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Soluble complex formation between pdinethyl-4-vinylpyridinium chloride) (QPVP) and mixed micelles

of dodecyl octa(ethylene glycol) monoether f£5) and sodium dodecyl sulfate (SDS), driven by electrostatic
interactions in water, was investigated by turbidimetric, quasielastic light scattering, and fluorescence techniques.
The polymer-micelle interaction was monitored through quenching of fluorescence of pyrene probes solubilized

in C12Eg/SDS mixed micelles, the quenching occurring upon binding of the micelles to QPVP. Unlike the
case in which fluorescence-labeled polyelectrolytes are employed in conjunction with quencher-carrying
micelles to monitor polymermicelle interactions, QPVP plays a dual role as a polycation to interact with
anionic micelles and a quencher for fluorescence of a probe solubilized in the micelle. Thus, hydrophobic
contribution from fluorescence labels, an additional complexity in the former case, can be eliminated by
employing QPVP, making it possible to monitor polymenicelle interactions without hydrophobic effects.

The presence of a well-defined critical mole fraction of S &t which a soluble polymermicelle complex
formation begins to occur was confirmed. THievalues determined by turbidimetric and fluorescence titrations

were found to be in good agreement. Dynamic interactions of QPVP with pyrene-carrggSDS mixed

micelles were monitored by steady-state and time-dependent fluorescence quenching techniques. The charge
on the micelle was varied systematically by varying the mole fraction of SP)Sn(the mixed micelle.
Steady-state and time-dependent fluorescence-quenching data were analyzed using, as a first approximation,
a kinetic model proposed previously. The lifetime of the micelle bound to the polymer (i.e., the residence
time) was estimated as a function of the micelle surface charge density and ionic strength. Results revealed
that the residence time is a strong function of b¥tand the ionic strength.

o, 0& % (1)

Interactions between polyelectrolytes and oppositely charged )

micelles normally lead to macroscopic phase separation in Wherex is the Debye-Huckel parameter. The value bfmay
water! However, polyelectrolytemicelle interactions may lead ~ depend somewhat on micelle curvature and polyelectrolyte
to the formation of stable equilibrium complexes if the charge densify but for strong polyelectrolytes in combination
electrostatic attractions are attenuated by proper adjustment ofvith small micelles is in the range of 1.0 b < 1.41>°The

the polyion linear charge densitg)( the micelle surface charge observatlon' of such .phase-transmoln-llke .behaV|or is consistent
density @), or the ionic strengthi). Under properly adjusted ~ With theoretical predlct|ori§*?1_ and simulationg? On the other
conditions, soluble complexes with dimensions between 1 and hand, the measured quantities, the departures of which from
10 times those of the polyelectrolyte may be formet!. preassociation levels are thought to signal the onset of complex

The interaction of micelles with oppositely charged poly-
electrolytes strongly resembles the interaction of polyelectrolytes
with other particles of similar size and charge, such as
proteing~11 and dendrimer&14 In all these cases, complex
formation occurs whew reaches an adequate level, and the
magnitude of this value varies nearly directly with(a ~ /,)
and inversely withE. The appearance of the complexed state is
sufficiently abrupt to enable the identification of a critical surface
charge densityd), so that the foregoing observations may be

expressed as

formation (vide infra), display changes that are never truly
discontinuous but instead vary in abruptness depending on the
polyelectrolyte-micelle system.

These soluble polymemicelle complexes have been inves-
tigated by various characterization methods, including turbid-
imetry23-26 dynamic and static light scatteridgé viscom-
etry 827 electrophoretic light scatterirfgnicrocalorimetny?8 dye-
solubilization??3equilibrium dialysis231-32and fluorescencé&—36
Among these methods, fluorescence techniques are expected
to provide a powerful tool to gain insight into the dynamics of
polyelectrolyte-micelle interactions. Recently, we used a

T Part of the special issue “Noboru Mataga Festschrift”.

pyrene-labeled polyanion in conjunction with quencher-carrying
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CHART 1 the residence time of the micelle in the polymenicelle
CH—CH complex as a function of the micelle charge density and the
2 CHg(CHaz)11O(CH,CH,0)gH ionic strength. Such measurements may be directly comparable
Q Ci2Eg to the results of Monte Carlo simulatiof&.
o® LY
CHs |, CH3(CHy)11S04Na Experimental Section
sDS
QPVP

Materials. Poly(N-methyl-4-vinylpyridinium chloride) (QPVP)
) ) o was prepared from poly(4-vinylpyridineM, = 7.7 x 10%
lyte—micelle interaction in such systems may be modulated by gptained from Reilly Industries (Indianapol@)Dodecyl octa-
controlling the molar ratio of cationic and nonionic surfactants (ethylene glycol) monoether (gs) (Nikko Chemical), purity
irl the micelle (i.e.¢) and also by contr'olling.the ionic strength. confirmed by high performance liquid chromatography, was
(i.e., ). The enhancement of quenching arising from dynamic seq as received. Sodium dodecyl sulfate (SDS) (Nakalai tesque)
interactions between a pyrene-labeled polyanion and quencheryyas recrystallized twice from methanol. Sodium chloride (NaCl)

carrying mixed micelles upon increase anor decrease i (Wako) was used without further purification. Milli-Q water
was investigated by steady-state and time-dependent fluoresyyas ysed for all experiments.

cence spectroscopy-36 Of particular importance is kinetic
information available from the latter technique. While the rate
of change of, for example, light scattering or viscosity in the
vicinity of “critical conditions” may be complicated by alter-
ations in complex structure after binding per se, the measuremen
of micelle—polyion residence times at. might provide more
direct insight into the meaning of the observed transition-like
behavior.

The behavior of fluorescence-labeled polyelectrolytes may
be perturbed by the physicochemical properties of the label. o )
TurEidimetric, Ii)g;ht scgtt)éring, and fluofescpence studies using corrected turbidity (106- %T) was plotted as a function of,

a copolymer of sodium 2-(acrylamido)-2-methylpropane- the.mole fraction of the anionic surfactant in the m|>_(§d mlt_:elle,
sulfonate (AMPS) (99 mol %) and\-(1-pyrenylmethyl)-  defined ag; [SDSH([CizEe] + [SDS]O)' “Type 2 turbidimetric
methacrylate (PyMAm) (1 mol %), PyPAMPS, as a pyrene- titrations’33%4%were carried out 25- 1 °C by adding an aqueous

labeled polyanion revealed that the interaction of PyPAMPS Selution of 100 mM GzE¢/SDS mixed micelle at a consta¥t
with mixed micelles of dodecyl hexa(ethylene glycol) monoether @Nd @ constant to a solution of 0.16 g/L (1 mM monomer
(C12Es) and cetyltrimethylammonium chioride (CTAC) occurred  UNits) QPVP of the same. The values of were adjusted with
preferentially with pyrene sites, although the interaction was NaCl. The turbidity was plotted as a function of the concentra-
predominantly driven by electrostatic attractiéfs®® These tion of total added surfactan€y).

results indicate a conjoint effect of hydrophobic and electrostatic ~ Quasielastic Light Scattering (QELS).QELS measurements
interactions on the polyioamicelle interactior$3—32° The pref- were carried out with a DynaPro 801 (Protein Solution Inc.),
erential binding of GE¢/CTAC mixed micelles to hydrophobic ~ which employs a 30-mW solid-state 780-nm laser and an
sites incorporated into a polyanion was confirmed in a systematic avalanche photodiode detector. Sample solutions were intro-
study using terpolymers of AMPS, PyMAm (1 mol %), and duced into a 7«L cell through a 0.1#m Anotec filter. The 90
N-dodecylmethacrylamide 67.5 mol %) in conjunction with scattering data were analyzed employing cumulants to determine
C12Es/CTAC mixed micelles in which cetylpyridinium chloride  the apparent hydrodynamic radi{. Sample solutions were
(CPC) is solubilized® All of these results indicate that when prepared by adding a 40-mM SDS solution at a congtaota
fluorescence-labeled polyelectrolytes are employed to investigatesolution of 20 mM G2Eg and 0.62 g/L (4 mM monomer units)
the dynamics of the complex formation, the hydrophobic QPVP of the samea.

contributions from fluorescence-label sites are inevitable, al-  Flyorescence. Steady-state fluorescence spectra were re-

though fluorescence quenching techniques are a powerful to0l¢orded on a Hitachi F-4500 fluorescence spectrophotometer with
for studies of polyelectrolytemicelle interactions. excitation at 338 nm.

To avoid hydrophobic contribution arising from fluorescence
labels, we used poliN-methyl-4-vinylpyridinium chloride)
(QPVP) (Chart 1) as a polyelectrolyte to interact with mixed
micelles of nonionic and anionic surfactants. Pyridinium cations
are known to be an efficient quencher for singlet-excited pyrene
by means of an electron-transfer mechan¥éihus, QPVP is
expected to play a dual role as a polycation and a quencher
when the polymer interacts with pyrene-carrying micelles.

Turbidimetric Titration. Turbidimetric titrations were car-
ried out at 450 nm with a Brinkmann PC800 probe colorimeter
equipped with a 2 cmpath length fiber optics probe. “Type 1”
furbidimetric titration3®-26 were performed at 25 1 °C by
adding an aqueous solution of 40 mM SDS at a constant ionic
strength ) to a solution of 0.62 g/L (4 mM monomer units)
QPVP and 20 mM gEg of the same:. The values oft were
adjusted with NaCl. All transmittance values were corrected
by subtracting the turbidity of a polymer-free blank. The blank-

A pyrene-carrying @FEg micelle stock solution was prepared
as follows: About 20uL of an acetone solution of 13 mM
pyrene was placed in a 20 mL volumetric flask. After evapora-
tion of the solvent, pyrene was dissolved inEzs (647.9 mg,
1.20 mmol), and then a predetermined concentration of aqueous
NaCl was added to the mixture. The solution was stirred
overnight. The concentration of pyrene was determined by

In this paper, we report on static and dynamic aspects of absorp'Flon spectroscopy l.JS'ng = 29 x 10' M~ cr?
soluble complex formation between QPVP and mixed micelles determined for pyrene in 4'1. (V/Y) ethanol/walter.
of dodecyl octa(oxyethylene) glycol monoether &) and For “type 1” fluorescence tltratlo?f’,_*36 a solution of 40 mM
sodium dodecyl sulfate (SDS) (Chart 1) studied by means of SDS_ln a pred_e@ermlned concentration of NaCl was added to a
turbidimetric titration, quasielastic light scattering, and fluores- Solution containing 0.62 g/L (4 mM monomer units) QPVP and
cence measurements in which molecular pyrene is solubilized 20 MM pyrene-tagged g at a constant ionic strength.
in C12E¢/SDS mixed micelles. A previously proposed kinetic Fluorescence decays were measured by a time-correlated
modef>36was used to interpret steady-state and time-dependentsingle-photon counting technique using a Horiba NAES 550
fluorescence quenching data, which made it possible to examinesystem. Decay curves were analyzed by a conventional decon-
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Figure 1. Type 1 turbidimetric titrations for 0.62 g/L (4 mM monomer
units) QPVP and 20 mM GEg in 0.1 (a), 0.2 (b), and 0.3 M NaCl (c),
using a 40 mM SDS solution of the same The SDS solution was
titrated to the mixed solution of the polymer and the micelle at a
constanjz. Y is the mole fraction of SDS in the mixed micelle. Arrows
denoteY; values.

0.2
Turbidity
Fluorescence
>° 01t
0 1 L 1 1 L
0.2 03 04 0.5 0.6 0.7
172
u

Figure 2. Dependence ofY;, determined by turbidimetric and
fluorescence titrations, on the square roop.of

volution technique. Sample solutions were the same as those
used for the steady-state fluorescence measurements describe

above.

Results and Discussion

Type 1 Turbidimetric Titrations. Solutions containing 0.62
g/L (4 mM monomer units) QPVP and 20 mM;£Eg were
titrated with a 40-mM SDS aqueous solution at varyingigure
1 shows the turbidity (reported as 160%T) as a function of
Y (the mole fraction of SDS in GEg/SDS mixed micelles). At
« = 0.1, the turbidity is nearly constant in the region o£0Y
< 0.07 but it commences to increaseYat 0.07, indicative of
complex formation between QPVP and;Es/SDS mixed
micelles. ThisY value is designated a%. As u is increased
from 0.1 to 0.2 and 0.3)Y; increases to 0.13 and 0.17,
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Figure 3. R, as a function ofY at varyingu. Y values were adjusted
by adding a 40 mM SDS solution to a solution containing 20 miyEE
and 0.62 g/L QPVP.
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Figure 4. Type 2 turbidimetric titrations for 0.16 g/L (1 mM monomer
units) QPVP in 0.1 M NacCl, using a 100 mM£Eg/SDS solution of
the same:. The solution of GEg/SDS mixed micelles at a constart
was titrated to the QPVP at = 0.1. Cs is the total surfactant
concentration.

does suggest that the QPVE1,Eg/SDS interaction is driven
by electrostatic attractions.

QELS of the QPVP—C3,E¢g/SDS SystemQELS measure-
ments were carried out to estimate the hydrodynamic size of
QPVP-C;,Eg/SDS complexesY values were adjusted by
adding a 40 mM SDS solution to a solution containing 20 mM
Ci2Eg and 0.62 g/L QPVP. Figure 3 shows apparent values of
R, determined by cumulants as a functionYodt varying ionic
strengths. At all ionic strengths studidg, values are nearly
constant in the region of < Y.

Y. values are estimated to be 0.06, 0.12, and 0.16=a0.1,

2, and 0.3, respectively, i.e., consistently abeti8% smaller
than the turbidimetric estimates, possibly indicating the higher
sensitivity of the QELS results. The increaseRinfor Y = Y,

can arise either from a continuous increase in the size of
complexes or from a shift in the population of scatterers, as the
concentration of free micelles falls concomitant with an increase
in the concentration of larger (but possibly uniform) complexes.

Type 2 Turbidimetric Titrations. Type 2 titrations, corre-
sponding to the addition of mixed micelles at const¥rb
polymer solution at constapt also provide information about
the stoichiometry of complex formation. Type 2 turbidimetric
titrations were conducted at 0.16 g/L QPVWRC;,Eg/SDS mixed
micelles in 0.1, 0.2, and 0.3 M NaCl at constafitFigure 4
shows the results of the type 2 turbidimetric titrationgiat
0.1, in which the turbidity is plotted as a function Gf. Even

respectively. These observations are qualitatively consistent withat aY sufficiently higher thar¥. (0.07), turbidity shows only a

those found for a number of polyelectrolytmixed micelle
systems reported so fat:253341.42As shown in Figure 2, the
dependence of; onu is roughly consistent with previous results
for other polyelectrolyte micelle systems*3342The number
of measurements at differentis not large enough to specify
the exact dependence ¥f on u, but the ionic strength effect

slight increase witlCs in the lowerCs region. WherCs is further
increased beyond a certain value, turbidity increases remarkably,
indicative of phase separation. Xss increased, the critic&ls
decreases and the increase in turbidity at about the crifical
becomes more abrupt. At= 0.2 and 0.3, the tendencies are
the same as that at= 0.1. Because the soluble complexes are
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Figure 5. Fluorescence spectra of pyrene-carryingBgSDS mixed
micelles of varyingY in the absence and presence of QPVP in 0.1 M
NaCl. Y values were adjusted by addition of 40 mM SDS in 0.1 M
NaCl to a mixture of 0.62 g/L QPVP, 20 mM s, and 4.6:M pyrene.

intrapolymer at lowCs, the turbidity is small, indicating that
soluble complexes are in association equilibrium even ¥t a
much higher thanY.. Above the critical Cs, highly turbid
interpolymer complexes are formed presumably because of
charge neutralization of the complexes, resulting in phase
separation.

Type 1 Fluorescence Titrations.To monitor the polymer
micelle interaction by fluorescence quenching, pyrene was
dissolved in GEg/SDS micelles and fluorescence was moni-
tored in the presence of QPVP as a functionYofFigure 5
shows fluorescence spectra of pyrene solubilized;yE{ZSDS
mixed micelles of varyingf in the absence and the presence of
QPVP in 0.1 M NaCl. Values oY were adjusted by adding a
40 mM SDS solution to a mixture of 0.62 g/L QPVP, 20 mM
Ci2Es, and 4.6uM pyrene. Complete dissolution of pyrene in
the micelle was confirmed by the fact that fluorescence decay
is single-exponential with a lifetime of ca. 380 ns, as will be
discussed in detail in the following subsection. Figure 5 shows
a significant decrease in the fluorescence intensity with increas-
ing Y, indicating that the fluorescence quenching occurs upon
complex formation. Figure 6 shows thédependence of the
normalized fluorescence intensiti/lo, wherel denotes the
fluorescence intensity of the pyrene-carryingtg/SDS micelles
at varying Y in the presence of QPVP and denotes the
fluorescence intensity in the absence of QPVF &t 0. It was
confirmed that in the absence of QPVP, the fluorescence
intensity was independent of i.e., the fluorescence intensity
remains unchanged after adding SDS to pyrene-carryingsC
micelles (data not shown). At = 0.1, fluorescence intensities
atY =< 0.07 are virtually the same &g Fluorescence quenching
is only observed aY > 0.07, and the extent of the quenching
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Figure 6. Type 1 fluorescence titration plots for solutions of 0.62 g/L
(4 mM monomer units) QPVP and 20 mM£s in 0.1 (a), 0.2 (b),
and 0.3 M NacCl (c), using a 40 mM SDS solution of the same ionic
strength as a titrant. Arrows denotg values.
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Figure 7. Fluorescence decay profiles for pyrene-carringggSDS
mixed micelles ofY = 0 (a) and 0.174 (b) in the presence of QPVP at
u = 0.1, accompanied by the lamp profile (&j.values were adjusted
by addition of 40 mM SDS in 0.1 M NaCl to a mixture of 0.62 g/L
QPVP, 20 mM GzEs, and 4.6uM pyrene.

is reached. Figures 1 and 3 show that the turbidity increase is
correlated with an increase in complex size. Thus, all of these
data show a progressive increase in complex formation, which
could be a fundamental characteristic of these systems or might
arise in part from some system polydispersity that reduces the
sharpness of the transition. One such polydispersity could be
the compositional variability of the mixed micelles, but rather
little information is currently available on this point. Recent
work on the polyelectrolyte-binding of a single-surfactant
micelle systerdP suggests that a continuous increase in the
binding constant beyond the critical micelle charge density is

increases a¥ is increased. These observations provide evidence not limited to chemically mixed micelles but rather is charac-
for the complex formation of QPVP with the pyrene-carrying teristic of all related systems. For this reason, we describe the
micelle atY > Y. and an increase in the fraction of bound micelles to a first approximation only in terms of their average

micelles with increasing micellar charge density. From the
results of fluorescence quenching, values were determined
to be 0.07,0.12, and 0.16 at= 0.1, 0.2, and 0.3, respectively.
As shown in Figure 2, thes¥. values are in good agreement
with those determined by turbidimetric titration.

After Y. is reached, quenching increases gradually and almost
linearly with further increase i. The same behavior is reflected
in Figure 1, in which the turbidity increases gradually after

composition, i.e., the stoichiometric value 6f

Time-Dependent Fluorescence Quenching for QPVP
C12E¢/SDS.Figure 7 shows an example of typical fluorescence
decay profiles for pyrene-carrying:§Eg/SDS mixed micelles
of Y=0 and 0.174 in the presence of QPVRiat 0.1. Decays
are completely single-exponential wh¥ns small, but asy is
increased, decays are best-fitted to a double-exponential func-
tion. However, aY value at which the transition occurs from
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TABLE 1: Lifetimes Determined by Fitting Fluorescence of deactivation of singlet-excited pyrene in the complex is much
Decay Profiles faster than the rate of dissociation of the complex, thati$
u \% 7® (ns) 75 (ns) 7 (ns) x> + kg > ko1
o1 0 379 378 101 When the system is photoexcited by a light pulse at tinve
0.1 0.09 384 41.7 377 1.23 0, the total concentrations of the free and complexed micelles
0.1 0.10 383 48.5 376 1.25 having photoexcited pyrene at tinteare given by a double-
0.1 0.12 384 37.6 375 1.18 exponential function with lifetimes; and 7, (eqs A4-A8 in
0.1 0.16 382 29.6 372 116 Appendix). The reciprocals of these lifetimes are given by
0.1 0.17 382 39.1 371 1.10
0.2 0 379 381 1.12 —
02 014 383 44.1 378 1.06 (L)) = (Thro) +kq &)
0.2 0.16 385 34.1 376 1.24
0.2 0.18 386 40.2 374 1.04 and
0.2 0.20 384 43.8 372 1.07
0.2 0.21 382 35.3 370 1.06 (Liry) = (L) + kq[Qquypl (3)
0.3 0 383 382 1.32
03 0.17 384 78.2 381 114 On the other hand, the ratio of fluorescence quantum efficiencies
8-2 8-%? gg? g;é g;i iig in the presence and absence of QPVP is given by a function of
03 023 387 35.6 372 107 7o 71 72 andkiQave] (g A12 in Appendix):
0.3 0.24 387 35.0 370 1.24

. ) ) . ) @/Dy = 7,/75 + (T/7) (1 — To/T){ U(1 + K[Qup)}  (4)
aThe fluorescence lifetime for pyrene-carrying mixed micelles in
the absence of the quencher. On the basis of steady-state fluorescence ddiabg) and
SCHEME 1 fluorescence decay datap( 71, and 72), one can calculate
K[Qavr] using eq 4. The quenching rate constigrandk:[Qave]

ki can be calculated from fluorescence decay data using eqgs 2 and

M,py + Quvp M,py*Qqvp ) . -
-1 3, respectively. FronK[Q4vp] andki[Qave], the residence time
= -1 1/k-1) of the micelle in the complex is calculated by
hvdl T hvi| T +kq
k[Qqvp] 1/k_; = K[Quypl/ Ke[Q gyl )
iyt —————== Mpy**Qqvp

k.

The concentration of the pyridinium site that can actually

. . . ) act as a quencher site (@]) remains as an unknown
single- to double-exponential decay is not well-defined because'parameter. Because the quencher sites are localized on the

in the present system, fluorescence quenching efficiency is qUitepolymer chain, [Qv] should be much lower than the molar
low. Above Yc, however, we can assume that these decay cqncentration of the pyridinium residue of QPVP present in the
profiles _obey a doub_le-exponentlal function, as sugg(_este(él from system. In general, polymer-bound quenchers behave as much
our previous study with PyPAMPSC1,E/CTAC interactions less efficient quenchers than do the corresponding free quencher
Thus, from the decay curves, the lifetimes of pyrene fluorescence ygieties. In the quenching event in thegQsvp complex, there
were determined as shown in Table 1, whes@ndz, denote  gyist excess quencher sites in the complex for photoexcited

the shorter and longer lifetimes, respectively. At eachr pyrene to be completely quenched. However, the excess

decreases asis increased, althougty seems to be independent  q,encher sites act as charged sites to interact with micellar

of Y. charge, the pyridinium site playing a dual role as quencher and
Kinetic Analysis for Fluorescence QuenchingTo quanti- binding sites.

tatively interpret the fluorescence quenching data, we use a We applied this kinetic model to the steady-state and time-

kinetic model that we proposed in our earlier w8tR® This dependent fluorescence data presented in Figure 6 and Table

quenching model assumes an association equilibrium for the 1, in whichzs andr, correspond ta; andr,, respectively. This
binding of pyrene-carrying £Es/SDS mixed micelles to QPVP  set of data suggests that quenching efficiency of QPVP is quite
to form soluble complexes (Scheme 1). This assumtion is basediow as compared with our earlier wofk3¢We confirmed that

on the observation that an association equilibrium is achieved all pyrene probes (4.2 0.7 uM) are completely solubilized in

in the region where soluble complexes are formed (Figure 4). the G Eg micelle (20 mM). Assuming that all pyrene probes
Here, Mpy denotes the pyrene-carrying mixed micellesy&Q are randomly distributed over the micelles according to a Poisson
denotes the pyridinium site in QPVP that acts as a quencherdistribution, the average number of the probes solubilized in a
site, Mpy*Qavp denotes the complex of M|, with Qavp, ki and micelle is calculated to be ca. 0.022 and the fraction of pyrene-
k-1 are the association and dissociation rate constants, respecearrying micelles to be ca. 0.022 0.003. The rest of the
tively, 7o is the fluorescence lifetime of pyrene in the absence micelles are pyrene-free. From the concentrations of the polymer
of the quencher, andty is the first-order rate constant for (0.62 g/L) and G;Eg molecules (20 mM), along with the degree
fluorescence quenching within the complex. In this model, it is of polymerization for the polymer (ca. 730) and the aggregation
assumed that all pyrene probes are completely solubilized in number of the GEg micelle (ca. 90} the ratio of the molar
micelles and hence no pyrene molecules exist in the bulk water concentrations of the micelle and the polymer molecule,
phase. When the system is irradiated with UV light at equilib- [micelle]/[polymer], is roughly calculated to be ca. 40, the
rium, pyrene probes in both free (uncomplexed) and complexed micelle being in a large excess to the polymer molecule. This
micelles are photoexcited, fluorescence quenching occurring means that a considerable fraction of the polymers interact with
only in the complexed micelles. However, free micelles having pyrene-free micelles. This is another reason for the low
photoexcited pyrene may encounter QPVP within its fluores- quenching efficiency of QPVP. Moreover, the pyridinium sites
cence lifetime to form a complex, which may be followed by may not be able to reach micelle cores where pyrene probes
quenching within the complex. Here, we assume that the rate are solubilized because of an “excluded volume” effect between
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107 ¢ as a first approximation, steady-state and time-dependent
= : =01 fluorescence quenching data were analyzed to estimate the
Py 02 residence time (the lifetime of a polymemicelle dynamic
E 03 complex). Results indicate that the residence time is a strong
Q 10 L function of Y and the ionic strength. In particular, a small
5 : decrease in the ionic strength causes a large increase in residence
2 - time.
i
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Figure 8. Plots of the residence time KL4) as a function of for the
QPVP-Cy;E¢/SDS system at = 0.1, 0.2, and 0.3. According to Scheme 1, the concentration of the complex at

equilibrium is given by

the polymer chain and the ethylene oxide corona layer of the
mixed micelles. Such a situation would lead to a decreased M,y Qavel = KIM, pJ[Q 4vp) (A1)
quenching efficiency.

Using eqs A4-A6 (Appendix) and 25, we calculated the  where K is the association equilibrium constant (binding
values of 1k ; atu = 0.1, 0.2, and 0.3 at varyiny. Results constant), i.e.K = ky/k_1.
are plotted as a function of in Figure 8. The residence time Under transient conditions, the rate equations for[§land
depends strongly on both the micelle charge density and the[M, p,*-Qayp] with excitation at timet = 0 by a light pulse of
ionic strength. For example, at= 0.1, the residence time is  negligible duration are given by
ca. 0.6us atY = 0.09 (at aY slightly larger thanYc), but it
increases to ca. 3.8s atY = 0.17, a 2-fold increase in the * = _(+1 *
micelle charge dengty resulting in a more than 6-fold increase d[M'Py 1ot (7o~ + Kl QaveDIM. Py le (A2)
in the residence time. More dramatically, the residence time *. -1 *.
increases from ca. 0.5 to ca. 3:8 upon decrease in the ionic A[M py*Qaveldt = (7o~ + ky)[M. by Qavel; +
strength from 0.3 t0 0.1, &t= 0.17. This increase in residence ky[M, "1 :[Qavel (A3)
time by almost an order of magnitude upon a 2-fold change in
k is consistent with the results of recent Monte Carlo simula- Solving eqs A2 and A3 with the initial conditions of [M¥]
tions2244More dramatic effects may be expected with increasing = [M, py*] =0 att = 0 and [Mpy**+Qavp]t = [M, py* *Qavpli=o at
colloid radius of curvature: Muthukunf&rhas obtained the  t = 0, the total concentrations of [M;] and [M,py**Qave] at
result that the residence time for a polyelectrolyte on a flat timet are given by
oppositely charged surface decreases by over an order of
magnitude with only a 50% increase in M,y 1 + M, p**Quyel; = A eXp(=t/y) + B exp(-t/zy)

Our earlier work revealed an interplay of hydrophobic and (A4)
electrostatic interactions in complexation of PyPAMPS with
guencher-carrying mixed micelles of;£E¢/CTAC.3> Despite where
the presence of hydrophobic effects, the residence times were

strongly depenplent on micelle charge and ionic strength, and A= [M,Py*-QAVP]t:O{l — k—1/(kq — k[QueD} (A5)
the residence times were on the same order as those measured
here, for comparable conditions. This suggests that the contribu- B=I[M. .* —k A6
tion of pyrene interaction with micelles to the residence times Moy T o kf (g — Kal Qavel)} (A6)
might be a secondary effect in the PyPAMPS system.
(L)) = (1) + Ky (A7)
Conclusions
- . N and
To eliminate hydrophobic contribution from fluorescence
labels attached to polyelectrolytes in interactions between (1)) = (L) + K [Quyel (A8)

fluorescence-labeled polyelectrolytes and surfactant micelles,
we employed QPVP in conjunction with mixed micelles of
Ci2Es and SDS in which pyrene probes are solubilized.
Interactions of QPVP with pyrene-carryingEs/SDS mixed
micelles were investigated by turbidimetric, quasielastic light _
scattering, and steady-state and time-dependent quorescencg[M’Py*] At ={[M.p,J/(IM. p,] + M. o Quve) } 2 =
techniques. The critical mole fractions of SD&)( at which (to "t + K [Quuel)[M, pyle (A9)
the formation of soluble polymemicelle complexes starts to

occur, were determined by turbidimetric and fluorescence d[M,p,**Quypl/dt = {[M, p,*Quypl/([M, p,] +

Under steady-state conditions, the rate equations are given
by

techniques. TheY; values determined by the two techniques M. . | +k M. * —
are in good agreement. Dynamic interactions of QPVP with M.y QeveD} o 1_[1Q4VP][ oyl
pyrene-carrying ©Eg/SDS mixed micelles were investigated (to ~t kq)[M!Py*.Q4VP]t (A10)

by steady-state and time-dependent fluorescence quenching

techniques. The micelle charge density was varied systematicallywherel, is the rate of light absorption. When d[M] /dt = 0O

by varying the mole fraction of SDSY) in the mixed micelle. and d[Mpy*-Quvpl/dt = O are used, the total steady-state
Through the use of a kinetic model that we proposed previously concentrations of [My*] and [M,py*+Qavp] are given by



Studies of PolycationMicelle Interactions

[M'Py*]s+ [Mva*'Q4VP]s= {[M'Py]/([M’ Py] +
[M, by Qavel) H{ (1 + KIQuyel) (7ot + Ky[Quypl) +
ke (zo "+ ke Quvel) (7o * + K} (AL1)

The ratio of fluorescence quantum efficiencies in the presence

and absence of the quencheryR is given by
O/D, = 74/75 + (To/70)(1 — T4/t { V(1 + K[Quupl)} (A12)

Note Added after ASAP Posting

This article was released ASAP on 10/13/2001 with minor
errors in eq 1 and the text following eq 1. The correct version
was posted on 10/19/2001.
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