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Fourier Transform NMR Self-Diffusion Studies of a Nonaqueous 
Microemulsion System 
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*Physical Chemistry 1, Chemical Center, University of Lund, P.O. Box 124, S-221 O0 Lund, Sweden, and 
tDepartment of Chemistry, University of Missouri, Rolla, Missouri 65401 
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Self-diffusion coefficients of the components of the microemulsion system glycerol/hexanol/sodium 
dodecyl sulfate (SDS) were determined in the presence and absence of an oil, p-xylene, and the results 
were compared with those from corresponding aqueous systems (i.e., glycerol replaced by water). In the 
aqueous system, the water in the hexanol rich isotropic liquid showed a diffusion coefficient less than 
10% of that of free water, while that of hexanol was roughly 80% of that of free hexanol; such restricted 
motion of the water is consistent with the presence of water as discrete droplets. Partial substitution of 
p-xylene for hexanol did not affect the diffusion coefficient of water appreciably. In the nonaqueous 
three-component system, the diffusion coefficients of glycerol, SDS, and hexanol all decreased in concert 
as the glycerol content increased; e.g., that of hexanol goes from 1.75 × 10 -1° m 2 s -1 to 2.7 X 10 -11 m 2 
s -1 as the glycerol content ranges from 10 to 80%. The diffusion coefficient of glycerol was always greater 
than that of neat glycerol by a factor of 5 to 45. As the diffusion coefficients of all components were 
within a factor of 2, the idea of segregating one or more components into disconnected domains is not 
supported. There is no support for glycerol droplets but these microemulsions appear to be structureless. 
© 1987 Academic Press, Inc. 

INTRODUCTION 

In recent years much interest has been fo- 
cused on microemulsion systems. Micro- 
emulsions cover a wide range of surfactant 
systems containing hydrophilic and hydro- 
phobic components and their definition has 
been limited to thermodynamically stable op- 
ticaUy isotropic systems (1). They are inter- 
esting from the structural point of view and a 
number of studies have examined this aspect 
(2-8). In general in an extended microemul- 
sion region, two distinctly different structural 
types are found at the extreme composition 
regions which lack a hydrophilic component 
and are rich in a hydrophobic one or vice 
versa. The situation represents a rather com- 

1 Permanent address: Department of Chemistry, Vi- 
dyasagar College, 39 Shankar Ghosh Lane, Calcutta 700 
006, India. 

2 Permanent address: Dipartimento di Chimica, Uni- 
versit~ degli Stud] di Bad, Via Amendola 173, 70126 Bari, 
Italy. 

plete confinement of either of these two com- 
ponents in a closed domain. The intermediate 
region however does not show complete con- 
finement characteristics but exhibits inter- 
mediate behavior between the two extremes. 
Several models exist to explain these structures 
(9-16) but the overall picture is still far from 
clear. The present knowledge of microemul- 
sion structure has been reviewed recently (17, 
18). All this information comes from studies 
which have invariably been done by using wa- 
ter as the only hydrophilic component. This 
is primarily because the solution behavior of 
surfactants has been studied extensively in the 
aqueous medium. 

Studies of surfactant behavior in nonaque- 
ous media are not new although the number 
of such studies is limited (19). Micelle for- 
mation in nonaqueous media such as amides 
(20), dimethyl sulfoxides (20), and glycols (21, 
22) was reported earlier. Some low melting 
salt-melts have also been tried as the micelle 
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forming media by Evans and his co-workers 
(23) and they reported the hydrophobic bond- 
ing behavior of surfactants in such systems 
(24). These studies raised the possibility of re- 
placing water with some other hydrophilic 
substances in microemulsions. Very recently 
some nonaqueous microemulsion systems 
have been reported independently by Fletcher 
et al. (25), Friberg and Podzimek (26), Friberg 
and Wohn (27), and Rico and Lattes (28, 29). 
While Friberg and Fletcher replaced water by 
glycerol, Rico and Lattes introduced form- 
amide in place of water and indicated the use- 
fulness of such nonaqueous microemulsions 
as reaction media. Some of these microemul- 
sions are found to be birefringent but their 
thermodynamic stability has been questioned 
(27). These nonaqueous microemulsions have 
been suggested to have the same microscopic 
structure as the aqueous microemulsions (28, 
29). However, this assumption is based on the 
similarity of phase regions between aqueous 
and glycerol or formamide systems and they 
have been suggested recently to be initial and 
simple solutions with critical behavior (30). 
This means that the degree of parallelism be- 
tween aqueous and nonaqueous micro- 
emulsions from a structural point of view is 
yet a matter of speculation as no work is re- 
ported to date on the structural behavior in 
these kinds of nonaqueous systems. 

With this in mind we found a study of self- 
diffusion coefficient measurements to be useful 
in order to explore the microscopic structure 
of these systems. We found this method ap- 
pealing because of the relevance of self-diffu- 
sion measurements in directly reflecting the 
structural properties of microemulsions, a fact 
which has been established in a number of re- 
cent articles (2, 3, 31, 32) and reviews (18, 33). 
In the present paper we report self-diffusion 
studies of the nonaqueous microemulsion 
system glycerol/hexanol/sodium dodecyl sul- 
fate (SDS) with and without the presence of 
an oil, p-xylene. Measurements have also been 
carried out on the analogous aqueous system 
water/hexanol/SDS and the results have been 
compared. 

E X P E R I M E N T A L  ASPECTS 

Materials  

Glycerol (>99.5%), hexanol (99%), and p- 
xylene (98.5%) were obtained from BDH, 
England, and used without further purifica- 
tion. SDS used was a specially pure biochem- 
ical grade also from BDH, England. The heavy 
water used for preparing aqueous samples for 
self-diffusion measurements was 99.7% 2H20 
from Ciba-Geigy, Switzerland. 

Samples were prepared in the isotropic re- 
gions of the phase diagrams by weighing the 
components into glass ampoules which were 
then flame sealed. To ensure equilibrium all 
samples were left for 7 days before any mea- 
surement was performed. All solutions were 
examined under crossed polaroid to ascertain 
optical isotropy. 

Self-diffusion coefficient measurements 
were carried out by Stilbs' Fourier transform 
NMR pulsed gradient spin echo method (34) 
on a Jeol FX-60 FT NMR instrument 
equipped with a home-built field gradient unit. 
Spin echo proton NMR spectra were used in 
the diffusion studies at an NMR frequency of 
60 MHz. The details of this method were re- 
ported earlier (2, 18, 34). The probe temper- 
ature was adjusted to within +0.5°C which 
was measured by a calibrated copper-constan- 
tan thermocouple. For the purpose of field- 
frequency lock, samples were taken in sealed 
capillary tubes of 2.5 mm outer diameter 
which were fitted coaxially within standard 5- 
mm NMR tubes containing D20. This ar- 
rangement was not necessary for aqueous 
samples as internal D20 could be used for the 
lock purpose. This however did not permit us 
to carry out measurements at very low heavy 
water content. The intensity of NMR signals 
was taken directly from the computer printout. 
Usually a good signal-to-noise ratio was ob- 
tained with one accumulation but in a few 
cases a number of transients were accumulated 
to improve signal-to-noise ratio, especially 
when the glycerol contents were high. For each 
sample at least 10-12 different values of the 
duration of the field gradient (6) in the range 
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5-99 ms were applied and for each value of 6, 
at least three intensity (I) values were taken 
for averaging. The intensity data were fitted 
to the equation 

I i = A  exp[-GDi62(A - ~/3)]. [1] 

Here G is a constant, Di is the self-diffusion 
coefficient of  the / th  component,  A is a time 
parameter denoting the time between the 90 
and 180 ° pulses and was kept fixed at 140 ms, 
and A is a parameter which was varied to give 
the best fit to the data. The constant G was 
normally determined every day of the exper- 
iment by a separate calibration experiment in 
which D20 was used. The self-diffusion coef- 
ficient of  trace HDO in O20 at the experi- 
mental temperature was known from the lit- 
erature (35). 

An NMR spectrum of a typical four-com- 
ponent glycerol/hexanol/p-xylene/SDS system 
is shown in Fig. 1. Both the normal NMR 
spectrum and the spin echo spectrum are 
shown. The signal assignments were done by 
comparing the normal NMR spectrum and 
the spin echo spectrum with the spectra of  the 
different components in their neat liquids or 
in their simple solution. For example, the main 
-CH2 peak of hexanol, but not of SDS, prac- 
tically disappears in the spin echo spectrum 
and hence the observed -CHz peak in this four- 
component system can be attributed with good 
approximation to SDS only. Similarly, the 
-CH3 peak of SDS (measured in D20 solution) 
has a very low intensity in the spin echo spec- 
trum, whereas the -CH3 of  hexanol gives a 
sharp peak. This attenuation effect arises from 
the transverse relaxation of the respective pro- 
tons and also from the chosen NMR param- 
eters. Particularly important is the value of A; 
the value of A used in the present work has 
been chosen based on Stilbs' work (36). The 
other hexanol and glycerol peaks were assigned 
in discussion analogous to the one given above. 
Thus, although in the normal NMR spectrum, 
peaks other than that from p-xylene are com- 
posite peaks, the spin echo spectrum fortu- 
nately becomes much simpler as each peak 
can be attributed to one component.  

Journal of Colloid and Interface Science, Vol. 116, No. 2, April  1987 
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FIG. 1. A typical ~H NMR spectrum of a sample glycerol/ 
hexanol/p-xylene/SDS system at 45°C. Both spectra are 
from nonspinning samples with one accumulation in each 
case. In the spin echo spectrum of this four-component 
system at 25 °C there is no glycerol peak due to the reasons 
discussed in the text. 

This attribution was checked again by not- 
ing the decay of  each of  the signal intensities 
with the duration of  the applied field gradient. 
The individual intensities fit quite nicely to 
single exponentials according to Eq. [1] (see 
Fig. 2). The diffusions ofp-xylene or hexanol 
calculated from two different peaks agree very 
well (within 3%). 

All self-diffusion coefficient calculations 
were done by using a UNIVAC (Sperry 1100 
OS) computer with a nonlinear least-squares 
fitting procedure via a Monte Carlo simula- 
tion. The details of  the calculation subroutine 
and error analysis used in the present study 
can be found in Refs. (34, 37-39). In calcu- 
lating water and glycerol self-diffusion coeffi- 
cients, the exchange of water and glycerol hy- 
drogens has been taken into account as was 
done earlier (2). This correction is however 
quite small and often insignificant. 
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FIG. 2. A plot of intensity (I) as a function of 62 (A -- t3/ 
3) in (a) linear and (b) semilog scale. Lines represent best 
exponential (a) or linear (b) fit through the experimental 
points. 1, p-xylene; 2, glycerol; 3, hexanol; and 4, SDS. 
Intensities of p-xylene and hexanol are taken from their 
respective -CH3 peaks. Temperature of the experiment is 
45°C. 

RESULTS AND DISCUSSION 

The isotropic region of the three-component 
nonaqueous microemulsion system contain- 
ing glycerol, hexanol, and SDS is shown in 
Fig. 3 (30). The isotropic region is connected 
to the hexanol and glycerol comers and is far 
from the SDS comer. The maximum surfac- 
tant concentration in the isotropic region is 
about 22 wt%. The addition of an oil like n- 
decane decreases the isotropic area and causes 
a detachment of the region from the glycerol 
comer; the region moves further away from 
this comer as the ratio between hexanol and 
n-decane is decreased (see Fig. 4). Figure 3 can 
be compared with Fig. 5 where the regions for 
the analogous aqueous system (glycerol re- 
placed by water) have been shown. Two op- 

ticaUy isotropic regions, one small along the 
water-surfactant line and another well sepa- 
rated from this extending from the hexanol 
comer, can be identified. This type of phase 
behavior is typical in three-component water/ 
alcohol/surfactant systems (40) and the two 
regions are generally known as water rich, L1, 
and water poor, L2, regions. Liquid crystals 
are encountered in the intermediate regions 
(40). The maximum water content in the L2 
phase of the present system is about 40 wt%. 
All phase diagrams and sample compositions 
indicated in Figs. 3, 4, and 5 are on a weight 
percentage basis. 

Self-diffusion coefficient measurements 
have been done on the isotropic region of Fig. 
3 and on the L2 region of Fig. 5. The sample 
compositions are indicated in the figures. For 
comparison, the composition of the aqueous 
samples was chosen at a small ratio between 
SDS and water in order not to be far from the 
composition of the samples of the nonaqueous 
system. The results are presented in Fig. 6. 
Self-diffusion coefficients of all the compo- 
nents of the nonaqueous system are found to 
decrease with an increase in the weight per- 
centage of glycerol, the trends being nearly 
parallel to each other. At a low concentration 
of glycerol (about 20% or less) the self-diffusion 
coefficients of all the components are quite 
high. The glycerol self-diffusion coefficient is 

HEXANOL 

GLYCEROL SDS 

FIG, 3. The phase diagram showing the isotropic mi- 
croemulsion region in the three-component nonaqueous 
system (30). (11) Indicates the critical point. All composi- 
tions are expressed in weight percentage. 
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GLYCEROL SDS GLYCEROL SDS 

(o) 

C60H/CloH22 

GLYCEROL SDS 

FIG. 4. The pseudoternary phase diagram showing the isotropic region for the system glycerol/hexanol/ 
n-decane/SDS (30). Different ratios between alcohol and decane are shown in the figure. (11) Indicates the 
critical point. Compositions indicated in the figure by numbers are of samples prepared with p-xylene in 
place of n-decane for self-diffusion measurements. 

about 35-40 times higher than that of  pure 
glycerol, while the hexanol self-diffusion coef- 
ficient is almost of  the same order of  magni- 
tude as that of  pure hexanol (see Table I). Even 
for the surfactant, the self-diffusion coefficient 
is of  the order 10 -1° m 2 s -1 in these regions, 
which is typically about five times greater than 
that in normal  aggregate form (33). This in- 
dicates the absence of a well-defined aggregate 
or that any such aggregate must  have a limited 
spatial extension. Even at a higher glycerol 
content where the microemulsion must  be 
glycerol continuous, as the isotropic region is 
connected to the glycerol corner, the self-dif- 
fusion coefficient of  glycerol is always higher 
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than that of  pure glycerol. This rules out the 
possibility of  any confinement of  glycerol. In 
addition in Fig. 6, it can be observed that the 
glycerol diffusion coefficient falls below the 
surfactant diffusion coefficient above 30% 
content of  glycerol. 

The following discussion also serves as a 
qualitative test for the presence of glycerol 
droplets. 

Within glycerol droplets, the diffusion coef- 
ficient of  glycerol molecules is assumed to be 
of  the same level as the diffusion coefficient in 
pure glycerol and the net self-diffusion coef- 
ficient observed is approximated as the diffu- 
sion coefficient of  the droplets only. The ap- 
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HEXANOL 

WATER S D S  

FIG. 5. The phase diagram showing regions (30) for the 
isotropic and liquid crystalline phases in the three-com- 
ponent water/hexanol/SDS system. Ll and L2 are isotropic, 
D is a lamellar, and E is a hexagonal liquid crystalline 
phase(s). 

parent radius rapp of  the equivalent sphere of  
the droplet is calculated using the Stokes-Ein- 
stein equation 

kT 
0 , [ 2 ]  

D d r o p l e t -  67r~rapp 

% WATER 
10 20 30 40 
A _ _ _ , L _ , , ~ ,  r , 

"7, 1.2. 

°~ E 
O ,r. O 

"- 0-8' x 
t", 

~'~IL % w a t e r  

~ ..Q-O" 10 20 30 
I I i / 

1.6. 8- 1.0 f 50 

0.8 (~A-~-A-~...~, .40 

i ~ 0.4, 
0.2 .10 

20 40 60 
0-4. ~ .  % glycerol 

I I I I 
20 40 60 80 

% GLYCEROL 

FIG. 6. Self-diffusion coefficient data of the three-com- 
ponent aqueous (filled symbols) and nonaqueous (open 
symbols) systems as a function of composition. Circles are 
for glycerol and water, triangles are for hexanol, and 
squares are for SDS. Inset shows the variation of D/Do 
with composition. 

where the symbols have the usual meaning. 
D O droplet in this equation refers to the self-dif- 
fusion coefficient at infinite dilution of  hard 
spheres. The retardation of  droplet diffusion 
due to hard sphere droplet-droplet  interac- 
tions is (41) 

= Ddroplet(1 - aq~), [3] Odroplet 0 

where a = 1.73 in the presence of  hydrody- 
namic interactions and $ represents the vol- 
ume fraction of particles. Volume fraction was 
calculated from the sample composition as- 
suming the density of  surfactant to be equal 
to 1.0. Combining Eq. [2] and [3] one can 
estimate rapp provided ~ is known. To a good 
approximation, the viscosity of  the medium 
can be taken to be that of  hexanol saturated 
with glycerol. The viscosity of  glycerol-satu- 
rated hexanol was measured at 25°C in an 
Ostwald's viscometer. Using this value of  
(0.07 poise) the estimated droplet radius was 
found to be always less than 1.0 nm. Systems 
in which droplets are well established and 
which contain a large volume of dispersed 
phase are known to have much bigger droplets 
(3 l, 42). For instance, Zulauf  and Eicke (42) 
reported water droplets of  radii in the range 
5-15 nm from light-scattering measurements  
in the L2 solution of  the system water/isooc- 
tane/AOT (sodium di(2-ethylhexyl) sulfosuc- 
cinate). Stilbs and Lindman (31) reported hy- 
drodynamic radii to vary in the range 8-25 
nm in a water/p-xylene/AOT system from the 
self-diffusion coefficient measurements.  Our 

TABLE I 

Self-diffusion Coefficients of Each of the Microemulsion 
Components in Its Own Neat Liquid at 25°C 

Information 
Component (pure) D (10 -9 m 2 s -1) source 

Glycerol 0.0025 Ref. (51) 
p-Xylene 2.17 Ref. (2) 
n-Hexanol 0.23 Ref. (32) 
Heavy water 

(trace HDO 
in D20) 1.90 Ref. (35) 
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estimated maximum hydrodynamic radius 
(1.0 nm) is indeed too small in comparison to 
this and since this hydrodynamic radius would 
also include the length of the surfactant mol- 
ecule, we can safely argue that there is negli- 
gible droplet formation. It could be mentioned 
here that a standard calculation based on a 
geometric consideration and a head group area 
of the surfactant molecule (43, 44), assuming 
all the surfactant molecules to be present at 
the interface, does not support the existence 
of glycerol droplets. The radius of the inner 
core (excluding the surfactant chain) so cal- 
culated is larger in orders of magnitude than 
the observed hydrodynamic radius. Another 
consideration taking into account the variation 
of viscosity of the microemulsions with com- 
position in the Stokes-Einstein equation also 
speaks against the droplet proposition. 

The results of the analogous aqueous system 
are also presented in Fig. 6. One finds that 
while the surfactant diffusion coefficient is 
lower than that in a nonaqueous system, the 
hexanol diffusion coefficient is higher. The 
water diffusion coefficient is practically con- 
stant. Comparison of the data of the aqueous 
and nonaqueous systems becomes interesting 
when the variation with composition of the 
ratio between the self-diffusion coefficients of 
the component in a microemulsion and those 
in pure liquid (relative diffusion D/Do) is ex- 
amined. This is shown in the inset of Fig. 6. 
Notable differences can be observed. In the 
nonaqueous system, D/Do for both glycerol 
and hexanol decreases sharply with an increase 
in glycerol content but in the aqueous system, 
water shows a constant value of D/Do and 
hexanol shows a slow decrease. The value of 
D/Do for hexanol lies in the range 0.82-0.74 
in the aqueous system and 0.76-0.11 in the 
nonaqueous system. For water, the relative dif- 
fusion coefficient lies constant at 0.08 while 
for glycerol it varies from 44 to 6 in the range 
of composition studied. The decrease in the 
water diffusion coefficient by more than one 
order of magnitude and the high relative dif- 
fusion coefficient of hexanol clearly indicate 

the confinement of water in droplets in an al- 
cohol continuum. This situation is dearly far 
from the one in the corresponding nonaqueous 
system. 

From Fig. 6 it can be seen that the water 
self-diffusion coefficient is higher than the sur- 
factant diffusion coefficient, indicating that not 
all water molecules are confined to the aggre- 
gates. Instead, there are some free water mol- 
ecules also. The amount of water bound to the 
aggregates may be calculated from diffusion 
data by applying a two-site model (45). In such 
a model the observed diffusion coefficient of 
water is considered to be a weighted average 
of the diffusion coefficient of free and bound 
water according to 

Dobs = p f D f  q- p b O b ,  [4] 

where pf and/h, represent free and bound frac- 
tions of water and Dr and Db represent the 
diffusion coefficients of the free and bound 
water, respectively. Since the presence of the 
aggregate creates an obstruction for the free 
water, Dr is lower than the Do of water (45, 
46). Df in Eq. [4] can, however, be replaced 
by the Do of water together with an "obstruc- 
tion factor" A. Equation [4] then becomes 

Dobs = (1 -Pb)ADo +/9bOb. [5]  

An estimation of bound water fraction (Pb) 
from the diffusion data, assuming A = 0.8 and 
surfactant diffusion to be equal to aggregate 
diffusion, shows that about 94% of water is 
bound in the aggregate. 

In view of some published work on similar 
aqueous systems, it can be relevant at this 
point to compare our results with the pub- 
lished ones. Fabre et aL (47) reported self-dif- 
fusion measurements in the ~ region of the 
system water/decanol/sodium octanoate. The 
relative diffusion of decanol was found to be 
close to 0.8 which is nearly the same as that 
for hexanol in our present system. D/Do of 
water was found to be around 0.02 as com- 
pared to 0.08 in our case. The amount of water 
in the intermicellar solution was estimated to 
be slightly less than 4%, which corresponded 
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roughly to the solubility limit of water in de- 
canol. Our estimate of  6% water by weight in 
the continuous phase is also close to the sol- 
ubility limit of water in hexanol, vide Fig. 5. 
Fabre et al. (47) also reported the D/Do ofsur- 
factant taking Do, the reference molecular dif- 
fusion of surfactant, to be that in water at in- 
finite dilution. Over the entire L2 region, D~ 
Do of octanoate was found to be roughly con- 
stant around 0.1. If  we do the same thing for 
SDS in our water/hexanol/SDS system, taking 
Do of SDS to be 6.1 X 10 -1° m 2 s -1 at infinite 
dilution in water (48), D/Do is found to vary 
in the range 0.13-0.08 indicating its restricted 
translational motion. Thus the structure of this 
three-component aqueous system with hex- 
anol is not much different from that with de- 
canol. Similar systems with lower alcohols like 
pentanol or butanol are, however, much less 
structured. 

It might be of  interest to look into the cause 
of  the anomalously high relative self-diffusion 
value of  glycerol in the microemulsion. Pure 
glycerol is a highly nonideal liquid, greatly as- 
sociated in pure form through hydrogen 
bonding, forming an extensive network-type 
structure. This makes it highly viscous (about 
103 times more viscous than water at 25°C) 
and consequently it has a very low self-diffu- 
sion coefficient (see Table I). But in a micro- 
emulsion state, this hydrogen-bonded network 
may be disrupted to a great extent causing the 
molecules to diffuse faster than in the pure 
liquid as has earlier been observed for some 
medium chain alcohols in a microemulsion 
state (2). Another factor is the lower viscosity 
of  a microemulsion compared to that of  the 
pure liquid; a comparison with the self-diffu- 
sion of glycerol in other media may be of in- 
terest. Figure 7 shows the self-diffusion coef- 
ficient of glycerol in heavy water. The diffusion 
coefficients are of the order 10 -1° m 2 s -1 and 
fall steadily with an increase in glycerol con- 
tent. This fall in diffusion coefficient correlates 
with the increase in viscosity of  the medium, 
and the self-diffusion coefficient varies linearly 
with the inverse of  viscosity (see Fig. 7) ac- 

q-1 (po ise-1) 

25 50 75 100 
I I I . I 

0.6 
9 

¢~E 0.4 

= 2  
x 
a 

0 . 2  

i I i 
20 40 60 

% GLYCEROL 

FIG. 7. Plot of self-diffusion coefficient of glycerol dis- 
solved in heavy water against weight percentage of glycerol 
and inverse viscosity of the solution. 

cording to the Stokes-Einstein equation [2]. 
The viscosity data used for this plot were taken 
from literature (50). rapp calculated from the 
slope of  this straight line is 0.28 nm, which is 
a reasonable measure of  the equivalent size of  
the glycerol molecule. Hence, the decrease in 
the self-diffusion coefficients of all the com- 
ponents in the microemulsion with an increase 
in glycerol content can for a structureless sit- 
uation be understood due to an increased vis- 
cosity. 

In the region of  high glycerol content, the 
self-diffusion coefficient of hexanol remained 
higher than that of glycerol. This makes the 
possibility of hexanol droplets in this part of  
the solubility region unlikely. 

The picture that emerges from the above 
discussion is that while water is almost com- 
pletely confined to the surfactant aggregate, 
the diffusion coefficient data for the nonaque- 
ous systems do not point to any appreciable 
confinement of any component  to discon- 
nected domains. Or, in other words, while the 
results support the concept of dispersed long- 
life aggregates in the aqueous system, the non- 
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(a) (b)  (c) 
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FIG. 8. Self-diffusion coefficient data in the nonaqueous system with p-xylene at different ratios between 
hexanol and p-xylene. In (c) are also shown the data for the analogous aqueous system (filled symbols). 

aqueous system is less structured and closely 
resembles a normal solution. 

Self-diffusion coefficient measurements of 
the four-component microemulsion system 
with n-decane as oil proved to be difficult be- 
cause of the complex nature of the NMR 
spectrum arising from the overlap of the de- 
cane signals with hexanol and SDS signals. 
Hence, measurements were made by replacing 
n-decane with p-xylene, an oil which produces 
signals well separated from the aliphatic sig- 
nals. Although the isotropic regions with de- 
cane and p-xylene may not be exactly the 
same, the sample compositions shown in Fig. 
4 are all within the isotropic range. 

The results of the self-diffusion experiments 
with the p-xylene-containing systems are pre- 
sented in Figs. 8 and 9. Unfortunately, due to 
the disappearance of the glycerol peak in the 
spin echo spectra at 25°C, information about 
the glycerol diffusion coefficient could not be 
gained. The general features of the data can 
be summarized as follows: (1)Dxylene > Dhexanol 
> DSDS at the different ratios between hexanol 
and p-xylene; (2) all the self-diffusion coeffi- 
cients decrease with an increase in glycerol 
content; and (3) as the ratio between hexanol 
and p-xylene decreases, the self-diffusion coef- 
ficients of all the components increase. Sur- 
factant diffusion coefficients at a 50/50 ratio 
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between alcohol and p-xylene, especially at low 
contents of glycerol, clearly indicate the ab- 
sence of any important organization; any ag- 
gregates present must be small. In general the 
enhanced self-diffusion coefficient of all the 
components may at least be due in part to 
some decrease in the viscosity of the microe- 
mulsion with an increased p-xylene content 

2.C 

1.5 ~ " - . . .  

1.0 

0 . 8 - -  

d 0 .6 -  

0.4 ..... 

0 . 2 -  

20 40 60 80 

% GLYCEROL 

FiG. 9. Values of D/Do. for the data shown in Fig. 8. 
Circles represent 50/50, triangles 75/25, and squares 90/ 
10 ratio between hexanol and p-xylene. Filled symbols are 
for hexanol and open symbols are for p-xylene. Dotted 
lines show the data for the aqueous system. 
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TABLE II 

Self-Diffusion a Coefficients of Nonaqueous Microemulsion Components of Samples 
Indicated in Fig. 4b at 45 and 25°C 

399 

Dh~ol D ~  Dsm 

Sample % Glycerol D~,~j 
No. by weight 45°C 45°C 25°C 45°C 25°C 45°C 25°C 

5 19.8 1.86+0.14 2.45+0.11 1.52+0.12 7.97+0.11 4.74+0.57 1.08+0.05 0.68+0.04 
6 29.3 1.25+0.08 1.72_+0.12 1.07_+0.02 7.14+0.10 4.87+0.09 0.66-+0.09 0.48-+0.03 
7 40.2 --  - -  0.80 -+ 0.02 --  3.87 + 0.07 - -  0.51 _+ 0.03 
8 49.9 0.56_+0.02 1.28+-0.08 0.57-+0.01 4.37-+0.06 2.73+0.12 0.55_+0.02 0.51_+0.04 
9 60.2 0.45 + 0.02 0.62 + 0.04 0.36 _+ 0.03 2.72 _+ 0.13 1.87 + 0.02 0.46 + 0.06 0.38 + 0.38 

10 69.0 0.30 + 0.03 0.45 -+ 0.06 0.25 + 0.03 1.68 -+- 0.04 1.09 -+ 0.06 0.27 _+ 0.03 - -  

a All D values are in 10 -mm 2 s e e  - l  units. 

when compared at a constant percentage of 
glycerol. 

In order to get an idea about the self-dif- 
fusion coefficient of  glycerol in these systems 
containing p-xylene, a few measurements were 
also taken at an elevated temperature of 45°C. 
The disappearance of the glycerol peak in the 
spin echo spectra is due to the short transverse 
relaxation time of  glycerol. By accelerating 
molecular motions by raising the temperature 
to 45°C, the peak of  glycerol in the spin echo 
spectra was developed. A typical set of  data 
corresponding to the same composition as 
shown in Fig. 4b is presented in Table II to- 
gether with the data of  25 °C for comparison. 
There is roughly a twofold increase in the self- 
diffusion coefficients of  the components hex- 
anol, p-xylene, and SDS at 45°C. If  the same 
factor is also assumed for glycerol, the self- 
diffusion coefficients are still very high com- 
pared to pure glycerol. Table II shows that at 
a high glycerol content, the surfactant diffusion 
coefficient becomes almost equal to the glyc- 
erol diffusion coefficient at 45°C. But an es- 
timation of  droplet radius, rapp, with Eqs. [2] 
and [3], taking the viscosity of the medium 
(hexanol + p-xylene, 3:1 by weight) at 45°C 
to be 0.025 poise, gives a maximum value of  
rapp as 1.5 nm, again inclusive of  the surfactant 
molecules. Thus, a droplet of  glycerol is un- 
likely. So we can say that these four-compo- 
nent nonaqueous microemulsions are similar 
in structure to the three-component ones. 

Due to a different phase diagram for the 
analogous aqueous system in the presence of 
p-xylene, it is not possible to compare the self- 
diffusion coefficients of  four-component 
aqueous and nonaqueous systems at the same 
or even nearly the same compositions. It was 
however possible to prepare two aqueous mi- 
croemulsions having similar compositions as 
those of samples 12 and 13 in Fig. 4c, replacing 
glycerol by heavy water. The results are in- 
cluded in Fig. 8c and Fig. 9. Although values 
for only two samples are presented, the results 
clearly indicate the almost complete confine- 
ment of water to the aggregates. 

Summarizing our results, it can be said that 
the L2 phase of the hexanol/water/SDS system 
is hexanol continuous and water discontin- 
uous with water confined to the inside of the 
surfactant aggregates. Conversely, the non- 
aqueous glycerol/hexanol/SDS system does 
not show any pronounced confinement char- 
acteristics but more closely resembles a struc- 
tureless simple solution. The same conclusion 
also holds for the four-component systems 
with added p-xylene. 
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