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Abstract

Metal ion coordination in discrete or extended metallo-supramolecular assemblies offers
ample opportunity to fabricate and study devices and materials that are equally important for
fundamental research and new technologies. Metal ions embedded in a specific ligand field
offer diverse thermodynamic, kinetic, chemical, physical and structural properties that make
these systems promising candidates for active components in functional materials. A key
challenge is to improve and develop methodologies for placing these active modules in
suitable device architectures, such as thin films or mesophases. This review highlights recent
developments in extended, polymeric metallo-supramolecular systems and discrete
polyoxometalates with an emphasis on materials science.
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(Some figures in this article are in colour only in the electronic version.)

1. Introduction reactions, where metal ions organized in a protein matrix play
a key role in the reaction mechanisms. When the metal ions
Nature continually demonstrates delicate control over thge arranged precisely in three-dimensional (3D) space, highly
intramolecular forces that underlie the very existence of lifefficient electron transfer and energy conversion occurs.
from the molecular level, as in DNA, to the microscopigvioreover, biological systems are responsive to external
level, as in viruses, up to the macroscopic scale, as dfimuli, that is, they can adapt their structure and function
bone or wood. Therefore, natural materials often hayg a result of the weak and competitive interactions that
an intrinsic structural hierarchy, which is responsible fq(eep the components in place. Responsiveness is also needed
properties such as mechanical strength and toughnessgiinformation signaling and transduction. One of the most
addition, natural materials often hgve several fun_ctlons. Fi?ﬁriguing aspects of biological systems is their ability to self-
example, the cytoskeleton determines cell and tissue Shaggair and self-replicate. Inspired by nature, the introduction
but also influences a wide range of fundamental cellulgf gnecific and selective molecular interactions to guide

functions, including migration, movement of organelles angiy 55qaciation of functional modules is an overarching
cell division [1]. The intricate relationship between Structure, . e in current materials science and device desin [

and properties reveals itself in photosynthesis and respiratq:lg{e technological and functional advantages of using

molecular-based devices have been recognized for some
* Invited paper. time [3]. However, the formation of functional nanoscaled
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or molecular devices from non-biological components aalue, such as microfluidic devices, electrical nanodevices,
modules has begun only recentl p]. gene therapeutics, prostheses, cellular engineering and med-
There are essentially two methodologies for creatirigal devices, as well as sensing, catalysis and signal trans-
devices at the nanometer scale, namely, those baseddamtion B, 10, 11]. Complexes of surfactants and lipids with
lithography (top down) and those based on self-assemiiglyelectrolytes have a well-defined nanostructure as well as
(bottom up). While lithography allows the creation ofnteresting mechanical and dielectric properties. The resulting
ever smaller structures, self-assembly is claimed to be e@@mposites, containing biological or natural polyelectrolytes,
important avenue toward the manufacture of next-generatibave been explored in drug delivery, pH-switchable systems
molecular materials5). The advantages of self-assembly@nd templates for directing the structure of polymer architec-
include parallel fabrication, (molecular) dimension controtures. Amphiphilic self-assembly is a simple yet efficient way
component alignment and repair mechanisms. The curr@hfroducing melt-processable, soluble materials with proper-
challenge in the field of self-assembly is, therefore, tdes that range from thermoplastic through elastomeric to ther-
develop strategies to combine, orient and order structufgPsetting L2]. In addition, the self-assembly of amphiphiles
and functional modules in predictable ways because mate@&d supramolecular modules offers a promising solution to
and device performance is critically dependent on t@prgvailing problem i_n materials _chemistry. The modularity
spatial arrangement of the functional modules. In ord&f this ap_proach provides extensive control of th(_a structure
to support, handle, manipulate and operate devices at ﬁ{gj_f_unctlon from the molecular to the macroscopic scale. In
nanoscopic scale, it will also be advantageous to collgdfdition, the use of modules provides an unsurpassed degree
and arrange the components in surface-confined structuféfs?ynthet'c S|mpI|C|ty, diversity and erX|b!I|ty. The ability to
however, there are no generic methodologies available fa?ntrol the spatlal grrangement of fungtlonal and structural
achieving this goald]. In the last few years, the developmenfOMPOnents is of critical importance with respect to the en-
of new methodologies for constructing molecular objecf2ding of new (collective) properties and the full exploitation
with nanoscopic dimensions capable of mesoscopic patté)rfna material’'s potential. However, the potential lack of sym-

formation has been the focus of supramolecular sciefice metrical invariance (e.g. crystallinity) in such devices and ma-
With the remarkable progress in the self-assembly [&qrials poses a serious challenge to structure determination by
molecular components into specific arrays and polymeF aditional diffraction methods, which is of critical importance
many supramolecular species have now been proposed o the accurate understanding of structure—property relation-
potential components for nanoscopic devids [ ships. Further progress in this area will therefore call for in-

Nanotechnology attempts to establish molecuIar-basteeédlsmp“nary research programs that go beyond the classical

. . U ; . acpproaches in chemistry, physics and engineering.
devices and machinery of nanoscopic dimensions, i.e. func-" .
Discrete or extended metallo-supramolecular modules

tional supramolecular architectures that process specific I'de by metal-ion-directed self-assembly are of particular
ementary steps within a coherent sequence of matter/signﬁl rest for the construction of technological devicés][

transform_ations. Thg pote-ntial fields .Of applicatiorj for mo.lel"hey provide a set of well-defined coordination geometries,
_cular devices are diverse; currently mves’ggated h(.)t ‘9'0'0 range of binding strengths and ligand exchange kinetics that
include (arrays of) chgmosensors to derive electric sign ffow the reversible assembly—disassembly of supramolecular
from molecular recognition events (nanosensors) and mo chitectures that include switchable interaction sites.
c'ular. switches and Iogical_ elements for highly integrateg addition, they possess a variety of photochemical,
circuits (molecular electronics). Self-assembling supramolgpacirochemical and reactive properties that are relevant
cular systems represent a feasible and efficient approachdonctional devices. Metal ions collect and spatially
fabricating the required quantities of nanosized supramolgect the assembly of ligands according to predetermined
cular architectures. The final supramolecular entity sponigsorgination algorithms. The final properties can, therefore,
neously evolves from a chemical library of suitably shapggl tajlored through the judicious choice of steric and
molecular building blocks through a sequence of recognitectronic ligand-metal ion interactions. The occurrence
tion, growth and termination step$)][ Discrete nanosized of semioccupied d-orbitals gives rise to some of the
as well as extended supramolecular assemblies have thysst prominent properties including strong absorption, high
been synthesized exploiting ligand-metal ion interactionguantum yields, suitable excited state lifetimes, luminescence
m— interactions, or hydrogen-bonding-mediated recognitigdhd tunable redox states. These features can be explored to
processes. achieve optical nonlinearitylfl], as well as photomediated
The combination of supramolecular modules as fungharge separation1f] for artificial photosynthesis. The
tional components and amphiphiles as structural componesggitting of the d-orbitals in a ligand field of appropriate
adds another dimension to self-assembly. The interactispmmetry and strength can give rise to thermally or
of amphiphiles with supramolecular modules occurs spontghotoinduced spin transition and spin crossover phenomena,
neously and is driven by the release of counter ions, as welltag@ most intriguing ones being light-induced excited spin
electrostatic and hydrophobic interactions thus giving rise #tate trapping (LIESST), reverse and low-spin LIES$8].[
a large array of structures, as well as lyo- and thermotropi¢hile photomediated charge separation in polynuclear
mesophases. Amphiphilic self-assembly is by far the mastmplexes has been studied with the aim of realizing
fundamental mechanism in the construction of soft mattartificial photosynthesis, such systems are also interesting for
materials, leading to materials with significant technologic@&iformation-processing device$1].
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Polyoxometalates (POMs) are an intriguing class M

of discrete metallo-supramolecular systems, well-defined,

discrete nanoscopic clusters with a wide variety of —M—
applications in fundamental and applied science including |
cataIyS|_s, el_ectrochemlstry, electrooptics and medicir&. [ R R
A bewildering variety of POM structures have been “Si' .
characterized, which recently culminated in the discovery of
giant nanosized polymolybdate clustef®][ In contrast to M

most semiconductor nanoparticles and quantum dots, POMs é

are transition-metal oxide clusters that are uniform at the
atomic level. POMs form in a series of steps through the ~ -
sequential self-assembly of metal-oxygen building blocks.
An attractive feature of POM clusters is the ability
of the metal-oxygen framework to accommodate excess
electrons 20]. This reduction is generally reversible and
occurs with marginal structural rearrangement. The reduced

POMs frequently display a deep blue color and are active

electrocatalysts for the hydrogen evolution reaction and

oxygen reduction. The ability to accept electrons undé&igure 1. A metal, M, can be pendant to (top) or part of the

the alteration of their light-absorbing properties is aRelymer backbone (center), or the metal is embedded in a polymeric

: : . : . _chelate (bottom). In the coordination polymer (center), the
interesting effect for the construction of functional device nordinative bond is an integral part of the polymer backbone

and m.aterials. The extinction coefficier_1t of the colored Po%etallo-supramolecular polymer). Depending on the strength of the
state is comparable to that of organic dyes; however, thgeraction between the metal ion and the coordinating ligand,

photochemical stability of POMs is far superior to thagoordination polymers are dynamic equilibrium systems or
of organic molecules. Photochromic properties arise in tfgetically inert polymers.
presence of certain counter ions, such as alkylammonium,
anilinium and pyridinium, which can undergo photoinducedO elements embracing main group metal elements (Si, Ge),
proton transfer to the POM framework. The reduction of thigansition metals or rare-earth elements in addition to the
POM cluster results in the accumulation of negative chargd) elements found in organic polymers (C, H, N, O, B, P,
which increases the basicity of the POM anion. The reductidvalides) are available for organometallic polymers. Therefore,
process may, therefore, be accompanied by concomitdme variations of organometallic polymers are endless. Several
protonation and, as a result, the redox properties of POMs &ypes of organometallic polymers can be distinguished on
markedly pH-sensitive. Although through crystal engineeringhe basis of how the metal is integrated in the polymer, as
extended 2D and 3D solid-state arrays may be constructed, thutlined by Rehahn (figurg) [24]. Metals can be pendant to
exploitation and encoding of the value-adding properties of they can be part of the polymer backbone. In coordination
POMs as functional components in advanced materials rempolymers the coordinative bond between the metal ion and
elusive, mainly due to the fact that these materials are obtairtbéd ligand is an integral part of the backbone. The polymer
as crystalline solids that are hard to process. Due to the higéickbone can also act as a polymeric chelate, which embeds
lattice energies associated with crystallization, the occurrertbe metal ion; breaking the coordinative bond does not affect
of distinct supramolecular architectures, such as liqutie polymer backbone. Finally, metal ions can be part of
crystalline phases, is rarely observed, and methodologies haeéwork structures with a continuous 3D topology.
only recently been developed to explore such new POM A central challenge in utilizing supramolecular modules
phases 21]. To support, handle, manipulate and operat@s molecular devices and advanced materials is to control
devices that contain POMs as functional components, it wihle surface chemical properties in order to incorporate the
be advantageous to arrange the clusters in surface-conficethponents in suitable device architectures. Modifying the
structures; however, until recently there have been no genesigface chemical properties is a central step in mediating
methodologies available for achieving this gagl [ the contact with common technical substrates and junctions,
Another interesting class of materials is macromolecular tailoring the compatibility with organic materials and
assemblies based on inorganic elements because they lidtbgical tissue, in manipulating the solubility and in
another dimension to the field of polymer and materiakngineering novel nano- and mesoscopic supramolecular
science. Coordination numbers and geometries become edmzhitectures. Many possible applications involve thin
variables, and metal ions provide redox, magnetic, opticélims or layered materials, such as displays, sensors and
or reactive properties that are not available in carbon-basgatective coatings. The chemical routes that govern self-
polymers R2, 23]. Their potential impact on the technologyassembly have been extensively investigated and the self-
of inorganic—organic composite materials may be gleanedganization of functional modules into extended, highly
from the importance of metal ions in biological systems awdered ensembles represents the next milestone towards
cofactors in enzymes and metalloproteins for oxygen transp@irhctional hierarchically structured materials. To exploit the
in respiration or for electron transfer in photosynthesis. Ovapvel collective properties of ensembles, it will be important
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to gain more precise control of the spatial arrangement of 0+~ — --YHoyHoyHo---
modules in their supramolecular self-organized environment.

To achieve these goals it is, therefore, necessary to develop

new methods and to improve existing methods of fabricating ©  metal ion (M)
thin films and other device architectures of well-defined = ditopic ligand (monomer)
composition and dimensions with supramolecular modules as ¢ metal ion receptor (L)

functional components.

This review focuses on methods to introduce variolwRigure 2. Metal-ion-induced self-assembly of ditopic ligands
functional supramolecular modules into different device afesulting in macromolecular assemblies. In the case of an
chitectures including mesophases, thin films, nanostructurgﬁ”“e‘]“ate binding strength between metal ions and ligands,

. hamic equilibrium polymers form in solution. The ditopic ligand
etc. These methods have in common that weak non-coval sists of two metal ion receptors linked by a spacer. Here only

interactions and self-assembly are employed in order f{Rear, extended structures are considered, e.g. through rigid ligands.
combine, position, and orient the functional modules in

the final device architecture. Results on extended me'tal ases such as methane and hydrogen have fostered research in
supramolecular polymers and discrete POM clusters will bgis 264 83 341, The ability to characterize these crystalline
presented. These systems have in common that they confali}eriais by crystallography provides a good perspective on
tran_smon metal ions thgt are both important for structure foé’stablishing accurate structure—property relationships.
mation and the properties of the systems. The above-mentioned examples underline the prospects
of using metal ion-ligand interactions for constructing
2. Metallo-supramolecular polymers metallo-supramolecular materials with various structures,
properties, and applications. Recent developments indicate a
Here, we are interested in soluble dynamic coordinatigiew trend in which kinetically labile metal-ligand interactions
or metallo-supramolecular polymers, respectively, assemblg@ employed to form macromolecular assemblies in solution.
from molecular constituent2f]. The topic of coordination Kinetically labile interactions enable the construction of
polymers with macromolecular ligands has been reviewgghaterials with unprecedented properties: materials built up
recently P6]. If the binding constants between ligands anehrough weak interactions can assemble, disassemble and
metal ions are very large, kinetically inert polymers argeconstruct in a dynamic fashion under ambient conditions,
formed that are similar to conventional, covalent polymegsus establishing optimization routines and error correction
in terms of their polymer physics and properties. If thgh the assembly algorithm! Since the interactions are often
binding constants are small, polymeric assemblies do ngi the order of kT and are comparable to entropic forces,
form in solution but form only in the solid state. Onsuch materials can be adaptive and responsive. Moreover,
the other hand, if the binding constants, that is, thdifferent interactions, like hydrogen bonding, electrostatics or
interactions between the metal ions and the ligands, ared@ordinative bonds, can compete within a complex molecular
intermediate strength, macromolecular assemblies form drchitecture so that structure and properties are dynamic, that
solution. This is not necessarily a limitation because the, they depend on external parameters, such as temperature,
binding constant depends on the pH and temperature as v, the solvent, ionic strength or external fields. In addition,
as on the ligand design. By carefully choosing the boundagych materials have the ability to self-repair, self-anneal and
conditions of self-assembly, it is, therefore, possible to findself-correct under ambient conditions (on account of the weak
window of opportunity where soluble metallo-supramoleculanteractions). In their pioneering work on metallohelicates
polymers form and can be studied. Coordination polymerghn and co-workers demonstrated the possibility of this
can be assembled directly from metal ions and ligandsrinciple [35].
Although polymers based on kinetically inert transition— Metallo-supramolecular chemistry, which is producing
metal complexes are readily characterized in solution lwycreasingly sophisticated polymetallic architectures based on
standard analytical means, polymers formed by kineticalarious intercomponent interactions, has transformed the field
labile transition—metal complexes in solution have onlgf inorganic coordination chemistry. The resulting compli-
very recently been successfully characterized in detail. Thated and aesthetically appealing structures have provided the
overwhelming majority of the resulting networks or metaldriving force to rationalize their formation, culminating in ‘the
organic frameworks (MOFs) are isolated and characterizpeinciple of maximum site occupancyd$, 37]. Here, we dis-
as crystalline solidsZ7, 28]. Here, the binding constants arecuss the important aspects of macromolecular assemblies that
generally so small that no polymeric assemblies are formaek formed by the interaction between metal ions and ditopic
in solution. The coordination network exists only in the solitigands B§].
state. The diversity of the resulting framework architectures We make the following assumptions: the ligand, L, or
is remarkable and has been extensively discussed in previthss monomer consists of two identical metal ion receptors
reviews P9-31]. Due to their large apparent surface aredinked through an arbitrary but rigid spacer (figui2g We
perhaps the most promising application of MOFs is theill consider only the case of extended linear macromolecular
specific uptake of gases through the control of functionaksemblies. Discrete ring-type structures are not considered
group chemistry and the windows, pores and channels lidre because they are not expected to exhibit interesting
the architectured?]. The technological needs regarding fuetlynamic properties. The analysis is based on thermodynamics
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following the law of mass action. Several species exist in <n>

solution: nn ML complex in which a metal ion is bound to 140

one receptor, and an MLcomplex in which a metal ion is

coordinated to two receptors. The Mlcomplex constitutes 100

the link in the polymer backbone. The end groups are either

free receptor sites or ML complexes. 60
In the simplest case, the metal ions bind independently of

each other and the equilibrium concentrations of all species 20

can be described by the stability constants of the two types of

complexes:

y =10.99

y =098

6 4

(S

Log(C) [mol/l]
[ML] <n>
1= ML) 2500 | o
2000 |-
K, — [ML 7] )
2 —[ML][L] ) 1500 +
) 1000 |- b
where [L], [M], [ML] and [ML ;] are the concentrations of i
free receptors, free metal ions and metal ions coordinated by 500 LN
one and two receptors, respectively. At higher concentrations i ‘»‘JI e
we can, of course, anticipate deviations from these = ket .I'(';'] i i:‘lm”“'” :

assumptions. As outlined by van der Gucht and co-workers

the concentrations of the various species are giver88y [ Figure 3. Top: average number of monomers (ditopic ligands) per
assemblyn) as a function of concentration for different
2[Mon] = [L] + [ML][+2[ML 5], stoichiometrieg/. Here, the stability constants of Fe(Il) and
terpyridine are usedog[K;] « log[K;]). Bottom: average
number of monomers per assemky as a function of
[L] =2[Mon](1 - p), stoichiometryy for different monomer concentrations
((@) 103 moll~2, (b) 10*mol =t and (c) 10° mol I72).

[ML] =2[Mon]p(1—q). .
The dependence of the average number of monomers in

an assembly as a function of stoichiomejrfpor different con-

[ML 2] = [Mon]pa, centrations is also shown in figuB The average assembly
length depends strongly on the stoichiometry. Note that the
[M] = y[Mon], curves are asymmetric with respectye= 1. An excess of

metal ions results in longer assemblies than an excess of
wherep is the fraction of receptors involved in ML complexesnonomers. Experimentally, it is generally difficult to achieve
andq is the fraction of receptors involved in Mlcomplexes. an exact 1:1 stoichiometry. It is, therefore, advisable to use
The concentration of the ditopic ligand is given by [Monh slight excess of metal ions in the synthesis. For the syn-
and the ratio of the concentration of the metal ion to that dfiesis of metallo-supramolecular coordination polymers, the
the monomer is given by the coefficient These equations ditopic terpyridine—Fe(ll) system is, therefore, an excellent
completely describe the equilibrium concentration of eashodel system because it forms large macromolecular as-
species. The following graph illustrates the average numtsamblies. Similarly, the first-row transition elements such as
of monomers per assembly) as a function of concentra- Ni(ll), Co(ll) and Fe(ll) are kinetically labile, thus, the assem-
tion for different values ofy (figure 3). In this example, the bly process can be carried out at room temperature in aqueous
stability constants of the Fe(ll) terpyridingpy = terpyri- media Q).
dine) complex are used (logp] =7, log[Ks] = 14) [39]. We can draw several important conclusions from this
Notably, the molecular weight depends on the concentratianalysis. Metallo-supramolecular coordination polymers can
and stoichiometry of the constituents. In the case of an exdéotm very high molar masses comparable to those of
stoichiometry of the metal ion to the ligand, we observe exonventional polymers if the metal ion, the ligand, and the
ponential polymer growth with increasing concentration sinconcentration are chosen appropriately. However, this analysis
ilar to that observed in classical condensation polymerizatiasoes not take into account additional effects that can occur
It can be seen that terpyridine ligands and Fe(ll) form aduring assembly, such as the accumulation of charge or
semblies with very high molecular weight. In the case of the formation of lyotropic phasesA]]. If the assemblies
different stoichiometry ¥ £ 1) polymer growth stops when carry charge, then additional effects may arise through
the deficient component is consumed, which correspondstie polyelectrolyte effect such as ionic-strength-dependent
the plateau region observed at higher concentrations. It jgpperties. Methods that interfere with the equilibrium, such
therefore, possible to control the molecular weight of thas chromatography or viscosity, which are commonly used
assemblies through the stoichiometry. in polymer analysis, cannot be applied to these systems.
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were used as a means of tailoring the solubility. In nonpo-
B 7 lar solvents like 1,1,2,2-tetrachloroethane (TCE), the resulting
b polymers behave as well-defined macromolecules. In the pres-
ence of coordinating solvents, like acetonitrile or pyridine, the
species behave more similarly to low-molecular-weight ag-
gregates. NMR titrations indicate a degree of polymerization
of 6-8 if 0.8 equivalents of Cu(l) is used. Ata 1: 1 stoichiom-

n  etry, the degree of polymerization increases to above 20. In
contrast to Cu(l), the Ag(l) polymer shows rapid ligand ex-
change in a TCECH3;CN mixture (4:1). In the absence of

Figure 4. Dynamic coordination polymers based on the ditopic  coordinating species there is practically no ligand exchange,

phenanthroline ligand and Cu(l) and Ag(l) ions, M. as documented by mixing Cu(l) and Ag(l) polymers. To

avoid experimental errors, capillary viscosimetry was used to

However, it is possible to choose a stoichiometry such that thdjust the stoichiometry to 1:1 to obtain high-molar-mass

length of the assembly becomes independent of concentratpmtymers. The analysis of the viscosity yielded an apparent

for higher concentrations. This effect can be used, for instaniogrinsic viscosity of h] ~30mlg for a high-molar-mass

to maximize signal intensity, e.g. in scattering experimentsplymer based on Cu(l) in.01 M NH4PF6 acetong. The

by increasing the concentration without affecting the leng#alt is added to suppress polyelectrolyte effects. A similar

distribution. Another way of controlling the length is to use @alue is found for a stable, random-coil Ru(ll) coordination

monotopic ligand, which acts as a capping unit. polymer of molar mass Mr: 40.000 g mot* [45]. However,
Owing to the weak interactions between the ligandbe Huggins constant (kkk 9) of the kinetically labile poly-
and the metal ions we can anticipate the response of theser is very large, which is a result of the equilibration. A low-
materials to mechanical shear. Rupturing the metal ion—ligaadng of the concentration causes the depolymerization of the
interactions results in smaller polymer segments, which é®ordination polymer, thus enhancing the reduction of the vis-
associated with a reduction in viscosityide infrg). The cosity. Time-dependent measurements support this hypothe-
choice of metal ions and the design of ligands providgs. The addition of a solvent causes the re-equilibration of the
additional variables for tailoring the properties of the resultingystem, which is manifested as the time dependent-decay of

assemblies. The ligands are generally Lewis bases atitk viscosity to a final value. The authors point out that even a

therefore, protons and metal ions compete for the ligandsnall amount of coordinating species in the solution, such as

thus, the equilibrium is affected by the pH of the solutionwvater, causes depolymerization.

The pH can be used to shift the equilibrium, e.g. to move the Constable introduced the concept of polytopic ligands

length into a specific range independently of the ligand artésed on terpyridines to construct metallo-supramolecular

metal ion concentrations, or the polymer can be consideredctmordination compounds (figurg) [46]. This early study

be pH-responsive. The same is true for coordinating solvefotused on complexes with kinetically inert Ru(ll), which

molecules. The simultaneous equilibria of protons, solvecan be characterized by standard techniques. Since then,

molecules, metal ions and ligands are also temperatu®?:6',2’-terpyridine has attracted great interest for the
dependent42]. In summary, there are a considerable numbeonstruction of metallo-supramolecular polymers because
of variables that affect the architecture and the polymér binds many transition-metal ions, generally possesses
properties of these systems, which adds to the richnesshagh-binding constants due to the chelate effect and
these systems. Systematic studies on how molecular weifrims stereochemically well-defined complexes. Terpyridine
correlates with polymer-like properties (enhanced viscositigrms octahedral complexes with most transition-metal ions,
glassy solid state, etc) for such systems have yet to thes it is ideally suited for constructing linear supramolecular
established. polymers through substitution at the 4-position of the

One of the first systematic studies of well-defined coocentral pyridine ring. The high-binding constants allow us

dination polymers based on kinetically labile complexes was also study metal-ion-induced self-assembly in aqueous
presented by Rehahn and co-workers. Using phenanthrolingedia, which is highly attractive for putting such systems
based ditopic ligands, they prepared a variety of polymeirgto practical use. In addition, terpyridine transition—metal
with Ag(l) and Cu(l) (figured) [43, 44]. The ligand design complexes possess a variety of attractive properties that
essentially prevents the formation of discrete species, thmske them interesting for photophysical, electrochemical and
giving rise to extended macromolecular assemblies. These nmagnetic studiesi[7].
ordination polymers are sensitive to the type of solvent mole- Owing to their charge, the solubility of these so-
cules and readily decompose via the displacement of metalled metallo-supramolecular polyelectrolytes (MEPES) in
ions by coordinating solvent molecules. Decomposition eueous solutions critically depends on the counter ions,
avoided if the polymer is dissolved in nonpolar solvents. Iparticularly because terpyridine ligands are generally not
an appropriate solvent, ligand exchange is reduced to su@ry soluble in water. The first water-soluble MEPEs based
an extent that the polymer can be characterized. The metal 1,4-bis(2,26',2"-terpyridin-4-yl)benzene and F®Ac);

ions render the polymers highly charged, resulting in the neagre reported more than five years after Constable’s work

for polar solvents. Long alkyl chains, attached to the ligandnd finally opened an avenue to study and employ these
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Figure 6. Top: MEPE self-assembled from FeQAand
1,4-bis(2,26',2" -terpyridin-4-yl)benzene. Bottom: solid-state
structure determined by electron diffraction and molecular
modeling. The MEPE forms linear rods that are organized into
sheets. The unit cell consists of four sheets, while each sheet is

Figure 5. Structures of polytopic ligands based on terpyridines, rotated by 90 with respect to each other. The coordination
pyrazolylpyridine and 2,6-bis(methylbenzimidazolyl)pyridine for geometry is pseudo-octahedral].
the construction of metallo-supramolecular coordination
polymers {6, 48]. particulates in coordination polymers and frameworks to
address fundamental questions on how such systems grow.
systems in many ways (figuré) [49]. Although the Due to the low concentration, only nanoscopic crystals that
solution structure and the solution properties such as thes not suitable for x-ray diffraction are obtained. Therefore,
rheological and polyelectrolyte properties require furthefe decided to attempt an analysis by electron diffraction.
studies, the solid-state structure of the MEPE based ®Re analysis revealed a primitive monoclinic unit cell, in
FeOAg and 1,4-bis(2,26',2"-terpyridin-4-yl)benzene was which the MEPE forms linear rods, which are organized into
recently determined by electron diffraction (figu}. As sheets (figures). Four sheets intersect the unit cell, while
pointed out above it is generally not possible to growhe adjacent sheets are rotated by 96th respect to each
crystals of equilibrium polymers by supersaturation, whicbther. Méssbauer spectroscopy of bulk samples confirmed the
is commonly employed for crystal growth, because undggeudo-octahedral coordination geometry of the MEPE and
these conditions the assemblies become very large and fandicated an average length of approximately 8 repeat units
amorphous precipitates. However, we can use the followingthe solid state. The formation of the Fe(ll)-tegomplexes
principles to grow nanoscopic crystals of MEPEs directlfas also been confirmed by the characteristic MLCT band
on a surface under dilute conditions. Theoretically it hasbserved in UV-vis spectroscopy. Recently, it was shown
been predicted that in the absence of strong polymer—surfalgat MEPE can also assemble in the pores of zeolite-like
interactions long chains experience a larger entropy lossaterials 50].
than shorter ones upon adsorption. Therefore, the surface In addition to terpyridine, other ligands can be used for
region is predominantly occupied by short chains. At lowoordination polymers. For instance, coordination polymers
temperatures and under dilute conditions the formation based on Schiff base rare-earth complexes were reported
extended assemblies is further inhibited. Finally, if then 1994 by Archer and co-workers (figuré) [52]. In
stoichiometry of the ligand to the metal ion is largepolar solvents such as DMSO or NMP, molar masses of
than 1, the degree of polymerization remains constaB® 000 have been achieved. These polymers exhibit good
if the concentration is increased. This approach may Beability and high glass-transition temperatures. The concept
of general use for characterizing the first, nanocrystallifeas been extended to other well-characterized rare-earth
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Figure 7. Top: example of a linear cerium(IV) Schiff-base Figure 8. Self-assembly of a Co(ll)-porphyrin polymer as
coordination polymer. Bottom: coordination polymers as part of a described by Michelsen and Hunté#].
mesophase described by Serrano and co-workers [63].

=N

polymers. Unfortunately, the authors have not investigated the
coordination polymers53, 54]. The incorporation of rare- "esulting precipitates, which may also be interesting colloids

earth metal ions makes these systems interesting for noQéfle supra. In solution, the occurrence of polymerization

photophysical studies and applications. Embedding metal iof{@S Shown by pulsed-gradient spin-echo NMR diffusion

in liquid crystal polymers is a step towards the realizatiof<P€riments, which provide insight into the relative size
4he assemblies. By adding a monomer to the polymer

of mesophases that combine the properties of metal ions ; S X .
mesophases. For instance, Serrano and co-workers exploﬁglaltlon, which induces chain shortening, the authors further

this concept to synthesize nematic polyesters based qﬁrnonstratgd the polymeric nature of the_ qssembly by
metallomesogenic metal moieties (figuf [55, 56]. The size exclusion chromatography. The association constant

polymer shown in figur& displays an enantiotropic nematic’' &> determined to be approximately 106Mand the

mesophase. Cooling the melt results in the formation Ofpé)lydlsperSIty index was between 1.5 and 2.5, as expected

nematic glass. Macroscopic ordering is induced by drawirg r equilibrium polymers. The maximum molqr weight
fibers from the nematic melt. X-ray scattering indicate served was 136 kDa, corresponding to approximately 100

. . . . repeat units. Precipitation occurred at higher concentrations
that the orientation of the mesogenic cores is along thée..” " . .
indicating even higher molar masses.

stretching direction, which demonstrates that such polymers Another area of interest for which supramolecular chem-

are readily processable. Owing to the Cu(ll) centers, the%?r[y holds great promise is that of stimuli-responsive mate-

p0|ymers are para_magnet|c and a weak exchange mteraciij%l& because environmental variables can have a large effect
of antiferromagnetic character between the copper centers Wasy, o degree of interactions between the individual compo-

detected. Although many other systems have been reporh%q.'ts of the materials. This is particularly true for metallo-

in the literature $7], strong coupling between the met""lsul(g/ramolecuIar polymers. An alteration of the strength of

centers, and, therefore, cooperative phenomena are geneiglly \,ncovalent part of the intermolecular bonds can re-
not observed because the distance between the metal centel§yiSin 4 dramatic modification of the supermolecular struc-

too large pg]. The rich chemistry of terpyridines has afforded, ;e and thus cause significant changes in the properties.
a number of other interesting ligands with photoluminescegiyyan and Beck have introduced multistimulus, multirespon-

properties, as reported by Wrthner and co-work8860],  gjye metallo-supramolecular polymers from lanthanides and
as well as chiral coordination polymes 62]. ~ 2,6-bis(benzimidazolyl)-pyridine (BIP) ligands (figurg)

The rich photo- and electrochemical properties qbs, 66]. This ligand can bind transition metal ions in a 2: 1
porphyrins make the corresponding polymers interestifgtio as well as lanthanides in a 3:1 ratio. Therefore, as-
materials from the point of view of charge storage angembling ligands, transition-metal ions and lanthanides in the
transport, solar energy conversion and nonlinear opti¢gpropriate stoichiometry results in the formation of metallo-
Michelsen and Hunter reported an approach to formingpramolecular gels.
soluble porphyrin polymers through the coordination of  Transition metals such as Zn(ll) or Co(ll) give rise to
the central metal ion and the pendant, covalently attachgilear polymers due to the preferred octahedral coordination
pyridine rings (figure8) [64]. Solubility is ensured by geometry of the ligand and these metal ions. Adding 3%hol
introducing 2-ethylhexyl side chains to the porphyrin coref the lanthanide (Eu(lll) or La(lll)) with respect to the ligand
Metallation with Co(ll) produced a monomer that selfspontaneously results in the formation of a gel in a GHACI
assembles to form a porphyrin polymer. At concentratiorHsCN mixture. A total of four different gels were prepared
greater than 10mM the polymer precipitates and can ordynd characterized (Gha, Zn/La, Co/Eu and ZnEu). All
be redissolved in coordinating solvents such as pyridinieur gels are thermoresponsive and show a reversible gel-sol
This observation indicates the formation of high-molar-weightansition upon heating (figurd0). The optical changes
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a resulting in a switching-off of the antenna effect. The
1.3% < process is reversed upon drying the material in vacuum to
:g'&ﬂ‘[)‘fggm . . remove the formic acid followed by reswelling in acetonitrile.
nM W } x The rheological behavior has been studied in more detail
é‘ofﬁ;fcﬁ)z Ty by Rowan and co-workersGf, 68]. The susceptibility of
or Zn(I(CIO,), AColla AColEu coordination polymers based on diphosphanes and Pd(ll) to
Aznta AZnEu sheer has been elegantly demonstrated by Sijbesma. In toluene
this polymer is sufficiently kinetically inert that an analysis of
the molecular weight is possible by standard chromatographic
Q\N—Me Me‘NQ techniques. Also, the assembly kinetics is sufficiently slow
M . Nb Wal for it not to interfere with chromatography; equilibration
N/ aCHN OB N O o\ requires several days. Exposing the solution to ultrasound
T A o results in a significant reduction of the molecular weight
@ e " @ and re-equilibration restores the original molecular weight.

Notably, ultrasonic chain scission is a nonrandom process that
Figure 9. Representative scheme showing the formation of acts preferentially on longer chains. A possible application
metallo-supramolecular gels by assembling BIP, transition-metal of |trasonic chain scission may lie in the area of transition—
ions and lanthanides in the appropriate ratio. - - . . .

metal catalysis by the creation of highly reactive species under

controlled conditionsg9].

(@) P o With the aim of developing organic/inorganic hybrid
| ca 100°C 1-Colla materials that are stable at high temperatures but yet
_"",- swollen processable, Rowan and co-workers employed the ditopic

Codl to with MeCN ligand shown in figuré, which combines the BIP univide

RT suprg for dynamic polymerization and 1,4-diethynylbenzene

as a functional unit. Owing to the conjugation, this new

ligand is more emissive than similar BIP ligands that

1:Zn/La lack conjugation T0-72). The optical properties of this
w;ml;mﬂu compound allow following the self-assembly process in

solution. Upon the addition of Zn(ll), three isosbestic points
are observed, suggesting the equilibrium of a finite number
of spectroscopically distinct species. The authors assign

Figure 10. (a) Thermoresponsive nature of the/Ca system and t_he bands |n.the U\_/'V'S spectra to free I|gan(_j, .1:1 Zn-
(b) thixotropic response of the Zha system (with permission ligand and 1:2 Zn-ligand complexes. Metal binding also
from [65]). has a pronounced effect on the emission characteristics. The

formation of polymers is further demonstrated by an increase

indicate that upon heating, the Mand interaction is in the viscosity of the solutions at higher concentrations.
thermally broken. It is not surprising that these gels are aldd\is approach to assemble conjugated polymers from smaller
thixotropic, that is, they exhibit shear-thinning under stresBuilding blocks has high potential for the utilization of
Shaking the ZjiLa gel results in a free-flowing liquid, which, these materials; because high-molecular-weight conjugated
upon standing, thickens again to a gel-like material. polymers are generally difficult to process due to their high
The Eu(lll)-containing polymer exhibits intense metalransition temperatures, limited solubility and high solution
centered luminescence, which is facilitated by the antenwigcosities. In addition, structural defects and impurities in
effect of the ligand. This is effectively a light conversiorsuch polymers are not uncommon, making their processing
process, which occurs by the absorption of radiation gften intricate and time-consumingd). Using Zn(ll) and
the ligand, followed by a ligand-to-metal energy transfdre(ll) the authors readily prepared fibers and thin films
process finally resulting in a metal-centered emission. Th@&endable to further characterization.
photochemical properties make these materials interesting The nature of the core in the ditopic BIP ligand
for various applications but they also offer a method dfas a profound impact on the material’s properties. While
investigating the assembly—disassembly process. Heating tigéd ligands are expected to form rigid-rod-type polymers,
Zn/Eu polymer results in a substantial reduction in ththe introduction of flexible linkers allows the formation
lanthanide-based emission, providing further evidence thadt rings [73]. A short core, e.g. penta(ethylene glycol),
the lanthanide-ligand bond is thermally broken. Lanthanidés the ligands encourages the formation of macrocyclic
are oxophilic and bind well to carboxylic acids. Therefore, #pecies, and the resulting material does not show polymer-
is not surprising that the polymers are also chemoresponsilike properties. On the other hand, macromonomers based on
The addition of 85wt % formic acid to the ZjiEu polymer poly(tetrahydrofuran) telechelic units give rise to polymeric
results in the loss of mechanical stability and quenchesaterials with improved mechanical strength. This work
the Eu(lll) emission. This result is consistent with thaalso hints to the existence of another problem in the
of formic acid displacing the ligand on the Eu(lll) catiorformation of high-molecular-weight materials. If polydisperse
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Figure 12. Scheme illustrating the approach of Weck and
co-workers using metal ion coordination and hydrogen bonding to
generate reversible crosslinks to realize new materials with tailored

thermodynamic and kinetic properties (with permission fr&)]

_|
.Sol
M mechanism, in which the attacking nucleophile associates

= with the metal center prior to the departure of the original
ligand. The pentacoordinate transition state is sterically
crowded relative to the reactant and product complex. Steric
effects in the spectator ligands of the complex, therefore,
profoundly affect the rate of ligand exchange while having

. . . . little effect on the stability of the complex. Pincer motifs
Figure 11. Exchange mechanism for pincer—pyridine complexes.

The dynamics of ligand exchange can be controlled through stermhave proven to be attractive in this regard due to the
manipulation of the spectator ligand, R, around the metal center. €ase of steric manipulation of the spectator ligands and
(a) Direct displacement of one pyridine by another pyridine. the added advantage of increased stability relative to the

(b) Solvent-assisted ligand exchange. Bottom: ditopic pincer moderate stability of aryl Pd(ll) complexegq, 77]. Using
crosslinkers 5. this approach, the authors studied supramolecular networks
with a continuous 3D topology based on polypyridine and a
macromonomers are used, it is intrinsically not possible Hitopic pincer ligand (crosslinker) in DMSO. They showed
achieve the desired 1:1 ratio of ligand to metal by simplhat the mechanical properties of the material are linked to
weighing the components. The authors used NMR titratigsnlvent-mediated ligand displacement reactions and that the
to assess the maximum degree of polymerization. Heredignamical properties are governed by the dissociation of the
becomes clear that (simple) standard procedures have tochssslinks in the network. The mechanical properties are,
developed to control the stoichiometry precisely in order therefore, determined by the relaxation that occurs when the
achieve comparable and reproducible results. crosslinks are dissociated from the polymer backbone. The
Recently, Ruben and co-workers prepared an MEREynamic properties are scaled through the dissociation rates
from 1,4-bis(1,26',1"-bis-pyrazolylpyridin-4-yl) benzene of the crosslinks independently of their rate of formation;
and Fe(ll) (figureb) [74]. Although the authors do not presenthus, dissociation is effectively equivalent to equilibration.
data on the molecular weight of this new MEPE, they reportNote that this work shows how dynamics and mechanism of
reversible spin transition above room temperature that occungtal-ligand exchange reactions are not only a qualitative but
at approximately 323K with a thermal hysteresis of 10 Kalso a quantitative representation of the viscoelastic properties
In contrast to the terpyridine-based ligands, the bite angledfh bulk materials 78]. Although thermodynamics are a
the bis-pyrazolylpyridin is wider, which reduces the liganghrimary design consideration in supramolecular chemistry,
field and, therefore, opens an avenue towards spin-crossaver dynamics of the interactions are particularly important
at ambient temperatureg4). Interestingly, the authors use aunder nonequilibrium conditions, such as those imposed
twofold excess of metal ions to limit the molecular weightinder mechanical stresgq, 77, 79]. Recently, Craig and co-
(vide infrafigure3) and to keep the formed MEPE in solutionworkers used single-molecule force spectroscopy to study the
Craig and co-workers have demonstrated an eleganechanical activation of the ligand substitution reaction. By
method of manipulating the dynamics of metal-ligancheasuring the rupture force as a function of loading rate,
interactions by employing the equivalent of a macromolecultire authors could determine the dissociation rate constants in
‘kinetic isotope effect’ (figurell) [75. The independent these systems[].
control of the dynamic versus thermodynamic properties is The concept of dynamic 3D topologies has been taken to
achieved by a simple steric effect at the metal center afhigher degree of complexity by Weck and co-workers by
square-planar Pd(Il) and Pt(ll) complexes. Ligand exchangembining metal ion coordination and hydrogen bonding as
at metal centers generally occurs through an associataresslinks (figurel?) [81]. By balancing the thermodynamic
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used by Maeda to obtain nanoscale architectures from dipyrrin
ligands (figurel5) [86].

2.1. Thin films

The positive charge can be used to deposit MEPEs on
an oppositely charged surface using electrostatic layer-by-
layer deposition. The alternating deposition of MEPEs and
suitable polyelectrolytes such as poly(styrene-sulfonate) gives
Figure 13. Self-assembly of diblock copolymers and MEPE rise to well-defined multilayers on flat substrates as well
resulting in the formation of a micellar structure (complex as colloidal templates (figur&6) [87, 88]. It is likely that
coacervate core micelles) (with permission frag]). the release of counter ions drives the irreversible deposition
of the polyelectrolytes on the surface. An alternative route

and kinetic variables of the constituents, the authots incorporating metal complexes in thin films involves
envisage systems allowing rapid prototyping and facilesing discrete metallounits that interact through weak bonds.
modification of the physical properties of the crosslinkeByrenyl tails attached to the terpyridine moiety cause
materials. These types of orthogonal functionalization arm$sembly of the discrete units into linear arrays, particularly
crosslinking offer new options for overcoming the functionah water where thexr—r interactions are strongest. The
group incompatibility encountered in many polymerizatioformation of z-stacking is evident from the crystal structure
techniques§2]. and fluorescence properties of the thin film89][ The

A system of great practical use is presented by Stugplications of such systems currently include electrochromic
and co-workers §3). They employed water-soluble 2,6-devices §0-92]. Although the LbL procedure offers many
dicarboxypyridine ligands that bind transition-metal iongdvantages, such as deposition from solution, the use of
and lanthanides. Recently, this group reported on using thigple equipment and the formation of coatings on arbitrary
hierarchical self-assembly of MEPEs and diblock copolymegsirfaces, the resulting layers do not have the same degree
to make coacervate core micelles (C3Ms) as shown @ order as the Langmuir-Blodgett (LB) films of PACsade
figure 13 [84]. Here, the negatively charged MEPE interactfra) [49, 93].
with the positively charged part of the diblock copolymer,
which results in the formation of a complex in the interio2.2. Mesophases

of the micelle. The assembly is stabilized by the hydrophilli:he hierarchical self-assembly of amphiphiles and MEPEs

?;%f:‘gﬁgf;g&dn? tE:r:n?gr;{Qrecg(r):pI)(l)(ecr copolymer, Wh'CBives rise to metallo-supramolecular mesophases. The

. amphiphiles add another variable to the modularity of these

As mentioned abo_vt_e, some metgl|0'SUp_ram9|eCU|3§semblies. Through the choice of ligands, metal ions,
polymers tend to precipitate from their solution if the,,,hinhiles and their respective stoichiometry, the structure
concentration of the constituents exceeds a critical limily, hroperties of the resulting assemblies can be controlled
Because of the use of organic ligands, solubility iS ag eyery length scale. For instance, positively charged MEPEs
issue that needs careful atten_t|0_n in metallo-supramolecuiﬂsed on metal ions and ditopic bis-terpyridines can be used
polymer research. Oh and Mirkin have used this propery jecorate metallounits with negatively charged amphiphiles
to form colloidal particles from coordination polymers{94_97]_ The amphiphilic self-assembly of an MEPE and
(figure 14) [85]. A homochiral carboxylate-functionalizeddihexadecy| phosphate (DHP) affords the corresponding
binaphtyl bis-metallo-tridentate Schiff base (BMSB) is usegac. This colloid-chemical approach is based on counter-
as a building block. The particles form via coordination to thg, exchange, and the association of MEPE and DHP has
carboxylate groups on the BMSB periphery. The process 9fprofound impact on the properties of the final material.
particle formation is completely reversible, as evidenced Cs dissolve in common organic solvents indicating that
the formation of the starting materials upon the addition gfe amphiphiles effectively shield the hydrophilic portion
excess pyridine. The choice of the BMSB ligand, the type @f the MEPE. We, therefore, assume that, in solution,
metallation and the ancillary ligands make it possible to tailghe amphiphiles are predominately located around the
the chemical and physical properties of the resulting polymetigdrophilic metal-ion centers as depicted in figuté.
and particles. It is interesting to note that the particles amde PAC forms nanostructures on graphite and spreads at
stable in both water and common organic solvents. Thige air—water interface. The resulting Langmuir monolayer
inclusion of binaphtyl in the ligand affords fluorescence frorsan be transferred onto solid supports by the LB technique
the complex as well as from the particles. The ancillafpg]. In addition, PACs exhibit thermotropic polymorphism
ligands (L in figurel4) also allow the manipulation of the and spin-crossoveBp.
electronic nature of the metal ions. For instance, increasing The combination of rigid-rod-shaped polymers and
the o-donor capability of the ancillary ligand induces #lexible surfactants gives rise to polymorphism. The structure
redshift of the absorption maximum. The ability to producef the room-temperature phase of the PAC based on DHP, 1,4-
these materials in enantiopure form makes them attractbis(2,2:6',2’-terpyridin-4-yl)benzene, and Fe(ll) is shown
in catalysis and separation. This concept has recently been(figure 17) [97]. A combination of x-ray scattering
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Figure 14. Preparation of colloidal particles from metal ions and BMSB. Adding diethyl ether to the reaction mixture results in particle
formation and precipitation. A coordinating solvent such as pyridine dissolves the particles (adapte®bfyjom [

Washing MEPE

Figure 16. Electrostatic layer-by-layer assembly of MEPEs
affording well-defined multilayers. The method can be applied to
any type of surface, provides excellent thickness control, is readily
automated and a large number of different components can be
assembled into the layers.

Figure 15. Ditopic phenylethynyl-bridged dipyrrins give
coordination polymers with Zn(ll), which produce fluorescent
colloidal objects in solution (a, b). Using a mixture of THF and
water, unigue morphologies, such as bell-shaped (c) and ‘golf
ball-like (d) architectures, are observegf]. crystalline materials are readily processed into various device

architectures, and the concept can be expanded to virtually

and molecular modeling was used to reveal details of tladl metallo-supramolecular polymers with suitable electronic
architecture. Notably, DHP forms an interdigitated layer inonfigurations 101]. It will be interesting to see if, in the
this structure in contrast to the solid-state structure of DHBture, it will be possible to affect the thermal hysteresis
and the typical packing motifs encountered in amphiphilieehavior of these materials, which is an important requirement
architecturesJ00. The PAC structure is a good example ofor switching applications.
a multicomponent hierarchical architecture. At the molecular An unusual system showing ferromagnetic exchange
level, the structure is determined by the design of the liganiigeractions was reported by Haase and co-work&8[
and the metal coordination algorithm. At the mesoscopldere, the Schiff base mesogenic units containing Ni(ll) metal
scale, the structure is formed through the interaction of thens are located in the side chain; however, the units form
MEPE rods and the amphiphilic molecules. Finally, at the ladder-like structure (figurd9). Presumably, the metal
macroscopic level, the structure arises through the packingaeinters and the counter ions form a linear chain so that the
the PAC rods into the final architecture. metal centers come in close contact enabling cooperativity.

Investigations of the temperature dependence of the this respect, we can also consider this material to be
structure and properties revealed that the Fe(ll)-PAC shavpolymer with labile metal-ligand interactions. However,
a spin-crossover from a diamagnetic low spin state tothe material does not show liquid crystalline properties
paramagnetic high-spin state. This phase transition in theesumably due to the crosslinking of polymers through
amphiphilic matrix induces mechanical strain in the assemtlye metallomesogenic units. In fact, the metallopolymers
of the tightly coupled metal ion coordination centers, whichre not soluble; during the synthesis they form a colloidal
in turn results in a distortion of the coordination geometngolution and are precipitated as a solid. The ferromagnetic
As a result, the crystal field splitting of the d-orbital subseisteraction can be described by that of either that of
decreases resulting in a spin-crossover (figl8g Liquid ferromagnetically coupled dimers or linear chains. So far,
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Figure 17. Top: sequential self-assembly of ditopic bis-terpyridines, metal ions and amphiphiles resulting in polyelectrolyte-amphiphile
complexes (PAC) (DHR- dihexadecyl phosphate). The PAC readily dissolves in organic solvents, forms nanostructures on graphite, as well
as Langmuir and LB layers, and exhibits spin-crossover with Fe(ll) as the central metal ion. Through the choice of the ligands, metal ions,
amphiphiles and their respective stoichiometry, it is possible to tailor the structure and properties of the PACs. Bottom left: calculated

(a) and experimental (b) scattering curves of the PAC. Right: structural model on which the computed scattering pattern is based showing
the lamellar architecture of the PAC with interdigitated amphiphiles. The hexagonal alkyl chain packing of the orthorhombic DHP unit cell
comprises 12 molecules. This unit cell satisfies the steric requirements of the MEPE repeat unit. Phosphate groups are randomly oriented
toward the top or bottom of the strata.
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Figure 19. Structural model for the nickel metallopolymer.

eg - \
Left: Schiff base Ni complex (R denotes the polymer backbone).
—H— —T——T— Right: schematic ladder structure showing the stacking
% _H' _H_ / in a linear chain102.

ions, which are best described by an isotropic Heisenberg
Figure 18. Melting of the amphiphilic matrix in the PAC results in exchange operator, constitute limiting factors preventing a
a distortion of the coordination geometry of the tightly coupled ;e 1D magnetic arrangement. The question of which type of
metal (_:enters glvmg riseto a s_pln_crossqver from adlamqgnetlc magnetic ordering can be achieved in mesophases therefore
low-spin state to a paramagnetic high-spin state (schematic . : ’ !
representation). remains of strong interest ).

Valkama et al described a concept in which a block

copolymer, polystyrene-block-poly(4-vinylpyridine) (PS-
no detailed structural data is available for this material dugock-P4VP), is complexed with dodecylbenzenesulfonate
to its insolubility. The presence of cooperative magnet{®BS) as amphiphilic component and zinc dodecylbenzene-
properties such as remnant magnetization and coercivifiylfonate(Zn(DBS),), leading to the polymeric supramole-
indicates a strong superparamagnetism. Introducing Co(¢ti)lar PS-block-P4VP[Z{DBS),], (figure 20) [104. The
into these methacrylate polymers results in mesophaseesoporous material made from this complex has a lamellar
leading to the formation of 1D Heisenberg antiferromagnetitructure, and even indicates the existence of a structural
chain structures1j03. However, the presence of monomeridierarchy for high-molecular-weight block copolymers.
Co centers that obey Curie—Weiss behavior and dimeric Gioreover, ZriiDBS), can be extracted from the template with
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the air—water interface permit us to explore the surface
activity and provide molecular-level control to construct
layered materials by LB film transfer. The general concept of
Langmuir monolayer preparation and LB transfer is depicted
as follows. A known amount of the sample is dissolved in a
water-immiscible volatile solvent, and the solution is spread
on the water surface contained within a Langmuir trough.
Upon evaporation of the solvent, a monolayer remains at the
air—water interface, which is subsequently compressed with
a moving barrier, while the surface pressurejs measured
and displayed as a function of the corresponding arga,
revealing details of the phase behavior of the monolayer as
well as information about the size of the molecules. Langmuir
monolayers can be transferred onto solid substrates by dipping
an appropriate substrate through the interface at constant

pressure. Repeated monolayer transfer generally yields highly
ordered lamellar multilayers.

One of the first reports of polymer—metal complexes at
the air-water interface and the corresponding LB multilayers
was by Nagel and Oertell(9. In this approach, a metal
ion complex from the subphase binded to recognition
sites in the Langmuir-monolayer at the air-water interface.
In another approach, the preassembled water-insoluble
metallo-supramolecular assembly is directly spread on the
water surface. For instance, it is possible to spread
e oo . e s ot coume i oue-Mertoned PAC, based o Pl 1.4 bB(25

olymeric bac y 1/ i H H
fone (2) and amphiphilic ligands (3). (b) Modules: PAVP (1), zn 2 -{erPyridin-4-y)benzene and DHP, directly at the air—water
(DBS), (2), and 2,6-bis(octylaminomethylpyridine (3). (c) interface b_ec_ause owing to the a_lmphlphmc molecules, the
Suggested complexation with a 1:1: 1 molar mixturd,d and3 ~ assembly is insoluble in water (figul) [98, 110. As a
to form poly[(4VP)Zn(2,6-bis(octylamino-methyl)pyridine)(DB$) result of the surface tension across the interface, the PAC self-
(adapted from105). reorganizes at the air-water interface. The DHP molecules
assemble at the top of the interface, while the hydrophilic
a selective solvent such as methanol, leading to a pordd&PE is located in the subphase. Both strata are coupled to
structure. Using P4VP, 2, 6-bis(octylaminomethyl)pyridineach other through electrostatic interactions. The interaction
and ZnDBS),, Valkamaet al further described a conceptbetween DHP and MEPE produces an untilted hexagonal
for self-organizing tricomponent mixture4qQ5. According liquid-condensed phase of aliphatic alkyl chains even at low
to this concept, the Zi centers coordinate to the pyridinesurface pressure. The electrostatic coupling is thought to be
groups of PVP and 2,6-bis(octylaminomethyl)pyridingiesponsible for the stability of the Langmuir monolayer and its
The amphiphilic counter ions, DBS, bind to the posihigh collapse pressure. In contrast to the Langmuir monolayer
tive metal center through electrostatic interactions, anaf neat DHP, the PAC isotherm shows no distinct phase
therefore, also contribute to the resulting architecture. Th@nsition between the tilted and untilted liquid-condensed
structure is denoted as a multicomb architecture with tiase, which is ascribed to the polycrystalline nature of
format  poly[(4VP)Zn(2,6-bis(octylaminomethyl)pyridine)the PAC Langmuir monolayer. The architecture of the PAC
Zn(DBS),]. Because of the enhanced side-chain crowdingangmuir monolayer is rationalized as stratified bilayer, as
a cylindrical organization is obtained. Other hierarchicgichematically depicted in figul. The structural flexibility
polyelectrolyte-amphiphile structures include moleculdequired to form this stratified architecture is provided by the
wires formed by a halogen-bridged platinum compleRoncovalent interactions within the PAC assembly.
[Pt(en),][PtClo(ens]s- (en= 1, 2-diaminoethane) with an- PAC monolayers are readily transferred onto solid
ionic amphiphiles 106, and a rigid metallohost obtainedsubstrates using the LB techniqu@]. The average thickness
from a ruthenium—bipyridine complex and a glycoluril-baseger layer is 28+0.2nm, corresponding to that of a
receptor cavity 107]. monolayer. Repeated transfer leads to the realization of a
LB multilayer. X-ray reflectometry (XRR) curves show both
Kiessig fringes and Bragg peaks indicating the high order
of the LB layers. Notably, the XRR curves of a film made
The LB technique was one of the first methods useif | layers exhibits only/2 Kiessig fringes before the first-
to fabricate thin films with long-range order and preciserder Bragg peak, indicating that the LB films are Y-type and
thickness control, and played a key role in the developmetnnsist of amphiphil@MEPE sandwich layers. The LB layers
of molecular electronics10g. The defined conditions of are also oriented within the plane of the layers. The transfer
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2.3. Langmuir monolayer and LB multilayers
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Figure 21. Top: compression isotherm (solid line) and expansion 837 f: &), tz S
hysteresis (dotted line) of the PAC-1 monolayer at the air/water —

interface. The monolayer shows no distinct phase transitions. The
area per molecule at the collapse pressure 22 nn? per molecule
corresponding to six DHPs. The collapse pressure of 6@mi¥ is
remarkably high. The monolayer of neat DHP (inset) shows a
distinct phase transition. The structure of the alkyl chains in both
phases is schematically depicted. Bottom: schematic bilayer ~ Figure 22. Adsorption of PACs in predictable ways on the basal
archltgctyre Of the PAC-1 m0n0|ayer .at the air—water |nterface. Th§|ane Of graphite_ Top: representative SFM image of PAC adsorbed
amphiphilic component forms a (partially) charged template layer,in the presence of £Hgs on the basal plane of graphite. Middle:
onto which MEPE is adsorbed from underneath. SFM image of a sample prepared from about twice the total
concentration. The bottom layer consists of regularly ordered

of monolayers on the solid support causes the macrosco ellae of the self-assembled alkane monolayer (inset at the
oftom left shows a filtered image of part of the surface covered

alignment of the MEPE rods along the transfer directiotyith the pure alkane monolayer). Perfectly straight PAC rods are
This architecture is in marked contrast to that of the volumserved on top of the alkane template layer. Bottom: proposed
phase discussed above. The DHP molecules in LB films anedel for the resulting nanostructures (simplified representation,
not interdigitated due to the pre-organization at the air-wat@ft to scale). The alkanes (thick rods) are adsorbed epitaxially on

. f Thi . d trates h th d e lattice of the basal plane of the underlying graphite surface. This
interface. IS comparison emons-ra es how the moduldi,ne monolayer serves as a template for orienting the rigid rods of
nature allows the control of the architecture from moleculase pacC.

to macroscopic scales through the boundary conditions during

self-assembly. amphiphilic component induces self-assembly on a suitable
template layer.
2.4. Nanostructures Again, the PAC based on ditopic bis-terpyridines, Fe(ll)

and DHP is considered here. Spin-coating a dilute solution
Macromolecules often get kinetically trapped at interfaces a mixture of the PAC and a long-chain alkane at a
during adsorption due to their great size, which effectivelymass ratio of approximately around 1:10 on graphite leads
prohibits reversible self-assembly processes and the (long-the formation of perfectly straight nanostructures, with
range) ordering of macromolecules. Even shape-persistisrigths of up to 200 nm under these experimental conditions,
macromolecules such as DNA, or proteins generally exhilsit indicated by scanning force microscopy (SFM) (see
only short-range ordering in surface-confined architecturéigure 22) [96]. Notably, no crossing molecules or kinks are
[111]. On the other hand, numerous molecules self-assembleserved. The distance between the PAC rods is alwéys 5
on suitable interfaces, such as long chain alkanes on graphit& nm, irrespective of the length of the alkane utilized, which
giving rise to highly ordered structure$12. We, therefore, indicates that the alkane layer orients and straightens the
wondered if it was possible to utilize molecular self-assembBAC, but does not determine the distances between adjacent
to organize PACs at interfaces in predictable ways, so that thR&Cs. This multicomponent self-assembly process consists
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of several steps. First, the alkanes are adsorbed epitaxially
on the lattice of the basal plane of graphite, a long-known

phenomenon, giving rise to a lamellar monolayer. The alkane
wets the graphite preferentially because it is used in excess
and because of the commensurability of the alkane and
the graphite lattice. This monolayer represents a corrugated
surface potential and, therefore, acts as a template for the
adsorption of the PACs. The entire process evolves through
multistep self-assembly with interactions at several levels and
length scales involving metal ion coordination, electrostatics,

and van der Waals forces. The molecular structure encoded
in the design of the ligand and the coordination geometry is,

therefore, amplified from the nanoscopic to the macroscopic
scales. The modularity of this approach provides a means
of encoding the value-adding physicochemical properties of

metallo-supramolecules devices into nanoscopic architectures
that can be addressed and manipulated individually by

‘scanning probe techniques’.

3. POM clusters % g .Jf" g
3.1. Ultra thin films RAKAE

The self-assembly of alternating layers of POM anions and o
oppositely charged species by LbL self-assembly (fid.Be E}gl_ubrf i%ltﬁ;gfrt: rﬁzgé;c?r[r;(ehgotgsiglvl(sxuieg fgir t,cle:f%s”cat'on
is deceptively simple 13. Starting with a negatively \o) pawson: [BM1506]¢~ (M = W, Mo). preyss|’er ('p_pOM’):
charged substrate, such as a layer of polystyrene-sulfongtieH,0)PsW300117]%12~ (M = Na, Eu). The P-POM has the
(PSS) or a charged monolayer of an alkyl-silaid4 or shape of a flattened ellipsoid with dimension3 £ 1.7 nm.

alkyl-thiol [115, its immersion in a polycation solution Co-POM: [Cd (H20)2PsW300;11,]**". The ‘sandwich’ type

: . : : (I)-substituted Co-POM is approximately 2.3 nm in length and
leads to irreversible adsorption of the polycations, there /4 nm in width, Mo57: [M0s:V6(NO)6Ossa(Ha0)15]2 . The

recharging the surface. A few minutes are typically sufficieltternal form of Mo57 is similar to that P-POM with dimensions of
to form a complete layerl[lg. After rinsing, immersion 1.6 x 2.4nm. Mo132: giant Keplerate MgOs72(CH3COO) 3o

in a POM solution results in the adsorption of the next,0);,]*> . The nearly spherical Mo132 with a diameter of

layer, and repeated deposition leads to the build-up ofagproximately 3 nm shows promise for host-guest chemistry and

multilayer. The only requirement is that the componenfiZe-Selective catalysis because it possesses an open Mo-O
famework architecture that encloses a central cavity with an

f"‘re sufficiently charged to l?e irreversibly ad_sorbed at tri‘zlﬁproximate inner diameter of 1.7 nm. The M0132 framework spans
interface. Several POMs of different shapes, sizes and chagge-0) 9-ring openings with an average ring aperture of

have been successfully incorporated in multilayers (fi@®e 0.43 nm, which is comparable in size to pores in zeolitic
[117-120. architectures.

For all POM-based multilayers, as with many other
systems prepared by this technique, the total thicknessRipcess. For instance, the layering of smaller POM anions is
multilayer assemblies increases linearly with the number gfitically affected by the pH of the solutions. The presence
adsorbed layers, indicating a stepwise and regular growhprotons in the dipping solutions is known to significantly
process. The final coverage does not depend on the dippftithance the quantity of POM anions irreversibly adsorbed.
time; however, it depends on the experimental parameters, For smaller POMs, the surface coverage can be
such as ionic strength. Generally, up to two molecular layef¢reased from sub-monolayer to multilayer coverage simply
of POMs are deposited per deposition step. The occurrer®e adjusting the ionic strength of the dipping solutions.
of regular growth is consistent with a build-up of exces§his is demonstrated in figur@4 for the deposition of
interfacial charge by the POM anions, which the next lay@Fudlll)(H20)PsW300110] >~ and PAH [121]. If no salt
that positively charged PE can bind to. is added to the POM solution, residual electrostatic and

The deposition process is governed by a delicate balarfligolar repulsion within the interfacial layer keep the surface-
of adsorption and desorption equilibria. While the immersiogonfined POM anions separated, thereby resulting in sub-
step should lead to the irreversible adsorption of a controll@@onolayer coverage, compared to the packing density of the
amount of material onto the interface, the rinsing proce§$Ms in the crystalline solid. In the presence of salt in
is used for the desorption of excess, loosely bound specié¥ POM dipping solutions, the surface coverage increases
The optimization of LbL in terms of controlling the amount0 approximately one monolayer. The high ionic strength
deposited as a result of two competing processes requires$gEeens repulsive interactions; thus, the anions can become
judicious selection of the pH and ionic strength of the dippingiore closely packed. It is interesting to note that for very
solutions as well as the careful control of the kinetics of thaigh ionic strength of the dipping solution, regular film growth
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than self-assembled monolayers or LB filM2J. However,
0.5 M NaCl for the smaller POMs, XRR does not resolve Kiessig fringes
0.1 M NaCl because the interfacial roughness is too large to allow coherent
0 M NaCl interference of the x-rays from the top and bottom of the LbL
layer. The smaller POMs are probably more dispersed across
the interface and penetrate the polyelectrolyte matrix more
0 4 812 easily, thus, reducing the degree of striation. However, Kiessig
o fringes become apparent if an additional PA$S layer pair
0 02 04 06 08 is placed on top of the multilayer. These complementary
NaCl [M] methods are simple to use and provide elementary information
on deposition and structure. Many other analytical tools
1 M NaCl are available to study adsorption kinetics, layer growth and
structure. Most POM anions can undergo a rapid reversible
reduction. Therefore, cyclic voltammetry (CV) is another
0 M NaCl frequently used tool in POM multilayer research.
In terms of possible components for electrochromic de-
00 4 3 vices, POMs are promising candidates due to their abil-
m ity to undergo a rapid reversible reduction accompanied
0 055 05 095 1 by coloration. Some of the first electrochromic coatings
o were obtained from poly(diallyldimethylammonium) chlo-
NaCl [M] ride and [WoOss]* [124 or [P;M0o1sOss]® [119. As
Figure 24. Surface coverage per layt, of Eu-POM in a step towards rea!|st|c tec_hnc_)loglcal implementation, we
(Eu-POM/PAH),, multilayers, as functions of NaCl concentration Selected the europium derivative of the Preyssler anion,
of the Eu-POM (Top) and PAH solution (Bottom). Top: PAH is (NH4)115Ko5[EU(H20)PsW3¢0q1¢] - 34H,O, (Eu-POM), as
deposited from aqueous solution containing no NaCl. Bottom:  an active component because it exhibits reversible electro-
E:g?%é??e%pgz'tnﬁ’&;?m aqueous solution containing 0.1M  chemical behavior accompanied by a large electrochromic re-
' sponse [25. As can be seen in figurgs, the oxidized form
of Eu-POM is completely transparent in the visible region,
may not occur, which is in marked contrast to the adsorptiQhereas the reduced Eu-POM exhibits a broad absorption
of polyelectrolytes 122. If, in addition, salt is added to hand at approximately 700 nm. Each redox step is accompa-
the PAH dipping solution, the surface coverage increasesp g by increasing coloration of the solution.
approximately two monolayers, which is attributed to the pevice fabrication rests on the LbL deposition of Eu-
penetration of POM anions into the top polyelectrolyte layelbom, PAH and PSS on indium tin oxide (ITO)-coated glass
This method, therefore, provides control of the filmyjides. A visually noticeable optical contrast (transparent
growth and thickness at the nanometer scale. It does ®@tdark blue) during potential scanning shows that the
require specialized equipment or substrates, and it can be uigfl is electrochromic. A high optical contrast is readily
without adaption for automated fabrication. Furthermore, #chieved even for thin films. The UVis spectrum of the
is economical and readily amenable to scaling-up for thpSSPAH/Eu-POM PAH),-modified ITO electrode shown
fabrication of large-area, defect-free devices on any type ajpdfigure 25 was recorded during CV. The absorbance at
shape of surface. The deposited films are mechanically robggb nm A nm for a (PS$PAH/Eu-POM/PAH),, modified
and generally permeable for small molecules. ITO electrode increases from 0 to 0.12. For a (PF%8H/Eu-
UV-vis spectroscopy is probably the easiest meth@q@OM/PAH);o-modified ITO electrode, #Aonm becomes
of monitoring multilayer buildup because of the strongs large as 0.7. A single PESAH/Eu-POM/PAH layer
characteristic adsorption band of POM anions in the rangenerates an optical density of 0.006 in the reduced state. A
of 200-400nm 117. Equivalent to measuring the opticalfiim less than Jum thick would create an optical density of
absorbance, one can also determine the film thicknesgsproximately 1, which is sufficient for many practical device
by ellipsometry or XRR. Furthermore, XRR providespplications.
information for the interior multilayer architecture and A typical time dependence of the absorbance of a
structural differences depending on the POM anion. We{PSSPAH/Eu-POM/PAH),, multilayer at 700 nm during
resolved Kiessig fringes occur in films of Mo1@2AH and potential-step chronoamperometry is illustrated in figRke
Mo57/PAH. These multilayers are, therefore, homogeneogsght). Both current and absorbance respond within seconds
at the macroscopic scale. The total interfacial roughnedsring coloration and bleaching. The multilayer has good
is typically below 1nm. No Bragg peaks are observestability and reversibility as the CV characteristics, the
in these films, indicating the lack of internal structureesponse times for coloration and bleaching, and the
(stratification), which is attributed to the sub-monolayesbsorbance do not change noticeably even after 500 cycles.
coverage. However, in general, these multilayers are nite multilayers also show considerable optical memory, that
strictly stratified because adjacent polyelectrolyte layeis, the layer remains in the colored state after reduction
partially interpenetrate each other and are also less ordee@én if the potential source is disconnected. Therefore, it

" [monolayer]

2

0.5 M Na(Cl

[" [monolayer]|
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0.2 - T Figure 26. Left: reduction of iodate at a bare glassy carbon
1 E electrode (A) and aPZWmOSg /RuDen),-coated electrode (B).
0.1 { B N The mediated reduction of the iodate by the multilayer is
1 / demonstrated by the amplification of the/P,50%, reduction peak
0.0 | current. Right: oxidation of arsenite at a bare glassy carbon
Z R | | electrode (C) and 6P, W50, /RuDeno-coated electrode (D).
‘ - . . - The mediated oxidation of arsenite by the multilayer is
400 600 800 1000 demonstrated by the amplification of the reduction peak current for
A [nm] the oxidation of Rli (adapted from132).
E[V] _ _ o
-0.4 is required only for switching, and leakage currents can
0.8 | be minimized by operating the device under open-circuit
o conditions. The method can be readily extended for use with
-1.2 patterned substrates, thus films can be prepared on predefined
1.6 areas. Moreover, the devices can be prepared under ambient
[TuA conditions by a robot. Recently, a dual-mode device was
[k ;_00_ introduced that combines photochromic and electrochromic
properties 126. Several other systems have also been studied
0 recently fL27-130.
A large number of POMs undergo a series of
-200 reversible one- and two-electron reductions, which
A facilitates their use as redox catalysts3]]. By select-
0.127 ing suitable cationic motives, the POM-based multilayer
0.08 can be explored as a two-component, bifunctional elec-
e trocatalyst that can catalyze both reduction and oxidation.
0.04 | Cox et al immobilized the ruthenium metallodendrimer
(RuDen) on the electrode-adsorbed Dawson-type POM
0 1 anion, [BRW1g0e,]®~ [132 133. The obtained electrodes are

0 10 200 highly organized, bifunctional catalytical systems, which are
t [s] electrocatalytically active toward the reduction of iodate and
the oxidation of arsenite (as shown in fig@®.

Figure 25. Top: (1) CV characteristics of Eu-POM in solution The reduction of POM increases the negative charge den-
(dashed line, ITO electrode, 0.25 mM, ordinate magnifigdl &d a

(PSSIPAH/EU-POM/PAH) multilayer (solid line, ITO electrode). sity of the metal-oxide framework and thus its basicity. As a

(Il) UV-vis spectra of the oxidized (dashed line) and reduced (dott&®Nsequence, the reduction is generally pH-dependent. This
line) Eu-POM in solution and the reduced (P$8H/Eu-POM/ feature allows the use of POMs as electrochemical probes to
PAH),o multilayer (solid line). Bottom: potential, E, current, I, and survey microenvironmental effects. We selected Co-POM be-
absorbance, A, at 700 nm response of the (fP8i/Eu-POMY cause of its good pH stability (pH 2-9). It is interesting to

PAH),o-coated ITO electrode to subsequent double potential step . . .
between—0.4 and—1.8V . Bottom: 1st cycle (solid line) and 500th $hote that the details of the electrochemical response of Co

(dashed line) cycle; traces are offset for clarity. The response timé8OM-containing multilayers depend on the layer archi-

for coloration and bleaching are 4.2 and 4.4 s, respectively. tecture [L34. The CV characteristics of (P3BAH/Co-
POM/PAH),o and (Co-POMPAH),o-modified electrodes
are shown in figur@7. The (PS$PAH/Co-POM/PAH)0-

is possible to display information using this device withouhodified ITO electrode assembled from salt-free PAH

power consumption. The low operation voltage and low powsplution (solid line) shows redox waves with peaks at

consumption are additional advantages of the device. Powed.574V (C1), 0.73V (C2) and 0.52V (Al). A different
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Figure 27. Left: CV characteristics of - - v d
(PSYPAH/Co-POM/PAH),, (solid) assembled with salt-free j ﬁ ﬁ Q

E/Vvs Ag/AgCl

-100

solutions, (PSAPAH/Co-POM/PAH),, (dashed) and
(PSSPAH/Co-POM/PAH),, (dotted) assembled with PAH solution
containing NaCl (0.5 M). (ITO electrode, supporting electrolyte:
0.2MPBS pH 5.0, scan rate: 10 mV)s Right: CV characteristics

of PSYPAH(Co-POMPAH),, assembled with PAH solution
containing NaCl (0.5 M). Solid line: pH 5.0, dotted line: pH 6.0,
dashed line: pH 7.0. The inset shows the dependence of the redox

potential on pH (ITO electrode, supporting electrolyte: 0.2M PBS,3.2. Surfactant-encapsulated POM cluster
scan rate: 10 mvV'8) (adapted from134).

Figure 28. Sequential self-assembly of POMs from secondary
building units (SBU) and concomitant amphiphilic self-assembly
followed by phase transfer of SECs into the organic phase.

A strategy used to modify the surface chemical properties

electrochemical response is observed if the film is asseRf-POM clusters relies on a ligand-exchange process in the
bled with a PAH solution containing NaCl (0.5 M). Duringseconc_i coordination sphere; the counter cations frorr_1 the
the cathodic sweep, only one reduction peak appears at a pgdration sphere of the POM anions are replaced by suitable
tential of —0.744V (C3), and during the anodic sweep tw@MPhiphiles, resulting in discrete supram_olecular. mpdules.
peaks appear at0.563V (A1) and—0.687 V (A2). The two Due to the close packing of the I_ong—chaln amphiphiles on
two-electron reduction steps appear to merge into one folff¢ surface of the POM, we coined the term ‘surfactant-
electron process. However, a different response is observeffifapsulated clusters’ (SECs) to emphasize the particular
the layer sequence is altered. The CV characteristic of a (G¥chitecture of these core-shell assemblies (fig8)e{137].
POM/PAH) multilayer (dotted line) assembled with PAHThis colloid chemical approach has been successfully used
containing NaCl (0.5 M) exhibits two peaks at potentials dP Stabilize a variety of semiconductot3d and precious
—0.643V (C1) and-0.731V (C2) during the cathodic sweep,Metal nanoparticles B9, but has not previously been
and two peaks at0.554 V (A1) and—0.69 V (A2) V during used in POM chemistry to purpose discrete supramolecular
the anodic sweep. These examples demonstrate that thedgsemblies]s, 140.
dox properties of the immobilized Co-POM can reveal subtle Most SECs are prepared by a straightforward two-step
variations in the film structure and composition. This progerocedure. First, a water-soluble salt of the POM is prepared
erty suggests that POMs can be used as electroactive prod@@ its structure is characterized by standard analytical
to study microenvironmental effects in LbL multilayers. ~ methods (e.g. single-crystal x-ray structure analysis). In
The voltammetric response of the LbL-based Cdhe second step, an aqueous solution of the POM salt is
POM multilayer is also pH-dependent. Representative GYeated with a water-immiscible organic solvent containing an
characteristics as a function of pH are shown in figRfe appropriate amount of a cationic surfactant. This preparation
The relationship between the redox potential and pH is showgheme permits the characterization of the materials used
in the inset. With decreasing pH, the redox potential shifts8 each step. This approach has also been successfully
to a positive potential. This feature makes Co-POM-baseged to encapsulate POMs with dendritically branching
multilayers potential candidates for pH microsensors, e.g. &amphiphiles 141-144. These results show that surfactant
physiological media. This approach provides a simple aicapsulation is widely applicable to different POM clusters
inexpensive means of fabrication, and the device operag¥ amphiphilic systems. These SECs form intriguing
reversibly, the electrodes have long-term stability and, Bupramolecular architectures that are comparable to the
addition, the electrochemical response characteristics, s@ttuctures of naturally occurring capsule-forming proteins
as sensitivity and response time, can be adjusted throwsith as the iron storage protein ferritin.
the structure and composition of the sensing layer. Other In contrast to this approach, Morigucht al prepared
applications of Co-POM-based multilayers include various decatungstate-containing bilayer composite, DQ@DA
sensors, for instance for detecting of nitric oxid8%, 1364. [W10032]*~ (DODA=dioctadecyldimethylammonium}.f5,
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by a one_phase reaction. An agueous solution 0I0M2]4_ Mo57 core encapsulated within a shell of 20 DODA mole-
is added to a quaternary aqueous alkylammonium cogules. A single ammonium cation was introduced into the
pound under vigorous stirring, which immediately resultgolecular formula to compensate the 21 negative charges of
in the formation of precipitates. After filtration, washinghe cluster anion. Although the applied methods do not al-
and drying in vacuum, the resulting DODA/MDs,]*~ low the unambiguous detection of a single ammonium cation
complex does not dissolve in water, ethanol or 2-propandh, such a large assembly, the following is a reasonable pos-
but only in chloroform. Chamberst al. reported an- tulate. The center of the cluster anion contains a cavity suit-
other more sophisticated strategy for synthesizing the fible for binding an ammonium cation. In fact, the cavity with
bis(alkyl)-substituted amphiphilic, asymmetrical POMts preorganized oxygen electron pairs resembles the bind-
species{[CH3(CHy)3]aN}4{[CH3(CH2)11Si]oO0SiW11030} by ing site of ammonium-binding crown ethers. In contrast to
adding two equivalents of dodecyltrichlorosilane in £ the water-soluble starting materiéMH,),1[M057], the SEC
to an aqueous solution of the Keggin lacunary POM precurs@ODA),o(NH,) [M057] dissolves readily in organic solvents
at 50°C [144. This synthesis also yields an LB monolayer a¢uch as benzene, toluene, and chloroform. The solubility prop-
the air-water interface that is stable and forms reversibly, agies suggest that the alkyl chains form a compact hydropho-
evident by the lack of hysteresis in compression—expansipit shell, which shields the enclosed cluster anion. To demon-
cycles. strate the high stability of this compound, an aqueous dis-
The analytical characterization of such large assembliggrsion of the SEC was refluxed and sonicated for several
constitutes an enormous challenge, particularly becausghutes, after which there were no signs that decomposition
single-crystal x-ray diffraction cannot be used due to the laglgd occurred.
of long-range order of liquid—crystal-ike SEC materials. A another SEC with an intricate supramolecular
host of complementary techniques has been used to probediitecture, which appears promising in terms of host-guest
structural integrity of the POM in the SEC. The presence ghemistry and homogeneous size-selective catalysis, is
the P_OM anion in the SEC has been proven py F_zam:_an, IR a('BbDA)4o(NH4)2[(H20)ncM01320372(CH3000)30(H20)72]
UV/vis spectroscopy due to the characteristic vibrational a?@ODA)‘w(NHA,)Z [Mo132]) (figure 29) [142, 144. On the
electron_ictrar_]sitions of the cluster anions. The sgrfactantsh@gsis of the results of the elemental analysis, 40 DODA
can be investigated biH-NMR spectroscopy, which reveals; jocyles encapsulate the cluster, leading to a discrete,
that the positively charged head groups of the surfactagis, iy spherical particle with a molecular mass of approx-
point towards the negatively charged cluster surface. Boﬂjnately 439000gmott. The solvent-accessible surface

neutron and x-ray scattering can be used to examine the o ,&S) of the Mo132 cluster calculated for a probe radius

slph?rf agid rrl)e:rtlc‘}lde Co\r\ﬁtﬁifnﬂ:ﬁ SEE gn_crihconflrrg trr;r?t ad3|tn | 0.28nm is approximately 38nn?, which yields an
cluster anion resides . e - | he scattering da aa&erage surfactant area 08@ nn?. Within the given range of
in agreement with the dimensions of the POM anions, as : ; -
: . . uncertainty, this corresponds reasonably well to the empirical
determined by single-crystal x-ray structure analysis. These
. . value of 32+8) nn¥ for the total surface area of 40 DODA
measurements answer the important question of whether lecules

not the structural integrity of the POM cluster is preserved . . . .
gnty P The geometric matching of the two juxtaposed ionic

in agueous solution and in the SECs. In addition, molecular . :
dynamics (MD) simulations are also a promising tool fOEurfaces constituting the POM anion and the surfactants may

refining the dynamic structure models of SECs down e of critical importance for driving the self-encapsulation
atomic resolution process to completion. The surface charge density of Mo132

Experiments with different surfactaf®OM combi- is such that all DODA molecules have sufficient space to

nations indicate that the steric requirements for tH@M @ single layer at a van der Waals distance from the

packing of the surfactant alkyl chains and the molecul&fuster surface. The covered surface area oféd ont per
balance of the hydrophobibydrophilic properties play an DODA molecule furthermore suggests the tight packing of the

important role in stabilizing the structure of the SEc&MmPhiphile at the cluster surface. The SAS of Mo132 for a
For example, aqueous solutions of the partially reducé’dz_s nm probe d|splaysacon_t|nuous spherical surface, which
POM [HsMOs7Ve(NO)gOgs(H20)18)]25, [M057], were indicates that the DODA cations cannot penetrate the large
identically treated with stoichiometric quantities of the comentral cavity of the Keplerate. In contrast, the SAS of Mo132
mercially available surfactants DOBBr, octadecyl tri- for a 0.14 nm probe, which is often referred to as the water-
methylammonium bromid&CHs)3(C1gH37)3)N e Br), or tri- accessible (Connolly) surface, extends into the central cavity
octadecylmethylammonium bromid€Hs(CigHs7)3)NeBr); through each of the 20 noncircular (Mo-O) 9-ring openings
the transport of the Mo57 cluster into the organic phase wéfigure 29). The whole assembly of the cluster and surfactant
only achieved using the DODA surfactant, while the phag¥ this level of structural organization resembles a reversed
transfer of the cluster failed or was incomplete in the case @ficelle in which the hydrophilic cavity is completely filled by
the other surfactants. A compound corresponding to the ethe large cluster anion. An MD simulation of the SEC gives an
pirical formula (DODAo(NH4) [M0o57] was isolated from indication of the packing of the surfactant molecules around
the organic solution, and its physicochemical properties weltee nanosized cluster. The simulation in fig2@indicates
studied in great detail. Results from analytical ultracentrifuhat the cluster is completely encapsulated and shielded by the
gation, small angle x-ray scattering and Langmuir compreleng hydrophobic octadecyl chains, which explains the high
sion isotherms are consistent with the presence of a singlubility of the SECs in nonpolar organic solvents.
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a b) the catalytic activity of POMs is combined with the steric

~ properties of tailored dendritic surfactants towards size-
A cimetnyidioctadecy selective catalytic systems. The SECs thereby bear a resem-
(DODAyEhel blance to natural metalloproteins (dendrizymes). Elemental

analysis indicates that the POM anion is encapsulated in a

densely packed shell of 12 dendrons, thus yielding a discrete,
hydrophobic supramolecular architecture with a molar mass
of 15778 gmot™.

The reasons for spontaneously occurring SEC assembly
are not well understood yet, since accurate values for
the contributing enthalpy and entropy terms are difficult
to determine. Currently, we assume that the process is
mainly driven by an increase in Coulomb interactions:
placing the cationic head groups in close vicinity to the
POM surface efficiently screens the electrostatic charge of
the encapsulated anion. Hydrophobic interactions between
the alkyl chains of the close-packed surfactant shell may
further stabilize the SEC. Finally, the gain of hydration
enthalpy upon the release of counter anions (e.g. &
Br™) into the aqueous phase, and the entropically favorable
liberation of a large number of ammonium cations and water
molecules from the cluster surface may equally contribute
to the free energy of SEC formation. Recently, many other
studies concerning surfactant-encapsulated POMs have been
published 152-155.

“SAS (0.28 nm)

5 (Mo—-Q) 9-ring
v @ca 04nm

+— central cavity
. @ca 1.7nm

. P 4
[(H.0), = M043;0575(CH.CO0)35(H,0)75]
polyoxometalate core

3.3. LB films of SECs

Compared with ‘naked’ POM clusters, SECs have the
following feature: the surfactant shell improves the stability
Figure 29. (a) Supramolecular architecture of (DODRAINH,)2 of the encapsulated cluster against fragmentation; enhances
[Mo132]. (b) Solid rendered representation of the Connolly surfacghe solubility of the encapsulated cluster in nonpolar, aprotic
of the Keplerate cluster Mo132. (c) The cross-section through a organic solvents; neutralizes the charge of the anionic

SEC model shows the surfactant shell and the clathrai€d H . . .
molecules in space-filling representations, while the Mo—O POM, thereby leading to discrete, electrostatically neutral

framework is displayed as a polyhedral model (adapted fiotq].  @ssemblies; and alters the surface chemical properties of
the POM (e.g. self-aggregation, surface adhesion, wetting

Other surfactant-encapsulated POM complexes incluf§havior) in a predictable manner. Of these features, the
(DODA)16ASsW3oCwO112- 114H0 [147, 148, C16TA/ _hydrophoblc nature of_SECs is part|c_ularly|_nte_rest|ng because
[EUW;1Os6]% (C16TA = hexadecyltrimethylammo- it enaples the production of well-defined thin films by the LB
nium cation) 49, obtained by employing a similar t€chnique 156 157. _ _
method and the complexes of the ‘giant Ferris wheel’ The SECs can be directly spread at the air-water
[(M0O3)176(H20)a0Hs2]%2~ with a variety of surfactants interface to vyield a homogeneous SEC monolayer.
[150. The (DODA)sAS;W3CwO112-114 HO SEC can From Langmuir isotherms, the surface area of a sin-
form a stable monolayer at the aiater interface. How- 9l€ (DODA)o(NH4)[M057] species is determined to be
ever, the ellipsoid is significantly distorted at the air—watef0-4 nn?, which corresponds to an object with a diameter of
interface, although it is believed that the general core-sh8if nm (figure30). The (DODA)o(NH4)2[M0132] species
structure remains intact. The complexation of wheel-shap@@cupies an area of 15 fimwhich corresponds to a diameter
clusters with surfactants delivers supramolecular organief 4.4nm. Both values are in excellent agreement with the
inorganic hybrid aggregates with an extended disk-like shafgoposed structural model in which a single cluster anion re-
consisting of a rigid and hydrophilic core and a flexibl§ides within a close shell of surfactant molecules. Analytical
hydrophobic shell. Therefore, SECs undergo self-assemigfjaracterization of SEC Langmuir films by Brewster angle
into a columnar liquid crystalline similar to organic liquidmicroscopy, optical ellipsometry and grazing-angle x-ray
crystals 150, 151]. diffraction confirm monolayer coverage.

The latest development in this field is the design of artifi- The LB transfer of SEC monolayers is achieved by the
cial enzymes, so-calledendrizymeswhich mimic the struc- following procedure. SECs are spread from a chloroform
ture and function of naturally occurring catalytically activesolution on the water surface, the resulting SEC monolayer
metalloproteins, an example being the dendron-encapsulaied¢ompressed and the film is transferred at constant surface
cluster(CsoHgoNO12)15[MNn (H,0)3(SbWgOs3),] [143. Here, pressure onto a solid substrate. The substrates on which
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Figure 30. Representative surface-pressutef) diagram of a
(DODA),0(NH)4 [M057] monolayer at the air—water interface. The
inserted photographs were obtained from Brewster angle
microscopic images at different surface pressuresr @)0 mN,

(b) m =20mN and (cy =40mN .

SECs have been deposited include silicon, quartz and gold-
sputtered glass slides. The substrate is immersed in the
subphase before spreading, and multilayers are formed by
repeated LB transfer. The transfer ratio is close to unity

in aII. cases. Investigations by optical elllpsome_try _anFigure 31. (a) TEM micrograph of a thin film of DODAy(NH.)
UV /vis-spectroscopy demonstrate that LB transfer is highio132] (scale bar 50 nm). Extended monolayers, interspersed with
reproducible and that film growth is essentially linear, thafoles and double layer regions are visible. Arrows mark some
is, in each dipping cycle equivalent amounts of SEQsgions with apparent hexagonal order. (b) TEM micrograph of an
are transferred onto the substrate. The XRR of SEC Lgdered region of a thicker film at high magnification (scale bar
multilayers on silicon substrates shows well-resolved Kiessfg ") The inset shows a low-angle electron diffraction pattern

. I . . . - recorded from a larger area (5 Mjrcontaining the region shown.
fringes, indicating a uniform film thickness. In addition,
several Bragg reflections are discernible, which implies that ) )
these LB-deposited films have an internal layered structufdPphase I59. This may trap the SEC at the air-water
in contrast with the structure of the corresponding Lbinterface and prevent aggregation into droplets.
multilayers. In addition, we found that SECs spontaneously assemble

The static contact angleg, of (DODA)»o(NH.)[M057] into highly ordered 2D arrays. TEM studies on SEC thin
LB multilayers are 102 for water and 31 for hexa- films deposited on solid substrates either by LB transfer
decane. Similarly, the water contact angle off by the simple evaporation of dilute SEC solutions,
(DODA)40(NH4)2[M0132] LB multilayers amounts to reveal that SECs have a strong tendency to self-assemble
97°. These values clearly indicate the hydrophobic natuiigto extended, well-ordered 2D arrays. figud, as an
of the SEC-coated substrate surface and demonstrate @mple, shows a TEM micrograph of a thin film of
efficiently the DODA surfactant shell screens the underlyingODA40(NH4)2[M0132]. The inorganic cores of the SECs
hydrophilic cluster. The absolute values of the contact angl@gpear as dark spots embedded in a bright matrix of surfactant
suggest that the SEC alkyl chains are somewhat disorderelecules. Monolayer regions, darker regions representing
For comparison, the methyl-terminated surface of a seH- bilayer and the brighter uncovered substrate are clearly
assembled monolayer typically has a contact angle in tHistinguishable. Small domains exhibit hexagonal arrays of
range of 110-115[15§]. SECs corresponding to the 2D close packing of spherical

It is not yet clear how SECs are stabilized at thparticles (arrows). Both, the diameter of the dark objects
air—water interface because hydrophobic compounds typicalBpproximately 3nm) as well as the average distance between
aggregate and float as lenses on the water surface. Since StB€s (approximately 4.5 nm) are consistent with the proposed
have finite water contact angles, partial wetting may cauS&C model. In thicker films, the order improves and becomes
the partial immersion of the spherical SEC into the aqueo@®. An ordered region is shown in figui(b); the related
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UV light in the absence of oxygen because Pt promotes the reoxida-
tion of protonated [HW1¢03,]*" to the original [WgOs2]*~

H;):CHOH -E wM;I .
. o Pt/" N (figure32).
W) Moreover, SECs are promising candidates for diverse

(GH,C0 HelW1002" applications including electrocatalysis, display devices, and

& photonic materials. The results observed so far are still limited
and further studies are necessary to elucidate the full potential
of these materials.

Acelona

4. Conclusions and outlook

Metal ion coordination in discrete or extended assemblies
enables the reparation of functional components that are
of high potential for the development of functional mate-

rials and nanotechnological devices. A central challenge is
to characterize these mostly complex soft materials lack-
ing crystalline order, to establish accurate structure—property

Amount of produects £ 10 mol

0 1 2 3 4 &

Reaction time /h relationships and effectively control their structure and
Figure 32. Top: catalytic cycle of the dehydrogenation of functionality. Although an increasing number of materials
2-propanol into acetone using DOD[_ZWwOSz]“*/Pt[x]. Bottom: has been reported in the last few years, methods for in-
time courses of photocatalytic reactions of corporating these nanoscaled self-assembled materials or

DODA/[W1003,]* /Pt[0.3] (circles) and DODAW 1003,]* . ) ) : . i
(triangles) for the dehydrogenation of 2-propanol in a nitrogen gasObJeCtS into devices on a production (economically feasible)

atmosphere at 3%. The catalysts (k 10-*mol) are dispersed in  Scale have lagged significantly behind. It has been recognized
200 ml of 2-propanol. that these self-assembled systems will have to subsequently

or concomitantly self-organize into hierarchical structures that

electron diffraction pattern (insert) clearly reveals Iong-ranﬁy also form interconnects to the macroscopic world. There-
order (spots rather than rings) and a threefold symmetry of tff§€, for many of these devices based on organic or hybrid
pattern of reflections corresponding to a spacing of 4.2 nforganic-organic compounds, in analogy to biological sys-
The packing of the SECs may be tentatively described as tlﬁ%_'ﬁ‘& the structural organization of supramol_ecular assem-
of an fcc lattice with a cubic unit cell axis of approximatel;b“es must be controlled. Moreover, the potential usefulness
6 nm. The observed diffraction pattern thus corresponds to thid functionality of these materials and systems have largely
close packing of SECs in a (111) plane normal to the electr§§€n demonstrated by proof-of-principle experiments, such
beam. It is noteworthy that upon heating thick SEC film&s those using scanning-probe tips to construct and evaluate
dewetting and terracing are observed, as in the case of bld@R devices. The future developments in the preparation and
copolymers. functionalization of suitable assemblies, the advancements in
In a few cases it has been shown that SECs exhibit |iqlﬁ@ntrolling the structural organization, and the progress in de-
crystalline behavior. In these cases, the liquid crystallinity ¥eloping new tools to construct devices are expected to further
provided by the surfactant component, whereas the inorgaRf@mote the developments outlined in this review.
component effectively follows the direction of the surfactant
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