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On the “Born” term used in thermodynamic models for electrolytes

Jean-Pierre Simonin!
Laboratoire PHENIX, CNRS, Sorbonne Université (Campus P.M. Curie),
4 Place Jussieu, Case 51, F-75005, Paris, France

In the literature, many expressions for the Helmholtz or 640 nergy of electrolyte

1®ariation of the solution
he SAFT formalism).

solutions have included a term that takes into account
permittivity with the composition of solution (within,“e.g.,
This contribution is often called the “Born” tefu ‘QQ@G it was inspired by the
classic expression established by Born to degcribe thegsolvation energy of an ion.
The present work is an attempt to get more.ph 'ca1>nsight into this semi-empirical
“Born” term. The way in which it has ee(gused)’n the literature is briefly examined
and its typical magnitude is evaluated. it proposed to use the non-primitive
mean spherical approximation (M \t@@ to calculate the chemical potential of

an ion in a solution composed é(\\aKgT hard spheres (the ions) and dipolar hard

spheres (the solvent). The ca }P?r;g. e anion are monovalent monoatomic ions of

equal diameter. The dipo\ ave,a different size, and mimic water molecules. The

theoretical expressions%nodel were found to fulfill the Gibbs-Duhem relation,

which suggests thatithey are ®orrect. A rescaled ion-dipole contribution is introduced,

in a form that is*suitable for inclusion in electrolyte models. It is compared with a

“Born” ternficxpfessed. in the same framework. It is found that the former is in

general NQZ '4ated by the latter. The two might even be of opposite signs in
%ions

sufficiently small size.

lectrolytes; non-primitive mean-spherical approximation (MSA); Born
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I. INTRODUCTION

The modeling of the thermodynamic properties of aqueous, or mixed-solvent, electrolyte
solutions and of their phase equilibria is of great importance in various areas of physical
chemistry. It has applications in many fields such as industrial C}?(nistry, food processing,

a

\ni%salination, oil in-

biorefining, pharmacy, refrigeration, geochemistry, water treatmen
dustry, environmental chemistry (e.g., speciation),... Electroly go represent a challenge

for the development of analytical models because of the variety ‘and cemplexity of the inter-

actions involved in these solutions, such as long-ranged interienie.forces, polarization effects,

—
hydrogen bonding, ion pairing,...
Various models have been developed in the liferatur considering the solvent (often

water) as a continuous medium that manifests itself ‘oaly through its dielectric constant.
L -

Such models are often termed as ‘primitivé\imi; . This is the case of the Pitzer model
m

that is extremely popular in the geochemica nity. However, this framework is viewed
\
as insufficient in various other areas ek\the solvent is not taken into account explicitly,

with the consequence that its propert h"mot correctly described. For instance it becomes

—

rather awkward to use in the case oftigedisolvents or when thermal properties (e.g., dilution

enthalpies) are considered. \
Nonetheless, the de 10?(\31‘5 of analytic models including the solvent explicitly is a
e

much more difficult

cal engineering models have been proposed to describe ionic
. £ . .
solutions!, often bAscd on t/h’e notion of local composition? such as electrolyte-NRTL?*, or

UNIQUACS.

notheg _class of models that has received much attention in the past decades
is based omn,t Qtistical—associated fluid theory (SAFT)S. This type of model is based on

ins, fdr%en bonding, solvation). The inclusion of all interactions and effects arising in

chain
e ctrolySe solutions is still a significant challenge for analytic explicit-solvent models.

Hr&eneral, this type of electrolyte model accounts for the effect of electrostatic interactions
by adding dedicated contributions corresponding to the various forces between the species,
namely ion-ion, ion-solvent and solvent-solvent interactions. The effect of ion-ion forces is
described®*# through the use of a Debye-Hiickel or mean spherical approximation (MSA)®

term. The effect of solvent-solvent forces is taken into account in SAFT models through
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the Wertheim association term. Lastly, the contribution from ion-solvent forces is often

10713 " which has been proposed as

implicitly described by inserting a so-called “Born” term
an extension of the formula provided by Born to calculate ion solvation energies in solution.

It should be mentioned that a few SAFT models'* !¢ have used another approach. In-
stead, the non-primitive ion-dipole MSA model (ID-MSA)!™19 mployed in order to
account at the same time for the effect of the three types of 1 ic interactions in
aqueous solutions. In the ID-MSA model, water and the igns aié represented as dipolar
hard spheres and charged hard spheres, respectively. ]\

Besides this exception, many models have accoun e‘(_i\ the effect of ion-solvent forces
by adding an independent “Born” term to the Helmholtz Sr ibbs energy, or directly to
the chemical potential of an ion. This has bedh the case-of models based on the Peng-
Robinson equation of state (EOS)®?°, on the cubic-pl L‘)assomatlon (CPA) EOS??2) on the
Soave-Redlich-Kwong (SRK) EOS*, o cctrolyte-NRTL model®?*?° and on SAFT-
type equations!® 3. Another case is t KN model?%?7 in which the chemical potential
of an ion comprises an ion-ion (II), n—solvent (IW), interaction term. This model
is developed in an implicit- solv fra ! ?hough not at the McMillan-Mayer (MM) level
at which ion-solvent 1nteract1 ns s ot be introduced (only effective solvent-averaged
ion-ion forces in the infinite dll ion are involved in the MM framework®®). One may

note that a “Born” co mngl has not always been included®® in the literature, and that

it has also been somgfime tionally discarded?".

£
Originally, t}Z“B " tetm seems to have been introduced for the first time by Cruz
8

and Renon in the basis of the Debye and McAulay theory depicted in the book by

Harned an ;31. The latter theory had been developed for the description of “salting in”
and “salting olit” effects caused by electrolytes on the partitioning of neutral molecules, and
the eléctrical waefk associated with the change in dielectric constant caused by an electrolyte
(oran —eleé@rolyte) appeared incidentally in the development of the theory®'. Anyhow the
formula ﬁyself and its derivation were basically copied from the Born equation®?

WQ% introduction of this term was motivated by two observations: the relative per-

iftivity of an ionic solution, 4., is experimentally known to vary (decrease) with salt
concentration®?; the Born equation provides a way of estimating the electrostatic energy of

an isolated ion placed in a (pure) solvent regarded as a dielectric continuum (the solvation

energy of the ion). Then, supposedly, by assimilating an ionic solution to a dielectric con-

3
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tinuum of dielectric constant e, it was assumed that the Born equation could be applied
equally to the case of an ion in a mixture of solvent molecules and ions.
However, it seems to the best knowledge of this author that, after having been introduced

40 years ago, the “Born” term has never been questioned per se, and that its validity has

not been justified so far by any fundamental study. Its use seemsgfto be taken for granted

and, by the way, no other theoretical expression is available to “Anyhow it should

be recognized that the rationale behind this formula, viz. t&\mllatlon of the medium
ni

surrounding an ion to a dielectric continuum having the iyity of the solution, may

appear questionable or at best of limited validity. Indee e‘?h?“mnge of ion-solvent forces
=

that appreciably influence the ion-solvent chemical p tentiaSis

range than the typical distance beyond which tk@la’civ

have a sound physical meaning (this point wil 1sc‘9sed below).
It is the purpose of this work to exa ‘%\h{a orn” term more closely. This is done
mainly within the framework of the s ?—_@e version of the ID-MSA model of Blum

et al.1™ 1. This model has been fo %&Mesmmate the contribution from dipole-dipole
it\h

3435 On the other hand s been shown to provide a satisfactory description
of ion*37 and electron®® sol atéiog\\\go ar liquids, and of interactions between ions and
dipolar solutes in molten salts® .\Fkrefore, the ID-MSA model may be expected to give a
good description of ion-golvent interactions in the present study.

The methodolog follohﬁ

ikely to be of much shorter

rmittivity of solution starts to

interactions®

this work to get more insight into the “Born” term is as
follows. A model 6f io g soliition, as sketched in Figure 1, will be considered. This solution
is composed o haMrical equally-sized monovalent monoatomic ions, and hard spheres
of a different Sige/with a centrally embedded point dipole that are intended to mimic water
molecule$., It Avill
ID-MSA “theory,” The cation, the anion and the dipole will be denoted by ™, =, and W,

assumed that its thermodynamic properties may be derived from the

respectively.

irst Ssuitable parameters will be determined for the dipolar solvent W so that it may
%@resen water at 25°C and 1 atm in a reasonable way. Then, the semi-restricted ion-

ole MSA model will be solved for electrolyte solutions in which the cation and the anion
have the same size. Crystallographic diameters will be taken to characterize the ions in
practical applications. This way, the model will involve only two MSA parameters for the

solvent molecules (namely their size and dipole moment). An expression will be derived for

4


http://dx.doi.org/10.1063/1.5096598

-
FIG. 1. Sketch of the ion-dipole mixture con%‘chis work, intended to model an aqueous
0

electrolyte solution. The cation and the anl he same hard core diameter, o;, and the

dipolar hard spheres have a diameter

a rescaled ion-dipole contrlbu he chemical potential of an ion. This new contribution
should be suitable for i clusmn in“usual models for electrolytes. This theoretical result
will be compared wit expression for the “Born” term introduced at the same level of

description. y.

4

The struct 3?“!5\&1‘131016 follows these lines. The next section outlines the main features

of the “Bomn as it has been used in the literature. Then the theoretical ingredients

of this Lk dnd the formulas required to solve the ion-dipole MSA model are presented.
the chemical potentials for the salt and the solvent, obtained within the

del, lhe Gibbs-Duhem relation, thus indicating that the formulas are correct. The
a ropri%te expression for a rescaled ion-dipole contribution to the chemical potential of
}71(& 1s discussed. The third section is devoted to the presentation of the results. The

nitude of the “Born” term employed in the literature is briefly examined. Next, the
ability of the “Born” term to describe the effect of ion-dipole interactions is scrutinized
theoretically within the ID-MSA model. Finally, some additional remarks and prospects are

given in the conclusion section.
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II. BACKGROUND OF THE “BORN” TERM

As has been said in the Introduction section, the “Born” term has been used in various
types of expressions for the Helmholtz or Gibbs energy of an electrolyte solution. Hereafter
we will only be concerned with aqueous solutions of salts composed of simple monovalent

B?Wf ion association
effects that could not be treated adequately in the present fra v&k)
The “Born” contribution to the excess chemical potenN ion 1, ,uE“Bom”), was

inspired from the Born equation?, which led to write?, ‘)"“'--.
1

gl o — _ e ( § . 0

dmeg 0;
in which 8 = 1/kgT (kp is Boltzmann constant Q Ts temperature), e is the elementary

monoatomic ions (the case of multivalent ions is not well suited

Esol

charge, €y is the permittivity of a vacuum, and oy is #he diameter of the simple (bare) ion.
This equation expresses (in units of kBTSjE\%sK

relative to that in a vacuum. The energwof*thelion was calculated by Born by summing the

electrostatic energy density of the m 1, £H? /2 per volume unit (with ¢ the permittivity
.y
d)

legtrical energy of an ion in the solution

n the whole space around the ion32.

of the medium and £ the electri‘\‘lﬁx'
Fundamentally, the “Born%q. (1)) was introduced as a simple way of accounting
for the variation of ion-solvent intésactions with salt concentration. The validity of Eq. (1)
does not seem to have bBeen analyzed up to now.
Application of Ef. 5,1) uires values for the relative permittivity of solution. This
quantity has be?/xea; ed/ for some aqueous electrolytes, mainly in the case of binaries at
er

1tal data do not seem to have been used generally in the literature

25°C33. Thes (37&3

i
(except ingomeases?62749), Since the studies were done on temperature ranges at which
data are Seafce 9 unavailable, various estimates of e,,; have been utilized®'*'2. These
-~

estimates were Obtained using, e.g., an equation proposed in 1973 by Pottel!

, or a formula
infroduc cently by Schreckenberg et al.!' in which (g4, — 1) is proportional to the
congentration of water in the solution (see Supplementary Material for more details).

\)Qpe a dependence for the variation of €4, with concentration has been adopted, the
change of the chemical potential (Eq. (1)) with respect to its value at infinite dilution (the

Born solvation energy) is,

PR L 1 1

g; Esol Ew

6
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in which A denotes a difference w.r.t. infinite dilution, and ¢,, is the dielectric constant of

water (denoted with a lower case w), and,

pe’
Ly= . 3
0= freo (3)

which has the dimension of a length. One has Ly ~ 560.4 A at 2
It must be underlined that the “Born” contribution expresse @q. is always positive

£
1S

$or

which 7, is the mean salt activity coefficient taken from.r '27“

because, as observed experimentally, €4, is always smaller than
The magnitude of the mean ionic “Born” Contributier sental values of In -, (in
el 4

43 ” 1 3 o 2
AR = 2 [5AM&BC+ (4)

It is plotted in Figure 2 in the case of alk{ilkid&-solutions at 25°C. It was calculated
witg, di

using Eq. (2) together with Shannon and l\\
data for £,,;,%*, and &, = 78.4%. Thesm\‘c‘;mgntration was calculated from the molality
sities*t

~

eters for the o; values*®, experimental

by using a parametrization of soluti

: y \\
LN
*] LiCl <\ NaCl o 8 A KClI | RbCl
4 / /r\ 4 4

° ° °
° °
° .o ¢
°
/345012345012345012345
Cy (mollL) Cy (mollL) Cg (mollL)

FIG. 2. @eam ionic “Born” contribution to In~ys (with -, the mean salt activity coefficient) in the
%3 of alkali chloride solutions (same scaling on the axes for the 4 salts): (o) Values for ﬂApg“Born”)

33,44

obtained using experimental data and Eq. (2); Solid lines = Experimental values*? for In ~,.

This figure shows that the mean ionic “Born” term, BAuS "™, does not make a small

contribution to In~, in the case of alkali chloride solutions. In an electrolyte model, other

7
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terms in the expression of In vy, would have to compensate for this rather large contribution
if (raw) experimental data for e, were used in Eq. (2). It is shown in the Supplementary
Material addendum that, actually, smaller values for the “Born” term have been generally

taken in the literature.

III. THEORY 3\
A. Basic relations in the ion-dipole MSA frame \
—~
ha

The system depicted in Figure 1 is a mixture of digolar spheres of diameter oy (the
solvent, intended to mimic water) and oppositely char ha)d spheres of equal diameter o;
(the ions). The moment of the embedded cen raCLoinf‘jlipole is mys. The number density
(number of species per volume unit) of the k-1 sa ‘sﬁ;(:er = p_) and that of the solvent
is pw. The subscript s will be used to den Enks t.

The non-primitive ion-dipole MSA (I‘&Kir}qnodel was initially solved by Blum!7 in the

restricted case in which the ions and }éim have equal sizes, then in the semi-restricted

18,19 18,34,47

case . and lastly in the genera‘\@ 1ere the species have arbitrary sizes
Hereafter we will use the se‘s%tq:ted version of the ID-MSA model, and we will mainly

employ the notations of ref. 19. now give the main formulas that are used to solve the

model. Let us note t e will express the equations in terms of the parameters by, b; and

by, which are functigns 6f th
(see Egs. (11)-( §§r: /9), respectively. We did not use the MSA screening parameter,

I', and the p aﬁ?ation arameter, A, because some of the equations may contain misprints.

ion-ion, ion-dipole, and dipole-dipole, correlation functions

For a givéjl ion-dipole mixture these 3 parameters are the unknowns to be determined

fifst in o‘i to compute the thermodynamic quantities. The equations of the model in the

esticted case involve two adimensional parameters,

senit
\ U

do* = 8 psLoo;”, (5)
for the ions, and
2
m
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for the dipolar solvent.

The three basic equations of the model are'?,

a12 + a22 = d02, (7)

arKg — ax(1 — K1) = doda, /\ (8)

Kio® + (1 — K1)? =y + dy°, ‘) 9)
where
1
a; = m (A — 256DF> y (10)
K b— (I+a1A) (11)
10 _TQA aj ) Ky = A
r=ow/o;, \3&/512 ; (12)
53:1+b2/3, 1—62/6 +bg/12 B24=1—b2/24, (13)

A:%wﬁ, ;@& L], A= ”b“ +Bes (19)

Let us mention that these re taken from ref. 19 without modification (except
for the use of r), and that they arejdentical to those employed in previous works!6:48,

The electrostatic co rlbut n to the pressure, denoted by P, is given by'?,

dody do?

el 7 12507 d02b0 — A= b = 6 by (15)
with
1 1
& ben(147) @ s [Qu 4 20 (16)
P g_i Q- % 18+ ar(3A — 2Dy)] | (17)

b Qua = i [53 - 551@2(3/\ - 2DF)] -2, q = % by. (18)
<

These relations were also taken from ref. 19. A misprint in the expression of @, (r
instead of 1/r), and an obvious one in Eq. (104) of ref. 19 (opposite sign for P), were
corrected, as was done before in refs 16 and 48. Let us note that a simpler expression for

P is also available?® in the case of pure dipolar solvent.

9
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Expressions for the electrostatic contributions to the chemical potentials may be found
in the paper of Blum and Wei'®. By using Eq. (5) they may be written in the following

more simple form,

Bt = by — 22, (19)
with ¢ = + or — because puy = u_ for the present system in WhiCk(WOH and the anion
have the same size and charge in absolute value. 5

In Eq. (19) the first term,
. L
aut = b & (20)
_-—

represents the contribution of ion-ion interactions to § (n(Ste hat by < 0), and the second

term,

(21)

@Trﬁu (22)

N N, )2

Bty =

do
2y + —12b 2
3 < 2+d27’ 1), ( 3)

)'-b Eq. (3.17) of ref. 18 (a + sign for the term containing by),

after correction of a aiisp

with / / y.
(m%y)? = Smw® (24)
5 W dmegoy,
It was yerificd that the relations derived by Hgye and Lomba®® in the restricted case (for
r=1) are C/OVG)Gd from Eqgs. (5)-(24). Moreover the latter equations are in keeping with
ﬂ

those fused bgs Liu et al.*® and by Herzog et al.!®.
Béside ctrostatic interactions, excluded volume between the particles modeled as hard
SIS\W){S) contributes to the deviations from ideality. For an ion-dipole mixture the excess
ical potential arising from HS volume exclusion was taken from Eq. (30) of previous
51

work®!, which was found by differentiating the HS Helmholtz energy expression (given on

page 3716 of ref. 52) in the Carnahan-Starling approximation. One has,

Bul'S = —1n(1 — X3) + 0 + 0 Fy + 0° F. (25)

10
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in which X3 is the volume fraction occupied by the particles, and the expressions for Fy, F;

and Fy may be found in ref. 51. For pure solvent W this equation simplifies to®®
Bui® = X3(8 — 9X3 4+ 3X3%) /(1 — X3)*. (26)

The pressure of the hard-sphere fluid was expressed by using the equation derived by

Boublik® for mixtures,

pHS _ __ Pt
& 1-X3

with X,, = (7/6) >, pio;™ and p, =
classic Carnahan-Starling formula®®.
The total excess chemical potential of any sp ies 1 ds5

Bus™ = Bu; M.L (28)

and the pressure is given by,

BP BP. (29)
\

B. Gibbs-Duhem equation \\

It was verified numerlcally, by mging the symbolic computation program Maple, that the

electrostatic contributidns to the solute and solvent chemical potentials, and to the pressure
(Egs. ( (15)
which may be w ten

in which“he factor‘ef 2 is present because every salt ‘molecule’ releases two ions in water.
Fu@ﬁjﬁ Eq. (30) was examined numerically for various arbitrary values of the
ntratio

The differentials (d[---]) were computed in the vicinity of 2 particular

spectively) fulfill the Gibbs-Duhem relation (at constant 7T°)

—dP% + 2p, dp + pyw dpsl, = 0. (30)

centr%tions, e.g. Cs=1mol L™! and Cy= 55 mol L~!. The Gibbs-Duhem relation was
\dcﬁm\e o be verified when the sum of the 3 terms in Eq. (30) was much smaller than any
ofithe 3 terms. This was found to be the case for any values of Cs and Cy, with a typical
accuracy of the order of 10~7 in the Maple program. It was observed that even a slight

modification in a single formula of the Maple program resulted in a clear unfulfillment of

the Gibbs-Duhem relation.

11
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This is a new result which suggests, with a high degree of confidence, that all ID-MSA
equations given in the preceding section are valid. It also ensures that the numerical values
of the pressure and of the chemical potentials (of the salt and of the solvent) are computed

correctly in the Maple program.

In the same way it was verified that the HS contributions, P75 4uf'S and pff, fulfill the
M salt and solvent

Gibbs-Duhem relation. Lastly the same verification was done f

pressure (see Section IV A 2 about how to maintain pressue ant).

—
S
C. Relative permittivity of solution &3

Another quantity of interest is Adelman’s d%:;riaonstant% which represents the di-
solu

chemical potentials (by including the ideal contribution, In \w”\z = s or W) at constant
co

-

electric constant, or relative permittivity, n. It relates to the interaction of two

charges at infinite distance in a solutioi:ikkis er reference provides a powerful indica-

18,47
d=,

tion of how to compute this quantity in t%al models of liquids and solutions.
In the present MSA framework, thhlwing expression was obtaine

ds?
=1+ —=. 31
Y12 (31)

by combining Egs. (1.1

,T&s) and (3.19) of ref. 18. It is noted that this expression yields
c

a concentration-depefidentspermittivity as observed experimentally?3.

In the absen?o S, ’Qﬁs expression coincides with Wertheim’s dielectric constant®”,
ew, for pure selventyin the MSA. The latter may easily be obtained from the following

parametric £ EQ)HS expressed as a function of the polarization parameter A\ for pure W'?,

AA+2) [T

£
dy = ——= 2
Qs / 2 3 EW’ (3 )
= NN+ 1)
ks W= (33)
\QMean salt activity coefficient

The chemical potential of an ion may be expressed as,

B = Bl + In p; + Buse, (34)

12
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in which ;L(-O)’p is the standard chemical potential on number density scale (analogous to

molar scale), In p; is the ideal part, and péc i

is the excess chemical potential. In the present
framework the latter is composed of two contributions arising from hard core volume repul-

sion and electrostatic interactions.

Similarly, the activity coefficient of ion ¢ on molal scale, ~;, is % .

B = Bui”™ + Inm; + Iny;, (35)

with m; the molality of the ion and ,ugo)’m

its standard chemiiteal potential on molal scale. For
the present system the two monovalent ions have the S elieal potential and activity
coefficient (because o, = 0_), so 74 = 7_ = 75, with\g, thegne n salt activity coefficient.

It is shown in the Appendix that v, may be @ine the following relation,

Iy, = BAE T ‘%‘“2> . (36)
Pw
where Au§*® = Bus™ — Bus*(ps — 0) Wmm s — 0) the excess chemical potential of

an ion at infinite dilution of the sal aMs the number density of pure solvent.

N
E. Examination of the c er&\o ential of the ions at high dilution

Y

id.%the case of a very dilute solution, for which dy < 1.

In this section we co

ign-ion contribution Sl (Eq. (20)). At high dilution of the salt,
one has (Eq. (3.108)of fef. 48),

First we focus on the

do
37
NeT (37)
Using Eq. nd the definition of Debye screening parameter at infinite dilution,
£ 2 _
y. k° = 8w Lops/ew, (38)

ﬂ
one &Qﬁat limit,

5 dy ~ Ko \/ew, (39)
Wr{ing this relation into Eq. (37) and using Eq. (20) one obtains,

y K
B = ~ Lo~ (40)

This relation reminds one of the Debye-Hiickel (DH) limiting law®® for the activity coefficient
of a salt, except that the r.h.s. should be divided by the dielectric constant ey,. This

13
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difference is due to the fact that Eq. (40) represents the “true”, or “bare Coulomb”?S
ion-ion contribution corresponding to direct, unshielded, ion-ion interactions. In contrast,
the result obtained from primitive (implicit solvent) models, such as DH theory or primitive
MSA, includes the effect of the shielding produced by the solvent, which acts as a continuum
of relative permittivity ey . /

We now show how the primitive model limiting law may ecovered in the present
framework. At high dilution, the parameter b; may be appr igmw)y a Taylor expansion

in powers of d; as,

<

because by = 0 when ps = 0 (salt-free case). The expresgion o‘gbgl) has been given elsewhere?

by ~ bV dy + b2 dy? + ~ (41)

(see Supplementary Material). One gets the expragsion Q,Sbl after some simplifications using
Egs. (32), (33) and (39), -

b, — — ] _>7 42
1 =~ o~ (42)

Inserting this result into Eq. (41) and us . , Eq. (21) may be rewritten,

) \?\m~<39>
5 () o
A

Now, by adding the ion-ion -dipole contributions, Eqs. (40) and (43), and after

cancelling out the term @Q,)one ets the expansion of Bu¢ to the first order in dy in the

form,
/ /ﬁuglw—ﬁdzb?)—ﬁf+..., (44)
/ ow Ew 2
in which x is Mal to dy by virtue of Eq. 39.
In this exp éjon, the second term on the r.h.s. is the DH limiting law of the primitive

model, which/is }9 overed (as opposed to Eq. (40)). Ionic interactions are now indeed
shielded by t ipolar solvent by a factor of ey,. This derivation illustrates the fact that
i @C&Q eractions lead to a reduction of the direct ion-ion forces through the effect of
th reac%)on field mediated by the solvent dipoles®. This phenomenon is well captured by

e ID-MSA model.
The first (constant) term in Eq. (44) is the Gibbs solvation energy for which a more

explicit formulation may be derived?®>%°,

R - (1 - i) - (45)

Ui—l-Uw/)\ Ew
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This expression is similar to the Born equation, but with an extra length in the denominator,
ow /A, added to the ion diameter (the Born equation is recovered by taking oy = 0).
This feature has a clear physical meaning. This added length accounts for the effect of the
granularity of the solvent which reduces the solvation energy as compared to the Born model
in which the solvent is viewed as a continuum. This interpretatio?/is reminiscent of an old
hypothesis made to interpret experimental hydration energies

k«h'?n tlte Born model®!.
Eq. (45) has been applied to the description of Gibbg solwafion energies in various

solvents3°37,

o
_—
F. Ion chemical potential in dilute solutions k&

In the previous section it has been seen that he‘)D-MSA the ion-ion and ion-dipole
contributions to the ion chemical potential 4re fo irL'e?:'t unshielded interactions. However,
in classic models for electrolytes, the “BornQ}\s& often added to expressions in which the
ion-ion contribution is for shielded electr%s\%nteractions. So now we would like to derive
an expression for ion-dipole interacti \sﬁo.@ he ID-MSA model, that would be consistent

with this feature.

For this purpose it is pros\o rst make an effective ion-ion term appear in the

expression of the ion ch al potential. This may be done in the case of dilute solutions
by isolating such a tepm mquation for u¢', Eq. (19). Indeed we notice that, following

Adelman®®, ¢4 représent$ the ‘dielectric constant of solution at large interionic separations.

Interactions at distances contribute predominantly at low concentration.

Consequeitly, in the"limit of dilute solutions in which the correlation functions for the

direct ion4on in

£
it is p@ to dewrite Eq. (22) in the following different form,

1 g 1 ,

el X i id
el _ gt = N I | 46
-~ Bri” = By’ {Buz ( €A> +6/~Lz] (46)
whi islquivalent to Eq. (22), but in which the first term represents the effective contri-

hieq from shielded ion-ion interactions (direct ion-ion forces reduced by a factor of €4).

ctions are divided by €4°° (thus leading to effective correlation functions),

ii(e i 1
Bui ) = i —, (47)
€A
This term gives back the traditional DH mean salt activity coefficient as salt concentration

goes to zero as has been shown in the preceding section.
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The second term in brackets in Eq. (46) represents the part of ion-dipole interactions
from which the effect of the reaction field on the ions (created by the dipoles) has been
subtracted. Hereafter we will focus on this rescaled ion-dipole contribution that is thus
defined as,

wd(resc i 1 1
B = Bt 1 Bl (1 = a) (48)

with p% pi? and 4 being expressed by Egs. (20), (21), and ( 1))espxwely.
lectugs
—~

From Egs. (46)-(48) we have the new breakdown of th& tatic part of the ion
chemical potential as, ‘)

Bus' = B + By (49)

In what follows we will be interested mainly in C;res dfon-dipole contribution relative
to infinite dilution, 8 /ﬂd(msc) — B, From

7 . ‘-.
BAu1) = 6&\{\@ (1 - i) , (50)
—

one jgets,

in which,

i

WDl — gy 61)
is the direct ion-dipole contri L\h&‘ative to infinite dilution. Both Api? and Agidrese)
tend towards zero when C, %%anuse then Sul — 0.

It is noted in Eq. (])\tﬂ)t1 the last term arising from ion-ion interactions is always
negative because!® Q ich makes pl' < 0 by virtue of Eq. (20), and because 4 > 1.
It will be seen below t t){e direct ion-dipole contribution in Eq. (50), SAu, is positive
in the ID-MS -Sode «.The rescaled ion-dipole term, 5A,u§d(resc), therefore consists of the
difference @f twq (positive) quantities corresponding to the effect of direct ion-dipole and

ion-ion in %tio S.

-ﬁ
. "‘&m&ion of the rescaled ion-dipole term at low salt concentration.

Qe ehavior of this rescaled ion-dipole term (Eq. (50)) may be studied at high dilution
by expanding it in powers of d; at constant ds, i.e. at constant solvent concentration. The
first term in this expansion, in dy, is zero because otherwise it would contribute to the ion-ion
term (the first term in Eq. (46)). This point was verified by expanding by and b; in powers

of dy and inserting these expansions into Eq. (50).
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The details of the expansion are given in the Supplementary Material addendum. The

result is,

id(resc L
BAEIT) ?0 M do* + O (do®) . (52)

in which the expression of M is given in Eq. (S18) of Supplemen o\atjerlal

id(resc) .

It is noticed in this equation that SAu; is proportion@al t the salt concentration,

Cs, at low concentration (not to /Cs).

In the expression of M it is observed that, as requir } has Zd (rese) — 0 for A\ = 1,
that is when the ions are placed in a vacuum (one l{w3 for A = 1 according to Eq.

(33)). C
H. “Born” term in ID-MSA framek&&k\\

\

A “Born” term may be proposed MSA framework by following the same pro-

cedure as for the establishment o%xh This can be simply done by replacing ey by €4

(given by Eq. (31)) in Eq. ( e equivalent of Eq. (2) in this framework may be
obtained by subtracting the solva energy to this expression, which yields a term in the

spirit of the classic “Bdr” term as,

¢ fosur -2 (2-2). (53)

Oi—f‘Uw//\ Ew

)

] -

in which Xis k constant vs. salt concentration.

This.exp

ssiof may be expanded in powers of dy, again at constant dy. The only param-

eter varying yit dy is €4 which is a function of y; and therefore of by (cf. Eq. (12)). One

.
obtalns, )
Ly

S BARP = ?Bdo + 0 (do”). (54)

~

in which the expression of B is given in Eq. (S20).

Egs. (54) and (S20) show that Au? is always positive (because A > 1), which is also the

case in Eq. (53) because €4 < ey as will be seen below.
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IV. RESULTS AND DISCUSSION
A. Application of ID-MSA model to solvent and ionic solution
1. Parameters for pure dipolar solvent

In what follows we consider the hypothetical dipolar solvent %d of hard spheres
with an embedded point dipole at its center. We want this a%g&;o have some properties

in common with real water. Since the MSA model fo assembly of dipoles involves

two parameters (the size and dipole moment of the di ngs wo different properties may be

62

represented exactly. Here it was chosen to describe th densitﬁj and the dielectric constant?®

of water at 1 atm and 25°C, that is dy = 0.997047 kg d and ey = 78.4.

By solving Eq. (33) with ey = 78.4 one gets )\ ~ &}5345. Then by inserting this value
for X into the expression for dy (Eq. (32)) o@;\;w ~ 4.0896 for pure W, and from Eq.
(6) one obtains the value of the dipole% , my =~ 2.2203 D. This latter value is
larger than for water in the gas phage(~1.86.D)
effects in liquid water are knowngto in%as'ﬁ‘the dipole moment of the molecule. Moreover

& and 2.35 D in the simple point charge (SPC) and
extended SPC models®, and re‘\nably well with a value of 2.6 D for water in ice® (at
a time an authoritativefresult _for liquid water) and with values from ab initio numerical
simulation® that arefin thmj‘abge of ~ 2.4 D% to 2.95 D,

The pressure of pu /olv;tht was computed from Eq. (29) in which the Carnahan-Starling
formula® and t%%{o ref. 49 were used for P# and P¢, respectively. The previously

1

, which is satisfactory because polarization

it compares well with values of

determine moment value was inserted into P¢. By writing that the total pressure

is 1 atm aud By :j*? ing this equation with Maple, one gets oy ~ 2.4805 A. This value is at

the lofv end of\¢dmmonly admitted diameters for the water molecule in the literature, that
range of ~ 2.5 A to 2.9 A%,

)

\? «Ion-dipole mixture

Next, the case of an ionic solution made up of dipolar and charged hard spheres at 25°C

aresiy

was considered.

There are not many real strong electrolytes that satisfy the condition o, ~ o_. For
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example, if one looks at alkali halides, one finds the following possible candidates. Na™
and F~ have close Shannon and Prewitt (SP) diameters®® of 2.32 A and 2.38 A (for a
coordination number of 6), respectively, but NaF is not a good candidate because this salt

769 with an association

exhibits a peculiar association resulting from “localized hydrolysis
constant of the order of unity™™. Next, one finds RbCl and Ciﬁ/r. The SP diameters®
of the ions in these salts are oy ~ 3.32 A, oi- ~ 3.34 A, Cg)N 2 A, and op,- ~
3.64 A. However, CsBr also exhibits an association constant of“glfe order of unity”>. The
association constant for RbCl is smaller Kgpoy ~ 0.26™ e proportion of pairs, a,, in
these solutions may be estimated from the relation™, £ Kamngvys® /v, by making the
approximation 7, ~ 1 for the neutral ion pair at lo gznc@slt tion. The result from this
estimation was confirmed by the use of the prir@ve model™, indicating that a 0.5
mol kg=! RbCl solution would contain ~ 5%‘%; LPE.QIS’ while the proportion would be

20% in a similar CsBr solution. Therefore % s to be the best candidate here. It will

be chosen preferentially in the applications below.
\
In practice the ID-MSA equatio n%e ved as follows. For given values of dy and ds,

Eqgs. 7-9, and the equation for t ressifre if the latter is maintained constant, were solved
numerically by using the sy k1&:\%\Nlus software Maple. The pressure was maintained
constant by determining numr each salt concentration, the concentration of water
molecules that gave a re@} of 1 atm for the ion-dipole mixture. Since the ID-MSA
equations admit sevetral solutions for by, b; and by, an approximate guess is useful to obtain
the unique physighl solation{ Here, approximate values based on the formulas proposed by
Harvey™ wer u§3d initial input in Maple for the lowest concentration. Then the salt

concentration gradually and slowly incremented up to a typical maximum concentration

The salt activity coefficient on molal scale was obtained from Eq. (36). The

lity§>f the salt in the solution was calculated from the formula,

(55)

in which M,, is the molar mass of water.
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3. Some results in the case of a model solution of RbCl (and CsBr and

NaF)

We are going to consider mainly a model solution built up of Rb* and Cl~ ions dissolved
in the dipolar solvent W characterized in Section IV A 1. It is intéresting to look at the
results for a few physical properties obtained from the ID-MSA f Here we calculated
at constant pressure: the Gibbs solvation energy, the mean Dactlwty coefficient, the
specific volume, and the relative solution permittivity. Th 1r§5\ e was compared with
experimental data.

Experimental data and results from the ID-MSA model fo 1e Glbbs hydration energies
of Rb™ and CI™ ions are given in Table I. As wa cett37 we neglect the dipole-
dipole contribution® to the theoretical solvati n(uergif) Then, Buf°" represents the Gibbs

hydration energy of the ion. Values for a fe\&thid.or?é’ are also collected in the table. They
ta

will be useful for discussion below. ExperN
and Kelly™. -

dta were taken from papers by Fawcett3”

\ <

TABLE L. Gibbsﬁyéxn energies of ions (in units of kpT).
A

Ton o;% (/A)E d@m data® ID-MSA result Deviations?

Na® 2.32 —1\ -174.0 -170.0 06 % /23%
bt - 33 -135.9 -130.0 23% /43 %
624 -126.6 -121.5 1.2% /4%

—173 -176.0 -166.9 35%/52%

I \ﬁ\ -123 -125.6 -129.4 52% /-3%
Br 3.64 -112 -115.2 -120.9 “T9% ) -49 %

.f rom Fawcett3”; “From Kelly”"; “Relative deviation of ID-MSA result w.r.t.

S Fawcett/Kelly data.

t is %een in this table that the ID-MSA result is smaller (in absolute value) than the
Ease{mental data in the case of Rb™, and it is larger in the case of C17. The average ID-

Solv gbtained from the model is just between,

A value is -129.7. The average value of [;
and in good agreement with, the experimental mean ionic Gibbs hydration energies of -128
(from Fawecett) and -130.8 (from Kelly). It is besides noticed in the table that the data of

Fawcett and Kelly exhibit a nearly constant discrepancy of ~3, due to different absolute
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values adopted for the proton (Buf°" = -445.6 and -448.4, respectively). The theoretical
results for the cations are in better agreement with experimental data than those for the

anions. The largest deviation is found in the case of Br~.

Experimental values for the mean salt activity coefficient on molal gcale, 5, were retrieved
from a famous compilation of recommended values*?. The resultdrj 0 the ID-MSA model

obtained from Eq. (36) with the common ion diameter of %ave age SP value) is
tie

plotted in Figure 3 together with experimental data for mo to 1 mol kg=!. The

sensitivity of the activity coefficient to the value of the or@mn ion diameter is shown by

. R . .
also plotting the results for 0;=3.23 A and 3.43 A. ’Q ated 7, for o; = 3.33 A is in
1.0 LS \

0.9 A

0.8 A

0.6
& / 02 04 05 08 10
/ 4 / m g (mol/kg)
FIG. 3. Acti@nt (on molal scale) for RbCl at 25°C. Symbols = experimental values;
ult

Solid line = re om the model for o; = 3.33 A; Bottom dashed curve = result for o; = 3.23 A;
Top dashed ¢ Ve/é result for o; = 3.43 A.

Qem

%e 5a,glreement with the experimental data for m < 0.4 mol kg=!. This is not so for
other two o; = values. At higher concentrations, the plot for v, deviates progressively

from the experimental points. At 1 mol kg™! the latter are closer to the curve obtained for

o; =343 A.
It is worth breaking down the various contributions to In~,. By virtue of Eqgs. (22), (28),
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(36), and (49), one has,

Inys = Bui’ + BAE + AR +In (pTW)

_ 5u22’(eff) + ﬁAMEd(resc) + ﬁA,quS +1n (ZTW) _

=

It was found that the effective ion-ion contribution, 3 M;:i(ef P (

the rescaled ion-dipole contribution, AN (Eq. (50)), be

1

AT is much larger than

1

. The ratio of the two
is ~ -0 at 0.1 M and ~ -25 at 1 M. The HS contribution is ~6«imesiand ~2 times smaller

.Mﬂtribu‘cion corresponding

to the term In(py /p%) in Eq. 36 is of the same order fis the re

than the ion-ion contribution at 0.1 M and 1 M, respectiv
aled ion-dipole contribution.
It is also worth mentioning at this point thatgias is“eomaion with this type of explicit-

Ld i(‘)@-dipole, BAp (Eq. 51), contribu-
tions for unshielded interactions vary much more a f)’u'fy, and are of much larger magnitude,
than Bu ") and Bu'"***) do. For examﬁt@ﬂw case of RbCl (o; = 3.33 A), the values
of these various contributions are collected i Fable II at 0.1 M and 0.4 M (notice that in

each case, Bt + fApi = Bﬁbfi(eff) h ;i(: ).

TABLE II. C@ m to the chemical potential of an ion.
C ¥

74 /BA,Uéd B,U/Zi(ejf) ,BA/J,Zd(TESC)

0%23.9906 23.6741 -0.3233  0.0069

/0.4 -42.5239 41.8898 -0.6514  0.0173
4

solvent model, the direct ion-ion, Sl (Eq. 20),

A

It should ,%Il}ﬁiize that the direct ion-dipole contributions, SAu? (Eq. 51), was

found to be pesitive in all cases. This may be explained by the fact that, when ions arrive
g@

in the viéity of a‘previously isolated ion X (at infinite dilution), these ions may orientate

és around X in a less favorable manner. Moreover the arrival of ions in the

iong). Tf)ese phenomena reduce the attractive interaction energy of the central ion X with

most Of th
VQ Xsremoves dipoles (those that were present in the volume now occupied by the
)

ding dipoles.
T‘l'zﬁs&rroun ing dipoles

The activity coefficient v, was also computed in the case of CsBr by taking the average
SP diameter of the two ions, o; = 3.63 A. The result is above experimental data below 0.1
mol kg™! (see Figure S4 in Supplementary Material). The deviation is ~ 5% at 0.1 mol
kg~! at which the expected proportion of pairs is ~ 6%. The discrepancy observed for ~,
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may be attributable to association in this solution (the inclusion of association would lower
the theoretical value of v,). In the case of NaF (o; = 2.35 A), the theoretical 7, is located
much below the experimental points (see Figure S5) although this salt is deemed to be
associated. In this respect NaF exhibits an unexpected behavior within the ID-MSA model,
which is quite different than that of RbCl and CsBr. This beha?ér may be explained by

the occurrence of “localized hydrolysis” involving the fluoride io “‘BiCh ay produce a very

special type of ion association®. This confirms that this elec&iis not a good candidate
d

for the present study. Unfortunately no other salt could identified that is composed of
small ions of equal size. ~ —

Next, the specific volume (i.e. the volume of solutian per Kg of solvent), V', was computed
using the relation, V' = m,/Cs, in which my is @lerived Eq. (55). The experimental
value of V' was obtained using the formula, :QU i—:)zSMs) /d, with M the molar mass

a simple parametrization®. The results at ‘eenstant pressure are plotted in Figure 4 for

the average Rbt-Cl~ diameter o; =¢3.33 Ay and for o; = 3.33 £ 0.1 A, together with the

and d the solution density. The densities\QRb solutions were computed by utilizing
t

sttt for 0; = 3.33 A is very much in keeping with

volumetric properties of RbCl \5 in standard conditions.

K ,

experimental values. It is seen that th
the experimental data up to 4@11\0 !, Thus the model provides a good description of the
solutl

\ m g (mol/kg)
o

FIG. 4. Specific volume, V', of RbCl solution as a function of salt concentration. ([J) = experimental
data; Solid line = ID-MSA result for average Rbt-C1~ SP diameter of 3.33 A; Bottom dashed line
= ID-MSA result for o; = 3.23 A; Upper dashed line = ID-MSA result for o; = 3.43 A.
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These results show that, despite the simple representation of the water molecule, the
ID-MSA model gives values for Suy°", v, and V, that are in overall good agreement with
experimental data for RbCl aqueous solutions. Furthermore no adjustable parameter has
been introduced for the ions. The description only includes two parameters for the solvent

(see Section IVAT1).
m model, £, given

Lastly, the relative permittivity of the solution derived fro Hj

P

by Eq. (31), was calculated as a function of salt concentragion™Jt is plotted in Figure 5

together with raw experimental data®344

dependent on the value of o; in the range of 3.23 A tg‘ . Mdashed lines), and that it
deviates greatly from the experimental data for RbC solutiSn.
o

80 \

. It is observedsthat calculated 4 is weakly

©°
]

FIG. 5. Relative permittivity of model RbCl solution as a function of salt concentration: (W) =

tD Solid line = ID-MSA value of €4 for o; = 3.33 A; Upper dashed line = idem

experiment
for o; = 3 A; Bottom dashed line = idem for o; = 3.43 A; Top dash-dotted line = corrected
value £/, (see (57)) for o; = 3.33 A.

-

t is ﬁj«ely that this discrepancy originates from the fact that in the ID-MSA model the
hﬁo& and the anion are solvated in a similar way by the solvent dipoles. Indeed this is
not the case in real solutions in which the chloride anion interacts with water through very

short-lived hydrogen bonds™™

, with the consequence that this ion is very weakly hydrated
in all solutions’. It is noted that this feature does not have a detectable influence on the

other properties studied above.
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In passing, it may be noticed that this fact can be taken into account at sufficiently low

concentration by introducing in a semi-empirical way a ‘corrected’ ¢/, as,

78.4
¢, % (57)

by which it is assumed that the chloride anion does not modify tbz lution permittivity (if
the effect of the volume occupied by Cl~ is neglected). This e aﬁf;hans that only one
half of the variation of €4 (corresponding to the cation) is tm account in €'y, that is

784 — ¢y = (78.4 — £4)/2, which gives Eq. . It is géen

good accord with raw experimental data. k

B. Comparison of “Born” term and resc@ le? -dipole contribution

re 5 that ¢/, is in very

Since, as seen in the previous section, Kﬂtion nd the anion are similarly solvated by

the purely dipolar solvent, it stems th$s1s below is not supposed to be applicable
ive ‘ma

to real aqueous solutions in a quan t% nner. Instead, the results for ionic solutions

in the dipolar solvent W will be discu
model. Nevertheless, the reahitqi\ s obtained in the previous section for various physical

within the theoretical framework of the ID-MSA

properties suggest that the resultg of*this section may have some relevance in the case of
real dilute aqueous sol 10%
The values of thefmo ameters for W, namely my or A\, and oy, determined in

£
Section IVA 1 W ¢ utilized £o study the ion-dipole contribution in model RbClI solutions at

constant solve tration (constant dy) and at constant pressure.
5 of the “Born” term (Eq. (53)) was compared with that of the rescaled
ion-dipoleteuh ( 50)).
Fiﬁ:ﬁh\ec parison was made in the case of RbCl (o; = 3.33 A) for sufficiently low
ntrat

The magn

CQIICE so that the conclusions of Section IIIF, and Eq. (48) in particular, may be
valid. Tﬁ)o results for BAL) (Eq. (50)) and BALP (Eq. (53)), for an ion i = + or -,
Q) ed in Figure 6 up to 1 M. It is observed that the result from the ID-MSA model
nuch smaller than the two different “Born” terms (dashed line and symbol), which are
coincidentally close to each other.

The same quantities are plotted in Figure 7 for o; = 3 A. It is seen that in this case the

ID-MSA result is of negative sign whilst the “Born” term is always positive.
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ﬁ
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FIG. 6. Rescaled ion-dipole contribution to the ing)eljcal potential,ﬁA/L;d(msc) (Eq. (50),
solid line) and “Born” term (Eq. (53), dash dmitlwnstant pressure as a function of salt
concentration, in the case of RbCl (o; = 3.35;8\\@ 1 (¢)= result for “Born” term in the case

of RbCl obtained from Eqgs. (2) and (4) (seelig 3).

ID-MSA
0.0 0.2 0.4 0.6 0.8 1.0
£
— / C (moliL)
o FIG. 7. Same legend as for Figure 6 in the case o; = 3 A.

)

yt be convenient to define the ratio,
-~

— 1 ?d(resc) B
R= lim (80" [BARE). (58)

at vanishing concentration of the salt. It is a function of the sole diameter o; for a given

solvent characterized by the values of my, and oy . This ratio can be computed at constant

26


http://dx.doi.org/10.1063/1.5096598

solvent concentration, in which case, according to the discussion of Section IITF, R is ex-
pected to be an exact result within the ID-MSA model. It can also be computed numerically
at constant pressure in a Maple program.

The ratio R was first computed at constant solvent concentration (constant ds) for which
the two chemical potentials are respectively given by Egs. (52%nd (54). Thus in this
case one has, R = M/B, in which M and B are expressed b E}s/ 8) and (S20) (cf.

Supplementary Material), respectively. By using the expressi& and B, and the values

of X\ and oy of Section IV A 1 one gets,
R~ 0.75154 (0; + 4.6138)(0; —Q&lﬁ\

~ . 29
(0; +0.93482)(0; H0.63715) (59)
in which o, is expressed in Angstroms. (r -
D e

Next, the ratio R was computed at consta

ure ffor o; values ranging from 2.3 A to

4.5 A thus spanning the range of ions from flyorid 2‘3—8 A) to iodide (4.12 A) and beyond.
Since an analytical determination of this %ned out to be extremely cumbersome, it
was computed manually within the wm by calculating its value numerically for
vanishingly small values of the salt ¢ hl’ﬁﬁatlon.

The ratio R is plotted in Figuse*8_aswa function of the ion diameter in the two cases:

constant dy (see Eq. (59)), an M‘c P.

~
&

DR

Q / .
) a5 ]
— T T T T
3 25 3.0 3.5 4.0
G, (/Angstroms)
S T
. 8.

FI

Plot of R (Eq. (58)) as a function of the ion diameter. Solid line: result at constant

pressure; Dashed line: result at constant solvent concentration (Eq. (59)).

The first conclusion that can be drawn from Figures (6)-(8) is that, in general, the result
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for the rescaled ion-dipole contribution to the chemical potential of an ion, calculated from
the ID-MSA model, is not well estimated by the “Born” term. In the case of RbCl (average
SP diameter, o; = 3.33 A) at constant P, Figures 6 and 8 show that the MSA result is of
the order of 20 times smaller than the “Born” term, which is quite a large number.
Furthermore, Figures 7 and 8 suggest that the ratio R could b€ negative. In this case
6A,u§d(resc) would be negative because the “Born” term being vs pesitive. According

at constant solvent concentration (see Eq. (59)). If NaF subject to hydrolysis, an

to Figure 8 this would occur for o; < 3.25 A at constant %\:’ and for 0; < 3.54 A
aqueous solution of this salt, for which the mean ion diam {159 = 2.35 A, would fall into
this category, with an ion-solvent contribution that ould bﬁ negative and ~ 1.4 times the
magnitude of the “Born” term in absolute Value
At the opposite, it is seen in Figure 8 that t con, Qlt pressure one gets R = 1 for ion
diameters of the order of 4.3 A. For this p rtl lar meter the contribution estimated from
the model coincides with the “Born” K igger ions R is found to increase beyond
unity. '\
The fact that the ion-dipole cgntri ?011\ BALAT)  differs in general from the “Born”
\ orn” term is based on the view that the medium

term should not come as a surprise.
around an ion is a dielectric ofm permittivity e5,. However, g4, is relevant for the

S @&Sen charges separated by a sufficiently large distance. It will

description of interacti

have a sound and unique sical meaning when this separation is appreciably larger than

£

en igns. This is typically a matter of several nanometers in solution.

the mean distancefbe

One finds that, thiNnum——i— distance would be of as much as ~100 A in a 0.1 M solution,

6 M solution.

orn” term is actually intended to quantify the effect of electrostatic ion-

solverft nteractidns. Yet, the range of these interactions (which may include ion-dipole, ion-

quadrupgle,.4 interactions) is shorter than that of ion-ion interactions. It mainly involves

d tance% of a few molecular diameters. At such distances, ¢, is likely a poor estimate of
e ective local relative permittivity. This phenomenon might be a basic drawback of the

“Born” term.

We note that this mismatch does not prevail in the calculation of ion solvation energies

when using the Born equation because the dielectric constant of the solvent, ey, should be

physically relevant already at distances of a few molecular diameters.
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Now, a precise discussion of the variation of R with o; is difficult, firstly because the
“Born” term does not have a sound physical basis. Moreover, the magnitude of the rescaled

y . , . . .
d(resc) , is also difficult to discuss because, as mentioned in Section

ion-dipole contribution, A,u
IITF, it represents the part of direct ion-dipole interactions from which the effect of the
reaction field on the ions (created by the dipoles) has been subtracted. It has been seen above

(at the end of Section IIIF and in Section IV A 3) that the di @t?ion— ipole contribution,

Api, is positive, and the ion-ion contribution, u¥, is negatiye. ‘€@dnsequently, by virtue of
kﬁz\smﬂjc are significantly larger
fore, the uncertainty on

Nonetheless the result in the case of RbCl m V‘T)e tr ble. Indeed, it has been found
in Section IV A 3 that the solvation energy of &%1‘ ‘al ions is well described within the
ient

Eq. (50), BA,uZd(msc) is the difference of two positive qua
than ﬁAuzd(reSC), as has been mentioned in Section IV A

. _—
BALT) may not be small.

ID-MSA model. Moreover, the activity coe RbCl, which comprises contributions
from ion-ion and ion-dipole interactio esented accurately below 0.4 M (see Figure
3) without adjustable parameter for. tlr'l‘%\These facts may lend support to the result of
Figure 6 in which it is found that/the kzﬂ@d contribution SAL " is much smaller that
the “Born” term in the case R&\Q{u ions.

The case of the salt CsBr (made of ions that are bigger than Rb™ and Cl7), may be
m&?ﬁ}ibbs hydration energy of Cs™ and Br~ obtained from the

t

model is -121.2, compared

examined likewise. Th

experimental values of ~-118 and ~-121 from Fawcett and

Kelly, respectively! ,z;grpément is therefore very good. The activity coefficient of CsBr is

in reasonable %NWM experimental data if one takes into account the fact that this
dA

salt is assog1 n water (see Section IV A3 and Figure S4). These outcomes may lend

t#to the result of Figure 8 in the case of the bigger ions.

e case of smaller ions (0; < 3.25 A), for which BALY"*? would be negative,

Y

In o‘frast

is m.qre ncertain. It must be admitted that this result is somewhat surprising because it
1d m§dn that the rescaled ion-dipole contribution could be of opposite sign to the direct
. mlttedly, the ID-MSA gives reasonable values for the Gibbs hydration energies of
and F~ (see Table I), but the activity coefficient is not well represented within the ID-
MSA (see Figure S5), probably because of the occurrence of hydrolysis in NaF solutions as
mentioned in Section IV A 3. These results therefore do not provide support to the validity

of the model in the case of small ions. For the time being we can just take note of the result
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provided by the ID-MSA that Auﬁd(msc) might be negative in this case, but this result would
have to be confirmed by other methods.

V. CONCLUSION

The main conclusions stemming from the above analysis are th& %&Qtion permittivity,

which is a basic ingredient of the “Born” term, is likely notdrelevant for the description of
ion-solvent effects in electrolyte solutions. Moreover, it h‘§§ﬂ;&f0und within the semi-
restricted ID-MSA framework that, in general, the QI term~does not provide a good
estimate of the magnitude of the ion-solvent contribution to She chemical potential of an ion

in solution.

G

It has been mentioned in the Supplementar atqrbg addendum that, in the literature,
electrolyte models that include a “Born” ehth&ve‘ ot used experimental solution permit-
tivity data. Instead, the use of approxi a&na es gives e, values that are significantly
larger than raw experimental data dt.25° ee Figure S2). As a consequence the “Born”
contribution is appreciably smalléx ;s\.‘ﬁig}re S3). The use of such a smaller “Born” term
to describe the ion-dipole con ril& oincides with the fact that the “Born” term greatly
overestimates the ion-dipole con%‘ton for most systems (see Figures 6 and 8).

It has also been fo d%&gis work that the ion-dipole contribution, ﬁuzd(m“), can be
negative when the ionis are suffi¢iently small. If this would indeed occur, then no term of the
Born-type could atcotmt fop‘this phenomenon because the “Born” term is always positive.

ewtioned that this result is not clearly established.

However it ha;

lal inadequacies of the “Born” term to give a good estimate of the ion-solvent

the adtual ion“sglvent term is negative) when it is used in a model for electrolyte solutions,
then.th thér parameters of the model have to compensate for this inaccuracy, which may
lead to {)arameters having unphysical values. Against this background, we suggest that
7!13(6\ exibility should be allowed for the “Born” term in electrolyte models. It may be
obgerved in Figures 6 and 7 that the ratio of the ID-MSA contribution to the “Born” term
does not vary much with the salt concentration. Consequently, a first modification could be
to introduce an adjustable parameter in the “Born” term, such as a prefactor whose value

would expectedly fall in the range of -2 to 2.
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The ID-MSA model offers a convenient possibility to study this topic, but it is clearly
an approximate theory. So, the present conclusions would need to be confirmed by another
method. Nonetheless there are not many theoretical routes to tackle this problem. Numerical
simulation (e.g., molecular dynamics) will likely be the only alternative to study this subject.

Besides this project, it will be attempted in subsequent work 26{ derive an approximate
analytical formula for the ion-dipole contribution. It will also tenipted to develop the
same kind of study in the framework of the unrestricted ID-MS odel in which the cation
and the anion have different sizes. However this will requir %&\ew it the model in detail.

It will also be interesting to study the results yielded by Iﬁ'odel for the deviations from
ideality in electrolyte solutions, which has not been done yet).

&S

Appendix \ -
By equating Eqgs. 34 and 35 and taking\bﬁuﬁ of infinite dilution of the salt one gets,
B 5% < — 0) Bui™(ps — 0), (A1)

Egs. 34 and 35 for finite salt tlon one finds,

in which NV is Avogadro’s nu:gzr\\ﬁ\o is the specific volume of the solvent. Then, using
¢

exc eﬂcc Ps - ())] + In (‘é}) X (A2>

solution, viz. the volume of solution per kilogram of solvent.

with V' is the spgﬁ {um 0

Now one has t (1) w'/V, in which Nv(v) is the number of solvent molecules in 1 kg

of solvent. re Vo / V' = pw/pYy, which together with Eq. (A.2) yields Eq. (36).
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SUPPLEMENTARY MATERIAL

See supplementary material for more details on the “Born” term in the literature, on the
expansion of rescaled ion-dipole and “Born” contributions at low salt concentration, and on

the activity coefficients of CsBr and NaF in solution.
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