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groups at upper rim (CR), cationic surfactants (CS) with bicyclic head group (mono-, di-, and tetraca-
tionic alkylated derivatives of 1,4-diazabicyclo[2.2.2]octane), and their mixtures has been shown by a
variety of physicochemical methods (tensiometry, conductometry, dynamic light scattering, and dye
solubilization). Critical association concentration of CR is shown to be of 6.2 mM (tensiometry). Beyond
this concentration, CR forms aggregates of ca. 7-10nm, which are capable of solubilizing hydrophobic
dye Sudan. The formation of mixed structures of CR with cationic surfactants has been found to proceed
at the lower concentrations as compared to single CR solutions. The characteristics of mixed aggregates
(size, morphology, surface potential, and solubilizing properties) depend on the concentration of the sur-
factants. Aggregation in mixed solutions is favored by increase in the number of charged head groups of
the surfactants.
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1. Introduction

It is known that the use of the mixed systems based on surface-
active substances leads to the optimization of the properties of
the materials and diminishes their cost, which plays an important
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role in modern industry. Nowadays, the interest in mixed compo-
sitions is due to the novel direction of supramolecular chemistry,
that is, the formation of supramolecular amphiphiles [1-3]. Grow-
ing interest in supramolecular amphiphiles is determined by two
aspects [4]: (i) facile design of supramolecular amphiphiles that can
be formed through various non-covalent interactions (hydrogen
bonds, metal-ligand coordination, electrostatic and -stacking,
as well as host-guest interactions) [5-7] and (ii) dynamic char-
acter of non-covalent associates that enable easy control of the


dx.doi.org/10.1016/j.colsurfa.2014.02.012
http://www.sciencedirect.com/science/journal/09277757
http://www.elsevier.com/locate/colsurfa
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfa.2014.02.012&domain=pdf
mailto:pashirova@iopc.ru
dx.doi.org/10.1016/j.colsurfa.2014.02.012

68 T.N. Pashirova et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 448 (2014) 67-72

o))
gagEn

Cq6Ha33

CS3

Scheme 1. Structural formulae of amphiphilic calix[4]resorcine that contains sulfonate fragments at the upper rim (CR) and mono- (CS 1), di- (CS 2), and tetra- (CS 3)

quaternized derivatives of 1,4-diazabicyclo[2.2.2]octane.

properties of formed structures [8]. The latter is essential for the
design of smart supramolecular materials, which are responsive to
various factors (pH, temperature, light, magnetic field, oxidation,
and so on) [9-11]. The use of macrocyclic receptors (cyclodextrin
[12-14], cucurbituril [15,16], calixarenes [17,18]) for the design of
supramolecular amphiphiles is of particular interest. It is known
that macrocycles can take part in guest-host interactions due to
the presence of molecular cavity and preorganization of functional
groups[19,20], which is important from the viewpoint of the design
of biomimetics. Besides, specific geometry of calixarene molecules
highlights them as potential drug delivery systems [21-23]. Among
the vast number of various types of macrocycles published, sul-
fonate calix[n]arenes have several advantages [24]. It is known
that calix[n]arenes with a sulfo group are attractive due to their
high water solubility and selective binding ability toward biological
[25-28] and pharmaceutical molecules [29-31] including com-
pounds of bicyclic identity [32], as well as their catalytic properties,
biocompatibility [33], and so on. In addition, some representatives
of sulfonate calixarenes are known as surface-active substances,
which are able of self-assembling in aqueous solution with the
formation of nanostructures [34,35].

This work focuses on the design of supramolecular amphiphiles
that are composed of new water-soluble calix[4]resorcine bearing
sulfonate fragments at the upper rim and decyl tails at the lower
rims (Scheme 1), and cationic surfactants (CS), which include one,
two, and four charged nitrogen atoms. The choice of these com-
pounds is caused by the fact that sulfonate calixarenes are widely
recognized as the receptors for organic ammonium ions [3,36-40].
The presence of terminal sp% carbons may introduce additional dis-
ordering effect in the packing mode of molecules upon aggregation,
thereby affecting the geometry of aggregates and their solubiliza-
tion capacity. The aim of this work was to optimize the composition
of binary systems based on CSs with variable number of cationic
centers and calixresorcine that contains four anionic fragments in
order to achieve the synergetic effect in the structural behavior.
This makes it possible to design novel types of nanoassemblies
with required properties and functionality. Amphiphilic mono- (CS
1), di- (CS 2), and tetra- (CS 3) quaternized derivatives of 1,4-
diazabicyclo[2.2.2]octane (DABCO) were used (Scheme 1).

The presence of double bonds at the lower rim of CR implies that
CR can be used for the creation of amphiphilic polymer systems.
Preliminary results showed that the double bond of CR reacts with
dimercaptanes (HSC;H4SH and HSC,H40C;H4SH) in an aqueous
media with the formation of monodisperse polymeric nanopar-
ticles. The structure and properties of the polymer nanoparticles
based on CR are studied at this moment.

Interest in CS 1-3 is caused by the fact that these com-
pounds have improved properties (aggregation, catalytic, and
biological activity) compared to known conventional cationic
surfactants [41-44]. Besides, toxicities of the DABCO-based
surfactants are usually lower than those for conventional
CS—cetyltrimethylammonium bromide.

2. Material and methods
2.1. Materials

CS 1 was prepared by the reaction of DABCO with 1-
bromohexadecane; and CS 2 by quaternization of CS-1 with ethyl
bromide according to the procedure described earlier [41,43].
CR was prepared through protocol reported elsewhere [45]. 1-
Phenylazo-2-naphthol (Sudan I, Acros Organics) was used as
received. For details of the synthesis of 1.2-bis(4-hexadecyl-1.4-
diazoniabicyclo[2.2.2]octane-1-yl)ethane tetrabromide (CS 3), see
Supporting Information.

2.2. Tensiometry

Surface tension measurements were performed using the Du
Nouy Ring detachment method (Kruss K6 tensiometer). The exper-
imental details are described elsewhere [46].

2.3. Electrical conductivity

Electrical conductivities were measured using an InoLab Cond
720 precision conductivity meter. Reproducibility was checked for
selected samples, and no significant differences were observed. All
samples were studied at 25+0.1°C. Purified water (18.2 MQ2cm
resistivity at 25 °C) from Direct-Q 5 UV equipment was used for all
sample preparation.

2.4. Dynamic light scattering

Dynamic light scattering (DLS) measurements were performed
by means of Malvern Instrument Zetasizer Nano. The measured
autocorrelation functions were analyzed by Malvern DTS software,
and the second-order cumulant expansion methods. The effec-
tive hydrodynamic radius (Ry) was calculated according to the
Einstein-Stokes relation: D = kg T/67 Ry, in which D is the diffusion
coefficient, kg is the Boltzmann constant, Tis the absolute tempera-
ture, and 7 is the viscosity. The diffusion coefficient was measured
at least three times for each sample. The average error in these
experiments was approximately 4%. The solutions were filtered
with Millipore filters to remove dust particles from the scattering
volume.

2.5. Dye solubilization study

The solubilization experiments were performed by adding an
excess of crystalline dye Sudan I to solutions. These solutions were
allowed to equilibrate for about 48 h at room temperature. They
were filtered, and their absorbency was measured at 485 nm using
SP-26 spectrophotometer. The absorbance of Sudan I is known to
be sensitive to the microenvironmental conditions and may change
under the variation in the polarity of solution, pH, etc. [47,48]. The
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Fig. 1. Surface tension of aqueous solutions of CR vs. its concentration, 25 °C.

wavelength of 485 nm corresponds to a maximum in absorbance
of Sudan I under the experimental conditions. Quartz cuvettes con-
taining the sample were used, with a cell length of 0.1 cm.

3. Results and discussion
3.1. Self-association of calix[4]resorcine

This work is a continuation of our investigations of new types
of self-assembling systems based on superamphiphiles [3,39]. In
single aqueous solutions of typical surfactants, direct micelles are
known to be formed beyond critical micelle concentration (CMC)
[49]. For mixed systems, for example, those based on two different
types of amphiphilic molecules or surfactant-polymer mixtures,
the term “critical aggregation concentration” (CAC) is often used
[49]. This is because the more complicated morphological behavior
occurs in such systems differing from the simple micelle for-
mation. The same is true for amphiphilic macrocycles, that is,
calixarenes that are capable of associating through different mech-
anisms including both the close and open models [50] owing to the
specific packing parameter differing from that of typical surfactants
[51]. Importantly, along with hydrophobic effect responsible for
the micelle formation in surfactant solutions, a wider spectrum of
interactions can contribute to the aggregation in mixed systems.
Besides, structural rearrangements may be observed within the
concentration range studied [3,39]. Therefore, in this article, the
term “CMC” is used in the case of single surfactant solutions, while
term “CAC” is related to CR solution and mixed systems.

Tensiometry data show that CR decreases the surface tension
(y) at the air-water interface in analogy with conventional surfac-
tants. Dependence of the surface tension of CR vs. its concentration
in water has clear inflection point that confirms the formation of
aggregates of CR at CAC of 6.2 mM (Fig. 1). In literature, CMC val-
ues of anionic amphiphiles with sulfate or sulfonate polar groups
are available, for example, CMC of ca. 10 mM for typical anionic
surfactant sodium dodecyl sulfate [49] and CAC of 12 mM for sul-
fonate calix[4]resorcine with pentyl radicals on the lower rim [51]
are reported.

Using the tensiometry data, quantitative characteristics of
the adsorption were determined, that is, the surface excess,
Imax=0.45 x 1005 molm~2; minimum surface area per a
molecule, Api,=3.69nm?; standard free energy of adsorp-
tion, AG,q =—49.30k] mol~1; and free energy of micelle formation,
AGp =-9.60Kk] mol~!. Conductometry data support the formation
of associates of the macrocycle as well. Inflection point can be
observed on the dependence of specific electric conductance of

10
D (nm)

Fig. 2. The number-averaged size distribution for aqueous CR solution; C, mM: 2
(1);3(2);4(3);6(4); 25°C.

aqueous solutions of CR vs. its concentration (Fig. S1, see Sup-
plementary Data) at the concentrations of 6.1 mM which was
treated as the onset of aggregate formation, CAC, which is in good
agreement with tensiometry result.

Dynamic light scattering data also prove the formation of CR
aggregates in water. As follows from Fig. S2, bimodal size distri-
bution is observed, with particle sizes ranged from 7 to 10 nm
and from 50 to 100 nm depending on the CR concentration. At the
same time, the number-averaged size distribution (Fig. 2) testi-
fies that the population with the sizes of 7-10 nm predominates
in the solution. The primary size distribution obtained from DLS
measurements is the intensity-weighted distribution that is highly
sensitive to the presence of larger particles and tends to over-
estimate their contribution. Intensity distribution can further be
transformed to the number-averaged distribution, which mainly
highlights the smaller population of nanoparticles. While the small
particles can be easily attributed to the micelle-like aggregates, the
large aggregates may provide evidence for the non-micellar asso-
ciation mechanism probably contributed by inclusion head-to-tail
packing mode [52] or hydrogen bonding.

The data on solubilization of water-insoluble Sudan I dye
are in line with the above tensiometry and conductometry
data. It is known that aqueous solution of sulfonato-ethylated
calix[4]resorcines without long-chain alkyl tails is unable to sol-
ubilize hydrophobic dyes. This is because unlike the associates of
«closed» micellar type, calixresorcines form aggregates of «open»
type («head-to-tail» mode) with no hydrocarbon core [3,39]. Study
of the solubility of Sudan I in aqueous solution of CR by spectropho-
tometry showed that, starting from the concentration of ca.3.0 mM,
remarkable increase in optical density of the dye takes place (Fig. 3).

The latter proves the solubilization of water-insoluble probe,
namely, its penetration to hydrophobic zone of CR associates,
thereby testifying the occurrence of aggregates with non-polar
domains.

3.2. Aggregation of CS—-CR mixed systems

CAC values of calixarene-CS mixed compositions obtained by
the variety of physicochemical methods are given in Table 1.

Tensiometry data show that the addition of CR (C=0.5mM) to
the CS solutions results in the increase in CAC in the case of CS
1 and decrease in the case of CS 2 and CS 3 compared to their
individual solutions. The surface tension vs. concentration plot for
calixarene-CS 2 mixed system is given in Fig. 4 as an example.
Conductivity measurements exemplified by the CR-CS 2 mixed
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Fig. 3. Optical density of Sudan I in CR solution vs. concentration of CR; A =485 nm;
25°C,L=0.1cm.

Table 1
CMC and CAC values of cationic CS 1-3 without and with CR (C=0.5mM); 25°C.

No. System CAC (CMC) 10° (M)
Tensiometry Conductometry

1 Cs1 1 1,11

2 CR-CS 1 2 0.1; 2

3 cs2” 3 3.1; 10

4 CR-CS2 1.5 1.5;5

5 Ccs3 1.5 0.1;1

6 CR-CS3 1 04;2

" Data from [41]
™ Data from [53].

system (Fig. S3) support tensiometry data. It is noteworthy that
due to mainly electrostatic character of the CR-CS interactions
conductivity measurements may provide additional information
on the aggregation process. In particular, this technique revealed
one more critical point at lower (CS 3) or higher (CS 2) surfactant
concentrations as compared to tensiometry CACs (Table 1).

The DLS data (Fig. 5) provide additional information on the
aggregation in mixed systems. Size distribution for all CR-CS mixed
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Fig. 4. Surface tension of aqueous solutions of CS 2 vs. its concentration without (1)
and with CR (2), Ccg =0.5mM; 25°C.
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Fig. 5. Size distribution for CR-CS 2 system vs. concentration of CS 2 averaged on
number, Ccs2 =0.2 (1); 0.4 (2); 0.6 (3); 0.8 (4); 1.5(5); 2(6); 3.5(7); 4(8); 6 (9); 10
(10) mM; Ccg =0.5 mM; 25°C.

systems demonstrates the similar trends. The sizes distribution for
CR-CS 2 mixed system is given as an example in Fig. 5. It is evi-
dent that within low concentration range of CS 2, bimodal size
distribution occurs. Small aggregates of 7-20 nm and larger par-
ticles with the sizes of 40-70 nm are formed in the solution. Taking
into account the data in Table 1, it is evident that bimodal size dis-
tribution is observed below the CAC of ca. 1 mM determined for
this system. Therefore, it can be attributed to the calixarene asso-
ciates, since CRis used at the concentration close to its aggregation
threshold (Fig. 1). Importantly, unlike single CR solution (Fig. 2),
the more pronounce contribution of large aggregates occurs in this
case. Probably, the presence of even small surfactant molecules
shifts association toward the formation of large CR particles.

Beyond the CAC of mixed CR-CS 2 system around of ca. 1 mM,
the transition from bimodal to monomodal size distribution occurs,
thereby indicating the formation of mixed aggregates enriched by
CR. As the surfactant concentration increases, one more morpho-
logical rearrangement is probably observed, which is reflected in
the second CAC value (Table 1). Indeed, as can be seen in Fig. 5, a
sharp decrease in aggregate size is observed above the CS 2 concen-
tration of 5 mM, which may be due to the saturation effect, when
all the calixarene units are bound with surfactant molecules and
surfactant micelles become prevail in solution.

Fig. 6 shows data on zeta-potential for CR-CS mixed systems
that are in line with the above tensiometry and DLS results. For
low surfactant concentration, zeta-potential values of the aggre-
gates correspond to ~—60 mV. As can be seen in Table 1 and Fig. 5,
these data cover the concentration range before CAC value and can
be attributed to aggregated calixarene molecules, with lower rim
negatively charged. High negative value of zeta-potential in CR-CS
2 system confirms this fact. The zeta-potential compensation with
the increase in the surfactant concentration (Fig. 6) confirms the
above information on the mixed CR-CS aggregation, with the onset
ofthe charge compensation roughly coinciding with the CACvalues.

Increase in the concentration of CS 2 leads to the increase
in aggregate size and the recharging of aggregate surface from
negative to positive value. Within this concentration range, the
adsorption of CS 2 molecules presumably takes place on the sur-
face of CR aggregates due to electrostatic interactions of positively
charged ammonium groups of CS and negatively charged sul-
fonate groups of calixarene. Around the concentration of CS ~
1 mM, maximum size of ~100 nm is observed, with electrokinetic
potential being close to 0 mV (Figs. 5 and 6). This low value of zeta-
potential probably indicates that the system s instable and tends to
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Fig. 6. Change of zeta-potential values of CR-CS 1 (1), CR-CS 2 (2), and CR-CS 3 (3)
systems in water depending on the concentration of CS, Ccg =0.5 mM; 25°C.

rearrange. One can conclude that the growing relative content of
CS probably induces the formation of vesicles, which are known to
occur in mixtures of cationic and anionic surfactants [36,54-56].

Meanwhile, subsequent increase in the concentration of CS 2
in CR-CS 2 system provides the decrease in aggregate size and
increase in electrokinetic potential of system. In the range of the
highest concentrations of CS 2 that exceed substantially the con-
centration of calixarene, zeta-potential does not change and takes
the value of ~ 40 mV. It should be noted that, for CR-CS 3 mixed
system (Fig. 6), zero zeta-potential is achieved at the concentration
by two times lower than that for CR-CS 2 system and by four times
lower compared to CR-CS 1 system. This indicates that the rear-
rangement of supramolecular structure CR-CS is facilitated with an
increase in charge character of CS, that is, electrostatic interactions
contribute highly to association in the system.

The data on solubilization of Sudan I in CR-CS mixed solutions
provide evidences for the structural transitions in system. In Fig. 7,
dependence of optical density of dye in CR-CS 2 solutions vs. CS
concentration is given. In the range of low concentrations of CS 2
(below 1 mM), that is in the range of expected existence of aggre-
gates with predominant calixarene content, no absorbance of the
dye is observed. This may be because very small amount of aggre-
gates occurs at this CR concentration, and aggregates formed show

0.8+

A 485 nm
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0.0

0.000 0.005 0.010 0.015 0.020
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Fig. 7. Optical density of Sudan I in aqueous solutions of CS 2 vs. concentration of
CS 2 at fixed CR concentration of 0.5 mM; A=485nm; L=0.1cm; 25°C.

low solubilization capacity. In the concentration range from 1 to
5 mM, an increase in optical density occurs with the tendency to
plateau.

At the concentration of CS above 5mM; that is, in the range
of existence of small and stable nanoparticles, drastic increase in
optical density of CR-CS 2 solutions is observed which is in line
with the occurrence of aggregates of closed type, that is, micelles.
Thus, the dye solubilization study supports the validity of critical
points and structural transitions in the systems revealed by other
techniques.

4. Conclusions

Thus, it was shown by a variety of physicochemical methods that
sulfonate calix[4|resorcine forms mixed aggregates with mono-,
di-, and tetracationic alkyl derivatives of DABCO in aqueous solu-
tions. The packing mode, morphology, and size of assemblies and
their solubilizing properties depend on the structure of cationic
surfactants, in particular, their charge character and the ratio of the
components in mixed system. The key role of electrostatic interac-
tions in the formation and rearrangement of mixed supramolecular
structures was revealed. It was shown that the systems with either
the minor or predominant CS content exhibit the lowest and the
highest solubilizing capacity, respectively, toward hydrophobic
organic guest. This is essential from the viewpoint of the design
of nanocarriers with controlled and reversible binding capacity
toward therapeutic agents or biomolecules.
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