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Abstract

The systematic description of the complex photophysical behavior of pyrene in surfactant solutions in combination with
a quantitative model for the surfactant concentrations reproduces with high accuracy the steady-state and the time
resolved fluorescence intensity of pyrene in surfactant solutions near the cmc, both in the monomer and in the excimer
emission bands. We present concise model equations that can be used for the analysis of the pyrene fluorescence
intensity in order to estimate fundamental parameters of the pyrene-surfactant system, such as the binding equilibrium
constant K of pyrene to a given surfactant micelle, the rate constant of excimer formation in micelles, and the
equilibrium constant of pyrene-surfactant quenching. The values of the binding equilibrium constant Kixigo =
3300 10°M™ and Kgps = 190 10°M™ for Triton X-100 (TX100) and SDS micelles, respectively, show that the partition
of pyrene between bulk water and micelles cannot be ignored, even at relatively high surfactant concentrations above
the cmc. We apply the model to the determination of the cmc from the pyrene fluorescence intensity, especially from the
intensity ratio at two vibronic bands in the monomer emission or from the ratio of excimer to monomer emission
intensity. We relate the finite width of the transition region below and above the cmc with the observed changes in the
pyrene fluorescence in this region.
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1 Introduction

Pyrene has been used since more than 50 years as
fluorescent probe par excellence for microheterogeneous
systems such as micelles [1-13], polymers [14-16], proteins
[17-19], peptides [20] and biological membranes [18,21-
23]. The sensitivity of the pyrene fluorescence intensity to
the solvent polarity is widely used for the determination of
the cmc of micellar systems [3,12,13,24-30]. Therefore, it
is surprising that there is still no established procedure to
extract a cmc value from pyrene fluorescence data that can
be related to basic properties of the micellar system and

thus be compared to results obtained from other techniques.

Currently, ad hoc graphical procedures are used, such as
the intersection of straight lines drawn through the
experimental data at low and high surfactant concentrations
or the fit of arbitrary functions that have no foundation on
the well-known fluorescence properties of pyrene in
micellar systems. In order to obtain a cmc value consistent
with other techniques it is necessary to use a common
definition of the cmc that is based on the surfactant
concentration and then to deduce the response of the
pyrene fluorescence to the changes in the micellar solution
around the cmc. The difficulty to do this lies mainly in the
first part, the definition of the cmc and the necessary model
for the concentrations of monomeric and micellized
surfactant around the cmc. Many excellent theoretical and
numerical descriptions of surfactant self-aggregation [31-
37] allow now to understand and to predict the properties
of micellar systems, but they are still too complex to be
used as models for the analysis of experimental data. As a
practical solution we proposed recently a manageable
model for the surfactant concentration derived from a few
empirically established properties of micellar solutions
around the cmc [38]. This model reproduces with high
precision the concentrations of monomeric and micellized
surfactant around the cmc and allows one to deduce unified
descriptions for several properties that depend on these
concentrations. We obtained consistent cmc values from
different surfactant properties such as electrical
conductivity, surface tension, NMR chemical shifts,
absorption, and self-diffusion coefficients, and also from
the fluorescence intensity and the mean translational
diffusion coefficient of several fluorescent dyes in
surfactant solutions [38,39]. In this contribution we
combine this concentration model with the well-known
photophysics of pyrene in order to obtain a manageable
procedure for the analysis of the fluorescence intensity of
pyrene in micellar solutions.

The photophysical behaviour of pyrene in
microheterogeneous systems is complex and has been
object of many detailed studies and reviews. The
fluorescence spectrum of pyrene shows characteristic
vibronic bands around 370 - 400 nm, whose absolute and
relative intensities, width and positions depend sensitively
on the polarity of the microenvironment [3,26,40-45]. The
pyrene fluorescence emission can be quenched due to the
diffusion controlled formation of excimers with a
characteristic emission band at longer wavelengths around

500 nm [24,40,46-49]. The time dependence of the pyrene
fluorescence intensity after pulsed excitation follows Stern-
Volmer quenching kinetics in pure water but has a much
more complex behaviour in  microheterogeneous
environments [26,49-53]. Although pyrene is highly
hydrophobic and only sparingly soluble in pure water, it
still follows a partition equilibrium between the aqueous
phase and the micellar pseudophase with a partition
equilibrium constant that is high but not infinite [27,39].

The ratio of the fluorescence intensities of the first and
third vibronic bands of pyrene (I/ly-ratio) increases
characteristically with increasing polarity of the probe
environment and defines the so called “py-scale” [42,44].
The passage of the hydrophobic pyrene from the aqueous
phase to the apolar micellar pseudophase with increasing
surfactant concentrations results in a sigmoidal decrease of
the 1)/l -ratio around the cmc. Although visually very
suggestive, there is not one special point of the sigmoid
which can be directly assigned to the cmc of the solution,
especially not the centre of the sigmoid. Zana et al. [27]
gave a special solution for the limiting case of zero cmc
taking into account the partition equilibrium of pyrene
between aqueous and micellar phase. Aguiar et al.
proposed to use the relative width of the sigmoidal as a
criterion for the selection of one of two possible cmc
values: the centre of the sigmoid in the case of nonionic
surfactants and the intersection of two straight lines drawn
through the rapidly changing part and the horizontal part at
high concentrations for ionic surfactants with higher cmc
values [30]. This leads to cmc values that are in agreement
with those obtained with other techniques. However, this
phenomenological approach does not take into account the
partition equilibrium of pyrene and does not relate the
sigmoidal model and its parameters with more fundamental
physical properties of the system under study. It is not clear
why any of the two selected concentrations should
represent the same cmc as determined with other
techniques.

Pyrene excimer formation is another property that is
highly sensitive to the formation of the first micelles
around the cmc [8,52,54,55]. Due to the low solubility of
pyrene in pure water, the efficiency of excimer formation is
low at surfactant concentrations below the cmc. The same
is true at high surfactant concentrations where there is a
very low probability to find more than one pyrene
molecule in a micelle. However, at the cmc the pyrene
molecules are crowded into the first few micelles so that
excimer formation is favoured and leads to a relatively
strong peak in the excimer fluorescence intensity. Again,
this peak does not coincide with the cmc itself and the
quantitative analysis of the excimer fluorescence for the
determination of the cmc has not been fully achieved yet.

Misra et al. interpret the fact that the excimer peak
appears at concentrations below the cmc as evidence for
the formation of pre-micellar aggregates and the gradual
decrease of the I,/Is-ratio as a progressive increase of the
micellar size [56]. As we will show here, both observations
can be readily explained taking into account the partition
equilibrium of pyrene and the finite size of the transition
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region around the cmc without the need for pre-micelles or
a step-wise growth of micellar size.

A full description of the dependence of the pyrene
fluorescence intensity and decay on the surfactant
concentration near the cmc has to take into account several
processes (Scheme 1): (1) the concentration of monomeric
surfactant and micelles for a given total surfactant
concentration (the surfactant-concentration model), (2) the
partition equilibrium of pyrene between bulk water and
micelles, (3) the distribution of bound pyrene among the
micelles, (4) the quenching of pyrene due to excimer
formation and (5) the interaction of pyrene with
monomeric surfactant. We will combine these processes
step by step and then apply the resulting equations to
experimental data.

free dye dye bound to micelles
' 2 i
partition
D] equilibrium Poisson distribution D]

Scheme 1: Processes controlling the dependence of the pyrene
fluorescence intensity and decay on the surfactant concentration
near the cmc. Free dye (Dy) partitions between bulk water and
micelles with binding equilibrium constant K. The distribution of
the bound dye (D,) among the micelles leads to different local
dye concentrations in micelles M; with occupancy i. Not shown
here is the quenching of free dye by surfactant molecules and the
formation of dye excimers in the micelles.

2  Theory

We distinguish three dominant fluorescent pyrene
species in a micellar solution: free pyrene in the aqueous
phase emitting as monomer (Ds), and pyrene bound to
micelles emitting as monomer (Dy,,,) or emitting as excimer
(Dpe) (see Fig. SI2 in the SI). We ignore the very weak
contribution of the excimer formed by free pyrene in water.

At a given emission wavelength A the total observed
fluorescence intensity 1¥) is the sum of the contributions of
each of the species:

1 = FP[D ]+ R [Dy] + R [Dye] 1)

This expression for the fluorescence intensity applies
both in the so called “monomer” and in the “excimer”
bands of the pyrene emission spectrum, with varying
contributions of the species depending on the wavelength.
In the “monomer” band the emission is dominated by free
and bound monomeric (F;, Fyn) pyrene with a residual
emission of the pyrene excimer. In the “excimer” band the
situation is just reversed, with a strong contribution of the
excimer (Fpe).

The task is now to obtain reasonable model equations
for the concentrations of the species (Dy, Dym, and D) as a
function of the total surfactant concentration [S],. A
rigorous Kinetic description of the pyrene fluorescence in
detergent micelles was given by Infelta and Gratzel [5]. We
combine their results with our surfactant concentration

model, introduce the interaction between pyrene and
surfactant monomers observed at low surfactant
concentrations and derive and discuss expressions for cases
relevant for the determination of the cmc. We also derive
equations for the time dependency of pyrene fluorescence.
In the following we present the steps in a systematic way.

2.1 Surfactant Concentration Model

The established model to calculate the concentration of
micelles in solution [M]=([S],—cmc)/n from the total
surfactant [S],, the cmc, and the aggregation number n,
works well above the cmc region, but is not defined in the
important region below and near the cmc. Recently we
introduced an improved surfactant-concentration model
that has proven to provide an excellent basis for a variety
of derived direct properties of a surfactant solution around
the cmc and also for the fluorescence intensity and mean
translational diffusion of fluorescent probes in micellar
solutions [38,39]. The model is still compact enough to be
easily implemented in standard fitting software for routine
data analysis.

At low [S], monomeric surfactants dominate whereas at
high [S], micelles determine the properties of the solution.
The transition between these regions around the cmc is not
abrupt but gradual within a transition concentration interval
with width o, given by the width of a Gauss function that
describes the second derivative (curvature) of [S;] with
respect to [S], (see Sl). The smaller o is the sharper is the
transition between the two linear regions below and above
the cmc. In order to facilitate the comparison of widths o
between surfactants with different cmc values, we define
the relative transition width r as:

O]

Our model (eq. (3)) for the concentration of surfactant
monomers [S;] in a solution with total surfactant
concentration [S] is based on the “Phillips-condition” [57]
and has the form of adequately normalized sigmoidal
function centred around the cmc and with relative
transition width r and the relative
concentration s, =[S],/cmc [38,39]:

[S,]= cmc{l 2[\/3 r exp[ (302;21)2 ] +(s, 1)(erf [ioérlj _1]H
3)

where A is the normalization constant (for small r <0.5:
A=1):

r=o/cme

2
A= ~1 (r<05) (4)
2 1 1
1+ \/; r exp(—?j +erf [«/Erj
The concentration of aggregated (micellized)

surfactants, [Sn], is the difference between the total
concentration and that of monomeric surfactants:

[Sm] = [S]o - [81] (5)
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The concentration of micelles, [M], depends on the mean
aggregation number n, which is taken to be constant
around the cmc:

M]=[S,]/n (6)

Fig. 1-a shows simulated data of [S;] and [S,,] and the
Gaussian function with width r calculated with the
concentration model (egs. (3) to (5) ) for three typical
values of the relative transition width r. Details of the
surfactant concentration model (egs. (3) to (6)) have been
discussed before and are given in the SI [38].

The concentration of micelles formed already below the
cmc increases with the relative transition width r (see Fig.
1-a). For typical small values of r (r<0.5) the fraction of

micellized surfactants [S,]/[S], at the cmc is
[S,lcmc)/ecmc~r/+/2zr ~0.4r and thus the micelle
concentration at the cmc is given by:
cnc r 1l o o
M]l(cmc) r ——=———=0.4— 7
[M](cme) n N2z n+2x n Q)

The polydispersity of real surfactant samples is not
explicitly taken into account but is captured by the relative
transition width r. For example, the conductivity of the
polydisperse surfactant mixture LAS is well described by
the model with an atypically high value of r of 0.48 [38].

n 1.0
.x:

1 05

] 0.0 hpmesietin
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Fig.1: Relative concentrations [S;]/cmc, [Sn]/cmc, molar
fractions Xy, Xpe, Xp-Xpe, Mean occupancy i and occupancy
probability P(i>1) versus relative surfactant concentration
So = [Se}/cmc for different values of r and K as indicated. The thin
lines in panel a are Gaussians with width r and arbitrarily
normalized amplitude. (Values used for the simulations:
cmc=0.275, n=143, K=3300 and 6000, [D],=1.6 107, Kqg=2.2,
K’pe=0.6). The value of K is normalized to K-cmc/n.

2.2 Binding Equilibrium

Near the cmc pyrene coexist in the aqueous phase and in
the micellar pseudophase with concentrations of free and
bound pyrene given by a 1:1 binding equilibrium as shown
in eq.(8), with an apparent (macroscopic) binding
equilibrium constant K [4,27,39,58-60]. Some authors
prefer the term “partition equilibrium”. However, the

binding equilibrium constant K should not be confounded
with a partition constant of a phase equilibrium [61].

oometip, k- DL

~[D,1[M]

The molar fractions of free (X;) and bound dye (Xp)
with respect to the total dye concentration
[D], =[D;]+[D,] are given by eq. (9). The fraction of
bound dye X, near the cmc is shown in Fig. 1-b for
different values of r and K. Both K and r determine X,. For
a given value of K=6 (thick lines) an increasing transition
width r moves the onset of the transition region towards
lower concentrations (to about cmc-2¢ or 1-2r in this scale)
and thus also, the onset of the increase in X, With
increasing r the concentration of dye bound to micelles
already below the cmc increases. Comparing two values of
K (K=6 and K=12) at the same r =0.15, the onset of the
change in X, coincides, but the change is faster for the
higher K. In any case, both parameters affect Xy, in a rather
similar way and are therefore correlated in nonlinear fits.

_[b]_ 1 _[D,]_ K[M]
" [D], 1+KJ[M]" " [D], 1+K:[M]

(®)

©)

2.3 Dye Distribution

The mean number of pyrene molecules per micelle (mean
occupancy i ) is given by the ratio of the concentrations of
bound pyrene and micelles:

i_: [Db] — ;i.[MI]
M S

i=0

(10)

=K[D,]=[D],"K-X,

At very low surfactant concentration (and consequently
low [M] and [Dy]) the mean occupancy 1 starts at a
limiting value of i <K-[D], , and then decreases
proportionally to the fraction of free dye X; as the micelle
concentration increases (see Fig. 1-c). Again K and r have
subtly different influence on the mean occupancy 1 . With
a broader transition width r the mean occupancy 1
decreases already at lower surfactant concentrations [S].
Higher values of K move the whole curve up to higher
values of 1 .

The distribution of bound pyrene among the micelles is
sufficiently well described by a Poisson distribution
[5,26,62-65]. The probability P; that a micelle is occupied
by i pyrene molecules (in a micelle M;) depends on the
mean occupancy of the micelles as in eq. (11).

_ M1 _ie”

Mt (1)

Fig. 1-c shows the probability P;.; that micelles are
occupied by two or more dye molecules.
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2.4 Excimer Formation

D +D. K
m ~“m__1, D
i - e
k

-1
K = Kot Kor

-

ke = ker+ kenr

Dt Dy

Scheme 2: Mechanism of the formation of excimer D with rate
constants k; and k_; after excitation of the monomeric dye D,,. The
deactivation rate constants of monomeric dye (k) and excimer
(ko) are sums of radiative (kn. ke) and non-radiative rate
constants (Kunr, Kenr)-

The differential equations describing the dynamics of
the excimer formation of pyrene in micelles have been
presented by Infelta et al. and other authors [5,47,52]. The
equations for the case of a homogeneous pyrene solution
without surfactants is presented in the SI. Here we show
briefly the results in a micellar solution with bound pyrene.
The detailed derivation is given in the SI.

An excited monomeric dye D, can either deactivate
directly to the ground state or it can form the excimer D;
interacting with an unexcited monomeric dye D,, as shown
in Scheme 2. The lifetimes of the excited monomer
is 7, =(k,+k[D,])" and that of the excimer
7. =(k)"

In a micellar solution both free and bound pyrene
contribute to the observed fluorescence intensity (eg. (1)).
Free pyrene in water forms only a very small fraction of
excimer Dy, which we neglect in our model ([Ds] = O,
[Dsm] = [Ds]). This free excimer Dg could, however, be
easily included in the model. On the contrary, the
contribution of the excimer emission from pyrene bound to
micelles is important and has to be modelled carefully
taking into account the local pyrene concentration given by
the occupancy i of the micelles.

Without back reaction in the excited state (k, [ 1k ;),
the fraction of bound excited dye in micelles M; that
decays as monomers (X)) or excimers (X)) is given
by:

() _ 1

- - X®H —1_x®
bm 1+ Kée (l _1) be bm

(12)

The fraction of bound excimer X is zero for a
micelle M; occupied by only one dye molecule and
increases with higher occupation numbers. The constant
Kpe Of the formation of excimer in micelles is given by the
rate constants of excimer formation k; and of the monomer
deactivation k, and is taken to be independent of the
occupancy of the micelle:

K
K [
be V

m m

(13)

The volume V,, contains the dye bound to a micelle and
defines the local concentration of not excited dye in a
micelle M;: [D,, ] = (i—1)/V,,. This volume is included
in the constants K,, =K, /V, and k/ =k, /V,_ . Neither
the constant Ky, nor the volume V,, depend on [S], as long
as the structure and the size of the micelles do not change
significantly.

The total steady state fluorescence intensities Iy, and Iy,
of bound monomer and excimer are then given by the sum
of the intensities from micelles with different occupation
numbers (see SI):

Lo = Fom X Xp[Dlg: Ipe = Fioe X X, [P, (14)
with the fraction X, of bound dye (eq. (9)), and the
monomer and excimer fractions of bound dye X,  and

X

X, —e 1 Ly _1_x

0
YT e bm
o 1+iIK,, 1!

(15)

As can be seen in Fig. 1-d the excimer fraction of
bound dye X, decreases with increasing surfactant
concentration following the decreasing mean occupation
number. However, more relevant, the overall fraction of
bound dye emitting as excimer X, X, shows a sharp
maximum near the cmc. This excimer fraction increases at
the beginning of the transition region as the first bound dye
appears (increasing X, high 1 ), passes through a
maximum near the cmc and then decays as 1 gets smaller.
The peak in X, X,, results from the competition of two
effects. On the one hand, the fraction of bound dye X,
increases as the first micelles appear; on the other hand, the
probability that this bound dye emits as excimer (Xpe)
decreases with the surfactant concentration since it is
distributed among more micelles with decreasing
occupancy i . The form of X, X,, curve and the position
of its maximum depend sensitively and in a complex
manner on both on r and K.

It is worth noting, that the peak in this curve does not
simply results “from the passage of i through a maximum
after which all the pyrene in the system is solubilized in
micelles”, as previously reported [66]. The occupancy
i has no maximum and, more important, the fraction of
bound (solubilized) pyrene X, is still far from reaching
saturation (X, =1) at the maximum of the X, X, curve (see
Fig. 1-d). Full solubilisation of pyrene is only reached
asymptotically at high surfactant concentrations that
depend, of course, on the value of K (see also Figs. 3, 5, 6)

2.5 Pyrene-Surfactant Quenching

The emission of dyes may be quenched by surfactant
molecules and their counterions [60]. Pyrene is a neutral
probe and does not show the complex behaviour observed
for charged dyes and ionic surfactants, as for example for
the cationic dye Rhodamine 123 [60]. In this section we
describe the observed decrease of the pyrene fluorescence
below the cmc as a static and/or dynamic quenching
process. We discuss the quenching process in section 3.3
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on the basis of steady-state and time-resolved fluorescence
data.

The contribution to the fluorescence intensity 1¢* of
the ungquenched free dye can be expressed by the fraction
of not quenched dye an and the total concentration of
free monomeric dye [D;]= X,[D],:

19=FPX X, [D], (16)

If both static and dynamic quenching occur the fraction
Xog = (1+ qu[sl])(1+ Ko [Sl])) is second order in
[S4] with the quenching constants Kqs and Kqq Of static and
dynamic quenching, respectively.

In the case that one of the two quenching processes
dominates a first order fraction with quenching constant K,
is sufficient:

-1
X =(1+ K, [S,]) an
The nature of the dominant quenching process has to be

determined from additional information such as time-
resolved fluorescence data.

Above the transition region the fraction becomes
constant X, = (1+K,-cmc)™

The same quenching formalism applies to the pyrene
species bound to micelles, Dy, and Dn. However, the
quenching of these species depends on the local
concentration of surfactant and on the microviscosity
within the micelles. The size and structure of micelles do
not significantly change within the concentration range
studied here, and, therefore, within a micelle, both the
quenching constant K, and the local surfactant
concentration [S, ] ~n/V, should be independent
from the total surfactant concentration. Then, the fraction
of quenched bound dye is constant and can be included in
the constants Fy,, and Fpe.

2.6 Steady-State Fluorescence Intensity

Finally we can express the overall observed
fluorescence intensity 1”([S],) as a function of the total
surfactant concentration substituting in eqg. (1) the

individual contributions deduced above:

O Oy [y o
P =10+ o + 1,

= FDL (X1 X g + G s X, X,
(18)

Here we define brightness ratios q of the fluorescence
intensities of bound monomer and excimer with respect to
free dye at a given wavelength X (see Fig.2-a):

R R

@ _Tom ) _ The
Qom, ¢ = 1 Upet = (19)

m F(i) e Ffi)

Together with the concentration model of eqgs (3)-(6) eq.
(18) describes the fluorescence intensity of pyrene in
micellar solutions as a function of total surfactant
concentratlon with model parameters cmc, r, n, K, F(‘)

éﬁ)f , be ) Kg, K’he, and [D]o. The total dye concentratlon

[D]o and the aggregation number n are usually known. The
fluorescence  intensity of free dye in  pure
water FAID, =17(Sl,=0)=1% , and the ratio
qb can be determined from the intensities at zero and at
hlgh micelle concentrations, respectively. The other
parameters (cmc, 1, K, Kg K'se, and g ) have to be
determined by nonlinear fit.

Traditionally not the absolute intensity of the pyrene
emission is analysed but the spectral ratio SR at two
wavelengths, 4; and A,, for example the monomer/monomer
(/1) ratio (“py-scale” [42,44]) or excimer/monomer
ratios. We distinguish here between the “spectral ratio™
SR®Y = @ /1 of the fluorescence intensities at two
wavelengths of the same species and the “brightness ratio”
q of the intensities of two different species (eg. free and
bound) at the same wavelength.

With eq. (18) we obtain for the spectral ratio at 4, and
Aot

| @ B Ff(Z)xfan + Fb(nf)xbxbm + Fb(eZ)be

(21 _
SR =5 =

be
20
FOX, Xog + Fb(r?xbxbm + Fb(el)xbxbe 0

Neglecting the residual excimer emission in the
monomer band and vice versa, we get the following two
expressions for the spectral monomer-monomer and
excimer-monomer ratios (see Sl):

_ 1?0 SREIX, X + SRV ¢ X Xy
1 X Xoq + A ¢ Xp Xom

SRﬁmxfx +SR@Wq$nx Xom + e Xy X e

SR

SRE™ — 1

[ X ¢ Xpq + 050 Xy Xy,
(21)

The limiting values of the monomer-monomer ratio
SR%? are the spectral ratios of free pyrene, SR (1) 3
[S]O_O and of bound monomeric pyrene, SR(? at
[S], LIcmc (see Fig.2):

F® E®
f SR(Z'l) _ ' bm

SR = =
@ bm @
Ff Fbm
(e) (e)
?e m __f ée m _ Fbm (22)
(2) (m) m (m)
m T Ope,t Xbxbe§ Fi Fom
(e)
q(e,m) — Fbe
be, f Ff(m)
At very low pyrene concentrations the excimer

formation can be neglected in eq. (21) (Xpm=1, Xye=0).
Below the transition region SR%Y ~SR®*Y
independently of the quenching fraction X, Above the
transition region X.q is constant. With the constant
c=q% K@+ K,-cmc) and not too high values of r we
get a further S|mpI|f|ed equation for SR(21 (see SI):
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SR$ZV1)an + SRéél)qu f K[M] -
an + qu,f K[M]

SR + SRZYc[M]
1+c[M]

SR ~

(23)

Around the cmc both the absolute intensities 1) and the
spectral ratios SR®Y =1®/1® and SRE™ =1© /1™
depend sensmvely on the interplay between the binding
equilibrium constant K and the occupancy i (see Fig.2-b
and c). The intensities and the spectral ratios follow the
fractions X¢, X Xpm, and Xp-Xye discussed above (Fig. 1).
Note that the curves of the intensities and those of the
spectral ratios are significantly different, with different
positions of the inflection points of the monomer curves
and of the peaks of the excimer signals. The cmc does not
correspond to any of these special points, but its relative
position depends again on the values of K and r. It is also
important to note, that neither of these curves has the exact
form of a sigmoidal Boltzmann function.
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Fig.2: a) Detail of the pyrene spectrum with the
spectral parameters used in the text. b) Simulated
fluorescence intensity 1“([S],) of eq. (18) at three
wavelengths 372 nm (1), 384 nm (2), and 500 nm (e) as
indicated in a). c) simulated spectral ratios SR*” and
SR®Y of eq. (21) at the three wavelength 1,2, and e as
|nd|cated in a).

2.7 Time-Resolved Fluorescence Intensity

The time dependence of the pyrene fluorescence had been
derived by Tachiya, by Selinger and Watkins, and by
Infelta et al. [5,47,50,52,67]. We summarize the main

results in our nomenclature and combine them with our
surfactant concentration model. The detailed derivation can
again be found in the SI.

The observed time dependent fluorescence intensity is
the sum of the contributions (i) (t), i (t)) from micelles
M; with different occupation numbers i:

FlDl e > ex

= i!

I () = Zl"’
e ()= ZI"’

xp(— (K (L+ Ky, )t)

w T [
=F[DI, e’ : Kool

i 0i1+ Kl;ei _ke/km (exp(7

(24)

The fluorescence intensity in the monomer band
y»m(t) can be solved analytically ( K, =K, /V,
ki =k /V,):

1o (1) :Fbm[Db]exp(T(exp( Khekmt) ) kmt):Fbm[Db]exp(T(exp(

(25)

The analytical expression for the excimer intensity
I, (t) is less useful for numerical applications (see Sl). In
fitting functions it is more reliable to calculate the sums in
eq.(24) up to some reasonable occupation number i.

Note that I, (t) is not monoexponentially with a
lifetime 7, _(k +k[D,])"as one would expect in a
homogeneous solution. The excimer formation with
k,[D{] depends on the local dye concentration [D],
which varies according to the distribution of the dye among
in the micelles. In each micelle M; the excited dye decays
with a different lifetime 7 = (k_ +k[D{1)™. In higher
occupied micelles the monomer emission is rapidly
quenched due to the effective excimer formation leading to
fast decays. At t=0 the decay starts with a rate constant
k, +k({AN)=k,@+K,T) . At longer times
(Kbe ot 1) flnally only the emission from micelles M;
with a single excited dye |s observed that decays
monoexponentially  with 7 = (k)™ The time
dependence in eq. (25) can be easily confounded with a
double exponential decay with 7 =(k )™ and a short
lifetime, which has no explanatlon in a homogeneous
system (see Fig. SI1 in SI).

The monomer decay 1, (t) in eq. (25) is furthermore
strongly dependent on the micellar concentration. First,
trivially, because the concentration of bound dye [Dy]
depends on [M] (eq. (9)). Second, and more important,
because the mean occupancy 1 in the exponent of Iy (1)
varies with both [Dy] and [M] (eqg.(10)). At high micellar
concentrations ([S], [_]cmc) the mean occupancy tends to

zero (i =[D,]/[M]—0) and I,(t) decays
monoexponentially with k.. At very low micellar
concentrations the mean occupancy is limited by

i <[D],"K (eq. (10)), although the amplitude of the
decay vanishes. The expression of eq. (25) can be used
directly as fitting function for I, (t) .

The excimer fluorescence intensity I, (t) is zero at
time zero, I, (t=0)=0 and increases with a complex
time dependent rise time given by that of the monomer
decay as discussed before. At long times the decay is

k,t)—exp(—(k, (L+ KL i)t))

-k t)-1) -k, )
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monoexponential with k, . However, at intermediate times
the intensity curve follows a more complex function than
the difference between excimer and monomer decays.

So finally the time resolved fluorescence emission I(t)
is given by the sum of the contributions of free dye (z,),
bound monomer Iy,(t) (eqg. (25)), and bound excimer ln(t)
(eq.(24)). Additionally a small contribution of surfactant
fluorescence (for example in TX100) and/ro fluorescent
impurities with typically short lifetime (z,) is added. The
amplitudes A, contain all constant pre-exponential factors.

I)=Ae"+A e +A 1 O)+Al.(t) (26)

3 Results and Discussion
3.1 Steady-State Fluorescence Intensity

Fig.3 shows spectra and profiles of the fluorescence
intensity for pyrene in aqueous solutions of increasing
concentrations of TX100. The spectrum of pyrene at the
lowest TX100 concentration (black curve in panel A,
[TX100] = 0.03mM) presents the known vibronic structure
in the monomer band between 370 and 450 nm and no
measurable excimer emission above 480 nm. At TX100
concentrations up to about 0.2 mM the fluorescence
intensity decreases without significant change in the shape
of the spectra. Above 0.2 mM a red-shift of the monomer
band of nearly 2 nm and a strong increase of its intensity is
observed. Around 0.3 mM a small and broad excimer
emission appears with a maximum at 500 nm. The
dependence of the fluorescence intensity in the first (I, at
372 nm) and in the third vibronic band (1, at 384 nm) and
in the excimer band (I, at 500 nm) on [TX100] is shown in
panel B of Fig. 3. Below the cmc the fluorescence intensity
in the monomer band (I, and I;;;) decreases and reaches a
minimum around 0.22 mM. Near the cmc this intensity
increases strongly until it reaches about twice the initial
value at concentrations above 1 mM.

In the excimer band (l;) the fluorescence emission is
nearly zero below the cmc. Around the cmc the excimer
intensity increases sharply and then decreases more slowly
at higher concentrations. The minimum in the monomer
emission does not coincide with the maximum in the
excimer emission, and neither of them matches the value of
the cmc of TX100 of about 0.26-0.27 mM [26,39].

As can be seen in the inset of Fig.3-a and in the
normalized spectra (Fig.4) the spectral shift and the change
in the shape of the spectra occurs in a narrow TX100
concentration interval around the cmc. Below about
0.2mM the intensity decreases, but the spectra do not
change their shape (Fig.4, dashed orange curve)). This
indicates that in this concentration interval the observed
emission comes from the same species, hamely free pyrene
monomer, and that the observed quenching leads to a non-
fluorescent species. Around the cmc, between 0.2 mM and
0.4 mM (Fig.4, dashed dotted green curve), follows a fast
increase in intensity accompanied by a strong red shift in
peak positions and a significant change in the shape of the
spectrum. These spectral changes can only be explained by

the contribution of at least two fluorescent species that are
assigned to free and bound monomer. Above 0.4 mM the
shape and position of the spectra stay again mostly
constant.
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Fig.3: Fluorescence emission of pyrene in aqueous solutions of
TX100, [TX100] = 0.03 mM - 2.3 mM. Panel A: Fluorescence
spectra (thin grey curves) and pure spectra determined from
PCGA (thick red dashed curves) of free pyrene (dashed), bound
monomeric pyrene (dash dotted) and bound pyrene excimer
(dotted). Inset: same as main panel with reduced wavelength scale.
Panel B: fluorescence intensity in the monomer band, at peak |
(371.9 nm, squares) and peak Il (384.2 nm, circles) and in the
excimer band at 500.0 nm, (triangles) as function of the TX100
concentration. Panel C: spectral ratios SRU"™” =1, /1, (open
circles) and SR®*" =1,/1, (open triangles). Thick curves in
panels B and C: Global fit of equations (18), and (21), with the
parameters given in the text. The dashed grey vertical line
indicates the cmc. ([Pyrene]=5.2 107 M, A¢=319 nm). Note the
logarithmic concentration scale and the breaks in the intensity
scales.
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Results of global fits to the experimental data as indicated in the text.

370

375

380

385

390

wavelength / nm

Fig.4: Normalized spectra of pyrene in TX100 solutions as shown
in Fig. 3. The TX100 concentration increases from 0.04 mM (red)
to 2.3 mM (blue), with 0.22 mM (dash, orange) and 0.42 mM
(dashed dotted, green). Roman numbers and grey rectangles refer
to the vibronic peaks in the pyrene spectrum.

Principal Component Analysis (PCA) [68,69] of the
series of spectra confirms the presence of three fluorescent
species in the concentration range studied here (see Figs.
SI5 — SI7 in the SI). We assign them to free monomeric
pyrene, D;, bound monomeric pyrene, Dy, and bound
pyrene emitting as excimer, Dy.. The observed spectra (or
fluorescence intensities at given wavelength) are the sum
of the contributions of these three species as given by eq
(18). At low [TX100] only free dye Dy is present. The
addition of TX100 quenches the fluorescence of free
pyrene possibly due to formation of non-fluorescent
surfactant-pyrene complexes (see section 3.3). Therefore
the fraction of not quenched dye, X,, decreases with
increasing [S:] (eq. (17)) until the cmc is reached (see
Fig.6-b). Above the cmc the value of X, stays constant
since the concentration of monomeric surfactant does not
vary ([S1] = cmc).

At the onset of the formation of micelles, just before
the cmc, a further small decrease in monomer emission is
observed, which is not explained by the quenching process.
In parallel a sharp increase in the excimer emission, I, is
found. Both changes are due to the formation of pyrene
excimer in higher occupied micelles near the cmc that do
not emit in the monomer region.

As more and more pyrene molecules bind to micelles
the emission in the monomer band is dominated by the
higher emissive bound pyrene monomers, whereas the
emission in the excimer band vanishes slowly as bound
pyrene is distributed among the increasing concentration of
micelles. Both the binding equilibrium and the distribution
take place within a rather wide concentration interval from
just below the cmc up to a multiple of it (note the
logarithmic concentration scale in Fig. 3).

TX100 SDS
cme / 10°%mol ¢* 0.275+.005 8.1+0.1
r 0.1620.01 0.07+0.03
K /10° mol ¢* 33004200 19040
Kq/10%mol ¢ 2.240.2 0.23+0.03
K, = K,V..* /10°mol* 0.6+0.3 3+1
n 143 64
r. 1107 124 127
kn 110%7 (7, /107°s) 43 (232) 6.3 (160)
k./10%* (7, /107%) 9.8 (102) 34 (30)
k, =kV'/10°mols™ 2.4 20
7,110 5 4
SRY SREY /g% /gL, @ 0.45/0.98/15/28  0.44/0.91/1.4/46
(eD) €D, 4D
SRE ISRy Qe 0.016/0.004/0.37 ~ 0.020/.004/0.85
[M](cmc) ™/ 10°mol ¢ * 0.12 35

[ 7,=372nm (peak 1), 2,=384nm (peak 111), 2,=500nm (excimer)
™ Micelle concentration at the cmc estimated from eq.(7).

The surfactant concentration dependence of the pyrene
fluorescence emission both in the monomer and in the
excimer bands are very well described by the model of eq.
(18) together with the concentration model of eq. (3).
Global fits at three selected wavelength, 371.9 nm, 384.2
nm and 500.0 nm, are shown in Fig.3-b. Global fits of the
whole series of spectra by PCGA are given in the SI. The
best fit parameter values are given in Table 1. The
corresponding fluorescence intensity ratios at 371.9 nm,
384.2 nm and 500.0 nm are ¢, =1.49, 3.26 and 0.42, and
g =0, 0, 27, respectively. In the monomer bands the fit
reproduces excellently the quenching at low TX100
concentration, the small “dip” just below the cmc due to
the formation of excimer and then the sharp increase of the
intensity after the cmc. Also the excimer band is very well
described, both the sharp increase around the cmc and the
approximately ~ exponential ~ decrease at  higher
concentrations. The fit determines a value of the cmc that is
in very good agreement with that determined from the
direct TX100 absorption (cmc = 0.270 mM) [39] and with
other literature values [26]. The width of the transition
region (r) is higher than the value r=0.11 obtained from the
TX100 absorption but comparable to that determined for
the exchange of other dyes with TX100- micelles [39]. The
value of the binding equilibrium constant K = 3.3x10° M™
is very high and confirms the value published before [39].
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Fig.3-c shows the spectral ratio SRU"™ =1, /I, of the
monomer intensities in peak | at 371.9 nm and peak Il at
384.2 nm and the excimer-monomer ratio SR®" =1, /I,
between the excimer emission at 500 nm and the monomer
peak 1. The monomer ratio SR!"™ is flat below the
transition region up to about 0.2 mM, increases sharply
between 0.2 and 0.4 mM and stabilizes at higher
concentrations. The excimer ratio SR®" shows a sharp
increase just below the cmc followed by a peak and a less
pronounced decay at higher concentrations. The
concentration dependencies of these ratios are similar to
those of the corresponding absolute intensities, but with
some important differences (see Fig. 3-b and c). In the
monomer ratio the effect of the pyrene-surfactant
quenching is eliminated as discussed above (eq.(23)). Also
the effect of the quenching due to excimer formation is
mostly compensated so that the ratio increases much faster
above the cmc than the corresponding intensities. Similarly,
the peak in the excimer ratio is more symmetric than that
of the intensity. The simpler form of the spectral ratios
comes at a price, the loss of information. The spectral
ratios are well fitted with eq. (21) using the parameters
determined from the absolute intensities (Table 1).
However, the fit of eq. (21) to the monomer ratio alone
does not allow one to determine all parameters (cmc, r, K,
Qe ¢, and Kg) independently due to the strong parameter
correlation. This is not the case for fits of the absolute
intensities, especially for simultaneous (global) fits at
several wavelengths (peaks). Practical aspects of the
determination of the cmc from pyrene spectral ratios will
be subject of a following contribution.

The pyrene emission in solutions with increasing SDS
concentrations behaves similarly to that of pyrene in
TX100 solutions (Fig. 5). The main difference is the
apparently more pronounced change near the cmc of the
monomer intensities and of the monomer spectral ratio and
the sharper peak of the excimer signals. Global fits of the
model of eq. (18) together with the concentration model of
eg. (3) at three selected wavelengths, 372 nm, 383 nm and
500 nm, are shown in Fig.5-a. The best fit parameter
values are given in Table 1. The corresponding
fluorescence intensity ratios at 372 nm, 383 nm and 500
nm are g =1.36, 2.09 and 0.28 and g, =0, 0, 46,
respectively. The spectral ratios in the monomer and in the
excimer bands are also well reproduced by eq. (21) using
the parameters determined from the absolute intensities
(Table 1). The concentration dependencies of selected
parameters is are shown in Fig. 6 both for TX100 and for
SDS.Again, the cmc does not coincide with characteristic
points of the experimental data. It lies now clearly to the
right of the mid-point of the monomer ratio and nearly in
the middle of the excimer peak. The fit gives a cmc value
which coincides with that determined from electrical
conductivity [38]. The value of r agrees with that
determined before (r = 0.11) but has a high uncertainy due
to the low data quality just before the cmc.
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Fig. 5: Fluorescence emission of pyrene in aqueous solutions of
SDS, [SDS] = 1.5 mM - 33 mM. Panel A: fluorescence intensity
in the monomer band at peak | (372 nm, squares) and peak Ill
(383 nm, circles) and in the excimer band at 500 nm, (triangles)
as function of the SDS concentration. Panel B: fluorescence
intensity ratios (spectral ratios) SR,SH’I) =1372nm/ 1(383nm))
(open circles) and SRe(e’I)z 1(500nm)/1372nm) (open triangles).
Thick curves in panels B and C: Global fit of equations (18), (21)
with the parameters given in the text. The dashed grey vertical
line indicates the cmc. ([Pyrene]=1.5 10° M, 4¢,=319 nm). Note
the logarithmic concentration scale and the breaks in the intensity
scales.

We compare the fluorescence properties of pyrene in
TX100 and SDS in Fig. 6 that covers the same
concentration interval of [S]o = 0 — 2.5 cmc for both
surfactants. The first row of panels (a, g) show the
surfactant concentrations [S:], [Sm], and [M] versus the
total surfactant concentration [S], (lower scale) and [M]
(upper scale). Note the much higher micellar
concentrations in the case of SDS. The second row (panels
b, h) shows the fractions of free (X;) and bound (X,) pyrene,
the fraction of not quenched free dye (X; X,g), and the
fraction of monomeric dye (X; + X, Xpm). The mean
occupancy 1 and the probability double or higher
occupancy (P;s1) are plotted in panels ¢ and d. In the fourth
row (panels d, j) the excimer fraction (Xp.), the fraction of
bound excimer (X, Xu), and the fraction of bound
monomer (X, Xyy,) are compared. Note the relatively high
fraction of bound excimer up to several multiples of the
cmce. Finally, the lower two rows show the influence of
quenching and excimer formation on the fluorescence

10
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intensity (1) and the spectral monomer ratio (SR, (see
below).

Special attention deserves the value of the equilibrium
constant Ksps = 190 10°M™ of pyrene in SDS micelles,
which is 17 times smaller than the corresponding value in
TX100 (Krx100 = 3300 10°M™). First, it is important to note
that the affinity (solubility, partition) of pyrene to micelles
depends strongly on the surfactant. The frequently found
assumption of an “infinite” affinity to micelles has to be
checked in each case. Second, the smaller Ksps would be
apparently in contradiction with the faster changes
observed in the SDS data as compared to TX100 that seem
to hint to a higher binding constant (compare Figs. 3-b and
5-a). This is of course a question of scales. The equilibrium
constant K is defined as a function of the micelle
concentration [M] (eq. (8)), but the experimental data are
represented versus the total surfactant concentration [S]o.
Due to the much higher cmc (and the lower n) the SDS
micelle concentration [M] increases much faster with [S]o
than that of TX100. For example, at [S]o= 2 cmc, we have
[M]=1.8 uM for TX100, but [M]=127 uM for SDS, 70
times higher ([M](2cmc) = ([S]e-cmc)/n = cmc/n, see the
micelle concentration scale at the upper part of Figs. 3-b
and 5-a). The complex dependence of [M] on [S], near and
above the cmc makes it difficult to interpret the
fluorescence data in a representation versus [S]o. And
finally, for this data the cmc is smaller than the value
determined from the fit of a Boltzmann function to the
ratio SRU"™Y =1 /1, , defined as xp+2Ax = 8.39 mM
applying the criterion given by Aquiar et al. (see Fig. SI3
in the SI) [30]. The fits with the model equations presented
here recover consistent values of the cmc without the need
for additional assumptions or classifications.

It is important to be aware of the strong dependence of
the absolute intensities and the spectral ratios on the
processes of quenching and excimer formation. The lowest
two rows of panels in Fig. 6 show simulated curves of the
fluorescence intensity 1 ([S],) (eq. (18)) and the
spectral ratio SRY (eq. (21)) with the data of Table 1,
but suppressing the effect of quenching (K, = 0, orange
dotted line), or of excimer formation (Ku=0, orange
dashed dotted line), or both (green dashed line) (see also
Fig. SI4 in the SI). Due to the formation of excimer (with
Xp'Xpe, panels D and J) the monomer emission is partially
quenched in the transition region (see the fraction of
monomeric dye (X; + Xy Xyyn) in panels b and h) and,
therefore, the onset of the monomer intensity curve is
strongly displaced towards higher concentrations as
compared to the case without excimer formation. Also the
spectral ratio is affected with opposite effects of quenching
and excimer formation. The dependence of | and SR;, on
the excimer formation makes them also sensitively
dependent on the total pyrene concentration. It is obvious
that any method used to extract the cmc from these curves
needs to take into account these different effects. It is not
surprising that graphical analysis methods lead to differing
cmc values depending on the experimental conditions and
on the nature of the surfactant.
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Fig.6: Surfactant concentrations [S], [Sw], [M] molar fractions X;,
Xng» Xor Xper MeAN OCCUpaANCy i , occupancy probability P(i>1),
fluorescence intensity, and spectral ratio versus surfactant
concentration [Sy] with the values of K and r determined for
TX100 (panels A-F) and SDS (panels G-L) (see Table 1).

3.2 Time-Resolved Fluorescence Intensity

The time dependence of the fluorescence of pyrene in
TX100 and SDS solutions after pulsed excitation is a
complex function of the emission wavelength and
surfactant concentration (Figs. 7 and 8). The fluorescence
intensities in the monomer (390nm) and excimer (500nm)
bands are very well fitted with eq. (26) and the parameters
given in Table 1. In these global fits the values of cmc, r, K,
and K, were fixed to those obtained from the steady state
data. The value of K’ determined from the time-resolved
data (see figure captions) coincide very well with those
from the steady-state intensity (Table 1). The fluorescence
in the monomer band of pyrene in TX100 solution shows a
first fast decay with a lifetime of z, =5 ns that is
independent of [TX100] and is therefore attributed to the
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fluorescence of the phenyl ring of TX100. A similar but
much smaller contribution was observed in the case of SDS
which is probably due to some fluorescent impurity. At
concentrations below the cmc the monomer intensity
decays monoexponentially with lifetime 7, , independent
on [S],. Similarly, at concentrations much above the cmc a
single lifetime 7 is found. In the transition region around
the cmc the decays are more complex due to excimer
formation but are very well described by eq. (26) (see Fig.
SI1 in the SI), both in the monomer and in the excimer
bands. The monomer intensity has a first faster decay
corresponding to the formation of excimer in micelles of
different occupancies and then a slower decay with 7, .
The excimer intensity grows first following the initial
decay in the monomer intensity and then decays with 7, .
The excellent fits of time resolved and steady state data
with the same set of parameter values corroborate the
validity of the proposed models. Reported SDS excimer
formation rates k, of 20-10° M™s™ are in good agreement
with our value [8,55,70,71]. The lifetime of pyrene is
quenched by oxygen both in water and within the micelles
[72]. Our lifetime of free monomers and those bound to
SDS micelles are slightly lower than those found for
aerated solutions [72].

-
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Fig.7: Time resolved fluorescence intensity of pyrene in aqueous
TX100 solutions. Green thin curves: monomer band at 390 nm.
Red thick curves: excimer band at 500 nm. Global fit with eq.
(26)  and parameters as  given in the text
(K, =(0.5+0.1)10°mol™*) Excitation at 300 nm,
[Pyrene]=1.6 10® M for the monomer band and [Pyrene]=3.2 10
M for the excimer band.
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Fig.8: Time resolved fluorescence intensity of pyrene in aqueous
SDS solutions. Green thin curves: monomer band at 390 nm. Red
thick curves: excimer band at 500 nm. Global fit with eq. (26) and
parameters as given in the text (K., =(4+1)10°mol™) .
Excitation at 300 nm. [Pyrene]=3.2 10°° M.

3.3 Pyrene-Surfactant Quenching

At low surfactant concentrations the fluorescence of pyrene
decreases strongly upon addition of TX100 and to a lesser
extent with SDS (Figs. 3 and 5), without shift in the
position of the spectral peaks (Fig. 4). The observed
decrease in fluorescence is well fitted as a (first order)
guenching process between pyrene and free surfactant
monomers as given in egs.(16) and (17). Below the cmc the
fluorescence of pyrene decays with a single lifetime which
is independent of the surfactant concentration (7, in Table
1). This constant lifetime hints to static quenching in the
ground state as the dominant process, as opposed to
dynamic quenching, which would reduce the fluorescence
lifetime. Static quenching is also in line with the increase
of the solubility of pyrene in the presence of low surfactant
concentrations as compared to pure water. Nevertheless,
the stoichiometry and the nature of the pyrene-surfactant
interactions are not clear. In the case of TX100 quenching
probably occurs through formation of a ground-state non-
fluorescent complex between the phenyl group of TX100
and pyrene, whereas SDS likely shows non-specific
interactions with pyrene more appropriately described by
the model of an effective sphere of quenching [45].
Nevertheless, at low quencher concentrations both types of
static quenching and even the formation of complexes of
higher quencher stoichiometries would lead to the same eq.
(17) for the description of the steady-state fluorescence
data. In conclusion, in order to infer the exact nature of the
pyrene-surfactant interactions further studies should be
performed which are beyond the scope of this work.

4 Conclusion
The complex photophysical behaviour of pyrene in

surfactant solutions involves several processes that had
been separately treated in detail in the past. The systematic
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description of these processes in combination with a
quantitative model for the surfactant concentrations allows
us now to reproduce with high accuracy the behaviour of
the steady-state and the time-resolved fluorescence
intensity of pyrene in surfactant solutions near the cmc,
both in the monomer and in the excimer emission bands.
Our treatment yields concise model equations that can be
used for the analysis of the pyrene fluorescence intensity in
order to estimate fundamental parameters of the pyrene-
surfactant system. We show how sensitively the pyrene
fluorescence intensity depends on the binding equilibrium
constant K of pyrene to a given surfactant micelle, on the
rate constant of excimer formation in micelles k; (or Kye),
and on the pyrene-surfactant quenching with Kg. The
values Krxi00 = 3300 103 M_l and Ksps = 190 103 M_l for
the binding of pyrene to TX100 and SDS micelles,
respectively, are very high compared to other dyes [39],
but not high enough to ignore the partition of pyrene even
at relatively high surfactant concentrations above the cmc.
The model offers also a solution to the notorious problem
of the determination of the cmc from the pyrene
fluorescence intensity, especially from the intensity ratio at
two vibronic bands in the monomer emission or from the
ratio of excimer to monomer emission intensity. Without
further assumptions or ad hoc criteria we recover
consistent values of the cmc of SDS and TX100 which are
comparable with those determined from other techniques.

The precise determination of the cmc of a surfactant
with the proposed model and pyrene as probe raises the
question how the presence of a dye affects micelle
formation and thus the exact position of the cmc. The
quenching of the pyrene fluorescence and the much higher
solubility of pyrene as compared to pure water show that
pyrene and surfactant molecules interact already far below
the cmc. Furthermore, near the cmc the concentration of
bound pyrene is comparable to that of the micelles (mean
occupancy 1 ~0.2—4, see Fig. 6 and [M](cmc) in Table
1). We observe, however, that the values of the cmc of
SDS and TX100 determined from the pyrene fluorescence
coincide with those determined without dye, directly from
the surfactant conductivity or absorbance [38,39]. The
presence of hydrophobic pyrene molecules seems not to
have a significant influence on the position of the cmc in
these surfactants.

Finally we note that the finite width of the transition
region below and above the cmc gives a plausible
explanation  for the appearance of significant
concentrations of micelles already below the cmc and thus
for the observed changes in the pyrene fluorescence in this
region, without the need to postulate a species distinct from
the proper micelles. We find thus no experimental evidence
of premicellar aggregates or a shift of the cmc due to the
presence of pyrene.

5 Experimental Section
5.1 Materials

Pyrene (Aldrich 42,642-3 (99%), CAS 129-00-0,
Mw=202.26, used without further purification). The
surfactants TX100 (Triton X-100, Fluka 93426, CAS 9002-
93-1, Mw=646.85) and SDS (Sodium dodecyl sulphate,
Sigma-Aldrich 436143, CAS 151-21-3, Mw 288.38 g/mol)
were checked for potential fluorescence impurities and
were used without further purification. Solutions were
prepared using Milli-Q water.

Stock solutions of pyrene in ethanol were prepared by
weighing. Aliquots of this pyrene stock solution were
evaporated and the remaining dry thin film of solid pyrene
was redissolved in a known volume of a concentrated
surfactant solution ([S]o>cmc) by prolonged stirring. Each
sample was prepared freshly in 10 mL sample tubes by
weighing each component and stirred about 30 seconds in a
vortex just before measurement. In contrast to reports of
other authors [73] we found significant changes in the
spectral ratios and in the amount of excimer formed in the
presence of trace amounts of ethanol in the samples.

5.2 Absorbance and Fluorescence Measurements

Steady-state fluorescence measurements were obtained
with an Edinburgh-Instruments F900 spectrofluorimeter,
equipped with a Xenon lamp of 450 W as excitation
sources. The excitation wavelength was 319nm, lower than
the typically used 337nm in order to avoid the overlap of
the raman band with the first vibronic peak of pyrene. Slit
widths of excitation and emission were 3nm and 0.5nm,
respectively, with a digital resolution of 0.3 nm. Inner filter
effects due to absorption by the surfactant at the excitation
wavelengths can be excluded. For time-resolved
fluorescence measurements the same F900 TCSPC-
Spectrofluorimeter was used with pulsed LEDs (EPLED-
300 and EPLED-345) for excitation. Decays in the
monomer (excimer) band at 390nm (500nm) were excited
at 300nm (345nm) with an emission slit of 10nm. All
experiments were carried out at 25 + 1 °C.

5.3 Data Analysis

All data were analyzed with OriginPro 9.1 (OriginLab
Corporation, US). All given uncertainties correspond to
one standard deviation from the fits and do not include
calibration errors. The Origin fit functions we used are
given ready to use in the supplementary data. Time-
resolved fluorescence intensities were either analyzed
individually with the proprietary Edinburgh-Instruments
Analysis software with excitation pulse deconvolution or
globally in OriginPro 9.5 applying the model equations as
tail-fits without deconvolution. Principal components
global analysis (PCGA) of series of emission spectra was
applied wusing a Mathematica (Wolfram Research,
Champaign, IL) program developed by our group [68,69].
The model equations have been derived in Mathematica
(Wolfram Research, Champaign, IL).
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