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Interaction of cetyltrimethylammonium
bromide and poly(2-(acrylamido)-2-methyl-
propanesulfonic acid) in aqueous solutions
determined by excimer fluorescence

Abstract The binding interaction of
the cationic surfactant cetyltrime-
thylammonium bromide (CTAB)
and anionic poly(2-(acrylamido)-2-
methylpropanesulfonic acid)
(PAMPS) in dilute aqueous solu-
tions was studied using the excimer
fluorescent emission of the cationic
probe 1-pyrenemethylamine hydro-
chloride (PyMeA-HCI). In the ab-
sence of CTAB, the saturation
binding of PyMeAH " on PAMPS is
about 2.4 AMPS repeat units for
one probe cation as determined by
the relative emission intensity, Ig/ly,
of the excimer to monomer. With
increasing CTAB concentration, Ig/
Iy firstly increases, reaches a maxi-
mum, then decreases to zero. The
I/l maximum indicates a critical
aggregation concentration (cac) of

Introduction

107> mol/l for CTAB in PAMPS
solutions. The CTAB concentration
at which Ig/ly is zero is exactly
equal to the PAMPS concentration,
indicating that the probe cation is
thoroughly excluded from the bind-
ing site of PAMPS by the CTAB
cation and the equivalent stoichio-
metric aggregation is formed be-
tween CTAB and PAMPS. The
blueshift of the excimer emission and
the excitation spectra shows that the
decrease of g/l with increasing
CTAB concentration above the cac
is caused mainly by the decrease of
the static excimer.
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factant - Cationic pyrene probe -
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Fluorescence techniques are powerful in determining

Recently, the binding process and the complex structure
of surfactants with oppositely charged polyelectrolytes
have being intensively studied owing to the fundamental
and application interests [1, 2]. The surfactant concen-
tration required for polyelectrolyte-bound surfactant to
aggregate is referred to as the critical aggregation
concentration (cac). The cac is always lower than the
critical micelle concentration (cmc) for the same surfac-
tant in polymer-free solutions. The effect of the ionic
strength, the charge density of the polyelectrolyte, and
the chemical nature of both surfactant and polymer on
the binding equilibrium and cooperative parameters has
been investigated [3, 4, 5].

the cac value and the aggregation number for polyelec-
trolyte—surfactant binding [6, 7, 8, 9, 10, 11, 12, 13]. The
pyrene chromophore is frequently used for this purpose
owing to its special photophysical properties and high
efficiency of excimer formation [14, 15]. Chu and
Thomas [7] reported the cac for decyltrimethylammoni-
um bromide in dilute poly(methacrylic acid) solution
estimated from the intensity ratio [;/I3 of the first
emission peak to the third one of the pyrene probe and
found micellelike aggregation consisting of about 100
surfactant molecules in one cluster. On the other hand,
Chandar et al. [8] adopted the emission intensity ratio
Ig/Li of excimer to monomer of pyrene labeled on
poly(acrylic acid) (PAA) to investigate the aggregation
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of dodecyltrimethylammonium bromide (DTAB) as a
function of pH. Oliveira et al. [16] showed from the
fluorescence of the pyrene probe that the increase in the
content of the hydrophobic moiety of ethyl methacrylate
in an acrylic acid—ethyl methacrylate copolymer favored
surfactant aggregation at low surfactant concentration.
The pyrene group, however, does not only report the
aggregation occurrence but also organizes hydrophobic
aggregates for its high hydrophobicity. For example,
pyrene labeled on PAA reported a lower cac than the
free pyrene probe for binding [8].

The use of ionic derivatives of pyrene can overcome
the defect mentioned previously. These ionic probes are
dispersed in water individually as the result of electro-
static repulsion and hydrophilic interaction of the ionic
groups. They can be used to detect the microenviron-
ment surrounding oppositely charged polyelectrolytes
by direct binding upon electrostatic attraction. The
binding of ionic derivatives of pyrene to polyelectrolytes
of the opposite charge has recently been demonstrated
[17, 18, 19, 20, 21]. Caruso et al. [21] investigated the
influence of polyelectrolyte charge density and polyelec-
trolyte flexibility on probe binding recently. Through the
measurement of the emission ratio, Ig/I\;, of the probe
excimer to monomer, the amount of probe electrostat-
ically bound to the polyelectrolyte and hence the binding
stoichiometry at saturation binding can be determined.
On the basis of this principle, Caruso et al. [22] also
investigated the electrostatic interaction in polyelectro-
lyte multilayer films by ionic derivatives of pyrene and
obtained some results which were very different from the
classical consideration that 1:1 stoichiometry of anionic
and cationic groups should be maintained in the
polyelectrolyte multilayers [23, 24]. In addition, the
binding of other ionic probes, such as 6-carboxyfluores-
cein [22] and 2-(p-toluidino)-6-naphthalene sulfonate
(TNS) on polyelectrolytes has been reported [25].
Dahlberg et al. [26] used the TNS binding result to
research the flocculation reaction of cationic potato
amylopectin and nanosized silica particles.

In this work, we firstly investigated the binding of a
cationic pyrene probe, 1-pyrenemethylamine hydrochlo-
ride (PyMeA-HCI), on a strong polyelectrolyte, poly(2-
(acrylamido)-2-methylpropanesulfonic acid) (PAMPS),
then followed the interaction change and aggregation
formation of a cationic surfactant, cetyltrimethylammo-
nium bromide (CTAB), on PAMPS using this fluores-
cence probe.

Materials and methods

Materials and PAMPS sample

The ionic monomer 2-acrylamido-2-methylpropanesulfonic acid
(AMPS, Fluka) and the cationic fluorescence probe PyMeA-HCI
(Aldrich) were used without further purification. CTAB was

recrystallized from methanol. The other reagents were all obtained
from commercial sources and were purified according to standard
procedures. Highly pure water was obtained by deionization and
filtration with a Millipore purification apparatus.

AMPS was radically polymerized in water at 70 °C for 16 h
under a nitrogen atmosphere with stirring, using 0.2 mol%
ammonium persulfate as the initiator. The total monomer concen-
tration was 0.46 mol/l. The product was dialyzed for 2 weeks
against distilled water to thoroughly remove impurities. The dia-
lyzed solution was condensed, freeze-dried and finally vacuum-
dried at 60 °C to give sulfonate polyelectrolyte sample,
PAMPS.

Fluorescence measurement

For measuring the fluorescence spectra of pyrene in polyelectro-
lyte—surfactant solutions, concentrated aqueous solutions of
PAMPS, CTAB, and PyMeA-HCI were prepared, respectively.
Then, desired amounts of each concentrated solution were added
into a volumetric flask and diluted to the test concentration. The
polyelectrolyte concentration is expressed by the molar concentra-
tion of the repeat unit AMPS.

Steady-state fluorescence spectra of the probe PyMeA-HCI were
recorded with a Hitachi F-4500 fluorescence spectrometer. The
excitation wavelength was 340 nm. The slit width for excitation and
emission was 2.5 nm. All solutions were kept for more than 12 h to
ensure the binding equilibrium. They were stirred for 1 min prior to
recording the spectrum. All measurements were performed on air-
equilibrated solutions at 25 °C. I/l is defined as the ratio of the
intensity of the excimer emission (480-490 nm) to that of the
monomer emission (395 nm).

Results and discussion
Binding of PyMeA-HCI onto PAMPS

In water, the probe molecule PyMeA-HCI ionizes into a
cation probe PyMeAH " and CI”. PyMeAH " can bind
on the anionic polyelectrolyte PAMPS by electrostatic
attraction. In order to probe the aggregation of CTAB
on PAMPS, we firstly studied the binding of the probe
cation PyMeAH " on PAMPS. The emission spectra of
PyMeA-HCI (5 x 107¢ mol/l) without PAMPS (curve A)
and with PAMPS (curves B, C) in aqueous solution are
shown in Fig. 1. PyMeA-HCI in water (curve A) exhibits
the characteristic monomer emission with four peaks at
375, 380, 386, and 395 nm and a shoulder at 415 nm. Up
to a PyMeA-HCI concentration of 1 x 107 mol/l there
is no sign of excimer formation (It will be shown in
Fig. 5) owing to the electrostatic repulsion between the
probe cations. The presence of PAMPS (1 x 10™* mol/l,
curve B) causes a reduction in the monomer intensity
and induces a typical pyrene excimer emission as the
broad, structureless band centered around 490 nm. This
is due to the binding of PyMeAH * on the polyelectro-
lyte, which results in an increase in the local concentra-
tion of the probe chromophore along the polymer chain
and promotes the excimer formation and fluorescence
quenching. At a high PAMPS concentration
(2.5 x 107> mol/l, curve C), the probe cation can be
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Fig. 1 Emission spectra of the cationic probe l-pyrenemethyl-
amine hydrochloride (PyMeA-HCI) (5% 107 mol/l) in aqueous
solutions without poly(2-(acrylamido)-2-methylpropanesulfonic acid)
(PAMPS) (A) and with PAMPS (B, C) normalized at 375 nm

redistributed along the polymer chain owing to the
increased number of available binding sites, sulfonate
groups, in the polymer. This is evidenced by a decrease
in the intensity of excimer emission.

The dependence of Ig/Iy; on the PyMeA-HCI con-
centration at a given PAMPS concentration of
4.8 x 107> and 1 x 107 mol/l is shown in Fig. 2. Firstly,
Ig/I; increases with the increase in the probe concen-
tration because more probe cations are provided for
binding on PAMPS chains to form more excimers. At
the maximum of I¢/ly;, the binding of PyMeA-HCI on
PAMPS is saturated. Then, [Ig/l\; decreases with a
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Fig. 2 Emission intensity ratio, Ig/ly;, of excimer to monomer as a
function of PyMeA-HCl concentration in aqueous solution of
PAMPS

further increase in the probe concentration, since excess
PyMeA-HCl is dissolved in water, leading to an increase
in the emission intensity, Iy, of the monomer. The
maximum value for the probe to be bound on a
polyelectrolyte chain (i.e., saturation binding) can be
estimated from the probe concentration corresponding
to the Ix/ly maximum. From Fig. 2, one can determine
that the number of AMPS repeat units corresponding to
the binding of one PyMeAH " probe cation is about 2.4
at the saturation binding on PAMPS. This fact indicates
that the binding of the probe cation PyMeAH " does not
neutralize all the charges of the PAMPS chains and
cannot form 1:1 stoichiometric electrostatic aggregation
with the PAMPS charges. According to the counterion
condensation theory [27] the sulfonate groups on
PAMPS should be condensed to about 63 mol% by
counterions to form loose ion pairs. The previous fact
indicates that the probe cation PyMeAH ™ only occupies
about 42 mol% (1/2.4) of charged sites of the PAMPS
chain, the remaining 21 mol% of charged sites which
should be condensed have to be occupied by protons.
The relative number of bound cations of the probe
PyMeAH " and proton may be determined by the chain
conformation and steric barrier.

Caruso et al. [21] investigated the saturation binding
of poly(allylamine hydrochloride) and poly(diallyldime-
thylammonium chloride) and pointed out that there
were approximately 5 allylamine hydrochloride or
diallyldimethylammonium chloride units for each ionic
probe, pyrenetetrasulfonic acid (with four sulfonate
groups).

As expected, the addition of NaCl greatly reduces the
excimer formation as shown in Fig. 3. Ig/lyy almost
approaches zero at an NaCl concentration above
7.5 x 10™* mol/l. In this system, there are three different
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Fig. 3 I/l plotted against NaCl concentration for PyMeA-HCI in
aqueous solution of PAMPS; [PyMeA-HCI=5 x 107 mol/l,
[PAMPS] =1 x 10~ mol/l
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cations, H", Na™, and PyMeAH". All of them can
form loose ionic pairs with the sulfonate group on the
PAMPS chain. The probability of binding PyMeAH " is
decreased by adding salt with a concentration much
higher than that of the probe. Another reason is the
shielding effect of small molecular electrolytes, which
weakens the electrostatic interaction. Dahlberg et al. [25]
investigated the effect of ionic strength on the binding
affinity of TNS and cationic potato amylopectin (CApS,
with 4% of the monomers cationized) and found that
salt could not separate completely the binding complex.
They argued that the affinity for anionic TNS bound to
CApS was a result of both electrostatic attraction and
hydrogen bonding.

Aggregation of PAMPS and CTAB

The aggregate of the polyelectrolyte PAMPS and the
surfactant CTAB with opposite charge can be formed by
electrostatic and hydrophobic interactions. We used the
ionic fluorescence probe PyMeA-HCI to investigate the
aggregation. Ig/ly for the ionic probe PyMeAH™ in
the presence of PAMPS is shown in Fig. 4 as a function
of CTAB concentration. The data on the ordinate
indicate the Ig/ly value in PAMPS solutions without
CTAB. With increasing CTAB concentration, the Ig/Iy
value at a given PAMPS concentration firstly increases
and reaches a maximum, then decreases. The interpre-
tation of this behavior requires an understanding of the
whole process for surfactant binding to the oppositely
charged polyelectrolyte. Addition of the initial amounts
of CTAB leads to coiling of the polyelectrolyte chains,
which in turn enhances the excimer formation between

A
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12} —5—4.8x10°
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Fig. 4 Ig/Iy of the pyrene probe cation PyMeAH " as a function of
cetyltrimethylammonium bromide (C7'4B) concentration in aqueous
PAMPS solutions at the concentrations indicated with [Py-
MeA-HCI] =5 x 107 mol/l. The data on the ordinate were deter-
mined without CTAB

bound probes. This coiling mainly results from the
charge neutralization and the polymer becoming in-
creasingly hydrophobic owing to surfactant binding. The
Ig/ Iy maximum corresponds the cac at which the CTAB
begins to aggregate as proposed by Chandar et al. [8].
Because the pyrene probe used in this work is also a
cationic species, addition of the cationic surfactant
CTAB induces competitive binding of CTAB with the
probe cation on the anionic sites of PAMPS. There
should be an equilibrium in the bound composition of
CTAB and PyMeA-HCI controlled by the free-energy
change during the binding process. When the CTAB
concentration is beyond its cac this binding equilibrium
greatly shifts towards the formation of PAMPS and
CTA" aggregation. Thus, the bound PyMeAH" is
gradually replaced by CTA™ from the binding site
owing to the favorable binding free energy contributed
from the electrostatic attraction between surfactant
cation and polyanion as well as hydrophobic bonding
among the alkyl tails of the surfactant. As a result, Ig/Iy
decreases when the CTAB concentration is beyond the
cac. Finally, the pyrene probe cation is almost com-
pletely removed from the polyanion and is dispersed in
solution separately, which makes Ig/I\; approach zero at
higher CTAB concentrations. Hayakawa et al. [28] also
found that the bound probe cation proflavine was
expelled from the anionic polymer pectate by the
competitive binding of the cationic surfactant DTAB.
The presupposition for the previous discussion is that
these ionic probes do not form excimers either in water
by themselves or in the CTAB aggregate. Both curve A
in Fig. 1 and curve C in Fig. 5 reflect no formation of
probe aggregates in water without PAMPS even at

A: [PyMeA « HCI] = 5% 10 mol/L , [CTAB] = 2x 10° mol/L

B: [PyMeA « HCI} = 5% 10°® mol/L. , [CTAB] = 2 10° mol/L ,
[PAMPS] = 1.0x 10" mol/L

C: [PyMeA « HCI] =1 x 10™* mol/L
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Fig. 5 Emission spectra of the cationic probe PyMeA-HCl in aqueous
solutions. A: [PyMeA-HCl]=5x 10°mol/l and [CTAB]=2 x
107> mol/l without PAMPS; B: [PyMeA-HCI]=5 x 107® mol/l,
[CTAB]=2 x 107> mol/l, and [PAMPS]=1 x 10 mol/l. C: [Py-
MeA-HCI] =1 x 10~* mol/I without CTAB and PAMPS
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concentrations as high as 1 x 10~ mol/l, which should
be lower than the cmc of the ionic pyrene probe
PyMeAH . By comparing curves A and B in Fig. 5
we find that without the existence of PAMPS the ionic
probe PyMeAH * cannot form an excimer in the CTAB
solutions even at concentrations higher than the cmc of
the surfactant (curve A). These facts indicate that the
excimer emission of the ionic probe PyMeAH * can be
observed only when bound on PAMPS chains; there-
fore, Ir/Iy can be used to detect the competitive binding
with CTAB on the PAMPS.

Chandar et al. [8] determined the cac of DTAB
bound on PAA using the [Ig/ly; maximum of pyrene
labels. In that case, the pyrene aggregation at high
DTAB concentration is solubilized in the relatively less
polar microenvironment created by associated surfac-
tants, resulting in a decrease in Ig/ly. Ig/ly, however,
never goes down to zero even at a surfactant concen-
tration 10 times as high as ours. The reason is that the
pyrene label cannot be removed from the polyelectrolyte
chains.

On the other hand, there are two kinds of the pyrene
excimer, i.e., the static excimer and dynamic excimer.
The former occurs if the pyrene groups are in juxtapo-
sition owing to ground-state aggregation of pyrene
groups. The latter is formed through the excitation of
isolated pyrene groups and subsequent diffusional
encounter with ground-state pyrene. According to
Chandar et al. [8] these excimers can be distinguished
by their emission wavelength. The static excimer of the
ground-state pyrene dimers or aggregation emits at
about 490 nm, while the emission maximum is blueshif-
ted for the dynamic excimer. The emission wavelength,
Aexcimer, Of the excimer for all solutions in Fig. 4 is
plotted against the CTAB concentration in Fig. 6. At

4921_//
z 488 L °
"I I
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T ® 9
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Fig. 6 Variation of the excimer emission wavelength, Aexcimer, With the
CTAB concentration

very low CTAB concentrations, the excimer emission is
centered on 488 nm, consistent with the existence of the
static excimer. This excimer emission shifts to 481 nm as
the CTAB concentration increased to 3 x 107> mol/l,
showing the characteristics of a dynamic excimer. Thus,
the decrease in Ig/lyy with increasing CTAB concentra-
tions above the cac seems to be caused by a decrease in
the number of static excimers. A similar finding was also
reported by Winnik et al. [29].

The cac value for CTAB in dilute aqueous solutions
of PAMPS was estimated from the maximum of Ig/I.
For all PAMPS concentrations tested, the cac is the
same at 1 x 107 mol/l, 2 orders of magnitude smaller
than the cmc of about 1 x 107> mol/l for CTAB in water
without polyelectrolyte. The cac should depend on the
polyelectrolyte concentration because it alters the num-
ber of anionic binding sites and the distribution of the
surfactant cation on the polymer chains. Hansson and
Almgren [12] found that the cac for DTAB bound on
PAA increased from 107> to 107* mol/l as the PAA
concentration increased from 10™* to 1072 mol/l. How-
ever, the PAMPS concentration range in this work is too
narrow to observe an obvious dependence of polyelec-
trolyte concentration. The PAMPS concentration is
limited by the intensity requirement of excimer emission,
Ig, and the precipitation of polyelectrolyte—surfactant
complexes appearing at high CTAB concentrations.
Benrraou et al. [9] have reported a similar observation
for DTAB bound by completely ionized poly(maleic
anhydride-co-methyl vinyl ether). When the polymer
concentration was within 1-4 x 10~ mol/l, the cac was
independent of the polymer concentration; however, the
cac increased when the copolymer concentration was
raised to 107 mol/L.

If we look at Fig. 4 carefully we can find that the
CTAB concentration at which [Ig/l\y equals zero,
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Fig. 7 CTAB concentration at which I/l is zero plotted against the
PAMPS concentration
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A: below CAC

@~~mmn CTA' &

Fig. 8A—C Schematic representation for the aggregation of polyelec-
trolyte—surfactant. A: below the critical aggregation concentration
(cac), B: above the cac, C: formation of stoichiometric aggregation;
the proton and bromide anions are ignored for simplicity

[CTAB]y, varies with the polyelectrolyte concentration,
[PAMPS]. The relation between [CTAB], and [PAMPS]
is illustrated in Fig. 7. The result that [CTAB], is equal
to [PAMPS] within experimental precision is surprising.
This finding means that the probe cations are thorough-
ly excluded from the binding sites of polyelectrolyte by
the surfactant cations and the sulfonate groups of
PAMPS are all occupied by CTAB cations. It is well
known that the equivalent stoichiometry with respect to
the charge is usually obtained in the solid complex of the
polyelectrolyte and surfactant [2]. This fact indicates
that the stoichiometric binding of oppositely charged
surfactants occurs even in a polyelectrolyte solution
much more dilute than that inducing precipitation.
Besides the cooperative driving force, the smaller stereo
barrier of the linear surfactant chain seems to be another
reason for this.

By summarizing the results, we propose an aggrega-
tion model for the ionic surfactant binding on the
oppositely charged polyelectrolyte in dilute solution as
the schematic representation in Fig. 8. When the CTAB
concentration is below the cac, all the cations condense
randomly on the polyanion PAMPS to occupy about
63 mol% of the binding sites as required by the
counterion condensation. Binding of CTAB and Py-
MeAH " makes the chain hydrophobic and coiling
promotes the static excimer formation. Above the cac,
the aggregates of CTAB exclude pyrene cations from the
binding sites. A decrease in the extent of ground-state
pyrene aggregate occurs with some solubilization of the
pyrene probe within polymer-bound surfactant aggre-
gates. At the final stage, all charged sites of the

B: above CAC

PyMeAH*

C: stoichiometric aggregatior
of PAMPS and CTAB

Z @

&

polyelectrolyte are bound with surfactants forming the
polyelectrolyte—surfactant complex, which is soluble in
less-polar solvents owing to the alkyl tail wrap. The
probe cations are dissolved mainly in solvent again and
the excimer formation is avoided by the electrostatic
repulsion. With increasing CTAB concentration in
PAMPS aqueous solution, the value of the relative
emission intensity, /;//3, for our cationic pyrene probe
slightly decreases from 2.50 for [CTAB]=0 to a
minimum of 2.39 at the cac, then recovers to a value
of 2.52 at [CTAB],, indicating that the probe PyMeAH *
is primarily exposed to water again after the formation
of the equivalent stoichiometric aggregation between
PAMPS and CTA .

static excimer

- [PAMPS] =1.92 x 10“*mol/L
[CTAB] = 7.5 10°mol/L

/ Peak
M

Intensity (a.u.)

/\

, Evaler

300 320
Wavelength (nm)

260 280 340

Fig. 9 Excitation spectra of PyMeA-HCI in aqueous solution with
7.5x 10 mol/l CTAB (below the cac) and 1.92 x 10™* mol/l
PAMPS; the solid line indicates the monomer emission and the
dashed line indicates the excimer emission



670

Table 1 Photophysical parameters of 1-pyrenemethylamine
hydrochloride in aqueous solution of poly(2-(acrylamido)-2-
methylpropanesulfonic acid) at 1.92 x 107 mol/l with cetyl-
trimethylammonium bromide (CT4B)

CTAB concentration (mol/l) Ig/ly Pm Pg A (nm)

7.5 % 107° (below the critical 0.39 235 1.67 32
aggregation concentration)

3 x 1073 (above the critical 0.50 223 195 1.2

aggregation concentration)

Excitation spectra of PyMeA-HCI

One can distinguish the static and dynamic excimers of
the pyrene chromophore from their excitation spectra.
The excitation spectra monitored at the monomer
emission and at the excimer emission below the cac of
CTAB in a PAMPS solution of 1.92 x 107 mol/l are
displayed in Fig. 9; those above the cac have the same
characteristics. From these excitation spectra the photo-

physical parameters of the peak-to-valley ratio Py
(: ]Mpcak/]Mvallcy) and PE (: IEpcak/IEva lcy) for the
(0,0) transition observed at the monomer and excimer
emission wavelength as well as the shift of the wave-
length maximum of the (0,0) transition in the two
excitation spectra AA [= Apax(excimer) — A (mono-
mer)] are evaluated and listed in Table 1. Pg < Py and
AA>1 at two CTAB concentrations, but the Al value
below the cac is higher than that above the cac. It is
considered that Pg is always smaller than Py and A4 is
within 1-4 nm (redshift) when the pyrene preassociation
takes place [15]. Therefore, the pyrene preassociation,
i.e., the ground-state aggregate, exists in our PAMPS
solutions with CTAB, in spite of being below or above
the cac. The amount of pyrene preassociation above the
CAC is decreased, resulting in a decrease in the amount
of the static excimer.
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