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V.I. BULAVIN, I.N. VYUNNIK, A.V. KRAMARENKO, A.I. RUSINOV

THERMODYNAMICS OF ION PAIR CONVERSION IN ALCOHOL SOLUTIONS
OF HYDROGEN CHLORIDE

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 of the ionization process of HCI in n-alcohols from methyl to n-octyl at 278.15 — 328.15 K, i.e. in non-aqueous solvents that are most
frequently used in chemical research and in chemical technology have been calculated. The proton and chloride ion forming HCI are modeled in a
comparative study of the solvation process and the molecular mechanism of acid ionization in various solvents, which emphasizes the relevance of
this study, in which the influence of the nature of the solvent, hydrogen chloride ions and temperature on the above thermodynamic quantities are
considered. The calculation of the dissociation constants of CIP was carried out according to Ebeling’s equation, which takes into account the short-
range repulsive forces between the ions in the ion pair and the dispersion interactions between the solvent molecules. The dissociation constants and
thermodynamic quantities of SSIPs have been calculated by the Schwartz method, which evaluates the physical and chemical parameters of the
solvent (besides the dielectric permittivity also the free volume of the solvent molecules, isothermal compressibility, etc.) that significantly affect the
properties of ion pairs. The main conclusions drawn from our analysis of the array of thermodynamic data on the ionization stages of HCI in n-
alcohols from methyl to n-octyl: (a) in methanol the predominant among the ion pairs are SSIPs, in ethanol the concentration of CIPs and SSIPs is
approximately the same, and in other alcohols, the CIPs predominate; b) the concentration of CIPs increases with increasing alkyl radical of the
alcohol when passing from methanol to n-octanol respectively from 30% to 95%; c) ratio of enthalpic (AconyF°) and entropic (—TAconyS°) factors in
methanol and ethanol ensures spontaneous conversion of CIP to SSIP; d) in alcohols from n-propyl to n-octyl values and sign AG® for the stages of
dissociation of CIP and SSIP into ions and conversion of CIP to SSIP are determined by the entropic term (~7AS®), which leads to deconversion of
ion pairs, i.e., the conversion of SSIPs into CIPs.
Keywords: ion pairs; proton; conversion; hydrogen chloride; primary alcohols; acids ionization.

B.I1. BYJIABIH, I.M. B’FOHUK, A.B. KPAMAPEHKO, O.1.PYCIHOB

TEPMOJMHAMIKA KOHBEPCIi IOHHUX AP Y CIIMPTOBUX PO3YMHAX XJIOPOBO/IHIO

[IpoBeneHO po3paxyHOK TEPMOAMHAMIYHUX XapaKTePUCTUK cTaiii qucorianii konTakTHHX ioHHEX map (KIII) Ta po3aineHuX po3uMHHUKOM i0HHHX
nap (PIIT) Ha ionu, kouBepcii KIIT y PIIT npouecy ionizanii HCl B #-cnupTax Bin MeTHI0BOro 10 H-okTHiIoBOro mpu 278,15 — 328,15 K, o610 y
HEBOJHUX PO3UMHHUKAX, SIKi HaifyacTille BUKOPHCTOBYIOTHCS IPH XIMIYHUX JOCTIIPKEHHSX Ta y XiMiuHill Texnoxorii. IIpoTon Ta xmopua-ioH, mo
ytBoprotots HCI, € MoaeasHIMH [IPU HOPIiBHSUIBHOMY JOCIHIKEHHI HPOIIecy CobBaTallii Ta MOJEKYJIIPHOrO MeXaHi3My i0Hi3awii KUCIOT y Pi3HHX
PO3UMHHMKAX, IO HATOJIONIY€ Ha aKTyalbHOCTI JAHOTO JOCIIKEHHS, B SIKOMY PO3IIIHYTO BIUIMB NPHPOJM PO3YMHHUKA, iOHIB XJIOPOBOAHIO Ta
TeMIepaTypH Ha 3a3HaueHi BHINE TePMOJHHAMIUHI XapakTepucTHKU. Po3paxyHok koHcTaHT aucomiamii KIIT npoBoxunu 3a piBasHuAM Ebemninra, mo
BpaxOBY€ KOPOTKOAIIOYI CHJIM BiJIITOBXYBaHHS MK i0OHAMH B 10HHIH mapi Ta aucnepciiiHi B3aeMoZil MK MoJIeKyJIaMH pO34MHHHKA. KOHCTaHTH Ta
TepMOAMHaMIuHI XapakTepucTuku aucomianii PIIT oGuucmioBamu 3a mertoxukoro llIBapua, B sKiii BpaxoBYyIOTbCsA (i3UKO-XIMIYHI NapameTpu
pO3UMHHMKA (KpIM MAi€TeKTPHYHOI NPOHHKHOCTI TaKOXX BITbHHI 00’€M MOJEKyl PO3YMHHUKA, 130TepMiduHAa CTHCIUBICTH Ta iH.), IIO ICTOTHO
BIUIMBAIOTh HAa BJIACTUBOCTI i0HHHX map. OCHOBHI BHCHOBKH, 3pO0OJIEHi Ha MiACTaBi aHali3y OTPMMAaHOTO HAMH MAacHBY TEPMOAMHAMIUYHHX TaHHX
mono craniit ionizauii HCl B w-cimprax Bi METHUJIOBOTO 10 H-OKTHJIOBOTO: a) B METaHOJI cepel 10HHMX map nepeBaxkarorb PIII, B eranomi
xonnentpanist KIIT i PIIT npubnu3Ho oxHakoBa, a B iHMUX crnupTax mepeBaxarors KIIT; 6) xonnentparis KIIT 3i 3pocTaHHAM alKiIBHOTO pajuKana
CIHUPTY 30UIBLIYETHCS MPH MEPEXOJi BiJl METAHOJIY J0 H-OKTaHOIY BiamoBinHO Bix 30 10 95%; B) CIIBBIIHOIICHHS €HTANBIIMHOTO (AguH°) Ta
EHTPOMHHOTO (—TAgusS°) (hakToOpiB y MeTaHousi Ta eraHo’di crnpusie camounHHii kouBepcii KIIT y PIIT; r) y cnuprax Bij H-IpOHiIOBOrO IO H-
OKTHJIOBOTO 3HaueHHs Ta 3HaK AG® must craniii aucouianii KIIT i PIIT va ionu ta xoueepcii KIIT y PIIT BU3HAYAIOTBCS SHTPOMIHHOK CKIIQJOBOIO
(~=TAS?), mo npu3BOIUTH 1O ASKOHBepcii i0HHUX map, To6To neperBopenHs PIIT va KIIT.
Kuro4oBi ci10Ba: i0HHI napu; TPOTOH; KOHBEPCIs; XJOPOBOJIEHb; H-CIIMPTH; 10HI3allis KUCIIOT.

B.H. bYJIABHH, H.H. BbIOHHHUK, A.B. KPAMAPEHKO, A.H. PYCHHOB

TEPMOJUHAMHUKA KOHBEPCHHM HOHHBIX IMAP B CIIUPTOBBIX PACTBOPAX
XJIOPOBOJOPOJIA

IIpoBeneH pacyeT TepMOAMHAMHUYECKHX XapaKTEPUCTHK CTagHil AUCCOIMAIMM KOHTAKTHHIX MOHHBIX map (KUII) u pa3jmeneHHBIX pacTBOpHUTENEM
nouHsbIx nap (PUII) Ha nonsl, kousepcun KNI B PUIT nponecca nonnzanuu HCI B #-crimprax 0T METHIIOBOTO 10 H-OKTHIIOBOrO mpu 278,15 — 328,15
K, T.e. B HEBOAHBIX PAaCTBOPUTEISIX, KOTOphIE Hauboliee YacTO HCIONB3YIOTCS INPH XUMHYECKHX HCCIEIOBAHMAX M B XUMUYECKOH TEXHOJOTMH.
Ipoton u xnopua-uoH, odpasytonme HCI, SBIAIOTCS MOJEILHBIMU IPH CPABHUTEIFHOM HCCIIEIOBAaHUM IIPOLECCAa COIbBATAllUH H MOIEKYISIPHOTO
MeXaHH3Ma HOHU3ALUU KHCIOT B PA3JIMYHBIX PACTBOPHUTENSX, YTO MOAYEPKUBACT aKTYaJbHOCTh JJAHHOTO HCCIENOBAHUS], B KOTOPOM PAaCCMOTPEHO
BJIMSIHHE NPHPOJbI PACTBOPUTEINS, HOHOB XJOPOBOZOPOJAA M TEMIEpAaTyphl Ha yKa3aHHbIE BbILIE TEPMOIMHAMHYECKHME XapaKTepUCTHKH. Pacuer
KkoHCTaHT auccormanuy KHIT npoBoxunn mo ypaBHeHHIO DOeIHHTa, yYHTHIBAIONIEe KOPOTKOACHCTBYIONIHE CHIIBI OTTAIKHBAHUS MEXTy HOHAMU B
HOHHOH TNape ¥ AWCHEePCHOHHBIE B3aMMOJCHCTBHS MEXIy MOJICKYyJaMH pacTBOpHTeNs. KOHCTaHTBI M TepMOAMHAMUYECKHE XapaKTEePHCTUKH
muccouuanmu PUIT Berumcisiin o Meroguke IlIBapuma, B KOTOpOil y4HTHIBAIOTCS (H3UKO-XMMHYECKHE MapaMeTpbl PacTBOPHUTENsT (Kpome
JUDIEKTPHIECKOH IMPOHHIIAEMOCTH TaKXKe CBOOOAHBIM 00BEM MOJEKYN PAacTBOPUTENS, H30TEpPMHUECKas CKHMAeMOCTb M [p.), CyLIECTBEHHO
BJIMSIIOIIUX Ha CBOICTBAa MOHHBIX Nap. OCHOBHEIC BHIBOJBI, CIETAaHHbIE HA OCHOBAaHWM aHAJM3a MOJYYEHHOT0 HAMH MacCHBa TEPMOJMHAMHYECKHX
JaHHBIX 10 cTaausm nonnsauuu HCl B #-crimpTax oT METHIIOBOTO JI0 H-OKTHIIOBOTO: a) B METaHOJIE MPeoOiaJaloluMK CPEI HOHHBIX Map SBISIOTCS
PUII, B sTanone konuentpauus KUIT u PUIT npumepHo onuHakoBa, a B OCTaNbHBIX cniuprax npeodnanator KUIT; 6) konuentpauust KUIT ¢ poctom
AIKUIBHOTO pajiuKalia CIUPTA YBEIMYMBACTCS NP IEPEXOJe OT METaHOJa K H-OKTaHOJIYy cOOTBETCTBEHHO oT 30 1o 95 % ; B) cooTHOIIEHHE
IHTATBIUIAHOTO (AgousF°) ¥ SHTPOIUHHOTO (—TAgousS°) PAKTOPOB B METAHOJIE U ITAHOJIE CIIOCOOCTBYET camonpou3BosbHoi kouBepeun KUII B PUITL;
') B CIIUPTax OT H-NPOIMJIOBOTO JI0 H-OKTUJIOBOTO 3Ha4YeHus U 3Hak AG® mis craguit nuccouuanyu KUIT u PUIT Ha nons! u kousepcun KUIT B PUTT
OIIpeNeISIOTCS SHTPOIHNITHOI cocTasttonieil (—7'AS®), 4To NPUBOAUT K JEKOHBEPCHU HOHHBIX I1ap, T.e. npeBpamienuro PUIT B KUIL.
KiioueBble ¢j10Ba: HOHHBIE TApPBI; IPOTOH; KOHBEPCHUSI; XJIOPOBOJIOPOJL; H-CIIUPTHI; MOHH3AIUs KUCIIOT.



Introduction. Ionization of acids in various
solvents, in particular in protic ones, belongs to the
fundamental processes of physical chemistry that have
been attracting the attention of researchers for many
decades. The molecular mechanism of acid ionization, the
formation of stable proton and ionic pair (IP) states is
particularly interesting in this respect, which is very
important for understanding elementary chemical
processes in non-aqueous acid solutions, in biological
processes, etc.

Izmaylov [1] proposed the general scheme of the
acids ionization process. Earlier [2] we considered a
multi-step process of HCI ionization in n-alcohols from
methyl to n-octyl. Using experimental and calculated
equilibrium constants we calculated [2] equilibrium
constants for unknown stages of this multistage process.
Quantitative quantities of some equilibrium processes
were discussed by us earlier [3—5]. However, the
equilibrium conversion of CIP to SSIP in scientific
literature is insufficiently described from our point of
view. Practically there are no experimental data on the
conversion constants of CIP to SSIP for acids in non-
aqueous solvents, which, in our opinion, is related to the
problem of choosing the primary simplest stable particle
characterizing the proton state in solution and,
consequently, the identification of the ion pair containing
the proton by various experimental methods.

As is known, an electrolyte solution is an
equilibrium mixture of free ions and ionic pairs. In
contrast to molecules, ion pairs are stabilized due to
weaker interactions and, as a consequence, the distance
between the particles in them is larger compared to
molecules [6]. Using various experimental and theoretical
methods [6], the existence of two different types of ion
pairs, CIP and SSIP has been proved.

Contact ion pairs have a single primary solvate shell
and represent an electric dipole [7] (Fig. 1a).

In solvent-separated ion pairs, both ions have their
own primary solvate shells, but these shells partially
overlap [7] (Fig. 1b).

Figure 1 Types of ion pairs: (a) contact ion pair
(CIP); (b) solvent-separated ion pair (SSIP)

The most commonly used experimental method to
characterise ionic associates is infrared and Raman
spectroscopy [6]. The anion vibrational frequency is
“shifted” during the formation of ion pairs and other
associates and the degree of shift gives information about
the nature of the ion pair varieties. However, the study of
ion pairs involving halide ions is difficult by these
methods. NMR spectroscopy is also inefficient because
the association/dissociation equilibria are rather fast on
the NMR time scale. As a result, time-averaged cation
and/or anion signals are obtained.

On the other hand, the proton and chloride ion are
among the ions used to test model theories of solvation.
Thus, in [8 — 10] we analyzed and established the type of
solvation of the Cl-ion (positive or negative) in
formamide, N-methylformamide, N,N-
dimethylformamide, water, and ethylene glycol at
different temperatures and pressures. Therefore, in view
of the lack of effective experimental methods, rigorous
theoretical approaches should be used to describe the
physicochemical properties of ion pairs involving them, in
our opinion.

The choice of n-alcohols from methanol to n-octanol
as solvents, which have the same chemical nature and
different physicochemical quantities due to different
contributions from H-bonding and dispersion interactions,
allows us to predict that as the alcohol alkyl group length
increases, more and more ions in solution will be in the
form of IP. The structure and stability of ion pairs is a
function of the structural quantities of the solvent and the
ions. In the case of ionogens, the IP can be considered an
intermediate between ions and ionogen molecules.

The first attempt to calculate the thermodynamic
quantities of conversion stage of CIP to SSIP was
performed by us [8] for HCI in n-alcohols from methanol
to n-octanol at 278.15-328.15K using data on the
equilibrium constants of the dissociation stages of CIP in
SSIP to ions. The dissociation constants of CIP and SSIP
into ions in [11] were calculated according to Fuoss's
equation [12]. However, inter-ion interactions in
electrolyte solutions cannot be reduced to electrostatic
interactions alone [13]. Non-Coulomb interactions
between ions in protic solvents are also active, and their
consideration is fraught with difficulties in taking into
account the discrete structure of the solvent and the strong
ion-molecular interactions at short distances. In addition,
in the Fuoss model [12], the solvent is characterized only
by the dielectric permittivity.

The mechanism of formation and structure of IPs in
protic solvents with proton participation undoubtedly
differs from that for ordinary ions. The inter-ion and ion-
molecular interactions of the proton are due to its small
size and specific behavior [14]. In contrast to the usual
cations the proton has no electrons near the nucleus but
has a significant charge density. As a result of its strong
polarizing effect on the solvent molecules in solution, the
proton exists exclusively in the form of solvates [14]. The
specificity of the proton behavior in liquid is largely
related to the molecular structure of the solvent of the
solvent [13]. The state of the proton in protic solvents has
remained debatable to date. It is known that in protic
solvents the proton forms charged clusters of the
composition HM," (M is a molecule of the solvent). The
simplest of them are the products of primary proton
solvation at n=1,2 — the well-known lionjum MH" and
Zundel M,H" cations. For many decades, in model
problems of physical chemistry the simplest in
composition lionium ion (MH") has been considered as a
specific solvate. However, a number of works by
Yukhnevich et al. [15] rather convincingly argue that the
most stable cluster is the Zundel cation, and lionium ion is
formed only in concentrated solutions at an equimolar
ratio of H' ions and solvent molecules. The lionium ion is
a component of the Zundel (n=2) and Eigen (n=4)



cations. This situation raises many questions regarding the
state of the proton and the transformation of its indicated
clusters with increasing temperature. There is no
unanimity of opinion concerning the composition of
clusters also among the authors [16, 17] who are engaged
in molecular dynamic modeling of protor-containing
solutions on the basis of protic solvents.

The CIP in alcoholic solutions of hydrogen halides
can be represented as a neutral particle consisting of a
lionium ion (alkoxonium) and a halide ion:

ar_ 1000 (& pm )
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In equation (1) N, is Avogadro’s constant; For
MH"1vCl 01w CIP the parameter a was taken equal to the
sum of the crystallographic radius of the CI” ion and the
radius of the solvent molecule; e is the electron charge in
the parameter b=e’/ackT; ¢ is the dielectric
permittivity (DP) of the solvent; is the Boltzmann
constant; 7 is temperature, K. For SSIP MH' . || Cl sonvs
three radii of solvent molecule a = r¢; + 3ry were added
to the crystallographic radius of CI -ion.
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Calculation of K4S was performed according to

the Schwartz method [22] using equation (6):
2 olnV
KT = N e _(1+8lng]+ 1 oy,
) 4re,caRT olnT 2 0OIlnT

where ¢ is the dielectric constant of vacuum; R is the
molar gas constant; for the SSIP MH" 0| | Cl oy the three

(ROH),H"...Hal". Such representation of CIP is in
agreement with the generally accepted one [18, 19]. The
H-bond in such formation is asymmetrical. The electron
cloud density is shifted towards halide-ion [19]. SSIP can
be considered as a formation consisting of a Zundel cation
and a H-bonded halide ion: (ROH),H"...Hal .

In connection with the above we used Ebeling
equation [20] (1) to calculate the dissociation constants of
SSIP:

According to [21], 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.

The thermodynamic quantities (TDQ) (Ag;G°,
AgisH®, AgisS®) of contact ion pairs were determined from
data on dissociation constants of CIPs by equations (2) —

5):

radii of the solvent molecule a = r¢” + 3ry were added to
the crystallographic radius of the C1” ion.
In equation (6), the first term is

Ay Hegp !/ RT , the second one is A, Sep / R -

dis

equal to

The dielectric permittivity of alcohols is taken from
[23]. The radius of the alcohol molecules was calculated
from the solvent density data given in the monograph
[24]. The free volume (V) was calculated by the
Prigozhin formula [25]:
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where is the isothermal compressibility, & is

ooyt

The results of calculations using equations (1-6) of
the TDQ dissociation of CIP and SSIP are given in Table
1 and Table 2.

Table 1 - Thermodynamic characteristics of the HC1 CIP dissociation process in n-alcohols

T, K Adi G, kJ/mol
methanol | ethanol | n-propanol | n-butanol | n-pentanol | n-hexanol | n-heptanol | n-octanol
278.15 5.82 8.54 8.34 12.1 13.6 15.4 16.6 18.4
288.15 6.28 9.14 9.10 12.9 14.6 16.5 17.8 19.9
298.15 6.77 9.77 10.1 13.7 15.6 17.7 19.3 21.6
308.15 7.29 10.5 11.0 14.9 16.8 19.2 20.9 23.5
318.15 7.96 11.2 12.0 16.1 18.1 20.2 22.8 25.5
328.15 8.40 11.9 13.2 17.0 19.5 22.5 24.8 27.7
T, K Adi H, kJ/mol
methanol | ethanol | n-propanol | n-butanol | n-pentanol | n-hexanol n-heptanol | n-octanol
278.15 -7.31 -8.36 -7.57 -10.7 -11.2 -9.91 -15.3 -21.7
288.15 -7.96 -9.17 -9.57 -12.9 -14.6 -15.17 -21.0 -26.5
298.15 -8.62 -10.0 -12.1 -15.3 -18.1 -20.5 -26.8 -314
308.15 -9.30 -10.8 -13.6 -17.3 -21.6 -26.0 -32.9 -36.5
318.15 -9.87 -11.7 -15.7 -19.6 -25.2 -32.4 -39.1 -41.8
328.15 -10.7 -12.6 -17.9 -22.2 -29.1 -37.8 -45.6 -47.2




Continued Table 1

T,K AgisS, J/(K-mol)
methanol | ethanol | n-propanol | n-butanol | n-pentanol | n-hexanol n-heptanol | n-octanol
278.15 -47.2 -60.8 -63.9 -82.1 -89.1 -91.0 -114.6 -144.3
288.15 -49.4 -63.6 -70.7 -89.6 -100.9 -109.6 -134.6 -161.1
298.15 -51.6 -66.4 -77.5 -97.1 -112.7 -128.1 -154.6 -177.9
308.15 -53.9 -69.1 -84.3 -104.6 -124.5 -146.7 -174.6 -194.7
318.15 -56.1 -71.9 -91.0 -112.1 -136.3 -165.3 -194.6 -211.5
328.15 -58.3 -74.7 -97.8 -119.6 -148.0 -183.9 -214.6 -228.3

Table 2 -Thermodynamic characteristics of the CIP HCI dissociation process in n-alcohols

T, K Adi G, kJ/mol
methanol | ethanol | n-propanol | n-butanol | n-pentanol | n-hexanol n-heptanol | n-octanol
278.15 7.57 8.37 8.34 8.82 9.17 9.84 10.0 10.5
288.15 8.17 9.10 9.10 9.74 10.3 11.1 11.4 12.1
298.15 8.81 9.90 10.1 10.7 114 12.5 13.1 13.9
308.15 9.51 10.8 11.0 12.0 12.8 14.1 14.9 15.9
318.15 10.3 11.7 12.0 13.4 14.3 15.5 16.9 18.2
328.15 11.0 12.6 13.2 14.7 16.0 17.9 19.3 20.7

Continue Table 2

T, K Adi H, kJ/mol
methanol | ethanol | n-propanol | n-butanol | n-pentanol | n-hexanol n-heptanol | n-octanol
278.15 0.78 -0.14 -1.73 -3.61 -5.21 -6.65 -9.18 -10.7
288.15 0.73 -0.26 -1.95 -3.98 -5.68 -7.28 -10.1 -11.9
298.15 0.67 -0.39 -2.20 -4.29 -6.25 -8.03 -11.1 -13.1
308.15 0.60 -0.54 -2.48 -4.93 -6.91 -8.91 -12.3 -14.5
318.15 0.48 -0.71 -2.80 -5.52 -7.67 -9.49 -13.7 -16.0
328.15 0.44 -0.90 -3.15 -5.94 -8.53 -11.0 -15.2 -17.7
Continued Table 2
T, K AdisS, J/(Kmol)
methanol | ethanol | n-propanol | n-butanol | n-pentanol | n-hexanol n-heptanol | n-octanol
278.15 -24.4 -30.6 -36.2 -44.7 -51.7 -59.3 -69.1 -76.6
288.15 -25.8 -32.5 -38.5 -47.7 -55.3 -63.7 -74.6 -83.3
298.15 -27.3 -34.5 -41.1 -50.4 -59.3 -68.7 -81.0 -90.6
308.15 -28.9 -36.6 -43.8 -55.1 -64.0 -74.5 -88.2 -98.7
318.15 -30.9 -38.9 -46.7 -59.5 -69.2 -78.6 -96.2 -107.5
328.15 -32.3 -41.2 -49.9 -62.9 -74.9 -87.9 -105.1 -117.0
From the data on the dissociation constants of CIP The TDQ conversion of CIP to SSIP was calculated
and SSIP, the conversion constants (K, ) [1] of CIP to  using expression (9) derived from the thermodynamic
SSIP were found by relation (8): cycle:
- KD ®) ®)
K (SSIP) Deony¥® = Bgis ¥ (CIP) — Ogis Y (SSIP) ®

From the analysis of the data obtained on the

Here Y = G, H, S. The values of Ay G° , AconH° and TDQs of the stages of CIP dissociation, SSIP dissociation
AvonS° are shown in Table 3. and conversion of CIP to SSIP of the multistage process
of HCI ionization in n-alcohols from methanol to n-



octanol at 278.15 — 328.15K [1]
regularities were established:

1. The values of Ay;sG° (CIP) and Ag;G° (SSIP) are
positive and increase with increasing temperature and the
number of carbon atoms in the n-alcohol molecule. In this
case AgisG°(CIP) > Ay G°(SSIP).

2. The values of A.,,wG° are also positive, except
for HCI solutions in methanol (at 278.15 K — 328.15 K )
and in ethanol at 298.15 — 328.15 K. For these cases,
AgisG°(SSIP) > AgisG°(CIP) and A.,G° are negative.
With increasing temperature A, G° become more
exothermic, and vice versa with increasing hydrocarbon
radical.

the following

3. Values of AgH°(CIP), AgiH°(SSIP), AconvH®,
AgisS°(CIP), AgS°(SSIP), AnyS° are negative except
values of Ay H°(SSIP) in methanol. As the alkyl group
length of n-alcohol increases, the enthalpy characteristics
of the above processes become more exothermic

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 (—7AS°), except for those cases for
which AG®° <0 (methanol, ethanol). For these cases, the
magnitude and sign of A, G° are determined by the
enthalpic component.

Discussion

The conversion process in methanol and partially
in ethanol proceeds spontaneously. The differences in the
signs of AyG° 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 inter-ion potential dj; [26]. In the case of
methanol and ethanol A;,G* <0, and for other n-alcohols
AinG*> 0. The contribution of A;j,G* <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 (AgisH° <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 (Ao H° <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 as a
coordinating center can form no more than two bonds,
AconyH® Will vary depending on the alcohol and the halide
ion Hal'. The same electron configuration and slight
differences in anion size have little effect on A ., ,H®. As
the radius of the anion increases, the exothermicity of
AconyH°® decreases slightly.

The increase in exothermicity Agon° and AgonyS°©
in the n-alcohols series will be more significant:
AconyH® =2 times, and A.y,,S° = 3.5 times. The latter is

R

associated with an increase in the electron-donating
ability of alcohol molecules with the growth of the alkyl
group. The enthalpic component (Aqo/°) in all alcohols
promotes, and the entropic component (—7AnS°)
prevents 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 increases. This effect of solvent and
temperature can be attributed to the stability of both types
of IPs. Their dissociation depends on those factors that
affect ion-molecular and inter-ion interactions. The drop
in DP contributes to the inter-ion interaction lead to the
stability of the IP. The increase in the size of the alkyl
radical sterically prevents solvation, thus, the above
factors as if contribute to the formation of IP. It seems
that the energy of attraction between oppositely charged
ROH," ions, (ROH),H" and CI is largely influenced by
their specificity of structure and solvation [14]. ROH,"
cations and (ROH),H" are solvated negatively, indicating
that the solvent molecules easily exchange the primary
solvate shell [14]. The dynamic instability of these cations
is due to the internal features of their structure, the
presence in their composition of a reactive particle — the
proton. The presence of "free" solvent molecules in
hydroxyl-containing solvents [14, 27] 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 [27].
When one solvent (alcohol) molecule is replaced in the
primary solvation shell of a proton by a CI anion, a CIP is
formed: ROH,"--Cl". The above factors will contribute
to the stability of such a particle. SSIP formation can be
viewed as an addition of CI' to the Zundel cation:

|
Cl'--H-0--H'-0-H

We assume that with an appropriate value of DP,
dynamic mobility of the solvent molecules, and under the
influence of external conditions (thermal motion of the

!
R

molecules, external environment of the solvate), the given
structure will undergo a transformation that results in the
formation of a more stable structure:



0

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, ion 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 [1]. Conducting particles are formed as a
result of IP dissociation.

The values of K.,y CIP into SSIP calculated by
equation (8) and presented in Table 3 were used to
estimate the ratio of CIP and SSIP concentration in
alcoholic solutions of HCI at 278.15 — 328.15 K (Table
5). From the analysis of the data obtained in Table 3 and
Table 5, the following regularities were established:

1. The concentration of CIP (SSIP) in alcohol
solutions depends on the temperature and the length of the
alkyl radical of the alcohol.

2. 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 4). The concentration of CIPs

_ R -
R 0 |
| H-0O
—|Cl: ._:H+
| 'H-0
R |
R

increases from methanol to n-octanol from 30 to 95 %,
respectively, as the alkyl radical of the alcohol increases.

3. The ratio of enthalpic (A /°) and entropic (—
TeonyAS°®) factors in methanol and ethanol ensures the
spontaneous conversion of the CIP to SSIP, while in
other alcohols there is deconversion. The latter is largely
due to a decrease in the dielectric permittivity in the series
of alcohols (from 32.6 to 9.7), which increases the
attraction between oppositely charged ions and enhances
their association.

The formation of IPs and the increase in their
stability is also influenced by the solvatability of the ions.
ROH," and (ROH),H" cations are negatively solvated,
and their negative solvation increases as the alkyl group
of the alcohol increases [14]. The latter indicates a weaker
proton retention of the solvent molecule. 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 product of the addition of Cl" to the
Zundel cation. The resulting SSIP can dissociate into CI -
ions and (ROH),H" (or ROH,").

Table 3 - Conversion constants (K., ) CIP HCI to RIP

T,K Keony ,ymol/dm’
methanol | ethanol | n-propanol | n-butanol | n-pentanol n- n-heptanol | n-octanol
hexanol
278.15 2.13 0.93 0.45 0.24 0.147 0.090 0.058 0.034
288.15 2.20 0.98 0.50 0.27 0.173 0.105 0.069 0.039
298.15 2.28 1.05 0.54 0.30 0.184 0.123 0.082 0.045
308.15 2.38 1.08 0.57 0.32 0.210 0.131 0.096 0.052
318.15 242 1.21 0.64 0.36 0.238 0.169 0.108 0.063
328.15 2.59 1.29 0.69 0.43 0.277 0.179 0.133 0.077

This process will be facilitated by high DP and solvatability of the ions.
At low values of the dielectric constant of the solvent, the SSIP can turn into a CIP:

_ R P
|
.H_O .
Cl: CH
‘H-0
|
i R |

0

R

|
——|Cl'--H' -O-H| +R-0-H

Thus, as a result of deconversion (conversion of SSIPs to CIPs), CIPs predominate in higher n-alcohols.
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Table 4 - Mole fraction of CIP (f) HCI in n-alcohols; /= 1/(1+K o) [22]

T, K CIP)
methanol | ethanol | n-propanol | n-butanol | n-pentanol n- n-heptanol | n-octanol
hexanol
278.15 | 0.3195 0.5181 0.6897 0.8065 0.8718 0.9174 0.9452 0.9671
288.15 | 0.3125 0.5051 0.6667 0.7874 0.8525 0.9050 0.9355 0.9625
298.15 | 0.3049 0.4878 0.6494 0.7692 0.8446 0.8905 0.9242 0.9569
308.15 | 0.2959 0.4808 0.6369 0.7576 0.8264 0.8842 0.9124 0.9506
318.15 | 0.2924 0.4525 0.6098 0.7353 0.8078 0.8554 0.9025 0.9407
328.15 | 0.2786 0.4367 0.5917 0.6993 0.7831 0.8482 0.8826 0.9285
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