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The interaction between poly(sodium 2-(acrylamido)-2-methylpropanesulfonate) labeled with 1 mol %
pyrene (PyPAMPS) and mixed micelles of hexaethylene glycol n-dodecyl monoether (C12E6) and
n-hexadecyltrimethylammonium chloride (CTAC), in which N,N-dimethylaniline (DMA) was solubilized,
was studied by steady-state and time-dependent fluorescence quenching by varying the mole fraction of
CTAC (Y) in the mixed micelle. At Y < 0.05, fluorescence quenching is essentially dynamic, arising from
collisional encounters of the pyrene sites and DMA-carrying mixed micelles. Strong quenching begins to
occur at Y = 0.05, corresponding to the onset of polyelectrolyte-micelle interactions. In the region 0.05
< Y < 0.09, the quenching was shown to occur via transient complex formation between PyPAMPS and
the mixed micelle. Changes in the vibrational structures of fluorescence spectra of pyrene in PyPAMPS
indicate that pyrene groups are inserted in the hexa(oxyethylene) phase of the mixed micelle when the
polymer-micelle complex is formed. The extent of quenching reaches a limiting value atY> 0.11 in excess
micelle solution, corresponding to the state in which all pyrene groups are micelle-bound.

Introduction

Systemscontainingpolyelectrolytesand ionic surfactant
micelles may serve as models for the interaction of
polyelectrolytes with oppositely charged particles. Such
interactions are important in biological phenomena, e.g.,
the nonspecific association of DNA with basic proteins,1
the immobilization of enzymes in polyelectrolyte com-
plexes,2 and the purification of proteins by selective
precipitation and coacervation.3 Polyelectrolyte-colloid
interactions are also important in commercial processes,
which include water treatment by colloidal flocculation,4
the treatment of mineral suspensions,5 and the stabiliza-
tion of concentrated preceramic suspensions.6
Early studies on polymer-surfactant systems mainly

focused on mixtures of nonionic polymers and ionic
micelles, or polyelectrolytes and surfactant monomers,
leading toagreat variety of experimental data.7 However,
reports concerning the interaction of polyelectrolyteswith
surfactantmicelles of opposite chargewere relatively few

until recently. This is because polyelectrolytes interact
with oppositely charged surfactant micelles so strongly
that irreversible macroscopic phase separation usually
occurs. Dubin and co-workers8 showed that such strong
electrostatic interactions could be reduced by “diluting”
the surface charge of ionic surfactant micelles with
nonionic surfactants, leading to the formation of soluble
polyelectrolyte-micelle complexes. Complex formation
occurs abruptly when themicellar surface charge density
reaches a certain critical level.8-12 This critical micelle
charge density only depends on the ionic strength and
polymer linear charge density and is independent of the
concentrations of polyelectrolytes andmicelles.8-12 Such
phase-transition-like behavior is consistent with theoreti-
cal predictions for the interaction of polyelectrolytes with
oppositely charged surfaces13-17 and with recent simula-
tions.18 Themicelle chargedensity of ionic/nonionicmixed
micelles can be experimentally manipulated via themole
fraction (Y) of ionic surfactant. Accordingly, results
obtained with polyelectrolyte-mixed micellar systems
may be compared with theories for polyion-colloid
interactions.
Optically clear polyelectrolyte-mixedmicelle solutions

abruptly become strongly turbid at a critical micelle
surface charge density (Yp) due to macroscopic phase
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separation. Below Yp, however, a critical micelle charge
density (Yc) is observed at which soluble polyelectrolyte-
micelle complexes are formed.8,10-12 The structure of such
soluble polymer-micelle complexes may be studied by a
varietyof experimental techniques including turbidimetric
titration8 and light scattering.10-12 Especially, static12,19
and quasielastic8,10,11,19 light scattering (QELS) have
provided important information on the size and structure
of polymer-micelle complexes. However, such soluble
complexes can only be detected by QELS if their lifetime
(residence time of bound micelles on a polymer) is
sufficiently long and the scattering intensity of the
complexes is sufficiently large comparedwith those of the
micelles and polymers from which they form.
In contrast toQELS, fluorescence techniques candetect

transient soluble complexes formed between polyelectro-
lytes and micelles even though their mass is comparable
to those of the polyelectrolytes and micelles. One of our
primary interests here is an experimental verification of
dynamic processes in the formation of such soluble
complexes and the utilization of fluorescence techniques
to gain insight into such transient species. Therefore, we
examined the interaction of a pyrene-labeled polyanion
with cationic/nonionicmixedmicelles inwhichaquencher
is solubilized.

Experimental Section
Materials. The pyrene-labeled poly(sodium 2-(acrylamido)-

2-methylpropanesulfonate) (PyPAMPS) was prepared by copo-
lymerization of 2-(acrylamido)-2-methylpropanesulfonic acid
(AMPS) and N-(1-pyrenylmethyl)methacrylamide as reported
previously.20 The content of the pyrene unit in the copolymer

was determined to be 1mol % byUV absorbance at 343 nm. This
lowmole percent of pyrene in the polymer assures the existence
of isolated pyrene chromophores with minimal alteration of
polyelectrolyte properties. Molecular weight of PyPAMPS was
estimated to be 4× 104 by size exclusion chromatography (SEC)
on Superose 6 columns, relative to pullulan standards.
Hexaethylene glycol n-dodecyl monoether (C12E6) (Nikko

Chemical) was used without further purification. A high purity
of C12E6 was confirmed by high-performance liquid chromatog-
raphy (HPLC). n-Hexadecyltrimethylammonium chloride (CTAC)
(WakoPureChemicals) was recrystallized twice frommethanol.
N,N-Dimethylaniline (DMA) (Aldrich)waspurifiedbydistillation
under reducedpressure. NaCl (WakoPureChemicals)wasused
without further purification. Milli-Q water was used for the
turbidimetric titration and fluorescence measurements.
Turbidimetric Titration. Turbidimetric titrations were

carried out at 420 nm with a JASCO V-520 spectrophotometer
with a 1-cm path length quartz cuvette. “Type I” turbidimetric
titrations,8,12,21-24 which involve addition of a solution of 50 mM
CTAC to a mixture of 0.05 g/L polymer and 30 mM C12E6, were

performed at a constant ionic strength at 25 ( 1 °C. The ionic
strengths were adjusted with NaCl. All transmittance values
were corrected by subtracting the turbidity of a polymer-free
blank. Theblank-corrected turbidity (here approximatedby100
- %T) was plotted as a function of Y, the mole fraction of the
cationic surfactant, definedasY) {[CTAC]/([CTAC]+ [C12E6])}.
Fluorescence Quenching. A DMA-saturated aqueous solu-

tion was prepared as follows. A mixture of 0.247 g (2.04 mmol)
of DMA and 88.0 mL of pure water was sonicated for 2 h and
magnetically stirred for an additional 3 h at room temperature.
After allowing the mixture to stand overnight, a small portion
of the aqueous layer was carefully sucked up with a syringe and
slowly filtered with a 0.1 µmMillipore filter. The concentration
of the DMA-saturated aqueous solution was determined to be
7.51 mM from the absorbance of a diluted solution at 243 nm,
using the molar extinction coefficient in methanol (ε ) 1.08 ×
104 M-1) which had been determined in a separate experiment.
For fluorescence quenching experiments in micelle-free solu-

tion,predeterminedamountsof theDMA-saturatedsolutionwere
mixed with stock solutions of 2.01 g/L PyPAMPS and 2MNaCl,
and the mixture was diluted with pure water so that the
concentrations of PyPAMPS andNaCl were adjusted to 0.05 g/L
and 0.2 M, respectively, the DMA concentrations varying from
0 to 5.00 mM. For the quenching experiments in the presence
of C12E6, a mixture of predetermined amounts of the stock
solutions of 7.51 mM DMA, 2.01 g/L PyPAMPS, 137 mM C12E6,
and 2 M NaCl was diluted with pure water such that the
concentrations of PyPAMPS, C12E6, and NaCl were adjusted to
0.05g/L, 30mM,and0.2M, respectively, theDMAconcentrations
varying from 0 to 4.91 mM. To prepare a DMA-carrying C12E6
micelle stock solution, a predetermined amount of DMA was
added to a known amount of a 137 mM C12E6 solution, and the
solutionwas stirred overnight. For type I fluorescence titration,
a solution of 50 mM CTAC in 0.2 M NaCl was added to a water-
diluted mixture of predetermined amounts of the PyPAMPS,
DMA-solubilized C12E6, and NaCl stock solutions.
Steady-state fluorescence spectra were recorded on a Hitachi

F-4500 fluorescence spectrophotometer with excitation at 343
nm. Acomplete runof quenchingexperiments to obtainaStern-
Volmer plot was performed within a period of 3 h to avoid a drift
of the sensitivity of the instrument.
Fluorescence decays were measured by a time-correlated

single-photon counting technique using a Horiba NAES 550
system equipped with a flash lamp filled with H2. The decay
function and response function were both measured simulta-
neously. The decay curves were analyzed by conventional
deconvolution techniques. Sample solutions were the same as
those used for the steady-state fluorescence measurements.

Results and Discussion
FluorescenceQuenchinginMicelle-FreeAqueous

Solution. Fluorescenceofpyrene isknowntobequenched
by DMA in nonpolar media by exciplex formation or in
polarmediabyelectron transfer.25 Figure1 showsStern-
Volmer plots for the quenching of PyPAMPS by DMA in
0.2MNaCl observed by steady-state and time-dependent
fluorescence. Here, I0 and I are the steady-state fluo-
rescence intensities in the absence and presence of DMA
and τ0 and τ are the fluorescence lifetimes in the absence
and presence of DMA, respectively. The plots for I0/I and
τ0/τ appear to be linear, but the slope for the τ0/τ plot is
smaller than that for the I0/Iplot. These observations are
indicative of a mix of dynamic and static quenching.26
The static quenchingmaybedue toaground-statedonor-
acceptor interaction between pyrene and DMA.
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FluorescenceQuenching in thePresenceofC12E6
Micelle. The extent of fluorescence quenching is con-
siderably decreased by the addition of C12E6. Figure 2
comparesStern-Volmerplots in theabsenceandpresence
of 30 mM C12E6 in 0.2 M NaCl. The addition of 30 mM
C12E6 (micellar concentration is 1.0 × 10-4 M, assuming
an aggregation number of 3.0× 102 at 25 °C27) decreased
the quenchingmore than 2-fold. Two extreme cases may
be invoked to explain these observations: (1) all DMA
molecules are completely solubilized in the micelles and
fluorescence quenching is due to dynamic encounters of
pyrene labels and DMA-solubilized C12E6 micelles, and
(2) only some of the DMAmolecules are solubilized in the
micelles, the observed quenching beingmainly due to free
DMA species in the bulk aqueous phase.
Although the slope of the plot in the presence of C12E6

in Figure 2 appears to be constant, its physical meaning
is rather complicated because the number of DMA
molecules solubilized in micelles varies with the concen-
tration of DMA. In order to differentiate between these
two cases, we performed a quenching experiment under
conditions where the micelle concentration was varied,
keeping theDMA:surfactant stoichiometry fixedatavalue
corresponding to a constant number of DMA molecules
per micelle (n). The value of n was calculated from the
concentrations of themicelle andDMA, assuming that all
DMAmolecules are completely solubilized in themicelle.
Results for n ) 9.4 are plotted in Figure 3, which shows
that the steady-state and time-dependent fluorescence

quenching plots coincide. This indicates that the quench-
ing is essentially dynamic and is due to collisions between
pyrene sites and DMA-carrying C12E6 micelles.28
FluorescenceQuenching in thePresenceofC12E6/

CTACMixedMicelles. Results inFigure 3 suggest that
when aDMA-solubilizedmicelle encounters a pyrene site
inPyPAMPS, the pyrene group enters themicellar phase,
leading to quenching of pyrene fluorescence. Figure 4
compares fluorescence spectra for the pyrene label in the
presence of DMA-carrying C12E6/CTACmixedmicelles at
varying Y under conditions of [C12E6] ) 30 mM and n )
9.4. A fluorescence spectrum in the presence of 30 mM
of quencher-free micelles at Y ) 0 is also presented for
comparison. The fluorescence intensitydecreases slightly
as Y is increased from 0 to ca. 0.05 owing to collisions
between pyrene sites and DMA-carrying C12E6/CTAC
mixed micelles and then decreases substantially as Y is
further increased.
Figure 5 shows the results of type I titrations, in which

the incremental addition of CTAC is reported as Y,

(27) Lianos, P.; Zana, R. J. Colloid Interface Sci. 1981, 84, 100.
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Cummings: Menlo Park, CA, 1978; Chapter 8.

Figure 1. Stern-Volmer plots for fluorescence quenching of
PyPAMPS by DMA in 0.2 M NaCl: [PyPAMPS] ) 0.05 g/L.

Figure 2. Stern-Volmer plots for fluorescence quenching of
PyPAMPS by DMA in the absence (b) and presence (O) of 30
mM C12E6 in 0.2 M NaCl: [PyPAMPS] ) 0.05 g/L.

Figure 3. Stern-Volmer plots for steady-state (O) and time-
dependent (4) fluorescence quenching of PyPAMPSbyDMAat
varying C12E6 concentrations in 0.2 M NaCl: [PyPAMPS] )
0.05 g/L and n ) 9.4.

Figure 4. Fluorescence spectra at varying Y for PyPAMPS in
the absence and presence of DMA-carrying C12E6/CTACmixed
micelle: [PyPAMPS]) 0.05 g/L, [C12E6]) 30mM, n) 9.4, and
[NaCl] ) 0.2 M.
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corresponding to an increase in the mean micelle surface
charge density. In Figure 5b, the fluorescence intensity,
normalized with respect to the value at Y ) 0 and in the
absence of DMA, displays a well-defined break at Yc =
0.05, independent of n, and corresponding to the onset of
polymer-micelle interaction.29 At n > 19, however,
significant quenching is observed atY<Yc, and the break
is less well-defined. This effect probably arises from
quenching byDMA in the bulk aqueous phase. In Figure
5a, which shows the effect of Y on turbidity, we observe
bulk phase separation of the complex at Yp ) 0.16( 0.01.
Incontrast tootherpolyion-micelle systems,8,9,12Yc cannot
bedetectedbysimple turbidity. In fact, little enhancement
of scattering is seen even when the fluorescence results
showthatnearlyall pyrenegroupsarequenchedbymicelle
binding. This finding suggests that the scattering in-
tensity of the soluble complex formed at Yc < Y < Yp is
small, eitherbecause themolecularmass is low, orbecause
the residence time of bound micelles is short. Results
reported elsewhere indicated that micelles bind prefer-
entially to pyrene sites in the region Yc < Y < Yp, and
since the number of pyrene sites per chain is very small,
the resulting complexesarenot strong scatterers.29 Along
the same line, the relatively large value of Yp may reveal
that subsequentbindingofmicelles tonon-pyrene (AMPS)
sites is a precondition for phase separation.29
In Figure 6 are plotted the normalized fluorescence

intensities against Y at n ) 9.4 at varying micelle
concentrations. It appears that the region of Y in which
strong quenching occurs shifts toward lower Y with an
increase in the micelle concentration and that the
quenching ismoregradualat lowermicelle concentrations.
Furthermore, the quenching increases sigmoidally with

Y and eventually saturates, saturation occurring more
readily at highermicelle concentrations. This saturation
is observed in Figure 6 only at [micelle] ) 1.0 × 10-4 M.
As will be explained below, these observations may be
rationalized ifweconsider thedata inFigure6 to represent
binding curves and if we take into account the composi-
tional distribution of the micelle as was recently dem-
onstrated by capillary electrophoresis.30
We previously observedsin the system comprised of

poly(dimethyldiallylammonium chloride) and sodium
dodecyl sulfate (SDS)/Triton X-100 mixed micellessthat
Yc, determined turbidimetrically, was independent of
micelle concentration.23,31 This is in contrast to the result
shown inFigure 6, inwhich the onset of bindingdecreases
from Y ) ca. 0.06 to 0.035 with increase in micelle
concentration. This observation suggests a qualitative
differencebetweenYc observedbyquenching forPyPAMPS
andYc observed turbidimetrically forapolyelectrolytewith
no fluorophore pendant group. We tentatively suggest
that the latter is dominated by the cooperative binding of
some number of polyion residues and resembles a mi-
croscopic phase transition, so that the number ofmicelles
in the system is unimportant. The former situation, on
the other hand, is strongly influenced by the interaction
of a micelle with a single residue (pyrene-bearing) and
therefore exhibits some of the characteristics of a con-
ventional binding equilibrium. In this case, the number
of pyrene groups that are micelle-bound depends on both
the number concentration of micelles and their binding
constant.
The micelle-PyPAMPS binding constant is strongly

dependent on Y and is in fact negligibly small for Y <
0.05. It is expected to increase with Y for Y > 0.05.
According to the data in Figure 6, the decrease in binding
affinity as Y decreases from ca. 0.12 to ca. 0.10 may be
compensated for by an increase in micelle concentration
from3.3×10-5 to 6.7×10-5M (these twosets of conditions
yield about the same quenching).
At Y ) 0.12, a micelle concentration of 1.0 × 10-4 M is

large enough so that all pyrene groups aremicelle-bound.
When the concentration of micelles is less than ca. 4 ×
10-5 M, Y would have to be increased above ca. 0.20 to
achieve this saturation. However, at these larger values
of Y, bulk phase separation occurs.
The foregoing explanation accounts for the results by

suggesting that thebindingaffinity changesprogressively
with Y. However, it is also likely that any given value of
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(30) Zhang, H.; Dubin, P. L. J. Colloid Interface Sci. 1997, 186, 264.
(31) Dubin, P. L.; Oteri, R. J. Colloid Interface Sci. 1983, 95, 453.

Figure 5. Turbidity (a) andnormalized fluorescence intensity
(b) as a function of Y for PyPAMPS in the presence of 30 mM
DMA-carrying C12E6/CTAC mixed micelle at varying n: [Py-
PAMPS] ) 0.05 g/L and [NaCl] ) 0.2 M.

Figure 6. Normalized fluorescence intensity as a function of
Y for PyPAMPS in the presence of varying concentrations of
DMA-carryingC12E6/CTACmixedmicelle: [PyPAMPS]) 0.05
g/L, n ) 9.4, and [NaCl] ) 0.2 M.
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Y simply represents a stoichiometric average for a system
containingahighlypolydispersemixtures ofmicelleswith
varyingmicroscopic compositions (y).30 Ifweassume that
only micelles with a CTAC mole fraction higher than y*
canbind, then thenumber ofmicelleswithy> y* increases
with increasing Y and increasing micelle concentration.
Such compositionalheterogeneity couldyield theobserved
sigmoidal curves even if binding affinities changed very
abruptly with Y and the present data do not permit
resolution of these two alternatives.
From the data in Figure 6 we obtain a set of Stern-

Volmer plots at differentY values (Figure 7). TheStern-
Volmer plots are nearly collinear at Y < 0.05, but the
slope increases with Y and curvature appears for Y >
0.05. These findings indicate that the quenching mech-
anisms are different at Y below and above ca. 0.05 (Yc).
The linear relationship at low Y, taken together with the
results in Figure 3, implies that fluorescence quenching
atY<Yc is essentially dynamic and arises from transient
collisions between PyPAMPS and DMA-carrying mixed
micelles. At larger Y (>0.05), the quenching may be due
to dynamic association betweenPyPAMPSand themixed
micelle and the slope may reflect Y-dependent binding
constants.
WhenY is further increased to 0.11, the Stern-Volmer

plot may exhibit downward curvature. In the present
stage of our work, we are unable to discuss quenching
mechanisms at Y > Yc. It is, however, possible that
fluorescence quenching occurs via two different mecha-
nisms in different twoY regions, in addition to the simple
collisional quenching at Y < 0.05.
Fluorescence Decay. Fluorescence decay measure-

mentsmayprovide useful information about the dynamic
state of the polymer-micelle complex. If the residence
time of bound DMA-containing mixed micelle is much
longer than the fluorescence lifetime of pyrene, then
quenching may appear “static” in time-dependent fluo-
rescence. On the otherhand, if the residence time ismuch
shorter than the fluorescence lifetime, as is the case of the
correlation time for simple collisional encounters, fluo-
rescence quenching should appear “dynamic”. In the

former case, the peak counts in single-photon counting
fluorescence decay measurements may decrease (depend-
ing on the time resolution of instruments employed) as
quenching increases while the average lifetimes remain
more or less the same. In the latter case, however, we
will see single-exponential decays with only decreased
lifetimes, the peak counts remaining unchanged (if
instrumental conditions, including light intensity of a
lamp,arekept constantduringawhole series of quenching
experiments). In the third case,where the residence time
of bound micelles is comparable with the fluorescence
lifetime of pyrene, the average lifetimes will shorten
considerably with increasing extent of quenching, while
the peak countsmay ormay not change depending on the
rate of quenching within complexes relative to the time
resolution of instruments employed.
In Figure 8, fluorescence decay curves for 0.02 < Y <

0.11 are compared at [C12E6] ) 30 mM and n ) 9.4. The
decay curves are reasonably well-fitted with a single-
exponential function atY< 0.05, indicating that dynamic
fluorescence quenching occurs via collision. At Y > 0.07,
however, fluorescence lifetimes are significantly shorter
and the decays are best fitted by double-exponential
functions. The average lifetimes and the peak counts are
plotted as a function of Y in Figure 9. It appears that the
average lifetime begins to decrease significantly near Y
) 0.05 whereas the peak counts remain the same at Y <
0.09. These observations imply a change in quenching
process from collisional to complex formation before and
after Yc. It also suggests that quenching is dynamic in
the region 0.05 < Y < 0.09 arising from transient
interaction betweenPyPAMPSandDMA-carryingC12E6/
CTAC micelles. At larger Y, however, the peak count is
slightly smaller than that at Y < 0.09, suggesting
contribution of static quenching at Y > 0.11.

Figure 7. Stern-Volmer plots for fluorescence quenching of
PyPAMPS by DMA-carrying C12E6/CTAC mixed micelle at
varying Y: [PyPAMPS] ) 0.05 g/L, n ) 9.4, and [NaCl] ) 0.2
M.

Figure 8. Fluorescence decay profiles for PyPAMPS in the
presence of DMA-carrying C12E6/CTACmixed micelle at vary-
ing Y: [PyPAMPS] ) 0.05 g/L, n ) 9, and [NaCl] ) 0.2 M.
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Fluorescence and Absorption Spectra. Fluores-
cence spectraof thepyrene labelprovide informationabout
its local environment because the ratio of the third to first
vibrational fine structure, I3/I1, of the pyrene fluorescence
is sensitive to the environmental polarity.32 It is generally
known that the I3/I1 ratio is larger in less polar media.
The I3/I1 ratios of PyPAMPS in the presence of 30 mM
quencher-free C12E6/CTAC at varying Y are plotted in
Figure 10. At micelle concentrations higher than 6.7 ×
10-5M, the I3/I1 ratiosare constantatY<0.05butdecrease
in the region 0.05<Y< 0.11 and saturate atY> ca. 0.11.
These I3/I1 curves strongly resemble the I/I0 curve at
[micelle]) 1.0× 10-4 M in Figure 6, the Y value at which
the I3/I1 and I/I0 values commence to decrease corre-
sponding to Yc observed by fluorescence quenching. At
lowermicelle concentrations, thedecreases in I3/I1 ismore
gradual. This trend may be explained in terms of a
compositional distribution ofmicelles as discussed above.
The decrease in the I3/I1 ratiowith increasingYwas the

opposite tendency that we had anticipated because the
hexa(oxyethylene) phasewas thought to be lesspolar than
water. In a separate experiment, we measured fluores-
cence and absorption spectra of PyPAMPS inmixtures of
water and polyethylene glycol (PEG) (average molecular
weight, ca. 500) at varying compositions. As can be seen
in Figure 11, as the weight fraction of PEG is increased,
I3/I1 decreases while the absorption maximum for the

pyrene 0-0 band increases. The magnitude of the drop
in I3/I1 in excess PEG is essentially equal to that observed
in Figure 10 upon increase in Y. These observations
indicate that pyrene labels are incorporated in the
hexa(oxyethylene) layer in C12E6/CTAC mixed micelles
when complexes are formed at Y > 0.05.
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Figure 9. Average lifetime 〈τ〉 and peak counts as a function
of Y for PyPAMPS in the presence of DMA-carrying C12E6/
CTACmixedmicelle: [PyPAMPS])0.05 g/L,n)9, and [NaCl]
) 0.2 M.

Figure 10. I3/I1 ratio as a function of Y for PyPAMPS in the
presence of varying concentrations of C12E6/CTAC mixed
micelle: [PyPAMPS] ) 0.05 g/L and [NaCl] ) 0.2 M.

Figure 11. I3/I1 ratio and λmax for PyPAMPS as a function of
the weight percent of PEG in the PEG/water mixture.
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