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I. Introduction

The self-assembly of amphiphilic species in water
giving rise to the formation of “molecular clusters” called
micelles is one of the central research topics in colloid
science. The use of micelles as a convenient way to
concentrate reactants in photoprocesses was first rec-
ognized by Forster and Selinger! in their study of energy
transfer. A substantial body of research has been
dedicated to photophysics and photochemistry in
micellar solution.2! The study of photophysical
properties, such as fluorescence excitation and emission
spectraand their shifts, the relative intensity of vibronic
bands, anisotropy, quantum yields, and excited-state
lifetimes, of probes has provided significant information
on the micellar structure at the molecular level.?
Micelle formation, determination of the critical micellar
concentration, cmc, and micellar characteristics, such
as polarity, viscosity, and ion density can be investigated
by selecting an appropriate fluorescent probe. The
fluorescence quenching in micelles is, nowadays, a
valuable tool to measure micellar size as well as the
dynamic properties of the aggregate and of the solu-
bilized species in the host structure.t1°
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The proper organization of the reactants at the
molecular level usually leads to a higher efficiency of
several types of photoprocesses such as energy transfer,
fast photoredox reactions, and photoionization when
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carried out in the micellar phase.l! The presence of a
charged interface in the case of ionic micelles allows,
in some circumstances, a more efficient radical sepa-
ration, e.g., via ejection of formed radicals with the same
charge sign as that of the micellar surface. In such
conditions, where the back reaction is reduced, the
photoproducts can be used in a sequential step with a
much higher overall yield. Through exploration of the
best conditions for a given photoprocess, functionalized
micellar systems have been designed to form the
required micellar architecture. Photophysics and pho-
tochemistry in a microheterogeneous system therefore
not only have “enlightened” micellar structure and
dynamics but also are active fields in which the coupling
of structure and reactivity has allowed an optimizing
feedback.

Photophysics and photochemistry in micellar solution
and related topics have been reviewed in several
places.>11 In the present contribution attention is
centered on the description of dynamic fluorescence
quenching in micelles. The controlling factors of this
process, such as the statistical distribution of the probe
and quencher in the micellar ensemble and the intra-
and intermicellar mobility of the reactants, are de-
scribed, and experimental methods and new strategies
in the data analysis of fluorescence decays obtained by
the time-correlated single-photon counting are dis-
cussed. This requires a brief description of the struc-
tural and dynamic properties of micellar assemblies
such asthose formed by surfactants, polymer surfactant
clusters, and block polymers, which are some of the
target systems currently investigated by fluorescence
quenching methods.

I.1. Micellar Structure

Surfactants are amphiphilic molecules composed of
a polar group bound to a hydrophobic moiety, usually
a long carbon chain, and are classified as anionic,
cationic, or nonionic depending on the nature of the
polar or head group.!? The most simple picture of the
micellar structure formed by ionic surfactants is the
Hartley model.!? In this model micelles are considered
as globular structures having a hydrocarbon core
surrounded by a highly hydrophilic region formed by
the surfactant head groups, counterions, and water
molecules. Several aspects of this self-assembled
structure such as the degree of ion binding, the extent
of the water penetration into the structure, and the
statistical conformation of the surfactant chains have
been subject of discussion.}417 Alternative models of
the micelle structure have then been suggested to better
explain those details. The Menger model,! describing
micelles as more open structures containing a series of
microchannels allowing deeper water penetration, the
Dill-Flory model,'¢ based on a description of a statistic
conformational distribution of the surfactants chains
in a multilayer lattice, and the surfactant-block struc-
ture as suggested by Fromherz!? are some examples of
more sophisticated models. In the formulation of the
fluorescence quenching process, the micelle is described
as forming, on the time scale of the experiment, a well-
defined microdomain allowing the compartmentaliza-
tion of the probe and quencher. In small micelles the
quencher occupancy is treated as a discrete variable.
The statistical distribution of the probe and quencher
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Figurel. Micellarstructures: (a) aqueousspherical micelles;
(b) reverse micelle.

e

(b)
Figure 2. Micellar structures involving polymers: (a)
polymer surfactant cluster; (b) self-assembly of a diblock
polymer.

among the micelles is an important point in the
description of the fluorescence quenching process (vide
infra).

The general character of the fluorescence quenching
models in aqueous micelles formed by surfactant has
allowed their application in the study of micelle-like
structures such as those formed in polymer—surfactant
solution, block copolymers forming micelles in certain
solvents, and copolymers containing a hydrophobic
pendant group inducing the macromolecule to a micelle-
likeshapeinwater. Aschematicrepresentation ofthose
systems is shown in Figure 2.

I.2. Miceliar Dynamics

Micelles formed by surfactants are dynamic struc-
tures displaying a complex formation—breakdown
process.!®% Thekinetics of micellization in the aqueous
phase have been discussed on the basis of the Anians-
son—-Wall model.13'® The most relevant feature of that
model is the prediction of two well-separated relaxation
times. Experiments indicate that the residence time
of a micelle at a given aggregation number is of the
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order of 0.2-10 us, while the mean lifetime of a micelle
belongs to the millisecond time scale. Since the time
window usually applied in time-resolved fluorescence
quenching experiments does not exceed a few micro-
seconds micelles can be assumed to be frozen aggregates
or in some cases aggregates subject to fluctuations of
the monomer number and hence in micellar volume of
only a few percent of the average size value. Inthe case
of a micelle solution in the presence of additives such
as short-chain alcohols, the formation-breakdown pro-
cesses of the micelle can be fast enough to allow probe
and quencher to be exchanged between micelles during
the fluorescence decay. From measurement of these
exchange rates by fluorescence quenching methods, the
dynamic properties and the stability of micelles can be
investigated. Not much information about relaxation
processes in polymer—surfactant clusters is available.
However, when the polymer chain is by adsorption
wrapped around the micellar aggregate, one expects a
slowing down of these processes compared to those in
a micellar solution in the absence of polymer. On the
other hand, if the surfactant monomers are forming
several local clusters, supported along the polymer
chain, relaxation process are likely to be enhanced due
to the easier motion of the monomer along the chain.
A possible structure of a polymer-surfactant cluster is
presented in Figure 2a.

In the case of micelles formed by self-assembly of
single diblock copolymer chains (Figure 2b), relaxation
processes are also predicted to occur but at a time scale
several orders of magnitude slower than those observed
in micelles formed by surfactants.26:27

11. Theory of the Intramicellar Fluorescence
Quenching

11.1. Diffusion-Controlled Processes In Micelles

Consider the case of a micelle containing one excited
probe and one quencher. The deactivation of the probe
via a quenching process can be described by

ky ko
P* + Q — [P*...Q] - P+ Q (1)

Assuming a diffusion-controlled process (e.g., ks >> k1)
and in absence of long-range interparticle potential,
the pair distribution density p(rt) satisfies

dp/ét = DV*p 2)

where D is the mutual diffusion coefficient of the probe
and quencher and V2is the Laplacian operator. Several
limiting situations for the probe—quencher distribution
in the micelle, giving rise to slightly different models,
have been analyzed: (a) The proberesidesat the center
of a spherical micelle, and the quencher moves freely
in the micelle.?®® (b) The quencher resides at the
micelle-water interface forming a homogeneousreactive
surface, and the probe moves freely in the micelle.?° (c)
Both quencher and probe move in a tangential way at
a fixed distance R from the center of the micelle (R
being close to the micelle radius).3132

In all cases the quenching process is assumed to occur
at the first encounter of the probe and quencher
(Smoluchowski condition). The solution of eq 2 sub-
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jected to the particular boundary conditions and the
symmetries imposed on the Laplacian operator has been
discussed in detail for each of these three models.
Experimentally, the measurable quantity is the spatially
averaged pairdensity, (p). Inthemodela, (p).isgiven
by the following exponential series:

(D)a = ZC,, exp[-Dx,’t/ry’] 3)

C,=62/{(1-2x, [(1-2) -1+ @

where z = (Rq + Ry)/ro, 'o = Rm — Rq. Rg, Rp, and Ry,
are the quencher, probe and micelle radius respectively,
while x, represents the positive roots of

x,cot(l-2)x,-1=0 (5)

Hatlee et al. evaluated the decay curves as described
by eq 3 for values of the parameters D, r, and z as could
be typically expected for micellar aggregates. They
observed that for values of D = (1-5) X 107 cm?sand
(Rq+ Rp)/(Rw — R) = 0.2-0.4, the first coefficient C of
eq3ispractically 1. Since all coefficients C, are positive
and normalized, it indicates that eq 6 is a good
approximation for (p).:

(p), = exp[-Dx,’t/r’] (6)

An analytical solution has been obtained also for
model b. The solution for the “survival probability” of
the excited probe is expressed by a series with a similar
exponential form as in model a:

(p)y = (6/7))D_(1/n) exp[-(nm)°Dt/r,21 (D)

In a time domain where t > ro?/x2D, the first term of
the summation in eq 7 will dominate the kinetic
behavior of the quenching process. For spherical
micellar aggregates, the ratio ry>/ 72D is on the order of
10 ns. As a result, the quenching process will exhibit
essentially first-order kinetics for times longer than 10
ns.
If fluorescence quenching occurs via diffusion of the
probe and quencher on the micellar surface (case c),
the spatially averaged pair density is expressed as

(D), = Za,. expl-s;(s; + 1)D,t/R%] (8)

where the coefficients a; involve the surface integral of
Legendre series of order s;. R is a distance from the
micelle center forming a spherical shell, and D, is the
sum of the tangential diffusion coefficients of the probe
and quencher in the shell. For values of D,/R? larger
than 1, the decay is always exponential (Figure 3); at
smaller values, however, the decay is nonexponential.
Extrapolating the exponential part of the decay to In
{p(t==0)).gives an intercept which is a measure for the
error, assuming the absence of transient effects on the
decay. Since those transient effects are small, the
exponential decay is also in this case a good approx-
imation of the time evolution of the spatially averaged
pair density.

The kinetics of a diffusion-controlled quenching
process in micelles has also been investigated on the
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Figure 3. Plot of the In (p(t)). versus reduced time for
different probe—quencher encounter angles in the tangential
diffusion in a spherical micelle: (1) fpq = 0.15; (2) 6,q = 0.2;
(3) B = 0.25; (4) g = 0.3; (5) fpq = 0.35; (6) B = 0.4; (7)
8pq = 0.45; (8) B, = 0.5 (from ref 31; copyright 1981), American
Institute of Physics.
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Figure 4. Solute distribution within spherical micelles.
Number of lattice sites per radial layer (- - -) ideal solute
with no surface activity (—), solute with surface activity
(- --) (from ref 35; copyright 1986), American Institute of
Physics.

basis of random-walk simulations.?%3334 This approach
is particularly important in situations where no ana-
lytical solution to the diffusion problem is known as
well as in the test of approximate models.

The three models of fluorescence quenching briefly
discussed above are necessarily approximations of the
real case where preferential distribution of the solute
as well as the mobility of both probe and quencher over
the whole micellar volume can be present. However if
one takes into account the theoretical prediction for
the solute distribution within a micelle®® and the
experimental evidence obtained using environment
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sensitive probes,® one realizes that the diffusional
motion of the partners near or at the micellar surface
is physically more meaningful. The solute distribution
within spherical micelles based on the lattice model of
Dill is shown in Figure 4.

A common feature of the three models is the
prediction of an exponential decay of the survival
probability of the excited probe at long times. If the
transient effects are small, (p) equals

(p) = expl[-kt] 9

where k4 is the model-related quenching rate constant.
It carries information concerning the diffusion coeffi-
cient and size parameters of the probe and quencher
as well as the structure factors of the micelle such as
the micellar average radius.

In micellar fluorescence quenching experiments,
frequently a micelle containing one excited probe can
be occupied by several quenchers. Assuming that the
quenchers are randomly distributed in a micelle and
moving independently of each other, the probability
that at a time ¢ the fluorescent probe has not yet met
any of the quenchers is then given by?®3

pnp =[] = (00" (10)
i=1

and the concentration-dependent quenching rate atlong
times equals

ko, =-3In p(n,t)/at = nk, (11)

Equation 11 shows that the quenching probability is
linearly proportional to the occupancy. This fact
provides the basic argument for the stochastic descrip-
tion of the fluorescence quenching process.

11.2. Stochastic Description of the Quenching
Process in Micelles

The solubilization of a quencher in a micellar solution
gives rise to a distribution process of the quenchers
over the micellar ensemble. The micelle subsets
containing 0, 1, 2, ..., quenchers are characterized by a
distribution function with a finite average occupancy
A. Due to size restrictions of the micelle, 7 is usually
small. Time fluctuations in the number of quenchers
in a micelle of the order of A will require a stochastic
treatment of the quenching process. The basic
model®®*4 where the quencher is considered as an
immobile or mobile species and the probe is considered
as an immobile species remaining in the same micelle
during its excited-state lifetime is discussed. The
general case where both species are considered mobile
during the time window of the fluorescence quenching
process is also discussed within the framework of a
stochastic treatment, 454

I1.2. 1. Mobile Quencher~-Immobile Probe

It has been demonstrated that the deactivation rate
of an excited probe in a micelle occupied by n quenchers
is in a good approximation given by the product of the
occupancy n times the fluorescence quenching rate
constant k. For partially bound quenchers, the actual
number of quenchers in a micelle containing one excited
probe can be subject to an increment in this number
due to the inward flux from the quenchers in the
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aqueous phase or a decrement due to the exit of
quenchers from the micelle. The process by which the
quencher binds to or leaves the micelle is usually
represented by

k+[Qla
Mn+ Qa - Mn+1

nk_
Mn - Mn—l + Qa (12)

where k. and k- are the second-order rate constant for
the entry of a quencher molecule into the micelle and
the first-order rate constant for exit of a quencher
molecule from a micelle, respectively. [Ql. is the
equilibrium concentration of the quencher molecules
in the aqueous phase. For the scheme considered above,
the probability of finding a micelle with n quenchers
is given by a Poisson distribution:

M) A

P = exp[-7i] (13)

" [M]
where [M,] and [M] denote the concentration of
micelles with n quenchers and the total micelle con-
centration, respectively, and 7 is the average numbers
of quencher per micelle:

n=k,[Ql/k. (14)

#i can be defined in terms of the known or measurable
quantities of the total quencher concentration, [Q], and
the micelle concentration. The former is expressed as

[Q] = ~[M] + [Q], (15)
Elimination of [Q]. from eqs 14 and 15 leads to
_ KIQl
n= W[NI] (18)

where K = k4/k-.
The total micelle concentration is usually calculated
by

S]-cmc

[M] = %

agg

where [S], cme, and N, denote the surfactant con-

centration, the critical micellar concentration, and the
average aggregation number, respectively.

For an excited probe in a micelle containing n
quenchers, the natural decay of the excited probe and
the intramicellar quenching process are given respec-
tively by

a7

ko + nkq

M*, — M, (18)

The probability of finding a micelle with one excited
probe and n quencher molecules at time t, P*,(t), is the
solution of the following stochastic equation:3®

dP* /dt = —{k, + £, [Q], + (R, + k)n}P* +
k+[Q]aP*n—l + (n + l)k—P“n-f-l (19)

with the initial condition P*,(0) = P,.

The time-dependent fluorescence signal, f(t), is
proportional to the total survival probability ©,P*,.
Equation 19 can be solved by the generating function
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method in order to determine f(t). The expression for
the fluorescence decay after a 6-pulse excitation is

f(t) = A, exp[-A,t + Aj(exp[-A,t]1 - D]  (20)

where
A, =f(0) (21)
L
A2 = 0 + k_ + kq (22)
4 Ak, 2)
P kgt k)’ (
A=k +k (24)

If the quencher molecules do not exchange via the water
phase within the time scale of the excited state of the
probe, eq 20 is reduced to

f(t) = A, exp[-kyt + n(exp[-kt1 -1)]  (25)

Equations 20 and 25 have been applied with success in
the description of the fluorescence quenching of an
immobile probe by mobile (eq 20) or immobile (eq 25)
quenchers in aqueous micelles.’® The average mi-
cellar aggregation number, N,,, as well as the rate
constants of the association and dissociation of the
quencher have been determined from appropriate
fitting of decays curves to these model equations.
Parameters obtained from analysis of time-resolved
fluorescence quenching in aqueous micelles are sum-
marized in Tables I, IIa, and IIb.

The fluorescence quenching of pyrene derivatives
such as 1-methylpyrene by alkylpyridinium chloride is
in a great number of aqueous micellar systems a
diffusion-controlled process.®87:8813¢ Depending on the
length of the alkyl tail with respect to the length of the
micellar alkyl chain, these kind of quencher molecules
can behave as an immobile or as a mobile species.?”
Usually in anionic micelles, such as those formed by
sodium dodecyl sulfate (SDS), the decylpyridinium ions
are already “immobile”. In cationic micelles such as
those formed by hexadecyltrimethylammonium chlo-
ride (CTAC), this condition is fulfilled starting from
tetradecylpyridinium chloride.®” Figure 5 shows the
dependence of 1/ Az values on the alkyl chain length of
alkylpyridinium chloride quenchers as obtained by the
fluorescence quenching of 1-methylpyrene in the anionic
as well as cationic micellar systems. The horizontal
lines represent the values of the probe decay time in
the absence of added quencher. Experimentally, the
quencher is considered immobileif 1/ A is independent
of the quencher concentration and its value is equal to
the probe decay time. These results demonstrate that
the residence time of an ionic quencher in a micelle
depends strongly on the balance between the electro-
static and hydrophobic contributions involved in the
association process of the quencher to the micellar host
structure.

When hydrophilic and ionic quenchers are used, a
dependence of the exit rate constant of the quencher
from the micelle on the micelle concentration has been
observed.t3%%62 To explain the quenching of pyrene
by metal ions in SDS, an additional process for the
exchange of the quencher involving micelle interaction
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Table I. Fluorescence Quenching in Aqueous Micelles in the Absence of Intramicellar Exchange*

surfactant/probe/quencher systems™f 70 (n8) kq (us™) Nag surfactant/probe/quencher systems™ 7o(n8)  kq(us™!) Nag
SDS (0.07 M)/Ru(bipy)3?t/9-MeA®® CTAC, M/pyrene/C¢PyCI#
NaCl (M) 0.120 332 10.2 117
0 480 20.40 63 0.205 330 10.0 119
0.30 12,30 104 0.460 328 8.8 135
0.45 8.67 134 0.730 332 84 145
0.60 3.76 260 CRAC, M/pyrene/excimer form®
0.75 240 373 0.016 329 8.40 91
SDS (0.1 M)/1-MePy/C,,PyCl#3 0.031 330 790 99
n-butanol (M) 0.064 340 6.80 106
0 200 35.5 68 0.123 345 6.10 118
0.327 64.6 48 0.254 341 570 124
0.545 65.2 40 0.300 327 570 128
0.654 82.3 28 0.465 334 520 134
1.090 98.6 19 0.740 332 500 143
n-decanol (M) 0.991 314 440 154
0.01 23.5 92 1.204 332 3.60 187
0.02 22.0 104 CTAC (0.05 M)/ZnP/Cy1Has-duroquinone®  0.20 ms 5.0
0.03 19.0 124 CTAOAc (0.03 M)/pyrene/DBA® 178 4.44 70
SDS (0.05 M)/Ru(phen)s?*/alkylviologen’ TTAC (0.05 M)/1-MePy/MDA?"® 33.4 67
methyl 6250 0.84 DTAC (0.031 M)/1-MePy/C,PyCI®
ethyl 0.71 NaCl (M)
propyl 0.54 0 187 50.0 47
butyl 0.52 0.020 47.3 48
hexyl 0.39 0.072 41,7 63
2270 1.66 0.155 36.0 56
SDS (0.05 M)/Ru(dpphen)s?*/methyl 0.310 31.7 63
ethyl 0.96 0.520 31.7 66
propyl 0.67 DTAC (0.1 M)/1-MePy/C,PyCI%®
butyl 0.42 n-butanol (M)
hexyl 0.23 0 187 46.7 48
SDS (0.2 M)/pyrene/excimer form 0.219 51.1 40
n-pentanol (M) 0.328 80.2 37
0 360 17.5 66 0.545 68.8 32
0.6 408 18.3 45 0.654 76.9 28
0.8 408 8.3 95 0.854 100.1 24
1.0 410 6.6 130 n-decanol (M)
SDS (0.05 M)/CPyN+/C,PyC1123b 204 370 64 0.005 45.0 52
SDOC (4%)/pyrene/excimer form5! 410 144 11 0.010 35.3 53
TTOES (0.01 M)/Ru(bipy)s?*/MPTH% 667 3.0 95 0.015 31.2 60
CTAC (0.031 M)/1-MePy/C,,PyC1® 0.020 28.9 64
NaCl M) 0.030 24.3 70
0 187 140 89 DTAC (0.1 M)/1-MePy/C1,PyCI# 187 470 47
0.050 11.0 107
0.083 9.0 127
0.104 9.0 136
0.155 8.5 176

s Surfactants: SDS = sodium dodecyl sulfate; SDOC = sodium deoxycholate; TTOS = sodium tetradecyltrioxyethylene sulfate;
CTAC = hexadecyltrimethylammonium chloride; TTAC = tetradecyltrimethylammonium chloride; DTAC = dodecyltrimethylam-
monium chloride; CTAOAc = hexadecyltrimethylammonijum acetate. Probes: Ru(L)s?** = ruthenium complex, bipy = bipyridine,
phen = phenanthroline,dpphen = 4,7-diphenylphenanthroline; 1-MePy = 1-methylpyrene; CPyN* = 1-pyrenebutyltrimethylammonium
bromide; ZnP = Zinc porphyrin. Quenchers: 9-MeA = 9-methylanthracene; C,PyCl = N-alkylpyridinium chloride; MPTH =
N-methylphenothiazine; DBA = dibutylaniline; MDA = N-methyl-N-decylaniline.

was suggested*3.5
nke[M;]

M*, +M;, — M*,+M,, (26)
The intermicellar exchange of quenchers as described
by eq 26 is called the hopping process. This process
was first introduced in micellar electron-transfer ki-
netics.1®® The increase of the exit rate constant of the
quencher from a micelle is then attributed to the effect
of “close encounters” of the micelles, during which the
quencher migrates from micelle to micelle. The rate
constant of this process is assumed to remain constant
upon addition of surfactant, and the whole change in
the quencher intermicellar mobility is then attributed
to an increase of the micelle concentration. The
fluorescence decay in the presence of this additional
exchange process of the quencher is still represented
by an equation similar to eq 20, but the A; parameters
are redefined by substitution of k- by k- + k.[M] in eqs
22-24,

The migration of a quencher with a charge opposite
to that of the micellar surface is predicted to be a
function of the micelle concentration.1%1% An increase
in the micelle concentration leads to a decrease of the
electrostatic potential at the micelle surface, which
facilitates the escape of the counterions located in the
Stern layer. The escape rate constant of cations from
SDS micelles was calculated by Almgren et al. using
the mean first passage time approach based on the cell
model for the micellar solution.!% They showed that
the values for this rate constant are strongly dependent
on the micelle concentration. Figure 6 shows the
calculated and experimental values of the escape rate
constant k. for Cu?* at different total SDS concentra-
tion. A similar conclusion was reached by Zana et al.
in the study of intermicellar mobility of I as a function
of the CTAC concentration.®® Figure 7 represents a
plot of the experimental determined exit rate constant
of I as a function of CTAC micellar concentration. On
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Table 11
(a) Micellar Entry (k+), Exit (k-), and
Quenching (k,) Rate Constants for Neutral Quenchers?

ke (M ps™1)

micelle/probe/quencher™ kg (us™) k- (us™) X 1073
SDS/ pyrene/ Cl']:gl:g38 75.0 9.5 25
SDS/pyrene/mDCB® 27.0 7.6 11.5
SDS/DEII/pCNT®® 75.0 6.1
SDS/pyrene/alkyliodate®®

ethyl 2.9 8.3 9.7

butyl 4.8 14 8.8

hexyl 5.4 0.75 7.8

octyl 5.9 0.40 6.6
SDS (M)/1-MePy/mDCB"¢

0.07 36.0 74

0.28 34.0 10.0

0.49 31.0 8.5

0.73 21.0 8.0
NaCl (M)

0 35.0 5.0 10.5

0.10 29.0 44 74

0.30 26.0 6.0 8.6

0.45 17.0 6.0 11.0

0.60 12.8 7.0 14.0
CTAC/ZnP/duroquinone® 5.0 0.6 50.0
CRAC/1-MePy/mDCB¥® 16.0 8.0 144

(b) Micellar Entry (k+), Exit (k- and &,), and
Quenching Rate Constants for Ionic Quenchers

ke ke
micelle/probe/ ke Mtush ko (M1us)
quencher™ (us™) X103  (us) X107

SDS/1-MePy/Cu?* 5 27.0 1.2 0.12 0.6
SDS/pyrene/Eu?t 5 16.0 <1 <0.1 <0.1
SDS/pyrene/Cr3* 9.8 <1 <0.1 <0.1
SDS/pyrene/Ni?* 8.9 1.0 0.1 0.5
SDS/pyrene/Co?* 5.4 1.0 0.1 0.7
SDS/pyrene/Pb?* 9.1 7.0 0.3 0.3
SDS/pyrene/T1* 19.0 29.0 7.6 5.5
SDS/pyrene/Ag* 16.0 <16.0 8.0 8.0
SDS/pyrene/Cs* 0.3 20.0 2.0 6.0
SDS/pyrene/Cu?* 1 11.0 2.9 0.48 3.3
SDS/pyrene/Cu?* ™ 25.0 1.2 0.12 0.6
DTAC/pyrene/I- & 5.3 50.0 2.4 0.94
TTAC/1-MePy/I- ™ 10.4 0.6
CTAC (M)/1-MePy/I- "

0.011 8.71 0.54

0.021 9.73 0.83

0.033 9.13 0.88

0.040 7.65 0.98

¢ mDCB = m-dicyanobenzene; pCNT = p-cyanotoluene; DEII
= diethylindoloindole.

the basis of these results, it may be possible to describe
the exit rate constant by a power series expansion of
the micellar concentration:

Rexq = a1 + a5[M] + a3[M1* + ... @7

Experimental values of the exit rate constant at
different micelle concentration could be then used to
determine the coefficients a; of this series. However,
if alinear relation of kesq with [M] is observed, it cannot
be taken as a proof of hopping process. Also the changes
in kegq at higher micelle concentration will certainly be
affected by the micellar polydispersity and by changes
in the micellar structure. The influence of surfactant
concentration and of organic and inorganic additives
on the aggregation behavior of ionic surfactants in
aqueous medium has been extensively studied on the
basis of the above model and has recently been
reviewed.132
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Figure 5. Dependence of 1/A; values of 1-methylpyrene on
the alkyl chain length of alkylpyridinium chloride quenchers
([Q] = 1.6 X 103 M) in 0.1 M micellar solution of SDS (0),
STS (g), DTAC (e), and TTAC (wm). Horizontal lines
represent the values of 1/kg (from ref 87; copyright 1989,
American Chemical Society).
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Figure 6. Escape rate constant of Cu?* from SDS micelles
as a function of the surfactant concentration (©). Calculated
values considering the radius of closest approach of the Cu?*
ions to the micelle as equal to the radius of closest approach
of the Na* (@), considering it as 1.5 A larger than that of Na*,
experimental values (X) (from ref 105 with permission).

The hopping mechanism is more likely to occur in
nonionic and reverse micellar systems where the strong
electrostatic repulsion between the aggregates, present
in ionic aqueous micelles, is practically absent.l?
Typically hard-sphere and short-range attractive po-
tentials are used to describe the micelle interaction in
reverse micelles.l® The molecular transport and size
characterization in reverse micelles and microemulsions
has been investigated with fluorescence quenching
methods.1%122 Examples of systems investigated by
this method are shown in Table III.

The physical models underlying eqs 20 and 25 have
been used also to interpret fluorescence quenching in



208 Chemical Reviews, 1993, Vol. 93, No. 1

8 T
1k

»~ (¥, ] [ ]
T T T

w
T

(Ag—kgW10¢ s~

~
T

Py
T

;/

‘rA

A1 1 i 1 1
0

1 2 3 4 5 )
[(M}/10™* mol dm™

Figure 7. Variation of the intermicellar exchange rate
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polymers forming micelles and polymer-surfactant
aggregates. Those systems are likely to form micro-
domains in which the compartmentalization of probe
and quencher results in similar quenching kinetics as
that in aqueous micelles.!?>-131 Some of the systems
investigated are listed in Table IV. Insome situations,
however, the decay process of a probe in absence of
added quencher may be already nonexponential due to
structural disorder of the system or partition of the
probe between different kinds of microdomains giving
slightly different decay times. Insucha case, the models
described here are inadequate.

All parameters of the fluorescence quenching models
in micelles may be determined by the analysis of time-
resolved data. However, quite often, measurement of
the quenching process using continuous excitation is
used to determine the aggregation number and in some
cases the binding constant of the quencher to the
micelle.?192 To evaluate the variation of the relative
fluorescence intensity as a function of the quencher
concentration, the total fluorescence intensity is cal-
culated by

=k "ft) dt (28)
where k¢is the radiative decay rate constant. Assuming
that f(t) is expressed by eq 20, the ratio of the total
fluorescence intensity in the presence and absence of
added quencher is given by

I _koexp[-4,]

I A,

From expansion of the exponential in the integral, eq
29 can be rewritten as a series:

fl (42/40-1 exp[Ag2] dz  (29)

A
I— =k, exp[—Aalz (30)

0 m=0 m!(A, + mA,)

Apractical method to estimate the aggregation number
was introduced by Turro and Yekta.®* The method is
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Table III. Fluorescence Quenching Data in Reverse

Micelles and Microemulsions

ke
-1 -l)

70 kq (
probe/quencher W (ns) (us) X10% Ny
Potassium Oleate/Hexadecane/Hexanol/Water!10s
Ru(bipy)s?*/Fe(CN)¢* 16 500 2,50 0.22
31 571 0.45 0.28
53 667 0.07 0.11
Potassium Oleate/ Dodecane/Pentanol/ Water!10s
Ru(bipy)s?*/Fe(CN)¢* 85 667 260 011
13 658 1.50 0.095
21 649 0.80 0.11
CTAC/Dodecane/Hexanol/ Water!10b
Ru(bipy)s?t/methylviologen 20.3 571 20.0 225
40.6 588 7.0 548
60.9 581 1.5 1250
Dodecylammonium Propionate/Cyclohexane/Water!12
2-(1-naphtylacetic acid/I- 1.38 41.6 60 0.80 28
2,75 425 40 1.30 40
4,13 434 30 67
AOT/n-Heptane/Water!13
acridine/Co?* 6 <32 38.0 53
9 93
11 21.3 100
16 9.8 169
18 9.4 207
21 6.3 240
acridine/Br~ 6 80 53
9 56 93
11 38 100
16 17 169
18 12 207
21 7.7 240
AOT/n-Hexane/Water!1®
PTSA/Cu?+ 4 9.5 120 52
11 105 170 7.0 77
15 10.9 13.0
20 109 19.0
PTSA/I- 4 9.5 static 52
7 10.2 520 73
11 10.5 260 5.8 132
15 109 100 10.2 191
20 109 50 21.0 283
PSTA/SCN- 4 9.6 300 52
7 10.2 390 87
11 10.5 170 6.0 117
15 109 200 44,0 160
20 10.9 200 65.0 64
CTAB/Cetyl Bromide/(Chloroform/Isooctane)/ Water!1%
Ru(bipy)s**/methylviologen 5 0.43 66
10 0.24 180
15 0.19 370
20 0.30 640
25 0.25 980
AOT/Alkane/Water!18
Ru(bipy)s?*/Fe(CN)¢* 26.3
n-hexane <0.07 402
n-heptane <0.07 405
n-octane 0.1 475
n-decane 3.7 590
n-dodecane 10.0
Benzyldxmethyl-N—alkylammomum Chloride/
Chlorobenzene/Water!1%b
Ru(bipy)s?*/methylviologen
dodecyl 10 2.3 330
tetradecyl 10 0.7 150
hexadecyl 10 0.3 70
octadecyl 10
dodecyl 20 5.2 960
tetradecyl 20 1.0 450
hexadecyl 20 0.2 330
octadecyl 20 0.1 293
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Table IV. Studies of Fluorescence Quenching of
Solubilized Probes and Quenchers in Polymers and
Polymers/Surfactants Systems Forming Micellar
Microdomains*

polymer/probe/quencher ref
PMA (pH = 5)/Ru(bipy)s?*/Cu?*, Cr®* 123¢
PMA + C,,TAB (pH = 8)/pyrene/C,:PyCl 123d
PA-18K2/C,PyN*/C;PyCl 123b
PA-6E/Ru(bipy)s?*/9-MeA 128
PA-1E + SDS/pyrene/excimer form 127
sodium polyacrilate + SDS/pyrene/excimer form 127
PPO + SDS/pyrene/excimer form 127
PEO + SDS/pyrene/excimer form 126, 127
PEO + SDS/pyrene/dimethylbenzophenone 129a
PEO + SDS/Ru(bipy)s*t/9-MeA 125
PEO-PPO-PEO triblock copolymer/pyrene/DPA  129b
PVP + SDS/Ru(bipy)s?*/9-MeA 125
HPC + SDS/pyrene/benzophenone 124
HPC + CTAC/pyrene/benzophenone 124a
polysaccharide hyaluronan + C,TAB, 129¢
n = 10, 12/dimethylbenzophenone
starburst dentrimers + SDS/Ru(bipy)s**/ 130
methylviologen

PPO + CTAC/1-MePy/C,¢PyCl 131
PVOH-Ac + CTAC/1-MePy/C,sPyCl 131

@ PMA = poly(acrilic acid); PEO = poly(ethylene oxide); PPO
= poly(propylene oxide); PVP = poly(vinylpyrrolidone); HPC =
hydroxypropylcellulose; PVOH-Ac = poly(vinyl alcohol acetate);
PA-18K; = maleic anhydride-1-octadecene copolymer; PA-6E =
malejc anhydride—hexyl vinyl ether copolymer; PA-1E = maleic
anhydride-methyl vinyl ether copolymer; C,TAB = N-alkyl-
trimethylammonium bromide.

based on the assumption of static intramicellar quench-
ing. Also the probe-quencher pair must be completely
bound to the micellar pseudophase. Insuch asituation,
the fluorescence intensity will have contributions only
from the subset of micelles containing the probe but
being free of quencher. The relative fluorescence
intensity is then

L - expl-n) (31)
Iy
From a combination of eq 31 with eqs 14-17, N, can
be estimated. Later on, it was demonstrated that the
apparently static quenching could result from a par-
ticular case where the excited-state lifetime of the probe
is much larger than the inverse of the first-order
intramicellar quenching rate constant.®88 When this
situation occurs, eq 31 is recovered from eq 30.

A simple method to determine the binding constant,
K, of a neutral quencher to the micellar phase was
suggested by Encinas and Lissi:?

K =1[Ql,/[Ql,[M] (32)

Equation 32 can be rewritten in terms of the average
number of quencher per micelle, 7:

[Q] = (A/K) + A[M] (33)

K can be determined by plotting the total quencher
concentration [Q] required to attain a fixed Io/I value
as a function of the micelle concentration. To apply
the method, the average aggregation number of the
micelles should be known a priori. For micellarsystems
with a strong dependence of the N,g on the surfactant
concentration, the method fails since an assumption
inherent to the model, that fluorescence quenching is
“solely” controlled by 71, is not longer valid. The change
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in micellar size does lead to changes in the first order
intramicellar rate constant.

11.2.2. Moblle Quencher and Probe

The fluorescence quenching method has in principal
abroad applicability in the study of micellar solutions.
By this technique, micelles could be investigated in
different conditions going from low to high surfactant
concentration or even in the presence of electrolytes,
alcohols, or other additives capable of changing the
micelle size or to affect the partition coefficient of
solubilized species. In fact this is an advantage of the
fluorescence quenching method over other traditional
methods.

In the above discussed model, the probe is considered
as an immobile species remaining during its excited-
state lifetime in the same micelle. Although this
condition may be justified for probes with high hy-
drophobic character and at moderate micelle concen-
trations, it could however be an improper assumption
either in the case of a system containing an amphiphilic
probe which could migrate to a neighboring micelle
through the bulk phase during micelle interaction or in
the case of a solution of ionic micelles at high surfactant
concentration where intermicellar exchange of both
probe and quencher may occur via a coalescence—
fragmentation process.®3” In the case of reverse
micelles and of microemulsions, the postulated mech-
anism for exchange of solubilized species in the water
droplets is the so-called fusion—fission process.107.111:116

In the probe migration model the exchange occurs as
aresult of the micelle interaction and its rate constant
may be understood as the inverse of the mean first
passage time of the probe between the two micellar
surfaces.! In the other two models, the exchange
occurs in a quite different way. The coalescence—
fragmentation process as well as the fusion—fission
process postulates the existence of transient or tem-
porary structures. The former process considers the
exchange of reactants as a result of the micelle
breakdown giving rise to submicelles which can trans-
port the reactants. In a subsequent collision with
another micelle, the submicelles transfer their contents.
In the fusion—fission process, micelles collide and fuse
to a large aggregate, which again divides into two
separate micelles. After this “sticky collision”, the
probes and quenchers are randomly distributed between
the two micelles. If the temporary aggregates, the
submicelles or the large micelle, are short-lived, the
size distribution may remain narrow.

However, the postulation of the presence of temporary
aggregates of a size different of the average of the
micellar ensemble may have an effect on the quenching
process. It was demonstrated that the intramicellar
diffusion-controlled rate constant of the quenching
process, kq, is a function of the micellar size.?®-* During
the elapsed time in which the excited probe and
quencher are confined to a temporary aggregate, the
quenching probability will change due to changes in
the reactant density and k, as well. Since those
processes for exchange of reactants are based on a
diffusion process which takes place probably in the same
time scale as that of quenching process, k, is not well
represented by its average value as would be in the case
when nontemporary aggregates are present and the



208 Chemical Reviews, 1993, Vol. 83, No. 1

micelle polydispersity is small. In the fusion—fission
mechanism, random mixing of reactants requires a
transient dimer with a lifetime so long that substantial
deactivation would occur in the fused drops before
fission. The models based on the fragmentation—
coagulation or on the fusion—fission are therefore only
crude approximations if the quenching process is
represented by a stationary rate constant k&,

Fluorescence quenching studies of intermicellar mi-
gration of reactants via coalescence-fragmentation
reactions in micellar solutions in the presence of
additives have been reported.’4#11? Time-resolved
excimer formation of micelle-solubilized pyrene was
used toinvestigate the intermicellar migration of pyrene
in aqueous micelles.’ It was observed that addition of
medium-chain alcohols as well as electrolytes induces
the coalescence-fragmentation reactions taking place
on the pyrene excited-state time scale. However, the
analysis of the quenching process considering the
coalescence—fragmentation of the micelles has been
performed on the basis of a model which assumes that
the probe is an immobile species, i.e., the physical model
underlying eq 20. In the case of fragmentation-
coagulation process, k+ is the second-order rate con-
stant for the attachment of a fragment to a full-size
micelle, and k- is the first-order rate constant for the
detachment of a fragment from a full-size micelle.
Values of k- in the range 0.1-3 us™! were determined
in SDS in the concentration range 0.2-0.5 M and in the
presence of added 1-pentanol up to 1 M. Moreover,
the time scale at which fragmentation—coalescence is
observed in the time-resolved fluorescence quenching
experiments is much shorter than that at which the
formation-breakdown process is observed when relax-
ation methods, such as T-jump method, are used. The
proposed explanation for the difference was that the
relaxation method gives an average over a series of
sequential steps involved in the micelle formation-
breakdown while time-resolved fluorescence measures
only one step of that series and is therefore much faster
than the whole process.®

At high surfactant concentration and in the presence
of additives, errors can be introduced in the determi-
nation of aggregation numbers, quenching, and quench-
er exchange rate constants if intermicellar mobility of
the excited probe is neglected. Furthermore, the
excimer formation process used to probe the micellar
system might have a inherent problem since this process
can be reversible. A statistical model considering the
dissociation of pyrene excimers in small micelles in the
absence of reactant intermicellar exchange wasreported
by Infelta and Gratzel.*> The rate constants for pyrene
excimer formation and dissociation in micelles of
sodium hexadecyltrioxyethylene sulfate were deter-
mined as (9+1) X 10%and (4 £ 2) X 108571, respectively,
showing clearly that the excimer dissociation is im-
portant.

The migration of long-chain alkylpyridinium quench-
ers was observed in sodium dodecyl sulfate upon
addition of high concentration of 1-butanol.?” Global
analysis (vide infra) demonstrated that the exit rate
constant of quenchers with different alkyl chain length
is in this case identical. The quenching rate constant
of 1-methylpyrene, kg, and the exit rate constant of the
quencher, k_, as a function of the 1-butanol concen-

Gehilen and De Schryver

0

o

7
M(m s )
e’ sh

wn

I TN I N S N A 0% cul O I N ) B G 0
0 05 10 15 20
[nVCAHQOH](M)

80

60—

NSDS
—
——

L0 *

20 | I ] |
00 0.2 0.4 06 08 10 12

[n-C, HgOH] (M)

Figure 8. (a, top) Change of k, (®) and k_ of CyoPyCl (0),
and k. of C,,PyCl (O) as a function of added 1-butanol
concentration in 0.15 M SDS (from ref 87, copyright 1989,
American Chemical Society). (b, bottom) Aggregation num-
ber of SDS micelles as a function of added 1-butanol, obtained
by fluorescence quenching of 1-methylpyrene (from ref 87,
copyright 1989, American Chemical Society).

tration are shown in Figure 8a. For concentrations of
1-butanol up to 1 M, &, increases as a result of the
reduction of the micellar size. The changes in the
aggregation number of SDS upon addition of 1-butanol
are shown in Figure 8b. If the concentration of
1-butanol exceeds 1 M, thz & value drops, and in this
concentration domain the quencher intermicellar mo-
bility starts to be detected. Addition of more alcohol
increases significantly the values of k-. These results
have been rationalized in terms of the coalescence-
fragmentation model. The values of k- found in this
study were within the same time scale as those for the
frag:g‘;entation rate constants reported by Malliaris et
al.®

The intermicellar exchange of solubilized reactants
in reversed micelles or microemulsions has also been
investigated by fluorescence quenching methods.10%-122
In contrast to the situation in aqueous micelle where
the choice of a probe with a high hydrophobic character
simplifies the quenching kinetics, the quenching process
in reversed micelles and microemulsion is more likely
to lead to a situation where the intermicellar mobility
of both species is present particularly if fluorescent
probes with a long-lived excited state are used. The
other possible situations in relation to intermicellar
mobility of the reactants are not excluded, but only a
careful analysis of the experimental results can indicate
what the appropriate model is for a given probe—
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quencher-reverse micellar system. It is important to
note that the choice of the probe/quencher combination
is crucial for the successful use of the fluorescence
quenching method to measure the size and the stability
of reverse micellar aggregates.!!® In thestudy of reverse
micelles of sodium bis(2-ethylhexyl)sulfosuccinate
(AOT) in n-hexane at varying concentration of water,
the best agreement between the aggregation numbers
determined by the quenching method and those de-
termined by ultracentrifugation were obtained with
1,4,6,9-pyrenetetrasulfonate (PTSA)/I- as probe-
quencher pair.}’® The short excited-state lifetime of
this probe (=10 ns) as well as the charge effect
compelling the probe to the core of the water nano-
droplet do not allow intermicellar exchange of PTSA
during the time scale of the fluorescence quenching.

The first theoretical approach in reverse micelles
including the intermicellar exchange of the excited
probe into the framework of the quenching process was
reported by Almgren et al.#® They have pointed out
that the fluorescence decay in a general case including
the exchange of probe and quencher might still be
described, as a good first approximation, by a similar
decay function as that in eq 20 but with a generalized
interpretation of the A; parameters. Theyshowed that
the survival fractions of micelles containing one excited
probe at time ¢t is the solution of

df/dt = ~kef - ko(2)f (34)

The fluorescence decay given by eq 28 is exponential
if and only if (x), the average number of quencher in
the subset of micelles containing the excited probe, is
constant. If the decay has an exponential tail, then (x)
has reached a stationary value indicated by (x),. The
time evolution of {x) from its initial value (x) = 7 to
this stationary value is governed by the following
differential equation:

d(x)/dt = =((2®) = (x)D)kg +
(k. +k+k/2)(R - (x)) (35)

The term in the first parentheses on the right-hand
side of the equation is simply the variance of the
quencher distribution. k-, k, and k. are the exit rate
constant of quenchers from the micelle, the probe
migration rate constant, and the fusion—fission rate
constant, respectively.

It is a reasonable first approximation to assume that
the variance is linearly related to the average. Under
this condition, the fluorescence decay follows a Poisson
decay law (eq 20) but with a generalized interpretation
of the A; parameters expressed as 4; in

A, =ky(x), +k, (36)
A; =A@~ (x)/m)? (37
A =k~ (x)/R)" (38)

Fitting of the fluorescence decay at sufficiently long
times allows the determination of the model parameters
ko, kq, and (x),/R. The relationship between (x)/#
and the rate parameters is obtained numerically.
Almgren et al. applied this method in a study of
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quencher and probe transport in a microemulsion based
on Triton X-100-toluene-water.** They considered
only exchange by fusion—fission. Analysis of decay
curves of the quenching process of ruthenium trisbi-
pyridinium by methylviologen was used to investigate
the probe and quencher intramicellar exchange as a
function of the microemulsion composition. Increase
of the surfactant concentration as well as the water
percentage results in a faster intramicellar exchange of
the solubilizates. The fusion—fission rate constant was
found to be within the range (0.5-6) X 108 s1. The
values of the self-diffusion coefficients of water, toluene,
and Triton X-100 were also measured by the Fourier
transform !H NMR pulsed-gradient spin-echo method.
However, the fusion—fission process could not quan-
titatively explain the rapid self-diffusion of water
observed in water-rich samples. It was suggested that
for a high volume fraction of the dispersed phase, where
the micelles are in a close spacing, a possible model
explaining both types of experiments would be that
the micellar compartments are transiently connected
by narrow holes or channels, which rarely are large
enough to permit quencher or probe to transfer but
allow a rapid exchange of the small water molecules. In
such a situation with close-packed micelles, the rate
constant k. should be visualized as an average frequency
for the formation of channels allowing interdroplet
exchange of probe and quencher. A similar model was
considered to interpret the fast exchange of reactants
solubilized in the reverse micelles of the system AQT/
water/alkane.!?!

The study of droplet dynamics in microemulsions
stabilized by non-ionic surfactants of the alkyl poly-
oxyether type by fluorescence quenching has been
recently reported by Fletcher et al.1?2 Theinterdroplet
exchange of reactants was assumed to occur only by
the fusion—fission mechanism as described above.
Ruthenium trisbipyridinium and methylviologen were
used as a probe and quencher, respectively. The
interdroplet exchange rate constant was calculated on
the basis of the Almgren approach. A linear relation
between the first-order rate constant for reactant
interdroplet exchange and the droplet concentration
was observed, and a second-order rate constant inter-
preted as the rate constant for droplet coalescence was
estimated. Its changes with surfactant and micro-
emulsion composition were discussed in terms of the
interdroplet interactions and the energies required to
bend the surfactant monolayer and to desorb surfactant
from the interface.

The problem of intermicellar exchange of reactants
was subsequently treated by Tachiya.’® The Laplace
transform and the matrix formulation (the eigenvalues
and eigenvectors problem) methods were applied in a
numerical analysis of the probe migration and the
fusion—fission process. Particularly, for the problem
of probe migration, an analytical solution was obtained.
The é-response function was expressed as an exponen-
tial series:

f(&) = expl-k,1)_B; expl-;t] (39)

Jj=0

where the amplitudes are calculated by
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40
+k “0)

B, = —exp[-All ————
and a; are the roots of

1-kg(s) =0 (41)
with
® n®
g(s) =exp[-Al) ——————  (42)

=onl(s+k+ nk,)

which have to be obtained numerically. The decayrates
B; = —a; and g; are all positive. By comparison of the
lowest elgenvalue and its amplitude with 4, and exp-
(-Aj), as given by eqs 36-37, it was demonstrated that
the Almgren approximation remains valid only at alow
average number of quenchers per micelle.5

Recently, a new methodology to investigate the
fluorescence quenching in the presence of intramicellar
exchange of probe and quencher has been intro-
duced 5152133134 The migration dynamics of an excited
probe is described by5%52

k
M*, + M;— M, + M, 43)

where M*, denotes a micelle containing one excited
probe and n quenchers, whereas M; denotes a micelle
with j quenchers but without an excited probe. k&, is
the second-order rate constant for the probe migration
process.

The é-response function of the fluorescence decay in
the presence of probe migration as well as in the general
case where both probe and quencher exchange between
micelles was obtained by using the integral equation
formalism.5152 The fluorescence decay in the general
case of monodisperse micelles is found by solving the
following integral equation of the convolution type:

f(t) = kf(t) ® g(t) + g(t) (44)

In eq 44, the convolution operator is denoted by ®. The
initial function, g(t), is simply the decay function in
the case of mobile quencher-immobile probe (eq 20)
multiplied by exp[-kt]. kifthefirst-orderrate constant
for intermicellar exchange of the probe defined as k =
kp[M] or as the reciprocal of the first passage time
between two micelles when migration through the
aqueous phase is considered. Equation 44 can also be
applied when no exchange of quencher occurs, but in
this situation g(t) is equal to eq 25 multiplied by exp-
[-kt] as before.

The solution of eq 44 may be obtained by the method
of successive approximations. Applying this procedure,
the following von Neumann type series is generated:

f(t) =gt) + kg(t) ® gt) +
Bgt) @ g(t) ® g(t) + ... (45)

The first term on the right-hand side of eq 45 is the
survival fraction of probes which at a time ¢ has not yet
migrated, the next term represents the survival fraction
which has migrated once and, and so on.

Since eq 44 is an integral equation of the convolution
type, it can be solved by Fourier or Laplace transform.
Defining the correspondent unitary transformation as
U, the solution of eq 44 is given by the following
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expression involving the inverse of the unitary trans-
formation:

ft) = UMg(s)/ (1 - k2(s))} (46)

The Laplace transform is appropriate for evaluating
the relative fluorescence intensity in the absence and
presence of added quencher, Iy/I, observed using
continuous excitation. Defining f(s) and 2(s) as the
Laplace transform of f(t) and g(t), respectively, one
has

F(s) = 2(s)(1 - kg(s) %)
where
2(s) = exp[-u])_ - - 48)
=0 il(s + v + ik, + kyy)))
nk 2
b= m 49
nquexq
y=ky+k+ PRI (50)

Considering that f(s) satisfies the conditions imposed
by the final value theorem, then

IjI=ry [ f®)dt =y lim f(s) = 7,[2(0)" = k] (51)

In the limit of fast probe migration compared to the
other processes £(0)! = k + ko + fikq, and the station-
ary intensity ratio turns into a linear Stern-Volmer
relation:134

IJI=1+1kp (52)

If the quenching process is slowed down for instance
duetothe presence of a higher activation energy barrier,
then the situation where k > k, is likely to occur. In
such case no information about molecular exchange of
the reactant can be obtained by the analysis of the
fluorescence decay (f(t) ~ exp[—(ko + Rkg)t]) or from
stationary measurements. The same limits are attained
if Rexq > kg

From the analysis of the series in eq 45,it was possible
to derive an approximate solution to the fluorescence
decay in this general case.!® On the basis of the
Almgren approach, it was shown that the average
number of quenchers in the subset of micelles that still
contain the excited probe, (x)., can be evaluated by
the following expression:

k exq
(%), = (q){l exp (A4+k)]} (53)

Figure 9 shows the variation of (x),asa functlon of the
logarithm of the ratio of the exchange rates and the
quenching rate constant at different values of A. The
points account for the values calculated by the iterative
method suggested by Almgren,* while the lines rep-
resent the values obtained fromeq 53. In Figure 10 the
exact é-response function is compared with the ap-
proximate solution based on eq 20 and in the set of
relations for the generalized A; parameters as given by
eqs 36—38. It canbeseenthat the approximate solution
describes adequately the initial part of the decay, but
at long times deviations from the numerical values are
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Figure 9. Stationary-state average number of quenchers in
the subset of micelles with one excited probe as a function
of the ratio of the exchange rate constants and the quenching
rate constant in the case of mobile quencher-mobile probe
for different initial quencher occupancy: (Q) 7 = 0.5; (A) A
= 1.0, (v) # = 2.0 (from ref 133, copyright 1992, American
Chemical Society).
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Figure 10. Normalized fluorescence decay in the case of
both probe and quencher as mobile species with & = keyq =
kq/2. Fulllines correspond to the approximate solution. }Ehe
closed symbols represent the numerical values from the
integral series expansion (eq 45) with five to eight terms while
the open symbols are the values from the numerical solution
of the system of differential equations (eq 9 in ref 52) (from
ref 133, copyright 1992, American Chemical Society).

observed and a good fit is obtained only in the case of
low# values. The quenching process of sodium 1-pyrene
sulfonate by tetradecylpyridinium chloride in CTAC
micelles was recently studied considering probe mi-
gration.!¢ Simultaneous analysis of several decay
traces at different quencher concentrations demon-
strated that the pyrene sulfonate ion is a mobile species
while the quencher remains immobile during the time
window of the fluorescence event. Figure 11 shows the
observed values of the probe migration rate constant
asafunction of the micelle concentration. The observed
linear relation between the probe migration rate con-
stant and the micelle concentration yielded an apparent
second-order rate constant of (3.0 & 0.4) X 10° mol' L,
sl

The exponential series expansion solution originally
introduced by Tachiya® in the case of probe migration
was recently extended to the case of quencher and probe
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Figure 11. Intermicellar probe migration rate constant (&,
usl) as a function of the micellar concentration (from ref
1344, copyright 1992, American Chemical Society).

exchange.? The decay function f(t) is expressed as an
exponential series:
ft) = 3_B; expl-gt] (54)
Jj=0
in which the amplitudes B; are equal to
n k 2
Bj'= exp[—u]Z“—’( ) (55)
moni\a; + v + n(ky + ko)
where a; represents the roots of eq 41 but with 2(s)
given by eq 48. The decay constants 8; = —a; and all
B;are positive. The parameters u and v are defined by
egs 49 and 50, respectively.
I11.2.3. Factors Affecting the Quenching Process
(a) Effect of Micelle Polydispersity. In all previous
discussions, the fluorescence quenching process has
been analyzed considering micelles as monodisperse.
This assumption will be valid as long as the micellar
size distribution remains narrow. However, it is well
documented that ionic micelles in the aqueous phase
are susceptible to growth when salt is added to the
solution.8384137 In gome systems, micellar shape
changes are observed upon addition of salt.!®%!”0 In
the case of non-ionic micelles, an increase in size of the
micelle with temperature has been observed and
attributed to changes in the water hydrating shell of
the polar head groups of the nonionic micelle.!35:136
In each case, the increase of the micellar size is usually
associated with a broadening of the micellar size
distribution. Polydispersity is likely to be present also
in reverse micellar systems and in microemulsions.138139
The solubilization process of the probe and quencher
then becomes size dependent. There will be a higher
probability of finding a hydrophobic probe and quench-
er pair in a larger aqueous micelle than in a smaller one.
Since probe concentration is usually much lower than
the total micelle concentration, the quenching process
selects a subset which is shifted toward the fraction of
larger micelles. Aslongas more quencheris added, the
balance between particle number and size effects will
force the quencher to be distributed along the whole
fractions of the micellar sizes. As a result, the exper-
imentally estimated aggregation number and the
quenching rate constant obtained by considering the
system as monodisperse may be a function of the
quencher concentration.
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Polydispersity effects on fluorescence quenching were
originally studied by Almgren and Lofroth.14 Two
extreme cases were considered: a static one, where no
size changes of the micelles occurs during the residence
time of the reactants, and a dynamic one where very
large size variations take place. Analysis of simulated
decays assuming Gaussian and exponential micellar size
distributions showed that in the static case, the
estimated aggregation number will decrease with
quencher concentration from the weight average num-
ber in the limit of zero quencher concentration. In the
dynamic case, the number average aggregation number
is obtained independent of quencher concentration.

The theory of a polydispersity-assisted quenching
process was later extended by Warr and Grieser to
steady-state and time-resolved experiments.!* In the
absence of exchange of probe and quencher during the
fluorescence event, the measured average aggregation
number referred to as the apparent average aggregation
number, obtained by using eq 25, is related to the
quencher concentration as follows:

NWS:NW_?*-_G__'" (56)
where N, is the weight average aggregation number
and ¢ and £ are the second and third cumulants of the
micellar size distribution. gq is the ratio of quencher to
surfactant molecules in the aggregates. Ifsolubilization
of quencher molecules should not perturb the micellar
structure only a small fraction of ¢ space will be
experimentally accessible. Quasi-monodisperse sys-
tems should show no change of Ny with q; a linear
dependence of N,g with g indicates that the distribution
is symmetrical, and a nonlinear one, that the distri-
butionisskewed. The polydispersity of several micellar
systems has been investigated on the basis of the
discussed mode].135140-145

(b) Deviations from the Poisson Distribution. The
solubilization of probe and quencher are usually as-
sumed to be independent processes. A Poisson dis-
tribution is then realized as long as the average
occupancies are relatively low. When a maximum
number of quenchers per micelles, say m, due to size
restriction is admitted, the distribution of quencher
among the micelles becomes binomial:146:147

B A

Mathematical expressions of the fluorescence decay in
the case of a binomial distribution of quencher were
derived by Tachiya.t” Nakamura et al. reported that
the fluorescence quenching of pyrene by Cu?* and Eu*
in SDS micelles may be described by a binomial
distribution of decay rates.!*® They concluded that the
maximum number of those ions per SDS micelle is about
4. This result contrast with previous investigations of
the same system where Poisson distribution was suc-
cessfully applied. Also the low value of the maximum
number of quenchers seems to be underestimated.
Experimentally it is always possible to control the
quencher concentration in order to have an average
occupancy <2 where Poisson distribution holds. Also,
the quencher can be a surfactant-like molecule, so that
its presence in less than 5% of the surfactant monomer
number will not disturb the micelle structure if the
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quencher molecule has a size similar to that of the
surfactant molecule. On the other hand, functionalized
probes with a large chromophore and along alkyl chain
do affect the micellar structure.!*? A similar approach
hasbeen made in other systems, e.g., the nonexponential
decay of the excited state of Ru(bipy);?* adsorbed on
clays containing quenching impurities (Fe**) was de-
scribed by a binomial distribution of decay rates.!®®
The probe and quencher were considered immobile
species, and the binomial distribution was related to
the interplay between the excited probe site and the
nearest lattice sites of the solid which may be occupied
by the quencher ions.

(¢) Nonideality in the Probe Quencher Distribution
Due to Intramicellar Probe-Quencher Complexation.
When the probe in the ground state can form a complex
with the quencher, the distribution of both species is
no longer independent. The fraction of micelles con-
taining the probe will be occupied with a slightly higher
probability than that without probe. Considering that
the fluorescence quenching method selects only the
fraction of micelle containing an excited probe, the
experimentally determined quencher occupancy # may
not be strictly the ensemble average. If the probe
quencher association leads to a nonfluorescent complex,
substantial differences between the time-resolved and
stationary measurements could occur because the
former method relates only to that fraction of probes
which acts through a dynamic quenching process while
in the latter one both dynamic and static quenching
contribution are measured.!5153 [t has been demon-
strated that the fluorescence quenching of pyrene by
N,N’-dimethyl-4,4'-bipyridinium dichloride has static
and dynamic contributions.!®!2 Ground-state charge-
transfer complexes between anthracene or 1,4-dime-
thylnaphthalene and arene diazonium salts were ob-
served in SDS micelles.!52 A kinetic scheme considering
both static and dynamic contributions was formulated
to explain the quenching data.

I1.3. Energy Transfer in Micelles

Energy transfer between donor and acceptor solu-
bilized in micelles has been used to investigate micellar
solutions.13167 The distance dependence of the prob-
ability of dipolar electronic energy transfer was used to
study the spatial distribution of the donor-acceptor
pair in the host micelle structure and to derive
information on molecule~micelle interaction. Similar
issues are also very important in the investigation of
sensitized fluorescence or of photochemical processes
in natural and artificial systems based on molecular
aggregates.

Experimentally, the fluorescence decay of the donor
is monitored. If a Forster dipole—dipole mechanism in
the limit of dynamic regime is assumed, then the
fluorescence é-response function of the donor popula-
tion in the presence of Poisson distributed acceptor
with an average occupancy A, is given by!661€7

p(t) = expl(-t/7o) - A(l - )] (58)

where
J = [h(r) expl-Ry/P°(t/70)] dr (59)
with h(r) the distance distribution function for the
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donor-acceptor pair. 7o and R, are the donor decay
time in the absence of acceptors and the so-called
Forster radius which corresponds to the distance where
the energy transfer probability equals the emission
probability, respectively. Micellar structural details
are then related to the decay profile via h(r). However,
if Ry is larger than the micellar diameter butstillsmaller
than the average distance between micelles, than the
decay will be only slightly affected by the spatial
distribution of donor and acceptor in the same micelle,
J = 0, and the fluorescence decay becomes single
exponential with a decay time 7o and amplitude equal
to exp[-~l.

Different models where specific forms of h(r) are
assumed, have been formulated.!62-164166.167 The de-
tailed description of those models is outside of the scope
of the present review, but some of the experimental
finding are briefly discussed. Recently, Berberan-
Santos et al. analyzed time-resolved quenching of
several different donor-acceptor pairs in SDS mi-
celles.!” The decay profiles could not be completely
explained by four models in which orientational dy-
namics and uncorrelated spatial distributions for the
donor-acceptor pair are varied. The deviations were
then rationalized on the basis of probe-induced per-
turbations of the micelle structure resulting in a closer-
than-random distance distribution. However, if cor-
relation between the probe molecules inside the micelle
occurs, then the solubilization process is no longer
independent and eq 58 should be modified.!é® Another
factor usually missing in the models is the effect of the
micellar polydispersity. If one assumes an average
micelle radius, it seems that the donor fluorescence
decay, which has a sharp dependence on the micelle
radius, is preaveraged over the ensemble, and the decay
is not considered as a result of quenching in different
micelle subsets in which size as well as quencher
occupancy is not constant. The problem that one faces
is similar to that of a diffusion controlled quenching
when the size distribution is not narrow.

11.4. Quenching Process In Cylindrical Micelles

Changes in the micellar form upon addition of salt
and cosurfactant and at a higher surfactant concen-
tration is likely to occur in several systems.* For
instance, CTAC micelles are susceptible to a transition
from spheres to cylinders upon exchange of a chloride
counterion by chlorate;!617 SDS micelles are reported
to be nonspherical at a higher sodium chloride con-
centration. For nonionic micelles, a high aggregation
number and nonspherical micelles are predicted. For
these aggregates, the most favored configuration seems
tobe a prolate ellipsoid (rod).!4 Hatlee et al.** suggested
that the sphere-rod transition would influence therate
of intramicellar reactions by changing the dimension-
ality of the diffusion space. In an extreme situation
where large micelles are present, the models based on
small and monodisperse micelles may not be valid due
to the approximately continuous quencher number
density in the reaction volume and/or due to the
considerable amplitude of the diffusion transient.

The problem of fluorescence quenching in large
micelles has been formulated on the basis of the
diffusion equation of free particles in a finite or
semi-infinite cylinder as a geometric model for rodlike
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micelles.1¥-170 Van der Auweraer et al.!8® considered
the quenching process as taking place on the surface of
a cylinder of length L and radius R.. The probe is
assumed to remain immobile in the middle part of the
cylinder. This sector of the cylinder forms a reaction
zone with an average rate constant, (k)perp, given by
3D rR
k = (4 (4

(%) perp @R.-R) (60)
This approximation allows introduction of a radiating
boundary condition at 2L — Rpq and at R, with a rate
constant equal to Rpq (K )perp. Rpqis the sum of the probe
and quencher molecular radius, and D, is the mutual
diffusion coefficient in the medium. The equatorial
diffusion is then decoupled from the axial diffusion.
The problem becomes analogous to that of the average
temperature of a slab with thickness 2L radiating at
both ends in a medium at zero temperature and having
an initial temperature !/,L. The space average con-
centration of excited probe—quencher pair is then

i exp[-T,’D t/L%]
(Pl =1L (61)
U P+ LI+ T

where T, is the solution of
tanT, =IL/T, (62)

with

l=R, (R)perp/ D, (63)
The fluorescence decay of an ensemble of micelles
containing statistically independent quenchers, which

aredistributed over the micelles according to a Poisson
distribution, is

f() = expl-kq + A((P)ey ~ 1)] (64)

It has been shown that diffusional transients will only
lead to important deviations of the experimentally
determined decay from the decay expected on the basis
of eq 25 when a short-living probe (7o < 50 ns) is used
inlarger micelles (L > 400 A or Ny, > 400). Inaddition,
for a small aggregation number (corresponding to L/R.
< 2x) it will be difficult to determine from the
experimentally observed data whether the model for
spherical or the model for cylindrical micelles is most
adequate.1®8

Fluorescence quenching in rodlike micelles was also
studied by Almgren et al.15%10 They proposed a model
for a quenching process in semi-infinite cylinders. In
that model, the excited probe is assumed to be fixed at
the bottom (x = 0) of an infinitely long cylinder of radius
R, and the quenchers initially form a constant number
density along that axis, c(x,t=0). A reaction zone with
a finite rate constant &, is defined to represent the
quenching process in the vicinity of the excited probe.
In such approximation, the problem is then converted
toa unidimensional diffusion in a semi-infinite medium
with radiation boundary condition. The resulting
expression for the fluorescence decay is

z@) o
In (f(O) k,

2C 2 (D )"/
To[ exp[’D t] erfc (»(Dt)"/?) -1+ vOH

01")
where
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v = 2k R /3D, (66)

Experimental results obtained in the quenching of
pyrene by benzophenone in CTAC micelles in the
presence of moderate amount of sodium chlorate was
chosen to investigate the quenching process. The
formation of rodlike micelles upon addition of sodium
perchlorate was confirmed from viscosity measure-
ments. Decay curves for different quencher concen-
trations were fitted with eq 65 in a global analysis (vide
infra). A good global fit was obtained with better local
statistical parameters for the curves at lower quencher
concentration. From the results, the values of kq = 2.4
X 10" s1and D, = 9 X 10! m2 5! were calculated on
the basis of an assumed radius of 21 A for the cylindrical
micelles. A general situation where the quencher
migrates between micelles throughout the aqueous
phase was also introduced. The model was later used
to interpret the deactivation of long-lived probes such
as triplet states. The mutual diffusion coefficient of
the probe and quencher, D., as well as the quenching
rate constant, kq, could be estimated.!”®

11.5. Dispersive Kinetics and Fractal Decay Law

The fluorescence quenching in microheterogeneous
systems can be affected not only by the statistical
distribution of quenchers but also by factors such as
structural and energetic disorder of the system. Inthe
last few years a fractal approach to describe the
relaxation process of an excited probe in disordered
materials has been considered.’” A decay law which
has been often used in the analysis of experimental
data is the stretched exponential

ft) = expl(-t/7)’] 0<B=<1 (67)

The exponent 8 and the time constant r depend on the
system and on the microscopic relaxation process.
Stretched exponential decays appear in various studies
of dynamic process such as NMR, direct energy transfer
and diffusion controlled processes in restricted geom-
etries or low dimensional systems. Equation 67 ex-
presses the relationship between structural properties
and dynamics. It is of fundamental importance in the
study of molecular transport in porous solids and
glasses.1”

The direct energy transfer (DET) from an excited
donor to acceptors randomly distributed on fractals
and the indirect energy transfer (IET), which could
involve energy migration over the donor subsystem or
molecular self-diffusion of the acceptor in a fractal
structure where the donor is a static target, are two
distinct classes for which the relaxation process results
in a stretched exponential decay.!”! The main differ-
ence between these two classes is that DET depends on
the density of sites around the donor which could
eventually be occupied by acceptor, a parameter which
scales with the geometrical fractal dimension of the
medium. On the other hand, IET depends on the
topology of the random walk of the exciton migration
or self diffusion of the quencher in the target problem
(i.e., the dynamic connectivity of the system). Fordirect
energy transfer on a fractal

fi = exp| -(£ - ~BdBp(, z)( )a/s] ©8)

is the decay function where 7ois the fluorescence lifetime
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of the donor in the absence of acceptors, d is the fractal
dimension, p is the probability with which acceptors
occupy sites in the fractal structure and B is a time-
independent factor. When the IET process is consid-
ered, one has

<ol (2) w3+ (5] o

where 7 is the average time of the energy migration
process, ¢ = =In (1 — p), a and b are time-independent
factors, and d is the spectral dimension or fracton. If
the target problem is considered, then b in eq 69 is zero,
and the decay due to quenching is a single stretched
exponential valid over the whole time range contrary
to the situation where b is a positive constant.

Equation 68 was used by Mataga et al.1’2 to interpret
the energy transfer of rhodamine 6G to malachite green
when both dyes are adsorbed on the surface of a DHP
vesicle. The fractal dimension d was attributed to the
acceptor spatial distribution on the vesicle surface.
However, when the energy migration among cationic
porphyrins adsorbed on the surface of DPH vesicles
was studied, the quenching due to energy trapping by
dimers and higher porphyrin aggregates was interpreted
as an IET process.!” Analysis of fluorescence decay
curves with eq 69 at several different concentrations of
DHP has yielded d = 1.65.

Fluorescence probing of bimolecular reactions on lipid
vesicles was also investigated by several authors using
the framework of fractal dimension. In the study of
self-quenching of excited pyrene in small unilamelar
vesicles of dipalmitoylphosphatidylglycerol, Argyrakis
et al.1’4 suggested that the quenching process could be
well interpreted on the basis of a fractal decay (eq 67).
However, they noted that the spectral dimension, d,
was a function of the pyrene concentration particularly

atlow lipid concentration. Considering that the theory
does not predict a dependence of d with the concen-
tration of traps (in that case the ground-state pyrene
molecules), the unexpected decrease of d with i 1ncreasmg

pyrene concentration was ascribed to a quasi-static
quenching at a high pyrene concentration. A steeper
decrease of the decay profile due to the quasi-static
contribution leads the d values to appear smaller in
order to account to this effect. However, excimer
formation in vesicles has been treated as a bicompart-
mental system (two-state process) with a well-defined
quenching mechanism where the backward step of the
excimer kineticis considered.!” The theoryunderlying
eq 69 assumes the quenching process to occur at the
first encounter of the excited probe with the trap and
a dissociation process is not considered.

Fractal modeling of fluorescence quenching has been
tentatively used to explain the quenching mechanism
in systems like small aqueous micelles, reverse micelles
and microemulsions.l’® However, this new approach
has not yet been as systematically tested using simul-
taneous analysis of the decay surfaces as the stochastic
approach, described in I1.2, has been. Also the infor-
mation provided by fitting decays in micellar solution
with a fractal decay law neither allows size character-
ization nor quantitative evaluations of intermicellar
exchange rate constants. If micellarclustersareformed,
as occurs in microemulsions above the percolation
threshold, then the quenching process becomes a
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function of the micelle connectivity, and fractal decay
theory may be more properly used.

I11. Analysis of Fluorescence Decay Data In
Micelles

I11.1. Reference Convolution Method'77-"%2

Time-resolved fluorescence quenching in micelles can
be properly measured by a time-correlated single-
photon-counting technique. The use of a stable mode-
locked ion or Nd:Yag laser to pump a tuneable dye
laser producing very short pulses at a high repetition
rate and fast timing detection has much increased the
quality of the counting data. Besides the Poissonnoise
inherent to the counting technique, systematic errors
may be also present in a sample decay. Systematic
error from drift in the excitation source and electronics,
detector dark counts, pulse pileup, or rf noise may also
distort the data. Proper management of systematic
and random errors is then essential in instrumental
design and in the data analysis procedure.!®

In the above sections, models for fluorescence quench-
ing in micelles have been discussed and in several cases
the sample response function of the system, f,(¢), which
corresponds to a decay after a é-pulse excitation has
beenderived. Inanideal time-correlated single-photon-
counting experiment, the time-resolved fluorescence
profile of the sample, dg(Aex,Aem,t), Obtained by excitation
at wavelength A.; and observed at emission wavelength
Xem, i8 the convolution product of the instrument
response function irf (Aex,Aem,t) and the true sample
response function fs(Aes,Aem,t):

d, Aoz hemot) = irf A A omit) ® fuA g hemot)  (70)

Usually, the experimentally determined functions irf
(AexsAex,t) and/or irf (Aem,Aem,t) will differ from irf
(AexsAem,t) due to the wavelength dependence of the
instrument response. Their use in the model-fitting
calculation can lead to inaccurate results. The best
method to correct for this wavelength variation of the
instrument response function is the reference convo-
lution method.!”-182 [In the reference convolution
method, eq 70 is replaced by

d, A remst) = &g emst) ® FoApremit)  (T1)

In eq 71, di(Aex,Aem,t) is the decay of a reference
compound measured at the same instrumental settings
as used for the sample and f,(Aex,Aem,t) is the modified
sample response function. It has been shown!7#182 that
if the fluorescence é-response function of the reference
compound is monoexponential:

f,(t) = a, exp[-t/7,] (72)

where 7. denotes the decay time of the reference
compound and a, the corresponding scaling factor, fs(t)
satisfying eq 71 is

F.) = a7 [f(0) 6(t) + F/,0) +£,(8)/ 7] (73)

where 6(t) is the Dirac delta function and f ’s(t) denotes
the time derivative. For example, considering the four-
parameter equation in micelle quenching kinetics as
that given in eq 20, the following modified sample
response function can be written:%
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o =a6)+ (5, - A,
A A, exp[-AgIf(£))/A}} (T4)

Estimates of model parameters are usually computed
by nonlinear weighted least-squares fitting based on
Marquardt algorithm.!% Error estimates on the model
parameters and a statistical measure of goodness-of-fit
are essential points in the data analysis.!®® After fitting
to a model function, a careful inspection of the
differences between observed and fitted data should
be worked out. This residual analysis usually com-
prehends the calculation of the reduced x? and its
normal deviate.!®1%18  Graphical methods such as
weighted residual plots and the autocorrelation function
are very useful for observing patterns in the data which
canreveal appropriateness or lack-of-fit of the proposed
model.’¥® The Durbin-Watson parameter!8 to test for
serial correlation between residuals, the run test!®” to
examine the randomness of the time sequence of the
residuals, and the percentage of the residuals within
the [2,~2] interval are also additional numerical sta-
tistical tests which make the residual analysis more
reliable.

Because of the intrinsic complexity of the micelle
quenching models and their usually high number of
fitting parameters, successful results with simulated
data represent to the experimenter a unique way for
delimiting the boundaries for a safe use of quenching
methods in the study of micelles. Typically, synthetic
decay data can be generated by numerical convolution
of anonsmoothed instrumental response function, such
as an experimental lamp or laser pulse profile, with an
assumed d-response function of desired parameters,
followed by addition of Gaussian or Poisson noise
depending of the number of counts in a given
channel.’®®* The analysis of simulated or synthetic
decays of the fluorescence quenching in micelles by
standard deconvolution techniques offers the possibility
of investigating several points such as model appro-
priateness and accuracy of recovered model parameters
and the possibility of discriminating between competing
models. Two of the current methodologies in data
analysis of micelle quenching are now discussed. Their
use in simulated as well as real data is illustrated.

I11.2. Global Analysis in Micelie Quenching
Kinetics

Decay curves observed in micelle quenching kinetics
may be collected at different experimental conditions
(quencher or micelle concentration, wavelength, etec.).
In single-curve analysis, the individual decay curves
are analyzed separately to obtain decay parameters.
Although this procedure can be adequate in many cases,
it fails to take full advantage of the relationships that
may exist between individual curves. Thesimultaneous
analysis of related fluorescence decay experiments
exploits these relationships between decay curves by
linking common model parameters in the analysis. This
approach has been called global analysis of decay
surfaces.188192 Jt has been applied to a number of
problems including fluorescence quenching in micelles.
To illustrate its application, let’s consider the fluores-
cence quenching model for immobile probe and quench-
er. If decay curvesatdifferent quencher concentrations
are collected, then the decay rate constant of the probe
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in absence of quencher, k, the micellar concentration,
[M], as well as the quenching rate constant, kq, may be
linked because these model parameters are independent
of the quencher concentration. Considering eq 25 a
feasible model linking scheme in global analysis can be
represented as in Scheme I. It has been demonstrated

Scheme I
1 kO Ty
2 ky ky [Q/IM] 7,
3 ky kg [Ql/IM] 7,
i ky ky [QL/IM] T, (75)

that such a procedure results in a superior recovery of
model parameters than single curve analysis.?® Also
the inclusion of a sample decay with no added quencher
(corresponding to sample 1 in the scheme above) and
the linking of the probe’s decay rate constant is a
pertinent test of the assumed monoexponential decay
of the probe in the absence of added quencher leading
toa better determination of the model parameters. The
quenching of 1-methylpyrene by tetradecylpyridinium
chloride in DTAC micelles was reinvestigated by this
approach.®5 Excellent agreement with previously re-
ported values of quenching rate constant and average
aggregation number in single curve analysis were
obtained. The recovered decay parameter ko, [M], kq
from simultaneous analysis of six curves at different
quencher concentrations are given in Figure 12. Each
individual curve analysis also resulted in satisfactory
fits. However, the parameters recovered by single curve
analysis are scattered around the “global” values. With
global analysis similar trends in the parameter recovery
were obtained in the analysis of the fluorescence
quenching, with the same probe—quencher pair, in SDS
aqueous micelles.?® Simultaneous analysis has been
alsoapplied toinvestigate the micelle quenching process
in the presence of mobile quenchers (eq 20).% Analysis
of synthetic decay data was used to determine the
optimal experimental conditions to the number of data
channels (time window), quencher concentration range
and number of experiments in the global analysis. The
results indicated that at least !/,K data points per curve
are needed for recovering parameters and the larger
the time window, the more accurate the model param-
eters become. It was demonstrated that the quencher
concentration has no influence on the accuracy of the
estimated parameters. Moreover, an increase in the
number of analyzed curves resulted in better accuracy.
Theapplicability of this simultaneous analysis approach
was extended to real experimental data obtained from
the quenching of 1-methylpyrene by the mobile quench-
er m-dicyanobenzene in SDS.# The same approach
was used successfully in the analysis of the quenching
process of this same probe by alkylpyridinium chlorides
in cationic as well as anionic micelles in the presence
of added butanol® as discussed early.

Simultaneous analysis is a powerful method to
investigate probe and quencher intermicellar ex-
change.*®13¢ If reaction exchange in microemulsions is
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Figure 12. Estimated decay variables A; (4, 4), [M] (O, W)
and A, (O, ®) from statistically acceptable single (open
symbols) and multiple (horizontal lines with filled symbols)
curve analyses of the fluorescence decays of 1-methylpyrene
quenched by N-tetradecylpyridinjium chloride in DTAC
micelles according to eq 20 plotted versus [Q] (from ref 85,
copyright 1988, American Institute of Physics).
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analyzed on the basis of the Almgren approach con-
sidering the fusion—fission process, then the parameters
ko, [M], and kq can be linked. However, (x), cannot
be linked due to its dependence on the quencher
concentration. Thus the fusion—fission rate constant
should be determined indirectly. On the other hand,
if exchange of probe and quencher is described by the
probe migration model in its general formulation, then
whole linking of the model parameters in global analysis
is possible.13¢ A particular case, where only the probe
migrates between micelles, was recently investigated
using the simultaneous analysis of the decay surface.
The accuracy of recovery decay parameters (ko, [M],
kq, and k) was superior in simultaneous analysis of
several decays at different quencher concentrations
than that of the single-curve analysis. Global analysis
was superior in recovering model parameters even when
the sum of the counts of the samples had practically
the same total number of counts as the samples analyzed
individually. Also, the standard deviations of the
recovery parameters were smaller in global analysis than
those obtained with individual analysis of samples.
However, the results from the analysis of synthetic
data indicated that no model discrimination between
mobile and immobile probe on the basis of fitting criteria
is possible when the probe migration rate constant is
much smaller than the quenching rate constant and
the reciprocal of the decay time in the absence of
quencher as well. Nevertheless, the model discrimi-
nation was possible on the basis of systematic analysis
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of parameter recovery. The global approach was then
used to investigate the mobility of the ionic probe
sodium 1-pyrene sulfonate in CTAC micelles during
the quenching process by the immobile quencher
tetradecylpyridinium chloride. The experimental re-
sults indicated that PSA is a mobile probe in CTAC.
Analysis of the system where the PSA was replaced by
1-methylpyrene confirmed that this more hydrophobic
probe does not migrate between micelles during its
excited-state lifetime. In the study of fluorescence
quenching of PSA by hexadecylpyridinium chloride in
poly(vinyl alcohol) in the presence of added CTAC, the
formation of polymer supported micelles was investi-
gated on the basis of global analysis. The results
indicated mobility of PSA between micelles supported
in the same polymer chain.!3!

The general fluorescence quenching model in mono-
disperse micelles where intermicellar exchange of probe
and quencher are considered was recently used, within
the framework of the global analysis with the reference
convolution method, to investigate molecular transport
of probe and quencher in reverse micelles. Simulta-
neous analysis of the fluorescence decay surface ob-
tained from the quenching of sodium 1-pyrene sulfonate
by N-tetradecylpyridinium chloride in the reverse
micellar system of N-benzyl-N,N-dimethyltetradecy-
lammonium chloride in toluene indicated that the probe
is a mobile species while the quencher is immobile.134
The absence of quencher but the presence of probe
exchange was ascribed to micellar collision, inducing
selective exchange. During interaction between two
micelles, the probe held in the inner region of the
surfactant layer of the reverse micelle is perturbed by
the electrical potential induced by the presence of the
counterpart micelle. Such an effect may lead to easier
exchange of the probe (a counterion) than of the
quencher (co-ion). Global analysis has also been used
in the study of the quenching process in rodlike
micelles.!88%170 Different analytical approximations to
the simulated fluorescence decay in finite or semi-
infinite cylindrical micelles were evaluated for a range
of aggregation numbers, diffusion coefficients, and
quencher concentrations. Single-curve analysis as well
as global analysis of synthetic data was used to search
model appropriateness and model discrimination.!68®
In several situations, single-curve analysis failed to
discriminate between competitive models. Ontheother
hand, global analysis of decay surfaces made the
discrimination possible in some situations. For in-
stance, simultaneous analysis of fluorescence decays
obtained for different quencher concentrations allowed
discrimination between diffusion transients in cylin-
drical micelles and the process in the presence of mobile
quenchers. Analysis of real experiments of the quench-
ing process in cylindrical micelles has also proved the
superior quality which can be obtained in parameter
recovery with the use of simultaneous analysis, 162170

111.3. Litetime Distribution Analysis of the
Micelle Quenching Kinetics?31?

The é-response function of several models of fluo-
rescence quenching in micelles can be represented by
a series of exponentials. For example, eq 20 can be
rewritten as
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Ay
f&) = A, expl-A;])_— exp[-(4,+iA)t] (76)
=0 1+

which implies that the fluorescence decay function is
a discrete set of exponentials with Poisson-distributed
amplitudes and decay times located at (A2 + jAs)™.
The kinetic parameters of the quenching process in
micelles could then be obtained if the distribution of
decay times is recovered with high precision.

Distribution analysis fluorescence quenching in mi-
celles was introduced by Siemiarczuk and Ware.!®3 They
applied the maximum entropy method (MEM) for
mapping the decay times patterns of the quenching
process. In the MEM method, the probe function is
represented by the sum

N
Zai exp[-t/7,] (77)

=1

fty=

with fixed, logarithmically spaced decay times 7;. The
amplitudes a; are reconstructed by maximizing the
entropy-like function

N
S= ;ai In (a;/a,) (78)
where
N
a, = ;ai (79)

with the imposed constraint x2 =~ 1.

The fluorescence quenching of pyrene by Cu?* in SDS
micelles was investigated by this method.! The
results indicated that the distribution of decay times
is composed of a long-lived spike well separated from
ashort-lived, broad distribution. In the assumption of
immobile probe and also considering the quenching
rate constant much larger than the quencher exchange
rate constant, k> k_+ k. [M], the spike is then ascribed
as A;! while the distribution to the remaining decay
times 7; = (A2 + jky)l, where j =1, 2,3, ...,and A, =
ko + fk_. The decay rate averages over these two
distinct region of the spectral patterns, (1/7) and (1/
7), and the integrated amplitude ratio, r, between the
components at j > 1 and the spike at 7o, are all
measurable parameters, directly obtained from the
MEM analysis. They are defined as

(Urg) =Y apt, " (80)
(/)= am™ (81)
[}

r= Za,/ Zam (82)

where the summation indices ! and m are spanning the
distribution range and the 7, range, respectively. It
has been demonstrated that those parameters are
related to the model parameter in the case of Poisson
distributed quenchers by
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k, = ((1/7) = (1/7))(1 —exp[-R])/R (83)

aA=ln(r+1) (84)

By combining eqs 83 and 84, one can thus determine
both # and k;. The accuracy of the method was
investigated on the basis of synthetic decay data. The
results indicated that both 7 and kq can be recovered
with high precision. When applied to real decay from
the quenching of pyrene by Cu?* in SDS micelles, the
values of k, observed were independent of the quencher
concentration and a average value kg = 2.26 X 107 871
was obtained which is in a good agreement with previous
results obtained by direct fitting with eq 20. Also the
value of the spike corresponding to A;! was a function
of the Cu?* concentration as expected since this
quencher is a mobile species. Contrary to the linear
relationship of A, to the quencher concentration
reported in literature,”® an upward curvature was
observed. It should be pointed out that a high
occupancy can further complicate this sytem as Scaiano
has shown that, in SDS at an occupancy of three of the
quencher Cu?*, the emission spectrum of pyrene showed
a time dependence.1%

A modified version of the method was also tested in
order to investigate the possibility of direct recovery of
the quencher distribution. In such a case, the decay
times are positioned at 7; = (A2 + jky)™ and the number
of components reduced to j < 15. A, is taken from the
previous results or from the analysis of the tail of the
decay. The value of k, is varied until the best fit is
found judged by x2 and residuals. The recovery
amplitudes can be analyzed to see if they follow a
Poisson distribution. In the case of pyrene/Cu?*/SDS
system, the Poisson distribution of amplitudes was
recovered explicitly from the fluorescence decay data.
However, distribution analysis should face serious
problems if the quencher exchange rate constant is of
the same order as the quenching rate constants. In
such a situation, these two different components may
overlap difficulting the application of the method. Also
the method may have the same problem if probe
migration is present. In this particular case, the
amplitudes of the discrete set of exponentials are no
longer Poisson distributed.

IV. Conclusions

Time-resolved fluorescence quenching provides a
unique method to investigate both size and molecular
transport in microheterogeneous systems. The theo-
retical advances in fluorescence quenching in micellar
assemblies obtained in the past few years have enlarged
the scope of this probing method. In particular the
stochastic description of the quenching process has led
to a more detailed analysis of probe and quencher
migration.

Time-resolved fluorescence quenching in micelles can
be properly measured by a single-photon timing tech-
nique. Today itis recognized that global analysis offers
advantages over single-curve analysis. The possibility
of discriminating between competing models and the
more accurate model parameter recovery are some of
its tangible advantages. The investigation of micelle
polydispersity effects on the quenching process by using
polymer-forming micelles with a well-defined micellar
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size distribution and the molecular transport of reac-
tants in micelle clusters and polymerized reverse
micelles are topics of the future. If a select probe—
quencher pair which has a decay with Poisson-distrib-
uted rate constants is chosen, then the use of a sample
with known size distribution may be used to test the
models of fluorescence quenching in polydisperse
systems.
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Glossary

AOT sodium bis(2-ethylhexyl) sulfosuccinate

Co quencher concentration in a cylindrical micelle
cme critical micellar concentration

CTAC  hexadecyltrimethylammonijum chloride

CTAB hexadecyltrimethylammonjum bromide
D diffusion coefficient
D, sum of the tangential diffusion coefficient of probe
and quencher
D, mutual diffusion coefficient of probe and quencher
in a cylindrical micelle
fractal dimension
spectral dimension or fracton
DHP dihexadecyl phosphate
ds(t) time-resolved fluorescence profile

DTAC dodecyltrimethylammonium chloride

erfc (x) complement of the error function

fs(t), sample response function and its time derivative

_ ()

fs(®) modified sample response function

h(r) distance distribution function for the donor-
acceptor pair

I fluorescence intensity observed with continuous
excitation

Iy fluorescence intensity observed with continuous

excitation in the absence of added quencher
irf () instrument response function

k first-order probe migration rate constant

K k+/k_ = association equilibrium constant of the
quencher to the micellar phase

k. quencher exchange rate constant

Rexq generalized quencher exchange rate constant

k¢ radiative fluorescence decay rate constant

ko probe’s excited-state decay rate constant in the

. absence of quencher

ky second-order probe migration rate constant

kq first-order intramicellar quenching rate constant

k, fusion—fissjon rate constant

ks entrance rate constant for a quencher into a micelle

k. exit rate constant for a quencher from a micelle

L length of a cylindrical micelle

M, a micelle with n quenchers

M*, amicelle with n quenchers and one excited probe

[M] concentration of micelles

M,] concentration of micelles with n quenchers

[M*,] concentration of micelles with n quenchers and
one excited probe

MEM maximum entropy method
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n average number of quencher per micelle
Nog average aggregation number
N, weight-average aggregation number

p(r.t) pair distribution density

{p(t)) spatially averaged pair distribution density

P*.(t) probability of finding a micelle with one excited
probe and n quenchers

PSA pyrenesulfonic acid, sodium salt

PTSA  pyrenetetrasulfonic acid, sodium salt

q ratio of quencher to surfactant molecules in a
micelle

[Ql. quencher concentration in the aqueous phase

Qln quencher concentration in the micellar phase

[Ql total quencher concentration

R, radius of a cylindrical micelle

Rn micellar radius

Ry Forster critical radius

Ry quencher molecular radjus

R, probe molecular radius

Ryq sum of the probe and quencher molecular radius

[S] total surfactant concentration

SDS sodium dodecylsulfate
TTAC  tetradecyltrimethylammonium chloride

(x), average number of quencher in the subset of mi-
(x)s celles with one excited probe, and its stationary

value

a(t) Dirac delta function

g, £ second and third cumulants of the micellar size
distribution

70 donor decay time in the absence of acceptors

Tr decay time of the reference compound

Aex excitation wavelength

Aem emission wavelength

x? chi square
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