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ConbBaTOXPOMHI edekTn 6apBHMKa PalixapaTa Ta 4-[[(2,4-
OVHITpOdeHin)MeTuneH]imiHo-2,6-andeHin]deHony B iHAMBIAYANbHUX PO3YMHHUKAX
Ta B BOAHO-OPraHiYHMX CyMillax: CTPYKTYPHi OCOBIMBOCTI BOAHWX PO3YMHIB

HeenekTponiTie. €. 0. Cepreesa, A. O. BonikaHoBa, C. M. Kiiiko.
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This article presents the results of a study of the colloidal properties of multiwalled carbon nanotubes (MWC-
NTs) in water and two organic solvents. This work continues the systematic study of the aggregation stability
and coagulation of carbon nanoparticles in various solvents with the aim of identifying the contribution of solva-
tion to the colloidal properties of these widely used systems. The samples were characterized by EDS and XPS
methods. The suspension was prepared using ultrasonic treatment in N-methyl-pyrrolidin-2-one and diluted
100-fold with water, acetonitrile, or dimethyl sulfoxide. The working concentration of MWCNTs carbon
nanotubes was 5x10~ g L™'. The size of negatively charged particles in water, 95 vol% aqueous CHsCN, and
95 vol% DMSO was determined by dynamic light scattering: the Za..r values are 249+15, 265+42 and 1468 nm,
respectively, which corresponds to the diameter of the equivalent sphere. TEM images show that the CNT diam-
eter in aqueous suspension is approximately 9—11 nm and the length is approximately 40—170 nm. Critical co-
agulation concentrations (CCC) of NaCl were determined using the Fuchs function. These values differ signifi-
cantly in water and 95% acetonitrile: CCC = 230 and 1.0 mM, respectively. In 95% DMSO, coagulation is less
pronounced. The effects were discussed in terms of Gutmann’s Donor Numbers for organic solvents and the
specificity of hydration of non-polar materials in water. The CCC of HCI in water is 1.5 mM, which suggests the
role of acid-base properties in the formation of the negative charge of the MWCNT colloidal particles.

Keywords: carbon nanotubes, suspensions in water, acetonitrile, dimethyl sulfoxide, critical coagulation
concentration, solvation.

Introduction

Carbon nanotubes, CNT, belong to the widely used and studied carbon nanomaterials [1-4]. The
dispersion and properties of the CNT in water and in some organic solvents was explored by many
authors. The colloid properties of CNT in water have been examined in detail [5, 6]; a collection of the
critical coagulation concentrations (CCC), determined by fourteen research groups, was presented and
analyzed in our previous publication [6]. However, studies of colloidal stability have been conducted
almost exclusively for aqueous systems; data concerning organic solvents are scarce [7-9]. We
recently published two papers devoted to the coagulation of carboxylated single-walled nanotubes by
electrolytes in aqueous-organic solvents with a high, up to 95 vol%, content of the second component
[10, 11]. Here we present some results of a study on the coagulation of other CNT suspensions in
water, 95 vol% acetonitrile aqueous solution, and 95 vol% dimethyl sulfoxide (DMSO). Acetonitrile is
a proto- and cationophobic solvent, whereas DMSO is a well-known proto- and cationophilic solvent
with pronounced electron-donating properties. The Gutmann’s donor numbers, DN, are 14.1 and 29.8,
respectively [12]. Both of them are polar, with relative permittivity values er25 of 35.9 and 46.4,
respectively [12]; for water, er25 = 78.4. Consequently, the electrolytes dissociate quite strongly in all
the solvents studied.

The aim of this work was to test the generality of observations on the effect of solvation on the col-
loidal stability of nanotube suspensions obtained in previous studies [10, 11].

© Haidar V.1, Skliarova K. D., Karbivskii V. L., Kryshtal A. P., Bogatyrenko S. 1., Mchedlov-Petrossyan N. O., 2026
This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0.
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Experimental

The sample of CNT was provided to us by the late Dr. A. V. Kravchenko. The solid sample was
dispersed in N-methyl-pyrrolidine-2-one [13] under sonication for 2 h at 42 kHz, 70 W, and decanted.
Thus obtained solution was diluted 100-fold with water, acetonitrile, or DMSO. In the last two cases,
5 vol% of water was added, either with or without electrolytes. The concentration of the suspensions
was about 5x10—4 g L—1. For the characterization of the colloidal particles and determining the CCC
values, the dynamic light scattering method was used with a Zetasizer Nano ZS Malvern Instrument
apparatus (UK) at 25°C, at a scattering angle of 173°. For size determination, all measurements were
made 10 times for a working solution; each determination was based on 12—16 runs. The values of the
electrokinetic potential ({-potential) were averages of three determinations; for each determination,
12-20 runs were made. For the determination of the coagulation rate, 10 size measurements were
made, with automatically performed 12—16 runs. The size of particles was expressed as Z-average
(Zaver) values. Zaver is the intensity-weighted mean hydrodynamic size of the ensemble collection of
particles. The time period from mixing the solutions to the first measurement was no more than 3 min.
The calculations of the {-potential values were made using the Henry—Ohshima equation [14]. The
transmission electron microscopy (TEM) studies were carried out using FEI Titan G2 Cubed 60-300
TEM operated at 200 kV.

The composition analysis of the solid samples was carried out using an energy-dispersive spec-
trometry (EDS) system, Bruker XFlash 5010, installed on a scanning electron microscope Tescan
Vega 3 LMH. Energy-dispersive spectra were acquired from areas of 100 x 100 um. Quantification of
the spectra was performed using the self-calibrating detector mode.

The X-ray photoelectron spectra (XPS) of the core levels of the sample elements were obtained us-
ing JEOL XPS 2400 X-ray spectrometer (Japan). The working vacuum during the experiment was
10 7 Pa. The radiation of a magnesium anode with an energy of the Mg K, line of 1253.6 €V was used.
The energy resolution was 0.1 eV. The calibration of spectra was performed taking into account the
Au 4f line energy (E = 83.8 eV). For every studied line the number of scans was at least 200. Analysis
of surface element composition was carried out by taking into account the receiving spectra at the
same modes and scattering cross sections

Results and Discussion

The EDS measurements indicate following content of main components (in atomic %): C 90.28,
0 3.34, Yb 1.43, and Ni 2.27. The results of XPS study are presented in Fig. 1

Quantification
1200 Regions | Display | c
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& Wide c ~|1s ~ | 42586 70.69
X Wide 10 v|1s v [ 119144 24.49
1009 & Wide Ni v|232  ~|542308 357
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. . T : P |
1000 800 600 E eV 400 0

Fig. 1. Wide X-ray photoelectron spectrum of the sample.

Intense peaks are observed for carbon and oxygen. The presence of Ni is detected by several char-
acteristic lines, whilst the Yb peak in the spectrum appears slightly above the background noise. The
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XPS measurements indicate the following content of main components (in atomic %): C 70.69,
0 24.49, Yb 1.25, and Ni 3.57 (Fig. 1). The difference in the ratios of chemical elements between the
two methods can be explained by the different depth of photoelectron emission in the XPS method and
the depth of electron interaction in the EDX method.

The full width at half maximum (FWHM) of the C 1s spectrum is 1.31 eV, which is slightly greater

than that of pyrolytic graphite (1.20 eV, Fig. 2). It should be noted that an increase in the FWHM of
the C 1s spectra is characteristic of all carbon nanostructures.

292 288 284 280 276 540 536 532 528 524
C1s, E(eV) 015, E (V)

Fig. 2. XPS spectra of the C and O.

The FWHM of the O 1s lines for oxides of light elements is ~1.5 eV. In this sample, we observed a
rather significant FWHM for the oxygen line: 3.02 eV (Fig. 2). A blurred main peak is also observed.
This indicates that oxygen is present in various oxygen-containing components. Based on the widths
of the oxygen lines, it can be concluded that oxygen is present in 3—4 different chemical positions.

The particle size distribution of the suspension in three solvents is shown in Fig. 3. The DLS
measurements give the hydrodynamic diameter of the equivalent sphere. In water, 95 vol%
acetonitrile, and 95 vol% DMSO, the Zaver values are 249+15, 265+42, and 146+8 nm, respectively.
The PDI values are 0.300, 0.149, and 0.311, respectively. The particles are negatively charged;

¢ =-19.1£2.5, -5.0£2.2, and —26.8+£3.7 mV in water, 95 vol% acetonitrile, and 95 vol% DMSO,
respectively.

25 7 100% at 104.4 d.nm
Pd1:0.149 T

P
20 A ;o
\

15 4 84.9%at 99.8 d.nm

PdI: 0.301

\
1 67.7% at 134.9 d.nm
\ Pdl: 0.311

%

10 100 1000
d, nm

Fig. 3. Particle size distribution by volume in the CNT suspension in water (1), 95 vol% acetonitrile (2), and
95 vol% DMSO (3).

The TEM image of the CNTs obtained from a dried aqueous suspension on a substrate is exempli-
fied in Fig. 4.
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Fig. 4. TEM image of the dried aqueous suspension of the CNTs on a substrate.

Judging by the estimation of the average diameter 9—11 nm, the CNT are rather multi-walled than
single-walled. The length of the tubes varies from 40 to 170 nm; the upper limit can be even higher
since the ends are somewhat hidden in the substrate. In Fig. 5, the aggregates are presented together
with the HRTEM image. The structure of the material looks amorphous.

Fig. 5. TEM and HRTEM images of the dried aqueous suspension of the CNT.
Coagulation was studied using the rate of particle size increase, using the Fuchs function,

Eq. (1).
I [(er/ct). ) s

Fl;r — mpid — : (1)
k {E?r ar)!—pﬂ
Here & and k:pia are the rate constants of slow and rapid coagulation, respectively. The time depen-
dences are exemplified in Fig. 6.

800
700
600

£

£ 500
400

300 -

200

]00 T T T T 1
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Fig. 6. Growth of the particle size with time. CNT dispersion in 95 % acetonitrile; NaCl concentration, mM:
0.1 (1), 0.25(2), 0.5 (3), 0.75 (4), 1.0 (5), 1.25 (6), 2.5 (7), and 3.5 (8).
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The dependence of the reciprocal Fuchs function on the logarithm of the electrolyte concentration
(in mM) is shown in Fig. 7. The CCCs (+ 15-20 %) correspond either to the plateau or apparent de-
crease in the rate of particle growth.

1.2 4

NaCl in 95% CH,CN

HClinH,0 NaClinH;0

1.0 4

0.8 4

Wl

0.6

0.4 4

02 4

0.0

loge

Fig. 7. The dependence of reciprocal Fuchs function on the logarithm of the electrolyte concentration, mM: NaCl
in water (circles), NaCl in 95 vol% acetonitrile (triangles), and HCl in water (crosses)

In water and 95 vol. % acetonitrile, CCC(NaCl) are 230 and 1.03 mM, respectively. In 95 vol%
DMSO, no distinct signs of particle size increase were observed within the range of NaCl concentra-
tion from 8 to 200 mM NaCl, although the { value turns from —26.84+3.7 mV in the salt-free solution to
—8.4+4.2 mV in 100 mM NaCl solution, due to the screening of the surface charge.

It should be noted that the CCC value for HCI in water is 1.52 mM. The { value turns from —
19.5+£2.5 mV in water to —10.0+0.8 mV in 0.2 mM HCI. However, at the acid concentration of 5 mM,
i.e., above the CCC, overcharging takes place: { = +8.3+£0.7 mV. Such effects allow assuming that the
negative interfacial charge of the colloidal particles is caused by the ionization of the oxygen-contain-
ing groups or/and adsorption of the HO™ ions. The last mechanism for graphene [15] or orientation of
the HO™ ions near the paraffin surfaces [16] is proved in the literature [15, 16]. Other reason is the sup-
pression of the acid dissociation of the oxygen-containing functional groups by the hydrochloric acid.

The study of coagulation carried out in this work allows us to draw some conclusions. In a 95%
acetonitrile solution, the suspension is much less stable than in water. In contrast, DMSO stabilizes the
colloidal dispersion of interest. The ratio of CCC values for NaCl in water and 95% acetonitrile is 223.
In our previous work [11], the CCC values in water and 95 vol% acetonitrile were found to be
150 mM and 0.89 mM, respectively. Hence, the above ratio is 168 for another sample of CNT. In 95%
DMSO, the CCC(NaCl) value was 96 mM [11]. Therefore, the COOH-decorated SWCNT suspension
is also much more stable in water than in 95% acetonitrile. The difference in the surface charge (see
the above { values) alone is unlikely to explain such a significant effect. As it was assumed previously
[11], the huge difference between the CCCs in water and acetonitrile (with 5% water) is caused by the
poor solvation of the electrophilic CNT, which is a kind of a Lewis acid, like their relatives’ fullerenes
[17, 18] and graphene [19], by the cationophobic acetonitrile. On the other hand, it can be concluded
that there is a stabilizing factor in the aqueous colloidal system under study, in addition to the molecu-
lar attraction and electrostatic repulsion, assumed by the DLVO theory in the original version. There-
fore, it deals about a third contribution to the energy of the inter-particle interaction, which is called
“structural”, or solvation contribution [11]. The cationophilic solvent DMSO strongly solvates the
CNT, which stabilize the colloidal system. The difference between CH;CN and DMSO is from this
viewpoint explained by the DN values of 14.1 and 29.8, respectively. Analogous conclusions were
made basing on the CCCs of fullerenes Cq and Cy in water, acetonitrile, and DMSO [20].
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Conclusions

The results presented in this article confirm our previously made conclusions concerning the
pronounced role of the solvation of carbon nanomaterials. The value of critical coagulation
concentration of NaCl in water is two orders of magnitude higher than that in 95 vol% aqueous
acetonitrile. The same observation was made by us earlier basing on results with COOH-decorated
SWCNT. It convincingly indicates that the solvation factor, which can be considered as a third
contribution to the energy of inter-particle interaction, besides the molecular attraction and
electrostatic repulsion, can be in some cases substantial. In the case of water, it is the hydration of
CNT, which is a kind of a Lewis acid, analogous to fullerenes and graphene. The key role of solvation
is emphasized by the powerful stabilization of the electrophilic CNT dispersion by DMSO, which is a
typical cationophilic solvent; in 95 vol% DMSO, the CNT suspension is even more stable than in
water.
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B.I. Tanpgap, K.[O. Cknaposa’, B. . Kap6iscekuin®, O. M. Kpuwrans?, C.l|. Boratupexko, M. O. Mueanos-
MeTpocsaH'. Byrneuesi HaHOTPY6KM y piOKnx cepefoBumLLax: BNAUB ConbBaTaLil Ha KOMoigHy cTabinbHICTb.

" XapkiBcbkuii HaLioHanbHWUI yHiBepcuTeT imeHi B. H. KapasiHa
T lucTuTtyT hisukm metanis HAH Ykpainu imeni . B. Kypatomosa
* YuiBepcuteT Hayku Ta TexHonorii ®akynbTeT iHxeHepii MeTanis Ta NpoOMUCOBOI iH(DopMaTUKK

Y uin ctaTtTi NnpeacTaBneHo pesynbTaTth OOCNIIKEHHA KOMNOigHMX BnacTuBocTeln GaraTowwapoBux Byrne-
ueBumx HaHoTpybok (MWCNT) y Boai Ta ABOX OpraHiyHMX po3ynHHUKaX. [laHa pobGoTa € NPOAOBXKEHHAM CU-
cTemMaTU4YHOro BUBYEHHS arperatmBHOI CTIMKOCTI Ta Koarynsauii ByrneueBux HaHOYaCTUHOK Y Pi3HUX PO3YUH -
HUKaX 3 MeTOl BUSABMEHHSA BHECKY COfbBaTauUilHOI CKNagoBol B KONOIAHI BNACTUBOCTI LUMX LUMPOKO BUKOPU-
cToByBaHux cucteM. 3pasku bynu oxapaktepusdoBaHi metogamu EDS ta XPS. CycneHsiio rotyBanu 3 Bu-
KOpUCTaHHAM yrnbTpa3BykoBoi o6pobku B N-meTunniponiguH-2-oHi ta posbasnanu y 100 pasis Bogoto,
aueToHiTpunom abo gumetuncynbdokcnaoMm. Poboya KoHUeHTpauis ByrneueBmx HaHOTPyGOk cTaHoBuna
0,05 mac./06.%. Po3mip HeraTMBHO 3apsiAXXeHUX YacTUHOK y BoAi, 95 06.% BogHOMy aueToHiTpuni Ta 95 006.
% OMCO Bu3Hayanu 3a AONOMOrOK ANMHAMIYHOIO PO3CitOBaHHS CBIiTNa: 3HAYEHHS Zaver CTAHOBNATL 249115,
265+42 Ta 14618 HM BigMOBigHO, WO BigNoOBigae AiameTpy ekBiBaneHTHoi cgepun. TEM-306paxeHHs
NnoKasyloTb, WO AiaMeTp 4YaCcTMHOK Yy BOAHIW cycneHsii cTaHoBUTb NpubnuaHo 9—-11 HM, a OOBXMHA — Npu-
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6nm3Ho 40-170 HM. KpuTuuHi koHueHTpauii koarynsauii (KKK) NaCl BuaHauanu 3a gonomMoroto dyHkuii dykca.
Lli 3HavyeHHs1 cyTTEBO Bigpi3HAOTbCS y BoAdi Ta 95 06.% aueTtoHiTpuni: KKK = 230 i 1.03 MM BignosigHo. Y
95 06.% OMCO «koarynsauis meHw BupaxeHa. OuiHka pe3ynbTaTiB NPoBeAeHa 3 ypaxyBaHHAM JAOHOPHUX YM-
cen lNyTMaHa onsa opraHiYHMX PO3YMHHUKIB Ta chneundpiku rigpartadii HenonspHMx maTtepianis y BOAHOMY
cepeposuLli. KKK HCI y Boai ctaHoBuTb 1.5 MM, wWwo cBiguuTb npo ponb ioHiB HO™y dopmyBaHHi HeraTueHoO-
ro 3apsgy KonoigHux yactmuHok MWCNT.

Knroyoei cnoea: syeneuyesi HaHompybku, cycrneHsii y 800i, auemoHimpur, dumemurcynbgokcud, Kpu-
muyYHa KOHUeHmpauisi Koaaynsuii, conbeamaduisi.

KoHgbniikm inmepecie: Asmopu nogidomsrome rpo 8idcymHiCmb KOHAIKmy iHmepecis.

BHecok aemopis: B. |. Mangap: npoBeaeHHs gocnifgXeHb, Bidyanisauisi, o6pobka gaHux, doopManbHum
aHania, HanucaHHsi opuriHanbHoi Bepcii. K. [. CknsipoBa: gocnigxeHHs, Bidyaniszauis. B. J1. Kap6iBcbkuit: gocni-
[PKEHHs, Bidyanisauis, o6pobka gaHuX, HaNMMCaHHS opuriHanbHoI Bepcii, pecypcu. A. M. Kpnwtanbe: gocnigkeHHs,
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Derivatives of 1,3-thiazolopyridine are synthetically available compounds that are actively studied due to their
potential antibacterial and anti-tumor activity.

Recently [1,3]thiazolo[5,4-b]pyridine alkaloid, janthinedine A, was isolated from Taxus wallichiana var. chinen-
sis (Pilger) Florin as a secondary metabolite, which demonstrated high antimicrobial and antifungal activities.

The article discusses the new approach to the synthesis of 2-aminothiazolo[5,4-b]pyridine derivatives that is
based on the nucleophilic substitution in 2-chloro-3-nitropyridines by the action of KSH with simultaneous reduc-
tion of nitro group. 3-Aminopyridine-2(1H)-thiones obtained in this way react with cyanogen bromide in anhy-
drous MeOH to form the target products in good yields. According to LCMS data, the purity of the target prod-
ucts obtained by the proposed method exceeds 95%.

The structures of the compounds were proved using 'H NMR, *C NMR and mass-spectra.

Keywords: cyclization, cyanogen bromide, 3-aminopyridine-2(1H)-thiones, 2-amino-6-R-thiazolo[5,4-bjpyridines.

Introduction

Thiazolopyridines are an actively investigated class of heterocyclic compounds and are recognized
for their significant potential in pharmaceutical research.

1,3-Thiazolopyridine derivatives demonstrate anti-inflammatory [1, 2], anti-tumor properties [2—6],
and also exhibit antimicrobial activity [7-9].

A [1,3]thiazolo[5,4-b]pyridine alkaloid, janthinedine A, was isolated from Taxus wallichiana var.
chinensis (Pilger) Florin as a secondary metabolite. The antimicrobial and antifungal activities of jan-
thinedine A were evaluated against eight clinically drug-resistant bacteria and seven agricultural path-
ogenic fungi [10]

Currently, there is growing interest in the design, synthesis and evaluation of the biological activity
of thiazolo[5,4-b]pyridines [11].

The presence of functional groups, such as amino, bromine and carboxyl group, in
[1,3]thiazolo[5,4-b]pyridines makes possible further chemical modification of the molecule. Drugs of
this type can be considered as bioactive substances, as well as key objects for the rational design of
systems with a pronounced pharmacological action.

Currently, two synthetic strategies for the synthesis of 2-amino[1,3]thiazolo[5,4-b]pyridines are
used. The first is based on the cyclization of 3-amino-2-chloropyridines with potassium thiocyanate

(scheme 1) [12].
N02 NH 3
N [H] N 2 SCN N
N e
N~ ~Cl S

N~ ~Cl 27% N

1 3a
Scheme 1 Synthetic route for the preparation of 2-amino[ 1,3]thiazolo[5,4-b]pyridines [12]

The second method of synthesis involves the condensation of appropriate 3-amino-2-
chloropyridines with isothiocyanates (scheme 2) [13].

© Tolkunov A., O. Smirnova O., V. Tolkunov V., S. Tolkunov S., 2026
This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0.
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However, the overall yield of 2-amino[1,3]thiazolo[5,4-b]pyridines from the corresponding 3-
amino-2-chloropyridines is often low and the compounds require purification [12-14].

H H o)
NH, N. _N_ _Ph CHsONa
AN reflux B 3 N )ﬁ\
| +PhCOCI +KSCN = | T @;\%NH Ph
_ - J_s o 120°C “ g
N~ Cl 85% N~ ~Cl N
75%
70% .
H,s0, | 8%
“_N
(Lo
N~ S
3a

Scheme 2. The second synthetic approach to 2-amino[ 1,3 ]thiazolo[5,4-b]pyridines [13]

Results and Discussion

In this communication a new efficient method for preparing of 2-amino[1,3]thiazolo[5,4-
b]pyridines is proposed as shown in Scheme 3. A commercially available 2-chloro-3-nitropyridines
(1a-e) were used as the starting material. The reaction involves nucleophilic substitution in 2-chloro-3-
nitropyridines by the action of KSH with simultaneous reduction of nitro group. The intermediates
(2a-e) were obtained in good yields.

3-Aminopyridine-2(1H)-thiones (2a-e) are accessible and versatile starting material for the
preparation of [1,3]thiazolo[5,4-b]pyridines. Thus, 3-aminopyridine-2(1H)-thiones (2a-e) react with
cyanogen bromide in anhydrous MeOH to form the target products (3a-¢) in 82-93% yields.

The resulted 2-amino[1,3]thiazolo[5,4-b]pyridines (3a-e) are sufficiently pure for analytical
purposes and were further used without any purification. According to LCMS data, the purity of the
products is above 95%.

R NH

R N2 ey S ey RN

» _ B I S 112

N~ Cl N™ S g2.939% N~ S

H
1a-e 2a-e 3a-e
R= H, Cl, BI', CF3, COOCH3

Scheme 3. A new approach to 2-amino[1,3]thiazolo[5,4-b]pyridines (3a-¢)

Table 1. Results of the synthesis of 2-amino[1,3]thiazolo[5,4-b]pyridines (3a-¢)

Entry 3-aminopyridine-2(1 H)- Product Isolated yield (%)
thione
2a NH, o —N 84
N N
T L
NS NT S
H 3a
2b Cl X NH, Cl X N\ 93
| || D—NH,
NS N" S
H 3b
2c Br AN NH2 Br AN N\ 92
| || D—NH,
N" s N~ S
H 3c
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~ NH ~ N
O N (@] N
N~ s N~ S
H 3e
Conclusions

In summary, we have described the novel synthetic approach for 2-amino-6-R-[1,3]thiazolo[5,4-
b]pyridines by cyclization of 3-aminopyridine-2(1H)-thiones with cyanogen bromide in methanol.

This method is convenient, and easy to scale up in laboratory.

The resulted 2-amino[ 1,3]thiazolo[5,4-b]pyridines are sufficiently pure for analytical purposes and
can be further used without any purification.
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Materials and Methods

Bruker Avance DRX 400 and 500 spectrometers (400 or 500 MHz for 1H, 100 or 125 MHz for "*C,
respectively) were used for recording 'H and “C NMR spectra of samples in DMSO-d; solutions. All
'H NMR chemical shifts (8) were referenced relative to the residual DMSO-d¢ peak at 2.50 ppm.
LC-MS analyses were performed on a system comprising an Agilent 1100 Series liquid
chromatograph and Agilent Technologies LC/MSD VL mass spectrometer equipped with a Sedex 75
ELSD detector (electrospray ionization, ESI+). Elemental analysis (C, H, N) was performed on a
Vario MICRO cube instrument. Melting points were determined by using a Fisher—Johns apparatus.
The reagents and solvents for this project were received from the Enamine Ltd. (Kyiv, Ukraine).

Experimental Part

General Procedure for the Synthesis of 3-aminopyridine-2(1H)-thiones (2a-e).

A solution of 18 g KSH (0,25 mol) in 300 ml CH;0H was cooled in an ice bath (0-5 °C).

Then, a solution of 2-chloro-3-nitro-pyridines (1a-e) (0,1 mol) in 70 ml THF was added dropwise.
After stirring for 1 hour at 15 °C 36 g (0.4 mol) KSH in 250 ml water (for 3e 36g KSH in methanol)
was additionally added and the reaction mixture was stirred at 70 °C for 3h. The solvents were re-
moved under reduced pressure, and water (300 mL) was added.

The solution was acidified with acetic acid till (pH 8) and the precipitate was filtered off, washed
with water, dried.

3-Aminopyridine-2(1H)-thione (2a). Prepared from 2-chloro-3-nitro-pyridine (1a).
Yield 10,1g (84 %), as yellow solid, m.p. 129—-130 °C (EtOH).
"H NMR spectrum (500 MHz, DMSO-dy), 8, (ppm) (J, Hz): 5.21 (2H, ¢, NH>), 6.22 (1H, dd, J=6.5,
H-5), 6.75 (1H, d, J=7.0, H-4), 7.05 (1H, d, J=6.5, H-6), 11.00 (1H, NH).
PC NMR (100 MHz, DMSO-dg), 8, (ppm): 112.66, 114.73, 124.93, 147.35, 164.63.
Mass-spectrum, m/z (I, %): 127 ((M+H]+) (100).
Found, %: C 47.64; H 4.77; N 22.24. CsHeN,S. Calculated, %: C 47.59; H 4.79; N 22.20.
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3-Amino-5-chloropyridine-2(1H)-thione (2b). Prepared from 2,5-dichloro-3-nitro-pyridine (1b).
Yield 13.9g (87 %), as yellow solid, m.p. 190-191 °C (EtOH).

'"H NMR spectrum (400 MHz, DMSO-ds), 8, (ppm) (J, Hz): 6.01 (2H, s, NH>), 6.73 (1H, s, H-4),

7.14 (1H, s, H-6), 13.60 (1H, s, NH).

“C NMR (125 MHz, DMSO-dy), 8, (ppm): 111.06, 120.47, 122.19, 147.89, 164.90.

Mass-spectrum, m/z (L., %): 161 ([M+H]+) (100).

Found, %: C 37.43; H 3.13; N 17.40. CsHsCIN,S. Calculated, %: C 37.39; H 3.14; N 17.44.
3-Amino-5-bromopyridine-2(1H)-thione (2c). Prepared from 5-bromo-2-chloro-3-nitropyridine

(1c). Yield 18.2 g (89 %), as yellow solid, m.p. 191-192 °C (EtOH).

'"H NMR spectrum (400 MHz, DMSO-ds), 8, (ppm) (J, Hz): 6.02 (2H, s, NH>), 6.82 (1H, s, H-4),

7.20 (1H, s, H-6), 13.60 (1H, s, NH).

“C NMR (100 MHz, DMSO-d), 8, (ppm): 107.25, 113.38, 124.38, 148.08, 164.98.

Mass-spectrum, m/z (L, %): 206 ([M+H]+) (100).

Found, %: C 29.23; H 2.48; N 13.69. CsHsBrN:S. Calculated, %: C 29.28; H 2.46; N 13.66.
3-Amino-5-trifluoromethylpyridine-2(1H)-thione (2d). Prepared from 5-trifluoromethyl-2-

chloro-3-nitro-pyridine (1d). Yield 16,5g (85 %), as yellow solid, m.p. 184—185 °C (EtOH).

'"H NMR spectrum (400 MHz, DMSO-ds), 8, (ppm) (J, Hz): 6.12 (2H, s, NH>), 6.83 (1H, s, H-4),

7.41 (1H, s, H-6), 13.80 (1H, s, NH).

BC NMR (100 MHz, DMSO-ds), 8, (ppm): 104.55, 116.10 (q, J=34,0), 122.10, 123.0 (q, J=268,0),

147.73, 169.46.

F NMR (376 MHz DMSO-ds), 8, (ppm) (J, Hz): -62,17.

Mass-spectrum, m/z (L., %): 195 ([M+H]+) (100).

Found, %: C 37.14; H 2.64; N 14.40. C¢HsF;N,S. Calculated, %: C 37.11; H 2.60; N 14.43.

Methyl 5-amino-6-thioxo-1,6-dihydropyridine-3-carboxylate (2e). Prepared from methyl 2-
chloro-3-nitro-pyridine-5-carboxylate (le). Yield 16.6g (90 %), as yellow solid, m.p. 223-225 °C
(EtOH).

"H NMR spectrum (400 MHz, DMSO-ds), 8, (ppm) (J, Hz): 3.78 (3H, s, COOCH5), 5.95 (2H, s, NH,),
7.13 (1H, s, H-4), 7.55 (1H, s, H-6), 13.70 (1H, s, NH).

“C NMR (125 MHz, DMSO-ds), 8, (ppm): 52.52, 108.80, 116.76, 127.20, 147.07, 165.06, 169.10.
Mass-spectrum, m/z (L., %): 185 ([M+H]+) (100).

Found, %: C 45.60; H 4.41; N 15.24. C;HsN,0,S. Calculated, %: C 45.64; H 4.38; N 15.21.

General Procedure for the Synthesis of 2-amino[1,3]thiazolo[5,4-b]pyridines (3a-¢)

To the suspension of 3-aminopyridine-2(1H)-thiones (2a-¢) (0.1 mol 1,0 eq) in MeOH (300 mL)
BrCN 21.2 g (0.2 mol 2,0 eq) was added and the reaction mixture was stirred overnight at room
temperature. Na,COs (0.1 mol) was added and the mixture was stirred at 60 °C for 1 hour. The solvent
was removed under reduced pressure, and water (300 mL) was added. The precipitate was filtered off
and washed with water (100 mL) to yield desired product. The products are rather pure and can be
used without further purification.

2-Amino[1,3]thiazolo[5,4-b]pyridine (3a). Prepared from 3-aminopyridine-2(1H)-thione (2a).
Yield 12.7 g (84 %), as light brown solid, m.p. 243-244 °C (EtOH).
'"H NMR spectrum (500 MHz, DMSO-dy), 8, (ppm) (J, Hz): 7.21 (1H, dd, J=5.0, H-6), 7.58 (1H, d,
J=8.0, H-5), 7.76 (2H, s, NH,), 8.06 (1H, d, J=5.0, H-7).
BC NMR (100 MHz, DMSO-de), 8, (ppm): 121.51, 123.84, 142.02, 147.27, 155.85, 166.12
Mass-spectrum, m/z (L, %): 152 ([M+H]+) (100).
Found, %: C 47.62; H 3.34; N 27.82. C¢H:sNsS. Calculated, %: C 47.66; H 3.33; N 27.79.
2-Amino-6-chloro[1,3]thiazolo[5,4-b]pyridine (3b). Prepared from 3-amino-5-chloropyridine-
2(1H)-thione (2b). Yield 17.2 g (93 %), as light brown solid, m.p. 268-269 °C (EtOH).
"H NMR spectrum (500 MHz, DMSO-d¢), 8, (ppm) (J, Hz): 7,71 (1H, d, J=2,0, H-5), 8.02 (2H, s,
NH,), 8.09 (1H, d, J=2,0, H-7).
BC NMR (125 MHz, DMSO-ds), 3, (ppm): 123.14, 129.02, 139.84, 148.33, 154.22, 167.97.
Mass-spectrum, m/z (L., %): 186 ([M+H]+) (100), 188 ([M+H]+) (25).
Found, %: C 38.85; H 2.14; N 22.60. C¢H4CIN;S. Calculated, %: C 38.82; H 2.17; N 22.64.
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2-Amino-6-bromo[1,3]thiazolo[5,4-b|pyridine (3c). Prepared from 3-amino-5-bromopyridine-
2(1H)-thione (2¢). Yield 21.2 g (92 %), as light brown solid, m.p. 247-248 °C (CH;OH).

"H NMR spectrum (500 MHz, DMSO-ds), 8, (ppm) (J, Hz): 7.83 (1H, s, H-5), 8.03 (2H, s, NH»,),

8.15 (1H, s, H-7).

C NMR (125 MHz, DMSO-d), 8, (ppm): 117.55, 125.83, 141.86, 148.75, 154.56, 167.61.

Mass-spectrum, m/z (L, %): 229,9 ((M+H]+) (90), 232 ([M+H]+) (100).

Found, %: C 31.36; H 1.72; N 18.28.C¢H4BrN;S. Calculated, %: C 31.32; H 1.75; N 18.26.
2-Amino-6-trifluoromethyl|1,3]thiazolo[5,4-b|pyridine (3d). Prepared from 3-amino-5-

trifluoromethylpyridine-2(1H)-thione (2d). Yield 18.0 g (82 %), as light brown solid, m.p. 205-206 °C

(EtOH).

'H NMR spectrum (400 MHz, DMSO-d¢), 8, (ppm) (J, Hz): 7.88 (1H, s, H-5), 8.16 (2H, s, NH,),

8.41 (1H, s, H-7).

BC NMR (100 MHz, DMSO-dy), 8, (ppm): 119.57, 123.35 (q, J=31,0, C-6), 124.00 (q, J=270,0, CF5),

137.90, 147.09, 160.24, 167.75.

F NMR (376 MHz DMSO-ds), 8, (ppm) (J, Hz): -60.62.

Mass-spectrum, m/z (L, %): 220 ([M+H]+) (100).

Found, %: C 38.31; H 1.86; N 19.14. C;H,FN;S. Calculated, %: C 38.36; H 1.84; N 19.17.

Methyl 2-amino|[1,3]|thiazolo[5,4-b]pyridine-6-carboxylate (3e). Prepared from methyl 5-amino-
6-thioxo-1,6-dihydropyridine-3-carboxylate (2e). Yield 17.6 g (84 %), as yellow solid, m.p.
260-261 °C (EtOH).

"H NMR spectrum (500 MHz, DMSO-ds), 8, (ppm) (J, Hz): 3.86 (3H, s, COOCH3), 7.96 (1H, s, H-5),
8.04 (2H, s, NH»), 8.61 (1H, s, H-7).

BC NMR (100 MHz, DMSO-dy), 8, (ppm): 52.76, 123.01, 123.73, 142.50, 147.09, 160.64, 166.09,
167.06.

Mass-spectrum, m/z (I, %): 210 ([M+H]+) (100).

Found, %: C 45.96; H 3.34; N 20.10. CsH-N;0,S. Calculated, %: C 45.92; H 3.37; N 20.08.
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ANALYSIS OF VOLUMETRIC PROPERTIES OF LIQUID MIXTURES
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An extended model of binary additive quasi-solvates (BAQS) is proposed to describe the properties of binary
liquid systems. The model incorporates two additional parameters: the limiting partial molar quantities of the so-
lution components. Notably, these parameters are determined a priori, typically from independent experimental
data. Concurrently, within the model framework, the effective limiting partial molar quantities are derived from
the dependence of the studied property on the mixture composition. The discrepancy between the a priori and
effective values is attributed to a shift in the equilibrium between homogeneous and heterogeneous quasi-sol-
vates, as well as a redistribution of the solvent-solute roles within heterogeneous quasi-solvates. For each com-
ponent, a parameter £ is introduced, representing the ratio of the effective excess limiting partial molar quantity
to its corresponding a priori value. Based on these parameters, the excess functions of heterogeneity a* and
role asymmetry BF are defined.

Using molar volume dependencies for 12 binary aqueous systems (with methanol, ethanol, 1-propanol,
2-propanol, ethylene glycol, tetrahydrofuran, 1,4-dioxane, acetonitrile, acetone, dimethylformamide, dimethylac-
etamide, and dimethyl sulfoxide) at 298.15 K, along with literature data, the functions af and Bf were calculated.
The study determined the compositions and function values at extrema, average function values, and quasi-sol-
vate weighting factors for equimolar mixtures. The results demonstrate that the calculated parameters can effec-
tively characterize structural features of aqueous-organic solutions. Despite the model's apparent simplicity, this
approach is suitable for the rapid analysis of large sets of binary liquid systems.

Keywords: physicochemical analysis, molar volume, limiting partial molar volume, aqueous-organic solvent,
binary additive quasi-solvates.

Introduction

The structure of aqueous-organic solutions is of significant interest for both theoretical and applied
chemistry. This topic has been the subject of numerous experimental and theoretical studies, including
molecular modeling [1-11]. However, a vast amount of experimental data accumulated over decades
of research remains largely underutilized. Therefore, there is a clear need for a simple, even if qualita-
tive, method to analyze the structural features of mixed liquid systems.

In a previous report [12], the binary additive quasi-solvate (BAQS) model was introduced. The
present work develops this model for cases where the "true" values of limiting partial molar volumes
are known. It is assumed that these values are obtained from independent experiments. Unfortunately,
such data are significantly less common than the mixed liquid systems studied to date (ddbst.com).
Nevertheless, when supplementary information about the system is available alongside composition-
dependent volumetric properties, it can be effectively utilized in the analysis.

Summary of the Main Provisions of the BAQS Model

1. A mixture of liquids is represented as a collection of quasi-solvates.
2. A quasi-solvate is understood as a pair of particles, where one of them acts as a solvent and the
other as a solute. For example, for a mixture of two liquids A and B, there are 4 types of quasi-sol-
vates: Qaa: solvent A, solute A; Qga: solvent A, solute B; Qag: solvent B, solute A; Qgg: solvent B,
solute B.
3. The totality of each type of quasi-solvate possesses a macroscopic property P; , where i — is the
solute and j — is the solvent, and

Py# P (H
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Analysis of volumetric properties of liquid mixtures. II. Aqueous-organic solvent systems

4. It is assumed that for quasi-solvates formed by identical particles, the property P; corresponds to the
property of the pure liquid. For systems with different particles:

P.= LALY
v 2
where Fﬂ are the limiting partial quantities of the i-th substance in the j-th solvent. Limiting quantities

2)

are used because no interaction between quasi-solvates is assumed. Thus, the values of property P are

defined as:
P:Z Z Pyw, )

i=1 j=1
where w; are weighting factors.
If a random distribution of the quasi-solvate composition is assumed, the general expression neces-

sarily follows:
P=X Y (Prp, |k @

For binary systems:
2 2 H° 2 H° 2
PZPllx1+P22x2+(P12+P22)x1x2+(P21+P11)x2x1 (5)
The excess property is defined as:
P=pP-) P,x, (6)
i=1
For a binary system, taking into account Eq. 5:
E HE®° HE®°
P :xle(Plz X+ Py xl) (7)
Where Ff is the excess limiting partial molar property for the corresponding pair of solvents. As can
be seen, Eq. 7 is a three-suffix Margules equation.

Methodology

Assuming a stochastic distribution of quasi-solvates, the parameters Ff; and Fflo will be the effec-
tive excess limiting partial quantities. They can be determined from a data set by linear approximation
of Eq. 7. However, the distribution of quasi-solvates may be non-stochastic. Therefore, it is necessary
to take into account the following deviations from equilibrium for heterogeneity and role asymmetry,

respectively:
01+0,—0,+0; ()
0,—0, )
Then the weighting factors will be expressed as:
_ 2 E
W, =X —a (10)
_ 2 E
w,=x—a (11)
w,=2x,x;+a"+p° (12)
wy =2x,x+a" — " (13)

Where a* and B* are the mole fractions corresponding to deviations from the base model. The determi-
nation of this deviation and its associated quantities constitutes the task of the proposed analysis. Tak-
ing into account Egs. 10-13, the excess property will be defined as:

PE:xlxz(ﬁfzwxz"'ﬁflwxl)"'%OCE(pfzw"'Fflw)*'%IBE(?EOO_F;W) (14)

Where Fgw are the "true" excess limiting partial quantities.
Equating P* from Eq. 7 and Eq. 14, we obtain:

xlxz((szo_szw)xz"'(PzElo_PzElw)xl):%aE(Pllgzw"'PzElw)"'%ﬂE(szw_PzElw) (15)

Since the properties of quasi-solvates are additive, Eq. 15 can be decomposed into its components:
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(Fﬂ—ﬁff)xlxizﬁi"“(%a“%ﬂ’?) (16)
—E° SEw »_=ew| 1l g 1 ,F
(le — P, )xle—le 50‘ _Eﬂ (17)

Thus, we obtain a system of equations with two unknowns, a* and .
Let us introduce the notation:

— o
=0 1
¢ pi” (18)
Then:
aE:x1x2(§1x2+§2xl) (19)
ﬁE:xlxz(é:lxz_éle) (20)

Further analysis will be conducted using Eqs. 19 and 20.

Volumetric analysis of aqueous-organic solvent mixtures

Volumetric properties of aqueous-organic mixtures were chosen as the object of analysis. The
choice of systems is due to two factors: wide prevalence and the availability of data on limiting partial
volumes from independent experiments. Aqueous mixtures with methanol, ethanol, propanol, iso-
propanol, ethylene glycol, tetrahydrofuran, 1,4-dioxane, acetonitrile, acetone, dimethylformamide,
dimethylacetamide, and dimethyl sulfoxide at 298.15 K and atmospheric pressure were considered.
Data on the limiting partial molar volumes of water and organic solvents were taken from literature
sources [10, 11, 14, 17, 21, 24, 30, 32-37]. Effective limiting molar partial volumes were calculated by
the least squares method from literature data on the dependence of density on the composition of aque-
ous-organic systems [2, 13, 16].

For all systems, the analysis was performed according to a single scheme. First, the name of the co-
solvent is given. A figure of the dependence of the excess molar volume on the mole fraction of the or-
ganic component is provided. The dots represent experimental data. The black line shows the approxi-
mation by Eq. 7. The green line shows the theoretical calculation curve according to Eq. 7 using inde-
pendent data for the limiting partial molar volume. The next figure shows the linear approximation of
Eq. 21, which can be used to judge the applicability of the BAQS model to the given system

E

14 —Eo —Eo

AVN:R:VIE x2+V§1 Xy (21)
The third figure shows the dependencies of the functions @ and B on the composition of the or-
ganic component. The table provides values of molar volumes of water and organic solvent, literature
data for limiting partial molar volumes, calculated data for effective limiting partial volumes, excess
limiting partial molar volume, effective excess limiting partial volume, and parameters &, and &. Also
included are the positions and values of maxima and minima, the composition with zero function
value, and integral means of a” and B°. The integrals of a® and B* actually show the averaged devia-
tions from the stochastic distribution of quasi-solvates. All listed characteristics are determined by two
parameters, &, and &. The accuracy of determining these parameters depends on the accuracy of deter-
mining the excess quantities, as well as on their absolute values. The error in determining the parame-
ters &, and & can be estimated as approximately +0.1. The values of the functions a* and B° represent
the structural characteristics of the solutions. The function a” can be interpreted as an increase in the
probability of finding a heterogeneous quasi-solvate compared to the stochastic distribution of the base
model. Positive values correspond to a tendency to form heterogeneous water-organic component
quasi-solvates. With some reservations, a correlation can be assumed with parameters obtained from
the analysis of the radial distribution function. Therefore, for each system, a comparison is made with
the results of molecular modeling, solutions of the Kirkwood-Buff equations, or experimental neutron
scattering data. The comparison is made at a qualitative level. The function 8 has no analogues and
shows how the distribution of solvent-solute roles changes in heterogeneous quasi-solvates. Positive
values indicate an enhancement of the role of the organic component as a solvent and, accordingly, an

enhancement of the role of water as a solute compared to the base model.
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1. Water-Methanol
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Figure 1. Dependence of excess molar volume on the mole fraction of the organic component. The dots repre-
sent experimental data, the black line is an approximation, and the green line is a calculation using independent
parameters (see explanation in the text).
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Figure 2. Dependence of function AV on the mole fraction of the organic component (see text for explanations).
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Figure 3. Dependence of functions & (blue line) and A (red line) on the mole fraction of the organic component
(see text for explanations).

Table 1. Structural parameters of the water-organic system (see text for explanations)

Water Cosolvent of B
V \,em’/mol 18.07 4073 Xonax 0.37 0.91
V*,cm*/mol 14.43 38.17 max 0.092 0.005
V' ,cm’/mol 13.98 36.75 Xmin - 0.30
7 E* cm’/mol 3.64 2256 min - -0.073
VE° ecm?®/mol -4.09 -3.98 Xo - 0.82
S 0.125 0.553 avg 0.056 -0.036
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2. Water-Ethanol
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Figure 4. Dependence of excess molar volume on the mole fraction of the organic component. The dots repre-
sent experimental data, the black line is an approximation, and the green line is a calculation using independent
parameters (see explanation in the text).
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Figure 5. Dependence of function AV on the mole fraction of the organic component (see text for explanations).
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Figure 6. Dependence of functions o (blue line) and B (red line) on the mole fraction of the organic component
(see text for explanations).

Table 2. Structural parameters of the water-organic system (see text for explanations)

Water Cosolvent of B
V \s,em’/mol 18.07 58.68 Ximax 0.23 -
7~ ,cm’/mol 13.86 55.20 max 0.060 -
V' ,cm’/mol 15.81 5319 Xonin 0.81 0.47
VE* cm®/mol 421 348 min -0.041 -0.13
VE° em?/mol 2296 -5.49 Xo 0.55 -
13 -0.464 0.577 avg 0.009 -0.087
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3. Water-1-Propanol
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Figure 7. Dependence of excess molar volume on the mole fraction of the organic component. The dots repre-
sent experimental data, the black line is an approximation, and the green line is a calculation using independent
parameters (see explanation in the text).
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Figure 8. Dependence of function AV on the mole fraction of the organic component (see text for explanations).
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Figure 9. Dependence of functions o (blue line) and A (red line) on the mole fraction of the organic component
(see text for explanations).

Table 3. Structural parameters of the water-organic system (see text for explanations)

Water Cosolvent of BE
V y,em’/mol 18.07 75.15 Ximax - -
7 *,cm’/mol 15.09 70.74 max - -
V'’ ,cm*/mol 17.48 70.71 Xunin 0.67 0.67
VE* cm?/mol 22.98 441 min -0.12 -0.12
7"’ ,cm’/mol -0.59 -4.44 Xo - -
3 -0.802 0.006 avg -0.066 -0.067
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4. Water-2-Propanol
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Figure 10. Dependence of excess molar volume on the mole fraction of the organic component. The dots repre-
sent experimental data, the black line is an approximation, and the green line is a calculation using independent
parameters (see explanation in the text).
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Figure 11. Dependence of function 4Vy on the mole fraction of the organic component (see text for explana-
tions).
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Figure 12. Dependence of functions a” (blue line) and f* (red line) on the mole fraction of the organic compo-
nent (see text for explanations).

Table 4. Structural parameters of the water-organic system (see text for explanations)

Water Cosolvent of B
V \s,em’/mol 18.07 76.98 Xnax 0.19 -
7*,cm’/mol 14.51 71.93 max 0.024 -
7’ ,cm’/mol 15.73 70.54 Xnin 0.77 0.53
VE* em®/mol -3.56 -5.05 min -0.036 -0.078
VE" cm’/mol 234 -6.44 Xo 0.45 -
§ -0.343 0.276 avg -0.006 -0.052
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5. Water-Ethylene Glycol
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Figure 13. Dependence of excess molar volume on the mole fraction of the organic component. The dots repre-
sent experimental data, the black line is an approximation, and the green line is a calculation using independent
parameters (see explanation in the text).
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Figure 14. Dependence of function 4Vy on the mole fraction of the organic component (see text for explana-

tions).
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Figure 15. Dependence of functions a” (blue line) and S (red line) on the mole fraction of the organic compo-
nent (see text for explanations).

Table 5. Structural parameters of the water-organic system (see text for explanations)

Water Cosolvent of B
V ,,em’/mol 18.06 56.41 Xmax 0.23
7 *,cm*/mol 17.27 54.65 max 0.036
V' ,cm’/mol 17.48 5526 Xonin 0.47 0.81
7 E* cm’/mol 20.79 -1.76 min -0.077 -0.023
VE° ecm®/mol -0.58 115 Xo 0.56
g -0.268 -0.345 avg -0.051 0.006
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6. Water-Tetrahydrofuran
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Figure 16. Dependence of excess molar volume on the mole fraction of the organic component. The dots repre-
sent experimental data, the black line is an approximation, and the green line is a calculation using independent
parameters (see explanation in the text).
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Figure 17. Dependence of function 4Vy on the mole fraction of the organic component (see text for explana-
tions).
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Figure 18. Dependence of functions a” (blue line) and f* (red line) on the mole fraction of the organic compo-
nent (see text for explanations).

Table 6. Structural parameters of the water-organic system (see text for explanations)

Water Cosolvent of B
V \,em’/mol 18.06 81.73 Xmax 0.42 0.85
7*,cm’/mol 17.00 76.90 max 0.030 0.005
V' ,cm’/mol 16.92 76.15 Xnin - 0.26
VE* em®/mol -1.06 4.83 min - -0.019
VE" cm’/mol -1.14 -5.58 Xo - 0.68
§ 0.074 0.156 avg 0.019 -0.007
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7. Water-1,4-Dioxane
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Figure 19. Dependence of excess molar volume on the mole fraction of the organic component. The dots repre-
sent experimental data, the black line is an approximation, and the green line is a calculation using independent
parameters (see explanation in the text).
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Figure 20. Dependence of function AVy on the mole fraction of the organic component (see text for explana-
tions).
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Figure 21. Dependence of functions a” (blue line) and S (red line) on the mole fraction of the organic compo-
nent (see text for explanations).

Table 7. Structural parameters of the water-organic system (see text for explanations)

Water Cosolvent of BE
V ,,em’/mol 18.06 85.66 Xnax 0.66 0.67
7 *,cm*/mol 17.49 81.10 max 0.075 0.073
V" ,cm’/mol 17.20 81.03 Xmin - -
7 E* cm’/mol 057 456 min - -
7V em*/mol -0.86 -4.63 Xo - -
g 0.498 0.014 avg 0.043 0.040
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8. Water-Acetonitrile
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Figure 22. Dependence of excess molar volume on the mole fraction of the organic component. The dots repre-
sent experimental data, the black line is an approximation, and the green line is a calculation using independent
parameters (see explanation in the text).
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Figure 23. Dependence of function 4Vy on the mole fraction of the organic component (see text for explana-
tions).
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Figure 24. Dependence of functions a” (blue line) and f* (red line) on the mole fraction of the organic compo-
nent (see text for explanations).

Table 8. Structural parameters of the water-organic system (see text for explanations)

Water Cosolvent of B
V \,em’/mol 18.06 52.87 Xmax 0.81 0.47
V”,cm’/mol 17.58 47.42 max 0.018 0.060
V' ,cm’/mol 17.48 48.89 Xnin 0.23 -
VE* em®/mol 20.48 2545 min -0.028 -
VE" cm’/mol 20.58 -3.98 Xo 0.57 -
§ 0.207 -0.270 avg -0.005 0.040
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9. Water-Acetone
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Figure 25. Dependence of excess molar volume on the mole fraction of the organic component. The dots repre-
sent experimental data, the black line is an approximation, and the green line is a calculation using independent

parameters (see explanation in the text).
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Figure 26. Dependence of function 4V on the mole fraction of the organic component (see text for explana-

tions).

Figure 27. Dependence of functions a” (blue line) and S (red line) on the mole fraction of the organic compo-
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nent (see text for explanations).

Table 9. Structural parameters of the water-organic system (see text for explanations)

Water Cosolvent of B
V ,,em’/mol 18.07 74.02 Xmax 0.54 0.76
V”,cm’/mol 14.30 66.80 max 0.020 0.010
V' ,cm’/mol 13.95 66.32 Xonin - 0.18
7 E* cm?/mol 377 722 min - -0.006
VE° ecm®/mol 4.12 770 Xo - 0.42
g 0.093 0.067 avg 0.013 0.002
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10. Water-Dimethylformamide
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Figure 28. Dependence of excess molar volume on the mole fraction of the organic component. The dots repre-
sent experimental data, the black line is an approximation, and the green line is a calculation using independent
parameters (see explanation in the text).
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Figure 29. Dependence of function 4Vy on the mole fraction of the organic component (see text for explana-
tions).

0.15

0.1 -

0.05 -

T T T T v
0.2 0.4 0.6 0.8 1
-0.05

-0.1 +

-0.15 -

Figure 30. Dependence of functions a” (blue line) and f* (red line) on the mole fraction of the organic compo-
nent (see text for explanations).

Table 10. Structural parameters of the water-organic system (see text for explanations)

Water Cosolvent of B
V \,em’/mol 18.06 7738 Xnax 0.40 0.88
V”,cm’/mol 15.35 74.50 max 0.147 0.017
7’ ,cm*/mol 14.54 7212 Xinin - 0.28
VE* em®/mol 271 288 min - -0.103
VE" cm’/mol 352 -5.26 Xo - 0.73
§ 0.299 0.825 avg 0.093 -0.044
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11. Water-Dimethylacetamide
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Figure 31. Dependence of excess molar volume on the mole fraction of the organic component. The dots repre-
sent experimental data, the black line is an approximation, and the green line is a calculation using independent
parameters (see explanation in the text).
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Figure 32. Dependence of function AVy on the mole fraction of the organic component (see text for explana-

tions).
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Figure 33. Dependence of functions a” (blue line) and S (red line) on the mole fraction of the organic compo-
nent (see text for explanations).

Table 11. Structural parameters of the water-organic system (see text for explanations)

Water Cosolvent of B
V ,,em’/mol 18.06 93.02 Xmax 0.36 0.94
V”,cm’/mol 14.21 88.90 max 0.132 0.003
V' ,cm’/mol 13.77 85.47 Xonin - 0.31
7 E* cm’/mol 385 4.12 min - -0.115
VE° ecm®/mol -4.29 754 Xo - 0.88
g 0.114 0.832 avg 0.079 -0.060
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12. Water-Dimethyl Sulfoxide
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Figure 34. Dependence of excess molar volume on the mole fraction of the organic component. The dots repre-
sent experimental data, the black line is an approximation, and the green line is a calculation using independent
parameters (see explanation in the text).
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Figure 35. Dependence of function 4Vy on the mole fraction of the organic component (see text for explana-
tions).
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Figure 36. Dependence of functions af (blue line) and ¢ (red line) on the mole fraction of the organic compo-
nent (see text for explanations).

Table 12. Structural parameters of the water-organic system (see text for explanations)

Water Cosolvent of BE
V ,s,cm’/mol 18.06 71.29 Xmax 0.32 -
V*,cm’/mol 15.46 68.92 max 0.136 -
7’ ,em*/mol 15.67 66.65 Xmin 0.96 0.35
VE* cm’/mol 22.60 237 min -0.002 -0.148
VE" em®/mol 2.39 -4.64 Xo 0.92 -
13 -0.082 0.959 avg 0.073 -0.087
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Results and discussion

The presented analysis results are determined by only two parameters, &, and &. Figure 37 shows
the relationship between these parameters. It can be seen that no correlation is observed. At the same
time, some patterns of distribution can be noted depending on the nature of the organic component.
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Figure 37. Parameters § for aqueous-organic mixtures. The organic component is indicated

For instance, systems with aprotic strongly polar components are grouped in the upper part of the
diagram. Protic systems tend toward the left part of the diagram.

Since the systems differ only in their organic component, it is logical to look for a correlation be -
tween the calculated parameters and the properties of organic solvents. Indeed, Figure 38 shows that
there is a certain correlation between the calculated properties and the polarity of the organic compo-

nent.

Figure 38. Dependence of the average value of function £ on the donor number of the organic component

Table 13. Weighting factors of quasi-solvates for equimolar aqueous-organic systems
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Cosolvent Wi Wi Wiz Wai
Methanol 0.17 0.17 0.28 0.39
Ethanol 0.24 0.24 0.13 0.39
1-Propanol 0.35 0.35 0.05 0.25
2-Propanol 0.26 0.26 0.16 0.32
Ethylene Glycol 0.33 0.33 0.18 0.16
Tetrahydrofuran 0.22 0.22 0.27 0.29
1,4-Dioxane 0.19 0.19 0.37 0.25
Acetonitrile 0.26 0.26 0.30 0.18
Acetone 0.23 0.23 0.27 0.27
DMFA 0.11 0.11 0.32 0.46
DMAA 0.13 0.13 0.28 0.46
DMSO 0.14 0.14 0.23 0.49

In the series of alcohols, there is a clear trend toward a decrease in water-alcohol contacts, as evi-
denced by the change in the @ function. This is confirmed by numerous studies [1, 3-5, 15, 17, 23,
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25, 26] showing that alcohol systems are characterized by an increasing manifestation of microhetero-
geneity. This is due to the influence of the hydrophobic part of the molecule and its structure, which
leads to differences between propanol and isopropanol, bringing the latter closer to ethanol. It is inter-
esting to note that the compositions at the maxima of the a” function in systems with methanol and
ethanol coincide with the extrema in the mixing heat dependencies of the corresponding systems. Ta-
ble 13 presents the calculated weighting functions Eq. 10—13 for an equimolar mixture. In the case of a
stochastic system, they are all equal to 0.25. The sum of w;, and w»; can be used as a rough estimate of
miscibility.

Figure 39 shows the dependence of the sum of weighting factors for alcohols on the number of car-
bon atoms. Extrapolation to butanol indicates a near-total absence of mixing. The position of the mini-
mum of the B function is noteworthy. For instance, in the system with methanol, it corresponds to an
alcohol-to-water ratio of 1:2; for ethanol and isopropanol, it is 1:1; and for propanol, it is 2:1.
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Figure 39. Dependence of the sum of weighting factors on the number of carbon atoms for equimolar aqueous-
alcohol mixtures.

The structure of the water—ethylene glycol mixture fundamentally differs from systems with mono-
hydric alcohols. Ethylene glycol stands out among all considered systems due to the negative values of
parameters &, and &. The behavior of the 8 function indicates that role asymmetry is suppressed in the
system, which may imply the formation of local structures with a spatial network of hydrogen bonds;
this is generally consistent with literature data [18]. Due to the presence of two OH-groups at the ends
of the molecule, ethylene glycol does not disrupt the water structure but rather integrates into it, acting
as a bridge. Each ethylene glycol molecule can form up to 6 hydrogen bonds (as both a donor and an
acceptor). Instead of micro-separation (as seen, for example, in propanol systems), a single hybrid
framework is formed here, where water and glycol molecules are completely mixed at the molecular
level. The mixture behaves almost like an ideal solution in terms of particle distribution.

Tetrahydrofuran and water show a negligible deviation from the base model. This does not imply
an absence of structure, as role asymmetry is already inherent in the model itself. As studies show
[8, 28], THF has the ideal molecular size to fit into the cavities of the water framework. Water mole -
cules tend to surround the THF ring, creating quasi-clathrate structures. At a THF mole fraction of
about 0.19, the structure reaches its maximum ordering. At intermediate concentrations, modeling de-
tects tortuous channels of THF molecules interwoven with similar channels of water molecules.

For the system with dioxane, positive values of the a” and B* functions are observed, with a maxi-
mum corresponding to a dioxane-to-water ratio of 2:1, suggesting an enhancement of dioxane's role as
a solvent. The structure of the water—1,4-dioxane mixture is notable because dioxane has two symmet-
rically located oxygen atoms and lacks an intrinsic dipole moment in its "chair" conformation. This
creates a unique type of interaction with water. The dioxane molecule often acts as a bridge, linking
two different water clusters. Table 13 shows that for an equimolar dioxane-water mixture, quasi-sol-
vates of the Qws type predominate. At the same time, modern MD simulations show [19, 27] that at
equimolar compositions, the system represents two interwoven labyrinths. One labyrinth consists of
water molecules linked into infinite chains, while the other consists of dioxane molecules touching
each other with their hydrophobic faces. These labyrinths hardly mix at the atomic level, making con-
tact only at the points of hydrogen bonding.
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Acetonitrile — Water. This system differs sharply from others in terms of the topology of a” and *
functions. The role of acetonitrile as a solvent is enhanced. The @ function changes its sign. As re-
search shows [6, 7, 9], the structure of the water—acetonitrile mixture is anomalous among all solvents
miscible with water. The system is characterized by a very weak bond between the components and a
strong tendency toward microphase separation. Acetonitrile is a very poor partner for hydrogen bond-
ing. Its -CN group interacts with water much more weakly than water—water bonds.

The parameters of the water—acetone system practically do not differ from the base model and, in
terms of topology, coincide with the THF system. Acetone is notable for its combination of the strong
polarity of the carbonyl group and the hydrophobicity of its two methyl groups. This creates a micro-
heterogeneous system that balances between complete mixing and nanophase separation. Acetone
does not form chains (like alcohols) but tends to group into bulky aggregates. The methyl groups of
acetone orient toward each other, forming hydrophobic cores. Water surrounds these cores, creating a
complex topology that modern MD models describe as a "loose sponge"[22].

The systems with DMF, DMAA, and DMSO share a similar topology of the a” and 8 functions.
The cosolvent molecules act as super-acceptors of hydrogen bonds and attract water molecules signifi-
cantly more strongly than water molecules attract each other. Terahertz spectroscopy and other studies
[8, 20, 22, 29] confirm that the most stable structural unit is a complex consisting of one cosolvent
molecule and two water molecules. This explains the peak in heat evolution at a mole fraction of 0.33.
At this point, practically all free water disappears, transforming into the hydration shell of the organic
solvent. In this regard, it is worth noting the presence of a minimum of B* precisely at this component
ratio.

Thus, having analyzed 12 aqueous-organic systems using the extended BAQS model, it can be con-
cluded that, despite the apparent simplicity of the model, this approach allows for the detection of
qualitative and, in some cases, quantitative patterns in the structural characteristics of non-electrolyte
solutions.

Conclusions

An extended model of binary additive quasi-solvates (BAQS) is proposed to describe the properties
of mixed solvents. The model incorporates a priori information regarding the limiting partial molar
properties of the components, using these to calculate corresponding effective properties. The discrep-
ancy between the effective and a priori values is interpreted as a change in the weighting factors of the
quasi-solvates. Structural changes are described by two functions: excess heterogeneity, o” and excess
role asymmetry, S*.

Using molar volume data for 12 aqueous—organic systems, structural parameters were calculated
within the extended BAQS model. While the specific nature of the model precludes a direct compari-
son with established thermodynamic and structural quantities, the identified patterns in the distribution
of structural parameters generally correlate with experimental data and molecular modeling results.

The inherent simplicity of the proposed approach makes it suitable for the rapid analysis of large
datasets of liquid systems.
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M. B. €dimos, H. B. Ecbimosa. AHani3 BOMIOMOMETPUYHMX BNAcTUBOCTEN piakmx cymiwwen. |l. BoaHo-opraHivHi cu-
CTEMMU PO3UYUHHMKIB

XapKiBCbkuU HauioHanbHUI yHiBepcuteT iMeHi B. H. KapasiHa, HaB4anbHO-HayKoBWIM IHCTUTYT Ximii, nn. Ceoboau
4, 61022, XapkiB, YkpaiHa

3anponoHoBaHO po3LWmpeHy moaenb GiHapHMX aguMTUBHUX KBasiconbeaTiB (BAQS) ons onvcy BnactuBocTten
noAaginvHuX pigknx cuctem. Mogenb MICTUTb ABa AOAATKOBI NapamMeTpu: rpaHunyHi napuianbHi MONAPHI BENNYMHU
KOMMOHEHTIB po3unHy. BapTo 3a3HaumTy, WO Ui napaMeTpun BU3HAYaTbLCA anpiopi, 3a3Bnyan Ha OCHOBI He3anex-
HUX ekcnepuMeHTanbHUX AaHux. BogHovac, y mexax mofeni, epekTnBHI rpaHuUyHi napuianbHi MONSIPHI BEMUYMHK
pPO3paxoBylOTbLCS HA OCHOBI 3aNeXHOCTI AOCMiAXKyBaHOT BNAacTUBOCTI Bi cknagy cymilli. Po3bixHicTe Mix anpiop-
HUMU Ta e(PEeKTUBHUMU 3HAYEHHSIMM MOSICHIOETLCS 3CYBOM PIiBHOBAry Mik rOMOr€HHUMU Ta reTeporeHHUMN KBasi-
conbBaTtamMu, a TaKoX MNepepo3nofifioM ponen «PO3YUMHHUK-PO3YMHEHA pEevOBUHA» BCEpeauHi reTeporeHHuX
KBasiconbBaTiB. [Ina KOXHOro KOMMOHEeHTa BBeAEHO napamMeTp &, Lo € BiAHOLWEHHAM e(eKTUBHOI Haa INLLKOBOI
rPaHNYHOI NapujianbHOI MONAPHOI BENWYMHM A0 Ti BiANOBIAHOrO anpiopHOro 3HayeHHs. Ha ocHoBI unx napameTpis
BM3HaAYEHO HaONMLLIKOBI (OYHKLIT reTeporeHHoCTi af Ta acumeTpii poneit BE.

BukopucToByoun 3anexHocTi monspHoro o6’emy Big cknagy ans 12 nodgilHUX BOAHMX cucTtem (3
MeTaHONOM, eTaHOoNoM, 1-NponaHofioMm, 2-NponaHosioM, eTunedrnikonem, TeTparigpodypaHom, 1,4-
AiokcaHOM, aueToHITPMNOM, aueToHoM, AumMeTundopmamigom, AumeTunaueTamigom Ta  OUMETU-
ncynbgokcugom) npu 298.15 K, a Takox nitepatypHi AaHi, 6yno pospaxoBaHo yHkuii af Ta BE. Y pocni-
OXEHHi BUM3HA4YeHO CKnaaum Ta 3HavyeHHs PYHKUiIA B TOYKaxX eKCTPeMyMiB, cepefHi 3Ha4yeHHsa yHKUin Ta
BaroBsi koediuieHTN KBasiconbBaTiB ANA €KBIMOMSAPHUX Cymiwen. PesynbTtaTtv OEeMOHCTPYIOTb, WO poO3-
paxoBaHi mapaMeTpu MOXyTb e(DEKTMBHO XapakTepuayBaTu CTPYKTYpPHi 0COBNMBOCTI BOAHO-OPraHiYHMX po3-
yuHiB. Nonpun oyeBMAHY NPOCTOTY MoAeni, uen nigxig € npuaaTHUM ONs eKcnpec-aHanisy Benukux MacuBiB
OaHNX NOABINHUX PIOKMX CUCTEM.

Knroyoei cnoea: ¢hizuko-ximiyHul aHania, monasipHull ob'em, epaHuyHUl napyiansbHUll MonspHuUl o6'em,
B800HO-0p2aHIi4YHUl po34UHHUK, BiHapHi adumueHi Keasiconbeamu.

KoHpnikm iHmepecie: Asmopu rogidomnsiroms rpo 8idcymHicme KOHGikmy iHmepecis.
BHecok aemopis: Bci aBTopu 3pobunu piBHUn BHECOK Y L0 pobOTY.
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The kinetics of the stepwise alkaline hydrolysis of three isomeric mononitrofluorescein diacetates, containing
the nitro group in the residue of the phthalic acid, were investigated in water and organized aqueous solutions of
cationic surfactants and a cationic calix[4]arene. The reaction follows a consecutive two-stage mechanism in-
volving the formation of a spectroscopically distinguishable monoacetate intermediate. UV-visible spectrophoto-
metric monitoring allowed for the separate determination of the pseudo-first-order rate constants for both hy-
drolytic steps. The catalytic efficiency of the organized systems was found to increase in the order:
cetyltrimethylammonium bromide (CTAB) < N,N-dimethyl-N-hydroxyethyl-4-dodecyloxybenzylammonium chlo-
ride (Ci2-Bn-Ch) < 5,11,17,23-Tetra(N,N-dimethyl-N-hydroxyethylammonium)methylene-25,26,27,28-tetradode-
cyloxy calix[4]arene tetrachloride (C1,-C4A-Ch), with acceleration factors reaching nearly three orders of magni-
tude for the 3'-nitro derivative. The positioning of the nitro substituent markedly influenced the relative rates of
the two hydrolysis stages, with the k;’k:' ratio being governed by the interplay between intrinsic electronic ef-
fects and the nature of the organized environment. These results suggest that supramolecular assemblies
based on calixarene derivatives provide a highly efficient microenvironment for ester hydrolysis, likely through a
synergy between specific host-guest recognition within the macrocyclic cavity and collective electrostatic effects
at the aggregate interface.

Keywords: mononitrofluorescein, ester hydrolysis, micellar catalysis, cationic calixarenes, organized
solutions, host-guest recognition.

Introduction

The hydrolysis of fluorogenic substrates belonging to the fluorescein ester series is a popular and
well-documented indicative reaction, widely utilized in biochemistry and related fields [1-3].
Typically, this process is monitored via fluorescence spectroscopy, where the two-step transformation
is conventionally treated as a single-stage reaction [4—7]. However, such a simplified approach
neglects the kinetic complexity of the system. In aqueous alkaline media, the hydrolysis of fluorescein
diacetates proceeds through two successive steps via a monoacetate intermediate. Building upon our
previous findings regarding the kinetic resolution of these stages for the unsubstituted dye [8], the
present work focuses on the impact of electron-withdrawing nitro groups at the 3'-, 4'-, and 5'-positions
of the phthalic acid residue. It is well established that such substituents significantly alter the protolytic
and tautomeric equilibria of the resulting xanthene dyes, which in turn should influence the reactivity
of the ester bonds during the nucleophilic attack of the hydroxide ion.

Scheme 1. The molecular structures of esters of nitrofluoresceins
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Kinetics of the stepwise hydrolysis of mononitrofluorescein diacetates in organized solutions

Nowadays, organized solutions, such as micellar solutions of surfactants and related liquid-phase
systems, are among the most widespread environments for governing the rates of chemical processes.
Cationic micelles, for instance, cetyltrimethylammonium bromide (CTAB), are known to accelerate
ester hydrolysis by several orders of magnitude [8—10]. Within the framework of the pseudophase ion-
exchange model, this effect is attributed to the electrostatic concentration of OH" ions in the Stern
layer of the aggregates. More recently, amphiphilic calix[4]arenes have emerged as a sophisticated
class of "nanoreactors". These macrocyclic assemblies provide a more complex catalytic environment,
where multivalent electrostatic effects are coupled with specific host-guest recognition [11,12].

In this paper, we report the kinetic regularities of the alkaline hydrolysis of three isomeric
mononitro-derivatives of fluorescein diacetate in the presence of CTAB, a benzyl-choline-derived
surfactant (C;,-Bn-Ch), and a cationic calix[4]arene (C1>-C4A-Ch) ( Scheme 2). The focus is placed on
the separate determination of the pseudo-first-order rate constants, k;" and k', for both hydrolytic steps.
By analyzing the acceleration factors and their dependence on the substituent position, we aim to
elucidate how the confined environment of calixarene-based aggregates can either reinforce or
override the intrinsic electronic effects of the substrate.

¢l _oH

_N—CH=
HE H\ -~ °

Q

C12-C4A-Ch Clz-Bn-Ch
Scheme 2. Structural formulas of the calix[4]arene bearing choline groups (C,-C4A-Ch) and its monomeric
"quarter" unit (C,,-Bn-Ch)

Experimental section

Three isomeric mononitrofluoresceins, containing the nitro group in the residue of the phthalic acid
(3'-, 4'-, and 5'-nitro derivatives), were synthesized as described in our previous reports [13,14].

The purity of the dyes was confirmed by elemental analysis, NMR spectroscopy, and by the
constancy of their molar absorptivities. Cetyltrimethylammonium bromide (CTAB, Sigma-Aldrich)
was used without further purification. The tetracationic calix[4]arene 5,11,17,23-tetra(N,N-dimethyl-
N-hydroxyethylammonium)methylene-25,26,27,28-tetradodecyloxy calix[4]arene tetrachloride (Ci»-
C4A-Ch), as well as its monomeric analog,  N,N-dimethyl-N-hydroxyethyl-4-
dodecyloxybenzylammonium chloride (C;»-Bn-Ch), were synthesized at the Institute of Organic
Chemistry, National Academy of Sciences of Ukraine, following the procedures reported elsewhere
[8,15]. All other reagents, including buffer components and sodium chloride, were of analytical grade.
Carbonate-free NaOH solutions were prepared using deionized water.

Kinetic measurements were performed using a Hitachi U-2000 spectrophotometer equipped with a
thermostated cell holder at 25.0 + 0.1°C. The pH values of the working solutions were maintained
using borate or Veronal buffer systems. The total ionic strength was adjusted to 0.05 M with NaCl.
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The pH was monitored using a glass electrode (calibrated with standard buffers at 1.68, 4.01, 6.86, and
9.18) in a cell with a liquid junction.

The stock solutions of the nitrofluorescein diacetates were prepared in acetonitrile. To initiate the
reaction, an aliquot of the stock solution was introduced into the thermostated buffer solution
containing the surfactant or calixarene. The final substrate concentration in the working solutions was
(5-10) x 10° M, while the acetonitrile content did not exceed 1-2 vol%. In all experiments involving
surfactants, their concentrations were kept above the critical micelle concentration (CMC).

The alkaline hydrolysis of nitrofluorescein diacetates (Scheme 3) proceeds as a sequence of two
consecutive steps. Since the reaction was carried out in buffer solutions, the concentration of
hydroxide ions remained constant, and the process was described using pseudo-first-order rate
constants, k" and k>’ (s') where k'=k-c(OH):

(Ac),R

Scheme 3. Alkaline hydrolysis of the diacetyl derivative of nitrofluoresceins

The progress of the reaction was monitored by recording the absorbance (A) over time. The
spectral characteristics of the reaction's final product were determined spectrophotometrically in the
corresponding systems. The spectrum of the monoester was modeled by the spectrum of
methylnitrofluorescein, which has an analogous structure of the chromophoric xanthene moiety of the
dye. The reaction rate was considered sufficiently low compared to the spectrum measurement time
(approximately 10 s). The values of &’ and k>’ were determined separately based on the following
analytical dependencies of the mole fractions («) on time (?):

ap,Fi=e ¥ (1)
I
GRFI- = — 7 (2)
k' - .ICFI_](E Kyt _ o=k gt)
— 4 _ kl: Iyt kll k't
apz-=1 WE +m€ 3)

Results and Discussion

Consistent with our previous observations in homogeneous aqueous and aqueous-ethanol media
[16], the alkaline hydrolysis of nitro-substituted fluorescein diacetates in organized solutions follows a
stepwise mechanism involving a spectroscopically distinguishable intermediate. In all studied
organized systems, CTAB micelles, Ci,-Bn-Ch aggregates, and C,-C4A-Ch calixarene assemblies a
pronounced catalytic effect was observed, leading to a significant acceleration of the reaction rate
compared to pure water.

Figure 1 displays the representative normalized absorption spectra recorded during the hydrolysis
of 3'-, 4'-, and 5'-nitrofluorescein diacetates in the presence of the tetracationic calixarene C,-C4A-Ch.
The spectral evolution clearly demonstrates the formation of two distinct colored species: the
monoacetate intermediate (AcR") and the final dianion (R*). These forms exhibit overlapping but
distinguishable absorption bands in the 400-500 nm range, allowing for the kinetic resolution of the
individual stages.
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Figure 1. Normalized absorption spectra during the hydrolysis of 3™~ (a), 4"~ (b) and 5~ (c) nitrofluorescein

diacetates in aqueous solution of calixarene Ci2-C4A-Ch, 25 °C, = 0.05 M (NaCl + buffer mixture).

Figure 2 shows the temporal evolution of molar fractions of the three forms during hydrolysis of
3'-, 4'-, and 5'-nitrofluorescein diacetates in aqueous solution of Ci-Bn-Ch. The characteristic profiles
expected for consecutive first-order reactions are clearly observed: the diester (Ac):R decreases
monotonically, the monoester AcR™ exhibits a rise-and-fall profile with a maximum at intermediate
times, and the dianion R*” accumulates progressively as the final product.
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Figure 2 Dependences of the molar fractions of (Ac):R (1), AcR™ (2), and R* (3) of 3 "-nitrofluorescein (a), 4 -
nitrofluorescein (b) and 5"-nitrofluorescein(c) in in aqueous solution of C;,- Bn -Ch, 25 °C, I =0.05 M (NaCl +

borate buffer).

Table 1 presents the experimentally determined values of k" and k-’ for diacetyl fluorescein and its
3'-, 4'-, and 5'-nitro derivatives in the three types of organized media. The rate constants were
measured at the indicated pH values, which varied slightly depending on the medium and buffer
composition.
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Table 1. The rate constants of hydrolysis of nitrofluoresceins in solution, 25 °C, /=0.05 M

Compound pH A k' s k', s ko/ky
CTAB (0.003 M)

Diacetyl fluorescein [8] 9.16 501 3.49+0.08 10.5+0.3 3.0
Diacetyl 3 -nitrofluorescein 922 514  3.21+0.06 19.2+0.4 5.97
Diacetyl 4 -nitrofluorescein 9.14 509 3.4+0.3 10.7+£0.9 3.18
Diacetyl 5 -nitrofluorescein 9.17 509  1.80+0.19 9.3+0.9 5.17

Ci12-Bn-Ch (0.001 M)

Diacetyl fluorescein [8] 8.64 502 7.9+0.2 9.6+0.2 1.2
Diacetyl 3 -nitrofluorescein 7.87 514 7.6+0.2 10.940.3 1.4
Diacetyl 4 -nitrofluorescein 7.81 510 19.5+1.5 19.6£1.5 1
Diacetyl 5 -nitrofluorescein 7.85 511 7.0£0.1 21.8+0.1 3.1

C1,-C4A-Ch (1.8:10* M)

Diacetyl fluorescein [8] 8.44 505  36.2+0.08 182.1+0.4 5.0
Diacetyl 3 -nitrofluorescein 7.87 519  21.33+0.9 29.0£1.2 1.4
Diacetyl 4 -nitrofluorescein 7.83 514 32.52+1.8 5043 1.5
Diacetyl 5 -nitrofluorescein 7.85 514 10.4+0.2 39.9+0.6 3.8

For quantitative comparison across different systems, all rate constant values were normalized to a
single pH value of 8.64.

Table 2. The rate constants of hydrolysis of nitrofluoresceins in solution, 25 °C, / = 0.05 M recalculated to
pH=8.64

Compound k', c' k' kik
CTAB (0.003 M)

Diacetyl fluorescein [8] 1.1 32 3.0
Diacetyl 3 -nitrofluorescein 0.8 5.0 5.97
Diacetyl 4"-nitrofluorescein 1.1 34 3.18
Diacetyl 5 -nitrofluorescein 0.5 2.7 5.17

Ci2-Bn-Ch (0.001 M)

Diacetyl fluorescein [8] 7.9 9.6 1.2
Diacetyl 3 "-nitrofluorescein 45.0 64.2 1.4
Diacetyl 4"-nitrofluorescein 131.6 132.6 1
Diacetyl 5 -nitrofluorescein 43.1 134.2 3.1

C1,-C4A-Ch (1.8 4 10™* M)

Diacetyl fluorescein [8] 57.4 288.6 5.0
Diacetyl 3 "-nitrofluorescein 125.6 170.9 1.4
Diacetyl 4"-nitrofluorescein 210.0 323.9 1.5
Diacetyl 5 -nitrofluorescein 64.0 245.8 3.8

Water
Diacetyl fluorescein [8] 0.29 0.37 1.29
Diacetyl 3 -nitrofluorescein[16] 0.13 0.63 4.83
Diacetyl 4"-nitrofluorescein[16] 0.34 0.97 2.85
Diacetyl 5-nitrofluorescein[16] 0.19 0.76 3.92

Organized aqueous solutions of cationic surfactants and calixarene aggregates exhibit a profound
catalytic effect on both hydrolytic stages, while also modulating kinetic selectivity.

The introduction of the nitro group at various positions of the phthalic acid residue exerts a
differentiated influence on both hydrolytic stages, and this impact is markedly governed by the nature
of the organized environment (Figure 2, Table 3).

As previously reported [16], the introduction of nitro substituents in the phthalic acid residue
significantly modulates the kinetic profile in aqueous media. For the first step (&), the 3'- and 5'-
isomers exhibit reduced reactivity (0.45-0.66% relative to DAFI), likely due to localized solvation
effects near the reaction center. Conversely, &' is enhanced for all derivatives (1.7-2.6x) owing to the
stabilization of the anionic transition state. The positional trend (3' < 5' < 4") reflects the efficiency of
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electronic communication through the sp*-hybridized C, bridge, where the inductive influence of the
nitro group is modulated by the specific geometry of the isomer [16].

In CTAB micellar solutions, the impact of nitro-substitution on k" follows a qualitative trend
similar to that observed in the homogeneous aqueous phase: a reduction in reactivity is observed for
the 3'- and 5'-isomers (0.73% and 0.45x, respectively), while the 4'-derivative remains practically
unaffected. However, the second hydrolytic stage (k") exhibits a more complex dependence on the
substituent position: the 3'-isomer shows a 1.56-fold enhancement in reactivity, whereas the 5'-
derivative demonstrates a modest decrease (0.84x).

This differentiation indicates that the micellar environment significantly influences the
manifestation of substituent effects. The enhanced kinetic selectivity (k." ki) for the 3'-nitro isomer is
likely due to its optimal orientation within the Stern layer of the cationic micelles, which facilitates the
second hydrolysis step. In contrast, the slight retardation observed for the 5'-derivative during the
second stage may be attributed to its less favorable solubilization site or deeper localization within the
micellar palisade layer.

In Ci»-Bn-Ch solutions, a notable inversion of the nitro-substitution effects appears to occur
relative to bulk water and CTAB micelles. While in the aforementioned media the 3'- and 5'-
substituents were found to retard the first hydrolytic step, in the presence of C,-Bn-Ch aggregates all
nitro-derivatives show an acceleration of &’ relative to the unsubstituted DAFI: 3' (5.70%), 4' (16.66x%),
and 5' (5.46x%). The second step (k) is enhanced in a similar manner, with acceleration factors ranging
from 6.69 to 13.98.

This behavior could potentially be interpreted in terms of a molecular recognition mechanism. The
benzyl moiety in the surfactant headgroup might engage in n-m stacking with the electron-deficient
phthalic acid residue of the substrate. Such interactions may preorganize the molecule, perhaps
orienting the ester groups more favorably for the nucleophilic attack of the hydroxide ion. The 4'-
isomer exhibits the most pronounced effect (a total 387x acceleration relative to DAFI in water),
possibly because its symmetric para-position maximizes the electronic polarization of the aromatic
system, thus enhancing its complementarity with the benzyl groups at the micellar interface.

Interestingly, the k,"k,;’ ratios in C;,-Bn-Ch tend to decrease toward unity: from 4.83 to 1.40 for the
3'-isomer and from 2.85 to 1.00 for the 4'-isomer. This observation might indicate a preferential
acceleration of the first hydrolysis step, which could be attributed to a high degree of structural
complementarity of the diacetate substrate within the organized assemblies. The 5'-derivative remains
an outlier, maintaining a higher ratio (3.10). This may suggest that its remote position preserves a
binding geometry favorable for the monoacetate intermediate, whereas substitutions at the 3'- and 4'-
positions might cause subtle geometric rearrangements that slightly alter the stacking efficiency after
the first ester bond is cleaved.

The calix[4]arene-based system C12-C4A-Ch displays a specific kinetic profile for nitro-
substituted substrates, which could potentially be attributed to a substrate-selective host-guest binding
mechanism. In this medium, all nitro-derivatives exhibit enhanced first-step rate constants, &', relative
to the unsubstituted DAFI, following the order: 4' (3.66x) > 3' (2.19x) > 5' (1.11x). However, the
second hydrolysis step, k', reveals a notable reversal: while the 4'-isomer shows a modest acceleration
(1.12x%), the 3'- and 5'-isomers appear to be retarded (0.59% and 0.85X%, respectively).

This behavior stands in contrast to the results obtained in C,-Bn-Ch solutions, which represent the
monomeric analog of the calixarene. In the monomeric system, all nitro-derivatives exhibit substantial
acceleration for both steps. The transition to the cyclic calix[4]arene architecture introduces a rigid
macrocyclic cavity that likely imposes certain geometric constraints. While this cavity might provide
an environment suitable for the neutral diacetate (facilitating k'), the structural rearrangement and
charge development in the monoacetate intermediate could potentially lead to a steric or electronic
incompatibility within the restricted space, perhaps hindering the second step for the 3'- and 5'-
isomers.

The mechanistic difference between the two steps is further supported by our previous studies of
the parent DAFI in calix[4]arene analogs with varying alkyl chain lengths from C3 to C12 [8]. These
studies suggested that while &' is relatively less sensitive to the hydrophobicity of the substituent, 4" is
markedly enhanced by increasing the alkyl chain length. This allows for the suggestion of a
mechanistic duality: the first hydrolysis step might be governed primarily by the cavity effect
(molecular recognition within the macrocyclic cavity), whereas the second step appears more sensitive
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to the collective aggregate effect, such as micellar-like electrostatic concentration of hydroxide ions.
The observed reversal of the substituent effect in C,,-C4A-Ch, which is absent in its monomeric
analog, could serve as an indication that the macrocyclic cavity plays a role in modulating the reaction
pathway for nitro-substituted fluoresceins.

The experimental data for nitro-substituted fluorescein esters in organized media demonstrate a
pronounced enhancement in catalytic efficiency, with rate constants increasing systematically across
the investigated systems. Specifically, the first hydrolysis step (ki") shows an acceleration of nearly
three orders of magnitude, reaching a 966-fold peak for the 3'-nitro derivative in C;,-C4A-Ch. These
findings illustrate a consistent hierarchy of catalytic activity (CTAB < C;-Bn-Ch < C;,-C4A-Ch),
where the complexity of the organized environment appears to correlate with the magnitude of the
kinetic response.

Importantly, this acceleration trend across the nitro-substituted series tends to confirm the general
catalytic frameworks established in our previous studies for the unsubstituted fluorescein diacetate.
The consistency of these results suggests that the presence of the nitro group, while modulating
individual rates, does not appear to alter the fundamental catalytic pathway provided by the organized
environment. This reinforces the hypothesis that the reaction is governed by an interplay between the
individual cavity effect (host-guest recognition) and the collective aggregate effect. The observed
patterns suggest that the initial stage of the reaction might be particularly sensitive to the specific
microenvironment and orientation within the macrocyclic cavity, whereas the subsequent hydrolysis
step is further enhanced by the collective properties of the supramolecular assembly, such as its
surface charge density and the resulting electrostatic concentration of hydroxide ions.

When placed in the broader context of supramolecular chemistry, these results could be considered
a notable advancement in the study of artificial catalytic systems. Our observed accelerations (10>-10%)
markedly surpass the 3—10-fold enhancements typical for traditional micellar systems, such as CTAB.
Furthermore, the efficiency of the C;,-C4A-Ch system exceeds the classical benchmarks for micellar
solution by achieving nearly 1000-fold acceleration, these choline-functionalized calixarene assem-
blies could be positioned among the efficient artificial esterase mimics reported to date [17,18].

Conclusions

The kinetics of the stepwise hydrolysis of 3'-, 4'-, and 5'-mononitrofluorescein diacetates were
investigated in organized aqueous solutions of CTAB, C1,-Bn-Ch, and the calix[4]arene C;,-C4A-Ch.
While the influence of the nitro groups in the residue of the phthalic acid on the reaction rate in
homogeneous water is relatively modest due to the lack of direct conjugation through the sp3-
hybridized C9 bridge, the organized microenvironments were found to markedly modulate these
intrinsic electronic effects. The catalytic efficiency followed a consistent hierarchy: CTAB <
Ci,-Bn-Ch < C,-C4A-Ch, with the calixarene-based system achieving a nearly 1000-fold acceleration
for the first hydrolytic step of the 3'-nitro derivative.

The structural rigidity of the calixarene macrocycle introduces a confinement effect, which likely
leads to substrate-selective binding and specific kinetic patterns for the monoacetate intermediates.
Overall, these findings suggest that structured supramolecular assemblies can approach the catalytic
efficiency and selectivity characteristic of enzymatic systems through substrate pre-organization and
multivalent interactions within specific microenvironments.
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[. B. XapueHko*, C. B. LLexosuos*, T. A. Yenneww*, P. B. Pogik, B. I. KanbueHko'. KiHeTuka cTagiiHoro rigponisy
AiaueTtaTiB MOHOHITpONyopecueiHy B OpraHisoBaHUX PO34MHaX.

" XapkiBcbKuii HaLjioHanbHWI yHiBepcuTeT imeHi B. H. Kapasina, nn. Ceo6oau, 4, 61022, Xapkis, YkpaiHa
T IHcTuTyT opraHiyHoi xiMii HAH Ykpainu, Byn. Akagemika Kyxapsi, 5, 02094, Kuis, Ykpaita

JocnigxeHo KiHeTUKy CcTagiiHOro ny>Horo rigponidy TpbOoX i30MepHuX AialeTtaTiB MOHOHITpodnyopecuei-
HY, WO MICTATb HITPOrpyny B 3anuky dTanesBoi KUCMOTKW, Y BOAI Ta OpPraHisoBaHWX BOAHMX PO34YMHAX KaTiOH -
HUX NMOBEPXHEBO-aKTUBHUX PEYOBMH i KaTiOHHOro kanikc[4]apeHy. Peakuis nepebirae 3a nocnigoBHUM [BO-
CTagiiHUM MeXaHi3MOM i3 YTBOPEHHAM MOHOALLETAaTHOrO MPOMIXKHOIMO NPOAYKTY, WO YiTKO iAeHTUdIKyeTbCS
cnekTpocoToMeTpu4HO. MOHITOPMHI MeToaoM crnekTpodoTOMETPIi y BUAMMIN ob6nacTi 4O3BONIMB OKPEMO BU-
3HAYUTM KOHCTaAHTU LWBUAKOCTI MCEBAONEPLUOro nopsaky Ans o6ox cragiv rigponisy. BctaHoBneHo, wo kaTta-
NiTMYHa edeKTUBHICTbL OpraHi3oBaHMX CUCTEM 3pOCTae y psay: uetuntpumeTtunamoHin 6pomig (CTAB) <
N,N-gumeTun-N-rigpokcieTnn-4-gogeumnokcmbeHaunamoHin xnopug (C1-Bn-Ch) < tetpaxnopug 5,11,17,23-
Ttetpa(N,N-aumeTun-N-rigpokcieTnnammoHin)meTtunen-25,26,27,28-tetpagoaeumnokcukanikc[4]apery  (Ciz-
C4A-Ch), npuyomy cakTopy NpUCKOpPeHHHA Ansa 3'-HiTponoxigHoi JocaralTb Mawxke Tpbox nopsAakis. MNono-
YKEHHS HiITpO3aMiCHMKa CYTTEBO BMAMBAIIO HA BiAHOCHI LWBMAKOCTI A4BOX CTaAil rigponisy, Ae chiBBigHOLWEHHS
BM3HaAYyanocs noefHaHHAM BHYTPILUHIX ereKTPOHHMX edpekTiB Ta NMpUPOAM OpraHi3oBaHOro cepefoBuLia.
OTpumaHi pesynbTaTu cBigyaTb Npo Te, WO CynpaMorekynapHi aHcambri Ha OCHOBI MOXigHMX KanikcapeHis
CTBOPIOIOTb BMCOKOE(EKTUBHE MiKpOocepeaoBuLe ANS Tigponidy ecTepiB, iMOBIPHO, 3aBASAKW CUHEpPTii Mix
crneum@ivyHUM po3nisHaBaHHAM «FiCTb-rocrnofap» ycepeauHi MakpoLMKIiB Ta KONMEKTUBHUMU eNeKkTpocTaTtu-
YHUMUK edhpeKkTamMmn Ha MexXi nodiny arperaris.

Knroyoei cnoea: moHoHimpogpriyopecueiH, 2i0poniz ecmepis, MiuyenspHul kKamarnis, KamioHHi Kani-
KcapeHu, opaaHi3oeaHi pO34UHU, pO3ri3HagaHHs1 20crnodap-aicme.

KoHopnikm inmepecie: Asmopu rnogidomnsirome npo 8idcymHicmb KOHGbIKmMy iHmepecis.
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T.A. Yennew: koHuenTyanisauiq, 3aranbHe KepiBHULTBO, peLeH3yBaHHA Ta pedaryBaHHA TEKCTy CTaTTi.
C.B LllexoBuUoB: gocnigxeHHs, Bidyanisauia. P.B. Pogik: gocnigxeHHs, Bidyanisadis, dpopManbHUii aHanis.
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Purification of water from heavy metal ions is an urgent environmental problem. An actively studied method for
this is the binding of metal ions by means of natural materials like plant proteins, as well as engineered materi-
als like functionalized carbon allotropes. Carboxyl, thiol, amino groups are capable of complexing with metal
cations, which leads to the removal of pollutants from water. Computational chemistry methods including classi-
cal molecular dynamics modeling are actively used in search of suitable materials. The paper evaluates the cor-
rectness of reproducing binding free energies of a number of divalent metal cations with functional groups found
in amino acids using OPLS-AA force field. Both standard built-in and recently used potential models of cations
are considered. Comparisons are made with respect to experimentally measured stability constants of modeled
complexes or their structural analogues. Calculations of free energies are performed by the method of alchemi-
cal transformation. It is shown that despite the validity of the potential models, the binding free energies to func-
tional groups of amino acids are generally poorly reproduced: strongly overestimated for the carboxylate group,
underestimated for the thiolate and amino groups, and incorrect for imidazole. This indicates that OPLS-AA
force field should be used with caution for calculation of the energy characteristics of metal binding. The way to
fix potential models in order to accurately reproduce experimental values is outlined and applied to four cation —
ligand complexes.

Keywords: free energy, molecular dynamic simulation, protein macromolecule, heavy metals, stability
constant of complex.

Introduction

Divalent and polyvalent metal ions is an object of continuous investigation. Among the variety of
reasons, their physiological activity is to be mentioned. On the one hand, some metals have essential
biological roles, e.g. Cu*" and Zn*" serve as cofactors in enzymes. On the other hand, the so-called
heavy metal ions constitute an important group of water pollutants. In general, this group includes ions
of metal elements with high density, molar mass and atomic number, in particular Cu, Cd, Sn, Hg, Pb.
Upon entering animals and humans even in low amounts they can cause a wide range of pathologies.
At the same time, due to the functioning of industrial facilities, especially in emergency situations,
these metals can enter natural waters and then drinking water or food. This justifies the urgency of the
problem of purifying water from heavy metal ions. [1,2]

A promising and actively studied method is the use of proteins present in plant materials to bind
these ions. Firstly, due to the presence of carboxyl, peptide, thiol groups etc., protein macromolecules
are able to form complex compounds with metal ions as ligands. Secondly, if the macromolecule has a
net negative charge, metal cations are adsorbed in the electric double layer of the protein. [3] In gen-
eral, the ability of a protein to bind metals depends on its amino acid composition and spatial structure.
Due to the low concentration of metal ions in polluted waters, the experimental determination of bind-
ing characteristics requires the use of analytical methods with a sufficiently low limit of detection. In
addition, understanding the binding process at the molecular level will facilitate the selection of pro-
teins for this task. This emphasizes the feasibility of using computational chemistry methods to study
the problem.

Currently, molecular docking and classical molecular dynamics modeling methods are actively
used to study the binding of metal ions by protein macromolecules. The geometry of the complexes is
reproduced, it is possible to predict the influence of bound metals on the spatial structure of the macro-
molecule, and compare the binding ability of different cations. [4,5] However, an issue of fundamental
importance is the possibility to calculate energy characteristics of the process, since it is the change in
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free energy upon binding that is the key characteristic that determines binding constants, ion exchange
constants, and other experimentally observed quantities.

This work is the continuation of the previous research on the topic. [6] There, the problem was con-
sidered from a general perspective. Namely, binding of individual functional groups of natural amino
acids with heavy metal cations was investigated. The method of choice was classical molecular dy-
namics simulation with explicit solvent; a set of novel potential models for metal cations developed
within AMBER force field was under validation. Rather poor match between predicted and experi-
mental binding free energies was found for all studied functional groups.

Here, that study is advanced by considering another popular force field, namely, Optimized
Potentials for Liquid Simulations — All-Atom (OPLS-AA). While AMBER is optimized for
biomolecules, OPLS-AA is often chosen for multifarious organic materials, in particular carbon
allotropes and their derivatives. [7—12] Several potential models of metal cations are validated, which
were recently employed in a number of studies. This includes models of such essential contaminants
as Cd*", Hg*, Pb*, which were not examined in the previous work. It will be shown that calculated
values of binding free energy are as distorted, as it is with AMBER force field. However, the
distortion may easily be corrected by tuning parameters of the metal — functional group interaction.
This paves the way to correct available potential models in order to study metal binding to various
ligands and materials.

Theory

The simulations were performed using GROMACS 2024.3 software package. [13] Standard condi-
tions (temperature 25°C, pressure 1 bar), three-dimensional periodic boundary conditions, and a time
step of 2 fs were specified. Electrostatic interactions were calculated using the Ewald particle mesh
method, and van der Waals interactions were truncated at a distance of 1 nm. The simulation cells had
a cubic shape (size 3x3x3 nm’), contained a ligand with a functional group, a metal cation, and water
molecules. Five functional groups that have a negative charge or contain highly electronegative atoms
were studied: COO™, NH,, CONH,, S~, and the imidazole ring Im, Table 1. The free valence of each
group was occupied by a methyl group CH;. The protonated thiol group SH is electroneutral and con-
tains an S atom with a moderate negative charge and electronegativity, so it was not studied.

In the initial configuration, the metal cation was positioned near the most electronegative atoms of
the group. Fig. 1 shows the location of various ligands near the cation after energy minimization using
the example of the Pb** ion.

Table 1. Simulated functional groups and ligands

functional group simulated ligand corresponding amino acids
carboxylate COO~ acetate anion CH;COO~ glutamic and aspartic acids
thiolate S~ methylthiolate anion CH3S~ cysteine

amino NH, methylamine CH;NH, lysine, arginine

amide CONH, acetamide CH;CONH, glutamine, asparagine
imidazole Im 4-methylimidazole CH;C;N,H; histidine

Figure 1. Placement of a Pb* ion and ligands in initial configurations for simulations. Acetamide was placed
similarly to acetate ion.

Several cations were examined, with potential models of different origin. On one hand, it is the
models employed in recent studies of metal binding: Cu**, Co**, Zn*", Cd**, Hg*", Pb*". [7-12] On the
other hand, it is the models already available in the force field distribution: Fe**, Cu*, Sr**, Ba*', Ca*',
Mg**. While calcium and magnesium are not heavy metals, the respective cations are common compo-
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nents of natural and industrial waters, so were embraced by the present study, as well. Water was de-
scribed by the TIP3P potential model since it was targeted during the cations’ parameterization. The
ligands were described by parameters taken from the OPLS-AA force field. The atomic types and
point charge values of the atoms of the functional groups corresponded to their values in amino acids.
The only exception was thiolate S-, where improved Lennard-Jones parameters for S atom were used.
[14]

Energy minimization was performed for the initial configuration. After that, simulations of the
binding process were carried out for each cation—ligand pair. Using the thermodynamic cycle, AG of
the studied process was represented as the negative sum of the AG of two stages, Eq. 1:

1) disappearance of the ion M bound to the ligand L from the solution;

2) appearance of the ion M in water (i.e., its hydration).

ML (aq) - M (g) + L (aq), AG,
M (g) +aq — M (aq), AG,
M (aq) + L (aq) — ML (aq), AGpina=—(AG, + AG) €))

Thus, at the first stage, the initial state of the system contained a ligand and an ion interacting with
the environment, and the final state contained the ligand and the ion that does not interact with the rest
of the particles. At the second stage, the initial state contains water and an ion that does not interact
with it, and the final state contains water and the ion hydrated.

For the calculations of AG at each stage, the alchemical transformation method was used, in which,
in addition to the final states, intermediate states are also considered. They do not have physical coun-
terparts (hence the term "alchemical"), but their consideration reduces the error in determining AG.
The intensity of interactions between the ion and the environment is determined by the coupling pa-
rameter A, which ranges from 0 (original intensity) to 1 (fully turned off) through intermediate values
(corresponding to a weakened interaction). Twelve intermediate states were considered for both
stages. In general, states with the following values of the parameter 4 were modeled: (0, 0); (0, 0.1);
(0, 0.2); (0, 0.3); (0, 0.4); (0, 0.5); (0, 0.6); (0, 0.7); (0, 0.8); (0, 0.9); (0, 1); (0.4, 1); (0.8, 1); (1, 1),
where the first number is the value of 1 for van der Waals interactions of the ion with the environment
and the second is for electrostatic ones. In each state, the system was simulated for 4 ns under standard
conditions (temperature 25°C, pressure 1 bar). The actual calculation of AG was performed using the
Bennett acceptance ratio method as implemented in the gmx bar program. The trajectory interval of
0-2 ns was discarded as equilibration of the system.

In states with sufficiently weakened interactions the cation is no more forced to stay near the func-
tional group and freely moves in the simulation cell. This is observed in cases of non-weakened inter -
actions, as well, if binding between the two species is energetically not favorable. As it is not known
beforehand, which simulations would exhibit dissociation of the complex, both species were restrained
at their initial positions at all values of 1. The ligand was restrained by harmonic potential with a force
constant of 500 kJ/(mol-nm), while for the cation, a flat-bottom restraint was chosen, as it affects the
system’s dynamics to lesser extent than a standard harmonic restraint. There, no force was exerted on
the cation when it stayed within 0.1 nm of its initial position. Beyond this range, a harmonic potential
with a force constant of 500 kJ/(mol-nm) was applied to the cation. Its magnitude was calculated for
metal — ligand distance reduced by 0.1 nm in order to make the potential energy a continuous function
of the distance.

Results and Discussion

The immediate results of alchemical free energy simulations obtained with the considered set of
potential models are collected in Table 2.
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Table 2. Calculated alchemical free energies (kJ/mol)

cation -AG, AG,
COO S NH, | CONH, Im

external parameters
Cu* 17559+0.5 | 1800.2+0.7 | 17854+0.3 | 17556 £0.2 | 1740.2+0.5 | 1732.6+0.3
Co™ 1679.4+0.2 | 1717.2+13 | 1712.5+1.0 | 1679.3+0.3 | 1665302 | 16559+0.6
Cca* 1680.1+0.3 | 1717.1+0.8 | 17145+0.3 | 1680.4+04 | 1663.5+0.5 | 1658.4+0.6
Zn* 1732.2+04 | 1770.2+0.7 | 1761.6+1.0 | 1732.1+0.3 | 1717.0+£0.6 | 1708.5+1.0
Pb** 1349.0+0.3 | 1362.6+0.8 | 1353.7+0.4 | 13483=+0.5 | 1346.2+0.1 13457+ 0.7
Hg* 1669.2+0.2 | 1704.4+1.1 1703.4+0.4 | 1669.2+04 | 1657.1+0.7 | 1641.4+0.7

built-in parameters
Cu* 1572.0+0.5 | 1610.7+0.4 | 1595.4+0.4 | 1571.7+0.3 | 1567.5+0.6 | 1567.7+1.0
Fe? 1659.9+0.2 | 1695.5+0.7 | 1694.0+0.5 | 1659.2+0.5 | 1643.7+04 | 16443+1.2
Mg** 1817.3+0.3 | 1853.4+0.7 | 1842.0+0.2 | 1816.6+0.5 | 18155+0.7 | 1792.8+0.8
Ca* 14952+04 | 15209+04 | 1509.1+0.5 | 14944+1.1 | 1491.7+0.2 | 1490.4+0.5
Sr* 1347.6+0.4 | 1359.3+0.4 | 1353.0+0.2 | 1345.8+0.5 | 13433+03 | 1340.8+0.6
Ba** 12151404 | 1220.7+0.6 | 12187+0.5 | 12153+0.5 | 1212.6+03 | 1211.5+0.2

The final obtained AG. values are collected in Table 3 and represented visually in Fig. 2.
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Figure 2. Binding free energies of a series of divalent cations to various functional groups. The
cations described with built-in potential models are underlined.

According to the simulation results, metal cations interact most strongly with deprotonated car-
boxyl group COO~, which is probably provided by its negative charge. Highly intense interaction is
observed for transition metals and Mg”" (AGyi.a of = -40 kJ/mol), while for alkaline earth metals and
Pb** the interaction is much weaker (AGping 0f -26 to -6 kJ/mol).

The interaction energy of cations with thiol group S~ generally follows the trend of COO™ group.
For most metals, AGj;q is 10-15 kJ/mol lesser than that with COO~ group, while for Co*", Cd**, Hg™",
Fe*', and Ba®' the two are very close.

Interaction of metal cations with all other groups is found energetically unfavorable with A Gpina
ranging from 0-5 kJ/mol for NH; and SH groups to >10 kJ/mol for amide group CONH; and imida-
zole ring Im when bound to transition metals. This means it is energetically more favorable for the
metal cation to have a complete hydration shell and stay in bulk solution than to replace one or several
water molecules with these functional groups.
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Table 3. Calculated AGj. of divalent cations with ligands containing amino acid functional groups (kJ/mol)

cation AGhina
coo | S | NH, | CONH, | Im

external parameters
Cu* -44.3 -29.5 0.3 15.7 23.3
Co* -37.8 -33.1 0.1 14.1 23.3
Cd* -37.0 -34.4 -0.2 16.7 13.8
Zn*' -38.0 -29.4 0.1 15.2 23.7
Pb*" -13.6 -4.8 0.7 2.8 3.3
Hg** -35.2 -34.2 0.0 12.1 19.9

built-in parameters
Cu* -38.7 -23.4 0.3 4.5 32
Fe? -35.6 -34.2 0.7 16.2 15.1
Mg* -36.1 -24.7 0.7 1.8 22.1
Ca™ -25.6 -13.9 0.9 3.5 4.5
Sr* -11.8 -5.4 1.8 4.3 4.9
Ba® -5.6 -3.6 -0.2 2.5 2.8

In laboratory practice, the process of binding of a metal ion to a compound in 1:1 stoichiometry is
quantitatively described by the first stability constant of the complex £, Eq. 2. Numerous values of 5,
are available in the literature, so the obtained values of AGy.« can be compared with the experimental
data to check their correctness. In several cases, the comparison had to be made with some structurally
similar ligand, provided the binding occurs through the same functional group. The corresponding data
are given in Table 4.

M (aq) + L (aq) 2 ML (aq),

ﬂ], AGb,'nd:—RTll’lﬂl

Table 4. Comparison of experimental and calculated binding free energies (kJ/mol)

2

cation experimentally examined | 1g £ AGhing exp AGhind catc
ligand
ligand CH;COO™
Cu* CH;COO~ 1.7-2.66[15,16] -9.7--15.17 -44.3 (external)
-38.7 (built-in)
Zn* CH;COO~ -0.15-1.04[16] -0.86 —-5.94 -38.0
Cd* CH;COO” 0.74 - 1.38 [16] 4.22 —-7.88 -37.0
Pb** CH;COO~ 2.2 [15] -12.6 -13.6
Hg* CH;CO0O” 4.65-5.89 [16] -26.55 —-33.62 -35.2
Ca* CH;COO~ 0.45[15] -2.57 -25.6
Mg** CH;CO0O~ 0.47[16] -2.68 -36.1
ligand CH;S™
Cd* cysteine anion 10.3 [17] -58.8 -34.4
Hg* cysteine anion 142 -37.8[17] -81.1--215.8 -34.2
Pb** cysteine anion 13.16 [16] -75.13 -4.8
13.85[17] -79.07
ligand CH;NH,
Cu* CH;NH, 4.11[18] -23.47 0.3 (external)
0.3 (built-in)
Co* C;H;NH, 2.12[16] -12.10 0.1
Zn*" C,HsNH, 2.30[16] -13.13 0.1
cd* CH:NH; 2.75[18] -15.70 -0.2
Hg* CH;NH, 8.7 [18] -49.7 0.0
ligand CH;CONH,
Ca® H,NCONH, -0.28 [16] 1.60 3.5
Mg* H,NCONH, -0.31 [16] 1.77 1.8
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ligand Im
Cu** 4-methylimidazole 4.13[19] -23.58 24.9 (external)
I-methylimidazole 4.22 [19] -24.09 3.2 (built-in)
imidazole 4.2-4.6[16,19] -24.0 —-26.3
Co™ imidazole 2.23-2.43[16] -12.73 —-13.87 233
Zn* imidazole 2.60 [16] -14.84 24.1
cd* imidazole 2.66 —2.71 [16] -15.19 - -15.47 13.8

It can be seen that in the case of the COO™ group, the discrepancy is multifold towards overestima-
tion and reaches tens of kJ/mol, a notable exception being Hg*" cation. This indicates a systematic er-
ror in reproducing the balance of interactions in these solutions. Its cause cannot be explained only by
the high intensity of interactions with negative charged ligand, since the results for another anionic
group (S°) exhibit discrepancy of the opposite character (towards underestimation). This effect regard-
ing the interaction with acetate ion was previously discovered for other metals and potential models.
To correct it, reducing the charge of the cation and/or the ligand it has been suggested. [20] Here it is
shown that the studied potential models are affected, as well. The amide group binds very weakly to
metal cations in both the experiment and the simulation.

Oppositely, binding free energy with thiolate group S~ is severely underestimated. The discrepancy
may be partly caused by the difference in structure and binding mode between cysteine anion and sim-
ulated CH3S™ anion. However, for the compared cations, coordination through S~ is the most important
contribution, which justifies the comparison. [21-23]

On the other hand, no binding was predicted between the metals and amino group, which is not
true. For the case of imidazole and its derivatives, the simulations demonstrate strong energetic disad-
vantage of binding, although the experimental data indicate the formation of moderately stable com-
plexes. The trend is consistent for all metals. Further, previously it was shown that computed A Gy
value does not significantly depend on the initial configuration of the simulated complex. [6] Hence,
the imidazole model is likely the reason of the discrepancy.

Summarizing, it is seen that regardless the chosen force field, available models of metal cations
struggle to correctly reproduce binding free energies to important functional groups. Previously, it was
shown that the error persists in complexes with coordination number 2, as well. [6] This hinders com-
putational studies of metal binding to a variety of ligands and severely limits application of molecular
dynamics in research of water treatment, complexation etc. Therefore, it is of interest to discuss the
possible remedies to this problem. For thiolate group, incorporation of electronic polarizability was
shown to improve the accuracy of binding energies to Cu” and H'. [14] However, fixed-charge force
fields are still a prevalent choice in the literature, so it is reasonable to focus on them here.

At given conditions, provided correct simulation setup, the results of a classical MD simulation are
determined by the totality of interaction parameters between atoms in the system. Conventionally, the
parameters are calculated on the basis of parameters, assigned to each of interacting atoms; the latter
usually are fixed electric charge and characteristics of the Lennard—Jones potential ¢ and . In particu-
lar, in OPLS-AA force field, the van der Waals interaction between two atoms i and j is computed us-
ing the so-called geometric combination rule, Eq. 3

- 12 - 6
™ ™
] [ o, e
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\ Ty Vi)
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Using validated potential models prohibits tweaking individual parameters of atoms because this
would break the models’ validation. However, in principle, one is free to adjust the parameters of in-
teractions of pairs of atoms by overriding the combination rule. Here this approach is explored for sev-
eral metal — ligand pairs and found to be rather effective, Table 5. For each considered system, the ad -
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justment was done in iterative way. The interaction between the cation and the donor atoms of the lig-
and was tuned, and its initial values of ¢; and ¢; were found using the combination rule (Eq. 3). Sev-
eral (2-3) options with somewhat reduced or increased o; (by less than £0.1 nm) were simulated, and
the effect of the adjustments on AGpiw e guided the choice of the next o;; values to try. For the case of
Cu*" with 4-methyl-imidazole, tweaking of ¢; in addition to o; appeared necessary. In each case, no
more than 6 trials were enough to get the final parameters.

Table 5. Refined parameters for some cation — ligand interactions

cation ligand interaction oy, M &y, kJ/mol AGhing expy K/ AGhind caics
mol kJ/mol

Cu* CH;COO" Cu*" - O (both 0.2484 2.0472 -9.7--15.17 -11.7
atoms) — (0.263 (no change)

Cu* CH;NH, Cu* -N 0.2603 1.8419 -23.43 -26.8
— 0.236 (no change)

Cu® 4-methyl-imida- | Cu* — N (both 0.2603 1.8419 -23.55 -22.3

zole atoms) — 0.22 — 40

Pb* CH;S™ Pb* - S 0.3674 0.2297 -78.96’ -79.6

— 0.32 (no change)

" corresponds to cysteine anion.

Importantly, this approach is safe and does not affect the performance of the individual cation and
ligand potential models. The corrected parameters may be employed in simulations of cations’ binding
to various materials functionalized with these groups.

Conclusions

Using classical molecular dynamics simulation, the free energy change A Gy;,s upon binding of a se-
ries of divalent metal cations to a set of functional groups present in natural amino acids was evaluated
using OPLS-AA force field. Despite the fact that the applied potential models are validated and com-
monly used, the AG,;.« values generally do not correspond well to the experimental data regarding the
stability constants of the complexes. The most reasonable reproduction was observed for thiolate
group S, but the AG.» values were systematically underestimated. On the contrary, the calculated
binding energies with carboxylate group were extremely overestimated. Binding with amino group
and imidazole was found to be energetically unfavorable, although experimental data indicate forma-
tion of complexes. Thus, the obtained data emphasizes the need for careful application of molecular
dynamics modeling with OPLS-AA force field for quantitative estimation of binding energy of metal
cations to proteins and similar materials. Successful prediction of AG.s requires careful selection of
the force field or correcting existing potential models.
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B. C. ®apacoHoB. BinbHi eHeprii 38’a3yBaHHS ABO3apsAHNX KaTiOHIB i3 (OYHKLiOHaNbHUMK rpynamn amiHOKUCNOT
y cunosomy noni OPLS-AA.

XapkiBcbkuin HauioHanbHuUi yHiBepcuteT imeHi B.H. KapasiHa, HaB4anbHo-HaykoBui iHCTUTYT Ximii, nn. CBobo-
an 4, 61022, XapkiB, YkpaiHa
ACTOHCBKMI YHiBEpCUTET, pakynbTeT matemaTtukm, bipminrem B47ET, CnonyyeHe KoponiBcTBo

OuucTtka BOAM BiA iOHIB BaXKKUX MeTaniB sABNsie co60 HaranbHy eKonoriyHy notpeby. AKTMBHO JOCHIAXY -
I0TbCA MeToAM 3B’SA3yBaHHS iOHIB MeTarniB 3a 4OMOMOrol NpMpPoAHNX MaTepianiB, TakMx sk POCINUHHI 6inku, a
TaKoX LUTY4YHUX MaTepianis, Hanpuknag yHkUioHanisoBaHnx anoTponHmMx moaudikauin Kap6oHy. Kapbokcu -
NbHi, TiONBHI, aMiHOrpynu 3gaTHi 4O KOMMNIEKCOYyTBOPEHHS 3 KaTioHaMu MeTanis, Wo NpM3BOAUTL A0 Buaane-
HHA 3abpyaHeHb i3 Boan. Metoamn obumncnoBanbHOI XiMil, BKINIOYHO 3 KNaCUYHUM MOMEKYNSpHO-ANHaMIYHUM
MOJENOBaHHAM, aKTUBHO 3aCTOCOBYKOTbLCH Nig 4Yac NOLWyKy npuaaTHMX maTepianis. Y ctaTtTi nepesipeHa
NPaBuWIbHICTb BiATBOPEHHS BiMbHUX €HEpPrin 3B’A3yBaHHA pagy ABO3apagHWMX KaTioHIB meTanis i3 dyHK-
LioHanbHUMK rpynamu, HasBHMMW B aMiHOKMCINOTaXx, i3 BUKOpUCTaHHAM curnoBoro nona OPLS-AA. PoarnsHy-
Ti Ik cTaHAapTHIi BOYgOBaHi, Tak i cy4acHO 3acTocOoBaHi noTeHuianbHi mogeni. NMpoBeaeHe NOPIBHAHHS 3 eKC-
nepuMeHTanbHO BUMIPSHUMM KOHCTaHTaMW CTIAKOCTI MOAENbOBAHMX KOMMNEKCiB abo iXHiX CTPYKTYPHUX
aHanoris. Po3paxyHKu BiflbHUX eHeprin BMKOHaHi MeToAOM anxiMiYHOro neperBopeHHs. MokasaHo, Wo He-
3BaXalouu Ha BanigHiCTb NOTeHUianbHMX MoAdenen, BinbHi eHeprii 3B’A3yBaHHA 3 (PyHKUiOHaNbHUMK rpynamMmu
aMiHOKMCNOT 3aranom BiATBOPIOIOTLCHA MOraHo: CUIbHO nepebinblueHi Ana kKapboKCUNbHOI rpynu, 3aHWXEHI
AN TionaTHOI Ta amiHOrpynu, HeKOpPeKTHI Ans imigasony. Lle Bkasye, wo cunose none OPLS-AA cnig 3a-
CcTOoCcOBYyBatTM 3 OOEpexHiCTIO AN po3paxyHKy EeHEepreTUYHUX XapakTepuUCTUK 3B’A3yBaHHS MeTanis.
MokasaHuni cnoci6 BMNpaBMTKM NOTEHUianbHi Mogeni Ansi TOYHOro BIATBOPEHHS EKCMepUMeEHTalbHUX
3Ha4eHb, BiH 3aCTOCOBaHMMN 4O YOTUPbOX KOMMIIEKCIB KaTiOH — niraHA.

Knroyoei cnoea: ginbHa eHepeis, MoneKynspHo-OuHaMidyHe MOOest08aHHs, MakpoMmosieKyna binka, 8axki
Memaru, KoHcmaHma cmilKkocmi KOMIIeKcy.

KoHndgpnikm inmepecie: Aesmop nosidomrisie npo 8idcymHicme KOHGMIKmy iHmepecis.
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COJIbBATOXPOMHI E®EKTV BAPBHUKA PAUXAPATA TA
4-[[(2,4-ONHITPO®EHINMT)METU/IEH]IMIHO-2,6-AU®EHIIJOEHONY
B IHAMBIAYAJIbHUX PO3YNHHUKAX TA B BOAJHO-OPFTAHIYHUX CYMILLAX:
CTPYKTYPHI OCOB/INBOCTI BOAHWUX PO34YMHIB HEENEKTPOJIITIB

€. 0. CepreeBa®, A. 0. BonkaHoBa®, C. M. Kiiiko®

Xapkiecbkull HauioHanbHUl yHigeepcumem imeHi B. H. Kapasina, nn. Ceobodu, 4, 61022 Xapkis,
YkpaiHa

a) [ y.o.serhieieva@karazin.ua https://orcid.org/0009-0002-9929-563X
b) < anna.volkanova151013@gmail.com https://orcid.org/0009-0009-5049-3812
c) [ s.m.kivko@karazin.ua https://orcid.org/0000-0002-1161-5866

HocnimkeHo conbBaTOXpoMHi edhekTn 2,6-gudpeHin-4-(2,4,6-tpudeHinnipnanHin-1-in) denonary (Ind 1) i 4-
[[(2,4-pyHiTpodeHin)meTuneH]imiHo-2,6-andeHin]deHony (Ind 2) B 28 iHaMBigyanbHUX po3yMHHMKax Ta B 18
GiHapHUX BOOHO-0PraHiyHUX cymiluax.

BcTaHoBneHo, Wo B iHAMBIQyanbHMUX po3ynHHukax Ind 1 i Ind 2 nposBnsaoTb NpubNM3HO 0QHAKOBWIA XapakTep
3MiHM CONbBaATOXPOMHUX edeKTiB Npu nepexoi Big 04HOro A0 iHLOro Po34YMHHMKA, 3@ BUKITHOYEHHSM BOAW, B
AKin Ind 2 nposBnsie aHoManbHO Manuin conbBaTOXPOMHUIA edekT, B NopiBHAHHI 3 Ind 1. Lia aHomania nos’s3a-
Ha 3 TMM, WO BOoAa, 3a paxyHOK rigpaTtauii moxe ctabinisyBatu 30ymkeHun ctaH Ind 2, B To yac sk y Ind 1
cTabini3yeTbCa BUKIMHOYHO OCHOBHUIN CTaH.

BcTaHoBneHo, wo B OiHapHUX BOAHO-OpraHiyHMx cymiwax Ind 1 mano npugatHui Ons gochigkKeHHs
conbBaTauiHOI 3A4aTHOCTI BOAHO-OpraHivyHMX CyMillen, B Tov Yac sk Ind 2 nposBnse cneundivyHy ocobnmeicTb —
piske nagiHHs Er, Nnpu neBHUX iX cknagax, 4O 3Ha4yeHb, XapaKTepHUX AN YncTol Boau. 3pobreHo npunyLLeHHs,
LLO MOCTiNHe 3HaYeHHsA Er nicnga pi3koro nafiHHA Noe’dA3aHe 3 MOXIMBUM iCHYBaHHSAM MpU LMX cKnagax Mikpo
reTeporeHHoi CTpykTypu GiHapHOi cymilli, npu sikiin iCHYOTb MIKpo obnacTti Boau, B sikux 3bepiraloTbCs sik
CTPYKTYpHI (H-3B'A3kKn), Tak i rigpaTtauiiHi BnactMBocCTi ynctoi Boaun. Piske nagiHHA Er MOXNUBO MNoB’dA3aHe 3i
3MiHOIO rigpaTHOI OBOMOHKM HaBKOMO (HEHOMNSATHOro atoma KUcH Ind 2 B OCHOBHOMY CTaHi Ha rigpaTHy
060NOHKY HAaBKOJO HiITpodparMeHTa B 30yIpkeHOMY CTaHi, sika XapakTepHa A1 YNCToi Boau.

Keywords: conbeamoxpoMHi iHOUKamopu, CO/b8aMOXPOMHI echekmu, conb8amyroda 30amHicme,
CONIb8AMOXPOMHI nepemukadi, biHapHi po34UHHUKU, 8UBIpKO8a coslb8amauisi.

Bctyn

[Jana po0oTa € 4aCTHHOIO TOCHIKEeHb MOJSPHOCTI 3MIlIaHUX BOJAHO-OPTaHIYHUX PO3YMHHHUKIB Pi-
3HOI PUPOAM 3 BUKOPUCTAHHSAM CTaHIAapTHOTrO OeraiHoBoro OapBHMKa Paiixapara (N-heHOKCimupH-
IHIEBHA OeTaiH, 2,6-mudeHin-4-(2,4,6-tpudenimmpuauniii-1-in) denonsar) - mami Ind 1 [1] (puc. 1)
Ta 4-[[(2,4-muHiTpOodeHIT)MeTHIIeH [iMiHO-2,6-tudenin|penony (nani Ind 2) [2] (puc. 2).
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Puc. 1. Ocuosunii () Ta 30ymxennii (I1) cran usitrep-ionis Ind 1. [1]
Fig. 1 Ground (I) and excited (II) state of zwitterions of Ind 1 [1]
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ConpBaroxpomHi edexTu OapBHuKa Paiixapara ...

I

Puc. 2. Ocnosnuii (111) Ta 30ymxenunii (IV) cran anionis Ind 2 [2]
Fig. 2 Ground (III) and excited (IV) state of anions of Ind 2 [2]

[Tixg monsipHICTIO pO3UMHHUKIB Ma€eThCs Ha yBasi iX colibBaTalliifHa 3[aTHICTh, B KOHKPETHOMY BH-
najaKy 37aTHICTb cONbBaTyBaTH LBiTTep-ioHM Ind 1 Ta anionu Ind 2 B ocHOBHOMY Ta 30y KEHOMY
CTaHi, 10 MPHU3BOJIUTH O TOTO ab0 IHIIOTO CTYNEHIO YCKIAAHEHHS eNEKTPOHHUX MEePEXO/IiB y MoJIe -
Kynax OapBHHKIB 10 BiJHOIIEHHIO JI0 HOTO CTaHy y BaKyyMi.

VY naniif poboti Mu OyZeMo 0OrOBOPIOBATH €KCIIEPUMEHTAIbHE JOCIIIKECHHS MOJIIPHOCTI YUCTUX
PO3UMHHUKIB Ta BOJHO-OPTaHIYHHUX CyMillIel y Bcii oOmacri ix cknany y Benmmunaax Er(30) i Er.

Ockinbku s Ind 1 mapamerp Er(30) mocmimkenuit Oinbine, HiX s 270 9UCTHX PO3YNHHUKIB
[1, 3-7] 1 BenuKo1 KibKOCTI pi3HUX OiHApHUX cymimei [6, 8-33], To MoBa Oyne WTH, B OiibLIii Mipi,
mpo Ind 2.

ExcnepuMeHTasibHa YaCcTUHa

Ind 2 OyB cuHTe30BaHMI 32 METOAMKOO, SIKA OIMMCaHa B OPUTiHAIBHIA poOoTi [2]. YuctoTy Ind 2
OyJio miATBEpIDKEHO elleMeHTHHM anaiizoM T1a SIMP-cnekrpockomiero. Ind 1 (Gerain Paiixapara,
Sigma-Aldrich, 90%) BukopucToByBanu 06€3 JOJATKOBOTO OYMINEHHS Ta aHaiizy. OpraHiuHi po34uH-
HHUKH OYMIIATH 32 3arajbHO NPUHHATUMH METOIUKaMH. BMiCT BOOM B OCTaHHIX CKJIaJaB B CEPEIHBO -
my He 6imbire 0,02 mac. %. Bcei iHmi pearenTr Oyiy aHAMITHYHOTO Kiacy. s MpUroTyBaHHS pPO3UH-
HIiB BUKOPUCTOBYBaJacs JICiOHI30BaHA BOJIA, SIKY OTPHUMYBAJI Ha YCTAaHOBIIi, TIOBHICTIO BUTOTOBJICHIH
3 KBap1ly.

CriekTpy TIOTJIMHAHHS YCIX JOCHI[DKEHHX CHCTeM OyJIM OTpHMaHi Ha CHeKTpodoToMeTpi
HITACHI-3210 mpu Temneparypi 25+0,1°C. Yci po3unH# A7l CHEKTPaIbHUX JOCIiKEHb TOTYBaU-
Cs BaroBMM METOJIOM Ha aHATITUYHUX Barax. 3 moyatky rotysand 1,0:10° M posuun BiamosigHoro
OapBHHWKa y BOJI, B IKOMY, JJISl IETIPOTOHYBaHHs MOJIEKYN OapBHUKA, KoHIEeHTpanis NaOH cranoBmina
1,5-10° M. Tlicns uporo 0,5 Mit po3unHy Binbupanu B Koaby Ha 25 MII, 3BaKyBalu Ta J0JaBAIU Bil-
NOBiJHI HABa)KKW BOJH Ta HEBOJHOTO KOMIIOHEHTA I OTPUMaHHS CyMillli 331aHOTO CKJIAdy, B SIKid
KOHLIEHTpallis GapBHHKa Oyna nmopsaaky 2-10° M. IToxuOka oGuMCIeHHs CKIamy OiHapHHMX CyMilnei
cknagana He outeiie £0,01 moi. %.

[Mapametp Er OyB po3paxoBaHHii 32 HACTYITHOIO (POPMYJIOIO:

hcN
Fymhy e 2850

max max

Jie v — 4acToTa, ¢ — IBHAKICTB cBiTia, N, — uncio ABoraapo, 4 - mocriiina [lnanka, 4

KKaJI/MOITb (1)

max — JOBXKHHA

XBWJII B MAKCUMYMIi COJTbBATOXPOMHOI CMYTH ITOTJIMHAHHS, B HM.

s popmyna e eMnipuyHO0, OCKIJIBKH BOHA HE MOXKe OyTH 3aCTOCOBaHa JI0 CTAHJIAPTHOTO CTaHy B
BaKyyMi, Ta XapaKTepU3y€e SHEPTil0 BHYTPILIHEO MOJEKYJISAPHOTO MEPEHOCY ENEeKTPOHa i3 OCHOBHOTO
CTaHy B 30y/DKeHUH.

3HAYCHHS Amax B MAKCHMYMi CMYTH COJIEBATOXPOMHOTO TIOTJIMHAHHS BU3HAYAIOCS B aHAITHIHIN
¢dopwmi. st mporo 3miBa i cpasa BiJl MPHONKU3HOTO CKIAdy, SIKUH BIINOBiga€ MakCUMyMy, Opaii 1o
50 excrnepuMEHTAIILHUX TOYOK 1 METOJAOM HaWMEHIIUX KBaJpaTiB IHTEPIIOIIOBAIUCS MOJIIHOMOM
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napyroro crynens. [Ticis nporo Bu3Havanocs JiHiiHe piBHAHHS AJIs MEPIIO] MOXiAHOT, IKe MPUPIBHIO -
B HYJIO0. UKCIOBE 3HAYCHHS Amax, TAKMM YHMHOM OyJIO pilIEHHSAM Iboro piBHsAHHS. [lapanenbHi
CITEKTpaIbHI JOCIIIHKEHHSI COTFBATOXPOMHHUX €(EKTIiB B CyMIlIax BOAM 3 METAHOJIOM ITOKa3aJH, IO
aHa METOJMKA JT03BOJISI€C BU3HAYATU I1OJIOKEHHS /lmax 3 MOXUOKOI He Ounbiie 1 HM, IO 3riJIHO 3 pi-

BHSHHSAM 1, B iHTepBasi JMOBXWH XBWIb Bim 450 mo 925 HM, BimmoBimae MOXUOIN BU3HAYCHHS
napamerpa Er B +0,1.

Js arcTuX po3YMHHUKIB, SKi HAYACTIIIEe BUKOPUCTOBYIOTHCS B (PI3UKO-XIMIYHHAX JOCIIIKEHHSIX
pO3UMHIB, JiTepaTypHi i oTpuMani HamMu 3HaueHHs nmapameTpiB Er(30) i Er , a Takox iX enexTpoHo-
akuentopHi (AN) i enextpono-goHOpHI (DN) BiracTuBoCTI npencTtapneni B Tabnuui 1 B mopsaxy 3po-
ctaHHs ix AN.

ConbBaToxpomHi epexty Ind 1 i Ind 2 B uncrux ingueigyasibHMX poO3YMHHUKAX

[Ipu gociimKkeHH COMBPBATYIOUO0] 3IaTHOCTI YMCTHX PO3YMHHUKIB conbBaToxpoMHuuil Ind 1 sBise-
THCS Ha JIAaHU MOMEHT He3allepeyHHM CTaHIapTOM, HE3AJIEKHO BiJl IPHUPOIU CaMOTO PO3UNHHHKA, 1110
3yMOBJICHO, B MEPIIY Yepry, HACTYITHUMHU TpboMa (pakTopamu:

1. Bucoka cTabinpHICTh iHAWKATOpPA B CYXOMY CTaHi, a TAKOXK JIOBOJII HU3bKa 37aTHICTh HOTO 0
TiApoTi3y B po3urHaX, HaBiTh B Ty>)KHOMY CEpPEIOBHIIL.

2. Haiibinpima cepen ycix BiIOMHX COJNBBaTOXPOMHHUX iHAMKATOPIB CIIEKTpaibHA 00NACTh MPO-
SBY COJIbBATOXPOMii Bif 925 HM y HUKIOrekcany 10 453 HM y Boad, TOOTO OXOIUIIOE OJIMKHIO
obmacte IY 1 BCro 067acTh BUANMOTO CIieKTpa. Lle m03BoIIse HaBITh Bi3yallbHO CTIOCTEPIraTH
3MiHYy COJIbBATOXPOMHHUX SIBHII T2 OTPUMYBATH CIIEKTPHU 3 YITKUMHU COJIbBATOXPOMHHMHU CMYT -
aMH MOTJIMHAHHS TPH MIEPEXO0/i BiJl OHOI0 PO3YMHHMKA A0 1HIIOTO.

3. Ind 1, sx BugHO 3 puic.1, MPOSBIIsE COMBBATOXPOMHI BIACTHBOCTI TIJILKU B ACTIPOTOBaHIH (op-
Mi y BUTJISZI IBITTEP-10HIB MPH MEPexXoi i3 OCHOBHOTO B 30y/ukeHui craH. JlomaTHiil 3apsng
LBITTEp-i0Ha B OCHOBHOMY CTaHi 1 00M/Ba 3apsau LBITTEp-ioHA B 30y DKEHOMY CTaHi 3Haxo-
ISTHCS B CEPEIMHI J0BOJII CKIaJHOT apOMaTUYHOI 1 XiHOIJANBHOI T-CUCTEMH, 10 MPaKTHYHO
MTOBHICTIO BUKJIIOYAE ITi TICHTPH 13 CONMbBaTaMiiHMX poreciB. Takum guHOM, Ind 1 € THIIOBHM
COJIbBATOXPOMHHUM 1HAMKATOPM 3 OJHUM COJIbBATAIIiHUM IICHTPOM — (PEHOJSTHUM aTOMOM
KHCHIO. 3 01HOTO OOKY, II€ € MepeBarolo IbOT0 iHAMKATOpa B MOPIBHIHHI 3 iHAMKATOPaMH 3
JIEKITbKaMHU COJIbBATAIliHHIMH TEHTPaMH, OCKIIBKH CHpOIIY€E MOPIBHSHHS COJbBATAIliHOI
3IATHOCTI PO3YMHHUKIB Pi3HOI IPUPO/IH, a 3 APYroro OOKY € HEeIOJIKOM, OCKIIBKH BiH 1HIM-
(epeHTHUi 10 3MiHH CKIIaay 3MilIaHUX PO3YMHHUKIB i HITKUM YHHOM HE MOXeE BioOpaxaTu
TakKi sSIBHIIA, K IIePEeCcObBATAIlis 1 BHOIPKOBA COJIbBATAILS B HUX.

Harmsimao 1me 9iTko MposiBIBIEThes Ha 3aiekHOCTAX mapameTrpa Er(30) mis Ind 1 Bim AN (Puc.3) i
BiJ] ieNeKTpU4HOI MPOHUKHOCTI € (Prc.4) YuCTUX PO3YMHHUKIB.

Tabmuus 1. Enextpono-akuenTtopai (AN) i enekrpoHo-moHOpHI (DN) umcna B mkani ['yrmana-Maiiepa, nu-
MIOJIbHI MOMEHTH (L), AiesleKTpuuHi npoHukHOCTi (), napametpu E1(30) Ind 1 i Er Ind 2 mnst nesikux iHauBigya-
JBHUX PO3YHHHHKIB.

Table 1. Electron-acceptor (AN) and electron-donor (DN) numbers in the Gutmann-Mayer scale, dipole mo-
ments (), dielectric constants (g), Er(30) Ind 1 and Er Ind 2 parameters for some individuals solvents.

Ex(30)
m (nir.)/ Er
No PozunnHuk/ Solvent AN DN (25°C) € (25°C) | Ex(30) Ex(30) Er éﬂl({i.z/)
(lit.) T
7 | Hwmeroreican/ CeHa 0.0 | 00 0,0 1,88 -- 309 | - -
Cyclohexane
2 | TI'ekcan/ Hexane CsHis 0,0 0,0 0,08 1,88 30,9 31,0 31,3 46,0
3 | I'entan/ Heptane C7Hi6 0,0 0,0 0,0 1,93 -- 31,1 - --
4 | Tpuermramin/ TEA 14 | 610 | 091 | 242 - 3201 | - -
Triethylamine
5 | Tonyon/ Toluene Tol 3,3 0,1 0,31 2,38 - 33,9 - --
6 | ®ypan/ Furan Fur 3,3 -- 0,67 2,95 - 36,0 - -
JuerunoBuii etep/ __ __ _
7 Dicthyl ether DEE 3,9 19,2 1,15 4,27 34,5
8 | Xmopb6enzen/ CeH;Cl 7,9 3,3 1,54 5,62 - 36,8 - -
Chlorobenzene
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g | Terparinpodypan/ | 80 | 200 1,75 7,58 374 374 | 315 -
Tetrahydrofuran

10 | Bensen/ Benzene CeHe 8,2 0,1 0,0 2,28 34,5 343 [ 3238 -

17 | Terpaxnopueran/ | ooy 86 | 00 00 | 223 | 325 | 324 [364| -
Tetrachloromethan
1,2-nuxnopbeH3en/

12| ) gyehlowenzene | PCB 8,6 0,8 2,27 9,93 - 38,0 - -
Erunanerar/

13 | Einyl acetate EA 9,3 17,1 1,88 6,02 - 38,1 - 40,4

14 | ucTnnasin/ DEA 94 | 500 | 116 | 3,78 - 354 | - -
Diethylamin
Tpu-n-0ytundoc-

15 | dar/ TBuP 99 | 237 3,06 8,05 - 38,9 - -
Tri-n-butylphosphate
JlumetokcieTan ] _ _ B

16 | Dimethoxyethane /| AMEtO-Et | 10,1 20,0 1,72 7,20 38,2
T'ekcametundochop-

g7 | TPuaMin/ Hexam- |y oy 10,6 | 38,8 554 | 30,00 | 409 409 | 356 | 367
ethylphosphoric tri-
amide

18 | Jlioxcan/Dioxane Dox 108 | 14,8 0,45 2,21 36,0 36,0 | 40,0 -

19 | Aueron/Acetone AC 125 | 17,0 2.7 20,70 | 422 422 [386 | 3717
N-merun-2-nuppo-
JiaoH/ N-Me-

20 N-methyl-2-pyrro- Pyrollidone 13,3 27,2 41 32,00 - 42,2 - -
lidon

27 | AueTHIANCTAMIA] |y o 13,6 | 3201 | 3,69 | 3040 - 414 | - -
Diethylacetamid

22 | AmMeTUIAUCTAMIN | )y o 13,6 | 27.8 3,72 | 37,78 | 437 429 |380]| 377
Dimethylacetamid

23 | Hipuaun/ Pyridin Pyr 14,2 33,1 2,30 12,35 - 40,5 - --

24 | Hirpodersen/ NB 148 | 44 422 | 3482 - 419 | - -
Nitrobenzene
Jumernnkapbonat/

25 | Dimethyl carbonate | PMC 12,5 | 158 - 0,73 - 38,2 - -

26 | bemsonitpuz/ PhCN 155 | 119 | 405 | 2520 ~ 415 | - -
Benzonitrile

27 | AaMeTHAQOPMAMIN/ | 1y 4o o 160 | 266 38 36,70 | 43,9 432 | 387 377
Dimethylformamid
Tpumernngocdar/

28 | Thinethylphosphate | TP 163 | 23,0 3,02 22,3 - 43,6 - -

29 | L2-mxnoperan/ 1,2-EDC 167 | 00 1,86 | 10,36 | 41,9 413 | 399 | 399
1,2-dichloroethane

39 | Tponireixapborar/ | b, 183 | 151 | 498 | 6610 | 462 | 461 |401 | -
Propilencarbonat
Terpameruncunan/

31 Tetramethylsilan ™S 19,2 B B B B 440 B B

31 | Qmbonan/ Sulfolane | 192 | 148 | 481 | 433 - 40 | - -
Sulfolane

33 | Aueromitpu/ ACN 191 | 14,1 344 | 36,02 | 46,0 46,1 | 41,0 | 41,0
Acetonitrile
Jumerni-

34 | cymsdoxenn/ DMSO 193 | 296 396 | 46,68 | 451 451 | 388 | 44,1
Dimethyl sulfoxide

35 | [uxaopueran/ CH.Cl, 204 10 | 155 | 893 | -~ | 407 | - -
Dichloromethane

36 | Hitpoveraw/ NM 205 | 27 3,56 | 37,78 - 463 | - -~
Nitromethan

37 | Ermaeniiamiy/ EDA 209 | 550 | 1,99 | 1290 | 42,1 | 42,1 [355| -
Ethylenediamine

38 | Xaopodopw/ CHCl, 23,1 | 40 LI5 | 472 - 391 | - | 415
Chloroform

39 | Brop-byranon/ i-BuOH 263 | 370 | 1,55 | 16,60 - 471 | - | 437
Sec-butanol

40 | Tper-Gyranon/ t-BuOH 271 | 380 1,66 | 1247 | 439 433 [ 426 409

Tert-butanol
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2-¢enin-eranon/

41 2-phenyl-cthanol 2-Ph-EtOH | 33,3 22,8 - - - 49,5 - -
2-MeToKcieTaHo/ 2-MetO-

4 2-methoxyethanol EtOH 312 B 2,04 16,93 B 52,0 B B

43 | Meruadopmastial -\ o 32,1 | 490 | 386 | 1824 | 541 | 541 |468 | -
Methylformamide

44 | 130-mponanon/ i-PrOH 335 | 360 | 1,66 | 1830 | 486 | 484 | 437 | 437
Iso-propanol

45 | Eranonavin/ ETA 37| 35 227 | 37,7 | 517 | 518 |447| -
Ethanolamine

46 | Dersmonitii ciupt/ | g6y 368 | 230 | 1,66 | 13,00 | - 504 | - | 456
Benzyl alcohol

47 | Byranos/ Butanol BuOH 36,8 29,0 1,68 17,10 47,1 49,7 44,1 44,1

48 | Ilpomanos/ Propanol | n-PrOH 37,3 33,8 1,66 20,10 50,2 50,7 46,0 46,0

49 | Eranon/ Ethanol EtOH 375 | 340 1,68 | 2455 | 507 519 | 46,5 | 465

50 | Poprauiy/ FA 398 | 360 | 337 | 1110 | 560 | 558 |484 | -
Formamide

51 | 2-xaoperaion 2-CLEtOH | 399 | - 1,88 | 2580 - 551 | - -
2-chloroethanol

52 | Meranon/ Methanol | MeOH 414 30,2 1,7 32,63 51,9 51,4 49,9 49,9

53 | 2-ianoeranon/ 2-CN-EtOH | 41,7 | - - - - 596 | - -
2-cyanoethanol

54 | Erwnenriicons/ EG 449 | 196 | 230 | 382 | 563 | 563 |507| 49,1
Ethylene glycol

55 | I'minepun/ Glycerol Gly 48,0 19,0 2,6 42,50 57,4 57,0 49,0 --

56 | Qurosa kuenoral |y 529 | 200 | 173 | 615 - 517 | - -
Acetic acid
2,2,2-tpudTopo-
eTaHon/

57| 55 2 rifluoro- TFE 535 - 2,52 | 26,67 - 59.8 - -
ethanol

58 | Booa/Water H,O 54,8 33,0 1,83 78,30 63,1 63,1 38,1 38,1
JlnetnieHrmikons/

39 | Disthylons elyool DEG 3121 2,5 302 | 543 | 538 | 479 -

6o | TPHCTHACHILIROML] | iy - - 299 | 233 | 34 | 528 | 398 | -
Triethylene glycol
TerpaeTHneHIIIIKOIB

61 | Teraethylone alyeol | ©T2EG - - 325 | 2044 - 52,2 - -
[MonieTrIIeHTITiKOTb-
200/

62 Polyethylene glycol- PEG-200 - - - - - SLI - B
200
INonieTnnenrnikomnb-
400/

63 Polyethylene glycol- PEG-400 - - - - - 48,8 - -
400
[MomieTnneHriKob-
600/

64 Polyethylene glycol- PEG-600 - - - - - 47,5 - -
600
[MomieTnnenrnikonb-
1500/

63 Polyethylene glycol- PEG-1500 - - - - - 44.3 - -
1500
Merunaneramin/

66 Methylacetamide MAA -- -- 4,11 178,2 52,0 52,0 - --
1,1,2-tpuxnoperan/

67 1,1,2-trichloroethane ETC - B 0.94 7,29 B 40,3 B B

68 | Oxranoin/ Octanol OctOH -- 32,0 1,76 9,85 - 48,1 - 43,7

69 | Jexanon/ Decanol DecOH -- 31,0 8,1 - 47,7 - 44,1

79 | 12 mponanzion/ 1,2-PG - ~ 225 | 320 - 541 | - -
1,2-propanediol

71 | 1:3-ponanzion/ 13-PG - ~ 2,5 35,0 - 549 | - ~
1,3-propanediol

72 | Ld-Oyranaion/ 1,4-BG - - 374 | 317 535 | - -

1,4-butanediol
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E1(30), xxan/Mons
ET(30), kcal/mol

Puc.3 3anexnicts napamerpa E+(30) st Ind 1 Bim AN 4HCTUX PO3YHHHHUKIB.
* Tym i oani Hymepayis po3uuHHUKiI6 8ionogioae ix nymepayii ¢ Tabnuyi 1.
Fig. 3 Dependence of the Er(30) parameter for Ind 1 on AN of pure solvents.
* Hereinafter the numbers of solvents correspond to their numbers in Table 1.

Crocrepiraerscs miHiliHa 3a1exHICTh E+(30) Bix AN uncTUX pO3YMHHUKIB, HE3aJIEKHO Bif iX MpH-
pOIH, 3 OAHOYACHUM YiTKHUM MOJIIOM BCiX PO3UYMHHUKIB Ha MPOTOHHI 1 allpOTOHHI 32 IX COJIbBATYIO-
YO0 3[aTHICTIO TIO BiTHOIIEHHIO 70 1BiTTep-ioHiB Ind 1. Ha 3amexnocti E+(30) Bix € unctux po3unH-
HHKIB CIIOCTEPITAEThCS NIB1 MapaboIiyHi KPHBi: OIHA I MPOTOHHUX, a ApyTa IS alpOTOHHHUX PO3-
YUHHUKIB. TakuM YUHOM, JieNIeKTpUYHA NMPOHUKHICTH B Pi3HIN Mipi BIUTMBA€E Ha CONbBATYIOUY 311aT-
HICTh IUX TPYI PO3YMHHHUKIB.

[IpuunHa 11FOTO, BPaXOBYIOYH, IO CONBBATYETHCA MEPEBAXKHO BiJl'EMHO 3apsKEHHH (EHOISITHAN
aTOM KHCHIO, MOJISITa€ B PI3HOMY MexaHi3mi conbBaraii Ind 1.

B npoToHHMX pO3YMHHHMKAX CONbBATallisl BiNOYBa€ThCS MEPEBAXKHO 3a PaxXyHOK YTBOPEHHS
H-3B’s13Ky 3 4aCTKOBHM NIEPEHOCOM 3apsly, Ha IO ieIeKTPUIHA IPOHUKHICTh MOYNHAE BILTUBATH JIH -
me npu €280, mo i cioctepiraerses st FA i N-MFA.
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Puc.4 3anexnicts mapamerpa E+(30) st Ind 1 Bix € yrcTUX pO3YMHHUKIB.
Fig. 4 Dependence of the Er(30) parameter for Ind 1 on € of pure solvents.
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B anpoToHHMX pO3UYMHHUKAX COJIbBaTaLlisl BiZOyBa€eThCs 32 PaXyHOK 10H-TUITOJILHOI B3a€MOJI1, AKa
npornopiiiiHa 1/, mo mposIBIETHCS B CYTTEBO MEHIINX Juisd HUX 3HaveHHsAX Er(30) B mopiBHsHHI 3
[IPOTOHHMMH PO3YMHHUKAMM IIPU OJHAKOBUX 3HAUCHHSIX €.

Ha nowarky XXI cT. po3noydanucsi iHTEHCUBHI TIOIIYKH COJBBATOXPOMHHUX 1HIUKATOPIB 3 ABOMA
COJIbBATAL[ITHUMH LIEHTPaMH, sIKi O MOTJIM KOHKYPYBaTH OJHMH 3 OJHHM B OCHOBHOMY i 30yIKEHOMY
CTaHi 1 MPY bOMY TIPOSBIISUIN COMBBATOXPOMHI e(DeKTH B IIMPOKOMY IHTEpBaIli JOBXKHH XBUIIb, K JUIS
Ind 1. Ilepmmm Takwuit ingukatop (Ind 2), criiikuii go rigpomizy, OyB cuHTe30BaHmi B 2012 p. [2]

Ax i Ind 1, Ind 2 nposBnsic conbBaTOXpOMHi €eKTH B ACTPOTOHOBAHOMY CTaHi, aje He Y BUTIISAL
IBITTEp-ioHa, a y BUIVIsI aHiOHa, K B OCHOBHOMY, TaK i 30y/keHOMy cTaHi. Moro crextpanbha 06-
JIACTh MPOSIBY COJEBATOXpOMii Bif 913 HM y rekcany 10 564 HM y €TEIICHTITIKOIO0 OXOIUTIOE OIIMKHIO
o0macth IY 1 BCro 00J1aCTh BUIUMOTO CIIEKTpA.

B ocHoBHOMYy ctaHi Ind 2 Bix’eMHMit 3apsz ToKanizoBaHUH Ha (EHONATHOMY aTOMi KHCHIO, fK 1 B
Ind 1, B TO# "ac sk B 30yPKEHOMY CTaHI BiH PIBHOMIPHO PO3MOIUICHUH IO JBOX BIAKPUTHUX HITPOTPY-
nax. Takui po3MOILT 3apsi/iiB B OCHOBHOMY 1 30Y/PKEHOMY CTaHi MPU3BOIUTH 10 TOTO, 110 33 MIEBHUX
YMOB MOKe BigOyBaTHCs cTabimi3alis Ik OCHOBHOTO, TakK 1 30ymkeHoro crany Ind 2.
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Fig. 5. Dependence of the Er parameter for Ind 2 on AN of pure solvents

60

Ipomonni/Protic

Er, KKaI/MOTIb
ET, keal/mol

FA4
Os0
Q4
N-MFA

Oss
HO

Anpomonni/Aprotic

0 50 100 150 200
&

Puc.6 3anexuicts napamerpa Er st Ind 2 Big € Y4MCTHX PO3YMHHHUKIB
Fig. 6. Dependence of the Er parameter for Ind 2 on € of pure solvents

65



ConpBaroxpomHi edexTu OapBHuKa Paiixapara ...

SKmo ue mpumynieHHs MpaBHibHE, TO BOHO MMOBHHHE 3HAWTH X0ua O OJHE MiATBEPIKEHHS cepex
BEJIMKOI KUIBKOCTI iHAMBiAyansHUX po3unHHUKIB. Ha (Puc.5) npencraBnena 3anexHicTs napamerpa Er
st Ind 2 Bim AN, a Ha (Prc.6) Big mieneKTpUIHOI TPOHUKHOCTI € YHCTHX pO3YMHHUKIB. Li 3amex-
HOCTI 32 ()OPMOO KPUBHX MaiiyKe MOBHICTIO CIIBIANAI0Th 3 aHaOriYHuMu 15 Ind 1, 3a BUHATKOM TO-
noxenHs H,O — BoHa sBHO BUNaAae i3 3arajibHOi 3aKOHOMIPHOCTI.

. \O

o

Puc. 7 I'pannunwmii po3moaia Bix €MHOTO 3apsAay Ta HEMOAICHNX €JEKTPOHHUX map B aHioHI Ind 2 B ocHOBHOMY
(a) Ta 30ymxenomy (b) crani [2, 34]

Fig. 7 Limit distribution of negative charge and lone electron pairs in Ind 2 anion in the ground (a) and excited
(b) state [2, 34]

Leit denomen aBTopH [2] NOSCHUIM HACTYITHUM YMHOM. Teruiora 3MillyBaHHs, HAIPUKIA] HITPO-
METaHy 3 BOJIOIO, € €HAOTEepPMiHa BEIMYMHA, TOOTO HITPOTPYIH B OPTaHIYHUX CIIONyKax Maibke He
ripaTyroThes. Y 3B’S3Ky 3 IIMM B OCHOBHOMY cTaHi Ind 2 Oyje rimparyBaTHCs IEPeBaXKHO MO PEeHOIIS -
THOMY aTOMY KHCHIO 3 KOOPJAWHAIIIHUM YUCIIOM TimOTeTHYHO He OunbmuM 3 [35] (puc. 7a), yTBOpIO-
g 1oBoJI cTiiiki H-3B’s3ku. B ToM ke wac B 30ypkeHOMY CTaHi HiTpo-pparmeHT Ind 2 moxe rimo-
TeTHdHO npueaHaTH 10 11 mMonekyn Boau (puc. 70) 3 MeHIIOO eHeprieto H-3Bs3KiB, aie B CyMi BOHH
JAfOTh OUIBIINKA eHepreTHYHul eeKT, Mo 1 MOACHIOE aHOMAJIbHO HU3BbKHI CONBBATOXPOMHUI e(eKT
JUis Bomy. TakuM 9uHOM, Tiepexif] i3 ocHOBHOTO crany Ind 2 B 30y/pkeHHH y BoAi moTpeOye MEHIINX
EHEePTreTUIHHUX 3aTPaT, IO 3MIITY€E CObBATOXPOMHUHN €(heKT B TOBIOXBHUILOBY 00JIACTh CIIEKTpA i, BiI-
MOBI/IHO, MTPUBOJIUTH JIO PI3KOTO 3HIKEHHS YMCIOBOro 3HaueHHs napamerpa Er (H,O) = 38, 1.

Ha namy mymky, 10 BHIIE CKa3aHOTO CIi TaKOX BII3HAYMTH i TOW (akKT, M0 MOJEKYIH BOIH,
Maro4yd HaWMEHII JiHIAHI po3MipH, B MOPIBHAHHI 3 MOJIGKYJIAMH IHIIMX PO3YMHHHKIB, HE OYIyTh
CTBOPIOBATH 3HAYHUX CTEPUYHHUX MEPENIKO]] OJJHA OJHIN MPH MaKCUMAaJbHIN rifparaii KOMIIaKTHOTO
HiTpo-(pparmMenTa Ind 2 B 30y5KeHOMY CTaHi.

Boxe mpu nepexozi g0 po3unHHUKIB, Takux sk MeOH, FA i N-MFA, niniitai po3Mipu MoneKky
SKUX Jemio Oimbmii B mopiBHSHHI 3 H,O, sk BUgHO 3 puc. 6 1 7, HISKAX BIAXWJICHB Bif 3arajbHUX
3aKOHOMIpHOCTEH He crocTepiraerbes. Lle Moxke OyTH MOB’s3aHO K 31 3HM)KEHHSIM iX €JIEKTPOHO-
aKIenTopHoi 31aTHOCTI B nopiBHsAHHI 3 H,O npubnausuo Ha 20 % (3MeHiueHHs AN), o Npu3BOIUTH
no mrocirabnernas H-3Bs13kiB Mpw conbBaTallii HiTpo-pparmenta Ind 2, Tak i 31 3SMEHIIEHHAM 1X YHCIIa
3a paXyHOK MOKJIMBUX CTEPUYHUX TEPEIIKO/I, SIKi OJIHO3HAYHO MOBWHHI BUHHKATH MIPU 3pOCTaHHI JIi-
HIAHUX PO3MIPiB MOJIEKYJI PO3UYMHHHUKIB.

ConbBaToxpomHi epexkty Ind 1 i Ind 2 B 3MiluaHMX BOAHO-OpraHiuHMX PO3UMHHUKAX

BusBuBmm anoMmansHUH conmbBaTOXpoMHMMA edekT Ind 2 y Boxi, aBTopu [2] 3ampomnoHyBaiu BH-
KOPUCTaTH HOTO JJIs MPOBEJCHHS JIOCHIDKEHHS COJbBaTyrouoi 3maatHocti cymimerdr H,O 3 MeOH,
EtOH i n-PrOH B nopiBusuHi 3 Ind 1.

OCKiJIbKY B X011 TIPOBEICHHS X €KCIIEPUMEHTIB Oy OTpPUMaHi HECTIOAiBaHi pe3yibTaTH, MU iX
TIOBHICTIO TIOBTOPWJIM B JIaHii poOoTi. Lle Oymno 3pobieHo 3 MeTOro MiATBEpKEHHST HAIBHOCTI caMoro
edexty, 3 ofHOTO OOKY, i MEePEeBipKH HAIIHHOCTI METOJIUKU HAIIUX JAOCHTIJKECHb, 3 Apyroro. OTpuMaHi
HaMH JIaH1 MIOBHICTIO 1 SIKICHO 1 KiJIBbKICHO 30ITIIUCS 3 TaHUMH [2], 1110 HATJIAHO BUIHO 3 pHUC. 8.
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Cymiwi 600U 3 0OHOAMOMHUMU ANLDAMULHUMU CHRUDTNAMU

OuikyBano Ind 1 mokasaB rraBHHIA XapakTep 3MiHH COJIFBATYIOUOI 31aTHOCTI CyMilIel 31 3MiHOO
iX CKIamiB BiJ OJJHOTO YHUCTOTO KOMIIOHEHTA JO APYTOrO, OCKUIBKH COJBBATAllIMHUNA IEHTP TUTHKH
oIluH — (PeHOJATHUHI aToM KUCHIO. BIIMB BinacTHBOCTEH OpraHiyHOrO KOMIIOHEHTa Ha COJbBATYIOUY
3MIaTHICTh BOJHO-CIHHPTOBUX CyMiIIeH MPOSBISETHCS TIIBKKA B PI3HOMY CTYIEHI YBIrHYTOCTI KPHBOI
Er(30) — cxiax mo BigHOMIEHHIO IO OcCi abCIEC Ta 3pOCTaHHI i HAXWIy B 00JacTi CKIamiB Oaratux
Boj10I0 B pany MeOH — t-BuOH.

Binpm cknagHUMM 1 MaJlo OYiKyBaHHMHU 3a (pOpMOIO, SIK AJSl BOAHO-COMPTOBUX, TAaK 1 IS 1HIIMX

TOCITIDKEHUX HaMu OiHapHUX cyminrei (puc. 9-11), BusBmmmcs 3anexHocTi Er — ckian.
B nocuth mmpokiit 001acTi CKiIajiB, 3 BEJIMKHM BMICTOM OPTaHIYHOTO KOMITOHEHTA, CIIOCTEPITaeThCs
riaBHe 3pocTaHHs Er 31 3pocTaHHsAM BMiCTy BOJM B CHCTEMi MpakTHYHO cuMbaTHO 110 3MmiHu E1(30).
s Heposramy’eHux anipaTUYHUX CHUPTIB 3 BMICTOM Boau B cuctemax 10 50 mon. % E+1 GinapHOi
cyMimri 3MIHIOEThCS BChoro Ha 1-2%, B mopiBHAHHI 3 E1 B uMcTHX crupTax, 0 BKa3ye Ha cOJbBaTa-
mito Ind 2 B 1iii obnacTi ckiaaiB BUKIIOYHO MoOjeKyidamu cnuptiB. Monekymu H,O B 1iii obnacti
CKJIaJiB HMOBIPHO 3HAaXOAATHCS B COJbBAaTax PI3HOTO CKIaxy, LIO aBTOMATHYHO BHKIIOYAE iX
TIAPOKCHIIBHI TPYTH 13 CONbBATaIiHOTO TIporiecy Ind 2.

[Tpu neskoMy ckiafi, XapakTepHOMY JJIsl KOXKHOT OiHApHOI CUCTEMH, He3HauHi J0O0aBKU BOJH TIPH -
3BOAATH O cTpUOKomoniOHoro maninHsa Er 1o 3HaueHHs, XapakTepHOTO AJIS YHCTOI BOAHM, SKE NPH
NOJANbIIOMY 3pPOCTaHHI BMICTy BOAM 3aJIMINAETbCA HE3MIHHUM. CKIIagaeThCsl BPaKeHHSA, IO B
OiHapHIi cucTeMi 3’ SIBISETHCS “BOAOIOAIOHA” 00JIacTh, B SIKI BOJA 32 CBOIMH CTPYKTYPHHUMH 1 CO-
JHBATYIOUMMH XapaKTePUCTUKAMH HaOIMKA€ThCS 0 CTaHY, XapaKTEepHOTO JUISl YUCTOI BOIH.

B ob6macri cxmaniB Big 50 moin. % Boau B OiHapHIN cucTeMi i 10 CKIIafy, KU BiIIOBiIae CTpUO -
KoIoAiOHii 3MiHI Er, criocTepiraeTbest HOro CyTTEBE 3pOCTaHHS B IMOPIBHSHHI 31 3HAYCHHIMH IS IH -
CTHX CITUPTIB.

[TprunHa OpOTO MOJNIATaE B TOMY, L0 B Wil 00MacTi CKIaIiB yTBOPIOIOTHCS MEPEBAXKHO TiApaTH
CIMPTIB Pi3HOTO CKJIaAy, A1l yTBOPEHHS SIKMX BOAa BUTpadae Tuibku ogny OH-rpymy, B To# yac sk Ha
MPOTOHI 1HIIOT, 32 PaXyHOK MEPepo3NOAiTy eJIeKTPOHHOI TYCTHHH, 3pOCTAa€ JOAATHUHN 3apsl, B MOpi-
BHSIHHI 3 BUIbHOIO Monekynoro H,O. Llelt eexkt Hanpsmy 3B’ s13aHUH 3 €EKTPOHO-JOHOPHUMH BIIACTHU-
BOCTSIMH MOJIEKYJI CIIMPTiB, SIKI B MEpLIy 4Yepry BHU3HAYAIOTHCS IHAYKTUBHUM e(eKTOM iX ByTJje-
BOJHEBUX panukaiis. IlosBa 70/1aTKOBOTO TOJATHOTO 3apsay Ha MpoToHi BUTbHOI OH-rpynu mMosexy-
JIM BOJM MIiJBUINYE ii €JIEKTPOHO-aKIICITOPHI BJIACTUBOCTI, MO CIPHUSE COJBBATAIlIl BiJ’€MHO 3aps-
JOKEHOTOo (eHONATHOTO aToMa KucHIo Ind 2, a oTxe i 3poctanHio Er.

Hatimenmum nieii edext nmoBuHaeH O0yTH y cyMimax H,O 3 MeOH, ockinbku ioro DN Mentre, HiX y
BOJU, OUTBIINM, 1 TPUOIH3HO onHaKoBuUM, y Bunaaky 3 EtOH i n-PrOH, i me 6inbiuM y BUDANKY 3
i-PrOH i ~-BuOH, 110 HarisgHo miATBEPIKYE pHC.8.

B pamMkax 3ampoIrioHOBaHOrO MiAXOLY O COIbBATOXPOMHUX e(ekTiB Ind 2 B BOOHO-CIIUPTOBUX CHU-
creMax MOTpiOHO TaKOXK JAaTH MOSCHEHHSI 010 HE MOHOTOHHOI 3MiHM KOHIICHTPAIITHOTO iHTEpPBATY
iCHYBaHHS “BOJIONONIOHOT” 00nacTi B OiHapHUX cyMilIax Boau 3i cniuptamu B psany MeOH — -BuOH.

Sxmo imeamizyBaTH IpoOLEC YTBOPEHHs TiApaTiB CIOUPTIB 32 PaxyHOK BHUKIIOYHO JOHOPHO-
aKIeTOPHOI B3a€EMOJIIi TPU JOBOJI BHCOKIHM iX CTIMKOCTi, TO MOXKHa NMPHHTH A0 BHCHOBKY, IO, 3a
YMOBH YTBOPEHHsSI HMOBIpHO HalickiaaHimoro 3a cknaaoMm riapary ROH-(H-O)s, npu BmicTi Boau B
OiHapHil cuctemi Oinbiie 75 Moia. %, B Hill MOBHHHI iICHYBaTH BiJIbHI MOJICKYJIH BOAH, SIKi HE BXOISATh
B mi Tigpatu. Taki MONIEKyIH BOJAM MOXYTh B3aEMOISTH 3 TipaTamMu abo depe3 MOJEKYJHd BOAH B
HUX, a00 3a paxXyHOK CJIa0KHMX BaH-JIep-BaalbCOBUX JTUITOJIb-IUTIONBHUX B3aEMOJIiN. BpaxoByrouun Bu-
COKI €JIEKTPOHO-aKLENTOPHI 1 eNeKTPO-A0HOPHI BIACTUBOCTI MOJIEKYJ BOJH, iCHY€E 1 TpeTiil mpouec —
camoacoliiaiisi He 3B’s13aHIX MOJIEKYJI BOJH B ii ariiomeparu.

Hiticno, B cymimax H,O 3 MeOH nmwkua Mexa i€l 00JacTi TPUXOAMTHCS TMPUOIM3HO HAa
80 mom. % H>O, a B cymimax 3 EtOH i n-PrOH npu6nuzso Ha 95 moin. % H,O, 1mo 3ymoBieHo 3pocra-
HHSIM iX OCHOBHOCTI, B mMopiBHsHHI 3 MeOH, i1 sk HacHmiiok BUHUKHEHHS JOJIATKOBOT'O JMIIOJb-
JUIIOJIBHOTO 3B’ 5I3yBaHHS MOJIEKYJI BOAM.

B cymimax Bogu 3 i-PrOH i1 +~BuOH xoHmeHTpamiiHuii iHTEpBaJ ICHYBaHHS ‘‘BOAOIOAIOHOI”
o0mnacTi 301BIIYETHCS, B MOPIBHSHHI 3 cyMimamu Boau 3 n-PrOH, i oro HuMxHsS MeXa CTaHOBHUTH
npubauzHo 80 1 85 moin. % H,0, Binnosigno. [IpuunHa 116010, HA HAlly TyMKY, 0OyMOBJIEHA 3HAYHUM
3pOCTaHHAM TiApohoOHOTO ePeKTy BYTICBOMAHEBUX PAIUKAIiB IMX CIHPTIB, SKUH HIBETIOE BIUINB
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3pOCTaHHs iX OCHOBHOCTI, 32 PaxyHOK BHIITOBXYBaHHS MOJIEKYJ BOJH 13 OJMXKHBOTO OTOYEHHS LHX
panukamis. Lle mpu3BoANUTE A0 MOSBU BUTBHUX MOJIEKYJ BOIH, SIKi MOXYTb 00’€IHYBAaTUCS B CaMO-
acoriaTy, MPY MEHIIIH i1 KOHIIeHTparlii B cyMilax.
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Puc. 8 3anexnicts mapamerpa Er(30) mst Ind 1 1 Er munst ors Ind 2 Bix cknany cymimeit HoO 3 HeoOMexeHO po3-

YUHHUMU B Hill anipaTnaanmu ciimpramu. (Er mit. B3sTi 3 [2])
Fig. 8. Dependence of the Er(30) parameter for Ind 1 and Er for Ind 2 on the composition of H,O mixtures with

aliphatic alcohols unlimitedly soluble in it (Er lit. taken from [2])
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CVMZWZ 600U 3 PO3YUHHUKAMU 3 odsoma i mpboma noJApHUMU d)VHKMiOHaJZbHUMu epynamu

ComnbBaroxpomHi edektn mig Ind 2 B OiHapHUX cyMilax BOIW 3 OpPTraHIYHUMHU PO3UYMHHHUKAMH 3
nmeoMa (EG, ETA) i tppoma (Gly, DEG) ¢dyHKIioHaTbHUME Tpynamu (puc. 9) BHSBUIIHCS IIy¥kKe CXO-
JKUMH 3 aHAJIOTIYHUMH e(QeKTaMu JUIS CHCTeM 3 alipaTHYHHMHU chupTamu (puc. 8). 3anexHoCTi
Er — ckian ans po34MHHUKIB 3 JBOMA (DYHKLIOHATBHUMH IPyHaMu 3a OPMOIO TyXkKe CXOXi 3 TAaKUMH
XK JUI pO3TATYKCHUX alihaTHIHUX CIHPTIB, a 3 TPbOMa — JJIT HEPO3TaTy)KCHUX aliaTUIHHUX CITH-
pTiB. B ocTaHHROMY BUIAJIKy Ha 3aJIe)KHOCTSIX Et — ckiiaja B iHTEpBatti CKiIaiB Bix HyJs 10 50 Mon. %
H,O napametp Er mae B Mexxax moXuOKH MOCTiiHE 3HAYCHHS, SIKE CMIBIAJa€ 3 HOro 3HAYCHHSIM B UH -
CTOMY OpPTraHIYHOMY KOMIIOHEHTI, B TOH 4ac AK JUIsl PO3YMHHUKIB 3 IBOMA (PYHKITIOHATBHIMH TPyTaMH
BiH IUTaBHO 3POCTaE.

Takum uymHoM, B cuctemax 3 EG 1 ETA Bxe mpu HezHaunux pobaBkax H,O 3’sBustoTbes co-
JHBATYIOUl areHTH, [Ki Kpame conbBarye Ind 2, B MOpiBHAHHI 3 YUCTUM OPTaHIYHUM KOMITOHEHTOM.
MosxHa TpPHUITYCTHUTH, IO B AKOCTI TaKMX areHTiB MOXYyTb BHCTymatdu miHiiHI acomiatn H,O-L,
YTBOPEHi 3a paxyHOK MiKMOJIEKyJsipHOro H-3Bsi3Ky, B SKHX OIHA T1IPOKCHIBHA Tpyla MOJEKYIH
BOJIM BiJIbHA 1 32 paXyHOK NEPEpO3NOALTY €IeKTPOHHOT I'YCTUHH MPOSIBIISLE KPally COJIbBATYIOUY 3/1aT-
HICTB.

- O~ B OH/O\H
HO & HO -
\/\()H "\/\NHz
EG-H0 ETA-H>0

OCKiJTbKY MIIHICTB 3B’S3KY B aMOHIEBHX acolliaTax 3Ha4yHO OiNbIa B TIOPIBHSHHI 3 OKCOHIEBHUMH,
TO cosbBaTyroua 3aatHicTh BiTbHUX OH-Tpynm B ETA-H,O moBunHa Oytm Bumow HiX B EG-H:O, B
MOPIBHSHHI 3 YACTUM OPTraHIYHUM KOMIIOHEHTOM, IO 1 MATBEP/IKY€E SKCIICPUMEHT.

B cucremax 3 Gly i DEG monexynu Bogu mo ii koHueHTpauii B OiHapHHX cuctemax 50 moin. %
MOBHICTIO BUKJIFOUEHI i3 mporiecy conbBararii Ind 2, ockineku Et B mboMy iHTEpBalli KOHIICHTpAIIii
3aJIMIIA€THCS HE3MIHHUM.

Ha namy gymky, e Moxke OyTH HACIIiZIKOM YTBOPEHHS CTIMKMX LUKIIYHUX aCOLIaTIB, B SIKMX OOM -
IIBI TIPOKCHIIBHI TPYITK BoAu OyAyTh 3B’si3aHi, a TpeTss OH-rpyma B Gly i npyra B8 DEG 3amumarbcs
TAKUMH SIK 1 B YUCTUX PO3YMHHUKAX, IO HIIKAUM YMHOM He OyJie BIUTMBATH Ha COJNIbBATYIOUY 31aTHICTh
ux cymieit, a oke i Er Oyae 3anumarucs He3MiHHHM, SIK B YHCTHX PO3UMHHUKAX.

[Ipu xoHUEHTpalii Boau B 1ux cymimax Oiibire 50 Mon.%, OKpiM IHUKIIYHUX, MOXIJIUBO OYAYTh
YTBOPIOBATHUCS 1 JIAHITFOTOBI acoIiaTH, IO MPU3BEIE 0 3pOCTaHHS COJBBATYIOUO1 3MaTHOCTI CyMIIIIeH
1, sIK HaCJII0K, picT Er.
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YMHHAKAaMH 3 IBOMA i TPhOMa MOIAPHUMHA (YHKIIOHATFHUMH TPyHaMH

Fig. 9. Dependence of the E+(30) parameter for Ind 1 and Er for Ind 2 on the composition of H,O mixtures with
organic solvents with two and three polar functional groups

Cymiwii 600U 3 OesAKUMU amioamu

Ha ocnogi conpBaTtoxpoMuux edekriB Ind 1 i Ind 2 B unctux amigax (puc. 1-4), FA 1 MFA cruin
BIIHOCHTH IO TPYyHH MPOTOHHWX po3umHHUKIB, a DMFA, DMAA i HMPTA — mo amportonHux. B
MOPIBHSHHI 3 BOJIOIO BCi aMiin MPOSIBIISIOTH OLTBII clalKi eNeKTPOHO-aKIENTOPHI BIACTHBOCTI, aye
IpU LbOMY SBISIOTHCS OIIBII CUIBHUMH €JIEKTPOHO-JOHOPAMH, IO CTIPHSE YTBOPEHHIO MIXXMOJIEKY -
JSIPHUX acOIIaTiB B iX cyMillIax.

11 yTBOpEHHS acoIliaTiB aMi-BoIa MOJICKYJTH BOJIW HANAl0Th TUThKK oxHy OH-Tpymy, B To#t uac
SK Apyra 3aJMIIA€ThCs BUIBHOIO 1 MOXKE OUThII €(EeKTHBHO COJBBATYBATH COJBBATOXPOMHHHN 1HIM -
KaTop, B MOPIBHSIHHI 3 uncTHM aminoM. HalimeHmie neil edekT MOBHHEH MPOSABIATHUCS B CyMmilax
H,O-FA, ockinbku ii KOMIOHEHTH XapaKTepPU3yIOThCA Mai)ke OJJHAKOBUMH €JIEKTPOHO-aKIIETTOPHIMH
1 €JeKTPOHO-TOHOPHUMH BJIACTHBOCTSMH, 1 1 CONbBATyIOYa 3JIaTHICTH MOBHHHA HAOIMKATHCS O
aJIMTUBHOI BEIMYMHU MiX COJIBBaTy04O0I0 3naTHIcTIO FA 1 H>O. Ile nmpunymienHs 6e3nocepeiHbo mij-
TBEP/KY€ iICHYBaHHS MaibKe ieaabHoi JiHiiHOI 3anexHocTi sk 1 E1(30), Tak i Er Big ckmany cywmi-
meit H,O-FA (puc. 10).

g cymimeit Bogu 3 N-METHIT 3aMIIIICHUMH aMiJlaMU aIATUBHICTD iX COJIbBATYIOYOT 3JaTHOCTI BXKE
He BUKOHY€EThCs HaBiTh y MFA. Ilpuunna nporo, B mepury 4epry, HOJIsrae B 3MEHIICHHI €JIEKTPOHO-
aKIENnTOpHUX BiacTUBOCTEd Mojekyn B psainy MFA-DMFA-DMAA-HMPTA, mo npu3BoAuTH A0
3HAYHOTO MAJIHHA 1X COJBLBATYIOUOI 3/1aTHOCTI MO BifHOIICHH!O 10 Ind 2, B mopiBusauHI 3 FA i H,0.
Takox ciif BiA3HAYUTH, UI0 B LIBOMY Pl 3J1iBa HAIIPaBO 3pOCTAIOTH JIiHIMHI PO3MIpH MOJIEKYI 1 iX
rizpodoOHICTh 32 PaxyHOK 30iNbIIEHHS KUTBKOCTI BYTJIEBOJHEBUX paJuKaliB. B cykymHOCTI 1i TpH
(dakTopu TPHU3BOAATH 1O BIAXWIEHHS 3Ha4eHb Er BiJl aJUTUBHUX BEIWYHH Ta PO3IIUPEHHS
KOHIIEHTPALiHHOTO iHTEepBaJly iCHyBaHHs ‘‘BOJONOAIOHOI” 00JacTi B 3MIIIAHOMY PO3YHHHHKY.

Cymiwi 600U 3 OesAKUMU ANPOMOHHUMU POZYUHHUKAMU DI3ZHOT NPUpoou

Jnst mocniypkeHHsT BIUIMBY TNPHPOAM ANPOTOHHUX PO3YMHHUKIB, a caMe MNPHPOAHM iX (yHK-
IOHAIBHUX TPYII, Ha coybBaTOXpoMHi edektr Ind 1 1 Ind 2 B cymimax 3 Bomoro Oynu BuOpani Dox,
AC, ACN i DMSO. Ix BuGip 6yB 06ymoBneHuii 1BoMa GakTopamu:

-MOJICKYJIH IHX PO3YHHHUKIB MAIOTh MPHOIM3HO OJHAKOBI €IEKTPOHO-aKIENTOPHI 1 €IEeKTPOHO-

JIOHOPHI BJIaCTHUBOCTI;

-MOJIEKYJIH IIUX PO3YMHHMKIB MalOTh MPUOIM3HO OJHAKOBI T€OMETPUYHI PO3MIpH 1 HE MPOSBISIOTH

3HAYHOI T1Ap0odOoOHOCTI.

PesynbTatu moCiiPKeHb COMBBATOXPOMHHX €(EKTIB B IIMX YOTUPHOX OiHAPHHUX CHUCTEMax Ipe-
craBieHi Ha puc. 11 y Burmsni 3anexxnocteir E+(30) 1 Er Binx ix cknany. fkimo He 3BepTaTH yBary Ha
JiesiKi BIIMIHHOCTI ¥ (DOpMi MpeACTaBICHUX KPUBUX, TO MOXXHA KOHCTATyBaTH, IO COJNIbBATOXPOMHI
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e(eKTH 1HIMKATOPIiB B IUX CHCTEMax OJHAKOBi, TOOTO BIUIMB MPHUPOAH (YHKLIOHATBHUX TPYH ampo-
TOHHUX PO3YMHHHKIB HA HUX MiHIMaJIbHUH.
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Fig. 10. Dependence of the E1(30) parameter for Ind 1 and Er for Ind 2 on the composition of H,O mixtures with

some N-methyle substituted amides.
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KinbkicHO 1eli BUCHOBOK 3HAXOJUTh MiATBEPIKCHHS B TOMY, II0 KOHIICHTPAIIHHUI I1HTEpBas
ICHYBaHHS “BOAOMOJIOHOI” 007acTi Male OJHAKOBHI B IIMX cUcTeMax (IpuOiau3HO Bix 95 moir. %
H,0), a 3rauenns Er B MakcuMyMi ckiiagae mpuoOIu3HO 52.

OcTtaHHE BKa3ye Ha Te, 10 B CyMillax, sKi BIAMOBIIal0Th MAaKCUMyMY Ha KpuBHX Er-ckmam Oynosa
COJILBATHOI 0OOJIOHKH HAaBKOJIO 10HA IHAMKATOPA a0COMIOTHO MOBUHHA OyTH OJHAKOBOKO Y BCIiX CHCTE-
Max He 3aJIe)KHO BiJI MPUPOIN APYTroro KOMITOHEHTA. Taka CUTYyallis MOXKe peani3yBaThCs TUTBKH B O -
HOMY BHUIIAJKYy, KOJH COJIbBaTHa 000JIOHKA 10HA IHIWKATOpa B MAaKCUMyMIi Oyze CKIIamaTHCs BHKITIOY-
HO 13 MOJICKYJI BOJIM, TaK CaMo SIK 1 B “BOJOMNOIIOHIH” 00aacTi.

Lle Mosxe cBigUMTH TIpO Te, MmO y aHioHiB Ind 2 icHyrOTh ABI pi3HI MEPBUHHI TiApaTHI 000IOHKH,
SKUM TIPUTaMaHHI Pi3HI COJIBBATOXPOMHI €(EeKTH: B TOUIl MaKCHMyMma Ha 3aiexHocTi ET-ckman
rizpatHa o0onoHKa GopMyeThcsi HaBKOJIO aHioHa Ind 2 B OCHOBHOMY CTaHi, B TOH 4Yac SIK y “BOJO-
nofiOHii” o0nacTi — HaBKoO aHioHa Ind 2 B 30ykKeHOMY CTaHi.

[Tepexing Mixk ME ABOMA TigpaToBaHUMH (hopMaMu aHiOHA BiAOyBaeThCSA MPHU HE3HAUHINW 3MiHI
CKJIay 3MIIMIAaHOTO PO3YNHHUKA MPUOIH3HO B Mexax 1-2 moi. %. ABtopu [2], Ki IepIIMMHA BUSBUIN
el eext s TphOX BOJAHO-CIIUPTOBUX CHUCTEM, 3a3HAYWIIM, IO MOTO MOXHA BBAXKATH IEPIIUM pe-
ANBHO Peajyi30BaHUM COJIbBATOXPOMHHUM TepeMUKadeM YacCTOTH BUIIPOMIHIOBAHHS PO3UYMHAMH, SKHMA
TIPAITIOE 332 PaXyHOK HE3HAYHOI 3MiHU CKJIaAy BOAHO-OPTaHITHOI CyMIIIi.

3a ix omiHKamH, Iie IepeMUKaHHs BinOyBaeThes Big 750 HM amst unctoi Boau g0 550, 560 1 560 HM
s cymimrerd Boau 3 MeOH, EtOH i n-PrOH, Bignoimno. OTprMaHi HaMU JaHi JAIOTh OIIHKY B 534,
539, 572, 524 1 558 uwM, BignosigHo mist MeOH, EtOH, n-PrOH, i-PrOH i ~-BuOH. [leski po30ixkHOCTI
JUTSL TIEPIIUX TPHhOX MPEACTABHUKIB Py BOJOPO3UMHHUX CIIMPTIB, ITOB’s13aHI B OCHOBHOMY 3 IPO0JIe-
MO0 €KCIIEPUMEHTAIBLHOT'O BU3SHAYCHHS MTOJIOKEHHS MAaKCUMYMY Ha 3ayiexHOCTI Er- cknaz s Ind 2.

He nuBnsunce Ha 1e, MOXHA CTBEpPIPKYBAaTH, IO BOJHO-CIIMPTOBI CYyMIillli JalOTh MOXJIUBICTh
MEePEeMHUKATH BHUIPOMIHIOBAHHS 13 4YEpBOHOI oOmacti Buaummoro crekrpa (630-780 M) B 3eneHy
(500-570 uM) pu ToITaBaHHI OPraHIYHOTO KOMITOHEHTA, 1 HABIAKH - TIPH JI0IaBaHHI BOJIH.

Hnst cyminield Boau 3 OpraHiyHUMU KOMIIOHEHTaMH 3 ABOMa 1 OUTbIINM YKMCIOM (yHKIIOHAJIBHUX
TPYII HaIIi JaHi JafOTh OIMIHKY B epeMuKaHHi Bix 750 HM 1 unctoi Boau 1o 510, 517, 532 1453 am
it EG, DEG, ETA i Gly, BignoBigHo. TakuM YMHOM, BOJHI PO3YUHH MEPIIMX TPHOX PEUOBHH IBOTO
PAY TaKOX JAr0Th MOXJIMBICTh IEPEMUKATH BUITPOMIHIOBAHHS 13 YEPBOHOI 00JIACTI BUIUMOTO CIICK-
Tpa B 3eNeHy, a BoaHi po3unHH Gly - B cunio (440-500 HM).

st cymimiet Boau 3 AESIKUMU aMiJaMu Pi3HOTO CTYIICHS 3aMIiIleHHs Hallli JaHi Jaf0Th OIHKY B
nepeMukanHi Big 750 HM juis uuctoi Bogu qo 501, 522, 530, 559 1 459 um qns FA, MFA, DMFA,
DMAA i HMPTA, Binnosigno. Takum uynHOM, BOIHI po3uuHN FA Haf0Th MOXIUBICTh TIEpEMUKATH
BHUIIPOMIHIOBAHHS 13 YEPBOHOI 00JIaCTi BUAUMOTO CIEKTpa B cuHe-3eneHy (~500 um), MFA, DMFA i
DMAA — B 3eneny, a HMPTA — B cuHto.
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Fig. 11. Dependence of the E+(30) parameter for Ind 1 and Er for Ind 2 on the composition of H,O mixtures with
some aprotic solvents of various nature

Juist cyminieit Boay 3 KITaCHYHUMH allpOTOHHUMH PO3UYMHHHAKAaMH Hallll JIaHi TAl0Th OIIHKY B Iepe-
MHKaHHI Big 750 uM miusa uuctoi Boau 10 544, 544, 536 1 548 um g1 AC, ACN, DMSO i Dox, Bia-
MoBigHO. TakuM YMHOM, BOJIHI PO3YMHHM IHX PEUOBHH JAIOTh MOKIIUBICTH ITEPEMUKATH BHITPOMIHIO -
BaHHS 13 YEPBOHOT 00JIACTI BUAUMOTO CIICKTPA B 3CJICHY.

Pesynbratu 7aHOTO JOCHTIKCHHS BKa3YIOTh HA PEabHY MOXKIUBICTh CTBOPCHHS PIJKUX aKTHBHHX
CEepEIOBHILL, TOBXKMHA XBUJII BUIIPOMIHIOBAHHSI SKHX MOXE JIETKO TUCKPETHO 3MIHIOBATHUCS 332 PAXYHOK
HE3HAYHOI 3MIiHH CKJIaJly BOJJHO-OPTaHIYHOTO CEPEOBUINA, a HE 32 PaXyHOK 3aMiHH OapBHHKA.

BUCHOBKM

1. ConpBatoxpomHi edekt Ind 1 1 Ind 2 B uncTUX pO3UYMHHUKAX MPOSBISIOTH NPUOIU3HO OAHA-
KOB1 3aKOHOMIPHOCTI TIpH TEPEXO i BiJ OJHOTO PO3YMHHUKA MO 1HIIOTO, 3a BUKIIOYeHHIM H,O, mus
SIKOi BiH aHOMajbHO Majuit B Tepminax Er : mis Ind 2 Er = 38,1, B mopiBusuHi 3 Ind 1 qis sikoro
Er(30) = 63,1. Lls aHomaiiss oOyMOBJIieHa Pi3HMM MEXaHi3MOM riapartamii nux inaukaropis: Ind 1
riparyeTbcs B OCHOBHOMY CTaHi, B Toi 4ac sk Ind 2 - B 30ymKeHOMY, 1110 €HEPreTUYHO 3HAYHO I10-
JIETTITY€E BIATIOBIMHUN €JIEKTPOHHUN TIepeXifl 1 CTabuizye 1eit cTaH.

2. AHOManbHHl cOpabBaTOXpoMHHH edekT Ind 2 B yMCTiH BOJI YiTKO MPOSIBUBCS MPU AOCIiIXKEHH1
COJILBATOXPOMHHUX e(eKTiB B 18 OiHapHMX cyMillax BOAW 3 OPTaHIYHUMH PO3YMHHMKA Pi3HOI IPUPO-
m. Y Toi gac sk 3anexHicte Et(30) mis Ind 1 Big ckiamy BOAHO-OpTaHIYHOI CyMIlli Mae BHUTJIISAI
TUTABHOI, 3JIeTKa BUIYKJIOT 10 OCl CKJIAJiB KPHUBOI, 3aexHicTh Er-cknan s Ind 2 Mae cknaguuii Bua 3
pi3kuM, CTpHOKOMONIOHNM NaAiHHAM 3HaueHHs Er mpu meBHOMY BMICTY BOAM B CyMillli, pi3HOMY AJIs
KOXKHOI cucTeMu, A0 3HadeHHs 38,1, xapakrepHoro ajst unctoi Boau. Ckiazx cyMilli, IpH SIKOMY Bif-
OyBa€eTbCA 1€ CTPIMKE MATiHHS 3HaYeHHS Et, CKIIaTHUM YWHOM 3QJICKUTH BiJl TOHOPHO-aKIIEITOPHUX
BJIACTUBOCTEH, T€OMETPHUYHMX PO3MIpiB Ta TigpodoOHOCTI MOJEKYNl OpraHiyHOro KOMIOHEeHTa. B
BOJIHO-OPraHiuYHUX CyMiIlIaX TaKui Mepexil MOXKIMBUN TUIBKU y BUNAAKY BU3HAHHSA MIKPOT'€TEPOTeH -
HOT CTPYKTYpPH CyMillleld, 0araTux BOJOI0, B SIKMX BOJIa B MIKpO 001acTsX 30epirae CTpyKTypy 1 Tiapa-
TYIO4y 3[aTHICTh, XapaKTePHY JUIsl YUCTOT BOAU. TUIbKK B IbOMY BHIIAJKY pi3Ke MaiHHs 3HaUYCHHS Et
MOYKHA TIOB’S13aTH 3 IEPETBOPEHHSIM TiipaTHOi 00010HKK HaBKoJO Ind 2 B OCHOBHOMY CTaHi B MaKCH -
MyMi Ha 3anexxHocTi Er - ckiman, B rigpatHy 060omoHKy HaBKoio Ind 2 B 30ymKkeHOMY cTaHi, XapakTep-
HY JUISl YUCTOI BOJIU.

3. HasiBHiCTH B BOJHO-OpPTaHIUYHUX CyMillax CKJa[iB, NpU SKUX BiAOyBaeTbcs pi3Ke MaiHHS
3HaueHb Er npu He3HauHIid 3MiHI iX cKiIaay, B MaHOyTHROMY MOYKe 3HAHTH MpakTHYHE 3aCTOCYBaHHS
TIPU CTBOPEHHI aKTUBHHUX PIIKUX CEPeIOBUIT B (DOTOHUII, SKi MOXKHA Oyje JIETKO MepeHaIamTyBaTH
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Ha Pi3HI JOBXHMHU XBWJIb BUIPOMiIHIOBaHHS IPOCTOIO 3MiHOIO CKJIaAy OiHAPHOTO BOAHO-OPTaHidHOTO
pO3UMHHUKA O3 3aMiHu OapBHHKA.
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Ye. O. Serhieieva, A. O. Volkanova, S. M. Kiiko. Solvatochromic effects of Reichardt's dyes and 4-[[(2,4-dinitro-
phenyl)methylenelimino-2,6-diphenyl]phenol in individual solvents and aqueous-organic mixtures: structural fea-
tures of aqueous solvents of non-electrolytes

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

The solvatochromic effects of 2,6-diphenyl-4-(2,4,6-triphenylpyridinium-1-yl) phenolate (Ind 1) and 4-[[2,4-dini-
trophenyl)methylene]imino-2,6-diphenyl]phenol (Ind 2) were studied in 28 individual solvents and in 16 binary
aqueous-organic mixtures.

It was found that in individual solvents, Ind 1 and Ind 2 show approximately the same nature in of the change
in the solvatochromic effects when passing from one solvent to another, with the exception of water, in which Ind
2 shows an anomalously small solvatochromic effect, as compared with Ind 1. This anomaly is due to the fact that
water can stabilize the excited state of Ind 2 because of hydration, while in Ind 1, only the ground state is stabi-
lized.

It was found that in binary aqueous-organic mixtures, Ind 1 is not very suitable for studying their solvating abil -
ity, while Ind 2 shows a specific feature — a sharp drop in Er at a certain concentration to values characteristic of
pure water. It was assumed that the constant value of Er after a sharp drop is associated with the possible exis-
tence of a micro-heterogeneous structure of a binary mixture at these compositions with micro-areas of water, in
which both the structural (H-bonds) and hydration properties of pure water are preserved.

The shard drop of Er can be explained by the change in the hydration shell around the phenolate oxygen
atom in the ground state at the maximum dependence on the hydration shell around the nitro fragment in the
excited state, which is characteristic of pure water.

Keywords: solvatochromic indicators, solvatochromic effects, solvating ability, solvatochromic shifters,
binary solvents, selective solvation.
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ETAYHI HOPMHU NYBJIKAIIl HAYKOBUX PE3VYJBTATIB TA IX MOPYIIIEHHA.
PenakuiiiHa Kouseriss poOMTh BCE MOJMIIMBE ISl JOTPUMAHHS CTHUYHUX HOPM, MPUHHITHX MIXK-
HAPOJIHMM HAYKOBHM TOBAPHCTBOM, 1 JUIsl 3a100iraH s Oy/(b-AKHX MOPYIICHb X HOpM. Taka momiTu-
Ka € BaXJIMBOIO YMOBOIO TUTIJTHOT y4acTi KYpHAITY B PO3BUTKY LTICHOI CHCTeMH 3HaHb B raiysi Ximii
Ta CyMDKHHUX Tany3sx. JisIbHICTE PeAaKIiifHOl KOJIeTil 3HAYHOI0 MIpOIO CIIMPAETHCS HA peKOMeH,Z[aLlll
K0M1TeTy 3 €TUKHA HAyKOBHX Hy6J]1KaI_[H/I (Committee of Publication Ethics), a Takoxx Ha HiHHUH
JOCBIJ| MDKHAPOJHMX JKYpHAliB Ta BUaBHUUTB. IlojaHHs CTAaTTi Ha PO3IVISA O3HAYae, MO BOHA
MICTHTh OTPHMaHi aBTOPaMH HOBI HETPHBiaJbHI HAYKOBI pe3yJbTaTH, sIKi paHille He 6ym/1 ory6i-
koBaHi. KokHy cTaTTiO pereH3yoTh IOHaMEHIIIe [Ba eKCIIEPTH, SKi MAOTh yCi MOXIIMBOCTI BIJIBHO
BUCJIOBUTH MOTHBOBAaHI KpUTHYHI 3ayBa)KEHHS LI0AO0 PiBHS Ta SICHOCTI MPECTaBICHHS MaTepiany, Ho-
ro BIMOBIZHOCTI MPOGLIO KYpHaly, HOBU3HH Ta JIOCTOBIPHOCT] pe3ynbTaTiB. PexoMennarii pe-
LICH3CHTIB € OCHOBOKO JUISl IPHIHSATTS OCTATOYHOTO PillleHHs o0 mybuikauii crarri. SKino crarTio
NPUIHSTO, BOHA PO3MILILYEThCS y BIIKPUTOMY JOCTYIIi; aBTOPCBKi IIpaBa 30epiraioThCsi 3a aBTOPAMH.
3a HasABHOCTI OyAb-KUX KOHQIIKTIB iHTEepeciB (PpiHAHCOBUX, aKaJIEMIUYHHX, TIEPCOHATBHUX Ta 1HIIHX ),
YUACHHMKH NPOLECY PELCH3YBAHHS MAIOTh CIIOBICTHTH pelaKmiiiHy KoJjeriro mpo ne. Bei muranHs,
OB’s3aHI 3 MOXIMBUM IUlariatoM a6o Qanbcudikauiero pesyibTaTiB PETenbHO O6FOBOpIOIOTI>C$I
PEIAKLiHHOKO KOJIETI€0, PIBHO K CIIOPHU LIOJ0 aBTOPCTBA Ta JOLUIBHICTb PO3APOOICHHS Pe3yIIbTaTiB
Ha HEBEJNYKi CTaTTi. I[OBeI[em iariat un ganbcudikallis pe3yabTaTiB € MmiJcTaBaMu JJisi 6€3yMOBHO-
IO BiIXWJICHHS CTATTI.
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IHO®OPMAULIA AJ51 ABTOPIB. Xypran nmy0mikye cTaTTi pociiChKOI0, aHTITIHCHKOIO Ta yKpai-
HChKOIO MoBamu. Jlo myOuikamii mpUAMAIOThCS: OTIISAAM (32 MOTOKEHHSM 3 PEIKOJIETIEI0); OpH-
TiHaJIBHI cTaTTi, 00caT 6-10 KXypHATBPHUX CTOPIHOK; KOPOTKI MOBIIOMIICHHS, 00CST 10 3 KypHAIBHUX
cTopiHOK. KpiM 3BHUAiHOTO CITUCKY JiTEpaTypH, B CTaTTi 0OOB'SI3KOBO IOBUHEH OYTH JPYTHUil CITUCOK,
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«Kontaktn» Ha caiiTi xypHaiay. CympoBigHWH JTUCT A0 CTaTTi, BUIPABIEHOI BiAMOBIAHO 10 3a-
YBa)XKEHb PEIICH3eHTa, TIOBUHEH MICTHTH Bi[MOBiNiI Ha BCi 3ayBakeHHA. llomaeTbes elneKTpOHHHH i
OZIMH pO3IpYKOBaHUH (75 XapKiB'siH) BapiaHT. Pykonwcn, SKi MpOHIIIN peneH3yBaHHs, IPUHHATI 10
nyOutikarii i opopMIIeHi BiMOBITHO 1O MpaBHJI AJs aBTOPiB, MpuiiMaroThes y ¢popmarti doc (ae docx)
enekrporHoto momtor (chembull@karazin.ua). Po3apykoBanuii Bapiant He notpibeH. JloknanHinma
iH(opMarris po3mimieHa Ha caiTi xxypHairy http://chembull.univer.kharkov.ua.
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