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Aqueous sodium dodecyl sulfate micellar solutions were investigated by a recently developed double-
differential dielectric spectroscopy technique in the frequency range 100 MHz-3 GHz at 22°C, in the
surfactant concentration range 29.8-524 mM, explored for the first time above 104 mM. The micellar
contribution to dielectric spectra was analyzed according to three models containing, respectively, a single
Debye relaxation, a Cole-Cole relaxation and a double Debye relaxation. The single Debye model is not
accurate enough. Both Cole-Cole and double Debye models fit well the experimental dielectric spectra.
With the double Debye model, two characteristic relaxation times were identified: the slower one, in the
range 400-900 ps, is due to the motion of counterions bound to the micellar surface (lateral motion); the
faster one, in the range 100-130 ps, is due to interfacial bound water. Time constants and amplitudes of
both processes are in fair agreement with Grosse’s theoretical model, except at the largest concentration
values, where interactions between micelles increase. For each sample, the volume fraction of bulk water
and the effect of bound water as well as the conductivity in the low frequency limit were computed.
The bound water increases as the surfactant concentration increases, in quantitative agreement with the
micellar properties. The number of water molecules per surfactant molecule was also computed. The
conductivity values are in agreement with Kallay’s model over the whole surfactant concentration range.

© 2008 Published by Elsevier Inc.
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1. Introduction curring in aqueous micellar solutions in a broad frequency range;

theoretical studies have been advanced as well on this subject.

Understanding the physicochemical properties of self-assem-
bling processes of amphiphilic molecules in aqueous solution is
relevant in basic and applied research [1-3]. Surfactant micelles
in aqueous solutions have been studied carefully from the point
of view of structure and interactions since the pioneering work of
Ref. [4], not only because of the numerous applications in pharma-
cological, chemical and biochemical industries but also as model
systems. In fact, more complex structures in aqueous solution like
oil in water microemulsions (also called swollen micelles), vesi-
cles (or bilayer micelles), phospholipid membranes and proteins in
solution share with the micellar solutions the same interfacial re-
gion between the aggregates and the aqueous dispersing medium.
In case of ionic species there is also a Gouy-Chapman layer whose
extension is measured by the Debye screening length [5]. Presence
of surface charges on both self-assembling aggregate and diffuse
layer are common features for the above mentioned structures.

More recently, thanks to technological improvements, it has
been possible to study experimentally the dynamical processes oc-
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Dielectric spectroscopy has proven a powerful tool to investi-
gate in details the dynamical processes of micellar solutions, due
to its sensitivity to all kind of dipole moment fluctuations. This
technique can monitor processes spanning from reorientation of
water molecules and of stable ion pairs [6,7], to fluctuations of
instantaneous dipole moments due to polarization of the ions sur-
rounding the charged micelles, either the more tightly bound inter-
facial counterions and the less bound ones in the diffuse layer [8].

Summarizing the results in the literature, we cite first the im-
provements operated by Grosse in modeling charged particles in
aqueous electrolytical solutions [9,10]. At variance with previous
theories [11] that considered only a thin ionic layer, Grosse in-
troduced a thick diffuse layer surrounding the charged particles.
Schwarz’s model [11] led to consider only the conduction of the
counterions along the micellar surface (lateral motion), described
by a single low-frequency relaxation process. On the contrary, the
addition of diffusion of ions in the bulk electrolyte introduced by
Grosse’s model (radial motion) was able to predict the high dielec-
tric amplitudes at low frequency as well as the relaxation times
observed experimentally. Relaxations due to lateral and radial mo-
tion appear well separated in frequency when the radius of the
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charged particle is much greater than the Debye screening length.
Two relaxation processes were predicted, one at lower frequency
(tens of MHz) due to the fluctuations of the diffuse ion cloud sur-
rounding the particle; the other at higher frequencies (hundreds
of MHz), due to the lateral or tangential interfacial polarization at
the micelle/solvent boundary (the latter process was also modeled
by Pauly and Schwan in [12]). Counterions diffusing in the bulk
solution are less mobile than those moving at the surface by the
conduction mechanism. A summary of Grosse’s theory is reported
in [13].

Micellar solutions without added salt were studied in [14] in
the frequency range 1 MHz-30 GHz, taking into account the ra-
dial extension of a diffuse layer due to the dissociated counterions
whose density was considered a radial function of the distance
from the micelle surface. The range where the surfactant aggre-
gates and their ionic clouds play an active role was found below
3 GHz. A Debye relaxation process and a Cole-Cole one were used
to model the micellar system with five fitting parameters, keeping
fixed at the values of pure water only the high frequency dielec-
tric constant and the relaxation time, 5.3 and 8.3 ps respectively,
at 25°C. CTAB (hexadecyltrimethylammonium bromide) and SDS
(sodium dodecyl sulfate) aqueous micelles (composed by cationic
and anionic surfactants, respectively) were investigated at concen-
trations 10-20 mM and 20-60 mM, respectively. The model in [14]
takes into account the charge of the micelle and the finite thick-
ness of the layer surrounding the micelle; the polarization mecha-
nism is associated with the lateral diffusion of the Gouy-Chapman
layer counterions. This model justifies the relaxation in the fre-
quency region of hundreds of MHz.

In agreement with Grosse’s theory, in papers [8,15] on cationic
surfactant micelles, two micelle-specific relaxations were found.
The process with the lower relaxation time was attributed to the
radial motion of the diffuse ion cloud around the micelle, whereas
the faster relaxation was interpreted as due to a rotation of stable
ion pairs or a hopping of counterions bound to the charged surface
of the micelle (lateral motion). Analysis of the water contribution
to the complex dielectric constant revealed that the charged head
groups are strongly hydrated with a presence of water molecules
bound to polar heads and counterions; even below the hydrophilic
interfacial layer, strongly bound or irrotational water is trapped
in proximity of the micellar core. Five Debye relaxation processes
were used to analyze the dielectric spectra.

In [16,17] SDS micellar solutions were studied at concentra-
tions from 0.018 to 0.104 M by Broad Band Dielectric Spec-
troscopy (BBDS) [18]. The spectra exhibit two relaxation processes
at 30 MHz and 200 MHz due to the micellar contribution, a relax-
ation process at 18 GHz due to the solvent and a further process at
1.8 GHz attributed to water molecules in a micelle hydration layer
(interfacial or bound water). Most of water has the relaxation time
of pure water (8.3 ps); a small fraction of water is characterized
by a reduced mobility (120 ps relaxation time). No irrotational wa-
ter due to strong solute-solvent interactions was found, at variance
with previously described cationic systems that showed consider-
able irrotational bonding.

It has to be stressed that the number of relaxation processes
due to the micelles and their interpretation is still a matter of dis-
cussion.

The object of the present work is the investigation of the dielec-
tric properties of two components aqueous ionic micellar solutions
(SDS and water), with SDS concentration below, close and well
above the maximum concentration explored up to now. Precisely,
this paper covers the concentration range 29.8-524 mM, complet-
ing and extending our previous works [19,20].

The extended concentration range allows the investigation of
the relaxation processes with both dilute (non-interacting) and

concentrated (interacting) micelles. At our knowledge, no previous
work extends above the concentration 104 mM studied in [16,17].

Measurements have been performed on the frequency range
100 MHz-3 GHz using the new Double Differential Dielectric Spec-
troscopy (DDDS) technique that we have developed a few years
ago [20-22].

2. Micellar solutions model

Micelles are aggregates of molecules endowed with a hy-
drophobic tail, mainly located in the core of the micelle, and a
hydrophilic polar head at the interface with the aqueous dispersing
phase. In the case of SDS, the surfactant polar head is composed
by the sulfate group with one negative charge and by the positive
sodium counterion. Counterions are partially bound to the heads,
partially dispersed in the diffuse layer. We can distinguish among
three concentric spherical shells: (a) the hydrophobic core of the
micelle; (b) the interfacial layer in which polar heads, some coun-
terions and water molecules (bound water) are located; (c) the
diffuse layer (or ion cloud) with the remaining unbound counte-
rions in the aqueous phase (bulk water). We name micelle the
sum of core (a) and interfacial shell (b), as in the two-shell model
of the Small Angle Neutron Scattering (SANS) literature [23-27].
Hence, the micelle is a negatively charged particle surrounded by
a positively charged region (c), whose extension is measured by
Debye’s length Ip [5].

The micellar shape is spherical with radius R at low surfac-
tant concentration and ellipsoidal with maximum axial ratio 1.3 at
higher concentration [26]. In the latter case, R is the radius of the
sphere having a volume equivalent to that of the ellipsoid.

According to Grosse’s model, the single micelle can be con-
sidered a dielectric sphere of dielectric constant €,, with surface
charge Qe = —aNe, where N is the average aggregation num-
ber (number of surfactant molecules per micelle), « = Q /N is the
fractional ionization, namely the fraction of unbound counterions
dispersed in the diffuse layer (c) and e is the electron charge. Q is
the number of negative charges on the micelle, d is the interfacial
shell thickness.

The micelles are dispersed in a medium of dielectric constant
€m and conductivity k.

The interaction among micelles is described by the Hayter-—
Penfold potential [23,24] that takes into account the hard sphere
and the Coulombic repulsion between negatively charged micelles
screened by the presence of the unbound positive counterions of
the diffuse layer.

Whereas the SDS micellar structure and interactions are well
known, the dynamic properties of the micelles are not yet com-
pletely understood.

3. Experimental
3.1. Materials

Micellar solutions of SDS (C12H25502Na+) in water were pre-
pared with surfactant concentrations ¢ = 29.8 mM, 134.9 mM,
259.9 mM, 524 mM, all above the critical micellar concentration
cmc = 8.1 mM at 22°C. The aqueous phase in which micelles
are dispersed is composed of water and dissociated surfactant
molecules in the monomeric state at the cmc. SDS was from BDH,
England (purity 99%). Water was from a Millipore Milli-Q appara-
tus.

3.2. Method

Measurements have been performed at temperature T =22.0+
0.5°C using an Anritsu MS4661A Vector Network Analyzer (VNA)
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Fig. 1. Experimental spectra vs frequency: &’ of water (black points) and of SDS mi-
cellar solutions at concentrations 29.8 mM (stars), 134.9 mM (squares), 259.9 mM
(black squares) and 524 mM (circles). The error bars are standard deviations in
this and all following figures. Here, the errors are reported for water and only for
¢ =29.8 mM and 524 mM for clarity of the drawings. The continuous lines for mi-
cellar solutions are the plot of the best fit with the DD model. The continuous line
for water represents the calculated values using the parameters known from litera-
ture (see Section 4.1).

and a new double-differential method based on cells built as a
coaxial transmission line. The details of the experimental tech-
nique, the calculation procedure and the drawing of the cells can
be found in [20-22]. A summary of the new method is reported in
Appendix A.

The explored frequency range was from 100 MHz to 3 GHz,
with 500 logarithmically spaced points. The nominal impedance
of the empty coaxial cell was 50 2 and the signal intensity 0 dBm
for all measurements.

In brief, the micellar solution was put into the cell and the cell
was connected to the VNA at both ends. The VNA sent a signal
to the cell and measured the reflected and the transmitted sig-
nals. Two cells of different length were used for each sample, both
empty and filled with the sample in order to subtract the cell con-
tribution. The complex dielectric permittivity & = &’ — je” (where
j2=—1) vs frequency f together with the low frequency limit of
conductivity o were obtained for each sample.

The fit with the model functions described in next paragraph
were performed with the MINUIT procedure from the CERN library.
In order to take into account both real and imaginary part of £, an
auxiliary real function was built defined as &’(f) in the base fre-
quency interval and as &”(f) in a second shifted not overlapping
frequency interval. Each value in the auxiliary function was associ-
ated a weight according to the instrumental and procedural errors.

4. Results

Figs. 1 and 2 show the real and imaginary parts of the complex
dielectric permittivity of the SDS micellar solutions and of pure
water. Points are experimental data, lines are the results of the fits
as described below.

4.1. Bulk water spectrum

The dielectric behavior of bulk water, known from the litera-
ture, is characterized by two relaxation processes with time con-
stants of ~1 ps and ~8 ps [29]. The first one is due to the reori-
entation of free water molecules and is well above our frequency
range; the second is due to the relaxation of the water hydrogen-
bond network and is clearly visible in the water spectrum of Figs. 1
and 2 as a decrease of the real part of permittivity and an increase
of the imaginary part, in the 1-3 GHz frequency range.

300

200

€’ + o/(w gg)
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Fig. 2. Experimental spectra vs frequency: €’ + o /(w &o) of water (black points) and
of SDS micellar solutions at concentrations 29.8 mM (stars), 134.9 mM (squares),
259.9 mM (black squares) and 524 mM (circles). The error bars are standard devi-
ations in this and all following figures. Here, the errors are reported for water and
only for c =29.8 mM and 524 mM for clarity of the drawings. The continuous lines
for micellar solutions are the plot of the best fit with the DD model. The contin-
uous line for water represents the calculated values using the parameters known
from literature (see Section 4.1).

The bulk water behavior due to the hydrogen-bond network is
well described by a Debye relaxation process [29]:

A&y

Ew(w)=¢ _—
w(w) Oo+1+ja)‘€w

(1)
where w =27 f is the angular frequency, Ag,, is the relaxation
amplitude (or step) and t,, is the relaxation time constant; & is
the water permittivity at w above 1/1,, and accounts also for the
contribution of free water molecules, as reported in [30].

Values of Aey, Ty and & cannot be obtained with any rea-
sonable accuracy from our data for pure water, due to the lim-
ited frequency range, but only the sum Ag, + &x. This value,
79.59+0.03 [22], compares well with the value 79.45 in [30]. This
is shown in Figs. 1 and 2, where the lines corresponding to pure
water data are computed using the literature values. Hence for all
subsequent calculations we have used the values t, = 8.93 ps,
€00 = 5.72 and Aegy, + €5 = 79.45 obtained from Egs. (3)-(5) in
Ref. [30] at 22°C.

4.2. Micellar solutions spectra

Experimental data have been analyzed according to three com-
monly used models [31] to account for the contribution of the
micellized solute. The first model is obtained adding a single De-
bye relaxation process to the water model described above (SD
model). The whole expression of the dielectric permittivity with

the SD model is

Ag Ag o

) (2)
1+ joty 1+ jot  jwep

éw) = ¢(8m

where ¢ is the volume fraction of water that behaves as bulk water
(hence, excluding interfacial water), A¢ and t are respectively the
step and the relaxation time due to micelles, &y is the vacuum
permittivity and o is the low frequency limit conductivity.

In the second model, the second term of Eq. (2), namely the
Debye relaxation that accounts for the micelles effect, is replaced
by a Cole-Cole relaxation, introducing, with the new parameter h,
a spread into the relaxation time (CC model):

A&y Ae o
. + ———+— 3)
1+ joty 1+ (jor)! Jjoweo

é(w) =¢(8w +
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Table 1

Results of the fits of complex dielectric permittivity spectra by single Debye, Cole-Cole and double Debye models.
Model ¢ (mM) ® o (@ 'm™) Ae 7 (ps) h Ag’ 7’ (ps) X2
Single Debye 29.8 0.9889 + 0.0008 0.091 £ 0.001 10.6 +0.2 670 + 20 11
134.9 0.9336 4+ 0.0005 0.3653 4 0.0009 27.5+0.1 443 +3 1.2
259.9 0.8825 4+ 0.0006 0.7808 4 0.0009 36.9£0.1 396 £2 1.2
524 0.782 +£0.003 1.685+0.003 37.9+0.4 328+6 1.2
Cole-Cole 29.8 0.9850 + 0.0008 0.085 £ 0.001 13.3+0.5 850 £40 0.10£0.01 1.0
134.9 0.9250 4+ 0.0009 0.355£0.001 309+04 492 +7 0.067 = 0.006 1.0
259.9 0.857 £0.001 0.758 £0.001 452 +£0.5 469 + 6 0.119 + 0.005 1.0
524 0.72+0.01 1.663 £ 0.004 48 £2 350+ 10 0.15+0.02 1.0
Two Debye 29.8 0.9843 + 0.0008 0.087 £0.001 109+0.3 840 £ 30 1.2+0.1 120+ 10 1.0
134.9 0.9258 + 0.0009 0.358 £ 0.001 26.2+0.3 522+8 3.1+03 130+ 10 1.0
259.9 0.861 £ 0.002 0.768 £ 0.001 346+0.3 497 +£7 6.2+0.3 108 £7 1.0
524 0.726 £ 0.006 1.672 +0.003 31.9+0.6 440 + 10 12.2+0.9 100+3 1.0

2 ) ) Table 2
Data from small angle neutron scattering for SDS aqueous micellar solutions at
16t | 25°C [26].
¢ (mM) R (10710 m) o N
— 1o} ] 25.0 225 0.181 69.8
£ ’ 100.0 23.3 0.286 80.4
g % 250.0 24.6 0.283 94.5
T’J 08 1 500.0 25.7 0.251 106.3
CC ——
—H— .
04 | EqDlg N Of note, the first term between square parentheses takes into
hif —x— account the contribution of free surfactant monomers in water
0 ) ) (both positive and negative charges); the second is due to micelle
0 200 400 600 and diffuse layer contributions.
c/mM

Fig. 3. Experimental low frequency conductivity o vs concentration c. Triangles and
boxes are values for the Cole-Cole and Double Debye models, respectively; open
circles are the values obtained from Eq. (5) using the SANS data in Table 2; stars
are the values calculated taking into account also the hydrodynamic interaction fac-
tor [35].

In the third model, the same term is split into two Debye relax-
ation processes, with the additional process characterized by step
and time constant Ag’ and t/ (DD model):

Ay > Ae Ag’ o

(4)

- + - + - + - .
1+ joty 1+ jot 14 jot’  jweo

E(w)=¢ (500 +
The parameters that appear in each model have been determined
by a fit of experimental data with each one of Egs. (2)-(4); results
are reported in Table 1.

Lines in Figs. 1 and 2 for concentrations different from pure
water are the plot of Eq. (4) with the parameters values obtained
from the fit. The errors are standard deviations.

The x? value is also reported in Table 1. The x? value is higher
for the SD model for all the samples, indicating that this model is
less suitable to cope with the experimental data. On the contrary,
the CC and the DD models give x2=1.

In Fig. 3 the values of o as a function of surfactant concen-
tration are reported as obtained with the CC and DD models; for
comparison, values computed as reported in [32] are shown:

0 =e*Na[(upg+ + Uups-)eme + (auyg+ + NoPuy)(c —emo)].  (5)

In this equation N4 is the Avogadro number, uy,+ = 3.24 x
10" skg~! is the Na* mobility [33], ups- = 1.48 x 10" skg™!
is the DS~ (dodecyl sulfate ion) mobility [34] and uyp; is the
mobility of the micelle with total radius R. From Stokes’ law
uy = (6wrnR)~', where n is the water viscosity (n = 0.955 cps
at 22°C [33]). The fractional ionization «, the average aggregation
number N and the micelle radius R are available at 25°C from the
SANS study [26] and are reported in Table 2.

5. Discussion

In the dielectric spectroscopy literature on SDS micellar solu-
tions at concentrations below 104 mM it is accepted that two
relaxation processes arise from fluctuations of charges at the
micelle-aqueous phase interface with relaxation times of 5.5 ns
and 500 ps, respectively [16,17]. This interpretation agrees with
Grosse’s theory [9,10,13]. In this frame, the two relaxations are due
to the radial charge fluctuations of the diffuse layer and to the lat-
eral conduction of the counterions bound to the micellar surface.
They are named by Grosse delta and gamma relaxations, and occur
in the MHz and GHz ranges, respectively. According to [16,17] the
lateral process is due to the reorientation of stable ion pairs or the
hopping of counterions bound to the micellar charged surface be-
tween neighboring head groups, both for cationic and anionic SDS
micellar solutions. In [16,17] a very wide frequency range (5 MHz-
89 GHz) makes it possible to distinguish four relaxation processes.
The fastest one, with time constant 8.93 ps, coincides with the hy-
drogen bond network relaxation of bulk water (see Section 4.1);
a slower process (120 ps) is attributed to interfacial bound water.
The further two processes, with time constant 500 ps and 5.5 ns,
are of micellar origin.

In this work, all experimental data have been interpreted con-
sidering only two relaxation processes, with the SD and CC models,
or three processes with the DD model. In all cases the fastest re-
laxation is due to the hydrogen bond network and its parameters
Agw, Ty and €, have been kept fixed as explained in Section 4.1.
Both anionic (SDS) and cationic alkyltrimethylammonium halides
(C,TAX) aqueous micellar spectra show the 8.93 ps relaxation pro-
cess in the high frequency range [8,15].

In the SD and CC models, the second relaxation results to
have a time constant in the 300-900 ps range, corresponding to
a Grosse’s gamma relaxation; when data are fitted considering a
further relaxation (DD model), the time constant of the latter is
in the range 100-130 ps and corresponds to the interfacial bound
water relaxation, already described in [8,15,16].
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Our data in Table 1, in particular o, A¢ and 7 at ¢ =29.8 mM
and 22°C obtained with the CC model are in good agreement
with those of Ref. [14], obtained with the same model, where
0=0.125 Q" 'm~!, Ae =13.6, T =910 ps and h =0.31.

The comparison of our data with those of Ref. [16], in which a
sum of 4 Debye relaxation processes is used, shows a fair agree-
ment for the two common relaxation processes if one takes into
account that the concentrations ¢ =25 mM and ¢ = 104 mM
in [16] are lower than ours ¢ =29.8 mM and ¢ = 135 mM and that
the temperature 25°C is higher than our 22 °C. Actually, in [16]
the authors report Ae =4.08, T =463 ps, Ag’ =0.95, T/ =158 ps
at 25 mM, and Ae =20.73, T =537 ps, Ag’ =2.58, T/ =96 ps
at 104 mM. Only the value of t differs significantly (840 ps at
29.8 mM).

After this comparison, we assume that also at surfactant con-
centration higher than 104 mM the relaxation processes are of the
type observed below 104 mM. The delta relaxation process was
not considered in this work because it is too small in the explored
frequency range. In fact, in [16,17], parameters values for this pro-
cess are T3 = 5.7 ns and Ags = 3.36 at 104 mM,; this corresponds
to a 3% effect at the low frequency end of the explored range
(100 MHz). Furthermore, the h value of the CC model obtained in
this work is very low, indicating presumably a small polydispersity
of the relaxation processes or a sum of two relaxation processes,
one largely dominant over the other.

Of note, the sum of Ag and A&’ of the DD model leads to the
Aeg value of the CC model for all the samples of Table 1 in the
limit of the experimental errors.

The conductivity values of the samples in Table 1 for the
three models are very similar, and are in agreement with o =
0.125 @ 'm~! at c=30 mM and 25°C [14], 0 =0.0905 Q"I m~!
at c=25 mM and 25°C and 0 =0.310 @~ 'm~! at c = 104 mM
and 25°C in [16].

The values of o calculated by Eq. (5) are in good agreement
with the data of Table 1 as shown in Fig. 3. Taking into account
the hydrodynamic interaction effects (hif) at high concentrations,
where strong overlap of the double layers likely occurs, the sigma
values have been recalculated as in [35] (Eq. (151)). Results are
reported in Fig. 3 (stars). The effect of the hif correction is negligi-
ble for the small concentrations, but yields values sensibly smaller
than the experimental ones at the highest concentration. This dis-
crepancy can be partially explained, but only to a small amount,
by the presence of the low frequency delta relaxation due to the
radial motion of counterions that occurs below the low frequency
limit of this work.

The ¢ values of each sample for the three models are very
similar. The values obtained with the CC and DD models, ¢., are
reported in Fig. 4 (triangles and circles) together with the values
¢p (black squares) computed from the amount of water added to
the surfactant assuming that all water behaves as bulk water. There
is a clear disagreement between the two data set, indicating that
water cannot be considered wholly as bulk water, but that some
bound water, characterized by a lower dielectric constant, must be
present in the solution. This is a common finding also in the study
of macroscopic charged interfaces [36].

The water volume fraction has been recalculated considering
the micelle volume, according to the equation:

¢=1—(4/3)TR3Na(c — cmc)/N. (6)

Using for Ry, the core radius obtained from SANS data and
subtracting the shell thickness d = 5.5 A from the micelle radius
R ([26], see Table 2), the values ¢, of Fig. 4 have been obtained
(squares); using for Ry the full micelle radius R the values ¢y, are
obtained (stars).

A comparison among the ¢y, ¢ and ¢, values clearly shows
that there is some water in the system that does not behave as

0 200 400 600
c/mM

Fig. 4. Volume fraction of water according to different models. Triangles and circles
(¢e) are values from the Cole-Cole and the double Debye models, respectively. Stars,
black squares and squares are the calculated values ¢n, ¢p and ¢, respectively, as
described in the text.

80

60

40

Ag

20

0 200 400 600
c/mM

Fig. 5. Experimental Ae by the double Debye model (black circles) and calculated
values by Grosse’s model (circles). The lines are guides for the eye. The experimental
errors are smaller than symbols.

bulk water, we say the water molecules trapped in the interfacial
regions. This water differs from bulk in polarizability and relax-
ation time constant. These findings, in our opinion, show that the
DD model gives a better insight into the physics of the micellar
interfacial region as also argued in Refs. [8,15,16,30]. Thus in our
study the DD model takes into account the relaxation processes
due to Grosse’s lateral motion and to the bound water reorien-
tation in the interfacial region. Presumably, the CC model, taking
into account a spread of single relaxation times, yields a weighted
average of these two interfacial relaxations.

The number n, of bound water molecules per surfactant
molecule has been computed from data in Fig. 4 taking linear fits
of the data and computing ny = wp(¢p — ¢x)/c, Where wy, is the
water molarity (55 M), and ¢ iS ¢m or ¢.. Results are 14 and 8
water molecules per surfactant molecule respectively, for the ex-
perimental (¢) and the model (;;) data. By comparison, in Ref. [26]
the value 10 is reported.

The Ae and t values of Table 1 are reported as a function of
surfactant concentration in Figs. 5 and 6, to compare our experi-
mental results to Grosse’s model [10,13]:

&= ven(figy ~ o) (7)
(22 + (g +2)2

= &o(&p +2<‘3m)’ 8)

%+Km
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Fig. 6. Experimental 7 by the double Debye model (black circles) and calculated
values by Grosse’s model (circles). The continuous lines are guides for the eye. The
experimental errors are smaller than symbols.

where ¢ is the volume fraction of the micelles (¢ =1—¢), &p =2
is the dielectric constant of the surfactant molecules hydrophobic
chains that fill the micellar core as in [14,16] and &, is the static
permittivity of water. The conductivity of the dispersing medium
is km = e2Na(uy,+ + Ups-) - cmc due to dissociated surfactant
molecules. The surface conductivity is

e?aN

" 4mkgTR? “Dnat )
where T is the absolute temperature, kg is the Boltzmann con-
stant and Dy,+ = 1.33-107° m?s~! is the sodium self-diffusion
coefficient at infinite dilution [37]. The latter value agrees with the
value obtained by molecular dynamic simulation for SDS micellar
solutions: Dy,+ value has been found to be between 1.0-10~° and
1.9-1072 m?s~!, depending on the distance of the ion from the
micellar surface [38].

The conditions assumed in Grosse’s model are: (a) The interac-
tions among neighboring particles are negligible (the model deals
with diluted systems); (b) Debye’s length, Ip, is smaller than the
radius of the particles.

For SDS at concentration from 0.065 to 0.521 M, studied by
SANS, the micelle average radius changes from 22.4 to 25.8 A, Ip
changes from 24 to 13 A and the micellar surface charge number
increases from 13 to 21 [25]. Thus, in the case of our 29.8 mM
sample, Debye’s length is longer than the micellar radius whereas
for 134.9 mM it is comparable with the radius and for 259.9 and
524 mM it is smaller than the radius. As a consequence, the diluted
samples should not follow the Grosse model because of the high
Ip value; the concentrated samples should not follow the Grosse
model because of the strong interactions between neighboring mi-
celles. However from Figs. 5 and 6, it is clear that Grosse’s model is
in fair agreement with the experimental results at low surfactant
concentrations.

From our experimental results we see that the lateral relaxation
mode is characterized by a step amplitude Ae that increases from
11 to 35 with concentration up to 259.9 mM, and remains almost
constant up to 524 mM (Fig. 5). From the SANS results [26] it ap-
pears that the more concentrated the micellar solution, the greater
the surface charge Q of the micelle and the smaller the extension
of Debye’s length. Thus, more counterions are in the diffuse layer
and more frequent are the counterions hops, with a sort of sat-
uration above 259.9 mM. In parallel, T vs ¢ decreases quickly to
half the value from ¢ =29.8 to ¢ = 134.9 mM; thereafter T goes
on decreasing slowly above 134.9 mM (Fig. 6). From Table 2 it is
clear that the radius does not change very much increasing surfac-
tant concentration, thus the saturation seems due to an increase of
interaction among micelles.

The relaxation process due to water trapped in the interfacial
region (bound water) is slower than the hydrogen bond network
relaxation and leads to a Ag’ value that increases linearly one
order of magnitude, from 1.2 to 12.2, over the surfactant concen-
tration range. Correspondingly, T/ decreases from 125 ps to 100 ps.
The value t/ =120 ps is considered typical for bound water in mi-
celles [16,17].

6. Conclusion

The interfacial relaxation processes of SDS micellar solutions
were investigated by Dielectric Spectroscopy in the broad concen-
tration range ¢ = 29.8-524 mM, explored for the first time above
104 mM. The contribution of the micellized surfactant was ana-
lyzed by means of CC and DD models obtaining equivalent x2
values; similar relaxation times were obtained for each sample
with both models; Ae of the CC model resulted equal to the sum
of Ae and Ag’ of the DD model for each sample. From these re-
sults the CC model seems to sum up two relaxation processes, the
more important one being due to the lateral charge hopping of
the counterions bound to the micelle surface, or the reorientation
of ions pairs. This conclusion was also drawn in Refs. [16,17] for
18-104 mM SDS aqueous micellar solutions. Another important ex-
perimental result of this work is the accounting for bound water
for each sample using the DD model. On this basis we conclude
that the DD model describes the physics of the micellar system
better than the CC model. Parameters o, Ae and T as a func-
tion of concentration, obtained by the DD model, were compared
to theoretical models. Conductivity o is well described by Kallay’s
model for each sample. A¢ and t agree with Grosse’s gamma re-
laxation process for each sample except for the more concentrated
ones because of interaction between micelles. The bound water,
that results from dielectric spectroscopy data, was computed quan-
titatively using micellar radius, average aggregation number and
interfacial shell thickness from SANS results.
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Appendix A. Differential and double differential methods

Measurements have been performed using a Vector Network
Analyzer (Anritsu MS4661A) using a new absolute measurement
procedure that does not need calibration with liquid standard.
The method uses two cells built as coaxial transmission lines,
with identical mechanical and electrical characteristics, but for the
length, hs for the shorter cell and h; for the longer one. The two
terminal sections of both cells are completely identical and con-
nected, in turn, to the same ports of the VNA; hence their behavior
is described by the same couple of 2 x 2 cascade scattering matri-
ces [28], say L and R. The remaining central segments of the two
cells, of different length, are characterized by a regular and uni-
form cross section that ensures a reflectionless propagation, as all
deviations from uniformity are contained in the L and R segments.
Hence the central segments are described by two diagonal matri-
ces, Hs and Hj, that contain only respectively the products y - hg
and y - h;, where y is the transmission line propagation constant.

Combining the cascade matrices Fs = LHsR and F; = LH;R of the
two complete cells (see [21]) for algebraic details), an expression
is obtained that relates the product y - (hj — hs) to the scattering
parameters S of the two complete cell assemblies as measured by
the Vector Network Analyzer.
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In the simple differential method, by the knowledge of the me-
chanically measurable difference h; — hs, the quantity y can be
computed and from that, under some simplifying assumptions, the
complex dielectric constant €’ — je” can be obtained.

More accurate results are obtained using the Double Differential
Method. The whole measurement procedure is repeated twice, first
as described above, then with identical procedure, but with the
same cells empty and clean. In this case the product yp - (hy — h)
is obtained, where yp is the propagation constant for vacuum. Di-
viding the previous result by this one, the quantity h; — hs elides,
as well as the contributions of the resistive and inductive compo-
nents of the transmission line, yielding in the last

2
() =i+ )
Yo weQ

with no approximating assumptions.
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