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Surface pressures and surface potentials of mixed monolayers of stearic acid and
stearyl alcohol were determined on the following subsolutions: HCl or HCl + CaCl.
at pH 2.0 and NaCl or CaCl, at pH 6.0.

Average area and average potential per molecule for the mixed monolayers follow
the simple additivity rule at pH 2.0 in the presence or absence of CaCl; in the sub-
solution.

At pH 6.0, the average area per molecule follows the additivity rule for subsolu-
tions of NaCl, but shows a considerable expansion of monolayers (except for 1:1
molar ratio) for subsolutions of CaCl;. At the same pH, the average potential per
molecule shows a deviation from the additivity rule for both NaCl and CaCl, sub-
solutions. The deviation for subsolutions of NaCl suggests an ion-dipole interaction
between the hydroxyl and ionic carboxyl groups in the mixed monolayers whereas
that on subsolutions of CaCl, suggests a molecular association in a molar ratio 1:2
between stearic acid and stearyl alcohol.

INTRODUCTION

Molecular interactions in mixed mono-
layers have been of great interest to surface
chemists, and biologists who have been
investigating molecular aspects of foam
stability, emulsion formation, retardation of
evaporation by films, and reactions occurring
at. the cell surface (1-12). Earlier studies on
mixed monolayers of acids, amines, alcohols,
ethers, and triglycerides were reported by
Schulman and his co-workers (13-15). Simi-
la_.r studies were also reported by Harkins and
his group (16,17). Ries and Cook (18) have
reported their studies on mixed monolayers
of stearic acid with isostearic acid.

Various investigators have studied the
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effect of di- and trivalent cations on fatty
acid monolayers the ionic structure of which
depends mainly on the pH of the subsolu-
tion (19-29). The present paper attempts to
answer the following questions regarding
interactions in mixed monolayers: Firstly,
what is the influence of pH and hence of
ionization of the carboxyl group on the inter-
action of stearic acid with stearyl alcohol?
Secondly, how do pH and surface dilution
by stearyl alcohol influence the interaction of
caleium ions with stearic acid in monolayers?

EXPERIMENTAL

Materials. Highly purified (>99 %) stearic
acid and stearyl alcohol were purchased
from Applied Science Laboratories, Inc.
(State College, Pennsylvania 16801). Lipid
solutions of 0.8 to 1.0 mg/ml concentration
were prepared in methanol-chloroform-
hexane (1/1/3 v/v/v) mixture. All solvents
were of spectroscopic grade. Inorganic
chemicals of reagent grade, and distilled-
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deionized water of electrical resistance 1.2 X
10¢ ohms/cm were used in all experiments.

Methods. The surface pressure was meas-
ured by a modified Wilhelmy plate method,
and the surface potential was determined
by using a radioactive electrode as described
previously (30,31). The surface measure-
ments were taken on the following subsolu-
tions: 0.02 M HCl and 0.02 M HCl in 0.01 M
CaCl, solution at pH 2.0 and 0.02 M NaCl
and 0.01 M CaCl, at pH 6.0. Although the
expected pH of 0.02 M HCI solution is 1.7,
the measured value was 2.0, presumably
owing to insensitivity of the electrodes in
the extreme pH region.

Theory. The average area per molecule
in a mixed monolayer is calculated by divid-
ing the total area by the total number of
molecules of both components in the mixed
monolayer. If the molecules of both com-
ponents occupy the same molecular areas as
in their individual monolayers, the points
for the average area per molecule of the
mixed monolayers would follow the addi-
tivity rule which is represented by a straight
line joining the two points for the pure com-
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FiG. 1. Average area per molecule of stearic
acid-stearyl alcohol monolayers at different

surface pressures on subsolutions of 0.02 M HCl
or 0.02 M HCI + 0.01 M CaCl,, pH 2.0, at 22°C.
The broken lines indicate the additivity rule of
molecular areas.
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ponents at the same state of compression
(see Fig. 1). A deviation from this “addi-
tivity rule” indicates condensation of the
mixed monolayers due either to an inter-
action or to an inlermolecular cavity effect in
the mixed monolayers (12,32,33).

Surface potential (AV) of a monolayer can
be expressed as AV = Knpu, where K is a
constant, n is the number of molecules per
square centimeter of the film (ie, n =
10'¢/area per molecule in square &ngstroms),
and u is the resultant vertical component
of the surface dipole moment of the molecule.
Thus, AV/n = Ku, where the term on the
left-hand side of the equation, representing
the average potential per molecule (milli-
volts/molecule), is proportional to the sur-
face dipole moment u of the molecule.
Hence, AV/n = AV X 10! X area per
molecule in square &ngstroms, where the
term on the right-hand side can be used for
calculations.

The advantages of using AV /n instead of
AV alone are the following: firstly, the
average potential per molecule (AV/n) is a
parameter which is a characteristic of the
molecule, and is analogous to average area
per molecule; and secondly, it eliminates
changes in surface potentials caused by ex-
pansion or condensation of the mixed mono-
layers. Conclusive evidence for ionic inter-
action can be obtained from surface potential
measurements only when AV/n is plotte.ad
against mole fraction of the components in
mixed monolayers at the same state of
compression. In this case a deviation from
the additivity line indicates ion-ion or ion-
dipole interaction between the two com- .
ponents in mixed monolayers (12,33).

s
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RESULTS

Figures 1 and 2 show average area and
average potential per molecule plott
against mole fraction of stearic acid
stearyl alcohol in mixed monolayers at 5
10, and 20 dynes/cm of surface pressure 0B
subsolutions of 0.02 M HCI at pH 2.0. These
three surface pressure values were selec
in order to investigate the influence of 10W,
medium, and high surface pressures on
interaction in mixed monolayers. BO
average areas and potentials per mol
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approximately follow the additivity rule,
which is indicated by the broken lines (Figs.
1, 2). Similar results were obtained on sub-
solutions of 0.02 M HCI in the presence of
0.01 M CaCl, at pH 2.0.

Average molecular areas and potentials
of the mixed monolayers on subsolutions of
0.02 M NaCl at pH 6.0 are shown in Figs.
3 and 4. The expansion of the mixed mono-
layers of 1:9 molar ratio, as shown by the
dotted line in Fig. 3, was consistently re-
producible. The rest of the mixed monolayers
follow the additivity rule of molecular areas.
Average potentials per molecule for mixed
monolayers show deviation from the addi-
tivity rule at all surface pressures (Fig. 4).
This deviation is greater for monolayers
which contain larger proportions of stearyl
alcohol.

Figures 5 and 6 show average molecular
areas and potentials on subsolutions of
0.01 M CaCl; at pH 6.0. Average molecular
areas are greater than those predicted by the
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Fi. 2, Average potential per molecule of

8tearic acid-stearyl alcohol monolayers at different
Surface pressures on subsolutions of 0.02 M HCI,
or 0.02 M HCI + 0.01 M CaCl,, pH 2.0, at 22°C.

broken lines indicate the additivity rule of
verage potentials.
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F1a. 3. Average area per molecule of stearic
acid-stearyl alcohol monolayers at different sur-
face pressures on subsolutions of 0.02 M NaCl,
pH 6.0, at 22°C. The broken lines indicate the
additivity rule of molecular areas. The dotted
lines joining the point for monolayers in 1:9
molar ratio indicate expansion in the area at this
ratio.

additivity rule except for the molar ratios
close to 1:1. The expansion of the mixed
monolayers becomes less pronounced at
higher surface pressures. Average potentials
per molecule show both positive and nega-
tive deviations from the additivity rule
(Fig. 6). The minimum in average potential
occurs at a 1:2 molar ratio of stearic acid to
stearyl alcohol.

DISCUSSION

It is evident from Fig. 1 that there is no
interaction or “intermolecular cavity effect”
in the mixed monolayers since the molecular
areas approximately follow the additivity
rule at all surface pressures. Figure 2 shows
that the average potentials follow the addi-
tivity rule at pH 2.0 in the presence or
absence of calcium ions, suggesting that
there is no ionic interaction in these mixed
monolayers. It has been suggested that
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F16. 4. Average potential per molecule of
stearic acid-stearyl alcohol monolayers at dif-
ferent surface pressures on subsolutions of 0.02
M NaCl, pH 6.0, at 22°C. The broken lines indicate
the additivity rule of average potentials.
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Fi1G. 5. Average area per molecule of stearic
acid-stearyl alcohol monolayers at different sur-
face pressures on subsolutions of 0.01 } CaCl,,
pH 6.0, at 22°C. The broken lines indicate the
additivity rule of molecular areas.
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stearic acid-stearyl alcohol monolayers at different

surface pressures on subsolutions of 0.01 M CaCl,,

pH 6.0, at 22°C. The broken lines indicate the

additivity rule of average potentials. Molecular
association occurs at a 1:2 molar ratio.
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hydrogen bonding occurs in fatty acid mono-
layers (34); however, if this is actually the
case then the presence of varying amounts
of stearyl alcohol should change the distri-
bution of polar groups in the mixed mono-
layers, which should change the extent of
hydrogen bonding, and hence show a deviq-
tion in average potentials from the addi-
tivity rule. But the absence of such a devia-
tion suggests that there is no interaction or
hydrogen bonding between carboxyl groups
in stearic acid monolayers at pH 2.0 in the
presence or absence of calcium ions.

The average molecular areas follow the
additivity rule on subsolutions of 0.02 M
NaCl at pH 6.0, except for the molar ratio
1:9 between stearic acid and stearyl alcohol
(Fig. 3). This deviation, which was con-
sistently reproducible, suggests that the
presence of a small fraction (=10 mole %
of stearic acid is more effective in disordentg
the lattice structure of stearyl alcohol mono-
layers than the presence of a larger fractiod .
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Fic. 7. Schematic representation of stearic acid-stearyl alcohol monolayers on subsolutions of 0.01
M CaCl; at pH 6.0: (a) represents stearic acid monolayers in which two ionized oxygens interact with
acalcium ion, and the remaining two negatively polarized oxygens (5-) interact with un-ionized carboxyl
groups. The solid state of the monolayers is shown by straight hydrocarbon chains. (b) represents stearyl
alcohol monolayers. (c) represents the mixed monolayers in two dimensions. The un-ionized carboxyl
groups are replaced by the hydroxyl groups of stearyl alcohol. For a 1:2 molecular association, two
stearyl alcohol molecules are located around the calcium ion, one above and one below the plane of the
paper. The arrangement for polar groups of two stearic acid and four stearyl alcohol molecules in the
presence of a calcium ion in the mixed monolayer is shown in (d). The circles in dotted lines represent
cross-sectional area of molecules. 5-represents a partial negative charge on oxygen atoms.

of stearic acid. This conclusion is further
supported by molecular areas of the mixed
monolayers on subsolutions of 0.01 M CaCl,
at pH 6.0 (Fig. 5).

Figure 4 shows the deviation in average
potentials from the additivity rule on sub-
solutions of 0.01 M NaCl at pH 6.0. This
deviation suggests an ion-dipole interaction
between the hydroxyl and ionic carboxyl
groups in mixed monolayers (12,33). The
mixed monolayers which contain greater
Proportions of stearyl alcohol show larger
deviations in the average potential.

Since ionic carboxyl groups interact with
hydroxyl groups in mixed monolayers, it is

* evident that they will also interact with

Un-ionized carboxyl groups in stearic acid
monolayers. In the mixed monolayers, a
ydroxyl group replaces an un-ionized car-
oxvl group, and, therefore, causes a devia-
tion of average potentials. Since at pH 6.0
& small fraction of stearic acid is ionized in
Mixed monolayers (35-37), increasing
8mounts of stearyl alcohol replace the un-

§ lonized carboxyl with hydroxyl groups adja-

®ent to ionic carboxyl groups. Hence, a
reater deviation in average potentials is

observed for mixed monolayers containing
larger proportions of stearyl alcohol.
Figures 5 and 6 show average molecular
areas and potentials for the mixed mono-
layers on subsolutions of 0.01 M NaCl, at
pH 6.0. The mixed monolayers are more
expanded when one of the components is
present as a small fraction.? However, mixed
monolayers in molar ratios close to 1:1
follow the additivity rule of molecular areas.
With increasing surface pressures, the devia-
tion from the additivity rule becomes
smaller. This can be explained as follows:

3 The stability of the monolayers on these
subsolutions was measured by compressing the
monolayers maintained at a constant pressure of
10 dynes/em for 10 min, which was approximately
the time interval for compression of a monolayer
in our studies. The change in the area per molecule
was 0.02-0.05 12 for these monolayers on sub-
solutions of 0.02 M NaCl or 0.01 M CaCl, at pH
6.0. Since the surface potential data at 5, 10, and
20 dynes/cm are similar and since the change in
arca at a constant pressure is very small (0.02-
0.05 A’) compared to the deviations from the
additivity rule (Fig. 5), the monolayers should be
considered stable on these subsolutions.
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stearic acid and stearyl alcohol monolayers
are, respectively, in the solid and viscous
liquid state on subsolutions of 0.01 M CaCl,
at pH 6.0. This suggests that the hydro-
carbon chains are in the crystalline state in
stearic acid monolayers but not in stearyl
alcohol monolayers (Fig. 7a, b). In both
stearic acid and stearyl alcohol monolayers,
the polar groups presumably form crystalline
lattices. The presence of a small fraction of
stearyl alcohol in stearic acid monolayers
seems to reduce the crystallinity of the lat-
tice, producing a greater disorder and hence,
causing a larger area per molecule. There-
fore, the mixed monolayers containing a
small fraction of either stearic acid or stearyl
alcohol are considerably expanded (Fig. 5).
The area per molecule of 19.0-19.5 for
stearic acid found on subsolutions of both
0.02 N NaCl and 0.01 M CaCl, at pH 6.0 in
this work is close to that found by Spink and
Sanders (38). Harkins and Anderson (39)
have reported a value of 18.4 A? per mole-
cule as the limiting area for stearic acid
monolayers at pH 8.2. Sobotka et al. (40)
have found 19.7 A’, 17.6 .&’, and 17.5 &* for
the area per molecule at a surface pressure
of 25 dynes/em for stearic acid, behenic
acid, and lignoceric acid, respectively, on
subsolutions containing Ba++ at pH 6.6.
In contrast to average potentials on sub-
solutions of NaCl (Fig. 4), the average po-
tentials on subsolutions of CaCl, show a
minimum at a 1:2 molar ratio of stearic acid
to stearyl alcohol in mixed monolayers (Fig.
6), suggesting that there is a maximum
charge interaction between molecules at this
ratio. Figure 7a and b represents schemati-
cally the monolayers of stearic acid and
stearyl alcohol on subsolutions of CaCl, at
pH 6.0. The ionized stearic acid molecules
presumably form calcium distearate in
which the two remaining oxygen atoms inter-
act with adjacent un-ionized carboxyl
groups; this is indicated by broken lines
(Fig. 7a). Figure 7¢ and d represeuts a
proposed arrangement of molecules (2
molecules of stearic acid, a calcium ion, and
4 molecules of stearyl alcohol), which will
permit a maximum charge interaction at a
1:2 molar ratio in the mixed monolayers.
It should be emphasized that all molecules
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in mixed monolayers are not arranged in
such repeating units, since stearic acid is not
fully ionized at pH 6.0 (35-37). However,
the ionized stearic acid molecules would
form calcium distearate, which, in turn,
when surrounded by four stearyl aleohol
molecules would cause maximum charge
interaction among them as shown in Fig. 7d.
Here a calcium ion is surrounded by two
anionic and two negatively polarized oxygen
atoms. Calcium ions are known to interact
in a similar fashion with phosphate groups

in

dicetyl phosphate and lecithin mono-

layers (30,41).

In summary, average molecular areas and

potentials of the mixed monolayers of stearic
acid:stearyl alcohol show characteristic
changes depending upon the pH of the sub-
solution and the presence or absence of
calcium ions.
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