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INTRODUCTION

The effect of solvent on electrolyte properties has already been a central prob-
lem in physical chemistry for several decades. The need for taking into account
this effect arises both in describing the ion solvation under infinite dilution
and in calculating thermodynamic properties of real solutions [2]. The con-
tinual [3,4] and semi-phenomenological quasi-discreate [2,5] approaches are no
longer effective because the new qualitative concepts have to be developed re-
garding the liquid phase structure (i. e. the structures of the solvent per se
and the ion pairs together with their salvation shell). Such notions as “sol-
vent structure”, “effect of ions on solvent structure”, “effect of solvent structure
on ion association”, etc. are extensively used often without sufficient ground
and also without assigning any specific physical meaning. This situation may
be remedied by using discrete solvent models and giving equal regard to all
its constituent particles (molecules and ions). This work deals with the chief
aspects of the formation of mean force potential (MFP) of ion-molecule and
molecule-molecule interact wqp(r). Thereby we hope to gain an insight into the
relationship between the form of the short-range ion distribution function and
the solvent properties, especially its structure, since the latter is influenced by
the molecule-molecule interactions.

We shall use the results of [6] and consider spherical ions (suffixes “a” and
“b”) at infinite dilution and spherical solvent molecules (suffix “s” ) having a
central dipole moment P;. According to [6],
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where k is the Boltzmann constant; T is temperature, K; R is the distance
between ions; u(R) is direct (pairwise) short-range potential; gq,(R) is the
screened potential; th;'”)(R) is the (n + 2) -th virial coefficient.

Under infinite dilution, the screened potential g,5 has a simple form:
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where e is the electron charge; Z,, Z, are the ion valences; ¢ is the self-
consistent part of the solvent permittivity:
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"~ where N, is the number of solvent molecules in a volume V.
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A study of the binary functions of particle distribution in mixtures has
shown [ 7] that the theory proposed in [6] leads to physically authentic results
throughout the ion concentration range.

Below we consider the approximations of the third and fourth virial coeffi-
cients and the effect of the elementary diagram of the fourth virial coefficient.
We shall thus be able to see what should happen if the solvent “structure” is not
(third virial coefficient) or is (the other approximations) taken into account.
We shall also consider the effect of density and the dipole moment of the sol-
vent molecules on wqp(R). Our computer could not determine the higher order
terms of the virial series (1), nonetheless our results adequately describe all
basic properties of real solutions.

CALCULATION FORMULAS

The calculation formulas are:
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Ps is the dipole moment, e is the electron charge, and are the valences of ions
of the a®® and B" sorts, @b, Qas, @ss are the pairwise shortrange potentials of
the ion-ion, ion-molecule and molecule-molecule interactions correspondingly,
1 = (95, ps) are the polar angles of the S** molecule, d), = ﬁ sin ¥sddsdes.

Integrating over orientations and using the bipolar coordinate system we

obtain
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The exact form of the pairwise potentials g, (R) is not known. In the gas
approximation they can be calculated by the quantum mechanical methods.
The functions thus obtained will hardly be applicable to dense systems in which
multi-particle interactions, including participation of a molecule in many H—
bonds concurrently, are important. At the same time the structure of the
formulas (4) - (6) suggests that the resultant values of wg,(R) depend on definite
integrals of a function of the type: r™ - exp(—pqap(R)/kT) rather than on the
exact potentials ¢,(R). Consequently for our purposes the use of simulated
potentials @45 is just sufficient. However, it was of undoubted interest to find
the general conditions which the functions ¢, (R) should satisfy so that was(R)
may qualitatively agree with the properties of 1 — 1 aqueous electrolytes found



in experiments. Hence, the potentials ,,(R) were chosen as follows: (a) the
Lennard-Jones potentials from the data of [8] (Fig. 1); and (b) the essentially
non-Lennard-Jones potentials, deeper and wider (Fig. 2), whose shape could
be predicted from purely theoretical conjectures [9], including those which take
into account the partial charge transfer occurring in an ion-molecule interaction
[10]. In the calculations the pairwise potentials were tabulated and in the
computation process they were interpolated by cubic splines{11]. Calculation
of integrals by this method under the Gaussian scheme chosen gives an accuracy
of the oder of 10 (1%).

All calculations, except for some special cases, were made using the following
parameter values: Z, = 1,7, = —1, P, = 2D,n} = 0,5, = 298.16°K.The
numbers of the wg,(R) curves refer of the numbers of the @q,(R)/kT curves
shown in respective figures and used in the present calculations; the first number
refers to the potential @q{R), the second number refers to the potential pp, (R),
the third to pss(R).

APPROXIMATION OF THE 3-RD VIRIAL CO-
EFFICIENT

The w,s(R) versus ¢,s(R) relatioship. Fig. 3 illustrates typical calculated re-
sults. It is seen that for relatively weak ion-solvent molecule interactions (Po-
tential 4 and 5) the curve wqp(R) has a deep minimum indicating the existence
of contact ion pairs for the values of o, determined by the form of the potential
©ab(R) (Fig. 1,Curve 6.) With the increasing interaction between ions and the
solvent simulated by an arbitrary set of potentials selected from those shown in
Fig. 1, the probability of formation of contact ion pairs decreases (the absolute
minimum depth decreases), while in the range of large R the curve suffers a
bend which, as the interaction increases, transforms into the second, less deep,
minimum. It is located at R < 045 + 0ps, that is, the probability of formation
of solvent-shared ion pairs of nonlinear structure is higher than that of linear

structure(with the arrangement).

Fig. 4 shows the results obtained under the assumption that the ion-solvent
interaction is strong. Comparison of the curves calculated for the potentials
I-I and II-II shows that an increase of interaction reduces the deviation of the
solvent molecule from the line of ion centers (the minimum shifts towards higher
R ) and at R = 0,45 the minimum vanishes; in the range where R = 0,45 wap(R)




becomes positive manifesting the instability of the contact ion pairs. In case
only one of the ions interacts strongly with the solvent, both minima remain,
but unlike the case of weak interaction, the second minimum is deeper than
the first one, i.e. the relative concentration of shared pairs is greater than that
of the contacting pair.

The concentration of contact ion pairs in typical I-I electrolytes solutions,
say LiCl solution, is negligibly small at low concentrations. It was therefore of
special interest to find out whether this result could be obtained by modifying
the potentials 4 and 5, Fig. 1, within reasonable limits. Such modification
is plotted in Fig. 5 and the corresponding functions in Fig. 6. From these
results as well as from their comparison with those mentioned above it follows
that in a real aqueous LiCl solution the pairwise interactions of ions with the
solvent should be much stronger than those predicted by the Lennard-Jones
potentials. Experiment confirms this conclusion, since chlorine ions are known
to form H—bonds with water molecules [1] and since partial charge transfer
occurs in the interaction between lithium ion and water [10].

The wep(R) versus Py relationship. This relationship is shown in Fig. 7. It
follows that the increase of P; is generally equivalent to the increase of the
ion-solvent interaction represented by functions ¢qs(R).

The w,p(R) versus n¥ relationship. For real water n} = 0.25. It is physi-
cally obvious that an increased number of solvent particles in a unit volume

should enhance the probability of the configurations and reduce that

of the configurations. Accordingly, probability of the type

configurations should increase, too. Fig. 8 shows that this is precisely the case,
i.e. the increase of N is indeed equivalent to the increase of P;.

The wqo(R) potentials. The model potentials shown in Fig. 1 and Fig. 9
were used in the calculations which sufficiently clarified the situation. From
Fig. 10 it is seen that, as in the case of oppositely charged ions, stable shared
ion pairs are formed under sufficiently strong ion-solvent interaction. However,
there is a remarkable difference, too: the minimum of wep(R) is located ex-
actly at R = 20,s which corresponds to a strictly linear arrangement of the
three particles a s a. Physically, it is evident that the reason is the mutual
repulsion of like charges. As regards the possibility of the existence of compact
configurations comprising ions of like charges it must be noted that they have
been discovered experimentally [12] and are formed precisely due to specific
ion-water interaction.




The variations in P; and N} at fixed potentials @qs(R) affect waq(R) in the
same manner (Figs 11 and 12) as they do the functions wqs(R) (Figs 7 and 8).

The effect of temperature both on w,p(R) and we,(R) investigated in the
range from 273 to 283 K was insignificant and below 0.5%. This is consistent
with the results of [2], according to which the temperature variations in these
functions of the same small order are required to calculate the heats of dilution
of strong electrolytes from empirical MFP.

APPROXIMATION OF THE 4-th VIRIAL CO-
EFFICIENT

In this approximation the contribution of the elementary diagram is neglected,
which corresponds to the hyperchain approximation in the theory of simple
systems with short-range potentials ¢q5(R) [13].

The w,p(R) versus g (R) relationship. Allowance for the solvent “struc-
ture” elements in terms of ,,(R) considerably complicated the overall picture.
Fig. 13 shows the results obtained at a fixed potential @ss(R). Our attention
is drawn to the absence of minimum at R = o4 even for weak ion-solvent
interactions (Curves 1 and 3), observed in the 3rd virial coefficient approxima-
tion at R values up to rather strong ion-solvent interactions (cf. Figs 3, 4 and
6). In other words, the direct allowance for the intermolecular interactions is
essential for a correct (even qualitative) description of ion distribution nature
in the ion-dipole systems. The authors of [14] were the first to emphasize the
importance of taking into account the 4-th virial coefficient in this respect. The
position of the first minimum between o4 < R < 0gp + 0ps suggests that it

relates to configurations of the type, or more likely, to @g@

type, since only intermolecular interaction can prevent formation of contacting
ion pairs. The configurations of the second type are indeed responsible for the
nontrivial shift of the first minimum in R, depending on the potentials ,s(R)
(cf. Fig. 13a). This idea is supported by Fig. 14 as well, which shows that the
minimum shifts slightly towards larger R with the increasing potential gs(R)
depth (Fig. 15), which is equivalent to transformation of the configurations of

the form @g@ to configurations of the form @99‘3 .A further increase




in the solvent-solvent interaction gives rise to positive w,p(R) in the vicinity of
the first minimum (Fig. 15), i.e. the foregoing configurations become unstable.

The second minimum in Fig. 13 corresponds to inter-ion distances R =
Oas + 0ss + 0bs (Curve I) under a weak interaction. The corresponding linear

configuration is Q)X SXS)XD) . With the increasing interaction between ions

and solvent, the minimum shifts towards smaller R indicating that the con-

figurations of the type @99‘3 predominate, and on further enhancement

(Curve 4) the minimum degenerates into a horizontal portion signifying the
existence of a set of approximately equiprobable configurations of this type.
The decline of Curve 4 towards the first minimum begins at R larger than for

the configuration .

The wep(R) versus Ps relationship is shown in Fig. 16. On the whole, an
increase of P affects the first minimum depth in the same direction as an
increase of the ion-solvent interaction while on the second minimum depth, as
an increased solvent-solvent interaction.

The wep(R) versus n} relationship. On the whole, an increase of n} affects
7.(R) in the same direction as an increase in the molecule-molecule interac-
tion. In particular, at low solvent density (the “gas” approximation) the curve
wap( R) has only one minimum corresponding to the formation of contacting sol-

vated ion pairs of the type @ @ As n? increases, its ordinate increases
1% 4% 9 s

too, shifting towards positive values, and simultaneously the second minimum
begins to appear corresponding to the formation of the shared ion pairs of the

type @99® (Fig. 17). It is importat, however, that for a particular set

of potentials, by varying n} it is not possible to convert, the curves given in
Fig. 17a into curves such as Curve 4 of Fig. 17b whose maximum lies in the
negative region of wg,(R). The necessary and sufficient condition for such a
conversion is the enhanced molecule-molecule interaction. Water density is 55
moles per liter, that is, n¥ = 0.25. Accordingly, Curve 4 (Fig. 17b) provides
a qualitative description of a situation frequently occurring in aqueous solu-
tions, namely, when hydrated and shared ion pairs coexist in equilibrium easily
passing into each other [15]. Calculations show that this situation is more ac-
curately described by the Guggenheim-McGlachan [16] potentials than by the



Lennard-Jones potentials. This agrees well with the results of [17] in which the
radial distribution functions of liquid argon calculated under the hyperchain
approximation were found to agree with the experiments if the potentials [16]
were used instead of the Lennard-Jones potentials.

The wqq(R) potentials. The main results shown in Fig. 18 suggest that,
firstly, in the 4th virial coefficient approximation the minimum corresponds
to the formation of ion pairs in which the ions are separated by two solvent
molecules rather than by one as in the 3rd virial coefficient approximation
(cf. Fig. 10); and secondly, that the deepening of both potential ¢,(R)
and potential ¢ss(R) increases the probability of the occurrence of the same

configuration (@XS XS Xb) which constitutes the principal difference from the
interaction between ions of unlike charge.

EFFECT OF THE ELEMENTARY DIAGRAM
OF THE FOURTH VIRIAL COEFFICIENT

The contribution of diagram for typical sets of potentials is shown in Fig. 19. It
is seen that the contribution is considerable even at relatively weak potentials
(Curve 1) and it increases especially on transition to the non-Lennard-Jones
potentials (Curve 3) of the type shown in Fig. 20.

In Fig. 21 the results calculated for all the three approximations are com-
pared. Here three points deserve our attention. First, an account of the elemen-
tary diagram for not very deep potentials pqs(R) provides for the coexistence

of configurations and (@QXSXSXb) , Fig. 21a. Second, for deeper

potentials pqs(R) the probabilities of the occurrence of these configurations
become closer, Fig. 21b. Third, calculations show that the evaluation of the
MFP and the physical assumptions deduced for the interparticle interactions
made in the hyperchain approximation, i.e. without an account of the elemen-
tary diagram, and based solely on the agreement between the theoretical and
experimental thermodynamical properties of electrolytic solutions [5, 18], must
be used very cautiously. The reason is that the elementary diagram does make
a considerable quantitative contribution into the MFP, and the calculations
have been shown in [2] to be very sensitive to the MFP.

ST
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Figure 1: Lennard-Jones potentials Figure 2: Model potentials. Curve 5
according to [8]:1 — Ho0 — H20, 2 from Fig. 1 is shown for the purpose
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Figure 3: w.p)(R) functions com-
puted with potentials ¢(43)(r) shown
in Fig. 1. The 3-rd virial coefficient
approximation.
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Figure 4: w(ap)(R) functions com-
puted for strong interaction of sol-
vent molecule with both ions (curves
1 and 2) and with one ion (curves
3 and 4); Coulomb potentials,
Z,Zpetfer 5 —€ =g, 6—¢ =
74.45. The 3rd virial coefficient ap-
proximation.
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Figure 5: Modified Lennard-Jones Figure 6: wgp(R) computed with the

potentials 4 and 5 of Fig. 1. potentials ¢,s(R) shown in Fig. 5.
The 3rd virial coefficient approxima-
tion
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Figure 7: The effect of P, on the
probability of formation contact and
solvent-shared ion paris. The @qs(R)
potential is the Fy potential shown in
Fig. 15. The 3rd virial coefficient ap-
proximation.
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Figure 8: The effect of solvent num-
ber density on the probability of
formation of contact and solvent—
shared ion pairs.The pqs(R) poten-
tial is taken as the F5 potential shown
in Fig. 15. The 3rd virial coefficient
approximation.
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Figure 9: Another set model poten- Figure 10: wqsq(R) functions com-
tials. puted with the potentials ¢us(R)
shown in Fig. 1 and Fig. 15. The
3rd virial coefficient approximation.
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Figure 11: The effect of Ps on wea(R) Figure 12: The effect of solvent num-
functions. The @qs(R) potential is ber density on w,s(R) functions. The
taken as the IR potential shown in pas(R) potential is taken as the TRI
Fig. 9. The 3rd vitial coefficient ap- potential shown in Fig. 9. The 3rd
proximation. virial coefficient approximation.

17



Figure 13: wqp(R) functions calcu- Figure 14: wgp(R) functions calcu-
lated with fixed @ss(R) potentials, lated with fixed ¢ss(R) potentials,

Fig. 1, curve I, and various ggs(R) Fig. 1, curve I, and various @gs(R)
potentials: I— 6-6-I, 2— 5-5-I, 3— potentials: I— 3-5-1, 2— I-4-1, 3—I-
4d-4d-1. 3-L
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Figure 15: wqp(R) functions calcu- Figure 16: Model potentials differ-
lated with fixed us(R) and ¢us(R) ing one from another only by their
potentials and various ¢4s(R) poten- depths.

tials:  @us(R)— Fig. 1, curve 4,

wbs(R) — Fig. 1, curve 5; pgs(R) :

I-F,, Fig. 15, 2— Fs, Fig. 15, 3 —

Fs, Fig. 15, 4— IR3, Fig. 9.
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functions in case of weak molecule—
molecule interactions; set of poten-
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Figure 20: wqe(R) functions calcu-
lated with potentials shown in Fig.
1. I — Coulomb law, € = 74.45; 2—
5 wq, (R) functions for sets of model
©vaa(R) potentials: 2— 5-5-1, 3— 5-
5-3, 4— 4-4-1, 5— 4-4-3. The 4th
virial coeflicient approximation.
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Figure 23: Comparison of way(R)
functions computed in various ap-
proximations: a) set of @, (R) poten-
tials: 4-4-5; I — the 3rd virial coef-
ficient approximation, 2 — the HNC
approximation, 3— the HNC approx-
imation plus the contribution of ele-
mentary diagram. b) set of @gu(R)
potentials: 3-3-5, I — the 3rd virial
coefficient approximation, 2 — the
HNC approximation, 3— the HNC
approximation plus the contribution
of the elementary diagram.



CONCLUSIONS

The virial series used for the evaluation of the inter-ion MFP cannot probably
be restricted to the fourth virial coefficient. This doubt arises due to the strong
difference between the wqp(R) functions calculated in the 3rd and 4th virial
coefficient approximation as well as due to the considerable difference in the
sensitivity of w,p(R) to P variations in these approximations. Nevertheless,
the calculation results do provide a qualitatively authentic physical picture
which is experimentally observed in strong electrolyte solutions. In particular,
an increased interaction between ion and molecule enhances the probability of
formation of ion pairs in which the ions are separated by one solvent molecule,
and an increased molecule-molecule interaction simulating the growth of solvent
«structuredness» enhances the probability of the formation of ion pairs in which
the ions are separated by two solvent molecules. Further, special calculations
made for smaller ions have shown that a stronger ion-solvent interaction is
required to form the shared rather than contact ion pairs. Finally, the MFP
have a regular asymptote corresponding to the Coulomb potential with £ =
74.45. However, such an asymptotic behaviour is observed for unlike charged
ions in the third virial coefficient approximation (Fig. 4) and for ions of like
charge only in the 4th virial coefficient approximation (Fig. 18), whereas in
the third virial coefficient the asymptote, while still remaining Coulomb, has
e =17.3 (Fig. 10).

Hence it may be noted that the treatment of inter-ion MFP in an ion-dipole
system with the Lennard-Jones potentials by the Monte-Carlo method [19 has
yielded functions similar to the Curve 5-5 in Fig. 3 (with a deep minimum
corresponding to the formation of contact ion pairs and a feeble likeness of
a second minimum at R values corresponding to the formation of shared ion
pairs). This simple result is probably due to the specific features of the Monte-
Carlo method. Indeed, the MFP of methane-methane interaction in water
calculated by this method resulted in a curve having one minimum at the
contact region [20], whereas the theoretical treatment resulted in a curve with
several extrema. [21].

The last fact to be noted here is the instability of the second minimum
relative to weak @q(R) variations (Fig. 13) and small density variations (cf.
Fig. 8). The situation resembles phase transformation and can indeed be due
to jump-like variation of the nearest neighbour distribution, in our case - to
a change from one ion pair type to another. A natural way to clarify this
and some other still unclarified points is to calculate the contribution of the



next virial coefficients and the MFP of the molecule-molecule and ion-molecule
interactions.
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Aiipsn D. A, I'py6a B. II., Cunopenko C. H. E11-2002-260
Ponp B3auMopeiicTBHit HOH—MOJIEKY/IA M MOJIEKY/Ia—MOJICKYJ1a

B (OopMHpOBaHUH MOTCHIHAIA CPEIHEH CHIIBI

B3aMMONEWCTBHS ABYX HOHOB

B paMxax KJ1acCHYeCKOH HOHHO-IUIIONLHOM MOJIENIM PACTBOPOB 3JIEKTPOJIUTOB
HCCIIEIOBAHO BIUSIHME HOH-MOJIEKYIIPHBIX H MEXMOJIEKYIIAPHBIX B3aMMONEHCTBUI
Ha (POPMUPOBAHME MEKHOHHBIX MOTEHLUHATOB cpeaHei cunbl. [TokasaHo, 4ro no-
cinegHHe Ha OGOJBIIMX paccTOAHMAX 0ONagalOT Ky/TOHOBCKOH AaCHMIITOTHKOH,
a B 06JIaCTH CpEHMX PAcCTOSHHI HMeIoT (OpMy, ONMMCHIBAIOLIYI0 0OpazoBaHMe
M Pacraj CoNbBaTHO-Pa3NeJICHHbIX HOHHBIX nap. Pe3ynbTaThl YMCIEHHBIX PacyeToB
JAlOT Ka4ECTBEHHO IPaBIONOAOOHYIO KapTHHY, KOTOpas 3KCIIEPHMEHTATLHO Habio-
Jaercs B pacTBOpaXx CHIbHBIX BJIEKTPOJIHTOB. B 4aCTHOCTH, CHIBHOE HOH-MOJIEKY-
JIPHOE B3aUMOLEHCTBHE CIIOCOGCTBYeT 06pa30BaHUI0 TAKAX MOHHBIX Iap, B KOTO-
PBIX MOHBI pa3eNcHbl OJHONH MOJIEKY/IOH PaCTBOPHUTENS.

Pa6ora BemonHeHa B JlaGopatopuu uHGopMauuoHHBIX TexHomoruid OMSIH.

Coobienne O6beqHHEHHOr0 HHCTUTYTA SIEPHBIX HcciaenoBanuil. [ly6Ha, 2002

Ayrjan E. A., Grouba V. D., Sidorenko S. N. E11-2002-260
The Role of the Ion-Molecule and Molecule-Molecule Interactions

in the Formation of the Two-Ion Average Force

Interaction Potential

The effect of the ion-molecular and intermolecular interactions on the forma-
tion of inter-ion average force potentials is investigated within the framework
of a classical ion-dipole model of electrolyte solutions. These potentials are shown
to possess the Coulomb asymptotic at large distances while in the region of mean
distances they reveal creation and disintegration of solvent-shared ion pairs.
The calculation results provide a qualitatively authentic physical picture which is
experimentally observed in strong electrolytes solutions. In particular, an in-
creased interaction between ion and molecule enhances formation of ion pairs
in which the ions are separated by one solvent molecule.

The investigation has been performed at the Laboratory of Information Tech-
nologies, JINR.
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