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Amphiphiles play a pivotal role in the area of self-assembled structures and 00
interesting additional features can be obtained if metal ions are involved. In mne f bt e e S
this ambit, the development of smart materials benefits from the availability & :
of stimuli-responsive supramolecular amphiphile assemblies where the \
200 |

disassembly back-processes has an inherently basic role providing reversible
switching particularly useful in novel approaches and applications. In this
tutorial review the basic concepts on self-assembly of traditional and novel
amphiphilic molecules with metals are summarized and the more recent ol
concepts of supramolecular assembly are presented. The aim of this
contribution is to furnish to the reader a panoramic view of this exciting
problematic clarifying what is meant with the concept of complexity and - Cryveatand Wate &
how the rich world of amphiphilic molecules is employed with metals for % 20 m %
obtaining complex nanostructure-based systems with novel characteristics
for applications in nanotechnology.
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INTRODUCTION assembly mechanisms involved at the microscale
with the aim at setting up efficient protocols for the
piloted design of nanomaterials. Chemical species

behave according to their own specific inter-

Modern technology has an ever-increasing
demand for nanomaterials. Not only because the

small size of the nanostructures involved shops
properties which cannot be found in the bulk
corresponding materials, but also because the use
of nanomaterials answers the need for
miniaturization. For this reason, in the past big
efforts have been made to understand the self-
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molecular, ionic, atomic etc. interactions showing
sometimes disinclination to adopt the researcher’s
desired structural organization.

Only few types of molecules are capable to lead
to useful self-assembled structures. Amphiphiles
certainly play a pivotal role in this. They are



648 Loredana Maiuolo ef al.

synthetic or natural molecules with the peculiarity
of possessing polar and apolar moieties within
their molecular architecture.! This triggers the
arising of a wide scenario of possible
intermolecular interactions like polar—polar, polar—
apolar, apolar—apolar, eventual directional H-
bonds, steric hindrance and so on. As a result, it is
well known, they can self-assemble into a wide
variety of structures including micelles, vesicles,
nanotubes, nanofibers, and lamellae and these, in
turns can even interact to form interacting
structures at hierarchical length-scales character-
ized by emerging and specific properties and
functions. At a lower level of complexity, it is
spontaneous to exploit amphiphiles self-assembly
to mimic biological systems”, but as a matter of
fact amphiphiles have paved a way for other fields
likes bionanotechnology, drug and gene delivery,
bottom-up synthesis in materials science.’

Exciting functions can be imagined if metals
are involved in this complex self-assembly
process. Since the peculiar atomic structures are
completely different from those of organic
molecules, further and new features can be
imparted in the systems: metal atoms are in fact
usually dealt with as external to the “organic”
chemistry so far represented by the surfactant, and
are generally studied by inorganic chemists. For
this reason, metals are the perfect candidates to
enrich the potentialities of amphiphiles-based
systems offering a way to the piloted design of
novel materials with new properties and functions.
Using a fundamental clue of physics of
complexity, when two different materials are
assembled together, new and emerging properties
which cannot be traced back to the original
constituents, usually arises.

To make an example, complexity has opened
the door to biological systems where the assemble
of lipids, proteins, and other macromolecules with
their integrated actions allow the performance of
highly specific cellular functions. But it must be
admitted that in this regard, besides the organic
part, the presence of metal atoms is necessary in
order to make the structure as really “living”.

While their self-assembly has attracted for
decades considerable attention due to all the
aforementioned applications, recent developments
stimulated the combination of the simple
approaches of amphiphile assembly with the
advanced concept of supramolecular self-assembly
for the development of more complex, hierarchical
nanostructures. In this ambit, the development of

smart materials benefits from the availability of
stimuli-responsive  supramolecular amphiphile
assemblies where the disassembly back-processes
has an inherently basic role providing reversible
switching particularly useful in novel approaches
and applications.

In this perspective, we summarize in this
tutorial review the basic concepts on self-assembly
of traditional amphiphilic molecules (such as
surfactants, amphiphile-like polymers, or lipids)
with metals and the more recent concepts of
supramolecular assembly.

The aim of this contribution is to furnish to the
reader a panoramic view of this exciting
problematic clarifying what is meant with the
concept of complexity and how the rich world of
amphiphilic molecules is employed with metals for
obtaining complex nanostructure-based systems
with novel characteristics for applications in
nanotechnology.

While the literature is full of contributions
focusing on specific aspects of self-assembly,
complexity, amphiphiles and metals, the present
work wants to be an easy-to-read critical point of
view which tries to interact with the reader’s
imagination to hopefully leading to the discovery
of novel aspects and interconnections and
ultimately stimulating new ideas and research.

Self-assembly of amphiphiles, complex systems
and emerging properties

Although there is without any doubt plenty of
works covering all the specific aspects involved in
molecular self-assembly, recently we have given a
panoramic view of the problematic facing the topic
from a philosophical and critical point of view. We
believe that a critically speculative treatment, in
fact, would give a sight from the top of all the
aspects involved in chemical self-assembly, a view
which can be of benefit for the idealization and
construction of novel devices with desired
properties and functionalities for advanced specific
applications. In this ambit, we have introduced the
possibility that amphiphile-based systems could
show complex behavior thanks to the wide
scenario of simultaneously present interactions. In
a complex system there is the emerging of novel
properties which cannot be traced back to the
characteristics of each single constituent of the
system itself. In the present paragraph we will try
to be suggestive more than comprehensive,
referring the reader to the literature for the details
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of all the specific aspects in order to be an easy to
read introduction of the topic.

A good starting point would be to admit that the
term amphiphilicity is quite general. Any kind of
molecule possessing polar and apolar part can be
defined amphiphilic, no matter the relative volume
of the two moieties. For example, amphiphiles are
essential constituents of bile salts and cholesterol is
a well-known substance useful for tuning the cell
membrane fluidity. Its only polar group is a small —
OH group at the extreme side of a huge aromatic
part. This in principle is enough to define it as
amphihilic, since this oxydrilic part will tend to
associate with other polar molecules or polar
moieties of other molecules.

The non-covalent interactions may be H-bonds,
van der Waals interactions, m—m ones, electrostatic
effects and so on. A more detailed description of the
entities of such interactions is reported in reference 2.
Usually such interactions are responsible for the self-
assembly processes in soft nanomaterials where the
weakness of the involved forces (the so called “soft
interactions” of the order of few kJ-mol') are
counterbalanced by the involvement of a multiplicity
of interaction sites which allows a wide scenario of
structuring mechanisms.”® Generally speaking, since
the interactions involved are usually soft the resulting
structures give rise to the so-called soft-matter,
which, of course, is a very general term including
polymeric  materials, membranes, quaternary
structures of proteins, colloids, foams, detergents.7'8

Weak interactions mean that they are all
comparable to the KgT factor at room temperature,
so interesting effects can be envisaged by changes
in temperature: the driving force is usually
thermodynamic and lies on the enthalpic term
which drives a self-assembly process in general
entropically unfavorable. This can drive the system
to the equilibrium which is always to be intended
as a dynamic equilibrium. In this continuous
breaking and reforming process, the overall
structure must then be considered only just the
mere time- and space- averaged structure. This
reversibility is one  key-characteristic  of
supramolecular synthesis in soft matter which
contrasts the conventional molecular synthesis of
novel materials that involves the formation of
covalent bonds. However, the weakness of the
interactions involved is counterbalanced by the
high number of these forces, producing, indeed, an
overall effect which is strong enough to hold
together different building blocks sometimes

having different molecular structures.”'* Advanced
functional materials sometimes show also
cooperative behaviour where the necessary step is
the comprehension in a detailed treatment of the
main forces acting in nanostructures (such as the
hydrogen bonding, hydrophobic effects, screened
electrostatic interaction, steric repulsion and van
der Waals forces)."”"® The assemblies formed by
surfactants can have different morphologies
according to a high number of parameters:
composition, surfactant concentration, type of
amphiphiles as well as temperature and pressure.
For example, ternary water/surfactant/oil systems
can possess different local structures according to
the relative amount of the three substances, such as
lamellar, globular, cylindrical, bicontinuous and so
on (Figure 1).

The state of a three-component system is
dictated by its triangular phase diagram. Whereas
for two-components (amphiphile/solvent system)
simpler phase diagrams are usually used (Figure 2).

Generally, the amphiphile concentration is itself
a pivotal parameter. With reference to the
representative phase diagram shown in Figure 2, at
very low concentration a predominant entropic
driving force holds, so the molecules are dispersed
randomly without any ordering. This is expected
by simple thermodynamics for any kind of systems
where one component is at very low concentration
regime. Of course, this is generally obtained if no
dynamic restrictions hinder the molecular motion.
At a higher amphiphile concentration instead, self-
assembled nano-structures are formed since the
enthalpic contribution, which increases with the
amphiphile concentration, overcomes the negative
entropic one. If anisotropy is also present, liquid
crystal phases can also appear. In the case of
amphiphiles, the anisotropy is assured by the
different solubility properties of the different ends
of the amphiphiles together with a subtle balance
of intermolecular interactions and steric
interactions.'®"®

Dense packing like hexagonal and lamellar
phases can be formed in conditions of extremely
high concentrations of amphiphile and liquid
crystal phases can be formed. Generally, more
complex phase behavior is observed in nonionic
amphiphiles' and the appearance of a cloud point
can occur due to the interplay with collective
phenomena involving a large number of
macromolecules®. In this situation it is obvious
that temperature effects cannot be neglected.
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Fig. 1 — Supra-structures with various dimensionalities formed by the aggregation of amphiphiles: 0D (micelles), 1D (cylinders or
cylindrical micelles), 2D (lamelles). These structures can be reversed (upper panel) or direct (lower panel) depending on the polarity

of the solvent. In apolar solvent reversed structures are formed, in polar solvent direct structures are the stable ones.
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Fig. 2 — Typical phase diagram of apmphiphile dissolved in a solvent.
formed in the aqueous regions of the system which

Given this scenario, it is obvious that such

systems can be used as templates. Having spatial behave as hydrophilic nanodomains/nanoreactors,
arrangements with different polarities they have and the spatial confinement dictated by the
been intensively used for metal-containing surfactant imposes their permanency: diffusion of
nanoparticle synthesis. Nanoparticles are generally the nanoparticle out of aqueous regions in fact
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would require a very high energy contribution and
is enthalpically disadvantageous and does not
occur. Some examples on the manipulation of
metals through amphiphile-based systems for
nanoparticle preparations are given in paragraph 5.

Amphiphiles for metal nanostructure synthesis

Amphiphile-based systems have allowed the
controlled synthesis of a wide number of inorganic
nanoparticles. In the literature there is plenty of
articles dealing with the nanoparticle synthesis by
means of surfactant-based systems. Here we will
deal with the microemulsions taken as
representative since the clues are of general validity.

Metal atoms are present in a wide variety of
materials. Pretty metal nanoparticles are
synthesized by reduction of a metal-salt precursor:
the precursor salt being polar, will segregate into
the polar domain of the amphiphile-based system,
and its reduction drives the formation of a solid
metal nanoparticles.”’ Semiconductors, like CdSe,
ZnS, are synthesized in similar way by mixing two
water-in-oil microemulsions, one containing, in
form of hydro-soluble salt the cation, and the other
containing (in the same hydro-soluble form) the
anion making the final semiconductor. The mixing
of the two microemulsions, and the consequent
intermicellar exchange of materials taking place as a
consequence of the dynamical processes (which will
be specified in the following), allow the two salts to
come into contact, react and form the
semiconductor. Other more sophisticated techniques
are based intimately on the strategy of confining
salts within the aqueous cores of reversed micelles.
See for example the review by J. Eastoe ef al. and
references therein for a panoramic view.”

The role of amphiphiles in the preparation of
metal nanoparticles is twofold: i) compartmentaliza-
tion as a consequence of the amphiphile tendency to
adopt specific supramolecular structures; ii) direct
interaction of the amphiphile polar head with the
metal, which offers further stabilization and force the
metal to stay in close proximity to the polar
headgroup. It must be pointed out that these two
effects are interconnected and are the consequence

Table 1

of a modellization of the true system, nevertheless
it is useful for didactical scopes to analyze them
separately.

Compartmentalizing structures

The domains formed as a consequence of the
polar/apolar nanosegregation can act as local,
compartmentalizing nanoreactors, in few words
exerting templating functions. Apart from the
possibility of mutual interactions among
nanoparticles allowing the emergence of novel
features which are absent in the isolated ones™,
microemulsions are considered as stable system
and the polar domain as closed and rigid structures.
It is important to point out that it is not the case,
due to all the factors discussed in paragraph 1 and
above all, the weakness of the interactions
involved in surfactant-based systems. This makes
all the structures evanescent and characterized by a
wide variety of dynamical processes, each one with
a characteristic time-scale: 1) rotation dynamics of
monomers within the micelle; ii) conformational
change of monomers within the micelle; iii)
micellar breaking-reforming; iv) Micellar shape
change; v) lateral diffusion of monomers; vi)
exchange of monomers with those in solution, vii)
micelles  fusion/scission;  viii)  intermicellar
exchange of materials. Therefore, such structures
must be considered only in terms of time- and
space- averaged systems, being the micellar life
timescale of the order of milliseconds.

The shape of such templates can be controlled.
The analysis by Israelachvili***® allows to correlate
specific amphiphile characteristics to the aggregate
structure. It takes into account the so-called
critical packing factor (Cpp) defined as:

Cpp = VO/(Amic lc)

where: V, is the effective volume occupied by
hydrophobic chains in the aggregate core, /. is the
maximum effective length (critical chain length)
and A, is the effective hydrophilic headgroup
surface area at the aggregate-solution interface.

The structures generated for the different Cpp
values are reported in Table 1.

Correlation between Cpp and structures generated

Cpp

Structure

<1/3
113 -"%
Ya-1
1
>1

spherical
cylindrical
vescicles (spherical or
ellipsoidal)
lamellar
inverse micelles
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The increment of Cpp value drives the system
progressively from spherical aggregates to various
structures. For example, vescicles, i.e. closed
amphiphile bilayer structures with an internal
cavity containing the dispersion solution can be
formed by synthetic or natural phospholipids
(liposomes) which are generally made up of one
hydrophilic head and two hydrophobic tails.***’
These structures resembles those formed in
biological membranes. The micelles droplet radii
are usually in the range of 5-50 nm™ while for
vesicles the size usually ranges from 10 nm to 10
um, since concentric bilayer surfaces in an onion-
like structure (hydrated multilayers)® ' can hold.

It is worth pointing out that the precise
description of aggregate morphology for amphi-
philes with more complex topology is more
difficult to rationalize due to the different involved
intermolecular  interactions and  complex
synergistic effects present.**> Effect of solvent
remains, however predominant: polar solvent will
drive to direct micelles with the polar heads
pointing to the solvent, while apolar solvents will
push to the formation of inverse micelles, with the
amphiphile headgroup forming the core of the
aggregates.

Direct amphiphile-metal interaction

If the amphiphile aggregate can be considered
as the domain hosting the metal nanostructure, the
direct interaction between amphiphile polar head
with the metal ion can give further stabilization.
This interaction must be of strength comparable or
major to the interactions involved in the aggregate.

Ligands usually act as Lewis bases, i.e. electron
density donors to the metal center which behave as
Lewis acid. But this is not the only way. A method
to classify the number and type of interactions
between a metal and ligand is the Covalent Bond
Classification. It has been proposed by Green and
Parkin.** Using their formalism, neutral two
electron donor fragments are named L-type
ligands. In this case the metal-ligand bond is a
dative interaction. In the case of X-type ligands,
one electron comes from both the metal and
the ligand so the metal-ligand bond can be
considered a covalent bond. Finally, if the metal is
an electron density donor towards the ligand, these
are named Z-type ligands. This type of dative
interaction formally increases the valence state of
the metal by two. The type and strength of the
metal-ligand bonding involved will depend on

several factors. Chemical arguments based on
electrostatics and orbital overlap®® suggest that the
estimation of hardness or softness of Lewis
acid/base properties can give immediate informa-
tion of the metal-ligand bond strength. Hard
transition metals, such as high oxidation state
complexes of the Group 3, 4, or 5 metals, as well
as lanthanides, form strong bonds to hard Lewis
basic ligands such as those featuring N- and
O- donor atoms.*

Although there are some arguments about the
fact that the bond strengths may not be correlated
with bond lengths®” a generally adopted equation
for calculating bond valences (v) from bond
lengths is:

R-d
v=e?
where: R is the experimental single bond length, d
is the bond distance and b the Brown Altermatt
constant (b = 0.371&). A bond length of >3.5 A
corresponds to a valence close to zero. The valence
bond theory is simple and of practical use being
also able to include long-range ionic effects, which
could be of hard quantification with other
calculations, like Madelung fields etc.™

Just to give an example, in [CuCIly(NH;),], the
Cu-N bond is estimated to be around 90kJ/mol,
whereas in Zn-O (taking into account similarities
with ZnO and MOF-5 (i.e. [ZnsO(0,CCsH4CO,);])
it has been suggested a value of around 180
kJ/mol.” These values are to be compared to the
typical H-bonds of few tens of kJ/mol and a typical
covalence bond (C-C) of 350 kJ/mol suggesting
that in the field of soft matter the metal-ligand
strength is high and can constitute a driving force
in self-assembly. It can be concluded that direct
interaction between the amphiphile polar head with
a metal ion can be of higher importance with
respect to the bare templating role exerted by the
amphiphile self-segregation into polar/apolar
domain in establishing the overall amphiphile-
metal structure. Therefore, if amphiphile self-
assembly can stabilize organic molecules
clusters,*®*! it has been observed that this is true
also in the case of metal nanoparticles, where their
high density (higher than that of organic clusters)
would render their solubilization/stabilization quite
difficult in liquid media.

The possibility of direct amphiphile-metal
interaction allows other interesting applications
which are representatively shown in the following
paragraphs.
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Supra-ordering

Once nanoparticles are stabilized through surface
functionalization with organic ligands or active
surfaces a supra-arrangement into a higher level of
complexity can be made. In fact nanoparticle
organization into highly ordered arrays, allows the
production of the so-called “metamaterials”, which
exhibit emerging and sometimes collective
magnetic, optical and electronic behaviors, enabling
their use in nanoelectronic and mnanophotonic
applications.*** In this ambit the organic-inorganic
interface is of utmost importance.* Surfactant-
assisted self-assembly can take place for a wide
variety of materials: semiconductor nanoparticles,
called “Quantum dots” which are fluorescent
nanocrystals with sometimes higher performances
with respect to those of conventional organic dyes
or fluorescent proteins (large absorption coefficient,
bright photoluminescence emission, narrow and
symmetric emission profile, high photochemical
stability); = magnetic = nanoparticle  for  bio
applications, and core-shell structures for
simultaneous magnetic resonance (MR) and
fluorescence imaging, and for drug delivery.”*® In
this ambit self-assemblies of magnetic iron oxide
into organized structures (superparticles) show
enhanced saturation magnetization, while avoiding
the superparamagnetic-ferromagnetic transition.*’ In
addition to bio applications, nanoparticles in
micelles have proven to be effective functional
building block for further self-assembly into robust,
highly =~ ordered  nanoparticle  arrays  for
nanoelectronic or nanophotonic devices.*

Multi-compositional nanoparticles can be used
as building blocks to obtain highly ordered super
particles possessing multiple functions depending
on the choice of the initial nanoparticles: in this
case the number of applications are high and
interestingly span over biomedical, photocatalytic,
and optic/electric devices.*” However, for an
interesting panoramic view of all these aspects the
readers are referred to the review by Wei et al.*

Other applications: miscellaneous

The direct interaction eventually occurring
between the surfactant polar head and metal ions
constitutes a driving force in water purification
field. In particular, solvent extraction process has
been used for many years for separation of rare
earths elements in industry (hydrometallurgy).”
This field has been widened by the progresses in

nuclear industry where the recovery of plutonium
uranium form liquid wastes has become a
worldwide need inspiring a lot of work (see
PUREX process).

Derivatives of phosphoric acid have been widely
used: bis(4-ethylcyclohexyl) phosphoric acid has
been used™ but bis(2-ethylhexyl) phosphoric acid
(HDEHP) has been one of the most used extractants
being effective also in Cobalt separation besides in
lantanide  separation.”* These authors also
explored the effect of cosurfactant. It is interesting
to notice that HDEHP has been defined “an
excellent extractant of rare earth metal ions” in the
article by Z. Yuan et al” who mixed it with a
cationic trimethyltetradecylammonium hydroxide
(TTAOH) in water, generating a birefringent LR
phase consisting of densely stacked multilamellar
vesicles.

We would like to point out that given the
peculiar self-assembly in amphiphilic systems, the
assembled structures can exhibit also catalytic
properties: Reinskje Talhout and Jan B. F. N.
Engberts, for example, found this peculiar feature
in mixtures of sodium alkyl sulfates and
alkyltrimethylammonium  bromides.”® For this
reason we are prone to believe that this eventual
catalytic properties possessed by self-assemble
structures of amphiphiles, together with their
natural tendency to bind metal, could make these
substances an interesting class of materials to be
tailored for specific applications in catalysis.

The alkylphosphate tendency to bind metals can
cause the formation of a layer of opportunely
oriented molecules onto metal surfaces: Guo et
al’” investigated the formation of triphenyl
phosphate and bis-(2-ethylhexyl) phosphate films
on iron surface using both experimental methods
and molecular simulations. This phenomenon
inspired their use as protective agent (inhibitors)
towards tarnishing in silver.’®

In many amphiphilic systems the subtle
combination of the soft interactions at the nano-
scale and at a molecular level can generate also soft
nanostructured materials with relatively complex
morphologies and characterised by a multi-stage
organization process. In this mechanism a wide
variety of molecules can be involved: dendrimers
and vescicles,” block copolimers® and amphiphiles
whose organisation can give supra-amphiphiles®’
with the overall result to obtain biomaterials through
molecular self-assembly®® and complex matter.”
Those nano-structures present novel and complex
structural, morphological® and dynamic behaviour
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that can be exploited for specific (supra-)molecular
functions, like synthesis of zeolites® formation of
peptides and proteins for nanotechnological
applications® including the preparation of protein
fibres,®” conductive fluids with novel properties of
conductivity® and inorganic metal-semiconductor
nanoparticles with novel optical properties.”” In this
ambit the presence of metal opens new scenarios in
the design and fabrication of novel materials.”

Synthesis of ad-hoc amphiphiles
for binding metals

Simple amphiphiles

Di-(2-ethylhexyl) phosphoric acid (HDEHP),
tributyl phosphate (TBP), octanoic acid (OA) and
bis-(2-ethylhexyl)amine (BEA) are just a few
examples among the simplest amphiphilic
molecules. Generally, they are commercial
products with low cost and high purity. Obviously,
chromatographic techniques may increase the
purity degree, while desiccating agents, molecular
sieves or zeolites may remove the water as
impurity “captured” from polar heads of
amphiphiles. Anyway, from a synthetic point of
view, it is possible to realize various routes to
synthesize these molecules, some by classic
procedures of organic chemistry and others by
more recent synthetic methodologies.

Di-(2-ethylhexyl) phosphoric acid (HDEHP)

Di-(2-ethylhexyl) phosphoric acid is prepared
through the classical reaction between phosphorus

pentoxide and 2-ethylhexanol (Scheme 1).”' This
reaction produces, generally, a mixture of mono-,
di-, and trisubstituted phosphates, from which
HDEHP can be isolated based on solubility.
HDEHP is generally used as solvent extraction
of uranium(VI) from aqueous acid or alkaline
solutions by Dapex and Amex processes. '

Tributyl phosphate (TBP)

Synthetically, the preparation of tributyl
phosphate consists of the reaction between n-butyl
alcohol and phosphorus oxychloride in dry
pyridine at room temperature (Scheme 2).”?

Tributyl phosphate (TBP) is one of the widely
used extractants for the removal of uranium(VI).
More recently, TBP grafted carbon nanotubes were
prepared to amplify the removal and recovery of
u(vn.”

A recent application in order to improve the
extraction capability of vanadium(IV), (V) and
(VD) is a resin impregnated at the same time with
HDEHP and TBP. The results show that the sole-
TBP impregnated resins have no adsorption
capability for V(IV), indicating that the adsorption
of V(IV) is attributed to HDEHP.”

Octanoic acid (OA)

Various synthetic strategies are possible to
prepare octanoic acid (OA) by classical organic
reactions, starting from different precursors as 2-
octenoic acid, methyl octanoate or vinyl octanoate
(Scheme 3).”°” The reactions produced the final
substrate with quantitative yield.

N

O,
OH + P05 —> \/\/\/\/O

/\/\/\O/P\OH

~

Scheme 1 — Classical synthetic procedure for HDEHP.

Scheme 2 — Synthetic procedure for TBP.
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Octanoic acid

\

/\/\/\)J\O/\

Scheme 3 — Synthetic routes to obtain octanoic acid.

N 7

Bis(2-ethylhexyl)amine

Scheme 4 — Principal methods of synthesis of BEA.

Fatty acids with variable hydrophobic alkyl
chain length may act as amphiphiles, in particular
the octanoic acid. An interesting application of
octanoic acid is its use as co-adsorbent in the
preparation of organic dye-sensitized solar cell.
The results highlighted that the cell durability was
markedly improved with octanoic acid if compared
to solar cells without co-adsorbent.®

Bis(2-ethylhexyl)amine (BEA)

The synthetic processes for preparing bis(2-
ethylhexyl)amine (BEA) are carried out by
reacting various amine precursors in variable
reaction conditions. The most considerable
examples are collected in Scheme 4.

Among the many applications, one of the most
recent was the utilization of BEA as extraction
agent, at a low cost, to recover indium from an
acidic solution containing indium, zinc, lead and
tin.* This selective method is really important to

separate indium from other metals, used in
materials for transparent conductive films,
considering its very slight amount principally with
respect to zinc and lead.

Complex amphiphiles

Cryptands, calixarenes, resorcinarenes etc. are
some of the most important macroheterocycles
studied for their supramolecular functions,
considering that the supramolecular structures are
the result of linking molecules with intermolecular
interactions, like Van der Waals forces, hydrogen
bonding etc.®

Cryptands

Cryptands are bicyclic or oligocyclic macrohet-
erocycles appropriately cross-linked with donor
atoms correctly positioned in the bridging groups to
encapsulate metal ions in cage-like structures. They
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are very potent, selective and strong complexing
agents. Cryptands find applications in a wide range of
areas of chemistry, biochemistry and material science
due to their architectural and functional plasticity.*

In general, a number of synthetic procedures have
been envelopment for the synthesis of cryptands:

— High dilution technique, that is the most
used technique and consists of addition of reactants
into a large amount of solvents to form cyclic
product by intramolecular reaction and reduce the
forming of undesired by-products;*>*’

— Template synthesis, in which a template
organizes the opportune reagents to achieve a
particular  linking to form the desired
compound;***

—Rigid group principle, method with which
macrocycles are formed from acyclic precursors that
can rotate about their bonds, lowering their
conformational mobility and reducing the possibility
of reactive groups coming in proximity.

— Low temperature synthesis, the principle
that governs this method is similar to the previous
described methodology, taking advantage of the
fact that low temperature slows down the
movement of the reactive groups, minimizing the
polymerization and facilitating macrocyclization.”!

a)

NH, H2N

\CHO OHC

0 d
O\/ +RCOCI
NS

(i): MeOH, THF, NaBH; 5 °C 0
(ii): THF, ET3N, 5°C

R = CH3(CHa)s; CH3(CHy)s; CH3(CHz)10; CH3(CHp)14

HoN
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In particular, cryptand-based amphiphiles are very
attractive because of their closed cavity with donor
atoms that can be variably placed on the backbone
of the macrocycle, allowing a major interaction
metal ion/molecular guest.

One of the first examples of cryptand-based
amphiphiles  synthesis under high dilution
conditions achieved substrates with hydrophobic
chains of different lengths, performing a series of
stable monolayers. (Scheme 5).**

The synthesized cryptand has been derivatized
with acyl chloride of different alkyl chain length.
In this manner, the new formed carbonyl groups of
the amide portions allow a more compact chain
packing without conformational constraints while
the phenyl groups help the cavity to obtain rigidity.
Amphiphiles and Cu(Il)-complexed amphiphiles
with variable length chains mixed with selected
cryptands, formed stable monolayers at the air-
water interface that were filmed on substrates as
glass, quartz, fluorite etc. with interesting results.
The stability of the monolayers is dramatically
dependent upon the lengths of the hydrophobic
chains; in fact, it decreases as the chain lengths
decreases.”

b)

Scheme 5 — a) synthesis of cryptand and cryptand-based amphiphiles b) cryptand-based amphiphile with C15 length chain.
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Fig. 3 — Three cryptand based amphiphiles with different chain lengths.
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Fig. 4 — Amphiphiles with multi-cryptand headgroups.

A more recent application of this synthetic
methodology regards the synthesis of a cryptand
headgroup with six secondary amino groups
derivatized by different chain lengths to get three
cryptand based hexa-tailed neutral amphiphiles
(Figure 3).%

In particular, the obtained cavity can accommo-
date two Cu(Il) ions and these copper complex-
macrocycles spontaneously agglomerate as giant

vesicular microcapsules. The long hydrophobic chain
of these macrosystems seems to play an important
role to higher encapsulation efficiency.

Amphiphiles with multi-cryptand headgroups
were prepared in a multi steps reaction, by using an
acyl trichloride as central core (Figure 4).”° These
amphiphilic macrosystems show an amplified
capacity for binding metals and a major stability as
giant vesicular microcapsules and monolayers.
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Fig. 6 — Generic structure of calix[n]arenes (n = 5 and 8).

Cryptand-based bola-amphiphiles are a specific

series of surfactants in which two headgroups are
conjunct by hydrophobic spacers (Figure 5).”
The synthesis was realized by adding an acyl
dichloride, as the sebacoyl chloride, to a solution
of opportune criptand in tetrahydrofurane as
solvent and triethylamine as base, furnishing a
spontaneous  stable vesicular aggregate. In
particular, the length of hydrophobic chain of the
derivatizing agent provides the specific dimension
of the macrobicyclic cavity to entrap transition-
metal ions as Cu(Il).

Calixarenes and Resorcinarenes

Calixarenes are macroheterocycles organized
like three-dimensional crowns with complexing
cavities (Figure 6).

In general, these substrates can be obtained by
condensation reactions between phenols and
formaldehyde at refluxing in the presence of a

strong base. By judicious choice of base, reaction
temperature, and reaction time, calixarenes with
different ring sizes can be prepared in good yield.
Obviously, the cavity dimension can be chemically
modified to be selective complexants for a wide
range of metal ions.”*"’

Due to their structure and easy functionaliza-
tion, calixarenes are ideal molecules for the design
of calixarenes-based amphiphiles able to be used
as complexants for alkali and alkaline earths,
lanthanides and actinides, metal ions such as
copper(Il), nickel(Il), silver(I) and thallium(]),
Zn(I) and Pd(II)."**"!

Nowadays, great interest is shown in the
synthesis of particular derivatives of amphiphilic
resorcinarenes, which are calixarene-like macro-
cyclic supramolecular substrates with resorcinol
aromatic rings connected by carbon bridges
(Figure 7).1027104
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R = Long aliphatic chain

Fig. 7 — Generic structure of amphiphilic resorcinarenes.

HO. OH
RCHO, H*

X = CHa; CH,CHg; OH

Scheme 6 — The most common synthetic route of amphiphilic resorcinarenes.

The  general synthetic  procedure  of
resorcinarenes consists of the acid-catalyzed
condensation of resorcinol and aliphatic or
aromatic aldehydes (Scheme 6). Amphiphilic
resorcinarenes, prepared from long chain aliphatic
aldehydes contain a polar and non-polar head
within a single molecule. Therefore, their
amphiphilic properties can be diversified by the
choice of the alkyl chain length or by the addition
of polar or ionic groups on the aromatic
structure.'*>'%

The concave binding cavity and high affinity
towards various guests makes the amphiphilic
resorcinarenes as selective binders of cations
(alkali and alkaline earth metals, transition metals,
ammonium ions), anions and small organic
molecules for numerous applications in

nanoscience and nanomaterials, biosensors, and
biomimetic and biochemical systems.'””""?

Miscellaneous

Dendrimers

Dendrimers are attractive macromolecules
whose architecture and properties make them very
appropriate for their use in supramolecular
assemblies. For example, the complex dendritic
structure  of  G4-48PyP,  containing 48
pyridylpropoxy groups (Scheme 7a), was prepared
by the use of siloxanetetramer
[(CH,=CH)MeSiO),] as the core molecule,
hydrosilation with HSiCl; in presence of Pt/C and
subsequent alcoholysis with allylalcohol (Scheme
7b). Then, G4P-48-Cl dendrimer was terminated
with 4-pyridinepropanol.'
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Fig. 8 — Example of amphiphilic dendrimer.
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This dendrimer was prepared as ultra-thin film
to form complexes with Pt*" and Fe*" ions for a
possible their application to molecular-scale
electronic devices.

The introduction on the skeletal of dendrimer of a
major amphiphilic character amplified from two
hydrophobic C18 alkyl chains brings to obtain
spontaneous supramolecular assemblies with unusual
and unprecedented properties (Figure 8).'"*

In fact, the contemporary presence of hydrophilic
and hydrophobic fragments increases the film
stability, which can lead to stable nano-dimensional
assemblies for new industrial applications in sensors,
optical or biomedical devices. In particular, the
increased flexibility of the hydrophobic block and
hydrophilicity of polar heads lead to new possibilities
for encapsulation of metal ions, larger polar
molecules and other catalytic moieties through
spherical shaped well-dispersed nanomicelles. More
recently, similar amphiphilic dendrimers were
synthesized by click coupling of a poly(benzyl ether)
block and a poly(ether-ester) block to form a perfect
branching structure up to third generation, able to
form palladium complexes for application in catalysis
or drug delivery.'”

Amphiphilic siderophore-like

The siderophores are classic coordination
compounds produced by bacteria to acquire metals,
especially iron. The amphiphilic siderophore-like

ﬁdﬁ

nd
HN o‘

span a broad amphiphilic spectrum, which arises
from the variations of hydrophobic chain-length
(C10-C18) but also because of variations in the
hydrophilic head-group, which generally consists
of amino acids or peptides.''°

An interesting example of this amphiphile class
is the siderophore reported in figure 9, which in
presence of some metals takes on a bis-
monodentate geometry due to crosslinking of
carboxylate groups of amino acids with ions. This
complex structure amplifies both its amphiphilic
properties because of two long alkyl chain (C16)
and the capacity of metal coordination, complexing
at the same time various cations such as Fe(III),
Zn(I), Cd(II) and La(I11).""

Similarly, considering that many polymers,
such as the polyvinylpyrrolidone (PVP), have an
amphiphilic nature able to capture metals,'®'"’
siderophore-like macromolecules with amphiphile
units were prepared from peptides as chelators (i.e.
hexahistidine) and oligostyrenes as inductors of
high hydrophobicity.'”’ These structural features
are the key to assemble peptide polymer
amphiphiles into aggregated particles in presence
of Zn (II), Co(Il), Cu(Il) or micelles with Ni(II)
and Cd(II) or multilamellar vesicles with Mn(II).
The obtained materials provide a variety of
applications as multistimuli-responsive nanoma-
terials.

b
s

_b HN
M = Zn(lly Cd(ll), La(lll), Fe(lﬁ/ o

Fig. 9 — An example of amphiphilic siderophore-like, with a hydrophobic C16 chain
and peptide as hydrophilic peptide head-group.
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Fig. 11 — Process of absorption and desorption of heavy metal ions by PIL membranes.

Amphiphilic ionic liquids

Ionic liquids (ILs) are a class of organic salts
whose melting temperature falls below the
conventional limit of 100°C. Nowadays, due to
their low vapor pressure and other peculiar
characteristics, they are widely employed in
organic synthesis as solvents so-called green,'*''**
but also used for other applications, such as
industrial, pharmacology, bio-medicine,
nanotechnology, etc.'* "%

Generally, amphiphilic ionic liquids are
structures with a small hydrophilic head, generally
represented by an imidazolium cation, and one or
more hydrophobic moieties present on the
backbone of the heterocycle. An example of
double-tail lipid-mimic imidazolium-based ionic
liquids is illustrated in Figure 10."**

Really, these structures show great similarity
with phospholipids and for this reason, they are
prevalently employed as phospholipid-mimics in
bio-medicine field.

A particular class of ILs are the so-called ionic
liquid crystals (ILCs), that add the properties of
liquid crystals (self-healing, order and mobility) to
the final material.'® The introduction of a metal
center in the ILCs structure, yield the
so-called metallomesogens considered multifunc-
tional materials that can add properties like
luminescence or redox activity making them
attractive multifunctional materials for practical
applications.'*’

On the other hand, poly(ionic liquid) (PILs) are
particular amphyphylic polymer membranes with
porous of variable dimensions and exhibit high
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absorption capacity of heavy metal ions (including
Hg*", Pb*", Cu*, Cd**, and Zn*")."*! The PILs were
synthesized via copolymerization (and photo-
crosslinking) of vinyl imidazole with imidazolium
type IL monomers, using poly(ethylene glycol)
diacrylate (PEGDA) as a crosslinking agent. The
porous structures formed inside these membranes
can be adjusted by the molar ratio of hydrophilic
and hydrophobic segments, and, therefore, they are
able to capture metals of various size, increasing
ion absorption capacity. Moreover, the most
ingenious property of these polymer membranes is
that they can be easily recycled without significant
decrease of activity trough a simple desorption
process after treatment with acids and deionized
water (Figure 11).

Supramolecular aggregates of luminescent
transition metal complexes in water

Scientists try harder and harder to inspire from
nature in  many domains, from energy
applications™>'>* catalysis'**'* to the fabrication of
nanobiomaterials"**'"*” and so on. Water is used more
and more in chemistry because of its importance in
sustaining life, controlling many processes in nature
and because of its green properties.

Micellar water solutions of amphiphiles are
important from technological point of view, due to
their ability to solubilize hydrophobic molecules,
property frequently used not only in detergency,
but also in pharmaceutical formulations of water

insoluble drugs, incorporation of dyes and
fragrance products in cosmetics.' Transition metal
complexes are mainly hydrophobic. Opportune
engineering of the molecular skeleton can yield
solubility in water by graphing hydrophilic groups
on the ligands or introducing solubilising
counterions, however as far as the photophysical
properties are concerned, often in the solution the
complexes suffer from quenching of luminescence
due to vibrational motions, presence of oxygen,
etc.'””® A winning strategy may be the assembly of
complexes into supramolecular structures in water
that decreases the motion, increases the rigidity
and may keep apart the complex cations, avoiding
the so-called aggregation induced quenching
detrimental for luminescence.

In this paragraph different strategies to obtain
supramolecular ~ luminescent  systems  with
transition metal complexes in water will be
reviewed. Mainly it will focus on the insertion of
transition metal complexes into micelles formed by
classical surfactants in water or opportune
functionalization to obtain metallosurfactants able
to form “pure” supramolecular structures in water.
Although the focus will be on low molecular
systems, also some polymeric representative
examples will be presented.

Figure 12 shows a schematic illustration of
different supramolecular micelles formed in water
with low molecular weight transition metal centers
and their positioning as a function of their nature,
molecular structure and species involved.

Fig. 12 — Schematic illustration showing different types of functional micelles with the position of the transition metal complex as a
function of its nature and structure: a) insertion of non amphiphilic transition metal complex into micellar structures of classical
surfactants, b) metallosurfactants forming micellar structures, ¢) amphiphilic transition metal complex co-assembled with surfactants.
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The insertion of the complex into the micellar
solution of classical surfactants may increase the
rigidity and protect the complex from the
environment. The positioning of the complex in the
micelles depends mainly on its nature, and thus can
be situated in the hydrophobic or hydrophilic part of
the micelle (Figure 1)."*’ This strategy however was
showed that cannot overcome totally the
aggregation phenomena of the complexes inside the
micelles, detrimental for luminescence properties.

Covalently linking the ligands to hydrophobic
alkyl chains may confer the required
amphiphilicity for self-assembling hydrophilic
complexes into micellar structures in water
yielding thus metallosurfactants'* (Figure 1b). A
greater miscibility and better dispersion can be
however obtained with a “mixt” strategy consisting
in the use of metallosurfactants co-assembled with
the classical surfactants (Figure 1c¢).

As mentioned before, metallosurfactants are
made up of two chemically distinct parts: the
hydrophobic part consists in long hydrophobic
alkyl chains grafted on one of the ligands and the
hydrophilic head group that usually contains the
transition metal opportunely functionalized.
However, as a function of its nature and the nature
of the coordinated ligands, the transition metal
complex ion can also form the hydrophobic part of
the molecule when on the ligands are grafted
hydrophilic substituents.'*'

With increasing concentration, some
metallosurfactants may organize into ordered
lyotropic supramolecular structures in water
(metallomesogens).'*®  Introducing  lyotropic
properties in water with transition metal complexes
is not an easy task, the often bulky coordination
geometry of the metal center causing a delicate
balance between the metal containing hydrophilic
head group and hydrophobic alkyl chains.
Therefore, beside of some simple structure metal
salts of dodecylbenzenesulfonic acid organizing
into lamellar mesophases in water,'” only few
examples of high coordination transition number
lyotropic surfactants were reported up-to-date.

Obtaining complex dynamic supramolecular
systems in water with transition metals is of
interest both from scientific and applicative point
of view. The redox, catalytic, magnetic and optical
properties of the metal center are usually sensitive
to the molecular surroundings and dynamics and
the final properties of the system are not usually a
sum of the properties of the different molecular

parts but new and synergistic properties can be
obtained. Accurate photophysical investigations on
single component and on the aggregates may be
used as a tool to understand the self-assembling
mechanism'*"'* and comparison with results
obtained in the condensed state where
determination of the structure is relatively more
easy, may give information’s on the molecular
environment around the complex cation and
eventually explain the supramolecular dynamic
organization in water.

The coordination geometry requirements of the
metal center generate intricate supramolecular
architectures  also  additional  non-covalent
interactions (electrostatic, weak metal-metal and
metal-ligand intermolecular interactions) that
cannot be obtained in purely organic
counterparts. = Thus, although the shape of the
aggregates with small molecular weight organic
surfactants was shown to be quite easily predicted
by two models (one based on the interfacial
curvature of an amphiphilic film at an interface and
another based on the critical packing parameter of
the amphiphilic molecule itself),' with transition
metal complexes the increased complexity from
one side and the less data on the other side makes
the prediction difficult.'® Moreover, the
complexity results in more intricate structures, like
complex shape micellar,'*® wormlike aggregates,'*’
vesicular multilayered spheres,'*® nano-rods and
nano-fibres'* or other bi- and tri-dimensional
structures. However, the unique dynamic structures
with modulable properties derived from the metal
center are considered a winning strategy in several
applications areas, although yet beside the
synthesis of some functional mesoporous materials
for organic light-emitting diodes or catalysis, the
systems were only studied for their magnetic,
electric, optical and photophysical properties.

144

Platinum(II)

The square planar geometry of Pt(II) favor the
tendency to aggregation into supramolecular
structures, the distance between the metal centers
being controlled by the rational functionalization
of the ligands in the coordination sphere,
controlling the luminescence efficiency and the
color tuning.'® L. De Cola et co. reported the
synthesis of a series of neutral Pt(II) complexes
based on a terdentate dianionic ligand and
functionalized ancillary monodentate pyridinic
ligand with hydrophilic units (Figure 13)."°%'!
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Fig. 14 — Chemical structures of neutral Ir(III) coordination complexes.

The complexes showed a strong ability to
aggregate into supramolecular aggregates in water,
forming spherical micelles with the hydrophilic
units at the periphery and the hydrophobic Pt(II)
complex in the center of the micelles. While in the
case of the alkyl ionic pyrimidinium substituent
(Pt-1) a quenching effect was observed attributed
quite to the proximity of the pyrimidinium units, in
the case of functionalization of the co-ligand with
hydrophylic triethylene glycol chains, a close
contact between the Pt(II) complexes in the center
of the micelles favored Pt--Pt metallophilic
interactions. Hence, the micellar solutions of Pt-2
and Pt-3 showed considerably higher emission
efficiencies (72%) with respect to the monomeric
specie in DCM (1%).

Iridium(11I)

Despite  the  bulkiness of  octahedral
cyclometallated Ir(Ill) complexes that does not
easily permit the arrangement into ordered
structures, their excellent photophysical properties
and sensitivity to the molecular environment
prompted several groups to use them to build
supramolecular systems in aqueous media both by
inserting it into micellar solutions of common

surfactants or by functionalisation of one of the
ligands to induce amphiphilicity in the molecular
structure. Beside the strong research interest for
practical applications in biomedical fields, the
systems were also used attempting to obtain highly
luminescent and mechanically stable mesoporous
silica materials with improved photostability.

The chemistry of Ir(Ill) cyclometallated
complexes permits the synthesis of a large variety
of neutral or ionic species with amphipilic,
hydrophilic or hydrophobic character. In figure 14
and 15 are represented the chemical structures of
Ir(Ill) coordination complexes that were the
subject of luminescence studies on supramolecular
systems in water and will be discussed further.

Micellar solutions of common surfactants
cationic  cetyltrimethyl ~ammonium bromide
(CTAB) and neutral polymeric triblock copolymer
poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol) (P123)
respectively, containing a non-amphiphilic neutral
Ir(I1I) cyclometallated complex (Ir-1) were used as
functional templates for obtaining luminescent
mesoporous materials. Ethanol was employed as
co-solvent. The authors claimed after accurate
structural and photophysical investigations that
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complex Ir-1 preferred an  hydrophobic
environment, but while in the case of CTAB
system it arranges preferentially between the
hydrophobic tails (Figure la — case al), in the
polymeric system is located in the centre of micelle
cores causing an enlargement of micelle
dimensions (Figure la — case al)."*’ The obtained
hybrid materials showed the characteristic
emission of Ir-1 complex, however quenching was
observed specially when the polymeric surfactant
was used as template.

Vesicular supramolecular aggregates in water
were obtained by Mauro et al. by functionalization
of a neutral Ir(Ill) cyclometallated complex
(complex Ir-2 in Figure 14) having an ancillary
picolinate ligand substituted with a tail terminated
with a negatively charged sulphate group.'*' The
complexes are segregated in bilayers, exposing the
anionic groups to the aqueous environment, being
protected against water and dioxygen molecules,
well-known for their quenching effects. Thus, the
vesicular systems show a considerable blue shift of
the emission maxima with respect to the
monomeric species and life-times comparable with
the life-times of the monomeric species in
degassed solution.
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lonic cyclometallated Ir(lll) complexes

Monocationic Ir(Ill) amphiphilic complex Ir-3
(Figure 15) was used in a co-assembly method
with micellar solution of CTAB in water/EtOH for
the synthesis of mesoporous highly luminescent
materials.'> Spherical micelles were formed with
the Ir-surfactant being part of the micellar
structure, inserted in-between the CTAB
surfactants which assured a better dispersion than
in the case of Ir-1 (Figure 12c - case c). This
resulted in considerably longer life-times and
excellent luminescence quantum yields for the
final functional nanocomposite materials.

The sensitivity of the Ir(Ill) cyclometallated
complexes to the molecular environment may be a
tool to probe the position of the complex inside the
micellar systems substantiated with other spectral
and rheological methods. This was demonstrated by
Talarico et al. with two cationic Ir(IIl) complexes,
an amphiphilic specie bearing a multicatenar
ancillary bipyridine-based ligand (Ir-4 in Figure
15)"** and respectively a hydrophilic specie (Ir-5 in
Figure 15)"**. The complexes were inserted into the
micellar and cubic phases formed by the polymeric
surfactant Pluronic F127 [poly(ethylene oxide);oo-
poly-(propylene oxide);-poly(ethylene oxide);o],
used as structure directing agent for the synthesis of
mesoporous SBA-16 systems.
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Fig. 15 — Chemical structures of ionic Ir(IIl) coordination complexes.
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The amphiphilic complex Ir-4 showed poor
solubility in water media, so THF was used as co-
solvent. The monomeric specie in THF solution
emitted in the orange-red region of the visible
spectrum, with a luminescence quantum yield of
4.5%. However, despite its amphiphilic structure,
only small aggregates were detected in water
media, that showed a blue-shift of the emission
maxima and increased 5-fold the luminescence
quantum yield with respect to the monomeric
solvated specie. Similar photophysical properties
showed also the system formed by F127 surfactant
and Ir(Ill) complex in water. In both micellar and
cubic phase, the complex at low concentration is
situated inside the hydrophobic apolar core, but
with increasing concentration a progressive
displacement towards the corona polar region was
observed.

By changing in the nature of the Ir(Il)
complex, using a hydrophilic cationic complex (Ir-
5 in Figure 15), a good dispersion of the
chromophore in the corona region of the micelles
forming the micellar and cubic dynamic system of
the F127 polymeric surfactant in water was
obtained."*

Ruthenium(Il)
Stable multilayered micelles were obtained with
amphiphilic bipyridine-based Ru(Il) dianionic
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complexes presented in Figure 16.'*® The
luminescence of the monomeric form of the
complex was totally quenched in solution, but
strong emission upon aggregation was obtained for
the multilayered micelles. The emission efficiency
depended on the aggregates size and type, and it
was shown to be mainly due to increase of the
rigidity of the system. Moreover, the presence of
the hexafluorophosphate counterions was essential
for the self-assembling, since with chlorine
counterion no supramolecular structures were
formed.

Rhenium(I)

An amphiphilic neutral dinuclear Re(I) complex
bearing a dendritic ligand functionalized with three
glycosylated units (Figure 17) was investigated as
luminescent probe for cell imaging.'” The
photophysical properties were studied in aqueous
solution where the authors claimed that it
organizes into direct micellar structures with the
metallic head oriented internally forming the
hydrophobic region. Consequently, the complex
shows a weak emission in the yellow-orange
region of the visible spectrum with low quantum
efficiencies due to quenching processes and
aggregation phenomena.

Fig. 16 — Chemical structure of amphiphilic Ru(IT) complex.
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Fig. 17 — Chemical structure of amphiphilic Rh(I) complex.
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Fig. 18 — Chemical structure of amphiphilic Ru(II) acceptor and Ir(IIT) donor complexes.

Mixed micelles

Mixed bimetallic micelles with efficient
electronic energy-transfer processes were obtained
with metallosurfactants based on an energy
acceptor Ru(Il) and an energy donor Ir(Il)
amphiphiles (Figure 18). The tunability of the
electron transfer processes was improved by
adding a third “innocent” component (CTAB)
surfactant.'”® The simple monometallic micelles
displayed photophysical properties similar to their
non-functionalized parental species (in the red
region for the Ru(Il) complex and a green emission
for the Ir(Ill) compound) with biexponential
lifetime profiles and enhanced emission quantum
yields with respect to the monomeric species due
to the reduction of the vibrational modes.

CONCLUSIONS

Specifically chosen amphiphiles can act as
building blocks to form novel structures with new
functions and properties. This aspect can be
strengthened if metal atoms are included. This
philosophy allows to reach higher levels of
complexity with respect to those already obtained
in amphiphile-based materials. This gives added-
value materials so novel methodologies are
currently being developed to accomplish this task.
These potentialities are even more effective if
molecular architecture can be manipulated by
synthetic chemistry, allowing to obtain a virtually
unlimited scenario of possible molecules and
consequently novel properties. The state of the art

has been presented and forefront technologies have
been introduced.

The possibility to control the complexity in the
nanoworld would make real the building up of
“artificial” systems that could improve the human
life by realizing novel complex materials/
systems/devices amplifying the range of their
capabilities in every desired field. We hope that
with our contribution we have made the reader
curious to this exciting aspect furnishing, at the
same time, useful information for new research.
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