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This paper describes a comparative theoretical study of the infinite dilution properties of
solutions of univalent ions in different water-like solvents. The theoretical results are obtained
by solving the reference hypernetted-chain (RHNC) approximation as described in the first
article of this series [J. Chem. Phys. 88, 7715 (1988)]. It is shown that the inclusion of the
octupole moment of the water molecule in the model solvent leads to strong preferential
solvation of negative ions, and that this has important effects upon certain thermodynamic
properties and upon the ion—solvent and ion—ion structure. Questions concerning the definition
and physical interpretation of individual ion partial molar volumes are raised and considered
in detail. It is argued that in general the individual ion results obtained experimentally may not
accurately reflect the true microscopic ion—solvent structure.

1. INTRODUCTION

In paper I (Ref. 1) of this series we have described a
theoretical study of model aqueous electrolytes at finite ion
concentration. The model considered consisted of hard
sphere ions immersed in a polarizable dipole tetrahedral-
quadrupole solvent (referred to below as model I). The cal-
culations were carried out by solving the reference hypernet-
ted-chain (RHNC) equations with solvent polarization ef-
fects treated at the self-consistent mean field (SCMF) level.?
The principal purpose of the present article is to investigate
the influence of varying the water-like solvent model upon
the thermodynamic and structural properties at infinite dilu-
tion. Particular attention is paid to the definition and calcu-
lation of the partial molar volumes of individual ions. It is
argued that even at infinite dilution these single-ion quanti-
ties are not uniquely defined and great care should be taken
in their physical interpretation.

Calculations were carried out for a variety of univalent
ions immersed in three model water-like solvents which for
convenience we shall refer to as models I, II, and II1. All
three models are hard spheres of the same diameter, and all
three include the polarizability tensor « and the dipole mo-
ment g. The models differ at the quadrupole and octupole
levels and can be summarized as follows:

Model I: (@, g, tetrahedral-Q, )
Model II: (a, 4, Q),
Model III: (a, 4, Q, ),

where the parameters enclosed in brackets are those includ-
ed in the calculation of the electrostatic interactions. The
expression “‘tetrahedral-Q” refers to the approximate quad-
rupole moment defined by Eq. (32) of Ref. 1, and Q and Q
are the correct quadrupole and octupole moments, respec-
tively, of the water molecule.
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The general equations describing the various pair inter-
actions (i.e., ion—ion, ion-solvent, and solvent—solvent) for
the present models are given in Ref. 1. This is also true of the
SCMF/RHNC equations and of the method of numerical
solution. Hence in the present paper it is usually sufficient to
ignore the theoretical details and focus upon the results ob-
tained. An exception to this occurs in Sec. II B, where cer-
tain interesting theoretical questions concerning the defini-
tion of single-ion partial molar volumes are discussed in
some detail.

Il. RESULTS AND DISCUSSION

For models I and II the molecular parameters used in
the present calculations are those summarized in Table I of
Ref. 1. For the water molecule the octupole tensor is com-
pletely defined by specifying the elements (.., (.., and
Q.. which must obey the condition
Qe + Q. +Q,,=0. For model III the values’
2.30x107%, —0.96x107*% and — 1.34 < 107>* esu cm?
were used for {2, ., Q , and Q,, respectively. A detailed
account of the SCMF/RHNC results for models I-III will
be given elsewhere.” The values of the pure solvent dielectric
constant €, and of the mean and effective dipole moments

TABLE I. Values of the mean dipole moment m’, the effective dipole mo-
ment m,, and the dielectric constant &, given by the SCMF/RHNC theory
(Ref. 4) for the different model solvents. The dipole moments are given in
Debyes.

Property Models I and 11 Model I11
m' 2.584D 2.601 D
m, 2.632D 2.649 D
€ 93.5 87.1
© 1988 American Institute of Physics 5843
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(m' and m,, respectively) obtained for models II and I1I at
25°C are given in Table I. We recall that the value of the
tetrahedral-quadrupole moment used in model I was adjust-
ed such as to give essentially the same bulk properties as
model I1. It can be seen from Table I that at least some of the
properties of the pure solvent are not very sensitive to the
presence of the octupole moment. The value of ¢, is reduced
a little but is still considerably larger than the experimental
result (i.e., 78.5).

The reduced ion diameters defined by d¥* =d,/d,,
where d, and d, are the ion and solvent hard sphere diame-
ters, used in our calculations are included in Table II below.
The origin of these values is discussed in Ref. 1 and here we
simply recall that 4, is taken to be 2.8 A. In addition to the
alkali metal and halide ions we also consider the fictitious
ionsM*,Eq™*,and Eq . Asin Ref. 1, M™ is used as a model
for large cations such as (C,H),NH,". The ions Eq* and
Eq~ are of equal diameter (i.e,,d, =d_ =d,) and hence
they help to clearly reveal the asymmetric solvation of ca-
tions and anions immersed in solvents II and III.

It was found that the differences in the thermodynamic
and structural properties obtained for models I and II were
small in comparison with those observed for models I and
I11. Hence only the solvent I and III results are explicitly
compared in the following discussion.

TABLE II. Average ion—solvent energies and coordination numbers (CN)
for models Land II1. U,;,, U, U,;, and U, are the ion—dipole, ion—quadru-
pole, ion—octupole, and total ion-solvent interactions, respectively. The
numbers in brackets are the reduced ton diameters & F.

Ion Solvent BU,,/N, BU,/N; BU,/N, BU,/N, CN
Li* 065 1 _3me _ess 12 _411s 812
NaT084)  mr _h0s 311 65 _ 3514 764
Bt (0 m oms -1 37 3075 744
K*(09  m oes 260 28 297 741
GUU o ywe _03 13 _25v6 748
MU 16 110 03 1809 8.4
F~ (0.84) Iil :33;:? :22:8 —22 :igé 2:88
Eq™ (1.0) 1%1 :ig;g :ig; —127 :34213:(1) ;:gi
O (116) 1 _ases 308 76 _sore 1o
Bro(128) 11 _ose4 344 53 _aess 781
17 (144) I :21?3 :igé —33 Ziﬁﬁjé 2(1)(1)

A. lon-solvent energies and structure

The average ion-solvent energies (obtained in the effec-
tive system') per ion for models I and III are compared in
Table II. We note that although the average ion~octupole
energy is rather small (i.e.,<5% of
U,), the total octupole induced change in U, is ~10%~
119 for the smaller ions. Also, the asymmetric nature of the
solvation is apparent if we consider pairs of positive and neg-
ative ions of equal size (e.g., Na* /F~,Eq*/Eq,and Cs™/
Br). Itis clear that for model I1I the solvent interacts more
strongly with the anion than with the cation. For example,
the total ion-solvent interaction energy for Na™ is about
20% more positive than the total interaction with F~. It
should be noted that the energies given in Table II cannot be
compared with experimental hydration energies® since the
experimental results contain a solvent—solvent contribution®
in addition to the ion—solvent term calculated here.

The ion-solvent radial distribution functions g, () for
Na™ and F~ are plotted in Fig. 1. Results for models I and
III are included, and we recall that for model I, g, (r) is
equivalent for Na™ and F~. It can be seen that when the
octupole is added the contract peak increases substantially
for F~ and decreases for Na*. This reflects the preferential
solvation of negative ions discussed above. The influence of
the octupole can also be seen in the second peak where the
Na™ curve again decreases in height. For larger ions (e.g.,
Cs™, Br—) similar effects are observed in comparing g (r)
for models I and III. However, the changes induced by the
octupole moment are less pronounced which is as we would
expect in view of the fact that the ion-octupole interaction
decreases as r;; *.

Coordination numbers (CN) estimated using the for-
mula

R

CN = 47p, f rg, (ndr, (1)

0

2.5 80

0.16

T I T I I I T 1
0.8 1.2 1.6 2.0 2.4

(r —dis)/ds
FIG. 1. Ion-solvent radial distribution functions. The solid curve repre-

sents the results for Na* or F~ in model I. The dashed and dotted curves
are for Na™ and F ™, respectively, in model I1L.
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where R is the value of » at which g, (r) reaches its first
minimum, are included in Table II. We observe that the in-
fluence of the octupole on the coordination numbers is as
would be anticipated from the g, (r) curves discussed above.
For positive ions the CN is decreased by the octupolar inter-
actions and for negative ions it is increased. For model III
the CN of Na™ is lower than that of C1~ whereas the oppo-
site is true for model I. The model III results are in better
accord with computer simulation studies”™!! of these ions in
different water-like models.

The orientational structure of solvent molecules in the
vicinity of an ion can be examined by plotting the function
(cos 0, (r)) as defined by Egs. (60) of Ref. 1. It is useful to
recall that cos &, , =fi'f , , and cos @ _ = — (i'F_;)
(where {i is a unit vector along the dipole and f,, =r,/|r;|)
and hence cos 8, is positive for attractive dipolar orienta-
tions for both positive and negative ions. The curves ob-
tained for Na* and F ~ in solvents I and IIf are shown in Fig,
2. We note that for both ions the contact values decrease
(i.e., the dipolar interactions are less favored) when the oc-
tupole is included, but that the effect is larger for F~. In
order to get an idea of the average orientation of the solvent
molecules in the vicinity of an ion we average {cos 8, (7))
over the first solvation shell to obtain {cos &, ) gs. The “aver-
age” angle is then estimated by supposing that
{0 Yps =cos ™' ({cos 8, ) g5 ). For Na* and F~ in solvent
III we find 54.5° and 56.4°, respectively, compared with the
value 52.7° obtained for both ions in model I. Thus, in the
first shell, the average orientation of the dipole vector does
not change greatly and for both solvent models (0, )y is
close to one-half of the tetrahedral angle (i.e., 54.5°). For the
other positive and negative ions considered the variation of
(cos @, (r)) with solvent model is qualitatively similar to
that shown in Fig. 2. In both solvents the values of {8, )
increase a little with ion size. For example, in solvent III we
obtain 56.5°, 58.3°, 57.8°, and 59.4° for K*, Cs™, C1™, and
Br, respectively.

0.8 0.7

_l
0 54 <cosf, (D> o S

T T T T T T T T T T 711
0.0 0.4 0.8 1.2 1.6 2.0 2.4

(r—=d;o)/d,

FIG. 2. The function {cos 8, (7)) for Na* and F~. The curves are as in Fig.
1.

B. Partial molar volumes

In this section we consider the partial molar volumes at
infinite dilution of the various salts, and of the individual
ions. The partial molar volumes of the individual ions are of
particular interest since these quantities are sometimes
used>'? to infer information about the ion—solvent interac-
tions. It is argued below that this procedure may be fraught
with previously unsuspected pitfalls since the partial molar
volumes of individual ions obtained experimentally may not
reflect the true ion—solvent correlation and interaction at
infinite dilution.

In the following we shall closely follow the methods and
notation of Refs. 13 and 1, and usually we shall simply refer
to equations given in the earlier articles. However, it is useful
to recall here the key definitions:

Gop=h305(0) =4frfr2hgg?a[,(r)dr, (2)
Cop = o 5(0) =47Tfr2c88?a5(r)dr, 3)

where & 88?&3 (k) and €., (k) are the Fourier transforms of
the radial pair and direct correlation functions, respectively
[cf. Eq. (6b) of Ref. 13]. In Ref. 13 it is shown that at
infinite dilution the partial molecular volume of the solute
(i.e., salt) in a general M, X, /solvent system is given by

V(z) :V+kBTX0T (1—p, C0+: )

+v_kyTx7(1—p, C° ), (4)
where p, is the solvent density, k; T is the Boltzmann con-
stant times the absolute temperature, and ¥ is the isother-
mal compressibility of the pure solvent.

In Table I1I infinite dilution values for the partial molar
volumes of LiF, NaCl, KBr, and CsI in models I and III are
compared with experimental results'* for aqueous electro-
lytes at 25 °C. From Eq. (4) it can be seen that ¥ is propor-
tional to the isothermal compressibility of the solvent. In our
previous article' is was pointed out that the present model
solvents (at least when treated at the RHNC level) are sev-
eral times more compressible than real water. Thus in Table
III we have also included the theoretical values for ¥'$ ob-
tained using the experimental result for ¥ in Eq. (4). Ex-
amination of the results given in Table III indicates that the
theoretical values are all in poor quantitative agreement with
experiment, although the theoretical calculations do give the

TABLE 1L Theoretical and experimental results for the partial molar vol-
umes at infinite dilution of several alkali halide salts. The experimental val-
ues were constructed from the single ion partial molar volumes given in Ref.
14. The theoretical numbers enclosed in parentheses were obtained by using
the experimental value for y% in Eq. (4). All results are in units of
cm® mol .

Salt Model I Model HI Experimental
LiF —118.6 ( —32.0) —146.3 (— 30.2) — 204
NaCl — 363(-— 9.8) — 489 (—10.1) 16.6
KBr 19.6 (5.3) 15.3 (3.1) 33.7
Csl 744 (20.1) 80.4  (16.6) 57.6
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correct qualitative dependence upon ion size. The inclusion
of the octupole moment in the solvent model does not im-
prove the theoretical estimates of V9. It is likely that the
large discrepancies between theory and experiment for V9
reflect the fact that the hard sphere potential must provide
only a very crude approximation to the short-range ion-sol-
vent and solvent—solvent interactions.

The partial molar volume of a salt is a well defined quan-
tity which extrapolates smoothly (following a square root
law) to its limiting value I_/‘z’ at infinite dilution. However,
what exactly is meant by the partial molar volume of an
individual ion is not so well defined. The experimental values
reported for these quantities are usually obtained by rather
arbitrarily splitting the 79 results into component parts
based upon a variety of physical assumptions concerning the
partial molar volumes of certain ions (c.f. a number of meth-
ods are summarized in Refs. 14 and 15). One experimental
technique which does give absolute values for the partial
molar volumes of individual ions is that based upon ultra-
sonic vibration potentials,'>'® and this method is briefly dis-
cussed below. Our purpose here is to attempt to define indi-
vidual ion partial molar volumes from a theoretical
perspective and, particularly, to explore the relationship
between these quantities and the ion—solvent interactions.

Within the framework of Kirkwood-Buff theory!” as
applied to electrolytes in Ref. 13 at least two microscopic
expressions for individual ion partial molar volumes at infi-
nite dilution appear possible. One expression can be obtained
by simply comparing the definition (again assuming a salt of
the type M, X, )

72:V+T/+ +v_V_ (5)
with Eq. (4). This immediately yields
Vi* =k Ty5 (1-p,C3), (6)

where C¥, is given by Eq. (3) and the asterisk is used to
simply indicate an individual ion partial molar volume as
defined by Eq. (6). It is argued below that the individual ion
values extracted from experimental measurements are likely
closely related to V%% .

Another approach is to define ¥ as the volume change
which results when a single ion / is added to an infinite (i.e.,
without boundaries) bath containing only pure solvent. Ob-
viously, this is not an experiment which could be carried out
in practice, but it is nevertheless an appropriate definition of
an individual ion partial molar volume at infinite dilution.
Furthermore, it is this single-ion picture which one has in
mind when one attempts to physically interpret the individ-
ual ion quantities.

For this two species single-ion/solvent system in the
p; = 0limit the appropriate Kirkwood-Buff expressions'*'’
immediately yield the result

T/?zpi + GO = GO =k, Ty — G, (D)

where the final form follows from the well-known relation-
ship (cf. Ref. 13 and references therein)

P. G. Kusalik and G. N. Patey: Agueous electrolyte solutions. Il

Our next task is to determine how ¥ is related to the V9%
defined above.

In order to do this we recall' that in the limit
p+ =p_ =0, the Ornstein—Zernike equation leads to the
exact relationship

m

:pX Ezm z

w= —m

(=) RSk @7, (k),  (9)

where Z,, is a known nonzero constant dependent only on
m, and h§77 (k) and &7, (k) are Hankel transforms of
the r-dependent coefficients in the rotational invariant ex-
pansions of the correlation functions as defined in earlier
articles.”'®' In order to take the k-0 limit of Eq. (9) we
need simply note that in the vicinity of A = 0 (cf. Refs. 20

and 21)
RO (kY = —i( RO

Ow;is

Dk Rk )
(10)

and

~101 . —~101(1)
Cfn)();xs (k) = —1IC — s k + PO

(11

These expansions together with the observations''**"! that

for m>1, iig;;:g (0) —a constant if m =2 [due to the
3

charge-quadrupole interaction, A 22, () decays as »~* as
r— oo ] or zero if m> 2 [the £ 3™7 () fall faster than r—*],

Ouw;is
~mOm

and that ¢™7%, . (0) = 0 for m > 0 (since the solvent is un-
mOm

charged the ¢”°7, . (r) all decay faster than » ) allow us to
immediately write

C?s p.\Zl

6=
N 1 “p‘ng 1 — Py C?t

1
v 7, 011( — 1) %101(1)
X Z ( - )”h()w;t(s C,m();“ » (12)

@ = -]

which is a general exact result at & = 0.

We remark that the expressions given for G in Ref. 13
[cf. Egs. (40a) and (40b) ] include only the first term in Eq.
(12) and hence do not hold in general. In fact Egs. (40a)
and (40b) of Ref. 13 are simplified relationships valid for
solvents which satisfy certain symmetry requirements. In
particular, the last term in Eq. (12) obviously vanishes if
(mnl)=(101) is not allowed in the solvent—solvent correla-
tion functions. This is true for purely dipolar particles and
for solvent model I considered in the present paper and in
Ref. 1.

However, for models II and III terms with
(mnl)=(101) are allowed in the solvent—solvent correla-
tion functions and the second term in Eq. (12) will contrib-
ute to G §,. Furthermore, since these models are of C,,, sym-
metry only the lower index @ = 0 will occur and it is
convenient to rewrite Eq. (12) in the form

where
TO= —pZ Rl E, (14)

J. Chem. Phys., Vol. 89, No. 9, 1 November 1988

Downloaded 26 Jul 2007 to 136.159.235.227. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


http://jcp.aip.org/jcp/copyright.jsp

P. G. Kusalik and G. N. Patey: Agueous electrolyte solutions. Il

and we have used Eq. (8). Also for this case the exact form of

h 3~ canbe derived from the known?? long-range behav-

ior of A8y, (r) and T, can be written explicitly as

4 . _
ro - _ 7Bq,m, ( € — 1 )—‘gipsfﬂcgg;smdr,

9y € as)

where ¢, 1s the dielectric constant of the pure solvent, g; is the
ionic charge, y = 47fm’ p,/9, B = 1/k,T, and in deter-
mining Z, we have taken the rotational invariants to be de-
fined by Egs. (5) and (36) of Ref. 19. It is clear that T,
depends only upon the ionic charge and pure solvent proper-
ties, and that, furthermore, for ions of equal but opposite
charge T° , = — T°,.We emphasize that T% is not in
any sense a continuum contribution. It is in fact a model
dependent term which arises from the coupling between ion—
solvent and solvent-solvent orientational correlations.

Returning now to ¥ % and substituting Eq. (13) into Eq.
(7) we obtain

V?=kaTx7 (1=p, Ci ~p, T3 ), (16)
which is the desired result. Comparing Eqs. (6) and (16) we
see that V9 = ¥ % only for models for which 79 = 0. At
this point in our discussion two remarks are worthwhile.
First, due to the fact that 7', is proportional to g; the T°°, ,
and T° _ contributions to ¥ will always cancel exactly.
Thus for the partial molar volume of the salt Eq. (4) is al-
ways recovered regardless as to whether 79 or ¥ 9* is taken
to be the definition of the single-ion quantities. Second, it
should be emphasized that the existence of T, depends upon
the fact that we are considering the unscreened case of a
single ion in a solvent bath. At all finite concentrations
screening ensures that 7 3., (k) = Oat k = O and T, vanish-
es. We shall see below that comparing V9 and V%* is very
instructive when we attempt to understand the relationship
between individual ion partial molar volumes and the ion—
solvent energies and structure.

Before discussing the numerical results for the single-
ion quantities it is useful to consider the different experimen-
tal situations in a little more detail. As mentioned earlier
experimental estimates of absolute individual ion partial mo-
lar volumes have been obtained'* using a number of different
assumptions. Clearly, since the values found depend upon
the underlying assumption all results reported cannot be de-
scribed by a single microscopic formula. However, as noted
above, the 7% terms do not contribute to ¥ and, further-
more, these terms do not appear to have been taken into
account in any of the assumptions made in order to separate
I_/‘z’ into individual ion contributions. Therefore, it seems

|

P,‘szpsz{[l/,ﬂx'F Zf?)] [Z;{h _ ZE,‘Z)]*F Z'(:)) [’E‘(sZ) _ EJ(SZ) + ;l'f)zl . ‘,j‘l(,z)]+ Z‘«Jm [Ej_xz) _ fo) ]}
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reasonable to suppose that (insofar as they are described by
any microscopic expression at all) the individual ion results
obtained by dividing the V9 values must correspond to ¥ %* .
The ultrasonic vibration potential method which directly
produces absolute values for the individual ion quantities
deserves closer attention.

Debye'® first predicted in 1933 that ultrasonic waves
when applied to an electrolyte solution would generate an
alternating electrical potential which should be measure-
able. However, it has been only relatively recently'® that this
technique has been used to determine individual ion partial
molar volumes. Very briefly, the phenomenon itself results'®
from the fact that in solution the “effective masses” of the
hydrated ions will not be the same, and hence the response of
the cations and anions to the applied ultrasonic signal will be
different. Consequently, local regions of higher cation and
anion concentrations will develop and these give rise to mea-
sureable potential differences. The potential difference is re-
lated to the differences in molar masses, which in turn can be
related to differences in the partial molar volumes of individ-
ual ions."® Knowledge of ¥, then allows the determination of
individual ion quantities and infinite dilution results are ob-
tained by extrapolation. Qur purpose here is to make a sug-
gestion as to what the finite concentration individual ion
“partial molar volumes” measured by this method might be
in terms of the various correlation functions, and to see what
is obtained when such results are extrapolated to infinite
dilution.

From the above discussion it is clear that the experimen-
tal technique relies upon a local “disruption” of charge neu-
trality in order to determine individual ion quantities. In
Ref. 13 we have shown that k-dependent analogs of the
Kirkwood-Buff equations can be used to obtain exact deter-
minate expressions for certain thermodynamic properties of
electrolyte solutions (including ¥,) by taking the appropri-
ate k— 0 limit analytically. Now in the formulation given in
Ref. 13 the condition k — 0 simply represents the local charge
neutrality limit, and the finite & quantities can in a sense be
regarded as describing a situation where local neutrality has
been disturbed, e.g., by an ultrasonic wave. Thus it seems
reasonable to suggest that the individual ion partial molar
volumes obtained using the ultrasonic method might corre-
spond microscopically to the appropriate k-dependent Kirk-
wood-Buff expression evaluated at some small but nonzero
k. We emphasize that this assertion is speculative, but it is
interesting in any case to look at the k-0 followed by the
p2—0limit (note that the order in which the limits are taken
is important here) of the k-dependent individual ion quanti-
ties.

Taking the k-dependent partial molecular volume of
species 7, ?/, (k), to be defined by Eq. (12b) of Ref. 13, and
carrying out some manipulation along the lines followed in
our earlier work,'* we find that as k-0,

. (17)

V.(k)

P P k[ Vp + B + B — 2D [ AP + B

_ 2'}‘;’@]_2) ]}
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where we have used the notation of Ref. 13. Equation (17) is
valid at finite concentrations and ¥, (k) is well defined and
independent of k in the small & limit. Also it can be seen that
V,(0) has (not unexpectedly) a rather complicated depen-
dence upon the zeroth and second moments of the radial
correlation functions between all species in solution. The
zeroth moment % (&) = G, [cf. Eq. (2)], and the second
moments are given by'*?!

R %fr“h?.g?aﬂ(r)dr. (18)

We are interested in the p, —0 limit of Eq. (17), and in
order to take this limit it is necessary to know the limiting
behavior of the zeroth and second moments. The limiting
expressions for the zeroth moments were previously derived
(cf. Egs. (33), (39), and (44) of Ref. 13]. The required
limits of the second moments can be obtained by inserting
the low concentration large separation limiting forms of the
various s gog (7) [cf. Egs. (B6), (B7), and (B9) of Ref. 1]
into Eq. (18) and carrying out the necessary integrations.
Retaining only the leading terms in p, we obtain that as

p2—0,

- kg T
2) o™vB
hi? — PRSI (19)
g VP2
-~ ek T
R S _E’_B__2 (20)
477"Iqu‘1’2pz

o Pk T X7 €t
47(q,9,)*v’p,

(C[sviq[ +C}svjqj)7 (21)

and

2 3 0 2

ps (k1Y (x7 )€ 5
Cisvi i C'gv' ) ’ 22)

47(q:9,)*V (Cuvidit Cvia) €

7 (2
h S5 -

where v = v, + v_. Then making the necessary substitu-
tions into Eq. (17) and simplifying we obtain the final result

V.(0) =k TxS (1—p, CY) (23)

as p,—0. The right-hand side of Eq. (23) is clearly just the
quantity ¥ %* defined by Eq. (6). This analysis supports the
conjecture that the experimentally determined individual
ion partial molar volumes at infinite dilution can be correctly
identified as ¥ %* .

We are now ready to discuss the numerical results, and
values for ¥%* and ¥? obtained using Eqgs. (6) and (16),
respectively, are given in Table I'V. Results for both models I
and III are included. We note that the experimental result
for y9 has been used in these calculations in order to remove
differences arising simply from the fact that the compress-
ibilities of the respective solvents are not identical. This also
gives more meaningful numbers to compare with the experi-
mental results since discrepancies due only to compressibili-
ty differences are removed. The experimental values given in
Table IV are those obtained from ultrasonic vibration poten-
tial measurements.'® We note that the results given by this
technique are generally in fair agreement with those ob-
tained using other methods. '

A number of observations can be made concerning the

TABLE 1V. Individual ion partial molar volumes at infinite dilution. The
theoretical results were obtained from Eqgs. (6) and (16) using the experi-
mental value of y%. The experimental values are those determined from
ultrasonic vibration potentials (Ref. 15). All values are in units of
cm® mol ™.

Model I Model I11
Ion Vo =P Pom Ve Experimental
Li* —20.4 -~ 306 —16.1 —11.2
Na™* — 116 —240 — 94 — 74
Eq* — 46 182 - 36
K* - 1.4 — 153 0.8 3.4
Cs™ 6.7 - 82 6.4 15.5
M* 39.4 21.1 35.7
F~ —11.6 04 —14.1 33
Eq~ — 46 76 — 10
Cl™ 1.8 139 — 0.7 237
Br~ 6.7 18.5 39 30.2
I 13.4 24.8 10.2 414

theoretical results given in Table IV. It is useful to focus
upon the pairs Na*/F~, Eq*/Eq~, and Cs*/Br~, which
are equal in size and equal and opposite in charge. For these
pairs in model I the partial molar volumes are equal due to
the symmetric solvation and, moreover, as discussed above
V% = V%since T = 0. However, in model III the sym-
metry is broken and the influence of the octupole is apparent.
For V% the octupolar interactions have a very large effect
resulting in values which are more negative for cations and
more positive for anions. Furthermore, it can be seen from
the table that this behavior (i.e., for ions of equal size
V% < V*)isqualitatively consistent with the experimen-
tal results. Hence, for ions of equal size an examination of the
V% values for model IIT would lead one to conclude that the
degree of electrostriction of the solvent in the vicinity of such
ions is much greater for cations than for anions. The truth of
this conclusion shall be examined below. Turning to the ¥°
results obtained for model II1, we see that the qualitative
dependence upon the sign of the ionic charge is inverted with
cations giving somewhat more positive values than anions of
the same size. This rather dramatic difference between ¥°
and V°* is a consequence of the fact that the contribution
kyTp, ¥5 T to Vis very large (i.e., + 14.6 cm® mol™ ")
for univalent ions in solvent III. Comparing values of ¥°
obtained for models I and III we see that the influences of the
octupole upon C2 and T2 cancel {cf. Eq. (16)] to a large
extent such that the net effect upon ¥ is relatively small.
It is very interesting to reexamine the ion-solvent struc-
ture and energies discussed above in an attempt to under-
stand how the partial molar volumes of individual ions
might be related to the ion—solvent interactions. Returning
to Fig. 1 we see that in model III the ion-solvent radial corre-
lations at short range are stronger for F~ than for Na™ [note
that the contact value g;; (d,;) is considerably larger for F~
than for Na™ ], and that furthermore F ™~ has a larger coordi-
nation number than Na™ (i.e., ~8.9 vs 7.6). Thus, for sol-
vent III the ion-solvent radial distribution function indi-
cates that the neighboring solvent particles are more tightly
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held by F~ than by Na™, and consequently we would expect
the electrostriction of the surrounding solvent to be greater
for anions than for cations. From Table IV and the discus-
sion given above we see that this observation based upon the
ion-solvent structure is consistent with the T/? results (i.e.,
Vo <« ¥°, ), but is the exact opposite of the conclusion one
would reach by comparing the ¥ * values for positive and
negative ions of equal size (i.e., V% < 7).

One might also expect the electrostriction of the solvent
to be roughly proportional to the magnitude of the average
ion—solvent interaction energy. That is, the greater the mag-
nitude of U, the greater the degree of electrostriction. Ex-
amination of the average ion-solvent energies for model 111
(cf. Table I1) shows that for ions of equal size U _ |, is always
larger in magnitude (i.e., more negative) than U, ,, and
hence on this basis as well we would expect the electrostric-
tion to be greater for negative ions. This is consistent with the
ion-solvent structure and with the ¥? values, but again in-
consistent with the ¥ %* results.

From these observations we must conclude that the in-
dividual ion partial molar volumes defined by _17?* (and
which we believe to be the closest theoretical definition we
have of the quantities obtained experimentally) cannot, in
general, be used to deduce accurate information about the
nature of the microscopic ion-solvent structure. Indeed, for
model III the structural inferences one would make by com-
paring the ¥ %* results for positive and negative ions are ex-
actly the contrary of the true situation. The quantities 79,
which do [essentially by definition, cf. Eq. (7)] accurately
reflect the true short-range ion—solvent structure, contain
terms (i.e., 7 ) which do not influence V9 and hence do not
contribute to the ??* . In other words, the _I_/?* values (and
in our opinion the experimental individual ion partial molar
volumes) cannot be correctly physically interpreted by
thinking in terms of a single isolated ion interacting with the
solvent. These quantities refer to a neutral solution and even
if there are only two ions present the influence of the counter
ion is “felt” through the cancellation of the TS, terms.

C. lon-ion structure

At infinite dilution it is convenient to consider the ion—
ion potentials of mean force defined by

pw,(r) = —Ing,;(r), (24)

where g;; () is the radial distribution function. It is shown
below that w,; (r) is rather sensitive to the model solvent, and
that this is particularly true for pairs of like ions.

The potentials of mean force for the unlike pairs Li*/
F~,Na*/Cl7,and M*/Br~ areshown in Figs. 3(a)-3(c).
It is evident that for the relatively small ions Li*/F~
Bw, (r) is quite strongly influenced by the presence of the
octupole. Specifically, the first maximum is considerably re-
duced in magnitude and the entire function is generally shift-
ed to more negative values. For Na* /Cl™ similar effects are
found but the octupole driven variations are much smaller in
magnitude. For M* /Br ™ the situation is essentially inverted
with the curve for model III now lying above the result for

3.0+

—

0.6+

~1.84

SO0 T T T T T T T T
0.0 0.4 0.8 1,2 1.6 2.0

(l'-dij)/ds

T 7171
2.4

Aw® (b

-6.0 T T T T T T T T T T T
0.0 0.4 0.8 1.2 1.6 2.0 2.4
(r—dii)/ds

0.5+
- Awin ()

ST T T T T
0.0 0.4 0.8 1.2

T 17T T 17T 1T
1.6 2.0 2.4

(l'—dij)/ ds

FIG. 3. Ion-ion potentials of mean force for: (a) Li*/F~, (b) Na*/Cl™,
and (c) M*/Br~. The solid and dashed curves are for models I and III,
respectively.

model I at short range. This inversion of behavior is likely
due to the fact that for M*/Br~ the anion is the smaller
species, whereas the opposite is true for Li*/F ™ and Na*/
Cl1~. Since the ion—octupole interaction is relatively short
ranged we would expect changes in the solvation of the
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FIG. 4. Ion~ion potentials of mean force for: (a) Na*/Na™* and F~/F~
and (b) Eq*/Eq™* and Eq~ /Eq ™. The solid curves represent the results for
both the ( + + ) and ( — — ) pairs in model 1. The dashed and dotted
curves are for the ( + 4 ) and ( — — ) pairs, respectively, in model 111

smaller ion to have a greater influence upon Bw;(r).

The potentials of mean force for pairs of like ions can be
dramatically altered by the presence of the octupole moment
in the solvent molecule. Results for Na*/Na* and F~/F
and for Eq*/Eq™ and Eq~/Eq ™~ are shown in Figs. 4(a)
and 4(b), respectively. We recall again that for these pairs of
equalsizeionsw_ | (r) = w__ () inmodel I. It can be seen
from Fig. 4 that in solvent III this symmetry is broken in a
rather striking fashion. In both cases the contact value for
the negative pair is greatly reduced and the value for the
positive pair is increased by roughly an equivalent amount.
For the smaller ions [cf. Fig. 4(a)] the minimum at short
range is significantly reduced in depth for Na*/Na* but
increased for F~/F~. Thus, the bridging structures
thought® to give rise to these short range minima are stabi-
lized by the octupole moment for negative ions and destabi-
lized for the positive case. We note that the model III results
are qualitatively consistent with those found?*** for ions im-
mersed in other water-like solvents.

The potentials of mean forcefor Li*/Li* and M+t /M ™
are shown in Figs. 5(a) and 5(b), respectively. It can be seen
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FIG. 5. Ion-ion potentials of mean force for: (a) Li*/Li* and (b)
M™*/M™. The solid and dashed curves are for models I and 111, respective-
ly.

that for the small Li™ ions the influence of the octupole is
very large leading to a greatly increased average repulsion at
contact. Also, the minimum at short range is reduced in
depth from roughly ~10k T to — 4k 7. For thelarge M ™ ions
the octupole induced effects differ in some respects from the
smaller ion case. The repulsion at contact still increases, but
the short-range minimum is now increased rather than de-
creased in depth. This different behavior probably reflects
the fact that for pairs of large ions the short-range minimum
in Sw,, () is due to hydrophobic effects rather then resulting
from solvent bridging structures. The fact that significant
short-range minima are not found for ions of intermediate
size such as Eq™ and Eq™ [cf. Fig. 4(b) ] supports this con-
clusion.

il1l. SUMMARY AND CONCLUSIONS

This paper describes a theoretical study of a variety of
univalent ions immersed in different water-like solvents.
Electrostatically model I is characterized by dipole and te-
trahedral-quadrupole moments, and in this solvent positive
and negative ions of equal size are solvated symmetrically.
Model II includes the true quadrupole tensor and the solva-
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tion symmetry is weakly broken, but the properties of solu-
tion do not differ significantly from those obtained with
model . In model III the octupole moment of the water
molecule is taken into account, and it is found that in this
solvent asymmetric solvation is important and can strongly
influence certain thermodynamic and structural properties.

The inclusion of the octupolar interactions in model I11
leads to preferential solvation of anions and this effect is
evident in the average ion-solvent energies and in the ion-
solvent pair correlation functions. For example, is we con-
sider Na™ and F~ (which are of equal size in our model) the
average ion—solvent energy is ~20% more negative for F~
than for Na*. Furthermore, the value of the ion—solvent
radial distribution function at contact is nearly twice as large
for F~, and the anion also has a significantly larger coordi-
nation number. Similar but somewhat smaller effects are ob-
served for larger ions.

A detailed discussion is given of the partial molar vol-
ume of individual ions and it is argued that at infinite dilu-
tion at least two reasonable theoretical definitions of this
quantity are possible. One definition inherently applies to
neutral system [even if only one ( + — ) pair is present]
and leads to an expression which we call ¥%* . We suggest
that the values obtained experimentally using ultrasonic vi-
bration potentials or other methods actually correspond to
the quantities %% . It is shown that the physical interpreta-
tion of ¥%* in terms of the ion-solvent interactions has a
hidden pitfall in that the ¥ * values do not in general reflect
the true microscopic ion-solvent structure. Again taking the
Na*/F~ pair as an example, we find (in solvent model III)
that ¥%* is more negative for Na* than for F~ and hence
one would infer that the electrostriction of the “neighbor-
ing” solvent s larger for Na™ than for F~. In turn this would
imply that the average ion—solvent interactions are stronger
for Na™ than for F~. However, the ion—solvent radial distri-
bution functions and average energies clearly indicate that in
fact the opposite is true. Thus we conclude that accurate
information about the nature of specific ion—solvent interac-
tions cannot be deduced from the ¥ %* results. We believe
that this is also true of the experimental values.

This seemingly peculiar state of affairs can be under-
stood if we consider the partial molecular volume ¥ ¢ defined
to be the volume change when a singfe ion is immersed in an
infinite solvent bath. It is shown that 79 can differ from 7 %*
by aterm (i.e., T2 ) which depends upon coupling between
ion-solvent and solvent-solvent orientational correlations.
This term depends upon the symmetry of the solvent mole-
cules and is not present for purely dipolar particles or for
model I. However, such terms do occur for molecules of C, ;.
symmetry and for model III these terms make a very large
contribution to 7 bringing the values obtained completely
into line with the ion—solvent structure and interaction ener-
gies. Thus in a sense the contradictions one arrives at with
V% arise from a mismatch between the physical picture one
has of a single ion plus solvent, and the fact that these quanti-
ties are defined in an electrostatically neutral environment.
The surprising result is that at least for our water-like model
Vo* and ¥? are very different indeed. It is important to em-
phasize, however, that both P%* and V¢ lead to identical

theoretical expressions for the partial molar volume of the
salt since the T°,_, and T°__ terms always cancel exactly for
the charge neutral case.

Another interesting result of the present calculations is
the observation that the ion—-ion potentials of mean force at
infinite dilution can be strongly influenced by the presence of
the octupolar interactions. The effects are greatest for pairs
of relatively small-like ions and generally tend to increase the
ion—ion repulsion for cations and to reduce it for anions. For
example, for Na*/Na* and F~/F~ the contact values
Bw,;(d;) (which are equal in model I) differ by a factor of
~4 in model III. It is also found that the attractive well
which occurs' for small-like ions is greatly reduced in depth
for cations and is increased for anions. These observations

are consistent with the results obtained®>?* in other water-

like models which solvate positive and negative ions asym-
metrically.

Finally, we remark that this comparative study has
demonstrated that the properties of electrolyte solutions at
infinite dilution are much more sensitive to the details of the
solvent model than one might have anticipated. Systematic
studies of other models aimed at gaining a better under-
standing of this sensitivity both at infinite dilution and at
finite concentrations are currently underway.
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