Lennard-Jones po-
tentials are represented by the distance (o) to the potential minimum and the depth of the potential well (¢) for
the corresponding atoms shown in Figure 2.

Atoms Atoms type qle ¢ / kcal mol’! c/A
C1 -0.0600
C2 CT -0.0126 0.066 3.50
C3 -0.0126
C4 -0.0600
01 (0N -0.3645 0.140 2.90
02 -0.3644
H1 0.0843
H2 0.0843
H3 0.0843
H4 0.0920 0.030 2.50
H5 HC 0.0920
H6 0.0920
H7 0.0920
HS8 0.0844
H9 0.0844
H10 0.0844
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Table 4. Intramolecular stretching and bending parameters for DME corresponding to the relevant degrees of
freedom, taken from the OPLS-AA library (see the figure corresponding atomic labels, Figure 2).

Bonds 1y 1A k. / kcal mol”! A

CT-HC 1.090 340

CT-0OS 1.410 320

CT-CT 1.529 268

Angles g, /° ky/ kcal mol ™ rad?
HC-CT-HC 107.8 33.0
HC-CT-0S 109.5 35.0
CT-OS-CT 109.5 60.0
CT-CT-0OS 109.5 50.0
HC-CT-CT 110.7 37.5

Table 5. Dihedral angle potential parameters for DME corresponding to the relevant degrees of freedom, taken
from the OPLS-AA library (see the figure with corresponding atomic labels, Figure 2.)

Dihedral k, / kcal mol! k, /kcal mol™ k, /kcal mol™ k, /kcal mol’!
HC-CT-OS-CT 0.00 0.00 0.76 0.00
CT-OS-CT-CT 0.65 -0.25 0.67 0.00
OS-CT-CT-0OS -0.55 0.00 0.00 0.00
HC-CT-CT-HC 0.00 0.00 0.30 0.00
HC-CT-CT-0OS 0.00 0.00 0.468 0.00

Table 6. Intermolecular parameters for BTFE, represented as partial charges (¢), whereas the Lennard-Jones po-
tentials are represented by the distance (o) to the potential minimum and the depth of the potential well (€) for
the corresponding atoms shown in Figure 3.

Atoms Atoms type qle ¢ / kcal mol”! /A
01 oS -0.3421 0.140 2.90
Cl -0.0688
C2 CT -0.0691 0.066 3.50
C3 0.4557
C4 CB 0.4557 0.030 2.50
H1 0.1220 0.030 2.50
H2 HC 0.1220
H3 0.1219
H4 0.1219
F1 -0.1533
F2 -0.1533
F3 -0.1533 0.060 2.90
F4 F -0.1531
F5 -0.1531
F6 -0.1531

Table 7. Intramolecular stretching and bending parameters for BTFE corresponding to the relevant degrees of
freedom, taken from the OPLS-AA library (see the figure corresponding atomic labels, Figure 3).

Bonds Ty A k. / kcal mol”! A
CB-F 1.360 367
CB-CT 1.529 268
CT-0OS 1.410 320
CT-HC 1.090 340

10
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Angles 6, /° kg1 keal mol™ rad?
F-CB-F 109.10 77.0
F-CB-CT 109.5 50.0
CB-CT-OS 109.5 50.0
CT-0S-CT 109.5 60.0
CB-CT-HC 110.7 37.5
HC-CT-0S 109.5 35.0
HC-CT-HC 107.8 33.0

Table 8. Dihedral angle potential parameters for BTFE corresponding to the relevant degrees of freedom, taken
from the OPLS-AA library (see the figure with corresponding atomic labels, Figure 3)

Dihedral k, / kcal mol™ k, /kcal mol” k, /kcal mol” k, /kcal mol”
OS-CT-CB-F 0.00 0.00 0.54 0.00
CB-CT-OS-CT 0.65 -0.25 0.67 0.00
HC-CT-CB-F 0.00 0.00 0.36 0.00
HC-CT-OS-CT 0.00 0.00 0.76 0.00

Non-bonded interactions were computed with a cutoff of 12 A for both Lennard-Jones and
Coulombic terms, applying long-range electrostatics via the particle-particle particle-mesh (PPPM)
method. The neighbor list was updated with 2 A and long-range dispersion corrections were applied to
ensure accurate pressure and energy evaluation.

Prior to the production phase, each system underwent energy minimization using the steepest de-
scent algorithm until one of the following convergence criteria was met: (i) change in total energy be-
low 1-10"* kcal*mol™' per step, (ii) maximum atomic force below 1-10° kcal'mol™ A™', or (iii) 500,000
iterations.

Equations of motion were integrated using the velocity-Verlet algorithm with a timestep of 0.5 fs.
This short timestep was required to accurately resolve high-frequency vibrational modes, particularly
in hydrogen-containing bonds, while maintaining numerical stability [27]. System equilibration was
performed for 10 ns in the NPT ensemble at 7= 298 K and p = 1 atm, regulated by the Nosé-Hoover
thermostat and barostat [28-31], each with a relaxation time of 0.3 ps and 0.8 ps, respectively. The
barostat relaxation time was set to 0.8 ps to allow gradual pressure adjustment while maintaining nu-
merical, whereas the thermostat relaxation time was set to 0.3 ps to efficiently control temperature
without perturbing high-frequency vibrations. This was followed by a 10 ns NVT production run using
the same thermostat settings. Equilibration was verified by monitoring convergence of total, potential
and kinetic energies, as well as temperature, pressure and density to time-independent averages.

To characterize the studied systems, we focused on key structural and dynamic properties. Struc-
tural properties were analyzed through radial distribution function (RDF?’), cluster analysis and solva-
tion shell characterization.

Pair radial distribution functions

e() =X o) ©)

= 2
= 47zrl.j Ar

where N ,7%;, and Ar represent the total number of atoms within a radius 7, the distance between
atoms i and j, and the bin width, respectively were calculated using the TRAVIS “TRajectory analyzer
and VISualizer” v1.14.0 package [32].

Cluster analysis and solvation shell characterization were conducted using the solvation analysis
[33] in conjunction with Python scripts, providing insight into Li" coordination environments and sol-
vation structures.

Translational dynamics were analyzed through mean-squared displacement (MSD) calculations.
The MSD, representing the average squared displacement of molecules from their initial positions, was
computed as[34]:

1 N 2 2
MSD:;Z|r(t)—r(O)| :A|r(t)| (10)
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where N is the number of particles, 7(¢) is the centre of mass coordinate of the particle i at the time ¢,
and <> denotes an ensemble average over time.

Self-diffusion coefficients D, were derived from MSD data using Einstein’s relation:
1 d 2
D =—lim—(r(z)—r(0 11
= Lim & (r(1)-r(0) an

The temporal dependence of diffusive behavior was characterized through the logarithmic slope of
MSD:

d logMSD ()

ﬂ(t) - d logt

(12)

This parameter distinguishes the nature of diffusion: =1 corresponds to the diffusion regime
(Fickian transport), A < | indicate sub-diffusive behavior, and S >1 signifies super-diffusive or bal-
listic motion at short timescales.

Microscopic transport mechanisms were elucidated through van Hove correlation function analy-
sis, describing space-time correlations between species [35]:

1
G(r,t)= o(r—|r(0)—r, (¢ 13
()= 4o 200 (=5, () (13)

where © is atom number density, » is the distance. Next, van Hove function was decomposed by two
parts — self:

self 1
G (r,t) B 4zpNr’

> 50=[r (1)) (14)

i

distinct ‘ E 5 r—I|r ( ) —1 )/ 1 5

The detailed characterization of structural and dynamic properties provided a comprehensive
foundation for evaluating the LiIFSI/DME/BTFE system, and the following section presents the results
and discussion of the simulations.

Results and Discussion

Li" Solvation Structure and Coordination Environment in the LiFSI/DME/BTFE Electrolyte

To understand the solvation structure of LiFSI salt in the DME/BTFE electrolyte system and its in-
fluence on the Li" transport mechanism, the radial distribution between representative atomic centers
of all electrolyte components was analyzed (Figure 4).
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Figure 4. Li" solvation structure in the LiFSI/DME/BTFE electrolyte (1 M LiFSI in DME/BTFE = 1:1) illus-
trated by (A—C) radial distribution functions (g(7), left axis) and running coordination numbers (cn(7), right axis)
for (A) Li*FSI', (B) Li***BTFE, and (C) Li"--DME interactions. (D) Statistical distribution of the Li* coordina-
tion environment, determined using a cut-off distance of 3.00 A defining the first solvation shell.

A detailed investigation of the Li*---FSI™ interionic interactions (Figure 4a), for which the oxygen
atom is the strongest interaction center in FSI, revealed a pronounced peak at =~ 2.1 A with a mini- mum
at 3 A. This indicates relatively strong interionic interactions that are typical for liquid organic
electrolytes and ionic liquids containing lithium salts with imide anions. Li* also demonstrates compet-
itive solvation by DME molecules. The first peak for Li*--OP™* (Figure 4b) (1.9 A) appears at a some-
what shorter distance than for Li*---O™', indicating a strong tendency for Li* localization with DME and
higher interaction strength. In contrast to DME and FSI-, the radial distribution functions for Li*--- BTFE
(Figure 4c) exhibit only a shallow, broad maximum at » =~ 2.1 A with g(r) < 0.8, followed by a diffuse
minimum near 7 = 3.6 A. The extent of the solvation shell for different pairs differs more sub - stantially
than their interaction strength. The minimum in the radial distribution for FSI™ is located at 3 A, whereas
for DME it is at 2.5 A, which is explained by the higher coordination capacity of DME to Li* due to the
stronger donor ability of the ether groups. For BTFE, the minimum at = 3.6 A confirms the absence of
significant direct interaction. Although no substantial first-shell coordination is ob - served for BTFE
[8, 36], a minor long-range correlation peak is present at » > 4 A, indicating an indi- rect influence of
BTFE on the spatial organization of the electrolyte. These features suggest that BTFE influences the
spatial organization of DME and FSI™ indirectly, modulating the local solvation land- scape without
forming stable complexes with Li". Such behavior aligns with the solvation-structure regulation
hypothesis proposed for fluorinated co-solvents in ether-based electrolytes [37].

The analysis of the position, intensity, and shape of radial distributions describing interactions be-
tween electrolyte components is reflected in the running coordination number cn(r), which represents the
coordination capacity of the reference atom with respect to Li* ions and was calculated by integrating the
distribution up to the first minimum (right Y-axis of Figure 4). The coordination number for Li*---O™' is
~1.43, indicating a multidentate binding configuration of FSI", where each anion provides more than one
oxygen atom for Li* coordination. The coordination number for Li*---OP™ is =1.7, which is significantly
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lower compared to DME-rich systems (n =~ 3.0-5.0) and is consistent with the reduced availability of co-
ordinating DME molecules in the equimolar DME/BTFE mixture. For Li*---BTFE, integration yields co-
ordination numbers close to zero, confirming the absence of significant direct Li*-BTFE interactions.
When combining contributions from FSI~ and DME, the total coordination number reaches approxi-
mately 3.5, indicating a solvation shell partially dominated by the anion.

For a more detailed investigation of the role of each component as a coordination center within the
LiFSI/DME/BTFE electrolyte system, a statistical analysis of the Li" coordination environment was per-
formed (Figure 4d). Each configuration was designated with an X-Y-Z label corresponding to the num-
ber of FSI", DME, and BTFE, respectively, in the first solvation shell (3.00 A). Specifically, for the local
Li* environment, the most prevalent configuration is FSI:DMEBTFE. (28.9%), reflecting a strong ten-
dency toward anion-rich solvation, where three FSI~ molecules surround Li* together with one DME
molecule. Several other FSI-rich motifs also appear with significant frequency: FSLDME,BTFE,
(14.7%) and FSLDME,BTFE, (12.9%), forming the second and third most populated environments. To-
gether, these states reinforce the picture of extensive ion pairing, as Li* is rarely coordinated with fewer
than two anions in the system. Interestingly, only one configuration — FSI;DME,BTFE, — includes BTFE
directly in the coordination sphere, and even then its frequency remains minimal, emphasizing the negli-
gible coordinating capacity of BTFE. This tendency underscores the competition between anion associa-
tion and solvation by DME molecules. The predominant presence of multi-anion aggregates reflects
strong ion-pairing interactions, indicating that Li* in this electrolyte exists predominantly in highly asso-
ciated states. This defines the ion transport mechanism in the LiFSI/DME/BTFE system, where Li* trans-
port occurs predominantly through mixed solvation complexes Li*(FSI"),(DME),, with dominant partici-
pation of FSI", while BTFE serves as a diluent that influences the structural organization of the elec-
trolyte indirectly, without forming direct coordination bonds with Li*.

Ion cluster population analysis in LiFSI/BTFE/DME system

The analysis of ionic cluster formation can additionally shed light on the Li* transport mechanism
in the LiIFSI/DME/BTFE electrolyte through understanding how the identified solvation complexes or-
ganize into larger ionic aggregates and how this organization affects ionic transport dynamics.

The population analysis of ionic cluster formation is presented in Fig. 5 as a two-dimensional dis-
tribution of the number of FSI™ anions as a function of the number of Li* cations in each cluster. The
probability map, plotted on a logarithmic scale, visualizes the distribution of ionic aggregates in the
electrolyte. A key feature of the distribution is the evident predominance of small ionic clusters. The
highest occurrence frequencies are concentrated in the region where both n” and n~ do not exceed ap-
proximately 5, indicating that most ions exist as small, highly dynamic aggregates rather than large
cluster structures.
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Figure 5. Ion cluster population analysis of FSI™ with respect to Li* in the LiFSI/BTFE/DME electrolyte, repre-
sented on a logarithmic probability scale. The color map indicates the occurrence frequency of the corresponding
Li*=FSI" clusters identified along the simulation trajectory. The black diagonal line denotes electrically neutral

aggregates (n~ = n*), while the red line, obtained from a first-degree polynomial fit (77 = 1.06-n" ), indicates
a deviation from neutrality toward negatively charged, anion-rich clusters (1.06 > 1). Cluster analysis was per-
formed using a threshold distance criterion between Li* and the N/O/F interaction centers of FSI™.

14



Local Structure and Li-ion Transport Mechanism in LiFSI/DME/BTFE Electrolyte Revealed ...

The black diagonal line in the figure corresponds to the electroneutrality condition ( ;- = ;*). The

data distribution follows this neutrality line with a high degree of accuracy, demonstrating that the
overwhelming majority of clusters remain charge-balanced. The linear fit, shown in red, yields a rela-
tionship of n~ =1.06-n", indicating a slight deviation from ideal neutrality. The coefficient exceeding
unity by only 6% indicates a weak enrichment of clusters with FSI™ anions, suggesting a somewhat
higher propensity of anions for association compared to Li* cations. However, this deviation is mini-
mal and does not lead to a substantial change in the overall neutral character of the ionic aggregates.

The dominance of small, near-neutral clusters defines the nature of the ionic transport mechanism
in the LiFSI/DME/BTFE electrolyte. Although the coordination environment analysis revealed the
predominance of highly associated solvation complexes Li*(FSI");(DME),, the cluster population anal-
ysis demonstrates that these local complexes do not combine into extended ionic networks. In contrast
to high-salt-concentration systems where the formation of large higher-order aggregates is observed,
this system exhibits limited aggregation. The main contribution comes from free Li" ions and small
neutral pairs, while the formation of large aggregates (»* +»~ >10) is virtually absent. This phenome-
non is due to the effective solvation of both ion types by DME and BTFE solvent molecules, which
prevent excessive ionic association at the mesoscopic level.

The weak anion enrichment of clusters (n~ =1.06-»n") correlates with the coordination environment
analysis results, where mixed solvation complexes with an FSI- /DME ratio of = 3:1 are dominant.
This quantitative agreement between the local coordination structure and cluster distribution confirms
that the observed solvation complexes Li*(FSI").(DME),, represent the primary transport units, which
remain relatively isolated and do not form extensive cluster domains. Li* cations are preferentially co-
ordinated by oxygen-containing groups of DME, which promotes stabilization of solvation complexes
and prevents their further aggregation. Meanwhile, FSI™ anions demonstrate a somewhat higher ten-
dency to form weak associates, which is reflected in the minimal excess of anions in the clusters.

The results of the ionic cluster population analysis combined with coordination environment data
provide compelling evidence that Li* transport in the LiFSI/DME/BTFE electrolyte occurs predomi-
nantly through a vehicular mechanism involving small solvation complexes, rather than through struc-
tural diffusion in extended cluster domains. The nanoscale structural organization of the electrolyte is
characterized by the predominance of small, weakly associated ionic species. The minimal formation
of large charged aggregates ensures high mobility of Li* charge carriers, as the ions remain in the
form of discrete solvation complexes Li*(FSI").,(DME), and are not bound in extended cluster do-
mains. Charge transport occurs through diffusion of these solvated complexes as unified transport
units, which ensures efficient ionic transport while maintaining the dynamic nature of the solvation
shell. The role of BTFE as a diluent is to create spatial separation between solvation complexes, pre-
venting their aggregation and maintaining high mobility of the transport units.

The structural characteristics of clusters reflect only the static aspect of ionic organization; to com-
plement the analysis with a dynamic component and determine the nature of ion motion on different
time scales, Van Hove function analysis is subsequently applied.

Space-time Analysis of Li* Transport via the Van Hove Correlation Functions

To quantitatively characterize dynamics of Li* transport and confirm the proposed transport mecha-
nism, Van Hove function analysis was performed, which allows tracking the evolution of ion distribu-
tion over time and determining the characteristic scales of ionic transport.

The analysis of the self-correlation part of the Van Hove function, representing the temporal evolu-
tion of the probability of individual Li* ion displacement relative to its initial position, is presented in
Figure 6A. The probability distribution of Li* displacement demonstrates characteristic temporal evo-
lution. At short time intervals (dark purple curves, 0-3-10° fs), the distribution is characterized by a
pronounced sharp peak at small distances (~1-2 A) with a maximum displacement probability of ap-
proximately 178 arbitrary units, indicating predominantly localized ion motion within their first coor-
dination shell. As the observation time increases (transition from purple to red and yellow curves), the
intensity of the main peak decreases and its maximum shifts to larger distances, reaching ~ 2-3 A at
times ~ 8—10-10° fs. Simultaneously, an extended tail of the distribution forms, extending to 6-8 A, in-
dicating the realization of long-range ion displacements.
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Figure 6. Illustration of Li* transport dynamics in the 1 M LiFSI BTFE/DME (1:1) electrolyte. (A) Self-part of
the van Hove correlation function describing the probability distribution of individual Li* displacements over
time. (B-D) Two-dimensional projections of a representative single Li* trajectory in the (B) xy-, (C) xz-, and (D)
yz-planes. Color coding indicates the simulation time (fs), highlighting the temporal evolution and spatial con-
finement of Li* motion along the trajectory.

A more detailed investigation of the distribution shape reveals characteristic features of the trans-
port mechanism. In contrast to continuous diffusive motion, where the distribution would have a
Gaussian form, the observed distribution demonstrates pronounced asymmetry with a long tail toward
larger distances. This indicates that Li* transport occurs not through continuous diffusion but through
intermittent motion with alternating periods of localization and relatively rapid jumps (hopping-type
mechanism). Li* ions remain localized within a certain coordination environment for significant time
intervals, after which discrete jumps occur over distances of 6-8 A, corresponding to transition to a
new solvation state.

For a more detailed understanding of the spatial organization of Li* trajectories, Fig. 6B-D present
two-dimensional projections of an individual cation trajectory in the xy, xz, and yz planes, respectively,
with color coding by simulation time. The trajectories demonstrate an intermittent character with the
formation of discrete spatial clusters. By focusing on the displacement of a single arbitrary cation
rather than on averaged characteristics, the heterogeneity of dynamics can be more clearly revealed.
The color coding (from dark blue for early times through yellow to red for late stages) visualizes the
sequence of positions occupied by the ion. In all three projections, the formation of spatially separated
clusters of points of the same color is observed, indicating that the ion spends significant time in lim-
ited local regions (~2-3 A) before moving to the next localized region. Transitions between such re-
gions occur as jumps over distances of ~4—6 A.

The observed behavior indicates a predominantly hopping transport mechanism. During localiza-
tion periods, the ion performs limited oscillatory motion within ~2 A. The dominant contribution to
long-range transport is made by jumps between localized regions, which occur through overcoming an
energy barrier. This process is realized as activated hops, which explains the intermittent character of
the trajectories and the presence of a long tail in the Van Hove function distribution.

Thus, the totality of Van Hove function data convincingly demonstrates that Li* transport in the
LiFSI/DME/BTFE electrolyte is realized predominantly through a hopping mechanism (structural dif-
fusion). Ions reside in local solvation environments for discrete time intervals, after which they per-
form activated hops to new coordination positions. Long-range transport occurs through a series of
such hops over distances of 4-8 A, which ensures efficient Li* movement through the electrolyte.

Diffusive Behavior and Transport Properties of LiFSI/DME/BTFE Electrolyte

Numerical assessment of the mobility of all system components was performed through calculation
of self-diffusion coefficients based on mean square displacement (MSD). For quantitative assessment
of diffusion, self-diffusion coefficients were determined from the slope of the mean square displace-
ment (MSD) curves of each component in the long-time diffusive regime (Fig. 7).
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Figure 7. Illustration of transport of electrolyte constituents, represented by (A) mean-squared displacement and
(B) time evolution of B parameter quantifying diffusion behavior.

Figure 7A shows the mean square displacement of all components on a logarithmic scale, where
the linear behavior in the long-time regime confirms diffusive motion. In this approach, the slope of
the MSD curves provides a direct measure of particle mobility. The calculation of D was carried out in

the time range between 4 and 7 ps, where the system reaches the diffusive regime. In this time range,
the coefficient P, characterizing the type of diffusive motion, reaches a value close to 1, as shown in
Figure 7B, confirming the establishment of a linear diffusive regime for all electrolyte components.
The convergence of B to unity for all species at times beyond 4-7 ps indicates the transition from bal -
listic to diffusive regime.

The self-diffusion coefficients of all major components — Li*, DME, BTFE, and FSI" — were ex-
tracted from the MSD analysis, and the results are presented in Table 10.

Table 10. The self-diffusion coefficients of the electrolyte 1M LiFSI DME/BTFE (1:1) constituents.

Component systems Self-diffusion coefficient (D)-10'%/ m*/s
Li* 2.00
FST 1.98
DME 4.22
BTFE 35.30

The obtained data demonstrate that neutral co-solvent molecules (BTFE) diffuse significantly faster
than ionic species. The observed mobility order is BTFE > DME > Li* = FSI". Specifically, BTFE ex-
hibits the highest self-diffusion coefficient, approximately 17—18 times higher than the ion coeffi-
cients, which is likely due to weak interactions with Li* and exclusion from the first solvation shell, as
established in the RDF analysis. DME diffuses approximately twice as fast as Li* or FSI, reflecting its
role as a coordinating solvent participating in the formation of solvation complexes.

Analysis of the data presented in Figure 4 allows establishing a direct connection between the
structural features of the system revealed in the RDF and coordination environment analysis and its
dynamic behavior. Li* and FSI™ exhibit the lowest diffusion coefficients, consistent with strong ionic
association and partially anion-dominated solvation revealed in the coordination environment analysis.

Conclusions

Molecular dynamics simulations of the 1M LiFSI/DME/BTFE (1:1) electrolyte revealed a unique
solvation structure characterized by the predominance of anion-enriched aggregates. The most preva-
lent Li* coordination configuration, FSGDME,BTFE, (28.9%), demonstrates that BTFE is completely
excluded from the first solvation shell (¢n ~ 0) and functions as a non-coordinating diluent. Cluster

population analysis confirms the dominance of small, weakly charged aggregates
(n~=1.06-n",n" + n~ < 5), preventing the formation of extended ionic networks.
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Li* transport in this electrolyte proceeds predominantly via a hopping mechanism with alternating
periods of localization (~2 A) and activated jumps over distances of 4 — 8 A. Van Hove function anal-
ysis revealed the intermittent nature of motion with solvation shell reorganization. Nearly identical dif-
fusion coefficients for Li* (2.00-10"> m?/s) and FSI" (1.98-107'2 m?/s) indicate persistent ion pairing,
while BTFE exhibits 17 — 18 times higher mobility due to the absence of coordination interactions.

The obtained results establish design principles for fluorinated ether electrolytes: spatial dilution by
non-coordinating solvents prevents excessive ionic aggregation while ensuring efficient charge trans-
port through small dynamic solvation complexes. The identified hopping mechanism with low reorga-
nization barriers, enabled by small cluster size, provides a foundation for optimizing high-voltage
lithium batteries.
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K. C. fikapesa’, B. Kosepra™, O. M. KanyriH'. JlokanbHa CTpyKTypa Ta MexaHism TpaHcnopTy Li* B enekTponiri
LiFSI/DME/BTFE 3a gaH/Mu MONeKynspHO-ANHAMIYHOrO MOAENOBaHHS.

" HaByanbHo-HaykoBui iHCTUTYT Ximii, XapKiBCbKuil HauioHanbHUi yHiBepcuTteT iMmeHi B. H. KapasiHa, Xapkis,
YkpaiHa

T Kacpegpa ximivHoOI itxxeHepii, YHiBepcuTeT InniHoicy B Yukaro, Yukaro, CLUA

* Bigain maTepianosHascTea, HauioHansHa naGopaTtopisi AproHH, llemoHT, CLUA

dTOpOBaHi €TEepHi eneKkTponiTM € NePCNeKTUBHUM HaNPsSIMOM ANS NiaBULEHHS ePeKTUBHOCTI Ta 6e3neyHocCTi
NITIEBUX aKyMynaTOpiB, O4HaK MOMNEKYNsAPHI MexaHi3Mu, Lo BU3Ha4aloTb TpaHcnopT Li* y Takux cuctemax, goci
He[oCTaTHBO 3pO3yMini. 3 METOI 3'ACyBaHHA COnbBaTaLiNHOI CTPYKTYpW Gyno NpoBeAeHO MOAENOBaHHA MeTOo-
OOM MorneKynspHoi agnHamikv enektponity 1 M LiFSI y cymiwi 1,2-gumeTokcuetany (DME) Ta 6ic(2,2,2-Tpudonyo-
poeTtun)etepy (BTFE) y cnisBigHoLweHHi 1:1.

OTpumaHi pesynbTaTy MOKa3ylTb CofbBaTaLiiHy crneuudiyHicTb: MoHM Li* nepeBaxHO (DOpMytOTb aHioH-
HacuyeHi arperatn Tuny FSIsDMEBTFE, (28.9%), a He knacuyHi CTPYKTYpW 3 pO3AiINeHHSM PO3YMHHUKIB; nNpu
Lubomy dTopoBaHuin BTFE MOBHICTIO BUTICHEHUI i3 NepLUOi KOOpAMHALINHOI cdepn, Nonpu piBHI MONSPHI Kinb-
KOCTi y cuctemi. AHani3 andysii 4eMOHCTpye CYTTEBUI KOHTpACT y AndY3inHi 3gaTtHoCTi komnoHeHTiB — BTFE
pyxaeTtbcsa y 17—18 pasis wBuawe 3a noHHi Buan. KopensuinHa cyHkuis BaH Xoda nokasye, Lo nepeHeceHHs
Li* peanisyeTbcs He Wnsixom 6e3nepepBHOT Andy3ii, a Yepes CTpUOKK MixK nokanizoBaHnuMy ob6nactsamu.

KnacTtepHun aHania cBigunTb, WO CTPYKTYPY €NeKTponiTy BU3Ha4YalTb HEBENUKI, cnabko3apsaxeHi arpe -
ratu, WO Y3rogxyeTbcs 3 edeKTUBHUM MepeHeceHHs M 3apagy B cuctemi. OTpumaHi Ha MONekynsapHOMY pi-
BHi AaHi pOpMYylOTb NPUHLMNM paulioHanbHOro An3anHy (GTOPOBaHUX eTepHUX eNneKkTPOoniTiB i3 NokpaLleHo
MNOHHOO NMpPOBIgHICTIO.

Knrodoei cnoea: enekmponimu 0ns nimid-ioHHUX akymynsimopig, MofeKynsipHo-OuHaMiyHe MOOeTeaH -
HA, cmpubkogull MexaHi3M mpaHcriopmy, krnacmepu3auisi UoHie, ¢pmoposaHi emepu, conbeamauiliHa

cmpykmypa.
Kongbnikm iHmepecie: Asmopu rogidomiisiroms rpo 8idcymHicme KOHQIiKmy iHmepecis.
BHecok aemopis: Bci asmopu 3pobusnu pigHuli HeCcok y yro pobomy.

HadicnaHo do pedakuii 11.09.2025 lputiHsmo 0o Opyky 23.10.2025 Ony6nikosaHo 30.12.2025

Kharkiv University Bulletin. Chemical Series. Issue 45 (68), 2025

20


https://doi.org/10.1002/anie.202009738
https://doi.org/10.33011/livecoms.1.1.6324
https://doi.org/10.21105/joss.05183
https://doi.org/10.1002/aenm.202405680

BicHuk XapkiBChKOTO HaIliOHAJILHOTO YHIBEpcUTETY, cepis "Ximisa", Buil. 45 (68), 2025

https://doi.org/10.26565/2220-637X-2025-45-02 ISSN 2220-637X
YAK: 544.165+577.322

COMPARATIVE EVALUATION OF COMPUTATIONAL METHODS FOR MODELING
SARS-COV-2 SPIKE PROTEIN RBD - ANTIBODY COMPLEXES

V. 0. Morozova®'", M. V. Prud®"", A. Kyrychenko®"*

"V.N. Karazin Kharkiv National University, Education and Research Institute of Chemistry, 4 Svo-
body sq., Kharkiv 61022, Ukraine

TEnamine Ltd., Winston Churchill Street 78, Kyiv 02094, Ukraine

*Institute of Functional Materials Chemistry, State Scientific Institution “Institute for Single Crys-
tals” of National Academy of Sciences of Ukraine, 60 Nauky ave., 61072 Kharkiv, Ukraine

a) < v.moroz.ukraine@gmail.com https://orcid.org/0009-0006-9615-5980
b) < mykyta.prud@gmail.com https://orcid.org/0000-0002-0051-8104
¢) < a.v.kyrychenko@karazin.ua https://orcid.org/0000-0002-6223-0990

Computational modeling of protein-protein interactions (PPIs) is a high priority because it is essential for un-
derstanding nearly all cellular functions and for addressing the limitations of time-consuming experimental meth-
ods. This approach is crucial for drug discovery, as it enables rapid identification of disease targets, the design
of therapeutics that modulate PPIs, and the simulation of interactions under realistic, crowded cellular condi-
tions. The SARS-CoV-2 Spike protein's Receptor-Binding Domain (RBD) is the crucial region that directly en-
gages the human ACE?2 receptor to initiate infection. Therefore, studying the RBD and its interactions with neu-
tralizing antibodies is paramount for understanding immune protection, assessing the threat posed by viral vari-
ants, and guiding the design of effective vaccines and antibody-based therapeutics. Here, we evaluated the per-
formance of several computational tools for modeling complexes between the SARS-CoV-2 Spike protein re-
ceptor-binding domain (RBD) and various neutralizing antibodies. Recent breakthroughs in computational
chemistry have moved beyond traditional protein-protein docking towards various generative methods and co-
folding tools that predict a protein's 3D structure and binding poses from its sequence. Therefore, this motivates
us to compare the performance of traditional docking methods, such as pyDockWEB and ClusPro, with that of
novel, promising Al-driven tools, such as AlphaFold 3, Boltz-2, Protenix, and Chai-1. All these methods were
systematically evaluated for their ability to reproduce the 3D structures of known Spike RBD-antibody com-
plexes. We found that traditional docking tools, such as ClusPro and pyDockWeb, perform well at capturing cor-
rect protein-protein interactions for relatively small antibodies with well-defined interaction interfaces, but fall
short at reproducing more complex protein-protein assemblies. AlphaFold 3 performs best at reproducing the
3D structures of the five studied RBD-antibody complexes among the four Al-driven prediction tools considered.
Our study sheds light on understanding protein-protein interactions and provides a practical guide for accurate
modeling of viral Spike protein RBD-antibody interactions.

Keywords: protein folding, protein-protein interaction, molecular docking, AlphaFold, artificial intelligence.

Introduction

Understanding protein-protein interactions is essential in designing selective and highly specific
antibody, capable of binding to a unique antigen. Computational modeling these interactions helps
identifying the structure of specific complexes between antibody and antigen, like between a lock and
key, which further "tags" the invader for destruction by other immune cells or neutralizes it directly,
providing long-term immunity after infections or vaccinations [1-3]. Therefore, prediction of the 3D
structure of protein-protein complex opens up opportunities for developing novel therapies at low
computational costs [4-6].

The Spike (S) protein of SARS-CoV-2 is a large, club-shaped trimeric glycoprotein on the virus's
surface. It enables infection by binding to host ACE2 receptors, allowing viral entry and fusion [7].
The S protein has two domains: S1, which mediates virus entry via its receptor-binding domain (S-
RBD) binding to the host receptor angiotensin-converting enzyme 2 (ACE2), and S2, which facilitates
viral membrane fusion. It is the main target for vaccines and antibodies and forms the characteristic
"corona" of the virus (see Figure 1a). Therefore, understanding how potent neutralizing monoclonal
antibodies recognize the Spike protein is pivotal for developing new vaccines and antibody drugs. Al-
though numerous efforts have been made to develop antibody-based vaccines and therapeutics, the
emergence of new SARS-CoV-2 lineages has marked a new phase in this COVID-19 pandemic. Sev-
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eral reports have suggested that these virus variants contain multiple genetic mutations in the S-RBD,
which may change the shape of the S-RBD or interfere with how neutralizing antibodies recognize and
bind to it, thereby potentially reducing the effectiveness of these antibodies [8].

Advancements in computational tools for biomolecular interactions are shifting from traditional,
physics-based simulations towards novel "co-folding" architectures and geometric deep learning ap-
proaches. As of 2025, models that treat protein-ligand (PLI) and protein-protein interactions (PPI) as a
unified structural prediction problem rather than two separate steps of folding and docking dominate
the field.

In this study, we performed comparative evaluation of the performance of several computational
tools for modeling complexes between the SARS-CoV-2 Spike protein RBD and various neutralizing
antibodies utilizing web-based tools for molecular docking (pyDockWEB, ClusPro) as well as novel
generative neural network models (AlphaFold 3, Boltz-2, Chai-1, Protenix).

a

SARS-CoV-2

SARS-CoV-2 spike trimer S1-NTD SARS-CoV-2 RBD

Figure 1. Structure of the SARS-CoV-2 spike (S) protein. (a) Schematic diagram of the SARS-CoV-2 virion and
its S protein. (b) Cryo-EM structure of the S protein trimer (PDB 6VXX). The three subunits are color-codded
by orange, green, and blue. (c¢) Detailed views of the receptor-binding domain (RBD) and N-terminal domain
(NTD) in the S1 subunit. (d) Crystal structure of the SARS-CoV-2 RBD in complex with human ACE2 (PDB
6M0J). Human ACE2 is colored in /ight blue. Adopted with permission from [9].

Computational Methods

To model antibody-antigen complex structures, we used a docking protocol implemented in the
PIPER programme and integrated into the ClusPro server [10]. The main methodological approach
was the use of a specialised asymmetric potential ADARS (asymmetric Decoys as the Reference
State), which accounts for the specific asymmetry of interfaces, where tyrosine, tryptophan and
phenylalanine residues are much more common in the antibody paratope than in the antigen epitope.
The process involved exhaustive global sampling of billions of conformations using a fast Fourier
transform (FFT) approach, after which the 1,000 lowest-energy structures were subjected to RMSD
clustering to identify the most populated clusters representing energy minima. The final models, de-
fined as the centres of these clusters, were energy-minimised using the CHARMM force field to elimi-
nate steric overlaps. This combined approach allows the identification of structures close to native
ones, even without a priori information on the locations of CDR sites that determine complementarity
[10-11].

Another classic tool for predicting the structure of protein-protein complexes used in this work was
the pyDockWEB web server, based on a rigid docking algorithm [12]. The process of generating con-
formations (sampling) was carried out using a parallel implementation of the FTDock programme,
which performs a global search in translational and rotational space by discretising molecules on or-
thogonal grids. To optimise fast Fourier transform (FFT) calculations, the grid size n was selected ac-
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cording to the requirements of the FFTW library, which provides significant acceleration without loss
of accuracy. The obtained models were ranked using the pyDock scoring function (version 3), primar -
ily evaluates interactions based on electrostatics and desolvation energy with limited contribution from
Van der Waals energy [12].

AlphaFold 3 was employed as a diffusion-based generative framework to predict the three-dimen-
sional structures of biomolecular complexes, including protein—protein interactions [13]. The model
processes interacting entities through a unified representation, synthesizing primary sequence data
with learned structural priors [14]. This prediction task is performed as a denoising diffusion process,
in which initially perturbed atomic coordinates are iteratively refined to reach physically plausible
conformations. Its architecture integrates attention-based neural networks with geometric constraints,
facilitating the simultaneous modeling of intra- and inter-molecular dynamics [15-16]. Evolutionary
context, derived from multiple sequence alignments (MSAs), was incorporated during refinement
when available. To rank the resulting complexes, model confidence was quantified using the predicted
TM-score (pTM) and interface TM-score (ipTM), combined into a single aggregate metric.

Boltz-2 (version 2.2.0) served as an alternative diffusion-based generative model, utilizing a formu-
lation conceptually similar to AlphaFold 3. This method maps interacting protein chains within a
shared geometric coordinate system, applying successive denoising steps to transform stochastic initial
states into energetically favorable assemblies. By explicitly accounting for inter-chain spatial orienta-
tions, Boltz-2 enables high-fidelity interface reconstruction without requiring rigid-body docking as a
precursor. The diffusion-based sampling enabled exploration of diverse interaction geometries, guided
by evolutionary data when applicable. Predicted complexes were ranked based on confidence indices
derived from structural consistency and interface precision. In this study, predictions were generated
via the TamarindBio web service (https://app.tamarind.bio/boltz) with both diffusion samples and re-
cycling steps set to 10 [17-18].

Chai-1 (version 0.6.2) was utilized as a diffusion-based model optimized for the structural charac-
terization of biomolecular assemblies and protein—protein interfaces [19]. The model facilitates the
transition of perturbed conformations into coherent complex structures through an iterative denoising
mechanism within a common geometric framework. This explicit modeling of inter-chain dependen-
cies allows for accurate interface prediction independent of predefined docking poses. Evolutionary in-
formation was integrated to guide structural refinement, while the generative nature of the diffusion
process enabled sampling of multiple plausible binding modes. Ranking was performed using internal
metrics of global coherence and interface quality. Inference was performed using the TamarindBio
service (https://app.tamarind.bio/chai), with 10 diffusion samples and 10 recycling steps [19].

Protenix is a trainable, open-source PyTorch implementation inspired by AlphaFold 3, designed for
high-accuracy biomolecular structure prediction. The framework aims to provide an accessible, exten-
sible research platform for developing and evaluating generative models in computational structural
biology. Complexes were prioritized using internal confidence scores reflecting both structural stabil -
ity and interface fidelity. Predictions were obtained using the implementation hosted on the Tamarind-
Bio web platform (https://app.tamarind.bio/protenix) [20].

The PyMOL Molecular Graphics System, Version 3.0 Schrodinger, LLC was used for visualization
and RMSD analysis.

Results and discussion

The long-standing paradigm of traditional protein-protein docking, based on physics-based simula-
tions that require a priori knowledge of the experimental 3D structure of each protein, is rapidly shift-
ing towards various generative methods and co-folding tools that predict the protein's 3D structure and
binding poses from protein sequences alone. Therefore, we compared two traditional web-based dock-
ing tools, such as PyDockWEB and ClusPro, with novel Al-driven approaches, such as AlphaFold 3,
Boltz-2, Protenix, and Chai-1. All these conventional and generative methods were systematically
evaluated against experimentally resolved Spike RBD-antibody structures summarized in Figure 2.
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Benchmarking set of SARS-CoV-2 Spike protein RBD complexes
with various neutralizing antibodies

As of January 2025, experimental structures of the SARS-CoV-2 S-protein/RBD complexes with
neutralizing antibodies (NAbs) revealed up to a total of 540 PDB entries [21]. Therefore, our bench-
mark set comprised four representative SARS-CoV-2 S-RBD complexes with NAbs deposited by De-
cember 2024. These PDB entries were most likely used in the training sets of the evaluated Al-driven
prediction tools. The PDB entry 9LAE was deposited after January 2025 and represents a new struc-
ture beyond the ML template datasets.

The crystal structure of CR3022, a neutralizing human antibody previously isolated from a conva-
lescent SARS patient in complex with the SARS-CoV-2 S-protein RBD (3.1-A resolution) was con-
sidered (Figure 2a). CR3022 recognizes a highly conserved epitopes of SARS-CoV-2 and SARS-CoV
[22].

Other two examples are given by the co-crystal structures of neutralizing antibodies, CC12.1 and
CV30 (see Figures 2b and 2c), which were previously isolated from a SARS-CoV-2-infected patient
and were shown to be specific for the RBD [23-24].

The X-ray crystal structure of the human neutralizing antibody nCoV617 fragment in complex with
the SARS-CoV-2 S-RBD (2.51 A resolution) was identified from an isolated antibody derived from
convalescent plasma (PDB: 7E30) [25]. The crystal structure revealed that nCoV617 mainly binds to
the back of the “ridge” of the RBD receptor and possesses common binding residues with ACE2, as
shown in Figure 2d.
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Figure 2. Crystal structure of SARS-CoV-2 receptor binding domain in complex with various neutralizing antibodies: (a) hu-
man antibody CR3022 (6W41) [22], (b) neutralizing antibody CC12.1 (6XC2) [23], (c) neutralizing antibody CV30 (PDB:
6XE1) [24], (d) neutralizing antibody nCoV617 (PDB: 7E30) [25], (e) two antibodies 9G11 and 3E2 (PDB: 9LAE) [26].

Finally, we also included the recently deposited cryo-EM structure of the S-RBD complex (3.46 A
resolution) (Figure 2¢), which combines “antibody cocktail” composed of new 9G11 antibody with the
previously reported 3E2 one that broaden the neutralization spectrum against new variants of SARS-
CoV-2[26].

Traditional protein-protein docking

Traditional protein-protein docking tools, such as pyDockWEB, HADDOCK, and ClusPro, are
controllable, interpretable, computationally efficient for screening, and can integrate experimental data
directly. These tools have long been used by structural biologists and medicinal chemists as precise,
tunable instruments for computational studies of complex protein-protein architectures. In our compar-
ative evaluation, we benchmarked the performance of two of these tools — ClusPro and pyDockWEB
in reproducing the available 3D-structure of the selected RBD-antibody complexes (see Figure 2).
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As shown in Figure 3, the ClusPro reproduces complex structures with fairly high accuracy — the
average backbone RMSD does not exceed 2.0 A. The only exception is the crystal structure of 9LAE,
a non-classical biomolecular complex that demonstrates simultaneous binding of the spike protein to
two antibodies at once; the error relative to the crystal structure exceeds 10 A. Such good performance
of conventional methods in this metric can be explained by the fact that these methods use already
known crystal structures as input, and in the process of protein-protein docking, only amino acid
residues at the site of protein contact undergo conformational changes.

9LAE
Cryo-EM
6W41 BXC2 7E30 3E2 docking
X-ray X-ray X-ray 9G11 docking
docking i, A8 docking 3E2 RMSD = 17.871 A
RMSD = 0.951 A RMSD = 0.278 A RMSD = 2.435 A RMSD=0024A  9G11RMSD = 10.028 A

Figure 3. Performance of ClusPro in reproducing the 3D-structure across the studied RBD-antibody complexes.
The overlap shows color-coded comparison of the experimental X-ray or Cryo-EM data and computed 3D-struc-
ture.

As with the previous method, pyDockWeb, for similar reasons, demonstrates quite good perfor-
mance on this metric. However, minor differences are also present — some biomolecular complexes
are reproduced better compared to the previous method (7E30), while others are significantly worse
(6XE1). Such differences between classical methods can be explained by their slightly different ap-
proaches. At the same time, the non-classical crystal structure 9LAE is reproduced poorly.

9LAE
Cryo-EM
6W41 6XC2 6XE1 7E30 3E2 docking
X-ray X-ray X-ray X-ray 9G11 docking
docking docking docking docking 3E2 RMSD = 14.899 A
RMSD =0.721 A RMSD = 0.584 A RMSD = 33.254 A RMSD =0.000 A 9G11 RMSD = 3.309 A

Figure 4. Performance comparison of pyDockWeb in reproducing the 3D-structure across the five studied RBD-
antibody complexes.

A quantitative comparison of the two classical protein-protein docking methods is summarized in
Table 1. The first obvious advantage of pyDockWeb is the availability of a docking score, which can
also be used to assess the accuracy of the reconstructed structure (the simulated structure of 6XE1,
which has the highest RMSD value, also has the highest docking score (-21.435 kcal/mol).
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Table 1. Comparison of molecular docking of the 3D-structure of the Spike protein — antibody complexes using
different web-tools.

PDB: PDB: PDB: PDB: PDB: 9LAE
Metrics 6W41 6XC2 6XEl 7E30 antibody antibody
3E2 9G11
ClusPro
RMSD (A)* | 0951 | 0278 | 2435 | 0.024 | 17871 | 10.028
pyDockWeb
RMSD (A) 0.721 0.584 33.254 0.000 14.899 3.309
Total Energy (kcal/ | -45.884 -32.247 -21.435 -40.578 | -41.700 -38.012
mol)

* — RMSD was calculated with respect to the corresponding X-Ray structure

Generative neural network methods for protein-protein folding and interactions

Recent breakthroughs have moved past simple "lock-and-key" docking to dynamic, data-driven
pose and affinity prediction. Unlike traditional docking, which requires a pre-determined protein struc-
ture, various generative methods and co-folding tools predict the protein's 3D structure and the binding
poses simultaneously. The appearance of these tools is the most significant paradigm shift in 2024—
2025, so that in addition to conventional protein-protein docking methods, we also compared the per-
formance of new generative methods based on neural network and artificial intelligence approaches
[27]. A total of four methods, such as AlphaFold3, Boltz-2, Protenix, and Chai-1, were also compared.

The first considered method was AlphaFold 3 from DeepMind, whose authors were awarded the
Nobel Prize in Chemistry in 2024. Unlike AlphaFold 2, this model is capable of uniformly predicting
the structures of complex biomolecular complexes, including protein-protein, protein-DNA/RNA, and
protein-ligand interactions, as well as taking into account ions and chemical modifications [16]. The
use of a diffusion approach and updated architecture has significantly improved the accuracy of inter-
molecular contact modeling, making AlphaFold 3 a powerful tool for fundamental research, structural
interpretation of biological processes, and applied problems in modern medicinal chemistry and
CADD [14].

As shown in Figure 5, AlphaFold3 reproduced the structures of the first two complexes almost per-
fectly, with errors relative to the crystal structures of less than 0.5 A in both cases. The third and fourth
complexes were modeled with significantly lower accuracy. However, it should be noted that, unlike
classical methods, these structures were generated from scratch, leading to error accumulation, among
other things, due to structural differences outside the area of interest.

Similar to previous methods, the results of modeling the non-classical complex represented by
PDB: 9LAE system also yielded the highest RSMD error rates.

X-ray X-ray Cryo-EM
modeled modeled modeled
RMSD = 0.376 A RMSD =0.278 A RMSD = 11.273 A RMSD =7.616 A RMSD = 19.239 A

Figure 5. Performance comparison of AlphaFold 3 in reproducing the 3D-structure across the five benchmarked
RBD-antibody complexes.
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Chai-1 is a multimodal foundation model for molecular structure prediction that achieves state-of-
the-art performance across diverse benchmarks, enabling unified modeling of proteins, small mole-
cules, DNA, RNA, glycosylations, and other biomolecular entities [19]. Figure 6 shows the structure-
prediction results of the studied systems using this tool. It can be seen that, similarly to AlphaFold 3,
the first two structures were reproduced with significantly higher accuracy compared to the others.
However, the RMSD errors in the computed results are significant: 11.5 and 4.0 A. During visual anal-
ysis, it becomes clear that the high error values in the modeling of these two systems accumulated due
to the effect described above, which is caused by the method's fundamental principles of operation —
the generative model. For the next three systems, high RMSD values are a logical consequence of the
incorrect reproduction of experimental X-ray structures.

Cryo-EM
modeled
RMSD = 11.527 A RMSD = 3.990 A RMSD =17.179 A RMSD = 32.697 A RMSD = 21.901 A

Figure 6. Performance comparison of Chai-1 in reproducing the 3D-structure of the benchmarked RBD-antibody
complexes.

Boltz-2 is an advanced Al-based fundamental modeling tool that simultaneously predicts 3D struc-
tures of protein-ligand complexes and evaluates their binding affinity in a single GPU-accelerated
workflow. It combines structure and affinity in a single process, returning both 3D structural coordi-
nates with confidence metrics and estimates of the probability and strength of molecule binding, mak-
ing it highly effective for virtual screening, ligand optimization, and drug discovery tasks compared to
traditional physical simulations [18]. In addition, Boltz-2 is also capable of modeling protein-protein
interactions, protein-RNA interactions, and other interactions. However, for such complex systems, it
is not capable of predicting binding probability and efficiency.

X-ray X-ray Cryo-EM
odele modeled modeled 9LAE, 3E2 modeled
RMSD = 10.704 A RMSD = 3.544 A RMSD = 1.183 A RMSD = 24.200 A RMSD = 12.725 A

Figure 7. Performance comparison of Boltz-2 in reproducing the 3D-structure of the benchmarked RBD-anti-
body complexes.
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All these features are outlined in Figure 7 for the comparison of the Boltz-2 evaluation of our
benchmarked set of the protein-protein complexes. Except of the two structures 6XC2 and 6XE1, the
prediction for other complexes suffered from large RMSD exceeding 10 A.

Protenix is an open-source PyTorch reproduction and extension of AlphaFold 3; it predicts full 3D
atomic coordinates for proteins, nucleic acids, small molecules, and their complexes, with support for
constraint-guided modeling and lightweight variants, offering reproducible code, model weights, and
flexible deployment while achieving strong performance across diverse structure prediction bench-
marks.

9LAE

ay Cryo-EM
modeled 2le modeled modeled
RMSD = 9.901 A RMSD = 10.607 A RMSD = 11.584 A RMSD = 32.836 A RMSD = 17.835 A

Figure 8. Performance comparison of Protenix in reproducing the 3D-structure across the five studied RBD-anti-
body complexes.

Backbone RMSD is often known to be dominated by large errors in flexible regions (like loops)
and can misrepresent the quality of a well-predicted core or interface. These features are clearly ob-
served in Figures 3-8.

Different generative tools employ distinct internal strategies to estimate prediction confidence, re-
lying on tool-specific confidence, aggregate, or ranking scores. While these scores are designed to re-
flect model reliability, their definitions and underlying assumptions differ substantially between meth-
ods, complicating direct comparison. While internal confidence metrics are generally expected to cor-
relate with structural accuracy, the strength and consistency of this relationship vary across tools and
remain insufficiently quantified. To systematically assess how reliably these scores reflect actual
model quality (as measured by RMSD), we introduce an independent metric, Factor V, that captures
the agreement between the ranking-based confidence proposed by the tool and the structure-based real
accuracy, as measured by RMSD after aligning the model with an X-ray structure. This unified frame-
work enables an objective evaluation of tools’ confidence score reliability, and facilitates cross-tool
comparison. The main question is how well internal scoring schemes align with true structural perfor-
mance.

Therefore, to compare the reliability of tools we defined a unified metric, Factor V by Eq. 1, which
quantifies the agreement between the confidence derived from the model’s predicted ranking score (C)
and the confidence derived from the normalized RMSD (R). Factor V closer to 1 indicates higher reli-
ability, meaning the agreement between promised by the tool quality of the model (ranking score) and
real RMSD that we obtained by alignment of the model to X-ray structure.

Factor Vzl—‘C—R| (1)
where:
e (- is the confidence derived from the model’s predicted by the tool ranking score.
e R -isthe confidence derived from the normalized RMSD, reflecting real structural accuracy.

Both parameter C and R are mapped to a comparable [0, 1] scale using a sigmoid transformation,

allowing direct comparison and computation among Factor V. The sigmoid function (logistic func-
tion), denoted o, and is defined as (Eq. 2):

28



V. O. Morozova, M. V. Prud, A. Kyrychenko

1 2
l+e (2)

The sigmoid function (x) maps both the normalized deviation of the ranking score and normalized
RMSD into the interval [0, 1], providing comparable confidence measures for evaluating model relia-
bility.

The confidence from Ranking score C is computed as:

C= U(ﬂ] (3)

a

o Tenr is the confidence threshold defines the minimal acceptable ranking score. Tcons = 0.6 de-
fines the minimum acceptable ranking score for a prediction to be considered high-confi-
dence.

e 0a=0.05controls the steepness of the sigmoid function, ensuring a smooth transition around
the threshold. o determines the sensitivity of the sigmoid transformation.

e §,.=0.8ipTM+0.2pTM, ranking score Swu is a weighted combination of ipTM and

pTM, reflecting the overall predicted model quality. This weighting emphasizes the impor-
tance of inter-chain contacts (ipTM) in evaluating model reliability while still accounting for
overall structural accuracy (pTM). pTM (predicted Template Modeling score) is a measure of
the predicted overall structural accuracy of a protein model compared to a reference structure.
The pTM score ranges from 0 to 1, where higher values indicate better agreement with the ex-
pected 3D fold. ipTM (inter-chain predicted Template Modeling score) is a variant of pTM
that specifically evaluates inter-chain interactions in multimeric protein complexes. ipTM also
ranges from 0 to 1, with higher scores indicating more accurate predicted inter-chain contacts.

o(x)=

C represents the soft confidence obtained from the model’s predicted ranking score, normalized rel-
ative to the confidence threshold 7...r and scaled by o to control the steepness of the sigmoid function.

The RMSD-based confidence (R) is calculated as Eq. 4:
R= O_[TRMSD — RMSDnorm J

4
7 )
where the normalized RMSD is defined by Eq. 5:
log(1+ RMSD)
RMSD, == (5)
1+RMSD,_

e RMSD = 35 sets the normalization range.
o T rmsp = 0.5 defines the threshold for structural accuracy.

e 3 =0.05 controls the steepness of the sigmoid function for RMSD-based confidence.

RMSD;om scales the observed RMSD values logarithmically and normalizes them relative to the
maximum observed RMSD, ensuring comparability across proteins. This normalization ensures com-
parability of RMSD values across proteins and scales them for the sigmoid transformation.

R represents the confidence associated with structural accuracy, obtained by applying a sigmoid
transformation to the deviation of normalized RMSD from its threshold 7rusp, scaled by f.

To visualize and evaluate method reliability, a 2x2 confusion matrix was constructed using the
thresholds Tconr and Trmso:

RMSD bad | RMSD good
Ranking score bad TN FP
Ranking score good FN TP

e Rows correspond to predicted confidence: good (>0.6) or bad (<0.6).
e Columns correspond to structural accuracy: RMSD < 0.5 (good) or >0.5 (bad).
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e Each cell contains predictions in that category, and the mean Factor V per cell summarizes
how well predicted confidence aligns with actual structural accuracy.

High Factor V in the TP cell indicates that high-confidence predictions are structurally accurate,
whereas low Factor V in FP or FN cells highlights over- or underestimation of reliability.

This framework provides a quantitative and visual assessment of prediction reliability across pro-
teins and allows comparison between different structure prediction methods.

Confusion Matrix for the Evaluation of Tools Reliability 10 Confusion Matrix for the Evaluation of Tool's Reliability 10

A B
® Factor V 08 -] Factor V o8
6XC2:0.88 ) = 6XE1: 0.87
6XEL: 0.90 7€30:0.86
ILAE: 0.74 9LAE: 0.95

Mean Factor V
Mean Factor V

Factor V
6W41: 0.08 -
7E30:0.30

Factor V
- 6W41: 0.99
6XC2: 0.96

good  Ranking score classification

good Ranking score classification
°
2

RMsDbad RMSD classification  RMSD good 0o RMSDbad  RMsD classification  RMSD good 00

Confusion Matrix for the Evaluation of Tool’s Reliability 10 Confusion Matrix for the Evaluation of Tool’s Reliability 10

bad
bad

Mean Factor V
Mean Factor V

Factor V
7€30:0.19
SLAE: 0.33

good  Ranking score classification

good  Ranking score classification

RMSDDad  ppisp classification

RMSD good e RMSDbad  parop classification  RMSP 8904 o0

Figure 9. Confusion matrixes for the performance evaluation of four different generative tools. (A) Protenix, (B)
AlphaFold 3, (C) Boltz-2, (D) Chai-1.

Figure 9 summarizes the reliability of the four studied Al-driven tools for predicting the 3D-struc-
tures of the benchmarked set of RBD-antibody complexes and the agreement between their scores and
the quality represented by RMSD. Protenix exhibits a pronounced mismatch between Ranking score
and structural accuracy. High Factor V values are predominantly observed in the Ranking score bad /
RMSD bad quadrant, while structures classified as Ranking score good / RMSD bad show low Factor
V. This indicates that the internal Ranking score does not reliably reflect true structural quality, limit-
ing its usefulness as a confidence metric. AlphaFold 3 demonstrates strong agreement between Rank-
ing score and RMSD. Nearly all predictions fall into the Ranking score good / RMSD good quadrant
with consistently high Factor V values, indicating that the Ranking score serves as a robust and reli-
able proxy for structural accuracy. Boltz-2 shows a broadly distributed pattern across all four quad-
rants, reflecting partial decoupling between Ranking score and RMSD. Moderate Factor V values in
mismatched classification cells suggest limited discriminative power of the Ranking score, although
some predictive value is retained. Chai-1 displays moderate concordance between Ranking score and
RMSD. Elevated Factor V values are observed in both correctly and incorrectly classified regions, in-
dicating a tendency toward confident predictions that are not consistently associated with high struc-
tural accuracy. Consequently, the Ranking score provides only a partial indicator of model reliability.

All these findings suggest that in terms of Factor V metric, AlphaFold 3 over performed all other
three models. AlphaFold 3 exhibits the highest consistency between internal confidence metrics and
structural accuracy. In contrast, Protenix and Boltz-2 show weaker alignment, while Chai-1 occupies
an intermediate position in terms of Ranking score reliability.
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Table 2. Computational metrics for predicting the 3D structure of the Spike protein RBD — antibody complexes
across five different systems.

Metrics PDB: PDB: PDB: PDB: PDB:

6W41 6XC2 6XE1 7E30 9LAE
Boltz-2

RMSD (A)° 10.625 11.704 1.183 1.789 12.725

pTM 0.6408 0.6450 0.7272 0.7081 0.7106

ipTM 0.5410 0.5533 0.6435 0.6653 0.6205
Ranking score 0,56 0,57 0,66 0,67 0,64
Factor V 0.71 0.54 0.77 0.19 0.33

Chai-1

RMSD (A) 11.481 10.894 17.179 5.317 21.901

pTM 0.7268 0.8366 0.64677 0.6547 0.6565

ipTM 0.59248 0.7817 0.50268 0.51918 0.5392
Ranking score 0,62 0,79 0,53 0,55 0,56
Factor V 0.42 0.76 0.80 0.75 0.68

Protenix

RMSD (A) 9.834 32.144 11.584 4.699 17.835

pTM 0.79 0.61 0.6035 0.677 0.6119

ipTM 0.737 0.4866 0.4725 0.6347 0.5312
Ranking score 0,75 0,51 0,50 0,64 0,55
Factor V 0.08 0.88 0.90 0.30 0.74

AlphaFold 3

RMSD (A) 0.322 1.869 11.866 7.569 19.331
pTM 0.85 0.79 0.61 0.62 0.53
ipTM 0.82 0.75 0.49 0.53 0.43
Ranking score 0,83 0,76 0,51 0,55 0,45
Factor V 0.99 0.96 0.87 0.86 0.95

* — Backbone RMSD was calculated with respect to the corresponding X-Ray structure

Conclusions and Future Perspectives

Understanding protein-protein interactions (PPIs) is essential to advancing the discovery of lab-
made antibodies for vaccines and disease treatment. Experimental methods for determining PPIs are
often slow and expensive, which has driven significant efforts to develop novel computational ap-
proaches in this field. This is why modeling PPIs is becoming an important tool for developing thera-
pies for cancer, autoimmune diseases, and infections [28-30]. In recent years, the theoretical prediction
of PPIs has reached a critical turning point. The field has moved from simply predicting "if" two pro-
teins interact to structure-aware co-modeling, where the 3D geometry of the interface is predicted
alongside the interaction itself [31-32].

Systematic comparison of reproducibility of five experimentally resolved Spike RBD-antibody
structures using different computational approaches revealed that traditional docking tools, such as
ClusPro and pyDockWeb, performed well in capturing correct protein-protein interaction mapping for
relatively small antibodies with well-defined interaction interfaces, as seen for the cases of 6W41,
6XC2, and 7E30 in Figures 3 and 4. However, rigid-body docking, which uses fixed protein shapes
and lacks internal protein flexibility, hampers the performance of these tools for larger three-protein
assemblies, such as the case of 9LAE.

Among four Al-driven prediction tools, AlphaFold 3 performs best at reproducing the 3D struc-
tures of the studied RBD-antibody complexes. AlphaFold 3 perfectly reproduced the 3D structures of
the five RBD-antibody complexes, except for 9LAE. In terms of common RMSD criteria and the inte-
grated Factor V metrics (Table 2), AlphaFold 3 outperformed other tools, such as Chai-1 and Protenix,
for most of the studied complexes. Surprisingly, Botlz-2, which belongs to a family of models that
emerged quickly after AF3's release, performed worse than its parent model, as evidenced by Figure 9
and Table 2. However, it should also be noted that Botlz-2 is not a mere clone of AF3. It was designed
primarily for protein-ligand mapping, introducing some architectural innovations [18] that might alter
its performance for PPIs.
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Among five considered RBD-antibody complexes (see Figure 2), the structure 9LAE imposed
some computational challenges for all benchmarked computational tools. While most tools captured
the tertiary structure, predicting the correct PPIs remains beyond their current capability.

Finally, our findings suggest that while Al-guided methods are revolutionizing the field by provid-
ing astonishingly fast and often accurate predictions, traditional docking tools remain indispensable
for hypothesis testing, detailed interaction analysis, and workflow integration where human insight
and control are paramount. In last years, the development of SARS-CoV-2 Spike RBD complexes has
moved toward variant-proof and computational-first design [8, 21]. Therefore, future perspective of
modern computational pipelines of PPIs will combine both, using Al for rapid initial sampling and tra-
ditional methods for refinement and scoring.
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Komn'toTepHe mopentoBaHHs B3aemogin 6inok-6inok (BBB) € npiopuTteTHUM HanpsMKOM [OCHigXeHb i €
KIIOYOBUM Ans1 PO3yMiHHSI GinbLIOCTi KMiITUHHMX MpoLeciB, WO [403BOMSE NoAonatv 0OMeXeHHs CkragHux
ekcrnepumeHTiB. Komn'toTepHe MpOrHo3yBaHHA Mae Berivke 3HauYeHHA Ans po3pobku nikapcbkux 3acobis,
OCKiNbKN 0O3BOMSE WBWUAKO BM3HAYaTU MilleHi Npy 3axBOPIOBAHHAX, CTBOPIOBATU TepaneBTUYHI areHTu, Lo
moayntoTe BBB, Ta mogentoBaty B3aemogii y peanicTU4HMX yMoBax KNiTUHW. PeuenTop-3B’A3yo4nii JOMEH
(RBD) Cnavik 6inka Bipycy SARS-CoV-2 6e3nocepedHbO B3aemogie 3 noacbkum peuentopom ACE2 Ta
iHiLitOE MPOHWKHEHHS Bipycy B KMiTUHY. BUBYEHHS LbOro AOMEHY Ta MOro B3aeMOAiN 3 HenTpanisyroynmu
aHTUTINAMKN € KPUTUYHO BaXXNUBUM L8 PO3YMIHHS iIMYHHOrO 3aXMUCTY, OLiHKM NOTEHUINHMX 3arpo3 Big HOBUX
BapiaHTiB Bipycy Ta cnpsiMyBaHHsi po3po6Ku eEeKTUBHNX BaKUWH i aHTUTINO-OpiEHTOBAHMX TepaneBTUYHUX
3acobiB. Y Uil pobOTi MM MOPIBHANM €(EKTUBHICTb KilTbKOX KOMMIOTEPHUX METOAIB ANsi MOAENtoBaHHSA
komnnekcie mix RBD Cnavik 6inka Ta pisHUMM HenTpanisytoumMu aHTuTinamu. HewopnaBHi [OCATHEHHSA B
KOMM'tOTEPHIN XiMiT BUXOOATb 3@ pamMku TpaguuinHoro 6inok-6ifikoBoro AoKiHry B HaNpPsIMKy pi3HUX reHepatu -
BHUX METOAIB Ta iIHCTPYMEHTIB KO-QONAUHTY, AKi NnporHo3ytoTb 3D-cTpykTypy Ginka Ta noro nosu 3B's3yBaHHA
Ha OCHOBI MOro NocnigoBHOCTI. ToMy mMeTol poboTn Byno NopiBHSAHHA e€PEKTUBHOCTI TpaAULUIiHUX MeToaiB
DOKiHry, Taknx gk pyDockWEB Ta ClusPro, 3 eeKTBHICTIO HOBUX, NEPCMNEKTUBHUX IHCTPYMEHTIB Ha OCHOBI
LWTY4YHOro iHTenekty, Takux sik AlphaFold 3, Boltz-2, Protenix Ta Chai-1. Bci ui metogu 6ynu cuctematuyHo
ouiHeHi Ha npegMeT iXHbOI 3a4aTHOCTI BiaTBOptoBaTy 3D-CcTpykTypn Bigomux komnnekcie Spike RBD-aHTuTi-
no. MNokasaHo, Wo TpaauuinHi MeToamn fokiHry, Taki sik ClusPro ta pyDockWeb, nobpe BiaTBoptotoTh Ginok-
OinkoBy B3aemopfito Ansi BiAHOCHO Manux aHTUTIN 3 YiTKO BM3Ha4YeHUMU iHTepdencammu B3aemogii, ane He
3a4aTHi BigTBOpPIOBaTK cknagHiwi 6inok-6inkosi komnnekcu. AlphaFold 3 nokasas Hankpally BiATBOPIOBaHICTb
3D-cTpyKTyp N'aTv gocnigxeHnx komnnekcise RBD-aHTUTINO cepea 4O0TMPbLOX PO3rNAHYTUX IHCTPYMEHTIB Npo -
rHO3yBaHHS Ha OCHOBI LITYYHOrO iHTENeKTy. Halle AocnigXeHHs MponmMBae CBITIO Ha PO3YMiHHA Oinok-
6inKoBMX B3aEMOfili Ta Haga€e NPakTUYHMIA NOCIOHWK ANSA TOYHOrOo MOAENOBaHHS B3aEMOZIN BipyCHOro LN -
nonofibHoro 6inka RBD 3 aHTUTIiNnamu.

Knro4yoei cnoea: condiHe binka, 6inok-6inkosa e3aemoliss, monekymnspHul OokiHe, AlphaFold,
wmyyHul iHmenekm.
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lMpoBegeHe MoaentoBaHHA BOAHOMO PO3YMHY MNepTexHaT-ioHa MeToOoOM MOMeKynspHOi AuHamikn. Byno
po3paxoBaHO 3HA4YeHHs eHTanbnii conbBaTauil UbOro ioHa, YHKUIi pagianbHOro poanoAiny, MnOTOYHI
KoopAuHaUinHi Yicna Ta aBTokopensuiviHi dyHkuii. Ha nigctasi npoBegeHWx po3paxyHKiB 3anpornoHOBaHO
MoZernb po3TallyBaHHS MOMEKyn BOAM Y Hanbnux4omMy OTOYEHHi nepTexHaT-ioHa. [MokasaHo, wWo monekynu
BOAM Y KOHTEKCTi TPAHCNAUINHOT AMHAMIK1 NOBOASATL cebe 04HAKOBO y NepLUii Ta Apyrii ConbBaTHI 060M0HKax
Ta B 06’€Mi pO3umHy.

Knrodoei crioga: monekynspHo-gMHaMmiyHe MoentoBaHHA, (YHKUiSA pafianbHoro posnoginy, MnoTouvHe
KoopAuHauiiHe Yncno, asTokopensuiiHa dyHKLUis.

BcTtyn
Brepiie 3 MeTOI JiarHOCTYBaHHs 3aXBOPIOBAHHS IIMTONOMIOHOT 3a03U IEpPTEXHAT-aHiOH
99 - .
"TcO, Bukopucranu B 1961 poui [1].

[3oton TexHenito " Tc y ckmafi iH €Ki 3 EPTEXHATOM HATPiKO BUKOPHCTOBYETHCS ISl CIIUHTH -
rpadii muronoxi6Hoi 3am03u: i30T0oN TexHeNio "Tc PO3NOMIILETLCS OPraHi3MOM 1 KOHIIEHTPYEThCS
B IIUTONOJIOHIH 3amo3i. [Ipy nbOMy OTpUMYETHCS MpsiMe 300pakeHHsS IUTONOAIOHO1 3anmo3u. Tak
caMmo 3a JIOTIOMOTOI0 1H’€KIIl 3 IePTEXHATOM HATPil0 MOXKHA Bi3yali3yBaTH CIMHHI 3aJI03U 1 CIIM30BI
000JI0HKH NITYHKY [2].

[Ipsme Bupanenns 1cO, 3 BOAHOIO pO3UMHY SAEPHOTO MATUBA € CKIIAIHOIO i aKTyalbHOIO €KOJIO-

rigaor0 mpobaemoro [3-5].
CyuacHi METOJM KBaHTOBO-XIMIYHOT'O Ta MOJICKYJISIPHO AMHAMIYHOTO MOJCIIOBAaHHS aKTUBHO 3a-

CTOCOBYIOThCS Juist BUBUeHHs B3aemoniii 1cO, y posuuni B ocranni poku [6-9].

Monekynspao-guaamiune (MJI) MonentoBaHHs HECKIHYEHHO PO3BEICHOTO PO3YMHY IEepTEXHAT-
10Ha Jja€ 3MOTY OLIbII AETANBHO OMHCATH CTPYKTYPY COJBBAaTHOI OOOJOHKH IIbOTO i0HA, BU3HAYMUTH ii
KUTBKICHI XapaKTepUCTHKH (KOOpAMHALIWHI 4YHCIa, OPIEHTAIiI0 MOJIEKYJ PO3YMHHHKA HAaBKOJO
neprexHar-ioHa). Jlochi/pKeHHs! IWHAMIKH CaMOTo 10Ha, a TaK0XX MOJIEKYJ BOJM y HOTO COJBBATHUX
000JIOHKaX, J03BOJISIE BU3HAUYNTH KoedimieHTH Audy3ii, M0 € BaXKIMBUMH XapaKTEPUCTHUKAMH, SKi Yy
MOJANBIIOMY MOXYTh OYTH HMODPIBHSIHI 3 €KCIEPUMEHTAIBHUMHU JaHUMHU. OTNHC TUHAMIKM MEepTEeXHAT-
i0Ha y BOJHOMY PO3YMHI JOMOMOXE 3pOOMTH MEPIINM KPOK HAa MUIAXY OMUCY (apMaKOKIHETHKH
npenapariB Ha OCHOBI TEXHELIIIO.

AeTtani MmopgentoBaHHA

ByB o0panuii KIacHUHHUIA OMUC MIXKMOJIEKYJISIPHOI B3aeMOZil yepes mapHi (site-site) moreHmianu y
BUTJIAI CYMHU KOPOTKOirounx moTeHmianiB Jlennapaa-/I>xonca (12—6) ta KyToHIBCHKO{ YaCTHHU:

© Bonobyes M. M., Koporoaceka A. M., Kpamaperko A. B., Ceomkina O. B., Konecuuk 4. B., 2025
This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0.
35



https://doi.org/10.26565/2220-637X-2025-45-03
https://creativecommons.org/licenses/by/4.0/
mailto:ykolesnik@karazin.ua
https://orcid.org/0009-0000-8608-1849
mailto:Olena.Somkina@kname.edu.ua
https://orcid.org/0000-0002-5479-7532
mailto:andrii.kramarenko@khpi.edu.ua
https://orcid.org/0000-0002-1534-2180
mailto:Alla.Korohodska@khpi.edu.ua
https://orcid.org/0000-0001-9779-1176
mailto:maksym.volobuyev@karazin.ua
http://creativecommons.org/licenses/by/4.0/
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6 12
2 : 9 o
U = 48ab _ é;/) + ]azb + qa qb (1)

tot
nonbonded r r r

IIe €, Ta Gy — TTApaMeTpH oTeHITiaTy JIeHHapaa-/[xoHca, » — BiICTaHh MK B3a€MOIIFOYMMH YaCTHH-
KaMu a Ta b, g, 1 ¢» — YaCTKOBI 3apsIU HA aTOMAaX MOJICKYJIH.
Jly1s aTOMIB pi3HUX TUIMIB TapaMeTpH MOTEHIIay BUSHAYaOThCs 3a paBuiiamu Jlopenia-beptio:
6o +0
_ Yaa bb .
Ouw = D) > “ab € " Epp 2)

Bu6ip napamertpiB noTeHuiany

OckinbKi B Jiteparypi He 3HaiieHo iHdopmaii moxo M/I-monenoBanns cucreM i3 ionom TcO, ,

3’sIBUTACS MOTpeda B aIcKBATHOMY OTIHCI TIOTEHITIaTy MiXKYaCTHHKOBUX B3a€MOJIIH It HHOTO. YCi ma-
pamMeTpH MOTEHIiay, OKPIM 3apsi/iiB Ha aTOMax, OyJIu B3sTI aHAJOTTYHUMU JI0 MO TIepXJIopaT-ioHy
[10]. 3apsaou Ha aToMax y ckjali ioHa OyJiM oepKaHi 3 KBAHTOBOXIMIYHOTO PO3PaxyHKY i3 BUKOPH -
cTarHAM nakety Gaussian [11].

g Bepuikanii oTpuMaHUX MapaMeTpiB MOJETHHHUX MOTEHIialiB KBAHTOBOXIMIUYHUI PO3paxyHOK
y mporpami Gaussian 3a MeToaukoro [12] mpoBoauBCs SK AJS MEpXJopaT, Tak 1 NepTexHar-ioHiB. B
JiTepaTypi MPHUCYTHI JIAINE JaHi JJS MepXJopar-ioHy (eHTanbImii coibBaTamii, PYHKIIi paaialbHOTO
po3moniy Tomo). [Ipn BiATBOpeHHI MHMX JITEPAaTYpPHUX MaHWX HA IMJCTaBl OTPUMAHUX 3 KBAaHTO-
BOXIMIYHOI'O pO3paxyHKy MapaMeTpiB MpOLEAypy OIEpXaHHs 3apsiiB Ha aroMax NepxjopaT-ioHa
MOYXHa BBa)KaTH KOPEKTHOIO, 32 HEIO OJCpP)KyBallM 3apsiid Ha aToMax Ul NepTexHaT-ioHa i BUKOpH-
CTOBYBaJH y noaaibimoMy M/I-MonemtoBanHi.

Ha piBni Teopii 30ympxensr Meiiepa-Ilneccera qpyroro nopsiiky BUKOPHCTOBYBaBCsS HaOip 0a3m-
canx ¢yakuii def2QZVP, ockinbku 0Oazuc aug-cc-pVTZ He m03BOJNSE PO3PAXYHKH 3 TEXHELIEM.
OO0wuBa 10HU MaIOTh CTPOTO TETPASAPUIHY OYyIIOBY.

Tabmuns 1. OnTuMizoBaHa reoMeTpis IEPXJIOPAT Ta IepTEeXHAT-10HIB 1 3apsAu Ha aToMax
Table 1. Optimized geometry of perchlorate and pertechnetate ions and charges on atoms

[epxyopat-ioH IleprexHaT-i0H
AToM q, e Bigcrans, HM Atom q, e Bigcrans, HM
Cl 1.3701 Cl-0:0.144 Tc 1.9654 Tc—-0:0.175
(@) —0.5925 0-0:0.236 0] —0.7413 0-0:0.287

BusiBieHi BiAMIHHOCTI y 3HaYeHHSIX MapaMeTpiB AJsl EpTEXHAT-10HY, TOPIBHSHO 3 MEPXJIOPATOM,
MIOSICHIOIOTHCS TOJIOBHAM YHHOM O1JIBIII BETHKHM PO3MIPOM aTOMY TEXHEIIIIO.

Pemra mapamerpie nmotenmiany Jlennapnaa-J/»oHca HaBeneHa y Tabm. 2. OCKUIBKM aTOMH XJIOPY i
TEXHEIII0 3HaXOIAThCA Y TETpacApUYHOMY OTOUEHHI aTOMiB OKCUICHY, IXHI mapaMeTpu G i € Oymu
B3sITi oHaKOBUMHU. [lapameTpu G 1 € U aTOMIB OKCUT€HY B 000X PO3TJISIHYTHX i0HaX OyIIM OJJTHAKOBH-
MU 1 B3sTi 3 [10].

Tabnuus 2. ITapamerpu norenmiany Jlennapaa-Jlxonca s atomiB O, Tc i1 Cl
Table 2. Lennard-Jones potential parameters for O, Tc, and CI atoms

Atom G, HM €, KJ[>K/MOoJTb
0] 0.310 0.3168
Tc 0.486 0.168
Cl 0.486 0.168

Mopens meprexHar ioHy € XopcTkoro. Lle 103BoJsie BBECTH CHCTEMy KOOPIMHAT, IPHB’SA3aHY 10
aHIOHY Ta aHaNi3yBaTH PO3TAIlyBaHHS MOJEKYJ BOJAM y CONbBATHIH 00OJOHINI. 3apsau Ha aroMax €
(ikcoBaHUMH.
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s BU3HaYCHHS TEPMOAMHAMIYHHX, CTPYKTYPHHUX 1 IWHAMIYHHUX BJIACTUBOCTEH HECKIHYEHHO PO-
3BEJIEHOTO PO3UMHY IEePTEXHAT-I0HY ¥ porpamHoMy komiuiekci MDNAES Oyio mpoBeneHo Moento-

BaHHS HACTYITHUX cUcTeM 3a Temneparypu 25 °C: 400 monekyn H,O; 1 TcO, + 399 H,O. Bukopucro-

ByBaiu Mmojenb Bogu SPC/E [10]. Bona mpurryckae ifeanbHy TeTpaenpudHy (opMy MOJEKYIH i
MICTUTh MIHIMaJIbHY KUIBKICTh IEHTPIB, IO CYTTEBO CIHPOIIYE IHTEPIPETAII0 OTPUMAHHMX pe-
3yJIBTATIB.

3rigno 3 [13] wis Boau npuiimanu p = 997.19 xr/m’ i € = 78.3. Iapamerpu norenuiany Jlennapa-
Jxonca mist monen Bogu SPC/E nHaBeneno y taou. 3.

Ta6muus 3 [Napamerpu norenuiany Jlennapaa-Jxonca mis moneni SPC/E
Table 3 Lennard-Jones potential parameters for the SPC/E model

ATtoMm G, HM €, kJIx/Monb q, ¢
Ow 0.3166 0.649 —0.8476
H — - 0.4238

VY po3umnHi mepTeXHAT-10HY aHaNi3yBalIl XapaKTEPUCTHYHI BEKTOPH, TTOB’A3aHi 3 MOJIEKYJIOIO BOJIH.
OKkpiM BEKTOpPY AMIIOIBHOTO MOMEHTY (1) OyB 3amistHUN nomaTkoBwid BekTop (Main) mix atomamu H.
Lli Bextopu mokazaHi Ha puc. 1. Mixaromui Biacrani cranoBwm: d(O—H) = 0.1 am, d(H—-H) =
0.163 M.

AN

H H
Main "7
Puc. 1. Bynosa monexynu H>O i ii XxapakTepuCTHYHI BEKTOPH
Fig. 1. Structure of the H,O molecule and its characteristic vectors

Kpok 3a yacom cranoBuB 1 ¢c, momentoBanus npooawiocst y NVT ancamOii 3 BUKOPUCTaHHIM
tepmocTary bepenpcena. Cucremy BpiBHOBaxyBanu mpoTsaroMm 50 mc. BmactuBocti po3paxoByBaiu
npotsroM He Merme 1000 1c 33111 HaKOMUICHHS] CTATUCTHKHU JJIST CHCTEMH, IO MICTUTH JIUIIE OJWH
10H.

Pe3synbtaT Ta 06roBOpeHHnA
Tepmoounamiuni racmugocmi

3a monomororo MJI-MoenoBaHHS 3HAHICHO 3HAYCHHS TEIUIOTH BHUIIAPOBYBaHHS BOAM 3a (HopMy-
JI010:

A H=A U+RT, 3)

sike opiBHIOE 44.359 x/Ik/MOJIb, 1110 30Ira€Thes 3 eKcrepuMeHTanbHUMU AanuMu 44.011 kJx/Moib
[13] 3 TounicTio 10 0.8 %. Lle € aGco0THO NPUIHHATHIM PE3YJIETAaTOM.
Jns Bepuikariii MOeIHHOTO MOTEHIIATY /IS IepTEXHAT-10HA OYJI0 BU3BHAYEHO SHTAJBIIII COIbBa-

tauii ionis ClO, i TcO, . Byna okpemo 3monensoBana cucrema 1 ClO, +399H,0 3a Tiero x mero-

JINKOIO, III0 1 cHcTeMa 3 MepTexXHaT-ioHOM. EHTanpmiro compBartaiii po3paxoByBad 3a (OPMYIIO0
[13]:

_ 399
H _UI—M _WUM —RT . (4)
Onepxxane 3Ha4eHHS A H(ClO4) =-263 x/[x/Moms s mepxiopaT-ioHa Jo0pe y3roKYEThCS 3
JiTepaTypHUMH AaHUMH 3 CHTaJbHil rifparanii y HECKIHUEHHO pO3BEACHHX po3uuHax (—246 k/x/

MoJb, [14]). Pesynbratn po3paxyHKy i HacuueHHX po3uuHiB (—318 k/Mob, [15]) Takoxk BKazy-

A

solv

I0Th Ha T€, 10 OJIEPKAHE HAMH 3HAYEHHS € NPUIHATHUM. MeHIe 3a MoyneM 3HaueHHs A H( TcO,

) =—198 k/Ix/MOab IS TIEpTEXHAT-IOHY TMOSCHIOETHCS THM, IO OiNMBINNK 3a po3MipaMu i0H Timpa-
TYETHCS TipIIIe.
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CmpyxmypHi enacmugocmi

CTpyKTypHa OpraHizallis HECKIHIEHHO PO3BEJIEHOTO PO3YMHY OMHUCYETHCS KUTbKOMa (YHKIISIMH PO3-
TOJTLITY .

Ha puc. 2 npexacrasneni napui ¢yHKUii pagiansHoro posnoginy (OPP) ans ycix map aTtomiB, oauH 3
SIKMX HaJIeXHTh neprexHat-iony (Tc, O), a npyruii — monexyni Boau (H, Ow).

2:5 T T T T T T T T T
Te-Ow ——
Te-H ——
2k 0O-Ow B
O:H ——
1.5 i
=
%
1 Sl ——
0.5 i
0 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 | 1.1

r, nn
Puc. 2. ®PP ns aToMiB epTexHaT-i0HY Y BOZTHOMY PO3UHHI
Fig. 2. RDF for pertechnetate ion atoms in aqueous solution

UiTko BHpakeHi Tepiri eKCTpeMyMH (MaKCUMYM i MiHIMYM) JO3BOJISIOTh BHAUTUTH IIEPIITY COJb-
BaTHY 00OJOHKY ioHa. [pyruit Makcumym MoxkHa imentudikyBatu ais OPP (Tc —H), ane npyrwuii
MiHIMyM 1i€l GyHKIIT Mae 3HaUeHHs OJu3bKe 10 oanHui. Jpyri ekcrpemymu mist pemtn OPP Bizy-
TBHO BUMIUIAIOTHCS, ale 3HaueHHS (YHKII B HUX JIMIIE HE3HAYHO BIiAXWIISETHCS BiJl OUHMUIIIL.
BunineHni HaMu MMOJI0XKEHHST eKcTpeMyMiB Ha Bcix PP Ta 3nadeHHs GyHKINT y BiIITOBITHUX TOYKAX
HaBEJICHI y Ta0JI. 4 1 BUKOPUCTOBYIOTBCS JUIS MOJAIBIIOTO aHaNi3y CKIaay Ta OyJIOBH MEpIIol COjb-
BatHOi 0o6ononku (IICO) ioHa.

Tabmuus 4. XapakTepiUCTHKH eKCTpeMyMiB po3paxoBaHux OPP
Table 4. Characteristics of the extrema for calculated RDF

OPP [Toso)xeHHs eKcTpeMyMy, HM (Y nyKkax — 3HaueHHs1 OPP)
Max1 Mil’ll MaX2 Mil’lz
Tc— Ow 0.411 (2.35) 0.463 (0.79) 0.603 (1.08) 0.695 (0.89)
Tc—H 0.319 (1.99) 0.367 (0.37) 0.462 (1.37) 0.601 (0.95)
O - 0w 0.263 (1.99) 0.315 (0.22) 0.459 (1.18) 0.579 (0.83)
O-H 0.165 (2.26) 0.253 (0.08) 0.443 (1.19) 0.483 (0.92)

BusHaueHi Mexi cOnbBaTHUX OOOJIOHOK Yy Mapi 3 pO3paxOBaHMMU NOTOYHHMH KOOPAMHALIHHUMHU
guciamu (KY), mpencraBneHnMu Ha puC. 3, JO3BOJSIOTH MOOYTyBaTH MOJENH HEPIIOi COJNBBATHOI
00OJIOHKH MepTEeXHAT-10HA.
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Puc. 3. [Torouni KY aromiB nmeprexHaT-ioHa 32 aTOMaMH, 110 BXOJATH IO CKJIaTy MOJICKYJ BOJIH
Fig. 3. Running coordination numbers of pertechnetate ion atoms by atoms included in water molecules
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ByJ10 BCTaHOBJIEHO, 10 Yy HAHOIMKIOMY OTOYEHH] KOXKHOIO 3 aToMiB okcureny iona TcO, 3naxo-

JIUTHCS 2 aTOMU TIIPOTeHY 1 CTUIBKH K aTOMIB OKCUIeHy. Ha mepiuii moris 1e BUIa€ThCs JUBHUM,
mam’sITaloYu CKJIaJ MOJIEKYTu Bojau. Llell pe3ynbTaT MOSCHIOEThCS THUM, 110 KOXXHA MOJIEKyJa BOJAU
KOOPJUHYETHCS OJJHUM aTOMOM TiIpOreHy 3 OJJHUM aTOMOM OKCHICHY MepTexHar-ioHa (puc. 4).

o) 0 0
VAN / H\ /
Je—0O_ 0O O Te=—0 0 Te=—0
: N\
H H
0 0 0
A 9] 8

Puc. 4. Cripomena iMOBipHa MOJIENb PO3TAIyBaHHS MOJIEKYT BOAM y HailGmmkuomy orodeni iona 1T¢O) : a —
MaJIOiIMOBIpHA KOOpAWHAIIS, 6 — IMOBipHA KOOPIUHALIA, 8 — KOOPAMHALIIS OHUM aTOMOM TiIpOTeHY

Fig. 4. Simplified probabilistic model of water molecules arrangement in immediate vicinity of ion: a — unlikely
coordination, b — probable coordination, ¢ — coordination by one hydrogen atom

KY (Tc — Ow) = 10 mns Bincrani 0.463 HM, sika BiAMOBiAa€e MOJIOKeHHIO MiHiMymy Ha OPP (Tc —
Ow), mo 6au3bKo A0 Kinbkocti aromiB H. Lle o3Hauae, mo 10 KOXXHOTO aTOMY OKCUT€HY IepTexXHaT
10HY TIPUETHYETHCS AB1 MOJIEKYJIH BOJIM OJTHIM aTOMOM TiJpOTeHY KOXHA.

[MpunynieHHs: CTOCOBHO TNEpEeBa)KHOI Opi€HTAIli MOJIEKYJ BOJAM HABKOJO 10HA MiATBEPKYETHCS
puc. 5. OpieHTallisi BEKTOPY AMIIOJIBHOTO MOMEHTY y HalOIM)KYOMY OTOYCHHI i0HAa OJIM3bKA JI0 aHTHU-
napanenbHoi; 13 30UTBIMIEHHSIM BiJICTaHI MiXK 10HOM Ta MOJEKYJaMH Opi€HTAIlisl OCTaHHIX CTa€ Bce
ORI TOBUTHHOIO Yepe3 3HIDKEHHS BIUIMBY 10HA Ha HUX. XiJ[ 3aJIE)KHOCTI Opi€HTAIli] BEKTOPY 3B’ A3KY
H — H (Main) na Biacransax a0 0.3 HM BiAmoBigae cxemi Ha puc. 4 6, a Ha BijcraHsax Ounbimx 3a 0.3
HM — cXeMi Ha puc. 4 6.
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Puc. 5. Opienrariiist XapaKTepUCTHIHAX BEKTOPIB MOJICKYJIM BOJM SIK (DYHKIISI BIICTaHI MIX IIEHTPOM iOHa Ta
LEHTPOM Mac MOJICKYJIH BOAN
Fig. 5. Orientation of characteristic vectors of water molecule as a function of distance between the center of ion
and the center of mass of water molecule

Jlnst miaTBepIKEHHS 3alIPOIIOHOBAHOT MOJEII PO3TAIlYBaHHS MOJICKYJI BOJIU Y HAHOIMKIOMY OTO-
4yeHHi ioHa Oyni moOy10BaHi TPUBUMIPHI MPOEKLil po3TallyBaHHs KOOPIUHALIHHUX LEHTPiB MOJEKYI
Boau (cepeauna 3B’s3Ky H — H) HaBkono aToMa TeXHeIlito, 110 € HEHTPOM i0Ha TCO; (puc. 6). Ha
mux rpagikax Bil’€eMHHH HampsAMOK KOOPAMHATHOI OCi Z MPOXOAMTH 4Yepe3 OIUH i3 aTOMIB KHCHIO.
OCKITBKHA MOJIETh 10HY € JKOPCTKOIO, TO KOOpJWHATHA cucTeMa (hikcoBaHa BITHOCHO HBOTO. Takmm
YHHOM Ha prc. 60 MOYKHA CIIOCTEPIraTH PO3MOIiJl MOJIEKYJ BOJM HABKOJIO OJTHOTO aTOMY KHCHIO.

HasBHicTp KiNbI Ha MPOEKLil 3 HIKHBOT HamiBCcepH BKa3ye Ha iCHYBaHHS BiTHOCHO PYXJIHBOTO
[EHTPY KOOPAWHAIII MOJIEKYJIM BOAHM HAaBKOJO aroMmy KucHIO y mii wactuai [ICO. Monekynmu Bogu

39



MOHCKyHSIpHO—,Z[I/IHaMi‘IHC MOZACIIOBAHHA BOAHOI'O pO3YUHY HCpTeXHaT-iOHa

3B’s13aHi Juiie 3 ogHUM atroMoM O aHiOHY, TOMY iHIII aTOMH HE BIUIMBAIOTh HA iX pO3TalIyBaHHS i
po3nonin HabyBae KpyroBoi CUMETpii 3aMiCTh TPUTOHAIBHON.

IlixaBo 3a3HAYNTH, MO Y KOHIEHTpOoBaHUX po3unHax NaClO, 9iTko BHpa)xkeHa CTPYKTypa TiaparT-
HOT 000JIOHKH aHiOHa He criocTepiraerhes [10].

Puc. 6. Posnozin npoekuiii koopAMHALIIHUX IIEHTPIB HaiOmmwkunx monekyn H,O HaBkoio aroma TEXHeIio:
a — BepxHs HaniBcdepa, 6 — HUKHS HamiBcepa

Fig. 6. Distribution of projections of coordination centers for nearest H,O molecules around technetium atom:
a — upper hemisphere, b — lower hemisphere

Jlunamiuni enacmusocmi
s aHamizy QUHAMIKK YaCTUHOK y JOCHIJKCHIM cHUCTeMi OyB BHUKOPHCTAHUH amapar aBTOKOPE-
nsniiaux ¢yHkmiin (AKD):
(X(0)X(1))

Coo()="2 5

xx® X©Oy) - (%)

V piBasaHI (5) X(f) € nesIKuM BEKTOPOM, TIOB’I3aHUM a00 3 MOJIEKYJIaMH BOAH, a00 3 IEHTPOM Mac
iona TcO, (aromom TexHerito). HopmoBane 3HayeHHs QYHKIi JO3BOJISE MOPIBHIOBATH MiX COOOO

AK® ogHakoBHX BEKTOPIB Pi3HUX YACTHHOK.

TpaHcnsmiliHa AUHAMIKA YaCTHHOK y CHUCTeMi JOCHiKyBajach 3a gornomororo AK® nmiHiliHOT
mBuaKocTi Hentpa Mac (Cy). Ll ¢yHKIIsS po3paxoByBanach K Ui MOJIEKYJI BOAM, TaK i AJsl mepTex -
HaT-i0Ha (puc. 7).
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Puc. 7. AK® niniifHOT IIBUAKOCTI EHTpa Mac MOJIEKYJI BOAH (y COJIbBATHUX 00OJIOHKaX i0Ha Ta 00’ €Mi pO34HH -
HuKa), a Takok iona TcO
Fig. 7. ACF of linear velocity of center of mass of water molecules (in the solvation shells of ion and solvent

volume), as well as the ion TcO,
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[Tpu npoMy Monekysin BoAu Oynu MOALIeHI Ha TpH KaTeropii: mepma (An, [ICO) Ta apyra (An,,
JCO) conbBatHi 000JOHKH aHIOHA, a Takok pemira Moiekyln (Bulk). [Toxin mpoBoauBcs BiAmoBigHO
IO BCTAHOBJICHUX HAMHU MEX COJIBBATHUX 000JIOHOK, IO BU3HAYaiHMCs npu anamizi ®PP. Buxomsun 3
nonoxeHs MiHiMyMiB Ha @PP (Tc — H) mMexi conpBaTHHX 000JIOHOK HaMU Oyl BcTaHOBIeHi sk 0.45 i
0.7 uM, BignosiaHo. 30uIbinenHs 3HaueHHS Mexi [1CO 3 0.38 1o 0.45 HM HOSICHIOETBCSA THM, IO I[E€H-
TPOM KOOPJAWHAIIT aHIOHIB y MOJIEKYJIi BOJW € HE aTOMHU TifporeHy, a cepenuHa Biapizky H — H. Ls
TOYKa y CePEIHHOMY PO3TaIlIOBaHAa TPOXHU JANi BiI aTOMY TEXHEIIit0, HiXK aTOMU Tiiporeny (puc. 4 8).

3 aHani3y rpadikiB BUIUIMBAE, 1110 MOJICKYJIM BOJM Y KOHTEKCTI TPAHCIIAIINHOT JMHAMIKH MTOBOJSATH
cebe 0/THAKOBO y OyAb-sKiif YaCTHHI PO3UNHY, ajke BUTIISI 3anexxkHocted anst Bulk 1 JICO obxacreit €
imeHTHYIHUM, a OuThmn TaMOOKWA MiHIMyM (yHKIIT s [ICO moB’sA3yeThes 31 CIIOBUTHHEHOIO M-
HaMIiKOI0 MOJIEKYJI, KOOPJMHOBAHMUX HABKOJIO aHioHA. Y Toii ke yac AK® niist camoro ioHa criajae Ha-
Oararo MoBiNbHIIIE BHACTIIOK OLIBIIOI MacH i0HA, IOPIBHSHO 3 MAacol0 MOJIEKYJ Boau. Burnsaa dyHk-
il 1715 i0Ha MATBEpIKY€E 3po0ieHe paHillle MPHUITYIIEHHS PO iHTETpalilo aHioHa Y CTPYKTYpPy BOAH
13 MiHIMAJIbHUMH 3MiHAMH OCTaHHBOI.

3po0iieHnii BUCHOBOK IMiATBEPKYETHCS MOPIBHSHHAM KoedilieHTiB Audy3ii, ki po3paxoByBalUCh
Ha ocHOBIi popmymu ['pina-Ky6o:

1 T
D=3 ! Cpy (Dt (6)

OTtpuMaHi U1t KO>KHOT 3 4oTHphoX AK® 3HaueHHs koedimieHTIB qudysii mpencrasieHi y Tadi. 5.
Koedimientn mudysii ama ICO 1 Bulk Biapi3HAIOTBCS Aeiio OuIblile, HiK MOXHA OyJI0 O4IKyBaTH 3
nanux puc. 6. 3Hauenns D y [1CO naBnaku Bigpizuserscs Biag JCO MeHme, HixK MOXHA OyJI0 O4iKY-
BaTU. AJle B IIJIOMY OTPUMaHi pe3yJbTaTH BKa3yrTh Ha TIOMITHY TiJpaTOBaHICTh mepTexHaT-ioHa. Ko-
edimierTn audy3ii po3paxoByBaINCh TAKOXK HA MIACTaBl CepeAHHOKBAAPATHIHUX Ta KBAApPaTy Cepema-
HIiX 3MIIICHb BIMOBIIHUX YacTHHOK. OJiepKaHi pe3yJIbTaTH I[IJIKOM BiJOBIIAIOTh THUM, 1[0 BKa3aHi y
Tabn. 5. Hanpukiaz, 1uis mepTexHaT-iona BOHM cTaHoBaTh 0.69 i 0.74-107° M?/c, BinmosigHo.

Ta6muus 5. Koediuientn nudysii monexyn soau ta iona TcO,

Table 5. Diffusion coefficients of water molecules and ion TcO,

Bulk JICO T1CO TeO,
D-10°, M¥c 231 2.03 1.57 0.72

Oxkpim AK® niHiftHOT MBUAKOCTI MEHTPa Mac YaCTHHOK, IiKaBy iH(OpMaIIito MicTATh Takok AKD
KyToBOi IBHUIKOCTI (Cyyw) MOJIEKYI Ta i0Ha (puc. 8). st nux (GyHKIiN 9iTKO BiACTIIKOBYETHCS KOJIU-
BaJIbHUI XapaKTep, X04a OCHMJIALIT 11 MOJISKYJT BOJM 3aTyXarTh HabaraTo mBuamie (0.2 mc), mopis-
HsHO 3 a”ioHOM (1.4 mc). Bimsnaummo, mo AK® kyrtoBoi mBuakocti ams monekyna Boau B JCO i
00’eMi po34HHY MTOBHICTIO 301raloThCst; 3 TOUKU 30py 00EPTANBHOT AMHAMIKH PI3HUIN MiX IIUMU 00J1a-
CTSIMH PO3YMHY HEMAE.

HasBHICTh OCIIHIIAIII MTOSCHIOETHCS ICHYBaHHSM Y PiAKill BOAI CITKM BOJHEBHUX 3B’S3KiB. Y IO XK
CITKY IHTETpYETHCS aHIOH, SK OYyJI0 BCTaHOBIEHO BuIe. OCHMIIAIIL IS aHIOHA 3aTyXalOTh Habarato
MOBUIBHIIIE Yepe3 HOro OLIbITYy Macy.
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Puc. 8. AK® xyroBoi mBuIkocTi Mosiekys Boau (@) Ta nopiBHaHHS AK® kyTOBOI i1 JiHIIHOT IIBUAKOCTI LIEHTpa
Mac nepTrexHar-ioHa

Fig. 8. ACF of the angular velocity of water molecules (a) and comparison of ACF of angular and linear velocity
of the center of mass of pertechnetate ion

BuUcHOBKM

Ha mincraBi KBaHTOBOXIMIYHOTO PO3paxyHKy OyJIM BHU3HA4CHI 3apsiid Ha aTOMax IepTeXHaT-i0Ha i
o0y IoBaHa MOJIEh OTEHITIaTy 1t M/J] MomemoBaHHS [OTO 10HA.

Byno pospaxosano enransmii conbBaranii ionis TcO, ta ClO, i BusBieno, mo 3a Moxynem 3Ha-

YEHHS CHTAJIBINI COJbBaTAllli TMepTeXHAT-I0Hy MEHIIE, HiX IIe 3HAYCHHS ISl IepXJIopaT-ioHy, ajpKe
OlTbIIMii 32 po3MipaMu EPTEXHAT-10H TiAPaTYEThCS TipIe.

Ha mincraBi aHamizy po3paxoBaHUX CTPYKTYPHHUX XapaKTEPHCTHUK OYJIO BCTAHOBIICHO, IIIO MEPTEX-
HAaT-10H YTBOPIOE BOJTHEBI 3B’SI3KH 3 BICbMOMa MOJICKYJIAMH BOJH, KOXKHA 3 SKHX KOOPAUHYETHCS Ha-
BKOJIO 10HA OJTHUM aTOMOM TiJJPOTEHY.

Junamika MOJEKy1 BOJAM NPHUHLIMIOBO HE BiAPI3HAETBCS y 00’€Mi pPO3YMHY 1 COJNBBAaTHHX
000II0OHKaX 10Ha, a TAKOXK Majo BiJIPI3HAETHCSA 32 XapaKTepoM Bin AuHaMiKH ioHa. OTke iHTerpamis
aHiOHA Y CTPYKTYPY BOAM BiAOYBa€ThHCS 13 MiHIMAIIBHUMHE 3MiHAMHU OCTaHHBOI.

Konduiikr inTepeciB: aBTOpH MOBIIOMIISIFOTH PO BiACYTHICTH KOHQUIIKTY 1IHTEpECIB.
BHecok aBTOpiB: BCi aBTOpH 3p0OMIIN PiBHUIA BHECOK Y IO POOOTY
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M. M. Volobuyev'®, A. M. Korogodskaya', A. V. Kramarenko, O. V. Semkina*, Ya. V. Kolesnyk'. Molecular Dy-
namic Modeling of Pertechnate lon in Aqueous Solution.

V. N. Karazin Kharkiv National University
TNational Technical University "Kharkiv Polytechnic Institute"
*0. M. Beketov Kharkiv National University of Urban Economy

A molecular dynamics simulation of an aqueous solution of pertechnate ion was performed. To determine the
thermodynamic, structural, and dynamic properties of an infinitely dilute solution of pertechnate ion, the following
systems were simulated at 25°C using the MDNAES software package: 400 H20 molecules; 1+399 H20. The
SPC/E water model was used. A classical description of intermolecular interactions via paired (site-site) potentials
was chosen, consisting of a sum of short-range Lennard-Jones potentials (12—6) and a Coulomb component.

Atomic charges within the ion were obtained from a quantum chemical calculation using the Gaussian pack-
age at the level of second-order Mgller-Plesset excitation theory, using the def2QZVP basis set. To verify the ob-
tained model potential parameters, quantum chemical calculations in Gaussian were performed for both pertech-
nate and perchlorate ions using the method described above, reproducing literature data on atomic charges for
which the calculation procedure was considered correct. Atomic charges for the pertechnate ion were then ob-
tained using this method and used in subsequent MD simulations.

The ion's enthalpy of solvation, radial distribution functions, current coordination numbers, and autocorrelation
functions were calculated. It was found that the absolute value of the pertechnate ion's enthalpy of solvation is
lower than that of the perchlorate ion, as the larger pertechnate ion hydrates less readily.

Based on the calculations, a model for the arrangement of water molecules in the immediate environment
of the pertechnate ion was proposed. It was found that the pertechnate ion is located in a deformed octahe-
dral environment of six water molecules. It has been shown that water molecules behave identically in the
context of translational dynamics in the first and second solvation shells and in the bulk solution. The dy-
namics of water molecules are fundamentally the same in the bulk solution and in the solvation shells of the
ion, and also differ little in the nature of the ion's dynamics. Thus, the integration of the anion into the water
structure occurs with minimal changes in the latter.

Keywords: molecular dynamics simulation, radial distribution function, current coordination number,
autocorrelation function.
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BicHuk XapKiBChbKOTI0 HAaLliOHAIBHOTO YHIBEPCUTETY, cepis "Ximis", su. 45 (68), 2025

ETAYHI HOPMHU NYBJIKAIIl HAYKOBUX PE3VYJBTATIB TA IX MOPYIIIEHHA.
PenakuiiiHa Kouseriss poOMTh BCE MOJMIIMBE ISl JOTPUMAHHS CTHUYHUX HOPM, MPUHHITHX MIXK-
HAPOJIHMM HAYKOBHM TOBAPHCTBOM, 1 JUIsl 3a100iraH s Oy/(b-AKHX MOPYIICHb X HOpM. Taka momiTu-
Ka € BaXJIMBOIO YMOBOIO TUTIJTHOT y4acTi KYpHAITY B PO3BUTKY LTICHOI CHCTeMH 3HaHb B raiysi Ximii
Ta CyMDKHHUX Tany3sx. JisIbHICTE PeAaKIiifHOl KOJIeTil 3HAYHOI0 MIpOIO CIIMPAETHCS HA peKOMeH,Z[aLlll
K0M1TeTy 3 €TUKHA HAyKOBHX Hy6J]1KaI_[H/I (Committee of Publication Ethics), a Takoxx Ha HiHHUH
JOCBIJ| MDKHAPOJHMX JKYpHAliB Ta BUaBHUUTB. IlojaHHs CTAaTTi Ha PO3IVISA O3HAYae, MO BOHA
MICTHTh OTPHMaHi aBTOPaMH HOBI HETPHBiaJbHI HAYKOBI pe3yJbTaTH, sIKi paHille He 6ym/1 ory6i-
koBaHi. KokHy cTaTTiO pereH3yoTh IOHaMEHIIIe [Ba eKCIIEPTH, SKi MAOTh yCi MOXIIMBOCTI BIJIBHO
BUCJIOBUTH MOTHBOBAaHI KpUTHYHI 3ayBa)KEHHS LI0AO0 PiBHS Ta SICHOCTI MPECTaBICHHS MaTepiany, Ho-
ro BIMOBIZHOCTI MPOGLIO KYpHaly, HOBU3HH Ta JIOCTOBIPHOCT] pe3ynbTaTiB. PexoMennarii pe-
LICH3CHTIB € OCHOBOKO JUISl IPHIHSATTS OCTATOYHOTO PillleHHs o0 mybuikauii crarri. SKino crarTio
NPUIHSTO, BOHA PO3MILILYEThCS y BIIKPUTOMY JOCTYIIi; aBTOPCBKi IIpaBa 30epiraioThCsi 3a aBTOPAMH.
3a HasABHOCTI OyAb-KUX KOHQIIKTIB iHTEepeciB (PpiHAHCOBUX, aKaJIEMIUYHHX, TIEPCOHATBHUX Ta 1HIIHX ),
YUACHHMKH NPOLECY PELCH3YBAHHS MAIOTh CIIOBICTHTH pelaKmiiiHy KoJjeriro mpo ne. Bei muranHs,
OB’s3aHI 3 MOXIMBUM IUlariatoM a6o Qanbcudikauiero pesyibTaTiB PETenbHO O6FOBOpIOIOTI>C$I
PEIAKLiHHOKO KOJIETI€0, PIBHO K CIIOPHU LIOJ0 aBTOPCTBA Ta JOLUIBHICTb PO3APOOICHHS Pe3yIIbTaTiB
Ha HEBEJNYKi CTaTTi. I[OBeI[em iariat un ganbcudikallis pe3yabTaTiB € MmiJcTaBaMu JJisi 6€3yMOBHO-
IO BiIXWJICHHS CTATTI.

STATEMENT ON THE PUBLICATION ETHICS AND MALPRACTICE. The Editorial
Board has been doing its best to keep the ethical standards adopted by the world scientific community
and to prevent the publication malpractice of any kind. This policy is considered to be an imperative
condition for the fruitful contribution of the journal in the development of the modern network of
knowledge in chemistry and boundary fields. The activity of the Editorial Board in this respect is
based, in particular, on the recommendations of the Committee of Publication Ethics and valuable
practice of world-leading journals and publishers. The submission of a manuscript implies that it con-
tains new significant scientific results obtained by authors that where never published before. Each pa-
per is peer reviewed by at least two independent experts who are completely free to express their moti-
vated critical comments on the level of the research, its novelty, reliability, readability and relevance
to the journal scope. These comments are the background for the final decision about the paper. Once
the manuscript is accepted, it becomes the open-access paper, and the copyright remains with authors.
All participants of the review process are strongly asked to disclose conflicts of interest of any kind
(financial, academic, personal, etc.). Any indication of plagiarism or fraudulent research receives ex-
tremely serious attention from the side of the Editorial Board, as well as authorship disputes and
groundless subdivision of the results into several small papers. Confirmed plagiarism or fraudulent re-
search entail the categorical rejection of the manuscript.

44



BicHuk XapkiBChKOTO HAIlIOHAJILHOTO YHIBEpcUTETY, cepis "Ximisa", Bur. 45 (68), 2025

IHO®OPMAULIA AJ51 ABTOPIB. Xypran nmy0mikye cTaTTi pociiChKOI0, aHTITIHCHKOIO Ta yKpai-
HChKOIO MoBamu. Jlo myOuikamii mpUAMAIOThCS: OTIISAAM (32 MOTOKEHHSM 3 PEIKOJIETIEI0); OpH-
TiHaJIBHI cTaTTi, 00caT 6-10 KXypHATBPHUX CTOPIHOK; KOPOTKI MOBIIOMIICHHS, 00CST 10 3 KypHAIBHUX
cTopiHOK. KpiM 3BHUAiHOTO CITUCKY JiTEpaTypH, B CTaTTi 0OOB'SI3KOBO IOBUHEH OYTH JPYTHUil CITUCOK,
BCi MOCHJIAHHS SIKOTO JaHi jaTtuHuuero. [IpaBuia MiIroTOBKM WIBOTO CHHCKY HaBeAEHI B PO3Zii
«TpancniTeparis» Ha caiiTi xxypHany. OOuaBa ciCKH MOBUHHI OyTH MOBHICTIO imeHTHuHI. [Ipu pe-
IIEH3YBaHHI CTaTey ONMH 3 KPHUTEPIiB - HASBHICTh MOCHIAHb Ha MyOiikamii ocTanHiX pokiB. CTaTTs
000B'I3KOBO MMOBHHHA MICTUTH PE3IOME POCIICHKOIO, YKPaiHCHKOIO Ta aHIJIIHCHKOI0 MOBaMH. Y BCiX
TPbOX HEOOXiJHO BKa3aTW Ha3BYy CTaTTi, MPi3BUILA aBTOPIB 1 KJIFOYOBI cjoBa. OpieHTOBHUHN 00CsT pe-
3toMe - 1800 3HaKkiB (0e3 ypaxyBaHHS 3aroJIOBKY 1 KIIFOYOBHX CIIiB). Pemakiiis mpuiiMae eeKTpOHHMI
(MS Word) i nBa po3npykoBaHUX (Uil XapKiB'sH) TEKCTy PYKOMHUCY. AJpecw BKazaHi B pO3ALIi
«Kontaktn» Ha caiiTi xypHaiay. CympoBigHWH JTUCT A0 CTaTTi, BUIPABIEHOI BiAMOBIAHO 10 3a-
YBa)XKEHb PEIICH3eHTa, TIOBUHEH MICTHTH Bi[MOBiNiI Ha BCi 3ayBakeHHA. llomaeTbes elneKTpOHHHH i
OZIMH pO3IpYKOBaHUH (75 XapKiB'siH) BapiaHT. Pykonwcn, SKi MpOHIIIN peneH3yBaHHs, IPUHHATI 10
nyOutikarii i opopMIIeHi BiMOBITHO 1O MpaBHJI AJs aBTOPiB, MpuiiMaroThes y ¢popmarti doc (ae docx)
enekrporHoto momtor (chembull@karazin.ua). Po3apykoBanuii Bapiant He notpibeH. JloknanHinma
iH(opMarris po3mimieHa Ha caiTi xxypHairy http://chembull.univer.kharkov.ua.

INFORMATION FOR AUTHORS. Papers in Ukrainian, Russian and English are published.
These may be invited papers; review papers (require preliminary agreement with Editors); regular pa-
pers; brief communications. In preparing the manuscript it is mandatory to keep the statement on the
publication ethics and malpractice, which can be found on the web-site and in each issue. The article
should contain summaries in English, Russian, and Ukrainian. In all three it is necessary to indicate
the title of the article, the names of the authors and the keywords. The approximate volume of sum-
mary is 1800 characters (excluding the title and key words). The help in translation is provided by re-
quest for foreign authors.. Any style of references is acceptable, but all references within the paper
must be given in the same style. In addition, the second, transliterated, list of references is required if
at least one original reference is given in Cyrillic. See section "Transliteration" of the web-site for de -
tails. Please use papers of previous issues as samples when prepare the manuscript. The MS Word for-
mat is used. Standard fonts (Times New Roman, Arial, Symbol) are preferable. Figures and diagrams
are required in vector formats. Figure captions are given separately. All figures, tables and equations
are numbered. Please use MS Equation Editor or MathType to prepare mathematical equations and
ISIS Draw to prepare chemical formulas and equations. The decimal point (not coma) is accepted in
the journal. Please avoid any kind of formatting when prepare the manuscript. Manuscripts may be
submitted to the Editor-in-Chief via e-mai chembull@karazin.ua. For more detailed information see
the journal web-site http://chembull.univer.kharkov.ua.
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