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Biakputta ™Monekyn 3 aHTM-COVID-19 akTMBHICTIO: 3B'A30K MiX pe3ynbTatamu
CKPUHIHIY Ta aokinry. 4. O. AnoxiH, C. M. KoBanerHko, I1. B. TpocTsiHKoO,
A. B. Kupnyerko, A. b. 3axapos, T. O. 3ybarrok, B. B. IaHoB, O. M. KanyriH.
Mpyna C=0 y nopiBHAHHI 3 yrpynoBaHHaM C=C(CN), 3 TO4YKM 30py €eNeKTPOHHOI
abcopbuiiHoi Ta nyopecueHTHOI cnekTpockonii. 4. O. JopoLieHko.
MiKpOCTpyKTypa Ta TPaHCMOPTHi BNacTMBOCTI rekcadtopdocdaty niTito B GiHapHin
cyMiwi aumeTtunkapboHaty 3 eTineHkapboHaToM Ans  MONeKynsipHO-ANHAMIYHOro
mopentoBaHHs. 4.C. Ayaapes, E.A. lonyberko, P.M.H. [xannax, O.M. KanyriH.
EnekTpoHHa 6yaoBa Me30ioHHMX crionyK. [lpobnema knacudikauii. M. Kupna,
C. KoBanerko, B. IBaHOB.

Po3paxyHOK BifIbHOI eHeprii ioHi3auii iHaAnKaTopHOro 6apBHUKa y MiLenspHUX po34mMHax
MEeTOAOM LUBMAKOro anxiMiyHoro nepetsopeHHsi. B. C. dapagpoHos.

LLloao CTpyKTYpHUX iHBapiaHTiB eHepreTM4yHoro cnektpy S=1 aHTudepomarHeTuKiB
len3eHbepra 3 0AHOIOHHOIO aHi3oTponieto. B. B. Tokapes, M. A. degopeHrko.
MOpIBHSIHHA @HTUpaAMKanbHUX BIACTMBOCTEN FOCMMONY i MOro MoXiaHWX Yy peakuii 3
AOMr. 0. M. AnkyH, B. M. AHiwerko, A. M. Pegbko, B. 1. PnbayeHko.
CnekTpu MOrNMHaHHA iHAMKATOpa HiTpa3WHOBUIA XXOBTUW. EKCnepuMeHTanbHi AaHi Ta
KBaHTOBOXiMiuHi ouiHkun. I. B. Xpucrerko, B. B. IBaHOB.

Bonoamnmup AMutpoBuY KanyriH.
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The study presents the results of a combined approach to the theoretical description of potential antiviral
activity against COVID-19. We found that pharmacophore screening based on limited experimental data on
"protein-ligand" binding complexes might have low predictive ability. Therefore, in this study, we build a model
based on the statistical description of QSAR for data obtained from docking which serves as a basis for
adequate prediction of ligand activity. We use the logistic regression to construct the predictive model for the
main protease MP™ inhibitors.

Keywords: QSAR, Docking, Pharmacophore, Logistic Regression

Introduction

The problem of drug discovery against COVID-19 disease still actual. As of 25.03.2024, there are
110 565 new infection cases per week and 1141 deaths worldwide. [1]. The experimental evaluation of
therapeutic compounds for in vivo COVID-19 antiviral efficacy based ortant to achieve a high
selectivity, which can be achieved by advanced data analysis and drug design techniques.
Computational chemistry provides a set approaches implemented in corresponding programme code
for this purpose. Among them, there are chemoinformatic methods in the general machine learning
frameworks as well as molecular modelling approaches, which include molecular dynamic simulation
and docking.

First of all, these methods can be applied to database of perspective compounds. Preliminary
evaluation includes ligand and protein preparation, pharmacophore set generation which characterises
essential features generation for protein-ligand binding site, and pharmacophore screening. of large
database. Consequently, the selected molecules will be used for direct docking for evaluation of
efficiency of ligand-protein interaction. Hit identification and the lead generation are the consequent
stages of computer modelling during drug discovery.

Essential question arises at the stage of pharmacophore screening. Usually, information about
possible ligands is restricted by available experimental data (X-Ray, NMR). It is why the structure of
pharmacophore set, which is formed by restricted numbers of active ligands, cannot describe full
possible interactions within the binding site. In the present article we examined correspondence of
pharmacophore screening results and docking results. Essentially, we are interested in possible
statistical qualitative model, which can give an additional information about prognostic abilities of
pharmacophore model.

As the objects of our investigation, we used SARS-CoV-2 main protease (M°). SARS-CoV-2 MP®
is a key enzyme of coronaviruses which has a function of mediating DNA replication and
© Anokhin D. O., Kovalenko S. M., Trostianko P. V., Kyrychenko A. V., Zakharov A. B., Zubatiuk T. O.,

Ivanov V. V., Kalugin O. M., 2024
This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0.
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Towards the discovery of molecules with anti-COVID-19 activity ...

transcription. SARS-CoV-2 MP® inhibitors are investigated in numerous articles (see for instance
[2-7]). Because of importance in viral replication, this protein is a common target for drug discovery.

For the building of corresponding chemoinformatic models we used pharmacophore screening and
docking by AutoDock 4.2 and AutoDock Vina 1.1 programs. All of mentioned programs are
integrated in LigandScout software suite [8]. All proteins, complexes and pharmacophore structures
illustrations were done within LigandScout. BIOVIA Draw 2018 program was employed for the
ligands formulas representation [9].

All calculations were performed for rather small dan large-scale screening in vitro. To maximize
the likelihood of successful screening, it is impotabase composed of 424 5-(phenylsulfonyl)-4-
pyrimidone derivatives. Pharmacophore screening and followed by docking respective to all three
investigated complexes has been performed.

Target proteins and inhibitors

The structures of protein-inhibitor complexes SARS-CoV-2 main protease M (PDB code of
complexes 6lu7 and 7vh8) are presented in Fig. 1 A and B. The structure of corresponding inhibitors
N3/PRD 002214 (61u7), PF-07321332/nirmatrelvir (7vh8) presented in Fig. 2. The inhibitors of main
proteases are oligopeptides. The PDB structures of protein complexes were taken from the RCSB
database [10].

Figure 2. Structural formulas for inhibitors: N3 (a) and PF-07321332 (b).

Ligand library

The library of 424 molecules, which are 2-(5-arylsulfonyl-4-ox0-3,4-dihydro-2-
pyrimidinethio)acetamide derivatives (see Fig. 3) was used. Here Ar corresponds to aryl substituent
containing alkyl-, halogen-, methoxygroups, efc. The R substituent can be a simple aryl, benzyl, N-
aryl-N"-piperidyl, efc. A variety of polar and non-polar groups, hydrogen bond donors and acceptors,
hydrophobic sites, and a number of rotatable bonds make these molecules potentially biologically
active.
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Figure 3. A general structural formula for investigated ligands examples of typical systems.

QSAR modelling: pharmacophore screening and docking

A pharmacophore screening was performed onto 424 molecules by LigandScout 4.4, the program
suite with inbuilt pharmacophore creating and matching programs. The pharmacophore screening was
performed by “first fitting” mode, i.e. calculation stops after the first fitting, a further geometry
modification is not carried out. This mode allows fast screening a large number of molecules.
According to LigandScout suite for screened molecules pharmacophore-fit score (PFS) is calculated:

PFES =10n+ (9 —3min(r,3)) (1

: f 1 .
where n is a number of matched pharmacophore features, » = NZVI.Z is a root mean square
i

deviation (RMSD) of pharmacophores and corresponding ligand, ; — Euclidian distances between
matched pair of pharmacophores and ligand features.

After virtual screening we also performed docking procedure for whole library against 6lu7 and
7vh8 protein structures using AutoDock 4.2 and AutoDock Vina 1.1, incorporated in LigandScout.
According to AutoDock Vina ideology, there is an exhaustiveness parameter specified as the number
of binding modes for one ligand. Exhaustiveness defines a number of parallel searching runs. This
parameter usually has been set to 8 and 9 conformations.

When analysing the docking results, we examine the Binding Affinity Score (BAS) and the binding
affinity (kcal/mol). The last parameter is a target parameter for docking optimisation procedure. Due
to stochastic nature of search algorithm of docking, the results obtained from each run are random and
have a different energy. In order to calculate probability of definite random state with defined energy

o)
P T
T E
_Z
Yool
Therefore, the total binding energy of the ligand can be estimated as a weighted sum of the
obtained binding energies of the modes.

( p,), the Boltzmann weight factor is calculated

p

2

E=D.pk 3

We will denote the corresponding approach as Boltz.

Since pharmacophore matching is not an absolute criterion for activity, we also consider
additional QSAR (Quantitative Structure-Activity Relationship) modelling to accurately predict the
biological activity of a compound. For all the molecules we have calculated 1974 2D and 3D
molecular descriptors by using PaDEL-Descriptor program [11]. The logistic classification regression
model [12,13] has been used for description of activity against MP®. In logistic regression (strictly
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speaking, it is a non-linear least squares method, NLS, for a logistic function), the dependent variable
has only two outcomes (true/false, active/inactive, etc.). This binary variable can be represented as '0'
or 'l". To solve the NLS equations for the logistic function, we use the Levenberg-Marquardt approach
to Newton's method, which makes it possible to solve the NLS problem even when the matrix is close
to degeneracy [14]. The logistic function has the following form

1

71+exp(—t)’
Where the Y is the classification response (inactive-active: 0<Y <1) and X,. X,,.... are

descriptors of molecular systems. Corresponding computer program has been implemented in the
FORTRAN language.

t=a,+aX, +a,X, +.. 4)

Results of calculations

We employed a LigandScout suite to create the pharmacophore structures for 6lu7 and 7vh8
protein shown in Fig. 4. Here, the red arrows correspond to H-bond acceptor, green arrows are H-bond
donors and yellow regions are hydrophobic fragments. The amino acids which give dominant
contributions to ligand-protein interactions designated along with numerations in corresponding
protein link.
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e HIS164A
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Figure 4. 2D structure of pharmacophores.

Fig. 5 shows the pharmacophore screening results for our molecular library vs the obtained
pharmacophore for all two complexes. According to the diagrams, one can divide molecules onto low-
active (PFS <39, i.e. 3 or less pharmacophore matches); medium-active (40 < PFS <49, i.e. the
molecules have 4 pharmacophore matches); and high-active (PFS > 50, the molecules with 5 or more
pharmacophore matches). On the other hand, one can consider molecule with PFS > 50 as similar to
reference only conditionally since a reference molecule contains ten pharmacophore features. All the
presented results based on the structures shown in Fig. 4.

6lu7 % 7vh8

] L—D,—ﬁ-—q
AR B ad sg 6 7

a b
Figure 5. PFS distribution for three complexes under investigation. p is a probability of certain PFS
®i=(N/Niowat)-100%)

Some examples of pharmacophore alignment of our sample are presented in Fig. 6. The first case
(Fig. 6, a) corresponds to a value of PFS=56.59, i.e. 5 pharmacophore matches, such as two hydrogen
bond donors, one hydrogen bond acceptor and two hydrophobic interactions. The second case (Fig. 6, b)
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corresponds to PFS=2491. In this case only two features matched: H-bond acceptor and
hydrophobicity. This molecule is expected to show lower activity compared to the first one.

Figure 6. Pharmacophore alignment (6lu7 complex) with a PFS = 56.6 (a) and 24.9 (b). Yellow spheres
designate hydrophobic features, green arrows designate H-bond donors and red arrows — H-bond acceptors.

Docking of the reference ligand PRD_ 002214 (or N3 in another designation) with an
exhaustiveness parameter equal to 8 (ex =8) gave a weighted-mean binding affinity score -25.97.
Nine ligands with greater activity than N3 have been identified (Fig. 7). We refer these molecules as
active.

o |
SO | O o | HFOH O
1 2 3

cl

 / ‘ [V /—/<0 N L 7
0H S | T 0 O~ O~
5

4 6
7 8 9

Figure 7. Structure formulas of ligands with higher activity than reference N3 ligands against SARS-CoV-2 MP™
(61u7).

These nine molecules were re-docked by AutoDock Vina with exhaustiveness parameter (ex) equal
to 32 and by AutoDock 4. Weighted sums of conformation binding affinities calculated with Eq. (2)
are shown in Table 1. In this table, values in the Mean column are Boltzmann-weighted average of the
binding affinities according to Eq. (2).

It should be noted that no clear relationship or correlation was found between certain structural
features of the molecules and their activity. This can also be confirmed by the lack of significant
correlation between molecular descriptors obtained with PaDEL-Descriptor and the molecular activity.
Indeed, from the Table 1 one can see that there are no noticeable correlations between PFS and

different variant BAS (R*~ 0.02)!

10
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Table 1. PFS and Binding Affinity Score of active molecules

Molecule PFS Binding Affinity Score (BAS)

Vina,ex =8 | Vina, ex =32 | AutoDock 4 Boltz

1 36.55 -31.01 -25.90 -30.27 -30.34
2 35.96 -29.14 -19.76 -19.27 -28.70
3 35.84 -28.94 -21.56 -19.69 -28.32
4 37.22 -28.21 -20.56 -18.24 -27.65
5 45.59 -28.11 -17.87 -21.47 -27.47
6 35.63 -27.97 -8.33 -16.22 -27.83
7 44.70 -27.29 -17.43 -19.05 -26.77
8 36.53 -26.85 -20.23 -19.27 -26.04
9 35.68 -26.15 -18.43 -18.47 -25.44
N3 - -25.97 -27.47 -19.43 -26.72

Table 1 shows good correlation between different BASs, despite the stochastic nature of the
algorithms. The best correspondence is obtained between mean value (2) and Vina, ex =8. The
determination coefficient, which can be calculated from the corresponding columns, is equal to
R?=0.99. The results obtained with the Vina program (ex=8) also showed good agreement with the
results obtained with the AutoDock program.

From the Table 1, one can consider the first molecule, as active because the BAS values are high.
Therefore, an investigation of molecule 1 (Fig 7.) as an alternative to N3 might could be perspective.

In connection with the results collected in the Table 1 we have analysed the distribution and
clustering of the docking and pharmacophore screening results. Corresponding graphs presented in the
Fig. 8. The distribution of the dependence of BAS vs PFS (Figure 8a) and Affinity vs PFS (Figure 8b)
are similar. It is evident that there is not only a lack of noticeable correlation between docking
parameters and PFS, but also that the data for the four groups are clearly clustered. "Each cluster
contains definite number of active and inactive molecules. Furthermore, according to our calculations
there are seven active molecules with PFS within range 30 <PFS <39, two active molecules with
40<PFS5<49 and neither active molecule with PFS>50. Consequently, if we select ligands only
according to the pharmacophore matching parameter, we will have to deal with low- and moderately-
active ligands. In this case, ligands with the highest binding affinity will be excluded.

An additional and alternative approach to build a predictive model of activity can be based on
regression analysis of the functional dependence of docking results on a set of possible molecular
parameters (descriptors). However, as our analysis has shown, it is impossible to construct a simple
multiple linear regression for this sample even using the partial least squares method. Therefore, we
focused our choice on a qualitative logistic regression (4). The results of our calculations for logistic
functions based at Vina and Boltz collected in the Table 2 — 3. Using these equations one can classify
all molecules onto two categories: active and inactive. As a measure of activity, we were using the
affinity of reference ligand for each complex.
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Figure 8. A dependence docking results (BAS, Affinity) vs PFS for 61u7
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We selected four parameters as descriptors, which are briefly described in the Table 2. Among the
descriptors, the Broto-Moreau autocorrelation function, also known as the autocorrelation of a
topological structure, is presented here [15]. The autocorrelation descriptors (AATSC3v and AATS7s)
describe how a property is distributed along the topological structure. For the indices AATSC3v and
AATST7s the lag parameter is the topological distance between a pair of atoms (3 and 7 respectively in
our equations).

Table 2. Parameters of Logistic regression (eq. 4) for sample under consideration (protein 61u7)

Params Vina, ex=8 Boltz, eq. (2) Description
a, 164.9 157.8 -

ASP-1 -374.8 -352.7 Average simple path, order 1

nRotB 0.1975 -0.5768 Iglcl)légl;er of rotatable bonds, excluding terminal
Average centered Broto-Moreau autocorrelation —

AATSC3v 0.0764 0.0799 lag 3 / weighted by van der Waals volumes
Average centered Broto-Moreau autocorrelation —

AATSTs 0.7734 0.9828 lag 7 / weighted by Sanderson electronegativity

NealeMLoo (%) 75.9/75.7 79.2/78.3 Percentage of correctly classified molecules

TA/TI 63/259 124/212 Confusion matrix. True active / True inactive

FA/FI 71/31 48/40 False Active / False Inactive

C(A)/C(I) 0.13/-1.68 0.73/-1.67 Centroids: Active / Inactive

More information about the descriptors used can be found in the PaDEL-Descriptor manual [11]
and in [16,17]. In the table, one can note a fairly good separation of active/inactive molecules both
when using the derived logistic equations M and the Leave-One-Out procedure [18] nioo. A slightly
better result was shown by the Boltz approach ~ nwoo = 73.8%. More detailed information about the
accuracy of the calculated logistic equations can be obtained from the confusion matrix (TA/TI, FA/FI
in the Table 2). The confusion matrix [19] (sometimes called the error matrix) provides additional
information about the accuracy of the classification function. Namely, this 2x2 matrix contains
information about the number of active systems (molecules) recognized as active (true active, TA). In
the same way, true inactive systems (TI) were determined. Calculations of the number of false
classifications of molecules as active (FA) and inactive (FI) give information about the total false
recognition. It can be noted that the recognition of active compounds in Boltz is noticeably more
accurate (TA=124) than in Vina, ex=8 (TA=63). Also, the distance between the centroids is larger for
the Boltz approach, which indicates that the method more clearly separates active and inactive
molecules.

For the 7vh8 protein complex, the corresponding logistic parameters shown in Table 3
demonstrated more accurate selection of inactive molecules than active ones
(MeaeMroo (%) = 96.9/96.5 for the Vina, ex=8 calculations).

Table 3. Parameters of Logistic regression (eq. 4) for sample under consideration (protein 7vh8)

Params Vina, ex=8 Boltz, eq. (2) Description
a, 276.3 215.5 -
ASP-1 -636.2 -492.3 Average simple path, order 1
nRoiB 0.2621 0.5857 Number of rotatable bonds, excluding terminal
bonds
Average centered Broto-Moreau autocorrelation —
AATSC3v 0.2306 0.1389 lag 3 / weighted by van der Waals volumes
Average centered Broto-Moreau autocorrelation —
AATSTs 04514 0.4091 lag 7 / weighted by Sanderson electronegativity
Neale/ Moo (%) 96.9/96.5 94.8/93.6 Percentage of correctly classified molecules
TA/TI 12/399 13/389 Confusion matrix. True active / True inactive
FA/FI 10/3 20/2 False Active / False Inactive
C(A)/C() -0.74/-4.71 -1.00/-3.75 Centroids: Active / Inactive
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Conclusion

In this article, we investigated the predictive ability of the pharmacophore concept on the activity
of a given library of 424 derivatives of 2-(5-(arylsulfonyl)-4-oxo-3,4-dihydro-2-
pyrimidinethio)acetamide against COVID-19. As target receptors, we used the SARS-CoV-2 main
protease. We utilized pharmacophore screening and docking were employed for the selection of active
molecular systems. Pharmacophore screening provides a similarity measure between an analyzed
ligand and a reference one. Since a reference ligand is selected to have proven activity, one might
consider such similarity as a promising indicator of biological activity. However, an objective (more
physical) measure of biological activity is a binding affinity energy obtained by docking. For a given
library, we performed docking against main protease (Mpro) using a structure of its complex with the
oligopeptide inhibitor N3 by AutoDock Vina program. It identified nine ligands with higher affinity
than the reference ligand. These molecules were re-docked by Vina with a higher exhaustiveness
parameter and then by AutoDock 4. The ligand N-(2-(5-(4-metoxyphenylsulfonyl)-4-oxo-3,4-dihydro-
2-pyrimidinesulfo)acetyl-N’-(2-fluorophenyl)piperazine exhibited the highest binding affinity and can
be considered as an alternative to N3. We compared pharmacophore screening results and docking
results. No correlation between these two values was found. The most active molecules by binding
affinity criteria have not so high pharmacophore-fit scores. Therefore, pharmacophore screening is not
always an effective method for drug discovery.

QSAR modeling presents an alternative to pharmacophore screening. We constructed a qualitative
logistic regression model using a sample of 424 molecules, capable of predicting whether a molecule
is active or not. In our approach, we utilized the AutoDock Vina program, which generates multiple
conformations for each molecule. We employed the average affinity weighted by the Boltzmann
probability factor for regression analysis. This methodology has demonstrated a high level of accuracy
in predicting molecular activity.
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C=0 GROUP VERSUS C=C(CN), MOIETY FROM THE VIEWPOINT OF
ELECTRONIC ABSORPTION AND FLUORESCENCE SPECTROSCOPY
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The effect of changing carbonyl group to methylidenepropanedinitrile moiety onto electronic absorption and
fluorescence spectra was analyzed theoretically within DFT / TD-DFT scheme. Chalcone (1,3-
diphenylpropeneone) was chosen as a model molecular system of this investigation.
Methylidenepropanedinitrile moiety was characterized as more suitable for obtaining bright fluorescent products,
however, its electron accepting ability was lower compared to carbonyl group, contrary to widespread insights.

Keywords: chalcone, carbonyl group, methylidenepropanedinitrile, electronic absorption spectra,
fluorescence spectra, solvatochromism, intersystem crossing.

Introduction

Methylidenepropanedinitrile moiety is a popular functional group in organic chemistry community
applied in designing of novel fluorescent compounds [1-5]. It is traditionally considered as highly
electron accepting center, which introduction results in the enhancement of fluorescence ability,
significant long-wavelength shifts both in absorption and fluorescence spectra and appearance of
pronounced solvatochromism [2, 6]. Sometimes, such compounds are synthesized entirely with the
aim of their consequent chemical modification, see for example, [7]. In several cases C=C(CN),
moiety can be introduced in position of former carbonyl group even via direct condensation of starting
aldehyde or ketone with malonodinitrile under basic catalysis.
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The aim of the current communication is to show, that such expectations are not fully grounded,
and to outline the impact of C=C(CN), group onto absorption and fluorescence characteristics of the
final product of such chemical modification.

Chalcone core is chosen as model molecular system for the current investigation [8]. This cross-

conjugated molecule was thoroughly studied from the second half of 20th century both synthetically and
spectroscopically [9-10], however publications on this subject still appear up to last decades [11-13].

Computation methods

Molecular structure of model compounds, 1,3-diphenylpropenone (chalcone, I) and (1,3-
diphenylprop-2-en-1-ylidene)propanedinitrile (II) and their 4-dimethylamino derivatives was
optimized in DFT scheme (b3lyp electron density functional [14] and cc-pvdz basis [15]) using
Gaussian 09 software [16]. The atom numbering scheme in molecules I and II was unified for readers
convenience.
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Electronic absorption spectra were modeled with NWChem 5.0 program pack [17] upgraded with
ESSA [18-19] module for analysis of electronic excitations [20]. Spin-orbit coupling of excited states
of different orbital nature was analyzed using Orca 5.01 software [21-23]. The above-mentioned
combination of electron density functional and orbital basis was chosen owing to good reproducibility
© Doroshenko A. O., 2024
This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0.
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of the energies of both singlet and triplet energetic levels [24], which is a critical requirement for the
analysis of spin-orbit coupling and intersystem crossing rates on this background.

Results and discussion

According to results of our quantum-chemical modeling, chalcone molecule exists in the most
energetically favorable frans-S-cis conformation, which is practically planar. Propanedinitrile moiety
occupies much more volume than carbonyl group oxygen atom, thus its introduction causes increased
steric hindrance and loss of molecule planarity, despite of remaining in conformation typical to
chalcone. X-ray structural investigation of compound II was published [25], however, solid state and
solution structure can deviate one from another owing to crystalline lattice packing effects. Figure 1
shows the optimized geometry of II, which, in fact appeared quite close with the solid state structure.

=

AN

Figure 1. Molecular structure of compound II (b3lyp/cc-pvdz optimization). Two planes drawn through its
benzene rings are shown in red and green colors.

Three planar sub-fragments are clearly seen (Figure 1): styryl moiety (a, red), rigid
methylidenepropanedinitrile (b, not shown for clarity) and phenyl-1 (¢, green) with the angles between
their planes: Zab ~ 35° and £bc ~ 50°. This means that conjugation of phenyl-3 with dinitrile group is
slightly deviated (torsion angle ~28°), while as dinitrile conjugation with phenyl-1 is significantly
weakened (torsion angle ~46°). All the above features are regulated by the rigidity of
methylidenedinitrile moiety and its close spatial location near phenyl-1. Absence of a general planarity
of compound II and its dimethylamino derivative does not affect principally their optical properties,
many chromophoric molecules with the same acceptor unit are non-planar as well [26].

The electronic excitations forming the long-wavelength part of their UV/Vis absorption spectra in
the molecules of investigated compounds were analyzed in ESSA approach [18-19], recently adapted
for TDDFT calculations (Table 1). ESSA requires calculation of special quantum-chemical indices —
localization numbers (L;) and charge transfer numbers (/;) [27]. To simplify the presentation of results,
several submolecular fragments were selected: dimethylamino group in phenyl-3 (if present),
phenyl-3, C=C double bond, carbonyl/methylidenepropanedinitrile group and phenyl-1. Table 1
includes data for well-resolved absorption bands, which are forming long-wavelength part of
absorption spectra of investigated compounds. Chalcone is the exception, its first electronic transition
is of nm* type, low-intensive, forbidden by overlap selection rule. This band can be observed
experimentally only in concentrated solutions. The role of nn* states in electronic spectroscopy of
chalcones is discussed in the final part of the present paper.
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Table 1. Singlet electronic excitations forming the long-wavelength part of their UV/Vis absorption spectra in
molecules of investigated compounds analyzed within ESSA approach.
Transition

State Localization numbers, L; Charge transfer numbers, /;
parameters ’

316 nm
31630 cm
f~0.725

Ap9.9D 35 28 19 18

S,

377 nm
26540 cm’
f~0.552
Ap53D

Si

25 29 42 9

383 nm
26110 cm’!
£~0.786

Ap20.0D 17 30 20 18 14

Si

448 nm
22330 cm
f~0.860
Ap16.4D

Si

5 39 19 32 6

Here f— oscillator strength, Ap — excited-to-ground state dipole moments vector difference (charge transfer
quantitative characteristic). Localization numbers are summarized over the given moiety (% of whole-molecular
excitation) are shown below the structural subunits on the corresponding diagrams, the red circles radii are
proportional to atomic L, Charge transfer numbers are shown near the arrows, which denote the direction of
redistribution of electron density (% of the electric charge of electron).

Well-resolved long-wavelength absorption bands in spectra of the investigated molecules are
formed mainly by electronic transitions of =nrm* type. Chromophoric fragments forming long-
wavelength region of absorption spectra of compounds I and II are similar in their nature, this follows
from the ESSA analysis of electronic excitations (two upper rows of Table 1). They are preferably
located on the same structural subunits — phenyl-3, double bond and propenone/propenylidene moiety.
In the earlier investigations of UV-Vis spectroscopy of chalcones the above mentioned units were
considered as the main chromophore in chalcone series [28-30]. Phenyl-1 becomes a part of
chromophoric fragment for some higher-energy absorption bands, which are not considered in the
current communication. Participation in electronic excitation of both C=N groups in molecule II and
its dimethylamino derivative is not high, probably this is the reason of close analogy of its spectral
behavior and that of chalcone.

Electronic excitation on carbon atom in para-position of phenyl-3 is relatively high, thus,
substituent introduced there will result in batochromic shift and increase in intensity of corresponding
absorption band. The nature of electronic transitions of dimethylamino substituted molecules I and II
remains practically the same, as they are in unsubstituted compound (classical auxochrome behavior).

The main acceptor unit in chalcone molecule is its carbonyl group: 0.26¢ electron density moves to
it at electronic excitation. The secondary acceptor is phenyl-1, to which definite amount of excessive
electron density migrates from phenyl-3 and C=C double bond. Totally, Ap vector reaches 9.9 D.

The electron density redistribution at excitation of compound II looks quite similar, however in this
case amount of electric charge increasing on methylidene propane dinitrile group is lesser, 0.18e only.
Increase of electron density on phenyl-1 is nearly half lower as well. This decrease in excited state
charge transfer reflects also lower Ap~5.3 D. Spatial dimensions of compounds I and II are practically
the same, thus the discussed vector differences characterize entirely electric charges redistributions.

When a strong electron donor, dimethylamino group, appears in the investigated molecules, all the
conclusions formulated for unsubstituted compounds remain nearly unchanged.
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In dimethylamino chalcone electron density redistributes between one main electron donor,
N(CHj3),-CsHy4-, and two electron withdrawing centers, carbonyl group and phenyl-1. Corresponding
amount of charge removal is 0.28¢ and 0.22e correspondently. The resulting Ap reaches 20 D, this
allows to classify the formed excited state as “charge transfer”, for example, for classical “push-pull”
molecule (see [26] for description of this term), 4-dimethylamino-4’-nitro-stylbene Ap vector reaches
25 D (up to 0.3-0.4e being transferred).

Dimethylamino-substituted compound II seemingly demonstrate comparable charge transfer, main
acceptor unit has got 0.37e, however secondary acceptor, phenyl-1, is significantly weaker, it obtains
0.08¢ but loses 0.04e. Finally, Ap in this case is 16.4 D — this is a bit lower compared to
dimethylamino-chalcone.

The above analyses allows to come to conclusion, that C=C(CN), group is a weaker electron
acceptor moiety in comparison with carbonyl group. This supposition somewhat contradicts with
common insights of organic chemists working in new dyes design, who introducing this group with
the aim of increasing of push-pull and optical non-linear parameters of their novel compounds.

Undoubtful effect of methylidenepropane dinitrile moiety is significant long-wavelength spectral
shift in respect to initial carbonyl compounds. For a pair of title compounds, I and II, batochromic shift
reaches ~5100 cm™, while as for their dimethylamino derivatives it is even somewhat lower,
~3800 cm™. This is in line with our conclusion concerning lesser electron accepting ability of
methylidenepropane dinitrile moiety compared to carbonyl one.

In the middle 20th century, when methods of quantum chemistry were in their early development
period, empiric additive theory of electron spectroscopy was developed by Woodward [31] and Fieser
[32]. Contributions of functional groups introduced into conjugated molecules were summarized to get
the maximum absorption wavelength (nm) without using computers, which were generally absent that
time. According to Woodward and Fieser, contribution of a double bond (extending conjugation
chain) to position of the long-wavelength absorption band is ~30 nm.

If we convert the shifts mentioned in the above paragraph into the wavelength scale, we will get
67 nm for a pair of compounds I and II, while as for their dimethylamino derivatives analogous shift
will be 65 nm. Looks like a classical additive scheme! Carbonyl group and methylidenepropane
dinitrile moiety differs one from another on two triple bonds -C=N, only one n-component of each of
them extends conjugation. Thus, long-wavelength shift of absorption spectra in the discussed case is
no more than the general effect of the extending of a conjugation chain length (32-33 nm), which is
not regulated by the seemingly increased electron accepting properties of C=C(CN), moiety.

The intramolecular donor-acceptor interaction at the discussed functional groups replacement
would only decrease, this reduces the push-pull character of dyes and expectations for obtaining
pronounced non-linear optic effects at such a structural modification.

From the point of view of fluorescent properties, carbonyl group has a negative feature — its nm*
levels inducing radiationless decay in the electronically excited organic molecules. According to
classical El-Sayed rule [33-34], singlet and triplet excited states of different orbital nature (nt* and
nn*) are characterized by the increased spin-orbit coupling (SOC). This increases the rate of
intersystem crossing (ISC) between them, which concurs with fluorescence emission and is the main
reason for dramatic fluorescence quantum yields decrease of organic molecules.

Let’s consider molecular photophysics of carbonyl and methylidenepropane dinitrile compounds
from the viewpoint of spin-orbit interactions. Table 2 represents the results of quantum-chemical
calculations of the energies of two lowest singlet (nn* and nn*) and all the lower-lying triplet excited
states, which are responsible for molecular photophysics.
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Table 2. Electronically excited states, which are responsible for efficient ISC process owing to increased spin-
orbit coupling (SOC), in chalcone and its dimethylamino derivative. TDDFT calculations in vacuo.

Excited state | Energy (intensity) | SOC, cm’! | kisc, s
Chalcone, |
Si(nm*) 385 nm /25970 cm™ (f~0)
Ty(an*) 387 nm / 25870 cm’’ 183 (S,-T5) 49-10"
T,(nm*) 444 nm /22500 cm’' - -
T, (%) 522 nm / 19160 cm’! 192 (S-T)) 5.1-10"
4-N(CHjs),-chalcone

S,(nm*) 379 nm / 26400 cm™ (f~0)
S\ (%) 383 nm / 26110 cm (/~0.786) (k~3.610°
) 381 nm / 26220 cm’’ 20.9 (S:-T5) 4.4-10"
T,(n1%) 435 nm / 22980 cm’’ 9.5 (S,-T») 12-10"
T\(nn*) 582nm/ 17170 cm™ 17.7 (S>-Ty) 1.5-10"

* Fluorescence emission rate constant calculated from the oscillator strength and wavenumber (cm™) of S, state
by the common equation: k~2/3-fv*.

Calculations of spin-orbit coupling and Robinson-Frosch [35-36] intersystem crossing rate constant
estimations are given there as well (SOC and AE in cm™): ke = 0.71-10" - SOC? - exp(-0.25AE*).
Carbonyl group nn* states are easily identifiable within ESSA approach, typical example of localization
and electron density redistribution at S-S;(nm*) electronic transition is given below (Scheme 1).

11 /,,f;ﬁ;;-:oﬁ\ﬂ

nm*: Scheme 1

Contrary to other electronic transitions, nm* ones are strictly localized on a functional group with
unshared electron pairs, electron density redistribution is directed from its heteroatom to the nearest
carbon atoms.

The lowest singlet excited state in chalcone molecule is of nw* type, it is characterized by strong
spin-orbit coupling with the lower-lying triplet mn* states. This is the reason for the fact that
unsubstituted chalcone is non-fluorescent at room and even at liquid nitrogen temperatures. The S; and
T; states are close in energy, their positions could insignificantly deviate due to solvent effects,
however, this will not change photophysics of chalcone principally.

At introduction of dimethylamino group in position 4 of chalcone molecule, an inversion of singlet
nt* and niw* states takes place. However, high efficiency of radiationless decay remains in this case as
well. 4-N(CHs)>-1 is non-fluorescent in low polar solvents like cyclohexane. Calculations result in
close proximity of the energies of Si(nn*) and Sx(nm*) states of this compound (energy difference
~0.2 kcal/mol). Estimation according to Arrhenius results in their nearly equal equilibrium populations
(0.55:0.45). This means that both lowest singlet excited states can be involved in radiationless
deactivation processes, which finally lead to population of non-emissive in fluid solutions triplet
states: the first of them starts from S; while as the second starts from the thermally activated S,. In
Table 2 both these decay pathways are considered.

In polar protic solvents fluorescence of 4-N(CH3),-1 appeared owing to solvatochromic lowering
the energy of S, state, however, even at such conditions fluorescence quantum yields remain quite low
[8, 12], no higher than several percents.

Nitrile group has its own nt* levels, however they are located at much higher energy in respect to
S, state and thus have no influence on fluorescence ability. Thus, all the lowest singlet and triplet
states of nitrile-substituted compounds should be of nn* type. From another side, compound II is not
planar, this induces slight enhancement of spin-orbit coupling. Basing on these considerations, we
decided to make analogous analyses also for compound II and its dimethylamino derivative (Table 3).
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Table 3. Lowest singlet and triplet excited states of compound II and its dimethylamino derivative, spin-orbit
coupling and ISC rates in their molecules. TDDFT calculations in vacuo.

Excited state | Energy (intensity) | SOC, cm’! | kisc, s
(1,3-diphenylprop-2-en-1-ylidene)propanedinitrile, I
Si(nm*) 377 nm / 26540 cm™ (/~0.552) (kr2.6-10%)°
To(nm*) 429 nm /23300 cm’ 0.67 (Si-T>) 5.6:10"°
Ti(nn*) 688 nm / 14550 cm’! 0.28 (S;-Ty) 1.3-10°
4-N(CHa),-11

Si(mm*) 448 nm / 22330 cm™ (/~0.859) (k~2.9-10%"
To(nm*) 471 nm /21230 cm’ 0.29 (S:-Ty) 9.7-10%
T (nm*) 774 nm / 12920 cm’! 0.18 (S,-T)) 1.4-10°

* See note to Table 2.

Spin-orbit coupling caused by violations in planarity is not too strong, thus we are expecting much
higher fluorescence ability for both investigated dinitriles. Rough estimation of their fluorescence
quantum yields based on theoretically predicted photophysical processes rate constants gives 0.32 for
compound II and 0.23 for its dimethylamino derivative in non-polar surrounding. This satisfactory
matches with the experimental data.

Conclusions

Carbonyl group demonstrates itself as stronger electron accepting moiety compared to
methylidenepropane dinitrile one, thus C=O causes higher solvatochromism and more pronounced
non-linear optic effects. From another side, carbonyl group brings into a system of energetic levels of
conjugated organic molecules their own singlet and triplet nz* states, which can be the reason of
partial or even complete intramolecular fluorescence quenching by the mechanism of intersystem
crossing. Long-wavelength shifting of both absorption and fluorescence spectra at introduction of
C=C(CN), moiety is caused not by appearance of a new strong electron-withdrawing center, but
entirely by the enlargement of m-conjugated system of the core molecule by two triple bonds of nitrile
groups.
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A. O. OopoweHko. Mpyna C=0 y nopiBHsHHI 3 yrpynoBaHHsM C=C(CN), 3 TO4kM 30py eneKkTpoHHOi abcopbuiiHoi
Ta hnyopecuUeHTHOI CNeKTPOCKOMii.

XapkiecbKkull HayjoHanbHuUl yHisepcumem imeHi B.H. Kapasina, matidaH Ceobodu, 4, Xapkis, 61022, YkpaiHa

Edbekt 3amiHn kapOoHINbHOI rpynn Ha MeTWUNIAEHNPONaHAIHITPUNLHUA parMeHT Yy eneKkTPOHHIN
abcopbuinHin Ta ¢ryopecueHTHin cnekTpockonii 6yno npoaHanisaoBaHoO TeOpeTM4yHO 3a cxemoto DFT/TD-
DFT. Ak wmopenbHy MONEKynsipHy CUCTeMy Ans UbOro [ocnigpkeHHss Oyno obpaHo xankoH (1,3-
andeHinnponeHoH). MeTunigeHnponaHAVHITPUNBHUMIA  parMeHT OyB oOxapakTepu3oBaHuMi $K  OinbLu
CpUATNUBUIA AN OTPMMaHHSA NPOAYKTIB 3 SiCKpaBol hyopecLeHLie0, OgHakK MOro enekTpoHoakLenTopHa
3[aTHICTb BMSBWUMACS MOMITHO HMXYOK Y MOPIBHSAHHI 3 kapOOHINbHOW rpynok, Bcynepey MOLUUPEHIn Y
HaYKOBIW CNiNbHOTI AyMLi.

Knroyoei crnoea:. xankoH, KapboHinbHa epyna, MemurioeHnponaHOiHIMpuUr, eneKkmpoHHi crekmpu
roanuHaHHs, crekmpu gryopecueHuii, corb8amoxpomisi, iHmepkombiHauiliHa KOH8epCisl.
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Solutions of Li* salts in many non-aqueous solvents used in Li-ion batteries have a maximum conductivity
curve depending on the electrolyte concentration. For the microscopic interpretation of this phenomenon for one
of the most popular electrolytes, LiPFs solutions in a binary mixture of dimethyl carbonate (DMC) / ethylene
carbonate (EC) (1:1), molecular dynamics simulations of the corresponding systems with a salt content of 0.1,
0.5, 1.0, 1.5 and 2.0 M were performed. The potential models for DMC and EC molecules were developed as
the combination of two different force fields: OPLS-AA and GAFF in order to properly reproduce the diffusion
coefficients of pure solvents. The structure has been analyzed in terms of radial distribution functions (RDFs)
and running co-ordination numbers (RCNs). The results show that Li* cation can form contact ion pairs (CIPs)
and solvent shared ion pairs (SSIPs) in the solutions. The total coordination number of the cation remains the
same at around 5.5-6.0 for all concentrations. Also, EC molecules and PFe¢ anions are competing for the
position in the first coordination shell of the cation. The aggregate analysis with two different distance criteria
was performed: minima on the RDFs and the minima on the second derivative of the RCNs. The diffusion
coefficients for all components of the solutions and viscosity of simulated systems were also obtained. The
diffusion coefficients for all components are decreasing and viscosity values are non-linearly increasing with the
salt concentration increase. The conductivity values were obtained with the diffusion coefficient values of ions
via Nernst-Einstein relation. These findings and the drastic viscosity increase at 1.0 M and at higher
concentrations of LiPFs are in agreement with the calculated experimental conductivity values.

Keywords: lithium hexafluorophosphate, dimethyl carbonate, ethylene carbonate, local structure, transport
properties, ionic aggregation.

Introduction

Lithium-ion batteries are widely used in various portable devices [1-5]. They were leading the
technological revolution in the electrochemistry for the last decades. The combination of electrode
materials, electrolyte solvents and, of course, salts can hugely impact the battery performance [5-17].
Practical electrolyte should be electrochemically stable, have high ionic conductivity, transference
number, good electrochemical and thermal stability, low volatility, flammability, toxicity and be cheap
in the production [18].

Polar organic molecules such as dimethyl carbonate (DMC) and ethylene carbonate (EC) are one of
the most common solvents in lithium batteries [6, 19-21]. Binary mixtures of solvents proved to be
useful in improving electrolyte behavior for different temperatures and in optimizing electrochemical
and physical properties [22-23]. Electrolytes with EC known to form a stable solid electrolyte
interface on anodes that can prevent electrolyte decomposition [24]. EC also has high dielectric
constant and relative viscosity. That is why the linear ester DMC with low viscosity and dielectric
constant usually is combined with the cyclic ester like EC. The overall viscosity of such mixture is
lower than of pure EC, the mixture can still dissolve lithium salts because of high dielectric constant of
EC and, most importantly, the ionic conductivity of such system improves [25]. As for the salt, LiPFg
has a large dissociation degree in organic carbonate solvents, which results in an excellent ionic
conductivity for the electrolyte.

© Dudariev D. S., Holubenko Y. A., Jallah R. M. N., Kalugin O. N., 2024
This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0.
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Due to these reasons organic polar electrolytes was studied by variety techniques with the accent
on electrochemical application. These studies include such methods as vibrational spectroscopy, X-ray
diffraction [26], photoelectron spectroscopy [27-28], neutron scattering [29], NMR [30], etc. Although
as was mentioned the combination of LiPFs with carbonate solvents leads to better
electroconductivities of such systems, one needs to choose the composition of the components
attentively because the conductivity dependence has maximum on the concentration curve [31-33].
One of the most common commercial used solutions of LiPFs in DMC/EC (1:1) binary has the peak
electrical conductance at 1 M [33-34]. This maximum usually explained via local structure changes in
the solution [35], although the literature data are of a qualitative nature without a detailed analysis of
the contribution of ion aggregation to the formation of a maximum on the concentration curve of
electrical conductivity.

In this paper, molecular dynamics (MD) simulations were performed to obtain microstructural and
transport properties for LiPFs in DMC/EC (1:1) binary mixture with the salt concentration of 0.1, 0.5,
1.0, 1.5 and 2.0 M. In addition, the aggregate analysis has been performed to study the features of
ionic clusterization in lithium salt solutions.

Methodology

Details of molecular dynamics simulation. MD simulations of the LiPF¢ and binary mixtures of
DMC/EC (1:1) have been performed at five different compositions. To calculate the exact number of the
ions and solvent molecules for the MD simulation from the molarities the experimental densities, 2, of
the LiPFs in DMC/EC (1:1) binary mixture were used [36-37]. The number of the different particles in
cubic box and molar concentration of the LiPF in the simulated systems are collected in Table 1. The
total number of Li" cations and PFs anions were always equal to 100.

Two systems of pure solvents (DMC and EC) were also simulated (with the number of molecules
of 500 for each). Pure EC system was simulated at the temperature of 313.15 K because at 298.15 K
this solvent is solid substance.

All simulations have been carried out using the GROMACS 2019.4 software package [38]. The
temperature of 298.15 K and pressure (in NPT ensemble) of 1 bar were kept constant by velocity-
rescaling thermostat [39] and the Berendsen barostat [40]. The relaxation times were, 0.1 ps and
0.5 ps, respectively. The equations of motion were integrated via leap-frog algorithm, time step of all
simulations was equal to 0.5 fs. The long-range part of the electrostatic interaction has been accounted
for by the Particle Mesh Ewald method [41] with the cutoff radius of 1.0 nm. Lennard-Jones
interactions were treated with the conventional shifted force technique. The Lennard-Jones parameters
corresponding to unlike pairs of atoms have been calculated by the standard Lorentz-Berthelot
combination rules [42]. After equilibrating the systems (NPT ensemble), simulations of 10 ns have
been performed (NVT ensemble). All systems were simulated five times from new independent
randomly created configuration. The last 1 ns of the trajectory of the simulations have then been used
for the structural analysis while full 10 ns trajectories were used for transport properties calculation.

Table 1. The composition of the simulated systems of LiPF¢ in DMC/EC (1:1) binary mixture.

LiPF, Number of Number of Number of Number of P [36-37], &/
concentration Li* PF¢ DMC EC em’®

0.1 M 100 100 6707 6707 1.21

0.5M 100 100 1318 1318 1.25

1.0M 100 100 664 664 1.29

1.5M 100 100 420 420 1.33

20M 100 100 308 308 1.36

Force field refinement. The structure of the PFs anion and DMC and EC solvent molecules along
with the atomic labeling scheme is shown at Figure 1.

For the Li" the potential model directly from OPLS-AA [43] has been used.

For the PFs anion the potential model from Canongia Lopes et al. [44] was taken.
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Figure 1. Structure of the PF¢ anion and molecular solvents of DMC and EC. The labeling of solvent molecules
used in potential models is also shown.

As a first step the LigParGen [45] was used to develop Lennard-Jones (LJ) parameters, as well as
bond, angle, and dihedral angle parameters based on the OPLS-AA [43, 46-47] force field for both
DMC and EC.

In current study the total potential energy was reproduced by the sum of intra- and intramolecular
contributions:

bonds k ] 5 angles k@ " 5 dihedral 5 "
_ rj i
Uo = Z (ru _”o.ff) + Z (ka - 90@'%') + Z ZC,, (COS(‘/’W)) +
i 2 ijk 2 ikl n=0
12 6 (D
improper nonbonded o. oO. q . q]_
ii ij i

+ Z kMk, (l + cos(n ik~ ¢mﬂ(,)) + Z 43}.}. L - X |+ —4 ,

ikl i T By &

where £ is the force constant for bond stretching (7), angle bending (6), proper and improper dihedral
(¢), respectively, ¢ and o are the Lennard-Jones energy and the distance parameters, respectively, and

g stands for the fractional charges of the interaction sites. For proper dihedral ¥, =180° —¢,,, . All the

intramolecular parameters for DMC and EC force field models are listed in the Table 2.

Optimization of the starting geometry and calculation of partial charges of atoms was carried out
using the software package Gaussianl6 [48] at M062X/AUG-cc-PVTZ level. The algorithm for
calculating partial atomic charges according to Breneman was applied [49-50]. The charges obtained
are presented in the Table 2.

The results obtained for diffusion coefficients (D) of pure solvents are much lower than the
experimental ones. For pure DMC and EC diffusion coefficient was equal to 1.5-10° cm*s and
0.5-10° cm?/s, respectively, as compare with experimental values of 2.6:10° cm?/s (at 303 K) and
0.8:10° cm?/s, respectively [51].

In order to improve the results for the solvent potential models and to reproduce transport
properties of pure molecular liquids the original OPLS-AA models were modified. Following our
guess, lowering the effective molecule radius can improve the diffusion coefficients. Thus, the
Lennard-Jones parameters of H atoms of DMC and EC were replaced with the GAFF force field ones
[52-53]. The GAFF ¢ parameter is almost two times lower than such of OPLS-AA force field. The
Lennard-Jones parameters and charges of the DMC and EC are shown in the Table 2.

The obtained results for density, self-diffusion coefficient and enthalpy of vaporization for the pure
solvents in the comparison with the experimental data are shown in the Table 3. For the potential
models with the H parameters from GAFF the results are close to the experimental values. For further
MD simulations these modified potential models were selected.
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Table 2. Charge distribution, ¢, Lennard-Jones parameters, o and ¢, intramolecular parameters, k;, for DMC and
EC. Asterisk represents the Lennard-Jones parameters of the GAFF for H atoms that replaced the original ones

DMC EC
Charge q, e q, e
0! -0.597267 -0.563993
o*? -0.449998 -0.396963
C! 1.004995 0.878357
c*3 0.098148 0.167807
H' 0.035715 0.035874
H? 0.035720 0.036100
H? 0.076551 0.035878
H* 0.035718 0.036096
H° 0.035717
H° 0.076551
Atom o, nm g, kJ/mol o, Nm g, klJ/mol
0! 0.296 0.87864 0.296 0.87864
0> 0.290 0.58576 0.290 0.58576
! 0.355 0.29288 0.355 0.29288
o 0.350 0.276144 0.350 0.276144
- 0.250 (0.2471)" 0.12552 (0.065693)"
6 0.250 0.12552 (0.065693)"
(0.2471)’
Bond 79, NM k., kJ/(mol-nm?) ¥p, NM k,, kJ/(mol-nm?)
Cc'-0! 0.1229 476976.0 0.1229 476976
C'-0'"? 0.1327 179075.2 0.1327 179075.2
c-C 0.1529 224262.4
C:-0? 0.141 267776.0 0.141 267776.0
c-0 0.141 267776.0 0.141 267776.0
C2-H"? 0.109 284512.0
C:-H" 0.109 284512.0
C-H** 0.109 284512.0
C3-H*¢ 0.109 284512.0
Angle 0y, deg ks, kJ/(mol-rad®) 0,, deg ko, kJ/(mol-rad?)
0'-C'-0"? 123.4 694.544 123.4 694.544
C'-0%-C? 116.9 694.544 116.9 694.544
Cc-0-C? 116.9 694.544 116.9 694.544
c-Cc-0’° 109.5 418.4
c-Cc:-0° 109.5 418.4
C-C3-H** 110.7 313.8
C3-C-H"? 110.7 313.8
0-C'-0? 118.18 584.923 118.18 584.923
0*-C*-H"? 109.5 292.88
O*-C*-H"? 109.5 292.88
o-C-g** 109.5 292.88
O-C3-H*® 109.5 292.88
H'-C3-H? 107.8 276.144 107.8 276.144
H3-C2-H'"? 107.8 276.144
H3-C3-H* 107.8 276.144
H'-C-H° 107.8 276.144
HS-C3-H*® 107.8 276.144
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Table 2 continued

Improper 9, ,deg k4 , kJ/mol n 4, ,deg k4 , kJ/mol n
0'-0*-C'-0’ 180.0 43,932 2
0’-C'-0'-0? 180.0 43.932 2
Dihedral Cy,kl/mol ¢, kJ/mol €5, kJ/mol  Cs5,kJ/mol C4 , kJ/mol Cs , kJ/mol
DMC
C'-0*-C*H" 0.414 1.243 0.0 -1.657 0.0 0.0
C'-O*-C*-H** 0.414 1.243 0.0 -1.657 0.0 0.0
0'-C'-0*-C? 21.439 0.0 -21.439 0.0 0.0 0.0
o'-c-0-C? 21.439 0.0 -21.439 0.0 0.0 0.0
c-0%-C'-0* 31.206 -9.768 -21.439 0.0 0.0 0.0
C-0’-C'-0? 31.206 -9.768 -21.439 0.0 0.0 0.0
EC
Cc'-0*-C*-0? -2.197 5.201 0.527 -3.531 0.0 0.0
C'-0’-C*-0? -2.197 5.201 0.527 -3.531 0.0 0.0
C'-0*-C*-H"? 0.414 1.243 0.0 -1.657 0.0 0.0
c'-0’-c’-g** 0.414 1.243 0.0 -1.657 0.0 0.0
0'-C'-0*-C? 21.439 0.0 -21.439 0.0 0.0 0.0
o'-Cc'-0-C? 21.439 0.0 -21.439 0.0 0.0 0.0
c-0-C'-0? 31.206 -9.768 -21.439 0.0 0.0 0.0
C-0’-C'-0? 31.206 -9.768 -21.439 0.0 0.0 0.0
o-C-C-0° -1.151 1.151 0.0 0.0 0.0 0.0
o’-C>-C*-H** 0.979 2.937 0.0 -3.916 0.0 0.0
0O*-C*-C*-H"? 0.979 2.937 0.0 -3.916 0.0 0.0
H'-C>-C-H** 0.628 1.883 0.0 -2.51 0.0 0.0

Table 3. Observed density, P, self-diffusion coefficient, D, and enthalpy of vaporization, 4H vap and share

viscosity, n, calculated at 298.15 K for DMC and at 313.15 K for EC in comparison with the results obtained
through experimental measurements.

DMC (298.15 K) EC (313.15K)
Property MD Exp. MD Exp.
P g/dm’® 1038 1057 [54] 1294 1321 [54]
D-10% oy 2.2 2.6°[51] 0.6 0.8 [51]
AvoH, kJ/mol 35.5 38.0 [55] 54.8 60 [56]

a—for 303 K.

Results and discussion

Microstructural properties. The microstructural properties of LiPFs in DMC/EC (1:1) binary
mixture were analyzed in terms of radial distribution functions (RDF) and running coordination
numbers (RCN). For all RDFs the center atom P of anion as well as most electronegative atom of
solvent (the carbonyl O atom for DMC and EC) has been chosen for the analysis.

The RDFs and RCNs between Li" and carbonyl O atoms of solvents DMC and EC for all
concentrations are presented at Figure 2.
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Figure 2. Cation-solvent radial distribution functions (¢ — Li-Opmc; b — Li-Ogc) and running coordination
numbers (¢ — Li-Opmc; d — Li-Ogc) at various molar concentration of LiPFs in DMC/EC (1:1) binary mixture.
The vertical dashed line corresponds to the radius of the first solvation shell.

All positions at curves are remained unchanged at different concentrations. Thin sharp first peaks
without any shoulders at both cation-solvent RDFs can be observed that indicate the sturdy first
solvation shell. The first maxima of RDFs are at approximately 0.20 nm as well as first minima at
0.31 nm for both solvents. This agrees well with time-of-flight neutron diffraction measurements for
LiPFs in PC with Li-O peak at approximately 0.20 nm [29]. Similar peaks from MD simulations for
lithium salts in DMC, EC or PC have value of 0.19-0.20 nm [54, 57-60]. The heights of the Li-Opwmc
curves almost do not change with the concentration increase of the salt while Li-Ogc curves’ heights
become lower.

The cation-anion RDFs and RCNs for all systems are presented in Figure 3. Here similar curves for
all of the concentrations of LiPF¢ in DMC/EC binary mixture can be seen. The first high sharp peak
indicates a structured first coordination shell with maximum at approximately 0.34 nm. These peaks as
well as the ones in cationic-solvent RDFs (Figure 2a and 2b) are much higher and thinner than relative
cation-anion and cation-solvent peaks in the mixtures of ionic liquids with molecular solvents. It
corresponds to the classical MD simulation results with a polarizable force field of LiPFs in DMC/
EC [54]. The small shoulder on all curves with its local maximum near 0.29 nm can be detected. This
indicates the occurrence of different mutual cation-anion configuration at these Li-P distance values.
The example of cation-anion relative disposition at these distances was obtained from GROMACS
trajectory files via VMD program package [61] and shown at Figure 4a. The first maximum of RDFs
here (0.34 nm) corresponds to the monodentate linkage of the anion to the cation when Li" is close to
only one of the F atoms of anion. Thus, the local maximum of shoulder (0.29 nm) corresponds to the
position of anion when Li" is close to two or even three F atoms of anion at the same time (bidentate
and tridentate linkage respectively). The first minimum of RFDs is approximately at 0.45 nm.
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Figure 3. Cation-anion (Li-P) radial distribution functions (a) and running coordination number (b) at various
molar concentration of LiPFs in DMC/EC (1:1) binary mixture. The vertical dashed line corresponds to the first
coordination shell.

As was stated in the literature, contact ion pairs (CIP) and solvent shared ion-pair (SSIP) may occur
in the solutions of lithium salts [33, 62-63]. The latter are formed when the solvent molecule (DMC or
EC for investigated solutions) is located between cation and anion. After the first minimum all of the
RDFs (Figure 3a) have wide plateau until approximately 0.6 nm, and second maximum occurs only at
0.91 nm, second minimum — at 1.04 nm. The wide region, related to the formation of SSIPs, of
uncertain position of PFs anion relatively to Li" cation (0.6 nm — 1.0 nm on RDFs) can be explained
with the packing of solvent molecules around the cation. It was proposed that solvent molecules are
arranged around the Li" cation in a way that leaves large holes between them. The anions can penetrate
into these empty spaces quite closely to the cation [33, 62-63]. Similar phenomenon can be observed
in our investigation. The example of such configuration if shown at Figure 4b. The height of each peak
at RDF decreases with the increase of the salt concentration.

() (b)

Figure 4. Example of cation-anion contact ion pair (a) and solvent-shared ion pair (b).

It was expected that the coordination numbers for cation-solvent interactions (Figure 2¢ and 2d)
will decrease while the cation-anion ones (Figure 3b) will increase with the increasing of the LiPF,
concentration. The EC carbonyl O atoms are competing with the PF¢ anions for the coordination with
the Li" cation. But in the case of DMC its number is independent of the concentration of the salt. It
remains ~1.8 for all systems while for Li-P it increases from 0.1 to 1.6 and for EC it decreases from 4
to 2 with the increasing of LiPFs concentration in DMC/EC binary mixture. This is caused by higher
molecular dipole moment of EC comparing to DMC. Also, EC molecule is smaller and can be packed
more efficiently in the Li" first coordination sphere than wide and linear DMC. The average total
coordination number remains 5.5-6.0 regardless of the concentration. These results are in agreement
with previous MD simulations [64].
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Ion association. In order to study the association of ions one should to identify the criterion by
which two ions can be considered as a part of one aggregate (or cluster). Such a criterion was
proposed in different works [65-66] as the distance between coordination centers of respective ions.
Thus, two ions were considered to belong to the same associate if their respective centers are located
at the equal or lower distance that was chosen as a criterion from each other [67].

Aggregate analysis has been performed by AGGREGATES 3.2.0 software package [68].

To analyze the formation of the aggregates on the solution two distance criteria are proposed. The
first is the first minimum in cation-anion RDF (0.45 nm, Figure 3a) which indicates the first
coordination sphere around the Li" cation. The second criterion was determined by the minimum at the
second derivative of cation-anion RCN (0.35 nm, Figure 5). This value shows the distance at which
the RCN curves come into plateau regime at which the coordination number have almost no change at
all.

—0.1M
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Figure 5. Second derivatives of cation-anion (Li-P) running coordination numbers at various molar
concentration of LiPFs in DMC/EC (1:1) binary mixture.

The results of the association analysis can be found in Figure 6.

(@) (b)
Figure 6. Probability distributions of aggregate sizes with respective first () and second (b) criterion at various
molar concentration of LiPFs in DMC/EC (1:1) binary mixture.

The results are pretty similar for both criteria chosen. The ions are mostly isolated from each other
in 0.1 M solution of LiPFs in DMC/EC (1:1) binary mixture. With the increasing of the salt
concentration, one can see that more and more aggregates of different sizes start to appear. At the
same time the number of the free ions decreases. Nevertheless, at the 2.0 M concentration still the size
of biggest ionic associate is 19 for both criteria. This fact, ones again, proves the strong solvation
effect comparing to the association which is still not dominant even at high concentrations of salt.

To illustrate the general result among all concentrations the average number of associations were
obtained (Figure 7). It can be seen that both criteria are similar in their values.
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Figure 7. Average numbers of association with both criteria at various molar concentration of LiPF¢ in DMC/EC
(1:1) binary mixture.

The ionic conductivity is related to the effective concentration of the charge carriers in the
solution according to the Nernst-Einstein relation [69]. The formation of CIPs and SSIPs in the
solution and the formation of the ionic clusters as a result reduces the number of charge carriers and
thus lowers conductivity. That is why the concentration at which the massive clusterization of ions in
aggregate analysis occurs for the second set of criteria is close to the concentration at which the
experimental conductivity has maximum at its curve [33].

Transport properties. The transport properties were studied in terms of diffusion coefficients of all
the components of the LiPFs in DMC/EC binary mixture systems as well as their shear viscosity.

The diffusion constants were obtained by the time integral of velocity autocorrelation function via
Green-Kubo integral formula:

D :%jc (1)dt | o)

It should be noted that the values of diffusion coefficients are averaged among the whole system
for all the molecules.
For the viscosity a nonequilibrium periodic perturbation method has been used [70]. According to
the Navier-Stokes equation:
Ou
ot
where u is the velocity of the liquid, a — external force. Suppose the force is applied only in the x
direction. In this case the velocity along y and z will be zero:
ou,(z) O'u,(z)
P~ pale)n—n— @
The velocity profile as well as acceleration should be periodic because of the periodic system in the
simulations. Thus, the cosine function can be used for this purpose:
a,(z)=Acos(kz), k =27/l (5,6)
where /. is the height of the box, A — acceleration amplitude of the external force. The viscosity
then can be obtained:

p +p(u-V)u:pa—Vp+77V2u, 3)

rE @

The measured viscosity greatly depends on the parameter A. To obtain the viscosity at zero
acceleration few viscosities for different accelerations should be obtained. Then plotting the viscosities
versus the amplitudes allows to obtain shear viscosity for A=0 via extrapolation.

The obtained values for diffusion coefficients of all components in the system and the viscosity of
the mixtures are presented at Figure 8.
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Here it is seen the decreasing of all diffusion coefficients as the concentration of LiPFs increases
from 0.1 M to 2.0 M. Also, it can be seen that diffusion coefficients of solvent molecules are
approximately two times larger than of ions. The values of coefficients for both solvents are similar to
each other with less solvated DMC being higher.
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Figure 8. Diffusion coefficients for cation, anions and solvent molecules and viscosity values at various molar
concentration of LiPFs in DMC/EC (1:1) binary mixture. The error in the calculation of the corresponding values
was estimated to be a few percent.

Simultaneously, the viscosity of the system increases according to a non-linear dependence and at
highest concentrations investigated it reaches rather huge values of ~35 cP. The viscosity behavior can
be explained by the increasing in size clusters in the simulated system with the formation of SSIPs in
solution beginning after the 1.0 M concentrations of LiPF.

Diffusion coefficients of ions is one of the factors that affects the electric conductivity as stated by
Nernst-Einstein relation [69]:

62
Vi, T

B

K= (N+sz+ +Nfsz,), (8)
where e is the elementary charge, ks — Boltzmann constant, /' — volume of the system, 7 — temperature
of the system, z. — charge of the ion, N. — number of cations and anions.

The conductivity values obtained from the equation 8 are presented at Figure 9. It is worth
mentioning that the highest value of the conductivity appears for the 0.5 M concentration of the LiPFs
salt, while the experimental value is approximately at 1.0 M [33-34]. This result together is in
agreement with the previous observations about ionic association and viscosity increase with the
increasing of the salt concentration.
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Figure 9. Conductivity values at various molar concentration of LiPFs in DMC/EC (1:1) binary mixture.

Conclusions

In the present work LiPFs in DMC/EC (1:1) binary mixture solutions of five different
concentrations have been studied with classical MD simulation technique. The potential models for
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DMC and EC molecules were optimized in this work from the combination of two different force
fields: OPLS-AA and GAFF in order to properly reproduce the transport properties of these solvents.

The structure has been analyzed in terms of cation-solvent and cation-anion RDFs and RCNs. The
snapshot from the trajectory files of the simulation confirmed the RDF and RCN data and shoved that
Li" cations tend to form contact ion pairs as well as solvent-shared ion pairs.

The RCNs showed that total coordination number of the cation for the first coordination sphere
remains 5.5-6.0 for all concentrations. In particular, for DMC it remains ~1.8, while for EC it
decreases from 4 to 2 and for PF¢ anion it increases from 0.1 to 1.6 with the increasing of the salt
concentration. This indicates that EC solvent and anions are competing for the position in first
coordination sphere.

For the ionic aggregate analysis two criteria were proposed (based on two different distances:
minima on the RDFs and the minima on the second derivative of the RCNs). With the increasing of
the salt concentration in the simulated systems the larger aggregates start to appear while the number
of free ions begin to decrease. The results for distances of minimum on the RDFs or minimum on the
second derivative on the RCNs are not differ significantly.

Lastly, the transport properties of simulated systems were obtained. The diffusion coefficients for
all components are decreasing and viscosity values are non-linearly increasing with the salt
concentration increase. The drastic non-linear increase of the viscosity from nearly 1.0 M and for
higher concentrations of LiPFs also occurs. The values of the conductivity from the diffusion
coefficient values of ions via Nernst-Einstein relation were also obtained. These findings are
consistent with the maximum of experimental electroconductivity.
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[0.C. Oynapes , €.A. lonyberko’, P.M.H. Dxannax?, O.M. Kanyrii". MikpocTpyKkTypa Ta TpaHCNOPTHI BMACTUBOCTI
rekcadpTopdocdaty niTito B GiHapHIA cymiwi gumMeTunkapboHaTy 3 eTineHkapOoHaTOM Ans MOJSeKynsipHO-
OVHaMI4YHOro MOJENoBaHHS

"Xapkigcbkull HauioHanbHul yHieepcumem imeHi B.H. KapasiHa, ximidHul c¢hakynbmem, maldaH Ceo6odu, 4,
Xapkis, 61022, YkpaiHa
"Yuigepcumem Tpinoni, MedazoaiuHul chakynsmem 5IH3yp, Tpinoni, Jligis

Po3unHu conen Li* B GaraTbOx pO34MHHMKAX WO 3aCTOCOBYHOTbCA B Li-iOHHMX akymynsTopax matroTb
MaKkCMMyM KPpWBI 3anexXHOCTi enekTPONpOBIAHOCTI BiA KOHLUEHTpauii enekTponity. [Ona MikpockoniyHoi
iHTepnpeTauii Uboro sBuLLA ANs OAHOrO i3 HAaNGiNbL NONYNAPHUX €NeKTPonNIiTiB - po3unHiB LiPF¢ y GiHapHin
cymiwi gumetunkapboHaty (DMC) / etunenkap6oHaty (EC) (1:1) - Oyno npoBefeHO  MOJEKynsipHO-
AnHaMmiyHe mMopaentoBaHHA BignoBigHuX cuctem 3 Bmictom coni 0.1, 0.5, 1.0, 1.5 and 2.0 M. loTeHuUinHi
mozeni ana monekyn DMC i EC 6ynu po3pobneHi sik kombiHauis gBox pisHux cunosux nonis: OPLS-AA i
GAFF, wo6 npaBunbHO BiATBOPUTM KoedilieHTn Audy3ii uncTux posumHHukiB. CTpykTypy 6yno
npoaHanisaoBaHO 3 BUKOPUCTaHHAM (YHKUiN paaiansHoro posnoginy (PPP) Ta noTouyHUX KoopAvHALinHUX
yncen (MKY). PesynbTatn nokasyloTb, WO KaTioH Li* moxe yTBOptoBaTtM KOHTakTHi ioHHI napw (KIMT) i
conbBaTopo3gineHi ioHHi napu (CPIM) y po3unHax. 3aranbHe KOOpAMHALiVHE YMCMNO KaTiOHY 3anullaeTbes
HE3MiHHMM i cTaHOBUTbL 6nM3bko 5.5-6.0 ansa Bcix koHueHTpauin. Kpim Toro, monekynn EC Ta aHioHn PFé
KOHKYPYIOTb 3a MO3uUil0 B NepLli koopAnHaLiiHin 000MnoHUi kaTioHa. ByB npoBeaeHun aHania arperaTiB 3a
OBOMa pisHUMU KpuTepiamu. [ns HUX BUKOPUCTOBYBANUCA AOBi Pi3Hi BigcTaHi: MiHiMymn Ha ®PP i MmiHiMym Ha
apyrii noxigHin Big MKY. Takox O6ynu oTpumaHi koediuieHTM audy3ii ons BCiX KOMMOHEHTIB PO3YUHIB i
B'A3KICTb MoAenboBaHux cuctem. KoediuieHTn andysii ons BCiX KOMMOHEHTIB 3MEHLUYIOTbCH, a 3HAYeHHS
B'A3KOCTI HEMiHIMHO 3pocTalTb i3 36inblIEHHAM KOHLUeHTpauii coni. 3Ha4YeHHA enekTponpoBigHOCTI Bynu
OTpUMaHi 3i 3HayeHb koediuieHTiB Andysii ioHiB 4Yepe3 cniBBigHoweHHA HepHcTa-EnHwTenHa. L
pe3ynbTaty Ta pi3ke 36inbweHHs B’a3kocti npy 1.0 M i npu 6Ginbw BMCOKMX KOHUeHTpauisax LiPFe
Y3rofXyHTbCH 3 PO3pax0BaHNMMN eKCNEPMMEHTaNbHUMN 3HAYEHHAMW eNEKTPONPOBIOHOCTI.

Knro4oei cnosa:. zekcachbmopgpoccham nimito, dumemurnkapboHam, emurnieHkapboHam, JloKkanbHa
cmpykmypa, mpaHCcrnopmHi efacmusocmi, ioHHa agpeaauis.
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Mesoionic compounds are conventionally categorized into two types based on the primary origin of electrons
within the conjugated system, specifically determined by the arrangement of heteroatoms in the five-membered
ring. An examination of diverse mesoionic compounds has been undertaken to address the pivotal query
surrounding their classification: does the primary origin of electrons hold significance, and does this criterion
demarcate a definitive boundary between the two types of compounds? To comprehensively address this issue,
the DFT calculations were performed for a set of mesoionic molecules. The electronic properties of the
molecules were studied within the frameworks of quantum theory of atoms in molecules (QTAIM) and the
Nuclear Independent Chemical Shift (NICS).

To comprehend the topological distinctions among representatives of the two types, we describe a set of
indices designed to characterize the spatial distribution of electronic parameters within the molecular
frameworks. The results obtained show that the existing classification is to a certain extent justified, with the
main distinguishing factor between the two types being the nature of the distribution of the resulting ellipticities
of bonds in five-membered ring and the structure of the molecular orbitals. At the same time, based on NICS
calculations we concluded that both classes are not characterized by pronounced aromaticity of the mesoionic
ring for the selected set of molecules.

Keywords: mesoionic compounds, density functional theory, quantum theory of atoms in molecules, nuclear
independent chemical shifts.

Introduction

The mesoionic compounds typify dipolar molecules characterized by the delocalization of both
positive and negative charges within the molecular framework. The structural representation of
mesoionic compounds contradicts the classical covalent depiction and requires the introduction of
integer charges assigned to specific atoms. Consequently, the mesoionic compounds are frequently
illustrated as hybrids of various dipolar resonance structures.

Mesoionic compounds, characterized by substantial dipole moments, planar ring structures, and
distinct charge regions, exhibit diverse applications. Notably, certain mesoionic compounds
demonstrate antimicrobial and antitumor activities, particularly against sarcoma, melanoma, and
hepatocarcinoma cells [1, 2]. In the agricultural domain, mesoionic derivatives of pyrido[1,2-
a]pyrimidinones are employed as insecticides to control rice pests in several Asian countries [3,4].
High hyperpolarizability, ease of synthesis, stability, and tunable optical properties pose mesoionic
compounds as promising materials for nonlinear optical devices, including optical switches and data
storage elements [5].

In organic synthesis, palladium complexes of mesoionic compounds surpass triphenylphosphine
complexes as catalysts for Shizuki-Miyauri cross-coupling reactions, leading to the synthesis of novel
substances [6]. Cycloaddition reactions of mesoionic compounds find utility in polymer synthesis,
yielding materials with high cross-linking density, thermal stability, and low dielectric constants [7].
In the liquid state, mesoionic compounds exhibit ionic liquid properties, competing favorably with
other structures [8].

Within scholarly discourse, the term "mesoionic compound" has been established specifically for
two types of five-membered heterocyclic mesomeric betaines (HMB) — type A and type B [9, 10] (see,
however [11] where five separate classes of six-membered heterocyclic mesomeric betaines are
discussed). The selective restriction of the term "mesoionic" to these two categories of five-membered

© Kyrpa M., Kovalenko S. M., Ivanov V. V., 2024
This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0.
38



https://doi.org/10.26565/2220-637X-2023-41-01
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-2297-9048
mailto:vivanov@karazin.ua
https://orcid.org/0000-0003-2222-8180
mailto:kovalenko.sergiy.m@gmail.com
https://orcid.org/0009-0002-5410-2822
mailto:mariaxkirpa@gmail.com
http://creativecommons.org/licenses/by/4.0/

Electronic structure of mesoionic compounds. The classification problem

HMBs has been justified as a means to uphold the precision and utility of the nomenclature [10].
These are cyclic molecules having two or more heteroatoms in a five-membered ring and exocyclic
heteroatoms. In both types of compounds, the molecules manifest a conjugated system of 8 -
electrons; however, the distinguishing factor between the classes lies in the origin of these m-electrons,
as presented in Fig. 1. The categorization of HMB through an examination of their connectivity matrix
reveals type A mesoionic compounds as conjugated HMB and type B as pseudo-semi-conjugated [12].
Nevertheless, upon the formation of a chemical bond in analogous molecules, a conjugated system
emerges, leading to the assumption that all electrons are shared. Therefore, our objective is to dive into
the electronic characteristics of mesoionic compounds, seeking to ascertain whether such a formal
classification corresponds to Bader's theory (Quantum Theory of Atoms in Molecules, QTAIM).

Type A
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Figure 1. Resonance structures and the origin of m-electrons in mesoionic molecules

Calculation details

The objective of current investigation is the correlation between the electronic structure of
mesoionic compounds and their classification. Geometric and electronic properties were computed for
10 mesoionic compounds (Fig. 2). Calculations were performed utilizing the density functional
B3LYP within the 6-31++G(d,p) basis set employing Gaussian 09 software [13]. Our preliminary
calculations have shown that the results remain quite stable when the chosen basis set is changed. A
software package AIMAII [14] was used for consideration and analysis of electronic characteristics in
QTAIM frameworks.

Among the studied molecules there are both conventional representatives of mesoionic molecules,
such as miinchnone 1A, derivatives of diazoles 2A and 1B, and tetrazole 2B, as well as previously
unreported molecules 4B and 5B, which, to the best of our knowledge, have not been synthesized to
date.

, / | !
o= Lo T T o
Ph
4A

1A 2A 3A 5A
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1B 2B 3B 4B 5B

Figure 2. Systems under consideration.

Current investigation is guided by QTAIM, the main objects of which are atoms and bonds as
inherent manifestations of the observed electron density distribution function p within the system.
Simultaneously, the electron density distribution within the molecule describes the average way in
which electronic charge is spatially distributed within the coulomb field created by the nuclei [15]. In
accordance with the principles of QTAIM, the depiction of a molecular structure involves the
identification of critical points within the electron density field, along with the delineation of gradient
trajectories originating and terminating at these critical points (CPs). Furthermore, it is well known
that the nature of chemical bond is discerned through the sign of the second derivative at a specific
point. Thus, in addition to the electron density eigenvalue at CPs, the Laplacian of the electron density
1/?p serves as a descriptor for bond characteristics. After all, a crucial parameter, particularly in the
examination of conjugated systems, is the ellipticity of the bond e. It is defined in relation to the
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cylindricity of the electron density at the CP and quantitatively assesses the extent to which the
electron density preferentially occupies a specific plane containing the bond axis.

The characteristics of bonds, such as electron density p, Laplacian of electron density V/?p and
ellipticity ¢ at critical points are compared to reference molecules, which are furan, pyrrole, thiophene,
pyrazole, isoxazole, isothiazole and tetrazol. Also we provide an analysis of geometrical parameters in
studied molecules.

Results and discussion

Certain molecular characteristics of the investigated molecules are given in Table 1. The acquired
data reaffirm the notably elevated dipole moments and polarizabilities of mesoionic compounds.
These characteristics provide the optical nonlinearity outlined above, as well as environmental effects,
such as solvatochromism [16]. It is pertinent to observe that, generally, type A compounds exhibit
larger values of HOMO-LUMO gaps. Typically, a larger HOMO-LUMO gap indicates increased
stability, although further research is warranted to delve into this aspect.

Table 1. Quantitative characteristics of the studied molecules.

HOMO-LUMO gap, Dipole Moment, D Polarizability, a.u.

eV
1A 4.44 7.90 63.689
2A 4.19 7.12 81.640
3A 3.51 5.38 91.835
4A 3.10 10.58 208.131
5A 3.35 6.29 106.910
1B 3.29 9.83 84.219
2B 3.73 10.91 72.060
3B 2.72 4.02 107.651
4B 1.66 5.93 98.618
5B 2.04 1.98 42.350

In type A compounds, the A-E bond is identified as the weakest, as indicated by the following
facts: it is on average 0.2 A longer than the corresponding bonds in the reference molecules, and
displays relatively low electron saturation and ellipticity. These findings align with earlier research
[17]. Conversely, the D-E bond in type A compounds tends to shorten, exhibiting high ellipticity and
substantial negative Laplacian values, which indicates a strong electronic correlation. Findining
general patterns in type B compounds may be challenging, but it can be said that both A-E and D-E
bonds are characterized by the large negative values of the Laplacian, which indicates a high
concentration of electron density on the interaction lines and strong electron sharing.

It is rather difficult to identify distinct trends in the electronic characteristics of the E-F exocyclic
bond. For compounds 1A, 3A, and 5B, the positive Laplacian value in the CP of the E-F bond suggests
an ionic character of given bond. The ellipticity in the CP of the E-F bond for compound 4A has a
value 0.004, prompting a comparison with the ellipticity of a single 6-bond, such as C-H. Compounds
3A, 1B, and 3B also exhibit relatively low ellipticity values for the E-F exocyclic bond: 0.006, 0.075,
and 0.057, respectively, which identifies them as single o-bonds. However, in compound 5A, the
exocyclic E-F bond displays an exceptionally low Laplacian value of -1.279 alongside a relatively
high ellipticity of 0.277. The E-F bond in compound 2B is also unequivocally interpreted as double
and covalent.

Table 2. Average values of the studied bond characteristics for two types of mesoionic compounds.

r A p, A ) g
Type A Type B Type A Type B Type A Type B Type A Type B
A-B 1.485 1.461 0.285 0.307 -0.596 -0.529 0.299 0.203
B-C 1.322 1.595 0.331 0.294 -0.419 -0.496 0.313 0.254
C-D 1.392 1.463 0.271 0.306 -0.185 -0.526 0.407 0.201
D-E 1.401 1.434 0.311 0.292 -0.828 -0.796 0.379 0.206
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A-E
E-F

1.661
1.327

1.434
1.243

0.201
0.359

0.292
0.390

-0.356
-0.292

-0.799
-0.296

0.114
0.114

0.201
0.090

Mesoionic compounds of type A exhibit anomalous angular curvature near the exocyclic atom
(Table 3). NBO analysis performed by Oziminski and Ramsden on compound 2A reveals a significant
donor-acceptor interaction (34.6 kcal mol™") involving the lone exocyclic electron pair and the
antibonding orbital related to the A-E bond. In contrast, the interaction with the adjacent D-E bond
orbital is considerably weaker (15.4 kcal mol™). These interaction energies align with an observed
compression of the A-E-F bond angle, leading to a concurrent weakening of the A-E bond and the
reinforcement of the D-E bond [18].

Table 3. Calculated valence angles, formed by exocyclic bond

1A 2A 3A 4A 5A 1B 2B 3B 4B 5B
A-E-F 1184 1224 1219 1185 1313 1295 1262 1234 1222 1293
D-E-F 1403 1351 1351 1355 126.6 1295 1262 1247 1222 1293

To identify topological differences between representatives of the two types of mesoionic
compounds, we propose indices summing the QTAIM characteristics of five-membered rings and
five-membered rings along with the exocyclic atom. These indices are standard deviation (SD), and
Kullback-Leibler divergence (KL).

(1

KL=- Y Plog,<. @)
i=1,5 P

In the given formulas, X represents the average value of the corresponding bond characteristic, P
X; —
corresponds to the probability of a certain value and is calculated as E‘, where S__zlls Xi. The
i=1,

Kullback-Leibler index KL compares this distribution with the model (uniform) distribution, denoted

1
as (. The indices were computed both for the mesoionic five-membered cycle (Q=§) and for the

1
conjugated system, including the mesoionic cycle and exocyclic atom (Q= g).

The ranges of the obtained index values are presented in Table 4. It is noteworthy that certain
compounds demonstrate positive Laplacian values, both for endo- and exocyclic bonds. Due to the
logarithmic limitations, the corresponding indices were not computed.

Table 4. Topological indices describing the electronic structure of mesoionic compounds:
(5) — for the cycle, (6) — for the conjugated system including the exocyclic atom.

p vp 3

Type A Type B Type A Type B Type A Type B

SD(5) 0.030- 0.028-0.073, 0.197- 0.437 0.103-0.514, 0.112- 0.176 0.007-
0.074 0.187 0.712 0.101

0.006- 0.005-0.042, 0.050-0.235, 0.009- 0.189 0.080- 0.247 0.000-

KL(5) 0.056 0.213 0.589 0.083,
0.600

SD(6) 0.039- 0.038-0.081, 0.246- 0.410 0.185-0.476, 0.129- 0.174 0.059-
0.092 0.172 0.720 0.092

0.009- 0.008-0.062, 0.100-0.105, 0.069- 0.181 0.111-0.285, 0.070-

KL(6) 0.071 0.177 0.691 0.415 0.094,
0.486

Although type B mesoionic compounds inherently exhibit greater symmetry compared to type A
compounds, all calculated index ranges are quite comparable for compounds of the two types, except
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for the indices representing ellipticity distribution. Specifically, type A compounds are distinguished
by corresponding indices values below 0.1, and type B exceeding 0.1.Values of indices approaching
zero signify a uniform distribution of the given value within the bonds; as the index value increases,
the corresponding distribution becomes more uneven. It is deduced that in type B compounds, the
distribution of ellipticity values within the bonds is more uniform compared to type A compounds.
Simultaneously, bonds in type A compounds exhibit higher ellipticity values (Table 2), indicating a
higher level of conjugation than in type B compounds. The non-uniform distribution of ellipticity can
be interpreted as a disruption of conjugation, a conclusion to some extent supported by the computed
molecular orbitals (Fig. 2).

The Table 4 includes values in italic style that deviate from the specified ranges. Both types of
compounds exhibit more ideal structures for which general trends can be found, as well as extreme
structures with unique properties. Particular emphasis is placed on indices characterizing the
distribution of electron density p. Upon examination of Table 4, it becomes apparent that the index
ranges are nearly identical for compounds of both types. This observation leads to the conclusion that
the initial origin of electrons has little influence on their subsequent distribution within the conjugated
system. This perspective underscores the arbitrariness of the criterion used to categorize compounds
into two types.

In the examination of aromaticity across two discrete classes of compounds, the NICS indices were
determined at ring CPs and at a distance of 1A from the molecular plane, NICS(0) and NICS(1). The
obtained values in Table 5 delineate that, at the specified 1A distance, compounds of type B manifest
heightened shifts in contrast to type A compounds. However, despite these discernible distinctions, the
computed indices for both classes substantiate a non-aromatic classification, with the noteworthy
exception of compound 5B, wherein the computed value of -34.8 exceeds the corresponding
benchmark for benzene (-29.2).

2B 3B 4B 5B

Figure 2. Molecular orbitals characterizing general molecular conjugation.

Table 5. NICS values obtained for studied molecules
NICS(0)iso NICS(0),. NICS(1)iso NICS(1),.

1A -14.2 -0.9 -5.0 -15.4
2A -10.4 4.0 -6.0 -16.7
3A -9.1 4.6 -6.1 -12.5
4A -6.9 18.5 -3.7 -3.4
S5A -8.5 9.9 -43 -12.3
1B -10.5 1.9 -7.4 -17.1
2B -8.7 1.7 -7.4 -18.0
3B -12.7 -3.1 -8.9 -18.9
4B -8.1 -1.0 5.3 -11.6
5B -34.7 -59.7 -18.6 -34.8
furan -12.1 -8.2 93 -27.1
pyrrole -14.0 -12.0 -10.0 -30.8
thiophene -13.1 -7.9 -10.1 -27.5
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pyrazole -13.9 -15.0 -11.3 -32.8
isothiazole -13.5 -12.5 -11.0 -29.9
isoxazole -12.3 -11.2 -10.3 -28.4
benzene -8.0 -14.5 -10.2 -29.2

Conclusions

The central aim of presented research was to ascertain the significance of electron origin
classifying criterion in influencing the electronic properties of the two identified types of mesoionic
compounds — type A and type B. According to our investigation, the formal classification of
mesoionic compounds finds some confirmation within the QTAIM framework with the principal
distinguishing factor between the two types being the distribution pattern of ellipticities (i.e
conjugation). Notably, type A compounds exhibit specific geometric attributes leading to a breach of
conjugation. Despite possessing higher ellipticities, which can be treated as enhanced conjugation
compared to type B compounds, the distribution of these ellipticities within type A molecules is non-
uniform. Conversely, type B compounds, characterized by a more uniform distribution of ellipticities,
display elevated NICS(1) values, albeit less conjugation than type A compounds.

Ultimately, it is imperative to acknowledge that, in comparison to reference molecules, compounds
from both types exhibit markedly lower NICS(1) values, warranting their classification as non-
aromatic. It is noteworthy that, notwithstanding distinctive patterns discernible in compounds of both
types, certain exceptional structures deviate from these trends, showing unique properties.
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M. Kupna, C. KosaneHko, B. IBaHoB. EnektpoHHa 6ynoBa Me30ioHHMX cnonyk. MNpobnema knacudikadi.

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

Me30ioHHi cnonyku yMOBHO KnacudikyloTb Ha ABa TUMNW HA OCHOBI MEPBMHHOIO NMOXOLXEHHSA €NEKTPOHIB Y
CMPSXKEHiI cucTemi, 30KpeMa BM3HAYEHOro pOo3TallyBaHHAM reTepoatoMiB Yy N'ATUYNEHHOMY KinbLi. B
npeacTaeneHin poboti 6yno npoBeaeHO AOCHIAXEHHS Pi3HOMaHITHMX Me30iOHHMX Cnonyk, wob BignosicTH
Ha KIMYOBE 3anuTaHHS WOAO iX Knacudikauii: Y4 Mae 3Ha4YeHHs NepBUHHE NOXOMAXKEHHS €NEKTPOHIB i UM Lewn
KpUTEepin BM3HA4ae OCTaTOYHY MeXy MK ABoma Tunamu cnonyk? LWo6 supiwmntn uo npobnemy 6ynu
npoBefeHi KBaHTOBOXiMiYHi poO3paxyHkn meTodom dyHKuioHany ryctuHn (DFT) pgna psgy TMnoBux
Me30i0OHHMX MoMekyn. ENeKTpoHHi BMacTUBOCTI MOMeKyn AOCNiIOXyBanucsa B paMmkax KBaHTOBOI Teopii aToMiB
y monekynax (QTAIM) i apgepHo-HesanexHoro ximidyHoro 3cysy (NICS). [nsa onucy BigMiHHOCTENW MiX
npeacTaBHMKaMyM ABOX TWMIB ME30IOHHUX CMOMyK 3anpornoHoBaHO Habip iHAeKCiB, MNpu3HayeHux Ans
xapaktepuctukn enektpoHHux QTAIM napametpiB y monekynax. OTpumaHi pesynbTaTu MNoOKasylTb, LWO
iCHyto4a knacudikauis € NneBHOIO Mipol0 BUMPaBLaHO, rONOBHUM PakTOPOM BiAMIHHOCTI Mk ABOMa Tunamu
€ XapakTtep eninTUYHOCTEeN 3B’A3KiB Yy M'ATUYNEHHOMY KifbLi Ta CTPYKTYpu MonekynsapHux opbitanen. Ha
OCHOBi po3paxyHkiB NICS pginwnu BWCHOBKY, wWo o6muaBa knacu cnonyk obpaHoro Habopy He
XapaKTepusyloTbCA BUPAXEHO apoOMaTUYHICTIO ME30IOHHOIO KinbLs.

Knro4oei crnoea:. Me30i0HHI CrionyKu, meopis ¢byHKUioHana 2ycmuHu, KeaHmoea meopis amomie y
Morekynax, 10epHO-He3anexHi XiMidyHi 3cysu.

HadicnaHo 0o pedakuii 17.04.2024 lMputiHamo 0o Opyky 07.06.2024
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PO3PAXYHOK BIJIbHOI EHEPIIi IOHI3ALII IHAUKATOPHOIO BAPBHUKA Y
MILENAPHUX PO34YNHAX METOOM LLUBUAKOIO AJIXIMIYHOIO
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3agaya obumncrieHHss 3MiHM  BiNlbHOI eHeprii 'y mnpoueci 3a [AOMNOMOroH  MOJSIEKYNSPHO-OUHAMIYHOIO
MOJEMIOBaHHA Ma€ LUMpOKe MpakTU4He 3acTOCyBaHHHA, ane € HeTpueianbHow. Po3pobneHi metoam
KnacudikyloTbCA Ha piBHOBaXKHiI Ta HepiBHOBaXkHi. 3aranom piBHOBaXKHi METOOU MatloTb HWDKYY CUCTEMATUYHY
noxmbKy, ane BuMMarawTb OinblIOro Yacy mogentoBaHHs. Lle cnpwusie iHTepecy OO HepiBHOBaXHUMX MeTOAIB,
30KpeMa MeToay LUBUAKOrO anxiMi4HOro NepeTBOPEHHS. Y AaHin poboTi el MeToa 3acTOCOBaHWI 4O npoLecy
iOHi3aLii KNCNOTHO-OCHOBHMX iHAMKATOPIB, 3B'A3aHMX MiLenamMu iOHOreHHMX MOBEPXHEBO-aKTUBHUX PEYOBUH.
Bynun ob4yncneHi 3Ha4eHHs BiNbHOI eHeprii AenpOTOHYBaHHS TUNOBOrO iHAMKATOPHOro 6apBHWKa 4-H-goaeuunn-
2,6-guHiTpodeHony y Bodi i ABOX MiLENsApHMX PO34MHaXxX Ta MOPIBHSHI 3 pe3ynbTaTaMu piBHOBaXXHOrO MeToay.
BusHayeHo, WO AnA AoChigKEeHUX cUcTeM MeToA Moxe 3abe3neunty po3BiKHICTb y mexax 2% 3a 3HayHo
MEHLLIOro CyMapHOro yacy mofentoBaHHs. OnTumanbHO TpMBanicTo MOAENoBaHb LUBWUAKOIO NEPETBOPEHHS Y
naHomy Bunagky € 20 nc, Npu4oMy SIK CKOPOYEHHS!, Tak i MOOOBXEHHS MoentoBaHb 30iMbLUyTh MOXMOKY.
CKOpOYEHHs1 KiNbKOCTi MOAentoBaHb TaKOX MOCUMIOE PO30iKHICTL i3 piBHOBaXHMM MeTogom. OTpumaHi
pes3ynbTaTh MOKa3ylTb NEePCNEeKTUBHICTL MEeToAy LUBUAKOrO NEPEeTBOPEHHSI Ans 06YMCINEHHS 3CYBIB KOHCTaHT
aucouiauii KUCNOTHO-OCHOBHUX HAMKATOPIB Yy MILENsapHUX po34MHaxX Ta MoJanbLUOi OLiHKA MOBEPXHEBOro
€eKTPOCTaTUYHOro NoTeHLjiany miuen.

Knroyosei cnoea: sinbHa eHepais, MOneKynsapHo-OuUHaMmiyHe MOOero8aHHsl, KUCITOMHO-OCHO8HUU iHOUKamop,
r1o8epxHe8o-akmueHa pevyosuHa, mepmMoouHaMiyHe IHmeapy8aHHs1.

BcTtyn

3miHa BiTbHOI eHeprii AG € KIIIOYOBOIO TEPMOIUHAMIYHOIO XapaKTEPUCTUKOIO (i3UKO-XIMIYHOTO
nporecy. OIHIE 3 MO3UTHUBHUX CTOPIH METOLY MOJIEKYJsApHO-TuHamiuHoro (MJI) mozemoBaHHS €
MOJIMBICT 00uncienHs AG mporeciB, y TOMY YHCI TaKuX, OI0 MepediraroTh y JOCTATHHO CKIaIHUX
0araTOKOMIOHEHTHUX CUCTeMaX. YTiM, IS 3a1a4a € HETPUBIaJbHOIO 1 BUMarae BUKOPUCTAaHHS CIelli-
anpHUX miaxoxdiB. Ha BiaMiHy Bix OaraThOX iHIMMX BIACTUBOCTEH, IUIS OTPUMAaHHS OJHOTO 3HAYEHHS
AG sx mpaBuno motpiOHi umcneHHi MJI MojemioBaHHS. IX KilbKiCTh i TpHBANiCTh 3aleXaTh Bil
00paHOro METOJly Ta XapakTepy AOCIiIKYBaHOTO MPOLIECY.

Jns omucy TepMOIMHAMIKM TPOIECIB COJbBATAllli Ta EIEKTPONITHYHOI aucortianii (ioHizaiii)
HaNOUTBII y)KWBaHUM TIiIXOJIOM € TaK 3BaHe ajXiMidHe MepeTBOPEHHS. B HhOMy MiXK TOYaTKOBHM i Ki-
HIICBUM CTaHAMH CHUCTEMH BBOJSATHCS MPOMIKHI CTaHH, SIKi 3a3BUYall HE € CIIOCTEPE)KYBAaHHMH Ha
npaktuii. [loTeHIam TuX B3aeMoIiH, 0 BiAPI3HAIOTHCS MiXK OYaTKOBUM 1 KIHIICBUM CTaHAMU CH-
CTEMH, 3aIUCYIOThCS K (PYHKIIT MapaMeTpa MpUB'S3KH A, SKui Mae 3HaveHHs 0 y BUXigHOMY cTaHi, |
y kianeBoMy Ta 0 < A < 1 y mpoMiXKHUX cTaHaxX. BimoBigHO, MOTEeHIIIaTbHA €HEPTisl CHCTEMH TaKOX
crae ¢pyHukiiero A: U= U(A). [lepebir 1ociipKyBaHOTO MPOIIECY B CUCTEMI OMUCYETHCSA SIK MOCTYIIOBA
sMiHa A Big 0 go 1.

Bxazanmii mimxia peami3yeTbcs HM3KOIO METOMIB, sIKI MOXKHA TOAUTMTA Ha PIBHOBaXKHI Ta Hepi-
BHOBaXHi. Y PIBHOB2)KHUX METO/IaX CUCTEMa MOJICIIOEThCS IEBHUHN Yac 3a JEKUIBKOX CTaJNX 3HAYCHb
A (0, 1 Ta, sx mpaBuiIO, psAAY NPOMKHUX). TaKuM YHHOM KiNbKicTs M/l MoJenoBaHb JOPIBHIOE YHACITY
JOCT/DKEHUX CTaHIB CHCTEMH, a IXHS TPWUBATICTh MOBHHHA 3a0€3MEUUTH JTOCTATHE OXOIUIEHHS (a-
30BOT0 MIPOCTOPY Y KOKHOMY cTaHi. [1]

HaromicTs y HepiBHOB2)KHUX METO/IaX BUKOHYETHLCS 3MiHa mapameTpa A Bix 0 go 1 uepes mpomixHi
3Ha4YeHHs Oe3mocepenHbo B xoni M/l MonmenroBaHHs. 3arajoM, SIK BUIUIMBA€E 3 TEPMOJIMHAMIYHOTO
pO3TIIsAMy, JUIS HUX XapaKTepHE 3aBUINEHHS BEMINHA AG, OCKUIBKH HEPIBHOBAXHUHN mepedir mpo-
necy 3IilcHIoe MeHITy poOoTy abo moTpedye BUKOHAHHS OLTBIIOT poOOTH, HiXK piBHOBakHUHA. Cepen
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Po3paxyHok BinbHOI eHeprii ioHi3awil iHAUKaTOpHOro OApBHUKA Y MILEIAPHUX PO3YMHAX ...

HUX OUTBII JOCHIPKCHUM € TaK 3BaHMU METOJ MOBUILHOI'O aIXIMIYHOTO NEpeTBOpeHHS (aHri. slow
growth). BianoBigHO 10 Ha3BW, 3HAYEHHS A 3MIHIOETHCS BiTHOCHO TOBIJIBHO, 100 3a0€3MEYUTH KBa3i-
CTAaTUIHHH TIepeOir mpormecy. Y TpaHUIHOMY BHITAIKY HECKIHYEHHO TOBUTBHOI 3MIHH CTaH PiBHOBArd
Oyne JOCATHYTHM 3a KOXKHOTO MPOMIDKHOTO 3HAa4eHHS A. YTIM, Ha TPaKTUIl HABITh 3a TPUBAIUX
MOJEIIOBaHb Lei crocid 3a0e3neuye cyTTeBy noxuoKy. Hanpuknaa, 3Hauenns A G, o0uucieHi 3a nps-
MHUM 1 3BOPOTHHM IepebiroM MpoIecy, 4acTo € BIIMIHHUMH 3a aOCOJIOTHOI BEIWYHHOI. SIKIIO
NMoXrOKa BUKOHAHOTO MOJIETIOBAHHS BUSIBJICHA HAITO BHCOKOI, TO HOTO HEMOXKJIHMBO IOJOBXKHTH.
HaromicTh, MOKJIMBO BUKOHATH OJUHHYHI JOJATKOBI MOJAEIIOBAHHS, IO yTIM € BUCOKO PECYpPCOBH-
TpaTHUM dYepe3 IXHIO TPUBAJICTh Ta BCE OJHO HE 3a0€3MEeYUTh AOCTaTHHO BEIUKY BHOIpKY UIs
HajiiHOI oriHkH AG. [2]

BopHouac, ocraHHi Ba AECATHPIUYS aKTUBHO JOCIIKYETHCS TaK 3BAaHUN METOJ IIBUAKOTO Tepe-
TBOpPEHHS (aHTIL. fast growth, fast switching). Bin nependavae mopiBHSIHO IIBUIKWAN, OYEBUIHO HEpi-
BHOBXHMH IEpeXiJ CUCTEMH 3 IIOYATKOBOTO Y KIHIEBUH CTaH i, TaKUM YMHOM, KOPOTKHMH dac
MOeoBaHHS (IecaTKy mikocekyHa). OTpuMaHa BeTUduHa poOoTH W, SIK TIPaBHIIO 3HAYHO BiIpPi3HSE-
ThCs BiJ piBHOBakHOI BenuunHU AG mponecy. Haromicte AG 00UHCTIOETECS 0OPOOKOIO CYKYTHOCTI
3Ha4eHb W; 3 1ecATKIB a00 COTEHb KOPOTKUX MOJEIOBaHb. TOYHICTH OTPUMAHOTO 3HAYECHHS BH3HAYA -
€TBCSA X TPHUBANICTIO Ta KUIBKICTIO, 1 3a MOTpeOW Moke OyTH IiJBHINEHA BUKOHAHHSIM cepii
JIOJTATKOBUX MOJIeIoBanb. lleit merom OyB 3acTOCOBaHMA 1O HU3KU (DI3UKO-XIMIYHUX TMPOIIECIB:
rigparaiist Ta conpBaTamisg MOJEKYJ, 3B'A3yBaHHA JiraHgy OUTKOM Ta MiX OilKaMmu, MPOXOMKEHHS
10Hy uepe3 iIOHHMH KaHall. [3—6]

Bopnouac, cdepa KHCIOTHO-OCHOBHHX PIBHOBAr 3aIMIIUIIACS 11032 yBarow. Y IbOMY KOHTEKCTI
yepe3 BenmnunHy AG Moxke OyTH BUpakeHa 3MiHa (3CyB) pK., MOJIEKYISIPHUX 30HIIB — KHCJIOTHO-
OCHOBHHUX IHAMKATOPiB — Yy pe3yJbTaTi iX 3B'A3yBaHHS MilleJlaMHd HOBEPXHEBO-aKTUBHUX PEUYOBHH
(ITAP). Ha 3naxomxenHi 1i€i 3MiHu (ApK,) y CBOIO 4epry IpyHTY€ThCS IHIUKaTOPHUI METOI BU3HAYe-
HHSI [IOBEPXHEBOT0 eNeKTpocTarnyHoro noreHmiany ¥ minen. [7,8] [TokazaHo, 110 MeTO piBHOBaYKHO-
ro ajxiMi4HOrO MEPETBOPEHHS € MPUAATHUM U OLiHKM ApK, MOJEKYIAPHHUX 30HIIB, 1 o0uMciIeH]
naii 3HaueHHs VY MaroTh TOYHICTB, SKa HAOIKAETHCS IO TOYHOCTI eKCIICPUMEHTATBHUX TaHUX. YTIM,
JOCSTHEHHS 30DKHHMX 3HaueHb AG BUMarae BEJIMKOTO 3arajbHOTO Yacy MOJICNIIOBaHHs, a caMe TpH-
BajsocTi 20 HC 3a mecTy 3Ha4YeHsb 4. [9,10]

VY maniil cTaTTi JOCHIIKY€ETHCSI MOKIMBICTh 3aCTOCYBAHHS METOy LIBHIKOTO IEPETBOPEHHS AT
uiei 3amadi. O6uncieni AG OyayTh MOPIBHSHI 3 pe3yJbTaTaMd PiBHOBXKHOTO METoJa SIK 3pa3ka. Y
sakocTi o0'ekta oOpaHuii OapBHUK 4-r-nonenmi-2,6-gunHiTpodenon (D), 3p'sa3anuii minenamu
n-popenmncyibdary Hatpito (ACH) i netunrpumerunamoniit 6pominy (UTAB), puc. 1. Lli cnonyku €
THTIOBUMH MOJICKYJIIpHUM 30HAOM Ta ITAP, a cuctemu € mobpe BH3HAUYCHWMH: HAsIBHI 1 €KCITCPH-
MEHTaNbHI, 1 po3paxyHKoBi 3HaueHHS ApK,. ToMy 3po0iieHi BUCHOBKH MOXYTb OYTH CIpaBeJIMBHMH 1
JUIS IHIIMX TOMIOHUX CHCTEM. [8]

NO,
OH

NO,

AV

S
/\/\/\/\/\/\O/ \o— Nat

\/\/\/\/\/\/\/\/\N-/F\ Br-
Pucynoxk 1. CtpykrypHi hopmynn ingukaropa 1P Ta mosepxHeBo-akTuBHEX pedoBuH ICH i [[TAB.
Figure 1. Structural formulas of the DDP indicator, SDS and CTAB surfactants.

TeopeTuyHa YyacTMHa

Jli1st KOXKHOT 3 IBOX JOCHIIXKYBaHUX CHCTEM OyJiM puroroBaHi a1 Ml KoMipKH, sIKi CKJIaIaauCs 3
minenu [TAP, monexynu 1J1® y neliTpansHiit abo aHioHHil (popMi, TPOTHIOHIB Ta MOJIEKYJ Boau. Un-
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cno arperamii ckmagano 60 mms JICH i 80 mna LITAB, a posmipu komipku 8x8x8 uM® Ta
9.6x9.6x9.6 uM’, BinnosinHo. Bapsauk 6yB po3MmilieHuii y minei.

M/I MoJiemroBaHHS IPOBOIMIIOCS YV TPH eTamu, puc. 2. Ha mepmomMy erami cucreMu Oyiin ypiBHOBA-
xeHi npotsiroMm 10 He. [Ipukinan orpruManoi KoHDIrypalii mokazaHuii Ha puc. 3.

Ha npyromy erani nmpoBeaeHi NpOIYKTUBHI IPOTOHH METOJOM PiBHOBaKHOTO aJXiMI4HOTO mepe-
TBOPEHHS HACTYITHAM YHHOM. MiX ITOYaTKOBHM (HEUTpanbauid, A = 0) Ta KiHIIeBUM (aHIOHHUH, 4 = 1)
cranamu Oynu gomani 4 mpomixHi cranu 3 4 = 0.2, 0.4, 0.6 Ta 0.8. Y Ko)XKHOMy cTaHi cucTema
MoenroBaacs nporsaroM 30 He, oHOYACHO 30upaniucs naHi npo U(A) 11 monanbiioro o0YHCICHHS
AG. Baxymso, 1o s ctaiB 3 4 < 0.5 (mepeBakxHo MpoTOHOBaHi) Oysia oOpaHa moYaTkoBa KOHQIry-
partist 3 HelTpansHOI0 Mosekynmoro JIJIdD, a misd pemTy cTaHiB (IMepeBa)XHO MEMPOTOHOBAHUX) — 3
anionom J{J1D.

Tpertiii eran nonAras y npoBeACHHI HU3KH KOPOTKUX HepiBHOBaKHMX M/ MonemoBans. s upo-
ro 3 M/ Tpaexropiii kineBux craiB (4 =0 ta 1), mounHaroun 3 10 He, Oyu BUAiNIEH] OKpeMi KOHDi-
rypaiii CHCTEMH 3 YacTOTOIO oJiHa KoHQiryparis koxHi 100 nc. BaximuBo, 1110 OKpiM KOOpAHHAT aTo -
MiB OyJIn BUALICHI TaKoX X mBuAKocTi. Otpumani 2x201 koH}irypaiii cTaay mo4YaTKOBUMH IS HE-
PIBHOBa)XXHUX MOJETOBaHb TpuBaiictio 5, 10, 20 a6o 50 mc: mpoTsirom HUX OapBHUK ab0 MPOTOHY-
BaBcs, a00 IEMPOTOHYBABCA, 1 30upanucs gadi mpo dU/dA.

3aBIsKM TaKOMy TOPSIKY MOJENIOBaHb, BUKOHAHI PO3paXyHKH PIBHOBRKHUM Ta HEPIBHOBKHUM
METOAaMH IPYHTYIOThCS Ha OJHOMY HaOOpi TpaekTopiid, ToMy npu nopiBHAHHI A G Oyzae MiHiMi30BaHa
PO301KHICTD, BUKITHMKAHA PI3HUIICIO TiISTHOK (ha30BOTO IIPOCTOPY, OXOINICHUX ITiJT YaC MOJCITIOBAHb.

Mirena + Minena +
monekyna J[JI® anioH J[JI®
lOHC{
10HC{
---->» A 0—1 ----> 110
EREED & -m->
20 HC R R
> >
L 28 \ 20 2
A=0 A=02 1=04 2=06 1=08 /1=1

Pucynok 2. Cxemarnunae 300paxenHs nopsaaky M/ monmemroBanss. Ctpinku o3Ha4aroTh MJI MogentoBaHHS,
po3ray’kKeHHs O3Haya€ MPOBEACHHS IHIIMX MOJETIOBAaHb i3 AaHOi KoH]iryparii. ToBcri ninii — iHTEpBaNHN, BU-
KopucTaHi sl oouncineHHss AG piBHOB&KHMM METOJIOM, IIYHKTHPHI JIiHII — MOJICJIIOBAHHS IIBUJIKOTO Tepe-
TBOPEHHS 31 3MiHOIO /.

Figure 2. Schematic representation of the MD simulation procedure. Arrows mean MD simulations, branching
means starting other simulations from given configuration. Thick lines are the intervals used to calculate AG
with the equilibrium method, dashed lines are fast growth simulations with changing 4.

[ToTentianpHi MOJIETi KOMIIOHEHTIB OyJIH B3STI 3 MOMIEPEIHIX POOIT (BOHH MTOOYI0BaHI B CHIOBOMY
nosii OPLS-AA), Bona Oyna onucana moxesutto SPC. [8,11] s ycix onucanux MJI MozenoBaHb va-
coBUi Kpok ckimanaB 2 ¢c (okpiMm ypiBHOBakeHHa B Minenax L[TAB, ne BiH cranoBuB 1,6 ¢c),
TeMIiepaTypa Ta THCK miaTpuMyBaiaucs piBHuMEH 25°C Ta 1 6ap BiAIMOBITHO 3a JOITOMOTOI0 TEPMO-
craty v-rescale ta Gapoctary c-rescale. EnexkrpocraTruni B3aemoii oouncieni metogom PME, BaH-
nep-BaanbcoBi B3aemonii oOpizanucs Ha | HM, KOBaJICHTHI 3B'I3KH 3 aTOMaMH TigporeHy Oylu OmH-
caHi fIK XopcTKi 3a gonomororo anroputMy LINCS. Bukopucranuit nporpamuuii naker GROMACS
2022.3.[12]
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Pucynok 3. ITouatkoBa koHirypauist nius monemoBanb JJJI® y minenax I{TAB 3a 4 = 0, 0.2, 0.4. [ngukarop
nepeOyBae y MpOTOHOBaHIN (hopMi 1 BUIIICHHUI MaTHHOBHM KOJHOPOM. ['OJIOBHI TpyIH MIilICIHM BUIICHI CHHIM,
npotuioHu Br™ mokaszaHi poxeBrUM, MOJIEKYJIH BOIHU HE MOKa3aHi.

Figure 3. Initial configuration for DDP simulations in CTAB micelles for A = 0, 0.2, 0.4. The indicator is in the
protonated form and is highlighted magenta. The headgroups of micelles are highlighted blue, Br~ counterions
are shown in pink, water molecules are not shown.

Pe3ynbTaTti Ta 06roaope|-||-m

Hab6opu nanux U(A) i3 piBHOBaXHHMX MOJICIIOBaHb OyiiH 0OpPOOJICHI 3 BUKOPUCTAHHSIM CITiBBIJIHO-
meHHs cnpuiHATTS bennerra (Bennett's acceptance ratio, BAR) 3a momomororo mporpamu gmx bar.
Ilepmmi 10 HC manux OyiM BiIKWUHYTI, III00 3a0€3MEYNTH YPIBHOBAXKEHHS CUCTEM 3a TIPOMIKHUX A.

3a nabopamu nanux dU/d) 3 MonentoBaHb HMIBHIKOTO TEPETBOPEHHS OyTW OOYMCIEHI ONWHHYHI
3Ha4eHHS pOOOTH W HIIIXOM TEPMOAMHAMIYHOIO IHTErpyBaHHs, CYKYIHICTh SKHX MOTIM Oyia
obpobmena BAR. J[lns 1mporo BukopucTaHuii Habip IHCTpYMEHTIB pmX, a came IporpaMa

S " au .
analyze dhdl.py [13,14]. Ha puc. 4 naseneni kpusi W, (1) = <d—/"t> dA nna mporonysaHHS i jie-
0 y;
MIPOTOHYBaHHS OapBHUKA Y BOAI (TPUBATICTH IepeTBOpeHb 20 11c).

Koxuwuii iHTerpan Wi(t) mo 3akiHYEHHIO MOJICIIOBAHHSI csrae€ BeIHMYMHUA W, sika € ayxke rpy0oro
OIIIHKOI0 PIBHOB&XHOI 3MiHM BUTBHOI eHeprii cucreMu. CTaTUCTHUYHUN PO3MOJLT IUX BEIHMYUH
moKazaHui Ha puc. 5 (cTBopeHuit mporpamoro analyze dhdl.py). O6pobka cykymHOCTEl 3HadYeHb W;
JUTSI TIEPETBOPEHB B 000X HampsiMkax MeToj oM BAR Hamae Touny OIHKY A Guepror. KpuBi Wi(f) Ta po3-
noninu W; nis moaemosanb J1JI® y millenspHUX po34MHAX BUIIISIAIOTH OAIOHO 110 puc. 4, 5.

-5004

-1000 4

i

W(t), kDx/monb

-1500 4

-2000+

0 025 05 075 1
A

Pucynoxk 4. Kpusi W(f) nns nenporonyBaHHs (4opHHH) 1 mpoToHyBaHHs (4epBonuii) 11D y Bomi. st koxHO-

rO HanpsIMKY Tpolecy rmokaszani kpusi 41 monentoBanHs 3 201.

Figure 4. W (t) curves for deprotonation (black) and protonation (red) of DDP in water. For each direction of the

process, 41 simulation curves out of 201 are shown.
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=50

=== AG = -64.4 £ 0.2 kKMonb

W, kOx/Monb

i

0 50 100 150 200
HOMep KoHdirypauii

Pucynok 5. 3HaueHHs1 W, 1uis 1enpoTOHYBaHHs (3e1eHuit) i nmporonyBanHs (cuHii) 1P y Boxi (;1iBopyu) Ta
ixHi# po3moain i oourciene 3HaueHH AGepror (TIPABOPYY).

Figure 5. W, values for deprotonation (green) and protonation (blue) of DDP in water (left), their distributions
and calculated value of AGacprot (right).

Orpumani 3HaueHHS BiTbHOI eHeprii nenporonyBaHHA [P AGaepro 310pani B Ta0M. 1.

Tabauus 1. BinbHi eneprii genporonysanus /1P y pi3HuX cepepoBHIax, 00YMCICHI PIBHOBRKHUM Ta HEpi-
BHOB&XHHM METO/IaMH 32 Pi3HOIO TPHUBATICTIO MOICTIOBAHb.

Table 1. Deprotonation free energies of DDP in different environments, calculated by equilibrium and non-equi-
librium methods for various durations of simulations.

AGgeprot, KJ1K/MONB
CepeIoBHIIEe PIBHOBaXKHUIA [IBUJIKE ICPETBOPCHHS
METOI t=50mc t=20mc t=10mc t=5r1c
BOJIA —64.8+0.1 —64.4+0.1 —64.4+0.2 -64.0+0.3 —62.8+0.4
minena JICH -57.7+£0.4 -56.5+0.4 -56.7+0.6 —56.0+0.9 —53.7+1.2
minena [ITAB —-90.54+0.8 -90.94+0.6 —-90.4+1.0 -90.3+1.0 —85.142.4

3aranom s KOXKHOI CHCTEMH PEe3yJIbTaTH JIBOX METONIB Onm3bKi. Po3rismarouu pesynbrar pi-
BHOB2)KHOTO METONY SIK 3pa30K, MOKHA OOYHCIIUTH TOXHOKY 0 METOY IMIBHIKOTO MEPETBOPEHHS JIJIsI
KOXKHOI TPHUBAJIOCTI MOJCITIOBAHE K PO301KHICTS 13 HUM. BiAmoOBiAHI MaHi TOKa3aHi Ha puc. 6A.

6 6-
A
5 5 ‘4
4 ° 44
£ 2
g 2 . - g 2 .
w5 w5
14° . 1{e ¢ .
n : : .l -.
01— 0 ] -
[ ]
_1 T T T T _1 T .I T T
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Pucynoxk 6. [ToxnOka MeTosa IBUIKOTO IEPETBOPEHHS 3aJIEKHO BiJl TPUBAJIOCTI MOZIETIOBaHb (A) Ta iHTEpBAITY
MK noyaTkoBUMH KoHOirypauismu (B). HopHi kBagpaTi — BOAHUIA po3unH, 4epBoHi kpyru — minena JJCH, cuni
TpukyTHUKH — Mitiena LITAB.

Figure 6. The error of the fast growth method depending on the duration of the simulations (A) and the interval
between the initial configurations (B). Black squares — aqueous solution, red circles — SDS micelles, blue tri-
angles — CTAB micelles.

3a tpuBanocti MoaemoBanHs 10—50 1IC pe3yIbTaTH € JOCTaTHRO TOYHUMU: TTOXHOKA HE TICPEBUIIYE
1,7 xJIx/Moib (To6To 3% Big BemUuUHU AGaepro). HaTOMICTB, TPHBATICTE 5 TIC BXKE € HEAOCTATHBOIO 1
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JUTSL MILIETISIPHUX PO3YMHIB CTPIMKO 30iiblnye ¢ 10 >4 kJ[x/mMonb. [likaBo, 10 3a€XHICTh TOXUOKH
BiJl TPHBAJIOCTI € HEMOHOTOHHOIO: SIK CKOPOUEHHSI, TaK 1 HOJOBXEHHS MOZEIIOBaHb MOKYTh MOTIpIIY -
BaTH pe3ynprar. OnTUManbHa TPUBAIICT IS JOCTIIHKEHHX CHUCTEM CKiamae Oym3bpko 20 1c: Tomi
0 < 1 x/Ix/monb (<2%).

JpyruM KJII0YOBHM MapaMeTpOM BHKOPHCTaHHS METOIY IIBUAKOIO IMEPETBOPEHHS € KIIBKICTH
MozenoBaHbs N. Y JaHOMY pa3i BOHAa BU3HAYAETHCS IHTEPBAJIOM 4acy IMpH BigOopi KoHGirypamii i3
tpaekropiii A =014 = 1. lLllo6 mocmiguTu BIUIMB IBOTO MapaMeTpy, po3paxyHku AG Oynu mOBTOpeHi
3a MEHILOIO KiTBbKICTIO MOJIENIOBaHb, & CaMe: IHTEPBal MiXK IMOYaTKOBUMH KOH(DIrypalisiMi CTaHOBUB
200 nc, 500 nc i 1 He (BimmoBimHo 2x101, 2x41, 2x21 MonemoBans). CkopoueHi Bubipku Oynu oOpaHi
nBoMa criocobamu, Hampukiax 0 ve, 1 He, 2 HC, 3 He... Ta 0.5 HC, 1.5 HC, 2.5 HC, 3.5 HC... TomoO. Pe-
3yJIbTaTH HaBeJIeHI y Tabu. 2 Ta puc. 6b.

Tabauus 2. BineHi eHeprii nenportonyBanus JIJI® y pisHUX cepemoBHIax, OOYHMCICHI HEPIBHOBAXHUM
METOIOM 3a PI3HOK KUTBKICTIO MOZICTIOBAHb.

Table 2. Deprotonation free energies of DDP in different environments, calculated by the non-equilibrium
method for various numbers of simulations.

AGiepror, KJIK/MOIB

CepefoBUILE LIBHJIKE IEPETBOPEHHS, ¢ = 20 1c
N=2x201 N=2x101 N=2x41 N=2x21
(At=0.1 ue) (At=0.2 ue) (At=0.5 Hc) (At=1Hc)
BOJA —64.4+0.2 —64.4+0.3 —64.8+0.4 —63.9+0.5
—64.4+0.3 —64.5+0.4 —63.6+0.6
minena JJCH —56.740.6 —55.9+0.9 =57.1+1.1 -56.3+1.5
—57.6+0.8 —56.4+0.8 -58.2+1.7
minena LITAB -90.4+1.0 -90.2+1.4 —87.7£1.7 —88.9£2.7
—90.7+1.2 —90.8+1.2 —85.242.8

B cepennpoMy 31 3MEHIIIEHHSM KiTLKOCTI MOJENIOBaHb moxuoka AG 3pocrtae. BaxiamBo, 1mo pe-
3yJIBTAT CHJIBHO 3QJICXKHUTh BiJl KOHKPETHOT BUOIPKH, 1110 0COOIUBO MOMITHO A1t Af = 1 He. [l manux
At 1ieii edekT cTae MEHII BUpaXeHUM. BogHovac, ckopodyBaTu Af JOUIIBHO JIUIIE JOTOKH KOHPITY-
partii, mo po3ailieHi YacoM Af, 3aHUIIAI0THCSI CTATUCTHIHO HE3aJISKHUMH MK co00r0. KpiMm Toro, 11e
MPOTIOPLIHHO 301IbIITy€e HEOOX1THIH 00CST OOUUCITIOBATLHUX PECYPCIB.

[MincymoBytoun, 11t 0OpaHoi CHCTEMU METOA IIBUAKOTO IEPETBOPEHHS 3 BiTOOpOM KOHQIrypamii
koxkHi 100 mC Ta TpWBaNiCTIO MOAAibIIOr0 MozenmtoBaHHsA 20 TIC Hagae pe3yiabTaTd B MeXkKax
+1 x/[»/MOJTb Bil piIBHOBRYKHOTO METOA.

JloLiTbHO TOPIBHATH PECYpCOBUTPATHICTH JABOX METOMIB. [IJis piBHOBa)XHOTO METOJa CyMapHHUUN
oOcsar mopmemoBaHb ckinagae 6x30 He =200 HC (SKIIO BIAKMHYTH MOYAaTKOBE YPIBHOBa)KEHHS).
HatowmicTs, HepiBHOBaXKHUIT MeTon ToTpedye 2%30 He + 2%201%20 nic =~ 68 He, mo Ha 60% MeHIIe.
Cnig BiAMITUTH, 10 B 000X BHIajKax MmoTpiOHI MomemtoBanHs 3 4 = 0 1 1 = 1 (2x30 uc). Bonu
BiJINIOBIIAIOTh CIIOCTEPEIKYBAHUM CTaHAM CHUCTEMH 1 MOXYTh TaKOX OyTH BUKOPUCTaHI JJIs aHAII3Y
BIIACTHBOCTEH MPOTOHOBAHOI 1 JIEMPOTOHOBaHOI (hopM OapBHUKA B po3unHi. Perra ke MomeIrOBaHb
BHUKOHYETHCS IJISI TPOMIKHHX CTaHIB, SIKI € HENPUPOJHUMH 1 TOMY MarOTh OOMEKeH1 MOKIIMBOCTI AJIs
IHIIIOTO BUKOPHCTaHHS. Txmst TpuBalticTh ckianae 4x30 vc =120 HC i1 PIBHOBXKHOTO METOJMA
(4=0.2,0.4, 0.6, 0.8) Ta 2x201%20 rc = § HC I HEPIBHOBAXXHOTO MeTO/1a (MOJICIIOBAHHS 31 3MiHOIO
A). TakuM YHHOM, METOJ IIBUIKOTO IIEPETBOPEHHS BUMAarae 0araTOKpaTHO MEHINOI TPHBAJIOCTI
MOJICTFOBAHHSI CUCTEMH Yy HEIIPUPOIHUX MTPOMIKHHUX CTaHAX.

BucHoBKM

3a momomororo MJ[ MopmemoBaHHS OOYHMCIIeHa 3MiHAa BUTPHOI €HEPrii MpH AETPOTOHYBaHHI
MOJICKYJTd ~ THIIOBOTO  KHCJIOTHO-OCHOBHOTO  IHAWKATOpHOTO  OapBHUKA  4-H-JOACII-2,6-
OUHITPOEHOly Yy BOIHOMY pO3UMHI Ta Milenax JBOX IIOBEPXHEBO-aKTUBHHX DPEYOBHUH:
H-JoAeuWICYAb(aTy HaTpil0 1 UETWITPUMETHIaMOHIH Opominy. Bukopucrani aBa MeToau:
PIBHOBaKHE aJIXiMiUHE ITEPETBOPEHHS Ta HEPIBHOBAXKHE IIBUAKE aIXiMidHE ITepeTBOpeHHS. OmiHCHHHA
BIUIMB TapaMeTpiB HEPIBHOBAKHOTO pPO3PaxXyHKY (TPUBANICTh Ta KUIBKICTh MOJIENIOBAaHb) Ha
30DKHICTh pPe3yNbTaTiB 13 PIBHOBRXHUM METOJIOM Ta MifAiOpaHi ONTHMAalbHI 3HAYEHHs, 32 SKUX
po30ixHicTs He nepeBumye 1 kJx/monb (2%). [lokasaHo, 1m0 32 IUX YMOB HEPIBHOBaXHUH METO.
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BUMAara€e 3Ha4HO MEHIIE OOYMCIIOBAILHUX pecypciB. OUikyeThes, MO 3p00JIeHI BUCHOBKH MOXYTb
OyTH noLIMpeHi i Ha iHIIi MoAIOHI CUCTEMH.
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V. S. Farafonov. Computing ionization free energies of indicator dyes in micelles with fast growth alchemical
transformation.

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

The problem of calculating free energy change in a process using molecular dynamic simulation has
wide practical application, but is non-trivial. The developed methods are classified into equilibrium and non-
equilibrium ones. In general, equilibrium methods have lower systematic error but require longer simulation
time. This contributes to the interest in non-equilibrium methods, in particular the fast growth method. Here,
this method is applied to the process of ionization of acid-base indicators bound by micelles of ionic
surfactants. The alchemical transformation approach was utilized, where the interactions of the indicator's
acidic proton with the rest of the system are coupled to coupling parameter A ranged from 0 in the acidic
form to 1 in the basic form. The values of deprotonation free energy of the typical indicator dye 4-n-dodecyl-
2,6-dinitrophenol in water and micellar solutions of two common cationic and anionic surfactants were
estimated and compared with the results of the equilibrium method. A simulation procedure allowing
minimize the effect of non-equivalent sampling between the two methods was employed. It is noted that for
the studied systems the method can provide the discrepancy within 2% while requiring significantly shorter
total simulation time. Specifically, the duration of simulating non-physical intermediate states drastically
reduces. The optimal duration of the fast growth runs is 20 ps in this case, while both shortening and
prolonging the runs increase the error. The optimal number of fast growth runs can be found as one per
each 100 ps of simulation of acidic or basic form. Reducing the number of runs also increases the
discrepancy with the equilibrium method. The obtained results show the promise of the fast growth method
for calculating shifts of the dissociation constants of acid-base indicators in micellar solutions with the
perspective of further estimating the surface electrostatic potential of micelles.

Key words: free energy, molecular dynamic simulation, acid-base indicator, surfactant, thermodynamic
integration.
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We study the relationship of the energy spectrum of finite S=1 Heisenberg antiferromagnets with their structure
in the presence of single-ion anisotropy. We show that in the limit of strong easy-plane anisotropy magnets with
the structure of adjacency cospectral graphs have equal ground state energies with magnetization M=0. We
derive additional necessary condition for equality of lowest energy levels with M=x1. For strong easy-axis
anisotropy we found that bipartite S=1 magnets with structures, for which S=1/2 Ising models have equal spectra
for arbitrary longitudinal magnetic field, have close energy spectra of S=1 antiferromagnets for arbitrary
parameter of single-ion anisotropy. For moderate easy-axis anisotropy bipartite S=1 antiferromagnets with equal
energies of spin waves in linear approximation are also approximately isoenergetic. Overall, this explains the
remarkable similarity of energy spectra in M=0 subspace for S=1 antiferromagnetic Heisenberg model on
bipartite cospectral regular graphs.

Keywords: molecular nanomagnet, Heisenberg model, Ising model, single-ion anisotropy, spin wave theory.

1. Introduction

Quasi-zero-dimensional magnetic complex compounds (also termed molecular nanomagnets
(MNMs) have perspective applications in quantum computing as qubits and qudits [1,2], and in
molecular spintronics [3]. MNMs with high barriers for magnetization reversal (resulting in slow
relaxation of magnetization at low temperatures) are considered promising materials for magnetic
cooling [4,5] and are also known as single-molecule magnets (SMMs).

For polynuclear SMMs based on abundant transition metal compounds the interplay of exchange
interactions and magnetic anisotropy complicates the structural dependence of the magnetization
reversal barrier. This factor, together with quantum tunneling of magnetization and spin-phonon
relaxation [6], made a systematic increase of barrier U and blocking temperature 7, problematic, and
eventually major synthetic efforts shifted towards lanthanide-based single-ion magnets [7].

Structure optimization of MNMs for magnetic cooling was discussed, for example, in the work of
Garlatti er al. [8] for the particular case of S=3/2 SMMs. While later it was noted [9] that such
optimization should depend on the specific type of magnetic cooling cycle, we would like to stress that
in [8] only a single type of SMMs was studied. The structure of these SMMs allows to calculate
exactly the energy spectrum for the isotropic Heisenberg model with only a straightforward
application of angular momentum addition rules. The more general method to construct Hamiltonians
maximizing a specific observable using automatic differentiation and exact diagonalization was
presented in [10]. Unfortunately, for a large enough system size such direct structural optimization of
magnetic properties is unfeasible even in the approximation of Heisenberg model, because Hilbert
space dimension and computational resources necessary to calculate the energy spectrum of this model
for a single MNM grow exponentially with increase of the number # of magnetic atoms in it.

For spin models, few exact results on structure-property correspondence are known. For example,
in [11] it was proved that correlation functions of Heisenberg magnet with anisotropic exchange
completely determine its structure. Authors of [12] showed that quantum dynamics of magnetization
always allows to distinguish non-isomorphic magnets with S=1/2 in case of precise initial state
preparation. In contrast, the energy spectrum (determining magnetocaloric efficiency and
magnetization reversal barrier U) is not uniquely determined by the structure of a magnet. In [13] for

© Tokariev V. V., Fedorenko M. A., 2024
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S=1/2 XY model the existence of an infinite number of pairs of non-isomorphic systems with equal
energy spectra for some fixed magnetization M was proved. In [14] for the case of magnetization
M=M.x-2 it was shown that non-isomorphic strongly regular graphs with equal parameters possess
equal energy spectra of S=1/2 XY model. Importantly, in [15] the family of S=1/2 isotropic
Heisenberg triangles with completely equal energy spectra was constructed. Earlier one of the authors
also reported examples of antiferro- and ferrimagnets with equal energies of ground and lower excited
states of spin-S Heisenberg model in spin wave approximation [16,17].

This motivates further development of approximate structure-property relationships that allow to
group together MNMs with similar properties. In this work, we study the relation of a magnet structure
with its low-energy spectrum in the presence of single-ion anisotropy. While in the general metal
complex the local anisotropy axes can be aligned in arbitrary directions, here we adopt a simplified
picture of homogeneous single-ion anisotropy with equal strength and axis direction, which results in a
single parameter D that controls magnetic anisotropy strength. The spin quantum number of magnetic
ions is taken to be S=1 as the lowest one, which accounts for spin anisotropic effects and still allows
for the exact computation of the lower part of the energy spectrum of medium-sized MNMs.

We analyzed two limiting cases of strong easy-plane (D>0) and easy-axis (D<0) anisotropy using
perturbation theory. In the first case (Section 3) the ground state energy with M=0 depends only on the
spectrum of J matrix, the energies of M=1 excited states depend only on the matrices J and W=2d-J°.
We have found finite S=1 antiferromagnets possessing equal moments of these matrices and
confirmed that indeed for D>0 they have numerically close lowest parts of energy spectra.

For the case of strong easy-axis anisotropy low-energy spectrum in the first order of perturbation
theory is determined by S=1/2 Ising model. In Section 4 we demonstrate numerically that a known
pair of bipartite S=1 antiferromagnets with equal spectra of S=1/2 Ising model (in every subspace with
fixed M) have remarkably numerically close energy spectra for arbitrary anisotropy parameter D.

Additionally, we used linear spin wave theory to find bipartite isomers of MNMs that have equal
magnon energies for arbitrary spin quantum number S. Examples of S=1 antiferromagnets with such
structures are approximately isoenergetic for moderate easy-axis anisotropy (D = —|]|).

2. Model, Definitions and Methods

Here we study S=1 antiferromagnetic Heisenberg model with homogeneous single-ion anisotropy
with Hamiltonian
H = Z;z=_11 _;;l'!=i+1fi_;l'5i 'S_;l' + DZ:;J.(SLZj: = st + D Hmz* (1)
Where J;> 0 — parameter of magnetic exchange interaction between ions 7 and j, D — parameter of

single-ion anisotropy, §; - §; = p- wyz 5i 5; — operator of isotropic exchange between magnetic

ions i and j. Both operators commute with 3. §* and thus conserve total magnetization M.
Eigenstates of H., are product states [m ,m.,, ... m, ) with local z-projection of spin m; = 0, +1. We

will also use short notation |£) for product states with m; = 0 for all j except i, where m; = 1.

If not stated otherwise, we will identify matrix J of exchange parameters that has elements
(J); = Jy, Ji = 0 with adjacency matrix A of undirected unlabeled graph G. We will also refer to matrix

L = d — J as a Laplacian of graph, where diagonal matrix (d); P §; i d; contains vertex valences

d; = ij:l Ji;. Adjacency cospectral graphs share eigenvalues of adjacency matrices. Graphs with

equal eigenvalues of Laplacians are also called L-cospectral [18]. In the following we will denote as
(4, B)-cospectral pairs of graphs which have equal spectra (sets of eigenvalues 4) of two matrices, i.e.
fori=1, 2, ... n L(A(G))) = L(A(G>)) and A(B(G))) = (B(G>)).

Expressions for effective Hamiltonians and energy values in the main text are presented for case of
unweighted graphs (where elements of J matrix equal 0 or 1), expressions for weighted graphs are
listed in the Appendix.

In this work we use Lanszos exact diagonalization (ED) as implemented in ALPS 2.0 package [19]
to calculate the energy spectrum of anisotropic Heisenberg model (1). For the generation of non-
isomorphic graphs we used package nauty [20]. Analysis of structural dependence of MNM low-
energy spectra was done using Brillouin-Wigner (BW) perturbation theory and second-order
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degenerate perturbation theory (PT) with exchange operator H_,. as a perturbation and //D as a small

parameter. Linear spin wave theory (LSWT) is used in its matrix formulation for bipartite
antiferromagnets [21,22].

3. Analysis of strong easy-plane anisotropy limit (D > 0)

Large easy-plane anisotropy is typically associated with ferromagnetic Ni complexes (for example
[23]), but antiferromagnets with I = J (e.g. one-dimensional chains in [Ni(HF,)(pyz).]SbFs [24]) and

D == [ (zero-dimensional NigCr nanowheels [25]) are also known.
For D > 0 the unperturbed ground state of H,, |m; = 0} is non-degenerate and has M=0, first
excited states |+1,) are n times degenerate and have M = +1. So, in this limit MNMs are not suited

for magnetic cooling, as zero-field low-temperature magnetic entropy is negligible.
In the third order of BWPT the expression for ground state energy depends only on

Tr]™ m=2,3:
Ey = (Ey — 2D) 'TrJ* + (E, — 2D) " *(Tr]* — Tr]*) ()
Expression (2) depends only on the number of edges and triangles in a graph. Fourth-order
expression for £, also depends only on the spectrum of J matrix (see Appendix).

For excited states with M=1 the second order of degenerate perturbation theory gives the following
effective Hamiltonian in the basis of states |+1,}:

H,., =]+ (2D)'TrJ* — (2D)™'W 3)
Matrix elements of effective Hamiltonian (3) depend only on the matrices J and W=2d-J*. Equality
of spectra of effective Hamiltonians for pair of graphs (G, G;) is achieved if
Tr (Hsff(slj}m =Tr {HEH(G:))m for m=0, 1, ... n [26]. Each moment Tr [Hsﬁtsij}mis a polynomial in
powers of 1/D, and equality of spectra for arbitrary D is achieved only if all coefficients of these
polynomials are equal. As every such moment contains terms 7(J(G,))" and rr(w(c))"/(2D)™, (J,
W)-cospectrality is the necessary condition for equality of lowest energy levels with M = +£1.
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Figure 1. Left panel: example of (J, W)-cospectral graphs G; and G,. Right panel: dependence of excitation
energies AE, = E, — E;, of Gi (black) and G: (red) on anisotropy parameter D, and difference

AE; = Ey(G,) — Ey(G,) of ground state energies of G, and G, (blue). Solid lines correspond to M=0 states,
dashed to M=1 states.

Using nauty, we generated all non-isomorphic graphs with #n < 11 vertices and found all (J, W)-
cospectral graph groups (pairs, triples etc). We computed moments of these matrices instead of direct
calculation of matrix spectra in order to avoid floating-point errors.

Number of found (J, W)-cospectral groups quickly grows with increase of n: for n<9 there are no
(J, W)-cospectral graphs, for n=9 there are 30 pairs, while for #=10 there are 5172 pairs, 5 triples and
4 quadruples.

For graphs in these groups we computed energies of the lowest 10 eigenstates for values of
anisotropy parameter D € [0, 5]. Typical example of such pair is shown on Figure 1 (left). Note that
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energies are visually indistinguishable, so only ground state energy differences AE) = Eo(G,) — Eo(G,)
between two MNMs and excitation energies 4E; = E; — E, for individual MNMs are shown. Ground
state energies of S=1 AFM Heisenberg model on G; and G, are numerically close down to D ~ 2.5 Jin
M=0 subspace. For M=1 the numerical equality of ground and excited state energies is achieved for
much larger D ~ 5, where second order of PT is valid.

4. Analysis of strong easy-axis anisotropy limit (D < 0)

Strong easy-axis anisotropy limit is relevant to multiple Ni-based SMMs [27, 28]. In this limit the
ground state of H,, with M=0 is 2"-times degenerate. In the second order of degenerate perturbation
theory the effective Hamiltonian acting on this 2"-dimensional subspace is

Hp=-nD + X, J,;S757+ (2D)~* Zi{j,ri}.[—s.f +P,—m; 4)

where operator P;; permutes S° projections for atoms i and j (Pm.|m=-,ma-} = |m3-,m:-}), m; ;
projects onto subspace with m,; # 0,m; # 0.
This expression can be rewritten using the Dirac identity |mi,mJ-} {m,m;| =0, ‘o; +1/2

as a Hamiltonian of highly anisotropic S=1/2 XXZ model:
Hopy = const + 5,c;(4);; = 51,,°/D) 70} + (2D) ™ Eic J5(07 0 + 076f)  (9)

4.1. Magnets with equal spectra of S=1/2 Ising model
In the first order of perturbation theory effective Hamiltonian (4) is simply proportional to
Hamiltonian of S=1/2 Ising model:
H=-nD + L,.;(4),; — 5J,;,°/D)S7S; (6)
Examples of MNMs with equal spectra of S=1/2 Ising model are known from studies of graph
polynomials. In [30] it was demonstrated that Tutte polynomial 7 of underlying graph G is related to
zero-field partition function Z() of S=1/2 Ising model:

z(p) = 25v" T (22 v + 1) (7)

where f=1/ksT is the inverse temperature, ks — Boltzmann constant, v = ¢B — 1, k is the number

+
W

of connected components of graph G. Combinatorial properties of Tutte polynomial are well-known. It
represents a generalization of chromatic polynomial and can be generated using a recursive deletion-
contraction procedure [29].

From (6) we can conclude that finite graphs with equal Tutte polynomials must have equal partition
functions of S=1/2 Ising model for arbitrary inverse temperatures f and zero external magnetic field,
and so equal energy spectra. This is not sufficient for equality of spectra of effective Hamiltonian (5),
because it’s restricted to M=0 subspace, as co-Tutte graphs may have equal energies from subspaces
with different M. However, such M-restricted polynomials are unknown to authors. To achieve
spectrum equality of S=1/2 Ising model for the arbitrary homogeneous magnetic field along z-
direction graphs must share U-polynomials [30, theorem 5.2].

We have conducted ED study of known graph pairs with S=1/2 Ising models being isoenergetic for

arbitrary external z-field. The first example is pair (Gi3,Gis) from [31] (see Fig. 2), for which ground
state energy differences are not monotonic, but small (< 102 J) in the whole investigated interval of D
parameter values (Fig. 2, right pane, blue line). It is expected from the 1* order of perturbation theory
that equality of excited state energies (for example, E> and Ejs) is achieved only for D << J (in this
case D < -2J), and for larger D the level crossings induce significant energy differences. But the
remarkable numerical equality of energy spectra for D > 0 is unexpected, as these graphs are not J-

cospectral. This suggests the existence of additional invariants of low-energy theory, which are
preserved by the transfer of a single pendant atom (Fig. 2, left, red ellipse). It should be noted that

graphs Giz and Gia are bipartite. On the contrary, non-bipartite pair of graphs with equal U-
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polynomials from [32], while being (J, L, H.)-cospectral, have multiple energy crossings and so large
energy differences for intermediate D € [—2,2]

4 0.006
0.005
0.004
0.003

0.002

[2)
<
&
AE=E-Eo
~
Eo(G13) — EolG}3)

0.001

0.000

0 —0.001

G'13 -3 -2 -1 [O) : ? 2 3
Figure 2. Left panel: pair of graphs from [32] that have S=1/2 Ising model with equal energies in the presence of
arbitrary magnetic field, oriented along z-axis. Red ellipse indicates location of differing edge. Right panel: de-
pendence on anisotropy parameter D of excitation energies AE, = E; — Ej for G, (black) and G, (red), and
difference of ground state energies E (G5 ) — E, (G, ) (blue) calculated for S=1 AFM Heisenberg model on

these graphs.

4.2. Application of linear spin wave approximation to bipartite magnets

For bipartite antiferro- and ferrimagnets spin wave theory is a good approximation for the energy
of ground and lowest excited states. The accuracy of this approach grows with the increase of atomic
spin quantum number S and system dimensionality. In linear spin wave (LSW) approximation the spin
Hamiltonian is mapped to the quadratic boson Hamiltonian. Energies ¢, of spin waves can be found
by solving its equations of motion, which results in a non-symmetric eigenproblem for so-called grand
canonical matrix [21].

Earlier [16] we calculated wj, for the isotropic Heisenberg model as eigenvalues of non-symmetric

matrices H. = S*(d® — J* + [d, J]). Traces t,, = TrHT are polynomials of Jj, S;, and can be used as
structural invariants of LSW spectrum.

For regular graphs [d, J] = 0, magnon energies are simplified to wi = d- — A3, so the spectrum of
H. is determined by eigenvalues A, of J, and adjacency cospectral graphs have equal LSW spectra.
For D < 0 direct account for H,, results only in the addition of the constant term —2D to diagonal

matrix d. Moreover, LSW approximation can be written for effective Hamiltonian (4) in M=0
subspace. In this case for unweighted graphs matrix d becomes (2 — 5/2D)d, and matrix J becomes
J/D. In result, for both cases the spectrum of H, of cospectral regular graph is determined by

eigenvalues of J. This, together with results of Section 3, explains the remarkable similarity of energy
spectra of cospectral regular graphs in the whole investigated range of parameter D (see Figure 3).
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Figure 3. Left panel: pair of J-cospectral cubic graphs [:GlE.r Giej — a pair of S=1 AFMs with equal energies of
LSW and D => J approximations. Right panel: dependence of excitation energies and difference of ground
state energies in M=0 subspace.

57



On structural invariants of energy spectrum of S=1 Heisenberg antiferromagnets ...

Discussion

Here we presented a simple method to derive relationships of structure with energy spectrum for
correlated lattice models:
1. with the help of PT, LSWT or other theories derive matrix functions F; from which approximate

energies of ground state and/or lowest excitations can be calculated,
2. generate non-isomorphic finite graphs G and group them according to moments Tr[:fri(s))m

(m=0, 1, ... dim(F(G))) of matrix functions.
Importantly, to make computations of all moments practical, the dimensions of matrices F,(G)
should scale linearly with system size.

Using this approach we have found novel approximately isoenergetic isomers of S=1 Heisenberg
model. While approximately isoenergetic isomers can be also constructed using energy gradient

dE,/ d]; ; = {Si - SJ-} (such that ¥, {J.{sz. . SJ-}& Jo; = 0), this method requires computation of exact

correlation functions {S . ,-} and should be valid only for small changes in structure.

Our considerations give additional arguments for remarkable closeness of energy spectra of S=I
Heisenberg model on J-cospectral regular graphs for arbitrary D.

Despite that we have demonstrated smallness of energy differences for a few pairs of (J, W)- and
H.-cospectral MNMs, the results must be compared with AE; for magnets that do not share spectra of

these matrices. We have calculated |4Ey(D = 4)| for all pairs of J-cospectral graphs with n=9. Also, it
can be noted that H. = (d-J)(d+J) is a product of Laplacian L and signless Laplacian d + J. So, to

test whether Laplacian cospectrality can be used a proxy for H.-cospectrality, we calculated
|[4Ey(D = -1)| in subspace with magnetization M=0 for all pairs of L-cospectral bipartite graphs with
n=12. Note that the number of graphs in larger cospectral groups (triples, quadruples etc) is negligible.
The total number of pairs of (J, W)- and H.--cospectral graphs is small (17 and 139), but the number of
J- and L-cospectral graphs grows very quickly with n, so we could not compute E, for all graphs with

n =9

The distributions of energy differences per bond |4E/N. (Figure 4) show that accounting for
structural invariants arising from PT and LSWT allows to filter out pairs with significantly different
ground state energies, but many pairs with small |4E|/N. are filtered too. Per-pair inspection shows
that larger |[4E)|/N. for (J, W)-and L-cospectral pairs is due to energy level crossings and intruder
states.

1034
102 4

102 4

No
No

10 4

0 | 0

O ol il [I - : 10 : : : 0L, :

1077 10-° 10> 1074 103 1072 107! 1077 107° 107> 107% 1073 1072 107t
|AEo|/Ne |AEo|/Ne

Figure 4. Distributions of ground state energy differences of S=1 MNMs sharing graph spectra. Left panel:
histogram of |[4E«D = 4)| for all pairs of magnets with n=9, which are J-cospectral (gray for M=0, violet for
M=1) or (J, W)-cospectral (black for M=0, red for M=1). Right panel: histogram of |4E«(D = -1, M = 0)) for all
pairs of L-cospectral magnets (black) and for all pairs of H:-cospectral magnets (gray) with n=12 atoms.

Unfortunately, the presented approach does not allow to find magnets with extremal properties (for
example, energy gap AE = E; — E, or magnetic cooling efficiency). Moreover, equality of energy
spectra is not necessary for equal low-temperature magnetization, entropy and specific heat, as these
require only equality of excitation energies. This approach is also not total, as there are more magnets
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with small of [4F,| for a given D value, but we’re unable to find them due to the limits of used
approximate methods. It’s also well known that perturbation theory is prone to intruder state problem.
Level crossings are typical for non-bipartite graphs, which exhibit larger ground state energy
differences.

The set of generated graphs with numerically close energy spectra contains a variety of high- and
low-valence graphs, including ones that can correspond to real quasi-zero-dimensional transition metal
complexes. Here we used the simplest method of exhaustive graph enumeration to find H. and (J, W)-
cospectral graphs. However, graph-theoretic methods similar to Godsil-McKay switching to construct
adjacency cospectral graphs [33] should be possible.

Conclusions

We analyzed the structural dependence of the lowest energy levels of finite S=1 Heisenberg
antiferromagnets with single-ion magnetic anisotropy using perturbation theory and linear spin wave
approximation. Obtained invariants of approximate low-energy theories allow us to find multiple S=1
MNMs with numerically close low-energy spectra. This approach can be straightforwardly generalized
to higher-spin and mixed-spin systems, non-equal values of exchange coupling parameters and other
types of magnetic anisotropy. Our method can be used to guide the synthesis of perspective magnets
with diverse structures and sufficiently similar low-temperature properties (magnetic entropy, specific
heat, magnetization etc) that depend on excitation energies.
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Appendix. Results of perturbation theory for molecular nanomagnets
with general exchange parameters J;;

For D > J limit equation (2) for ground state energy with M=0 has the form:
Ey = (Ey —2D) ' X o Ji; + (B, —2D)2(TrJ? — 2Tr/diag(N) — Z;;J2;)  (AD)
The 4th order BWPT correction to Ej is:

i -1 _
564) = [:(Eu - 25)(50 - 45)) E(z‘,j,k,:)f:',jfk,:[zfe,jfk,: +fj,k :',:] + (Eo - ZD) : [:E':i,}')fi‘,;j -
- 4EEi,_;',k)ff,_;‘ff,kfk_,j) + 4(5[:- - ZD) - E'Zi,_;u',k,l)fi,_:'fi,kfkﬁ-”l;}'

where summations are carried over subsets of distinct atom indices.
Matrix elements of effective Hamiltonian (3) in M=1 subspace are

{+li |H9ff| + 1_;!'} = -'ri,_;l' + [Eﬂj_l[aig‘ Z::z‘ Zp ::,z‘.f:::p + [l - 'Sz',_;u') Zp :i,_;‘.-ri,pfp,_;') (A3)

(A2)
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aHTudepomarHeTukis NeiseHbepra 3 0AHOIOHHO aHi3oTponiEto.

"Xapkiecbkuli HauioHanbHUl yHieepcumem imeHi B.H. KapasiHa, ximidHul ¢hakynbmem, maiidaH Ceo6odu, 4,
Xapkis, 61022, YkpaiHa
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Mwu pocnigunu 38’930k eHepreTUYHOro CNekTpy CKiHYEeHHUX aHTudepomarHeTukis enseHbepra 3 S=1 Ta
iXHbO By[0BOK B MPUCYTHOCTI OOHOIOHHOT aHi3oTponii. Byno nokasaHo, Wwo niMiTi cunbHOI aHisoTponii Tuny
«nerka nnowmHa» marHeTuku 3 OynoBol, WO BignosigawTe rpadam 3 O4HAKOBMM CMEKTPOM MaTtpuui
CYMIXHOCTI, MaloTb OAHaKOBi eHeprii OCHOBHOro cTaHy 3 HamarHiveHicTio M=0. Mu oTpumanu gopaTtkoBy
yMOBY, HEOoBXigHy Ans piBHOCTI HWXHiIX piBHis 3 M = +1. [Ona cunbHOI aHisoTponii TUNy «nerka Bicb»

OBOAOMbHI MarHeTukn 3 S=1 Ta OyaoBot, AN KO AOCSAraeTbCsA PiBHICTb €HEpPreTUYHUX crnekTpie S=1/2
Mogenen I3iHra npwu [OBINbHOMY 3HAYEHHI MNPOOOMBHOrO MArHiTHOrO MNOMsi, TakoX MakwTb O6nu3bki
€HepreTMYHi CnekTpu pAns [OBINbHOIO 3HA4YeHHsa napameTpa adidoTponii. [Ons NpOMiXHMX 3HayYeHb
aHizoTponii TMNy «nerka BiCb» ABOAONbHI S=1 aHTUdepomMarHeTukm 3 ogHaKOBMMMW EHeprisMu CniHOBUX B
NiHINHOMY HabnNMXeHHi TakoX € HabnMXKeHo i3oeHepreTuyHMMK. B uinomy, ue NosiCHE 3HaYHy ONU3bKICTb
eHepreTMyHuX cnekTpie B nignpocTtopi 3 M=0 gns S=1 aHTudepomarHeTukiB 3 OyOooBOK ABOOOIBbHUX
i3ocnekTpanbHUX perynsipHux rpagis.

Knroyoei cnoea: monekynspHUli HaHoMazHemuk, Modesb eliseHbepea, Modesb I3iHea, meopisi criiHo8ux
X8Urlb.
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MpoBeneHo AoOCHiMKEHHS aHTUpaauKanbHOI Aii 7,7’-AUTO3nNoKCcUrocunony B peakuii 3 2,2-gudeHin-1-
nikpunrigpasvunom (OO B etaHoni. BusHayeHo xapakTepucTukv aHTupagukanbHoi gii uiei cnonyku (ECso, n).
CTtexiomeTpuyHMiA KoedilieHT peakuii AP 3 7,7’-anTo3nnokcmrocunonomMm € 6nmsbkum oo asox. Lle ceiguntb
npo Te, WO B eTaHOmMi Us Cnonyka iCHye nepeBakHO Y AUNaKTONbHIM TayTomepin opMi, a NakTonbHi
riopoKcuneHi rpynu He 3aatHi pearyBatv 3 [OOMI. [MpoBepeHo nNOPIBHANbHUI aHania aHTMpagukanbHUX
BNacTMBoCTeN 7,7’-ANTO3NNOKCUrocunony, rocunony, ocHosu Ludpda rocunony 3 4-meTokciaHiniHOM i
deHinrigpasoHy rocunony B peakuisx 3 APMI. BuaHayeHo BNNuB TayToOMepii HA aHTUpaAuMKanbHi BNacTUBOCTI
pocnigxeHux cnonyk. BctaHoeneHo, wo HasasHicTb NH rpyn B cTpykTypi ocHosu LWudda rocunony 3
4-meToKciaHiNiHOM i (oeHinrigpa3oHy rocunony He MiaBuvLLYEe aHTUpaauKanbHy Aito B peakuii 3 APl Togi, sk
3MiHa TayToMepHOoi hopmu i NosiBa AoAaTKOBUX heHOmNMbHUX rigpoKkeunbHmx rpyn (3amicte NH rpyn) npueeae no
nigBULLEHHs aHTUpaaukanbHoi paji. MNokasaHo, Wo Hambinbw edgekTUBHUM aHTUpaauKanbHUM areHToMm €
riapasoH rocunony B AiiMiHHIA TayTomepin popmi (6 peHoNbHUX rigpoKCUNbHUX rpyn). A HavMeHLWw edPeKTUBHUM
- 7,7’-AaMTo3unokeurocnnon (2 dpeHonbHi rigpoKCunbHi rpynu).

Knro4yoei cnoea: eocurnon, maymomepis, aHmupadukanbHi enacmusocmi, J®r1I, cmexiomempisi.

Bctyn

TNocurron (2,2°-6ic(8-popmin-1,6,7-Tpuriapokcu-S-izonpomnin-3-meTriHadTaiaeH)) — me moripeHo
POCIMHHOTO TIOXO/PKEHHS, 110 MICTUTHCS B PI3HUX YacTHHAX OaBOBHHM 1 BUKOHY€E (DYHKIIIIO IPUPOTHO -
rO IHCEKTHIHAY Ta 3aXUIIA€ POCIMHY BiJ HECTIPHATIMBUX YMOB HAaBKOJIHUIIHBOTO cepenoBuma [1-3].
UwncneHHi JOCHTIKEHHS CBiYaTh, M0 TOCHIION BUSBIISIE IPOTHBIPYCHI, IPOTHIIPOTO301HI, aHTHOKCH -
JIaHTHI, TPOTUMIKPOOHI Ta MPOTHITYXJIMHHI BIaCTHBOCTI [3-7]. Pa3oM i3 THM, TOCHIION BHSIBIISIE TICBHY
TOKCUYHICTB, SIKY TIOB’SA3YIOTh 3 HAasBHICTIO B MOJICKYJII abaeriqaux rpyn [6-10]. Tomy, 3HauHi 3ycu-
JUISL CIPSIMOBAHO Ha CHHTE3 MOXiAHUX TOCHIIONY, 110 HE MIiCTATh AJIBACTIAHUX TPYI 1 IPU LbOMY 30epi-
rafoTh KOPHICHI Oi0JOTi4HI BiacTUBOCTI 0a30BOi cnoiykw. OXHMM 3 PI3HOBHIIB TaKUX CHOIYK €
iMiHOMIOXiHI Tocunony [3, 7, 8, 11]. Bxke mokaszaHo, 110 iMiHOIIOX1/IHI TOCUTIONY O€3MEUHIII s KJTi -
THH 1 MalOTh 3HAYHO MEHIIIE HEraTUBHUX MpOosBiB. Cepes HUX 3HANIEHO CHOMIYKH, L0 in Vitro mpHrHi-
YyIOTh PO3MHOKEHHS BipyCiB, pAKOBUX KIIITHH, € aKTHBHUMU SIK IHCEKTUIMIH Ta iH. [3, 7, 8, 11].

Ille omauM crocoboMm (yHKITIOHAMI3AIII TOCUIIONY € OAep)KaHHS Horo erepiB i ectepiB. PanHi
JIOCITIKEHHS 010JIOT1YHOI aKTUBHOCTI €TEPIB 1 €CTEePiB TOCUIONY MOKAa3aJd, IO 31 30UIbIICHHAM Ki-
JBKOCTI 3aMilIEHUX TiAPOKCWIIBHUX TPy B CTPYKTYpPi TOCHUIONY, Oi0JIOTiYHA aKTHBHICTH €TEPHHUX 1
SCTEePHUX TOXIMHUX 3HIKYEThCSA [12]. OmHAaK HEMOIaBHO NPOIAESMOHCTPOBAHO, IO AESKi CITOIYKH
BOTO KJacy € OLTbII eEeKTUBHUMH MPOTHITYXIMHHIMHU areHTaMH 1 aHTHTPUIIAHOCOMHHUMH 3aCO0aMHU
Hix rocurnon [8, 13, 14]. [loka3aHo, 1110 IUTIIOKO3HUIU TOCHUITONY (i TETpaaIeTaTH TUTITIOKO3UIIB TOCH-
TIOJTy ) BUSIBIISIIOTH CITIBCTaBHY MPOTUITYXJIMHHY aKTHBHICTb, IPY MEHIIIH HIXK y TOCHUTIONY TOKCHYIHOCTI
[8, 14]. A BBeneHHS TTKO3WIBHUX (DparMeHTIB B CTPYKTYPY TOCHIIONY BiIirpa€ CyTTEBY POIb AJS
MiJIBUILICHHS aHTUTPUIIAHOCOMHOI aKTUBHOCTI [8, 14].

BpaxoByrouu, Te 0 TOCUIION, HOTO iIMIHOTIOXIiTHI 1 €CTepH MAaIOTh Pi3HY KUTBKICTh TiPOKCUIBHAX
TPYII y CBOIM CTPYKTYPi i B 3aJIEKHOCTI BiJl TAYTOMEPHOI (hOPMH KUTBKICTh IUX T1APOKCHIHHUX TPy
MOJKE€ 3MIHIOBATUCh, JOIUILHUM € MOPIBHSIHHS aHTHUPAIUKAIBHOT il WX CIONYK. AJKe, K BiJIOMO,
came aHTHPaIUKaJIbHI BJIACTUBOCTI € IEPBHHHUM KpPUTEPIEM OLIHKKM O10JIOTiYHOI aKTHBHOCTI MpH-
pomuux momideHoniB [7]. ToMy mochimKeHHs BIUTUBY TayTOMepii Ha aHTHPAIMKAIbHI BIACTUBOCTI
© Hukyn O. M., Arimenko B. M., Pensko A. M., Pubauenxo B. 1., 2024
This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0.

62



https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-5568-7335
https://orcid.org/0000-0001-7741-1834
mailto:redko_an@ukr.net
https://orcid.org/0000-0001-5076-3549
mailto:anishchvic@gmail.com
https://orcid.org/0000-0003-1550-5979
mailto:amdykun@gmail.com
https://doi.org/10.26565/2220-637X-2023-41-01
http://creativecommons.org/licenses/by/4.0/

[TopiBHSIHHS aHTUPAAUKATIBHAX BIACTUBOCTEH TOCHIIONY 1 HOro moxiaHux y peakuii 3 O

TOCHIIONY, HOTO IMIHOMIOXIIHUX i €cTepiB HEOOXiHE JIsi MPOTHO3YBaHHs 010JIOTIYHOT aKTUBHOCTI IIHX
CIOJYK.

B maniit poboTi MpoBeneHO AOCTIIKEHHS aHTHpaAuKaiabHOI mii 7,7’ -muto3mnokcurocunony (1) B
peakuii 3 2,2’-nudenin-1-mikpuirigpazuwiom (JPII) B eranomni. [IpoBeneHo MOPIBHAIBHUIA aHATI3
aHTHUpaJUKaIbHUX BiacTuBocTed 7,7 -murosmnokcurocunony (II), rocumomy (1), ocnoBu Iludda
rocunony 3 4-merokcianiminaoMm (II1) i deninringpazony rocumnony (IV) (puc. 1) B peakmisx 3 ADIII.
BusnaueHo BIIMB TayTOMEpii HAa aHTHPAIUKAIbHI BIACTHBOCTI TOCIIHKEHNX CIOTYK.

JiimMiH JlieHaMiH

Puc. 1. ByznoBa i TayromepHi ¢opmu rocumnosny i Horo rmoxigHux.
Fig. 1. Structure and tautomeric forms of gossypol and its derivatives.

MarTepianu Ta MeToaMn AOC/iAKEHDb

TFocunon i J®III npuabaHO y KOMEPIIMHOTO IMOCTa4aJlbHUKA 1 BUKOPHCTAHO O€3 J0AaTKOBOI
ounctku. Cnonyku II, 111, IV cunTe3oBaHo sik B podotax [15, 16]. 3a nanumu OD BEPX uucrota ycix
JOCTDKYBaHUX CIONYK ckiagana > 95%. Xpomarorpadiuauii aHasi3 IpoBOIMIA 3 BUKOPUCTAHHSIM
cuctemu Agilentl1 100 3 miogHo-mMarpuunuM naetekTopoM. Kononka: ZORBEX SB-C18 4.6x250 mm,
5 pum. t=40 °C.

Kinernuni BuMmiproBanHa mpoBoqd Ha crektpoMerpi Perkin-Elmer Lambda 20 B kroBerax 3
JOBKMHOIO onTtu4Horo nuisixy =1 cm mpu T=298 K. PeectpyBanu 3HMKEHHS IHTEHCUBHOCTI CMYyTH
nornuHaHHs npu A=518 HM Brpogosx 1200 c. [Insa nposeaenns peakuii 3 APII rotyBanu po3unHu
cronyk 1 i II B eranoni 3 konuentpaiero (4,0+0,2)x10* M. Bix 0,05 ma g0 0,20 M1 pO34UHIB aHTH-
OKCHIAHTIB 3mimyBanu 3 3,3 mu posunny DI B eranomni 3 konuentpamicro (1,00+0,04)x10* M.
CuiBBigHoueHHs konnentpauiid JJ®III/anTnokcunanT BapiroBanu Bix 4 mo 17. JIns omiHky po3kiiaaa-
HHs BinbHOTO paaukana JPIII mix yac BumiproBaHHs, OyJI0 MpoBeAeHO XonocTHi nociin. Tak, mpo-
Tsarom 1200 ¢ 6e3 nogasanHs anTHokcuaanty poskian DIl cranoBus 0,3 %.

O1iHKY aHTHPAJUKAIBFHUX BIACTHBOCTEH JOCIIKYBaHUX MOTIQEHOIIB MPOBOMIN 3 BUKOPHCTAH -
M BenmuuuH ECsy (KOHLEHTpawis aHTHOKCHIAHTY, IO HEOOXigHa Ui 3MEHIICHHS KOHLEHTpamii
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panukana Ha 50%) [17]. Jns Bu3HaueHHs BennunH ECs), BUMIpIOBaIM 3HUKCHHS ONITUYHOI T'YCTUHH B
Yaci mpu 5 pi3HUX MOYATKOBUX KOHIEHTPAIISX JOCITIKYBAHOTO IMOXiTHOTO TOCUTIONY.

BuxopucToByroun 3aleXHOCTI 3aJIMIIIKOBOTO BMicTy paawkana (%) Bif KOHIEHTpAIiid JOCTIIKY -
BaHUX IMIHOTIOX1IHUX FOCUIIONY, po3paxoByBaiu ECs.

3anumKkoBuil BMICT paauKaia B peakuiiinii cymimi (Rad) Busnavanu 3a ¢popmyioro (1):

Rad(%) = == x 100
Ao (D

ne A — ontiaHa ryctuHa pu A=518 am gepes 1200 c;

Ay — IOYaTKOBa ONTHUYHA T'yCTHHA TIpU A=518 HM.

BaxnuBuM mapameTrpoM, IO XapaKTepHu3ye peakiii MomideHOoNiB i3 BUIBHUMH pajiKalaMd €
crexiomerpuyanii koedimieHT (n). CTrexioMeTpuIHMA KOe(DIMEHT BU3HAYAETHCSA SK KUTBKICTH paiu-
KaJiB, IO 3aXOILTIOE (31aTHA pearyBaTy 3 HUIMH) OJTHa MOJIEKYJIa aHTHOKCHIAHTY.

OOuncneHHsl CTEXIOMETPUYHUX KOe(]iLi€HTIB peakiii iMiHOMOXiAHUX TOCUIONY 3 PaluKalIoM
MIPOBOIHIIH 32 GOopMYIIOH0 (2):

Apg—Ay

execgxl )

ne Ao — IoYaTkoBa ONTHYHA TYCTHHA;

A — ontnuHa ryctuHa uepe3 1200 c;

€ — MossipHui koedimient excturkiii JOIIT B eranoi;

Co — MOYATKOBA KOHIIEHTPAIlisl aHTHOKCHIAHTY B KIOBETI;

| — MOBXXMHA ONTUYHOTO IISAXY, CM.

Pe3ynpTaTi KiHETHYHHX BUMIPIOBaHb 1 XapakTEPUCTUKU aHTUpagukanbHoi Aii cnomyk III i IV B
peaxuii 3 JI®III" B3sTO 3 Hamux momepenHix poOit [18, 19].

PesynbTaTty gocnigxeHb Ta iXx 06roBopeHHs

Panime HaMM TOKa3aHO, MO IMIHOIOXiMHI TOCHIIONY € e()EKTUBHUMH aHTHPaANKATHBHIMH
areHTtamu 1o BigHomenHto xo JDIIT [18, 19]. Tak iMIHONOXIJHI TOCUMOIY € OUIBII e()EeKTHUBHUM
aHTUPAIUKAILHUMHU areHTaMU HiX acKOpOiHOBa KUCIIOTA, TPOJIOKC 1 JIEsKi 1HII aHTUOKCHJAHTH TIPH -
POTHOTO TOXOJKEHHS. AJle TOJiOHI JOCTiKeHHST He Oynu TpoBeAeHi A 7,7 -AUTO3UIOKCUTOCH-
nrouty (II). [lyst GiTbITn KOPEKTHOTO TTOPIBHSIHHS, 33 TAKUX JK€ YMOB IPOBEICHO JOCIIHKCHHS aHTHPAIH -
kaipHOI nii rocunony 3 J®III. Kpurepismu ans mOpiBHSHHS aHTHUPAAUKaNbHOL Iii AOCITiAKYBaHUX
cnonyk Oynu crexiomeTpuyHi Koedinientu (n) i Beaumunan ECso.

Ha puc. 2 naBeneno xinernuHi kpusi Butpadansas J®II" y daci B MPUCYTHOCTI MOCIIHKYBaHHIX
CIIOJTYK.

1.1 7

0,9
0,8
0,7
0,6
0,5
0,4

0,3

0,2 ‘ . . ‘ ‘

0 200 400 600 300 1000 1200

t.c
Puc. 2. 3HMKEHHs ONTUYHOI TYCTHHHU B 9aci posuuny JOIIT (1,0+£0,04)x10* M npu A=518 um B eTanomni mics
nonasarns (1,25+0,05)x10° M antrokcumanty npu T=298 K (, m — crionyka [; A — crionyka II).
Fig. 2. Decrease in optical density over time of DPPH solution (1,0+0,04)x10* M npu A=518 nm in ethanol after
adding (1,25+0,05)x10° M of antioxidant at T=298 K (, m — compound I; A — compound II).

PesynpraTtu BUMiproBaHHS aHTHpanuKaibHOI Aii B peakii 3 DI cBiguaTh, 110 TOCHUITON € OLIbIIT
e(eKTUBHUM aHTHPAINKaJIHLHUM areHTOM HiX 7,7 -IUTO3MIOKCUrocumon (Tadm. 1).
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Tabnuns 1.XapakTepucTHKN aHTHPaIUKaIbHOT A1 TOCHUIIONY 1 HOTO MOXITHMX
Table 1. Characteristics of the antiradical action of gossypol and its derivatives

Cromyka
Hapaverp I 11 1 Ve
ECso(¥10%', M 0,66+0,05 2,92+0,07 1,26+0,06 0,97+0,05
n° 5,404 1,9+0,2 4.2+0.4 5,040,

"KOHIICHTPAIlisl aHTHOKCUIAHTa, IO HeOOXiIHa Ul 3MEHIIEHHsT KOHIEHTpaii pagukana ((1,0£0,04)x10* M) na
50%;
PcTexioMeTpUIHHI KoeillicHT.

Crexiomerpruunwnii koedimient peakmii JPIII" 31 comykoro Il € 6au3pkuM 10 IBOX (KUIBKICTB (e-
HOJBHUX T1IPOKCHIBHHUX TPYI B CTPYKTYpi Moiiekyiu). Lle Moxke CBIIYHMTH Mpo Te, IO B €TaHOIi
cnonyka Il icHye mepeBakHO y AMIAKTONBHIN TayTOMepiit popmi, a JTaKTONBHI TiAPOKCHIIBHI TPYIIH HE
3matHi pearysaru 3 JJOIII.

3rigHo 3 JaHWUMU MONEPEAHIX JOCIIPKeHb CIoyKa | icHye B €TaHoJi Yy BUTJISAAL CyMillli JBOX Ta-
yToMepHHX (GopM: IianpaerinHoi (6 GeHoIbHUX TiAPOKCUIBHUX IPyM) 1 AWIAKTONBHOI (4 (eHoNbHI
TiAPOKCHUIIBHI TPYIH), TPUIOMY BMICT TianbaeriqHoi ¢dopmu € mominyrounm [3, 11, 16]. IcnyBanns y
BUTJIAI CyMIIIi IBOX TAyTOMEPIB B PO3UMHI €TAHOITy MOXKE MOSICHIOBATH 3HAUYEHHS CTEXIOMETPUIHOTO
koedimieHty Onusbke mo 5. [Hme mosicHeHHs mojsirae B Tomy, mo He Bci C(6)O-H rpynu maroTsb
OJTHAKOBY peakIliiiHy 371aTHicTh 10 BigHomenHto g0 JDII [13].

Y Bumanky cmomyk III 1 IV emuHAMH eKCIIepUMEHTaIbHO 3apeECTPOBAHMMH TayTOMEPHUMH
¢dopmamu € mieHaminHa (4 HEHONBHI TiAPOKCHIIBHI IPynu) i AliMiHHA (6 (HEHONBHUX TiIPOKCHIBHHX
rpyn), BignosinHo [18, 19]. OnHak, ciij BiA3HAYMTH HASBHICTH B 000X cnonykax NH rpym, mo mo-
TEHIIHHO Moryin Om Opath yuacth B peakmii 3 JPII. 3HadeHHS CTeXiOMETPHYHHUX Koe(]imieHTiB
BKa3yIOTh Ha Te 0 HasBHICTh NH rpym He miJBUIy€e aHTHPAJAUKATIBHY IO IIUX CIIOJTYK BiTHOCHO BH -
xigHoro rocumoiny. Tak crexiomerpuunuid koediuieHT cromayku Il € 61M3bKUM 1O KiTbKOCTI (eHO-
JBHUX TIAPOKCHWIIBHUX TPYH B CTPYKTYpi CHOIYKU. A y BUNAaAKy crnoiyku IV, sk i y BUNagKy rocu-
noiry, iMmoBipHo, He Bci C(6)O-H rpymu moxyTs pearysaru 3 ADIIT [13].

3naueHHss ECs) yTBOPIOIOTH XOPOIITY KOPEJSAIII0 31 CTEXiIOMETPUYHUMHU KOCQII[iEHTAMU 1 TaKOXK
Jo0pe BimoOpaKaroTh Pi3HUIIIO Y 3aTHOCTI AOCHIKYBaHUX croiyk B3aemoistu 3 JADIIT (puc. 3).

ECs50(x10%), M
o -~ D
= Lh — Lh [ S Lh L%}

—
L
3]
(3]
Lh
[¥S]
IUJ
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.
.
Lh
L
Lh
L
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Puc. 3. Kopemsmis mix BemmunaaMu ECso 1 n 1ocimKyBaHUX CIIOIYK
(y =-0,641x +4,098; R| = 0,995; S =0,188; n = 4).
Fig. 3. Correlation between ECsy and n values of the studied compounds
(y =-0,641x + 4,098; [R| = 0,995; S=0,188; n =4).

Taxk, 3nauennss ECs, conmyk [ (miampaerigaa dopma) i IV (miimiaHa dhopma) € OTU3EKUMH 10
KBEPIETHHY, IO MICTHTh y CBOIH CTPYKTypi 5 (EHOJIBHUX TiAPOKCHIBHUX TPyNm 1 € JOCHTH
e(ekTUBHUM IpupoIHUM aHTHOKcuAaHToM [20]. Cnonyku I (qunakronsHa dopma) i 11 (mieHaminHa
¢opma), BHACTIIOK MEHINOi KiTBKOCTI (DEHONBPHUX TIAPOKCHIIBHUX TPYIl BHUSBISIOTH JIEMIO MEHIIY
aHTHUpaIUKaIbHy dito 1o BigHomeHHIo no DI wik cnomyku | i IV. Hasericte NH rpyn B
ctpykrypi cronyk Il i IV nHe migBumiye antupagukansHy fito B peakuii 3 A®PIII. Togi, sk 3miHa
TayToMepHoi (GOpMHU 1 TMOsiBa JOJATKOBHX (DEHONBHUX TiAPOKCHILHUX Tpym (3amicte NH rpym)
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MpUBEJIE J0 MiJBUIICHHS aHTUPAIUKAIBLHOT /ii. 3a 3pOCTaHHIM aHTUPATUKAIBHOI Jil IO BiJIHOIIECHHIO
1o APIII" nociimpkyBani coixyku yTBoproroTs pan: [I <II <IV <.

BucCHOBKM

[IpoBeneno AocCmiKeHHS aHTUPaIUKANbHOI mii 7,7 -muro3mmokcurocuriony B peakmii 3 DI
BcranosieHo, mo B peakiiro 3 JJOIII" 31aTHI BCTymaTH TiIbKH JBi T1IPOKCHIIBHI TpynH (iMOBIpHO, 11e
C(6)0O-H i C(6’)O-H rpymu) nporo mOXiJHOTO TOCHIIONY. 3MIHCHEHO TOPIBHSUIBHUN aHami3
aHTUPAUKAIGHUX BIACTUBOCTEH 7,7 -IUTO3MIOKCUTOCHUIIONY, TOCUTIONY 1 TBOX HOTO iMiHOTIOXiTHUX.
[Tokazano, Mo KIH0Y0BUM (HaKTOPOM, IO BIUIMBAE HA aHTUPAJAUKAIBHI BIACTHBOCTI ITMX CIIOIYK IO
BigHomeHHwo a0 J®IIl, € HasBHICTH (DEHOIBHUX TiAPOKCHIBHHX TIpyn. ToOTO 3MiHa TayTOMEpHOI
¢dopmu cionyku 11 3 mumakTonpHOT Ha Mianpaerinay i cnonyku 11 3 nieHaMiHHOT Ha NiiMiHHY IPUBEIE
IO 30UTBIICHHST aHTUPATUKAIBHOI i IIUX CIOJTYK.
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O. M. Dykun, V. M. Anishchenko, A. M. Redko, V. I. Rybachenko. COMPARISON OF RADICAL SCAVENGING
PROPERTIES OF GOSYPOL AND ITS DERIVATIVES IN THE REACTION WITH DPPH.

L.M. Litvinenko Institute of Physical-Organic and Coal Chemistry NAS of Ukraine, 50 Kharkivske shose, Kyiv,
02155, Ukraine

Radical scavenging activity of 7,7'-ditosyloxygossypol in reaction with 2,2'-diphenyl-1-picrylhydrazyl
(DPPH) in ethanol was evaluated by total stoichiometries and ECs, values. The stoichiometric coefficient of
the reaction of DPPH with 7,7'-ditosyloxygossypol is close to two. This indicates that in ethanol this
compound exists mainly in the dilactol tautomeric form, and the lactol hydroxyl groups are not capable of
reacting with DPPH. Such a result can be an indirect confirmation that no tautomeric transformation occurs
during the reaction with DPPH due to the consumption of one of the tautomers. A comparative analysis of
the radical scavenging properties of 7,7'-ditosyloxygossypol, gossypol, gossypol Schiff base with 4-
methoxyaniline and gossypol hydrazone with phenylhydrazine in reactions with DPPH was carried out. The
influence of tautomerism on the radical scavenging properties of the investigated compounds was
determined. It was established that the presence of NH groups in the structure of gossypol Schiff base with
4-methoxyaniline and hydrazone with phenylhydrazine does not increase the radical scavenging properties
in the reaction with DPPH. And the change of the tautomeric form and the appearance of additional phenolic
hydroxyl groups (instead of NH groups) will lead to increased radical scavenging properties. It was shown
that the most effective radical scavenging agent is the gossypol hydrazone in the diimine tautomeric form (6
phenolic hydroxyl groups). And the least effective is 7,7'-ditosyloxygossypol (2 phenolic hydroxyl groups).

Key words: gossypol, tautomerism, radical scavenging properties, DPPH, stoichiometry.
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B poboTi npeactaBneHo pesynbTaTM €KCNepUMMEHTArNbHUX BUMIPIOBaHb Ta TEOPETUYHOro AOCHiOKEeHHS
€IeKTPOHHMX CMEKTPIB MOrMMHAHHS iHOMKATOpa HITPa3MHOBOIO XOBTOrO B BOAHMX po3ynmHax. B pamkax va-
coBo3anexHoi Teopii dyHkuioHany ryctuHn (TD-DFT) npeactaBneHo pe3ynbTaTtv KBAHTOBOXIMIYHOIO MOAErto-
BaHHS €neKTPOHHO-30YyMKeHX cTaHiB. 3okpema BukopucTaHi aBa dyHkuioHann B3LYP ta CAM-B3LYP. B
siIKoCTi 6asucy posrnsganucs sk ctaHgapTHu 6asuc 6-31+G(d,p), Tak i koMGiHauil i3 nceBgonoTeHU@nbHUMUK
6asncamu ansa atomie Na ta S. B pamkax meTtoay ncesgonoteHuiany (Effective Core Potential, ECP) po3spaxy-
Hkn Oynu nposefeHi B ABOX BapiaHTax. B nepwomy 6yno BukopuctaHo 6asuc LanL2DZ (ta BignosigHui
nceegonoTeHuian) Ansa ycix enemeHTiB monekyn. B iHwomMy BapiaHTi 6a3uc LanL2DZ 6yno BMkopucTtaHo nuie
ans enemendTiB Na ta S, toai sik ans iHwwux enemeHTiB (H, C, N, O) 6yno BUKOPUCTAHO CTaHAAPTHWIA BaneHTHUI
ABivi-po3wennenn 6asnc 6-31+G(d,p). Edpektn posumHHMKa B cnekTpax MOrfMHaHHA, npu LUboMy, Oynu
ypaxoBaHi B pamMKkax nonsapu3saLiiHo-KOHTUHYyarnbHOI MoAerni MeTogoM NiHIMHOrO BIAryKy.

OTpuMaHi pe3ynbTaTi BKasyloTb Ha 3a40BiNbHWUIA ONMC BNNUBY eheKTiB cepeJoBULLa HA CNEKTPU MOMMMHAHHS
TPbOX OOPM HiTPA3MHOBOIO KOBTOIO.

Knrouoei cnoea: Himpa3suHosul xoemul, meopisi pyHKUioHay eycmuHu, echekmu cepedosulla.

Bctyn

A300apBHUKH — YHCEIbHA TPyNa OPTaHIYHHUX IHAWKATOPIB, IO CKIAAETHCS 13 OApBHHKIB Pi-
3HOMaHITHHUX KOJILOPIB Ta BiATiHKiB. Came a300apBHUKH MarOTh HaHOUIBIINI 00’€M BUPOOHUITBA Ta
CKJIaJaroTh O MOJIOBUHM CHUHTETHMYHHMX OapBHHKIB, SIKi BUKOPHCTOBYIOTbCS B XapyoBiHd, (apma-
[IEBTUYHIN, TAepoBiid, TEKCTHUIIbHIHN, MIKIPSHIA MPOMICIOBOCTI, a TAKOK B METOJaxX aHaii3y Ta 0io-
MenuIHuX Aociimpkennasx [1]. IIpemcTaBHUKOM aHOTO Kjacy CIIOJIYK € KHCIOTHO-OCHOBHHM 1HIU-
karop — HitpasuHoBuii xkoBTuUd (Nitrazine Yellow, NY) [2-4]. Inmukarop NY (3-[(2,4-
TUHITPO(EH1)a30]-4-TiIpOKCH-THHATPI€BA Cillb) BIIHOCUTHCS 10 HEHTPAIBHUX IHAWKATOPIB 3 30HOIO
nepexoxy 3abapsieHns 6inst pH ~ 7 (cBiTinonornuHatodi opmu OapBHUKA TuB. Puc.1).

JaHuii iHAMKaTOp MPHUBEPTAE yBary JOCHIAHUKIB, 3aBASKH CBOIM TaJJOXPOMHUM Ta TEPMOXPOMHHUM
BiacTuBOCTIM. CydacHi OCHiIKeHHs, mpucBsueHl NY OpieHTOBaHI Ha CTBOPEHHS YyTJIMBUX CEHCOPIB
U MOHITOPHHTY 00’ €KTiB HABKOJUIITHBOTO CEPEIOBUIIA Ta O1OMEeTNIHUX AOCIiIKeHb [5-10].

Buxopucranus NY B 6ioMeaAMIHUX JOCTIIHKEHHSX, @ caMe B IEpMaToJiorii (TIpu TeCTyBaHHI MIKipH
XBOPHX Ha ek3eMy, nepedir pH B rmbuni porosoro mapy [2]), Ipu AiarHOCTUII KUIIKOBUX 1H(QEKIil
[3], B rinekomorii (st Bu3HaueHHs: pH HaBKOJOIUTIIHUX BOJ Ha IMi3HIX TepMiHaX BariTHOCTI MU Ti-
JIO3pi Ha TEepeaIacHUA PO3PUB IUIOJOBHX 000JOHOK) [4], 00yMOBIICHO 30HOIO TIEPEX0 Ty 3a0apBICHHS
Ta CIIEKTPaIbHUMHU BIACTHBOCTSIMU MOJIEKYJIH OapBHUKA.

HOy
&

4 HO; ] i o
I H, M
Q0L LSO L0
WOy
Oe 0y S0,Na 50N 50;Na SyHa
e S0,Na
A B C

Pucynok 1. Ceitnonornunaroui popmu NY
Figure 1. Light-absorbing forms of NY
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CyuacHi JOoCIiPKeHHS 3 BUKOpUCTaHHsIM NY CIIpsIMOBaHi Ha CTBOPEHHS Yy TIMBHX, IIBHKO peary-
I09YMX 1 3py4HHX Yy BUKOpucTaHHi pH-cencopis. IloniOHi ceHcopHi Marepiaiay I03BOJSIOTH BHPIIIY -
BaTH Pi3HU MPOOJIEMH, HATPUKIIAA, IPOBOAUTH JIarHOCTUKY CTaHy 3J0POB’s, BUSABIISIOUN JICTKi opra-
HIYHI CITOJIyKH 32 JJOTIOMOTO0 KOJIOPUMETPHYHOT CEHCOPHOT MaTpulli [5], abo BiaCTeKyBaTH B PeXKHUMI
peanbHOro yacy 0ioXiMmiuHi 3MiHM B piAMHAX OpraHizMy, KOHTpomowoui pH Ta BiacTexyioun piBeHb
3HEBOJHECHHS CHOPTCMEHIB MiJ Yac TpeHyBaHb. Jlo mepeBar OapBHMKAa MOKHA BifHecTH Horo ¢orto-
aKyCTHYHY IOBEIHKY, III0 MOXe OyTH BHKOPHCTaHO I HeinBasiitHoi 3D Bizyamizauii (Hampukian,
nimbaTuaHoi cuctemu) [7]

HinecripsmoBane BukopucTaHHsd NY B 0iOXIMIYHUX cepeloBHUINAX MOTPeOye HEe TLIBKH TECTOBHX
eKCTIEpUMEHTAIBPHUX JOCIIDKeHD, aje W IEeBHHX TEOPETUYHHMX (KBAHTOBOXIMIUHWX) OIIHOK, SIKi
JAIOTH 3MOTY IPOBECTH KOPEKTHY IHTEpPIIPETallif0 CIEeKTPaJbHUX NpOsiBIB OAPBHHKA MPH HAsIBHOCTI
e(eKTiB OTOUEHHS Pi3HOT IPUPOIH.

3natHicTh NY 3MiHIOBaTH 320apBIIEHHS B PO3YMHI 00OYMOBIIEHO HAsSBHICTIO a30-TiAPAa30HHOI TAyTO-
mepii (Puc.1, A-B) [11, 12, 13]. V HelTpambHOMY BOJHOMY CEpEIOBUINI TiAPAa30HOBUH TayTOMEp
(Puc.1, B) Ginbi crabinpHuid, a B Ty)KHOMY cepeaoBuii (pH > 7) mosnekyna GapBHUKa OMUHSETHCS Y
nenpotoHoBadiii hopMi (Puc.1, C), mo Bene 10 6aTOXpOMHOTO 3CyBY CMYTH moriauHanHA [13].

BaxuinBuM nutaHHAM BUKOpUCTaHHSA NY y Marepiajo3HaBCTBI 3aJIMINAETHCS PO3YMIHHS BILIMBY
MOBEPXHI MaTepialy Ha TaJOXpOMHI BJIACTHBOCTI OapBHUKA NPH WOTO BIPOBAKEHHI B piake
cepenoBuile abo marpuui. B 3anexnocti Bix GpopMu B siKiii OapBHUK iCHY€ B CEpeOBHILI, HASIBHOCTI
B3a€MOJIIY 3 IHITMMH MOJIEKYJIaMH, XapaKTepy 3aKpilJIeHHS B MaTPHIll 3HAYHO 3MIHIOETHCS 1HTEpBAI
nepexo/y 3abapBiieHHS Ta BIJNOBIIHA MBUAKICTh PEAKIIil.

OTXe, METOI0 TEPIIOro eTamy JOCHIPKCHHS, SKUU MpeJCTaBICHO B JaHid myOuikaiii, € aHami3
cnexTpanbHuX eexTiB NY, sakuif icHye B pi3HHX dopMax, B 3aiIexKHOCTI Big pH BogHOTO cepenoBuia.

ExcnepuMeHTasibHa YaCTUHa

BuxigHuii po3uuH HITPa3MHOBOI'O JKOBTOTO TOTYBalHM IIISIXOM PO3YMHEHHS HABKKW B JIUC-
TWIbOBaHiN BoAi. BoaHI po3unHM iHAMKATOPY MPH Pi3HUX 3HAYCHHSIX KUCIOTHOCTI TOTYBaH LUIIXOM
JIOJTABaHHS PO3YMHY TiAPOKCHAY HATPIiIO0 IO BUXIMHOTO PO3uMHY. KHCIOTHICTH PO3YMHY KOHTPOJIO-
Banmu 3a jgonomoroio ioHomipy (I-160MI), BEHMIprOOUH eNeKTPOPYIIiHY CHIIy JIaHIIOTa 3 iHIH-
KaTOpHUM CKIISTHUM enekTpoaom EC-10603 ta xmopcpionum enekrpogom nopisHsHHS ECp-10101.

Crnektpu nornuHaHHs po3unHiB NY BumiptoBanu Ha npuoopi Shimadzu UV-2600 B iHTepBami
nosxknHu xBuil 300-800 BM BimHOCHO po3unHHUKA. CHEKTpH TOTJIMHAHHS BOJHHUX PO3YHHIB
HITpa3iHOBOT'O OBTOT'O MPH pi3HUX 3HaueHHsX pH HaBeneHo Ha Puc.3-5.

TeopeTnuHi OuiHKKN

KsanToBoximiuni po3paxynku NY Oynu npoBeaeHi 3 BUKOPUCTAHHIM Teopii QpyHKIiOHana IyCTH-
Hu (Density Functional Theory, DFT), ska moOpe 3apekoMeHayBaia cebe TpH po3paxyHKax
cnektpanbHux BiaactuBoctei (Time-dependent DFT, TD-DFT [14,15]), 30kpema coJIbBaTOXpOMii, TH-
MOBHX OpraHiYHMX OapBHUKIB (Hampukiaa, B poooTi [16]).

B nmaHiii ctarTi, ;uIA po3paxyHKy CHEKTpiB, Oy BUKOPUCTaHI JBa (PYHKIIOHATN — CTaHAAPTHHHA
B3LYP ta CAM-B3LYP [17], 0 MOkHa BBa)KaTH KpalHIMH TiAX0AaMH, SIKi JAIOTh BIAIIOBIIHI OIIi-
HKU €JIEKTPOHHOTO 30Y/DKEHHS «3HH3Y» Ta «3BepXy». B ocoOmuBOCTi, ciijl 3a3HauMTH, MO (QYHK-
nionan CAM-B3LYP 6yino po3po6iieHo 3 MeTOI0 NOJ0IaHHs POOJIEeMH ONUCY 30YIKEHUX CTaHiB, SKi
XapaKTEPU3YIOTHCS 3HAYHOIO YaCTKOIO TiepeHocy 3apsaay [18]. Taki po3paxyHku Oyiiv MIPOBEICHI 3 BU-
KOpUCTaHHSIM cTaHAapTHOro Oaszucy 6-31+G(d,p) (3Buuaiini mozHauenns — B3LYP/6-31+G(d,p) Ta
CAM-B3LYP/6-31+G(d,p) BinnosigHo). Edextn po3unHHMKa, IpU 1IbOMY, OyJIM ypaxoBaHi B paMKax
OIS PU3AIlifHO-KOHTHHYaIbHOI Mojeni (polarization-continual model, PCM) i Teopii linear response
(LR) [19, 20, 21]. 3ayBaxxumo, 110 A€TaIbHE JOCIIIHKEHHS CIIEKTPAIIbHUX BIACTUBOCTEH OapBHHUKA Y
BOJIHOMY CEpEJIOBHIII MOXE MOTPeOyBaTH TAKOXK SBHOTO YPaxyBaHHS OJHIEI- JBOX- a00 OUIBIIOI Ki-
JTBKOCTI Moyiekyn Boju. [lomiOHi JocmimkeHHS, BTIM, TOTPeOYIOTh MOMEPEIHIX PO3paxyHKiB, fKi i
CTaJlM METOIO IIPECTABICHOI POOOTH.

OnucaHi BUILE «ITOCITIAOBHI» CXEMHU PO3paxyHKY, OJHAK, MAIOTh TaKOX NEBHI Baau. Tak, BUKOPH -
ctanHs 6azucy 6-31+G(d,p) B cuctemax 3 «Baxxkumm» aromamu (Na, S) nmpu ypaxyBaHHi eekTiB po3-
YUHHHKA, B HAIIOMY BUTIAJIKY, BEJIE 10 «BTPYUYAHHs» OCTOBHHX (core) opOiTamneil B CHEKTp BaJEHTHUX
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enektpoHis. Lle, B cBOIO uepry, Bene 10 HEOOXiAHOCTI BKIIOUEHHS IHUX opOiTaneil B po3paxyHKOBY
cxemy TDDFT, mo cyTtreBo 30inblIye po3paxyHKOBI BUTPAaTH, BTIM HE T'apaHTYIOUM aJCKBATHICTb
po3paxyHKy. OTxe, ocKUTbKH BkasaHi ¢opmu (A, B, C) BKITIOUalOTh «BaXKKi» aTOMH, B poOOTI po3-
TIISJAJIMCS ANbTEPHATUBHI IMIJIXOAM, SKI 3aCHOBaHI Ha METOJli €()EKTUBHOTO OCHOBHOTO ICEBOIO-
teruiany (Effective Core Potential, ECP). Po3paxynku ECP Oynu mpoBezneHi B ABOX Bapiantax. B
nepmoMy, B pamkax teopii DFT, Oymno Bukopucrano 6asuc i3 nceBaonoreHmiaiom Lanl.2DZ. Taki
pO3paxyHKH MU no3Hadaemo, sik B3LYP/LanL2DZ (ta CAM-B3LYP/LanL2DZ). B inmomy BapiaHTi
0azuc LanL2DZ (Ta BianmoBigHMiA ceBaoOmOTEeHIian) Oy0 BUKOPUCTaHO Ui eineMeHTiB Na Ta S, Toai
gk g iHmumx enxeMeHTiB (H, C, N, O) Oyno BUKOpUCTaHO CTaHAAPTHHUN BAJICHTHHH JBidi po3IIeTrie-
Hut 6asuc 6-31+G(d,p). Binmosimne mosznauenns mae Burisa (B3LYP/ LanL2DZ/6-31+G(d,p) Ta
CAM-B3LYP/LanL2DZ/6-31+G(d,p)).

VYci po3paxyHku OyJd MPOBEAEH] 3a JOMOMOT0I0 MOMYJISIPHOTO MpOorpaMHoro komiekcy Gaussian
09 [22].

Iepen omucoM BiacHe €NEKTPOHHUX 30Y/PKEHb JaMO KOPOTKWH (Ha SIKICHOMY piBHI) OIHUC TeO0-
MeTpii OCHOBHOTO CTaHy BKazaHUX (opM. Po3paxyHku, pe3ynbTaT SIKUX NpeacTaBicHo Ha Puc. 2, Bu-
KOHaHi 3 BUKOPHCTaHHAM cTaHgapTHoro QyHkmioHana B3LYP/6-31+G(d,p) B Bakyymi (Bizyaumizaiis
3a monomororo nporpamu Chemcraft [23]).
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Pucynok 2. ['eomerpruna 6ynoBa Tprox cBiTinonornuHatounx ¢popm NY (A, B, C) BixnoBigHO pe3ynpTaTtam po3-
paxynkiB B3LYP/6-31+G(d,p) (Bakyym).

Figure 2. The geometric structure of three light-absorbing forms NY (A, B, C) according to the

results of calculations B3LYP/631+G(d,p) (vacuum).

3a pe3ynbTaTaMH PO3pPaxyHKY IeoMeTpii, T-CIpsDkeHa 4acTHHA CTPYKTYpH A 3arajom Iutacka i
cTabimi3yeTbcss BHYTPIIIHBO-MOJICKYJSIpHUM BogHeBUM 3B’si3koM  O-H...N (momkmHa 3B’S3KY
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nokaszaHa Ha Puc. 2-A). BTiM, HiTporpyma B opTo- HOJI0KEHHI O€H3€HOBOTO (hparMeHTa po3ropHyTa, i
BiMOBiAHMI TOpciHMi KyT ckinaznae 30°. TayromepHa ¢opma B € minkom miackor B cucTeMi cips-
xenus (Puc. 2-B). Hapemri, nenporonosana ¢opma C (Puc. 2-C) xapakTepHu3y€eTbes CYTTEBHM PO3-
BOpOTOM 2,4-NiHITPOGEHUIBHOTO (pparMeHTy MoJeKyiH - 28.7°, a TaKoK PO3BOPOTOM HITPOTPYIH B
OpTO- MOJIOKEHHI OEH3EHOBOTO Kbl Ha 34°. PesynpTatu po3paxyHKiB TeOMeTpii B iHIIMX BapiaHTax
DFT, ta Bka3zaHuX BapiaHTax 0a3WCHUX HAOOpiB, Ha SKICHOMY DiBHi, HE CYTTEBO BiIPI3HAIOTHCS Bif
npeacTaBlieHuX Ha Puc. 2.

Po3paxynku criektpiB noriuHaHHs npeacrasieHo B Tabmn. 11 Taoum. 2 (B3LYP i CAM-B3LYP Bin-
noBigHoO). EnexTponHa OynoBa MOrMMHAHHS BUSBHIIACS TOCUTH CKJIAAHOK0. A caMe, B IOBIOXBHJIBOBIH
00J1acTi peaizoBaHO KiJIbKa CIEKTPAILHAX TIEPEXOIiB, Cepel] HUX Ba IHTCHCUBHHUX, SKi, BIACHE, 1 BU-
3HAYalOTh 320apBJICHHS IHIUKATOPY 33 PI3HUX YMOB.

3 CyKyITHOTO aHaji3y eKCIIepUMEHTANBHUX Ta po3paxyHKoBuX (Tabmn. 1 Ta 2) nanux MoxkHa 3poOu-
TH KiJIbKa BUCHOBKIB.

1) Merox B3LYP nae icToTHO 3aBHILEHI 3HAYCHHS JAOBXXHH XBWJIb MOTJIMHAHHA B YCiX (opmax
OapBauka. Tak, mis nenporonoBanoi ¢opmu C, B pospaxyHky B3LYP/6-31+G(d,p)/Boma, maemo
JTIOBKMHY XBWJII TIOTJIMHAHHS 713 HM, TOJI SK €KCIIEPUMEHTAIBHAN MaKCUMYM BiITOBifae 588 HM.

2) CAM-B3LYP cyrTeBo 3aHmKy€e TOBXKUHY XBUJII OTJTHHAHHS BigHOCHO B3LYP.

3) [Ilpu nepexoni Bi BakyyMy JO PO3UYMHHHUKA (BOJa) OTPUMAaHO BUPaKECHUH 0aTOXPOMHHUH 3CYyB
gk B pyHkuionani B3LYP, rak i B CAM-B3LYP. [Ipu npoMy nociizoBHICTh €EKTPOHHUX MEPEXOIiB
MOX€ 3MIHIOBAaTHCh.

4) 3a pH~ 6.8 B criekTpi MOTJIMHAHHS CIIiJ O4iKyBaTH BHECKH sIK TayToMepHoi (opmu B, Tak i
nenpoTtoHoBaHoi ¢popmu C.

5) BuxkopucTaHHS TICEBIONOTEHIIATBPHUX MeTOiB (i craHmaptHoro 6asucy Lanl.2DZ) cyrreBo
3MCHIIIYE PO3PaxXyHKOBI BUTPATH, X0Ua BIAMOBIAHICTH IO CKCHECPUMECHTAIBHUX NAaHUX 3ATHIIAETHCS
JI00poto.

6) Buxonsguu 3 Tabum. 2. 11 MOJAIBIIOr0 BUKOPUCTAHHS MOXKHA 00paTH JiBa BapiaHTHU po3paxy-
HKy CAM-B3LYP/LanL.2DZ i CAM-B3LYP/LanL.2DZ/6-31+G(d,p). 3ayBaxkumo, 1110 IpuHAJIUBUM
3maeThes came po3paxyHok CAM-B3LYP/LanL2DZ, skwuii moTpebye 3HAYHO MEHITUX KOMIT IOTEPHUX
pecypciB.

3araloM MOXKHa CTBEPAXKYBaTH, IO OMNKC CIEKTpalbHUX BiacTuBocTell NY MeToaom
CAM-B3LYP/LanL2DZ nae agexBaTHiI pe3yibTaTH, SKi MOXYTh OyTH CITIBCTaBJICHHI i3 €KCIIEpH-
MEHTAIBHUMH CMYTaMH TTOTJIHHAHHS.

SkicHy KapTHHY BiANOBiIHOCTI Moka3aHo Ha Puc. 3-5, ne BimoOpaxxeHO eKCIepUMEeHTalbHI CMYTH
nornuHanHsA NY B BOIHOMY CepelOBHILI NpU pi3HOMY 3HaueHHi pH. BennunHu oTpumaHi MeTonoM
CAM-B3LYP/LanL2DZ 306pakeHo y BUTIAAi BepTukambHuX JiHIA. [llkana inrencuBHOCTI (I) mos
EKCTICpUMEHTAIILHUX CMYT BIJINOBIa€ ONTHYHIN TYCTHHI, TOJI SIK IS PO3PaXxOBaHHUX BEJIMYMH 1€ CHIIa
OCLWIISITOPY EJIEKTPOHHOTO Tepexony. 3a AaHuMu Puc.3-5 MoKHa 3aKiIIOUUTH, IO PO3paxoBaHi
JOBXXMHU XBUJIb OTJIMHAHHS 3aJI0BUIBHO «JIEXKAThY y MEXKaX BIAMOBIAHUX CMYT HOTJIMHAHHSL.

Puc. 3 BinmoBigae morinumHAHHIO YUCTOi opMu A (3KOBTE 3a0apBJeHHS PO3YMHY), TOMI K Puc. 4
(pH = 6.8) moxe BiamoBinaTn komOiHoBaHil popmi B ta C.

IHTeHCHMBHA cMyTa MOTTMHAHHS B 007acti 588 HM (OmakuTHO-(ioneToBe 3a0apBiIeHHS) B BOAHOMY
po3unHi aenpotoHoBaHoi dopmum NY (pH=9.2, Puc.5) skicHO y3romkeHa i3 pe3yiabTaTaMHu
CAM-B3LYP/LanL2DZ (629 um). Pa3om i3 tum, B crektpi NY 30epiraerbcsi iHTEHCHBHE KOpPO-
TKOXBUJIbOBE MoryinHaHHs (~500 HM) Ta OTJIMHAHHS B IIMPOKiK cMmy3i iHTepsaiy 300-400 HM.

Tabmums 1. PozpaxoBani (B3LYP) norxuHN XBHIE MOTIMHAHHS (HM) 178 TphoX GopM NY. B myxkkax BKazaHO
PO3paxoBaHi CHIIM OCIIIIATOPIB

Table 1. Calculated (B3LYP) absorption wavelengths (nm) for the three forms NY. The

calculated oscillator strengths are indicated in parentheses.

MeTOo cepeaoBHU- A B C
e
6- Bakyym 550 (0.012) 489 (0.466) 672 (0.178)
31+G(d,p) 516 (0.351) 471 (0.01) 558 (0.038)
415 (0.084) 417 (0.058) 529 (0.522)
407 (0.522) 390 (0.445) 452 (0.002)
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558 (0.281) 525 (0.549) 713 (0.305)
Boxa 547 (0.189) 449 (0.085) 598 (0.064)
445 (0.022) 409 (0.402) 538 (0.497)
429 (0.640) 405 (0.110) 398 (0.250)
626 (0.002) j;(z) gg'gig 732 (0.112)
Bakyym 522 (0.372) 455 (0'019) 589 (0.035)
485 (0.003) 436 (0'008) 548 (0.495)
457 (0.028) 419 (0-260) 509 (0.007)
LanL2DZ ;
529 (0.564) 529 (0.565) 755 (0.211)
508 (0.001) 508 (0.001) 636 (0.063)
Boaa 468 (0.131) 468 (0.130) 567 (0.383)
466 (0.044) 430 (0.072) 540 (0.137)
430 (0.07) 427 (0.177) 463 (0.138)
549 (0.012) 673 (0.178) 732 (0.112)
498 (0.392) 558 (0.038) 589 (0.035)
Bakyym 419 (0.032) 529 (0.525) 547 (0.495)
407 (0.322) 452 (0.002) 509 (0.007)
LanL2DZ/ 396 (0.087) 438 (0.063) 462 (0.168)
6-31+G(d,p) 547 (0.046) 512 (0.658) 704 (0.298)
534 (0.470) 474 (0.000) 594 (0.040)
Boaa 430 (0.018) 435 (0.098) 549 (0.510)
425 (0.005) 415 (0.002) 487 (0.012)
416 (0.522) 401 (0.362) 395 (0.191)
(pH ~6.8) (pH~9.2)
ExcnepumenT Boma (pH <5) 588 (cmabka) 588 (iHTeHcHBHA)

470 (iHTeHCHBHA)

480 (iHTeHCUBHA)

499 (iHTeHCHBHA)

Tabmms 2. Po3paxoBani (CAM-B3LYP) norxuHN XBHIB NOTNIMHAHHA (HM) Ui TphoX Gopm NY. B myxkax
BKa3aHO PO3paxOBaHI CHJIM OCHIIATOPIB. HamiBXWpHUM BHIUIEHO IHTEHCHBHI MEpEeXOAM SIKi MalOTh OyTH 3i-

CTaBJICHI 13 EKCIIEPUMEHTAIbBHUMU CMYTaMHU.
Table 2. Calculated (CAM-B3LYP) absorption wavelengths (nm) for the three forms NY. The
calculated oscillator strengths are indicated in parentheses. Intense transitions to be compared

with experimental bands are highlighted in bold.

MeTton CepenoBu- A B C

e

473 (0.002) 583 (0.270)

Bakyym 412 (0.627) jé; nggg 455 (0.646)

631+Gdp) 328 (0.227) : 415 (0.144)

P 470 (0.002) 404 (0.003) 591 (0.399)

Boxa 433 (0.738) 338 (0.176) 459 (0.465)

335 (0.374) 327 (0.391) 419 (0.230)

532 (0.003) 429 (0.032) fg? Egéggg

Baxcvvar 420 (0.661) 407 (0.730) 438 (0211)

vy 384 (0.005) 364 (0.004) 388 (0,007

326 (0.226) 328 (0.101) (0.027)

LanL2DZ 358 (0.018)

523 (0.004) 435 (0.774) 629 (0.136)

446 (0.783) 422 (0.084) 499 (0.785)

Boxa 379 (0.004) 360 (0.005) 436 (0.207)

333 (0.208) 346 (0.176) 405 (0.074)

327 (0.146) 323 (0.280) 365 (0.001)

LanL2DZ/ Bakyym 401 (0.638) 409 (0.402) 586 (0.258)

6-31+G(d,p) 326 (0.014) 405 (0.355) 456 (0.679)

315 (0.293) 319 (0.150) 409 (0.125)

292 (0.047) 313 (0.016) 344 (0.093)

292 (0.047) 309 (0.191) 338 (0.012)
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455 (0.006) 429 (0.873) 562 (0.194)
408 (0.734) 404 (0.001) 474 (0.816)
Bona 322 (0.042) 332 (0.144) 394 (0.141)
8 315 (0.180) 320 (0.324) 351 (0.018)
314 (0.133) 311 (0.000) 328 (0.039)
297 (0.104) 320 (0.003)
(pH <5) (pH ~ 6.8) (pH ~9.2)
Excnepument Boaa 470 (inTeHcnBHa) 588 (crmabka) 588 (iHTeHCcHUBHA)
480 (iHTeHCUBHA) 499 (iHTeHCHBHI)
25—
I
2.0
15 A
1.0 4
0.5
0.0 T I | T T . —— T T T T T
300 400 500 600 700 800
A (nm)

Pucynox 3. ExcnepumentanbHuil cnekTp mnorauHaHHa NY (pH=4.3, sxoBtuif po3umH). PozpaxyHox
CAM-B3LYP/LanL2DZ nns ¢popmu A.

Figure 3. Experimental absorption spectrum of NY (pH = 4.3, yellow solution). Calculation

CAM B3LYP/LanL2DZ for the form A.

2.0
B+C
1.5 4
1.0 H
0.5+ )
0.0 |‘|' |||' T ¥ T " T ! T
300 400 500 600 700 800
A (nm)

Pucynok 4. Excniepumenransuuii criektp nornuHanHs NY (pH = 6.8, cuHbo-3enenuit po3unH). Po3paxyHkosi
nmaai (CAM-B3LYP/LanL.2DZ) npencraBneHo sk KoMOiHamis normnHarounx aBox ¢opm - B ta C.

Figure 4. Experimental absorption spectrum of NY (pH = 6.8, blue-green solution). The

calculated data (CAM B3LYP/Lanl.2DZ) are presented as a combination of two absorbing

forms, B and C.
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Pucynox 5. ExcmepumentampHMi cmektp mormmHaHHS NY (pH=09.2, cuniit). Po3paxyHkoBi maHi
CAM-B3LYP/LanL.2DZ BignoBigao mornuHaHHIO Gopmu C.

Figure 5. Experimental absorption spectrum of NY (pH = 9.2, blue). Calculated data CAM

B3LYP/LanL.2DZ according to the absorption of the C form.

3aksitouHe 06roBopeHHs

CyuacHuil piBEHb KOMIT'IOTEPHOI TEXHIKM Ta IIMPOKHHA HA0Ip MOCTYIMHHX KBAaHTOBOXiIMIYHHX
METOJIiB, sIKi peaii30BaHi B PO3IMOBCIO/PKCHUX MPOTrPaMHUX MaKeTaX, JO3BOJSIOTH OMHCATH OaraTto pi-
3HOMAaHITHAX BiacTHBOCTei. Cepel TaKWX BIIACTHBOCTEH PO3paXxyHKH €NEeKTPOHHUX CIEKTPIB TO-
TIIMHAHHS, TPU ypaxyBaHHI e(eKTiB cepelloBHINA, MOCialTh ocobmuBe Micre. lle mor’szaHo i3
3HAYHOIO CKJIAJHICTIO JIOCIIIHKYBaHOI mpo0sieMu. 3allydeHICTh ABOX CTaHIB Ta OCOOJMBOCTI B3aeMOIii
KOXHOTO 13 HHX i3 CepeIOBHILEM BeJIE JI0 TOTO, IO eHepris 30yIKeHHS, IK Pi3HUIIEBA XapaKTePUCTH -
Ka, MO’KE BHSIBUTHCS HAATO YyTJIMBOIO MO CrieU(PikK ypaxyBaHHSI €PEeKTiB €JIEeKTPOHHOI KOPETAIlii B
METO/Ii pO3PaxyHKY Ta iX BIATBOPEHHS B 00paHoMy 0a3uci. OTKe, OJJHOIO 13 TCOPETUUHUX MTPOOIEMHU —
€ poOiema BuOopy 0asucy ta ¢yHkuionandy. Po3paxyHok y ABoX «kpaiHix» QyHKnionanax (B3LYP
ta CAM-B3LYP) no3Bossie 3po0uTH Takuii BUOIp.

[HImIa CckIaaHICTh MOJAra€ B HEOOXIAHOCTI JOCHIKCHHS Creinu(idHol B3aeMOIIl MOJEKYJ
po3unMHHUKa i3 OapBHMKOM. BojHe cepemoBuIle, i HASBHICTh 3HAYHOI KIIBKOCTI aKIICNTOPIB
BOJHEBOTO 3B’s13Ky B NY, morpedye creriabHOTro MOCTiKeHHS OyIOBH BIAIIOBIAHUX KOMIDIEKCIB
NY(H2O)n. Ile, B kymi i3 JOCHIDKEHHSM CIEKTpaIbHUX BiacTHBOCcTe NY Ha IOBEpXHI
OPraHOKPEMHE3EMHUX MaTepialiB, € MpeIMETOM HalIMX MNOJANBIIUX JIociimkeHb. OOpaHwmii,
JIOCTATHBO MPOCTHH Y CEHC1 KOMIT FOTEPHUX BUTPAT, METOJ] pO3PaxXyHKY J03BOJIHUTH IIPOBECTH MOIiOHE
MO/IEJTIOBaHHS.

Mopsku

Pobota BuKOHyBaach 3a 4YacTKOBOI (iHAHCOBOI WIATPUMKHM Ha BHUKOHAHHA 3aBJaHb
MEPCHEKTUBHOTO TUIaHY PO3BUTKY HAYKOBOT'O HANMpsMKY ""MaTeMaTHYHI HayKH Ta IPUPOTHIYI HAyKu'"
XapkiBCbKOT0 HalioHaJbHOTO YHiBepcuteTy imMeHi B. H. Kapasina, Ne nepskpeectpanii 0121U112886.
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I. V. Khristenko, V. V. Ivanov. Absorption spectra of nitrazine yellow indicator. Experimental data and quantum
chemical evaluations.

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

This article presents an experimental investigation and theoretical analysis of the electronic absorption spectra
of the indicator nitrazine yellow (NY) in aqueous solutions. Quantum chemical modeling of electronically excited
states is performed within the framework of time-dependent density functional theory (TD-DFT). A variety of ap-
proaches and basis sets are explored, particularly focusing on the B3LYP and CAM-B3LYP functionals. The stan-
dard 6-31+G(d,p) basis set is employed, along with combinations using pseudopotential basis sets for Na and S
atoms.

In the first variant of calculations, the LanL2DZ basis set (and corresponding pseudopotential) is used for all
atoms within the molecules. In the second variant, the LanL2DZ basis set is applied exclusively to Na and S
atoms, while the standard valence double-zeta split basis set 6-31+G(d,p) is utilized for the remaining elements
(H, C, N, O). Solvent effects on the absorption spectra are incorporated using the polarizable continuum model,
employing the linear response method.

Calculations are performed on three forms of NY. Two of these forms (A and B) correspond to azo-hydrazone
tautomerism, while the third form (C) represents the deprotonated state. Ground state geometry calculations indi-
cate that the 1r-conjugated part of form A is largely planar and stabilized by an intramolecular hydrogen bond O-
H...N. The tautomeric form B is also characterized by a high degree of planarity in its conjugation system. In con-
trast, the deprotonated form C shows significant rotation of the 2,4-dinitrophenyl group and the nitro group in the
ortho position of the benzene ring.

Analysis of excited-state calculations for the three forms of NY reveals that both variants (B3LYP/LanL2DZ
and B3LYP/LanL2DZ/6-31+G(d,p)) require minimal computational resources while producing results that corre-
spond well with the experimentally observed absorption bands.
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BOJIOAMMUP AMUTPOBUY KAJIVIIH

7 ciunst 2024 poky, He JOXKHMBIIH 11’SITh MICSIIB 0 CBOTO 85-piyusi, MILIOB 3 YKHUTTS AOKTOP XiMi-
YHUX HayK, npodecop Bomoaumup Amutposuu Kamyrin. [Tounnarouu 3 1963 poky, foro xkutts Oyno
[IOB’s13aHE 3 HAIIMM yHiBepcUTETOM. TyT BiH 3aXUCTHB SIK KaHAUIATCHKY, TAaK 1 JOKTOPCHKY AMCEpTa-
1ii, MPOTATOM JECSTKIB POKiB mpamoBaB B HaykoBo-mocmigHOMy 1HCTUTYTI XiMii XapKiBChKOTO YHI-
Bepcurery. B. JI. Kamyrin naponuscs 15 yepBHs 1939 p. B M. [ToneBchkom CBepIiioBChKOi 001acTi
PC®CP. [licns 3akinueHHs y 1956 pomi cepennpoi mkomu, a y 1961 poiri — XiMiKO-TEXHOIOTi9HOTO
(bhakyIpTeTy YpambChKoro moiiTexHigHoro iHcTuTyTy iMeHi C. M. KipoBa 3a cnermianpHICTIO «TEXHO-
JIOT'isl eJEKTPOXIMIYHHX BUpOOHHUUTBY, B. JI. Kamyrin ogepxaB kBamidikarito iHkeHepa-TexHouora. ¥
1957 ta 1958 pokax OpaB yuacTb y 300pi HinMHHHUX BpoxkaiB Ha Anrtai Ta y Kazaxcrami.

Ille y crynenTchki pokn Bomogmmup mix xepiBaurBoM mnpodecopi 1. 1. Kaminivenka i O.B.
IToMocoBa mouas 3aiiMaTHCS HAYKOBOIO POOOTOIO, HACIHIAKOM 4Oro Oyia myOJikallisi IBOX CTaTei: B
Kypnani npuknagsoi ximii (1963 p.) ta [lopomkosiii Metamyprii (1964 p.). Jani BiH mpautoBaB y
[lepmcbkomy dimiami JIIX, a3 1963 p. — MonoAmuM, a 3roloM CTapIIiuM HAYKOBUM CITiBPOOITHUKOM
B H/II ximii XapkiBcekoro aep:kaBHoro yHisepcutery imeni O. M. I'oppkoro (3apa3 — XapKiBCbKHA
HauioHanbHUK yHiBepcuTeT imeHi B. H. Kapasina). Lleli etan nisuibHOCTI HAyKOBIsI OyB MOB'A3aHUM 3
MPOBEIEHHAM JOCHIKEHHS MiJ KepiBHUITBOM aupekropa H/II ximii npodecopa Jmurpa MukutoBu-
ya ['pumana. PesynpTaTroM 6yB 3axucT y 1973 pomi kaHaAuAaTchKol aucepramii «JlocmimkeHas Mexa-
Hi3My BUHHKHEHHS aBTOKOJIMBAHb ITOTEHIIATy KaJIMi€BOTO €JIEKTpoAy» 3a cremiaibHicTio 02.00.04 —
¢iznuHa Ximis.

[omanpmri, Bxe IIIKOM CaMOCTIHHI JOCHTIKEHHS B TaTy31 eNEeKTPOXiMii 3aBEPIIIIINCS 3aXUCTOM Y
1994 poumi wHa 3acimanni CnemiamizoBaHoi pagu Hamoro ¢GakylIbTeTy JOKTOPCHKOI aucepTarii
«®Di3UKO-XiMIYHI 3aKOHOMIPHOCTI (pOpMyBaHHS IIAPiB HAANPOBIAHUKIB 3 METaNiB, METAJCBHX Ta
METaJOKCHUAHUX CHOIYK» 3a wi€l x crnenianbHocTi. 3 1994 poky B.J. Kamyrin npamoe B HAI ximii
MIPOBITHIM HAYKOBHM CITiBPOOITHHKOM.

B 1poMy k poiii 1mouaBcs HOBHMM IUTIIHUE eTamn AisuibHOCTI Bosogumupa [IMutpoBuua: BiH opra-
Hi3yBaB Kadeapy ximii B XapkiBcbkomy BilicbkoBoMy yHiBepcuTeTi 1 3aBigyBaB Hero 1o 2000 poky. 3
2000 1o 2002 p. Bin — npodecop miei x kadenpwu, a 3 2002 mo 2004 poxu — npodecop kadenpu PXb-
3aXHMCTy Ta €KOJOTiuHOoi 6e3mekn mporo x yHiBepcutety. Y 2002 pomi mpodecop B. JI. Kanyrin Oys
oOpanuii akageMikoM MixkHapOIHOT akaieMii HayK MPUKIIaIHOI PagioeeKTPOHIKH.

3 2004 p. B. JI. Kanyria — npodecop kadeapu nporeciB ropiHas (y MoAaiIbIIOMy — CHEMiadbHOI
xiMii 1 XiMigHOT TexHoJI0Tii) HarioHaIbHOTO YHIBEPCUTETY IIUBUTLHOTO 3aXUCTY Y KpaiHW.
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Bonomumup Imutposuu Kamyrin

HayxkoBo-nocnigHa misuibHICTh ipodecopa Kanyrina Oyia 3ocepelkena, mepii 3a Bce, Ha MPUKIIa -
IHiH enexkTpoximii. BiH BuBYaB ¢i3uKo-XiMidHi 3aKOHOMIPHOCTI Mpo1eciB GOpMyBaHHS NOJIMLIAPOBHX
TUTIBKOBHX CTPYKTYP METaliB, HAMIBIPOBIMHUKIB 1 HU3HKO- Ta BUCOKOTEMIIEPATYPHUX HAIIPOBITHU-
KiB, SIKi BUKOPHUCTOBYIOTHCSI B HU3BKOTEMIIEPATYpHill €HEepreTHIli Ta BifiChKOBiil TexHili. BcranoBuB
edexTH IucMyTalii BITHOBHUKA Ta TigpOJUHAMIYHOTO OOMEXKEHHS LIBHIKOCTI OCAaPKEHHsSI METaliB,
€JIEKTPOJIITUYHOTO BiHOBJICHHS KHCHEBOI CTEX1OMETpii y BHCOKOTEMIIEPATYpHHUX HAINPOBITHHUKAX,
pO3po0OMB KOMOIHOBaHY METOIWKY BHUBYCHHS €JIEKTPOIHOI IMOJSIpU3ariii Ha TOJi OKCHIHWUX HAITIiB-
MPOBIIHUKOBHUX CHCTEMaX, PO3POOHB HOBI clIOcOOHM OpMyBaHHS OKPHUTH 3 MEpeiueHNX MaTepiaiiB.
Kpim Toro, BiH mociimKyBaB OCOOJIHMBOCTI KiHETHKH IJIA3MOXIMIYHHX IIPOIECIB MEPEepOOKH TOKCH-
YHUX CIIOIYK Ta HA(QTOIPOIYKTIB.

Pe3ynbTaTi 1IUX JOCITIKEHD B1IOOpaXKeH] B YMCICHHUX IMyOJIiKaIlisX (3arajbHa KUTbKICTh SIKUX CSI-
ra€e m'ATH COTEHb, Y TOMY 4Mcai Onu3bko 250 craTeil) Ta peryisipHO AOMOBiAaIHCS Ha HAayKOBUX
KoH(epeHIisfx. Hacmigkom mocmigHUIbKOl TisuTbHOCTI Oyno oxepykaHHs 10 aBTOPCHKUX CBiONTB Ta
naTeHTiB YKpaiau. Bomogumup JMuTpoBu4 € criiBaBTopoM MoHOTpadii Ta IBOX AECATKIB MiAPyIHH -
KiB 1 HABYQJILHUX MOCIOHUKIB.

IIpodecop Kamyrin aktuBHO 3aliMaBCs MiATOTOBKOIO KaApiB BUINOI KBamidikalii. Bin miarorysas
YOTHPHOX KaHAWIATIB HayK 1 OyB KOHCYJIBTAHTOM IIO JBOM IOKTOPCHKMM mauceprailisiM. [locTiiiHo
NpaIoBaB WICHOM CIENpaJ 3 3aXUCTy JOKTOPCHKUX IucepTaiiii B XapKiBCbKOMY HalliOHaJbHOMY
yuiBepcuteTi imeni B. H. Kapazina, HamionanbHOMy TexHIYHOMY yHiBepcHUTETi «XapKiBChKUI
MOJIITEXHIYHHUH IHCTUTYT» Ta HallioHamsHOMY YHIBEPCHUTETY IIUBILIHHOTO 3aXHUCTy Y KpaiHH.

Job6py nam'ste ipo Bonomumupa JImurposuua Kamyrina 30epexkyTh yci KOJIETH, SIKi TpaIfoBain
Ta CIIKYBAIKCS 3 HUM.
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ETAYHI HOPMHU NYBJIKAIIl HAYKOBUX PE3VYJBTATIB TA IX MOPYIIIEHHA.
Penakuiiina KoJeris poOUTh Bce MOXKITMBE /ISl TOTPUMAHHS ETHYHHX HOPM, IPUHHITHX MI>KHAPOJIHUM
HAYKOBHM TOBapHCTBOM, 1 JIsl 3aM00iraHHs OyAb-sIKUX TOPYIIEHb IUX HOPM. Taka MoNiTHKA € BAXKIIH -
BOIO YMOBOIO IUIIIHOT y4acTi )KypHAIy B PO3BUTKY IITICHOT CHCTEMH 3HaHb B Tajly31 XiMil Ta CyMIXHHUX
ramy3sx. JisbHICTh peaKmiifHOT KOJIeTii 3HAYHOI0 MIpPO0 CITUPAETHCS Ha peKOMeH,Z[aLIﬁ Kowmitery 3
€TUKH HAYKOBHX Hy6JIIKaHII/I (Committee of Publication Ethics), a Takox Ha ]_[1HHI/II/I JIOCB1JT MiX-
HAPOJIHKX XKYPHAIIiB Ta BUIaBHULTB. [lo1aHHs CTATTi Ha PO3IIIsLA O3HAYAE, 110 BOHA MICTUTH OTPUMAHI
aBTOpPaMHU HOBI HETPHBiaJIbHI HAYKOBI PE3yJIbTaTH, SIKi paHille He OyJn OHy6JIlKOBaH1 Koxny crartio
PELIEH3YIOTh MOHAWMEHIIIE JIBa €KCIIEPTH, SIKI MAOTh YCi MOXIIMBOCTI BIJIBHO BUCIOBUTH MOTHBOBaHI
KPUTUYHI 3ayBaKEHHS LIOJI0 PiBHA Ta SICHOCTI MPEJICTaBICHHS MaTepiaiy, Horo BiAMoBiAHOCTI Ipodiiio
’KypHaIly, HOBH3HH Ta 10CTOBIPHOCTI pe3y.ibTaTiB. Pekomennauii peueH3eHTiB € OCHOBOIO JUIsl IPHHHS-
TT51 OCTATOYHOTO PILlICHHSI OO MyOutiKauii cTaTTi. SIKILO CTATTIO NIPUIHATO, BOHA PO3MILL€THCS Y Bill-
KPUTOMY JOCTYIIi; aBTOPCEKI IIpaBa 30epiraioThesi 3a aBTOPaMHU. 3a HAsBHOCTI Oy/ib-sKHX KOH(IIKTIB
iHTepeciB ((hiHAHCOBHX, aKaJleMIUYHHMX, TIEPCOHATIBHUX Ta 1HIIMX), YYACHUKU MPOIECY pEICH3yBaHHS
MAalOTh CIIOBICTUTH PEaKIiifHy KoJerito mpo 1e. Bei nutaHHs, moB’s13aHi 3 MOKIIMBUM IUTariaToMm abo
hanbendikariero pe3yIbTaTis peTebHO 00rOBOPIOIOTHCS PEAKLIHO0 KOJIETi€t0, PIBHO SIK CIIOPH 11O
JI0 aBTOPCTBA Ta JOLIIBHICTE PO3APOOIICHHS PE3YJIbTATIB Ha HEBEIMUKi CTATTi. ILOBe/:[eHl iariat 4u
¢anbcudikailist pe3yJbTaTiB € mijcTaBaMu s 0€3yMOBHOTO BIJIXHIJICHHS 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 contains new significant scien-
tific results obtained by authors that where never published before. Each paper is peer reviewed by at
least two independent experts who are completely free to express their motivated 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 extremely 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 research entail the categorical rejection of the
manuscript.
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IHO®OPMAULIA AJ51 ABTOPIB. Xypran nmy0mikye cTaTTi pociiChKOI0, aHTITIHCHKOIO Ta yKpai-
HCBHKOIO MOBamH. J{o myOutikamii mpuiMaroThCs: OTJIsiIu (3a MOTOKEHHSIM 3 PEAKOJIETIEI0); OPUTIHATIBHI
craTTi, 00car 6-10 XypHaTPHUX CTOPIHOK; KOPOTKI IMTOBIIOMIICHHS, 00CST 110 3 *KypHAIBHUX CTOPIHOK.
Kpim 3BU4aiiHOTO CIIMCKY JIiTEpaTypH, B CTATTi 000B'SI3KOBO MOBUHEH Oy TH JPYTHI CIIMCOK, BCI MOCHIA-
HHSI SIKOTO AaHi natuHunero. [IpaBria miaroToBKy HHOro CIMCKY HaBedeHi B po3aini « TpaHciiTepamis»
Ha caiiTi )xypHaiy. OOumBa CIIMCKY MOBUHHI OyTH TOBHICTIO imeHTHYHI. [lpn penensyBaHHi craTei
OZIMH 3 KPHUTEPIiB - HAIBHICTh OCHUJIAHb HA ITyOJIiKamii ocTaHHIX pokKiB. CTaTrTs 000B'A3KOBO MOBUHHA
MICTHUTH Pe3I0Me POCIIICbKOI0, YKPATHCHKOIO Ta aHTIIHCHKOI0 MOBaMH. Y BCiX TPhOX HEOOXiTHO BKa3aTH
Ha3By CTaTTi, MPi3BHILA aBTOPIB 1 KiIro4yoBi cioBa. OpieHToBHUI 00csr pestome - 1800 3HakiB (03
ypaxyBaHHS 3arojIOBKY 1 KITIOUOBHX CIiB). Pemakitis npuiimae enektponauit (MS Word) i aBa po3-
JIPYKOBaHUX (IUIsI XapKiB'siH) TEKCTY PYKOIHUCY. AJpecH BKa3aHi B po3aim «KoHTakTu» Ha CalTi Ky-
pHaiy. CynpoBiAHHUI JHCT A0 CTaTTi, BUMPABICHOI BiAMOBITHO A0 3ayBakeHb PEIEH3EHTA, TOBUHEH
MICTHUTH BiAMIOBiI Ha BCi 3ayBakeHHs. [lonaeThest enekTpoHHUI 1 OIWH PO3IPYKOBaHUH (715 XapKiB'saH)
BapiaHT. PykomnucH, siki poRIIIK pelieH3yBaHHsl, TPUIHATI 0 myOmikanii 1 oopMIIeHI BiIIOBIAHO JI0
npaBWJ Uil aBTOpiB, NpuiMaroTbess y ¢opmari doc (He docx) E€IeKTPOHHOIO —MOIITOIO
(chembull@karazin.ua). Po3npykoBanwuii BapianT He oTpibeH. JloknaaHina iHpopmariis po3MilieHa Ha
caiiTi xxypHary 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 papers; 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 arti-
cle, the names of the authors and the keywords. The approximate volume of summary is 1800 characters
(excluding the title and key words). The help in translation is provided by request 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 details. Please use papers of previous
issues as samples when prepare the manuscript. The MS Word format 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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