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Summary . e original obhjective of this project was, first, to
study the effect of adsorbed ions on the electrosorption of orga-
nic molecules and vice versa and, secondly, to study the kinetics
of formation of condensed films. The first objective was achieved,
although the results obtained were rather unexpected; the second
objective was met far beyond our original hope, as it proved pos-
sible to develop an entirely new approach to the general problem
of nucleation and growth. This work is continuing.

Study of the mutual effects of adsorbed ions and molecules.
Numerous reports in the literature had suggested that there was a
strong effect of specifically adsorhed anions on the simultaneous
adsorption of organic molecules and, likewise, of organic electro-
sorption on the specific adsorption of anions. Such conclusions
had often been reached by fitting measured adsorption data to
presumed adsorption isotherms, followed by an interpretation of
the fitted parameters. This method clearly depends on the vali-
dity of the assumed isotherm about which, unfortunately, there is
a significant lack of consensus. We therefore set out to investi-
gate the presence or ahsence of such mutual interactions without
making any model assumptions. The choice of systems to study was
limited by the following considerations:

a. There should he a significant range of potentials over which
adsorption of both ions and organic molecules should occur si-
multaneously. Since ion adsorption is most pronounced at high-
ly charged interfaces, whereas adsorption of neutral molecules
is maximal in the region of zero electrode charge, such a re-
quirement of sufficient adsorption overlap restricts the
choice to strongly adsorbed ions and molecules.

b. The system should be one for which the thermodynamic activi-
ties of the mixtures are known, so that the interfacial
effects can clearly be distinguished from those due to bhulk
interactions. [gsession For
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Only few systems satisfy bhoth requirements, and we have settled
on one of these, viz. the coadsorption of NaCl and sucrose, A
large number of surface tension data (approximately 30,000) were
collected with our computer-controlled, high-precision instrument,
The results were surprising: after correction for the considerable
mutual interactions in the bulk solution, and upon comparing data
at constant electrode charge density (which already incorporates
some effects of ionic and organic adsorption), no significant
mutual effects could bhe detected., This despite the fact that
chloride ions and sucrose molecules are considerably more crowded
on the interface than they are in the bulk solution. Our tenta-
tive interpretation of this result is that the mutual effects of
NaCl and sucrose are most likely to bhe indirect, through their
influence on the water structure. Since the structure of inter-
facial water is likely to be determined largely by the electric
field, the influence of adsorbed ions and molecules on that
structure, and hence their mutual interaction, may well bhe much
weaker than that in solution.

Study of the kinetics of formation of condensed films,

When we began this project, a number of intriguing observations
had been reported, showing that condensed monolayer films could
be formed from a variety of organic molecules and under quite a
range of circumstances. In many cases, their rate of formation
had been reported to bhe quite slow, so that the kinetics of their
formation should be experimentally accessible.

We first established that the formation of these films could be
described in terms of conventional models for nucleation and
growth of two-dimensional layers. Such models, however, allow
only a semi-quantitative description, because they do not provide
a way to differentiate between the rate parameters for nucleation
and those for growth, even though these can be expected to have
quite different functional behaviors.
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¥ We realized that, in order to make progress bheyond this point, a
radically new approach was needed, which would allow us to obser-

. ve individual nucleation events. Guided by our earlier work with
Es bilayer membranes, where such observations are sometimes possible
1;3 when the membrane area is made sufficiently small, we tried the

same approach here, and were successful. On a sufficiently small

g electrode, we are now abhle to observe individual nucleation
ﬁ% events and, separately, the kinetics of growth of single nuclei.
SRy

Since individual nucleation events are stochastic, i.e., randomly

distributed around some mean value, a large number of observations

needs to be recorded in order to extract from these the rate para-
meters of nucleation. We have therefore designed and built the
necessary automated equipment, and developed the required data
analysis methods, for such a stochastic analysis. Our principal
findings so far can be summarized as follows:

a. The formation of condensed films of thymine and of guanine at
the interface between mercury and aqueous electrolyte solu-
tions is a nucleated process.

b. Such nucleation can be observed as a stochastic process, by

making the electrode surface sufficiently small. In our case,

an electrode area of approximately 0.04 mm2 was used.

Nucleation in bhoth cases follows non-steady-state kinetics:

the corresponding statistics are those of a non-homogeneous

Poisson distribution.

4 d. The rate of nucleation is a strong function of potential. The

3 specific law involved has yet to be determined.

‘ e, From the nucleation statistics, one can obtain an estimate of
the stoichiometry of the critical nucleus. The numbers so ob-
tained, of the order of 10, also depend on potential.

f. Growth of single nuclei can be ohserved directly. Such growth
can be described quantitatively by a simple model of isotropic
growth.

g. The resolution of our growth data is insufficient to decide
whether the condensed film is a two-dimensional liquid or

N solid, i.e., whether its shape is principally determined by

§ ) considerations of edge energy or those of molecular packing.

N h. The dissolution of a condensed film follows simple first-order

< order kinetics, and does not seem to involve nucleation.
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j. With thymine, additional condensed phases are obsereved at
lower temperatures. It is likely that these are also monolayer
films, but with different molecular orientations, governed
largely by interactions of the dipole moment with the electric
field of the double layer,

k. The region of stability of the condensed phases observed de-
pends strongly on both potential and concentration, as expec-
ted. However, it also depends on the nature and concentration
of the electrolyte used, although the precise nature of that
dependence has not yet bheen clarified.

Clearly, the possibility to observe, separately, the kinetics of
nucleation and growth, and to study their functional dependen-
cies, is opening a rich new field of observations in an area of
general importance in many scientific disciplines. The type of
detailed information on the kinetics of nucleation and growth
which we can now obtain is available in only very few cases. Our
electrochemical context is very helpful, because the two-dimen-
sional nature of the phenomenon allows precise control of experi-
mental conditions as well as efficient buffering of interfacial
concentrations while, at the same time, sensitive detection is
facilitated,

Related studies,

In parallel studies we have investigated a number of aspects of
ac and dc polarography. We have devised and tested a simple al-
ternative to Fourier transform ac polarography, and are now tes-
ting an extension of dc polarography to make it more sensitive
Our continued involvement in the refinement of electrochemical
instrumentation has, of course, helped greatly in our studies of
film formation, where we monitor the change of interfacial capa-
citance with time by ac polarography.

We have also completed detailed theoretical studies of nucleation
and of one-dimensional growth. The nucleation studies resulted in
the above-mentioned method to determine the stoichiometry of the

critical nucleus.
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