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Abstract

A conductivity technique has been developed, being highly useful for studying the
association behaviour of cyclodextrins (CDs) with surfactants. In this paper, the
complexation of B-cyclodextrin with alkyl sulfonates and alkyl sulfates with different
carbon chains (from 10 to 16) is analysed. The effect of the ionic head group in the most
hydrophobic surfactant is also analysed. The association constants for 1:1 and 1:2
complexes are calculated on the basis of a second and a third degree equation; in the
latter a real solution of a Cardin-Tartagliae formula is applied to solve the third degree
equation.
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Introduction

The beneficial modification of guest molecular properties after the formation of
an inclusion compound leads to a large number of applications related to
chemical synthesis and catalysis, pharmaceutical chemistry, and analytical
chemistry [1].

Surfactants are particular guest compounds. The relevance of these studies is due
to the fact that these systems can be used to mimic the effect of cyclodextrins on
phospholipids, a major constituent of cell membranes [2]. Therefore, the
properties of inclusion complexes formed between surfactants and CDs have
received particular attention in the last two decades and different techniques [3-5]
have been used.
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Cyclodextrins are cyclic oligosaccharides [6] in the shape of truncated cones with
hydrophilic external surfaces and relatively nonpolar cavities. The B-cyclodextrin
is composed of seven glucose units, being the inner cavity diameter 0.78 nm, and
the total diameter 1.53 nm. The height of these cyclodextrins is 0.79 nm. The
cavity is lined by the hydrogen atoms and the glycosidic oxygen bridges.

A significant property of CDs is their ability to include other organic or inorganic
compounds into their cavities, both in the solid state and in solutions to form
inclusion complexes. Such interactions result in an alteration of the physical
properties of the solution, and these properties have been used in areas as divers
as enzymatic synthesis [7], drug delivery [8], catalysis [9], and energy transfer
studies [10]. The theoretical basis of such interactions has been analyzed [see, for
example, ref. 11] to understand how cyclodextrins may affect the structures of
compounds and their solutions [12].

There is a particular interest in the interaction of surfactants with cyclodextrins
[13-15], both because the potential for modulating surfactant properties, and
because the possible importance of mixed surfactant/cyclodextrin systems in
commercial formulations [16-17].

In the present paper, the interactions between B-cyclodextrin and sodium alkyl
sulfonates are analysed by electrical conductivity measurements. The effect of
the chain size (from C12 to C16) in the sodium alkyl sulfonates in -cyclodextrin
solutions is analysed. With an appropriate approach, the association constants for
1:1 and 1:2 (surfactant: cyclodextrin) complexation are calculated.

Experimental

B-CD was purchased from Aldrich with a water content of 13.1 %, as determined
from thermal analysis. Sodium decyl 1-sulfate (DSA), sodium dodecyl benzene
sulfonate (SDBS), sodium hexadecyl 1-sulfate (SHS) and sodium hexadecyl 1-
sulfonate (SHSo) were obtained from Aldrich and they were used without further
purification.

Aqueous solutions were prepared by using Millipore water (i =(0.7-0.9)x10* S
m™). All solutions were freshly prepared just before each experiment.

Solution electrical resistances were measured with a Wayne-Kerr model 4265
Automatic LCR meter at 1 kHz. A Shedlovsky-type conductance cell, with a cell
constant of around 0.8465 cm™ was used [18]. Measurements were taken at 25.00
+ 0.01 °C in a Grant thermostat bath. Solutions were always used within 12 hours
after preparation. In a typical experiment, a surfactant solution was placed in the
conductivity cell; then, aliquots of the B-CD solution (the solvent used is the
same surfactant solution placed in the conductivity cell) were added in a stepwise
manner using a micropipette. The conductance of the solution was measured
after each addition.

Experimental Results

Figs. 1 and 2 show the effect upon the molar conductances of pre-micellar
sodium decyl 1-sulfate (cme = 3.26x107 M) [19] and sodium dodecyl benzene 1-
sulfonate (cmc = 1.6 mM (23 °C)) [19] solutions of adding B-cyclodextrin. The

molar conductance decreases sharply as B-CD was added because the anionic
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surfactants complexed by B-CD are less effective as charge carrier. In this
procedure we assume that sodium ions are not complexed in any extent [20]. It is
also possible to find that the alteration on the surfactant molar conductivity, with

the increasing of B-CD concentration, is markedly higher with C12 sulfonate than
with C10 sulfate derivative.
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Figure 1. Molar conductivity of 1.007 mM sodium decyl 1-sulfate with added B-

cyclodextrin. Solid line represents molar conductivities predicted by egs. (1-9) using
the parameters shown in Table 1 (see following section for details).
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Figure 2. Molar conductivity of 0.110 mM sodium dodecyl benzene 1-sulfonate with

added B-cyclodextrin. Solid line represents molar conductivities predicted by egs. (1-9)
using the parameters shown in Table 1 (see following section for details).
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Figure 3. Molar conductivity of 0.0958 mM sodium hexadecyl sulfate with added B-
cyclodextrin. Solid line represents molar conductivities predicted by egs. (1-9) using the
parameters shown in Table 1 (see following section for details).
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Figure 4. Molar conductivity of 0.1065 mM sodium hexadecyl sulfonate with added B-
cyclodextrin. Solid line represents molar conductivities predicted by Egs. (1-9) using
the parameters shown in Table 1 (see following section for details).

Figs. 3 and 4 show the effect of B-CD on the molar conductivity of sodium
hexadecyl sulfate (cmc = 5.8x10% M, T = 40 °C [19]) and sulfonate (cmc =
7.0x10™* M, T=50 °C [19]), respectively. In these figures, the effect of the anionic
head group on a CI16 structure surfactant is analysed. The experiments were
carried out in the absence of micelles.

The effect of B-CD addition on the conductance curves of DSA and SDBS shows
a two different linear section, the intersection of which indicates 1.1:1 and 1.2:1
(cyclodextrin: surfactant) stoichiometric species. This procedure can be done

132



A.JM. Valente et al. / Portugaliae Electrochimica Acta 24 (2006) 129-136

assuming a very high equilibrium constant to complex formation (see, e.g., eq.
1). These stoichiometric values may suggest that mainly 1:1 complexes are
formed. This is in close agreement with those data reported in literature to
surfactants with the same carbon chain length [13, 21]. However, the analysis of
the systems with hexadecyl derivatives is rather complicated once no linear
sections are clearly found; furthermore, it is possible to observe that a slightly
increase in the molar conductivity occurs at higher 3-CD concentrations; such
increase can be modelled using a 2:1 complexation, which is also in agreement
with data reported in the literature [see, for example, ref. 21].

Modelling approach

From the above discussion, the interaction of the surfactant (S) and CD may lead
to 1:1 and/or 1:2 complexations. On the assumption that a 1:1 complex (CD-S)
between B-cyclodextrin (CD) and surfactant (S) is formed (cf. eq. (1) below), the
stability of the inclusion complex can be described in terms of an association
constant, K, as defined in eq. (2):

CD+S = CD-S (1)
K, =[CD-S]/([CD] [S]) (2)

In the circumstances where a 2:1 (CD:S) association takes place, the following
equilibrium should be considered

CD-S +S = CD,-S 3)
and, consequently the association constant, K,, is defined as
K, =[CD»-S]/([CD] [S]) 4
According to the law of conservation of mass
[S]iee = [Slow — [CD-S]-[CD,-S] 5)

and
[CD]fee = [CD]iotal — [CD-S]-2[CD,-S] (6)

Considering the CD concentration range where the free monomer surfactant and
the free B-CD are in equilibrium with the complexes, the observed specific
conductance, K, can be expressed as

K =Ks + Kcp-s T Kep-s (7)

where Kg, Kcp.s and Kcp ,-s are surfactant and the complexes (1:1 and 2:1) specific

conductances.
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Taking into account the definition of molar conductivity, and from eqgs. (1-6), eq.
(7) can be re-written as

AS +ACD—SK1 [CVD]-F/\CDZ—SI<II<2[CVD]2 (8)

A=
1+ K,[cD]+ K K, [cDT

where A is the observed molar conductivity. The free cyclodextrin concentration
[CD] is given by

[cD] + (KL ~[cD], +2[s], J[CD]Z + [K IK + [IS(L - [C;f]f J[CD]— % =0 )

The free cyclodextrins concentration can be estimated through an analytical
solution of the real solution of a third-degree equation

f(x)=x"+ax’ +bx+c (10)

using a so-called Cardin-Tartaglia formulae

x=r—>1/3)a—(q/r) (11

where
12
q:lb_la2 ( )

3 9
and
(13)
r:i/lab—lc—ia3 + Lb3 —labc+lc2 +ia3c—iazb2
6 227 27 6 4 27 108

Once the value of [CD] has been obtained (Eq. 9), the values of the other
parameters involved were calculated using the GNUPLOT software. The
obtained results for association constants, K, correspond to those where the sum
of squares of the residuals between calculated and observed values of the molar
conductivity is minimized. The calculated association constants and other fitting
parameters are given in Table 1.

In the less hydrophobic surfactants (DSA and SDBS), an increase of the carbon
chain length (from C10 to C12) is followed by an increase of K, in a factor of 4.
These results can be compared to those reported in literature to DSA/a-CD,
K,=2020 M [13] and to SDBS/a-CD, K;=5730 M™' [13]. These results show
that, increasing the hydrophobicity of the surfactant, the solution becomes more
entropic, and the presence of a hydrophobic cavity of cyclodextrin, which will be
able to reduce such entropy, is quite favourable increasing K. Comparing the
values of a- and B-CD to DSA, it is possible to observe that K is higher in the

134



A.JM. Valente et al. / Portugaliae Electrochimica Acta 24 (2006) 129-136

system where surfactant fits well the cyclodextrin cavity; however, when the
surfactant carbon chain length increases, such effect becomes less important and
can be even neglected once the entropy of the mixture becomes the main
parameter influencing complexation and, consequently, association constants
drastically increase. In fact, K; to SDBS in a- and B-CD are approximately the
same. This is consistent with the results reported elsewhere [5].

Table 1. Association constants for the inclusion complexes S:CD at 25 °C.

S [Slow/ As/ASm®  Acps/(Sm’ Ac_s (8 K, /M7 K,/ MT Res*
mM mol™) mol™) m? mol!)
DSA 1.01 0.00379 0.00513 1375 1.72x1077
SDBS 0.110  0.00720 0.00635 5960 5.56x1071°

SHS 0.0958 0.01163 0.00932 0.01129 9700 6760 1.15x10*

SHSo 0.106  0.00634 0.00467 0.00685 8090 6600 1.47x10”

2
* Res = Z(yﬁt —yexp) where yy;, is the yy-value obtained by using the fitting equations and y,,, is the

experimental molar conductivity.

The effect of the ionic head group in the C16 surfactant is also analysed. The
fitting of experimental data to eqs. (1-9) shows that K;>K,, which indicates that
the formation of the 1:1 stoichiometric complex predominates rather than the 2:1.
It is also found that the global association constants (K=K,.K,) are approximately
the same to sulfate and sulfonate hexadecyl surfactants, 6.6x10’ M~ and 5.3x10’
M, respectively. These results show that the applied model can be used to
calculate the association constants even for very hydrophobic surfactants.
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