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Twenty-eight sets of synthesized triazole-trimethoxyphenyl derivatives (TPDs) were considered as anti-prolif-
erative drugs against human alveolar basal epithelial (A549) cancer cell lines using DFT, QSAR, ADMET profile
and molecular docking methods. The considered compounds were used to develop a robust QSAR model,
which was used to design new TPD compounds that could serve as anti-proliferative drug candidate against hu-
man alveolar basal epithelial (A549) cancer. The parameters obtained from DFT calculations such as the
HOMO, LUMO, Dipole moment, chemical hardness and softness favoured TPD-11 and TPD-25 over etopoxide
as strong inhibitors against human alveolar basal epithelialcancer cell (A549), which agreed with the experi-
mental data. The QSAR modeling and validation indicated the major influence of Moran autocorrelation —
lag 4/weighted by polarizabiliies (MATS4p), Centered Broto-Moreau autocorrelation - lag 7/weighted by
charges (ATSC7c), Minimum E-State descriptors of strength for potential Hydrogen Bonds of path length 3
(minHBINnt3) and Count of atom-type E-State: C (naasC) descriptors on the reported anticancer activity of the
drugs in the A549- MLR-GFA QSAR (R? = 0.8146, adjusted R?* = 0.7874, Q%., = 0.6015 and
R? - Q%00 = 0.2582). Using the model data, four new TPDs (NTPD-3, NTPD-4, NTPD-6 and NTPD-9) were pro-
posed. The DFT and molecular docking analysis showed that these four compounds could be good inhibitors
against A549 than etopoxide. However, the ADMET (absorption, distribution, metabolism, excretion, and toxic-
ity) properties revealed NTPD-6 showed excellent pharmacokinetic and toxicological profiles and might serve
as a road map for new and more effective anticancer agents.

Keywords: Triazole—-Trimethoxyphenyl, anti-cancer, DFT, QSAR, molecular docking.

Introduction

High morbidity and mortality from both communicable and non-communicable diseases still have
a negative influence on humanity. Non-communicable diseases (NCDs) have a significant financial
burden on population in addition to causing sickness and mortality [1]. NCDs include chronic lung
disease, cancer, diabetes, heart disease, and stroke which account for over 70% of all fatalities glob-
ally; heart disease and cancer have been described as leading cause of death among NCDs [2]. It had
been estimated that over 10.3 million people died of cancer in 2020 with 2.26 million died of breast
cancer new cases, lung cancer (2.21 million), colon and rectum cancer (1.93 million), prostate cancer
(1.41 million), skin cancer (1.20 million) and stomach cancer (1.09 million); and with about 19.3
million new cases of cancer disease predicted [2,3]. Muka et al., (2015) [4] noted that NCDs place a
heavy financial strain on healthcare budgets and thus on national welfare which may only get worse
over time, if drastic measures are not taken. Therefore, cancer compared to the other NCDs call for
special attention and consideration [5].

Recent developments in anticancer medications have considerably improved quality of life of can-
cer patients and have increase the rate of cancer survival. However, a favorable initial response to
treatment changes afterwards, thereby leading to cancer relapse and recurrence [6]. Consequently,
there is continuous research for new substances that can effectively act against this disease with little
© Sunday, A. O., Abdullahi, S., Gabriel, O. K., Moses, O., Banjo, S., 2025
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In silico investigations of triazole—trimethoxyphenyl derivatives as anti-proliferative agents ...

or no side effect. In drug development, researchers focus on the organic and biochemical reactions of
drug substances with their targets as well as the synthesis and analysis of drug substances [7]. There-
fore, there has been an increasing interest by researchers all over the world in exploring all available
options; evaluating potential anticancer agents with the hope of discovering effective drugs for can-
cer. Also, several ongoing efforts are being made by the medical community aimed at identifying
novel anticancer targets [8].

Among a class of nitrogen-containing heterocyclic compounds with interesting structures for
medicinal properties is triazole derivatives due to their important chemical and biological properties
that are stable against metabolic degradations and show target selectivity as well as several
pharmacological activities [9 - 13]. Triazole functions well as a linker to connect different pharma-
cophores, thus, hybrid substances containing triazole have demonstrated the ability to decrease tumor
growth, invasion, and metastasis by altering various signaling pathways. This is made possible by its
capacity to form a variety of non-covalent interactions with various biological targets, including hy-
drogen bonds, van der Waals forces, hydrophobic interactions, and dipole-dipole bonds. This is what
gives the compound its wide range of therapeutic properties, including its antibacterial [14], anti-
malarial [15], antifungal [16]), antiviral [17], antitubercular [18], and anticancer activities [19, 20].

However, it has been observed that the high prevalence of resistance makes employing single
chemicals as anticancer medicines in targeting protein or enzyme ineffective in treating cancer cells
[21]. Therefore, several hybrids of triazole compounds have been synthesized and evaluated for their
anticancer activities, such as triazole-benzimidazole-chalcone [22], triazole-quinazoline [23], Indole-
Thiazolidinedione-Triazole [24], Coumarin-triazole [25], Quinolone-Triazole [26], triazolo[4,5-
d]pyrimidine [27, 28], Triazole-Pyrimidine-Urea [29, 30].

According to reports [31, 32], trimethoxyphenyl compounds have also been shown to operate as a
pharmacophoric group that enhances the anticancer activities of various natural anticancer drugs,
including colchicine, combretastatin, podophyllotoxin, and poly-methoxychalcone. The
trimethoxyphenyl-based compounds might be a viable way to get around some of the issues with the
current anticancer medications that have been described. S5-amino-1,2,4-triazoles based on
trimethoxyphenyl have been identified as promising antimitotic possibilities against CEM and Hela
cells [33]. Also, a series of 3-(benzylthio)-4H-1,2,4-triazoles bearing trimethoxyphenyl scaffold were
synthesized and tested against different cancer cell lines; the results revealed that 4-[3-[(4-
methoxyphenyl)methylsulfanyl]-5-(3,4,5-trimethoxyphenyl)-1,2,4-triazol-4-y1]-N,N-dimethylaniline
was a promising against colon cancer (HCT116 cell line) [33]. Furthermore, triazolothiadiazine, 4-
amino-5-aryl-4H-1,2,4-triazoles and triazolothiadiazine with trimethoxy substituent were evaluated
against cancer cells and the results were promising [34]. Recently, triazoles-trimethoxyphenyl hybrids
were synthesized and evaluated using both experimental and in silico methods against cancer cells
(A549, MCF7, and SKOV3) with etoposide as standard drug. The results revealed that most of the
compounds inhibitory activities were comparable to that of the standard with some compounds having
outstanding inhibitory properties [35].

Therefore, in this work, in silico methods would be used to further evaluate triazole -
trimethoxyphenyl hybrids reported by Ansari et al., [35] as displayed in Figure 1 and Table 1.
Although molecular docking of these compounds has been carried out, this study would lay emphasis
on the development of robust QSAR using multiple linear regression-Genetic Algorithm (MLR-GA)
to propose new set of triazole-trimethoxyphenyl hybrids with enhanced anticancer activity against
adenocarcinomic human alveolar basal epithelial cells (A549). Thus, the aim of this work is to de-
velop robust QSAR model, designed novel triazole-trimethoxyphenyl hybrids, predict their inhibitory
properties, molecular docking analysis and ADMET profiling of the novel triazole - trimethoxyphenyl
derivatives.
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Figure 1: The schematic structures of the studied molecules triazole -trimethoxyphenyl hybrids [35]

Table 1. Structures, [UPAC names and observed ICs of the triazole -trimethoxyphenyl hybrids used in training
and test sets against adenocarcinomic human alveolar basal epithelial cells (A549).

Mole- R IUPAC Name ICso uM
cule (A549)
H 2-[(4-amino-5-phenyl-1,2,4-triazolidin-3-yl)sulfanyl]-1-
TPD 1 (3,4,5trimethoxyphenyl)ethanol 3.95
TPD 2 2-[[4-amino-5-(4-methylphenyl)-1,2,4-triazol-3-yl]sulfanyl]-1-
4-CH; (3,4,5trimethoxyphenyl) ethanone 4.39
TPD 3 2-[[4-amino-5-(4-hydroxyphenyl)-1,2,4-triazol-3-yl|sulfanyl]-
4-0H 1-(3,4,5-trimethoxyphenyl)eth2-[[4-amino-5-(4-chlorophenyl)- 490
1,2,4-triazol-3-yl]sulfanyl]-1-(3,4,5- ’
trimethoxyphenyl)ethanoneanone
TPD 4 2-[[4-amino-5-(3-bromophenyl)-3,5-dihydro-1,2,4-triazol-3-
yl]sulfanyl]-1-(3,4,5-trimethoxyphenyl)ethanol, 2-[[4-amino-3-
3-Br (3-bromophenyl)-3,5-dihydro-1,2,4-triazol-5-yl]sulfanyl]-1- 3.67
(3,4,5-trimethoxyphenyl)ethanol
TPD 5 2-[[4-amino-5-(4-methoxyphenyl)-1,2,4-triazol-3-yl]sulfanyl]-
4-OCH; 1-(3,4,5-trimethoxyphenyl)ethanone 2.58
TPD 6 4-Cl 2-[[4-amino-5-(4-chlorophenyl)-1,2,4-triazol-3-yl]sulfanyl]-1-
(3,4,5-trimethoxyphenyl) ethanone 2.81
TPD 7 2,4-Cl, 2-[[4-amino-5-(2,4-dichlorophenyl)-1,2,4-triazol-3-yl]sul- 379
fanyl]-1-(3,4,5-trimethoxyphenyl)ethanone )
TPD 8 H 3-phenyl-6-(3.4,5-trimethoxyphenyl)-7H-[1,2,4]triazolo[3,4-b]
Lo 3.71
[1,3,4]thiadiazine
TPD 9 4-CH; 3-(4-methylphenyl)-6-(3,4,5-trimethoxyphenyl)-7H-[1,2,4]tria- 457
z0lo[3,4-b][1,3,4]thiadiazine )
TPD 10 | 4-OH 4-[6-(3,4,5-trimethoxyphenyl)-7H-[1,2,4]triazolo[3,4-b] 417
[1,3,4]thiadiazin-3-yl]phenol )




In silico investigations of triazole—trimethoxyphenyl derivatives as anti-proliferative agents ...

TPD 11 | 3-Br 3-(3-bromophenyl)-6-(3,4,5-trimethoxyphenyl)-7H-[1,2,4]tria- 0.67
zolo[3,4-b][1,3,4]thiadiazine )
TPD 12 | 4-OCH; 3-(4-methoxyphenyl)-6-(3,4,5-trimethoxyphenyl)-7H-[1,2,4]tri- 320
azolo[3,4-b][1,3,4]thiadiazine '
) 3-(4-chlorophenyl)-6-(3,4,5-trimethoxyphenyl)-7H-[1,2,4]tria-
TPD 13 | 4-Cl z0l0[3,4-b][1,3 4]thiadiazine 3.94
3-(2,4-dichlorophenyl)-6-(3,4,5-trimethoxyphenyl)-7H-
TPD 14 | 2,4-Cl. [1.2,4]triazolo[3.4-b][ 1,3 4]thiadiazine 2.73
TPD 15 H 6—pheny1.-3—.(3,4.1,5—tr1meth0xyphenyl)—7H—[1,2,4]tr1az010[3,4-b] 1.04
[1,3,4]thiadiazine
TPD 16 4-OCHjs 6-(4-methoxyphenyl)-3-(3,4,5-trimethoxyphenyl)-7H-[1,2,4]tri- 3.60
azolo[3,4-b][1,3.4]thiadiazine '
TPD 17 3,4-(CHs), 6-pheny.l-37(3,.4,5-trimethoxyphenyl)-7H—[1,2,4]triazolo[3,4—b] 250
[1,3,4]thiadiazine
3,4,5-(CHs); | 3,6-bis(3,4,5-trimethoxyphenyl)-7H-[ 1,2,4]triazolo[3,4-b]
TPD 18 [1,3,4]thiadiazine 4.00
4-F 6-(4-fluorophenyl)-3-(3,4,5-trimethoxyphenyl)-7H-[1,2,4]tria-
TPD 19 z0l0[3,4-b][1,3 4]thiadiazine 2.80
2,4-F, 6-(2,4-difluorophenyl)-3-(3,4,5-trimethoxyphenyl)-7H-
TPD 20 [1,2,4]triazolo[3,4-b][1,3,4]thiadiazine 215
4-Cl 6-(4-chlorophenyl)-3-(3,4,5-trimethoxyphenyl)-7H-[1,2,4]tria-
TPD 21 z0l0[3.4-b][ 1,3 A]thiadiazine 4.97
4-Br 6-(4-bromophenyl)-3-(3,4,5-trimethoxyphenyl)-7H-[1,2,4]tria-
TPD 22 z0l0[3,4-b][ 1,3 4]thiadiazine 315
4-OH 4-[3-(3,4,5-trimethoxyphenyl)-7H-[ 1,2,4]triazolo[3,4-b]
TPD 23 [1,3,4]thiadiazin-6-yl]phenol 301
3,4-(OH), 4-[3-(3,4,5-trimethoxyphenyl)-7H-[1,2,4]triazolo[3,4-b]
TPD 24 [1.3 4]thiadiazin-6-ylphenol 3.23
4-CH; 6-(4-methylphenyl)-3-(3,4,5-trimethoxyphenyl)-7H-[ 1,2,4 ]tria-
TPD 25 z0lo[3,4-b][1,3 4]thiadiazine 0.60
6-(4-phenylphenyl)-3-(3,4,5-trimethoxyphenyl)-7H-[1,2,4]tria-
TPD 26 | 4-Ph zolo[3,4-b][1,3,4]thiadiazine 4.01
Standard Etoposide 2.99

In silico Methods

A data set of twenty-six triazole-trimethoxyphenyl hybrids and their anti-cancer activities were
obtained from the work of Ansari et al (2019) as shown in Figure 1 and Table 1. The biological
activities of the ligands were expressed as half-maximum inhibitory concentration (/Cso). The ICso
values were subjected to data transformation by taking the negative logarithm to the base of 10
according to the formula:

pIC;,=—1log(IC4)x10™° (1)

These compounds were optimised at DFT-B3LYP/6-31G(d,p) methods for molecular geometries
using Spartan 14 software as described by [36, 37]. The frequency calculations were carried out on
the optimised structure to ascertain minima equilibrium characterized by positive harmonic frequen-
cies [38, 39]. The molecular parameters estimated from the ground state optimized structures were
the frontier orbital energies (the HOMO, LUMO and energy gap), chemical hardness
(T‘[:(E tomo—E HOMO)/ 2) chemical potential ( (y:(E umo TE HOMO)/ 2)), electrophilicity index

2

(w =5—n) and dipole moment [40, 41].

OSAR modelling

The optimized structures were converted to *.sdf format for generation of molecular descriptors
using Padel-Descriptor software version 2.21 (Rivera-Delgado et al., 2019). Over 1,200 descriptors
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generated from 1D, 2D and 3D parameters were combined with electronic descriptors from quantum
chemical calculations. These descriptors were pre-treated for carefully selected of relevant parameters
to avoid multicollinearity using Data Pre-Treatment GUI 1.2" tool, which utilizes the V-WSP
algorithm to eliminate these descriptors and ensure the reliability and generalization of the subsequent
QSAR modelling. These data were split into training set (70%) for the QSAR model development and
test set (30%) for validation of the model using Dataset Division GUI tool version 1.2 in a random
manner as implemented in Drug Theoretical and Cheminformatics Laboratory (DTC Lab) software .
The QSAR model was constructed using the compounds from the training set. The independent
variables (descriptors) were correlated to the dependent variable (pIC50 of A549 through multivariate
analysis using the Genetic Algorithms Function Approximation (GAFA) technique in the DTC Lab
software (Mahmud et al., 2020). The fitness of the model was assessed during the evolution process
using the Friedman lack-of-fit (LOF) measure. In Material Studio, the LOF value is calculated using
equation 2. The developed QSAR models were validated to test the internal stability and predictive
ability of the models. The procedure employed in model validation is internal and external validation
(Islam et al., 2014; Oyebamiji et al., 2016; Abdullah et al., 2020).
(i) Friedman

2
LOF:SSE(l— C+dp) 2)
M

where SSE is the sum of squares of errors, ¢ is the number of terms in the model, other than the
constant term, d is a user-defined smoothing parameter, p is the total number of descriptors contained
in all model terms (again ignoring the constant term) and M is the number of samples in the training
set (Isyaku et al., 2020).

(i)
Y, ~Y,..)
SSE ( obs Pred) (3)
N—-P-1
(ii) R-squared (R?) is determined by equation 4 ,
(z {/Yobs_Ytr/[Ypred_Ypred”)
R*= @)
Sy, -Y P> (v, ~T, P
( obs tr) ( pred pred)
(iii) Cross validated R squared (Q%.) is estimated using equation 5
Y poa—Yop )
inzl— z ( Pred Obs) (5)

z (Yobs_ Yrr)z

Y pred and Y, are predicted and observed training set concentration (experimental), respectively.

Y, and Ypred are the average observed (experimental) and predicted training set response,

respectively.
(iii) Coefficient of determination adjusted (R? adjusted) is determined using equation 6
2 :R2—p(n—1) 6)
W n—1-p
where p = number of the descriptor in the model, n = number of compounds in the training set, R
is the correlation coefficient, and n-1-p is the degree of freedom.

Docking of the Protein-Ligand

The X-ray structure of the A549 protein target (PDB ID: 7MLR) was retrieved from protein data
bank (ww.rcsb.org). It was purified and repaired using discovery Studio Visualizer version
16.1.0.15350 and Avogadro. The protein and optimized structures of the ligands were saved in PDB
format and molecular docking was performed using PyRx software; the docking results were analysed
with discovery Studio Visualizer version [47, 39].

10
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In-silico ADMET/Pharmacokinetic Predictions

The pKCSM online tool software was utilized to predict the pharmacokinetic properties (htpp://bi-
osig.unimelb.edu.au/pkCSM/prediction), specifically the ADMET (Absorption, Distribution, Meta-
bolism, Excretion, and Toxicity), of the compounds [48].

Results and discussion

Molecular descriptors and Docking analysis.

The quantum chemical descriptors of triazole-trimethoxyphenyl hybrids obtained from
B3LYP/6-31G(d,p) method are provided in Table 2. The HOMO energies for the triazole-trimeth-
oxyphenyl hybrids ranged from -5.40 eV (TPD 25) to -8.69 eV (TPD 13), suggesting that TPD 11 and
TPD 25 have higher propensity to donate electrons to the protein receptor, particularly to the electron
acceptor hydrogen and carbon atoms within the receptor [49]. The LUMO and chemical potential en-
ergies (u) of TPD 11 (-1.98 and -3.75 eV) and TPD 25 (-1.98 and -3.69 eV), respectively, are lower
than that of Etoposide (-0.10 and -2.72 eV), indacting that TPD 11 and TPD 25 can readily receive
electrons from the surrounding (protein) than Etoposide [50, 51]. Also, dipole moment (7.44 and
4.96 Debye), HOMO-LUMO energy gap (4Eg, 3.53 and 3.42 eV), chemical hardness (1.77 and
1.71 eV) and softness (0.565 and 0.585 eV™") favour interactions of TPD 11 and TPD 25, respectively,
with protein than Etoposide [52 - 55]. This was in agreement with ICs, of 0.69 and 0.60 of TPD 11
and TPD 25, respectively compared to 2.99 uM for Etoposide, as observed against adenocarcinomic
human alveolar basal epithelial cells, A549 (Ansari et al., 2019) as presented in Table 1. Thus, TPD
11 and TPD 25 are expected to engage in hydrogen bonding and other hydrophobic interactions with
a receptor more than Etoposide which may lead to enhance binding properties with the receptor [56].

Table 2: Molecular parameters calculated from DFT-B3LYP/6-31G(d,p) for the compounds
CPD H(EV) L(eV) AEg Dipole moment w(€eV) nev)y S=1nm w (eV)

(Debye)
TPD-1 -5.93 -2.02 3.91 6.61 -3.98 1.96 0.510 4.04
TPD-2 -5.65 -2.11 3.54 6.17 -3.88 1.77 0.565 4.25
TPD-3 -5.54 -1.99 3.55 5.79 -3.77 1.78 0.562 3.99
TPD-4 -5.46 -1.98 3.48 5.88 -3.72 1.74 0.575 3.98
TPD-5 -6.26 1.90 8.16 6.38 -2.18 4.08 0.245 0.58
TPD-6 -6.16 -2.08 4.08 7.02 -4.12 2.04 0.490 4.16
TPD-7 -6.46 -1.98 4.48 6.17 -4.22 2.24 0.446 3.98
TPD-8 -5.89 -2.07 3.82 8.43 -3.98 1.91 0.524 4.15
TPD-9 -5.76 -2.04 3.72 8.49 -3.90 1.86 0.538 4.09
TPD-10 -5.55 -2.02 3.53 6.93 -3.79 1.77 0.565 4.06
TPD-11 -5.51 -1.98 3.53 7.44 -3.75 1.77 0.565 3.97
TPD-12 -5.47 -1.86 3.61 7.21 -3.67 1.81 0.553 3.72
TPD-13 -8.69 1.56 10.25 10.65 -3.57 5.13 0.195 1.24
TPD-14 -5.66 -2.23 3.43 4.35 -3.95 1.72 0.581 4.54
TPD-15 -8.18 1.72 9.90 5.39 -3.23 4.95 0.202 1.05
TPD-16 -5.54 -1.91 3.63 6.29 -3.73 1.82 0.550 3.82
TPD-17 -5.64 -1.97 3.67 4.93 -3.81 1.84 0.544 3.94
TPD-18 -5.65 -2.01 3.64 5.15 -3.83 1.82 0.550 4.03
TPD-19 -5.67 -2.14 3.53 3.85 -3.91 1.77 0.565 4.32
TPD-20 -5.67 -2.17 3.50 4.13 -3.92 1.75 0.571 4.39
TPD-21 -5.70 -2.99 2.71 3.31 -4.35 1.36 0.735 6.97
TPD-22 -5.72 -2.30 3.42 3.28 -4.01 1.71 0.585 4.70
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TPD-23 -5.63 -1.93 3.70 5.68 -3.78 1.85 0.540 3.86
TPD-24 -5.56 -1.92 3.64 6.92 -3.74 1.82 0.550 3.84
TPD-25 -5.40 -1.98 3.42 4.96 -3.69 1.71 0.585 3.98
TPD-26 -5.61 -2.16 3.45 5.76 -3.89 1.73 0.578 4.37
Etoposide -5.34 -0.10 5.24 3.53 -2.72 2.62 0.382 1.41

The analysis of docking results showed that the banding affinities ranged from -6.8 kcal/mol
(TPD-7) to -8.6 kcal/mol (TPD-25). The triazole-trimethoxyphenyl hybrids with higher binding
affinities against adenocarcinomic human alveolar basal epithelial cells, A549 (ID: 7MLR) are
TPD-10 and TPD-14 (-8.0 kcal/mol), TPD-19 (-8.4 kcal/mol), TPD-20, TPD-21 and TPD-26
(-8.5 kcal/mol) and TPD-25 (-8.6 kcal/mol). TPD-10 and TPD-14 are hydrogen bonded with ILE 146;
TPD-19 is hydrogen bonded with GLN 85 and PRO 86; TPP 20 is hydrogen bonded with GLN 85,
TYR 97, ASN 140 and ILE 146; TPD-21 is hydrogen bonded with GLN 85; TPD-26 is hydrogen
bonded with ASP 144 and ASN 140; while TPD-25 is hydrogen bonded with ASN 140, ILE 146 and
CYS 137. The binding affinity of Etoposide is -8.8 kcal/mol having hydrogen binding with ASN 140
and PRO 86 (Table 3). The TPD-25 with highest inhibitory activity against adenocarcinomic human
alveolar basal epithelial cells, A549 (Table 1), also presented highest binding affinity among the tria-
zole-trimethoxyphenyl hybrids, thus it is used as QSAR reference compound for modelling and pre-
diction of ICs, for new triazole-trimethoxyphenyl hybrids in this work.

Table 3: Binding affinities (kcal/mol) of the 26 triazole-trimethoxyphenyl hybrids with A549 (ID: 7TMLR)

RECEPTOR A549
CPD Binding affinity | Inhibition con- H-BOND with ligands H bond distance(A)
AG (Kcalmol™) | stant K; (uM)

TPD-1 -7.7 2.25 GLN 85 2.41
PRO 86 3.77

TPD-2 -7.4 3.74 PRO 86, GLN 85 3.37,2.08
ASP 88 1.79
PRO 82 2.15
GLN 85 3.54
TPD-3 -7.6 2.67 GLN 85 2.35
ASN 140 2.23
MET 105 2.39
TPD-4 -1.7 2.25 GLNS5 8 2.35
TPD-5 -7.3 443 ASN 140 2.32
GLN 85 2.82
MET 105 3.70
PRO 86 3.36
TPD-6 -7.0 7.35 ASN140 2.65
TPD-7 -6.8 10.30 PRO 82 3.73
TPD-8 -7.9 1.61 ILE 146 2.67
TPD-9 -7.9 1.61 ILE 146 2.62
TPD-10 -8.0 1.36 ILE 146 2.60
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TPD-11 -71.5 3.16 Nil Nil
TPD-12 -7.8 1.90 ILE 146 2.78
TPD-13 -7.8 1.90 ILE 146 2.84
TPD-14 -8.0 1.36 ILE 146 2.60
TPD-15 -7.9 1.61 GLN 85, PRO 86 2.08,3.37
TPD-16 -7.6 2.67 ILE 146 , MET 105, MET 2.51,3.19,3.54
132
TPD-17 -7.8 1.90 GLN 85, TYR 97, MET 2.23,2.42,3.57,
105, PRO 86, ASN 3.23,3.79
135
TPD-18 -6.8 10.30 GLN 85, ASN 140, PRO 2.36,2.56, 3.35
86
TPD-19 -8.4 0.69 GLN 85, PRO 86 2.10, 3.52
TPD-20 -85 0.58 GLN 85, TYR 97, ASN 2.78,2.15,2.48,
140, ILE 146 3.71
TPD-21 -8.5 0.58 GLN 85 2.14
TPD-22 -7.5 3.16 GLN 85 2.45
TPD-23 -7.5 3.16 MET 132 2.50
ILE 146 2.96
TPD-24 -7.5 3.16 ASN 140 245
ILE 146 2.17
CYS 136 2.72
TPD-25 -8.6 0.49 ASN 140 2.45
ILE 146 2.72
CYS 137 3.36
TPD-26 -85 0.58 ASP 144 3.51
ASN 140 3.64
Etoposide -8.8 0.35 ASN 140 2.99
PRO 86 3.77

OSAR model using Multilinear Regression Genetic Algorithm (MLR-GFA)

The QSAR model developed via MLR-GFA, as shown in equation 7, of inhibitory activity (p/Csy
= -log (ICsy)) of triazole-trimethoxyphenyl hybrids against adenocarcinomic human alveolar basal
epithelial cells (A549) contains four independent 2D-molecular descriptors. These descriptors sym-
bols and definitions are displayed in Table 4.

pIC,,=0.3773—6.4175+* MATS4p+0.3043 +minHBint3+0.5099*% ATSC7 ¢ —0.1974 *naasC @)

QSAR model displayed a negative contribution form MATS4p and naasC descriptors, while
minHBint3 and ATSC7c¢ descriptors contributed positively. Thus, increase in MATS4p and naasC
values will negatively influence the predicted value of pICs), meanwhile, minHBint3 and ATSC7¢c
descriptors will have positive impact on the model. Figure 2 shows the percentage contributions of
each descriptor to the predicted pICs. The Pearson correlation analysis of the descriptor and plICs,
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values of the model shows nonexistence of inter-correlation among the descriptors as displayed in

Table 5.
Table 4: Symbols definitions and descriptors used in the MLR-GFA equation.
S/N  Descriptor Definition Class Contribu-
tion
MATS4p Moran autocorrelation - lag 4 / weighted by polarizabilities. 2D Negative
ATSC7c Centered Broto-Moreau autocorrelation - lag 7 / weighted by 2D Positive
charges.
minHBint3 Minimum E-State descriptors of strength for potential Hydro- 2D Positive
gen Bonds of path length 3
4 naasC Count of atom-type E-State: C: 2D Negative
naasC MAISdp
8% e
ATSC7c¢
2%
Figure 2: Pie chart showing the Influence of each descriptor in the Model.
Table 5: Table of correlation matrix for the descriptors.
pICso MATS4p ATSCT7c minHBint3 naasC
pIC50 1
MATS4p 0.074446 1
ATSC7¢ -0.00223 0.414277 1
minHBint3 0.663251 0.595809 0.184444 1
naasC 0.075153 -0.29125 0.07373 0.282719 1

The model is statistically validated with R-squared (R’), adjusted R’, Cross validated R squared
(O°) are 0.8632, 0.7951 and 0.6023, respectively. The model general robustness is also examined
using the differences in R’ and Q’cv which is < 0.3 and Friedman LOF is 0.001 (Table 6). The inter-
correlated descriptor characteristics of model are evaluated based on their multicollinearity estimated
using the variation inflation factor (V/F) as shown in equation 8.
VIF=(1-R?]"

In this case, R’ is the correlation coefficient, and VIF value approaching a unity, is an indication of
no inter-correlation among each descriptor in the model. The VIF scores between 1 and 5 means the
model is within acceptability and stability arena; nevertheless, if the VIF score > 10, then the model is
unstable and unacceptable [57]. The VIF scores in Figure 3 shows that the model is stable and accept-
able, thus the model can be used to predict bioactivity (p/Csy) of similar triazole-trimethoxyphenyl hy-
brids against adenocarcinomic human alveolar basal epithelial cells (A549).

14
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Table 6: QSAR validation parameters

S/N  Parameter Threshold value  Computed value Statement
1 R-squared (R?) >0.6 0.8146 Good
2 Adjusted R? (R’adj) > 0.6 0.7874 Good
4 Cross validated R squared (Q%) >0.5 0.6015 Good
5 Friedman LOF <0.1 0.0246 Good
6 R*- Q% Loo <03 0.2582 Good

The experimental ICsy (pICsp) of TPDs against A549 reported by Ansari et al., [35] and the
predicted pICs, and the residual values (difference between the experimental pICso and predicted
pICso) are displayed in Table 7. The lower residual score implies that the model has good predictive
potential. Figures 3 and 4 display the observed versus predicted activity and residual plots,
demonstrating the accuracy of the model with Rp.q®> of 0.8632, which is greater than 0.6 threshold

value.
Table 7: The experimental and predicted pIC 5o of the ligands.
Ligand Experimental Predicted
pICso (UM) pICso (uM) |Residual

TPD 1* -0.60 -0.45 -0.15
TPD 2 -0.64 -0.59 -0.05
TPD 3 -0.62 -0.57 -0.05
TPD 4 -0.57 -0.52 -0.05
TPD 5% -0.41 -0.37 -0.04
TPD 6 -0.45 -0.44 -0.01
TPD 7* -0.58 -0.47 -0.11
TPD 8 -0.57 -0.52 -0.05
TPD 9* -0.66 -0.72 0.06
TPD 10 -0.62 -0.55 -0.07
TPD 11* 0.17 0.23 -0.06
TPD 12 -0.51 -0.43 -0.08
TPD 13* -0.60 -0.75 0.15
TPD 14 -0.44 -0.53 0.09
TPD 15* -0.02 -0.09 0.07
TPD 16 -0.56 -0.44 -0.12
TPD 17 -0.40 -0.62 0.22
TPD 18 -0.60 -0.54 -0.06
TPD 19* -0.45 -0.27 -0.18
TPD 20* -0.33 -0.22 -0.11
TPD 21 -0.70 -0.43 -0.27
TPD 22 -0.50 -0.57 0.07
TPD 23 -0.70 -0.67 -0.03
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TPD 24 -0.51 -0.46 -0.05
TPD 25 0.22 0.28 -0.06

Note * test set for the cancer cell line.

0.4 -
f(x) = 1.03952005507565 x 0.2 - 74
R?=0.961373760121147
o T T T 0 T 1
-18 -0.8 -0.6 -0.4 ) 0.2 0.4
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Pred pIC50
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Figure 3: Graph of internal validation for MLR-GFA (Test in red)
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Figure 4: Graph of Residual plot for A549- MLR-GFA model, Test in red

Design of new triazole-trimethoxyphenyl hybrids and their computed pICsy values

New twenty-eight molecules with their computed pIC50/ICs, values were predicted, from which
the best ten were selected in all out of which eight were from TPD-25 (NTPD-1 to NTPD-8) and
other two from TPD-11 (NTPD-9 and NTPD-10) as shown in Figure 5. The compounds TPD-11 and
TPD-25 were selected as lead molecules based on experimental bioactivity against adenocarcinomic
human alveolar basal epithelial cells (Table 1). The new molecules with outstanding ICs, than
Etoposide (2.99 uM) are NTPD-3 (0.594 uM), NTPD-4 (0.813 uM), NTPD-6 (1,514 uM), NTPD-8
(2,743 uM) and NTPD-9 (1.090 puM).
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OCH 3 H3C H
R CHj
H3CO OCH34
= =
~ / ~ /
S A S N
(a) TPD 11
(b) TPD 25

S/N R Name pICso ICso
NTPD-1 CH,CH3 3-(4-ethylphenyl)-6-(3,4,5-trimethoxyphenyl)-7H-

[1,2,4]triazolo[3,4-b][1,3,4]thiadiazine, 0.997 -0.878 7.56
NTPD-2 CH(CHs). 3-(3-(propan-2-ylphenyl)-6-(3,4,5-trimethoxyphenyl)-

7H-[1,2,4]triazolo[3,4-b][1,3,4]thiadiazine -0.467 293
NTPD-3 C(CHs); 3-(3-tert-butylphenyl)-6-(3,4,5-trimethoxyphenyl)-7H-

[1,2,4]triazolo[3,4-b][1,3,4]thiadiazine 0.226 0.59
NTPD-4 OCH,CHs 3-(3-ethoxyphenyl)-6-(3,4,5-trimethoxyphenyl)-7H-

[1,2,4]triazolo[3,4-b][1,3,4]thiadiazine 0.090 0.81
NTPD-5 S-CH3 3-(3-methysulfanylphenyl)-6-(3,4,5-trimethoxyphenyl)-

7H-[1,2,4]triazolo[3,4-b][1,3,4]thiadiazine -0.719 5.24
NTPD-6 NO, 3-(3-nitrophenyl)-6-(3,4,5-trimethoxyphenyl)-7H-

[1,2,4]triazolo[3,4-b][1,3,4]thiadiazine 0.180 1.51
NTPD-7 CN 3-(3-cyanophenyl)-6-(3,4,5-trimethoxyphenyl)-7H-

[1,2,4]triazolo[3,4-b][1,3,4]thiadiazine -0.346 222
NTPD-8 NH, 3-(3-aminophenyl)-6-(3,4,5-trimethoxyphenyl)-7H-

[1,2,4]triazolo[3,4-b][1,3,4]thiadiazine -0.438 2.74
NTPD-9 O-CHs 6-(3-methoxyphenyl)-3-(2,3,4-trimethoxyphenyl)-7H-

[1,2,4]triazolo[3,4-b][1,3,4]thiadiazine -0.037 1.09
NTPD-10 S-CH3 6-(3-methysulfanylphenyl)-3-(2,3,4-trimethoxyphenyl)-

7H-[1,2,4]triazolo[3,4-b][1,3,4]thiadiazine -0.624 4.21

Figure 5: 2-D structures, I[UPAC names bioactivity of new triazole-trimethoxyphenyl hybrids against
adenocarcinomic human alveolar basal epithelial cells (A549)

The frontier energies and reactivity descriptors of the four compounds, NTPD-3, NTPD-4,
NTPD-6 and NTPD-9 (out of ten new compounds) with outstanding predicted bioactivity against
adenocarcinomic human alveolar basal epithelial cells (A549) are listed in Table 8 with orbital
overlay in Figure 6. The LUMO and chemical potential («) energies of these compounds showed that
they can readily receive electrons from the surrounding (protein) than Etoposide [51]. Also, AEg,
chemical hardness (7), and softness favour interactions of valence electrons of these compounds with
adenocarcinomic human alveolar basal epithelial cells (A549). However, the HOMO supports the
ease of electron donating ability of Etoposide with the protein than these new compounds [53]; thus,
Etoposide is expected to donate electrons to the protein readily than these NTPD compounds. The
molecular docking analysis of predicted NTPD compounds showed that binding affinity for NTPD-3,
NTPD-4, NTPD-6 and NTPD-9 are -7.9, -7.5, -8.0 and -7.8 kcalmol™, respectively, as compared to
-8.8 kcalmol™ for Etoposide (Figure 7).

Table 8: Chemical descriptors calculated for new predicted triazole -trimethoxyphenyl hybrids

CPD H (eV) L (V) | AEg Dipole Moment | CPD H(eV) L(eV) | AEg
(Debye)
NTPD-3 -5.59 -2.00 3.59 595 -3.795 1.795 0.557 4.012
NTPD-4 -5.56 -1.89 3.67 6.22 -3.725 1.835 0.545 3.781
NTPD-6 -5.86 -3.11 2.75 1.50 -4.485 1.375 0.727 7.315
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NTPD-9 -5.81 -2.02 3.79 6.41 -3.915 1.895 0.528 4.044

Etoposide -5.34 -0.10 5.24 3.53 -2.720 2.620 0.382 1.412

NTPD-3: HOMO

NTPD-9: HOMO NTPD-9: LUMO

Figure 6: The frontier orbitals overlaid diagram of new triazole -trimethoxyphenyl hybrids
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Figure 7: binding affinity and2-D diagram of the newly designed ligands with A549 (ID: 7MLR).

The assessment of drug likeness and oral bioavailability is crucial, especially for orally

administered drugs. Lipinski's Rule of Five is a widely accepted guideline in this context. The rule
states that a molecule should not violate more than one of the following parameters: molecular weight
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(Mw) < 500, number of hydrogen bond donors (HBD) < 5, octanol/water partition coefficient
(log P) < 5, and number of hydrogen bond acceptors (HBA) < 10. The physicochemical properties of
the new designed triazole-trimethoxyphenyl hybrids against adenocarcinomic human alveolar basal
epithelial cells indicated that these compounds adhere to Lipinski's rule except NTPD-6 with one
violation. The ADMET properties predicted for these new compounds showed that NTPD-6 displayed
good oral absorption, water solubility, skin permeability, non P-glycoprotein substrate which may
enhance bioavailability. Blood-brain barrier (BBB) permeability predictions indicated that the ligands
could cross the BBB, but they showed low permeability, indicating moderate distribution to the
central nervous system (CNS). The ligand acted as non-inhibitor of human cytochrome P450
enzymes, especially CYP1A2, CYP2C19, CYP2C9 and CYP2D6 (Table 10). This suggests that it
may undergo metabolic transformations. The ligands exhibit low Oral- Rat Chronic toxicity
(LOAEL), Hepatotoxicity and Skin sensitization total clearance values, suggesting prolonged stability
in the body and enhanced drug efficacy.

Table 10: ADMET properties of the predicted ligands.

Property | Model Name NTPD-3 | NTPD-4 | NTPD-6 | NTPD-9 | Etoposide
H,O solubility -5.648 -4.195 -4.399 -4.288 -3.69
z Caco-2 Permeability 1.458 1.215 0.732 1.361 0.56
o Intestinal absorption (human) 97.24 99.147 93.742 99.836 91.44
F
@ Skin permeability -2.741 -2.739 -2.746 -2.744 -2.74
8 P- glycoprotein substrate No No No No Yes
el
< P-glycoprotein I inhibitor Yes Yes Yes Yes No
P-glycoprotein II inhibitor Yes Yes No Yes No
. VDSS (human) 0.015 -0.126 -0.193 -0.152 0.42
)
0~ Fraction on bound (human) 0.009 0.072 0.098 0.064 0.11
~ O
‘Z’ = BBB permeability -1.009 -1.263 -1.393 -1.281 -1.61
= CNS permeability -1.962 -3.489 -3.402 -3.254 -3.71
CYP2D6 Substrate No No No No NO
S CYP3A4 Substrate Yes Yes Yes Yes NO
E) CYPI1A2 inhibitor Yes Yes No Yes NO
2 CYP2C19 inhibitor Yes Yes No Yes NO
< —
E CYP2C9 inhibitor Yes Yes No Yes NO
p CYP2D6 inhibitor No No No No NO
CYP3A4 inhibitor Yes Yes Yes Yes NO
Y % Total clearance 0.585 0.596 0.61 0.783 0.00
K % 5 Renal OCT2 substrate No No No No NO
AMES toxicity No No No No NO
Max. tolerated dose (human) 0.541 0.627 0.668 0.532 0.10
hERG I inhibitor No No No No NO
. hERG II inhibitor Yes Yes No Yes NO
= Oral- Rat Acute toxicity (LDso) 2.752 2.845 2.427 2.648 3.00
O
= Oral- Rat Chronic toxicity 1.266 1.365 0.97 1.34 2.94
o (LOAEL)
Hepatotoxicity Yes Yes No Yes NO
Skin sensitization No No No No NO
T. Pyriformis toxicity 0.31 0.294 0.287 0.3 0.29
Minnow toxicity -0.215 -1.432 -1.443 -0.715 5.08
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Conclusion

In silico methods were used to evaluate twenty-six triazole-trimethoxyphenyl hybrids anticancer
activity against adenocarcinomic human alveolar basal epithelial cells (A549) through DFT, QSAR
and ADMET profile. The DFT results showed that TPD 11 and TPD 25 have better molecular proper-
ties to receive electrons from and donate electrons to adenocarcinomic human alveolar basal epithelial
cells readily than Etoposide. Thus, they are expected to engage in hydrogen bonding and other hy-
drophobic interactions with a receptor more than Etoposide which led to enhance binding properties.
The QSAR developed using multiple linear regression-Genetic Approximation (MLR-GA) statisti-
cally has very good predictive ability, which was used to predict twenty-eight molecules of which
NTPD-3, NTPD-4 NTPD-6 and NTPD-9 have computed pIC50/ICs, values better than etoposide.
The physicochemical and ADMET properties showed that NTPD-6 displayed good oral absorption,
water solubility, skin permeability, non-P-glycoprotein substrate, exhibited low Oral- Rat Chronic
toxicity (LOAEL), Hepatotoxicity and Skin sensitization total clearance values, suggesting it could be
a good candidate inhibitor against adenocarcinomic human alveolar basal epithelial cells.
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A. O. Cangen’, WL. A6aynnaxi’, O. K. Mabpiens’, O. Mosec’, C. bangxo™. JocnimkeHHs in silico noxigHux Tprason-
TPUMETOKCUMEHINY Ik aHTMNponidepaTMBHUX 3acobiB MpPOTVM aOeHOKapUMHOMHMX anbBeOonspHUX 6asanbHux
eniteniansHux knituH mognHn (A549): DFT, QSAR Ta niaxoam MonekynsipHoro JOKiHry.

‘Kadpenpa ximii, PenepanbHuii yHisepcuteT Jokomka, wrat Kori, Hirepist

Na6opatopis o6uncroBanbHOT XiMil, kKadpeapa YUCTOT Ta NpuUKnagHoi ximii, Jlagoke AkiHTona, TeXHOMorivYHMM
yHiBepcuTeT, P.M.B. 4000, Or6omoco, wTtat Orio, Hirepis.

[BagusaTtb BiciMm HabopiB CMHTE30BaHUX NOXiAHWX TpuaszontpumeTokcudeHiny (TPD) 6ynu po3rnaHyTi sk
aHTMnponigepaTMBHI NpenapaTti NPOTU NiHIN pakoBMX KMiTUH anbBeoNsApHOro 6asanbHOro enitenito NANHN
(A549) 3a ponomorot metogis DFT, QSAR, npodinto ADMET Ta MonekynspHoro AOKiHry. Po3rnsHyTi
cnonyku Gynu BuKopucTaHi Anst po3pobku HaginHoi mogeni QSAR, sika Gyna 3actocoBaHa Ansi po3pobku
HoBMXx cnonyk TPD, wo mornu 6 cnyxuTu kaHaugatamy Ha aHTunponidepaTuBHI npenapaTtu nNpoTu paky
anbBeonsipHoro 6asaneHoro enitenito nmoavHn (A549). MapameTpu, oTpumaHi 3 pospaxyHkiB DFT, Taki fk
HOMO, LUMO, gunonbHWiA MOMEHT, XiMiYHa TBepAicTb Ta M'AKicTb, cBiguunu npo nepesary TPD-11 Ta
TPD-25 Hap eTONOKCMAOM SIK CUIbHUX iHFiGITOPIB NPOTU pakoBUX KNITUH anbBeONsApHOro 6asanbHoro eni-
Tenito noguHn (A549), WO y3rooXyeTbCa 3 eKcnepumeHTanbHUMu gaHumun. MogenitoBaHHA Ta Banigauis
QSAR nokasanu 3Ha4yHun BNNUB aBTokopensuii MopaHa - nar 4/3BaxeHuii 3a nonsipusosHicTio (MATS4p),
aBToKopensuii ueHTpoBaHoro bpoto-Mopo - nar 7/3BaxeHun 3a 3apsgamu (ATSC7c), peckpuntopis
MiHiManbHoro E-cTaHy MiUHOCTI ANA MOTEHUiMHMX BOAHEBMX 3B'A3kiB goBxuHoi 3 (minHBIint3) ta ge-
CKpunTopiB KinbkocTi E-cTaHiB atomHoro tuny: C (naasC) Ha 3apeecTpoBaHy MpOTUPAKOBY aKTUBHICTb Mpe-
napatie y QSAR A549-MLR-GFA (R?= 0,8146, ckopuroBanuin R?*=0,7874, Q%. = 0,6015 Ta
R? - Q%0 = 0,2582). BukopucToBytouM Aadi moperni, 6yno sanpornoHoBaHo 4Yotupu Hoei TPD (NTPD-3,
NTPD-4, NTPD-6 Ta NTPD-9). DFT Ta MonekynspHuin JOKIHFOBMIA aHani3 nokasanu, Wo Li YOTUPU CMOSyKn
MOXYTb OyTK Kpalwmmu iHribiTopamu npotn A549, Hix etonokeua. OagHak, Bnactueocti ADMET (abcopbuis,
po3nogin, metaboniam, ekckpelisi Ta TOKCUYHICTb) noka3anu, wo NTPD-6 mae 4yynoBi hapmakokiHeTU4HI Ta
TOKCUKOINOTiYHi Npodpini Ta Moxe crnyryBatu AOPOroBKa3oM Afsi HOBUX Ta €EeKTUBHILLMX NPOTUNYXITUHHUX
3acobiB.

Knwoyoei cnoea: mpuason-mpumemokcucpeHin, npomunyxnuHHi  3acobu, DFT, QSAR,
MorsieKynsipHuli OoKiHe.

KoHdonikT iHTepeciB: aBTopu NOBIJOMISATE MPO BiACYTHICTL KOHMNIKTY iHTEpeCiB.
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The extraction of radionuclides *’Cs, ®Sr, ®Y, and UO,*" was studied using solid-phase extractants SPE-TBP,
SPE-C45 and SPE-CIP67 depending on the acidity of the aqueous solution. SPE-C45 and SPE-CIP67 are por-
ous styrene-divinylbenzene copolymer pellets impregnated with calix[4]arene tetraphosphine oxide C45
(5,11,17,23-tetrakis-diethylphosphinoylmethyl-25,26,27,28-tetrapropoxycalix[4]arene) and CIP67 (5,11,17,23-
tetrakis-dipropylphosphinoylmethyl-25,26,27,28-tetrapropoxycalix[4]arene). Commercial solid-phase extractant
SPE-TBP based on tributylphosphate was used for comparison. The influence of the radionuclides contact time
with extractant on the establishment of extraction equilibrium was analyzed. It was shown that the equilibria in
the systems using SPE are established in 3-4 hours.

A significant influence of the acidity of the aqueous solution on the extraction efficiency of the radionuclides
was found: an increase in acidity leads to an increase in the distribution coefficients.

The influence of the nature of cations on the extraction efficiency is shown. The extraction of the radionu-
clides increases in the following series: UO,* > *°Y > %°Sr > ¥'Cs,

It was revealed that the extraction of the radionuclides depends on the length of the alkyl radical at the phos-
phorus atom of the macrocyclic skeleton of calix[4]arene phosphine oxide. Cations are extracted more effi-
ciently with calix[4]arene of shorter alkyl radical length at phosphorus atom. The ability of SPE-calixarenes to-
wards the studied radionuclides exceeds the extraction ability of SPE-TBP and varies in the following order:
SPE-TBP< SPE-CIP67< SPE-C45.

The conducted studies have shown the possibility of using the studied solid-phase-liquid extraction systems in
the organization of radiation control of natural waters. In this case, the method of solid-phase extraction is con-
venient for radionuclide extraction, as it is simple and allows minimizing waste.

Keywords: radionuclides, solid-phase-liquid extraction, calixarene, phosphine oxide, radioactive waste.

Introduction

At this stage of development of civilization, there is a growing demand for energy. At the same
time, the anthropogenic load (greenhouse gases and other harmful substances) increases. This leads to
environmental pollution and negatively affects the integrity of ecosystems. Therefore, interest in nu-
clear energy has increased. Nuclear power plants are an environmentally friendly source of energy
with a minimum amount of harmful substances entering the atmosphere. During the operation of a nu-
clear power plant, a large number of radioactive isotopes are formed in the reactor. In case of possible
accidents at nuclear power plants and radioactive waste processing plants, radioactive isotopes may
enter the environment. Particularly dangerous are the long-lived radionuclides uranium-235, pluto-
nium-239 and their fission products strontium-90 and cesium-137. These radionuclides have long-term
radiotoxicity, harming not only the health of the body, but also the environment as a whole. One of the
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Extraction of radionuclides *’Cs, *Sr, Y and UO,** from aqueous solutions ...

environmental problems is also its pollution by depleted uranium [1, 2], which is used for the produc-
tion of warheads for armor-piercing projectiles. At the same time, depleted uranium is the most poten -
tially dangerous to human health due to the formation of a large number of aerosols.

To assess the impact of radiation on the environment and, above all, on the human body, there is a
need to create radiation monitoring [3]. When organizing radiation environmental monitoring, one of
the methods for assessing the degree of technogenic load on the environment of cities and on the
health of the population living in them is monitoring the pollution of atmospheric precipitation, sur-
face water and soil [4, 5].

In this case, the main interest is those radionuclides that, accumulating in the external environment,
pose a serious threat due to their biological activity and toxic properties [6]. An important component
of radiation monitoring is the assessment of radionuclide content in surface and technogenic waters [7,
8].

Low contents of radionuclides and large amounts of other elements necessitate their preliminary
concentration. One of the most appropriate ways to solve this problem is the use of liquid-liquid ex-
traction [9, 10]. However, the organic solvents used are usually toxic, flammable and expensive.
Therefore, the search for new extraction systems for the isolation and separation of radionuclides is
one of the most important scientific and practical problems of radiochemistry.

New systems must be as efficient as traditional ones, but at the same time more environmentally
friendly. They must not contain toxic extractants or solvents (“green extraction”), and waste solutions
must be easily recycled or destroyed.

As an alternative to liquid-liquid extraction, there has recently been increased interest in the devel -
opment and use of the solid-phase extraction method, which combines sorption and extraction meth-
ods. Solid-phase extractants (SPE) are porous materials impregnated with a complexing agent solution
capable of forming complexes with metal ions and extracting them from aqueous solutions [11-13].
The advantage of SPE is their high capacity, characteristic of extractants, and the simplicity of the
technological process for extracting metal salts, characteristic of sorbents.

Solid-phase extraction is characterized by wider possibilities for varying the nature and strength of
interaction of the sample with the sorbent and eluent than liquid extraction. Through specific interac-
tions, it is possible to selectively concentrate and extract each of the specific compounds or separate
them from interfering components [14].

The use of solid extractants for decontamination of liquid radioactive waste allows to significantly
reduce the volume of waste and facilitate its disposal. One of the common solid extractants produced
commercially and used in extraction technologies is a porous copolymer of styrene and
divinylbenzene impregnated with tributyl phosphate (SPE-TBP) [15]. At the same time, SPE-TBP has
insufficient complexing ability and low selectivity towards actinides and lanthanides. The use of ex-
traction methods for the extraction of radionuclides involves the introduction into the system of com-
plexing ligands that have high selectivity [11].

For this purpose, multifunctional supramolecular receptors (synthetic cyclic and macrocyclic lig-
ands, crown ethers and their derivatives, calixarenes, heterocyclic nitrogen- and sulfur-containing
compounds, bifunctional neutral organophosphorus compounds [11, 12, 13, 16] are widely used.

In recent years, research in the development of selective extractants has been focused on cal-
ixarenes [11, 12, 17, 18].

Calix[4]arenes, due to their unique spatial structure, have great potential for modifying the macro-
cycle. This makes it possible to build specific receptors capable of recognizing with high selectivity
various cations, anions or neutral molecules. The ability of calix[4]arenes to form stable supramolecu-
lar complexes determines the widespread use of calix[4]arenes and their derivatives in extraction tech-
nologies [11, 18].

A promising direction in the design of highly selective extractants is the functionalization of the
macrocyclic ring of calix[4]arenes with phosphine oxide groups. The phosphine oxide groups are spa-
tially oriented in such a way that their oxygen atoms form pseudocavities with the size and topology of
complementary metal cations (Figure 1)[ 19].
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Fig. 1 The energetically minimized structure of calixarene phosphine oxide complex with metal cation: a) side
view; b) projection from above [19].

By changing the conformation of the macrocyclic skeleton of calix[4]arene, it is possible to pur-
posefully design molecules that are selective complexing agents with respect to radioactive elements
and other metal cations.

Calixarene phosphine oxides have high complexing properties and can be used as extractants for
the creation of new SPEs. Evaluation of the possibility of their use in the processing of liquid radioac-
tive waste is an important task of applied radiochemistry.

In this work the extraction of *’Cs, *Sr, *°Y, and UO,*" from nitric acid solutions using SPEs based
on phosphorus-containing calix[4]arenes C45 and CIP67 differing in the length of alkyl radicals at the
phosphorus atom was investigated.

Method

Reagents. To study the extraction of radionuclides *’Cs, *Sr, Y, and UO,*" were used model solu-
tions of *’Cs with a specific activity of 8.6:10” Bq/dm®, *°Sr with a specific activity of 1.8-10% Bq/dm’,
Y with a specific activity of 1.8-10* Bq/dm® and uranyl nitrate UO,(NOs), with a metal ion concentra-
tion of 1.52 mg/dm®. The required acidity of the solution was created with nitric acid.

Samples of SPE-C45 and SPE-CIP67 which are porous pellets of styrene-divinylbenzene copoly-
mer (production of enterprise “Smoly”, Kamianske) impregnated with calix[4]arene tetraphosphine
oxides C45 (5,11,17,23-tetrakis-diethylphosphinoylmethyl-25,26,27,28-tetrapropoxycalix[4]arene)
and CIP67 (5,11,17,23-tetrakis-dipropylphosphinoylmethyl-25,26,27,28-tetrapropoxycalix[4]arene),
which differ in the length of the alkyl radical at the phosphorus atom were used.

Calix[4]arenes C45 and CIP67, as well as SPEs based on them SPE-C45 and SPE-CIP67 were syn-
thesized and characterized at the Institute of Organic Chemistry of the National Academy of Sciences
of Ukraine [19]. The solid extractant was obtained in the form of granules of size (63-100 pm). The
mass fraction of calixarene in the sorbent is 40 wt. %. Commercial SPE-TBP based on tributyl phos-
phate was used for comparison [20, 21]. Figure 2 show the chemical structures of calixarenes C45 and
CIP67 [19].

R\P/R

Fig. 2 Structures of calixarene phosphine oxide C45 (R= C,Hs) and C67 (R= C;H»).

Study of extraction prop erties. The extraction properties of SPEs were determined with solutions
of ¥7Cs, *Sr, Y, and UO,*" at a mass ratio of solid and liquid phases 1:100. SPEs suspension was
mixed with the solution containing the investigated radionuclide with the given acidity of the solution
(0; 0.1; 0.5 and 1 mol/dm®) at 293 K. The experiment was carried out in static mode. The time of equi-
librium establishment was determined experimentally. The equilibrium phases were separated by cen-
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trifugation, after which a sample of the aqueous phase was taken for analysis. Sampling was carried
out using micropipette dispensers Eppendorf Pipette 4700 (Germany).

Radiometric measurements of the dry residue of radionuclide samples were carried out using an
o-B-automatic device NRR-610 “Tesla” (Czech Republic). The relative errors in radioactivity mea-
surements did not exceed 2%.

The activities of *°Sr, Y and "*’Cs in the solid phase were calculated from the change in the activ-
ity of the radionuclide in the aqueous phase before and after contacting the aqueous solution with the
solid extractant.

The UO,** content in the solid phase was calculated from the change in uranium concentration in
the aqueous phase before and after contacting the aqueous solution with the solid extractant. The ini-
tial and equilibrium concentrations of uranium were determined by the luminescent method using a
Hitachi spectrofluorimeter (Japan).

The extraction capacity of the investigated SPEs for radionuclides *°Sr, Y, *’Cs and UO,** was
characterized by extraction coefficients (R), which were calculated according to the formula

Ay—A,;
R=——-100, % (1)
Ay

where 4, and A; are the initial and equilibrium activities of *Sr, *°Y and '*’Cs in the aqueous
phase, imp/sec (or UO,** concentration, mol/dm’).

At intervals, aliquots of the solution over the sorbent were taken and the radioactivity of the dry
residue was determined. The constant radioactivity value of two consecutive samples indicated that
sorption equilibrium was reached. The time corresponding to the establishment of thermodynamic
equilibrium in the system was determined graphically from the dependence of the extraction coeffi-
cients (R) on the contact time of the solution with SPE.

Results and discussions

Based on the data on the dependence of the extraction factors (R) on the time of contact with
SPE for the radionuclides *°Sr, *°Y and *’Cs, kinetic curves were constructed (Figures 3-5).
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Fig. 3 Extraction kinetics '*’Cs: 1) SPE-TBP, 2) SPE-CIP67, 3) SPE-C45
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Fig. 4 Extraction kinetics *Sr: 1) SPE-TBP, 2) SPE-CIP67, 3) SPE-C45
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Fig. 5 Extraction kinetics *Y: 1) SPE-TBP, 2) SPE-CIP67, 3) SPE-C45

Analysis of kinetic curves showed that sorption equilibrium in the studied systems occurs after
3-4 hours. The process of radionuclide extraction occurs in 2 stages - fast and slow. The first stage is
responsible for the process of saturation of the SPE surface with radionuclides, which occurs in a
fairly short period of time. The second stage, corresponding to some "straightening" on the kinetic
curve, indicates complete saturation of the sorbent surface with radionuclides and subsequent slow dif-
fusion into the sorbent. This suggests that the rate of extraction by the solid extractant is controlled by
a slower intradiffusion mechanism. For systems with uranium, the sorption kinetics at different pH
values were investigated.

A significant contribution to the kinetics is made by the chemical interaction during the extraction
process. The extraction kinetics for such systems is most accurately described by a pseudo-second-or-
der model [22]. This indicates a significant influence of chemical interaction between extractants and
radionuclides on the process rate.

Based on the data obtained, the empirical parameters of the pseudo-second-order kinetic model
were calculated using equation:

2
R= k,R.t )
1+k,R,t

where k,— rate constant, R.— equilibrium extraction coefficient.

The initial extraction rate was calculated using the equation

h=k,R?

The results are shown in Tables 1 and 2.

3)

Table 1. Parameters of equations 2 (k2, hours™) and 3 (%, hours™) dependence of extraction coefficients R(%) on
time #(hours) for SPE systems with radionuclides.

SPE-TBP SPE-C45 SPE-CIP67
Radionuclides R. ko 107 h R. ko 107 h R. ko107 h
137Cs 7.7 4.8 29 18.1 6.9 22.6 11.2 14.1 17.6
Sr 12.2 10.9 16.3 17.8 23.6 74.7 13.4 11.9 21.1
0y 17.5 6.7 204 22.6 10.9 55.4 204 6.9 28.7

Table 2. Parameters of equations 2 (k», hours™) and 3 (%, hours™) dependence of extraction coefficients R(%) on
time #(hours) for SPE systems with UO,*"at different pH.

SPE-C45 SPE-CIP67
pH R. k10P h R. k107 h
2 82.5 1.2 79.6 75.1 1.1 59.4
4 79.0 1.4 87.1 74.6 0.9 48.8
6 71.7 1.7 89.2 67.6 1.1 50.7

In all studied systems extraction coefficients and initial extraction rate increase in the series
SPE-TBP< SPE-CIP67< SPE-C45. The extraction coefficient for systems with UO,*" decreases with
increasing pH. At the same time, the initial extraction rate does not show such a trend.
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The effect of addition of nitric acid on the equilibrium extraction coefficients is shown in Ta-
ble 3. For all systems, an increase in extraction coefficients with increasing acid concentration is ob-
served. Even small additions of acid significantly increase the extraction coefficient. Further increases
in acid concentration have only a minor effect on the extraction.

Table 3. Effect of nitric acid concentration on extraction coefficients.

SPE-TBP | SPE-C45 | SPE-CIP67

Ion c¢(HNO3), mol/dm’

0 0.1 0.5 1.0 0 0.1 0.5 1.0 0 0.1 0.5 1.0
B¥Cs 5.6 22.8 25.6 | 275 16.2 292 | 335 349 10.6 256 | 29.5 314
Sr 11.2 | 349 37.5 38.8 17.5 449 | 49.9 52.8 12.5 37.1 42.7 44.9
0y 155 | 38.2 43.7 48.2 21.8 | 48.5 57.7 62.9 18.7 | 434 | 489 53.4

U0 | 43 51 68 73 62 84 90 96 58 75 88 91

For the analyzed systems, depending on the nature of extracted particles, the extraction
coefficients change in the following series UO,* > *°Y > *Sr > 'Cs. This behavior of the systems is
due to the specificity of complexation of the extracted particles with TBP and calixarenes.

Conclusions

Experimental studies of solid-phase extraction of radionuclides "’Cs, *Sr, *°Y, and UO,*" from
aqueous solutions using SPEs were carried out. Calix[4]arene phosphine oxides C45 and CIP67,
which differ in the length of the alkyl radical at the phosphorus atom, were used as complexing
reagents of SPEs. A significant influence of the acidity of the aqueous solution on the efficiency of the
radionuclide extraction has been shown. Analysis of the extraction coefficients of radionuclides in
two-phase systems SPEs-water allowed us to construct the series: UO,*" > Y > *Sr > *'Cs. A com-
parative analysis of the radionuclides extraction coefficients shows that the extraction ability of solid
extractant SPE-calixarenes significantly exceeds the extraction ability of SPE-TBP one and varies in
the series: SPE-C45 > SPE-CIP67 > SPE-TBP. The reasons for the identified patterns are of interest
for further research. The obtained results open the prospect of using of the calixarene based SPEs for
the extraction of radionuclides from aqueous solutions.
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A.N. KpacHonboposa', ".[. FOxHo', H.B. Edimosa’, M.B. Edimos’, O.I. Bopo6iios’, A.5. Opanainno®, B.l. Kanbue-
HKO'. BunyueHHs pagioHyknigis '*'Cs, *°Sr, Y 1a UO,*" 3 BOAHMX PO34MHIB 3@ AOMOMOro TBepOodasHnX eKcTp-
areHTiB iMnperHoBaHux kKanikc[4]JapeHdocdiHokengamm.

"XapkiBCbkUI HaLioHanbHUI yHiBepcnTeT iMeHi B.H.KapasiHa, ximiynuin chakynbteT, magaH CeoGoau, 4, Xapkis,
61002, YkpaiHa.
"XapkiBCbKkMIN HayKOBO-AOCHIAHWIA eKcnepTHO-KpUMiHanicTuuHuin ueHTp MBC Ykpainu, Byn. KoeTyHa, 34, Xapkis,
61191, YkpaiHa.
"IHCTUTYT opraHiyHol xiMii HauioHanbHOT akagemii Hayk Ykpainu, Byn. Akagemika Kyxaps, 5, Kuis, 02094, YkpaiHa.

BunyueHHsi pagioHyknigis '*Cs, *°Sr, *Y ta UO,** gocnimkyBanu 3 BUKOPUCTaHHAM TBepAodasHNX ekcTpareH-
TiB SPE-TBb®, SPE-C45 ta SPE-CIP67 3anexHo Big KMCNOTHOCTI BogHOro po3umHy. SPE-C45 ta SPE-CIP67 €
NMOPUCTMMU FpaHynamMm CTUpPOn-AuBiHINGEH30NbHOro cononimepy, iMnperHoBaHMMM kanikc[4lapeHteTpadocdiHok-
cupamn C45 (5,11,17, 23-teTtpakic-gieTnndocdiHoinmeTnn-25,26,27,28-tetpanponokcukanikc[4]lapeH) i CIP67
(5,11,17,23-TeTpakic-gunponindgocgiHoinmeTnn-25,26,27,28-teTpanponokcukanikc[4]apeH). Ak copbeHT Aans
NOPIBHAHHSA BUKOPVCTOBYBanu KoMepuiiHui TBepgodasHuii ekctpareHT SPE-TE® Ha ocHoBi TpubyTnndocdary.
[MpoaHanizoBaHO BNNMB Yacy KOHTAKTY pafioHyKMigiB 3 eKCTpareHTOM Ha BCTAHOBMEHHS eKCTPaKLUiHOT piBHOBAru.
Moka3aHo, Wo piBHOBaru B cuctemax 3 BUKOPUCTaHHAM TBepAoda3HNX ekCTpareHTiB BCTaHOBMNOWTLCA 3a 3-4 ro-
OVHWN.

BusiBneHO 3HayHWI BMMMB KUCNOTHOCTI BOAHOIMO PO34MHY Ha eMEKTUMBHICTb BUITYYEHHS pagioHyKNigis:
36iNbLUEHHS KNCNOTHOCTI NPM3BOANTL A0 3POCTaHHs KoedilieHTiB po3noginy.

[MokasaHo BNnMB NpUpoaN KaTioHIB Ha ePeKTUBHICTb BUINYYEHHS, Sika 3pOoCTae B HAaCTyNHOMY psay:

U022+ > QOY > QOSr > 137CS.

BusBneHo, Wwo BUny4YeHHS padioHyKMigiB 3anexuTb Big OOBXMHU ankinbHOro pagukana npy atomi gocdopy
MaKpOLMKNIYHOro KicTsika kanikc[4]apeHdocdiHokenay. KatioHn edpekTuBHile BunydvaroTbCs Kanikc[4lapeHoMm 3
MEHLLIOI AOBXWHOK ankinbHoro pagukany. 34aTHiCTb TBepAodasHUX eKCTpareHTiB iMnperHoBaHuX KamnikcapeH
docdiHokeuaamMm A0 BUNYYEHHS OOCHiAKYBaHWUX PagdioHYKNigiB NepeBuLLlye eKCTpakuinHy 3aatHicTe SPE-TB® i
3MiHIOETBCA B HacTynHomy nopsaaky: SPE-TB® < SPE-CIP67 < SPE-C45.

lMpoBepneHi gocnigXeHHs nNokasanu NepcneKkTUBHICTb BUKOPUCTAHHSA KanikcapeHOBMICHMX TBepaodasHuX
eKcTpareHTiB B pajiauiiHOMy KOHTPOMi NPUPOAHUX BOJ, OCKIfMIbKW BOHW € CENEKTUBHUMWU, 3PYYHUMMU Y BU-
KOpPUCTaHHI i He NoTpebyTb BUKOPUCTAHHSA OPraHiyHUX PO3YMHHUKIB.

Knroyoei cnoea: padioHyknidu, meepdohasHa eKcmpakuyis, KajikcapeHu, ¢ocgiHokculdu,
padioakmuegHi 8idxodu.

KoHdniKT iHTepeciB: aBTOpY MOBIAOMMAIOTL NPO BiACYTHICTb KOHANIKTY iHTEpeCiB.

HadicnaHo do pedakuyii 15.02.2025 lMputiHamo do dpyky 05.04.2025
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The concept of surface oxidation or noncovalent coating of carbon nanotubes for successful application in
aqueous fluids has a cost in terms of pollution, fate, and toxicity. Co-existing components in vitro or in vivo can
influence the nanotube colloidal behavior and affect their transport. In this work, the interaction of oxidized
single-walled carbon nanotubes with Csl and Sr(NO;). and the effect of lysozyme on the colloidal behavior of
these nanotubes in aqueous systems are examined using dynamic and electrophoretic light scattering.

The concentration regimes of Csl and Sr(NOs). that determine the colloidal stability and instability of oxidized
single-walled carbon nanotubes were identified. Oxidizing of the nanotube surface enhances colloidal stability
to Csl and adsorption of Sr?* cations by decorating the surface with COOH groups. Selective binding of metal
cations and large specific surface area favor the removal of heavy and radioactive metals in cationic form from
the bulk phase.

Biological and medical applications contribute to the fact that the interactions of carbon nanotubes with
lysozyme are the object of several works. Covalent and noncovalent decoration by the enzyme creates a com-
bination of electrical, mechanical, thermal, and optical properties of carbon nanotubes with inherent antibacte-
rial activity of lysozyme. For example, Horn et al. reported antimicrobial fibers with four times the toughness of
spider silk. However, to the best of our knowledge, little is known about colloidal stability and interaction with
ions of protein-coated carbon nanotubes.

Keywords: nanotube, lysozyme, coagulation, water pollution, hydrodynamic size, zeta potential, dynamic light
scattering

Introduction

The annual global production of carbon nanotubes for the scientific and industrial industry is
estimated to be several thousand tons. The production of carbon nanotubes inevitably leads to their
release into predominantly aquatic systems. The toxicity of nanotubes has been discussed in
Refs. . Environmental processes can alter the nanotube state, affecting their transport, fate, and
toxicity. In Ref. a hypothetical loading of nanotubes into environment systems was simulated to
demonstrate the differences between exposure concentrations during the loading and recovery period.

Carbon nanotubes are characterized by a large specific surface area of 100-400 m?*/g. Nanocarbons
in aqueous systems are hydrophobic colloidal dispersions. The creation of a stable colloidal system
facilitates their high adsorption surface area. Fundamental concepts related to colloidal stability are
modification by oxidation and surfactants-coating. Carbon nanotubes biography and degree of their
surface oxidation compared in Ref. provides a rationale for controlling colloidal stability in water and
consequently the environmental fate and nanotube toxicity problems. The presence of charged surface
provides the basis for efficient ion exchange. Carbon nanotubes decorated with COOH groups exhibit
higher adsorption efficiency for Cd**, Cu®*, Pb*, and Hg”" than bare ones. Selective binding of heavy
metal ions, drugs, dyes, etc. leads to adsorption and hence their removal from the bulk phase. While
strong binding of the pollutants is vital, an efficient nanotube coagulation methodology should also be
included in the concept, otherwise, the nanoparticles remain in the water as nanovechicles. Finding an
efficient protocol for sorbent separation after treatment is as important as the actual sorption process.
Coagulation has the potential to remove nanocarbon derivatives with a captured species. The
coagulation of carbon nanotubes by organic and inorganic electrolytes in water has been reported in
Refs. .

Oxidation of carbon nanotube leads to the formation of negative surface charge in aqueous systems,
which limits the sorption efficiency of anionic pollutants. In this work, the cationic enzyme lysozyme,

© Laguta A., 2025
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LSZ, was involved in surface modification. LSZ is present in all organs that are exposed to air, thus
the question arises about the fate of the nanotube interface in vivo.

Noncovalent interactions between LSZ and carbon nanotubes do not disrupt the intrinsic structure of
sp>-bond and allow the production of state-of-the-art materials that combine the antibacterial propriety
with mechanical, electrical, or optical properties of nanotubes. Therefore, these interactions have been
the object of several works. They were investigated using scanning electron microscopy, Raman
spectroscopy, circular dichroism, and fluorescence anisotropy. The tryptophan residue of lysozyme
interacts favorably with sp>-hybridized carbon nanomaterials. The surface carboxyl groups of oxidized
nanotubes and amine groups of amino acid residues can form an amide bond. Adsorption of lysozyme
on carboxylated, hydroxylated, and graphitized carbon nanotubes were compared in Ref. , adsorption
capacity was estimated as 81800—90700 mg/g and multilayer adsorption was discussed. Antimicrobial
activity of LSZ adsorbed noncovalently and attached covalently to single-walled carbon nanotubes
was studied in Refs. .

The interaction of bulk ions with enzyme-coated carbon nanotubes is poorly represented in the
literature. L-cysteine-coating resulted in the 89% adsorption efficiency for Cd** ions. Recently, the
interactions of heavy metal salts, single-walled carbon nanotubes, and p-lactoglobulin were
investigated by docking technique.

This work begins by looking at the interaction of nanotubes with Cs* and Sr** cations, followed by
coating with lysozyme. The colloidal stability and coagulation of single-walled nanotubes coated with
noncovalently bound lysozyme is studied. The sample of oxidized single-walled carbon nanotubes
(D15L1-5-COOH, NanoLab, Inc., USA) with a length of 1-5 mm, a diameter of 1.5 nm, content of
COOH groups of 2-7 wt.%, and a specific surface area of 220 m*/g was used in the experiment.

Experimental
Materials

Sodium chloride, cesium iodide, strontium nitrate, sodium sulfate, calcium chloride, lysozyme from
chicken egg (70000 units/mg solid, Sigma-Aldrich), and oxidized single-walled carbon nanotubes
(D15L1-5-COOH, NanoLab, Inc., USA) were used as received. Energy dispersive X-ray
spectroscopy, X-ray photoelectron spectroscopy, and thermogravimetric analysis were applied to
characterize this sample of single-walled oxidized carbon nanotubes in Ref. .

To create the nanotube suspensions, 5 mg sample was suspended in 10 mL of distilled water with
fourfold treating ultrasound for 8 min (an Ultrasonic Cleaner CD — 4800; frequency of 50/60 Hz,
power of 70 W). Then the suspension was filtered through a paper filter (medium filtration rate, grade
ST60, France).

The working nanotube concentration (~1 mg/L) was found spectrophotometrically (a Hitachi U—
2000 spectrophotometer) according to the Bouguer—Lambert—Beer law and the extinction coefficients
of 30.3 mLxmg 'xcm™ and 32.3 mLxmg 'xcm™ at 1033 nm and 688 nm, respectively. According to
that initial dispersion contains ~160 mg/L nanotubes.

The particle hydrodynamic size, zeta-potential, and critical coagulation concentration
determination procedure
The average hydrodynamic size, Z..r, and polydispersity index, Pdl, were generated by cumulants
analysis of dynamic light scattering data obtained on a Zetasizer Nano ZS Malvern Instrument. The
electrophoretic mobility was estimated by electrophoretic light scattering. Considering that
electrophoretic mobility is a reflection of the effects of particle charge and diffuse double layer
thickness; the electrokinetic potential in salt systems was calculated using the Henry equation (1) and
the Ohshima approximation (2).

3x 1
é/:uex—nx_, (1)
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where u. is the electrophoretic mobility; # is the viscosity; &, = 8.854x107'> Fxm™'; &, is the relative
permittivity of the solvent; « is the reciprocal Debye length; 7 is the radius of the colloidal particle; F
is the Faraday constant; / is the ionic strength; R is the gas constant; 7= 298.15 K.

To determine the critical coagulation concentration, CCC, the Fuchs function (4) was used.

k[0, ], )
kg (dr/de),_, “)

where k. and k& are the rate constants for rapid and slow coagulation, respectively.
The coagulation rate was determined as the slope of the time dependence of Zay. for colloidal
dispersions with different contents of electrolyte.

Results and discussion

The sample of oxidized single-walled carbon nanotubes (D15L1-5—-COOH, NanoLab, Inc., USA)
can be attributed to being the most carbonized among those studied in the literature. The {-potential of
the colloidal particles with a diameter of an equivalent sphere of about 190 nm is 48 mV at aqueous
bulk pH of 5.7. [9] According to previous study, this sample is characterized by high CCC(NaCl)
value and high CCC(Na'")/CCC(Ca*") ratio. Complex of Ca®" with surface carboxyl commonly put
forward as the reason for the excessive coagulating power.

The results obtained here for Cs* and Sr** extend the empirical set to highlight higher colloidal
stability of oxidized nanotubes than bare ones and the enhanced coagulation power of the two charged
cations. On the practical side, the results facilitate the search for effective scavengers for ’Cs and *°Sr
as representatives of hazardous radionuclides.

It should be mentioned that the excess energy at the nanotubes surface compared to the bulk
controls coagulation and adsorption. The carboxyl groups of oxidized nanotubes contribute to the
formation of an electric double layer, EDL, which partially compensates for this excess energy. The
high content of surface carboxyl groups also leads to surface hydration, which affects the colloidal
behavior within the framework of the structural component in terms of Churaev and Derjaguin.

In terms of DLVO theory, the electric potential and EDL thickness as well as the Hamaker
constants of nanotube—nanotube (4-60x107*" J ) and water—water (3.7-5.5x102 J ) interactions mainly
determine the height of the energy barrier, at the maximum of which repulsion exceeds attraction. At
40 mmol/L CsI and 1 mmol/L Sr(NOs),, the zeta potential of nanospecies changes to —24 mV and —19
mV, respectively. In line with Powis, these EDL changes are followed by salt systems with colloidal
instability regime i.e. the aggregation rate of colloidal particles is not negligible (Fig. 1). Eq. (4)
implies that at indicated salt systems the double layer is thicker (by a factor of 3.7) and the ionic
atmosphere is more diffuse in the case of Sr(NOs),, thus the particle zeta potential changes further by
adsorption before coagulation occurs. The electrostatic energy can then no longer stabilize the
nanotube dispersion.

The concentration of CsI and Sr(NOs),, which correspond to the beginning of the rapid coagulation
regime, are given in Table 1. At these concentrations, the { values become —(12—10) mV (Fig. 1). The
influence of the electrolyte is mainly due to the compression of EDL thickness, which makes possible
the contact of particles at a distance at which the attraction forces prevail. As empirical data show,
EDL compression by NaCl in Ref. and Csl occurs mainly due to a decrease in the diffusion of
counterions into the bulk phase caused by an increase in the ionic strength of the system. It has been
demonstrated in paper that the acid dissociation constant of surface carboxyl groups is affected by the
ionic strength. Nevertheless, CCC(NaCl) > CCC(Csl), the stronger coagulation power of Cs" is in line
with their ionic radius and hydration radius. Sr** and Ca®" have similar ionic radii. However the
properties of ions in the aqueous system affect characteristics such as surface tension, their adsorption,
the ionization degree of acid and salt, and their interaction with carboxylic group, thus the CCCs for
CaCl, and Sr(NOs), are different. The dications also affect both the thickness of the diffuse double
layer and the surface electric potential. Here, the surface electric charge is subject to change by the
adsorption of ions. For example, in the context of tools serving as complexing agents for radioactive
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strontium, a montmorillonite modified by oxalate has increased (about 136% over pristine clay at pH
slightly above 8) selectivity for Sr*.

Table 1. Critical rapid coagulation concentrations for 1 mg/L oxidized single-walled carbon nanotubes,
SWCNT, aqueous suspension, 25 °C, pH = 5.7

Electrolyte CCC, mmol/L
Y Initial SWCNT system SWCNT system with LSZ
NaCl 150 85+5
Csl 120+ 10 —
CaCl, 1.8 45+ 5
Sr(NOs), 55+£0.5 -
Na2804 — 0.70 £0.09
(@) 10 (l))
cSalt- MO g 3
, Salt. mol / L ‘ / 2 30 (O3 cdl S I'e
; ; 102 ] % 20 ) ;
. 2 s —
G £ 10
% /
ol 3
1073 102 cSaltmol /L 101

Fig. 1. Dependences of the zeta potential (a) and the rates of size increasing (b) vs concentrations of Csl (square)
and Sr(NO:s); (triangle) in aqueous dispersion of SWCNT.

Co-existing components in vitro or in vivo can modify the nanotube surface state, affecting their
transport, fate, and toxicity. In this paper, the colloidal behavior of the nanotubes in lysozyme, LSZ,
system is examined.

Lysozyme (isoelectric point of ~11 ) in distilled water with pH of 5.7 carries a formal positive
charge (Table Al). At 2—5 mg/mL LSZ, the hydrodynamic size of nanospecies (Fig. A1) determined
by dynamic light scattering, DLS, is smaller than that reported in Ref. according to both DLS and
small angle X-ray scattering (radius of gyration of 1.49 nm). Based on Ref. , LSZ at <0.3 M NacCl is
almost the same as the initial state, but at >0.3 M NaCl colloidal instability was observed and at 0.5 M
NaCl aggregate size reaches about 0.7 pm. Starting with 2 ml initial suspension, 50 mg LSZ was
added and the system was treated with ultrasound at a frequency of 50/60 Hz for 8 min. The created
system was kept at 4 °C. For measurements, a 160-fold dilution was. The diffusion coefficient of
nanoparticles increases slightly (Fig. 2), corresponding to Zaer of 225+ 15 nm (Pdl =0.29 + 0.01).
Electrophoretic light scattering (Fig. 3) indicated a change in direction of species migration in
electrophoresis, corresponding to { of +27+3 mV (+ is inserted for distinction). This indicates an
effective modification of the nanotubes by coating the surface with the enzyme. The electrophoretic
mobility is higher than reported in Ref. and in line with data from Refs. . The modified colloid was
stable during several weeks of observation. The electrolyte effects on colloidal behavior was
investigated.

The CCC(NaCl)/CCC(CaCl,) ratio is ~2 and ~83 for the system with and without LSZ (Table 1).
The result corresponds to overcharging of the nanotube surface through enzyme coating and Cl™ ions
cause coagulation of modified positive species. Examination of the dianion influence led to the
CCC(NaCl)/CCC(Na,SOs) value of ~120, which exceeds the predicted effect of coagulant charge by
the classical DLVO theory.

The CCC(NaCl) value for the colloid with lysozyme compared to the original system indicates a
decrease in colloidal stability. According to the general idea, protein coating of the nanomaterial
suggests steric hindrance. This concept prevents contact between nanoparticle surfaces at a distance at
which the attraction forces prevail. However, the initial nanotube surface is oxidized, for this state, the
CCC(NaCl) value is regarded as high. Considering the structure of LSZ with 129 residues the
conclusion was that in the native state, 83% of the surface is hydrophobic. The carboxyl groups of
nanotubes can interact with the functional group of LSZ, thus exposing the hydrophobic part to the
interface. This can reduce the colloidal stability of oxidized nanotubes and the CCC(NaCl) value. This
also clarifies the reduced ability to suspend nanotubes in aqueous LSZ.
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The negative electrophoretic mobility for the nanotube dispersion with LSZ after 0.4 mol/L NaCl
corresponds to the salt concentration at which the aforementioned enzyme aggregation was observed
in the native LSZ system.
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Fig. 2. Size distribution by intensity (1), volume (2), and particle number (3) of aqueous dispersions of SWCNT
without (a) and with (b) lysozyme.
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Fig. 3. Dependences of the zeta potential (a) and the rates of size increasing (b) vs concentrations of NaCl
(square), CaCl, (triangle), and Na,SO; (circle) in aqueous dispersion of SWCNT with lysozyme.

Conclusions

Hydrophobic carbon nanotubes are purposely oxidized for successful application in aqueous
systems. In the colloidal state, they are subjected to further modifications by interacting with the
system components. In vivo, nanotubes are exposed to a range of proteins, and it is the nanotubes
complexes with polypeptide, rather than the bare nanotubes, that determine the behavior of the colloid.
Various surface modifications find their application in one way or another, for example, covalent and
non-covalent modification with lysozyme leads to unique structures with antimicrobial properties;
compression of EDL thickness by inorganic electrolytes that reduce colloidal stability is used for
sedimentation of heavy and radioactive metal ions; etc. The rational application of modified nanotubes
in aqueous systems requires accounting for and controlling the morphology of the interface and the
effects they generate. This work deals with the colloidal behavior of COOH-decorated nanotubes in
the systems of Cs*, Sr**, and lysozyme. Oxidized single-walled carbon nanotubes with COOH groups
of content 2-7 wt.% and specific surface area of 220 m*/g according to the information from the
vendor were used.

Oxidation of the nanotube surface implies the emergence of stabilizing factors. The short-range
attraction carbon nanotubes with Hamaker constant of 4-60x107° J (published literature values) is
balanced by long-range electrostatic repulsion (weakly screened COO™ groups) in distilled water. The
colloidal stability regime was observed up to 40 mmol/L Csl and 1 mmol/L Sr(NOs), at which the
nanospecies zeta potential becomes —24 and —19 mV, respectively, i.e. the electrostatic energy can no
longer stabilize the nanotube dispersion. The rapid coagulation regime starts at 120 mmol/L Csl and
5.5 mmol/L Sr(NOs), and the { values of —<(12-10) mV. The results obtained here for Cs* and Sr**
extend the recent empirical set for Na*, Ca**, and Ba*" to highlight higher colloidal stability of oxidized
nanotubes than bare ones. Along with the compression of the thickness of the diffuse double layer, the
addition of the electrolytes affects the electric charge. Alteration in the magnitude of the electric
charge by Sr(NOs), is controlled by cation adsorption. As a result, the CCC(Cs*)/CCC(Sr*") ratio is
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high. Overcharging of the nanotubes by the dications does not lead to stabilization of the colloid. From
a practical point of view, these results should be taken into account in the strategy of water purification
from both toxic cations and nanotubes.

Lysozyme is also noncovalently adsorbed on the nanotube surface in vitro. The surface
modification was empirically observed by overcharging the surface of the dispersion particles, which
was colloidally stable during several weeks of observation. As such, changing the direction of
nanotube migration in a system with lysozyme, for example, is critical in electrophoresis applications;
the positive formal charge of the modified surface (C of +27+3 mV) is useful for loading anionic forms
of transition metals, drugs, etc. Steric hindrance of the coated surface generally suggests protection
against short-range attraction carbon nanospecies. However, the CCCs were lower than in the
lysozyme-free system. This result is expected if accepting the fact that 83% of native lysozyme is
hydrophobic and interaction with carboxyl groups of nanotubes directs the hydrophobic part to the
interface.
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A. Naryta. KonoigHa noeegiHka OKUCMNEHUX i MOKPUTUX Ni3OLMMOM OLHOCTIHHUX BYrneueBmx HaHOTpYyOoK. AHani3
3a JOMOMOrol ANHAMIYHOTO Ta eNnekTPodOPETUHHOIO PO3CitoBaHHS CBiTna

XapkiBCbkuii HauioHanbHWUI yHiBepcuTeT iMeHi B.H.KapasiHa, ximiyHuni dpakynbteT, mangan Ceoboawm, 4, Xapkis,
61002, YkpaiHa.

KoHuenuisi noBepxHeBOro OKMCNeHHA abo HEeKOBaNeHTHOro MOKPUTTA BYrneueBmMx HaHOTpyboK Anst yChillHOro
3aCTOCYBaHHA Y BOOHWX PiAMHaxX Mae CBOK LjiHY 3 TOYKM 30py 3abpyAHEHHs, Joni i TOKCUYHOCTI. CniBiCHyOUi
KOMMOHEHTMU in vitro abo in vivo MOXyTb BNIMBATU Ha KONOiAHY NOBEAIHKY HAHOTPYOOK i Ha iXHIO Mirpauito. Y uin
poboTi 3a [OMOMOrow MeTody [AMHaMIYHOro Ta enekTpopopeTUYHOro po3CiloBaHHA CBIiTMa [AOCHiaAXeHO
B32EMOSjH0 OKUCINEHNX OAHOCTIHHUX ByrneLeBmx HaHoTpy6ok i3 Csl Ta Sr(NOjs), i BNnmB nisounmy Ha KonoigHy no-
BeLiHKY LIMX HAHOTPYOOK Y BOOHWUX CUCTEMAX.

BusHauyeHo koHueHTpauinHi pexummn Csl ta Sr(NOs)., siki BU3HayYaoTb KonoigHy cTabinbHICTh i HecTabinbHiCTb
OKWCHEHMX OOHOCTIHHMX BYrneLeBmx HaHOTPYOoK. OKMCHEHHSA NoBepxHi HAHOTPYBOK NiABULLYE KOMNOIAHY CTINKICTb
no Csl ta agcop6uito Sr** 3a paxyHok aekopysaHHsi nosepxHi COOH-rpynamun. CenektueHe 3B'A3yBaHHs KaTioHIB
MeTariB i Benvka nutoMa noBepXHS CMpUSIOTb BUOAMNEHHIO BaXKKUX i padioakTMBHUX MeTariB y KaTioHHi dopmi 3
o6’emHOI hasn.

BionoriyHi Ta MeanyHi 3acTocyBaHHSA CMPUSIIOTL TOMY, LLO B3aEMOZIi ByrneueBnx HaHOTPyboK i3 nisoummom €
06’ekTOM HU3KkKM pobiT. KoBaneHTHe i HeKoBaneHTHe OeKOopyBaHHA (bepMeHTOM CTBOpPHOE KOMOiHAL0 enekTpuy-
HWUX, MEXaHiYHMX, TENMOBUX Ta ONTUYHUX BNACTMBOCTEN BYrneLeBnx HAHOTPYOOK i3 NpUTamMaHHOo Mi3ouuMy aH-
TnbakTepianbHO akTUBHICTIO. Hanpuknaa, XopH Ta iH. noBigoMunu npo aHTUMIKpOGHi BOMOKHA, WO B YOTUPKM pa-
31 NepeBULLYIOTb MILHICTb NaByTUHHOrO LWOBKY. OAHak, HackKinbkM Ham BiAOMO, MPO KOMOigHYy CTabinbHICTL i
B3aEMOZI0 3 ioHaMu ByrneueBnx HaHOTPY6oK, nokputux Ginkom, Bigomo HebaraTo.

Knro4oei cnoea: HaHompybka, nisoyum, Koazynsyis, 3abpydHeHHs 800u, 2idpoduHamiyHul po3mip,
03ema-nomeHuias, OUHaMi4YHe pO3Cito8aHHS ceimna.

KoHdbnikT iHTepeciB: aBTop NOBiZOMNSE NPO BiACYTHICTb KOH(MIKTY iHTEpECIB.
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Ouuctka BOAM BIiA IOHIB BaXKMX MeTaniB sBns€ COOOK HaranbHy eKomnoriyHy npobnemy. AKTUBHO
OOCTiAKyBaHUM CMocoOOM Anisi UbOro € 3B'A3yBaHHA iOHIB MeTaniB 3a AONomorow 6GinkiB, sKi MOXNMBO
BUAINUTK 3 NErkogoCTYMNHOI POCIMHHOI CUPOBUHW. KapOoKcunbHi, TionaTHi rpynyM aMiHOKUMCIOTHMX 3arnuLlKiB
3[aTHi 4O KOMMNMEKCOYTBOPEHHS 3 KaTioHaMu MeTarlis, Lo NPU3BOAMTb 4O BuAaneHHs 3abpyaHoBadiB i3 Boau.
Ons pocnigXkeHb aKTMBHO BMKOPUCTOBYKOTbCS MeToAM  OBuYMcrioBanbHOi - XiMii, 30Kpema  KracuyHe
MOIeKynspHO-ANHaMiYHe MoZerntoBaHHsA. Y poboTi npoBeadeHa oOLUiHKa NpaBWIbHOCTI BiATBOPEHHS BiNbHMX
eHeprii  3B’A3yBaHHS psAy [ABO3apsifHUX KaTioHIB MeTaniB i3 (PyHKUiOHaNbHUMU rpynaMuM amiHOKUCHOT.
BukopucTaHuin cyvacHuin Habip noTeHuianbHNUX MOAENen KaTioHiB, AKUA KOPEKTHO BiOTBOPKE XapakTepucTUku
KaTiOHIB Y BOAHOMY pO34uHi. IMOpiBHAHHSA NPOBEAEHO 3 eKCnepMMEHTanNbHO BUMIPSHUMUW KOHCTaHTaMuU CTiMKOCTi
MOZENbOBaHUX KOMMMEKCiB abo ix CTpykTypHux aHanoriB. O64YMCNEeHHs BiNMbHWMX €Heprii BUKOHAHO METOAOM
anxiMmiyHOro nepeTBoOpeHHs. NMokasaHo, WO He3BaXal4uuM Ha BanigoBaHICTb BXUTUX MOTEHUianbHUX Mogernen,
BiNbHi eHeprii 3B'A3yBaHHA 3 yHKUIOHANbHUMK rpynamMy amiHOKUCIOT 3ararnioM BiATBOPIOKOTLCH MOraHo:
NMOMIpHO HefoOoLiHeHi AnsA TionaTHOT rpynu Ta amiHOrpynu, Hag3BMYanHO NepeoLiHeHi Ans kapbokcunaTtHoi
rpynu, HEKOPEKTHI Ans imiaasony. TakMM YMHOM, NOKa3aHO, O MEeTOZ, KIacn4yHOro MorekynspHo-AnMHamiqHOro
MOZENBaHHA cnig 3 O0EepexHiCTIO BWKOPUCTOBYBaTU [ANS PO3PaxyHKy €EHEpreTMYHUX XapaKTepucTUK
3B'A3yBaHHs MeTaniB amiHokMcrnoTamu i Ginkamu.

KniouyoBi cnoBa: BinbHa eHepris, MOneKkynspHo-AMHaMiYHe MOAenBaHHs, Makpomonekyna 6inka, Baxki
MeTanu, KOHCTaHTa CTIVKOCTi KOMMeKca.

BcTtyn

loHn BakkuX MeTaliB CKIaJar0Th BaXKIUBY Ipyny 3a0pyAHIOBadiB BOJH. 3arajioM 10 Li€l rpynu
BITHOCSITH 10HH €JIEMEHTIB-METaJliB 3 BUCOKUMH I'yCTHHOIO, MOJISIPHOIO MAacoOl0 Ta MOPSIIKOBUM HOME -
powm, 30kpema Cu, Pb, Cd, Hg, Sn. IIpn HaaxomKeHHI B OPTaHi3M TBapHH 1 JIFOJCH HABITh Y HU3BKUX
KOHIIGHTpAIisIX BOHU 34aTHI BUKJIMKATH LIIMPOKUH CIEKTp maToiorid. BogHodac uwepes misuIbHICTBH
MIPOMHMCIIOBUX IMIANPUEMCTB 1Ii 10HM 34aTHI HOTPAIUIATH [0 NPUPOTHUX BOJ Ta MOTIM 0 MUTHOI BOAU
abo TPOAYKTiB XapuyBaHHA. Lle 00TpyHTOBYE HaraJbHICTh TPOOIEMH OYHIIICHHS BOIHU BiJ 10HIB BaXK-
Kux Metaiis. [1,2]

IlepcneKTHBHUM 1 aKTHBHO JOCHIHKYBaHUM CIIOCOOOM € BUKOPUCTAHHS OiNKiB, HAsIBHUX Y POCIIHH-
Hill CUpOBUHI, U 3B’SI3yBaHHS 3a3HAYCHUX 10HIB. 3 OHOTO OOKY, 3aBASKH HASIBHOCTI KapOOKCHIIB-
HUX, MENTUAHUX, TIONFHUX TPYI TOIIO MaKPOMOJIEKYIH OLIKIB 37[aTHI YTBOPIOBATH KOMILIEKCHI CIIO-
JYKH 3 I0HAMH METaJIB Y SIKOCTI Jiraais. 3 iHIIOro OOKY, SIKIIO MAaKPOMOJIEKYJIa Mae CyMapHHU Hera-
TUBHUH 3apsi, TO BiIOYBa€eThC aACcOPOIlis KaTiOHIB METaNIB y TIOABIHHOMY €JIEKTPUYIHOMY IIapi Oif-
ka. [3] 3arangom 3maTHICTH OiSTKa /10 3B’S3yBaHHS METAJIiB 3aJIE)KHUTh Bijl HOr0 aMiHOKHCIOTHOTO CKJa-
Iy Ta MPOCTOpoBOi OyAoBHU. Uepe3 HU3bKY KOHIEHTPALIIO i0HIB METAJIB Y 3a0pyJHEHUX BOJAX EKCIIe-
pPUMEHTaJIbHE BU3HAYCHHS 1Ii€1 XapaKTepUCTUKN BUMArae 3acTOCYBaHHS METOAIB aHaNi3y 3 1OCTaTHHO
HH3BKOIO MEKEI0 BU3HaUeHH. KpiM TOTo, po3yMiHHS TIPOIlecy 3B’ sI3yBaHHS Ha MOJICKYJIIPHOMY PiBHI
crpusaTUMe Tigoopy OLIKiB mys miei 3amadi. Lle migkpecitoe AOIINBHICTS 3aCTOCYBaHHS METOJIB 00-
YHUCITIOBAIBHOI XiMii [T TOCIIIXKEHHSI TPOOJIEMH.

Hapa3i MeToau MOJEKyISIpHOTO JOKIHTY Ta KIaCHYHOTO MOJIEKYJISIPHO-IMHAMIYHOTO MOJAETIOBAH-
HSl aKTHBHO BXKHBAIOTHCS IS TOCIKEHHS 3B’ I3yBaHHS 10HIB METaIiB MaKpOMOJIeKyiamu OinkiB. J{o-
CSITA€ETHCS BIATBOPEHHS [€OMETPii KOMIUIEKCIB, MOKJIMBE NIepe10aueHHs BIUIMBY 3B'SI3aHUX METaJIiB Ha
MIPOCTOPOBY CTPYKTYPY MAaKpOMOJIEKYJIH Ta HMOPIBHAHHS 3JaTHOCTI PI3HUX KaTiOHIB IO 3B'SI3yBaHHS.
[4-7] YTiM, IHITIM BaXXTHBUM IMATAHHSAM € MOXJIMBICTh PO3PAXyHKY CHEPTEeTHYHHX XapaKTEPHUCTHUK
MpoIIecy, OCKUIbKH caMe 3MiHa BiJIbHOT €Heprii B pe3yJbTaTi 3B'13yBaHHs € QyHIaMEHTATBHOIO XapaK -
© dapadonos B. C., 2025
This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0.

43



https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-0785-9582
../4/farafonov@karazin.ua
https://doi.org/10.26565/2220-637X-2024-44-04
http://creativecommons.org/licenses/by/4.0/

Ouminka BiIbHOI eHeprii 3B’ A3yBaHHS ABO3apsSAHMX KAaTiOHIB i3 QYHKIIOHAIEHUMH TPYTIAMH ...

TEPUCTHKOIO, 1[0 BU3HAYAE KOHCTAHTH 3B'SI3yBaHHs, KOHCTAHTH 10HHOTO OOMiHY Ta iHII €KCIIEpUMEH -
TaJILHO CIIOCTEPEKYBaH]1 BEITMUUHH.

Y nmaHiii poOOTI e TUTaHHS PO3TISAHYTO 3 OLIBIN 3araIbHUX IIO3MINH, a came: MOCIiIKEHE
3B’S3yBaHHA OKpeMHX (YHKIIOHATBHUX TPYN TNPUPOTHUX AaMIHOKHCIOT 13 KaTiOHAMH BaKKHX
MeTamiB. g MOpiBHSAHHA TakKOXX PO3MISHYTI KaTiOHH KaJbIil0 Ta MAarHilo, OCKUJIbKM BOHHU €
PO3IIOBCIOUKEHUMH KOMIIOHEHTaMH HPUPOAHUX 1 TeXHIYHMX BoJA. Bukopucranuit meron MJI
MOJICITIOBaHHS 3 SBHUM pPO3YMHHHKOM. OpepaHi pe3ynbTaTH IMOKAa3yIOTh, IO XO04Ya IIEH METOI €
OPUAATHUM IS OLIIHKH TeOMeTpii KOMIUIEKCIB, pO3paxoBaHi 3HAUCHHS BUIBHOI €HEprii 3B’sS3yBaHHS
HEOOXiJTHO IHTEPIIPETYBATH 3 00EPEXKHICTIO.

TeopeTuyHa YacTUHa

MogentoBaHHS Ta pO3paxyHOK BiIbHOI €HEPrii BUKOHYBAJHMCA 332 JOIOMOTOI0 IPOTPaMHOTO MTaKeTy
GROMACS 2022.3. [8] bynu BcTaHoBieHi cranaapTHi yMoBH (Temneparypa 25°C, tuck 1 6ap), Tpu-
BUMIpHI ITepioANYHI TPaHUIHI YMOBH, YaCOBHH Kpok 2 d¢c. EmekTpocTarryuHi B3aeMo/Iii 009nCICH] Me-
TOJIOM CiTKM yacTWHOK EBanbia, BaH mep BaanbcoBi B3aeMoglii oOpizaHi Ha Binctani 1 M. Komipku
U MOJIETIIOBAHHS MaiK KyOiaHy dopmy (po3mip 3x3x3 HM®), MICTWIM Jlirani i3 QyHKIIOHAIBHOK
TPYNOI0, KaTiOH METaTy Ta MOJEKYJIH BoAu. Jlociimkeri micTh (yHKIIOHAIBHUX TPYI, SIKi MAlOTh HE-
raTMBHHH 3apsj abo MICTATh BHCOKO enekTpoHeratuBHi atomu: COOH, COO~, NH,, CONH,, S™ Tta
iMiga3onpHe Kinblie Im, Tabn. 1. BinbHa BaJeHTHICTh KOXKHOI rpynu Oyiia 3aliHsATa METUIBHOIO TPY-
noro CHjs. [IporoHoBana TionkHa rpyna SH e enekTpoHEHTpaNbHOIO 1 MICTUTH aTOM S i3 TOMipHUMH
HETATUBHUM 3apsI0OM 1 eJIEKTPOHETATUBHICTIO, TOMY HE JOCTiKyBajiacs.

VY mouaTkoBili KOHQIrypalii KaTioH MeTalry OyB pO3TallloBaHHW Tak, 100 mepedyBaTH MOOIU3Y
HaNOLIbLI eNeKTPOHEraTUBHUX aTOMiB rpynH. OCKUIBKY B iMiZa30IbHOMY KinbLi aToMu N po3MilieHi
HE TIOpYY, TO JJIsi HhOT'O MOJIETIOBAaHHS Oy BUKOHaHI 3 JBOX IMOYAaTKOBHUX KOH(Irypariii: KaTioH y
TUTOIIMHI MKy Ol HEMPOTOHOBaHOTrO aroMa N Ta KaTiOH Haj IUKIOM Outst 00ox atomiB N. Ha
puc. 1 mokasane po3TallyBaHHS Pi3HHUX JiraHaiB Oins KaTioHa micis MiHiMi3auii eHeprii Ha mpuKIagi
iona Ni*",

Tabauus 1. MozaenpoBaHi QyHKIIIOHANBHI TPy Ta JITaHIH.
Table 1. Simulated functional groups and ligands.

(yHKIIOHATBHA TPyTIA MOJEITEOBAHUH JIiTaHg aMIHOKHCIIOTH, III0 MICTATh (DyHK-
[iOHAJBHY TPyNy Y Oi19HOMY JIAHITIOTY

kapbokcunaraa COO- anerar-ion CH;COO™ DIIyTaMiHOBA Ta aclapariHoBa KUCIOTH

kapbokcuinbaa COOH onrroa kuciiora CH;COOH | mryramiHOBa Ta acriapariHoBa KHCJIOTH

aminorpymna NH, metmiamia CH;NH, JII3MH, apriHiH

amigaa CONH, aneramig CH;CONH, IJIyTaMiH, acmaparia

TionatHa S~ metwmirrionar-ion CH;S™ IIUCTETH

iMizasonpHe Kinble Im 4-MeTrniMina3on TiCTUINH

Re Jpe o8 &

Pucynoxk 1. Posramysanns iona Ni** Ta jJiraHziB y mo4aTkoBiii koHdiryparii as MogemoBanns. AneTaT-ioH Ta
MOJIEKYJ1a OLTOBOI KHCJIOTH PO3TAIIOBYBAIUCS MOAIOHO IO aleTaMigy, METHITIONaT-ioH PO3TaIlOBYBaBCS
MOIIOHO 10 METHIIAMIHY.

Figure 1. The placement of the Ni** ion and ligands in the initial configuration for the simulation. Acetate ion
and acetic acid molecule were arranged similar to the acetamide one, and methylthiolate ion was arranged simi-
lar to methylamine molecule.

PosrsnyTi necars karionis: Fe?', Co*', Ni**, Cu®’, Zn**, Cr*, Sr**, Ba**, Ca*" ta Mg*". CyuacHi ox-
HOTHUITHO TIapaMeTpU30BaHi MOTeHIiabHI MoAemi ux ioHiB Oynu B3ATi 3 [9]. [lokaszaHo, 110 BOHH 3a-
0e3MevyoTh TOUHE BiATBOPEHHS XapaKTEPUCTHUK OLTBLIOCT]I KaTiOHIB y BOZHOMY PO34MHi. YTiM, X04a
aBTOPAaMHM TAKOX HaBeJEHi MOTeHIianbHi Moaeni 1 ionis V', Mn*", Cd**, Sn**, Hg*", ixus TouHicTH
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BiJITBOPEHHS KOOPAMHAIIHHOTO YMCIa KaTiOHA Y BOJIi € HEJJOCTaTHBO BHCOKOIO (MOXUOKA B OJHY MO-
JeKy1y i OinmbIue A7 KOOpAMHALIMHOTO Ynciia 6), TOMy BOHM He Oyiu pO3IJsSHYTI y JaHid poOoTi.
Jns karionis Cu*” Ta Ni** Takox OyJIu 3MO/€I50BaHi CHCTEMH, IO MICTHIIM KaTiOH, 3B’ A3aHMH i3 IBO-
Ma JliraHaaMu. Y TIOYaTKOBiM KOHQIrypamii qpyruii Jirana po3MmillyBaBcs MO MPOTHICKHHN OIK Bix
MIEpIIOTO HA PiBHiH BigCTaHi Bi KaTioHY.

Jns 3abe3nedeHHsT CyMIiCHOCTI Boja Oyna omucaHa moreHIianeHo0 Moxaemmo TIP3P, a miranmu
OIMHKCaHI MapaMeTpaMH, B3ATUMH 3 CHIOBOrO 1oJis Amberl14SB, sike € 3arajbHOBXKHUBAHUM JJIs1 JOCi-
JokeHHs OinkiB. Came Taka KOMOiHaIlis Oysia BaiijoBaHa B OpUTiHAIBHIN poOOTi. ATOMHI THIH 1 3HA-
YeHHS TOYKOBHUX 3aps/liB aTOMiB (P)YHKIIIOHAIBHUX TPYIT BiIOBIIAIH 1X 3HAYEHHSM y aMiHOKHCIOTaX.
i kapOOKCHIIaTHOT IpynH AOJATKOBO 3MOAEIbOBAHE 3B SI3yBAHHS 3 MOTEHLIAJbHOK MOJEIIIIO, Y
Ky BHECCHa TOMNpaBKa, 0 mepeadavae Jemo pi3Hi TOYKOBI 3apsau Ha XIMIYHO €KBIBJICHTHUX aTo-
max O. [lokaszaHo, mo BoHa 3a0e3Meyye TOYHIlLIE BIATBOPEHHS IeOMETPii KOMIUIEKCY IIyTaMiHOBOL
KHCJIOTH 3 KaTIOHaMU, a caMe — JI03BOJISIE YHUKHYTH HETIPHUPOIHOI KOOpAMHAIIT KaTioHy 3 000Ma aTo-
Mamu O omgHOUYacHO. TakoXX BOHA YaCTKOBO BiATBOPIOE MOJIAPU3YIOUY Mif0 KaTioHy Ha rpymy COO™.
[10]

Jns mowyatkoBoi kKoH}iryparii Oyna BUkoHaHa MiHiMi3alis eHeprii. [licns nmporo as KOXHOI mapu
KaTioOH — JITaHl TIPOBEICHI MOJEIIOBAHHS IPOIIECY 3B’ sI3yBaHHA. 3a JOIIOMOTOI0 TEPMOINHAMITHOTO
nukiay AG JOCTIKYBaHOTO TMpoLeCy OyB MPEACTABICHHN Yy BUTJSAI HeraTUBHOI cymMu AG JBOX
craniii: 1) BunanenHs iona M, o nepe0yBae B KOHTAKTI 3 JiraoM L, 3 po3uuHy Ta 2) yTBOPEHHS i0-
Ha M y Bozi (ToOToO #ioro rigparamis), piBH. 1.

ML (aq) —» M (r) + L (aq), AG,
M (r) + aq — M (aq), AG,
M (aq) + L (aq) — ML (aq), AGyina =—AG) + AG,) (1)

Takum 4MHOM, Ha TEPIIii CTall MOYaTKOBUI CTaH CHCTEMH MICTHTD JIiFaH]| Ta 10H, 110 B3a€MO/IIE
3 OTOYCHHSIM, & KIHIIEBUI — rpyNy Ta i0H, IO HE B3a€MOJIE 3 pelmToro yacTHHOK. Ha apyriit cranii
MTOYATKOBHH CTaH — BOJA Ta i0H, IO HE B3a€MOJII€ 3 HEIO, a KIHI[EBUI — BOJIa Ta TiApaTOBaHUH 10H.

Jns po3paxyskiB AG K0HOI cTaii BAKOPUCTAHUN NMPHUIOM aJXiMIYHOTO NMEPETBOPEHHS, B TKOMY
OKpIM KiHIIEBHUX CTaHiB PO3IIISAAIOTHCS TAKOXK MPOMIXHI CTaHH, sIKi HE MalOTh (Hi3UYHOTO BiAMOBIAHU -
Ka, aJyie PO3TJIS]l IKUX JIOTIOMarae 3HU3UTH NOXUOKY Bu3HaueHHs AG (3BiicH TepMiH «aixiMidae»). [H-
TEHCHUBHICTH B3a€MOJIIH MK 10HOM Ta OTOUYEHHSM BH3HAYAETHCS MApPaMETPOM TIPHUB'SI3KHA A, IO MOXKE
npuiiMarty 3HaueHHs 0 (HasBHI y TOBHOMY 00cs3i), 1 (BifcyTHi) Ta mpoMiXKHI 3HaueHHS (BiAMOBIIAIOTH
nocnabneniit B3aemonii). s 060X cTamiil po3rysiHYTI ABaHAALATH MPOMIKHUX CTaHIB. 3arajlioM Mo-
JISTFOBAIIMCST CTAaHMW 13 HACTyMHMMH 3HaueHHsMH mapamerpa A: (0, 0); (0, 0.1); (0, 0.2); (0, 0.3);
(0, 0.4); (0, 0.5); (0, 0.6); (0, 0.7); (0, 0.8); (0, 0.9); (0, 1); (0.4, 1); (0.8, 1); (1, 1) (nepe yrcio —
3HAYeHHS A JUIs BaH Jiep BaaJlbCOBUX B3a€MO/Iiil 10HA 3 OTOUCHHSAM, APYre — JAJIS eeKTPOCTATUYHUX ).
Y KO)KHOMY CTaHi cCTeMa MOJIEIOBAIACs MPOTATOM 2 HC 3a CTaHIapTHUX yMOB (Temmeparypa 25°C,
THCK 1 6ap).

PospaxyHku apyroi cramii (rizparamnis iona) Oyau npoBeneHi Tinbku s iona Ni*' mig nepesipku
301KHOCTI 31 3HAUEHHAM €Heprii rigpaTauii, OTpUMaHUM aBTOpaMHM MOTEHLianbHuX Mogenei. [licus ii
BiITBOPEHHS IS pernTH 10HIB 3Ha4eHHA AG, = AGjy, Oynu B3SITI 3 opHUriHanbpHOI poboTH. BracHe 06-
gucienHs AG BUKOHaHE METOJOM CITIBBIAHOIICHHS CHpUUHATTS BeHHETTa, SK peaiizoBaHO y MPO-
rpami gmx bar, mpudomy iHTepBai TpaekTopiit 0—1 HC BigKkuaaBcs SIK yPiBHOBa)KEHHS CHCTEMH.

OCKUIBKM y CTaHax i3 JOCTaTHBO MOCJIA0JICHUMH B3a€MOJIISIMH KaTiOH IIE€PECTae YTPUMYBATHCS
01 QyHKIIOHATBFHOI TPYIH, y BIANOBIIHUX MOJEIIOBAHHAX OOWIBI YaCTMHKH OynH 3aKpiluieHi Ha
MOYATKOBUX TMOJIOKCHHSAX 3a JIOMOMOTOK) TapMOHIYHOTO TMOTEHIaly 13 CHJIOBOK CTaJIO
200 xx/(monb-uM). [licis 3akiHUeHHS] MOJICNIOBAHb Ul YCIX TPAEKTOPIiH, /e He OyJI0 3aCTOCOBAHO
3aKpiIuIeHHs, Oyia TIepeBipeHa BifcTaHb KaTioH — rpyma. Ti TpaekTopii, B AKX KaTiOH HE YTPUMAaBCS
Oins QyHKUIOHANBHOT TPYNH, OyIu 00YMCIIEHI TOBTOPHO, IPUYOMY KaTiOH Ta rpymna OyiH 3aKpillieHi
Ha MOYAaTKOBHUX IOJIOKEHHAX, K onucano suue. Lle crocrepiranocs nepeaycim s Karionis Ba®' i
Sr** Ta B OKpEMUX IHINMX BUIAJKAX Y CTAHAX 13 MOCIA0IECHUMHU EEKTPOCTATHIHUMU B3a€MOJIisIMH.
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Pe3ynbTaTn Ta 06roBopeHHs

OneprkaHi 13 3aCTOCOBaHMM HAaOOPOM MOTEHINIAILHUX MOJENICH NaHi 3i0pani y Tabm. 2 Ta
npejcTaBjeHi Ha puc. 2.
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Pucynoxk 2. BinbHi eHeprii 3B's3yBaHHS (PYHKIIIOHANEHUX TPYII i3 ABO3APSITHUMH KaTIOHAMH PSTy METAIIB.
Figure 2. Binding free energies of functional groups to doubly charged cations of a series of metals.

3riiHo 3 pe3ybTaTaMu MOJICITIOBaHb, HAUCHIIbHIIIE KATIOHW METAJIiB B3aEMOJIIIOTH 3 JICIPOTOHOBA -
HUMHU KapOokcuabHUMH Tpynamu COQO™, mo BiporigHo 3a0e3nedeHe iXHiM HeraTHBHUAM 3apsoM. Bu-
COKO IHTEHCHBHA B3a€MOIis croctepiraethes mus Cu®’, Zn**, Ni**, Co*", Fe**, Cr*", Mg** (AGhina y 11b0-
MY PSAYy MOHOTOHHO 3HIDKYETHCS Bix -104.1 mo -59.2 x>k/MoiB), a A1 iHIIAX TY>KHO3EMEIBLHUX ME-
TaJliB B3a€MOJis € MeHII iHTeHcHBHOW: B paay Ca®', Sr*', Ba®" AGh,. 3HmKyethes Bin -19.7 1o
0.3 k/>x/Monb. BBeneHHST acMMETpUYHOTO pO3Moniny 3apsay Mix atomamu O NPU3BOIUTH A0 Bin-
HOCHO HEBEMMKOI Pi3HUIU Y AGhing (10 6 KJIK/MOIB, OKpiM St**, 1€ pisuus carae 7.8 kJ[x/Moib).

JlenpoTOHOBaHa TiOJbHA TPpyna S~ TaKoX iHTEHCHMBHO B3aeMoJi€ 3 ycima Meramamu okpim Ca®',
Sr**, Ba*. ¥V pamy Cu®, Zn*, Co*, Ni*', Fe*, Cr*, Mg” AGw 3HmwKyerbcsa Bim -43.7 1m0
-26.8 xJI>x/Mo1b, 110 B ~2.5 pasu MeHIIe, Hix ais rpymm COO™

B3aemomist MeTaitiB 3 yciMa iHIIAMH TPYIIAMHU € 3HAYHO CIIA0IIOI0 1 HABITh HE 3aBXKIN CHEPTETHIHO
BurigHa. Aminorpyna NH, ta amigna rpyna CONH, cnaGko 38°s3yroth ionu Cu®’, Zn*', Ni**, Co*" (AG.
pina = -8.4 — -14.5 xJlx/Mons) Ta, me cnabme, Fe*'. Takox cnabky crnopinnenicts (AGpa =
= -4 — -5.3 kJI>k/MOJIb) BHSABIISIOTH NPOTOHOBaHa KapOokcunbHa rpyna COOH o kationis Zn*", Ni*',
Co*" ta amimna rpyma mo Fe®, Cr*', Mg*". HaromicTs pemra kombiHaiii rpymna — kation (30kpema
iMiTa3osIbHE KiJbIlE 3 yCiMa KaTiOHaMM) MaloTh O3UTHBHY AG 3B’A3yBaHHA, TOOTO [UIs iOHY METaly €
€HEepreTHYHO BUTIIHIMINM MaTH TIOBHY TiJpaTHY 000JIOHKY B 00'eMi pO3UMHY aHiX repeOyBaTh B KOH -
TaKTi 3 JIaHOI Tpynoro. Brume novatkoBoi koH}irypamii Ha AGjiwg 3 IM11a30JIbHUM KiJbLIEM OYB Ma-
M (7o 3 xJK/Monb), 10 MATBEpAXKY€E OTPUMAHHUK pe3yabTaT. Y OLIBLIIOCTI BUMAKIB MepeOyBaHHs
KaTiOHA Y KOHTAKTI 3 YCIM KibIleM 3a0e31euyBaHo CHIIbHIIIE 3B’ 13yBaHHS (MEHII TO3UTUBHY A Giing);
y Tabm. 2 Ta Ha puc. 2 HaBeIeHI HalfMEHTI IO3UTHBHI 3HAYCHHS 3 OTPUMAaHUX.

Tadanus 2. O6uucneri AGpig psLy ABO3apsIHUX KaTIOHIB 3 JIraHIaMH, IO MICTATh (YHKIIOHAJBHI Ipynu

aminokucnot (k[ x/Moib).

Table 2. Calculated AGyi.s of a series of doubly charged cations with ligands containing amino acid functional
roups (kJ/mol).

KaTioH (yHKITIOHATTbHA TPYIIa
COO- CoO*'! COOH NH, CONH, Im S

Cr* -62.5+1.8 -68.3£1.0 5.3+1.3 1.7£0.5 -4.14£0.8 16.6+0.6 -29.1£0.5
Fe* -73.5+£0.6 -74.7£0.4 0.7£0.4 -11.2+0.3 -4.840.5 14.2+0.5 -32.84£0.6
Co™ -76.9+0.8 -81.2+0.6 -3.94+0.6 -14.0+0.6 -8.4+0.4 12.0+0.5 -37.3£0.5
Ni** -89.3+0.9 -91.7+0.7 -4.5+1.3 -14.5¢0.6 | -11.240.6 11.0+0.5 -35.7£0.9
Cu* -104.1+1.0 | -108.6+0.5 -10.3£1.2 -14.5+0.5 | -10.5+0.8 8.6+1.7 -43.7+0.8
Zn** -95.8+0.6 -98.0+£1.1 -5.3£1.0 -14.3£0.4 | -10.4+0.8 8.3+£0.9 -40.2+0.7
Mg** -59.2+1.5 -63.3£1.6 3.84£0.8 2.740.4 -4.5+0.7 19.4+0.6 -26.8+0.7
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Ca®" -19.6+0.8 -19.4+0.4 2.5+0.4 3.0+0.6 2.7+0.2 7.0£0.5 -6.5+0.7
Sr** -2.9+0.4 -10.6+0.9 4.44+0.5 1.8+0.4 5.1+£0.4 8.1+1.4 -2.44+0.6
Ba?" 0.3+0.3 -0.3+£0.4 4.9+0.5 1.8+1.1 5.4+0.8 6.3+£0.5 -2.4+0.6

! 3 mompaBKOKO Ha ACUMETPUYHICTE 3apsiaiB Ha atomax O [10].

[Ipomecy 3B’s13yBaHHS 10HA METAIy 3 JOCTIIHPKCHHMH CIOMyKaM{ BiATIOBINAlOTh KOHCTAHTH CTilA-
KOCTi KoMIuiekciB S (piBH. 2). s 6arateox i3 HUX 3HaYCHHS f; HasBHI B JiTEparypi, TOMy OTpUMaHi
BeMMYUHU AGying MOXKYTH OyTH MOPIBHSHI 3 EKCIIEPUMEHTAIBHIMH 3HAUCHHAMH AJIS1 IEPEeBIpKHU iX 10-
CTOBIpHOCTI. Y NESKUX BUMAIKaX MOPIBHIHHI poOMIIOCS 31 3HAYEHHSIM TSI CTPYKTYPHO MOAI0HOTO JTi -
raHjia, B IKOMY 3B’sI3yBaHHS BiIOYBAE€ThCS Yepe3 Taky camy (YHKIIOHANbHY Tpymy. BimnoBinui maHi
3a0paHi B Tabx1. 3.

M (aq)+L (aq) 2 ML(aq), pBi, AGena=—-RTIn p 2)

Taémuusa 3. BuOpani ekcriepuMeHTalbHI i PO3paxoBaHi BUIbHI €HEPril 3B'I3yBaHHS KaTiOHIB 3 JITaHIAMH, IO
MICTATh (DyHKIIOHAJIBHI TPYIH aMiHOKHCIOT (K [k/MOJIB).

Table 3. Selected experimental and calculated binding free energies of cations to ligands containing amino acid
functional groups (kJ/mol).

KaTiOH EKCTIIEPUMEHTAIBHO Aocii- | 1g £ AGhind exp AGhing cale
JDKEHWH JTiTa
Cu* CH;COO~ 1.8 [11] -10.26 -104.1
1.75[12] -9.98
1.7-2.66[13] -9.7—--15.17
Ni** CH;COO 0.87[12] -4.96 -89.3
0.36 —2.12[13] -2.05--12.09
Zn* CH;COO- 0.8—-1.0[13] -4.6 —-5.7 -95.8
Ca* CH;COO- 0.45[11] -2.57 -19.7
Cu* CH;NH, 4.11[14] -23.43 -14.5
Ni** C:H;NH, 2.81[13] -16.02 -14.5
Zn*t C,HsNH, 2.30[13] -13.12 -14.3
Ca* H,NCONH, -0.28 [13] 1.60 2.7
Mg H,NCONH, -0.31 [13] 1.77 -4.5
Cu® 4-MeTHIIMiAa3071 4.13[12] -23.55 8.6
1-mMeTHaimMiga3071 4.22[12] -24.06
iMigason 4.2-4.6[12,13] -24.0 — -26.24
Co* iMigazon 2.23 -2.43[13] -12.72 —-13.86 12.0
Ni** iMigason 2.94 [13] -16.78 11.0
Zn** iMigazon 2.60 [13] -14.84 8.3
NiZ* AHIOH IMCTETHY 9.0 [15] -51.35 -35.7
Co* AHIOH IIUCTETHY 8.00[15] -45.65 -37.3
Zn* AHIOH IMCTEIHY 8.2-9.86[15] -46.8 — -56.26 -40.2

BunHo, 1o BHKOpHCTaHI MOTCHITIANBHI MOJIEI IPUAHATHO BiITBOPIOIOTH CHEPTIIO 3B’ SI3yBaHHS 3
TIONATHOO TPYIOI0 S~, X04a CUCTEeMaTHYHO HEJOOLIHIOIOTH 1. Po30ikHICTh cknanae 8—15 k/Ix/Momb
(18-30%) i Moke yacTKOBO OyTH BHUKJIMKaHa Pi3HULEIO Y OyAOBi MK aHIOHOM LIMCTEIHY Ta MOZEIHO -
BaHuM aHioHOM CH;S™. Ane y Bumagky COO™ rpynu po30ikHICTE csrae necstkiB k/x/mMonb y Oik 3a-
BUIIICHH:. BBeJIeHHS ONpaBKK Ha aCMETPUYHICTH 3apsiiiB Ha aromax O He BUTpaBIIsie cutyaiito. Lle
CBITYUTH MPO CHCTEMATHYHYy MOXHOKY y BifITBOpeHHi GamaHcy B3aeMojilt y wiit cuctemi. [i mpuuumy
HEMOJXKJIMBO MOSCHHUTHU JIMIIEC BHUCOKOIO 1IHTEHCHUBHICTIO B3a€MOJill Ta HEraTUBHHMM 3apsiioM JITaHay,
OCKIUTBKHM TIOXMOKa 3HA4YeHb, OOYMCICHUX I 1HIIOI aHIOHHOI TpynH (S7) € 3HAYHO MEHIIOK 1 Mae
npoTtuiexHuid xapakrep. Llel edekr y B3aeMoIii KaTioHiB 3 aleTaT-ioHoM OyB BHSBICHUH paHille s
IHIINX METAJIB 1 MOTeHIiabHUX MoAeer. [yt BunpaBiaeHHs OyJio 3aIpONOHOBAHO 3HUKYBATH 3apsil
KarioHa Ta/abo miranma. [17] Tyt mokasano, o edeKT 30epiraeThes 1 AT TOCTIHKEHUX MOaelel Ta-
KOX.

Bipno nepentadena AGp,q Mixk aminorpymnoro ta karionamu Ni** i Zn**, xoua juist kariona Cu®* Be-
nruuHa 3aHmkeHa Ha 9 k/x/monb (~40%). AminHa rpyma i B eKCIEpHUMEHTI, 1 B MOAEIIOBaHHI TyXKe
c1abKo 3B’s3Y€THCS 3 KaTioHaMu MeTaniB. HaromicTe, y BUIAAKY 3 iMiIa30JI0M Ta MOTO MOXiTHUMH
MOJIEIIOBAaHHS IEMOHCTPYE E€HEPreTUYHY HEBUTIIHICTH 3B’S3yBaHHS, XO4a HACHpPaBli E€KCIEPHUMEH-
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TaJIbHI 1aH1 CBiUaTh PO YTBOPECHHS MOMIPHO CTIMKHX KOMIUIEKCIB. BaxInBo, 1110 pe3ynbTaT He 3alie-
KHUTh Bil IOYaTKOBOI KOH(Iryparii KoMIuiekca.

MOKIJIMBHM TIOSICHEHHSIM 3arajioM IMOTaHOTO BinTBOPEHHS AGyig € T€, 0 IS OLTBIIOCTI 3 TOCHi-
JOKCHUX METAJIIB XapaKTePHE YTBOPEHHS KOMIUICKCIB i3 IBOMA JIIraHIaMH | BUKOPUCTaHI MOTCHIIIAb-
Hi MOzeNi MOXYyTb OyTH mapaMeTpU30BaHi MEpeAyciM AJs TaKMX CUCTEM. TOMy HOUIIbHO OLIHUTH
BIITBOpEHHS €HEPTii 3B’I3yBaHHS KaTiOHIB Y KOMILUIEKCH CKiIaxy ML, siki € O1TbI perieBaHTHUMH IS
eKCIIEpUMEHTAIBHUX yMOB. Lle mpumymienns Oyno mepesipene mis kartionis Cu®' i Ni*', nus sxux
HAsBHI BIIMOBIJHI 3HAYCHHS JAPYTUX 3arajlbHUX KOHCTAHT CTIHKOCTI f, (piBH. 3). 3a onMcaHUM BHUIIC
MiXO0IOM TIPOBECHA Ccepisi MOAETIOBAaHb 3 IOYATKOBHUX KOH(Iryparliid, B SKMX KaTiOH METally 3B’s13a-
HHU OJHOYACHO 3 ABOMA JliraHaamu. Jliranam Oyym po3TaIioBaHi 1Mo MPOTHIICKHI OOKH BiJ KaTiOHY Ha
OJIHAKOBIH BiICTaHi BiJl HHOTO, PHC. 3.

Pucynoxk 3. Posramrysanns iona Ni** Ta [BOX JraHmiB y IIO9aTKOBiH KOHMIryparii 1Jis MOJEIIOBAHHSL.
Figure 3. The placement of the Ni* ion and two ligands in the initial configuration for the simulation.

Otpumani BennuuHUA AGping 2 TIOPIBHSHI 3 JiITEpaTypHUMH JaHUMHU Y Tabi. 4. Sk mpaBuiio, oouuc-
neni 3HaueHHS AGping> € IPUOIN3HO BABIYI OLTHIIAMU 33 A Ghing, TIIO BIATIOBiA€ 3aKOHOMIPHOCTI B €KC-
MIepUMEHTANBHIX JaHUX. 3 1HIIOTO OOKY, BBEJICHHSI IPYTOTO JIIraHAy HE MPU3BEIIO 10 30JIMKESHHS PO3-
PaxoBaHUX Ta €KCIICPUMEHTAIBHUX 3HAUCHb JUISI KOIHOI 3 (DYHKI[IOHAJIBHHUX TPYII, O CBIAYUTH MPO
HEOOXiIHICTh YTOUHEHHS IapaMeTpu3alil J0CTiHKEHNX YaCTHHOK.

M (aq) + 2L (aq) 2 ML:(aq), p2, AGrina2=—RTIn p, 3)
Tabauusa 4. ExcniepuMeHTaNbHI 1 po3paxoBaHi BUILHI eHeprii 38'a3yBanns kationie Cu®' i Ni*' y xommiekcn
crexiometpii ML, (k/I/Moib).
Table 4. Experimental and calculated binding free energies of Cu®" and Ni** cations into ML, complexes
(kJ/mol).

KaTioH eKCIIepUMEHTAIBHO Aocii- | 1g £ AGhina2 exp AGyina2 cale
JDKEHWH JTirang
Cu* CH;COO” 2.65 —2.86 [13] -15.11 —-16.31 -200.3£3.7
Ni* CH;COO- 0.89 —1.15[13] -5.07 —-6.56 -170.8 £2.7
Cu* CH;NH, 7.51 [14] -42.82 -141+£1.0
16.24 [13] -92.59
Ni** C;H/NH, 5.02 [13] -28.62 -11.0+£0.7
Cu* 4-MeTHITIMITa30I 7.62 [12] -43.44 147+1.2
1-MeTmTiMiTa3on 7.76 [12] -44.24
imMiziazon 7.66 —8.64 [12,13] -43.67 —-49.26
Ni** iMia30 5.45[13] -31.07 39.9+45
Ni?* aHIOH IMCTEIHY 20.16 [15] -114.94 -66.2 £ 1.0
BucHoBKM

3a TOMOMOT0I0 KJIACHYHOTO MOJIEKYJISIPHO-IUHAMIYHOTO MOJICITIOBAHHS OOYHCIICHA 3MiHA BUTEHOT
eHeprii AGypyg IpU 3B’SI3yBaHHI PSAY JBO3ApSIHUX KaTiOHIB MeTaliB 3 HaOOpOM (PYyHKIIOHAIBLHUX
Ipym, sKi HasBHI y NPUPOJHHUX aMiHOKHcioTaX. He3Bakaiounm Ha Te, IO 3aCTOCOBaHI MMOTEHIIAJbHI
MoeNm Ao0pe BajioBaHi Ta BiATBOPIOIOTH OCHOBHI XapaKTEPHUCTUKH KATiOHIB y BOJHOMY PO3YHHI,
3Ha4eHHS AGhi,¢ 3arajioM TOT@HO BIiANOBINAIOTH E€KCIEPUMEHTAILHUM JaHUM CTOCOBHO KOHCTaHT
CTIMKOCTI KoMmIUiekciB. Haiikpamie BiATBOpEHHsS BHUSBJIEHO Ul TIONATHOI TPymu S~ Ta aMiHOTPYIU
NH,, ane 3naueHHA AGping € CHCTEMAaTHYHO HEMOOIiHeHNMH. HaBmaku, po3paxoBaHi eHeprii 3B’s3y-
BaHHS 3 KApOOKCHIIATHOIO TPYIIOI0 € HAJ3BUYAIHO 3aBUILICHUMU. 3B’ sI3yBaHHsI 3 1M1/1a30JI0M TIOKa3aHO
€HEepreTHYHO HEBUT1THIM, X04a eKCIICpUMEHTANIbHI JIaHi CBiAYaTh NP0 YTBOPEHHs KOMILIEKCiB. Takum
YUHOM, OTPHMaHi JIaHl BKa3ylOTh Ha HEOOXiTHICTh 00EPEXKHOTO 3acTOCyBaHHs KiacuuHoro MJI moze-
JIOBAHHS 3 CHJIOBHM ITOJIEM JIJISL OIIHKH €HEprii 3B’S3yBaHHSA KATiOHIB METaTiB 3 aMiHOKHCIOTHUMH
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3anuinkamu 1 Oinkamu. YcmimHe nependadeHHst AGpy,y BUMara€ yBaKHOTO Mi0OPY CHIJIOBOTO TOJIS
200 yJTOCKOHAJICHHS HasIBHUX MOTEHIIAIbHUX MOJIEIIEH.
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V. S. Farafonov. Estimation of the binding free energy of doubly charged cations to amino acid functional groups
by means of modern force fields.

V.N. Karazin Kharkiv National University, School of Chemistry, 4 Svobody sqr., 61022 Kharkiv, Ukraine

Purification of water from heavy metal ions is an urgent environmental problem. An actively studied
method for this is the binding of metal ions by means of proteins that can be isolated from easily accessible
plant materials. Carboxyl, thiolate groups of amino acid residues are capable of complexing with metal
cations, which leads to the removal of pollutants from water. Methods of computational chemistry are ac-
tively used for research, in particular classical molecular dynamics modeling. The work evaluates the cor-
rectness of reproducing binding free energies of a number of doubly charged metal cations with functional
groups of amino acids. A set of modern potential models of cations is used, which correctly reproduces the
characteristics of cations in aqueous solution. Comparisons are made with experimentally measured stability
constants of modeled complexes or their structural analogues. Calculations of free energies are performed
by the method of alchemical transformation. It is shown that despite the validity of the potential models used,
the binding free energies to functional groups of amino acids are generally poorly reproduced: moderately
underestimated for the thiolate and amino groups, extremely overestimated for the carboxylate group, and
incorrect for imidazole. Thus, it is shown that the classical molecular dynamics modeling method should be
used with caution for calculation of the energy characteristics of metal binding by amino acids and proteins.

Key words: free energy, molecular dynamic simulation, protein macromolecule, heavy metals, stability
constant of complex.
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The work is devoted to the theoretical study of the energy spectrum and magnetic properties of the modified
antiferromagnetic spin (1/2, s) diamond chain. This is a frustrated mixed spin system with the unit cells formed
by two spin %2 and one spin s>1/2. On the base of extended Lieb theorem we proved the possibility of the ap-
pearance of quantum phase transitions mediated by ratio of coupling parameters at arbitrary nonzero value of
the spin s for the above model. The results of our exact diagonalization study for some finite chain clusters with
s=1 supports this conclusion. We also studied analytically and numerically magnetic properties of Heisenberg —
Ising diamond mixed spin chain. The exact energy spectrum of this model is found in analytical form at arbitrary
values of model parameters. On the base of this spectrum we studied the field dependence of two-particle cor-
relators for neighbor Ising spins. It was found that at special relation between coupling parameters there is a
critical value of external magnetic field for which the above correlator takes zero value (the absence of the cor-
relation between Ising spins). For infinite spin chain model we studied field dependence of specific magnetiza-
tion by means of classical transfer- matrix method and found intermediate plateau in the low-temperature mag-
netization profile. According to our calculations, the size of this plateau depends strongly on the relations be-
tween coupling parameters of the model. We hope this feature of our model gives new possibilities for the de-
sign of new magnetic chemo-sensors.

Keywords: mixed spin diamond chain model, intermediate magnetization plateau.

Introduction

Over the last decades, the low-dimensional geometrically frustrated spin systems have attracted
considerable research interest, especially due to their extraordinary diverse behavior in the ground
state [1-3]. In solid state physics the term “geometric frustration” describes a phenomenon, where
interactions between crystal lattice sites compete, preventing the system from reaching the minimum
energy with simple geometric ordering. In context of antiferromagnetic spin-lattice systems this term
means lattices containing the cycles with odd number of sites. The geometrically frustrated spin
systems demonstrate some intriguing phenomena such as quantum phase transitions and quantized
plateaux in the magnetization curves for these systems. One of them is the spin-1/2 quantum
Heisenberg model with diamond chain topology [4-6]. This model describes adequately unusual
magnetic properties of the natural mineral azurite Cus(COs)(OH), such as the presence of a plateau at
one-third of the saturation magnetization in the magnetization curve at low temperature. Nevertheless,
it should be noted that according to [4], total explanation of a wide range of experiments for the
frustrated magnet azurite requires the balanced combination of density functional theory (DFT) and
effective spin Hamiltonian approach. Theoretical interest focused on the diamond chain structure also
supported its experimental realizations provided by other polymeric compounds of transition metals.
There are also a number of exact results related to the ground state and thermodynamics of mixed spin
Ising-Heisenberg diamond chain giving useful information for understanding the origin of peculiarities
of the magnetic properties of quasi-one dimensional binuclear complexes of transition metals [1, 5, 6].

In our work we consider non-symmetric modification of mixed spin Heisenberg and Ising-
Heisenberg diamond chains with nodal spins Y4 and two different interstitial spins s =2 and 5 >1/2.

We will show the existence of quantum phase transitions between different spin ordering states for
arbitrary values of 5 >1/2. In particular for model with § =1 we demonstrate the possibility of the
transition between nonmagnetic and magnetic states due to the change of coupling constants describ-
ing the exchange interactions between neighboring magnetic ions of the complex. These interactions
can depend strongly on the chemical surrounding of these ions, which open the promising way for the
design of new magnetic chemo-sensors.

© Cheranovskii V. O., Maliarchuk V. V., 2025
This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0.
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Magnetic properties of modified diamond spin chain

Modified Heisenberg mixed spin diamond chain model

Let us consider the non-symmetric mixed spin Heisenberg diamond chain having all site spin %2 ex-
cepting the spins located on low interstitial sites (Fig.1).

N
7

Figure 1. Modified diamond mixed spin chain. The crimson and blue spheres correspond to the spin carriers with
5 >1/2 and s=1/2 located at the nodes of the chain.

Within the Heisenberg spin model, the energy states of the above diamond spin chain are described
by the Hamiltonian

Ji

L — —
H= kZ:{Jlsts/( +J, (Sm + S/r)(sz‘k—l +S,, )} > (1)
=1

where index k enumerates 3-site unite cells of the model, Si; (i = 1, 2) is a spin operator for spins
s=1/2 of k-th unit cell and §k is a spin § operators of k-th unit cell. For positive coupling parameters

Ji and J, we use arbitrary energy units.
Let us consider two limit cases of the above model: J, >>.J, and 7, =0 . For the first case the low-

est part of the model energy spectrum can be described approximately by the Hamiltonian of linear
spin chain with alternating values of neighboring spins s=1/2 and s =5 —1/2 (Fig.2).

—@® - ® -~
Figure 2. Linear spin chain with alternating values of neighboring spins
The Hamiltonian of this chain in the first order of perturbation theory in the parameter @ =J, /J, has
the form

]l ~
H =—J,L(5+1)/2+J,2 (S, +S,,.1 S )
k=1

where S, is an operator of spin § located on k unit cell of the chain (Fig.2).

Due to the alternating topology, the ground state of the chain is non-degenerate and, by the general-
ized Lieb theorem [7-9], corresponds to the total spin S, =(5—1)L. Hence, for 5 =] and big even L we

have antiferromagnetic linear spin /2 chain the with gapless energy spectrum, ground state spin S, =0
and the corresponding energy E,/L=-J,—(In2-1/4)J,,
In the case of J/, =0 the modified diamond spin chain is transformed into a decorated necklace spin

ladder model (Fig.3).

Figure 3. Decorated necklace spin ladder.

The corresponding spin system also has an alternant structure and is described by the following
Hamiltonian:

H, :JZZ(Sl,k +§k)(s2,k—1 +Ssz) (3)
=t

According to the generalized Lieb theorem, this Hamiltonian has a nondegenerate ground state with
total spin S, =5 L.
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Thus, increasing the ratio of coupling constants « =.J, /J, can lead to a macroscopic increase in the

ground state spin of the modified diamond chain. In a particular case § =1, we have a transition from
a nonmagnetic state of the diamand chain to a magnetic one.

In order to obtain more detailed information about the energy spectrum of the Hamiltonian (1), we
have performed numerical calculations of the exact energy spectra of finite chains for some values of
the model parameters. For this purpose, we used the basis of spin configurations (4), which have the
form of direct products of the eigenfunctions of z-components of site spin operators. All these spin
configurations are the eigenfunctions of the operator of z-projection of the diamond chain total spin M:

qn{m}(M):gQ(sk,mk) 4)

where N is the total number of lattice sites; the multi-index {s, m} lists all possible combinations of
the quantum numbers of the sites (s, my). Q(si, mi) is the eigenfunction of the spin operator S; with
given values of s and its z-projection m.

We used the exact diagonalization method to get the energy spectra of finite clasters of modified
diamond chain formed by one and two unit cells with 5 —=1. Due to the scalar nature of the spin
Hamiltonian (1), comparing the energy levels for each subspace with a given value of M allows us to
obtain the lowest energy levels with a fixed value of the total spin S. The results of these numerical
calculations are presented below on Fig. 4 and Fig.5

-3,04
-3,54

4,04

4,54

-5,0 T T T T T T T
1,0 1,5 2,0 2,5 3.0 3,5 4,0

a
Figure 4. The dependence of the lowest energy levels of the unit cell (in units of J,) in the spaces with § =0
(blue curve) and § =1 (red curve) on the frustration parameter o =J,/J,.

According to these calculations, the unit cell of the modified diamond chain changes the ground
state spin from O to 1 at the point & =3.

L

24

i3
-4

-5 4
-6

Figure 5. The dependence of the lowest energy levels in units of J; for 6-spin cluster (two unit cells) in the
spaces with S =0 (blue curve) and S =1 (green curve) and S =2 (red curve) on the frustration parameter ¢ .
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Here the transition between lowest energy levels with § =0 and S =2 occurs gradually through an
intermediate state with § =1. The chain fragment acquires the value of the ground state spin § =3
when the parameter « >3,2.

We also performed numerical simulation of the field dependence of magnetization of the cluster of
modified diamond chain formed by 3 unit cells. For this purpose we used exact energy spectrum of the
cluster and Boltzmann's distribution (5).

m(h,T) =" M, exp(—(E —hM,)/ k,T)/| LY exp(—(E —hM.,)/ kBT)j , 5

Here, for simplicity, we consider equal g-factors for all lattice spins and presented the results of our
calculations for specific spin moment m=M/L; T is the temperature and ks is the Boltzmann's constant.
Also we used the external magnetic field 4 in energy units.

The results of the corresponding calculations are shown in Fig.6 for two different values of the
frustration parameter o, which correspond to the nonmagnetic and magnetic ground states of the chain.
It is easy to see the radical change in the magnetization profile driven by the frustration parameter a.

m

0,0

Figure 6. Magnetization profile of 9 spin fragment of modified diamond chain at J;=1 and Kgt=0.1.

Heisenberg-Ising mixed spin diamond chain model

In order to study the magnetic properties of our modification of mixed spin diamond chain let us
consider simplified version of the model Hamiltonian (1) - mixed spin-(s,1/2) Ising—Heisenberg dia-
mond chain. The Hamiltonian of this chain formed by L unit cells in the presence of an external mag-
netic field /4, reads

H- ,L IS8+ (S, 48, +8 48 )-h(s] 48+ ). ©

1

where S| ,,, -are the operators of z-projections of the corresponding spins s=1/2 of the /-th unit cell of

the ladder; S7,., =S}, S p = §IZ . The last term determines the energy of the nodal spins and inter-
stitial spins in the external magnetic field 4.

Due to the commutation relation [H,S;n] =0,n=1,..,L, we can substitute the operators S,, by

their eigenvalues 9, = +1/2 and rewrite the Hamiltonian (4) in the following block form:

H:ZL:H(UH,JM);

n=1

o an h
H(O-” 2Ot ) = (O_” T, )|:']2 (‘Sl,n + ‘Sn ) B 5:‘ (7)

S —h(S-'

L.n™"n L.n

+J.S +5;).
The exact energy spectrum of the Hamiltonian (7) is a sum of eigenvalues of block Hamiltonians

H (0 e ,,H), which can be found analytically for arbitrary values of model parameters. In particular,

for J, > .J, there is a critical value of magnetic field # = 2(5—1/ 2)J » for which the ground state
energy of (7) does not depend on the set of quantities (an,am)
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E /L=-J(5+1)/2=-2(5-1/ 2]2 Jy (8)

As the result, at critical field /4 the ground state of (7) is 4-times degenerate. In this case spin-spin

correlators <U ey ,,+1> should take zero values. We may also suppose that at critical field the above cor-

relators should be close to zero at low temperatures similar to Heisenberg—Ising spin model from [2].
In order to study thermodynamics of the above Heisenberg—Ising spin model we applied standard
transfer matrix technique. The partition function of the system (6) Z (T, h) for given values of tem-

perature 7 and external magnetic field / can be written through the 7> transfer matrix T(o,,0,,T,h)
for the block Hamiltonian (7).

-1
T(Gl,GZ,T,h):exp[—ﬁHI(0'1,0'2)], ,H:(kBT) 9)
According to transfer-matrix approach, the statistical sum for the above Hamiltonian has the form:
Z=Tt[T(o,,0,,T,h)] - (10)

In the thermodynamic limit, statistical sum Z and a number of properties of the model considered

are determined by the maximal eigenvalue Am.x of the transfer matrix T. We will use it for numerical
calculation of the magnetization profile of our Heisenberg-Ising spin ladder model by means of known
formula

_dIn(4,,)

Bdh

m

(11

Some results of this study are presented on Fig.7

2,0
1,5
1,0

—J,=0.1

—J=12
0,5

0,0 . : : : .

0 1 2 3 4 5

h

Figure 7. Field dependence of specific magnetization m of the infinite Heisenberg-Izing modified mixed spin di-
amond chain (6) at J,=1, and ks7=0.1.

Thus, the Heisenberg-Izing analog of modified diamond mixed spin chain has intermediate magne-
tization plateau.

Conclusion

For a model nanomagnet with a modified diamond chain structure, energy spectrum and
magnetization profile calculations were performed. The existence of a transition between nonmagnetic
and magnetic states, which is controlled by a change in the frustration parameter due to external stress
like a change in the chemical surrounding, is shown. For infinite Heisenberg-Izing analog of modified
mixed spin diamond chain the intermediate plateau in the low-temperature magnetization profile of the
chain and nontrivial field dependence of two particle correlators for neighbor Ising spins were found.
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B.O. YepaHoscbkuii B.B. Mansipuyk. MarHiTHi BnacTMBOCTI MOAMIKOBAHOrO AiaMaHTOBOro CMiHOBOMO MaHLOXKa.

Xapkiecbkuli HauioHanbHUU yHisepcumem imeHi B.H. KapasiHa, ximiyHul cbakynbmem, matidaH Ceobodu, 4,
Xapkis, 61022, YkpaiHa

Pob6oTa npucesyeHa TeopeTnYHOMY AOCNIAKEHHIO EHEPreTUYHOrO CNEeKTPY Ta MarHiTHUX BNacTUBOCTEN MOAM-
ikoBaHOro aHTMepomarHiTHoro cniHororo (1/2, s) anmasHoro naHutora. Lle dopyctpoBaHa 3miwaHa cniHoBa cu-
cTema 3 efleMeHTapHMMKU KOMipKkaMu, yTBOpEHMMU ABOMA cniHamu %2 Ta ogHuMM cniHom s>1/2. Ha ocHoBi po3wn-
peHoi Teopemun JliGa Mu [OBENM MOXIMBICTb BUHMKHEHHSI KBAHTOBUX (pa3oBMX MepexoniB, ornocepenkoBaHUX
CMiBBIOHOLIEHHAM nNapameTpiB 3B'A3KY MpW OOBIfIbHOMY HEHYNbOBOMY 3HA4Y€HHiI CriHy S And BuliesragaHol
mMogeni. PesynbTati HaWoro AocnifkeHHss TOYHOI AiaroHanizauii Ansg Aesknx KnactepiB CKiHYeHHWUX NaHutoris 3
s=1 nigTBEpPOXYIOTb Lie BUCHOBOK. Mi TakoX aHaniTM4HO Ta YNCEenbHO BMBYANM MarHiTHi BNacTMBOCTI anMasHo-
ro 3miliaHoro cniHosoro nadutora enseHbepra-I3iHra. TOYHWUI eHepreTUYHUA CNekTp uiei moaeni 3HangeHo B
aHaniTM4HIn cpopmi Npu OOBINBHUX 3HAYEeHHAX MNapameTpiB Mogeni. Ha ocHOBI UbOro crnekTpy Mu BuBYanu
MosibOBY 3aNEXHICTb OBOYACTUHKOBMX KOPENATOPIB ANSA CyCigHix cniHiB IsiHra. Byno BusiBneHo, Wo npu cnewi-
anbHOMY CRiBBIQHOLUEHHI MK napameTpamu 3B'dA3Ky iCHYE KPUTUYHE 3HAYE€HHS 30BHILUHBLOIO MarHiTHOro nons,
ONS SKOro BULLE3ragaHuii KoOpenaTop NpunuMae HynbOBe 3HAYeHHS (BiACYTHICTb Kopensuii Mk cniHamu I3iHra).
[ns moaeni HeCKiHYEHHOro CNiHOBOrO faHLora M1 AOCNiAXyBanu 3aneXxHicTe NMMTOMOI HaMarHiYeHocCTi Big nonsi
3a [JOMOMOrol KIacu4yHOro MeTody MaTpuli mnepeHocy Ta BUSIBUNM NPOMiKHE nnaTo y npodpini HM3bKo-
TemnepaTypHOi HamarHiYeHocTi. 3rigHO 3 HawuMK pospaxyHkamu, pPo3Mip LbOro Nnato CUMbHO 3anexuTb Bif
cniBBigHOLLEHb MiXX NapameTpamu 3B'A3ky mogeni. My cnogiBaemocs, Lo L5 0coBnuMBICTb Halwoi Moaeni HagacTb
HOBI MOXMMBOCTI AN1A NPOEKTYBaHHS HOBUX MarHiTHUX XeMOCEHCOPIB.

Knroyoei cnoea: wmodenb anMmasdHo20 faHytoea 3 3MiluaHuM  CriiHOM, [POMIKHe  naamo
HamaeaHiYeHocmi.

KoHdnikT iHTepeciB: aBTOpK NOBIJOMIIAIOTL NPO BiACYTHICTb KOHMNIKTY iHTEpPECIB.
HadicnaHo do pedakuyii 05.05.2024 lMputiHamo do dpyky 25.06.2025
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INTELLIGENCE: BENCHMARKING BOLTZ-1 FOR 3D-STRUCTURE PREDICTION OF
BIOMOLECULAR COMPLEXES
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Modeling ligand-protein interactions is essential in various scientific and industrial applications, especially in
drug discovery and structural biology. In the past year, several Al-driven computational tools, such as AlphaFold
3 and Chai-1r, have revolutionized the field of biomolecular structure prediction. Most recently, an open-source
deep learning model called Boltz-1 has also been introduced, marking a significant advancement in biomolecular
interaction modeling. To assess the performance of Boltz-1 in comparison to other computational tools, we
benchmarked its capability to accurately reproduce the 3D structures of various biomolecular complexes. These
complexes included essential enzymes and ligands of varying complexities, such as low-molecular organic lig-
ands, sterols, and peptidomimetics. We found that Boltz-1 demonstrated strong performance in reproducing pro-
tein folding, achieving a root mean square deviation (RMSD) of less than 1 A. When compared to other compu-
tational tools, such as Glide by Schrédinger and AutoDock Vina, Boltz-1's ability to predict the 3D structures of
biomolecular complexes was well balanced. It successfully re-docked a diverse set of ligands with varying com-
plexities, achieving binding poses that were comparable to those of the commercial software Glide. In terms of a
RMSD and ligand-binding ranking, Boltz-1 outperformed the widely used docking tool AutoDock Vina for all eval-
uated ligands, creating opportunities to enhance computational screening of ligand-protein interactions.

Keywords: protein folding, ligand-protein interaction, drug design, artificial intelligence, Boltz-1.

Introduction

Understanding how small molecules (ligands) interact with proteins is fundamental to designing ef-
fective drugs. Modeling these interactions helps identify potential drug candidates that can bind to spe-
cific protein targets, inhibiting or activating their functions to treat diseases [1-3]. By predicting the
3D structure of ligand-protein complexes, researchers can optimize the design of compounds to im-
prove binding affinity, selectivity, and other pharmacological properties [4-6]. This approach acceler-
ates the drug development process and reduces costs.

Boltz-1 is an open-source deep learning model designed to predict the 3D structures of biomolecu-
lar complexes, including interactions between proteins and ligands [7]. Boltz-1 achieves AlphaFold3-
level accuracy in predicting biomolecular structures, making it a powerful tool for modeling complex
interactions involving proteins, RNA, DNA, and other molecules. It demonstrates strong performance
in predicting protein-ligand interactions, with a notable LDDT-PLI score of 65%, outperforming Chai-
1, which is another open-source Al model developed for predicting molecular structures and interac-
tions.

The Boltz-1 model supports a wide range of molecular interactions, including modified residues,
covalent ligands, and glycans. It can also condition predictions on specified interaction pockets or con-
tacts, enhancing its flexibility in modeling diverse biomolecular complexes. It demonstrates particu-
larly strong protein-ligand and protein-protein performance. The model's ability to accurately predict
ligand-protein binding interactions is crucial for drug discovery and therapeutic design, as it helps in
understanding and designing molecular interactions at a detailed level.

Boltz-1 combines open-source accessibility with performance comparable to proprietary tools,
making it a groundbreaking resource in structural biology. Fig. 1 illustrate a typical pipeline of Botlz-1
processing. It accepts FASTA files, YAML schemas, or directories for batch processing, simplifying
integration into diverse workflows. It outputs five predicted 3D structures of the ligand-protein com-
plex in CIF format.

© Prud M.V., Kyrychenko A., 2025
This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0.
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Studying Ligand-Protein Interactions in the Era of Artificial Intelligence: Benchmarking Boltz-1 ...

Protein’s FASTA Sequence 3D-Structure of
Ligand-Protein Complex

éGFRKMAFPSGKVEGCMVQVTCGTTTLI‘Q
LWLDDVVYCPRHVICTSEDMLNPNYEDLLIR
KSNHNFLVQAGNVQLRVIGHSMQNCVLKLK
VDTANPKTPKYKFVRIQPGQTFSVLACYNGS
PSGVYQCAMRPNFTIKGSFLNGSCGSVGFN
IDYDCVSFCYMHHMELPTGVHAGTDLEGNF
YGPFVDRQTAQAAGTDTTITVNVLAWLYAAV
INGDRWFLNRFTTTLNDFNLVAMKYNYEPLT
QDHVDILGPLSAQTGIAVLDMCASLKELLQN

@ANGRTILGSALLEDEFTPFDVVRQCS /

BOLTZ-1

Ligand’s SMILES

Cnlcnc(CN2C(=0)N\C(=N/c3ccdcn(C)ncdcc3
CI)\N(Cc5¢cc(F)c(F)cc5F)C2=0)n1

Figure 1. The typical Boltz-1 pipeline scheme illustrates how Boltz-1 processes input data. It accepts a primary
protein structure in FASTA sequence format along with a ligand's 2D structure provided in SMILES notation.
The output files include up to five predicted 3D structures of the ligand-protein complex in CIF format, accom -
panied by corresponding confidence metrics.

By democratizing high-precision biomolecular modeling, Boltz-1 promises to accelerate drug
discovery, enzyme engineering, and systems biology research. However, Boltz-1's performance in pre-
dicting the correct ligand-protein binding mode has not been well demonstrated yet, which limits its
broad use among the biomolecular computational community. To address this gap, we assessed Boltz-
1’s ability to predict the 3D structure of various ligand-protein complexes. Our primary focus was to
select a series of structurally diverse ligands, spanning range from drug-like heterocyclic molecules,
containing multiple branches and macrocyclic moieties, up to sterols and peptidomimetics

Computational Methods

To reproduce the ligand positions from X-ray structures using orthodox methods, we applied two
approaches: redocking with the publicly available free AutoDock Vina software and redocking in the
Schrodinger Maestro software package using the Glide module.

For the first approach, the molecular docking setup was carried out with the AutoDock Tools
(ADT) software, version 1.5.7 [8]. The geometry of the ligands was prepared from its co-crystallized
structure with the protein. The ligand structure was conformationally flexible, so that all possible rota-
tions around torsional angles were allowed. The addition of hydrogen, the calculation of the Gasteiger
charges of the receptor, and ligands were also performed using the ADT software. Molecular docking
calculations were performed with the AutoDock Vina 1.1.2 software [9]. For each complex, one dock-
ing calculation was performed with exhaustiveness of 8, which generated 9 docking poses.

In the second case, the Schrodinger Maestro software package version 2024-1 was employed. The
targets were prepared using the Protein Preparation Wizard [10], which involved removing solvent
molecules and adding missing hydrogen atoms. Protein structure optimization was carried out in "Sim-
plified Rules" mode at neutral pH. The energy of the protein structure was minimized using the
OPLS4 force field [11]. Ligand preparation was conducted using the LigPrep module, followed by
minimization with the OPLS4 force field. The Epik Classic submodule was utilized to reproduce the
correct protonation state under biological conditions. The Receptor Grid Generation module was then
used to create the binding site, and redocking was performed using Glide SP [12-15].

Boltz-1 was accessed via the web version available on the TamarindBio website
(https://app.tamarind.bio/boltz, Version 0.4.0). The number of predicted samples was set to 5, while all
other settings remained at their default values.

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

To evaluate the performance of Boltz-1, we selected a series of ligand-protein complexes with
known X-ray structures available in the Protein Data Bank (PDB) that involve essential enzymes and
small ligands. Considering that the studied Boltz model was trained on public PDB data available until
November 2024, our benchmarking set also included some structures published after that. The main
metrics used for assessment include the root mean square deviation (RMSD), which quantifies the dif-
ference between predicted and experimental structures of the protein and its bound ligand. Addition-
ally, we assessed the accuracy and reliability of binding affinity predictions by evaluating two popular
molecular docking scoring functions: Schrodinger Glide and AutoDock Vina.

Main protease M"™ of SARS-CoV-2 virus in complex with Ensitrelvir. The main protease, known
as M (a 3C-like protease), is responsible for cleaving eleven specific sites on the two SARS-CoV-2
polyproteins. MP* is comprised of three domains: a chymotrypsin-like domain (Domain I), a 3C-pro-
tease-like domain (Domain II), and a third domain (Domain III) that contains five a-helices [16]. The
binding pocket of M is situated between Domains I and Il and features a catalytic Cys-His dyad,
consisting of Cys145 and His41 [17-18]. Therefore, MP* has attracted essential attention and is consid-
ered an ideal target for developing antiviral agents [19-23].

Figure 2. (a) Boltz-1's prediction of the 3D-structure of the ligand-protein complex between the main protease
MP® of the SARS-CoV-2 virus and co-crystalized non-covalent inhibitor S-217622 (Ensitrelvir). The X-ray
structures of M"* was obtained from PDB ID: 8HEF [24]. (b) The detailed overlap of the X-ray and Boltz-1 esti-
mated binding modes of Ensitrelvir at M™ pocket. (¢) Comparison of the X-ray binding mode of Ensitrelvir at
MP™ pocket (yellow) with molecular docking calculations using Glide (red) and AutoDock Vina (blue).

Non-peptide oral drug called ensitrelvir has received approval for sale in Japan on November 22,
2022. Ensitrelvir showed significant inhibitory activity against SARS-CoV-2 MP® as a non-covalent
non-peptide inhibitor [24-25]. Figure 2 illustrates the performance of Botlz-1 in predicting the fold of
the MP™ protease and the binding mode of Ensitrelvir. The predicted M fold matches the known X-
ray structure remarkably well, with RMSD value as low as 0.806 A (see Fig. 2a and Table 1). Addi-
tionally, the binding conformation of Ensitrelvir was accurately captured, yielding a RMSD of 2.230
A (Fig. 2b), which is close to the best-predicted pose determined by Glide, with a RMSD of 0.666 A
(Fig. 2¢).

Peroxisome Proliferator-Activated Receptor Delta (PPARJ). Peroxisome Proliferator-Activated
Receptors (PPARs) are a class of nuclear receptor proteins that act as transcription factors to regulate
the expression of genes associated with various cellular processes [26].

Recently, high-throughput screening combined with X-ray analysis has revealed that some sul-
fonylthiadiazole derivatives exhibit an unusual binding mode at both PPARy and PPARS receptors.
The ligand WLM has demonstrated partial dual action as an agonist, showing high potency and in vivo
efficacy (Fig. 3a). It selectively binds to PPARS, characterized by an ECs, of 738 nM [27]. Therefore,
the PPARS-WLM complex presents a challenging system for the Boltz-1 benchmark.
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Figure 3 illustrates the benchmarking of the Boltz-1 method for the PPARS-WLM complex. The
3D structure of the ligand-binding domain (LBD) of PPARS was accurately reconstructed by Boltz-1,
achieving a protein RMSD of 0.853 A (see Fig. 3a and Table 1). Additionally, the binding conforma-
tion of the conformationally flexible ligand WLM was perfectly reproduced, with a RMSD of 0.688 A
(Fig. 3b), which is the best result currently in the field (Fig. 3c). In contrast, docking with Autodock
Vina failed to replicate the correct binding mode for WLM (Fig. 3c¢).

X-ray (Green)

RMSD = 2.529 A (Glide) RMSD = 10.933 A (Vina)

Figure 3. (a) Boltz-1's prediction of the 3D-structure of the ligand-protein complex between the PPARS LBD
and the ligand WLM. The X-ray structures of PPARS estimated at a resolution of 2.3 A was obtained from PDB
ID: 2XYJ [27]."(b) The detailed overlap of the X-ray and Boltz-1 estimated binding modes of WLM at PPARGS.
(c) Comparison of the X-ray binding mode of WLM at PPARS (yellow) with molecular docking calculations
using Glide (red) and AutoDock Vina (blue).

Table 1. Summary of Boltz-1 predictions for the 3D structure of ligand-protein complexes in relation to their X-
ray structures (PDB ID). The binding mode of the ligand was also compared with molecular docking calculations
erformed using Schrédinger Glide and AutoDock Vina.™"

Boltz-1 Glide AutoDock Vina
PDB Score Protein Ligand docking Ligand Binding Ligand
D RMSD, A | RMSD, A score RMSD, A affinity, RMSD, A
kcal/mol

8HEF 0.939 0.806 2.230 -9.6 0.666 -9.1 4.300
2XYJ 0.934 0.853 0.688 -9.0 2.529 -9.7 10.933
2YXJ 0.867 1.188 1.410 -12.1 1.340 -10.2 12.370
1HPV 0.975 0.483 6.080 -8.1 0.953 -6.1 20.970
8P81 0.909 1.683 2.096 -11.2 1.427 -6.8 8.461
3UUD 0.963 0.724 0.472 -10.9 0.621 -11.2 0.540
60QB 0.963 0.505 0.528 -9.6 2.672 -8.5 5.985
6754 0.951 0.557 1.108 -5.0 9.680 -8.7 6.730
8VVE 0.779 2.216 7.356 =13 1.409 -10.9 6.694
5IM4 0.731 0.901 5.607 -7.7 10.653 -6.6 10.466

a — the smallest RMSD corresponding to the best-predicted mode is highlighted in yellow.

b — note, the Boltz score does not in any way describe the pose of the ligand, but only reflects the model's confi-
dence in reproducing the protein structure.

Bcl-xL in complex with ABT-737. B-cell lymphoma-extra large (Bcl-xL) is a protein encoded by
the BCL2L1 gene and belongs to the Bcl-2 family of proteins. Bel-xL is primarily recognized for its
anti-apoptotic properties, which means it prevents programmed cell death [28-29]. Specifically, it in-
hibits the release of mitochondrial contents such as cytochrome C, a crucial step in the apoptosis path-
way [30-31]. By doing so, Bcl-xL helps maintain the integrity of the mitochondrial membrane, thereby
preventing cell death [32-33]. Ligand ABT-737 mimics the BH3 domains of BH3-only proteins and
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has potential as anti-cancer therapeutics (Fig. 4a) [34]. Therefore, understanding the precise molecular
structure of ABT-737 in Bcl-xL may clarify why it binds strongly to the Bcl-2 pro-survival proteins
but fails to interact with the related target Mcl-1.

Figure 4 and Table 1 summarize the benchmarking results of the Boltz-1 method applied to the
Bcl-xL:ABT-737 complex. The three-dimensional structure of Bel-xLL was accurately reconstructed by
Boltz-1, achieving a RMSD of 1.188 A. However, the prediction score was relatively low at 0.867,
which indicates challenges in accurately modeling the flexible loops (see Fig. 4a).

X-ray (Green) RMSD = 1.340 A (Glide) RMSD = 12.370 A (Vina)
Figure 4. (a) Boltz-1's prediction of the 3D-structure of the ligand-protein complex between the Bcl-xL and the
ligand ABT-737. The X-ray structures of Bcl-xL, acquired a resolution of 2.2 A, was obtained from PDB ID:
2YXIJ [34]. (b) The detailed overlap of the X-ray and Boltz-1 estimated binding modes of ligand ABT-737 at
Bcl-xL pocket. (c) Comparison of the X-ray binding mode of ABT-737 at Bcl-xL pocket (yellow) with molecular
docking calculations using Glide (red) and AutoDock Vina (blue).

The binding conformation of the conformationally flexible ligand ABT-737 was also well repro-
duced, resulting in a RMSD of 1.410 A (Fig. 4b). This result is quite similar to the 1.340 A RMSD
predicted by Glide (Fig. 4¢). Autodock Vina, on the other hand, was able to capture the crystal pose of
ligand ABT-737 but placed the ligand in the reverse orientation, leading to a significantly higher
RMSD of 12.370 A (Fig. 4c).

Hiv-1 protease in complex with ligand VX-478. The HIV-1 protease is an enzyme crucial for the
life cycle of the human immunodeficiency virus type 1 (HIV-1) (Fig. 5a), which causes AIDS [35].

Boltz-1 performed well in reproducing the native fold of the HIV-1 protease, achieving a RMSD of
0.483 A and the best prediction score of 0.975 (see Fig. 5a and Table 1). However, it faced significant
challenges in accurately recovering the binding pose of the ligand VX-478, as shown by a large
RMSD of 6.080 A (Fig. 5b). In contrast, the ligand binding test was successfully passed by Glide,
which recorded an impressive RMSD of 0.953 A (Fig. 5c), while AutoDock Vina completely failed in
this aspect.

X-ray (Green) RMSD = 0.953 A (Glide) RMSD = 20.970 A (Vina)

Figure 5. (a) Boltz-1's prediction of the 3D-structure of the ligand-protein complex between the Hiv-1 protease
and the ligand VX-478. The X-ray structure of Hiv-1 protease, measured at resolution of 2.2 A, was obtained
from PDB ID: 1HPV [36]. (b) The Panel illustrates the detailed overlap between the X-ray binding mode and the
binding mode estimated by Boltz-1 for VX-478 at the HIV-1 pocket. (c) Comparison of the X-ray binding mode
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of VX-478 at the HIV-1 pocket (yellow) with molecular docking calculations using Glide (red) and AutoDock
Vina (blue).

Human cyclin-dependent kinase 12 in complex with inhibitor SR-4835. Human Cyclin-Depen-
dent Kinase 12 (CDK12) is a serine/threonine kinase that forms an active complex with Cyclin K
(CycK). This complex is essential for transcriptional regulation, maintaining genome stability, and has
a significant role in cancer biology. CDK12 consists of a central kinase domain and a unique C-termi-
nal extension, both of which are crucial for ATP binding and its catalytic activity [37].

X-ray (Green) RMSD = 1.427 A (Glide) RMSD = 8.461 A (Vina)
Figure 6. (a) Boltz-1's prediction of the 3D-structure of the ligand-protein complex between human CDK12 and
the inhibitor SR-4835. The X-ray structures of human CDK 12, measured at a resolution of 2.68 A, was obtained
from PDB ID: 8P81 [37]. (b) The detailed overlap of the X-ray and Boltz-1 estimated binding modes of ligand
SR-4835 at CDK12 pocket. (c) Comparison of the X-ray binding mode of SR-4835 at CDK12 pocket (yellow)
with molecular docking calculations using Glide (red) and AutoDock Vina (blue).

Understanding the binding interactions between CDK12 and small-molecule inhibitors is crucial
for elucidating its structure-function relationships. As a result, CDK 12 has emerged as a promising tar-
get for various computational chemistry tools, including docking, in silico screening, and deep learn-
ing-based design of novel therapeutic agents [38-39].

SR-4835 is a reversible ATP-competitive inhibitor of CDK12 and CDK13. It reduces phosphoryla-
tion of RNA Polymerase II (specifically at Ser2 in RPB1) and inhibits transcription elongation [37, 40-
41]. Unlike other inhibitors, SR-4835 functions as a molecular glue [42]. Recent crystallographic stud-
ies have shown that SR-4835 binds to CDK12/cyclin K in a noncanonical conformation (Fig. 6a-b)
[37]. Its benzimidazole component forms hydrogen bonds with the kinase hinge region, while the al-
tered glycine-rich loop and inward aC-helix help stabilize the binding interaction.

Despite the complex 3D structure of CDK 12, Botlz-1 successfully recovered its native fold with a
RMSD of 1.683 A (see Fig. 6a). In contrast, the relatively rigid conformation of the inhibitor SR-4835
posed challenges for accurately recovering the X-ray data across all considered scoring methods, with
Glide demonstrating slightly better performance (refer to Table 1 and Figs. 6b-c).

Human estrogen receptors (ER) alpha in complex with estradiol. Estrogen receptor alpha (hERa)
is a nuclear receptor protein that is activated by the sex hormone estrogen. ERa functions as a ligand-
activated transcription factor and is made up of several important domains responsible for hormone
binding, DNA binding, and transcription activation. It primarily acts as a chromatin-binding protein
and is encoded by the ESR1 gene in humans [43].

Figure 7 presents a summary of the benchmarking results for the complex formed between hERa
and estradiol. Notably, Boltz-1 successfully reproduced both the protein folding and ligand binding
poses, achieving a RMSD of 0.724 A for the protein and 0.472 A for the ligand (see Fig. 7a-b and Ta-
ble 1). In terms of docking score ranking, Boltz-1 outperformed both Glide and Autodock Vina, which
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also produced commendable results, with corresponding RMSD values of 0.621 A and 0.540 A (Fig.
7¢), respectively.

HO pe 5
estradiol

G

X-ray (Green) Boltz-1 (Cyan RMSD = 0.621 A (Glide) RMSD = 0.540 A (Vina)
Figure 7. (a) Boltz-1"s prediction of the 3D structure of the ligand-protein complex between the hERa-LBD and
estradiol. The X-ray structures of hERa-LBD (1.6 A resolution) was obtained from PDB ID: 3UUD [44]. (b) The
detailed overlap of the X-ray and Boltz-1 estimated binding modes of ligand estradiol within the hERa-LBD
pocket. (c) Comparison of the X-ray binding mode of estradiol within the hERa-LBD pocket (yellow) with
molecular docking calculations using Glide (red) and AutoDock Vina (blue).

Mpyeloid Cell Leukemia-1 in complex with AMG 176. MCL1 is a protein encoded by the MCL1
gene in humans. It belongs to the pro-survival BCL2 family and is often dysregulated in cancer. To
address the significant challenges associated with inhibiting MCL1 protein-protein interactions, small-
molecule conformational restriction methods, such as those involving ligand AMG 176, are rigorously
applied [45].

The biomolecular complex between MCL1 and the ligand AMG 176 was chosen for benchmarking
due to the flexible macrocyclic structure and spiro-carbon atom of the ligand, which often present
challenges for many scoring algorithms. Surprisingly, Boltz-1 performed exceptionally well, reproduc-
ing the ligand binding conformation with a RMSD as small as 0.528 A (Fig. 8a-b). The protein's 3D
structure was also accurately recovered, with a RMSD of 0.505 A. In comparison, Glide and
AutoDock Vina exhibited a decline in binding prediction performance, as indicated by larger RMSD
values of 2.672 A and 5.985 A, respectively (Fig. 8c). It suggests that Boltz-1 performs better for
docking ligands with flexible macrocycles.

X-ray (Green)  Boltz-1 (C RMSD = 2672 A (Glide) RMSD =5.985 A (Vina)
Figure 8. (a) Boltz-1's prediction of the 3D structure of the ligand-protein complex between MCL1 and the lig-
and AMG 176. The X-ray structures of MCL1 (1.6 A resolution) was obtained from PDB ID: 60QB [45]. (b)
The overlap of the X-ray and Boltz-1 estimated binding modes of the ligand AMG 176 within the MCL1 pocket.
(c) Comparison of the X-ray binding mode of the ligand AMG 176 (yellow) with molecular docking calculations
by Glide (red) and AutoDock Vina (blue).
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CDC-Like Kinase 3 in complex with ligand ODS2003178. CLK3 is a dual-specificity protein ki-
nase that plays a vital role in regulating RNA splicing. It phosphorylates serine/arginine-rich (SR) pro-
teins, which are essential components of the spliceosomal complex. This phosphorylation regulates the
activity of SR proteins, influencing the splicing of pre-mRNA and ultimately affecting gene expres-
sion [46].

The crystal structure of the dual-specificity protein kinase CLK3 in complex with the macrocyclic
ligand ODS2003178 has been determined and is available in the Protein Data Bank under the acces-
sion code 6Z54 (Fig. 9a). The structure was solved using X-ray diffraction, providing valuable insights
into the binding interactions between CLK3 and ODS2003178. This structure may be valuable for
drug design aimed at targeting this kinase [47]. Many inhibitors target multiple kinases, including
CLKI1, CLK2, and PI3K [48], making it challenging to find selective inhibitors for CLK3. In this con -
text, the ligand identified as ODS2003178 is a macrocyclic compound that serves as a promising can-
didate for benchmarking (Fig. 9a). This type of scaffold poses a well-known challenge for many on-
line predictors of ligand-protein interactions, as well as for popular molecular docking software like
AutoDock Vina.

The biomolecular complex formed between CLK3 and a macrocyclic ligand ODS2003178 presents
another challenging example of cyclic ligands. In this case, Boltz-1 performed also very well, achiev-
ing a RMSD as low as 1.108 A for the bound ligand conformation (Fig. 9a-b). Similarly to the above
described cyclic AMG 176, Glide and Autodock Vina systematically declined in their performance, as
seen by unusually more significant RMSD values of 9.680 A and 6.730 A, respectively (Fig. 9c).

CH,
/
o~
HiC

. A (b)

0DS2003178

X-ray (Green) RMSD = 9.680 A (Glide) RMSD =6.730 A (Vina)
Figure 9. (a) Boltz-1's prediction of the 3D-structure of the ligand-protein complex between CLK3 and the
macrocyclic ligand ODS2003178. The X-ray structures of the enzyme CLK3, measured at a resolution of 1.73
A, was obtained from PDB ID: 6Z54. (b) The overlap of the X-ray and Boltz-1 estimated binding modes of the
ligand ODS2003178 within the CLK3 pocket. (c) Comparison of the X-ray binding mode of the ligand
0ODS2003178 (vellow) with molecular docking calculations by Glide (red) and AutoDock Vina (blue).

Kappa-opioid receptor-G protein in complex with inverse agonist norBNI. k-Opioid receptors
(KOR), a subfamily of G protein-coupled receptors (GPCRs), are crucial therapeutic targets. In the
standard GPCR activation model, the binding of an agonist is necessary for the formation of the recep-
tor—G protein complex, while antagonists inhibit G protein coupling. Therefore, KOR is an important
target for in silico screening, molecular docking and drug discovery for pain and depression therapeu-
tics [49-50].

Very few potent selective KOR antagonists are known to date, making the discovery of novel,
promising candidates for the treatment of opioid addiction of tremendous importance [51-52]. NorBNI
(norbinaltorphimine) is a synthetic organic compound composed of two naltrexone moieties with in-
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version symmetry, which is classified as a highly selective KOR inverse agonist and antagonist (Fig.
10). NorBNI is a key ligand in opioid research, providing valuable insights into the role of KOR in
neuropsychiatric disorders [53]. It is primarily used in scientific studies to investigate KOR's involve-
ment in pain, addiction, mood disorders, and stress responses [54]. Although NorBNI was one of the
first identified KOR-selective antagonists, the X-ray structure of its complex with KOR was only re-
leased last year (PDB ID: 8VVE) (Fig. 10a) [55]. This makes it an ideal model for our benchmarking,
as it falls outside the PDB training dataset of Boltz-1.

The structure prediction of the complex between KOR and the inverse agonist norBNI presents
challenges for many computational algorithms due to the unique characteristics of both components:
the protein structure is dominated by long a-helices, while the ligand norBNI is a rigid polycyclic
compound. In this context, Botlz-1 successfully predicts KOR folding with an acceptable accuracy
level, achieving a RMSD of 2.216 A, although it has one of the lowest prediction scores among the
proteins studied, with a score of 0.779 (see Table 1 and Fig. 10a). On the other hand, the prediction of
ligand binding accuracy was also low, with an RMSD of 7.356 A (see Fig. 10b). Despite the complex
3D structure of norBNI, the Glide module effectively predicted its binding mode, resulting in a much
lower RMSD of 1.409 A (see Fig. 10c).

X-ray (Green) | Cy RMSD = 1.409 A (Glide) RMSD = 6.694 A (Vina)
Figure 10. (a) Boltz-1's prediction of the 3D-structure of the ligand-protein complex between KOR and an in-
verse agonist norBNI. The Cryo-EM structures of KOR, measured at a resolution of 3.3 A, was obtained from
PDB ID: 8VVE [55]. (b) The overlap of the Cryo-EM and Boltz-1 estimated binding modes of the ligand
norBNI within the KOR pocket. (c) Comparison of the Cryo-EM binding mode of the ligand norBNI (yellow)
with molecular docking calculations by Glide (red) and AutoDock Vina (blue).

Protein 14-3-3¢ in a complex a peptide involving an adamantyl and a dicarboxy side chain. The
14-3-3 proteins are a family of conserved regulatory molecules found in all eukaryotic cells. They play
a crucial role in various cellular processes, including signal transduction, cell cycle regulation, apopto-
sis, and metabolism. Among the seven known isoforms in mammals, the 14-3-3 (/3 isoform stands out
due to its unique functions and distribution across different tissues.
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X-ray (Green) RMSD = 10.653 A (Glide) RMSD = 10. 466A(Vma)

Figure 11. (a) Boltz-1's predlcnon of the 3D-structure of the ligand-protein complex between protein 14-3-3¢
and a oligopeptide involving an adamantyl and a dicarboxy side chain. The X-ray structures of 14-3-3&, mea-
sured at a resolution of 2.34 A, was obtained from PDB ID: 5]JM4 [56]. (b) The overlap of the X-ray and Boltz-1
estimated binding modes of the oligopeptide within the 14-3-3¢ pocket. (c) Comparison of the X-ray binding
mode of the peptide (yellow) with molecular docking calculations by Glide (red) and AutoDock Vina (blue).

Macrocyclic scaffolds are commonly found in natural products and are considered promising can-
didates for developing bioactive macrocyclic peptides aimed at inhibiting protein-protein interactions
[57-58]. Recently, novel peptides have been designed that exhibit high affinity for the protein 14-3-3C.
These peptides incorporate a hydrophobic and a hydrophilic non-natural amino acid into sequences
consisting of 11 to 12 residues [56]. Figure 11a shows the X-ray structure of the protein 14-3-3( co-
crystallized with the oligopeptide with sequence GLN-GLY-MKD-ANG-ASP-MKD-LEU-ASP-LEU-
ALA-CLU.

Figure 11 summarizes the benchmarking results for the biomolecular complex between 14-3-3&
and the adamantane-containing oligopeptide. The Boltz-1 algorithm successfully reproduced protein
folding, achieving a RMSD of 0.901 A (see Table 1). As expected, all three algorithms studied faced
challenges in accurately predicting the binding mode (Figures 11b-c). However, while the overall
RMSD values were above 5 A for the three docking tools, Boltz-1 outperformed both Glide and
AutoDock Vina in capturing the pharmacophore features of the peptide, positioning the adamantane
moiety closer to the X-ray data (Figure 11c).

Conclusions and Future Perspectives

Understanding ligand-protein interactions is essential for advancing drug discovery, protein design,
and structural biology. Therefore, modeling ligand-protein interactions is a cornerstone of modern
drug discovery and molecular biology, enabling the rational design of therapeutics and a deeper under-
standing of biological processes [59]. Current commercial tools, such as AlphaFold3, have established
a high standard for predicting the 3D structures of biomolecular complexes [6, 60]. However, their ac-
cessibility and high costs limit broader adoption. The recently introduced fully open-source model,
such as Boltz-1, addresses this issue and competes with these state-of-the-art tools in both accuracy
and usability.

We found that Boltz-1 demonstrated strong performance in reproducing protein folding, deriving
its capabilities from the parent source code of AlphaFold 3. Boltz-1 effectively reproduces the 3D
structures of biomolecular complexes, demonstrating excellent performance, particularly in docking
ligands with flexible macrocycles. It successfully re-docked a diverse set of ligands with varying com-
plexities, achieving binding scores comparable to commercial tools such as Glide by Schrodinger. In
terms of RMSD ligand-binding ranking, Botlz-1 outperformed the popular docking tool AutoDock
Vina for all ligands studied. Finally, while capturing the binding modes of low-molecular-weight or -
ganics, predicting complex peptidomimetics remains beyond the current capabilities of Boltz-1. To
summarize, our benchmarking indicates that Botlz-1 presents opportunities to improve computational
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screening of small molecular libraries and may play a significant role in the future of Al-driven pre-
dicting of ligand-protein interactions.

Finally, when our manuscript was ready for submission, Boltz’s developing team announced the
revolutionizing update for Boltz-2 (https://github.com/jwohlwend/boltz), introducing controllability
features including experimental method conditioning, distance constraints, and multi-chain template
integration for structure prediction, and the Al model to approach the performance of free-energy per-
turbation (FEP) methods in estimating small molecule—protein binding affinity.
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M. B. Mpyas ', O. B. KupunueHko'. BueyeHHsa niraHa-GinkoBMx B3aeMOAi B €noXy LUTYYHOrO iHTENEeKTY: oujiHKa
Boltz-1 ana nporHo3ysBaHHsA 3D-CTpyKTypy GioMONEKyNnApHUX KOMMIEKCIB.

"Xapkigcbkuli HauioHanbHUl yHieepcumem imeHi B.H. KapasiHa, ximidHul ¢pakynsmem, maldaH Ceo6odu, 4,
Xapkis, 61022, YkpaiHa
"TOB «EHamiH», 8yn. Bincmona Yepyunns, 78, m. Kuis, 02094, YkpaiHa

MopentoBaHHs B3aeMogin niraHA-0iNok € Hafg3BMYaNHO BaXXKIMBUM Y Pi3HUX HAyKOBUX Ta MPOMMUCIIOBUX
3aCcTocyBaHHSX, 0COBGMMBO Yy po3pobui nikapcbknx npenapariB Ta CTPYKTYPHIin Gionorii. MpoTarom ocTaHHix
POKiB Kinbka o64McnioBanbHUX IHCTPYMEHTIB Ha OCHOBI LUTYYHOro iHTenekTy, Takux sik AlphaFold 3 ta Chai-
1r, peBontoLUiOHI3yBanu cgepy NporHo3yBaHHs GioMonekynsipHux cTpykTyp. HewopaBHo Gyno Takox npea-
CTaBIeHo BiAKpUTY Moaenb rmMnbokoro HaB4aHHA nig Haseot Boltz-1, wo o3HameHyBanocb 3Ha4YHUM NPoOpU -
BOM Y MofentoBaHHi 6iomonekynsapHux B3aemogin. o6 ouiHntn edekTnsHicTb Boltz-1 y NOpiBHAHHI 3 iHLWNK -
Mu obumcnoBanbHUMN IHCTPYMEHTamMu, M1 NPOBENU TeCTyBaHHS WMOro 34aTHOCTI TOYHO BigTBoptoBaTtn 3D-
CTPYKTYpU pi3HMX BGiomonekynsapHux komnnekciB. Lli komnnekcu Bknwo4vanu depMeHTM Ta niraHau pisHoil
CKINagHOCTI, Taki K HU3bKOMOJEKYNSAPHI OpraHivHi niraHan, cTepoign Ta nentuaomMiMeTvkn. Mu Buasunu, wo
Boltz-1 npogemoHcTpyBaB BUCOKY €(EKTMBHICTb Yy BIiOTBOPEHHI 3ropTaHHs OinkiB, [OCArHyBLUM
cepeaHbokBagpaTu4Horo BiaxuneHHa (RMSD) meHwe 1 A. Y nopiBHAHHI 3 iHWUMK oBYMCAOBANBHUMM
iHcTpymeHTamu, Takumu sk Glide Big Schrodinger Ta AutoDock Vina, 3gaTHicTe Boltz-1 nporHosyBaTtu 3D-
CTPYKTYpu BioMonekynsipHux komnnekciB 6yna gobpe 36anaHcoBaHot. BiH ycnillHO NOBTOPHO 3a40KyBaB pi-
3HOMaHITHMI Habip niraHAiB pi3HOT CKNAAHOCTI, AOCATHYBLUM TOYHOCTEW, NOPIBHAHHMX 3 NMOKa3HUKaMn KOMe -
puiiHoro nporpamHoro 3abeaneveHHsa Glide. 3 To4kn 3opy RMSD Ta nos 3B'a3yBaHH4A niraHais, Boltz-1 nepe -
BEPLUMB LUMPOKO BMKOPUCTOBYBAHUM iHCTPYMEHT Anst AokiHry - AutoDock Vina gnsi BCix ouiHeHux niraHgis,
OEMOHCTPYHUM MOXITMBOCTI AN NOJIMNWEHHS] KOMM ' IOTEPHOrO CKPUHIHIY B3aemopin niraHg-6inok.

Knroyoei cnoea: 32opmaHHs binka, chepmeHm, mpusumipHa cmpykmypa, du3alH nikie, wmy4Hul
iHmenekm, Boltz-1.

KoHcnikT iHTepeciB: aBTopu NOBIAOMIIATL NPO BiACYTHICTb KOHMNIKTY iIHTEPECIB.
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The effectiveness of the semi-empirical TD-DFTB (Time-Dependent Density Functional Tight Binding) method
in reproducing the spectral properties of organic dyes was investigated using the example of a library of iso-
mers of the thiophene-containing donor-acceptor Effenberger dye, known for its pronounced solvatochromism.
The aim of the work was to find out how suitable the accelerated TD-DFTB approach is for modern molecular
design tasks, with a necessity to quickly and reliably identify compounds with intense electronic transitions in
the long-wavelength region of the UV-Vis spectrum. The library contained 60 structures in which the positions of
the donor (N,N-dimethylamine) and acceptor (NO,) substituents, as well as the degree of planarity of the -
framework, were systematically varied. For each isomer, the geometry was first optimized at the DFTB level, af-
ter which the excitation energies were calculated using the TD-DFTB method. The obtained values were com-
pared with TD-DFT calculations (B3LYP and CAM-B3LYP functionals) performed with geometries, obtained
both at DFT and DFTB methods. Such a hybrid scheme significantly reduces the computational costs, allowing
screening of large libraries without losing the accuracy. The correlation between excitation energies calculated
by TD-DFTB and TD-DFT is given. As obtained, TD-DFTB tends to systematically underestimate the excitation
energies, but largely reflects compounds with minimal excitation energies and large oscillator strengths, which
makes it a reliable tool for initial screening. Several isomers with long-wavelength absorption and sufficient tran-
sition intensity were identified, which are promising for further modification. Thus, TD-DFTB in combination with
TD-DFT on optimized DFTB geometries demonstrates an optimal balance between accuracy and speed for
prescreening donor-acceptor dyes with given spectral parameters, which significantly enhances the capabilities
of rational design of functional organic materials.

Keywords: molecular screening, organic dyes, TD-DFTB, TD-DFT, donor-acceptor systems, long-wavelength
absorption.

Introduction

New advances in organic dyes, in particular their spectral characteristics, are of primary importance
for the development of photonics and organic electronics. One of the key conditions for rational design
of new functional materials, i.e., solar cells, light-emitting diodes and lasers, is effective evaluation
and prediction of spectral characteristics, which makes sophisticated optimizing dyes with desired
applications possible.

Screening of organic molecules in order to search for systems with specific properties is one of the
typical tasks of modern chemistry. Chemoinformatic approaches are widely used to search for molecu-
lar systems with desired properties of biological activity [1, 2]. However, the use of chemoinformatic
methods to search for systems with specific spectral properties is still an open problem. The difficul-
ties of such work are primarily related to the need to make fast approximate estimates of spectral prop-
erties, which may pose a certain problem for large samples of molecules that include dozens of heavy
(non-hydrogen) atoms. Among the most common methods for this is time-dependent density func-
tional theory (TD-DFT) [3], which allows for detailed simulation of electronic excitations, based on
solutions for electron density that depends upon time. The computational cost demanded for this
process severely limits the possibility for large-scale screenings required for the identification of struc-
tures with desired behavior. The time-dependent density functional based tight binding (TD-DFTB)
method [4] is a promising alternative, as it allows for a significant reduction in computational costs by
approximating some integrals using pre-parameterized values. Despite its computational advantages,
the ability of the TD-DFTB method to predict the spectral properties of organic dyes remain to further
evaluation. An important role in the creation of dyes with desired properties is played by structural
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Fast vs Accurate: Evaluativg TD-DFTB for Large-scale Screening of Organic Dyes

isomers, since small changes in the structure can significantly change their electronic structure and
spectral characteristics. Therefore, the aim of this work is to compare the efficiency of TD-DFTB and
TD-DFT methods using the example of the Effenberger dye [5] isomer library, a thiophene-containing
donor-acceptor system characterized by pronounced solvatochromism. To achieve this goal, isomeric
library screening at the stage of preliminary selection of candidates with the desired properties is con-
ducted using TD-DFTB method implemented in the DFTB+ package [6, 7], followed by benchmark-
ing calculations using TD-DFT (B3LYP and CAM-B3LYP functionals).

Calculation details

This study centers on a specialized library of compounds generated with the aid of the QUASAR
software package, developed in our previous work [8-11]. While preliminary findings were presented
in [12], the present study offers a detailed evaluation of the TD-DFTB method’s accuracy in predicting
the electronic spectra of molecules from the aforementioned library. The library consisting of 60
isomers of the Effenberger dye (Fig. 1). The structures of isomers were generated by construction of
key building blocks, two thiophene rings with dimethylamino- and nitro- groups as donor and acceptor
substituents. All isomers in the structurally diverse while chemically consistent library are considered
as potential in revealing pronounced solvatochromism effects as donor-acceptor m-conjugated systems.

O:N / \
\ / N(CHs3)2

Figure 1. The structure of Effenberger Dye.

The TD-DFTB method was applied in the implementation of the DFTB+ software package [6, 7]
which has been incorporated in our QUASAR software package. For the parametrization of the
Hamiltonian, we used several sets of the Slater-Koster parameters, available from open source,
covering the necessary elements (H, C, N, O, S): 30b-3-1, auorgap-1-1 and mio-1-1 [13, 14].

Standard TD-DFT calculations were performed using the B3LYP and CAM-B3LYP functionals
with cc-pVDZ basis set. The B3LYP functional was chosen as a widely verified compromise between
accuracy and speed, while the CAM-B3LYP as supposed allows for a better description of charge-
transfer states, which is critical for donor-acceptor systems with pronounced solvatochromism.
Calculations were performed using the Gaussian 09 quantum chemistry package [15].

The evaluation of the obtained spectra was carried out by comparing the positions of the longest-
wavelength absorption band (Am.x) alongside with corresponding oscillator strengths (f), with the en-
ergy difference (AE) and the correlation between the spectral trends, predicted by TD-DFTB and TD-
DFT as main metrics.

Results and discussion

Distribution of Excitation Energies and Oscillator Strengths. The range of excitation energy
values obtained for the Effenberger dye isomers calculated by TD-DFT and TD-DFTB methods is
presented in the Fig. 2. For the reference structure, the Effenberger dye, following values of TD-DFT
excitation energy were obtained (the value of oscillator strength are given in parentheses): CAM-
B3LYP —-3.25¢eV (0.71), B3LYP — 2.82 eV (0.63). At the same time for the method TD-DFTB based
at different parametrization (3ob-3-1, auorgap-1-1 and mio-1-1) we obtained the value 2.89 eV (0.67).
For the particular molecule the TD-DFTB method reproduces the corresponding HOMO—LUMO
transition quite accurately in terms of excitation energy and transition intensity compared to B3LYP.
In addition to the reference structure, high spectral similarity with AE <0.1 eV was obtained for a
number of structures (Fig.3) and is presented in table 1. The structures are listed in order of
decreasing oscillator strength, allowing to clearly link the absorption intensity with the structure
modification. The highest values of oscillator strength are obtained for structures 1-3, in which the
donor and acceptor substituents are located in different thiophene rings, contributing to better
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conjugation and enhanced intramolecular charge transfer (ICT) upon excitation, which occurs in such
structures to a greater extent, as shown by corresponding molecular orbitals in fig. 4. A decrease in the
planarity of the molecule, which is quantitatively reflected by an increase in the dihedral angle
between the fragments is accompanied by a decrease in the oscillator strength. Thus, the maximum
value of the dihedral angle between the planar fragments, at which relatively intense electronic
transitions are still obtained in the long-wavelength region of the spectrum, is 26° (structure 3). This
indicates a certain permissible limit of curvature of the m-system, at which the effective conjugation
remains sufficient to maintain intense absorption.
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Figure 2. Histogram of excitation energy distribution obtained for the Effenberger dye isomers.

Table 1. Excitation energies (eV) obtained by TD-DFTB and B3LYP for selected isomers of the Effenberger
dye (1). Oscillator strengths are given in parentheses.

B3LYP  30b-3-1 a“‘;r_glap' mio-1-1 B3LYP  30b-3-1 a“‘;r_glap' mio-1-1
| 2.82 2.89 2.89 2.89 . 3.15 ] 3.13 3.13
(0.628)  (0.675)  (0.661)  (0.660) (0.070) (0.083)  (0.084)
5 2.75 2.73 2.77 2.77 ; 2.89 2.76 2.82 2.82
(0.378)  (0.408)  (0.413)  (0.412) 0.039)  (0.081)  (0.087)  (0.087)
; 2.87 2.86 2.89 2.88 g 2.99 2.94 2.96 2.96
(0.281)  (0.296)  (0.440)  (0.439) (0.017)  (0.038)  (0.046)  (0.046)
A 333 3.68 338 338 0 3.05 2.99 2.96 2.96
(0.184)  (0.482)  (0.165)  (0.165) (0.016)  (0.051)  (0.051)  (0.051)
5 3.17 ] 3.20 3.20 10 2.54 2.56 2.58 2.58
(0.136) (0.145)  (0.144) 0.013)  (0.066)  (0.077)  (0.077)

To describe the planarity of molecular systems, in the present article we propose using the average
deviation of heavy (non-hydrogen) atoms from the best-fit plane through their coordinates as a
quantitative index INP. The best fit plain

BO+BXX+Byy+BZZ:0 (1)
was obtained by minimizing the orthogonal distances of heavy atoms, following the principles of
orthogonal distance regression.

B =argmin, (B*A"AB /B E) )
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In this context, 3= (BO,BX,By,BZ) defines the parameters of the plane, matrix A contains the atomic

coordinates, and matrix E is close to the identity matrix (however E;;=0). The matrices are given
below:

1 x, vy, z 0 00O
1 01 00
A — XZ YZ ZZ , E — (3)
0 010
1 Xy Yn Zy 0 0 0 1

To solve equation (2), we use the steepest descent iterative procedure. For the molecular library
under consideration the value INP deviates from OA for planar system to 0.79A for maximum
unplanar.
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Figure 3. Structures of Effenberger dye isomers for which the best agreement between TD-DFTB and TD-DFT
was obtained (AE < 0.1 eV). Dihedral angles ¢ are given, according to B3LYP.

Structure 10 (fig. 5) noticeably deviates from the general trend. The structure is planar, with a
dihedral angle between the planes of the thiophene rings close to 0°, and spatially separated donor and
acceptor groups. However, no intense electronic transition is obtained in the long-wavelength region
of the spectrum for this molecule.

Two different parameter sets, auorgap-1-1 and mio-1-1, used for TD-DFTB calculations, give
almost identical results. The differences between them are insignificant: the excitation energies differ,
as a rule, in the second decimal place (£0.01-0.02 eV), and the oscillator strength values in the third
(£0.001-0.005). Nevertheless, for individual structures, presented in fig. 6, the TD-DFTB approach
with some types of the Slater-Koster parameters does not predict excited states corresponding to the
HOMO—LUMO transition, which, on the other hand, is clearly visible in TD-DFT calculations with
energies in the range of 34 eV. Among them are molecules characterized by a deviation from overall
planarity of 10-60° for the dihedral angle between the planes of two thiophene rings. Among the
rejected structures are both those that, according to TD-DFT data, demonstrate low absorption
intensity (f<0.1), and those that have large oscillator strength values (f > 0.2). This indicates that
simplified parameterizations in TD-DFTB can lead to the loss of potentially relevant structures.
Therefore, in high-throughput screening, it is advisable to use several independent sets of parameters
to minimize the probability of missing promising structures.
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Figure 4. Molecular orbitals, corresponding to the HOMO — LUMO transition for selected structures.
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Figure 5. Mulliken distribution of partial atomic charges for structure 10.
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Figure 6. Isomers unidentified by TD-DFTB due to the absence of the predicted HOMO-LUMO transition in

absorption spectrum. Dihedral angles and oscillator strength range are given, according to TD-DFT.

Quantitative Comparison. To quantify the agreement between TD-DFTB and TD-DFT for the

entire isomer library, several statistical metrics based on the excitation energy values obtained are
presented in Table 2. In particular, the coefficient of determination (R?), which reflects the degree of
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linear correlation between the samples; the root mean square deviation (RMSD), which characterizes
the absolute difference in values; and the asymmetry index (A), which allows assessing the presence
of a systematic shift between the data sets.

T calc - ET ref )2

==
RMSD = - 4)

z (ETcalc_ETref)

A . 5)
Table 2. Match metrics between TD-DFTB and TD-DFT results for excitation energies.
CAM-B3LYP B3LYP
3ob-3-1 auorgap-1-1 mio-1-1 3ob-3-1 auorgap-1-1 mio-1-1
R 0.05 0.05 0.04 0.682 0.681 0.691
A -1.17 -1.12 -1.11 -0.28 -0.25 0.05
RMSD 1.34 1.28 1.27 0.51 0.47 0.47

Due to its long-range correction, the CAM-B3LYP functional, supposed for better description of
charge-transfer excitations, tends to overestimate the energy of HOMO-LUMO gap, compared to other
hybrid functionals such as B3LYP. Better reproduction of the values is obtained at the B3LYP level
(RMSD = 0.5 eV). Nevertheless, qualitative agreement in reflecting the variations in excitation energy
depending on the change in the isomer structure is insufficient, confirmed by correlation coefficient
R? < 0.5 for entire library. Linear approximation of the longest wavelength values obtained by TD-
DFT and TD-DFTB is shown in the fig. 7 with corresponding equations:

Apsyp=0.3384;,,_,_,+1.832 (6)
ABSLYP:0'409}\auorgap_l_1+1.770 (7)
}\B3LYP:0'424Amio—1—1+]—-739 (8)
3,0—E e .:/ /// . e ./: /_/
[ 8 o %o -,‘,/ D-S.U— s A ./-,'
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PSS i IO
R T 1 e

T T A r
35 40 15 35 40

2.5 30 2.0 2.5 3.0
DFTB (30b-3-1) DFTB (auorgap-1-1)

Figure 7. The linear approximation of energy values (eV) calculated using TD-DFT and TD-DFTB approaches.

Analysis of Selected Structures. To assess the extent to which the geometric parameters obtained
in TD-DFTB affect the predicted spectral characteristics, we created a sample of 13 structures
characterized by relatively intense absorption bands of HOMO-LUMO transition (f =0.116-0.378,
0.628). For these compounds, additional calculations were performed at the B3LYP/cc-pVDZ level
using optimized geometries obtained by the TD-DFTB method and relevant statistical metrics are
given in Table 3. It can be observed that the use of such a hybrid approach does not lead to a
significant increase in the accuracy of reproducing the absolute values, however, provides improved
qualitatively reflection of relative energy changes during the transition from isomer to isomer, as
shown in fig. 8. For some structures, the hybrid approach resulted in a significant improvement in the
absorption energy reproduction compared to calculations based on the original geometries. In
particular, this applies to structures 2 and 4, and structures 11 and 12, characterized by intriguing long-
wavelength transitions at relatively low energies. Also interesting spectral properties were found for
compounds 13 and 14 (fig. 9).
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Table 3. Match metrics between TD-DFTB and TD-DFT results for selected structures.

B3LYP B3LYP with TD-DFTB geometry
3ob-3-1 auorgap-1-1 mio-1-1 30b-3-1 auorgap-1-1 mio-1-1
R’ 0.625 0.530 0.526 0.746 0.701 0.703
A 0.02 0.05 0.03 0.03 0.02 0.04
RMSD 0.25 0.32 0.26 0.33 0.28 0.31

The most intense transitions in the long-wavelength part of the spectrum were eventually found for
compounds 2 and 12. These molecules are distinguished by spatially separated and located on
different thiophene rings donor and acceptor groups, which contributes to more efficient charge
transfer upon excitation and the same dihedral angle between the key fragments being about 20°,
which suggests that a certain curvature of the molecule, provided that a favorable electron distribution
is maintained, does not interfere, and sometimes even promotes, an intense transition in the long-
wavelength region. For compound 11, as in the case of compound 10, a more intense electronic
transition is observed in the short-wavelength part of the spectrum (fig. 4). This indicates that, despite
the presence of donor-acceptor fragments and the planarity of the structure, the nature of the electron
density distribution does not contribute to effective charge transfer at lower energies.
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Figure 9. The structures for which absorption in the long-wavelength region is predicted. Transition energies
and oscillator strengths are given according to B3LYP.

Applicability of TD-DFTB for High-Throughput Screening. The evaluation of the applicability
of the TD-DFTB approach for preliminary screening of structural library shows that it is an effective
tool for identifying compounds with potentially intense transitions in the long-wavelength part of the
spectrum. At the same time, the results emphasize the need for individual analysis of structures, since
some features of the geometry or electronic structure may remain “invisible” depending on the chosen
set of Slater-Koster parameters. The use of several parameterization options is advisable, since
although most of the obtained values are close to each other, each set has its limitations and selectively
“does not see” certain molecules, in particular those of interest as dyes.
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As can be seen from fig. 8, TD-DFTB satisfactorily reproduces the relative changes in transition
energies for a number of structures, allowing to estimate the influence of structure modification on
spectral properties. However, for individual compounds, such as 2 and 12, exhibiting the lowest ab-
sorption energies, the accuracy of TD-DFTB decreases significantly, which requires adjustment of the
results. B3LYP refinement of transition energies for geometries optimized at the TD-DFTB level
demonstrates improvements in correlation with the reference level of theory, allowing for significant
computational savings: while geometry optimization at the DFTB level takes only minutes, at the DFT
level it requires days.

Conclusion

The effectiveness of the TD-DFTB approach for predicting the spectral properties of dyes based on
the Effenberger dye isomers library was investigated. It was shown that TD-DFTB is capable of
qualitatively reproducing the main trends in the transition energy changes during structural
modification of molecules, in particular for systems with spaced donors and acceptors. Despite a
certain systematic error in the absolute values, TD-DFTB allows for the rapid and low computational
cost identification of promising structures with intense transitions in the long-wavelength region of the
spectrum.

The proposed hybrid approach, combining geometry obtained with DFTB and transition energies at
the B3LYP level, provides a balance between accuracy and computational speed and is a promising
tool for the initial screening of a large number of structures. The results demonstrate that TD-DFTB
can be an effective method in organic dye studies, subjected to careful selection and further refinement
for the most promising candidates.
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M. Kupna, A. 3axapos, B. IBaHoB. OujiHkn metogy TD-DFTB gns wmpokomacTabHOro CKpUHIHTY OpraHiqHuX
OapBHMKIB.

Xapkiecbkull HauioHanbHUl yHisepcumem imeHi B.H. KapasiHa, ximiyHul ¢hakynbmem, matidaH Ceobodu, 4,
Xapkis, 61022, YkpaiHa

DocnigpxeHo edekTuBHiICTE HaniBemnipuyHoro metogy TD-DFTB (Time-Dependent Density Functional
Tight Binding) y BiATBOpeHHi cnekTpanbHUX BNacTUBOCTEW OpraHiyHMx GapBHUKIB Ha npuknagi G6ibnioteku
i3omepiB TiodheHBMiICHOro AOHOPHO-akuenTopHoro GapBHUka EdydpeHbeprepa, BigoMoro Bupa)KeHow co-
neBaToxpomieto. MeToto poboTu 6yno 3'acyBaTu, HackinbkM npuaaTtHUM € npuckopexun nigxig TD-DFTB gns
cyyacHMX 3ajad MONEeKynsapHOro AmsanHy, 3 HeobXigHiCTiO WBMAKOI Ta HafinHoi igeHTudikauii cnonyk 3
iHTEHCMBHUMU €NeKTPOHHUMM nepexogamun B AOBroxBunboBi obnacti Y®-Bugumoro cnektpy. bibnioTeka
Mmictuna 60 CTpPyKTyp, B SIKMX CUCTEMATU4YHO BapitoBanucsa nonoxeHHs goHopHoro (N,N-anmetnnamiH) Ta
akuentopHoro (NO;) 3amicHuMKIB, a TakoX CTyniHb NiiaHapHOCTI TT-kapkaca. [ns KOXHOro isomepy reomeTpis
crnoyaTky onTuMmidyBanacs Ha piBHi DFTB, nicnsa 4oro eHeprii 36yaxeHHA po3paxoByBanvcst 3a A0MNOMOrot
meTtony TD-DFTB. OTpumaHi 3HauyeHHs nopiBHioBanu 3 po3paxyHkamu TD-DFT (dyHkuioHanu B3LYP Ta
CAM-B3LYP), BUKOHaHUMW 3 reoMeTpissMu, OTpuMaHuMu sik metogamu DFT, Tak i DFTB. Taka ribpuaHa cxe-
Ma 3HayHO 3HWXye obuucnioBarnbHi BUTPATW, OO3BOMSAYM NPOBOAUTM CKPUHIHM Benukux 6ibniotek 6e3
BTpaTM TOYHOCTI. HaBegeHo Kkopensuito Mix eHepriamu 36ymKeHHHA, po3paxoBaHumu 3a gonomorotw TD-
DFTB ta TD-DFT. TD-DFTB mae TeHAeHUit0 CMCTEMATUYHO 3aHWXKyBaTU eHeprii 30yQKeHHs1, ane 3Ha4yHow
Mipoto Bigobpaxae crnonykv 3 MiHimanbsHUMK eHepriamn 30yaKeHHA Ta BUCOKMMMK cunamu ocumnsaTopa, Lo
poOUTb AOro HafiiHUM IHCTPYMEHTOM Afisi MOYaTKOBOrO CKPUHIHrYy. Byno igeHTndikoBaHo kinbka isomepis 3
OOBrOXBUITbOBMM MOMMIMHAHHSAM Ta [OCTATHbOK iHTEHCUBHICTIO MepexofiB, SKi € NepcnekTMBHUMMK Ans Mno-
Aanbloi mogudikadii. Takum ynHom, TD-DFTB y noegHaHHi 3 TD-DFT Ha onTumisoBaHux reometpiax DFTB
OEMOHCTPYE onTuManbHUM GanaHc MK TOYHICTIO Ta LWBWAKICTO NOMNEpPeaHbOro CKPUHIHTY [OHOPHO-
akuenTopHmx 6apBHMKIB i3 3agaHNUMKU CNEKTPanbHMMKU NapaMeTpamMu, WO 3HaYHO PO3LLNPIOE MOXIUBOCTI pa-
LioHanbHOro An3anHy yHKUiOHaNbHMX OpraHiyHuX martepianis.

Knroyoei croea: monekynspHul CKpuUHiHe, opaaHiyHi b6apeHuku, TD-DFTB, TD-DFT, doHopHO-
akyenmopHi cucmemu, 00820X8USTLOBE MO2/TUHAHHS.
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The article presents the results of a study on the spectral characteristics (UV-Vis region) of the indicator dye
Nitrazine Yellow on the surface of organosilica materials. Experimental data are compared with the results of
theoretical (quantum chemical) calculations. Several model scenarios were considered, in which the organosil-
ica surface is represented by characteristic structural features, including isolated Si(OH) groups, vicinal Si(OH)—
O-Si(OH) pairs, and geminal Si(OH), groups.

Quantum-chemical calculations were carried out using ab initio Time-Dependent Density Functional Theory
(TD-DFT), CAM-B3LYP functional and LANL2DZ basis set.

The results obtained indicate a satisfactory description of the influence of environmental effects on the absorp-
tion spectra of the three forms of nitrazine yellow over the silica surface.

Keywords: nitrazine yellow, silica surfaces, TD-DFT, UV/Vis absorption.

Introduction

The first reference in the literature to the indicator - 2,4-dinitrobenzene-azo-1-naphthol-3,6-disul-
fonic acid (Nitrazine Yellow, NY) dates back to 1934. Henry Wenker [1] described the synthesis and
properties of the azo dye, which, according to the author, is a promising chemical indicator. Indeed,
NY is used for the manufacture of indicator paper [1,2], in the analysis of food, fuels and lubricants
[3-5]. Due to the fact that the color transition zone of the indicator is located at pH 7 (6.2-7.2), it is
widely used in biochemical and medical research. [6]

Modern developments using NY are focused on the creation of reliable sensor materials. Using
NY, a portable 3D analytical device based on microfluidic paper was developed for the determination
of total ammonia in freshwater. [7]

When creating pH sensor materials, the indicator is introduced into the matrix by sorption, applica-
tion as a sol-gel coating, or by adding a dye during fiber formation.

Most such materials show a clear visible color change when the acidity of the medium changes.
The response of the sensors depends on the density of the tissue, the method of fixation, and the effect
of the matrix on the molecule of the embedded indicator.

To produce functionalized nonwovens, the electrospinning method is used, when the formation and
functionalization of nanofibers occurs in one step. The polymer solution (which already contains the
dye) is exposed to an electric current, which promotes the formation of fibers with a diameter of about
several hundred nanometers. The resulting nanofibers made of polycaprolactone (PCL) and polycapro-
lactone with chitosan showed a reverse color transition, but a significant difference was found between
them. For the structure without chitosan, a slow reaction was observed, and for the nanofiber samples
containing chitosan, a rapid color transition was observed. In addition, the color transition occurred in
the pH range from 4 to 6 for nanofibers with chitosan, and for the polycaprolactone material - in a
much wider pH range. [8]

According to the authors, this difference is due to the availability of the dye azo group. In the case of
PCL fiber, interaction between the ether group of PCL and the azo group of NY is possible, and for fiber
containing chitosan, interaction between the sulfate groups of the dye and the amino groups of chitosan
is possible. The speed of the color transition reaction is affected by the presence of chitosan, which in-
creases the hydrophilic nature of the nanofiber, so water molecules easily penetrate the material matrix
and reach the dye molecules. In other words, the azo group is not directly involved in the interaction be-
tween polycaprolactone and chitosan fibers and remains available to water molecules, and the dye mole-
cule is capable of deprotonation in an alkaline environment and, accordingly, can exhibit halochromic
© Khristenko I. V., Ivanov V. V.., 2025
This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0.
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behavior. Theoretical calculations confirmed the experimental observations on the different nature of the
interaction of the dye with the polymer chains of polycaprolactone and chitosan. [9]

The possibility of fixing indicator dyes on an ion-exchange membrane with subsequent use as a
fiber-optic pH sensor was investigated by the authors in [10]. For the sensor with the embedded NY,
they observed a change in the dye dissociation constant and shifts in the absorption spectra. It was
found that the characteristics of the resulting sensor are affected by the concentration of the immobi-
lized dye, temperature, and ionic strength of the solution. The pH range of the color transition was 4.8-
6.6.

Another interesting chemical approach for the stable immobilization of indicator molecules on tex-
tiles is grafting by polymerization [11], which involves the use of reactive monomers that under cer-
tain conditions go into the state of free radicals and activate the surface of textiles. In this work, we in-
vestigated the photo-grafting of the NY molecule onto the surface of cotton fabric. At the first stage,
the NY dye is modified with glycidyl methacrylate (GMA) to obtain a photoreactive dye (GMA-NY),
and then potassium persulfate thermally initiates the radical grafting of the functionalized NY onto
cellulose. The treated cotton clearly changed color at different pH values. Dye modification and pho-
toinitiation did not change its spectral characteristics. The color transition interval was 6-7. [11]

Guido et al. developed and investigated sol-gel halochromic pH sensors. [12] Using the sol-gel
method, a hybrid structure based on 3-glycidoxypropyltrimethoxysilane (GPTMS) in the presence of
acid (BF;OEt, at different concentrations) and the dye NY was obtained, which was introduced into a
textile matrix (Fig. 1).

NO; M

o]
oM + BFyOEt,
B — 4
" 0\7/\

M
& M
N OH

Nai0y§ S04Na Na0syS "”5;/0
(5]
NY GMA GMA-NY

OH OH

==
NOy /_{0
g o

Figure 1. Scheme of preparation of a hybrid structure with the content of NY [12]

The experimental results have shown that the pH-sensitive properties of nitrazine yellow are pre-
served after covalent immobilization on a silanol matrix due to its sulfo group. The concentration of
the catalyst (BF;OEt,) significantly affects the opening of the epoxy ring, the formation of the
=Si-O-Si= bond, and the degree of density of the silica matrix. The more cross-linked the inorganic
structure is, the more efficiently the hybrid halochromic matrix is fixed to the cotton.

Depending on the form of the dye, the presence of interactions with other molecules, and the nature
of fixation in the matrix, the color transition interval and reaction rate can vary significantly. There-
fore, the aim of this work was to model the corresponding complexes in the presence of aqueous
medium and calculate the absorption spectra.

Experimental part

The initial NY solution was prepared by dissolving an exact weight of the indicator in distilled wa-
ter. The indicator method was used to study the properties of the medium in the surface layer of sor-

bents (Table 1).
Table 1. The investigated sorbents

Ne Sorbent Modifier
1 Silica gel (SiOy) -
2 Silica gel with grafted n-propylamine groups ~ (CH»);NH,
3 Silica gel with grafted diethyl ester groups of B-(propy- ~(CH,);NHC(CH3),PO(OC,Hs),
lamino)-a-dimethylphosphonic acid
4 Silica gel with grafted B-(propylamino)-a-dimethylphos- ~(CH,);NHC(CHs3),PO(OH),
phonic acid groups

To a sample of each material (0.1 g), 5 ml of indicator solution with a concentration of
0.45 mmol L' was added. The solvent was removed by evaporation in a drying oven at a temperature

82



I. V. Khristenko, V. V. Ivanov

of 80-100 OC to a dry suspended state. The absorbance spectrum of NY adsorbed on the surface of the
studied materials was measured on a Shimadzu UV-2600 spectrophotometer with an integrating
sphere in the range of 300 — 700 nm with a step of 1 nm (slit width 2 nm).

Modelling of complexes

Preliminary NY calculations were carried out by us in [13] in order to highlight quantum-chemical
approaches capable of giving adequate estimates of the spectral properties of the system in a
reasonable time. According to the obtained data, a convenient method of calculation is DFT with the
CAM-B3LYP functional. As a basis we used the double split pseudopotential basis LANL2DZ. The
CAM-B3LYP functional gives a slightly underestimated absorption wavelength, but it proved to be
significantly better than the B3LYP functional since the latter overestimates the wavelength
enormously. This circumstance is due to the apparent intramolecular charge transfer in the molecule.
Such situations lead to the necessity of using long-range-corrected exchange functionals and one of
them is CAM-B3LYP. We also used a polarization-continuum approach to describe the effects of the
water environment. All the calculations were performed using the Gaussian 09 quantum chemistry
package [14].

In our calculations we have considered several variants of silicate clusters modeling surface silanol
groups. The corresponding structures are presented in Fig. 2. In these clusters, the free valences of
silicon were terminated by hydrogen atoms.

Figure 2. Samples of silanol clusters

We also considered a small cluster that included several silanol groups that realize typical structural
situations. This cluster includes so-called vicinal and geminal groups Fig. 3

Figure 3. Schematic representation of the silanole fragment (left) and corresponding 3D structure after the geom-
etry optimization (right).

The ability of NY to change color in solution is due to the presence of azo-hydrazone tautomerism
(Fig. 4, A-B). In a neutral aqueous environment, the hydrazone tautomer (Fig. 4, B) is more stable, and
in an alkaline environment (pH > 7), the dye molecule appears in a deprotonated form (Fig. 4, C),

which leads to a long wave shift of the absorption band. The corresponding forms will be referred to
as NY-A, NY-B, and NY-C.
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Figure 4. Light-absorbing forms of NY
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Optimization of NY geometry together with clusters of Fig. 2 and Fig. 3 in four different positions
relative to -SOs3 and -NO, groups gave an opportunity to form the structure of possible complexes.
Some typical ones are shown in Fig. 5.
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Figure 5. Typical complexes of NY with silanol surface.

Calculations of the NY absorption spectra over the surface of modified organosilica with the de-
scription of the medium effects at the level of polarization-continuum model were carried out for dif-
ferent models of complexes (Fig. 5). The calculations showed a relatively small influence of the struc-
tures of complexes with silanol groups on the spectrum. For example, while NY-A absorbs at 445 nm
in aqueous medium, it absorbs at 432 nm on the surface according to CAM-B3LYP calculations. The
first long-wavelength transition of the NY-C form in aqueous medium absorbs at 629 nm, while at the
surface — 613 nm. The correspondence between the experimental and calculated data can be seen in
Fig. 6. Here the calculated data for the forms NY-A and NY-B are shown in yellow color, whereas the
absorption of the deprotonated form is shown in blue.
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Figure 6. Absorption of the indicator in solution over the sorbent (a) and on the surface of silica gel modified
with dimethoxysilane SiO,~O- Si(OCHj3)(CHzs), (b)
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In general, it can be seen that the calculated data are in satisfactory agreement with the experimen -
tal data.

Conclusion

It is known that silanol groups on the surface of unmodified silica differ in terms of pKa. [15, 16]
Chemical modification of the silica surface results in a greater diversity of surface sites differing in
their acidity. Analysis of the absorption spectra of NY adsorbed on the surface of various organosilica
materials, in combination with theoretical calculations, enables a more accurate evaluation of the influ-
ence of different local environments on the spectral characteristics of the indicator.

The presented work describes the application of a quantum-chemical method for calculating the
spectral properties of the NY indicator on a silicon surface. It is shown that a satisfactory description
of the spectrum can be achieved using a relatively cost-effective method in a sufficiently simple dou-
ble-split basis.
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I. B. XpucteHko, B. B. IBaHOB. KBaHTOBO-XiMiuHE Ta ekcniepuMeHTanbHe AOCNIAXEHHS HITPasuHOBOro XXOBTOrO Ha
NOBEpPXHi KpEMHe3eMmy.

XapkiecbKkuli HayioHanbHUl yHisepcumem imeHi B.H. Kapasina, matidaH Ceobodu, 4, Xapkis, 61022, YkpaiHa

Y cTatTi npeacTaBneHo pesynbTaTn AOCHIAXEHHA CNEeKTpanbHMX XapakTepuctuk (YP-obnacts) iHaNKaTopHOro
6apBHuka HiTpasuHosoro xoBToro (NY), agcopboBaHOro Ha NoBepxXHi KPeMHiopraHiyHnx matepianis. Exkcnepu-
MeHTarbHi JaHi MOPIBHIOKTLCA 3 pe3ynbTaTamMn TEOPETUYHMX (KBAHTOBO-XIMIYHMX) PO3PaXyHKIB.

B cnekTpax NormmMHaHHs CnocTepiraeTbCs 3Ha4yHe po3lMpeHHa cMyr nornuHanHa NY, wo obymoBneHo pi-
3HOMaHITTSIM YTBOPEHWX KOMMMEKCiB OapBHMKaA 3 MNOBEPXHEBMMM rpynamu. BpaxoBykuu, WO NOBEpPXHS
KpemMHe3eMy Mae cknafHy OyaoBy, pO3rfsiHyTO Kifbka MOAENbHUX CLEHapiiB, B sIKMX MOBEPXHSI KpeMHiopraHi-
YHMX MaTepianis NnpeacTaBieHa XapakTepPHUMU CTPYKTYPHUMU 0COBNMBOCTAMM, 30KPEMA i30MIbOBaHUMU FpynamMm
Si(OH), BiunHaneHmu napamu Si(OH)-O-Si(OH) Ta remiHanbHuMKM rpynamu Si(OH)s.

KBaHTOBO-XiMiyHi po3paxyHku 6ynv nposeaeHi 3 BUKOPUCTaHHAM ab initio Teopii dyHKLiOHany rycTuHu, 3anex-
Horo Big Yacy (TD-DFT), cdoyHkuioHany CAM-B3LYP ta 6a3uncHoro Habopy LANL2DZ.

OpepxaHi pe3ynbTaTty cBig4aTb Npo 3a40BiNbHWIA ONUC BNIMBY HABKOIMLLIHBOIO CepeaoBuLLa Ha CNeKTpr
NOrNMHaHHA TPbOX (POPM HITPA3MHOBOIO XOBTOIO Ha NMOBEPXHi KpEMHE3EMY.

Knroyoei cnoea: HimpasuHosul xoemudl, r1oeepxHsi KpemHesemy, TD-DFT, Y®/Budume
noanuHaHHs.

KoHdnikT iHTepeciB: aBTOpK NOBIAOMASAOTbL MPO BiACYTHICTb KOHMMIKTY iHTEPECIB.
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3anponoHoBaHO KOMMIEKCHWIA METOA OLiHKM MPOrHOCTUYHOI 34aTHOCTI (DYHKLUiA po3nofiny MMOBiIpHOCTEN
BUSIBNEHHS aHaniTy B MeToankax siKicHOro xiMiyHoro aHanisy. 3a pesynbtatamy po3paxyHkiB BU3HaUeHi yHKLIT
po3noainy NMOBIPHOCTEN, SIKi XapakTepu3yTbCsl MakCUManbHOK MPOrHOCTUYHOKO 34aTHICTIO.

KnrouoBi cnoBa: TectoBuin aHanis, kpuei edeKTMBHOCTI, 06nacTb HeHadiNHOCTI, NepexpecHe OLiHIOBaHHS,
yHKLIT po3noginy NMOBIPHOCTEN, CTAaTUCTUYHI KpUTEpIi ageKkBaTHOCTI.

Bcrtyn

[ligBumenuii inTepec XiMiKiB-aHAITHUKIB 10 TECTOBUX METOMIB aHAIli3y OOYMOBIIOETHCS IXHBOIO
SKCIIPECHICTIO Ta BiIHOCHOIO TIPOCTOTOI0 BUKOHAaHHs. He BHKIHMKae CyMHIBY HEOOXITHICTh TECTOBHX
METOAMK JUIS aHali3y TOKCHYHHMX PEYOBHH Yy HaBKOJMIIHROMY cepenoBuini [1-4], xap4oBux
npoxaykrax [4, 5] ta ToBapax 3aranbHOrO BXuBaHHA [4, 6]. TecToBi aHai3u MOXYTh OYTH KOPUCHUMH
TaKOXK MPH MEAWYHIA JIarHOCTHIl, HAPKO- Ta AOMIHT-KOHTpom [7, 8]. Pa3zom i3 30ibIIeHHIM Ha pH-
HKY KUIBKOCTI TECT-CHCTEM, OYPXJIMBO PO3BHBAIOTHCS 1 TEOPETUYHI METOAHM BU3HAYEHHS METPOJIOTi-
YHHUX XapaKTEPUCTUK METOJUK TeCTOBOTO aHaimizy [9-14]. [1inbip dyHKIIT po3moaisty WMOBIPHOCTEH
Ta OLIHKA IXHIX MMapaMeTpiB y Mpoleaypax SKiCHOTO aHami3y 3 OiHapHHM BiAI'YKOM Ta METOJHMKax
HaIiBKUTBKICHOTO BH3HAUEHHS — A00pe mociimpkeHa npobiema [9, 10, 14-16]. ¥V Toii ke gac JOCHUTH
MaJIO yBard MpHUIiJIEHO TAKOMY acIleKTy, sIK OI[iHKa MPOTHOCTUYHOI 3AaTHOCTI TAKUX MOZETIEH.

Haifuacrimme moTpiOHO oOLIHMTH 3HAa4YeHHS MoporoBoi koHueHtpamii [10, 15] 3a iiMoBipHOCTI
BHSIBJICHHSI KOMITOHEHTA, 1110 BUXOAMTD 33 MEXKI TOCIIKEHOI 001aCcTi HEHAIIHOCTI TECTOBOI peaKiIii.
B nawniit poGoti, as 1i€l METH, 3aCTOCOBYBAJIacs MPOIEaypa MEPEXPECHOrO OLIHIOBAHHS — METO/I
JOCIiDKEHHSI TPOTHOCTUYHOI 37JaTHOCTI MaTeMaTHYHUX MOJACICH.

3aranbHi BIAOMOCTi NpPO TeCTOBi METOAUKU

[Mopsin i3 BpakalouMM PO3BUTKOM METOJIIB KUIBKICHOTO aHajily, Oe3nepepBHO PO3LIMPIOETHCS 1
cdepa 3aCTOCYBaHHS SIKICHOTO aHamizy. Y SKICHOMY aHajli3i HIMPOKO BUKOPHCTOBYIOTHCS METOIAMKH
BUSABIIEHHS 3 OiHApHUM BiATyKOoM (aHauiT BusiBIeHWU / aHamit He BuseneHwir, TAK / HI), mo He
nepenbavae, 3a3BUyail, BUKOPUCTAHHS JIOPOTOT0 00JIaqHaHHs, TOCTaBKH Mpobd mo mabopaTopii, 3amy-
YeHHS! BUCOKOKBalli(ikoBaHOro mepconaiy [9, 10]. BusBneHHs Moxe BHKOHYBaTHCS 3a TOIIOMOTOIO
METOAMK 3 OPraHOJECNTHYHOIO (iKCali€l0 aHAIITUYHOIO CHUTHATY, L0 O€3MOCepeaHbO OaloTh BH-
CHOBOK TIPO IPHUCYTHICTH 200 BIICYTHICTh aHAJITY B MpoO0i (IO TAKUX METOIUK BiITHOCSATHCS, HAIIPH -
KJIa 1, momupeHi “spot tests”). [IIupoko 3aCTOCOBYIOTBCS 1 METOAMKH, 1[0 BUKOPUCTOBYIOTh JJIsSi BHMi-
pIOBaHHSI CHTHally iHCTPYMEHTAJIbHI METOOW 1 JO03BOJIIIOTH BCTAHOBUTH, YW € aHANIT y mpobi B
KOHIIEHTpAIIii, 10 MEPEBHIYE 3a3aJIETiIb BCTAHOBIEHY Mexy. OOnIBa TUIIM METOJUK BiHOCSTH 10
nporenyp ckpuHinry [9, 10, 12].

AHaNITHYHIM CUTHAJIOM JJISl X METOAWK MOXKe OyTH BUHMKHEHHsI, a00 3MiHa, 3a0apBIICHHS TIPH
XPOMOT€HHIN peakilii, BAHUKHEHHA a00 TraciHHA (pIyopecleHIlii, yTBOpeHHs ocaiy, MOsBa 3araxy,
MIPUCKOPEHHSI 200 iHTi0yBaHHS (hepMEHTATUBHUX PEAKITiH, 3MIHHU B KUTTEMISUIBHOCTI OpraHi3MiB Ta iH
[9, 17].

Sk cepenoBulle AJsl MPOBEIEHHS PEaKLiil BUABICHHS BUKOPHUCTOBYIOTHCS 1HAUKATOPHI peareHTHi
Manepu, MHONOJIYPETaH, )KeJIaTHHOBI TTiBKH, MOIM(IKOBaHI KPEMHE3eMH, IHIUKATOPHI TPYyOKH TOIIO
[9-11, 17].
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OCHOBHI BUMOTH JI0 PEaKIliii Ta METOIUK, 1[0 BUKOPUCTOBYIOTHCSI:

a) CEJIEKTHUBHICTH O BiTHOIICHHIO JI0 OJIHIET peYOBUHU a0 KIIaCy PEUOBHH,;

b) HHU3BKa MeKa BUSBIICHHS,

C) TMPOCTOTA peECTparlii Ta CTIHKICTh aHATITUYHOT'O CUTHAIY;

d) excmpecHicTb;

e) crilikicTs aHamiTHYHUX (hopM Tijx gac 30epiranus. [9-11, 17].

OCHOBHHH MiAXiA AO OIIHKH METPOJIOTIYHHX XapaKTePUCTHK METOAMK 3 OIHAPHUM BiATYKOM
3aCHOBAaHUI Ha BHBYEHHI 3aJIE)KHOCTI MIMOBIPHOCTI BUSIBIICHHS aHadiTy (P) 3 iioro koHueHTpauii (c),
T00TO. MOOYTOBa KpUBUX ehekTuBHOCTI (puc. 1).

Pe)

0,5 1
0,4 4

0,2 4

Puc. 1. 3aranpHuii BUTIISIT KPUBOT €PEeKTUBHOCTI
Fig. 1. General view of the efficiency curve

BaxnuBo, m00 KpHBi eeKTUBHOCTI OTPUMYBaJH 3a (HIKCOBAHUX YMOB €KCIIEPUMEHTY — pO3Mipi Ta
00’eMy Kpalesib PO3YHMHIB, IO 3MIIIYIOThCSA (B KPAalUIMHHUX METOAAX), MOPSAKY iX 3MillyBaHHS,
TeMIepaTypi, TPUBAIOCTI, OCBiTIIeHH] (Y Bi3yaJdpbHHX MeToaax) oo [10].

B ineanpHOMY BHINaAKy KprBa e(eKTUBHOCTI € OJMHUYHOIO 3MileHOr0 QyHKIieto Xepicaiaa [9]:

.
P(c)={V-c=c | (1)
1,c>c
Je ¢’ — JesKa rpaHMYHA KOHLEHTpaLis. Y LbOMY BUNAAKy METOJAMKA 3 GIHAPHMM BiATYKOM 3aBKIH
NPHU3BOAUTH [0 BUSBJIECHHS aHAITY IIpH ¢ > ¢ (06JacTh HYJILOBOI HMOBIPHOCTI HOMUIKH | poxy) i BH-
CHOBKY TIPO HOT0 BiZICYTHICTB TIpH ¢ < ¢’ (061aCTh HYJILOBOI iMOBipHOCTI ommiiku 11 poxy).

Ha mpakTuiii moporoBa KOHIIEHTpaIllisi PO3MHUBAETHCS B iHTEpBall HEHaNIHHOCTI (Ac) — iHTepBal
KOHIICHTpAIllil aHaJITy, B SKOMY JJIS YaCTUHH 1JICHTHYHUX MPOO MPUXOAATH O MO3UTHBHOI'O BH-
CHOBKY MO MPUCYTHICTH aHANITy, & B YaCTHHI — JJO HETaTUBHOTO. TakuM YWHOM, 3aMiCTh OPOTOBOI
KOHIIEHTpAIii ¢’ IOBOAUTHECS 0OrOBOPIOBATH JIiBY i MPaBy MeXi iHTepBany HeHaniiHOCTI. KirouoBoro
METPOJIOTITHOI0 XapaKTEPUCTUKOIO METOIUKY BUSABJICHHS 3 O1HAPHUM BiATYKOM OYJI0 3aIIpOITIOHOBAHO
BBa)KaTH iHTepBasl HeHaAiHHOCTI [9, 10]. OcKilbKM MpH CKPUHIHTY Ba)KIMBILIE YHUKHYTH HOMUIIKHA |
pOIy, SIK BEPXHIO MEXYy JOUIIBHO TPHUHHSIU Cogy, (MPH KOHIEHTPALIAX, MIO IEPEBHUILYIOThH
Coo%, 0L < 1%), a HIDKHIM TIOPOTOBHM 3HAYEHHSIM BBaKAJIH Csy. Briepiie neTanpHe JOCITIIHKEHHS TaKoTO
inTepBaiy Oyno mposeneHo M.IT. Komapem [18].

Mpouenypu ouiHkn NnapameTpiB KpUBUX ePeKTUBHOCTI

Ha mpaxtuii kxpuBy e(eKTHBHOCTI MiOMParOTh K (YHKIIIO, IO alpOKCUMYE EMITIpPUYHY 3aJIekK-
HICTb YacTOT BHUsABIEHHS P°™ Bim c. JIma oTpuMaHHS TaKol 3aJIeKHOCTI BHOMPAIOTh Kimbka (M)
KOHIICHTpAIIH ¢; BCepeAnHI iHTepBaly HEHAAIWHOCTI, [UIsI KOXKHOI 3 HUX IPOBOIATEH V; BUTIPOOYBaHb,
(iKCYIOTh YHCIIO MO3UTHBHUX PE3YNbTAaTiB BUSABJICHHS aHANITY (7;) Ta O0YHCIIOIOTH EMITIPUYHY 4acTO-
Ty BHUSIBIICHHS aHamiTy [9, 10]:
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n.
PM=t @
1
Jns anpokcumarii 3amexHocTi PP Bif ¢ MOXHA, B MPHUHIHUIT, BUKOPUCTOBYBATH OYIb-SIKy HeE-
cnanay ¢yHkiio, ooMexeny 0 i 1. Taki BIacTUBOCTI MarOTh, HAPUKIIAM, THTETpaIbHI QYHKIIT po3-
MOy BUMIQJIKOBUX Beln4uH [9, 19].
B nmaniit poGoTi [N OWIHKH MPOTHOCTHYHOI 3/aTHOCTI BHUKOPUCTAIM 3 BHAM (PYHKIINA — eKc-
MTOHEHITIHHOTO, JIOTICTUIHOTO Ta HOPMAJIHHOTO PO3MOAUIIB BiIITOBITHO IO PEKOMEHAAIIIH, IO BHCIIO-

BJICHO B po0oTi [10].

Tabmums 1. @yHKIiT po3noainy, BUIPoOyBaHi IPH anpoKCUMAIlii KpUBUX €(EKTHBHOCTI
Table 1. Distribution functions tested at approximation efficiency curves

Posnonin Bupas mist P(c), obnacts BU3HAUEHHS, MiJTiHHI TapaMeTpH
Distribution Expression for P(c), domain of definition, fitting parameters
EKCHOHSH.HIHHHH P(c):l—exp —cma ,a<c<oo,qa>0,b>0

Exponential b

JloricTuunuit P(C):;,k<c<oo,k>0,t>0

Logistic 1+GXP(_C_ )

Hopmansamii Plc)= 1 j' exp —1({c—x : dx . —o0<c<oo 650 550
Normal svV2m Y, 2 s ’ ’ ’

MporHocTuMyHa 3aaTHICTb byHKUiA po3noainy iiMoBipHOCTEH

VY po6orax [9, 10, 20] nocnimKyBanocs aleKBaTHICTh allpOKCUMYIOUHX (PyHKIIH, IpoTe AOBOJI Ya-
CTO BHHHMKAE MMOTpeOa OMIHUTH 3HAYCHHS KOHIICHTPAIlIH, III0 BUXOAATH 3a MEXKI JOCIIKEHO1 00IacTi
HEHaIIMHOCTI TECTOBOT peakiii. 3aIsl M IBUIIICHHS HAIHHOCTI OTPUMAaHUX OI[IHOK, HEOOXI1IHO JIOCITi-
JUTH TPOTHOCTUYHY 3JaTHICTH MaTeMaTHYHOI MOJEN, SKy He HaJae MpocTa ampoKCHMAallis 3a
JIOIIOMOT'0I0 HEJIIHITHOTO METOAY HaiMEHIINX KBaJpaTiB.

Sk MeTon JOCTiPKEHHS] MPOTHOCTUYHOI 3/IaTHOCTI MaTEeMaTHYHHUX MOENel, B poOOTI BHKOPH-
CTOBYBABCS METOJI TIEPEXPECHOTO OL[IHFOBAHHSI.

Ilepexpecue ouintoBanus (Cross-Validation) € mpoueayporo OWiHKA TOYHOCTI MPOrHO3YBaHHS 3a
JIOTIOMOT'O0 JTaHUX i3 CIeIiadbHOi TECTOBOI BUOIPKH (BUKOPHUCTOBYETHCS TAaKOX TEPMiH KpPOC-TIEpEBi-
pouHa BHUOIpKa) NUISIXOM HOPIBHSHHS TOYHOCTI MPOTHO3Y 3 TIE0, 110 JOCATAETHCS HA HaBYAJIbHIN BH -
Oipui, ToOTO Ha BUOIpLi, 32 AKOI BiacHe OyamyBanaca monenb. OTxe, MoJelb OyAyeTbcs 3a Ha-
BYAIEHOIO BUOIPKOIO, @ TOYHICTH MPOTHO3Y MOJIENI OIIHIOETHCS 33 TECTOBOIO BHOipKoI0. B imeani, ko-
JIM € JOCUTH BEJIMKa BHOIpKa, YaCTHHY CIIOCTEPEKEHb (HAPHUKIal, MOJOBUHY ab0 Bl TPETUHHU) MOXK-
Ha BUKOPUCTOBYBATH JUIsl HABYAJILHOT BUOIPKH, & CIIOCTEPEHKESHHS — JUIsl TeCTOBOT [21-22].

B po0oti BUKOpHUCTaIU OJIUH 3 BHIIB MTEPEXPECHOTO OIliHIOBaHHS — Leave one out cross validation.
CyTb HOro momArae B TOMY, L0 IPOBOAWUTHCS OJMHUYHE OLIHIOBAHHS OJHi€] TOYKH, pelira — Ha-
BUaJIbHA BUOIpKa.

CriouatKy, BUIIy4aloud 3 PO3paxyHKiB MEpUIy eKCIIEpUMEHTANBHY TOUKY (c1, P1), peiTy eMmipud-
HUX JAHUX alnpOKCUMYIOTh 33/IaHOK0 (YHKII€I0 1 3HAXOMATh MiATIHHI mapameTpu. BukopucTtoBytoun
OLIIHKY X MapaMeTpiB Ta KOHLEHTPALIIO ¢i, 00YHCIIOIOTH IPOTHO30BaHy HMOBIPHICTb P;. [otim o
HaBUYaJIHHOI BHOIPKH MOBEPTAIOTh TOUKY (c1, P1) Ta BUIy4aroTh (¢, P,). Ilporenypy nmoBTopioots N
iTepaliif, OTpUMYIOUHM HaOip MPOTHO30BAaHMX 3HAYEHb WMOBIPHOCTEH I KOXKHOI KOHIIEHTpAaLii P;,
i=1...N.

KpuTepii agekBaTHOCTI NPOrHOCTUUHOI CMPOMOXHOCTI (byHKLUiIN po3noginy iiMoBipHOCTe#H

3acTOCOBYBaBCSI KOMIUIEKC CTATUCTHYHHMX KPUTEPIiiB BiAMOBIAHOCTI MigiOpaHUX METOAOM Iepe-
XPECHOTO OIIHIOBaHHS WMOBIPHOCTEH PO3MOJINIIB 3 €MIIPUYHUMU HMOBIPHOCTSAMH: KOEQili€HT JIi-
HilHOT Kopensiii Mixx P ta PV — mporHo30BaHoI0 MMOBIPHICTIO, aHANi3 HEB 30K Ta PO3PAXyHOK
CTaTUCTUKHM ’, a TAKOXK aHaJli3 3HaY€Hb KOE(III€HTIB KOPEISAILii MiX IiAMHHAUMH [apaMeTPaMH.
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KoedimienT miHiiHOI KOpemsmii po3paxoByBaBCs MiK HMOBIPHOCTSIMH, OTPHUMAaHHMU METOAOM
MIEPEXPECHOr0 OLIHIOBAHHS Ta EMIIPUYHUMH 32 (OPMYJIOO

_ 2P PP P
N e

Yum Ommxue po3paxoBaHuil koedilieHT kopemauii Ao 1, THM anpokcumyroya (QyHKIis BBaxkajacs

a/IeKBaTHILIOLO.
[IpoBoauBCS, TAKOXK, aHANI3 HE3BaKEHUX HEB'SI30K
__ pemp CvV
Ei_P i — P 4)
3a KONMBaHHAM 3HaYeHb HEB'A30K Bix -1 mo +1 BimHocHo Bici PV poGHIM BHCHOBOK OO
a/IeKBaTHOCT1 MOJIeNIi (UMM PiBHOMIpHillle pO3TallyBaHHs, TUM aJeKBaTHiIIa MoAems [23]).

CTaTuCTHKY )° pO3paxOByBaIIH SK
2 2
X'=2.58" )

OTpyrMaHi 3HaUYeHHs CTATHCTHKHU ) MOPIBHIOBAIM 3 KPUTUYHUM 3HAYEHHSAMH, Y BUIIAJKy BUKOHAHHS
HEpIBHOCTI

3)

2_.2
X <Xt,5% (6)
. 2 o . 2
€ f — YMCIIO CTYNEHIB CBOOOMM, X 50, — S%0-Ba TOUKA PO3MOMLLY X ~ 3 f CTyHeHsAMH CBOOOIH, MOJIETH
BU3HABAJIaCs aJ€KBAaTHOIO.
OwuiHioBay, TaKOX, 3HaUCHHA KOe(]iLi€HTIB KOpEIALil MiXK MATIHHUMHU TapaMeTpaMu

D.

§;=——— 7
i TﬁDﬁ (7

ne Dy, Dy, D; — eneMeHTH KoBapiallitHUX MaTpHIlh MiATIHHUX ITapaMeTpiB, po3paxoBaHUX 32 alropH-
T™MOM, HaBeeHuM y [23]. Ilpu 3Ha4eHHAX s; 6Mu3bKuX 10 +1 Moaens nepeBr3Hayena [9].

EkcnepuMeHTanbHi AaHi, pe3ynbTaTi Ta iX 06roBopeHHs

BimomMocTi mpo MeTOAMKH BHSBIIEHHS MpeacTaBieHi B poborti [ 10]. XpoMoreHHi peakuii mpoBou-
JMcs B PO3YMHAX, Ha (UIBTPYBaJbHOMY Mamepi, pearecHTHUX IHAMKATOPHHUX Marepax, MiHOMOiy-
peTaHi, TOBEpXHi TEIIF0 METHIKPEMHIEBOI KUCIIOTH, (PTOPOTUIACTOBUX IUIACTHHAX, JKECJIATHHOBHX IIJTi-
BKaXx; JOCHIJDKyBaJIMCS Peakiii pi3HOTO THITY 33 y4acTIO IIMPOKOTo HaOOpy peareHTiB Ta aHAIITIB.

ExcniepyMeHTanbHi JaHi 32 JOMOMOTOI0 METOIY TMEPEXPECHOr0 OLIHIOBaHHS alPOKCHMYBATUCS
(hyHKIISIME €KCTIOHEHIIIHHOTO, HOPMAIILHOTO Ta JIOTICTHYHOTO PO3IOALTIB Po3paxyHKy poBOIMIIHCS
3a JONOMOTOI0 TIPOrpaMHOTO nakeTy Matlab.

Jlnst BCiX METOAMK OyJM PO3paxoBaHi 3HAYEHHS CTATUCTUKH ), KOE]IliEHTH KOpENALii 3 emItipu-
YHUMH 4aCTOTaMH, a TAKOK KOS(IIIEHTH KOPEJIALil MK apameTpamu (Tadiuiii 2-4).

Ta6muns 2. CraTuctuka y* 1y EKCIIEPUMEHTAIIBHAX JAHUX
Table 2. y” statistics for experimental data

% PO3paxoBaHi 3a piBHAHHAM (5)
Meroauka* y?, calculated by the equation (5)
Method* Excnionenniitauii posmonin | Jlorictruunmii po3mogin | HopmampHuiA po3moin )
Exponential distribution Logistic distribution Normal distribution Krs%
2 2.24x10 1.30x107 1.40x107 12.59
4 1.60x107 1.10x107 1.10x10° 14.07
5 1.54x107 2.00x10* 2.00x10* 15.51
6 1.90x102 2.90x10? 1.70x107 12.59
7 4.09x107 7.60x107 6.70x107 11.07
8 2.94x10"" 3.70x10? 2.10x10° 9.49
9 6.49x10" 1.50x10° 3.10x10° 9.49
10 7.50x107 9.00x10* 1.00x107 14.07
11 8.10x107 7.00x10 5.00x10"* 14.07
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12 8.00x107 2.00x107 1.50x107 11.07
13 1.00x10? 1.15%107 1.14x107 11.07
14 2.33x107 8.10x107 7.00%107 11.07
15 2.93x107 1.60x107 1.80x10° 15.51
16 4.80x10°° 8.00x10"* 8.00x10™ 14.07
17 1.74x107 1.30x10° 1.00x10°° 9.49
18 2.04x107 1.50x107 1.40x107 12.59
19 2.04x107 9.20x107 9.70x10° 11.07
20 1.66x107 9.00x10"* 7.00x10* 11.07
21 2.73x107 1.97x107 1.93x107 12.59
22 7.92%107 1.02x102 1.07x107 7.81
23 2.00x107 2.40x10° 2.70x107 14.07
25 1.74x107 4.00%10* 5.00x10* 12.59
26 3.56x10"! 3.00x10"* 9.00x10* 7.81
27 2.70x107 9.70x10° 9.30x10° 9.49

* TyT 1 1aji HOMep METOAMKH Bi/IOBiae HoMepy B poOoTi [10]

* here and below, the method number corresponds to the number in the [10]

Taoauus 3. KoedimienTn MiHIAHOT KOpesLii MK EMITIPUYHAMHE Ta MPOTHOCTHYHUMHU HMOBIPHOCTSIMU

Table 3. Linear correlation coefficients between empirical and predictive probabilities

R?, po3paxoBanuii 3a piBHAHHAM (3)
MeTtomuka R, calculated by equation (3)
Method ExcnioHeHIiHHUH po3moiT JlorictuaHuit po3momin Hopwmansauii posmozin
Exponential distribution Logistic distribution Normal distribution
2 0.945 0.995 0.995
4 0.983 0.988 0.988
5 0.930 0.999 0.999
6 0.941 0.992 0.995
7 0.913 0.974 0.977
8 0.818 0.992 0.996
9 0.592 0.997 0.993
10 0.956 0.994 0.994
11 0.956 0.996 0.997
12 0.943 0.985 0.988
13 0.862 0.844 0.845
14 0.913 0.966 0.970
15 0.919 0.995 0.995
16 0.969 0.995 0.994
17 0.923 0.993 0.994
18 0.927 0.994 0.995
19 0.947 0.966 0.964
20 0.923 0.995 0.996
21 0.838 0.887 0.889
22 0.773 0.958 0.956
23 0.979 0.974 0.970
25 0.945 0.999 0.998
26 0.961 0.999 0.998
27 0.991 0.968 0.970
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Tabnuus 4. KoediuieHTn Kopensuii Mix NiAIHHAMY TapaMeTpaMu
Table 4. Correlation coefficients between fitted parameters

Sjj, pO3paxoBaHi 3a piBHIHHAM (7)
MeTtoauka s, calculated by the equation (7)
Method ExcnioHeHIiHHMA po3moaiT Jlorictuanuit po3monin Hopmaneauit po3nogin
Exponential distribution Logistic distribution Normal distribution
2 0.618 0.051 0.053
4 0.878 0.202 0.216
5 0.717 0.035 0.041
6 0.504 0.449 0.463
7 0.635 0.039 0.041
8 0.501 0.002 0.009
9 0.549 0.017 0.002
10 0.800 0.128 0.144
11 0.772 0.032 0.036
12 0.875 0.257 0.278
13 0.907 0.206 0.215
14 0.749 0.089 0.101
15 0.527 0.014 0.010
16 0.815 0.178 0.198
17 0.832 0.005 0.005
18 0.661 0.041 0.028
19 0.643 0.036 0.040
20 0.818 0.108 0.122
21 0.802 0.595 0.629
22 0.821 0.511 0.545
23 0.887 0.522 0.556
25 0.683 0.074 0.082
26 0.652 0.298 0.286
27 0.703 0.256 0.253

AHaJi3 OMMCAaHNX CTATHCTUIHUX KPUTEPIiB IMOKa3y€e HACTYITHI pe3yabTaTH. 3a 3HAUYCHHAMHU KPHUTE-
pito y* (Tabn. 2) BCi ampokcumyrodi (GyHKIii MPU3BOAATE IO aAE€KBATHMX PE3yJbTaTiB. 3HAYCHHS
KoeiIieHTIiB JTiHIHHOT KOpEAIii MK EMITIPUIHAMH Ta MPOTHOCTUYHUMH WMOBiIpHOCTSIMH (Tabi. 3),
OKpiM TIOOJMHOKUX BUNAIKIB (HANpUKIal, cripoba ampoKcHUMyBaTH cucTeMy NeQ excroHeHIiHHUM
PO3MOAITIOM), TaKOX AEMOHCTPYIOTh aJEKBATHICTH MPOMOHOBaHMX Mojenei. LlikaBimmM BUSBUBCS
aHaJli3 HeB'A30K Ta 3HAYeHb KOe(IIlieHTIB KOPEIAIii MiXK MiATiHHUMHU TTapaMeTpaMH JUIsl alfpOKCHMYIO -
ynx QyHKIIA (Tabn. 4). Bei 6e3 BUKIIOUSHHS 3HAYEHHS §j;, pO3paxoBaHi Uil MATIHHUAX MapaMeTpiB
eKCTIOHEHLIHHOTO po3noAiay nepeBuiytots 0.5, y aeskux Bunaakax csrarouun 0.91 (cuctema Nel3),
0 BKa3y€ Ha JOBOJI CHJILHUH B3a€MO3B’S30K MiX MiATiHHAUMH MapaMeTpaMH, 110, y CBOIO 4Yepry,
CIPUYHMHSIE HEraTUBHUH BIUIMB Ha CTIMKICTh 3HANIEHUX OIIHOK Ta iX MPOTHOCTHYHY 3AAaTHICTh. bimbmn
toro, st 80% METOAMK PO3MOIii HEB'SI30K JIJIsi EKCIIOHEHITIHHOT (PyHKIIIT HEe TPU3BOIUTH JI0 a/ICKBAT -
HUX pe3yJIbTaTiB, HATOMICTh JIOTICTUYHHHA 1 HOpMaJbHUH PO3MOAUIM MOKAa3YIOTh XapakTepHY VI
aZIcKBaTHUX MOJEJICH TOBEMIHKY HEB'S30K. XapaKTepHHH TPHKIIA HaBEIeHUN Ha puc. 2 (cHcreMa
Ne§).
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Puc. 2. Po3nonin HeB’s130k y BUNaAKy anpokcumanii cucremu Ne8 (yHKIISIMA €KCIOHEHIIIHOro (M), JIOTicTH-
qHOTO ( A) Ta HOPMAJIBHOTO (®) PO3IO/LIiB

Fig. 2. Distribution of residuals in the case of approximation of system No. 8 by exponential (m), logistic (A)
and normal (e) distribution functions
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Puc. 3. Emmipuuni 3anexnocti P°™ Ta iX anmpokcuMaris (pyHKIisSIMH eCIIOHEHIiHEOr0 PP, orictmanoro P°¢ ta

HOpMAaJTBHOTO P™™ pO3MOiIiB Ta IX CHIBCTAaBICHHS 3 aHAIOTIYHUMH, PO3PAaXOBAaHUMU 3 3aTYICHHSAM HPOLETYPH
. ex lo norm . .

kpoc-amimaii (Poy , Pov , Pov BiTOBiTHO)

Fig. 3. Empirical dependences P™ and their approximation by exponential P®*, logistic P*°¢ and normal P™™

distribution functions and their comparison with similar ones calculated using the cross-validation procedure

ex] lo norm .
(Pevs Py, Py, respectively)

VYcminHicTh 3aCTOCYBaHHS METOLY IEPEXPECHOTO OLIHIOBAHHS MOYKHA MOMITHTH i HA HACTYITHOMY
npukiiazi (tectoBa Meroauka NeS, puc. 3). s eKCIOHEHIIIIHOTO PO3IOALTY 3 KpOC-BaiIaIli€ro Ha-
BiTh Bi3yaJIbHO CIIOCTEPIraeThCs BiIIMIHHICTD QYHKIIIT, po3paxoBanoi 3a pomomoroto MHK Bin dyHK-
1ii IepeXpecHOro OIiIHIOBAHHSI.

BucHoBkM

3anpornoHOBaHO METOJ IePEBIPKU MTPOTHOCTHUYHOI 3aTHOCT] (DYHKIIIH €KCIIOHEHIIITHOTO, JOTIiCTH-
YHOTO Ta HOPMAJIBHOTO PO3IOAUTIB JJIsA arpoKCHMaIlii 00racTi HEHaMIHHOCTI TECTOBHX METOAWK 3
OinapHuUM BiaArykoMm. [yt okpeciieHHS HaOopy (YHKIIH, MO0 MOXKYTh OyTH BHKOPHUCTaHI B OIHII
METPOJIOTIYHUX XapaKTEPUCTUK METOAUK TECTOBOTO aHali3y, OyJ0 BHKOPHCTaHO MPOLEAypy Mepe-
XPECHOTO OILIHIOBAHHA. AHaJi3 KOMIUIEKCY CTATUCTHYHUX KPHUTEPIiB a/IeKBaTHOCTI MIOKa3aB MepeBary
BUKOpHUCTaHHs (DYHKII HOPMAJILHOTO Ta JIOTICTUYHOTO Po3Mo/iiB. DyHKIIisS eKCIIOHEHIIITHOTO PO3-
MOJUTY HE XapaKTepU3y€eThCc NPUHHATHOIO TPOTHOCTHYHOIO 3AaTHICTIO.
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A.V. Panteleimonov, N.O. Nikitina. Verification of the predictive ability of some probability distribution functions in
test analysis.

V.N. Karazin Kharkiv National University, 4 Svobody sqr., 61022 Kharkiv, Ukraine

The increased interest of analytical chemists in test methods of analysis is due to their expressivity and relative
simplicity of implementation. There is no doubt about the need for test methods for the analysis of toxic sub-
stances in the environment, food products and general consumer goods. Test analyses can also be useful in
medical diagnostics, drug and doping control. Along with the increase in the number of test systems on the mar-
ket, theoretical methods for determining the metrological characteristics of test analysis methods are also devel-
oping rapidly. The selection of a probability distribution function and the estimation of their parameters in qualita-
tive analysis procedures with a binary response and semi-quantitative determination methods is a well-studied
problem. At the same time, relatively little attention has been paid to such an aspect as the assessment of the
predictive ability of such models. Most often, it is necessary to estimate the value of the threshold concentration
for the probability of detecting a component that goes beyond the studied area of unreliability of the test reaction.
In this work, for this purpose, the cross-evaluation procedure was used - a method for studying the predictive abil-
ity of mathematical models.

A comprehensive method for assessing the predictive ability of probability distribution functions for analyte de-
tection in qualitative chemical analysis methods is proposed. Based on the results of calculations, probability dis-
tribution functions characterized by maximum predictive ability are determined. The increased interest of analyti-
cal chemists in test methods of analysis is due to their expressivity and relative simplicity of implementation.
There is no doubt about the need for test methods for the analysis of toxic substances in the environment, food
products and general consumer goods. Test analyses can also be useful in medical diagnostics, drug and doping
control. Along with the increase in the number of test systems on the market, theoretical methods for determining
the metrological characteristics of test analysis methods are also developing rapidly. The selection of a probability
distribution function and the estimation of their parameters in qualitative analysis procedures with a binary re-
sponse and semi-quantitative determination methods is a well-studied problem. At the same time, relatively little
attention has been paid to such an aspect as the assessment of the predictive ability of such models. Most often,
it is necessary to estimate the value of the threshold concentration for the probability of detecting a component
that goes beyond the studied area of unreliability of the test reaction. In this work, for this purpose, the cross-eval-
uation procedure was used - a method for studying the predictive ability of mathematical models.

A method for testing the predictive ability of exponential, logistic, and normal distribution functions for ap-
proximating the uncertainty region of binary response test methods is proposed. A cross-validation proce-
dure was used to define a set of functions that can be used to assess the metrological characteristics of test
analysis methods. Analysis of the set of statistical adequacy criteria showed the advantage of using normal
and logistic distribution functions. The exponential distribution function is not characterized by acceptable
predictive ability.

Keywords: test analysis, efficiency curves, uncertainty region, cross-validation, probability distribution
functions, statistical adequacy criteria.

Conflict of interest: The authors declare no conflict of interest.

Received 19.05.2025 Accepted 25.06.2025

Kharkiv University Bulletin. Chemical Series. Issue 44 (67), 2025

95


https://doi.org/10.1007/s10809-005-0221-8
https://www.amazon.com.be/-/en/s/ref=dp_byline_sr_book_2?ie=UTF8&field-author=J.+B.+Peacock&search-alias=books
https://www.amazon.com.be/-/en/s/ref=dp_byline_sr_book_1?ie=UTF8&field-author=N.+A.+J.+Hastings&search-alias=books

BicHuk XapkiBChbKOI0 HalliOHAIBHOTO YHIBEpPCUTETY, cepis "Ximis", sum. 44 (67), 2025
https://doi.org/10.26565/2220-637X-2025-44-10 ISSN 2220-637X

AHATOJIN NETPOBUY LUKYMAT
(09.02.1951 - 31.03.2025)

31 6epesns 2025 p. 3akinumB cBil 3eMHui nuax AHaromiid [lerposud llkymar, 6araTtopiuauii Bu-
Kiagad Hamoro (akyneTeTy. Bin Hapomusces 9 motoro 1951 poky B cemi Hlkymarn CyMcbkoi 00-
macti. HaBuaBcst B 3BMYAlHIM CIALCHKIH IIKOJI, O SKOT KOKHOIO JHS XOAMB IMIIKH B 1HIIE CEJIO.
3akinuuB [IpoTaciBecbky cepenuro mkoiay B 1968 pomi. 3 1968 mo 1970 pokax mpoxoanB CTPOKOBY
BIICEKOBY CIIyOy B pPakeTHHX BiliCbKax 30pOWHWX CWJI. 3aIlikaBUBIINCH XIMI€I0 B IIKIJIHHI POKH,
MIPOSIBUBILY HAITOJIETIIMBICTh Ta LIIECHPSIMOBaHICTh, ¥ 1971 pori BecTynuB 10 XapKiBCHKOTO JepiKaB-
Horo yHiBepcuteTy iMeHi O. M. ['oppkoro Ha ximiunuii pakynsret. [licns 3akiHueHHs1 XiMigyHOTO (ha-
KyJIBTETy 3aJIMIINBCS MPAIIOBaTH Ha Kadenpi opraniuHoi ximii. KaHaunaTchKy aucepraiito 3aXucTHB
B 1983 pori mix xepiBanTBoM BikTopa KoctsutinroBrya [lomaxosa. 3 1975 mo 1993 poku mpamroBas
y HayKOBO-/IOCIi/IHI/ YaCTHHI YHIBEPCUTETY. 3 HacoM IEpeHIloB MpalioBaTi Ha Kadeapy TeXHIUYHOI
Ximii, 3apa3 - kadenpa xiMiyHoro marepianozHaBcTBa. Kojo Horo HaykoBHX iHTEpECiB OXOIUIIOBAJIO
CHHTE3, BIIACTUBOCTI i BUKOPUCTAHHS OPTaHIYHUX JTIOMIHO(OPIB i3 M'SITH Ta MECTHUICHHIMH T€TepO-
uKiIamMu, mo MicTsath OkcureH, Hirporen ta Cynbpdyp; peakmiiHy 31aTHICTh OKCOCIIONYK apOMaTHY -
HOT'O i reTepolMKIIiYHOrO psiaiB. AHaronii [lerpoBudu OyB TanaHoBUTUM (axiBLeM y raiy3i opraid-
HOI Ta (Di3MKO0-OpTraHivyHOI XiMii, CIIpaBKHIM BHUKIIQJaueM, SKH BMIJIO IO€THYBaB BUMOTIIABICTD 3 JI0-
OpO3WUIMBUM CTaBIICHHSAM /O cTyAeHTiB. CTyaeHTH ¥oro yrobwnu. BiH BUKIIamaB MOBOJI IIMPOKUH
CHEKTp OUCLUIUIIH Ha XiMIYHOMY, 610JIOTIYHOMY, T€0JIOro-reorpadiuHoMy Ta MEAUYHOMY (pakyIbTe-
Tax: Cy4acHHWH OpPTraHiuYHUM CHHTE3, (PI3MKO-XIMiUHI METOIHU JOCIHIHKEHHS, XiMisl BUCOKOMOJIEKYIISpP-
HUX CIIONYK, OioyoriuHa Ta OGioopraHidyHa XiMis, OpraHidyHa Ta aHAJITUYHA XiMis IS 010JIOTIB, XiMist
Ha(TH Ta ra3y AJs Te0JIOTiB, TOKCHUKOIOTIS: TpaHchopMallis Ta MOHITOPHHT KCEHOOIOTHKIB (Mixk(a-
KYJITETChKa IUCIMILTIHA), HAPKOTUYHI 3aCO0H, TICUXOTPOITHI T2 TOKCHYHI PEYOBHHU CUHTETUYHOTO Ta
POCIMHHOTO TOXO0KeHHA. BiH € aBTopoMm Oinbine 110 HaykoBUX mpanb, y ToMy gucii 11 BHHaXomiB i
MATEHTIB, a TAKOX M'SITH HaBYaJbHHUX NMOCiOHMKIB. Maitke 30 pokiB AHatodmii [leTpoBUY BUKOHYBaB
000B'I3KM y4eHOTO cekpeTapsi BueHoi pagu xiMidyHoTO (hakynabTeTy. Y CHUIKYBaHHI 3 KOJETaMH Ta
CTyJIEHTaMH{ BiH HE3MIHHO OyB NMPUBITHUM 1 HEPIAKO AWBYBAB CBOEIO epyaullicro. [HTepecn AHaromis
[TerpoBrda He 0OMEXYBaJHCS TUTBKH OpTaHITHOIO XiMi€to. BiH Takok 3aiiMaBCs BUBUCHHSM JIIKapCh-
KX TpaB, MPOIYKTiB OJUKONAPCTBA, BUKOPHCTAHHAM X Yy MEOHIIMHI, Oarato yacy MpUIIsAB CaMdiB-
HULTBY, JTIOOUB >KUBOITUC, CEPHO3HO 3aliMaBcst GoTorpadiero. Y maMm'sTi BCiX, XTO Horo 3HaB, BiH 3a-
JIMILIUTHCS SIK CBITJIA JIIOUHA.
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OJIEHA OJIEKCAHAPIBHA PELUETHSAK
(26.11.1954 - 24.04.2025)

24 XBITHS MicJs TSHKKOI XBOPOOW PanToOBO MillIa 3 )KUTTS KaHAUIAT XIMIYHUX HayK, AOLIEHT Kade-
Ipu XiMigHOi MeTpororii Onena OnekcanapiBHa PemetHsk. Bee 11 )KUTTS Oyiio MPUCBSYEHO CIYXKiH-
HIO HamoMy yHiBepcuteTy. [licis 3aKiHUeHHS cepeHbOT IKOIU BoHAa Y 1972 pori BeTynuima J0 XiMi-
YHOTO (haKyJbTeTy, KUK 3akiHdmia B 1977 pouni i Oyna 3anuieHa Ha kadeapi XiMigHOI METPOIIOTIi.
[IpamtoBana cnouatky B HAY xadenpu, moTiM crasa acUCTEHTOM, a B MOJAIBLIOMY — JOLEHTOM.
JlecsaTku pokiB BOHA BHKIJIamana Ha Kademapi XIMIYHOI METPOJIOTIi 3aralibHi Ta CIIemialibHI KypCH, TiI-
rOTyBasa i BUXOBaia He OJTHO TIOKOJIiHHSI BUITYCKHUKIB-XIMiKiB.

HayxkoBa pistmeHicTh Onenn OllekcaHAPIBHU MMOYHMHANACS i KEPIBHUIITBOM JIOIEHTA (a 3T0J0M
npocdecopa) Jlixii [TaBniBan JloriHOBOi 1 Oyna MpUCBAYeHA 10HOCEIEKTHBHAM EJIEKTpOJIaM Ta iX BHU-
KOPHMCTaHHIO MPH JIOCIIDKEHH] piiMHHUX cucteM. KaHaunarchka qucepTariis "BiausHue noHHOU cpe-
JIbl Ha pe3yJIbTaThl HOHOMETPUH MHOTOKOMITOHEHTHBIX cucTeM" Oyia ycmimHo 3axuiieHa B 1989 pomi
B KuiBcbkoMy yHiBepcureTi imeni Tapaca IlleBuenka.

[Iponosxyroun cmiBnparo 3 podecopom JI. JloriHoBoro, a B mogansimoMy — i 3 mpodecopom FO.
XomiauM, Onena OsekcaHIpiBHA TOCTYIIOBO c(hopMyITroBalia CBili CaMOCTIHHUI HApsAM JOCIIIKEHb,
SKHH yCTILIHO PO3BMBAJIa OCTAaHHI pOKH. BiH MOB'sI3aHMH 13 CTBOPEHHSM HOBHX CHUCTEM IJISl EKCIpec-
aHajizy 00’€KTiB AOBKIUIA, XapUOBHUX CHCTEM Ta OI[IHKOIO METPOJIOTIYHUX XapaKTEPUCTUK METOIUK
BU3HAYEHHSI i3 BUKOPHCTaHHSM OTPUMAaHUX TecT-cucreM. HoBuM HampsMom OyIlo i BIpPOBaKEHHS
cucTeM Juis OiHApHOTO TECTYBaHHs 3 BUKOPHUCTAHHSIM OJHOTO 3pa3ka MopiBHsAHHs. BoHa 3ampomnony -
BaJla BUKOPHUCTOBYBATH EJATHHOBI Iapu (POTOIUTIBKU I BUTOTOBJICHHS 1HOUKATOPHUX IUTIBOK VIS
ekcrpec-aHanizy. lloBemiHKy OpraHiYHMX peareHTiB Ta OapBHHKIB B OTPUMAHHX CHCTEMax Oyio
PETENbHO BUBUCHO, a pe3yJIbTaTH POOOTH OMyOIIKOBaHO B HAYKOBUX BHIAHHSIX MIKHAPOJHOTO PiBHSI.
Lle OyB HOBHH HampPsAM B aHATITHYHOI XiMii A7l HAIoro (GakyabTeTy i YKpaiHu.

Onena OnekcaHapiBHA HE TUTBKH CHCTEMATHYHO IPOBOJMIA HAYKOBO-TOCIITHY poOOTy, ame i
3ajyyayia JI0 Hei CTYJCHTIB, TUIUIOMHHMKIB Ta acmipaHTiB. [lix kepiBHuinTBoM nouenta O. PemeTHsk
Oyno 3axumieHo kaHaunarceki aucepranii H. Hikitinoi, H. IBuenko ta B. IlleByenka. Bona mouana
MPALIOBAaTH HaJl JOKTOPCHKOIO JUCEPTALIEIO 1 CYTTEBO MIPOCYHYNIACS B LIbOMY HAIPSAMKY.

HaguanbHi kypcew, siki Buknanana PenretHsk, Oynu 1oB’si3aHi 3 i HayKOBUMHE JociimpkeHHsaME. [e
«AHaniTHuHa XiMisn», «MoHHI piBHOBAarM B OpraHi3oBaHMX pO3uMHAX», «CydacHi eKCIpec-MeTOIH
XiMi4HOTO aHami3y» Ta «KparenpHHid Ta TECTOBHI aHali3 B KpuMiHamicTuii». Onena OnekcaHapiBHA
CHCTEMAaTUYHO BAOCKOHAIIOBAIAa HaBYAJIBHUHU IIpoliec. 3yCTpidaouuch 3 TPYIHOLIAMHU Ta HEBJa4aMH,
gkl OyBalOTh Ha OyIb-SIKOMY HUISXy, BOHA Mig0ajboproBaja ceOe Ta HaBKOJIMIIHIX (pa3oro sKy
3acBOijia IIe B 4ac HAaBYaHHS B My3uuHid mkoii: «[lomunuBes — rpait mami!», 1 HamoserauBo Hiia
Jani.
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Onena OnekcanzpiBaa PemeTHsik

Bararo yBaru Onena OnekcannapiBHa Npuiiisia mpodcriikoBiii podoti. 3 1989 p. BoHa ouoIO-
Basa npodO0ropo XimMivyHOTO QaKynbTeTy, a 3 1995 Oyna wienoMm npogKoMy yHIBEpPCUTETY, BiANOBiAana
3 IUTaHHS OXOPOHM TIparti. Bee, 3a 1o BoHa Opaacs, BOHA 3aBXKIH POOMIIH «HA BiIMIHHOY.

Onena OunekcanapiBHa PerieTHsk Oyia XKUTTEPAIICHOI Ta MOOPO3MUWIMBOIO, ajie B TOM e yac
NPUHIMIIOBOIO JIIOANHOW. BoHa 3aBxan Oyna rotoBa IOMOMOITH K CTYACHTaM, Tak 1 Koseram. s
BCiX, XTO 11 3HaB, ii CMEPTh € BaKKOIO BTPaTOr. BHCIOBIIOEMO MIMPi CHIBUYTTS PITHUM 1 ONH3BKUM
Onenn OnexcanapiBau. [lam'sTe po Hel Oye 30epiratrcs B HAIIUX CEPLIAX.
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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.
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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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