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PENETRATION AND COMPLEX-FORMATION 
IN MONOLAYERS* 

By J. H. SCHULM^• and J. A. FR•E•r> 
Department of Colloid Science, Cambridge University (England) 

IF ^ MONOLAYER OF an in- 

soluble substance is spread at an 
air-water interface, and a soluble 
substance containing a polar or ion- 
ized group attached to a non-polar 
structure (e.g., organic acids, soaps) 
is introduced into the 

underlying solution, in 
low concentrations (1 - 
10 X 10 -6 g./cc.), there 
may be considerable 
changes in the surface 
pressure and potential of 
the film. If this is so, 
the soluble substance is 

said to penetrate the 
monolayer (1, 2). Be- 
cause of the chemical 

nature of the substances 

concerned, it is clear that 
there may be interaction 
between the polar head 
groups, or between the 
non-polar portions (van 
der Waals forces), or 
between both portions, 
and the nature of the 

phenomenon is determined by the 

relative importance of the two kinds 
of forces (3). 

In the first place, there may be 
strong polar interaction associated 
with weak van der Waals forces, as 
when benzoic acid is injected be- 

Dr. Schulman addressing the Society of Cosmetic Chemists 
of Great Britain, November 9, 1949. 

* Basis of an informal talk by Dr. Schul- 
man, presented at the Society of Cosmetic 
'Chemists of Great Britain, Meeting, No- 
vember 9, 1949, London, England. 

neath a film of a long-chain amine 
(4). In this case a process of solu- 
tion of the soluble substance in the 

monolayer takes place, which may 
be reversed by compressing the film, 
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when ejection of the penetrating 
molecules occurs, followed by their 
adsorption under the monolayer, 
which is thus stabilized, by polar 
forces. No stoichiometric associa- 
tion is observed between the two 

components, and fairly large con- 
centrations of the penetrating sub- 
stance are required. 

If there is no interaction between 

the two components of the system, 
the behavior depends on their rela- 
tive surface activities. If the mono- 

layer substance is the more active, 
nothing happens above the collapse 
pressure of the soluble compound, 
but if not, it is displaced from the 
surface, with the formation of a 
monolayer of the soluble substance. 
This occurs when soaps are injected 
beneath films of triglycerides, and 
consequently accounts for the de- 
tergent action of soaps (5). 

When both van der Waals and 

polar forces are strong, definite 
stoichiometric complexes are formed, 
often analogous to complexes formed 
in bulk solution, e.g., between cho- 
lesterol and digitonin (1). The ex- 
tent of penetration of the film is 
shown by a sharp rise in the surface 
pressure of the film at constant area. 
On compression of the film, the pres- 
sure rises still more, and it is found 
that compression can be carried to a 
pressure higher than the collapse 
pressures of the components. For 
example, a complex of cetyl alcohol 
and sodium cetyl sulfate will stand 
a pressure of 60 dynes/cm. com- 
pared with the collapse pressures of 
cetyl alcohol (40 dynes/cm.) and 
sodium cetyl sulfate (15 dynes/ 

cm.). Similarly, the collapse pres- 
sure of the cholesterol-digitonin 
complex is 60 dynes/cm. compared 
with those of its components (40 and 
20 dynes/cm., respectively). When 
the film of the complex collapses, it 
may do so as a unit (e.g., elaidyl 
alcohol-sodium cetyl sulfate) or by 

o 

o 

• I I I I I I I •o •o 30 40 •,0 •0 

Min. 

Figure 1.•Sodium cetyl sulfate 3.3 X 10 -* 
injected at pH 7.2 under various films, at 10 

dynes surface pressure. 

ejection of one component (e.g., 
oleyl alcohol-sodium cetyl sulhte, 
the latter being ejected). The sta- 
bility of the complexes is increased 
by the adsorption of a layer of sol- 
uble component beneath the mixed 
film. 

The formation of complexes shows 
remarkable specificity. Saponin, 
for example, forms a complex with 
cholesterol but not with cholesteryl 
acetate, because of the considerably 
reduced hydrogen-bond activity 

:.• 

. 
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PENETRATION AND COMPLEX-FORMATION IN MONOLAYERS 383 

the ester group compared to the 
hydroxyl. Similarly, oleyl alcohol 
forms a comple3c with sodium oleate 
but not with oleic acid. Specificity 
is thus related to the polar group, 
and also to steric hindrance and the 

presence of double bonds. The 
effects of the polar group is shown 
by the variation in the equilibrium 
surface pressure of substances pene- 
trating a cholesterol monolayer, the 

30 

o i •. 3 4 5 6 

3.3 x 10-7 g./c.c. 

Figure 2.--This shows that F.-/ = RT log 
C•/c2. z/= area of cetyl sulfate molecule. 

order being: R--NHa+ > R--SO4- 
> R--SOa- > R--CO2- > R-- 
NMea + > bile salt artion. The 
effect of the presence of a double 
bond is shown strikingly by the 
effect of sodium cetyl sulfate on 
monolayers of the unsaturated 
alcohols, as compared with the sat- 
urated C•8 alcohol. As will be 
seen, acetyl alcohol film solidifies 

on penetration at an area of 78 A. 2 
per molecule, whereas the elaidyl 
alcohol film (trans) is liquid down 
to 60 A. 2 per molecule, and the oleyl 
alcohol film (cis) never solidifies. 
It is clear that the trans-isomer 

conforms more closely to the shape 
of the saturated alcohol than does 

the cis-isomer, and consequently the 
van der Waals attraction for the 
long chain salt is greater. Iso- 
morphism between the molecules 
plays an important part in the pene- 
tration phenomenon. 

METHODS 0•' INVESTIOATIOl• 

Several methods are available for 

the study of the penetration phe- 
nomenon. It may be studied either 
at constant area of the film, when 
changes are revealed by increasing 
surface pressure, or by keeping the 
pressure constant, when the film ex- 
pands as penetration proceeds (21). 
Finally, the film may be expanded to 
a large area, injection carried out, 
and the mixed film compressed, the 
force-area curve being plotted. 
From the existence of kinks in the 
force-area curves of various pene- 
trating systems, Schulman and Sten- 
.hagen concluded that 1:1 and 1:3 
complexes existed, and that 1:2 
complexes were unstable. Work by 
Matalon and Schulman (6) has since 
shown that owing to the rigidity of 
some of the films studied (e.g., 
cetyl alcohol-sodium cetyl sulfate) 
hysteresis effects are involved which 
make some of the conclusions doubt- 

ful. However, work done by these 
authors using an expansion tech- 
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nique at constant pressure shows 
that in the sys. tems cetyl alcohol- 
sodium cetyl sulfate, cholesterol- 
sapchin and cholesterol-sodium 
cetyl sulfate, 1:1 complexes definitely 

Interaction I½odmcj to Complexes 
b•tw•n HAEMOGLOBIN and C225ULPHATœ 

pH =10 20øC 
$urfac• Pressure 

= 2 8,1yn½s/cm 

9 I'lc• mø•Tn/700co 
2('3 40 6• 

1oo 

80 

._• 

•J 

O•4o 

Time in minut• 

Figure 3. 

exist irrespective of the pressure of 
expansion and concentration of the 
penetrating substance in the under- 
lying solution (22). 

The influence of salts in the under- 

lying solution is very important. 
Harkins and his co-workers, using 
distilled water, were unable to re- 
peat the results of Schulman and 
Stenhagen (2) for the system cetyl 
alcohol-sodium cetyl sulfate, w•ich 
had been obtained on M/S00 phos- 
phate buffer at pH 8. They ascribed 
the discrepancy to defects in the 
earlier workers' technique, but 
Schulman and Matalon (6) showed 
that injection of phosphate beneath 
a mixed film of cetyl alcohol and 
sodium cetyl sulfate on distilled 

water caused an immediate increase 

in surface pressure. However, it 
was also found that during com- 
pression of a mixed film, higher 
pressures were attained, due to 
closer packing in the film, than dur- 
ing spontaneous penetration. 

BIOLOGICAL APPLICATIONS 

The concepts described above 
have important biological applica- 
tions. In the first place, Schulman 
andRideal showed (1) that hemolytic 
activity is closely associated with 
the equilibrium penetration pres- 
sure of the dissolved substance when 

penetrating a cholesterol monolayer, 
the order of activity being the same 
as that given above for the latter 
phenomenon. Some hemolytic sub- 
stances, such as the long-chain alco- 
hols, have a strong dispersing ac- 
tion on protein films, and it seems 
that hemolysis is also due to the 
penetrating substance displacing 
the protein portion of the cell wall. 
The specificity mentioned earlier, 
namely that of cholesterol with sap- 
chin or long-chain sulfates, and 
long-chain hydrocarbons polyethyl- 
ene oxides or alcohols for protein 
films can be used to distinguish be- 
tween the components of cells. 
Thus, lysis of cells can be obtained 
by penetration of the available 
cholesterol portion by cholesterol- 
penetrating substances or dispersion 
of the. available protein portion by 
protein-penetrating or -dispersing 

: 

substances. 

A protein monolayer collapses at 
a surface pressure of about 16 
dynes/cm., and so substances that 
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lower the sin-face tensoin by about 
i•i•!i::•: 20 dynes/cm. will lyse cells if pro- 

rein is available and if the agent is 
in su•cient concentration to lower 

!i'll •':the surface tension to that extent. 
The cholesterol-active substances 
are effective in concentrations below 
10 -a per cent and so, are active at 
concentrations which lower the sur- 
face tension approximately 5 dynes/ 
cm. or less. Substances which adsorb 
on to protein monolayers, and do 
not penetrate, are all agglutinating 
agents, as they render the hydro- 
philic surfaces of the cells hydro- 
phobic. 

The chemistry of the cell sin'- 
faces can thus be established by the 
nature of the substances which at- 
tack them. Further, some cells can 
be shown to be resistant to both 

these types of agent, and conse- 
quently to be composed of chitin or 
other polysaccharide material. It 
is also of interest that active sub- 

stances in sublytic doses can induce 
a permeability of .the cell to mate- 
rials which are not normally taken 
up or given out by the cell. 
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SUMMARY 

The penetration and adsorption 
phenomena may be summarized 
under the following headings: (a) 
constant area, (b) variable area and 
pressure, (c) constant pressure. 

1. kFeak _;nteraction. (a) If the 
surface pressure of the soluble agent 
is •r•, and the collapse surface pres- 
sure of the film-forming molecules 
is *rv, then if •r• > •rv, displacement 
of the film material will take place, 
if there is no association by polar 

forces between the two molecules. 

The resultant surface pressure will 
be •r 8. 

(b) Ejection of a compound in a 
mixed film will take place at its 
collapse pressure if there is no polar 
interaction. 

2. Strong Interaction. (a) If 
there is strong association by van 
der Waals forces between the film- 

forming molecules and the soluble 
molecules in the underlying solu- 
tion, the resultant surface pressure 
of the mixed film will approach 
•rs q- •rv, well above the collapse 
pressure of either of the compo- 
nents. 

(b) No ejection occurs from a 
mixed monolayer of the two asso- 
ciated molecules, but a 1:1 com- 
plex of very high collapse pressure 
is formed. Ejection of the excess 
of dissolved molecules from the 1:1 

complex monolayer can be followed 
experimentally. Phase diagrams 
obeying a two-dimensional phase 
rule can be plotted for these mixed 
monolayers. 

1 and 2 (c). The percentage in- 
crease in area of a monolayer on 
penetration by soluble molecules 
from the underlying solution, at 
constant pressure and below the re- 
sultant equilibrium surface pressure 
of the monolayer at constant area, is 
directly related to the ratio of the 
molecular areas of the interacting 
species at their collapse pressures. 
Thus, a cholesterol monolayer with 
an area of 40 A.2 per molecule on 
being penetrated by sodium cetyl 
sulfate (20 A.2) will expand by half 
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the original area. This can be 
shown to be independent of the sur- 
face pressure or concentration of the 
penetrating molecules in the under- 
lying solution (2). Similarly, a 
cholesterol monolayer expands to 
double its area on penetration by 
saponin, showing that the area per 
molecule of saponin is also •,0 A. •- 
Surface solution effects shown at low 

surface pressures by excess of pene- 
trating agent (above the amount 
required to form the 1:1 complex) 
can be taken into account by extra- 
polation of the expansion-time curve 
to the starting time (7, 22). 

ADSOP. PTIOS AND TANNINO 

If in the underlying solution the 
soluble interacting molecule has 
two or more appropriately spaced 
polar groups, the penetration of 
the non-polar portion of the mole- 
cule is prevented, and adsorption 
in the form of a double layer takes 
place.This results in the film-form- 
ing molecules becoming spaced on 
the lattice of the polar groups of the 
adsorbed molecules, producing a 
solid film of the insoluble film- 

forming molecules at very large 
areas, usually at least twice the nor- 
mal area of solidification of the 

monolayer alone [e.g., tanning of an 
amine film (4:, 23)]. 

Should the area of the film-form- 

ing molecule be greater than the 
area taken up by two of the spaced 
polar groups in the adsorbed mole- 
cule, no expansion of the insoluble 
film takes place, but a marked in- 
crease in rigidity is observed, due to 

OF COSMETIC CHEMISTS 

intermolecular interlacing by the ad- 
sorbed molecules [e.g., tanning of 
protein• (1)]. 

Adsorption results in big changes 
of surface potential of the insoluble 
monolayer, either a rise or a fall 
according to the nature of the ad- 
sorbed dipole. 

REVERSlSlLITY OF ADSOP.?TION 

Proteins may adsorb on to lipold 
monolayers, either at the air-water 
or at the oil-water interface, in the 
latter case as protein-stabilized 
emulsions. Since this adsorption 
is pH-conditioned, it can be easily 
reversed. The structural changes 
of the protein molecule before ad- 
sorption, as an adsorbed monolayer 
and after desorption are very inter- 
esting, especially in relation to the 
biological activity of protein mole- 
cules in the three structural forms 

(7-9). 

THE OIL-WATER INTERFACE 

Analogous molecular interactions 
to those at the air-water interface 

can be shown by an emulsion tech- 
nique to exist at the oil-water inter- 
face. The stability and ease of 
formation of emulsions are related to 

complex-formation, surface viscosity 
and rigidity and surface charge. 
As has been shown, complex-forma- 
tion at the interface between an oil- 

soluble agent in the oil phase and a 
water-soluble agent in the aqueous 
phase can radically alter all these 
factors (10). ".'Since the resultant 
interfacial tension depends on the 
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::i':Surface tensions of both components, 
.::i' very low interfacial tensions are 

obtained when complex-formation 
: is observed between the oil-soluble 
:• and water-soluble stabilizing agents 

(11). 
At the oil-water interface, there 

are interesting phenomena which 
ill:suggest similar associations result- 

ing in mixed-film formation (12). In 
the first place, it is known that the 

..:• interfacial tension between an aque- 
ous soap solution and a hydrocarbon 
is independent of the oil used. 

: This indicates the presence of a 
monolayer of the soap alone at the 
interface., On the other hand, the 
interfacial tension between an oil 
solution of oleic acid and water is 

strongly dependent on the oil used. 
The lowering of the interfacial 
tension between the oil and water is 
least with benzene, intermediate 
with cyclohexane and decalin and 
greatest with hexane and long- 
chain paraffins. This effect is 
shown very definitely, particularly 
in the difference between the aro- 
matic and saturated hydrocarbons. 
In the case of the latter, minima 
occur in the surface-tension-con- 

centration curves, the explana- 
tion of which is doubtful. If 
they are due tO the presence of 
two components in the interfacial 
film, the second component can only 
be an oxidation product of oleic 
acid or the hydrocarbon itself. 
Now, it is known that benzene is 
the best solvent for long-chain 
alcohols, to which undissociated 
fatty acids would no doubt approxi- 
mate in their intermolecular inter- 

PENETRATION AND COMPLEX-FORMATION IN MONOLAYERS 387 

actions, and it is noticeable that it 
produces the least effect in these 
experiments, perhaps because of a 
low surface-bulk partition ratio of 
the surface-active oleic acid. 

In the case of emulsification, the 
inversion of phase continuity from 
oil- to water-continuous, occurs in 
decreasing order of readiness in the 
sequence benzene, cyclohexane, hex- 
ane, higher paraffins. This may be 
due to the fact that this is the de- 

scending order of interaction energy 
between solvent and solute, so that 
penetration of the polar heads by 
water becomes more pronounced 
than penetration of'the hydrocarbon 
chains by the solvent, which would 
favor oil-continuity from steric con- 
siderations.. 

If we now take a three-component 
system consisting of oil, water, and 
a soap such as potassium oleate and 
add to it a substance which from 

monolayer experiments would be 
expected to form a complex with the 
soap (and penetrate the soap mono- 
layer), the mixture liquefies and, 
on adding sufficient of the fourth 
component, clears giving a trans- 
parent, fluid dispersion, which does 
not show streaming birefringence. 
A suitable complex-forming agent 
is an alcohol such as hexyl alcohol 
or (best) 2•ara-methyl cyclohexanol. 
If benzene is used as the oil, the 
dispersions are oil-continuous; if 
nujol (long-chain paraffins), they 
are water-continuous, as judged 
by their electrical conductivity. 
It is possible to make such systems 
containing equal volumes of oil 
and water, and indeed their sta- 
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bility is greatest in such a case, be- 
coming less when the volume of the 
continuous phase is increased (13). 

It is interesting that if we take as 
the hydrocarbon one which is be- 
tween benzene and nujol in the 
drophobic series, two transparent 
systems can be prepared. This has 
been done, for example, in the case 
of decalin and of a petroleum frac- 
tion of the approximate formula 
C•sHa•. containing a high proportion 
of naphthenes. These give first 
very viscous, almost gel-like sys- 
tems, which are water-continuous, 
with conductivities, however, less 
than that of a liquid dispersion. 
They show pronounced streaming 
birefringence. When more para- 
methyl cyclohexanol is added, they 
break and, on adding still more, 
liquid dispersions like those pre- 
viously described are formed. If a 
hydrocarbon such as decalin or 
hexane is used, the final dispersion 
is oil-continuous, but if a mixture 
containing higher paraffins is used, 
the system remains water-contin- 
uous, but has a lower conductivity 
than if no gel had formed (14). 

Formation of the two types of dis- 
persion is consistent with the views 
outlined above. As more alcohol is 

added, above the amount required 
for an equimolecular mixed film with 
the soap, it will pass into the oil 
phase, rendering it less hydrophobic 
by virtue of the hydroxyl groups so 
introduced. This will weaken the 
interaction between the oil and the 

paraffin chains of the soap relative 
ß to that between the polar groups and 
water. This will favor an inversion 

of the dispersion from water- to 
oil-continuity, but whether the in- 
version actually takes place or not 
depends on the degree of hydro- 
phobic character possessed by the 
oil. Thus, nujol is sufficiently 
drophobic to prevent it, but decalin 
is not. These phenomena can also 
be expressed in terms of the wetta- 
bility of the interface by the oil 
phase and the water phase. The 
phase which has the lower contact 
angle with the interfacial film will be 
continuous, and as the alcohol is 
added to the oil, it causes its con- 
tact angle to approach that of water. 
If the angle is lowered sufficiently 
by this means, inversion to an oil- 
continuous system occurs; in the 
case of nujol the lowering is not 
sufficient to bring this about. 

STRUCTURE OF THE TRANSPARENT 

DISPERSIONS 

In view of their properties, it is 
clear that the structure of these 

isotropic dispersions must be dif- 
ferent from that of concentrated 

solutions of soaps and of so-called 
"solubilized oils." It has been 

shown by the x-ray studies of 
Hess (15), McBain (16), Harkins 
(17), and their collaborators, that 
a soap micelle can swell with oil, and 
a soap crystallite with water, only 
within certain definite limits. In 

the present instance, much more of 
the disperse phase is incorporated, 
and it is thought that the alcohol 
molecules penetrate between the 
soap molecules in the crystallites 
introducing disorder into the lattice, 
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!'ii•iii!•..:Which then breaks up and forms a 
•:.•"i!:,'.;.'•spherical shell in order to enclose 
;)•'•i:;ia given volume of water or oil in a 
•iii:!:iSurface of minimum area (13, 19). 
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the soap alcohol molecules, several 
hundred Angstrom units in diameter 
separated by the continuous phase. 

Confirmation of the postulated 

WATER SWOLLEN 
CRYSTALLIT E 

OIL AND WATER SWOLLEN wATER SWOLLEN 
LAMELLAR MICELLE MIXED CRYSTALLITE LAMELLAR MICELLE 

WATER 

WATER 

HYDROPHILIC 

OLEOM ICELLE 

SPHERICAL IMfC. ELLES 

WA' 
SOAP 
ALCOHOL 

OLEO•HILIC 

HYDROMICEM. E 

Figure 4.--The phenomena of sofubilization of soap crystal lamellae by non-polar oils and 
penetration of the monolayer lattice by polar oils in the formation of micelies and emul- 

SLOBS. 

Thus, Schulman and Hoar (18) sug- 
gested that these transparent, fluid 
dispersions consisted of droplets, sur- 
rounded by a mixed monolayer of 

structure of the fluid dispersions was 
sought in three ways. In the first 
place, the area occupied at the air- 
water interface by a molecule of po- 
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tassium oleate is known, and so is 
that occupied by an alcohol mole- 
cule. Further, the area of the cross- 
section of a soap molecule can be 
derived from the side spacing of 
4.8 A. found in the liquid crystal. 
As a result of these two lines of evi- 

dence, the most probable area of a 
bimolecular complex in the oil- 
water interface is about 70 A.•' Ac- 
cepting this as the area per oleate 
residue, the total area of the inter- 
face can be calculated, and since the 
total volume of the disperse phase is 
known, the radius of the supposed 
droplets can be found. Assuming 
that all the oleic acid is in the inter- 
face, the radius of a water droplet 
in oil is given by the formula 

where //w = volume of water, and 
cr = total interfacial area of the 

droplets and is given by 

o' = •o 

where •V0 = 6 X 102a, w = weight 
of oleic acid, s = 70 A.•' and M = 
mol. wt. of oleic acid. The over- 

all radius of the droplet is r q- 25 A. 
as the oleic acid molecule is about 

25 A. long. The dimensions of oil 
droplets in water can be calculated 
in a similar way, but the method is 
slightly more complicated. Calcu- 
lations were also made assuming 
short cylinders and lamellae for the 
droplets. When this was done, re- 
sults could be compared with ex- 
perimental data obtained by the 
two following methods. 

X-R^¾ S, uD•.s (19) 

The solutions were subjected to 
examination in an x-ray camera 
designed to study low-angle scatter- 
ing. Because the ratio of disperse 
to continuous phase was nearly 1.0, 
the spheres were expected to be 
arranged, almost in contact, on a 
three-dimensional hexagonal lat- 
tice. One would expect therefore, 
low-angle scattering from adjacent 
planes, and these Bragg spacings 
when corrected by multiplying by 
the Ehrenfest-Prins factor for liq- 
uids (1.23) would give the distance 
between the centers of adjacent 
droplets. Diffraction bands of this 
type were in fact found. They were 
diffuse, corresponding to liquid- 
type scattering, and after allowance 
had been made for the gap between 
spheres the resulting diameters were 
in good agreement with those cal- 
culated. By suitably adjusting the 
oil-water ratio, it was possible to 
bring the spheres almost into con- 
tact, and then the spacings were 
very nearly equal to the diameters 
of the droplets. 

Bands of this type were obtained 
with both oil- and water-continuous 

dispersions. In nearly all the oil- 
continuous systems, agreement was 
better with the spherical model 
than with either lameIlar or cylin- 
drical micelles. However, the case 
of the water-continuous systems 
containing comparatively large 
quantities of oleic acid is not so 
clear, and it may be that a cylin- 
drical model is better for them. 

It is obvious that the gels, which 
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show streaming birefringence, can- 
not be treated as aggregates of 
spheres• but must contain cylin- 
drical or lamellar aggregates which 
are long compared to their other 
dimensions. As would be expected, 
they give sharper bands, and the 
spacings are nearer to those ex- 
pected for lamellae. Examination 
of them is still in progress. 

LmHT-Sca•r•.R•>m STvm•.s (20) 

In order to obtain more direct 
evidence of the existence of mi- 
celiar aggregates in the 
dispersions, investiga- 
tions were carried out by a 
light-scattering method, 
using Rayleigh's formula 
to determine the droplet 
size. This is 

I0 - 2r=X 4 k,m•i--•2/ 

for right-angle scattering 
of a beam of unpolarized 
light of intensity I0 and 
wave-length X in the solu- 
tion, in which there are 
N particles 0f volume F 
and refractive index m relative to the 

solute, per cc., and the distance 
from the scattering solution to the 
observer is r. In these experiments, 
N/x was known, being the total 
volume of the disperse phase, and 
so // and hence the radius of the 

droplets, assumed spherical, could 
be calculated. 

When the formula was applied to 
systems prepared as described, it 
was found that the diameters cal- 

culated were far too small, values 

of 10-20 A. being indicated. This 
is easily explained, as Rayleigh's 
formula assumes that the total scat- 

tering is the sum of the scattering 
from the individual units. This is 

true for a gas, but is manifestly false 
when the scattering units are sepa- 
rated by less than their diameter, 
as we have here. Alternatively, if 
we regard scattering as due to con- 
centration fluctuations in neighbor- 
ing volume elements (Einstein, 
Smoluchowski, Debye) it is clear 
that fluctuations are hindered in 

o o•1 o-z 03 C>4 
NV 

Figure 5. 

highly concentrated solutions, as has 
indeed been shown for tobacco mo- 
saic virus and sucrose solutions. 

In order to overcome this diflSculty, 
series of solutions containing the 
same volume of disperse phase in 
increasing volumes of the oil (ben- 
zene) were examined. In all cases 
the intensity of the scattered light 
increased as the solutions were di- 

luted. The apparent droplet diam- 
eter was calculated in each case, 
and it was found that the log d-con- 
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centration plots were linear; extra- 
polation to infinite dilution gave the 
ideal droplet diameters. As will 
be seen from the table, these agreed 
well with the calculated values, and 
ß indicate the general correctness of 

TAI• Lœ 1 

Volume 

of Oleic •---- Droplet Diameters, •. ----• 
Acid, Light- 
Cc. Calc. X-ray Scattering 

0.75 363 480 330 
1.00 280 300-350 285 
1.50 201 185-235 210 
2.00 164 125-190 165 
3.16 120 100-125 107 

the hypothesis. The diameters in 
the last column were derived as- 

suming that the paraffin chains of 
the soap form part of the scattering 
unit. If, as is possible, they do not, 
calculations must be made without 

the monolayer, and 50 A. added to 
the result. If this is done, the re- 
sults are: 365, 295, 220, 155, 
128 A., also in good agreement with 
the calculated values. If the two 

sets of experimental values are used 
to derive the thickness of the mono- 

layer, a value of 22 A. is obtained. 
Of course, the fa•t that the lowest 
concentration that could be investi- 

gated was about 10 per cent lays the 
accuracy of the extrapolation open 
to criticism, but it seems to be justi- 
fied by the results. 

We have also examined the system 
benzene - water - cetyltrime thylam- 
monium bromide-chloroform, which 
forms dispersions completely anal- 
ogous to the others. However, 
interpretation of the results must 
be made on a different basis, be- 

cause the area occupied per CTAB 
molecule could not be determined a 

priori. Again, x-ray and light- 
scattering results agreed, and in 
this case it proved possible to carry 
light-scattering measurements down 
to a concentration of 6 per cent. 
It will be seen that the area per 
CTAB molecule is found from the 
light-scattering results to be 3545 
A.2, which is not much more than 
the area per molecule in a close- 
packed monolayer of CTAB (28-30 
A?). This indicates that the area 
available for the chloroform is not 

more than about 18 A.2 The 
chloroform will alter the hydro- 
phobic-hydrophilic balance of the 
oil phase, and must be associated in 
some way with the positively 
charged nitrogen atoms of the soap. 

TASLE 2 

Light- Area per 
Wt. of Scattering X-ray CTAB 
CTAB, Diameter, Spacing, Mole- 
Gm. A. A. cule, A? 
1.50 320 369 45 
2.25 280 Ca. 270 35 
3.00 200 ... 40 

REFERENCES 

(1) Schulman, J. H., and Rideal, E. K., 
_Proc. Roy. Soc., 122B, 29, 46 (1937). 

(2) Schu[man, J. H., and Stenhagen, E., 
Ibid., 126B, 356 (1938). 

(3) Marsden, J., and Schulman, J. H., 
Trans. Faraday Soc., 34, 748 (1938). 

(4) Cockbain, E.G., and Schulman, J. H., 
Ibid., 35, 1 (1938). 

(5) Schulman, J. H., and Hughes, A. H., 
Blochem. 7., 29, 1236, 1243 (1935). 

(6) Schulman, J. H., and Matalon, R., 

Trans. Faraday Sot., 43, 479 (1947)iH" (7) Matalon, R., and Schulman, J. ., 
Faraday Soc. Discussion "Lipoprotexns 
6, 27 (1949). 

(8) Dory, P., and Schulman, J. H., fbid. 21. 
(9) Elkes, J. J., Frazer, A. C., Schulman, 

Purchased for the exclusive use of nofirst nolast (unknown)
From: SCC Media Library & Resource Center (library.scconline.org)



•:,:-:; ß PENETRATION AND COMPLEX-FORMATION IN MONOLAYERS 393 

•g!3::;!': I. H., and Stewart, H. C., ]>roe. Roy. Ross, S., and McBain, J. W, Ibid., 68, 

'?f•f• 7•oc., 184A, 102 (1945). 296 (1946). ß '(10) Schulman, J. H., and Cockbain, E.G., (17) Harkins, W. D., Mattoon, R. W., and 
';:i•i:':;' I Trans. FaradaySoc.,36,651,661 (1940). Corrin, M. L., Ibid., 68, 220 (1946). ii$}ii:(l ) Alexander, A. E., and Schulman, J.H., Matloon, R. W., Stearns, R. S., and 

Ibid., 36, 960 (1940). Harkins, W. D., y. Chem. _Phys., 15, •)';'•i/!}.11:"i;i2 ) Schulman, J. H., and Friend, J.A., 209 (1947). Harkins, W. D., and Mir- 
unpublished work. telman, R., y. Colloid Sci., 4, 367 (1949). 

:i•?!:(13) Schulman, J. H., and McRoberts, T.S., (18) Schulman, J. H., and Hoar, T. P., Na- 
•; •:; :. Tran. Faraday Sot., 42B, 165 (1946). 

Schulman, J. H., and Friend, J. A., un- (19) 
!?•ublished work. mess, K., and Gundermann, J., Ber., 70, (20) 
1800 (1937). Hess, K., Kiessig, H., 
and Philippoff, W., Naturwiss., 26, 186 (21) 
(1938). Hess, K., and Kiessig, H., 
Chem. Bet., 81, 327 (1948). (22) 
McBain, J. W., and O'Connor, J.J., (23) .7..fro. Chem. Soc., 62, 2855 (1940). 

lure, 152, 102 (1943). 
Schulman, J. H., and Riley, D. P., 
y. Colloid Sci., 3, 383 (1948). 
Schulman, J. H., and Friend, J. A., 
Ibid., 4, 497 (1949). 
Matalon, R., and Schulman, J. H., y. 
Coil. Science, 4, 689 (1949). 
Matalon, R., unpublished. 
Wolstenholme, G. A., and Schulman, 
J. H., Trans. Faraday Soc. (in press). 

::: 

, 

Purchased for the exclusive use of nofirst nolast (unknown)
From: SCC Media Library & Resource Center (library.scconline.org)


