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Abstract

This paper reports the structure of micelles of Calcium Didodecyl Sulfate (CDS), Ca(DS),, as studied using Small Angle
X-ray Scattering (SAXS). CDS is a dianionic surfactant consisting of two DS- tails attached to Ca++ divalent ion. There
is considerable interest in understanding the structure (especially the outer shell of counter-ions) of micelles of CDS as
unlike conventional surfactants (e.g. CTAB, SDS) where counter-ion is monovalent, CDS has a divalent counter-ion. SAXS
is an ideal technique for obtaining information about the outer shell of the Ca(DS), micelle, as the constituents (S, Ca, O
etc.) of the shell are strong X-ray scatterers. The SAXS measurements have been made on salt-free aqueous solutions of
calcium didodecyl sulfate for surfactant concentrations of 0.5, 1.0, 2.5, and 20 weight % (or 8.8, 17.7, 44.92 and 438.01
mM/dm3 ) respectively. Single step indirect Fourier transformation method has been utilized to generate particle distance
distribution function. It is found that micelles are prolate ellipsoidal in shape. The size parameters of the ellipsoidal micelles
have been determined. Other relevant parameters like mean aggregation number and effective fractional charge has been
determined by fitting an ellipsoidal shaped core-shell model to the Fourier transformed scattering data. It is seen that increase
in surfactant concentration results in lowering of aggregation number, increase of shell thickness and lowering of total charge

and probably lowering of water association.
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Introduction

Surfactant molecules (e.g., CTAB, SDS etc.) in dilute aqueous
solutions self assemble to form variety of supra-molecular structures
such as micelles, vesicles and liquid crystalline structures [1-3]. The
simplest aggregate of the surfactant molecules is referred to as a
micelle. In general, micelles could be of various shapes and sizes such
as spherical, ellipsoidal, cylindrical, thread-like or dislike depending
on the architecture of the surfactant molecule [4-6]. For example,
while the micelles of conventional surfactants in dilute solutions are
spherical, gemini surfactants possess a thread-like shape [4,6]. In fact,
this shape is directly dependent on the spacer length [6]. This study
deals with aggregation behavior of calcium didodecyl sulfate, Ca(DS),,
which constitutes of a cylindrical monomer [7,8].

Anionic surfactant molecules such as Sodium Dodecyl Sulfate,
NaDS§, ionize in aqueous solution and the corresponding micelles are
aggregates of DS ions [2,9]. The Na* ions of NaDS molecules, known
as counter-ions, tend to stay near the negatively charged DS™ micellar
surface. Joshi et al. [9] have studied the micellar structures of a series
of univalent anionic surfactants (LiDS, NaDS, KDS, RbDS and CsDS)
and shown that the size and shape of the micelle is quite sensitive to the
change in counter-ion. The study of aggregation behavior of dianionic
surfactant Ca(DS), is of special interest as this particular surfactant
provides a system where counter-ions are divalent.

The molecule of dianionic surfactant is cylindrical (Figure la)
as it consists of two tails attached to a divalent ion [7,8,10,11]. It is
crucial to note that monomer of catanionic surfactant (Figure 1b), is
also cylindrical [12-16] though there are subtle differences between
dianionic and catanionic surfactants. The dianionic surfactants are
formed by mixing of divalent salt in an anionic surfactant solution
and removing of unreacted ions [7]. On the other hand, the catanionic
monomers are formed by mixing of cationic and anionic surfactants
[15] and thus there is strong electrostatic interaction between the two
head groups. This implies that the nature of bonds and their strengths

in dianionic systems would be different from those found in catanionic
systems. While the formation of vesicles and flexible cylinders has been
seen for catanionic surfactants [11,12,16], it is of interest to study the
aggregation behavior of dianionic surfactant Ca(DS), .

Small Angle X-ray Scattering (SAXS) is a well established technique
for studying the structure of materials on a length scale of 10-1000 A
simultaneously and this is routinely used for studying structures of
micellar solutions [17-19]. It may be mentioned that X-rays scattering
power of different elements is different and it almost scales as the
atomic number of the element. Thus heavier elements are seen more
prominently in presence of light elements. It is this property of X-ray
scattering that makes SAXS as an ideal technique for studying core-shell
structure of micelles [20,21]. This paper reports the sizes and shapes
of Ca(DS), micelles as obtained from Small Angle X-ray Scattering
(SAXS) studies. The following section presents the experimental setup
and other relevant details. Details of the proposed model and data
analysis involved are given in Section 3. Section 4 shows the results and
various insights obtained from this study.

Experimental Section
Materials

Sodium dodecyl sulfate, SDS (MW=288.38, 99% pure, AR grade)
purchased from Fluka, Bombay and calcium chloride (CaClZ.ZHZO,
M,,=147.02, purity>99%) from Loba Chemie, Bombay were used as
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Figure 1: Dianionic surfactant (a) molecule is formed by mixing of two molecules
of monovalent anionic surfactant with a divalent salt. Catanionic surfactant (b)
molecule is formed by mixing of a molecule of monovalent cationic surfactant
with a molecule of monovalent anionic surfactant.

the raw-materials without further purification. Calcium didodecyl
sulfate, CDS, was prepared by mixing SDS and calcium chloride using
subsequent centrifugation-redispersion-filtration technique. All the
samples were prepared using Millipore ultra pure water (resistivity 18.2
MQ.cm). The CDS was obtained as a white precipitate, the mixture was
heated to 60°C to complete the reaction and to redissolve the precipitate,
then kept for a couple of days to precipitate again and to phase separate
out. The conductivity of clear solution was noted (~9.72 mS/cm) and
discarded to eliminate the unreacted and other materials. The bottom
precipitate layer was redispersed in pure water, heated to 60°C, cooled
back to room temperature and centrifuged at 9000 rpm for 20 min at
room temperature. The supernatant clear solution was discarded. The
procedure was repeated until the conductivity of supernatant solution
became less than 1% of the initial clear solution’s conductivity. The
conductivity of the supernatant solution was found to be 94.7 pS/cm
(corresponding to 0.00415 mM of NaCl). The precipitate of purified
CDS was dried in an oven at 50°C for one week. It was seen that purity
of CDS was higher than 98% as determined by atomic absorption
inductively coupled plasma (AAS-ICP method).

SAXS experiments

SAXS experiment involves scattering of a monochromatic beam of
X-rays from the sample and measuring the scattered X-ray intensity in
a region of small scattering angles. This experiment provides scattered
X-ray intensity I(g) asa function of wave vector transfer g (= 4z sin 6/ 4 ,
where A is wave length of incident X-rays and 26 is the scattering angle).
The typical g range covered in SAXS studies cover is about 0.001 A to
0.5 A\ The commercial SAXS machines operate with line collimation
and those on synchrotron sources use pin-hole geometry. The present
studies on micellar solutions of CDS were carried out using SAXSess
camera (Anton Paar, Austria) with line collimation. The incident
radiation (wavelength=1.542 A) was Cu Ka X-rays from a PANalytical
X-ray source (PW3830 X-ray generator) at 40 kV and 40 mA. The
scattered X-ray intensities were collected in a two-dimensional position
sensitive imaging plate, and integrated over a linear profile to convert
into one-dimensional (I(g) vs. q) scattering data. The sample to detector

distance was 264.5 mm. The sample holder used was a capillary made of
quartz having inner diameter ~1.5 mm and 10 um thickness. Exposure
time was 6 hours per sample. The measurements have been made on
micellar solutions of CDS for surfactant concentrations of 0.5, 1.0, 2.5,
and 20 weight % (or 8.8, 17.7, 44.92 and 438.01 mM/dm’) respectively.
All the samples were heated up to 65°C (turbidity disappears) and
were maintained at that temperature for 5 min. Thereafter, they were
gradually cooled down to room temperature, and reheated to 55°C for
SAXS studies. The sample temperature was maintained at 55 + 0.2°C
using temperature controller (TCS120, Anton Paar) for all the studies.
Scattering data for the background, obtained under similar conditions,
was subtracted from the sample data to obtain scattering from self-
assembled aggregates of CDS. Millipore ultra pure water was used as
reference/background matrix.

Data Analysis and Model

The intensity 4(g) of X-rays scattered from a micellar solution is
expressed in terms of the elementary scattering amplitude A(g) of the
micelles and of the structure factor S(g) as given in various sources
[19,22] as

1) =n,,[ (4@)+(4@) (5@)-1)] M

where, n,,=(c=¢,)N,/n,, , n__is the number of micelles per unit
volume, ¢ surfactant concentration, ¢, critical concentration of micelle
formation, and N, Avogadro’s number. The notation ( ) denotes

thermodynamic averaging. n,, aggregation number, the number
of dodecyl sulfate molecule in a micelle. Scattering amplitude A(q)
depends on size and shape of micelle and the inter-micellar structure
factor S(g) depends on the way micelles are distributed in the solution.
In case of dilute solutions, inter-micellar interactions are negligible and
the expression for intensity reduces to

I(g)=2(4(q))+ B 6)

Here y, scaling factor had been introduced to normalize the
fitted curves to the maximum intensity values in the experimental
scattering data. A constant term (B), independent of g, was introduced
to account for any residual incoherent scattering due to background
after subtraction. Both x, and B were taken as free-parameters in
the data analysis. Depending on the shape or model for the micelle,
the expression for scattering amplitude A(g) can be derived [17,23]
depending on the shape and size of the scattering particle. A(g) depends
on the contrast factor, which is decided by the difference in electron
density of the particle and that of the solvent. At times, as in case of
micelles, different parts of the particle may have different electron
densities and this is reflected in expression for A(q) [24]. For example,
when a micelle has core-shell structure, the contrast factor for the shell
could be different from that for the core.

Micellar model and expression for x-ray scattering amplitude

The micelle is modeled as built of two cofocal ellipsoidal shells in
line with Borbely et al. [25] with distance d between their respective
semi-major and semi-minor axes [25-27]. That is, b, the semi-minor
axis of the core and b is the thickness of the outer shell (Figure 2). The
scattering contrast within the inner shell (core region), Ap, and in
the region between the two shells (shell region), Ap,, were assumed
constant. The core contains the dodecyl chains without any water
molecules. It is assumed that the entire hydrocarbon chain lies within
the core. The core the consisting of hydrocarbon chains is expected
to have lower electron density as compared to background matrix i.e.
water. The shell region consists of the head-groups (SO, ), counter-
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Figure 2: Schematic of the core-shell ellipsoidal model showing various
quantities.

ions (Ca?") and solvent-molecules (H,O) attached with them.
The values for volume of individual molecule/group and hydration
numbers for calculating contrast factors Ao, and s have been
taken from published literature [18-21]. The hydration number for
SO, and Ca® were kept constant for all concentrations or molar
ratios of the surfactants in the fitting procedure.

The scattering amplitude (A) for a two-shell ellipsoid is given as a
function of semi-minor axis of the core (b(), axial ratio of the core (& ),
shell thickness (d) and 6, the angle between scattering vector g and b..

Vc(bc,g)(Ap(‘—Ap:,‘)FC(q,br,g,e)Jr (3)
Vi (@..5,d)Ap,;F(q.b..6.d,0)

where, V.(b.¢)=47bc/3 and V,(b.c.d)=4n(b,+d) (bs+d)[3 are
the volumes of the inner and outer ellipsoids respectively. The form
factor for the core (F.) and the micelle (F, ) is given by

A(g.b,.6.d,0) =

sinR.q—R.qcosR.q
F.(q,b,c,0)=3"—c1 " —cd 7" 4
«(4,b,.,5,0) (ch)3 (4)
sinR,,q — R,,qcosR,,q
F ,b, ,d,g :3 M M M 5
w(4:b..6,d,0) Roq) (5)

where, Re =b,-[1+(s* =Dcos’0] and R, =b, -[1+(s* ~Dcos’ 0] +d

The thermodynamic average scattering amplitude is given by
integral over the equally probable orientations given by Eq. 6, which
were evaluated numerically.

(4(q.b,.6.d.0)) = % [4(4.b,.5.d.0)-sin(6)d6 ©)
0

The volume of the non-wetted hydrocarbon core (7,.) and the
whole micelle (7,, ) was defined as

Ve=n, [VCH3 +11-Vy, :| (7)
Vi =ng Ve, + W, Vy0+ (1-a)V . +w .V 0)]+ Ve (8)

where, Vi, Vey WV, » V.. and Vy,, are the volumes of

hydrocarbon groups ( CH, and CH,), head-group (SO} ), counter-
ions (Ca?") and solvent-molecule (H,O) respectively. WS or and
W, are the hydration numbers of head-groups and counter-ions,
respectively. The volumes and hydration numbers used were taken
from various sources [27-30]. Another important free-parameter

&=Ap,/Ap,, was introduced to account for scattering lengths in the

core and shell regions. Since these values were not available, Eq. 3 can
be re-written as

A(.b,..d.0) = Ap,, [Ve(b,.6) (& =1)Fo(q.b,.6.0) +V,, (.., d)F,, (4.b,.6.d,0) | (9)

The APy, term being a constant gets absorbed in the scaling factor
term X in Eq. 2, and while evaluating the intensity it does not affect
the overall behavior of the model profile. Therefore, absolute values of
scattering lengths are not required for this model.

It is customary to obtain Pair Distance Distribution Function
(PDDF), p(r), from SAXS data and compare it with that based on
micellar model. p(r) can be calculated from the measured X-ray
intensity (obtained using Eq. 2) by inverse Fourier transformation and
is given by:

P == [ 1@)-ar-sin(ar)dq (10)
277,

The free parameters were obtained by fitting the model intensity
curve to the indirect Fourier transformed form-factor data for the best
fit (least square). After the free parameters were determined, dependent
parameters (1, &) were computed by simultaneously solving Eqs. 7
and 8. PDDF was obtained from the fitted intensity profile and was
compared with PDDF obtained from Indirect Fourier Transformation
analysis. An approximate quality of the fit is indicated by R?. -value,
which represents the deviation of the transformation fitted points from
the calculated curve.

The R’s is defined by

- 2
R = IZV: Ii,model _7]'339? (11)
i=1 [ _Ii,app

i,app

In the above equation / oo and 7, ,a denote the approximated
and fitted intensities, respectively, is the mean value of the
approximated intensities.

Liapp

Results and Discussion

Pair distance distribution function (PDDF)

Figure 3 shows the measured SAXS distributions for all the
samples after the data have been corrected for background and empty
sample holder contributions. These data along with Eq. 10 were used
to calculate the pair distance distribution functions (PDDF) and the
results are shown in Figure 4. This involved smoothing and de-smearing
the profiles to eliminate deteriorating effects from slit length and slit
width. This has been done by computing and fitting the “smoothened”
scattering curve to the measured one using the p(r) function generated
by a series of cubic B-splines [31,32]. The solid lines in Figure 3 are
based on p(r), which was generated using cubic B-splines. And the
structure factor which was evaluated assuming hard-sphere model
(Percus Yevick approximation with average structure-factor). The
PDDF obtained by inverse Fourier Transformation is similar to what
one expects from a prolate ellipsoidal micelle with a core shell structure
[17].

The above p(r) is similar to that for elongated particles suggesting
that CDS micelles are prolate ellipsoidal. The maximum dimension
(D,,,) of the micelle or the major axis of the ellipsoidal micelle can be
obtained from the PDDF as p(r)=0 for r > D __ . Similarly, the radius R
of the micellar core and the radius R (=R + d) or diameter D_ of shell
of counter-ions can be easily identified in the PDDF. It is seen that
the value of D or the major axis of micelle decreases with increase
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Figure 3: Symbols are measured SAXS distributions, after background
subtraction, for aqueous CDS samples at 55°C. The solid lines are calculated
distributions based on cubic splines based p(r).
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Figure 4: PDDF or Distance distribution functions for CDS micellar solutions
at 55°C.

in surfactant concentration. The radius (R) of micelle core, which
signifies the hydrocarbon chain length, decreases with increasing total
concentration suggesting that chains are more folded in concentrated
solutions. The shell diameter (D_ ) and the shell thickness also increases
with increasing concentration showing higher number of counter-ions
attached to the aggregates and hence implying lower effective charge.
The presence of a second peak/distortion in the later part of the curves
is due to polydispersity of the samples.

Fitting of model based theoretical curves to experimental
data

SAXS data have been analyzed in terms of the above mentioned
model of the micelle also. That is I(g) for the above model was calculated
and fitted to resolution corrected experimental data with semi-minor

axis of the core (b)), axial ratio of the core (¢), shell thickness (d),
background (B) and normalizing constant X as parameters. Figure 5
shows the best fitted scattering curves for the ellipsoidal shape models
together with the resolution corrected experimental data. The values
of the fitted parameters are given in Table 1. It is seen that calculated
curves agree very well with the experimental data except at high ¢
values.

It can be seen that the semi-minor axis of the core, axial ratio and
the shell thicknes decrease with increasing surfactant concentration.
The maximum dimension which denotes the major axis of the whole
micelle equaling 2(b,6 +d) obtained are 9.29, 8.69, 8.00 and 7.63 nm,
respectively for 0.5, 1, 2.5 and 20 wt% surfactant. These values are about
1 nm larger than those obtained from experimental PDDF. The core
radius at all concentrations is similar to those obtained from PDDF
although it is smaller than the expected hydrocarbon chain length,
showing possible chain folding in these systems [27].

Itis interesting to note that axial ratio of ellipsoidal micelle decreases
with increasing concentration. From the trend, it is expected that the
particle might exist as rod-like structures at very low concentration.
The ratio of scattering lengths Ap,/Ap,, decreases very slightly with
increasing surfactant from which it can be inferred that some water
molecules are present in the core region and their amount increases
with increasing concentration. There is a decrease both in aggregation
number and the effective fractional charge associated with each micelle
for increasing total surfactant concentration. This decrease in fractional
charge is probably responsible for the increase of shell thickness due to
presence of attached counter-ions. We also notice that total charge on
each micelle decreases by 3 times upon increasing concentration from
0.5 to 20 wt%.

PDDF based on above model has also been compared with the
experimentally obtained PDDF and there is reasonable agreement
between them. Figure 6 shows the experimental and the calculated
PDDF for 0.5% micellar solutions at 55°C. It can be seen that the
model can perfectly simulate the initial part (low ) of the PDDF curve,
which is connected with the inner core dimensions. In later part of
the curve, a peak occurs in the fitted curve at lower values of r but it
extends and terminates at higher r values as compared to experimental

1
0.5 1 15 2 25
g (1/nm)

Figure 5: SAXS data generated using IFT at 55°C for calcium didodecyl sulfate
micellar solutions, after smoothing and de-smearing (symbols). Solid lines represent
the model fitted curve for different ¢ values generated by maximizing ge.
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Total Semi-minor | Axis ratio of Shell A A Background | Normalizing n, a R?
surfactant ¢ axis of core core & thickness d pc/ psh B factor x
(wt %) b (nm) (nm) =£
c
0.5 1.459 2.3911 1.1574 -1.5729 -0.0133 1.50E-03 89 0.325 0.9827
1 1.428 2.2324 1.1609 -1.702 -0.0302 4.20E-03 78 0.29 0.9819
25 1.3932 2.031 1.172 -1.7096 -0.0745 0.018 66 0.236 0.9802
20 1.3324 1.9774 1.1828 -2.3509 -0.1510 0.059 56 0.171 0.9948

Table 1: Best fitted free parameters for calcium didodecyl sulfate micellar solutions for different concentrations at 55°C.

Figure 6: PDDF plots for pure calcium didodecyl sulfate micellar solutions
showing comparison of model fit with experimental (approximated) one for
¢=0.5 wt% at 55°C.

one. This indicates that the value of shell thickness d obtained from the
fit is slightly lower (the inflexion point near the second peak roughly
denotes semi-minor axis of the micelle [24]) compared to actual
system. The fitted curve also gives higher maximum dimension of the
micelle. It may be mentioned that agreement between experimental
PPDF and the model based theoretical PDDF was better up to large g
values for concentrated solutions. This shows that experimental PDDF
as obtained from Fourier transform of I(q) data can be fruitfully used
for obtaining qualitative information about the aggregate.

Conclusions

Calcium didodecyl sulfate (CDS) powder has been prepared and its
purity was quantified using conductivity measurements and inductive
coupled plasma methods. Micellar solutions were prepared by
dissolving appropriate quantities of CDS powder in water. The structure
of micelles of CDS for several different surfactant concentrations
have been studied using SAXS. The qualitative information about the
shape and size of micelle was obtained by generating the pair distance
distribution function (PDDF) by indirect Fourier transformation
method. It was found that CDS micelle is ellipsoidal in shape and
its core-shell structure was clearly indicated in PDDF. The values of
various size and structural parameters of the micelle have been obtained
by fitting the scattering data to a core and shell ellipsoidal micellar
model. These studies show that size (aggregation number and major
axis of micelle) of micelle in CDS solutions decreases with increase in
surfactant concentration. Further it was seen that micellar charge also
decreases with increase in surfactant concentration.
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