IONIC INTERACTIONS IN POLAR LIQUIDS
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The pair interaction energy of ions dissolved in a medium is very important in the thermodynamics of elec-
trolyte solutions and in several kinetic problems, For sufficiently large interionic distances this quantity is usually
described by a Coulomb law, with account of the dielectric constant of the solvent. It is shown below that the
Coulomb model becomes incorrect for interionic distances of the order of the polarization fluctuation correlation
length in the medium.

Using the results of a recent paper [1], where a phenomenological theory of polar systems with spatial dis-
persion was developed, we consider the interaction of charges located on two impurity sites. We limit the discus-
sion to the case where frequencies of motion of the particles are lower than all optic frequencies of the solvent,
The purpose of this paper is to find the field of such ions. According to [1] the fiee energy of the system consisting
of the medium plus the external electric field (®(r)) is, within the linear theory, F=Fy+ AF, where Fj is the
free energy of the medium in the absence of fields,

_ 1 r~1 ’ B
AF—EE%}Sdrdr ek (r, 1) 8% (r) @ (1), @

where € &IB (r, r') is the reciprocal static dielectric constant tensor of the medium, The field gives rise to two
sources inside the medium, but their sizes and charges are such that effects of dielectric saturation can be neglected.
The free energy of such a system is F=Fgp=Fo+AFg,, where Fy is the free energy of the inhomogeneous medium

(due to the finite size of the sources) in the "absence" of the charge fields, and &AFy, is determined from (1) with

@ =@, -+ @, and with the dielectric constant of the medium and the impurities. Removing conceptually the
charge with the first particle, we have F=F,=Fg+A4F,, and repeating the same procedure with the second, we have
F=F;=Fy+AF;, where AF; and AF, are determined by (1) with @ =@, and & =@,, respectively. Obviously,
the electric interaction energy of the particles in the medium is

F(1,2)= AFy, — AF, — AF, = Z%-ZSdr dr'ezd (x, ') G2 (r) G (r').
af

(2)
For jons 1, 2 in a polar liquid we use the Born model of metallic spheres [2]
(r —Ri,2) ,

B,,,(r) =212 T—FRisFF B(r — Rya| —r1y,9) (3)

(ry, T, and Ry, R, are the radii and center coordinates of the spheres, and 6(x) is the Heaviside function) and the
*cut-out" sphere approximation

a6, 1) = eab(x — )8 (r — Ry | — 1) (' —Ry|— )61 r — Ry | —13) @
X O(r — Ry | — 1) + 8gp0 (r —1")B(ry — | — Ry [)0(ra — [r — Ry )
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where (€ g (r —r') is the solvent dielectric constant, We have

F(1,2) =222 zgdks;}3 (k) exp { — ikR}

af
"a sm kr; SIBET 4 jexp{ikR I® K, R sm krs s v
= p{ikR}I" (k, r;, R) T b exp {ikR}
X IP (=X, ry, — R)} , (52)
Ik, r, R)= de exp{ikx}(x +R)*|x + R |26 (r — x), (5b)

where R=R, — Ry, . Since ry+ry <R we can expand (5b) in Legendre polynomials in r3/R,1;/R. Since both initial ap-
prox1mat1ons are valid only when ry~ry <<R, we will consider distant ions and will neglect all terms except the

koK kgt
dominant one. Taking into account the liquid isotropy (sag (k) = Tﬁ o (k) -+ (50,5 k,ﬂ )ﬁ) we have

as a result

o0
~ FO _ 2 2 { _dk sinkRsin kry sinkr,
F (17 2)'—‘ F (1’ 2) = 21296 7 S 8" (k) TR kr ity ’ (6)

and the contribution of the discarded terms is F(1, 2)/ F(o)(l 2)—-1 L (r1 +r22)/ R%,

A number of general statements can be made concerning the spatial dispersion spectrum of the static dielec-
tric constant if the absorption zones of the system are sufficiently far from the wide transparency zones [1]. In this
case the polarization vector of the medium can be represented as a superposition of polarizations of different,
practically uncorrelated subsystems. We enumerate the absorption zones from left to right (by increasing frequency)
in such a manner that the transparency zone n,(of characteristic frequency wn,) separates the absorption zones n
and n—1; also wp==0. At the same time the transparency zone n. separates the quantum (q) and classical (c)
degrees of freedom of the solvent (w,=2T). We then have [1]

1 1
- = D, Fy (k).
TNCERTE ) )

where € n(k) = €(wn, k); Dn=(1/€n40)—(1/€p); €n=¢€p(0); Fn(0)=1, F(«)=0, Fy(x) is damped at x=1 and Ay is
the characteristic correlation length of the polarization fluctuations, brought about by excited degrees of freedom
of subsystem n (with characteristic frequencies wp < w< wp1). The function Fj(x) was investigated for n<n, [1].
Thus

ey (k) = {1 — 2 DuFu (iho)) ©

Substituting (8) into (6), we have

: ' 2008 ¢
FQ1,2)= z,;;ez {1 — D, :rt(r;?: S dx F’;( ) s1n—){ix sin Tx .sin T x} (9)
oon 0 n

We consider the important limiting case, when all n can be divided into two classes —{n} = {n,, ny} , so that
An, << R<< Ap,. Retaining only the asymptotic terms in (9), we have

Fb(i’z.)zh_z;?'“—21)”71?——21)”}" | (10)
) ny “’n N2 /

984



L

where xn = l,n/S F,(x)dz. In particular; when R>> A, we have for all n, F(1, 2)=z420e% /R {1 = %Dn} =
0

212, /R €y If ny> ny and if for all subsystems of the class {ng} h;l are roughly identical (X[, =\), we obtain

, af 1 1 1\ 1 -
F(l, 2) - =12129€ {W — (e';-m-— 8—0) T} , here €lim anmin{nz}.

Thus, the interaction of the charged particles at a distance R much larger than their sizes is described by:

1) The "ordinary" Coulomb law, if R exceeds significantly the maximum correlation length of polarization
fluctuations in the medium.

2) A modified Coulomb law E(1, 2)=zyz,e?/€ R, if the correlation lengths of degrees of freedom with fre -
quencies right of the transparency zone n are small compared with R, but the others are large.

3)*A generalized Coulomb law F(1, 2) =z1zzez/ DR, if no correlation length in the medium is of the order of

R, and the dependence of the correlation lengths on the subsystem index is not monotonic, Here D={1 -%Dn} '1,
2

where the summation is over the subsystem indices with correlation lengths small compared to R,
4) Equation (6), if there exist correlation lengths of the order of R,

It is physycally obvious that in quantum subsystems of polar liquids correlations occur at distances of the or-
der of the molecular size. Therefore, considering R >> ry 3, it is reasonable to assume that R >> k(l‘ll). To obtain
analytic results for arbitrary K%") we use the approximation Fpep (x)=(1+x%72, justified in [1] for “strongly non -
magnetic" liquids, and assume, as above, x[f =An<n. = A+ We then have

20 [ 1 1 1 1
P, 2) =222 — (- — ) [t + Fexp(—RA)

€y €y €0
RA - 4A2 r

11)
A r1 ry A ra ra T2 (
X (4 shf-oh g+ £-sh o 2 — ZEEE s Zooh 2]}

rirs

where €x=€ng. When A >> ry3~1,

D=+ () [+ s [ 2} 1)

As the estimates show, for water in normal conditions this value is approximately 10 times larger than that
of the "ordinary" Coulomb law for R~ A,
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*Cases 1 and 2 are special cases of 3.
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