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ABSTRACT: An aqueous self-assembled micellar system (sodium dodecyl sulfate, SDS,
decorated with various adhesive sites, cryptand Kryptofix 222 and crown ether 18-Crown-6
molecules) has been investigated by dynamic light scattering (DLS) and small angle x-ray
scattering (SAXS) to have insights into the micellar structure, the micellar interactions, and the
aggregation properties of the system. DLS demonstrates the existence of populations of
aggregates in the submicrometer/micrometer range, while the Guinier analysis of the SAXS
curves helps in detailing objects smaller than 30 nm. The aggregates of micelles are here named
cluster phases of micelles (CPMs). Considering that SDS micelles in water do not aggregate at
low concentration, it is shown that macrocyclic ligands induce the SDS micelle aggregation as a
function of the concentration (i.e., investigated ligand/SDS molar ratios are 5.0, 1.5, 1.0, and 0.5) and hydrophobicity of the
adhesive sites. The sizes and the percentages of the micelles and the CPMs have been monitored to test the stability and
reversibility of the system. DLS results clearly show that the aggregation processes of the decorated micelles are reproducible at
time intervals of the order of 1 month, while the stability may not be entirely maintained after a year. As an issue of particular
relevance, the higher the ligand/surfactant molar ratio, the larger are the CPMs induced. The K222 ligand results in being more
effective in promoting the micellar aggregation than 18C6 as a consequence of the different hydrophobicity.

■ INTRODUCTION

Aggregation processes are an important subject of current
research in liquid state physics because understanding the
aggregation mechanisms makes it possible to build up new
“responsive” materials and to solve important challenges in
medicine/biology as well as in several industrial-manufacturing
processes. Self-assembly leads to ordered structures like lipid
bilayers and proteins in the biophysical field as well as to
complex fluids, molecular crystals, polymers, and nanostruc-
tures in the material science field.
In this paper, we investigate cluster phases of micelles

(CPMs) built up by sodium dodecyl sulfate (SDS) at a
concentration of 8% w/w in water and decorated with the
macrocyclic ligands Kryptofix 222 (K222) or 18-Crown-6
(18C6) crown ether, to understand the interactions that lead to
the aggregation process of decorated micelles in solution. The
8% w/w concentration value was chosen to avoid aggregation
between naked SDS micelles. The aggregation processes, we
refer to, are at two different levels: the one related to the
micellar structure and the other to CPMs.
The ligands are neutral organic molecules that in the micellar

solution are able to selectively form stable noncovalent host/
guest complexes1 enclosing some of the sodium counterions of
the Gouy−Chapman layer2,3 and to migrate to the micellar

surface reducing the charge of the micelles as reported in the
literature.4−8

The SDS micelles without ligands interact by hard-sphere
and screened Coulomb repulsive interactions, whereas the SDS
micelles with ligands can be considered “colloidal molecules” or
“patchy colloids”,9 i.e., particles decorated on their surface with
a well-defined number of adhesive sites (the ligand molecules in
our case) that can link to similar sites on other micelles, giving
rise to cluster formation.
The cluster phase formation has been observed in globular

protein solutions in salt-free conditions as a result of the
competition between a long-range screened Coulomb repulsion
and a short-range attraction,10−14 in concentrated protein
solutions at different pH and salt concentrations,11,15 and in
concentrated protein solutions and colloids16 as well as in
gelation.17 In these cases, bulk aggregation is disfavored and
finite-size clusters are formed and could persist in equilibrium.
In particular, equilibrium cluster phases with low volume
fraction are reported in the literature.18−21

Received: June 7, 2012
Revised: January 22, 2013
Published: January 23, 2013

Article

pubs.acs.org/JPCB

© 2013 American Chemical Society 3613 dx.doi.org/10.1021/jp3055813 | J. Phys. Chem. B 2013, 117, 3613−3623

pubs.acs.org/JPCB
http://pubs.acs.org/action/showImage?doi=10.1021/jp3055813&iName=master.img-000.jpg&w=109&h=89


Previous studies have shown that the ultimate driving force
that leads to the formation of CPMs is the hydrophobicity of
K222 or 18C6 adhesive sites. In fact, the analysis of
electrocapillary curves5 has demonstrated that K222 ligands
strongly adsorb at the mercury−water interface even in the
presence of an intermolecular repulsive electrostatic contribu-
tion due to Na+ cations trapped inside the macrocyclic cages.
Since the 1980s, it has been known that SDS molecules in

conditions similar to those investigated in this work, namely, at
concentration C = 0.25 M and temperature T = 25 °C, exhibit
self-assembly in uniform-size micelles of spheroidal shape with
an aggregation number of the order of 100, charge 30, axial
ratio around 1.3, and hydrodynamic diameter of 50 Å.22,23 Due
to the partial ionization of the sulfate groups, each micelle has a
negative surface charge and some SO4

− groups remain
unscreened because of the migration of the Na+ ions into the
Gouy−Chapman diffuse layer.2 The interaction potential
between the micelles can be described by the combination of
both hard-sphere and screened Coulomb repulsion.24,25

Since the 1990s, SDS micelles in water in the presence of
macrocyclic ligands K222 or 18C6 were intensively studied by
small angle neutron scattering (SANS). According to SANS
measurements,4,6,7 both ligands localize at the micellar surface.
It was seen that, as the K222/SDS molar ratio changes from 0.5
to 1.5, the thickness of the polar head region at the SDS
micellar interface increases from 5.5 to 10 Å,26−28 while both
the micellar surface charge and the aggregation number
decrease. Furthermore, the fraction of interfacial ligands
increases from 40 to 65% over the total surfactant molecules.
The surface charge is the same as for naked micelles, the
aggregation number is 74 as for K222 with molar ratio 0.5, the
interfacial amount of ligand is lower (11%), the axial ratio is 1.4,
and the diameter of the micelle is 48 Å.
Lithium dodecyl sulfate (LDS) micelles were also studied4

with addition of 18C6 at the ratio 18C6/LDS = 1.0. The
resulting thickness of the polar head is 5.5 Å (the same as for
SDS naked micelles), and the ligand does not penetrate into the
micellar core, leading to infer that the plane of the crown-ether
is tangential to the micellar surface. The crown-ether screening
effect for the counterion is smaller than in the cryptand case.
From dielectric spectroscopy measurements,29−31 three

relaxation processes have been found in SDS micellar solutions
both with and without complexation with macrocyclic ligands,
K222 and 18C6. Two relaxations are of micellar origin, at 30
and 300 MHz, as a result of the radial and lateral motions of the
diffuse ion cloud around the micelle; the third relaxation, close
to 20 GHz, corresponds to bulk water contribution.32 The
presence of ligands either K222 or 18C6 is seen to deeply alter
the dielectric spectra, broadening the micellar contribution,
shifting to higher frequencies both micellar relaxations and
redistributing their dielectric strengths. The observed changes
have been attributed to a reorganization of the system, where
the ligand-decorated micelles aggregate in large clusters, as a
result of the progressive reduction of both the surface charge
and thickness. These findings suggest the possibility to tune the
aggregation of the decorated micelles by finely controlling the
amount of complexed ligand at the micellar surface.
Raman scattering experiments and numerical simulations

have been used to obtain more information on the micellar
aggregation process.33 Raman spectra of SDS micellar solutions
both pure and decorated with various adhesive sites have been
compared in order to identify specific bands sensitive to the
aggregation process. The numerical simulation helped the

assignment of these bands. The comparison of the spectra
shows differences in intensity and wavenumber, confirming the
sensitivity of the Raman spectroscopy to the aggregation
process and the ability of this technique to characterize the
CPMs.
While it is well-known that SDS micelles in water do not

aggregate, in this work, we give experimental evidence by
dynamic light scattering (DLS) and small angle X-ray scattering
(SAXS) that it is possible to induce aggregation by decorating
the SDS micellar surface with macrocyclic ligands. Further-
more, the aggregation can be tuned by changing the ligand/
surfactant ratio and the hydrophobicity of the ligand.

■ SAMPLES PREPARATION AND
CHARACTERIZATION

Aqueous solutions of 8% w/w SDS/(SDS + water) and (SDS +
ligand)/(SDS + ligand + water) were prepared at different
ligand/SDS molar ratios. SDS with 99% purity was purchased
from Aldrich, while the ligands Kryptofix 222 and 18-Crown-6
were from Merck. All the products were used as received.
The SDS density is 1.01 g cm−3, and the CMC (critical

micellar concentration) in water is 8.1 mM34 at 25 °C. The
density of K222 and 18C6 molecules is 1.11 and 1.10 g cm−3,
respectively. The SDS solutions with K222 and 18C6 at 25 °C
have, respectively, CMC = 1.622 and 7.1 mM.35

The hydrophobicity of the two ligand molecules, according
to the common definition,36 has been determined calculating
the log10(P), where P is the partition coefficient in n-octanol/
water. log10(P) was calculated using the ChemProp module in
the ChemDraw Suite, v.11,37 which implements the fragmenta-
tion approaches by Crippen38 and Broto.39 The values
extracted using these two procedures show a lower log10(P)
for the K222 ligand (−1.18 and −1.72) compared to the 18C6
ligand (−0.93 and −0.49), thus evidencing a slightly higher
hydrophobicity for the latter molecule. According to the
reported values, both ligands show a slightly higher affinity to
water than to the organic phase.
SDS solutions in water and SDS solutions with ligand in

water were filtered with 0.45 μm pore size Millipore filters in
order to have dust free solutions. Millex-HV (PVDF), Millex
LCR, and PTFE filters were used. One solution was centrifuged
to remove dust using a Beckman J2-21 centrifuge, with 3100
rpm for 2 h. The samples were the same for both methods,
filters or centrifuge. The micellar solutions were prepared in
cylindrical light scattering cells (2.5 cm inner diameter). All the
samples were transparent, and homogeneous. We verified that
no liquid crystal structure was present in the samples.
The index of refraction for K222 and 18C6 micellar solutions

at 20 °C was measured with an Abbe refractometer (ATAGO
3T) with a resolution of 0.0001 at 550 nm. Obtained values are
reported in Table 1. The index of refraction for the 18C6/SDS
= 1.0 and K222/SDS = 1.5 solutions for some temperatures in
the range 25−40 °C is reported in Table 2. All the samples
were thermally stabilized by means of a thermostat with an
accuracy of ±0.2 °C.

■ METHODS

Dynamic Light Scattering. DLS experiments were carried
out on a Brookhaven Instruments apparatus (BI 9000AT
correlator and BI 200 SM goniometer). The signal was detected
with an EMI 9863B/350 photomultiplier. The light source was
a Coherent Verdi V2 laser at the wavelength 532 nm, with the
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beam linearly polarized in the vertical direction and
conveniently attenuated in order to avoid sample heating
(maximum power 100 mW). The long-term power stability of
the laser was ±0.5%. The scattering angle θ (i.e., the angle
between the direction of forward propagation and the direction
along which the scattered light is collected) was measured using
a goniometer with a resolution of 0.01°. Homodyne detection40

was recorded in the angular range 15−155°.
The measuring cell was immersed in decahydronaphthalene

as a matching liquid. To calibrate the apparatus, a solution of 94
nm diameter latex spheres from SERVA, Standard Dow Latex,
was used in the angular range 15−155°. The data analysis of the
latex solution was performed by cumulant expansion
considering only up to the second moment.28

In the DLS technique, the measured quantity is the
normalized time autocorrelation function g2(q, t) of the
scattered light intensity I(q, t) defined by

=
⟨ × ⟩

⟨ ⟩
g q t

I q I q t
I q

( , )
( , 0) ( , )

( , 0)2 2
(1)

where t is the time and q = (4πn/λ) sin(θ/2) is the modulus of
the scattering wave vector, with n being the refractive index of
the sample and θ the scattering angle. In turn, g2(q, t) can be
expressed in terms of the normalized electric field autocorre-
lation function g1(q, t) through the Siegert equation:28

β= +g q t A g q t( , ) {1 [ ( , )] }2 1
2

(2)

where A is the measured baseline and β is the spatial coherence
factor.28 For a dilute suspension of monodisperse particles,
g1(q, t) decays exponentially with a decay rate of Γ = Dq2,
where D is the translational diffusion coefficient, which is
related to the hydrodynamic diameter d = 2RH (where RH is the
hydrodynamic radius of the particle; the latter is somewhat
larger than the true radius because of some water molecules
attached to the micelles and CPMs) through the Stokes−
Einstein relationship D = KBT/(6πηRH), with KBT the thermal
energy and η the viscosity of the aqueous phase. In the case of
polydisperse samples, g1(q, t) deviates from a single exponential

decay and can be written as the Laplace transform of a
continuous distribution G(Γ) of decay times:

∫= Γ Γ
∞

−Γg q t G( , ) ( )e dt
1 0 (3)

The analysis of the decay time distribution has been
performed with the inverse Laplace transform by means of
the CONTIN routine, a commonly employed constrained
regularization method.28,41

Small Angle X-ray Scattering. SAXS measurements were
carried out with a Rigaku Nanoviewer instrument equipped
with a mercury charge coupled device detector containing 1024
× 1024 pixels of width 68 μm. Cu Kα radiation at a wavelength
of 1.542 Å was provided by a Rigaku Micromax007 X-ray
rotating anode, operating at a maximum power of 0.8 kW; the
source produced a circular focal spot of 70 μm diameter. X-rays
were conditioned using the Confocal Max-Flux Mirror
(Rigaku/Osmic) to totally remove the Cu Kβ radiation while
maintaining the high flux and symmetry of the rotating anode
source. X-ray collimation was performed through a three-point
collimation system. The sample-to-detector distance was about
605 mm. The volume between the sample and the detector was
kept under vacuum during the measurements to minimize the
scattering from air. The Q-range was calibrated using silver
behenate, which is known to have a well-defined lamellar
structure (d-spacing = 58.38 Å).42 Scattering curves were
measured in a Q-range from 0.01 to 0.6 Å−1. The liquid samples
were introduced into a 1 mm borosilicate Mark-Tube
(Hilgenberg GmbH, Germany) using a syringe. In all cases,
the capillary was sealed to avoid sample evaporation. The
temperature was controlled with a Peltier element, with an
accuracy of ±0.1 °C. All 2-D SAXS patterns were corrected for
the dark current, and the Dezinger procedure was applied to
remove spurious signals. The solvent/cell contribution (water
in borosilicate capillary) was removed using the relative
sample/solvent transmissions. Finally, 2-D images were
azimuthally averaged to obtain the correspondent 1-D
scattering intensity distribution. Data reduction was performed
by using Nika and Irena43 packages. The SAXS scattering
lengths of the K222 and 18C6 ligands are 5.8092 × 10−5 and
4.0608 × 10−5 Å, respectively. The molecular volume is 9.1 Å3

for sodium ion, 29.9 Å3 for the water molecule, and 414.6 Å3 for
the SDS molecule. Hence, the resulting scattering length
density for the sodium ion is 3.099 × 10−5 Å−2, sulfate group
1.8934 × 10−5 Å−2, surfactant chain 0.7929 × 10−5 Å−2, water
0.94314 × 10−5 Å−2, K222 ligand 1.0318 × 10−5 Å−2, and 18C6
ligand 7.3526 × 10−5 Å−2.

■ RESULTS
DLS and SAXS techniques have been used to characterize the
formation of aggregates in CPMs. The DLS analysis allows one
to obtain the size of the different particles in solution as well as
their contribution to the scattered light. From SAXS analysis,
we can extract details on the micellar structure in terms of size,
shape, interactions between micelles (Debye’s length and
contact potential), and volume fraction. Furthermore, the
Guinier’s law applied to the low Q-range of the SAXS curves
allows one to extract the radius of gyration of the CPMs.

Dynamic Light Scattering. For samples with K222 and
18C6 ligands, data processing was performed by the CONTIN
analysis mentioned above. As to the SDS sample without
ligand, CONTIN analysis showed a single relaxation time; in
this case, we preferred to process the data with the cumulant

Table 1. Index of Refraction n at the Wavelength 550 nm for
Solutions of Micelles Decorated by K222 or 18C6 Ligands at
20 °C

solution n

K222/SDS
5.0 1.3984
1.5 1.3635

18C6/SDS
1.5 1.3562
1.0 1.3509
0.5 1.3466

Table 2. Index of Refraction n at the Wavelength 550 nm for
Solutions of Micelles Decorated by K222 or 18C6 at
Incremental Temperatures from 25 to 40 °C

n

T (°C) 18C6/SDS = 1.0 K222/SDS = 1.5

25 1.3509 1.3624
30 1.3504 1.3616
35 1.3486 1.3603
40 1.3478 1.3596
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analysis. The SDS micellar solution without ligand is composed
of micelles with a size of 5.6 and 10% polydispersity.
DLS measurements have been made at scattering angles in

the range 50−155°. As representative measurements, we report
the results at 135°.
Figure 1 shows the autocorrelation functions for the samples

with K222/SDS ratios 5.0, 1.5, and 0 (i.e., SDS without ligand).

The curves evidence more than one relaxation time in the case
of K222 added samples, whereas only one relaxation time is
present when the micellar solution contains no ligand.
In Figure 2, the CONTIN residuals of the sample K222/SDS

with ratio 5.0 are reported for the time interval used for the

fitting. Their regular distribution accounts for an unbiased
quality of the fit. Figure 3 presents the size distribution of the
same sample as the percent intensity of the scattered light vs
log10(d), where d is the size of the particles. Two main
populations are clearly visible, one in the range 3−5 nm due to
the micelles, and the other in the range 500−5000 nm due to
large aggregates.
Figure 4 displays in linear-log scale the autocorrelation

functions of the SDS micellar solutions in water with 18C6/
SDS ratio 1.0 and 1.5, together with the SDS sample without
ligand. In comparison with the K222 sample (Figure 1), the

curve features are downscaled to much shorter correlation
times.
Figure 5 shows the autocorrelation functions in linear-log

scale for the SDS micellar solutions in water with ratio 18C6/
SDS = 1.0 for several temperatures in the cycle 20 °C → 30 °C
→ 40 °C → 20 °C. Apart from a vertical shift of the first curve
at 20 °C, the main features appear to be common to all
temperatures.
We recall that the intersection temperature of the solubility

and the CMC curves is referred to as the Krafft point or
temperature (TK). This temperature, which is characteristic for
each surfactant, defines the value below which the surfactant
precipitates out of the solution as hydrated crystals. The
micelles coexist with the monomer at temperatures higher than
given by the solubility curve and concentrations higher than
given by the CMC curve.3 For the SDS/water system, TK is
about 22 °C.3 Above this temperature, the solubility increases
rapidly, whereas cooling below 22 °C, the surfactant solution

Figure 1. Linear-log autocorrelation functions of the SDS micellar
samples decorated by K222 ligand with K222/SDS ratios of 5.0
(green) and 1.5 (red) and of the sample without ligand (black) at 20
°C for the 135° angle.

Figure 2. CONTIN residuals of the sample K222/SDS ratio 5.0
(green) shown in Figure 1.

Figure 3. Linear-log histogram of the K222/SDS = 5.0 sample
reported as a function of the intensity distribution vs the diameter d.

Figure 4. Linear-log autocorrelation functions of the SDS micellar
samples decorated by 18C6 ligand with 18C6/SDS ratios of 1.0 (red)
and 1.5 (green) at 20° for the angle of 135° and of the SDS sample
without ligand (black).
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can remain in a metastable state. In our study, we investigated
the temperature range 20−40 °C that includes a small part of
the metastable region. Considering this lower limit (i.e., 20 °C)
for the SDS/water system, we observed only one relaxation
process in the DLS autocorrelation function, suggesting that no
significant hydrated crystals are present in this case. On the
other hand, for the SDS/K222 and SDS/18-C6 systems, more
than one relaxation process is present (see Figures 1, 4, and 5)
as a result of the CPM formation.
Detailed results of our measurements are reported in the

following tables. The micelle diameter is given as a range,
extending from 3 to 5 nm. This is due to the fact that the data
are affected by the instrumental response of the detector. As
long as the system is linear, the autocorrelation function of the
micellar contribution is convoluted with the autocorrelation
function of the pulse response of the photomultiplier. Since the
latter function is narrower than that of the micelles, the
convolution basically reproduces the micellar contribution, only
slightly widened.
In Tables 3−7, we report the diameter and the scattered light

intensity percentage of the micelles and of the CPMs for all
cases we studied. We did not implement deconvolution to work

out the micellar contribution from DLS measurements because
we used SAXS analysis to extract such information, with the
SAXS technique being better suited than DLS to give a detailed
structure for the decorated micelles (see below).
In the following subsections, results separately for K222 and

18C6 samples are described.
SDS Samples with K222 at 20 °C. The system was

composed of small particles (micelles) and CPMs of
significantly larger size. In particular, the micelles had a size
of approximately 5 nm, as shown by SANS7 and SAXS analysis,
while the size of CPMs, of the order of micrometers, was
distributed over a rather large range. It is known from the
diffraction law that larger particles scatter more at smaller
angles, and the contrary for smaller particles. This is noticed in
Table 3, where the particle size and the percentage of the
population (by intensity of the scattered light) obtained by the
CONTIN analysis for the SDS sample with ratio K222/SDS =
5.0 is reported at 20 °C in the angular range 150−50°. For
example, it is noticed that at θ = 90° the intensity of the
scattered light contains a 23% contribution due to the micelles
(3−5 nm size), 2% due to midsize aggregates (20−30 nm), and
75% due to aggregates of size 800−2000 nm; conversely, at θ =
135°, the contribution due to micelles increases to 42%, the
contribution of 2% due to midsize aggregates (20−30 nm) is
still present, and the remaining contribution (due to aggregates
that are distributed in the range 500−5000 nm) decreases to
56%; the detail of the distribution at θ = 135° has been shown
in Figure 3. This system is basically composed of small micelles
of 5 nm and CPMs of large size (500−5000 nm) that scatter
according to the Rayleigh and Mie law, respectively.40 The
latter produce a diffraction pattern like an antenna with sharp
and intense forward lobe.
In order to explore the temporal evolution of the samples, all

measurements were repeated at different times. All samples,
stored at 4 °C, were stirred and thermally stabilized at room
temperature at 20 °C for one night. Routinely, a second
measurement was made after 1 month. The results were
processed with the CONTIN routine, getting the values
reported in the lower part of Table 3. Residuals were lower than
1.5%. The light intensity for the micelles confirmed after the 1
month time interval the decreasing trend from 150 to 50°,
whereas the light intensity of the medium CPMs was quite low,
and the intensity of the large CPMs accounted for a forward
Mie scattering with higher contribution at smaller angles.
In Table 4, the results by CONTIN analysis for the SDS

sample with K222/SDS = 1.5 ratio at 20 °C in the angular
range 150−50° are reported. The fit residuals are lower than
5%.
The comparison of the SDS samples with ratio K222/SDS =

5.0 (Table 3) and K222/SDS = 1.5 (Table 4) evidences a
significant amount of large CPMs in the 5.0 sample and a small
amount in the 1.5 sample, whereas the midsize CPMs are very
few in the 5.0 sample as compared to those in the 1.5 sample.
Thus, the more the K222 ligand is in the sample, the larger the
CPMs are in the solution.
In Table 4, the micelle contribution to light intensity at all

the scattering angles under investigation is of significance, as
well as the contribution due to midsize aggregates. At the
extreme scattering angle of θ = 50°, a small contribution due to
large size aggregates (5000 nm) is also observed.
Table 4 also includes a section with measurements made

after 2 years. The contribution to the scattered light from
midsize aggregates increases as the angle varies from θ = 150°

Figure 5. Linear-log autocorrelation functions of the SDS micellar
samples decorated by 18C6 ligand with an 18C6/SDS ratio of 1.0 at
different temperatures for the angle of 135°.

Table 3. Hydrodynamic Diameters for the Micelles and
CPMs in the SDS Sample with K222/SDS = 5.0 Ratio at 20
°C in the Angular Range 150−50° and Percentage of
Contribution to the Intensity of the Scattered Light

θ
(angular
deg)

micelles ⌀
(nm) %

aggreg
medium
(nm) %

aggreg large
(nm) %

150 3−5 42 300−500 22 5000 36
135 3−5 42 20−30 2 500−5000 56
90 3−5 23 20−30 2 800−2000 75
50 3−5 8 20−30 1 1200−3000 91

After 1 Month
150 3−7 56 300−500 21 3000−5000 23
135 3−5 57 20−30 3 500−5000 40
90 3−5 44 20−30 3 500−5000 53
50 3−5 21 20−30 5 1200−5000 74
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to θ = 50°, showing a Mie scattering trend, while for large size
aggregates such contribution decreases. This might indicate that
samples become less stable over time intervals of the order of
years.
K222 Samples at 30−40°. To check the stability and the

reversibility of the CPMs as a function of temperature, we
performed DLS measurements changing the temperature from
20 to 30 and 40 °C and back to 20 °C.
Results obtained by the CONTIN analysis are reported in

Table 5 for the SDS sample with ratio K222/SDS = 1.5 and

angular range 150−50°. For each increase of temperature from
20 to 30 °C and from 30 to 40 °C, the sample was stirred and
measured after 1 night of stabilization. The last measurement at
20 °C was made twice, before and after stirring, with 1 night of
stabilization in both cases; the first measurement at 20 °C is the
one in Table 4, and had been made at a prior time.

The residuals are lower than 5% at 30 °C and lower than 1%
at 40 °C. At 20 °C, the residuals are lower than 3 and 5%,
respectively, without and with stirring.
The light intensity from micelles shows a variable behavior

from 150 to 50 °C, however constituting a major contribution
to light scattering. As to midsize and large CPMs, their
contribution appears also variable, anyway representing a minor
fraction of the scattered light.
Some inconsistencies were noticed comparing the results at

20 °C before and after stirring, likely due to the mechanical
action on the system. Other inconsistencies were also observed
comparing the final data at 20 °C with the initial ones (Table
4); these can be attributed to having taken such initial
measurements at a far earlier time, and considering the poor
stability of the system over long time intervals.

18C6 Samples at 20 °C. In Table 6, we report the size and
the percentage of contribution to the intensity of the scattered

light obtained by the CONTIN analysis for the three 18C6/
SDS samples with ratios 0.5, 1.0, and 1.5 at 20 °C in the angular
range 150−50°. With the exception of the largest ratio (1.5)
and smallest angle (50°), large size aggregates are not observed.
The dominant part of the scattered light is due to micelles, with
the remaining contribution from midsize aggregates. The latter
appears slightly increasing with 18C6/SDS ratio. The residuals
are lower than 5% at ratio 0.5, and lower than 10% both at ratio
1.0 and 1.5.
The above results appear on the line of supporting the fact

that the more ligands in the solution, the larger the CPMs,
although on the basis of less pronounced evidence.

18C6 Samples at 30−40 °C. In Table 7, the light intensity
distribution for the SDS sample with ratio 18C6/SDS = 1.0 is
reported in the angular range 150−50° at different temper-
atures. The measurements have been performed after 1 night of
stabilization at 30 and 40 °C and back at 20 °C with and
without stirring. The contribution of the micelles is high for all
temperatures. The medium CPMs are present at 30 °C in some
amount, while at 40 and 20 °C with and without stirring they
are almost negligible.
The residuals are lower than 8% at 30 °C, lower than 9% at

40 °C, lower than 10% at 20 °C without stirring, and lower
than 9% at 20 °C with stirring.

Table 4. Hydrodynamic Diameters for Micelles and CPMs in
the SDS Sample with K222/SDS = 1.5 at 20 °C in the
Angular Range 150−50° and Percentage of Contribution to
the Intensity of the Scattered Light

θ
(angular
deg)

micelles ⌀
(nm) %

aggreg
medium
(nm) %

aggreg large
(nm) %

150 3−7 53 120−500 47
135 3−5 56 120−500 44
90 3−5 40 200−800 60
50 3−5 28 200−500 65 5000 7

After 2 Years
150 3−5 64 120−200 9 5000 27
135 3−5 78 120−200 11 3000−5000 11
90 3−5 68 200−500 24 3000−5000 8
50 3−5 62 300−500 27 3000−5000 11

Table 5. Hydrodynamic Diameters for Micelles and CPMs of
the SDS Sample with Ratio K222/SDS = 1.5 in the Angular
Range 150−50° at Different Temperatures

θ
(angular
deg)

micelles ⌀
(nm) %

aggreg
medium
(nm) %

aggreg large
(nm) %

At 30 °C
150 3−5 73 200−500 21 800−2000 6
135 3−5 80 80−120 7 800−1200 13
90 3−5 72 300−500 38
50 3−5 63 300−500 25 2000−5000 12

At 40 °C
150 3−5 82 80 4 500−800 14
135 3−5 90 200−300 8 5000 2
90 3−5 45 200−300 30 5000 25
50 3−5 55 200−300 12 5000 33

At 20 °C without Stirring
150 3−5 88 200−300 7 2000−3000 5
135 3−5 93 80−120 7
90 3−5 72 500−800 22 5000 6
50 3−5 44 300−500 18 5000 38

At 20 °C with Stirring
150 3−5 86 300−500 11 5000 3
135 3−7 70 300−500 30
90 3−5 73 300−500 15 5000 12
50 3−5 46 500−800 30 5000 24

Table 6. SDS Samples with 18C6/SDS = 0.5, 1.0, and 1.5 at
20 °C in the Angular Range 150−50°

θ (angular
deg)

micelles ⌀
(nm) %

aggreg
medium
(nm) %

aggreg large
(nm) %

18C6/SDS = 0.5
150 3−5 88 80−120 12
135 3−5 82 200−500 18
90 3−5 81 120−200 19
50 3−5 61 200−500 39

18C6/SDS = 1.0
150 3−5 95 120−200 5
135 3−5 90 200−500 10
90 3−5 80 200−300 20
50 3−5 76 300−800 24

18C6/SDS = 1.5
150 3−5 73 300−500 27
135 3−5 74 300−800 26
90 3−5 77 300−500 23
50 3−5 80 500−1200 20
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Small Angle X-ray Scattering. Figure 6 reports the log−
log plot of the SAXS curves at 20 °C for the SDS micellar
solutions decorated by K222 (top panel) or 18C6 (bottom
panel) with ligand/SDS ratios of 1.5, 1.0, and 0.5 in the full Q
range accessed by the instrument. The present investigation
extends and completes preliminary SANS studies performed on
similar ligand−SDS micellar systems.4,6,7 The case of SDS
micellar solutions without any ligands was already reported in
the literature.7 Two regions can be clearly distinguished in
Figure 6: at high Q, the curves show the presence of an
interaction peak at about Q = 0.2 Å−1 due to the repulsion
existing between the primary SDS micelles, whereas at low Q
values the curves are dominated by the presence of CPMs as
seen by the huge increase of scattered intensity.
SAXS curves have been fitted in the 0.15−0.30 Å−1 range to

disclose the effect of the two ligands on the micellar structure.
The CPM region has been analyzed using Guinier’s approach.
The analysis of the micellar contribution to the SAXS curves

(fits in Figures 7 and 8) was performed using a model where
the particles are made of an inner core (the surfactant tails) and
an outer layer (the polar head groups of the SDS surfactant).
The assumed arrangement is that of a two-shell prolate
ellipsoid. The normalized structure factor accounting for the
shape of the micelles is the so-called form factor, P(Q). The
interparticle structure factor S(Q) was calculated assuming an
analytical solution based on the Hayter−Penfold model24,25

considering a multicomponent ionic liquid in the mean
spherical approximation. S(Q) is the result of the hard-sphere
repulsion and screened Coulomb repulsion between micelles.
The multicomponent system was reduced to an effective one-
component macroion system under the Gillan condition.8

Figures 7 and 8 show the detail of the interaction peak for
the K222/SDS and 18C6/SDS, respectively. A small bump is

present in all cases at about Q = 0.05 Å−1 as a result of the
superposition of the form factor P(Q) proper of the SDS

Table 7. SDS Sample with Ratio 18C6/SDS = 1.0 in the
Angular Range 150−50° at Different Temperatures

θ
(angular
deg)

micelles
⌀ (nm) %

aggreg
medium
(nm) %

aggreg large
(nm) %

At 30 °C
150 3−5 50 800−1200 50
135 3−5 58 800−1200 42
90 3−5 100
50 3−5 80 80 6 5000 23
30 3−5 66 50−80 7 2000−5000 27

At 40 °C
150 3−5 79 500−800 21
135 3−5 91 5000 9
90 3−5 90 5000 10
60 3−5 72 5000 28
30 3 68 800−3000 32

At 20 °C without Stirring
150 3−5 86 300 6 3000−5000 8
135 3−5 97 800−1200 2 5000 1
90 3 100
50 3−5 87 5000 13
30 3 68 200−300 7 3000−5000 25

At 20 °C with Stirring
150 3−5 82 300 4 3000−5000 14
135 3−5 80 3000−5000 20
90 3−5 88 5000 12
50 3−5 86 1200−5000 14
30 3 64 300−500 21 5000 15

Figure 6. Log−log representation of the SAXS intensity distributions
for K222/SDS micellar solutions (top panel) and 18C6/SDS micellar
solutions (bottom panel) as a function of the ligand/SDS ratio.
Original data have been offset for graphical purposes.

Figure 7. SAXS intensity distribution of SDS micellar solutions with
K222 ratios of 0.5 (open circles), 1.0 (solid circles), and 1.5 (open
squares). The fits of the micellar region (black, red, and green) are also
shown (solid lines). Original data and the corresponding fitting have
been offset for graphical purposes.
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micelles44 (which appears as hollow spheres to X-rays) with the
CPM intensity increase dominating the low Q region of the
SAXS curve.
The parameters characterizing the structure and interaction

of the SDS micelles are the surface charge, Z, the average
aggregation number, N, the shell thickness, th, the number of
carbon atoms for a SDS monomer in the core, Nc, the
percentage of the interfacial ligand molecules with respect to
the total surfactant molecules, Nlig, the ellipsoidal axial ratio, a/
b, the micellar diameter, d, the Debye length, Dlength, the contact
potential, V, and the volume fraction, volfract, of the surfactant
present in the solution. The parameters extracted from the
fitting were Z, N, th, Nlig, Nc, and the background. The latter
quantity was estimated by the Porod analysis at high Q values.45

a/b, d, Debye’s length, V, the volume fraction, and the number
Ns of water molecules for one surfactant molecule (hydration
number) can be derived from the fitting outputs.
Table 8 lists the results obtained by the SAXS analysis of the

micellar solutions with both ligands at ligand/SDS ratios of 1.5,
1.0, and 0.5. The errors on the fit parameters are reported as
relative standard deviation.
In the case of the K222/SDS system increasing the ratio from

0.5 to 1.5, the parameters Z, N, Nc, diam, and V decrease while
the parameters th, Ns, and volfract remain constant and Dlength
increases. Nlig and a/b do not show a simple behavior. In the
case of 18C6, the behavior of the fitting parameters is in general
more various.

Comparing the SAXS data listed in Table 8 with previous
SANS results,4,6,7 it is clear that small angle scattering
experiments are consistent in the three K222/SDS cases.
Data for the 18C6/SDS sample with a ratio of 1.0 of Table 8
are in agreement with previous results obtained using SANS.4,6

The main effects imposed by the decoration of SDS micelles
with adhesive sites are described in the following. On one hand,
increasing the 18C6/SDS ratio, the shell thickness does not
change from the value 5.5 Å obtained by SANS in the case of
SDS micelles without ligands.32 On the other hand, the micellar
charge, Z, decreases both with respect to the “naked” case and
increasing the ligand/SDS ratio. From these results, we can
infer that the crown-ether ligands accommodate the crown
parallel to the micellar surface and complex some sodium ion
present in the Gouy−Chapman layer. The 18C6/SDS = 0.5
sample is similar to the sample where “naked” SDS micelles are
considered.22 In particular, at 0.250 M (which is close to our
SDS concentration) and 25 °C, the reported results of Z = 26.7,
N = 94.5, axial ratio 1.3, and D = 49.2 Å are very close to the
values obtained in this work for the 18C6/SDS = 0.5 case.
Comparing with data obtained for hydrogenated 8 wt %/wt

SDS micelles without K222,32 we note that the effect of K222
addition to SDS micellar solution is to increase the outer layer
thickness from 5.5 to 10−12 Å.4 Furthermore, we observe again
a decrease of the effective micellar charge from 30 to 10−20
and of the average aggregation number from 90 to 55−75.
As confirmed by the constant value of Nc for the three

samples of the 18C6 series, the crown-ether is less effective
than K222 to move to the micellar interface and does not enter
into the micellar hard-core. A slight increase of Nlig is observed
for the increase of the ligand/surfactant ratio. The micellar
diameters for 18C6 are smaller than for K222 samples. The
Debye length, volume fraction, and contact potential do not
change as a function of the ratio, while N increases when the
ratio decreases.
As a result of the addition of the ligand, a huge intensity

increase is detected in the SAXS curves at low Q values,
evidencing the presence of structures larger than the primary
micelles, i.e., CPMs. This low Q region, not accessed previously
by SANS measurements, can help in characterizing the
aggregates of micelles. To this aim, we analyzed the data with
Q below 0.025 using the Guinier law.46 The plots of ln(I) as a
function of Q2 (i.e., Guinier’s representation) are shown in
Figures 9 and 10. The error bar for the data points is ±0.02 for
K222 and ±0.03 for 18C6.
If QR < 1 (where R is the radius of a spherical scattering

object), the Guinier equation holds

= −I Q K( ) Vol e Q R2 2 /32
g

2

(4)

Figure 8. SAXS intensity distribution of SDS micellar solutions with
18C6 ratios of 10.5 (open circles), 1.0 (solid circles), and 1.5 (open
squares). The fits of the micellar region (black, red, and green) are also
shown (solid lines). Original data and the corresponding fitting have
been offset for graphical purposes.

Table 8. Fitting Results according to a Prolate Ellipsoidal Core-Shell Form Factor Coupled with a Repulsion Potential for the
Samples K222/SDS and 18C6/SDS with Ratios 1.5, 1.0, and 0.5 at 20 °C

Z N t (Å) Nc Nlig (%) a/b Ns diam (Å) Dlength (Å) V (kBT) vol frac

K222/SDS
1.5 12 ± 1 56 ± 8 11 ± 1 8.9 ± 1.8 59 ± 1 1.7 21 53 18 3.2 0.201
1 15 ± 1 59 ± 15 11 ± 4 8.9 ± 2.0 68 ± 10 1.8 21 54 17 4.1 0.211
0.5 21 ± 3 74 ± 13 10 ± 2 12 ± 0.4 40 ± 3 1.3 21 57 16 6.7 0.206

18C6/SDS
1.5 20 ± 3 84 ± 12 5.5 ± 1.0 12 ± 0.7 15 ± 3 1.5 50 17 9.7 0.115
1 27 ± 3 74 ± 5 5.5 ± 1.0 12 ± 1.1 12 ± 2 1.3 48 14 14 0.121
0.5 18 ± 2 103 ± 10 5.5 ± 0.7 12 ± 1.7 10 ± 1 1.85 52 19 8.2 0.116
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and data have a linear trend when ln I(Q) versus Q2 is plotted;
Rg is the gyration radius of the CPMs, K is a constant, and Vol
is the particle’s volume. Rg was then calculated from the slope
of the straight lines in Figures 9 and 10 using in all cases 20 data
points in the Q2 region from 2.5 × 10−4 to 3.8 × 10−4 Å−2.
Assuming that the CPMs are spherical, the geometric radius R
is related to the gyration radius by the equation R = Rg(5/3)

1/2.
From this calculation, we extracted the average CPM radius
reported in Table 9 for all the investigated cases.
As shown in Table 9, the CPM size is about 200 Å in the two

distinct series. This value is quite small compared to the

dimensions of the CPMs obtained by DLS and is below the
maximum dimension achievable by the present SAXS experi-
ment (i.e., about 300 Å). By using the Guinier law, we see only
the smaller CPMs present in the samples which could be
responsible for the generation of the greater structures
evidenced by DLS in the submicrometer/micrometer range.
An ultra-SAXS experiment could be performed in the near
future to cover a broader range of dimensions that superimpose
to DLS and confirm this point.

■ DISCUSSION

The work reported in this paper was performed to investigate
the aggregation process of micelles into CPMs in a solution of
SDS micelles decorated with K222 or 18C6 ligands. CPMs of
two main sizes were detected primarily in the submicrometer/
micrometer range by DLS. Furthermore, we studied the
stability and the reversibility of the system, considering that
the nondecorated SDS micellar solutions do not aggregate.
The system of decorated micelles is characterized by a low

amount of isolated micelles in solution, 8% w/w of solute
(SDS), chosen with the aim to avoid aggregation between the
“naked” micelles. The only perturbation imposed to the SDS
micellar aqueous solution is the addition of the ligand which
has the primary effect to decorate the micelles with adhesive
sites. The amount of added K222 or 18C6 ligand maintains the
sample homogeneous from 20 to 40 °C. SAXS results
evidenced a different hydrophobic effect of the two ligands,
being 18C6 less hydrophobically effective than K222 in
agreement with previous SANS investigations.
In the SAXS curves, we could distinguish a micellar region at

intermediate/high Q and a CPM region at low Q. The latter
was useful to detect the smaller aggregates present in the CPMs
by using the Guinier law. The maximum diameter of the
observed CPMs is approximately 200 Å for all the SDS samples
with K222 or 18C6 ligands, meaning that they are formed by
about 50−100 micellar units. These entities can be the smaller
clusters giving rise to the CPMs. An ultra-SAXS experiment
covering a lower Q range is necessary to detect aggregates
greater than 200−300 Å and confirm this hypothesis.
In Tables 3, 4, and 5, the DLS results by CONTIN analysis

are reported for the micellar solutions with K222 ligand and in
Tables 6 and 7 those with 18C6 ligand.
The study was performed at different times to explore the

temporal evolution. Short and long time intervals were tested.
The reported findings suggest that the decorated micellar
solutions are fairly stable over a time interval of the order of 1
month. An experiment conducted on a sample at a time interval
of 2 years appears to indicate that the stability is not fully
maintained over such a long time.

■ CONCLUSION

Sodium dodecyl sulfate in water, decorated with various
adhesive sites (Kryptofix 222 and 18-Crown-6), has been
investigated by DLS and SAXS to study the micelle structure
and interactions. Special attention was attracted by the
formation of micelle aggregates, here named cluster phases of
micelles, characterized by medium and large size in the
submicrometer/micrometer range. As is well-known, the SDS
micelles in water do not aggregate at the low surfactant
concentration used in this paper; however, with respect to
previous works and literature, we demonstrate that SDS
micelles decorated with macrocyclic ligands do aggregate

Figure 9. Plots of Guinier’s region (the smaller Q region) for CPMs
with K222 ligand at 20 °C and ratios of 1.5 (open circles), 1.0 (solid
squares), and 0.5 (open squares). The solid lines are the fit results.
The error estimate on ln(I) is ±0.02. Original data and the
corresponding fitting have been offset for graphical purposes.

Figure 10. Plots of Guinier’s region (the smaller Q region) for CPMs
with 18C6 ligand at 20 °C and ratios of 1.5 (open circles), 1.0 (solid
squares), and 0.5 (open squares). The solid lines are the fit results.
The error estimate on ln(I) is ±0.03. Original data and the
corresponding fitting have been offset for graphical purposes.

Table 9. Radius of CPMs Decorated by the K222 or 18C6
Ligandsa

K222/SDS R (Å) 18C6/SDS R (Å)

1.5 103 1.5 91.4
1.0 100 1.0 104
0.5 96.2 0.5 101

aThe standard deviation on the calculated CPM size is below 10%.
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depending on the ligand/surfactant molar ratio. The hydro-
phobicity of the adhesive sites (ligand molecules) and the
complexation ability, greater for Kryptofix 222 than for 18-
Crown-6, give rise to adhesive forces that induce the formation
of CPMs. The sizes and the percentages of the micelles and the
CPMs were studied at 20, 30, and 40 °C by DLS to test the
stability and reversibility of the system, and at 20 °C by SAXS.
DLS results evidence that the CPM formation processes are

fairly reproducible for both types of decorated micelles. At a
given temperature, the more ligand is added to the micellar
solution, the larger are the CPMs present in the samples. The
Guinier analysis was used in the low Q region of the SAXS
curves to obtain the sizes of the CPMs and the number of
micelles for a given CPM. The results indicate that smaller
CPMs are present in the solutions almost independently by the
ligand used in this work.
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