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The method of binary additive quasi-solvates (BAQS) a new approach for analyzing the physicochemical
properties of solutions is proposed. Quasi-solvate Qj is a hypothetical two-particle structure in which one
particle i is the ‘solute’ and the other particle j is the ‘solvent’. A set of similar quasi-solvates has the
macroscopic property Fj. The solution is an additive mixture of quasi-solvates with weight functions wj. Two
models have been developed within the BAQS method: with symmetric weight functions (BAQS/S) and with
asymmetric weight functions (BAQS/A). On the example of volumetric properties of non-electrolyte solutions the
possibilities of the method are shown. Effective limiting partial molar volumes of components for mixtures of
non-electrolytes are determined. The possibility of predicting the properties of multicomponent solutions from
data for two-component systems is considered. Applications to other solution properties are shown. Each of the
proposed models has its own advantages and limitations.

BAQS/S: describes molar volumes of mixtures, especially for aprotonic systems, can be used to predict
properties of multicomponent systems, effective on small datasets. Limitations: applicability to other solution
properties remains questionable, model parameters differ from those obtained by the independent method,
approximation accuracy is inferior to empirical models.

BAQS/A: applicable for any solution properties, informative and illustrative. Limitations: very sensitive to the
choice of approximating equation, difficult to interpret results, developed only for two-component systems.

Keywords: physicochemical analysis, molar volume, limiting partial molar volume, Redlich-Kister equation,
non-electrolyte solutions, multicomponent mixtures, binary additive quasi-solvates.

Introduction

Solutions play a significant role in all areas of chemistry. One of the most important
thermodynamic characteristics of solutions are volumetric properties: density, molar volume, excess
molar volume[1]. A great number of data on volumetric properties of solutions have been collected[2]
and they continue to be actively studied[3-6]. The properties of solutions are determined by the
specifics of interparticle interactions. Therefore, analyzing the influence of the composition and nature
of components on the physicochemical properties of solutions is an actual problem. In many cases,
this requires special experiments. Which significantly limits the range of systems to be investigated.

Volumetric properties are usually considered in terms of molar volumes. For example, analysis of
the dependence of molar volume on composition for two-component solutions. Excess molar volume
is a measure of the deviation of molar volume from additivity:

VE =V —Vix =V, ()
Traditionally, the dependence of excess molar volume on composition is described by the
empirical Redlich-Kister equation[7]:

VE :Xlxz(Ao +2A(X1—X2)ij (2)

Each system is characterized by a set of empirical parameters Ai.
Another approach is the partial molar volume method:
V =V, X +V,X, (3)
Of particular interest are the limiting partial molar volumes. Within the framework of the
Redlich-Kister model, limiting partial molar volumes are determined:

VE=W+§A(4J (4)
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Vo=V, + ; A (5)

A large amount of data in the dilute region of compositions is needed to correctly determine the
limiting partial molar volumes. At the same time, most non-electrolyte solutions have been studied
with a typical composition scale step of ~0.1 mole fraction units, which is only a dozen points for each
system. Thus, using equation (2) with a large number of parameters seems incorrect. Despite the
colossal number of systems studied (about a hundred thousand datasets, more than a million
experimental points[2]), the vast majority of data more than to determine the excess molar volume is
not used in any way.

This paper proposes a method to analyze the physicochemical properties of solutions within a
single dataset. This will allow the extensive material collected in the scientific literature to be utilized.

Method

Binary Additive Quasi-Solvates (BAQS).

Let's introduce some definitions.

D1: Quasi-solvate Qjj is a hypothetical two-particle structure in which one particle i is the ‘solute’
and the other particle j is the ‘solvent’.

D2: A set of similar quasi-solvates has the macroscopic property Fi.

D3: The solution is an additive mixture of quasi-solvates with weight functions w;.

From D2 and D3, it follows that the property F of an n-component solution is composed of Fij with

weight functions wij:
n n
F= ZZ FijW; (6)
i=1l j=1
n n
2.2 Wy =1 (7)
i=1j=1
Four types of quasi-solvates are possible for a two-component solution;
Q11 — component 1 particle is the ‘solute’, component 1 particle is the ‘solvent’;
Q22 — component 2 particle is the ‘solute’, component 2 particle is the ‘solvent’;
Q12 — component 1 particle is the ‘solute’, component 2 particle is the ‘solvent’;
Q21 — component 2 particle is the ‘solute’, component 1 particle is the ‘solvent’.
Thus, the molar volume of the two-component solution is

V =V Wig +VioWao +Vo Wo, +VooWs0, (8)
Cases Vi1 and V2, — correspond to pure components. Based on D1, it can be assumed that
Viz2+V V321+V.

It remains only to set the weight functions. Two approaches to solving this problem are proposed.

Binary Additive Quasi-Solvates with Symmetric weight functions (BAQS/S)
Let the quasi-solvates be randomly distributed in the solution. Then the weight function is equal to
the probability of choosing two particles:

Wy = X12 and Wy, = X22 (10)
Wyp +Wsp = 2% X, (11)
On the other hand, by definition
Viz =V, - Z:(/l x=0 and V21=Vi;— 2)\(/2 x2=0 (12)
Conditions (8-12) satisfy the formulas:
W, = 2X1X§ and Wa; = 2X7%, (13)

This suggests that the distribution of the quasi-solvates Q> and Q1 cannot be completely random,
but depends on the environment. Conditions (10, 13) satisfy the formula:

33



Analysis of volumetric properties of liquid mixtures: I. method of binary additive quasi-solvates

2%,X}
Wi = (14)
X +X;
Thus, the weight functions are symmetric with respect to substitution of indices.
From (8-10, 13) it follows that
V =V (L4 % )+ Viax xE +V 53X +V,,x2 L+, ) (15)
The values of the molar volumes of pure components are assumed to be known. The limiting molar
partial volumes are unknown and are calculated as fitting parameters. A special deviation function is
used for approximation:
_ 2 2 _\/* 2 /¥ 2
AV =V -V, X (1+ X, )—szx2 (1+ X )_Vllex2 +V 1 XX, (16)
Normalized deviation function assumes linear dependence and allows visual assessment of model
adequacy:
AV 7k 7k
AV, = =V L, X +V 5 X
N XX, 1272 21 @an
The coefficients of the two-parameter Redlich-Kister equation are related to the effective limiting
partial molar volumes:

A - (\/21 -V, )"‘ (VIZ _Vll) _ Vzli* +V15* (18)

2 2
A = (\/21 _\/22)_6/12 _V11) _ Vo —Vi; (19)
2 2
The BAQS/S model can also describe multi-component systems:
_N N XX}
v —;;(\/u +V”)Xi+X,— (20)
The applicability of this model is discussed below.
Binary Additive Quasi-Solvates with Asymmetric weight functions (BAQS/A).
Assume that the equilibrium between quasi-solvates is established:
Qu+Qp <> Q,+Qy (21)
Qi <> Qz (22)
Then
Wy =X~ (23)
W =X, —&X (24)
W, =a—f (25)
Wy =a+f (26)

where a and g are the mole fractions of the particles involved in processes (21) and (22),
respectively.
From (3, 8, 9, 23-27) it follows that

V = Vll[x1 5 + 'g) +V 12(2 - g) +V 21(2 + gj +V22(x2 5 gj =ViX +V, %, (27)
Suppose it can be divided into two component parts:
(04 —o [ X —
Vll(Xl —2+§)+V12(2—2j =V1Xl (28)
o — o O _
sz(x2 —2—§)+V 21(2+'§) =V, X, (29)

After simple transformations the system of equations has the form:
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Vi-V
a—pB=2%——= 11 30
V-V, (30)
V., -V
a+pf=2x, 2 -2 31
From (23-26, 30, 31) it follows that
—E —E
\Y/ V
12 21
W, +W. W, , +W.
Wy =X -2 2 5 2L and Wy, =X, — 122 5 = (33)

Thus, a set of weight functions of quasi-solvates for any composition of the system is obtained. The
weight functions in model BAQS/A are asymmetric with respect to index substitution.

Let us determine the excess partial molar volumes using the tangent to the excess volume function
(1). If we use (2), the weight functions are determined using the coefficients of the Redlich-Kister
equation and special polynomials (x=x):

2 APR;
Wi, = 21-x) 10— (34)
; A-(-1)
2 APy
Wy, = 2x =0 (35)

i=1
The following are special polynomials:

P = x? (36)

Py =3x" —4x> (37)

P, =5x* —16x° +12x* (38)

P =7x% —36x3 +60x* —32x° (39)

P4 =9x% —64x> +168x"* —192x° +80x° (40)

P s =11x* —100x® +360x"* —640x° +560x° —192x’ (41)

P =13x* —144x° + 660x"* —1600x° +2160x° —1536x" -+ 448x" (42)
Py =1—2X+ X2 (43)

Py, =1—6x+9x* —4x3 (44)

P, =1-10x+29x° —32x° +12x* (45)

P,; =1-14x+61x* —116x> +100x* —32x° (46)

P,, =1-18x+105x* — 288x° + 408x* — 288x° +80x° (47)

Ps =1—22x+161x* —580x° +1160x"* —1312x° + 784x°® —192x7 (48)

Pps =1—26X+229x% —1024x> +2660x* —4192x° +3952x° —2048x7 +448x°  (49)

For the two-parameter Redlich-Kister equation considering (18, 19), where ¢ is the ratio of the
effective excess limiting partial molar volumes:

W, = X7 +4x7x2 -(1— f12 7621 ;gﬂj (50)
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+
W,, = X2 +4X7X2 _(1_g12 > §21j (51)
W, =2% X22 + 4X12X22 '(gzl _1) (52)
Wy = 2X12X2 + 4)(12)(22 '(glz _1) (53)
Restriction on the ratio of excess limiting partial molar volumes:
1
2 <6 = 2 (54)

When the excess limiting partial molar volumes are equal, the weight functions correspond to
equations (10) and (13).

Model testing

BAQS/S: Two-component systems.

Let us consider the applicability of the model for the well-studied Ethanol-Water system. Data on
the density of water-alcohol mixtures at 298.15 K and atmospheric pressure are taken from [8]. Based
on these data, the 4 functions were calculated and approximated by equation (16). (Fig. 1). As fitting
parameters, the limiting partial molar volumes of Ethanol in Water and Water in Ethanol were
determined (Table 2, 2 parameters). The values obtained are slightly different from the traditional
values 55.195 and 13.904 cm®mol, respectively [9]. Thus, the calculated limiting partial molar
volumes should be considered as effective within the model.

The data are presented more clearly in the form of linearized equation (17). Figure 2 also shows the
values for binary mixtures of Water, Acetonitrile and DMSO at 293.15 K and pressure of 81.5 kPa
calculated from [10].

10 4
AV,em’/mol

0
0 02 04 0.6 08 X(Ethanol) |

Fig. 1 Dependence of the function 47 on the composition of the mixture of Water and Ethanol. The dots show
experimental data, the line — calculation by equation (16).

It can be seen that the model describes the experimental data quite satisfactorily. Small deviations
are observed for water-organic systems in the region of low water content.

AVy, em’/mol

0 0.2 0.4 0.6 0.8 1

Fig. 2 Dependence of the function AVy on the content of the second component of the mixture. Dots —
experimental data. Lines — calculations according to equation (17): Ethanol-Water (red), Water-Acetonitrile
(blue), Water-DMSO (purple), DMSO-Acetonitrile (green). See text for explanations.
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However, it should be noted that BAQS/S is equivalent to the two-parameter Redlich-Kister
equation and is inferior in accuracy to higher order equations. Nevertheless, it is reasonable to use it
for small datasets and data visualization.

BAQS/S: Three-component systems.

The BAQS/S model can be used for multicomponent systems. The molar volumes of the three-
component Water-Acetonitrile-DMSO system were calculated from the above data of the two-
component systems and compared with experimental data [10]. Table 2 summarizes the parameters
obtained for the two-component systems. Similar parameters determined only for three-component
systems are also given.

Table 1. Effective limiting partial molar volumes Vi; (cm%mol) for two- and three-component systems.

i | 2 components 3 components
Water Acetonitrile 17.60+0.17 17.40£0.12
Acetonitrile Water 48.43+0.17 48.82+0.11
Water DMSO 15.7740.16 15.6310.11
DMSO Water 65.90+0.16 65.91+0.11
Acetonitrile DMSO 52.07+0.04 52.08+0.11
DMSO Acetonitrile 70.08+0.04 68.97+0.12

The differences between the parameters obtained from different data are insignificant. The standard
deviation for a three-component system is of the same order of magnitude as for two-component
systems. Thus, the BAQS/S model can be applied to predict the properties of multicomponent
systems.

BAQS/A: Molar volume.
The data of molar volumes of Water-Ethanol mixtures [8] were approximated by Redlich-Kister
equations of different orders. The calculated parameters are summarized in Table 2.

Table 2. Parameters of equation (2), limiting partial molar volumes and sum of squares of deviations.

2 parameters | 3parameters | 4 parameters | 5 parameters | 6 parameters | 7 parameters
Ao -4.44+0.04 -4.29+0.03 -4.27+0.03 -4.20+0.02 -4.23+0.01 -4,26+0.01
A 1.29+0.09 1.10+0.06 1.34+0.10 1.16+0.08 0.77+0.06 0.88+0.03
A -1.08+0.13 -1.23+0.13 -2.51+0.22 -2.01+0.13 -0.95+0.10
As -0.74+0.26 -0.21+0.20 2.82+0.35 1.97+0.17
A4 2.42+0.39 1.46%0.23 -3.2340.40
As -4.06+0.44 -2.91+0.22
As 4.81+0.40
V12

52.94+0.09 52.20 52.58 53.42 54.37 55.10
V 21

14.9240.11 13.80 13.17 14.72 12.82 14.38
G 0.0574 0.0203 0.0166 0.0079 0.0023 0.0004

As the number of parameters increases, the approximation accuracy improves. However, the
uncertainty of the limit values increases. Figures 3, 4, 5 show the dependences of weight functions for
the two-, three-, and four-parameter Redlich-Kister equation calculated from equations (34, 35) and
parameters of Table 3. Index 1 refers to Ethanol, index 2 to Water. The calculated weight functions
depend significantly on the number of parameters of the approximating equation. Moreover, negative
values of weight functions are observed for five and more parameters. However, qualitatively, the
dependencies in Figs. 3-5 are similar. Thus, the question of choosing an approximating equation for
the dependence of molar volume on composition remains open. Other approximating functions are
also found in the literature[11]. For example, the Padé approximation or orthogonal Legendre
polynomials are used.
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Figure 3. Dependence of weight functions on mixture composition for the two-parameter Redlich-Kister

equation (see text for notations).
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Figure 4. Dependence of weight functions on mixture composition for the three-parameter Redlich-Kister

equation (see text for notations).
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Figure 5. Dependence of weight functions on mixture composition for the four-parameter Redlich-Kister

equation (see text for notations).

The difference in weight functions for BAQS/S and BAQS/A models characterizes the specificity

of interparticle interactions:

Opp =Wy — X12
Sy =Woy— X5
O1p = Wyp — leng
Sp1 = Wy —2X7X,
what accounts for the deviations from linear dependence in equation 17.
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Fig. 6 shows the differences of the weight functions for the four-parameter model.

0.1

0.05

-0.1

-0.15

Figure 6. Dependence of the weight function difference on the mixture composition (see text for explanations).

Weight function differences for a two-parameter model:

+
511 = 522 = 4X12X22 . [1— 79[2 5 ngJ (59)
o = 4X12X22 '(§21 _1) (60)
Oy = 4)(12)(22 '(§12 _1) (61)

Parameters o show which interactions between components predominate. However, the
interpretation of the results obtained requires special caution. It should be remembered that we are not
talking about real particles, but about hypothetical quasi-solvates, and the results obtained are only a
method for describing the effects of interparticle interactions. The relationship of the BAQS method
with other approaches remains to be studied.

BAQS/A. Molar heat capacity.

The BAQS/A model can also be used to analyze other properties of solutions. From the data [12] of
molar heat capacity of Water-Ethanol solutions at 298.15K and atmospheric pressure, the parameters
of the Redlich-Kister equation were calculated. Based on these parameters, weighting functions (32-
35) and deviation parameters (55-58) are determined. Figure 7 shows the deviation functions
calculated from the three-parameter Redlich-Kister model.

-0.4

Figure 7. Dependence of the weight function difference on the mixture composition (see text for explanations).

Comparison with similar data for molar volumes (Fig. 6) shows that, despite the difference in the
amplitude of deviations, general regularities in the distribution of weight functions of quasi-solvates
are observed.

Conclusions

The method of binary additive quasisolvates is proposed. Two models considering in different
aspects interparticle interactions in solutions are developed. Each of the proposed models has
advantages and limitations.
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BAQS/S: describes molar volumes of mixtures, especially for aprotonic systems, can be used to

predict properties of multicomponent systems, effective on small datasets. Limitations: applicability to
other solution properties remains questionable, model parameters differ from those obtained by the
independent method, approximation accuracy is inferior to empirical models.

BAQS/A: applicable for any solution properties, informative and illustrative. Limitations: very

sensitive to the choice of approximating equation, difficult to interpret results, developed only for two-
component systems.

1.

2.
3.

Nomenclature

p — solution density (g/cm?);

pi — density of i-th component (g/cm?);

M; — molar mass of i-th component (g/mol);

xi — mole fraction of i-th component in solution;

X — mole fraction of the second component in the two-component solution (x=x2);
Vi — molar volume of pure i-th component (cm®/mol)

Pi
V — molar volume of the n-component solution (cm®mol)
n
2 Mix;
V = i=1 ;
Yo

Vi partial molar volume of i-th component in solution (cm*mol);

Vi — limiting partial molar volume of solute i in solvent j (cm*/mol);

Vij — effective limiting partial molar volume of solute i in solvent j (cm®/mol);

Vi —excess partial molar volume of i-th component in solution (cm®mol)
Vi =Vi-V,

\% i?oo — excess limiting partial molar volume of solute i in solvent j (cm*/mol)
\7500 =Vij —Vi;

/i " — effective excess limiting partial molar volume of solute i in solvent j (cm*mol)
—Ex %
Vi =Vi-Vi;

gij — ratio of the effective excess limiting partial molar volumes

_ Vi

\7|JEI* ’

Vij — molar volume of quasi-solvate Q;; (cm®mol);

A; — parameter of the Redlich-Kister equation (cm®mol);

AV — special deviation function (cm*mol);

AVy — normalized special deviation function (cm*mol);

wij — weight function of the quasi-solvate Qj;
oij — difference of weight functions of the quasi-solvate Qj;;

Siij
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M.B. €dimoB. AHania BOMIOMOMETPUYHUX BraCTUBOCTEN pigkMx cymiwen. |. Metog 6iHapHUX aguTUMBHKX
KBasiconbBariB

XapkiecbKull HayioHanbHUU yHieepcumem imeHi B. H. KapasiHa, matidaH Ceobodu 4, Xapkie, 61022, YkpaiHa

3anponoHoBaHO HOBWW MigXiA A0 aHanidy isuKo-XiMiYHUX BNacTMBOCTEW PO34YMHIB — MeToh OGiHapHuX
aanTmBHMX kBasiconbBatiB (BAQS). KeasiconbBat Qj —TinoTeTMyHa ABOYACTMHKOBA CTPYKTYpa, B SKi ogHa
YaCTMHKa | € «PO34YMHEHOK PEYOBUHOIOY, A iHLIA YacTUHKa | — «pO34YMHHUKOMY. Habip nomibHmx kBasiconbBarTis
Ma€e MaKpOCKOMiYHy BnacTuBicTb Fi. PO34MH € aanTUBHOIO CyMILLILLIIO KBA3iCONMbBATIB 3 BAaroBUMM yHKUIAMU Wij. Y
pamkax metogy BAQS pospobneHo aBi mopgeni: i3 cumeTpuyHMMM BaroBumm yHkuigammn (BAQS/S) Ta 3
acumeTpudHumn Barosumm dyHkuismu (BAQS/A). Ha npuknagi 06'eMHUX BNacTMBOCTEN PO34MHIB HEENEKTPOITIB
nokasaHO MOXNMBOCTI MeToay. BusHayeHo edeKTMBHI rpaHunyHi napuianbHi MONSpHi 06'€My KOMMOHEHTIB Ans
CyMilLie HeeneKTponiTiB. PO3rnsHyTO MOXNUBICTb MPOrHO3yBaHHS BracTMBOCTEN 6araTOKOMMNOHEHTHNX PO34MHIB
3a AaHUMK NSt JBOKOMIMOHEHTHMX cuctem. [Noka3aHo 3aCTOCyBaHHSA A0 iHLWMX BMacTMBOCTEN po3ynHy. KoxHa i3
3anpornoHOBaHUX MoerNen Mae CBOi NepeBary Ta HeosMiKu.

BAQS/S: onucye monspHi 06’emu cymiluen, 0cobnmBo Anst anpoTOHHMX CUCTEM, MOXe ByTu BUKOopuCTaHa And
NMPOrHO3yBaHHA BMAacTMBOCTEN 6araTOKOMMOHEHTHUX cucTeM, edeKkTMBHa Ha HeBenukux Habopax OaHuX.
OO6MeXeHHS: 3aCTOCOBHICTb A0 iHLWMX BNAcTMBOCTEN PO3YMHIB 3anMaETbCsa Nif NMUTaHHAM, napameTpu Mogeni
BiOPI3HAIOTECA BiA OTPMMaHMX He3aneXHWM MEeTOAOM, TOYHICTb anpokcMmauii NMoCTynaeTbCs eMnipuyHUM
MOAENSM.

BAQS/A: 3actocoBHa ans Oyab-sKMX BNacTMBOCTEN PO34MHY, iH(opMaTMBHA Ta inoctpatuBHa. OBMexXeHHs:
OyXe 4yTnvBa 4O BUMOOPY anpOKCUMYKYOro PiBHSIHHS, BaXKKO iHTEPNpeTyBaTW pesynbTaT, POo3poOneHo nuwie
NSt ABOKOMMOHEHTHUX CUCTEM.

Knro4woei cnoea: @izuko-ximiyHUl aHania, MonspHuli ob'em, epaHUYHUU napuianbHUU MOSPHUU 06°eMm,
pigHsIHHSI  Pednixa-Kicmepa, posqyuHu Heenekmponimie, 6a2amoKOMIOHEHMHI cymiwi, 6iHapHi adumugHi
Keasicoribeamu.

HadicnaHo 0o pedakuii 03.10.2023 lMputiHamo do dpyky 17.11.2023
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