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Abstract

The Langmuir—Blodgett (LB) technique has emerged as an alternative method to carry out a wide range of operations in different areas. LB films
containing long-chain carboxylic acids and divalent metallic cations have important applications in the semiconductor industry, among others. In
this paper, the chemical composition of LB films is predicted based on an electrochemical model that improves and completes previous efforts
in this area. The model presented here constitutes an essential tool for the optimization of the experimental technique. Besides other features, the
model predicts the concentration of the four species present at the interface (RH, R™, RM* and R,M) and it allows a realistic calculation of the
equilibrium constants (Kgy+ and Kg,v) for the formation of the complexes between the carboxylic acid and the cation (RM* and R,M) based
on a compilation of experimental data regarding the composition of the LB monolayers deposited on a solid substrate. In contrast with previous
models, the present model does not constrain the possibility of the formation of complexes containing one and/or two RCOO-chains on the surface
of the original Langmuir monolayer and it includes the non-ideal mixing behavior of the cations in the monolayer. LB composition data from eight
cations (Pb**, Cd**, Ni**, Co**, Mg?*, Ca®*, Sr?* and Ba?*) were used in order to obtain their respective equilibrium constants. The values obtained
for these constants are lower than those typically reported, which are those of short-chain carboxylic acids in solution. The model also predicts the
phenomena of charge reversion on the Langmuir monolayer for certain cations at high bulk concentrations and points to possible solutions to the
unwelcome X-type LB depositions based on the values of the surface electric potential.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction the air—water interface in a Langmuir trough. The L monolayer is
formed by amphiphilic molecules that are compressed to obtain
a perfectly ordered arrangement of the molecules before being

transferred to the solid substrate.

Deposition of thin organic films with particular structure
and functionality on solid substrates can lead to the production

of components with optical, biological or electrical properties.
Among the different techniques that can be used to transfer a
film to a solid substrate, the Langmuir-Blodgett (LB) technique
has attracted increasing attention since it allows the fabrication
of precise thickness, anisotropic and perfectly ordered mono-
and multilayer molecular films [1]. The LB technique consists
of the vertical movement of a solid substrate upwards and down-
wards through a Langmuir (L) monolayer that is assembled at
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The classical L monolayer forming materials are long chain
fatty acids and their metal salts, compounds originally used
by the creators of the technique, Irving Langmuir and Kather-
ine Blodgett [2,3]. In order to incorporate metal ions to the
deposited L film (LB film), a salt of the metal cation should
be added to the water subphase. The metal cation can form
salts with the head groups of the amphiphilic molecule at a
given pH at which the ionization of the hydrophilic group
occurs. The resulting LB films are particularly interesting
since they have multiple applications [1]. In particular, divalent
metal ions like Co** or Ni?* display magnetic properties [4],
monolayers of fatty acid salts of Pb or Cd can be used as pre-
cursors for the synthesis of semiconductor nanoparticles [5—7]
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Nomenclature

Notation

a activities of the different species in the equilib-
rium (dimensionless)

A denominator in Eq. (4) (dimensionless)

CK/IZ + concentration of the divalent cation in the bulk
liquid (mol/m?)

Clb{+ concentration of protons in the bulk liquid
(mol/m?®)

ks Boltzmann’s constant (1.38 x 10723 J/K)

K; equilibrium constant for species i (dimensionless)

p degree of aggregation (dimensionless)

R ideal Gas constant (8.31 J/mol K)

T temperature (K)

xlt\’/12 + mole fraction of the cation in the bulk liquid
(dimensionless)

xlt]ﬁ mole fraction of protons in the bulk liquid (dimen-
sionless)

Vi mole fraction of the species i at the inter-
face(dimensionless)

Greek letters

& dielectric constant of water (dimensionless)

£0 vacuum permitivity (8.8542 x 10712 F/m?)

X Flory—Huggins binary interaction parameter
(dimensionless)

r number of molecules per unit area (1/m?)

y activity coefficient (dimensionless)

L/ electric potential at the interface (V)

and multilayers of barium stearate present optical properties
[8].

Despite the multiple applications and unique properties of LB
films, a broad application of the LB technique is still not possible
because what is perceived as a lack of reliability of the tech-
nique, basically due to the partial knowledge of the relationship
between the feasibility of deposition and specific experimen-
tal parameters. In particular, the conditions for the successful
deposition of multilayers are complex and many times, a proper
analysis of the effect of different experimental variables is not
possible due to missing information about important parame-
ters in the process, such as the working pH or existing contact
angles [9,10]. According to previous publications, three multi-
layer structures can be found [11,12]. When a monolayer is being
deposited both during upstrokes and downstrokes, the result-
ing multilayer structure is the typical accumulation of bilayers
showing the head-to-head and tail-to-tail structure described
as Y-type. Many authors consider this bilayer structure as the
basic, ideal stable unit of an LB film [11]. On the other hand, L
monolayers may be deposited only during upstrokes or down-
strokes giving as a result Z-type and X-type multilayers [11]. In
practice, it is observed that the first few layers are deposited
as Y-type films while after a few strokes, the film fails to
deposit in one direction. This behavior is described as a Y-

type to X-type transition or as a Y-type to Z-type transition
[11,13].

According to experimental results previously reported [12],
the type of divalent metal ion used during the multilayer LB
deposition, together with the subphase pH and the velocity of
the deposition process, are decisive on the existence of transi-
tions from Y-type to X-type multilayer deposition. Taking these
facts into account, the accurate knowledge of the composition
of the L and LB monolayers under particular experimental con-
ditions would lead to the precise control of a successful LB
deposition.

At least three detailed quantitative models have been pro-
posed to predict the composition at the L. monolayer at particular
pH values at which the partial or total ionization of the car-
boxylic acid takes place. The first model is due to Bloch and Yun
[14]. In their model, L monolayers of fatty acids, represented as
RH (where R indicates the hydrocarbon chain of the fatty acid)
exposed to water solutions of metal divalent cations (M>*) are
composed of given surface concentrations of the dissociated acid
(R7) and the intermediate charged cation (RM™) resulting from
the adsorption of the metal divalent cation, M?2* on the ionized
carboxylic head, R™. The adsorption is considered to be of the
Langmuir type. Later, Ahn and Franses [15] developed a model
based on the argument that ionization leads just to formation of
the soap (RpMe), rather than the intermediate compound and
considered that the adsorption of the cation onto the interface is
non-ideal. The third model [16] puts together a more sophisti-
cated electrochemical approach, that considered the possibility
of double layer overlapping in the meniscus region where the
LB deposition takes place. In a previous paper [17], a model that
considered the coexistence of all ionized and unionized species
on the interface was developed. However, this model does not
include the possibility of non-ideal adsorption of the metal ions
on the ionized carboxylic group and describes this process based
on the Langmuir isotherm.

The present study aims to unify previous models that describe
only partially the experimentally observed L monolayer com-
position. The model includes the consideration of all possible
ionized and unionized species on the interface (RH, R™,
RM* and R,M) together with a modified Langmuir isotherm
accounting for the non-ideal adsorption of ions and a geometry
consisting of a flat charged monolayer adjacent to a semi-infinite
volume of electrolyte solution. As an added feature and based
on experimental data, the model allows the calculation of the
equilibrium constants for the formation of the RM* and RyMe
complexes of insoluble long-chain carboxylic acids. The val-
ues of these constants have been previously taken from soluble
short-chain carboxylic acid complexes [14], introducing in some
cases certain degree of indetermination in the results. Eight dif-
ferent divalent metal cations are considered in this study (Pb>*,
Cd**, Ni%*, Co**, Mg?*, Ca®*, Sr’* and Ba®*). The computa-
tional results obtained from the developed model regarding RH
concentrations and system pKa show an excellent agreement
with experimental results. Moreover, the obtained values of the
equilibrium constants for the formation of RM* and R,Me are
lower than those reported [18] for short-chain carboxylic acids,
as it should be expected.
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2. Theoretical model

The model presented here has three main considerations.
First, it is based on the chemical equilibrium between the differ-
ent species that can be eventually formed between a dissociated
long-chain carboxylic acid (R™) and a divalent cation (M2H).
Second, it takes into account the non-ideal interactions among
M?2* and H* present in the subphase. Following the scheme
presented elsewhere [15], the fully dissociated monolayer is con-
sidered to be a lattice structure of vacant sites where the H* and
the M?* can be adsorbed. The non-ideal behavior of the adsorp-
tion process comes from the assumption that the adsorption of
one ion (p.e. M?*) at a vacant site is affected by the presence
of an equal (another M?2*) or a different (H*) ion in the neigh-
boring sites. Under this premise, the Langmuir isotherm will
not be adequate to model the adsorption process. Finally, the
third consideration accounts for the electrochemical description
of the system. This consists of a flat charged monolayer adja-
cent to a semi-infinite volume of electrolyte solution. The charge
density of the monolayer is the result of the unbalance of elec-
trical charges generated by the different concentrations of the
positively and negatively charged species. Those concentrations
are determined by the chemical equilibrium and the non-ideal
adsorption of the cations at the interface. Consequently, a dif-
ferent surface potential is generated on the monolayer for the
different divalent cations. This potential may be responsible for
the successful (Y-type) or unsuccessful (X-type) deposition of
multiple LB structures on solid substrates [12,17].

2.1. Chemical equilibrium

The chemical equations accounting for all the species present
in the Langmuir monolayer are:

krRH
R™ +H"=RH
k
R + M2t 2 RoM (1
kpm+
R- 4+ M2+ = RM*

Consequently, the activities of the different species on the
monolayer as a function of the activity of the dissociated acid
(ag-) are:

S
HT
arm = Krom(ag-)’ayp, 2

arH = Knag-a

apmt+ = KRM+ agr- als\/[+

af\dez . and af{+ are the surface concentrations of cation and
protons.

2.2. Non-ideal adsorption onto the Langmuir monolayer

One objective of the model is to obtain the values of the frac-
tional condensations (F;) of the different species adsorbed in the
monolayer in order to determine the subsequent composition of
the LB films. As it is described by other authors [15], using an
analogy between a 2D and a 3D lattice model, the fractional con-

densation (F;) or area fraction of the i-species in the monolayer

is:

F = Iei)’i (3)
> i1 Pii

In Eq. (3), p; is the degree of aggregation of the i-species with
respect to the fatty acid chain R (pru = prme+ = pr- = 1 and
DPR,Me = 2). N is the total number of chemical species in the
Langmuir monolayer (N =4 in our case: RH,R~,RM* and R,M)
and y; is the mole fraction of the i-species.

Using Eq. (3) the fractional condensations of the components
at the monolayer are:

Fo = YR
YR- + YRH + 2YR,M + YrM+
1 1
L+ yRu/VR +20RM/YR- + YRmt /YR A
YRH YRH/YR-
Fri = = . “)
YR- + YRH + 2YRoM + YRM+ A
For YR,M _ YRoM/YR-
RoM = -
YrR- + YRH + 2YR,M + YRM+ A
P — YRM* _ YRM*H/YR-
RM*+ = =
YR- + YRH + 2YR,M + YRM+ A

Activities are related to the molar fractions of each species
by an activity coefficient y;:

ai = yiyi (5)

Using the relations included in Egs. (2) and (5), the denomi-
nator A of Eq. (4) becomes:

2
A =1+ Kuay, (yR) + 2Kp,Ma or R TvR-
YRH YRoM
YR~
+ KRM+CZS 2 < ) (6)
M YRM

The non-ideal adsorption features of the system are taken care
of using the Flory—Huggins interaction parameters y;;, which
reflect the intensity of the binary interactions between the species
contained at the monolayer. In the present model, just the param-
eter related to the interaction of species containing protons and
divalent cations is considered. The relation between the activi-
ties and the fractional condensations of the different species at
the interface is [15]:

ai pi
In(=)= 1—2) Fi | +p;
()= % 0=5)m )+

J#1

(1 - Fi)ZXiij
i

N =

DN xikFiF )

J#i j#k
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Table 1
Experimental and theoretical values of several parameters related to the model

Metal ~ Kr,m (model)*  Kpy+ (model)? Xb pKa (exp)®  pK, (model)  Pauling electronegativity ~ Kgr,m (experimental)d Krm+ (cxperimental)Cl
Pb 2.5% 100 1.4 x 103 0.78 4.1 4.1 2.3 4.4 x 107 2.4 x 10*
Cd 6.7 x 10° 22.5 0.13 5.6 5.5 1.7 29 % 10° 9.9 x 102
Ni 0.94 0.01 04 75 75 1.9 22 % 10* 2.9 x 10?
Co 2.73 0.03 04 7.1 7.3 1.9 2.0 x 10* 2.3 x 10?
Mg ~0 10.2 -02 68 6.9 1.3 ~0 1.9 x 10?
Ca ~0 22.7 -0.76 6.7 6.7 1.0 ~0 1.8 x 10?2
Sr ~0 229 —1 6.9 6.7 0.9 ~0 1.3 x 102
Ba ~0 13.3 —41 69 6.8 0.9 ~0 1.1 x 107
Bulk cation concentration is 0.1 mM for all cations except for Ni and Co, for which cb 2+ = 0.03mM.
4 The values of K correspond to long chain carboxylic acids, for example, stearic acid (Cig).
Y Values of the Flory—Huggins interaction parameters interpolated using values of Pauling electronegativity.
¢ Experimental values of pK, are taken from: Pb [21]; Cd and Ba [20]; Ni and Co [4]; Mg and Sr [24]; Ca [29].
d Experimental values of Kgr,m and Kgy+ for short-chain carboxylic acids (propanoic acid (C3)) are taken from Martell [18].
Combining Egs. (5) and (7) for each adsorbed component at the interface (¢°):
the interface yields: s
o= (1—e W26, RT(CY
YR-IR- From s
In ( e = - (XFrRE)(FR,M + Fryit) + (C]b{ L+ cht\)/l L. e @V ke D)y (11
YRHYRH Fr,m cP dcP h 1 i f dival i
In = — x(1 = Fr)(Frym + Fry+) M2+ and Cy are the molar concentrations of divalent cation
Fru 2 and protons in the bulk liquid, which are part of the experimental
p q p p
YRoMYR,M 8 conditions. Connecting Eqgs. (10) and (11) results in the Grahame
In [ RMRMY) (B Fre o+ Frow) ® ) ing Egs. (10)and (11)
From equation [19] for this specific configuration:

+ 2[(xFr)(1 — FRoM — Frv+)]

In (VRM*yRM+> _ Fr,m
2

+ [((FrRu)(1 — FRoMm — Fry+)]
FRM+

Determination of the fractional condensations (F;) using Eq.
(4) requires the previous calculation of the factors (yg-/vrH),
((yr- )zyR— /vRoM) and (yr-/yrm+)using the relationships
included in Eq. (8). In this way, the values of F; will depend
on the Flory—Huggins interaction parameter x accounting for
the non-ideal adsorption. After some algebra, one gets:

(J/R> — ef)((FRzM‘i’FRM-%—)

YRH

2
OrR-)Vr- ) _ (_FRH ) rgnt P 2 (g)
YRoM KHa;_IJr

( YR™ > — e~ XFRH
YRM*

2.3. Electrochemical description of the system

The unbalance of electrical charges at the interface generated
by the concentration difference of the charged species results in
a surface charge density that can be calculated by Eq. (10).

Considering the so-called “flat approximation” in which a
single flat charged plane is bounded by a semi-infinite volume
of an electrolyte solution [16], the Poisson—Boltzmann equation
is solved to give an analytical expression relating the surface
charge density at the flat plane (o) with the electric potential at

—qI(Fg- — Fpye) = (1 — e @V /) 2600 RT(CP

+(Ce +2Cp ) e WD) (12)

The activities of protons (a;{+) and divalent cation (alsv12 +) at
the interface are calculated based on the activities in the bulk
liquid and on the value of the electric potential at the interface:

fliﬁ — a%+ e—(q¥*/kpT)

N _ b —(qy°/kgT
aM2+ _aM2+e ((Ilﬁ/ B )

13)

Activities of protons and cations at the surface can be approx-
imated to the molar fractions at the surface, as it has been
previously done [15]. Then, aj;; ~ x};:, and ai/lz LR x;v[z .
Relations (4) and (12) conform a system of five non-linear
algebraic equations with five unknowns [ Fr—, FrH, Fryp+, FrRy,M
and /°) that are solved by an iterative procedure implemented in
Matlab®. Previously, some parameters of the model (Ky, Kr,Mm,
Kgrm+ and x) must be evaluated. Details about the procedure
leading to the calculation of those parameters are given in the

next section. The values obtained are summarized in Table 1.
3. Results and discussion
3.1. Determination of experimental constants

Ky is the dimensionless dissociation constant for the car-
boxylic acid and is equal to 3.63 x 10°, the value of the soluble
short-chain carboxylic acids (propanoic and butanoic acids)
[18]. It is considered that there is not appreciable change in
the dissociation constant as the length of the carboxylic acid
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increases. This assumption has been broadly accepted by differ-
ent authors [14,15,20].

The Flory—Huggins interaction parameter (x) has been pre-
viously determined [15] for four divalent cations (Pb, Cd, Ca,
Ba). Moreover, the authors found an experimental relationship
between x and the electronegativity of each cation. This rela-
tionship is used in the present paper to interpolate the values of
x for the rest of the cations under study (Ni, Co, Mg, Sr). The
results obtained are presented in Table 1.

The values of Kr,m and Kyy;+ are obtained simultaneously
during the procedure of solving the system of five non-linear
algebraic equations given by relations (4) and (12). Experimental
data of RH concentrations on LB films are fitted to the theoretical

2 4 6 8 10

RH concentrations given by the model. A least square routine
is used for such purpose. At this point, it is considered that
the theoretical concentration of RH in the Langmuir monolayer
is translated without change to the LB film. Giving the prob-
lems derived from trying to fit too many parameters at the same
time, just Kgyp+ is directly obtained by fitting the experimental
data. Calculation of Kg,M assumes that the ratio Kr,m/Kgp+
remains the same as the ratio presented in bibliography [18]
for short-chain carboxylic complexes of the same cations. The
obtained results of Kpp+ and Kr,M are summarized in Table 1.
Experimental RH concentration data are taken from [21] (Pb,
Cd, Ca, Ba), [22] (Cd, Ca, Ba), [23] (Cd), [4] (Ni, Co) and [24]
Mg).

Fig. 1. Theoretical fractional condensations (F) of all species present at the interface for the cations under study as a function of pH: solid line (Fry); dotted line
(FR-); dashed line (Fry+); dash-dot line (Fr,m); circles (experimental values of Fry). Bulk cation concentration is 0.1 mM.



160 M_.E. Diaz et al. / Chemical Engineering Journal 131 (2007) 155162

3.2. Comments on the values of the equilibrium constants
and on the influence of pH, cation type and cation
concentration on the LB deposition process

Fig. 1 shows the theoretical results obtained from the model
regarding the fractional condensations (F) of all the species
present at the interface together with the experimental values
of Fry (circles). The model reproduces within good limits of
approximation the experimental values of (Fry). It seems pretty
reasonable to think that the values of Kg,m for the long-chain
insoluble carboxylic salts must be smaller than those reported
[18] for short-chain soluble salts. In some cases (Mg, Ca, Sr,
Ba) K, is zero for short-chain soluble salts, which means they
should also be zero for the long-chain insoluble carboxylic salts.
The results of the model corroborate this fact (see Table 1) in
opposition to previous results [15] for Ca and Ba, where the val-
ues of Kg,m for long-chain carboxylic salts are higher than the
reported values of Kr,m for short-chain carboxylic salts. This
flaw comes from assuming than just the salt can be formed at
the interface, not allowing for the formation of the intermediate
complex RM*.

Values of Kgy+ obtained by the model agree well with our
expectations, being also lower than the values reported for short-
chain carboxylic acids (see Table 1).

Ithas been experimentally established [10,25,26] that the pK,
of the system is a characteristic pH at which important transitions
among different type of LB depositions take place and where the
stability of the Langmuir monolayer is maximum [27]. The pK,
is defined as the bulk pH at which the carboxylic acid is 50%
ionized (Fry=0.5). Experimental values of pK, for different
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cations are reported in the literature [28—30]. In this context, it is
of great interest to compare the theoretical pK, predictions of the
model with the experimental data available. The model predic-
tions are pretty accurate (see Table 1), providing an interesting
practical applicability regarding the prediction of the optimal
pH for the successful LB deposition of any divalent cation.

Fig. 2 presents the values of the surface electric potential ver-
sus bulk pH for the eight cations under study. It is interesting to
point out that the change in the slope of the curves coincides with
the pK, of each cation. This fact provides a way of predicting
experimental pK, values by measuring the electric potential at
the interface. Another interesting observation is that the lower
the absolute value of the surface potential of the cation (p.e.
Pb) at pH=pK, (optimal LB deposition conditions), the higher
the possibility of having an X-type LB deposition. During the
X-type mechanism, the deposition is only successful when the
solid moves upwards from the liquid, in contrast to the Y-type,
where layers are deposited both in the way up and down. This
is one of the main disadvantages of the LB technique and most
experimental efforts intend to avoid this problem [12]. Then, it
looks like the optimization of the experimental conditions for
LB depositions should account for this variable, trying to maxi-
mize the absolute value of the surface potential. In this context,
increasing the solid dipping speed increases the chances of hav-
ing a Y-type deposition [12], probably due to a transient increase
in the absolute value of the surface potential, as a result of a short-
period perturbation hydrodynamically induced in the electrical
double layer.

Fig. 3 shows the values of surface electric potential as a func-
tion of the bulk pH at four different bulk cation concentrations
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Fig. 2. Surface electric potential as a function of the bulk pH for eight divalent cations. Bulk cation concentration is 0.1 mM.
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for the eight cations under study. This theoretical study tries
to demonstrate whether it is possible to revert the charge of
the Langmuir monolayer (switching from negative to positive)
when the bulk cation concentration (CK/I2 ) is sufficiently high.
Although we did not experimentally tested it, charge reversion
phenomena has been reported in some biological systems [31]
and this is one of the arguments for including the formation
of the intermediate RM* in the system of equations accounting
for the chemical equilibrium [14]. According to the theoretical
curves shown in Fig. 3, charge reversion is possible for systems
containing Pb for the whole range of pH when C I'sz +>1Mand

for Ba at low pH and also C'];aH > 1M.
Fig. 3 also shows that the absolute value of the surface poten-

tial increases when CF/IZ . decreases. This feature is interesting

because it points to a possible solution for the unwelcome X-
type LB depositions found when using, for example, Pb at low
dipping speeds and the standard Cgbz + = 0.1 mM. Actually, it
has been reported [32,33] successful Y-type depositions for Pb at
C lt;bz + = 0.03 mM. This fact would confirm that higher negative
values of the surface potential benefit the possibility of having
Y-type LB depositions.

4. Conclusions

An electrochemical model has been developed to improve and
complete previous efforts in predicting the composition of Lang-
muir monolayers of divalent cations adsorbed onto a surface
containing a long-chain carboxylic acid. The model constitutes
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an useful tool for optimizing the process of depositing multiple
Langmuir—Blodgett films on a solid substrate. Besides other fea-
tures, the model allows a realistic calculation of the equilibrium
constants for the formation of the complexes between the car-
boxylic acid and the divalent cation based on a compilation of
experimental data regarding the composition of the subsequent
LB films. In contrast with previous models, the present model
does not constraint the possibility of the formation of both the
complexes containing one and/or two molecules of acid on the
surface of the original Langmuir monolayer and it includes the
non-ideal mixing behavior of the cations in the monolayer. LB
composition data from eight divalent cations were used in order
to obtain their respective equilibrium constants. The theoretical
values obtained for these constants are lower than the data typ-
ically reported, which usually refers to short-chain carboxylic
acids in solution. The model also predicts the phenomena of
charge reversion on the Langmuir monolayer for certain cations
athigh bulk concentrations and points to possible solutions to the
unwelcome X-type LB depositions observed for some cations
at low dipping speeds.
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