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Interaction of hydrophobic ions with amphiphile monolayers
at the air—water interface
1. Monolayers of stearylamine and dioctadecyldimethylammonium
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The interaction of monolayers of stearylamine (SAM) and dioctadecyldimethylammonijum
(DODA) at the air—water interface with hydrophobic ions in the water phase was investi-
gated by using the techniques of two-dimensional pressure isotherms and the surface
clectrostatic potential. In both cases the interaction with tetraphenylborate anions results in
the formation of mixed monolayers whose properties sharply differ from those of the original
monolayers. The effect of subphase composition on the formation of mixed monolayers has
been studied. A qualitative description of the interaction under study has been given. A
mode! including the phase inhomogeneity of the mixed monolayer and the formation of
multilayer structures from the areas of the "surface salt” has been suggested. The strong effect
of hydrophobic ions on the monolayers is not only due to Coulomb interaction; their
hydrophobic properties also play an important role.
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surface salt.

The Langmuir—Blodgett (LB) method, the forma--
tion of monomolecular layers at the air—water interface
with their subsequent transfer to solid surfaces, has been
widely used for several tens of years to create two-
dimensional and three-dimensional organized molecular
structures. 2 LB films are promising materials for chemi-
cal and biologicak sensors, nonlinear optical elements,
devices of molecular electronics etc.!** Monolayers of
amphiphile molecules at the air—water interface, on
one hand, serve as direct precursors of LB films and, on
the other hand, are the simplest model of biological
membranes and are used to investigate various physico-
chemical processes in these membranes.?

Abundant evidence in the literature shows that the
physical state of the initial monolayer at the water
subphase—air interface largely determines the properties
of the LB films formed as the monolayer is transferred
to the solid surface as well as the possibility of realiza-
tion of such process.!4 The state of the monolayer for
many amphiphiles depends on the ionic composition of
the subphase and is often determined by interaction of
ions with the monolayer. In biological membranes,
there is a large number of diverse ions in their environ-
ment. Moreover, many functions of these membranes
are due to interactions with the surrounding ions.

Unlike most other microheterogeneous Structures,
the monolayers at the water surface are macroscopic
objects. Thanks to this, many of their parameters can be
measured by direct procedures.?

By now, the effect of many inorganic (hydrophilic)
cations* and several anions® on the properties of typical
monolayers has been studied in considerable detail. A
series of interesting works devoted to the interaction of
ionic organic dyes®’ and of polyelectrolytes? with mono-
layers at the water surface has appeared in recent years.

Depending on the chemical nature of the head groups
of the amphiphile that forms the monolayer and on the
type of ions in the subphase, their interaction can in-
clude versatile processes: the formation of a double
electric layer, dissociation (or protonation) of the head
groups, the formation of coordination bonds, etc. By
considering one or another of them, one can success-
fully qualitatively describe changes in the properties of
the monolayer in the presence of ions. In this case, the
reverse effect of ions bound to the monolayer on the
charge state of its head groups must be significant,
which has not been taken into account in most works
known to us.

Along with the above mentioned types of ions, the so
called "hydrophobic ions" are of extreme interest from
the viewpoint of their possible interaction with amphi-
philic monolayers at the water surface. These ions in-
clude small, strongly hydrophobic ions of high symme-
try, e.g., the anion BPh,™ and the cation PPh,"; owing
to their high symmetry they have no surface-active
properties. Previously,® !9 they have been used for im-
parting a deliberately chosen electrostatic potential to
the droplets of "oil in water” type microemulsions.
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As far as we know, systematic studies on the interac-
tion between hydrophobic ions and the monolayers of
amphiphilic molecules at the air—water interface have
not yet been conducted. The present work is devoted to
an experimental study of such interaction in model
systems using the methods of two-dimensional pressure
(n—A) and of the surface electrostatic potential is50-
therms (9—A) (A is the area per molecule).

Experimental

The studies of monolayers were carried out on an installation
consisting of a rectangular Langmuir trough (250x100x8 mm),
an clectronic balance with a Wilhelmi plate made of the filter
paper (of 10 mm width), an clectrometer for measuring the
surface potential (Kelvin method, gilded working electrode of
10 mm diameter), and an I1BM-AT computer equipped with a
multichannel analog-to-digital converter. A three-electrode scheme
(with an Ag/AgCl clectrode as reference electrode and a metal
auxiliary electrode) was used for measuring the surface potential.
The p—A isotherms were recorded relative to the potential of the
subphase surface before spreading of the monolayer.

The subphase was prepared using double-distilied water,
additionally purified from surfactant impurities by passage
through 4 column with activated carbon. In most experiments,
the ionic strength of the sibphase was kept close to /= 1072 mol
L™! using NaCl additives. Acetate, borate, and Tris buffer
solutions were used to obtain different pH values; the concentra-
tion of the buffer ions did not exceed 103 mol L™ The pH-
value was monitored both before and after measurements. All
starting solutions were prepared from reactants of grade not
worse than “analytically pure”; they were passed through a
column with activated carbon to pre-purify them from surfactant
impurities.

Freshly prepared 5+ 1074—1073 M solutions of stearylamine
and dioctadecyldimethylammonium bromide (not less than
98 % base substance) in distilled chloroform were used for
deposition of monolayers. Measurements of n—A and ¢—A4
isotherms were started 2 min after spreading of the monolayer.
The compression rate of the monolayer was ~50 A2 per mol-
ecule per minute. The choice of such a high rate was caused by
the necessity to maintain constant pH in the near-surface layer
of the subphase contacting the atmosphere during the whole
experiment, since several systems under study were extremely
sensitive to pH. Because of the high compression rate of the
monolayer there was a potential danger of obtaining isotherms
strongly differing from equilibrium isotherms.!! Therefore, not
only the compression, but also the expansion of the monolayer
was recorded in all cases. The observed hysteresis (associated
with deviation of the system from equilibrium), as a rule, did
not exceed several percent. The exceptions were only the
experiments carried out at the lowest concentrations of hydro-
phobic ions (< | umol L™1) and strong interaction of the ions
with the monolayer. The establishment of the monolayer—
subphase equilibrium under these conditions is connected with
the diffusion of hydrophobic ions over distances ~1 mm, there-
fore the hysteresis sometimes amounted to 10—20 %.

Results and Discussion

Interaction of the stearylamine monolayer with hy-
drophobic anions. The isotherms of two-dimensional pres-
sure (n—A) of the stearylamine monolayer (SAM) at the
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Fig. 1. The ¢—A (a) and n—A (b) isotherms of the SAM
monolayer at the surface of an aqueous subphase containing no
hydrophobic ions at different pH values: 7.0 (), 8.3 (2),
95 (D, 107 (H, 118(5. I =102 mol L7!, T = 297 K

(¢ is the surface potential, = is the two-dimensional pressure,
A is the area per molecule).

subphase—air interface (Fig. 1) in the pH range from §
to 12 remain unchanged and are characterized by nearly
constant and very low pressure (r < 0.2 mN m™!) at the
values of the area per molecule exceeding 30 A2 This
region corresponds to the condensed monolayer—two-
dimensional gas equilibrium. A sharp increase in the two-
dimensional pressure m begins when the monolayer is
compressed to 4 = 23 A? which corresponds to the
complete transition of the monolayer to the condensed
state. Further compression is followed by a rapid increase
in the two-dimensional pressure and ends in the collapse
of the monolaver. A region of a smooth increase in =
appears on the n—A isotherm as the subphase pH de-
creases to 7, while the two-dimensional gas pressure in
the region of A > 30 A? increases to | mN m™!,

The isotherms of the surface electrostatic potential
(p—A) (Fig. 1) in the region of the coexistence of both
gas and condensed phases are characterized by poor
reproducibility caused by the phase inhomogeneity of
the monolayer. This points to the fact that the charac-
teristic sizes of the areas occupied by the separate phases
are comparable with the diameter of the working elec-
trode (10 mm). Nevertheless, there is a general trend
for ¢ to increase with monolayer compression, associ-
ated with the increase in the portion of the surface
occupied by the condensed phase in this region. The
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¢—A isotherms become reproducible when the region of
the condensed state of the monolayer is reached; here, a
regular increase in potential as A decreases (i.e. as the
number of amphxph:lc molecules per unit area of the
monolayer mcrcases) is well seen. There is a pronounced
increase in ¢ as the pH of the subphase decreases in the
whole range of pH under study. This is associated with
the increasing degree of protonation («) of the head
amino groups of SAM; in the range 7 < pH < 12 a never
reaches one of its limiting values, i.e., the monolayer is
always partially protonated.

The unexpectedly broad pH region where changes in
a are observed, occurs for the following reasons. To a
first approximation, the degree of protonation of the
head amino groups of the monolayer is determined by
the local concentration of protons in the immediate
vicinity of these groups:

logla/t1~an = pK, — pH,.

If the volume of the subphase adjacent to the mono-
layer contains a double electric layer, this value can
appreciably differ from the proton concentration within
the bulk of the subphase:

pH;, = pH — eaA@/kTIn10

where ¢ is the charge of an electron, & is the Boltzmann

constant, T is temperature, Ag is the potential difference -
between the area of the head groups and the bulk of the

subphase, /.e., the potential of the double electric layer.

The Ae value depends on the surface charge density of
the monolayer o = —ae/A and on the ionic strength of
the subphase, which determines the thickness of the

double electric layer. The change in Ag is a main reason

for the surface potential to decrease as pH increases; it

amounts to 240 mV at A = 20 A? per molecule. Stant-

ing from this value, one can easily estimate the variation

of pH, In the pH range under study (4.7 units) this

change is merely 0.7. In view of this, the dependence of
a on pH does not appear unusual; moreover, if one

takes into account the direct effect of the protonated

head groups on their nearest neighbors (the dependence

of pK; on a), it could result in more appreciable retarda-

tion of the increase in « as pH decreases.

It follows from the above consideration that as the
monolayer expands (retaining its phase homogeneity),
the protolytic transformation of the head groups (proto-
nation or dissociation) should ocecur in more narrow pH
range due to the fact that o and Ag depend more weakly
on a as A increases. In the limiting case of a rarefied
two-dimensional gas, the dependence of a on pH should
be of the same character as in solution. Unfortunately,
this result can not be demonstrated with the SAM
monolayer because it is phase-inhomogeneous in almost
the whole range of A under study.

The n—A and ¢—A isotherms of the SAM monolayer
suffer marked changes when low concentrations of hy-
drophobic BPh,™ anions are introduced into the subphase
(apart from the supporting electrolyte (1072 mole L™
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Fig. 2. The ¢—A (a) and n—A (b) isotherms of the SAM
monolayer at the surface of an aqueous subphase containing

different amounts of hydrophobic anions. NaBPh,
concentrations, mol L™V 0 (), 3-1077 (2, 1-107% (9,
31078 (), 1-1075(5), 1-1074(6). =102 mol L7}, T =
297 K, pH =

NaCl) and the buffer); the changes increase as the
NaBPh, concentration increases (Fig. 2) and as pH
decreases (Fig. 3). At the highest NaBPhy concentra-
tions and the lowest pH the rise of n begins even at 4 =
80 AZ, whereas the limiting pressure on monolayer com-
pression is merely about 20 mN m™'. A decrease in the
pressure of the two-dimensional gas should also be
noted (the right part of the n—4A isotherms in Fig. 2). A
decrease in ¢ on the ¢—A isotherms in the whole range
of A 15 observed, whereas the maximum values of ¢ do
not exceed 150 mV. The increase in = is followed by an
increase in ¢ when the monolayer is compressed; since n
reaches its limiting value the surface potential remains
nearly constant.

The observed picture is in good agreement with the
formation of a mixed monolayer at high concentrations
of NaBPhy and at fow pH values; the monolayer con-
sists of almost completely protonated SAM molecules
and of an approximately equivalent amount of BPhy™
ions (the "surface salt"). This model follows from the
large area per SAM molecule and the low surface poten-
tial as well as from the weak sensitivity of the n—4 and
p—A isotherms to small changes in the subphase com-
position. The penetration of the BPh,™ anions in the
SAM monolayer is due not only to Coulomb interaction
with protonated head groups, but also to the decreasing
energy of the monolayer—subphase system because these
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Fig. 3. The 9—A (a) and n—A (b) isotherms of the SAM
monolayer at the surface of an aqueous subphase containing
hydrophobic anions at different pH values: 7.0 (1), 8.3 (),
9.0 (D, 95 (N, 107 (H. I =102 mol LY, T= 297 K,
[NaBPh,] = 1073 mol L™F.

large particles, weakly interacting with water, move
from the subphase volume to the monolayer area, where
the density of hydrogen bonds is significantly lower (so-
called hydrophobic interaction). In the monolayer re-
gion, the BPh,™ ions can interact not only with the
charged head groups of SAM, but also with its hydrocar-
bon radicals. This results in stabilization of the con-
densed mixed monolayer, which is revealed in a de-
crease in the two-dimensional gas pressure.

The penetration of the BPhy™ anions into the par-
tially protonated monolayer {a < 1) causes a decrease in
o followed by a decrease in Ap, which, in turn, must
lead to a decrease in pH; and to a further increase in «.
As a result, additional hydrophobic anions penetrate
into the monolayer, erc. This is one more argument in
favor of the assumed composition of the mixed mono-
layer at high concentrations of NaBPhy and at low pH.
The composition of the monolayer does not change
appreciably when it is compressed, and multilayer struc-
tures of presumably the same composition start forming
after attainment of the limiting pressure. If such struc-
tures consist of odd numbers of layers in which the
dipole moments have opposite directions (it seems to be
realistic), the surface potential during the compression
of the monolayer has to remain constant, which is
observed in the experiment. The relatively low value of
the limiting pressure is the result of a decrease in the

energy of the interaction between the monolayer and
subphase due to the large number of hydrophobic ions in
monolayer.

At lower concentrations of BPhy™ and higher pH,
the n—A and ¢—4A isotherms are something intermediate
between the isotherms of the pure SAM monolayer and
the limiting mixed monolayer, and change from one
direction to the other as the concentration of hydropho-
bic ions changes and as pH changes. The effect of the
ionic strength (1—100 mmole L™y at the NaBPh,
concentration of 1075 mole L™! and at pH = 9 ap-
peared to be rather weak.

The family of n—A isotherms represented in Figs. 2
and 3 has an unusual shape, characteristic of monolayers
consisting of two immiscible amphiphiles.2Z Such mono-
layers are a mosaic of areas occupied by isolated
amphiphiles. In the process of compression, deforma-
tion of the monolayer as a whole occurs first. Upon
attainment of the limiting pressure for one of the com-
ponents, a collapse of pertinent areas begins, which can
be seen as a horizontal section on the n—A isotherm.
After their complete disappcarance, the pressure contin-
ues to increase in accordance with the the isotherm of
the second component.

Applying a similar description to the system under
study, one could assume that, in this case, the mono-
layer consists of areas differing in the BPh,™ anion
content and degree of SAM protonation. In the process
of the compression of such monolayer in the areas with
a high content of hydrophobic anions, multilayer struc-
tures are formed and the fraction of surface occupied by
them gradually decreases, which is followed bv an in-
crease in ¢. The remaining areas contain few BPh,~
anions; therefore, the left side regions of the n—A and
¢—A isotherms at low NaBPhy concentrations and high
pH look like those of the pure monolayer of SAM.
However, this model in its original form seems to be
poorly compatible with the existence of equibria both
for the distribution of hydrophobic ions between the
monolayer and the subphase bulk and for protonation of
the monolayer (the monolayer areas of different compo-
sition are simultaneously at equilibrium with the
subphase). In order to remove this contradiction one
should assume that the areas containing strongly proto-
nated SAM and a large number of BPh,™ anions are
only formed, when the monolayer is compressed to the
limiting pressure, and are immediately formed as multi-
layer structures. The onset of such a process can be
associated with attainment of a certain threshold surface
concentration of BPh,™ anions. We do not consider the
suggested model of the phenomena occurring in the
studied system to be final. Additional investigations
using independent methods, for instance, visualization
of the two-dimensional structure of the monolayer, are
required to check the model.

Interaction between the dioctadecyldimethylammo-
nium monolayer and hydrophobic anions. In contrast to
the SAM monolayer, the dioctadecyldimethylammonium
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Fig. 4. The ¢—A (a) and n—A (b) isotherms of the DODA
monolayer at the surface of an aqueous subphase containing-
different amounts of hydrophobic anions. NaBPhy concentra-
tions, mol L™8: 0 (1), 1-1077 (2, 1-1078 (), 3-107% (4,
1-1075 (8), 1-107¢ (6. I = 1072 mol L', T = 297 K,
pH = 7.0.

(DODA) monolayer has a constant positive charge on
the head groups that is not dependent on pH, which
simplifies the analysis of its interaction with hydropho-
bic ions. It is also phase-inhomogeneous at large A,
which can be seen from the very low pressure of the
two-dimensional gas (Fig. 4). Therefore, the ¢—A4A iso-
therms in the 7 < 1 mN m™! region contain no direct
information on the monolayer structure despite their
satisfactory reproducibility. In contrast to the SAM
monolayer which is closely packed even at small =, the
DODA monolayer is very "loose™ the increase in m,
which indicates the completion of the transition in the
condensed phase, begins even at A equal to 115 A? per
molecule, while fairly close packing of the hydrocarbon
chains is attained only at m > 40 mN m™' (25 A? per
each chain). The surface potential of the condensed
monolayer is very high even at large 4 and increases as
the density of packing increases.

The n—A and ¢—A isotherms of the DODA mono-
layer undergo significant changes, increasing as the con-
centration of the hydrophobic anions increases as small
concentrations of NaBPhy are introduced into the
subphase in addition to the supporting electrolyte. These
changes, like those in the SAM monolayer, are associ-
ated with the formation of a mixed monolayer contain-

ing an appreciable number of BPhy™ anions. Formation
of such monolayer reveals itself as a sharp decrease in
the surface potential. However, in this case, the pen-
etration of hydrophobic ions into the monolayer does
not result in its expansion, but in its compression, which
is due to its initial loose packing. At the highest concen-
trations of NaBPh,, both = and ¢ remain constant after
compression of the monolayer to the limiting pressure
(~10 mN m™1), which, by analogy with the SAM mono-
layer, can be explained by the formation of multiliyer
structures. The lower limiting pressure is in good agree-
ment with the fact that the DODA head groups are less
hydrophilic than those of SAM.

At lower NaBPhy concentrations it is difficult to
investigate the behavior of the DODA monolayer using
the n—A isotherms due to the similar sizes of the areas
occupied by pure and mixed monolayers. Additional
obstacles are created by high compressibility of the
initial monolayer (small slope of the n—A isotherm).
For these reasons it is impossible to conduct as detailed
an analysis as was made for the SAM monolayer. One
should only note that in the weakly compressed mono-
layer there is a strong dependence of the content of
BPh4™ ions on their concentration in the subphase that
can be seen as changes in the values of ¢ in the initial
section of the increase in n. The nonmonotonic change
in A that occurs at = = 5 mN m™! as the concentration
of NaBPh, increases is in agreement with this conclu-
sion: as the number of BPhs™ anions increases, the
monolayer first shrinks due to Coulomb attraction (as
long as there is enough free space) and then begins
expanding (when there is no more free space).

Interaction between SAM and DODA monolayers and
hydrophobic cations. Hydrophobic PPh,* cations hardly
interact with the SAM and DODA monolayers, whose
head groups are positively charged. As can be seen from
Fig. 5 the n—A isotherms of both monolayers remain
nearly unchanged when PPhyCl (107* mole L™} is intro-
duced into the subphase (in addition to 1072 mole L™ of
NaCl and the buffer components). In this case the surface
potential of the condensed monolayer decreases by several
tens of mV, i.e., it is shifted to the negative side, which at
first sight contradicts common sense. Nevertheless, this is
the change in ¢ that should be observed when a conven-
tional procedure for recording the 9—A isotherms is used,
if hydrophobic ions do not interact with the monolayer.
The point is that the potential of the subphase surface in
the absence of the monolayer is usually accepted as the
“zero” value of ¢. This "zero” potential measured relative
to the Ag/AgCl electrode depends on the electrolyte
composition of the subphase, since the ratio of the con-
centrations in the volume and in the surface layer is
different for different ions; therefore, the surface layer has
a charge. In particular, the hydrophobic ions we used are
concentrated in the surface layer, which is reflected in a
shift in the potential of the clean subphase surface in the
direction coinciding with the sign of charge of these ions.
This effect is comparatively small and depends on the
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Fig. 5. The n—4A and ¢—A isotherms of SAM (a) and DODA
{b) monolayers at the surface of an aqueous subphase contain-

ing different amounts of hydrophobic cations.” PPhCl"

concentrations, mol L™ 0 (), 1-107% (2. [I=
1072 mol LY, T =297 K, pH = 7.0 (DODA) and 8.3 (SAM).

concentration of hydrophobic ions, ie., the behavior of
these ions is unlike that of surfactants: they behave like
any other ions. When 107* mole L' of PPhyCl is intro-
duced, the potential of the subphase surface (without the
monolayer) is shifted to the positive side by several tens
of mV. When the amphiphile monolayer appears the ions
that can not penetrate therein must leave the subphase
surface. Taking into account that the potential of the
subphase surface without the monolayer is always taken as
the zero value of ¢, the recorded potential of the mono-
layer surface will be shifted to the negative side.

Thus, strong interaction between SAM ({with a pH
dependent positive charge on the head groups associated
with their protonation) and DODA (with a constant
positive charge on the head groups) monolayers at the
subphase—air interface with the hydrophobic BPh,~
anions is observed. The interaction manifests itself in
the formation of mixed monolayers whose properties
drastically differ from those of the initial monolayers. At
low concentrations of hydrophobic anions their content
in the monolayer depends on their concentration in the
subphase; it reaches a limit at higher concentrations
("surface salt") and then remains nearly constant.

In the case of the SAM monolayer the pH effect is
analogous; however, the limiting state of the "surface
salt” can also be attained at these pH values when the

initial monolayer is only partially protonated. In order
to explain the latter phenomenon a model that considers
the conjugation between the penetration of hydrophobic
anions into the monolayer and its protonation due to the
potential jump in the double electric layer at the mono-
layer—subphase interface has been suggested.

The compression of mixed monolayers does not lead
to the removal of hydrophobic anions and regeneration
of the initial monolayer, and is followed by complicated
behavior of the n—A4 and ¢—A isotherms. The model
suggested for its description includes the phase inho-
mogeneity of the mixed monolayer and the formation of
multilayer structures from the areas of the "surface salt”
during compression.

The strong effect of hydrophobic ions on monolayers
is caused not only by Coulomb interaction but also by
their hydrophobic properties. Nevertheless, the role of
the Coulomb factor is great, which is evidenced by the
absence of an effect of hydrophobic PPh,* cations on
the positively charged SAM and DODA monolayers
even at high concentrations of these cations.
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