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Under conditions where individual molecules are no longer soluble, the association of
amphiphiles occurs as a sequence of growth and aggregation processes: the formation of
dimers, bilayers and multilayer assemblies culminates with the production of myelin cylinders
and chains or spherulitic arrays of focal-conic units. We have examined this process using the
alkylbenzenesulphonate/electrolyte/water system as a model. The phase diagram was obtained
using optical microscopy. The kinetics of the aggregation process were followed by light-
scattering measurements and the structures of the one- and two-phase regions were examined
by optical microscopy and freeze-fracture electron microscopy. The fractal nature of the
aggregation process was investigated using an indirect Fourier transform study of the light-
scattering data. The fractal character of the whole self-assembly process was con® rmed and
an experimental value of 2 1́7 was determined for the fractal dimension (in close agreement
with the expected theoretical value of 2 1́6 ).

1. Introduction ABS forms mostly lamellar phases in binary systems
We have recently proposed a multifractal model for with water [15]. In ternary systems, with the addition

the aggregation of alkylbenzenesulpnonate (ABS) molec- of an electrolyte to the binary ABS/water system, the
ules in lamellar mesophases [1]. It is well known that formation of lamellar phases (L

a
) also occurs [16, 17].

bilayers can form a variety of structures and undergo In addition, an electrolyte can form a salt with a
many structural transitions [2], di� erent lyotropic meso- surfactant under de® ned conditions. A general precipita-
phases corresponding to packing defects and unlimited tion diagram showing the interaction of dodecylbenzene-
large deformations [3] such as the focal-conic arrays sulphonic acid and metal nitrates is given in ® gure 1
and the edge dislocation [4], or to the possibility that and shows the concentration-dependence of the various
a bilayer can fold into several global structures like phases. Usually, high concentration of an electrolyte
cubic phases [5, 6], vesicles [7 ± 9], sponge phases (above 10 Õ 1 mol dmÕ 3 ) causes the formation of solid
[10, 11], bicontinuous structures with simple cubic sym- crystals (KS), with a very fast nucleation of crystalline
metry [12] and myelin ® gures [2]. Although Fournier nuclei. The liquid crystalline phase appears above the
[13] described recently the way in which focal-conic critical micellar concentration (c.m.c.) in the equimolar
units of lamellar phases assemble to give larger struc- concentration region. Although the solid crystalline salts
tures, these structures were already understood by require the stoichiometric condition, this is not strictly
Sir W. Bragg [14]. In this paper the arrangement of a necessary for liquid crystalline phases (the results
set of focal-cones has been shown geometrically within obtained with cadmium dodecylbenzenesulphonate will
a pyramid, and it follows closely either the actual be published). The structure of both the crystalline and
arrangement within a polygon as obtained by using the liquid crystalline phases (L

a
) of magnesium dode-

crossed polarizers or is represented by focal-conic tex- cylbenzenesulphonate shows a basic bilayer organ-
ture. Although focal-conic arrangements have been ization with interplanar spacings of (30 6́ Ô 0 3́ ) and
studied in smectic phases [13, 14], the same structures (33 2́ Ô 0 6́ ) AÊ , respectively. At high surfactant concentra-
can be applied to lamellar phases, while such textures

tion, an optically isotropic, inverse cubic phase (IC) with
have also been found in the viscous samples of lamellar

a spacing of (34 Ô 0 6́) AÊ has been observed [18].
phases separated from supernatant solutions.

The in¯ uence of temperature on the nucleation pro-
cesses [19], in the case in which the solutions have been
mixed together at higher temperatures showed that*Author for correspondence.
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18 � . TezÏ ak et al.

in ternary or multi-component systems by mixing the
aqueous solutions of ABS above the c.m.c. with metal
nitrates in an equimolar ratio [17].

The aqueous solution of dodecylbenzenesulphonic
acid (HDBS), a commercial product of Ventron,
Germany, was used as the surfactant. The standardiza-
tion was performed potentiometrically with standard
NaOH solution. Analytically pure Mg(NO3 )2 from
E. Merck, Darmstadt, dissolved in water, was standard-
ized complexometrically. More detailed information
about chemicals and the procedures has been published
earlier [16]. Doubly distilled water was used in all
experiments.

2.2. Methods
The onset of dimerization, the critical micellar concen-

tration, as well as the patterns of size, mass and volume
distribution of particles, were determined by light-scat-
tering, using the static (SLS) and dynamic (DLS) light-

Figure 1. Schematic representation of the phase diagram scattering photometer Otsuka 700. The conditions of
contours of the HDBS/electrolyte/water system. In the measurement have been described earlier [1]. For calcu-most dilute region at the top right, there are individual

lations using the light scattering data, the particle sizehydrated ions and individual amphiphile molecules; at the
distribution was taken as mono-modal. Although sometop left, at high electrolyte concentrations, the ions are

associated into ion pairs and higher aggregates; at the of the systems showed bi-, and tri-modal distribution, it
bottom right there is a micellar solution. At higher was found that the number of small particles in any
amphiphile concentrations there are the lamellar L

a distribution was su� ciently predominant to justify this.phases, the crystalline solid, KS, and at the highest
A fractal study of the light-scattering data was carriedamphiphile and electrolyte concentrations, an inverse
out using IFT.cubic phase IC.

The thicknesses of the lamellar bilayers were deter-
mined using a standard Siemens X-ray di� ractometer
and Si-crystal monochromatized CuK

a
radiation.the formation of crystal nuclei is favoured by higher

temperatures, due to the increased energy. Freeze-fracture transmission electron microscopy
(FFTEM) photomicrographs were obtained by courtesyIn the present paper we propose a model for the

formation of lamellar phases by alkylbenzenesulphon- of the University of Braunschweig, Germany. The liquid
crystalline textures of the macro-phases were determinedates. The dynamics of the amphiphile association show

that this can not be treated as a continuous process using a Leitz Wetzlar optical microscope with polarizing
equipment.[20]. A fractal model for the self-association process is

proposed on the basis of the indirect Fourier transform
(IFT) of the light-scattering data, polarization micro- 3. Results and discussion

3 1́. Aggregation modelscopy, freeze-fracture transmission electron microscopy
(FFTEM) and X-ray di� raction measurements. HDBS begins to form dimers at concentrations above

4 Ö 10 Õ 4 mol dmÕ 3, and the c.m.c. is 1 7́ Ö 103 mol dmÕ 3The mathematical model being tested in this paper
was analysed in the Guinier regime in terms of the [15]. The liquid crystalline phase separates out above

the c.m.c. in the samples containing electrolyte. Inscattering intensity from a single spherulite cluster, as
well as in the intermediate regime in terms of total ® gure 1, the equilibrium precipitation limit and the

regions of di� erent precipitated phases from the super-scattering intensity from a polydisperse fractal sample.
In order to study structural details of a polydisperse natant solution are shown schematically for bi-, and tri-

valent cations. The X-ray di� raction contains severalsample we consider the pair distance distribution
function. orders of sharp maxima which con® rm that the liquid

crystalline phase is lamellar [21]. Generally, the
interplanar distance for lamellar phases of all HDBS-2. Experimental

2.1. Materials metal salts investigated (uni-, bi-, and tri-valent) was
32 1́± 34 6́ AÊ [17]. For comparison, the calculated lengthLyotropic liquid crystalline phases are usually formed

in binary systems by mixing ABS with water [15], or of the linear C12 molecule is 26 5́ AÊ . Considering the
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19Molecular organization in the alkylbenzenesulphonate/electrolyte/water system

hydrocarbon chains are ¯ exible, it can be assumed that
a water layer between the hydrocarbon parts within the
bilayers amounts to 3 ± 4 AÊ . It can also be assumed that
the hydration forces of the cations can cause small
di� erences in thickness of the aqueous part within the
bilayer.

The dynamics of the development of a lamellar phase
can be considered in terms of a hierarchy of e� ects: the
molecular association in solution, the growth of primary
particles, and the aggregation of primary particles into
secondary structures. This was shown by following the
kinetics of liquid crystal formation which develops at
consecutive time intervals, including fast growth and
steady-states [20]. This process is represented in the
scheme:

Figure 2. Freeze fracture transmission electron micrographs
of the sample containing [Mg(NO3 )2]=6 Ö 10 Õ 2 molScheme. Schematic representation of the association steps of
dm Õ 3 and [HDBS]=6 Ö 10 Õ 2 mol dm Õ 3; total mag: (a)ABS surfactants in solution: ( i ) dimerization, formation
110 000 Ö , (b) 42 000 Ö , (c) 86 000 Ö .of uni-lamellar, multi-lamellar phases (A ), and myelin

cylinders (Bo ); ( ii) folding of multi-lamellae to a globular
(focal-conic) form (B ); ( iii ) aggregation of globular primary structural unit of both a ¯ at (A ) or a bent lamellar phase
particles into the primary aggregates, i.e. necklace chains

(B ). The bilayers form a multilayer. The depth of a b̀asic(C ); ( iv) aggregation into secondary aggregates (Dsc and
multilayer stack’ (one of them is denoted by arrows inD sph represented as E ).
® gure 2 (a)) amounting to either 90 or 120 AÊ was calcu-
lated from ¯ at and from bent lamellar l̀ayers’, corres-(1) According to the FFTEM micrographs in ® gures

2 (a) ± 2 (c) a 30 AÊ bilayer can be considered as the basic ponding to three or four bilayers in the basic stack.
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20 � . TezÏ ak et al.

(2 ) The formation of a primary spherulite (B ) involves in the scheme. It can easily be imagined that the spiral
from (Dsph ) expanded in three-dimensions can be repres-the bending of the lamellar multilayer ( ® gure 2 (a)) .

According to Fournier and Durand [13] it is very ented by a cone (E ) (some primary cones are presented
inside the cone (E ) .probable that such a structure is a cone. It is shown in

® gure 2 (a) that some multi-lamellar structures do not
fold into focal-conic units; they are represented by the 3.2. Fractal approach by the Indirect Fourier
parallel lines. In addition, it is apparent from the rows T ransformation method
of small spherical images in ® gure 2 (b) that only mono- The aggregation kinetics [20], as well as the micro-
disperse particles are allowed to form a chain aggregate. scopic observations (the well expressed stepwise aggrega-

(3) The aggregation of primary spherulites into a tion, both by electron and polarizing microscopy),
secondary structure that can produce a chain-like indicate the possibility that these processes generate
aggregate resembling a necklace (C ) is shown in the fractal structure. In this paper we shall appraise means
TEM micrograph in ® gure 2 (c). The sinusoidal trace for an indirect Fourier transformation (IFT) [23± 25],
represents the place where the focal-conic units originally the assumption of a fractal (multi-fractal ) growth and
were before the freeze-etching. It can be determined from aggregation of the lamellar phase considered recently by
the micrograph that the depth of this particular chain is us [1].
440 AÊ , which is a reasonable size for the basic multilayer The data used for the fractal analysis were those
to be folded into a cone. In addition, the typical lamellar obtained from static light-scattering (SLS) described in
myelin forms are also present in some samples. It can the previous paper [1] and for particle size determina-
be assumed that myelin cylinders can include one folded tion those from the dynamic light-scattering (DLS) (this
bilayer, or even a multilayer, schematically represented work). The basic assumptions concerning our calculation
by hollow cylinder (Bo ) in the scheme; the myelin forms are as follows. (1) The sizes of the primary spherulites

can be seen in the optical photomicrographs ( ® gures ( ® gure 2, and the scheme), which are supposed to be
3 (a) , 3 (b) and 3 (c). Such structures are also assumed focal-conic units, are assumed to be smaller than the
[3, 6] to be present as basic forms. wavelength of the incident light which is l0=488 nm.

(4) Further aggregation steps include folding of the The sizes of the cones, calculated from spherical traces
primary particles, usually chain-like aggregates into from FFTEM micrographs amount to 40± 440 nm
either large secondary spherulites ( D sph ) or into parallel ( ® gure 2 ); in addition, it is obvious from the FFTEM
stack aggregates ( D ch ). These forms can be seen in ® gures photomicrographs that the sizes of most primary par-
3 (d ) ± 3 ( f ) . The sizes of these spherulites vary from 2 5́ ticles are even smaller. (2 ) The cones have been approxi-
to 60 mm. The appearance of sinusoidal traces in the mated to by spheres having a diameter equal to the
optical birefringence texture in ® gures 3 (d ) , 3 (e) and radius of gyration.
3 ( f ) , which has already been observed in many samples The average particle sizes exhibiting a Gaussian dis-
[16, 22], reminds us of the similar traces from the persity distribution from DLS data show an exponential
FFTEM-micrograph showing presumably the chain-like time function; we can consider that after 1 day the
aggregation of primary spherulites. These textures can system is equilibrated ( ® gure 4).
be considered to represent the chain-like aggregation of In the dilute regime, the multiple light-scattering of
secondary spherulites or macrospherulite. It can be the spherulite clusters can be neglected, and the total
assumed that the curved lines indicate the places where scattering intensity is given by
the macro-spherulites are connected together. It can also
be assumed that primary spherulites can form fractal It (Q)= P Nt ( M )I (Q , M ) d M (1 )
objects, secondary spherulites, as indicated by a cone (E )

Figure 3. Optical photomicrographs showing lamellar phases in equilibrium with the supernatant solution: (a) a long, myelin
type cylinder bent in several places, [Mg(NO3 )2]=4 Ö 10 Õ 3 mol dm Õ 3, [HDBS]=6 Ö 10 Õ 3 mol dm Õ 3, t=20 ß C, crossed
polarizers +l-plate at 45 ß , total mag. 450Ö ; (b) the same sample as in (a) without polarizers; (c) myelin ® gure presumably
formed by twisting the cylinder, this is a di� erent sample but under the same conditions as in (a) (except t=40 ß C); (d ) chains
of secondary aggregates with sinusoidal traces, note the indistinct lines in the centre resulting from a row of particles that are
moving very fast and forming a chain-like stick aggregate, [Mg(NO3 )2]=1 Ö 10 Õ 2 mol dm Õ 3, [HDBS ]=2 5́ Ö 10 Õ 3 mol dm Õ 3,
t=40 ß C, polarized light, l-plate, total mag. 180Ö ; (e) texture with chain-like aggregates exhibiting the sinusoidal traces and
indicating the connection areas of the single particles, [Mg(NO3 )2]=6 Ö 10 Õ 2 mol dm Õ 3, [HDBS]=6 Ö 10 Õ 2 mol dm Õ 3, t=
5 ß C, crossed polarizers+ l-plate, total mag. 180Ö ; ( f ) formation of a large globular secondary aggregate by coiling the chains
of particles, the di� erence should be noticed between the coil in the middle of ® gure 3 ( f ) and the spherulitic structure showing
maltese crosses, [Ba(NO3 )2]=5 Ö 10 Õ 2 mol dm Õ 3, [HDBS ]=5 Ö 10 Õ 2 mol dm Õ 3, t=20 ß C, crossed polarizers+l-plate, total
mag. 450 Ö .
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Figure 4. Kinetics of the aggregation, presented as a particle

diameter versus time plot, for the sample of magnesium
dodecylbenzenesulphonate prepared by mixing aqueous Figure 5. The fractal dimension D of the c̀olloidal’ liquid
solutions of Mg(NO3 )2 (c=6 Ö 10 Õ 2 mol dm Õ 3 ) and crystalline phase, determined from the slope from the
HDBS (c=6 Ö 10 Õ 4 mol dm Õ 3 ). This shows that equilib- scattering intensity versus length of the scattering vector
rium was established after approximately 16 hours, since plot 1 day after preparation of the sample (the same as
the maximum particle size does not increase after this time. in ® gure 4).

and represent the average cluster mass or molecular
where Q = ( 4pn/l) sin (h/2 ) denotes the length of the scat- mass and the z-average cluster radius of gyration at time
tering vector, n is the refractive index, l is the wavelength t, respectively.
of the incident beam in the scattering medium, and h is If R ( M ) 3 M Õ d

f, where df is the fractal dimension of
the scattering angle; Nt ( M ) denotes the number of spher- the cluster, and Nt ( M ) 3 M Õ t, where t is the polydispers-
ulite clusters of mass M in the scattering volume V at ity exponent [26, 27], then there is a power law relation
time t. The scattering intensity from a single spherulite between Mw and Rg given by
cluster of mass M is I (Q , M ) 3 M2 P[QR ( M )], where

Mw ( t) 3 [Rg( t)](3 Õ t
)d

f. (7 )P[QR ( M )] denotes the form factor of the cluster of mass
M and radius R . In the intermediate regime, where QRg ( t) µ1, the total

In the Guinier regime corresponding to the condition scattering intensity from a polydisperse fractal sample is
QR ( M ) <1 we have

It (Q)3 Q Õ D (8 )

I (Q , M ) = I ( 0, M )A1 Õ
1

3
Q 2R2 ( M )+ ´ ´ ´B where the exponent D = ( 3 Õ t)d f may be considered as

an e� ective fractal dimension of the ensemble of clusters
having on average a mass Mw( t) and a radius Rg ( t) . Inwhere I ( 0, M ) 3 M2, and
order to extract d f from the measured exponent D , it
is necessary to perform a separate determination ofIt (Q)3 r V Mw ( t)A1 Õ

1

3
Q 2R2

g ( t) + ´ ´ ´B (3 )
the exponent t by studying in detail the particle size
distribution Nt ( M ) in the sample.

Here, V is the scattering volume, and r the mass per
Experimentally determined fractal dimensions,

unit volume, i.e.
obtained from SLS data, are given in table 2. The change
in the slopes for three determinations at three di� erentP MNt ( M )d M=r V. (4 ) times are presented in ® gure 5, and show that the sample
was equilibrated after 1 day; consistently, the fractal

The quantities Mw( t) and R2
g ( t) are de® ned as dimension can be considered to be D =2 1́6. The ® t

between values of 1g Q =2´4 ± 1´8, demonstrating the
Mw ( t) =

1

r V P M2Nt ( M ) d M (5 ) fractal scaling at short length scales, can be considered
as relevant to two dimensional, di� usion limited cluster
aggregation (DLCA), according to Earnshaw’s studiesand
of a structure factor in colloidal aggregation [28].
In addition, the fractal dimensions of the clustersR2

g ( t) =
1

r V Mw( t) P R2( M ) M2Nt ( M ) d M, (6 )
determined by SLS measurements on Ludox colloidal
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23Molecular organization in the alkylbenzenesulphonate/electrolyte/water system

Table 1. Structural form and size of the possible aggregation steps proposed for the amphiphile (to ® t the Scheme)

Sign Form Size/nm Method

Processes: ASSOCIATION and GROWTH
A monomer 2 6́5 calculated
A dimer light scattering
A bilayer 3 3́ X-ray di� raction
A ¯ at lamellae: 3± 4 bilayers 9± 12 FFTEM
Bo myelin cylinder polarization microscopy
B primary spherulite: cone a70± 330 FFTEM

Process: AGGREGATION
C cones connected into chain a FFTEM

Dch stack of chains 109± 136 light-scattering ( IFT)
Dsph secondary spherulite: top view b polarization microscopy

E= Dsph secondary spherulite: side view

a Primary spherulites di� er in size, but only the monodisperse spherulites form the chains.
b The sizes of secondary spherulites from polarizing microscopy data were found to be 2 5́± 60 mm in diameter.

Table 2. Fractal dimensions of the liquid crystalline sample function
of Mg dodecylbenzenesulphonate: [Mg(NO3 )2=
6 Ö 10 Õ 4], [HDBS =6 Ö 10 Õ 4] (concns. in mol dm Õ 3 ). pt (r)= r

D Õ 1
f (r/j(t)) (12)

where f (r/j(t)) is a scaling function that is assumed tot/min D Ra SDb

decay rapidly for r>j( t) , and is a simple constant for
10 1 7́7 0 9́975 0 0́25 r%j( t). Here j( t) is a cut-o� length scale at a time t
60 1 8́4 0 9́982 0 0́22 which is related to the average radius of gyration Rg ( t)1440 2 1́6 0 9́954 0 0́41

by
a R =correlation factor.

Rg ( t)=AD j( t) (13)b SD=standard deviation.

where a constant AD is

aggregates showed that the linearity in the I (Q) versus
A2

D= P x
D+1

f (x) dxN A2 P x
D Õ 1

f (x )dxB (14)Q plot can also be ® tted over a narrow range [29].
In order to study structural details (fractality) of such

The form of the scaling function f (x) depends on detailsa polydisperse sample, we consider the pair distance
of the aggregation mechanism, which for real systems isdistribution function, pt (r), calculated from the scattering
almost unknown. A way of avoiding this problem is tointensity, It (Q) , via the indirect Fourier transformation
choose a simple functional form for f (x) that has the(IFT). The relation between the scattering intensity,
required limiting behaviour for x >1 and x %1 andIt (Q) , and pt (r) for non-oriented clusters is given either
hope that this is su� cient to ® t the data. We assume forby the Fourier transformation (FT)
f (x) a behaviour of the type

It (Q)=4p P 2

0

pt (r)
sin (Qr)

Qr
dr (9 ) f (x) = f 0 exp (Õ xb) (15)

which is known as a stretched exponential, with theor by IFT if pt (r) is calculated from It (Q)
stretch exponent b characterizing indirectly the cluster
size probability distribution Nt ( M ) . The curve-® tting

pt (r) =
1

2p2 P 2

0

It (Q) (Qr) sin (Qr) dQ. ( 10 )
approach to the data with t =1 day, c (HDBS)=
6 Ö 10 Õ 4 mol dmÕ 3, and c (Mg(NO3 )2 )=6 Ö

It is easy to see that in this case 10 Õ 2 mol dmÕ 3 ( ® gure 6), gives the data using values
for the parameters f 0 , j, b and D : f 0=3´76 Ö 10 Õ 5,

pt (r)= P p M(r)Nt ( M ) d M (11) j( t=1 day)=490 nm, b=1 6́3, D =2´17. The fractal
dimension found, D =2´17, is what is expected for the
lamellar phase [1], and is in full agreement with thewhere p M(r) is the pair distance distribution function

[27] of a cluster of mass M. The fractal structure of the experimentally determined value D =2´16.

The calculated values of the p (r) functions aresample is re¯ ected in the behaviour of the pair distance
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increased afterwards, due to the equilibration of the
lamellar phase after 1 day.

4. Conclusion

In this paper the HDBS/Mg(NO3 )2 /water system was
taken as a model for an explanation of the aggregation
process following the formation of lamellar phases of
ABS-compounds. Following the experimental investi-
gation of the kinetics and structure, as well as the
theoretical treatment using IFT of the light-scattering
data, it was found that the self-assembly of particles in
dynamic stages can be treated as a fractal object; con-
sequently, the dynamics of formation can be mainly
considered through the processes of: ( i ) association of
molecules to form dimers and bilayers, (ii ) growth of
¯ at uni-lamellar into multi-lamellar stacks, (iii) foldingFigure 6. Pair distance distribution function for the lamellar

phase of the same sample as in ® gure 4; in ® tting curve of the multi-lamellar stacks into globular particles (focal-
after 1 day is shown as the unbroken line, the experimental conic units), that can be considered as primary particles,
points show the direct structure determination. (iv) aggregation of primary particles into secondary

structures.
It has to be emphasized that the self-assembling naturepresented by the separate points in ® gure 6; the ® tting

of the amphiphile aggregation was proven by the experi-curve uses t =1 day and the size range of 10± 800 nm.
mental facts: the thickness of the basic uni-lamellar unitSince the direct structure determination can be carried
is 33 AÊ , the ¯ at lamellae contain 3± 4 bilayers, the multi-out from the pair distance distribution function [30, 31],
lamellar aggregates have 33± 41 uni-lamellar units, andin the system under investigation it can be recognized
also the aggregation of primary or secondary particlesfrom the p (r)/r= f (r) plot in ® gure 7. The thickness of a
(as observed either at the micro- or macro-level ) gives¯ at lamellar particle can be easily determined from the
the same images; in addition, the theoretical and experi-transition point, when the linearly increasing part of the
mental value of the e� ective fractal dimension for thiscurve ends. This transition occurs when the thickness of
lamellar phase was found to agree very well, D =2´16a ¯ at particle, i.e. the thickness of the lamellae d, is equal
and D =2´17, respectively. Such a fractal approachto the radius r. From the light scattering measurements
to the formation of heterogeneous systems of lamellarafter 10 minutes and 1 day, plotting p(r)/r= f (r), it
liquid crystals having polydisperse particles in solutioncan be calculated that 33 and 41 unilamellar layers
has been applied here for the ® rst time to give satis-stick together to form ¯ at multi-lamellar aggregates
factory agreement between experimental results and theamounting to 109 and 136 nm in thickness, respectively.
theoretical model.The measurements after 10 and 60 minutes showed the

same values for the multi-lamellar stack; the value
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