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Abstract. Some approaches which allow to divide thermodynamic functions of the ion association
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Introduction A is all the ionic forms and B is the uncharged

... . forms (irrespective of ionic or ionophoric ones) in

The influence of a solvent on the equilibriumpic "case The variation of the free energy is
constant of the process of ionic associatiog) s yescribed by the equation

been a major focus of interest for the generalrtheo
of electrolytic solutions during the whole periol 0 AG =AG, o, ~AG; o, —AG’, 2)
its existence. Many investigations have establishecl] v L
the correlation between K and micro- and Where AG'is the varlat_|on of the free energy as a
macroproperties of the electrolitic system, begigni "€Sult of process (1) in vacuum ad, sy and
from the Brensted equation to the most gener@Cesov are the variations of the free energy as a
Izmailov equation [1]. Crystallographic or effeetiv '€Sult Of the solvation of reagents A and prodotts
ionic radii, ion-ion and ion-dipole interaction® r(_al_ar\]ctlon B. ¢ th Tibri .
energies belong to the former; crystalline latéoergy I 1€ equaélon of the de_quu fium (lz?nstant In a
and solvent permittivitys belong to the letter. solution can be presented in a general form

The K; is a part of all conductivity equations and AGV+AGB woiv—AGA w1y
K. is one of major parameters beginning from the In K, = : :
Debye-Hlckel and ending to the mean-sphere o RT _
approximation (MSA) theories [2] and the Barthel The variation of the free energy consists of
equation [3]. That is why the dependence betwegﬁvalent_ _an_d electrostatic components in a result o
the solution conductivity and the temperature arff"y €quilibrium process:
solvent type can not be explained without takitg in ~ AG = AG™ + AG®**.
account the influence of these factors on the
magnitude of the association constant.

The equation (2) in a more detailed form is
derived as

AG = -AG' + (DG, -G, ) +

A, solv B,solv

Analysis of the problem
and state of the problem

In accordance with general concepts developed in +(AG§§O|V—AG§'§O|V)
[4], the thermodynamics of equilibrium which have
been established in a solvent, can be describ#eas!NUS:

equality: _AGV+(A b oy ™ GAC\%V)J’(A d:dv—AGiLV) €))
Ao B (1) K= RT '
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The decision of the problem InK. -+
and discussing of scientific results NRa
In a first and quite good approximation it is 10 T
possible to assume that all the types of electiosta gl
interactions in a solution are inversely propordion
to permittivity 1£, i.e. 6 -+
AGeI$ = ;B 4 +
g , 1
Then (3) can be presented in the form, which
already have certain predictability relative to the O ‘ ‘ ‘ ‘
solvent effect on the position of the chemical 0 0,02 0,04 0,06

equilibrium in the solution

_AG'+AAGS+3B,,, 1 £

solv

RT

In the case when an energy of the specifi

In K, (4)

solvation in a solvent is much lower than the eperg
of the wuniversal (nonspecific) solvation, i.e.

AGEIS( >> AGCOV

solv solv !

observed approaching, that

1/e

Fig. 1. Dependence Inks f (1/€) for H,SO,
in binary solvent DMSO-CI(298.15 K)

In the systems where only universal solvation is

realized the dependence of the equilibrium constant
Snd permittivity is reduced to the equation therfor

which is identical to that of equation (6). Such

_ _ case can be illustrated by the variation of thacion
it can be accepted in the wellassociation constant for such salt as {@H
CgH17)3N]"OSOCHs in different pure solvents [6]

(fig. 2).

v
InK_ = NG +0B,, /€
RT

These general thoughts show that the influence ¢
a solvent on the eguilibrium of the chemical praces
in all cases is determined by the difference of the
free energies of the solvation of the members ef th
equilibrium.

The constant of equilibrium of chemical process
(when the temperature is constant) changes in suc

measure in which it takes to the changeddiG_),
and Of,,. It is obvious, that whemdAG,, and
oB,,, are constant, the dependence (4) changes -
the equation

()

solv*

InK =a+b/e. (6)

The constancy of both solvation terms of
equation (4) can be observed in the homologous
series of solvents (with certain approximation,.,e.g
in series of n-aliphatic alcohols) and also in rdixe
binary solvents formed by one solvat-active and
other solvat-inert solvent.

Such media are proposed to be called
conditionally universal [4]; EBO, in a binary
solvent DMSO-CCJ] can serve an example of
fulfilment of equation (6) [5] (fig. 1).

I, |

lpke f (1/€) for
[CH3(n-CgH17)sN]"OSO,CH;3 in different pure
and mixed solvents:

1 - N-methylacetamide,

- propylene carbonate,

- DMSO,

Fig. 2. Dependence

- nitrobenzene,

- Py - DMFA,

- Py - acetonitrile,

8, 9 - nitrobenzene - acetic acid,

10 - propylene carbonate - acetic acid,
11 - Py - hexane,

12 - acetic acid

2
3
4 - DMFA,
5
6
7
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Large ionic radii of a cation and an anion leads o is evident that the calculatiakH, andAS, in A-B,
the fact that the energy of specific solvation i8-C, and C-D temperature ranges will give entirely
negligible in solvents of any nature, fromdifferent results. The reason for extreme behaviour
sufficiently acid (e.g. HAc) to strongly basic (e.gof a InK;-1/T curve is obvious: in the beginning the
Pyridine). At last, when the terms of equationdfy temperature increase results in a lower equilibrium
changed when other solvent is used, )lrKf(1/€) constant of an exothermal process of ionic
relation is non-linear. This case is illustrated bwssociation, then the fall of permittivity of a wemt

picric acid solutions in a binary solvent® - i- leads to a stronger ion-ion interaction and, thois
PrOH both components of which are solvation activieigher K,
on a relation to the electrolyte [7] (fig. 3). The dependence &G, from the temperature is
¥, linear or it can be considered linear with a minmmu
error in the temperature range which corresponds to
81 A a range of the existence of a solvent in a liqindse
at the normal pressure
BT AG, =AG, +AGT . (7)
& Substituting (7) in (3), we get the equation
4 -+ v ) v
ik = AGHAGTTHAGE +AGLG THAGE,, +AGT, T
2 8 RT
which describes the thermal dependence for any
0 . . equilibrium process in a solution, including the
a 0o 004 1/e process o_f ionic association. .
After similar splitting of coefficients of equation
Fig. 3. Dependence InKl/e for picric acid a, +a
in binary solvent KO-n-GH,OH (6), i.e. if we assume that = — and

The analysis of the Inkf(1/€) relation geometry
can give rather valuable information about the reatu |, — b, + b
of the process proceeding in the system and about

the influence of a solvent on this process. Theafiseform of the equilibrium constant for universal and

binary solvents allow to directionally change bo“&onditionally universal media [4, p. 82]
main factors influencing on the ionic association InK, =a,+a,/T +hb /£+b,/£T (8)
a 0 1 .

constant and, thus, to control thg\ariation.
The values of ionic association constants derived The coefficients of equation (8) have quite clear

from polytherms are the source of information aboytthysical meaning:

the thermodynamics of ionic association. However, a,+a,/T=InkK

the determination of reliabl&dH, and AS, values

often encounters with several difficulties. The B+b/T=InK _ -InK_ ..

thermal curve Inioften passes through the extreme The condition of appearance of the exstremum on
in rather wide temperature range. A good exampifie politerme Ka, which effluent from equalization

, We obtain a convenient approximated

ag=cw"!

can be found in Barthel's works [8; 9] (fig. 4). 8), is:
INK,T T
+b/e) 1dlne
| (8+h/e) 1dine o\ imy=0.
5,36 Tor e dT
532 + In a range of 100-15CQ the thermal dependence
' of permittivity is well described with the equation
5,28 e=expBT +vy), 9)
; : ; : and, thus, a relative thermal coefficient of
524 1 1 g permittivity is 3 = d(Ine)/dT. With the account of
520 Al Bi C! D this, the condition of extremum can be presented as
‘ ‘ ' ‘ an equation, which allows to calculate temperature
0 32 3,6 4 44 1T-1G

corresponding to the extremum of the ionic

Fig. 4. Dependence InKL/T for i-AmzBuNI in ethanol association constant:
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a expBT . +y)+b + BT 6T, +b,)=C (10) components” as opposed to the second ones which

To confirm the correctness of such approach, wHe called “dielectric components™ 2, p. 188], i.e
site the data [10] on the temperature dependence of 8H neq = &AH +AH, 12)
K, for picric acid in the binary solvent ethylene Astmegr:ASr +AS, (13)
glycol - 2 methoxyethanol (ME); in [11] polytherms
of permittivity for this solvent are given. The dat
[10,11] were used to calculate the coefficients

Equations (12) and (13) demonstrate that
agnitudes of enthalpies and entropies of chemical
. quilibrium in the solution are integral values
equation (8) equal to including thermodynamic characteristics both of the

& = -6,675; @= 2840; h=228,1;8=-32710.  process itself and those associated with temperatur
Table 1 compares experimental and calculatggiations of permittivity.
(using equation (10)) temperature values strictly speaking, temperature changes of
corresponding to the extremum on =KT) solvent's density also influence the calculatedies

polytherms. of AH andAS, and the calculated concentrations of
Table 1. Experimental and calculated temperatures _Chemical equilibrium rr_ler_nbers. Howev_er, if we take
corresponding to the extremum on ionic association ~ INt0 account the variation of molarity with the
constant polyther msfor picric acid in the binary change of temperature, the correction for the
solvent ethylene glycol 2-metoxyetanol variation of volume is not required. When the
_ concentration is expressed in terms of molalitg, th
Solvent | Coefficients of Tow K temperature variation of density does not influence
corr|1p05|t|tonf, eguation (9) the calculated values @fH, but influencesAS quit
mo eEgar ol pac y exp theor| considerably. o he KA
1 115 | 5240 325 325 caIISI:?édfognF[?(f ieesq UI\:\I/Erelzl#\mth;AconEeﬁtraE[?c?n is
0,9272 1271 5179] 308313 318 expressed in terr?ns of molarithA®) or molality
0,8499 5132 | 51161 303113 312 (AS,,) can differ quite considerably:
0,7676 5,277 | 5,089| 293-303 305 )
0,6799 5,307 | 5023 283293 298 AS, -AS, =Rins,
0,5861 5,259 | 4,928| 278-300 291 where ‘s’ is the quantity number of moles of a
0,4856 5,427 | 4,885| 273-298 282 solvent per 1000g of the solvent.
0,3776 5,892 | 4,919| 268-293 274 Thus, real thermodynamics characteristics of
0,2614 6,079 | 4.864| 263 265| ionic association as well as any other equilibrium

process in a solution should be calculated by the
The enthalpy of ionic association is calculated bgquations:
temperature differentiation of equation (8) using AH_ ; =-R(a, +b,/¢&); (14)

Van't Hoff's equation: AS,, = -R(a, +b, /). (15)

— pT?2 —
AHa,integr_ RT*(dInK,/dT) = Using these equations, one can fin#l,+ and
_ _orzdine AS,t for the solvents with corresponding
=-R@a+h/&)-RT dr (0, +b,/T)/ & (11) permittivity. This approach is especially convenien
The entropy equation is derived correspondinglyt case of mixed (binary) solvents. _
AH . +RTInK The physical meaning of the conception
AS, eqr = a,lmeng = “temperature component of enthalpy” could be

understood by taking into account the coinciding of

=-R(a, +h,/&)-RT(dIne/dT) [, +bT)/£.  this value with ones measured calorimetrically and

The meaning and contents of the “integr.” indegxtrapolated (by the heat of ionic association) to
will be explained below. infinite dilution. This conception is illustratedyb

The right parts of the last two equations contaifig- 5. o
two terms each. The first terms are related to the The differentiation of the polyterm Ink f(T)
process of ionic association, the second ones AY&h respectto T for points 1, 2, 3 resultsAHineq:
referred to the solvent. The thermodynamics ofdonPNd ASneg. The values of AH,r and AS,7
association is obviously characterised only by tH#etermined by equations (14) and (15) are relaied t
first terms which we propose to call “temperaturéC€lectric cuts a’-b’; a”-b”; a™-b™.
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cov

Thus, e.g., the independence ofA\H 7

InK
15a7 (12.0 kd/mol) andASY (43.2 J/moK) [12] for
ionic association of ENBr in the mixed solvent
propylene carbonate (PC) - o-dichlorobenzene
10 demonstrates that in this binary system only one
component (PC) is active in the process of the
solvation. The effect of universal solvation
5 - determined by the variation of solvent permittiviity
system on the electrostatic components of ionic
association is illustrated by tab. 2.
O I I I

Table 2. Electrostatic components of ionic association
0 2 4 6 1/e of Et,NBr in the mixed solvent propylene carbonate -
o-dichlorobenzene

] Componenty 0 0,2 04 06 0,8 1
Fig. 5. Isothermlnlg—f(l/e)for < 99| 21,0 32,0 43,0 541 651
different temperatures (¥T,<T5). as

AHa’T,

It is also seen in fig. 5 that such calculations of _kJ/mole
the thermodynamics of ionic association are nat AS:$,
necessarily referred to linear isotherms ’

InK, = f(1/¢&) described by equation (8). In the

1,2} 0,57 0,37 0,27 0,22 0,18

43| 21| 14| 1,00 0,8 0,7
kJ/mole

, , Such separate analysis is especially important as
general case, if the isothertisK, = f(1/€) are 1o application of integral characteristics can
non-linear, i.e. ifin K, = f (1/&) that s at: sometimes lead to inadequate understanding of the
nature of solvation in the electrolytic system. It

— 2
InK, =a+b/e+c/e +..., follows from equation (11) that

it is possible to approximate each of these [dAH . /d(l/e)] -
coefficients by 1/T, arriving at the equation | antear T] -
_ 2 b/ T+b,/T+.. =-R[@d +T(din &/ dT) | +Ti(din &/ dT)} -
NKa =& +a/T+a,/T"+ £ ¥ The analysis of this equation demonstrates that
C,+C/T+C,/TH+.. the ratio of absolute values of terms in the rigjtle
+ > +.. (16) of equation is such that highercan lead to any sign

&
By differentiation of equation (16) with respect t®f the derivative[dAH aintegr! A1/ € )]T , i.e. cause
T, i_t _is possible to fin(_jA_H_a,T and AS, r related to both higher and loweAH
definite values of permittivity. _ )
The terms of equations (14) and (15) givéollows from equation (14) that since
grounds to split the thermodynamics of ionic [dAHaT /d(l/g)] = Rb1
association into covalent and electrostatic members AH ’ d tT d d the 1 )
AH, . :—Rai—Rb1/£:AH§°TV+AH§'$; i.e. s oes r.lo. | epend on ? empera ure
’ o ay coefficient of permittivity and, thus, higherin full
AS,; =Ra, +Rb, /e =AS; +AS); . agreement with the physical model of ionic
Because of this we should note that the splittingssociation should result in lower exothermicity of
of the ionic association constant into covalent arfe process. The analysis of Bolytherms results in
electrostatic parts is one of the main points & thoetter knowledge of ionic equlibria thermodynamics
MSAT application [2] to ionic equilibria. The than that of integral entropies and enthalpieshef t
analysis of each part of thermodynamidrocess. For example, this can be corroborated by
characteristics permits to obtain mordhe data on the thermodynamics of ionic association
comprehensive information about the effect o®f methylsulfuric acid in n-aliphatic alcohols-Cs
specific and universal solvation on ionic assoorati  given in fig. 6.

At the same time it

a,integr*
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In fig. 6 integral enthalpies and their components 2. Ebeling, W.; Rose, J. 1981. Conductance
are plotted against €/As it is seen in the fig. 6, theory of concentrated electrolytes in an MSA-type
proceeding from\H, jneqr, ONE should have come toapproximation. Journal Solution Chemistry. Vol. 10,
a conclusion that for all the alcohols ionioN 9: 599-609.

association, i.e. the formation of ionic pairs or 3. Bartel, J. 1968. Conductance of electrolyte
nondissociated acid molecules, is endothermic.  splutions. Angewandte Chemie. Vol. 7, N 4:

260-277.
AH AH, 4.  Quanxos, IOA. PactBoputenu — Kak
40 | HHCTPYMEHT PEryJISIMUA XUMHUYCCKUX TPOIECCOB. —
30 | AHinteg J'Iemmrpan: Xumus, 1990. — 24@. .
20 | [Fialkov, Yu:Ya. 1990. Splvents as an mstrgment
for the regulation of chemical processes. Leningrad
10 7 o~ Chemistry. 240 p.] (in Russian).
0 Y ‘ ‘ 5. Quanxos, F0.A.; Yymax. B.JI. Duekrpo-
-10 + 0’04\6\%6\9 0,08 1&  rpveckas JIMCCOLUAIMS  CEPHOM  KHCIOTBHI B
PHO CI1O0
-20 + AHt JBOWHBIX CMEIIIAHHBIX PACTBOPUTENAX, KOTOpPBIC
30 - comepskar auMmeTHiacynbhokcun // V3Bectus By30B
40 CCCP. XumMuMsi M XHMHYECKas TEXHOJIOTHS. —
50 | AHg| 1976. -T. 19,Ne 2. —C. 262-266.

[Fialkov Yu.Ya.; Chumak, V.L. 1976. Electrolytic
dissociation of the sulphyric acid in the binary
Fig. 6. DependencaH on 1£ for methylsulfuric acid  mixed solvents, which contain dimethylsulphoxyd.
in n-aliphatic alcohols £Ce News of higher education establishments in USSR.

. _ Chemistry and Chemical technology. Vol. 19, N 2:
But the endothermicity of the process |ncreasez°62_266_](in Russian).

with th_e permittivity decrease which certainly 6. Duaos, 0A. Yymax, BJI. Inexrpo-
contradicts the physical model of the processhat t
. . JIUTUYECKad Aauccouanvsa TPUOKTHIMETHIIAMMO-
same time the analysis dfH, demonstrates that ™~
’ HUMMeTHICYIb(aTa B HEBOAHBIX pacTBOpHUTENIX //

with lower permittivity the exothermicity of ionic .
association naturally increases. The fig. 6 alshYPHaT ¢uswieckodt xummm. — 1975. —T. 19,
y g 0 9. —C. 2412-2413.

confirms a decisive role of electrostatics i )
[Fialkov, YuYa., Chumak, V. L. 1975.

determining the enthalpy of this process. i i . o :
_ Electrolytic dissociation of trioctimethylammoni-
Conclusions ummethylsulphat in no aqueous solvents. Journal of

Within the framework of the offered approacthe Physical Chemistry. Vol. 19, N 9: 2412-2413.]
appears possibility to explain physical sense okba (in Russian).
of outthermodynamic concepts and conformities. So, 7. @uanxos, I0.A.; Yymax, B.JI.; Byretiwesunu,
for example, compensative effect, which must bB.JI. Biusnue pactBopuTens Ha IUCCOLMUALUIO
observed for the processes of the same nature,KHTiIOT B JBOWHBIX CMEIIAHHBIX PAacTBOpUTENX //
actual fact observes only for temperatur®xpannckuii xummudeckuii xypuan. — 1983. -T. 49,
constituents, but not for integral. It is possilbte Ne 6. —C. 599-602.
think, that nature of process of ionic associatbn [Fialkov, Yu.Ya.: Chumak, V.L.
acid in transition of one spirit solvent to otheBuleishvili, V.L. 1983. The influence of the solvent
changes substantially. But at the same time thg the dissociation of the acids in the binary mixe

compensative effect here executed strictly. solvents. Ukrainian Chemical Journal. Vol. 49, N 6:
Refer ences 599-602.] (in Russian).
. 8. Bartel, J.; Neuedler, R; Feuerlein, F;
1. Usmaiinos, H.A. DneKTpOXUMHUS PacTBOPOB. — Srasser. F- Ibert. L. 1983. Conductance of

Mocksa: Xumus, 1976. — 488 c.
[lzmailov, N.A. 1976. Electrochemistry of
solutions. Moscow. Chemistry. 488 p.] (in Russian)

electrolytes in ethanol solutions from -45 t0°@5
Journal of Solution Chemistry. Vol. 12, N 7:
449-471.
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