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The exclusion volume approximation in the Poisson-Boltzmann theory is
analysed at the mean field level for an ion-dipole mixture against a plane,
uniformly charged hard wall. An earlier treatment is extended to take ac-
count of the deviation of the exclusion volume term from the uncharged
wall — uncharged hard sphere distribution function. Preliminary numerical
results are presented for a 1:1 electrolyte at ¢ = 1.0 mole/dm® with unequal
ion and dipole sizes.
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1. Introduction

The electric double layer, in the neighbourhood of a charged surface in an elec-
trolyte solution, plays a key role in understanding the behaviour of many physical,
chemical and biological phenomena. The classical treatment of the electrical dou-
ble layer is based on the mean field Poisson-Boltzmann (PB) equation where the
electrolyte solution is modelled by a system of point ions moving in a dielectric
continuum. Many attempts have been made to improve both the electrolyte model
and the theory of this classical approach. A basic reference electrolyte model is the
primitive model (PM) where the ions in the dielectric are given finite size by being
represented as charged hard spheres. More realistic models treat the solvent on an
equal footing with the solute, the solvent having dipoles and higher order multipoles.
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Theoretical improvements have been based on improved or modified PB equations,
integral equations and simulation [1,2].

We consider here a PM electrolyte or an ion-dipole mixture against a uniformly
charged plane hard wall. The emphasis will be upon examining the influence of
ion or solvent size upon the structure of the electric double layer within a mean
electrostatic potential framework. Various attempts have been made to account for
the steric effect of the ions and the solvent. The earliest work was that of Stern [3]
who introduced the idea of an inner compact layer to correct the Gouy-Chapman
[4,5] theory which overestimated ionic adsorption. Stern’s approach has led to many
different models and theories for the structure of the solution next to an electrode
[6-8], but there are difficulties in reconciling many of these approaches with an
overall consistent statistical mechanical picture of the double layer. An important
related aspect is a realistic model of the electrode in assessing its influence on ionic
distribution and adsorption [9,10].

The first formal statistical mechanical analysis detailing the deficiences of the
PB equation was due to Kirkwood [11]. He showed that the two approximations
in the theory were the neglect of the exclusion volume term and of the fluctuation
potential. The exclusion volume term arises from the discharged ion in the formal
charging process, and in the double layer it plays a major role in controlling the
surface concentration of the ions. The various treatments and relative importance of
the two approximations within the mean electrostatic framework for the restricted
PM (RPM) are given in [1,12]. There has been a recent resurgence of interest in
incorporating steric effects into the PB equation in a simple fashion. These attempts
are based on lattice model [13—-15] and functional [16-18] approaches. The derivation
in [13,18] of these improved PB equations invokes solvent exclusion volume effects
and the new theories impose an upper limit on the surface concentration of the
counterions. No treatment is made of fluctuation effects and the solvent is solely
considered as neutral hard spheres. The underlying electrolyte model, when the
solvent is uncharged hard spheres moving in a dielectric continuum, is the solvent
primitive model (SPM). The modified Poisson-Boltzmann (MPB) theory [1,12,19-
21] treats both the exclusion volume and the fluctuation potential term and formally
prevents unphysical counterion surface coverage at high surface charge. By neglecting
the fluctuation term, we show here how the MPB exclusion volume term reduces
to expressions analogous to the recent improved PB results. Preliminary results are
also presented for the ion-dipole mixture with different sizes which extends earlier
work [22] on a corrected PB theory incorporating exclusion volume terms.

2. Theory

The electric double layer is modelled by a mixture of charged hard spheres and
dipolar hard spheres moving in a medium of background relative electric permittivity
€00 In the neighbourhood of a uniformly charged plane hard wall. At a normal
distance x; from the electrode into the solution, Poisson’s equation for the mean
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electrostatic potential ¢ = (1) is

d2q 1 1 dP
- _ A 1
da? E0€00 ; CrTkGr =+ £0€00 dz1’ (1)
where
P:nd/,u-:i’lgddw. (2)

Here P = P(1) is the polarization with dw the dipole rotational elements, e the
charge on an ion of species k, u the dipole moment, n; the bulk number density
of species t and g, g4 the singlet distribution functions for an ion k or dipole d
at x, respectively. The labels s and ¢ are for either ions or dipoles while k£ and d
signify ions and dipoles respectively. For both the PM and SPM, P vanishes and
£s 18 replaced by the bulk relative electric permittivity (bulk dielectric constant) .
However, in the PM, exclusion volume effects only arise through ion size while the
SPM also incorporates hard sphere solvent effects.
Neglecting the fluctuation term [23],

gr = Crexp(—PBert)), (3)
ga = (Ca/4m) exp(—Pu - V), (4)

where (, = gr(ex = 0), (4 = ga(pr = 0) are the exclusion volume terms. For high
values of the surface charge o, the exclusion volume terms will impose a limit on
the surface concentration of the ions and solvent. The mean field approximation is
given by replacing (i, (4 by the appropriate unit step functions.

To treat the exclusion volume terms, consider the exact equation (2.11) of [24],

1
0
g = 0.+ [ [ S medGrazan 9
t

where ¢, is the interaction between the particle s and the field due to the electrode,
cst = ¢s(1,2]\) is the nonuniform direct correlation function and A is the coupling
parameter for the electrode field. Although developed for the PM, equation (5)
also holds for the hard sphere ion-dipole mixture when d2 includes the rotational
elements for ¢ running over the dipole species.

The exclusion volume term from equation (5) is

1
In¢, = —Bos(s = 0) +/0 /Znt cat(s = 0) % d2d), (6)

where s = 0 means that the ion or dipole at x; is discharged.

A formal decomposition of ¢4 into a short and long range part means we expect
the long range term to vanish and ¢4 (s = 0) to be of short range, independent of A.
Also ¢(s = 0) is simply the hard sphere — hard wall interaction. So integrating with
respect to A,

In¢, = /zt:nt cot(s = 0)[g, — 1]d2, (7)
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with (s, = 0 when x; is less than the distance of closest approach of s to the electrode.
Now putting the surface charge zero in equation (7), and then subtracting the result
from equation (7), gives

In(¢s/¢) = /Znt {lest(s = 0)ge — cuge(o = 0)] + [coy — cau(s = 0)] } A2, (8)

where (¢ = (;(c = 0) and 2, indicates that in ¢y both the molecule s at z; and
surface charge are discharged. Setting cy(s = 0) = 2, which is true for the bulk,
gives

st

In(¢,/¢0) = /Zntcst —gi(c =0)]d2. 9)

Equations similar to equation (9) can be derived from the other standard statistical
mechanical theories [1, p.188-189], although now c¢?, takes its bulk value rather
than the inhomogeneous value in equation (9). Given a value for ¢2,, such as the
bulk Percus-Yevick (PY) value for a mixture of uncharged hard spheres [25], the
equations (1), (3), (4), (9) form a consistent set of equations for ¢. We shall not
consider the full solution here but only analyse how the exclusion volume term given
by equation (9) may alter the PB equation. A solution of the system for (, given
by the PY uncharged hard sphere singlet distribution function has been treated
elsewhere [22].

Alternatively an equation analogous to equation (8) for the PM can be derived
from the BBGY hierarchy [19]

G/ = [ [ d i lagale. = 0)
— gi(0 = 0)gsi(es = 0 = 0)] dSads. (10)

We first show how equation (7) in conjunction with equations (3), (4) relates to the
earlier work of Borukhov et al. [14,15]. Consider a single electrolyte with charges
e;, €;, with all the ions and dipoles having the same diameter R and ¢4 (s = 0) given
by the bulk uncharged direct correlation function. In this special case we write (
and c° for ¢, and ¢, respectively as they are the same for all the species.

Equation (7) then simplifies to

In¢ :/an AP[¢ exp(—Berty) — 1] d2
k

+ [ nafam) Sl exp(—5n- 90 — 1)z (11)

We now assume that the exclusion volume term only deviates slightly from its bulk
value of unity, and write ( = 1+ 0 where |§] < 1. So expanding to the first order in
0 and approximating 0 in the integrand by its mean value 0 at x, gives

§=06X+X — X, (12)
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where
X = n;F; + n; Fj 4 ngGa, (13)

Xt = Zns/co d, (14)

F, = /CO exp(—Beptp) d2, (15)

Gy = /COD d2, (16)

D = (1/4x) /exp(—ﬁ,u - V¢)) dw = sinh ©/6, (17)

O = pufdy/da,. (18)

Equating § to § and solving equation (12) gives

1—X°
(= (19)
which is implicit in the RPM work of Bell and Levine [26]. To see if (19) may predict
a finite counterion ¢; for a large surface charge, we use the approximation ¢ =
—1+40O(n), r < R, and zero elsewhere, and so for x; > R/2, F}, ~ —vexp(—[Sex1)),
Gq~ —vexp(—Bu- V), where v = 47 R3/3 or the truncated sphere for R/2 < x; <
R. With these approximations

B 14+v), ng
1+ v [, neexp(—Bexty) + naexp(—Bp - V)]’

thus for |Be;1p| > 1 with —3(u - Vb — eh) < 0

(1+vzns> ) (21)

which is finite. Multiplying numerator and denominator of equation (20) by 1+ X°
and neglecting terms of order n?, then putting ngy = 0 or p = 0 gives the special
cases of [14]. The corrected PB equation is given by equations (1), (3), (4), (19)
and when ny; = 0 we are working with the PM so that the correction arises solely
from the ion sizes, and when p = 0 the correction is within the SPM and comes
from the solvent size. As stressed by Kralji-Iglic and Iglic [13], Borukhov et al. [14],
an exclusion volume term imposes a limit on the surface ion concentration. The
present formulation of the MPB theory [1,20] for the RPM utilizes approximations
to equation (10) and would be expected to prevent unphysical counterion adsorption.
As yet there are no MPB numerical results for high surface charge.

A failure of result (19) or (20) is that when the ions and dipole are discharged the
exclusion volume term is unity, as in the PB theory, rather than the uncharged hard
sphere-hard wall distribution function. Indeed this uncharged distribution function

¢ (20)

1
9i —
vn;
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must contain important steric effects at high electrolyte concentrations. To overcome
this deficiency we generalize the derivation of (19) by writing (, = (1 + ,) where
we assume |d,| is small. So, substituting in equation (9) for (s, using (3), (4) for the
singlet distribution functions, expanding to first order in §,, and approximating ¢,
under the integral sign by its mean value &, at z; gives

05 = Z Ok Fop + 0anaGeq + X — X, (22)
k
where
Xs = Z nkFop + naGa, (23)
X = )?8(0 =0), (24)
Fa= [ &chesp(-pewt) a2 (25)
Goa = / 2,¢9D d2. (26)

If we approximate &, by &, then equation (22) becomes a system of linear equations
which can readily be solved for §,. When o — 0, 6, — 0 and so as required ¢, — ¢°.
For a single electrolyte with equal size ions of charge e; and e;, simplifications occur
as then for ¢, = c?j = c?j, Fy; = Fj;, Fj; = Fj; and Gq = Gjq. Furthermore if the
dipoles are also the same size as the ions, Fy = Fy;, Fyj = Fjj, Gig = Gjg = Gaa. In
particular for a z : z electrolyte for equisized ions and dipoles,

1= (Y + FY) — naGl,

_ 7 27
¢=¢ 1 —n(Fy + Fjj) — naGad (&1)
where n;, = n; = n; and for the 1 : z case with equal sizes,
1 —n(zF2 + F%) — ngGY
C: CO ( i ]]) dMdd (28)

1— TL(ZF’” —+ F’]j) — nded’

where n; = zn; = zn and ¢ = ¢, (® = (0. As before these two results are analogous
to those of Borukhov et al.. In any investigation of the influence of the exclusion
volume term given by equation (9), we would expect equation (22) to provide a
reasonable first approximation to (, for the numerical solution of the corrected PB
equation, or the corresponding MPB theory in the RPM. In (22) the ¢? and ¢?, can
be estimated by any appropriate uncharged hard wall — hard sphere distribution
function and bulk hard sphere direct correlation function respectively.

3. Results and discussion

We now present some preliminary results for the unequal size ion-dipole mixture
based on equation (9) for (; and equation (22) for (4. From equation (22), with
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0 = 0, we obtain

(o= Col + 2 (Fae — Fa) — naGy
T 1 —nqGaq '
For consistency the dipole exclusion volume term should also be calculated from
equation (9). The present numerical procedure needs to be adapted to solve this
consistent situation, but we expect equation (29) to be a good approximation to
(4 for the considered parameter range. The exclusion volume term for zero surface
charge (%, and the uncharged bulk direct correlation function, are approximated by
the corresponding Percus-Yevick values for uncharged hard sphere mixtures [25].
The three component PY ¢Y has been given elsewhere [22] and the PY ¢, can be
derived from Baxter’s work [27], namely

(29)

o — B L9 I y
rey — ar — B + 21y ngds, r <Ry (30)
0, r> Rij,
where
R 2 2 2
I, =1, = ~3 (1282 + 1208,(r + Ry) + a2(2R;r + 6Ryr + 3R2)], r < Sj;, (31)
2 2
Iy=1I,+(Sj+r)° {% + a;ﬁs (Ris + Rjs) + % [r(28i; — 1) 4+ 3(Ri; + R)?] } ;
Rz‘j >Tr > Sji, (32)
and 1—& + 3R 3RZE
— &3+ o1 &2 T 3 1
;= , fi=——, & == nRR. 33
oo 0 T Taer Y76 &

Here R; is the diameter of ¢ with R;; = (R; + R;)/2, and S;; = (R; — R;)/2.

The numerical solution of Poisson’s equation (1), in conjunction with equations
(3), (4) and exclusion volumes given by equation (9) for the ions and (29) for the
dipoles, was obtained by a modification of the quasi-linearization technique of [22].
Calculations were performed for a 1:1 electrolyte at concentration ¢ = 1.0 mole/dm”®
with R, = 3.6 A, R_ = 3.0 A while the solvent parameters were Ry = 2.4 A, pu =
1.84 D and concentration ¢; = 45 mole/ dm?®. The background permittivity €., which
reflects the atomic and electronic polarization of solute and solvent, was taken to be
2 and temperature 7' = 298.15 K.

In the figures, comparisons are made with the case when the exclusion volume
term is simply given by the PY uncharged singlet distribution function ¢?, this
situation being denoted by ¢Z. Figure 1 indicates a large reduction in the value of
(x from the PY g9 at ¢ = 0.1 C/m2 in the vicinity of the electrode. In contrast
there is only a small reduction in (4, so now it is the largest, not the smallest,
exclusion volume term near the electrode. The small reduction in (, is significant as
it indicates a correlation with the surface charge which will become more important
as o increases. A similar overall picture occurs for o = —0.1C/m>.

The variation of the contact values of (s and g5 for ¢ varying from —0.15 to
0.15C/ m” are given in figures 2-4. For the ions (j is less than the PY gy, except
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Figure 1. Exclusion volume term (,
(solid line) and PY ¢? (dashed line)
at 0 =0.1 C/m2. Other parameters as
in text. The solvent, anion and cation

functions are denoted by d, —, + re-
spectively.
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Figure 3. Contact value of the cation
exclusion volume term and singlet
function for |o| < 0.15C/m?. The sin-
glet functions g, g7} are calculated us-
ing ¢+ and PY ggL respectively.
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Figure 2. Contact value of the an-
ion exclusion volume term and singlet
function for |o| < 0.15C/m?. The sin-
glet functions g_, ¢g* are calculated us-
ing (_ and PY ¢° respectively.
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Figure 4. Contact value of the sol-
vent exclusion volume term and singlet
function for |o| < 0.15C/m?. The sin-
glet functions g4, g are calculated us-
ing ¢4 and PY ¢ respectively.
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C/Fm?

Figure 5. The differential capacitance C.
The dashed line is the capacitance when
the exclusion volume term is given by the

0140 when o = 0. This in turn reduces the
contact value of g; for o # 0 from g;.
However for the solvent when o > 0, the
contact value of g4 is larger than that of
gy in contrast to its lower value when
o < 0. This is a reflection of the dif-
ferent molecular sizes, with the dipole
being the smallest. At these low surface
charges the larger counterion (cation for
o < 0) reduce the adsorption of the sol-
vent molecules relative to the g9, and the
smaller counterion (anion for o > 0) in-
010 005 000 005 010 crease the solvent adsorption. The effect

o/Cm? is clearly seen in figure 5 for the differen-
tial capacitance. Rather than an asym-
metric ‘U’ shape from the ¢ as found in
[22], the capacitance begins to adopt a

0.138

0.136

0.134

0.132

0.130

0.128 |

0.126 |

0.124

0.122

PY ¢°. shape reminiscent of group 2 of Parson’s

classification [28].

The absolute values of the capacitance are too low, and this can be attributed to

many factors, two of the most probable being the poor representation of the solvent
and the neglect of the fluctuation term in the distribution functions. However it ap-
pears that the formulation of the exclusion volume terms presented here which takes
into account surface charge correlations, married with treating solute and solvent
molecules on an equal footing, may prove fruitful. Work is in progress studying the
implication of various parameter variations.
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TpakTyBaHHS YJleHa BUKJIIOHEHOro o6’emy B
HeoaHopiIaHiIn Teopii MyaccoHa-bonbyumaHa ans
iOHHO-ANNONBHOI CyMiLUi

K.B.AytBant ', C.Jlamnepcki?

BipaineHHsa npuknagHoi matemaTtukm, Ledinacbknin yHiBepcuTeT,
LWedina, BenukobputaHis

IHCTUTYT ®i3NYHOI Ximil, XiMiYHNI dakynbTeT, YHiBepcuteT A.Miukesunya,
Mo3HaHsb, MonbLua

OtpumatHo 8 cepnHa 2001 p.

HabnuxeHHs BUKNtoYeHoro o6’emy B Teopii lNyaccoHa-bonbumaHa aHa-
Ni3YETbCSA Ha PiBHI cepeaHboro rnonsa ans ioHHO-AUMONbHOI cyMilli 6ins
MJ0CKOI, OAHOPIAHO 3apsaaXXeHOi TBepAoi CTiHkW. [onepegHin po3rnag e
PO3LUMPEHNIA 0,0 BPaxyBaHHS BiOXWUNEHHS YleHa BUKIIO4YEHOro 06’ emy Bif,
bYHKUIT po3noainy He3apaokeHa CTiHKa — He3apsaaxeHa TBepaa coepa.
lMonepeaHi YncnoBi pe3ynsTaTty € NpeacTaBnaeHi ang enekTponity 1:1 npn
¢=1.0 MO/b/OM ® 3 HEPIBHUMYK PO3MiPaMM iOHIB | AUMONIB.

KniouoBi cnoBa: 4ieH Buksito4eHoro ob’emy, lNyaccoH-bosbLmaH,
IOHHO-AWMOJIbHA CYMILL, €/IEKTPUYHUI MNOABIVHWI LLUap

PACS: 68.08.-p
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