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Microemulsions of negatively charged (sodium bis(2-ethylhexyl)sulfosuccinate, AOT) and positively charged
(dodecylmethylbutylammonium bromide and benzyldimethylhexadecylammonium chloride) surfactants were
studied below and above the percolation thresholds by electrical conductivity, near-infrared absorption, and
thermal lens spectrometry. It was found that the AOT microemulsions undergo percolation at a relatively
high concentration (about 27% of water (v:v)) and show no variation in the thermal lens effect (θ/AP0) as a
function of water concentration. These results seem to indicate that the AOT microemulsions consist of
small reversed micelles, and this structure is the same below and above the percolation threshold. Conversely,
for microemulsions prepared with positively charged surfactants, the percolation occurs at relatively low
concentration (around 10% of water (v:v)), and also it is in this region that the thermal lens effect (i.e.,
θ/AP0) as a function of water undergoes changes. It seems that the structure of these positive microemulsions
changes concomitantly with the percolation. Specifically, these positive microemulsions form larger
interconnected aggregates or bicontinuous structures in solution above percolation threshold concentration.

Microemulsions are thermodynamically stable isotropic mix-
tures of oil, water, and surfactant. They have been extensively
studied using various techniques such as spin-echo NMR,
fluorescence quenching, neutron and light scattering, and
electrical conductivity.1,2 However, in spite of these numerous
studies, internal structures of some microemulsions are still not
fully understood.
Electrical conductivity measurements have been used to

provide information on the continuity of the aqueous phase. For
some microemulsions, a small change in one of the system
variables (e.g., the ratio of [water] to [surfactant] (W0 ) [water]/
[surfactant]), the concentration of the micellar phase or the
temperature) leads to a significant change in the electrical
conductivity. This phenomenon has been called percolation.3

Exact molecular mechanisms of the percolation phenomena are
still a subject of much debate in the literature. For instance,
ion hopping between micelles has been suggested as the cause
for these phenomena.4 Fast material and water exchange when
micelles coalesce may also be responsible for these.5,6 Another
possibility is the formation of bicontinuous structures in
solution.7-11 Bicontinuous structures are understood as having
a dynamic nature where both water and oil are continuous phases
and are separated by a small curvature surfactant film. The
formation of random and momentary continuous water channels
would therefore explain the large increase in electrical
conductivity.7-12

Clearly, electrical conductivity measurements do not provide
sufficient evidence to unambiguously characterize the structures
of the microemulsions.12,13 It is important, therefore, to develop
new methods that can provide structural information of micro-
emulsions. In this work the structure of microemulsions was
investigated by using the near-IR absorption and thermal lens
techniques together with the electrical conductivity. It will be
shown that near-IR absorption and thermal lens measurements
can provide complemental information necessary to arrive to a
conclusion of the internal structure of the microemulsions. Such
information can be obtained because absorption in the near-IR
region (750 to around 2600 nm)14 is due to the overtone and/or

combination of transitions of the C-H, O-H, and N-H groups.
Any compound that has C-H, O-H, or N-H groups in its
structure will have absorption in this region.14-16 On the other
hand, the thermal lens technique is based on the measurement
of the nonuniform heating generated in the sample as a result
of the laser excitation. This nonuniform heating will generate
a refractive index gradient that acts as a thermal lens which is
monitored by a probe laser. When the absorbing species reach
the thermal lens steady-state condition (i.e., the rate of heat
generated equals the rate of heat conducted out), the relative
change in the beam center intensity in the far field,∆Ibc/Ibc, is
given by16-18

whereP0 is the power of the excitation laser,λ is probe-laser
wavelength,A is sample absorbance, and dn/dT andk are the
temperature coefficient of refractive index and the thermal
conductivity of the medium, respectively.
It is evident that changes in the thermooptical properties (k,

dn/dT) of the medium will cause changes in the thermal lens
signals. It is expected, therefore, that changes in the structure
of the sample that induce changes in the thermooptical properties
of the medium could be probed by this technique.19,20 In fact,
the thermal lens technique has been successfully used to study
the effect of nonelectrolytes and surfactants on the structure of
water.19 In this study, the thermal lens signal was measured as
a function of the temperature of the system and the concentration
of solute.19

Variables, such asW0, temperature, and concentration of
micellar phase, can lead to changes in the structures of the
microemulsions.1,2 Rather than changing all of these variables,
in this study, only the effect of the concentration of the micellar
phase at relatively lowW0 values (W0 ) 15 or 16) was
investigated. Under these conditions at the region where oil is
in excess, the structure of the microemulsion is constituted of
small reversed micelles.1,2 By studying the microemulsion
properties at these lowW0 values as a function of the micellarX Abstract published inAdVance ACS Abstracts,May 1, 1997.
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phase concentration, it may be possible to determine the
preference of different surfactant films to form either low- or
high-curvature structures in solution.
Several microemulsion systems prepared from positively and

negatively charged surfactants with different oil phases were
investigated. It will be shown that by measuring the thermal
lens signal as a function of the concentration of dispersed phase,
below and above the percolation threshold, it was possible to
characterize which systems and at which micellar phase
concentrations micelles undergo changes in the internal structure.
Knowledge on the internal structure of the microemulsions may
be obtained from this information together with those gained
from the electrical conductivity measurements. It will be
demonstrated that the microemulsions prepared with the nega-
tively charged surfactant, sodium bis(2-ethylhexyl) sulfo-
succinate (AOT), are constituted of globular reversed micelles
of similar size below and above the percolation threshold.
Interestingly, in the case of the microemulsions prepared with
the positively charged surfactants, dodecyldimethylbutyl-
ammonium bromide (DDBABr) and benzyldimethyl-n-hexa-
decylammonium chloride (BDHAC1), the reversed micelles in
solution will grow and will form interconnected aggregates
concomitantly with the increase in the concentration of dispersed
phase. This will eventually lead to the development of
bicontinuous structures in solution.

Experimental Section

Materials. Water was deionized and distilled. Its electrical
conductivity (σ) was measured to be 2µS/cm. 1,2,2-Trichoro-
trifluoroethane was purchased from Pfaltz & Bauer. Hexane
was distilled over sodium. Benzene (Fisher Scientific, ACS
spectranalyzed) was distilled prior to use. The purity of
chlorobenzene (Fisher Scientific) was verified by NMR. So-
dium bis(2-ethylhexyl) sulfosuccinate (AOT) was purified with
activated charcoal and dried for 2 days under vacuum at 90°C.
Dodecyldimethylbutylammonium bromide (DDBABr) was syn-
thesized usingN,N-dimethyldodecylamine (Aldrich, 97%) and
1-bromobutane (TCI). The compound was recrystallized six
times with acetyl acetate and dried for 2 days under vacuum at
90 °C. The NMR spectra of DDBABr indicate that the product
is free of impurities, including water and reactants. Benzyl-
dimethyl-n-hexadecylammonium chloride (BDHAC1) was pur-
chased from Eastman Kodak and dried for 2 days under vacuum
(90 °C) prior to use.
Methods. The absorption spectra were measured in the

Shimadzu UV-vis spectrophotometer (UV-1201), using a 1 cm
quartz cuvette. The absorption spectra shown in this work were
corrected for the increase in the scattered light concomitant with
the increase in the concentration of the dispersed phase. This
correction was performed by subtracting the amount of the
scattered light measured at 800 nm (a wavelength at which no
absorption was detected for any of the samples investigated).
These corrections were performed because it was necessary to
normalize the thermal lens signals for different absorbances of
each sample. The thermal lens signal is proportional to the light
absorbed by the sample, which does not include the scattered
light. The amount of light scattered by the samples used in the
thermal lens experiments (2 mm quartz cells) was determined
to be equal or less than 0.5% and to be constant in the
wavelength region utilized. Thorne and Bobbitt21 performed
absorption measurements by the thermal lens and normal
transmission techniques for samples that have much higher
scattering background than the samples used in this study. They
concluded that the absorption measured with the thermal lens
technique is proportional only to the amount of light absorbed

and therefore is immune to the increased scattering background
in the samples. This further confirms the validity of the
correction performed.21

The electrical conductivity measurements were performed in
a Hanna instrument (HI 8333). It operates at 1 kHz and has a
cell constant of 1 cm-1. The accuracy of the instrument was
tested using a calibration standard from Fisher that had 9869
µS/cm( 0.25%.
The thermal lens decays were generated using the same

instrumentation and were treated using the same methodology
as previously described.16,19 Basically, a titanium-sapphire
laser is used to provide the excitation beam in the near-IR region.
The heat generated in the sample as a consequence of absorption
of the near-IR radiation is detected by a He-Ne laser. The
time dependence of the probe beam center intensityI(t) is
detected by a photodiode in the far field.I(t) can be satisfac-
torily described by22-25

whereê is related to the distance between the sample and the
beam waistZ1, and the confocal distance,Zc, by

The parameterθ is related to the laser wavelength (λ), laser
power (P0), the sample absorbance (A), the temperature coef-
ficient of the refractive index (dn/dT), and the thermal conduc-
tivity k of the solvent by eq 4:

The thermal time constanttc is given by

wherecp is the heat capacity,F is the density, andω is the 1/e2

radius of the pump beam with a Gaussian profile.
From the recorded time dependence of the beam center

intensity (I(t)), θ, which is related to the thermal lens strength,
and the thermal time constanttc can be obtained by curve fitting
of the experimental data according to eq 2.θ andtc for several
microemulsion systems were measured as a function of the
micellar phase concentration. The value ofθ was corrected
for sample absorption and laser excitation power. The calculated
θ/AP0 is, therefore, proportional tok and dn/dT. All thermal
lens signals were measured in 2 mm quartz cuvettes.
The microemulsions were prepared with high concentration

of dispersed phase and then diluted using the oil phase, keeping
the value of [water]/[surfactant] ratio (W0) constant. All the
experimental data shown are plotted as a function of water
concentration measured in percentage (v:v). BecauseW0 was
kept constant, water percentage is proportional to the total
concentration of the micellar phase. All the experiments
reported were measured at 21.5( 0.1 °C.

Results

Three different surfactants, sodium bis(2-ethylhexyl) sulfo-
succinate (AOT), dodecyldimethylbutylammonium bromide

I(t) ) I(0)[1- θ arctan[ 2ê
3+ ê2 + (9+ ê2)tc/2t] +

{θ
2
arctan[ 2ê

3+ ê2 + (9+ ê2)tc/2t]}
2
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(θ
4
ln{[(2 + tc/t)(3+ ê2) + 6tc/t]
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(DDBABr), and benzyldimethyl-n-hexadecylammonium chlo-
ride (BDHACl), were used in this study. Their structures are
shown in Scheme 1. As illustrated, the first is anionic while
the other two are cationic surfactants having relatively similar
structure except that BDHACl has a phenyl group. These
surfactants were selected in order to gain insight into effects of
charges and phenyl moiety on percolation. Furthermore, they
are known to form transparent, single phase, isotropic w/o
microemulsions. Some of reported studies using these surfac-
tants are tabulated in Table 1 together with techniques previously
used to study them. In this study, trichlorotrifluoroethane was
used as the solvent in the first set of experiments because this
solvent has no C-H group and, hence, is transparent is the near-
IR region. It is interesting to observe that similar to other
solvents listed in Table 1 (e.g., hexane, isooctane, heptane,
decane, and benzene) AOT, BDHACl, and DDBABr form
stable, transparent, single phase, isotropic microemulsions in
CF2ClCFCl2 whereas no stable microemulsions were observed
for these surfactants in carbon tetrachloride in the concentration
range used in this study.
Shown in Figure 1A is the electrical conductivity of AOT/

CF2ClCFCl2/water microemulsion, measured as a function of
the water concentration. It is evident that close to 27% water
the electrical conductivity starts to increase. At 32% the
electrical conductivity is more than 3 orders of magnitude higher
than it was at 25%. This behavior is characteristic of percola-

tion. It should be noted that the microemulsion percolates only
at a very high concentration of the dispersed phase. The weight
percentage of the dispersed phase [φD ) (water+ surfactant)/
(total)] at 27% of water is equal to 59%.
The near-IR spectra of the microemulsions with different

water concentrations (which is proportional to the concentration
of the dispersed phase) are shown in Figure 2. As illustrated,
increasing the concentration of micellar phase at a constantW0

value of 15 led to an increase in the absorbance in the whole
wavelength region. The absorption peak at 975 nm is due to a
combination transitions (2ν2 + ν3) of the O-H group of
water.16,32 The shoulder at 910 nm is due to the second C-H
overtone of the surfactant.16,32 Accordingly, the thermal lens
signals were measured at 975 and 910 nm in order to monitor
the aqueous phase and the surfactant film of the microemulsion.
As stated earlier, the organic phase in this case is CF2ClCFCl2,
which has no absorption in this near-IR region.
Figure 1B shows the values of thermal lens time constant

(tc) measured as a function of the water percentage at 975 and
910 nm. Increase in the concentration of the dispersed phase
leads to a decrease in thetc value for both wavelengths. As
evident from eq 5, thetc value depends on several parameters
that may change as a function of the concentration of the
dispersed phase (k, F, cp). While all these parameters may
contribute to the observed variation intc, it is expected that the
variation of the thermal conductivity (k) is the dominant effect.
As listed in Table 2, the thermal conductivity of the organic
phase (CF2ClCFCl2) is much smaller than that of water.

TABLE 1: Examples of Reported Microemulsion Systems

microemulsion system Φa W0 exptl techniques and refs

AOT/hexane water 0.2-0.6 0-50 electrical conductivity26

AOT/isooctane/water 0.2-0.6 0-50 electrical conductivity26

AOT/n-heptane/water 0.1-0.8 2-40 FT-IR,27acalorimetry,27b refractive index27c

AOT/n-heptane/water 0.1-0.7 0-40 density, sound velocity, electrical conductivity, viscosity, adiabatic
compressibility28

AOT/decane/D2O 0.59-0.71 15-39 small-angle neutron scattering29

AOT/decane/D2O 0.35-0.75 40.8 quasi-elastic light scattering
BDHACl/benzene/water 0.0-0.2 7-33 electrical conductivity, light scattering, self-diffusion fluorescence31

BDHACl/benzene/water 0.0-0.35 0-80 light scattering, time-resolved fluorescence, electrical conductivity,
DDBABr/Cl-benzene/water 0.0-0.35 0-60 self-diffusion1H NMR32,33

a Φ is the dispersed phase volume fraction.

SCHEME 1: Structures and Abbreviations of Surfactants
Used in This Study

Figure 1. (A) Electrical conductivity, (B)tc at 975 (b) and 910 nm
(9), and (C)θ/AP0 at 975 (b) and 910 nm (9) as a function of water
percentage for the AOT/CF2ClCFCl2/water microemulsions ([AOT])
1.12 M at 30.44% water).
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Therefore, when the concentration of CF2ClCFCl2 is increased
(percentage of water is decreased), it is expected thattc would
increase (see eq 5). This, in fact, was observed experimentally.
Figure 1C shows the parameterθ/AP0 as a function of water

concentration. Similar to the effect observed fortc, there is a
decrease in theθ/AP0 value concomitant with the increase in
the concentration of the dispersed phase at both wavelengths,
910 and 975 nm. This effect can be explained based on the
relatively larger dn/dT value and the smallerk value of
CF2ClCFCl2 compared to those of water (Table 2). It is,
therefore, expected that increasing the concentration of the
organic phase would lead to an increase in dn/dT (and decrease
in k) of the microemulsion. Consequently,θ/AP0 would increase
(see eq 4). This was, in fact, observed experimentally.
It is clear from Figure 2B thattc at a specific water

concentration measured at 975 nm is not the same as thetc
measured at 910 nm. The same effect was also observed for
θ/AP0. This is probably due to differences in the beam-waist
spot size (ω) at these two wavelengths. Unfortunately, it is
difficult to experimentally determineω accurately.20 This effect
could be further clarified by calculatingk and dn/dT of the
microemulsions. However, because of the lack of experimental
values ofcp for this specific microemulsion, it is not possible
to accurately calculatek and dn/dT values. Although the values
of cp could be roughly estimated from the literature values of
the microemulsion components, it is known thatcp in the case
of microemulsions is very sensitive to changes in the topology
of the surfactant interfaces. In fact,cp exhibit nonlinear
variations as a function of temperature,W0, or dispersed phase
concentration.11,35-37

It is important to point out that theθ/AP0 values measured
above the percolation threshold fell into the same straight line
as the values measured below the percolation threshold for both
wavelengths. The slope of the curve “θ/AP0 versus water
concentration” at 975 nm, calculated using all the experimental

points, was 0.93( 0.02 mW-1 %-1. The slope calculated from
samples which have water concentrations higher than 27.5%
(i.e., 27.5-31% of water) was 1.0( 0.26 mW-1 %-1. The
slope calculated from samples with water concentrations lower
than 27.5% (27.5-6%) was 0.94( 0.02 mW-1 %-1. It is
evident that these slopes are the same within experimental errors.
It is noteworthy to add that the electrical conductivity measure-
ments indicate that this microemulsion undergoes percolation
at water concentrations above 27.5%. Therefore, it is evident
that θ/AP0 remains the same at either below or above the
percolation.
Another microemulsion was prepared using hexane instead

of CF2ClCFCl2. Figure 3A shows the electrical conductivity
as a function of water concentration (v:v) for the AOT/hexane/
water microemulsion, at a constantW0 of 15. As illustrated,
the electrical conductivity starts to increase only at a high
dispersed phase concentration (above 26% water). This is
similar to the effect observed for the microemulsion prepared
with CF2ClCFCl2. Again at 31% water the electrical conductiv-
ity is more than 3 orders of magnitude higher than it was at
25%.
Shown in Figure 4 are the near-IR spectra of these micro-

emulsions at different concentrations of micellar phase. As
depicted, with the increase in the concentration of the micellar
phase at constantW0 value, there is an increase in the absorbance
in the 830-1100 nm region. The transition with maximum at
975 nm is due to the O-H group of water.32 The band whose
peak is at 900-910 nm is the overtone transition of the C-H
groups in hexane and AOT.32 Accordingly, the thermal lens
signals were measured at 975 and 910 nm.
Figure 3B shows the variation oftc as a function of water

concentration at 975 and 910 nm. The increase intc with the
decrease in the concentration of the dispersed phase may again
be explained based on the smallerk value of hexane compared
with k of water (Table 1). An increase is also observed for
θ/AP0 at both 975 and 910 nm (Figure 3C). This effect is
similar to that observed for the microemulsions prepared with
CF2ClCFCl2. It is probably related to the differences in the
thermooptical properties between water and hexane (see Table
2). It can be noted that theθ/AP0 value measured above the

Figure 2. Near-IR absorption spectra of the AOT/CF2ClCFCl2/water
microemulsions with different water concentrations ([AOT]) 1.03 M
at 27.90% water).

TABLE 2: Thermooptical Properties of the Solvents Used
in This Work

solvent k, W cm-1 K-1× 103 -dn/dT, K-1× 104

H2O 6.1a 0.90a

benzene 1.37b 6.52b

Cl-benzenec 1.20( 0.01 5.4( 0.4
hexane 1.23b 5.2b

CClF2CCl2F 0.66d 4.5d

a From ref 20.b From ref 35.c This work. d From ref 36.

Figure 3. (A) Electrical conductivity, (B)tc at 975 (b) and 910 nm
(9), and (C)θ/AP0 at 975 (b) and 910 nm (9) as a function of water
percentage for the AOT/hexane/water microemulsions ([AOT]) 1.14
M at 30.95% water).
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percolation threshold fell into the same straight line as the values
measured below the percolation threshold for both wavelengths.
The slope of the curve “θ/AP0 versus water percentage” at 975
nm calculated using all the experimental points is 0.71( 0.02
mW-1 %-1. The slope calculated from samples that have water
concentrations higher than 25.5% (from 25.7 to 31%) was 0.71
( 0.09 mW-1 %-1, which is the same, within the experimental
errors, as the slope calculated from points below the percolation
threshold (i.e., 25.7-6.0%, slope) 0.76( 0.04 mW-1 %-1).
Therefore, the variation ofθ/AP0 as a function of water
percentage is the same below or above the percolation threshold.
This result is similar to that observed for the microemulsion in
CF2ClCFCl2.
The investigation was then continued with a positive surfac-

tant (dodecyldimethylbutylammonium bromide, DDBABr). The
electrical conductivity of this cationic emulsion is shown in
Figure 5A. As illustrated, the electrical conductivity increases
by almost 4 orders of magnitude concomitantly with the increase
in the concentration of the dispersed phase. Furthermore, the
increase in the electrical conductivity for this microemulsion is
much larger than the increase observed for the AOT micro-

emulsions (see Figures 1A and 3A). Note that the electrical
conductivity starts to increase at around 10% water, a value
which is much smaller than the value of 27.5 and 26% observed
for the AOT (Figures 1A and 3A, respectively). Note also that
the increase in electrical conductivity is smoother than that
observed for AOT. It is particularly interesting to observe such
a different behavior between microemulsions prepared with
AOT and DDBABr, considering that in both cases theW0 value
is the same. It may be argued that the differences observed are
due solely to the differences in the electrical conductivity of
the counterions of the surfactants. The ionic conductance of
bromide ion (λ ) 78.1 S cm2 mol-1) is, in fact, higher than
that of sodium ion (λ ) 50.1 S cm2 mol-1).38 However, this
difference is rather small to account for the much lower
percolation threshold and the much larger magnitude of electrical
conductivity observed for the DDBABr microemulsions (com-
pared to AOT microemulsions). These effects are probably
related to differences in the structure of the water-oil interfaces
of these two microemulsions.
Figure 6 shows the near-IR absorption spectra of the

DDBABr/Cl-benzene/water microemulsions, prepared at a
constantW0 value of 15 and at different water concentrations.
Two absorption peaks (975 and 869 nm) and a shoulder at 935
nm can be visualized. They can be attributed to water and
chlorobenzene, and to the surfactant, respectively. Increasing
water concentration leads to an increase in the water’s and
surfactant’s peaks and a decrease in the chlorobenzene’s peak.
The thermal lens signals were measured at 975 and 872 nm in
order to obtain information on the aqueous and the oil phases,
respectively.
Figure 5B showstc values at 975 and 872 nm measured as a

function of water concentration. It is clear from the figure that
there is almost no change in thetc value as a function of the
water percentage. Thek value of chlorobenzene is smaller than
k of water (Table 2). It is expected, consequently, thattc should
increase concomitantly with the increase in the concentration
of chlorobenzene. The lack of variation in thetc value can be
explained by the variations ink, F, and cp. In this case the
decrease ink value must be adequately compensated for by the
decrease in the values ofF andcp (eq 5).
Figure 5C shows the variation ofθ/AP0 as a function of water

concentration measured at 975 and 872 nm. For both wave-
lengths the curves do not have the same slopes for the whole

Figure 4. Near-IR absorption spectra of the AOT/hexane/water
microemulsions with different water concentrations ([AOT]) 1.12 M
at 30.24% water).

Figure 5. (A) Electrical conductivity, (B)tc at 975 (b) and 872 nm
(9), and (C)θ/AP0 at 975 (b) and 872 nm (9) as a function of water
percentage of the DDBABr/Cl-benzene/water microemulsion
([DDBABr] ) 1.00 M at 27.08% water).

Figure 6. Near-IR absorption spectra of the DDBABr/Cl-benzene/
water microemulsions with different water concentrations. Water
concentrations (from bottom to top at 975 nm) were 0.00, 2.50, 2.87,
3.50, 4.50, 5.98, 9.22, 12.47, 15.13, 19.23, 20.00, 23.53, and 26.00%;
[DDBABr] ) 0.96 M at 26.00% water.
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concentration range monitored. In fact, at around 10% water
(concentration above which the electrical conductivity starts to
increase) there is a change in the slope. For 975 nm the slope
measured for concentrations equal and above 10% water was
calculated to be 0.59( 0.03 mW-1 %-1. For the concentrations
equal and below 10% water it was calculated to be 1.5( 0.1
mW-1 %-1. For 872 nm, the slope calculated using the
concentrations equal and above 10% water was 0.20( 0.04
mW-1%-1 and 0.43( 0.06 mW-1%-1 for concentrations equal
and lower than 10% water. Clearly, for both wavelengths, there
is a pronounced change in the slope ofθ/AP0 as a function of
water percentage, and the change in the slope seems to occur
at the same concentration range where the electrical conductivity
of the microemulsion starts to change. This variation in the
slope is interesting and may be correlated with the variation in
the internal structure of the system.
Shown in Figure 7A is the electrical conductivity of micro-

emulsions prepared using another positively charged surfactant,
benzyldimethyl-n-hexadecylammonium chloride, in benzene,
plotted as a function of water concentration (at a constantW0

) 16). Note that, with the increase in the concentration of the
dispersed phase, there is an increase in the electrical conductivity
of almost 4 orders of magnitude, starting at around 9% water.
Also, in this case the increase in electrical conductivity is much
smoother than that observed for AOT.
The near-IR absorption spectra of these microemulsions for

several water concentrations (and at a constantW0 of 16) are
shown in Figure 8. The peak at 975 nm is due to water, and
the peak at 872 nm is due to the C-H groups of the benzene
rings in the oil phase as well as in the surfactant. The shoulder
at 935 nm is due to the absorption of the aliphatic C-H groups
of the surfactant.31 Accordingly, the thermal lens measurements
were performed at 872 and 975 nm.
As can be seem from Figure 7B,tc measured at 975 and 872

nm is almost constant for the whole concentration range. This
seems to suggest thattc is insensitive to any changes in the
internal structure of the microemulsion. Conversely,θ/AP0
increases with the decrease in the micellar phase concentration
(Figure 7C). It is clear from the figure that there is a change in
the slope ofθ/AP0 as a function of water concentration at around
9% water. The slope measured at 975 nm, calculated using
the experimental points with water concentrations higher than

9%, is 0.66( 0.07 mW-1 %-1 and using the points with water
concentrations lower than 9% is 1.7( 0.2 mW-1 %-1. At 872
nm the slope calculated using the points with concentrations
higher than 9% is 0.22( 0.05 mW-1 %-1 and is 0.67( 0.08
mW-1 %-1 using the points with concentrations lower than 9%.
Similar to the effect observed for the DDBABr/Cl-benzene/
water microemulsion, it is evident that for both wavelengths
there is a change in the slope ofθ/AP0 versus water concentra-
tion, and the change seems to occur at the same concentration
range where the electrical conductivity of the microemulsion
starts to increase.

In the BDHACl/benzene/water microemulsion, both the
solvent and the surfactant absorb at 872 nm. To obtain more
detailed information on the observed effect, similar measure-
ments were performed with the microemulsion prepared with
the same surfactant but with deuterated benzene (i.e., BDHACl/
benzene-d6/water). In this case, only the C-H groups of the
surfactant is excited at 872 nm. The near-IR absorptions of
these microemulsions are shown in Figure 9. As in the
BDHACl/benzene/water microemulsions, the peak at 975 nm
is due to water, the small peak at 872 nm is due to the benzene
ring of the surfactant, and the shoulder at 935 nm is due to

Figure 7. (A) Electrical conductivity, (B)tc at 975 (b) and 872 nm
(9), and (C)θ/AP0 at 975 (b) and 872 nm (9) as a function of water
percentage for the BDHACl/benzene/water microemulsion ([BDHACl]
) 0.73 M at 21.95% water).

Figure 8. Near-IR absorption spectra of the BDHACl/benzene/water
microemulsions with different water concentrations. Concentrations
of water (from bottom to top at 975 nm) were 0.00, 3.58, 7.28, 7.48,
9.98, 14.21, 19.19, 20.39, and 21.95% ([BDHACl]) 0.73 M at 21.95%
water).

Figure 9. Near-IR absorption spectra of the BDHACl/benzene-d6/water
microemulsions with different water concentrations ([BDHACl]) 0.73
M at 22.09% water).
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aliphatic C-H absorption from the surfactant. The thermal lens
measurements were also performed at 872 and 975 nm.
Figure 10A shows the electrical conductivity for the BDHACl/

benzene-d6/water microemulsion as a function of water con-
centration. Note that, with the increase in the concentration of
the dispersed phase, there is an increase in the electrical
conductivity of almost 4 orders of magnitude. Similar to the
DBABr/Cl-benzene/water and BDHACl/benzene/water micro-
emulsions, the electrical conductivity starts to increase at around
9% water. Again, this value is much smaller than the values
for the AOT (27.5% in Figure 1A and 26% in Figure 3A). Also,
the increase in electrical conductivity is smoother than that
observed with AOT. As can be seem from Figure 10B,tc
values, measured at 975 and 872 nm, exhibit only a small
decreasing variation as a function of water concentration. There
was not, however, any evidence of changes in the slope of the
“ tc versus [water]” curve in the whole concentration range
studied.
Conversely, the value ofθ/AP0 increases with the decrease

in the micellar phase concentration (Figure 10C). There is a
change in the slope ofθ/AP0 as a function of water percentage
at around 9% water. The slope calculated using the experi-
mental points with concentration higher than 9% (measured at
975 nm) is 0.65( 0.04 mW-1 %-1, and using the points with
concentration lower than 9% is 1.35( 0.2 mW-1 %-1. At
872 nm the slopes are 1.1( 0.1 and 2.4( 0.4 mW-1 %-1 for
concentrations higher and lower than 9%, respectively. Similar
to the effect observed for the other microemulsions prepared
with positively charged surfactants, it is evident that for both
wavelengths there is a change in the slope ofθ/AP0 as a function
of water percentage, and the change in the slope seems to occur
at the same concentration range where the electrical conductivity
of the microemulsion starts to increase.

Discussion

The refractive index is known to be sensitive to changes in
the structure and/or phase of microemulsions.39,40 It is expected,
therefore, that dn/dT should also be sensitive to structural
changes and to the thermal lens signal intensity (eq 4). In fact,
the thermal lens technique has been used to study the effect of
nonelectrolytes and surfactants on the structure of water19 and

the mechanism of the differences in the anisotropic heat
conductivity and the dn/dT values of different liquid crystals.41,42

It is expected, therefore that by analyzing the parameterθ/AP0,
which is proportional to dn/dT, insight into the internal structure
of the investigated systems can be obtained. The other
parameter investigated, i.e.tc, was shown to be insensitive to
any structural change of the microemulsions. Rather, it was
evident from the data shown in Figures 1B, 2B, 5B, 7B, and
10B thattc has either none or only a minor linear variation with
water percentage below and above the percolation threshold.
Two interesting aspects were observed for both microemul-

sions prepared with the negatively charged surfactant (AOT/
CF2ClCFCl2/water, AOT/hexane/water): namely, the increase
in electrical conductivity was observed only at relatively high
dispersed phase concentrations (above 26% water), and the same
linear relationship betweenθ/AP0 and the water concentration
was observed above and below the percolation threshold. The
fact that the thermal lens signal has the same slope as a function
of water concentration suggests that there is probably no change
in the structure of the microemulsions above or below the
percolation threshold. This would also explain the observation
that the electrical conductivity increases only at relatively high
concentration of the micellar phase. Because the size of the
structures in solution did not increase with the concentration of
the dispersed phase, it is necessary to have high micellar
concentration in order for the electrical charges to be conducted
through macroscopic distances (by ion hopping or fast material
exchange when the droplets coalesce). In fact, at 26% water
the volume fraction of the dispersed phase is equal to 64 and
70% for the AOT microemulsions prepared with hexane and
CF2ClCFCl2, respectively. These values are compared with the
hard-sphere close-packing limit volume fraction (65%).3 This
lack of variation of micellar structure with the increase in the
concentration of dispersed phase can be explained by the
characteristics of the AOT films at these lowW0 values (and in
the absence of salt). The AOT tend to form rigid interfaces
with high curvature, and as a consequence, the attractive forces
between micelles are rather small (for the case ofW0 ) 15).3

Therefore, the reversed micelles do not have a tendency to form
lower curvature structures or to have their size increased
concomitantly with the concentration of the dispersed phase. It
is known that at the low dispersed phase concentration region
the (water in oil) microemulsions of AOT withW0 equal to 15
are constituted of reversed micelles with hydrodynamic radius
equal to 40 Å (isooctane).43 It is also estimated that there are
45-65 monomers per reversed micelle (cyclohexane).44 The
present results suggest that above the percolation threshold the
same structure is still present. This is in agreement with
previous works based on FT-IR,26 refractive index,6 small-angle
neutron diffraction,28,45and photon correlation spectroscopy.43

For the microemulsions prepared with the positively charged
surfactants (DDBABr/Cl-benzene/water, BDHACl/benzene/
water, BDHACl/benzene-d6/water) two interesting effects were
observed in all systems investigated: namely, the increase in
electrical conductivity was observed at relatively low dispersed
phase concentration (around 10% water, that is equal to 22, 25,
and 24% of volume fraction of dispersed phase for the DDBABr/
Cl-benzene/water, BDHACl/benzene/water, BDHACl/benzene-
d6/water microemulsions, respectively), and the observed change
in the slope of theθ/AP0 as a function of water concentration
at the same region where the electrical conductivity changes.
The change in the slope seems to indicate that there is a change
in the internal structure of the microemulsions. It is probably
related to the increase in the size of the reversed micelles with
the concentration of the dispersed phase. This eventually leads

Figure 10. (A) Electrical conductivity, (B)tc at 975 (b) and 872 nm
(9), and (C)θ/AP0 at 975 (b) and 872 nm (9) as a function of water
percentage of the BDHACl/benzene-d6/water microemulsion ([BDHACl]
) 0.73 M at 21.95% water).
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to the formation of bicontinuous structures in solution. In other
words, at the high dispersed phase concentration region, where
larger aggregates are present, the changes in theθ/AP0 of the
microemulsion as a function of the concentration of micelles
are different from the changes at low concentration where the
microemulsion consists of relatively small reversed micelles.
The fact that the change in the slope is in the same concentration
range as the change in the electrical conductivity provides further
support for the explanation that the change in structure of the
microemulsion is related to the percolation phenomenon.
The aggregation of micelles which eventually leads to the

formation of bicontinuous structures in solution can be used to
explain the relatively low percolation threshold value. With
the increase in the concentration of the dispersed phase there is
an increase in the number of conducting water channels and,
as a consequence, an increase in the electrical conductivity. This
explains the relatively smooth variation ofσ as a function of
water percentage. The propensity to form larger structures in
solution can be explained by the high fluidity and the tendency
to form low-curvature films of the positively charged surfactants
studied. This would result in large attractive values for the
intermicellar interaction, as has been measured by Zana et al.5,53

This proposed picture is in agreement with self-diffusion and
conductivity experiments performed by Chatenay et al.46 Zana
et al.31 using fluorescence quenching experiments concluded that
in both DDBABr/Cl-benzene/water and DBHACl/benzene/
water microemulsions the percolation phenomenon could still
be explained by the coalescence of aggregates and fast material
exchange. However, the same authors concluded that with
longer time scale techniques (self-diffusion1H NMR and
conductivity experiments) these microemulsions exhibit char-
acteristics of bicontinuous phases.31 This apparent contradiction
can probably be explained by the dynamic behavior and the
lack of long-range order of these phases. In the present study,
the thermal lens signals were usually measured over a period
that corresponds to 3-4 times the thermal time constanttc (i.e.,
about 0.2-0.4 s), which is on a time scale similar to that of the
self-diffusion 1H NMR. The results obtained agree with the
formation of larger interconnected aggregates or bicontinuous
structures in solution.
It is known that percolation is a phase transition-like

phenomenon where an interconnected random structure is
formed which spans the entire system and may be governed by
universal scaling law. The validity of such law for the
microemulsions used in this study (BDHACl/benzene/water,
DDBABr/Cl-benzene/water, and AOT/trichlorotrifluoroethane/
water) was evaluated. According to the most widely used
theoretical model, which is based on the dynamic nature of the
microemulsions,47-49 there are two pseudophases: one in which
the charge is transported by the diffusion of the microemulsion
globules (reversed micelles) and the other phase in which the
charge is conducted by diffusion of the charge carrier itself
inside the reversed micelle clusters. According to this theory

whereσ is the electrical conductivity,φ is the water volume
fraction, andφc is the critical water volume fraction of the
conducting phase (percolation threshold).50

According to these equations, forφ > φc, the plot of logσ
versus log(φ - φc) should give a slope equal tot. Forφ < φc
it is necessary to correct for the intrinsic conductivity of
microemulsions before the percolation threshold, and the plot

of log of specific conductivity (σ/φ) as a function of log(φc -
φ) should provide the value fors.50 Such plots for the three
microemulsion systems are shown in Figure 11. Thet ands
values obtained from the plots are listed in Table 3.
The theoretical model for the percolation in static systems

predicts that the exponentst and s should be 1.6 and 0.7,
respectively.51-53 However, because of the dynamic nature of
the microemulsions, it has been theoretically and experimentally
shown that both exponents should be higher than those predicted
for the static case.47-49,54,55 Most of thes values reported for
microemulsions are around 1.2, which is in good agreement
with the 1.0, 1.2, and 1.3 values obtained in this study.47-49,54,55

The values oft are more scattered. It was reported to be
anywhere from 1.4 to 2.0, with 1.6 being the value which is
most often found.50,56 The values oft found in this studies are
also in the 1.4-2.0 range. However, thet values for the
positively charged surfactants are somewhat in the lower part
of this range (1.40 and 1.46). The formation of the bicontinuous
structure in the solution of the cationic microemulsions is
probably the reason for this deviation.

Conclusion

It is possible to deduce internal structural information for
microemulsion systems above and below the percolation
threshold by use of the described near-IR absorption and thermal
lens techniques, together with the electrical conductivity meas-
urements. The change in the slope ofθ/AP0 as a function of
the dispersed phase concentration is correlated with the changes
in the internal structure of the microemulsions.
For the negatively charged AOT microemulsions, the lack

of variation in the slope of “θ/AP0 versus water percentage”
curve and the high concentration percolation threshold are
probably due to the fact that these microemulsions are consti-
tuted of reversed micelles whose sizes are similar and inde-
pendent of the concentration of dispersed phase.

σ ) (φ - φc)
t for φ > φc (6)

σ/φ ) (φc - φ)-s for φ < φc (7)

Figure 11. Plots of (A) logσ vs log (φ - φc) for φ > φc and (B) log
(σ/φ) vs log (φ - φc) for φ < φc for ([) AOT/CF2ClCFCl2/water, (9)
DDBABr/Cl-benzene/water, and (b) BDHACl/benzene/water micro-
emulsions whoseφc values are 0.27, 0.09, and 0.08, respectively.

TABLE 3: Exponents of the Variation of Electrical
Conductivity (σ) as a Function of Water Volume Fraction
(O)

microemulsion system t s

AOT/trichlorotrifluoroethane/water 1.7( 0.3 1.0( 0.2
BDHACl/benzene/water 1.40( 0.05 1.2( 0.1
DDBABr/Cl-benzene/water 1.46( 0.05 1.3( 0.1
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For the microemulsions prepared with the positively charged
surfactants DBHACl and DDBABr, the change in the slope of
θ/AP0 as a function of the dispersed phase concentration occurs
at same concentration range where the electrical conductivity
undergoes changes. This, together with the observed low
percolation threshold concentration, can be interpreted as due
to the change in the structure of the microemulsion concomit-
antly with the increase in the concentration of dispersed phase.
It is proposed that the size of the reversed micelles grow to
eventually form highly interconnected aggregates or bicontinu-
ous structures in solution.
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