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Mixed association of calix[4]resorcinarene with ethyl sulfonate groups on the lower rim and

dimethylaminomethyl groups on the upper rim (CR) and cationic surfactant 4-aza-1-hexadecyl-

azoniabicyclo[2.2.2]octane bromide (DABCO-16) is studied by methods of tensiometry,

conductometry, potentiometry and NMR spectroscopy at fixed CR concentration and varied

surfactant concentration. Beyond ca. 0.4 mM of DABCO-16, mixed aggregates enriched by CR

are proved to be formed due to electrostatic forces, while beyond ca. 5 mM, aggregates enriched

by surfactant occur due to the hydrophobic effect. Spectrophotometry monitoring of the

solubilization of a hydrophobic dye, Orange OT, demonstrated that only the second type of

mixed aggregate enriched by DABCO-16 is capable of binding the organic probe, while the mixed

system where the surfactant is a minor component shows no binding capacity towards Orange

OT. This finding can be used for the design of nanocontainers with controllable binding/release

properties.

1. Introduction

Supramolecular systems (and constituent building blocks)

belong to biomimetic species, which model at least two

essential features of their biological prototypes, i.e. the

capacity to associate spontaneously and to interact through

the ‘‘guest–host’’ mechanism.1–5 These peculiarities, mainly

resulting from non-covalent bonds, predetermine the wide

application of supramolecular systems in nano- and bio-

technologies. The design of supramolecular soft materials,

i.e. nanocontainers, catalysts, sensors, drug and gene delivery

systems are well documented.6–15 Our researches focus on two

key biomimetic building blocks, namely supramolecular

systems based on surfactants and cyclophanes (calixarenes

and pyrimidinophanes), which are capable of binding practi-

cally important organic substrates. Applications of these

systems as receptors, nanocontainers and nanoreactors 16–27

are based on two different mechanisms of self-organization

and guest–host interactions. Surfactants are typical self-

organizing systems, whose association in aqueous solution is

mainly contributed by the hydrophobic effect and results in

small micelles formed at a definite concentration, denoted as

the critical micelle concentration (cmc). Micelles can bind

a diversity of substrates via solubilization mechanisms, with

binding constants being markedly controlled by the hydro-

philic–lipophilic balance of the solutes. At the same time the

specific aggregation mode of cyclophane based amphiphiles is

quite different from that of conventional surfactants,28–41 and

the association processes seem to involve electrostatic, CH–p
and inclusive interactions in this case. Calixarenes typically

form inclusion complexes, which demonstrate a highly selec-

tive ability to bind the substrates, thereby controlling the

chemical and geometrical guest–host affinity. Therefore, a

promising way to design supramolecular soft matter is the

combination of the two aforementioned building blocks,

which opens the way to enlarge the variety of mechanisms

involved in the self-organization and binding of the substrates.

In addition, owing to their biomimetic character, supra-

molecular systems may provide information on the separate

factors controlling the behavior of biological systems, which

can hardly be revealed in vivo.

A few works are available on the mixed surfactant–calixarene

systems, which are mainly focused on the catalytic activity.42–47

Our goal is to achieve a better understanding of the factors,
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which control the mixed solution behavior, including such

aspects as variation of aggregative capacity, aggregate proper-

ties, as well as the stoichiometry, the strength and the nature

of interactions in the case when mixed assembling is realized.

Two building blocks are explored, i.e. cationic surfactant 4-aza-

1-hexadecyl-azoniabicyclo[2.2.2]octane bromide (DABCO-16)

and calix[4]resorcinarene sulfonatoalkylated at the lower

rim and aminoalkylated at the upper rim (1) (Scheme 1).

Non-alkylated DABCO is widely explored in design of supra-

molecular catalytic systems, supramolecular architectures,

photochromic materials, etc.48–50 Self-organization of alkylated

DABCOs is earlier shown to depend on their hydrophobicity

and results in the formation of both isotropic systems, i.e.

micellar aggregates of different size and shape, and liquid

crystalline mesophases.51–53 Calix[4]resorcinarene (CR) 1 is

documented54 to associate through a head-to-tail pattern owing

to electrostatic interactions between positively charged amino

groups and negatively charged sulfonato groups. These inter-

actions and their binding capacity are markedly determined by

solution pH, which controls the amino group protonation and

hence the presence of charge at the upper rim.

2. Experimental

Synthesis of DABCO-16 and 1 were described elsewhere.51,54

All NMR experiments were performed on a Bruker

AVANCE-600 spectrometer operating at 600.13 MHz for

the 1H. The spectrometer was equipped with a Bruker multi-

nuclear z-gradient inverse probe head capable of producing

gradients with strength of 53.5 G cm�1. All experiments were

carried out at 25 � 0.2 1C. Chemical shifts were reported

relative to HDO (4.7 ppm) as an internal standard. Experi-

mental details are given in the electronic supporting materialw
and in ref. 55 and 56.

Electrical conductivities were measured using an InoLab

Cond 720 precision conductivity meter with a graphite

electrode having a cell constant of 0.475 cm�1 � 1.5%. The

conductance of different solutions was measured on addition

of an aliquot of a known concentration of a surfactant or

resorcinarene solution to a given volume of the thermostated

doubly distilled water. Reproducibility was checked for

selected samples and no significant differences were observed.

All samples were studied at 25 � 0.1 1C.

Surface tension measurements were performed using the du

Nouy ring detachment method. The experimental details are

described elsewhere.57

Electromotive force measurements using an ion-selective

electrode are well suited for the determination of the ionic

species activity. The Nernst equation is known to describe the

relation between the electrode potential (DE) and the activity

of bromide ion (aBr):

DE ¼ �RT

F
logðaBrÞ þ const ð1Þ

where F is the Faraday constant and the ideal slope (RT/F) is

59.2 mV/equiv at 298.2 K.58 The measurements were per-

formed for the counterion (Br�) using ion meter I-160MI, with

a Br-selective electrode ELIS-131Br and a reference electrode

ESr-10101/3.0. The electromotive force (DE) of the cell was

measured for the sample solutions with a stepwise increasing

concentration, where the temperature of the sample was kept

constant at 25 1C. For this cell, the Nernst equation was valid

over the concentration range from 10�6 to 10�1 M whenever

KBr was used as a solute. The degree of counterion binding to

aggregates, b, being the ratio of counterions and amphiphile

ions in the micelles, can be calculated from the mass balance

for surfactant ion and counterion at any total concentration Ct

using the following expression:

b ¼ ðCt � ½Br��Þ
ðCt � cmcÞ ð2Þ

1-(o-Tolyl-azo)-2-naphthol (Orange OT, Aldrich) was used as

received. The solubilization experiments were performed by

adding an excess of crystalline dye to solutions. These solutions

were allowed to equilibrate for about 48 h at room temperature.

They were filtered, and their absorbency was measured at

495 nm (molar extinction coefficient 17 400 L mol�1 cm�1)

using SP-26 spectrophotometer. Quartz cuvettes containing the

sample were used, with a cell length of 0.1 cm.

3. Results and discussion

3.1. Single solutions

The cmc value of individual DABCO-16 is around 1 mM.51–53

As for CR, depending on the pH different forms of 1 occur

in the solution.54 Within the framework of this study, sponta-

neous solution pH around 9.0 � 0.2 was maintained due to

acid–base interactions of amino groups at the upper rim with

water. Amino groups are slightly protonated, while sulfonato

groups at the lower rim are completely dissociated under these

conditions, so that the resorcinarene 1 is negatively charged

and self-associated within 0–0.005 M solution.54

Herein the self-organization of the single aqueous solution

of 1 was monitored within a wide concentration range.

A decrease in the surface tension at the air/aqueous solution

interface occurs with the CR concentration (Fig. 1), i.e. 1

exhibits the surface activity. In analogy with typical surfac-

tants, the decrease in surface tension occurs before the cmc.

We failed to reach a pronounced plateau because of the limited

solubility (r0.03 M) of 1 in water. At the same time, a smooth

decrease in the surface tension above the cmc can result from

Scheme 1 Structural formulas of calix[4]resorcinarene 1 and DAB-

CO-16; in the DABCO-16 molecule, protons of bicyclic skeleton are

marked as ‘a’ (at a charged nitrogen) and ‘b’ (at uncharged nitrogen),

while aliphatic protons are marked as ‘c’ (in methylene moieties) and

‘d’ (in a terminal methyl group).
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the fact that the composition of the air–water interface

does not remain constant when the surfactant concentration

increases. The breakpoint is also evident from the specific

conductivity versus concentration plot for the single CR

aqueous solution (Fig. 2). Experimental points below and

above the breakpoint were linearized in the ‘conductivity’

versus ‘concentration’ coordinates (Fig. 1Sw), and the cmc

value was derived from the solution of the system of equa-

tions. According to tensiometry and conductometry data, the

cmc is equal to 0.009 and 0.013 M, respectively. To gain

insight into the self-organization process in more detail,

NMR self-diffusion coefficient (D) measurements were

invoked. Unfortunately due to fast exchange on the NMR

self-diffusion time scale between free and associated sites, the

experimentally observed Dobs is a mole fraction weighted

average of contributions from these forms:59,60

Dobs = XfreeDfree + XmicDmic (3)

where the symbols Xfree and Dfree refer to the mole fraction

and self-diffusion coefficient of the amphiphile monomer,

while the symbols Xmic and Dmic refer to the mole fraction

and self-diffusion coefficient of the micelles.

According to NMR experiments, an increase in the con-

centration results in a decrease in Dobs (Fig. 3), indicating the

association of 1 with the cmc value equal to 5 mM in this case

(Fig. 2S,w Table 1). It should be noted that some differences

may be observed in the data obtained in D2O and H2O.

The stronger hydrogen bonding in D2O can result in a lower

cmc value and a larger micelle size.61,62 However, the differ-

ences in cmc usually do not exceed 30%. We believe that this

discrepancy is not dramatic and does not prevent insight into

the structural behavior of the systems studied.

3.2. Binary 1–DABCO-16 solutions

Since 1 bears large negative charge at the lower rim, it seemed

interesting to study its mixed association with the cationic

surfactant, e.g. DABCO-16. Both components self-assemble on

their own, but in quite different manners. The self-aggregation

of the calixarene is proposed to occur in a head-to-tail

fashion.54 Cationic surfactant form micelles above the cmc.

There are different ways to study the association in binary

systems. The first way proposes the variation of total surfactant

concentration, while the second way involves the variation of

the concentration of one component at the fixed concentration

of another. Initially we proposed to explore both ways.

However, we failed to investigate the whole concentration range

using the first method owing to precipitation of the mixed

complex. Similar precipitation was also observed in a single

resorcinarene 1 solution at pHo 4,54 when amino groups at the

upper rim are positively charged. This indicates that the

precipitation is probably due to the stoichiometry electrostatic

interactions, which prevail over cooperative association. The

second way is attractive from the viewpoint of transition

between the two different modes of association typical for

each component. This method provides an instrument for the

Fig. 1 Surface tension isotherms of single solutions of 1 (1) (Inset),

DABCO-16 (2) and mixed 1–DABCO-16 system at fixed CR concen-

tration of 1 mM (3); pH 9.0; 251.

Fig. 2 Dependence of the specific conductivity of the single 1 solution

on the concentration of CR; pH 9.0; 251.

Fig. 3 Dependence of self-diffusion coefficients of 1 on its concentra-

tion; pH 9.0; 25 1C.

Table 1 Cmc values of single and mixed systems based on 1 and
DABCO-16

System

Cmc/mM

Tensiometry Conductometry Potentiometry NMR

DABCO-16 1.0 1.0 1.9 0.844

1 9.0 13 — 5
DABCO-16–1a 0.4 0.1 (7) 0.2c 0.45
DABCO-16–1b — 0.5 (22) — —

a C1 =1mM. b C1 = 5mM. c Values have only apparent significance

owing to the low concentration range preventing the precise

measurements.
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formation of nanocontainers with controllable binding/release

properties due to their concentration-dependent behavior.

Fig. 1 shows the surface tension isotherm for the binary

system at a fixed concentration of 1. The surface tension versus

DABCO-16 concentration plot is very similar to those for

typical surfactants and demonstrates a breakpoint at the

concentration of 0.4 mM. This value is markedly lower in

comparison to the cmc of the single DABCO-16 solution

(Table 1), and this is in full agreement with the assumption

that mixed 1–DABCO-16 aggregates are formed. The specific

conductivity versus surfactant concentration plot is shown in

Fig. 4 a and b. The following features should be mentioned.

(i) The absolute values of conductivity are lower in compar-

ison to the single 1 solution within the whole concentration

range, but are much higher than in the DABCO-16 single

solution,51,52 lying around 100 mSm cm�1 beyond the cmc (for

comparison those for cetyltrimethylammonium bromide are

about 150 mSm cm�1).

These conductivities are determined by the values of cmc

and degree of counterion binding. Undoubtedly, the high level

of the conductivity in a single CR solution (Fig. 2) results from

the occurrence of four anionic sulfonato groups at the lower

rim and the high cmc value of 1. The modules of conductivity

values in the mixed 1–DABCO-16 system are mainly con-

trolled by the fixed CR concentration of 1 mM or 5 mM.

(ii) It should be emphasized that the curve 3 in Fig. 1 describe

the behavior of the mixed system under the varied component

ratio. In the case of conductivity measurements we monitor

the overall changes of the number of charged species resulted

from both their aggregation and their interaction with each

other. Therefore within the concentration range below the

tensiometry cmc of 0.4 mM, ionic components (negatively

charged CR and positively charged DABCO-16) would inter-

act electrostatically, thus resulting in charge compensation.

As a result, the conductivity of the mixed system changes only

slightly (Fig. 4a, inset) or remains constant (Fig. 4b, inset) in

this concentration range. For this reason the breakpoint in the

conductivity versus concentration plots depends on the CR

concentration and the cmc value derived from these data

would differ from the tensiometry value. In particular, cmc

of 0.1 and 0.5 mM are determined for the case of 1 and 5 mM

fixed CR concentration respectively (insets in Fig. 4a and b).

It is noteworthy that breakpoints are observed at the 10 : 1

CR/DABCO-16 molar ratio in both cases. This probably

indicates that mixed associative complexes formed at the

initial stage are enriched by CR and demonstrate sharp

decrease in the mixed cmc in comparison with both 1 and

DABCO-16. This may be caused by the above charge com-

pensation, because cmc values of nonionic amphiphiles are

known to be lower in comparison to ionic ones. (iii) Above the

cmc, the mixed solution behavior is mainly contributed by

hydrophobic effect. As can be seen from Fig. 4a and b, the

conductometry dependences show additional breakpoints in

the range of higher concentration, i.e. beyond 6 or 22 mM,

depending on the CR concentration. This provides evidences

for the structural rearrangement of aggregates, in particular

transition to the micelles enriched by DABCO-16.

Fig. 5 and 6 and 3Sw show potentiometry data for the single

DABCO-16 solution and 1–DABCO-16 binary system. The

potentiometric study using a Br-selective electrode is focused

on the evaluation of the degree of counterion binding.

However, the analysis of the [Br�] versus [surfactant] and DE
versus [Br�] dependences may provide deeper insight into the

aggregation behavior of the system. Breakpoints in the [Br�]

versus [surfactant] plot typically reflect the onset of micelliza-

tion or structural transitions. As can be seen from Fig. 5, Inset,

there is a discontinuity around the tensiometry cmc. However,

one should be aware that due to the low cmc value of the

system experimental values below the cmc may be inaccurate

owing to a limitation of the method. The same breakpoint is

Fig. 4 Dependence of specific conductivity of the mixed 1–DABCO-16

system at fixed CR concentration of 1 (a) and 5 (b) mM; pH 9.0; 251.

The inset elucidates a low concentration range.

Fig. 5 The concentration of free bromide-ions versus surfactant concen-

tration in single DABCO-16 solution (1) and mixed 1–DABCO-16

system (2); 1 mM 1; pH 9.0; 251. The inset elucidates a low concentration

range.
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evident from Fig. 3Sw depicting the potential of Br-selective

electrode as a function of the bromide-ion concentration.

It is of importance that we fail to estimate the counterion

(i.e. bromide-ion) binding within the low surfactant concen-

tration. This is probably due to the above mentioned electro-

static interactions between DABCO-16 cationic groups and

sulfonato-anions of 1. The competition between hydrophilic

bromide-anions and four-charged anions attached to highly

hydrophobic platform seems to offer advantages to the latter

due to its lower affinity to aqueous phase. Therefore, even

at the concentration exceeding the tensiometry cmc, total

dissociation of bromide-ions occurs. This observation is sup-

ported by the slope of DE vs. [Br�] plot equals 56.7 mV/equiv,

which is close to the ideal Nernst slope of 59.2 typical for

strong electrolytes like KBr (Fig. 3Sw). It is reasonable to

assume that the breakpoint in the [Br�] vs. [surfactant] plot

(Fig. 5) at the B4 mM indicates the onset of binding of

bromide-ions with micelles. This value is very close to the

conductivity breakpoint at 6 mM (Fig. 4a), indicating the

formation of the micelles enriched by DABCO-16.

The degree of counterion binding is plotted in Fig. 6.

A decrease in b occurs in the mixed system as compared to

single DABCO-16 solution. This is probably due to the

aforementioned competition between Br� and CR-anions.

Besides, the charge compensation prior to the cmc imparts

nonionic character to associated species, so that ionic head

groups are alternated with nonionic ones. This typically

provides conditions for lowering the counterion binding.

The 1–DABCO-16 system was also studied by NMR titra-

tion method and the efficiency of the guest–host interactions

was estimated. As a whole, the changes in chemical shift (CS)

of DABCO-16 protons (Fig. 7) with concentration of the

1–DABCO-16 complex are small (less than �0.2 ppm),

although according to NMR diffusivity data (vide infra)

aggregation takes place. Thus one can conclude that the

DABCO-16 binds outside the cavity since otherwise the

upfield shift should be observed for the guest protons due to a

shielding effect of the host aromatic rings.18,41,63–67 Moreover

marked upfield shifts are observed only for protons of the

DABCO-16 bicyclic skeleton, i.e. for protons which are vicinal

to the positively charged head group. Upon these observations

one can offer a hypothesis that the association is driven

by electrostatic interactions between sulfonato groups of the

lower rim of CR and cationic head groups of the surfactant.

To obtain further information, the interaction of 1 with

non-alkylated DABCO was also studied (Fig. 8 and 9). The

titration Job plot shows 1 : 1 stoichiometry of the 1–DABCO

complex and the binding constant between components equals

350. Unfortunately, we failed to determine the stoichiometry

of the 1–DABCO-16 complex by the Job method, since at the

needed concentration range (Z 0.001 M) the precipitation

occurs. However, if one assumes that stoichiometry of

1–DABCO-16 is 1 : 1, then the binding constant of the

complex changes to 3500, which is tenfold higher than for

the complex with non-alkylated DABCO. An increase in the

binding constant for the case of DABCO-16 is probably due to

the contribution of electrostatic attractive interactions with the

participation of the positively charged N atom.

Self-diffusion coefficients of the binary 1–DABCO-16

system are measured to provide deeper insight into the mixed

behavior. Fixed concentration of 1 (1 mM) was used, while

the concentration of DABCO-16 was varied (Fig. 10). The

particular attention was paid to the concentration range

before the tensiometry cmc of 0.4 mM. It was found that

(i) the self-diffusion coefficient of 1 (D1) at fixed concentration

of 1 mM is lower than that of the monomeric form, i.e. the

association of 1 is initiated. A decrease of D1 with the increase

Fig. 6 Dependence of degree of counterion binding on the DABCO-16

concentration for single DABCO-16 solution (1) andmixed 1–DABCO-16

system (2); 0.001 M 1; pH 9.0; 25 1C.

Fig. 7 Dependence of changes in chemical shifts of protons of

DABCO-16 (DABCO-16 proton designations are given in Scheme 1)

on the 1/DABCO-16 molar ratio. Initial concentrations are:

[DABCO-16] = 0.0007 M; [1] = 0.007 M.

Fig. 8 Job plots for the signals of DABCO protons and aromatic

protons of CR in 1+DABCO solution [C1+CDABCO = 0.01 M].
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of DABCO-16 concentration occurs, which can be explained

by the formation of 1–DABCO-16 aggregates with larger

hydrodynamic radius and by an increase in their mole fraction

with the surfactant concentration. (ii) Even within concen-

tration range before the tensiometry cmc the self-diffusion

coefficient of DABCO-16 (DDABCO-16) is significantly lower

(ca. 0.1 � 10�10 m2 s�1) in comparison to its aggregated form

in single surfactant solution. This is probably due to the

involving of the DABCO-16 molecules into the 1 aggregates

with large hydrodynamic radius through electrostatic inter-

action between cationic head groups and sulfonato groups of

CR. An unusual increase in the self-diffusion coefficients of

DABCO-16 occurs with surfactant concentration (Fig. 10).

It can originate from the fact that the molar ratio of 1 with

respect to DABCO-16 decreases with surfactant concentra-

tion, and therefore impact of 1–DABCO-16 aggregates also

becomes smaller. In other words the mole fraction of the fast

component (monomeric DABCO-16) increases. It is note-

worthy that the range of pronounced changes in self-diffusion

coefficients of both components (a decrease for 1 and increase

for DABCO-16) does not go beyond the point of 0.4 mM,

whereupon a smoother behavior occurs. Another critical point

is ca. 5 mM, in which the values of self-diffusion coefficients of

CR coincide with those of aggregated DABCO-16 in both

single surfactant solution and binary system. In order to

clarify the observed structural behavior and quantify the

degree of binding of the CR molecules to the 1–DABCO-16

aggregates within the two-site ‘‘bound-free’’ model the coeffi-

cient KS = C1(bound)/CDABCO was introduced. Here C1(bound) is

the concentration of CR molecules, which are involved into

the aggregates (see SIw). Thus the physical meaning of KS is

a mean value of CR aggregated molecules per one molecule

of DABCO-16. The plot of KS as a function of CDABCO-16

(Fig. 11) has a critical point at ca. 0.25 mM, which is close to

the tensiometry cmc. Before this point KS varies only slightly

and markedly decreases after it. It looks like that within the

concentration range of 0–0.25 mM the efficiency of the

1–DABCO-16 aggregation is rather high, so the number of

CR molecules per one aggregate is almost constant, i.e. the

stoichiometry of the aggregates is also constant. This means

that within the above concentration range, an increase in the

DABCO-16 concentration does not result in the enriching

of the mixed aggregates by DABCO-16 molecules. So, an

increase in the portion of the unbound DABCO-16 molecules

is observed with total surfactant concentration. After the

critical point of 0.25 mM, the molar fraction of the calixarene-

free DABCO-16 molecules becomes too high, so KS decreases.

In this concentration range the transition occurs from the

CR–host aggregates to the DABCO-16–host aggregates.

At high concentration DDABCO-16 is probably a weighted

average between another two states: DABCO-16 micelles

(D B 0.5 � 10�10 m2 s�1) and 1–DABCO-16 aggregates

(DB 0.1 � 10�10 m2 s�1), therefore some decrease of DDABCO

occurs in the concentration range 44 mM (Fig. 10).

To elucidate the nature of aggregates formed at the different

1–DABCO-16 ratio, a highly hydrophobic probe Orange OT

was used. It is insoluble in water, while can be solubilized by

nonpolar interior of direct micelles occuring above cmc in

aqueous surfactant solutions. This is reflected by the appear-

ance of absorbancy in the visible range of spectrum around

500 nm. This phenomenon is widely used for monitoring the

micellization of amphiphilic compounds.68,69 Fig. 12 shows

the absorbancy versus concentration dependences derived

from the dye solubilization measurements in single DABCO-16

and 1 solutions and the mixed 1–DABCO-16 system. The cmc

value for single DABCO-16 found from these data is equal to

1 mM (Fig. 12). This value is similar to cmc of the single

DABCO-16 determined by tensiometry and conductometry.

Almost linear increase in the amount of solubilized Orange OT

is observed within the concentration interval limited by cmc

and concentration of 5 mM (Fig. 12). This probably indicates

Fig. 9 Plots of the current induced shift for the signal of DABCO

protons as a function of C1/CDABCO.

Fig. 10 Self-diffusion coefficients of the components of 1+DABCO-16

solution (CDABCO is varying, C1 = 1mM) and DABCO-16 in individual

solution; D2O; 25 1C.

Fig. 11 Dependence of the degree of binding of 1 to the 1+DABCO-16

aggregates on DABCO-16 concentration.
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an unchanged morphology of self-organized assemblies in this

concentration range. Some decrease in the dye absorption

observed above 5 mM reflects a decrease in the solubilization

capacity of the DABCO-16 micelles and can be due to the

changes in the form of aggregates. For single 1 solutions no

absorbancy was observed throughout the whole concentration

range from 1 mM to 30 mM corresponding to the solubility limit

of the macrocycle (Fig. 12). Such behavior provides strong

arguments in favour of the fact that morphology of the 1-based

aggregates differs markedly from that of typical surfactants,

in particular DABCO-16. This difference may be used for design

of nanocontainers with controllable binding capacity towards

guests. The binding–release behavior of guests can be governed

by the variation of the 1–DABCO-16 ratio (Scheme 2). This

assumption was supported by the dye solubilization study in the

mixed 1–DABCO-16 system (Fig. 12). As can be seen, the dye

absorbancy at 495 nm appears only at the surfactant concen-

tration of 5 mM. This concentration corresponds to the

formation of mixed micelles enriched by DABCO-16. These

data strongly support the above assumption on the occurrence

of two different types of mixed aggregates, i.e. aggregates

with the surfactant as a minor component and aggregates

with the resorcinarene as a minor species. The former occur

above 0.4 mM and demonstrate no solubilization capacity,

while the latter occur above 5 mM and can bind hydrophobic

guests through solubilization mechanism. This result is of

importance from the viewpoint of the problem of drug delivery

formulations.

4. Conclusions

The self-organization in the binary system based on the

cationic surfactant 4-aza-1-hexadecyl-azoniabicyclo[2.2.2]-

octane bromide and calix[4]resorcinarene sulfonatoalkylated

at the lower rim and aminoalkylated at the upper rim has been

studied. The interplay of different methods allowed us to get

insight into the structural behavior of the title system. We

assume that two different associative modes are realized in the

binary system under the fixed CR concentration and varied

surfactant concentration. A surface tension versus DABCO-16

concentration plot demonstrates a breakpoint at 0.4 mM,

which is lower in comparison to single DABCO-16 cmc of

1 mM and single CR cmc of ca. 10 mM. The close values of

the breakpoints are revealed by a variety of methods:

conductometry, potentiometry and NMR self-diffusion.

Small changes in the conductivity and potential data and the

compensating changes in self-diffusion coefficients, i.e. a

decrease for CR and increase for DABCO-16 indicate the

mixed associative process mainly controlled by the electro-

static mechanism. Mixed aggregates enriched by the CR

molecules are assumed to be formed at the first stage of the

association. Second breakpoint is observed under the higher

surfactant concentration of ca. 5 mM, which is assumed

to indicate the formation of mixed micelles enriched by

DABCO-16 molecules through conventional surfactant aggre-

gation mode mainly contributed by hydrophobic effect.

The solubilization study with the use of hydrophobic dye

Orange OT demonstrated that only mixed aggregates enriched

by DABCO-16 are capable of binding the organic probe, while

mixed system where the surfactant is a minor component

shows no binding capacity towards Orange OT. This finding

can be used for the design of nanocontainers with controllable

binding-release properties.
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