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The theoretical analysis of electrostatic interactions and ion redistribution in the
close vicinity of the three-phase contact line shows their important role in the
Langmuir wetting process. To provide a sufficient rate for the ion transfer, which
is intended to neutralize the interfacial charge, the concentration and potential
distributions deviate from the equilibrium. As a consequence, during the depo-
sition process the adhesion work, and hence the contact angle, are defined by the
local ionic concentrations near the three-phase contact line. The concentration
profiles and the electro-diffusion ion fluxes induced during the Langmuir wetting
process are strongly dependent on the subphase composition and on the monolayer
properties. The results of the analysis are in a good agreement with the
experiments.
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INTRODUCTION

The dynamic contact angle (DCA) between a floating monolayer and a
substrate surface is an important parameter of the Langmuir wetting
process. During the process, the dynamic contact angle should be suf-
ficiently large to allow a rapid expelling of water during the monolayer
deposition (‘‘zipper angle’’ according to Langmuir [1]). When the dy-
namic contact angle becomes zero, a thin water layer is entrained
between the monolayer and the substrate surface [2, 3]. In such a case
the deposition of monolayers in the Langmuir-Blodgett (LB) film
becomes unstable.

It is important that the DCA is a decreasing function of the sub-
strate velocity. Accordingly, at a certain substrate velocity the DCA
becomes sufficiently small to entrain water between the monolayers
and hence to destabilize the deposition process. Thus, stable LB films
can be obtained provided the substrate velocity does not exceed a cer-
tain limiting value, which is referred to as the maximum deposition
rate [3]. The maximum deposition rate is an important parameter of
the LB process [2]. Obtaining this parameter is a necessary precondi-
tion for the mathematical modeling of the process.

According to the hydrodynamic model [4], the maximum deposition
rate is an increasing function of the equilibrium contact angle (ECA),
which is observed when the deposition process is conducted with an in-
finitesimal velocity. Consequently, the ECA can be considered as a
thermodynamic parameter of the system. The ECA is expressed
through the work of adhesion attributed to deposition of the mono-
layer onto the substrate surface [5, 6]. Accordingly, the maximum sub-
strate velocity can be also expressed by the adhesion work. Since the
ECA increases with the adhesion work, the maximum deposition rate
increases with the adhesion work as well.

The adhesion work, and hence the maximum deposition rate, de-
pend on the parameters responsible for the equilibrium interaction
between the monolayers. Considering the deposition of charged mono-
layers, it is necessary to take into account an additional contribution
from the electrostatic interaction. The electrostatic contribution to
adhesion work depends on the nature of the ionizable groups in the
monolayer and on the ionic composition of the subphase (e.g., pH,
counterion concentration in the bulk, etc.).

Recently, it was shown [7, 8], that due to charge transfer effects the
LB deposition of charged monolayers is accompanied by local changes
in the subphase composition near the contact line. Such changes
strongly affect both the electrostatic contribution to the adhesion work
and the maximum deposition rate. In our previous article [8]; such an
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effect was considered for the case of monolayers, which are formed by
molecules of a dissociating fatty acid, being in contact with a subphase
containing bivalent counterions. In the present study we will analyse
the maximum deposition rate for the same monolayer type, but for
the substrate containing monovalent counterions and an indifferent
(nonsurface-charge-affecting) electrolyte.

CONCENTRATION POLARIZATION IN THE THREE-PHASE
CONTACT REGION

A floating monolayer and the adjacent diffuse layer (DL) form a totally
electroneutral electrical double layer, where the interfacial charge of
the ionized surface groups is completely compensated by the opposite
charge, which is spread out within the diffuse layer. Thus, in the elec-
trical, double layer, the positive and negative charges are macroscopi-
cally separated. For a 0.001M solution, the mean distance of the
separation for the charges (the Debye length) takes a value on the
order of 10nm. Such a macroscopic charge separation does not exist
in the case of the deposited monolayer because it is formed by electro-
neutral molecules. During the deposition process, the counterions,
which are distributed within the DL, are continuously transported
to the interface where they recombine with the ionizable groups.
The corresponding relaxation time for such a process depends on the
length of the diffuse layer. This behavior will be considered in more
detail below.

In close vicinity to the three-phase contact line, the electrical double
layers formed at the monolayer and the substrate surface overlap
(Figure 1). For the case of small contact angles, the overlapping region
can be relatively large. Because of the overlapping, both the interfacial
potentials and the counterion concentrations increase. Consequently,
the adsorption of the potential-determining counterions (binding by
the ionizable groups) becomes larger. The latter results in a decrease
in the surface charge density. Thus, toward the three-phase contact
line [9] the surface potential gradually increases, whereas the surface
charge density decreases. During the deposition process the mono-
layer passes through this region, ‘‘captures’’ counterions, and removes
them away from the solution. Close to the three-phase contact line, the
monolayer charge approaches zero. This is a necessary condition for
good adhesion of the monolayer to the substrate surface on which it
is deposited.

Since the potential-determining counterions are continuously re-
moved with the monolayer from the meniscus region, they should be
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transferred from the bulk solution toward this region sufficiently
quickly to maintain neutrality. Such transfer is realized via bulk con-
vection, diffusion, and electro-migration. At stationary conditions, for
complete neutralization of the surface charge the flux of the potential-
determining counterions in each crosssection of the solution should be
the same as the surface flux of oppositely charged ionizable groups.
However, pure convective transfer cannot provide the required fluxes
of the potential-determining counterions. This failure occurs because
in the diffuse layer overlapping region only the counterions, which
are located close to the interface, move in the same direction as the
monolayer (Figure 1). Due to the solution back flow (when the solvent
is expelled from the contact zone), the counterions located in the inter-
mediate part of the film move in the opposite direction. Thus, to satisfy
the continuity condition for steady-state fluxes, the redistributions of
electric field and counterion concentration are induced in the system.
Such redistributions lead to electro-diffusional fluxes of counterions,
which, together with convective fluxes, satisfy continuity.

FIGURE 1 Ion distributions and velocity distribution in vicinity of the
three-phase contact line.
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Note that the deposited film does not remove ions that are not
bound by the interface (coions or counterions of an indifferent electro-
lyte). At the same time, the convective flux of such ions through a
crosssection of the film formed between the moving surfaces is not zero
(Figure 1). Therefore, at stationary conditions the convective flux of
such ions should be compensated by the electro-diffusion flux oppo-
sitely directed.

Thus, at the stationary deposition, in the region near the three-
phase contact line, the electro-diffusion fluxes of all ions should be
generated according to the following mechanism. In the first moment
of the deposition process, there are no electro-diffusion fluxes because
of the equilibrium distributions of all ions in the solution. As convec-
tive fluxes themselve do not provide continuity of ionic fluxes, during
a certain transition time profiles of the electric potential and concen-
tration are developed in the meniscus region. These profiles change
with time until the stationary regime is reached. Thus, the electro-
diffusion fluxes provide the conservation of ions within the region
under consideration. Formation of such concentration profiles is typi-
cal for systems with selective transfer of ions (for example, membranes
or electrode systems) and is referred to as concentration polarization
[10, 11].

A faster deposition process requires stronger electro-diffusion
fluxes. However, the electro-diffusion fluxes cannot increase without
bound. If the velocity of the substrate motion becomes larger than a
critical value, then a stationary monolayer deposition is impossible
and the meniscus becomes unstable [7, 8].

Consider a fatty acid monolayer whose ionization is described by the
reaction

RH $ R� þHþ: ð1Þ

We assume that the monolayer is in contact with a solution of an inor-
ganic acid and an added indifferent electrolyte having a common anion
with the acid. The acid and the indifferent electrolyte are completely
dissociated, giving the cations, Hþ and Kþ, and the anion, A�. The
equilibrium condition for the reaction, given by Equation (1), is

XRH ¼ KXR�CS
Hþ ; ð2Þ

where XR� and XRH are the interfacial molar concentrations of the
dissociated fatty acid (R�) and nondissociated fatty acid (RH), respect-
ively; CS

Hþ is the bulk molar concentration of Hþ at the interface; and
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K is the equilibrium constant. The total amount of fatty acid at the
interface is

XR ¼ XR� þ XRH: ð3Þ

When the monolayer is in a close-packed condensed state, the XR value
is nearly independent of the surface pressure and of the solution pH.
For such a case, one can assume that XR is a constant value. From
Equations (2) and (3), one obtains

XR� ¼ XR

1þKCS
Hþ

: ð4Þ

Using Equation (4), the surface charge density is expressed as

r ¼ �FXR� ¼ � FXR

1þKCS
Hþ

; ð5Þ

where the Faraday constant, F, equals 9.65�104 C=mol. In the bulk
solution, the conservation law for the ith sort of ions can be written in
the form

@Ci

@t
¼ r � ji; ð6Þ

where Ci and ji, respectively, are the ith ion concentration and flux
density, r is the spatial gradient operator. The flux density includes
the convective, diffusive, and electro-migration components. In the
case of small contact angles, the x axis can be directed along the liquid
film formed between two charged interfaces, and the y axis can be
directed across the film (Figure 1). We will assume that both film
interfaces are covered by identical monolayers. Integrating Equation
(6) with respect to coordinate y from y ¼ 0 to y ¼ h(x) (where h(x) is
the local film thickness), one obtains

@

@t

Zh
0

Ci x; yð Þdy

0@ 1A ¼ � @

@x
Jið Þ þ 2jiy

��
y¼0

; ð7Þ

where Ji ¼
R h
0 jix x; yð Þdy is the ion flux through the given cross section

of the film, and jiy
��
y¼0

is the flux density of the ions, which are
adsorbed (desorbed) at the monolayer. We consider the ith ion flux,
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Ji, consisting of convective and electro-diffusional components (Ji ¼
JCi þ JEDi ), which are given by the equations

JCi xð Þ ¼
Zh
0

v yð ÞCi x; yð Þdy ð8Þ

JEDi xð Þ ¼ �Di

Zh
0

Ci x; yð Þ
RT

@leli
@x

dy; ð9Þ

where v(y) is the local velocity in the solution; leli ¼ ziFuþ RT ln Ci is
the electrochemical potential of the ith ion; Di and zi are the ith ion
diffusion coefficient and charge, respectively; u is the electrostatic
potential; R is the gas constant; and T is the absolute temperature.
At the interfaces, the balance of nondissociated fatty acid molecules
(RH) is described by the equation

2
@XRH

@t
¼ � @JRH

@x
� 2jHþy

���
y¼0

; ð10Þ

where JRH ¼ 2UXRH is the flux of the nondissociated molecules
moving with the monolayers at the interfaces, U is the monolayer
velocity,and jHþyjy¼0 is the flux density of hydrogen ions adsorbing

(desorbing) at the monolayer. Using Equations (7) and (10) for a film
cross section, one obtains a balance equation for the hydrogen ions,

@

@t

Zh
0

CHþ x; yð Þdy

0@ 1Aþ 2
@XRH

@t
¼ � @JCHþ

@x
� @JEDHþ

@x
� @JRH

@x
: ð11Þ

Assuming that the anions and cations of an indifferent electrolyte
are not adsorbed at the interfaces, one obtains from Equation (7)

@

@t

Zh
0

CA� x; yð Þdy

0@ 1A ¼ � @JCA�

@x
� @JEDA�

@x
; ð12Þ

@

@t

Zh
0

CKþ x; yð Þdy

0@ 1A ¼ � @JCKþ

@x
� @JEDKþ

@x
: ð13Þ

Initially, the equilibrium distributions of the ion concentrations and
the potential hold, and the electro-diffusion fluxes, are absent. The
convective fluxes, however, are not zero and are different for different
cross sections. They are different because of the nonuniformity in the
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ion concentration distributions in the overlapping region of the diffuse
layers. Therefore, according to Equations (11)�(13), the concentra-
tions begin to change with time. The concentration changes induce
changes in the potential distribution of this region. The electro-
diffusion fluxes, produced because of these changes, increase
gradually with time until a stationary (or quasi-stationary) regime
establishes itself and the time derivatives in Equations (11)�(13)
become zero. After stopping the deposition process the convective
fluxes disappear and the gradual relaxation to equilibrium begins with
ion transfer by electro-diffusion.

For a stationary regime one obtains from Equation (11)

JCHþðxÞ þ JEDHþ ðxÞ þ JRHðxÞ ¼ const ¼ 2UXR; ð14Þ

where the constant is determined as the flux of Hþ ions removed
with the deposited monolayers. Substituting JRH ¼ 2UXRH in
Equations (14) and taking into account Equation (3) one obtains the
electro-diffusion flux of Hþ ions,

JEDHþ ðxÞ ¼ 2U XR � XRHðxÞð Þ � JCHþðxÞ ¼ 2UXR�ðxÞ � JCHþðxÞ: ð15Þ

On the right-hand side of Equation (15), the first term signifies the
flux of the potential determining ions. Such a flux is required to neu-
tralize the surface charge before the monolayer is transferred to the
substrate surface. Only a part of this flux is transferred by convective
flow, and the remaining part is by the electro-diffusion flux. Thus,
Equation (15) can be rewritten in the form

TED
Hþ ðxÞ ¼ 1� TC

HþðxÞ; ð16Þ

where TED
Hþ ¼ JED

Hþ
2UXR�

and TC
Hþ ¼ JC

Hþ
2UXR�

are the relative parts of total Hþ

ions flux transferred by electro-diffusion and convection mechanisms,
respectively. By analogy with electrochemistry they can be denoted as
the transfer numbers.

Since the ions of an indifferent electrolyte are not removed with the
deposited monolayer, one obtains the electro-diffusion fluxes of anions
and cations of the indifferent electrolyte in a stationary regime using
Equations (12) and (13);

JEDA� ðxÞ ¼ �JCA�ðxÞ ð17Þ

JEDKþ ðxÞ ¼ �JCKþðxÞ ð18Þ

The convective ion fluxes can be obtained from Equation (8)
after substituting in expressions for the velocity and concentrations
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distributions. For small contact angles, using the lubrication approxi-
mation [4], which is widely accepted for thin films, the velocity can be
represented as

vðyÞ ¼ U � 1

2
þ 6

y

h
� 1

2

� �2
 !

: ð19Þ

In the film, the distributions of ion concentrations and electric
potential can be considered as a sum of the equilibrium values and
a perturbation, denoted as Ci x; yð Þ ¼ Ceq

i x; yð Þ þ dCi x; yð Þ and
uðx; yÞ ¼ ueqðx; yÞ þ duðx; yÞ; respectively. The perturbation increases
with the velocity but, for sufficiently small velocities, perturbations
can be neglected in comparison with the equilibrium values. In the
present study, we consider only a linear approximation with respect
to the velocity U, i.e., we neglect the deviations of the ion concentra-
tions and the electric potential from equilibrium for obtaining the con-
vective and electro-diffusion ion fluxes. For this approximation, the
ion transfer numbers, TC

Hþ and TED
Hþ , are independent of the velocity

and can be considered as local transport characteristics of the film.
In the case of very small contact angles, the concentrations and the
potential distributions can be obtained using a quasi-flat film approxi-
mation (see Appendix). The ion concentrations can be represented
using the Boltzmann distribution,

Ci x; yð Þ ¼ C0
i e

�ziu x;yð Þ; ð20Þ

where C0
i is the ith ion concentration in the bulk solution and u(x,y) is

the dimensionless potential distribution within the quasi-flat film (see
Appendix).

Substituting Equations (19) and (20) into Equation (8) permits the
convective fluxes to be written as

JCi ¼ UC0
i

Zh
0

�
� 1

2
þ 6
�y
h
� 1

2

�2�
e�ziu x;yð Þdy: ð21Þ

For given convective fluxes, the corresponding electro-diffusion fluxes
can be easily obtained using Equations (15), (17), and (18). Combining
Equations (4) and (20), the surface concentration, XR� , is represented as

XR� ¼ XR

1þKC0
HAe

�uSðxÞ
; ð22Þ

where C0
HA is the acid concentration in the bulk solution and us(x) is

the dimensionless surface potential, which is negative for the system
under consideration.
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Thus, the ion fluxes depend on the distance between the charged
interfaces, h, on the bulk concentration, C0

HA and C0
KA, of acid and in-

different electrolyte, respectively, and on the equilibrium constant, K.
When the distance h is much larger than the Debye length, the diffuse
layers do not overlap. Accordingly, many ions move with the inter-
faces, and the convective transfer of ions is large. If the local distance
between the monolayers, h, is small, then overlapping of the diffuse
layer is strong. Accordingly, the convective transfer of ions is small
because the direct flux of ions near the interfaces is compensated by
their back flux in the middle part of the film. This can be seen from
Equation (21) where, for a strong overlap of the diffuse layer, the
electric potential is approximately constant within the film cross
section. For such a case, the exponent can be taken out of the integral,
and the remaining integral tends to zero. The discussion given above
shows that the convective ion transfer decreases toward the
three-phase contact line.

The effect of the diffuse layer thickness is the opposite. If at a
given film thickness, h, the DL thickness increases, the overlap of
the diffuse layer increases and the convective transfer decreases.
The DL thickness is determined by the electrolyte concentrations
in the bulk solution. However, the electrolyte concentrations affect
the interfacial charge and potential as well [7, 9]. When the surface
potential increases, the diffuse layers become more compressed, i.e.,
the counterions are located very close to the interfaces and therefore
the convective transfer increases. Thus, the effect of electrolyte
concentrations is complex and is very different for potential
determining and indifferent electrolyte. These effects will be
considered in the next section.

RESULTS AND DISCUSSION

In Figure 2, the surface potential, us, the potential in the symmetry
plane, u0, (absolute values) and the surface concentration of the
charged groups, XR� , are shown as functions of the film thickness, h.
The curves were obtained for different pH values, for a fixed bulk con-
centration of indifferent electrolyte (C0

KA ¼ 10�4M) and for an equilib-
rium constant which is typical for carboxylic groups in aqueous
solutions (K ¼ 65.4m3=mol). For all calculations the value
XR ¼ 8.3 � 10�6mol=m2 was used. The latter is typical for fatty acid
monolayers. It is seen that toward the three-phase contact line (i.e.,
toward smaller film thickness), the surface potential increases,
whereas the concentration of the charged groups at the surfaces
decreases. At small thickness, the potential in the symmetry plane,
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FIGURE 2 Dimensionless surface potential (continuous lines, Figure 2a),
potential in the plane of symmetry (dashed lines, Figure 2a) and the surface
concentration of charged groups, XR� , (Figure 2b) for C0

KA¼10�4M,
K ¼ 65.4m3=mol, and different pH values in the solution: pH ¼ 2 (1),
pH ¼ 4 (2), and pH ¼ 6 (3).
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u0, approaches the surface potential, us, as a consequence of the strong
overlap of the diffuse layers. At large thickness, when the diffuse
layers do not overlap, the potential in the symmetry plane approaches
zero. The concentration of the potential-determining ions decreases as
the solution pH increases. This results in a higher degree of the mono-
layer ionization and, consequently, in an increase of both the surface
charge density and the surface potential. Simultaneously, due to the
decrease in the electrolyte concentration at higher pH, the Debye
length increases and, therefore, the overlap of the diffuse layers
becomes stronger.

The curves in Figure 3 illustrate the behavior of the electro-
diffusion transfer number of the potential-determining ions, TED

Hþ ,
under the same conditions as those used to obtain the curves in
Figure 2. It is seen that the transfer number increases dramatically
with increasing pH value. As the pH value increases from 2 to 4 the
increase in the transfer number, TED

Hþ , can be explained by the stronger
overlap of the diffuse layers. In this case, the Debye length increases
approximately by a factor of 10 (cf . Figure 2). The stronger DL overlap
results in a decrease of the convective flux of Hþ ions (relative to the
flux of the surface-charged groups) and, according to Equation (16), in
an increase in the electro-diffusion transfer number (curves 1 and 2 in
Figure 3). When pH increases from 4 to 6, the Debye length increases

FIGURE 3 Electro-diffusion transfer number of potential-determining ions,
TED
Hþ , for C0

KA¼10�4M, K¼65.4m3=mol, and different pH values in the
solution: pH¼2 (1), pH¼4 (2), and pH¼6 (3).
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more weakly, because, in this case, it is mainly defined by the indiffer-
ent electrolyte concentration. However, at these pH values, the
concentration of the potential-determining ions Hþ is much lower than
the concentration of cations of the indifferent electrolyte. Thus, in the
diffuse layer, the Hþ ions are replaced by the cations Kþ, and the con-
vective flux of Hþ ions decreases. The convective transfer becomes
much smaller than that required for surface charge neutralization
(note that the surface charge also increases). Hence, the electro-dif-
fusion transfer of potential-determining ions strongly increases (curve
3 in Figure 3).

The strong increase in the electro-diffusion transfer number of
potential-determining ions, TED

Hþ , which is observed at higher pH,
means that very large concentration gradients of these ions are formed
near the three-phase contact line. These gradients increase with the
velocity of the monolayer motion. Therefore, even at small velocities,
the concentration of Hþ ions near the three-phase contact line
decreases and acquires such small values that a further increase of
their electro-diffusion transfer becomes impossible. This means that,
at higher pH values, the maximum deposition rate should be very
small. Such a conclusion is in a very good agreement with the experi-
mental observations [3].

The influence of the indifferent electrolyte concentration, C0
KA, is

illustrated by the curves in Figures 4 and 5. A decrease in the indif-
ferent electrolyte concentration results in an increase in the Debye
length. Accordingly, the overlap of the diffuse layers becomes stron-
ger and the potential at the surfaces increases. According to Equation
(22), the increasing surface potential leads to a decrease in the
surface charge (Figure 4). The influence of the indifferent electrolyte
concentration, C0

KA, on the electro-diffusion transfer number of the
potential-determining ions, TED

Hþ , is opposite to that predicted for
C0

HA (Figure 5). At small C0
KA, the Hþ ions prevail in the diffuse

layers and the surface charge is small. Therefore, the convective flux
of Hþ ions is sufficiently large, whereas the electro-diffusion transfer
remains small (curve 3 in Figure 5). At large C0

KA, significantly more
cations Kþ form the diffuse layers, substituting themselves for the
Hþ ions. For this case, the convective flux of Hþ ions is very small,
and much larger electro-diffusion transfer is required for compen-
sating the surface charge (curve 1 in Figure 5). Thus, although an
increase in the indifferent electrolyte concentration reduces the over-
lap of the diffuse layers, it results in an increase of electro-diffusion
transfer of potential-determining ions. Consequently, the maximum
deposition rate decreases as the indifferent electrolyte concentration
increases. Such a result is in agreement with the experimental data
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FIGURE 4 Dimensionless surface potential (continuous lines, Figure 4a),
potential in the plane of symmetry (dashed lines, Figure 4a) and the surface
concentration of charged groups, XR� , (Figure 4b) for pH¼4,K¼65.4
m3=mol, and different concentrations of indifferent electrolyte in the solution:
C0

KA¼10�2 M (1), C0
KA¼10�4 M (2), and C0

KA¼10�6 M (3).
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[3], where, at high indifferent electrolyte concentrations, very small
maximum deposition rates are observed.

Figures 6 and 7 show the effect of the equilibrium constant, K. The
degree of dissociation of ionized groups increases as the constant K
decreases and, therefore, the surface potential increases as well
(Figure 6). The Debye length is independent of K. However, the diffuse
layer becomes more dense as the surface potential increases, and the
counterions are located closer to the charged interfaces. This gives rise
to an increase of the convective transfer of the potential-determining
ions and of a corresponding decrease of the electro-diffusion transfer
number, TED

Hþ (Figure 7). It should be noted, however, that for dense
diffuse layers, the more general Stern model should be used instead
of the Gouy-Chapman model [12].

Thus, the presented results show that, in the case of charged mono-
layer deposition, the electro-diffusion ionic fluxes are inevitably
induced in the vicinity of the three-phase contact line. These fluxes
are necessary to support the ionic balances in this region. Depending
on the experimental conditions (e.g., bulk concentrations, type of the
ionized groups) the effect can change within very large limits. The
electro-diffusion ion fluxes are produced due to the local concentration
and potential changes that are formed because of the initial

FIGURE 5 Electro-diffusion transfer number of potential-determining ions,
TED
Hþ , for pH¼4,K¼65.4m3=mol, and different concentrations of indifferent

electrolyte in the solution: C0
KA¼10�2M (1), C0

KA¼10� 4M (2), and
C0

KA ¼ 10� 6M (3).
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FIGURE 6 Dimensionless surface potential (continuous lines, Figure 6a),
potential in the plane of symmetry (dashed lines, Figure 6a) and the surface
concentration of charged groups, XR� , (Figure 6b) for pH ¼ 4, C0

KA ¼ 10�4M,
and different equilibrium constants: K ¼ 6540m3=mol (1), K ¼ 65.4m3=mol
(2), and K ¼ 0.654m3=mol (3).
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misbalance of the ion fluxes. The larger the electro-diffusion fluxes,
the larger the concentration profiles producing these fluxes. The local
changes in the solution composition give rise to changes in the mono-
layer state (charge and composition), thereby influencing the interac-
tion energy between the monolayers. The most important effect is the
deficit of the potential-determining ions near the three-phase contact
line. As a result, the degree of monolayer ionization and the surface-
charge density increases, while the contact angle and monolayer
adhesion decrease.

It is obvious that, in case of smaller contact angles, the concen-
tration polarization is stronger because the ionic transport to the
three-phase contact line is more hindered. Thus, there is a positive
feedback in the system that, at certain conditions, can lead to menis-
cus instability. When the contact angle decreases toward zero, water
film entrainment begins and a stable LB film is not formed. The
effect is defined by the deposition rate of the monolayer. The larger
the monolayer velocity, the larger the ionic fluxes and the larger the
deviations of the concentration and potential distributions from the
equilibrium. At a certain critical monolayer velocity the deviations
from the equilibrium become so large that the meniscus becomes
unstable and the monolayer deposition becomes impossible.

FIGURE 7 Electro-diffusion transfer number of potential-determining ions,
TED
Hþ , for pH ¼ 4, C0

KA ¼ 10�4 M, and different equilibrium constants: K ¼
6540m3=mol (1), K ¼ 65.4m3=mol (2), and K¼0.654m3=mol (3).
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As demonstrated above, the electro-diffusion ion fluxes and the
deviations from the equilibrium distributions strongly depend on the
properties of the monolayer and solution. When the electro-diffusion
transfer number, TED

Hþ , is large, it can be expected that the deviations
from the equilibrium distributions will increase faster as the velocity
increases and therefore the critical deposition rate will be smaller.
For example, it can be concluded from the presented results that, at
small pH, the critical deposition rate will be large. The critical depo-
sition rate will be very small at large indifferent electrolyte concentra-
tions. These predictions are in good agreement with the experimental
data [3].

CONCLUSIONS

Considering the deposition of an ionized Langmuir monolayer onto a
solid substrate surface, one should take into account the effects of elec-
trostatic interactions and the redistribution of ions in the close vicinity
of the three-phase contact line. The counterions distributed within the
overlapping diffuse layers should neutralize the surface charge before
the monolayer deposition. To provide a sufficient rate of ion transfer,
which is intended to neutralize the interfacial charge, the concen-
tration and potential distributions deviate from equilibrium. As a
consequence, during the deposition process the adhesion work and,
hence, the contact angle are defined by the local ionic concentrations
near the three-phase contact line. These concentrations depend on
the substrate velocity and can substantially deviate from that under
equilibrium conditions.

The concentration profiles and the electro-diffusion ions fluxes
induced during the Langmuir wetting process are strongly dependent
on the subphase composition and the monolayer properties. The effect
of concentration polarization is more significant at large pH values or
large indifferent electrolyte concentrations in the solution. For this
case, the maximum deposition rate is smaller. For small pH and small
indifferent electrolyte concentration, the effect is small, and therefore
the maximum deposition rate is larger. The concentration polarization
depends also on the type of ionized groups. For smaller equilibrium
constants, it is always smaller.

The conclusions concerning the maximum deposition rate are sup-
ported by the experimental observations [2, 3]. Very large relaxation
times, which are usually observed after stopping the deposition pro-
cess, correlate with the proposed mechanism as well [6, 13, 14]. Thus,
the presented analysis is in a good agreement with experiments.
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APPENDIX

In the case of 1-1 electrolytes, the potential distribution within a liquid
film with symmetrically charged interfaces is given by the equation
[12]

j y� h

2

���� ���� ¼ Z
u0

u

du0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 coshu0 � coshu0ð Þ

p ; ðA1Þ

where u0 is the dimensionless electric potential in the symmetry plane

(y ¼ h=2) and j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2F2 C0

HAþC0
KAð Þ

e0eRT

r
is the inverse Debye length. From

Equation (A1) the potential can be presented in the form

u ¼ u0 þ 2 ln sn eKKðkÞ � j
2

h

2
� y

���� ����exp �u0

2

� �
;k

� �	 

; ðA2Þ

where sn(t, k) is the elliptic function with the modulus k ¼ expu0,eKKðkÞ is the quarter period of the elliptic function. The dimensionless
interfacial potential (uS) is

uS ¼ u0 þ 2 ln sn eKKðkÞ � jh
4

exp �u0

2

� �
;k

� �	 

: ðA3Þ
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The surface charge density (r) is [12]

r ¼ � 4e0eRT C0
HA þ C0

KA

� �
coshuS � coshu0ð Þ

h i1
2

: ðA4Þ

On the other hand, from Equation (22) one obtains

r ¼ � FXR

1þKC0
HAe

�uS

: ðA5Þ

The set of Equations (A3)�(A5) can be solved with respect to interfa-
cial potential (uS), charge density (r), and potential at the symmetry
plane (u0) for the given film thickness, h, and the bulk concentrations
C0

HA and C0
KA. The obtained potentials, uS and u0 are substituted into

Equations (A2) and (22) and, then, the potential distribution, u(x,y) is
substituted into Equation (21) to calculate the ions fluxes.
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