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Fluorescence probing in aqueous micellar systems: an overview

by ANGELOS MALLIARIS
National Research Centre, ‘Demokritos’, Athens 153 10, Greece

In this review we discuss the most interesting methods of fluorescence probing
related to the study of aqueous micellar systems. It is shown that very important
information concerning static and dynamical properties of aggregational colloids,
can be obtained from fluorescence experiments. The presentation is focused on
application of fluorescence methods to micellar media, rather than on interfacial or
aggregational problems themselves. This is also true for the selection of the
literature cited, which covers only a number of the most essential publlcatlons on
fluorescence probing methods in micellar systems.

Alarge part of this article deals with time-resolved fluorescence quenching, since
this is the most powerful of all fluorescence probing methods applied in the study of
microheterogeneous media. The fluorescence decay of a micelle-bound hydro-
phobic fluorophor in the presence of different types of quenchers is discussed, and
the reliability of the various micellar parameters obtained is evaluated. Systems in
which fluorescence quenching must be applied with extreme caution are described
and the ambiguities involved are analysed.

Steady-state fluorescence, although simple in its experimental aspects, can give
valuable information about microproperties in the interior of micellar aggregates,
and occasionally, good estimates of their size. However, steady-state fluorescence
probing has found only limited use because its results are very often unreliable, and
it cannot give information relating to kinetic parameters.

1. Introduction

Experimental methods based on fluorescence probing have been widely employed
in the investigation of a variety of anisotropic physicochemical and biological systems
(Edelman and McClure 1968, Brand and Gohlke 1972, Turro et al. 1977,
Kalyanasundaram 1978, Almgren et al. 1979, Thomas 1980, Turro et al. 1980,
Ghiggino et al. 1981, Singer 1982, Thomas 1987, Kalyanasundaram 1987). These
methods, classified as either steady state or time-resolved, can provide valuable
information about compartmentalized systems of colloid dimensions. Such
information concerns size, polarity, fluidity, diffusion, concentration, partitioning
between phases, distance between groups, reaction rates etc. Particularly time-resolved
fluorescence has found extensive use in the study of microheterogeneous and interfacial
systems including, aqueous (Turro et al. 1980) and reversed (Luisi and Straub 1984)
micelles, vesicles (Morris and Thomas 1977), membranes (Galla and Sackmann 1974),
microemulsions (Atik and Thomas 1981), semiconductors (Ramsden et al. 1985), clays
{Ghosh and Bard 1984), polyelectrolytes (Chu and Thomas 1984), polymerized systems
(Atik and Thomas 1982). In the present account we review the main aspects of
fluorescence probing and its application to the study of aqueous micellar systems,

Several micellar parameters, of either static or dynamical nature, can be obtained
via fluorescence probing. Amongst these, the micellar aggregation number, the
intramicellar reaction rate constant, and the rate of exchange of solubilizates between
micelles and the aqueous environment, can be cited as some of the most important. By
far the most fundamental concept regarding micelles is the mean micellar aggregation
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number N, i.e. the average number of surfactant ions which, under the appropriate
conditions, aggregate to form micelles. Several classical experimental techniques have
been employed over the years for the determination of N, Methods such as elastic
(Anacker 1970) or quasi-clastic light scattering (Mazer et al. 1976), ultracentrifugation
(Anacker et al. 1964), membrane osmometry (Attwood et al. 1970, Birdi 1972) and gel-
filtration (Coll 1979) have been used for the determination of micellar size in terms of
micellar radius, molecular weight, mean aggregation number, etc. However, in the case
of ionic micelles all the classical methods which allow determination of N, have the
serious handicap that the measurements must be extrapolated to the critical micelle
concentration. This is necessary in order to eliminate the disturbing interference by the
strong intermicellar coulombic interactions which exist between ionic micelles.
Therefore N values can be obtained only at the critical micelle concentration. The
problem becomes even more serious when extrapolation is not feasible, ¢.g. when the
micellar composition depends on the surfactant concentration [ C;], as it is the case in
mixed micelles (Malliaris et al. 1986 a). Moreover, in view of recent findings which have
indicated that even in pure micelles N, is a function (not necessarily linear) of [C,]
(Malliaris et al. 1986 b), it turns out that the extrapolation approach can involve large
errors. Fluorescence methods however, have conveniently solved the problem of the
intermicellar interactions since they are not, in principle, influenced by them. Therefore
fluorescence probing can provide reliable information concerning N at practicaily any
surfactant concentration of ionic micelles without the need of added electrolytes.

In addition to the determination of N, time-resolved fluorescence quenching is a
unique method for obtaining information of a kinetic nature relating to intramicellar
reaction rates, equilibrium constants of adsorption/desorption of solubilizates to/from
micelles, etc. (Van der Auweraer et al. 1982, Malliaris et al. 1986 ¢). Such information is
of great importance for the kinetics of chemical and biological reactions taking place in
organized molecular aggregates, ¢.g. microemulsions, enzymes, membranes and other
similar heterogencous media. Particularly for micelles, we note that the rate at which a
surfactant unit moves from an aggregate into the surrounding aqueous phase is of the
order of 10°-10°s ™!, depending on the aggregational characteristics of the particular
micelle (Lang ez al. 1975). Small solubilizates exit from their host micelles at similar
rates, whereas large and strongly hydrophobic molecules, e.g. pyrene, exit at much
slower rates, c. 10*=103s~'. On the other hand, the rate at which a free surfactant
monomer combines with a micelle can reach even the rate of a diffusion-controlled
reaction, ie. 10°-10'°m~ 15~ 1. Since the fluorescence time-scale varies between 10°
and 10°s™!, fluorescence probing is appropriate for kinetic studies of reactions with
rate constants falling in this range. Indeed, this is the range where some important
micellar reactions take place. Note, however, that very fast micellar processes, such as
the diffusion-controlled ion/micelle association, fall beyond the time scale of
fluorescence spectroscopy, whereas slower events are usually studied by relaxation
methods (Lang and Zana 1986).

2. Agqueous solutions of surfactant micelles
Surface active ions (surfactants) containing both hydrophobic and hydrophilic
groups associate in water above a certain surfactant concentration, the so-called
critical micelle concentration (CMC), to form aggregates of colloidal dimensions, the
aqueous ionic micelles (Shinoda et al. 1963, Elworthy et al. 1968, Mukerjee 1979). Note
that even at surfactant concentrations lower than the CMC there is some limited
surfactant premicellar aggregation. Aqueous micelles offer a simple and convenient
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way to aggregate monomers in an organized fashion, but they can also be looked upon
as models for more advanced organized molecular assemblies, including the very
important biological systems. The structure of a micelle is such that the interior
contains the alkyl chains of the aggregated amphiphiles while the hydrophilic groups
are located on the surface. There they form a charged electrical double layer, the
interface, in contact with bulk water. The shape adopted by a micelle generally depends
on the nature and concentration of the particular surfactant. Thus at low amphiphile
concentration, just above the CMC, micelles are usually spherical or nearly spherical
(Mukerjee 1979), while at higher concentration they assume rod or disc-like shapes
(Windsor 1968). Finally, at very high concentrations micelles transform to lyotropic
liquid crystalline structures (Gray and Windsor 1967). The detailed structural and
dynamical aspects of simple micelles formed at moderate surfactant concentrations
have been studied by several physical and chemical methods (Fendler and Fendler
1975, Wennerstrom and Lindman 1979, Fendler 1982). Also, several models have been
proposed to rationalize the wealth of accumulated experimental evidence (Hartley
1936, Harkins and Mittelmann 1949, McBain 1950, Debye and Anacker 1951, Menger
1979, Dill and Flory 1981, Fromherz 1981, Menger and Doll 1984).

3. Fluorescence kinetics

The singlet-singlet absorption of light by molecular species and the ensuing
processes leading to dissipation of the excitation energy are depicted in the Jablonski
state-diagram of figure 1 (Jablonski 1935). The ground, first, second, etc. singlet excited
states are symbolized by G, S|, S,, etc., while T, T, etc, represent the corresponding
triplet excited states. Molecules which are capable of de-excitation by a radiative
singlet-singlet transition (fluorescence) are called “fluorophors’, whereas molecules
which enhance the radiationless de-excitation of an excited fluorophor are called
‘quenchers’. Molecules with conjugated double bonds, e.g. aromatic hydrocarbons, can
be cited as the most typical class of organic fluorophors. On the other hand, there is a
wide variety of substances which act as fluorescence quenchers, most notably
molecular oxygen. Other quenchers include paramagnetic ions, heavy atoms, amines,
pyridinium salts, etc. (Parker 1968, Turro 1972, Lakowicz 1983). Under conditions of
continuous irradiation, equilibrium among the various processes of figure 1 is achieved
rapidly, and the system reaches its steady state. However, when instead of being
irradiated continuously, the fluorophor is excited by a d-shape light pulse (time-
resolved fluorescence) the intensity of the emission rises sharply to its maximum value
and then decays exponentially in the typical fashion of a first order chemical reaction
(Demas 1983, O’Connor and Phillips 1984).

Although fluorescence quenching can sometimes occur without the close approach
of the reactants (fluorophor and quencher), e.g. the case of energy transfer, in the
present account we deal with quenching occurring upon contact of the reactants. Such
contact can be realized either by collision of an excited fluorophor with a quencher, or
by the formation of a ground-state complex between the two. The former is the case of
dynamical and the latter of static fluorescence quenching. These terms however, should
not be confused with the time-resolved and steady-state fluorescence quenching, which
are also occasionally referred to as dynamic and static respectively. In this review, by
fluorescence quenching we shall refer only to the case of dynamical fluorescence
quenching which requires collisional encounter of the excited fluorophor with a
quencher.
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Figure 1. Jablonski state-diagram for a polyatomic molecule.

4. Kinetics in isotropic versus micellar media

Important differences in the fluorescence kinetics are observed when the reactants
are not dissolved in isotropic media, but instead are distributed among the aggregates
of a surfactant solution. These differences are the result of the different distribution
statistics of the reactants in the two cases. Thus, while in homogeneous solutions the
reactants are uniformly distributed throughout the volume of the solution, in micellar
media their distribution is determined by their association with the micellar species.

The simple case of fluorescence kinetics in isotropic media is described in Scheme A,
where electromagnetic irradiation hv excites a fluorophor F to F*, in the presence of a
quencher Q. The term fluorescence stands for the overall unquenched de-excitation of
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F* by both radiative and radiationless processes, therefore the radiationless de-
excitation, F*- - »F + heat, is not shown in Scheme A. k, (s™') is the unquenched
fluorescence rate constant, equal to 1/t,, where 1, is the measured fluorescence life-

Scheme A
Process Rate
F+hv—F* I Absorption
F*——F+hv  k[F*] Fluorescence

F¥*+Q——F+Q  k[F*][Q] Fluorescence quenching

time. On the other hand, k, which is the fluorescence quenching rate constant, is
expressed in units of M~ s ™4, since fluorescence quenching is a bimolecular reaction
between an excited fluorophor and a quencher molecule. The decrease of the
fluorescence intensity due to Q depends on the effective quencher concentration [Q],
its quenching efficiency for the particular fluorophor, the viscosity of the medium, the
temperature, etc.

In micellar media the reactants are not isotropically dispersed throughout the
solution. Instead they are associated with the micellar units either by hydrophobic (e.g.
the case of aromatic molecules) or by coulombic (e.g. the case of small ions) interactions.
The distribution of reactants among micellar units has been generally assumed to
follow standard Poisson statistics (Infelta et al. 1974, Turro et al. 1980), although other
distribution laws have also been proposed (Dorrance and Hunter 1972, 1974, Hunter
1980). Scheme B shows all the processes, except thermal dissipation, following the

Scheme B
Process Rate
F,+hv——>F} I Absorption
F¥——F,+hv ko[F*] Fluorescence
Ffr—F, nk, [F*] Fluorescence quenching
F*4+[Q.]——F%,, kT [F*][Q.] Quencher adsorption
F¥——F¥ +Q nk [F¥] Quencher desorption
Ff+ M;—— Quencher exchange
Fr  +M;_, Jke[F¥1IM ] (addition)
Ff+M,—— Quencher exchange
Fr +Mj. nkg[ F¥1[M;] (removal)

irradiation with w.v. light, of a typical ionic micellar solution in which fluorophor and
quencher molecules have been solubilized. Fluorophor concentration in such solutions
is kept very low so that there are practically no micelles containing more than one F
molecule. It is always assumed that all the processes of Scheme B occur much faster
than the exchange of the fluorophor between the aqueous and the micellar phase (sce
below). Therefore, the micelle/water exchange of F is ignored. On the contrary, the
micelle/water exchange of Q is taken into account in the formulation of the kinetics. F,,
symbolizes a micelle containing one fluorophor and »n quenchers whereas F* indicates
excitation of F (Dederen et al. 1981). M,, stands for a micelle containing m quenchers
and no F molecules. [Q,,] and [Q,,] are the quencher concentrations in the water and
the micellar phase respectively, and [Q]=[Q,]+[Q,] is the total quencher
concentration. It must be pointed out that k, is linearly dependent on the number of
quenchers per micelle, i.e. ky(n)=nk,(1). Similarly, for the quencher desorption rate
constant Kk~ (s~ !) we have k~(n)=nk~(1). On the contrary, because of the Poisson
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statistics, the rate constant of quencher adsorption to a micelle, k™ (M~ !s™1), is
independent of the number of quenchers per micelle. Finally, the rate constant of the
intermicellar quencher exchange between micelles is kg (M~ 1s™ '), and kg(n) = nkg(1). It
is important to emphasize that, contrary to the case of homogencous media, in
surfactant solutions the intramicellar fluorescence quenching is not a second-order
process but instead follows pseudo-first-order kinetics and therefore k, is expressed in
units of s~*. This is a consequence of the compartmentalization and the Poissonian
distribution of the reactants in the micelles (Webber 1983). Indeed, it has been
demonstrated by the stochastic approach to the theory of intramicellar kinetics (Hatlee
and Kozak 1981 a, b), that under the above conditions a reversible photo-induced and
diffusion-controlled reaction proceeds in a pseudo-first order fashion (Hatlee et al.
1980). The equilibrium constant of the quencher association with a micelle is, by
definition, K=k /k~ =[Q,1/[Q,1[M] (Dederen et al. 1979 b, Van der Auweraer et al.
1981, Malliaris et al. 1986 c). A final point which must be made here is that unquenched
fluorescence, steady-state and time-resolved, follows the same kinetics in either
isotropic or heterogeneous environment. The important differences between the two
media arise in the case of fluorescence quenching, where there is interaction between
fluorophor and quencher and therefore their dlStI‘lbuthﬂ becomes the controlling
factor of the fluorescence kinetics.

With respect to their association to micelles, reactants can be classified as either
‘mobile’ or ‘immobile’ (Infelta 1979). This classification is based on the relationship
between the unquenched fluorescence life-time 7, of the fluorophor solubilized in a
micelle, and the association time of the reactants with that particular micelle. Thus, a
reactant is considered to be immobile if its association with a micelle is much longer
than 7, whereas it is viewed as mobile if it is exchanged between the water and the
micellar pseudo-phase at a rate comparable to 1/t,. Mobile reactants can be further
classified as ‘mobile hydrophobic’ and ‘mobile ionic’, according to the nature of their
association with the micelle. Since a typical hydrophobic fluorophor, €.g. an aromatic
molecule, remains associated with its host micelle for ¢. 1073 to 10~ *s (Thomas et al.
1978), whereas the life-time of molecular fluorescence ranges between 107 %and 10~ %s,
it is evident that fluorophors can always be treated as immobile solubilizates. On the
contrary, quenchers exhibit very different rates of adsorption/desorption to/from host
micelles according to the nature of the binding interactions. It is therefore convenient
always to assume the fluorescent probe as immobile in order to simplify the
formulation of micellar kinetics. It is worth mentioning that pyrene, due to its strong
hydrophobicity and its unusually long fluorescence life-time (7, = 300400 ns), has been
used extensively as the fluorescent probe in aqueous micelles. Effective quenchers of the
fluorescence of micelle-bound pyrene include among others, alkylpyridinium salts,
Cu?*, 17, etc. Note that pyrene can quench its own fluorescence through excimer
formation (Forster and Selinger 1964, Birks 1970, Infelta and Grétzel 1979, Malliaris et
al. 1985).

5. Steady-state fluorescence
Steady-state experiments, although simple in instrumentation, operation and
interpretation of the data (Parker 1968, Turro 1972, Lakowicz 1983), can occasionally
provide important information concerning the behaviour and properties of the system
under study (Turro and Yekta 1978, Atik and Singer 1978 a, b, Aikawa et al. 1979, Atik
and Singer 1979 a,b, Thomas 1980, Lissi et al. 1980, Encinas et al. 1983, Paleos et al.
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1984). Tt is therefore interesting to discuss in some detail the main aspects of steady-
state experiments from both the unquenched and the quenched fluorescence point of
view.

5.1. Unquenched fluorescence

Most information obtained from unquenched (ie. [Q]=0)} steady-state
experiments derives primarily from spectral patterns and fluorescence polarization. It
relates to the static properties of the immediate environment of the probe, particularly
microfluidity and micropolarity. As pointed out earlier, there is no fundamental
difference in the kinetics of the unquenched fluorescence between homogeneous and
heterogeneous media.

The well-known solvent effect on the fluorescence spectra of pyrene (Nakajima
1971) provides good evidence on the polarity of the environment of this fluorophor
{Dong and Winnik 1984). Thus, the ratio I, /1 of the first to the third fluorescence peak
is an excellent index of the micropolarity at the site of the residence of micelle-bound
pyrene (Kalyanasundaram and Thomas 1977 a, Paleos et al. 1983). Figure 2 shows
fluorescence spectra of pyrene in isotropic (water, hexane) and micellar (sodium
dodecyl sulphate) media, where the dependence of the I,/I; ratio on the polarity of the
environment is clearly demonstrated. Similarly, the fluorescence maximum of pyrene-
3-carboxaldehyde has been used for the determination of the microdielectric constant ¢
of the micelle-water interface (Kalyanasundaram and Thomas 1977b, Turro and
Okubo 1982). Figure 3 shows a reported linear relationship between ¢ (10-80) and the

10
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3 1 1
3
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Figure 2. Fluorescence spectrum of pyrene in various media.
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Figure 3. Dependence of the fluorescence maximum of pyrene-3-carboxaldehyde on the
microdielectric constant & of the medium. Figure drawn from the data of
Kalyanasundaram and Thomas (1977 ).

fluorescence maximum of pyrene-3-carboxaldehyde (Kalyanasundaram and Thomas
1977 b). However, other solvent parameters, in addition to ¢, are probably responsible
for changes in the fluorescence spectrum (Dederen et al. 1979 a).

Important information concerning the fluidity of a medium can be obtained via
intramolecular excimer formation which is sensitive to the viscosity of the environment
(Forster and Seidel 1965). For the determination of the microviscosity in the interior of
organizates, diarylalkanes have been employed successfully (Zachariasse and Kiihnle
1976, Zachariasse 1978, Emert et al. 1979, Zachariasse et al. 1983). The ratio I/l of the
intramolecular excimer to the monomer fluorescence intensity of micelle-bound
dipyrenylpropane, turns out to be a very good index of the microfluidity at the side of
the solubilization of the probe (Lianos et al. 1982, Zachariasse et al. 1983). Figure 4
shows the fluorescence spectrum of 2 x 10~ ¢ M dipyrenylpropane solubized in a 02 M
aqueous solution of sodium dodecyl sulphate, as well as the calibration curve of I /1
versus viscosity, obtained using various hexadecane/paraffin oil mixtures (Viriot et al.
1982). Note that the magnitude of the pyrene intermolecular excimer to monomer
intensity ratio can also be used as a measure of the microfluidity in micelles (Pownall
and Smith 1973). Moreover, viscosity data can be obtained from fluorescence
depolarization measurements based on the competing rates of rotational diffusion and
fluorescence decay of the fluorophor (Shinitzky et al. 1971). Molecules appropriate for
fluorescence depolarization studies must have a short fluorescence lifetime (1-10ns), a
rigid structure to avoid depolarization arising from side group rotation, and a high
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Figure4. Fluorescence spectrum of 2 x 10~ ¢ mdipyrenylpropane solubilized in a 0-2 M aqueous
solution of sodium dodecyl sulphate. Insert: plot of the I/, ratio versus solvent viscosity
(Lianos et al. 1982). .

fluorescence quantum yield. Perylene, 2-methylanthracene, and 1,6-diphenyl-1,3,5-
hexatriene are some of the fluorophors usually employed in fluorescence
depolarization studies (Shinitzky et al. 1971, Grétzel and Thomas 1973, Humphry-
Baker et al. 1980).

5.2. Fluorescence quenching
Steady-state fluorescence quenching in homogeneous solutions is described by the
well-known Stern—Volmer relationship of equation (1) (Parker 1968, Turro 1972,
Lakowicz 1983)

Fo/F=1o/1=1+ky7[Q] (1)

where F, F, 1, and 7 are the unquenched and quenched fluorescence intensities and
life-times respectively. It should be pointed out that equation (1) is valid only for the
case of dynamic collisional quenching, whereas if the quenching is due to ground-state
complex formation then 7, = 1. Also recall that &, in isotropic media is a second-order
rate constant expressed in M~ ' s~ 1. From equation (1), it becomes evident that long t,
favours the quenching experiment by improving the experimental accuracy.

In micellar media, steady-state fluorescence quenching has been studied by several
investigators (Henglein and Scheerer 1978, Infelta 1979, Atik et al. 1979 a). When both
the fluorophore and the quencher are immobile, the situation can be described by
equation (2) (Infelta 1979, Malliaris 1987)

Fo/F =Y {[QI/[MI)" '/(R+ i} exp([Q}/[MI)/R @)

where R is the ratio of the rate constant of the unquenched deactivation k, divided by
the quenching rate constant k,. [M] is the micellar concentration, defined by equation
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(3), and i expresses the number of quenchers residing in a micelle
[M]=([C]—[CMC])/N, ©)

Figure 5 shows plots of In (F/F) versus [Q]/[M] according to equation (2), for various
values of R.

It is obvious that in order to obtain any information from the fluorescence
quenching experiment it is necessary that the fluorescence quenching rate constant k, is
larger, or at least comparable to the fluoresce rate constant k. If this is not the case then
the system will fluoresce before the quencher has enough time to modify the
characteristics of the emission, and therefore very little information will be extracted
from fluorescence quenching. When R =0, i.e. in the ideal case of a fluorophor with very
long fluorescence life-time (ky is very small) in conjunction with a very efficient
quencher (k, is very large), equation (2) can be approximated by equation (4) (Turro and
Yekta 1978)

In(Fo/F)=[Q1/[M] (4)

The slope of the line obtained by plotting In (Fy/F) versus [Q] according to equation (4)
(figure 6), is equal to 1/[M]. Therefore when R =0 the micellar concentration [M] can

1-0
08 &
06 ¢
[y
3
L
c
-
04 ¢
02 @
0 + + + *
0 0-2 0-4 0-6 08 1-0

[Q1/{m]
Figure 5.  Computer-simulated plots of In (Fo/F) versus [Q]/[M] from equation (2). R=0, -1,
0-5, 1, 2, 5, 10 (from top to bottom).
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be obtained from steady-state fluorescence quenching experiments (Atik and Singer
1978 a,b, Aikawa et al. 1979, Lianos and Zana 1980, Almgren and Swarup 1982,
Almgren and Swarup 1983 a,b, Paleos et al. 1984). In practice, when R is small,
equation (4) can be applied with confidence as far as the reliability of the N, numbers
obtained is concerned (Malliaris 1987).

Since ko has a more or less fixed value in a certain environment, it is k, which must
become large in order to obtain small R values. Note that large k, values are obtained
when: (@) an efficient quencher/fluorophor pair is used: (b) [ Q1] 1s high; (¢) the viscosity of
the medium is low; and (d) when there are no quencher or fluorophor interactions with
the environment which would impair the mutual approach of the reactants, necessary
for the quenching process. Typical example of fluorophor/environment interaction is
the case of pyrene solubilized in micelles of quaternary ammonium surfactants
(Almgren et al. 1979, Lianos et al. 1984, Malliaris and Paleos 1984). Appropriate
conditions for the determination of N, by steady-state fluorescence quenching
materialize for instance in the case of small sodium dodecyl sulphate micelles which are
formed at low surfactant concentration. Figure 7 shows the dependence of N on [C,]
reported in the literature. It is clear that for [C,] below c. 0-1 M the aggregation numbers
of sodium dodecyl sulphate micelles found by steady-state fluorescence quenching are
in excellent aggrement with values obtained by more sophisticated methods.

6. Time-resolved fluorescence
Time-resolved fluorescence allows detailed investigation of important structural
and dynamical aspects in the immediate environment of the fluorophor. The theory
and experimental details of the methods used for recording fluorescence decay have

1-0

08 ¢

06 %+

Ln (Fo/F)

02 4

F- 3
SR 3
[2>]

0 1 2 3
104 x [Q] (M)

Figure 6. Plot of In(Fy/F) of the fluorescence of 72x107°M Ru(bipy)3* versus the
concentration of the quencher 9-methylanthracene, in a 0-045M aqueous solution of
sodium dodecyl sulphate. Figure redrawn from the data of Turro and Yekta (1978).
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Figure 7. Plot of the aggregation number versus concentration for sodium dodecyl sulphate
(Malliaris 1987).

been described in several places (Ghiggino et al. 1981, Demas 1983, O’Connor and
Phillips 1984). Particularly for micellar systems, the single photon counting technique
has been employed in the majority of the reported studies. The experimental and
computational aspects of this method, which was first applied in the early 1960s
(Koechlin 1961), have been presented in articles, reviews and monographs over the last
twenty years (Birks and Munro 1967, Ware 1971, Yguerabide 1972, Poultney 1972,
Knight and Selinger 1973, Isenberg 1975, Badea and Brand 1979, O’Connor and
Phillips 1984, James and Ware 1985, James et al. 1985).

6.1. Unquenched fluorescence

The main information obtained from unquenched fluorescence, in either isotropic
or microheterogencous media, is 1, which relates primarily to the polarity of the
environment of the fluorophor. Thus, pyrene has a life-time of ¢. 400 ns when dissolved
in hydrocarbons, and only 250 ns when the solvent is water (Birks 1970). It is possible
therefore to determine whether a fluorophor solubilized in a micellar solution, resides
in the bulk aqueous phase, or in the micellar pseudo-phase, by simply measuring its life-
time. For example, when naphthalene is added to a micellar solution of hexadecyl
trimethylammonium bromide it is distributed between the aqueous and the micellar
site. This was proved from the unquenched fluoroscence decay of naphthalene which
consisted of two different components, the one with 7,=10ns corresponding to
naphthalene dissolved in water, and the other with 7, = 34 ns corresponding to micelle-
bound naphthalene, as shown in figure 8 (Turro et al. 1977).
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Figure 8. Fluorescence decay of naphthalene (2 x 10~ * M) solubilized in a 2 x 10~ 2 M aqueous
solution of cetyltrimethyl ammonium bromide (Turro et al. 1977).

6.2. Fluorescence quenching

The most interesting fluorescence probing method is undoubtedly time-resolved
fluorescence quenching which, when properly used, can give important information
about both the static and dynamic behaviour of isotropic or heterogeneous media. In
homogeneous media the change of the fluorescence life-time due to quenching is given
by equation (1) which relates 7, and t to k; and the quencher concentration.
Furthermore, in a diffusion-controlled quenching process the decay of the fluorescence
follows first-order kinetics, like the unquenched fluorescence, but with parameters k,
and t instead of k, and t,,.

As stated earlier, Poisson statistics and the compartmentalization of the reactants
lead to quite different fluorescence kinetics in micellar media compared to the relatively
simple case of homogeneous solutions. The function which describes the quenched
decay of the fluorescence of a micelle-bound fluorophor following a §-shape light pulse,
has been discussed in several places (Infelta et al. 1974, Tachiya 1975, Atik et al. 1979 b,
Grieser 1981, Almgren and Lofroth 1981, Van der Auweraer et al. 1982, Lofroth and
Almgren 1982, Roelants et al. 1983, Hashimoto and Thomas 1984, Almgren et al. 1984,
Roelants et al. 1985, Malliaris et al. 1986¢c), and it has the biexponential form of
equation (5)

F,=Fgexp{—A,t—A;[1 —exp(— A,)]} (%)

F, and F, represent fluorescence intensities at times zero and t after the exciting pulse,
whereas A4,, 4; and A, are time-independent parameters having the expressions of
equations (6)—(8).

Ay =ko+[Ql(ky/ Ak ™ + Kkeg[M1)/(1 + K[M]) (6)
A3=[Ql(ky/A)*(K/(1+ K[M]) (7)
Ay=kg+kg[M]+k~ (8)
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Evidently, the parameters A,, 4; and A, can be obtained by computer fitting equation
(5) to the experimental fluorescence decay curve, and such a fit is shown in figure 9 with
a plot of the residuals. However, they can be also estimated by simple graphical
methods (Grieser 1981), or by a combination of the two (Malliaris et al. 1987 a). Thus, at
large t, equation (5) becomes equation (5)

In(Fo)—In(F)=A,t+ 4, (5)

and therefore a plot of In (F,) versus time will give a straight line with slope equal to 4,
and intercept with the In (F) axis equal to A, (figure 10). On the other hand, at small ¢,
and with the approximation exp (— A4t)= 1 — At, equation (5) becomes equation (5")

In(Fo) —In(F)=(A,+ A3 A,)t (")

Since A, and A, are known from the case of large ¢, A, can be estimated from the
limiting slope of equation (5”) at very short times (figure 10). The shape of the
fluorescence decay curve (equation (5)), is shown in figure 11 for various combinations
of the parameters A,, A; and A4,.

By rearranging equations (6)8), equation (9) is derived.

quAaA:Zt/(Az“ko+A2A4) 9)

Ln (i)

0 128 256 384 512

Channel number

Figure 9. Decay of the fluorescence of pyrene solubilized in an aqueous micellar solution
(Malliaris et al. 1987 a).
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Figure 10. Computer simulated plots of In(F,) versus decay time for immobile reactants,
according to equation (5). Curve 1 corresponds to the unquenched decay of pyrene with
7o=350ns (4, =2-86 x 10°). For curve 2, 4, =286 x 10°, A3 =2, and 4,=k,=2:86 x 10°.
For curve 3, A, =2-86 x 10°, A; =2, A, =286 x 107. The graphic method for obtaining the
decay parameters is also indicated.

It permits determination of k, from the experimental parameters A4,, A; and 4, without
any assumption concerning the nature and mobility of the quencher. Similarly, from
equations (8)—(9) the expression kg[M]+k~ can also be determined independently of
the type of quencher used.

The interest in the expression kg[ M]+ k™~ arises from the fact that it represents the
overall rate of migration of a quencher from its host micelle. Generally, such migration
can occur via two different mechanisms, the one due to quencher desorption from the
micelle (k7), and the other due to collisions, or close encounters, between micelles (kg)
(Almgren et al. 1982, 1984, Malliaris et al. 1986 ¢). In the first mechanism, the migration
of the quencher takes place by desorption into the aqueous phase, followed later on by
adsorption to a different micelle. Evidently in this case the quencher must always go
through the aqueous phase during its intermicellar exchange. Note that this type of
exchange can occur with both kinds of mobile quenchers, hydrophobic and ionic,
therefore k™ becomes equal to zero only in the case of an immobile quencher. In the
second mechanism of quencher migration, the quencher is exchanged between two
micelles when they collide, or when they approach each other close enough for the
charge of the one micelle to affect the charge distribution on the other. Naturaliy,
collisions between ionic micelles are rather unfavourable on the basis of electrostatic
interactions. Therefore, in ionic micelles only micellar close encounters can contribute
to kg. However, quencher exchange resulting from micellar collisions has been
observed in water-in-oil microemulsions (Atik and Thomas 1981, 1982). Furthermore,
since hydrophobic reactants are associated with their host micelles by non-coulombic
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Figure 11. Computer-simulated fluorescence decays for immobile reactants according to
equation (5). In each of the three sets of curves, two of the parameters A4,, A, and 4,
remain constant while the other changes. Curve (1) of (a) corresponds to the unquenched
decay for A,=2:86x 10° (a) Constant parameters, A,=2-86x 10°, A,=2. Variable,
A,=105in(2),2:86 x 10°in (3) and 2-86 x 107 in (4). (b) 4, =286 x 10°, 4,=107; A, =05
in (1), 1in (2) and 2 in (3). (¢) A, =1, A,=107; A, =57 x 10 in (1), 2:86 x 10° in (2) and
1-45 x 10 in (3).
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interactions, it is clear that k. is equal to zero for this type of quencher. From the above,
the conclusion can be drawn that, for an immobile quencher kp=k ™ =0, for a mobile
hydrophobic quencher k¢ =0, while for a mobile ionic quencher neither kg nor k™ can
be taken a priori as equal to zero.

Finally, it should be emphasized that only k, and k;[M]+k™ can always be
estimated from the experimental parameters 4,, A; and 4, without any reference to the
nature of the quencher. All other physical observables involved in the fluorescence
decay, i.e. K, [M], k™ and kg, depend on the type of Q. In the rest of this section, we
examine the solution of equations (6)—(8) for the various types of quencher, assuming
the fluorophore to be immobile at all times.

6.2.1. Immobile quencher

The case of an immobile quencher corresponds to the condition kg[M]+ k™ =0.
This mecans that after the exciting light pulse, there will be adequate time for the
fluorophore either to emit or have its excitation quenched, before the quencher leaves
the particular micelle. Since for an immobile quencher k* is orders of magnitude larger
than k7, the condition k*[M]>»k~ (or K[M]>1), is always valid and therefore
equations (6)—(8) can be approximated by equations (10){12).

Ay =k, (10)
A43;=[QJ/[M] (11)
Ay=k, (12)

From these equations k, and [M] can be obtained, and subsequently the aggregation
number N can be determined from equation (3). It is evident therefore that in the trivial
case of an immobile quencher the micellar parameters [M], N, and k, are obtained
straightforwardly from the fitting parameters and the quencher concentration [Q].
Obviously, information of a kinetic nature, except k,, cannot be obtained with
immobile reactants.

6.2.2. Mobile hydrophobic quencher
When intermicellar collisions are prevented by coulombic repulsions, kx=0 and
equations (6)-(8) transform to equations (13)—(15).

Ay=ko+[Qllky/A)K™ [(1+K[M])) (13)
A3 =[Q1(ky/A)*(K/(1+ K[M])) (14)
Ag=k+k~ (15)

A characteristic difference between mobile and immobile quenchers immediately
becomes evident when equation (10) is compared to equation (13). In the former case 4,
is equal to k, and independent of the quencher concentration (equation (10)), while in
the latter case A, increases as [Q] increases, provided all other factors invoived remain
constant (equation (13)). This therefore constitutes an easy test to determine if the
quencher under investigation is a mobile or an immobile one. In figure 12 the
dependence of A, on [Q] is shown for the quenching of pyrene solubilized in
cetyltrimethyl ammonium chloride micelles, by the immobile quencher cetyl
pyridinium chloride and the mobile hydrophobic one dodecyl pyridinium chloride
(Malliaris et al. 1986 d).
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Figure 12. Plot of 4, versus [Q] for cetyltrimethyl ammonium chloride, and the quenchers: +,
the mobile hydrophobic dodecyl pyridinium chloride; and [, the immobile hexadecyl
pyridinium chloride.

It is important to emphasize that in the case of a mobile hydrophobic quencher
there arefour unknowns, k,, k*, k= and [M] and only three equations, equations
(13)«(15). Therefore it is impossible to obtain numerical values for all micellar
parameters involved. Indeed, although, k, can always be calculated from equation (9)
and then k- from equation (15), the magnitude of k* and [M] cannot be estimated
without some additional assumptions. The usual assumption is that N, is independent
of the surfactant concentration [C,] and therefore [M] is linearly proportional to [C,]
—[CMC]. In this case one could estimate both [M] and k* from plots of A, versus [Q]
according to equation (13) for various [C,] values. However, this assumption is not
always valid as it can be seen from figure 13 where N; is plotted versus [C,] for some
common surfactants (Malliaris et al. 1986 b).

A different assumption which can be made here is K{M7]> 1. In this case the basic
equations (6)«8) transform to equations (16)—(18).

Ay =ko+[Ql(ky/Au)k™/[M]) (16)
Ay =(ky/A)*([QI/IM]) (17
A=k +k~ (18)

Since k, can always be determined from equation (9), k~ can be obtained from equation
(18)and [M] from equation (17). Note, however, that when the above made assumption
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Figure 13. Plots of the aggregation number versus the surfactant concentration (M). &,
dodecylammonium chloride; [-1, dodecylmethyl ammonium chloride; A, dodecyldimethyl
ammonium chloride; x, dodecyltrimethyl ammonium chloride; +, tetradecyltrimethyl
ammonium chloride; %, hexadecyltrimethyl ammonium chloride.

is valid, i.e. K[M]> 1, the rate constant k* of quencher adsorption to a micelle is
expected to be large compared to the rate of fluorescence. Indeed, if the approximation
K[M]>1 takes the form K[M]=100, and the micellar concentration assumes the
typical value of 2 x 1073 M, K becomes c. 5 x 10* M~ 1. Since, on the other hand, k™ is
usually 103-10%s ™1, it turns out that k*(=Kk™) is of the order of 10°-10'°s~ !, and
therefore impossible to measure by fluorescence methods.

Figure 14 shows N, values for micelles of cetyltrimethyl ammonium chloride,
obtained with the hydrophobic mobile quencher dodecyl pyridinium chloride on the
assumption K[M]> 1 (from equations (9), (17) and (3)), as well as the N values obtained
with the immobile quencher cetylpyridinium chloride (from equations (11) and (3)). It is
clear that the two sets of N, values converge as the surfactant concentration increases.
Moreover, using the [M] values obtained with the immobile quencher (equation (11)),
the values of the equilibrium constant K and of the product K[ M] were calculated from
equation (14). These values of the product K[M] are also shown in figure 14, and it
becomes evident that the approximation K[M]>1 is not always valid. In fact it is a
very poor approximation for concentrations of cetyltrimethyl ammonium chloride
below c. 0-45M. A consequence of the breakdown of the condition K[M]> 1 is that the
difference between the N values measured with the mobile and immobile quencher
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Figure 14. Aggregation number versus surfactant concentration and K[M] for cetyltrimethyl
dodecylammonium chloride; [-7, dodecylmethyl ammonium chloride; A, dodecyldimethy!
cetylpyridinium chloride on the assumption K[M]>1; and A, the mobile hydrophobic
dodecyl pyridinium chloride. Note that the axis K[M] refers only to the mobile quencher
(A), since in the case of the immobile K[M] is always > 1.

increases as the approximation K[ M]> 1 becomes less rigorous (see figure 14). Finally,
note that k= which is equal to the difference 4, —k, (equation (15)), is independent of
[M] for the case of a hydrophobic mobile quencher (figure 15).

6.2.3. Mobile ionic quencher

When the quencher is mobile ionic both possibilities of intermicellar quencher
exchange can materialize, i.e. by close encounters (kg), as well as by
desorption/adsorption (k= and k™). This implies that neither kg[M] nor k™ can be
assumed negligible and therefore the complete set of equations (6)+8) must be used to
describe the situation. In the present case there are five unknowns (k¥, k™, kg, kg and
[M]) and only three equations (equations (6)8)), therefore a solution is impossible
unless some approximations are made. Recall however that k, is always determinable
from equation (9) independently of the nature of the quencher. Following
determination of k, it is possible to estimate kg and k™ by plotting 4, —k, versus [M]
according to equation (8), provided [M] is known from measurements with an
immobile quencher. In figure 15 such a plot is shown, and the values of k; and k™~ are
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Figure 15. Plot of A,—k,=k™ versus micellar concentration for micelles of cetyltrimethyl
ammonium and quencher, the hydrophobic mobile dodecyl pyridinium chloride ([-1), and
the ionic mobile I~ (A).
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Figure 16. Plot of the aggregation number of micelles of cetyltrimethyl ammonium chloride
versus the micellar concentration, for the immobile quencher hexadecylpyridinium
chloride (IJ) and the mobile fonic I~ (A).
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indicated for micelles of cetyltrimethyl ammonium chloride with the quencher 1~
(Malliaris et al. 1986d). Clearly, in order to obtain values for any other of the two
remaining parameters [M] and k™, it is necessary to simplify equations (6)—(8). If, for
this purpose, the usual assumption K[M]}>»1 is made, equations (6)-(8) reduce to
equations (19)21):

Ay=ko+ (k™ +kg[M])(k,/AN[QT/[M]) (19)
Ay =(ko/A([Q1/[M]) (20)
Ay=ky+keg[M]+k~ 21)

Again under this assumption values for k* cannot be determined with any accuracy by
fluorescence measurements, because k™ turns out to be large compared to the
fluorescence rate. However, using the value of k, obtained from equation (9), the
magnitude of [M] can be found by means of equation (20), and then the aggregation
number N from equation (3). The thus estimated N, numbers for micelles of
cetyltrimethyl ammonium chloride with the mobile ionic quencher I, are plotted in
figure 16 along with the corresponding numbers obtained with the immobile quencher
cetylpyridinium chloride using equation (11). The two sets of N values agree very well
indicating that the approximation K[M]>1 is valid in this case of an ionic mobile
quencher.

An important conclusion drawn from the preceding analysis of the various cases of
quenchers is that when the quencher is immobile the parameter 4, is independent of
[Q] and equal to k,. Also in this case the aggregation number N is easily determined
from equations (11) and (3). However, further experiments have shown that this is not
always correct (Malliaris et al. 1986 d). Thus a quencher which behaves as immobile in
one micellar solution, i.e. 4,=k,, can occasionally behave as mobile in a more
concentrated solution of the same surfactant, in the sense that A, becomes a function of
[Q]. This being the case the determination of N, through equations (11) and (3) leads to
serious underestimation of the aggregation number. This important situation of an
immobile quencher which under certain conditions becomes mobile and is exchanged
among micelles as evidenced by the fact that A, becomes a function of [Q], will be
discussed in the next section.

7. Intermicellar exchange of ‘immobile’ quencher

In figure 17 the dependence of 4, on [Q] is shown for pyrene solubilized in 0-1M
and 0-6 M aqueous solutions of dodecyl ammonium chloride, in the presence of the
immobile quencher cetylpyridinium chloride. In the former case of the dilute solution,
A, is indeed independent of [Q] and equal to k,, but in the latter case A, is a linearly
increasing function of the quencher concentration. The same effect was exhibited by
aqueous solutions of dodecylmethylammonium chloride at concentrations above
¢. 0-5M (Malliaris et al. 1986d). This indicates that in the 0-6M solution of
dodecylammonium chloride as well as in solutions of dodecylmethyl ammonium
chioride at concentration above 0-5 M, an immobile quencher undergoes intermicellar
exchange.

A common feature of the two aqueous surfactant solutions mentioned above is that
their micellar size increases steeply as the surfactant concentration increases (see figure
13). Consequently the micelles are expected to be elongated at high [C,] (Ozeki and
Ikeda 1982, Porte and Appell 1984). Moreover, it is known that fast-increasing micellar
size and elongated shape are associated with micellar polydispersity (Corkill et al. 1969,
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Figure 17. Plot of A, versus quencher concentration, for 0-1 M () and 0-6M (A) aqueous
solutions of dodecyl ammonium chloride. The quencher in both cases is the immobile
hexadecyltrimethyl ammonium chloride.

Mukerjee 1972, Israclachvili et al. 1976, Mazer et al. 1976). It therefore seems that the
phenomenon of an immobile quencher which behaves as a mobile one is observed in
micelles which show strong polydispersity. The phenomenon of an immobile quencher,
like pyrene (in quenching through excimer formation) or hexadecylpyridinium
chloride, behaving like a mobile one when solubilized in certain micellar solutions has
been observed not only in solutions of pure micelles (Malliaris et al. 1986 d), but also in
water-surfactant-alcohol tertiary systems (Malliaris et al. 1987b). Moreover, it is
interesting to mention that when alkanes are added to a surfactant-alcohol aqueous
solution in which an immobile quencher behaves as a mobile one, the immobility of the
quencher is re-established, i.e. A, becomes equal to k, and independent of [Q]
(Malliaris et al. 1987 b). ’

The mechanism which has been proposed for the intermicellar exchange of
immobile quenchers is based on a fragmentation—coagulation process (Malliaris et al.
1986 d). According to this mechanism, in micellar systems which show strong
polydispersity, fragments made of only few surfactant ions, can break away from one
micelle and subsequently incorporate into another (Baiimuller et al. 1978, Lessner ef al.
1981, Kalhweit 1981, 1982, Lang and Zana 1986). It is possible that a quencher can be
carried away in one of those fragments and therefore be exchanged between micelles. In
this way a strongly hydrophobic immobile reactant like pyrene undergoes intermicellar
exchange without ever coming in contact with the aqueous phase. Note that if the
amount of the surfactant involved in the fragments is very small with respect to the total
surfactant concentration [C], the intermicellar migration of immobile quenchers is
quite similar to the previously discussed exchange of mobile hydrophobic quenchers.
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Consequently, equations (16)18) and the assumption K[M]> 1 can be used to obtain
the relevant micellar parameters in exactly the same way they were used in the case of
mobile hydrophobic quencher. However, in the present case k™ and k* depend on [M],
whereas K is not a true equilibrium constant (Malliaris et al. 1986 ¢). Finally, note that
k™ and k* correspond to the rate constants of detachment from a micelle and
attachment to a micelle, of a micellar fragment which carries a quencher.

8. Conclusions

In concluding, we point out that steady-state and time-resolved fluorescence
experiments can give valuable, and occasionally unique, information concerning
structure, size and dynamical behaviour of micellar systems. It is, however, essential to
emphasize that in either case extreme caution must be exercised in the interpretation of
the data to avoid erroneous conclusions.

By steady-state fluorescence methods, which are simple and straightforward,
basically, the following limited but valuable information can be obtained.

(@) Static properties of the microenvironment of the fluorescent probe, primarily
micropolarity and microfluidity.

(b) In special cases, the micellar aggregation number N can be estimated from
equations (3) and (4), provided the fluorophor and the quencher are immobile
on the fluorescence time-scale.

Concerning time-resolved fluorescence quenching, the following main conclusions can
be drawn, on the assumption that the fluorophor is immobile and has a long
fluorescence life-time.

(@) kqand kg[M]+k™ are always determinable from the fitting parameters and
equations (8)+9), for any type of quencher and without the need of any
approximations or assumptions.

(b) When the quencher is truly immobile, i.e. 4, =k,, [M] can be determined from
equation (12), and then N, from equation (3).

(¢) When kg=0,k  can always be determined for either hydrophobic {equations
(9) and (15)), or ionic (equation (9)) mobile quenchers.

(d) With mobile hydrophobic quenchers N, cannot be obtained with accuracy
unless K[M]> 1. If however, [M] is known from measurements with an
immobile quencher, then all kinetic parameters, K, k= and k", can be
determined.

() When the condition K[M]> 1 is valid neither K nor k™ can be estimated by
fluorescence quenching.

(f) In the case of mobile ionic quenchers the condition K[M]> 1 is usually valid
and therefore N, can be determined with accuracy. When k, and [M] are
known, kg and k™ can be obtained graphically from A, —k, (=kg[M]+k7)
versus [M] plots.

(9) Incertain micellar solutions, reactants which are known to be immobile on the
time-scale of the fluorescence, behave as mobile ones in the sense that A4,
becomes a function of the quencher concentration.

(h) Whenever there is intermicellar migration of an immobile quencher, evidenced
by the condition 4, >k, N can be calculated from equations (16)-(18) and the
assumption K[M7]> 1. If this assumption is not valid, the N values found will
be underestimated.
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