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CHAPTER I

INTRODUCTION

A. The Problem

The work reported here is concerned with the adsorption of
E—noﬁadecanoic acid onto freshly machined metal surfaces. The work
done is a direct continuation of that begun by Smith and Allen; and
continued by McGill? whose experimental techniques have largely been
adopted. The investigation involves the adéorption of a typical
polar organic molecule onto "clean" metal surfaces; prepared under
rather rigidly controlled and unique conditions in a system from which
the usual surface contaminants are believed to be absent. The purpose
of these studies is to gain some insight into the properties of metal
surfaces themselves, the nature of adsorption onto these surfaces, and
the nature of the resulting adsorbed surface layers. The long chain
fatty acid chosen for the adsorption studies is a typical lubricant.
Therefore, the results are of particular value in the study of metal
wear and corrosion inhibition. Adsorption is, of course, the first
step in any heterogensously catalyzed process. It is, therefore, ex-

pected that the results cbtained will be of more than academic interest.

B. Previous Work

1. Adsorption on Metal Powders

Historically, much of our knowledge of metal surfaces has come

 from adéorption studies. The majority of this work has been part of
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an attempt to explain or determine the catalytic activity of the metal
in question, and consequently;, the studies have usually been carried
out with the metal in powder form. Working with metal powders has
several inherent advantages; as well as some disadvantages. Powders
have a very large surface areaj so adsorption and reaction on them can
be studied by ordinary macro or semi-micro means., The surface area of
catalyst powders is always uncertain, however. Determination of this
area has usually been done by nitrogen adsorption,3 but there is never
any guarantee that the surface available for adsorption of a nitrogen
molecule 1s the same as that available for adsorption of a reacting
species. Further, obtaining reproducible surface areas with different
batches of catalyst is very difficult.

Catalyst powders are always contaminated by coatings of oxide,
hydroxide; etc.; due to prior treatment of the catalytic material. As
this previous treatment is never exactly the same for an& two batches
of catalyst; the surface conditions vary, and results obtained with one
batch do not necessarily apply to another.

There are two rather differemt techniques used for studying
adsorption on metal powders. Probably the most used for fundamental
work has been the adsorption of gases onto metals under rather high
vacuum conditions. The techniques involved are rather specialized and
are of little applicability to the present problem and so will not be
discussed further here. Reference may be made to the text by Brunauerh
who considers the subject at some length.

The second technique involves adsorption from solution. Allen5

has made an adequate summary of work done in this laboratory6 and
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7,859 on the adsorption from solution of long chain fatty acids,

elsewhere
esters, amines, and alcohols onto metal powders. Results of experiments
of this type are sometimes contradictory due to the difficulty of pre-

paring catalytic materials having the same surface properties. Any new

technique which would give more reproducible results would be of value.

2. Adsorption on Gross Metal Surfaces

a. Lubricating layers. The principal impetus for the study of

adsorption onto smoothly machined metal surfaces has come not from
catalysis, but from interest in the causes and prevention of friction,
corrosion, and wear,

The mechanical engineer applies the term Yboundary lubrication®
to that effected by a layer of the lubricating material only a few
molecules in thickness. This type of lubrication does not reduce
friction to the degree that a large excess of the lubricant does, and
the lubricating layer is removed much more rapidly in the wearing process
than in the more usual "hydrodynamic®" lubrication. However, boundary
lubrication offers a unique method of studying adsorption on gross metal
surfaces because the coefficient of friction is influenced here not only
by the properties of the lubricant but also by those of the umderlying
metal. Factors are the thickness of the adsorbed film, the type of
molecule adsorbed as well as its molecular weight; the smoothness of
the underlying metal, the speed at which the metal surfaces are passed
over each other, and the force between the metal surfaces. Since these
variables can be controlled, friction measurements provide one method

of measuring the extent and nature of adsorption of the lubricating film.
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The effect of temperature on boundary lubrication is strilkdng.

Generally, it is found that as temperature is raised there is little in-
crease in friction until some well-defined point is reached where a
sudden increase is noted. The effect is reversible when the lubrieant
is cooled. It has been shown that this temperature is the same as that
of the bulk melting poinmt of the solid lubricant.1® Fatty acids are an
exception to this rule. They maintain their lubricating properties to
temperatures far above their melting points. The reason for this seems
to be that the fatty acids react with the metal atoms of the sliding
surfaces to produce soaps, which have much higher melting points than
the acids themselves. This idea is substantiated by the fact that with
inert metals like gold and platinum which would not be expected to form
soaps, the lubricating properties of fatty acids disappear just at their
bulk melting points. With more active metals, the temperature of the
onset of friction increase has been shown to be identical to the melting
point of the appropriate metal soap.

The formation of such soaps on metal surfaces has been tested by
a tracer technique.11 A metal surface made radioactive by neutron
bombardment was immersed in a fatty acid solution. It was then removed,
and the adsorbed material desorbed into hot benzene. Radioactive metal
was desorbed indicating chemical reaction had occurred. The quantity
of metal desorbed was evidence that several molecular layers of soap
had formed, except on the most noble metals where no reaction was
indicated. Probably, where reaction occurs; the fatty acid diffuses
through the soap layer and reacts with the underlying surface. The rate
of diffusion of this soap back into the solvent is slower; and, hence,

there is a build up of soap on the surface.



The detailed behaviour of the metal soap depends on how it is
deposited on the metal surface. If there is a weak attachment between
the soap and the metal surface, the soap may desorb back into the ex-
cess lubricant. This tendency is, of course, increased as temperature
is raised so the breakdown of the lubricating film may take place at a
lower temperature than the theoretical. Adsorbed soap applied from water
solution breaks down at about 100°/ -due" to ebullition of ocecluded -water.-
Fatty acids which react in situ to form adsorbed soaps are better lubri-
cants than are soaps formed elsewhere and then used as lubricants because
of their stronger attachment to the surface.

Finally, experiments have beerr performedl? to try to determine
the optimum metal surface state for mo;t efficient lubrication. In
particular, the effect of mild oxidation of the metal surface on the
efficiency of lubricating films has been studied. Results indicate that
the most efficient lubrication is attained with surfaces which have been
allowed to oxidize for a short period, preferably in the presence of
water. The explanation given for this is that the free energy require-
ments of the reaction of the metal oxide with the fatty acid are more
favorable than those of the reaction of the metal itself. This leads
to more complete surface reaction., The additional soap formed on the
oxidized metal surface makes a more efficient lubricating layer.
Quantitative measurements to correlate the extent of oxide formation
with reaction of fatty acid had not been undertaken at the time the
present series of investigations was begun.

Studies of boundsry lubricants have shown, then, that adsorption

of fatty acids by metals is a chemlsorptive process leading to soap



formation, that the stability of the adsorbed layer is dependent on
the conditions of its formation, and that soap formation is favored by
oxidation of the metal surface.

b. Oleophobic layers. Another property of adsorbed films which,

like friction, has been used to study adsorption on macroscopically
smooth metal surfaces is the ability of certain adsorbed films to repel
the approach of molecules of solvent. Such films, which show an un-
usual degree of resistance to wetting, are called qQleophobic.

Oleophobic layers were first discovered in 1946 by Bigelow,
Pichett, and Zisman.l3 Metal specimens dipped into a solution of
eicosyl alcohol in hexadecane could be removed dry, while if immersed
in solvent only they retained an oily layer. These investigators
reasoned that the oleophobic property must be caused by oriented close-
packing of monolayers of adsorbed material on the surface, and making
use of contact angle measurements, they were able to calculate the cross-—
sectional area of the film molecules. Oleophobic layers were formed
from a variety of solvents and polar solutes, the general requirements
being the presence of a polar group at the end of a hydrocarbon chain
of at least eight and preferably fifteen or more carbon atoms, and a
low solubility in the solvent used. It is interesting. to note that for
every compound studied a characteristic temperature was found, above
which the oleophobic property disappeared. This temperature has been
used to calculate the heats of adsorption of several long chain com.pounds.lh
Study of oleophobic layers, then, has furnished information about

the orientation, dimensions, and heats of adsorption of adsorbed layers

of fatty acids on metals.
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co Direct measurement gg adsorbed material, A more fundamental

technique for measuring adsorption on gross samples of metal than either
of those mentioned above is the direct determination of the quantity and
character of the adsorbed material. This method would surely have come
into wider use than it has were it not for the experimental difficulties
attendant to it. These are due to the fact that the surface area avail-
able for adsorption is very small so that extremely sensitive micro-
analytical techniques are necessary in detecting adsorbed material, and
to the extreme difficulty of obtaining a smooth surface of measurable
and known area.

The first difficulty has been attacked in at least two ways: by

the use of radioactive tracers as an analytical method; and by the use

of miero balances. Dobryls used this latter technique to determine the
anount of chemisorbed stearic acid on copper and on copper oxide sur-
faces. After measuring weight increases of the metal due to exposure

to the acid in benzene solution, he desorbed the adsorbed films into
fresh benzene and subjected the desorbate to a copper analysis. In this
way, he was able to determine what part of the acid was physically ad-
sorbed and what part chemically adsorbed. He found usually about 30 per
cent reaction on the oxidized surfaces and none on the unoxidized

copper metal.

Probably a better method than this is the radioactive tracer
technique. As mentioned above, Bowden and Moore11 used a tagged metal
surface onto which ordinary stearic acid was adsorbed in the form of
langmuir-Blodgett layers. The film was then desorbed, and the amount

of metal removed was measured by a counting technique. Reaction amounted



to approximately 25 per cent.

Beiseher16 used a tracer technique in which the fatty acid
labeled with carbon-1i was adsorbed from Langmuir troughs onto the
metal. The active layer was then pressed against a piece of X-ray
film for a standard time interval, and the activity was determined by
measuring the degree of darkening of the film.

After forming the film, physically adsorbed material was ;;-
moved by benzene rinsing and vacuum evaporation; and the remaining
material was assumed to be chemisorbed. It was found that layers ad-
sorbed on glass surfaces where no reaction could occur were removed
eompletely in this manner. However; solubility of the soap in benzene
always led to somewhat low results. It was estimated that reaction
amounted to approximately 30 per cent. No attempt was made to prevent
oxidation of the copper surface.

The second problem, that of smooth and reproducible surfaces;
has not yet been satisfactorily solved. The usual polishing, etching,
and degassing always leaves contaminants on the surface. High temper-
ature outgassing is applicable to few adsorption systems. It is
thought that the method used in the present investigation may prove

more satisfactory than those previously employed.

3. Theoretical Aspects of Adsorption on Metal Surfaces

a. Adsorption cross section of fatty acids. The manner in

which fatty acid molecules become adsorbed on metal surfaces; and the
properties of the adsorbed films; are influenced by the shape of the
individual adsorbed molecules, and the manner in which they are aligned

on the metal.
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Most of our knowledge of the alignment of molecules in Langmuir-
Blodgett type films has come from the study of these films on water
surfaces. langmuirl! has substantiated the old idea that the polar
parts of the molecules are attracted into thé aqueous phasey, with the
nonpolAr hydrocarbon tails oriented normal to it and extending out
from it, by showing that the area occupied per molecule of saturated
fatty acid in such films is independent of chain length of the acid.

A large number of experiments with surface balances on such
films has shown that abrupt imcreases in the film pressure occur at
points which are characteristic of the species of which the film is
composed. This resistance to further compression is thought to occur
at the points where close-packed molecular layers are formed, with
further compression made possible only by crumpling the film. From
data determined from this type of experiment plots of area per
molecule vs. film pressure can be made; and the region due to close
packing extrapolated to zero pressure to obtain the area occupied per

molecule in the ideal uncompressed film. Using this method, kdamsl8

found that the cross~sectional area of fatty acids of from fourteen
to twenty-two carbon atoms was approximately 20 32.

b. Mechanism of adsorption from solution onto metal surfaces.

Adsorption must occur through diffusion of the adsorbable material in
the solution to the metal surface. It is knoun19 that fatty acids
exist in solution in hydrocarbon solvents at least partly in the form
of dimers; held together at the carboxyl position by hydrogen bonds.

Frgwingzo’zl has suggested that the dimerized state is maintained
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after adsorption, but later work13 seems to indicate this: is an error.
One of the first steps in adsorption is then the splitting of the dimer
pair, and whatever energy is necessary for this is furmished at the
expense of the heat of adsorption.

From their work on oleophobic monolayers, Bigelow, Pickett, and
Zisman13 and Bigelow, Glass, and Ziaman.lh determined that the adsorbed

molecules are vertieally oriented on the surface in a close-packed
state with the polar parts of the molecules attached to the surface;,
and that only monomolecular layers are formede These can sometimes
bridge small proclivities in the metal due to the lateral attraction
of the carboxyl groups and carbon chains. If the chains are unsaturated,
adsorption may occur at the double bond as well as at the carboxyl
group, which leads to horizontal orientation of the adsorbed molecules.
These ideas are probably an oversimplification, because later
electron diffraction studie322 have shown that the molecules of stearic
acid in oleophobiec layers are tilted an average of 5° from the vertical.
Epstein23 interpreted his electron micrographic studies as indicating
the presence of surface clusters which he thought were circular and had

a diameter of approximately 100 A. He suggested that the reason for

the presence of these clusters was probably the difference in cross
section of the carboxyl groups and hydrocarbon chains. The central
molecules are vertically oriented with the peripheral ones leaning
toward the center due to the lateral attraction of the hydrocarbon
tails.

The energetic processes leading to the formation of a two

dimensional array of molecules on a surface has been considered by
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RobertSZh and Topping,25 Energy is involved in the aligmnment of the
molecular dipoles among themselves as well as with the mirror images of
these dipoles which are induced in the metal surface. Here again, a
homogeneous uncontaminated surface for adsorption would greatly simplify

theory and calculations.

L. Adsorption and Reaction on Metal Surfaces Prepared under an

2

Inert Solvent

a. Work of Smith and Allen. As stated above, various investi-

gators have studied adsorption from solution onto metal powders as part
of studies of heterogeneous catalysis by metals. However, many of the
catalyst powders were contaminated with oxide; etc., due to previous
exposure to the air. The extent of oxide formation on these surfaces,
and the effect of this contaminant on surface area and adsorptive and
catalytic behaviour was largely unknown. A knowledge of what this
effect is would be very valuable since the kmowledge could be used to
help interpret and better understand the behaviour of almost all

catalytic materials.

1 undertook to study this problem. Due to the

Smith and Allen
difficulty of preparing "clean" catalyst powders they worked with gross
samples 6f several typical metals. Their method of preparation of
surfaces was unique. Using a modified; hand-operated bench lathe,
fresh surfaces were prepared on a variety of metal cylinders by
machining them under an inert cover liquid containing carbon-1l labeled

n-nonadecanoic acid. After machining; the metal cylinders were trans-

ferred; while wet, to stirred cups which contained the same fatty acid
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solution used for machining. The acid was allowed to adsorb onto the
metal surfacgs for measured time intervals after which the cylinders
were removed; allowed to drain, and the extent of adsorption determined
with a Geiger counter. If the adsorption onto an oxidized surface was
to be determined, the cylinder was cut in air and allowed to oxddize,
after which it was placed under the solution containing the labeled
acid and treated as described.

Results of Smith's and Allen's experiments on copper; nickel,
iron, and aluminum metals are shown graphically in Figure 1. The ad-
sorption isotherms for all four metals are markedly different, depend-
ing upon whether the adsorption was onto the oxidized or unoxidized
surfaces. For the unoxidized metals, adsorption quickly reached a
maximum value; while for the oxidized surfaces adsorption contimued to
increase even after several days exposure to the labeled acid solution.
In every case, adsorption was higher on the oxidized than on the un-
oxidized surfaces.

Smith and Allen explained their results by hypothesizing a
reaction between the metal surface atoms and fatty acid which led to
formation of chemisorbed metal soap. The higher adsorption on the
oxidized surface was explainable, as the free energy requirements of
the reaction

Metal Oxide + Fatty Acid - Metal Soap + Water
are known to be more favorable than those of the reaction
Metal + Fatty Acid - Metal Soap + Hydrogen

They made no effort to control the properties of the oxide layer.
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Smith and Allen suggested that complete coverage of the surface was
responsible for the adsorption plateau on the unoxidized surfaces,
while pitting of the surfaces in the oxidation process led to increased
surface area and sites available for reaction for the oxidized metals.
Attempts were made to estimate heats of adsorption by determining ad-
sorption isotherms at various temperatures, but results were inconclu-
sive.

2

b. Work of McGill. McGill" contimued the work begun by Allen,

using the same general techniques and equipment. He studied the ad-
sorption behaviour of n-nonadecanoic acid onto eight different metals
when they were machined under the labeled acid solution and never ex-
posed to the air, Of the metals studied, he found that magnesium,
lead, copper, nickel, and aluminum quickly reached adsorption plateaus
and that these plateaus indicated an identical population density of

adsorbed acid. The value obtained, L.l7 molecules per 100 32, was
exactly that which Langmuir obtainedl? from force-area measurements

on compressed fatty-acid films spread on water, and corresponds to
close—-packed monomolecular layers based on the cross section of the
carboxyl groups as the limiting factor. This implies that the metal
surfaces produced were, so far as adsorption is concerned, perfectly
flat.

Silver showed a small deviation from monolayer coverage while
gold and platimum gave characteristically different isotherms. Silver
was considered as being a limiting case for chemisorption, with all
metals more active reacting completely to give the saturated adsorption

layer and gold and platimum reacting little or not at all. What little
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adsorption there was on these metals was considered due purely to
physical attraction to the surface.

Comparative experiments were also run on oxidized and unoxidigzed
surfaces. The experimental technique was varied from that of Allen to
allow control of the thickness of the oxide layer. In contradistinction
to the results of Alleny; McGill found that adsorption on unoxidiged
surfaces was higher; not lower; than that on surfaces which were ex-
posed to the air for short; measured time intervals. This was con-
sidered very significant; as it had always been found previously that
adsorption was favored by oxidation of the surface.

McGill was able to find some precedent for his work in the re-
sults of Shaw26. This investigator; making a fundamental study of
cutting fluids, had found that the combimation of high local temperatures
and pressures existing in the neighbo?hood of the cutting edge;, and the
nascent metal surface produced by the cutting process were often able
to promote chemical reactions. He was able to prepare a variety of
metal-organic compounds in this manner under conditions which would

normally be very unfavorable for reaction.”
McGill suggested that the seemingly anomalous results he had

obtained; as well as Shaw's "mechanical activation'; were explainable
in terms of a newly discovered phenomenon; the Kramer effect. This is
the name applied to the low energy electron emission observed from

freshly prepared or "clean" metal surfaces which occurs for short

*Mhe Cincinmati Milling Machine Company, by whom Shaw was em-
ployed, have patented an apparatus fgf carrying out such reactions.
This they call the "Cimmac Reactor".
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periods after such surfaces are prepared. Energy of these electrons

has been estimated to be of the order of a few electron volts. Emission
decays rapidly, according to a hyperbolic law. This emission is almost
certainly responsible for the hyperactivity of such surfaces which has
been mentioned earlier.®

McGill reasoned that nascent metal surfaces, from which low
energy electrons were being emitted; might well be sufficiently
energetic so that their reaction with the fatty acid would be favored
over that of the metallic oxide from which emission was absent. He
hypothesized a reaction mechanism for the chemisorption; involving the
Kramer electron, as follows. Copper is used as an example.

1/2 Cu+1/2 Cu*t + e~
e~ + HY(Nd)™ -+ Nd~ + 1/2H;
(Nd)~ + 1/2 Gu** —+ 1/2 Cu(Nd),
The net reaction is
1/2 Cu + H(Nd) - 1/2 Cu(Nd), + 1/2 Hy .

McGill went to considerable pains to show that chemisorption was
indeed occuring and that this chemisorpfion was influenced by the Kramer
effect. He showed that the adsorptive ability of the various surfaces
declined with increasing aging time under the pure'inert solvent before
exposure to the fatty acid solution, and that this decline paralleled

that of the Kramer effect. He was also able to correlate adsorptive

ability with ability of the fresh surfaces to expose photographic

*The cause of the Kramer effect is still in dispute. Most of
the significant work done concerming it together with the various
explanations proposed for the electron emission are summarized in
Appendix I.
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plates. This latter phenomenon, known as the Russell effect, is possibly
another manifestation of the Kramer effect, and is discussed in Appendix
I,

Thermodynamic calculations showed that the free energy changes
Involved in the socap formation reaction were unfavorable for several
of the metals studied, but that additional energy on the order of an
electron volt could make reaction possible. McGill hypothesized that
this energy was supplied by the Kramer electron.

The effect of machining the various metals under progressively
more dilut e solutions is shown in Figure 2. As the metals become more
noble, more and more concentrated solutions are necessary for complete
surface coverage., This McGill explained as being due to the Kramer
effect also. As solution concentration decreases, it takes longer and
longer for sufficient fatty acid to diffuse to the surface to form the
saturated adsorption layer. Since the Kramer effect is decaying as
this dif fusion to the surface is occurring, the more noble metals would
be expected to be affected first because chemisorption on their surface
requires more energy. Aluminum is clearly an anomalous case, as mono-
layer coverage is attained on it only with the highest acid concentra-
tion, in spite of the activity of the metal.

McGill also showed by another type of experiment that adsorption
was accompanied by chemical reaction. He desorbed the adsorbed fatty
acid from the metal surface and then subjected the desorbed material to
an analysis for the metal in question. His thought was that if a soap

were formed on the surface the desorbing fatty acid should carry with



18

s T l b T “

4F==> == =

3 L 3 /‘—'—_—- -

2H — 2 —-/ —

1p . 1 -

0 | | 0 1 i

1 10 100 1000 1 10 100 1000

Magnesium Aluminum.

5 1 | 5 T T

0
1 10 100 . 1000 1 10 100 1000
Lead Copper

5 | T 5 T
b 1 FES R

3 st .

. 2 ;:\\
1 iy /\

0 | 1 o } 1

1 10 100 1000 1 10 100 1000

Silver Gold

FIGURE 2 « McGILL'S ADSORPTION ISOTHERMS

All the metals were machined under solutions “A", "A/2%, "a/a%,
and '1/89 which mccounts for the progressively lower adsorption ,
isotherms. Adsorption (ordinate) in units of molecules per 100
is plotted as a function of acid exposure time in mimutes. The
dotted lines indicate monolayer surface coverage.

A Y



19
it an atom of the metal, while if the adsorption were merely a physical
phenomenon, the process should be completely reversible. In every case,
except that of gold and platinum, it was found that adsorption was ac-
companied by quantitative chemical reaction, and that when two different
soaps could be formed on the metal surface due to several valence states,
the amount of metal desorbed was characteristic of only one of these.
Rates of desorption were also shown to be characteristic of the solu-

bility of the soap, and not of the fatty acid itself, in the solvent.



CHAPTER II

EXPFERIMENTAL METHOD

A. Surface Preparation

1. Technique
The experimental techniques used in this work are largely those

of Smith and Allenl as modified by McGill.2 The apparatus is pictured
in Figure 3. The metal samples on whose surfaces adsorption was to be
measured were mounted in specially designed machining cups. These
machining cups were in turn mounted on a modified bench lathe so that
the cup and cylinder assembly could be transposed in both horizontal
directions beneath a stationary, specially designed cutting tool mounted
vertically over the ways of the lathe by means of a section of angle
iron attached to the lathe bed.

To prepare a fresh metal surface, the stationary cutting tool was
lowered by adjustment of the compound feed micrometer, to which it was
attached, until lateral movement of the sample and cup assembly resulted
in a thin slice of metal being removed from the top of the sample
cylinder. Depth of the cut was usually from 0.l to 0.2 mils, and cut

width was 100 mils.* Fifteen "passes" were thus necessary to bare

*The position of the cuts was fixed by the tool carriage cross-
feed micrometer and the cut depth by the compound feed micrometer. Be-
cause of a small amount of “play" in the cross-feed micrometer mechanism,
it was found necessary that the setting always be approached from the same
direction (either clockwise or coumterclockwise). It was also found that
the cutting tool could be lowered most effectively in the immediate neigh-
borhood of the metal surface by lightly tapping the lowering control arm
with a small wrench, and noting the amount of lowering effected.
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completely the top of a 1l.5-inch sample cylinder. The cutting tool was
never dragged a second time over a fresh surface but instead, between
cuts, the sample and cup assembly was transposed around the cutting
tool to position it for a new cut. All cutting was done manually, as
this procedure was found to give the best results. A standard total
machining time of one hundred seconds was established, which was essen-
tially the same as that of MeGill. This could be reproduced to plus or

minus five seconds.

2. Equipment
a. Lathe. The lathe which was adapted to perform the planing

operation described above was the same as that used by Allen and McGill,
and is pictured in Figure 3. A South Bend 24-inch metal turning lathe
was actually used, but similar equipment could be similarly adapted.

be Cutting tool. The cutting tool was of the same type as that

employed by McGi112 which was a modification of that emploﬁed by Allen.1
The tool is shown in Figure 3, and is diagrammed in Figure Lo It was

formed to the specifications given from a quarter-inch square Rex AAA
blank by a fine grinding wheel, and was then hollow ground to a 3/16-
inch radius. The bottom was ground slightly convex to produce a shallow
rounded cut. The tool was resharpened before such new metal surface was
prepared by stroking the bottom of the cutting edge on an oilstone, and
the top of the cutting edge on a piece of # LOO carborundum paper
wrapped around a 3/16-inch dowel. This preserved the hollow ground
edge. After having been sharpened, the tool was washed twice with

acetone; and then wiped thoroughly with a tissue soaked with cyclohexane.



FIGURE 4

THE CUTTING TOOL

=

2 B

Side Views
(twice actual size)

C

23



2L

c. Machining cups and holders. These cups held the' inert

solvent, or the solution, which covered the metal sample cylinders as
new surfaces were being cut on them. They also served as mounts for
the sample cylinders. These cups were identical to those employed by
McGill, and are diagrammed in Figure 5. They were machined in the
Departmental Shop from standard brass stock to the specifications
given, The cup sides were machined to a 2° taper to fit the cup
bottoms; and so were removable. A very thin film of Nonaq Brand
stopcock grease spread over the taper joint effectively prevented
solvent leakage.

The machining cups were mounted in speclally constructed holders
made to fit the lathe bed. They were held in place by three 3/8-inch
machine bolts mounted equidistantly around the periphery of the
holders. These holders were so marked that they could be removed from
the lathe bed and then replaced exactly in the original position. Thus,
when a new surface was to be prepared, the former cuts were always
exactly parallel to the lathe bed.

de Metal samples. In the course of this work, experiments were

run on copper, magnesium, silver; alumimum, tin, indium, and cobalt
metals. The first four of these were used for other experiments by
Allen and/or McGill. The latter three have not been previously investi-
gated. All metals were machined to l.5-inch cylinders and then mounted
on the base of'the machining cups in the manner indicated. The spectro-
graphic purity of all the samples is presented in Table I.

The copper was a bar of commercial electrolytic copper. Very

smooth surfaces could be cut on it by making very shallow cuts. Surface
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SPECTROGRAPHIC ASSAYS OF THE PURITY OF THE METAL SAMPLES™

Ag 0.001
Al -
Bi 0.01
Co -

Cr v

Cu 0.03
Fe 0.03
In %
Mg -
Mn =

Ni 0.002
Pb 2.5
Si -

Sn Strong
Ti -

0.1

0.1

0.1

0.2

0.001

Strong

0.002

0.001

Strong
0.05

0.0005

0,003

0.002

0.01

0.03

0.002

0.02

Strong

0,002

0.02
0.03
0.5
0.5
0.05
0.2

O.h

0.03

*The concentrations of the impurities are given in per cent.
All unlisted metal impurities were undetectable. All the impurity
levels listed are correct to a factor of three.

*%The per centage of lead in the tin sample was redetermined by
a more sensitive method and found to be 1.17 per cent (plus or minus

O+l per cent).
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quality varied considerably with cut depth. The copper was soldered to
the -base of the machining cup.

The magnesium was obtained from the Dow Chemical Company. Although
highly machinable;, this particular sample contained some large single
crystals. These made the machined surfaces not quite as homogeneous as
they might otherwise have been. Thg magnesium was attached to the
machining cup with a film of ordinary Duco household cement.

The silver was obtained from the A. T. Wall Company, Inc. It was
highly machinable and very smooth surfaces could be cut on it. It was
attached to the brass machining cup with soft solder.

The alumimum was cut from commercial aluminum stock.e Some slight
crystallinity was noted in the sample; as with magnesium. The metal was
easy to machine and was attached to its machining cup with special alum-
inum solder.

The tin was obtained from the Division Lead Company. The metal
was very soft and easily cut, producing very smooth surfaces. It was
soldered to the machining cup.

The indium was obtained from the American Smelting and Refining
Company. It was very soft; easy to machine, anq produced smooth sur-
faces. However, the metal shavings formed in the machining process
adhered to the cut surface whenever they came in contact with it. They
were removed from the surface with a pair of tweezers, but the shavings
appeared to form a true weld when they adhered and their removal left
somewhat pock-marked regions on the surface. The areas so marked were
small compared to the total surface area, however. The indium was

attached to the machining cup base with Duco cement.
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The cobalt was found to be quite hard and was most difficult to
machine. The cut depth could not exceed 0.15 mils and cutting at all
was only possible with a very sharp tool.. The metal tended to powder
rather than come of f as smooth shavings, but surfaces appeared fairly

smooth. The sample was attached to the machining cup with ordinary

solder.
B. Adsorption of Fatty Acid
1. Technique

The method of preparation of a new metal surface has been
described above. When adsorption measurements on such a surface were
to be carried out the machining operation was done, not in air, but
under an inert solvent which served as a cover liquid and protected
the nascent surface from exposure to the air. The solvent contained
in solution the fatty acid whose adsorption was to be measured. This
solution was contained by the machining cups previously described.
Volume of the solution was sufficient to cover the face of the metal
sample cylinder to a depth of 1/l inch.

Although all the metal surfaces were machined in the manner
described, they were transferred immediately after cutting from the
machining cups to specially designed glass adsorption cups which con-
tained the same solution. Here most of their actual exposure to the
fatty acid solutions occurred. This was done for two reasons. First,
it seemed desirable to rid the solution of the metal shavings produced

by the machining process as these would, of course, adsorb fatty acid
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and unnecessarily deplete the solution. Second,the metal machining
cups offered no ready method of stirring the acid cover solutions. Such
stirring was deemed necessary to prevent formation of a diffusion barrier
to further adsorption which might limit surface coverage. Accordingly,
as soon as machinipg was completed the bolts which held the sample holder
to the lathe bed were loosened and the cutting tool was raised to permit
removal of the sample and cup assembly from the lathe. The solution was
then poured offy; the machining cup removed from its basey, and the sample,
cup base; and cup holder quickly inverted over the glass adsorption cup
which was equipped with a magnetic stirrer. With practice; this whole
operation could be carried out in only a few seconds and the transfer
made so quickly that the metal surface was always kept wet and never
exposed to the air. Figure 6 is a diagram of the sample;, holder, ad-
sorption cup, and stirring apparatus. All acid exposure times were
counted beginning with the initial cut on the metal surfaces. A constant
stirring rate of 140 rpm. was adopted and used for all the experiments

carried out.

2. Equipment

a. Adsorption cups. These were constructed from ordinary 150-ml.

beakers by cutting off the beaker bottoms; some at l-inch and others at
2.5-inches; and then flanging the cut edges. The sample holders rested
on the flanged lips of these cups when the samples were inverted over
them., These flanged lips were ground on emery paper to make a tight
seal with the sample holders;, which effectively prevented solvent

evaporation over long acid exposure times.
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be Stirrers. The stirring assembly is diagrammed in Figure 6.
The magnetic stirring bars were made by sealing 5/8-inch pieces of
ordinary steel paper clips in sections of small diameter glass tubing.
These stiring bars were turned by small Alnico magnets attached to a
variable speed motor.

c. Temperature controls Most of the adsorption experiments

were carried out at room temperature (23-28°), but several of the ad-
sorption measurements on copper were made under controlled temperature
conditions, as were all the exchange measurements. McGill? has described
a thermostated sample mounting which he used for some elevated temper-
ature adsorption measurements on copper; and this is diagrammed in
Figure 7. By use of this apparatus; machining could be carried out
while water from a constant temperature reservoir was circulated through
the sample block. A thermostated jacket for the glass adsorption cups
was also constructed which permitted the solutions in these cups to be
stirred while adsorption measurements were being made. This jacket is
also shown in Figure 7.

Water was circulated through the cup and jacket assemblies by a
centrifugal pump from a reservoir maintained at constant temperature

within plus or mimus 0.1°.

3. Reagents

a. Solvent. Cyclohexane was used exclusively as the solvent in
the present work. This is the same solvent as that used by Allen and
McGill, but differs from that of most other investigators who have

usually employed benzene.
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The choice of solvent was dictated by the features desired.
First, it had to be strictly nonpolar as any polarity would interfere
with the adsorption which was to be studied. Secondly, it had to be
absolutely nonreactive with the metal and solute. Third, it was
desirable that solubility of oxygen be as low as possible, as any
dissolved gas would react with the nascent metal surfaces. Fourth,
it was desirable that the solvent have a fair volatility. Fifth; as
large quantities of solvent were to be used, it was desirable that it
be nontoxic, inexpensive, and fairly easily purified.

Cyclohexane was felt superior to benzene on both the second
and third countse The dauble bonds in the benzene molecule were con-
gidered possible reaction sites and, although the solubility of oxygen
in cyclohexane has not been determined it is thought to be very low,

and lower than that in the unsaturated hydrooarbon.*
HcG1112 has summarized most of the cammonly employed methods

of purifying cyelohexane. He chose a nitration procedure followed

by extraction with alkali to remove the benzene which is the principal

cyclohexane contaminant. He followed this by reflwdng over sodium

amalgam to remove water and, finally, passed the solvent through an

activated alumina column to remove the last traces of polar material.
This procedure was found unnecessarily involved, however. It

was found that very pure cyclohexane could be prepared by fractionating

*2llen purged several of his solutions with argon to prove that
dissolved oxygen did not significantly affect his results. He found no
difference in adsorption. Boiling the solvent was also without effect.
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the drum grade material to remove most of the water and other contaminants;
then passing the fractionated solvent through a L4-ft. adsorption column
25 mne in diameter. The upper half of the column was packed with Davidson
100-200 mesh silica gel, and the lower half with Alcoa F-20 grade acti-
vated alumina, Solvent was collected at the bottom of the column at the
rate of one drop every six seconds.

The quantity of adsorbent in a column of these dimensions is suf-
ficient to turify several liters of cyclohexane. The silica gel effec-
tively removes any unsaturated organic compounds, including benzene, and
the alumina removes any traces of other polar materials. The columns'
efficiency can be conveniently checked from time to time by examining
the purified material for the characteristic ultraviolet absorption
maxima of benzene.

b. Solute. Nonadecanoic acid was used exclusively as the solute
in the present work. This is the same long chain fatty acid as that
studied by Allen and McGill;, and was chosen to make the results obtained
as nearly comparable to theirs as possible. It was originally chosen
by Allen because it was a representative long chain fatty acid, had but
one polar group which could become adsorbed on the nascent metal sur-
faces, and because it was easily synthesizable, incorporating an atom
of carbon-1} via octadecyl bromide and the Grignard reaction. Details
of this synthesis are given in Appendix II.

co Acid solutions. All of the fatty acid solutions under which

the metals were machined and from which adsorption occurred were pre-
pared by dissolving the appropriate quantity of the acid in a measured

quantity of cyclohexane. Because the fatty acid was labeled to the
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extent of l.L4li mole per cent with carbon-ll, and because the working
solutions were extremely dilute, the preparation of solutions of
accurately known concentration and activity required some care.
Carbon-1l is a weak beta emitter, and has been extensively used as a
tracer for organic corhpounds. Because of the long half-life of the
isotope, 5568 years ,28 the loss of activity due to radioactive decay
is negligible over a period of a few years. However, the energy of
disintegration may be sufficient to decompose other molecules of fatty
acid resulting in a serious loss. To minimize this effect, the acid
is best stored as a solution in which the energy of disintegration is
largely absorbed by large quantities of inert solvent.

Accordingly, at the beginning of the present study 67.75 mg. of
the purified labeled fatty acid was dissolved in 500 ml, of cyclohexanse
freshly passed through a new adsorption column. The solution was stored
in a 500 ml. volumetric flask which had been cleansed with hot chromic
acid, rinsed repeatedly with distilled water, and finally, steamed and
thoroughly dried. This solution of concentration 135.5 mg./l..was
designated solution "S®", following the nomenclature of Allen. Another
standard was also prepared identical to "8§" except that it was prapa.red‘
using unlabeled acid. This was designated solution "50 Uw,

From these two standards, working solutions were prepared by
appropriate dilution. In the table shown below, solutions designated
®"A® are radioactive, while those designated "U® are not radioactive.

In an attempt to minimize adsorption on the walls of the volu-
metric flasks used to contain the worldng solutions, whenever a new

flask was put into use a solution was made up in it, allowed to stand



TABLE II

WORKING CONCENTRATIONS OF n-NONADECANOIC ACID
SOLUTIONS IN CYCLOHEXANE

|

Acid Acid Concentration
Designation pge/ml. M x 106
2U and 2A 5.26 17.7
U and A 2.63 8.83
A/2 1.32 Lol
A/ 0.66 2.20

A/B 0.33 1.10
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for a week, discarded, and the flask filled with a new stock solution.
This was done to allow the establishment of equilibrium between adsorbed

fatty acid and acid in solution.

C. Counting Apparatus and Measurement

Techniques

1. Technique
At the end of the desired exposure time of the metal to the fatty

acid solution, the sample was removed from the adsorption cup and ad-
sorption determined with the aid of a Geiger coumter. When the sample
was withdrawn the machined face was always wet with a small amount of
solvent. This, of course, carried with it some non-adsorbed radioactive
acid which, if not corrected for, would lead to erroneous adsorption
measurements. Allenl corrected for this source of error by making what
he called a drainage count. He immersed in the solution a clean metal
sample which had been machined in air, then quickly removed it, before
any reaction could occur on the surface. He then inclined the sample
and allowed it to drain. He then counted the sample, and‘added the
count obtained to the background of the Geiger tube. This procedure
was somewhat erratic because results depended on room temperature, air
currents, etce.

McGill found that such draining was unnecessary and that very
reproducible counts could be obtained by blotting the surface with a
clean photo blotter as soon as it was removed from the solutiop and

before any solvent evaporation could occur. The solution was absorbed

by the blotter leaving only the adsorbed acid on the surface. This
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procedure was used throughout the present wark, except that a clean
tissue was usually substituted for the photo blotter.

McGill's counting technique was also adopted and used throughout
this work. An alumirmum mask, 1 mm. thick, having a 1.0-inch hole in its
center was cor;structed to fit over the Geiger tube window. The active
surface could then be tutted directly against the mask which gave a
constant counting geometry without risking contamination of the tube
window., As the one-inch diameter opening in the mask was considerably
smaller than the 1.5-inch diameters of the metal samples, the area
counted was limited to the cemter of the samples, and any anomalous
edge effects were eliminated. A sponge rubber pad placed bensath the
metal sample holders while the counting was taking place acted as a
smring and kept the sample surfaces pressed flush against the mask.,

A standard counting time of fifteen minutes was established and used

for making all adsorption measurements.

2. uipment

All measurements were made with a Nuclear Instrument Company
Model 165 scaler., The Geiger tube was a Tracerlab TGC-2 end window
tube having a mica window thickmess of 1.8 mg./cm.2 and was filled
with helium and a quench gas at 720-nrm. pressure. Operating voltage
was 1300 volts. The tube was shielded with a 1/8-imch lead jacket.

No detectable change in tube characteristics was noted over the course

of the investigation.



CHAPTER III

EXPERIMENTS ON FRESH METAL SURFACES

A. Introduction

It has been stated that the work reported here is a direct con-
tinvation of that bggun by Allen and carried on by McGill., Therefore,
the most logical place to start was an extension of McGill's work to
other metals. This both familiarized the investigator with the experi-
mental techniques used, and added to the knowledge Allen and McGill had
gained about the adsorption behaviour of n-nonadecanoic acid on machined,
activated metal surfaces.

Accordingly, samples of cobalt; indium, and tin metals were ob-
tained. Sources and spectrographic assays of these materials have been
previously given. Choice of the latter two specimens was not arbitrary.
It has been stated above that McGill found the adsorption behaviour of
alumirmum to be anomalous (Figure 2). In spite of its high activity, he
observed the saturated monolayer adsorption on this metal only when it
was machined under the highest acid concentration he used, solution "A",
In an attempt to explain this behaviour; McGill stated that alumimum
was normally .a trivalent metal and consequently would be expected to
form the trivalent soap. However, at the time he completed his work

no such alumimum soap had ever been prepared.® The reason given for

*§ e that time, preparation of aluminum IITI soaps has been re-
ported.2 ’ The third fatty acid molecule adds to the alumirmum atom
only with difficulty; and so McGill's explanation is in no way compromised.
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this was that alumimum is a small atom, and that steric limitations
prevent the approach of three fatty acid molecules to the metal. Con-
sequently, if such a trivalent soap were formed on the machined metal
surface it wauld probably be rather unstable, particularly as an alum-
inum surface atom can present only one "face" for reaction with the fatty
acid.

Indium is also a trivalent metal but has a considerably greater
atomic weight than does aluminum; as well as a larger atomic diameter.
It is less electropositive. Consequently, if adsorption were observed
to be higher on indium than on aluminum; McGill's postulate would be
substantiated.

Similarly, tin lies directly above lead in the periodic table,
is usually divalent, but has a smaller atomic diameter. Hence, it was
thought that some steric limitation of adsorption might be observed on
this material. There was also the possibility that the tin tetravalent
soap would be formed on the metal surface; in which case a strong steric

effect would be expected.

B. Radiochemical Standardization

1. The Problem

In all this work, the extent of adsorption of the fatty acid on
the metal surfaces was measured with a Geiger counter., To obtain the
desired information about surface coverage it was necessary to convert
the caunts per minute into population density of adsorbed acid.

This determination is somewhat complicated by the fact that the

same amount of tagged fatty acid adsorbed on the different metals does
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not yield the same count rate. The principal reason for this is the
different backscattering ability of the various metals. The direction
of the soft beta radiation emitted by the carbon-l); tagged acid is
originally isotropically distributed. Some of the beta particles are
directed to the window of the Geiger tubey; others toward the metal. The
various metals are more or less able to reflect the radiation back to
the Geiger tube, and this reflection is called "backscatter™. Back-

scatter is a function both of surface ronghnossjl’32 and of atomic

mumber .33 Generally speaking, a rough surface has a higher backscatter
than a smooth one does, and reflecting ability increases with increasing
muclear mass. -

Also, another factor may influence count rate. All the collisions
of the beta particles with the metal surfaces are not completely elastic,
and thus the reflected electrons strike the tube window with less energy
than do those which come directly from the fatty acid. With low energy
radiation such as that emitted by carbon=ll, this may diminish the
fraction of the reflected electrons which are able to penetrate the tube
window and be counted. Consequently, the effect of backscatter on count
rate of adsorbed acid may be somewhat decreased.

Because of the different reflecting ability of the various metals
toward electrons, and because differently prepared surfaces of the same
metal have different backscattering ability, the relation between count
rate and population density had to be determined for each different
metal, Surfaces were prepared under as nearly duplicate conditions as

possible to those on which adsorption was to be measured.
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The method involved pipetting a known quantity of fatty acid
solution onto a metal surface which had been machined under cyclo-
hexane; letting the solvent evaporate; then counting the sample surface.

From these data, the desired information was obtained.

2. Experimental Technique and Results

Determination of the relation between count rate and acid popu-
lation density was made as follows.

The metal to be calibrated was machined under pure cyclohexane,
which was then poured off. The fresh surface was blotted dry. With
the sample holder resting on a steady, level bench, exactly 0.50 ml,
of solution "A" was pipetted onto the top of the sample cylinder. The
solution quickly spread to cover completely the fresh surface. It was
prevented from spilling over the edge by the sharp edges produced on
the sample in the machining process. A glass plate was then laid over
the top of the machining cupy; which made a fairly air-tight seal and so
prevented solvent evaporation.

After an hour the glass plate was removed and the solvent allowed
to evaporate. The sample was then counted. Results of a series of these
determinations made in identical fashion on indiumy; tin, and cobalt are
given in Table III.

The method of calculating the standardization factors for the
three metals was as follows. A l.5-inch diameter circular “face" was

cut on each of the sample cylinders. The area of each face was 1ll.4 cm.2

Onto this area was pipetted 0.50 ml. of solution "A"; which had a fatty
acid concentration of 2.63 x 101'6-, g+/mlir The molecular-weight of_ the
fatty acid is 298. Now assuming even distribution of the fatty acid



TABLE III

ACID STANDARDIZATION COUNTS

. — e
S - e

Counts per Minute per 0,50 ml. of Solution “A®
Evaporated on Metal Surfaces

Cobalt Indium Tin
6u3 622 5N
620 709 622
725 635 626
689 608
701

676 655 607 Average

I
I
|
I
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over the metal surface, the population density of adsorbed acid was,

in units of molecules per 100 iz,

0-50 X M%Bm'—é X 6002 X 1023 X E—E;%%—Q‘IB — 2033 .

Now, consider cobalt as an example. The 0.50 ml. of solution %Ah
pipetted onto the surface of cobalt yielded a count rate of 676 ¢/m.

The standardization factor for this material was then

2.33 x 3.2% = 3.4} molecules/100 32 per 1000 c/m.

This means that a monolayer of fatty acid adsorbed on cobalt metal should
yield a count rate of 1210 c/m.

The acid standardization factors calculated for cobalt, indium,
and tin as part of this work, together with similar calculations made
for magnesium, copper, aluminum, and silver by McGill are listed in
Table IV. A short treatment of counting statistics, applicable to

measurements made throughout this work, is given in Appendix VI.

3. Notes

All of the metal surfaces to be used for acid standardizations
were prepared by machining under cyclohexane. With several of the metals
studied, surfaces machined in air appeared to have a different roughness
than those machined under the inert solvent.

The assumption that the fatty acid pipetted onto the metal sur-
faces distributes itself uniformly is, of course, an error. ILack of
uniform distribution is responsible for most of the variance in count
rate on different surfaces of the same metal noted in Table III.

It was felt, however, that by running a series of such measurements



TABIE IV

STANDARDIZATION FACTORS

L5

Population Density*

Counts per Minute

Metal per 1000 c/m. per Monolayer
Cobalt 3.l 1210
Indium 3.56 1171
Tin 3.83 1088
Magnesium 3.37 1240
Copper 3.07 1357
Aluminum L+05 1030
Silver 2443 1716

e — —
i = =

—
ke

e
=

*Population density in units of molecules per 100 Ez.
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and averaging the count rates obtained, the error was at least partially
mllified.

It ﬁas desirable to pipette larger portions of the fatty aeid
onto the metal surfaces than 0.50 ml., as the higher count rate which
would be obtained would make results more precise. However, this was
the largest volume of acid solution which the metal surfaces could con-

sistently support. Larger volumes resulted in spills.

C. Experiments on Solution Machined Metals

1. Tests of Proposed Reaction Mechanism

McGill subjected the adsorbed fatty acid on the metals which
he studied to a series of tests which were designed to prove or disprove
soap formation on the metal surfaces as well as to indicate, if reaction
did occur, whether this reaction was influenced by the Kramer effect.
These tests were:
(1) A study of the effect of acid concentration on adsorption.
(2) Measurement of the rates of desorption of the adsorbed
fatty acid.
(3) Detemination of the free energy changes involved in the
soap formation reaction.
(4) Chemical analyses of the solution containing the desorbed
fatty acid.

Most of these tests were also applied to the metals studied here.



L7
2. Adsorption Experiments

Adsorption experiments were carried out on the cobalt, indium,
and tin metals using the techniques described. The samples mechined
under the fatty acid solutions were quickly transferred to stirred,

25 ml. adsorption cups where they were exposed to the acid solution for
various time inmtervals, removed, blotted dry, and counted. All this
series of experiments was run at room temperature (23-28°). Acid ex-
posure times were counted from the initial cuts on the metal surfaces,
and the acid solutions were stirred in the adsorption cups at the rate
of 140 rpm.

Results of these adsorption experiments carried out under pro-
gressively more dilute solutions are presented graphically in Figures
8, 9, and 10, Cobalt eventually attained the saturated population
density of L.17 molecules per 100 Ra when machined and exposed to solu-
tions "2A", "A®, and "A/2". Indium attained monolayer coverage only
when adsorption occurred from solution "2A", and showed progressively
larger departures from this value when machined under solutions "A%,
wp/2%, and "A/8", Some decay in adsorption was noted for indium metal
at the higher acid exposure times, when it was machined under the most
dilute solution.

Adsorption on tin metal under solutions “A", and "A/2%" showed a
wide departure from that calculated for the adsorbed monolayer, and the
adsorption isotherms had a characteristically different shape from

those of cobalt and indium,
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3+ Desorption Experiments

Desorption experiments were run on the two metals which had
been found to adsorb a monolayer of the tagged fatty acide A re-
determination of the desorption rate of the fatty acid from a machined
copper surface which had been previously made by McGill was also made
for purposes of comparison.

The metals were machined under solution ®"A® ,* then quickly
transferred to stirred, 25 ml. adsorption cups for fifteen minutes
total fatty acid exposure time. It was assumed that during this
period a monolayer of fatty acid was adsorbed on each metal surface.

The samples were then quickly transferred to stirred, 75 ml.
desorption cups which contained pure cyclohexane and the fatty acid
allowed to desorb for measured time intervals after which the samples
were removed, blotted dry; and counted. The transfers from adsorption
to desorption cups were made very quickly so that the metal surface
was always kept wet with solvent. These experiments were also carried
out at room temperature of from 23-28°.

The results of the desorption measurements are given graphically

L. Free Energy Calculations

A determination was made of the free energy change involved

when cobalt reacts with n-nonadecanoic acid to form the cobalt II soap.

*Indium was machined and equilibrated under solution "2A%, as
this acid concemtration was necessary for the monolayer adsorption
on this metal.
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Details of the calculation, preparation of the soap and method of ob-

taining the necesaary data are given in Appendixes III, IV, and V.

A similar calculation was also made for the reaction of iron metal
to form the iron III soap. The tin and indium soaps could nmot be pre-
pared by the method described because of their extreme tendency toward
hydrolysis.

Results of the iron and cobalt calculations, together with the
results of similar calculations made by McGill for copper, lead, and
silver are swmmarized in Table V. It is interesting to note that for
all five metals, the main contributing factor to the free energy change
accompanying the soap formation reaction is the free energy of formation
of the metal ions The order of free energy changes exactly parallels
the order of activity of the metals. This being the case, it is probably
unnecessary to determine free energy changes for reaction of other metals
with nonadecanoic acide For all metals more active than cobalt the
change will almost surely be negative; for all metals less active than

lead, the change will be positive.

S« Results

a. Cobalt. The adsorption results given in Section 2 point up
quite different behaviours for each of the three metals studied. Each
concentration of nonadecanoic acid solution under which cobalt was
machined yielded a monolayer of the adsorbed acid, given sufficient
time. The differences in times required to attain the saturated ad-
sorption layer may be attributed simply to a concentration effect; it
takes longer for enough acid molecules to form the monolayer to

diffuse to the metal surface with the more dilute solutions,
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TABIE V

ACTIVATION ENERGY FACTORS AND FREE ENERGY
CHANGES F(R SCAP FORMATION REACTIONS¥®

B IS
pram e

/\F of soap

Metal Ion AF’ion/n** Soap Formed Farpation Reaction
co*? 6.0 Cobalt II -3,2
Pb*2 -2.90 Lead II 1.28
Fe*3 0.8y Tron III 1.6
on*? 7.76 Copper II 6.70
ag™! 18,43 Silver I 18.L8

11 free energy values and activation energy factors given
in keal, per mole.

°jon 1s the standard free energy of farmation of the metal

jon, and — n is the nce of the ion. Valuss are taken from Latimer,
"Oxidation Potentials.™
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This is Just the behaviour for this metal which would be pre-
dicted from McGill's results and the position of cobalt in the electro-
chemical series. McGill suggested that adsorption of the fatty acid on
the various metals was the result of a surface reaction between acid
and metal surface atams, leading to foarmation of the appropriate metal
soap. Cobalt is more active than lead and copper, both of which McGill
found attained monolayer coverage and formed soaps when machined under
the solution concentrations used for cobalt (see Figure 2).

Desorption from the surface of this metal occurs at a comsiderably
faster rate than does desorption from silver, copper, and lead, tut much
slower than fram gold and platimm. McGill suggested that desurption
rate should be a function of the solubility of the desorbing species
in the desorbing solvent. If this is so, the material desorbed from the
cobalt surface was certainly not nonadecanoic acid. If it were cobalt II
nonadecanoate the solubility of the soap in cyclohexane should be greater
than that of the corresponding copper, silver, and lead soaps. Determina-
tion of the solubility of this soap in cyclohexane (see Appendix IV)
showed that this was indeed the case.

The free energy change involved in the reaction leading to the
formation of the cobalt soap was found to be negative (see Appendix V).
This is a more favorable situation than that which McGill found for
copper, lead, and silver where it was necessary to make use of the
additional energy furnished by the Kramer electron to make reactiomn
possible at all. In view of these various facts, it is felt quite
certain that cobalt does react with n-nonadecanoic acid to form a close-

packed monolayer of cobalt II nonadecanoate on the metal surface.
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be Indium. Indium was found to attain monolayer adsorption only
when machined under the most concentrated acid solution used, "2A%,
Progressively wider departures from this value were noted as the concen-
tration of the acid solutions was decreased. A definite decline in
surface coverage was noted with the most dilute acid solution, ®A/8",
at the higher acid exposure times.

It has been stated that experiments on indium were carried out
to try to prove or disprove McGill's idea that steric factors were re-
sponsible for the anomalous results he obtained for aluminum metal. It
was hoped that adsorption would be higher on indium than on aluminum
for a given acid concentration, because indium is a larger atom than
aluminum and steric requirements should consequently not be as severe.

Results, viewed from this standpoint, were disappointing. Whereas
alumimum adsorbed a monolayer of acid when machined under solution "AW,
indium had to be machined under "2A", Departures from the saturated
layer were in every case greater for indium than for alumimm. In
view of these facts, McGill's idea of steric limitation is open to
serious question. It still seems fairly certain that adsorption of
fatty acid on indium is due to soap formation, howewver, as indium is a
rather active metal and free energy requirements for this reaction
should be less severe than for several other metals on whose surfaces
soap formation has been proved.

Desorption of fatty acid from an indium surface occurs at a
faster rate than does desorption from an& metal yet studied excepting

only gold and platinum. The high desorption rate from indium probably
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indicates a relatively high solubility of the indium soap in e¢yclohexane,
compared to that of the other metals.

c. Tin. The adsorption isotherms on tin were quite different
from those of both cobalt and indium. Adsorption did not approach the
monolayer value and the shape of the adsorption-time curves were similar
in form to those which McGill obtained on gold and platimum (see Figure 2).

This behaviour was quite unexpected, as tin has a fair activity
and thus should form a soap fairly readily. Steric effects, if present
at all, should not have lowered adsorption to the degree noted, partic-
ularly if the expected tin II soap were formed on the metals An ex-

planation for the cbserved behaviour was not immediately apparent.

D. Discovery of Soap Desorption and

Monolayer Replenishment

1. -Inconsistent Data

The results of the experiments described in Section € are inter-
esting and were readily reproducible. It was apparent, however, that
the "anomalous" behaviour noted for aluminum, indium, and tin required
some explanation. There were two possibilities. Either the picture of
the whole adsorption mechanism built up by McGill was in error, which
seemed very unlikely, or some yet unconsidered variable which was some-
how masked for adsorption on most metals was influencing adsorption on
aluminum, indium, and tin. In an effort to discover this variable, a
close scrutiny was made of McGill's data, as well as that of the present

work. The following points may be pertinent.
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(1) Adsorption on alumimum, indium, and tin is not as great
as would be predicted from the activities of these metals.

(2) The solubility of the indium soap in cyclohexane, judging
from desorption measurements, is higher than that of any of those yet
determined. Probably, the aluminum soap is also relatively soluble in
this solvent.

(3) McGill ran a single elevated temperature experiment on
copper metal, He found that although adsorption was initially higher
than on the metal machined at room temperature, adsorption steadily
declined with increasing acid exposure time. Unlike the metal machined
at room temperature, no adsorption plateau was noteds A slight decline
in adsorption was noted from indium and aluminum at the higher acid
exposure times when these metals were machined under the most dilute
acid solutions.

(4) For all adsorption measurements made with solutions more
dilute than "AR, McGill exposed the mgchined surfaces to the fatty
acid solution in the large, 75 ml. adsorption cups. His stated reason
for doing this was that "the 25 ml. of these dilute acids did not sup-
ply sufficient acid to form the saturated adsorption layer." He found
this to be so in spite of the fact that a calcl;ﬂation shows that 25 ml.
of the most dilute acid used, "A/8%, contains a fourfold excess of
acid required to form the monolayer.

(5) McGill showed that once a monolayer had been adsorbed onto
a metal surface, the saturated coverage of the surface was maintained

for acid exposure times of at least one thousand minutes. This fact

has been verified several times in the present work. However, McGill
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also showed that a copper surface loses 80 per cent of its activity
(adsorbed monolayer) if it is exposed to pure; stirred cyclohexane for
half an haar., Similarly, a cobalt surface loses 60 per cent of its
activity and an indium su face 90 per cent. Evidently, maintenance of
the monolayers of adsorbed acid on the metal surfaces is strongly
dependent on the medium surrounding the adsorbed acid layer. It seemed
of interest to determine what it was that caused this difference with
the hope of gaining an insight not only into what caused the low re-
sults on alumirmm, indium, and tin, but into the whole adsorption

process.

2. Hypothesis of "Exchange" Adsorption

All of the inconsistencies mentioned in Section 1 can be explained
if it is assumed that when a monolayer of fatty acid is adsorbed on the
metal surfaces it is not static there but that there is contimual de-
sorption of metal soap. Additional fatty acid then diffuses to the
surfaces and reacts with the newly bared metal surface atoms to form
mare soap. This may also later desorb.

If this assumption is correct low adsorption on indium, alumirum,
and tin may be due to an exceptionally fast rate of soap desorptiop.
This desorption may be so fast that at the lower acid solution concen-
trations rate of diffusion of fatty acid to these metal surfaces is
not sufficient to maintain a surface monolayer. It has been stated
that the rate of desorption from an indium surface is very fast due
probably to a soluble indium soap.

If solubility of the soaps in cyclohexane is the factor that

makes for faster and slower desorption, McGill's failure to obtain a
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monolayer of adsorbed acid on copper at L45° is not surprising. Solu-
bility of copper II nonadecanoate in cyclohexane would be expected to
be higher at the higher temperature.

The larger acid adsorption cups McGill used; when machining the
various metals umler the lower concentration cyclohexane solutions, were
necessary because the solutions had to contaln fatty acid sufficient to
form not one, but several monolayers of adsorbed soap.

A fatty acid solution is essential to maintain a monolayer of
adsorbed acid on the metal surfaces because replenishment of the

material adsorbed on the metal surfaces is continually necessary.

3. Tests of Hypothesis

a. Choice g metal. Several tests were run to determine whether

the ideas advanced in the previous section were correct. Copper was
chosen for these experiments as it is an easily machinable metal, ad-
sorbs a monolayer of fatty acid readily, shows no oleophobic' property
with regard to the solution at any fraction of surface coverage, and
because solubility measurements had already been made on the copper II
soap in both water and cyclohexane.

b, Effect of soap solubility. It was thought most likely that

the rates of desorption of the various metal soaps were functions of
the solubilities of these soaps in cyclohexane. If this were so,
“exchange® would only continue until the solution in the adsorption
cups became saturated with respect to the soaps; when further desorp-
tion should cease. Now, the copper soap formation reaction has been

shown to have a positive free energy change (see Table V). If monolayer
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coverage of the surface were to be maimtained, then, it was necessary
that the Kramer effect remain operative until this solution saturation
was accomplished.

As a test of this idea, a copper surface was machined under
solution "A", transferred to an adsorption cup and allowed to remain
there for an hou; to let the activating Kramer effect decay. The
metal surface was then transferred, while wet, to a new equilibration
cup containing fresh solution "A". It was left there for ten mimutes,
removed, blotted dry, and counted. It was hoped that some decrease in
adsorption would be noted due to the inabdlity of the decaying Kramer
effect to activate metal-fatty acid reactions sufficiently to keep
pace with the desorption of the copper soap until this new adsorption
cup was saturated with the metal soap. No appreciable drop in count
rate was noted although the experiment was repeated several times.

This first experiment seemed to indicate that saturation of the
solution with the metal soap was not necessary for mainmtaining a mono-
layer on the metal surface. To prove this, a saturated solution of
copper II nonadecanoate was prepared as described in Appendix IV. The
copper surface was then solution machined, transferred to a stirred
adsorption cup containing solution "A%, and exposed for fifteen mimutes.
It was known that under these conditions a monolayer of the radioactive
acid was adsorbed. The surface was then transferred, while wet, to a
stirred 75-ml. cup which contained the saturated solution of the non-
radioactive soap. It was exposed to this soap solution for measured
time intervals, removed, blot ted dry, and counted. Results of these

experiments are shown graphically in Figure 12.
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This experiment verified the fact that a solution saturated with
the copper soap could not prevent desorption of this same soap from the
metal surface, although desorption rate was somewhat slower than that
into pure cyclohexane. Data were checked by preparing new saturated
soap solutions and repeating the experiments, always with the same
results.

ce Proof of "exchange". The question which now presented itself

was whether desorption was actually taking place at all from the metal
surfaces during the time an adsorbed monolayer was maintained or whether
a given monolayer, once adsorbed, remained on the surface due to some
property of the acid solution to which it was being exposed. To study
this, the following experiments were designed.

(1) A solution of nonadecanoic acid in cyclohexane was prepared
of the same concentration as solution "A®, and differing from this
solution only in that the acid molecules were not radiocactive. This
solution was designated solution "U".

Copper was machined under solution "A", then transferred to a
stirred adsorption cup for fifteen minutes total acid exposure time to
adsorb a monolayer of acid. The metal surface was then transferred,
while wet, to another stirred cup which contained solution "U", It was
exposed to this second solution for various time intervals, removed,
blotted dry, and counted. Results of these experiments are glven
graphically in Figure 13. A new metal surface was cut for each exper-
imental point. All solutions were stirred at 140 rpm. and were thermo-

stated at 25°.
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(2) The reverse experiment to that just described was also
performed. The metal was cut umler solution "U", allowed to form a
saturated layer of the nonradioactive acid, and transferred to a new
stirred adsorption cup containing solution "A" for various time inter-
vals. Except for inversion of order of exposure of the metal to the
fatty acid solutions, the two experiments were identical., Results of
these experiments are also given in Figure 13.

These two experiments showed conclusively that "exchange®" ad-
sorption was indeed taking place on the copper surface. The metal
surfaces treated as described in (1) showed a sharp departure from
complete coverage with the radioactive acid after short exposures to
the nonradioactive acid solution. Similarly, surfaces on which a mono-
layer of the nonradioactive acid was adsorbed, (2), showed a regular
pick-up of radioactive acid when they were exposed to solution "A", As
the experiment described in Section b showed that total adsorption was
not affected by transferring a copper surface from one adsorption cup
to another, the changes noted could only have come from desorption of
soap from the metal surface and filling of the resulting vacancy in the
adsorbed layer by other molecules of fatty acid.

It is interesting to note that the per cent coverage of the
copper surface by the radioactive acid, as given in Figure 13, always
adds up to 100 for a given acid exposure time. This means that there
is no preferential adsorption or desorption of the fatty acid from the
surface due to part of it being radioactive and part not. Desorption

data were not as precise as the adsorption. data obtained previously.
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However, most of the determinations were run at least twice and it is
felt that the values indicated are good to plus or minus 2 or 3 per
cent,

(3) To further verify that "exchange" adsorption was taking
place the acid solutions under which the copper metal was machined were
subjected to copper analyses. The reasoning was that if the "exchange"
were occurring copper metal should be desorbed from the metal surfaces
into the acid solutions. The concentration of copper in the solutions
should imcrease with increasing exposure times of the metal to the
fatty acid. The procedure used for this analysis is described at some
length in Appendix IV. Results of the analysis are given graphically
in Figure 18 (page 76). The expected increase in copper concentration
with exposure time was verified, which further confirms the desorption
hypothesis.

(4) Still another experimental confirmation of the desorption
was obtained. It has been stated that in the single adsorption exper-
iment which he ran on copper at 45° McGill found considerably different
adsorption behaviour than that observed on the metal at room temperature.
High temperature was found to suppress the adsorption, although initial
adsorption rate was increased. The amount of adsorbed acid decreased
with increasing acid exposure time.

This adsorption decrease with time appeared to'be another con-
firmation of the "exchange". A monolayer can only be retained on the
metal surface if acid molecules migrate there and react at least as
fast as soap molecules are desorbed, and it did not seem illogical that

this desorption should occur at a faster rate at the higher temperature.
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It appeared that McGill did not stir his solutions during the
L45° experiments, however. All exposure of the metal surfaces to the
fatty acid took place in the brass machining cup. For this reason his
data at this temperature are really not comparable to those at room
temperature. In the present work, an additional thermostating cup was
constructed so that the sample could be stirred at 45°. Machining of
the metal sample was carried out in the thermostated cup described by
McGill (see Figure 7). Twenty minutes was allowed for the attainment
of tanim"ature equilibrium before the machining process. During this
period, the solutions were covered with glass cover plates to prevent
solvent evaporation.® The samples had to be transferred very quickly
from the machining cup to the thermostated adsorption cup to prevent
evaporation of the solvent from the hot surfaces. The solutions were
stirred at the usual 140 rpm.

Results of a series of these experiments at 48° and at 60° are
glven in Figure 1, along with adsorption data for copper obtained at
room temperature and the results McGill obtained for his unstirred
solutions at 45°. The necessity of stirring all solutions is clearly
shown. Instead of decreasing, adsorption at Y4B8° increases to a value
of almost a monolayer which remains constant for some forty minutes,
after which a sharp drop is indicated. Adsorption at 60° is less, .
attaining a much ioter plateau which also drops off after about forty

minutes aeid exposure time.

*Details of the thermostating technique and equipment have
been given above. '
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The difference between the results of this study at 48° and
McGill's results at 45° provides additional evidence that desorption
of adsorbed soap is occurring. In the unstirred solutions a diffusion
barrier is set up which limits fatty acid adsorption. As these acid
molecules widch are adsorbed themselves eventually leave the metal
surface, total surface coverage declines. In the stirred solution the
diffusion barrier is not present and adsorption approaches monolayer
coverage.

(5) A final experiment was performed which, though designed
to furnish data about exchange rate as a function of age of the metal
surface, also indicated that the hypothesized desorption and adsorption
from the metal surfaces was correct. A copper surface was machined
under solution "U® and exposed to this same solution in an adsorption
cup for various time intervals. After measured exposure times to this
solution it was transferred while wet to a stirred adsorption cup con-
taining solution "A", and allowed to equilibrate for thirty minutes.
It was then removed, blotted dry, and counted. Results of this exper-
iment are given in Figure 15. The pick-up of radiocactive acid noted is
another confirmation of the hypothesis of exchange. The shape of the

isotherm of Figure 15 will be discussed in some detail below.

E. Factors Influencing "Exchange"

1. Effect of Fatty Acid Solution Concentration

A series of "exchange" experiments was run on copper metal to

determine the effect, if any, of different concentrations of acid
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solutions on the exchange rate. All these experiments were carried
out in the thermostated adsorption equipment at 25°. The 25 ml.
adsorption cups were used, and stirring was at the constant rate of
140 rpms The experiments were as follows:

(1) Ccopper was machined under solution "U", then transferred
to an adsorption cup containing this same solution for a total acid
exposure time of fifteen mimutes. The metal sample was then trans-
ferred to a new adsorption cup which comtained solution "A", It was
exposed to tlis second acid solution for various time period, removed,
blotted dry, and coumnted.

(2) This same procedure was repeated, except that after
fifteen minutes exposure of the fresh surface to solution ®"U" the
sample was transferred to a cup containing solution "A/2" instead of
"A", After varying exposure times to this second acid solution the
sample was again removed, blotted dry; and counted.

(3) The sample was machined under solution "2U", transferred
to a stirred cup where it was exposed to this acid solution for a total
of fifteen minutes, then transferred to a new cup which contained solu-
tion WA®, After varying time periods the sample was removed, dried,
and counted to determine pick-up of radiecactive acid.

The results of these three experiments are all given in Figure 16.
It is evident that there is no difference in "exchange®" rate. Acid con-
centration does not affect the rate of desorption, and hence exchange,
as long as this concentration is sufficient to maintain a saturated

monolayer on the surface of the copper metal.,



72

100
90 -
FIGURE 16
EXCHANGE AS A FUNCTION OF FATTY
80 ACID SOLUTION CONCENTRATION
8
s — s
|
a
=}
(o]
) ;
2
'-é /E
ﬁ /
g 50
2 /f
4
ol
‘3
g 40
d
o
P
=
8 30
o
&
20
10 —
0 |
040 0.5 1.0 1.5 2.0

BExchange Tims, hours



73
2 Effect o Different Metals

a. Radiochemical studies. "Exchange" experiments were run on

magnesium, silver, amd aluminum in an identical manner to one of those
run on copper metal, The metal surfaces were machined under solution
ngn, transferred to a stirred adsorption cup containing this same

acid solution and exposed for a total time of fifteen minutes. They
were then transferred, while wet, to new adsorption cups which contained
solution "A", They were exposed to this solution for varying times
after which they were removed, blotted dry, and counted. Experiments
were run in the thermostated equipment at 25°, and all solutions were
stirred at 140 rpm.

Results of these experiments are shown in Figure 17. A large
difference in exchange rate was noted for the four metals. Alumirum
exchanged much the fastest, copper had an intermediate rate, and
magnesium and silver exchanged relatively slowly.

b. Analytical experiments. Analytical experiments were run on

the acid solutions beneath which alumimum and silver were equilibrated
which paralleled similar experiments run on the copper solutions. The
metals were machined beneath solution WOU", transferred to stirred ad-
sorption cups which contained this same acid solution, and left there
for a total acid exposure time of fifteen mimutes. It was assumed
that a monolayer of fatty acid was adsorbed by each metal during this
period. The metal surfaces were then transferred to other adsorption
cups which also contained solution ®"U", After varying exposure times
to the acid solution they were removed and the solutions subjected to

analyses for the desorbed metals. Details of the analytical methods
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used are given in Appendix IV. Desorption of the soaps into the acid

solutions resulted in an increase in concentration of the metal in the
solution with increasing solution exposure times.

Results of these experiments are given graphically in Figure 18.
The aluminum concentration increases faster than that of copper, which
i in turn faster than silver. The copper results are more precise
than those of aluminum, which are more than those of silver. This is
due partly to the analytical methods used (see Appendix IV) and partly
to the very small amoumt of silver which was present for determination.
These experiments were not run in the thermostated equipment, but room

temperature was not far from 25°.
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CHAPTER IV

RESULTS AND DISCUSSION

A. Mechanism of Monolayer Replenishment

The following picture can now be presented for the "exchange"
of position of fatty acid and soap molecules on the various metal
surfaces. The monolayer of adsorbed soap is not static on the surface,
but molecules of metal soap are continually being desorbed. As this
desorption occurs new fatty acid molecules migrate to the surface,
react with the newly exposed metal surface atoms, and fill the
vacancies in the adsorbed monolayers created by the desorbed soap
molecules. These new soap molecules may themselves be later desorbed,
and the whole process repeated.

The number of vacancies existing in the adsorbed monolayer at
any given moment is very small relative to the number of adsorbed
molecules as the radiochemical analytical method detects no departure
from complete surface coverage over long time periods. This implies
that the liﬁfting factor in the exchange is the rate of desorption of
soap and not adsorption of fatty acid. This is verified by the fact
that exchange rate is not a function of acid solution concentration as
long as this concentration is sufficient to maintain a monolayer of

adsorbed material on the surface.



78

B. Nature of the Exchange Phenomenon

When the exchange phenomenon was first postulated it was thought
that exchange rate was a function principally of the solubility of the
desorbed metal soap in the desorbing solvent. The experiments described
in section D3b of the mrevious chapter showed that this was not true.

A copper surface desorbed half of its adsorbed soap layer into a
saturated solution of this same soap in which the solubility of more
soap was nil, although desorption rate was somewhat slower than the
rate of desorption into pure solvent.

Desorption does not occur at a constant rate. Both the radio-
chemical experiments (see Figure 17) and the analytical experiments
(see Figure 18) indicate that exchange is at first very fast, but
rapidly slows as the age of the metal surface from which it is occurring
increases. After several hours the soap monolayer does become essentially
static on the surface.

It was found that the exchange on all the different metals
studied did occur in a regular and predictable manner. Plots of log
exchange time vs. log per cent of the surface covered by the non-
radioactive acid gave good straight lines. This relationship is sum-
marized in Figure 19 for magnesium, copper; silver, and alumimum.

An attempt was made to find a similar relationship between total
amount of metal desorbed and exposure time to the fatty acid solutions,
working from the results of the analytical experiments described in
section E2b of the previous chapter. The data was not as precise as

that from the radiochemical experiments, but reasonably straight lines
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were obtained when log of exchange time was plotted as a function of
fatty acid desorbed. These relations are summarized in Figure 20 for
copper, silver, and aluminum.

Both the measurements of pick-up of radioactive acid by the
metal surfaces and the measurements of total amounts of soap desorbed
from these surfaces’ indicate the,same qualitative behaviour for the ex-
change phenomendn; a fast initial exchange rate which rapidly declines.
The rate of exchange of soap was always found to be faster than the
rate of pick-up of radioactive acid. This was as expected. It has
been stated that a single surface site is probably covered, bared,
and recovered several times in the course of the exchange process. As
individual sites on the metal surfaces which were originally covered
by a nonradioactive layer of acid were allowed to exchange urnder a
radioactive acid solution only the first such desorption and readsorp-
tion contributes anything to a pick-=up of radioactivity by the surface.”
Further desorption and readsorption only replaces one radioactive acid
molecule by another, which contributes no additional activity to the
surface. It is very unlikely that any desorbed soap is readsorbed onto
the metal surfaces, however, and so each molecule which is desorbed is
detected by analysis of the cyclohexane solutions.

Because it had been found possible to express both per cent

exchange and amoumnt of soap desorbed as functions of time, it was

*Throughout this section it is assumed, for the sake of simplicity,
that every fatty acid molecule in the radioactive solutions is tagged with
carbon-1); of lower specific activity. Because of the very large number
of fatty acid molecules involved, this assumption introduces no error into
the results.
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possible to make a quantitative comparison of the results of the two
types of experiments. The reasoning which follows is predicated on the
following two premises.

(1) Rate of desorption is the limiting factor in exchange from
all metal surfaces where monolayer coverage is maintained.
(2) The activity of the metal is equal across its face. Making

use of these premises, the following equation can be written:

ax _ (oy(8 = x)

! e ) gl (1)
where

x = Radioactive acid on metal surface (in terms of per cent

adsorption equivalent)

a = Total acid on metal surface (always 100 in terms of per
cent adsorption equivalent)

a - x = Total nonradioactive acid on metal surface (in units
of per cent adsorption equivalents)

t = Time (mimutes)

R = Rate of desorption from surface (per cent adsorption

equivalents per minute).
To integrate this expression R must be evaluated. It has been shown
that a plot of quantity of desorbed metal as a function of log time
yields a straight line. Therefore
Metal desorbed = b 1n (t) + ¢ . (2)
where b and c¢ are constants and the quantity of metal desorbed is
expressed in units of per cent adsorption equivalents. Now, differ-

entiating Equation (2)
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d(Metal desorbed) _ b _
dt 3 oo (3)

Now, inserting this expression far (R) in Equation (1) there is

obtainad

dax _ (b) (a -x)

at (&) (a) (4)
or

dax _ (b) (dt)
a-x) (a) (¢)° (5)

This may be easily integrated to yield

-1ln (a -x) = E- 1n (t) + constant . 6)
Equation (6) implies that a plot of log (a - x) vs. log (t) should be
a straight line with a slope of -(b/a). It is significant that such
plots were found to give straight lines for all the metals studied
(see Figwre 19).

Thse comparison between the results of the two types of experi-
ments was made as follows. Graphs of quantity of metal desarbed as
functions of log time are straight lines and have slopes of 2.303 (b).
Similarly, graphs of - log (a - x) plotted as functions of log (t)
are also straight lines with slopes of (b/a). The value of (a) is
constant, and in the units used to measure adsorption and desorption
here, equal to 100. Therefore

from Equation 2, b = (slope)/(2.303) ;

from Equation 6, b = (slope) (100) .
Calculation and comparison of the (b) values were made for the tlwree
metals on which both the analytical and radiochemical experiments had

been performed. Results were as followst
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Metal b(Equation 2) b(Equation 6) Ratio
Aluminum 929 18:7 L9.7
Copper 76.4 22.8 3.35
Silver App. L 3.30 1.2
Magnesium - 5.10 -

It is obvious that the results obtained by use of the two different
analytical methods do not checke The value for b obtained from
equation (2) is always larger than that obtained from equation (6).
The value of the ratio decreases in the order aluminum, copper, silver.

The lack of correspondence of .the results indicate either in-
correct results derived from one or both types of experimental measure-
ments, or an incorrect premise for the mathematical derivation which
correlated the two types of data. Although the analytical experiments
did not give as precise results as was desired, it did not seem possible
that the whole series of analyses could have been in error by a factor
of fifty, which would have been necesaary‘to bring the two b values
in line fqr aluminum metal. Results of the radiochemical experiments
were precise for all the metals studied. Accordingly, it appeared that
the cause of difficulty must lie in the assumptions of the mathematical
treatment.

The two sets of data can be brought into line if the second
premise, on which the mathematical correlation is based, is discarded.
In other words, it is necessary to postulate regions of unequal activity
on the metal surfaces. This idea is by no means new. As early as 1925,
Taylor35536 suggested the presence of active sites on catalytic materials.

His original idea was that even the most polished surfaces are not
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perfectly smooth and, therefare, copsist of atoms of varying degrees
of unsaturation. Adsorption would be expected tb take place prefer-
entially at the highly unsaturated peaks on this surface and these
would then have the highest catalytic activity.

A far stronger argument than this for the presence of active
centers on freshly machined metal surfaces is supplied by the Kramer
effecte The following points can be made:

(1) Exchange rate on none of the metal surfaces remains
constant with time. Always, initially fast exchange is followed by
a rapid decrease in exchange rate. This general type of behaviour is
characteristic of the Kramer effect.

(2) McGill's experiments showed rather conclusively that the
Kramer effect is operative and responsible for chemisorption on sur-
faces prepared in the manner described.

(3) It has been postulated37 that the Kramer electrons are not
emitted from the entire metal‘surface but from certain "sites! or
"centerst®., Thus, these electron emission sites may be the active
épots on which most chemisorption and reaction occurs.

() It has been stated that the general form of the curve
relatiné pickdup of radioactive acid and tim; is as predicted by
equation (6) of the previous section. Plots of -log(a - x) vs. log (t)
do give straight lines. This would be predicted if active sites were
responsible for exchange and the activity of each site were different
but decayed according to the same rate law. The actual curves obtained
then would represent a summation of the exchange ability of all sites

across the surface.
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In view of these four points, it may be tentatively stated that
all portions of the metal surfaces are not activated to the same de-
gree by the machining process. The more energetic surface sites are
not only able to activate more chemical surface reactions than are
the less energetic ones but also desorb adsorbed metal soap at a
faster rate. This implies that energy is required to separate the
adsorbed molecules from the metal surfaces; and that this energy is
of the order of magnitude (1 e.v.) which can be furnished by the Kramer
effect. This must be so because it is desorption and not adsorption

which is the limiting factor in the exchange equilibrium.

C. Correlation of Experimental Results

By making use of the Kramer effect and its hypothesized influence
on adsorption, desorption, and metal surface activity several other
pleces of experimental data may be explained. These then serve further
to substantiate the proposed adsorption picture.

(1) For each of the metals studied, a very considerable exchange
rate was noted ten mimutes after machining (see Figure 17). In spite
of this, McGill found that a copper surface aged ten minutes after
machining under pure cyclohexane was able to chemisorb less than half
a monolayer of fatty acide Now, immediately after machining there are
a large number of active centers on the metal surface and copper is
able to adsorb a saturated monolayer of nonadecanoic acid. The sites
are of unequal initial energy and decay at different rates. Ten mimutes

after machining, a large mumber of the low energy sites have decayed to
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an extent that they can no longer activate surface reaction and conse-
quently, monolayer formation is no longer possible. Many of the
initially high energy sites still have more than sufficient energy for
chemisorption, however, and on these, adsorption, reaction, and desorp-
tion occur to the extent indicated by the analytical experiments. There
is, of course, a difference between the two experimentsj; McGill's aging
was carried out under pure solvemt while here the metal surfaces were
always exposed to the fatty acid solution. It may then be possible
that adsorbed fatty acid is able to "protect" a surface from Kramer
decay. Choice between these two possibilities will have to await
further experiments on the nature of the Kramer effect.

(2) The difference in the ratios of observed to calculated change
decreases in the order alumimum, copper, silver. This indicates either
that more active centers are produced on copper than are produced on
silver, but less than are produced on alumimum, or that the sites pro-
duced on aluminum have more energy than those on copper, etc. Probably,
both of these ideas are partly true. Aluminum is considerably more
active than the other two metals. Consequently, one would expect that
active centers would be easier to produce on alumimum than on either
copper or silver. Once produced, these centers are more easily able
to desorb the alumimum soap because of the strained state of this
material when adsorbed on the metal surface. The silver soap formation
reaction requires 18.48 kcal. per mole of energy to proceed, the copper
requires 6.70 kcal. per mole, and although similar calculations have
not been made for aluminum one would expect that the reaction would be

actually exothermic (see page Si). Hence, for this last metal, soap
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formation may even increase the energy or number of the active centers.

(3) The results of the elevated temperature adsorption measure-
ments made on copper (see Figure 1l;) are striking. Adsorption at 48°
increased to a value of almost a monolayer after about ten minutes acid
exposure time. This adsofption level was maintained for thirty mimutes.
A sharp decline in adsorption was then noted. Behaviour was similar
at 60°, but the adsorption plateau was much lower.

The effect of temperature on the metal-acid reactions is complex.
There are at least four variables which must be considered as influenc-
ing adsorption: the effect of temperature on the Kramer effect and,
hence, the availability of active sites, the effect of temperature on
the free energy changes associated with the soap formation reaction,
and the effect of temperature on the rates of migration of fatty acid
molecules to the metal surfaces and of desorption of soap from them.

Now, if it can be assumed that the centers which are responsible
fér adsorption and reaction are affected in the same manner by temperature
elevation as is the Kramer effect, there are, immediately after machining,
a higher nmumber of such centers at the higher temperature. The decay
rate is greatly increased for these centers, however (see Appendix I).
Consequently, a short time after machining, the number of centers on
the surface is less than on the same metal machined at room temperature.

As the copper-nonadecanoic acid reaction is endothermic to the
extent of 6.7 kcal. per mole, temperature elevation should favor reaction.

Increased temperature increases the number of collisions of fatty
acid molecules with the metal surface per unit time; and, hence, the

number of potential reaction sites.
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Increased temperature increases the rate of desorption of the
soap molecules from the copper surface, both because solubility of the
copper soap almost surely increases with temperature, and because less
Kramer energy is required to detach the adsorbed molecules from their
positions on the metal surface.

The results of the experiments at }48° and 60° show that adsorp-
tion is always lower than at the corresponding acid exposure time at
room temperature. The furthest departure from monolayer coverage is at
60°, indicating that this 35° temperature increase with its more favorable
free energy change and number of colli#ions of fatty acid with the metal
is not able to compensate for the more rapid decay of the Kramer effect
and/or desorption from the surface.

A clue to the actual situation can be found in the shape of the
adsorption isotherms. At both 48° and 60° adsorption plateaus were
noted at less than monolayer coverage. These were maintained for some
mimites. To explain these plateaus, as well as the similar adsorption
plateaus noted on almost all metals when they are machined under the
more dilute acid solutions, it is necessary to assume that a portion
of the metal surfaces is inactive so far as adsorption is concerned.
These "dead areas" are the result of the decaying of the Kramer effect.

Now, at the elevated temperatures where Kramer activity is
initially very high the low energy sites quickly emit all their electrons
and become inactive for adsorption. This occurs before sufficient fatty
acid can diffuse to the surface to form the saturated layer, and, hence,
adsorption is lower at }8° and at 60° than at room temperature. It is,

of course, also possible that a wvery high desorption rate at the
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elevated temperature, due to increased solubility of the soap and high
activity of the desorption sites, is responsible for the low adsorption
noted.

As time passes, both the desorption rate and the energy of the
active centers decline. These rates are different. At forty minutes
acid exposure time the Kramer effect has decayed to such an extent
that it is no longer able to activate enough sites to keep pace with
the desorption, which requires a smaller amount of energy. As soon as
this happens, the sharp departures from the adsorption plateaus are
noted.

(4) The adsorption results which were obtained for alumimum
and indium metals, and which served as the starting point in the
present investigation, can now definitely be ascribed to a very fast
desorption rate of the metal soaps from the surfaces. This desorption
rate is high, both because these soaps are relatively soluble in cyclo-
hexane and because they are extraordinarily easily dislodged from their
positions on the metal surfaces. This is because of the strained state
of the soap molecules.” Because of this strained condition, energy
requirements for soap formation are relatively high in spite of the
activities of the metals and a large number of energetic active sites
are necessary to make monolayer adsorption possible. The fact that
indium is a larger atom than alumirmm does relieve steric crowding

to some extent, but the distorted bond angles which are principally

¥The "F® and "B" strains popularized by H. C. Brcwn38 are re-
ferred to.
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responsible for fast desorption rate are present with both adsorbed
soaps. Consequently, it is not surprising that indium shows a de-
parture from monolayer adsorption as readily as aluminum does, when
acid solution concentrations are decreased.

(5) The very low adsorption isotherms obtained on machining
tin metal beneath solutions A" and "A/2" are as yet unexplained
although théy may be due to an extremely rapid desorption of soap
from the metal surface. No experiments have been performed to deter-
mine whether such soap formation actually occurs on tin. In spite of
the activity of this metal its adsorption behaviour is like that of
gold and platimum, on which McGill showed that no reaction occurred.

This low adsorption is clearly anomalous and merits further work.

De The Kramer Effect

In all of the preceding discussion, correlation of the Kramer
effect with adsorption has been emphasized. However, the Kramer effect
is only one of severdal factors which influence adsorption, and these
other factors may be partly or wholly responsible for some of the ad-
sorption behaviour noted. Consequently, results obtained from adsorp-
tion studies can be used to draw conclusions about the Kramer effect
only with the greatest caution. Several inferences may be drawn,
however, which may be significant.

(1) If the active centers on which most exchange occurs are
the same as the centers from which the Kramer electrons are emitted,

the Kramer centers have definite positions on the metal surface, are
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not mobile, and are of different energies. All experiments point to
the fact that some cenﬁers on the metal surfaces have sufficient
energy to activate many molecular soap formation reactions, and do so,
while others have sufficient energy to activate only a very small
number of such reactions.

(2) The generally accepted temperature dependence of Kramer
electron emission seems to be wverified. Adsorption results are con-
sistent with the thesis that raising the temperature temporarily in-
creases electron emission, but that emission then falls to a lower
level than emission at room temperature, due to more rapid emptying
of the electron emission centers. The total mumber of electrons re-
leasable from a metal surface by temperature elevation is constant
and independent of the manner of such olevation.39

(3) It is most difficult to reconcile the idea that exothermic
surface oxidation of the metals is responsible for the electron emission
with the conditions under which the adsorption studies were performed.
Solubility of oxygen in cyclohexane has been stated to be very low.
Further, experiments have repeatedly shown that the adsorptive ability
of the metal surfaces is highest lmmediately after maching, before slow
diffusion of oxygen through the solvent could occur. Neither can ad-
sorption of the fatty acid furnish the energy necessary for electron
emission because, for several metals on which the Kramer effect has been
shown to influence adsorption, chemisorption is an endothermic process.
It would appear then that Kramer emission is characteristic of the
freshly prepared metal surfaces themselves, and not of adsorption or

occlusion of foreign materials on these surfaces.
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E. Suggestions for Further Work

In all the work reported here it has been implied that the
various metals studied emit Kramer electrons which are responsible
for adsorption. Studies have shown (see Appendix I) that the mumber
of electrons emitted varies widely with the metal, finishing procedure,
etce However, no carefully controlled comparative experiments have
ever been run under conditions anything like those present in the
adsorption experiments. If an apparatus could be designed which would
enable this type of measurements to be made it would add greatly to an
understanding of the adsorption results. For instance, if tin emits
no Kramer electrons its adsorption behaviour is as would be predicted.

Studies of adsorption and exchange at other temperatures than
25° should add greatly to knowledge of the adsorption picture and
activating Kramer effect.

A modification of the machining techniques to allow cutting of
some of the harder metals, especielly iron, would allow adsorption
measurements to be made on these commercially important materials.

Studies of adsorption on alloys would be very interesting.
These wpuld be especially so on alloys of varyxfg percentages of tin
and lead because of.the: markedly different adsorption behaviour:of
these materials, and results obtained would aid in understanding the

whole adsorption picture.



CHAPTER V
SUMMARY

The study of .the adsorption of n-nonadecanoic acid onto freshly

machined metal surfaces begun by Smith and Allsn; and continmued by

HoGills has been extended to three additional metals: cobalt, indium,
and tin, The adsorptive ability of cobalt was found to be entirely
as predicted from the results of McGill'!s experiments and the position
of this metal in the electrochemical series. The results of the ad-
sorptive studies on this material were correlated with data obtained
from desorption experiments and from free energy calculations.

The adsorptive abilities of indium and tin were not as predicted,
however. Like aluminum, which was studied by McGill, indium adsorbed
a monolayer of fatty acid only when machined under the most concentrated
acid solutions and wide departures from this saturated adsorption cover-
age were noted as acid solution concentrations were decreased. Tin
showed a wide departure from monolayer coverage and the adsorption
isotherms on this metal resembled those of the noble metals gold and
platinum rather than those of other metals with activity comparable
to that of tin.

To explain this "anomalous® adsorption behaviour for alumimm,
indium, and tin, it was necessary to extend the adsorption picture pro-
posed by McGill. It was hypothesized that the adsorbed soaps were
contimally being desorbed from the metal surfaces at a rate which was
a function both of the solubility of the soap in the desorbing solvent

and the Kramer activity of the metal. Monolayer coverage was maintained



95
by dif fusion of additional fatty acid to the surfaces which reacted
there to form the metal soaps, under the activating agency of the
Kramer effect. Various experiments were designed to test this
hypothesis, all of which substantiated the postulated "exchange®.

To correlate the results of several of these latter experiments
it was found necessary to make the additional hypothesis that metal
surfaces prepared in the manner described do not have uniform adsorp-
tive ability across their "faces". It was suggested that the active
centers on these metal surfaces were identical with the centers from
vwhich the Kramer electrons were emitted. Using this idea, several
conclusions were drawn relative to the cause and nature of the Kramer
effect itself.

In the light of the experiments which have been described the
following statements can be made with regard to adsorption of nonadecanoic
acid onto freshly machined metal surfaces.

(1) Adsorption on most metals which have been studied is the
result of reaction of a fatty acid molecule with a metal surface atom
to produce a soap, Platinum, gold, and bossibly tin are exceptions to
this. Adsorption on these threg metals is much less than on all the
others, and the adsorption isq;herms have a characteristically different
shape.

(2) The saturation level of adsorption on the metals prepared
in the manner described with the possible exceptions noted above is the
same, .17 molecules of fatty acid per 100 12 of geometric metal surface
area, This is the value which would be calculated, assuming a close-

packed monolayer of adsorbed acid on a perfectly smooth surface with a
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unit roughness factor, and assuming that the limiting factor is the cross
section of the carboxyl groups.

(3) Adsorption and chemical reaction on the various metals is
due to the activating agency of the Kramer effect. Thermodynamic calcu-
lations show that the additional energy supplied by this phenomenon is
necessary for reaction to occur at all on several of the metals, and
greatly speeds reaction on the others by helping overcome the activa-
tion energy required in the chemisorptive process.

(4) The adsorbed soap molecules do not remain on the metal sur-
face. They are contimally desorbed and their places in the adsorbed
monolayer almost immediately filled by other fatty acid molecules which
diffuse to the surface and react there under the activating influence
of the Kramer electron. Desorption is the limiting step in this re-
placement of adsarbed material as the analytical method is unable to
detect departures from 100 per cent surface coverage over long time
periods.

(5) The rate gf exchange decays with time. Immediately after
machining, exchange rate on the metal surfaces is very fast but rapidly
declines with time until, after several hours, the adsorbed material
is essentially static on the surface.

(6) Exchange does not occur at the same rate from all points
across the metal surface but occurs prineipally at the active centers
which are responsible for the Kramer effect. These centers have dif-
ferent energies and decay at different rates, though all according to
the same kinetic law. Decay rate of these centers is greatly increased

by raising the temperature and the activity of the surface temporarily
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increased in the process.
The adsorption picture as outlined is able to satisfactorily
explain the experimental data which has been obtained for adsorption
of n-nonadecanoic acid onto the various metals which have been studied

in this, and the preceding work.



APPENDIXES



APPENDK I

ELECTRON EMISSION FROM CLEAN METAL SURFACES

A. New Experimental Methods

A more fundamental approach to both catalysis and to lubrica-
tion and wear than that of adsorption is the study of clean metal
surfacess It has been known for a long time that such surfaces are
unusually reactive. If placed in contact they may even be energetic
enough to produce a weld. Because of this extremely high reactivity
they are very difficult to prepare and keep clean for study, and so
until recently the cause of this hyperactivity was unknown.

During the last few years, however, several new experimental
techniques have been worked out to enable the properties of clean or
freshly prepared metal surfaces to be studied independently of adsorp-
tion, and by their use, knowledge of the true nature of such surfaces
has been greatly increased. The new methods may be listed: (1) Use
of a Geiger counter to detect electron emission from worked or abraded
metal surfaces. (2) Study of electron emission from metals during
phase changes. (3) Use of the photoelectric effect to determine
electron emission from surfaces excited by incident radiation.

(W) Study of electron emission from annealed and then etched metal
specimens. (5) Study of the formation of hydrogen peroxide at active,
freshly prepared metal surfaces when these are exposed to moist air.
(6) Study of the chemical reactivity of surfaces machined under a

solvent or solution, so that the enviromment of the freshly prepared
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surface is controlled.

There is at present considerable doubt that the phenomena detected
by use of the techniques listed are all manifestations of the same thing.
A knowledge of all of them contributes to the over-all knowledge of the
properties of metal surfaces and why they act the way they do. The
first five techniques listed will be discussed briefly. The sixth tech-
nique is, of course, that of the present investigation, and is discussed

at considerable length above.

Be. Electron Emission from Newly

Prepared Surfaces

l. Emission Due to Abrasion

In 1947 the German physicist Kramert® discovered that abraded
surfaces of a variety of metals gave off negatively charged particles
which could be detected in a Geiger point counter tube. Emission-time
curves showed a rapid decay, with emission intensity varying with
finiehing procedure, and with the gas charge of the counter tube. Un-
abraded specimens showed no such emission. This phenomenon has since
become kmown as the Kramer effect.

a. Emission decay. Special attention has been paid to the

form of the emission curve by Haxel, Houtermans, and Seeger39 and

others,lt! who have shown that the product of particle frequency and
time remains mearly constant. In other words, the subsidence of
emission follows a hyperbolic law. Plots of emission vs. time on

double logarithmic coordinates give straight lines.
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be Effect of temperature. The effect of temperature on the

electron emission from abraded surfaces is striking. The plot below
is a schematic example given by Lintner and Schmid4? to illustrate
typical behaviour. Curve 1 is obtained if heating and observation

are begun shortly after finishing. Curve 2 is obtained if subsidence
of the emission at room temperature is allowed to occur before heating,
and Curve 3 if the abraded sample is allowed to age for a long time
before heating is begun. Experiments indicate that the maxima occur
at the same temperature for the same metal, and gas medium for the

counter tube.

=
~

Emission
\

Temperature =

Kramer>! has shown that if the abraded sample is allowed to age
for a sufficient time interval the first maxdmum disappears completely;
the temperature at which emission is first detected is characteristic
of the metal and independent of the method of finishing the sample and
the gas in the counter tube. Kramer calls this temperature the

"Umwandl ungstemperatur® or turning point, and has determined it for a
variety of metals.37 An abraded specimen becomes exhausted on heating,
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so far as electron emission is concerned, and a second heat treatment
produces no further electrons. The total number of electrons releas-
able from a surface-treated metal specimen by temperature elevation is

constant, and independent of the manner of such eleva.t:i.on.3 ?

2. Emission Due 1.2 Phase Chang_eg

Electron emission from metal surfaces has also been noted as

the result of various other treatments. Kramer37 showed that molten

Wood's metal emitted a large mumber of electrons as it solidified.
Similar behaviour has been more recently noted for mercury."13 Kramer
wes even able to determine the transition temperature of chromium from
the hexagonal to the space-centered cubic modification and the transi-
tion of antimony from the amorphous to the crystalline form by noting
discontinuities in the electron emission curves of these metals as

they were cooled.

3. Emission Due to Sample Irradiation

Quantitative measurement of subsidence of after-—current in
counter tubes following glow disahargehh’hs and ultraviolet irradiationlt®
has revealed the same type of logarithmic decay as noted for electron
emission following abrasion. Intensive electron bombardment will pro-
duce delayed electron emission from some metals.lﬂ Kmerhl’ L8513
has noted similar effects from nommetals.

Seeger50 has more recently made a study of the subsidence of
after current with time and temperature after excitation by X rays,

ultraviolet and visible light, and glow discharge. Constancy of the

product of emission and time was confirmed. The effect of temperature
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on the electronic emission was also found to be similar in character
to that of surface finished specimens.

On repetition of heating, electron emission again fails to
occur. If excited by visible light, the first maximwm in the heating
curve (see plot, page I01) is absent, but it appears if the specimen
is subjected to ultraviolet irradiation.

In the case of aluminum it was found that oxide layers of in-
creasing thickness have a marked effect on the emission produced by
ultraviolet irradiation. With increasing thickness of the oxide
layer emission passes through a maxismum, then decreases. For specimens
with essentially no oxide layer emission is low.

Kramert® and later Lintner and Schmidl? observed that abraded
metal surfaces gave photoemission at wave lengths much longer than
those necessary for photoemission from the clean metal without abrasion.
The decline in emission of the unilluminated specimen, linear on double
logarithmic coordinates, shows a different type of subsidence curve
than that of emission from an illuminated specimen. Grunberg and
Wrightsl found that evaporated metal films gave the same results as
did abraded specimens. These latter authors also found that as the
wave length of the incident light was increased, photoemission passed
through maxima at definite wave lengths. All metals they investigated
gave emission in the ultraviolet, but only aluminum, magnesium, and
2zinc gave emission in the visible range. They found that if the outer
layer of metal were etched away after such emission had subsided new
layers of high activity were found which extended 5 to 10 p belqw the

surface.
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4o Emission from Etched Specimens

Emergence of electrons has been noted from annealed aluminum
specimens after careful etching.52 Subsidence of emission again follows
a hyperbolic law. No such behaviour has been found for iron, copper,

or nickel.

5. Possible Explanations for the Kramer Effect

Numerous explanations have been advanced to account for the
phenomena which are known as the Kramer effect. In his original papers
on the subject, xramerho based his suggestions on observations of anti-
mony. The coincidence of electron emission with the temperature at
which he had previously shown53 that amorphous antimony passed over
into the crystalline state led him to the opinion that the emission
of electrons is related always to a conversion of the metal in question
from a nommetallic to a metallic state. He cited the existence of the
Beilby layer, supposed to be formed in cold finishing the metals, as a
possibility for this "nonmetallic" phase. According to this imterpre-
tation, the heat liberated in the spontaneous transition back to the
metallic phase is the source of the energy for electron emission.

Haxel,‘gg'gl.39 object to this proposal for two reasons. First,
experiments have shown that all of a partially converted piece of anti-
mony can darken a photographic plate and not just the phase boundary.
Second, very_high heats of transformation have to be assumed for the
observed emission to be possible. For a work of emergence of the
electrons of one electron volt, a heat of transformation of 23 kecal.
per mole is necessary. This value exceeds the heat of fusion of the

metals. Haxel suggests instead that the energy necessary is furnished
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by oxidation of the fresh surface exposed in the abrasion process. The
energy liberated in the oxidation is of the same order of magnitude as
the work of electron emergence. The gradual decay of emission is ex-
plained by assuming an activation energy for the chemisorption which
is furnished by the heat motion of the atoms involved. This energy
would be expected to decrease as the number of potential reaction sites
decreases.

Kiepenheuer,Sh on the other hand, suggests that the.emission may
really be regarded as a field emission, the electric field necessary
being due to an insulating layer on the metal surface which adsorbs
positive ions close to the metal substrate; with resulting field strengths
of up to 105 volts per centimeter. This is the same type of phenomenon
as that known as the Malter ei‘fect.55 Roggen and Sc:herrers6 consider
that the settiné up of the positive space charge which they agree
creates the field is due to an internal photoelectric effect caused
by X-ray or ultraviolet irradiation. According to this idea, the
gradual subsidence of emission can be explained by gradual neutraliza-
tion of the field.

GrunbergS7 takes the view that the abrasion produces structures
in the surface of the metal fram which electrons can be emitted by the
action of light in the visible wave length range. These areas of low
work function are produced by the intimate mixing of the metal oxide
and metal in the abrasion process. He cites as evidence of this the
fact that the decay of emission is greatly accelerated by the presence
of oxygen, which would be expected to destroy such centers. The high

wave length emission peaks noted above were found mainly with aluminum,
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magnesium, and zinc, which are all mown to form excess metal oxides.

A similar idea is advanced by Naasenateinse who suggests a two
step mechanism for electron emission, the first being the promotion of
electrons to high lying energy levels by the abrasion process. From
these high lying centers the electrons are emitted thermally even at
room temperature.

It is apparent that the cause of the electron emission known as
the Kramer effect is still in considerable doubt. Unfortunately, many
of the experiments performed thus far have not been adequately con-
trolled; so that interpretation of the results obtained is very diffi-
cult. For example, it has recently been shown that particles of emery
used for abrading the metal surfaces become embedded in the metal during
the abrasion process and that these emery particles are themselves ex-
cellent electron emitters. Consequently, it is very difficult to
detemine whether the observed emission is due to the metal, the abrasive,
or a combination of the two.

Also, most of the metal surfaces after Being abraded in air have
been placed in a counter tube charged with some ionizing gas. These
gases certainly react with the exposed metal surfaces, and the effect
of such reaction should certainly influence electron emission. It is
even uncertain at present whether the observed emission is due to the
metal itself, or to chemisorption and/or occlusion of other materials
on 1ts surface. More, and more rigidly controlled experiments are mmuch
needed to resolve these questions.

The use of new experimental methods should aid in obtaining more

reliable experimental results. Recently, the Kramer electrons have been
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counted by means of a secondary electron multiplyar59 and by a vibrating
reed electrometer.60 These instruments should obviate at least some

of the difficulties attendant to use of the Geiger counter.

Ce Formation of Hydrogen Peroxide at Fresh

Metal Surfaces

1. Experimental Evidence

The ability of freshly prepared metal surfaces to blacken a
photogréphic plate has been recognigzed for a long time. The phenomenon
is known as the Russell effect, because of Russell's classic series of

experiments dating to 1897.61’62’63’6]"65

By passing a current of air
between the active surface and the photographiec plate, and noting that
the image produced was distorted, Russell was able to show that the
darkening of the image was due to a gas and not a true radiation. He
suggested that the gas responsible was hydrogen peroxide.

In 1939 Churchill66 confirmed and extended Russell's work and
proved the presence of hydrogen peroxide by chemical means. Neither
Russell nor Churchill was able to explain what caused the farmation

of hydrogen peroxide at the fresh surface.

-

2. Theoretical Explanation

It has been assumed that the formation of hydrogen peroxide at
a nascent metal surface is related to the presence of electrons there,67
and dependent on the surface being abraded or otherwise excited so that
it gives off electrons. Recently, Grunberg68 has suggested that the

presence of such free electrons at the surface could initiate a series
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of free radical reactions between water and oxygen leading to the pro-
duction of hydrogen peroxide.

e + H0+H,0 »H + OH
H + 0y =+ HOp
Hy0 + HOy = HgOp + OH
e+ OH~—~ OH™
Grunberg found that &lumipum; zinc; magnesium; and nickel, when cut under
water containing oxygen produced measurable amounts of hydrogen peroxide,
while copper and iron, which are catalysts for the decamposition of
hydrogen peroxide, did not. He found, however, that the amount of
hydrogen peroxide formsd was proportional to the tota‘l metal surface
area exposed by cutting, and that all the metal surface atoms reacted.
411 solutions became turbid, indicating formation of substantial amounts
of metal hydroxides in the cutting process.

Becker and H'Olff69‘ found no correlation between the number of
electrons emitted and the amount of hydrogen peroxide formed.

McGi112 showed that water very quickly quenched the Russell
effect. It was also completely quenched by chemisorption of a long
chain fatty acid onto a freshly machined surface. However, a surface
aged after machining under an inert solvent in which oxygen was not
soluble showed a uniform activity, in spite of a finite finishing time.

In view of these somewhat conflicting data, it is not possible to
state unequivocably that the electrons which are responsible for the
Kramer effect are the cause of the production of hydrogen peroxide at

olean metal surfaces. However, the Kramer effect is probably the most
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reasonable explanation advanced so.far which ‘can explain. the phenomenon .
known as the Russell effect. Again, more and better controlled experi-

ments are much needed.



APPENDIX II

PREPARATION OF THE n-NONADECANOIC ACID

A. Preparation of the Grignard Reagent

OygHy70H + HBr 250 GygHysBr + HyO
I
018H37Br + Mg __2._>. C1gH37MgBr

Both the unlabeled and the carbon-ll; labeled n-nonadecanoic acid
used in this work were prepared via octadecyl bromide and the Grignard
reaction. This method was chosen both because octadecyl bromide forms
the Grignard reagent very smoothly, and because the Grignard reaction
affords a convenient way of incorporating an atom of carbon-ll into
the fatty acid molecule. The procedure outlined by Lehto© was employed
to prepare the octadecyl bromide, and that described by Ailen; was used
to.prepare the Grignard reagent. This reagent was synthesized as fol-
lows.

Several hundred milliliters of reagent grade hydrobromic acid
was fractionated in a 4-ft. Vigreux column to rid the acid of decomposi-
tion products. A middle fraction which represented the azeotropic acid
composition was collected at 125.6°/7L42 mm., and used in the synthesis
which follows.

To 120 g. (80.7 ml.) of the purified hydrobromic acid in a 500-ml.

round-bottomed flask was added 38 ge (21 ml.) of concentrated sulfuric
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acid® and 100 g. of Mathieson reagent grade n-octadecyl alcohol. The
flask was then fitted with a condenser and refluxed over an open flame
for six hours. Two phases were present in the flask during the reflux-
ing period, the lower one composed of water and the two inorganic acids,
and the upper of n-octadecyl aleohol and bromide.

After refluxing the mixture for six hours 100 ml. of water was
added to dilute the acids, and the mixture was poured into a separatory
funnel, The water layer was discarded. The organic layer was then
extracted five times with 25-ml. portions of concentrated sulfuric
acid, then twice with water, and finally, once with a dilute solution
of sodium carbonate. Because the layers were very viscous and slow
to separate the mixture was centrifuged during each extraction.

The crude octadecyl bromide was then distilled from a Claisen
flask at a pressure of 3 mm. The fraction boiling from 160-163° was
collected and used for synthesis of the Grignard reagent. The yield
was 42 g., or 3} per cent, of theoreticafl.

Approximately 22.5 g. of the alkyl bromide was refluxed with
300 ml. of dry ether in a 500-ml. round-bottomed flask which was
fitted with an efficient reflux condenser. One and four-tenths grams
of freshly cut magnesium turnings was added, followed by a small crystal
of iodine. The reaction soon started and in five hours all the magnesium

had disappeared. A slow stream of dry nitrogen was passed through the

*The initial mixing of hydrobromic and sulfuric acids must be
done very cautiously and preferably under the hood, as it is accompanied
by evolution of some heat and considerable bromine vapor.
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flask throughout the refluxing period. If kept tightly stoppered, the
Grignard reagemt could be stored for several days with no detectable

decomposition.

B, Synthesis of the Unlabeled Acid

C1gH37MeBr + G0, > CygH37C0Mghr

C1gH37C0MgBr + HCL — G, gHo,CO,H + MgBrCl

One-=half of the solution of octadecyl magnesium bromide obtained
as the product in Section A was poured into a 500-ml. beaker about
one-fourth full of a slurry of Dry Ice; and ether which had been dried
over sodiume. The s8lurry was stirred until all the Dry Ice had sublimed.
The product was hydrolyzed by shaking the resulting solution in a separa-
tory funnel with three 50-nl. portions of 10 per cent hydrochloric acid.
The aqueous extracts were discarded.

The ether solution of the ‘fa.tty acid and alcohol was extracted
with 50 ml. of 10 per cent sodium hydroxide. The ether layer which con-~
tained non-acidic impurities formed by hydrolysis of the Grignard reagent
was set aside; and the agqueous phase was extracted twice more with
100-ml., portions of ether.

The aqueous layer was then acidified and extracted three times
’with ether., The ether was evaporated and the nonadecanoic acid recovered
as a white powder. Melting point was 68.6-68.7°. Yield was 6¢95 go

which was 69 per cent of theoretical.



113

Ce Synthesis of the labeled Acid

3 I
HoS0), + BaCO3 — BaSO}, + HpO + COp
3* 3
C1gH37MgBr + COp —~ C18H37C0 MgBr

#* +#*
C1gH37C02MgBr + HC1 -+ C3gH37C0oH + MgBrCl

1. Carbonation

Carbonation of a Grignard reagent to produce an ordinary unlabeled
fatty acid by a technique such as has been described above is a very
simple process. When it is desired to produce a carbon-ll labeled
product, however, the technique becomes considerably more involved.
This is due to the limited amount of tagged carbon dioxide which is
usually available, and to the desirability of working in a closed sys-
tem, which saves contaminating the working area with the radioactive
gase

Carbon-ll; is available from the United States Atomic Energy
Cormission in the form of labeled barium carbonate. Carbon dioxide can
be easily generated from this reagent by treating it with sulfuric acid.
Dauben, Reid, and Yankuich71 have described an apparatus for preparing
fatty acids from tagged carbon dioxide generated in this manner.. .Their

apparatus was improved by AllenS who used it successfully for the fatty
acid synthesis to be described. McGill2 made a few minor changes in

the technique which slightly improved the yield of fatty acid. The
apparatus used in the present synthesis is pictured in Figure 21.
Two hundred milligrams of dry barium carbonate which was tagged

to the extent of l.L4l mole per cent with carbon-ll was weighed into the
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small gas generating flask pictured in Figure 21 and distributed in a
ring on the bottom by swirling the flask. Then, 5.0 ml. of concentrated
sulfuric acid was pipetted into the acid burette and the entire system
assembled, evacuated, and tested for leaks. The system was then alter-
nately filled with dry nitrogen and evacuated three times. When the
system came to atmospheric pressure the third time the plug on the
reaction flask was removed, and with dry nitrogen flowing through the
system and out through the reaction flask, 7.0 ml. of the octadecyl
magnesium bromide reagent prepared as described in Section A was
pipetted into the flask.

The system was sealed, and the Grignard reagent frozen with a
Dewar of liquid nitrogen. The system was then completely evacuated.
The Dewar flask containing the liquid nitrogen was replaced by one
which contained acetone which had been cooled with Dry Ice to a temper-
ature of about -20°. The reaction mixture melted and nitrogem which
was dissolved in the frozen Grignard reagent was liberated. This pro-
cedure was repeated twice more. On melting the reagent for the third
time, no further gas evolution was noted.

The magnetic stirrer was then started, and carbon dioxide was
liberated from the barium carbonate by allowing sulfuric acid to drop
slowly upon it from the acid burette. The gas was generated at as
uniform a rate as possible by regulating the drop rate of the sulfuric
acid. When all the acid had been added the barium sulfate was dissolved
in the excess sulfuric acid by heating the bottom of the flask with a

low flame.
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When the manometer showed that no more carbon dioxide was being
evolved or absorbed the stirrer was stopped, and the reaction flask
contents were again frozen with liquid nitrogen. A full vacuum was
obtained, which indicated that all of the carbon dioxdde gas had either
been absorbed by the Grignard reagent or frozen in the reaction flask.
This flask was then isolated from the rest of the system, the contents
again melted with the cooled acetone, and the contents vigorously
stirred for fifteen minutes. The flask was then opened to the system

and the reaction product worked up.

2. Product

The reaction flask contents were transferred to a 500-ml.
separatory funnel, after which. the flask was rinsed successively with
ether, hydrochloric acid, and ether again. The washings were added to
the funnel. The reaction product was then hydrolyzed by shaking it
with four portions of 10 per cent hydrochloric acid. The organic layer
contained the radioactive acid along with some octadecyl alcohol pro-
duced by hydrolysis of the unused Grignard reagent. This solution was
next suspended in a 10 per cent solution of sodium hydroxide which was
extracted three times with ether to remove the octadecyl alcohol. The
water layer was acidified with 10 per cent hydrochloric acid, and the
precipitated acid taken in several portions of ether. These ether
extracts were evaporated in a small beaker, and the fatty acid re-
crystallized from acetone.

Yields of fatty acid produced in this manner average 192 mg.,

which is 62 per cent of the theoretical based on the amount of carbon
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dioxide which was useds The product was obtained as thin plates having
a melting point of from 67-68° which compares favorably with the pub-

lished value of 68.65°.

3. Notes

Séme difficulty was experienced in making the stopcock, which
regulated the flow of sulfuric acid from the acid burette absolutely.
leak proof. The acid appeared to react with all of the more usual
stopcock greases, in spite of the fact that they are supposed to consist
only of saturated hydrocarbons, A very thin film of a silicone type
lubricant was finally adopted, but even this was not completely satis-
factory.

Distributing the barium carbonate in a ring around the bottom
of the generating flask was a suggestion of McGill, and was done to
prevent the dusting and initial violent gas evolution which occurred
if the sulfuric acid were allowed to drop.directly onto the barium
carbonate.

It was advisable to keep the temperature of the cooled acetone
as nearly constamt as possible, because even at =20° ether has a con-
siderable vapor pressure which, of course, changes with temperature.
These changes can complicate manometer readings and make it uncertain
whether gas evolution had ended or whether the system was leaking, etc.

On several trial runs when the reaction product was being worked
up and the fatty acid was suspended in 10 per cent alkali a considerable
amount of white material precipitated at the water-ether interface. This
was an emulsion of the sodium soap of the fatty acid, the presence of

which complicated the extraction. The separation could be successfully
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carried out, nevertheless, by including this emulsion as part of the
aqueous phase, but the number of extractions had to be increased and

this always decreased the yield.



APPENDIX III

PREPARATION AND PROFERTIES OF THE HEAVY METAL SOAPS

A, Preparations

l, General Procedures

The soaps of iron and cobalt were prepared by use of the general
procedure outlined by Elliott72 and by Whitmore and Lauro.’3 This in-
volves the addition of a solution of an inorganic salt of the heavy
metal to an aqueous solution of the sodium soap of the fatty acid.

The soaps were then purified by recrystalligation from benzene.

2o Iron III Nonadecanoate

A 1.0-g. sample of unlabeled n-nonadecanoic acid was dissolved
in a solution of 50 ml. of 95 per cent ethanol and 50 ml. of distilled
water. The solution was warmed to about 60° on a hot plate, and two
drops of bromthymol blue indicator was added. The solution was then
titrated with approximately O.1l N sodium hydroxide to the indicator's
green neutral point., The neutral solution was then boiled to expel
most of the alcohol.

A slight excess of ferric chloride hexahydrate (0.31 g.) was
weighed into a 50-ml. Erlemmeyer flask and dissolved in a small amount
of waters This solution was heated to about 70° and added to the warm
solution of the sodium soap. The iron III soap precipitated as a
salmon-colored solid. This was allowed to cool to room temperature,
was filtered, suspended in hot water, and filtered again in order to
get rid. of any inorganic. contaminant.. Ifiwas. then.dried in an.
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* evacuated desiccator over Drierite, and finally recrystallized from

‘benzene .,

3. Cobalt II Nonadecanoate

A 1.0-g. sample of unlabeled n-nonadecanoic acid was dissolved
in a solution of 50 ml. of 95 per cent ethanol and 50 ml. of distilled
water. This solution was warmed to about 60° on a hot plate and two
drops of bromthymol blue indicator was added.to it.- The solution was
then titrated with approximately O.l N sodium hydroxide to the indi-
cator's green neutral point. The neutral solution was boiled to expel
most 5f the alcohol.

Exactly 0.L486 g. of cobaltous nitrate hexahydrate was then
weighed into a 50-ml. Erlenmeyer flask. This is a slight excess over
the amount of this salt reguired to react with the acid. The salt was
dissolved in a small amount of water and heated on the hot plate to
approximately 70°, when it was added to the warm solution of sodium
nonadecanoate. The cobalt soap precipitated as a lavender-colored
solide The solution was cooled and filtered, and the precipitate was
washed thoroughly with water to remove any inorganic cobalt contaminant.
The sample was then dried in an evacuated desiccator over Drierite, and

finally recrystallized from benzene. 5

le Iron II Nonadecanoate

A preparation of iron II nonadecanoate was also attempted using
the same general techniques as those described. This preparation was
unsuccessful because of the strong tendency of the ferrous iron to

oxidize in the air to the ferric state. It was not felt that the
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data which would have been obtained from this soap justified building

an apparatus which would allow the soap to be prepared in pure form,

and so the preparation was abandoned.

1. Melting Points

Iron III nonadecanocate melted at 112-113°.

B, Properties

canoate decomposed when heated above about 200°,.

2o Solubilities

Cobalt II nonade-

The solubilities of the two soaps were determined in cyclo-

hexane and in water.

Appendix IV.

Details of these determinations are given in

The values found are given below, and are compared with

the solubilities MeGill found for similar soaps in these same solvents.

Soag

Iron III
Cobalt II
Silver I
Copper iI
Lead II

Solubility in Water

g./ml.
L.75 x 10-8

6.83 x 10~7
1.27 x 106

7.1 x 10~9
2.61 x 10~

moles/1.

5.01 x 10"8
1.0L x 107%
3.2 x 1076
1.1 x 108

3.2 x 10°%

Solubility in Cyclohexane

ge/ml. moles/l.
3.92 x 105 L.13 x 1075
3.16 x 10  L.83 x 10~
1.90 x 1078 .69 x 10-8
1.00 x 10~7  1.52 x 1077
2.1 x 1077 2.62 x 10~7



APPENDIX IV

MICROANALYTICAL TECHNIQUES

A. COobalt

l. Analytical Method

The method used for the cobalt analysis was based on that out-
lined by Dean,7h simplified somewhat because of the lack of interfering

ions, Cobalt reacts with nitroso-R salt;

NO
OH

NaOBS SO3Na

which is yellow in aqueous solution, to give a soluble red complex salt.
This salt, unlike the nitroso-R salt complexes of most other metals, is
stable in mineral acid solutions. This stability is the basis of the
specificity of the reagent for cobalt, because most similar complexes,
if present, can be destroyed by suitably lowering the pH of the sample

solution.

2. Procedure
Reagents were prepared as followss

a, Cobalt-free water. This was prepared by passing distilled

water through a 4-ft. column which contained Amerlite MB-3 ion exchange
resins. "The purified water was collected at the bottom of the column

at the rate of one drop every ten seconds.
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bs Primary cobalt standard. A standard cobalt solution of

concentratioﬁ 100 ppm. was prepared by dissolving 0,04OL g of reagent
grade cobalt chloride hexahydrate in deionized water, adding 1 ml. of
concentrated hydrochloric acid and diluting to 100 ml.

ce Secondary cobalt standard. A standard cobalt solution of

concentration 10 ppm. was prepared by diluting 10 ml. of the primary
standard to 100 ml. with deionized water which contained 1 ml. of
concentrated hydrochloric acid. This secondary standard was always
made up just before use.

d. Cobalt working solutions. Standard cobalt solutions of

concentration 0,05, 0,10, 0,30, 0,50, and 0.80 ppm. were prepared by
pipetting 0.5, 1.0, 3.0, 5.0 and 8.0-ml. aliquots of the secondary
standard solution into 100-ml. volumetric flasks, and eventually
diluting them to 100 ml.

e. Nitroso-R salt. A 0.l per cent solution of nitroso-R salt

was prepared by dissolving O.l go of the salt in 100 ml. of the cobalt-

free water.

f. Sodium acetate buffer. A 10 per cent solution of sodium

acetate was prepared by dissolving 100 g. of the reagent grade chemical
in1 1. of cobalt-free water.

ge Sulfuric acide An approximately O.1 N solution of sulfuric

acid was prepared by diluting 2.66 ml. of the concentrated acid to 1 1.
with cobalt-free water.

The purpose of this analysis was to determine the solubility of
cobalt II nonadecanoate, prepared as described in Appendix III, in

water and in cyclohexane at 25°. Accordingly, saturated solutions of
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the soap were prepared by heating several hundred milliliters of the
two solvents to approximately 60°, adding an excess of the cobalt soap,
and then allowing the two solutions to cool slowly and with frequent
agitation to near room temperature. They were then poured into
Erlemmeyer flasks and equilibrated for three days in a 25° thermostat.

The saturated water solution of the cobalt soap then was filtered,
and a 200-ml, aliquot was evaporated to about 30 ml. and washed into a
100 ml. volumetric flask.

Two 25-ml. portions of the cyclohexane solution of the cobalt
soap were admitted to &11 separatory funnels, extracted three times
with S5-ml. portions of approximately O.1l N sulfuric acid, and the
aqueous extracts combined and admitted to 100-ml. volumetric flasks.

These unknowns, and the cobalt standards prepared as described,
were diluted to approximately 50 ml. with cobalt-free water and buffered
to pH 5-5.5 with 10 per cent sodium acetate. Two milliliters was
usually sufficient. The pH was checked with bromcresol green external
indicator.

Two milliliters of the nitroso-R salt solution was added, tlie
flasks shaken, 1.5 ml. of concentrated hydrochloric acid added, and
then the flasks were diluted to the mark with cobalt-free water.

The solutions were exmmined at 510 mp with the aid of the Beckman
Model DU spectrophotometer and 5 cm. absorption cells. All results were
obtained using a blank sample as a reference standard. These results
‘are shown graphically in Figure 22, A strict Beer's law dependence was

found for the cobalt complex, and concentrations of the saturated
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cobalt solutions taken from the graph weres

(1) In water 0.123 ppm.
(2) In cyclohexane 0,708
(3) In cyclohexane 0.715

Correcting for the dilution of the saturated solutions before the actual

analyses took place, the actual values found are:

Solubility in Water Solubility in Cyclohexane
of Co(Nd), of Co(Nd)
6.83 x 10~7 g./ml. 3,16 x 10-5 g./ml.
1.0L x 107 moles/liter L83 x 10 moles/liter
B. Iron

l. Analytical Method

The method used for the determination of iron is based on that

described by Samdell.75 It makes use of the formation of an orange-

red complex, s — 42

\\F e/3’ ’

between 1,10-phenanthroline and ferrous iron. Sandell states that color
intensity is independent of the acidity in the pH range of 2-9. The
complex is very stable and solutions show no change in color after many
months. Beer'!s law is closely followed. Ferric iron present in the

sample is reduced to the ferrous state with hydroxylamine hydrochloride
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prior to the analysis.

2o Procedure
Reagents were prepared as follows:

a. Iron-free water. This was prepared by passing distilled

water through a L-ft., 25-mm. diameter column which contained Amberlite
MB-3 ion exchange resin. The purified water was collected at the bottom
of the column at the rate of one drop every ten seconds.

be. Primary iron standard. A standard iron solution was pre-

pared by weighing out exactly 1.000 g. of pure iron wire, and dissolv-
ing it in a mixture of 50 ml. of concentrated nitric acid, 50 ml. of
concentrated sulfuric acid (spec. g 1.84), and 50 ml. of iron-free
water. This was boiled until fumes of sulfur trioxide appeared, then
diluted to 1 1. with water which had been passed through the ion ex-
change column. The result was a solution of iron of concentration 1000

ppm.
ce Secondary iron standard. A standard iron solution of con-

centration 100 ppm. was prepared by diluting 10 ml. of the primary
standard to 100 ml. with water which had been passed through the ion
exchange column. JThis secondary standard was made up Jjust before use.

de Tertiary iron standard. A tertiary iron standard of concen-

tration 10 ppm. was prepared by diluting 10 ml. of the secondary
standard to 100 ml. with the iron-free water. This tertiary standard

was always prepared just prior to use.

e. Hydroxylamine hydrochloride. A 10 per cent solution of

hydroxylamine hydrochloride was prepared by dissolving 10 g. of the

reagent in iron-free water, and diluting the solution to 100 ml.
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fo Sodium acetate. A 10 per cent solution of sodium acetate

was prepared by dissolving 100 g. of the reagent grade chemical in 1 1.
of iron-free water.

g 1,10-Phenanthroline. A saturated solution of 1,10-phenan-

throline was prepared by adding an excess of the reagent to approximately
100 ml. of iron-free water which had been warmed to approximately 60°

on a hot plate, then allowing the solution to cool slowly to room temper-
ature with frequent agitation.

he Sulfuric acid. An approximately O.1l N solution of sulfuric

acid was prepared by diluting 2.66 ml. of the concentrated acid to 1 1.
with iron-free water.

The purpose of this analysis was to determine the solubility of
iron IIT nonadecanoate, prepared as described in Appendix III, in
water and in cyclohexane. Accordingly, saturated solutions of the
soap were prepared by heating several hundred milliliters of the sol-
vents to about 60°, adding an excess of the iron soap, and then allowing
the two solutions to cool slowly, with frequent agitation, to room
temperature, They were then poured into glass—-stoppered Erlenmeyer
flasks and equilibrated for three days in a 25° thermostat.

Three-~hundred milliliters of the filtered aqueous soap solution
was evaporated to approximately LO-ml. volume and washed into a 100-ml.
volumetric flask with approximately O.1 N sulfuric acid.

A 25-ml. aliquot of the saturated cyclohexane solution of the
soap was filtered and passed from a burette into a small separatory
funnel. This solution was extracted three times with 5-ml. portions

of approximately O.1 N sulfuric acids The aqueous extracts were
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combined and admitted to a 100-ml. volumetric flask.

Standard iron solutions of concentration 0.01, 0.05, 0,10, 0,30,
and 0.50 ppm. were prepared by pipetting 0.10-ml., 0.50-ml., 1.00-ml.,
3,00-ml., and 5.00-ml, aliquots into 100-ml. volumetric flasks which
were subsequently brought up to a total volume of 100 ml.

Eight~tenths milliliters of the 10 per cent solution of hydroxyl-
amine hydrochloride was pipetted into each flask.

Three milliliters of the saturated solution of 1,10-phenan-
throline was then added, followed by 8 ml. of the 10 per cent sodium
acetate. The flasks were then diluted to the mark with iron-free water.

The transmittance of all the solutions was determined at a wave
length of 490 mp with the aid of the Beckman Model DU spectrophotometer.
Special 5 cm. absorption cells were employed for the measurements which
were made using a blank sample as reference solution. The results of
these measurements are given graphically in Figure 23. A strict Beer's
law dependence was found for the iron complexes, and concentrations of

the saturated iron solutions taken from the graph were:

(1) In water 0.0085 ppm.
(2) In water 0.0085

(3) In cyclohexane 0.563

(L) In eyclohexane 0.561

Correcting for the concentration and dilution of the saturated solutions

before the actual analyses took place, the values found are:
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Solubility in Water Solubllity in Cyclohexane
S ey B £ A

ho75 b 4 10-8 g-/hlo 3092 X 10‘5 g./ml.
5,01 x 10~ moles/liter L4.13 x 1075 moles/liter

Ce Copper

1. Analytical Met od

The analytical method used for the determination of copper in
cyclohexans solutions employ's the much uysed reagent, dit izone, for

the development of the intensely red-vialet colored cupric keto

H CcHy H

| Iﬂ*‘s ¢Hg
eSS

—r"

C6H5 C6H5

dithizonate.

S

It is believed that the method of color development used is unique with
this work, and so it will be discussed in detail. It involves the very
simple procedure of shalkdng the cyclohexane solution of the copper soap
with a dilute solution of dithizone. It was found that the chelating
agent was strong enough to react quantitatively with the copper in
this aprotic solvent, giving precise results with a minimum of trouble
and the possibility of error attendant to a more involved method.
Typical calibration curves obtained are shown in Figure 2y which also
shows the stability of the color produced as a function of time between

color generation and measurement. The only difficulty attendant to use
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of the technique described is that the reagent; when used in the aprotic
solvent, loses all specificity for copper. This was no handicap in the

present determination, however.

2. Procedure

Reagents were prepared as follows:

a. Cyclohexane. The purification of the cyclohexans used through-
out this work has been described in some detail above. It is very un-
likely that even the practical grade material contained anything which
would interfere with the copper analyses.

b. Carbon tetrachloride. Practical grade carbon tetrachloride

was fractionated through an 8-ft. still, and a middle fraction was
used for preparing the solutions described.

ce Chloroform. Reagent grade chloroform was used without
further purification.

d. Primary copper standarde. Use of this method necessitated

the preparation of cyclohexane solutions of the copper soap of known
concentration. The solutioﬁs cannot be prepared directly, as the
saturation solubility of the soap in this solvent is only 0.l mg./l.,
too low for accurate weighing. However, Koenig76 states that the
solubility of copper stearate is “fair® in chloroform at 25°. Accord-
ingly, L.89 mg. of the purified copper II nonadecanoate prepared by
McGi112 was welghed on a semimicro balance and dissolved in 100 ml.
of chloroform. This gave a solution containing L.71 x 10°6 ge/ml.
of copper.

e. Secondary copper standard. Five milliliters of the primary

copper standard was diluted to 500 ml. with chloroform. This solution
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had a copper concentration of 0.0471 x 10-6 ge/ml.

f. Primary dithizone. Ten milligrams of purified dithizone

was weighed on a semimicro balance and dissolved in 100 ml. of purified
carbon tetrachloride. The solution was kept in a . ‘brown glass bottle
under refrigeration to retard decomposition of the reagent.

ge Secondary dithizone. Twenty-five milliliters of the pri-

mary dithizone solution was diluted to 250 ml. with cyclohexane. This
solution was always made up immediately before use.

Zeroy, 5, 10, and 15-ml. aliquots of the secondary copper standard
solution were pipetted into four 50-ml. mixing cylinders equipped with
ground glass stoppers, and then the solvent was completely evaparated
from each by partially immersing the cylinders in a water bath kept at
a temperature Jjust below the boiling point of the chloroform. About
25 ml. of cyclohexane was then added to each cylinder. The copper
unknowns were cylelohexane solutions of the soap contained in the
25-ml. adsorption cups which have been previously described.

Two milliliters of the secondary dithizone solution was pipetted
into each of the unknown copper solutions and into the mixing cylinders
containing the standards, all of which were equipped with small magnetic
stirring bars. The solutions were then vigorously stirred for one hour.
A definite color change was usually detectable in one or two minutes
and some tests seemed to indicate that even here, the rate determining
step was the desorption of the adsorbed soap from the cup walls.

At the end of an hour the unknown copper solutions were poured
into other mixing cylinders and the volume of each was made up to 4O ml.

with cyclohexane. Each cylinder was then thoroughly shaken and examined



135
as quickly as possible in the Beckman Model DU spectrophotometer. A
magnifying glass was found helpful in determining small differences in
optical density. All determinations were run using 5-cm. absorption
cells at a wave length of 510 mp against a cyclohexane blank. This is
the wave length of minimum absorption of dithizone but maximum absorp-
tion of cupric dithizonate, so optical density increases with increas-
ing copper concentration. Results with the standards were fairly
precise, indicating that the chelating agent is strong enocugh to pull
the copper fram the cup walls into the solution. The results obtained
with the unimowns have been given in Figure 18.

3. Notes
The particular problem encountered in the analysis described
above was that of analyzing for minute amounts of copper which was
partly dissolved in cyclohexane, and partly precipitated on the walls
of the container. It was fairly certain that at least part of the
desorbed copper was not in solution, since McGill's determination of
the solubility of copper II nonadecanoate indicated that the satura-

tion solubility of the soap in cyclohexane was only 1.0 x 1077 g./mle

Thus, one monolayer of desorbed soap was sufficient to completely
saturate the 25 ml. of solvent in the adsorption cup. It was thought
that several such monolayers would be desorbed. This being the case,
it appeared that there were two analytical possibilities. Either the
copper analyses could be run in the same adsorption cups into which
the soap was desorbed, all desorbed copper would be determined, or
some rinsing and extracting technique could be attempted which would

pull all the copper present into the ‘aqueous phase as some inorganic
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salt, where solubility would no longer be a problem.

As no analytical method could be found which would permit
analyses in the cyclohexane solutions, the latter technique was tried

first. The analytical method of Lambert!' as modified by McGill® was

testeds It was found unsuitable, however, as wide deviations from
Beer's law, accompanied by increasingly erratic results, were noted if
the total copper present exceeded about 0.3 pg.

Sand.ell75 spends considerable time discussing the application of
dithizone to the determination of very small quantities of copper. The
method invblves shaking an aqueous solution of controlled pH, contain-
ing the cupric ion with a carbon tetrachloride solution of dithizone.
A small amount of dithizone enters the aqueous phase where it reacts.
by an ionic mechanism to give the cupric dithizonate which then re-
enters the organic layer. Although excellent in principle, when it
was tried it was found that the two extractions necessary to first
pull the copper from the cyclohexane into the water and then back
into the carbon tetrachloride, plus the difficulty of removing all
the copper from the walls of the adsorption cups, made the results
rather erratic with the minute amounts of copper which were to be
determined.

This difficulty led to the development of the method finally
usede It was uncertain whether a quantitative reaction between copper
and dithizone would occur under these conditions, as the aprotic cyclo-
hexane could furnish no solvation energy to help drive the reaction to
completion. However, the precise results shown in Figure 24 suggest

that quantitative reaction did indeed occur. To make absolutely certain
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that partial reaction did not lead to erroneous results, the standards
used were prepared from a purified sample of the same compound whose
solutions were to be analyzed for copper. Also, all analyses were
begun with the copper soap of the standards adsorbed on the walls of
the mixing cylinders, which duplicated as nearly as possible the

situation of the unknowns.

De Silver

le Analytical Method

The method used for the determination of silver is a modification
of those described by Sandell® and by McGil11.° It is based on the
greater stability of yellow silver keto dithizonate

s

"
|
N—N

than that of the red~violet copper keto dithizonate, a solution of
which is used as the complex forming agent in the analysis. The
method involves a mixed color comparison of the hues of the unknown
solutions with those of the knowns. Colors range from yellow to
violet, depending on the amount of silver present.

Because the stability of the cupric dithizonate itself is con-

siderably greater than that of the dithizonates of almost all comman
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interfering metals, no special purification of water, acids, etc., is
required to remove traces of contaminants which would interfere if
dithizone itself were used as the reagent. Only gold, palladium, and
mercury interfere with the silver determination if it is carried out
as described. These metals form stronger complexes with dithizone'than
silver does. However, they are rarely present and normally pose no

problem in the analysis.

2. Procedure
Reagents were prepared as follows:

a. Sulfuric acid. An approximately 0.1l N solution of sulfuric

acid was prepared by diluting 2.66 ml. of the concentrated acid to 1 1.
with distilled water.

be Primary silver standard. A primary silver standard of con-

centration 10 mg./ml. was prepared by dissolving 1.575 g. of dried
silver nitrate in 0.1 N sulfuric acid, and making the solution up to
a volume of 100 ml.

ce Secondary silver standard. A secondary silver standard

was prepared by diluting 2.5 mle of the primary standard to 250 ml.
with O.1 N sulfuric acid. This solution had a silver concentration
of 100 pg./ ml.

de Tertiary silver standard. One milliliter of the secondary

silver standard was diluted to 1 1. with 0.1 N sulfuric acid. This
gave a solution of silver concentration 0.1 pg./ml.

e. Primary dithizone. An approximately 0.0l per cent (w/v)

solution of dithizone in carbon tetrachloride was prepared by dissolving
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10 mge of the purified dithizone in 100 ml. of the fractionated solvent.
This solution was kept in a brown glass bottle and under refrigeration
to retard decomposition of the reagent.

f. Secondary(dithizone. Ten milliliters of the primary dithi-

zone solution was diluted to 100 ml. with purified carbon tetrachloride.
This solution was prepared fresh just before use.

ge Cupric dithizonate reagent. Twenty-five milliliters of the

secondary dithizone solution was shaken with an excess of an aqueous
solution of reagent grade copper sulfate. The water layer was then
discarded, and the organic phase thoroughly washed three times with
O.1 N sulfuric acid to getwrid of any suspended copper. The carbon
tetrachloride solution of cupric dithizonate was then diluted to 50 ml.
The purpose of this analysis was to determine the quantity of
silver nonadecanoate desorbed from a surface of silver metal when this
was exposed for varying time intervals to a cyclohexane solution of
nonadecanoic acide To begin the analytical procedure, it was necessary
to bring the desorbed silver into the aqueous phase. Accordingly, the
soap solutions were extracted three times with 5 ml. portions of 0.1 N
sulfuric acid, and the aqueous extracts combined and admitted to a set
of small flat-bottomed glass vials equipped with ;;ap—on polyethylene
lids. A set of standard silver solutions was also prepared by pipetting
0y 0.5, 1.0, 1.5, and 2.0 ml. of the tertiary silver standard into
similar vials. These contained 0.05, 0.10, 0.l1l5, and 0.2C>Pg of
gllver. The volume of each of the known solutions was then‘made up

to 15 ml. to correspond with those of the unknowns.
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Exactly 0.2 ml. of the cupric dithizonate reagent was pipetted
into each of the vials which were then capped and shaken for two minutes.
The droplets of carbon tetrachloride were shaken down in the tubes to
form one large drop at the bottome. Color comparison of the standards
and unknowns was made visually. Standards only 0.05 Fe different in
silver content could be clearly distinguished, but these approached

the limit of surety about color differences.

E. Aluminum

1. Analytical Method

The method used for the alumimum analyses is described by

Sandell.75 It is based on the formation of a deep red-colored lake
when alumirum is treated with a weakly acid solution of ammonium aurin
tricarboxylate (aluminon). The color has been ascribed by Feigl as
being due to an internal complex salt between alumimum and the

reagent, having the formula,

[ b

HOOC e

The color has also been credited to colloidal aluminum hydroxide on
which the organic compound is adsorbed with a pronounced color change.
The reagent is very sensitive. As little as 0,01 ug of aluminum has

been detected in 10 ml. of sample in a column of solution with a l--czm.2
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cross section. As the reagent is itself colored, Beer's law is not
generally followed except when large excesses of aluminon are present.
The color development of the lake does not take place immediately,

but is reasonably complete within fifteen minutes.

2. Procedure
Reagents were prepared as follows:

a. Alumimm-free water. This was assured by passing distilled

water through a 4-ft. column which contained Amberlite MB-3 ion ex-
change resins. The purified water was collected at the bottom of the
column at the rate of one drop every ten seconds.

b. Hydrochloric acide A standard hydrochloric acid solution

was prepared by diluting 7.4 ml. of the concentrated reagent to 1 1.
with the aluminum-free water.

ce Primary aluminum standard. A standard alumimum solution was

prepared by dissolving 0.176 ge of potassium aluminum sulfate dodeca-
hydrate in the hydrochloric acid, and diluting the solution to 100 ml.
This gave a solution of aluminum concentration 0.1 mg./ml.

de Secondary alumimum standard. This was prepared by diluting

1 ml. of the primary standard to 100 ml. with the hydrochloric acid
solution. The resulting solution had an aluminum concentration of
1 pg./ml.

e. Tertiary aluminum standard. A tertiary standard alumimm

solution was prepared by diluting 20 ml. of the secondary standard to
100 ml, with the hydrochloric acid solution. This had an aluminum con-

centration of 0.2 pg./ml.
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£. Ammonium acetate. A 10 per cent ammonium acetate solution

was mepared by dissolving 100 g. of the reagent grade chemical in
alumimum-free water, ard diluting the solution to 1 1.

g. Ammonium aurin tricarboxylate. A 0.2 per cent (w/v)

solution of the aluminon reagent was prepared by dissolving 0.2 g. of
the reagent in 100 ml. of alumimum-free water.

The purpose of this analysis was to determmine the amount of
aluminum IIT nonadecanoate desorbed from a machined aluminum surface
when this surface was exposed for varying time intervals to a cyclo-
hexane salution of the fatty acid. To begin the analytical procedure,
the aluminun was brought into the aqueous phase. Accordingly, the
cyclohexane solutions were extracted twice each with 5-ml. portions of
the hydrochlaric acid solution. These extracts were cambined and
poured into a specially prepared set of coler comparison tubes. The
tubes were made by sealing the bottoms of 15-inch sections of 11 mm,
Pyrex tubing. The tops of these tubes were flanged.

Alumimm standards were also prepared containing 0.6, 0.8, 1.0,
1.2, 1.4, 1.6, 1.8, 2.0, 2.4, and 2.6 ug of aluminum by pipetting
suitable quantities of the tertiary aluminum standard into other colar
camparison tubes. The volume of each of the known samples was made
up to 10 ml. with the hydrochloric acid solution to match the wvolume
of the unknowns.

Exactly 0.2 ml. of the alumninon reagent was pipetted into each
of the colar comparison tubes, and the reagent was carefully washed

down the tube walls with a small amount of the acid solution.



1h3

Five milliliters of the ammonium acetate solution was then
pipetted into each of the tubes, and the volume of each solution was
made up to 20 ml. The solutions were then stirred with a long glass
rod.

Colors of the samples and unknowns were compared after half an
hour. It was found convenient to mount the sample tubes in holes drilled
in a section of two-inch by four-inch board, and then view the sample
tubes from the tope The tubes were supported on the bottom by a piece
of frosted glass over a fluorescent light bulb., This gave excellent
even illumination and the differences in hue of the various sample
solutions could be clearly distinguished. The results of these

analyses have been given in Figure 18.



. APPENDIX V

THERMODYNAMIC CALCULATIONS

A. Method of Calculation

This section is concerned with the derivation of the free energy
changes involved when n-nonadecanoic acid reacts with metallic cobalt
and metallic iron to form the appropriate metal soaps. The results
obtained, added to the calculations of similar quantities made by
Mc:(}ill,2 are so far as .is known the only free energy data available
for any of the heavy metal nonadecanoates, and should also add to the
very meagre thermodynamic data available for derivatives of. amy. of:the
long chain fatty acids.

The free energy changes involved in the net soap formation
reactions were determined by summation of the series of reactions
listed below, whose free energy changes were either known or could be
calculateds The only necessary experimental data which were not
already available were the water solubilities of the two metal soaps.
These were determined as part of this work in the manner described in

Appendix IV.

Be Metal-Acid Reactions

l. Reaction of Cobalt with E—Nonadecanoic Acid

It was desired to calculate the free energy change associated

with the reaction of cobalt with E—nonadecanoic acid to form the cobalt

soaps This reaction,
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H(Nd) (g) + 1/2 Co(g) -1/ Co(Nd)z(s) +1/2 Hz(g) ’

has the same free energy change associated with it as does the following

sequence of reactions.

AFtO

(1) H(Nd) (8) + H(Na) (saturated aqueous solution)

(2) H(Nd)( saturated aqueous solution) < H'(a = 3.1 x 10'6) *

* Nd7(4 = 3,1 x 10-6) Nr=o0

(3) By 2 3.0x106) * M7, 31 5 106)
- H*(a b 1) + Nd—(a - 1)
A\F = (2) BT 1n (ap/27)

o |
I\ F = (2)(1.986) (298.1) (2.303) 1og A o s

AF = 15 kcal. per mole

(L) H+(a - 1) *1/2 Co(y - 1/2 Co+2(a Sy 1/2 Hy(g)
AF = (1/2)(-12.8) =:6.}4 kcal. per mole

2

+
~1/2 ¢
/2 Co (a = 1.04 x 10

, *2 -
(5) 1/2 co @=1) *N

1) '6) »

= 1)

* N7y - 1,04 x 107)
O\ F = (1/2) RT 1n (Co*2) + (1/2) RT 1n (Na=)2
Dy - /) (1.986) (298.1) (2.303) (Logy gL.0k x 1076) +
+ (1/2)(1.986) (298.1) (2.303) (10g; ;2,08 x 10-6)2
AF = =11.8 kcal. per mole



16
2 = =2
(6) 1/2 Co™ (g L 1,04 x2076) * Mg = 1,04 x 106) ¥

¥ 1/2 Co(Nd), () AF =0

By summing these reactions and the free energy changes involved in each,
a total free energy change of -3.2 kcal., per mole was obtained for the

net reaction.

2. Reaction of Iron with n-Nonadecganoic Acid

It was desired to calculate the free energy change associated
with the reaction of iron with _q-nonadecanoic acid to form the iron III

soape This reaction,

H(Nd)(s) +1/3 Fe(,) -+1/3 Fe(Nd)B(a) + 1/2 Hz(g) s

has the same free energy change associated with it as does the follow-

ing sequence ' of reactions.

(1) H(¥) (s) + H(Nd) (saturated aqueous solution) A i

(2) H(NQ) (saturated aqueous solution) * H+(a = 3,1 x10%) *
+Nd"(g = 3.1 x 1076) Ar-o

(3) B'q = 3.1 x10%6) *M7(g = 3.1 x 20%6) " H(g . 1) *
+ Nd7(g = 1)
NF=28r10 (ap/aq)

D ¥ - (21969 258.1) 2. :
F = (2)(1.986)(298.1)(2.303) log (3.1 x 107°)

A F = 15 kcal. per mole



17
) B _ 1y +1/3 Fe»1/3Fe® @-1 *V2E,

AF = (1/3(-2.53) = 0.8} kcal. per mole

() 1/3Fe*3(, L)+ ¥, )" WBFeS 10Dt

. Mdﬂl(a = 5.0 x 10-9)

AY:
AY:

(1/3) T 1n (Fe*3) + (1/3) RT 1n (Na~)3

(1/3) (1.987) (298.1) (2. 303) (10gy 05+0 x 105) ,
+ (1/3)(14987) (298.1) (2..303) (1og, ;15.0 x 108)3
A F = =12.6 Kcal. per mole
(6) 1/3 F°+3(a = 5.0 x 10'8) i Ncr(aL = 5.0 x 10'8) <

<1/3 Fe(Nd)3(B) A F=0

Surming the above reactions and the free energy changes involved in
each, a total free energy change of +l.6 kcal. per mole was obtained

for the net reaction.

3. Notes

In both the case of the cobalt and the iron reactions, reaction (1)
has a zero free energy change associated with it. This is because it
represents an equilibrium process in which the saturated aqueous solu-
tion of the fatty acid is in equilibrium with the solid acid.

Reaction (2) for both metals also has a zero free energy change
associated with it, because it also represents an equilibrium process.
The concentrations of the hydrogen and nonadecanoate ions which are in

equilibrium with the saturated aqueous solution of the fatty acid were

obtained by Mc(}ﬂl,z He obtained these from solubility determinations
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made on the acid in aqueous solution and the known value of the dis-
soclation constant of stearic acid at 25°, which was assumed to be the
same as that of nonadecanoic acid at this temperature.

In reaction (3), the hydrogen and nonadecanoate ions are con-
centrated to unit activity from the concentration at which they are
in equilibrium with the saturated solution of the fatty acid. The
‘free energy change involved is calculated in the usual manner.

In reaction (L4), the cobalt and iron metals, both in their
standard states, are made to react with the hydrogen ion to form the
cobaltous and ferric ions, plus hydrogen gas. The only species in-
volved which do not have zero free energies of formation and hence
contribute to the free energy change of the reaction are the two metal
jons. LatimerBh gilves the free energy of formation of the cobalt ion
as being =12.8 kcal. per mole, and that of the ferric ion as being
-2.53 kcal. per mole.

In reaction (5), the metal ions produced in reaction (L), plus
the nonadecanoate ions, are diluted from unit activity to the concen-
tration at which they exist when in equilibrium with the saturated
solutions of the metal soaps. To obtain the correct values for these
latter concentrations, the solubilities of both soaps were determined
in water at 25°. .Details of these determinations have been given in
Appendix IV,

In reaction (6), the cobaltous and ferric ions are combined
with the nonadecanoate ions by an equilibrium process to form the solid
metal soaps. The free energy changes involved in these processes is

again zero.
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C. Standard Free Energies of Formation

of the Metal Soaps

The standard free energy of formation of n-nonadecanoic acid may
be estimated to be sbout -75.5 kcal. per mole, using the approximation
method of Parks and Huffman.'0 This value may be combined with the
free energy changes involved in the soap formation reactions to calecu-
late the standard free energies of formation of the two metal soaps.
Making this calculation, the values obtained were: cobalt II non-
adecanoate, AF‘ e -157.4 kcal. per mole; iron III nonadecanoate,

[\F°g = -221.8 keal. per mole.



APPENDIX VI
COUNTING STATISTICS

The following treatment of counting statistics is similar to
that given by m.ns which was taken from the considerably more de-
tailed discussion given by Taylor.79

The standard deviation of the sum or difference of two values

is the square root of the sum of the squares of the standard deviations
of the values. For anmy radioactive count n, the number of semples may
be considered to be infinite, and the square root of n gives the
standard deviation of the count. Therefore, for

ny = counts with sample plus background

n, = counts obtained for background alone

t1 = observation time for sample plus background

t2 = background observation time

the activity A and the standard deviation association with it are

given by
A-—nl_nQﬁ* -“1%2*<_“3i)]%
AT B 1 2
5 A.'i-.nz‘,'nl,“z]é .
EI AR

The standard deviation, A, in per cent is obtained by dividing the

second term on the right by the first and multiplying by 100;

AR 100 nl,nzi".

D | |u? %2
0
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That deviation which will be encountered no more than 10 per cent of
the time is called the reliable error, E, and is obtained by multi-

plying the standard deviation by 1.65, the factor for a normal distri-

bution;
%
165 ny . ny
mo_ B |2 b2
tl to

Nows; in this work all samples were counted for fifteen mimtes, and
the lowest count rates obtained were of the order of 500 e¢/me Thus,
total counts detected were approximately 7500. Background averaged

80 ¢/me; or in fifteen minutes 1200 counts. Therefore, under these

conditions é
E = 165 8700 - 1200
B700 _ 1200 || ~225 © "225|
15 15

E = (.33) (hh)ﬁ = 2,1 per cent.

This value represents a maximum error; because as count rates increase
the results become increasingly precise. In any case, it is felt that
any error due to counting statistics is well within the other experi-

mental errors inherent in the measurement techniques.
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