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ABSTRACT: The association of a monodisperse poly(ethylene oxide) 53 ethylene oxide units long and
labeled at one end with pyrene (Py-PEO) was monitored as a function of Py-PEO concentration by steady-
state and time-resolved fluorescence, surface tension, static (SLS), and dynamic (DLS) light scattering.
The excimer fluorescence decays exhibit no rise time for any polymer concentration investigated in this
study (>0.5 g/L), indicating that pyrene aggregates are present in solution and confirming the existence
of Py-PEO micelles. No excimer emission could be detected for Py-PEO concentration smaller than 0.1
g/L. The first critical aggregation concentration (CAC1) for the formation of Py-PEO micelles was estimated
to equal 0.003 g/L by SLS. The Py-PEO micelles are surface active above a Py-PEO concentration larger
than 0.001 g/L (0.4 µM) where a clear drop in surface tension is observed at concentrations slightly lower
than CAC1. At a Py-PEO concentration of 10 g/L, the surface tension plateaus due to the aggregation of
Py-PEO micelles. This corresponds to a second critical aggregation concentration referred to as CAC2.
The aggregation was probed by DLS. DLS provided the hydrodynamic diameter of the Py-PEO micelles,
which was found to equal 7.2 ( 3.1 nm. Fluorescence was used to determine the aggregation number of
the Py-PEO micelles, which was found to equal 20 ( 2. The combination of the aggregation number
found by fluorescence and the hydrodynamic radius found by DLS led to the conclusion that the Py-PEO
micelles are made of a hydrophobic pyrene-rich core surrounded by a corona of collapsed PEO chains.

Introduction

A poly(ethylene oxide) chain terminated at one end
by a small hydrophobic molecule (hyd-PEO), usually an
alkyl chain, is the key structural component of two out
of the three families of water-soluble associative thick-
eners (WSAT) which have achieved commercial ac-
ceptance. These two families are the hydrophobically
modified ethoxylated urethanes (HEUR) and alkali
swellable emulsion copolymers (HASE) with the third
one being the hydrophobically modified hydroxyethyl-
cellulose.1 HEURs are stretches of PEO chains joined
together via urethane linkers and terminated at both
ends by a hyd-PEO unit. If the urethane linkers are
omitted, HEUR molecules can be described as a PEO
chain end capped with two hydrophobes (hyd-PEO-
hyd).2 HASEs are comb copolymers where the backbone
is a copolymer made of ethyl acrylate and methacrylic
acid and the side chains are hyd-PEO molecules.3

For both the HEUR4 and the HASE5 families, the
hydrophilic-to-lipophilic balance (HLB) of the hyd-PEO
molecule has been shown to be of paramount importance
to controlling the viscoelastic properties of their solu-
tions. Consequently, a considerable body of work has
been devoted to the study of model compounds where a
monodisperse PEO chain is terminated at either one (R-;
hyd-PEO)6-9 or both (R,ω-; hyd-PEO-hyd)6-15 ends with
a hydrophobic molecule. The general conclusion of these
studies is that both the hyd-PEO and hyd-PEO-hyd
molecules self-assemble in solution to form micellar
structures with a core made of the hydrophobic moieties

and a corona consisting of the PEO chains. In the case
of hyd-PEO-hyd, the micelles are often referred to as
rosettes or flowers. These studies were carried out with
a variety of techniques, each technique providing spe-
cific information on the system. For instance, 1H
NMR provides the self-diffusion coefficient of the
molecules,10,16-18 light scattering yields the hydro-
dynamic radii of the aggregates,6,8,12 fluorescence can
determine the critical aggregation concentration (CAC)
and the aggregation number of the hydrophobic
core,8,9,12,14,19-22 rheology yields the disengagement rate
of a hydrophobic moiety from the hydrophobic core of a
micelle,4 and small-angle X-ray (SAXS)11,13 or neutron
(SANS)7,11,13,14 scattering provides the size of the hy-
drophobic core and the structural arrangement of the
micelles in solution.

Since the peculiar viscoelastic properties of WSATs
have led to numerous industrial applications, the be-
havior of their solutions has been thoroughly studied
by rheology. One key result that emerged from all these
investigations was to recognize the importance of the
hydrophobe, whose absence resulted invariably in a
complete loss of the rheological properties of the WSAT
solution. The importance attributed to the action of the
hydrophobe for rationalizing the viscoelastic behavior
of WSAT has led our group23-26 and others27-38 to
undertake numerous studies where the hydrophobe of
a WSAT was replaced by a hydrophobic fluorescent
chromophore. This operation allows one to monitor the
behavior of the hydrophobe in solution. The chro-
mophore of choice is often pyrene due to the versatility
of applications allowed by its fluorescence properties.
First of all, the level of hydrophobic associations be-* To whom correspondence should be addressed.
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tween pyrenes can be determined experimentally. Upon
absorption of a photon, an excited pyrene can either
emit fluorescence as a monomer in the blue or, if near
to a ground-state pyrene, can form an excimer which
emits in the green. Time-resolved fluorescence experi-
ments can distinguish between an excimer formed by
diffusional encounters between two single pyrenes and
an excimer formed by the direct excitation of a pyrene
aggregate. Consequently, the level of aggregation be-
tween pyrene pendants can be determined quantita-
tively by the careful analysis of the pyrene monomer
and excimer fluorescence decays.23-26,31,37,39 A second
important aspect of the fluorescence of pyrene resides
in its ability to probe the polarity of its local environ-
ment so that information can be gained from the
fluorescence spectrum of the pyrene monomer on whether
the pyrene monomer is probing a hydrophobic or an
aqueous environment.40

The attraction generated by the numerous photo-
physical properties of pyrene is unfortunately dampened
by the worry that switching from the flexible C12-18
alkyl chains typically used for a WSAT to a rigid
aromatic chromophore like pyrene could drastically
affect the solution properties of the pyrene-labeled
WSAT. This is particularly so for studies carried out
on HEUR and HASE polymers where the hydro-
phobes were replaced by pyrene to yield pyrene-labeled
HEUR36-38 and HASE24 polymers. To the best of our
knowledge, the work by Richey et al.38 represents the
only attempt in the literature at characterizing both the
rheological behavior and the size of the hydrophobic
aggregates of a pyrene-labeled HEUR. In view of the
dearth of studies aiming at characterizing pyrene ag-
gregates made from pyrene-labeled WSAT, the associa-
tion in water of a monodisperse PEO chain labeled at
one end with pyrene (Py-PEO) was investigated. Py-
PEO in water was found to form micelles whose size
and structure were characterized by using a combina-
tion of steady-state and time-resolved fluorescence,
surface tension, and dynamic light scattering (DLS)
experiments. Beside providing some support to the claim
that WSATs, where the alkyl chain hydrophobes are
replaced with pyrene, behave somewhat like the more
typical WSATs, studies such as the present one offer
also new means of using fluorescence to characterize the
new materials represented by the family of WSATs
having rigid hydrophobes.

Throughout this paper, we will compare our results
with those of numerous other sources. To do so, a
centralized nomenclature was needed. The symbols
MYKCX, DYKCX, MYKPy, and DYKPy were chosen to
represent a PEO chain of molecular weight Y thousands
end-capped at one end with an alkyl chain containing
X carbon atoms (CX), at both ends with a CX alkyl
chain, at one end with a pyrenyl group, and at both ends
with a pyrenyl group, respectively. Following this
nomenclature, the Py-PEO sample investigated in this
study and made of a 2300 g/mol PEO chain, and a single
pyrene hydrophobe would be represented by the symbol
M2.3KPy. This nomenclature is similar to that pre-
sented in ref 8 and allows one to compare the results
obtained with samples characterized in different labo-
ratories.

Experimental Section

Chemicals. Py-PEO shown in Figure 1 was prepared by
anionic polymerization at the Dow Chemical Corp., UCAR

Emulsion Systems. The 1-pyrenemethoxide anion was used
to initiate the polymerization, thus ensuring that each Py-PEO
molecule bore a single pyrenyl end group. The molecular
weight of Py-PEO was determined to be 2600 g/mol from the
pyrene content of Py-PEO, which was measured by UV-vis
absorption spectroscopy in tetrahydrofuran (THF) using
1-pyrenemethanol as a model compound. This result was
confirmed by 1H NMR. The polydispersity index of Py-PEO
was estimated to equal 1.1 with a Waters gel permeation
chromatograph (GPC) equipped with a Jordi DVB mixed-bed
column and an Agilent fluorescence detector. The GPC experi-
ments were performed in THF using polystyrene standards.
Hexanes (HPLC grade, Fischer), THF (glass-distilled, Cale-
don), and acetone (HPLC grade, EM Science) were used as
received. Dodecylpyridinium chloride (98%, Aldrich) was re-
crystallized three times from acetone. Milli-Q water was used
to prepare all aqueous solutions.

Polymer Purification and Sample Preparation. Py-
PEO was purified by precipitation with hexanes. It was found
to be very soluble in water. The stock solutions of Py-PEO were
prepared by dissolving a preweighed quantity of purified solid
in deionized water.

UV-vis Absorption Measurements. Absorption spectra
were acquired on a Hewlett-Packard 8452A diode array
spectrophotometer using a cell with a 1 cm path length.

Pyrene Content of Polymer Samples. The pyrene con-
tent (λ, in moles of pyrene per gram of polymer) was deter-
mined by measuring the absorbance of a solution prepared by
dilution of an initial stock solution of known concentration.
Associations between ground-state pyrenes are known to
distort the absorbance spectrum of pyrene.41 In the case of
THF, which is a good solvent for pyrene, little pyrene-pyrene
interactions are expected to occur between the pyrene groups,
and the absorption spectra should not be distorted. The pyrene
concentration of a polymer solution was then estimated from
the absorbance value at 344 nm and the extinction coefficient
of 1-pyrenemethanol (ε[344 nm, in THF] ) 42 700 M-1 cm-1).
Plotting the absorbance against polymer concentration for
several polymer concentrations yields a straight line. The slope
gives the pyrene content of the polymer, λ, in moles of pyrene
per gram of polymer.

Steady-State Fluorescence Measurements. Fluores-
cence emission spectra were acquired on a Photon Technology
International LS-100 steady-state system with a pulsed xenon
flash lamp as the light source. The samples were not deoxy-
genated due to foam formation. The fluorescence spectra were
acquired for polymer concentrations ranging from 0.006 to 150
g/L. At low Py-PEO concentration, a fluorescence microcell
(Hellma, with an inner cross section of 3 × 3 mm2) was used
with the usual right angle configuration. For higher Py-PEO
concentrations, a triangular cell (Hellma) was used with the
front face geometry to prevent the inner filter effect. Emission
spectra were acquired by exciting the samples at 344 nm. The
fluorescence intensities of the monomer (IM) and the excimer
(IE) were calculated by taking the integrals under the fluores-
cence peaks from 372 to 378 nm for the pyrene monomer and
from 500 to 530 nm for the pyrene excimer. Choosing these
ranges of wavelengths ensures that no residual excimer
emission is present at the wavelengths where the monomer
fluorescence is being monitored and that no residual monomer
emission is present at the wavelengths where the excimer
fluorescence is being monitored.

Determination of Nagg by Steady-State Fluorescence.
Fluorescence is a powerful tool to determine the number of

Figure 1. Structure of Py-PEO.
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surfactant molecules per micelle (Nagg). In a typical fluores-
cence experiment, a hydrophobic chromophore (D) and quench-
er (Q) are added to the surfactant solution. The chromophore
and the quencher, being hydrophobic, associate with the
hydrophobic core of the surfactant micelle and do not reside
in the water phase. Because of the Poisson statistics which
rule the distribution of hydrophobic molecules inside micelles,
the quantity ln(I0/I), where I0 and I are the fluorescence
intensities without and with quencher, equals 〈n〉, the average
number of quenchers per micelle. Since 〈n〉 equals [Qm]/[Mic]
with [Mic] and [Qm] being the micelle concentration and the
concentration of quencher bound to the micelles, respectively,
a plot of ln(I0/I) vs the overall quencher concentration, [Q],
should yield a straight line for a fixed concentration of
surfactant, [S]. This is because the ratio [Qm]/[Mic] can be
rewritten as K[Q]/(1 + K[Mic]), where K is the equilibrium
constant between quenchers free in solution or bound to the
micelles. If the equilibrium constant, K, between free and
associated quenchers is known, the slope of this straight line
yields Nagg because [Mic] is related to Nagg, the average number
of surfactant molecules per micelle, by the relationship [Mic]
) ([S] - cmc)/Nagg. These relationships are shown in eq 1. This
procedure holds when the rate constant for the quenching of
the chromophore is significantly larger than the inverse of the
lifetime of the chromophore (i.e., quenching occurs much more
quickly than the excited chromophore has time to relax down
to the ground state). This procedure originally proposed by
Turro and Yekta for quenchers binding tightly to micelles, i.e.,
for very large K values,42 has become a standard for the
determination of the Nagg values of surfactant micelles. In the
case of polymeric surfactants bearing more than one hydro-
phobe, the parameter Nagg will represent in this paper the
number of hydrophobes forming the core of the micelles.

Time-Resolved Fluorescence Spectroscopy. The fluo-
rescence decay profiles were obtained by the time-correlated
single photon counting (TCSPC) technique using either a
Photochemical Research Associates Inc. System 2000 or an
IBH time-resolved fluorometer. For all TCSPC experiments,
the excitation wavelength was set at 344 nm. The decay curves
were obtained by setting the emission wavelength at 374 nm
for the monomer and 510 nm for the excimer. To block
potential light scattering leaking through the detection system,
filters were used with a cutoff at 370 and 495 nm during
acquisition of the fluorescence decays for the monomer and
excimer, respectively. The samples were not deoxygenated due
to foam formation. At polymer concentrations lower than 1 g/L,
fluorescence decays were collected with a right angle config-
uration. At higher polymer concentrations, the higher optical
densities required a front face arrangement to obtain a
sufficiently strong fluorescence signal. All fluorescence decays
were collected over at least 512 channels. To properly analyze
the fluorescence decays, a good signal/noise ratio must be
obtained. To this effect, fluorescence decays were acquired with
a minimum of 20 000 and 10 000 counts at the maximum of
the monomer and excimer fluorescence decays, respectively.
Reference decay curves of deoxygenated solutions of PPO [2,5-
diphenyloxazole] in cyclohexane (τ ) 1.42 ns) and BBOT [2,5-
bis(5-tert-butyl-2-benzoxazolyl)thiophenel] in ethanol (τ ) 1.47
ns) were used for the analysis of the monomer and excimer
decay curves, respectively, to account for the wavelength shift
of the photomultiplier tube. All fluorescence decays were
analyzed with a sum of exponentials.

Dynamic Light Scattering. A Brookhaven BI-200 SM
light scattering goniometer equipped with a Lexel 2 W argon
ion laser operating at 514.5 nm was used. The refractive index
and viscosity of water were taken to be 1.33 and 0.89 mPa‚s,
respectively. The sample cells were cleaned before each
measurement by flushing them in an acetone fountain for 20
min. All measurements were performed at 25 °C at a mea-
surement angle of 90°.

Surface Tension Measurements. A DuNuoy ring tensi-
ometer was used for the surface tension measurements. The
ring was lightly flamed to remove any organic particles
clinging to it. Afterward, the ring was cleaned by washing with
a soap and water solution and then rinsing with Milli-Q water
and methanol and then dried using compressed nitrogen gas.
The glass sample vessel was similarly cleaned using soap,
water, and methanol and dried using nitrogen gas. The
samples were placed into the glass vessel, and the ring was
immersed into the solution. The surface tension was measured
several times until the same value could be obtained three
times in a row. The value was then recorded as the measured
surface tension and was corrected by multiplying by a correc-
tion factor obtained from a chart supplied by the manufacturer
(Central Scientific Co., Inc.). The sample was removed from
the vessel, and both the ring and the vessel were cleaned as
described above before the next measurement.

Results
The fluorescence spectra of Py-PEO in water were

acquired at different Py-PEO concentrations, and they
are shown in Figure 2. As more Py-PEO was added to
the solution, more excimer was formed, as expected.43

A log-log plot of the ratio of the fluorescence intensities
of the excimer over that of the monomer, IE/IM, as a
function of Py-PEO concentration is linear with a slope
of 0.99, as shown in the inset of Figure 2. Thus, the IE/
IM ratio is proportional to the Py-PEO concentration.
This result, on the other hand, is rather unexpected
because a linear increase in the IE/IM ratio as a function
of pyrene concentration is usually obtained when the
excimer formation occurs via diffusional encounters
between pyrene moieties.43 A similar result has been
reported for a M5KPy sample where the IE/IM ratio has
been found to increase linearly with polymer concentra-
tion.44 This result led to the conclusion that excimer of
M5KPy formed by diffusion. Yet one should expect some
hydrophobic associations to take place between the
hydrophobic pyrene units of Py-PEO, i.e., that the
excimer is not entirely formed by diffusional encounters.
Such questions can be addressed by carrying out time-
resolved fluorescence experiments.

To investigate whether the pyrene excimer of Py-PEO
is formed by diffusion or ground-state associations, the
fluorescence decays of the pyrene monomer and excimer
were acquired at different Py-PEO concentrations in
water. The fluorescence decays were fitted with a sum
of two or three exponentials numbered with the index

ln(I0/I) ) 〈n〉 )
[Qm]

[Mic]
)

K[Q]
1 + K[Mic]

(1)

Figure 2. Fluorescence spectra of Py-PEO in water normal-
ized at 375 nm and acquired with Py-PEO concentrations of
0.11, 8, 25, 49, 75, 99, and 150 g/L from bottom to top. The
inset shows the corresponding IE/IM ratio as a function of Py-
PEO concentration. λex ) 344 nm.
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i. The preexponential factors aMi and aEi and decay
times τMi and τEi retrieved from the fits of the decays of
the monomer and excimer, respectively, are listed in
Table 1. The average lifetime was calculated as ∑iaXiτXi,
where X stands for either M or E.

As the Py-PEO concentration was increased, notice-
able changes in the monomer and excimer decays were
found. In the case of the monomer decays, the average
lifetime, 〈τM〉, decreased as more Py-PEO was added.
Increasing the Py-PEO concentration from 0.5 to 100
g/L led to a drop in 〈τM〉 from 140 to 30 ns, which was
caused, in large part, by the drop in the long monomer
decaytime, τM3, whose exponential contributed most to
the fluorescence decays (aM3 > 0.55 for all polymer
concentrations). Such a decrease in decay time with
pyrene concentration is usually an indication that
diffusional encounters take place between pyrene moi-
eties to form the excimer.43 A short decay time, τM1, is
listed in Table 1 for the monomer fluorescence decays
of Py-PEO at concentrations larger than 5 g/L. This
short decay time can be due to a molecular rearrange-
ment experienced by the pyrene moieties inside a pyrene
aggregate or residual light scattering.

The fit of the excimer decays required the use of three
exponentials. The excimer decays were acquired for Py-
PEO concentrations ranging from 0.5 to 149 g/L. Below
0.5 g/L, the fluorescence signal of the excimer was too
small to allow the acquisition of fluorescence decays
within a reasonable time (<4 h). The most striking effect
displayed by the Py-PEO excimer decays is the absence
of a rise time at all polymer concentrations studied as
shown in Figure 3. These experiments were carried out
on an IBH time-resolved fluorometer which offers a
faster time response than the PRA instrument also used
in this study. Yet no rise time could be detected in the
excimer decays even with this more sensitive instru-
ment. Indeed, none of the excimer preexponential fac-
tors listed in Table 1 were negative, contrary to what
would be expected if a rise time was present in the
excimer decays. Out of all the time-resolved fluorescence
experiments carried out on pyrene-labeled PEOs in

water reported in the literature,23,27,37 it is the first
example where the excimer formed by a pyrene-labeled
PEO does not even exhibit some residual rise time. The
absence of a rise time in the Py-PEO excimer decays
indicates that a large fraction of the excimer is not
produced by diffusion, but from the direct excitation of
ground-state pyrene aggregates. These results confirm
the presence of pyrene aggregates, i.e., Py-PEO micelles,
at Py-PEO concentrations as low as 0.5 g/L, the lowest
concentration at which excimer decays were acquired.

At a Py-PEO concentration of 0.1 g/L, residual exci-
mer emission could be observed in the steady-state
fluorescence spectrum, but the excimer decay could not
be acquired because the signal was too small. In this
case, the presence of ground-state pyrene aggregates
could be established by acquiring the excitation spectra
of the pyrene monomer and excimer. The 0-0 transition
was found to occur at 346 and 348 nm in the monomer
and excimer excitation spectra, respectively. The 2 nm
shift observed when comparing the two excitation
spectra is an indication that ground-state pyrene dimers
are present,41 even at this low Py-PEO concentration.

Although the existence of ground-state pyrene ag-
gregates has been demonstrated, the excimer decays
also confirm that diffusional encounters take place
between the pyrene moieties. This is shown by the
parallel decrease of the long decay times τM3 and τE3
with increasing Py-PEO concentration (cf. Table 1). As
more Py-PEO is present in solution, the rate of excimer
formation by diffusion increases and the decay times
associated with excimer formation by diffusion decrease.
Furthermore, τM3 and τE3 take similar values as ex-
pected when an excimer is formed by the diffusional
encounter between two pyrenes. This is because the
kinetics of excimer formation by diffusion are coupled
for the monomer and excimer and the same decay times
are retrieved in both decays.43 However, above a Py-
PEO concentration of 15 g/L, the excimer decays exhibit
the same profile regardless of Py-PEO concentration.
All decay times and preexponential factors remain
constant (cf. Table 1). The main decay time, τE3,
obtained with the strongest preexponential weight takes
a value of 54 ( 1 ns, which is very similar to the
expected lifetime of the pyrene excimer in water found
to equal 55 ( 4, 51 ( 2, 53 ( 3, and 50 ns for pyrene-
labeled PEO,23 HASE,24 poly(N,N-dimethylacrylamide),25

and poly(acrylic acid)31 in aqueous solutions, respec-
tively.

The absence of a rise time observed in all excimer
decays strongly suggests that the excimer is formed

Table 1. Parameters Retrieved from the Triexponential
Fit of the Pyrene Monomer and Excimer Fluorescence

Decays of Varying Py-PEO Concentrations in Water; λex
) 344 nm, λem ) 374 nm (Monomer), and λem ) 510 nm

(Excimer)
Monomer Fluorescence

[PyPEO],
g/L

τM1,
ns aM1

τM2,
ns aM2

τM3,
ns aM3

〈τM〉,
ns ø2

0.5 0 0 22.7 0.11 142.0 0.89 129.3 1.07
1 0 0 26.1 0.10 134.3 0.90 123.6 1.10
5 2.7 0.15 25.4 0.11 99.9 0.75 77.6 0.96

10 1.3 0.24 19.6 0.12 86.8 0.64 58.1 0.95
15 3.3 0.15 19.4 0.12 76.8 0.73 59.0 1.12
44 7.6 0.23 37.6 0.12 61.3 0.65 45.9 1.28

100 1.6 0.25 13.1 0.20 48.7 0.55 29.8 1.12
149 N/A N/A N/A N/A N/A N/A N/A N/A

Excimer Fluorescence

[PyPEO],
g/L

τE1,
ns aE1

τE2,
ns aE2

τE3,
ns aE3

〈τE〉,
ns ø2

0.5 2.6 0.29 41.2 0.45 137.9 0.26 55.6 1.16
1 2.8 0.10 39.3 0.56 124.1 0.34 64.4 1.18
5 2.7 0.15 39.4 0.55 89.1 0.30 49.1 1.37

10 3.8 0.18 34.7 0.36 67.9 0.46 44.4 1.25
15 2.7 0.22 29.1 0.24 61.1 0.53 40.3 1.04
44 2.3 0.18 10.1 0.16 53.7 0.66 37.5 1.16

100 2.7 0.21 9.4 0.14 53.1 0.65 36.3 1.27
149 2.6 0.19 11.5 0.17 54.1 0.64 37.3 1.30

Figure 3. Fluorescence decays of the Py-PEO excimer in
water at 0.5 g/L (top), 5 g/L (middle), and 149 g/L (bottom).
λex ) 344 nm, λem ) 510 nm.
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mostly via the direct excitation of ground-state pyrene
aggregates, although some diffusional encounters be-
tween pyrene monomers also contribute to excimer
formation. At Py-PEO concentrations larger than 15 g/L,
the excimer fluorescence decays are unaffected by the
Py-PEO concentration. This suggests that excimer
formation by diffusional encounters becomes a negligible
process in this concentration regime. Consequently, the
excimer is being formed by a combination of diffusional
encounters and direct excitation of ground-state pyrene
aggregates. As the Py-PEO concentration increases, the
former mode of excimer formation gives way to the
latter. This progressive switch-over seems to be respon-
sible for yielding the linear increase of Py-PEO with
increasing Py-PEO concentration shown in the inset of
Figure 2. A similar result has been obtained for a related
molecule, namely M5KPy.44 The pyrene aggregates
forming the core of the Py-PEO micelles are expected
to emit with the lifetime of the pyrene excimer, which
is found to equal 54 ( 1 ns in the present study, in
agreement with earlier reports.23-25,31 It is also worth
noting that the linear increase of the IE/IM ratios with
Py-PEO concentration shows no discontinuity over the
entire range of Py-PEO concentrations studied (cf.
Figure 2). This is an important point which will be used
later.

Surface tension is a remarkable tool to determine the
critical micellar concentration (CMC) of a surfactant.45

In the case of polymeric surfactants, the formation of
micelles occurs at the critical aggregation concentration,
which will be referred to as CAC1 in this paper. The
absence of a rise time in the excimer decays acquired
down to a Py-PEO concentration of 0.5 g/L demonstrates
that Py-PEO micelles are present in this concentration
range. Furthermore, the steady-state fluorescence mea-
surements probed the residual presence of pyrene
excimer down to pyrene concentrations as low as 0.1
g/L (cf. inset of Figure 2). Such results imply that CAC1
for the formation of Py-PEO micelles must be lower than
0.1 g/L. Consequently, the surface tension of Py-PEO
solutions was measured in an effort to determine the
CAC1 of Py-PEO. The result of these experiments is
shown in Figure 4. Increasing concentrations of Py-PEO
induce a sharp drop of the surface tension at a Py-PEO
concentration of 0.001 g/L, followed by a continuous
decrease of the surface tension which leveled off at a
Py-PEO concentration of 10 g/L. The surface tension
profile past 0.001 g/L is similar to that of a conventional
ionic surfactant such as SDS,46 for which the concentra-

tion where the plateau occurs is taken as the cmc. Thus,
the trend shown in Figure 4 would lead to the conclusion
that the CAC1 of Py-PEO equals 10 g/L. This is of course
not consistent with the fluorescence measurements
which confirm the existence of Py-PEO micelles at
concentrations much smaller than 10 g/L. Consequently,
we attribute the initial drop in surface tension observed
at a Py-PEO concentration of 0.001 g/L to the presence
of Py-PEO micelles at the surface. Further increasing
the Py-PEO concentration leads to the continuous
formation of additional Py-PEO micelles at the surface
where they contribute to lowering the surface tension.
Above 10 g/L, the surface tension probes a second
association mechanism, where Py-PEO micelles start to
interact and form larger structures. The Py-PEO con-
centration corresponding to this second transition will
be referred as CAC2.

The drop in surface tension seen at a Py-PEO con-
centration of 0.001 g/L followed by a continuous decrease
of surface tension with increasing Py-PEO concentration
is not unusual. There are several reports in the litera-
ture where the surface tension of poly(styrene-b-ethyl-
ene oxide)s in water has been shown to exhibit similar
features.47 The trends were due to the formation of
polymeric micelles at the surface for bulk concentrations
lower than CAC1. Consequently, the drop of surface
tension observed in Figure 4 cannot be attributed to
CAC1 and CAC1 could be larger than 0.001 g/L. To
determine CAC1 in solution, the static light scattering
intensity of Py-PEO solutions was measured at 400 nm
with the steady-state fluorometer. Figure 4 shows an
increase of light scattering intensity above a Py-PEO
concentration of 0.003 g/L. This result indicates that Py-
PEO molecules aggregate above this concentration in
solution and CAC1 of Py-PEO equals 0.003 g/L. The
CAC1 value of Py-PEO determined by static light
scattering rationalizes why ground-state pyrene dimers
are detected by fluorescence at Py-PEO concentrations
larger than 0.1 g/L.

To check whether the aggregation of Py-PEO micelles
occurs at Py-PEO concentrations larger than 10 g/L as
inferred from the surface tension results shown in
Figure 4, the size of the Py-PEO species present in
solution was investigated by DLS. The DLS autocorre-
lation functions of Py-PEO in water were acquired, and
the size distribution profiles of the Py-PEO aggregates
were determined using the CONTIN analysis.48 They
are shown in Figure 5, and a summary of the peak
diameters and standard deviations is provided in Table
2. At the lower concentrations of 5.0 and 7.2 g/L, a single
peak is observed, indicating the presence of a species
5.6 ( 2.4 nm in diameter. For concentrations of 10 g/L
and higher, a bimodal distribution of sizes is obtained
with a first peak at 8.0 ( 3.4 nm and a second peak
centered at sizes greater than 50 nm. Although there
have been reported problems associated with the base-
line of the DLS autocorrelation function when using the
CONTIN analysis,49 the results seem consistent with
the surface tension results, namely that an aggregation
process is taking place in solutions of Py-PEO at
concentrations larger than CAC2 ) 10 g/L.

Since the fluorescence data demonstrate the presence
of pyrene aggregates at Py-PEO concentrations as low
as 0.1 g/L, the species with a diameter of 5.6 ( 2.4 nm
observed by DLS for Py-PEO concentrations of 5.0 and
7.2 g/L are certainly Py-PEO micelles. They cannot be
Py-PEO unimers because a 10 g/L solution of a poly-

Figure 4. Plot of the surface tension (9) and light scattering
intensity (0) of solutions of the Py-PEO surfactant in water.
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(ethylene glycol) with a number-average molecular
weight of 2000 g/mol, i.e., similar to the 2300 g/mol
molecular weight of the PEO chain of Py-PEO, exhibits
no light scattering under the experimental conditions
used to acquire the autocorrelation functions for the Py-
PEO solutions. Combined with the surface tension trend
shown in Figure 4, the DLS results obtained at Py-PEO

concentrations larger than 10 g/L suggest that the Py-
PEO micelles aggregate into large structures in this
concentration range.

The data reported in Figure 5 provide the fraction of
scattering intensity arising from particles having a
given hydrodynamic radius. Since light scattering in-
tensity increases strongly with particle size, a few large
particles can yield a large light scattering intensity. This
is indeed the case with the data shown in Figure 5.
Although the presence of large structures is observed
by DLS, the number fraction of these structures is
actually negligible. It must be also noted that the first
peak in the histograms shown in Figure 5 shifts with
Py-PEO concentration from 5.6 ( 2.4 nm at 5.0 g/L to
11.9 ( 5.1 nm at 34 g/L. However, the spread of the
distributions in Figure 5 shows that the species having
a smaller hydrodynamic radius overlap substantially

Figure 5. Hydrodynamic diameter distributions obtained by the CONTIN analysis of the DLS autocorrelation functions acquired
for Py-PEO in water at concentrations (a) 5.0, (b) 7.2, (c) 10.3, (d) 11.7, (e) 15.4, and (f) 34 g/L.

Table 2. Summary of the Peak Diameters and Their
Standard Deviations Obtained from CONTIN Analysis of

the DLS Autocorrelation Functions Acquired for
Solutions of Py-PEO in Water

[Py-PEO], g/L 〈peak1〉, nm 〈peak2〉, nm

5.0 5.6 ( 2.4 N/A
7.2 5.6 ( 2.4 N/A

10.3 5.7 ( 2.1 56 ( 19
11.7 7.6 ( 3.5 68 ( 36
15.4 6.9 ( 3.0 65 ( 31
34 11.9 ( 5.1 146 ( 40
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from one histogram to the next. In the Discussion
section, the first peak is assumed to correspond to the
Py-PEO micelles having a hydrodynamic diameter of 7.2
( 3.1 nm, when averaged over all DLS experiments. The
second peak which is attributed to aggregates of micelles
occurs at much larger hydrodynamic diameters, reach-
ing 150 ( 40 nm for a Py-PEO concentration of 34 g/L.
This behavior looks like that observed with PEO ter-
minated by aliphatic chains at one end and was ex-
plained by a one-step closed association of “flower”-like
micelles.8

The broad peak obtained by DLS indicates that the
Py-PEO micelles exhibit a distribution of sizes. This
broadness might question the use of the term “micelles”
to describe these polymeric aggregates. However, there
are other reports in the literature where hyd-PEO-hyd
species were found to exhibit similar size distributions,
and their polymeric aggregates were described as mi-
celles.10,12 Consequently, this terminology is adopted in
the present paper.

The aggregation of hyd-PEO and hyd-PEO-hyd mi-
celles such as the one taking place at Py-PEO concen-
trations larger than CAC2 has been often reported in
the literature but, apparently, was found not to per-
turb much the structure of the micelles.7,12-14 The
aggregates are found to be made of hyd-PEO and hyd-
PEO-hyd micelles with their PEO coronas weakly
interacting. In one example, the number of hydrophobic
units forming a micelle, Nagg, was determined by
fluorescence as a function of concentration for a mono-
disperse D20KC12.12 For this system, Nagg was found
to fluctuate around 28 ( 3 for polymer concentrations
ranging from 14 to 70 g/L despite the fact that micelle
aggregates were detected by DLS in this concentration
range. Furthermore, the Nagg value of 28 ( 3 obtained
by fluorescence for D20KC12 compares well with the
Nagg values of 24 or 38 obtained for monodisperse
D6KC1214 and D12KC128 samples, respectively. On the
basis of these results and others, it can be concluded
that aggregation of hyd-PEO and hyd-PEO-hyd micelles
does occur but that the structure of the micelles is not
expected to be significantly altered inside an aggre-
gate.7,12-14

Steady-state fluorescence was used to determine Nagg
of the Py-PEO micelles with the Turro-Yekta (TY)
method.42 To do so, a few modifications needed to be
made since the hydrophobic core of the Py-PEO micelles
is already fluorescent. The absence of a rise time in the
pyrene excimer decays (cf. Figure 3) indicates that the
pyrene excimer is excited instantaneously upon irradia-
tion. Consequently, instead of adding an external chro-
mophore to probe the Py-PEO micelles, the intrinsic
fluorescence of the pyrene excimer was used for that
purpose. Dodecylpyridinium chloride (DPC) was chosen
as a quencher of the pyrene excimer. The proposed
procedure was quite appealing because emission from
an excimer signals the presence of a pyrene aggregate.
To the best of our knowledge, it is the first time that
such a procedure has been implemented.

Significant quenching of the pyrene excimer was
observed at DPC concentrations lower than the cmc of
DPC in water (1.5 × 10-2 M) for Py-PEO concentrations
ranging from 15 to 150 g/L. Although aggregation of the
Py-PEO micelles takes place in this concentration range
(cf. surface tension and light scattering measurements),
the linear increase of the IE/IM ratio as a function of Py-
PEO concentration (cf. inset of Figure 2) demonstrates

that the core of the Py-PEO micelles is unaffected for
these Py-PEO concentrations. If a rearrangement of the
pyrene core of the Py-PEO micelles were to take place
upon micelle aggregation, the IE/IM ratio would be
affected. This was not observed. Furthermore, the Nagg
value of some hyd-PEO-hyd micelles has been deter-
mined by fluorescence while the micelles were ag-
gregated, and the reported values were very reason-
able.12 Last but not least, the determination of Nagg for
surfactant micelles assumes that the concentration of
unassociated surfactant molecules remains constant
above the cmc and equal to the cmc. Although the CAC1
of Py-PEO was found to equal 0.003 g/L, a substantial
monomer emission, indicative of unassociated Py-PEO
molecules, can be seen in all fluorescence spectra shown
in Figure 2. Although such a large fluorescence contri-
bution of monomer emission might be a consequence of
the fluorescence quantum yield of the pyrene aggregates
being much smaller than that of a pyrene monomer,35

it would seem more appropriate to perform the fluores-
cence quenching experiments in a Py-PEO concentration
range where the fraction of free Py-PEO monomer is
insignificant. The presence of free Py-PEO molecules
has been shown to be negligible for concentrations larger
than 15 g/L since the excimer fluorescence decays
remain unchanged for Py-PEO concentrations above 15
g/L (cf. Table 1). Consequently, fluorescence spectra of
Py-PEO solutions were acquired with increasing amounts
of DPC for four Py-PEO concentrations, namely 15, 44,
100, and 150 g/L. DPC was found to target mostly the
Py-PEO micelles since little quenching of the pyrene
monomer was observed whereas the excimer fluores-
cence decreased substantially. Following the TY method,
the quantity ln(IE0/IE) was plotted as a function of DPC
concentration, yielding a series of straight lines. These
trends are shown in Figure 6.

To determine the nature of the mode of quenching of
the pyrene aggregates by DPC, the fluorescence decays
of the Py-PEO excimer were acquired on the PRA time-
resolved fluorometer as a function of DPC concentration
for a Py-PEO concentration of 44 g/L. The decays were
fitted with a sum of two exponentials, and the preex-
ponential factors and decay times retrieved from the fits
are listed in Table 3. The absence of the short decay
time of 2.8 ( 0.4 ns observed in the excimer fluorescence
decays of the Py-PEO solutions without quencher
acquired with the IBH system (cf. Table 1) are a result
of the poorer temporal resolution of the PRA time-

Figure 6. Plots of ln(IE0/IE) as a function of DPC concentra-
tion for Py-PEO concentrations of 15 (]), 44 ([), 100 (O), and
150 g/L (b).
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resolved fluorometer. In any case, the results listed in
Table 3 demonstrate that the long decay time, τE2,
remains unchanged at 56 ( 2 ns upon addition of the
DPC quencher. This value is similar to the decay time
of 54 ( 1 ns obtained with the IBH fluorometer and
corresponds to the lifetime of the pyrene excimer in
water.

That the long lifetime of the chromophore remains
constant as a function of quencher concentration while
the steady-state fluorescence intensity drops substan-
tially is a hallmark of static quenching taking place and
strongly supports the use of the TY procedure to
determine the Nagg value of the Py-PEO micelles. On
the other hand, the preexponential factor of the short
decay time, τE1, equal to 9 ( 1 ns increases in weight
with DPC concentration. Since τE1 is substantially
smaller than τE2, quenching of the excimer occurs on a
rapid time scale. Thus, the method proposed by TY
should apply to the Py-PEO system.

According to eq 1, the slopes of the straight lines
shown in Figure 6 equal K/(1 + K[Mic]). Taking the
inverse of the slope yields eq 2.

The CAC1 of Py-PEO was determined to equal 0.003
g/L and can be neglected for the range of concentrations
where the quenching fluorescence experiments were
performed. According to eq 2, a plot of slope-1 as a
function of the Py-PEO concentration is expected to
yield a straight line whose slope and intercept equal
Nagg

-1 and K-1, respectively. Such a plot is shown in
Figure 7, and a straight line is indeed obtained. Ac-
cording to the intercept and slope values of the straight
line, Nagg and K are found to equal 20 ( 2 and 665 ( 60
M-1, respectively.

Discussion
The picture that emerges from the measurements

reported in the Results section is that the Py-PEO
micelles form at concentrations as low as 0.5 g/L since
no rise time is observed in the excimer decays (cf. Table
1 and Figure 3). The increase in static light scattering
intensity observed at low Py-PEO concentration in
Figure 4 suggests that the CAC1 equals 0.003 g/L. The
continuous decrease of surface tension observed in
Figure 4 is believed to be due to the presence of entire
Py-PEO micelles at the surface of the solution.47 In
solution, the Py-PEO micelles are at equilibrium with
some Py-PEO unimers whose presence is probed by our
fluorescence measurements (cf. Figure 2). As the con-
centration of Py-PEO increases, more Py-PEO micelles
form and the IE/IM ratio increases (cf. inset of Figure
2). The Py-PEO micelles are probed by DLS at Py-PEO

concentrations lower than 10 g/L (cf. Figure 5). Above
10 g/L, the surface tension plateaus which is a clear
indication that aggregation is taking place at larger Py-
PEO concentrations. This is confirmed by DLS which
shows the presence of large aggregates at Py-PEO
concentrations larger than 10 g/L, a concentration which
is assigned to CAC2. In the case of Py-PEO, these large
aggregates are believed to be made of intact Py-PEO
micelles because their formation does not affect the IE/
IM trend shown in Figure 2. The hydrodynamic diameter
of the Py-PEO micelles obtained by DLS is estimated
to equal 7.2 ( 3.1 nm when averaged over the diameters
corresponding to all smaller species probed by the DLS
experiments shown in Figure 5. Because the Py-PEO
micelles appear to not be affected upon aggregation,
fluorescence quenching experiments were performed at
Py-PEO concentrations ranging from 15 to 150 g/L to
determine Nagg for Py-PEO micelles using the procedure
proposed by TY and applying it for the first time to the
fluorescence of a pyrene aggregate. A Nagg value of 20
( 2 Py-PEO units per micelle was found. DPC bound
weakly to the pyrene core of the Py-PEO micelles with
a binding constant equal to 665 ( 60 M-1.

To this date, there is no other instance where Nagg of
pyrene aggregates made by pyrene-labeled WSATs in
water has been determined. The only other study where
a pyrene-labeled WSAT was used to determine an Nagg
value was for a HEUR polymer where the hydrophobes
had been replaced with pyrene.38 The Nagg value was
obtained by monitoring the excimer fluorescence inten-
sity of mixtures of the pyrene-labeled HEUR with a
typical commercial HEUR thickener and assuming that
both thickeners have the same aggregation properties.
We believe that the present study is superior because
it yields the Nagg value of pyrene aggregates by applying
the well-established TY procedure and without making
any additional assumption.

The Nagg value of WSATs is a highly sought after
parameter because it provides a measure of the size of
the hydrophobic domains of a WSAT. Consequently,
numerous techniques have been applied toward the
determination of the Nagg value of HEUR systems.
Earlier reports using fluorescence on a polydisperse
D30KPy38 and 1H NMR on polydisperse D28KC814,
D6KC16, and D6KC1817 led to Nagg values ranging from
2 to 6. However, later studies have found larger Nagg
values (>10) for similar systems.7,8,14,21,22 Furthermore,
there have been several examples where the Nagg value
was found to be the same for MYKCX and D2×YKCX.

Table 3. Parameters Retrieved from the Biexponential
Fit of the Pyrene Excimer Fluorescence Decays of

Aqueous Solutions of Py-PEO Surfactant Quenched with
DPC ([Py-PEO] ) 44 g/L, λex ) 344 nm, λem ) 510 nm)

[DPC], mmol/L aE1 τE1, ns aE2 τE2, ns ø2

0.00 0.19 7.1 0.81 58 1.08
0.05 0.21 7.4 0.79 58 1.06
0.13 0.21 9.1 0.79 57 1.15
0.20 0.22 9.1 0.78 57 0.89
0.31 0.22 9.3 0.78 56 1.06
0.56 0.29 9.4 0.71 56 1.20
0.71 0.32 8.2 0.68 55 1.18
0.99 0.38 8.7 0.62 55 1.15

slope-1 ) 1
K

+
[Py-PEO] - CAC1

Nagg
(2)

Figure 7. Plot of slope-1 obtained from the straight lines
shown in Figure 6 vs Py-PEO concentration.
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In other words, the architecture of the micelles depends
essentially on the hydrophilic-to-lipophilic balance (HLB).
For instance, monodisperse M16KC167 and D32KC168

with the same HLB have been reported to have both a
Nagg value equal to 34. Their hydrodynamic radii were
similar and equaled 15.5 and 17.5 nm for M16KC16 and
D32KC16, respectively.9 Interestingly, a Nagg value of
28 was found by another research group for a monodis-
perse D35KC16.22 The closeness of these results reflects
agreement in the more recent literature that model
HEUR systems form hydrophobic domains consisting of
several tens of units, as found for the Py-PEO molecule.

Yet experiments and theory indicate that Nagg in-
creases when the HLB decreases.50 Although many such
studies have been performed with PEO chains of dif-
ferent length terminated with a C12 alkyl chain instead
of a C16 alkyl chain more similar to the pyrenyl
hydrophobe, one would expect a M2.3KC16 molecule to
form micelles with an Nagg value much larger than 28,
34, or 34 as found for D35KC16,22 D32KC16,8 and
M16KC16,7 respectively. This is because the HLB
is much higher for M2.3KC16 than for D35KC16,
D32KC16, and M16KC16. Thus, the Nagg value of 20 (
2 obtained for Py-PEO appears to be rather low. This
result might be a consequence of the geometry of the
pyrene molecule whose rigidity might disfavor an ef-
ficient packing of the hydrophobes. Poor packing of the
pyrenes might yield a pyrene aggregate made of 20 units
having a core volume larger than that of a hydrophobic
aggregate made of a larger number of more efficiently
packed C16 alkyl chains.

Our earlier statement that the structure of the Py-
PEO micelles is not affected upon aggregation is sup-
ported by earlier studies carried out on PEO surfactant
micelles using scattering techniques.7,12-14 These studies
demonstrated that the micelles made by a series of
monodisperse HEUR with hexadecyl7 or dodecyl12 hy-
drophobes form clusters, where the PEO coronas of the
micelles weakly interact with each other. More impor-
tantly, the structure of the micelles, i.e., a hydrophobic
core surrounded by a PEO corona, was preserved inside
the aggregates. However, the core radius has been
reported to increase slightly with polymer concentration
as [Poly]0.09 when the surfactant concentration is larger
than the overlap concentration C*.7 Below C*, the
radius of the core, and thus Nagg, are expected to remain
constant.7,51 Consequently, C* of Py-PEO was estimated
using eq 3, as done in ref 7.

In eq 3, NA is the Avogadro number, RH is the hydro-
dynamic radius, and MP represents the polymer molec-
ular weight if dealing with hyd-PEO aggregates, or half
the polymer molecular weight, when dealing with hyd-
PEO-hyd aggregates. Using the DH value of 7.2 nm
found by DLS, the Nagg value of 20 found by fluorescence
quenching, and the molecular weight, MP, of the unimer
equal to 2600 g/mol for Py-PEO, C* was found to equal
440 g/L. This value is extremely large when compared
to that of other systems (for instance, 50 g/L for
M16KC16),7 and this is certainly due to the short PEO
chain of the Py-PEO sample which makes the micelles
more compact. Nevertheless, since all fluorescence
quenching experiments were conducted at Py-PEO

concentrations smaller than C*, the core of the Py-PEO
micelles is expected to remain constant, and the Nagg
value of 20 ( 2 found by our fluorescence quenching
experiments should be valid.

According to the DLS measurements, the Py-PEO
micelles exhibit a hydrodynamic diameter DH of 7.2 (
3.1 nm. The fluorescence quenching experiments yielded
a Nagg value of 20 ( 2. Since the DLS and fluorescence
quenching techniques report two different structural
information on the Py-PEO micelles, it is important to
investigate what implications a DH value of 7.2 nm and
a Nagg value of 20 have for the structure of the Py-PEO
micelles. To do so, the Py-PEO micelles are pictured as
having a core/shell structure where the hydrophobic core
is made of pyrene moieties, whereas the shell consists
of the PEO chains. The core and the shell are assumed
to exhibit a spherical geometry. The methods used to
determine the core radius and the shell thickness are
discussed separately.

Two approaches are adopted to estimate the core
radius, and they are based on two extreme views of the
packing of the pyrene core. The first extreme assumes
that the pyrene moieties are tightly packed and that
the pyrene-made core is crystalline. According to the
reported pyrene crystal structure, a crystal unit cell has
a volume of 1.035 nm3 and contains four pyrene mol-
ecules.52 Consequently, one pyrene moiety occupies a
volume of 0.259 nm3, and 20 such units will fill up a
spherical core with a radius of 1.1 nm. The other
extreme assumes that the pyrene moieties are loosely
packed and uses their encounter radius, found by
fluorescence to equal 0.8 nm,53 as a measure of their
size inside the core. In this case, 20 spherelike pyrene
units with an encounter radius of 0.8 nm will make up
a spherical core with a radius of 2.2 nm. Consequently,
the pyrene core is expected to exhibit a diameter ranging
from 2.2 to 4.4 nm, depending on the packing efficiency
of the pyrene moieties inside the pyrene aggregate.

The size of the shell of the Py-PEO micelles can be
estimated by considering the possible conformations of
the PEO chains. To do so, the sizes of the building blocks
making up the PEO chain of the Py-PEO molecules
must be determined. The PEO chain of Py-PEO consists
of 53 ethylene oxide units. The Kuhn length (lK) of PEO
has been estimated to equal 0.707 nm, and the number
of segments NK of a PEO chain of molecular weight MP
was estimated to equal 0.0141MP.54 Consequently, a
PEO chain consisting of 53 ethylene oxide units is made
of NK ) 33 segments of Kuhn length 0.707 nm.

Theory derived for star polymers55 or block copolymer
micelles56 predicts that when many chain ends are
forced to encounter at a tight focal point, they stretch
into the solution and adopt an extended conformation.
If the PEO chains were to adopt a fully stretch confor-
mation, they would exhibit a full length of NK × lK )
33 × 0.707 ) 23 nm. The diameter of the corona would
then range between 49 and 51 nm, depending on the
compactness of the core. This value is much too large
to account for the DH values of 7.2 nm recovered by DLS
for the Py-PEO micelles. Consequently, the PEO chains
of the Py-PEO micelles do not adopt a fully extended
conformation.

Since theory predicts that the PEO chains adopt an
extended conformation with respect to the unperturbed
size of the PEO chain,55,56 the size of the unperturbed
chain must be estimated in order to have a reference
point. To do so, one can determine the radius of gyration

C* )
NaggMP

4
3

πNARH
3

(3)
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RG of an unperturbed PEO chain made of 33 segments.
RG equals (1/6)0.5 × 330.5 × 0.707 ) 1.65 nm. Assuming
that the PEO chains remain unperturbed, the corona
would have a thickness of 2 × 1.65 ) 3.3 nm, and the
diameter of the Py-PEO micelles would range from 8.8
up to 11.0 nm. Similar conclusions are reached when
using the hydrodynamic radius, RH, of the PEO chain
which can be determined to equal 1.3 or 1.4 nm whether
one uses the relationship RH ) 0.145Mw

0.571 or the
intrinsic viscosity, respectively.57,58 Using either value
of RH would yield diameters for the Py-PEO micelles
ranging from 7.4 up to 10.0 nm Whether these values
are obtained with RG or RH, they represent a lower
estimate of the micellar diameter since the chains are
assumed to be unperturbed. In the corona, the PEO
segments are expected to expand which would lead to
larger diameter values. Nevertheless, the diameters
retrieved from the analysis are slightly larger than the
7.2 nm value found for the hydrodynamic diameter of
the Py-PEO micelles. This result leads to the conclusion
that the PEO chains in the Py-PEO corona adopt a
conformation which is similar to or slightly more
compact than that of the unperturbed polymer coil. In
other words, the framework of the theory developed for
star-shaped polymers or block copolymer micelles does
not apply to the Py-PEO micelles investigated in the
present study. Indeed, when the concentration profile
proposed by Daoud and Cotton for star polymers55 is
implemented for the PEO chains in the corona to
determine the shell thickness,59 the diameter of the Py-
PEO micelles was found to equal 17 nm, much too large
to agree with our DLS results.

Since our experimental results suggest that the PEO
chains are not extended around the pyrene core, the
thickness of the PEO shell was estimated by considering
that each segment of the PEO chain was a spherical
bead of volume (4/3)π(lK/2)3 and calculating the volume
occupied by NK × Nagg ) 33 × 20 ) 660 such beads
tightly packed in the corona. Noting that the volume of
the corona is equal to that of the Py-PEO micelle (R)
minus that of the core (RC), the radius of the micelle is
found according to eq 4:

If the radius of the core is 1.1 nm, the diameter of the
Py-PEO micelle is found to equal 6.2 nm and the surface
of the core is covered by 2.8 layers 0.707 nm thick of
tightly packed beads. If the radius of the core is 2.2 nm,
the diameter of the Py-PEO micelle equals 6.8 nm and
the surface of the core is covered by 1.7 layers.

The diameters obtained by assuming a tight packing
of the PEO segments wrapping around the pyrene core
agree well with the hydrodynamic diameter of 7.2 ( 3.1
nm determined by DLS. It supports our suggestion that
the PEO chains are not extended at the surface of the
hydrophobic core. It is assumed that the reason for this
compactness resides in the necessity of shielding the
hydrophobic pyrene core from the water. Indeed, the 20
PEO chains making up the corona of the Py-PEO
micelles barely allow 2-3 layers of PEO beads to cover
the pyrene core which seems to be a minimum coverage
to prevent contact between the pyrene core and water.
Consequently, our results suggest that the PEO chains
of the Py-PEO micelles choose to lose entropy to pack
tightly around the pyrene core in order to gain free
energy by minimizing the unfavorable contacts between

the hydrophobic pyrene core and the water. This study
represents a first attempt at describing the pyrene
aggregates generated by a PEO chain labeled at one end
with pyrene.

The above discussion is based on the values of Nagg
and the hydrodynamic diameter averaged over the total
number of particles present in solution. Clearly, a more
accurate picture of the Py-PEO micelles would have
been obtained if the distribution of sizes observed by
DLS had been considered. Unfortunately, such a con-
sideration is hampered by the absence of information
about the width of the distribution of Nagg values
because this information cannot be obtained by fluo-
rescence quenching experiments.

Conclusions
Experiments carried out with surface tension, DLS,

steady-state fluorescence quenching, and time-resolved
fluorescence decays led to the conclusion that Py-PEO
micelles consist of 20 Py-PEO molecules. The hydro-
phobic pyrenes self-assemble into the core of the mi-
celles, which is covered by 2-3 layers of tightly packed
PEO beads. Surface tension and static light scattering
measurements indicate that Py-PEO micelles form at
very low polymer concentrations around 0.003 g/L. Their
existence in the bulk is inferred from static light
scattering measurements (cf. Figure 4), the steady-state
fluorescence spectra which exhibit some excimer fluo-
rescence at Py-PEO concentration as low as 0.1 g/L, the
linear increase of the IE/IM ratio as a function of Py-
PEO concentration, and the excimer fluorescence decays
which were acquired for polymer concentrations above
0.5 g/L and which exhibit no rise time at any polymer
concentration (cf. Figure 3). The hydrodynamic diameter
of the Py-PEO micelles was determined by DLS and was
found to be around 7 nm. At polymer concentrations
larger than 10 g/L, surface tension and DLS experi-
ments demonstrated that the Py-PEO micelles ag-
gregate into larger entities. Since this aggregation is
not probed by steady-state fluorescence, it does not
affect the pyrene cores and the aggregation number of
the Py-PEO micelles is expected to remain unchanged.
Fluorescence quenching measurements performed at
polymer concentrations larger than 15 g/L yielded an
aggregation number of 20 units/micelle. This is a
reasonable value when compared to the Nagg values of
34, 34, 18, and 28 obtained for M16KC16,7 D32KC16,7-9

D33KC16,22 and D35KC16,22 respectively, where the
C16 hydrophobe has the same number of carbon atoms
as pyrene. This Nagg value combined with the hydrody-
namic diameter determined by DLS led to the conclu-
sion that the PEO chains are not extended, as the model
for star polymers55 or block copolymer micelles56 pre-
dicts, but form a compact shell around the hydrophobic
core to shield it from water. Beside providing a detailed
description of a hyd-PEO system where the alkyl chain
typically used as the hydrophobe was replaced with a
rigid and planar molecule, this study represents also
the first example where the intrinsic fluorescence of the
pyrene excimer is used to determine the Nagg value of
micelles where the hydrophobic moiety of the surfactant
is pyrene.
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