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a b s t r a c t

Two neutral star-shaped polymers with calix[8]arene core and eight amphiphilic alkyloligoethyleneoxide
arms have been synthesised using the arm-first approach. One of them has arms with oligoethylene
oxide block attached to the calix[8]arene core, whereas the other one has arms where the oligoethylene
oxide is the outer block. Both polymers are soluble in most common organic solvents and form true, i.e.,
molecularly dispersed solutions. In highly dilute aqueous solutions these polymers form loose multi-
molecular clusters, which do not disintegrate upon further dilution but break in a shear flow. Aggre-
gation of these star polymers in water is investigated using light scattering and the structure of the
aggregates is discussed. The ability of the stars to bind a series of metal ions and the effectiveness of
these polymers as phase-transfer agents were investigated in respect to their molecular architecture. The
performance of the star-shaped polymers was also compared to that of crown ethers.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Amphiphilic star-shaped block copolymers have attracted much
attention because of their ability to self assemble in water into
nanosized unimolecular micelles containing hydrophobic cores
surrounded by hydrophilic shells. Star-shaped block copolymers
with hydrophobic inner blocks typically are directly soluble in
water. This property makes them more attractive, in comparison
with amphiphilic linear block copolymers having the same chem-
ical composition, because their solubilisation does not necessarily
require a transfer from an organic solvent into an aqueous medium.
As has been demonstrated, star-block copolymers are capable to
form supramolecular structures of various morphologies, e.g.,
single and multi core micelles or worm-like micelles [1]. These
structures are of great interest for medical applications such as
micelle-assisted drug delivery [2]. Star polymers synthesized using
multifunctional calixarene initiators have additional fascinating
features. The macro cyclic core composed of benzene rings has
a structure, which allows its complexation with low molecular
weight compounds [3], molecular recognition, as well as the
preparation of supramolecular assemblies using macrocycles as
building blocks [4e6]. Synthesis of calixarenes and functionalizing
: þ358 9 19150330.
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of the lower and the upper rim of calixarenes is easy and have
resulted in a variety of derivatives [7,8]. Effective encapsulation (i.e.,
binding to the calixarene core) of small molecules poorly soluble in
water (drugs, dyes, flavors, fragrances etc.) is necessary to protect
them from hydrolytic and oxidative degradation [9,10]. The calix-
arene core can also be used as amolecular container for photoactive
substances. In all these cases, the formation of a complex with
calixarene results in a change in the spectral characteristics of the
substance owing to the redistribution of the electron density [11].

There are two basic approaches to the synthesis of the star-
shaped macromolecules: the arm-first and the core-first techniques.
The arm-first technique involves the synthesis of the preformed
arms that are bound together with multifunctional linking agents
[12e15]. The core-first approach is preferable in the case of the stars
synthesized using calixarene-based initiators especially in a combi-
nation with the living ionic or controlled radical polymerization.
Kennedy and co-workers introduced a calix[8]arene-based initiator
in the living cationic polymerization of isobutylene [16,17]. Later
Sawamoto et al. [18] and Gnanou et al. [19e21] used functionalized
calix[n]arenes as ATRP initiators inpolymerization of styrene,methyl
methacrylate, and acrylates. ATRP method was successfully applied
for preparation of resorcinarene centred stars bearing amphiphilic
block copolymer arms [22].

Despite of the well known and investigated feature of calix[n]
arenes to form complexes, the effect of the chemical composition
and architecture of amphiphilic polymers bearing suchmacrocycles
on the mechanism of the complex formation has not been well
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reported. Therefore, we intentionally designed two chemically
similar but architecturally different star-shaped polymers with
calix[8]arene core and neutral amphiphilic block copolymers as
arms. The stars were synthesized using the arm-first approach. The
star denoted herein as 4a has arms with hydrophilic oligoethylene
oxide block attached to the calix[8]arene core and alkyl outer block,
whereas the other star denoted as 4b has arms with inverse order
of the blocks in respect to the core. Keeping in mind that oligo-
ethylene oxide structures arewidely used as podands for metal ions
and the well known ability of calixarene to form complexes with
different ionic and neutral species we believe that the combination
of these moieties in one star-shape structure has allowed us to
synthesise novel effective host molecules. Additionally it is possible
to suppose that hydrophobic interactions in amphiphilic arms will
prevent the ion release from the complex that obviously should
increase the complexation ability of such polymers.

In this paper we report the complex formation between a series
of metal ions and the star-block copolymers in respect to their
macromolecular architecture. The ability of these polymers to
extract cations from aqueous into organic phase is also presented.
The observed difference in the extraction ability of the 4a and 4b
stars is a consequence of their solubility and self-organization. Thus,
in organic solvents these polymers form true, molecularly dispersed
solutions with easily accessible calix[8]arene core, whereas multi-
molecular clusters are formed in aqueous media. The structure of
these clusters depends on the order, in which the hydrophilic and
hydrophobic blocks of the arms are attached to the calix[8]arene
core. And this structure determines the accessibility of the macro-
cycles by the cations in water and hence the extraction ability of the
4a and 4b stars from aqueous into organic phase.
2. Experimental

2.1. Materials

Octa-t-butylcalix[8]arene was synthesized according to the
earlier reported procedure [23]. All chemicals were purchased from
Aldrich. Methylbromoacetate, sodium iodide, potassium carbonate,
11-bromoundecanoic acid, a-cetyl-u-hydroxyoligoethylene oxide
(Mw ¼ 1000 g/mol, Brij-58) and u-methyloligoethylene oxide
(Mw¼ 1000 g/mol) were used as received, whereas thionyl chloride
as well as solvents were purified by distillation. Alkali metal pic-
rates were prepared from appropriate chlorides and sodium picrate
(Aldrich) and twice recrystallized from water, while alkali metal
chlorides as well as europium trichloride and uranyl nitrate (all p.a.)
were used without additional purification. Dichloromethane was
purchased from Vekton (Russia) and distilled before use. Aqueous
solutions were prepared using deionised water from the Elgastat
UHQ-PS water purification system.
2.2. 5,11,17,23,29,35,41,47-Octa-tert-butyl-9,50,51,52,53,54,55,56-
octakis(carbomethoxy)calix[8]arene octamethyl ester (1a)

A mixture of dried sodium iodide (3 g, 20 mmol) and methyl-
chloroacetate (2 g, 18 mmol in dry acetone (50 ml) was stirred
during 20 min and NaCl was filtered off. Potassium carbonate (5 g,
36 mmol) and tert-butylcalix[8]arene (1.3 g,1 mmol) were added to
a stirred filtrate as a dispersion in 100 ml of acetone. Reaction
mixture was heated under reflux for 6 h, and was filtered after
cooling. Evaporation of the solvent furnished a yellow solid that
was recrystallized from ethanol. Yield was 1.4 g (77%) m.p.
239e240 �C 1H NMR (CDCl3) 1.10 (s, 72H), 3.52 (s, 24H), 4.05 (s,
16H), 4.07 (s, 16H), 6.97 (s, 16H).
2.3. 5,11,17,23,29,35,41,47-Octa-tert-butyl-9,50,51,52,53,54,55,56-
octakis(carboxymethoxy)calix[8]arene (2a)

Amixture of 0.9 g (0.48mmol) 1 and 30ml of 5% NaOH (ethanol/
water 1/1 v/v solution) was stirred under reflux for 2 h. After
acidification, the product was filtered off and twice recrystallized
from methanol. Yield was 0.63 g (74%) m.p. 239e240 �C 1H NMR
(CDCl3) 1.10 (s, 72H), 3.5 (s, 24H) 4.07 (s, 16H), 6.92 (s, 16H).
2.4. 5,11,17,23,29,35,41,47-Octa-tert-butyl-9,50,51,52,53,54,55,56-
octakis(chlorocarbonyloxymethoxy)calix[8]arene (3a)

A suspension of 2 (0.42 g, 0.24 mmol) in a mixture of SOCl2
(5 ml) and benzene (20 ml) was stirred under reflux for 2 h. After
the solvent evaporation, slightly yellow powder was recrystallized
from hexane. Yield was 0.32 g (71%) m.p. 150e152 �C 1H NMR
(CDCl3) 1.17 (s, 72H), 3.5 (s, 24H) 4.72 (s, 16H), 6.92 (s, 16H).
2.5. 5,11,17,23,29,35,41,47-Octa-tert-butyl-9,50,51,52,53,54,55,56-
octakis(carboxymethoxy)calix[8]arene octa(eicosaethylene glycol
hexadecyl ether) ester (4a)

A solution of 3 (0.27 g, 0.14mmol) and Brij-58 (1.27 g,1.13mmol)
in 2 ml of dodecane was heated at 180 �C during 2 h under the
argon atmosphere. After cooling, the solvent was evaporated in
vacuum and polymer was reprecipitated twice from methylene
chloride (1 ml) to hexane (50 ml) and dried (50 �C, 0.1 torr). Yield
was 1.1 g (84%) 1H NMR (CDCl3) 0.88 (s, CH3), 1.23e1.36 (m, CH2),
3.36e3.51 (m, OCH2CH2O) 4.29 (t, OCH2), 6.92 (s, Ar-H).
2.6. 5,11,17,23,29,35,41,47-Octa-tert-butyl-9,50,51,52,53,54,55,56-
octakis(100-carbodecyloxy)calix[8]arene octaethyl ester (1b)

A mixture of 1.94 g (5.95 mmol) Cs2CO3, 0.77 g (0.59 mmol) of
tert-butylcalix[8]arene and 4.12 g (11.8 mmol) of ethyl 11-iodoun-
decanoate [24] in 50ml of acetonewas heated under reflux for 72 h.
After cooling cesium salts were filtered off and filtrate poured into
100 ml of water. Crude product was recrystallized from ethanole-
chlorophorm (1/2 v/v) mixture. Yield was 1.4 g (79%) 1H NMR
(CDCl3) 1.04 (s, 72H), 1.4 (m,128H), 1.65 (t, 24H) 2.29 (t, 16H) 3.61 (t,
16H), 4.05 (s, 16H), 4.13 (q, 16H), 6.92 (s, 16H).
2.7. 5,11,17,23,29,35,41,47-Octa-tert-butyl-9,50,51,52,53,54,55,56-
octakis(100-carboxydecyloxy)calix[8]arene (2b)

Amixture of 1 g (0.33 mmol) 1b and 20ml of 5% NaOH (ethanol/
water 1/1 v/v solution) was stirred under reflux for 2 h. After
acidification, the product was filtered off and twice recrystallized
from methanol. Yield was 0.77 g (85%) 1H NMR (CDCl3) 1.22 (s,
72H), 1.4 (m, 128H), 2.30 (t 16H), 3.51 (t, 16H), 4.11 (s, 16H) 6.92 (s,
16H).
2.8. 5,11,17,23,29,35,41,47-Octa-tert-butyl-9,50,51,52,53,54,55,56-
octakis(100-chlorocarbonyldecyloxy)calix[8]arene (3b)

A suspension of 2b (0.39 g, 0.14 mmol) in a mixture of SOCl2
(1.5 ml) and benzene (4 ml) was stirred under reflux for 8 h. After
the solvent evaporation, white powder was recrystallized from
hexane. Yield was 0.28 g (71%) 1H NMR (CDCl3) 1.21 (s, 72H), 1.4 (m,
128H), 2.33 (t 16H), 3,51 (t, 16H), 4.15 (s, 16H) 6.94 (s, 16H).



Scheme 1. The synthetic route to the star polymers.
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2.9. 5,11,17,23,29,35,41,47-Octa-tert-butyl-9,50,51,52,53,54,55,56-
octakis(100-chlorocarbonyldecyloxy)calix[8]arene octa
(polyethleneglycol-1000 u-methyl ether) ester (4b)

A solution of 3b (0.2882 g, 0.0988 mmol) and PEG1000-u-
methyl ether (0, 7912 g, 0.79mmol) in 2ml of dodecanewas heated
at 180 �C during 2 h under the argon atmosphere. After cooling, the
solvent was evaporated in vacuum and polymer was reprecipitated
twice from methylene chloride (1 ml) to diethyl ether (50 ml) and
dried (50 �C, 0.1 torr). Yield was 0.8 g (74%) 1H NMR (CDCl3) 1.29 (s,
(CH3)3C), 1.12e1.74 (m, CH2), 2.33 (t CH2COO), 3.39 (s, OCH3),
3.36e3.71 (m, OCH2CH2O), 4.23 (t, OCH2), 6.93 (s, Ar-H).

2.10. Binding constant measurements

Methanol (Vecton, RF) was used as a solvent without additional
purification. The changes in the UV spectrawere recorded from 250
to 300 nm for the series of the polymer solutions in methanol upon
stepwise increasing the metal cation concentration. The concen-
tration of the polymers (i.e., the molar concentration of calixarene
rings) was 1 �10�4 M, while the concentration of metal salt varied
from 0 to 1�10�3 M. The cations were introduced as chlorides or as
nitrate in the case of uranyl (all p.a.). Samples were stored at room
temperature for about 12 h prior the measurements to reach
equilibrium complex formation. After this period no changes in the
UV spectra have been detected. Also no influence of the NO3

� ions
on the spectra of the uranyl containing solutions was observed.
Stoichiometries of complexes were determined by the method of
continuous variation using the deviation from Beer’s law in the UV
spectra at 278 nm for the series of mixtures of polymer and inor-
ganic salts in methanol (so called Job’s plot) [25]. In all these cases
the total concentration of polymer and inorganics was 1 �10�4 M.

2.11. Extraction measurements

Extraction measurements were performed in a dichloro-
methane/water compositionwith 1:1 volume ratio of the combined
solutions. The extracting polymers and extracted picrates were
dissolved separately: the picrates were dissolved in water, whereas
solutions of the star polymers 4a and 4b as well as the calixarene
derivative 2a were prepared in dichloromethane. The molar
concentration of the picrates and the functional groups of the
polymers was the same, i.e., 1.35 � 10�4 mol/l. The freshly made
solutions were left overnight to insure entire solubilisation. Solu-
tions of polymers in dichloromethane (5 ml) and aqueous solutions
of picrates (5 ml) were mixed, vigorously shaken for 3 min, and
obtained emulsions were kept steady until complete liquideliquid
macro phase separation. The concentration of the picrate ions
extracted by the polymers into the organic phase was determined
spectrophotometrically using the absorption measurements at
355 nm, the longest wavelength adsorbtion maximum of Bu4Nþ

picrate in CH2Cl2 that was used as a reference compound prepared
in situ from picric acid and Bu4NþOH�.

2.12. Instrumentation

1H NMR spectra were recorded on a Bruker DRX 400 NMR
spectrometer operating at 400.13 MHz for 1H. UV measurements
were recorded on a Cary 100 Varian spectrophotometer. Dynamic
(DLS) and static (SLS) light scattering measurements were con-
ducted using a Brookhaven Instruments BI-200SM goniometer,
a BIC-TurboCorr digital crosscorrelator, and a BI-CrossCorr detector,
including two BIC-DS1 detectors. A heliumeneon Spectra Physics
laser operating at the wavelength of lo ¼ 632.8 nm and a Sapphire
488-100 CDRH laser fromCoherent GmbH operating at lo¼ 488 nm
and the power adjusting from 10 to 50 mW were used as light
sources. Scattered light was collected between q¼ 30� and q¼ 150�

scattering angles. Time-correlation functions were analyzed with
an inverse Laplace transform program CONTIN (BIC software).
Mean peak value of a size distribution was a matter of choice to
estimate an apparent hydrodynamic radius of scattering objects, Rh.
3e5 correlation curves with various accumulation times were
collected for each sample to check the reliability of the mathe-
matical solution provided by CONTIN. The time average intensity of
the scattered light, Iq, was recorded simultaneously with correla-
tion functions and the intensities measured in counts of photons
per second, cps, were normalised with respect to the Rayleigh ratio
of toluene. Constant intensity of the light scattered at 90� angle was
used as a criterion of the solution equilibrium. Aqueous solutions
were passed through the hydrophilic Millex-HV 0.45 mm pore size
and 13 mm in diameter filters prior to measurements, to remove
dust particles. The temperature of the samples was controlled by
means of a Lauda RC 6C thermostat. Wyatt Optilab rEX differential
refractometer (lo ¼ 632.8 nm) was used to determine the specific
refractive index increment, dn/dcp. Within the experimental error
dn/dcp ¼ 0.146 mL/g for both 4a and 4b. All the studies were per-
formed at 20 �C.
3. Results and discussion

3.1. Synthesis and characterization

The synthetic approach to designed star polymers is presented
in Scheme 1. We have used traditional synthetic procedures
keeping in mind that availability of the well-defined oligoethylene
oxides and other hydroxyl-terminated oligomers gives the possi-
bility to vary the arm chemical structure when needed. Success in
the polymer synthesis using a condensation approach was ascer-
tained by a proper choice of the esterification procedure. Complete
substitution of the reactive groups of a multifunctional monomer is
one of the most essential problems in the dendrimer chemistry
[26]. The same challenge was encountered during the synthesis of
the star polymers under investigation. A typical approach to
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Fig. 1. UV spectra of the 4a solution in methanol with varying the molar ratio of
cesium chloride and 4a: CsCl/4a ¼ 0 (1) 1 (2) 100 (3).

Fig. 2. The Job’s plots for the 4a solution in methanol with varying the molar ratio of
metal chloride and 4a: CsCl (1) RbCl (2) UO2(NO3)2 (3). The total concentration of
[4a] þ [metal salt] is 1 � 10�4 M.
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overcome this difficulty is to use an excess of the monofunctional
monomer under conditions that are usual for an esterification
according Einhorn method (e.g., use of pyridine or (C2H5)3N as
catalyst and HCl acceptor). Unfortunately our attempt to synthesize
4a and 4b in this way showed that the isolation of the polymer is
problematic owing to the high solubility of both the ester and the
precursor, either in water or in organic solvents. On the other hand,
heating of the reactants of near the equimolar ratio at 180e200 �C
in inert solvent like diphenyl oxide, hexadecane etc. gave the
designed product in a high yield while the purity of the product was
about 98% (UV data).

The number and polydispersity of the arms of the star polymers
prepared using the core-first synthesis is typically determined by
selective detaching the arms. However, for the polymers discussed
herein the molecular weight and PDI of the presynthesized arms
are 1100 g/mol and Mw/Mn ¼ 1.1, respectively according to Aldrich.
Due to the relatively low molecular weight, the quantitative NMR
analysis as well as UV spectroscopy can easily be applied to
determine the content of the aromatic moieties and thus the true
arm number. From a comparison of the absorption of the polymer
solution in ethanol at 280 nm (absorption maximum of the calix-
arene core) with the absorption of the model compound (2a), the
actual average number of the arms is about 7.6e7.8, while the NMR
data gives 7.2e7.7 for 4a and 4b.

3.2. Binding ability of polymer towards metal ions in methanol

4a and 4b are well soluble in several organic solvents and
according to our light scattering data form molecularly dispersed
solutions in toluene, dichloromethane and methanol. In water
these polymers form multimolecular aggregates and their binding
ability cannot be measured accurately. Hence, ionophoric proper-
ties of star polymers were investigated in methanol using alkaline
metal chlorides (LieNaeKeRbeCs) as well as europium chloride
and uranyl nitrate. The choice of methanol is based on the fact that
the polymers form real solutions in this rather polar solvent and
therefore methanol is used as a reference solvent in further
discussion on the extraction experiments in water/dichloro-
methane system. The selected cations have a tendency to form
complexes with “oxygen”-type ligands (e.g., carbonyl and ester
type ligands). Methanol solutions of the selected metal salts were
added to the methanol solutions of polymers.

The process of the complex formation between the star poly-
mers and the metal cations has been followed by monitoring the
increase in the absorption at about 270e280 nm, which is char-
acteristic to the pep* transition in substituted benzene, see Fig. 1.
Such a change in the absorption spectrum is likely related to the
formation of a polymer/cation complex, in which the bound cation
is closely located to the calixarene cores, as has been shown for the
model compound 2a [27]. Molecular composition of the complex
has been determined by the method of continuous variation [25],
see the Job’s plot in Fig. 2. In accordance with this method, an
addition of the methanol solution of the selected metal chloride
into the star polymers solution results in increasing absorption at
276 nm, which is used to determine the polymer/metal cation ratio
in the complex.

Our experiments reveal that, Liþ, Naþ, Eu3þ chlorides do not
form complexes with stars 4a and 4b. In contrast, 4a and 4b both
form 1:2 complexes with Kþ and Rbþ, while these polymers form
1:1 complexes with Csþ and 2:1 complexes with UO2

þþ. This well
correlates with the ionic size of the studied cations and also
corresponds to the earlier reported data [28] on the complemen-
tarity of Csþ and calix[8]arene molecule.

The average (geometric mean of the first and the second asso-
ciation constants in the case of 1:2 and 2:1 complexes) binding
constants of the complexes have been estimated photometrically
using the mole ratio method [29], see Table 1. It is evident that the
binding properties of the complexes increase in a sequence
Kþ < Rbþ < Csþ, which presumably is associated with the
increasing the ionic size and the coordination number of the
cations in that sequence.

One should note that the binding constants of the studied
complexes formed between the star polymers and the alkali metal
chlorides are comparable with the constants reported for the
complexes of these cations with dibenzo-18-crown-6 in the same
solvent, i.e., lg b ¼ 5.0 for Kþ, 4.2 for Rbþ, and 3.5 for Csþ [30].
Dibenzo-18-crown-6 is a typical representative of the class of
crown ethers. However, an inverse dependence of the complex
stability upon the ionic radius of cation was observed for star 4a.
The latter may be a result of bigger size of the calix[8]arene cycle
compared to that of dibenzo-18-crown-6.
3.3. Extraction of picrates from water into dichloromethane

Ionophoric properties of the star polymers have also been
investigated using extraction of picrates of alkali metals fromwater
into the solution of the stars in dichloromethane. This method has
successfully been applied for the semi quantitative analysis of
ionophoric properties (phase-transfer ability in CH2Cl2/H2O system



Table 1
The average binding constants of the complexes under investigation. Methanol,
25 �C.

Polymer Cation Complex composition
(polymer to metal ratio)

Average binding
constant, lg b

4a Lþ 1:2 4.53
Rbþ 1:2 5.07
Csþ 1:1 5.13
UO2

þþ 2:1 4.61

4b Lþ 1:2 2.97
Rbþ 1:2 5.07
Csþ 1:1 5.44
UO2

þþ 2:1 4.65
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in comparison with binding constants to alkali metals in methanol
solution) of the lower mass calixarenes [2]. It was shown that
percentage of extraction of the metal picrates into CH2Cl2 correlate
with stability constants. It was of interest to investigate such
correlations in the case of star-shaped polymers with the same core
moiety keeping in mind the abovementioned colloidal nature of
polymer solution in water and amphiphilic arms with oligoethy-
lenoxide fragments that can also act as ligands and phase-transfer
catalysts.

In our studies, concentrations of picrate ions in organic phase
were determined spectrophotometrically at the wavelength of
355 nm. Our blank experiments show that (1) the distribution
coefficients of 4a and 4b in CH2Cl2/H2O system are 0.89 and 0.82
respectively and (2) picrates are insoluble in dichloromethane in
the absence of star polymers (concentration of the saturated pic-
rates solution is below 10�7 M) and do not transfer from the
aqueous into organic phase. However, picrates are detected in the
organic phase in the presence of the star polymers and their
concentration can be measured using Bu4Nþ picrate as the refer-
ence compound. In our opinion indirect UV determination of ions in
the organic phase from the rest of picrate in water is less accurate
due to the presence of colloidal particles.

Table 2 demonstrates that 4a is a better extracting agent in
comparison with its low molar mass analog 2a. Herewith, the
effectiveness of the extraction increases with increasing the ionic
radius of the cation and correlates with the increase in the corre-
sponding binding constants. One may suggest that the higher
extraction capability of the polymer 4a in comparison with its low
molar mass analog 2a arises from the oligoethylene oxide arms,
which is widely used as a podand for alkaline metals [31]. However,
the extraction ability of u-cetyl oligoethylene oxide (Brij-58)
solutions in respect to cations of alkali metals is significantly lower
than that of the polymer 4a. Therefore, we conclude that the
formation of the star 4a/metal cation complex is primarily deter-
mined by the interaction of the cation with the ester groups, which
are directly bound to the calix[8]arene macrocycle.

It is interesting to compare the phase-transfer ability of 4a
toward metal ions with the well documented transport properties
Table 2
Percent of extraction of the metal picrate into CH2Cl2 at 20 �C.

Phase-transfer catalyst Percent of extraction
of alkali metal Picrate

KCl RbCl CsCl

4a 26.3 37.3 50.6
4b 14.7 4.6 3.6
2a (model compound) 25.5 29.6 20.1
u-cetyloligoethyleneoxide

(Brij-58)
1.2 1.5 1.5
of usual crown ethers [32]. It was found that the extraction ability
of crown ethers toward a definite alkali metal ion strongly depends
on themacrocycle size. The distribution coefficient usually achieves
the highest value for potassium picrate and decreases for cesium
and sodium ones. For example, percent of extraction of alkali metal
picrate in CHCl3/H2O system in the presence of 18-crown-6
decreases in a sequence Kþ > Rbþ > Csþ > Naþ and drops to one
half moving from potassium (68%) to cesium (31%) [33]. In the case
of 4a, the extraction ability is the highest toward cesium picrate
owing to complementarity of Csþ and calix[8]arene molecule [28]
and twice lower than that for potassium salt.

One may expect that the star with an inverse sequence of the
hydrophobic-hydrophilic blocks (4b) demonstrates nearly the same
phase-transfer ability. Surprisingly, the ionophoric property of 4b is
significantly lower than that of the model compound 2 and its
isomer 4a. In addition, the star 4b reveals an inverse dependence
between the amount of extracted picrate and the corresponding
binding constant, see Fig. 3. Thus, the molecular architecture
evidently affects the extraction capability and probably strongly
depends on the structure of polymer clusters in water solution.
3.4. Light scattering measurements of aqueous solutions

The observed difference in the extraction ability of the 4a and 4b
stars is a consequence of their solubility and self-organization.
Dichloromethane is a thermodynamically good solvent for these
polymers, which formmolecularly dispersed solutions.Water is not
as good solvent as CH2Cl2 and multimolecular clusters are formed
in water due to the hydrophobic interaction between the stars.
However, the structures of the clusters formed by the 4a and 4b
stars are expected to be different and defined by the order, inwhich
the hydrophilic and hydrophobic blocks of the arms are attached to
the calix[8]arene core. Depending on the self-organization of stars
in water, the hosting calix[8]arene core is either more or less
accessible for the cations, which defines capture and transfer of the
cations in organic phase. Therefore, we performed dynamic, DLS,
and static, SLS, light scattering studies of aqueous solutions of stars
in order to find a correlation between their molecular architecture,
self-assembling, cation binding ability and ionophoric properties.

Light scattering from aqueous solution of the 4a star was studied
using the wavelength of lo ¼ 632.8 nm and the 4b star of
lo ¼ 488 nm. A narrow band interference filter was used in front of
the detector. At these wavelengths, no fluorescence was detected
but at a concentration higher than 10 g/l the intensity of the
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scattered light was strong presumably because of the Tyndall effect.
Due to this, one may expect that these star-shaped polymers form
multimolecular aggregates/clusters in water.

In the DLS experiments, the translational diffusion coefficient,
D ¼ Gq�2, actually is measured rather than the hydrodynamic
radius, Rh ¼ kT/(6phoD), where the scattering wave vector is q¼
(4pno/lo)sin(q/2), no is the refractive index of solvent, ho is the
solvent viscosity, G ¼ 1/s is the decay rate. The measured D (and
thus Rh) is apparent and concentration dependent. For mono-
disperse spherical particles the true value of the hydrodynamic
radius is obtained at zero scattering angle, q, and at infinite dilution.

For both 4a and 4b star polymers, distributions of the apparent
hydrodynamic radius are monomodal within the studied range of
the polymer concentrations. The mean hydrodynamic radius, Rh,
does not depend on the way, in which the solutions have been
prepared, i.e., either by dilution of the stock solution or by direct
preparation the solution with the predefined polymer concentra-
tion, cp. Dependence of the decay rate G1 (calculated using the 2nd
order cumulant analysis) vs. scattering vector q2 passes through the
centre of coordinates thus representing a diffusive process. In the
range of large q, G1 vs. q2 deviates up from linearity and in
combination with a weak angular dependence of Rh (calculated
using CONTIN) suggests a moderate polydispersity of the scattering
particles. Therefore, the extrapolation of Rh to zero angle primarily
describes the fraction of large scatterers. The radius of gyration, Rg,
was estimated using the initial slope of the q2 vs. LS intensity and
thus describes the same large particles.

Dilution typically decreases the aggregation number or even
disintegrates multimolecular clusters completely. However, the
latter was not observed for either of the polymers. Thus for 4b star,
the size of the aggregates is nearly the same below cp¼ 0.1 g/L Fig. 4
suggests that the mass weighted molar mass of the clusters formed
by the 4b star at infinite dilutions,Mw ¼ [Kcp/(I� Io)q¼0�]�1, is about
20 � 106 g/mol. This gives the aggregation number in a cluster of
about 2000 4b molecules. Under the same condition, Rh is 108 nm
and Rg is 70 nm, see Fig. 5. Below cp ¼ 0.1 g/L, size of the clusters
does not depend on the way, how the solutionwas prepared, which
suggests equilibrium character of the system. Assuming a uniform
distribution of the polymeric material within the clusters we esti-
mated the packing density of polymeric material, which equals the
clusters overlap concentration cp* ¼ Mw/[NA4/3pRh3] of about 6 g/L.
Therefore, the concentration region of cp < 0.1 g/L definitely
corresponds to dilute solutions.
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For 4a star, size of the aggregates is nearly the same in a wide
range of the concentrations studied though one can notice a small
change in the slope of the Rh vs. cp dependence around cp ¼ 2 g/l,
see Fig. 6. The angular dependence of intensity of the scattered light
reveals no significant effect of cp on the radius of gyration, Rg, of the
aggregates in dilute solutions of 4a star. For example, for solutions
of cp ¼ 0.33 and 3.62 g/l, dimensions of the scatterers are Rg ¼ 108
and 110 nm and Rh¼ 117 and 120 nm respectively. Furthermore, the
critical aggregation concentration (if such actually exists) is found
to be lower than cp ¼ 0.013 g/l (the lowest concentration studied).
The mass of the 4a aggregates was Mw ¼ 12 � 106 g/mol and thus
the association number was 1200 and cp* ¼ 1 g/l for the clusters of
Rh ¼ 120 nm. The latter suggests that the changes in the line slopes
in Figs. 6 and 7 originate from the crossover concentration of the
aggregates.

The overlap concentration was also tested using viscosimetric
measurements, Fig. 7. The cp* values are naturally higher than those
determined using light scattering due to the shear thinning effect.
In addition, flow destroys the clusters and the measured intrinsic
viscosities correspond to the individual molecules. Decrease in Rh
upon dilution of 4a below cp* in the absence of flow (Figs. 5 and 6)
evidently originates from the hydrodynamic interactions. At much
lower concentrations, i.e., cp < 0.1 g/L, hydrodynamic interactions
between the clusters practically disappear and Rh does not depend
on cp (Fig. 5). One can also note that the second virial coefficient, A2,
Fig. 6. The apparent hydrodynamic radius (-), Rh, and the scattered light intensity
(C), I, versus the concentration cp of aqueous 4a, obtained at the scattering angle of
q ¼ 90� .
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is about zero below cp < 0.1 g/L: hydrophobic moieties and high
molar mass of the aggregates decrease solubility of the stars in
respect to highly soluble PEO, especially if one takes into account
that the weight content of the hydrophobic moieties is about twice
higher than that of the hydrophilic ones. At higher concentrations
A2 becomes positive owing to the strong intermolecular interac-
tions in semidilute solutions. However, change in the slope of the
viscosity vs. cp curves obtained for 4a and 4b are different and
reveal dissimilar processes in vicinity of cp* when inter cluster
interactions compete with intra cluster interactions. This dissimi-
larity clearly originates from the polymer architecture.

What might be the architecture of the multimolecular aggre-
gates of the star polymers? Let’s assume that an aggregate has
a structure of a spherical micelle. Then its radius should be of the
order of one length of a fully stretched star arm, which is about
25 nm from the known degree of polymerization. On the other
hand, rough molecular mechanics calculation (MMþ, HyperChem
package 7.0) gives diameter of 4a of about 10 nm that is more
reasonable because the arms are coiled. This value is significantly
smaller than the experimentally measured Rh of 117 nm (for
cp ¼ 0.33 g/l) and therefore the model of a spherical micelle does
not fit our experimental data. Not strongly pronounced change in
the slope of the concentration dependence of the scattered light
intensity at about cp ¼ 3 g/l coincides with the slope change in the
Rh vs. cp dependence and seems to reflect a solution restructuring.
Thus a decrease in the slope of the Iq¼90 vs. cp dependence upon
increasing cp may occur when the scattering particles overlap
reducing the amount of concentration fluctuations. Taking into
account the large size of the aggregates, we assume that the kink is
related to the crossover concentration, cp*.

The crossover concentration numerically coincides with the
density of polymeric material within the aggregates and signifies
that the aggregates are not dense. The shape parameter for the 4b
star Rg/Rh ¼ 0.65, which suggests that particles are denser in
vicinity of the centre of gravity. This is well expected for association
of molecules with hydrophobic blocks. In contrast, Rg/Rh ¼ 0.92 for
the 4a star. This value is higher than 0.78 for a hard sphere but
smaller than 1.5 for a solvent draining Gaussian coil [34] and may
describe solvent draining particles with uniform (i.e., non-
Gaussian) distribution of polymeric material within it. The aliphatic
blocks at the end of each arm are hydrophobic and likely to asso-
ciate either with each other or with the calixarene. One may
anticipate the formation of supramolecular assemblies, where
entanglements between individual stars are formed by the loops of
the arms. Taking into account the polydispersity of the scattering
particles, these Rg/Rh values are not absolute ones but rather
estimative values. Unfortunately, the aggregates are not large
enough to resolve their fine structure with a Kratky plot [35] using
red light as a source of the incident radiation.
4. Conclusions

Amphiphilic star-shaped copolymers with a calixarene core
have been studied as polymeric hosts for metal ions and their
ionophoric properties towards alkaline metal, lanthanide and
uranyl ions were investigated. Either of the star copolymers 4a and
4b form molecularly dispersed solution in organic solvents.
However, multimolecular aggregates with complex morphology
are formed in water. It was found that the ability of the star poly-
mers to bind selected cations in water drastically depend on the
sequence of the hydrophilic and hydrophobic blocks in the arm. As
a result, also the ability of these stars to transfer cations from
aqueous into organic phase depends on the order in which the
oligoethylene oxide and the alkyl blocks are connected to the cal-
ixarene core. Thus, the 4a star that has the (hydrophobic
core) / (hydrophilic block) / (hydrophobic block) sequence of
structural elements form aggregates with the aggregation number
of about 1200 and the shape factor Rg/Rh z 0.92 in water. Although
this value is close to 0.78 for a hard sphere, we suppose that the
multimolecular assemblies of stars are solvent draining and
the average density of polymeric material within an aggregate is of
the order of cp* ¼ 2e3 g/l. The aliphatic blocks at the end of each
arm are randomly associated either with each other or with the
calixarene. Loops of the arms may form additional entanglements
of a locked ring type between individual stars and thus increase
density of the aggregates. The 4b stars with (hydrophobic
core) / (hydrophobic block) / (hydrophilic block) sequence of
structural elements form aggregates of about 2000 units and shape
factor Rg/Rh ¼ 0.65. One can assume that in this case the micogel
forms inside the particle due to the interactions between calixar-
ene-undecyl moieties that leads to less accessibility of the binding
sites near macrocyle for cations and therefore the lower phase-
transfer efficiency of 4b in comparison to 4a.

As has been demonstrated, the effectiveness of these star-
shaped block copolymers as phase-transfer agents seems to be
strongly regulated by their supramolecular organization in water.
We conclude that in organic solvents the binding properties of
4a and 4b preferably depend on the presence of calixarene
moiety in the polymer structure and in a smaller degree on
noncovalent interaction of cations with the functional groups of
arms. On the other hand, the supramolecular assembling in
water determines the access of the cations to the calixarene
binding sites. The more detailed investigation of the aggregates
structure is in progress.
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