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Microemulsions Through Excimer Formation
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The phase transition of microemulsions involving the nonionic surfactant Cy,Es [C1,H,5(OCH,-
CH,)sOH], water, and alkanes (heptane, decane and tetradecane) has been investigated through the
excimer formation of pyrene. On going to the microemulsion bicontinuous phase, by changing either
composition or temperature, pronounced changes in the pyrene excimer-to-monomer fluorescence
intensity ratio, I¢/ly, are observed. Several differences in the steady-state emission spectra and in
fluorescence decay curves show that as a probe pyrene is well suited to follow the transition from
the water continuous to the oil continuous phase, through an intermediate bicontinuous (continuous
in both water and oil) region. The results provide information about the different characteristics
and structure of these three regions (water continuous, bicontinuous, and oil continuous) of the
phase diagram for C,,Es/water/alkane systems.
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INTRODUCTION

It is well known that, under certain conditions of
composition and temperature, three component surfac-
tant/oil/water systems may form phases, which are simul-
taneously continuous in both water and oil [1-3]. The
phase diagrams of these three component systems have
been extensively studied, and information on them
obtained by techniques such as small-angle X-ray and
neutron scattering [4, 5], NMR self diffusion [5—8], freeze
fracture electron microscopy [5], electrical conductivity
[5], viscosity, and surface tension measurements [9].
However, there is interest in obtaining more information
at the microscopic level.
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The phase behavior, microstructure, and interactions
in nonionic surfactant/water/oil systems, comprising
penta (ethylene oxide) dodecyl ether (Cy,Es) and decane
have recently been investigated [10]. Although the
microemulsion region has been studied by small-angle
neutron scattering [11], thereis still alack of understand-
ing of the factors|eading to the transition of water contin-
uous to oil continuous, through a bicontinuous region.

In this work, we have used the fluorescent probe
pyrene to monitor the phase changes and structural modi-
fication of the system C,,Es/water/C H,,,» (Where n =
7, 10, 14). Because of the ability of pyrene to form
excimers through a diffusion-controlled process, this is
avaluable probe with which to follow these phase transi-
tions. The excimer formation process has been exten-
sively applied to study microviscosity and molecular
interactions in surfactant aggregates [12—14]. We have
been interested in applying this technique to obtain a
deeper understanding of these three phases, especially
the bicontinuous phase in the C,,Es/water/alkane system.

1053-0509/00/1200-0347$18.00/0 © 2000 Plenum Publishing Corporation



348

EXPERIMENTAL

Materials

Samples of polyoxyethylene 5 lauryl ether (Cy,Es)
from Sigma and Nikko Co. Japan were used as received.
No differences were observed between the two samples.
Pyrene (Koch Light; >99% pure) was zone refined (100
steps). Solutionswere prepared using spectroscopic grade
solvents and Milli-Q water. The purity of solvents was
checked by UV /vis absorption and fluorescence spectros-
copy measurements.

Sample Preparation

The samples for the ternary systems were prepared
by combining solutions of 16.6% C,,Es in water with
16.6% Cy,E5 in alkane (CHa,.2) to provide the desired
weight fraction (x) of akane, x = C,Ho,o/(H,O +
C.Han12). This solution was then added to a fluorescence
cuvette in which the selected amount of pyrene had been
deposited by evaporation of a stock solution of pyrene
in ethanol. Cuvettes containing the samples were placed
in an ultrasonic bath for mixing and after removed and
left to stabilize.

Fluorescence M easurements

Steady-state fluorescence spectra of aerated samples
were recorded using a Spex Fluorol og spectrofluorimeter.
The temperature was maintained (+0.2°C) using a recir-
culating water supply connected to a water jacket on the
cuvette holder.

The time-resolved fluorescence measurements were
made using a single-photon counting spectrometer. This
was equipped with a coaxia flashlamp [15] excitation
source filled with a nitrogen/hydrogen gas mixture. The
excitation wavelength was selected using a 340-nm inter-
ference filter (10-nm bandpass). The emission wave-
length (393 nm for the monomer and 470 nm for the
excimer decays) was selected using a double monochro-
mator with a 16-nm bandpass and the detection was per-
formed with a Philips XP2020Q photomultiplier. The
sampleswere degassed prior to measurement by bubbling
with nitrogen. Again, the temperature was maintained
using awater-jacketed cuvette holder. The datawere ana-
lyzed using a nonlinear |east-squares analysis (IBH Con-
sultants Ltd.) and the goodness of fit judged in terms of
ax? value and weighted residuals.
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RESULTS AND DISCUSSION

Steady-State Fluorescence M easurements

Fluorescence spectrawere recorded for 1073 M pyrene
in 16.6% C,,Es/water/tetradecane mixtures at various tem-
peratures. The samples exhibited both single-phase and two-
phase regions, in agreement with published phase diagrams
[4,6]. However, we concentrate on three separate parts of
the single-phase region: (a) the water continuous region
(low temperature for constant composition or high water
content), corresponding to the L, phase of norma micelles
swelled with ail; (b) a narrow intermediate region, with an
agueous continuous phase, which is aso continuous in oil;
and (c) an ail continuous region (high temperature for con-
gtant composition or high oil content) corresponding to a
water-in-oil microemulsion.

In the three regions, both monomer and excimer
emissions are observed (Fig. 1), the latter band was cen-
tred a 470 nm. In the bicontinuous phase (x = 0.45,
45°C) the excimer emission intensity is markedly lower
than in either the oil continuous (x = 0.9; 57°C) or the
water continuous (X = 0.1; 34°C) regions. Figure 2 dis-
plays the excimer-to-monomer fluorescence intensity
ratio, Ig/ly, of 1073 M pyrene aong the single-phase
region of the system 16.6% C,,Es/water/tetradecane, on
changing the oil fraction and temperature. The pro-
nounced decrease in Ig/ly in the bicontinuous region
shows that pyrene excimer formation is sensitive to these
phase transitions. Thistrend in I¢/ly, is not atemperature
effect, sincein pureakanes (Fig. 3), the effect of tempera-
ture on the Ig/ly ratio is in the opposite sense to that
observed in the bicontinuous phase. In the water-rich
region, C,,Es forms spherical miceclleﬁ swollen with ail,
with a hydrodynamic radius of 80 A [10]. Because of its
hydrophobic character, it is expected that pyrene is situ-
ated within the micelles. Evidence for the location of the
probe comes from the fluorescence intensity ratio of the
vibronic bands of pyrene (107> M), I; (0 < 0) and I3
(2 « 0), which increases with polarity [16]. For the water
continuous region (x = 0.1; 34°C), 1./1; = 1.025, while
for pure Cy,Es, thisvalueis 1.24. These can be compared
with values of 1.87 and 0.59 for water and tetradecane,
respectively [16]. This indicates that pyrene is located
near to the C,,Es molecules. If we consider an aggregation
number of 1000, from the data in Refs. 10 and 17 we
estimate that on average there are 2.1 molecul es of pyrene
per micelle. This high local pyrene concentration can
justify the larger Ig/l value found for the water continu-
ous, compared with the bicontinuous region. For the ail
continuous region (x = 0.9; 57°C), pyrene is located
mainly near the alkyl chains of the surfactant, in contact
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Fig. 1. Normalized emission spectraof 1073 M pyrenein 16.6% C,,Es/water/tetradecane mixtures:
(——) water continuous region, (- - -) bicontinuous region, and (------- ) oil continuous region.
with ail, as inferred from the I,/ value (0.75). In this The variation of I/l observed in Fig. 2 strongly
region, the Ig/ly value is higher than that observed in the suggeststhat, in the bicontinuousregion, pyreneislocated
bicontinuous region. Possible explanations are dis mainly in the oil channels and associated surfactant tails
cussed later. (I4/13 = 0.80). In these oil-rich domains, the local concen-
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Fig. 2. Excimer-to-monomer fluorescence intensity ratio, I/l y, of pyrene (10~3 M) aong the single-
phase region of the system 16.6% Cy,Es/water/tetradecane. The phase diagram was adapted from
Ref. 4.
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Fig. 3. Variation with temperature of the excimer-to-monomer fluorescence intensity ratio, I¢/ly,

for

pyrene (1072 M) in heptane, decane, and tetradecane.

tration of pyrene is expected to be lower than in the other
regions, and the probability of that pyrene monomers
form a dynamic excimer by a diffusive process is very
small. This fact is borne out by the low Ig/ly value
observed in the bicontinuous region.

Further information of the probe location comes
from the position of the excimer band for the three

regions under study. On going from the water continu-
ous to the bicontinuous region, the excimer band exhib-
its a significant blue-shift, as shown in Fig. 4. This
blue-shift can be readily explained by a decrease in
polarity of the medium surrounding the excimer [18].
Furthermore, the excimer band position is essentially
the samein both the bicontinuous and the oil continuous
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Fig. 4. Normalized pyrene excimer bandsin 16.6% C,,Es/water/tetradecane mixtures: (——) water

------- ) ail continuous region. Excimer spectra

were obtained by subtraction of the monomer spectra (emission of 1075 M pyrene in each region
of the C,,Es/water/tetradecane system) from the global spectra presented in Fig. 1.
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Fig. 5. Excimer-to-monomer fluorescence intensity ratio, I¢/ly, of 1073 M pyrene in 16.6% C,,Es/

water/alkane systems on cooling from two phases - one phase —

two phases. Data were fitted

to Boltzmann sigmoidal curves (Microcal Origin) and transition temperatures mentioned in text are

taken as the half-height values.

regions, suggesting the same excimer environment in
these two regions. The magnitude of the observed blue
shift is too big to be explained simply by temperature
variation [19].

A study of the system 16.6% C,,Es/water/alkane
was performed at constant composition (x = 0.45) as a
function of temperature. These systems, on cooling, pass
from atwo-phase region (water-in-oil microemulsions +
water) to a single bicontinuous microemulsion over a
certain temperature range, and then to asecond two-phase
region (oil-in-water microemulsions + oil) [6]. Solutions
were heated to 70°C and the emission spectrum was
recorded at various temperatures on cooling. In all cases,
a sharp decrease in the excimer-to-monomer intensity
ratio was observed, at temperatures corresponding to the
transition to the single-phase bicontinuous region. The
transition temperature depends on the alkane chain length,
with values of about 30°C for heptane. 38°C for decane,
and 47.5°C for tetradecane (Fig. 5). The Ig/ly ratio
obtained in the bicontinuous region is similar for the
three alkanes.

Time-Resolved Fluorescence M easur ements

To complement the information from the steady-
state fluorescence measurements, a time-resolved study
of pyrene in the three regions was performed.

In homogeneous media, the processes involving
monomer—excimer kinetics can be described by the clas-

sical Birks scheme (Schemel) [20], if ground-state dimer
formation and transient effects are negligible. Scheme |
predictsthat, after ad-pulse of excitation light, the mono-
mer decays as a sum of two exponentials and the excimer
as a difference of two exponentials [20],

Im(t) = aiexp(—Aat) + aexp(—Aat) (1)
le(t) = agexp(—Ait) — aexp(—Azt) @)
where the decay constants A\, and \, are given by
2= (At A) F V(A AP + 4k k1 [M] (3)
with
A =ky + ki [M] and A =ke+k; (4

The preexponential factor ratios for monomer and
excimer decay are, respectively,

kl
M*+M  <==>= E*

Ne

M+M
Scheme l. k; and k_, are the rate constants for excimer formation and
dissociation, respectively. ky, and kg are the rate constants for monomer
and excimer deactivation, respectively.
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From the values of the decay constants, A1, A, and
theratio a,/a,, al therelevant kinetic parameters (kq, k_1,
and kg) can be calculated once the monomer lifetime, Ty,
= 1/ky;, is known. The 7, values are obtained from the
monoexponential decay curves of dilute solutions of
pyrene (1075 M) in the three regions under study.

Inall cases, for degassed solutions of 10~3M pyrene,
the excimer decay curves can be fitted as the difference
of two exponentials, with aratio of preexponential factors
(as/as) close to 1. This indicates that the formation of
pyrene dimers in the ground state is not observed in the
three regions. The monomer decay curves can be fitted
asasum of two exponentials, and in both the bicontinuous
(a, = 0.03, 7, = 16.6 ns; a, = 0.97, 7, = 201.3 ns; ¥°
= 1.25) and the oil continuous regions (a; = 0.05, T, =
199 ns; a, = 0.95, 7, = 214.7 ns, x> = 0.99), the
recovered lifetime values are very close to those obtained
from the excimer decay. In the water continuous region,
lifetimes from the monomer decay differ significantly
from those of the excimer decay (Fig. 6). In this region,
unlike the bicontinuous and oil-rich regions, the pyrene
is confined to micellar aggregates. From simple pyrene
distribution considerations, it islikely that thereare aggre-
gates in which excimer formation does not occur. This
will obvioudly influence the monomer decay.

To estimate the rate constants for excimer formation
and dissociation, k; and k_4, in the water continuous
region, the value of kg was fixed to that obtained in
pure tetradecane at the same temperature. This makes it
possible to calculate k; and k_, from the excimer decay
lifetimes, without recourse to the monomer decay pre-
exponential factors. The rate constants k;, k_, and kg
calculated for the three regions are presented in Table I.
For comparison, the same parameters for 1072 M pyrene
in pure tetradecane at each temperature are also shown.

Therate constantsin the bicontinuous and oil contin-
uous regions are very close to those calculated in pure
tetradecane at the same temperatures. This strongly sug-
gests that pyreneisin contact with the oil domain. How-
ever, arather different behavior is obtained in the water
continuous region, where the rate constants for excimer
formation and dissociation are significantly greater than
in tetradecane. This can be explained from the pyrene
distribution, where some micelles will contain more than
two pyrene molecules. The higher local concentration of
pyrene is expected to play an important role, with much
faster formation of excimer in micelleswith several mole-
cules of pyrene. Furthermore, the larger excimer dissocia-
tion rate can enhance the existence of geminate pairs,
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Fig. 6. Fluorescence decay curves of excimer and monomer of 1073 M
pyrenein 16.6% C,,Es/water/tetradecane system in thewater continuous
region at 34°C fitted with a sum of two exponentials. The recovered
fit values are as follows. excimer, a; = —0.49, 7, = 39.9 ns, and a,
= 051, 1, = 167.2 ns (x*> = 1.23); monomer, a, = 0.24, T, = 88.4
ns, and a, = 0.76, 7, = 204.4 ns (x> = 1.19). The weighted residuals
for each fit are also given.

Table!. Rate Constants for Excimer Formation, Dissociation, and
Deactivation of Pyrene in the 16.6% C,,Es/Water/Tetradecane System
and in Pure Tetradecane

kk Mts™) k(s ke (s79)
Region
Water continuous 3.5 x 10° 6.7 X 10° 1.7 x 107
(x = 0.1; 34°C)
Bicontinuous 2.3 x 10° 1.7 X 107 1.7 X 107
(x = 0.45; 45°C)
Oil continuous 2.6 x 10° 38 x 107 1.02 x 10’
(x = 0.9; 57°C)
Pure tetradecane
34°C 1.7 x 10° 5.8 X 108 1.7 X 10’
45°C 2.2 X 10° 1.8 x 107 1.7 x 107
57°C 2.6 X 10° 4.0 X 107 15 x 107
2 Fixed.
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which can recombine faster than the initial excited mono-
mers [21].

CONCLUSION

In thiswork, we have shown that pyreneisawell-
suited probe to follow the transition from a water con-
tinuousto an oil continuousregion in the system Cy,Es/
water/alkane. Pronounced changes are observed in the
pyrene excimer-to-monomer fluorescence intensity
ratio, especially on traversing the intermediate biconti-
nuous domain. These changes are also manifest in the
time-resolved behavior of the probe.
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