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Summary

Extensive analyses have been made of American
and Australian woolwaxes. Combined hydroxy acids
have been shown to be the most characteristic and
important components of these waxes. Both contained
considerable amounts (about 91.5% in the case of the

American wax and 31.7% in the Australian sample)
of diestolidic esters of the alcohols of the unsaponifi-
able fraction. This conclusion is supported by ecal-
culations of composition, by observations of viscosity
and emulsifying properties, and by determinations of
mean molecular weight by the Prahl method.
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Types and Mechanisms of Solubilization

H. B. KLEVENS, Division of Agricultural Biochemistry, University of Minnesota,

St. Paul, Minnesota

HE solubility of various compounds such as hy- .

drocarbons, dyes, long chain alcohols, fatty acids,

and insoluble soaps in water is increased by the
addition of soluble soaps and other detergents. This
phenomenon is usually designated as solubilization. A
considerable number of investigators have studied the
solubilization of compounds of varying polarity, size,
charge, ete., with quite inconsistent results. An at-
tempt is made here to show relationships between
these various, seemingly conflicting, data and to add
some new data from this laboratory which increases
the validity of these correlations.
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F1a. 1. Solubilization of ethyl benzene (A) and Orange OT
(B) in potassium laurate solutions (25°C.).

Some typieal solubilization data are shown in Fig.
1, where MR (moles of material solubilized per mole
soap) is plotted as a function of soap concentration.
Two main types of solubilization occur depending on
the compound solubilized.

The first group is exemplified by hydrocarbons,
For example, Curve A shows the solubilization of
ethyl benzene in potassium laurate solutions (1)
which is typical of systems in which MR increases
at all soap concentrations, up to almost 1.0 M, above
the eritical micelle concentration (CMC'). The initial

decrease in solubility below the ("MC is probably a
salting out effect, and a minimum is reached at the
('MC. Further examples of this type are the solu-
bilization of benzene by cetyl pyridinium chloride as
determined by Hartley (2), of propylene and other
vapors by potassium oleate reported by McBain and
O’Connor (3), and of liquid hydrocarbons sach as
n-decane and benzene solubilized by potassium lau-
rate and by potassium myristate (4).

Curve B in Fig. 1 is taken from Mc¢Bain and Green
(5) and shows the solubilization of Orange OT (1-o0-
tolyvlazo-2-naphthol) in potassium laurate solutions.
A constant MR at a concentration above 0.15 M po-
tassium laurate is typical of compounds such as dyes,
fatty acids, and long chain alcohols. Another exam-
ple of this second type is shown by MeBain, Merrill,
and Vinograd for the solubilization of Yellow AB
(phenyl-azo-p-naphthylamine) in aqueous sodium
desoxyeholate solutions and also in lauryl sulfonic
acid solutions (6). A relatively unrecognized case
of this type of solubilization is the inerease in solu-
bility of Insoluble calcium dodecyl sulfonate and
caleium dodeeyl sulfate in solutions of their corre-
sponding sodium salts (7). Soap mixtures such as
potassium laurate and potassium palmitate, and so-
dium laurate and sodium palmitate (8) should be
also included in this group for the palmitate should
be considered to be solubilized by the laurate.

These two sets of data indicate that solubilization
begins in the region of the CM(. Below this concen-
tration, the soap acts like an eleetrolyte causing a
deerease in solubility of the hydrocarbon or the polar
compound, such as another soap, below that in water
due to a salting out effect. This has been shown to
oceur in the case of ethylbenzene in the presence of
potassium laurate (1) and in the decrease in solu-
bility of calcium dodecyl sulfonate in solutions of
sodium dodeexl sulfonate below the CMC of the lat-
ter soap (7). It might be supposed that solubilization
begins below the CMC as observed in the appearance
of color in insoluble dye-soap (below the (MC) mix-
tures (9). However, these amounts dissolved are so
small, often only a few per cent more than is soluble
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in water, that the individual dye molecule must be
considered to be bound, at first, either by electro-
static or van der Waals type of attractive forces, with
an individual soap molecule.

The curves in Fig. 1 indicate that eolloidal proper-
ties of potassium laurate start just above the CMC,
0.025 M, and that this soap in the presence of hydro-
carbons reaches full colloidal form at about 0.15 M.
It is probable that, in the region between the CMC
and 0.15 M where the change in MR per unit soap
concentration is greatest, both the size and number
of solubilizing soap aggregates, probably micelles,
inereases. Above the concentration where the soap
reaches its full colloidal form, there is probably no
change in micelle size, considering only the soap mole-
cules and not the solubilized materials, but only a
change in number of micelles. Indirect evidence for
this is obtained from the fact that the number of
polyvmer particles formed in emulsion polymerization
is directly a funetion of the amount of micellar soap
used as emulsifier (10). The interpretation of this
inerease in solubilization of simple hydrocarbons,
where MR increases with increasing soap concentra-
tion, is that there is more soap in micellar form at
higher soap concentrations, and that the area and/
or volume available per mole of a soap for solubili-
zation of hydrocarbons is larger than that for polar
compounds, as will be shown below. This follows the
findings of Hartley (2) that the micelle concentration
increases more rapidly than the total concentration,
in which case some of the single long chain electrolyte
ions present are incorporated into the micelles along
with those added.

Hydrocarbons

The addition of hydrocarbons such as benzene and
n-heptane to soap solutions is accompanied by an in-
crease in the long spacing as determined by X-ray
measurements (11-20). Kiessig and Philippoff have
shown that the long spacing of a 9.129 solution of
sodium oleate changes from 91 A to 127 A upon the
addition of 0.791 gm. benzene per gm. oleate (14).
Hughes, Sawyer, and Vinograd have reported that
the increase in double layer thickness in potassium
laurate solutions is a linear function of the molar
volume of the liquid additive (18). The slope of this
line is larger in the case of normal straight chain
hydrocarbons than for substituted benzenes. Various
authors assume a lamellar tvpe of micelle with the
increase in spacing due to the entrance of the hy-
drocarbon into the hydrophobic region of the micelle
(12-16, 19). The equivalent change in spacing could
be explained if the idea of the spherical micelle as
advanced by Hartley (21) or of the double layer
disc or oblate spheroid micelle is considered (22),
These changes in spacing are shown in Fig. 2 for the
case of 0.63 M potassium laurate saturated with ethyl
benzene for two of the proposed structures (19).
This increase in X-ray spacing has been reported
only upon the addition of simple hydrocarbons such
as benzene, n-heptane, ete. In this tvpe of solubili-
zation, the MR is always found to increase with in-
creasing soap concentration above the CMC up to at
least 1.0 M.

Polar Compounds

In the second type of solubilization where the MR
is constant above the concentration where the soap
reaches its full colloidal form, there should be no
incerease in the distance between adjacent layers upon
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Fic. 2, Highly idealized schematie diagram of 0.63 N potas-
sium laurate solutions showing effect of added ethyl benzene.
Lamellar micelle of McBain and spherical micelle as pictured
by Hartley are shown.
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the addition of a dye, a long chain fatty acid, a long
chain aleohol, or another soap. The X-ray data of
Mattoon have shown that the long spacings of mix-
tures of soap solutions are linear fumnctions of the
mole ratios of the two soaps (23). If this type of
solubilization involved the closure of the material be-
ing solubilized in the hydrocarbon-like central region
of the micelle, then one would expect an increase in
spacing, in the case of the soap mixtures, which would
at all times be larger thau the reported linear vari-
ation of the long layer spacings. X-ray studies on
mixed soap=fatty acid erystals show that the cell
dimensions of the mixtures are equivelent to those
of the pure soap (24). In addition, the critical con-
centration for the formation of micelles of soap mix-
tures lies between the CMC of the pure soaps (29).
Preliminary veports of soap-fatty acid and soap-long
chain alcohols indicate that there is no change in the
long X-ray spacings of these mixtures (26, 27) as one
would expect from the case of the soap-soap mixtures.

Thus, it appears that solubilization of this type in-
volves the incorporation of the solubilized molecules
with their long axes lying approximately parallel to
those of the soap molecules. This can be exemplified
further by considering the observed change in spae-
ing in the case of soap mixtures (23). This change in
long spacing is a linear function of the mole ratio of
the mixtures. When two anionic detergents having
the same anion but different cations as in the case
where caleium and sodinm dodecyl sulfate are mixed,
no differences in spacing should be observed in solu-
tions of each detergent alone and in solutions of their
mixtures. Similarly, there should be no change in
spacing for solutions of soap-fatty acid mixtures, and
soap-long chain alcohol systems. According to this in-
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terpretation, mixed micelles are formed in which the
solubilized material is interspersed in the plane of the
long axes of the soap molecules lying approximately
parallel to the closest neighboring soap molecules. It
is not meant, of course, that the area occupied per
OII group in the aleohol is the same as that of the
hydrophylic head of the soap molecule. Rather, it
must be pointed out that the large area, 30-50 A2 or
more per soap molecule is due to the long range
repulsion of like charged heads and is to be compared
with about 20-25 A? occupied per OH group in the
solubilized alcohol.

The solubilization of a dye may be a sub-class of
the type just described. The MR in dye solubiliza-
tion is constant beyond that concentration where the
soap attains its full colloidal form. In addition to
the actual solubilization of a dye an increase in fluo-
rescence has been noted in many soap-dye systems.
When a soap is added to a dye solution such as
dichlorofluorescein or pinacyanol chloride, a marked
increase in fluorescence is observed as the ecritical
concentration is passed, depending on the particular
soap-dye system (28). An increase in fluorescence in
a dye is probably associated with a deaggregation of
the dye polymer. This same phenomenon occurs in
solubilization of some dyes and should show no
change in long spacing.

Initially, some dyes in suitable media will fluo-
resce. Thus, there is some fluorescence observed in
solutions of a dye such as acridine, which is insoluble
in hydrocarbons such as benzene and n-heptane, in
alcohols. The addition of soap at concentrations be-
low the CMC to a water solution of this dye, as well
as others such as pinacyanol chloride, will cause a
marked change in color. The monomer = polymer
ratio is changed due to the binding of some dye
molecules, like an unionized salt, with the soap of
opposite charge. Further increase of soap to bring
the concentration to the CMC will result in a fur-
ther color change and/or fluorescence which is indica-
tive of micelle formation.

The question now to be considered is whether the
soap-dye system forms a mixed micelle of the soap-
soap and soap-alcohol type and whether, in this
case, aggregation of soap-dye molecules would require
fewer soap molecules (as is indicated in soap-soap
and soap-alecohol mixtures by a decrease in CMC) or
the same number of soap molecules as in soap alone
to form a micelle. Unfortunately, no X-ray data have
been reported for soap-dye systems, probably due to
the complexity of the spectra which measure spac-
ings of soap aggregates and dye aggregates and/or
soap-dye aggregates of various proportions.

A 160-fold difference in dye concentration seems
not to affect the value of the CMC as determined
by dye titration. Thus, potassium myristate titrated
with 5 x 10 ® M pinaeyanol chloride has a CMC of
0.006 M, with 5 x 10* M dye a value of 0.0058 M,
and with 8 x 10-* M dye a value of 0.0063 M. Simi-
larly, changes in concentration of other dyes such as
anisidine, acridine, ete., show the same effects. Thus,
it is indicated that the dye, bound to the soap by elec-
trostatic foreces, does not extend far enough into the
hydrocarbon interior of the soap micelle to add any
energy in the form of van der Waals type of attrae-
tive forces for micelle formation. A decrease in CMC
would be expected if the soap-dye system were com-
parable to the soap-soap and soap-alcohol mixtures.

Fluoreseence indicates that the dye must be in an
environment having a dielectric constant, ¢, of about
22 to 60, because acridine, for example, is reddish-
orange (no fluoresecence) in water (¢ =— 82), is not
soluble in benzene, n-heptane, or in ethyl ether (e =
2 to 4), and fluoresces in aleohols and in soap solu-
tions above the CMC. Qualitatively, in the presence
of soap micelles, the intensity of fluorescence indi-
cates that the dye must be in a medium having a
dielectric constant of about 27 to 40. Quantitative
values are now being obtained by actual measure-
ments of fluorescence intensities of various alecohol-
dye and soap-dye solutions and should make it pos-
sible to show more accurately the dielectric of the
environment of the dye molecules in the presence of
soap micelles.

Dye molecules have been thought to be solubilized
by being incorporated in the micelle center (¢ — 2
to 4) and this may be true for the case of uncharged
dyes, or bound by electrostatic forces to micelle sur-
faces (e = 82). However, the above qualitative ap-
proach seems to indicate that the charged dye, at
least, is a part of the micelle, held near the region
of the charged soap head, not, however, sticking out
into the water layer. It is indicated that the hydro-
carbon density in the soap micelle is inversely pro-
portional to the distance, r, from the micelle center,
squared (29). Similarly, it is probable that the di-
electric constant is directly proportional to r2 It
should be noted that if one considers only that the
density of the hydrocarbon decreases as r increases,
the dielectric constant would also decrease. IIow-
ever, there must be some penetration of the water
into the micelles which, with deerease in density as
the water molecules are farther removed from the
charged micellar surface, will extend some 3 to 5 A.
Thus, for r = 20 A, the dye molecule, about 11 A
long, would extend about 7 A into the micelle from
the charged surface, and would be oriented to some
extent, through van der Waals forces between dye
and soap molecules, with respect to adjacent dye
molecules.

Discussion

It is recognized that many factors play a part in
solubilization. The tendency of a soap to form mi-
celles is of prime importance. The solubility of ethyl-
benzene in 15% soap solutions changes from a mole
ratio of 0.0031 for potassium caproate (KC,), 0.080
for potassium caprylate (KC;), 0.207 for potassium
caprate (KC,,), 0.433 for potassinm laurate (KC,,),
to 0.870 for potassium myristate (KC,,) (1). In ad-
dition to the effect of chain length in a homologous
series, the structure of the soap molecules plays an
important part in solubilization. The molar volume,
polarity, charge, and structure of the compound to
be solubilized, also affect the degree of solubilization.
Hughes, Sawyer, and Vinograd have shown that for
equimolar hydrocarbon concentrations, the amount
solubilized (increase in X-ray spacing per mole hy-
drocarbon per mole soap) is a linear function of the
molar volume of the hydrocarbons (18). Thus, the
amount of hydrocarbon solubilized is an inverse fune-
tion of the molar volume for a homologous series.

The effect of polarity can be shown from the faet
that 0.5 M potassium myristate solubilizes 85 gm.
per liter of n-decanol but only 30 gm. per liter of
n-decane. The non-polar compound principally occu-
pies the space between and around the hydrophobic
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ends of the soap molecules in the micelle, and this is
equivalent to an increase in the length of the hydro-
carbon tail of the soap by 1.2 C atoms (22). The
polar eompound lies in the plane of the long axis of
the soap molecules, oriented as the soap molecule with
reference to the hydrophylic and hydrophobic ends,
as is indicated from X-ray studies on soap-soap and
soap-alcohol mixtures (26) as well as on fluorescence
effects, and little is taken into the hydrophobic region
of the soap micelle for there is essentially no increase
in the long X-ray spacing.

It is evident that with increase in soap concentra-
tion the area available per molecule to be solubilized
remains constant for the more polar compounds such
as dyes, insoluble soaps, fatty acids, and long chain
alcohols, whereas this value can increase for simple
hydrocarbons. The differences observed in Fig. 1 ean
be explained in this manner.

MeBain and McHan have postulated that dimethyl
phthalate is solubilized in a 0.1 N potassium laurate
solution by adsorption on the surface of the McBain
spherical ionic micelle (27). This explanation is
based on the faet that no increase in X-ray spacing
was noted upon the addition of the phthalate. Even
though the dimethyl ester is slightly less polar than
the corresponding acid, it is to be expected that the
ester will be solubilized in the same manner as the
charged dyes discussed above. The previous discus-
sion of the type of solubilization which involves no
increase in long X-ray spacing can be advanced as
a possible explanation of these experimental findings
in the phthalate-laurate system.

Kolthoff and Harris have shown that changes in
molecular weight distribution are possible through
control of mercaptan availability by increment addi-
tion of mercaptan or by changes in mercaptan solu-
bility by struetural modification (30). These types
of solubilization discussed above can be applied to
explain the formation and properties of certain poly-
mers prepared with identical formulae except that
the modifier, usually a long chain mercaptan, in one
case is added initially to the soap-water-persulfate
mixture before the addition of monomers, and in the
sccond polymerization is added dissolved in the
monomers. Depending on the relative reactivity of
the monomers used, quite different molecular weight
distributions should be possible.

These results can only be explained on the basis of
mercaptan availability, for in one case the mercaptan
is a part of a mixed micelle, with the —SH group
oriented toward the water-detergent interface, and in
the other it is partially solubilized with the monomer
occupying the center portion of the micelle around
the hydrocarbon tails of the soap molecules. If the
soap micelle is the initial locus of emulsion polymeri-
zation as has been indicated (10, 31), then the avail-
ability of mercaptan, in the first case, as part of a
mixed soap-mercaptan micelle, and in the second,
readily available in the solubilized monomer, will
markedly affect the molecular weight distribution of
the initially polymerized product.

Application to Biological Systems
The addition of paraffin-chain salts to protein can-
not be considered as solubilization as discussed above,
but, in a larger definition of this term, may fall into
this classification. Many water soluble proteins react
with soap molecules usually by attraction of oppo-

sitely charged ions. This. is supported, in part, by
the finding that any reaction of non-ionic detergents
with proteins does not involve this type of electro-
static binding (32), for the interaction in this case,
probably of a van der Waals type, is far less effec-
tive than in colloidal electrolyte-protein systems. It
is not expected that individual micelles would react
as a unit with a single protein molecule for this
would mean that about 65-75 soap molecules (num-
ber composing a micelle of a C,, soap) would com-
bine with any protein molecule. :

Thus, sodium alkyl benzene sulfonate will react
with three times its weight of native egg albumin at
a pll alkaline to its isoelectric point (33). Putnam
and Neurath have indicated that protein-detergent
reaction will oceur at pIl on both sides of the iso-
electric point (34). The reaction of serum albumin
with sodium lauryl sulfate will occur at a pH below
the isoelectric point (where protein and detergent are
oppositely charged) with the appearance of a precipi-
tate over the mole ratio range of protein to soap of
about 0.01-0.02. This would indicate an increase in
the hydrophobiec nature of this complex due to the
hydrocarbon tails of the detergent at the protein
interface and would account for turbidity through
flocculation. A first complex would be formed, for
example at a pH 4.5, with the binding of 52 mole-
cules of sodium lauryl sulfate per horse serum albu-
min (mol. wt. = 67,000) molecule and the second
complex would be composed of about 100 detergent
molecules per protein molecule (34). Similarly, egg
albumin will react with 15 and 28 molecules of deter-
gent per protein molecule at the isoelectrie point
(35). Addition of further detergent results in a loss
of opacity through the formation of another complex
(34). This, an example of solubilization in these sys-
tems, is due to the binding of the hydrocarbon tail
of the added detergent with the hydrophobie portion
of the soap molecule of the original complex, replac-
ing each detergent hydrophobic tail of the original
complex with a hydrophylic group.

Detergents will bring about a number of changes
when added to protein systems, such as denaturation
(36), stabilization as by inhibition of coagulation
(36), complex formation and precipitation, inactiva-
tion of enzymatie properties, ete., all of which have
been discussed in a recent review (37). Foster was
able to make a physical chemical study of the water-
insoluble protein, zein, in aqueous detergent solu-
tions (38). These complexes of zein and detergent,
in which the detergent must be considered to be
bound by van der Waals forces through its hydro-
phobic tails with corresponding hydrophobic groups
on the protein surface, are similar in properties to
the soluble ecomplex mentioned above. The original
protein, zein, the material being solubilized. must cor-
resnpond to the insoluble protein-detergent complex as
well as to such other comnounds as the insoluble dyes.

The author is indebted to Dr. Leo Shedlovsky for
discussion of this paper and to Dr. Frank W. Putnam
for the opportunity to see his manuseript on protein-
detergent interaction prior to publication.

Summary
Two, or possibly three, types of solubilization are
shown to occur which depend on the compound being
solubilized. Those systems in which the mole ratio,
MR (moles material being solubilized per mole solu-
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bilizer) inecreases with ingreasing soap concentration
are characterized by an increase in long X-ray spac-
ings to the point at which the system becomes satu-
rated with the compound being solubilized. IHydro-
carbons such as benzene, ethyl benzene, and normal
paraffins fall into this elass. Another type is that in
which the MR remains constant above the concen-
tration where the soap assumes its full colloidal prop-
erties, and this is characterized by no change in long
X-ray spacing. Examples of this type are soap-soap,
soap-fatty acid,. soap-aleohol, and possibly as a sub-
tvpe, soap-dye svstems. These systems are shown to
be mixed micelles in which the solubilized compound
is oriented with the long axis of the solubilized com-
pound lying approximately parallel and in the plane
of the long axis of the soap molecules, the hydrophylie
group of both constituents being toward the water
interface. Protein-detergent complexes arve discussed
from the point of view of solubilization.
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Factors Which Affect the Stability of Highly Unsaturated

Fatty Acids.” Il.

The Autoxidation of Linoleic and Alkali

Conjugated Acid in the Presence of Metallic Naphthenates®

A. H. JACKSON * and F. A. KUMMEROW, Kansas Agricultural Experiment Station,*

Manhattan, Kansas

RTERS have been in commercial use for some

time, yet no coneise mechanism has been ad-

vanced as to their role in olefin oxidation. Rie-
menschneider (1) suggested that they may funetion
by increasing the efficiency of energy transfer from
one molecule to another. Furthermore, Nicholson (2)
has shown that it is the concentration of drier cation
that determines the catalytic activity. The aectivity
was not destroyed by adsorption (3) or by saturating
coordination valence of the drier (4).

In addition to listing the relation of driers to
polymerization and gelation, Elm (5) stated that the
metal portion oscillated between two stages allowing
it to activate the atmospheric oxygen and pass it on
to a drying oil molecule. A ““reducing inhibitor”’
destroying action (6) and an initial peroxide sta-
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tained in this report are those of the authors. They are not to be
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bilizing role (5) have been suggested. Gardner and
Waddell (7) believed that driers form a series of un-
stable complexes with several of the products and
reactants produced during autoxidation, polymeriza-
tion, and gelation. It is now generally believed that
driers function as promoters, or as pseudo rather
than true catalysts.

A plausible chemical mechanism for drier action
during the autoxidation of tetralin has been postu-
lated. Yamada (8) has shown that Mn, Co. and Pb
compounds raise the decomposition reaction order of
tetralin hydroperoxide one step, that is from the first
to the second order. Tvanov ef al. (9) and Medvedev
{10) have demonstrated a similar role for the transi-
tion metals in hydrocarbon auntoxidation.

Robertson and Waters (11) have classified metallie
salts as “‘secondary catalysts’ and have pointed out
why it is of no particular advantage to inerease the
concentration of the promoters abeve a certain value.
~In- this laboratory we have been concerned with
the factors affecting the stability of highly unsatu-
rated fatty acids (12, 13). A study of the autoxi-
dation of-linoleie and alkali conjugated linoleic acid
was presented in another paper (14). The modifica-



