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Properties of Monomolecular Layers on Solutions
of Salts. 1I

§ By A. Frumkin and A. Pankratov

In comparing the A— § curves obtained in the preceding paper,
one is struck by a considerable increase of the value of A at con-
stant area when passing from water to solutions of salts, which nat-
urally suggests the idea of an increase of repulsive forces as de-
veloped by Talmud and Bresler.

However, for a full understanding of the mechanism of the
action of salts on films, the A— S curves are not sufficient. Thus,
e. g., introducing the assumption as to the dehydration of the polar
groups, as is done by Talmud and Bresler, we assume a change
in the character of the bond between the molecules of the organic
substance and the underlying solution. With a smaller hydration this
bond must weaken, which leads to an increase of the thermodynam-
ic potential, at least for sufficiently dilute films in which the in-
teraction between the molecules of the organic substance has no
decisive influence. Therefore, in order to settle the question of the
mechanism of the action of salts it is essential to know what points
on the curves obtained with different solutions correspond to ident-
ical values of the thermodynamic potential. In order to find these
points, in the first place the pressures were determined which cor-
respond to the film that is in equilibrium with the solid substances.

The results of these measurements with ethyl palmitate are
givea in Table 1.

From the close agreement of the figures in the second (in the
case of powder) and third column it follows that the pressures we
observed actually corresponded to the equilibrium between the solid
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Table 1
bPres_sux:e O{hﬁlm t;btain.ed Pidl pressiice 1obL
Substrate oatactith ethyl paimitaty | tained in compres:
in dynes/cm. sing the film
Distilled water Small particle 17,7 20,0
Powder 20,7
1 N K80, Small particle [18,6 .. 207
Powder 21,2
3,3 N KBr Powder 982 | 228 i
8,0 N CaCl Powder 93,2 ‘ " 92,9
3,3 NKJ. A few small 23,0
particles 23.0 "

substance and the film, since they could be approached from two sides,
starting both from the solid substance and from the film. In the
case of cetyl alcohol similar results at room temperature cannot be
obtained, since the numbers corresponding to column 2 are consid-
erably smaller than those of column 3 and very strongly increase
as the number of the particles of the alcohol placed on the surface
is increased. It seems that the rate of spreading of the mdlecules of

alcohol from the crystalline lattice on the surface is too slow. -

Therefore, further on we shall restrict ourselves to ethyl palmitate.

The points on the A—§ curves, corresponding to equilibrium with

the solid substance (denoted by I in Fig. 1), may be considered
as points of equal thermodynamic potential if we disregard the in-
fluence of water dissolved in the solid organic substance upon its
activity. In order to find other points on the curves corresponding
to equal values of thermodynamic potential, we shall use a method
employed by A. Frumkin for the solution of a similar problem?.

Let us denote by p the thermodynamic potential of the film;
by u, and A, the values of potential and surface pressure, corres-
ponding to the equilibrium with the solid substance. According to
Gibbs’ equation el

dy = SdA,

LA. Frumkin, Z. physik. Chem,, 116, 466 (1925).

i
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whence
po—wm=[SaA . D)

Thus, if the ordinate axis in the A—S diagram passes through
the point §=0, the area bounded by the A—S cirve, by the

‘straight lines A=Aj and A=A, and the ordinate axis (Fig. 1), will

directly give the value of y,—u,. In this way calculations were
made for ethyl palmitate on two solutions of salts N K,SO, (Fig. 1,
lower curve) and 3,3 N KJ (Fig. 1, upper curve); the points om
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Fig. 1.

the A—S curvés, in whiéh the films possess an equal thermodynamié-

_potential, are marked on the two curves by the same figures. This

calculation "brings us to the following result: for small values of S,
the areas per molecule being equal, the thermodynamic potential

-of the film on KJ is higher than on K,SO,, but for large values of S

the opposite is true, and the thermodynamic potential of the film
on KJ is lower. '

With sufficiently large values of S the influence of the inter-
action between molecules decreases, and the behaviour of the film
is' determined mainly by its interaction with the underlying solution.
The lower values of the potential on KJ in this region indicate
a stronger bond with the substrate; we thus come to the conclusion
that the salt which exercises a larger influence upon the equalion
of state, increases the attraction of molecules of the organic sub-
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stance to water, i. e., the work of adsorption from the gaseous state.
This conclusion is in disagreement with the assumption of Talmud
and Bresler who explain the action of salts by the dehydration
ol the polar group of the film. With a decrease of the area S per
molecule, forces of interaction between molecules become more pro-
nounced, the attraction between organic molecules on KJ being
considerably weaker than on K,SO,. Talmud and Bresler ex-
plained this phenomenon by an increase in the dipole moment of the
polar groups and, consequently, in the repulsion between them
caused by their dehydration. From the aforesaid, another explanation

of this phenomenon should be sought; the mechanism suggested by

Talmud and Bresler in any case cannot play a dominating part.
Previous to passing to a consideration of this question, we shall
show that our conclusion as to the impossibility of explaining the
<change in the position of the A—S curves by the action of repul-
sive forces alone, does not depend on the special shape of the A—S
curves which were observed in our case. Namely, let us demonstrate
the following proposition. If, when passing from solution 1 to solu-
tion 2, the repulsive forces acting between the molecules of the film
increase (or the forces of attraction decrease), i. e., if, with an equal
value of A, the value of § is always greater on solution 2 than on
solution 1, and at the same time the value of A, corresponding to
the film which is in equilibrium with the pure substance, is also
greater on solution 2 than on solution 1, the work of adsorption A4
of the molecules of the film as gained when passing from some
standard state on the surface of the solutions is larger for solution 2

than for solution 1. Further on we shall denote by indices ’ and 7, |

tespectively, the values referring to solutions 1 and 2.
According to equation (1)

But according to the condition of equilibrium p.; — p.(;l and, hence,

A
vy —p, = [ SdA— [ SaA, (2
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Let us now take for the lower limit of integration such a large
value of S, S,, that the forces of interaction between the molecules
could be disregarded, and the substance of the film would be gov-
erned .by the law of ideal gases. Then

' " RT r ’
A1=A1=—S-l, p, =—RTIn S, — A - const., ®3)
g, =—RTInS,— A —const,  (3a)

A’ and A” representing the value of the work of adsorption from
some standard state. Under this condition the value of the constant
in equations (3) and (3a) does not depend on the mnature of the
solution, and from these equations and equation (2) it follows:

’

r "
AO AO & A A

0
}L;——,L;=A'—A"=deA—deAzf(S’—S”)dA——deA. )
RT RT RT r
A 5 | %

According to our assumptions, at constant 4, §' <S8” and
moreover A:; = A;; therefore the right-hand side of equation (4) iS
always negative and, hence, 4" < A”. In other words, from the
fact that the equilibrium pressure A, is increased when passing to
solutions of salts, it follows that the attraction of molecules of the
organic substance to the surface of these solutions is greater than
in the absence of salt. Let us try to explain the mechanism of ac-
tion of these salts.

All the salts investigated charge the surface of water negatively.
If as the zero potential that of an interface air/N K,SO, be arbitra-
rily chosen, then, according to the measurements of Pankratov
and earlier data of Frumkin? for the solutions of salts invest-
igated by the authors values of potential difference air/solution are
obtained as shown in the second column of Table 2. In the third
column of this table changes of the potential difference air/solution
are given when passing from a film of ethyl palmitate (at maximum
compression) on N K,SO, to similar films on the other solutions
investigated; in the fourth column the same data are presented for
cetyl alcohol.

2 A. Frumkin, Z. physik. Chem., 109, 34 (1924).
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The data of the second column of Table 2 shew the following.
The order in which the solutions are arranged according to their
action upon the surface pressure of the film (see preceding paper)
fully coincides with the order in which their capacity to impart a negative
potential to the surface of water increases, i. e., in which the adsorp-
tion of anions increases. This makes it easy to explain the increase
in the work of adsorption when passing from solutions of K,SO
to solutions of, e. g., KJ by an electrostatic interaction between thé
dipoles of the molecules of the organic substance which are turned
with their positive end towards air and ions of the double layer on
the surface of the solution in which the external sheet is formed
by negative charges. Such an interaction should at the same time
increase also the adsorption of the salt. An examination of the figé
ures in the third and fourth columns of Table 2 at first sight seems
to contradict this conclusion. In 'fact, as may seem from these
figures, the shift of the potential to the negative side caused by the
adsorption of the salt (columns 3 and 4), in the presence of the
film is considerably smaller than in its absence and in some cases

Table 2
Ji o ket dmctod g i ey L e
refer.re d to the p; d. p.s&).h:gg:threfer;ledittgt solut.iodn rqferred to
aif/l N K,SO, on N KO, ¢ alcé’hol'oé"ﬁ\?‘iiféo,
(slt:al;lgan:dksf)?u— Pankratoy
tion N Nay;SOy) >
1 N KSO4 | . 0 0 0 - 0
1 N KCI — 5 —9 - —17
1- N NaCl =5 —10 - =
3,3 N CaCl, —12 T 0 — 8
1 N KBr =13 —14 3 — 6
3,3 N KCl 2219.5 —16 4 =19
33 NNaCl | —155 —18 6 1o g
3,3 N KBr —31 —30 3 , — 83
8 N CaCl, —67 —65 —12 —28
33 N KJ —82 L R
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disappears altogether. However, in reality it would be incorrect to
make hence the inference that the adsorption of salt in the presence
of the film decreases or disappears altogether. This will be readily
seen from a comparison of the values of surface tension of different
solutions in the presence of the film and without the -latter.

Let us® denote the surface tensions of two solutions in the
absence of a film by o’ and o”; in the presence of a film in equi-
librium with the solid substance these values will be expressed
by o/ —A,  and " —A4,". As was shown by one of the authors?,
the value of o — o” with equal concentrations of -the solutions is
positive if electrical measurements show that in the second solution
a stronger penetration of anions into the surtace layer is observed.
n the same case, according to the data given in the preceding
paper and in Table 2, Ay > A," and, hence, (' —Ay)— (" —
— A ) e — o”. The left-hand part of this relation gives the change
of surface tension when passing from solution I to solution 2 in
the presence of - the film; the right-hand part -expresses the same
change without any film. Thus, the change in the surface tension
and, hence, also in the adsorption of ions, is actually larger in the
presence of the film than without ta

3 The influence of the film updn the adsorption of ions may be more
precisely stated using the formula of Gibbs for a two-component system
(I' —— amount adsorbed per cm. 2j;

do = —I'ydpy — Lodps,

where the subscribt | refers to the salt, and the subscript 2, to the organic
substance. ;
From this formula it follows:

(5, = (&)
01}12 P1 ajJ-]_ P;’-

If a comparison is made of two A—S curves obtained on the solutions
of the same salt of different concentration it will be readily seen that the
value of T, at constant p, with an increase of p at first increases and then
begins to fall; hence, it follows that a similar dependence must exist be-
tween I; and pg, i. e., the substance of the film brought onto the surface
of the solution in increasing quantities at first causes an increase in the
adsorption of the salt, and then its decrease. The total effect, caused by the
equilibrium film as shown in the text compared with the initial state remains
positive. .
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The apparent disagreement between the results of comparison
of the electric potentials and surface tensions of films on different
solutions is explained very easily if we consider that the effective
dipole moment of the organic substance is influenced by the under-
lying solution, Namely, as shown in the preceding paper, the pres-
ence of adsorbed anions makes this moment more positive. There-
fore the adsorption of anions, which in itself leads to a negative
charge of the surface, simultaneously increases also the positive
potential depending on the molecules of the organic substance. As
a result of this, the total effect of adsorption of jons upon the
potential, in spite of agreater value of this adsorption, in the pres-
ence of the film is found to be less than in its absence and may
even have the opposite sign.

In the preceding paperit was shown in detail how this increase
of the dipole moment in the case of cetyl alcohol might be account-
ed for. Without having recourse to any special mechanism it may
be stated in a more general way that the presence of anions in the
external part of the surface layer must favourthe appearance of such
configurations of polar groups of organic molecules which give
a higher positive potential difference. The increase of the effective
dipole moment must lead to an increase of repulsive forces between
the polar groups of the adsorbed molecules. A quantitative calcula~
tion of this effect is difficult, since it is not clear what value
should be taken for the dielectric constant of water in considering
the interaction between the dipoles on its surface, and therefore it
is uncertain to what extent the expansion of the film observed on
solutions of salts may be fully accounted for by a repulsion between
the dipoles. In any case, it should be borne in mind that the pres-
ence in the surface layer of additional adsorbed ions also causes
the appearance of repulsive forces both of electrostatic and of
osmotic nature and, hence, also leads to an expansion of the {film.
As a result of an increase of the repulsive interactions at a certain
compression of the film the presence of the adsorbed salt in the
interface becomes disadvantageous from the standpoint of the
thermodynamic stability of the film.

It should be noted that the assumption of an interaction between

the dipoles of the polar groups of molecules and the adsorbed ions

is not necessary in order to account for the increase in the work

Properties ot Monomolecular Layers on Solutions etc. 63

of adsorption of organic molecules and in the repulsive forces be~
tween them. The same effects will be obtained if in the presence of
the film the adsorption of ions will for some other reason, e. g.,
due to van der Waals’s forces between the anion and the hydro-
carbon chain, be larger than on the clean surface of the soliition.
The last remark is essential, since Harkins and Morgan* observed
on solutions of CaCl, a stabilization of layers of such compounds
as phenanthrene, which do not contain polar groups. There is no
doubt that 'this phemomenon belongs to the same group as those
studied by us. :

From Table 2 it follows that the sequence of expanding action:
of the salts on the film is at the same time the sequence in which
the negative charge of the surface increases. We have not, however,
included in this table pure water which is in this sense an exception.

- In fact, the potential which is observed on the surface of pure water

as compared to the potential, for instance, of the solution of K,SO,

is more negative by about 25 mV, as it follows from the detailed

yet unpublished measurements of M. Gerovich in this laboratory
and has been confirmed in the research of Pankratov.. On the
other hand the whole behaviour of the film on pure water forces
us to place water at the beginning of our series of solutions. The
origin of those drops of potential which are observed with very
dilute solutions of salts (“pure water’”) cannot as yet be considered as
quite elucidated. It is beyond doubt, howevgr, that here we have to
do with phenomena different from those observed with higher
concentrations. The question as to the electrical properties of films
on dilute solutions of salts undoubtedly deserves further detailed

study.

Conclusions
The aclion of salts increasing the surface pressure of films.of
organic substances is the more pronounced, the higher the negative
charge on the surface of the solution of the salt, i. e., the more the
anion of the salt penetrates into the surface layer. The observed
change of the dependence of the surface pressure on the area p?r
molecule may be explained, as shown by a thermodynamic analysis.

4 W.D. Harkins a. J. Mo rgan, Proc. Nat. Acad. Sci., 11, 637 (1925).
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of the curves of surface pressure and of the values of the film
‘pressure in equilibrium with the pure organic substance, if we assume
that when passing from water to solutions of salts both the work
of adsorption and the repulsive forces between the molecules of
the film increase. These phenomena may be accounted for by the
-electrostatic interaction between the ions of the double layer charging
the surface negatively and the dipoles of the molecules which give
a positive potential difference. This ' interaction causes an increase
in the work of adsorption both for the salt and for the organic
substance and an increase in the effective dipole moment of the
molecules. The latter, as well as the additional adsorption of ions,
causes an increase of the repulsive forces in the surface layer. The
same assumptions explain also the observed dependence of the effec-
tive dipole moment of the organic molecules on the presence of
salts in the solution. In order to account for the increase of the
surface pressure of the film in equilibrium with the solid substance
it is sufficient to assume that the adsorption of ions of salts in the
presence of the film is increased, independently of the mechanism
«of the adsorption interaction.

Electrochemical Laboratory, Received
Moscow State University. October 10, 1938.



