
6320 Journal of the American Chemical Society / 100:20 / September 27, 1978 

(13) R. Scheerer, Ph.D. Thesis, TU Berlin, 1977. 
(14) A. Kira, M. Imamura, and T. Shida, J. Phys. Chem., 80, 1445 (1976). 
(15) P. P. Infelta and M. Gratzel, J. Chem. Phys., submitted. 
(16) M. Maestri, P. P. Infelta, and M. Gratzel, to be published. 
(17) T. Shida and W. H. Hamill, J. Chem. Phys., 44, 2364 (1966). 
(18) (a) J. J. Katz and J. R. Norris in "Current Topics in Bioenergetics", Vol. 5, 

Introduction 

The importance of reversed micellar systems formed by 
the aggregation of surfactant molecules in nonpolar solvents 
in today's industrial applications, energy storage and conser­
vation, tertiary oil recovery, and dry cleaning processes as well 
as catalysts in chemical and biological reactions, and bio-
membrane transport phenomena has recently been more and 
more recognized.2,3 

Reversed or inverted micelles can be characterized as ag­
gregates of surfactant molecules with their polar groups con­
centrated in the interior of the aggregate while their hydro­
phobic moieties extend into, and are surrounded by, the bulk 
apolar solvent. 

While there is a relatively large body of experimental details 
available about aqueous micellar systems,2 information on the 
physical chemical properties of reversed micelles is still scarce.3 

This is mainly due to the fact that experimental techniques, 
such as specific conductance, interfacial tension, light scat­
tering, NMR, and other spectroscopic measurements tradi­
tionally used for the study of aqueous micelles, are much more 
difficult to perform in the reversed micellar systems because 
of the relatively small aggregation number of surfactant 
molecules in the latter systems as compared to aqueous mi­
cellar solutions. 

In a previous paper we have reported on the application of 
the positron annihilation technique as a new, sensitive tool for 
the study of phenomena involved in the micelle formation and 
solubilization processes in aqueous media.4,5 This new method 
is based on the fact that the reactions as well as the formation 
of the positronium atom, which is the bound state of an electron 
and a positron, are greatly dependent on the environment in 
which these interactions occur.6 Thus by applying this tech-
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nique we were able to study the location of solubilisates, such 
as nitrobenzene, benzyl alcohol, benzene, hexane, and hexanol, 
in a variety of aqueous micellar solutions.4,5 We have also 
demonstrated4,5 that the positron annihilation method can 
serve as a superior analytical probe for the accurate determi­
nations of an important physical chemical property in aqueous 
micellar systems, namely, the critical micelle concentration 
(cmc), which is defined as the surfactant concentration at 
which micelles become first detectable. We were able to show 
that at the cmc the positronium formation undergoes an abrupt 
and drastic change, which allows a precise determination of 
the cmc. 

In reversed micellar systems where the number of monomers 
involved in the formation of the aggregates is rather small, the 
question exists whether the aggregation can be characterized 
by a monomer «=s n-mer type association as postulated in 
aqueous micelles or whether a multiple equilibrium model 
applies, which assumes stepwise formation of aggregation in 
an indefinite association process monomer «=> dimer <=* trimer 
«=i . . . n-mer.3,8 

While the indefinite self-association model would predict 
that changes in physical properties of reversed micellar solu­
tions with increasing surfactant concentrations are expected 
to be gradual, 1H NMR plots, e.g., were found to show obvious 
breaks at certain surfactant concentrations, which were defined 
as operational cmc's.9-12 Even more pronounced and abrupt 
changes at these cmc's were observed in our laboratory when 
the positronium formation probability was determined as a 
function of surfactant concentration.7 

We therefore have systematically investigated the formation 
of reversed micelles in a series of apolar solvents by using the 
positron annihilation technique and included an assessment 
of the effects of the presence of a third component, an added 
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solubilisate or probe molecule, on the aggregation properties 
of surfactants in nonpolar solvents, in order to provide more 
insight into the details of the aggregation processes in reversed 
micellar systems. 

Experimental Section 

A. Purity of Materials. Aerosol OT (AOT = sodium di-2-ethyl-
hexylsulfosuccinate) was obtained from American Cyanamid Co. with 
a stated purity of 100%. It was recrystallized and dried in accordance 
with the procedures in ref 13. 

Dodecylammonium propionate (DAP) was prepared by neutral­
ization of dodecylamine (from Aldrich Co.) with propionic acid 
(Fisher Scientific Co.) in «-hexane.14 Repeated recrystallization from 
/i-hexane resulted in a product with a melting point of 55.0 0C. 

Solvents such as n-hexane, benzene, and cyclohexane were glass-
distilled spectroscopic grades from Burdick and Jackson Laboratories. 
Isooctane was obtained from Aldrich Co., with the highest purity 
available. These solvents were further dehydrated by distillation over 
metallic sodium. The redistilled solvents were stored in desiccators 
to avoid any further contamination with water. 

Nitrobenzene, p-nitrophenol, 1-pentanol, and benzyl alcohol were 
obtained from Fisher Scientific Co. and further purified by conven­
tional methods. Tetracyanoethylene (TCNE) was purchased from 
Aldrich Co. It was of the highest purity commercially available and 
used without further purification. 

B. Positron Lifetime Measurements and Preparation of the Samples. 
Positron lifetime measurements were carried out by the usual delayed 
coincidence method as previously described.15 The resolution of the 
system, as measured by the fwhm of the prompt coincidence spectrum 
of a 60Co source without changing the 1.27- and 0.511 -MeV bias, was 
found to be less than 0.36 ns fwhm. Specially designed cylindrical 
sample vials (Pyrex glass 100 mm long and 10 mm i.d.) were filled with 
about 2 mL of the appropriate solution. The positron sources consisted 
of 3-5 mCi 22Na diffused into a thin foil of soda lime glass. 

The relative amount of positron annihilation occurring in the glass 
was found to be less than 2%, for which corrections were made. The 
radioactive glass sources were suspended in the center of the ampule 
and all solutions were carefully degassed by freeze-thaw techniques 
to remove oxygen. The vials were subsequently sealed off and the 
measurements carried out at 22 0C. 

C. General Method of Data Analysis. The general method of the 
assessment of data obtained from the determination of the time-
dependent two-photon annihilation rate via positron lifetime mea­
surements was discussed in detail in a previous paper.16 In subsequent 
papers4'5,7 it was demonstrated that I2, the intensity of the long-lived 
component in the positron lifetime spectra, which is related to the 
formation of thermalized ortho-Ps atoms, and \2, the slope associated 
with this component, are highly sensitive to the formation of micelles 
or micellar structure changes. 

In analogy to the data analysis described in detail in ref 5 for the 
reactions of Ps with probe molecules in aqueous micellar systems, it 
can be shown that X2 in a reversed micellar system consisting of a 
surfactant (concentration [Sm]), an apolar solvent, and a probe 
molecules (concentration [M]) is given by the following equation: 

X2 = Xs + /cSmic[Sm] + KPobsd[Mp] + KA
obsd[MA] (1) 

X5 is the slope X2 of the long-lived component found in the pure apolar 
solvent. [Mp] and [MA] are the probe molecule concentrations in the 
polar and in the apolar region, respectively. Ks

m\c is the observed rate 
constant for Ps reactions with the reversed micelles, which is usually 
very small as compared to observed rate constants of probe molecules 
in either the polar (Kp

0Dsd) or apolar environment (/CAobsd)-
Xs + A^A

miC[Sm] is usually combined to Xp, which is obtained by 
measuring the slope X2 in the presence of the surfactant in the apolar 
medium but without probe molecules present. By appropriate choices 
of the probe molecules, either soluble in the polar medium but insol­
uble in apolar medium (i.e, [MA] = 0) or vice versa ([Mp] = 0), eq 
1 can be simplified and the rate constants, /Cp

0bsd or KA
0DSd in the re­

versed micellar systems can be obtained from 

KPobSdOrKA
obsd = ^ ^ £ (2) 

where X2 and Xp are the slopes of the second component in the lifetime 
spectra with and without the probe molecule [M] present. 

In the case of a probe molecule which is partially soluble in two 

distinct environments 1 and 2 eq 1 can be approximated as 

X2 = Xp-I-K1ObSd[M1] +K2ObSd[M2] (3) 

where K'0bsd and K2
0bsd are the observed rate constants for the reac­

tion with the probe molecule in the two environments 1 and 2, and 
[Mi] and [M2] are the corresponding concentrations of the probe 
molecules. [Mi] + [M2] = [M]. 

The intensity /2 of the long-lived component is directly extracted 
from the positron lifetime spectra.15 

As mentioned above /2 is correlated to the number of ortho Ps atoms 
reaching thermal energies. The mechanism of the Ps formation in 
condensed matter is still the subject of some discussion and several 
different models have been developed to describe the process. The 
general consensus, however, is that regardless of which model one 
prefers, the number of Ps formed as well as the number of those Ps 
atoms which reach thermal energies depends on not only the nature 
of the environment which determines the number of Ps atoms gener­
ated but also on rather subtle chemical reactions with a variety of 
radiation-induced species generated together with the Ps.17 

Thus the nature, structure, and other physicochemical properties 
determine in a rather complex way the magnitude of /2, which in turn 
make this parameter very sensitive to slight changes in the environ­
ment and thus useful as a chemical probe. 

Results and Discussion 

Several series of experiments were performed with DAP and 
AOT surfactants in apolar solvents, such as benzene, cyclo­
hexane, and isooctane with or without additives such as H2O, 
1 -pentanol, benzyl alcohol, or probe molecules such as nitro­
benzene, p-nitrophenol, or tetracyanoethylene present. 

In all cases more or less abrupt changes in the positron an­
nihilation parameters /2 or X2 were observed in the regions of 
previously reported cmc's. While both Ij and X2 were found 
to be sensitive to the changes accompanying micelle formation 
or microphase transitions in these solutions, the method of 
detecting these changes via the observation of X2 (or K0b%i for 
the reaction between Ps and probe molecules present in the 
micelles solutions) is usually limited to solutions of surfactants 
with higher cmc's, of the order of about 1OmM, and to ionic 
micelles. 

Thus in the following investigation the experiments were 
carried out by observing the changes of /2 (%) as a function of 
surfactant concentration. This technique7 is simpler to per­
form, has less restrictions, and can give accurate breaks in the 
/2-surfactant concentration plots with an experimental error 
of a few tenths of a millimole/liter. 

AOT and DAP Micellar Systems. In the first series of ex­
periments positron annihilation measurements were performed 
in AOT-benzene and AOT-isooctane solutions (Figures 1 and 
2). As previously reported the /2 values exhibit an abrupt 
change at surfactant concentrations of 2.0-2.2 mM in benzene7 

and 0.6-0.9 m M in isooctane. 
These data are in good agreement with the cmc's obtained 

by Kon-no and Kitahara18 via light scattering (2.8 mM) and 
depression of vapor pressure (2.3 mM), and by Muto and 
Meguro19 via the dye absorption (TCNQ) technique (2.0 
mM), while specific conductivity measurements by Eicke et 
al.20 would indicate a lower cmc of about 0.5 mM in benzene 
(see also Table I). 

The present results observed in the less polar isooctane where 
the change occurs between 0.6 and 0.9 mM seem to confirm 
the expected trend that the cmc values decrease with the po­
larity of the solvent. They coincide very closely with the cmc's 
found by Fendler et al.2b in another solvent of similar polarity, 
cyclohexane, where the corresponding value was 0.95-1.2 
mM. 

Figures 3 and 4 where /2 is plotted as a function of surfactant 
concentration show the results observed in DAP solutions in 
benzene and cyclohexane. 

As summarized in Table I the I2 values exhibit again an 
abrupt change at surfactant concentrations which closely 



6322 Journal of the American Chemical Society / 100:20 / September 27, 1978 

Table I. Surfactant Concentrations at Which /2-Surfactant Plots Show Pronounced Changes and Previously Reported cmc's 

surfactant 

AOT 

DAP 

solvent 

benzene 

benzene 
isooctane 

isooctane 

benzene 
benzene 

benzene 

benzene 
benzene 

benzene 

cyclohexane 
cyclohexane 

additive 

none 

5mMTCNE 
none 

65.6 mM 
nitrobenzene 

none 
10 mM 

nitrobenzene 
1OmM 

tetracyanoethylene 
0.1 vol % H2O 
5 vol % 

1-pentanol 
5 vol% 
benzyl alcohol 
none 
24.7 nM 

nitrobenzene 

surfactant 
mM/ 

onset 
of drop" 

2.0 

1.9 
0.6 

0.6 

8.7 

8.3 

concn, 
L 

midpoint 

2.2 

2.1 
0.9 

1.0 

8.7 
3.5 

4.5 

8.6 
6.5 

5.0 

8.3 
4.5 

mM/L 

'2.0 
0.9 
2.3 
2.8 
0.5 

0.95-1.1 

3-7 

0.79 

previously reported cmc's 
method 

TCNQ solubility 
iodine solubility 
vap press depress 
light scatt 
spec conduct 

UV spectrum 
(in cyclohexane) 

1HNMR 

TCNQ solubility 

ref 

19 
19 
18 
18 
20 

2b 

9, 10 

21 
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Figure 1. /2 vs. surfactant concentrations in micellar solutions of AOT in 
benzene. 
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Figure 2. Ki vs. surfactant concentrations in micellar solutions of AOT 
in isooctane. 

coincide with the operational cmc's postulated by Fendler et 
al .9 - 1 0 on the basis of results obtained by using 1H N M R 
spectroscopic techniques which range from 3 to 7 m M / L . At 
variance with Fendler's NMR data9,10 and our results are data 
reported by Muto et al.21 using UV spectrometry in the pres­
ence of TCNQ. They quote a cmc of 0.74-0.79 mM in cyclo­
hexane. An explanation for this apparent inconsistency is given 
in the following paragraph in which the effect of the presence 
of additives on the cmc is discussed. 

While as discussed in a previous communication7 the abrupt 
change in /2 can be interpreted in aqueous micellar systems 
in terms of the critical micelle concentration (cmc), in reversed 
micellar system the concept of cmc has been the subject of 
considerable discussion.22 

Kertes23 suggested that in contrast to aqueous micellar 
systems, where a monomer <=* micelle equilibrium exists, in 
nonpolar solvents a multiple equilibrium model applies, which 
leads to the formation of oligomers (dimers, trimers, tetramers, 
etc.) all in dynamic equilibrium. This author argues that if a 
monomer <=* micelle equilibrium ceases to be operative and is 

replaced by a stepwise aggregation equilibrium, the concept 
of cmc is rendered inapplicable. As a consequence of such an 
equilibrium conventional physical properties measured in these 
systems should show a smooth continuity as a function of 
surfactant concentration and no apparent discontinuities. In 
this context, the reliability of some of the earlier results ob­
served by several authors9,24"25 which showed indeed discon­
tinuities, e.g., in the 1H NMR spectroscopic investigations,910 

were questioned by Kertes.23 

This would be in line with the calculations of Muller8 which 
demonstrated that the observed concentration dependence of 
the 1H NMR chemical shifts for alkylammonium carboxylates 
in benzene fits either a single or a multiple equilibrium model 
equally well. Further support for the multiequilibrium model 
was obtained by Lo et al.,36 who carried out vapor pressure 
osmometry experiments at different temperatures on solutions 
of DAP in benzene and cyclohexane. These authors claim that 
their results can best be explained in terms of a multiequili­
brium or indefinite self-association model in which the presence 
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Figure 3. Ii vs. surfactant concentrations in micellar solutions of DAP in 
benzene. 

of all associating species and the equality of all equilibrium 
constants are assumed. 

However, on the basis of the positron annihilation data, 
which unambiguously show discontinuities in a physical 
property (/2) as a function of surfactant concentration, at 
concentrations which incidentally coincide with the well-de­
fined "operational cmc's" observed by Fendler et al.9'10 in his 
1H NMR study as well as in connection with the fact that 
Fendler's operational critical micelle concentrations correlate 
so well with the chain length of alkylammonium carboxylates, 
with the solvent polarities, with the drastic rate enhancements 
occurring at well-defined surfactant concentration37 and recent 
investigations by Eicke et al.,13'20-38-43 who also observed 
abrupt changes in physical properties of reversed micellar so­
lutions, e.g., by electric field effect measurements, a revalu­
ation of the existing hypotheses seems to be in order. 

While it is obviously rather difficult to reconcile the latter 
results with a multiple equilibrium model, they appear to be 
consistent with the idea of conformational changes taking place 
during micelle formation as recently proposed by Eicke et 
al.,13,38 and explained within the framework of the "pseudo-
phase model". 

Eicke and co-workers have investigated the micellization 
process in AOT dissolved in apolar solvent by vapor pressure 
osmometry and dipole and dielectric dispersion measurements. 
Based on these investigations they proposed to interpret the 
micellization process as a phase change. These authors pos­
tulate the existence of premicellar aggregates having an ini­
tially linear arrangement which can undergo at certain sur­
factant concentrations a transition to closed aggregates. 

The sensitivity of the positron annihilation process toward 
structural changes has been recognized in experiments with 
liquid crystals,44"46 where the variations in the mesomorphic 
phases were clearly reflected in the positron lifetime charac­
teristics. It seems, therefore, tempting to assume that the ob­
served breaks in the /2-surfactant concentration curves also 
signal phase transitions which the surfactant molecules un­
dergo in the reversed micellar solutions, as postulated by 
Eicke's pseudophase model. The observed drop in I2 may 
therefore be caused by the postulated formation of the closed 
aggregates. The question whether this process can be consid­
ered as the formation of the reversed micelles and whether the 

CONCENTRATION 

IN MICELLAR SOLUTIONS OF DAP 

N CYCLOHEXANE 

O NO ADDITIVE 
D 24,7 mM NITROBENZENE 

I exptl error 

P - ^ D — m 

20 30 40 
mM SURFACTANT 

Figure 4. Ii vs. surfactant concentrations in micellar solutions of DAP in 
cyclohexane. 

surfactant concentration at which this occurs can be called the 
cmc in these systems will have to remain open for the time 
being. 

It seems important to point out that the changes of/2 in the 
pure surfactant-solvent system observed in the present in­
vestigation occur within a small surfactant concentration range 
of about 0.2-0.3 mM/L, which would imply that the change 
in the microstructure of the solution should also show such a 
distinct concentration dependence. 

A more detailed discussion of the exact nature of the 
structure variations occurring in the solution which are being 
probed by this technique will have to be postponed until the 
mechanism of the positronium formation process is better 
understood. 

AOT and DAP Micellar Systems in the Presence of Addi­
tives. Additives have been found to show a distinct effect on the 
surfactant concentrations at which abrupt changes in certain 
physicochemical properties of the reverse micellar solutions 
have been observed.10'19'41 

In order to study the effect of additives on the micelle for­
mation process in the DAP systems small amounts of water, 
1-pentanol, benzyl alcohol, or probe molecules such as nitro­
benzene were added to the solution. In contrast to the abrupt 
drop of/2 in the pure DAP-benzene solution, in the presence 
of 0.1% water, 5% 1-pentanol, or benzyl alcohol the change in 
/2 occurs more gradually and over a considerably wider con­
centration range of approximately 6-10 mM/L (Figure 3); 
furthermore, the onset of this change in /2 is shifted to defi­
nitely lower values of surfactant concentration (Table I). An 
equally dramatic shift in the /2-surfactant curves can be ob­
served (Figures 3 and 4) if small amounts of nitrobenzene (10 
or 24.7 mM/L) are added to DAP-benzene or DAP-cyclo-
hexane solutions, respectively. 

The drop of the /2 values proceeds definitely more gradually 
than in the neat system and the onset of this drop is again 
shifted to drastically smaller concentrations, e.g., in DAP-
benzene solution from 8.7 mM/L in the neat system to less 
than 3.0 mM/L in the presence of 10 mM/L nitrobenzene, and 
in DAP-cyclohexane from 8.3 mM/L (neat) to less than 2.5 
mM/L with 24.7 mM/L present. 

On the other hand, in the AOT micellar systems the plots 
of /2 vs. surfactant concentration in the presence of 5 mM 
tetracyanoethylene (in benzene) and 65.6 mM nitrobenzene 
(in isooctane) provide very little evidence for any change of I2 
as a result of these additions (Figures 1 and 2). 

Generally speaking, the effect of additives on the trends 
observed in the I2 plots depends, as the results in this study 
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Figure 5. h vs. ^H 2 O/AOT in AOT micelle solutions. 

indicate, on the nature of surfactant, solvent, and additive 
(solubilizate) and may therefore, in terms of the postulated 
conformational phase changes, be interpreted as an interfer­
ence with these phase transitions which could take place in 
various ways, e.g., depending on the ability of the solubilisate 
to orient itself in the aggregate, strength of its bonding to the 
head groups, etc. 

Of special interest is in this context the effect of solubilized 
water on reversed micelles. The state of solubilized water has 
been reported as clusters or pools inside the reversed micelles 
with fluorescence probes and NMR spectroscopy by Thomas 
et al.47'48 More recently Fendler et al.49 and Eicke et al.20'40'41 

applied vapor pressure osmometry, dielectric dispersion, and 
ultracentrifuge measurements as well as thermodynamic and 
statistical calculation to this problem. 

Their findings seem to indicate that the solubilization of 
water into AOT micelles in isooctane expands the size of the 
reversed micelles. At higher concentrations of water, i.e., 
WH2O/AOT >9, which is the ratio of water to AOT molecules, 
a large aggregated micelle with a water pool inside is suppos­
edly formed which has been defined as a microemulsion. 

In the present investigation it was observed that the positron 
annihilation technique is also able to detect such changes in 
the microphase. As shown in Figure 5 a more pronounced 
change of /2 can be recognized in the WH2O/AOT region where 
supposedly the microemulsion is formed. The observed value 
of WH2O/AOT of 8.0 ± 2.0 at this point agrees very well with 
Eicke's40 ultracentrifugal measurements where the plot of the 
apparent average molecular weight vs. H20/AOT shows a 
break in the same region. In the case of benzene as solvent our 
results would predict that the microemulsion is formed at a 
slightly lower ratio of H2O/AOT of about 5.0 ± 1.0, which 
demonstrates the effect of various solvents on the phase change. 
p-Nitrophenol additives which most likely will become asso­
ciated with the aqueous phase inside the microemulsion seem 
to have little effect on the ratio H20/AOT at which I2 starts 
to drop; however, they appear to be able to narrow the H2O/ 
AOT region during which microemulsion formation takes 
place. 

Interaction of Additives with Surfactant Molecules and Their 
Location in the Micelle. Information about the reactions of the 
additive molecules as well as about the degree of interaction 
with the surfactant or a surfactant aggregate can also be ob­
tained from positron annihilation data. 

As stated above, changes in X2, or Kobsd if probe molecules 
are present, are usually small in surfactant solutions with small 
cmc's and not easily recognizable at low surfactant concen­
trations. However, the determination of the rate constants for 
the reaction between Ps and probe molecules can be success­
fully applied to an evaluation of the location of the probe 

K0BS VS SURFACTANT CONCENTRATION 
IN VARIOUS REVERSED MICELLAR 
SOLUTIONS 

I exptl. error 
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Figure 6. A:obsd vs. surfactant concentrations in various reversed micellar 
solutions. 

molecule in micellar solutions containing larger amounts of 
surfactants. 

The basis for this method is that positronium undergoes 
reversible molecular complex formation in solutions with 
compounds, such as nitrobenzene and other strong electron 
acceptors.16 These Ps-molecule complexes are stabilized to 
various degrees in different solvents, which determines the 
overall reaction rate constants between Ps and the probe 
molecule. Thus the comparison of the rate constants obtained 
for Ps interaction with probe molecules in micellar systems 
with those obtained in other environments (water, hydrocar­
bon, etc.) provides the desired information about the location 
of the probe molecule or solubilizate in the micellar system.4 

Since Ps reactions are fast in relation to the time to transfer 
the probe molecule from a micellar to an aqueous environment, 
and positronium is a neutral species which is not repelled by 
the charges on the micelle surface and effectively penetrates 
into the micelle, this method is not affected by the restrictions 
which a bigger probe molecule usually encounters. 

In the present study we have adopted this method to assess 
the localization of similar probe molecules in reversed micellar 
systems. 

In Figure 6 the observed rate constants, .Kobsd, for the re­
action of Ps with nitrobenzene, tetracyanoethylene, and ni-
trophenol in benzene, cyclohexane, or issooctane solutions 
containing AOT or DAP surfactants, are plotted as a function 
of the surfactant concentration. 

As shown in Figure 6, in the nitrobenzene-DAP system in 
cyclohexane K0^a for the reaction of Ps with nitrobenzene 
shows no significant change with increasing surfactant con­
centration. This is to be expected since regardless of whether 
the nitrobenzene residues in the bulk apolar solvent (cyclo­
hexane) or in the region of the micellar hydrocarbon chains 
(dodecane) ^obsd would remain very similar, 1.55 X 1010M -1 

s_1 for the former environment vs. 1.28 X 1O10M-1 s_1 in the 
latter (Table II). 

In benzene solution, however, where #0bSd clearly differs in 
the two environments, the corresponding value for benzene is 
2.8 X 1010 M - 1 s"1 (Table II); again no significant change of 
the observed Â bsd can be found. This seems to indicate that 
the major portion of nitrobenzene is located in the bulk apolar 
solvent. 

This effect can be even better studied in AOT solutions 
where A:obsd in 3-methylheptane, which is identical with the 
structure of the hydrocarbon chain in AOT, is 0.59 X 1010 M - 1 

s -1, which is considerably different from the K0^A found for 
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Table II. Rate Constants for Reactions between Ps and Probe 
Molecules in Various Solvents 

probe 

nitrobenzene 

tetracyanoethylene 

/>-nitrophenol 

solvent 

benzene 
H2O 
isoheptane 
isooctane 
2-methylheptane 
3-methylheptane 
cyclohexane 
dodecane 
benzene 
3-methylheptane 
benzene 
3-methylheptane 

î obsd, 1O10M-Is-' 

2.80 
1.05 
0.34 
0.69 
0.54 
0.54 
1.55 
1.28 
5.15 

.99 
1.30 
.25 

Ps reaction with nitrobenzene (or tetracyanoethylene) in the 
pure solvents. In this case the K0^d values clearly decrease with 
surfactant concentration. 

They approach in the nitrobenzene-AOT-isooctane and 
p-nitrophenol-AOT-benzene systems limiting /C0bsd values 
at higher surfactant concentrations of 0.38 X 10'° and 0.40 X 
1010 M - 1 s - 1 , respectively, which closely coincide with those 
observed for nitrobenzene and p-nitrophenol in 3-methyl­
heptane, 0.56 X 1010 and 0.25 X 1010 M"1 s_ 1 , respective-

Since 3-methylheptane is the hydrocarbon whose structure 
is identical with the hydrocarbon chain in AOT, these results 
would suggest that the major portion of the nitrobenzene and 
p-nitrophenol molecules in AOT-isooctane and AOT-benzene 
solutions, respectively, can be found in the outer hydrocarbon 
layer of the reverse micelles. In the other solutions such as 
tetracyanoethylene-AOT and nitrobenzene-AOT in benzene 
the probe molecules seemed to be somewhat less attracted by 
the reversed micelle, which may reflect the strong solubility 
of these compounds in benzene. An estimate of what fraction 
resides in the region formed by the extended surfactant hy­
drocarbon chains and in the bulk apolar solvent can be derived 
from eq 4. In this equation it is assumed that the observed rate 
constant K0bSd for the reactions between Ps and reactant is 
determined by the sum of the weighted averages of the two 
^obsd's observed in the two different environments or solvents 
(see also eq 3), i.e. 

K obsd K1Oi ibsd ' 
[MJ 
[M] 

+ K2 M1 
obsd " 

[M] 

[M1] ^ Kpbsd ~ ^2ObSd 
[M] K'obsd - K1 

(4) 

(5) 
obsd 

where [Mi] / [M] is the fraction of the probe molecule M in 
environment 1, and [1 - Mi] / [M] in environment 2, and 
K1'20bsd are the rate constants measured for Ps reaction with 
the probe molecules in environments 1 and 2, respectively. 
K0bsd are the measured rate constants at various surfactant 
concentrations, and K obsd is the rate constant measured in 
3-methylephtane if AOT is the surfactant, and in dodecane if 
DAP is the surfactant. K2

0bsd is the rate constant observed in 
the bulk solvent (cyclohexane, benzene) used in the particular 
experiment. From the values listed in Table II and the actually 
measured K0bsd in the various solutions, M1 can be estimated. 
Such an approximation suggests that at a surfactant concen­
tration of about 600 m M / L 63.7% of TCNE is located in the 
outer hydrocarbon layer of the micelle, while the corresponding 
numbers in the nitrobenzene-AOT-benzene and p-nitrophe-
nol-AOT-benzene system are 35.4 and 85.7%, respectively. 

These results agree qualitatively with those which one might 
expect from the solubilities of the probe molecules involved. 

K0BS « WH to/»OT 
MICELLAR SOLUTIONS 

IN REVERSED 

NITROBENZENE (65.6mM) 
N AOT(5.75mM) - ISOOCTANE 

SOLUTION 

p - NITR0PHEN0L (H.85mM) 
IN AOT (394mM) - BENZENE 
SOLUTION 

' I exptl. error 

0 i 1 , 1 , 1 1 , 1 1 J _ - 1 1 
O I 2 3 4 5 6 7 B 9 IO Il I 

"H2O /AOT 

Figure 7. K0bsd
 vs. WH2O/AOT in reversed micellar solutions. 

p-Nitrophenol, e.g., is more polar than the other two and would 
therefore have a greater tendency to assume a position close 
to the polar reversed micelles than the other two less polar 
probe molecules. 

The effect of the solubilization of water on the location of 
probe molecules was investigated in the nitrobenzene-AOT-
isooctane and p-nitrophenol-AOT-benzene systems. As can 
be seen from Figure 7 where K0bsd is plotted as a function of 
the ratio of P F ^ O / A O T in the nitrobenzene-AOT-isooctane 
solutions, Kobsd increases slightly with increasing amounts of 
H2O present. This effect could be explained in terms of a 
variation in micellar surface charge due to the expansion of the 
reversed micelle, reducing the attraction between reverse mi­
celle and the probe molecule. 

In the case of p-nitrophenol-AOT-benzene solution H2O 
additives introduce more drastic changes of K0bsd (Figure 7) 
It should be pointed out that this effect is not caused by a 
change of pH which might occur during the addition of water 
to the solution. In separate experiments we were able to show 
that K0bsd (and /2) observed in these solutions are not affected 
by a variation of pH ranging from 1.6 to 12.9. While it is dif­
ficult at the present time to provide a complete explanation for 
the observed increase of K0^ with WHO/ACT = 7-8, this 
coincides with the formation of the microemulsion. A sys­
tematic study of microemulsions via the positron annihilation 
techniques is presently in progress in this laboratory. 

Positron Annihilation and UV Spectrometry in TCNE-DAP 
Solutions in Benzene. In view of the results obtained in the 
present investigations which emphasize the effect of additives 
on the breaks observed in the /2-surfactant concentration plots 
it appeared of interest to evaluate the reliability of some other 
methods by which cmc's were previously determined in similar 
reversed micellar systems and which involve the use of additives 
such as the TCNQ solubilization method. 

Muto et al.19'21 have suggested the use of characteristic 
spectral changes which occur when tetracyanoquinone 
(TCNQ), a well-known electron acceptor, was solubilized into 
surfactant organic solutions above the cmc. These authors 
assume that this characteristic absorption is caused by the 
formation of a charge transfer complex between surfactant, 
e.g., AOT and TCNQ. By measuring the changes in the ab-
sorbance as a function of surfactant concentration they claim 
to have observed breaks in the resulting curves, at certain 
surfactant concentrations, which they interpret as cmc's. By 
using this method they found a cmc of 0.74-0.79 mM/L in the 
DAP-cyclohexane system, as compared with 8.26 m M / L 
derived from the positron annihilation technique. 



6326 Journal of the American Chemical Society / 100:20 / September 27, 1978 

UV SPECTRA OF TCNE (OJImM) 
17 U IN BENZENE 

DAP 

Figure 8. UV spectra of TCNE (0.11 mM) in benzene as a function of 
DAP concentration. 

UV ABSORBANCE IN TCNE ( O H m M ) -
DAP- BENZENE SOLUTIONS 

0 10 0 15 

mM DAP 

0 2 0 v 3 IB 33 

Figure 9. UV absorbance in TCNE (0.11 mM)-DAP-benzene solu­
tions. 

Assuming that this shift of the cmc to lower values is the 
result of the added TCNQ we have carried out a series of 
similar experiments in DAP-benzene solutions with another 
strong electron acceptor, tetracyanoethylene (TCNE), utilizing 
the positron annihilation technique. 

The UV spectra in various DAP-benzene solutions con­
taining 0.11 raM/L TCNE are shown in Figure 8. In the ab­
sence of DAP, two major absorption bands are observed at 380 
and 275 nm. Upon addition of DAP the absorption in these 
regions decreases, while a new band at 330 nm appears whose 
absorbance increases until the total DAP concentration be­
comes equal to the amount of TCNE present, at which point 
no further variation in the absorbance at 330 nm can be ob­
served (Figure 9). We interpret the 330-nm band as the ab­
sorption of a 1:1 molecule complex formed between TCNE and 
DAP, in analogy to that postulated for TCNQ-DAP.19-21 It 
seems important to emphasize that the absorption at 330 nm 
occurs well below the cmc quoted by Muto et al. (0.79 mM) 
and that no additional absorption band appears above this 
concentration which could be attributed to TCNE-DAP 
(micelle) species. These results may therefore indicate that 
regardless of the aggregation state of the DAP the same 1:1 
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Figure 10. K0bsd for Ps-TCNE reactions in DAP-benzene solutions. 

molecule complex with TCNE is formed, which, however, 
might participate as such in the association process or that even 
at surfactant concentrations of less than 0.025 mM micelles 
or premicellar aggregates have been formed to which the 
DAP-TCNE complex becomes attached. 

This latter behavior would resemble very much that ob­
served by Fendler at al.37 when they studied the DAP-reversed 
micelle catalyzed mutarotation of 2,3,4,6-tetramethyl-a-D-
glucose in benzene or cyclohexane and observed that catalysis 
occurs even at DAP concentrations well below the apparent 
cmc, which might be explained in terms of an interaction be­
tween small surfactant aggregates and the reagent. 

For comparison the positron annihilation data obtained in 
the TCNE-DAP-benzene system are shown in Figure 3 from 
where it can be seen that the h values undergo a continuous 
drop without the abrupt change observed in the neat surfactant 
system. This may again be interpreted by a more gradual 
change of certain physical properties or the structure of the 
solution (vide supra). 

The complex formation process can also be followed by the 
positron annihilation technique. As can be seen in Figure 10 
the Âobsd values decrease linearly with the DAP concentration 
until TCNE and DAP are present at equimolar concentrations, 
at which point K0bsd levels off. In a previous investigation50 we 
were able to show that the reactivity of a strong electron ac­
ceptor, such as TCNE, towards Ps is greatly reduced if the 
electron acceptor is bound in the form of a molecule complex 
with a conventional electron donor. The observed reduction 
in Âobsd with DAP concentration therefore further confirms 
the formation of a 1:1 TCNE-DAP complex; it does, however, 
not allow any conclusions as to whether or not this complex is 
solubilized in the micelle. 

The results of the present investigation seem to indicate that 
micelle formation is not a necessary condition for the formation 
of surfactant-electron donor complexes, but that these mole­
cule complexes are also found with monomeric surfactant 
molecules, or smaller surfactant aggregates, which renders this 
kind of cmc determination via solubilization not generally 
appliable for the investigation of the micelle formation process 
in reversed micellar systems.51 

It seems interesting to print out that in contrast to the 
TCNE-DAP system, the positron data in TCN E-AOT-
benzene solution show very little coincidence for the formation 
of a TCNE-AOT complex as demonstrated by the much less 
pronounced decrease of A"0bsd with surfactant concentration 
as shown in Figure 6. The lack of complex formation in the 
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latter case as compared with the strong complex formation in 
TCNE-DAP solutions may account for the different behavior 
observed in the /2-surfactant concentration plots of these two 
surfactant (Figures 1-4). The strong interaction between 
TCNE and DAP leads to the observed more gradual change 
in the corresponding curves starting at lower surfactant con­
centrations whereas the non- or weakly interacting AOT causes 
no significant variation as compared with the neat results ob­
served in the AOT-solvent systes. 
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generally recognized that phosphoranes can exist as trigonal 
bipyramids, TBP, or square pyramids, SP, it has only recently 
been shown that in the crystalline state there can be a gradual 
change in structure from TBP to SP within a series of com­
pounds.4 The series which has shown this change has the 
general structure 1, where the X's are various heteroatoms. A 
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