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Einleitung

Die vorliegende kumulierte Dissertationsschrift besteht aus drei Teilen. In der Einleitung
wird neben einer kurzen Einfiihrung in das Gebiet der Polyoxometallate die Zielsetzung
und Motivation des Forschungsvorhabens erldutert. Der zweite Teil enthilt die aus
den Ergebnissen dieser Arbeit hervorgegangenen Verdffentlichungen, zuvor wird der
jeweilige personliche Beitrag des Autors angegeben. Die Arbeit schlie3t mit einer

Zusammenfassung.

Polyoxometallate

Tetraoxoanionen der friithen Ubergangsmetalle M = V, Nb, Ta, Mo, W, die in einer
alkalisch-wassrigen Losung mononuklear vorliegen, bilden bei Ansduerung anionische
polynukleare Metall-Sauerstoff-Cluster, sogenannte Polyoxometallate, deren kleinste
Baueinheit {MO, }-Polyeder sind (x = 4, 5, 6, 7 fiir VV: x = 6, selten x = 4, 7 fiir
MoVl x = 6 fiir WYL, NbV, TaV). Diese sind iiber Ecken, Kanten und selten iiber
Flichen miteinander verkniipft.!!! Die meisten der heute bekannten Polyoxometallate
sind aus den Elementen Molybdédn und Wolfram aufgebaut. Dies liegt in der giinstigen
Kombination von Ionenradius und -ladung sowie der Verfiigbarkeit freier d-Orbitale
fiir die Ausbildung von Metall-Sauerstoff-7-Bindungen begriindet. ?! Der strukturelle

Aufbau von Polyoxometallaten folgt zwei grundlegenden Prinzipien: [>3]

* Jedes Metallatom befindet sich in einem {MO, }-Koordinationspolyeder. Das
Metallatom befindet sich jedoch nicht im Zentrum, sondern ist auf Grund von
Metall-Sauerstoff-7-Bindungen in Richtung der Polyederspitzen, die die Oberfld-
che der Struktur bilden, verschoben. 3}

* Es werden in der Regel keine Strukturen von {MOg}-Oktaedern beobachtet,
die drei oder mehr freie Spitzen aufweisen. Dieses sogenannte LIPSCOMB-
Prinzip'*! wird auf den starken frans-Effekt der terminalen M=O-Bindung zu-
riickgefiihrt. !

Auf Grund ihrer chemischen Zusammensetzung wird in der Literatur hidufig zwi-
schen zwei Typen von Polyoxometallaten unterschieden: Isopoly- und Heteropoly-
Anionen.[®! Die allgemeine Summenformel fiir Isopoly-Anionen lautet [M,,0,]"~,

wobei M das Metallatom des Geriistes bezeichnet.[®! Ein bedeutender Strukturtyp fiir



Isopoly-Anionen, der von MoV, WVI NbY und TaV gebildet wird, istdie LINDQVIST-
Struktur [MgO19]"~, die aus sechs kantenverkniipften {MOg }-Oktaedern aufgebaut ist.
Die allgemeine Summenformel fiir Heteropoly-Anionen ist [X,M,,0y]"~, mit x < m, X
bezeichnet das Heteroatom. [®! Heteropoly-Anionen entstehen, wenn man z.B. wissrige
Molybdat- oder Wolframat-Losungen anséuert, die zugleich noch Anionen oder Ka-
tionen weiterer Elemente wie z.B. BIL SilV. PV enthalten. Das am ldngsten bekannte
Heteropoly-Anion ist das Phosphomolybdat [PMo12049]°~, das von BERZELIUS
1826 in Form des Ammoniumsalzes als gelber Niederschlag bei der Hinzugabe von
Ammoniummolybdat im Uberschuss zu Phosporsiure erhalten wurde.®! Die Struk-
turaufklirung des Anions ist KEGGIN 1934 gelungen. ! Nach ihm wurde dieser wich-
tige Strukturtyp mit der allgemeinen Summenformel [XM[2040]"~ (M = W, Mo) und
fiir den es zahlreiche Beispiele gibt,!!1%] benannt. Im Zentrum des K EG GIN-Anions
befindet sich ein tetraedrisch koordiniertes Heteroatom, das in einem Kéfig aus 12
{MOg }-Oktaedern eingeschlossen ist. Ein weiterer wichtiger gemeinsamer Strukturtyp
fiir Heteropoly-Anionen, in der das Heteroatom ebenfalls tetraedrisch koordiniert ist,
ist die DAW S ON-Struktur (allgemeine Formel: [X;M30¢2]"~, M = W, Mo). [10] Die
Heteropolyoxowolframate dieser beiden Strukturtypen eignen sich auf Grund ihrer
Stabilitit fiir die Erzeugung von Anionen mit Defekten, die dann unter Verwendung
von Elektrophilen gezielt zu groeren Aggregaten verkniipft werden konnen. Dies ist

eine hiufig angewandte Strategie zur Synthese sehr groBer Polyoxowolframate. ! 1:12]

Da die Einteilung in Iso- und Heteropolyanionen historisch gewachsen, jedoch fiir
viele Verbindungen nicht unproblematisch ist, wird von M. POPE und A. MULLER
die iibergreifende Bezeichnung ,,Metall-Sauerstoff-Cluster* vorgeschlagen. 3! Diese

Bezeichnung wird in der vorliegenden Arbeit neben der Bezeichnung ,,Polyoxometallat’

verwendet.

Polyoxometallate haben in den letzten Jahrzehnten vielfiltige Anwendungen in Ana-
lytik, Katalyse, Elektrochemie, Magnetochemie, Materialwissenschaft, Medizin und

Nanochemie gefunden.[!%13]

Die Reaktionsmechanismen, die zur Bildung von Polyoxometallaten auf Basis von
Selbstorganisationsprozessen fiihren, sind sehr kompliziert und nur fiir strukturell einfa-
che Isopolyoxometallate umfassend untersucht. #1351 Dass die Reaktion von einfachen
Monomeren zu z.T. hochkomplexen Strukturen freiwillig verlduft, ist auf die hohe freie

Enthalpie der Polykondensationsprozesse zuriickzufiihren.

Die groBten heute bekannten reinvalenten, d.h. unter nicht-reduzierenden Bedingungen



erhaltenen (Iso-)polyoxometallate sind [M0360112(Hy0)6]3 [16] und
[H12W360120]'2~.117] Wesentliche groflere Aggregate wurden nur iiber die Verkniip-
fung einzelner Fragmente wie Defekt-Heteropolyoxowolframate aber auch Heptamolyb-
dat-Einheiten insbesondere durch Lanthanoid-Kationen erhalten. Beispiele hierfiir sind
die Wolframat-Cluster [As,Ce™ 16 W 1450524(H,0)36]70~ 18] und
[Lni6As16W1640576(OH)3(H20)42]%°~ (Ln = Eu'l, G, Tb™M, Dy™, Ho!™)[!%1 so-
wie der Molybdat-Cluster [Lna(MoO4)(H20)16(M07024)4]'*~ (Ln = Lal, Ce!T, p,
smll, Gg!thy, (201

Nanoskalige spharische Polyoxomolybdate

Der entscheidende Durchbruch, der zur Synthese nanoskaliger Polyoxomolybdate fiihr-
te, gelang durch intensive Untersuchungen wissriger angesduerter Molybdat-Losungen
unter reduzierenden Bedingungen. Die geschickte Wahl der Reaktionsparameter (Molyb-
dat-/Heteroelementkonzentration, pH-Wert, Grad der Reduktion, Anwesenheit geeigne-
ter Liganden, lonenstirke der Reaktionslosung, Temperatur, Reaktionszeit) ermoglicht
die in situ Generierung vielseitiger Baueinheiten, die in einem schrittweisen Selbstorga-
nisationsprozess zu groflen Clustern mit einzigartigen Architekturen und Funktionen
wachsen. So konnten u.a. der {Mos57Mg }-Cluster (M = Fe'll, vIV) 211 die molekularen
Rider {Mojs4},1?2) {Moy76} 23! und {Mos4g},?*! die molekulare Kapsel {Moj3;} %!
und der bislang groBte diskrete anorganische Cluster {Mo3gg },1?%! dessen Form an eine

Zitrone erinnert, erhalten werden.*

Der Aufbau dieser komplexen Strukturen aus einer (virtuellen) dynamischen Bibliothek
verschiedener Baueinheiten wird durch die Kombination einiger Eigenschaften von

(Polyoxo-)molybdaten ermdglicht: (6]

* die einfache Erweiterung der Mo-Koordinationssphire sowie der einfache Aus-

tausch von H,O-Liganden an Mo-Zentren

* die moderate Stirke der Mo—O-Mo-Bindung (die einen ,,Split-and Link* Prozess
erlaubt)

*Eine detaillierte Ubersicht der bislang in der Arbeitsgruppe von A. MULLER dargestellten nano-
skaligen Metall-Sauerstoff-Cluster — einschlielich einiger der in der vorliegenden Arbeit erhaltenen
neuen Verbindungen — sind inzwischen in einem Review publiziert worden (siche Referenz [27]).



* die einfache, von den Redoxbedingungen abhingige, Verdnderung der Elektro-
nendichte sowohl in den Mo—O-Bindungen als auch an den Sauerstoffatomen
(bedeutend fiir die Protonierung)

* die geringe Tendenz des Molybdins, Metall-Metall-Bindungen zu bilden

* die Existenz terminaler Mo=0O-Gruppen mit wenig reaktiven Sauerstoffatomen,

die das Wachstum zu unbegrenzten oxidischen Strukturen verhindern.

Zum Verstdndnis des Themas dieser Arbeit soll im Folgenden niher auf die Molyb-
didnoxid-Kapseln mit dem  allgemeinen geometrischen  Aufbauprinzip
(Pentagon)>(Linker)3y eingegangen werden. Allen bislang bekannten sphirischen
Metall-Sauerstoff-Cluster gemein sind die 12 pentagonalen {(MOVI)M0V15021 (H20)6}6‘
(={(Mo)Mos })-Einheiten, die auf den Ecken eines Ikosaeders platziert und durch 30
dinukleare {Mo,Y O4(L)}?>~"*Linker (z.B. mit L"~ = CH;COO~ [?3]) oder 30 mono-
nukleare Linker (Fe>*,[281 vO?*,[291 Cr3+ 1301 oder [MoYO(H,0)]** 3!)) miteinander
verbunden sind (siehe Abb. 1). Je nach dem, ob die Pentagone mit mono- oder dinuklea-
ren Linkern verkniipft sind, lassen sich zwei Kapsel-Typen unterscheiden: Die groBere
{(Mo)Mos }12{M0,04(L)}30 = {Moy3,}-Kapsel und die kleinere {(Mo)Mos }12M3
= {Mo73M3¢}-Kapsel M = Fe'l, VIV I MoV). Die pentagonalen {(Mo)Mos }-

Pentagonale Einheit
{Mo(Mo;)}

[Mo,O,L]™

4 [0=Mo(H,0)]*", [Fe(H,0),I"", [Cr(H,0),]*", [0=V(H,0)I*"
Linker
(Briickeneinheiten) {Pentagon}, {Linker},

Abb. 1: Allgemeines Konstruktionsprinzip der {Moj3,} und {Mo7,M3 }-Keplerate.



Einheiten bestehen aus einer zentralen pentagonalen {MoO7 }-Bipyramide, die mit
funf {MoOg }-Oktaedern kantenverkniipft ist. Die dinukleare Briickeneinheit weist eine
MoY —MoY-Metallbindung auf und besteht aus zwei kantenverkniipften Oktaedern,
wobei jedes MoY-Zentrum an zwei Sauerstoffatome zweier benachbarter {MoOg }-
Oktaeder einer pentagonalen {(Mo)Mos }-Einheit gebunden ist. Die Metallzentren der
mononuklearen Briickeneinheiten sind an jeweils zwei Sauerstoffatome zweier ge-
geniiberliegender {MoOg }-Einheiten, die zu zwei pentagonalen Einheiten gehoren,
gebunden. Das Konstruktionsprinzip der Kapseln fiihrt zur Bildung von 20 {MogQOg }-
Poren ({Moj32}-Kapsel) bzw. 20 {Mo3M3Og¢}-Poren ({Mo7:Mj3}-Kapsel) mit 20
Porenkanilen, die durch an die Briickeneinheiten koordinierenden, ins Kapselinnere

gerichteten Liganden entstehen.

Interessanterweise spannen sowohl di- als auch mononukleare Linker verzerrte Archi-
medische Korper mit anndhernder Ikosaeder-Symmetrie auf: Wihrend die dinuklearen
Linker im {Moj3; }-Cluster die 90 Kanten eines verzerrten (nicht-regulidren) Tkosa-
ederstumpfes mit 20 Hexagonen und 12 Pentagonen definieren, bilden die Zentren
der mononuklearen Linker {Mo7,M3 }-Cluster ein Ikosidodekahedron, bestehend aus
12 Pentagonen und 30 Dreiecken. 32! Auf Grund der Ahnlichkeit ihrer geometrischen
Eigenschaften zu J. KEPPLERSs frithen, auf Platonischen Korpern basierenden Plane-
tenmodell wurde von A. MULLER fiir diese sphérischen Metall-Sauerstoff-Cluster die
Bezeichnung ,Keplerat* vorgeschlagen.>! Die Atome eines Keplerats sind in einer
oder mehr sphérischen Schalen um einen zentralen Punkt (der nicht notwendigerweise
durch ein Atom besetzt sein muss) angeordnet, wobei jedes Set von dquivalenten Ato-

men einen Platonischen oder (verallgemeinert) einen Archimedischen Korper formt. 132!

Die Synthese des prototypischen {(Mo)Mos }12{Mo,04(CH3C0OO0)}39 = {Mo;32-Ac}-
Keplerats, das [Mo"!7,MoV 90372(CH3C00)30(H20)7,]*>~-Anion, gelang A. MUL-
LER und seinen Mitarbeitern im Jahre 1998. Die Darstellung erfolgte in einer ,,Eintopf*-
Reaktion durch die teilweise Reduktion einer wéssrigen Losung von Ammoniumhep-
tamolybdat mittels Hydraziniumsulfat in Gegenwart von Ammoniumacetat und an-
schlieBender Senkung des pH-Wertes mit Essigsiure auf pH = 4.12] In darauffolgenden
Studien gelang das ,,Sizing* der sphdrischen Cluster durch die Darstellung der be-
reits oben beschriebenen {Mo7,M3g }-Keplerate auf direktem Wege durch Zugabe von
Fe(aq)**,1?81 VO(aq)?* 1?1 oder Cr(aq)** 3" zu einem geeigneten Reaktionssystem auf
Molybdatbasis oder durch die Reaktion von z.B. Fe3* mit dem {Mo;3;-Ac}-Cluster un-
ter Austausch der dinuklearen gegen mononukleare Linker. 33! Diese Verbindungen sind

vor allem auf Grund ihrer magnetischen Eigenschaften von groBem Interesse. 3 Das



{Mo"YHMo"15}1,MoY30 = {Moj2 }-Keplerat wurde aus dem {Mo13;-Ac}-Keplerat
durch milde Oxidation hergestellt. 3!

Im Falle des {Mo;3; }-Clusters besteht die Moglichkeit, die anionischen Liganden, die
an die MoV -Zentren des dinuklearen Linkers koordinieren, zu variieren. Dies kann wih-
rend der Synthese durch die Verwendung einer anderen Carbonsiure (z.B. Butan-3>]
und Propionsiure3®!) oder durch Austausch der nur schwach gebundenen Liganden
in bereits bestehenden Kapseln (z.B. gegen Formiat,?”1 Sulfat, 383 Phosphat, [40]
Hypophosphit,!1 Carbonat[4?) erfolgen, wobei das Kapselgeriist intakt bleibt. Der
Austausch der Liganden ist auch teilweise moglich, z.B. konnen Sulfat-/Hyphophosphit-
Liganden nebeneinander in einer Kapsel vorliegen. *%! Der Ligandentausch erlaubt in
einfacher Weise die prizise Verdnderung der inneren Funktionalititen, des hydrophi-
len/hydrophoben Charakters des Kapselinneren und der Gesamtladung der {Mo;3; }-
Kapsel. Diese weitreichende Modifikationsméoglichkeit und die 20 flexiblen {MogQOg }-
Poren, jede einzelne vergleichbar mit einem [27]Krone-9 Polyether (siehe Abb. 2), 43!
machen die {Moj3;}-Kapsel zu einem polytopen Rezeptor fiir zahlreiche Substrate,
deren Aufnahme/Koordination sich unter definierten Bedingungen untersuchen lasst.
Wichtig anzumerken ist in diesem Zusammenhang, dass die {Moj3; }-Kapseln sehr gut

wasserlOslich sind und eine hohe Stabilitét in wéssrigen Systemen besitzen.

Bei {Moj3; }-Kapseln mit Sulfatliganden mit einer hohen negativen Ladung und einem
hydrophilen Innenraum konnte der Transport verschiedener Metallkationen durch die
Poren ins Kapselinnere beobachtet werden, wobei die Kapseln als eine Art ,,Nano-
Tonenchromatograph* agieren: Kleine Kationen wie Li*, Na*, Ca?*, Ce** und Pr**
werden nach Porendurchtritt aufgetrennt und an wohldefinierten Positionen oberhalb,
unterhalb und innerhalb der Porenkanile fixiert.[*>*] Bemerkenswert ist auBerdem
das fiir Li*-Tonen NMR-spektroskopisch untersuchte temperaturabhingige Aufnahme-/
Abgabe-Gleichgewicht. 46! Die {MogQg }-Poren konnen mit organischen Kationen (wie
Guanidinium-, 7! Uronium-,*%! oder Formamidiniumkationen *!) oder hydratisierten
Metallkationen (z.B. [Ni(H,0)6]**,1 [Al(H,0)6]**, 148! [Pr(H,0),]3* %) iiber die
Ausbildung von Wasserstoftbriickenbindungen interagieren, wobei all diese Kationen
als eine Art ,,Korken* fungieren und die Kapselporen verschlieBen. Das Verschlieen
der Poren verhindert die Aufnahme von Kationen und fiihrt in hydrophilen Kavititen
zur hochstrukturierten Anordnung eingekapselter Wassermolekiile. Es wurden hochsym-

metrische Wasseraggregate aus bis zu 100 Molekiilen mit Schalenstruktur entdeckt. 3]

TEine zusammenfassende Darstellung aller faszinierenden Eigenschaften und Funktionen dieses
sphérischen Clusters kann Referenz [44] entnommen werden.



{Mo3; }-Kapseln kénnen durch die Wahl geeigneter Liganden auch mit hydropho-
ben Innenrdumen konstruiert werden, die das Studium hydrophober Effekte (d.h. die
molekulare Erkennung und Clusterbildung von hydrophoben Materialen in Wasser)
erlauben. So konnte z.B. kiirzlich gezeigt werden, dass eine Kapsel mit 30 hydrophoben
Proponiatliganden auf Grund von inneren hydrophoben Wechselwirkungen in der Lage

ist, n-Hexanol-Molekiile im Kapselinneren aufzunehmen. [36]

{MoyOo}

Abb. 2: Links: Das {Mo3; }-Keplerat in kombinierter Polyeder-/Kugel-Stab-Darstellung zur
Hervorhebung einer der 20 {MoyOg }-Poren, deren Kontur durch drei pentagonale {(Mo)Mos }-
(hell- und dunkelblau) und drei {M02V }-Einheiten (rot) definiert wird. Rechts: Einzeldarstellung
einer {MogOy }-Pore, die die Ahnlichkeit zu einem [27]Krone-9 Polyether zeigt (rot: Sauer-
stoffatome, blau: Molybdédnatome). Entnommen aus Referenz [27] — Abdruck mit freundlicher
Genehmigung der Royal Society of Chemistry (RSC). Copyright © The Royal Society of
Chemistry 2012.



Motivation und Zielsetzung

Die Bildung des {Mo3; }-Keplerats verlduft in einem im Detail noch nicht verstandenen
komplizierten Mehrstufenprozess. Bekannt ist, dass das richtige Verhiltnis von [Mo"]
zu [Mo"1], der pH-Wert und die Pufferkapazitiit entscheidende Faktoren fiir seine Bil-
dung sind.!?>*1 Dariiber hinaus wird angenommen, dass die {M02V04}2+-Einheit, die
sich in der oben beschriebenen ,,Eintopf*“-Synthese bei Zugabe eines Reduktionsmittels
bildet, eine Schliisselrolle wihrend des Selbstorganisationsprozesses bei der Formie-
rung der pentagonalen {(Mo)Mos}-Einheit spielt.’") Diese Einheit konnte bislang
nicht als eigenstdndige Spezies isoliert werden, sie ist aber vermutlich kinetisch stabil
und als Baueinheit transferierbar.¥ Als treibende Kraft der Reaktion wird die hohe

Bildungstendenz sphirischer Cluster vermutet. 2]

Im Rahmen dieser Arbeit ist es zundchst von Interesse, zu untersuchen, ob nach Zugabe
vorsynthetisierter {Mo,"YO4}%*-Einheiten zu einer wissrigen Losung von Ammonium-
heptamolybdat, die in Anwesenheit von Ammoniumacetat mit Essigsdure auf pH =4
eingestellt wird (gleiche Reaktionsbedingungen wie in der ,.Eintopf*“-Synthese), die
Bildung des {Mo3; }-Clusters zu beobachten ist. Dies wire nur dann moglich, wenn
sich die pentagonalen {(Mo)Mos }-Einheiten unmittelbar nach Zugabe der Briicken-
baueinheiten aus den in Losung vorliegenden Polyoxomolybdat-Spezies® formieren.
Zur Beobachtung des Reaktionsverlaufes eignet sich die Raman-Spektroskopie, da das
{Moj3; }-Keplerat auf Grund der hohen, fast ikosahedralen Symmetrie seines Geriistes
ein typisches Raman-Spektrum mit einer geringen Zahl an zu beobachtenden Banden

aufweist, [46-33]

Pentagonale Baueinheiten werden zwingend zur Synthese sphérischer Metall-Sauerstoff-
Cluster benotigt, ihre Existenz ist bislang aber nur in Polyoxomolybdaten belegt. Eine
naheliegende Frage ist daher, ob {Mo";}-Einheiten in der Lage sind, die spontane
Bildung anderer {(M)M5 }-Einheiten und somit auch die Bildung sphérischer Cluster
des Typs {M72Mgp} zu steuern. Auf Grund der chemischen Ahnlichkeit kommt hier das
Element Wolfram in Betracht. Zwar wird davon ausgegangen, dass die im Vergleich zum

Molybdin stirker ausgeprigte Tendenz zur Bildung von M—M-Bindungen die struk-

fDarauf deuten die Austauschmoglichkeit der dinuklearen {Mo,YO4}?*-Briicken gegen die mono-
nuklearen [Fe(H>0),1** und [MoYO(H,0)]**-Briicken als auch die Verwendung des {Mo3, }-Clusters
als Edukt zur Darstellung des orthorhombischen Metalloxids Mo-V-Sb mit pentagonalen {(Mo)Mos }-
Einheiten hin. 1]

YBei pH =4 liegen vermutlich ausschlieBlich Hepta- ([HyM070241*%,0 < x < 2) und Oktamolybdate
(IMogO26]*") vor.[13]



turelle Vielseitigkeit des Wolframs einschriinkt, [?%! die prinzipielle Ersetzbarkeit von
Molybdén- durch Wolframzentren in den pentagonalen Einheiten konnte aber bereits in
fritheren Studien gezeigt werden.>*! In der vorliegenden Arbeit sollen diese Studien
fortgefiihrt und untersucht werden, ob die Zugabe vorsynthetisierter {Mo,Y0,X,}>*-
Baueinheiten (X = O, S) zu einem geeigneten Polyoxowolframat-Reaktionssystem zur
Bildung von Kepleraten mit {(W)(W3s)}-Pentagonen fiihrt. Hierbei soll zudem der Ver-
such unternommen werden, das Heteroelement Schwefel erstmalig in das Kapselgeriist
eines Keplerats einzufiihren, um sowohl die Oberflachen als auch die bislang bekannten

,,oxidischen‘ Poren zu modifizieren.
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Spontaneous self-assembly of a giant spherical metal-oxide Keplerate:
addition of one building block induces “immediate’’ formation of the
complementary one from a constitutional dynamic library+
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The addition of dinuclear {Mo,} units to a dynamic library
containing molybdates results in the spontaneous self-assembly
of a giant spherical metal-oxide species of the type {(Mo)-
Mos}2{Mo,}39 while the required pentagonal {(Mo)Mos}
building blocks are “immediately” formed.

Self-assembly, which in its broadest sense is defined as ‘the
evolution towards spatial confinement through spontaneous
connection of a few/many components, resulting in the for-
mation of discrete/extended entities at either the molecular,
covalent or the supramolecular, non-covalent level’,! plays a
key role in many areas of chemistry, biochemistry and
nanoscience in general and is an essential tool for engineering
of multifunctional nanostructured materials.!> Self-assembly
requires molecular building blocks capable of establishing
multiple connections. While metallo-supramolecular assemblies
are often obtained by symmetry-driven self-assembly of preformed
building blocks,>* virtual combinatorial libraries allow also
target-driven self-assembly by expression of the appropriate/
necessary constituent among all possible components.>® Here
we refer to a related unprecedented phenomenon as expressed
in the present title.

Aqueous solutions of molybdates are unique in the sense
that they allow to generate a huge variety of combinatorial
building blocks from which a large number of clusters and
solid-state structures can be obtained (see e.g. ref. 7) and this
especially under reducing conditions.”®¢ This flexibility arises
from a combination of favourable kinetic, thermodynamic and
structural factors (low kinetic stability, easy exchange of H,O
ligands at Mo sites, comparable thermodynamic stability of
many species, not too strong and not too weak Mo-O-Mo
bonds, easy change of the coordination number of Mo; see for
instance ref. 7d)—these factors taken together allow easily split
and link processes. Among the related polyoxomolybdates, giant
spherical water soluble porous molybdenum-oxide-based
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nanocapsules of the type {(MoY)Mo"s} »(linker)so, belonging
to the family of Keplerates,® are attracting considerable interest
due to their unique properties and their relevance to various
disciplines.> ! Those with dinuclear linkers are built up of 12
pentagonal units of the type {(MoY)Mo"'s} that are positioned
at the vertices of an icosahedron and connected by 30 linking
groups, e.g. of the type {Mo',04(L)}* ™" where L' is a
bridging bidentate ligand (RCO,~, SO4>"...) (see Fig. | as an
example). The topological similarity between Keplerates and
certain spherical viruses—comprising 12 pentagonal capsomers
placed at the 12 corners of an icosahedron—is worth noting.

12,13

The classical synthesis of the prototypal acetate-stabilized

{Mo MoV} »{Mo",}30-type Keplerate is based on the
reduction of an acidified aqueous solution of ammonium
molybdate containing a rather high concentration of acetate.
The resulting compound, (NH4)42[M0VI72M0V600372
(CH3COO0)39(H;0)7,] ca. (300 H,O + 10 CH;COONH,) =
(NHy)4; 1a ca. (300 H,O + 10 CH3CO,NHy) (1), which was

Fig. 1 Combined polyhedral/ball-and-stick representation of 1a with
a view along a fivefold symmetry axis highlighting a central pentagonal
{(Mo¥H)MoVLs}-type unit and five related {Mo",0,} linkers stabilized
by the acetate ligands ({(Mo")Mo"'s} groups blue and {Mo",} ones
yellow, O small red spheres, C black spheres).
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the basis for numerous studies, is isolated in 52% yield.'*'
Under these conditions the formation of la (Fig. 1) is
obviously a complicated multi-step process since none of the
constituents of 1a is present at the start of the reaction. It was
soon assumed that the [Mo"]/[Mo""] ratio and the pH are
crucial for the formation of 1a'? and that the {MoY,04}>"
groups may play a key role in different scenarios for the
formation and subsequent linking of various building blocks
under different boundary conditions."” In a similar way it has
been recently found that {Mo",0,S,}>" groups allow to trap
a new isomer of the [MogO,6]*~ ion from an acidified aqueous
solution of molybdate.'®

Now we were interested to investigate whether the addition of
the preformed {Mo",04}*>" unit/building block to an aqueous
solution of molybdate (practically identical to the published
method leading to 1'*'%) would result in the spontaneous
formation of 1a based on the fast formation of the mentioned
pentagonal building blocks (Scheme 1). Indeed 1a begins to form
immediately after the addition of the building block of 1a, i.e.
{M0,041>" (present in (NH4):[M0,04(C204)2(H,0),]-3H;0) to
an aqueous solution of (NH4)sMo0,0,4-4H,0 acidified to pH 4
with acetic acid.1

The Raman spectrum (Fig. 2) of the reaction mixture—measured
after ca. 5 min—shows correspondingly the known character-
istic bands of 1a.§ Because of the high, even approximately
icosahedral symmetry of the skeleton, only a few bands are
observed (see below): the medium intensity bands above 900 cm ™!
are assigned as usual to (Mo=—O0)-type vibrations, and the
very intense band at ca. 870 cm™'—typical for the high
symmetry and observed for all Keplerates of the present
type—to the totally symmetric A,-type breathing vibration
of the p;3-O atoms.

The spectrum can be considered as a unique textbook
example for giant species with icosahedral symmetry because
of the quite small number of observed lines. This results due to
the fact that only the g-modes (and only those belonging to A,
and H,) are Raman active and that the point group has
fivefold degeneracy.!”*® The most intense lines have to be
assigned to vibrations having the largest change of the electronic
polarizability (tensor); this is the case for A,-type modes and
especially for stretching-type ones.!’*” Based on the bond
polarizability model,'’*? the present most intense line can be
understood in context with the large number of 180 p3-O
bonds involved in the above mentioned vibration. (The assignment
is based on the fact that (Mo=—O)-type vibrations are expected
to occur above 900 cm™'.) The intensity of bands of totally
symmetric vibrations has been correlated with bond polariz-
abilities'”” and even bond orders.!”

The spontaneous self-assembly of 1a upon addition of the
{Mo",04}>" building block thus means that the latter acts as
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Fig. 2 Time dependence investigation of the formation of 1a, using
Raman spectroscopy (Jexe = 785 nm): the Raman spectra of the
reaction mixture are measured after 5 minutes (a), 30 minutes (b); for
comparison the aqueous solution Raman spectrum of the crystals
(homogeneous precipitate) separated from this reaction mixture is
given which practically agrees with that of an authentic sample of
crystals of 17 (c).

a potent effector/stimulant for the expression of the other
building block, the {(MoY")Mo"'s} unit, while the driving
force of the reaction is the high formation tendency of
spherical clusters.'® The fascinating result in other words:
the {Mo"¥,04}>" units direct the formation of the necessary
{(Mo"HMo"’s} units/building blocks in a complex mixture
based on constitutional dynamic chemistry and their subsequent
linking. {(Mo*)Mo"'s} pentagonal units are found in
[M03¢0112(H,0)16]*~ which forms in strongly acidified aqueous
solutions of molybdate,'® but are not expected to be present in
aqueous solutions of molybdates at pH 4.9

A. M. gratefully acknowledges the help of Dr. H. Bogge
regarding the construction of the Figures and the continuous
financial support of the Deutsche Forschungsgemeinschaft
and P.G. support from the CNRS and UPMC.

Notes and references

i After to a solution of (NH4)sM070,4-4H,0 (1 g, 0.81 mmol) in 50 mL
of water, 30 mL of 50% acetic acid was added and the pH adjusted to
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4 with 25% aqueous ammonia (ca. 4 mL), the powdered oxalato complex
(NH4)5[M0,04(C504),(H,0),]- 3H,0% (1.5 g, 2.7 mmol) was added. The
Raman spectrum of the solution was measured after S min and again after
30 min. (In a parallel experiment the reaction process was followed by UV-
Vis spectroscopy by removing 1 mL aliquots of the reaction mixture at
different times and diluting to 10 mL with water.) Precipitation started
slowly and shortly after ca. 30 min. The solid was collected after 4 h,
washed with ethanol and air-dried (vield: 0.35 g, 16% based on {Mo">,}),
and identified as compound 1 by comparison with an authentic sample
based on X-ray crystallography and analyses.'>'* More of the compound
deposited as expected from the reaction mixture upon standing.

§ Raman spectroscopic studies indicate that 1a is present since the very
early stages of the reaction. However, due to the high intensity of the
bands characteristic for 1a, the method does not allow an unambig-
uous identification of the other species present with low intensity
Raman lines in the reaction mixture, i.e. in the dynamic library. The
extent of formation of 1a was investigated from complementary UV-
Vis spectroscopic measurements, on the basis that only la and the
dinuclear Mo(v) complex absorb at ca. 450 nm which is considered to
be correct; the result: ca. 15% (based on {Mo",} units) after 15 min.
4] There has been some controversy on the polycondensation processes
that occur upon acidification of aqueous molybdate solutions.?!
Nevertheless there is now wide agreement, based on Raman and
“Mo NMR spectroscopic studies, that [H.M070, ¢ (x = 0-2)
and [MogO,6]*™ are present at pH 4 (value of our present investiga-
tion) in aqueous solutions of molybdates acidified by hydrochloric or
nitric acid.?>** The nature of the Mo(v1) species present in ammonium
acetate/acetic acid has been investigated by electrochemical techniques
in order to get information about the present type of reaction pathway
but no definite conclusion was obtained.?* This will be subject of our
further investigation.
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In the field of polyoxometalate chemistry, porous spherical
molybdenum  oxide-based clusters of the type
{(MoY)MoV"%},,(linker)s,[!! called Keplerates,?® are notable
not only from an aesthetic point of view!™ but also because
they show properties of interest for different areas of science.
Some of these clusters can act as artificial cells exhibiting
gated pores while interacting specifically with their environ-
ments; others are of interest for several aspects of materials
science.’ In detail, of interest are a) solution properties in
connection with a new type of assembly process leading to
vesicles, including magnetic ones,®*®! b) the option to employ
the characteristic interactions with amphiphiles for the
generation of monolayers and Langmuir-Blodgett films®!
as well as highly ordered honeycomb nanostructures at air—
water interfaces® c) the integration into sol-gel-derived
silica to obtain unprecedented hybrids,*! and d) the discovery
of novel magnetic properties,®! which are of interest for the
understanding of Kagomé lattices’ spin states.[°s"

While Keplerates of the mentioned type with binuclear
linkers {Mo",0,}*" have been synthesized by partly reducing
an aqueous molybdate solution in the presence of appropriate
bidentate bridging ligands'™” (leading in the case of acetate
to {Mo",0,(O0CCH,)}* linkers), Keplerates of the type
{(Mo)Mos};,M3, (={Mo;,M;y}) can be obtained directly by
the addition of mononuclear linkers M such as Fe**, Cr’**, and
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VO** to a dynamic library of the pentagonal units
{(M0)MosO,,(H,0)s}*~,® or by reaction of, for example,
Fe*' with {(Mo)Mos};,{Mo,}3 (= {Mo,3,}), thereby exchanging
binuclear for mononuclear linkers”) As the pentagonal
{(Mo)Mos}-type units appear in this context as transferable
ligands (parallels have been made between infinite coordina-
tion polymers and discrete metallosupramolecular arrays),
the mentioned clusters can be called coordination polymers
with spherical periodicity.®!% This analogy points to a route
for the planned syntheses of other corresponding molecular
spheres based on a careful selection of appropriate ligands
and metal ions with specific coordination behavior. Herein we
report the synthesis of a {(W)Ws},{Mo,}5, (= {W7,Mog})-type
species with 30 {Mo",0,(acetate)}" linkers with metal-metal
bonds and 12 unprecedented pentagonal {(W)W;O,-
(H,0)e}* (={(W)Ws)) ligands, which are necessary for the
formation of the spherical cluster and are generated in a
dynamic library of tungstates (see below). Whereas the
{(Mo)Mos}-type building blocks were known to occur in
[Mo340,,(H,0)]*~ present at low pH values in H,O,'Y no
corresponding pentagonal unit has been observed to date
among the thousands of polyoxotungstates. On the basis of
the present work, there is the option for the extension of the
molybdate-based Keplerate chemistry to the tungstates,
which is possible owing to the use of the transferable
pentagonal {(W)W,}-type units now available; this allows,
for example, the synthesis of {(W)Ws};,M;, clusters, which are
of importance for materials science aspects, with the above-
mentioned magnetic M** linkers.""! Transferable, pentagonal
building blocks are extremely rare in chemistry but are,
generally speaking, relevant for the construction of curved
giant species, such as the often highlighted hedgehog {Mo;s}
cluster.*>! On the other hand, pentagons in a general sense
play a unique role starting from modern solid-state chemistry
and dating backwards via many topics to the ideas of the
ancient Greek mathematicians.'! In any case, the present
discovery allows us to follow new interesting routes in
chemistry and materials science, especially because the
surface properties of tungsten oxide based systems are
different from those of the molybdates. Whereas the high
formation tendency of the spherical shell of the type
(pentagon);,(linker);, based on pentagonal units has been
discussed earlier in terms of a general chemical principle,!'®! it
is also evident that the formation of the present pentagonal
units can be considered in the framework of a “constitutional
dynamic chemistry” formulated by Lehn, that is, with respect
to systems responding to external stimuli (see below).
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Compound 1 was obtained by “recrystallization” of the
red-brown microcrystalline ammonium salt of 1a (obtained
by treating an acidified aqueous solution of sodium tungstate
containing a rather high concentration of acetate with
(NH,),[MoY,0,(C,0,),(H,0),]-3H,0 in aqueous solution
after adding dimethylammonium chloride. 1, which crystal-
lizes in the space group R3, was characterized by elemental
analysis, thermogravimetry (to determine the crystal water
content), redox titrations (to determine the number of Mo"
centers), spectroscopic methods (IR, Raman, UV/Vis, and 'H
and *C NMR) and single-crystal X-ray structure analysis!™*
including bond valence sum (BVS) calculations.

[(CHa)zNths[{(WVI)WVISOH(Hzo)s(CHzcoo)o.s}lz {M0V204'
(CH;COO)}5) - ca. {270H,0 + 7CH,;COO™ + 7(CH;),NH,*} =
[(CH;),NH, 45 - 1a - ca. {270 H,0 + 7CH;COO™ + 7 (CH;),NH, "} 1

The anionic capsule 1a is built up of 12 pentagonal units of
the type {(WY)WVL} that are positioned at the vertices of an
icosahedron and connected by 30 {Mo",0,(CH;COO)}*
linking groups (Figure 1). Correspondingly, the seven-coordi-

Figure 1. Structure of 1a with perspective view along a fivefold
symmetry axis highlighting a pentagonal {(W")W"'s}-type unit (in the
center) and the five related {Mo",0,}*" (={Mo",}) linkers stabilized by
the acetate ligands (not visible) attached to it. ({(W")W"'s} groups
green, {Mo",} bridges blue and both in polyhedral representation, C
atoms black spheres).

nated W centers of the 12 pentagonal units span an
icosahedron and the 30 linkers a distorted truncated icosahe-
dron. The single-crystal X-ray structure analysis additionally
shows the presence of six disordered acetate ligands posi-
tioned under the pentagonal units; each of them connects a
central W atom to a peripheral W atom.

The construction of {Mo,3,}- and {W,,Mog}-type Kepler-
ates requires the presence of pentagonal units {(M)Ms} (M =
Mo or W) along with suitable linkers. While it was known that
{(Mo"")Mo"%}-type fragments (or building blocks) are abun-
dant in acidified molybdate solutions, that is, occur in the
[Mo0340,1,(H,0)s]*~ anion,'! a related situation does not
apply for tungstate chemistry. None of the polyoxotungstates
reported to date,"™ including the largest ones,'® contains the
corresponding important pentagonal {(W)Ws} units.'”? Aque-
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ous tungstate solutions at pH values of about 4 contain -, -,
and a-metatungstates, which are built up of WO4 octahedra
(metastable B- and thermodynamically stable a-[H,W,04]°"
species have Keggin-type structures).™ The linkers, which
are important for the syntheses of the two Keplerates
mentioned above, can either be produced in situ from
molybdate solutions under reducing conditions (which led
to the deliberate synthesis of {Mo,3,}-type clusters)™! or added
in the form of [Mo¥,0,(C,0,),]*", as in the case of the
synthesis of 1 and of the corresponding {Mo,s,) compound.™
The formation of 1a under the present conditions demon-
strates that the reaction is symmetry-driven and free-energy-
favored.

The Raman spectra of 1 in H,O have been recorded for
various concentrations, starting from a nearly saturated
solution (i.e. ca. 1 gmL™); no significant change was observed
upon dilution. This finding indicates that self-assembly into
supramolecular structures does not occur in aqueous solu-
tions under these conditions (see below). The solution
spectrum of 1 is practically identical to that of solid 1
(Figure 2), which supports the stability of 1a in solution. (The
same holds for the {Mo;s,)-type species with different
ligands."**) Though the spectrum is, as expected, similar to
that of its {Mo,s,} counterpart, [ significant (but expected)
differences arising from a change in the M=O bond polar-
izability are observed: the line at 976 cm ™', which is assigned
to the ¥(W=0Oy,) A,-type vibration (assuming /, symmetry),
is much more intense than the corresponding line of the
v(M0=0y,,,) vibration of {Mo;;}, in agreement with the
higher bond polarizability of the terminal W=0 bond (effect
not caused by the different excitation lines). ¥(W=0,.,,) at
976 cm™! also occurs at higher wavenumbers than the
corresponding vibrations of {Mo,3,} (the weak band at ca.
957cm™' of la could be assigned to the v(Mo=Oy,,)
vibration of the linkers) in accordance with the higher W=0
bond strength in 1a. This leads to a lower electron density on
the corresponding O atoms, which changes the nanosurface
properties (see below).

b) 978957 ggs5 379

solution

a)

solid state
: 308

1000 800 600 400 200
«vVv/cm!
Figure 2. Raman spectra (4., =765 nm) of 1 a) in the solid state and
b) in aqueous solution as evidence of the stability of 1a in solution;
see text for a discussion of the related metal oxide surface character-
istics.
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Further evidence for the stability of {W,;,Mog} clusters in
solution is provided by NMR spectroscopy studies. The
"H NMR spectrum of 1 in D,0 (Figure 3a) shows two sharp
singlets at 0 =2.84 and 1.97 ppm, which are assigned to the
methyl groups of the dimethylammonium cation and to free
acetate, respectively. The broad feature centered near 1 ppm
is attributed to coordinated acetate. The latter signal clearly
exhibits several components spanning approximately 1 ppm,
which indicates non-equivalent ligands; this finding is con-
sistent with the results of the single-crystal structure analysis
for 1. The *C NMR spectrum of 1in D,O (Figure 3b) shows
partially overlapping broad resonances for the methyl
(maxima at ca. 0=23.6 and 24.8 ppm) and carboxylate
groups (maxima at ca. 0 =178.9, 179.8, and 180.6 ppm) of
coordinated acetate ligands, while the resonances of free
acetate are hardly detectable at 6 =22.1 and 177.4 ppm. No
significant change, in particular no increase in the intensity of
free acetate signals, is observed upon raising the temperature
to 353 K. (Our attempts to obtain a clean W NMR
spectrum of 1 in solution were unsuccessful. Broad features
were observed, likely arising from the expected fast relaxation
of the W nuclei in such large species.) Most spectroscopic
measurements were performed on deaerated solutions, which,
however, did not appear to be especially sensitive to
oxidation. Raman and 'H and “C NMR spectroscopy there-
fore demonstrate the stability of 1a in aqueous solutions, a
feature shared with its {Mo,3,} counterpart.l'’]

b)
23.6
180.6 179.8 178.9
184 180 26 24 22
*

ﬂ Ly

" w‘m.. " " " " LJW{ " ) .

200 160 120 80 40 0
<«——9d/ppm

a) (‘

1.10 0.87 j

2.84

Jo

10 9 8 7 6 5 4 3 2 1 0
<«— O/ppm

Figure 3. NMR spectra of 1 in D,O solutions: a) 300.13 MHz 'H
spectrum (¢=0.5 mmol L") with relative integration of (CH;),NH,"
and of free and coordinated acetate resonances, in agreement with the
stoichiometry of 1; b) 125.7 MHz "*C spectrum (c =20 mmolL™"). The
signals of residual ethanol are marked by *.
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Detailed knowledge of the properties of the structurally
well-defined nanosurfaces of the present type of metal oxide
based system is of interest for several aspects of materials
science. In this context, we have studied solution properties of
the new cluster 1a and compared them to those of the
molybdenum analogue {Mo,s;,}.! Both cluster anions are
soluble in polar solvents owing to their high negative charges
and the hydrophilic nature of their surfaces. The {W;,Mog}
clusters, which exist in aqueous solution as discrete, hydro-
philic macroanions carrying a few more charges than the
{Mo,;,} ones (these contain fewer integrated acetate
ligands!!), show self-assembly when acetone is introduced
into the solution to decrease the solvent polarity. In solvents
containing 30-75vol% acetone, the macroions la form
spherical, single-layer, hollow, vesicle-like blackberry-type
structures, as confirmed by static and dynamic laser light
scattering studies. The size of the assemblies increases with
increasing acetone content, while a linear relationship
between the hydrodynamic radius R, of the assemblies and
&' is observed (Figure 4; ¢ is the solvent dielectric constant).
This relationship is consistent with our previous results
obtained for {Mo,3;,} macroions in water/acetone mixed
solvents.?l The supramolecular structure formation occurs
when the macroions carry some (but not too many) negative
charges, which leads to attraction influenced by the cations
positioned between the anions.*?! But when the macroions
are too highly charged, the strong electrostatic repulsion
prevents them from moving close to each other. Nor does
assembly occur if the clusters are (almost) uncharged, owing
to the lack of the above-mentioned charge-based effect, for
example, in pure acetone solution. Importantly, the {W;,Mog}
blackberry-type structures have a smaller average size than
the {Mo,3,} ions under the same conditions, owing to the
higher charge density on {W;,Mog} clusters (for an explan-
ation, see reference [6b]). The influence on the surface charge
caused by the larger number of integrated acetate ligands of
la overcompensates the influence of the smaller bond

—+=50%Ac
= = 40%Ac
= = P
— =) [ X
e ] -

- ~ 005 7™\
4 \
40 LIRS
0 -
1 10 100 1000
R,/ nm
30 T T T d
0.017 0.018 0.019 0.020 0.021

Figure 4. The {W;,Mo4} macroions self-assemble in water/acetone
solutions into blackberry-type structures, the size of which increases
with increasing acetone content, that is, decreasing dielectric constant.
Inset: CONTIN analysis®! of the dynamic light scattering results for
{W7,Mo4} /water/acetone solutions containing 40 and 50 vol % ace-
tone.
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polarity of the W=O bonds corresponding to a smaller
electron density on the O atoms (see above).

It is an important result that the high formation tendency
of the spherical cluster 1a influences the composition of the
units present in the dynamic library. Pentagonal units of the
type {(W)Ws} were not observed in any known polyoxo-
tungstate but are necessary for the formation of la and
corresponding spherical and, generally speaking, giant curved
species. In the present scenario, we can refer to constitutional
dynamic chemistry, as described by Lehn, “whereby a
chemical entity, be it as well molecular as supramolecular,
undergoes continuous change in its constitution through
dissociation into various components and reconstitution into
the same entity or into different ones”.”! Another impressive
directly related example is provided by the formation of the
{Mo,Fe;}-type Keplerate containing an encapsulated Keggin
ion (a new type of supramolecular species with a cluster
noncovalently bound inside a cluster). The necessary pentag-
onal units are formed by an unprecedented reaction of
[PMo,,0,,]*~ with Fe*" ions and finally generate the spherical
shell through linking with the Fe®" ions. This result was
originally discussed with reference to “supramolecular Dar-
winism,”™ as the terms “adaptation” and “protection” as
well as “symbiosis” hold, and was later referred to and
highlighted by Lehn in the statement, “The supramolecular
organization drives the selection of the components giving the
“fittest constituent’”.*"

Experimental Section
1: Na,WO,-2H,0 (8.0 g, 24.25 mmol) and NaCH;COO-3H,0 (36.0 g,
264.6 mmol) were dissolved in degassed water (100 mL) while the
pH value of the reaction mixture was adjusted to approximately 4
with degassed 100 % acetic acid (60 mL). After the finely powdered
oxalato complex (NH,),[M0,0,(C,0,),(H,0),]-3H,0% (9.0 g,
16.13 mmol) was added quickly, the solution was heated under an
argon atmosphere for 90 min at 120°C (oil bath temperature) under
vigorous stirring (color change to dark brown). The solution was
cooled to room temperature, and the red-brown microcrystalline
powder was filtered off, washed thoroughly with ethanol, and dried
with diethyl ether (yield: 1.8 g, 15% based on W). Then (CH;),NH,Cl
(200 mg, 2.45 mmol) was added to a solution of the obtained
microcrystalline product (200 mg, 0.0056 mmol) in water (10 mL).
After two to three days, the red-brown crystals were filtered off,
washed with ethanol, and dried with diethyl ether. In ongoing studies,
attempts are being made to improve the yield (Thesis, C. Schiffer).
Elemental analysis (%) calcd: C6.61, N 2.16, W 37.18, Mo 16.17
(values refer only to 250H,0O corresponding to the relevant (i.e. for
the analysis) loss of crystal water); found: C 6.6, N2.4, W 37.9,
Mo 17.1 (W and Mo analyses were performed by Mikroanalytisches
Labor Egmont Pascher, An der Pulvermiihle 3, 53424 Remagen,
Germany). Cerimetric titrations: 60 =2Mo". IR (KBr pellet; charac-
teristic bands): 7=1625 (m, 8(H,0)), 1539 (m, v,(COO)), 1440 (m),
1420 (m, 8(CH,), 8,(NH,*), v,(COO)), 972 (m) and 960 (w-m, v(W=
0)), 879 (m), 812 (vs), 733 (s), 658 (W), 577 (s), 519 (W), 470 cm ™" (w).
Characteristic Raman bands: see Figure 2. 'H NMR (D,0): 6 =2.84
(s, (CH3),NH,"), 1.97 (s, free CH;CO,"), 1.10, 0.87 ppm (coordinated
CH,CO,"). "CNMR (D,0): 6=180.6, 179.8, 178.9 (coordinated
CH;CO,"), 35.77 ((CH;),NH,"), 24.8, 23.6ppm (coordinated
CH;CO,"). Characteristic UV/Vis bands (H,O, absorption): A =240,
375 nm (vs, br).

Raman spectra were collected with a Kaiser Optical Systems
HLS5R Raman spectrometer equipped with a near-IR laser diode
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working at 785 nm. The laser power was adjusted to 15-20 mW at the
sample position for all spectra. The average resolution is 3 cm™.

'H and “C NMR spectra of 1a were obtained from D,0 solutions
at 300.13 and 125.7 MHz on Bruker Avancell 300 and DRX 500
spectrometers, respectively. Chemical shifts were referenced to
external tetramethylsilane by setting the methyl resonance of residual
ethanol to 1.17 ("H) and 17.33 ppm (**C). A commercial Brookhaven
Instrument laser light scattering spectrometer equipped with a solid-
state laser operating at 532 nm was used for static and dynamic light
scattering experiments. The data, analyzed by the CONTIN
method,” can be used to determine the average hydrodynamic
radius R, of the particles. Detailed descriptions of the SLS and DLS
technique can be found in an earlier publication.!*®!
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The discovery of fullerenes!! has induced considerable
interest in spherical molecular clusters, see for example
Refs. [2-5]. Among fullerene-like molecules, spherical water-
soluble metal-oxide-based nanocapsules of the type
{(MYYMVYL),(linker);y, (M=Mo or W), belonging to the
family of Keplerates,>® show quite attractive features in the
context of nano- and materials science, especially in confined
scenarios.””! Correspondingly, they have been the focus of
reviews!'!!) and highlights, including some in recent text-
books.™? The nanocapsules contain 12 metal-oxide-based
pentagonal units linked by either mononuclear (e.g. Fe**, Cr**
or VO*)™ or dinuclear ({(Mo",0,}*") spacers and 20 pores/
channels."*'Y In case of the Mo, ,-type cluster, the interiors of
the capsules can be fine-tuned by changing the internal
ligands coordinated to the {Mo",0,} linkers. Most impor-
tantly, the above-mentioned Keplerates can interact specifi-
cally with their environment.['*'? Especially the crown ether-
type {Mo,O,} pores can react through hydrogen bonding with
organic cations (like the guanidinium, amidinium, or proton-
ated urea type), ™! as well as with hydrated metal ions,
whereby all act as plugs leading to the closing of the
capsules.' The 20 smaller {M;M’;04} pores of the negatively
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charged M,,M';-type Keplerates (M =Mo", W¥'; M' =V,
Fe™) have a high affinity for K* and NH," ions similar to 18-
crown-6 receptors;® this corresponds to sphere surface
supramolecular chemistry. The present type of Keplerates
also has the potential for being used as nanoreactors.'
Replacement of the bridging oxo ligands of the above-
mentioned {Mo",0,} linkers by softer sulfido ligands provides
a new option to change the properties/reactivities of Mo;,-
and W,,Mog,-type capsules. This change of linkers has now
been achieved: We report here the synthesis, crystal structure,
and spectroscopic characterization of W;,Mo,-type capsules
with {Mo",0,(u-S),(L)} linkers (L = CH;COO™). The impor-
tant result is that the pore sizes and reactivities/flexibilities as
well as the interior capsule properties—also in context of an
increase in the internal shell polarizability—are changed by
substituting 60 oxide atoms of the known Keplerate contain-
ing {Mo",0,} linkers by 60 sulfide atoms; this has, for
example, consequences for ligand and cation uptake/release
processes!!”! as well of course as for the structure of
encapsulated species.

The synthesis process follows that of previously reported
mixed metal Keplerates where the basic {(MY)M"%}-type
units (M=Mo, W) form in solution according to the
principles of “Constitutional Dynamic Chemistry” of
Lehn!" while finally 12 of the units get appropriately linked
when cations, like {Mo,0,(aq)}**"” VO(aq)*" ¥ or
Fe(aq)** ™ are added to a dynamic library of molybdates
and tungstates. In the present case, an aqueous solution of the
new dinuclear linker {MoY,0,(u-S),(aq))**—prepared by
hydrolysis of the oxo/thio compound usually used as a
source of {MoY,0,(u-S),}*"®—allowed to obtain the water-
soluble Keplerate-type compound 1 (which allows future
reactivity studies in solution) as starting material for the less
soluble compound 2*** which was isolated by “recrystalli-
zation” of the nonrecrystallized 1 in the presence of cobalt
(IT) ions to get suitable crystals (for details see the Exper-
imental Section). Whereas compound 1 could be only
partially characterized because of the poor crystal quality
(for the “approximate” formula see Experimental Section),
this was not the case for compound 2 which is the focus of our
present work. Compound 2, which crystallizes in the space
group Immm, was fully characterized by elemental analysis,

%] Cor[{W"02 (H20)6h1{W"'¢0z (H;0) (H;Mo0",05(H,0))}
{MoVZOZSZ(CH;COO)}W{MOVZOZSZ(HZO)2}20]~ca. {1[(CH;) NI
+8Na™+11CH;CO0™ +4S0,* + 350H,0} = Co,,-2a-lattice
ingredients =2 (formally written regarding the cation positioning).
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spectroscopic methods (IR, UV/Vis, and X-ray photoelectron
spectroscopy), magnetic suceptibility measurements and
single-crystal X-ray structure analysis (see Ref. [21] and the
Experimental Section).

The obtained W,,Mog-type cluster 2a belongs to the
family of porous capsules having the general composition
{(MYHMY%},{MoY,0,(u-X),}0 (M =Mo or W; X=0 or S).
The 12 centers of the pentagonal {(WY)W"’}-type units are
positioned at the vertices of an icosahedron and are con-
nected by 30 {Mo",0,(u-S),}*" linkers, the Mo atoms of which
span a distorted truncated icosahedon (Figure 1); for general
aspects of the related problem of interpenetrations of the

Figure 1. a) Combined polyhedral/ball-and-stick picture of 2a with view along a five-fold symmetry axis
highlighting a central pentagonal {(W"')W"'s}-type unit (which can be considered as a ligand”?) and five
related {Mo",0,(11-S),} linkers (stabilized by acetate ligands) as well as the pores which are obviously
decreased in size by substituting oxide by sulfide ligands ({(W")W"'s} groups in polyhedral representation
green, Mo blue, S yellow, O red, C grey spheres). b) Structure of the {Mo",0,(1-S),}3, fragment, of which the
Mo atoms form a distorted truncated icosahedron with 12 regular pentagons and 20 (trigonal) hexagons (60
Mo-S—Mo bridges in yellow and 30 Mo'-Mo" bonds in dark blue).

Platonic and Archimedean solids see Refs. [3a,5,6a]. Ten
CH;COO™ are bound as bidentate bridging ligands to the Mo
atoms of the 10 dinuclear linkers and 2 x 20 monodentate H,O
ligands to the Mo atoms of the other 20 (see the formula).

The average Mo-Mo distance of 2.84 A is in close
agreement with the corresponding values in dinuclear com-
plexes containing the {Mo",0,(u-S),} core,”? but is—as
expected—larger than in the {MY",,Mo"}-type Keplerates
with the {Mo",0,} linkers (2.58 A for M =Mo®¥ and 2.57 A
for M = W), The Mo-S-Mo bridges are nearly symmetrical
(average Mo-S distance: 2.31 A) and the average distance
from the center of the pores, spanned by the three bridging S
atoms to each of the latter atoms, is 3.00 A (see Figure S1 in
the Supporting Information); this gives, based on a van der
Waals radius of S of 1.80 A ”* an indication of the geometric
pore size, whereas the effective one depends on the exper-
imental conditions. Anyhow the opening and receptor
properties of the {W;Mo,04S;} pore are significantly different
from those of the {Mo,O,} and {W;MosOo} pores in the
{Mo;3,}- and {WY,,Mo"}-type Keplerates with {Mo",0,}
linkers!™*! (see also Figure S1 in the Supporting Informa-
tion).
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A result of general importance refers to the impressive
segregation between the mostly hydrophobic internal wall—
spanned/influenced by the ten internal acetate ligands—and
the encapsulated “water molecule collection” which forms a
rather well-defined unprecedented shell with no water
molecules inside (for details including distances see Figure S2
in the Supporting Information). This type of “water” under
confined conditions has unique properties®! (“water” in
hydrophobic cavities is considered to be of tremendous
interdisciplinary interest®!). One fascinating aspect is that
one can tune the “water assembly” by changing the ratio of
acetate and water ligands. But as this is not our major topic
here it will be discussed in
detail in the future (see also
related comments in our
recent publication®).

The IR spectrum of 2
shows—in addition to the
very characteristic molybde-
num-oxide-based band pat-
tern of the |[MY,Mo Yy}
clusters!'**l—the bands of
stretching vibrations of the
acetate ligands. The band at
457 cm™! is assigned to v,-
(Mo-S-Mo) stretching
modes of the linkers (see
Figure S3 in the Supporting

Information for further
details).
The stability of the

{(W)W5}1,{M0,0,5,}5 skele-
ton in solution had to be
proven by measuring the
Raman spectrum of the
soluble compound 1—an
important aspect for future
studies. The very characteristic spectrum for the spherical/
icosahedral system—showing correspondingly only a very few
intense lines (see also Refs. [11e,19])—is shown in Figure S4
in the Supporting Information, together with correspondingly
similar ones of the related {(W)Ws},{M0,0,}5-"! and
{(Mo)Mos},,{M0,0,}-type®!  clusters; the comparison
allows to get information about the capsule property changes
due to the replacement of molybdenum by tungsten atoms.
This leads to different M=O bond strengths and bond
polarizabilities as well as to different interactions of the
metal atoms with the internal ligands (see the Supporting
Information with additional literature for a detailed discus-
sion). Preliminary NMR studies of the solution have also been
performed (see the Supporting Information).

In conclusion, the family of metal-oxide-based
{(WYHWVYLL,IMoY,0,}-type capsules has been extended to
those with {Mo",0,(u-S),} linkers, that is, substituting corre-
spondingly 60 oxide by 60 sulfide atoms. The {W;Mo40,S;}-
type pores differ from their {M;MosO,} (M=Mo, W)
counterparts with respect to their openings, their flexibilities,
and their reactivities, especially in the context of cation and
ligand uptake/release processes as well as strength of
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interactions of the internal ligands with the metal cations and
consequentially the influence on the encapsulated species.
Furthermore, the pore affinity for hydrogen-bonded guests/
plugs is decreased thereby decreasing the tendency/option of
pore closing. Also important, the replacement of 60 oxide by
60 sulfide ligands in the porous capsule skeleton increases the
internal shell polarizability which influences reactions inside
the capsules and the structure of encapsulated species. These
remarks should give rise to corresponding future investiga-
tions of solutions of the soluble compound 1, especially in the
context that several materials science problems have been
studied based on the metal-oxide-type Keplerates. In this
context it is also intended to get structural data for 1.

Experimental Section

Synthesis of 1 (a precursor for 2, the focus of our article): A sample of
the oxo/thio cluster of empirical composition “K{N(CH;),}y11os-
[Mo,S,0,(0H),(H,0)]-6.3H,0”%! (1.0 g, 2 mmol) was dissolved in
hydrochloric acid (4™, 10 mL) by mild heating (50°C). The red
solution was filtered and added to a solution of Na,WO,2H,O (4.5 g,
13.64 mmol) and NaCH;COO-3H,0 (10.0 g, 73.49 mmol) in water
(40 mL) acidified to a pH around 4 with 100 % acetic acid (18 mL).
The milky orange suspension was heated quickly to 80°C (oil bath
temperature) by vigorous stirring in an argon atmosphere before
some water (30 mL) was added. The reaction mixture was heated
further (120°C, oil bath temperature) under continuing vigorous
stirring until a clear red solution was obtained (after 90 min). The
solution was cooled to room temperature, and the red microcrystal-
line powder that started to precipitate during this time was filtered
off, washed thoroughly with ethanol, and dried with diethyl ether
(crude product, yield: 0.7 g, around 30% based on Mo). Cubic
crystals (a=38.0 A, V=54891 A% of compound 1 were obtained
within 1-2 days by recrystallization of the crude product in water (1 g,
5SmL; yield: 0.6 g). The crystal structure could not be fully refined
(poor quality of the crystals), but there is unambiguous evidence that
the spherical W;,Mog-type Keplerate 1la is quite similar to 2a
according to results from IR, Raman, UV/Vis and NMR data (note:
the numbers of coordinated acetate ligands and [(CH;),N]* (TMA)
ions do not need to be identical). Anyhow in the absence of a detailed
crystal structure analysis and on account of the low abundance of
several elements, only an approximate formula for compound 1 can
be given: [(CH;)N];Nays[{WY'60,,(H,0)4}1{M0",0,8,(CH;COO))} -
{MoY,0,5,(H,0),},0]-ca.{8 Na™+8 CH;COO™ +300H,0}  (formally
written regarding cation positioning) = [(CH;),N],Na,s-1a-lattice
ingredients=1. Anal. calc. (%) for: CgHos;M04Naz3N;O760S60Wo,:
C2.81,N0.27,S5.36,Na 2.11, W 36.87; found: C3.4,N 0.2, S 5.6, Na
2.6, W 39.0. (Na and W analyses were performed by the Forschungs-
zentrum Jiilich GmbH, ZCH, 52425 Jiilich, Germany.) The formula
corresponds to the NMR results, especially regarding the ratio of the
total number of TMA ions to the total number of acetate ions, that is,
around 4. The vibrational spectra (Raman, IR), UV/Vis and
preliminary '"H NMR spectra of 1, the starting material of 2, are
given in the Supporting Information.

Synthesis of 2: Crystals of better quality of the less soluble (!)
compound were obtained by adding CoCl,,6H,0 (0.03g) to a
solution of the crude compound 1 (0.2 g) in water (10 mL). Red
crystals appeared within 2-3 days. Anal. Calc. (%) for:
CiysH 013C01,M05,NagN |1 O746S6, W1, C 2.8, N 0.42, S 5.56, Na 0.5, Co
1.92 (values refer to the small number of 300H,O caused by
weathering, see also Ref. [26]); found: C 2.8, N 0.3, S 5.8, Na 0.4,
Co 2.1. (S, Na and Co analyses were performed by the Mikroanaly-
tisches Labor Egmont Pascher, An der Pulvermiihle 3, 53424
Remagen, Germany). Characteristic UV/Vis bands: 293, 342, 384
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(sh) nm. The vibrational data (Raman, IR) of 2 are given in the
Supporting Information.

Crystal data for 2: CgH,13C0,,M0,NagN;Og36Ses W5, (refers to
350H,0), M =37813.27 gmol ', orthorhombic, space group Immm,
a=34.5430(14), b =37.5676(14), c = 42.2049(17) A, V=54769(4) A>,
Z=2,p=2293 gcm >, u=8.608 mm', F(000) = 35524, crystal size =
020x0.16x0.12mm>. A total of 164400 reflections (1.45< 6 <
27.01°) were collected, of which 31201 reflections were unique
(R, =0.1316). An empirical absorption correction using equivalent
reflections was performed with the program SADABS 2.03. The
structure was solved with the program SHELXS-97 and refined using
SHELXL-97 to R=10.0732 for 12508 reflections with I>20(I), R=
0.2063 for all reflections; max/min residual electron density 1.484 and
—1.357 ¢ A%, Crystals of 2 were removed from the mother liquor and
immediately cooled to 173(2) K on a Bruker AXS SMART diffrac-
tometer (three circle goniometer with 1 K CCD detector, MoKa
radiation, graphite monochromator; hemisphere data collection in w
at 0.3° scan width in three runs with 606, 435, and 230 frames (¢ =0,
88 and 180°) at a detector distance of 5 cm). (SHELXS/L, SADABS
from G. M. Sheldrick, University of Gottingen 1997/2001; structure
graphics with DIAMOND 2.1 from K. Brandenburg, Crystal Impact
GbR, 2001.) CCDC 831156 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif.

Received: July 5, 2011
Revised: September 25, 2011
Published online: October 27, 2011

Keywords: molybdenum - polyoxometalates - porous materials -
sulfur - tungsten

[1] H. W. Kroto, J.R. Heath, S.C. O’Brien, R.F. Curl, R.E.
Smalley, Nature 1985, 318, 162—163.

[2] R. Nesper, Angew. Chem. 1994, 106, 891-894; Angew. Chem.
Int. Ed. Engl. 1994, 33, 843 —-846.

[3] a) M. Hervieu, B. Mellene, R. Retoux, S. Boudin, B. Raveau,
Nat. Mater. 2004, 3, 269-273; b) G. Férey, Nat. Mater. 2004, 3,
205 -206; c) For a related discussion of the topological aspects of
spherical icosahedral molecules in terms of interpenetrating
Platonic and Archimedean solids, see: A. Miiller, Science 2003,
300, 749 -750.

[4] X.-J. Kong, H. Zhang, H.-X. Zhao, Y.-P. Ren, L.-S. Long, Z.
Zheng, G.S. Nicol, R.-B. Huang, L.-S. Zheng, Chem. Eur. J.
2010, 76, 5292 -5296.

[5] X.-J. Kong, L.-S. Long, Z. Zheng, R.-B. Huang, L.-S. Zheng, Acc.
Chem. Res. 2010, 43, 201-209, entitled “Keeping the Ball
Rolling” and references therein.

[6] For the definition, see: a) A. Miiller, Nature 2007, 447, 1035;
b) A. Miiller, P. Kogerler, A. W. M. Dress, Coord. Chem. Rev.
2001, 222, 193 -218.

[7] a) A. Miiller, S. Roy, J. Mater. Chem. 2005, 15, 4673 -4677; b) P.

Kogerler, B. Tsukerblat, A. Miiller, Dalton Trans. 2010, 39, 21—

36; c) A. M. Todea, A. Merca, H. Bogge, J. van Slageren, M.

Dressel, L. Engelhardt, M. Luban, T. Glaser, M. Henry, A.

Miiller, Angew. Chem. 2007, 119, 6218 —6222; Angew. Chem. Int.

Ed. 2007, 46, 6106-6110.

a) D. Volkmer, A. Du Chesne, D. G. Kurth, H. Schnablegger, P.

Lehmann, M. Koop, A. Miiller, J. Am. Chem. Soc. 2000, 122,

1995-1998; b) M. Clemente-Leén, H. Yashiro, T. Yamase,

Chem. Mater. 2007, 19, 2589 —-2594.

[9] a) D.Fan, X. Jia, P. Tang, J. Hao, T. Liu, Angew. Chem. 2007, 119,
3406-3409; Angew. Chem. Int. Ed. 2007, 46, 3342-3345; b) D.
Fan, J. Hao, J. Phys. Chem. B 2009, 113, 7513-7516; ¢) J. Cui, D.
Fan, J. Hao, J. Colloid Interface Sci. 2009, 330, 488-492; d) S.

8

=

Angew. Chem. Int. Ed. 201, 50, 12326 —12329



(10]

(11]

(12]

(13]

(14]

Angew. Chem. Int. Ed. 201, 50, 12326 -12329

Liu, Z. Tang, Nano Today 2010, 5, 267-281; e) M. Sadakane, K.
Yamagata, K. Kodato, K. Endo, K. Toriumi, Y. Ozawa, T. Ozeki,
T. Nagai, Y. Matsui, N. Sakaguchi, W. D. Pyrz, D.J. Buttrey,
D. A. Blom, T. Vogt, W. Ueda, Angew. Chem. 2009, 121, 3840—
3844; Angew. Chem. Int. Ed. 2009, 48,3782 -3786; f) S. Polarz, B.
Smarsly, C. Goltner, M. Antonietti, Adv. Mater. 2000, 12, 1503 -
1507; g) P. P. Mishra, J. Pigga, T. Liu, J. Am. Chem. Soc. 2008,
130, 1548-1549; h) A. A. Verhoeff, M. L. Kistler, A. Bhatt, J.
Pigga, J. Groenewold, M. Klokkenburg, S. Veen, S. Roy, T. Liu,
W. K. Kegel, Phys. Rev. Lett. 2007, 99, 066104; i) W. H. Casey,
J. R. Rustad, L. Spiccia, Chem. Eur. J. 2009, 15,4496 -4515;j) H.
Li, Y. Yang, Y. Wang, C. Wang, W. Li, L. Wu, Soft Matter 2011, 7,
2668 -2673.

a) L. Cronin in Comprehensive Coordination Chemistry 11, Vol. 7
(Eds.: J. A. McCleverty, T.J. Meyer), Elsevier, Amsterdam,
2004, pp. 1-56; b) L. Cronin, Angew. Chem. 2006, 118, 3656 —
3658; Angew. Chem. Int. Ed. 2006, 45,3576 -3578; c) D.-L. Long,
L. Cronin, Chem. Eur. J. 2006, 12,3698 -3706; d) D.-L. Long, E.
Burkholder, L. Cronin, Chem. Soc. Rev. 2007, 36,105-121;¢) L.
Cronin in Tomorrow’s Chemistry Today: Concepts in Nano-
science, Organic Materials and Environmental Chemistry, 2nd ed.
(Ed.: B. Pignataro), Wiley-VCH, Weinheim, 2009, pp. 31-44.
a) P. Gouzerh, M. Che, Actual. Chim. 2006, 298, 9-22; b) A.
Proust, R. Thouvenot, P. Gouzerh, Chem. Commun. 2008, 1837 —
1852 (with reference to materials science aspects); c) > A.
Miiller, S. Roy in The Chemistry of Nanomaterials: Synthesis
Properties and Applications, Vol. Il (Eds.: C.N.R. Rao, A.
Miiller, A.K. Cheetham), Wiley-VCH, Weinheim, 2004,
pp. 452-475; d) A. Miiller, P. Kogerler, A. W.M. Dress,
Coord. Chem. Rev. 2001, 222, 193-218; e) A. Miiller, P.
Kogerler, C. Kuhlmann, Chem. Commun. 1999, 1347 -1358.

a) J. W. Steed, D.R. Turner, K.J. Wallace, Core Concepts in
Supramolecular Chemistry and Nanochemistry, Wiley, Chiches-
ter, 2007; b) J. Ribas Gispert, Coordination Chemistry, Wiley-
VCH, Weinheim, 2008; c) J. W. Steed, J. L. Atwood, Supra-
molecular Chemistry, 2nd ed., Wiley, Chichester, 2008; d) Holle-
man-Wiberg, Lehrbuch der Anorganischen Chemie, 102. Aufl.,
de Gruyter, Berlin, 2007.

a) A. Miiller, E. Krickemeyer, H. Bogge, M. Schmidtmann, S.
Roy, A. Berkle, Angew. Chem. 2002, 114, 3756-3761; Angew.
Chem. Int. Ed. 2002, 41, 3604-3609; b) T. Mitra, P. Mir6, A. R.
Tomsa, A. Merca, H. Bogge, J. B. Avalos, J. M. Poblet, C. Bo, A.
Miiller, Chem. Eur. J. 2009, 15, 1844-1852; c) A. Miiller, L.
Toma, H. Bogge, C. Schiffer, A. Stammler, Angew. Chem. 2005,
117, 7935-7939; Angew. Chem. Int. Ed. 2005, 44, 7757-7761.
a) A. Miiller, Y. Zhou, H. Bogge, M. Schmidtmann, T. Mitra,
E.T. K. Haupt, A. Berkle, Angew. Chem. 2006, 118, 474-479;
Angew. Chem. Int. Ed. 2006, 45, 460-465; b) A. Merca, H.
Bogge, M. Schmidtmann, Y. Zhou, E. T. K. Haupt, M. K. Sarker,
C. L. Hill, A. Miiller, Chem. Commun. 2008, 948 —950.

(15]

[16]

(17]

(18]
(19]

(20]

(21]

[22]

(23]

(24]
(25]

[26]

ngewan

A International Edition

a) A. M. Todea, A. Merca, H. Bogge, T. Glaser, L. Engelhardt,
R. Prozorov, M. Luban, A. Miiller, Chem. Commun. 2009, 3351 —
3353; b) A. M. Todea, A. Merca, H. Bogge, T. Glaser, J. M.
Pigga, M. L. K. Langston, T. Liu, R. Prozorov, M. Luban, C.
Schroder, W. H. Casey, A. Miiller, Angew. Chem. 2010, 122,524 —
529; Angew. Chem. Int. Ed. 2010, 49, 514-519.

a) A. Miiller, Nat. Chem. 2009, 1, 13—-14; b) The study of the
molecular properties and reactions under confined conditions is
an area of considerable current interest; see for example, J.
Rebek, Jr., Angew. Chem. 2005, 117,2104-2115; Angew. Chem.
Int. Ed. 2005, 44, 2068—-2078; J. Rebek, Jr., Acc. Chem. Res.
2009, 42,1660 —1668; M. Yoshizawa, J. K. Klosterman, M. Fujita,
Angew. Chem. 2009, 121, 3470-3490; Angew. Chem. Int. Ed.
2009, 48, 3418 -3438.

a) A. Ziv, A. Grego, S. Kopilevich, L. Zeiri, P. Miro, C. Bo, A.
Miiller, I. A. Weinstock, J. Am. Chem. Soc. 2009, 131, 6380—
6382; b) O. Petina, D. Rehder, E. T. K. Haupt, A. Grego, L. A.
Weinstock, A. Merca, H. Bogge, J. Szakdcs, A. Miiller, Angew.
Chem. 2011, 123,430-434; Angew. Chem. Int. Ed. 2011, 50,410 -
414.

J.-M. Lehn, Chem. Soc. Rev. 2007, 36, 151 -160.

C. Schiffer, A. Merca, H. Bogge, A. M. Todea, M. L. Kistler, T.
Liu, R. Thouvenot, P. Gouzerh, A. Miiller, Angew. Chem. 2009,
121, 155-159; Angew. Chem. Int. Ed. 2009, 48, 149—153.

a) E. Cadot, B. Salignac, S. Halut, F. Sécheresse, Angew. Chem.
1998, 710, 631-633; Angew. Chem. Int. Ed. 1998, 37, 611-613;
b) E. Cadot, B. Salignac, J. Marrot, A. Dolbecq, F. Sécheresse,
Chem. Commun. 2000, 261-262; c)First report about the
{M0,0,S,}** unit: W. Rittner, A. Miiller, A. Neumann, W.
Bither, R. C. Sharma, Angew. Chem. 1979, 91, 565; Angew.
Chem. Int. Ed. Engl. 1979, 18, 530-531; see also d) A. F. Wells,
Structural Inorganic Chemistry, 5th ed., Clarendon, Oxford,
1984, pp. 731-732.

Details regarding the disorder problem are discussed in part 3 of
the Supporting Information.

For examples see: a)J. Dirand-Colin, M. Schappacher, L.
Ricard, R. Weiss, J. Less-Common Met. 1977, 54, 91-99;
b) J. I. Dulebohn, T. C. Stamatakos, D. L. Ward, D. C. Nocera,
Polyhedron 1991, 10, 2813 -2820; ¢) M. Cindri¢, V. Vrdoljak, B.
Prugovecki, B. Kamenar, Polyhedron 1998, 17, 3321 -3325.

a) A. Miiller, E. Krickemeyer, H. Bogge, M. Schmidtmann, F.
Peters, Angew. Chem. 1998, 110, 3567—-3571; Angew. Chem. Int.
Ed. 1998, 37, 3359-3363; b) A. Miiller, S. K. Das, E. Kricke-
meyer, C. Kuhlmann, Inorg. Synth. 2004, 34, 191 -200.

A. Bondi, J. Phys. Chem. 1964, 68, 441 —451.

See C. Schiffer, A. M. Todea, H. Bogge, O. A. Petina, E. T. K.
Haupt, A. Miiller, Chem. Eur. J. 2011, 17, 9634-9639, and
references there.

C. Schiffer, H. Bogge, A. Merca, 1. A. Weinstock, D. Rehder,
E. T. K. Haupt, A. Miiller, Angew. Chem. 2009, 121, 8195 -8200;
Angew. Chem. Int. Ed. 2009, 48, 8051 —8056.

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

dte

Chemie

12329



Dalton
Transactions

An international journal of inorganic chemistry

Volume 42 | Number 2 | 14 January 2013 | Pages 301-592

www.rsc.org/dalton

ISSN 1477-9226

1477-9226(2013)42:2;1-E

Mdiller et al.
A further step towards tuning the properties of metal-chalcogenide

COVER ARTICLE
nanocapsules by replacing skeletal oxide by sulphide ligands

RSCPublishing



Published on 29 October 2012. Downloaded by Universitat Bielefeld on 10/07/2015 12:43:36.

Dalton
Transactions

RSCPublishing

A further step towards tuning the properties of metal-

Cite this: Dalton Trans., 2013, 42, 330

chalcogenide nanocapsules by replacing skeletal oxide

by sulphide ligandst#

Received 25th September 2012,
Accepted 29th October 2012

DOI: 10.1039/c2dt32247a

www.rsc.org/dalton Achim Muller*®

Addition of [Mo,V0,(u-0)(p-S)(aq)I** linker-type units to a solu-
tion/dynamic library containing tungstates results via the for-
mation of the complementary pentagonal {(W)W5s} units logically
in the self-assembly of a mixed oxide/sulphide {W"';,,MoVso}-type
Keplerate, thereby demonstrating the ability to tune the capsule’s
skeletal softness (the (u-0), and (p-S), scenarios are known) and
providing options to influence differently important capsule-sub-
strate interactions.

Since their initial discovery in the late 90s"* porous metal-
oxide-based nanocapsules of the type {(MV)M"'s};,{Mo",}30
({(MY";,M0Y0}) and {MYVIMY'5}1,{M"}30 (M = Mo or W; M’ =
VO**, Fe** or Cr*"), also called Keplerates,” have been attract-
ing considerable interest due to their unique properties and
relevance to various disciplines, like mathematics, molecular
physics, magnetism, chemistry, materials science and
biology.»® Most importantly, {Mo"";,Mo0"¢,}-type Keplerates
provide opportunities to study structures and properties of
encapsulated water® as well as to perform reactions and cata-
lysis under confined conditions’ and to get new insight into
the hydrophobic effect.® The capsule properties can be finely
tuned by partial reduction of the molybdenum-oxide-based
{(Mo)Mo;} pentagonal units,’ their replacement by the related
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tungsten-oxide-based units,"® by ligand exchanges at the
{Mo0",0,(11-0),(L)} linkers'’ and by varying the linkers.>"?
Following our recent report on Keplerate-type nanocapsules
with {Mo",0,(1-S)5(L)} linkers,"® we report herein the syn-
theses and analytical as well as spectroscopic characterization
of {WY',,Mo"¢l-type Keplerates with {Mo",0,(j-0)(1-S)(L)}+
linkers (L = CH;COO™ (1); L = SO, (2)) as well as the single-
crystal structure analysis of 2 thereby generating a capsule with
a new skeleton providing new internal reactivities.

Nay,[{We0,1(H,0)6}t12{M0,03S(CH3COO0)}30]-ca.  250H,0-ca
15CH;COONa = Nay,1a-ca. 250H,0-ca 15CH;COONa =1

Nay(CH3NH;)65[{W5021(H20)6}12{M0,055(SO4)} 30)-ca. 230H,0 =
Na,(CH3NHj;3)gg2a-ca. 230H,0 =2

Compound 1 was obtained by treating an acidified (pH ~ 4)
aqueous solution of sodium tungstate and sodium acetate
with an aqueous solution containing [Mo,0,(p-O)(u-S)(aq)**
building blocks.§ The method is similar to that used for the
syntheses of previously reported tungsten-oxide-based Keplerates
where the {(W)W;}-type units form in solution and are
“trapped” in spherical nanocapsules when appropriate linkers,
e.g. [M0,0,(p-0)5(aq)l,'** [M0,0,(k-S)a(aq)*",** VO(aq)*" '
or Fe(aq)®",’* are added to a dynamic library containing tung-
states. As in the case of the {Mo"";,Mo0" ¢, }-type Keplerate with
{M0,04(CH;COO)}" linkers,"" the acetate ligands can be easily
exchanged, e.g. by sulphate ligands as exemplified here by the
synthesis of 2.9

Compound 2 crystallizing in the space group R3| contains
the {W"',,Mo0"o} cluster 2a and belongs to the family of
porous capsules of the type {M"';,M0"o} (M = Mo, W). Com-
pound 1, the educt for 2, could only be characterized spectro-
scopically and analytically. The 12 centres of the pentagonal
{(WYYW"'sl-type units are positioned at the vertices of an icosa-
hedron and are connected by 30 {Mo",0,(p-O)(-S)} spacers,
the Mo atoms of which span a distorted truncated icosahedron
(Fig. 1, top). The 30 SO,>~ anions - located inside the cavity -
act as bidentate bridging ligands for the 30 {Mo",} groups.
The average Mo-Mo distance of 2.68 A within the linkers is in
agreement with the corresponding distance in dinuclear

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 Top: Polyhedral representation of 2a with view along a fivefold sym-
metry axis highlighting a pentagonal {(W")WV's}-type unit and the related five
{MoY,0,(u-0)(u-S)}** linkers stabilized by sulphate ligands, and showing the
characteristic pore scenarios not considering the disorder of the bridging oxo
and sulphido ligands (W green polyhedra, Mo blue octahedra, SO, yellow
tetrahedra, O red, disordered O/S orange spheres). Bottom: Side view of one
{MoY,0,(u-0)(u-S)(u-SO4)} linker showing the S/O disorder (colour code as
above, S yellow).

complexes containing the {Mo",0,(p-O)(u-S)} core,* and lies
as expected between the values of 2.58 and 2.84 A in the
{WYL,,MoYgo-type Keplerates with {MoY,0,(1-0),}*" *°* and
{M0Y,0,(u-S),}** ** linkers, respectively. The Mo-O-Mo and
Mo-S-Mo bridges are practically symmetrical with average
Mo-O and Mo-S distances of 1.89 and 2.36 A, respectively.

As the bridging oxide and sulphide ligands in 2a are dis-
ordered over two positions with half occupancy (Fig. 1,
bottom), this precludes a detailed description of the pores.
Four different types of pores, ie. {W3Mo0eOo}, {W3M0405S},
{W3M060,S,} and {W3Mo04s06S3}, are in principle possible; the
opening diameters should lie in between the respective values
of ca. 3.8 A and 2.2 A estimated for the two extreme (hypotheti-
cal) {W3Mo0eOo} and {W3Moe06S3} pores; for details see ESI
(Fig. S17).

The IR spectra of 1 and 2 (ESI, Fig. S2F) show the charac-
teristic band pattern for the metal-oxide skeleton of the
{MY%,,M0" ¢ }-type Keplerates between 1000 and 400 cm ™" (see

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 Raman spectrum (dexc = 785 nm) of an aqueous solution of 1.

e.g. ref. 10c and 15). Additionally they show the characteristic
features of the (symmetrically) bridging acetate and sulphate
ligands, respectively. (See ESIT for details regarding the absorp-
tion bands of the linkers in 1 and 2.)

The Raman spectra of aqueous solutions of 1 and 2 are
typical for Keplerates of the type {M"";,Mo0"4o} (M = Mo, W) as
they display only a small number of lines due to the high
(approximately icosahedral) symmetry of the metal-oxide skele-
ton (Fig. 2 and Fig. S31)."® They are similar to those of other
{WY,MoYgo-type  clusters'®'®  while the band pattern
differs markedly from that observed for {Mo"",,Mo"s0}-type
Keplerates,'®!” between 900 and 1000 cm™". This is due to the
fact that the band associated with the »(W=O)-A,-type
vibration (assuming I;, symmetry) is more intense than that of
the corresponding v5(Mo=O0) vibration of {Mo3,}-type clusters
in agreement with the higher W=O-bond polarisability
(see ref. 10a). The observed characteristic intense band at
ca. 890 ecm™" - observed for all Keplerates of the type
{MY';,M0"o} - is assigned to the totally Ay-type breathing
vibration of the p;-O atoms.

To summarize: the {(WYYW"'s};,{Mo0",0,(11-X),}30 Keplerate
sequence (X = 0;'°° X = S8") has been extended to
{Mo0",0,(-0)(1-S)} linkers. Sulphur substitution for bridging
oxygen atoms alters significantly the properties of the capsule
regarding those of the pore (size, flexibility, host-guest inter-
actions) as well as those of the skeleton (especially internal
ligand binding affinity to the {Mo",} linkers, affecting conse-
quently their interactions with substrates, e.g. encapsulated
cations). Changes of the capsule skeleton allow one to change
all types of interactions of the capsule with its environment
and especially to control the ratio of different hydrophobic
and hydrophilic internal ligands and e.g. correspondingly to
tune the segregation between the resulting hydrophobic
interior ligand wall and encapsulated water collections,
thereby providing new information about the hydrophobic
effect (see ref. 13, especially the ESIF with a new type of water
clustering in a special hydrophobic environment).
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Notes and references

§ Synthesis of 1. An aqueous solution of the aqua ion dimer [Mo",0,(p-O)(j-S)-
(aq)]** prepared from Na,[Mo0,0;S(cys),]-4H,0 (3.0 g, 4.8 mmol) as described in
the literature'® (see ESI for details) was added to a solution of Na,WO0,-2H,0
(4.5 g, 13.6 mmol) and NaCH;COO-3H,0 (10.0 g, 73.5 mmol) in water (30 mL)
which had been adjusted to pH ~ 4 with 100% acetic acid (18 mL). The milky
red-brown suspension was heated quickly to 80 °C (oil bath temperature) with
vigorous stirring under an argon atmosphere before an additional amount of
water (30 mL) was added. The reaction mixture was heated for 90 min at 120 °C
(oil bath temperature) under continuous vigorous stirring while the reaction
product started to precipitate. After cooling to room temperature, the brown
microcrystalline powder was filtered off, washed thoroughly with ethanol, and
dried with diethyl ether (1; yield: 3.0 g). (Found: C, 2.9; Mo, 16.0; Na, 3.9; S, 2.8;
W 37.0; Caled for CooH770M0goNas5,0754S30W7,: C, 3.07; Mo, 16.36; Na, 3.72; S,
2.73; W, 37.61). Crystals were obtained by adding CsCl (0.014 g) or dimethyl-
ammonium chloride (0.1 g) to a solution of 1 (0.2 g) in water (10 mL). Crystals of
the Cs' salt belong to the rhombohedral crystal system with cell parameters
a =32.56 and ¢ = 79.77 A, however their quality was not good enough for further
investigation. Characteristic spectroscopic data for 1: IR (KB} vpma/em™): 1626,
(5(H,0)), 1537, (1as(COO)), 1447, (15(CO0)), 957 (L(W=0)), 8765, 81045, 716,
665, 586m5, 532m, 440, (see Fig. $21); Raman (H,0; vpma/em™'): 972, 953,
886y, 85641, 4431, 368, 331, (see Fig. 2).

€ Synthesis of 2. A solution of 1 (0.2 g) in water (10 mL) was acidified with H,SO,
(0.5 M, 1.5 mL) under stirring (pH ~ 2). After addition of methylammonium
chloride (0.2 g) the reaction mixture was stirred for 30 min and then kept in an
open beaker. After 3 to 4 days, red-brown crystals of 2 could be isolated (Found:
C, 2.1; Mo, 16.5; Na, 0.25; N, 2.4; S, 5.3; Caled for CggHygs50MOgoNay-
N6gO784S60W72: C, 2.24; Mo, 15.82; Na, 0.25; N, 2.62; S, 5.29). Characteristic spec-
troscopic data: IR (KBr; vma/em™): 1629, (5(H,0)), 1189y, 1134, 1044,
(as(S04)), 9611 (L(W=0)), 8744, 810y, 7121, 670m, 581, 513m, 446, (see
Fig. S21). Raman (H,0; vma/em™Y): 9784, 959, 888, 8564y, 447m, 369m.s, 327
(see Fig. S3); UV-Vis (Hy0; Amay/nm): 379 (sh), 340 (e/dm’® mol™ em™ = 3 x 10°);
see part 5 in the ESL}

||Crystal data for 2: CggHi015MO06oNa3Ng5O764S60W-2y M = 36022.62 g mol™?,
rhombohedral, space group R3, a = 32.687(2), ¢ = 73.762(4) A, V = 68 251(7) A%, Z
=3,p=2.629 gcm >, u = 10.106 mm™", F (000) = 50 580, crystal size = 0.35 x 0.28
x 0.25 mm?®. A total of 184 856 reflections (2.20 < @ < 27.86°) were collected of
which 34 131 reflections were unique (R(int) = 0.0534). An empirical absorption
correction using equivalent reflections was performed with the program SADABS
2.03. The structure was solved with the program SHELXS-97 and refined using
SHELXL-97 to R = 0.0624 for 25 014 reflections with I > 24(I), R = 0.0998 for all
reflections; max/min residual electron density 2.134 and —2.127 e A’. CCDC
884952 contains the supplementary crystallographic data for this paper.
(SHELXS/L, SADABS from G. M. Sheldrick, University of Goéttingen 1997/2001;
structure graphics with DIAMOND 2.1 from K. Brandenburg, Crystal Impact
GbR, 2001.)
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Zusammenfassung der Ergebnisse

Mit Hilfe der Raman-Spektroskopie konnte gezeigt werden, dass sich das {Mo;3,}-
Keplerat 1 bei Zugabe vorsynthetisierter {Mo,"Y 04 }?*-Einheiten zu einer wissrigen
Losung von Ammoniumheptamolybdat, die in Anwesenheit von Ammoniumacetat mit
Essigsdure auf pH = 4 eingestellt wird, spontan nach kurzer Reaktionszeit bildet. Diese
Beobachtung lisst den Schluss zu, dass die {Mo," 04 }?*-Einheiten die Formierung der
zur Kapselbildung notwendigen pentagonalen {(Mo)Mos }-Einheiten aus den in einer

(virtuellen) dynamischen Bibliothek vorhandenen Polyoxomolybdat-Spezies lenken.

(NHy)42[MoV172MoV 600372(CH3CO0)30(H20)72] - ca. (300H,0 + 10 CH3;COONHy)
= (NHy)4p - 1a - ca. (300H,0 + 10CH3CO;NHy) =1

Die Ausweitung der Untersuchungen auf Polyoxowolframat-Systeme ergab, dass die
Zugabe vorsynthetisierter {Mo, " 04 }>*-Einheiten zu einer wissrigen Losung von Na-
triumwolframat bei hohen Temperaturen zur Bildung einer neuartigen molekularen
Kapsel auf Wolframoxid-Basis fiihrt. Die Familie der nanoskaligen Keplerate mit
dem allgemeinen Aufbauprinzip (Pentagon);;(Linker)sy konnte durch die Synthe-
se des {(W)Ws}12{M0,04}30-Clusters 2, in dem 12 {(W)(W5s)}-Einheiten mit 30
{Mo,V 0, (u-0),}%* verkniipft sind, erweitert werden. Wihrend die Existenz der penta-
gonalen {(Mo)(Mos)}-Einheit im [Mo360 12(H20)161%~-Anion, das sich unter nicht-
reduzierenden Bedingungen in wissrigen Molybdatlosungen bei niedrigen pH-Werten
bildet, seit langer Zeit bekannt ist, ist die analoge {(W)(W5)}-Einheit in der Chemie

der Polyoxowolframate bislang unbekannt gewesen.

[(CH3)2NH, ]ag[{(WYHW V50, (H20)5(CH3CO0)0 5 }12{M0Y204(CH3CO0) }30] - ca.
{270H,0 + 7CH3COO~ + 7(CH3),NH>"} =[(CH3),NH3]4g - 2a - ca. {270H,0 +
7CH3COO~ +7 (CH3)2NH2+} =2

Infolge der Entdeckung dieses Clusters war es moglich, weitere sphérische Cluster mit
{(W)(Ws)}-Einheiten ~ verkniipft ~ durch  {Mo,YO,(u-O)(u-S)}>*-  und
{M02V02([,L—S)2}2+—Einheiten zu synthetisieren (Verbindungen 3, 4 und 5). Keple-
rat 5 wurde durch Austausch der an die Mo" -Zentren koordinierenden Acetat- gegen
Sulfat-Liganden erhalten und zeigt die prinzipielle Moglichkeit zur Modifikation des

Kapselinneren auf, die bereits beim {Moj3; }-Keplerat bekannt ist.
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Co12[{WVY1021 (H20)6 }11{W V16021 (H,0)(HMo,05(H,0)) } {Mo",0,S2(CH3C0O0) } 19
{MOVQOZSQ(Hzo)z}zo] - ca. {11[(CH3)4N]* + 8Na* + 11CH3COO™ + 4SO42_ +
350 HoO} = Coq, - 3a - Gitterbestandteile = 3

Nagp[{WV15021(H20)6}12{MoY,03S(CH3;CO0) }30] - ca. 250H,0 - ca. 15CH3COONa
= Nayp - 4a - ca. 250H,0 - ca. 15CH3COONa =4

Nay(CH3NH3)6g[{W V16021 (H20)6 } 12{M0"203S(SO4) }30] - ca. 230H,0 - ca. 250 H,O
= Na4(CH3NH3)eg - 5a - 230H,O0 =5

Die Stabilitit der wasserloslichen Kapseln 2, 3 und S konnte durch die Raman-Spektros-
kopie belegt werden. Wie zu erwarten weisen die Spektren aller neuen Kapseln auf
Grund ihrer hohen Symmetrie nur wenige intensive Banden auf, liefern aber wichtige
Informationen iiber die Verdanderung der Oberflicheneigenschaften, die auf die Sub-
stitution der 72 MoV!-Zentren durch W"!-Zentren zuriickzufiihren ist. So fallen beim
Vergleich der Spektren der {(WY)(W5sV)}12{Mo,Y0,X;}30-Keplerate (X = O, S) mit
dem Spektrum des bekannten {(Mo¥!)(Mos"1)}12{Mo,"04}30-Keplerats Unterschie-
de im Bereich zwischen 900 — 1000 cm™'auf: Die der v(W=0Oem) Ag-Schwingung
zuzuordnende Bande, ist deutlich intensiver und tritt bei einer hoheren Wellenzahl auf
als die entsprechende v(Mo=0Oyerm)-Bande des {Moj3; }-Keplerats. Diese Beobachtung
ist durch die hohere Polarisierbarkeit und die hohere Bindungsstirke der terminalen
W=0-Bindungen zu erkldren. Die hohere Bindungsstirke der W=0-Bindungen senkt

die Elektronendichte an den entsprechenden Sauerstoffatomen.

Durch die Verwendung von dinuklearen Molybdinkomplexen, in denen die Mo"-
Zentren durch zwei Sulfid-Liganden bzw. einen Sulfid- und einen Oxid-Liganden
verbriickt sind, konnten neben den {W3MogOg }-Poren des {(W)W5s}12{M0,204}30-
Clusters 2 die drei neuen Porentypen {W3MogOeS3}, {W3MosO7S,} und
{W3MocOgS} erhalten werden. Die im Vergleich zu den {MogOg }- und {W3MogOg }-
Poren kleinere Porengrof3e, die aus dem Vorhandensein von Sulfid-Liganden resultiert,
fiihrt zu Verdnderungen der Poren-Flexibiltit und -Reaktivitit. Die Interaktion dieser
Poren mit verschiedenen (harten) Metall-Kationen sowie die Tendenz der iiber Wasser-
stoffbriicken gebundenen Giste (z.B. Guanidinium- oder Formamidiniumkationen), die

Poren zu verschlieBen wird dadurch geschwicht.

Im Innenraum des Keplerats 3 konnte ein neuartiger Trennungs/Segregations-Effekt
zwischen der im wesentlich hydrophoben, durch Acetat/Wasser-Liganden aufgespann-

ten inneren Kapselwand und den eingekapselten Wassermolekiilen entdeckt werden.
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Etwa 20 Wassermolekiile werden von der hydrophoben Kapselinnenfliche abgesto3en

und bilden eine ungewohnlich kugelférmige Schale.

Das wesentliche Ergebnis dieser Arbeit ist die Erkenntnis, dass die gezielte Synthe-
se von {Moj32} und {W7Mogo }-Kepleraten moglich ist. Die Zugabe dinuklearer
{MOZV}—Baueinheiten zu einer (virtuellen) dynamischen Bibliothek von ,,Molybda-
ten* oder ,,Wolframaten* fiihrt tiber die Bildung der komplementéiren pentagonalen
transferierbaren {(M)Ms }-Baugruppe (M = MoV, WY1 in einem spontan ablaufen-
den Selbstorganisationsprozess zu den sphirischen Metall-Sauerstoff-Clustern. Im
»Wolframat“-Reaktionssystem verlduft dieser Prozess allerdings vermutlich auf Grund
der im Vergleich zum Molybdin festeren W—O-Bindung langsamer und erst bei hoheren
Temperaturen. Bislang war die Moglichkeit der Direktsynthese nur bei den kleineren
Kepleraten des Typs {Mo7,M30} (M = Fell, VIV, Cr'!") bekannt, allerdings unter deut-
lich saureren Bedingungen (pH = 2). Auch wenn die Reaktionswege, die zur Bildung
der {Moj3,} und der neuen {W7,Mogg }-Keplerate nicht genau bekannt sind, so ldsst
sich anhand der erhaltenen Ergebnisse dennoch vermuten, dass die vorsynthetisier-
ten {Mo,Y0,X;}?*-Baueinheiten (X = O, S) die Formierung der komplementiren
{(M)M;5 }-Baugruppen steuern, wihrend die Triebkraft der Reaktion — wie bereits

angenommen — die hohe Bildungstendenz sphirischer Cluster ist.
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