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Abstract. Surface tension measurements have been performed at 25°C for aqueous mixtures of
dodecylpyridinium chloride and B-cyclodextrin in 0.1 M NaCl. Data analyses assuming 1:1 stoi-
chiometry were applied to estimate the complexation constant of the host-guest complex formation.
The technique yields consistent results for solutions with a swamping, constant concentration of a
simple inorganic electrolyte.
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1. Introduction

Cyclohexaamylose and its hepta- and octa-homologues constitute a group of the so-
called cyclodextrins (denoted by a-, 8- and y-CD respectively), which are capable
of forming inclusion complexes with a wide variety of chemical species [1-4].
The cyclodextrins are known to strongly complex cationic, anionic, zwitterionic
and nonionic surfactant molecules in aqueous solutions. Inclusion of an ionic
amphiphile in the cavity of the host decreases the mobility of the trapped ion. This
effect has been broadly exploited in conductometric studies on the stoichiometry
and formation constants of cyclodextrin-ionic surfactant complexes [5-22]. It has
also been applied in developing electrophoretic techniques of separation of a variety
of ionic compounds complexed by cyclodextrins [4].

It is generally accepted that the hydrophobic moiety of the surfactant penetrates
the cavity of cyclodextrin. One may thus expect a decrease in surface activity of the
surfactant upon complexation. In fact, Szejtli [2] has illustrated the anti-frothing
effect of 5-CD on a commercial detergent. To date, relatively few surface tension
studies have been undertaken of the CD-surfactant systems in aqueous solutions.
The available results indicate that the complexes do not exhibit surface activity
since solutions containing cyclodextrins in large excess had a surface activity
comparable to that of pure water [5, 12, 13, 16, 23, 25]. Loss of surface activity
of the complexed amphiphile is accompanied by loss of tendency to form micellar
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systems i.e. an apparent increase in the critical micelle concentration (cmc) is
observed in the presence of cyclodextrins [5, 11, 13, 16, 24].

Surface tension measurements seem thus to be more suitable for studying com-
plexation of surfactants by cyclodextrins than conductivity measurements where
only small differences between equivalent conductances of the free and complexed
ions are encountered. Okubo et al. initiated such studies for the 8-cyclodextrin-
cetyltrimethylammonium bromide system (CTABr) [5]. They pointed out that if
the complexed electrolyte has no surface activity, the observed surface activity of
the system is attributed to the free monomeric state electrolyte and the equilibrium
constant for the formation of inclusion complexes, therefore, can be determined
by using the surface tension vs CTABr concentration profiles in the presence and
absence of CD. The authors, however, were not able to carry out such a determina-
tion because, as they stated, of the comparatively large experimental error partic-
ularly in the concentration region of CTABr where the surface tension decreases
sharply. Such a finding appears to have discouraged workers in this field since in
later reports on the surface tension of ionic amphiphiles in the presence of cyclodex-
trins, this approach has not been attempted. The situation seems more promising
in the case of nonionics. Nelson and Warner [24] were able to derive from their
surface tension data the values of binding constants for three different nonionics
complexed by 8-CD and quite recently Funasaki et al. [26] have shown that the
surface tension data for aqueous solutions of dodecyl maltoside with cyclodex-
trins, reported by Saenger and Muller-Fahmow [25], yield acceptable values for
the binding constants when formation of ternary and/or quaternary complexes of
the CD;,-S, CD-S; and CD»-S, type, is taken into account (S indicates the surfac-
tant). They concluded that the surface tension method can be used as a unique tool
for the investigation of cyclodextrin-surfactant interactions. It should be pointed
out, however, that estimation of the concentration of the uncomplexed surfactant
made by referring to the dependence of surface tension on the concentration of the
surfactant in the absence of CD may be valid for nonionics only, unless a swamp-
ing amount of inorganic electrolyte is added to the solution of ionic surfactants.
Complexation of the latter generates a surface inactive electrolyte which has a
co-ion common with the surfactant. The surface tension reflects the activity of the
surface active ion and of its counter-ion. One should thus take into account the
‘salting-out’ effect due to the formation of the ions of the complexed surfactant
or assure a constant activity of the counter-ion by using a sufficiently high con-
centration of a simple inorganic electrolyte. We decided to check the correctness
of this reasoning by carrying out surface tension measurements for solutions of
dodecylpyridinium chloride and $-CD in 0.1 M NaCl. The surface properties of
solutions of this surfactant in the presence of swamping amounts of electrolytes
have been thoroughly studied by Rosen e al. [27].
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Fig. 1. Surface tension isotherm for dodecylpyridinium chloride in 0.1 NaClL.

2. Experimental

n-Dodecylpyridinium chloride monohydrate (DPCI) was synthesized and puri-
fied by the method described previously [28]. 8-Cyclodextrin (Chinoin) was used
without further purification. Thermogravimetric analysis and vacuum drying over
phosphorus pentoxide indicated that the material contained eleven water molecules
per molecule of 3-CD. Sodium chloride of analytical grade was dried at 300°C. The
solutions were prepared in doubly distilled water. Surface tension measurenents
were performed at 25 £ 0.1°C with the drop weight method.

3. Resulis and Discussion
3.1. SURFACE PROPERTIES OF DODECYLPYRIDINIUM CHLORIDE

The surface tension isotherm measured for DPCl in 0.1 M NaCl at 25°C is shown
in Figure 1. The concentration range studied was from 0.1 to 10 mM i.e. it covered
the cmc which, according to Rosen et al. [27], is 4.8 mM. In the premicellar
concentration range of 0.2 to 2.5 mM the isotherm can be described by the relation

v = [~6.48 £ 0.10] In(Cf) + [6.05 + 0.77] 1)
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where C' is the molar concentration of DPCI and f is the activity coefficient of
the surfactant cation, in 0.1 M NaCl, calculated from the extended Debye-Huckel
equation:

~BVI
[1+3.3a1]

where I is the total ionic strength of the solution, B is 0.509 and « is taken as 0.6
for the surfactant ion [27]. In 0.1 M NaCl f is 0.7961.

The value of the slope of equation (1) represents the —RTI" expression in the
Gibb’s adsorption equation. Hence, I, the maximum surface excess concentration
of DPCI amounts to 2.6 x 10~® mol m~2 which corresponds to the minimum area
per surfactant molecule at the air-solution interface (63 x 1072% m?). Rosen et al.
report a value of 55 x 10~2% m? for the same system [27]. Since the surface tension
of the solutions of DPC1 in 0.1 M NaCl attain, at the high concentration range, a
constant value of 40 nNm™2, we can calculate the cmc value by putting v = 40 in
Equation (1). Solving the equation for C yields a value of 5.3 mM for the cmc. The
relevant literature data for this system are 4.8 mM [27] and 2.3 mM [29]. The latter
value was determined for a commercial sample of DPCI (in 0.1 M KCl) which,
presumably, was contaminated by higher homologues. Note that the corresponding
value reported for solutions of the surfactant in pure water is also low (14 mM
[29]) when compared with other literature data: 16.2 mM [27], conductometry;
16.3 mM [30], potentiometry; 16.5 mM [28], potentiometry and 17.8 mM [27],
surface tension measurements.

log f = 2

3.2. DETERMINATION OF THE BINDING CONSTANT OF 3-CD witH DPCL

In order to study the complexation of DPCl by 5-CD, three series of their mixtures
in 0.1 M NaCl were prepared and their surface tensions were measured. We made
the assumption that 3-CD and the complexed surfactant are surface inactive and
that the two species do not influence the surface properties of free DPCI in the
presence of the swamping, constant concentration of NaCl. The surface tension
of the mixtures reflects then the equilibrium concentration of the uncomplexed
surfactant. The total concentrations of the two reactants (Cppc; and Cgcp) in the
mixtures are given in Table I together with the equilibrium concentration of the
free surfactant [DPCI] calculated from surface tension data by applying equation
(1) cast in the form:

C = [DPCI] = 3.196 ¢~ 015437, (3)
The equilibrium constant for the formation of the 1:1 complex is expressed by

_ [DPCL: -CD]

~ [8-CD] [DPC]] @
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TABLE I Total concentrations of the surfactant and of the complexing agent, Cpec;
and Cpcp respectively, and equilibrium concentrations of the uncomplexed surfactant

[DPCI], in 0.1 M NaCl
Cora/mM
1.00 2.00 4.00
Cpep/mM  [DPCI/mM  Cgep/mM  [DPCI/mM  Cgep/mM  [DPCI/mM

0.25 0.80 1.6 0.55 3.6 0.7

0.50 0.55 2.4 0.20 4.0 0.465

0.75 0.36 32 0.095 5.6 0.14

1.00 0.22 4.0 0.06 6.0 0.12

1.25 0.14

1.50 0.095

30

™~
o

[DPCI : CD]/[DPC]]

1.0

[BCD)/mM

2.0

381

Fig. 2. Relation between the [CDPCL:3-CD]/[DPCI] ratio and [3-CD]; e, 0 and e data points

are for solutions for which CDPCI was 1, 2 and 4 mM respectively.

where [DPCL:3-CD] is the concentration of the inclusion complex and [3-CD]
and [DPCI] are equilibrium concentrations of the reactants respectively. It fol-
lows that [DPCL:3-CD] = Cppc1 — [DPCI] and [3-CD] = Cgcp — [DPCIL: 3-CD]
= Cgcp — Cppcy + [DPCI]. The 1:1 model predicts thus a linear increase of the
[DPCIL: SCDV/[DPCI] ratio. Figure 2 illustrates the fit of our data to this model.
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The value of the binding constant for the complexation of DPCI by 5-CD in
0.1 M NaCl, estimated from the slope of the plot, amountsto K = 15600 M~!. This
value is ca three times higher than that evaluated from conductometric measure-
ments in pure water by Satake ef al. [9]. We assume that the difference accounts for
the ‘salting out’ effect due to the presence of high electrolyte concentration used
in the surface tension measurements. The present technique is complementary
in respect to conductometry which cannot be applied to cyclodextrin-surfactant-
electrolyte systems.
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