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COAEPXXAHME

MexaHW3M MOBBLILIEHHON OKUCASIOWEN CrOCOBHOCTU pa3baBNieHHON a30THOW KWUCNOTbl U
pacTBOpeHMe MeTa/IMYeckoro 30/10Ta B a30THOM KWUCOTe, pa3baBneHHOM MOPCKOW BOAOW.
M. Xomxo

DnekTpuyeckass  MpoOBOAMMOCTb,  WMOH-MOJIEKYNsipHas — accoumaumss W MEXMUOHHble
B3aMMOMENCTBUS B PacTBOpPax HEKOTOPLIX TETPaasKUIaMMOHMEBLIX CONEN B aUETOHUTPUIE:
BNMSIHWE UOHA 1 TemnepaTypol. O.H. KanyrwH, E.B. J/TyknHoBa, 4.0. Hosukos

CvnoBoe  none  aHWoHa  TeTpadTopobopata  ANS  MONEKYNSPHO-AMHAMUYECKOro
MOAENNPOBaHNA: HOBbIV noaxoa. M.C. BoBunrckn#, O.H. Kanyrmun

Mex4yacTUyHble B3aMMOAENCTBMS WM AMHaMMKa B pactBopax BmimBF; w LiBF; B
nponwneHkapboHate: M  mopenuposanve. A.C. Ayaapes, E.O. Jlorayésa,
A.B. Konecunk, O.H. Kanyrun

BoaHble pacTtBopbl Monu (rekcaMeTuneH ryaHuavH rmapoxnopuaa) v nonv (aMaTuneHaMuHo-
ryaHuanMH ruapoxiopuaa): uccnefoBaHne npu MOMOLUM KMCIOTHO-OCHOBHBIX MHAMKATOPOB.
A.fO. Xapuernko, M.A. Pomax, K.B. SilHoBa, M.H. Tepewyk, H.0. Muegios-lleTpocsiH
MoBeaeHne ynnepeHa C;y B OMHApHbIX CMECSX OPraHUYECKUX  PacTBOpUTESEN,
NCCNeAoBaHHOE MPU MOMOLUM 3MEKTPOHHONM CMEKTPOCKOMUM U AMHAMUYECKOrO PaCcCesiHUS

cseTa. H.A. MapgyunH, H.0. Muegios-lleTrpocsH
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MECHANISM OF ENHANCED OXIDATION ABILITY OF DILUTE NITRIC ACID
AND DISSOLUTION OF PURE GOLD IN SEAWATER WITH NITRIC ACID

M. Hojo
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mhojo@kochi-u.ac.jp https.//orcid.org/0000-0001-7936-8104

It has been discovered that dilute nitric acid in reversed micelle systems can oxidize the Br ion to Br, and
we have proposed that the nitryl (or nitronium) ion NO," should be the active species in the oxidation proc-
ess. Nitration of phenol in reversed micelle systems with dilute nitric acid, CHCIs/CTAC/H20 (2.0 mol dm™
HNOs3 in the 1.0% (v/v) H2O phase), has been performed at 35 °C to obtaln 2- and 4-nitrophenols, where
CTAC represents cetyltrimethylammonium chloride. In aqueous 2.0 mol dm™ HNO; solution accompanied
by 4.0 mol dm™ LiCl (and a small amount of LiBr as the bromide resource), trans-1,4-dibromo-2-butene was
successfully brominated to 1,2,3,4- tetrabromobutane This result is good evidence that the Br™ ion can be
oxidized to Brz in dilute nitric acid (2 0 mol dm ) prowdmg it contalns concentrated salts. For chloride salts,
the cation effects increased as EtsN" << Na* < Li* < Ca*" < Mg . Even the evolution of Cl, has been dem-
onstrated from < 2.0 mol dm™ HNO; solution containing concentrated LiCl, MgCl,, and CaCl, as well as
AICl3. The dlssolutlon of precious metals (Au, Pt, and Pd), especially, of gold has been demonstrated in
0.1 - 2 mol dm™ HNO3 accompanied by alkali metal, alkaline earth metal, and alumlnum chlorides. The com-
plete dlssolutlon time of pure gold plate (202 mg, 0.1 mm thickness) in 2.0 mol dm™ HNO3 accompanied by
1.0 mol dm™ AICI; has been shortened remarkably with temperature increase from 15 to 80 °C The dissolu-
tion rate constants, log (k /s™"), of a piece of gold wire (19.7+0.5 mg) in 20 mL of 2.0 mol dm™ HNO3; accom-
panied by the metal chlorides, in general, increase with |ncreaS|ng salt concentratlons at 40 and 60 °C. The
gold can be dissolved in the solution of <1.0 mol dm™ HNO3 and <1.0 mol dm™ HCI, i.e. a “dilute aqua
regia." We have achieved a total dissolution of five pieces of the gold wire (totally 0.10 g) in 100 mL of the
1:1 mixture between seawater and 2.0 mol dm™ HNOs at ca. 100 °C.

Keywords: nitryl or nitronium ion, CTAC, evolution of chlorine, oxidation of bromide, salt effect, bulk water
structure, dilute aqua regia, tetrachloroaurate, concentrated salt, Raman spectrum.

Introduction

Nitric acid has two different functions, a strong acid and a strong oxidizing agent in diluted and in
concentrate conditions, respectively, and is one of the best known and most widely applied oxidizing
agents in chemistry. Although the oxidation ability of HNO; depends on its concentration in solution,
it is common knowledge that dilute nitric acid has no oxidation ability. Airborne sea salt particles wet
or dry can react with various gases, in particular various oxides of nitrogen, potentially contributing to
the chemistry of the troposphere [1]. Cotton and Wilkinson [2] have described that nitric acid of
0.1 mol dm™ dissociates about 93% and that nitric acid of less than 2.0 mol dm™ has virtually no oxi-
dation ability. The dissociation constants of HNOj; at different concentration ranges in aqueous solu-
tion have been determined [3].

In a previous paper [4], however, we have reported that the Br™ ion of the surfactant, CTAB, is oxi-
dized to Br, (or Br;") in the CHCI;/CTAB/H,0 reversed micelle system of W = 1.0 - 4.0 with dilute
nitric acid (0.25 - 2.5 mol dm” in the 1.0% (v/v) H,O phase) at 15 — 40 °C where CTAB stands for
cetyltrimethylammonium bromide and the W value is the ratio of [H,O]/[surfactant]. We proposed that
the NO," ion should be the active species in this oxidation process. Unfortunately, our proposal for the
active species may not be recognized so much, regardless of our supplying reasonable evidence in the
study. The changes in the hydrogen-bonding conditions of the water droplets in reversed micelle sys-
tems have been discussed on the basis of 'H NMR chemical shifts [4]. The influence of salts, acids,
and phenols on the hydrogen-bond structure of water-ethanol mixtures has been examined also by
'H NMR spectroscopy [5].

For more than thirty years, we [6] have tried to demonstrate that alkali metal (M") and alkaline
earth metal (M*") ions have potentially the ability to coordinate with simple anions, such as CI, NO3’,
RSO;’, RCOy, etc. Such minor interactions between M* or M*" and simple anions could not be ob-
served normally in dilute aqueous solution because of strong hydration toward both the metal cations
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and the anions. In poor solvating media such as acetonitrile, however, the chemical as well as Cou-
lombic interaction between M" or M** and simple anions has been demonstrated by careful examina-
tion with electrochemical and spectroscopic techniques. Rather strong chemical interactions between
alkaline earth metal ions and the benzoate ion in acetonitrile were found by UV-visible and NMR
spectroscopy [7].

We have also proposed [6] that the properties of bulk water are based on the hydrogen-bond net-
work among a huge number of H,O molecules (e.g., n, > ~107). Water can lose its property as bulk
water (H-O-H) to get that of a non-aqueous solvent, such as an alcohol (R-O-H) or even an ether
(R-O-R) if the highly “self-assembled structure” of bulk water is destroyed in the following cases: (a)
the residual water (c(H,0) ~10° mol dm™) in organic solvents; (b) aqueous solutions or organic sol-
vent-water mixtures containing highly concentrated salts; (c) nanoscale water droplets in nano-tubes or
reversed micelle systems; (d) water on metal electrodes, ion-exchange resins, proteins, organic sol-
vents as the solvent extraction, and glass vessels; (e) water under supercritical conditions. Such waters
can be “reduced” to the authentic singular H,O molecules (also called “dihydrogen ether”, (H)-O-(H))
[8]. Reichardt et al. [9] have concisely interpreted “dihydrogen ether” that, at high salt concentrations
(c(salt) > 5 mol dm™), region C, according to the solvation model of Frank and Wen [10], can be abol-
ished and only regions A and B survive, resulting in an aqueous solvent called “dihydrogen ether”.

Now, we would like to point out that hydrogen-bond dynamics of both water in highly concentrated
NaBr solutions and in reversed micelle systems show a similar behavior [11]. In addition, Park et al.
[11] have described that the water dynamics in 4 nm nano-pools in reversed micelle systems of both
ionic and non-ionic surfactants is almost identical: confinement by an interface to form a nanoscopic
water pool is the primary factor governing the dynamics of nanoscopic water rather than the presence
of charged groups at the interface. Spectroscopic studies of the structure of surface water as it is af-
fected by added salts, acids, and ammonia have been presented in a review article by Gopalakrishnan
et al. [12]. The OH stretch of nitric acid in CCl, has provided definitive proof of molecular nitric acid
rather than NO5™ [13].

With the assistance of above-mentioned two ideas, i.e., (1) chemical interaction between the metal
cations and simple anions, (2) the change of water properties with the addition of concentrated salts
and/or organic solvents, we have successfully explained the concentrated salt effects on solvolysis
reactions of organic haloalkanes and related compounds without resorting to different types of ion
pairs [8].

It is widely accepted that the NO," ion is the active species in nitration reactions. March [14] has
described in his textbook: “there is a great deal of evidence that NO," is present in most nitration reac-
tions and that it is the attacking entity”.

In Part 1 of the present paper, a few examples for the nitration of phenols with dilute nitric acid
(2.0 mol dm™) in various reversed micelle systems are reported. After that, we examine the oxidation
of Br to Br, by dilute nitric acid in aqueous bulk solution containing concentrated salts in order to
recognize that the NO," ion can be produced within nanoscale water droplets in reversed micelle sys-
tems. In the course of our experiments, even the evolution of Cl, as well as the oxidation of Br” to Br,
has been observed in dilute nitric acid in aqueous bulk solution containing concentrated salts. Finally,
the distortion of bulk water structure is fully discussed for aqueous solutions containing concentrated
salts, such as LiCl and NaCl, based on experimental data observed with Raman and 'H NMR spectros-
copy.

In Part 2, pure gold dissolution in seawater mixed with aqueous nitric acid is demonstrated.

Results and Discussion

Part 1 Formation of NO," as the Intermediate in Reversed Micelle Systems and Bulk Aqueous
Media from Dilute HNO;
1.1. Nitration of phenol with dilute nitric acid in CHCI/CTAC reversed micelle
First of all, we would like to characterize the reaction field in reversed micelle systems. Fig. 1
shows the change with time in the '"H NMR chemical shift (8) values of OH in water droplets
(1.0% H,0 phase containing 2.0 mol dm™ HNOs) of reversed micelle systems, CHCl;/CTAB/H,O
(W = [H,0)/[surfactant] = 2.0) and CHCIl;/CTAC/H,0 (W = 4.0) at 25 °C. The 3('H) value of the
CTAB micelle system decreased after two hours with changing of the color from colorless to yellow,
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whereas that of the CTAC micelle system remained constant during five hours and even after 7 days.
In the previous study [4], we have established that the oxidation of Br™ ions to Br, (or Br;) occurs with
0.25 — 2.0 mol dm™ HNO; (in the 1.0% H,O phase) of the CHCly/CTAB/H,0 (W = 2.0) reversed mi-
celle system at 25 °C. We have also suggested that the oxidizing species should be the NO," ion which
is formed from the dilute nitric acid in the micelle system.

The decrease of the 8('H) value in the CTAB micelle system has been attributed to the decrease in
the nitric acid concentration, which should accompany the oxidation of Br™ ions of the surfactant,
CTAB. Contrastingly, it is obvious that 2.0 mol dm™ HNO; in the CHCly/CTAC/H,0 (W = 4.0) mi-
celle system could not oxidize the CI ions (of the surfactant, CTAC) into Cl,, thus, no decrease in the
HNO; concentration was observed. In brief conclusion, Eq. 1 can take place but not Eq. 2 in the two
reversed micelle systems.

2Br” + NO; — Br, + NO, (1)
_ . _
2CI" + NO; — Cl, + NO, (2)
) ¥ I
, CTAC ]
E 40 ¥ o+ ++at.‘ 8
& CTAB * &
— . _E
T 36 * (e
S ., 2 -
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Figure 2. UV absorption spectra (0.1 cm path-length) of
the products from 2.5 x 10~ mol dm™ phenol formed in
the reversed micelle system CHCI;/CTAC/H,0O
(W =4.0), containing 2.0 mol dm™ HNOj; (in the 1.0%
H,O phase) at 35 °C and the candidate compounds in
the reversed micelle system: (1) products formed after
four days; (2) 1.0 x 10° mol dm™ 2-nitrophenol;
(3) 1.0 x 10” mol dm™ 4-nitrophenol.

Figure 1. Time-dependent chemical shifts of 6(OH) in
reversed micelle systems, CHCIl;/CTAB/H,O
(W =2.0) and CHCI;/CTAC/H,O (W = 4.0), contain-
ing 2.0 mol dm™ HNO; (in the 1.0% H,O phase) at
25 °C.

Fig. 2 shows the UV spectrum based on the reaction products from 2.5 x 10~ mol dm™ phenol in
the reversed micelle (CHCly/CTAC/H,0) at W = 4.0 containing 2.0 mol dm™ HNOs (in the 1.0 % H,0
phase) after four days at 35 °C. Two bands at Ay, = 285 and 323 nm were observed. The UV spectrum
of the reaction products was able to be fit with 1.6 x 10 mol dm™ 2-nitrophenol and 1.4 x 10 mol
dm™ 4-nitrophenol, that is, the ratio of (1.14):(1.00) for 2- and 4-nitrophenols with a reaction yield of
80 % from phenol. This result seems to be reasonable since the OH-group of phenol has an ortho- and
para-orientation tendency [15]. The production of 3-nitrophenol and 2,4-dinitrophenol was excluded
based on their UV absorption spectra: reaction conditions are so gentle that 3-nitro- and dinitro-
derivatives were not produced.

1.2. Nitration of 4-methylphenol with dilute nitric acid in CTAC and AOT reversed micelle systems

Nitration of 4-methylphenol with dilute nitric acid was examined in the CDCl;/CTAC/H,O re-
versed micelle system at 35 °C. Fig. 3(a) shows the 'H NMR spectrum of 0.010 mol dm?
4-methylphenol in the reversed micelle (CDCly/CTAC/H,0) at W = 8.0 containing 2.0 mol dm™
HNO; (in the 1.0 % H,O phase) just after solution preparation. Two doublet signals characterize the
reactant 4-methylphenol. The 'H NMR spectrum (for 5('"H) = 5 — 10 ppm) of 4-methylphenol in the
CDCI3;/CTAC/H,0 reversed micelle system was almost identical with that of a commercial compound
in CDCl; solution. After completion of the reaction (two days later), the 'H NMR signals shifted to the
down-field direction; one singlet (3H) and two doublet signals (SH and 6H), shown in Fig. 3(b), indi-
cated the formation of 2-nitro-4-methylphenol and the absence of the reactant 4-methylphenol.



M. Hojo

Figure 3. 'H NMR spectra of (a) 0.01 mol dm’
4-methylphenol in CDCL;/CTAC/H,O (W= 4.0) re-
versed micelle in the presence of 2.0 x 10° mol dm™
HNO; (in the 1.0% H,O phase) just after solution
preparation and (b) the product formed from 0.01 mol
dm™ 4-methylphenol in the reversed micelle system

Absorbance

600

Figure 4. Changes of UV and visible spectra (0.1 cm
path-length) from 2.5 x 10~ mol dm™ 4-methylphenol to
2-nitro-4-methylphenol with time in reversed micelle,
CHCIy/AOT/H,0 (W = 2.0), containing 2.0 mol dm™
HNO:; (in thel.0% water phase) at 35 °C: (1) 0; (2) 2.0;
(3) 4.0; (4) 5.0; (5) 6.0 h later. Commercially obtained
2-nitro-4-methylphenol of 2.0 x 10° mol dm™ is also

after reaction completion (two days later at 35 °C). displayed

The reaction yield was evaluated by means of UV spectroscopy of 2-nitro-4-methylphenol from
2.5x 10° mol dm™ 4-methylphenol in the CHCl;/CTAC/H,O reversed micelle system. The yield of
the product increased with increasing W value, e.g. 88.5, 91.7, and 95.7 % for W = 1.2, 2.0, and 8.0,
respectively, and the reaction time (for completion) was prolonged by smaller W values: 2, 3, and
5 days for W =2 - §, 1.5, and 1.2, respectively. One can expect some superiority in the yields and
reaction rates for the smaller W values because of more remarkable distortion of the water structure.
However, the experimental data indicates the opposite tendency. Similar opposite tendency have been
reported for the oxidation of Br' in CTAB reversed micelle system [4].

The cationic surfactant, CATC, was then replaced by an anionic surfactant, AOT. Fig. 4 shows the
formation of 2-nitro-4-methylphenol from 2.5 x 10~ mol dm™ 4-methylphenol in the reversed micelle
(CHCI;/AOT/H,0) at W = 2.0 containing 2.0 mol dm™ HNO; (in the 1.0 % H,O phase) at 35 °C. Two
hours later, a reaction to some extent could be observed with a slight increase of absorbance at around
A = 280 and 370 nm. The reaction was completed after six hours to give a UV spectrum with two
bands at A = 281 and 371 nm for 2-nitro-4-methylphenol with a reaction yield of 93.2 %. The influ-
ence of the W value on reaction time and yield was examined only for W = 1.0 — 3.0, since the re-
versed micelle system was unstable for W = 4.0 or more. Smaller W values caused slightly lower
yields and longer reaction times: 92.1 % (8 h) and 94.0 % (6 h) for W = 1.0 and 3.0, respectively.

For the AOT system at W = 2.0, the replacement of CHCI; with heptane as the organic phase
caused the reaction rate of the nitration of 4-methylphenol to be much faster. The nitration reaction
was completed in two hours with a yield of 98 %. At various W values (W = 1.0 — 8.0), the yield and
reaction time were obtained for 2-nitro-4-methylphenol from 2.5 x 10~ mol dm™ 4-methylphenol in
the reversed micelle (heptane/AOT/H,0) containing 2.0 mol dm™ HNO; (in the 1.0 % H,O phase) at
35 °C. The reaction or completion time was always 2 h, except for W = 1.0 (3.5 h), and the yields were
within 93 — 98 %. However, the insolubility of the CTAC surfactant in heptane prevented us from
examining the reaction in a heptane/CTAC/H,0 reversed micelle system.

Onori and Santucci [16] have investigated water structure in CCl,/AOT/H,0 reversed micelle sys-
tems. They have stated that the IR spectra can be expressed as sum of the contributions from interfa-
cial and bulk-like water. Without doubt, the conditions in the nanoscale water droplets are quite differ-
ent from that of intrinsic bulk water.

In 10 mL of heptane without surfactants, the nitration of 2.5 x 10~ mol dm™ 4-methylphenol with
2.0 mol dm™ HNO; (0.1 mL) was examined at 35 °C. Turbidity was observed in heptane when sonica-
tion was performed for several minutes in order to mix the solvent and the small amount of dilute ni-
tric acid. After one day at 35 °C, however, the solution became clear and the UV spectrum of the solu-
tion indicated the formation of 2-nitro-4-methylphenol of 93 % yield. In this case, nitration took place
in the absence of surfactants. In the review article of Gopalakrishnan et al. [12] they commented that
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infrared spectra of saturated solutions of water in CCly at room temperature can be assigned to water
monomers or dimers. The water molecules mixed into heptane, including the turbidity particles, may
exist in a variety of forms from the monomer to hydrogen-bonded oligomers, (H,0O),.

In 10 mL of CHCl;, on the other hand, 4-methylphenol could not be nitrated by 2.0 mol dm™ HNO;
(0.1 mL) even after two weeks. Now, we would like to discuss briefly the reactivity (formation of
NO," as intermediate) in both solvents: the most obvious difference between two organic solvents
must be in their acceptor numbers: ~ 0 and 23.1 for heptane and CHCl;, respectively [17], whereas the
donor numbers of both solvents should be quite small (~0). Chloroform with the larger acceptor num-
ber (i.e., the larger basicity) can accept the hydrogen bond from the H-atoms of nitric acid, which
might cause a lower tendency to produce the NO," ion.

Now, we wonder what kind of function surfactants may have for the reaction in reversed micelle
systems. Additionally, the question is where the NO," ion is generated, either within the aqueous phase
or in the organic phase. In order to solve these problems, we examined the oxidation ability of dilute
nitric acid in bulk water containing concentrated salts, as described in the following sections.

1.3. Oxidation of Br’ to Br, with dilute nitric acid in aqueous bulk solution containing abundant salts

Fig. 5 shows the UV-visible absorption spectra of a 2.0 mol dm™ HNO; aqueous solution, after ad-
dition of 4.0 mol dm™ LiCl and 0.010 mol dm™ LiBr at 35 °C. Note that the concentration of nitric acid
is less than 2.0 mol dm™ (actually found to be 1.83 mol dm™) because a substantial part of the volu-
metric flask is occupied by a large amount of the salt, LiCl, and only 2.0 mol dm™ HNO; was handled
for preparation of the solution. The solution turned soon from colorless to yellow. In the UV-visible
spectra, a band of at around 371 nm developed gradually with time until 30 min passed. Commercially
available Br, gave UV absorption band at around 371 nm (absorptivity, e /cm™ mol™ dm’ = ca. 200) in
4.0 mol dm™ LiCl aqueous solution, cf., € = ca. 180 at A = 390 nm in 2 mol dm™ HCIO, [18]. Based on
the absorptivity of Br,, the oxidation of the Br” ion (LiBr) is suggested to be completed after 30 min.
The presence of Br, in the concentrated salt solution (e.g., 4.0 or 5.0 mol dm™ LiCl) after the reaction
was detected by the Rosaniline method [19]; the appearance of a red color (1 = ca. 570 nm) proved the
formation of Br,.
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Figure 5. Formation of Br, (1.0 cm path-length) from
0.010 mol dm™ LiBr in 2.0 mol dm™ HNOj; solution,
accompanied by 4.0 mol dm™> LiCl at 35 °C: (1) 0;
(2) 5; (3) 10; (4) 25; (5) 30 min later.

Scheme 1. The bromination of a butene to the butane.

The formation of Br, from LiBr with 2.0 mol dm™ HNO; accompanied by 4.0 mol dm™ LiCl (and
0.010 mol dm™ LiBr) was confirmed also by means of '"H NMR as follows: before and after the reac-
tion, each solution of 10 mL in the presence of trans-1,4-dibromo-2-butene (0.010 mol dm™) was ex-
tracted with 2 mL of CDCIl;. After the completion of reaction, the formation of
1,2,3,4-tetrabromobutane was demonstrated by the disappearance of a signal at 3('H) = ca. 6.0 ppm
stemming from trans-1,4-dibromo-2-butene as well as the appearance of signals between
8('H) = 3.5 — 5.0 ppm. The formation of 1,2,3,4-tetrabromobutane from trans-1,4-dibromo-2-butene
(cf. Scheme 1) is a good evidence for the oxidation of Br™ with dilute nitric acid in the presence of
LiCl. It is true that the lithium ion has an advantage for getting good oxidation ability with dilute nitric
acid, however, we would like to stress that Li" is not the essential ion component. At 35 °C, a solution
of 2.0 mol dm™ HNO; accompanied by sodium chloride (3.0 mol dm™) and bromide (0.010 mol dm™),
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which contains no lithium ions, produced also Br,, though the reaction rate and the yield of Br,
(ca. 25 %) was low.

At various temperatures, examined were the time-dependent changes of absorbance at 1 = ca.
371 nm of Br, in 2.0 mol dm™ HNO; accompanied by 4.0 mol dm™ LiCl (and 0.010 mol dm™ LiBr).
With increasing temperature, the reaction rate increases. The activation energy for 20 — 35 °C was
evaluated to be 67.2 kJ mol™ for the 4.0 mol dm™ LiCl solution. With decreasing salt concentration,
however, the reaction rate decreased remarkably; the activation energies were evaluated to be 58.6 and
45.0 kJ mol™ for 3.7 and 3.5 mol dm™ LiCl. Naturally, with increasing LiCl concentration, the reaction
rate increased. In 2.0 mol dm™ HNO; accompanied by 5.0 mol dm™ LiCl (and 0.010 mol dm™ LiBr),
the oxidation reaction proceeded too fast to evaluate the rate constant precisely, therefore, nitric acid
of 1.0 mol dm™ was used for 5.0 mol dm™ LiCl to obtain log (k/s™) = -3.87 at 25 °C.

In the case of 9.0 mol dm™ LiCl, at last, the nitric acid concentration was decreased down to
0.1 mol dm™ to get reasonable experimental conditions. In Table 1 are listed the apparent oxidation-
reaction rate constants, log (k/s™), for 0.10 — 2.0 mol dm™ nitric acid accompanied by LiCl in high
concentrations (3.5 — 9.0 mol dm™). It should be mentioned that the rate constants are not very precise
values because the apparent molarity concentrations of nitric acid are always reduced by the volumes
of a large amount of salts (vide supra); the actual molarity values are also listed in the table.

Table 1. The apparent rate constants, log (k/s™)," of formation of Br, from dilute nitric acid (and 0.010 mol dm™
LiBr as the Br” resource) solution containing alkali metal and alkaline earth metal chlorides at 20 — 40 °C.

salt/mol dm™ | HNO;/ mol dm™ 40°C 35°C 30°C 25°C 20°C
LiCl, 4.0 2.0° (1.83)° 2.57 -2.76 -2.96 -3.24
LiCl, 5.0 1.0 (0.894) -3.23 -3.63 -3.87 -4.13
LiCl, 6.5 0.5 (0.431) -3.36 3.72 -3.94 422
LiCl, 8.0 0.2 (0.167) -3.70 -3.80 -4.03
LiCl, 9.0 0.1 (0.081) -3.87 -3.97 -4.20
NaCl, 3.5 2.0 (1.84) -4.81 -5.19 -5.43
MgCl,, 1.7 2.0 (1.60) -2.51 3.14 -3.49
CaCl,, 2.5 2.0 (1.83) -2.68 -2.93 -3.47 3.51

*Evaluated from the slope of In (A~ A,) vs. t, where A, and A, represent the absorbance at reaction completion
and at each time, respectively.

® The concentration of HNO; solution, with which the salt was dissolved.

¢ The actual HNO; concentration in the reaction flask, evaluated by the weight and the total volume values.

All the log (k/s™") values observed are between ca. -4.0 to ca. -2.5 at 25 — 35 °C, in other words, the
reaction rates were adjusted by controlling the concentrations of both HNO; and LiCl for obtaining
appropriate experimental data. In the case of sodium chloride, 3.5 and not 4.0 mol dm™ salt solution
was utilized because of the smaller solubility of NaCl in 2.0 mol dm™ HNO;. A 2.0 mol dm™ HNO;
aqueous solution accompanied by 3.5 mol dm™ NaCl (and 0.010 mol dm™ LiBr) at 25 °C gave the log
(k/s™) value of -5.43 and this value is much smaller than that (-3.75) for 3.5 mol dm™ LiCl. Note that
the actual concentration of “2.0 mol dm™ HNO;”, accompanied by 3.5 mol dm™ LiCl or NaCl were
found to be each 1.84 mol dm™. The large difference in the log (k/s™) values between LiCl and NaCl is
probably caused not only by some interaction between M" and NO;" but also by the change of the wa-
ter structure through hydrogen bonding in the presence of these salts. In the final section of Part 1, the
water structure through hydrogen bonding will be discussed based on the Raman and '"H NMR spectral
data of D,0O or H,O containing LiCl, NaCl, and other salts.

As for non-metallic salts, a 2.0 mol dm™ HNOj solution accompanied by 3.5 mol dm™ Et,NCI (and
0.010 mol dm™ LiBr) at 30 and 35 °C gave no Br, even 50 h later, although we have observed the pro-
duction of Br;” salts (brown-color) on Et;NBr crystals from a 2.0 mol dm™ HNO; solution, saturated
with Et,NBr after several days at room temperature. It is obvious that the metal ions play an important
role in the oxidation process with dilute nitric acid. Magnesium and calcium chlorides promoted re-
markably the oxidation reaction with dilute nitric acid: it was necessary for us to employ lower con-
centrations for these salts to obtain appropriate experimental data. The log (k/s ) values for MgCl, and
CaCl, are also listed in Table 1. The effects by alkali metal and alkaline earth metal chlorides were
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classified as Et4NCI << NaCl < LiCl < CaCl, < MgCl,. This order of cations is just similar to that of
the cation effect on solvolysis reaction rates of Sy1 substrates [8].

After examining the heterogeneous reactions of oxides of nitrogen with NaCl as a model for sea
salt particles, Langer et al. [1] inferred that NaCl may not be the component of sea salt which is most
reactive with HNOs. Rossi [20] has summarized the study by Langer et al. [1] in a review article, “this
study indicates that HNO; and NO, appear to react preferentially with hydrate salts such as
MgCl,-6H,0, which is one of the constituents of natural sea salt”. Admitting that they studied in het-
erogeneous phases, our observation is consistent with the result obtained by them [1].

1.4. Evolution of Cl, in concentrated chloride salt solutions and mechanism of the oxidation of the Br ion

In 2.0 mol dm™ HNO; accompanied by 1.0 mol dm® AICl; (and 0.010 mol dm™ LiBr) at
20 — 35 °C, the reaction proceeded quickly to give Br, but yields were not so high. In addition, we
noticed that Cl, gas seemed to be produced from the solution. Therefore, the Cl, formation was exam-
ined by the o-tolidine method [21] for 2.0 mol dm™ HNO; accompanied by 1.0 mol dm™ AICI; at
room temperature. Chlorine was detected by the absorption band at A = 437.5 nm in the test solutions,
sampled from the vapor phase as well as from the condense phase (the HNO; solution). By the same
method, the formation of Cl, was demonstrated in 2.0 mol dm™ HNO; accompanied by LiCl, MgCl,,
and CaCl, of 4.0, 1.7, and 2.5 mol dm”, respectively. Although we failed to determine Cl, from
2.0 mol dm™ HNO; accompanied by 3.5 mol dm™ NaCl in a preliminary experiment, we believe that
the formation of Cl, is possible from all the (dilute) nitric acid solutions containing concentrated chlo-
ride salts which we have examined.

The standard redox potentials, E°, of NO,"/NO, and NO,"/N,0, are reported to be 1.35 and 1.50 V
[22], respectively, cf. E° = 1.396 V for Cl, (aq)+2e” — 2CI™ (aq) [23]. Olah [24] has described that

the reversible potential for reduction of NO," in acetonitrile is 1.45 V (vs. NHE), citing an electro-
chemical paper [25]. The oxidation of CI" to Cl, with NO," must be possible according to the redox
potentials of NO," and Cl,.

Behnke et al. [26] have stated that NO, " reacts with water to form 2H" and NOs™ or with CI” to pro-
duce nitryl chloride (CINO,) in their atmospheric chemical experiment of N,Os on liquid NaCl aero-
sols or bulk NaCl solution at 291 K. However, it is known that [27] nitryl chloride is soluble in water
and it decomposes to nitric and hydrochloric acids. The mixture (aqua regia) of concentrate HNO; and
HCl is ready to evolve Cl, and nitrosyl chloride (NOCI) [28]. Coincidentally, nitration of a calixarene
compound by anhydrous AICl; and KNO; in CH,Cl, has been reported [29]. Another aluminum salt,
Al(H,POy,)s, serves as an efficient solid acid catalyst of nitration of a variety of organic substances
with 70 % nitric acid [30].

Having the evolution of Cl, is demonstrated, the oxidation mechanism of the Br™ to Br, should be
reconsidered. The oxidation of the Br ion of LiBr in concentrated LiCl solution can occur not only
directly by NO," but also indirectly through Cl,, as expressed by Egs. 2 and 3:

2Br +Cl, = Br, +2CI" (3)

The reaction given in Eq. 3 was inferred from the formation profile of Br, in the dilute nitric acid con-
taining chloride salts, that is, the absorbance of Br, increased gradually from the beginning of reaction
time. On the other hand, the formation profile of Br, in dilute nitric acid containing non-chloride salts is
completely different from that of chloride salts. Fig. 6 shows the change of Br, concentration with time
in 2.0 mol dm> HNOj; (and 0.010 mol dm™ LiBr) accompanied by lithium trifluoromethanesulfonate,
perchlorate, and nitrate salts. The absorbance of Br, increased not from the initial time but after an induc-
tion period for each salt. The oxidation reaction of other non-chloride lithium and sodium salts, such as
CH;SO;Na or NaHSOy, also need a long induction period before the formation of Br; starts. The details
of the influence of cation and anion components on the generation of NO, as the active species from
dilute nitric acid will be reported later. We just mention that the basicities of anions from salts in higher
concentrations may influence on the generation of NO," from dilute HNOs. Kinetics and mechanism of
the autocatalytic oxidation with nitric acid have been reviewed by Bazsa [31].

1.5. Distortion of bulk water structure in the presence of concentrated LiCl and NaCl

According to Frank and Wen [10], Li" and Cs" ions in aqueous solution are regarded to be structure
making and breaking, respectively. This classification for cations or salts is widely accepted in solu-
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tion chemistry. However, we would like to point out that this argument must be limited to lower salt
concentrations in solution. In the presence of salts in high concentrations (e.g., 5 mol dm™), bulk water
molecules are consumed for hydrating the ions, therefore, the bulk water part (properly structured with
an enormous number of water molecules) in solution is reduced or even disappears and only isolated
water molecules should be left for solvating foreign chemical species [6].
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Figure 6. Time-dependent absorbance (1.0 cm

path-length) at around 1 = 371 nm of a

2.0 mol dm™ HNO; solution, accompanied by Figure 7. The changes of Raman spectra of D,0 with chang-
3.5 mol dm™ lithium salts (and 0.010 mol dm™ ing R values of LiCl and NaCl, where R = [D,0] / [salt].
LiBr) at 35 °C: (A) CF3;SO;Li; (e) LiClOy;

(O) LINO3

Fig. 7 shows the changes of Raman spectra of D,O with changing R values of LiCl and NaCl
where R = [D,0] / [salt]. Excitation for the Raman spectroscopy was provided by a 514.5 nm argon
laser. The two peaks at ca. 2390 and 2500 cm™! of D,O in the absence of salts can be attributed to O-D
stretching bands of strongly and weakly hydrogen-bonded D,O molecules, respectively [8c-8e,32].
With decreasing R values (i.e., with increasing salt concentration), the intensity of the band of weakly
hydrogen-bonded water increases at the expense of that of strongly hydrogen-bonded water for both
LiCl and NaCl solutions. The Raman spectra obviously indicate that the water structure through hy-
drogen-bonding is much destroyed in concentrated LiCl as well as NaCl solution. Furthermore, exam-
ining the distortion of the water structure, we found, LiCl has a stronger impact than NaCl. At R = 20,
for instance, the ratio of Raman intensities (I/I;) is 0.64 and 0.72 for LiCl and NaCl, respectively,
where [; and I, represent Raman intensities at ca. 2500 and 2390 cm’’. The smaller Raman ratio for the
D,0 solution of LiCl, as compared with that of NaCl, indicates that the water structure is more dis-
torted by LiCl, rather than NaCl of the same molality concentration: R value of 20 corresponds to
2.5mol kg™

Coincidently, Pastroczak et al. [33] have demonstrated how the intensity ratio of two main band
components of H,O (around 3200 and 3400 cm™) depends on the excitation laser wavelength in the
visible range. Note that the ratio (I,/I;) is 1.08 for pure D,O and that D,O is somewhat more structured
than H,0 (I/I; = 0.90 for 3250 and 3400 cm™, laser excitation at 514.5 cm™). Gordon [34] has already
mentioned that D,0 is a more structured liquid than H,O.

1.6. Integration of apparent contradiction between NMR and Raman spectroscopy

Now, we have to declare that "H NMR chemical shifts of H,O containing the salts were found to be
apparently controversy to the Raman results. Fig. 8 shows the Ad values changed by various cations or
anions of 1.0 mol dm™ in 2.0 % (v/v) EtOH-H,O solution. We have found that these A3 values ob-
served in 2.0% are not so much different from those observed in 20% (v/v) EtOH-H,O solution, previ-
ously reported [5]. We can notice that the difference of the AS values between Mg”" and Ca*" are defi-
nitely smaller than that observed in 20% (v/v) EtOH-H,O solution, though.

The separation of the effects by the anion and cation components in a salt was performed according
to Hindman’s method [35] (A8 (NH4") = 0): the details of the procedure have been described previ-
ously [5]. Magnesium, calcium, and lithium ions having smaller ionic sizes (1/z) gave positive Ad val-
ues while Na', K, Rb", and Cs" gave negative values; where r and z are the crystal ion radius and the
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number of charges, respectively. Positive and negative Ad values should be correspondent to structure
making and breaking, respectively. Based on the '"H NMR data, Li" is structure making while Na" and
CI are structure braking. Thus, the '"H NMR data for these ions are in good accordance with the model
of Frank and Wen [10].
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Figure 8. The Ad values vs. 1/z for various cations and anions at 1.0 mol dm™ in 2.0 % (v/v) EtOH-H,O solution,

where r and z are the crystal ion radius and the number of charge, respectively. The signal of the methyl group in
EtOH served as the internal standard for the chemical shift.

As discussed above, however, the Raman spectra supply us with the information that the water
structure is more distorted by higher concentration of LiCl than of NaCl. Such an apparent contradic-
tion between Raman and NMR data has been one of the most difficult points to clear in solution chem-
istry. Now we suppose that "H NMR system may reflect the ion hydration (neighboring part of ions)
even though the bulk water is almost lost in the presence of salts in higher concentrations, whereas
Raman spectroscopy seems to be able to evaluate the degree how much an aqueous solution is
changed from the initial bulk water as the result of adding salts. Note that the condition of water struc-
ture around a metal ion (e.g., Li" or Fe*"), developed by its ionic field or coordination ability, must be
quite different from that of the bulk water. Raman spectra may distinguish the difference between
hydration and bulk water molecules but NMR spectra may not. As mentioned above, we have pro-
posed of change in the properties of bulk water into those of “dihydrogen ether” [8] in the presence of
highly concentrated salts. It is, indeed, necessary for us to arrange slightly the idea of Frank and Wen
[10] (structure-making or breaking ions) in order to account for the controversy feature between Ra-
man and 'H NMR spectroscopy.

The influence of MgCl, and CaCl, on the water structure has been examined by means of 70 NMR
and Raman spectroscopy [36]. Changes in Raman spectra indicated the break of the fully hydrogen
bonded water structure with increasing concentration of MgCl, and CaCl,. However, the 8(17OH2)
values increased (down-field shift) with increasing concentration of MgCl, and CaCl,. The authors
have described that results from 'O NMR and Raman measurements are “compatible” with each
other. Obviously, in the truth, they have had encountered the contradiction just similar to ours. How-
ever, they evaded the difficult situation by describing, “though CaCl, and MgCl, destroy four hydro-
gen-bonded water structures, they promote the water structure in the mass”.

Yonehama et al. [37] reported the O-D stretching frequency in aqueous electrolyte solutions. Al-
though they paid their precise attention only to the frequency changes but not to the intensities in Ra-
man spectra, they cast a most important comment as follows: the term “structure-making and struc-
ture-breaking” is a confusing expression in that incorporation of small ions in water invites a new
structure (hydration structure) formation different from the intrinsic water structure.

Part 2 Pure gold dissolution in seawater mixed with aqueous nitric acid
In an editorial article [38] is written that “many people have the impression that gold occurs as
nuggets in streambeds and being a noble metal is only dissolved by aqua regia, mixture of concen-
trated hydrochloric and nitric acids”. Beckham et al. [39] described that Geber, an Arabian chemist,
mentioned aqua regia in the eighth century. In the metallurgy of gold, many leaching (dissolution in
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liquids) methods were known [40]. Chlorine-Chloride leaching was applied commercially in the 19"
century, but its use diminished following the introduction of the cyanide process in 1887.
The redox potentials [23] for gold species are as follows:

Au'+e > Au, E°=1.83V and Au’" +3e” —> Au, E° =152V
AuCl, +e” — Au+2Cl°, E’=1.154V (4)

AuCI; +3¢” = Au+4Cl-, E° =1.002V (5)

The comparison between Egs. 4 and 5 indicates that the Au(Ill) complex is more stable than the
Au(I) species by 0.15 V. Oxidation will occur only above approximately, 1.2 V, and therefore a strong
oxidant, such as Cl, or O;, is required to dissolve gold at a reasonable rate [41]. The redox potential of
Cl, (g) to CI' (aq) is reported to be 1.358 V [41] and that of O5 to O, to be 2.075 V or 1.246 V in acidic
or basic solution, respectively [41].

We have recognized that the nitronium ion (NO,"), the active species for nitration or oxidation, can
be generated not only in the water phase of reversed micellar systems but also in bulk water containing
salts in higher concentrations. Eq. 6 is the common reaction scheme to produce NO," in concentrate
nitric acid and we have assumed that the same scheme can be applied to even the diluted nitric acid in
reversed-micellar water droplets [4] as well as in bulk water containing higher concentrations of salts.

2HNO, —» NO; +NO; +H,0 (6)

With an intimate examination of Eq. 6, we may notice that enhanced formation of HNOj in its mo-
lecular state and not dissociated (H™ + NOs) is essential for a favorite NO," generation. In bulk aque-
ous solution, however, many people may be suspicious that diluted nitric acid is apt to dissociate com-
pletely. How could we keep the nitric acid molecules from dissociating to protons and nitrate ions?
Reducing the solvent’s permittivity (e.g. & < 10) may be an excellent way for that purpose. However,
the permittivity of bulk aqueous solutions cannot be reduced so well. Then, our idea, the alternation of
H,0 into “dihydrogen ether”[8], could resolve some of the problems. Both the “strong” acidity and
basicity of water are lost at once when the water molecules in the huge network are broken into iso-
lated molecules by some of the causes already mentioned, such as, the abundant addition of salts and
increased temperature. For solutions with very high salt concentrations, we may not rely so much on
the Debye-Hiickel [42] and Pitzer [43] theories, even though being highly developed, because such
new or extraordinary phenomena have not been predicted in advance by calculations making use of
these theories, at least at the moment. We have already mentioned that the redox potential of NO,"
generated in diluted nitric acid should be high enough to oxidize CI into Cl,.

The present adventure, that is, dissolving gold in aqueous nitric acid, has been initiated not by any
coincidence but by our reasoned deduction. As described above, dilute nitric acid in bulk water, pro-
vided it contains salts in high concentrations, can oxidize the Cl ion to Cl,. Therefore, it is an inevita-
ble theory that the evolved Cl, should oxidize Au’ into Au’", which is, at the same time, coordinated
by the abundant CI ions, when the aqueous nitric acid is accompanied by sufficient amounts of chlo-
ride salts.

In Part 2, we would like to demonstrate the dissolution of precious metals (Au, Pt, and Pd), and to
give detailed reports on gold dissolution in aqueous nitric acid (< 2 mol dm™) containing alkali metal,
alkaline earth metal, and aluminum chlorides at 15 — 100 °C.

2.1. Total dissolution of pure gold in 2 mol dm™ aqueous HNOj; solution containing concentrated salts

The gold dissolution has been examined with gold plate. Fig. 9 shows the period (time in hour)
needed for the complete dissolution of a piece of gold plate (20+2 mg, the thickness of 0.1 mm) in a
20 mL solution of 2.0 mol dm™ HNO;, accompanied by 1.0 mol dm™ AICl;, at various temperatures. It
takes a long time, ca. 35 hours at 15 °C, however, the dissolution period was shortened with increasing
temperature, e.g. less than 30 minutes at 70 or 80 °C. The aqueous HNOj solution acquires the in-
creased dissolution ability with the temperature increase.

Next, the gold dissolution into the aqueous HNOj; solution has been examined with the gold wire
instead of the gold plate. Fig. 10 shows the time for complete dissolution of a piece of gold wire
(19.7+0.5 mg, diameter of 0.25 mm) in a 20 mL solution of 2.0 mol dm™ HNOs, accompanied by vari-
ous chloride salts, at 60 °C. With increasing salt concentrations (from 1.0 mol dm™), generally speak-
ing, the complete dissolution time is shortened. However, an interesting reversal trend is observed for
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more than 5.0 mol dm™ LiCl: the gold dissolution in a 2 mol dm™ HNOj; solution needs longer time in
the presence of 7.0 or 9.0 than 5.0 mol dm™ LiCl. The most remarkable reversal effect is exhibited by
CaCl,. The dissolution time reaches its minimum at around 2.5 mol dm™ CaCl, and get longer again
after reaching a concentration of 3.0 mol of the salt.
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Figure 9. Time for the complete dissolution of gold Figure 10. Time for the complete dissolution of gold
plate (20 £ 2 mg) in 2.0 mol dm > HNO;, accompa- wire (19.7 + 0.5 mg) in 2.0 mol dm > HNO;, accom-
nied by 1.0 mol dm * AICl; at various temperatures. panied by various chloride salts at 60 °C.

As to dissolving gold, MgCl, is more effective than CaCl,. The influence of metal chlorides (at
1.0 mol dm™) for the rate of gold dissolution increases in the order KCI < NaCl < LiCl < CaCl, <
MgCl, < AICI;. At a lower temperature, 40 °C, much longer time is needed for complete dissolution of
the gold wire in a 20 mL solution of 2.0 mol dm™ HNO; than at 60 °C. For instance, it takes 13 hours
for the solution with 3.0 mol dm™ NaCl at 40 °C, but only 2 hours at 60 °C. In any case, all the results
obtained with the metal chlorides at 40 °C were very similar to those observed at 60 °C. We would like
to mention that the complete dissolution experiments of the gold wire in the solutions of much lower
HNO; (down to 0.1 mol dm™) concentrations containing the chloride salts have been also successfully
performed at 60 °C.

The dissolution capacity for Au has been examined as follows: a 2 mL solution of 2.0 mol dm™
HNO; is poured to 0.57 g of MgCl, (ca. 3 mol dm™) in a small beaker, and gold wire of 0.10 g is put in
the solution. The beaker is placed on a hot-plate at ca. 80 °C, the gold wire dissolved completely in
40 minutes: the capacity can be estimated to be 50 g Au/L of 2 mol dm® HNOs;, accompanied by
3 mol dm™ MgCl,. On the other hand, it takes several days for a 0.040 g Pt wire (0.1 mm diameter) to
be dissolved in 10 mL of 2 mol dm™ HNO;, accompanied by 3 mol dm™ MgCl, at 80 °C, giving a Pt
capacity of at least 4 g Pt/L. We will also note that Pd can be dissolved in a 1:1 mixture between
2.0 mol dm™ HNO; and seawater (vide infra).

For other precious metals, Ir and Ru, dissolution experiments have been performed. However, these
metals (in powder) are not dissolved in 2 mol dm™ HNOs, accompanied by 3 mol dm™ MgCl,. It is
well known that both Ir and Ru are not dissolved even in proper aqua regia [44]. Our method for dis-
solving precious metals (such as Au, Pt, or Pd) has a similar but weaker function than normal aqua
regia. However, we would like to stress that our method has a higher efficiency of chemicals, without
useless evolution of NO and Cl, during gold dissolution in regular aqua regia.

2.2. Dissolution rate constants and cation effects

The UV-visible spectroscopy has been employed to identify the dissolved species formed from the
gold wire. Fig. 11 shows the changes with time in the absorption spectra (in 0.1 cm path-length) of a
2.0 mol dm™ HNO; solution containing a piece of gold wire (ca. 19.7 mg) in the presence of 3.5 mol
dm™ NaCl. A band appears and increases with time, which is accompanied by a peak at A ~ 306 nm
and a shoulder around 400 nm, while the initial HNO; gives a band at A ~ 300 nm. The spectrum ob-
served after 12 hours in a 0.05 cm cuvette is consistent to that of 5.0 x 10 mol dm~ NaAuCl, dis-
solved in a 2.0 mol dm™ HNO; solution. Therefore, we can safely conclude that the species dissolved
in the 2 mol dm™ HNO; and 3.5 mol dm™ NaCl solution is definitely the AuCl, ion. Jones et al. [45]
have reported the single crystal X-ray structure of Mg[Au(OH),], and Ca]Au(OH),],, which have been
obtained from reactions between HAuCl, and Ca(OH)s.
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Beckham et al.[39] noted that, when nitric acid is mixed with solid sodium chloride, there are
formed sodium nitride, chlorine, and nitrosyl chloride: 3 NaCl + 4 HNO; — 3NaNO; + Cl, + NOCI +
2 H,0. They mentioned that “the system is similar to aqua regia.” Concentrated NOCI in solution,
such as aqua regia, should give a more dark orange or reddish color. The UV-visible absorption cross-
sections of NOCI have been reported [46].

Absorbance
S OOARWN=O
NOsyssgoox

500

Wavelength /nm
Figure 11. Changes in the UV-vis absorption spectra with time of AuCl, in 2.0 mol dm> HNOj; containing
3.5 mol dm *NaCl at 40 °C.

The dissolution reaction rate constants (the first-order reaction) have been evaluated with the
changes in the solid gold mass as well as the absorbance at A ~ 375 nm, for avoiding the rather large
HNOs; absorbance (at A ~ 300 nm). We have adopted the linear part of the plots of In [S] vs. t, since the
plots tend to deviate from the linearity downward (i.e., reaction accelerated) after the half-life period.
It should be mentioned that the rate constant is for the initial dissolution process and that effects of the
surface area on the reaction rate can be minimized by taking the values obtained with the initial part of
each experiment.

Table 2. The gold dissolution rate constant, log (k/s "), measured in 2.0 mol dm > HNO;, accompanied by vari-
ous added chloride salts at 40 °C.
c(salt)/mol dm™ LiCl NaCl MgCl, CaCl, AICI;

—4.67°
0.5 —4.63°
1.0 -4.49 -459 —4.00
—4.48 -4.57 -3.97
1.5 —4.09 -3.61
—4.07 -3.60
2.0 -439 —4.62 -3.82 -4.09
—437 —4.69 —4.06
3.0 -410 —4.29 -3.51 -3.99
—4.03 —4.27
-4.21
3.5 4oy 354 426
~3.84
4.0 —3.84
5.0 -3.59
6.0 -3.62

*The (k/s ') values in the upper rows are evaluated from the loss of the gold mass, In (My/M,) vs. t/s where M,
and M, are the gold masses at the initial and a certain time, respectively.

® The (k/s ") values in the lower rows are evaluated from the absorbance values at 375 nm, In (A.— A,) vs. t/s
where A, and A, are absorbance values after the complete gold dissolution and at a certain time, respectively.

In general, rate constants obtained by the different two ways are consistent to each other (cf. Ta-

ble 2). However, the results from the absorbance method can be fluctuated, especially, when the con-
centrations of the chloride ion are quite high; in such cases, the solution turns already to a yellow color
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before placing gold. For its simplicity, we may take the rate constants obtained by the loss of the gold
mass, except for some cases in which the mass method could not be appropriately applied. In the pre-
sent paper, the rate constants evaluated by the mass method are given, unless otherwise noted.

2.3 Gold dissolution into seawater and the seawater assisted by added chloride salts

Seawater is an electrolyte solution. Its chemistry is dominated by the presence of six ions (Na*, K,
Mg”, Ca*, CI, SO,*) which constitute more than 99.5% of the dissolved constituents [47]. The con-
centrations of the main components have been reported to be 0.468, 0.010, 0.053, 0.010, 0.545, and
0.028 mol kg, respectively, for the 35%o seawater [48]. Taking into account its density (d = 1.025 as
the average)[49], we can regard the seawater as a 0.55 ~ 0.56 mol dm™ chloride solution with mainly
sodium and partly magnesium cations.

All experimental results in the present work strongly suggest that pure gold should dissolve in sea-
water if it is mixed with aqueous nitric acid and then heated. We have utilized “Muroto Deep Sea-
water” as a standard sample of seawater. The main components in the seawater are well consistent
with the typical 35%o seawater. By mixing 50 mL seawater with 50 mL of 2.0 mol dm> HNOs, we
have a 100 mL solution of 1.0 mol dm™ HNO; containing 0.278 mol dm™ CI’, 0.225 mol dm™ Na’,
0.026 mol dm™ Mg** (0.014 mol dm™ SO,*) and other ions. The mixed solution is heated up to ca.
100 °C in a flask, equipped with a condenser. When boiling starts, then five pieces of gold wire (totally
0.10 g) are placed into the solution. Occasionally, samplings are carried out from the boiling solution
and the pieces of gold wire are dissolved completely within 17 hours. The absorbance values at
1= 375 nm are utilized for evaluating the dissolution rate constant to give log (k /s™) = -4.52. Another
Pacific seawater off Hawaii (1,000 m depth) gives a value (-4.54) similar to that of “Muroto Deep
Seawater”. Although ten pieces of gold wire (totally ca. 0.20 g) have appeared to dissolve completely
in the 100 mL (seawater and nitric acid mixture) solution, after cooling down, some residue is noticed
on the solution surface. Therefore, we keep five pieces (0.10 g) of gold wire as the limit for the sea-
water experiments. Incidentally, platinum is too tough to be dissolved in the seawater and 2.0 mol dm™
HNO; (1:1) mixture even after 10 days at ca. 100 °C. However, within 24 hours, a piece of Pd wire
(0.04 g, 0.25 mm diameter, 99.9%) has dissolved in a 50 mL mixed (1:1) solution between the sea-
water and 2.0 mol dm™ HNO; at ca. 100 °C.

Fig. 12 shows the increasing dissolution rate constant with increasing NaCl added to the seawater.
The solution preparation procedure is as follows: The seawater is poured to 11.69 g NaCl crystals up
to 50 mL in a volumetric flask to prepare an additional 4.0 mol dm™ NaCl seawater solution. Mixing
between 50 mL of 2.0 mol dm™ HNO; and 50 mL of the additional 4.0 mol dm™ NaCl seawater solu-
tion gives 100 mL of 1.0 mol dm™ HNO; containing additional 2.0 mol dm™ NaCl seawater solution
(totally ca. 2.23 mol dm™ Na" and ca. 2.28 mol dm™ CI).

The log (k /s™) value increases remarkably from -4.52 to -3.71 with additional 0.5 mol dm™ NaCl
and it remains almost a constant value up to 2.0 mol dm™ NaCl. As for platinum, however, a 2.8 mg Pt
mass has been left without dissolving out of ca. 20 mg platinum wire (0.1 mm diameter) in 100 mL of
the 1.0 mol dm™ HNO; and 0.5 mol dm™ NaCl added seawater after six days. Without the support by
additional salts, however, no Pt can be dissolved in the 1:1 mixture between seawater and 2.0 mol dm?
HNO; (vide supra).

We just mention that the “excellent” dissolution ability of seawater mixed with 2.0 mol dm™ HNO;
for gold has been successfully applied to collecting of gold from waste electronic devises, just me-
chanically tipped. The ICP-atomic emission spectrometry has demonstrated the dissolution of Au out
of the waste electronic devices, as well as Cu, Ni, Al, Si, Zn, and B. Recovery of gold from secondary
sources has been widely reviewed by S. Syed [50].

2.4 “Dilute aqua regia” of various HNO; and HCI concentrations
In the CRC book [51] the preparation procedure of aqua regia is described as follows: “Mix 1 part
concentrated HNO; with 3 parts of concentrated HCI. This formula should include one volume of wa-
ter if the aqua regia is to be stored for any length of time. Without water, objectionable quantities of
chlorine and other gases are evolved”. According to this description, it has been well known that dilu-
tion with water is essential for the long term storage of active aqua regia. Assuming 16 mol dm™
HNO; (70%) and 12 mol dm™ HCI, the original aqua regia is composed of 4 mol dm™ HNO; and

18



M. Hojo

9 mol dm™ HCI, while the water added solution is calculated to contain still 3.2 mol dm™ HNO; and

7.2 mol dm™ HCI.

Log (k/s™)

¢ (NaCl) / mol dm*

Figure 12. The increase of the dissolution rate con-
stant of gold wire with increasing added NaCl con-
centration in the 1.0 mol dm > HNO; and seawater (a
half-concentration) solution at ca. 100 °C. The rate
constants have been evaluated by means of spectros-
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Figure 13. The dissolution rate constants of gold wire
(19.7 £ 0.5 mg) in various concentrations of “dilute
aqua regia” at 60 and ca. 100 °C: (V) 0.5 mol dm*
HNO; 60 °C; (o) 1.0 mol dm> HNO; 60 °C; (e)
2.0 mol dm™ HNO; 60 °C; (¥) 0.5 mol dm > HNO,
100 °C; (2) 1.0 mol dm > HNO; 100 °C. The rate con-
stants at 60 and ca. 100 °C have been evaluated by the

mass and spectroscopy, respectively.

The gold dissolution in “dilute aqua regia” has been examined with different HNO; and HCI com-
binations in various concentrations: 0.5, 1.0, and 2.0 mol dm™ HNO;; 0.5, 1.0, (1.5), and 2.0 mol dm?
HCI at 60 °C (cf. Fig. 13). The [1.0, 1.0] “dilute aqua regia” (of 1.0 mol dm™ HNOs and 1.0 mol dm™
HCI) gives a dissolution rate constant of log (k /s) = -4.80 at 60 °C. With increased HCI concentra-
tion, i.e., of 2.0 mol dm™, the rate constant increases: the [1.0, 2.0] “dilute aqua regia” gives -3.74. The
[2.0, 0.5], [2.0, 1.0], and [2.0, 2.0] solutions give a linear relation between log (k /s™) and ¢(HCI) val-
ues, to be -4.76, -4.13, and -3.33. Comparing the [0.5, 2.0] with the [2.0, 0.5] solution, we have no-
ticed that the [0.5, 2.0] (-4.13) is faster than the [2.0, 0.5] (-4.76), probably because the ratio between
¢(HNO;) and c(HCI) in the [0.5, 2.0] may be more favorable than that of the [2.0, 0.5] as the “dilute
aqua regia” medium. Similarly, the [1.0, 2.0] (-3.74) is faster than the [2.0, 1.0] (-4.13) at 60 °C. At
100 °C, the rate constant of “dilute aqua regia” increases remarkably, e.g. the [1.0, 1.0] (-3.14) at ca.
100 °C is 46 times faster than the [1.0, 1.0] (-4.80) at 60 °C. In a very “dilute aqua regia,” it takes a
very long time to dissolve gold wire (ca. 19.7 mg) completely: 8 days in both the [0.5, 1.0] and the
[1.0, 0.5] solutions at 60 °C.

Conclusion

Nitration of phenols was performed by dilute nitric acid (2.0 mol dm™) in reversed micelle systems
at 35 °C. Even dilute nitric acid in bulk water system, provided it contains salts in high concentrations,
can oxidize the CI ion to Cl, as well as Br to Br,. The nitronium ion (NO,"), the active species for
nitration or oxidation, can be generated not only in water phase of reversed micelle systems but also in
bulk water containing salts in high concentrations. Just as the water structure of nanoscale water drop-
lets in reversed micelle systems is distorted, that of “bulk” aqueous solution can be also distorted by
salts in high concentrations and, consequently, “bulk” aqueous solutions should lose the properties of
the bulk water.

Although aqueous nitric acid (< 2 mol dm™) itself exhibits no oxidation ability, it acquires the
strong oxidation ability to oxidize Cl" to Cl, in the presence of chloride salts. The chlorine (Cl,)—
chloride (CI') systems provided by aqueous nitric acid containing enough amounts of chloride salts,
have been found to be excellent media for dissolving precious metals, especially, pure gold. In gen-
eral, the increasing concentrations of chloride salts cause the advanced ability for gold dissolution. At
higher temperatures, such as 60 or 100 °C, gold can easily be dissolved into the mixed solution be-
tween diluted aqueous HNO; and HCL, i.e. “dilute aqua regia", which can be applied to prepare a
1000 ppm gold stock solution easily. The “excellent” gold dissolution ability of the mixture of sea-
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water with aqueous nitric acid can be applied to the recovery of gold from waste electronic devices. In
electrochemical operation, the Au or Pt electrodes can be dissolved naturally in concentrated halides
salt solutions.

The present paper is composed of the rearrangement of J. Mol. Liquids 2011, 163, 161-169 and
J. Mol. Liquids 2014, 194, 68-76.
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Haoicnano oo pedaxyii 17 scoemus 2019 p.

M. Xogxo. MexaHn3m MoBbILLIEHHOW OKUCNSAOLLEN CNOCOOHOCTN pa3baBneHHOW a3oTHOW KUCNOThl U pacTBoOpe-
HMe MeTannnyecKkoro 3o110Ta B a30THOW K1cnoTe, pa3dbaBneHHON MOPCKOW BOAOW.

JenapTameHT xumuK, pakynbTeT Hayku, YHuBepcuteT r. Koun, Koun, 780-8520, AnoHus

O6HapyxeHo, 4YTo pa3baBneHHasi a30THas KMCNoTa B 0OpalLEHHBLIX MULIENax MOXET OKUCNATL MOH Br oo Bry,
1 NpeanoXeHo 1cnonb3osaTh HUTPOHWIA, NO2', kak aKTUBHBIN peareHT B OKUCTINTENBLHOM npouecce. HutposaHue
deHona pa3baBneHHON as3oTHOM KUCMOTON B BOLHOW ,El,I/ICI'IepCHOI/I ¢ase obpallE€HHON MULENNSAPHON CUCTEMBI
CHCls/xnopua uetnntpumetunammonns/H,O (2.0 monb am” * HNO3 npu cogepxanumn Bogpl 1.0 % (v/v), npose-
OEéHHoe npu 35 °C, npvBeno K 06pasoBano 2- n 4-HutpodpeHonos. B BogHom pactBope HNOj3 ¢ KOHUEHTpauuen
2.0 monb ,EI,M B npucytcteun 4.0 Mmonb AM” 3 LiCl u HeBonbLLOro KonniecTsa LiBr kak MCTOYHMKA 6pomuaa mpaHc-
1,4-0ubpom-2-6yTeH ycneliHo 6pomupyeTtca ao 1,2,3,4-teTpabpombyTtaHa. OTOT pe3ynbTaT ABMSETCS XOPOLUUM
NnoATBEPXKAEHNEM BO3MOXHOCTU OKUCIEHUS! MOHa Br' go Bry B pasbaeneHHol o 2.0 Mmonb Am ® asoTHoM Kncrore
B MpuCyTCTBUN KOHLleHTpVIpOBaHHbIX coneit. [Ins cepum xnopuaos addekT kaTuoHa BospacTaeT B paay: EtsN* <<
Na <Li*<ca® < Mg Habnopganock pgaxe Boligenenne Cly n3 pactBopa HNOj3 ¢ koHueHTpauuen < 2.0 monb
am> , cogepxallero Bbicokme koHueHTpauuun LiCl, MgCl, n CaCly, a Takke AICI3 MokasaHo pacTBopeHue Gnaro-
poaHbix metannos (Au, Pt, and Pd) n ocob6enHo 3onota B 0.1 - 2 monb agm HN03 B NPUCYTCTBUN XIOPUAOB LUe-
MNOYHBIX M LLENOYHO3EMENbHBIX MEeTanmoB, a Takke xrnopuga anoMuHns. Bpems MOSHOrQ PacTBOPEHNs NnacTk-
Hbl 13 MeTananeCKoro 3onota maccon 20+2 mr n TonwmHon 0.1 mm B 2.0 Monb )J,M HNOs3; B npucyTcTBMM
1.0 Monb Am™> AICI; 3ameTHO cokpallaeTcsi npy nosbileHun TemnepaTypbl oT 15 go 80 °C. CkopocTb pacTBope-
HMSA Kycoudka 305oToi nposonoku Maccon 19.7+0.5 mr B 20 mn pactBopa HNOj3 koHueHTpauun 2.0 Mmonb AM M
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NPUCYTCTBUW XITOPMAOB METanmnoB B LiENOM BO3pacTaeT Npu yBenuyeHun KoHueHTpauum conen npu 40 n 60 °C.
3onoTo MoXeT pacTBopATbCs nNpy koHueHTpauuax HNO3z n HCI meHee 1.0 monb ,u.M'3, T.e. B “pa3baBneHHoO uap-
cKon Bopake“. Hamu JOCTUrHYTO NOMHOe pacTBOPEHME MATWM KYCOYKOB 30f10TOW MPOBOMOKM CYMMAapHOW Maccom
0.10 r B8 100 mn cmecu mopckon Boabl ¢ 2.0 Monb oM HNO3 B cooTHoLLeHn 1: 1 npu = 100 °C.

KntoueBble croBa: HUTPOHUIA UOH, XMopua LEeTUNTPUMETUNAMMOHUS, BblOENEHWE Xropa, OKkucreHne 6pomMu-
Oa, conesou adhdpekT, CTpykTypa o6bEMHOM BOAbl, padbaBneHHas uapckas BoAka, TeTpaxsiopaypar, KOHLEHTpU-
poBaHHas conb, PamaHoBCKMI cnekTp.

M. Xogxo. MexaHiam niaBULLEHOT OKUCNIOYOi 30aTHOCTI PO3BEAEHOI HITPATHOI KUCMOTU | PO3YMHEHHS MeTa-
NeBOoro 30510Ta B HiTpaTHIN KMCOTI, pOo3BeAeHi MOPCLKOK BOLOHO.

OenapTtameHT ximii, pakynbTeT Hayku, YHiBepcuTeT M. Koui, Kouyi, 780-8520, AnoHis

3HangeHo, Wo po3BeeHa HiTpaTHa KMcroTa B obepHeHNX Miuenax Moxe okucnoBaTtu ioH Br go Brp, Ta 3a-
MPOMOHOBAHO BUKOPUCTOBYBATM HITPOHIiA, NO2*, SIK aKTUBHUI peareHT B OKucnoBanbHOMY npoueci. HiTpyBaHHs
cdeHony po3BedeHO HITPaTHOK KWCMOTO B BOAHIN EI/ICI'IepCHiPI hasi obepHeHOi MiLensapHOi cuctemu
CHCls/xnopua uetuntpumetunamoHito/H,O (2.0 monb am™ HNO3s npu BmicTi Boai 1.0 % (v/v), npoBeaeHe npwm

35 °C, npueeno go CTBopeHHﬂ 2- Ta 4-HiTpodheHoniB. Y BogHoMy po34ymHi HNOj3 3 KoHLeHTpauieto 2.0 monb oM™ B
npucyTHocTi 4.0 monb AM” % LiCl i HeBenukoi KinbkocTi LiBr sik pkepena 6pomigy mpaHc-1,4-gubpom-2-6yTeH yc-
nilwHo xpomyeTbes Ao 1,2,3,4-teTpabpombyTaHy. L|,e|/| pesynbTaT € 4OOpUMM NiATBEPOXKEHHAM MOXIMBOCTI OKMC-
neHHs ioHy Br' o Bry B po3BegeHin o 2.0 monb AM™ HiTpaTHIi chnon y I'Ipl/lcyTHOCTI KOHLIEHTPOBaH X conem.
[na cepii xnopuais edexT kaTioHy 3pocTae y nocnigosHocTi: EtyN* << Na <Li*<ca* < Mg CnocTepiranocs
Takox BuaineHHs Clz 3 po3umHy HNO3 3 koHueHTpauieto < 2.0 monb ,EI,M , SIKMA MICTUTb BUCOKI KoHUeHTpaLuii LiCl,
MgCl, n CaCl,, a Takox AICIz. lNokazaHO NOBHE PO3YNHEHHS 6naropo,qHV|x meTanie (Au, Pt, and Pd) i ocobnueo
3onota B 0.1 - 2 Monb M~ HNO3 B NPUCYTHOCTI XNOPUAIB MYXHUX Ta MYyXXHO3eMenbHUX MeTaniB, a TakoX Xropu-

Ay anoMUHmiO. Yac noBHOro po34MHEHHS MNacTMH 3 METaNesoro 30110Ta Macoko 2042 wr i ToBwMHOW 0.1 MM B
2.0 monb M HNO; B npucyTHocTi 1.0 Monb am” % AICl3 nomiTHO 3MEHLUYETLCA NPU NiABULLEHHI TemMnepaTypu Big
o1 15 go 80 °C. Weunakictb poquHeHHﬂ LMaTouYKa 3onoToro apoTty macow 19.7+0.5 mr B 20 mn po3unHy HNO3 3
KOHLieHTpaLeto 2.0 Monb AM™ B NPUCYTHOCTI XJNIOpuAiB MeTariB B LinoMy 3pocTae npu NigBULLEHHI KOHLEHTpaLji
conew npu 40 i 60 °C. 3onoto moxe posdmHATUCA nNpu KoHueHTpauiax HNOz i HCI meHwmnx Hix 1.0 monb am
TOOTO B «po3BefeHiil uapcbkii Boaui». Hamu gocsirHyte nosHe poquHeHHﬂ M'ATU LIMaTOYKIB 30/10TOrO ,El,pOTy
cymapHoio Macolo 0.10 r B 100 Mn cymiwi Mopcbkoi Boan 3 2.0 Monb Am™° HNOs y criBBigHoweHHi 1:1 npu
=~ 100 °C.

KnrouoBi crnoBa: HiTPOHil iOH, XNopua LeTUNTPUMETUIIAMOHI0, BUOINEHHS XJT0PY, OKUCIEHHS Bpomiay, conbo-
BUI edreKT, CTpyKTypa 06’eMHOi BOAM, po3BedeHa Lapcbka BoAka, TeTpaxnopaypar, KOHLEeHTpoBaHa cinb, Pama-
HOBCbKMI CNEKTP.

Kharkiv University Bulletin. Chemical Series. Issue 33 (56), 2019

22



BicHuk XapkiBChKOTO HaIliOHAILHOTO YHIBEpCUTETY, cepis "Ximis", Bur. 33 (56), 2019
https://doi.org/10.26565/2220-637X-2019-33-02

YK 541.135

ELECTRICAL CONDUCTIVITY, ION-MOLECULAR AND INTERIONIC INTERACTIONS
IN SOLUTIONS OF SOME TETRAALKYLAMMONIUM SALTS IN ACETONITRILE:
THE INFLUENCE OF THE ION AND TEMPERATURE

O.N. Kalugin?, E.V. Lukinova®, D.O. Novikov ¢

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

a) - onkalugin@gmail.com https://orcid.org/0000-0003-3273-9259
b) 1 elena.v.lukinova@gmail.com https://orcid.org/0000-0002-8016-0439
c¢) 1 dmitrynovikovs@gmail.com https://orcid.org/0000-0003-3584-4521

Conductance data for Ets4NBr, Et4NBF4, BusNBr, BusNBF4 in acetonitrile for the molar concentration range
of 2:10*-1-10 mol-dm™ over the temperature range from 5 to 55 °C are reported. Limiting molar conduc-
tivities and ion association constants were determined by using the Lee-Wheaton equation for the symmet-
rical electrolytes. On the basis of the preliminary conductometric data analysis it was established that the
closest approach parameter is almost independent from the temperature for all studied acetonitrile solutions.
Therefore, the closest approach parameter was adopted as a sum of cation and anion radii for further con-
ductometric data treatment.

The limiting conductivities of Br’, BF4, EtsN" and BusN" ions and the structure-dynamic parameter of ion-
molecular interaction obtained from the experimental data on limiting molar conductivities were evaluated in
the framework of the approach proposed by authors [Kalugin O. N., Vjunnik I. N. Limiting ion conductance
and dynamic structure of the solvent in electrolyte solution. Zh. Khim. Fiz. (Rus.) 1991, 10 708-714]. Elonga-
tion of the alkyl radical of the tetraalkylammonium cation from Et4N* to BusN* leads to a significant increase
in the structure-dynamic parameter, which indicates the dynamic structuring of the solvent near the tetrabu-
tylammonium ion and increased solvophobic solvation of the BusN* compared to Et4N".

lon association constants are discussed in terms of competition between Coulomb and non-Coulomb forces
in terms of short-range square-mound potential. An increase in the ion association constants in the sequence
BusNBFs<EtsNBF4<BusNBr<Et4NBr was explained by the increase in the contribution of short-range ion-
molecular interactions to the interionic attraction in addition to the electrostatic component. An increase in tem-
perature enhances the ionic association due to both the electrostatic and short-range components.

Keywords: tetraethylammonium bromide, tetrabutylammonium bromide, tetraethylammonium tetra-
fluoroborate, tetrabutylammonium tetrafluoroborate, acetonitrile, electrical conductivity, ion association con-
stant, limiting molar conductivity, square-mound interionic potential, ion solvation microdynamics.

Introduction

Non-aqueous electrolyte solutions are widely used in electrochemical energy storage devices, such
as supercapacitors (SCs) with porous nano-carbon electrodes [1]. Non-aqueous solutions of tetraal-
kylammonium salt-based electrolytes were used to test samples of porous carbon electrodes in SCs
[2]. On one hand, non-aqueous solutions of tetraalkylammonium salts have a broader operating current
range [3] and a wider operating temperature range, compared to water electrolyte solutions [4-5]. On
the other hand, non-aqueous solutions of tetraalkylammonium salts have even greater ionic conductiv-
ity than ionic liquids [6-7]. It was also shown that electrical conductivity of symmetrical tetraal-
kylammonium salts in acetonitrile is greater compared to the corresponding solutions in propylene
carbonate, y-butyrolactone and dimethylformamide [8]. Moreover, a unique combination of dielectric
permittivity, viscosity and solubility in acetonitrile of both solid and liquid electrolytes and ionic liq-
uids (ILs) have caused an extensive use of acetonitrile in electrochemical practice.

Electrolytes for SCs have to satisfy a set of requirements that determine technical and operational
characteristics of the electrochemical device: a broad temperature interval of the liquid state, high elec-
trochemical stability and non-hygroscopicity [9]. However, high electrical conductivity of solvent-
electrolyte system still remains the property of paramount importance.

A literature review shows that the data on electrical conductivity adequately cover many 1-1 elec-
trolytes in acetonitrile, including tetraalkylammonium salts [10-13]. Unfortunately, in most of them
either only data at 298.15 K is given, or is interpreted not deep enough. In the same time, conductome-
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try, as a method of analysis, allows to obtain precious information about ion-ion and ion-molecular
environment, electrolyte association constant and quantitative characteristics of ionic solvation. As a
result, using conductometry it becomes possible to investigate regularities in the influence of composi-
tion and nature of electrolyte solution components on its macroscopic properties.

Giving the fact that solutions of Et;NBF, are considered as model electrolyte solutions for SCs
[14], within this research we focused on studying the influence of the temperature on the electrical
conductivity of tetraalkylammonium salts RyNX (R = Bu, Et; X = BF,, Br) in acetonitrile. Exceptional
attention was paid to quantitative characteristics of ion-ion and ion-molecular interactions when inter-
preting obtained conductometric data. This data is important not only for systematization of already
available data but also to formulate new approaches to optimize properties of electrolyte solutions for
SCs.

Experimental Section

Materials. Tetrabutylammonium tetrafluoroborate was synthesized by the reaction:
Bu,NOH + HBF, — Bu,NBE, + H,O

An excess of tetrafluoroboric acid (up to pH=5) was added to the water solution of tetrabutylam-
monium hydroxide (0=40%). Precipitated needle crystals were filtered on a glass filter and rinsed by
double-distilled water until the filtrate had pH=7. Obtained salt was recrystallized 2 times from ben-
zene with the addition of octane.

Tetrabutylammonium bromide (Sigma-Aldrich, 99% purity) and tetraethylammonium tetra-
fluoroborate (Sigma-Aldrich, 98% purity) were recrystallized 2 times from benzene with the addition
of hexane and acetone respectively. Tetraethylammonium bromide was recrystallized 3 times from the
waterless ethanol.

Purified salts were dried under vacuum at room temperature for 24h. Needle crystals were then
ground down in the agate mortar and re-dried under vacuum at 55-65°C to the constant weight
(0m<0.005%). Dried salts were stored in the glass weighting bottles in the desiccator dehydrated with
PZOS.

Acetonitrile, previously withstood over dry potassium permanganate, was distilled, collecting the
2™ fraction of the solvent. Collected acetonitrile was distilled 4 more times over P,Oy, in order to re-
move remaining water [15]. In order to remove polyphosphoric acids acetonitrile was boiled with cal-
cined potassium carbonate for 90 minutes. Trace quantities of water were removed by storing acetoni-
trile over calcium hydride for 12h followed by the distillation. The purity of acetonitrile was controlled
by specific electrical conductivity (1.1-2.5-10® S cm™ at 25°C).

Measurements. Initial concentrated solutions for conductometric study were prepared from the
solid salt. The rest of the solutions were prepared by diluting the concentrated solution by mass taking
into account Archimedes force correction. Molar concentrations of solutions prepared were calculated
by the equation (1).

¢, =m;-d(T) (1
where d,(T') is the density of a solution at a given temperature, m is the concentration of a solution,
expressed in moles per kg of the solution (malonity). d,(7') was found by the equation (2)

d(T)=d,(T)+ Bm 2)
where d, is the density of a pure solvent, B is the density concentration coefficient.

Experimental densities of the solutions of BuyNBF,, BuyNBr and Et;NBF, in acetonitrile were ob-
tained for the concentration range of 0-1 mol kg™ and fitted by equation (2).

The permanence of B coefficient was observed for all solutions studied in the temperature range of
25-55°C. Therefore, 0.072, 0.084 and 0.066 kg (mol dm’)" values of B coefficient were used for
BuyNBF,, BuyNBr and Et4NBF, respectively. The value of B = 0.070 kg (mol dm3)'1 for Et;NBr in
acetonitrile was taken from the literature [16].

The electrical resistance of solutions was measured at 5, 15, 25, 35, 45 and 55 °C in four double-
electrode conductometric cells using P5083 and Gwinstek LCR-821 AC bridges. Conductometric cells
were previously calibrated against potassium chloride solutions. When measuring the resistance of
solutions, conductometric cells were thermostated with the accuracy of £0.02°C for 20 minutes before
taking the measurements.

24



O.N. Kalugin, E.V. Lukinova, D.O. Novikov

Obtained values of the solutions’ resistance were used to derive specific (k, S cm™) and molar
(A, S cm® mol™) electrical conductivities. Specific and molar electrical conductivities were calculated
taking into account the conductivity of a pure acetonitrile. Obtained primary data is given in Appendix A.

Data Treatment

A joint approach of conductometric data treatment was used to process experimental data [17]. The
approach is based on the application of non-linear least squares method to solve the overfilled system
of the equations: concentration dependence of electrical conductivity (A”*") (3), the mass action law
(4), mass balance equation (5) and expression for mean ionic activity coefficient (6) for a set of k ex-
perimental points:

Atheor :C—if(C,AO,R) (3)
c

K =cf(e.n.) )

c=c,+c, ®))

y.=¢(c;R) (6)

where c,, ¢, and c are equilibrium concentration of ions, ionic pairs and stoichiometric concentration
of electrolyte respectively, A, is the limiting molar electrical conductivity, R is the closest approach
parameter, K, is the ionic association constant, f and ¢ are theoretical analytical concentration de-
pendencies of A and y, respectively.

Solving the overfilled system of equations X (AO,K 4 R) comes down to minimization of the sum

of squared deviations of experimental electrical conductance ( A“? ) from respective theoretical values
( Atheor ):

Ls 2
0= A" =AY (¢;;X) | = min ™
j=1
The Debye—Hiickel equation was used for the concentration function of activity coefficients:
In y, = _lﬁ (8)
2 (1 + KDR)

The Pethybridge modification [18] of Lee-Wheaton equation [19-21] was used for the concentra-
tion dependence of electrical conductance of diluted solutions:

A=a| A1+ (B, )+ Co- (B, )+ Coo(Bi,) |-
PKp 2 KpR N
_1+KDR [HC4 (Brp)+Cs-(Bry) + 5 }}
where B =e¢’/(4neck,T), xp =2N ,e°c/1000¢,6.k,T, p=Fe/299.7925-3z, e is the elementary
charge, ¢ and # are dielectric permittivity and viscosity of a pure solvent respectively, ¢, is the vac-
is the Boltz-

mann constant, 7 is the temperature, R is the closest approach parameter, c is the electrolyte concentra-
tion, C, —C; are terms that characterize electrophoretic and relaxation effects [18].

uum permittivity, /" and N, are Faraday’s and Avogadro’s constants respectively, k,

All required density (d,, g cm™), viscosity (7, mPa s) and dielectric permittivity () values of pure
acetonitrile were calculated using equations (10-12) [22]

1/d, =1.24446 +1.6458-107 (T —273.15)+2.92-10° (T—273.15)2 (10)
In =-3.5164+620-T"" +32500-T (11)
&=-21.06+20230-T"'-963000-7 (12)
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Processing of experimental conductometric data for solutions of tetraalkylammonium salts in ace-
tonitrile was done with regards to three parameters: limiting molar electrical conductivity (A, ), loga-

rithm of association constant (Ig K ,) and the closest approach parameter (R). The results are presented
in Tables 1 and 2 (option I). Concentration functions of molar electrical conductance of tetraalkylam-

Results and Discussion

monium salts in acetonitrile are shown in Figure 1.
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Figure 1. Concentration functions of molar electrical conductivity of tetraalkylammonium salts in acetonitrile at
different temperatures. Lines on the figure represent theoretical function of electrical conductance, obtained by

the f Lee-Wheaton equation.

Table 1. Results of conductometric data processing for BuyNBF, and BuyNBr in acetonitrile. 6, is a dispersion

0.02 X
¢, (mol dm™)"?

006 002 _ 0.04
¢, (mol dm™)

.06

12

oromde

5°C
15°C
25°C
35°C
45°C
55°C

of approximation.
t, °C Option Ay, S-em’ mol”! 1gK R, nm oa, Sem* mol”!
Bu,NBF,

5 I 139.65+0.08 0.3+0.4 0.3+0.2 0.095
1 139.57+0.06 0.76+0.03 0.726 0.097

15 I 155.340.1 0.4+0.5 0.4+0.3 0.13
1 155.2610.08 0.77+0.03 0.726 0.13

25 I 171.1£0.2 0.7+0.6 0.6+0.7 0.18
11 171.1£0.1 0.75£0.04 0.726 0.16

35 I 187.4+0.2 0.7£0.5 0.6+0.6 0.20
11 187.4£0.1 0.80+0.04 0.726 0.18

45 I 204.1£0.2 0.7£0.5 0.5+0.5 0.21
11 204.0£0.1 0.84+0.04 0.726 0.20

55 I 221.1+0.2 0.840.5 0.6£0.7 0.25
11 221.140.1 0.88+0.04 0.726 0.24

Buy,NBr

5 I 131.5+£0.2 1.54+0.02 6.5340.02 0.24
11 132.55+0.09 1.18+0.02 0.690 0.16

1 I 148.42+0.05 1.1740.01 0.4+0.6 0.06
1 148.27+0.05 1.22240.006 0.690 0.08

25 I 163.5£0.1 1.35+0.04 1.7+0.4 0.12
1 163.9+0.1 1.2010.01 0.690 0.16

35 I 179.94+0.02 1.36+0.05 1.4+0.5 0.18
1 180.2+0.1 1.2540.01 0.690 0.20

45 I 196.1+0.3 1.46+.0.04 2.6+0.7 0.30
1 196.810.2 1.260.02 0.690 0.40

55 I 213.340.2 1.49+0.02 2.840.4 0.16
11 214.240.2 1.3140.02 0.690 0.35
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Analysis of obtained results (Tables 1, 2 — option I) had shown that the closest approach parameter is
the least sensible parameter, compared to the limiting molar electrical conductivity and the logarithm of
association constant. Values of R were almost independent from the temperature and ranged between
0.3 — 2.8 nm for all studied acetonitrile solutions. This is why, we chose the closest approach parameter
as a sum of cation and anion radii (#(BusN") = 0.494 nm, #(Et;N") = 0.400 nm, »(BF,) = 0.232 nm,
r(Br) = 0.196 nm [22]) and to process conductometric data once again, considering the limiting molar
electrical conductivity (A, ) and the logarithm of association constant (Ig K ,) only as optimized parame-

ters. Obtained data using this approach is shown in Tables 1 and 2 (option II).

It is worth mentioning that obtained values (Table 1, 2) of limiting molar electrical conductivities
and respective association constants for Et,NBF,, BuyNBF,, BuyNBr in acetonitrile are in good agree-
ment with the data, previously obtained in our laboratory [23-25].

Table 2. Results of conductometric data processing for Et;NBF, and Et,NBr in acetonitrile. 6, is a dispersion of
approximation.

t,°C Option Ao, S-em* mol™! 1gK, R, nm o, Srem? mol™!
Et,NBF,
5 I 160.99+0.06 1.03%£0.05 0.4+0.01 0.07
11 160.92+0.04 1.111+0.008 0.632 0.07
15 1 178.940.1 1.1£0.1 0.5+0.3 0.12
11 178.89+0.07 1.1440.01 0.632 0.12
25 1 197.1£0.2 1.1£0.1 0.4+0.4 0.22
11 197.0+0.1 1.1540.02 0.632 0.21
35 I 215.840.2 1.10+£0.06 0.3+0.2 0.18
11 215.740.1 1.19+0.01 0.632 0.18
45 I 234.940.2 1.1240.06 0.3+0.2 0.27
11 234.8+0.1 1.22+0.02 0.632 0.27
55 I 254.240.2 1.14+0.05 0.3+0.2 0.19
11 254.0+0.1 1.22+0.01 0.632 0.19
Et,NBr
5 I 151.620.1 1.2440.02 0.5+0.1 0.17
11 151.5540.09 1.247+0.008 0.596 0.16
15 I 169.2+0.2 1.26+0.01 0.5+0.1 0.18
11 169.1+0.1 1.270+0.008 0.596 0.18
25 I 186.94+0.2 1.2940.01 0.6%0.01 0.18
I 186.88+0.09 1.291£0.007 0.596 0.17
35 I 205.5+0.2 1.2940.01 0.4%0.1 0.23
1I 205.3£0.1 1.3210.01 0.596 0.23
45 I 224.0+0.2 1.37£0.02 0.7+0.2 0.25
I 224.1+0.1 1.365£0.007 0.596 0.24
55 1 243.5+0.3 1.374£0.01 0.5+0.1 0.37
1I 243.340.2 1.38+0.01 0.596 0.36

Limiting ionic conductance and dynamic of ionic solvation

Temperature dependences of limiting molar conductivity of Et,;NBr, Et,NBF,, BuyNBr, BuyNBF,
in acetonitrile are shown in Figure 2. The increase in the limiting molar conductance of electrolyte
with the increase of the temperature can be explained by the decrease of the solvent viscosity.

Limiting molar conductivities of tetraalkylammonium tetrafluoroborates are greater than limiting
molar conductance of tetraalkylammonium bromides for both electrolytes at all temperatures studied.
This evidence is a consequence of the fact that bromide ion has smaller radius and greater surface
charge that increases solvation interactions, and, as a result, decreases the mobility of bromide ion in
contrast to poorly solvated tetrafluoroborate anion.

Comparing limiting molar conductivities of electrolytes with the same anion, electrolyte with a
smaller cation (Et;NX) has a greater value of molar conductance.
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Figure 2. Temperature dependence of limiting molar conductivity of tetraalkylammonium salts in acetonitrile.

In order to elucidate the influence of ion on the microscopic structure of the closes molecular envi-
ronment, the values of limiting ionic conductivities have been studied. The splitting of total limiting
molar conductivity on the ionic constituents was done by the following scheme:

— BPh,
Bu,NBPh, { — Bu,N"

BuNBr_ p.-  EtNBr

(13)

.
Et,N
Bu,NBF, - Et,NBF,

iR BF, —2h T

Available literature values of Walden’s product for Bus,N" and BPhy4 ions in acetonitrile at 25°C
[26] were used to calculate the transference number of tetrabutylammonium cation (14):

Aom 02122 44 (14)
A+ 02122+0.1993

Values of A (Bu 4N+) at other temperatures (5, 15, 35, 45 and 55 °C) were calculated by using

t*(Bu,NBPh4) =

available in the literature data on the limiting molar conductivities of BuyNBPh, solutions in acetoni-
trile [27]. The calculation was done using equations (15, 16) assuming independence of transference
number ¢ (BusNBPhy) on temperature in non-aqueous solvents [28].
A=t A, (15)
A=A + Ay (16)
On the next step according to the scheme (13), we have calculated limiting ionic conductivities of
for all other ions (Table 3) by using our own experimental conductometric data of total limiting molar
conductivities (Tables 1, 2).
In this work two values of limiting ionic conductance of Et;N" were obtained: derived from limit-
ing molar conductivity of Et,;NBF, and BuyNBF, (Table 1, 2). The average values of limiting ionic
conductivity of Et;N" (the last column of the Table 3) was used for further interpretation.

Table 3. Values of limiting molar electrical conductivities of ions in acetonitrile (4, , S-cm”*mol™)

. R - - Et,N”
t, C Bll4N BPh4— BF4 Br (Bri) (BF47) average
50.00 46.95 55 70.18
5 49.82 [27] 46.91 [27] 89.57 staopy 600 713 69.61 [27]
49.97 [29] 46.79 [29] : 69.51 [29]
55.83 52.43 o244 78.06
15 55.71 [27] 5229 [27] 99.43 ooy 7666 7946 77.02 [27]
55.70 [29] 5231 [29] : 7725 [29]
61.90 58.13 10920 102.00 86.34
25 61.30-62.3 577-58.14 o E50 10027-10L6  s4ss 7.0 83.7-85.9
[1627,2930]  [1627,29-30] % [16,27,29-30] [16,27,29-30]
63.15 64.00 112.05 94.85
35 66.98 [27] 64.73 [27] 1925 oy B 964 91.74 [27]
74.72 70.17 122.08 103.77
45 72.87 [27] 71.94 [27] 12928 g0y 102020 10552006 1 27
55 79.07 7425 142.03 135.13 108.17  111.97 110.07
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Comparison of ) given in the Table 3 indicate a good agreement of obtained ionic conductivities

with the data available in literature. Insignificant deviations might be caused by the different assump-
tions taken for splitting total molar conductivity on ionic constituents.

Immersion of an ion into the solvent medium leads to the change in the structure of the latter. The
most significant deviations occur in the closest environment of an ion. The presence of an ion not only
changes the mutual arrangement of the solvent molecules but also their kinetic parameters. The influ-
ence of the ion on the dynamic structure of the closest molecular environment can be evaluated using
the approach, proposed by Kalugin with co-authors [31-34], which is a further development of the
Samoilov's kinetic solvation theory for non-aqueous solutions.

Joint consideration of Hubbard—Onsager dielectric friction theory and Wolynes molecular theory

allows to express Hubbard—Onsager's radius ( R, ) in the following way [31-34]:

R, - { (zew,)’ (g”+2)2)(gK7D)°}1/4 an

12(47e,k,T) €26 +¢,

where ze is the ion charge, uy is the dipole momentum of the solvent molecule in the vacuum, ¢, ¢, are
static and infinite frequency dielectric permittivity of the solvent molecule respectively, gx and yp are
Kirkwood and Debye structure-sensitive factors respectively, where zero-index at (gx yp) " refers to the
pure solvent. In the expression (17) (gx yp) ° product characterizes dynamic structure of the pure sol-
vent. When an ion is immersed in a molecular environment, gx yp must undergo significant change,
which in its turn will lead to the change of theoretical Hubbard—Onsager radius [35]. Combining the
deviation of the effective Hubbard—Onsager radius with the change of the gx yp product under the in-
fluence of the ion, expression (18) was derived

R{ (ew) (242 (s (18)
HO ) K/ D

12(4re k,T) €(2e+e,
(gx yp) ¢ value can be obtained from the experimental values of ionic conductivities by equations
given in [31].
Therefore, the ratio of (gx yp) ¢ to the corresponding value for the pure solvent can be used as a
measure of the ion’s influence on the dynamic structure of the closest molecular environment [31-34]:

ez(gKyD)Ef/(gK]/D)o (19)

Such an approach allows to obtain quantitative parameter (6) for the closest solvation based on the
experimental data of ionic conductivities and physicochemical properties of the pure solvent.

In the framework of the abovementioned approach, we have calculated the values of structure-
dynamic parameter 6 for the studied ions in acetonitrile using our own experimental values of ionic
conductivities in the temperature range of 5-55°C (Figure 3).

0
40  Bu,N’ 1
30 | kvﬂ\v‘—————___y |
 EtN o
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Br

5k 2 i -
BF,
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t,°C
Figure 3. Temperature dependence of structure-dynamic parameter 6 for Bu,N", Et;N", Br and BF, in acetoni-
trile.

In accordance with the Samoilov's kinetic solvation theory [36], ionic solvation parameter 6 is in-
terpreted as a measure of the ion’s influence on the dynamic structure of the solvent. Values of 6 > 1
correspond to the “structure-making” influence of the ion on the solvent in the closest environment. In
the opposite case, values of 6 < 1 indicate that ion acts as a “structure-breaker”.
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Parameter 9 for all investigated ions is positive that corresponds to the structure-making effect of
the ion, also referred to as positive solvation. Cations facilitate the increase in vibrational stability of
the solvent’s structure in the greater extent than anions due to the specific interaction with the closest
molecules. Elongation of the alkyl chain from Et;N" to BuyN" is accompanied by the significant in-
crease of the @ parameter, which is an evidence of the dynamic structuring of the solvent molecules
around tetrabutylammonium cation and of the amplification of solvophobic solvation of BuyN" cation
compared to the Et,N".

BF, and Br" anions strengthen spatio-temporal correlations between solvent molecules in their sol-
vation shells to the less extent when compared to cations. This is characteristic for anions in aprotic
solvents due to the absence of specific interactions between solvent molecules and anions.

With the increase of the temperature, the magnitude of the 8 parameter decreases, which is ex-
plained by the increase of the relative mobility of particles in the solvent layer.

Obtained results for  parameter allow one to formulate the following recommendations regarding
the electrolyte choice (both cation and anion) for SCs. Evidently, the less pronounced the effects of
positive (solvophilic or solvophobic) solvation are, the higher the limiting molar electrical conductiv-
ity of the ion is. Considering values of structure-dynamic parameter 6, optimal electrolytes for SCs
should contain polyatomic ions whose diameter range between 0.2 to 0.4 nm.

lonic association of tetraalkylammonium salts in acetonitrile
Electrolytes, studied in this work, just like overwhelming number of other tetraalkylammonium
salts in acetonitrile [37], are weakly associated electrolytes (respective association constants do not
exceed 20 dm’mol™ at 25°C).
Statistical theory of ionic association states that association constant can be represented as a func-
tion of pair potential of interionic interaction U, (r) [38]:

47N, T U, (r)
K, = IOOOA _(‘)‘rza)(r)exp[—kB—Tjdr (20)

where a)(r) is a weight function of the paired state.

Equation (20) allows one to evaluate the value of association constant in terms of concept of simple
electrostatic interactions between ions. Here we used Ebeling model to calculate Coulomb association
constants [39]:

472_ N ) UCoul ( 7’)

K& (r)=—2|r’w(r)exp| ———2 |dr 21)
) 1000! (r)exp k,T

Coulomb association constants calculated by equation (21) as a function of temperature and ex-

perimental association constants of studied tetraalkylammonium salts in acetonitrile are shown on

Figure 4.
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Figure 4. Experimental values of association constants and respective Coulomb contribution for studied tetraal-
kylammonium salts in acetonitrile.
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Figure 4 clearly demonstrates that only association of tetrabutylammonium tetrafluoroborate is al-
most completely caused by the Coulomb interaction. For all other tetraalkylammonium salts in ace-
tonitrile, solvation effects contribute to the association to the greater extent than Coulomb attraction.
Solvation effects can be evaluated having reviewed the structure of paired interionic potential in more
detail.

The adequate representation of the ion-ion interaction potential is a central point in the statistical
description of electrolyte solutions at the McMillan-Mayer level [40]. Definite progress has been
achieved in describing the long-range electrostatic interactions. Taking into account the non-
electrostatic ion-ion interactions, which are manifested at short distances primarily as a consequence
of the discrete structure of the solvent and strong ion-molecule interactions, is a more difficult task.
One of the simplest ways used to describe non-electrostatic short-range ion-ion interactions is to add
the square-mound potential d. = const with a radius of action from a to R’ to the electrostatic potential
U [40]:

0, r<a,
U,(r)= UC””[(r)+di, a<r<R' (22)
UC"”'(r), r>R".

Here, the hard-core diameter a = r; + r; is the sum of the ion crystallographic or structural radii. The
distance R’ is calculated as R’ = a + nS, where S is the diameter of a solvent molecule or its functional
group. nS is the thickness of the first solvation shell.

Taking into account the expression (22), equation (20) can be expressed as:

= e L )5 o ) @

This equation allows one to evaluate d. values having experimental data on association constants
and theoretical estimation for Coulomb association constants, for example by equation (21). The cal-
culated in this way values of non-Coulomb short-range potential d. for tetraalkylammonium salts in
acetonitrile are shown on Figure 5. The values of the radii of the ions were taken from [41]. The upper
boundary of action of the non-electrostatic potential R’ was determined, as in the original paper by
Rasaiah and Friedman [40], from the relation R' = a + S. The diameter of the AN molecule was calcu-
lated from the molar volume of the solvent.

d,-N,, kJ mol”
R

;

t,°C
Figure 5. Short-range non-Coulomb potentials d.-N, (in molar scale) for Bu,NBF,(®), Bu,NBr(V),
Et,;NBF.(m), Et,NBr(#) in acetonitrile as a function of temperature.

Negative values of d.- N, product (Figure 5) for all studied tetraalkylammonium salts in acetonitrile
testify additional attraction between ions in ionic pair due to solvation effects, which leads the equilib-

rium Kt* + An” & [Kt+ An‘J to be shifted towards the ionic pair formation.
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It is also worth mentioning that d.- N, value for BuyNBF, tends to 0 and is significantly less by the
absolute value, compared to other studied electrolytes. This proves the insignificance of contribution
of the solvation effects to the ionic association for tetrabutylammonium tetrafluoroborate.

Desolvation with the increase of the temperature causes the absolute value of d.-N, product to de-
crease for all studied electrolytes.

Considering proximity of K¢ values for all tetraalkylammonium salts in acetonitrile, an increase

of experimental values of association constants in sequence BuyNBF,<Et;NBF,<Buy;NBr<Et;NBr is
defined by the increase of solvation interactions.

Based on the analysis of obtained experimental data about the association constants of tetraal-
kylammonium salts, as well as different contributions to these values, the most promising from the
practical point of view combination of cation and anion for the SCs electrolyte should provide mini-
mal value of K¢* and the absence of negative values of d.-N, product.

Conclusions

In this study it was found that tetraalkylammonium salts in acetonitrile are weakly associated elec-
trolytes. An increase in ion association constants in the sequence BusNBF,<Et,;NBF,<Buy;NBr<Et;NBr
is caused by the increase in the contribution of short-range ion-molecular interactions into interionic
attraction in addition to the electrostatic constituent. An increase of the temperature amplifies the ionic
association with regards to both electrostatic and short-range constituents.

The highest values of limiting ionic conductivity in acetonitrile were observed for polyatomic ions
with the radius ranging from 0.2 to 0.4 nm that are not inclined to the positive solvophilic or solvo-
phobic solvation. Analysis of structure-dynamic characteristics of ion-molecular interactions in solu-
tions studied had shown that the increase in polyatomic ions radii leads to the decrease of the limiting
ionic conductivity due to viscosity constituent and magnification of solvophobic solvation. Influence
of the temperature on the limiting ionic conductivity is mainly caused by the change of the solvent’s
viscosity.
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Appendix A
Table Al. Primary experimental data of electrical conductivity of tetraalkylammonium salts in acetonitrile
107, k10°, S cm’
mol kg’ 5°C 15°C 25°C 35°C 45°C 55°C
BU4NBF4

1.5634 1.7055 1.8718 2.0331 2.1966 2.3565 2.5164
2.7671 2.9902 3.2811 3.5651 3.8499 4.132 4.4114
4.3503 4.6626 5.1161 5.5612 6.0067 6.4451 6.882
6.1343 6.5047 7.1453 7.7661 8.3827 9.0004 9.6084
7.7893 8.282 9.0995 9.8932 10.682 11.466 12.238
8.4956 8.954 9.8256 10.674 11.527 12.363 13.196
10.18 10.734 11.787 12.805 13.821 14.83 15.83
12.343 12.923 14.183 15.412 16.643 17.856 19.054
17.518 18.083 19.862 21.596 23.314 24.999 26.687
21.585 22.114 24.258 26.379 28.474 30.523 32.582
26.149 26.564 29.142 31.684 34.194 36.677 39.128
31.052 31.311 34.366 37.332 40.299 43.182 46.08
13 38.28 38.244 41.966 45.619 49.224 52.764 56.281

=R R Y N N N S
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Continuation of Table Al.

BusNBr
1 1.959 0.20333 0.22461 0.24205 0.26485 0.2832 0.30393
2 3.4194 0.34967  0.38537 0.41982 0.45494  0.48935 0.52443
3 5.2692 0.53241 0.58709 0.63903 0.69317 0.7452 0.79955
4 7.5503 0.75454  0.83225 0.9071 0.98286 1.06e-4 1.14e-4
5 9.3915 0.93532 1.0324 1.1257 1.2186 1.3136 1.4077
6 10.185 1.0079 1.1119 1.2136 1.315 1.4162 1.5167
7 11.882 1.1683 1.289 1.4064 1.5245 1.6422 1.7565
8 15.377 1.4979 1.6518 1.803 1.9508 2.0983 2.2521
9 19.94 1.9163 2.1151 2.311 2.5055 2.6999 2.8825
10 23.536 2.2442 2.4747 2.7041 2.9274 3.1522 3.3774
11 28.276 2.6725 2.9428 3.2061 34741 3.7376 4.0221
12 32.574 3.0462 3.3595 3.6727 3.9934 4.3029 4.5842
13 38.474 3.5678 3.9303 4.2956 4.6468 5.0074 5.4162
14 44.464 4.0932 4.4965 4.9457 5.3597 5.7442 6.1168
15 61.651 5.5303 6.0855 6.633 7.1706 7.6962 8.2242
16 84.613 6.3652 6.9969 7.7049 8.3311 9.0111 9.6258
17 94.926 6.9463 7.6352 8.4075 9.1062 9.7474 10.457

Et,;NBF,
1 1.7677 2.2222 2.4374 2.6474 2.8589 3.0638 3.2698
2 3.2196 4.0044 4.3898 4768 5.1475 5.5175 5.8869
3 5.3899 6.6374 7.2713 7.895 8.5198 9.1659 9.7483
4 6.52 7.9853 8.7626 — 10.275 11.021 11.752
5 7.1265 8.6922 9.5307 10.352 11.173 11.983 12.788
6 9.6307 11.674 12.8 13.901 14.985 16.08 17.152
7 14.205 16.988 18.612 20.206 21.813 2.37 2493
8 19.026 22.501 24.653 26.758 28.886 30.945 33.007
9 22.713 26.666 29.241 31.781 34.294 36.733 39.16
10 26473 30.828 33.809 36.648 39.51 42.353 45.139
11 30.36 35.126 38.448 41.725 44 985 48.193 51.405
12 34,528 39.646 43.433 47.131 50.83 54.459 58.045
13 40.299 45.926 50.285 54.612 58.809 63.054 67.221

Et4NBI'
1 0.22467  0.26543 0.29314 0.31753 0.34454  0.37152 0.3966
2 0.39048 0.45555 0.50102 0.54601 0.59086 0.63574 0.68091
3 0.60217 0.6931 0.76272 0.83122 0.90327  0.96886 1.0388
4 0.86235 0.98217 1.0811 1.1783 1.2748 1.3701 1.4651
5 1.016 1.1586 1.2744 1.3885 1.5024 1.6116 1.727
6 1.1692 1.3171 1.4418 1.5811 1.7095 1.8377 1.9652
7 1.3816 1.5504 1.7055 1.8571 2.0093 2.1593 2.3099
8 1.8607 2.0589 2.2637 2.4708 2.6691 2.8748 3.0656
9 2.365 2.6108 2.872 3.1175 3.3797 3.6352 3.8762
10 2.9285 3.1588 3.4729 3.7825 4.0918 4.3931 4.6843
11 3.5883 3.8274 4.2029 4.5869 49575 5.3103 5.6885
12 3.906 4.1419 4.553 4.9534 5.3644 5.7584 6.1533
13 4.3646 4.6063 5.0654 5.5266 5.9654 6.3929 6.8319
14 4.8782 5.0903 5.5915 6.0946 6.5803 7.0623 7.5416
15 5.5218 5.7124 6.2855 6.8356 7.3954 7.9095 8.4709
16 7.498 7.5737 8.3183 9.0379 9.7729 10.451 11.172
17 9.8372 9.6683 1.0617 11.561 12.426 13.341 14.255
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O.H. KanyruH, E.B. JlyknHosa, [1.0. HoukoB. Onekrpuyeckas npoBoaNMOCTb, MOH-MOMEKYNsipHasa accoumaums
N MEXMOHHbIE B3aVMOAEWCTBMA B pacTBOpax HEKOTOPbIX TeTpaankunaMMOHWEBBLIX COMNen B aueToHUTpune:
BMUSIHWE MOHA M TemnepaTypsl.

XapbKOBCKUIA HaLMOHanbHbIN yHUBEpCUTET nmenn B.H. KapasunHa, xumudeckun cakyneTeT, kadenpa Heopra-
HU4Yeckon xumuu, nn. Ceoboasl, 4, Xapbko, 61022, YkpauHa

B pabote npeacraBneHbl 3KCNepMMEHTanbHbIE OaHHbIE MO 3MEKTpUYeckon nposogMmoctn pacteopoB Et4NBr,
Et4NBF4, BusNBr, BusNBF4 B aueToHuTpune B uHTEpBane KoHUEHTpauun 2:10*-1-10* monb-am™ npu Temnepary-
pax 5 - 55 °C. lNpegenbHble MOMSPHbIE 3MEKTPONPOBOAHOCTU U KOHCTAHTbl MOHHOW accouuaummM paccuuTaHbl C
MCMONb30BaHWEM YypaBHeHUs JIM-YUToHa AN CUMMETPUYHbIX 3NEeKTponuToB. Ha ocHOoBaHuM npeasBapuTenbHOro
aHanmsa KoHOYKTOMETPUYECKMX AaHHbIX ObINO YCTaHOBMNEHO, YTO NapaMeTp HanbonbLUero CONMKEHNst NpakTU4eCcKM
He 3aBMCMT OT TemnepaTtypbl ANA BCEX MCCNeOOBaHHbIX aueTOHUTPUbHBLIX pacTBOpoB. [1oaToMy napameTp Haw-
fonbLuero conuxkeHusa BObin NPUHAT Kak CymMMa paguycoB KaTMOHOB M @aHWOHOB Ans AanbHellen o6paboTku KoH-
OYKTOMETPUYECKNX OaHHbBIX.

3HaveHUss npedenibHbIX WMOHHBIX npoBogumocTelt Br, BF,, Et4N' T1a BusN', a Tawkke cTpykTypHO-
OVHaMWYECKOro napameTpa WOH-MONEKYNAPHOrO B3aMMOLEWCTBUS, MOMyYeHHbIE MO 3KCNEepUMEHTAanbHbIM Mpe-
OenbHbIM MOMNSAPHBIM MPOBOANMOCTAM, ObINWM MHTEPMNPETMPOBaHLI B paMKkax NpeasioKeHHOro asTopamu noaxona
[Kalugin O. N., Vjunnik I. N. Limiting ion conductance and dynamic structure of the solvent in electrolyte solution.
Zh. Khim. Fiz. (Rus.) 1991, 10 708-714]. YcTaHOBNEHO YTO YANMHEHME anKunbHOMO paavkana B kaTioHe BusN*
no cpasHeHnio ¢ Et4N* NpMBoaMT K 3HAUMTENBLHOMY YBEMMYEHMIO CTPYKTYPHO-AMHAMUYECKOro napameTpa, 4To
cBMAeTenbCTBYeT O AMHAMWUYECKOM CTPYKTYPMPOBAaHWU MONEKYN pacTBOPUTENS BO3Ne MoHa TeTpabyTunammo-
HUS M yBeNuYeHun conbBoobHoi conbeaTaumn BusN' B cpaBHernn ¢ E4N'.

KoHcTaHTbl MOHHON accoumaunm 06CyXaeHbl C MO3ULUN KOHKYPEHLMN MEXAY 3NEKTPOCTAaTUYECKUMU U HEKYMO-
HOBCKMMW CUamMy C UCMONb30BaHMEM KOPOTKOAEWCTBYHOLLErO0 HEKYNTOHOBCKOrO MoTeHuuana. YBenuyeHue KOH-
CTaHT MOHHOW accoumaumn B psgy BusNBFi<EtyNBF4<BusNBr<EtsNBr o6bsicHAeTca yBenuueHMem Bkraga Ko-
POTKOOEWNCTBYIOLNX NOH-MOMNEKYNSPHbBIX B3aMMOAENCTBUA B MEXMNOHHOE MPUTSXKEHME B OOMOMHEHNE K 3NeKTpo-
CTaTMYeCKOW COCTaBMnsAoLWER. YBENMYeHNe TemMnepaTypbl YCUITMBAET MOHHYO accoumaumio 6rnarogapst kak anek-
TPOCTaTUYECKON, TaK M KOPOTKOAENCTBYIOLLEN COCTaBMSIHOLLEN.

KnroyeBble cnoBa: 6pomua TeTpaatunammoHusi, 6pomug Tetpabytunammonns, TeTpadTopobopaTt TeTpasTu-
namMoHus, TeTpadTopobopaT TeTpabyTunaMMoHns, aueTOHUTPUIN, dnekTpuyeckass NMPOBOAUMOCTb, KOHCTaHTa
WOHHOM accoumaunm, npeaensHas MonapHas anekTpuyeckas NpoBoANMOCTb, KOPOTKOAENCTBYIOLLUMIN MEXUOHHbIN
noTeHuman, MMKpoAMHaMMKa MOHHON ConbBaTaLUK.

O.M. KanyriH, E.B. NykiHoea, [.0. HosikoB. EnekTpnyHa npoBigHiCTb, NOH-MOMEKyNsSpHa accouialis Ta Mixk-
MNOHHI B3aemogiji y po3unmHax Aesikux TeTpankilaMMOHIEBMX CONeN B aLeTOHITPUII: BNAMB MOHa Ta TeMnepartypu.

XapkiBCbkuii HauioHanbHUIM yHiBepcuTeT iMeHi B.H. KapasiHa, ximidHuin dhakynbTeT, kadeapa HeopraHiyHoi Xi-
mii, mangaH Ceoboau, 4, Xapkis, 61022, YkpaiHa

B poGoTi HaBepeHi ekcnepumeHTarnbHi AaHi 3 eneKkTpuyHoi nposigHocTi po3unHiB EtsNBr, EtsNBF4, BusNBr,
BusNBF4 B aueToHiTpuni B iHTEpBani MONSPHOI KOHLEHTpauii 2:10*-1-10 monb-am™ npu Temnepatypax 5 - 55 °C.
[paHWYHi MONsAPHI eneKkTponpoBIOHOCTI Ta KOHCTaHTM iOHHOI acouialii po3paxoBaHi 3a OOMOMOrot PiBHAHHS Jli-
BiToHa ans cumeTpuyHmx eneTponiTis. Ha nigcrtasi nonepeaHbOro aHanisy KoHOYKTOMETPUYHUX AaHux Byno BCTa-
HOBMEHO, WO napameTp HanbinbLIOro 36MnmKeHHS NPaKTUYHO He 3aneXxuTb Big TemnepaTypu Ans BCiX AOCHIAKEHNX
aUETOHITPUNBHUX PO34MHIB. TOMY napameTp HambinbLIOro 36nxeHHs ByB NPUAHATAI 9K CyMa pagiyCiB KaTioHIB i
aHioHiB Ans noganbLIoi 06pobKu KOHAYKTOMETPUYHUX AaHMIX.

3HaueHHs rpaHUYHNX ioHHKX nposigHocTel Br', BF4, EtyN Ta BusN®, a Takox CTpyKTypHO-AMHaMIYHOro napameT-
pa NOH-MONEKynspHOI B3aeMogii, Wwo bynu oTpMmaHi 3a ekcnepMMeHTanbHUMM FPaHUYHUMU MONSIPHUMIW €NEKTPO-
nposigHocTsiMK, Bynu iHTEpNpeToBaHi B paMkax nigxoaa, 3anpornoHoBaHoro asTopamu [Kalugin O. N., Vjunnik I. N.
Limiting ion conductance and dynamic structure of the solvent in electrolyte solution. Zh. Khim. Fiz. (Rus.) 1991, 10
708-714]. BctaHOBMNEHO LLO NOAOBXEHHS ankinbHOro pagukany B KaTioHi BusN* MOPIBHSIHO 3 EtsN" Bege 0o 3HauHo-
ro 3pOCTaHHAM CTPYKTYPHO-AMHAMIYHOrO napameTpa, Lo CBiAYMTb MPO AUMHaMIYHE CTPYKTYpyBaHHA MOMeKyn pos-
UMHHMKa 6ins ioHy TeTpabyTUNaMMOHiIs Ta 36inbLUeHHSM cornbBodo6HOI conbaaTaLlii BusN™ y nopisHaHHI 3 E4N™.

KoHcTaHTU MOHHOT acouiauii 06roBopeHi 3 No3uuin KOHKYPeHLii MiXk eneKTpOCTaTUYHMMM Ta HEKYNOHIBCbKMMU CU-
namMu 3a A0MOMOrOK KOPOTKOZIK0UOro HEKYITOHIBCLKOrO noTeHuiana. 36inbLlleHHst 3HaYeHb KOHCTaHT iOHHOT acoujiauil
y pagy BusNBFs<EtsNBF4<BusNBr<Et4NBr nosicHoeTbcsa 30inbLUEHHAM BHECKY KOPOTKOAiIKYMX iOH-MOMNEKYNSIPHUX
B3aEMOSjll B MKAOHHE MPUTSDKIHHA Ha LOAATOK OO eneKTpocTaTUYHOI cknafoBoi. byno BcTtaHoBneHo, Wwo 36inb-
LLUEHHSI TeMnepaTypu NOCUIIOE NOHHY accoLliallito 3aBAsKN siK eNeKTPOCTaTUYHIN, TaK i KOPOTKOAiKOYIN CKNafoBin.

KnrouoBi cnoBa: TeTpaeTunammoHin opomia, TeTpabytunaMmmMoHin 6pomia, TeTpaeTunamMmmMoHin Tetpadnyopo-
6opat, TeTpabyTunammoHii TeTpadnyopobopar, aLeToHITpWN, enekTpudHa NpPoBiaHICTb, KOHCTaHTa MOHHOI aco-
uiauii, rpaHMyYHa MonsipHa enekTpuyHa NPOBIAHICTb, KOPOTKOAIKOYMIN MIXKAOHHWUIA NOTeHLian, MiKpoaMHaMika MOH-
HOI conbBaTaldil.
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Design of new electrical energy storage devices including supercapacitors as well as an optimization of
existing ones require not only new electrolytes, but also the deep and complete understanding of the proc-
esses occurring in the electrolyte solutions. Spectral techniques and classical molecular dynamics simula-
tion (MDS) have gained a reputation as a reliable tool for such tasks. The starting point of any MDS is a
choice or development of the force fields for all simulated particles. The combination of vibrational spectros-
copy and molecular dynamics technique can provide a thorough understanding of the structure and dynam-
ics of the ionic subsystem. In this connection, the reproduction of the vibrational spectra should be added to
the requirements for the force fields of the most common electrolyte components.

Many modern supercapacitors are based on organic electrolytes consisting of non-aqueous aprotic sol-
vents such as acetonitrile, propylene carbonate and y-butyrolactone and quaternary ammonium salts with
tetrafluoroborate and hexafluorophosphate as anions.

The purpose of the current work is to develop a new force field for tetrafluoroborate anion (BF4) able to
reproduce not only translational diffusion in acetonitrile medium, but also the spectral properties of this ion in
a condensed phase. Since found in the literature force fields of BF4, cannot satisfy these requirements,
there were performed intensive quantum chemical calculations of BF4 at the M06-2X/6-311++G(d,p) level of
theory to construct the potential energy surface with respect to the B-F bonds and F-B-F angles followed by
evaluating corresponding intramolecular potential constants. Combining the obtained bond and angle force
constants with partial charges on B and F atoms calculated at the same level of theory, and literature values
of Lennard-Jones parameters, a new force field model for BF4 anion was created. Based on the carried out
MD simulations of the BF4 ion in an infinitely diluted acetonitrile solution, it was proved that the obtained re-
sulting model is capable to reproduce both transport and intra-ion vibrational properties of the tetrafluorobo-
rate anion.

Keywords: tetrafluoroborate anion, vibrational spectrum, molecular dynamics simulation, diffusion coeffi-
cient.

Introduction

Rapid technology increase, necessity of finding an alternative to non-renewable resources stimu-
lated the development of new devices for storing electric energy. Supercapacitors are one of such kind
devices [1-2]. Supercapacitors have several advantages such as big power density, fast charging / dis-
charging time, long lifetime etc. In the same time they have several ways to improve its technical
characteristics first of all capacitance and service voltage. Capacity and power density depends on
containing electrolyte [1], therefore deep understanding of undergoing processes in electrolyte me-
dium and interaction mechanism between solution components are the keys to successful development
of new, more effective devices.

Spectral methods have proven to be a reliable tool for studying ion-molecular systems [3-6], but,
like many experimental methods, for a comprehensive understanding obtained result, they need to
involve computational methods, such as classical molecular dynamics simulation (MDS) [7-8]. There-
fore, the development of electrolyte component force fields capable of accurately reproducing spectral
properties is an important task of modern electrochemistry. Being a component of a number of electro-
lytes for supercapacitors [1], tetrafluoroborate anion (BF,’) can be called one of the most priority can-
didates for developing such a force field.

A significant part of the manufactured supercapacitors offer devices with organic solvents, mainly
with propylene carbonate or acetonitrile [1]. High demand for acetonitrile (AN) as a supercapacitor
component is a reason of choice this substance as a solvent of investigated systems.

© Vovchynskyi I.S., Kalugin O.N., 2019
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Based on the foregoing, the goal of this work was to create a model of the tetrafluoroborate anion
force field, able to reproduces the spectral and dynamic properties of this ion in acetonitrile.

To achieve this goal, first we reviewed existing approaches to modeling tetrafluoroborate anion as
a component of an electrolyte solution (Section 1). Since classical MD simulation requires an informa-
tion about the equilibrium structure and atomic partial charges for any multiatomic particle, the corre-
sponding parameters were obtained by quantum chemical calculations as well as the vibrational spec-
trum of BF, in vacuum (section 2). In the Section 3 the details of the MD simulations are described
along with the results of simulation of BF, vibrational spectra for the most common models in the
literature. Section 4 presents the results of the potential energy surface (PES) scanning of B-F bonds
and the angles of F-B-F followed by evaluation of the corresponding intramolecular potential con-
stants. Finally, in the section 5 the validation of the developed force field of tetrafluoroborate anion is
presented based on the anion diffusion coefficient in the infinitely diluted acetonitrile solution.

1. Various approaches to modeling BF,™ in classical molecular dynamics modeling

Several approaches of modeling tetrafluoroborate anion were found in the literature: “coarse grain”
(CG) models [9-11], polarizable models [9, 12], rigid models [13-16], all-atom soft models [17-26].

CG anion of tetrafluoroborate is one particle with a total mass of five atoms and the corresponding
charge. The advantage of such models is a significant saving computational resources, which allows to
compute larger systems and longer phase trajectories. On the other hand, within the framework of CG
approach a detailed study of ionic subsystem structure on atomic level is impossible.

Polarizable models allow one to take into account various effects of electrostatic interaction, but
the existence of several ways [12] of implementation does not give complete confidence in the use of
this approach.

Rigid full-atomic models save computational resources due to fixed bond lengths and angle values
and provide "atomic resolution" of the ionic subsystem study. In the same time, it is impossible to
obtain vibrational spectra of tetrafluoroborate anion with restricted intraionic structure.

Based on the foregoing, within current investigation, we decided to use full-atom soft force field
models of tetrafluoroborate as an approach able to completely solve the problems posed to us. As a
result of our literature review, models ABS [25], Liu / Wu [23-24] and CL&P [26] identified as the
most popular tetrafluoroborate force fields.

2. Quantum-chemical calculations of the optimal geometry, partial atomic charges,
and the vibrational spectrum of BF,; in a vacuum

All quantum chemical calculations were carried out using the Gaussian 09 [27] software package
were performed at the M062X/6-311++G(d,p) level. The specific charges on the atoms were calcu-
lated by the Breneman ChelpG method [28].

As a result of quantum-chemical calculations of the tetrafluoroborate anion in vacuum, following
equilibrium geometry parameters were obtained: the B-F bond length equal to 1.4092033966 A, and
the F-B-F angle equal to 109.47122063°. The correct tetrahedral form of the ion was set as the initial
requirement for the results of quantum-chemical calculations. For boron and fluorine atoms the partial
charges of +1.188568 and -0.5471420.4569 were evaluated.

The obtained vibrational modes, their expected intensities in the IR spectrum, as well as a descrip-
tion of the oscillations are given in table 1.

The data presented in table 1 are in good agreement with the literature [6].

3. Vibrational spectra for the most common models in the literature

Based on conducted literature review, next three force field models of the tetrafluoroborate anion
were selected for spectral properties efficiency testing:
1) model of Andrade (Jones de Andrade), Boes (Elvis S. Bbes) and Stassen (Hubert Stassen)
[25], hereinafter referred to as ABS;
2) the Liu/ Wu model, first proposed by Liu [23], and then refined by Wu in [24];
3) the model of Lopez (José N. Canongia Lopes) and Padua (Agilio A. H. Padua) [26] herein-
after referred to as CL&P.
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Table 1. BF, vibrational modes obtained from quantum-chemical calculations at the level of
M062X/6-311 ++ G (d, p).

Order Oscillation Intensity in o Oscillation involved
frequency, the IR Oscillation type
number . atoms
cm spectrum, a.u.

1 Bending v1brat19ns of t}}e'ls' -B-F The predominant

347.19 0 angle, flattening the initial articipation of F-atoms
2 tetrahedral shape particip
3 Symmetric paired deformation

vibrations of the F-B-F angle
Asymmetric paired deformation Equal intensity of all
4 519.06 4.3772 vibrations of the F-B-F angle participated atoms
Asymmetric pair deformation
5 .
(second pair of angles)
. . o Only F-atoms oscillate,
6 773,86 0 Symmetric stretching vibrations of B-atom is practically
all F-B bonds .
motionless
7 _ . Only B-atom vibrates,
8 1105.67 432.1875 Oscillations of B-atom inside a F-atoms are practically
tetrahedron formed by F-atoms .

9 motionless

The ABS model is one of the very first soft full-atom tetrafluoroborate models. The purpose of dis-
cussed research was to create force fields for modeling of room temperature ionic liquids (RTIL)
based on alkyl-imidazoline cations with tetrachloroaluminate and tetrafluoroborate anions as counteri-
ons. The AMBER [29] force field was used as the basis of the model, but since the AMBER force
field is developed for modeling biological objects [29], it has no parameters of atoms untypical for
biological field. The Lennard-Jones parameters of boron atom were taken from the more universal
DREIDING force field [30], but parameters for fluorine atoms were taken AMBER [29]. Quantum
chemical calculations were performed by GAMESS [31] program on the UHF / 6-31G (d) level of the
theory; boron and fluorine atoms partial charges were set +0.8275 and -0.4569, respectively. Work of
Andrade [25] was the first attempt to obtain interionic constants for B-F bonds and angles F-B-F of
tetrafluoroborate anion using PES. This procedure was performed using the AMBER utilities. The
ABS force field was used in a number of works [18-19, 22], and was even used as the basis for another
model of the force field of the tetrafluoroborate anion - Liu / Wu.

The Liu / Wu model was also used in a number of studies [17, 20, 24] was first presented in [23], to
improve the force fields of imidazolium based ionic liquids. The force field in the discussed article is
similar to the tetrafluoroborate model of Andrade [25], namely the same forms of intramolecular and
intermolecular potentials as well as AMBER [29] force field as source were used. Comparing to ABS
model [25], the Liu / Wu model has different BF bond equilibrium value (it was taken from crystallo-
graphic data [32]), different level of quantum-chemical calculations (HF/6-31+G(d)), and therefore
different atomic partial charge values (B +1.1504; F -0.5376). Lennard-Jones parameters, B-F bond
potential constants, equilibrium value and potential constant of F-B-F were taken from ABS model
[25] with rounding. Despite the author’s attention mostly was attracted to the cations, the advantage of
Liu’s work [23] is presence of calculated vibrational spectra (using classical MD-simulation) and their
comparison to experimental ones by vibrational frequencies.

Wu’s work [24] is devoted to improving the developed Liu’s force field [23] and investigation of
various concentrations ionic liquids acetonitrile solutions. Compared to [23], the anion’s force field
parameters are represented with greater accuracy and closer to [25] values.

The third discussed force field of tetrafluoroborate, CL&P, is well-known for ionic liquid force
field development. This force field is a combination of the OPLS-AA [33] and AMBER [29] fields
with further author’s modifications.

Despite the fact that in a number of works [34-36] the authors themselves directly declare the tetra-
fluoroborate anion as a component of the simulated system and provide links to publications devoted
to the development of the ionic liquids force fields [26, 37-39], the data for tetrafluoroborate force
field parameters were found in supplementary information for [26] as DL POLY [40] force field file.
The values of ¢ and ¢ are equal to ¢ and & from ABS [25] with rounding to the fourth decimal place,
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the partial charges on the boron and fluorine atoms equal +0.96 and -0.49, respectively. As in all pre-
viously considered models, the F-B-F angle equilibrium value is 109.5° and B-F bond equilibrium
value is 1.394 A, but CL&P intermolecular potential constant values of bonds and angles are 1.3 times
and 1.5 times larger respectively.

In current work we have tested the force field models described above with respect to their ability
to reproduce spectral properties of discussed anion in classical molecular dynamics simulation.

All MD-simulations were performed using the GROMACS v5.3 software package [41-43] with an
integration step equal to 0.5 fs.

Intermolecular interactions were calculated as a sum of short-range (Usg) and long-range (Ucoutomb)
interactions:

Upot =Usg + U coutoms (1)

The particle-mesh Ewald (PME) summation was used to calculate the long-range electrostatic in-
teractions [41].

The Lennard-Jones potential (2) were used to calculate short-range interactions. It can be written
both in classical and A-B form:

12 6
g o, A. B,
_ ij _ i _ y _ Yy 2
U, =4e,|| L | |==Lt-—1, (2)
B Ty Ty 0y

where ¢ is the depth of the energy well, and oj is the distance of zero interaction energy between the
two particles, 4, = /4,4, andB; = 4,91.],0-; . The geometric mean for 4 and B was used as the combina-

tion rules: 4, =,/4,4, andB, =,/B,B, .

Intramolecular potentials for bonds and angles were calculated according to formulas (3) and (4),
respectively:

1
Vh(”,,) :EKr,{j(r;'j _ro,gj)z’ (3)
where K, is the intramolecular potential constant, 7 is the bond length equilibrium value.
1
Vo(6;)= > Ko O =00)"> 4

where Kj is the intramolecular potential constant, 0, is the angle equilibrium value. 1-4 interactions
were disabled.

Intermolecular and intramolecular potential parameters of discussed force field models (ABS, Liu /
Wu and CL&P) are given in tables 2 and 3, respectively.

The vibrational spectra were calculated in vacuum and in a solvent medium by Fourier transform
(5) of the autocorrelation functions of linear atomic velocities

S (@)= jc_w(t)cos(a)t)dt , (5)
0
where C_W is normalized autocorrelation function of the linear velocity of the particle center-of-mass.

Table 2. Lennard-Jones parameters and partial charges of the ABS, Liu / Wu and CL&P models.

Force field Atom o, nm €, kJ/mol qi
ABS B 0.35814 0.39748 +0.8275
F 0.31181 0.25522 -0.4569
. B 0.35814 0.3975 +1.1504
Liw/Wu F 031181 0.2552 -0.5376
B 0.358 0.3975 +0.96
CL&P F 0.312 0.2552 -0.49

Table 3. intramolecular potential parameters of the ABS, Liu / Wu and CL&P models.

Force field K,, kJ'-mol"'nm™ 7o, NM Ko, kJ-mol " -rad™ 0y, degree
ABS 242672 0.1393 4184 109.5
Liu/Wu 242680 0.139 4184 109.5
CL&P 323500 0.1394 669.5 109.5
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All classical molecular dynamics simulations in a solvent medium were performed in NPT ensem-
ble. Velocity rescaling thermostat [44] was used to maintain a constant temperature with 7=298.15K
and the time constant value of 0.1 ps. The pressure was kept equal to of 1 atm using a Berendsen baro-
stat [45] with the time constant of 10 ps. The simulated system consisted of one BF, ion and 500 AN
molecules. Acetonitrile force field model of Koverga [46] was chosen for all MD simulations. Each
simulated systems underwent through the following stages: energy minimization, thermodynamic
equilibration (1 ns) and calculating properties (1 ns).

All molecular dynamics simulations in vacuum were performed in NV7T ensemble with the volume
of the simulated cubic cell equal to 100 nm”.

Obtained vibrational spectra for the ABS, Liu / Wu, and CL&P models are shown in Figures 1, 2,
and 3, respectively.
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Figure 1. Vibrational spectra of tetrafluoroborate anion in solvent (red) and vacuum (black) medium obtained by
molecular dynamics modeling for the systems contained the ABS model.
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Figure 2. Vibrational spectra of tetrafluoroborate anion in solvent (red) and vacuum (black) medium obtained by
molecular dynamics modeling for the systems contained the Liu / Wu model.

Based on the presented results (see Fig. 1-3), for all models, vibrational modes positions in vacuum

and in solvent are almost the same. Placing the ion into solvent medium simplifies the vibrational
spectrum, namely three distinct pics in vacuum convert into one broad peak in acetonitrile accompa-
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nied by the shift of its position of ~ 5-10 cm™ towards the long wave length range comparing to the
central one in vacuum. This behavior occurs for all solvent spectra of all calculated models. Therefore
for saving computational resources all further calculations of vibrational spectra by MD simulation
were carried out in vacuum taking into account that the positions of triple peaks in the range of
600-700 cm™ were represented by one middle peak.
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Figure 3. Vibrational spectra of tetrafluoroborate anion in solvent (red) and vacuum (black) medium obtained by
molecular dynamics modeling for the systems contained the CL&P model.

On presented spectra (see Fig. 1-3) there are oscillations in the low-frequency region (0-100cm™)
corresponding to inhibited translations and librations. The presence of such oscillations proves correct
methodology of the molecular dynamics simulation.

The good convergence of the ABS and Liu / Wu models vibration frequencies is explained by the
similarity of the intramolecular potential constant values: Liu / Wu values [23-24] were taken from
[25]. This fact confirms the primary influence of intramolecular potentials over intermolecular in in-
fluence on vibrational spectra.

Both figures 1 and 2 have four modes: around 310 cm™, 360 cm™, 600 cm™ and 1200 ecm™ ., respec-
tively. These vibrational modes can be assigned to the modes from the table 1: 347.19 cm™, 519.06
cm, 778.86 cm™ and 1105.67 cm™, respectively. Based on given values, all modes of the Liu/Wu and
ABS models show lower frequencies comparing to results of quantum chemical calculations for all
modes except the last one (1200 cm™). Frequency values obtained for CL&P force field model (figure
3) are closer to table 1 values: around 400 em™, 450 cm™, 700 cm™ and 1200 cm™., respectively.
Comparing to Liu/Wu and ABS models the CL&P molecular dynamics spectrum has the same value
of the last frequency mode (the forth one) but higher and therefore closer to quantum spectrum (see
table 1) values.

Summarizing the results mentioned above, one can conclude that the ability of literature force field
models [23-26] to reproduce vibrational spectrum of tetrafluoroborate by classical molecular dynamics
simulation is quite questionable. Despite CL&P model is more effective than Liu/Wu and ABS, none
of chosen force field are able to fully reproduce ion spectrum.

4. Scanning the surface of the potential binding energy of energy of the B-F bond and
F-B-F angle

As it was shown previously, intramolecular potentials make the main contribution to the vibrational
spectra, and none of discussed literature force field models can fully reproduce the vibrational spectra
of tetrafluoroborate, it was decided to scan the potential energy of B-F bonds and F-B-F angles to ob-
tain intrinsic molecular potentials of their own. Three methods of scanning potential energy were se-
lected: 1) scanning with additional optimization of geometry (hereinafter, designate them as PES-1);
2) scanning without additional optimization of geometry (hereinafter, designate them as PES-2);
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3) scanning without further optimization over four B-F bonds and two vertical F-B-F angles (hereinaf-
ter, we denote them as PES-3). All the quantum chemical calculations were carried out using the same
level of theory as described in the Section 2.

The last method (PES-3) was used due to two reasons. First, it was an attempt to solve the prob-
lems with a drop-down point during the bond / angle scanning for highly symmetric molecules. Sec-
ond, based on the table 1 the vibration III is a symmetric vibration of all four B-F bonds and there are
no single or asymmetric vibrations of the B-F bonds. In this connection, for a better representation of
vibration III, it is necessary to analyze the simultaneous symmetric vibration of all four B-F bonds.
Figures 4 and 5 show the results of applying PES-1, PES-2, PES-3 to scan the energy profile for the B-
F bond and the F-B-F angle, respectively, as well as the results of approximating the obtained depend-
ences by the formulas (3) and (4).

Figures 4 and 5 demonstrates that equations (3) and (4) describes well obtained PES-1, PES-2,
PES-3 dependences. All three methods show similar function behavior in the region near to the opti-
mum and geometric parameters values close to the corresponding optimal geometry as well.

The values obtained during PES-1, PES-2 and PES-3 were approximated by the next equation:

yzéK(x—xo)erc, (6)

where ¢ is a constant guaranteeing a zero value of the potential at the optimum point; K is K; or Ky; x is
ror 0; xq is 7y or 0, for (3) or (4), respectively. The constants values obtained during the approxima-
tion, as well as their errors, are given in tables 5 and 6.
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As expected the values of C constants are negligible (tables 5 and 6), that indicates the methodo-
logical correctness of the applied procedure.

Obtained sets of the intramolecular potential parameters (tables 5 and 6) were used to test their ef-
fectiveness in reproducing the vibrational spectrum of the tertafluoroborate anion in MD simulation.
Liu/Wu force field model was chosen for this purpose. The calculation was carried out in vacuum
according to the procedure described above. The results of the MD simulation of the vibrational spec-
tra of BF, anion with the intramolecular potentials based on PES-1, PES-2 and PES-3 approaches are
presented in Figure 6.

Table 5. Approximation results of PES-1, PES-2, and PES-3 data for B-F bond of BF4 anion.

Parameter PES-1 PES-2 PES-3
K., kJ-mol'-nm 231000 = 2000 271000 + 1000 389000 + 2000
7o, NM 0.14040 + 0.00001 0.141200 £+ 0.000006 0.141000 £+ 0.000004
c 0.10+0.01 -0.003 £ 0.006 0.001 £ 0.004

Table 6. Approximation results of PES-1, PES-2, and PES-3 data for F-B-F angle of BF, anion.

Parameter PES-1 PES-2 PES-3
K, kJ-mol! -rad? 766 +7 1145.2+0.9 1074 £ 1
0y, degree 109.47 +0.01 109.5095 + 0.0007 109.4865 £+ 0.0009
c 0.02 +0.01 -0.0017 + 0.0009 -0.002 +0.001
347.19 519.06 778.86
8x10° 3 PES-1
] PES-2
7x10° 3 PES-3
5 6x10°
@© E
é? 5x105€
E 4x10° 3
T 3x10°
2x10° 3

350 400 450 500 550 600 650 700 750

v, cm”’
Figure 6. Molecular dynamics vibrational spectra of the BF, anion with intramolecular potentials based on PES-1
(red), PES-2 (blue) and PES-3 (green) and the frequencies of vibrational modes (grey vertical lines) from Table 1.

Observation of the figure 6 allows one to conclude that the PES-3 shows the best result for oscilla-
tion III (Table 1). PES-2 and PES-3 describe well oscillation II, and the results of PES-1 are equidis-
tant from oscillations I and II. The task of reproducing vibration IV was not posed, since the tetrahe-
dral form of BF, is preserved for this vibration.

Because none of the used methods can provide the intramolecular potentials parameters able to
completely reproducing of the vibrational spectrum of the BF, anion, it was decided to use obtained
values (see tables 5 and 6) as a starting point for adjusting procedure allowing to evaluate the in-
tramolecular parameters able to show the best agreement between the vibrational spectra from molecu-
lar dynamics simulations and quantum chemical calculations. The adjusting procedure consisted of a
multidimensional analysis of the intramolecular potential to determine the values of K, and Ky, which
give the best possible pick locations. The values of partial atomic charges and Lennard-Jones poten-
tials were not used in this analysis because of the insignificant effect of intermolecular interactions on
the vibrational spectrum of BF, as compare with intramolecular potentials (see section 3). Despite the
fact that the equilibrium values of bonds and angles belong to intramolecular parameters, they were
also not used as tunable parameters because of the importance of keeping the equilibrium geometry of
the anion equal to that obtained in quantum calculations (see section 1). As a result, the values of
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K. = 410000 kJ-mol™ nm'z, Ko = 710 kJ-mol ' -rad™ were obtained. All other parameters of the force
field for of BF4 anion were adopted as following. Equilibrium geometry parameters of the tetra-
fluoroborate anion (#(B-F) = 0.14092033966 nm and 6(F-B-F) = 109.47122063°) were calculated in
section 2, as well as partial atomic charges (¢(B) = +1.88568, ¢g(F) = -0.547142). Lennard Jones pa-
rameters were taken from Liu/Wu model [23-24] (o(B) = 0.35814 nm, o(F) = 0.31181 nm;
&(B) = 0.3975 kJ-mol™, &(F) = 0.2552 kJ-mol ™.

The vibrational spectrum of BF4 in vacuum obtained by MD simulation based on the final force
field is shown in Figure 7.
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1.50x10°
1.25x10°
1.00x10°

Intensity, a.u.

7.50x10*

5.00x10%
2.50x10*
0.00
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Figure 7. Molecular dynamics vibrational spectra of the developed force field (pink lines) and the frequencies of
vibrational modes (grey vertical lines) from Table 1.

Figure 7 demonstrates that the developed force field allows to reproduce the vibrational mode III as
well as to achieve the equidistant position of the vibration frequencies for modes I and II.

5. Validation of the developed force field by the diffusion coefficient
of the tetrafluoroborate ion

Force field model of ion as a component of electrolyte solution requires not only good representa-
tion of vibrational spectra, but also good representation of dynamic properties, such as the diffusion
coefficient.

In the current work, the diffusion coefficient, D, was calculated by two methods: via the mean
square displacement (r(0) - r(t))

lim <(r(0) - r(t))2> — 6Dt %

and the Green-Kubo formula
1 o0
D=—|C_(t)dt. 8
5 j L (1) 8)

Validation of ionic diffusion coefficient requires previous validation of solvent diffusion coeffi-
cient because the solvent as a medium has a huge influence on the dynamic properties of containing
ions [47]. For this purpose, 5 independent geometries (called “seeds”) of 500 acetonitrile systems were
generated using standard GROMACS utilities. Each system underwent such stages as: energy minimi-
zation, thermodynamic equilibration (1 ns) and properties calculation (1 ns). All simulations were
carried out in NPT ensemble with the settings described above.

Figure 8 presents the obtained time dependences of the autocorrelation function of the linear veloc-
ity of acetonitrile molecules.

Figure 9 shows the obtained time dependences of the mean square displacement of acetonitrile
molecules. To calculate the diffusion coefficient by formula (7), curves section from 50 to 150 ps were
used.
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Figure 8. Time dependences of the autocorrelation function of the linear velocity of acetonitrile molecules.
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Figure 9. The obtained time dependences of the mean square displacement of acetonitrile molecules.

The results of calculating the diffusion coefficient of acetonitrile according to the Einstein equation
(7) and the Green-Kubo formula (8) are shown in table 6.

Table 6. The calculated values of the diffusion coefficient of acetonitrile (500 molecules) by the Einstein equa-
tion (7), Dpmsa, and the Green-Kubo formula (8), Dcyy.

System number Dieg, 107 m?-s! Decyy, 107 m?-s!
1 3.93 3.90
2 3.94 3.89
3 3.90 3.87
4 3.89 3.86
5 3.84 3.89
Average value 3.90+0.04 3.88 +£0.02
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The obtained average value of the acetonitrile diffusion coefficient 3.89-10° m*s™ (table 6) is
slightly different from that claimed by the authors 4.03-10”° m?-s [46]. The experimental values are in
a rather wide range: 4.04-10° m?-s” [48], 4.28-10° m*'s™ [49], 4.31:10° m*s™ [50], 4.34-10° m*-s™
[51], 4.37-10° m*s” [52], 4.85-10° m®s' [53], 4.9:10° m*s” [54], 5.10-10° m®s' [55].
4.5+ 0.3-10° m*s™ was considered as the average experimental value of acetonitrile diffusion coeffi-
cient. Experimental value in 1.17 (4.5 / 3.89 = 1.17) times higher compared to calculated value, there-
fore 1.17 was used as correction factor for further calculation of ionic diffusion as it was proposed
early at the same circumstances [47].

The procedure of diffusion coefficient calculation for BF, was identical to the solvent’s one. The
simulated system for this simulations included 1 ion and 500 solvent molecules.

Figure 10 presents the obtained time dependences of the autocorrelation function of the linear ve-
locity of BF,".
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9 —— seedd o
—— seed5
0.02 A Ik
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Figure 10. The obtained time dependences of the autocorrelation function of the linear velocity of BF,".

Figure 11 shows the obtained time dependences of the mean square displacement of BF,".
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Figure 11. The obtained time dependences of the mean square displacement of the tetrafluoroborate anion
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The results of calculating the diffusion coefficient of BF, according to the Einstein equation and
the Green-Kubo formula (7) are shown in Table 7.

Table 7. The calculated values of the diffusion coefficient of BF,

System number Dy, 107 m?s™! D¢y, 10° m*-s™!
1 2.2646 2.31722
2 2.3602 2.38136
3 2.2869 2.29397
4 2.2812 2.30667
5 2.2010 2.35999
Average value 2.28 £0.07 2.33£0.05

As it follows form the table 7, the average calculated value of BF, diffusion coefficient in infinitely
diluted acetonitrile is 2.30-10° m*'s™. Taking into account the correction factor of 1.17 for solvent
diffusion, the obtained diffusion coefficient of the BE4 anion can be estimated as 2.69-10° m?*-s™.

An experimental value of an ion diffusion coefficient can calculated from the limiting ionic con-
ductivity of an ion by using the Nernst-Einstein equation

RT A
zl‘2 F* o
where z; is the charge of an ion, A’,, is the molar limiting ionic conductivity of an on at infinite dilu-
tion.

Taking the limiting ionic conductivity of the BF, anion equal to 107.48 Sm-cm* mol™ [56], the
value of BF4 diffusion coefficient was estimated as 2.87-10° m*-s™". This means that developed force
field of BF,is able to reproduce experimental diffusion coefficient of the anion in AN medium within
the relative error of 6.3%.

D, = ©)

Conclusions

Development of new supercapacitors and improving the existing ones requires thorough investiga-
tion of processes occurring in an electrolyte solution. Combination of spectral methods with molecular
dynamics simulation can become a reliable tool for solving this kind of tasks.

This work is devoted to the development of BF, force field able to reproduce not only the dy-
namic, but also the spectral properties of the ion in acetonitrile media.

As a thorough literature review of BF, force field models, three models were chosen for further re-
search: Liu/Wu [23-24], ABS [25] and CL&P [26]. Discussed force fields for classical molecular dy-
namics simulations of the anion in both vacuum and solvent medium. There is no significant differ-
ence between BF, spectra in vacuum and solvent medium was revealed, which indicates the preva-
lence of intra-molecular potentials over inter-molecular potentials in their influence on the vibrational
spectrum. Since all discussed force fields are not able to reproduce spectral propertied of the ion with
required accuracy, the potential energy surface scanning (PES) of bonds B-F and angles F-B-F were
applied by using quantum chemical calculations at the M062X/6-311++G(d,p) level of theory.

Three different techniques of PES generation gave three different sets of intra-molecular parame-
ters. To check these parameters, additional quantum chemical calculations of BF; at the
MO062X/6-311++G(d,p) level of theory were carried out to evaluate the atomic partial charges and
equilibrium geometry. Then, taking into account the Lennard Jones potential parameters from Liu/Wu
[23-24] model we have tested new sets of the intramolecular parameters in classical molecular dynam-
ics simulation. Despite all obtained spectra of PES-generated force fields are not able to fully repro-
duce spectrum of BF,, revealed tendencies of the intramolecular potentials influences on specific
bands of the vibrational spectrum. The intermolecular parameters obtained from the PES analysis were
used as starting point for their next generation. In addition, revealed relationship between the changes
of the intramolecular constant values and the shift of the corresponding vibrational frequencies were
used as a guide in multidimensional analysis of the intramolecular parameters. This allowed us to de-
velop a new force field for the BF, anion with the best possible spectrum reproduction within the
framework of classical molecular dynamics modeling.
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The final BF, force field model were developed as a force field model of the electrolyte solution
component, therefore reproduction of ionic diffusion properties is as important as reproduction of vi-
brational spectrum. For this purpose, the difference between diffusion coefficient of Koverga acetoni-
trile [46] and experimental value was calculated, and further this information were took during the
validation of BF,4 diffusion. The relative error of the final BF, force field diffusion coefficient is 6.3%.
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N.C. BosumHckuin, O.H. KanyrmH. Cwunosoe none aHuoHa TeTpadTopobopata AnNs MOMEKYNspHO-
AVHaMU4Yeckoro MoAenupoBaHust: HOBbIN MNOAX0S,.

XapbKOBCKUA HaUMOHanbHbIN yHMBepcuTeT nmeHn B.H. KapasunHa, xumudecknn pakynbTeT, kKacdeapa Heopra-
Hu4Yeckon xumum, nn. Ceoboasl, 4, Xapbkos, 61022, YkpanHa

PaspaboTka HOBbIX YCTPOWCTB HAKOMIMEHWS SNEKTPUYECKOA 3HEPTM, BKITHOYAs CynepKOHAEHCATOpbl, a Takke
ONTMMMU3aLUS CYLLECTBYHOLLMX, TPEDYIOT HE TOMBLKO HOBbIX 3MEKTPONMUTOB, HO U rNy6OKOro U NOIHOrO NOHUMaHWS
NMPOLLECCOB, NMPOUCXOAALLMX B pacTBOpax 3NekTponutoB. CnekTpanbHble METOAbI U KNAaCCUYECKOE MOMEKYsipHO-
AnHamnyeckoe mogenvposaHve (MOM) 3aBoeBanu penyTaumio HaAEXHOro MHCTPYMEHTa ANA pelueHus Takmx
3agay. OtnpasHon Toukon noboro MAM sBnseTcs Bbibop nnu paspaboTka CUNOBLIX NOMEN AN BCEX MOAENu-
pyemMbix yactuy. CoyeTaHve MeTOAOB KonebaTenbHOW CNEKTPOCKONMM 1 MOMEKYNSPHOM ANHAMMUKN MOXeT obec-
neynTb rnybokoe MoHMMaHWe CTPYKTYPbl U OUHAMUKNA MOHHOW MOACUCTEMBI. B CBA3M € aTuUM K BOcnpou3BeneHne
konebaTtenbHbIX CMEKTPOB AOIMKHO ObITb BKIMOYEHO B TpeOOBaHUS K CUMOBBLIM MOMsM Hanbonee pacnpocTpaHeH-
HbIX KOMMOHEHTOB 3EKTPONMUTA.

MHorne n3 coBpeMeHHbIX CyrnepKoHOEeHCAaTOPOB OCHOBAHbI HA OPraHNYecKnx aNeKTPonuTax, CoOCTOSALLMNX U3 He-
BOOHbIX anpOTOHHbIX PacTBOPUTENEN, TaKMX Kak aueTOHWUTPWM, nponuneHkapboHaT, y-OyTMponakToH u conwu
YeTBEPTMYHOIO aMMOHUKS ¢ TeTpadTopbopaToM 1 rekcadpTopdocdaTtomM B Ka4eCTBE aHUOHOB.

Llenbto HacTosiweln paboThl ABnseTca pa3paboTka HOBOro CUIOBOro nonsg Ans tetpagropbopart-aHnoHa (BF4),
CMocoBHOro BOCNPOM3BOAMTL HE TOMbKO MOCTynaTernbHy Anddy3no B cpee aueToHUTpUna, HO U crnekTpanb-
Hble CBOWCTBA 3TOro MOHAa B KOHAEHCUpoBaHHOM dhase. [1ockonbKy HangeHHble B nutepatype curnosble nongd BF 4
He yaOBMNeTBOPSAT 3TUM TpeboBaHMAM, Obiny NpoBeAeHbl MHTEHCUBHBIE KBAHTOBO-XMMUYECKMe pacyeTbl BF4 Ha
ypoBHe Teopumn M06-2X/6-311++G(d,p) 4N NOCTPOEHUSI NOBEPXHOCTU MOTEHLMANBbHOW SHEPTUN. OTHOCUTENBHO
cesazenn B-F n yrmos F-B—F ¢ nocnepytoLlen oLeHKOM COOTBETCTBYIOLLMX KOHCTAHT BHYTPUMOMEKYNSAPHbIX MO-
TeHumanoB. O6beaVHsA NOMyYeHHbIE CUMOBbLIE KOHCTAHTbI CBSA3M U yria ¢ YacTUYHbIMK 3apsifamm Ha atomax B u
F, paccuntaHHbIMM Ha TOM e YpPOBHE TEOPWMU, N NMTEpaTypPHbIMU 3HAYEHMST NapamMeTpoB noTeHumana JleHHap-
na-[xoHca, Bbina co3gaHa HoBas MoAeNb CUMOBOrO nons Ans aHmoHa BF4". Ha ocHoBaHum npoBegeHHoro M-
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MogenupoBaHust noHa BF4 B 6eckoHeuHO pa3baBneHHOM pacTBOpe B aLeToHUTpune ObIno Joka3aHo, YTo nosny-
YeHHas Moaenb cnocobHa BOCMPOU3BOAUTL Kak TPAHCMOPTHbIE CBOWCTBA, TaK U BHYTPUMOHHbIE KOnebaHust TeT-
pacdTopbopaT-aHMoHa.

KntoyeBble cnoBa: aHnoH TeTpadTopobopara, konebaTenbHbI CNekTp, MONeKkynsapHO-GUHaMNYecKoe Mofe-
nuposaHue, KoadULUMEHT anddysun.

I.C. BoBumHcekuin, O.M. KanyriH. CunoBe none aHioHy TeTpadtopobopaTty Ans MONeKynspHO-OUHaMiIYHOro
MOentoBaHHA: HOBUK niaxia.

XapkiBCbkuii HauioHanbHUn yHiBepcuTeT imeHi B.H. KapasiHa, ximiuHuin cdakynbTteT, kadeapa HeopraHivyHoi Xi-
Mii, margaH Ceoboan, 4, Xapkis, 61022, YkpaiHa

Po3pobka HOBUX MPUCTPOIB HAaKOMUYEHHS €NEKTPUYHOI EHEpTii, BKIMOYa4M CyrnepKoHAEeHCaTopu, a Takox on-
TMMI3aLisi iCHYlOYMX BMMararoTb, He TiNbKM HOBWUX E€MEKTPOMITIB, @ N rMMOOKOro Ta MNOBHOrO PO3yMiHHSI NMPOLIECIB,
Lo BiaOyBalTLCSA B po3yMHax enekTponiTie. CnekTpanbHi MeToam i KnacuyHe MonekynsipHo-guHamiuHe Moaento-
BaHHA (MOM) 3aBotoBanu penyTauito HafgiNnHOro IHCTPYMEHTY ANS BUPILLEHHSA Takux 3aBAaHb. BignpasHoto Tou-
Kot byab-akoro MM e Bnbip abo po3pobka cunoBux noniB Ans BCiX MOAENbOBaHUX YacTUHOK. MoeaHaHHSa me-
TOAIB KONMBarbHOI CNEKTPOCKONIT i MONMEKYNApHOT AnHaMikn Moxe 3abesneuntn rmnboke po3yMmiHHA CTPYKTypu Ta
OWHaMIKM iOHHOT nigcucTeMu. Y 3B'A3KY 3 LIMM A0 BiATBOPEHHS KONMBAribHUX CMEKTPIB Mae OyTU BKIOYEHO B BU-
MOTM JO CUMOBMX NOMAX HANBINbLL NOWMPEHNX KOMMOHEHTIB €NEKTPONITY.

BaraTo xTo 3 cy4acHWx cynepKoHAEeHCATOPIB 3aCHOBaHI Ha OpraHiyHMX enekTporiTax, Lo ckrnagalTbcsa 3 HaBe-
[EeHUX anpoOTOHHMUX PO3YMHHUKIB, TaKMX sIK aLETOHITPWI, NponineHkapboHaT, y-0yTiponakToH i coni YeTBEPTUHHO-
ro amoHito 3 TeTpadpTopbopatom i rekcacdpTopdoctaTom B SKOCTi aHIOHIB.

MeToto uiei poboTn € po3pobka HOBOro CMNOBOro nons Ansi retpadtopbopat-aHioHy (BF4'), 3gaTtHoro BiaTeo-
ptoBaTn He TiNbKu NocTynansHy Andyasito B cepeoBULLL aueToHITpUNY, ane i cnekTpanbHi BNacTMBOCTI LbOro ioHa
B KOHAEHCcoBaHoi dasi. Ockinbkun 3HaraeHi B nitepatypi cunosi nons BF4 He 3ap40BoOnNbHAKTL LM BUMoram, 6ynum
npoBeAeHi iHTEHCUBHI KBAHTOBO-XiMiuHi po3paxyHku BF4 Ha piBHi Teopii M06-2X/6-311++G(d,p) Ans nobynosu
NnoBepxHi MOTEHUINHOI eHeprii. woao 3B'a3kiB B—F i kyTiB F-B—F 3 noganbLUO OUIHKOK BigMOBiOHWX KOHCTAHT
BHYTPILLUHBO MOMeKynsApHUx noteHuianis. O6'eQHy04M OTpMMaHi CUINOBI KOHCTAHTU 3B'A3KY | KyTa 3 YaCTKOBUMM
3apsgaMmu Ha atomax B i F, po3paxoBaHMMu Ha TOMY X piBHI Teopii, i niTepaTypHUMK 3HAYEHHA napameTpiB no-
TeHuiany JleHHapaa-[xoHca, 6yna cTBopeHa HoBa MoZenb CUMOBOro nons ans aHioHy BF4-. Ha nigcTtasi npose-
neHoro MJ-mopentoBaHHs ioHa BF 4 B HeCkiHYeHHO po36aBrneHoMy po3yuHi B auLeToHiTpuni 6yno AoBeaeHo, LWo
oTpvMaHa MoAenb 3aaTHa BiATBOPHBATM SIK TPAHCMOPTHI BACTUBOCTI, Tak i BHYTPUMOHHI KONMBaHHS TeTpadTop-
6opaT-aHioHy.

KnrouoBi cnoBa: aHioH TeTpadTopoboparty, KonNuBarnbHWUIA CNEKTP, MONEKYNSIPHO-OUHAMIYHE MOOENHOBaHHS,
KoeilieHT anadysil.
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MNoHHble XunaKocT npuobpenu orpoMHy0 MOMYMSPHOCTL B MocfeaHue Aecatunetns bnarogaps Kom-
NMeKCy YHWKanbHbIX CBOMNCTB. HecMoTps Ha LUMPOKOEe MCMONb30BaHWE CMECeN MOHHBIX XWOKOCTEN ¢ anpo-
TOHHBIMW AUNOMSAPHBEIMA PACTBOPUTENSIMU B 3MEKTPOXUMUU, aKTyarnbHbIM OCTaéTcs NPOrHO3MpoBaHWE UX
MaKpOCKOMMYECKNX, B MEPBYID o4Yepedb TPaHCMOPTHbIX, CBOMNCTB MCXOAS M3 MWKPOCKOMUYECKOW KapTUHbI
BCEM COBOKYMHOCTM MEXYacCTWYHbIX B3aMMOOENCTBMA B Takux cuctemax. MeTtod MomekynsipHo-
AvHamnyeckoro mogenvposanusa (MOM) asnsetca ogHMM u3 Hanbonee MOLLHBIX MHCTPYMEHTOB peLUeHus
nogo6Horo poaga 3agad. OgHako ogHOM M3 HepeLléHHbIX Npobnem knaccnyeckoro MOM MOH-MONEKynsipHbIX
CMCTEM SABMNSAETCH KOPPEKTHbIV y4éT addpekToB nonsapmusaumn. B nocnegHee spems Ansa eé pelueHns 6bino
npeanoXeHo NCNonb3oBaTh Bapuaumio 3MEKTUBHBIX 3apsA0B MOHOB B pacTBOpPaXx.

B HacTosiwen paboTe npeactasneHbl pesynbtatel MAM CTPYKTYpHbIX U AMHAMUYECKUX CBOWCTB PacTBO-
poB TeTpadpTopobopaToB 1-0yTun-3-metTnnumuaasonusi (BmimBF4) u nutnsa (LiBF4) B nponuneHkap6oHaTe
(PC) npun 298.15 K B NPT aHcambne ¢ ncnonb3oBaHnem nporpammHbix naketoe GROMACS n MDNAES.

MNMokazaHa BO3MOXHOCTb BOCMPOW3BEAEHUSI IKCNEPUMEHTamNbHbIX OMHAMUYECKUX CBOMCTB (koadhdpmum-
€HTOB A dy3nM KaTMOHOB 1 PacTBOPUTENS, BA3KOCTU, @ TakkKe 3MeKTPonpoBOAHOCTH) BUHAPHBIX CUCTEM
Ha OCHOBE CMeCel MOHHbIX Xuakocten ¢ PC B LUMPOKOM MHTepBarne KOHUEHTpauun ¢ y4étom addpekTos
nonspusaummn NyTém yMeHbLUEeHNs napumanbHbIX 3apsaoB Ha aToMax VOHOB.

CTpyKkTypa conbBaTHON 06OMOYKM KaTUOHOB Bbina nsyveHa B paMkax MyHKUMIA pagmanbHOro pacnpege-
neHus, pacnpegeneHnss KOOPAUHALMOHHBIX YMCEN, a Takke Hannyns BOAOPOAHbIX CBA3EN MEXAY OpraHu-
YeCKMM KaTMOHOM 1 MofeKynamu pactBopuTens. PedynbTaTbl ykasbiBaloT Ha 6oree NpoyHyto U CTPYKTYpu-
poBaHHyI0 CoMbBaTHYl0 060MouKy kaTvoHa Li* no cpaeHeHno ¢ Bmim®, uto cornacyeTca ¢ BbiBOgaMM O
NOABMXHOCTU 3TUX KaTMOHOB. BpemeHa nepeopueHTaumMu Monekyn nponurneHkapboHaTa M BpemeHa WX
XW3HM B pamKax NepBbIX CONbBATHbIX 0O0ONOYEK KATUOHOB OKa3anuCb B HECKOMbKO pas Bbllle AMS KaTUoHa
nmTuns.

KnroueBble cnoBa: tetpadtopobopaT 1-6yTun-3-metnnummnaasonus, tetpacdtopobopaT nutus, nponu-
neHkapboHaT, MOneKynsipHO-AMHaMUYeckoe MOAenupoBaHue, addekTbl nonspusaunM, MUKPOCTPYKTYpa,
MUKpoAMHaMuKa, ConbBaTHasi 00onouyka.

BBegeHue

B o0mactu 2IEKTPOXMMHYECKHUX MPUMEHEHUN CEMEHCTBO  1-aJIKMII-3-METHINMOA30JIHEBBIX
(Rmim") nonusIx sxuaxocteit (MXK) ¢ pasnuunsivu anuonamu (PFg, BF,, CF3SO5™ 1 T.1.) BBIISAUT
MEPCTIEKTUBHBIM KaHJIUAATOM JUIsi OCHOBHBIX KOMIIOHEHTOB PAa3IUYHBIX 3JEKTPOXMMHUYECKUX YCT-
poiicts [1-3]. Cpenu kimroueBBIX (PaKTOPOB, CIIOCOOCTBYIOMINX NpuMeHeHHr0 3Tux VXK B anmexTpoxu-
MHUUYECKUX YCTPOUCTBAxX, BAXKHEHIIIEH SBISETCA TTOJABUAKHOCTH MOHOB, KOTOpasi OTpaHUYCHa MPUCYIIIeH
HMOHHBIM JKUIKOCTSAM BBICOKOH BSI3KOCTBIO [4,5]. OTa mpobiema 0ObIUHO pPeliacTcsi CMEIICHUEM HOH-
HBIX XHJKOCTeH C HU3KOMOJIEKYJISIPHBIMU AJIEKTPOXUMHUUYECKH YCTOMYMBBIME PACTBOPHUTEISAMHU (alle-
toauTpun (AN), y-OytuponaktoH (y-BL) u mpormnenkapoonat (PC)). Mcnons3oBanne cmeceit MK ¢
MOJIEKYJISIPHBIMHU JKUAKOCTSAMHU TaKXKe IMO3BOJISIET CYIIECTBEHHO CHU3UTH CTOMMOCTH 3JIEKTPOJIUTHOM
YacTH ANIEKTPOXUMHUYECKUX YCTPOUCTB [4,5].

MMeHHO 13-3a CBOMX YHUKAIBHBIX CBOMCTB CMECH MOHHBIX KHUIKOCTEH ¢ MOJNCKYJISIPHBIMHA PacTBO-
PUTENAMU BBI3BIBAIOT HHTEPEC HCCIeI0BaTeNeil Ha MPOTHKEHNH yKe Ooliee 4eM JABYX JECATKOB JieT. B
yyclie NMPOYUX — HAIMYHE MaKCHMyMa Ha KpPHUBON 3aBUCHUMOCTH 3JEKTPONPOBOJHOCTH OT MOJBHOMN
JIOTTM MOHHOW KUAKOCTH [6-8], 4TO 0OBACHSAETCS BOSHHKHOBEHHEM CHENU(DPUIECKUX aCCOMMATUBHBIX
B3aMMOJICHCTBHN B HOBBIX pacTBopax [9].

© HOynapes J.C., Jlorauésa E.O., Konecnuk f.B., Kanyrun O.H., 2019
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Kak wu3BecTHO, METOIBI MOJEKYJISPHOTO MOJIEIHPOBAHUSA, B YACTHOCTH — MOJEKYJSIPHO-
JuHaMHu4yeckoro mojenuposanus (MZM), SBISIOTCS OJAHMMHU M3 CaMBIX MOIIHBIX METOOB aHaIN3a
takux cucteMm [10-16]. B ducne npouyero, OHU MO3BOJISIOT UCCIEIOBATH MUKPOCKOTIMUECKHUE XapaKTe-
PUCTHKHM MOHHOW COJIbBATAllMd B HHUX, KOTOPBIE SBISIOTCS TPYAHOMOCTYITHBIMU JUIS TIOJYYSHHS B
«KJIaCCHUYeCKuX» dKcmepuMenTax [17-19].

OpnHoii u3 akTyanbHbIX pobieM MJIM HOH-MOJNEKYIJISIPHBIX CUCTEM SBISIETCS YIET 3P PEKTOB MO-
JSIpU3alMd TP MOJENUpoBaHMU. D(PQeKTs MOoISIpU3aLMK OKa3bIBAIOT JOBOJBHO CYIIECTBEHHOE
BITUSTHUC Ha pe3ynbratel M/IM, Hanpumep, Ha kKodpdumueHTs! auddy3un, KOTOPEIE B psAIE CIydacB
OKa3bIBAIOTCS 3aHIKEHHBIMU B 5-10 pa3 mo cpaBHEHUIO ¢ IKCIEPUMEHTAIbHBIMU JaHHBIMU [20-22].
OmHUM 13 BO3MOXKHBIX peIIeHHH MpoOseMbl SABisIeTCS YUET 3P (HEKTOB MOISIPH3ALUU MTOCPEICTBOM
KOPPEKTUPOBKH ((haKTUUECKH — CHUKEHHS) 3PPEKTUBHOTO 3apsijaa aTOMOB B dacTuile (none). Ousn-
YeCKMM OOOCHOBAaHHMEM TaKOTO TIOIXOJa SABISAIOTCS ab initio pacd€Thl, yKa3bIBAIOIINE HA 3HAYUTEIh-
HBIHA EpEeHOC 3apsAaa MeX 1y HOHAMHU HOHHBIX XKHUIKOCTeH [23].

B Hactosme#t paboTe mcciemoBaHa BO3MOXKHOCTh y4€Ta 3(QEKTOB MONSIPU3AIUN B CHCTEMaX
LiBF; — PC u BmimBF, — PC B pamkax MOJEKYJIIpHO-THHAMUYICCKOTO MOACIUPOBAHUS MTyTEM Ba-
puanyu (CHIKEHHS ) MapUHuaIbHBIX 3apsAA0B HAa aTOMaX COOTBETCTBYIOIIMX HOHOB.

Banmupanus cuiioBBIX Mosiell KATHOHOB M @HHMOHOB INPOBEJEHA MO COBOKYIHOCTH TPAHCIOPTHBIX
CBOWCTB, KaK OTIEIbHBIX YaCTHI], TAK U IIIEKTPOIUTHBIX CHCTEM B IIEIIOM.

Ocoboe BHUMaHUE B paboTe yIeNeHO aHAIN3y MUKPOCTPYKTYPBl U MUKPOAMHAMHKH COJIbBATAIINN
KaTHOHOB, BO MHOI'OM OIPEENSAIONNX MaKpOCKOIMMUYECKHE, MPAKTUUECKH Ba)KHbIE CBOMCTBAa HOH-
MOJIEKYJIAPHBIX CUCTEM.

OeTanu MonekynspHO-oUHaAMUUYECKOro MoaeIMpoBaHus

Breibpannbpie anms msydenus cuctembl «MXK + pacTBopHuTens» cOCTOSAT M3 KaTHOHOB 1-OyTwmi-3-
MetuauMuaasonus (Bmim'), terpadropobopar ammonos (BF,) M MoJeKyn pacTBOpHTENs —
nporienkapbonata (PC). [ns cpaBHeHHs Takke Oblla M3y4YCHA aHAJOTWYHAs OMHApHAs CHCTEMa C
3aMeHOM OOJIBIIOr0 MHOIOATOMHOI'O KaTHOHA Ha OQHOATOMHBIN KaTHOH jautus, LiBF4-PC.

g mony4eHns pealMCTHIHBIX TUHAMHYECKUX CBOHUCTB M y4éTa 3((eKTOB MOISPHU3AINN HCITOITh-
30BaJIUCh MOJEIN CHUJIOBBIX TIOJICH C y>K€ CHIDKCHHBIMU HEIEIOYNCICHHBIMU 3apsaMy Ha KaTHOHAX U
annone [23]. Jns Li 6bl1a ncnons3oBana Mozienb [24] ¢ Bapuanueii 3apsaa Ha kaTuoHe. J{jist pacTBo-
PUTEIS HCTIOIb30Bajach MMOJIHOATOMHAs HeXKECTKAsI ¥ HEMOJIpU3yeMas MOAEIh CHIIOBOTO TIoJs [25].

CrtpoeHue KaTHOHA W PACTBOPUTEINSI ¢ 0003HAUEHUSIMH aTOMOB ITPHUBEJICHO HA PUCYHKE 1.

Pucynok 1. O603Ha4eHns aTOMOB KaTHoHa Bmim' u PC.

HOTCHI_II/Ia.]'H:I BHYTPUMOJICKYJISAPHBIX BBaHMOI[eﬁCTBHﬁ ObLIH MpEACTaBJICHbBI CYMMOﬁ IIOTCHIIMAJIOB

cBsizeil (1), BaleHTHBIX (6) U IBYTpaHHBIX yIIioB () [23,24]
bonds angle dihed

; K, 5
Uim‘ra = z ;U (]/;j _rb,ij )2 + z ;ljk (0,] _Ho,ijk )2 + Z ZA,, COSVF1 (gpz'jkl) . (1)

i ik ikl n=1

55



MeskyacTHYHBIC B3aMMOICUCTBUS U TUHAMUKa B pacTBopax BmimBF, u LiBF, B ...

B dopmyne (1) K, ;1K) , - CHIOBBIC KOHCTAHTBL, @ HHACKC «0» COOTBETCTBYCT PABHOBECHBIM 3Ha-

YCHHSIM BAJICHTHBIX CBS3€H W yTJoB. J[ByrpaHHBIH yroi ¢ BRIOMpaNU TaKUM 00pa3oM, YTOOBI OH paB-
Hsicst 180° st TpaHc- u 0° 1t nuc-KOH(DUTYpaITHid.

[loTeHumanpHas HEPTUS MEXMOJEKYJSIPHBIX B3aMMOJEHCTBHI BBIYUCIIIACH KaK CyMMa IMOTEH-
nuanoB JlenHapa-/xoHca u KynoHoBckoro. [locneanuii Beraucsim mo metoay Particle mesh Ewald
(PME) B GROMACS [26] u o metoxy peaktuBHoro mosus B MDNAES [27]

12 6
o, o. .
Uinter:zz 45}.]. (—U] —[_’j] + 1 qzq/ . (2)

i Jj#l Ty T 47[80 T

ITapameTpsl MEKMONEKYIISPHBIX B3aUMOICHCTBUH 11 KaTnOHOB U BF4 mpencrasnens! B Tadmmre 1.

Tadanua 1. [Tapamerps! Mojienei cuoBbIX nojelt noHoB. Konmonku «3apsin (+0.79)» u «3apsan (£1)» yka3siBaioT
Ha Pa3UYHBIC WCIIOIB30BaHHBIC 3apsIbl U1 HOHOB (IIEPBBIE — U3 UCTOYHUKA [23], BTOpBIE — MEpeCUUTaHHEIC
HaMHM COTJIaCHO MeTouKe [28] ¢ LeNbio0 BOCIIPOM3BEICHNSI MOAENIEH MMOTEHINABHBIX TOJIEH ¢ [IeT0YNCIICHHBIMU
3apsgaMu sl CPABHEHUS).

ATom | Macca, a.e.m. | 0, HM | e, kJ[x/mMoitb | 3apsn (£0.79) | 3apsn (£1)
Bmim"

CR 12.0112 0.355 0.29288 -0.010 -0.013
N 14.0067 0.325 0.71128 0.140 0.184
CwW 12.0112 0.355 0.29288 -0.110 -0.144
HA 1.00797 0.170 0.04184 0.180 0.236
HB 1.00797 0.200 0.12552 0.170 0.223
CT 12.0112 0.350 0.27614 -0.294 -0.294
Cl 12.0112 0.350 0.27614 -0.250 -0.250
C2 12.0112 0.350 0.27614 -0.076 -0.076
CS 12.0112 0.350 0.27614 -0.196 -0.196
H1 1.00797 0.250 0.12552 0.120 0.120
HC 1.00797 0.250 0.12552 0.098 0.098
Li

Li | 6.94 | 0202590 | 0.0765672 | 0.79 | 1
BF,

B 10.8110 0.368 0.25104 1.01 1.28

F 18.9984 0.280 0.08368 -0.45 -0.57

MopenrpoBaHue TPOBOAMIA C HCHOJB30BaHMEeM mporpamMmHoro maketa GROMACS [26] u
MDNAES [27]. Ans Bcex 3TaloB U CHCTEM HCIIONB30BAJICA TEPMOCTAT V-rescale ¢ BpeMEHEM penak-
carm 10 mic u 6apocrat bepenacena ¢ BpemeneM penakcanuu 1000 mic. BpemenHoit miar moaenupo-
Baams — 0.5 dc, Temneparypa — 298.15 K, ancam61s — NPT, popma siaeiikn — KyOudeckasl.

Beutn mpoaHanu3upoBaHbI CIIEAYIONIHE CUCTEMbI: OECKOHEYHO pa30aBlicHHBIC PACTBOPHI KATHOHOB
Bmim", Li" u anuona BF, (1 monekyna uona + 499 monexyn PC), cMecu IponuIeHKapOoHaTa ¢ HOH-
HOH JKHIIKOCTBIO Pa3IMIHOT0 MOJIBHOTO cocTaBa (Tabmuia 2).

Tabauna 2. CoctaB MOJIEIUPYEMBIX CUCTEM

xgﬁ‘;‘l’é Nkat') = N(BE,) N(PC)
0.01 5 295
0.05 25 475
02 100 400
0.5 250 250
0.75 375 125

M/IM npoBOAWIIN B YETHIPE dTalla: ypaBHOBEITHBAHWE, BATHIANMS MOJCICH HOHOB (BOCIIPOM3BE-
ACHUE OKCHICPUMCHTAJIBHBIX AJaHHBIX OTO6paHHLIMI/I MOJCIAMU ITOTCHIMAJIBHBIX MoJIeH 1Mo orpeae-
NEHHBIM KPUTEPUAM), Pacu€T CTPYKTYPHBIX CBOMCTB M MHKPOJMHAMUYECKHX CBOWCTB COJIbBATHBIX
000I5109eK KaTHOHOB.
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i ypaBHOBEIIMBaHUS BCEX MOJEIMPYEMBIX CUCTEM MPOBOIMIN MOJACIUPOBAHHUE AJITUTEIBHOCTHIO
1 HC. O JOCTHMXXEHUHU COCTOSHUS TEPMOAMHAMUYECKOTO PAaBHOBECHSI CYIMIIN 110 OTCYTCTBHUIO BpEMEH-
HOTO Jipeti(a MOJTHON SHEPTHH CHCTEM.

IIpaBunbHOCTE BBIOOpa MOTCHUHUAIBHBIX MOJAENEH HOHOB MOATBEP)KAAIM IO BOCIPOU3BEACHUIO
JUHAMHYECKUX CBOUCTB OECKOHEUHO pa30aBlIeHHBIX cucTeM. Bpems MoxenupoBanus i 6ECKOHEUHO
pa30aBIEHHBIX CHCTEM COCTaBMIIO 25 HC, IJIsl CUCTEM KOHEYHOM KOoHIeHTpauuu — 10 He.

Ha tpetbem stane M/IM u3ydanu CTpyKTypHBIE CBOMCTBa: ()YHKIUHU PaJAUAIbHOTO PAacHpeaAeICHUs
(DPP), BomopoaHbIE CBSI3M M pacmpeneicHue KoopauHannoHHeIX ancen (KY) B compBaTHBIX 000J104-
Kax KaTHOHOB. AHaJIN3 MPOU3BOAMICS MpU MOMOIIM Hporpammuoro makera TRAVIS [29]. [Ins uzy-
YEeHUS] CTPYKTYPHBIX CBOWCTB MPOBOAMIOCH MOJACIHPOBAHHE OECKOHEUHO pa30aBICHHBIX CHUCTEM C
kaTnoHaMu Bmim' umu Li™ Ha npotsxenun 1 He.

W3yueHne AMHAMHUKH MOJIEKYJ PAacTBOPUTEINS B COJIBBATHOM 00O0JIOYKE KATHOHOB B OECKOHEYHO
pa3baBICHHBIX CUCTEMaX NPOBOAMIM B mporpaMMHoM nakere MDNAES [27]. Bpemst MonenupoBanus
coctasuio 10 Hc.

Koaddumment tpancnsmuonHoit camoaudpy3un pacCUMTHIBAIN U3 CPEIHEKBAAPATHICCKOTO CMe-
IIEHHS IO METOy HAaUMEHBIIINX KBaIpaToB

hm<h(ﬁ—n(®r>=6Dﬁ (3)
Bsi3kocTh (77) ¥ 37eKTponpoBOgHOCTS (0) Haxoauu 1o opmynam I'pura-Ky6o [9,27,30,31]:
1 K (27 a,
77=Vk—BT_£dr<P PP (7)), a.f=x..z; )
1 ©
=———| (j(0)/j(¢))at, 5
sl 600} ©
j=2am, ©

rae P*’ j, V — HemaroHanbHbIe 3MEMEHTBI TEH30pa HAIPSIKCHHS, MTHOBEHHbIH TOK CHCTEMBI H 00BEM
CHUCTEMBI, COOTBETCTBEHHO.

OneHKY AWHAMHKH MOJIEKYJl PacTBOPUTENS B CONBBAaTHON 000NOYKE KaTHOHOB MPOM3BOIMIN B
TEPMUHAX aBTOKOPPE/SALMOHHBIX (YHKIMH AUIIOIBHOrO MoMeHTa C, (t) Y BPEMEHH JKU3HU MOJEKYJ

B conbBaTHOI 06osouke C, (¢) (yp. 7.8) [27]:

(O
()= RO (7)
¢, (n- 122 (: P ®)

a TaKKe COOTBETCTBYIOIIMX XapaKTCPUCTHYCCKUX BPeMEH, ammpokcumupys AKD C, (1) u C, (1)

MOHOJKCIIOHCHITHAILHOM 3aBUCHMOCTBIO.

C(t)= exp(—ij . )

T

Banvaauus Moaenei noTreHuManbHbIX Nosiel KaTUOHOB

Kax y»xe ynmoMuHanock paHee, JUis KaTHOHOB M aHHOHA B [23] mpe/iIoskeHO HCIONIb30BaTh HEIlET0-
YHCJICHHBIE 3aps/bl. PelieHo OBUIO CPaBHUTH TaKHE CUCTEMBI C TPAJHIIMOHHBIMY C IIETBIMH 3apsaaMu
no BenuyuHe Kod(h¢unmenta uddysuu mias OeckoHedyHO pa3baBiIeHHBIX pacTBOpoB (255 PC + 1
Bmim+/Li+/BF4'). Pesynprater mpencTaBieHs B TabmuIle 3.

DKclepuMeHTaNbHBIE BETUUUHBI Kod(hdunreHTa 1uddy3nn HaXoaWinn U3 MpenenbHON MOJSIPHOR
3JEKTPONPOBOAHOCTH 10 ypaBHeHUI0 HepHera-DiiHiTeiina:

D. = RT

i 22
z, F

A (10)
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Tab6auna 3. Korpounments! muddy3nn HOHOB B OECKOHEYHO pa30aBleHHBIX pacTBopax B PC mnsa momeneit
HOHOB C pa3HbIMHU 3apsilaMu

Hon 3apsn D10 M’/c DKcrepuMeHT*
o iy B
e 1
BE — 5 saus 50

* 3navyeHus ko3dduuerToB camonudGy3un HaHICHBI IO YKCIEPUMEHTAIEHBIM 3HAYCHUSAM IMPEIEIEHON HOH-
HOM TIPOBOIUMOCTH [32].

PesynbpTaThl MOJIETUpPOBaHUS YKa3bIBAIOT, YTO 3apsiioBble MOJeNH co 3HaueHuem =0.79 myuie
BOCIPOU3BOJAT 3KCIIEpUMEHTAJIbHBIE JaHHBIE MO AMHAMUYECKUM cBoiicTBaM. COOTBETCTBEHHO, IO-
JMOOHBIA YUYET METONOB MOJSAPU3ANUU MOXKET YIYUIIUTh BOCIPOW3BEICHHE TUHAMHYECKHX CBOMCTB
MOHOB B OECKOHEYHO pa30aBiIeHHBIX cuUcTeMax. [lJisg mpoBepKH MogoOHOTO TOAX0/a B CMECIX MoJle-
KYJISIPHBIX pacTBOPHUTENEH ¢ HOHHBIMU XUAKOCTSAMH OBLTO PEIIEHO TaKXKe MCIOIB30BaTh 3T MOJIEIH C
MOIU(PHUINPOBAHHBIMU 3apsAJaMy Ha HOHAX.

Ha puc. 2 npeacraBnens! pe3ynbTatel M/] MonenupoBanus kKo3hUIIMEHTOB caMOIu(y3un Ho-
HOB U MOJIEKYJI pacTBOPHUTENS, a TaKXKe BASKOCTU M IJIEKTPONPOBOJHOCTH PACTBOPOB B 3aBUCHUMOCTH
OT COCTaBa OMHAPHBIX CUCTEM MOHHAs MOJICKHCTEMa — MPONMUICHKapOOHAT B CPABHEHUH C SKCIIEpUMEH-
TaJbHBIMU TAHHBIMHU.

CTOUT YyIIOMSHYTb, UTO B OTJIMYNC OT HOHHBIX KUIKOCTEH ¢ opraHndeckuM katnoHom, LiBF, pac-
TBOpsieTcs B PC orpanndenno. YcranosieHo [33], 4TO HACKHIMICHHEIH PaCTBOP UMEET MOJIBHYIO JOJIO
okoio 0.40, moaTomMy pacuéTsl IPOBOAMIKCH TOJIBKO It cucteM ¢ y = 0.01, 0.05, 0.20.

Kak BumHO U3 puc. 2, moiydeHHble 1o pe3yiabTataM MJI MojenupoBaHus TPaHCIIOPTHBIE XapaKTe-
PUCTHKH JOCTATOYHO XOPOIIO COTJIACYIOTCA C 3KCIEPUMEHTATbHBIMU JAaHHBIMH. OTIENBHO CTOWT
OTMETUTH BOCIIPOM3BEACHNE HAIMYUS U MOJNOXKEHHS MaKCUMyMa Ha KPHUBOM 3aBHCHMOCTH 3JIEKTpPO-
MIPOBOJHOCTH OT MOJIbHOM foiu VXK amst 000uX THUTIOB KATHOHOB.

W3 ananmsa puc. 2 MOXHO 3aKJIIOYUTh, YTO A5 pacTBOpoB LiBF, xapakTepHbI MEHbBIITNE BETUIHHBI
kodpdunmenta aupQy3un U AIEKTPONPOBOIHOCTH, OOJBIINE 3HAYCHUS BA3KOCTH M Ooiee pe3koe
M3MEHEHHUE BCeX BEIIMYMH IMPU W3MEHEHNH KOHIIEHTPaluu B cpaBHeHHH ¢ BmimBF,. Orta 3akoHoMep-
HOCTh HAOIIIOaeTCs Nake ¢ yI€TOM OTpaHHYCHHBIX 3KCIEpUMEHTATbHBIX naHHBIX 1Mo LiBF, B PC u
MEHBIIIEMY KOJIUYECTBY PACCUMTAHHBIX JUIsl HETO TOYEK Ha KpHBBIX. MeHbImi ko3dhdumenT nuddy-
3UU B CUCTEME CO c(hepUIecKUM KaTHOHOM SIBISCTCS CIEACTBHEM MEHbBIICH MOABMKHOCTH MOJIEKYT B
cucreme. Ha 3ToT e ¢akT yka3plBaeT U pa3indne B BI3KOCTH — OOJBIAs BSI3KOCTH JJISI CUCTEM C JIH-
THEM SIBIISICTCS CIEICTBHEM CHIDKEHHOW TOJBM)KHOCTH, YTO BBI3BAHO OCOOEHHOCTSMH COJIbBATalluU
xatroHa Li" o cpaBHeHuio ¢ Bmim'.

Pe3ynbTaTbl M 06Cy)kaeHue

Mukpocmpykmypa convgamubix 060a04ex Kamuonog. JIias 6eCKOHEUHO pa30aBIEHHON CHCTEMBI
Bmim" 8 PC 6butn nonydeHsl ®PP mst map H--O1 (aTom Bomoposa MMHIA30JIHOTO KOJIbIA — aTOM
KHCIIOpOJa KapOOHMIIBHOM TPYIIIBI), HA KOTOPBIX MOKHO IPOCIIEIUTH JOKATH3ALUI0 MOJIEKYJ PacTBO-
putens BOoKpyr katuoHa (puc. 3(a)). BunHo, uro HauOomnplas TIOKanu3alus MOJIEKYJ pacTBOPUTENS
(mpHUMHOI KOTOPOH sABNIsAETCSI 00pa30BaHNE BOAOPOIHBIX CBSI3€H) MPOUCXOIUT BOKPYT aTOMOB BOJO-
pola MMHUAA30JIPHOTO KoJblla. Takske HaONoAaeTcsi He3HAUMWTENIbHAs JIOKAJIM3alus BOKPYT aTOMOB
BOJOPOJla METWIBHOM rpymmbl. 1Ipy 3TOM sl MEPBBIX MOKHO BBIJECJIHUTH JOBOJIBHO YETKUM pannyc
nepBoii conpBatHOM 000704KH ([ICO) ~0.46 HM. Ha puc. 3(6) noctpoeHn ananornunsiii rpagux ®PP B
cucTeMe ¢ KaTHoHoM Jutus Li'--O (Tpu Kucaopoja mponuieHkapooHaTa). Ha HEM SBHO s mapbl
Li™--O1 nabnrofaercs oueHb BBIPAKEHHBIH MepBbIi MakcuMyM ¢ paguycom I1CO ~0.31 um.

U3 cpauenus ®PP s katnonos Bmim™ u Li™ (puc. 3) MOXKHO clienaTh BBIBOJ O TOM, YTO JJIs
BTOPOTO XapakTepHa Oojyee cuibHas conbBaTauusi mosiekyn PC. [l moarBepskaeHUs: 3TOro ObUTH
MOJIy4eHbl pacrpenesieHus KoopauHanuoHHBIX dncell (KY) B conpBaTHBIX 000JI0UKaX KaTHOHOB B
GecKOHEuHO pa30aBIeHHBIX pacTBopax (puc. 4). BroBs mns Li' HaGmiomaercs comnpBaTaIus ¢ mpe-
umyectBeHHbiM KU 5, Torja kak a1 Bmim'™ Bo3MOXHO GoJiblliee KOIMYECTBO BAPUAHTOB OJHOBPE-
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MeHHoro npucytctBus Monekya PC ¢ npeumymectsenHbiM KU 3, uro Hapsny ¢ nanaeiMu OPP yxa-
3bIBa€T Ha MEHEE CHJIBHYIO COJFBATAIMIO MOJIEKYJI PACTBOPUTEN BOKPYT OPraHUYECKOro HECUMMET-

PUYHOI'0 KaTUOHA.

3.5

T 5T @ PC (BmimBF,in PC) ||
30+ § @ Bmim' (BmimBF, in PC) [T 8 @ FPC (LiBF, in PC)
251 1T @ Li* (LiBF,in PC) I o | § i
= 201 _ 1 =3+ & o -
e’ :l§ e’
2157 1 = o @ |
a a ?
1015 o) T -~ 5)
0.0 = . . : — 0 1+ ' ' : —
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
X L
(@) )
O
1.4 1 : ©@ BmimBF,inPC |+
50 1 @ BmimBF,inPC = T ,-..,G'ﬁ = @ LiBF,in ;c
@ LBF,inPC 1.2 1 3 : i
40 - + 5l 8
o= el P s 1
S 30 + : T 5 - T
& 3
20 1 { % 1 A i
10— +
{ e 1
0l ® : . : . : : :
0.0 0.2 0.4 0.6 0.8 1.0 0.4 0.6 0.8 1.0
X L
(8) ()

Pucynok 2. 3aBucumocts kodhdummenta quddysun Bmim' u Li' (a), PC (6), Ba3kocTu (B) 1 51EKTPOIPOBOIHO-
ctH cuctemsl (r) oT MonbHOM 1osu VK. TlycThle METKH COOTBETCTBYIOT 9KCIIEPUMEHTAILHBIM JTaHHBIM [32-36].

12
HA(CR) 5 L N '
— ——  HB(CW)
H1(C1-methyl) 20
10 1 Hi(C1-butyl) [T 18 n ]
— ——  HC(C2) 44 16 f\ — Li"--01|1 L
L HC(CT) 14 o
8 —~ He(Cs) 2 H o2
10 | Li"--03
3T 8 :
= =
=] (=)
2 .
4
. 1+
2 4-
"
FEIF g TP S 04—
i u -
B
0 + t -
0.2 04 0.6 0.8
r, HM
(a) (6)

Pucynok 3. ®PP s nap H--O1 (Bmim’ B PC) (a) u Li--O (Li' B PC) (6).
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AHanus Hanuuus cnabblX BOAOPOIHBIX CBSA3€H MeKIy BCEMH aTOMaMH BOAOPOAa KaTHOHa Bmim'
u aroMoM kuciopoaa O1 monekyn pactBopurerst PC npoBoauiu, oroOpaB KpUTEPUH Ui CYIIECTBO-
BaHUs c1aboit BojopoHoi cBsi3u kak H--O< 0.32 am, C--O< 0.40 um [37]. PaccrosHus Haxonuinu u3
rosto’keHus: Makcumyma Ha OPP ams mepBoro cocefa Mo BceM MCKOMBIM TMapaM. PesynbraTsl mpe-
CTaBJICHbI Ha PUCYHKE 5.

Jinst ynoOcTBa yIOMSIHYTBIE PACCTOSIHUSL Ha PUC. 5 SIBIISIOTCSI MAKCUMAIBHBIMH Ha COOTBETCTBYIO-
mMX ocsix abcuucc u opauHar. TakuMm oOpa3oM, Bce aTOMBI Bogopona 1-0yTui-3-MeTHInMUAa30Ius
00pa3yroT c1abyro BOJOPOJHYIO CBSI3b ¢ KHCIOPOAAMH MOJIEKYI MpommieHkapoorara. CaMyro CHITb-
HYI0 BOJIOPOJHYIO CBfI3b (OTHOCHTEIBHO OCTaJbHBIX aTOMOB BOJOpOJa KaTHOHA) oOpa3zyeT aTrom
HA(CR), 3arem npumepHo pasHble no cuie — HB1(CW1), HB2(CW2) u tpu aroma H1(C1) metuns-
HOM TpyIel. Takoi MOPSIIOK CHITBI CBS3H CIEAYET OXKUAATh, YUUTHIBAas CYMMAapPHBINA TTOJOXHUTEIHHBIN
3apsa uid TpEX aTOMOB BOJIOPOZIa METHIIBHOM TpyIIbI (OHH 00pa3yioT 0oJiee CHIIBHYIO BOIOPOIHYO
cBsi3b, ueM aTroMbl H1(C1) OyTHIIBHOTO pajuKaia), 3TH Ke Pe3yJIbTaThl MOATBEPKIAIOTCS (HYHKIHSIMH
paanaIbHOTO pacIpe/ieNieH s, IOTyYeHHBIMH PaHee B JaHHOH paborTe.

0.7
—— 0.40 T T
o6 == B.mun'|II3Fl inPC ® HA(CR)
" mmmm LiBF, in PC @ HB1(CW1)
038 7 ¢ HB2(CW2) O T
A HA(C1-methyl) ey
B H1(C1-butyl)
—_ 5 0361 m HC(C2) - i
= 2 & HC(CT)
o < 034 4 © Hees) - 1.
: »
0.32 + +
[ ]
0.30 + } 4 b
0.22 0.24 0.26 0.28 0.30 0.32

Pucynox 4. Pacrpenenenne KU B combBaTHBIX 0060-

JIOUKaX KaTHOHOB

MH-01

Pucynok 5. 3aBucumocts paccrosHus C--Ol or
H--O1 (Bmim' B PC)

0.0 0.0 —
N T
oy \ . -0.2 +\ 1
0.2 ks -
N 041 N 1
’-:;:— = g r .
o © 061+ S |
E 041 £
— —  Bulk (BmimBF, in PC) -0.8 t ] E
FSS (BmimBF, in PC) L G =
06 + Bulk (LIBF, in PC) -1.0 +| — — FSS (BmimBF, in PC) - E
’ FSS (LiBF, in PC) FSS (LiBF, in PC) ~ ]
+ : + 1 t -1.2 t t i t
0 2 4 6 0 2 4 6 8 10
t,nc t,nc
(a) ®)

Pucynok 6. AK® nanpaBieHHs] JUIIOJIBHOTO MOMEHTA MOJEKYJ PAacTBOPUTENS (A) U BPEMEHU JKU3HU MOJIe-
kyn pactBoputens B [ICO xatuonoB (0). «Bulk» cootBercTByeT 00BEMY pactBopuTens, «FSS» — IICO ka-
THOHOB.

Hunamuxa uonnou conrveamayuu. llpu aHanuze MUKpPOAMHAMMKH COJbBATAllMM KAaTHOHOB ObUIN
HaWJIeHbl BpEMEHA NEPEOPUEHTALIMY MOJIEKYJI PACTBOPUTEINS 7, U X BPEMEHA JKU3HU B IIEPBOH COJIb-
BatHoi obonouke (IICO) xaTHoHOB 7,, IO ypaBHeHUAM (7-9). Pe3ynpraTel pacy€ToB mpeacTaBiIeHbl B
Tabnwmie 4 1 Ha puc. 6.

60



J.C. dynapes, E.O. Jlorauésa, f.B. Konecnuk, O.H. Kanyrun

Ta6auua 4. Bpemena nepeopuentanuu Mmonekys PC u ux npedriBanus B [ICO kaTHOHOB

Ty, 11C Tyy, 1IC
Obnacte Bmim" Li' Bmim" Li
O0BEM pacTBOPUTEIIS 14.9 15.0 — —
1Cco 25.4 85.3 13.0 134.5

[To moayyeHHBIM pe3yJbTaTaM MOXHO CJIENIaTh BBIBOJ, YTO KATHOH JIMUTHUS SBISIETCA CTPYKTYPOOO-
pasytommM (BpeMs niepeopueHTanmu B pamMkax [1CO B ~5.5 pa3 mpeBbIliacT aHAJIOTMYHOE B OCTaNIb-
HOM 00BEME CHCTEMBI) U CO3aéT OoJiee MPOYHYIO COJNBBATHYIO O0O0JOYKY B CPaBHEHHUHU C OpraHHYe-
CKHM KaTHOHOM.

C npyroit cTopoHsbl, It 1-0yTHII-3-MEeTUIMMHUAA30IMs TAKKEe XapaKTepHa MOJOKUTEIbHAS COJb-
BaTalysl U CTPYKTYpooOpa3oBaHHE BOKPYT KaTHOHA (BpeMs MEepEOPUSHTAIIMN MOJIEKYJ PaCTBOPUTEINS
moutu BaBoe 6obre B [ICO mo cpaBHEHHIO ¢ OCTAILHBEIM 00BEMOM PacTBOPA).

BbiBOADI

B pabote mcciaemoBana BO3MOKHOCTE yué€Tta 3ddexror momspuszanun B cucremax LiBF, — PC m
BmimBF,; — PC B pamkax MOJEKYJISPHO-TUHAMHYSCKOTO MOJACIUPOBAHMS IMyTEM BapHalyu (CHIKE-
HUS) 3apsiIoB aTOMOB KaTHOHOB U @aHMOHOB. DTO TMO3BOJIMIIO BOCTIPOU3BECTH HE TOJBKO IKCIEPUMEH-
TanpHbIe K03 punreHTs TuQPy3ur KaTHOHOB M aHWOHA B OECKOHEUHO pa30aBICHHBIX PacTBOpPax, HO
¥ BOCITPOM3BECTH IKCIIEPUMEHTAJIbHbIE KOHIIEHTPAMOHHbBIE 3aBUCUMOCTH OU(Yy3UH YaCTHII, BI3KO-
CTH ¥ 3JIEKTPOIIPOBOHOCTH OMHAPHBIX CUCTEM DJIEKTPOIUT-MOJIEKYJISIpHBIN pacTBopuTenb. [lomydeH-
HBIE PE3YJIBTAThl MOTYT CIYXHTh JTOKA3aTEILCTBOM TOTO, YTO MPEIOKEHHBIA TOIX0H MOXET OBbITh
MCTIONB30BaH Jiusi MJl MonennpoBaHUSl aHANOTWYHBIX CHCTEM C IPYTUMH HOHHBIMH JKHUAKOCTSAMH,
MIPOCTBIMU COJISIMHU U MOJIEKYJISIPHBIMHU PAaCTBOPHUTEIISIMH.

Hcnonp3ys anmapar MpOCTPaHCTBEHHBIX W BPEMEHHBIX KOPPEISIHOHHBIX (yHKIHH, ObLIa JeTanb-
HO M3ydYeHa MUKPOCTPYKTypa U MUKPOAMHAMHKA COJIbBATHBIX 000/I0YeK KaTnoHoB Bmim™ u Li’ B PC.

AHanmu3 CTPYKTYpPHBIX XapaKTEPHUCTUK yKas3biBaeT Ha oOpa3oBaHHE CIaOBIX BOIOPOIHBIX CBS3CH
MEXAy KaTHOHaMH 1-OyTHii-3-MeTUIMMUIA307IUsl U MOJIEKYJIaMU PacTBOpHUTENA. Tarxke oOHapysKeHO,
4TO ConbBaTHas 060j10uka Li* Gojiee cTpyKTypupoBaHa U NPOYHA T10 CPABHEHHUIO C AHAJOTMUHON s
Bmim'. Pe3ybTaThl aHaNu3a MUKPOJMHAMUKHY YKa3bIBAIOT HAa TO, 4TO MONeKynsl PC B mepBoii comb-
BaTHOI 00omouke Bmim"™ sBsroTca GoNee MOABMKHBIMU M 00/1aJal0T MEHBITAM BPEMEHEM Y IepiKa-
HUS [0 CPABHEHHIO ¢ 060110uKoit Li'.
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0.C. Oynapes, K.O. Jlorayosa, A.B. KonecHuk, O.M. KanyriH. Mix4yacTuHkoBi B3aemMogii Ta AnHamika y posyu-
Hax BmimBF4 i LiBF4 y nponineHkap6onarti: Ml moaentoBaHHs.

XapkiBCbkuii HauioHanbHUn yHiBepcuTeT imeHi B.H. KapasiHa, ximiuHuin cakynbTteT, kadeapa HeopraHivyHoi Xi-
Mmii, margaH Ceoboan, 4, Xapkis, 61022, YkpaiHa

loHHI pignMHM Habynu BeNuKoi NONynapHOCTI B OCTaHHi AEeCATUNITTA 3aBAsKKM KOMMJEKCY YHikanbHUX Bnac-
TMBOCTen. Nonpu Wnpoke BUKOPUCTAHHS CyMillel iOHHUX PigUH 3 anpPOTOHHUMMW AUMONAPHUMMN PO3YMHHUKA-
MU B eneKTpOoXiMmii, akTyanbHUM 3anuLiaeTbCa NPOrHO3yBaHHA X MakpOCKOMiYHMX, B NepLUy Yepry TpaHcnop-
THUX, BNAacTMBOCTEN BUXOAAYM 3 MIKPOCKOMIYHOI KapTMHM BCI€i CYKYMHOCTI MiXKYaCTMHKOBMX B3aEMOAIN Yy
Takux cuctemax. Metog mMonekynsipHo-gnHamiyHoro mogentoBaHHsa (MOM) € ogHUM 3 HanWbinbL NOTYXHUX
iHCTPYMEHTIB BUpIllEeHHSA nogibHoro poay 3aBgaHb. OgHak, OAHIE 3 HEBUPIWIEHMX NpobnemM Knacu4yHoro
MM ioH-MONEeKyNApHUX CUCTEM € KOPEKTHE ypaxyBaHHS edekTiB nonapusadii. OcTtaHHiM Yyacom gnsa ii Bu-
pilleHHst 6yno 3anponoHOBaHO BUKOPUCTOBYBATU Bapiauilo e(peKTUBHUX 3apsaaiB iOHIB B po3ynHax.

Y paHii pob6oTi npeacrtaBneHi pesynbtatv MOM CTPYKTYpHMX i OUHAMIYHMX BNAcTUBOCTEN PO34MHIB
1-6yTnn-3-meTinimigasonii (BmimBF4) Ta nitin (LiBF4) TeTpadTopobopartie B nponineHkapboHaTti (PC) npu
298.15 K B NPT aHcambni 3 BukopuctaHHaM nporpamHux naketis GROMACS i MDNAES.

lMoka3aHa MOXNMBICTb BiATBOPEHHS eKCNepuMeHTanbHMX AMHaMIYHUX BriacTMBoOCTeN (koediuieHTiB andy-
3ii KaTioHIB i pO34YMHHMKA, B'A3KOCTI, @ TAKOX eNeKTPUYHOI NPOBIAHOCTI) BiHAPHMX CUCTEM Ha OCHOBI CyMillewn
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iOHHUX pignH 3 PC B WIMPOKOMY iHTepBarni KOHLEHTpaUin 3 ypaxyBaHHAM edekTiB nonspuaauii Wnsaxom 3me-
HLIEHHS napuianbHMX 3apsaiB Ha aToMax ioHiB.

CTpykTypa conbBaTHOT 060MOHKM KaTiOHIB Oyna BMBYEHa B pamkax (OYHKUiA padianbHOro posnoginy, pos-
noAiny KoopAuHaLUiMHUX Ynucern, a TakoX HasiBHOCTI BOAHEBMUX 3B'A3KIB MiXK OpraHiYHUM KaTiOHOM i MOSieKy-
NaMu po3YMHHMKA. PesynbTaTy BKasyloTh Ha BinbL MiLHY i CTPYKTYpOBaHy conbBaTHY 060MoHKy KaTioHa Li*
B NMOPIBHSAHHI 3 Bmim®, wo Y3rogXXyeTbCsl 3 BUCHOBKaMU Npo PyXSfIMBOCTI LMX KaTioHiB. Yacu nepeopieHTauii
Mornekyn nponineHkap6boHaTy i Yacu iIXHbOro XXWUTTS B NEPLUMX CONbBATHUX 0OOMOHKAaxX KaTiOHIB BUSIBUNUCS B
Kinbka pasiB BULLMMM ANS NiTiA KaTioHy.

KnroyvoBi cnoBa: 1-6ytun-3-metunimigasonin tetpadpropobopart, niTiv TeTpadTopobopat, nponineHkap-
OoHaT, MONneKkynsapHo-AMHaAMIYHE MOZEeroBaHHsA, edeKTn nonsipusadii, MiKpOCTpyKTypa, MikpoauMHamika,
conbBaTHa 00OMOHKa.

D.S. Dudariev, K.O. Logacheva, Ya.V. Kolesnik, O.N. Kalugin. Interparticle interactions and dynamics in
BmimBF4 and LiBF4 solutions in propylene carbonate: MD simulation.

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

lonic liquids have gained immense popularity in recent decades due to a combination of unique properties.
Despite the widespread use of ionic liquids mixtures with aprotic dipolar solvents in electrochemistry, it re-
mains relevant to predict their macroscopic, primarily transport, properties based on the microscopic picture
of the entire set of interparticle interactions in such systems. The method of molecular dynamics simulation
(MDS) is one of the most powerful tools for solving problems of this kind. However, one of the unsolved
problems of the classical MDS of ion-molecular systems is the correct accounting of polarization effects.
Recently it was proposed to use a variation of the effective ion charges in solutions to solve this task.

This paper presents the results of the MDS structural and dynamic properties of 1-butyl-3-
methylimidazolium (BmimBF4) and lithium (LiBF4) tetrafluoroborates solutions in propylene carbonate (PC)
at 298.15 K in NPT ensemble using GROMACS and MDNAES software packages.

The possibility of reproducing the experimental dynamic properties (diffusion coefficients of cations and
solvent, viscosity, and electrical conductivity) of binary systems based on mixtures of ionic liquids with PC in
a wide concentration range was shown. Polarization effects were taken into account by reducing the partial
charges of the ion atoms.

The structure of the solvation shell of cations was studied within the framework of radial distribution func-
tions, distribution of coordination numbers and the presence of hydrogen bonds between the organic cation
and solvent molecules. The results point to stronger and more structured solvation shell of the Li* cation
compared to Bmim®, which is consistent with the conclusions about the mobility of these cations. The reori-
entation times of propylene carbonate molecules and their lifetimes in the framework of the first solvation
shells of the cations are several times higher for the lithium cation.

Keywords: 1-butyl-3-methylimidazolium tetrafluoroborate, lithium tetrafluoroborate, propylene carbonate, mo-
lecular dynamics simulation, polarization effects, microstructure, microdynamics, solvation shell.
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In this paper, the properties of cationic polyelectrolytes as tools for governing the protolytic equilibrium of
acid-base indicators in water were examined. For this purpose, water-soluble and pH-dependent poly
(hexamethylene guanidine hydrochloride), PHMG, and poly (diethylenamine guanidine hydrochloride),
PDEG, were studied. As molecular probes, a set of anionic indicator dyes were used; the key parameter is
the so-called apparent ionization constant, K,". The electrokinetic potential of the above polycationic spe-
cies in the acidic pH region is substantially positive. As a rule, the polyelectrolytes display marked influence
on the absorption spectra and state of the acid-base equilibrium of the anionic dyes at pH < 7, especially in
the case of PHMG. Both effects resemble those known for the same dyes in aqueous solutions of cationic
surfactants but are less expressed. Normally, the acid-base equilibria were studied at polyelectrolyte : dye
ratio of 150 : 1, at ionic strength 0.05 M, and 25 °C. The decrease in the pK,*" (= —-logK,*") value on going
from water to the PHMG solution is most expressed for bromocresol green (HB~ — B> + HY:
pKa, 2P — pKa 2" = —1.93. For bromophenol blue, bromocresol purple, and sulfonefluorescein, the shift of the
equilibrium is less expressed. Some kinds of specific interactions with the polyelectrolytes were revealed for
methyl orange and bromophenol blue. Also, the dependence of pK.*" on logarithm of ionic strength allows
estimating the degree of counterion binding by the polycation: 8 =0.4 £ 0.1.

Keywords: polycation, indicator dye, apparent ionization constant, poly (hexamethylene guanidine hydro-
chloride), poly (diethylenamine guanidine hydrochloride), sulfonefluorescein, methyl orange, sulfonephthal-
eins.

Introduction

This paper is aimed to study the influence of cationic polyelectrolytes on the protolytic equilibrium
of acid-base indicators in water. Solutions of cationic polyelectrolytes, particularly poly (hexamethyl-
ene guanidine hydrochloride) (PHMG), possess antibacterial properties, so the investigation of surface
characteristics of colloidal particles (e.g., the {-potential) is necessary for studying interactions poly-
ion—bacterium [1]. Cationic polyelectrolytes are used for synthesis of polymer subunit vaccines, for
example, polyoxidonium medicine [2]. Also, the cationic polyelectrolytes are applied as flocculants
for dyeing wastewater treatment [3-5]. For instance, recently, Jia et al. reported the synthesis of a se-
ries of new hydrophobic cationic poly(dimethyldiallylammonium chloride)s and showed the efficiency
of the removal of water-soluble dyes in dyeing wastewater using two anionic dyes Reactive Scarlet
3BS and Reactive Black M [3]. It was shown that the composition of a complex of a cationic unit of
poly(dimethyldiallylammonium chloride)s with a dye depends on the structure of polyelectrolyte and
the polyelectrolyte : dye (P : D) ratio varies from 1 to 4.

On the other hand, indicator dyes were used for the determination of polyelectrolytes concentration
[6]. The application of association processes between organic reagents (dyes, e.g., xanthenes) and
cationic polyelectrolytes for determination of the later were scrutinized by Chmilenko et al. [7,8].
These investigations were aimed to detect as low as possible polyelectrolyte concentrations, so the
P : D ratio was about 1 in these studies. Under such conditions, the influence of polyions on the acid-
base equilibria of dyes in solution may somewhat differ from that at high concentrations of the polye-
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lectrolytes. Higher P : D ratio, normally 100 : 1, was used by us earlier when studying interactions
between indicator dyes and an anionic polyelectrolyte poly (sodium 4-styrenesulfonate) [9].

Therefore, it is important to study the changes of protolytic properties of dyes when their concen-
tration is much lower than that of a cationic polyelectrolyte. This allows ruling out the interaction be-
tween dye molecules fixed at the polyion, known as metachromasy.

So, our aim was to determine the acidic strength of common anionic indicator dyes in aqueous so-
lutions of cationic electrolytes, with high P : D values. As a key parameter, the so-called apparent
ionization constant, K™, was chosen. The present study was devoted to aqueous solutions of poly

(hexamethylene guanidine hydrochloride), PHMG, and poly (diethylenamine guanidine hydrochlo-
ride), PDEG. The structures of PHMG and PDEG are shown in Figure 1. Owing to the presence of
secondary amino groups such polyelectrolytes are pH-dependent [8].

HoN— (CHp)g—NH—C—NH—H  Hy;N——(CH,),—NH—(CH,),—~NH—C—NH—H
I+ | o]
NH, Cl a) NH, C b)

Figure 1. Structural formulae of poly (hexamethylene guanidine hydrochloride) (PHMG) (a) and
poly (diethylenamine guanidine hydrochloride) (PDEG) (b).

As indicator dyes, methyl orange, sulfonefluorescein, and three sulfonephthalein dyes were used.
The protolytic properties of these anionic dyes in micellar solution are well documented. In our previ-
ous work, we obtained the pK™ (=-logK™) values of dyes in 5x 10* M solution of di-n-

tetradecyldimethylammonium bromide and 0.01 M solution of cetyltrimethylammonium bromide
[10,11]. The medium effects, i.e., the differences between the so-called apparent pK ™ values and the

thermodynamic values in water, pK ", vary from —1.1 to —1.8 pK, units in the above systems [10,11].

Similar medium effect were observed earlier for bromothymol blue in aqueous solutions of
poly [(vinylbenzyl)trimethylammonium chloride] by Baumgartner et al. [12].

The ionization of the zwitter-ion of methyl orange, HB, corresponds to the charge type +/—. The
second step of sulfonephthaleins ionization occurs according to the charge type —/= (bromophenol
blue, bromocresol green, bromocresol purple). Also, sulfonefluorescein was used as a dye which ion-
izes by two steps (+/— and —/=). The equilibria of the dyes are shown in Schemes 1-3. Analogously to
the systems “cationic dye — polyanion”, these anionic dyes are bound to polycations primarily due to
electrostatic interactions [4,9,13—15].

o

5
<>

_ 0 ,CHs3
o _N N,
- O—ﬁ N CH,
(o]

Scheme 1. The ionization of methyl orange.

Scheme 2. The ionization of sulfonephthalein dyes: 3,3',5,5'- tetrabromo- (bromophenol blue); 2,2'-dimethyl-
3,3',5,5'-tetrabromo- (bromocresol green); 3,3'-dimethyl-5,5'-dibromosulfonephthalein (bromocresol purple).

HO OH HO o o
O O 1I = O
! S05

H,R

Scheme 3. The ionization of sulfonefluorescein.
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Experimental section

Materials. The cationic polyelectrolytes poly (hexamethylene guanidine hydrochloride) (PHMG)
and poly (diethylenamine guanidine hydrochloride) (PDEG) were synthesized in Ukrainian State Uni-
versity of Chemical Technology, Dnipro; the synthesis is described in publications [16] and [17], re-
spectively. These substances were prepared initially as 25 wt % aqueous solution. The molecular mass
of PGMG is 10x 10° g mol™' while PDEG is characterized by some less molecular mass of 8 x 10° g
mol ™. The stock solutions of PHMG and PDEG with the concentrations, which as a rule didn’t exceed
0.10 M, were prepared by weighting. They appeared to be slightly alkaline. The weighted sample of
the stock polyelectrolyte solution was diluted with pure water, stirred, and used as a stock solution.
The working solutions were prepared by further dilution. Hereafter, the concentrations of polyelectro-
lytes are expresses in monomer mol dm™ (monomol dm™ or M). The pH values of the diluted polye-
lectrolyte solutions in water without buffer additives were somewhat enhanced as compared with the
air-saturated water. For example, in 0.00132 M PHMG pH = 7.23 and in 0.0145 M PDEG pH = 8.33.
Poly (sodium 4-styrenesulfonate), molecular mass of 70x 10° g mol™', was purchased from Sigma-
Aldrich as a powder. The polyelectrolyte was used as received; its solutions were prepared as de-
scribed previously [9]. The anionic surfactant sodium n-dodecylsulfate was used as received from
Vekton (Russia). Hydrochloric, acetic, and phosphoric acids, and borax used for preparation of work-
ing solutions were of analytical grade. The aqueous solution of NaOH was prepared using the satu-
rated stock solution of alkali using CO,-free water and kept protected from the atmosphere. The ionic
strength, /, of the acetate buffer mixtures used for determination of the ionization constants did not
exceed 0.01 M. The total / value of the bulk (aqueous) phase was maintained by appropriate NaCl
addition. The samples of the dyes neutral red, bromophenol blue, bromocresol green, bromocresol
purple, methyl orange, and sulfonefluorescein were already used in our previous studies [9-11,18,19].

Methods. The apparent ionization constants of indicator dyes were determined via a standard pro-
cedure [9-12, 18, 19]. Absorption spectra were measured with Hitachi U-2000 spectrophotometer
against pure water as blanks, at 25°C. The pH values were created by buffer solutions. The pH deter-
minations were performed by using R 37-01 potentiometer and pH-121 pH-meter (Russia) with an
ESL-43-07 glass electrode (Gomel, Belarus) in a cell with liquid junction (3.0 M KCI). An Ag|AgCl
electrode was used as a reference electrode. The cell was calibrated with standard buffer solutions:
pH 9.18, 6.86,4.01, and 1.68 at 25°C.

The ionization of an indicator acid in solution can be described by the below equation:

HB° <= B*'+H", K, (1)
Therefore, the apparent ionization constant, K™, should be expressed as:
[ HB" ] A, — 4
K™ =pH_ +lo ¢ = pH,, +log—"—— 2)
P P ¢ |:BZ_1:|L‘ A- AHB

The brackets denote equilibrium concentrations. The acid-base couple HBY/B*" is (partly) associ-
ated with polycations; pH,, is the pH value of the continuous (aqueous) phase; 4 is the absorbance at
the current pH,, value, Ag and Ay are absorbances under conditions of complete transformation of the
indicator into the corresponding form. The subscript ¢ (total) denotes that the concentration is ex-
pressed in moles per dm® of the whole solution.

The precise dye concentrations were ascertained by spectrophotometric method using the previ-
ously known molar absorptivity values. The dye concentrations in working solutions were about
1 x 10~ M. Similarly to anionic polyelectrolyte solutions, cationic polyelectrolyte solutions results in
metachromasy of some dyes [20]. So, it is necessary to control the polyelectrolyte : dye concentration
ratio, P : D, for all chosen dyes.

The polyelectrolyte particle size distribution and zeta-potentials, {, were determined via dynamic
light scattering, DLS, using Zetasizer Nano ZS Malvern Instruments apparatus. The equilibration time
of each probe was 120 s, the number of size measurements of each probe was 10 ns, and every meas-
urement consisted of 12 to 30 runs (automatic choice). In the case of zeta-potential, the number of
measurements was 5, the number of runs was chosen automatically (up to 100 runs). Distilled water
wasn’t filtrated. For assign the viscosity value, the “solvent builder”, was used. This program, which is
introduced in the Zetasizer soft, allows calculating the viscosity of the dispersant at NaCl additions.
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Results and discussion

DLS characterization of polyelectrolyte solutions. The dependence of {-potential of PHMG on
pH values was already reported by Wojciechowski and Klodzinska [1]. We measured this parameter
of PHMG at pH 2. A mean value of +21+9 mV was evaluated. However, the { value changed from 8.7
to 39.8 mV, and some precipitation was observed during the measurements. Probably, electrocoagula-
tion is the main reason of this disturbing phenomenon, but in any case a substantial positive charge of
the macromolecular species is firmly proved. The same is true for PDEG. A particles’ size of 1-2 na-
nometers was roughly estimated, which is in agreement with the above mentioned molecular mass.

Methyl orange. First of all, methyl orange as indicator dye was used because of its relatively sim-
ple structure and well-known solvatochromic properties [21]. As it was shown in our previous paper
devoted to aqueous solutions of an anionic polyelectrolyte [9], the appropriate conditions for the de-
termination of apparent ionization constants of dyes are reached in semi-diluted polyelectrolyte solu-
tions. Hereafter, we define the polyelectrolyte : dye concentration ratio as P : D. In general, at
P : D =100 - 1000, one can reach condition similar to those in surfactant micelles, when a dye mole-
cule interacts only with cationic sites of polyelectrolyte and is not influenced by another dye molecule.
These conclusions should be correct for methyl orange too. For example, Vleugels et al. [20] carried
out a detailed investigation of the interaction between methyl orange and polycations. They have in-
vestigated the influence of molecular structure of the cations, composition (i.e., P : D ratio), pH, and
ionic strength on association between methyl orange and polycations. It was shown that in solutions of
poly (diallyldimethylamine hydrochloride), a pH-independent quaternary ammonium salt with mo-
lecular mass of 107x 10°> g mol "', the metachromatic band of dye aggregates appeared in acetate
buffer (pH=4.0,/=0.01 M)atP: D = 0.2-1.0.

In our study in unbuffered systems with pH ~7.0 and / — 0, the methyl orange aggregate band
about 350 nm appeared in PDEG solutions even at P : D = 100. This type of aggregates is well docu-
mented in the literature [20, 21]. However, under these conditions no distinct bands were observed in
the case of PHMG (Figure 2).

04, 0.4
: P:D=1000
0.3
< 02
0.1
0 850200280 500 550 600
A, MM A, NM
) b)

Figure 2. Absorption spectra of methyl orange in PHMG (a) and PDEG (b) solutions at different P : D values,
¢ (dye) =1.45x 107 M.

The pK™ values of methyl orange were determined under conditions that allowed to avoid dye

aggregation. Therefore, the experiments for PHMG and PDEG were made at the P : D ratio of 500 and
1000, respectively. The pH-dependence of absorption spectra is depicted in Figure 3.

The pK:™ values in colloidal solution of PHMG and PDEG are 2.91+0.03 and 3.19+0.05, respec-
tively. They are lower as compared with the themodynamic value in water: pK = 3.42+0.02 [22];
3.45 [23], but the decrease in micellar solutions of cationic surfactants and in corresponding
microemulsions is much more expressed: the pK™ values in such systems are below unity [22, 24].

Though methyl orange is a solvatochromic indicator, no significant shifts of absorption maximum was
observed. While in a cationic surfactant-based microemulsion, Ay, moved from 462—-463 nm to 420
nm [24], in PHMG and PDEG solutions Ay,x = 469 nm and 466.5 nm, respectively at pH = 7.0,
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I — 0. Hence, these small shifts are bathochromic, which is not typical for the anionic form of methyl
orange on going from water to organic microenvironments.

06,
05/
04/
< 03]
02/
0.1

%% a0 @0 o 50 oo
A, NM
a)
Figure 3. Absorption spectra of methyl orange in PHMG solutions at P : D = 500 (a) and in PDEG solutions at
P : D = 1000 (b) at different pH; HCI solutions, / = 0.05 M (HCI + NaCl), ¢ (dye) = 1.45x 10~ M.

Relatively small medium effects, i.e., the pK ™ shifts, for methyl orange in PHMG and PDEG so-

lutions can result from charge type “zwitter-ion — anion”. Also, the incomplete binding of the zwit-
ter-ion by the macromolecule should not be ruled out because the A.x values in the polyelectrolyte
solutions are ca. the same as in water.

Sulfonefluorescein. In order to examine the influence of the charge type of an acid-base indicator
couple on the medium effects (pK™ shifts) in cationic polyelectrolyte solutions we used the dye sul-

fonefluorescein. In this case (Scheme 3), the two-step ionization occurs from the zwitter-ion to the
anion and then to the dianion. The absorption spectra of sulfonefluorescein at different pH and
1=0.05M are presented in Figure 4. The ratio P: D = 100 was chosen for the absorption spectra
analysis of sulfonefluorescein in PHMG solutions. As sulfonefluorescein is not a metachromatic dye,
such P : D ratio is enough for observation of isolated dye molecules in polyelectrolyte microenviron-
ment. Two distinct isosbestic points were observed that opens the possibility to determine the indices
of the apparent ionization constants: pK ™ = 3.00+0.08 and pK %" = 5.77£0.09. In water, pK* = 3.10

and pK" = 6.76 [18]. Thus, the medium effect in the case of the ionization of the anion (- 0.99 pK,
units) is much more expressed than in the case of the zwitter-ion — anion equilibrium (- 0.1 pK,

units). Here, as in the case of methyl orange, the degree of binding of zwitter-ionic form is unclear. By
contrast, the association of anionic dye species with the polycation is more probable.

1.0- 1.0- A =504 nm
09
08+ 08-
0.7
06 06
< 05 (
044 0.4
03]
] 0.2
02 % =442 nm
0.1 >

2 4 6 8 10 12
pH

b)
Figure 4. The absorption spectra of sulfonefluorescein in PHMG solution at P : D = 100 at different pH (the HCI
solutions, acetate and phosphate buffer were used), 7 = 0.05 M, ¢ (dye) = 1.39 X 10° M (a); the dependence of
absorption of sulfonefluorescein in PHMG solution on pH, P : D =100, /= 0.05 M (b).
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The pK%® values of the dye in 5% 10~ M solution of di-n-tetradecyldimethylammonium bromide,

1=0.01 M [10] and 0.01 M solution of cetyltrimethylammonium bromide, / = 0.05 M [11] are 4.91
and 5.73, respectively. Again, the medium effects in PHMG solutions are less expressed than in micel-
lar solutions of cationic surfactants.

Thus, the influence of PHMG on protolytic equilibria of dyes is much more expressed in the case
of the charge type —/=. Therefore, sulfonephthalein dyes (Scheme 2) were used for further investiga-
tions.

Sulfonephthaleins. A pronounced metachromatic effect was observed for bromophenol blue in so-
lutions of PHMG and PDEG (Figure 5). At low P : D ratio, the dye aggregates manifest themselves in
significant changes of absorption spectra. Moreover, in PHMG solution at P : D = 1 a fine-dispersed
sediment appears due to association of dye molecules with polyelectrolyte cationic sites.

0.8+ 0.8-
0.7
0.6 0.64
0.5
< 04/ < 04]
0.3
0.2 0.2
0.1
0.0 0.0 . . . . : \
500 500 525 550 575 600 625 650
A, MM A, Nm
a) b)

Figure 5. The absorption spectra of bromophenol blue in PHMG (a) and PDEG (b) solution at different P : D
values, ¢ (dye)=1x 10° M, pH ® 11.0,1 — 0.

Correspondingly, the determination of pK™ values of bromophenol blue was complicated by the

abovementioned coagulation processes. In Figure 6, the absorption spectra of bromophenol blue solu-
tions are shown at different pH and P : D = 100 and 1000. In the case of PDEG at higher pH values,
pH 12, the dye is displaced from pseudophase due to deprotonation of the polycations and disappear-
ance of its positive charge [8].

0.7 0.8,
——P:D=1000
064 - --P:D=100 pH12.0
0.5 0.6
< 04 < pH7.0

0.3 pH2.78 044 pH7.0 H344
growth solution pro.

0.2

pH2.44 02/ pH262
01 ‘
°9 ' ' 00l > :
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Figure 6. The absorption spectra of bromophenol blue in PHMG solution at P : D = 100 and 1000 at different
pH (the HCI solutions were used) (a), and in PDEG solution at P : D = 100 at different pH (the HCI solutions
were used) (b), 7=0.05 M, ¢ (dye) = 1.0 x 10~ M.

At low P : D values, bromocresol purple also forms aggregates, but at P : D = 150 it is possible to
obtain the pK* value in PHMG solutions (Table 1). On the other hand, the polyelectrolyte PDEG

cannot bind the dye molecules probably due to deprotonation of the polycation within the pH range
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that corresponds to the protolytic equilibrium of bromocresol purple (pK,” = 6.30). This statement is
confirmed by significant dependence of pK:™ values on pH (pK:™ = 5.98 —6.33). The pK™ value
increases along with the pH rise. The highest medium effect is observed for bromocresol green,
pK™ — pK) = — 1.93. However, in this case the pK!™ value is also influenced by pH: pK™
changes from 2.74 to 3.18 at pH 2.39 to 3.95. This may be a result of structural changes of the macro-
molecule. The absorption spectra are represented in Figures 7 and 8.

It may be concluded that the cationic polyelectrolytes under study in this work influence the proto-
lytic equilibria of dyes similarly to micelles of cationic surfactants.

Table 1. The indices of the apparent ionization constants of the dyes in PHMG solutions at P : D = 150 and
I1=0.05M.

Indicator dye pK,' pK;"” pPK,”™ — pK,'
Methyl orange, pK, 344 | 291+0.03° -0.53
Sulfonefluorescein, pK,, 3.10 3.00+0.08 " -0.10
Sulfonefluorescein, pK,, 6.76 5.77+0.09° -0.99
Bromocresol purple, pK, 6.30 4.88+0.08° -1.42
Bromophenol blue, pK,, 4.20 ~254 ~ -1.7
Bromocresol green, pK,, 4.90 2.97+0.18 -1.93

“In PDEG solutions, pK™ =3.19 +0.05; °P : D = 100; ¢ in PDEG solutions, pKX™ = 6.19 + 0.16; ¢ in PDEG

solutions, pK;*™ * 3.3.
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Figure 7. The absorption spectra of bromocresol green in PHMG solutions at different pH values (the HCI solu-
tions were used) at P : D =150 and /= 0.05 M, ¢ (dye) = 1.7X 10 M.
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Figure 8. The absorption spectra of bromocresol purple in PHMG solutions at different pH values (acetate and
phosphate buffer were used) at P : D = 140 and 7=10.05 M, ¢ (dye) = 9x 10°® M (a); the absorption spectra of
bromocresol purple in PDEG solutions at different pH values (acetate and phosphate buffer were used) at
P:D=150and /=0.05M, ¢ (dye) =9 % 10° M (b).
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Dependence of pK™ on ionic strength of PHMG solution. We have also examined the influence

of the ionic strength maintained by NaCl on the acid-base equilibrium in these systems. As an exam-
ple, the ionization of sulfonefluorescein was chosen because of less expressed tendency to precipita-
tion in the presence of the polyelectrolytes under study. The absorption spectra of the dye at different
pHs are exemplified in Figures 9, 10. It should be noted that at higher ionic strength, the isosbestic
point that corresponds to the anion to dianion transition is somewhat fuzzy. As a probable reason the
structural changes of the macromolecule in the acidic pH region may be assumed.

1.0
0.8
0.6
04

0.2

0.0 : : . .
350 400 450 500 550 600

A, MM

Figure 9. The absorption spectra of sulfonefluo- Figure 10. The absorption spectra of sulfonefluo-
rescein in PHMG solution at P : D = 100 at different rescein in PHMG solution at P : D = 100 at different
pH (acetate and phosphate buffer were used), pH (acetate and phosphate buffer were used),
I1=0.10 M, c (dye) = 1.35% 10> M. I1=0.20 M, c (dye) = 1.35% 10° M.

Assuming that the degree of binding of the dye anions by the PHMG stays unaffected during the /
(NaCl + buffer mixture) variation and following the relations derived for ionic surfactants [18, 19], the
slope of the pK™ vs log/ may be considered as the degree of counterions binding, B. Here, CI°

should be considered as counterion.

6.2-
6.0-
(o}
Snw 58 -
X
o
5.6
PK 3PP - (6.30 £0.05) +
54] 1 +(0.39 + 0.07) log /, R°= 0.989

18 16 -14 -12 10 -08 -06 -04
log /
Figure 11. Dependence of pK:™ on logarithm of ionic strength; sulfonefluorescein in the PHMG — NaCl sys-

tem.
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This S value is lower than that estimated with the help of the same dye for the cetyltrinethylammo-
nium bromide — Br™ system (0.76+0.02) [11]. The £ value for the poly (sodium 4-styrenesulfonate) —
Na' system determined using a set of cationic dyes varies within the range of 0.58-0.72 [9]. For cati-
onic polyelectrolytes, ion exchange constants of different counterions are available [25, 26]. They give
evidence for relatively low affinity of the Cl ions to the cationic polyions.

Interaction of PHMG with an anionic polyelectrolyte. In addition to the above results we
examined the interaction between a cationic polyelectrolyte and an anionic one. As cationic compo-
nent, PHMG was chosen, whereas the previously studied poly (sodium 4-styrenesulfonate) [9] was
used as a macroscopic counterion. Mixing these compounds predictably resulted in mutual coagula-
tion. Next, the addition of sodium n-dodecylsulfate (0.02 M) caused peptization: the colloidal system
was restored (Figure 12a).

) 08
by number -7
25 07] pH4.0
0.6
20 by volume pH 7.64
= 0.5]
s 15 <T 04
0.3{
104 by intensity 021 pH 120
5 0.1,
0- : _.-"'"'-I."“'"'-h_ , s, 0.0F ; : ; )
1 10 100 1000 10000 350 400 450 500 550 600 650
d, nm A, M
a) b)
Figure 12. The size distribution of particles in system poly (sodium 4-styrenesulfonate) — PHMG — sodium #-
dodecylsulfate, the analytical concentration was c (poly (sodium 4-styrenesulfonate)) = 0.0047 M,
¢ (PHMG) = 0.005 M, ¢ (sodium n-dodecylsulfate) = 0.02 M (a), the absorption spectra of neutral red in system
poly (sodium 4-styrenesulfonate) — PHMG — sodium #n-dodecylsulfate at 7=0.05 M,

poly (sodium 4-styrenesulfonate) : D ~ 150, ¢ (poly (sodium 4-styrenesulfonate)) = ¢ (PHMG) = 0.005 M,
¢ (sodium n-dodecylsulfate) = 0.02 M (b).

In Figure 12b, the absorption spectra of anionic dye neutral red are shown. The pK™ value of neu-

tral red in the restored mixed colloid system was found of about 8.70 that semi-quantitatively agrees
with that one in micellar solution of sodium n-dodecylsulfate, 9.21 [27]. Hence, the charge of thus
obtained colloidal species is certainly negative, which explains the driving force of the peptization
phenomenon.

Conclusions

1. The cationic polyelectrolytes examined in this paper exhibit strong interaction with anionic
dyes. Besides the well-known metachromatic effect, the macromolecules display an expressed
shift of the protolytic equilibria of indicators towards the acidic region.

2. The quantitative processing of the data at appropriate polyelectrolyte : dye ratio allows deter-
mining the apparent ionization constants of the indicators. Their values resemble the corre-
sponding effect of micelles of cationic surfactants.

3. The dependence of pK:™ vs. logarithm of ionic strength in the PHMG — NaCl system was

treated analogously to the corresponding salt effects in micelles of ionic surfactants. This al-
lowed estimating the degree of counterion Cl™ binding by the polycation as = 0.4t 0.1.

4. Interaction between PHMG and poly (sodium 4-styrenesulfonate) results in a kind of mutual
coagulation. The deposit thus formed is dissolved by adding sodium n-dodecylsulfate. This
procedure leads to appearance of negatively charged colloidal species.
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A.1O. XapueHko*, M.A. Pomax*, K.B. AHoeat, M.H. Tepewykt, H.O. Muyeanos-letpocan*. BogHble pacTtBopbl
nomnun (rekcameTureH ryaHuavH rmgpoxnopvaa) v nonum (AMaTuneHamyvHo-ryaHuavH ruapoxmnopuaa): uccnegosa-
HMEe NPU MOMOLLUN KNCITOTHO-OCHOBHbIX MHOUKATOPOB.

* XapbKOBCKWI HaLMOHanbHbIA yHUBEpPCUTET MMeHu B.H. KapasuHa, xumnyeckuin dpakyneteT, nn. Ceoboapl, 4,
XapbkoB, 61022, YkpauHa

T YKpauHCKMIA rocyaapCTBEHHbIA XUMWUKO-TEXHOIOTMYECKUA YHUBEPCUTET, npocnekT [arapuHa, 8, [OHenp,
49000, YkpanHa

B HacTosLwen ctaTbe MccrneaoBaHbl CBOWCTBA KAaTUOHHBIX MONUANEKTPONIMTOB Kak cpeacTBa yrnpaBneHus npo-
TONMUTMYECKNMM PABHOBECUSIMU KMCITOTHO-OCHOBHbIX MHAMKATOPOB B Boae. C 3TOM Lenblo M3y4eHbl BOAOpPacTBO-
pyMble pH-3aBucvMble Monu (rekcameTuneH ryaHuaud rugpoxnopua), MM, n nonu (guatnamuH ryaHuauH
rmgpoxnopua), NAEN. B kayectBe MONeKynspHbIX 30HAOB NCMONb30BaH HAbOP aHNOHHBIX MHONKATOPHBLIX Kpacu-
Tenen, NPy aTOM KITOYeBbIM NapameTpoM SIBISIOTCS Tak HasblBaeMble KaXyLUMecs KOHCTaHTbl MoHu3aummn, K.
OneKTPOKMHETNYECKMIA NOTEHUMan 060MX KaTUOHHBLIX MAKPOMOJIEKYI B KMcron obnactn pH cylecTBeHHO Nomno-
XuTenbHbIn. Kak npaBuno, nccneqoBaHHbIE NMOMMANEKTPONUTLI OKasbiBalOT 3aMEeTHOE BIWSHME Ha CMeKTpbl No-
MOLLEHNS N MONOXEHNE KNCMOTHO-OCHOBHBIX PaBHOBECUW aHWMOHHbIX kpacuTenen npu pH < 7, ocobeHHO Bbipa-
XeHHoe B criyyqae MM, Oba ynomsiHyTbIX adpekTa HanoMMHAaKT TakoBble AN 9TUX Xe KpacuTernen B pacTBo-
pax kaTuoHHbIX MAB, HO MeHee BblpaxeHbl. KNCIOTHO-OCHOBHbLIE paBHOBECUSI UCCreaoBanuch rmaeHbIM 0bpa-
30M MpW COOTHOLIEHMM MOMMUINEKTPONUT : kpacutenb = 150 : 1, npu noHHon cune 0.05 M n 25 °C. CHuxeHne
3HaueHuns pK," (= —logK,"") npn nepexone ot Boapl k pacteopam MNIMIT Hanbonee 3HaunTeneH ans 6pomMkpe-
30M0BOro 3enéHoro (HB~ <= B? + H'): pKa ™ — pKa2" = —1.93. [lnst GpoMdEeHONOBOro CUHero, GpoMKpe3ormno-
BOro NyprnypHOro u cynbgodriyopecuenHa COOTBETCTBYIOLNIA COBUI MeHee BblpaxkeH. OBHapyKeHbl Takke HEKO-
TOpble crneunduyeckne B3aMMOAENCTBUS MeTuropaHxa u 6pomMdEHONOBOr0 CMHErO C MONMANEKTPONUTAMM.
Kpome Toro, 3aBucumocts pK,** oT norapmdma MOHHOM CUMbl NO3BOMSAET OLIEHWUTbL CTENEHb CBA3bIBAHUSA NPOTU-

BOVOHOB nonukaTmoHom: 8 = 0.4 0.1.
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Aqueous solution of poly (hexamethylene guanidine hydrochloride) and ...

KnroyeBble cnoBa: MoONMKaTWOH, MHONKATOPHBIA KpacuTernb, KaXyLlasacsi KOHCTaHTa MoHM3aumm, nonmm (rekca-
METUINEH ryaHuauH ruapoxnopug), nonu (QMatunamuH ryaHuavH ruapoxnopug), cynsgodnyopecuevH, MeTuno-
paHX, cynbdodTanenHso.

A.10. XapueHko*, M.O. Pomax*, K.B. AHoBat, M.M. Tepewykt, M.O. Muyegnos-IetpocsaH*. BogHi po34mHu noni
(rexcameTuneH ryaHigiH rigpoxnopuay) Ta noni (aMeTuneHamiHo-ryaHigiH rigpoxnopuay: AOCNIMKEHHS 3a Oomno-
MOFOK KUCITOTHO-OCHOBHUX iHOMKATOPIB.

* XapKiBCbkU HaLioHanbHUIA yHiBepcuTeT iMeHi B. H. KapasiHa, ximiyHuii pakynbteT, nn. Ceoboau, 4, Xapkis,
61022, YkpaiHa
T YKpaiHCbkuin aepxaBHUIA XiMiKO-TEXHOMNOTYHUIA yHIBEpCUTET, NnpocnekT MarapiHa, 8, [Hinpo, 49000, YkpaiHa

B uiit ctaTTi gocnigxeHo BMacTMBOCTI KaTiOHHUX MOMienekTponiTiB Sk 3acobiB kepyBaHHA NPOTOMNITUMHUMMU piB-
HOBaramm KMCINOTHO-OCHOBHUX iHAMKATOPIB Y BOAi. 3 L€ METO BMBYEHO BOLOPO34MHHI pH-3anexHi noni (rek-
cameTuneH ryaHigid rigpoxnopug), NMIEMI, Ta noni (gieTunamin ryadigin rigpoxnopua), NMAE. Ak monekynspHi
30HAM BUKOPUCTAHO Habip aHIOHHMX iHAMKATOPHUX GAPBHUKIB, NPUYOMY KIOYOBMM MapaMeTpoM € TaK 3BaHi YSBHI
KOHCTaHTU ioHisaLii, K,™*P. EneKkTpoKiHETUYHWI noTeHuian oBox MakpoMmonekyn B kucnii obnacti pH cyTTeso
NO3NTMBHUA. FK NpaBuno, AOCHIMAKEHI MONIeNeKTPoniTM MOMITHO BMNNMBAKOTbL Ha CMEKTPW MOMMMHAHHA Ta CTaH
KMCINOTHO-OCHOBHMX piBHOBar 6apeHukiB npy pH < 7, ocobnmeo B pasi NIMI. O6naea 3a3HadveHi edekTy Haraay-
IOTb Taki WO cnocTepiranucs Ans umx cammx 6apBHUKIB y po3unmHax KaTioHHUX MNAP, ane He HacTinNbKM BUPaXKeEHi.
KnucnoTHo-oCcHOBHI piBHOBarn gocnigxyBanucst 30ebinblioro npy ChiBBiAHOLWEHHI nonienekTponit : 6apBHUK =
150 : 1, npu ioHHin cuni 0,05 M i 25 °C. 3HuxeHHs1 aHaveHHa pK,™ (= —log K»*"") npu nepexopi Bin Boan [0 pos-
anHiB MMMI™ HaiGinbL 3HauHe Ans GPOMKPE30MoBoro 3eneHoro (HB™ == B? + H'): pKa ™ — pKa 2" = —1.93.
[Ons ©6pomdeHOonoBoro CMHLOro, GPOMKPE30NOBOr0 NyprnypHOro Ta cynbdodnyopecueiHa BiaNoBiAHWA 3cyB
MEHLL BUpPaXXeHWU. BuaBneHo Takox Aesiki cneundiyHi B3aeMogii MeTunopaHxy tTa 6pomMdgeHONoBOro CUHLOro 3
nonienektponitamu. KpiMm Toro, sanexHictb pK,™" Big norapudmy iOHHOT CUNM [O3BOMSE OUIHUTK CTYMiHb

3B’A3yBaHHA NPOTHIOHIB nonikaTioHom: 8 = 0.4+ 0.1.

KnrouoBi crnoBa: nonikaTioH, iHaMKaTopHWIA 6apBHKMK, YsIBHA KOHCTaHTA iOHi3auii, noni (rekcaMeTuneH ryaHignH
rigpoxnopua), noni (aueTuneHamiHo-ryaHigiH rigpoxnopuva), cynbdodnyopecueid, MeTunopaHx, cynsgodTanei-
HW.
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In this paper, the formation of colloidal species of fullerene C7 in organic solvents was studied. The ex-
amining of the UV-visible spectra was accompanied by particle size analysis using dynamic light scattering,
DLS. Stock solutions of C7o in non-polar toluene and n-hexane were diluted with polar solvents acetonitrile
and methanol. The appearance of colloidal species with a size within the range of ~50-500 nm is accompa-

nied by alterations of the absorption spectra.

In the toluene—acetonitrile and toluene—methanol binary mixed solvents at 25 °C, the absorption spectra
of Cro (5><1O"6 M) tend to retain the features of the spectrum in neat aromatic solvent even if the C7o mole-
cules are gathered into colloidal aggregates. Earlier such phenomenon was observed for Cgp in benzene—
acetonitrile and toluene—methanol solvent systems. This gives support to the idea of rather stable primary
solvate shells formed by aromatic molecules around the fullerene molecules. The behavior of Cy in toluene
mixtures with methanol was compared with the earlier reported results from this laboratory for the Ceo
fullerene in the same solvent system.

The study of n-hexane—methanol mixtures was performed at elevated temperature because of limited
miscibility of these solvents at 25 °C. Accordingly, the Cro—toluene—methanol system was also examined at
40 °C. A small but distinctly noticeable difference was revealed. Whereas in the case of the last-named sys-
tem, the absorption spectrum typical for molecular form of Cy is still observable when colloidal species are
already present in the solution, the turning-point between molecules and colloids as determined by both UV-
visible spectra and DLS coincides for the n-hexane—methanol binary mixed solvent. Hence, the solvation
shells formed by the aliphatic solvent around Cyg are less stable as compared with those formed by toluene.

Finally, the absorption spectra of Cyo in the mixed solvents toluene—n-hexane were analyzed. These data
give some support to the assumption of preferable solvation of the C7¢ molecules by the aromatic co-solvent.

Keywords: fullerene Cyo, toluene, n-hexane, acetonitrile, methanol, molecular solutions, organosol,
UV-visible absorption spectra, dynamic light scattering, particle size.

State of the Arts

Behavior of fullerenes Cy, and Cy, in solvents of different nature was a matter of numerous studies
during last decades [1-8]. In nonpolar solvents, these compounds probably exist in molecular form, es-
pecially if equilibrium methods are used for the preparation of the solutions [7-9]. Now it is of common
knowledge that addition of polar solvents results in formation of (nanosized) colloidal species.

Let us consider state of the arts. As early as 1993, Sun and Bunker revealed that the absorption and
emission spectra of Cy in toluene change dramatically at adding acetonitrile and ascribed this phe-
nomenon to fullerene aggregation [10]. This study was continued by the authors [11,12]. Next was a
detailed study by Ghosh et al. [13], who used dynamic light scattering, DLS, spectrophotometry,
steady state emission spectra, fluorescence polarization, and fluorescence lifetimes for C; in toluene—
acetonitrile solvent system and in other binary mixed solvents: benzene—acetonitrile (methanol, hex-
ane), benzonitrile—acetonitrile (hexane), and o-dichlorobenzene — acetonitrile.

Rudalevige et al. [14] confirmed the formation of Cg and C; aggregates in mixtures of benzene or
toluene with acetonitrile using static and dynamic light scattering, as well as photoluminescence.

Alargova et al. examined the behavior of Cg and C5 transferred to acetonitrile from different non-
polar solvents [15]. In all the above studies, fullerenes in acetonitrile form aggregates, or nanosized
colloidal particles.

A more detailed consideration of the problem is presented in a review paper [8]. Note that fullere-
nes readily form crystal solvates with many solvents in the solid state [4,8]. Some nitrogen-containing

© Marfunin N.A., Mchedlov-Petrossyan N.O., 2019
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solvents, e.g., N-methylpyrrolidine-2-one, exhibit specific interactions with fullerenes [16,17], and
such systems should be considered separately.

Naturally, when studying fullerenes in a mixed solvent it is important to estimate the critical com-
position (if any) of the transformation of molecular solution to a colloidal system. Nath et al. examined
mixtures of nonpolar solvents with polar ones via spectrophotometry and revealed that in the case of
Cso such a critical composition corresponds to the relative permittivity of ¢, >13 [18], whereas for C
this threshold corresponds to much higher polarity, ¢, ~ 27-31 [19].

A study in our laboratory showed that the critical composition depends on the fullerene concentration,
at least for the Cg—toluene—methanol system [20]. On going from 4 X 107 M to 4 x 10° M Cg, the
threshold changes from 67.5 to 55.0-57.5 vol. % CH;OH [20]. Basing on both DLS and spectropho-
tometry, some other regularity concerning the above system were also discussed in this paper [20]. In
another publication [21], the peculiarities of C¢ behavior in benzene—acetonitrile systems were reported.

Though fullerene solutions in such solvents as n-hexane should be considered as true ones, i.e., mo-
lecular, some examples of oversaturated solutions with Cg colloidal species about 200 nm have been
reported [22]. On the other hand, Ginzburg et al. [23-27] disclosed unusual properties of Cg and Cyq
in aromatic solvents (benzene, toluene, xylenes) using ebullioscopy, X-ray diffraction patterns, and
some other methods: the fullerene molecules are surrounded by shells of hundreds aromatic solvent
molecules. This allows considering such molecular solutions as a kind of periodic colloidal systems, or
colloidal crystals [10].

This paper is aimed to elucidate some features of C; solutions in mixed toluene- and n-hexane-
based solvent systems and to make some conclusions concerning the state of fullerenes in polar—
nonpolar binary mixed solvents.

Experimental

The C;9 sample (NeoTechProduct., 99 %+) was used as received. After storing a weight amount of
Cy in toluene or n-hexane about two weeks, the solution was filtered using the 0.22 um pore sized

PTFE filters. The solubility of C; in these two solvents is (1.27; 1.67; 1.8)X10_3 M and 1.5x10° M, re-
spectively [8]. In the case of toluene, the amount of C;y was substantially below the solubility limit, and
after filtration practically no substance was left on the filter. Thus, the concentration was calculated as-
suming complete dissolution. In the case of n-hexane, a marked quantity of the fullerene was collected
on the filter, and therefore in this case the concentration of the stock solution was determined using the
reported value of the molar absorptivity [28]. All solutions were stored in the dark. Toluene, n-hexane,
acetonitrile, and methanol were purified and dehydrated via standard procedures. The absorption spectra
were run using the Hitachi U-2000 spectrophotometer against solvent blanks. A Zetasizer Nano ZS appa-
ratus (Malvern Instruments) was used for analyzing the particle size distribution via DLS. Sun and Bun-
ker [11] demonstrated the dependence of spectroscopic results in the procedure of solution preparation in
the C;—toluene—CH;CN system. We used the following method. An aliquot of toluene was placed into a
flask, a polar component was added and the solution was mixed. In such way the solution was almost
made up to the mark. Then, a small volume of the stock solution of C;y was added and after mixing the
measurements were done. This procedure allowed avoiding the appearance of a broad and unstable in
time absorption band about 700 nm observed by Sun and Bunker [11]. In the case of the n-hexane—
methanol system, the C;y solution in n-hexane was mixed with the required volume of methanol; both
solutions were preliminary heated and all solvent parameters necessary for processing the DLS data were
used for 40 °C. Normally, the colloidal particles are formed just after preparation of the solutions, con-
trary to the case of toluene—N-methylpyrrolidine-2-one system [16], and as a rule were stable within
several h. The solvent composition was expressed as volume percent if not otherwise specified.

Results and Discussion

Toluene-acetonitrile system, 25 °C

As it was mentioned in the overview, this is currently the most studied system. Our results confirm
the published data. In Figure 1, the absorption spectra are presented. In pure toluene, the absorption
maxima are as follows: 4 =315;334; 365; 383; and 473 nm.
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Figure 1. Selected absorption spectra of C7o (5% 10°° M) in the toluene—acetonitrile solvent system at 25 °C.

A gradual decreasing in the intensity at 382 nm takes place along with the increase in the first
CH;CN fraction. Up to 50 % of toluene, positions of the maxima alter but slightly; a hypsochromic
shift of ca. 1-2 nm was observed. Further rise of the acetonitrile content cause dramatic changes of the
spectra, especially within the range of 500-600 nm (see the spectrum at 30 % toluene). The absorption
maxima became fuzzy, the integral intensity strongly increases. Such absorption is an evidence of
aggregation of fullerene molecules. Under such conditions, a contribution of light scattering cannot be
ruled out. Our spectral data resemble in outline those reported by others [10,13,19].

As a turning-point, the toluene content of 32.5 to 35 % should be considered. At 32.5 %, the A

values of C;p somewhat differ from those in pure toluene: 315; 333; 361; 380; and 470 nm, but some
features of molecular spectrum, e.g., the band with 2 around 380 nm, are still observed. In Figure 2

(left), the dependences of the absorbance at 470 nm and 600 nm on the solvent composition are de-
picted. Abrupt changes occur within the range of 30-36 % toluene. The Agy symbol means the ab-
sorption at 600 nm. Ha7 denotes the additional intensity of absorption after subtracting the “basic
line”. The latter is drawn from absorption at 540 nm to 425 nm in pure toluene.

In Figure 2 (right), the dependence of particle size is presented. It can be firmly stated that the ag-
gregation of the C;p molecules occurs at toluene content around 40 %. This corresponds to a decrease
in the fluorescence quantum yield and integral absorption intensity [11]. Hence, the absorption spec-
trum retains the main features that are typical for the molecular fullerene, while the particle size is
over 200 nm. As a plausible reason, we may assume that the fullerene molecules hold their initial
aromatic solvation shell even when colloidal species are formed. At higher content of acetonitrile, the
C;Hg molecules are probably replaced by CH3;CN. As an alternative explanation, the presence of single
molecules solvated with toluene may be assumed. Than their absence in the DLS picture should be
explained by overlapping their signal by strong scattering of colloidal species. Sun and Bunker, how-
ever, consider such assumption as improbable basing on the fluorescence and fluorescence excitation
spectra [11].
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Figure 2. Alterations of the electronic absorption spectra of Cy (left; optical path length

1.00 cm) and the particle size distribution (by intensity, right) in toluene—acetonitrile solvent system, fullerene
concentration 5x10°° M; 25 °C. The size at 37.5 % toluene increases over time.
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Particle size distribution is typified in Figure 3. The results for 30 % toluene agree with those pub-
lished by Ghosh et al. for 6x107° M Coq; see Fig. 4C in ref. [13]. Note, that in acetonitrile-reach mixed
solvents, the size of colloidal species is substantially smaller as compared with those just after the
turning-point (Figure 2, right and Figure 3), like in the Cgp—toluene—methanol system [20].
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Figure 3. Examples of particle size distribution (by intensity) C7 (5%10°° M) in the toluene—acetonitrile solvent
system at 25 °C.

In the previous studies on Cg in this laboratory, similar regularities were observed. In a benzene—
acetonitrile mixed solvent, the absorption band with 2 =335 nm at 50 % benzene is close to that in

pure benzene (only the intensity drops by ca. 20 %), while the colloidal species with the size of
100-200 nm are registered via DLS; the data refer to Cg concentration of 4x10° M [29]. The data
obtained for Cg in the toluene—methanol system are of the same type [20]. In 50 % toluene solution,
the band maximum, 336 nm, is the same as in toluene, whereas the intensity is ca. 18 % lower than in
the entire aromatic solvent, though large colloidal species are already present in the solution (fullerene
concentration 6.8x10° M; 25 °C). Even at 30 % toluene, a band with the same A, 18 Observed,

though of much lower intensity [20].

Nath et al. established the threshold content of the polar solvent where the aggregation begins by
examining the absorption spectra of Cg within the range of 450-650 nm [18, 19]. As it was already
stated in the pioneering work by Sun and Bunker for C;, in toluene—acetonitrile mixed solvent [10]
and confirmed by us for Cy in toluene—methanol system [20], such threshold depends to some extent
on the fullerene concentration. Though Sun and Bunker preferred to use for the aggregates under dis-
cussion the term “cluster” and expected the Cy, solution at 70 % acetonitrile quite different from a
conventional colloidal solution [10], both results reported by Ghosh [13] and our data (Figure 2, right)
indicate the presence of colloidal species at the corresponding concentrations of the fullerene.” The
lower the fullerene concentration is, the higher content of a polar solvent is necessary to reach the
aggregation. This is quite understandable because of poor solubility of fullerenes in polar solvent.

More interesting is another observation made by Sun and Bunker: under conditions of extreme di-
lution, down to 8x10°° M, the absorption spectrum in 70 % CH3CN is close to the spectrum in neat
toluene. In this connection, Sun and Bunker stated “The result indicates that the formation of the new
species involves more than one C;, molecule” [10]. As these authors have not used the DLS method,
we made the corresponding measurements. Even at somewhat higher C5, concentration of 1.2x1077 M,
only species of about 1 nm (like shown in Figure 3) were found in 70 % acetonitrile.

Concluding, at least the first stages of the fullerene aggregation occur in the systems under study
with retaining some part of the primary aromatic shell as follows from matching the UV-vis and DLS
data. Also, the lower the toluene content is, the smaller is the size of the colloidal species. In
extreemely diluted C;y, the aggregates are undetectable via the DLS method even in 70 % of
acetonitrile.

" The coagulation of such aggregates by electrolytes [29] additionally confirms their typically colloidal nature.
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Toluene-methanol system, 25 °C

Now let us compare the above data with those previously reported for Cg in the same solvent sys-
tem [20]. In the last-named study, a DLS investigation of Cg within the whole range of toluene—
methanol binary mixed solvent was performed at three concentrations of the fullerene, 4x 107, 4x10°°,
and 4x10° M. In brief, the conclusions are as follows:

(i) At 4x1077 M Cq the aggregates appear at 67.5 vol % methanol, whereas in 4x10™ M solution, it
already occur at 55.0-57.5 vol % of alcohol. Similar tendency was observed for C; in the toluene—
acetonitrile system by Sun and Bunker [11].

(i1) Normally, the higher the fullerene concentration is, the larger are the aggregates at the same
composition of the mixed solvent. For Cy in toluene—acetonitrile system, similar tendency was re-
ported by Ghosh et al., see ref. [13], Fig. 4B,C.

(iii) The dependence of the size of the aggregates on the methanol content is in line with the Vol-
mer’s rule [30]: the less soluble is the compound in the given solvent, the smaller particles are formed.
For example, at 4x107 M Cqgp in 99; 95; and 70 vol. % methanol, the particle size is around 200;
260-320; and 470-500 nm, respectively. The polydispersity index, PDI, increases in the same direc-
tion. As an alternative (or additional) explanation, the participation of toluene in the aggregates may
be proposed. Because fullerenes readily form solvates containing hundreds of toluene molecules [27],
they may aggregate not as “bare” Cqy molecules, but rather as solvates, at least at high toluene content
in the mixed solvent.

(iv) The results obtained at Cgy concentration of 4x107° M are closer rather to those for 4x107 M
Céo, than for 4x107 M.

Note, that at 6.8x10° M Cg a band at 336 nm, typical for the monomeric species, was observed
not only at 70 %, but even at 80 % of methanol, where the 300 nm-sized colloidal species predomi-
nate.

Going back to the solutions of C;o examined in the present study, we can argue that the picture is
quite similar. Even at 35 % of toluene, the spectrum is similar to that in pure toluene except intensity
increase at wavelength over 400 nm (Figure 4).
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Figure 4. Selected absorption spectra of Cyo (5%10°° M) in the toluene—methanol solvent system at 25 °C, nor-
malized at absorption at 382 nm.

At the same time, at such composition of the solvent colloidal species already appear (Figure 5,
fullerene concentration 5x10° M). As in the previous case, the size of the colloidal particles rises
(here: up to 480 nm) and then decreases along with decrease in the content of toluene.

The peculiarity of this system consists in the appearance of small amounts of 100200 nm-sized
particles even at 40, 50, 60 % toluene, however, only in the distribution by intensity. They are absent
in other types of distributions, but they are observed repeatedly and their percentage in the above
mixed solvents is 15, 11, and 3%, respectively. In the Cgi—toluene—methanol system, small amounts of
such particles were observed even at 5 % of methanol [20].

Further increase in the methanol fraction results in formation of colloidal species, which are ob-
servable also in distributions by volume and particle number.
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Figure 5. Alterations of the particle size distribution (by intensity) in toluene—methanol and n-hexane-methanol
solvent systems; 25 °C.

Toluene-methanol system, 40 °C

The reason for studying this system at an enhanced temperature was further comparing with the
n-hexane—methanol system, which tends to stratify below 40 °C [31]. The spectra are presented in
Figure 6, particle sizes are given above in Figure 5.
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Figure 6. Selected absorption spectra of Co (5% 10°° M) in the toluene—methanol solvent system at 40 °C, nor-

malized at absorption at 382 nm.
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Figure 7. The particle size distribution by intensity, volume, and number for C;y (5% 10°¢ M) in the toluene—
methanol binary solvent, 10 vol. % of toluene at 25 °C.

The morphology of the absorption curve retains in outline down to 42.6 % toluene, despite some

intensity decrease in the short wavelength portion. Along with further decrease in the content of tolu-
ene, a flattering of the spectral curve and substantial rise of the integral absorption takes place. The
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peak about 380 nm is observable even at 30 % toluene. This band undergoes a slight hypsochromic
3-4 nm shift as compared with the band in entire toluene.

In the DLS patterns, the turning-point corresponds to 40 % toluene (Figure 5). Again,
as at 25 °C, at 45 and 50 % toluene, 25—75 nm-sized particles were observed only in the distribution by
intensity (35 and 20 %, respectively). The particles size in the undoubtedly colloidal region is maximal
at 30 % toluene, and then decreases (Figure 5). Normally, at the elevated temperature the colloidal
species are smaller than at 25 °C, whereas other regularities typical for fullerenes in toluene(or ben-
zene)—polar solvent mixed solvents are fulfilled.

In Figure 7, the particle size distributions of C;, at 25 and 40 °C are exemplified for toluene content
of 10 %. In these conditions we are talking about typical organosols.

n-Hexane—-methanol system, 40 °C
The absorption spectra are presented in Figure 8, and the alterations of size are already given in
Figure 5.
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0,37 20
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09, 41,6
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1 n
130" - 62,5
0,057 =75
0- .. — 100
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Figure 8. Absorption spectra of Cy in the n-hexane—methanol solvent system at 40 °C, normalized at absorption
at 377 nm.

In this system, the n-hexane was introduced in form of a portion of the stock fullerene solution.
Therefore, the concentration of C; in the working solutions was inconstant. For example, at n-hexane
content of 100; 66.7; 50; 25; 15; and 10 %, the C;, concentrations in the working solutions were (10.0;
6.67;5.0;2.5; 1.5; and 1.0) X 10°° M.

In Figure 5 it is clearly seen that the turning-point is at 40 % n-hexane. At 55-45 % n-hexane some
50-100 nm-sized particles are observed only by intensity, but rather distinct (30—60%) and repeatable.
At the content of the hydrocarbon < 40%, big particles are fixed in all types of distribution. Here, a
decrease in size at high concentrations of methanol is also evident, as in the toluene-containing sys-
tems (Figure 5). However, it should be taken into account that the fullerene concentration is very low
in this range.

The character of the electronic absorption spectra at 42.4—41.6 % of C¢H4 retains the features of
that in entire n-hexane, though some alterations in the long wavelength portion are evident (Figure 8).
At 40 % n-hexane, the spectrum changes cardinally.

Hence, whereas in the case of the last-named system, the absorption spectrum typical for molecular
form of Cy is still observable when colloidal species are already present in the solution, the turning-
point between molecules and colloids as determined by both UV-visible spectra and DLS coincides for
the n-hexane—methanol binary mixed solvent. Hence, the solvation shells formed by the aliphatic sol-
vent around Cy are less stable as compared with those formed by toluene.

Toluene—n-hexane system, 25 °C

Finally, the absorption spectra of C;, in toluene—n-hexane system were studied. Normalized
UV-visible spectra are presented in Figure 9. In this special case, the procedure was as follows. Two
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volumes of solvents were mixed, e.g. 75 vol.% n-hexane means that 7.5 mL of this solvent (containing
C0) were mixed with 2.5 mL of toluene, etc.

0,25‘: s (PHex, O/UV
; f\ — 100
012 __/ A £ - 75
A — 50
<0,15
0,11 ' /x
0,05

A A A A AL A LA L L L L L L L RN
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A, nm
Figure 9. Selected normalized absorption spectra of Cy, in the toluene—n-hexane solvent system; fullerene con-
centrations: (10.0; 7.5; 5.0; 2.5; and 57,5) X 10° M, respectively.

Though both co-solvents belong to nonpolar ones, these spectral data allow to shed some light upon
the solvation character. The gradual bathochromic shift on going from n-hexane to toluene and the
absence of an isosbestic point allows expecting that the replacement of aliphatic molecules by aro-
matic ones occurs little by little. The shifts are relatively small. Indeed, Ghosh et al. mentioned that the
color of Cy in benzene—n-hexane solutions does not display color change [13].

In the system of interest, the shifts from 376.5 to 382.0 and from 358.1 to 364.5 nm equal to 5.5
and 6.4 nm, respectively (Table 1). But even this modest solvatochromic effect discloses a tendency to

preferred solvation of C;o molecules by toluene. Indeed, the average values of A4 are 379.3 and

361.3 nm, respectively. In both vol % and molar fraction scales, these values correspond to somewhat
lower content of toluene. The same conclusion can be made using wave numbers instead of wave-
lengths. Thus, despite the proximity of the absorption peaks in both solvent, an evidence of better sol-
vation by toluene molecules is obtained.

Table 1. Positions of two characteristic absorption maxima in the C;y UV-spectra in the toluene-n-hexane
system, 25 °C

Toluene, volume % Toluene, molar fraction Absorption maxima, nm
100 1.00 382.0 364.5
75 0.787 381.0 363.3
50 0.552 380.0 362.0
37 0.420 379.5 361.5
25 0.291 379.2 362.8
17 0.201 379.0 361.0
10 0.120 378.0 3594

5 0.061 377.0 358.6
0 0 376.5 358.1
Conclusions

1. Formation of colloidal species of C;, in toluene—acetonitrile, toluene—methanol, and
n-hexane—methanol binary solvent mixtures is detected by both UV-visible spectroscopy and
dynamic light scattering methods. In all the examined systems, some turning-point from mo-
lecular solution to organosol can be fixed by both methods.

2. Whereas for the n-hexane-methanol system at 40 °C the turning point as estimated by
UV-visible spectra and DLS measurements agree, in the toluene—acetonitrile (at 25 °C) and in
toluene—methanol systems (at 25 and 40 °C) the absorption spectra retain some distinct fea-
tures of molecular absorption even when colloidal aggregates are firmly detected in the solu-
tion. This agrees with our previous data for Cg in benzene—acetonitrile and toluene—methanol
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

solvent systems. It may be explained by high affinity of aromatic molecules to the fullerenes:
some Cyg (and Cgp) molecules form aggregates keeping their aromatic solvation shells.

UV spectra of Cy in the toluene-n-hexane binary mixtures confirm a better expressed affinity
of toluene to the all-carbon molecule. Better solvation of C;, with the aromatic toluene as
compared with the aliphatic n-hexane is in line with the solubility of the fullerene in these two
solvents, 1.6x107 and 1.5%10~ M, respectively.

Organosols of C;y obey some rules, like previously observed for Cg in similar systems. High
content of the polar solvent, high temperature, and low fullerene concentration favor forma-
tion of smaller colloidal particles.
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Haoicnarno 0o peoaxyii’ 25 acosmus 2019 p.

H.A. MapdyHuH, H.O. Myeanos-IMetpocsiH. MoBeaeHne dynnepeHa Czo B GMHAPHBIX CMECSIX OpraHU4ecKkmnx
pacTBopuTenew, uccrnegoBaHHOE Npu MOMOLLM 3NEKTPOHHON CMEKTPOCKOMMU U AUHAMUYECKOro paccesHus ceeTa.

XapbKOBCKMI HaUMOHarnbHLIN yHuBepcuTeT umeHn B.H. KapasunHa, xumunyeckuii cdakynbteT, nn. Ceoboabl, 4,
XapbkoB, 61022, YkpanHa

B naHHoW paboTe GblNo M3y4eHO (hopMUPOBaHME KOMMouAHbIX YacTuy, dynnepeHa Crzo B opraHMYeckux pac-
TBOpUTENSIX. ViccnenoBaHne aneKTPOHHbIX CNEKTPOB MOMMOLLEHMST CONPOBOXAANOCH aHanM3om pasmepa 4Yactuy,
npu nomowy auHamumyeckoro paccesHus cseta, [JPC. WcxogHele pactBopbl Czo B HEMONAPHLIX Tonyorne u
H-rekcaHe pa36aBn$|nv| nonapHbIMKU pacTBoputTenaMn aueToHUTpUIoM U MeTaHOsNoM. MosiBneHue KonnoumaHbiX
yacTuy ¢ pasmepamu B gnanasoHe ~50-500 HM conpoBOX4aeTcs U3MEHEHUEM CNEKTPOB nornoLleHns. B 6GuHap-

HbIX CMELIaHHbLIX PACTBOPUTENSX TOSYONI—aueTOHUTPUIT U Tonyon—meTaHos npu 25 °C cnekTpel nornoteHns Cro
(5x10™° M) NposIBRSIOT TEHAEHLMIO COXPaHSTh OCOBEHHOCTI CMIEKTPa B YNCTOM apoMaTUYecKoM pacTBopUTere,
Aaxe ecnu monekynbl Czo NPUCYTCTBYIOT ke TOMbKO B arperatax. PaHee Takoe sBneHvne Habnoganock Ansa Ceo
B cucTemax pacTtBopuTenein 6eH30n—aueToHUTPUn u Tonyon—meTaHon. 3To nNoaTBepXaaeT npeanonoXeHne o
Hannuynm cTabunbHbIX NePBUYHBIX COMbBATHBLIX 06004ek, 06pa3oBaHHbLIX apOMaTUYECKUMM MOFEKYNnamMm BOKpPYr
mornekyn dynnepenra. Nosegerne Czo B CMeCsX TONyona ¢ METaHOMOM COMOCTaBiIeHO C paHee OnyGnMKoBaHHbI-
MW pesynbTaTamu aTo nabopatopuu ansa dynnepeHa Ceo B TOM Xe cucTeMe pacTBopuTenen.

WccnepgoBaHne cmecelt H-rekcaH—MeTaHon NpoBOAMIOCH MPY MOBbLILLEHHON TeMnepaType U3-3a OrpaHNYeHHO
CMeLLMBaeMoCTH aTUX pacteoputenei npu 25 °C. CooTBETCTBEHHO, cucTema Cro—TONyon—mMeTaHos Bbina Takke
nccnegosaHa npu Temnepatype 40 °C. Bbino obHapyxeHo Heborblloe, HO OTHETNMBO 3aMeTHOe pasnunyve B
CBOMCTBax 3TWUX ABYX CUCTEM. B TO Bpems kak BO BTOPOM Criyyae TUMWUYHBLIA And MonekynspHou dopmbl Cro
CNeKTp NOrnoLweHns Bce elle HabniogaeTcs, korga KonmnongHble YacTulbl Yxke NpUCYTCTBYIOT B pacTBoOpe, ToYKa
nepexoda Mexgy MorfieKkynamu u arperatamy cosnagaet Ans GMHapHOro cMellaHHOro pacTBOPUTENS H-reKcaH—
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MEeTaHOIN Kak Mo AaHHbIM KaK 3NeKTPOHHOM cnekTpockonuu, Tak u JPC. CnepoBatenbHO, conbBaTHbIE 060M0YKM,
obpa3soBaHHble anudaTnyecknm pacteoputenem Bokpyr Cro, MeHee cTaburnbHbl MO CpaBHEHUIO C 0DOnoYKamu,
06pa3oBaHHbLIMU TOMYOSIOM.

HakoHeL, Obiny npoaHanuanpoBaHbl CriekTpbl cBeTonornowennss Czo B CMELIAHHOM pacTBOpUTENE TONyOor—
H-TekcaH. OTu AaHHble roBOpAT B NOMb3y NpeanovTUTENbHOM conbBaTauum monekyn Czo apoMaTUyYecknM KOMMo-
HEHTOM GUHApPHOro pacTBOpPUTENS.

KnioueBble cnoBa: gynnepeH Crzo, TONYoI, H-rekcaH, aueToOHUTPUI, MeTaHor, MOMEKyNsipHbIe pacTBOPLI, Op-
raHo301M, 3NEKTPOHHbIE CMEKTPbI NOTMOLLEHUs, AMHAMUYEeCKoe paccesHue CBeTa, pasmMep Yactul,.

M.O. MapdyHiH, M.O. Myegnos-leTtpocsH. MosediHka dynnepeHy Cro y GiHapHMX Cymiliax opraHiyHMX pos-
YMHHUKIB, BUBYEHA 33 JOMOMOTO €NEKTPOHHOT CNEKTPOCKOMii Ta AnHaMiYHOTO PO3CisiHHSA CBITNA.

XapkiBcbKkuiA HauioHanbHWI yHiBepcuTeT iMeHi B. H. Kapasina, ximiyHnin dakyneTeT, nn. CBoboawn, 4, Xapkis,
61022, YkpaiHa

Y paHii poboTi 6yno BuB4YeHe (HOpMyBaHHSI KOMOIAHMX YacTUHOK doynnepeHy Crzo B opraHiyHUX pO3YMHHUKAX.
BuBYEHHS eneKTPOHHMX CNeKkTpiB MOrMMHaHHA CYNPOBOKYBANoOCs aHanisaoM po3mipy YacTMHOK 3a AOMOMOro
AnHamiyHoro posciaHHsa ceitna, OPC. BuxigHi po3unHn Cro y HENONAPHUX TOMNYOri Ta H-rekcaHi po3BoAMnu nons-
PHUMU PO3YMHHMKaAMW auUeTOHITPUIIOM Ta MeTaHonom. [losiBa KOMOigHMX 4YacToK 3 po3MipaMu y [ianasoHi
~50-500 HM CynpOBOMKYETLCA 3MIHOK CMEKTPIB MOrMUHAHHA. Y OiHapHMX 3MillaHWX PO3YMHHUKAX TONyor—
aLETOHITPUN Ta ToMon—MeTaHon npu 25 °C cnekTpu nornuHaHHst Cro (5%107° M) MatoTh TeHaeHLilo 36epiratn
0CcOBNMBOCTI CNEKTPY Y YUCTOMY apOMaTU4HOMY PO3YMHHUKY, HaBiTb sIKLWO Monekynu Cro HasiBHI nuwe y dopmi
arperariB. PaHiwe Take siBuwe cnoctepiranock ans Cep Yy cUCTEMAX PO3YMHHUMKIB OEH30N—aLeToHITpun i Tonyon—
mMeTaHon. Lle nigTBepaxye igeto WoAo iCHyBaHHS CTabinbHMX MEPBUHHMX CONbBATHUX OOOSMOHOK, YTBOPEHMX
apoMaTW4YHMMKU MOreKynamMu HaBkomno Mornekyn dynnepeny. MNosegiHka Cro y Cymiliax TOMyony 3 MeTaHOnom
nopiBHIOBanac 3 paiwe onybnikoBaHnmmn pesynbtatamu Uiei nabopatopii ansa dynnepeHy Cego Y Till e cuctemi
PO3YNHHUKIB.

BuBYEHHS cyMillel H-rekcaH—MeTaHoN NPoBOAUIIOCS NPpY NiABULLEHI TemnepaTypi Yepe3 oOMexeHy 3MillyBa-
HiCTb UMX po3unHHuKiB npu 25 °C. BignosigHo, cuctema Cro—Tonyon—-meTaHon Takox Oyna gocnigxeHa npwu
40 °C. byno BusiIBNeHO HeBeNuKy, ane MOMITHY pi3HMLI0. B TOM Yyac Ak y BMNagKy oCTaHHbOI CUCTEMU TUMOBUMN
ans monekynsapHoi popmmn C7o CNekTp NOrfMHaHHSA BCe LLe CrnocTepiracTbCsl, KOMM KOMNOiAHI YaCTUHKM BXe NpuUcy-
THi Y PO34MHi, TOYKa Nepexoay MixX Monekynamu Ta arperatamu cnisnagae ans 6iHapHoOro 3millaHoro po3YnHHMKa
H-reKCaH—MeTaHomN 3a AaHuMMU K eNneKTPOHHOI cnekTpockonii, Tak i APC. TakuM 4MHOM, conbBaTHi 0GONOHKMU,
YTBOPEHi anihaTMYHUM pO3YMHHUKOM HaBKofo Czq, € MeHLU CTabiNbHMMK Y NOPIBHSAHHI 3 0O0MOHKaMK, WO YTBO-
PEHi TONyonoM.

BpewwTi 6yno npoaHanizoBaHo cnekTpu ceiTnonornuHaHHa Crzo y 3MillaHOMY PO3YMHHUKY Toryon—H-rekcaH. Lli
[aHi cBigyaTb Ha KOPUCTb NepeBaxHoi conbBaTaLii Monekyn Czp apoMaTU4YHUM KOMMOHEHTOM GiHapHOro po34mH-
HuKa.

KnrouoBi cnoBa: dynnepeH Czo, TONYOn, H-rekcaH, aueTOHITPUI, MeTaHor, MONEKYNsipHi pO34nHU, OpraHo3o-
Ni, eNeKTPOHHI CNeKTpWU, AUHaMIYHEe PO3CiHHSA CBITNa, PO3Mip YaCTUHOK.

Kharkiv University Bulletin. Chemical Series. Issue 33 (56), 2019
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ETUYHI HOPMM MYBJIIKALII HAYKOBUX PE3VJBTATIB TA iX MOPYIIEHHA.
Penakuilina xoserisi poOUTh BCe MOXKIIMBE U JOTPUMAHHS €TUYHUX HOPM, NPUHHATHX MIKHApOA-
HUM HAayKOBUM TOBAapHCTBOM, i IJIsl 3am00iranHst OyAb-sSKMX MOPYLICHb IUX HOpM. Taka MojiTHKa €
BKJIMBOIO YMOBOIO TUTITHOI y9acTi KypHaJIy B PO3BHTKY IITICHOI CHCTEMH 3HaHb B Taiys3i XiMii Ta
CYMDKHHUX Taly3sX. [isUIbHICTh pENaKIHOT KOJIerii 3HAaYHOK MIpOK0 CIHPAEThCS Ha PEKOMEHIAIT
Kowmirery 3 etnkn HaykoBux myOmikaitiid (Committee of Publication Ethics), a Takoxx Ha 1iHHUN H0-
CBil MDDKHAPOJHUX JKypHAaJiB Ta BUIABHUUTB. [logaHHs cTaTTi Ha po3risia 03HAaYae, 0 BOHA MICTUTh
OTpYMaHi aBTOpPaMH HOBI HETPHBIaIbHI HAYKOBI PE3yNIBTATH, SKI paHimie He Oynu omyoiikoBani. Ko-
KHY CTaTTIO PELEH3YIOTh IIOHAHMEHIIIE JIBa €KCIIEPTH, SIKi MalOTh yCi MOKIMBOCTI BUIbHO BUCIIOBHTH
MOTHBOBaHI KPUTHYHI 3ayBa)KCHHS LIOA0 PIBHS Ta SICHOCTI MPEACTABICHHS MaTepiany, Horo BigmoBi-
JTHOCTI MO0 )KypHATY, HOBU3HHU Ta JOCTOBIPHOCTI pe3ynbTaTiB. PekomeHnaltii peneH3eHTiB € oc-
HOBOIO JIs TPUMHATTS OCTATOYHOIO PIlIEHHS IIOIO0 MyOJTiKaiii cTaTTi. SIKIIO CTaTTIO NPUHHATO, BOHA
PO3MIITYEThCS Y BIAKPUTOMY IOCTYIIi; aBTOPCHKI IpaBa 30epiraroThCs 3a aBTOpPAMH. 3a HAsSBHOCTI
Oyab-sikux KOH(QIIKTIB iHTepeciB ((hiHAHCOBHX, aKaJeMiYHHX, NEPCOHATBHUX Ta 1HIIHMX), YYaCHUKH
TPOLECY PELCH3YBAHHS MAiOTh CITOBICTUTH PEHAKIIHHY KOJETiio mpo Ie. Bei muTaHHs, OB’ s3aHi 3
MOXIIMBUM IU1ariaromM abo QanbCuikalliero pesyibTaTiB PeTeNbHO OOrOBOPIOIOTECS PENAKIIHHO
KOJICTI€I0, PIBHO SIK CIIOPH 100 aBTOPCTBA Ta JOLUIBHICTE PO3APOOICHHS Pe3y IbTaTiB Ha HeBEIIMYKi
CTaTTi. I[OBez[eHl iariat uu anbcudikaris pe3yabTaTiB € MiACTaBaMH Ul 0€3yMOBHOTO BiAXHUJICHHS
CTaTTi.

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

STUYECKUE HOPMBbI INYBJIUKAIIUU HAYYHBIX PE3YJIIBTATOB U UX HAPY-
HIEHUS. PenakiimonHasi KOJUIETHS IeTA€T BCE BO3MOXKHOE JIJISl COONTFOICHUS STHIECKUX HOPM, TIPH-
HATBIX MEKIYHAPOIHBIM HAYYHBIM COOOIIECTBOM, W JJISl TIPEAOTBPAIEHUS JIIOOBIX HAPYIICHUH ITHX
HOpM. Takasi moMMTHKA ABIAETCS HEOOXOAMMBIM YCIOBHEM TUIOAOTBOPHOTO yYaCTHs KypHaIa B pas-
BHUTHH TIEJIOCTHOW CHUCTEMBI 3HAHUHA B OOJACTH XMMHH W CMEXHBIX 00NacTsAX. JTa AEITEIHHOCTH pe-
JAKITUOHHOM KOJUISTMH OIHPACTCs, B YaCTHOCTU, Ha peKOMEHIanuu KoMuTeTa 1Mo 3THKE HAyYHBIX
myosmkarii (Committee of Publication Ethics), a Takyke Ha IIEHHBIH OMBIT aBTOPUTETHBIX MEXTyHa-
POIIHBIX )KYPHAIOB U U3AaTelbCcTB. [IpencTaBienne cTaTb Ha pACCMOTPEHUE TIOJPa3yMEBaeT, YTO OHA
COACPIKUT MOJYUCHHBIC aBTOpaMU HOBBIC HETPHUBUAJIBHBIC HAYUHBIC PC3YJIbTAaThl, KOTOPBLIC paHCC HU-
r7ie He myOanKoBamuch. Kaxayro cTaThio peleH3upyrT MHHIMYM JIBa SKCIIEPTa, KOTOPBIE UMEIOT BCE
BO3MO>XKHOCTH CBO6OI[HO BbICKa3aTb MOTUBUPOBAHHBIC KPUTUYCCKUE 3aMCYaHUA OTHOCUTCIILHO YpPOB-
HS U SCHOCTH HM3IIOKEHUS MPE/ICTABIEHHOTO MaTepHala, ero COOTBETCTBHUS MPO(UIII0 KypHaa, HO-
BH3HBI U JIOCTOBEPHOCTHU PE3yJITATOB. PeKOMEHIaMY PEIICH3CHTOB SBIISIOTCS OCHOBAHUEM JUIS TIPH-
HATHUS OKOHYATEIIFHOTO peleHust 0 myOnukanmu ctatbu. CTaThs, B CIydae IPUHATHS K OMyOJIMKOBa-
HUIO, Pa3MEIIACTCS B OTKPBHITOM JIOCTYIIC; aBTOPCKHE MpaBa COXPaHIIOTCs 3a aBTopamu. [Ipu Hanmuum
KaKAX-THO00 KOH(IMKTOB HHTEPECOB ((PMHAHCOBBIX, aKaIEMUUIECKUX, JTMYHBIX U T.J.) YIACTHUKH TIPO-
1ecca pereH3upoBaHus JOJDKHBI COOOIIUTE 00 3TOM penkosuerud. JIroObie criopHbIe BOIPOCHI, CBSI-
3aHHBIC C BO3MOXKHBIM IIJIaruaToM HIIN q)anbcmbmcaunef/i PE3YIbTAaTOB, BHUMATCIILHO pacCMaTpuBa-
I0TCS PEJaKIMOHHON KOJUIeTHEeH, paBHO KakK CIOPBI 00 aBTOPCTBE M IEJIECOO0Pa3HOCTh IPOOIICHUS
pe3yJIbTaTOB Ha HEOONBIIUE CTaTh. B ciiyyae MOATBEpKIACHUS Tularuara wWid (pambcudukaiiu pe-
3yJBTATOB CTAThsI OE30TOBOPOTHO OTKIOHSIETCS.
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THOOPMALISA JJI51 ABTOPIB. XKypnan my0rikye cTaTTi pociiChKOI0, aHTITIICHKOI0 Ta YKpai-
HCBbKOI0 MoBaMmH. Jlo myOmikamii npuiMaroThCs: OTJIsAN (38 MOTOKEHHSM 3 PEAKOJIETI€0); OpHUriHa-
JIbHI CTaTTi, 00CsT 6-10 )XypHaTBbHUX CTOPIHOK; KOPOTKI MOBIAOMIIEHHS, 00CST 10 3 KypHaJIbHUX CTO-
piHok. KpiM 3BHUaifHOTO CHHMCKY JiTepaTypH, B CTATTi OOOB'I3KOBO MOBHHEH OYTH APYTHH CIIHCOK, BCi
MMOCHJIAHHS SKOTO JaHi JlaTnHUIeto. [IpaBuia miaroToBKH MbOTO CIUCKY HaBeAeHi B po3aim «TpaHc-
JiTepalish» Ha caiti xypHarty. OOuaBa CIIMCKH ITOBUHHI OyTH MOBHICTIO ieHTHYHI. [Ipu penieHsyBan-
Hi cTaTell OAWH 3 KPUTEPIiB - HAsIBHICTh MOCHJIAHb Ha MyOJiKalii ocTaHHIX pokiB. CTaTTs 000B'SI3KOBO
MMOBHHHA MICTUTH PE3IOME POCIHCHKOI0, YKPATHCHKOIO Ta aHTIIHCHKOI0 MOBaMH. Y BCIX TPHOX HE00-
XiIHO BKa3aTH Ha3By CTaTTi, NPI3BHIIA aBTOPIB 1 KIIOYOBi cioBa. OpieHTOBHHHA 00CAT pe3roMe -
1800 3HakiB (0e3 ypaxyBaHHS 3arojOBKY 1 KJIIOYOBMX ciiB). Pemakmis npuiimae enxekrponHuii (MS
Word) i nBa po3apykoBaHHX (I XapKiB'sH) TEKCTy pyKomucy. Anpecy BkasaHi B po3aui «KoHTak-
TH» Ha CalTi XxypHay. CypOBiIHHIA JIUCT IO CTATTi, BUMPABICHOI BiIMOBIAHO 10 3ayBaXKCHb PEIICH-
3€HTa, MOBMHEH MICTHTH BiJNOBiAlI Ha BCi 3ayBaxkeHHs. [logaeTbes eNeKTPOHHUM 1 OJUH pO3APYyKOBa-
HUH (JUTs XapKiB'sH) BapiaHT. PykomnucH, siKi MPORTILTN pelieH3yBaHHs, MPUHHATI 10 myOumikarii i odo-
pPMJICHI BiITOBITHO J0 TPAaBHJI IJIS aBTOPIB, MpHuitMaioThes y dopmari doc (He docx) eleKTpOHHOIO
nomtoro (chembull@karazin.ua). Po3npykoBanuii BapianT He mnotrpiOeH. [JloxnmanHima iHpopmarris
po3MmilieHa Ha caiTi )kypHay http://chembull.univer.kharkov.ua.

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

NHOOPMAIMA JISA ABTOPOB. XKXypHan myOnukyeT cTaTbil Ha pyCCKOM, aHTJIHHCKOM U yK-
panHCKOM s3bIkax. K myOnmkanuy npuHUMAIOTCs: 0030pbI (110 COrJIaCOBAHMIO C PEIKOJIIIETHEN); OpH-
TUHAIBHBIC CTAaThH, 00BeM 6-10 >XypHAIBHBIX CTPAHHI];, KpaTKUE COOOIICHH, 00heM 10 3 JKypHAIb-
HBIX cTpaHul. [ToMHMO OOGBIYHOTO CIIHMCKA JIUTEPATYPhI, B CTaThe 0053aTENbHO JOHKEH ObITh BTOPOI
CIHCOK, BCE CCBUIKM KOTOPOTO JAaHbl JaTHHHLEH. [IpaBuia moaroToBKU 3TOTO CIIMCKA NMPHUBEICHBI B
paznene «TpaHciourepanus» Ha caiite xypHana. O0a cMcKa JOJDKHBI OBITh MOJHOCTBIO HICHTHYHBIL.
[Ipu perieH3upOBaHUM CTAaTEH OJMH U3 KPUTEPUEB - HAIMYHNE CCHUIOK Ha MyOIMKAINK MOCIEIHHX JIET.
Crarpsa 00s3aTeNbHO NOJKHA COAEPIKATh PE3lOMe Ha PYCCKOM, YKPAaMHCKOM M aHTJIMICKOM SI3bIKax.
Bo Bcex Tpex HE0OXOAMMO yKa3aTh Ha3BaHME CTaThby, ()aMHIMK aBTOPOB M KIltOUYeBble ciioBa. OpueH-
THPOBOYHBIN 00beM pe3tome - 1800 3HakoB (0€3 yueTa 3arjaBus W KIIOUYEBBIX CJIOB). Pemakius mpu-
HUMaeT 1eKTpoHHbIH (MS Word) u 1Ba pacnieyataHHBIX (JUIS XapbKOBYaH) TEKCTa pyKOMKCH. Anpeca
yKa3aHbl B pa3aene «KoHTakTe» Ha caiiTe xypHana. COMpoOBOJUTENbHOE MUCBMO K CTaThe, HCIIPaB-
JICHHOW B COOTBETCTBHHU C 3aMEUaHMSMH PELIEH3CHTA, JOJKHO COJEPXKATh OTBETHl HA BCE 3aMEUYaHMs.
[Tomaercst 3neKTPOHHBIN M OAWH pacliedaTaHHBIA (A7 XapbkoBuaH) BapuaHT. [Ipomenmue peneH3u-
pOBaHUE W TPHHATHIE K MyONMKAalUK PYKOMUCH, O(QOpMIICHHBIE B COOTBETCTBHU C MpPaBUJIAMH IS
aBTopoB, mpuHUMatoTcs B popmare doc (He docx) mo amektponHoU moute (chembull@karazin.ua).
Pacnieuarannsiii Bapuant He TpeOyercs. bomee moapodHas mHGOpMaIys pa3MeIieHa Ha calTe KypHa-
na http://chembull.univer kharkov.ua.
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