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Abstract

Present paper reports on tensiometric studies of tetramethylsulfonatoresorcinarenes 1 and 2 with nonionogenic
guests 3 and 4, pyrimidin derivative and O,O-dymethyl-1,1-dimethyl-3-oxobutylphosphonate, respectively. Asso-
ciation of resorcinarenes with these guests leads to dramatic change of adsorption characteristics of their solutions.
CCMs1 of associates (1&3, 1&4, 2&3, and 2&4) are lower and the estimated surface activity, as well as the height of
adsorption layers are higher than for individual substances. Aggregation of compounds 1–4 and association of 1
with 3 and 4 in solution were confirmed by 1H NMR spectra and studied by diffusion NMR with impulse magnetic
field gradient.

Introduction

Both natural and synthetic amphiphils are known to
reduce surface tension of aqueous solutions through
formation of ordered layers at the phase boundary and
micelle-like structures at the bulk of solution. Amphi-
philic calixarenes and resorcinarenes with hydrophobic
aromatic cavity can additionally form inclusion com-
plexes. As it was shown in [1], complexation of macro-
cycles located on the phase boundary substantially
differs from that in the bulk of solution.

It has been reported in ref. [2] that dodecylthiol cy-
clotetramer of resorcinol immobilized on gold surface
possess sufficient affinity towards number of guests
present in diluted solution. The same resorcinarene in
chloroform solution of these guests did not form any
inclusion complexes except for with glutaric acid. To
explain these observations authors suggested that
aggregation of amphiphilic macrocycle into reversed
micelles in solution hinder formation of inclusion com-
plexes. Similarly, it has been demonstrated in [3] that
addition of certain sugars, to aqueous solutions alter
pressure-area isotherms of multilayered Langmuir–
Blodgett films prepared from resorcinol–dodecanal
cyclotetramer and deposited on electrodes, this in turn
affects response of electrode.

Here we present detailed study of surface activity
and adsorption parameters of two tetramethylsulfo-
natoresorcinarenes 1 and 2 and their associates with
nonionogenic compounds 3 and 4 (Figure 1). The
latter are biologically active compounds [4] and
examination of their binding with water-soluble
container molecules is of substantial interest in re-
gards to development of selective drug delivery. Both
3 and 4 can take part in multiple donor–acceptor
interactions with resorcinolarenes [5–10]. In pyrimi-
din derivative 3, H-acceptor centers are represented
by four heteroatoms, whereas CH-bonds of two
methyl substituents are potential H-donors capable
also of dispersion interactions. O,O-dimethyl-1,1-di-
methyl-3-oxobutyl phosphonate (keto-phosphonate,
DDOBP) 4 of spherical shape has dimensions
matching resorcinarene cavity size (ca. 8.5 Å, cavity –
ca. 6 · 14 Å). This substrate has several H-acceptor,
five H-donor, and four methyl groups with potential
to dispersion and CH–p interactions. Phosphorus
atom provides relatively rigid configuration and in-
crease acidity of the nearby CH2-groups.

Experimental

Tetramethylsuldonatoresorcinarenes 1 and 2 were syn-
thesized according to [5], pyrimidin derivative 3 and* Author for correspondence. E-mail: ella@iopc.knc.ru
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O,O-dimethyl-1,1-dimethyl-3-oxobuthylphosphonate 4

were a kind gift of Prof. V.S. Resnik and Dr. A.A.
Muslinkin.

1H and 13C NMR spectra were recorded with a
Bruker-MSL 300 spectrometer with the working fre-
quency of 300.13 MHzwithDSS as an external reference.

Surface tension measurements in aqueous solutions

Surface tension of solutions of 1–4 and their mixtures
were determined according to Wilhelmy method for
platinum plate [11]. To equilibrate the samples prior to
measurements they were left at room temperature for
72 h. The standard deviation of surface tension from the
mean values was less than±0.1 dyn cm)1. CCM1, value
of maximum surface absorption (C¥), surface activity
(r ) r0)/CMC1, and free energy of micellization (DG0

m)
were found from recorded surface tension isotherms r(ln
C) by applying standard procedure based on Gibbs
equation [11] and using least square method for deter-
mining derivatives from the linear ranges of the isotherms
for C < CCM1. Surface area per molecule (Sm), thick-
ness of absorption layers (d) were determined according to:

Sm ¼
1

C1 �NA
and d ¼M � C1

q
;

where T is temperature in K, M is molecular mass or
amphiphil, and NA is Avogadro number. Density of
compounds 1, 2, 1&3, and 1&4 was determined as
described below and calculation of C¥ and Sm were used
to verify its reliability.

C1 ¼
1

Sm �NA
¼ M

q

� ��2
3

�N�
1
3

A ð1Þ

Viscosymetry of aqueous solutions of 3 and 4

Relative viscosity of 3 and 4 was determined with
Ubellodes’ viscosimeter [11] using molar ratio of 1:4 for
respective substrate and Na2SO4. The standard devia-

tion of relative viscosity from the mean values was less
than ±0.7.

Diffusion studies of aggregation properties of 1–4
and associates 1&3 and 1&4

High resolution FT–NMR with impulse gradient of
magnetic field was used to study aggregation properties
of compounds 1–4 [12]. Aggregate dimensions were
estimated based on the changes of their hydrodynamic
radii calculated from Stocks–Einstein equation:

Ri ¼ kT=6pgDi;

where k is Boltzmann constant, T is temperature in K,
g is dynamic viscosity coefficient, Di is diffusion coeffi-
cient of aggregates, and Ri is hydrodynamic radius of
aggregates.

Diffusion coefficients (Di) and hydrodynamic radii
(Ri) of compounds 1–4 were determined based on
measurements performed on adapted NMR spectrom-
eter Tesla BS-567A with working frequency of
100 MHz at 30 �C in D2O solutions according to [13].
For associates 1&3 and 1&4 concentration of 1 was
2.0 · 10)1 M and concentrations of 3 and 4 were var-
ied at the ranges of 5.0 · 10)2 ‚ 4.0 · 10)1 M and
2.0 · 10)1 ‚ 8.0 · 10)1 M, respectively. Diffusion coef-
ficient of water (DW) was determined from the signals
of residual water with reliability of obtained values of
5–7%. Interactions of micellar aggregates with each
other in concentrated solutions were corrected with
specially introduced correction / depending on aggre-
gate content in solution [14].

Theoretical volumes of resorcinarene molecules (V)
were calculated as:

V ¼ M

qNA
;

where M is a molar mass of amphiphil, q is density (see
below), and NA is Avogadro number. Volumes of mol-
ecules 3 and 4 were calculated according to the method

Figure 1. Structure of hosts 1 and 2 and guests 3 and 4.
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of atomic increments described elsewhere [15]. Theo-
retical volumes (see Table 1) of these molecules then
were used for calculation of / ¼ VNAC.

Corrections / allowed to correct determination of
hydrodynamic radius (Ri) of molecules 1–4 and were, in
turn, used to estimate aggregation number N:

N ¼ 4

3
pR3=V

Theoretical volume of molecules (V) were also used
to calculate effective radii of molecules 1–4:

r ¼
ffiffiffiffiffiffi
3V

4p
3

r

Preparation of adducts 1&3, 1&4, 2&3 and 2&4

Ablation ofwater from solutions 1&3, 1&4, 2&3, and 2&4

prepared for surface tension measurements resulted in
crystalline powders that did not melt below 350 �C and
were characterized by individual spots on TCL plates.

Synthesis of 1&3.Amixture of 0.504 g (5.0 · 10)4 M)
of 1 and 0.084 g (5.0 · 10)4 M) of 3 in 5 ml of water was
kept at room temperature for 2 months. Solution was
monitored by TCL with dioxane:water 10:1 eluent, Rf

0.75. After disappearance of free 3, water was removed in
vacuum and residue was thrice washed with chloroform
and dried in vacuum (70 �C, 30 h). Obtained rose crys-
talline structure (yield 0.437 g, 74.32%) was characte-
rized: m.p. > 300 �C, C36H36O20Na4S4ÆC8H12O2N2.
Calculated, %: C 44.04, H 4.08, N 2.38, Na 7.82, S 10.88,
found, % C 43.72, H 3.93, N 2.33, Na 7.51, S 10.35.

Determination of density of compounds 1, 2, 1&3
and 1&4

Density was determined based on the mass ratio of
investigated and displacing solutions taken at a given
volume and at the same temperature. Prior to measure-
ment investigates substance was pounded and annealed
at 100 �C for 2 h and then cooled in desiccator filled with
CaCl2. Twenty-five milliliter densimeter was closed and
weighted (m1, 20 �C) and then half filled with investi-
gated substance and weighted (m2) and then filled with
displacing substance – toluene. Displacing substance
should have a high boiling point and posses good wetting
properties towards the substance under investigation
that should be insoluble in it. Densimeter was placed in
vacuum-desiccator, where it was kept for 4 h to ablate

air and then weighted (m3). After that cleaned and empty
densimeter was filled with toluene up to hairline,
thermostated, and weighted (m4). Density of investigated
substance (q20) was calculated as:

q20 ¼ q1

m2 �m1

ðm4 �m1Þ � ðm3 �m2Þ
:

Density of displacing substance (q1) at the tempera-
ture of the experiment was calculated as:

q1 ¼ q
ðm4 �m1Þ
ðm5 �m1Þ

;

where m5 is a mass of densimeter filled with water and q
is density of water at the temperature of experiment.
Obtained density values are an average of three parallel
measurements and for 1, 2, 1&3, and 1&4 were found to
be 1.58±0.02, 1.44±0.02, 1.56±0.02, and
1.53±0.01 g cm)3, respectively.

Results

Two macrocyclic tetramethylsulfonatoresorcinarenes
with methyl and penthyl lower rim substituents were
recently studied as host molecules for a number of dif-
ferent substrates [5–10]. The macrocycles are well solu-
ble in water, glycerin, and DMSO. In aqueous media
they exist as tetra-anions and, as previously reported in
[5], acidity of their OH-groups have following pK
9.0±0.8; pK2 9.3±0.1; pK3 10.8±0.3; pK4 10.6±0.1.
Spatial separation of hydrophilic and hydrophobic
zones of resorcinarenes features their amphiphilic
properties that reveal themselves in adsorption at solu-
tion/air interface and in formation of aggregates in the
bulk of solution. Both of these processes were charac-
terized by tensiometric measurements in aqueous solu-
tions of 1 and 2 (Table 1). Measurements in aqueous
solutions of 1 resulted in isotherm that indicates the
absence of aggregation up to 6.41 · 10)2 M (ln C
)2.75). CCM1 for macrocycle 2 was found to be
8.87 · 10)4 M (ln C )7.02), which is in a good agree-
ment with CCM1 of 8.0 · 10)4 M obtained by conduc-
tometric titration [16].

Tensiometric studies of aqueous solutions of pyrim-
idine derivative 3 and ketophosphonate 4 gave surface
tension isotherms typical for surfactants. In case of 3,
two extremes on isotherm correspond to the maximum
of surface adsorption and CCM1, respectively. The
latter determined for 3 and 4 were found to be 0.123 M
(ln C )2.1) and 0.459 M (ln C )0.78).

Table 2 summarizes characteristics of adsorption and
micellization calculated based on isotherms of individual
compounds 1–4: value of maximum surface absorption
(C¥), surface activity ((r ) r0)/CMC1, free energy of
micellization (DG0

m), thickness of absorption layers (h),
and diameter of the hydrophilic area per onemolecule (d).

The influence of association of resorcinarenes 1 and 2

with 3 and 4 on the surface activity of macrocycles was
examined tensiometrically for respective equimolar (1:1)

Table 1. Theoretical volumes (V) and effective radii (r) of molecules
1–4

Compound V, Å3 r, Å

1 1480 7.1

2 1810 7.6

3 158 3.4

4 177 3.5
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solutions at the concentration range9.9 · 10)5‚ 2.0 · 10)1

for 1&3 (4) (8.1 · 10)5‚ 8.1 · 10)3 for 2&3 (4)). Obtained
surface tension isotherms arepresentedon theFigure 2 and
adsorption parameters are given in Table 3.

To elucidate aggregation of compounds 1–4, a high
resolution NMR with Fourier-transformation and im-
pulse field gradient [12] was used. This method allows
selective determination of diffusion coefficients of single

Table 2. Adsorption and aggregation parameters of individual compounds 1, 2, 3, and 4

Compound 1 2 3 4

Concentration

range of

isotherm [M]

9.91 · 10)5 ‚ 0.198

(ln C )9.22‚ )1.62)
8.11 · 10)5 ‚ 8.1·10)3

(ln C )9.42‚ )7.12)
0.008‚ 0.8

(ln C )4.83‚ )0.22)
0.025‚ 1

(ln C )3.69‚ 0)

C¥

[mol cm)2]

Eexp 1.28 · 10)10 1.43 · 10)10 6.60 · 10)10 2.97 · 10)10

Calca 1.60 · 10)10 1.31 · 10)10 4.74 · 10)10 3.62 · 10)10

cmc [M] (6.40±0.01) · 10)2 (8.90±0.01) · 10)4 (1.20±0.01) · 10)1 (4.60±0.01) · 10)1

rkkm [dyn/cm)1] 44.5 48.3 63.2 42.7

(r)r0)/cmc 440 27,479 77 65

D [Å] Exp 13 12 6 8

Calca 12 13 7 8

MM+b 14 14 6 –

d [Å] Exp 8 12 8 6

Calca 8 11 6 7

MM+b 5 10 3.5 –

DG0
m

[kJ mol)1]

)16.8 )27.5 )15.2 )11.9

aThermodynamic model, calculated according to Equation (1).
bThikness of layer estimation (MM+).
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Figure 2. Surface tension isotherms (20 �C): A: 1, 3, and 1&3; B: 1, 4 and 1&4; C: 2, 3, and 2&3; D: 2, 4, and 2&4.
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components in solutions, e.g. of solvent and dissolved
substance. Diffusion coefficients (Dw of water and Di of
compounds 1–4) along with calculated hydrodynamic
radii R for different concentrations are listed in Table 4
(for calculations see ref. [13]). Similarly, diffusion coef-
ficients and hydrodynamic radii were determined for
1&3 and 1&4 (Table 5). Indexes 1 and G for D1, R1 and
DG, RG denote respectively host 1 and guest 3 or 4

characteristics.
Recently we described formation of inclusion com-

plex between 1 and 4 [10]. TLC of mixture 1&3 indicated
the absence of free 3 in it. NMR investigation of com-
plexation between 1 and 3 was carried in D2O and
DMSO solutions. Observed CIS are listed in Table 6
(for full information on NMR data see also Tables A1–
A7 in Appendix A). For complexes of 2 with 3 and 4 13C
NMR spectra in D2O were rather complex for inter-
pretation and for complete characterization of these
complexes 1H and 13C NMR spectra were recorded in
DMSO-d6. This solvent is quite unusual for NMR study
but it was the only one that provided sufficient solubility
of the complexes.

Amphipilic resorcinarenes 1 and 2 can be approxi-
mated to polyelectrolytes known for their effect on
surface activity of neutral surfactants [11]. The influence
of 1 and 2 on aggregation and adsorption of 3 and 4 was
examined by viscosymetry. In the course of this experi-
ment a charge born by 1 and 2 was modeled by respective
amount of Na2SO4 added to solutions of 3 and 4 (Fig-
ure 3). Recorded values of relative viscosity show that
addition of electrolyte reduces CCM1 for both 3 and 4.
In the presence of Na2SO4 CCM1 for 3 and 4 was found
to be (1.20±0.05) · 10)1 M (ln C )2.12) versus
(2.7±0.05) · 10)1 M for pure solutions of 3 and 4.

Discussion

As illustrated by Table 1, the surface activities of res-
orcinarenes 1 and 2 differ sufficiently due to the pres-
ence of 16 additional CH2-groups at the lower rim of
the aromatic cavity in the latter. Good agreement be-
tween experimental and calculated values of the maxi-
mum surface adsorption (C¥) and of experimental,

Table 3. Adsorption and aggregation parameters of aqueous solutions of 1&3, 1&4, 2&3, and 2&4, 20 �C

Compound 1&3 1&4 2&3 2&4

C¥ [mol cm)2] Exp 4.6 · 10)10 3.2 · 10)10 2.7 · 10)10 2.1 · 10)10

Calca 1.4 · 10)10 1.4 · 10)10 1.2 · 10)10 1.2 · 10)10

Cmc [M] (4.30 ± 0.01) · 10)3 (1.10 ± 0.01) · 10)2 (4.60 ± 0.01) · 10)4 (6.60 ± 0.01) · 10)4

rkkm [dyn cm)1] 50.0 45.8 50.9 50.4

(r ) r0)/cmc 5227 2386 47,275 33,658

D [Å] Exp 7 8 9 10

Calca 12 12 13 13

d [Å] Exp 35 25 26 21

Calca 11 11 12 12

DG0
m [kJ mol)1] )23.5 )21.0 )29.1 )28.2

aThermodynamic model, calculated according to Equation (1).

Table 4. Diffusion coefficients Di and hydrodynamic radii Ri of compounds 1–4 in aqueous solutions

Compound C, M Dw, 10
)5 cm2/c Di, 10

)5 cm2/c Ri, 10
)10 m

1 3.2 · 10)1 1.27±0.06 (8.04±0.56)·10)2 9.7±0.9

2.0 · 10)1 1.67±0.08 (1.55±0.11)·10)1 9.8±0.9

1.0 · 10)1 1.81±0.09 (2.18±0.15)·10)1 9.8±0.9

5.0 · 0)2 2.10±0.10 (3.20±0.22)·10)1 8.9±0.8

2.5 · 10)2 2.07±0.10 (3.36±0.23)·10)1 9.3±0.8

1.2 · 10)2 2.30±0.11 (4.38±0.31)·10)1 7.5±0.7

2 3.2 · 10)2 1.92±0.10 (9.16±0.64)·10)2 32.5±2.9

1.6 · 10)1 2.02±0.10 (1.05±0.07)·10)1 30.4±2.7

3 1.2 1.59±0.08 (4.38±0.31)·10)1 4.8±0.4

1.0 1.58±0.08 (4.47±0.31)·10)1 5.1±0.4

4.0 · 10)1 1.86±0.09 (5.60±0.39)·10)1 5.3±0.5

2.0 · 10)1 1.92±0.10 (6.10±0.42)·10)1 5.2±0.5

1.5 · 10)1 1.95±0.10 (6.70±0.47)·10)1 4.8±0.4

4 8.0 · 10)1 1.62±0.08 (4.88±0.34)·10)1 4.9±0.4

4.0·10)1 1.78±0.09 (5.52±0.39) ·10)1 5.2±0.5

2.0·10)1 1.85±0.09 (6.13 ± 0.43) · 10)1 5.1 ± 0.4
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calculated and model values of the surface area per
molecule (d) indicate formation of a densely packed layer
at the aqueous solution/air interface. The difference
between model and experimental thickness of an
adsorption layer (d) indicates deviation of this layer from
monomolecular structure. The CCM1 and (r ) r0)/
CCM1 values give quantitative estimation of the surface
activity of 1 and 2. The free energy of micellization
calculated from them is twice higher for 2 than for 1,
DG0

m of which is close to those of 3 and 4 having a low
surface activity and CCM1 in decimolar range.

For 3 the surface area per molecule of 6 Å and the
thickness of the layer of 8 Å (for a monolayer taking
into account only hydrophobic part of molecule it is
3.5 Å) along with the deviation of experimental C¥ from
respective calculated value suggest formation of a bi-
layered structure at the solution/air interface. For nei-
ther of the examined individual substances 1–4, it is
possible to declare formation of a monomolecular
adsorption layer at the phase boundary. However, tak-
ing into account good agreement between the experi-
mental and calculated surface area per molecule it is
possible to suggest formation of a staggered phase
boundary layer that will correspond to the experimental
value of its thickness.

In case of the resorcinarenes such model closely
resembles the host–guest packing, where methyl groups
or aliphatic chains of the lower layer molecules interact
with p-fragments and polar groups of the upper layer
oriented ‘to aqueous solution’. For guest molecules 3

and 4 suggested bilayer packing is stabilized by multi-
point hydrogen bonding between CH-protons and polar
domains of the layer.

While tensiometric determination of the surface
activity characteristics is based on measurements of the
phase boundary layer properties, nothing is known
about processes taking place at the same time in the bulk
of solution at concentrations close to CCM1. To eluci-
date these processes a high resolution NMR spectros-
copy with Fourier-transformation and impulse gradient
of field was used. This method allows estimation of the
aggregation number, N, corresponding to a number of
individual molecules in an associate existing in the bulk
of solution.

As it is clear from the Table 3, hydrodynamic radii of
1 starts to deviate from its effective radii (7.5 Å) at
concentrations sufficiently lower than CCM1 deter-
mined tensiometrically (1.20±0.05) · 10)2 M). The
aggregation numbers of 2–3 correspond to this process.
Hydrodynamic radii of 2 (R 30 Å) is sufficiently higher
than its effective radii (r 7.6 Å, see Exp. Part, Table 1)
and slightly varies at the concentration range of
1.6 · 10)2 ‚ 3.2 · 10)2 M, where calculated aggrega-
tion number N is 60–70.

Bulk aggregation properties of 3 and 4 are rather
weak. Experimental hydrodynamic radii of 5 and 4.5 Å
for them are close to effective radii of 3.4 and 3.5 Å at
the concentration range of 1.5 · 10)1 ‚ 1.2 M and
2.0 · 10)1 ‚ 8.0 · 10)1 M, respectively. Obtained
aggregation numbers for them were 3–4.

Association of 1 and 3 in aqueous solution was
determined with the help of NMR (see Table 6) based
on up-field CIS of protons of 3 caused by inclusion of it
into aromatic cavity. NMR spectra of 1&3 in DMSO
feature significant down-field shifts of protons indicating
donor–acceptor interactions of 3 with peripheral groups
of 1. Association of 1 and 4 was earlier discussed in
detail in ref [8].

Table 5. Diffusion coefficients and hydrodynamic radii of host 1 (D1 and R1) and guests 3 and 4 (DG and RG) in aqueous solutions of associates
1&3 and 1&4 (0.2 M)

CG, M Dw, 10
)5 cm2/c D1, 10

)5 cm2/c DG, 10
)5 cm2/c R1, Å RG, Å

1&3 4.0 · 10)1 1.50±0.07 (1.31±0.09) · 10)1 (2.60±0.16) · 10)1 7.3±0.6 7.9±0.6

2.0 · 10)1 1.58±0.08 (1.42±0.10) · 10)1 (2.94±0.18) · 10)1 7.0±0.6 7.5±0.6

1.0 · 10)1 1.61±0.08 (1.46±0.10) · 10)1 (3.02±0.18) · 10)1 7.0±0.6 7.6±0.6

5.0 · 10)2 1.63±0.08 (1.60±0.11) · 10)1 (2.98±0.18) · 10)1 6.5±0.6 7.8±0.6

1&4 8.0 · 10)1 1.39±0.07 (1.28±0.09) · 10)1 (2.82±0.17) · 10)1 8.0±0.7 5.9±0.5

4.0 · 10)1 1.49±0.07 (1.50±0.11) · 10)1 (3.39±0.20) · 10)1 7.5±0.6 5.9±0.5

2.0 · 10)1 1.48±0.07 (1.49±0.10) · 10)1 (3.42±0.20) · 10)1 7.9±0.7 6.4±0.5

Table 6. Complexation induced shifts (CIS) of protons of guests 3 and
4 (Dd, ppm) in complexes with 1 and 2 in D2O and DMSO solutions

D2O DMSO-d6 D2O DMSO-d6

1&3 2&3

(CH3)C–N )0.12 0.31 0.70 a

(CH3)C=N )0.24 0.17 0.65 a

CH )0.30 0.47 )0.38 a

CH2N )0.10 0.04 0.11 a

CH2O )0.07 0.13 )0.23 a

1&4 2&4

(CH3)2C )0.18c 0.33 a 0.33

CH3C(O) )0.07c 0.37 0.03 0.35

CH2C(O) )0.14c 0.37 0.02 0.36

(CH3O)2P )0.05c 0.30 0.10 0.30

Dd 31P NMR 0.420c )1.65 – 2.33

aThe observed CIS ±0.01 ppm.
bNo observed shift.
cThe values of CIS was taken from ref. [8].
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Complexes of macrocycle 2 were isolated from
aqueous solutions that according to TLC contained
no free 3 or 4. 1H NMR spectra of these complexes
in D2O demonstrated general broadening of signals
and both up- and down-field shifts of guest protons
(Tables 6, A2, and A4). 1H and 13C NMR spectra of
the same complexes in DMSO, the only solvent
providing good solubility of the complexes, do not
show any up-field shift of guests protons typical for
inclusion complexes (Tables A3 and A5). Based on
earlier studies of solvent influence on complexes of
resorcinarenes [10], it was suggested that in DMSO
binding of 3 and 4 is realized predominantly via
multipoint interaction with peripheral groups of res-
orcinarenes, whereas in water, dominating hydro-
phobic favor inclusion of guests in resorcinarene
cavity.

Tensiometric studies of complexes of 3 and 4 with 1

and 2 summarized in Table 3 clearly indicate the ab-

sence of additivity of the properties related to surface
activity. For 1&3 and 1&4 surface activity is 12 and
five times higher that for individual 1 and 68 and 37
times higher than for individual 3 and 4. The thickness
of the surface layer calculated from the experimental
data was found to be 35 and 25 Å, respectively, and
CCM1 for these complexes are six to 10 times lower
that of 1. Similar tendencies were observed for 2&3

and 2&4 (Table 3), however CCM1 these associates do
not increase so dramatically due to the high surface
activity of 2 itself. For both 1 and 2 the effect of 3 on
surface activity of complexes is more pronounced than
that of 4.

Diffusion properties of single components in solu-
tions of complexes are listed in Table 4. Hydrody-
namic radius of macrocycle in inclusion complex is
reduced till its effective radii, so that it can be sug-
gested that whereas in solutions of pure 1 di- and
trimerization takes place, in solution of complexes 1&3

-5 -4 -3 -2 -1 0

3+Na2SO4 3

0.5

1.0

1.5

2.0

2.5

3.0

ln C
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η

Figure 3. Dependence of relative viscosity on concentration for aqueous solutions of 3 and 4 in the presence and absence of Na2SO4.

Figure 4. Models of complexes (A – 1&3, D – 1&4) and absorption layers at the aqueous solution/air interface (B – 1&3, C – 2&3, E – 1&4, F–2&4).
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and 1&4 monomeric 1 forms exclusively 1:1 complexes.
This suggestion is in a good agreement with the in-
crease of hydrodynamic radii (from 4.8 and 5.1 to 7.8
and 6.4) of guests 3 and 4 included into aromatic
cavity.

Viscosymetric measurements with solutions of 3

and 4 in the presence of Na2SO4 modeling charge of
1 and 2 (Figure 3) show only two-fold reduction of
CCM1 compare to pure solutions of the guests.
Thus, indicating a minor impact of ion–dipole
interactions into decrease of CCM1 of the guests
solutions in the presence of the hosts. Presence of 1

and 2 decrease CCM1 28 and 267 times for 3 and 41
and 692 times for 2, pointing to the major role of
weak noncovalent interactions in increase of the
surface activity of these complexes. Apparently, hy-
dratation of polar zone of macrocycles facing aque-
ous solution compete with multipoint binding of
guests decreasing dipole moment of the boundary
layer and promoting further aggregation with the
lower layer of host molecules.

It was reported in ref. [1] on molecular recognition
at the water/air interface resulting in formation of
mixed adsorbed layers. Whereas intermolecular asso-
ciation in diluted solutions corresponds to relatively
low CCM1, at the phase boundary they increase due to
formation of highly ordered layer composed of inter-
acting host and guest molecules. The authors, there-
fore, suggested that significant increase in electrostatic
interactions at the phase boundary is caused by rather
close packing of hydrophobic fragments having low
dielectric constant. Such arrangement creates favorable
conditions for all kinds of noncovalent interactions
including electrostatic. Similar interactions can take
place in the bulk of solution at concentrations close to
CCM1, where guests could be bound by surface of a

large host aggregate [17]. In the same way, trying to
develop a consistent model of phase boundary layer in
solutions of complexes of 1 and 2 with 3 and 4, we
resorted to molecular modeling by MM+ force field
method (HyperChem� Release 5.0, N 500-10001026,
Hypercube Inc.) to provide visual representation of the
complexes (Figure 4) taking into account parameters of
the adsorption layers obtained experimentally. It was
concluded that solution/air interface of 1&3 consists of
four layers of suggestively arranged 1 incorporating 3

in the intermolecular gaps, while for 1&4 and 2&3 it is
represented by alike tri- and for 2&4 bilayered struc-
tures.

Conclusions

Present work demonstrated that amphiphilic tetraan-
ionic host molecules 1 and 2 in aqueous solutions
form inclusion complexes with nonionogenic com-
pounds 3 and 4. The binding is accompanied by
nonadditive increase of the surface activity of both
host and guest (Figure 5). Presumably, decrease of
polarity and increase of hydrophobic surface of
inclusion complexes as compared to individual hosts
and guests enhances driving force of formation of
multilayered structure at the aqueous solution/air
interface.
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Appendix A

Table A.1. 1H, 13C NMR-data for 1, 3 and 1&3 in D2O

NN 1 3 1&3

1H, d, ppm (J, Hz) [Dd, ppm]

CH 4.47 q (7.07) – 4.56 q (6.85)

[+0.09]

ArH 6.72 s – 6.76 s [+0.04]

ArCH2S 4.33 s – 4.29 s [)0.04]
CH3 1.55 d (7.50) – 1.50 d (7.06)

[)0.05]
(CH3)C–N – 2.34 s 2.22 s [)0.12]
(CH3)C=N – 2.51 s 2.27 br d [)0.24]
CH – 6.52 s 6.22 s [)0.30]
CH2N – 3.94 t (5.44) 3.84 t (5.32)

[)0.10]
CH2O – 4.18 t (5.43) 4.11 t (5.25)

[)0.07]
13C, ppm (J, Hz) [Dd, ppm]

C1,5 127.66 – 128.60 [+1.09]

C2,4 150.60 – 151.29 [+0.69]

C3 110.12 – 110.89 [+0.79]

C6 125.06 – 125.91 [+0.85]

C7 30.52 d – 32.42 [+1.90]

C8 19.05 – 20.61 [+1.56]

C9 46.94 – 48.18 [+1.24]

C10 – 161.95 160.94 [)1.01]
C11 – 109.85 109.24 [)0.61]
C12 – 159.51 158.70 [)0.81]
C13 – 176.94 216.47 [+39.53]

C14,15 – 21.19, 24.66 20.98 [)0.21],
31.37 [+6.71]

C16 – 49.13 50.16 [+1.03]

C17 59.66 59.12 [)0.43]

Table A.2. 1H, 13C NMR-data for compounds 1, 3 and 1&3 in
DMSO-d6

NN 1 3 1&3

1H, d, ppm (J, Hz) [Dd, ppm]

CH 4.47 q (7.07) – 4.46 q (7.15) [)0.01]
ArH 7.45 s – 7.45 s [0.00]

ArCH2S 3.86 s – 3.86 s [0.00]

CH3 1.75 d (7.50) – 1.72 d (7.02) [)0.03]
(CH3)C–N – 2.18 s 2.49 s [+ 0.31]

(CH3)C=N – 2.41 s 2.58 s [+0.17]

CH – 6.25 s 6.72 s [+0.47]

CH2N – 3.65 t 3.69 t (5.15) [+0.04]

CH2O – 3.95 t (5.46) 4.08 t (5.13) [+0.13]
13C, ppm (J, Hz) [Dd, ppm]

C1,5 125.92 – 125.73 [)0.19]
C2,4 149.74 – 149.57 [)0.17]
C3 109.16 – 108.99 [)0.17]
C6 122.99 – 122.82 [)0.17]
C7 29.65 d – 28.38 [1.27]

C8 20.31 – 20.15 [)0.16]
C9 46.94 – 47.97 [)0.17]
C1� – 158.47 a

C11 – 105.06 106.68 [+1.62]

C12 – 155.99 a

C13 – 173.25 168.59 [)4.65]
C14,15 – 19.91; 24.18 20.33 [+0.42]; 21.30 [)2.88]
C16 – 47.20 48.95 [+1.75]

C17 57.93 57.33 [)0.60]

aThe signal was overlapped with one of 2,4C

Table A.3. 1H NMR-data for 2, 3 and 2&3 in D2O

NN 2 3 2&3

1H, d, ppm (J, Hz) [Dd, ppm]

CH3 0.83 br t – 0.83 br s [0.00]

(CH2)3 1.25–1.37 m – 1.22 br s

CHCH2 1.99 br s – 2.06 br s [+0.07]

ArCH2S 3.68 q – 3.93 br s [+0.25]

CH 4.38 br t – 4.38 br t [0.00]

ArH 7.02 br s – 7.17 br s [+0.15]

OH A – a

CH3C–N – 2.34 s 3.04 br s [+0.70]

CH3C=N – 2.51 s 3.26 br d [+0.65]

CH2O – 3.92 t (5.44) 3.69 br t [)0.23]
CH – 6.53 s 6.15 br s [)0.38]
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Table A.3. Continued

NN 2 3 2&3

CH2N – 4.19 t (5.43) 4.30 br t [+0.11]

CH2O – 3.92 t (5.44) 3.69 br t [)0.23]
OH – a a

aNo observed shift.

Table A.4. 1H 13C NMR-data for 2, 3 and 2&3 in DMSO-d6

NN 2 3 2&3

1H, d, ppm (J, Hz) [Dd, ppm]

CH3 0.83 t – 0.87 t [)0.01]
(CH2)3 1.24–1.20 m – 1.23–1.32 m

CHCH2 1.99 br s – 2.24 q [)0.03]
ArCH2S 3.89 s – 3.86 s [)0.03]
CH 4.25 t – 4.21 t [)0.04]
ArH 7.29 s – 7.34 s [+0.05]

OH 9.69 br s – 9.72 s [+0.03]

CH3C–N – 2.18 s 2.19 [+0.01]

CH3C=N – 2.41 s 2.41 [+0.00]

CH2O – 3.95 t (5.46) 3.94 t (5.23) [)0.01]
CH – 6.24 s 6.25 s [+0.01]

CH2N – 3.65 t (5.21) 3.64 q (5.02) [)0.01]
CH2O – 3.95 t (5.46) 3.94 t (5.23) [)0.01]
OH – 5.00 br s 4.99 t [)0.01]
13C, ppm (J, Hz) [Dd, ppm]

C1,5 127.34 – 124.71 [)2.63]
C2,4 152.09 – 149.93 [)2.16]
C3 110.33 – 108.91 [)1.42]
C6 125.14 – 122.92 [)2.22]
C7 36.37 – 32.42 [+1.90]

C8 15.41 – 13.98 [)1.43]
C8a 23.95 – 22.17 [)1.78]
C8b 33.68, 31.28 – 33.06 [)0.62], 31.57 [+0.29]

C8c 28.97 – 27.78 [)1.19]
C9 49.06 – 48.15 [)0.91]
C1� 158.47 158.69 [+0.22]

C11 155.99 156.16 [+0.17]

C12 105.06 105.29 [+0.23]

C13 173.25 173.41 [+0.16]

C14,15 19.91, 24.18 20.05 [+0.16], 24.28 [+0.14]

C16 47.20 47.32 [+0.12]

C17 57.93 57.97 [+0.04]

Table A.5. 1H, 13C NMR-data for 1, 4 and 1&4 in DMSO-d6

1 4 1&4

1H, d, ppm (J, Hz) [Dd, ppm]

CH 4.47 q (7.07)– 4.48 q [)0.01]
ArH 7.46 s – 7.45 s [)0.01]
ArCH2S 3.87 s – 3.85 s [)0.02]
CH3 1.72 d (7.50)– 1.72 d (7.20) [0.00]

OH 9.58 s – 9.62 s [0.04]

(CH3)2C – 0.86 d (11.6) 1.19 d (17.1) [+0.33]

CH3C(O) – 1.73 d (11.8) 2.10 s [+0.37]

CH2C(O) – 2.21 d (10.85)2.58 d (10.77) [+0.37]

(CH3O)2P – 3.36 d (10.38)3.66 d (10.27) [+0.30]

d 31P NMR, ppm– 36.02 34.37 [–1.65]
13C, d, ppm (J, Hz) [Dd, ppm]

C1,5 125.92 – 125.71 [)0.21]
C2,4 149.74 – 149.55 [)0.19]
C3 109.16 – 109.00 [)0.16]
C6 122.99 – 122.78 [)0.21]
C7 29.65 d – 28.36 [1.29]

C8 20.31 – 20.12 [)0.19]
C9 46.94 – 47.96 [1.02]

C10 55.15 52.74 [)2.41]
C11 36.40 34.58 [)1.82]
C12 22.71 20.86 [)1.85]
C13 49.02 46.72 [)2.30]
C14 185.79 208.60 [+22.81]

C15 33.40 31.91 [)1.49]

Table A.6. 1H NMR-data for 2, 4 and 2&4 in D2O
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Table A.6. Continued

2 4 2&4

1H, d, ppm (J, Hz) [Dd, ppm]

CH3 0.83 br t – 0.82 br s [)0.01]
(CH2)3 1.24–1.20 m – 1.25 br d

CHCH2 1.99 br s – 1.99 br s [0.00]

ArCH2S 3.68 q – 3.82 br d [+0.14]

CH 4.38 br t – 4.37 br t [)0.01]
ArH 7.02 br s – 7.02 br s [0.00]

OH a – a

(CH3)2C – 1.26 d (17.39) 1.25 d [)0.01]
CH3C(O) – 2.10 s 2.23 br s [+0.03]

CH2C(O) – 2.69 d (12.96) 2.71 br s [+0.02]

(CH3O)2P – 3.77 d (10.23) 3.67 d [+0.10]

aNo observed shift.

Table A.7. 1H, 13C NMR-data for 2, 4 and 2&4 in DMSO-d6

2 4 2&4

1H, d, ppm (J, Hz) [Dd, ppm]

CH3 0.88 t – 0.86 t [)0.02]
(CH2)3 1.25–1.37 m– 1.29–1.31 m

CHCH2 2.27 q – 2.23 q [)0.04]
ArCH2S 3.89 s – 3.85 s [)0.04]
CH 4.25 t – 4.20 t [)0.05]
ArH 7.29 s – 7.33s [+0.04]

OH 9.69 br s – 9.71s [+0.02]

(CH3)2C – 0.86 d (11.6) 1.19 d (11.8) [+0.33]

CH3C(O) – 1.73 d (11.8) 2.08 s [+0.35]

CH2C(O) – 2.21 d (10.85)2.57 d (10.77) [+0.36]

(CH3O)2P – 3.36 d (10.38)3.66 d (10.22) [+0.30]

d 31P NMR, ppm– 36.50 38.83 [+2.33]
13C, ppm (J, Hz) [Dd, ppm]

C1,5 127.34 124.70 [)2.64]
C2,4 152.09 149.93 [)2.16]
C3 110.33 108.92 [)1.41]
C3 125.14 122.89 [)2.25]
C6 36.37 34.12 [)2.25]
C7 15.41 13.98 [)1.43]
C8 23.95 22.17 [)1.78]
C8a 33.68 33.05[)0.63]
C8b 31.28 31.57 [+0.29]

C8c 28.97 27.78 [)1.19]

2 4 2&4

C9 49.06 48.15 [)0.91]
C10 55.15 52.91[)2.24]; 52.82 [)2.33]
C11 36.40 34.64 [)1.58]
C12 22.71 20.93 [)7.78]
C13 49.02 46.78 [)2.24]
C14 185.79 206.42 [+20.63]

C15 33.40 31.98 [)1.42]
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