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Abstract

We used dynamic light scattering (DLS), steady-state fluorescence, time resolved fluorescence quenching (TRFQ), tensiometry, conductimetry,
and isothermal titration calorimetry (ITC) to investigate the self-assembly of the cationic surfactant cetyltrimethylammonium sulfate (CTAS) in
aqueous solution, which has SO}[ as divalent counterion. We obtained the critical micelle concentration (cmc), aggregation number (Nagg), area
per monomer (ag), hydrodynamic radius (Ry), and degree of counterion dissociation () of CTAS micelles in the absence and presence of up to
1 M NaySOy4 and at temperatures of 25 and 40 °C. Between 0.01 and 0.3 M salt the hydrodynamic radius of CTAS micelle Ry ~ 16 A is roughly
independent on NapySO4 concentration; below and above this concentration range Ry increases steeply with the salt concentration, indicating
micelle structure transition, from spherical to rod-like structures. Ry increases only slightly as temperature increases from 25 to 40 °C, and the cmc
decreases initially very steeply with Na;SO,4 concentration up to about 10 mM, and thereafter it is constant. The area per surfactant at the water/air
interface, ag, initially increases steeply with Nay SO4 concentration, and then decreases above ca. 10 mM. Conductimetry gives o = 0.18 for the
degree of counterion dissociation, and Nagg obtained by fluorescence methods increases with surfactant concentration but it is roughly independent
of up to 80 mM salt. The ITC data yield cmc of 0.22 mM in water, and the calculated enthalpy change of micelle formation, A Hp,;. = 3.8 kJmol™ 1
Gibbs free energy of micellization of surfactant molecules, AG pjc = —38.0 kJ mol~! and entropy T ASpjc =41.7 kJ mol~! indicate that the
formation of CTAS micelles is entropy-driven.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction these properties depend on the surfactant chemical structure and
composition as well as the solvent characteristics.

There is increasing interest in homologous surfactants (e.g.,
quaternarium nitrogen-based surfactants) since they allow a
systematic investigation of the lyophilic/hydrophilic contribu-
tion to the properties of surfactant containing systems. For ex-
ample, in investigating the affinity of homologous surfactants
for proteins in solution to elucidate the nature of the driving
force in protein denaturation [3] or to condense DNA in surfac-
tant microemulsion droplets or vesicles [1] for gene therapy.
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Surfactant micelles have widely been investigated to clar-
ify their structure—function correlation, as well as their appli-
cation in many colloidal domains [1-11]. Micelle application
in many fields requires the knowledge of properties including
cmc, Krafft point, degree of dissociation, size, geometry, cloud
point (for nonionic surfactants), and phase behavior. Most of
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Deviation in structural properties of these micelles has been at-
tributed to the stronger affinity of Br™~ for the micelle surface
relative to CI~. CTAS micelles, that have the divalent counte-
rion SO?[, on the other hand, are not so well characterized,
[7-9] probably because this surfactant is not readily available
commercially. The strong binding of SOi_ to the micellar sur-
face yields CTAS micelle properties, which differ considerably
from those of their homologues that have monovalent counte-
rions [8]. Consequently, the phase behavior of CTAS greatly
differs from that of the homologue CTAB in water [9,10] and,
furthermore, divalent counterions, like SOﬁ_, affect the micelle
size [6], reactivity, yield fusion of surfactant aggregates [12]
and modify the phase diagram of the surfactant [9,10]. Thus,
the stronger affinity of divalent ions to surfactant aggregates
strongly complicates the understanding of the physical phe-
nomena related to the ion specificity [7].

In this communication we report some physicochemical
properties of CTAS micelles, including the critical micelle con-
centration (cmc), aggregation number (N,ge), hydrodynamic
radius (Ry), area per monomer (ag) at the air/water interface,
degree of counterion dissociation (&), and the enthalpy, en-
tropy, and Gibbs energy of CTAS micellization as a function of
Na;SO4 concentration at temperatures of 25 and 40 °C. Overall,
the cmc, size and o of CTAX micelles (X being the surfactant
counterion) decrease with the counterion binding strength in the
sequence C1~ > Br™ > SOi_.

2. Materials and methods

The fluorescence quenchers 3,4-dimethylbenzophenone
(DMBP) and cetylpyridinium chloride (CpyC) were used as
purchased from Sigma, and pyrene (Py) (Sigma) was recrystal-
lized by ordinary procedures [13]. Recrystallized cetyltrimethy-
lammonium sulfate (CTAS) was obtained from cetyltrimethy-
lammonium bromide (CTAB) (Sigma) by counterion exchange
using the following procedures: a mixture of CTAB/AgrSOy4
was sonicated for 5.5 h in a bath-type (Microsonic SX-10). The
AgBr precipitate was removed by gravity followed by solution
filtration, and the ethanol removed by evaporation. CTAS crys-
tals were recrystallized using acetone:methanol (9:1). Recrys-
tallized Na;SO4 (Merck) and high quality ultra pure Milli-Q
water were used in sample preparations.

2.1. Dynamic light scattering (DLS)

DLS measurements were made using an apparatus equipped
with an ALV wide-band, multi-tau, digital autocorrelator for as-
sembling the data. An Ar ion laser operating at A = 488 nm
was used as light source. From the measured normalized inten-
sity time correlation function, g>(¢), we obtained through the
inverse Laplace transform analysis the relaxation time distrib-
ution, and from the moments of this distribution the diffusion
coefficients of the particles [14,15]. The treatment of the data
was done using a nonlinear algorithm (REPES) which mini-
mizes the sum of the squared differences between the exper-
imental and calculated g,(¢) values [15]. The hydrodynamic
radius, as well as information about interparticle interactions,

is estimated from the concentration dependence of the diffu-
sion coefficient. For polydisperse solutions, g2(¢) is related to
the relaxation time (7) through the Laplace transform [16]:
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where g>(1) = Blg' (t)|?, B is a constant characteristic of the
equipment and A(t) is the relaxation distribution to be deter-
mined. The mean diffusion coefficients (D) are obtained from
the moments of the distributions through the relation D = I"/¢>
in the limit of zero angle, where I" = 771 is the relaxation rate,
q = (4mnp/)) sinf is the magnitude of the scattering vector, 6
is the scattering angle and nq is refractive index of pure sol-
vent. T A(t) was plotted against log T to provide an equal area
representation [15]. The hydrodynamic radius (Ry) is obtained
using the Stokes—FEinstein equation,
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where Dy is the diffusion coefficient at infinite dilution obtained
from the diffusion coefficient vs surfactant concentration plots,

k is the Boltzmann constant, 7 is the absolute temperature, and
no is the solvent viscosity.
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2.2. Steady-state fluorescence

The fluorescence emission spectra of pyrene solubilized in
the CTAS solutions were obtained using a F4500 Hitachi spec-
trofluorometer operating in the wavelength range 350-550 nm
with the fluorescence probe excited at Aex = 310 nm. The ra-
tio of the first to the third vibronic peaks of the pyrene emission
spectra reflects the micropolarity of the moiety in which pyrene
is solubilized, and can be used to obtain the cmc of surfactants
in aqueous solution [4,17].

To obtain the micelle aggregation number (N,gz) we used
the Turro—Yekta method, given by the equation [18]
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where I and [y are the fluorescence intensities of Py in the ab-
sence and presence of the quencher CpyC, [Qp] and [M] are
the molar concentration of quencher and micelles, and
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where [Sy] is the concentration of micellized surfactant. Equa-
tion (3) was derived under the assumption that the probe and
quencher are within the micelle core and obey the Poisson dis-
tribution, and that the probe fluoresces only in the absence of
the quencher.
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2.3. Time-resolved fluorescence

Time-resolved fluorescence decay data were collected with
the single photon counting technique. The setup uses a mode-
locked Nd-YAG laser to synchronously pump a cavity-dumped
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