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Abstract Novel water-soluble anionic p-tert-
butylthiacalix[4]arene with propanesulfonate fragments
has been synthesized. Alkylation of the lower rim of
thiacalix[4]arene in the presence of NaH/THF led to
cone conformation instead of the expected 1,3-alternate
conformer due to metal template effect. The presence of
supramolecular associates at the critical micelle concen-
tration of 1.65 · 10−5 M were investigated in aqueous
solutions by a combination of different techniques (DLS
and conductivity). It was observed that the macrocyclic
platform decreases the CMC by tenfold as compared
with non-macrocycle analogs. A simple approach for
the design of stable monodisperse Ag-based
nanoaggregates (near 95 nm) containing ionic Ag and
organic ligand–thiacalix[4]arene sulfo derivative in wa-
ter has been developed. Self-assembled fractal hybrid
nanodendrites consisting of water-soluble anionic

(thia)calix[4]arenes and Ag+ have been obtained in a
single step under mild conditions.

Keywords Self-assembly . Dendrite .

(Thia)calix[4]arene . Ag-based aggregates . Electron
microscopy.Mapping . Stable suspensions

Introduction

The synthesis of stable, concentrated aqueous dispersions
with desired physicochemical properties on the basis of
silver nanoparticles (AgNPs) andvariousAg-basedaggre-
gates containing ionic or metallic Ag is a necessary step in
the preparation of nanostructural materials used in micro-
electronics, electrochemistry, in the synthesis of pigments
for optoelectronic sensors, etc. (Ariga et al. 2012; Ariga
etal.2013;Hussainetal.2003).Fractalhybriddendritesare
a typeof nanostructuralmaterials generally formedby self-
assembly under far-from-equilibrium conditions; as such,
self-assembly is a natural and spontaneous process (Witten
and Sander 1981; Melnikau et al. 2013). The creation of
fractal hybrid dendrites offers an opportunity for their ap-
plication in diverse functions such as in catalysis (Mohanty
et al. 2010), optics (Polshettiwar et al. 2009), sensor tech-
nology (Wenet al. 2006), and in information storage (Zhou
et al. 2007), dependingon their specificphysical andchem-
ical properties. Besides, Ag-based aggregates are often
used to produce various materials with antibacterial prop-
erties (Landsdown 2010). Silver ions have a pronounced
ability to inactivateviruses like smallpoxand influenzaA-1
and B. They are active against some enteroviruses,
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adenovirus, and human immunodeficiency virus (HIV)
(Galdiero et al. 2011; Mohammed et al. 2012). It has been
observed that the effect of Ag-based compounds depends
on their size, concentration, and dispersion stability (Chen
et al. 2013). Thus, the synthesis of stable, low-diversity,
water-soluble Ag-based aggregates have attracted the at-
tentionof researchers.Thepreparationofnanoparticlesand
nanomaterials with unique properties using non-covalent
self-assemblyofsupramolecularsystemsisarapidlyevolv-
ing research area (Steed and Atwood 2009; Atwood and
Steed2008;LindoyandAtkinson2000;Fujita2000).Such
systems can be formed by noncovalent self-assembly of
molecular building blocks, which are characterized by
strictly defined size, shape, and their ability of multiple
recognition (Boal et al. 2000). Compared to other macro-
cyclic platforms, thiacalix[4]arenes (Puplampu et al. 2015;
Puplampu et al. 2014; Stoikov et al. 2010; Vavilova et al.
2013) have a special place in supramolecular chemistry as
molecular building blocks (Yakimova et al. 2016a;
Ziganshin et al. 2006; Gorbatchuk et al. 2004; Yakimova
et al. 2016b; Shurpik et al. 2015a; Shurpik et al. 2014;
Shurpik et al. 2015b), due to the following: (1) the initial

macrocyclescanbeeasilyobtainedbyaone-stepsynthesis;
(2) the template effect of alkali metal ions allows one to
prepare four isomers of the substituted p-tert-
butylthiacalix[4]arene: cone, partial cone, 1,2-alternate,
and 1,3-alternate; (3) their sulfide bridged fragments can
coordinate transitionmetal cations; (4) the upper and lower
rims of the macrocycle can be modified by various func-
tional groups.

In this paper, we report a new approach for the design
of Ag-based aggregates containing ionic Ag and organic
ligands, i.e., water-soluble p-tert-butyl(thia)calix[4]arenes
bearing O-3-propanesulfonate fragments at the lower rim
(Fig. 1b). A simple preparation technique for stable,
monodisperse Ag-based aggregates in water is proposed.

Experimental

1H NMR, 13C, and 2D 1H-1H NOESY spectra were
recorded on the Bruker Avance-400 (400, 100 MHz,
respectively) spectrometer. Chemical shifts were deter-
mined against the signals of residual protons of

Fig. 1 a Structures of the (thia)calix[4]arenes 1 and 2; b outline representation of the water-soluble thiacalix[4]arene 2 and of the formation
of the thiacalix[4]arene stabilized silver nanoparticles
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deuterated solvent (D2O). The concentration of the sam-
ple solutions was equal to 3–5%. Attenuated total inter-
nal reflectance IR spectra were recorded with Spectrum
400 (Perkin Elmer) Fourier spectrometer. Elemental
analysis was performed with Perkin Elmer 2400 Series
II instrument. ESI mass spectra were recorded using
mass spectrometer AmazonX (Bruker Daltonik GmbH,
Germany). Negatively charged ions were registered
within 100–2800 m/z. The voltage at the capillary was
equal to −140 V. Nitrogen with the temperature of
300 °C and flow rate of 10 min−1 was used as drying
gas. Compounds were dissolved in acetonitrile to their
concentration of 10−6 g/l. Data were processed using
DataAnalysis 4.0 program (Bruker Daltonik GmbH,
Germany). Melting points were determined using the
Boetius Block apparatus. To determine the presence of
sodium cations in aqueous solutions of thiacalixarene,
ion chromatography ICS-5000 DIONEX was per-
formed. Conductivity measurements were performed
in water, with an InoLab Cond Level 1-720
conductometer equipped with a LR 325/001 immersion
cell. Most chemicals were purchased from Aldrich and
used as received without additional purification. Organ-
ic solvents were purified in accordance with standard
procedures.

Synthesis

General method for synthesis of compounds 1, 2

NaH (60% in oil; 0.2 g, 7 mmol) was washed with
absolute hexane and placed into the 100-ml round-bot-
tom flask containing anhydrous THF and equipped with
magnetic stirrer and reflux condenser. p-Tert-
butylcalix[4]arene / p-tert-butylthiacalix[4]arene
(0.6 mmol) was dissolved in a small amount of THF
and added within 15 min to the reaction mixture. The
reaction mixture was stirred at reflux temperature for
30 min. 1,3-Propanesultone (0.9 g, 7 mmol) was added
to the reaction mixture and refluxed for 48 h. The
product was filtered and washed with MeOH
(3 × 10 ml), then recrystallized from acetone-water
(10 ml), and filtered.

Sodium p-tert-butyl-calix[4]arenetetra-O-(3-
propoxysulfonato) (1). Yield: 0.16 g (42%). M.p.:
>350 °С. 1H NMR (400 MHz, D2O, 298 K), δ (ppm),
J/Hz: 6.67 (s, 2H, ArH); 4.13, 2.97 AB system (2H, Ar-
CH2-Ar, 3JHH = 12.6); 3.79 (t, 4Н, –О–СН2–,
3JHH = 6.8); 2.85 (tt , 4Н , –СН2–CH2–CH2,

3JHH = 9.3); 2.09 (t, 4Н, –CH2–SO3
−, 3 JHH = 7.5);

0.78 (s, 6Н, t-Bu). 13С NMR (100 MHz, D2O, 298 K),
δ (ppm): 25.35, 30.84, 33.76, 48.76, 60.15, 74.29,
129.68, 134.20, 146.55, 158.36. IR (ν/cm−1): 1186.81
(SO2), 1123.73, 1041.83 (S = O), 868. 21, 794.59 (S–
O) , 590 .41 (C–S) . MS (ESI ) : c a l c . [M] −

m/z = 1201.4 M−1, 589.2 M−2, 385.1 M−3, 283.1 M−4,
found [M]− m/z = 1201.4 M−1, 589.2 M−2, 385.1 M−3,
283.6 M−4. Found (%): С, 54.82; Н, 6.17; S, 10.39.
Calc. (%): C, 54.89; H, 6.25; S, 10.47.

Sodium p-tert-butyl-thiacalix[4]arenetetra-O-(3-
propoxysulfonato) (2). Yield: 0.07 g (36%). M.p.:
>350 °С. 1H NMR (400 MHz, D2O, 298 K), δ (ppm),
J/Hz: 7.32 (s, 2H, ArH); 4.28 (t, 4Н, –О–СН2–,
3JHH = 6.2); 3.20 (t, 4Н, –CH2–SO3

−,3JHH = 6.9); 2.13
(tt, 4Н, –СН2–CH2–CH2,

3JHH = 6.97.5); 0.97 (s, 6Н, t-
Bu). 13СNMR (100MHz, D2O, 298K), δ (ppm): 22.91,
28.81, 31.30, 46.26, 71.24, 122.99, 131.88, 142.89,
150.84. IR (ν/сm−1): 1240.82, 1043.49 (S = O),
1180.70 (SO2), 893.91 (S-O), 744 (C-S). MS (ESI):
calc. [M]− m/z = 1273.2 M−1, 625.1 M−2, 409.1 M−3,
found [M]− m/z = 1273.2 M−1, 625.1 M−2, 409.1 M−3.
Found (%): C, 48.11; Н, 5. 25; S, 19.75. Calc. (%): C,
48.13; H, 5.28; S, 19.77.

Transmission electron microscopy

Transmission electron microscopy (TEM) analysis of
NPs was carried out using the Hitachi HT7700 Exalens
transmission electron microscope with Oxford Instru-
ments X-Maxn 80T EDS detector. For sample prepara-
tion, 10 μl of the suspension was placed on the
Formvar™/carbon-coated 3-mm copper grid, which
was then dried at room temperature. After complete
drying, the grid was placed into the transmission elec-
tron microscope using special holder for microanalysis.
Analysis was held at the accelerating voltage of 80 kVin
STEM mode using Oxford Instruments X-Maxn 80T
EDS detector.

Dynamic light scattering

The particle size was determined by the Zetasizer Nano
ZS instrument at 20 °C. The instrument contains 4 mW
He-Ne laser operating at a wavelength of 633 nm and
incorporated noninvasive backscatter optics (NIBS).
The measurements were performed at the detection
angle of 173° and the software automatically determined
the measurement position within the quartz cuvette. The
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10−4 M aqueous solutions of 1, 2 were prepared. The
experiments were carried out for each solution in tripli-
cate. The synthesized p-tert-butyl(thia)calix[4]arenes 1,
2 dissolve completely in water in the concentration
range used in this research (from 1·10−6 M to 1·10−3 M).

Results and discussion

Synthesis of p-tert-butyl(thia)calix[4]arenes 1, 2

A large number of calixarenes functionalized with sul-
fonate groups at the upper rim have been recently re-
ceived and used as self-assembled monolayers
(Puplampu et al. 2015), components of porous materials
(Aksoy et al. 2012; Han et al. 2009; Atwood et al. 2001;
Atwood et al. 2004), and promoters of metallic catalysts
(Komiyama et al. 1991). However, only few works are
devoted to functionalization of the phenoxyl fragments
with tetraalkanesulfonate groups in case of the classic
calixarene (Basilio et al. 2013; Gattuso et al. 2013).
Thiacalixarenes with O-alkanesulfonate fragments at
the lower rim are not known. Tetraalkylation of the
lower rim (the phenol functions) is a standard method
in the (thia)calix[4]arene skeletonmodification (Iki et al.
1998; Iki et al. 1999; Kumar et al. 2014; Bhalla et al.
2004; Morohashi et al. 2006).

Calix[4]arene 1 (Fig. 1) was synthesized in a single
step using previously reported procedure (Gattuso et al.
2013) by the reaction of p-tert-butylcalix[4]arene, 1,3-
propanesultone, and NaH in refluxing anhydrous THF.
In the classical calix[4]arene series, Na+ in NaH should
serve as an efficient template ion to yield cone con-
formers (Shinkai 1993) and the expected cone conform-
er 1was yielded. The 1H-1H NOESYNMR spectrum of
the calix[4]arene 1 showed cross-peaks between (1) the
aromatic protons of the macrocycle (6.67 ppm) and
propylene protons (3.79, 2.85, 2.09 ppm) and (2) the t-
butyl protons of the macrocycle (0.78 ppm) and propyl-
ene protons (3.79, 2.85, 2.09 ppm) (Fig. S5). It means
that electrostatic repulsion of four charged substituents
at the lower rim in the calix[4]arene 1 distorts the cone
conformation, but nevertheless, there is no transition
from the cone into 1,3-alternate conformation.

The conformer dis t r ibu t ion of a lkyla ted
thiacalix[4]arenes differs from that of classical
calix[4]arenes and is governed by different metal tem-
plate effects (Na+, K+, Cs+) (Kumar et al. 2014). The
presence of four sulfur atoms in thiacalix[4]arene

molecule imparts many novel features that govern sig-
nificantly different behaviors and conformational pref-
erences upon functionalization. Thiacalix[4]arene 2was
synthesized analogically to 1 in cone conformation in-
stead of the expected 1,3-alternate conformer using
NaH/THF. The 1H-1H NOESY NMR spectrum of the
thiacalix[4]arene 2 does not have any cross-peaks be-
tween the aromatic and t-butyl protons of macrocycle
and propylene protons of sulfonate fragments (Fig. S6).
It is surprising that NaH/THF is suitable for the synthe-
sis of the cone conformer because electrostatic repulsion
of four negatively charged substituents at the lower rim
in thiacalix[4]arene 2 should not have positioned it in
the cone conformation as is observed in the synthesis of
macrocycles with ester groups. Consequently, the 1,3-
alternate conformation of the product should have rath-
er been expected. However, alkylation with n-PrI/NaH
did not produce the expected cone conformation as with
the classical calix[4]arene. The cone conformer of the
tetraalkylated product of thiacalix[4]arene has been pre-
pared using two-step dialkylation–dialkylation proce-
dure in high yield (Himl et al. 2005). Consequently,
the cone conformers in the thiacalixarene series bearing
four alkyl groups at the lower rim are still hardly avail-
able for derivatization (Morohashi et al. 2000; Yamato
et al. 2002). This is another example of how the confor-
mational behavior of thiacalix[4]arenes differs from that
of classical calix[4]arenes. Thus, we are the first to
synthesize new tetrasubstituted thiacalix[4]arenе with
alkanesulfonate fragments at the lower rim in the cone
conformation. The structure of the compounds obtained
has been characterized by 1H and 13C, 1H-1H NOESY
NMR, IR spectroscopy, and mass spectrometry (ESI)
(Figs. S1–S10).

Micelle formation of the compounds 1, 2

Synthesized macrocycles 1 and 2 are unique due to their
supramolecular nature (host-guest complexes) and abil-
ity to form micelles (anionic surfactant). Micelle forma-
tion in colloidal solutions by surfactants is the most
thermodynamically favorable process compared to pro-
cesses whereby a solution or phase separation takes
place. The aggregation mode of calixarene-based sur-
factants can be influenced by several factors, i.e., nature
of the ionic groups, their position on the calixarene
scaffold (upper or lower rim), the macrocycle size, and
t h e l e n g t h o f t h e h y d r o p h o b i c p a r t s .
(Thia)calix[4]arenes 1 and 2 contain long and bulky
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hydrocarbon chains; critical micelle concentration
(CMC) (concentration value above which micelles are
formed) depends on the their size and structure. Con-
ductivity measurement and dynamic light scattering
method were used to determine the CMC values. Con-
ductivity determination of the CMC is based on the
measurement of the concentration dependence of the
electrical conductivity of ionic surfactant solutions.
Conductivity measurements of macrocycles 1 and 2
solutions showed true solutions up to a concentration
of 1.65 · 10−5 M, followed by a sharp change in con-
ductivity corresponding to the stage of micelles forma-
tion (Table S1). The CMC value for both macrocycles
was similar to each other due to slight differences in
their structure. Dynamic light scattering showed the
presence of associates in solutions at the concentration
of 1.65 · 10−5 M. Note that a combination of the mono-
mer analogs of calix[4]arenes (Yakimova et al. 2016b),
sodium 3-phenylpropane-1-sulfonate and sodium
3-(4-(tert-butyl)phenoxy)propane-1-sulfonate, in the
macrocycle decreases the CMC by tenfold (Table S2).
However, the polydispersity index (PDI) for the solu-
tions was quite high (PDI = 0.42 for the calixarene 1 and
PDI = 0.57 for the thiacalixarene 2). Obviously, it is
possibly due to the following: (1)the bulky structure of
the macrocycles with internal cavity, (2) the presence of
four charged groups, and (3) the distorted cone confor-
mation because of electrostatic repulsion of the charged
sulfonate groups. These factors lead to the formation of
micelles with different composition and form. The mi-
celles can form associates with different size and shape.
All this leads to an increase in the polydispersity of the
system (Fig. 2).

Influence of these factors was confirmed by the
DLS measurements of the self-association process
for monomer analogs of calix[4]arenes (Yakimova
et al. 2016b): sodium 3-phenylpropane-1-sulfonate
and sodium 3-(4-(tert-butyl)phenoxy)propane-1-sul-
fonate. For sodium 3-phenylpropane-1-sulfonate,
hydrodynamic diameter of the particles was
217.8 ± 23.4 nm (PDI = 0.42 ± 0.08) and for
sodium 3-(4-(tert-butyl)phenoxy)propane-1-sulfo-
nate 264.7 ± 31 nm (PDI = 0.43 ± 0.08)
(Fig. S27, S29). In comparison, micelle diameter
of the sodium dodecyl sulfate is near 3 nm (Cieśla
et al. 2013). The polydisperse nanoparticles with
different size and shape are present in the TEM
image of the sample from the solutions of
(thia)calix[4]arene (Fig. 2).

Self-assembled fractal hybrid dendrites in presence
of Ag+

To improve the monodispersity of the systems of
macrocycles 1 and 2, we propose the use of one of the
most studied types of self-assembly based on spontane-
ous generation of certain metallosupramolecular archi-
tectures built from metal ions and organic ligands
(Leninger et al. 2000; Lawrence et al. 1995;
MacGillivray and Atwood 1999; Fujita et al. 2005).
Organic compounds in such structures should possess
molecular recognition ability for certain types of sub-
strates and provide the necessary spatial structural ar-
rangement for binding sites and functional groups. In
this case, metal ions act as coordinating centers directing
the organic ligands in a certain way. In addition, metal
ions ensure the reversibility of association-dissociation
of supramolecular assemblies, and thus, they are the
switchable centers of the interactions. This combination
of the above properties allows preparing supramolecular
structures with a high degree of symmetry (Poole and
Owens 2003). Modification of the macrocyclic platform
by appropriate reagents for providing desired orientation
of the binding centers in space for selective interaction
with a substrate is one of the most successful approaches
employed in the creation of such receptors (Atwood
et al. 1996). The diversity of supramolecular structures
is determined by the ability of receptors with various
heteroatoms (S, N, O) with lone pairs to bind metal
cations via donor-acceptor interactions outside the cav-
ity of the macrocycle. The structure of p-tert-
butylthiacalix[4]arenes (nature of the binding sites and
conformation of macrocycle) and the preferred coordi-
nation geometry of metal ions, which define the relative
positioning of macrocycles in space and the shape of
particle, are the limiting factors of the exo-recognition
process. Calix[4]arene 1 and thiacalix[4]arene 2 mole-
cules are of great interest as components for self-
assembled architectures because their structures contain
potential coordination centers for metal cations (bridged
sulfur atoms and negatively charged sulfonate groups)
(Fig. 1). Treatment of the colloidal solutions of the
macrocycles (c = 10−4 M) with one equivalent of silver
nitrate led to the spontaneous self-assembly of the
macrocycles. Dynamic light scattering method showed
an increasing monodispersity and monomodal size dis-
tribution by intensity (Fig. 2). For calix[4]arene 1, hy-
drodynamic diameter of the particles is 211.1 ± 11.6 nm
(PDI = 0.412 ± 0.01), and for the thiacalix[4]arene 2 is
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94.6 ± 7 nm (PDI = 0.23 ± 0.01). It is evident that the
presence of the bridged sulfur atoms in the macrocycle
structure leads to a decrease in the polydispersity index.
It is obvious that the replacement of methylene bridged
fragments in calix[4]arene structure by sulfur bridges in
thiacalix[4]arene leads to the formation of S-Ag-S

bonds, not typical for classical calixarenes. Note that
addition of AgNO3 to monomer analogs of 1 and 2 leads
to a minor decrease in diameter of the associates to
201.3 ± 14.5 nm (sodium 3-phenylpropane-1-sulfonate)
a nd 153 . 2 ± 6 . 4 nm ( sod i um 3 - ( 4 - ( t e r t -
butyl)phenoxy)propane-1-sulfonate), correspondingly,

Fig. 2 a (at the left) Size distribution of the particles by intensity
for macrocycle 2 solution (1 · 10−4 М); (from the right) size
distribution of the particles by intensity for macrocycle 2 solution
(1 · 10−4М) + AgNO3 (1 · 10

−4М) with a mol ratio 1:1 in water. b
(at the left) TEM images of macrocycle 2 after the solvent evap-
oration; (from the right) TEM images of the Ag-based aggregates
2 (macrocycle 2 + AgNO3 after solvent evaporation). c (at the left)

Size distribution of the particles by intensity for macrocycle 1
solution (1 · 10−4 М); (from the right) Size distribution of the
particles by intensity for macrocycle 1 solution (1 · 10−4

М) + AgNO3 (1 · 10
−4 М) with a mol ratio 1:1 in water. d (at the

left) TEM images of macrocycle 1 after the solvent evaporation;
(from the right) TEM images of Ag-based aggregates 1
(macrocycle 1 + AgNO3 after the solvent evaporation)
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and an increase in monodispersity to PDI = 0.35
(Figs. S28, S30). Consequently, the more dense packing
of macromolecules and their reduced size and polydis-
persity are caused by the formation of S–Ag–S bonds.

TEM analysis of fractal hybrid dendrites formed
from Ag-based aggregates

In order to confirm the formation of the supramolecular
Ag - b a s e d a g g r e g a t e s f o rm ed by p - t e r t -
butyl(thia)calix[4]arenes with silver ions, colloidal sys-
tems of compounds 1 and 2 with AgNO3 were studied
by TEM. Samples were prepared by solvent evaporation
on air. The TEM shows the morphology of the structures
formed (Fig. 2b, d). According to the images obtained
after the evaporation of the solvent from the particles,
dendrite fractal structures were formed in both cases.
This can be explained by the formation of supramolec-
ular associates of the (thia)calix[4]arene and silver ions.
Because of the high affinity of the macrocycles to sulfur
atoms resulting from the donor-acceptor bonds, aggre-
gates form after evaporation of solvent and they further
associate with non-covalently bonded clusters of colloid
particles leading to the formation of dendrite fractal
structures of Ag-based aggregates. For characterization
of dendrite fractal structures formed by calix[4]arene 1

and thiacalix[4]arene 2, we used the most common mode
of the TEM operation, i.e., the bright field imaging mode.
In this mode, the contrast formation, when considered
classically, is formed directly by occlusion and absorption
of the electrons in the sample. Therefore, regions of the
sample with a higher atomic number appear dark, while
regions with no sample or regions with lower atomic
number in the beam path appear bright.

Analyzing the two types of dendrite fractal struc-
tures, it is possible to conclude that the principles
defining their formation are different. The bridged
sulfur in thiacalixarene 2 plays a decisive role in the
formation of spherical Ag-based aggregates and the
fractal structures. The Ag-based aggregates, in turn,
are transformed in the structure presented in Fig. 2b
(from the right). This is evident due to the uniform
distribution of light (the atoms in macrocycle structure)
and dark (silver ions) regions in such a structure. In
the case of the dendritic structures of calixarene 1 and
silver nitrate, the visible dark skeleton (silver with
higher atomic number) clearly appears. Along this
core, lighter regions are related to the calixarene mol-
ecules 1. Distribution of heavier and lighter atoms is
unequal indicating a different mechanism for the for-
mation of the fractal structure. Here, sulfonate frag-
ments, which participates in the formation of the

Fig. 3 Energy-dispersion spectrum of fractal dendrite structure
formed thiacalix[4]arene 2 and Ag+ on the copper support. On the
insert a: superposition of elemental maps of S and Ag in the fractal

dendrite structure formed by thiacalix[4]arene 2 and Ag+. b Map-
ping of S. cMapping of Ag. d Fractal dendrite structure formed by
thiacalix[4]arene 2 and Ag+
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donor-acceptor bonds O–Ag, play a decisive role.
Most molecules of the calixarene 1 are oriented along
the silver core.

Elemental maps of a fractal dendrite structure

Representative elemental maps of the fractal dendrite
structure formed by the thiacalix[4]arene 2 and Ag+ on
the Formvar™/carbon coated 3 mm copper grid are
shown in Fig. 3. Maps from full fractal dendrite struc-
ture were acquired to confirm that these images were
representative for the sample. The boxed region in the
image (Fig. 3a–c) shows the region over which the
elemental maps were acquired. Elemental maps for S
and Ag (Fig. 3b, c, respectively) clearly reveal their
locations in the dendrite. By comparing spatial features
in both the Ag and Smaps, it seems that there is a certain
degree of correlation between the locations of these two
elements because the regions of higher Ag intensity
appear at regions of higher S intensity. Two maps are
not identical though, and Ag looks to be dispersed over
the support more than sulfur, which has been speculated
to occur in a related Ag–S dendrite structure. We note
that the synthesized Ag-based aggregate solutions are
stable for a sufficiently long time (not less than 30 days).
Constant hydrodynamic diameter of Ag-based aggre-
gates is confirmed by dynamic light scattering.

Conclusion

In conclusion, we have synthesized the first water-
s o l u b l e t h i a c a l i x [ 4 ] a r e n e b e a r i n g O -
propanesulfonato groups at the lower rim and stud-
ied its self-assembly in aqueous solution. We showed
that tetrasubstituted thiacalix[4]arenе with O-
propanesulfonate fragments at the lower rim exists
in the cone conformation but not the expected 1,3-
alternate. A simple approach for the design of stable
monodisperse Ag-based aggregates with organic li-
gands has been realized in water by the addition of
AgNO3 solution: hydrodynamic diameter of the
thiacalix[4]arene associates is about 95 nm with
l ow PD I . S e l f - a s s emb l e d f r a c t a l h yb r i d
nanodendr i t e s f rom wate r - so lub le an ion ic
(thia)calix[4]arenes and Ag+ have been designed.

Our method provides a facile single-step approach
for the fast preparation of complex dendritic Ag nano-
structures at room temperature. Such dendritic structures

have intricated structural characteristics and, therefore,
are touted to be highly favored structures for the prepa-
ration of advanced nanodevices.
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