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Ereface

During the past decade, the field of surface chemistry

has been enriched by the contributions smensting from

Professor Mysela®' laboratery at tho University of Southern

Caelifornia. The highest order of experimental eccuracy

spd reliebllity, not divorced from great insight into the

noture of surface phenomena, have charscterized the work

of that laborstory. Lloyd Ossipov, reviewer of Sosp

Films in J. Chem. Ed., 37, 820 (1960)

These kind vords of a reviewer do not point out that the bulk of
the work referred to was wsde possible by the ORR contract for which this
1s the final report. I em, hovever, very much gware of this fact and
realize that without this sustained support my efforts would have been
such less productive, end my students sand coworkers would not have been
adble to develop to the extant thsy did.

It 1s therefore fitting to begin this report by am expression of
sincere gratitude to the crgenization and the responsible individuals

in it,




Introduetion

This report summarizes the work accomplished under Contrasct
Bonr-2T4(000), Project MR356-25h (formerly NROSW-254) during its lifetine
from April 1, 1951 to November 30, 1961. The firet coction (pp. 2-16) gives
s brief summary of the scientific results, the second section (pp. 11;19)
deals vith the persomnel involved in it, the third section ( pp. 20-22)
lists the scientific pudlicetions, and the fourth section (pp. 23-24%) the
technicel reports.




I. SCIENTIFIC RESULTS

1”*
Introduction

Work under this contract began a decada ago. A% that time it wus
well established that solutions of association colloids formed micelles
at high concentrstion, it was generally believed that at low concentra-
tions they bchaved as simple one-one electrolytes, while these two
regimes were separated by a relatively uncertain critical regioxi. The
size, shape and structure of the micelle were subjects of controversy
between extreme views, and almost nothing was knoun about its charge.
Except for the light scattering method which had been just developed by
Debye, there were no techniques for observing the behavior of micelles
themselves, and theoretical interpretations were in terms of first and
wery rough approximations.

Today the situation is very different. The methods for measuring
the properties of micelles have been greatly improved and their interpre-
tation is much rore sephisticated. As a result rather narrow limits can
be placed on their size, charge, shape and siructure for those systems
that have been studied in detail and it is only a matter of time and
affort to obtain this type of information for other systems. lMethods of
studying the region of the critical micelle concentration have also been
improved and thelr limitations have been understood so that this region
too is quite well wderstood. In contrast, the dilute solutions now
appear more complicated than was believed earlier and there is considerable
disagreement as to their nature. This in turn introduces an uncertainty
into the final details of interpreting measurements on micelles amd ‘on
the critical micelle concentration and affects much of the theoretical
interpretation in %terms of forees governing the formation of micelles.

.
The numbers in parentheses refecr to the bibliography of publicatioms in
Section IV. TR numbers refer to the list of reports in Seetion III.
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Thus considerable progress has been made, but the total picture is
still not completcly clear. This progress has been the result of
contributions from many laboratories and many workers. The following will
briefly summarize the part played by work under this project.

Methods and Techniques

1. Tracer metbods. Our oiiginal reason for entering the study of
association colloids was the conception of the tracer method for the study
of nﬂ.cellas.* It inwlves the use of water-insoluble dyes which are
slightly soluble in micelles. Thus, the dye has to always remain in a
micelle and move with it. By observing the motion of the dye one obzerves
therefore the motion of the micelle. Because it is only seldam that more
than one dye molecule is dissolved in a micelle, the properties of the
micolles are not changed appreciably, and since the dye is completely
hydrophobic, it stays inside the micelle and doce not affect its swrface.
Thismethod of Mpainting the micelle red in order to follow its movement"
has been applied to electrophoresis and to diffusion.

In case of electrophoresis a completely new approach had to be used
because of the absence of stabilizing density differences present in
conventional methods. The apparatus developed (2) is very simple and
its accuracy is limited mainly by that of the analytical determination of
the tracer. It can be used not only with micelles tagged by the above
method but also with the more conventional radiocactive tracers either for
simple ions or large colloidal particles. The method has been used by us
in the study of the electrophoretic mobility of micelles (2) and their

* U, Y. Hoyer,and K. J. Mysels, "A Method for Determining the Properties
of Micelles," J. Phys. and Colloid Chem., 5k, 966 (1950).

Also, K. J. lysels, "Tagging the Clusive liicelle," Rescarch Neviews (Office

of Naval Research), September, 1953, p. 15.
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counterions (6) in sodium lauryl sulfate. It has been used later by
Professor lloyer for ginilar detexrminations on a variety of micelles” and
also in owr laboratory for the study of human serum albumin uvnder a
variety of conditions not aceessible to conventional znzaf,}v:adta..‘""iL In
addition to ite simplicity, this "open tube" tracer electrophoresis method
has the advantages of completely eliminating so-called bourdary anomalies
which introduce some wncertainty into more conventional moving bourdary
methods, of belng applicable over a much wider range of concentrations
and ionic strengths, and of being ussble without complications over a wide
range of temperatures. In the study of micelles it has the clear
advantape of measuring only the electrophoretic mobility of micelles and
not being influenced by the mobility of either any supporting electrolytes
present or ths non-micellized components,

Ve also developed another tracer electrophoresis method (5) which
was an improvement over a method published by Brady and invoived, 1like
his, the use of a fritted glass disc. DBecause of the ever-present problem
of the possible disturbing effect of the large surface of the frit, we ‘
have used this method only to check the open tube method and did indeed
obtain concordant results.

In order to study the self diffusion of tagged micelles we developed
a new method for measuring diffusion coefficients using sintered glass
dises to immobilize the liquid (1). This turned out to be useful not only
for tracer systems, but also for those using a concentration gradient,
thile somewhat tedious, the method is perhaps the best one available for
measuring the self diffusion of particles having a low diffusion coeffieient.
It 1s also perhaps the most direct, amd quite an accurate one, for measur-
ing their diffusion coefficient with a concentration gradient. However,
it can be used only with systoms which are not affected by the large
glass surface present in the frit. Unfortunately, it turmed out later (9)
that the particular gystem for which we used it, namely, sodium lauryl

® H. W, Hmr and A. G‘l%enﬁeld, Je P}WBo Chmo, 61’ 735 (1957); He We
Hoyer, A. Marmo and !, Zoelner, ibid., 65, 180l (1961).

** K. Jo Fysels and E. K. Mysels, J. Am. Chem. Soc., 83, 20L9 (1961).
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sulfate, was indeed affected seriously by this surface which ecatalyzes
the hyrirolysis of the ester linkage and causes the formation of lauryl
alcohol and sulfuric acid. Hence, the results which we published on this
subject and which seemed very interesting at the time are probably in
error by an wndetermined amount. Nevertheless, the method could be used
effectively for a number of other surfactants not adsorbed or hydrolyzed
by the glass surface.

20 Light scattering. In following up some earlier light scattering work
in this laboratory we found that precise results required oconsiderable
improvements in both the stardardization of the equipment and especially
in the purification of solutions. It was in this connection that the
effect of fritted glass upon the hydrolysis of sodium lauryl sulfate was
discovered and finally ways of obviating it were developed (9). This
permitted us to obtain highly accurate measurements on solutions of
several lauryl sulfates (9), but the technigue is so cumbersome and deli~
cate that we did not push it further.

3« Conductivity measurements. Both elestrophoresis and diffusion measure~
ments required auxiliary determinations of electric comductivity. later
we used these determinations as owr primary tool. In the course of this
work we gradually improved the design of the cells (16) to a point where
measurements of very high precision (of the order of ten pmm) can be
performed quite easily and rapidly. The big step here was the "doughnut®
design vhich pormits excellent hydrodynamic contact of the measuring

area vith amother reservoir with nepligible electric interaction between
the two.

lMaterials

Although there are significant results that can be obtained with
impure association colloids, quantitative results and quantitative inter-
pretation generally require materials of high purity. Yet there are no
standards, no recognized methods of purification, no criteria of purity
that can be depended upon. Hence preparation of nure materials is quite
difficult and has consumed much more of our time and effort than would




appear from the brief deseription in the reports and publications.

Sodium lauryl sulfate. lost of our work wae done with sodium lauryl
sulfate which was prepared by conventional methods. [or many years no
difficulties were encountered and a pure material vas repeatedly prepared
or recovered (3,4,6,10,11,14,15). About 19:8, however, an apparently
slightly different material wms obtained vhith seemed equally pure but
had a slightly different equivalent conductiiity below the c.mecCeo (17)e
Despite considerat’e effort we have been umable to establish the cause of
this discrepancy, hut we believe that it has 1ittle effect on any of our
results.

Other lauryl sulfates. We have developei a method for preparing
pure silver lauryl sulfate from the sodium sali. This inwolves a delicate
recrystallization over a narrow tamperature rang: (12). From this a
varicty of other soluble lauryl sulfates, such a: those of the alkall metals
and of a series of quarternary allyl amonium ion:, have been prepared by
double decomposition with the corresponding halide (12).

Sodium decyl sulfate. The solubility of this salt makes the usual
methods of purification almost worthless. We have tlerefore developed the
new approach of recrystallizing the alcoholate to remive all inorganie
salts and followed this by extraction of the aleohol ul\th ether which is

quite casy (19).

Sodiun tetradecyl sulfate. The purificatlon of this materlal
proved wexpectedly difficult. Ve have spent much time & itempting to
remove the alcohol by extraction with ether, but found th:t the extraction
was so s8low that hydrolysis due to traces of water set in \ong before it
was completed. A varicty of recrystallization attempts also led to no
result. Ve are nou studying a very pramising method, namcly’, sublimation
of the alcohol in high vacuum. The difficulty here is the development
of auxiliary techniques vhich would indicate vhen sufficient purification
has been attained. Then sufficiently perfected, this high vacuum method
ghould give us not only the pure tetradecyl sulfate, but also other campounds
in a higher degree of nurity than heretofore obtainable and in addition
provide information about the phase bechavior of the alkyl sulfate =alcohol

gystens (unpublished).




Theoretical lork

Light Scattering

Results of light scattering measurenents on assoeiation eollinidal
electrolytes were first interpreted by Debye without taling into account
their charge. lator, the effect of the charge upon the extent of fluctuae
tion was taken into account. Soo thereafter, under this preject a discus-
gsion of the effect of charge upon the optical efficiency of fluctuations
ws given in easily visualized terms and along with a discussion of the
effect of the equilibrium between micelles and monomers (7). Almost
gimultaneously a somewhat more rigorous treatment of this effeet of
charge on optical efficiency was given by Prins and Hermans.” Ve disagreed
with certain minor points in that treatment, and we also needed results
expressed in temms of operational quantities and therefore presernted a
final version of this approach (9). Iater, details dealing with polydismersed
systems were added (1l).

This theory attempts to obtain an accurate molecular weight but only
an effective, thermodynamic charge which is certainly much lower than the
true charge of the particle. Recently, more elaborote treatments have
appeared uhose purpose it is to interpret light scattering in terms of the
true welght and the true charge of the particle o still is not clear
whether the results of these more complicated theories are really different
for the molecular weight vhile admittedly the values for the charge are
closer to the true value,

The Composition and Thermodynamics of Mixed lcelles

By careful analysis of the significant factors determmining the
conductivity of a micellar system we have been able to develop a method
(17) for interpreting the conductivity of mixed systems in terms of the

*w, Prins, Thesis, Leyden, 19553 /. Prins and J. J. llermans, Proc. Kon,
Veder. Akad. Uet. B59, 298 (1956).

** Vrij, Thests, Utrecht, 1959; D. Stigter, J. Phys. Chem., 6k, 82 (1960).




composition of micelles, ie.c., of the percentage of the two components
present in the micelle. This is a quantity which has not been heretofore
available and is required in any evaluation of the interactions that
occur inside the micelle. Then in order to evaluate this interaction we
clarified the assumptions in prior discussions of the theory of mixed
micellization and introduced corrections for nonideality (18). The
results were again expressed in operational quantities so as to give a
dircet evaluation of the experiments. A simple criterion for ideality or
nonideality of the monomeric solution bething the micelles was developed
incidentally to this treatment (18).

}Micellar Densitz

The interpretation of kinetic properties of the micelle in terms of
its structure and hydration requires a knouledge of the volume occupied
by the micelle~forming ions themselves. An analysis of this problem in
terms of the best awvailable knowledge about the volumes of individual
jons and about electrostriction has been presented (TR 12). Publication
of this work has been delayed perding the appearance of supporting
references based on same other work of Dr. lMukerjee. Now that these
references have been published, Dr. l‘ukerjee is introducing some further
refinements int¢ his manuseript, and it should be resubmitted for publica=-
tion soon.

Electrodiffusion

Consideration of what happens during clectrolysis of a reacting
system such as, for example, a micellar system in which the sodium ion is
sometines attached to the micelle and sometimes free, or the water molecules
are sometimes moving as part of the hydration shell of an ion and sometimes
not, led to the develomment of tho theory of such processes. It turned
out that the reaction during electrolysis introduces an additional
diffusion effect which was termed "electrodiffusion." Quantitative
considorations indicated that it should be possible to measure the reaction




rate by determining this elestrodiffusion. This method eould have
considerable advantages in that it is applicable to quite fast reactions
having a half-life of a second or less, yet is to be applied to an
equilibyim system and involves experiments which are quite lsisurely
since vhat is nmeasured is the diffusion resulting from the reaction
process being repeated many, many times (8).

Publication of this theory was followed by several papers from
other lsboratories” and also led to additional work here wner an NSF
grant,™ It turns out that, while the original peper contained minor
errors, the approach is sound in principle, but that experimental

difficulties still remain to be overcame. ¥

The Structure of the Micelle

1. Sizse and shape. On the basis of light soattering data the
molecular weight of the micelle must be of the order of 18,000 correspond=-
ing to slightly over 60 monomers aggregating to form the micelle. This
refers to the suxrfactant dissolved in pure water. In the presence of
sodium chloride the moleoular weight increases reaching about 41,000 in
0.5 M NaCl (1h)s The data in the presence of sodium chloride seem to be
more certain as excellent agreement is obtained between three laboratories.
In pure water our results are some 20% higher than the others, but we hope
that our results are closer to the truth because of the eare with which
our standardisation was conducted and our material prepared. As indicated
above, it is likely that the wncertainty in interpretation is by now very
amall,

The nature of the counterion has a small effect on the size of the
mioells, but this effect is not as pronounced as upon the eritical micells

¥ Lamm, Acta Chen. Scand., 1956, 10, 1132} G""”“g;; J. Chem. Phys., 26,

1755 (1957); Liunggren, Acte Cheme Scand,, 12, 1529 (1958); Bak and
Rauman, Trans, Fareday Soc., 55, 1109 (1959Y; Ljunggren, Trans. Roy.
Inst. Technol. Stockholm, 1 1h2

** Scholten and Mymels, Trans. rhradu Sos., 56, 99 (1960)3 Seholten amd
su'nela, ibid., 57, 764 (1961}; Scholten, Arch. Biochem. Biophys., 93,

*%* Scholten and lysels, J. Chem. Phys. (in press)(1961).
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concentration (8).

The anallness of the micelle thus established makes any lamellar
or sandvich structuwe highly improbable; because the sides or periphery
of the lamella would have to have a much greater surface than its two
faces. In fact, only about half of the monomers could be hidden inside
the lamella, and the other half would have to form its periphery. Both
the concentration of charges on the face of the lamella and the exposure
of large hydrocarbon areas makes such a structure quite umreasonable, On
the other hand, a spherical micelle containing some $0 to 70 monomers has
a radius mich smaller than the length of a molecule so that there is
no difficulty about filling the center of the sphere and glving each tall
a great deal of freedom of motion within the micells.

2. Charpe. Our measurements of the mobility of the eodium constituent
in sodium lauryl sulfate solutioms in water, combined with results of
conductivity measurements on this system, and of mobility determinations
of its micelles by the tracer electrophoresis method, show that the
true electrokinetic degree of ionization of the micelle is about 28% (6).
This means that for each 100 lawryl sulfate ions aggregated 4o fomm a
micelle about 72 sodium ions are attached strongly enough to the surface
of the micelle not to contribute to conductivity. This is in wvery close
agreement with a completely different interpretation of the elestrophoretic
mobility of the micelles based on micellar size and the diffused double
layer theory of relation between mobility and charge.*

The same measurements (6) indicated that the micelle is more ionised
at higher ooncentrations than at low concentrations. Similar effects
have already been observed by Hartley and named "retrograde ionization,"
It is a surprising result because clearly the activity of sodium ion
increases uith the concentration of sodium lauryl sulfate, and therefore,
according to the law of maes action, one would expect a lower degree of
ionization. In fact, Hartley tended to consider the effect as an artifact
produced by the "heterogemeity” of the solution (concentration electrolyte

* Stigter and lysels, J. Phys. Chem., 59, IS (1955).
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around the micelle, very diluted one in between).

Very recently, however, we have been able to obtain the conductivity
of the micellar ccmponent in the presence of high consentrations of salt
and find that it is essentially constant, although it should deerease
markedly if the degree of lonization remains the same (unpublished). This
we feel is a definite proof of the reality of the "retrograde” ionization.
The behavior seems somewhat less paradoxical at present because we know
that the size of the micelle changes at the same time so that the degrees
of ionization cannot be directly compared. However, amny good rationale
for it still is lacking.

thile the above electrolinetic measurements give information about
the true charge of the micelle, we have interpreted light scattering
results in terms of an effective charge on the basis of which the thermo=
dynamic behavior of the mlicelles can be explained. This degree of ioniza~
tion is, as would be expected, lower and of the order of 15-18% (1L).

The experimental results on which these calculations are based,
particularly the electrokinetlc measurements, are considered to be of a
much higher order of accuracy than the present=day interpretation.

As the theory of the double layer becomes more sophisticated, and it is
likely that the use of ecamputers will lead to considerable Improvement

in the very near future, it is possible that the charges calwulated will
be revised, and if so; the revision is likely to be upwards. However, the
basic finding that the micelle is charged and remains charged at high
elesctrolyte concentrations, but that only a minority of the counterions are
iomiged, is not likely to be modifled.

3. Mixed micelles. We have also confimmed that mixed micelles are

formed among homologues such as sodium decyl and dodecyl sulfate and have
been able to determine for the first time and quite exactly how the mole
fraction in the micelle varies with the molz fraction in the solution.
The results show that the system is not ideal and that the deviation from
ideality may reach LOZ. However, closer analysis shows that at least part
of the deviation of the system from ideality is due to the monomers rather
than to the micelles.
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The c.m.cs Tegion

The c.m.co 18 the only concentration at which an equilibrium between
micelles and monomers exist and at which the concentration of both is
knowm, that of the micelles being sufficiently small to be considered a
constant and that of the monomers (or more exactly, of the ummicellised
solute) being equal to the stolchicmetric concentration. Hence, changes
in the c.mece are a gensitive measure of the banlanee of forces causing
the formation of micelles, provided that the changes in the monomerie
solution are well urderstocd.

fe Sodium lauryl sulfate and salt. Since interpretation of the
experimentally measured behavior of micelles in terms of thelr structure
generally roquires extrapolation to conditicns under which intaraction
betucen the micelles is negligible, i.e., tic zero concentratior of
micelles, we were concerned with establishiing this concentration, 1.e.,
the critical micclle eoncentration, or c«r.ce In order to make sure
that this concentration was meaningful, we used three different methods,
namely, electxrical conductivity, light srattering, and dye solubilization.
We found that, while each method had its limitation, they all gave consis-
tent results (L).

These results, houever, did not :igree with the "spectral change" dye
method which was then very popular. (ither work has since then shown that
the spectral change method involved :ubstantial systematic errors because
the dye reacted with the surfactant to form insoluble produsts which also
induced micelle formations at concertrations vhere pure micelles were
unstable.’

Our measurements extended f/om pure water to O.i M eodium chloride,
and while the values in pare wairc are now generally accepted, those at
high salt eoncentrations have br:en challenged.” We have therefore
returned to the subject very r:cently with the improved conductivimetrie

¥ I-‘hlkerjee and INSGIB, Je )NI;: Chem. Soc.’ .7__7.’ 2937 (1955)0

** Matijevic and Pothica, ‘rans. Faraday Soce, Sk, 787 (1958).
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technique and have been able to coafirm unambiguously the essential
correctness of our published results in the presence of large concentra-
tion of salt (unpublished). These measurements have also led to the
surprising discovery that at sufficiently high salt concentrations the
conductivity of the micelles becames the same as that of the monomers so
that conductivimetric measuremsnts do not show any change at the c.m.c.
at about O.l 1M NaCl (wmpublished). Whether an actual reversal can be
observed at still hipher concentrations has not yet been established.

2, Effect of alcohol. In commection with our light seattering
measurements we have also investigated vhat happems in the ceJmece.
region wvhen the most ubiquitous impurity, namely, the aleohol of same
chain length is present in small anownts, We confirmed that a tremendous
increase in turbidity occurs and found that it is essentially proportiomal
to the amount of alechol present,; so that Iight scattering represents
a very sensitive, though cumbersome, method of determining this impurity.
We also found that laumryl aleohol, like other easily solubilized
impurities, induces micelle formation appreciably below the c.m.c. of the
pure surfactant (15).

3. Effect of counterion. We have measured the effect of changing
counterions upon the formation of micelles by lauryl sulfates and found
that for the alkali metal jons the ceme.ce decreased from ldthium to
cesium in a regular manner and by considerably more than wvas indicated by
previous reports in the literature (unpublished). These charges probably
indicate that the hydrated lons are less c¢losely attached to the micells
and therefore contribuic less to its formation. Neasurement of the
effect of excess counterions present as a chloride) showed that the
elactrostatic interaction is otheriise unchenged (unpublished). This is
as would be expected, but was in contrast with some of the data in the
literature.

We have also investigated the effect of a more draestic change in
the nature of the counterion by using the symmetrical quaternary ammonium
salts from tetramethyl to tetra-n=propyl. Here the c.m.c. decreases
drastically i th the increasing size of the ion, i.e., despite a reduction
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of the electrostatic interaction (unpublished)e This is also despite

the increasing weakness of thesz salts below the c.mec. which reduces the
activity of the monomers and therefore would lezad to an increased
stoichiommetric comoce It can be explained only by asswalng a substantial
non-electrostatic interaction between the micelle and the counterion, and
we see the source of this interaction in the hydrophoblc surface of the
counterion and hydrophobic reglons on the ricelle. Contact at these points
can reduce the hydrocarbon-water interface in the solution,

Lo Effect of heavy water. We have also measured the effect of
changing the solvent from water to deuterium oxide and found, rather
surprisingly, no measurable difference (unpublished). This result is
interesting in view of the fact that the net heat of micellimation is
very low, so that entropy must be the main driving foree, It has been
postulated” that this entropy stems from the reduction in ™ceberg" forma=
tion around the monomeric ions. One would expect that the different
strengths of hydrogen tonding in water and deuterium oxide, as evidenced
by the difference in tleir melting points, wuld produce a significant
difference in the tendency to form micelles, yet our results show that
this is not the cage, so that either the iceberg explanation does not hold
or some compensating effects occur. The fact that we have found no
difference for either the decyl or dodecyl sodium sulfates males a
fortuitous compensation rather unlikely.

5. In connection with the work on mixed micelles we have determined
very precisely the cem.c. of mixed sodium decyl and dodecyl sulfates,
confirming the previous fimdings that, as far as the c.mec. vas concerned,
these two solutes seem to interact in an ideal fashion (17). lowever,
we have shoun also that this is not a sufficlent criterion of ideality and
may result from the compensating effects occurring in micelles ard in
the monomeric solution (18).

* Co Ae Jo lloeve and Go C. Benson, J. Phys. Chem., _él’ 1149 (1957).
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The Dilute Re

The interpretation of the expcrimentally observed behavior of
micelles requires not only extrapolation to their zero concentration,
but also a knowledge of the medium by vhich they are then bathed.

Because of the importance of ¢lectrostatic interaction, the number and
charpge of the ilons present is particularly significant. This, and the
discrepancy between some of owr observations and the literature, led us
to an experimental investigation cf the behavior of sdium lawryl sulfate
and some other surfactants below the ce.mece and into the most dilute
solutions accessible where the interaction between sirple lons is better

understood.

Dimerization., Measurements of conductamve on scdium amd lithiws
lawyl sulfate at concentrations belcw about 107> M (which is scms 8 timee
more dilute than the comece) could only be interpreted in terms of an
equilibrium between the aimple, fully iomized lmmryl-sulfate ion, IS,
and its dimer carrying a double negative charge, ISy (10). This was
confirmed by transference measwemsnts conducted in Professor Gordon's
laboratory at Toronto where the necessary equiment and know-how was
available (11) and by anaanalyseis of a number of good measurements in
the literature (13).

The formation of such a dimer is not improbable on structural
grounds since it permits the chargedheads to remain quite far apart whils
intertwining tails reduce the water hyirocarbon interface in the solution.
Its existence affects greatly the interpretation of data around the c.mece.
since it means that diwalent ions are present and also that the activity
of the stoichiometrically present lauryl sulfate is considerably below
unity. However, the methods used could not determins nor predict the
concentration of the dimer in the c.m.ce. region with the required
accuracy, and we are still searching for good methods of aceomplishing
this,

One wmy of approaching the problem of what happens in the dilute
rogion is to vary the length of the micelle=forming ion. Je have therefore
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studied the solutions of the sodivm decyl sulfate and found that, as far

as conductivity is concerned, they did not show any appreciuzble deviation
from ideality (19). This is somewhat unaxpected because it would have been
anticipated that dimers would be present, although in a smaller propor-

tion than in the dodecyl sulfate. We have not yet been able to study the
totradecyl sulfate because of the difficulties in its preparation (see abova).

2. Voakness. leasurements on lauryl sulfates of silver and several
quaternary ammonium compounds showed “hat these salts were weak, l.e.,
that in addition to dimerization between similarly charged ions there
occurred also ion pair formation between oppositely charged ions (12).
This again is not unreasonable in case of the quaternary ammonium compounds
beoasuse of the hydrophobic surface of these ions which should texd to
attract the hydrophcbic chain of the lawryl sulfate ion.

Very recently, quite difficult measurements of the absolute
conductivity of sodium lauryl sulfate and other salte in the presence of
high coneentration of lNaCl showed that sedium lauryl sulfate does not
bahave as a gimpls 1«1 or 1-2 electrolyte. The conductivity of the
sodiun lauryl sulfate decreases much more rapidly wuith increasing laCl
concentration. e are tontatively asoribing the results to the vcakness
of the dimer and an equilibrium involving NalS,~ (unpublished). If this
1s confimed, it will further complicate the interpretation of the struc-
ture of micellos but may finally bring order into the properties of the
"monomeris” solution below the c.m.c. and also provide us with some
information about the forces acting between the lauryl sulfate ions and
counterions vhich met be of the same nature as those involved in the
formation of micelles.

Sumary
Thus, work under this project has contributed new techniquen, new
interpretations, and new data which have considerably clarifiod the facts
about the behavior of solutions of ascociation colloida. These facts show,
however, that the picture is not as simple as anticipated and that swm~
prisingly enouch, the main difficulty is nov not in determining what
micelles are doing, but what the "mononers' are doing.




IT, PERSONNEL

48 has been emphasized by Conant, science is not only the results
contained in books and periodicals; but also a way of thinking and living
of the sclentists. It ls therefore proper in this report to list not
only the published or publishable results obtained under this contraet,
but also to indicate at least briefly the students, research assoclates,
and research assistants who werc supported by it and some of their
activities since. These are in chronological order.

Horst 7. Hoyer was supported by this project during the final stages
of his Ph.D. study uhile developing the tracer electrophoresis methods.
After o short stay in industry he taught first at North Dakota and then
moved ‘o Hunters College where he is now Associate Professor. THth the
help of his undergraduate students amd of INSI" support he has continued an
active research program mainly in colloidal electrolytes. last year he
gpent a year at Derkeley studying modern biochemistyy wnder an NSF Faculty
Fellowshipe

Dirk Stigter came here for a year and a half after completing his
prelininary examinations at the University of Utrecht, Holland, to conduot
work towards hig thesis to be sulmitted at that wniversity., He coampleted
the development of the open tube tracer electrophoresis method and
developed the sintered disc mcthod of measuring diffusion coefficients.
After returning to Hollard and obtaining his Ph.D. degree, he spent three
years in the Dutch industry and then retwrned to the United States, first
as a postdoctoral at the University of Oregon with Professor Terrell HA11,
and nov is living in Berkeley, California, working at the lestern Regional
Laboratory of the U, S. Department of Apgriculture at Albany. He continues
an active research program mainly zlong theorctical lines on electro—
kinetics, thermodynardcs of charged colloidal systems, light secattering, etc.

Robert J, 1Allians, a student of Professor Barton at University of
London, spent a postdoctoral year on the project studying the diffusion
of sodium lauryl sulfate and alsc its critieal micelle concentration. Iram
17
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here he moved to a postdoctoral year at the University of tHseonsin in

reaction ldnctics, and then returned to Ingland vhere he is now teaching
at the Undversity of Ixeter.

Cyril I. Dulin, who obtained his Th.D. with Professor Flton at
Battersea Polytechrmic Institute in IEngland, spent also a postdoetoral
year om the project studying the electrophoretic mobility of the sodium
in solutions of sodium lauryl sulfate and also delarmining its conductivity
over a wide range of concentrations. He then took a position with the
Eo T. du Pomt de Nemours Company and spent several years in [lmingten
before being transferred to the British branch of the company.

Pasupati Mukerjee was supported by the project through a large part
of his PhoD, studics a.d then for a postdoctoral year. Ilis worl was con-
oemmed with the effect of counterions upon the critical micelle concentxa~
tion, the behavior of dilute solutions, armd the calculation of micellar
volumes. From here he went for a two=year postdoctoral stay at the
Brookhaven National laboratories, and then returned to India to became a
reader at the Institute of the Indian Association for the Cultivation of
Selence in Calcutta. lle has now published two theorctical papers on
ionic volumes amd entropics and is actively pursuing & research program
dealing largely with cclloidal electrolytes.

He Lo Princen came here to conduct research wrk towards his Ph.D,
degree, which he received later from the University of (Hreeht, Holland.
He studied light scattering from a theoretical and ezperimental point of
views After retwrning to Holland, vhere he completed his military service
doing mostly research on light seattering, he took a position with the
U. Se Department of Agriculture laboratory in Peoria, Illinois, where he
conducting research on pigments and emulsionse.

}Mrs., Pag Kapauan was a part=tine research assistant on the project
after obtaining her 1l1.S. degree at the University of Southern Califormia
and before returning to the Philippines with her husband who is now
teaching at the University of the Philippines. She was concerned with
precise conductivity measurements and the preparation of several aikali
metal lauryl sulfates.
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Re Jo Otter spent two yoars as a postdoctoral here after obtaining
his Ph.D., from the University of Reading, Ingland. His principal effort
was the preparation of sodiun deeyl, lauryl and tetradecyl sulfates and in
the study of the rixed micelles of sodium decyl and dodecyl sulfates. He
has now returned to Ingland to a raesearch position with Imperial Chamieal
Industries at Billinghanm.

Sauld liunlevicius Palubinskas has begun her stuly towerds a MeS.
degrec with the support of this projJect. She 1s a graducte of lwmelein
College in Chieago where dwring her junior year she won the first prize
in the essay category of the Continental 0il Company Contest in Colloid
and Surface Chemistry for 1959. Her rescarch is concerned with the high
vacuun purification of sodium tetradecyl sulfate and the bchavior of ite
alcoholate.

Dr. Estella K. lMysels has been for a short time a postdoctoral
research associate on a part=time basis under the project and has been
studying the conductivity of sodium lauryl sulfate in high NaCl concentra-
tions,

The great effect that continued suprort during the early stages of
his academic career had on the principal investigator can perhaps be best
indicated by the fact that several grants and contracts that have supported
his research since were concerned with work ariginating uner the present
contracte These are an ITIH grant for the study of serum albumin by tracer
electrophoresis, an NSF prant for the development of electrodiffusion, and
to a considerable extent a PRF pgrant and an OSR eontract for the study of
sogp films. Another important effect of the contract was that it gave
him the invalnable opportunity to associate vith and learn from these
collaborators on the project.




III, IIST OF YPUBLICATIONS

(1) Ko J. Mysels and D, Stigter, ™A New Method of Measuring Diffusion
coefﬁd.entﬁ." Je ms. Chﬂﬂu, EZ’ 10,4 (1953); based on T Re 1o

(2) H, W. Hoyer, K. J. Mysels, and U. Stigter, "Tracer Flectrophoresis.
I. Free Iiquid Method," Je Phys. Cheme, 58, 385 (1954); distrituted
as To Re 2

(3) D. Stigter, R, J. Williams, and K. J. Mysels, "Micellar Self Diffusion
of Sodium lsuryl Sulfate," J. Phys. Chem., 59, 330 (1955);
distributed as Te Re Lo

(L) R. J. Williams, J. N. Phillips, and K. J. Mysels, The Critical Concem=-
tration of Sodimm Lauryl Sulfate at 25%C.," Traus. Paraday Soc.,
51, 728 (1955); distributed as T. Re 3.

(5) Ko 5o Mysels and H. . Hoyer, Mracer Eleotrorhoresis. IV. Modified Brady
Hethod," J. Phys. Chem., 59, 1119 (1955); distributed as T. R. 7.

(6) K. J. Mysels and C, I. Dulin, "Iracer Flectrophoresis. III. The Mobdlity
of the Na* Constituent in Sodium Lawryl Sulfate Solutions,” J. Colloid
Scio. .19_, ’-l61 (1955)-

(7) Ko J. Mysels, "Charge Effects in light Scattering by Association
Colloidal Flectrolytes,” J. Colloid Sei., 10, 507 (1955); with
tables distrimited as Te. Re 8.

(8) K. J. Mysels, "Electrodiffusion: A Fluctuation Method for Measwring
Reaction Rates,” J. Cheme Phys., 2L, 371 (1956); distributed as
Ts Re 6o

(9) L. He Princen and K. J. Mysels, "Iight Scattering by Ideal Colloidal
Electrolytes,” J. Colloid Set., 12, 59 (1957); distributed as Te Re 9.

(10) P, lukerjee, K. J. Mysels, and C, I. Dulin, "™Dilute Solutions of
Amphipathic Tons. I. Conductivity of Strong Salts and Dimerization,"
Je Phys. Chem., 62, 1390 (1958); manuscript distributed as part of
To Re 10,
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(11) P, Mukerjee, "Dilute Solutions of Amphipathic Ions. II. Transference
of Lauryl Sulfate in Sodium Lauryl Sulfate,” J, Phys. Chem., 62,
1397 (1958); manmuscript distributed as part of T. R. 10.

(12) P. lMukerjee and K. J. lMysels, "Dilute Solutions of Amphipathic Ions.
IIT. Conductivity of Weak Salis," J. Phys. Chem., 62, 1100 (1958)4
manuscript distributed as part: of Te Re 10,

(13) P, Mukerjee, "™Dilute Solutions of Amphipathic Ions. IV. Some General
Effects of Dimerization," J. Physe Chem., 62, ilOL (1958); manuseript
distributed as part of Te Re 10,

(1) X. J. Myscls and L. He Princen, "light Seattering by Some Lauryl Sulfate
Solutions," J. Phys. Cheme, 63, 1696 (1959); marmseript and detalls
of experimental procedures and caloulations disivibuied as part of
Te Re 110

(15) L. He Princen and X, J. Mysels, "Some Effects of Lauryl Aleohol on
Iight Scattering by Sodium lauryl Sulfate Solutions,” J. Phys. Chem.,
63, 1781 (1959); manuscript and details of experimental procedures
and caleulations distributed as part of T R. 10,

(16) K. J. Mysels, "Improvements in the Design of Conductivity Cells," J.
Phys. Chem., €5, 1081 (1961)s manuscript distributed as T. R. 13.

(17) K. J. Mysels and R, J. Otter, "Conductivity of Mixed Sodium Decyl and
Dodecyl Sulfates == The Composition of lMixed }Micelles," J. Colloid
Sed., 16, k62 (1961)s mamuscript and tables of data distributed as
part of T. R. 1l

(18) Ko J. Mysels and R, J. Otter, "Thermodynamic Aspecte of lixed lMicelles
~=Application to an Fmpirically Established Equilibrimm," J. Colloid
Scia, 16, L7L (1961)3 mamscript and tables of data distributed as
part of T. Re 1l

(19) K. J. Mysels and P, Kapauan, "Electric Conductivity of Sodium Decyl
Sulfate Solutions," J. Colloid Sed., 16, LB1 (1961); manuscript and
tables of data distributed as port of To R. 1l




Related publications: The following article 1s closely related to work
on this project: K. J. lysels, "Tagging the Elusiwe !Meelle,” Rescarch
Reviews, Sept., 1953’ Pe 15.

Future publications: The following material, described in Section I, is
ready for publication, but the mamscripts have not yet been prepared.

A, Micellar density,” by P. lNukerjee. The original manuseript
formed T. Re 12 ard is now being revised radically.

Be "The effect of counterions on the critical micelle concentration,"
by P. Mukerjee, Ke Jo lMysels, and P. Kapauan. Part of this
material is in P, lMukerjee's thesis (USC, 1957), and it is hoped
that the whole will be written up in the near future.

Ce "The effect of deuterium oxide on the critiesl micelle concentra-
tion," by P. Mukerjee and P, Kapauan. It is hoped that this
will be written up soon.

The follouing material, also described in Section I, is not yet ocomplete
enough to plan a manuscript, but presumably will reach that stage within a
year ox sos

Do, "Purification of alkyl sulfates by a high vacuum 'bebh:ﬂ.qtn,“ by
Ko Jo Mysels and S. Palubinskas.

E. "Conductivimetric studies of sodium lauryl sulfate in the presence
of NaCl," E, K. Mysels and K. Jo. Myselse




IV. TECHNICAL REFORTS

Te Ra 1 = New Method of Determining Diffusion Coefficients.
Ke Jo Mysels and D. Stigter, June 1952,
Published in part as paper (1).

Te Re 2 = Tracer Electrophoresis, I. Free Iiquid Method.

He Wo Hoyer, XK. J. Mysels, and D. Stigter, June 1955k.
Published in part as paper (2).

Te Re 3 = The Critiocal lMicelle Concentration of Sodium Lauryl Sulfate at
25°c,
Re Jo "H1liams, J. N. Phillips, and K. J. Myoels, lMay 1955.
Published as paper (L).

Te Re b = Micellar Self Diffusion of Sodium lauryl Sulfate.

D. Stigter, R. J. Williams, and K. J. Mysels, May 1955.
Published as paper (3).

Te Ns 5 = Tracer Electrophoresis. ITI. The Mobility of the Na* Constituent
in Sodium lauryl Sulfate Solutions,
K. Jo Mysels and Co I. Dulin, October 1955.
Published as paper (6).

To Re 6 = Elpctrodiffusiont A Fluctuation Method for Measwring Reaction Rates.

Ke Jo l‘mlﬁ, Febmary 1”6.
Published as paper (8).

Te Re 7 = Tracer Electrophoresis. IV, lModified Brudy Method.
K. Jo Mysels and I, W. Hoyer, October 1955.
Published as paper (5).

T. R. 8 = Charge Effects in Light Scattering by Association Colloidal
Elsctrolytes.
K. J. lysels, Decanber 1955.
Published as paper (7).
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T, Re 9 = Iight Scattering by Ideal Colloidal Electrolytes.
L. H. Princan and K. J. Mysels, February 1958.
Published as paper (9).

To Rs 10 = Dilute Solutions of Amphipathic Ions, September 1957.
I. Comdustivity of Strong Salts and Dimerisation.
P, Mukerjee, Ko Jo Mysels, and C. I. Dulin,
II. Transference of Lauryl Sulfate in Sodium Lauryl Sulfate.
Pe Mukerjee.
IIT. Conductivity of Weak Salts.
P, Mukerjee ard K, J. lMysels.
IV. Some/General Effects of Dimerigation.
P Mukexjeee.
Published as papers (10), (11), (12) and (13).

Te Ro 11 = Iight Seattering by Solutions of lauryl Sulfates.
Ke Je Mysels and L. H. Princen, September 1958,
Published as paper (11).

Te Re 12 « Density of Micelles of Association Colloidal Electrolytes.
P, Ihﬂmjee. Jm 1”9'

Te Re 13 = Improvements in the Design of Conductivity Cells.
K. J. Imels’ Aug‘nst 19&.
Published as paper (16).

Te Re 14 = Conductivimetric Studies in the Sodium Decyl-Dodecyl Sulfates
System, October 1960,
I, Conductivity of Iixed Sodiun Decyl and Dodecyl Sulfates
= The Camposition of Mixed }Miocelles.
Ke J. Hyszels and R, J. Otter.
II. Thermmodynamic Aspects of Mixed licelles == Application to
an Pmpirically Established Equilibrim.
Ke Jo Mysels amd R. J. Otter.
III. Eleotric Conductivity of Sodimm Decyl Sulfate Solutions.
Ko J. Mysels and P. Kapauan.
Published as papers (17), (18), and (19).
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