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Abstract

A dielectric thin film of charged surfaces intervening between two electrolyte solutions is considered as a model of the
non-clectrolyte films in water-in-oil emnulsions, lipid bilayers or biomembranes. The fluctuations of the ion-charge density
in the two electrolyte phases interact through the oil film thus giving rise to an elfective attraction between the film
surfaces, which is due to the ion correlations. The respective ionic correlation free energy of the film is calculated and its
dependence on various factors is investigated. It is found that when the diclectric permittivity of the film substance is
relatively high, the effect of ion correlations is comparable with the effect of van der Waals forces and can influence the

thin film contact angle and emulsion stability.
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1. Introduction

In Part 1 of this study, Ref. [1], we investigated
quantitatively the forces due to ionic correlations
in electrolyte-containing thin liquid films. The over-
lapping of the two electric double layers inside the
film gives rise not only to electrostatic repulsion
{described by the DLVO theory [2,3]) but also to
attraction, which is due to the effects of ionic
correlations and image forces; see Refs [1,4] and
the literature quoted therein. In Part 1 we derived
analytical expressions allowing calculation of the
film correlation frec energy and disjoining pressure.

In the present paper we consider the complemen-
tary case of electric double layers situated outside
the thin film. Such a configuration can be observed
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with oil films between aqueous emulsion droplets,
with lipid bilayers, vesicles or biomembranes. In
this case there is no overlapping of the two electric
double layers. The ionic-charge density fluctuations
in the two double layers interact through the thin
oil film. Hence one can expect that the attraction
due to ionic correlations will be smaller than in
the case of inner double layers. However, in the
latter case, the ionic-correlation attraction which
appears on the film surfaces is missing when the
double layers are outside the film. Therefore, even
a smaller effect of the ionic correlations, in combi-
nation with the van der Waals and steric inter-
actions, can be important for interpreting the
equilibrium and the stability of emulsion-type oil
films of charged surfaces.

In some aspects the system with two outer
electric double layers is simpler than the system
studied in Part 1, because both the surface charge
and potential do not depend on the film thickness.

© 1992 — Elsevier Science Publishers B.V. All rights reserved.



266

The same is true for the ionic distribution in the
electric double layers. The theoretical approach
developed in Part 1 can be applied to the present
case without any limitations.

Our aim below is to derive analytical expressions
allowing calculation of the film excess correlation
free energy and the respective component of
the disjoining pressure. Then we investigate the
dependence of the ionic-correlation attraction on
different factors like concentration and valency of
the ions, surface charge density and thickness of
the Stern layer, temperature, film dielectric permit-
tivity, etc. For the reader’s convenience the algo-
rithm of the numerical calculations is given in the
Appendix.

2. Model of the ion distribution

The system under consideration consists of a
plane-parallel thin dielectric film situated between
two aqueous phases. The film surfaces are charged
and electric double layers are formed in the two
adjacent aqueous phases, whereas ions are not
present in the film interior.

The film has thickness & and dielectric permittiv-
ity ¢, (Fig. 1). Each electric double layer consists
of a Stern layer of thickness w and of a diffuse
double layer characterized by an ion-charge density

p(z)

Fig. 1. Sketch of the ionic-charge distribution in twu electric
double layers situated outside a thin dielectric film of permit-
tivity ¢, and thickness h. The smooth and the stepwise profiles
represent the real and the model charge distributions, p(z} and
p"(2), respectively; w is the width of the Stern layers.
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distribution p(z). The z-axis is directed normally
to the film surfaces. The function p(z) can be easily
calculated by means of the Poisson-Boltzmann
equation; see Eqns (A4) and (A8) in Part 1 [1].

In this paper we follow the notation used in
Part 1. In particular, ¢ is the surface charge density;
gi=Ze and g, =—Ze (Z=+1, £2,..) are the
charges of a counterion and a co-ion, respectively.
The numerical densities of both ion species are
equal to n, far from the interface.

As mentioned in Part 1, for calculating the ionic-
correlation energy it is convenient to replace the
continuous real charge density distribution p(z)
with an idealized (model) one:

1

p for O0<z<a
pl=<p" for a<z<a, (2.1
0 for z>a,,

see Fig. 1. Here p', p", a and a,, are parameters of
the model. They can be calculated from Eqns (3.5)
and (3.7) in Partl, which stem from some
conditions for equivalence between the idealized
stepwise distribution p'9(z) and the continuous
distribution p(z).

In the case of electric double layers inside the
film, considered in Part 1, the stepwise model can
be used for a film of thickness h satisfying the
condition 2a<h<2a,. It is worthwhile noting
that there are no such restrictions in the present
case, when the double layers are situated outside
the film.

The Debye screening parameters k;, ky and xg
corresponding to the three regions I, Il and III
(see Fig. 1) can be calculated as explained in
Appendix B of Part 1.

The Brownian motion of the ions gives rise to
fluctuations in the ion charge density. The fluctua-
tion charges in the two adjacent electric double
layers can interact across the intervening thin
dielectric film. The resulting correlations between
the fluctuation charges lead to the appearance of
additional correlation free energy with a bulk
density f®(z,h). Since f® depends on the film



V.N. Paunov, P.A. Kralchevsky/Colloids Surfaces 64 (1992) 265-274

thickness h, one can define an excess correlation
free energy density

AfQz, ) =f Gz, h) ~ (2, o0) (2.2)

which accounts for the interactions across the thin
film. Our aim is to calculate the excess correlation
free energy per unit area of the film

©

Afcor(h) =2 J Af Gz, h) dz (2.3)
0

where the factor 2 accounts for the two symmetrical
electric double layers. In accordance with the
thermodynamics of thin liquid films [5-7] the
derivative

_ | )
Hcor == [ oh :L (24)

represents the ion-correlation component of the
thin film disjoining pressure.

In the framework of our model the excess corre-
lation free energy can be represented in the form

Aﬂ:or = Z(Afior + Afs:]or + Afg(if (2'5)
where

a [ %%
Aft, = j AfBdz A= j A dz,
0 a

arm, = j A7) dz 26)
are the contributions of regions I, II, and IIi
depicted in Fig. 1. Below we calculate consecu-

tively 4fY,, (Y=L IL III) by making use of the
method developed in Part 1.

3. Correlation energy of region I

For an electrical charge g located at the point
r =rq, which belongs to region I, Eqn (4.5) of Part 1
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reads
az(f" 2 q
oz A== dz-0) 3.1)
where
2=k 4+ f (3.2)

where ¢(k, z) is the Fourier transform of the fluc-
tuation polarization electrical potential, k=
(ky, ky,0) is a two-dimensional wave vector of
magnitude k = |k|, € is the dielectric permittivity of
water, k, is the Debye screening parameter in
region I; compare with Eqns (3.12) and (4.3)-(4.4)
of Part 1. By using the variables

= - __4
u=4iz, ¢=A, E e (3.3)
one transforms Eqn (3.1) to read
¢
5—1;5—¢=~2E16(u—§), 0<&<b, (34)

The parameters
bl = )»a and bz = I%.(am b a) (3.5)

are the dimensionless widths of regions I and II;
see Fig. 2. Similarly, the dimensionless thicknesses

b u
| bytb,
T T
.u-.I D
51
VI
= —— .
v -c-2w
R e’ i S
VI
Yoo e g ee,

Fig. 2. Sketch of the regions of uniform ion-charge density in
our model. Regions I, II and III are ihe same as in Fig. 1;
region IV is the dielectric film; regions V, VI and VII are
similar to regions I, I, and III, respectively; regions S1 and S2
represent the two Stern layers.



268

of the dielectric film and of the two adjacent Stern
layers, S1 and S2, are denoted by

¢=iAh and W=iw (3.6)

see Fig. 2. Besides, for the sake of convenience the
film is denoted as region IV in Fig. 2. The remain-
ing regions V, VI and VII are symmetrical to
regions I, IT and III respectively.

The solution of Eqn (3.4) for region I reads [8]

¢'(k, u)= B, exp(~u)+ Byexp u
— E, sgn(u—&)sinh(u — &),
O<u<b, (3.7

where B, and B, are integration constants and

-1 for x<0
sgn x = 0 for x=0 (3.8
1 for x>0

Since r, belongs to region I (0 <& <b,), the
counterparts of Eqn (3.4) for regions Il and III are
homogeneous equations:

g2 M
_é_';z_._az(,‘bll:o, b,<u<b1+b2 (39)
GEPA

5 — B2 =0, by +b,<u<oo (3.10)
where

7 , 7 (3.11)
The solutions of Eqns (3.9)-(3.10) read
¢"(k, u) = A4, exp (—ou) + A, exp (xu),
by<u<b,+b, (3.12)

¢"(k,u)=F exp(—=Bu), b, +b,<u<ow

(3.13)

where 4,, A, and F, are constants. Similarly
one calculates the fluctuation potentials in the
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remaining regions:

@V(k,u)=C,exp(—u) + C,expu,

—Cc—-2W—-b <u<—c—=2Ww (3.14)
@Yk, u) = G, exp(—au) + G, exp (au),
—c—2W—-b,—-by<u<-—c-2w-b, (3.19)
¢V (k, u) = Fexp(Bu),
—o<U<—c—2Ww—b,—b, (3.16)
@' (k, u) = D, exp (—tu) + D, exp (tu),

-w<u<0 (3.17)
@52(k, u) = L, exp(—tu) + L, exp(tu),
—Cc—-2W<u<—¢c—W (3.18)
@'V (k, u) = M, exp(—tu) + M, exp(tu),
—c—W<u<—w (3.19)
where

t=k/A (3.20)

and A4;, B, C;, D;, F;, G;, L, and M, (i=1, 2) are
constants. The integration constants are to be
determined from the standard boundary conditions

Y1 Y2
=g amg U@

imposed at each boundary between two regions
Y! and Y2. The calculation of all integration
constants is simple but tedious and finally yields

jqﬁ'(k, &)d = AE,[b,/4* + G'(v,w, b,)] (3.22)
0

where

G'(v,w,b,)= -?—2
biQ,

x {v—+[2b)(1 =v)(w—1)+w—-v]
x exp(—2b,)} (3.23)
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0, =@+ @+ 1)+({v—1)w~1)exp(-2b,)

(3.24)
vzl;%ﬁ, 3«L_:—l—«*:xp(-—ka)

= ZCI —:{% (3.25)
6:-§:§exp(~2kh), ""E"H’
A== exp(—2kw) (3.26)

I+

I’w’c%{%, y=1:zexp(——2bl),
w=arg (3.27)
0=2" - g exp (= 2ab,) (3.28)

The variables 4, by, b,, ¢, a, f, and t are defined
by Eqns (3.2), (3.9)-(3.6), (3.11) and (3.20) as func-
tions of k.

The inverse Fourier transformation of Eqn (3.22)
in view of Eqn (3.3) yields

a

J '(fz,C)dC“'*[ exp (—Ki72)

4]
+ f kd o2 K)G'(v, 0, by )dk] (3.29)
0

where ¢'(r,, {) is the Fourier transform of ¢'(k, {),

rz={(x,y,0) ry=|r,| (3.30)
is a position vector in the plane xy and J, is a
Bessel function.

In the limit h— oo (large film thickness) the
fluctuation potential ¢'(r,, {) tends to a function

@' (r3,0). In the same limit Eqn (3.29) transforms
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into
a

J“Pao(":; Hdl= “['; exp(—Kyr;)

0

+ J k.’o(rzk)(;l(vw, w, bx) dk:l

0

(331
where
114 pe €=y
©=1Th " yw~€+£1exp( 2kw)  (3.32)

are the limiting values of the parameters v and y
for h — oo; the parameters b, and w do not depend
on h. (Note that in contrast to the case considered
in Part 1, in the present case the Debye parameters
# and x; do not depend on h)

Equations (3.29) and (3.31) are counterparts of
Eqns (4.28) and (4.29) in Part 1, respectively. Then
following the procedure for derivation of Eqgns
(4.34) and (4.35) in Part 1 one obtains the sought-
for expressions for the excess correlation internal
and free energies per unit area of region I:

@

2
i, = é‘:T f dk
]

x k[Gl(v: @, bl) - Gl(voos w, bl)] (333)

] =]

kikgT
A= T2 sz fdk

T 0
x k[G'(v, w, b)) — G'(v 5, w, b;)] (3.34)

where T is temperature and kg is the Boltzmann
constant.

4. Correlation energy of region I1

In this case b, < & < b, + b, (Fig. 2). Instead of
Eqns (3.7) and (3.12) one has
Pk, u)= B exp(—~u)+ Byexpu, O<u<bh

4.1)
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¢"(k, u) = A, exp(~om) + Ay exp (au)
— E, sgn(u — &)sinh a(u ~ &),

bl <u<b1 +bz (4-2)
where
Ey=E,/u (4.3)

Equations (3.13)~(3.19) hold also in the present
case. The integration constants 4;, B, C;, Dy, Fi,
Gi, Ly and M, (i = 1, 2) can be determined from the
boundary conditions (3.21). As a result of these
simple but tedious calculations one obtains

[

Ay —a
J‘(P (ry, {)dl = [Texli‘(“'curz)

-+ J dk kJQ(Vzk)G"(99 bz; &, B)]

0
4.4)

where
- a)?
Qz
X {B — 0o + [2uh,(1 — B)(x ~ B)
+ 0o — B] exp (—2ab,)} (4.5)

Q, = «?[(0 — 1)~ P) exp (—2ub,)

G"(Q bza ﬁﬁ)

—(@+ D+ ] (4.6)

~1 —1
an[l + %—;—jexp(—ﬂ;b,)]/[l - %i—l—exp(-2b1)]
4.7

The variables by, b,, 2, B, and v are defined by
Eqns (3.5), (3.11) and (3.25)—(3.28) as functions of
k. As usual r, is a two-dimensional position vector;
cf. Eqn (3.30).

In the limit h— oo the fluctuation potential
o"(r,, {) tends to a function 'L (r,, {), representing
the fluciuation potential in region II of a single
electric double layer (infinitely thick film). In the
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same limit Eqn (4.4) reduces to

Qo

d,—a
j¢ (r5,0) dC’:g[—"‘"‘eXP(“Kurz)
< ry

T 7
+ J dk kJ o(ra k)G (0, by, @, B)J
0
4.8)
where
6. =a| 1+ 2=  exp(=2b,) /
o =4 Ve + 1 eXp !
1= et p2b 49
- vw+ 1 exp l) ( . )

and v, is given by Eqn (3.32).

Equations (4.4) and (4.8) are counterparts of
Fqns (441) and (4.42) in Part 1. Then following
the procedure of derivation of Eqns (4.46) and
(4.47) in Part 1 one obtains the sought-for expres-
sions for the excess correlation internal and fre¢
energies per unit area of region II:

o0

ik T

Al = = f dk k[G"(6, by, o, )
0

- G"(Goob bZa X, B)] (4-10)

2 K i

4 gﬁrz%ﬂ J igz. j dk k[G"(0, b, o, B)
T 0

- G"@,, by, B)] (@.11)

5, Correlation energy of region II1

In this case b, + b, < & < o0 (Fig. 2). Instead of
Eqn (3.2) Eqn (4.1) holds and Eqgn (3.13) must be
replaced by

" (k, u)= F, exp(— pu) + Fyexp (Bu)

~— Eysgn(u ~ &) sinh B(u — &) (5.1
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where
Ey=E,\[B (5.2)

Equations (3.12) and (3.14)-(3.19) hold also in the
present case. From the boundary condition ¢™ for
(u - &) -+ co one obtains

.1
Fy= ':,:Ea exp (- p&) (5.3)
The remaining integration constants 4,, B;, C;, D;,
Fi, Gy, Ly, and M; (i=1,2) are to be determined

from the boundary conditions (3.21). After some
calculations one obtains

-1
Mk, u=E)=E, {%ﬁ exp[2B(b, +b,-{)] +1}

(54
where
N ROl S /
g== 1+8+}exp( 2aby)
g—~1
[I e mexp(«Zmb;)] (5.5)

and the variables b,, a, f and 0 are given by Eqns
(3.5), (3.11) and (4.7) as functions of k. Then one
can define

APk, &) = "k, &) ~ Pk, &)

g (87 8!
mEz(g“}“l gm~l>
x exp[~2B(b, + b, ~ £)] (5.6)

where g, is the limiting value of g for h - o0:

NE Qf?..:._l, — D
gw“[i +0m+1exp( «-wbz)]/

0,1
[1 ~ G S (- 2ubs )] (5.7)

see also Eqns (4.9) and (5.5). Analogously to
Eqn (4.31) in Part | we define the excess fluctuation
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potential at the point vy =(0,0, {):
ApM (L1 == lim f dk exp (ik.r,)d¢™M(k, &) (5.8)
L4 i
Following the method developed in Part 1 from
Eqns (3.3), (3.11), (5.2), (5.6) and (5.8) one easily
derives the sought-for expressions for the excess

internal and free energies per unit area of the
region III:

2 -3
i _‘_KO;{BT g‘“‘lm
Atteor= 16n f(g»l—l
0

Mmaxéksr dr [ (g~1 g,—1\ kdk
oor T* J\g+1 go+1)kd+k?
[+

“ 161
(5.10)

gm—~l> kdk (59)

2o+ ) K34-k?

g ey 8

6. Numerical data and discussion

The excess correlation free energy per unit area
of the film, A4f.,., can be calculated by substituting
from Eqns (3.34), (4.11) and (5.10) into Egn (2.5).
The algorithm of calculations is described in the
Appendix. The ion-correlation component of the
disjoining pressure I, can be calculated by
numerical differentiation in accordance with
Eqn (2.4).

Figure 3 illustrates the effect of the surface charge
density and Stern layer on 4f.,,. Let us dencie by

0.000

Af&(’f
~0.001
{mN/m]
~0.002 T=208K
s Cet = 0.001 Fnl /)
~0 003 / =784
A= 5nm! {'
' £, =35
~0 004 i
A mm‘{j
-0 00& ‘
4] g 14 18 20

Fig. 3. Film excess correlation fres energy 4f,,, vs film thickness
h at two different values of the area per unit surface charge 4.
The full and dashed lines correspond to w=2A and w=0,
frespectively.
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A the area per unit surface charge at one of the
film surfaces and let w be the width of the Stern
layer. Each pair of one full and one dashed line in
Fig. 3 represents the dependence of 4f,. on film
thickness h for a given value of 4: (4 =1um? and
A =5 nm?) and for two different values of w (w =0
for the dashed line and w=2 A for the full one).
One sees that the increase of the surface charge
density (the decrease of A) leads to an increase of

the maonitude of the correlation free energv Af.

Vil IR ERALUULY Vi LW VWEAVILLIVAL divw Viva gy Sfcor”

As could be expected, 4f,,, is negative and corres-
ponds to aitraction between the two film surfaces
(negative disjoining pressure). The small difference
between the dashed lines in Fig. 3 and the respec-
tive full lines implies that the effect of the Stern
layer is small and can be neglected. All curves in
Fig.3 are calculated for an electrolyte concen-
tration C,; = 0.001 mol1™! in the aqueous phase,
temperature T=298 K, dielectric permittivities
¢=784 for water and ¢; =35 for the film
substance.

The variation of the film dielectric permittivity
¢, affects strongly the value of the ion-correlation
energy Af.,,. This effect is illustrated in Fi2. 4 for
four different values of ¢,. The greater ¢,, the
greater the magnitude of Af,,,. Hence the contribu-
tion of the ion correlations into the film free energy
is more pronounced for emulsion films with a
film phase of greater dielectric permittivity, like
nitrobenzene.

In contrast to the effect of ¢,, the effect of the
electrolyte dissolved in the aqueous phases turns

0 600

Afcor
=0 001
g1 =5 A/ -
[mN/m] £ Ca1 = 0.001 mol/l
-0 002 i T=288K
it
i A={nm?
-0 00 i -
0003 s.;:'l(lff‘ £=78.4
N w=0.2nm
~0004}g, =35,
h
~0 005
o 5 10 15 20

Fig. 4. Film excess correlation free energy 4f.,, vs film thickness
h at several different values of the film dielectric permittivity ¢,.
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0000
Afcor

=0 001

[mN/m]
-0 002

Pz BA3K, £28 0, ¢,=37.9

- T=323K, e268.7,£,230.5
-0003 Cey = 0.01 moi/1
w=0.2nm

-0 004 Azinm?

-0.005
0

Fig. 5. Piot of 45, vs a for different temperatures 7.

out to be negligible. We varied C,; between 1074
and 1072 mol 1! without any pronounced effect
on the Af,,. vs k. curves. A symmetrical 2:2 electro-
lyte provides a slightly greater magnitude of Af,,,
compared with a 1:1 electrolyte at the same con-
centration.

Figure 5 illustrates the effect of temperature on
the dependence of Af,, vs h. To determine the
system, the film substance was assumed to be
nitrobenzene and the temperature dependence of
the dielectric permittivities ¢ and ¢, was taken into
account. One can see that increasing the temper-
ature affects slightly the effect of ionic correlations
and leads to an increase in the magnitude of Af,,,.

In Fig. 6, Af,, is compared with the van der
Waals excess free energy per unit area of an
emulsion film, 4f,,. To calculate 4f,,, we used the
well-known equation (see for example Ref. [9]).

Au 6.1
Aﬂzw = 6.1
12nh?
—
z 0008
<
z .
£ -0002 P ML R (e
£ e e = 0.01 mol /1
¥ Mear [ /0 5 e = 0.01 mal/
g ~0004 T=206K
I
E / ::' A=1nm?
& -o0008 / _:." £ =35
E I =784
< Aew |
& -oaos R w=0.2nm
4 Meor + Alvw
¢ oo : y
P 0 5 10 15 20
h {nm]}

Fig. 6. Correlation and van der Waals excess frec encrgies, 4/,
and Af,,,, and their sum, 4f,,, + 4f.., plotied against the film
thickness 4.
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with Hamaker constant 4;,;=5+1072! J, which is
a typica! value for emulsion films. One sees in
Fig. 6 that for the specificd values of the paramcters
used, 4f,,, is about 50% of 4f,,. Hence in some
cases Af,,, can contribute considerably to the
energy of attraction in thin liquid films.

Concluding remarks

This paper considers a dielectric thin film of
charged surfaces, which intervenes between two
electrolyte solutions. A typical example is an oil
film formed between two aqueous droplets in a
water-in-oil emulsion. The fluctuations of the ionic-
charge density in the two aqueous phases interact
through the thin oil film. The correlations between
these fluctuations give rise to an additional attrac-
tion between the thin film surfaces, which can be
characterized by the excess free energy of ion
correlations per unit area of the film, Af,,
(Eqn (2.3)).

We derived analytica! expressions for calculating
4f... by using the theoretical method developed in
Part 1 [17; see Eqns (2.5), (3.34), (4.11) and (5.10).
The algorithm of the numerical calculations is
described in detail in the Appendix. We studied
numerically the role of various factors on the
magnitude |4f..| of the correlation free energy.

It turns out that |4f,,,| depends strongly on the
dielectric permittivity ¢, of the film as well as on
its surface charge density; see Figs 3 and 4. How-
ever, Af,,, is insensitive to the width of the Stern
layer and to the concentration and valency of the
ions in the two aqueous phases. Besides, |4f..|
slightly increases when increasing the temperature
(Fig. 5).

In the case of an emulsion oil thin film of
relatively high dielectric permittivity (¢, = 35) Af:
can be about 50% of the excess free energy 4f..
due to the van der Waals forces (Fig. 6). Hence the
ionic correlations can provide a sigmficant contri-
bution to the attraction between the two film
surfaces and to influence the value of the emulsion
thin film contact angle, cf. Eqn (5.2) in Part 1.

In conclusion, it is instructive to compare the
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effects of the ion correlations in the case of inner
(Part 1) and outer (present paper) electric double
layers, corresponding to oil-i. -water and water-in-
oil emulsions, respectively.

(i) In both cases the ion correlations lead to
attraction between the film surfaces. However,
|4f.| is much larger in the case when the electric
double layers are inside the film.

(i) In both cases Af,, is sensitive to the surface
charge density; compare Fig. 13(a) in Part 1 with
Fig. 3 in the present paper.

(iii) For inner double lavers 4f,, depends
strongly on the ion concentration and valency,
whereas such effects are not observed with outer
double layers.

(iv) For outer double layers 4f,,. depends mark-
edly on the dielectric permittivity ¢, of the oil
phase, whereas there is no such cffect with inner
double layers; compare Fig. 6 in Part 1 ¢ ~d Fig. 4
above.

(v) In both cases 4f,, can be comparable with
Af,., and can affect the magnitude of the thir film
contact angle,

We believe the present study of the ionic correla-
tion forces in thin liquid films will contribute to a
better quantitative description and explanation of
the thin film contact angles and emulsion stability.
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Appendix: Algorithm {or calculating the film excess
free energy and the disjoining pressure

1. The input parameters are: area per Wit curiace
charge, 4 (cm?); bulk electroiyte concentration, n,
(cm ~?); number of charges per ion, Z; temperature,
T (K}, dielectric permittivities of the aquecus and
oil phases ¢ and ¢,;; width of the Stern layer, w
(cm); efectron charge, e = 4.803 - 10~ 1° CGSE units.

2. The parameters a, a,, K, k and Ky are
calculated by using steps 2-5 of the algorithm in
Appendix B of Ref. [1].

3. For a given value of the film thickness h one
carries out numerically the integration with respect
to k and T in Eqgns (3.34), (4.i1) and (5.10). For
that purpose, for each given couple (k, T) one
calculates / from Eqn(3.11); b; and b, from
Eqn (3.5); 2 and f from Egn (3.2); = from Eqgn (3.20),
v, v, and @ from Eqns (3.25)-(3.28) and (3.32):
G'(v,,b;) and G'(v,,w,b,) from Egn (3.23)
G"6, by, 2 B) and G™N0,,b,,2 8) from Eqns
(4.5)-(4.7) and (49); g and g, from Egns (5.5) and
(5.7).

4. After carrying out the integration in Eqns
(3.34), (4.11) and (5.10) one obtains Af,,, from
Eqn{2.5). By varying the film thickness # one
calculates the plot of Af,,, vs A
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5. In accordance with Eqn (2.4) one calculates
the ionic correlation component of disjoining pres-
sure, IT,,, by differentiating numerically 4f,,, with
respect to A.

The integrals in Eqns (3.34), (4.11) and (5.10) aze
of the type

ar |

=1 3

dk kF(k, T) (Al)

e
D 3

where the integrand F depends on 7' through the
Debye screening parameters wko(T), %(T) and
kal(T). To calculate numerically the integrals we
used the following dimensionless variables:

! T

W i T T (A2)
where

Koo = Ko(Tp) (A3)

is a constant. Then Eqn (A1) transforms to read

d [
’Z‘;S;f f” (noo/ lToo) (Ad)

One can check, that

. H /1
lim, g H—ZF(KOG o 1, Tou) = const. (A5)

Hence there are no problems aboui the con-
vergency of the integrals in Eqn (A+4).



