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I. INTRODUCTION

This review deals with some of the physico-chemical
properties of systems containing an organic solvent
and a soap of a heavy metal; systems based on the
soaps of the alkali and of the alkali earth metals are
only considered incidentally.

The systems range from true solutions to colloidal
dispersions, gels and pastes and their properties are
conveniently discussed under the headings of physical
properties, electrical properties and mechanical proper-
ties. Wherever possible these are interpreted in terms
of the micellar theory of soaps.

The review covers the period of about 25 years since
the middle 1930’s and includes a section on commercial
lubricating greases, which are essentially mineral or
vegetable oils thickened with soaps. However, the
properties of oil-soap systems are profoundly affected
by even trace quantities of additives and impurities
and it is therefore impossible to correlate the properties
of the commercial products with those of the systems
based on pure chemicals.

It is emphasized that it is difficult to prepare the
soaps of the heavy metals in a pure state; systematic
work on their pure solutions dates only from the late
1930’s, when the carboxylates of a number of the
metals in groups 1, 2, 3, 4, and 8 of the periodic table
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were prepared, in certain cases, for the first time (11,
47, 67,76, 77).

II. PrEPARATION OF HEAVY METAL S0APS

A, SOAPS BASED ON CARBOXYLIC ACIDS

The classical method of aqueous metathesis was
employed. This involves treating an aqueous solu-
tion of the appropriate sodium or potassium soap with
a solution of a metal salt, filtering off the precipitate,
washing with ethanol and acetone and drying. Copper
and lead dodecanoates and octadecanoates can be
obtained from the acetates (77); zine, cadmium, mag-
nesium and aluminum, ete., carboxylates can be ob-
tained from the corresponding chlorides (65, 87).

In the latter case it is necessary to add approximately
twice the amount of aluminum trichloride required to
complete the precipitation of the fatty acid as the
disoap, wash with water, extract with anhydrous
acetone and dry over phosphorus pentoxide.

Another method of preparation (47) for the car-
boxylates of such metals as copper, silver, barium,
mercury, lead, iron, cobalt and nickel is to treat the
hydroxide of the metal with the fatty acid in alcoholic
solution

M(OH); 4+ 2RCOOH — M(COOR): 4+ 2H,0 (1)

removing the water either by heating in vacuo or by
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Fig. 1.—Structures of aluminum soaps.

washing with anhydrous solvents. However, due to
the fact that many of the heavy metal soaps are ex-
tremely sticky, which makes it difficult to filter them
and to extract unreacted fatty acids adequately, a
better procedure is to dissolve the metal oxide in the
molten fatty acid, wash with hot ethanol, dissolve in
petroleum ether and evaporate to dryness in vacuo.
This method has been employed for the soaps of mer-
cury, lead, iron and the alkali earths (47).

It is necessary to control accurately the amount of
water that is present during the preparation of certain
heavy metal soaps if they are to be obtained as dis-
crete compounds of identifiable composition. Treat-
ing magnesium chloride with sodium octadecenoate
(oleate) in aqueous solution (68) yields a white, crystal-
line precipitate of Mg(CisH30.)9-2H,0 which, even
after drying for 4 weeks in a desiccator, is only moder-
ately soluble in benzene. But if the product is re-
fluxed in perfectly dry benzene and then recrystallized,
a yellow, glassy product is obtained, Mg(CisH;;0s)s,
which is readily soluble in benzene (76).

However, the formation of such well defined hy-
drates is uncommon. When aluminum sulfate is
treated with sodium dodecanoate in aqueous solution
it is possible, by suitable variation of the experimental
conditions, to obtain a range of compounds with com-
positions varying between aluminum hydroxy di-
dodecanoate, Al(OH)(COOR);, and aluminum hy-

droxide. These contain various proportions of ad-
sorbed or bonded water, which it is very difficult to
remove.

Considerable work has been done (78) on the puri-
fication and identification of the products; there is now
good evidence for the existence of disoaps of aluminum
and some evidence for the existence of monosoaps
with the structures given in Fig. 1 (28).

To avoid problems of purification and identification,
it is convenient, particularly in the preparation of
aluminum soaps, to carry out the reactions in an-
hydrous solvents. An aluminum alkoxide (which is
prepared by treating metallic aluminum with, for
example, isopropyl alecohol, sec-buty! alcohol or m-
cresol) is dissolved in anhydrous benzene, the purified
fatty acid is added and the soap recovered by evapora-
tion and purified by washing with anhydrous dioxane.
The reaction is presumed to be (69)

Al + 3R'OH — AI(OR'); + 3H (2)
Al(OR’) 4+ 2HCOOR — AN OR’)(COOR). + 2R‘OH (3)

By this procedure aluminum alkoxide soaps have
been prepared containing between 1.4 and 2.0 fatty
acid groups per atom of aluminum. They are con-
verted to the hydroxy soaps by treating with water.

Al(OR'XCOOR); + H,O — AI(OH)YCOOR). + R‘'OH (4)

The existence of aluminum trisoaps was for many
years a subject of controversy. Originally it was
claimed that they could be produced by aqueous meta-
thesis, but this now seems unlikely (2). Aluminum
tridodecanoate can be prepared (27) by treating tri-
methylaluminum with pure dodecanocic acid in dry
benzene, and trituration with dry, light petroleum
ether. The product is a yellow amorphous powder,
m.p. 94°, containing 9.99, Al,O, (theoretical 8.19).

A method of more general application (26, 58) is to
treat 1 mole of freshly distilled aluminum isopropoxide
with 3 moles of the doubly distilled fatty acid in dry
benzene, reflux at 150°, distil off the residual benzene
at reduced pressure and then heat the residue for 1
hour at 200° and 0.2 mm. pressure. This method is
suitable for the soaps of aluminum, zirconium, titanium
and other tri- and tervalent metals.

B. SOAPS BASED ON OTHER ACIDS

Heavy metal soaps based on acids other than the
straight chain monocarboxylic acids that have been
studied in solution include half-esters of dicarboxylic
acids, xenyl carboxylates, alkyl sulfates and sulfonates
and alky! ary!l sulfonates, as well as soaps of naphthenic
acids, so called “mahogany acids” and other commer-
cial materials which, because of their complex and
generally unknown compositions, are not included in
the present review.

Barium and lead 2-ethy!] hexyl sebacates are obtained
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(44), respectively, as a white porous solid and as a
faint yellow glass (m.p. 80-81°) by adding 1009,
excess of an aqueous solution of the sodium soap to a
solution of barium or lead nitrate, stirring for 2 hours,
dissolving the precipitate in benzene and repeatedly
extracting, first with barium or lead nitrate solution
and then with water at a pH of 4.0, finally evaporating
to dryness at reduced pressure.

Calcium xeny! octadecanoate is prepared (86) by
dissolving xeny! octadecanoic acid in aqueous iso-
propy! aleohol, neutralizing with sodium carbonate,
and then adding calcium chloride solution at a pH of
10.5. The gummy precipitate is freed from water by
centrifuging, dissolved in benzene, refluxed under
nitrogen and dried in vacuo.

Magnesium, calecium, and barium sulfonates are
obtained (97) as white to yellowish powders by neu-
tralizing an aqueous solution of the appropriate sulfonic
acid with the solid oxide or hydroxide, extracting with
ether and evaporating to dryness ¢n wvacuo. And
barium dinonylnaphthalenesulfonate is prepared simi-
larly (42) from dinonylnaphthalenesulfonic acid.

III. Puvysical. PROPERTIES OF THE SOLUTIONS

A, SOLUBILITY

The soaps of the heavy metals are soluble in a wide
variety of organic solvents and yield liquids, gels and
dispersions with characteristic colloidal properties.
The solubility depends on the temperature, on the
metal involved and on the solvent employed. But
the nature of the acid radical, its carbon chain length,
degree of unsaturation, etc., are also of considerable
importance.

A homologous series of zinc soaps (57) was only
slightly soluble in toluene, xylene, nitrobenzene, ete.,
at room temperature, but at temperatures above
about 85° there was a sudden and substantial increase
in solubility. The eritical solution temperatures in-
creased with the chain length of the fatty acid con-
cerned (Table I). But above the critical solution
temperatures the solubilities of the soaps also increased
with the chain lengths of the acids. These findings
are in agreement with qualitative observations on other
homologous series (47, 64, 67).

It is well established that unsaturation in the fatty
acid radical increases the solubility; the octadecenoates
(oleates) of the heavy metals are, without exception,

TasLE I (57)
CRITICAL SoLUTION TEMPERATURES OF ZINC Soaps IN ORGANIC

SoLVENTS
Tetra- Octa-
Solvent Decanoate Dodecanoate  decanoate decanoate

Toluene 86.0° 90.8° 93.0° 97.0°
Xylene 89.0 93.7 96.0 98.5
Octadecanol A o 108.0 104.0
Dodecanoic acid .. 114.0 113.0
Nitrobenzene . 111.0 113.0 112.0

more soluble than the corresponding octadecanoates
(stearates). But there is little reliable information
available on the part played in solubility by the
metallic portion of the molecule. Nickel and man-
ganese dodecanoates appear to be more soluble in
toluene than caleium, cadmium, lead and silver dodecan-
oates (64); magnesium carboxylates appear to be
more soluble in benzene than the corresponding cad-
mium soaps (67).

B. THE MICELLAR THEORY OF SOAP SOLUTIONS

The physical properties of solutions of heavy metal
soaps in organic solvents can be interpreted in terms of
the micellar theory, a micelle being here defined as an
aggregate of three or more soap molecules existing in
the liquid in thermodynamically stable equilibrium.
While this theory was early applied to data on soaps
and other amphipathic compounds in agueous solu-
tion (32, 52, 60), it is only recently that attempts have
been made to apply it quantitatively to heavy metal
soaps in non-aqueous solvents.

Micelles can be detected in a liquid in a number of
ways; if several techniques are employed in conjunc-
tion it is possible to obtain information on the number
of molecules per micelle and on their shapes and sizes
under specified conditions of temperature, concentra-
tion, etc. For example, cryoscopic measurements on
dilute solutions of magnesium, zinc and aluminum di-
octadecenoates in benzene (75) have shown that these
soaps are still in the micellar form at concentrations
below about 10—* molar. In the range 10—2 to 10—
molar the micelles appear to contain about three
molecules,

Somewhat higher values are obtained for the num-
bers of molecules per micelle in a series of metal soaps
based on saturated monocarboxylic acids (57, 64).
These were studied in toluene, isopropyl alecohol and
pyridine solution and micellar molecular weights were
calculated from ebullioscopic data, obtained with a
modified form of the Cottrell apparatus. The micellar
molecular weights were found to increase with the
concentration of the soap (Table II (57)).

However, extrapolation of the values to infinite
dilution revealed a correlation between the number of
molecules per micelle and the chain length of the fatty
acid radical, the former rising as the latter decreased.
Some typical data for a series of zinc soaps in toluene
are given in Fig. 2 (64).

Tasre II (57)
ErrecT OF CONCENTRATION ON MICELLAR MOLECULAR WEIGHTS

Zinc Zine Copper
dodecanoate octadecanoate octadecanoate
ce M N c M N c M N

0.653 2310 4.98 0.938 3460 5.47
1.335 2840 6.13 1.690 3400 5.38 1.647 4220 6.70
1.935 3040 6.56 2.650 3530 5.58 2.580 4470 7.10

¢ ¢ = concn. in £./100g.; M = micellar molecular wt.; N = no. of mole-
cules/micelle.

1.038 4040 6.41
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Fig. 2.—Effect of carbon chain length on number of molecules
per micelle; zinc soaps in toluene (64) (reproduced by permission
of the Journal of the Chemical Society).

Both viscosities and osmotic pressures have been used
for the determination of micellar molecular weights.
Sheffer (82) measured the viscosities and osmotic pres-
sures at 30° of dilute benzene solutions of aluminum
disoaps from the octanoate to the octadecanoate.
The measurements were made in Ostwald-type vis-
cometers and Fuoss and Mead osmometers; for the
latter the number average molecular weight is given
by the expression

I RT , RT
o= E+W(l/2 —wm) C (5)

where v is the partial molar volume of the solvent,
d2 is the density of the solute (taken as 1.02 to 1.07 (67)),
M, is the number average molecular weight, II is the
osmotic pressure, C' the concentration and y; is a con-
stant for each soap-solvent system. It was found
that in the concentration range 10—® to 10—* molar,
the micelles of these soaps contained between 500 and
1000 molecules, a figure substantially higher than that
obtained for aluminum dioctadecanoate (75) or for
the carboxylates of the mono- and divalent metals
(57, 64) over the same concentration range.

This tendency on the part of aluminum soaps to
form larger micelles than the soaps of mono- and
divalent metals is due presumably to the fact that they
contain hydroxyl groups which, through hydrogen
bonding, facilitate aggregation of the individual mole-
cules. The observation that the micelles of the octa-
decenoate soaps are smaller than those of the soaps
based on saturated monocarboxylic acids is consistent
with their greater solubility in most organic solvents.

A method which recently has been applied with
success to the determination of micellar volumes of
heavy metal soaps is fluorescence depolarization (41,
86). This depends on the fact that when an oil-soluble

dye, such as Rhodamine B, is added to a solution in
which micelles are present, there is a marked enhance-
ment in the fluorescence of the dye when the solution
is illuminated with light of a particular wave length,
e.g., 546 mu. This fluorescent emission is polarized
by an amount p, given by the expression

p=Us— I/ + I5) (6)

in which 7; and 7, are the intensities of fluorescence
observed in planes normal to the z- and z-axes, re-
spectively, when the light entering the solution in a
direction parallel to the z-axis has its electric vector
oriented parallel to the z-axis.

From observations of the degree of polarization of the
emitted light and by substitution into eq. 7, originally
derived by Perrin (70), it is possible to obtain an
estimate of the volume, V, of the micelles

1 INTRT 0

7= () (25) @
In this equation 4 is the viscosity of the solution, 7 is
its absolute temperature, p, is the polarization of an
immobilized dye molecule and is determined experi-
mentally (for Rhodamine B, p, is approximately 0.5),
7 is the average life of the dye molecule when in the
excited state and is obtained by comparing the effi-
ciency of the fluorescence process in the system under
study with the efficiency in a system for which 7 has
been measured by other means. The volume, V,
that is obtained is that of a sphere which, hydro-
dynamically, would be equivalent to the micelle. If
measurements also are made of the viscosity (34) or
streaming birefringence (18) of the system, an estimate
can be made of the shapes of the micelles and the two
sets of data then yield a value for the number of
molecules per micelle.

Using these techniques it has been shown that the
number of molecules per micelle for calcium xenyl
octadecanoate in benzene varies between about 20
and about 1000 depending on the amount of water
present in the system. In contrast, the dinonyl-
naphthalenesulfonates of magnesium, calcium, barium,
zine and aluminum contain between 9 and 14 acid
residues per micelle (43).

Geometrical factors play an important role in con-
trolling the shapes and sizes of the micelles of the heavy
metal soaps in organic solvents. It can be shown that
not more than 50 molecules can be accommodated in a
spherical micelle if the volume of each molecule is
taken as 500 A.% and its length as 20 A, The micelle
itself must be spherical if it contains less than 50
molecules; otherwise the polar core would be inade-
quately shielded from the surrounding liquid by the
non-polar tail groups of the molecules.

The presence in the core of dipole~dipole interaction
forces causes a spherical micelle to deform into a prolate
or oblate spheroid when more than about 50 molecules
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are present. But the former is more commonly ob-
served since there is less thermodynamic free energy
associated with a prolate spheroid than with an oblate
spheroid of equal volume. The ratio of the major
axis to the minor axes of the micelle will increase with
the number of molecules that it contains; the final
stage is a rod-shaped micelle in which the ratio of the
axes can vary from about 5 (36) to about 80 (82) or
more if, for example, traces of water also are present.

C. CRITICAL MICELLE CONCENTRATION

The concept of a critical concentration below which
the micelle dissociates into individual molecules has
not been extensively applied to systems of the type
now being considered. This is because the critical
micelle concentrations, if they exist at all in such
systems, are extremely low. Most of the methods (60)
available for their determination are insensitive and
vield equivocal results. An exception is the fluores-
cence dye method (already discussed) which has been
applied successfully to the determination of critical
micelle concentrations as low as 10—? to 10— molar
(43, 44) and even, in some cases, to 10~7 molar (41, 42).

At the critical micelle concentration

nS & Sn (8)

where Sy and S refer to the soap micelle and to the
monomer, respectively, and n is the number of mole-
cules per micelle.

Dissociation of the micelle into individual molecules
will oceur if, in the process, the total free energy of the
system is decreased. An estimate can be made of the
magnitude of the decrease if a simple geometrical model
is adopted for the micelle and if certain assumptions
are made about the shapes, sizes and physical proper-
ties of the individual molecules of the soap.

In one such treatment (75) it is assumed that each
soap molecule consists of a spherical head group,
radius R, containing a dipole, which is joined to one or
more cylindrical tail groups of length L and radius r,
consisting of the hydrocarbon portion of the fatty acid
residue. If half the surface of the head group is
covered by tail groups, the exposed surface of each
head group is 2IIR?, while the exposed surface of each
tail group is 2IIrL. When the molecules are in the
micellar form, which is assumed to be spherical, the
head groups are completely shielded from the solvent,
but when they are individually dispersed the whole
of the exposed surface of the heads and of the tails is
in contact with solvent.

It is assumed that three main factors contribute to
the energy change which occurs when a micelle dissoci-
ates.

First there is a change in the interfacial energy of the
molecules. For n of these in the micellar state the
interfacial energy is

Enmisene = 2lIrLnyw + 20R7yen + X (9)

where +i: is the cohesional energy of the tails, ymn
is cohesional energy of the heads and X is a term which
allows for the fact that a certain proportion of the
hydrocarbon surface is in contact with the solvent.
After dissociation the interfacial energy becomes

Emonomer = 2H7Ln7tl + 2HRzn‘)’h| (10)

where vi, is the interfacial energy between a tail group
and the solvent and v is the interfacial energy between
a head group and the solvent. The change, AE, in
interfacial energy then may be written

AE = 20rIn(vi — vie) + 20R™(yhs — yee) — X (11)

The second factor which contributes to the energy
change is dipole-dipole interaction. For n dipoles in
the micellar state (indicated by the subscript m),
the interaction energy W, may be expressed by

Wa = npmn?/ym (12)

where u is the dipole moment and + is the polarizability
of the soap. When the same number are uniformly
dispersed in a non-polar solvent, the total dipole
interaction energy is (14)

_ np¥eas — 1)

W = 3, (13)
where ¢ is the dielectric constant of the solution.
Thus the change, AW, in dipole interaction energy
which occurs on dissociation is

aw = e = 1) num? (14)
3y Ym

The third factor which is involved is hydrogen or
similar bonding, which is believed to arise in the micelle
as a result of the complex structures of heavy metal
soaps. Denoting the change in hydrogen bonding
energy between the micellar and monomeric forms by
AH, the total energy change, AE:, which occurs when

the micelle dissociates is

AE, = AE + AW + AH (15)

Although it is possible to ascribe fairly precise values
to the dimensions of the head and tail groups of the
molecules (1, 46), to the numbers that are associated
into micelles and to the latter’s polarizabilities and
dipole moments, the values of the remaining parameters
are not known with sufficient accuracy for it to be
possible to solve equation 15 quantitatively. Never-
theless, by making a number of further assumptions,
it can be shown that AE; has an order of magnitude
somewhere between 10—!% and 10~4 erg for soaps hav-
ing a carbon chain of 10 or more atoms. Since this is
comparable to the kinetic energy of an average mole-
cule at room temperature, the micellar form of the soap
has approximately the same stability as the monomerie
form. As a result the micelles continue to exist even
at extremely low concentrations.

This treatment is not claimed to be more than semi-
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Fig. 3.—Effect of frequency on dielectric loss factor (65, 66):
O, 0.31% solution of lead octadecanoate in liquid paraffin;
0, 0.319, solution of calcium octadecanoate in toluene.

quantitative and it is clearly open to a number of
criticisms. For example, in cases where the micelle
contains only a few molecules there may be insufficient
tail groups available to shield the head groups com-
pletely from the surrounding liquid and equation 11
is only approximately obeyed. On the other hand,
when the micelle contains hundreds or even thousands
of soap molecules, geometrical considerations show
that it cannot be spherical. The expression for the
dipole~dipole interaction in the micellar form (equation
12) is strictly valid only for the case of two dipoles
under particular conditions; its applicability to a
micelle containing many dipoles is questionable.

Despite these shortcomings the analysis is useful
since it gives some indication of the nature and magni-
tude of the forces involved in micelle stabilization in
organic solvents.

D. SOLUBILIZATION

The ability of the heavy metal soaps to solubilize
compounds such as oil-insoluble dyes, acids of high
molecular weight, certain alkali soaps, water, etc.,
which would normally be insoluble in organic solvents,
is due to the presence of the micelles. In this respect
the heavy metal soaps in organic solvents behave
analogously to the alkali metal soaps in water, which
solubilize at least a proportion of a water-insoluble
compound by enclosing its molecules in the cores of
the micelles (45, 53). This enclosure causes the
micelles to swell; for example, when a trace of water is
added to benzene solutions of certain xenyl octa-
decanoates the number of molecules per micelle in-
creases by a factor of about 10 (4, 41, 86). The change
in size frequently is accompanied by a change in shape
and this can have a pronounced effect on the physical
and mechanical properties of the system as a whole.

Thus aluminum alkoxide soaps, which when perfectly
dry dissolve in benzene, ete., to form clear, limpid
liquids, exhibit a marked increase in viscosity when
small amounts of water are added and eventually
develop a gel structure (55, 74). This is believed to
be due to a change in the shapes of the soap micelles
from small spheres to long flexible rods or threads,
which can then interlink to form a three dimensional
network having strongly elastic properties.

Other of the mechanisms of solubilization, which
operate in aqueous soap systems, may also contribute
to solubilization in non-aqueous systems. There is
evidence (5, 36) that the solubilization of carboxylic
acids and of their sodium soaps by soaps of the heavy
metals may involve the formation of mixed micelles in
which the molecules of the polar-non-polar additive
are oriented between those of the heavy metal soap.
This slightly increases (or may even sometimes slightly
decrease) the size of the micelles, but has little or no
effect on their shape.

IV. ELECTRICAL PROPERTIES OF THE SOLUTIONS

A. CONDUCTANCE AND DIELECTRIC LOSS

Investigations have been made of the electrical
properties of the solutions of heavy metal soaps in
organic solvents, the subject being of interest to elec-
trical engineers and others concerned in the transmission
of electric power.

When mineral or other insulating oils are maintained
at a high temperature and under electric stress in
contact with metals such as copper, iron and aluminum
in cables, transformers, capacitors, etc., small amounts
of the metal soaps are produced in solution which
adversely affect the insulating properties of the oil by
raising its specific conductance, o, and its dielectric
loss factor, € (91).

These quantities have been measured over a range of
temperatures and frequencies using dilute solutions of a
number of heavy metal soaps in a variety of solvents
(9, 63, 65, 66, 77). The data show that in many cases
the dielectric loss is inversely proportional to the fre-
quency, provided the measurements are made at low
frequencies (<10* cycles/sec.) when relaxation effects
associated with dipoles or dipolar aggregates do not
arise (20). The whole of the loss is then due to direct
current conductivity, the carriers being micellar ions
whose ionic charge is localized in the interior of the
aggregates. For these systems the specific conductance
can be related to the dielectric loss factor by equation 16

¢ = 5.5 X 1013¢"f ohm ! ¢m, ™! (16)

where f is the frequency in cycles/sec. at which the
measurements have been made. Typical data on
systems exhibiting this type of behavior are reproduced
in Fig. 3 (65, 66) and Table III (63, 65, 66) gives values
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Tasre IIT (63, 65, 66)
EQUuivALENT CONDUCTANCES OF SOAP SOLUTION

Equiv.

Concn., Temp., conductance,

Soap Solvent molar °C. ohm™! cm,t
Magnesium octadecenoate Toluene 0.004 25 2.00 X 10-%
Calcium octadecanoate Nujol .032 200 4.54 X 10~
Calcium octadecenoate Toluene .004 25 4,01 X 104
Zinc octadecanoate Nujol .031 100 1.87 X 10-¢
Zinc octadecenoate Toluene .004 25 7.50 X 107
Copper octadecanoate Nujol .033 100 1.02 X 108
Copper octadecenoate Toluene .004 25 3.25 X 10-¢
Lead octadecanoate Nujol .003 100 2.35 X 10~
Lead octadecenoate Toluene .004 25 7.50 X 10
Aluminum didodecanoate Toluene .057 25 5.00 X 107
Aluminum tridodecanoate Toluene .016 25 6.51 X 10-¢

of the equivalent conductances of a number of metal
soaps under conditions when equation 16 holds.

There are circumstances, however, when even at
these low frequencies, equation 16 fails. This is shown
in Fig. 4, where it is seen that there is considerable
departure from linearity in the plot of log ¢” against
log f for both calcium and lead octadecanoates in
liquid paraffin at 90° and for aluminum didodecanoate
in toluene at 25°.

For every soap-solvent system there is a particular
temperature (in the above cases 90 and 25°, respec-
tively) below which the soap commences to precipitate
from solution. The precipitate may consist of a very
small, slow settling particles, which impart an opalescent
appearance to the liquid, or of large, flocculated par-
ticles, which settle rapidly, leaving a clear, super-
natant layer. In other cases, e.g., aluminum soaps
and certain metal octadecenoates, the precipitate may
take the form of a stable, transparent gel in which the
particles of the soap are of colloidal dimensions.

The onset of precipitation has a pronounced effect on
the dielectric loss of the system, which frequently rises
to a maximum value at the precipitation temperature,
Fig. 5 (66). This is interpreted as due to a second
mechanism coming into operation in addition to the
d.c. conduction.

The observed dielectric loss factor, €”bs, is regarded
as consisting of two parts (17)

€"obs = €'do + €'z (17)

where ¢"3 is due to direct current conduction and is
given by equation 16 and "y is the loss arising from the
heterogeneous nature of the dielectric.

Considering this as a system of small, spheroidal
particles in a surrounding continuum, the dielectric
loss factor, ¢"x, can be expressed by (84)

" _ e'le'r

Rl v (18)
where
_eiln — 1)+ ¢
- 4o, (19)
and
ne’; (20)

N = T —1) + s
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Fig. 4.—Effect of frequency on dielectric loss factor (63, 66):
O, 0.31% solution of lead octadecanoate in liquid paraffin;
0, 2.459% solution of calcium octadecanoate in liquid paraffin:
A, 0.44% solution of aluminum didodecanoate in toluene;
X, 4.86% solution of aluminum didodecanoate in toluene.
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Fig. 5.—Effect of temperature on dielectric loss factor at 120
cycles per second (66): O, 3.849, solution of copper octade-
canoate in xylene; X, 3.399% solution of lead octadecanoate in
xylene—cooling rate 1° per minute; O, 2.43%, solution of zinc
octadecanoate in liquid paraffin.

¢'1 and €’; are the dielectric constants of the continuous
and disperse phases, respectively, o» is the latter’s
conductance, w is the angular frequency and ¢ is the
volume fraction of the disperse phase.

It has been seen earlier that a prolate spheroidal soap
micelle is a more probable form than an oblate spheroi-
dal one. A prolate spheroid (with axes a, b and ¢) in
which @ > b = ¢ has a value of n given by

aZ

" = b(In(2a/0) = 1)

(21)
All the quantities in equation 17 to 21, with the exception
of n, are now known and it is therefore possible to calcu-
late the ratio of the axes of the spheroidal particles of
the soap with reasonable accuracy.

This type of analysis has been applied to solutions of
metal soaps in liquid paraffin, toluene and xylene;
the value obtained for the axial ratio, a/b (where b = ¢),
of lead octadecanoate in liquid paraffin at 90°, the tem-
perature of maximum loss, is ~17 (66).
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B. DIPOLE MOMENTS

Measurements have been made of the dielectric
constants of solutions of the heavy metal soaps at
higher frequencies, up to 10° cycles/sec., in order to
derive values for the dipole moments of the soaps
6, 7, 67, 74, 75). It is customary, when the dilute
solution method is being employed (88), to use benzene
as the solvent. However, at ordinary temperatures
relatively few of the soaps of the heavy metals are
sufficiently soluble in benzene for dielectric constants,
densities and refractive indices to be measured over a
range of concentrations; this explains why, with
minor exceptions (7, 67), the bulk of the published
results refer to the octadecenoates of the heavy metals,
these being more readily soluble in benzene than the
soaps based on the saturated acids.

The dipole moments can be calculated from the ex-
perimental data in several ways. Using the Debye
equation

Py = Pt + Pi = E::; ;; M, ;;MzCz

in which P denotes the polarization, ¢ the mole
fraction, e the dielectric contant, M the molecular
weight and d the density, with the subseripts 1, 2 and
12 referring, respectively, to the solvent, solute and
solution, the values of P, are extrapolated to infinite
dilution to give P,., which is then substituted into
equations 23 to 25.

(22)

uP = Py, — Pp (23)
_ (ne® — 1) M,
Pp = 1.05 G (24)
u = 0.012812[293(P;,, — Pp)]1't (25)

n is the refractive index for the sodium b line, and T is
the temperature at which the measurements have
been made.

An alternative (and generally more convenient)
method is to use equation 26

Zan (a — 1)
P2ca =M [(51 + 2)3 + (51 + 2)] (11 + ﬁ) (26)

in which » is the reciprocal of the density, « and B
are the limiting values of 0¢/dw and O»/0w at zero
concentration and w is the weight fraction; then sub-
stitute as before into equation 23 t025. Other methods
that have been used for determining P,, for soaps
include those of Hoecker (35), Guggenheim (29) and
Hedestrand (33).

Besides the differences arising from the methods used
in the extrapolation itself, there are other reasons why
the values of the dipole moments obtained by different
workers differ from each other, in some cases by quite
large amounts, as shown in Table IV. Some workers
have taken M as the formula molecular weight of the
soap, others as its micellar molecular weight at very
low concentrations, In some cases n has been taken as

the refractive index of the solid soap; in others it has
been derived from solution data, using the expression

(m? = 1) (ng? — 1)
) R (n:’ Fyr T

_ (m® = 1)
(et + 2) ™

The figure of 1.05 in equation 24, which is based on the
assumption that the atomic polarization is 5% of the
electronic polarization, is not necessarily applicable
to the soaps of the heavy metals and other values have
been used. Of greater significance is the fact that the
soaps employed by the different investigators often
have differed considerably in their chemical composi-
tion. The aluminum dioctadecenoate used in refer-
ence 67 contained about 2.0 molecules of octadecenoie
acid per atom of aluminum, that in reference 74 about
2.2 molecules. Moreover, the various specimens un-
doubtedly have contained different amounts of ad-
sorbed or bonded water, which would affect the values
of the dipole moments. Despite this, it is posible to
arrive at some general conclusions from the data in
Table IV.

(27

TasLE IV
DiroLE MoMENTS

Metal soap Dipole moment, D.
Magnesium hexadecanoate 3.32 (67)
Magnesium octadecanoate 3.67 (67)
Magnesium octadecenoate 2.96 (67), 1.66 (6), 2.19 (74), 4.28 (75)
Calcium octadecenoate 4.49 (6)
Zinc octadecenoate 0.29 (6), 1.97 (75)
Copper octadecenoate 1.20 (6)
Lead octadecenoate 4.29 (6)
Cadmium octadecanoate 4.80 (67)
Cadmium octadecenoate 4,37 (87)
Nickel octadecenoate 2.67 (6)
Chromium tri(?)octadecencate 4.32—4.63 (7)
Iron tri(?)dodecanoate 1.70-2.33 (7)
Iron tri(?)octadecanoate 3.03-3.46 (7)
Iron tri(?)octadecenoate 2.69-2.90 (7)
Aluminum dibutanoate 3.24 (67)
Aluminum dipentanoate 3.44 (67)
Aluminum didodecanoate 4,08 (67)
Aluminum ditetradecanoate 4.42 (67)
Aluminum dihexadecanoate 5.22 (67)
Aluminum dioctadecanoate 5.49 (67)
Aluminum monodctadecenoate 2.20 (74)
Aluminum dioctadecenoate 2.59 (36), 4.35 (75), 4.29 (67), 2.56-3.11

(48)
Aluminum tri(?)octadecenoate 3.08-3.90 (7)

Considering the three homologous series of the
magnesium and aluminum disoaps (67) and of the
iron tri(?)soaps (7), it is seen that the dipole moments
increase with the chain lengths of the fatty acids in-
volved. Normally in an homologous series, the di-
pole moments rapidly attain a constant value which
is characteristic of the polar grouping. In the above
cases, however, the dipole moments have been calcu-
lated on the basis of the formula molecular weights of
the soaps. There are no reliable data available on their
micellar molecular weights at low concentrations, but
since it is known generally (64, 82) that micellar mo-
lecular weights decrease as the carbon chain of the soap
is increased, it may be inferred that the micellar mo-
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lecular weights would increase along the homologous
series less rapidly than the formula molecular weights.
Employment of the former in the calculations would
thus tend to equalize the dipole moments of successive
members and reconcile the behavior of the soaps with
that of other homologous series.

Considering next the octadecenoates of the heavy
metals to see whether there is any correlation between
the dipole moment and the nature of the metal con-
cerned, none is immediately apparent. Metals in the
same vertical column of the periodic table might be
expected to exhibit a gradual increase in dipole moment
as their atomic number increased, since the ability of the
elements to form covalent bonds increases from top to
bottom and from left to right across the periodic table.
While the dipole moments of calcium and cadmium
and of aluminum octadecenoates are greater than that
of magnesium octadecenoate, the moment of the zine
soap is abnormally low. Moreover, the moments of the
iron and nickel soaps are certainly not greater than
that of the aluminum soap.

The absence of a correlation presumably is due to the
dipole moment being a vector quantity whose magni-
tude is also a function of the geometry of the soap
molecules. Data on the molecular shapes of the
majority of the soaps listed in Table IV are not avail-
able. But since coordination compounds generally
exhibit a variety of shapes, e.g., planar, tetrahedral,
trigonal, bipyramidal, octahedral, ete. (22, 83), depend-
ing on the coérdination number of the particular metal
concerned, it may be assumed that the different soaps
will also have fundamentally different structures.
This explains the apparent lack of pattern in the values
of the dipole moments.

V. MECHANICAL PROPERTIES OF THE SOLUTIONS

A, VISCOSITY

Heavy metal soaps in organic liquid exhibit a wide
range of rheological properties. At low concentrations
and high temperatures they are mobile liquids whose
viscosities are approximately Newtonian. They be-
come increasingly viscous and non-Newtonian as the
concentration of the soap is increased and the tem-
perature is reduced; in many instances the solutions
also develop elastic properties. Further increase in
concentration and decrease in temperature leads to
precipitation of the soap, frequently in the form of a
viscoelastic gel, in which the soap exists as long inter-
linked, thread-like micelles. In other cases the soap is
precipitated as a paste or pseudo-gel consisting of
crystalline, or microcrystalline particles (47).

Measurement of the viscosity of a series of aluminum
carboxylates in benzene solution at 25° using an Ost-
wald viscometer (2, 28) showed that there was a steady
increase in the viscosity as the chain length of the fatty
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Fig. 6.—Effect of added water on viscosities of approximately
19, solutions of aluminum disoaps in benzene.

acid was increased. This can be shown by extrapolat-
ing the specific viscosity, 7ep to zero concentration,
Application of the Staudinger equation

(ﬂep/c)c—)o = KM (28)

in which K is approximately 2 X 10—, yields values for
the molecular weights of the soaps, M, in the region of
300 to 400, indicating that they are monomeric at
extreme dilution, a finding which is at variance with
that of other investigators (75, 82).

A 1 to 29, solution of aluminum didodecanoate in
benzene is markedly non-Newtonian, the viscosity de-
creasing by a factor of 10 as the rate of shear is in-
creased from about 20 to about 400 sec.—!. But pro-
nounced changes in the viscosity occur on the addition
of small amounts of other materials. Cresol, phenols
and petroleum ether reduce the viscosity; but if water
is present in the proportion of about 1 mole of water to
1 mole of the alkoxide soap, there is a considerable
increase in viscosity, as shown in Fig. 6 (55). This is
ascribed to the formation of hydrogen bonds which
facilitate interlinking of the soap micelles to form a
network structure (26, 54, 55).

B. VISCOELASTICITY

While the viscosity yields some information on the
strain which develops when a particular mechanical
stress is applied to the system, the viscosity concerns
only two terms of a general relationship between stress

and strain, applicable to many rheological bodies. This
can be formulated
WP+ MP 4+ WP + ... = oS+ aS4 a8+ ... (29)

where P is the stress, P, etc., are the time derivatives of
stress, S is the strain, S, etc., are the time derivatives of
strain and II and ¢ are mechanical constants for the
system. The Newtonian viscosity

7 = (P/S) (30)
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Fig. 7.—Roberts—Weissenberg rheogoniometer.

and the Hookian elasticity
G = (P/8) (31)

are particular cases of this general stress-strain rela-
tionship.

There are various experimental methods that can be
used in principle for determining the values of the
constants in equation 29, thereby enabling a full de-
scription to be given of the rheological properties of the
material in question. They include sinusoidal tech-
niques, transient techniques, techniques based on lami-
nar flow, high stress techniques, etc. (24, 39, 92).
The goniometry of continuous laminar shear, i..,
the measurement of the distribution of stresses and
strains within the flowing material at every instant of
time and at every point in space around the full solid
angle of directions, has been usefully applied to the
study of the rheology of organic solutions of the heavy
metal soaps (72, 79, 81).

An apparatus, termed the Roberts-Weissenberg
rheogoniometer, is employed (Fig. 7) (39, 40, 99).
It consists of a slide (not shown) which is mounted
vertically on a steel base, both being part of a precision
lathe which is driven by a variable speed motor.

The material to be tested is contained in the gap (A)
between a stationary upper plate and a conical lower
plate which can either be rotated continuously or sub-

2
P2l
3,
i ,
- N? | PLANE  N? 2 PLANE N®3 PLANE

SURPACE OF .
LAMINAR SHEAR. 7

LINE OF FLOW.

Fig. 8.—(a) Resolution of pressures at a point in laminar
shearing motion., (b) Coérdinate system.

jected to an oscillatory movement with a variable ampli-
tude, or given a continuous rotation on which is super-
imposed the oscillatory motion. The gap itself is
conical and by having the angle of the cone less than
4°, the rate of shear at all points in the gap is kept
constant to within +29,.

The upper plate can take two forms. In the earlier
design it consisted of a crown glass cylinder fused to a
rectangular prism of the same material, through which
passed ten equally spaced capillary tubes with a di-
ameter of 3 mm. In the later design the upper plate is
prevented from moving in a vertical direction, though
it is free to rotate horizontally, while the lower plate is
now attached to the driving motor via a diaphragm
which leaves it free to move slightly in a vertical di-
rection, though still ensuring a rigid rotational move-
ment.

The flowing liquid exercises at any point and across
any one plane a pressure whose components normal and
tangential to the plane may be individually measured.
Each point in the plane is located in the flow pattern by
spherical polar cotrdinates whose origin is the apex of
the conical gap and the planes themselves are oriented
at each point by means of trirectangular codrdinates of
which the number 1 direction is taken along the stream-
lines of flow, the number 3 direction is perpendicular to
it and in the plane of shear, with the number 2 direction
perpendicular to 1 and 2 (Fig. 8).

The Py pressure at any point is obtained directly
from the height of the liquid in the capillary (in the



OreaNIC SoLuTioNs OF HEAVvY METAL SoaPs 231

earlier design) or from the total downward force exerted
on the lower plate (in the later design). The Pg
pressure at the same point is measured by balancing it
against the pressure exerted by a Newtonian liquid
such as mercury, and if P;; is then measured at various
radii, r, from » = 0 at the center of the gap tor = &
at the periphery, a value is obtained for 0P;/0ln (r/R)

Substitution into the classical equation for the equi-

librium or forces
—E)—BL + 2Py — (Pu+ P) =0 (32)
d1n (r/R)

yields Py, at the point in question.

The P;; pressure at this point, which is numerically
equal to Pg, is measured by balancing the tangential
stress exerted on the upper plate against a calibrated
spring. Employing the relationship

n = Plz/slz (33)

where S, is the rate of shear in the gap, gives the ap-
parent viscosity, », of the liquid.

Its mechanical properties now can be expressed in
terms of four parameters, defined by equations 34—
37 (100, 101).

v = (P1g)*/(Pu — Pa) (34)
C=(Pu — Py)/P2 (35)

7= (Pu — Pu)/PuSn (36)

Tmexr = 4/1 + [(Pu — Pa)/2P1]? (87)

v, which has the dimensions of dynes/cm.?, is termed a
modulus of rigidity; =, which has the dimensions of
seconds, is termed a relaxation time; C is a dimension-
less quantity which may be thought of as a measure of
the amount of energy directly recoverable when the
stress is rapidly withdrawn from the elastic liquid
undergoing continuous shear; #7m.x is an idealized vis-
cosity which would be obtained if the directions of the
stress and strain in the plane of shear coincided exactly
and if the whole of the tangential stress were thus
effective in overcoming the viscous resistance.

Measurements made on a 3%, (72) and on a 79
(39, 81) solution of aluminum didodecanoate in petro-
leum ether have shown that the apparent viscosity of
the material falls as the rate of shear is increased, but
that the value of #max remains sensibly constant up to
rates of shear of about 10 sec.™! (Fig. 9). As the rate
of shear is increased up to 30 sec.—! ¥ and r fall to about
half their initial value, but C increases by a factor of
about four (similar results have been obtained on solu-
tions of polymethyl methacrylate in toluene and on
sodium and potassium octadecenoate soaps in aqueous
electrolytes (71) ).

C. GEL STRUCTURE

Attempts have been made to interpret these results
in terms of the micellar structures of the soap gels
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Fig. 9.—Viscosity and elasticity as a function of the rate of
shear; 79, solution of aluminum didodecanoate in petrol with
ethoxy ethyl alcohol (39) (reproduced by permission of the
Academic Press).

(50, 51). The micelles are assumed to be interlinked
at a number of junction points, which are continually
breaking and reforming. Defining a junction point
age distribution function by the statement that
N(t)dt is the number of junction points in unit volume
of the gel which are formed in the interval ¢ and still
exist at the end of it, it is found that the second-order
moment, N, can be related to the measured quantities
v, C and S;; by the expression

‘)’Cz = SkTNz(TC)Suz (38)

where N, is a function of the temperature T and the
concentration ¢, and is measured in sec.? cm.73, s is
approximately 1 and kT is about 4 X 10— erg at room
temperatures.

Applying this expression to the data on the 3%,
solution of aluminum didodecanoate, it is found that
Nsis 10 X 10 sec.? em.~® when the rate of shear is
10 sec.”! and 5 X 10 sec.? cm.~? when the rate of
shear is 20 sec.™? (72).

If it is now assumed that the dissociation of junction
points takes place exponentially with time and that
there is a single relaxation time A, one can write

Ni(Te) = ANy(T¢) (39)
Ng/N1 = 2a (40)

in which N is the first-order moment of the junction
point age distribution function and N, is the zero-order
moment. Since the latter has the dimensions of
em.~% it can be identified as the actual number of
junction points per unit volume of the gel at any instant
of time.

Although the parameter =, as measured on the rheo-
goniometer, has the dimensions of seconds, it has not
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been established that r and X are the same or, indeed,
that there is necessarily any connection between them
and it is not, therefore, possible to caleulate N, from
the above experimental data. However, it should be
possible, in principle, to obtain a value for X by subject-
ing the system to vibrational testing, either in the
latest design of rheogoniometer (80), or in other types of
vibrational equipment (24, 92) and this would yield
valuable information on the detailed structure of the
soap gel.

VI. HEeavy METaL Soaps IN GREASES

A. GREASES

A grease consists of a mineral oil which has been
gelled or thickened by the addition of a soap. Most
commercial greases are based on the soaps of the alkali
and alkali earth metals and of those of lead and alumi-
num. But greases containing soaps of other heavy
metals such as zinc, mercury, manganese, iron, cobalt
and nickel have been prepared and used for a variety of
purposes (12, 48, 49).

The grease usually contains between 5 and 259, of
one or more of the soaps; other materials which are
frequently incorporated include water, glycerol, natu-
rally occurring waxes, esters and glycerides of fatty
acids, inorganic fillers, oxidation and corrosion inhi-
bitors, etec. This wide variation in their chemical com-
position is reflected in the diversity of the physical
properties of commercial greases.

Greases are employed primarily as lubricants and, to
a lesser extent, as protective coatings. The properties
which are of particular interest and which have there-
fore received the greatest attention are the rheological
properties (10, 15, 19, 38, 56, 89, 90), texture (8, 23,
95), thermal and chemical stability (89, 96), adhesion
characteristics (25) and ability to withstand wear under
both normal and extreme conditions of pressure and
temperature (13, 59, 62, 89, 93, 94).

B. RHEOLOGICAL PROPERTIES

The rheological properties are measured on a variety

of instruments. They include viscometers, plastom-
eters, penetrometers, elastometers, ete. (12, 61, 85,
89). But the different instruments frequently are
measuring fundamentally different properties of the
material and it is not surprising that the results ob-
tained often appear contradictory. One grease may be
more viscous than another, but its penetration figure
may also be higher. The apparent anomalies extend
to measurements made on instruments which are of the
same general design.

Using a plunger viscometer with a variable gap width
it was found that the viscosity of an aluminum based
grease increased by up to 309, when the gap width was
increased from 0.0042 to 0.0624 cm. (15). In addition,
the viscosities were found to depend on the nature of the
materials (brass, steel, glass) from which the plunger
and cylinder of the viscometer had been constructed.
These results can be explained by postulating a modified
form of “plug flow” in which the properties of the grease
in the boundary layer differ from those of the material
in bulk.

The immediate past history of a grease has a pro-
nounced effect on its rheological properties. Quite
different results are obtained on so called “worked”
and “unworked” samples. The age of the grease is
also relevant and in many cases there is a slow change
in rheology, frequently extending over periods of weeks
or months. For these reasons considerable emphasis is
now placed on the test procedures to be adopted and on
the equipment to be used for measuring the rheological
properties of the commercial products (12, 89).

It is convenient to present the rheological properties
of a grease in graphical form. Plotting the rate of flow
against the applied stress generally yields curves of the
type shown in Fig. 10. This shows that many greases
approximate to Bingham bodies. They exhibit a
lower yield value which is usually between a few hun-
dred and a few thousand dynes/em.? and an upper, or
Bingham, yield value, generally between 10% and 107
dynes/cm.2.

At stresses well above the yield points the viscosities
of most greases decrease regularly with stress, even-
tually reaching the viscosity of the relevant base oil.
The plots of log 5 versus log S are usually linear, or
nearly linear, for rates of shear between about 10-2
and 102 sec.™!, the slopes of the lines frequently falling
between —0.3 and —1.0 (10, 15, 19).

The departure of many greases from ideal Bingham
behavior is not expected in view of the very wide varia-
tion which is possible in the detailed structure of the
gel. Some greases have a fibrillar structure; others are
pseudo-gels or pastes, consisting of small crystals of the
soap suspended in the base oil (48). The texture of the
grease, e.g., its smoothness, appears to be intimately
related to its microscopic structure. This can be
studied conveniently by means of the electron micro-
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scope, though special methods are required for the
preparation of the specimens (16, 23, 95).

C. THERMAL AND CHEMICAL STABILITY

The thermal and chemical stability of a grease can be
assessed in a number of ways (89). Itstendency to syn-
eresis is measured by pressing a cylindrical column of
the grease against a metal gauze and weighing the
quantity of oil that separates in seven days. Its sta-
bility toward oxidation is determined by heating it at
99° in a bomb, which is pressurized with oxygen at 7.7
kg./em.? and recording the decrease in oxygen pressure
with time.

The effects of metals such as copper, aluminum and
steel on the grease are determined by aging tests;
corrosion tests, tests for water resistance and for losses
by evaporation, etc., are also included in the specifica-
tions of commercial greases.

D. AS LUBRICANTS

The effectiveness with which a grease will act as a
lubricant depends on various properties, including its
rheology, chemical stability, ability to adhere to metal
surfaces, to withstand physical changes or denaturation
arising from the high temperatures and pressure to
which it may be subjected during its service life. While
some assessment of its potentialities can be made by
measuring these properties individually, it is necessary
also to include lubrication tests with machines and gear
systems of various types (21, 37, 89, 98).

In the Rolling bearing performance test (89) the
grease is used to lubricate the bearing of a standard
test rig for a period of 500 hours under selected condi-
tions of temperature, speed and applied radial load,
measuring the amount of wear that is caused to the
bearing and the changes that occur in the color, texture
and hardness of the grease. Electron microscopy has
been used in this connection (59) to show the way in
which the fiber structure of a lime-based grease broke
down during the course of the test.

Of particular interest in many instances is the ability
of the grease to function as an extreme pressure lubri-
cant (73), whereby one or more components of the
grease react chemically with metal surfaces at the
points of incipient seizure to form an anti-welding layer.
The lead soaps of 12-hydroxyoctadecanoic acid and
of various naphthenic acids have been used as ingre-
dients of extreme pressure lubricating greases (12);
other lead soaps that have been employed are obtained
by treating about 6 parts by weight of litharge with
about 12 parts of Menhaden (fish) oil and about 2.5
parts of sodium hydroxide, the grease being formed by
dissolving the product in 80 parts by weight of mixed
mineral oils.
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