UDC 541.135 doi:10.20998/2079-0821.2023.01.07

V. 1. BULAVIN, I. N. VYUNNIK, A. V. KRAMARENKO, A. 1. RUSINOV
ION PAIR CONVERSION THERMODYNAMICS IN HYDROGEN BROMIDE ALCOHOL SOLUTIONS

The thermodynamic quantities of dissociation of contact and solvent-separated ion pairs into ions, conversion of contact ion pairs into solvent-
separated ion pairs of HBr ionogen in n-alcohols from methyl to n-octyl have been calculated by the procedure we set forth earlier for the HC1 — n-
alcohol systems in the same solvents at 278.15-328.15 K. The following regularities were established in this work: a) positive values of AgG°® of
contact and solvent-separated ion pairs increase with increasing temperature, the number of carbon atoms in the n-alcohol molecule, and decreasing
radius of halide ion, and their sign and magnitude are determined by the entropic component (—7TAg;s S°). In this case, the values of A4;G° of contact ion
pairs exceed the same values for solvent-separated ion pairs; b) AnG° values for HCI and HBr are also positive, except for AconyG® values in methanol
at 278.15-328.15 K and HBr solutions at the same temperatures in ethanol. For these cases, by contrast, Agi;G°(RIP) > AgiG°(CIP) and Ao, G° are
negative. As the temperature and radius of the halide ion increase, A, G°® become more negative, and vice versa as the hydrocarbon radical increases;
¢) the concentration of contact ion pairs increases in the methanol-n-octanol series, decreases slightly with increasing temperature and anion radius,
and changes within ~30 % (methanol) to 95 % (n-octanol) at 278.15 K. In methanol, solvent-separated ion pairs predominate; in ethanol, the

concentration of both types of ion pairs is approximately the same; in other n-octanols, contact ion pairs predominate.
Keywords: ionic pair, proton, conversion, hydrogen bromide, n-alcohols, acid ionization

B. 1. BYJIABIH, 1. M. B’IOHHUK, A. B. KPAMAPEHKO, O. 1. PYCUHOB
TEPMOJMHAMIKA KOHBEPCIi IOHHUX AP Y CIIMPTOBUX PO3YMHAX BPOMOPOBO/THIO

ITpoBeneHO pO3paxyHOK TEPMOAMHAMIYHHX XapaKTEPHCTHK MUCOLIalii KOHTAKTHHX 1 PO3MIIEHNX PO3YMHHHKOM 1OHHHMX Iap Ha iOHH, KOHBepcil
KOHTaKTHHX IOHHUX Map y PO3AiJE€HI PO3YMHHUKOM 10HHI mapu ioHoreHy HBr y u-cnmuprax Big METHIOBOTO JI0 H-OKTHJIOBOTO 32 METOIMKOIO,
BHUKJIAJEHOI0 HaMu paHime st cucteM HCl — H-compT y THX caMux po3dmHHHKaX 3a 278.15-328.15 K. YV po6oTi BCTaHOBIEHO 3aKOHOMIipPHOCTI:
a) TIO3UTHBHI 3HAUCHHS A, G° KOHTAaKTHHX 1 PO3AUICHUX PO3UYMHHUKOM IOHHHMX Hap 3pOCTAIOTh y pa3i 30iNbIICHHS TeMIepaTypH, YHcla aTOMIB
KapOOHY B MOJIEKYJI H-CHMPTY, 3MEHILEHHS pajiyca rajJoreHiJ-ioHy, a ixHiil 3HaK 1 BeJIMYMHA BU3HAYAIOTHCS CHTPOIIMHOI CKIAMOBOIO (—7TA;eS°).
ITpu npomy 3HaUeHHS A, G° KOHTAKTHUX 10HHHUX Iap MEPEeBHIIYIOTH Ti caMmi BEIWYUHH U PO3JUICHHX PO3UMHHHUKOM iOHHHX Iap; 0) 3HaYeHHS
AvorsG® 115t HC1 1 HBr Takos MO3UTHBHI, 32 BUHSTKOM BEIUYUH Aoy, G° y MeTaHOI 32 278.15-328.15 K i po3unniB HBr 3a THX caMux TemrepaTyp B
eraHomi. Jng nux Bunanakis, HaBmaku, Ay, GO(PIIT) > A, G°(KIIT), a AguG® — HeraTuBHi. 3i 3pOCTaHHSM TEMIIEpaTypH Ta pajiyCcy TallOreHii-10Hy
AvorsG® CTAIOTH OLIIBII BiJI’€MHUMH, a 31 3pOCTaHHSM BYIJICBOJHEBOTO PaJMKaly — HaBIIAKU; B) KOHICHTpAllisl KOHTAKTHUX 10HHUX Hap 3pOCTae B psiji
METaHOJI — H-OKTaHOJI, HE3HAYHO 3MEHIIYEThCS 31 30UIBIICHHSIM TeMIepaTypH H pajiyca aHiOHa Ta 3MIHIOEThCS B Mexkax Bix ~30 % (MeraHous) 10
95 % (u-oxrtanomn) npu 278.15 K. YV MeraHOomIi nmepeBaxaioTh PO3JiICHI PO3UMHHUKOM i10OHHI MapH, B €TaHOTI KOHIEHTpaLis 000X THIIB iOHHUX Iap
IPHOIM3HO OJHAKOBA, B HIINX H-CIIUPTaX MEPEBaXKalOTh KOHTAKTHI 10HHI HapH.
Kia04oBi cj1oBa: i0HHI apy, IPOTOH, KOHBEPCisl, O)POMOBOJICHb, H-CIIUPTH, 10HI3aI[is] KUCIOT

B. H. BYJIABHH, H. H. BBIOHHHUK, A. B. KPAMAPEHKO, A. H. PYCUHOB

TEPMOJINHAMHWKA KOHBEPCHUHN UOHHBIX ITAP B CTINPTOBBIX PACTBOPAX
BPOMOPOBOAOPOJA

ITpoBeneH pacyeT TepMOAMHAMUYECKUX XapaKTEPHCTUK JUCCOLHAIINY KOHTAKTHBIX U Pa3/e/IeHHbIX PACTBOPHUTEIEM HOHHBIX Nap Ha HOHBI, KOHBEPCHU
KOHTAKTHBIX MOHHBIX TIap B pa3fielIeHHbIe PACTBOPUTENIEM HOHHBIE Mapbl HOHOreHa HBr B u-crmpTax OT METHJIOBOTO O H-OKTHJIOBOIO IPH IO
METO/IUKe, H3IO0KeHHOH Hamu paHee it cucreM HCl—w-cnmpr B Tex ke pacrtBopurensix npu 278,15-328,15 K. B pabote ycraHOBIECHBI
3aKOHOMEPHOCTH: a) MOJIOXKUTENIbHbIE 3HAUeHHsl A, G° KOHTAKTHBIX M Pa3/IeIeHHBIX PACTBOPUTENIEM HOHHBIX AP BO3PACTAIOT IIPU YBEIUYEHHU
TeMIepaTyphl, YHUCIa aTOMOB yIIepoJa B MOJEKylle H-CHHPTa, yMEHBLICHWH paJHdyca TaJlOreHHA-HOHA, a UX 3HAK U BEIUYHHA ONpPEAeIIOTCS
SHTpONHiIHON cocTaBistiomeil (—IA,,.S°). IIpu sToM 3Ha4eHUS A, G° KOHTaKTHBIX MOHHBIX IIap HPEBBINAIOT T€ XK€ BEIHYMHEI JUIS Pa3/ieleHHBIX
PpacTBOPUTENIEM HOHHBIX Tap; 0) 3HAYCHHS Ao, G° 101t HCl 1t HBr Takke 1mosIoKUTEIbHBI, 32 UCKIFOUCHUEM BEIMYMH A, G° B MeTaHoJIe TipH 278,15~
328,15 K u pacrBopoB HBr mpu Tex ke temmeparypax B 3TaHone. g 3Tux ciydaeB, Ha000poT, A G°(PUIL) > Ay GO(KUID), a AcwG® —
orpunareabHsl. C pOCTOM TeMIEepaTypsl U pajuyca TalOTeHHA-HOHA Ay G° CTAHOBATCS Oo0jee OTPUIATENBHBIME, a C POCTOM YIJICBOJOPOIHOTO
panukana — HaoOOpPOT; B) KOHLEHTPAIMsl KOHTAKTHBIX HOHHBEIX IIap BO3PACTaeT B Psy METaHON — H-OKTAaHOJ, HE3HAUYNTENbHO YMEHBIIAeTCsl ¢
yBEJIMYCHHEM TeMIIEpaTyphl U pajiyca aHHOHA U H3MeHsieTca B mpenenax oT ~30 % (mertanom) mo 95 % (n-oxtanom) npu 278,15 K. B meranone
npeoOafaloT pa3eeHHbIe PACTBOPHUTEIEM HOHHBIC Maphl, B 3TAHOJIE KOHIEHTPAIHI 000OUX TUIIOB MOHHBIX IIap HIPHMEPHO OAMHAKOBA, B OCTaIbHBIX
H-CIIIPTax Npeo0JIaJaloT KOHTAKTHbIE HOHHBIE MTapHL.
Ki1roueBble ¢10Ba: HOHHBIE IIaPbl, IPOTOH, KOHBEPCHs, OPOMOBOJOPO, H-CIHPTHI, HOHU3AIMS KUCTIOT

Introduction. One of the fundamental processes of
physical chemistry that attract the attention of researchers
is the ionization of acids both in water and non-aqueous
solvents. It is very important to identify the molecular-
level mechanism of acid ionization, proton solvates and
ionic pairs (IP) formation. This information gives a key to
understanding elementary chemical processes in non-
aqueous acid solutions, in biological processes, etc.

Previously [1] we considered the multistep process
of hydrogen chloride ionization using the ionization
scheme of N.A. Izmailov [2] in n-alcohols from methanol

to m-octanol, including 10 interrelated equilibria, and
established a number of regularities [3—5]. Further in [6]
the thermodynamic quantities of the dissociation stages of
contact ion pairs (CIP) and solvent-separated ion pairs
(SSIP) into ions, conversion of CIP into SSIP, and of the
HCI ionization process in n-alcohols from methyl to -
octyl at 278.15-328.15 K were calculated. However, from
our point of view, the equilibrium of CIP to SSIP
conversion in the scientific literature is described
insufficiently. Practically no experimental data on the
conversion constants of CIPs to SSIPs for acids in non-
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aqueous solvents are available. In our opinion, it is related
to the problem of choosing the primary stable particle in
which the proton exists in solution and, consequently, the
identification of the ion pair by various experimental
methods.

This work is a continuation of systematic studies of
the thermodynamics of ion-pair conversion in alcohol
solutions of hydrogen halides.

Despite the same electron configuration, HBr differs
from HCI, in particular, it has a longer bonding length, a
lower (~2.5 times) enthalpy of formation, and better
solubility in polar solvents. According to modern studies
[7], the ionization constant of HBr in water is ~ 800 times
greater than the ionization constant of HCI
(pKi(HBr) = - 8.8; pK{(HCl)= -5.9), so HCl and HBr
are fully ionized into solvated ions in dilute aqueous
solutions.

When passing to non-aqueous solvents, for example
to n-alcohols, the pK; values are positive and the
difference between them for HBr and HCI does not exceed
0.3 pK; units [3, 4]. This indicates that in alcohol solutions
they form ion pairs along with solvated ions.

The structure and stability of ion pairs depend on the
structural quantities of the solvent and ions. In the case of
ionogens, the IP can be considered an intermediate
between ions and ionogen molecules.

The most commonly used experimental method for
characterizing ionic associates (CIP and SSIP) is
vibrational ~ spectroscopy: infrared and  Raman
spectroscopy [8]. The vibrational frequency of the anion is
“shifted” during the formation of ion pairs and other
associates, and the degree of shift provides information
about the nature of ion pair varieties. However, as noted in
[8], the ion pairs of single-atom anions containing halide
ions cannot be studied by this method. NMR
spectroscopy  is  also  inefficient, since  the
association/dissociation equilibria are rather fast on the
NMR time scale. As a result, time-averaged cation and/or
anion signals are obtained [8]. In this connection, the
modern scientific literature favors theoretical approaches
when studying the properties of ionic associates
containing halide ions [9-12].

The formation mechanism and structure of IPs in
protic solvents with proton participation differ from those
for ordinary ions. The ion-ion and ion-molecule
interactions of the proton are peculiar due to its small size
and specific structure [13]. In contrast to the usual cations,
the proton does not contain electrons near the nucleus, but
it has a significant charge density. This leads to a strong
polarizing effect on the solvent molecules, and as a result,
the proton in solution exists exclusively in the form of
solvates [13]. The specifics of its behavior in liquid
solutions are largely related to the molecular structure of
the solvent [13]. Thus, in protolytic solvents, the proton
forms charged clusters of the composition HM),” (M is a
solvent molecule). The simplest of these in composition
are the products of the primary solvation of the proton at
n=1,2 — lyonium MH" and Zundel M,H" cations. As a
rule, in model problems of physical chemistry, the
simplest in composition lyonium ion (MH') has been
considered as a specific solvate. However, [14] rather

convincingly argues that the most stable cluster is the
Zundel cation, and the lyonium ion is formed only in
concentrated solutions at an equimolar ratio of H * ions
and solvent molecules. The lyonium ion is a component of
the Zundel (n =2) and Eigen (n =4) cations. This raises
many questions regarding the state of the proton and the
transformation of its indicated clusters as the temperature
increases.

It seems to us that the specific behavior of the proton
in protolytic solvents also determines its state in IPs (CIPs
and SSIPs). Obviously, the structure of ion pairs and,
consequently, the mechanism of their formation should
include (take into account) the simplest products of
primary proton solvation [6, 13].

The CIP in alcohol solutions of hydrogen halides can
be represented as a neutral particle consisting of a lyonium
ion (alkoxonium) and a halogenide ion: ROH,"...Hal .
Such a representation of the CIP is in agreement with the
generally accepted one [15, 16]. In this case, the H-bond
in such a formation is asymmetric. The electron cloud
density is shifted toward the Hal ion [16]. SSIP can be
viewed as a formation consisting of a Zundel cation and a
H-bonded halide ion: (ROH), H"...Hal .

Methods. The electrostatic and non-Coulomb
interactions act between ions in protolytic solvents [17].
Taking the latter into account is fraught with difficulties in
describing the discrete structure of the solvent and with
strong ion-molecule interactions at short distances.

In connection with the above, we used the Ebeling
equation [18] (1) to calculate CIP dissociation constants:
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According to [19], equation (1) implicitly takes into
account the short-range repulsive forces between the ions
in the IP and the dispersion interactions between the
solvent molecules. Among the known equations of this
type, it is the most acceptable for describing such systems
at different temperatures.

We have calculated K4;(SSIP) according to [20]:

—InK3" = N, .(1+8lnej+[l+_6lnl/f] _
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where g, is the dielectric constant of vacuum; R is the
molar gas constant; for the SSIP MH" 1, || Br gy, the three
radii of the solvent molecule (a =r (Br ) + 3r(S) ) were
added to the crystallographic radius of the Br ion. In
equation (6), the first term is equal to Ay H°(SSIP)/ RT,
the second one is Ay S°(SSIP) / R.

The dielectric permittivity of alcohols is taken from
[21]. The radius of the alcohol molecules was calculated
from the solvent density data given in the monograph
[22]. The free volume (V%) was calculated by the Prigozhin
formula [23]:
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where PBr is the isothermal compressibility, op is the
thermal expansion. These values are also taken from the
monograph [22].

The choice of equation (2) to calculate Ky (SSIP) is
due to the fact that the ions in the ion pair are bound
together predominantly by Coulomb forces. In addition,
taking into account the free volume of the solvent and its
isothermal compressibility reflects the structural features
of n-alcohols under the influence of temperature and
dielectric permittivity.

The conversion constants (K..n) [1], the values of
which are given in Table 1, were calculated from the data
on the dissociation constants of the CIP and SSIP by
relationship (3):

Ko =80 G)
K, (SSIP)

From the ion pair dissociation constants (IP) data of
the CIP and SSIP, their thermodynamic quantities
(thermodynamic  quantities) (AGys (IP),  AgH(IP),
AgisS°(IP) were determined from equations (4), (5) and (6)
(see Tables 2 and 3).

AgisG°(IP) = — RTInK 4;s(IP) 4)

e [0A4,G°UP)
Ay S (IP) = [—ar ] (5)
AgH (IP) = A1 G° (IP) + T A S” (IP) (6)

The thermodynamic quantities of CIP to SSIP
conversion were calculated using expression (7) derived
from the thermodynamic cycle

ucoanD = ndisYo(CIP)f ndisYO(SSIP) (7)
Here Y=G, H, S.

The values of Ay, ° and A, S° are shown in Table
4.

Results and discussion. From the analysis of the
obtained data on the thermodynamic quantities of the
stages of CIP dissociation, SSIP dissociation and CIP to
SSIP conversion of HBr ionization process in n-alcohols
from methanol to n-octanol at 278.15-328.15 K the
following regularities were established:

1. The wvalues of Ay G°(CIP) and AgG°(SSIP)
(Tables 2 and 3) are positive for both HBr and HCI [8],
increasing with increasing temperature and the number of
carbon atoms in the n-alcohol molecule. In this case
AgisG°(CIP) > AyisG°(SSIP).

2. The values of A,G° for HCI [8] and HBr (Table
4) are also positive, except for the values of A.,,G° in
methanol at 278.15-328.15K and HBr solutions at
298.15-328.15K in ethanol. For these cases,
AgisG°(SSIP) > AgisG°(CIP) and Ao, G° are negative. As

exothermic, and vice versa as the hydrocarbon radical
increases.

3. The values of Ay H°(CIP), AgisH°(SSIP), Acont°,
AgisS°(CIP), AgisS°(SSIP), AonyS® of both ionogens are
negative, except the values of AgH°(SSIP) in methanol
([8] and Table 4). As the length of the alkyl group of n-
alcohol increases, the enthalpy quantities of the above
processes become more exothermic, while the opposite is
true as the radius of Hal  increases.

4. The values and sign of the change in G’ for the
dissociation stages of CIP and SSIP into ions and the
conversion of CIP into SSIP are determined by the
entropic component (—TAS°), except for those cases for
which AG°.,, <0 (methanol, ethanol) ([8] and Table 4).
In these cases, the value and sign of A.,G° are
determined by the enthalpic component.

The conversion process of CIP and SSIP for in
methanol and partially in ethanol proceeds spontaneously.
The differences in the signs of A, G° in methanol and
ethanol and other n-alcohols are due to the opposite sign
contribution from the short-acting component of the ion-
molecule interaction to the non-Coulomb ion-ion potential
d; [24]. In the case of methanol and ethanol A;,G* <0,
and for other n-alcohols A;,G* > 0. The contribution of
AinG* <0 to A;G* seems to prevent the formation of ion
pairs, while at A;,G* > 0 it promotes their formation.

The exothermicity of the dissociation of CIP and
SSIP into ions (AgH° <0) is due to the excess of the
exothermic contribution from the solvation of ions formed
in solution compared to the energy required for the
separation of charges in the ion pairs. In this case, despite
the increase in the number of particles due to the
formation of two ions from one IP, the entropy of the
system decreases due to the decrease in mobility and
polarization of the solvent molecules during the formation
of the solvation shells of ions.

The negative sign of the change A.,.,S° indicates,
apparently, the ordering of the structure during the
conversion of CIP to SSIP, which is due to the strong
coordinating effect of ROH," cations and (ROH),H"
cations. The latter is explained by additional solvation
with energy release (A.on/° <0). However, the sign of
AconyG®, except for methanol and ethanol, is determined by
the entropic component, which indicates a structural
rearrangement in the conversion process of CIP to SSIP
under the influence of the solvent. Since in the process of
structural rearrangement in all alcohols the proton can
form no more than two bonds as a coordinating center,
AconyH° Will vary depending on the alcohol and the halide-
ion.

the temperature increases, A.nG° become more
Table 1 — Conversion constants (Ko, ) CIP to SSIP for HBr
K K ony, mol/dm’

’ methanol ethanol n-propanol n-butanol n-pentanol n-hexanol n-heptanol n-octanol
278.15 2.18 0.96 0.46 0.26 0.150 0.096 0.062 0.037
288.15 2.25 1.00 0.51 0.28 0.183 0.109 0.075 0.042
298.15 2.32 1.07 0.55 0.31 0.199 0.128 0.087 0.049
308.15 2.43 1.16 0.58 0.34 0.218 0.142 0.100 0.058
318.15 2.45 1.24 0.65 0.37 0.247 0.183 0.120 0.071
328.15 2.62 1.34 0.70 0.45 0.288 0.192 0.143 0.089




Table 2 — Thermodynamic quantities of the CIP dissociation process for HBr in n-alcohols

T K AdisGa kJ/mol
’ methanol ethanol n-propanol n-butanol n-pentanol n-hexanol n-heptanol n-octanol

278.15 5.71 8.42 10.0 11.9 13.5 15.2 16.4 18.1
288.15 6.17 9.02 10.7 12.8 14.4 16.3 17.6 19.6
298.15 6.66 9.65 11.5 13.5 154 17.5 19.1 21.3
308.15 7.17 10.3 12.3 14.7 16.6 18.9 20.6 23.1
318.15 7.83 11.0 13.1 15.9 17.9 19.9 22.4 25.1
328.15 8.27 11.8 14.1 16.8 19.3 22.2 24.4 27.2

T, K AdisH, kJ/mol
27815 | —7.27 —17.95 —8.72 ~10.7 —9.56 —9.20 — 149 —21.9
288.15 —7.88 —8.52 —10.3 —12.8 —133 —143 —20.2 —26.1
298.15 —8.40 -9.70 —11.9 - 147 -17.1 -19.7 -25.6 -30.5
308.15 -9.13 -10.9 —13.5 -17.0 -21.1 —25.2 -31.2 -35.0
318.15 —9.65 -123 —15.2 -19.1 —252 -31.6 —-36.9 -39.7
328.15 | —104 —139 ~16.9 —21.7 —295 —37.0 —4238 — 444

7TAdiSS kJ/mol
278.15 12.98 16.37 18.72 22.60 23.06 24.40 31.30 40.00
288.15 14.05 17.54 21.00 25.60 27.70 30.60 37.80 45.70
298.15 15.06 19.35 23.40 28.20 32.50 37.20 44.70 51.80
308.15 16.30 21.20 25.80 31.70 37.70 4410 51.80 58.10
318.15 17.48 23.30 28.30 35.00 43.10 51.50 59.30 64.80
328.15 18.67 25.70 31.00 38.50 48.80 59.20 67.20 71.60
Table 3 — Thermodynamic quantities of the SSIP dissociation process for HBr in n-alcohols
K AgisG, kJ/mol
’ methanol ethanol n-propanol n-butanol n-pentanol n-hexanol n-heptanol n-octanol

278.15 7.51 8.32 8.23 8.76 9.11 9.77 9.96 10.4
288.15 8.11 9.03 9.06 9.70 10.2 11.0 114 12.0
298.15 8.75 9.82 9.96 10.6 11.3 12.4 12.9 13.8
308.15 9.44 10.7 10.9 11.9 12.7 14.0 14.7 15.8
318.15 10.2 11.6 11.9 13.3 14.2 15.4 16.8 18.1
328.15 10.9 12.6 13.1 14.6 15.9 17.7 19.1 20.6

T, K AdiSH7 kJ/mol
278.15 0.81 —0.08 —1.65 -3.51 -5.10 —6.53 —9.04 —10.6
288.15 0.79 -0.19 - 1.87 —3.88 —5.56 -17.15 -9.93 —11.7
298.15 0.73 -0.32 -2.12 —4.18 -6.12 -17.89 —11.0 -12.9
308.15 0.66 —0.46 -2.39 —4.81 —6.78 —8.75 —12.2 —14.3
318.15 0.55 —0.63 -2.70 —5.40 —17.53 -9.34 - 135 —15.8
328.15 0.50 —0.81 —3.05 —5.81 —8.38 —10.8 —15.0 -17.4

_TAdisS kJ/mol
278.15 6.70 8.40 9.88 12.27 14.21 16.30 19.00 21.00
288.15 7.32 9.22 10.93 13.58 15.76 18.15 21.33 23.70
298.15 8.02 10.14 12.08 14.78 17.42 20.29 23.90 26.70
308.15 8.78 11.16 13.29 16.71 19.48 22.75 26.90 30.10
318.15 9.65 12.23 14.60 18.70 21.73 24.74 30.30 33.90
328.15 10.40 13.41 16.15 20.41 24.28 28.50 34.10 38.00
The same electron configuration and slight increases. This effect of solvent and temperature can be

differences in anion size have little effect on A.,, °. As
the radius of the anion increases, the exothermicity of
AconvH® decreases slightly.

The increase in exothermicity AgonH° and AgoyS° in
the series of n-alcohols is more significant: Ay, H® =2
times, and A.,,,S° = 3.5 times. The latter is associated with
an increase in the electron-donating ability of alcohol
molecules with the growth of the alkyl group. The
enthalpic component (A, /°) in all alcohols promotes,
and the entropic component (—TA.nS°) hinders
conversion. The change in the entropic component
indicates that the ordering in the system increases as the
alkyl group of the alcohol increases and as the temperature

attributed to the stability of both types of IPs. Their
dissociation depends on those factors that affect ion-
molecule and ion-ion interactions. The drop in relative
permittivity contributes to the ion-ion interaction, i.e., the
stability of the IP. The increase in the size of the alkyl
radical sterically prevents solvation, thus, the above
factors as if promote the formation of an IP. It seems that
the energy of attraction between oppositely charged
ROH," ions , (ROH) ,H" and Hal  is largely influenced by
their specific structure and solvation [10]. ROH," cations
and (ROH),H" are solvated negatively, indicating that the
solvent molecules easily exchange the primary solvate
shell [10]. The dynamic instability of these cations is due



Table 4 — Thermodynamic quantities of the process conversion CIP into SSIP for HBr in n-alcohols

K AconvG, kJ/mol
’ methanol ethanol n-propanol n-butanol n-pentanol n-hexanol n-heptanol n-octanol
278.15 —1.80 0.10 1.77 3.14 4.39 543 6.44 7.70
288.15 -1.94 —-0.01 1.64 3.10 4.20 5.30 6.20 7.60
298.15 -2.09 -0.17 1.54 2.90 4.10 5.10 6.00 7.50
308.15 -2.27 —0.40 1.40 2.80 3.90 4.90 5.90 7.30
318.15 -2.37 —0.60 1.20 2.60 3.70 4.50 5.60 7.00
328.15 —2.63 —0.80 1.00 2.20 3.40 4.40 5.30 6.60
T,K AconvH, kJ/mol
278.15 —8.08 —7.87 -7.07 -7.19 —4.46 —2.67 —5.86 -113
288.15 —8.67 —8.33 —8.43 —8.92 -7.74 -17.15 —10.3 — 144
298.15 -9.13 -9.38 -9.78 —10.5 -11.0 —11.8 —14.6 -17.6
308.15 -9.79 —10.2 —11.1 -12.2 —143 —16.5 -19.0 —20.7
318.15 -10.2 -11.7 —12.5 —13.7 -17.7 -223 -234 -239
328.15 -10.9 —13.1 - 139 - 159 -21.1 -26.2 -27.8 -27.0
—TAconyS, kJ/mol
278.15 6.28 7.97 8.84 10.33 8.85 8.10 12.30 19.00
288.15 6.73 8.32 10.07 12.02 11.94 12.45 16.50 22.00
298.15 7.04 9.21 11.32 13.40 15.10 16.90 20.60 25.10
308.15 7.52 9.80 12.50 15.00 18.20 21.40 24.90 28.00
318.15 7.83 11.10 13.70 16.30 21.40 26.80 29.00 30.90
328.15 8.27 12.30 14.90 18.10 24.50 30.60 33.10 33.60

to the internal features of their structure and the of a
proton presence in their composition as very reactive
particle. The presence of “free” solvent molecules in
hydroxyl-containing solvents [13,25] causes negative
solvation, which is one of the reasons for the anomalous
proton mobility in such solvents. It can be assumed that
not only the “free” solvent molecules, but also the anions
influence the stability of the above cations. Under certain
conditions, the latter can exchange with the molecules of
the primary solvate shell of the proton, i.e., participate in
the re-solvation of the negatively solvated Zundel cation
as the most stable proton particle in the solution [25].
When one solvent (alcohol) molecule is replaced with a
Hal™ anion in the primary solvation shell of the proton, a
CIP is formed: ROH," ... Hal". The factors listed above

0

R

|
Hal ---H-O--H -O-H| <|Hal --H -O-H--O-H| <

|
R

For some time it will behave as a kinetically stable
formation, the stability of which depends on the factors
mentioned above. In addition to the conversion of CIPs to
SSIPs, ionic pairs can undergo dissociation into free ions.
The concentration of the latter is also determined by many
factors and is quantitatively described, like the
concentration of IP, by the usual ionogen total ionization
process constant [2]. Conducting particles are formed as a
result of IP dissociation.

The Kconv CIP in SSIP values we calculated were
used to estimate the ratio of CIP and SSIP concentrations
in alcoholic solutions of halogenated hydrocarbons at
278.15-328.15 K. From the analysis of the data obtained

will contribute to the stability of such a particle. SSIP
formation can be viewed as the addition of Hal to the
Zundel cation:

R

|
Hal ---H-O---H' -O-H|.
|
R

We hypothesize that with an appropriate value of
relative permittivity and dynamic mobility of solvent
molecules and under the influence of external conditions
(thermal motion of molecules, external environment of the
solvate) the given structure will undergo a transformation
resulting in the formation of a more stable structure:

- -0
R ’ |

| H-0O
Hal: CHY
| H-0'

R |

L R J
on the concentrations of CIP and SSIP the following
regularities were established:

The concentration of CIP (SSIP) in alcohol solutions
depends on the temperature, the length of the alkyl radical
of the alcohol, and the radius of the Hal ™ anion.

1. In methanol, SSIPs are predominant among IPs, in
ethanol the concentration of SSIPs and SSIPs is
approximately the same, and in other alcohols, SSIPs
predominate (Table 5). The concentration of CIPs
increases from methanol to n-octanol from 30 to 95 %,
respectively, as the alkyl radical of the alcohol increases.

2. The ratio of enthalpic (A.onH°) and entropic (—
TAconyS®) factors in methanol and ethanol ensures the
spontaneous conversion of the CIP to SSIP, while in other




Table 5 — Mole fraction of CIP (f) HBr in n-alcohols; /= 1/(1 + K ony) [20]

K ACIP)
’ methanol ethanol n-propanol n-butanol | n-pentanol n-hexanol n-heptanol n-octanol
278.15 0.3145 0.5102 0.6849 0.7937 0.8696 0.9124 0.9416 0.9643
288.15 0.3077 0.5000 0.6623 0.7813 0.8453 0.9017 0.9302 0.9597
298.15 0.3012 0.4831 0.6452 0.7634 0.8340 0.8865 0.9200 0.9533
308.15 0.2915 0.4630 0.6329 0.7463 0.8210 0.8757 0.9091 0.9452
318.15 0.2899 0.4464 0.6061 0.7299 0.8019 0.8453 0.8929 0.9337
328.15 0.2762 0.4274 0.5882 0.6897 0.7764 0.8389 0.8749 0.9183
alcohols there is deconversion. The latter is largely due to ~ 6. Bulavin V. I, Vyunnik I. N., Kramarenko A. V. Rusinov A. L.

a decrease in the relative permittivity in the series of
alcohols (from 32.6 to 9.7), which increases the attraction
between oppositely charged ions and enhances their
association.

3. The formation of IPs and the increase in their
stability is also influenced by the solvatability of the ions.
ROH," cations and (ROH)ZH+ are negatively solvated, and
their negative solvation increases as the alkyl group of the
alcohol increases [13]. The latter indicates a weaker
proton retention of the solvent molecule. Among CI™ and
Br -ions (both solvated positively in alcohols), the most
solvated is Cl" , which contributes to SSIP stabilization
and gives a lower K, value for the smaller anion. As the
radius of the anion increases, the translational motion of
the alcohol molecules near the ion will increase, which
leads to an increase in Kg,,. The strengthening of the
Coulomb interaction between the counterions in the SSIP
under the influence of the solvent will certainly lead to the
reorganization of the solvent near the IP, i.e., the Hal
accession product to the Zundel cation. The resulting SSIP
can dissociate into Hal™ ions and (ROH),H" (or ROH,").

This process is facilitated by high relative
permittivity and solvateability of the ions.

When the dielectric constant of the solvent is low,
the SSIP can turn into a CIP:

- N T
| R 7T
A0 |
Hal™’ “H'| <|Hal ---H ~O-H| +ROH
‘H-0O
R

Thus, as a result of deconversion (conversion of
SSIPs to CIPs), CIPs prevail in higher n-alcohols (Table
5).
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