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Fluorescent probes, coumarin 153 (C153) and octadecylrhodamine B (ORB), were used to study the self-
assembly in water of poly(N-decylacrylamide)-block-poly(N,N-diethylacrylamide), (PDcA11-block-PDEA295;
Mn ) 40 300 g mol-1; Mw/Mn ) 1.01). From the variation of both the fluorescence intensity and the
solvatochromic shifts of C153 with polymer concentration, the critical micelle concentration (CMC) was
determined as 1.8 ( 0.1 µM. On the other hand, steady-state anisotropy measurements showed the presence
of premicellar aggregates below the CMC. Time-resolved fluorescence anisotropy evidenced that ORB is
located in the premicellar aggregates and the micelle core, while C153 is partitioned between the aggregates
and the water phase. The micelle core contains both semicrystalline and amorphous regions. In the
semicrystalline regions the probes cannot rotate, while in the amorphous regions the rotational correlation
times correlate well with the hydrodynamic volume of the probes. The amorphous region of the micelle core
is relatively fluid, reflecting the large free-volume accessible to the probes.

Introduction

The self-assembly of amphiphilic molecules in aqueous
solutions has many technological applications, which motivated
several studies in the last years.1 For nonionic surfactants, the
micellization process is driven by the balance between mini-
mization of oil-water interface energy and maximization of
entropysthe so-called hydrophobic effect. In the case of ionic
surfactants, the electrostatic repulsion of equally charged heads
has also to be considered.2 Although it is generally accepted
that the major processes of self-assembling of molecular and
macromolecular amphiphiles start to occur at a well-defined
concentration, the critical micelle concentration (CMC), several
experimental3-6 and theoretical7-9 studies point toward the
formation of aggregates at concentrations well below the
CMCsa phenomenon known as premicellar aggregationseven
for low molecular weight surfactants. The presence of premi-
cellar aggregates was for instance demonstrated by fluorescence
correlation spectroscopy (FCS) of aqueous solutions of low
molecular weight surfactants. The fluorescence correlation
functions of several fluorescent probes (cresyl violet, sulfo-
rhodamine B, and sulforhodamine G) showed the coexistence
of two populations of dye molecules, one characterized by the
diffusion time of the free probe and another characterized by a
considerably larger diffusion time (at concentrations between

about 0.3 × CMC and the CMC), indicating the presence of
premicellar aggregates.4 These results are supported by the
theoretical work of Hadgiivanova and Diamant7 based on a two-
state (unimer-aggregate) model that predicts the existence of
three well separated transitions at different surfactant concentra-
tions: C1, where metastable aggregates exist but not in a
significant extent; C2, above which an appreciable amount of
metastable aggregates forms; C3, where the aggregated state
becomes stable (corresponding to the CMC). Hence, significant
premicellar aggregation occurs in the concentration range
between C2 and C3. Moreover, these authors demonstrated that
the extent of premicellar aggregation was much larger than
expected from mere finite-size effects and that the premicellar
regime was characterized by a weak concentration dependence
of micelle size.7 More recently, the same authors showed that
the premicellar aggregates are kinetically stable in most of the
premicellar region, and that the range of stability becomes wider
with the increase of the surfactant hydrophobicity. The premi-
cellar aggregates have narrow size distributions with polydis-
persity slightly higher than their micelle counterparts.8 Both
experimental and theoretical results support the existence of
premicellar aggregates that cannot be detected by the commonly
used methods for CMC determination such as conductivity and
surface tension.

Time-resolved fluorescence anisotropy has been widely used
to probe the molecular dynamics of a fluorophore within a
micelle. Important information about both the viscosity of the
micelle core and the overall motion of the micelle can be
obtained. The dynamics of various fluorescent probes were
reported for low molecular weight surfactants such as SDS,10-13

CTAB,10-12 Triton X-100,10,14-17 Brij-35,18 and AOT19 as well
as for polymeric surfactants such as PEO-PPO-PEO20,21 and
Thesit.11,12 Moreover, the interactions between peptides and
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‡ École Normale Supérieure de Lyon.
§ Current address: Laboratoire des Interactions Moléculaires et Réactivité
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micelles11,12 and the influence of additives13,17 and temperature18

on the rotational relaxation of the probe have also been studied.
However, these studies were performed at concentrations much
higher than the CMC, where the presence of premicellar
aggregates is not detected.

In this work, steady-state and time-resolved fluorescence
anisotropy measurements were carried out using coumarin 153
(C153) and octadecylrhodamine B (ORB) as fluorescent probes
to study the formation of premicellar aggregates of poly(N-
decylacrylamide)-block-poly(N,N-diethylacrylamide) (PDcA11-
block-PDEA295) (Scheme 1). C153 was chosen since it presents
a very strong solvatochromism (owing to the large difference
between the dipole moments of the ground and excited states22)
that enables an easy detection of changes in its environment.
Because of these properties, this dye has been extensively
employed for studies of solvation dynamics23-32 and, occasion-
ally, for probing the local environment of starlike polymers33

and block copolymer micelles.34,35 On the other hand, ORB was
used because, owing to the high hydrophobicity of the C18 alkyl
chain, it is almost insoluble in water and presents a high
tendency to be located in the micelle core.14,36,37

Experimental Section

Materials. The fluorescent probes coumarin 153 (C153)
(g99.9% by HPLC) and octadecylrhodamine B (ORB) (fluo-
rescence grade) were purchased from Fluka and Molecular
Probes, respectively. The purity of both probes was further
verified by UV-vis absorption and fluorescence and they were
used without further purification. THF (Sigma-Aldrich, 99.9%)
was freshly distilled under argon to remove the inhibitor. Water
was distilled twice and deionized with Millipore Milli-Q system.
Ethanol (Fluka, 99.9%), hexylamine (Aldrich, 99%), and
n-hexane (Fluka, 95%) were used as received.

The block copolymer sample, PDcA11-block-PDEA295 (Mn )
40 300 g mol-1; Mw/Mn ) 1.01) was previously synthesized by

sequential RAFT polymerization.38 It was further treated with
a large excess of hexylamine (ca. 100 equiv) in dichloromethane
at room temperature for 4 h to remove the dithiobenzoate moiety
and purified by precipitation in n-hexane. The conversion of
the dithiobenzoate moiety into a thiol group was confirmed by
UV-visible absorption. The lifetime of the phenanthrene-labeled
PDcA11-block-PDEA295 block copolymer bearing a thiol group
at the ω-chain-end was close to the value of the phenanthrene
free probe ∼47 ns, proving that the thiol group is not an efficient
fluorescence quencher in contrast with the dithiobenzoate
moiety.39,40

Sample Preparation. The block copolymer solutions in water
were prepared by using a solvent-assisted solubilization method,
to obtain monodisperse micelles, prevent the presence of large
aggregates, and uniformly solubilize the C153 in the micelle
cores. THF was used because it is a good solvent for both blocks
and the dye. Stock solutions of C153 (1.4 × 10-4 M) and
PDcA11-block-PDEA295 (∼50 g L-1) were prepared in THF.
Then, dilute solutions with increasing block copolymer con-
centrations were prepared in THF. A small volume of each
polymer solution (60 µL) was transferred into small vials,
immersed in an ice bath, ∼2 °C, already containing the required
amount of C153. Then, cold water (∼2 °C) was added dropwise
with gentle agitation to the required final volume. The concen-
trations in polymer vary from 0 to 1.1 g L-1 while the
concentration of C153 is ∼0.45 µM for all solutions. The final
aqueous solutions were equilibrated (and stored) at 4 °C for at
least 24 h before the fluorescence measurements (recorded at
20 °C). Previous reported experiments have demonstrated that
such a THF content (always <2% v/v) does not interfere
significantly with the properties of the micellar aggregates.41,42

Mixed solutions of ORB and block copolymer were prepared
with the same experimental procedure, using a stock solution
of ORB in ethanol (4.9 × 10-5 M).

Steady-State Fluorescence Measurements. Fluorescence
spectra of C153 in PDcA11-block-PDEA295 aqueous solutions
were acquired with a SLM-AMINCO 8100 Series 2 spectro-
fluorometer (bandwidths 4 nm for emission and excitation; path
length 5 mm). C153 was excited at 410 nm, and the fluorescence
spectra were recorded between 420 and 800 nm. For steady-
state fluorescence anisotropy measurements, the sample was
excited with vertically polarized light and the fluorescence
polarized components, parallel (I|) and perpendicular (I⊥) to the
direction of the excitation light, were recorded. The steady-
state anisotropy (rss) was then calculated by

where G is an instrumental correction factor, which takes into
account the sensitivity of the monochromator to the polarization
of light. The intensities I| and I⊥ were acquired using
Glan-Thompson polarizers and corrected for the background.
The C153 samples were electronically excited by light at λexc

) 420 nm and the fluorescence was recorded at λem ) 530 nm,
whereas for ORB the excitation wavelength was λexc ) 570 nm
and the fluorescence was recorded at λem ) 610 nm, using in
both cases a bandwidth of 16 nm for excitation and emission.
The temperature was controlled with a water circulating bath
from Julabo (model F25). The samples were kept, under stirring,
at the desired temperature (20 ( 0.2 °C) for 30 min before
measurements.

Time-Resolved Fluorescence Measurements. Time-resolved
picosecond fluorescence measurements were performed by the

SCHEME 1: Molecular Structures of Probes, Coumarin
153 (C153) and Octadecylrhodamine B (ORB), and
Amphiphilic Block Copolymer,
Poly(N-decylacrylamide)-block-poly(N,N-diethylacrylamide),
PDcA11-block-PDEA295 (Mn ) 40 300 g mol-1; Mw/Mn )
1.01) Used in This Study

rss )
I| - GI⊥

I| + 2GI⊥
(1)
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single-photon timing (SPT) technique with two pulsed laser light
sources. One system consisted of a mode-locked Spectra-Physics
Vanguard 2000-HM532 Nd:YVO4 diode laser, delivering 2 W
of 533 nm light at a repetition rate of 76 MHz and pulse duration
of ∼12 ps that synchronously pumped a cavity dumped 710-2
dye (rhodamine 6G) laser, delivering 3-4 ps pulses at a
repetition rate of 1.9 MHz. The other system consisted of a
Spectra-Physics Millenia Xs Nd:YVO4 diode laser, pumping a
Spectra-Physics Tsunami titanium-sapphire laser, delivering
100 fs pulses at a repetition rate of 76 MHz. The repetition rate
was decreased to 4 MHz by a pulse picker and the light
frequency doubled in a LBO crystal to deliver pulses in the
360-480 nm spectral range. Intensity decay measurements were
made with the emission polarizer set at the magic angle relative
to the vertical polarized excitation light. Anisotropy decay
measurements were made by successive collection of the
instrumental response function and the vertical and horizontal
polarized components, acquired during the same time interval.
The fluorescence was passed through a depolarizer set at the
entrance of a Jobin-Yvon HR320 monochromator with a grating
of 100 lines per nm and was detected by a Hamamatsu 2809U-
01 microchannel plate photomultiplier. With this setup, the G
factor is equal to 1. The instrument response function had an
effective fwhm of 35 ps.

Fluorescence intensity decay curves of C153 were obtained
by pulsed excitation light at 420 nm from the titanium-sapphire
laser setup and the emission collected at 530 nm, while the
decays of ORB were obtained using excitation light of 570 nm
from a rhodamine dye laser and the emission was recorded at
610 nm.

The decay curves were analyzed by homemade software that
uses a nonlinear least-squares reconvolution method.

Results and Discussion

Determination of the CMC. The CMC of PDcA11-block-
PDEA295 was determined using the variation of fluorescence
intensity and spectral shifts of C153 in polymer aqueous
solutions of several concentrations. Hence, copolymer aqueous
solutions with concentrations ranging from ∼30 µg L-1 to 1.1 g
L-1 (concentration of C153 ≈ 0.45 µM) were prepared and their
fluorescence spectra were recorded at 20 °C.

Figure 1 shows that both an increase in fluorescence intensity
and a hypsochromic shift of the maximum emission wavelength
occur as the polymer concentration increases. At a given
concentration onset, a steep variation of the fluorescence
intensity and a large shift in the maximum emission wavelength
can be observed as a consequence of the migration of the dye
from the aqueous medium to the hydrophobic micelle cores.
The CMC could then be determined from the intercept of the
two lines drawn for concentrations below and above the
concentration at which micelles are first formed (as shown in
Figure 1C,D) and it was found to be 0.072 g L-1 (1.8 µM) or
0.075 g L-1 (1.9 µM), using the fluorescence intensity or the
spectral shifts, respectively.

Steady-State Fluorescence Anisotropy. To study polymer
aggregation, steady-state fluorescence anisotropy measurements
were carried out. Figure 2 shows the variation of steady-state
fluorescence anisotropy (rss) of C153 and ORB probes with the
increasing concentration of PDcA11-block-PDEA295 in aqueous
solutions at 20 °C.

At low polymer concentrations, the rss values are relatively
small and remain almost constant with increasing polymer
concentration, which suggests that the probes rotate freely in
aqueous solutions without significant interaction with the
polymer chains. The rss values of ORB at these polymer

Figure 1. Fluorescence spectra (A) and normalized fluorescence spectra (B) of C153 in aqueous solutions of PDcA11-block-PDEA295 at increasing
polymer concentrations. Plots of fluorescence intensity (C) and maximum emission wavenumber (D) as a function of PDcA11-block-PDEA295

concentration (g L-1) (λexc ) 410 nm; 20 °C; [C153] ≈ 0.45 µM).
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concentrations are less accurate because this dye may form
nonemissive aggregates in water, causing a decrease of fluo-
rescence intensity and an increase of experimental uncertainty.43,44

However, for polymer concentrations higher than 0.01 g L-1,
an increase of rss is observed for both probes. Since this
concentration is almost 10 times lower than the CMC (0.074 g
L-1; average value), these results suggest the presence of
premicellar aggregates. Indeed, when the polymer concentration
increases above a certain value, premicellar aggregates of a few
polymer chains are formed, increasing the fluorescence aniso-
tropy due to the loss of rotation mobility of the dye located in
those aggregates.

Although the formation of premicellar aggregates could be
induced by the presence of the probe in the aqueous medium,
the coincident increase of rss at the same block copolymer
concentration for both C153 and ORB probes suggests a
spontaneous aggregation process. To deeply understand the
formation of the premicellar aggregates and the dynamics of
the probes in both the premicellar aggregates and the micelle
core, time-resolved fluorescence anisotropy measurements were
performed.

Time-Resolved Fluorescence Anisotropy. Organic fluoro-
phores dissolved in pure solvents undergo free Brownian
rotational motion and, consequently, the anisotropy decays to
zero (total depolarization).45 The anisotropy decay of anisotropic
rotors is complex (a sum of 5 exponentials is predicted for the
most complex case) since the three principal rotational axes are
not equivalent and the absorption and emission transition
moments cannot be directed along one of the principal axes.45-47

However, often only one average correlation time is observed
because the anisotropy decay curve has a very small dynamic
range not allowing the discrimination between the diffusion
rotational correlation times that usually do not differ signifi-
cantly. On the other hand, in a spherical micelle, a monoexpo-
nential anisotropy decay is seldom observed. Several models
have been proposed to describe the dynamics of a fluorescent
probe in a micelle.15 Generally, two contributions are considered:
(i) micelle rotation in aqueous solution (slow reorientation time)
and (ii) molecular dynamics of the probe in the micelle (fast
reorientation time).10-12,16,17 The dynamics of the probe in the
micelle depends namely on the location of the probe in the

micelle and on its molecular structure. Usually, the probe can
display two kinds of motion: a slow diffusion (lateral or
rotational) and a fast wobbling motion in a cone around an
imaginary axis. If these motions are uncorrelated, the resulting
anisotropy decay is given by

where rM(t), rL(t), and rW(t) are respectively the anisotropy decay
corresponding to the rotation of the micelle, the lateral/rotational
diffusion of the probe, and its wobbling motion in a cone. The
anisotropy decays for the rotation of the micelle as a whole
and the lateral/rotational motion of the probe are usually
expressed as single exponentials,

where θM and θagg are the correlation times for the rotation of
the micelle as a whole and the lateral/rotational diffusion
of the probe and r0 is the fundamental anisotropy that varies
with the orientation of the transition dipole moments for the
absorption and the emission, presenting a maximum value of
0.4 when the transition dipole moments are collinear.

The wobbling-in-a-cone model considers that the probe
undergoes a nonisotropic motion, wobbling around an axis
within a cone characterized by a certain semiangle.48 The
anisotropy decay component of this motion is given by

where θW is the correlation time for the wobbling-in-a-cone
motion and S is a generalized order parameter reflecting the
degree of orientational constraint imposed by the surroundings.
If the motion is isotropic, S ) 0, and if it is completely restricted,
|S| ) 1.48,49

Then, the global anisotropy, considering all the contributions,
is given by

where θ1 and θ2 are the global correlation times, related to the
model parameters by

For a spherical particle (such as a micelle), θM can be estimated
using the Debye-Stokes-Einstein relation:50

Figure 2. Steady-state fluorescence anisotropy of C153 (0) and ORB
([) as a function of PDcA11-block-PDEA295 concentration (in g L-1).
[C153] ≈ 0.45 µM, λexc ) 420 nm, λem ) 530 nm or [ORB] ≈ 0.5
µM, λexc ) 570 nm, λem ) 610 nm; T ) 20 °C. The CMC value was
determined from Figure 1C,D.

r(t) ) rM(t) × rL(t) × rW(t) (2)

rM(t) ) r0 exp(- t
θM

) (3a)

rL(t) ) r0 exp(- t
θagg

) (3b)

rW(t) ) r0[(1 - S2) exp(-t/θW) + S2] (4)

r(t) ) r0[S2 exp(- t
θ1

) + (1 - S2) exp(- t
θ2
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1
θ1
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θagg
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θM
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θW
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θM )
ηVhf

kBT
)

η4πRh
3f

3kBT
(7)

where η is the solvent viscosity, Vh is the hydrodynamic volume,
f is a frictional coefficient (f ) 1 in the stick boundary limit),
kB is the Boltzmann constant, T (in K) is the absolute
temperature, and Rh is the hydrodynamic radius. For instance,
in the stick boundary limit, a correlation time of 6.26 µs was
obtained for the PDcA11-block-PDEA295 micelles in water at
20 °C (hydrodynamic radius, Rh ) 18.2 nm).40 Such rotational
motion of the micelle is very slow and cannot be measured with
the usual fluorescent probes that present intrinsic lifetimes of
the order of some nanoseconds. This allowed us to simplify
eqs 6a and 6b to

The global anisotropy decay is described by a sum of two
exponentials (eq 5) with fast (θfast ) θ2) and slow (θslow ) θ1)
correlation times. If the rotational/lateral motion of the probe
is strongly restricted, θslow ) θagg ∼ ∞, and the anisotropy decays
to a constant value at long times, r∞,48 the anisotropy decay is
then given by

If the probe is partitioned between several environments, the
anisotropy is described by the associated anisotropy model, in
which the anisotropy decay is a fluorescence intensity weighted
average of the contribution from the probe in each environment:51

where the fractional time dependent intensities, fi(t) are deter-
mined by the fluorescence decays in each environment. If the
probe displays a single exponential decay with lifetime (τm) and
a single correlation time (θm) in each mth environment, the
global anisotropy is given by

with the decays normalized to 1 at time zero (ΣmRm ) 1) and
the sum of the pre-exponential factor of the individual anisotropy
decay components equal to the limiting anisotropy (Σm�m )
r0).

Anisotropy Decays for ORB. Figure 3 shows the fluores-
cence (A) and anisotropy (B) decays of ORB in aqueous
solutions of PDcA11-block-PDEA295 at concentrations ranging
from 0 to 0.23 g L-1.

The fluorescence decays were well fitted with a sum of 2 or
3 exponentials (Table 1), I(t) ) ΣiRi exp(-t/τi), as judged by

the reduced �2 (close to 1) and the random distribution of
weighted residuals around zero.

Similar complex decays were found for ORB in Triton X-100
micelles, AOT reverse micelles, and in pure organic solvents
like hexane and dodecane.14 Since this probe is highly hydro-
phobic, it is very probable that it locates in hydrophobic regions
like the premicellar aggregates and the micelle core. For
copolymer concentrations above the CMC, the decay can be
fitted with a sum of two exponentials with a short lifetime
component of τ1 ) 1.8 ( 0.1 ns and a dominant component of
τ2 ) 3.8 ( 0.1 ns. For lower copolymer concentrations and in
pure water, the lifetimes are smaller due to both the self-
quenching and the quenching by water.52

The anisotropy of ORB decays to a nonzero constant value
at long times (r∞ * 0) that increases for higher PDcA11-block-
PDEA295 block copolymer concentrations (Figure 3B). This
differs from the behavior in Triton X-100,14 SDS, CTAB, and
Thesit micelles53 and AOT reversed micelles,19 for which the
anisotropy decay curve can be well fitted by a sum of two
exponentials. This clearly indicates that a fraction of the ORB
molecules located in the micelle core do not move. The core is
probably composed of semicrystalline regions formed by the
decyl hydrocarbon chains that can incorporate the octadecyl tail
of the ORB dye, hindering its global rotational motion, while
other fraction of ORB molecules located in amorphous regions

1
θ1

) 1
θagg

(8a)

1
θ2

) 1
θW

+ 1
θ1

) 1
θW

+ 1
θagg

(8b)

r(t) ) r0[S2 + (1 - S2) exp(- t
θ2

)] (9)

r(t) ) ∑
i

fi(t) × ri(t) (10)

r(t) )
∑
m

Rm exp(-t/τm)�m exp(-t/θm)

∑
m

Rm exp(-t/τm)
(11)

Figure 3. Fluorescence emission (A) and anisotropy (B) decays of
ORB (0.5 µM) in aqueous solutions of PDcA11-block-PDEA295 at
several block copolymer concentrations (0-0.23 g L-1). λexc ) 570
nm, λem ) 610 nm; T ) 20 °C.
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of the core can still rotate. If we assume that the probe has a
similar wobbling motion in both domains (which sounds
reasonable due to its long hydrophobic tail), then the anisotropy
decay must contain the contribution from both these locations.
So, considering that the fraction of ORB molecules in the
semicrystalline region is γ, its rotational motion is hindered (θagg

∼ ∞) and the fluorescence decay is identical in both domains,
the global anisotropy decay is given by the sum of the
contributions of the ORB molecules in each region. Conse-
quently, taking into account eqs 8a and 8b, the global anisotropy
decay can be expressed as

which can be more simply written as a sum of two exponentials
plus a constant,

with �1 + �2 + r∞ ) r0, the limiting anisotropy in the absence
of rotation.

Table 1 summarizes the recovered parameters from the fitting
of the fluorescence and anisotropy decays of ORB (0.5 µM) in
aqueous solutions of PDcA11-block-PDEA295.

The variation of the lifetimes (A) and correlation times (B)
of the ORB probe with PDcA11-block-PDEA295 concentration
in aqueous solutions is shown in Figure 4. The lifetimes (τi; i
) 1-3) and the corresponding average lifetime (〈τ〉 ) ΣiRiτi/
ΣiRi) increase with polymer concentration to reach almost
constant values for polymer concentration above the CMC.
Figure 4A shows that the lifetimes do not increase steeply at
the CMC but instead begin to increase at polymer concentrations
below but close to the CMC, again suggesting the formation of
premicellar aggregates. A similar behavior can be observed in
Figure 4B for the slow (θ1) and fast (θ2) correlation times.

DelaCruz and Blanchard have previously observed that ORB
exhibits monoexponential anisotropy decay in water with a
correlation time of θORB,water ) 145 ( 21 ps.53 The correlation

TABLE 1: Fluorescence and Anisotropy Decay Parameters for ORB (0.5 µM) in Aqueous Solutions of PDcA11-block-PDEA295

at Increasing Block Copolymer Concentrationsa

[polymer]/g L-1 Ri τi/ns 〈τ〉/ns �1 θ1/ns �2 θ2/ps r∞ r0

0 0.20 0.85 0.36
0.80 0.24

1.4 × 10-2 0.37 3.15 1.67 0.07 ( 0.01 0.17 ( 0.02 0.21 ( 0.01 9 ( 1 0.05 ( 0.01 0.33 ( 0.02
0.32 1.26
0.31 0.37

4.9 × 10-2 0.65 3.37 2.62 0.06 ( 0.01 0.24 ( 0.04 0.25 ( 0.01 15 ( 2 0.05 ( 0.01 0.35 ( 0.03
0.35 1.24

5.4 × 10-2 0.68 3.63 3.04 0.09 ( 0.01 0.37 ( 0.02 0.16 ( 0.01 15 ( 2 0.08 ( 0.01 0.32 ( 0.03
0.32 1.79

6.6 × 10-2 0.76 3.67 3.19 0.07 ( 0.01 0.55 ( 0.08 0.19 ( 0.01 37 ( 6 0.08 ( 0.01 0.34 ( 0.04
0.24 1.67

8.3 × 10-2 0.66 3.75 3.11 0.06 ( 0.01 0.64 ( 0.02 0.20 ( 0.02 59 ( 15 0.07 ( 0.02 0.33 ( 0.02
0.34 1.89

1.0 × 10-1 0.68 3.79 3.19 0.06 ( 0.01 1.04 ( 0.25 0.16 ( 0.02 60 ( 18 0.10 ( 0.01 0.32 ( 0.01
0.32 1.91

1.6 × 10-1 0.69 3.84 3.19 0.05 ( 0.01 1.09 ( 0.22 0.09 ( 0.02 62 ( 27 0.18 ( 0.01 0.32 ( 0.02
0.31 1.78

2.3 × 10-1 0.69 3.77 3.15 0.07 ( 0.01 1.02 ( 0.16 0.10 ( 0.01 50 ( 19 0.15 ( 0.01 0.32 ( 0.02
0.31 1.78

a CMC ) 7.4 × 10-2 g L-1.

r(t) ) r0{(1 - γ)[S2 exp(- t
θ1

) + (1 - S2) exp(- t
θ2

)] +

γ[S2 + (1 - S2) exp(- t
θ2

)]}
) r0[(1 - γ)S2 exp(- t

θ1
) + (1 - S2) exp(- t

θ2
) + γS2] (12)

r(t) ) �1 exp(-t/θ1) + �2 exp(-t/θ2) + r∞ (13)

Figure 4. Plots of lifetimes (A) and correlation times (B) of
fluorescence and anisotropy decays of ORB (0.5 µM) as a function of
PDcA11-block-PDEA295 concentration (in logarithmic scale). The CMC
value was obtained from Figure 1C,D.
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time observed for the most dilute block copolymer solution (1.4
× 10-2 g L-1) is θ1 ) 170 ps, which suggests that at this
polymer concentration the environment of the ORB molecule
is similar to bulk water. Besides, we observe a fast correlation
time of 9 ps, difficult to detect in water, which was attributed
to the local motion of the ORB molecule around the C10 alkyl
chain, similarly to the anisotropy behavior of rhodamine X
labeled oligonucleotides.54,55 The correlation time corresponding
to the rotational motion of ORB in the micelle core θ1 ∼ θagg

increases within the premicellar region (4.9 × 10-2 to 1.0 ×
10-1 g L-1) to attain an almost constant value (1.0-1.1 ns) for
concentrations greater than 1.0 × 10-1 g L-1. This suggests
that ORB molecules will interact with sparsely formed premi-
cellar aggregates below the CMC and migrate to the micelle
core for concentrations above the CMC, causing a slower motion
of the dye and a subsequent increase of the correlation time. A
similar trend was obtained for the θ2 values, which increase in
the premicellar region from 15 to 60 ps to remain almost
constant (60 ps) for concentrations above the CMC. However,
the variation of the shorter correlation time, θ2, is much less
significant (ca. 35 ps), which supports the hypothesis of a local
conformational motion.

The r∞ values also increase with block copolymer concentra-
tion, showing that a larger fraction of immobile molecules is
present. The fraction of immobile (i.e., located in the semicrys-
talline regions) ORB molecules, γ, and the order parameter S
could be determined from the values of �1, �2, and r∞.
Unfortunately, the uncertainty in the fitted values did not allow
a precise determination of these parameters. Nevertheless, a
tendency of increase in both S2 and γ values with polymer
concentration was observed. The calculated values vary in the
interval of 0.3 < S2 < 0.7 and 0.4 < γ < 0.8.

The limiting anisotropy of ORB in aqueous solutions of
PDcA11-block-PDEA295, r0 ) 0.34 ( 0.02, is slightly lower than
the previously determined value for this dye (r0 ) 0.375),56

indicating that some instrumental artifacts and other fast
depolarization process (such as scattering depolarization of
emission and/or excitation) may be present.

Anisotropy Decays for C153. The anisotropy decays of C153
dye in aqueous solutions of PDcA11-block-PDEA295 show a
completely different profile than the corresponding curves for
the ORB probe (Figure 5). The C153 anisotropy decays are
typical of an associated system, in which the dye is partitioned
between two (or more) environments presenting different
fluorescence decays in each environment. The fluorescence
decays can be well fitted with a sum of two exponentials (Table
2). In pure water, the decay has a dominant component (∼97%)
of 1.75 ns and a residual (∼3%) component of 3.88 ns. A single
exponential decay is expected from this dye because the
interconversion between the intramolecular (ICT) excited state
and the twisted intramolecular CT state (TICT) is hindered due
to the structural rigidity of coumarin C153. Indeed, a single
exponential decay was observed in several solvents with
lifetimes between 4.0 and 6.0 ns.57 The residual component 3.88
ns is probably due to the aggregation of this dye since its
solubility in water is very low, 2 × 10-6 M.58 The major decay
component of 1.75 ns is attributed to the free dye in water. The
lifetime is lower than the usual values found for this dye in
other solvents due to the quenching by water.59 For all polymer
solutions, the decays were fitted with two lifetime components
of 1.8 ( 0.1 and 6.3 ( 0.2 ns. The component of 1.8 ns is
associated with the C153 molecules in the water phase, while
the component of 6.3 ns is attributed to the C153 molecules
located in the premicellar aggregates or the micelle core. The

pre-exponential factor of each decay component is a measure
of the fraction of C153 molecules in each environment. The
fraction of molecules in the premicellar aggregates/micelle core
increases with the polymer concentration, from about 12% (4.9
× 10-2 g L-1) to 57% at the highest concentration (2.3 × 10-1

g L-1).
As observed in Figure 5, the anisotropy decay decreases from

the limiting anisotropy value (∼0.4), then passes through a
minimum and increases afterward to reach a plateau at long
times. This unusual anisotropy behavior is rarely observed and
results from the fact that C153 is partitioned between two
different environments, the aqueous medium and the premicellar
aggregates or micelle core, and its fluorescence decay depends
on the polarity of the environment.51 In the aqueous medium,
C153 has a free isotropic rotation and a rapid deactivation of
excited state; in the premicellar aggregates or micelle core, the
probe presents a larger rotational correlation time, θagg, and
larger fluorescence lifetimes. Consequently, the anisotropy
decays of C153 are described by the associated anisotropy model
(eq 9) with two components:51

one corresponding to C153 in aqueous environment,

and the other corresponding to C153 within the micelle and/or
premicellar aggregates

where δ is the fraction of C153 molecules located in the
semicrystalline regions, where the probe motion is hindered,
θagg ∼ ∞. In this case, the wobbling-in-a-cone motion was not
considered because C153 does not have the hydrophobic tail
around which the fluorophore can move.

Figure 5. Anisotropy decays of C153 (0.45 µM) in aqueous solutions
of PDcA11-block-PDEA295 at several block copolymer concentrations
(0-0.23 g L-1). λexc ) 420 nm, λem ) 530 nm; T ) 20 °C.

r(t) ) faq(t) × raq(t) + fagg(t) × ragg(t) (14)

raq(t) ) r0 exp(-t/θaq) (15a)

ragg(t) ) r0[(1 - δ) exp(-t/θagg) + δ] )
(r0 - r∞) exp(-t/θagg) + r∞ (15b)
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The fractional time-dependent intensities for C153 in each
environment are given by

where Raq,1, Raq,2, τaq,1, τaq,2, and Ragg, τagg are the corresponding
amplitudes and lifetimes for the two populations considering
that the fluorescence decay of C153 is biexponential in water
and monoexponential within the premicellar aggregates or
micelles. If we assume that the molar absorption coefficient and
the radiative rate constant are the same for the two populations,
it is possible to calculate from the anisotropy fittings (eq 14),
the molar fractions (xaq and xagg) of each dye population. The
anisotropy decay of C153 in water was found to be monoex-
ponential with a correlation time of θaq ) 85 ps. Hence, the
anisotropy decays were fitted using eq 14 fixing θaq ) 85 ps,
and the fluorescence decays in water (R′aq,1 ) 0.03, τaq,1 ) 3.88
ns, R′aq,2 ) 0.97, τaq,2 ) 1.75 ns) and in the aggregates (R′agg )
1 and τagg equal to the longer lifetime of the fluorescence decay
for each copolymer solution). Figure 6 shows a typical
experimental anisotropy decay curve fitted with eq 14. The
fitting to the experimental data is very reasonable, as judged
by the residuals that are randomly distributed around zero. The
small deviation at short times is probably due to a residual
component of light scattering and the uncertainty introduced in
the calculation of the anisotropy decay from the polarized
fluorescence decay components. Table 2 summarizes the fitted
parameters: xagg (and xaq ) 1 - xagg), r∞, r0, and θagg.

The θagg is practically constant for all polymer concentrations,
not providing additional information about the presence of
premicellar aggregates. Nevertheless, the fraction of C153 in
the premicellar aggregates (xagg ∼ 0.34) is always lower than
in the micelles (xagg ∼ 0.45). The anisotropy values at long times
(r∞) are also lower in the premicellar aggregates (r∞ ∼ 0.16)
than in the micelle cores (r∞ ∼ 0.22), due to the increase of the

fraction of probe located in the semicrystalline domains (δ) from
about 0.40 in the premicellar aggregates to about 0.55 in the
micelle core, which is in agreement with the γ values calculated
with the ORB dye.

Comparison between Probes and Estimation of the
Viscosity of Micelle Core. As shown above, C153 is always
partitioned between two environments. However, the fraction
of C153 within the preaggregates/micelles increases when the
block copolymer concentration increases. Besides, the value of
the rotational correlation time is almost constant (θagg ≈ 400
ps), regardless of the type of aggregate in which the probe is
located (premicellar aggregates or micelle core). The corre-
sponding rotational correlation time for ORB is more sensitive
to the kind of aggregates, increasing with polymer concentration
in the premicellar region to attain a constant value of θagg ∼
1.0 ns in the micelle core. The differences in these values should
be correlated with the difference in the hydrodynamic volumes
of the two probes (717 Å3 for ORB53 and 246 Å3 for C15320).
It is expected from the Stokes-Einstein relation (eq 7) that the
ratio between the correlation times of ORB and C153 within

TABLE 2: Fluorescence Emission and Anisotropy Decay Parameters for C153 (∼0.45 µM) in Aqueous Solutions of
PDcA11-block-PDEA295 at Increasing Block Copolymer Concentrationsa

[polymer]/g L-1 Ri τi/ns 〈τ〉/ns xaq θaq/ps xagg θagg/ps r∞ r0 δ ) r∞/r0

0 0.03 3.88 1.81 1 85 0.31
0.97 1.75

4.9 × 10-2 0.12 6.23 2.42 0.70 ( 85 0.30 ( 425 ( 61 0.14 ( 0.002 0.40 ( 0.02 0.35
0.88 1.90 0.01 0.01

6.6 × 10-2 0.17 6.07 2.61 0.66 ( 85 0.34 ( 390 ( 58 0.16 ( 0.001 0.40 ( 0.01 0.40
0.83 1.89 0.01 0.01

8.3 × 10-2 0.19 6.26 2.42 0.64 ( 85 0.36 ( 400 ( 74 0.16 ( 0.002 0.40 ( 0.01 0.40
0.81 1.91 0.02 0.02

1.0 × 10-1 0.23 6.22 2.86 0.58 ( 85 0.42 ( 420 ( 150 0.22 ( 0.002 0.40 ( 0.03 0.55
0.77 1.88 0.02 0.02

1.6 × 10-1 0.47 6.41 3.99 0.53 ( 85 0.47 ( 400 ( 95 0.20 ( 0.002 0.38 ( 0.02 0.53
0.53 1.80 0.02 0.02

2.3 × 10-1 0.57 6.46 4.45 0.23 ( 85 0.77 ( 390 ( 87 0.21 ( 0.001 0.35 ( 0.01 0.63
0.43 1.79 0.03 0.03

a θaq was fixed to 85 ps. CMC ) 7.4 × 10-2 g L-1.

faq(t) )
Raq,1 exp(-t/τaq,1) + Raq,2 exp(-t/τaq,2)

Raq,1 exp(-t/τaq,1) + Raq,2 exp(-t/τaq,2) + Ragg exp(-t/τagg)
(16a)

fagg(t) )
Ragg exp(-t/τag)

Raq,1 exp(-t/τaq,1) + Raq,2 exp(-t/τaq,2) + Ragg exp(-t/τagg)
(16b)

Figure 6. Fluorescence anisotropy decay and fitting curve using eq
14 of C153 (0.45 µM) in aqueous solution of PDcA11-block-PDEA295

at 8.3 × 10-2 g L-1. λexc ) 420 nm, λem ) 530 nm; T ) 20 °C.
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the micelle is directly proportional to the ratio between their
hydrodynamic volumes. In fact, θagg

ORB/θagg
C153 ) 2.5, which is close

to the ratio of hydrodynamic volumes, Vh
ORB/Vh

C153 ) 2.9; the
differences can be attributed to different friction coefficients
(f) of the probes.

Using the Stokes-Einstein relation at the stick boundary limit,
it was also possible to estimate from eq 7 the effective viscosity
of the amorphous region of the micelle core, ηPDcA core ) 6.3 (
0.5 cP. This value is lower than the values found for SDS (η )
193 cP60) and CTAB (η ) 19-30 cP61 or 151 cP60) micelles,
reflecting the larger free volume in the amorphous polymer
regions when compared to the core of alkyl chains of the low
molecular weight surfactants. It is worth noting that in the case
of the low molecular weight surfactants, the probes can be
located near the interface of the micelle and display a lateral
motion that cannot be compared to the rotational motion of the
probe in the copolymer micelles whose radii is around 4 times
larger (Rh ∼ 4 nm) than the typical radii of low molecular weight
surfactant (Rh ∼ 1 nm). In addition, ORB presents a faster
rotational motion than expected on the basis of its hydrodynamic
volume and considering the stick boundary limit (f ) 1 in eq
7), which was explained by a more “slip-like” behavior of this
probe.53

Conclusions

The steady-state fluorescence anisotropy of coumarin 153
(C153) and octadecylrhodamine B (ORB) show the presence
of premicellar aggregates of PDcA11-block-PDEA295 block
copolymers in water below the CMC (1.8 ( 0.1 µM), which
was determined from both the fluorescence intensity and the
solvatochromic shifts of C153.

The anisotropy decay curves of C153 and ORB in both the
premicellar region and above the CMC are different. This is
explained by a different partition of the probes between the water
phase and the premicellar aggregates/micelle core. While the
very hydrophobic ORB probe is located in the premicellar
aggregates/micelle core, C153 is partitioned between the water
phase and the hydrophobic domains of the polymer aggregates.
The ORB probe undergoes a fast wobbling-in-a-cone motion
not observed for the C153 dye, which was attributed to the long
alkyl chain of this molecule.

Moreover, this study shows that the aggregates are composed
of both semicrystalline regions where probes are immobilized
and amorphous regions where the probes can more or less freely
rotate.

Finally, the ratio of correlation times for ORB (θagg
ORB ∼

1.0 ns) and C153 (θagg
C153 ∼ 400 ps) probes of 2.5 is in

agreement with the corresponding ratio of their hydrodynamic
volumes, Vh

ORB/Vh
C153 ) 2.9. The viscosity of the amorphous

region of the core of 6.3 cP denotes a fluid region probably
due to the large free-volume accessible for the free rotation
of the probes.
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