EDITORIAL

Flourishing on a Foundation of Strength and Depth

In 1997 the emergence of the European Journals was
heralded in an editorial (En Route to European
Journals of Inorganic and Organic Chemistry). The
importance of a good foundation was emphasized.
On that foundation the journals were established
seven years ago. These years have been a time of con-
solidation to fuse the group of owner societies into
the Editorial Union of Chemical Societies (EU-
ChemSoc), to expand this union, and to achieve its
challenging aims explicitly stated in the editorial
(1999) of the European Journal of Inorganic Chemis-
try: “It is our most dedicated goal to reach the level
of the top-3 Inorganic Chemistry journals on a world
wide scale within three to five years”. Where does the
EurJIC stand five years down the road? With an Im-
pact Factor of 2.482 the journal certainly has reached
this level. The first boards have attained their goals
admirably. The phase of consolidation is over — it is
time to press on!

From the same editorial I quote: “We expect gradu-
ally to move to a system where a limited number (of
Editorial Board members) each cover a certain sub-
field within ... Inorganic Chemistry.” This change
has been realised from 2005. The Editorial Board
has been expanded to include experts in coordination
and supramolecular chemistry; organometallic
chemistry and catalysis; bioinorganic chemistry
and metal ions in bio-
logy; main-group
chemistry; solid-state
and materials chemis-
try; and physical and
theoetical inorganic

Expertise
in the

Editorial Board

chemistry. Although the Editorial Board members
primarily advise on matters in their field of com-
petence, one Editorial Board member representing
the chemical societies of France, Germany, Italy, the
Netherlands, and Spain is responsible to the EU-
ChemSoc who owns the journal. These are the countries
in EUChemSoc from which we receive the largest
number of manuscripts. The smaller chemical socie-
ties involved — those of Belgium, Greece, Hungary,
and Portugal — shall supply one member in turn. An
interesting statistic in this regard is the source of the
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submitted manuscripts. More than 60% come from
other countries. EurJIC is indeed “made in Europe
for the world”.

Two of the original members have retired to make
way for members in new fields. Jaume Casabd has
dedicated many years to publishing. Since 1994 he has
been Editor of the Spanish Chemical Society (RSEQ)
and prepared the way for the amalgamation of its
journal into EurJIC. In addition to his work as Edi-
torial Board member of EurJIC from 1999, he ini-
tiated the Spanish membership journal and was its
first editor until 2000. Bernard Meunier took on the
position in the Board for France in 1998. Although
his recent prestigious appointment as President of the
CNRS will leave him little time for editorial duties,
he remains faithful to the concept of European pub-
lishing as member of the Editorial Advisory Board of
ChemBioChem. On behalf of the Editorial Board and
the Editorial Office of EurJIC I warmly thank both
of them for their invaluable work at a crucial period
for the journal and wish them every success in the
future. I enjoyed the close cooperation and very much
appreciated their advice.

We welcome three new members, Pablo Espinet,
Rinaldo Poli and Jodao Rocha. Their expertise in all as-
pects of organometallics, catalysis, materials and
theoretical chemistry comes at the right time as
EurJIC is expanding into these important areas of
inorganic chemistry. I look forward to working with
them more closely and hope that they will enjoy being
ambassadors for the journal.

Simultaneously, the regular rotation in the Advisory
Board has begun. About one-third of the Board have
retired and eleven
new members join
this month. There is
not enough space to
mention the contri-
butions of all whose

Thanks to outgoing
International
Advisory Board Members

term of office has now ended, but I thank all of them
for their part in the development of the journal. When
we pondered the new composition of the Inter-
national Advisory Board we recognised that Austria,
the Czech Republic, and Sweden — the Associate
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Member countries, who actively support the journal
but for one reason or another could not merge a jour-
nal — should also be represented. The names of all
current members are given on the second masthead
page. With these advisors your interests in inorganic
chemistry, whatever they are, will receive expert atten-

tion.
Table 1 shows a selec-

T tion of papers pub-
Apphcgtmns lished in 2004 that
. an have already been
basic research multiply cited. First it

is clear that our
authors come from all over the world. Second the pa-
pers cover the wide range of the fields mentioned
above. perties all get a They focus on the structure
and reactivity of inorganic compounds. Applications
are clearly very important. Luminescent, photolumi-

nescent, magnetic and electrochemical properties all
get a look in. Bioinorganic, supramolecular and clus-
ter chemistry, coordination polymers and main-group
chemistry are all there. Ionic liquids and theoretical
modelling also get a mention. And finally, inter-
national cooperations are a strength of the journal.
EurJIC is indeed international and covers all aspects
of modern Inorganic Chemistry.

Change characterises life, so it is unremarkable that
scientific publishing, too, faces new challenges. The
most controversial discussions on open access will
continue in 2005, debating the issues of “Who pays?”
and “Can we maintain the quality if an author pays?”
The progress 1 wish to highlight here has been
achieved: the standardisation of the measures for
quoting the number of downloads. Without stand-
ards, usage figures could and did look good, but very
often the highest figures were not the best and com-

Table 1. A selection of the most cited EurJIC Papers published in 2004

Title

Authors

The “Rebound Controversy”: An Overview and Theoretical
Modeling of the Rebound Step in C
—-H Hydroxylation by Cytochrome P450

S. Shaik,* S. Cohen, S. P. de Visser, P. K. Sharma, D. Kumar,
S. Kozuch, F. Ogliaro, D. Danovic

The Dynamic Status Quo of Polyhedral Silsesquioxane Coordi-
nation Chemistry

R. W. J. M. Hanssen, R. A. van Santen, H. C. L. Abbenhuis*

Eu" Luminescence in a Hygroscopic Ionic Liquid: Effect of Water
and Evidence for a Complexation Process

1. Billard, S. Mekki, C. Gaillard, P. Hesemann, G. Moutiers,
C. Mariet, A. Labet, J.-C. G. Biinzli*

A Blue Photoluminescent 2-D Coordination Polymer Constructed
by Dinuclear Zinc(i1) Subunits [Zn,(0z),] [Hoz = 2-(2-Hydroxyphe-
nyl)-2-oxazoline] and Dicyanamide

J. Zhang, S. Gao, C.-M. Che*

Determination of the Solvothermal Synthesis Mechanism of Metal
Imidazolates by X-ray Single-Crystal Studies of a Photoluminescent
Cadmium(11) Imidazolate and Its Intermediate Involving Piperazine

Y.-Q. Tian*, L. Xu, C.-X. Cai, J.-C. Wei, Y.-Z. Li, X.-Z. You

Supramolecular Host—Guest Systems in Zeolites Prepared by Ship-
in-a-Bottle Synthesis

A. Corma*, H. Garcia*

Metal-Directed Self-Assembly: Two New Metal-Binicotinate Grid
Polymeric Networks and Their Fluorescence Emission Tuned by Li-
gand Configuration

B.-L. Wu, D.-Q. Yuan, E-L. Jiang, R.-H. Wang, L. Han,
Y-

L.
F. Zhou, M.-C. Hong*

Reactivity of Organoelement Subhalides of Gallium and Indium —
Ga—Ga and In—In Bonds Bridged by Carboxylato Ligands

W. Uhl*, A. El-Hamdan

Structural Snapshots of a Dynamic Coordination Sphere in Model
Complexes for Catechol 1,2-Dioxygenases

M. Merkel, D. Schnieders, S. M. Baldeau, B. Krebs*

Synthesis, Crystal Structures, and Magnetic Properties of a Mono-
and a Dinuclear Copper(11) Complex of the 2,4,6-Tris(2-pyridyl)-
1,3,5-triazine Ligand

T. Glaser*, T. Liigger, R. Frohlich

Synthesis, Characterization and Electrochemistry of the Novel Daw-
son-Type Tungstophosphate [H,PW,504,]"~ and First Transition
Metal lons Derivatives

1.-M. Mbomekalle, B. Keita, Y. W. Lu, L. Nadjo*, R. Contant,
N. Belai, M. T. Pope

The Construction of (N,S,)Ni—Pd Clusters: A Slant-Chair, a Basket
and a C4-Paddlewheel Structure

Golden, S. P. Jeffery, M. L. Miller, J. H. Reibenspies,

M. L.
M. Y. Darensbourg*
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parisons were meaningless. Since January 2004, Wiley
InterScience usage statistics have been COUNTER-
compliant. What lies behind this new standard statistic?
COUNTER stands
for Counting Online

P}i;rﬂgreils Usage of NeTworked
t Du'g : Electronic Resources
standardisation and “has been devel-

oped to provide a
single, international, extendible Code of Practice that
allows the usage of online information products and
services to be measured in a credible, consistent and

6 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

compatible way using vendor-generated data.” Com-
parisons can now be reliably made between all
COUNTER-compliant statistics. You can find out
more about COUNTER under http://www.
projectcounter.org/.

I wish all our readers and authors a Happy New Year.
May the year 2005 bring you peace and prosperity,
and success in all your endeavours.

Karen Hindson
Editor, EurJIC
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COVER PICTURE

The cover picture shows the hexagonal 2:4 coordination com-
plex formed between 1,3-bis(3’-pyridylethynyl)benzene and
copper(Il) acetate. The ligand, synthesized by the Sonagashira
coupling of 1,3-ethynylbenzene with 3-bromopyridine, was
designed to form hexagonal coordination complexes with
metals that favor linear coordination geometry. In this
example the dimeric copper(11) acetate paddlewheel forms an
almost linear connection between a pair of dipyridyl ligands.
Details are discussed in the Short Communication by
E. Bosch et al. on p. 45ff.

MICROREVIEW

Contents

27 M. A. Carreon, V. Guliants*

Ordered Meso- and Macroporous Binary and
Mixed Metal Oxides

Keywords: Mesoporous / Macroporous / Transition me-
tal oxides / Catalytic applications
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SHORT COMMUNICATIONS

45

N. Schultheiss, J. M. Ellsworth, E. Bosch,*
C. L. Barnes

Formation of Hexagonal Coordination Com-
plexes

Keywords: Crystal engineering / N ligands / Metalla-
cycles / Microporous materials

47

IO

H. Zhang, S. Zhang,* M. Zuo, G. Li, J. Hou

Synthesis of ZnS Nanowires and Assemblies by
Carbothermal Chemical Vapor Deposition and
Their Photoluminescence

Keywords: Chemical vapor deposition / Luminescence /
Nanostructures / Self-assembly / Zinc

51

R. P. Davies,* S. Hornauer

Lithium Cyanocuprates: Structural Studies of a
Phosphane Adduct of a “Lower-Order”
Lithium Cyanocuprate

Keywords: Cuprates / Lithium / Reaction intermediates /
Michael addition

55

J.-M. Shi,* W. Xu, B. Zhao, P. Cheng,
D.-Z.. Liao, X.-Y. Chen

A 2D Thiocyanato-Bridged Copper(i1)-Manga-
nese(Il) Bimetallic Coordination Polymer with
Ferromagnetic Interactions

Keywords: Structure elucidation / Magnetic properties /
Bridging ligands / Manganese
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59 D. Fenske,* A. Rothenberger, M. S. Fallah

Oxidation of a One-Dimensional Coordination
Polymer and Synthesis of the Macrocyclic Silver
Complex [Ag»(PhS,P—PS,Ph)s(dppeS)e]

Keywords: Silver / Chalcogenides / Macrocycle / P
ligands / S ligands

63 J. Dou,* L. Wu, Q. Guo, D. Li, D. Wang

A New Strategy for the Preparation of Metalla-
boranes — Solvothermal Synthesis and Structural

Characterisation

of Two Nido 1l1-vertex

Diplatinaundecaborane Clusters

Keywords: Diplatinaundecaborane / Deboronation /
Hydrothermal synthesis

B\
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66 K. Heinze,* M. Schlenker

IO

Anion-Induced Motion in a Ferrocene Diamide

Keywords: Anion recognition / Anion sensing / Hydro-
gen bonds / Metallocenes / Receptors
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72 K. P. Bryliakov,* E. A. Duban,

E. P. Talsi

The Nature of the Spin-State Variation of

[Fe''(BPMEN)(CH;CN),](ClO,), in Solution

Keywords: Magnetic properties / Iron(i1) complexes /

Spin crossover / Liquid state / Solvent

effects
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77

Z.-7.. Lin, F.-L. Jiang, L. Chen,

D.-Q. Yuan, Y.-F. Zhou, M.-C. Hong* ’?@

7

Two Novel Inorganic-Organic Hybrid Frame-
works Based on In"-BTC and In"-BTEC

Keywords: Indium(iir) / Benzenemulticarboxylate

82

L-P. Lorenz,* S. Rudolph, H. Piotrowski,
K. Polborn

Reactions of K,[Fe(CO);(PPhs)]:  Reductive |

Sb—Sb Coupling with Ph,SbCl To Form frans- e OC"""]Fe\co 2Kl
[Fe(CO)5(PPhs)(Sb,Phy)] and Salt Metathesis with oc

Me;SbCl, To Yield trans{Fe(CO);(PPh;)(SbMes)]

(_

+Me;SbCl,
Keywords: Antimony / Coupling reactions / Iron /
Metathesis
87 L. Levin,* Q. Z. Huang, L. P. Cook, — Rhombohedral cell
W. Wong-Ng
FY,
oY, — OfFY,
=— Cubic cell—
Nonquenchable Chemical Order—Disorder Phase FY, — OFY,
Transition in Yttrium Oxyfluoride
0Y, — O/FY,
[in
Y_ £k | (b) Cubic
Keywords: Phase transitions / Yttrium / X-ray _
diffraction / Order—disorder transitions (a) Rhombohedral
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92

B. Meyer zu Berstenhorst, G. Erker,*
G. Kehr, J.-C. Wasilke, J. Miiller,
H. Redlich, J. Pyplo-Schnieders

Bioorganometallic Chemistry: Reactions of
Methyltitanocene Cation Complexes with a
Singly Deprotected Methyl Glucopyranoside

Keywords: Carbohydrate complexes / Titanocene / Zir-
conocene / Lewis acid / Chelate complexes /
Bioorganometallic chemistry
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100

F. A. Jalon, B. R. Manzano,*
B. Moreno-Lara

Apparent Allyl Rotation and Pd—N Bond
Rupture in Allylpalladium Complexes with N-
Donor Ligands — Evidence of an Associative
Mechanism

Keywords: Allyl ligands / Fluxionality / N ligands / Pal-
ladium

110

M. Lepeltier, T. Kwonk-Ming Lee,
K. Kam-Wing Lo,* L. Toupet, H. Le Bozec,
V. Guerchais*

Synthesis, Structure, and Photophysical and Elec-
trochemical Properties of Cyclometallated Irid-
ium(m) Complexes with Phenylated Bipyridine Li-
gands

Keywords: Electrochemistry / Iridium / N ligands /
Photochemistry

NAC = phenylpyridine

3, L = Me,pbpy 4, L = Me,bpy

118

IO

A. A. Marti, G. Mezei, L. Maldonado,
G. Parailitici, R. G. Raptis, J. L. Colon*

Structural and Photophysical Characterisation of
fac-[Tricarbonyl(chloro)(5,6-epoxy-1,10-phenan-
throline)rhenium(1)]

Keywords: Carbonyl ligands / Coincidental resonances /
Facial isomers / Energy gap law / Rhenium
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125

0

M. Dochnahl, M. Doux, E. Faillard,
L. Ricard, P. Le Floch*

A New Mixed P,S-Bidentate Ligand Featuring a
A4-Phosphinine Anion and a Phosphanyl Sulfide
Group — Synthesis, X-ray Crystal Structures
and Catalytic Properties of Its Chloro(cy-
mene)ruthenium and Allylpalladium Complexes

Keywords: Density functional calculations / Homo-
geneous catalysis / P ligands / Ruthenium /
Palladium / S ligands

135

M. Scheer,* U. Vogel, U. Becker, G. Balazs,
P. Scheer, W. Honle, M. Becker, M. Jansen

Synthesis and Characterisation of Novel Com-
plexes Containing Group 15 Elements and Their
Potential Use as Molecular Precursors for the
Formation of Transition Metal Pnictides

Keywords: Cobalt / Cluster compounds / Phosphorus /
Thermochemistry / Tungsten
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142

0

S. B. Artemkina, N. G. Naumoyv,*
A. V. Virovets, V. E. Fedorov

3D-Coordination Cluster Polymers [Ln(H,O)s-
RegTeg(CN)g]'nH,O (Ln = La’*, Nd3™): Direct
Structural Analogy with the Mononuclear
LnM(CN)gnH,O Family

Keywords: Rhenium / Cluster compounds / Structure
elucidation / Cyanide ligand / Lanthanides

147

M. R. Maurya,* S. Agarwal, C. Bader,
D. Rehder*

Dioxovanadium(v) Complexes of ONO Donor
Ligands Derived from Pyridoxal and Hydra-
zides: Models of Vanadate-Dependent Haloper-
oxidases

Keywords: Vanadium / Hydrazones / Catalytic
bromination / Pyridoxal
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158

A. Machkour, D. Mandon,* M. Lachkar,
R. Welter

Oxidative  Dehydrogenation of Secondary
Amines: The Case of the N,N,N'-Tris(2-pyridyl-
methyl)-o-phenylenediamine Ligand when Coor-
dinated to Iron Dichloride

Keywords: Ferrous complexes / Dioxygen activation /
Oxidative dehydrogenation

162

G. Falini,* S. Fermani, S. Vanzo, M. Miletic,
G. Zaffino

Influence on the Formation of Aragonite or
Vaterite by Otolith Macromolecules

Keywords: Biomineralization / Otoliths / Vaterite /
Aragonite / Calcium carbonate / Poly-
morphism / Bioinorganic chemistry

168

K.-P. Zeller,* P. Schuler, P. Haiss

The Hidden Equilibrium in Aqueous Sodium
Carbonate Solutions — Evidence for the Forma-
tion of the Dicarbonate Anion

Keywords: Dicarbonate anion / Isotopic labeling /
NMR spectroscopy / Oxygen transfer

173

K. A. Mahmoud, Y.-T. Long, G. Schatte,
H.-B. Kraatz*

Rearrangement of the Active Ester Intermediate
During HOBt/EDC Amide Coupling

Keywords: Ferrocene / Hydroxybenzotriazole / Amide
coupling / Amino acid / Electrochemistry
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181

G. Barberio, A. Bellusci, A. Crispini,
M. Ghedini, A. Golemme, P. Prus,
D. Pucci*

Columnar Mesomorphism in Hexacatenar
Tetrahedral (2,2'-Bipyridine)zinc Complexes and
Homologous Palladium Derivatives

Keywords: Bipyridine ligands / Zinc / Palladium /
Metallomesogens / Columnar structures

189

C. Miranda, F. Escarti, L. Lamarque,
E. Garcia-Espana,* P. Navarro,* J. Latorre,
F. Lloret, H. R. Jiménez, M. J. R. Yunta

Cu" and Zn" Coordination Chemistry of
Pyrazole-Containing Polyamine Receptors —
Influence of the Hydrocarbon Side Chain
Length on the Metal Coordination

Keywords: Pyrazole macrocycles / Copper and zinc co-
ordination / Acid-base and metal formation
equilibria / Polyamine ligands / Paramag-
netic NMR

209

C. J. Burchell, S. M. Aucott,
A. M. Z. Slawin, J. D. Woollins*

Synthesis and Characterisation of the First
Cyanodiselenoimidocarbonate [CoN5Se, >~
Complexes

Keywords: Selenium / Platinum / Coordination modes

214

Y. V. Mironov, V. N. Ikorskii, V. E. Fedorov,
J. A. Tbers*

Octahedral Molybdenum Cluster Cyanide
Complexes with Selenide and Halide Ligands in
the Cluster Core

Keywords: Molybdenum / Clusters / Chalcohalide /
Cyanide / Solid-state structures
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218 Z.-Y. Cheng, B.-L. Shi, B.-X. Gao,
M.-L. Pang, S.-Y. Wang, Y.-C. Han, J. Lin*

Spin-Coating Preparation of Highly Ordered
Photoluminescent Films of Layered Pbl,-
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The European Journal of Inorganic Chemistry (EurJIC) 1is

published twice monthly.

Manuscripts should be submitted online using our online submission
service at http://www.manuscriptXpress.org. You should prepare a
single file containing all tables, graphics, supporting information
(where appropriate) etc. Acceptable file formats are Microsoft Word,
Rich Text Format, Postscript and PDF. Avoid the use of page breaks
even between the title page and the introduction. If graphics are
included at the end of the manuscript, try to fit as many as possible
onto a single page. The file should have margins of 2 cm and be
1.5-line spaced.

Authors can follow the progress of their manuscript on their per-
sonal homepage, which is created automatically upon initial regis-
tration. This homepage is the same for the family of Wiley-VCH
European journals and can be used to store the latest version of a
submitted paper and to upload the document file after acceptance.
Your referee reports for the family of Wiley-VCH European jour-
nals are also archived here.

No paper copies of the manuscript are required when using this sys-
tem.

e The author must inform the editor of all manuscripts submitted,
soon to be submitted, or in press at other journals that have a
bearing on the manuscript being submitted.

e The correspondence author of a Microreview will receive a com-
plimentary copy of the journal along with a PDF file of his/her
paper restricted to 50 printouts; the correspondence author of
other articles will receive a PDF file restricted to 25 printouts.
Colour figures can be reproduced. Unless essential for the under-
standing of a paper, authors will be requested to make a contri-
bution towards the costs of colour reproduction. Details will be
provided after acceptance of the manuscript.

e We encourage authors to submit pictures for the cover page. A
template of our cover page, eurjiccover.pdf, can be reached by
clicking the link “For Authors” on our journal homepage (http://
www.eurjic.org), to help you visualize the final effect of your de-
sign.

IMPORTANT: Any manuscript already available on personal/
group web pages will be considered by the editors as already pub-
lished and will not be accepted.
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EurJIC publishes articles on inorganic, organometallic, bioinorganic,
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dergo peer review. An author may appeal against the decision on his/
her manuscript, in writing. Three types of contributions are accepted
for publication:
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— Full Papers are articles with an Experimental Section that de-
scribe a significant contribution to the development of an area
of research of importance. There are no restrictions placed on
the length of a Full Paper.

— Short Communications are brief reports on results of high sig-
nificance and urgency. Generally, they are no longer than 12—16
double-spaced pages or 3—4 typeset pages. An Experimental
Section (as a separate paragraph or as part of the references) is
desirable; if it is not included in the paper, the experimental data
should be submitted as Supporting Information for refereeing
purposes, and marked as such. A justification for urgent publi-
cation should accompany submission.

— A Microreview introduces the reader to a particular area of an
author’s research through a concise overview of a selected topic.
As a rule, Microreviews are written on invitation, although un-
solicited articles are also welcome. It is recommended, however,
to contact the editor before submitting an unsolicited Microre-
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be a focused review of 25—30 double-spaced pages or 6—8 type-
set pages. Reference to important work from others that is sig-
nificant to the topic should be included. Microreviews will be
refereed but will have no Experimental Section.

3. Manuscript Preparation
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The whole of the manuscript should be 1.5-line spaced and in a
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prepare your text with Microsoft Word (PC or Macintosh versions)
(see Section 3.2). Use the automatic pagination function incorpor-
ated in your word processor to number the pages; do not insert
page numbers by hand. Leave a 2-cm margin around the perimeter
of each page. The figures, schemes and graphical abstract in the ac-
cepted version should be camera-ready. Consult a current issue of
the journal for an overview of the format. A manuscript should
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tal Section &7 Acknowledgments (optional) & Captions {7
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3.2 Text

The text should be typed with carriage returns (hard returns) only
at the end of a paragraph, title, heading and similar features. Avoid
end-of-line word divisions.

Abbreviations and acronyms should be used sparingly and consist-
ently. Where they first appear in the text, the complete term —
apart from the most common ones such as NMR, IR, THE, Bu
etc. — should also be given.
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In the Experimental Section, quantities of reactants, solvents etc.
should be included in parentheses [e.g. A solution of triphenylphos-
phane (500 mg, 1.91 mmol) in dichloromethane (15 mL) was ad-
ded to.....].

NMR spectroscopic data should be quoted as in the following ex-
ample: '"H NMR (300 MHz, C¢Dg, 25 °C): 6 = 1.3 (s, 18 H,
SiMe3), 0.9 (d, 3Jyu = 5.7 Hz, 2 H, 2-H) ppm. For each chemical
shift, additional information should be given in the order: multi-
plicity, coupling constant, number of protons, assignment. The
NMR data of different nuclei should be listed in ascending order
of atomic weight (e.g. 'H, 13C, '°F, »Si.....).

The purity of all new compounds should be verified by elemental
analysis to an accuracy within £0.4%. In special cases, for in-
stance when the compound is unstable or not available in sufficient
quantities for complete analysis, the exact relative molecular mass
obtained from a high-resolution mass spectrum and a clean '3C
NMR spectrum (as additional material for inspection by the ref-
erees) should be supplied.

Symbols of physical quantities, but not their units (e.g. 7 for tem-
perature, J, a), stereochemical information (cis, trans, Z, R), locants
(N-methyl), symmetry and space groups (P2,/c), and prefixes in
formulas or compound names (zBu, zert-butyl) must be in italics.
Latin phrases, such as “in situ”, should not.

Stereochemical descriptors, such as D- and L-, and molar (M) or
normal (N) should be in small capitals.

Use character formatting for italic and bold characters. Avoid any
special style sheets to format these features. Write capital letters
using the keyboard (shift + letter key), not the format “Capital
letter” in Word.

Use only characters from the Symbol and Normal Text character
sets, especially when inserting Greek letters and characters with
umlauts, accents, tildes, etc.: o, A, &, 4, a.

There are three types of hyphens: normal dashes (-), en dashes (—),
and em dashes (—). Use these as illustrated — spacing is important
too — in the following examples:

well-known reaction C—H bond
six-membered ring Tables 2—4
3-position of the ring carbon—oxygen bond
signal-to-noise ratio C—N stretch

Diels—Alder reaction
structure—activity relationship

Mo-K,
1,2-dicyanobutane
p-tert-butylphenol 80—100 mg
(—)-tartaric acid carried out at —10°C
[M* — CH;] cm™!

Use the symbol X where appropriate, rather than the letter x:
... washed with water (2 X 150 mL) ...

Use the double quotation marks “...” rather than ,,...“, "..." or «...»

Graphics (including structural formulas, schemes, figures, equations
and small graphical items that appear in captions) must be submitted
camera-ready on separate pages after acceptance of the manuscript
(see Section 3.5).

Lines or arcs, for example to indicate ring compounds, cannot be
used within the text. Another method for indicating such com-
pounds must be devised. Please contact the Editorial Office if any
help is needed.

If practical, authors should use a systematic name (IUPAC or
Chemical Abstracts) for each title compound in the Experimental
Section. Please try to avoid complicated, multi-line names if a sim-
pler version (e.g. alcohol 4, ketone 5, compound 6) could be used
instead.

3.3 Tables

Use the Insert Table command from the Table menu or use the
Insert Table button on the Standard toolbar for creating tables, and
use tabs ONLY to move between cells.
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3.4 References

We strongly recommend the use of the Endnotes feature of Word.
If you prefer not to use this function, references should be indicated
by numbers in square brackets as superscripts and, if applicable,
after punctuation (example: text.[l). Use the Format Font menu.

Journal titles should be abbreviated according to the Chemical Ab-
stracts Service Source Index (CASSI).

The Author is responsible for correct citations. The European Journal
of Inorganic Chemistry is a member of Cross Ref. (http://
www.crossref.org), a service which links reference citations to the
online content that those references cite. This can only function if
the citations are accurate. Please ensure that only one reference is
cited under each reference number or that a composite reference is
subdivided into parts a), b) etc. For example:

[1] A. Einstein, A. N. Other, Eur. J. Inorg. Chem. 2003, 1—15.
[2] R. Schoenfeld, The Chemist’s English, 3rd ed., VCH, Weinheim,
1990, p. 111.

or

[1]a) A. Einstein, A. N. Other, Eur. J. Inorg. Chem. 2003, 1—15; b)
R. Schoenfeld, The Chemist’s English, 3rd ed., VCH, Weinheim,
1990, p. 111.

but not

[1]a) A. Einstein, A. N. Other, Eur. J. Inorg. Chem. 2003, 1—15; R.
Schoenfeld, The Chemist’s English, 3rd ed., VCH, Weinheim, 1990,
p- 111.

3.5 Graphics

Graphics are schemes, figures, equations and small graphical items
that appear in captions. Graphics differ fundamentally from the
text portion of your manuscript in that they must be scanned or
electronically processed.

In the revised version please submit each graphic in its own file
within a graphic folder. The following formats are preferred:
*.cdr, *.cdx, *.wmf (windows metafile), *.pct, *.tif, *.eps. For good
reproduction the resolution should be a minimum of 300 dpi.
Consult the following table for the appropriate size of lettering.
Lettering smaller than 3.0 mm will reproduce poorly. Please use
only one size of lettering per graphic and a font like Times New
Roman, which distinguishes between 1 (small L) as in HCI (hydro-
chloric acid) and I (capital i) as in HCI (iodocarbene).

Table 1. Guide for preparing graphics

Maximum Graphic Width®!

Letter Size Font 1-Column Format 2-Column Format

Times New Roman

3.0 mm 12 13 cm 26 cm
3.5 mm 14 15 cm™™ —
4.0 mm 16 17 cml® -
4.5 mm 18 19 cm —

[a] Most graphics are in 1-column format. [b] We prefer lettering of 3.5 or
4.0 mm with maximum graphic widths of 15 or 17 cm, respectively.

The settings for one-column graphics constructed with Chem Draw
can be found in the template eurjourn.zip, which can be reached by
clicking the link “For Authors” on our journal homepage (http:/
www.eurjic.org). These settings are: Print Setup: Orientation Por-
trait. Caption and Label Settings: Font Times New Roman, Font
Style Standard, Size 12.

Note that the graphical abstract must be in one-column format and

in black-and-white.
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These settings help ensure the correct letter-size-to-graphic-width
ratio for best reproduction.

Use abbreviations such as R!, R? (not R,), R’, R”, Ph, Me, Et, iPr,
tBu, Ph, Bn (benzyl), Bz (benzoyl), Hal, L, M (metal), X (het-
eroatom).

4. Crystallographic Data

Authors must deposit the data of X-ray structure analyses in a
crystallographic database before submitting their manuscript, so
that referees can access the information electronically. The two data-
bases, the Cambridge Crystallographic Data Centre (CCDC) and
the Fachinformationszentrum Karlsruhe (FIZ) have the same pro-
cedure for the deposition of data and both will be pleased to pro-
vide help. In general, you will receive a depository number from
the database two working days after electronic deposition. Send
your data to the appropriate address below and quote the standard
text, including the depository number, in your manuscript.

e For all compounds without C—H bonds:

Fachinformationszentrum Karlsruhe (FI1Z)

76344 Eggenstein-Leopoldshafen, Germany

Phone: +49-(0)7247/808-205

Fax: +49-(0)7247/808-666

E-mail: crysdata@fiz-karlsruhe.de

FTP: ftp.fiz-karlsruhe.de (under path /pub/csd)

WWW: http://www.fiz-karlsruhe.de (under “Products and Services )

Further details of the crystal-structure investigation(s) may be ob-
tained from the Fachinformationszentrum Karlsruhe, 76344
Eggenstein-Leopoldshafen, Germany, on quoting the depository
number(s) CSD-....

e For all compounds with at least one C—H bond:

Cambridge Crystallographic Data Centre (CCDC)
12 Union Road, Cambridge CB2 1EZ, UK
Phone: +44-(0)1223/336-408

Fax: +44-(0)1223/336-033

E-mail: deposit@ccdc.cam.ac.uk

WWW: http://www.ccdc.cam.ac.uk

CCDC-****%* contains the supplementary crystallographic 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.

NOTE: Please use the free online Checkcif service provided by the
International Union of Crystallography and submit the Checkcif
report along with your manuscript: http://journals.iucr.org/services/
cif/checkcif.html.

Finally, before you return your revised manuscript, please update
your database entry if necessary.

5. Electronic Supporting Information

A manuscript may include Electronic Supporting Information
which will be accessible only on the WWW. Authors must keep a
copy to make available to readers who do not have access to the
internet. As this material [text, tables, schemes, figures but not crys-
tallographic (CIF) data, which must be submitted to either the FIZ
or the CCDC] undergoes the peer review process, it must be in-
cluded, clearly marked as “Supporting Information to be published
electronically”, when the paper is submitted. The following file for-
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mats are accepted: MS Winword or ASCII (*.doc, *.txt), MS Excel
(*.xls), Encapsulated Postscript (*.eps), Portable Document Format
(*.pdf), graphics embedded in MS Winword; if you wish to submit
other formats, please consult the Editorial Office. When preparing
such material, authors should keep in mind that — once ac-
cepted — it will be made available as provided by the author and
not edited. Material accepted for electronic publication will be
available mostly as PDF files (Adobe Acrobat Reader required) by
following the Table of Contents link of EurJIC’s WWW home page.
A standard text will be added on the first page of the article in the
printed version:

e Supporting information for this article is available on the WWW
under http://www.eurjic.org or from the author.

The supporting information file must start with the title of the
paper, the authors and the CASSI abbreviation of the journal to
which it was submitted (e.g. Eur. J. Inorg. Chem.).

6. Basic Keyword List

To increase the relevance of articles found by search engines of
Wiley InterScience, we have compiled a keyword catalogue com-
mon to our chemistry journals that is printed here and is also avail-
able online (http://www.eurjic.org).

To assist you in finding keywords they are listed according to categ-
ories. You may choose keywords from any category. As with all
such records, a few guidelines facilitate the catalogue’s use, and
these are briefly explained below:

1. As many as possible, but at least two, of the maximum of five
keywords assigned to an article must come from this list.

2. Named reactions will be incorporated only in exceptional cases.
Generally the reaction type is selected instead. For example, Diels—
Alder reactions will be found under “Cycloadditions” and Claisen
rearrangements under “Rearrangements”.

3. Heteroanalogues of compounds are mainly classified under the
C variants, for example, (hetero)cumulenes, (hetero)dienes. A few
aza and phospha derivatives are exceptions.

4. Compounds with inorganic components that are central to the
article are listed under the element, for instance, iron complexes
under “Iron”. Some group names like “Alkali metals” exist along-
side the names of important members of the group like “Lithium”.
In such cases the group name is used for these members only when
comparative studies are described. The members not appearing
separately are also categorised under the group name.

5. A keyword in the form “N ligand” is only chosen if a consider-
able portion of the paper deals with the coordination of any ligand
ligating through the atom concerned.

6. Spectroscopic methods are assigned as keywords only if the arti-
cle is about the method itself, or if the spectroscopic technique has
made an important contribution to the problem under investi-
gation.

7. “Structure elucidation” is intended only if the crux of the paper
is a structural elucidation or if a combination of several spectro-
scopic techniques were needed for conclusive solution of the struc-
ture.

8. An attempt has been made to avoid synonyms and to select more
general concepts rather than specialized terms. Thus, the term
“Double-decker complexes” is excluded in favour of “Sandwich
complexes”.

This list will be a “living” catalogue to be flexible enough to absorb
the new developments in chemistry. We therefore welcome all
suggestions from our authors that might improve its user-friendli-
ness.
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Analytical Chemistry and Spectroscopic Methods

Analytical methods
Circular dichroism
Cyclic voltammetry
Electron diffraction
Electron microscopy
Electrophoresis
ENDOR spectroscopy
EPR spectroscopy
EXAFS spectroscopy

Fluorescence spectroscopy

Gas chromatography
High-throughput screening
Ton chromatography

Ton exchange

IR spectroscopy

Isotopic labeling

Laser spectroscopy

Liquid chromatography
Luminescence

Mass spectrometry

Moessbauer spectroscopy
Neutron diffraction

NMR spectroscopy
Photoelectron spectroscopy
Plasma chemistry

Raman spectroscopy
Rotational spectroscopy
Scanning probe microscopy
Sensors

Surface analysis

Surface plasmon resonance
Trace analysis

UV/Vis spectroscopy
Vibrational spectroscopy
Water chemistry

X-ray absorption spectroscopy
X-ray diffraction

ZEKE spectroscopy

Biological Chemistry and Chemical Biology (including Biochemistry, Bioinorganic Chemistry, Bioorganic Chemistry,
Medicinal Chemistry and Molecular and Cell Biology)

Allosterism

Amino acids
Angiogenesis
Antibiotics
Antibodies
Antifungal agents
Antigens

Antisense agents
Antitumor agents
Antiviral agents
Azapeptides
Azasugars
Bioinformatics
Bioinorganic chemistry
Biological activity
Biomimetic synthesis
Bioorganic chemistry
Biophysics
Biosensors
Biosynthesis
Biotransformations
C-Glycosides
Carbohydrates
Carbon dioxide fixation
Carotenoids

Cell adhesion

Cell recognition
Cerebrosides
Chaperone proteins
Cobalamines
Cofactors
Combinatorial chemistry
Cyclitols
Cyclodextrins
Cytokines

DNA

Catalysis

Asymmetric catalysis
Autocatalysis
Biphasic catalysis

DNA cleavage
DNA damage
DNA methylation
DNA recognition
DNA replication
DNA structures
Dopamines

Drug delivery
Drug design
Electron transport
Enzyme models
Enzymes

Fibrous proteins
Fluorescent probes
Gene expression
Gene sequencing
Gene technology
Genomics
Glycoconjugates
Glycolipids
Glycopeptides
Glycoproteins
Glycosides
Glycosylation
Growth factors
Helical structures
Heme proteins
Hormones
Hydrolases
Immobilization
Immunoassays
Immunochemistry
Immunology
Inhibitors

Ion channels
Tonophores

Catalytic antibodies
Enzyme catalysis
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Isomerases

Ligases

Lipids

Lipophilicity
Lipoproteins
Liposomes

Lyases

Medicinal chemistry
Membrane proteins
Membranes
Metabolism
Metalloenzymes
Metalloproteins
Micelles

Molecular evolution
mRNA
Mutagenesis
Natural products
Neurochemistry
Neurotransmitters
Nitrogen fixation
Nitrogenases
Nucleic acids
Nucleobases
Nucleosides
Nucleotides
Oligonucleotides
Oligosaccharides
Oxidoreductases
Peptide nucleic acids
Peptides
Peptidomimetics
Pheromones
Phospholipids
Photoaffinity labeling
Photosynthesis

Heterogeneous catalysis
Homogeneous catalysis

www.eurjic.org

Phytochemistry
Polyketides
Polymerase chain reaction
Prodrugs
Prostaglandins
Protein design
Protein engineering
Protein folding
Protein models
Protein modifications
Protein structures
Proteins

Proteomics

Proton transport
Radiopharmaceuticals
Receptors

Redox chemistry
Ribonucleosides
Ribozymes

RNA

RNA recognition
RNA structures
Sensitizers

Sequence determination
Sialic acids
Siderophores

Signal transduction
Sphingolipids

Steroids
Structure—activity relationships
Terpenoids
Toxicology
Transferases

tRNA

Vesicles

Vitamins

Phase-transfer catalysis
Supported catalysts
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Coordination Chemistry: Compound Classes

Cage compounds
Chelates

Clathrates

Cluster compounds

Cuprates
Dendrimers
Heterometallic complexes

Coordination Chemistry: Ligand Classes

Alkene ligands
Alkyne ligands
Allyl ligands
Arene ligands
As ligands
Bridging ligands
Carbene ligands
Carbonyl ligands

Carboxylate ligands
Carbyne ligands
Cyclopentadienyl ligands
Diene ligands

Dioxygen ligands
Fluorinated ligands
Hydride ligands
Isocyanide ligands

Coordination Chemistry: Methodology and Reactions

Carbon dioxide fixation
Chemical vapor deposition
Chiral resolution

Crystal engineering
Ligand design

Matrix isolation
Metathesis
Neighboring-group effects
Nitrogen fixation

O—-0 activation

Coordination Chemistry: Structure

Agostic interactions
Aurophilicity

Charge transfer

Cooperative effects
Coordination modes
Donor—acceptor systems
Electron-deficient compounds

Elements and Element Groups

Actinides
Alkali metals
Alkaline earth metals
Aluminum
Antimony
Argon
Arsenic
Barium
Beryllium
Bismuth
Boron
Bromine
Cadmium
Calcium
Carbon
Cerium
Cesium
Chalcogens
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Electronic structure
Electrostatic interactions
Fluxionality

Helical structures
Host—guest systems
Hydrogen bonds

Chlorine
Chromium

Cobalt

Copper
Deuterium
Fluorine

Gallium
Germanium

Gold

Group 13 elements
Group 14 elements
Hafnium
Halogens

Helium

Hydrogen

Indium

Todine

Iridium

www.eurjic.org

Metallacycles
Metallocenes
Nitrogen oxides

Macrocyclic ligands
N ligands

N,O ligands

N,P ligands

O ligands

Oxo ligands

Peroxo ligands

Oxidation

Radical reactions

Reduction

Ring-opening polymerization
Solvent effects

Inclusion compounds
Isolobal relationship
Jahn—Teller distortion
Ligand effects

Metal —metal interactions
Multiple bonds

Guidelines for Authors

Polyoxometalates
Sandwich complexes
Ylides

Phosphane ligands
P ligands

S ligands

Si ligands
Tridentate ligands
Tripodal ligands
Vinylidene ligands

Solvolysis
Substituent effects
Template synthesis

Noncovalent interactions
Pi interactions

Stacking interactions
Structure elucidation
Through-bond interactions
Through-space interactions

Iron Phosphorus
Krypton Platinum
Lanthanides Pnicogens
Lanthanum Potassium
Lead Rare earths
Lithium Rhenium
Magnesium Rhodium
Manganese Rubidium
Mercury Ruthenium
Molybdenum Samarium
Neon Scandium
Nickel Selenium
Niobium Silicon
Nitrogen Silver
Noble gases Sodium
Osmium Strontium
Oxygen Sulfur
Palladium Tantalum
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Technetium
Tellurium
Thallium
Tin

Titanium
Tungsten
Uranium

Environmental and Atmospheric Chemistry

Anions

Atmospheric chemistry
Cations

Chlorine

Computer chemistry
Crop protection agents
Cycloaddition
Denitrification
Desulfurization

Inorganic Chemistry

Alanes

Allotropy

Alloys
Aluminosilicates
Amalgams
Amorphous materials
Anions
Automerization
Autoxidation
Azides

Bond theory
Boranes

Borates

Carbene homologues
Carbides
Carboranes
Cations

Chain structures
Chromates
Clathrates

Cluster compounds

Materials Science: General

Environmental chemistry
Fluorine

Gas-phase reactions
Green chemistry
Halogenation

Kinetics

Molecular dynamics
Molecular modeling
Nitrogen oxides

Cyanides

Electron-deficient compounds

Fluorides

Halides

High-pressure chemistry
Host—guest systems
Hydrates

Hydrides

Hypervalent compounds
Inclusion compounds
Intercalations
Intermetallic phases
Isoelectronic analogues
Isomers

Layered compounds
Lewis acids

Lewis bases

Main group elements
Metal—metal interactions
Mixed-valent compounds
Nitrides

Alloys Crystal engineering
Amorphous materials Crystal growth
Automerization Cyclooligomerization
Block copolymers Cyclotrimerization
Ceramics Dendrimers
Charge-carrier injection Doping

Chemical vapor deposition Energy conversion
Chemical vapor transport Fullerenes

Clays Gels

Cluster compounds Glasses

Colloids Holography
Conducting materials Imprinting
Copolymerization Intercalations
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Vanadium
Xenon
Ytterbium

Oxidation

Ozone

Peroxides
Photochemistry
Photolysis
Photooxidation
Radical ions
Radical reactions
Radicals

Nonstoichiometric compounds

Organic—inorganic hybrid
composites
Perovskite phases
Peroxides
Phosphaalkenes
Phosphaalkynes
Phosphanes
Phosphazenes
Platinates
Pnictides
Polyanions
Polycations
Polychalcogenides
Polyhalides
Polymorphism
Polyoxometalates
Radical ions
Radicals
Silanes
Silicates

Interfaces
Intermetallic phases
Ladder polymers
Layered compounds
Liquid crystals
Materials science
Mechanical properties
Membranes
Mesophases
Mesoporous materials
Metal—metal interactions
Metallomesogens
Micelles
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Yttrium
Zinc
Zirconium

Reaction mechanisms
Reactive intermediates
Sensors

Toxicology

Trace analysis

Waste prevention
Water chemistry

Sol—gel processes
Solid-phase synthesis
Solid-state reactions
Solid-state structures
Solvothermal synthesis
Spinel phases
Stannanes

Subvalent compounds
Synthesis design
Titanates
Topochemistry
Transition metals
Transuranium elements
Valence isomerization
Vanadates

Zeolite analogues
Zeolites

Zincates

Zintl anions

Zintl phases

Microporous materials
Monolayers
Nanostructures
Nanotechnology
Nanotubes

Nonlinear optics
Polymerization
Polymers
Ring-opening polymerization
Scanning probe microscopy
Semiconductors

Sensitizers

Sensors
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Superconductors
Surface chemistry

Miscellaneous

History of science

Thin films

Vesicles

Organic Chemistry: Compound Classes

Alcohols
Aldehydes
Alkaloids
Alkanes

Alkenes

Alkynes

Allenes

Allylic compounds
Amides

Amines

Amino acids
Amino alcohols
Amino aldehydes
Amphiphiles
Anhydrides
Anions
Annulenes
Arenes

Arynes

Azides

Azo compounds
Azomethine ylides

Betaines

Biaryls
Calixarenes
Carbanions
Carbenes
Carbenoids
Carbocations
Carbocycles
Carbohydrates
Carboxylic acids
Carotenoids
Catenanes
Cations
Cavitands
Crown compounds
Cryptands
Cumulenes
Cyanides
Cyanines
Cyclodextrins
Cyclophanes
Dendrimers
Diazo compounds
Dyes/Pigments

Organic Chemistry: Methodology and Reactions

Acylation

Aldol reactions
Alkylation

Allylation

Amination
Annulation

Aromatic substitution
Aromaticity
Asymmetric amplification
Asymmetric catalysis
Asymmetric synthesis
Automerization
Autoxidation
Biomimetic synthesis
C—C activation
C—C coupling

C—H activation

Cl1 building blocks
Carbonylation
Carboxylation

Chiral auxiliaries
Chiral pool
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Cleavage reactions
Combinatorial chemistry
Cracking
Cross-coupling
Cyclization
Cycloaddition
Cyclotrimerization
Dehydrogenation
Dihydroxylation
Dimerization

Domino reactions
Electrocyclic reactions
Electrophilic addition
Electrophilic substitution
Elimination

Ene reaction
Epoxidation

Flash pyrolysis
Glycosylation
Grignard reaction
Halogenation

Heck reaction

www.eurjic.org

Zeolite analogues

Enols

Enones

Enynes

Fatty acids
Fragrances
Fullerenes
Fused-ring systems
Heterocycles
Hydrazones
Hydrides
Hydrocarbons
Ketones

Lactams

Lactones

Ladder polymers
Macrocycles
Mannich bases
Medium-ring compounds
Metallacycles
Natural products
Nitrogen heterocycles
Oxygen heterocycles

High-pressure chemistry
Hydroamination
Hydroboration
Hydroformylation
Hydrogen transfer
Hydrogenation
Hydrolysis
Hydrosilylation
Hydrostannation
Hydroxylation
Immobilization
Insertion

Tonic liquids
Isomerization
Lithiation

Metalation

Michael addition
Molecular diversity
Multicomponent reactions
Nucleophilic addition
Nucleophilic substitution
Olefination
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Zeolites

Peroxides
Pheromones
Phosphorus heterocycles
Phthalocyanines
Polycycles
Polymethines
Porphyrinoids
Quinodimethanes
Quinones

Radical ions
Radicals
Rotaxanes

Schiff bases

Small ring systems
Spiro compounds
Steroids
Sulfonamides
Sulfur heterocycles
Surfactants
Terpenoids

Ylides

Zwitterions

Oligomerization
Oxidation
Oxygenation
Ozonolysis
Perfluorinated solvents
Pericyclic reaction
Phosphorylation
Photooxidation
Polymerization
Protecting groups
Protonation

Radical reactions
Rearrangement
Reduction

Retro reactions

Ring contraction
Ring expansion
Sigmatropic rearrangement
Solid-phase synthesis
Solvent effects
Solvolysis

Steric hindrance
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Substituent effects
Synthesis design
Synthetic methods

Template synthesis
Topochemistry

Organic Chemistry: Stereochemistry and Structures

Atropisomerism
Chemoselectivity
Chiral resolution
Chirality

Configuration determination
Conformation analysis
Conjugation
Diastereoselectivity

Total synthesis
Transesterification

Enantioselectivity
Hyperconjugation
Kinetic resolution
Regioselectivity

Umpolung
Wittig reactions

Strained molecules
Structure elucidation
Tautomerism

Valence isomerization

Physical Chemistry and Chemical Physics (including Electrochemistry, Kinetics, Photochemistry, Radiochemistry,
Thermodynamics and Theoretical Chemistry)

Ab initio calculations

Absorption

Acidity

Adsorption

Basicity

Biophysics

Bond energy

Bond theory

Calorimetry

CARS (Coherent
Anti-Stokes Raman Scattering)

Charge-carrier injection

Charge transfer

Chemisorption

Chromophores

Colloids

Computer chemistry

Conducting materials

Conical intersections

Crystal engineering

Crystal growth

Cyclic voltammetry

Density functional calculations

Donor—acceptor systems

Doping

Electrochemistry

Electron microscopy

Supramolecular Chemistry

Electron transfer

ELF (Electron Localization
Function)

Energy conversion

Exchange interactions

Femtochemistry

Fluorescence

Fluorescent probes

Fractals

FRET (Fluorescence Resonance
Energy Transfer)

Gas-phase reactions

Gels

Glasses

Group theory

Heats of formation

High-pressure chemistry

High-temperature chemistry

Hot-atom chemistry

Hydrophobic effect

Imaging agents

Ton pairs

ITon—molecule reactions

Ionization potentials

Isotope effects

Isotopes

Kinetics

Aggregation Molecular evolution
Host—guest systems Molecular recognition
Molecular devices Nanostructures
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Langmuir—Blodgett films
Laser chemistry

Lewis acids

Lewis bases

Linear free energy relationships
Liquid crystals

Liquids

Low-temperature studies
Magnetic properties
Matrix isolation
Mesophases
Metallomesogens
Metastable compounds
Microreactors

Molecular dynamics
Molecular electronics
Molecular modeling
Monolayers
Nanotechnology
Neighboring-group effects
Nonequilibrium processes
Phase diagrams

Phase transitions
Photochemistry
Photochromism
Photolysis

Physisorption

Pi interactions
Receptors
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Plasma chemistry
Polarized spectroscopy
Quantum chemistry
Radiochemistry
Radiopharmaceuticals
Reaction mechanisms
Reactive intermediates
Redox chemistry

Salt effect

Semiempirical calculations
Single-molecule studies
Singlet oxygen

Sol—gel processes
Solvatochromism

Spin crossover

Statistical mechanics
Statistical thermodynamics
Structure—activity relationships
Superacidic systems
Superecritical fluids
Thermochemistry
Thermodynamics
Time-resolved spectroscopy
Transition states

Viruses

Voltammetry

Self-assembly
Supramolecular chemistry
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MICROREVIEW

Ordered Meso- and Macroporous Binary and Mixed Metal Oxides

Moises A. Carreon'®?! and Vadim V. Guliants*!2!

Keywords: Mesoporous / Macroporous / Transition metal oxides / Catalytic applications

A critical review is provided of the principles guiding the
synthesis of meso- and macroporous metal oxides on multiple
length scales in the presence of surfactant mesophases and
colloidal arrays of monodisperse spheres, and correlations
between the synthesis conditions and the properties of the
resulting meso- and macroporous oxides, such as thermal
stability, pore structure, elemental and nanophase composi-
tions of the inorganic wall, etc. The thermal stability of meso-
structured metal-oxide phases, in particular, is discussed in
terms of charge-matching at the organic-inorganic interface,
the strength of interactions between inorganic species and
surfactant headgroups, the flexibility of the M-O-M bond
angles in the constituent metal oxides, the Tammann tem-
perature of the metal oxide, and the occurrence of redox re-
actions in the metal-oxide wall. The ordered meso- and

macroporous transition-metal-oxide phases are highly prom-
ising for a range of potential applications in separations,
chemical sensing, heterogeneous catalysis, microelectronics,
and photonics as, respectively, insulating layers of low-di-
electric-constant and photonic-bandgap materials. Further-
more, the functionalization of the internal pore surfaces in
these materials and deposition of functional nanoparticles
within the pores offer numerous new possibilities for molecu-
lar engineering of catalytic and other advanced nanostruc-
tured materials displaying quantum-confinement effects.
The emerging catalytic applications of these novel metal-ox-
ide phases are discussed in particular detail.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

1. Introduction

Highly ordered mesoporous inorganic oxides were first
reported by the researchers at Mobil Research and Devel-
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opment Corporation over a decade ago.'*! These materi-
als, with well-defined pores up to about 3 nm in diameter,
belong to the novel family of so-called M41S aluminosili-
cate molecular sieves!! 3! that break past the pore-size con-
straints of largely microporous zeotypes. Extremely high
surface areas (>1000 m?/g), finely tuned pore sizes, and
flexible wall-compositions are among the many desirable
properties that have made such mesoporous materials the
focus of great interest for applications in heterogeneous ca-
talysis. The preparation of the M41S phases represents a

nanotechnological applications.
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Figure 1. Self-assembly of mesoporous metal oxides possessing a
2D hexagonal pore structure.

Figure 2. Mesoporous structures with (A) amorphous and (B)
nanocrystalline walls.

new approach in organic-template-assisted synthesis, where,
instead of individual organic molecules (as in the case of
zeotypes), self-assembled molecular aggregates or supra-
molecular assemblies are employed as the structure-direct-
ing agents.

The discovery of M418S silicas has stimulated the search
for other ordered mesostructured materials with non-sili-
cate compositions over the last decade.! The general self-
assembly pathway for mesostructured metal oxides is illus-
trated in Figure 1. Mesoporous mixed metal oxides are par-
ticularly promising as heterogeneous catalysts because of
their tunable surface compositions, metal oxidation states
(via organic-inorganic interfacial chemistry), and wall
structures — amorphous or nanocrystalline (Figure 2).
Furthermore, their electronic properties and the surface
structure, which are critical parameters for the catalytic per-
formance of any catalyst, are expected to change greatly in
the nano regime, thereby offering new, exciting possibil-
ities for the molecular engineering of mixed metal oxides
with unique catalytic, optical, and electrical properties. Or-
dered macroporous materials templated by ordered arrays
of colloidal spheres and other shapes have recently attracted
considerable attention from the scientific community.l) The
macroscale templating approach consists of the three dis-
tinct processing steps shown in Figure 3. First, the inter-
stitial voids of the monodisperse colloidal latex sphere (ap-
prox. 100 nm to 50 um in diameter) arrays are filled with
precursors of various classes of materials, such as ceramics,
semiconductors, metals, monomers, etc. In the second step,
the precursors condense around the spheres and form a so-
lid framework. Finally, the spheres are removed by either
calcination or solvent extraction to form the 3D ordered
macroporous structures. In this paper we critically review
the current state of the art for the synthesis and emerging
catalytic applications of meso- and macroporous binary and
mixed metal oxides. We first discuss the structures and self-
assembly mechanisms of mesoporous oxides for silicate
compositions, since these compositions have been investi-
gated in much greater detail than structurally similar metal
oxides. We then outline synthesis guidelines for the novel
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Figure 3. General procedure for the synthesis of highly ordered
macroporous mixed-metal oxide phases employing polystyrene (PS)
spheres.

mesoporous metal oxides with flexible compositions and
improved thermal stability that are desirable for applica-
tions in heterogeneous catalysis. Finally, we discuss recent
advances in the macroscale self-assembly of mixed metal
oxides and their emerging catalytic applications.

2. Ordered Mesostructured Oxides

2.1. Structural Characteristics

Several common ordered pore-structures encountered in
the M41S family are shown in Figure 4. The 2D hexagonal
phase with P6mm symmetry, templated by hexagonal close-
packed cylindrical arrays of surfactants, is the most com-
mon ordered structure. Lamellar phases are unstable upon
surfactant removal, which causes the collapse of the ex-
panded layered structures. Various cubic phases have also
been reported. In the case of mesoporous silica, the bicon-
tinuous cubic gyroid phase with la3d symmetry is found
in alkali-catalyzed syntheses. This phase, with its system of
interconnected pores, is much more attractive than the 2D
hexagonal phase for applications requiring diffusion of spe-
cies into and out of the pore network. The Pm3n phase
templated by spherical surfactant micelles in a cubic close-
packed arrangement is found in both acid- and alkaline-
catalyzed syntheses of mesoporous silica.['-3]

MCM-41

MCM-48

Figure 4. Representative members of the M41S family.
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The pioneering work of Kresge et al.l'31 and Beck et al.[?!
involved only alkaline-catalyzed syntheses, and the silicates
reported in their papers are referred to as MCM-41 (P6mm,
the 2D hexagonal phase), MCM-48 (Ia3d, the cubic phase),
and MCM-50 (the lamellar phase). The 2D hexagonal me-
soporous silicas prepared by Inagaki et al.l”l from surfac-
tant-intercalated kanemite are referred to as FSM-16. Sub-
sequent reaction in an acidic medium led to ordered mesop-
orous silicas with similar pore symmetries but distinct wall
properties: SBA-1 (Pm3n, the cubic phase), SBA-2 (P6s/
mmc, the 3D hexagonally packed spherical micelle phase),
and SBA-3 (P6mm, the 2D hexagonally packed cylinders).®!
Other surfactant-templated phases include disordered mate-
rials with a wormhole network of channels, such as KIT-1
and MSU-1,l' a well-defined intergrown cubic hexagonal
phase STAC-1,''1 and ordered nonionic alkyl-EO,-tem-
plated materials, for example the cubic SBA-11 (Pm-3m)
and 3D hexagonal SBA-12 (P6s/mmc).['?l Using the same
methodology, triblock-copolymer-templated materials with
much larger pores have also been synthesized in acidic sys-
tems, for example the 2D hexagonal (P6mm) SBA-15M131 and
cubic cage (Im-3m) SBA-16 structures.['?]

Several aspects of the ordered mesoporous oxides have
been reviewed by Brinker (recent advances in porous inor-
ganic materials),l'¥ Vartuli et al. (synthesis of the M41S
family),I'>! Stucky et al. (biomimetic synthesis of mesop-
orous materials),['®) Raman et al. (porous silicates tem-
plated by surfactants and organosilicate precursors),l!'”l and
Guliants et al. (mesoporous inorganic films and mem-
branes).['8] Several synthetic strategies for the molecular de-
sign of mesoporous oxides, including those with non-sili-
ceous compositions, have been recently reviewed by Soler-
Illia et al.l'”) However, thermal stability considerations for
mesostructured metal oxides were not discussed in those
reviews.

2.2. Self-Assembly Mechanisms And Stability
Considerations

2.2.1. Liquid Crystal Templating Mechanism

A “liquid crystal templating” (LCT) mechanism of for-
mation was proposed by the Mobil researchers, based on
the similarity between liquid crystalline surfactant assem-
blies (i.e. lyotropic phases) and M41S.['-31 Two mechanistic
pathways were proposed to explain formation of MCM-41
containing 2D hexagonal arrays of cylindrical mesopores:
1) condensation and cross-linking of the inorganic species
at the interface with a pre-existing hexagonal lyotropic li-
quid crystal (LC) phase, and 2) ordering of the surfactant
molecules into the 2D hexagonal mesophase mediated by
the inorganic species, followed by their condensation and
cross-linking.

In both pathways the inorganic species, which are nega-
tively charged at the high synthesis pH, preferentially inter-
act with the positively charged alkylammonium head-
groups of the surfactants and condense into a solid, con-
tinuous framework. The resulting organic-inorganic mesos-
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tructure could be alternatively viewed as a hexagonal array
of surfactant micellar rods embedded in a silica matrix. Re-
moval of the surfactant produces an open mesoporous
MCM-41 framework. These mesophases, with pore dia-
meters greater than 2.5 nm, generally display type IV nitro-
gen adsorption—desorption isotherms at 77 K, which are
characteristic of mesoporous materials with an ordered, un-
imodal pore-size distribution. The second mechanistic path-
way of LCT was proposed as a cooperative self-assembly
of the alkylammonium surfactant and the silicate precursor
species below the critical micelle concentration (CMC).['-3]
It is well established that no preformed LC phase is neces-
sary for the MCM-41 formation, but, to date, the mechan-
istic details of the MCM-41 synthesis have not yet been
fully agreed upon. Several mechanistic models have been
advanced, although all share the basic idea that the silicate
species promote LC phase formation below the CMC.['-3!

2.2.2. Inorganic-Species-Driven Self-Assembly

Davis et al.? found that a hexagonal LC phase does not
develop during the MCM-41 synthesis, based on an in situ
14N NMR spectroscopic study. They proposed that, under
the synthesis conditions reported by Mobil, the formation
of MCM-41 begins with the deposition of two to three
monolayers of silicate precursors onto isolated surfactant
micellar rods. The silicate-encapsulated rods are randomly
ordered, and eventually pack into a hexagonal mesostruc-
ture. Heating and aging completes the condensation of the
silicates into the obtained MCM-41 mesostructure.

Steel et al.l?!l postulated that surfactant molecules as-
semble directly into the hexagonal LC phase upon addition
of the silicate species, based on their "N NMR spectro-
scopic data. The silicates organize into layers, with rows of
cylindrical rods intercalated between the layers. Aging the
mixture causes the layers to pucker and collapse around the
rods, which then transform into the surfactant-containing
2D hexagonal MCM-41 structure.

The “charge density matching” mechanistic model pro-
posed by Monnier et al.??l and Stucky et al.l*3 suggests
that MCM-41 could be derived from a lamellar phase. The
initial phase of the synthesis mixture is layered, as detected
by X-ray diffractometry (XRD), due to the electrostatic at-
traction between the anionic silicates and the cationic sur-
factant head-groups. As the silicate species begin to con-
dense, the charge density is reduced. Accompanying this
process, a curvature is introduced into the layers to main-
tain the charge-density balance with the surfactant head-
groups, which transforms the lamellar phase into a hexago-
nal mesostructure.

Under synthesis conditions that prevent condensation of
the silicate species, such as low temperatures and high pH
(ca. 14), a truly cooperative self-assembly of the silicates
and surfactants was found to be possible. Firouzi et al.l>¥l
showed, through ?H and ?°Si NMR spectroscopy and neu-
tron scattering, that a micellar solution of CTAB (cetyltri-
methylammonium bromide) transforms into a hexagonal
phase in the presence of silicate anions. This is consistent
with the effect of electrolytes on micellar phase-transi-
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tions.!?’! The silicate anions ion-exchange with the surfac-
tant halide counterions to form a “silicatropic liquid crys-
tal” (SLC) phase that involves silicate-encrusted cylindrical
micelles. This SLC phase exhibited behavior very similar to
typical lyotropic systems, except that the surfactant concen-
trations were much lower and the silicate counterions were
reactive.”®l Heating the SLC phase caused the silicates to
condense irreversibly into MCM-41. Firouzi et al.?*2°] also
demonstrated that, in addition to the charge-balance
requirement (i.e. electrostatic interaction), there was prefer-
ential bonding of the alkylammonium head-groups to
multi-charged D4R (double four-ring, [SigO,0]%") silicate
anions under the high pH conditions.

All these previous theories have regarded the formation
of MCM-41 as a series of events that occur homogeneously
throughout an aqueous solution. Recent work has shown,
however, that MCM-41 might be formed heterogeneously.
Regev,l?”! for example, has found evidence for MCM-41 in-
termediate structures in the form of clusters of rod-like mi-
celles “wrapped” by a coating of silicate from low-tempera-
ture transmission electron microscopy (TEM) and small-
angle X-ray scattering. These clusters of elongated micelles
were found before precipitation occurred. According to Re-
gev,1?7] as the reaction progresses, the silicate species diffuse
to, and deposit on, the individual surfaces of the micelles
within the cluster. The clusters of elongated micelles there-
fore eventually become clusters of silicate-covered micelles.
Thus, the clusters of micelles serve as nucleation sites for
MCM-41 formation.

Frasch et al. have proposed a modified mechanism for
the formation of 2D hexagonal silica.”?®! The silicate-coun-
terion exchange at the micellar surface was followed by flu-
orescence techniques using pyrene or dipyrenylpropane as
fluorescent probes. The variation of the properties of CTAB
and CTACI (cetyltrimethylammonium chloride) micelles
upon the successive addition of a large excess of base
[NaOH or TMAOH (tetramethylammonium hydroxide)]
and silicate species was studied. Their results showed that,
prior to the formation of the ordered mesophase, the inter-
actions between the silicate species and surfactant micelles
are weak. They therefore proposed a new model for the
formation of mesostructured silica in which the key step is
the formation of siliceous pre-polymers. According to this
model, the growing pre-polymers interact with an increas-
ing number of surfactant molecules to form hybrid silica-
surfactant micellar aggregates. Further polymerization of
these complexes takes place during the precipitation/aging
process to give ordered mesostructured silica. The forma-
tion of mesoscopically ordered silica/surfactant composites
under acidic synthesis conditions was studied by time-re-
solved in situ small-angle X-ray scattering (SAXS) using
synchrotron radiation.?”) The various proposed mecha-
nisms of formation of ordered mesostructured phases have
been recently reviewed by Zana et al.*%l Recently, Linden
et al.3! have followed the initial stages of the formation of
SBA-15 by in situ SAXS/XRD using synchrotron radiation.
The authors proposed that the first step in the formation
of an SBA-15 mesostructure is the liquid-liquid phase sepa-
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ration of spherical P123-silicate hybrid micelles; nucleation
and growth of the 2D hexagonal phase then takes place.

2.3. Thermal Stability of Mesostructured Phases

The high thermal stability of mesostructured phases is
perhaps the most critical requirement for their applications
in heterogeneous catalysis. In general, the thermal stability
of mesostructured metal-oxide phases depends on: (1) the
degree of charge-matching at the organic—inorganic inter-
face, (2) the strength of interactions between inorganic spe-
cies and surfactant head-groups, (3) the flexibility of the
M-O-M bond angles in the constituent metal oxides, (4)
the Tammann temperature of the metal oxide, and (5) the
occurrence of redox reactions in the metal-oxide wall.

The charge-matching at the organic-inorganic interface
enables control over the wall composition and facilitates
cross-linking of the inorganic species into a robust meso-
structured network. A knowledge of the electrokinetic be-
havior (i.e. the isoelectric points) of the inorganic species in
solution is required for fine-tuning electrostatic and other
interactions at the inorganic—organic interface in order to
obtain thermally stable mesoporous phases.*?! The isoelec-
tric points of common transition-metal solid oxides and hy-
droxides are shown in Table 1.2%33 The presence of strong
covalent bonds between metal-oxide species and surfactant
head-groups, for example metal-N bonds, means that harsh
conditions, such as combustion, are required for surfactant

Table 1. Isoelectric points of common transition metal oxides.[>$°]

Metal oxide Isoelectric point General comments
V,05 0.5 oxovanadium(Vv) species
MoO; <0.5 NA

Nb,Os5 <0.5 NA

TiO, 4.7 natural rutile
TiO, 6.2 synthetic rutile, anatase
ZrO, 4.0 natural mineral
710, 6.7 Zr(NOs), + NaOH
Y,0; (hydrous) 8.95 Y(NO3); + NaOH
NiO 103+ 04 NiO

WOj; (hydrous) 0.5 Na,WO, + HCl
MgO 124 +0.3 MgO

MnO, 4.0-4.5 Mn(NO3), + HCI
a-Fe,03 8.7 hydrolysis of Fe(NOj3); solution
v-Fe,03 6.7%£0.2 precipitation of FeOOH
Fe;0, 6.5+0.2 natural magnetite

Table 2. Tammann temperatures of some common transition-metal
oxides.5-34!

Metal oxide M. p. (K) Tammann temp. (K)
V,0s5 943 472
MoO; 1068 534
Nb,Os 1784 892
TiO, 2128 1064
Zr0O, 2983 1492
NiO 2257 1129
WO, 1745 873
MgO 3125 1563
MnO 1923 962
FS203 1838 919
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removal, and these may lead to collapse of the mesostruc-
ture. Similarly, rigid M—O-M bond angles that are unable to
accommodate the curvature of the inorganic—organic inter-
face may result in the formation of only lamellar or dense
metal-oxide phases. On the other hand, metal-oxide species
should possess low lattice mobility at elevated temperatures
in order to prevent transformation of the mesostructured
metal oxides into more thermodynamically stable dense

Table 3. Mesostructured and mesoporous binary metal oxides.

phases. The mobility of metal ions or atoms in a crystalline
metal oxide increases rapidly in the vicinity of its Tammann
temperature, defined as 0.5-0.527,,, , where T,, is the melting
point in Kelvin.3¥ Therefore, it is not surprising that the
low Tamman temperature of some transition- metal ox-
idest>33 translates into a limited thermal stability of the
corresponding mesostructures (Table 2). Finally, the struc-
tural collapse of mesophases may be caused by redox reac-

Framework composi- Precursors Mesophase and unit cell parameter (A) Ref.
tion
Vanadium oxidel®! ammonium vanadate, CTACI, H,O lamellar (¢ = 27) [56]
hexagonal (a = 39)
Vanadium oxidel® V,0s, DTABr, H,O lamellar (¢ = 21.6) (571
Vanadium oxidel® oxovanadium triisopropoxide, dodecylamine, eth- lamellar (¢ = 23-28) (581
anol/H,O hexagonal (¢ = 34.6)
Vanadium oxidel® VCl,, triblock copolymers, ethanol mesostructured (lack of long-range order) (391
(maximum d-spacing 111)
Vanadium oxidel®! VOSO,, P123, ethanol/H,O wormbhole like [60]
(channel spacing 30-40)
Molybdenum oxidel#! Na,MoO,, H,Mo0O,, DTABr, H,O lamellar (¢ = 22.9) (571
Molybdenum oxidel#! MoCls, triblock copolymers, ethanol mesostructured (lack of long-range order) [59]
(maximum d-spacing 100)
Niobium oxidel®! niobium ethoxide, sodium dodecyl sulfate, so-  lamellar (¢ = 25) hexagonal (¢ = 32-52), cu- [e1,62]
dium dodecyl phosphonate, primary alkylamines bic (d-spacing 48)
Niobium oxide!® NbCls, tribolck copolymers, ethanol hexagonal [59.63]
(a = 32-52)
Titanium oxidel® TiCly, triblock copolymers, ethanol hexagonal (a = 117) [59.63]
cubic (a = 107)
Titanium oxidell peroxytitanates, CTACI, H,O lamellar (¢ = 31) 69
hexagonal (d-spacing 41)
Titanium oxidel®! titanium isopropoxide, CTABr, ethylene glycol, ~ mesostructured (lack of long-range order) (701
NaOH, (channel spacings 50)
Zirconium oxidel®! zirconium n-propoxide, H,O, carboxylates, alkyl lamellar, [80]
sulfonates, dodecyl sulfate, primary alkylamines hexagonal,
mesostructured
(lack of long-range order)
(maximum d-spacings = 16-40)
Zirconium oxidel®] ZrCly, triblock copolymers, ethanol hexagonal [59,63]
(a = 122)
Zirconium oxidel®! Zr(OC,Hs),, CTABr, ethylene glycol, NaOH mesostructured (701
(lack of long-range order)
(channel spacings = 31-37)
Hafnium oxide!’! HfCl,, H,O, CTABr wormhole-like 182]
(channel spacings 40)
Hafnium oxidel® HfCl,, triblock copolymers, ethanol mesostructured [59,63]
(lack of long-range order)
(maximum d-spacing 124)
Tantalum oxidel®! tantalum ethoxide, octadecylamine, H,O hexagonal [86]
(a = 33-50)
Tantalum oxidel®! TaCls, triblock copolymers, ethanol hexagonal 159,631
(a =178)

Nickel oxidel® NiSO, 6H,0, CTABr. H,0
Yttrium oxidel?
Rhenium oxidel?!
Manganese oxidel!

Tungsten oxidel® H,WO,, DTABr, H,O

Tungsten oxidel®!

Y(NO3); 6H,0, dodecylsulfate, H,O, urea
methyltrioxo-rhenium, primary alkylamines, H,O  disordered + lamellar (channel spacings =

MHCIZ 4H20, Hzo, C12H25NM630H

WClg, triblock-copolymers, ethanol

disoredered + lamellar (89]

(channel spacings = 46)
lamellar (¢ = 40), 1]
hexagonal (a = 62)

25-33)
lamellar,
disordered (d-spacing 42)
Keggin-type structure
mesostructured (lack of long-range order)
(maximum d-spacing 126)

[90]

[57]
[59.63]

Iron oxide iron(1m) ethoxide, CTAB mesoporous and lamellar 96,971
[a] Thermally unstable. [b] Thermally stable. [c] Partially stable (up to 625 K) or after solvent extraction.
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tions occurring in the metal-oxide wall during surfactant
removal or catalytic reaction.

Accordingly, we review below the synthesis, pore struc-
tures, elemental and nanophase compositions, thermal sta-
bility, and emerging applications of mesoporous metal ox-
ides in heterogeneous catalysis.

2.4. Binary Mesostructured Metal Oxides

The mesostructured binary transition metal oxides that
are promising for applications in heterogeneous catalysis
are summarized in Table 3. High-resolution TEM images
of the three most-common porous structures observed in
mesostructured metal oxides — lamellar, hexagonal, and cu-
bic — are illustrated in Figure 5, Figure 6 and Figure 7,
respectively. Metal oxides containing 2D hexagonal and cu-
bic mesopore structures are characterized by the unimodal
pore-size distributions and type IV adsorption—desorption
isotherms typical of mesoporous materials (Figure 8).

Vanadium-, molybdenum-, and niobium-based mixed
metal oxides are particularly promising as catalysts or cata-
lytic supports for selective oxidation reactions.[**% For ex-
ample, supported vanadium oxide catalysts are widely used

0 nm

Figure 5. TEM of lamellar mesostructured vanadium oxide.l®!

Figure 6. TEM of hexagonal mesoporous niobium oxide.[!l

32 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

for the partial oxidation of olefins,*!1 aromatics,°? and
methanol,>3 the selective catalytic reduction of NO B4
and ammoxidation of aromatics.’>) Molybdenum- and ni-
obium-based oxides are catalytically active in the selective
oxidation and reduction of hydrocarbons.[*! Mesostruc-
tured vanadium oxide was reported for the first time by
Luca et al.’%! They suggested that anionic vanadate species
self-assemble with the cationic head-group of cetyltrialkyl-
ammonium chloride surfactant (CTACI) in alcoholic media
to produce the mesostructure. Although the structural or-
der was retained after low-temperature calcination, both
porosity studies and thermogravimetric analysis indicated
that the surfactant was only partially removed, thus leading
to thermally unstable phases. Other attempts to prepare me-
soporous vanadium oxide have been reported. Whittingham
et al.l’71 have prepared a mesostructured, layered vanadium
oxide by hydrothermal treatment of V,Os in the presence
of dodecyltrimethylammonium bromide (DTAB). However,
the DTAB surfactant was not removed upon cation ex-
change. Sayari et al.’®] have synthesized lamellar and hex-
agonal mesostructured vanadium oxide by hydrolyzing
oxovanadium triisopropoxide in the presence of dodecyl-
amine, although no attempt was made to remove the surfac-
tant. A mesostructured vanadium oxide obtained from the
assembly of triblock copolymers with VCl; has been re-

Figure 7. TEM image of cubic mesoporous zirconium oxide.[>"!
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Figure 8. Nitrogen adsorption—desorption isotherms and BJH
pore-size distribution plot (inset) for mesoporous niobium.
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ported by Stucky et al.,’®! although it lost its mesoscopic
order upon calcination. Liu et al.l®¥ have reported the syn-
thesis of mesostructured V,Os5 by electrochemical deposi-
tion using nonionic surfactants. The final wormhole meso-
structure was found to contain 3—4 nm pores. Although the
complete removal of the surfactant was reported by the au-
thors, no surface area or pore data were provided. The low
Tammann temperature of V,0s (472 K), as well as the cy-
cles of redox reactions during surfactant combustion, ac-
count for the poor thermal stability of this oxide system.

Mesostructured molybdenum oxides have also been re-
ported by Whittingham et al.l’”1 and Stucky et al.l>1 A lay-
ered structure with a repetitive interplanar distance of 22 A
was prepared by hydrothermal reaction of molybdic acid
with DTAB.P7 A mesostructured molybdenum oxide with
larger ordering lengths (100 A) was successfully synthesized
by the assembly of triblock copolymers with MoCls. How-
ever, the obtained mesostructured materials were unstable
upon calcination.’7-% Incomplete condensation of the in-
organic frameworks, the cycles of redox reactions during
surfactant combustion, as well as the low Tammann tem-
perature of the constituent metal oxides, are mainly respon-
sible for the poor thermal stability of these metal-oxide me-
sophases. On the other hand, thermally stable mesoporous
Nb,Os has been obtained by Ying et al.[®!-%?l in the presence
of amines as structure-directing agents. They proposed a
ligand-assisted liquid-templating mechanism for the forma-
tion of thermally stable mesoporous Nb and Ta oxides. The
formation of covalent bonds between Nb and the N-atom
of the amine template directs the interaction between the
organic and inorganic species. The improved thermal sta-
bility of mesoporous niobium oxide is probably due to the
relatively high Tammann temperature of niobium oxide
(892 K). High specific surface areas (approx. 600 m?/g) were
observed for these mesophases after template removal by
acid/solvent extraction with triflic acid. In a different ap-
proach, Stucky et al.’*31 have prepared mesoporous ni-
obium oxide with pores of about 50 A and a surface area
of about 190 m?/g using triblock copolymers as structure-
directing agents. The improved thermal stability of these
phases was attributed to weak H-bonding interactions be-
tween the template and inorganic walls, making the tem-
plate removal possible without damaging the inorganic
framework.

Titania possesses very interesting catalytic, photochemi-
cal, and electrical properties, which make it an attractive
system for several applications. For instance, TiO, is com-
monly used as a photocatalyst.[04%3] Crystalline titania
modified with sulfate ions is an active catalyst for low-tem-
perature esterification, isomerization, alkylation, and crack-
ing of hydrocarbons.[®-671 Other applications of titania are
as an electrode material in electrochemistry, a capacitor in
electronics, in humidity and gas sensors, and in photovol-
taic solar cells.[8]

Mesoporous TiO, has been obtained using different syn-
thetic approaches.[3%:63-6%-701 Stycky et al.l’®3 have em-
ployed hydrogen bonding to direct the synthesis and ob-
tained large-pore (ca. 65 A) hexagonal and cubic meso-
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porous TiO, with a specific surface area of 200 m?/g. Inter-
estingly, the walls of the TiO, mesostructure were built of
nanocrystalline anatase, which is promising for potential
applications in photocatalysis, since anatase is the most
photocatalytically active crystalline phase of TiO,.1%] In a
different approach, charge matching between cationic sur-
factants and anionic peroxytitanates was used to produce
mesoporous TiO, [ with a surface area of 310 m?/g and a
pore size of about 36 A. The final mesostructure, however,
was found to lack long-range order, thus suggesting the for-
mation of a wormhole pore network. A nonaqueous route
for the preparation of mesostructured titania was studied
by Kuperman et al.’®! The final mesoporous structures,
with surface areas of up to 420 m?/g, were thermally stable
only when silanol groups were incorporated into the inor-
ganic framework by the gradual exposure of the inorganic
framework to 7-15 wt.-% of Si,Hg. The composite was then
heated to 125 °C and the excess of unreacted Si,Hg was
removed under vacuum.

Zirconium oxide is a particularly interesting catalytic sys-
tem, and has found many uses in chemical and petrochemi-
cal processes because it possesses acidic, basic, and redox
properties. For example, it is an effective catalyst for the
selective formation of isobutane and isobutene from synthe-
sis gas,’17?l and acts as a superacid (sulfated ZrO,) in the
isomerization and cracking of paraffins and alkylation and
acylation of aromatics.[73-7¢1 Crystalline stable tetragonal or
cubic zirconia is required in most catalytic applications. For
example, the tetragonal ZrO, phase has been claimed as the
active phase in n-butane isomerization!’%’” and alkylation
and acylation of aromatic compounds.[’87°]

Wong and Ying®¥ have studied the formation of mesos-
tructured ZrO, directed by anionic and nonionic surfac-
tants. High-surface-area (360 m?/g), mesoporous ZrO, was
obtained only when alkyl phosphate surfactants were used.
They associated the enhanced thermal stability of the final
mesoporous structure with the presence of the phosphate
groups on the ZrO, surface after the surfactant removal.
However, no specific details were provided for the role of
phosphate in stabilizing the ZrO, mesostructure.

Other mesoporous zirconia with pore sizes between 58
and 62 Al%-63 and wormlike zirconial’® have been also re-
ported. For instance, thermally stable mesoporous zirconia
with a surface area of about 280 m?/g has been prepared,>”!
although the mesostructure was only stable when SiO, was
incorporated into the zirconia wall during synthesis. Me-
soporous zirconia with both amorphous!’? and tetragonal
nanocrystallinel®>-3 walls has also been prepared, thus al-
lowing an exploration of the role of the extended crystal
structure on the catalytic properties of this metal oxide.

Sulfated hafnium oxide is another attractive superacid
system for selective alkane isomerization.8! The thermally
stable hafnium oxide reported by Sayari et al.l®? exhibits a
high surface area (ca. 200 m?/g) and a wormhole pore-struc-
ture without long-range structural order. The pore diameter
evaluated by the Horvath-Kawazoe method was only 11
A, thus indicating the formation of a microporous phase.
Mesoporous HfO, with large pores (70 A) has also been
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prepared by a neutral self-assembly approach employing
Pluronic P-123 as a structure-directing agent.[>%-63

Tantalum oxide is yet another interesting metal-oxide
system with potential applications in photocatalysis, such as
photocatalytic water splitting.[®3-35 Hexagonal mesoporous
Ta,Os with pore sizes in the 20-40 A range and specific
surface areas of up to 500 m?/g was reported for the first
time by Antonelli and Ying.[®®) The synthesis was directed
by covalent bonding between the primary alkylamine head-
groups and Ta atoms in a ligand-assisted liquid-templating
mechanism. Similar to the synthesis of mesoporous Nb,Os,
mesoporous Ta,Os has also been obtained in the presence
of nonionic surfactants (Pluronic P-123) by neutral self-as-
sembly directed by hydrogen-bonding interactions.[>%-63

Other reported mesostructured binary oxides with poten-
tial applications in catalysis are NiO and MnO,. Nickel-
oxide-based catalysts have been used successfully in the par-
tial oxidation of olefins, nitroxidation of hydrocarbons into
nitriles, and partial oxidation of isobutylene into methyl-
acrolein.[®”] Manganese oxides show catalytic activity in the
oxidation of alkanes.[® Shih et al.® have investigated the
synthesis of mesostructured nickel oxide in the presence of
CTAB. The NiO mesostructure was thermally unstable and
collapsed upon thermal treatment. Since NiO exhibits a
high Tammann temperature (1129 K), the limited stability
of this mesostructured oxide may be associated with a low
degree of cross-linking, redox reactions, and rigidity of the
Ni—-O-Ni framework. However, the addition of sodium sili-
cate during the NiO synthesis produced a thermally stable
mesostructure with a surface area of 530 m?/g. The addition
of silicate (Si/Ni = 0.2-0.5) is believed to strengthen the
inorganic mesostructure. It was suggested that the resultant
mesophase had a structure of SiO, tetrahedra linked to-
gether by Ni atoms on every corner to produce a robust
mesostructure. Mesostructured lamellar manganese oxide
has been prepared by Suib et al.’ by employing (C;>H»s)
NMe;OH as a surfactant. However, no information was
provided on the surfactant removal from these lamellar
manganese oxides.

Other reported mesostructured transition-metal oxides
include Y,03, WOj3, and ReO,: yttrium oxide is used as
a matrix for solid-state lasers and luminescent systems,!]
rhenium oxides exhibit interesting electrical conductivity
properties,[®?! while tungsten oxides have found applications
as semiconductor materials.[’>%3 Lamellar and hexagonal
mesostructured yttrium oxides have been prepared by em-
ploying anionic surfactants, such as sodium dodecylsulf-
ate.®! In this case, removal of the surfactant led to high
surface areas (ca. 550 m?/g) and mesoporous structures with
pores of about 30 A. Mesostructured rhenium oxide exhib-
iting wormhole channels occupied by surfactant molecules
has been prepared employing dodecylamine as a surfac-
tant.”?l However, no porosity was observed after the surfac-
tant removal, indicating that the mesostructure collapses
under oxidizing conditions, while the pores were blocked
with residual pyrolyzed carbon after a thermal treatment in
an inert atmosphere. Mesostructured tungsten oxide has
been prepared in the presence of DTAB; however, DTAB
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removal by cation exchange was not successful.>” High sur-
face area WO; (125 m%/g) displaying pores of about 50 A
has also been prepared by employing Pluronic P-123 as a
structure-directing agent.[>%-63]

Iron oxide is another interesting catalytic system that has
been used to catalyze the oxidative dehydrogenation of hy-
drocarbons. For example, hematite is an active catalyst for
transforming butanel®>°4 and ethylbenzene.[®>! High-sur-
face-area (274 m?/g) mesoporous iron oxides have been syn-
thesized by sonochemical synthesis.®®°” Iron(i) ethoxide
was used as the inorganic precursor and CTAB as surfac-
tant. Since the self-assembly process is directed by strong
coulombic interactions, the improved thermal stability of
mesostructured iron oxide may be associated with its rela-
tively high Tamman temperature (919 K).

In addition to the above-mentioned applications in catal-
ysis, these metal oxides (Table 3) may also be used as me-
soporous hosts for the growth of functional nanoparticles,
such as supported metals for applications in catalysis and
semiconductor nanoparticles for electronic and optical ap-
plications.°8-100]

2.5. Mesostructured Mixed-Metal Oxides

Mixed-metal oxides are particularly attractive as cata-
lysts for the selective oxidation of lower alkanes. For exam-
ple, vanadium-phosphorus oxides are highly active and se-
lective for the oxidation of n-butane to maleic anhy-
dride.'°1-193] The recently reported bulk mixed Mo-V-Sb-
Nb oxides!'°-194 are active and selective for the oxidation
of propane to acrylic acid, and it is well known that the
most efficient catalysts for propane ammoxidation are
based on bulk mixed-metal oxides (i.e. vanadium antimon-
ates or promoted molybdates).[''%!"1] V-Mg oxides are very
active in the oxidative dehydrogenation of light alkanes to
alkenes.['12:113] Mesostructuring of these complex metal-ox-
ide systems offers the possibility to design novel catalytic
materials with high surface areas, controlled porosities, tun-
able surface compositions, and improved catalytic perform-
ance. Examples of mesostructured mixed-metal oxides most
relevant to applications in catalysis are summarized in
Table 4.

One of the most remarkable mixed-metal oxide systems
is the vanadium-phosphorus-oxide (VPO) system for the
oxidation of n-butane to maleic anhydride, which is the only
industrial vapor-phase oxidation of an alkane.['91-105] Few
reports exist on the synthesis of mesostructured VPO mate-
rials. Iwamoto et al.l''¥l have reported the synthesis of me-
sostructured hexagonal vanadium-phosphorus oxide mate-
rials using alkyltrimethylammonium surfactants (C;,—Cj).
However, the mesostructure in these materials was lost
upon calcination. Doi and Miyake!!'>! have reported the
synthesis of a novel hexagonal mesostructured VPO com-
pound from the VPO catalyst precursor VOHPO,4:0.5H,0O
by surfactant intercalation and subsequent hydrothermal
treatment. However, these materials suffer from poor ther-
mal stability and low phosphorus content that are detri-
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Framework Precursors Mesophase and unit cell parameter (A) Ref.
composition
VPO VOSO,, H5PO,, C,TACI, H,0, n = 12,14,16 hexagonal (4]
(maximum d-spacing 33-40)
VPO VOHPO, 0.5 H,0, C,,TAMCI, H,0O lamellar (channel spacing 30) and hexagonal (1]
(NA)
VPO V,0s, H;PO,, CTABr, H,0, V metal hexagonal (ICMUV-2) (¢ = 42-46) [116]
VPO V,0s, H;PO,, CTAOH, CTACI, H,0, V metal  lamellar (¢ = 32.2), hexagonal (a = 50.5), cu- (17
bic (a = 85.4)
VPO VOSO,, VO(acac),, H;POs, H3PO,, H>0, alkyl- lamellar (¢ = 23-32), hexagonal (a = 40-44), [118-121]
amines, sulfonates, phosphonates, alkyltrimethyl- cubic (a = 92-99)
ammonium bromide
Nb-Ta oxidel®! NbCls, TaCls, P123, MeOH, EtOH, ButOH, disordered mesoporous structure (channel [122]
HexOH spacings 30-40)
Nb-V oxidel® vanadium triisopropoxy oxide, niobium ethoxide, wormhole pore structure (maximum d-spac- [123]
octadecylamine, ethanol/H,O ing 40)
Mg-V oxidel®! V(acac);, MgCl,, DTABr, MTABt, CPBr, lamellar (¢ = 35), wormlike channel spacing [112.113]
CTABr, SDS, SDBS, BTABr, H,O 38), hexagonal (a = 36)
TiO,-PO, [®] titanium methoxide, H;PO,, dodecanol + 5 EO  disordered hexagonal (maximum d-spacing [124]
tenside, H,O 62)
TiO,-PO, ¥ titanium propoxide, H;PO,, H,O CH;(CH,), hexagonal (¢ = 33-55) lamellar [123]
N(CHa);Br, n = 7,11,15,17,
TiO,-PO, titanium isopropoxide, H;PO,, C , TABr (n = hexagonal (d-spacing 27-36) [126]
16, 18, 20), H,0O
71r0,-SO,, zirconium propoxide, ammonium sulfate, H;PO,, hexagonal (a = 30-51) [127]
710,-PO, [ CTABr, OTABr, H,O
Y,0;-ZrO, zirconium ethoxide, ethylene glycol, yttrium ace- wormhole (d-spacings 42-46) [138]
tate, CTABr, H,O
Y,05-Z1rO, ZrO(NOs),, Y,05, SDS, urea, H,O lamellar (¢ = 32-35) and hexagonal (a = 44) [139]

Zr-Ti oxide!®!
Zr-W oxidel®!

ZrCly/TiCly, triblock copolymers, ethanol
ZrCly/WCly, triblock copolymers, ethanol

NA (d-spacing 103)
NA (d-spacing 100)

[59.63]
[59,63]

[a] Thermally unstable. [b] Thermally stable.

mental for their use as heterogeneous catalysts. Amoros et
al.l'"®l have described the synthesis of hexagonal mesostruc-
tured oxovanadium phosphates, denoted as ICMUV-2.
However, the removal of surfactant from their vanadium
phosphates resulted in the collapse of the mesostructure.
Mizuno et al.'"” have described the synthesis of hexagonal,
cubic, and lamellar mesostructured vanadium-phosphorus-
oxides that lose their structural order upon calcination. We
recently reported novel hexagonal, cubic, and lamellar VPO
phases, which displayed improved thermal stability, desir-
able chemistries (i.e. the P/V ratios and vanadium oxidation
states), and pore structures for the partial oxidation of
lower alkanes.[''8-1201 We demonstrated in these studies that
the V oxidation state and the surface P/V ratios can be
tuned, respectively, by post-synthesis thermal treatment
(i.e., oxidizing vs. reducing atmosphere) and inorganic—or-
ganic interfacial chemistry (i.e., the surfactant function-
ality).l''81211 The N, adsorption—desorption isotherm mea-
surements indicated that these novel VPO phases have a
broad size-distribution in the micropore range. However,
complete removal of the surfactant and achievement of
thermal stability for the mesoporous VPO system still rep-
resents a major challenge.'>!! The incomplete cross-linking
of the VPO framework, its redox properties, and the low
Tammann temperature of the constituent oxides have so far
prevented the preparation of thermally stable mesoporous
VPO phases.
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The Nb and Ta oxides possess moderately strong Lewis
and Bronsted acidity and are promising as solid-acid cata-
lysts and catalytic supports.>” The mesoporous mixed Nb/
Ta (ca. 1:1) oxide displaying a wormhole pore structure was
prepared by a neutral templating method.['??! Interestingly,
the resultant mesostructure displayed not only high thermal
stability, but also the presence of nanocrystalline walls.
However, as the crystallinity of the mesostructure increased
with calcination time, the BET surface areas decreased from
168 to 22 m?/g, suggesting the densification of the final me-
sostructure. In order to prevent this decrease in surface
area, Antonelli et al.l'>31 have employed the ligand-assisted
method to prepare mesoporous V-Nb oxides (5-15 mol.-%
V in mesoporous niobium oxide). Although high-surface-
area composites (500-830 m?/g) were reported, only disor-
dered wormhole pore structures were obtained, with walls
about 2.0-2.3 nm thick. Chao and Ruckenstein have suc-
ceeded in the preparation of mesoporous Mg-V oxides (Mg/
V = 0.5-10) with relatively high surface areas (i.e. 70-250
m?/g) and wormhole-like pores that are promising for the
oxidative dehydrogenation of alkanes.''>~'13 The pore size
of these composites could be fine-tuned by changing the
pH. They proposed a self-assembly mechanism in which an-
ionic polyvanadate species associated with an Mg>* cation
condense around positively charged surfactant micelles. The
thermal stability of this system was attributed to the incor-
poration of Mg cations into the inorganic oxovanadium
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framework. Figure 9 shows the typical wormhole-like me-
soporous structure of mixed transition-metal oxides.

Figure 9. TEM of mesostructured vanadium-magnesium oxide ex-
hibiting wormhole channels occupied by surfactant molecules.!'!?!

Mesoporous titanium phosphate is another example of a
mixed-metal oxide obtained by a templated self-assembly
approach.[1241261 Crystalline phosphated titania is catalyti-
cally active in the isomerization and alkylation of hydro-
carbons.[®® 71 Mesoporous titanium phosphate was pre-
pared by a neutral templating route employing poly(ethyl-
ene oxide)s as surfactants.'>*! The final mesostructure dis-
played thermal stability and high surface area (= 350 m?/
g). The relatively high thermal stability of mesoporous tita-
nium phosphate was associated with a high degree of con-
densation of the amorphous titanium phosphate frame-
work, which prevents crystallization and densification of
the mesostructure. However, the obtained mesostructures
were highly disordered, suggesting that weak hydrogen-
bonding interactions between the surfactant and inorganic
species lead to a decrease in the structural order. The syn-
thesis of mesoporous phosphated titania (P/Ti = 1 and 2)
has also been directed by electrostatic interactions.'>’! In
this case, disordered mesostructures with much higher sur-
face areas (up to 740 m?/g) and wormhole-like pores were
obtained after surfactant extraction. However, the surface
area decreased by about 60 % upon calcination. Titanium
phosphates possessing ordered hexagonal mesostructure
have been obtained by Schiith et al. in the presence of alkyl-
trimethylammonium bromides.['*®! Interestingly, the pore
analysis showed a type-I isotherm that is characteristic of
microporous materials after surfactant removal by calci-
nation, which suggests the formation of a hierarchical po-
rous structure in which the micropores are most likely in-
corporated in the walls of the mesostructure.

Low-temperature alkane isomerization is of great interest
to the petrochemical industry since branched alkanes are
important gasoline products and additives.'% Superacids,
such as ZrO,-SO4 and ZrO,-PO,, catalyze alkane isomer-
ization and other reactions demanding high acidity.[7>7]
Highly ordered and thermally stable hexagonal mesoporous
Zr0,-S0,4 and ZrO,-PO, have been reported by Schiith et
al.l?7] In these studies, the improved thermal stability was
associated with the presence of the sulfate and phosphate
groups, which strengthen the walls of ZrO,. The authors
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proposed that uncondensed ZrOH groups bond with phos-
phate groups, thereby increasing the extent of cross-linking
and enhancing the stability of the mesophase upon surfac-
tant removal.

Mixed yttrium-zirconium oxide is an example of a cata-
lytic system that is promising for the Fischer—Tropsch syn-
thesis.['?®] Yttria is commonly used to stabilize the tetrago-
nal or cubic ZrO, phase.'?!30] When Y is incorporated
into the ZrO, lattice, oxygen vacancies are created to pre-
serve the lattice neutrality. It has been suggested that the
active sites for CO hydrogenation are these oxygen vacan-
cies.'?81 Mesoporous yttria-zirconia with nanocrystalline
walls, wormhole pore channels of about 20 A, and 100-250
m?/g BET surface areas has been reported by Ozin et
al.,[131 whereas Gedanken et al.['3?l have prepared lamellar
and hexagonal Y/Zr (1:1) oxide mesostructures by a sono-
chemical method employing sodium dodecyl sulfate as the
surfactant. Mesoporous structures with surface areas of
about 245 m?/g were obtained after surfactant extraction
with sodium acetate. However, a nonuniform pore-size dis-
tribution was observed, and the mesoporous mixed-metal
oxide collapsed upon thermal treatment due to poor cross-
linking of the inorganic framework and its redox properties.

The use of nanoparticles as building blocks instead of
molecular precursors is an attractive route to mesoporous
metal oxides with nanocrystalline walls that display im-
proved thermal stability and show significant promise for
structure-sensitive catalytic reactions. Ying et al.['33] have
employed colloidal ZrO, nanocrystals to prepare mesop-
orous mixed tungsten-zirconium oxide. They proposed that
this self-assembly process is driven by attractive forces be-
tween negatively charged metatungstate ions (I"), positively
charged ZrO, nanoparticles (C*), and hydrogen-bonded
polymer surfactants (S°H*). The same synthesis pathway
has been used successfully to prepare mesoporous tungsten-
titanium oxide. Honma et al. have reported a novel method-
ology to prepare ordered mesoporous nanocomposites with
crystalline oxide frameworks employing functional nano-
crystals as the building blocks.['** Ordered mesoporous
nanocomposites consisting of electrochemically active nan-
ocrystals and semiconductive glass in the TiO,-P,0s-M, O,
systems (where M is a metal ion) were formed. Other meso-
porous mixed-metal oxides, such as Zr-Ti and Zr-W oxides,
have also been reported by Stucky et al.3%:63

3. Ordered Macroporous Oxides

3.1. Structural Characteristics

Colloidal crystals consisting of three-dimensional or-
dered arrays of monodispersed spheres can be used as novel
templates for the preparation of highly ordered macropo-
rous inorganic solids that exhibit precisely controlled pore
sizes and highly ordered 3D porous structures. The macro-
scale templating approach typically consists of three steps.
First, the interstitial voids of the monodisperse sphere ar-
rays are filled with precursors of various classes of materi-
als, such as ceramics, semiconductors, metals, monomers,
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etc. In the second step, the precursors condense and form
a solid framework around the spheres. Finally, the spheres
are removed by either calcination or solvent extraction.
The success of forming macroporous ordered structures
is mainly determined by van der Waals interactions, wetting
of the template surface, filling of the voids between the
spheres, and volume shrinkage of the precursors during the
solidification process. The colloidal crystal templating
method may be used in combination with sol-gel, salt solu-
tion, nanocrystalline, and other precursors to produce the
inorganic 3D macrostructures.l’) The colloidal-crystal tem-
plates used to prepare 3D macroporous materials include
monodisperse polystyrene (PS), poly(methyl methacrylate)
(PMMA), and silica spheres. A typical SEM image of a

Figure 10. SEM image of an ordered array of ~400 nm polystyrene
spheres.[73]

£
My S0 AN AN

Figure 11. SEM image of a macroporous inorganic material. The
walls consist of ~20 nm (VO),P,0; crystals (modified from ref.['73]).

colloidal array of polystyrene spheres used as a template in
the synthesis of macroporous inorganic materials is shown
in Figure 10. Prior to precursor infiltration, these monodis-
perse spheres are ordered into close-packed arrays by sedi-
mentation, centrifugation, vertical deposition, or electro-
phoresis.['*3] The final inorganic macroporous structure af-
ter the removal of spheres contains the ordered intercon-
nected pore structure shown in Figure 11.

3.2. Macroporous Binary and Mixed-Metal Oxides

Several synthesis methods have been used in the past to
prepare 3D macroporous inorganic materials. These include
sol-gel, salt precipitation, nanocrystal infiltration, and poly-
merization. All these synthesis methods rely on the use of
a polymeric or inorganic template, usually in a form of
spheres packed in a periodic fashion. Bulk ordered transi-
tion metal macroporous oxides prepared by the sol-
gell'36-1431 and other methods!!#¢-138] are summarized in
Table 5 and Table 6, respectively. The most representative
methods to prepare inorganic macrostructures are briefly
discussed below.

Macroporous inorganic frameworks have been success-
fully prepared using the sol-gel method, in which metal al-
koxides dissolved in alcohol are impregnated into the voids
of the colloidal (polymer) sphere arrays. Hydrolysis and
condensation take place at the sphere surface to form the
inorganic framework. Subsequent heat treatment to remove
the polymer spheres results in an ordered macroporous me-
tal oxide. The final macropore dimensions are about 15—
30 % smaller than those of the original spheres due to the
shrinkage of the inorganic framework. This is caused by a
large volume loss during the sol-gel process as the alcohol
is evaporated. Significant shrinkage of the inorganic frame-
work during template removal by heat treatment results in
severe cracking and loss of long-range order. Therefore the
sol-gel method, in combination with heat treatment to re-
move polymer spheres, has not resulted to date in highly
ordered macroporous materials for photonic bandgap ap-
plications, for which long-range order is required. Several
single, binary, and tertiary oxides have been prepared using
sol-gel chemistry: SiO,;l'3% TiO,, ZrO,, SiO,;371 TiO,,
Zr02, A1203;[1381 Si02, TiOZ, Zr02, A1203, Fezo3, Sb406,

Table 5. Macroporous transition-metal oxides prepared using colloidal sphere templates by a sol-gel method.

Colloidal template Macroporous framework

Pore structure Ref.

ca. 0.35 pm oil micro- TiO,, ZrO, > 50 nm Imhof and Pine 19971137}
emulsion droplets hep
ca. 0.47 pm ps TiO,, ZrO, 320-360 nm Holland et al. 1998!138]
hep
0.4-0.7 um ps TiO,, ZrO,, Fe,05, Sb,06, WO3, 250-500 nm Holland et al. 19991139
YZrO, ffc/hep
ca. 0.4 pm ps vanadium phosphorus oxides 300400 nm Carreon and Guliants 20011411 200211421
hep
ca. 1 um ps TiO,, ZrO,, PbTiO;, Pb(ZrTi)Os disordered hcp Gundiah and Rao 20000143
800-1000 nm
0.64 pm ps TiO,, ZrO, disordered hcp Wang et al. 20010143
~400 nm
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Table 6. Macroporous transition metal oxides prepared using colloidal sphere templates by other synthesis methods.

Colloidal template Macroporous framework

Pore structure

Synthesis method Ref.

0.36-2.92 um ps TiO, 240-2000 nm liquid phase chemical reaction Wijnhoven and Vos 19981!46]
hep

ca. 0.4-0.7 um ps NiO 250-500 nm salt precipitation and chemical Yan et al. 1999[147]
hep conversion

0.6-0.8 pm ps MgO, NiO, Cr,0s, 380-550 nm salt precipitation and chemical Yan et al. 20001481

Mn,03, Fe,03, Co30,, hep conversion

0.56 um ps TiO, 320-525 nm nanocrystal incorporation Subramanian et al. 199911491
fec

0.33 um ps/0.336 pm silica spheres TiO,, ZrO, ca. 270-330 nm inverse opal templating Colvin et al. 200118

0.33 pm pmma/0.336 pm silica spheres hep

WO3, YZrO;13 Si0,;1149 V-P-O;[141:1421 §i0,, TiO,, ZrO,,
PbTiO3, Pb(ZrTi)O5;1'41 Eu,05, Nd,O3, Sm,05;144 TiO,,
Ti0,/Si0;14 Ti0,.[146]

Precipitation of metal salts, such as acetates and oxalates,
and oxides within the colloidal polymer-sphere arrays, and
subsequent chemical conversion of the inorganic precur-
sors, is an alternative method to prepare ordered macropo-
rous structures. This procedure is less sensitive to atmo-
spheric humidity and allows the formation of ordered 3D
macroporous structures for compositions difficult to pre-
pare by sol-gel techniques. Yan et al.l'4” have reported the
synthesis of macroporous NiO with 250-500 nm voids by
templated precipitation and subsequent chemical conver-
sion of the inorganic precursors. The metal salt solution
(acetates or nitrates) penetrates the void spaces between the
spheres, and subsequent calcination of the macrocomposite
removes the spheres and produces the desired metal oxide.
A number of ordered macroporous inorganic oxides have
been prepared by the salt precipitation method: MgO,
Cr,05, Mn,0;, Fe,05, Co;0,4.[148]

Ordered macroporous materials may be prepared by fill-
ing the void spaces of colloidal sphere arrays with nanopar-
ticles. This method offers the great advantage of incorporat-
ing specific nanoparticles of desirable crystalline phases
into the wall structure of the macroporous framework. An-
other major advantage of this method is that it results in
very little shrinking and cracking of the 3D framework dur-
ing template removal. Typically, the pore shrinkage is lim-
ited to 5-10 %. Subramania et al.l'**! have used monodis-
perse PS spheres to template colloidal dispersions of silica
and titania and form 3D structures with 320-525 nm
macropores. Vlasov et al.">% have used CdSe nanocrystals
templated against monodisperse silica spheres to synthesize
macroporous CdSe semiconductors.

Polymerization of organic precursors around colloidal
silica-sphere arrays is a common method to produce or-
dered macroporous polymeric materials. The colloidal ar-
rays of spheres are filled with a liquid monomer, which is
subsequently polymerized by heat treatment or UV irradia-
tion. Macroporous polyurethane, poly(acrylate/methacry-
late), PMMA, polystyrene, epoxy, and poly(methyl acrylate)
have been prepared using this methodology.l'>1-153]

Other miscellaneous techniques for the preparation of in-
organic macrostructures include spraying techniques,!'3#15°]
electrodeposition,['33-157:1601 and inverse opal templat-
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ing.[152.158] Spraying techniques have been used mainly in
the preparation of macroporous films. Macroporous TiO,,
for example, has been prepared by spray pyrolysis by de-
positing titanyl acetylacetonate onto silica spheres,!'>* and
macroporous Au has been synthesized by ion spraying.!!>°]
Electrodeposition techniques offer excellent control over
the degree of filling and wall thickness. Growth of the desir-
able macrostructure occurs galvanostatically or potentios-
tatically. Macrostructures of CdS, CdSe,[!351561 ZnQ,[16%
polypyrrole, polyaniline, and poly(bithiophene)!'>” have
been successfully prepared by electrodeposition. In the in-
verse opal templating method, 3D macroporous structures
prepared by templating with opal structures can be sub-
sequently used to form another opal replica. A wide range
of compositions, (TiO,, ZrO,, Al,O;, polypyrrole, PPV
(polyphenylene-vinylene), CdS, AgCl, Au, Ni) 138 have
been prepared by this method.

Macroporous  vanadium-phosphorus-oxide  (VPO)
phases with remarkable compositional, structural, and
morphological properties have been synthesized by em-
ploying monodisperse polystyrene sphere arrays as a tem-
plate.[141-1421 Colloidal polystyrene spheres were ordered
into closed-packed arrays by sedimentation or centrifuga-
tion. Depending on the choice of VPO source and template-
removal method, various crystalline VPO phases were ob-
tained. The macroscale-templated synthesis produced VPO
phases with unprecedentedly high surface areas (75 m?/g),
desirable macroporous architectures, optimal bulk composi-
tions (P/V = 1.1), desirable vanadium oxidation states (+4.1
to +4.4), and preferential exposure of the surface (100) pla-
nes of vanadyl(tv) pyrophosphate, VO,P,0,, which is the
proposed active and selective phase for n-butane oxidation
to maleic anhydride.

The ability to control wall thickness, pore size, and ele-
mental and phase compositions makes colloidal sphere ar-
ray templating a versatile, attractive, and flexible route for
the synthesis of highly ordered macroporous materials with
fine-tuned pore and framework architectures. The wall
thickness of macroporous structures can be controlled by
the hydrolysis/condensation rates of the inorganic precur-
sors, 13 the packing of the PS spheres,!'*?! and by forming
core-shell structures at the sphere surface (i.e. deposition of
polyelectrolyte multilayers at the sphere surface).l'4’] The
pore size can be easily manipulated in the range of the
sphere sizes, which are typically between 100 nm and 50 pm
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in diameter. Even smaller spheres (20 nm) can be prepared
and used to template small-pore materials.[®! Furthermore,
it is possible to build macroporous structures containing a
specific crystalline phase by incorporating nanoparticles of
desired phases in the voids of sphere arrays.'4*:15% De-
pending on the choice of the inorganic sources and tem-
plate-removal method, various crystalline phases can be ob-
tained.!'#? This suggests that the most critical aspects in the
preparation of these macroporous structures are the ability
of the precursors to infiltrate and condense between the
spaces of the colloidal spheres without swelling or destroy-
ing the template, as well as the ability to avoid excessive
grain growth, as this leads to a decrease in macroporosity
and structural order.

4. Emerging Catalytic Applications

4.1. Mesoporous Metal Oxides

Finely tuned pore sizes, metal oxide wall structures and
compositions, high surface areas, and enhanced accessi-
bility of the active surface sites in ordered mesoporous me-
tal oxides are highly attractive for diverse catalytic applica-
tions. A thorough review of emerging applications of me-
soporous transition metal oxides in catalysis is given here.
Reported examples of catalytic mesoporous metal oxides
are summarized in Table 7.

Some early examples of catalytic mesoporous silicates
have been reviewed by Sayari.['>! More recently, Ogawa et
al.l% have reported the use of Al-containing mesoporous
silica films as nanoreactors for organic photochemical reac-
tions. An adsorbed azobenzene derivative incorporated in

the film exhibited photochemical isomerization upon UV/
Vis irradiation at temperatures as low as 80-300 K. How-
ever, no comparison with conventional nonmesoporous sys-
tems was conducted. Ikeue et al.l'®!l have reported Ti-con-
taining porous silica films that exhibit high photocatalytic
activity in the reaction of CO, with H,O to produce CH,
and CH;OH as the main products. The quantum yield of
these mesoporous Ti-silica films was 0.28 %, which is signif-
icantly higher than the value of 0.02 % obtained with tita-
nium oxides anchored on a transparent porous silica glass
(PVG). Such improvement in the reactivity may be attrib-
uted to the higher surface area and ordered pore structure
of the mesoporous Ti-silica films. Soga et al.['®?l have pre-
pared aluminoxanes adsorbed on mesoporous silica that
display ethylene polymerization activity in a catalytic sys-
tem containing bis(cyclopentadienyl)zirconium dichloride.
Furuya et al.['%3 have used Ti-mesoporous silica to oxidize
cyclohexene to cyclohexene oxide with zBuOOH in the pres-
ence of benzene and cyclohexane with 99 % selectivity at
98 % conversion. Methanol oxidation over Nb,Os/SiO, and
Nb/MCM-41 has been studied by Wachs et al.l'64l Al-
though their results showed that the dispersed Nb species
in both catalysts were the active and selective sites for meth-
anol oxidation, Nb/MCM-41 displayed higher overall ac-
tivity due to a better dispersion of isolated NbO, species
per unit mass of this catalyst.

Only a few reports exist on catalytic applications of me-
soporous transition metal oxides. Yussuf et al.l'®3 have re-
ported the photocatalytic behavior of mesoporous titania
films. They found that the photocatalytic activity of the
films for the oxidation of NO, was higher for the mesop-
orous films than for conventional gel films, probably due to

Table 7. Emerging catalytic applications of mesoporous metal oxides.

Oxide system!?! Reaction Product Reaction conditions Activity/ Ref.
selectivity
TiO, NO photooxidation NO, black light intensity 10 mW/m? (L 15 % NO removal, [165]
= 365nm), 1 ppm NO in 50 % 10 % NO, generation
rel. humidity air at 3.0 L/min
NiO-Ta,Os5 photocatalytic water de- H, + 0, 0.5 g 4 wt.-% NiO/Ta,Os in 515 pmol/h Hs, [166]
composition 400 mL H,O0, irradiated by high 272 umol/h O,
pressure Hg lamp (450 W)
PO;-TiO»- 2-propanol dehydroge- acetone 0.4 g catalyst in 50 mL 1:1 2-pro- quantum yields®!: [167]
Nb,Os5 nation panol/H,O mixture sparged by 0.0089 (TiO, )
2 mL/min O, and irradiated by 0.45 (Degussa P25)
150 W Xe lamp 0.0041 (Nb,Os)
0.217 (Nb,Os)
Fe,05-TiO, cyclohexane oxidation cyclohexanol, cyclo- T=343K conversion = 25.8 % [168]
hexanone, isobutyral- p=1atm selectivity to cyclohexa-
dehyde, acetic acid time = 15-17 h nol and cyclohexanone
=90%
VO, -TiO, propene oxidation CO + CO, T =500K activity (min') [169]
Po, = 6.6 kPa CO = 0.091
Pcsng = 2.4 kPa CO, =0.279
select. to CO, = 75%
VPO n-butane oxidation maleic anhydride T=673K n-butane conversion = (21
1.7 % n-butane in air 10 %
space velocity F/V = 55min!  selectivity to maleic an-
hydride = 40 %
[a] Letters in bold refer to the mesoporous oxides. [b] Quantum yield is defined as the molecules of acetone formed per incident photon.
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the higher surface areas of the mesoporous films. In a dif-
ferent study,!'®®) mesoporous Ta,Os doped with NiO was
found to display higher photocatalytic activity than nonpo-
rous amorphous and crystalline NiO-Ta,Os. It was claimed
that the higher surface areas and better NiO dispersion over
the mesoporous Ta,Os5 host were responsible for the supe-
rior catalytic performance of these materials. The photo-
catalytic activity of mesoporous phosphated titanium and
niobium oxide catalysts has been studied in the dehydroge-
nation of 2-propanol to acetone.['®”) Surprisingly, a lower
activity of the mesoporous Ti and Nb oxides was observed
than for the bulk anatase phase. The amorphous nature of
the mesoporous walls and the surface defects in these me-
soporous oxides are probably responsible for the recombi-
nation of photogenerated electron-hole pairs and the poor
catalytic performance.

Gedanken et al.l'%] have studied the oxidation of cyclo-
hexane to cyclohexanol and cyclohexanone over a meso-
porous Fe,O5-TiO, catalyst. The mesoporous catalysts dis-
played about a 5% higher cyclohexane conversion under
the same conditions as compared to catalysts in which
Fe,O3 was incorporated into nonporous TiO,. Yoshitake
and Tatsumi'® have incorporated vanadium oxide into
mesoporous TiO, and studied these novel catalysts in pro-
pene oxidation reaction. They found that the rate of pro-
pane oxidation to CO and CO, was about 18 times higher
with mesoporous VO,-TiO, catalysts than with conven-
tional VO . -TiO, (i.e. a nonporous TiO, matrix). The high
surface areas displayed by these mesoporous catalysts and
improved dispersion of active surface sites in the mesop-
orous hosts are responsible for their enhanced catalytic per-
formance.

The catalytic performance of ordered mesostructured va-
nadium-phosphorus-oxides in selective n-butane oxidation
has been studied by Carreon and Guliants.['>!] Mesostruc-
tured VPO was evaluated in the oxidation of n-butane to
maleic anhydride. Selectivities to maleic anhydride of up to
40 mol-% were observed at 673 K at about 10 % n-butane
conversion. A conventional organic VPO catalyst contain-
ing well-crystallized vanadyl(iv) pyrophosphate, the pro-
posed active and selective phase for n-butane oxidation to
maleic anhydride, displayed selectivities to maleic anhydride
of 50 mol-% under the same reaction conditions. The lim-
ited thermal stability of mesostructured VPO during n-
butane oxidation led to the gradual loss of the structural
order and poor catalytic performance. These results further
suggested that crystalline vanadyl(iv) pyrophosphate is re-
quired for this alkane oxidation reaction.

Other potential applications of mesoporous metal oxides,
such as in fuel cells, as semiconductors, cathode materials,
superparamagnets, etc., have been discussed recently by He
and Antonellil!7" and are outside the scope of this review.

4.2. Macroporous Metal Oxides

Ordered macroporous films and membranes are novel
monolithic materials with potential applications in hetero-
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geneous catalysis, bioseparations, as well as membrane sup-
ports for the separation of small molecules. Due to their
high surface area (up to 230 m?/g) and unimodal large
pores, these macroporous structures are highly attractive for
a variety of separation and catalytic applications involving
large molecules.

Only a few examples of catalytic applications have been
reported for bulk macroporous solids. Stein et al.[l”l.172]
have used ordered macroporous silica as a support for cata-
Iytically active species. For instance, they found that y-
SiW 0036 polyoxometalate clusters incorporated into the
walls of macroporous silica exhibit catalytic activity for the
epoxidation of cyclooctene.l'’! In another study, they!!”?
compared different pore structures (macro, meso and non-
porous silica surfaces) with the activity of silica samples
doped with transition-metal-substituted polyoxometalates
(TMSPs). Although the three types of catalysts showed
comparable conversions in the epoxidation of cyclohexene
to cyclohexene oxide, the open macroporous structure sup-
ported a greater number of TMSP clusters at its surface,
thus leading to improved cluster retention during the cata-
lytic reaction. The recently reported macroporous VPO rep-
resents the first example of a macroporous transition
mixed-metal oxide employed in the selective oxidation of
lower alkanes.['”3! The catalytic performance of this VPO
phase was evaluated in the partial oxidation of n-butane to
maleic anhydride. The observed yield of maleic anhydride
was greater than 50 % for macroporous VPO.['73 Under
similar reaction conditions, the yield of maleic anhydride
was about 40 % for the conventional organic VPO catalyst.
The ordered open-pore structures, the high surface areas
(>40 m?/g), and the presence of nanocrystalline (VO),P,0O-,
in macroporous VPO resulted in improved catalytic per-
formance. The successful preparation of these catalytically
active bulk phases ushers in new and exciting opportunities
for the design of macroporous films and membranes for
various applications in biocatalysis and bioseparations.
Other nanotechnological applications of these novel meso-
and macroporous metal-oxide phases have been recently re-
viewed.[!®!

5. Concluding Remarks

The present review of mesostructured binary and mixed-
metal oxides demonstrates that complete surfactant re-
moval and the attainment of high thermal stability are some
of the critical challenges in the synthesis of mesoporous me-
tal oxides. Incomplete cross-linking of the inorganic frame-
works, strong covalent bonds between the inorganic species
and surfactant molecules, the rigidity of the M—O-M bond
angles, the low Tammann temperature of the constituent
metal oxides, and bulk redox reactions are among the most
notable causes of the limited thermal stability of meso-
porous binary and mixed-metal oxides.

Several synthetic strategies are promising to overcome
the limited thermal stability of mesostructured transition
metal oxides. One proposed strategy is to strengthen the
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inorganic framework by increasing cross-linking with sili-
catel®! and phosphatel!”# species prior to surfactant re-
moval. Another strategy consists in avoiding strong electro-
static interactions at the organic-inorganic interface, in-
stead directing the synthesis through weak hydrogen-bond-
ing interactions, and consequently improving the thermal
stability of the final mesostructure.[>?:63]

Furthermore, the lattice oxygen mobility during surfac-
tant combustion may be lowered and, as a result, the ther-
mal stability of the mesostructure improved by employing
oxides with high Tammann temperatures (Table 1). For ex-
ample, Nb,Os 01621 and ZrO, B% mesostructures with rela-
tively high Tammann temperatures (Table 1) display good
thermal stability. Similarly, thermally stable mesoporous
mixed-metal oxides may be obtained by employing oxides
with a high Tammann temperature as the major structural
component. For instance, thermally stable mesoporous V-
Mg oxide,[''2113] V-Nb oxide,['?*¥ and Y,05-ZrO, 1381 have
been successfully prepared. In all these cases oxides with
high Tammann temperature (i.e. Mg, Nb, and Zr oxides)
were used as the major component in the mixed-metal oxide
system.

The use of a liquid crystalline L; phase represents an-
other attractive alternative for the preparation of meso-
scopic mixed-metal oxides with open-pore structures with-
out the need for surfactant removal. The L3 phase consists
of a surfactant bilayer forming a sponge-like structure with
randomly distributed mesopores interconnected in all three
dimensions.['’>171 The pore diameter in the L; phase in-
creases with increasing solvent content, thus providing a
procedure by which the pore diameter can be tuned to a
specific size. Only the solvent, rather than the surfactant
molecules, occupies the primary pore volume. Therefore,
the void space is immediately available for the condensation
of an inorganic framework without the need to remove the
surfactant. The only limitation of this approach is that the
resultant mesostructures must be used at temperatures be-
low the surfactant decomposition temperature (i.e. about
600 K) to avoid the collapse of the mesostructure.

For many structure-sensitive catalytic applications, such
as the selective oxidation of lower alkanes over bulk mixed-
metal oxides, it is highly desirable to have a well-defined
crystalline catalytic phase. Therefore, the self-assembly of
nanocrystalline building blocks into mesostructured metal-
oxide phases represents a highly promising method to pre-
pare mesoporous metal oxides with nanocrystalline
walls.'% In this respect, the macroscale-templated synthe-
sis of nanocrystalline mixed-metal oxides is an attractive
approach for the design of catalytic phases that possess re-
markable ordering on the macroscale (>50 nm for pore
architectures) displaying nanocrystalline walls.

Meso- and macroscale self-assembly approaches are par-
ticularly attractive for the design of novel catalytic phases
on multiple length-scales that possess unique pore struc-
tures, flexible compositions, and tunable surface active sites.
These unique porous structures with finely tuned surface
active sites are highly promising as improved catalysts for a
variety of selective alkane oxidation reactions. Moreover, it

Eur. J. Inorg. Chem. 2005, 27-43 www.eurjic.org

is expected that these novel model catalytic systems would
lead to an improved fundamental understanding of the rela-
tionships between the molecular structure and catalytic
properties of a broad range of industrially relevant catalytic
systems.
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SHORT COMMUNICATION

Formation of Hexagonal Coordination Complexes

Nate Schultheiss,?! Joseph M. Ellsworth,!#! Eric Bosch,*!?l and Charles L. Barnes'’!

Keywords: Crystal engineering / N ligands / Metallacycles / Microporous materials

The synthesis of the ligand 1,3-bis(3'-pyridylethynyl)ben-
zene and the coordination complex formed with copper(i)
acetate is described. The complex is hexagonal with two li-
gands bridged by paddlewheel-shaped dimeric copper(i)
acetate moieties. The complexes are packed in such a way

that the benzene rings from two separate complexes penet-
rate into the central cavity.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

The synthesis of porous solids is a research area of cur-
rent interest.l' " For example solids that contain channel-
like void spaces are attractive goals with potential appli-
cations in molecular adsorption, ion exchange, and also
heterogeneous catalysis. Hexagonal channels and cavities
are often found in nature, and several approaches to the
synthesis of hexagonal channels have been reported. Moore,
for example, reported the formation of a purely organic po-
rous solid with wide channels based on the m-stacking and
hydrogen bonding of a planar hexagonal macrocycle com-
prising six phenols linked by meta-ethynyl groups.l>! Robson
reported a coordination chemistry approach and charac-
terized a large hexagonal complex on self-assembly of 2,4,6-
tris(4’-pyridyl)-1,3,5-triazine with copper(i1) acetate.l®! That
coordination network did not contain channels because of
the offset packing of adjacent sheets of the coordination
network. In this report we describe a different coordination
chemistry approach to the preparation of hexagonal
channels.

Results and Discussion

As ligand we chose to prepare the bidentate ligand 1,3-
bis(3’-pyridylethynyl)benzene, 1, and to self-assemble this
with metals that favor linear coordination as shown in
Equation (1). Sonagashira coupling!”! of 3-bromopyridine
with 1,3-diethynylbenzene yielded the ligand 1 in good yield
as shown in Equation (2).81 We then allowed the ligand 1
to self assemble with copper(il) acetate in acetonitrile solu-
tion and obtained green diamond-shaped crystals.’] El-
Missouri ~ State

[l Department Southwest

University,
Springfield, MO 65804, USA

'l Department of Chemistry, University of Missouri,
Columbia, MO 65211, USA

of  Chemistry,
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emental analysis of the bulk solid indicated that a 1:2 li-
gand/Cu! complex was formed. Single-crystal X-ray analy-
sis revealed this to be a hexagonal 2:4 coordination complex
as shown in Figure 1.[1

Figure 1. Ortep view of the 2:4 complex formed between 1 and
copper(11) acetate; ellipsoids drawn at the 50% probability level

/N /NN
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The complex between two ligands and two copper(ir)
acetate dimeric units forms a slightly irregular hexagon as
shown in Figure 1. The copper(i) acetate linkage gives
longer sides with a N(1)—N(2) distance of 6.957 A, while
the C(2)—C(8) and C(10)—C(17) distances are 4.067 and
4.065 A, respectively. The copper acetate paddlewheel forms
an almost linear connection between the pair of ligand mol-
ecules with nitrogen—copper—copper angles of 174.82(6)
and 177.43(7)°. The copper—nitrogen bond lengths of
2.185(2) and 2.175(2) A and the copper—copper bond
length of 2.6053(5) A are normal. The copper—oxygen
bond lengths range from 1.959(2) A to 1.987(2) A, and the
oxygen—copper—oxygen bond angles on each side of the
paddlewheel range from 87.56(9) to 92.32(9)°. The alkynes
are undistorted with normal triple bond lengths of 1.190(4)
and 1.191(4) A and angles about the sp C atoms between
177.3(4) and 179.3(4)°. The pyridyl rings are slightly twisted
with respect to the central benzene ring with torsional
angles of approximately 28 and 13°.

Unfortunately, the hexagonal complexes do not stack on
top of each other to form porous materials — instead indi-
vidual complexes stack in an offset manner with the end of

Figure 2. A: The packing in the unit cell viewed along the a axis;
B: view showing the partial penetration of two complexes into a
central tilted complex.

46 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

two complexes partially penetrating the central cavity of a
third complex. This is shown in Figure 2.

Acknowledgments

We thank the Petroleum Research Fund administered by the ACS
(Grant # 37506-B3) and the Graduate College at SMSU for partial
funding of this research.

11 M. J. Zaworotko, Angew. Chem. Int. Ed. 2000, 39, 3052—3054.

21 P. H Dinolfo, J. T. Hupp, Chem. Mater. 2001, 13, 3113—3125.

Bl O. M. Yaghi, H. Li, C. Davis, D. Richardson, T. L. Groy, Acc.
Chem. Res. 1998, 31, 474—484.

4 M. Eddaoudi, D. B. Moler, H. Li, B. Chen, T. M. Reineke, M.
O’Keeffe, O. M. Yaghi, Acc. Chem. Res. 2001, 34, 319—330.

Bl D. Venkataraman, S. Lee, J. Zhang, J. S. Moore, Nature 1994,
371, 591—-593.

[61'S. R. Batten, B. F. Hoskins, B. Moubaraki, K. S. Murray, R.
Robson, Chem. Commun. 2000, 1095—1096.

1 K. Sonogashira, Metal-Catalyzed Cross-Coupling Reactions
(Eds.: F. Diederich, P. J. Stang), Wiley-VCH, New York, 1998,
pp- 203—229.

181 1,3-Diethynylbenzene (1.26 g, 10 mmol) was added with the aid
of a syringe to a mixture of 3-bromopyridine (3.26 g,
20.6 mmol), bis(triphenylphosphane)palladium(i) dichloride
(150 mg), Cul (15 mng), and triphenylphosphane (150 mg) in
diethylamine (25 mL). Nitrogen was bubbled though the mix-
ture for 10 minutes, and the reaction was heated to 60 °C under
nitrogen for 16 h. The crude product was purified, by precipi-
tation from ethyl acetate with hexanes, as a white powder in
64% yield (1.02 g). '"H NMR (CDCls): 6 = 7.38—7.26 (m, 3 H,
ArH), 7.56—7.52 (m, 2 H, ArH), 7.75 (t, J = 1.5Hz, 1 H,
ArH), 7.81 (td, J = 1.8, 8.0 Hz, 2 H, ArH), 8.57 (dd, J = 1.8,
5.2 Hz, 2 H, ArH), 8.78 (dd, J = 0.8, 2.0 Hz, 2 H, ArH) ppm.
3C NMR: 6 = 86.7, 91.5, 120.1, 123.0, 128.6, 131.8, 134.7,
138.4, 148.7, 152.3 ppm. C5oH;,N, (280.32): calcd. C 85.71, H
4.29, N 10.00; found C 85.55, H 4.32, N 9.90.

I A mixture of acetonitrile (2 mL) and dichloromethane (2 mL)
was layered over a solution of 1,3-bis(3’-pyridylethynyl)ben-
zene (11.0 mg, 0.04 mmol) in dichloromethane (2 mL). A solu-
tion of copper(ir) acetate monohydrate (16.0 mg, 0.08 mmol) in
acetonitrile (2 mL) was carefully layered over that. The vial was
capped and placed in the dark. Green diamond-shaped
crystals formed after 2 days (14.7 mg, 59%). m.p. 222 °C.
CysH,4N,Cu, 05 (643.6): caled. C 52.25, H 3.76, N 4.35; found
C 52.32, H 3.68, N 4.37.

(0] Crystal size 0.40 X 0.25 X 0.05 mm, CpzH,yCu,N,Og, mol.
mass 643.57; monoclinic, C2/c, a = 36.5577(17) A, b =
7.8999(4) A, ¢ = 21.4256(11) A; p = 100.3440(10)° V =
6087.2(5) A3; Z = 8; p (calculated) = 1.404 Mg/m?; reflections
collected = 21246 (6700 unique); F(000) = 2624; Absorption
coefficient = 1.445 mm~'; 1.93 < 0 < 27.14 ; max. and min.
transmission = 0.93 and 0.59; final R indices [/ > 26(])], R1 =
0.0440, wR2 = 0.1005; largest diff. peak and hole = 0.660 and
—0.382 e:A3. CCDC-246104 contains the supplementary
crystallographic data for this paper. These data can be obtained
free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html [or
from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; Fax: +44-1223-336-033;
E-mail: deposit@ccdc.cam.ac.uk].
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Deposition and Their Photoluminescence

Hua Zhang,'®! Shuyuan Zhang,*!?l Ming Zuo,'®! Gongpu Li,*! and Jianguo Hou!*!
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A carbothermal method combined with CVD has been deve-
loped to synthesize ZnS nanowires and their self-assemblies
at low temperatures. In this process, active carbon serves as
reductant to react with sulfur, which then goes on to form
ZnS nanowires. X-ray diffraction and X-ray photoelectron
spectroscopy studies indicate that the samples are single-cry-
stal wurtzite ZnS and are rich in sulfur. The nanowires have
diameters ranging from 20 to 60 nm. High-resolution electron

microscopy shows the [100] growth direction for the mono-
dispersed nanowires and the different crystal orientation for
the nanowires constituting the assembly. The photolumines-
cence (PL) peak is located at 490 nm. A vapor-solid (VS) me-
chanism might explain the formation of ZnS nanowires.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Recently, there has been considerable interest in well-ar-
ranged nanostructures prepared by various methods, in-
cluding template synthesis!!! and electrochemical depo-
sition,?! as they have potential applications in many areas,
such as infrared photo detectors,! field emissions,* and as
substrates for photocatalysis and photovoltaics.*l As they
are probably building blocks for well-ordered nanostruc-
tures and nanodevices,>~7! one-dimensional nanomaterials
have recently attracted much attention.®~!'!1 ZnS is an im-
portant II-VI semiconductor that possesses unique proper-
ties and has potential applications in numerous areas like
optics,['?! electronics,!'3! photocatalysis,['¥ etc., and is es-
pecially promising in electric nanodevices. Except for our
previously prepared ordered constructions!!! like flowers
and sheets, only nanocombs!'® and microrods!!” composed
of regularly arranged ZnS nanowires have been reported.
ZnS nanowires and their assemblies have often been pre-
pared by both solution methods!'® and thermal evapor-
ation.!'”] For the latter, ZnS powder precursors have gener-
ally been thermally evaporated under at 900—1600 °C. For
example, ZnS-Si-ZnS triaxial nanowires™®! have been pre-
pared by heating a mixture of SiO and ZnS powders to
1300 °C for 1 h and then to 1600 °C for 1.5 h. The obtained
product was a composite material containing cubic Si and
zincblende-structured ZnS. Wang’s group?!! has employed
a silicon wafer and Au films as substrate and catalyst,
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respectively. Wurtzite phase ZnS nanowires were success-
fully prepared by heating ZnS powders to 900 °C for 2 h,.
According to Li and co-workers,??! Zn/ZnS nanocables can
be fabricated by thermal evaporation of ZnS and a graph-
ite-powder mixture at 1300 °C for 5 h. In spite of these re-
ports it is still a challenge to explore other new and versatile
alternatives for the synthesis of pure ZnS nanowires and
their assemblies at lower temperatures.

Here, we demonstrate that pure, wurtzite-phase ZnS
nanowires can be prepared by a carbothermal, chemical-
vapor-deposition method (CVD) by heating a mixture of
activated carbon, sublimed sulfur and anhydrous ZnCl,
powders to 500 °C. In addition, we have found that some
self-assembled structures composed of ZnS nanowires co-
exist in the samples. Because of its lower temperature and
versatility, this new fabrication method might present a new
and easy way to form various kinds of sulfides. The green-
blue emission of the as-grown ZnS nanowires and their as-
semblies may have potential applications in electronic/op-
tical nanodevices.

Results and Discussion

The X-ray diffraction (XRD) pattern (see Supporting In-
formation) of the as-prepared samples shows that the
samples are well crystallized. All the peaks can be indexed
as (100), (002), (101), (110), (103) and (112) crystal planes
corresponding to JCPDS card 36-1450, which suggests that
the samples are pure, wurtzite-phase, structured ZnS with
lattice parameters ¢ = 3.820 A and ¢ = 6.257 A.

The Zn and S content in the ZnS nanowires was obtained
from the X-ray photoelecton spectroscopy (XPS) patterns
(Figure 1). No impurities, such as trace metals and other
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sulfides, are observed in the complete spectrum (see Sup-
porting Information). The binding energy for Zn 2p* (Fig-
ure la) is 1023.25 eV, which is a slight increase compared
with that reported in the database®! compiled and evalu-
ated by Wagner, thus indicating a small difference in the
chemical state of zinc in our samples. Curve 1 in Figure 1b
shows the pattern of S 2p® with two shoulders at about 162
and 164 eV. In order to determine the chemical states of
sulfur, curves 2, 3 and 4, centered at 162.40, 163.40 and
164.60 eV, respectively, were fitted accompanied by their
combined curve 5. Curves 2 and 3 represent the sulfur in
ZnS; a small amount of elemental sulfur is responsible for
curve 4. Therefore, the ratio of S to Zn in ZnS is about
1.077:1, which shows the richness of S instead of the sulfur
deficiency generally found in previous papers.[*4
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Figure 1. XPS patterns of the ZnS sample: (a) Zn 2p> (b) S 2p°

Figure 2a displays a typical low-magnification trans-
mission electron microscopy (TEM) image, which shows
that the products consist of nanowires with uniform diam-
eters ranging from 20 to 60 nm. The wires are long, straight
and smooth with few other particles present. The electron
diffraction (ED) pattern (inset) taken from a single
nanowire (Figure 2b) can be indexed as the (100) and (001)
planes of wurtzite-phase ZnS. Figure 2¢ shows a high-reso-
lution electron microscopy (HREM) image, with a meas-
ured spacing of about 0.626 nm corresponding to the (001)
plane. It can be clearly observed that the growth direction
of the wire is perpendicular to [001], i.e. the [100] direction.
The inset in the HREM image of another wire shows the
two-dimensional lattice spacing, from which the (101) crys-
tal plane, with a measured spacing of 0.293 nm, can clearly
be seen.

Some regularly assembled structures, shown in Figures 3a
and b, have been found in the as-prepared samples. From
the high-magnification TEM image (Figure 3b) the charac-
teristics of the wires can clearly be seen, especially from the
different contrast and the places indicated by the arrows.
These nanowires, with smooth surfaces and diameters in
the range of 10—60 nm, are self-organized in the radial di-

48 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. (a) TEM image of ZnS nanowires; (b) TEM image of a
single ZnS nanowire and its ED pattern (inset); (c) one-dimensional
and (inset) two-dimensional HREM images of a ZnS nanowire

rection and are nearly parallel to each other, while in the
thickness direction the self-organization can’t be comfirmed
from the contrast; this is different to the case of mi-
crorods,!'”l where the assembly happens in two dimensions.
The (001) and (002) crystal planes of the wurtzite phase can
be identified in the ED pattern. The HREM image taken
from the frame-labeled area is shown in Figure 3c. There
are two different lattice spacings related to the two neighb-
oring single nanowires. One is 0.313 nm, corresponding to
the (002) plane, and the other is 0.227 nm, corresponding
to the (102) plane. This indicates that not all the nanowires
making up the assembly grow along the same crystal orien-
tation.

The room-temperature photoluminescence (PL) spec-
trum of the as-synthesized ZnS nanowires and assemblies
was measured with excitation and filter wavelengths of
313 nm and 350 nm, respectively. As shown in Figure 4, a
strong emission peak is located at 490 nm, which is similar
to that of the well-known ZnS-related luminescence (at
about 480 nm) produced by zinc vacancies.>>! The ZnS nan-
omaterials reported previously have ultra-violet emission
with bands in the range 400—450 nm[?°~27] associated with
the sulfur vacancy. It has been reported in previous work
on ZnS that the vacancy states lie deeper in the gap than
the interstitial states.[?®! Therefore, in the case of the sulfur-
rich nanowires containing no impurities reported here, we
reasonably believe that the green-blue luminescence is attri-
buted to zinc vacancies rather than the vacancy and inter-
stitial sites of sulfur.

wWWwWw.eurjic.org Eur. J. Inorg. Chem. 2005, 47—50
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Figure 3. (a) and (b) TEM images of self-assembled ZnS nanowires
and (inset) their ED pattern; (c) HREM image taken from the two,
neighboring, frame-labeled single nanowires with two different lat-
tice spacings: one is 0.313 nm corresponding to the (002) crystal
plane, and the other is 0.227 nm corresponding to the (102) crystal
plane: this indicates the different growth direction of the constitu-
ent nanowires

490

Intensity

450 © 550 650
wavelength(nm)

Figure 4. Room-temperature PL spectrum of the as-synthesized
ZnS sample with excitation at 313 nm and a filter at 350 nm; the
green-blue emission peak is located at 490 nm

To the best of our knowledge, the carbothermal re-
duction method is usually used to fabricate oxides,*! car-
bides!3*%l and nitrides,*' in which active carbon or graphite
generally reacts with source chemicals containing O or N
to generate intermediate compounds. It is well known that
active carbon can serve as a reductant and react in a fur-
nace with sulfur to generate CS,, which can act as a sulfur

Eur. J. Inorg. Chem. 2005, 47—50 www.eurjic.org

source in the fabrication of sulfides.*?) Due to the low boil-
ing point of CS, (b.p. 46.26 °C) and low melting point of
ZnCl, (m.p. 318 °C),[33] there is enough vapor to react and
the one-dimensional characteristic of CS, could contribute
to the formation of ZnS nanowires. According to these
ideas, we designed the above-described experiments and
found that ZnS nanowires were synthesized successfully. In
the absence of active carbon we only obtained nanopart-
icles. This synthesis method can be understood in terms of
carbothermal CVD. The growth of one-dimensional nano-
materials by thermal evaporation is often explained by a
vapor-liquid-solid (VLS)*4 or vapor-solid (VS)1* growth
mechanism. For example, the silicon nanowires reported by
YuP*®! were synthesized on solid substrates by the VLS
mechanism using Au or Zn nucleation catalysts. In this case,
the presence of a big particle at the tip of the nanowire is
commonly considered to be evidence for the operation of
the VLS mechanism. Jiang’s group has fabricated ZnS
nanoribbonsi®*” by a VS mechanism through hydrogen-as-
sisted thermal evaporation. Comparing the features of these
two mechanisms, and with no tip-located particles present,
the VS explanation may be operative in the formation pro-
cess of our ZnS nanowires. The experimental conditions
and the anisotropy might provide the external and internal
driving forces for the crystal growth. Once the nucleation
starts, the crystal grow in the preferential orientation of the
ZnS crystal planes.

Conclusion

In summary, ZnS nanowires and their self-assemblies
have been successfully prepared for the first time by a car-
bothermal CVD method at low temperature. The as-pre-
pared samples are wurtzite-phase, single nanocrystals with
uniform morphology. The mono-dispersed nanowires grow
along the [100] direction and those nanowires constituting
the self-assemblies grow in different crystal orientation.
Possibly due to their sulfur-rich nature, the samples show
strong green-blue emission at room temperature, which is
consistent with the luminescence of the zinc vacancy. The
growth of our ZnS nanowires can be explained by a VS
mechanism. Because of its easy operation and versatility,
this carbothermal CVD route may be extended to the syn-
thesis of other kinds of sulfide semiconductor nanowires.
Further improvements of the equipment and studies on the
application of ZnS nanowires and their self-organized
structures are in progress.

Experimental Section

All the employed reactants were commercial and analytical grade
without any further purification. A thoroughly blended powder
mixture of sublimed sulfur (S), active carbon (C), and anhydrous
zinc chloride (ZnCl,) with a molar ratio of 4:1:2 was put into a
porcelain boat which was placed in the bottom of a short quartz
tube (approx. 25 mm diameter and 10 cm length) closed at one end.
The short tube was placed with the open end downstream in the
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center of a long quartz tube (approx. 50 mm diameter and 1 m
length) mounted in a horizontal furnace, which was sealed and
high-purity nitrogen was passed through it for 2 h to purge the air
from the system. After heating to 500 °C for 2 h, the tube furnace
was allowed to cool to room temperature in a constant flow of
nitrogen. White samples were collected from the inner wall of the
short tube, and then washed with distilled water and absolute etha-
nol several times. The purity and phase structure of the products
were obtained by X-ray powder diffraction (XRD) analysis, which
was performed with a D/max-yA X-ray diffractometer (1 =
0.15405 nm). The composition of the samples was determined by
XPS with an ESCALAB MKII electron spectrometer using Mg-K,,
radiation as the source. The morphologies and microstructure were
observed and analyzed by TEM and HREM with a JEOL-2010
transmission electron microscope using an acceleration voltage of
200 kV. The PL measurements were carried out with a HITA-
CHI850-type visible-ultraviolet spectrophotometer with a 313 nm
excitation and a 350 nm filter at room temperature. The XRD pat-
tern and the complete XPS spectrum of our sample are available
as Supporting Information.
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Lithium Cyanocuprates: Structural Studies of a Phosphane Adduct of a
“Lower-Order”’ Lithium Cyanocuprate

Robert P. Davies*!2l and Stefan Hornauer!?!

Keywords: Cuprates / Lithium / Reaction intermediates / Michael addition

Addition of PPh; to the “lower-order” cyanocuprate
PhCuCNLi results in a significant increase in reactivity in
1,4-Michael addition reactions. This is explained by a
marked structural change in the cyanocuprate reagent, ob-
served in both THF solution and the solid state, to

give [Ph,Cu]” cuprate anions and a [Cu,Lis(CN)4(PPhg),-
(THF)40]?* dication.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Lithium cyanocuprates are commonly used in the re-
gioselective formation of new carbon—carbon bonds, and
have been shown to have significant advantages for certain
reactions over classical Gilman reagents prepared from cop-
per(1) halides.'? Cyanocuprates can conveniently be di-
vided into two distinct groups based upon their compo-
sition and reactivity: “lower order” cyanocuprates formed
from the 1:1 reaction of CuCN and LiR (R = organo
group) to give species of the general formula RCu(CN)L;i;
and “higher order” species from the 1:2 reaction of CuCN
and LiR and hence with the formulation R,Cu(CN)Li,.
Spectroscopic studies of lower-order cyanocuprates both in
solution® and the solid state™®~7! have shown 1, or aggre-
gates of 1 such as 2, to be the most likely structural motif
for these species (Scheme 1). Hence [(Me,PhSi);C-
Cu(CN)Li(THF);]* is a monomer (1) in the solid state,

whilst [(Mezphsl)3CCU(CN)Ll(THF)z]z,[4] [(C6H3_2,6-
Trlpz)cu(CN)Ll(THF)z]z 3] (Trlp = _C6H2-2,4,6-iPr3),
[Me;SiCH,CuCNLi(OEt,),],,®  and  [tBuCu(CN)Li-

(Et,0)5].. 1 are all dimers (2). However, the structure of
higher-order cyanocuprates has been the subject of much
more controversy with arguments centering on whether the
cyanide group remains bound to the copper or not. Again
recent crystallographic studies have played a major part in
this discussion with structural characterization of the higher
order cyanocuprates [tBu,Cu{Li(THF)-
(pmdeta)},CN]"! and [(2-C¢H4,CH,>NMe,),Cu{Li-
(THF),}>CN].. 1 both revealing ionic compounds con-
sisting of [R,Cu]~ cuprate anions and [Li—CN—Li]" cat-
ions (3). In contrast, infrared spectroscopic,”’ NMR
spectroscopic,!'~ 131 cryoscopic,[' and kinetic reactiv-
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Eur. J. Inorg. Chem. 2005, 51—54 DOI: 10.1002/ejic.200400685

ityl!>-19] studies of these higher-order cuprates have been less
conclusive predicting several possible solution structures.
However, the current consensus as laid out by Krause in a
recent review,[!'”l is that the reactive solution species consists
of a cuprate anion [R,Cu]™ and a [Li—CN—Li]" cation,
either as a solvent-separated ion pair (SSIP), such as 3, and
similar to the structures observed in the solid-state charac-
terizations, or possibly as some form of contact-ion pair
(CIP).

Li
7/
R—Cu—C=N—Li R—Cu—C=N_ N=C—Cu—R
. Li
2

[R—Cu—R]|™ [Li—c=N—Li]"
3

Scheme 1. Solid-state structural motifs for lower-order (1, 2) and
higher-order (3) lithium cyanocuprates

Despite these recent advances, there are still many gaps
in our knowledge of cyanocuprates, and this is particularly
true when we consider the use of additives. Boron trifluor-
ide, alkali-metal halides and phosphanes amongst others
have all been employed as additives for lithium cyanocup-
rates in order to enhance the stability, selectivity and/or re-
activity of these species.['l Despite their reported success in
this field, little is know about their mode of operation and
the effect they have upon the molecular structure of the
organocopper reagents. This paper reports on the first
structural characterization of a phosphane adduct of a lith-
ium cyanocuprate and discusses its reactivity in Michael ad-
dition reactions.

Results and Discussion

Addition of triphenylphosphane to a THF/toluene solu-
tion of the lower-order cyanocuprate PhCuCNLi (formed

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim S1
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from the 1:1 reaction of CuCN and LiPh) at 0 °C gave a
clear yellow solution from which crystals of 4 were grown
at —30 °C (Scheme 2). X-ray structural studies show 4 to
be an ionic species comprising a centrosymmetric
[Cu,Liy(CN)4(PPhs),(THF),o]*" dication and two sym-
metry-related [CuPh,]~ cuprate anions (Figure 1).

4 CuCN + 4 LiPh + 4 PPhy

THF, 0 °C
- 12+
THE THF o -
THF—Li
N
N THE, ,THF  ppp,
S /Li\ PPh
ph,p—u—CEN  NZ=C—Cu™ 2| Cu
Lj .
PPhy THE. THF W)
\
Li-THF
THF THF - -
4

Scheme 2. Synthesis of 4

Figure 1. Molecular structure of 4; only one of the two symmetry-
related [CuPh,]™ cuprate anions is shown for clarity

The dication in 4 is unprecedented, containing both Li™
and Cu! ions linked together through cyanide groups, and
can perhaps best be thought of as two PPhs-complexed
[Cu(CN),]~ anions aggregated with four THF-solvated Li*
cations. The copper atoms in the dication are approximately
tetrahedral, and bond to two PPhs groups [Cu(1)—P(1)
2.294(2) A; Cu(1)=P(2) 2.299(2) A] and to the carbon
atoms of two cyanide groups [Cu(l)—C(9) 1.944(6) A;
Cu(1)—C(46) 1.952(9) A]. These Cu—CN distances are
therefore longer than those observed in previously reported
lower-order cyanocuprates (mean, 1.906 A),*~7) but are
similar to the Cu—CN distances of 1.964(4) and 1.948(5) A
reported for [Cu,(CN),(PPhs)4(hppH)] (hppH =
1,3,4,6,7,8-hexahydro-2 H-pyrimido[1,2-a]pyrimidine),
which also contains a Cu'(CN),(PPhs), metal center.[!®]
Two different lithium ions are observed in the asymmetric

52 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

unit of 4: Li(1) bridges two cyanide groups at their nitrogen
ends [Li(1)=N(1) 2.036(12) A; Li(1)—N(1A) 2.095(12) A]
and is solvated by two THF molecules [mean Li—O, 1.919
Al, whereas Li(2) is terminally bound to just one cyanide
group [Li(2)—N(2) 1.90(4) A] and has its quadruplet com-
pleted by three THF molecules [mean Li—O, 1.87 A]. In
keeping  with  all  previously reported lithium
cyanocuprates,[*~ 7] the cyanide carbon atoms in 4 are essen-
tially linear [Cu(1)—C(9)—N(1), 175.5(6); Cu(1)—C(46)—
N(2), 176.2(8)°] and the CN unit is bent out of the plane
of the central Li,N, ring (by 12.6°).

The [Ph,Cu]~ cuprate anions in 4 contain close to linear
Cu! centers [C(59)—Cu(2)—C(65), 174.8(4)°] with C—Cu
bond lengths of 1.900(11) A [Cu(2)—C(59)] and 1.931(11)
A [Cu(2)—C(65)]. The dihedral angle between the phenyl
rings is 59.1°. These units are therefore structurally very
similar to the [R,Cu]™ cuprate anions observed in the

higher-order  cyanocuprates  [tBu,CuLi,(CN)(THF),-
(pmdeta)z] 7] and [(2'C6H4CH2NM62)2CU { LI(THF)Q}Q-
CN].[8!

Low temperature (—100 °C) 'H-decoupled '*C NMR
spectroscopy carried out on an aliquot of the CuCN +
PhLi + PPhj; reaction mix after stirring for 10 min at 0 °C
in toluene/THF solution shows singlets at 6 = 174.20 and
144.27 ppm for the phenyl ipso carbon and the cyanide car-
bon resonances, respectively. The chemical shift of the ipso
carbon is therefore downfield from the value observed for
PhCuCNLi in the absence of phosphane (0 =
166.05 ppm),B! indicating some structural change has oc-
curred. Bertz has previously reported the chemical shifts
of the ipso carbon atoms of the higher-order cyanocuprate
formed from CuCN +2 PhLi and also of the Gilman re-
agent from Cul +2 PhLi as 174.33 and 174.13 ppm, respec-
tively (in [Dg]THF at —78 °C).l'% Based on these almost
identical NMR shifts, he was able to argue that [CuPh,]™
cuprate subunits were present in each case. The fact that we
observe the ipso carbon shift to be of an almost identical
value to those observed by Bertz confirms that di-
phenylcuprate anions are present in solution for 4 as well
as in the solid state. The cyanide '3C NMR resonance (6 =
144.27 ppm) differs from that observed for PhCuCNLi in
the absence of PPh; (J =148.50 ppm)F! and is significantly
upfield from the [Li,CN]" cation cyanide resonance re-
ported for higher-order cyanocuprates (mean, ¢ =
158.80 ppm).['%7 However, the resonance is close to the
range of reported values for lower-order cyanocuprates (0 =
45.51—151.20 ppm),3~71 suggesting that “CuCNLi” units,
similar or identical to those observed in the cation of 4, are
present in solution.

Infrared spectroscopic characterization of the addition
product of PhLi and CuCN (PhCuCNLi) gave a cyanide
stretch in THF solution at 2137 cm ™! (cf. 2133 cm ™! pre-
viously reported for MeCuCNLi).’) On addition of PPhs,
this peak decreases significantly in size and a new peak is
observed at 2120 cm ™ !. This new absorption differs in fre-
quency from the cyanide stretch reported for the higher-
order cyanocuprate formed from CuCN + 2MeLi (2115
cm™ 1), attributable to [Li—CN—Li]*, and instead can be
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assigned to a cyanide stretch in a [Cu(PPh;),CNLi]" unit,
which is also in agreement with the '3C NMR spectroscopic
and X-ray crystallographic observations (vide supra).

3IP NMR spectroscopy on the reaction mixture in THF
containing excess triphenylphosphane (CuCN + PhLi +1.5
PPh;) reveals one peak (0 = —2.54 ppm) at room tempera-
ture. On cooling to —100 °C, this peak splits into two new
resonances: a broad peak at = 0.04 ppm and a sharp peak
at 0 = —7.76 ppm. These resonances can be assigned to
[Cu(CN),] -complexed PPh; and free PPhs, respectively,
and interchange of the two types of PPh; occurs at room
temperature on the NMR time scale. "Li NMR spec-
troscopy on the same reaction mixture reveals two reson-
ances (0 = —2.44 and —3.37 ppm), consistent with the
bridging and terminal lithium atoms present in the cation
of 4.

The addition of the phosphane therefore results in a con-
siderably different structural motif for 4 relative to all pre-
viously reported lower-order cyanocuprates (1, 2), and the
most significant difference, in terms of its effect on the reac-
tivity, undoubtedly is the generation of [Ph,Cu]~ cuprate
anions. The observed increased reactivity of higher- than
lower order cyanocuprates has previously been attributed
to the presence of such [R,Cu]™ cuprate units,['” and it
seems likely that any increase in reactivity for PhCuCNLi
on addition of PPhjs is due to the generation of these anions.
However, although it has previously been suggested that ad-
dition of PPhj to cuprates does indeed increase their reac-
tivity,[] no systematic studies have been reported. We there-
fore obtained logarithmic reactivity profiles (LRPs)!"! to
compare the rates of reaction of (a) PhCuCNLi, (b)
PhCuCNLi + PPh; (4), and (c) Ph,CuCNLi, in Michael
addition reactions with 2-cyclohexanone (Table 1). The
LRP was generated by quenching the reaction after a series
of times spanning several orders of magnitude, and measur-
ing the yields of 3-phenylcyclohexanone using GLC and the
internal standard method.!">! The lower order cyanocuprate
PhCuCNLi is very unreactive under these conditions with
no product formation observed even after 1 h. However, ad-
dition of PPhj; increases the yields significantly to 29% after
1 h. The yields are larger still for the higher order cyanoc-
uprate and this can be explained by double the concen-
tration of cuprate anions in solution for Ph,CuCNLi, than
4, and also by the differing nature of the cations in the two
reagents, with the larger more sterically hindered cations in

Table 1. LRP data for reactions of (a) PhnCuCNLi, (b) 4 and (c)
Ph,CuCNLIi, with 2-cyclohexanone in THF, showing the yields (%)
of 3-phenylcyclohexanone

Reagentl®] Time [h]

0.001 0.01 0.1
(a) PhCuCNLi 0 0 0 0
(b) PhCuCNLi + PPh, (4) 1 3 2 29
(¢) Ph,CuCNLi, 19 53 66 70

[al Reactions were carried out at —78 °C on a 1 mmol scale at 0.1 m
in THE. Quench: 6 mL of saturated aqueous ammonium chloride/
ammonia (90:10).
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4 likely to favor the formation of SSIPs rather than the
more reactive CIP species.['®]

Conclusion

Addition of PPh; to the “lower-order” cyanocuprate
PhCuCNLi drastically alters its structure by promoting the
formation of [CuPh,]™ cuprate units both in THF solution
(observed using multi-nuclear and variable temperature
NMR spectroscopy) and in the solid state (observed using
single-crystal X-ray diffraction). Such cuprate units have
been previously reported in “higher-order’” cyanocuprates
and Gilman cuprates, but this is this first time they have
been observed in a formally “lower-order” cyanocuprate.
The addition of PPhj; is also shown to increase the reactiv-
ity of PhCuCNLi in Michael addition reactions with 2-
cyclohexanone, and this increase in reactivity can be ex-
plained by the observed structural changes in the reagent
on addition of phosphane, in particular the generation of
the anionic [R,Cu]~ cuprate units.

Experimental Section

General Remarks: CuCN (Fluka > 99%), PPh; (Aldrich 99%) and
2-cyclohexene-1-one (Lancaster Synthesis 97%) were used without
further purification. Pure, halogen-free PhLi was synthesized prior
to use by reaction of equimolar amounts of Phl with nBuLi in
hexane at 0 °C.[' THF and diethyl ether were distilled from over
sodium wire/benzophenone. Unless otherwise stated, all manipu-
lations were carried out under nitrogen using either a glove box or
double-manifold vacuum line. Dry ice/2-propanol baths were used
for reactions at —78 °C. GC analyses were performed with an Agil-
ent GC4890 gas chromatograph equipped with FID detector and
a 25-m SGE BPXS5 capillary column [0.22 mm i.d., 0.25 micron
film, cross-linked 5% phenyl (equiv.) polysilphenylene-siloxane].
The GC was calibrated with authentic product (3-phenylcyclohexa-
none) and dodecane (Aldrich 99%) as internal standard. NMR
spectra were recorded on a Jeol EX270 Delta Upgrade or a Bruker
AM-500 spectrometer. External standards used were TMS ('H,
13C) 85% H3PO4 (3'P) and LiCl/D,O ("Li).

Synthesis of [Cu,Lis(CN)4(PPh3)(THF)(]-2[Ph,Cu] (4): A solution
of PhLi (1.8 M in cyclohexane/diethyl ether; 1.1 mL, 2.0 mmol) was
added to a suspension of CuCN (0.180 g; 2.0 mmol) in THF
(10 mL) at —78 °C followed by dropwise addition of PPh; (0.577 g;
2.2 mmol) in THF (5§ mL). The resulting clear yellow solution was
warmed to 0 °C, filtered through celite and reduced in vacuo to
10 mL. On storage for 72 h at —30 °C, crystals of 4 were obtained
in 46% yield (0.57 g). M.p. 118—122 °C (dec.). Note that NMR
studies on the reaction mix, as detailed in the main text, indicate a
near quantitative yield based on PhLi and CuCN consumption.
Due to the extreme air and moisture sensitive nature of 4 we were
unable to obtain satisfactory elemental analyses. 'H NMR spec-
troscopy (270 MHz, [Dg]DMSO, 298 K): 6 = 7.09—7.44 (m, 70 H,
PPhs, CuPh,), 3.58 (m, 20 H, THF), 1.72 (m, 20 H, THF) ppm —
note that some THF was lost during the isolation procedure. '3C
NMR spectroscopy (101 MHz, THF, 173 K): 6 = 174.20 (CN),
141.33 (Cu-ipso-Ph), 137.49—124.97 (Cu-o/mlp-Ph, PPh;), 67.57
(THF), 25.84 (THF) ppm. 3'P NMR spectroscopy (109.38 MHz,
THF, 298K): 6 = —254 ppm. ‘Li NMR spectroscopy
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(194.31 MHz, THF, 298 K): 6 = —2.44, —3.36 ppm. IR (THF, 25
°C): ¥ = 2120 (s) cm ™! (C=N).

Logarithmic Reactivity Profiles (LRPs): The three cuprate reagents
used were prepared as follows: (a) PhCuCNLi. CuCN (4 mmol,
358 mg) and PhLi (4 mmol, 336 mg) were weighed out into a
250 mL Schlenk flask equipped with a stirrer bar, and cold THF
(40 mL, —78 °C) was added, and the flask was maintained at a
temperature of —78 °C. The reaction mixture was stirred for 6 min
and then warmed up to 0 °C for 6 min to anneal the reagent before
it was cooled back to —78 °C; (b) PhCuCNLi + PPh; (4). CuCN
(4 mmol, 358 mg) and PPh; (4 mmol, 336 mg) were weighed out
into a 250 mL Schlenk flask equipped with a stirrer bar. PhLi
(4 mmol, 336 mg) was weighed out into a separate Schlenk flask
equipped with a stirrer bar. Cold THF (20 mL, —78 °C) was added
with a syringe into each Schlenk flask, and both solutions were
stirred for 10 min at room temperature making sure that the PhLi
had completely dissolved. Both Schlenk flasks were then immersed
in a cooling bath (=78 °C), and the PhLi solution was transferred
with a cannula into the THF suspension of CuCN/PPh;. The reac-
tion mixture was stirred for 6 min and then warmed up to 0 °C for
6 min to anneal the reagent before it was cooled back to —78 °C;
(¢) Ph,CuCNLi,. CuCN (4 mmol, 358 mg) and PhLi (8 mmol,
672 mg) were weighed out into a 250 mL Schlenk flask equipped
with a stirrer bar. Cold THF (40 mL, —78 °C) was added, and the
flask was maintained at a temperature of —78 °C. The resulting
cloudy suspension was stirred at —78 °C for 18 min to give a clear
yellow solution.

For all cuprates (a)—(c): After a further 6 min of stirring at —78
°C, 10 mL of the reagent was transferred with a syringe into each
of four 25 mL flasks. The flasks were predried overnight in an oven
at 120 °C and taken into the glove box where they were equipped
with a stirrer bar and a rubber septum. They were kept under a
positive nitrogen pressure throughout the experiment. A solution
of 2-cyclohexene-1-one (96 mg, 1 mmol) in THF (1 mL) was added
to the flask with a syringe. The stopwatch was started when the
plunger was pushed. After the appropriate LRP time, a quench
solution consisting of 6 mL of saturated aqueous ammonium chlo-
ride/ammonia (90:10) was injected. The LRP times used were 1 h =
60 min, 0.1 h = 6 min, 0.01 h = 3655, 0.001 h = 4 s. After quench-
ing the reaction, the flask was removed from the dry ice/2-propanol
bath and warmed in warm water until it reached room temperature.
The internal GC standard (dodecane, 227 pL, 1 mmol) was then
added. The aqueous layer was removed using a pipette, and the
organic layer filtered into a vial. The flask and residue were rinsed
with diethyl ether (SmL), and the combined organic layer and
ether extract were dried over MgSO,. A sample of the quenched
reaction mixture was then run on the GC to ascertain the percent-
age yield of 3-phenylcyclohexanone. Repeat experiments indicated
an experimental error of up to a maximum of *+10% (see reference
15 for a thorough discussion of experimental errors in LRP studies
of cuprates).

X-ray Crystallographic Data for 4: C,4;H,sCuyLiyN4O Py, M, =
2556.65, monoclinic, space group P2,/c, a = 20.240(2), b =
16.112(3), ¢ = 24.575(3) A, § = 113.372)°, V = 7356.6(18) A3,
Z =2 (C; symmetry), peaicq. = 1.154 g=cm =3, Mo-K,, radiation, 4 =
0.71069 A, 1 = 0.668 mm~!, T = 230(2) K. 14981 unique data
(Rine = 0.1147, 6 < 27.24°) were collected on a Nonius Kappa
CCD diffractometer. The structure was solved by direct methods
and refined by full-matrix least-squares on F? values of all data
using the SHELXTL and SHELX-97 program systems,?’ to give
wR2 = 0.3492, conventional R = 0.1069 for 7011 observed

54 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

absorption-corrected reflections with F? > 26(F?), S = 1.035, 667
parameters. Residual electron density extrema +1.165 ertA™3. Since
it proved impossible to differentiate between the cyanide carbon
and nitrogen atoms crystallographically, these atoms have been as-
signed based on previously reported structural characterizations of
cyanocuprates, all of which contain the cyanide unit attached to
the copper through the carbon end and linear carbon atoms.*7!
CCDC-226575 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge at
www.ccde.cam.ac.uk/conts/retrieving.html [or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; Fax: (internat.): +44-1223-336-033; E-mail:
deposit@ccdc.cam.ac.uk].
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A 2D Thiocyanato-Bridged Copper(11)-Manganese(11) Bimetallic Coordination
Polymer with Ferromagnetic Interactions

Jing-Min Shi,*!2l Wei Xu,!#! Bin Zhao,® Peng Cheng,*" Dai-Zheng Liao,® and
Xiao-Yan Chen!”

Keywords: Structure elucidation / Magnetic properties / Bridging ligands / Manganese

The first ferromagnetic coupled, thiocyanato-bridged cop-
per(i)-manganese(11) bimetallic 2D polymer ({[Cu(ipa),],-
Mn(NCS)4-2H,0},, (ipa = 1,2-propanediamine) has been syn-
thesised and characterised by a single-crystal X-ray structure

determination and variable temperature magnetic susceptib-
ility studies.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Recently, the field of molecular magnetism has attracted
considerable attention and major advances have been made
both in the theoretical description and applications of new
molecular-based materials.['l In particular, special attention
has been paid to the design and construction of multi-di-
mensional homo- and heterometallic coordination polymers
in order to undertake theoretical studies of their magnetic
properties and develop high 7¢ molecular-based magnets.!
The thiocyanate anion, which exhibits an ambidentate
character with end-to-end or end-on coordination modes,
can be expected to play a key role in the design of polymet-
allic coupling systems. A certain number of polynuclear
complexes have been synthesised with discrete 1-, 2- and
3D crystal structures and some of them exhibit interesting
ferromagnetic coupling properties, e.g. the 1D uniform
chain complexes®! Co(NCS),(HIm), and Ni(NCS),(HIm),.
The heterometallic species, however, are quite limited and
show low-dimensional structures,*~8! whereas large num-
bers of cyanato-bridged analogues have been reported
and some exhibit interesting magnetic properties. The 1D
copper(11)-manganese(I1) heterometallic compound
[Cu(en),Mn(NCS)4(H,0),],, [ derived from K,[Mn(NCS),-
(H,0),] as a precursor has also been described. The chains
of Mn"! (S = 5/2) and Cu"" (S = 1/2) ions structurally or-
dered in an alternating manner are of intense interest as
potential building blocks in the synthesis of molecular-
based ferromagnetic materials.’) In this area, the novel 2D
complex {[Cu(ipa),[,Mn(NCS)s2H,O}, was successfully

[l Department of Chemistry, Shandong Normal University,
Jinan 250014, P. R. China
Fax: (internat.) +86-531-6948773
E-mail: shijingmin@beelink.com
] Department of Chemistry, Nankai University,
Tianjin 300071, P. R. China
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constructed from a heterometallic octanuclear square lattice
as a subunit and it exhibits interesting ferromagnetic coup-
ling between adjacent Mn and Cu ions. In this species, the
Cu and Mn atoms are alternately arrayed and are connec-
ted by thiocyanate bridges. To the best of our knowledge,
in the reported compounds comprising SCN™ bridges, this
is the first time that the octanuclear lattice of
CuyMn4CgNgSg has been fabricated from SCN™ bridges
and further assembled into a fascinating 2D structure. Re-
markably, this ferromagnetic behaviour is absent for the sys-
tems containing Cu and Mn ions.

Figure 1 shows the coordination diagram for the complex
with the atom numbering scheme. It indicates that the com-
plex consists of two types of distinct building blocks, na-
mely Mn(NCS)s and Cu(ipa),(SCN),. Each copper atom
exhibits an elongated octahedral coordination environment:
the equatorial plane is formed from four nitrogen atoms of
two ipa ligands with Cu—N distances of 1.983(3) to
2.024(3) A and the axial positions are occupied by the sul-
fur atoms of the thiocyanate bridges. The Cu-S separations
are not identical and the two types of Cul—S1 bonds have
distances of 2.9635(16) and Cu2—S2 3.0214(16) A which
are shorter than those of other reported complexes.'”) The
coordination sphere around the Mn?* centre displays octa-
hedral geometry and is completed by six N atoms from the
thiocyanate ions. Four of the N atoms are from four bridg-
ing SCN™ anions with Mn—N distances of 2.185(4) to
2.218(4) A and the other two come from two terminal
SCN™ anions which occupy the remaining apical positions
of the Mn centre with the Mn—N distances of 2.275(4) A
being longer than those in the equatorial plane. The sym-
metry elements of the crystal, namely the inversion centres,
are located on the Mn and Cu atoms. This is shown clearly
in Figure 1 and Figure 2. Interestingly, the equatorial
planes of the Cul and Cu2 ions run almost parallel to that
of the Mn ion with dihedral angles of 9.7°. The
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Figure 1. Diagram of the title complex with the atom numbering
scheme; H atoms and water molecules are omitted for clarity

S(SCN)—Cu—N(ipa) angles, which are between 82.61(10)°
and 95.99(12)°, indicate that the Cu—S bond is nearly per-
pendicular to the equatorial plane of the Cu ion. Each Mn
ion has four Cu ions as the nearest metal centers, while the
Cu ion has two Mn ions in its vicinity which is consistent
with the Mn:Cu molar ratio. Adjacent Cu and Mn ions are
connected through SCN™ bridges to form a 32-membered
CugMn,CgNgSg  square lattice subunit of dimensions
9.118X10.089 A. Mn atoms are located on the vertexes of
squares and Cu atoms lie on the middle points of the edges.
Importantly, the square subunits are further assembled into
a 2D polymer. The distances between the neighbouring
Mn---Cu pairs are 5.683 A for Mnl++Cul and 5.717 A for
Mnl--Cu2.

The plot of weyr versus 7 is shown in Figure 3. At room
temperature p. s 7.00 pg which is slightly greater than the
expected value for an isolated Mn ion and four Cu ions
(6.86 pp for g,, = 2). The u value increases gradually with
decreasing temperature from 7.00 pg at 300 K, reaching a
maximum value of 7.32 pg at 5 K. This magnetic behaviour
indicates ferromagnetic interactions between the p; 3-NCS-
bridged Mn!! ion and the Cu!! ion which is supported by
the fact that the magnetic susceptibility values obey the
Curie—Weiss law with a positive Weiss constant 6 = 1.36 K.

Theoretically, the exchange interaction between Mn'! and
Cu'" is most likely antiferromagnetic in nature because it is
extremely difficult to reach strict orthogonality between the
magnetic orbitals for a M(high-spin d’)-M’(d!) pair irres-
pective of the local symmetry of each.[''l Also, to the best
of our knowledge, this concept has been somewhat con-
firmed by previously reported Mn"-Cu'' couplings. Unex-
pectedly, the title compound exhibits ferromagnetic interac-
tions and represents the first example of a Mn''-Cu'" sys-
tem. Indeed, as mentioned in the description of the struc-
ture, all the Mn—NCS—Cu angles are close to 90 degree

56 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) 32-membered square lattice motif of CuyMn4CgNgSs;
b) view along the [001] direction showing the 2D structure; the H
atoms, C atoms in the 1pa ligand and solvent molecules are omitted
for clarity
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Figure 3. Plots of yy; (diamonds) and u (circles) versus 7'

WWW.elll‘jic.OI‘g Eur. J. Inorg. Chem. 2005, 55—58



Bimetallic Coordination Polymer with Ferromagnetic Interactions

SHORT COMMUNICATION

and the S atom is in the apical position of the Cu'" centre.
Therefore, the small spin density of the d.: type orbital of
the Cu'! centre interacts with that of the d,»_,» type mag-
netic orbital of the Mn!!. This situation occurs because of
strict orthogonality and results in a ferromagnetic contri-
bution. On the other hand, the 3d> electrons of the Mn!!
display a sphere-type distribution, thus partial overlapping
of the magnetic orbitals of the Cu'' and Mn'! ions inevi-
tably occurs which causes an antiferromagnetic contri-
bution to the Cu' and Mn'" system. The two kinds of inter-
actions conflict in an antagonistic process but the ferromag-
netic contribution may predominate, however, and this
should be responsible for the ferromagnetic coupling be-
tween Cu'! and Mn'l.

Taking into account the complex magnetic treatment for
multi-dimensional  systems containing paramagnetic
centres, only approximate models were employed to fit the
experimental data so far obtained. In this context, the
pentanuclear Mn-Cu, system was considered as the smallest
repeat unit in order to analyse the magnetic properties of
the 2D structure. Equation (2) was obtained based on an
isotropic Hamiltonian presented as in Equation (1) with in-
teractions between Cu ions neglected due to the long dis-
tance between them.

H=—=2JSwin(Scur + Scuz + Scus + Scua) (D

v = NgP2AldkgT + TIP )

A = 165 + 84exp(—9J/kT) + 35exp(—16J/kT) + 10exp(—21J/
kT) + 252exp(—5J/kT) + 105exp(—12J/kT) + 30exp(—17JIkT) +
70exp(—10J/kT)

B =5 + 4exp(=9J/kT) + 3exp(—16J/kT) + 2exp(—21J/kT) +
exp(—24J/kT) + 12exp(—=5J1kT) + 9exp(—12JIkT) + 6exp(—17J/
kT) + 6exp(—10J/kT)

where J is the Heisenberg exchange constant between adjac-
ent Mn'" and Cu" ions, Sy, and S¢, are spin operators
corresponding to Mn and Cu, respectively, and the tem-
perature-independent paramagnetism TIP = 3.0x107%,
The theoretical model gave a good fitting of the experimen-
tal results. The agreement factor R = 5.8X10~* [R was de-
fined as R = E(Xobsd. - Xcalch)2/(Xobsd.)2]’ g = 2.04and J =
0.13 cm™'. The sign and magnitude of the J value suggest
that weaker ferromagnetic coupling exists between adjacent
Cu'" and Mn'! centres bridged by SCN ™ anions.

To further support the nature of the interaction provided
by the temperature dependence of the magnetisation, the
field dependence of the magnetisation for the complex was
measured in a field of 0—50 kOe at 7 K. The experimental
values of M for the title compound were compared with
those calculated by the Brillouin function corresponding to
an S = 9/2 spin state with g = 2 (Figure 4). The plot of M
vs. H approaches the Brillouin curve based on S = 9/2,
although experimental values do not reach a magnetic satu-
ration value of 9. This behaviour confirms that the ground

Eur. J. Inorg. Chem. 2005, 55—58 www.eurjic.org

state of S = 9/2 results from ferromagnetic interactions be-
tween the Mn and Cu ions of the pentanuclear system.
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Figure 4. Plot of M versus H (squares) and the Brillouin curve for
four independent Cu'! ions and one Mn!' ion

In conclusion, a novel 2D heterometallic polymer has
been assembled from 32-membered CuysMn,CgNgSg square
lattices as subunits fabricated from SCN anions bridges. It
shows a fascinating topological motif which is relatively
rare in SCN-bridged complexes. Magnetic studies revealed
intriguing ferromagnetic couplings between adjacent Cu!!
and Mn'! ions which is the first report of such a phenom-
enon in Cu''-Mn'! systems.

Experimental Section

General: Infrared spectra were recorded with a Bruker Tensor 27
infrared spectrometer in the 4000—500 cm™! region using KBr
discs. C, H and N elemental analyses were carried out on a
Perkin—Elmer 240 instrument. Variable-temperature magnetic sus-
ceptibilities of microcrystalline powder samples were measured in
a magnetic field of 1 kOe in the temperature range of 5—300 K on
a SQUID magnetometer. The data were corrected for magnetis-
ation of the sample holder and for diamagnetic contributions which
were estimated from Pascal’s constants.

Synthesis of the Complex: All chemicals were of analytical grade
and were used without further purification. Cu(ipa),(ClOy),
(ipa = 1,2-propanediamine) (0.1949g, 0.58 mmol) and
NasMn(NCS)-9H,0 (0.4199 g, 0.64 mmol) were each dissolved in
H,O (10 mL), the two solutions were mixed together and the result-
ant mixture stirred for a few minutes. Purple single crystals were
obtained after the resultant solution was allowed to stand at room
temperature  for several days. Yield: 0.2027g (81%)).
CgH44Cu,MnN ,0,S¢ (863.05): caled. Cu, 14.73, Mn, 6.37, C
25.05, H 5.14, N 22.73; found Cu, 14.28, Mn, 5.93, C 25.37, H
5.58, N 23.15%. The IR spectrum shows a characteristic strong and
sharp absorption peak for the NCS™ groups at 2084 cm™~! and the
sharp peaks due to the NH and NH, groups appear at 3462, 3305
and 1583 cm™ 1.

X-ray Crystallographic Analysis of the Complex:['?! A single-crystal
of dimensions 0.15 X 0.12 X 0.08 mm was selected and sub-
sequently glued to the tip of a glass fibre. The determination of the
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crystal structure at 25 °C was carried out on a Bruker Smart-1000
CCD X-ray diffractometer using graphite-monochromated Mo-K,,
radiation (4 = 0.71073 A). Corrections for Lp factors were applied
and all nonhydrogen atoms were refined with anisotropic thermal
parameters. Hydrogen atoms were located from a difference Four-
ier map and refined isotropically using a riding model with dis-
placement parameters. The programs for structure solution and re-
finement were SHELXS-971131 (Sheldrick, 1990) and SHELXL-
97141 (Sheldrick, 1997), respectively. The crystal belongs to the tri-
clinic space group PI with ¢ = 9.118(5), b = 10.089(5), ¢ =
11.434(6) A, a = 74.652(7), B = 66.775(7), y = 72.358(8)°, V =
908.4(8) 12\3, Z = 1, empirical formula C;gH44Cu,MnN40,S¢, mo-
lecular mass 863.05, D, = 1.578 grecm ™3, F(000) = 445, 0 range
2.49-26.36° index ranges —1l =h =11, -12 =k =8, -14 =
= 14. A total of 5076 reflections were collected, 3574 were indepen-
dent (R;,; = 0.0238) and 2422 observed reflections with 7 > 2o(/)
were used in the succeeding refinement. The final refinement in-
cluding hydrogen atoms converged to R = 0.0453, wR = 0.0979,
(AP)max. = 0.644 €A 73, (Ap)min = —0.579 eA 3.
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Oxidation of a One-Dimensional Coordination Polymer and Synthesis of the
Macrocyclic Silver Complex [Ag;,(PhS,P—PS,Ph)¢(dppeS)s]

Dieter Fenske,*?l Alexander Rothenberger,'?! and Maryam Shafaei Fallah!?!

Keywords: Silver / Chalcogenides / Macrocycle / P ligands / S ligands

The cluster chemistry with functionalised trimethylsilyl re-
agents was investigated. The oxidation of the one-dimen-
sional  coordination  polymer 1/.[{Ag,(PhS,P-PS,Ph)-
dppe}-dppe].. leads to the formation of [Ag,(PhS,-
P-PS,Ph)s(dppeS)s] (dppeS = Ph,P(CH,),P(S)Ph,]. The dian-

ionic ligand [PhPS,-PS,Ph]?" could possibly give rise to a
new class of macrocyclic transition-metal chalcogenides.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Over the last few years we have been investigating the
syntheses, structures and properties of a variety of silver-
chalcogen clusters including the phosphane-stabilised nano-
particle [Ag6>S100(StBu)s>(dppb)g] [dppb = 1,4-bis(diphen-
ylphosphanyl)butane], which can be regarded as the largest
ligand-protected silver sulfide complex characterised so
far.'l The general synthetic route to these species involves
the reaction of AgX (X = halide, carboxylate) salts with
tertiary phosphanes and subsequent reaction with trimeth-
ylsilyl chalcogenides.[!l Recently, we continued with earlier
work where we investigated the potential of reactions be-
tween the sulfur-functionalised phosphane P(S)(SSiMes)s
and late transition metal salts for the building up of tran-
sition metal clusters with functionalised phosphane li-
gands.”l A discovery made during these investigations was
that P(S)(SSiMe;); cannot be used as a source of [PS,]*~
anions. Instead a hexathiodiphosphonato tetraanion
[S;P—PS;]* is formed in reactions with late transition me-
tal salts and this indicates that P(S)(SSiMes); possibly
undergoes  disproportionation into  [(Me3SiS),(S)P—
P(S)(SSiMes),], elemental sulfur and S(SiMes),.24->¢l This
reactivity prompted us to prepare new families of metal
aggregates, which are accessible by the reaction of Ag,S
with P,Ss or by heating mixtures of elemental Ag, P and
S.34 Research in this area was motivated by the interest in
sulfide-based glasses and their use as solid electrolytes.!
For a wet-chemistry approach to these compounds, how-
ever, the use of solubilising organic groups is particularly
promising. We therefore chose the related silylated reagent
PhP(S)(SSiMes),, tertiary phosphanes and silver acetate
(AgOAc) as starting materials. Here we wish to report the

[l Tnstitut fiir Anorganische Chemie, Universitit Karlsruhe,
Engesserstralle 15, Germany
Fax: (internat.) +49-(0)721-6088440
E-mail: dieter.fenske@chemie.uni-karlsruhe.de

Eur. J. Inorg. Chem. 2005, 59—62 DOI: 10.1002/ejic.200400738

first result of these efforts and demonstrate the versatility
of the P—S ligand [PhS,P—PS,Ph]’>~ generated in the reac-
tion.

Results and Discussion

By the reaction of AgOAc with dppe [dppe = 1,2-bis(di-
phenylphosphanyl)ethane] and PhP(S)(SSiMes), (Scheme 1),
the one-dimensional coordination polymer 1/ [{Ag,-
(PhS,P—PS,Ph)dppe}-dppe].. (1) was obtained, and it was
characterised by X-ray crystallography and *'P NMR spec-
troscopy (Figure 1).

Analogous to the previously described reaction of
P(S)(SSiMej)s, the formation of a P—P bond was observed
in reactions of AgOAc with PhP(S)(SSiMejs),. In the solid-
state structure of 1, the dianion [PhS,P—PS,Ph]>*~ and one
molecule of the neutral phosphane ligand dppe hold to-
gether a tricyclic arrangement of two tetrahedrally coordi-
nated Ag* ions. An additional molecule of dppe completes
the coordination sphere of the Ag atoms and acts as a
bridging ligand between the [Ag,(dppe)(PhS,P—PS,Ph)]
units (Figure 1). Bond lengths in 1 are within the range of
commonly observed values.! S—Ag—S bond angles in 1
[96.20(5) and 96.88(5)°] are similar to those observed in a
bis(diphenylphosphanyl)methane adduct of a silver thiocar-
boxylate {S—Ag—S [99.67(5)°]}.) It is worth noting that
each S atom in 1 (coordination number: 2) coordinates one
Ag atom only, and the C—P—P—C torsion angle in the
[PhS,P—PS,Ph]*>~ ligand is 50.2(4)°. A change of this tor-
sion angle means alternative orientations of the S-donor
centres in the ligand [PhS,P—PS,Ph]>", and this might
therefore result in different coordination modes of this li-
gand. Higher coordination numbers for the S-donor centres
were found in the related complex [Cug(P5Se)Cly(PPhj3),].[2P)
X-ray structures of the closest related complexes of 1,

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 59
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AgOAc
dppe

PhP(S)(SSiMes), SR

1

Scheme 1. Synthesis of 1 and oxidation leading to the formation of 2

S
1/col{AG(PhS,P-PS,Ph)dppe} dppelo, —Lm [Agra(PhS,P-PS,Ph)s(dppeS)e]

2

Figure 1. Structure of a dppe-bridged [{PhPS,},Ag,-dppe] unit in polymeric 1 (ellipsoids at 50%; connections to adjacent units are
indicated; H atoms are omitted); selected bond lengths (A) and angles (°): Ag—S 2.556(2)—2.631(2), Ag—P 2.475(2)—2.510(2), P—-S
1.981(2)—1.992(2), P(1)—P(2) 2.262(3); C—P(1)—P(2)—C 50.2(4), S(2)—Ag(1)—S(4) 96.88(5), S(3)—Ag(2)—S(1) 96.20(5), S—Ag—P
103.89(6)—117.66(6), P—P—S 108.1(1)—108.8(1), S(1)—P(1)—S(2) 117.3(1), S(4)—P(2)—S(3) 116.0(1)

[M,(PhS,P—PS,Ph)] (M = Li, K), have to the best of our
knowledge not yet been determined.®!

In solutions of 1, two species, possibly rotamers, contain-
ing P—P bonds are present, which show two singlet reson-
ances at 0 = 84.4 and 81.2 ppm. A similar value (0 =
85.4 ppm) is observed in the 3'P NMR spectrum of
[Li»(PhS,P—PS,Ph)].l°®) The P—P bond formation during
the preparation of 1 could be rationalized by the dispro-
portion of PhP(S)(SSiMes), into [Ph(S)(SSiMes)P—P(S)-
(SSiMes)Ph], which instantly reacts with AgOAc, elemental
sulfur and S(SiMes),. The dppe ligands present in solution
were oxidised to Ph,P(CH,),P(S)Ph, (dp_s = 45.6 ppm,
3Jpp = 58 Hz).W In 1, the P™ centres of the dppe ligands
and Ph,P(CH,),P(S)Ph, are identified by a broad singlet
resonance (0 = 0.6 ppm) (P—Ag coupling has not been re-
solved).l”! In order to gain further mechanistic insight and
to understand the formation of the [PhS,P—PS,Ph]*~ di-
anion we tried to synthesise the postulated intermediate di-
phenyltetrathiodiphosphonic  acid trimethylsilyl ester
[Ph(S)(SSiMe;)P—P(S)(SSiMe3)Ph] in the absence of
AgOAc by the reaction of PhP(S)(SSiMes), with dppe.
However, these attempts failed, and this indicates that P—P
bond formation only occurs in the presence of AgOAc.

60 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Storage of a reaction mixture containing crystals of 1 at
room temperature for approximately three weeks produced
colourless crystals of [Agi>(PhS,P—PS,Ph)s(dppeS)s] (2)
[dppeS = Ph,P(CH,),P(S)Ph,] (Scheme 1). Initially, this
was realised because the amount of crystalline precipitate
in the reaction mixtures containing crystals of 1 increased,
and a closer look revealed that only crystalline blocks of 2
were present. Further experiments have shown that 2 can
also be obtained by filtering off crystals of 1 and storage of
the filtrate for several weeks. Mixtures of both 1 and 2 were
not observed. An X-ray analysis of 2 confirms the results
from the 3'P NMR spectra, in which indication for the for-
mation of dppeS is found. As a consequence, oxidation-
induced fragmentation of polymeric arrangements of 1
gives rise to the macrocyclic complex 2 (Figure 2).

Complex 2 crystallizes in the space group P1 with the
inversion centre located in the middle of the molecule.
Complex 2 is constructed from six corner-sharing distorted
AgS, tetrahedra [Ag—S 2.553(3)—2.767(3)/0\, S—Ag-S
89.4(1)—139.9(1)°] and forms a twelve-membered [AgS]¢
ring (Figure 2). The six S atoms of the ring are located on
the corners of an octahedron with nonbonding S—S dis-
tances of about 3.64—4.04 A. In the periphery, Ag(1) is co-

wWWwWw.eurjic.org Eur. J. Inorg. Chem. 2005, 59—62
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Figure 2. Molecular structure of 2 (H atoms are omitted) and struc-
ture of the core of 2 (C atoms and peripheral P and S atoms aye
omitted; ellipsoids at 50%;); selected ranges of bond lengths (A)
and angles (°): Ag—S 2.535(3)—2.952(4), Ag—P 2.430(3)—2.449(3),
P-P 2.261(4)—2.275(5), P—S 1.988(4)—2.020(4), P—Sgppes
1.955(5)—1.966(4); S—Ag—S 87.5(1)—139.9(1), S—Ag—P 91.1({)597
132.6(1), P—P—S 104.1(2)—110.7(2), S—=P—S 119.1(2)—120.0(2)

ordinated by S atoms of two different AgS, tetrahedra,
whilst Ag(4) and Ag(6) are located over the edges of the
central AgS, units. One S atom of each [PhS,P—PS,Ph]*~
ligand is not part of the [AgeS;g] core and completes the
tetrahedral coordination sphere of the outer Ag atoms, to-
gether with one P atom of the monodentate dppeS ligands
(Figure 2). Signals for the chemically non-equivalent P
atoms in the [PhS,P—PS,Ph]>~ ligand in 2 can be observed
in the *'P NMR spectrum (AB spin system; two doublet
resonances at & = 82.0 and 79.4 ppm, 'Jpp = 56 Hz). In the
Maldi TOF-MS the ions [Ag(dppeS)]*, [dppe]t and
[dppeS]* were detected. The coordination numbers of the
S atoms in 2 are greater than those in the solid-state struc-
ture of 1, and also the C—P—P—C torsion angle in 2

Eur. J. Inorg. Chem. 2005, 59—62 www.eurjic.org

[55.45(5)—58.59(5)°] is about 5—8° wider than that ob-
served in 1.

Conclusion

The ability of the [PhS,P—PS,Ph]>~ ligand to coordinate
in a variety of modes is demonstrated. Slight changes in the
C—P—P—C torsion angle should allow access to a range
of new coordination modes with different arrangements of
polyhedral building blocks, for example, MS, tetrahedra
(M = Cu, Ag).[®] Further reactions currently under investi-
gation include metathesis reactions of 1 with metal halides
and the oxidation of 1 with elemental sulfur.

Experimental Section

General Remarks: All operations were carried out under purified
nitrogen. Dichloromethane was refluxed over calcium hydride, hep-
tane was dried with Na/benzophenone and freshly distilled. AgOAc
and dppe were purchased from Aldrich and used without further
purification. PhP(S)(SSiMe), was prepared by a published
method.P]

1: PhP(S)(SSiMes), (0.50 g, 1.44 mmol) was added to a pale yellow
solution of AgOAc (0.24g, 1.44mmol) and dppe (0.57 g,
1.44 mmol) in dichloromethane (20 mL) at —40 °C. The solution
instantly became colourless, and the mixture was stirred for 2 h and
then warmed up to —10 °C. The reaction was kept at 0 °C for two
days. The solvent was then reduced to about 15 mL. Upon addition
of heptane (approximately 0.7 mL), a colourless precipitate was
formed, which redissolved when the mixture was shaken. After
storage of the solution at 0 °C for three weeks, colourless cuboc-
tahedral crystals of 1 were isolated. 3'P NMR (101.256 MHz,
CDCl;, 25 °C, 65%H;PO4) 0 = 84.4, 81.2 (s, PhS,P—PS,Ph),
0.8 ppm (br. s, Ph,P—), an additional resonance was observed at
§ = 450ppm (d, 3Jpp = 60Hz, Ph,P(CH,),P(S)Ph,].
Cig4H343A815P36S04: caled. C 56.65, H 4.31; found C 57.03, H 3.92.

2: After formation of 1 (this was checked by determination of unit-
cell dimensions of a small sample), the reaction was stored for four
more weeks at 0 °C, and only blocks of 2 were isolated. Yield
0.41 g, 58% (based on AgOAc supplied; 2, excluding lattice-bound
CH,Cl,). M.p. 166—168 °C (decomposition into brown melt >172
°C). 3'P NMR (121.485 MHz, CDCls, 25 °C, 65% H3PO,): 6 =
93.2, 89.4 (s, PhS,P—PS,Ph), 82.0 and 79.4 (dd, 'Jpp = 56 Hz,
PhS,P—PS,Ph), 45.2 [br. m, Ph,P(CH,),P(S)Ph,], 28.3 ppm [m,
3Jpp = 59 Hz, Ph,P(CH,),P(S)Ph,] coupling to '*”1®Ag could not
be identified unequivocally, Ph, P(CH,),P(S)Ph,. IR (Csl, Nujol):
v = 1439 (P—Ph), 690, 612 (P=S), 579, 508, 466 cm ! (tentatively
assigned as P—P and P—S). MS (Maldi TOF), m/z (%) = 538.39
(30) [dppeSAg*], 430.61 (100) [dppeS*], 398.69 (8) [dppe*].
CrrgHo04Ag15P24S30 (5943.7): caled. C 46.07, H 3.46; found C
46.05, H 3.50.

X-ray Crystallography: Data were collected with a STOE STADI 4
diffractometer equipped with a CCD detector (1) and with a Stoe
IPDS II diffractometer (2) using graphite-monochromated Mo-K,
radiation (4 = 0.71073 A). The structures were solved by direct
methods and refined by full-matrix least-squares on F? (all data)
with the SHELXTL program package.!'”) Hydrogen atoms were
placed in calculated positions, non-hydrogen atoms were assigned
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anisotropic thermal parameters, atoms of lattice-bound solvent
molecules were refined with isotropic thermal parameters. In order
to identify further possible by-products unit-cell dimensions of
crystals from different samples were repeatedly determined, and in
each case, at first 1 and then 2, were obtained as the only products
that we were able to characterise.

Crystal Data for 1-8C;H;s6CH,Cly: CsgyHzusAg15P36S,4 (cight
heptane and six CH,Cl, solvent molecules per formula unit), M =
8141.93; trigonal, space group R3; Z = 3;a = b = 31.214(4), ¢ =
40.0998) A; ¥ = 33835(10) A3; T = 197(2) K; F(000) = 14568;
Dgaiea. = 1.392 gem 3. 59537 reflections collected, of which 19049
were unique (Ry,, = 0.0615). 771 parameters; final wR, = 0.2367
(all data); R, = 0.0727 {I > 2o(l)}; largest difference peak and
hole 2.834, —0.947 e:A 3.

Crystal Data for 2-18CH,Cly: CygH»osAg5P-4S;3,  (eighteen
CH,Cl, solvent molecules per formula unit) M = 5943.83; triclinic,
space group P1;Z=1;a=19.281(4), b = 20.329(4), ¢ = 22.806(5)
A; a = 96.20(3), B = 114.11(3), y = 108.83(3)%; V = 7419(3) A3;
T = 130(2) K; F(000) = 3732; Deyieq. = 1.672 gem 3. 43858 reflec-
tions measured, of which 24516 were unique (R;,, = 0.0860). 1432
parameters; final wR, = 0.2395 (all data); R; = 0.0859 {I > 2o(])};
largest difference peak and hole 2.457, -2.055 e A3,

CCDC-243898 and CCDC-243899 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge at www.ccde.cam.ac.uk/conts/retrieving.html [or
from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; Fax: (internat.) +44-1223-336-
033; E-mail: deposit@ccdc.cam.ac.uk].
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SHORT COMMUNICATION

A New Strategy for the Preparation of Metallaboranes — Solvothermal
Synthesis and Structural Characterisation of Two Nido 11-vertex
Diplatinaundecaborane Clusters

Jianmin Dou,*!#! Libin Wu,/?! Qingliang Guo,/*! Dacheng Li,'*! and Daqi Wang!?!

Keywords: Diplatinaundecaborane / Deboronation / Hydrothermal synthesis

Two novel nido 11-vertex diplatinaundecaborane clusters
[(u-PPhy) (PPhs),Pt,BoHeCl(O1Pr),] (1) and [(u-PPhy)(PPhg),-
Pt,BgHg(OiPr)3] (2) have been solvothermally synthesised
and characterised by elemental analysis, IR, Raman, 'H and
13C NMR spectroscopy and single-crystal X-ray diffraction.
The latter analysis revealed that two Pt atoms remain in

neighbouring positions of the open Pt,B; face in both clusters
which were markedly different from the products obtained
from the identical starting mixture under refluxing condi-
tions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Hydro(solvo)thermal techniques were originally devel-
oped by geochemists to mimic the conditions of mineral
growth. They involve heating reaction mixtures in a sealed
vessel such that reaction temperatures greater than the boil-
ing point of the solvent can be reached, typically under
autogenous pressure. The temperature regime available in
hydro(solvo)thermal techniques, intermediate between low-
temperature solution chemistry and high-temperature solid-
state chemistry, can favour the formation of metastable ki-
netic rather than thermodynamic products. Recently, hydro-
(solvo)thermal techniques have attracted much attention in
preparative chemistry!! and have been employed extensively
in the preparation of zeolites,”! oxide and chalcogenide
nanoparticles®®] as well as in the synthesis of molecular
magnets*! and coordination polymers.!>!

On the other hand, boron cluster chemistry has pro-
gressed considerably and developed into a fruitful area that
includes boranes, carboranes, main group heteroboranes,
metallaboranes, metallacarboranes and metallaheterobor-
anes. It has provided a lot of potentially useful applications,
including boron neutron capture treatment (BNCT) of tu-
mours, in solvent extractions, material science as well as in
catalytic and host-guest chemistry.l®#! The synthetic meth-
ods used to prepare metal-boron clusters are mostly con-
ventional reactions at reflux temperature or cluster fusion
processes.[’l To the best of our knowledge, there are no re-
ports on the preparation of metallaboranes using hydro-
(solvo)thermal techniques in boron cluster chemistry. We
have been exploring hydro(solvo)thermal techniques and in-
troducing the strategy into the synthesis of metallaboranes.

[al Department of Chemistry, Liaocheng University,
Liaocheng 252059, P. R. China

Eur. J. Inorg. Chem. 2005, 63—65 DOI: 10.1002/ejic.200400731

We now report two nido 11-vertex diplatinaundecaborane
clusters [(u-PPh,)(PPhs),Pt,BoH¢CI(OiPr),] (1) and [(u-
PPh,)(PPh;),Pt,BgHg(OiPr);] (2) prepared from the reac-
tion of [PtCly(PPhs),] with [B;oH;¢]>~ in iPrOH under sol-
vothermal conditions.

Results and Discussion

X-ray structural analyses revealed that the structures of
these two clusters are very similar except for the substituent
groups at position 11 in each case. They both have a nido-
eleven-vertex {Pt,Bo} polyhedral skeleton with two Pt
atoms in neighbouring positions of the open Pt,B; face.
These are the first examples of nido 11-vertex diplatinaun-
decaborane clusters in metallaborane chemistry character-
ised by X-ray diffraction. There is a PPh, group bridging
two Pt atoms and the Pt—Pt distances [2.6672(11) A for 1,
2.6357(8)A for 2] are shorter than the Pt—Pt distances
in the diplatinaborane [(PMe,Ph);CIPt,BoHo(PMe,Ph)]
(2.863A)1% and considerably shorter than the Pt—Pt dis-
tances in [Pty(u-PPh,);Ph(PPh;),]l'!! (average 3.0744A)
which also has a PPh, group as a bridging ligand. The
Pt(7)—P(1) and Pt(8)—P(1) bond lengths are 2.314(4) A in
1 and 2.2992(10) Ain 2, and 2.299(4) A in 1 and 2.3013(13)
A in 2, respectively. The Pt(7)—P(1)—Pt(8) angle is
70.65(10)° in 1 and 69.91(3)° in 2, values which are smaller
than that in [Pts(u-PPh,);Ph(PPhs),Jl'1 [average 86.1(1)°].
Each Pt atom is also connected to one PPhs group and
three B atoms. The Pt—P bond lengths [2.298(4)—
2.3208(10) /0\] are similar to the reported Pt—P bond dis-
tances in [(PMe,Ph),PtB;oH ;)" and  [(PMe,Ph),-
PtBoH,,CIJ"31 [2.309(1)—2.354(3)A]. The Pt—B bond
lengths are consistent with the corresponding distances
found in the related compound [(PPh;)(PhCOS)PtB, H,]

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 63
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[2.263(19) ALY A Cl atom remains at vertex 11 in cluster
1, whereas a OiPr group occupies the same position in clus-
ter 2. Both have two OiPr group at positions 3 and 9.
The bond lengths B—Cl [1.80(2) A] and B-O

[1.359(4)— 1.393(4)A] are in the ranges of the corresponding
[15]

values in metallaborane clusters.

Figure 1. Molecular strycture of 1 (H atoms omitted for clarity);
selected bond lengths (A) and angles (°): Pt(7)—Pt(8) 2.6672(11),
Pt(7)—P(1) 2.314(4), Pt(8)—P(1) 2.298(4), Pt(7)—P(2) 2.319(4),
Pt(8)—P(3) 2.299(4), Pt(7)—B(2) 2.242(16), Pt(7)—B(3) 2.258(19),
Pt(7)—B(11) 2.244(16), Pt(8)—B(9) 2.248(18), Pt(8)—B(10)
2.260(15), Pt(8)—B(11) 2.252(16), B(3)—0O(1) 1.355(18), B(9)—0O(2)
1.38(2), B(11)—CI(1) 1.80(2); Pt(8)—P(1)—Pt(7) 70.67(10),
B(2)—Pt(7)—B(11) 48.4(6), B(2)—Pt(7)—B(3) 47.5(6), B(3)—Pt(7)—
B(11) 81.7(6), B(9)—Pt(8)—B(10) 45.7(6), B(9)—Pt(8)—B(11)
82.0(7), B(11)—Pt(8)—B(10) 48.1(6).

Figure 2. Molecular structure of 2 (H atoms omitted for clarity).
Selected bond lengths (A) and angles (°): Pt(7)—Pt(8) 2.6357(8),
Pt(7)—P(1) 2.2992(10), Pt(8)—P(1) 2.3013(13), Pt(7)—P(2)
2.3208(10), Pt(8)—P(3) 2.3081(12), Pt(7)—B(2) 2.260(4),
Pt(7)—B(3) 2.261(4), Pt(7)—B(11) 2.301(4), Pt(8)—B(9) 2.293(4),
Pt(8)—B(10) 2.242(4), Pt(8)—B(11) 2.277(4), B(3)—0(3) 1.359(4),
B(9)—O(1) 1.371(4), B(11)-0(2) 1.393(4); Pt(8)—P(1)—Pt(7)
69.91(3), B(2)—Pt(7)—B(11) 48.31(13), B(2)—Pt(7)—B(3) 46.44(14),
B(3)—Pt(7)—B(11) 83.29(14), B(9)—Pt(8)—B(10) 46.37(15),
B(9)—Pt(8)—B(11) 83.25(14), B(11)—Pt(8)—B(10) 49.03(13).

64 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

When the reaction of [PtCl,(PPhs),] with [B;oHo]*~ in
iPrOH takes place under conventional reflux conditions un-
der a dry N, atmosphere, three nido 11-vertex platina-
undecaborane clusters [(PPh3),PtBoH;(-8-OiPr],
[(PPh;),PtB(H;(-9-OiPr] and {(PPh;),PtB;oH;,-8, 10-
(OiPr),} are obtained.['®] These species are markedly differ-
ent from the products obtained under solvothermal con-
ditions. The reason for this may be attributed to the high
temperature of the solvothermal reaction. Another example
is that the reaction of [RuCly(PPhs);] with [BjoH;o]>~
in glycol also yield two deboronated clusters
[(PPh3)CIHRuBoH(PPh3),(OCH,CH,OH)] and [(PPh;)-
CIHRuByHs(OCH,CH,OH),(PPh;),].l!1 This illustrates
that deboronation can be occur easily at high temperature.
Another case of deboronation of [B;oH;¢]>~ can be in-
cluded: trans-[Ir(CO)CI(PPh;),] reacts with [B;oH;o]*>~ in
methanol at reflux to yield [{IrC(OH)BgHg(OMe)}-
(CsH4PPh,)(PPh3)], [(MeCOO)(PPhs){HIrCBgH,(PPh;)}]
and  [1,1,2-(CO);-1-(PPh;)-2,2-(Ph,P-ortho-C¢Hy),-closo-
(1,2-Ir,B,H,)].[18

Conclusion

We have introduced solvothermal techniques into the
preparation of metallaborane clusters for the first time and
obtained two novel nido 11-vertex diplatinaundecaborane
clusters, in which one boron atom was deboronated and two
Pt atoms remain in neighbouring positions of the open
Pt,B; face in both clusters. The isolation of these two clus-
ters suggests that temperature can control the result of the
reaction.

Experimental Section

Materials and General Methods: All chemicals were commercially
purchased and used without further purification except /PrOH
which was dried with CaH,. Elemental analyses (C, H and N) were
performed with a Perkin—Elmer 2400 II Elemental Analyser. IR
spectra were recorded in the range 400—4000cm ! with an Nicolet-
460 FT-IR spectrophotometer using KBr pellets. Raman spectra
were acquired on a Renshaw RM?2000 spectrophotometer. 'H
NMR and '3C NMR spectra were recorded using a Varian Mer-
cury 400 (400 MHz) nuclear magnetic resonance instrument.

Synthesis of [(u-PPh,)(PPh;),Pt;BoHCI(OiPr),] (1) and |[(p-
PPh,)(PPh;),Pt;BoHs(OiPr)s]  (2):  (NEty)a[BioHio] (303 meg,
8 mmol), [PtCl,(PPhs),] (317 mg, 4 mmol) and distilled iPrOH (25
mL) were mixed in a Telfon lined autoclave under a dry N, atmos-
phere. The mixture was maintained at 170 °C for 96 h then slowly
cooled to room temperature. TLC separation (silica G, CH,Cl,/
light petroleum, 4:1) gave clusters 1 (Ry = 0.54, 18 mg, 2.9%) and
2 (Ry = 0.24, 77 mg, 12.4%). The single-crystals were obtained from
an n-pentane/dichloromethane solution.

Cluster 1: Cs,HgoBoCIOoPsPt, (M = 1356.85): caled. C 47.80, H
4.42, found C 47.68, H 4.33. FT-IR (KBr): 3054 (m), 2970 (m),
2507 (vs), 1633 (s), 1434 (vs), 1234 (s), 1109 (s), 1095 (vs), 691 (s),
528 cm ! (s).

wWWwWw.eurjic.org Eur. J. Inorg. Chem. 2005, 63—65
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Cluster 2: Cs;Hg;BoO3P3Pt, (M = 1380.49): calcd. C 49.55, H 4.85,
found C 49.13, H 4.56. FT-IR (KBr): 3050 (m), 2963 (m), 2509
(vs), 1634 (m), 1433 (s), 1382 (m), 1108 (vs), 691 cm~! (vs); Raman:
3052.5 (m), 2513.8 (vs), 1583 (m), 1097 (m), 1000 (vs), 215 cm™!
(w). '"H NMR (400.15 MHz, CDCl3): 6 = 0.659 (d, J = 6.0 Hz, 6
H, CH;), 0.822 (d, J = 6.0 Hz, 6 H, CH3), 1.101 (d, / = 6.4 Hz, 6
H, CH3), 4.181 (7,J = 6.4 Hz, 1 H, CH), 4.462 ppm (7, J = 6.0 Hz,
2 H, CH). 3C NMR (100.63 MHz, CDCl5): § = 23.452, 23.766,
25.475, (6 C, CH3), 73.781 ppm (3 C, CH).

X-ray Crystallography: Data were collected on a Bruker SMART
1000 CCD diffractometer using Mo-K, radiation. Both structures
were solved by direct methods and subsequent Fourier difference
techniques and then refined anisotropically for all nonhydrogen
atoms by full-matrix least-squares calculations on F? using the
SHELXTL program package. CCDC-245790 and -245791 contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge at www.ccdc.cam.ac.uk/conts/re-
trieving.html [or from the Cambridge Crystallographic Data Cen-
tre, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44-1223-
336-033; E-mail: deposit@ccdc.cam.ac.uk].

Crystal Data for 1: Cs,HgBoCIO,P5Pt,, M = 1356.85, triclinic,
space group PI, a = 12.611(5), b = 13.469(5), ¢ = 17.930(7) A,
a = 83.357(6), p = 75.989(6), y = 67.832(5)°, V = 2735.40(18) A3,
T = 29312) K, Z = 2, Deyea. = 1.647 glcm?, crystal dimensions
0.38 X 0.27 X 0.17 mm, Mo-K,, radiation, A = 0.71073 A, R, =
0.0675, wR, = 0.1471 for 5531 reflections with 7 > 2o(/), and R, =
0.1197, wR, = 0.1675 for all 14090 reflections.

Crystal Data for 2: Cs;Hg;BoOsP5Pt,, M = 1380.49, monoclinic,
space group P2,/c, a = 14.104(6), b = 16.846(7), ¢ = 24.842(11)
A, B =99.021(9)°, V = 5829(4) A3, T = 298(2) K, Z = 4, Depreq. =
1.573 g/lem?, crystal dimensions 0.45 X 0.41 X 0.29 mm, Mo-K,
radiation, A = 0.71073 A, R; = 0.0195, wR, = 0.0473 for 8792
reflections with 7 > 2 o(I), and R; = 0.0279, wR, = 0.0504 for all
30174 reflections.
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Anion-Induced Motion in a Ferrocene Diamide

Katja Heinze*!*! and Manuela Schlenker!?!

Keywords: Anion recognition / Anion sensing / Hydrogen bonds / Metallocenes / Receptors

An unsymmetrical diferrocene diamide has been reacted
with chloride ions. The anion splits the intramolecular hydro-
gen bond of the receptor and is coordinated simultaneously
by both amide groups of the receptor via hydrogen bonds.
Chloride coordination changes the relative angular position

of the cyclopentadienyl rings and the potential of the ferro-
cene/ferricinium redox couple.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Control of mechanical motions of single molecules by ex-
ternal stimuli has attracted great attention in relation to
biological machines such as muscles and for the develop-
ment of artificial molecular machines and devices. Various
molecular machines have been reported, such as motors,
shuttles, switches and tweezers that respond to stimuli such
as protons (pH), electrons (redox processes) and light.l! 3!
Here we describe an anion-driven molecular hinge where
the opening of an intramolecular lock is transformed into
an angular motion. Examples of such an interlocking mech-
anical motion are still rare;™ most precedent machines,
based on rotaxanes or catenanes, operate by individual mo-
tions of driving parts.

Results and Discussion

Recently, we prepared the unsymmetrical diferrocene di-
amide 2, which possesses a dynamic intramolecular hydro-
gen bond in solution (Scheme 1, middle).l’! This dynamic
bridge remains intact up to 55 °C, as shown by NMR and
IR spectroscopy and corroborated by DFT calculations.!
The amide protons of 2 do not undergo H/D exchange with
DO in CH,Cl,, underlining this stability. Thus, the hydro-
gen-bond lock hinders the normally free rotation of the
cyclopentadienyl rings of the disubstituted ferrocene.

[al - Anorganisch-Chemisches Institut der Universitit Heidelberg
Im Neuenheimer Feld 270, 69120 Heidelberg, Germany
Fax: (internat.) + 49-(0)6221-545707
E-mail: katja.heinze@urz.uni-heidelberg.de

Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.
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Scheme 1. Ferrocene amides 1, 2 and Crabtree’s receptor Al°)
(Fc = ferrocenyl)

Conversely, external hydrogen acceptors such as anions
bind to amide groups.[’”! This could, presumably, affect the
internal hydrogen bond. Thus ferrocene amides 1, which
represents “one half” of 2 (Scheme 1), and 2 were treated
with chloride ions in the non-coordinating solvent dichloro-
methane.

Addition of chloride ions as their tetra-n-butyl am-
monium salts to the receptors 1 and 2 leads to the disap-
pearance of the signal of the “free” NH groups (1: 3435
cm!; 2: 3430 cm™!) from the IR spectra (Figure 1, left)
and a shift of the CO stretching signals to lower energy
(Figure 1, right: 1: 1685 — 1666 cm™!; 2: 1679/1660 — 1659
cm ™) for both ferrocene amides, indicating that the chlo-
ride ions interact with the amide groups. As the strong sig-
nals of the CH vibrations of the tetra-n-butyl ammonium

DOI: 10.1002/ejic.200400726 Eur. J. Inorg. Chem. 2005, 66—71
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Figure 1. IR spectra of 1 (top) and 2 (bottom) during addition of (#Bu),;NCI in CH,Cl, at 300 K (0.0036 m)
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Figure 2. '"H NMR spectra of 1 (top) and 2 (bottom) (NH and Cp-H region) during addition of (nBu),NCI at 300 K (0.005 m)
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cation strongly modify the baseline, integration of the NH
stretching vibration signals proved unreliable. However, re-
ceptor 1 requires more chloride ions than receptor 2 to re-
ach saturation — as seen qualitatively from the IR spectra
(Figure 1).

To obtain deeper insight into the association process pro-
ton NMR spectral® were recorded during the addition of
chloride ions (Figure 2). Several proton signals of the ferro-
cene amides are shifted significantly to lower field upon in-
creasing chloride concentration. The shift is especially pro-
nounced for signals of the amide protons H! and H?! and
the neighboring cyclopentadienyl protons H? (“upper”
cyclopentadienyl ring), H?>*> and H’ (“middle” cyclopen-
tadienyl rings) (see Figure 4 for atom numbering).

Saturation is reached at relative concentrations of ap-
proximately 1:50 (1:CI7) and 1:20 (2:C17), respectively (Fig-
ure 3), which is in qualitative agreement with the IR data.
Thus, diamide 2 has a much larger affinity to chloride ions
than monoamide 1. If the amide groups of 2 behaved inde-
pendently the amount of anion needed to satisfy both
groups of 2 should be about twice that needed for mono-
amide 1, i.e. saturation would be expected at a 2:CI™ ratio
of ca. 1:100. As this is obviously not the case the two amide
groups of 2 bind chloride ions in a cooperative way.

Thorough investigation of the CIS (chemically induced
shift) values of 2 revealed that the two NH groups, with
their neighboring CH groups, display different affinity
towards chloride ions, with H! and its neighboring H? hav-

ing a stronger affinity than H?' and its neighboring H??
and H’ (Figure 3, bottom). This finding is in contrast to
observations made for the symmetrical diferrocene diamide
A prepared by Crabtreel® (Scheme 1, bottom) as the pro-
tons of the two amides of A are spectroscopically indis-
tinguishable. The strongly shifted amide protons H' and
H?! and the Cp protons H?, H’7 and H?? allow us to map
the sites of receptor 2 where anion coordination takes place
(Figure 4). According to Figure 4, the chloride ion can ap-
proach the receptor at the “upper”” amide group (H', H?),
at the “lower” amide group (H?!, H’, H??) or at both NH
groups simultaneously in a different conformation of 2. To
prove that both amide groups are accessible for chemical
attack, 2 has been reacted with excess sodium amide and

Figure 4. Protons of 2 affected by anion coordination
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Figure 3. "H NMR titration plots of 1 (top) and 2 (bottom) with (nBu),NCI in CD,Cl, at 300 K (0.005 m)
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quenched with D,O. Proton NMR and IR spectra of the
final product (see Supporting Information) show that 2 can
be deprotonated either at H! or at H?' with equal prob-
ability.!! Thus, sterically, H' and H?! are equally accessible.

The much stronger binding capability of 2 as compared
to that of 1 is certainly due to a chelate effect, which has
numerous precedents in anion recognition chemistry.['"]
However, the cooperative binding of the two amide groups
is much less pronounced for 2 than for the “unlocked” pre-
organised receptor A (Scheme 1, bottom).[%! Thus, we pro-
pose a stepwise mechanism of anion association to 2 (Fig-
ure 5).

According to DFT calculations (B3LYP, LanL2DZ; see
Supporting Information), the chloride ion can associate to
H' (Figure 5, structure I), to H? (Figure 5, structure II) or
to both amide protons simultaneously (Figure 5, structure
IID).["T This accords with the NMR spectroscopic data,
which show that both amide protons interact with the
chloride ion, and with the IR data, which show the disap-
pearance of “free” NH groups upon chloride addition. All
three minimum structures I—III possess two hydrogen
bonds: structure I displays a hydrogen bond from H' to
chloride and an intramolecular hydrogen bond from H? to
O!; II shows a hydrogen bond from H? to chloride and an
intramolecular hydrogen bond from H! to O% and in struc-
ture III the chloride ion is attached to H! and H? simul-
taneously, which corresponds to the most stable structure.
The loss of the intramolecular NH--O hydrogen bond in
IIT explains the lower affinity of 2 compared to the pre-
organised receptor A.[°]

All the structures can be interconverted by hydrogen
bond-making/breaking processes and concomitant relative
rotation of the cyclopentadienyl rings. As the equilibria

could not be frozen out down to 190 K on the NMR time
scale (500 MHz), intermolecular!''l low-energy pathways
should exist that easily interconvert I, IT and III and their
respective enantiomers.

For the lowest energy structure III the two cyclopen-
tadienyl rings of the 1,1’-disubstituted ferrocene are rotated
against each other by 95°, which is about twice the angle
calculated for a light-driven ferrocene-based “molecular
scissor” (49°).[4

The native “locked” state of 2, i.e. the intramolecular hy-
drogen bond, can be restored by removal of the chloride
ions through the addition of excess thallium cations.!'?!
Angular motion of the cyclopentadienyl rings of 2 can thus
be triggered by the presence or absence of chloride ions
(Scheme 2, a). Thus the anion-based system presented re-
sembles Lehn’s cation-induced dynamic chemical device
based on a transoid/cisoid rearrangement of terpyridines
(Scheme 2, b).F!

In addition to the angular motion induced by anion
binding, the ferrocene moieties provide the electrochemical
response expected for amide substituted ferrocenes.['%1 Fig-
ure 6 shows the cyclic voltammograms of receptors 1 and 2
during the addition of chloride ions. For receptor 2, the
second oxidation becomes irreversible at higher chloride
concentrations, probably due to the coordination of another
anion to the charged receptor.

The anion-induced cathodic shift of the ferrocene/fer-
ricinium oxidation wave is linear up to two equivalents of
chloride ions for monoamide 1 (Figure 7). Due to the larger
anion affinity of 2, saturation is reached at 1.2 equivalents
of chloride (Figure 7). As the maximum cathodic shifts
AE,,, are equal for both amidoferrocenes (30 mV within
the linear rangel'?)), the slope of the AE;, vs. [Cl7] plot,
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Figure 5. DFT calculated minimum structures I—III for chloride association to 2 (C—H protons not shown)
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-

H

Scheme 2. (a) R! = CHj, R? = ferrocenyl, grey circle: chloride
anion; (b) R! = R? = pyrenyl, grey circle: zinc cation
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Figure 6. Cyclic voltammograms of 1 (top) and 2 (bottom) in the
presence of (nBu)4;NCl in 0.1 M (nBu);NBF4/CH,Cl, vs. SCE at
300 K (scan rate 200 mV s 1)

and thus the sensitivity as anion sensor, is enhanced for
receptor 2 relative to 1 (Figure 7).

Consequently, 2 is a “dual-functional molecular ma-
chine”, giving a mechanical and an electrochemical output
upon a simple chemical input. Incorporation of this flexible

70 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. AE vs. eq CI~ plots for receptors 1 and 2

but controllable building block into larger arrays, e.g. in the
backbone of peptides (R!, R = peptides in Scheme 2, a),
or between fluorescent reporter groups may lead to novel
hybrid (bio)materials with unconventional dynamics and
(redox) functions.['4~101 Work in this direction is currently
in progress.

Experimental Section

Compounds 1 and 2 were prepared by published procedures.!
NMR: Bruker Avance DPX 200 at 200.15 MHz ('H) at 303 K;
chemical shifts (8) in ppm with respect to residual solvent peaks as
internal standard: CD>Cl, ('"H: 6 = 5.32 ppm). IR spectra were
recorded on a BioRad Excalibur FTS 3000 spectrometer using
CaF,; cells in CH,Cl,. Cyclic voltammetry was performed using a
glassy carbon electrode, a platinum electrode and a SCE electrode,
1073 M in 0.1 M nBuyNBF,/CH,Cl,; potentials are given relative to
SCE. Computational method: density functional calculations were
carried out with the Gaussian03/DFT!7! series of programs.
B3LYP formulation of density functional theory was used em-
ploying the LanL2DZ basis set.'’l Harmonic vibrational frequen-
cies and infrared intensities were calculated by numerical second
derivatives using analytically calculated first derivatives. All points
were characterised as minima or first-order saddle points by fre-
quency analysis.
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The Nature of the Spin-State Variation of [Fe''(BPMEN)(CH;CN),|(ClOy),
in Solution

Konstantin P. Bryliakov,*/?l Eduard A. Duban,/?! and Evgenii P. Talsi®®!

Keywords: Magnetic properties / Iron(11) complexes / Spin crossover / Liquid state / Solvent effects

Thermally-induced spin variation behavior of [Fe'(BPMEN)-
(CH3CN),](ClOy4), in CD3CN solution [low spin (LS)-high
spin (HS)] was investigated. Variable temperature solution
magnetic susceptibility measurements gave AH® s 35 = 39.7
+ 2.0 kJ-mol™ and AS°. g s = 135 £ 9 J-mol! K! values.
These values are too high for a pure spin transition and re-
flect a significant contribution of chemical processes to the
spin transition, namely, the detected dissociation of one
bound acetonitrile molecule. Thus, LS—HS conversion should

be regarded as a chemical equilibrium overlapped with a
thermal spin crossover. The thermodynamic parameters for
the overall process estimated from the variation of the NMR
shifts with temperature (AH® = 40 £ 3 kJ-mol?, AS° = 137 +
10 J-mol~! K1) are in perfect agreement with those obtained
by magnetic susceptibility measurements.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

In recent years, Que and co-workers reported a series of
non-heme Fe"(BPMEN)- and Fe''(TPA)-type catalysts for
stereospecific oxidation of hydrocarbons with H,O, [TPA is
tris(2-pyridylmethyl)amine ligand and BPMEN is N,N'-
dimethyl-N,N'-bis(2-pyridylmethyl)-1,2-diaminoethane
ligand].l' " These species can be functional models for
non-heme iron oxygenases, such as Rieske dioxygenases
capable of olefin cis-dihydroxylation.[’l The catalysts re-
ported were either diamagnetic or paramagnetic complexes,
depending on the substituent at the 6-position of the pyri-
dine rings. Interestingly, the parent [Fe''(BPMEN)-
(CH3CN),J(ClO4), complex displayed solution spin-tran-
sition behavior in the temperature range —40 to +30 °C.
However, the authors only mentioned this phenomenon
and did not report a detailed spectroscopic/magnetic sus-
ceptibility investigation. Recently, a theoretical study ap-
peared where the structure and spin states of Fe-BPMEN
complexes were evaluated by DFT.P! Apparently, knowl-
edge on the nature of this low-to-high spin transition could
be of help in understanding the reactivity of these systems.

The temperature-induced LS—HS transitions in Fe!l
complexesl® 8l have been extensively studied over the last
few years, mostly in the solid state; however, variable-tem-
perature studies in solution have also appeared.®~1% Solid-
state spin equilibria in some diisothiocyanato iron(ir) com-

[al G. K. Boreskov Institute of Catalysis, Siberian Branch of the
Russian Academy of Sciences,
630090 Novosibirsk, Russian Federation
Fax: (internat.) + 7-3832-308766
E-mail: bryliako@catalysis.nsk.su

Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.

72 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

plexes with BPMEN type ligands were studied by Toftlund
et al.l''l In this paper, we present a detailed magnetic
susceptibility and 'H NMR study of [Fe'(BPMEN)-
(CH;CN),](ClOy), in solution (I, Scheme 1) spin variation
in [Ds]acetonitrile and the thermodynamic parameters of
this reaction. The results of magnetic susceptibility meas-
urements on solutions are compared with those obtained
by a paramagnetic '"H NMR study.

I, L= CHsCN

Scheme 1. Complex I

Results and Discussion

At room temperature, complex I exhibits a magnetic mo-
ment of 4.1 up in acetonitrile solutions, which is indicative
of a spin-crossover system. Temperature-dependent mag-
netic susceptibility measurements were carried out to ex-
plore the equilibria that occur in acetonitrile solutions of
complex I (see a in Figure 1, trace 1). Fitting the observed
magnetic moment dependencies u.; versus 7 to Equation
(5) (see Exp. Sect.) gave the limiting magnetic moment val-
ues s = 1.30 = 0.1 ug and uys = 5.45 = 0.1 up, which
are higher than the spin-only values 0 and 4.90 ug, thus
suggesting significant orbital contributions to the observed

DOI: 10.1002/ejic.200400429 Eur. J. Inorg. Chem. 2005, 72—76
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magnetic moments (see ref.®!l). Spin transition is ac-
complished within the temperatures accessible for aceto-
nitrile: the u.(7) values practically level off in the higher
and lower limits of the temperature range considered. The
115 value is in good agreement with the solid-state magnetic
moment 1.40 ug (T = 294 K).

5.5 7 2
a 50
L)
45 - 1
s 40
0 35 -
& 3.0 4
=
25 1
20
15
220 240 260 280 300 320 340
T K
2 4
b
1 -
0 4
g
X 17
[on
< ] 5
_3 ~ 1
30 32 34 36 38 40 42
1000/7, K’

Figure 1. Fits of ues(7) to Equation (5) for complex I (a) and linear
fits of In K¢ versus 1000/7T (b) in [Ds]acetonitrile - trace 1 (m) and
in [Dj]acetonitrile/[Dglacetone - trace 2 (o) (in Table 1, see entries
1 and 7, respectively)

The equilibrium parameters AS® and AH® (see b in Fig-
ure 1, trace 1) measured in [Ds]Jacetonitrile gave AS® = 135
+ 9 Jmol~! K™ (in which the contribution of R In 5 arises
from spin degeneracy of the HS state) and AH° = 39.7 =
2.0 kJ mol~!. Both values are substantially higher than
those reported in the literature for solution spin-crossover
systems.[”-1%12] This lead us to suggest that spin change in
this system could overlap with other (chemical) processes.
The fact that in other solvents (e.g. [Dg]acetone, see Sup-
porting Information) a conventional Curie dependence of
'H paramagnetic shifts is observed is in favor of dis-
sociation of bound acetonitrile molecules at elevated tem-
peratures, see Equation (1).

—_—
_—

[Fe'tBPMEN)(CH:CN), 1>

LS HS

Eur. J. Inorg. Chem. 2005, 72—76 www.eurjic.org

[Fe(BPMEN)(CH3CN),,]*" + n CH;CN

A similar behavior was previously proposed to describe
the spin-state variation of [Fe(Mestacn)(MeCN);] in solu-
tion.”l The observed equilibrium constant [Kyps(7) = Cys/
Cys] values should be related to the thermodynamic equi-
librium constant as shown in Equation (2).

Kons(T) = KI[LJ" @

[L] is the concentration of acetonitrile in solution. Di-
lution of acetonitrile with a noncoordinating solvent would
result in higher K, values, so that K,p([Lo])/Kons([L1]) =
([L{V[LoD". Also, taking the logarithm of Equation (2) and
assuming that AH° is independent of acetonitrile concen-
tration, one obtains Equation (3).

AS°.ps = AS® — nRIn[L] 3)

AS° s and AS° correspond to Ky, and K (i.e. AS related
at some standard conditions), respectively, and R is the gas
constant. Thus, the 1.63-fold decrease in CD;CN concen-
tration would result in a (1.63)"-fold increase in the K,
value and an nR In(1.63) = 4n J mol~! K~! increase in
AS°,p Unfortunately, the low precision of u.; measure-
ments did not allow reliable detection of these small effects.
In the temperature range considered, such experiments with
combined CD;CN/CDCl;, CD;CN/CCly, CD3CN/[DgJace-
tone solvents (Table 1, Figure 1) showed a 1.3-fold increase
in the value of K, with a 1.63-fold decrease in CD;CN
concentration and a 1.7-fold increase in the value of K,
with a 2.65-fold decrease in [CD3;CN] (these values are
lower than those expected, indicating that AH° also changes
with changing CD;CN concentration). In the u.(7) — T
diagram, this resulted in a T, change from 284 to 275 K
(see a in Figure 1). The question, what is # in Equation (3),
could be answered as follows: if both acetonitrile molecules
dissociated at high temperatures, we should observe similar
high-temperature spectra in [D¢]acetone and in [Ds]aceto-
nitrile/[DgJacetone combined solvent. However, the spectra
are substantially different (Supporting Information), indi-
cating, apparently, the existence of [Fe'"(BPMEN)]*" in the
first case and [Fe(BPMEN)(CD;CN)]** in the second
case. We conclude that the experimentally observed picture
is consistent with dissociation of one acetonitrile molecule,
therefore leading to a weaker ligand field.

'"H NMR spectra of complex I in [Ds]acetonitrile gradu-
ally change from diamagnetic at —40 °C to paramagnetic
at +60 °C (see a in Figure 2), indicating that the process in
Equation (1) is fast on the NMR timescale. At high tem-
peratures the spectrum is typical for high-spin Fe!!
complexes,”> 13714 and the peaks can be assigned unam-
biguously based on the relative intensities and linewidths of
the peaks by assuming a dipolar line broadening mecha-
nism.['3] The thermodynamic parameters estimated from
NMR shifts according to Equation (9): AS® = 137 = 10
Jmol™' K™ ! and AH® = 40 + 3 kJ-mol~! (see b in Fig-
ure 2), do not differ from those obtained by magnetic

&)
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Table 1. Thermodynamic parameters for [Fe''(BPMEN)(CH;CN),](ClOy), (I) spin crossover in different solutions

Entry Solvent A(D;CN/CCD;CN) Tin, K Kby K12 AH° (£2.0), kJ mol ! AS° (£9.0), J mol ' K !
1 CD;CN 1 284 1.0 40.6 138
2 CD;CN 1 284.5 0.96 38.7 131
3 CD;CN/[Dglacetone 1.63 279 1.2 38.5 132
4 CD;CN/CDCl, 1.63 280.5 1.3 36.0 124
5 CD;CN/CCl, 2.0 280 1.1 40.5 139
6 CD;CN/CDCl, 2.65 277 1.2 40.3 138
7 CD;CN/[Dglacetone 2.65 275 1.7 39.5 139

(a1 Average values over the temperature range —40 to +60 °C.
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b 1404 B
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Figure 2. '"H NMR spectrum (0.01 M solution in [Dj]acetonitrile,
60 °C) of complex I (a); plot of variation of chemical shifts with
temperature for 'H resonances of I (b); symbols A, B, B’ and Pic
mark the same protons as in Scheme 1; “solvent and admixtures”
stands for residual protons of [Ds]acetonitrile and unidentified pro-
ton-containing admixtures

measurements. In weaker coordinating solvents (e.g. [Dg]-
acetone), I displays a paramagnetic spectrum from 130 to
—10 ppm, which is indicative of loss of both coordinated
CH;CN molecules.

The phenomenon of ligand dissociation induced spin
transition has a nice interpretation in terms of crystal field
theory. If one looks at the Tanabe—Sugano diagram for the
d® configuration (Figure 3), one can see that a conventional
spin equilibrium 'A;(LS)2°T,(HS) should be represented
by the vertical arrow, which indicates gradual population of
the higher lying 5T, HS state with increasing temperature.
On the contrary, the spin conversion caused by ligand dis-
sociation could be associated with the horizontal arrow,

74 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

which represents the dislocation from the high-field region
to the low-field one. In our case, an intermediate process
seems to take place: an attempt to split the spin interconver-
sion and ligand dissociation processes was made (see Sup-
porting Information), and this revealed comparable contri-
butions of both processes to the observed equilibrium.

LD, 5
G T,
E spin equilibrium
D T, VA
>
A, cm

ligand dissociation
induced spin transition

Figure 3. Schematic representation of the Tanabe—Sugano diagram
(fragment) for d® configuration; the abscissa and ordinate are the
crystal field parameter A and energy, respectively

In a series of works on bis(benzimidazole)pyridine
iron(11) and other iron(11) complexes, it was shown that sol-
vent effects can overlap with the true spin crossover,['¢~221
so that substitution or dissociation of coordinated ligands
lead to the change in spin state. As Toftlund mentioned,
phenomena like these should not be considered as true spin-
crossover interconversions.?3) LS/HS transition systems like
the one presented (where the spin transition is due to the
substantial contribution of the ligand dissociation, and thus
weakening the ligand field splitting) seem to be fairly rare
in the literature. In this paper we have reported the first
measurements of thermodynamic parameters defining the
LS/HS transition in [Fe''(BPMEN)(CH;CN),](ClO,4), in
solution, and demonstrated the high utility of the combined
solution magnetic susceptibility//H NMR spectroscopic
measurements for the detailed physico-chemical investi-
gations of one of the few systems of this type documented
so far.

Experimental Section

Materials: BPMEN['" and 1"l were prepared as described. For
solution magnetic susceptibility measurements, I was recrystallized
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from CH3CN/Et,O at +4 °C.l Deuterated solvents ([Ds]acetonitr-
ile, [D]chloroform) were dried with molecular sieves prior to use.

Physical Measurements: 'H NMR spectra were recorded in stand-
ard 5-mm cylindrical glass tubes on a Bruker DPX-250 NMR spec-
trometer at 250.13 MHz and referenced to TMS (samples volume
0.50 cm? at 298 K). Operating conditions for 'H NMR measure-
ments: high temperature, spectral width 50 kHz, spectrum accumu-
lation frequency 5 Hz; low temperature, spectral width 5 kHz, spec-
trum accumulation frequency 0.5 Hz; 90° pulse at 8.2 ps.

Solid state magnetic susceptibility was measured by the Faraday
method, with (NHy4),Fe(SO,4),-6H,O as calibrant. Solution mag-
netic susceptibility measurements were measured as a function of
temperature (=50 to +70 °C) in deuterated solvents CD;CN,
CD;CN/[DgJacetone, CD;CN/CCl; and CD;CN/CDCl; by the
Evans method,?* with TMS as an internal reference. To prepare
the “1.63-fold diluted” CDs;CN solutions, CDCl; was added to
CD3;CN (0.61 mL) to make the volume 1.00 mL. To prepare the
“2.65-fold diluted” CD3;CN solutions, [DgJacetone was added to
CD;CN (0.375 mL) to make the volume 1.00 mL. To prepare the
“2-fold diluted” CCly solutions, CCl, was added to CD;CN (0.500
mL) to make the volume 1.00 mL. Temperature uncertainty was
+1 °C. Special stem coaxial insert tubes (203 mm X 4 mm o.d.)
with a capillary reference volume of 60 pL (50 mm X 2 mm o.d.)
were purchased from Wilmad Glass Co. Mass magnetic suscepti-
bilities y, (cm® g™'), were calculated from Equation (4).

Yo = =3RS + 1o + 2o(dy — dy)lm] @

Afis the frequency shift in Hz of the reference compound, f'is the
spectrometer frequency in Hz, m is the mass in g of the complex
in 1 cm? of the solution, y, is the mass susceptibility of the solvent
in cm? g7!, and d, and d; are the densities of the solvent and solu-
tion, respectively. The term in square brackets disappears, because
at the concentrations used (10—15 mwm), the solution density was
approximated as d; = d, + m. We note that the original Evans
techniquel?¥ was developed for the cylindrical sample axis perpen-
dicular to the magnetic field, whereas for the sample axis parallel
to the magnetic field, a factor of 3/4r rather than 3/2x!'-2*! should
be applied in Equation (4).11%2°1 To take into account the solution
volume changes with temperature, a correction was introduced in
the m values so that m = myh,/h, where m, is the mass in g of the
complex in 1 cm? of the solution at 298 K, and /, and / are sample
heights at 298 K and at the given temperature, respectively.
Multiplying the y, values by the molecular weight, the molar sus-
ceptibility yy; was obtained. The latter was corrected for the dia-
magnetic contributions of BPMEN ligands, counteranions and Fe!!
core electrons using Pascal’s constants to give the corrected molar
susceptibility yy;'.1>%1 The latter was used to calculate the effective
magnetic moment g = 2.828(ym' T)Y? (ug), where T is tempera-
ture in K. 4. was fit to Equation (5) in a manner similar to that
applied in ref.[']

ten(T) = {urs® + pus® [exp(AS°/R)exp(—AH®/RT)]} 12 5)
{1 + exp(AS°/R)exp(—AH°/RT)} 17

s and uyg are the limiting magnetic moments of the low-spin
and high-spin states, and exp(AS°/R)exp(—AH°/RT) is the observed
equilibrium constant K, = [HS-Fe!'[/[LS-Fe'l].

Calculation of Observed Equilibrium Constant Values K, Equa-
tion (5) implies a four-parameter fit that gives significant uncer-
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tainties for AS® and AH®. For more precise AS® and AH° measure-
ments, the solution equilibrium treatment of Crawford and Swan-
son was applied.[>”) Namely, after x; s and uys were obtained from
Equation (5) (and averaged over all experiments), the probabilities
of Fe!' to be in LS and HS forms were calculated as according to
Equation (6) and K,u(7) = Pus(T)/Prs(T). Then, AS® and AH®
were obtained from linear logarithmic plots of In Ky, versus 1/7.

Pus(T) = (etss® — sler D ptis” — ps”)

Pus(T)=1- P.s(T) ©

Calculation of AH® and AS° from the Temperature Dependence of
the Observed "TH NMR Chemical Shifts: For LS and HS forms in
fast equilibrium, a single paramagnetically broadened 'H reson-
ance was observed, see Equation (7).

Oobs = OLsPLs + OusPus @

Ors 1s the chemical shift for the diamagnetic state,

Prs(T) = V(1 + Kop)-
PHS(T) = I(obs/(1 + Kobs) (8)

ous stands for the chemical shift of the HS (paramagnetic) state.
According to ref.?872% §i;g = 4ia + Onp, Where ¢ is the hyperfine
(contact + pseudocontact) contribution and diamagnetic contri-
bution dg;, is the same as dyg. Assuming that Jy,¢ has the theoreti-
cally expected Curie temperature dependence (C/T), one could cal-
culate J,ps according to Equation (9).

Oobs = {0Ls T (OLs + CIT)[exp(AS°/R)exp(—AH°/RT)]}/ ©)
{1 + exp(AS°/R)exp(—AH°/RT)}

C is a constant and exp(AS°/R)exp(—AH°/RT) = K. Thus, AS°®
and AH° were obtained from the plots of dgy versus 7.

Supporting Information (see also the footnote on the first page of
this article): 'H NMR spectroscopic data, spectra, chemical shift
plots for complex I in different solvents.
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Two Novel Inorganic-Organic Hybrid Frameworks Based on In'"'-BTC and
In""-BTEC

Zheng-Zhong Lin,!*! Fei-Long Jiang,!?! Lian Chen,'”! Da-Qiang Yuan,®! You-Fu Zhou,!*! and
Mao-Chun Hong*!2!

Keywords: Indium(1ir) / Benzenemulticarboxylate

Hydrothermal reactions of InCl; with 1,3,5-benzenetri-
carboxylic acid (H3BTC) or pyromellitic dianhydride pro-
duced [In,y(BTC),(H,0),],-2nH,O (1) and [In,(H,BTEC),-
(OH)3],2nH,O (2), respectively (H4BTEC = 1,2,4,5-ben-
zenetetracarboxylic acid). The structure of 1 is a 2D double-
layer network, while that of 2 is a 3D framework constructed

from chains of corner-linked octahedra. Intense greenish-
blue emissions at 494 nm (A, = 325 nm) for 1 and 489 nm
(hex = 337 nm) for 2 were observed in the solid state.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

The development of organic-inorganic hybrid com-
pounds constructed by the deliberate selection of metals
and multifunctional exodentate ligands represents one of
the most active research area in chemistry. The fascinating
structures of these complexes together with their functional
properties makes them highly prospective as a new class of
materials.l! = 1,3,5-benzenetricarboxylic acid (H;BTC) and
1,2,4,5-benzenetetracarboxylic acid (H4BTEC) are two pro-
mising ligands which provide high symmetry, diverse charge
and a multi-connecting ability which has been applied in
the design of hybrid complexes exploiting both the diversity
of metal coordination geometries and weak intermolecular
forces such as m—m interactions and hydrogen bonding. The
rigid conformation and strong coordinating ability of the
carboxylate groups bestows excellent thermal properties on
the resultant hybrid complexes. The use of H;BTC and di-
valent metal ions has led to the generation of products con-
sisting 1D chains,>® 2D layers’ 'l and 3D structural
frameworks.'>~ 191 H,BTEC is a building block that has
been commonly adopted in the design of hybrids in connec-
tion with transition!'’"2!1 and rare earth metal
elements.”?>~ 24 In the search for a further class of hybrid
materials we have introduced a trivalent metal, namely in-
dium(iii), in order to investigate the influence of a change
in the metal centre on the coordination architecture during
the course of the assembly of the metal centres with H;BTC
or HyBTEC. It was postulated that the incorporation of

[l State Key Laboratory of Structural Chemistry, Fujian Institute
of Research on the Structure of Matter, Chinese Academy of
Sciences, Graduate School of the Chinese Academy of Sciences,
Fujian, Fuzhou, 350002, China
Fax: (internat.) +86-591-3714946
E-mail: hmc@ms.fjirsm.ac.cn, zzlin@ms.fjirsm.ac.cn
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trivalent metal ions might create diverse structures different
from those containing divalent metal ions because of the
increased valence charge. Furthermore, compared with the
systematic and extensive studies on M"-BTC complexes, re-
ports of M.BTC complexes are rare.l>>2! Although some
literature reports concerning M"-BTEC complexes have re-
cently appeared, the metal centres incorporated were mostly
confined to the rare earth metal elements,?3-241 Felll [27] or
VI 281 There is a deficiency of the selection of the ™A
group elements as inorganic linkers. We addressed this
situation by choosing In'" as the metal and a series of 3D
In""-BTC and 3D In"-BTEC complexes with protonated
pyridine or pyridine derivatives as templates and counter
anions have been synthesised. Herein we describe a 2D
double-layered  In"™-BTC  compound  [In,(BTC),-
(H,0),],,2nH,O (1) and a 3D In"™-BTEC compound
[In,(H,BTEC),(OH),],:2nH,O (2) showing characteristic
In™O4(OH), octahedral chains.

Results and Discussion

The formation of compounds 1 and 2 was found to be
extremely sensitive to the pH value of the reaction mixture.
Synthetic studies were carried out using pyridine as a basic
reagent to adjust the pH value in the reaction system. In
both systems, a pH value between 2 and 3 is an essential
condition for the formation of 1 and 2. For the preparation
of In"-BTC, a pH value ranging from 3 to 4 produces a
mixture of 1 and a 3D porous coordination polymeric com-
pound.*! Likewise, two phases (compound 2 and a 3D po-
rous In""-BTEC framework3") also crystallise concurrently
from the reaction system of 2 when a pH value of 3—4 is
maintained. In both reaction systems, more basic pH values
led to predominant formation of the 3D porous by-prod-
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ucts. Furthermore, when the reactions were carried out
without pyridine as a basic reagent, the yields of 1 and 2
were very low. Thus, to ensure a high yield of 1 and 2, an
appropriate amount of pyridine is needed to adjust the pH
value around 3.

Compound 1 exhibits a double-layer sheet configuration
(Figure 1) generated from the interconnection of two single-
layers which are produced from the extension of honey-
comb-like grids along the (100) plane. Three In'" centres
and three BTC trianions form such a 6-membered grid with
dimensions of about 7.4 A X 9.2 A. Inside the grids, each
indium atom binds to six carboxylate oxygen atoms from
four BTC groups and one water oxygen atom (O7) to form
a slightly distorted pentagonal bipyramidal motif. The di-
hedral angle between the benzene plane of the BTC group
and the plane defined by In, InA, and InB is about 12.6°.
Consequently, the sheet adopts a slightly wavy configura-
tion. A bidentate carboxylate arm (C9—05—06) lies out of
the BTC benzene ring plane with a dihedral angle as high
as 26° such that the carboxylate arms act as the bridges
linking two single-layers into a double-layer. The other two
carboxylate arms bond in a chelating bidentate mode and
participate in the propagation of the grids. The two single-
layers are related to each other through the twofold screw
symmetry operation and the distance between them is about
3.8 A. Because of the translation operation of the screw
axis, the available sizes of honeycomb-like grids are signifi-
cantly reduced. This explains the fact that 1 absorbs little
nitrogen gas even after dehydration.*] To balance the
charge, O7 can be considered to be a coordinated water
oxygen atom. This assumption is confirmed by bond val-
ence calculations for O7 which give a result of 0.5.1321 The

Figure 1. View of the double-layer in 1 interlinked by two single-
layers displayed in black and light grey, respectively; free water and
coordinated water molecules are not shown for clarity; selected
bond lengths (A): In—InA 8.979(1); In—InB 10.288(1); InA—InB
9.468(1); In—07 2.167(3); In—03 2.198(1); In—04 2.292(1);
In—OI1C 2.271(3); In—02C 2.304(4); In—0O5D 2.138(5); In—O6E
2.144(3); selected bond angles (°): O7—In—0O5D 178.0(1);
03—In—07 89.0(1); O1C—In—07 95.6(1); symmetry code: (A) x,
1+»%zB)x,1.5-»05+z(C)x,05~-y —05+z(D) —x,
05+ »305-z(E)x,1.5—y -05+:z

78 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

In—07 vectors are perpendicular to the double-layer plane
and point towards the extra double-layer region. Further-
more, the double-layers are stacked in parallel separated by
about 4 A. This is sufficiently close such that the In—O7
vectors on the double-layers are interdigitated. Coordinated
water oxygen atoms form strong hydrogen bonds with car-
boxylate oxygen atoms from adjacent double-layers
[0702A, 2.775(4) A, (A):1 — x, 0.5 + y, 0.5 — z]. The
free water molecules included in the honeycomb-like grids
also form hydrogen bonds with the above coordinated water
pendants of the double-layers [O8--O7, 2.679(7) A]. Al-
though some honeycomb structures have been found,-14-33
compound 1 is, to the best of our knowledge, unpre-
cedented because of the double-layer conformation.
Compound 2 exhibits a 3D hybrid framework con-
structed from chains of corner-linked octahedra connected
by carboxylate linkers (Figure 2). Each indium atom binds
to four carboxylate oxygen atoms from four H,BTEC
groups and two other bridging oxygen atoms (O17 and
018) to form an octahedron. Bond valence calculations for
O17 and O18 give a value of 1.3. Thus, the oxygen atoms
(O17 and O18) can be considered to be p-OH functions
thereby balancing the negative charge in 2. The octahedra
are linked into infinite chains running along the [010] direc-
tion via pu-OH functions. Furthermore, two adjacent oc-
tahedra in one chain are bridged by two carboxylate arms
from two different organic linkers. The octahedra are sever-
ely tilted and this is reflected by angles of 122.1(5)°
(In1=017—1In1) and 122.2(5)° (In2—018—1n2), both being
very far from the value 180° which would be expected if the
chains of octahedra were perfectly linear. Each H,BTEC
group binds to four indium atoms, in a bidentate mode,
situated in two different chains through the 1,5-carboxylate
arms. The other two carboxylate arms are uncoordinated
and protonated. Geometrically, the latter two carboxylate
arms are coplanar with the phenyl ring whereas the other
two are perpendicular to the phenyl rings. All phenyl rings
are perpendicular to the directions of the chains. The chains
are interweaved by organic linkers in such a way that the

Figure 2. View of the interconnection between polyhedral chains
and H,BTEC groups in 2; free water oxygen atoms are omitted
for clarity
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adjacent indium atoms in any chain are situated at approxi-
mately y = 0 and y = 1/2 while the phenyl rings located
between two indium atoms are at approximately y = 1/4 on
one side of the chain and y = 3/4 on the other side of
the same chain (Figure 3). Such arrangement of metal and
organic moieties is similar to that of the compound MIL-
61.1281 These types of connections between the organic and
inorganic moieties result in 1D polygonal tunnels. However,
the uncoordinated carboxylic functions point towards these
tunnels and reduce the effective sizes of the cavities. This
helps understand why 2 absorbs little nitrogen gas even
after dehydration.[®!) Water molecules reside in the tunnels
and give rise to hydrogen bonds with uncoordinated car-
boxylic functions [019---O14 2.65(2) A, 02005 2.629(8)
A, 019--08A 2.859(4) A, 020-+-012B 2.915(3) A. Sym-
metry code: (A) —x, =05+ 3,05 -z B)1 —x, 1 — y,
1 —z].

Figure 3. Diagram showing the relative positions of indium atoms
and H2BTEC groups in 2; selected bond lengths (A): In1-O1A
2.19(1), In1=02B 2.16(1), In1-015C 2.18(1), In1-016 2.20(1),
In1-017 2.00(1), In1-017C 2.12(1); In2—O3E 2.16(1); In2—04
2.17(1); In2—09 2.16(1); In2—018 2.06(1); In2E—0O18 2.07(1);
In2E—-0O10 2.21(1); selected bond angles (°): OlA—In1-02B
179.3(4); OlA-Inl-016 89.2(5); 0O16—In1-02B 91.2(5);
017—In1-05C 90.0(5); In1-=017—-1In1D 122.1(5); O3E—In2—-04
178.6(6); O4—In2—09 89.0(5); In2—OI18—1In2E 122.2(5); sym-
metry code: (A) x, 1.5 —»,05+zB)—x,1 —p1 -z (C) —
x, 05+ 15—z (@D —x, =05+ y, 1.5~z (E) 1 — x, —=0.5 +
»15-—z

The homogeneous nature of compounds 1 and 2 was
shown by X-ray powder diffraction (XRPD) patterns (Fig-
ure 4). The powder patterns obtained experimentally for 1
(b) and 2 (e) are in agreement with the calculated patterns
for 1 (a) and 2 (d), respectively. The exceptions are the lines
at 26 = 16.5 and 20.5° in 2 which are too intense in the
experimental pattern. This phenomenon is a result of the
preferred orientation of the crystallites.

The infrared absorption bands of 1 and 2 are listed in
Table 1. In 1, the absence of the characteristic bands at
1730—1690 cm ™" due to the protonated carboxylate groups
indicates that complete deprotonation of H;BTC occurs
upon reaction with indium ions.*¥ A strong absorption at
1731 cm™ ! in 2 confirms the presence of the carboxylic acid
function. Both results are in agreement with the crystallo-
graphic data.

Thermogravimetric (TG) analyses were carried out under
air. The TG diagram (Figure 5) of 1 shows that the first
weight loss of 10.1% occurring from about 50 °C to 167 °C

Eur. J. Inorg. Chem. 2005, 77—81 www.eurjic.org
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Figure 4. The calculated (a) and experimental (b) XRPD patterns
for 1 and the calculated (d) and experimental (e) XRPD patterns
for 2; the patterns (c) and (f) correspond to the sintered samples at
180 °C for 1 and 2, respectively

Table 1. Characteristic IR absorption bands for 1 and 2 (cm™!)

0s(CO,7)  v(CO7)  v(COH)  v(H0)  v(OH)
1 1619 (s) 1441 (s) 3420 (s)
1583 (m) 1384 (s)
2 1579 (vs) 1444 (s) 1731 (s) 3489 (s) 3127 (s)
1495 (m) 1400 (vs)
TG /%
100 S
90 = 1 554°C -61.60 %
80l 1 167 °C -10.09 %\
» 2 570 °C -66.43 %
701 2182 °C -453%
o0 c d1—
50 Compound 2‘\\*
40 ompoun \\\
100 200 300 400 500 600 700 800 900
Temperature /°C

Figure 5. TG curves for 1 and 2

corresponds to the complete loss of free and coordinated
water molecules (calculated: 10.1%), accompanied by the
transformation of the framework of 1 indicated by the
XRD pattern (see ¢ in Figure 4). The second weight loss,
occurring from about 424 °C to 554 °C, is the stage at which
1 dramatically loses its organic component. The light yellow
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residue is In,O5; with a residual weight fraction of 38.4%
(calculated: 38.8%). This was confirmed by XRD analysis.

Compound 2 also undergoes a two-step weight loss (Fig-
ure 5). The first weight loss of 4.53% from about 50 °C to
182 °C can be attributed to the loss of free water molecules
(calculated: 4.48%). In contrast to compound 1, XRD stud-
ies show that the framework of 2 remains intact after the
loss of water molecules (see f in Figure 4). The second
weight loss occurs in the temperature range of 380 to 570
°C, in which 2 dramatically loses weight and begins decom-
posing due to the loss of organic matter. The residue at 570
°C weighing 33.6% of the total is In,O; (calculated:
34.53%). This was confirmed by XRD analysis.

Compounds 1 and 2 exhibit intense greenish-blue emis-
sions in the solid state at 494 nm (A., = 325 nm) for 1 and
489 nm (hex = 337 nm) for 2. Compared with the fluor-
escent analysis of other metal-BTC compounds,**! we can
assign the 494 and 489 nm emission bands to ligand-to-
metal charge-transfer (LMCT) processes.

Experimental Section

Synthesis of [Iny(BTC),(H,0),],-2nH,0 (1): Compound 1 was syn-
thesised hydrothermally from the reaction of InCl; (221 mg,
1 mmol), H;BTC(210 mg, 1 mmol), pyridine (0.3 mL, 3.7 mmol)
and H,O (5 mL) (pH value 2—3) in a 30-mL Teflon-lined stainless
steel vessel at 120 °C for 85 h. The reaction mixture was then co-
oled at a rate of 6 °C-h™! to give the only product, namely colour-
less crystals of 1. The crystals were collected and washed with N,N-
dimethylformamide and distilled water. The yield was 85%
(302 mg) based on InCl;. Elemental analysis caled. (found) for
CoH7InOg (fiv = 357.97): caled. C 30.20 (30.17), H 1.97 (1.93). IR
(KBr pellet [cm™!]): ¥ = 3420 (vs, br), 3090 (m), 1619 (vs), 1583
(m), 1548 (s), 1441 (vs), 1384 (vs), 1114 (w), 1061 (w), 757 (s),
715 (m).

Synthesis of [In,(H,BTEC),(OH),],:2rH,0 (2): Compound 2 was
synthesised hydrothermally from the reaction of InCl; (221 mg,
1 mmol), pyromellitic dianhydride (218 mg, 1 mmol), pyridine
(0.3 mL, 3.7 mmol) and H,O (6 mL) (pH value = 2—3) in a 30-
mL Teflon-lined stainless steel vessel at 160 °C for 85 h. The reac-
tion mixture was then cooled at a rate of 6 °C-h™! to give the only
product, namely colourless crystals of 2. The crystals were collected
and washed with N,N-dimethylformamide and distilled water. The
yield was 70% (280 mg) based on InCl;. Elemental analysis calcd.
(found) for CyoH4In,0, (fiv = 803.95): caled. C 29.88 (30.10), H
1.76 (1.80). IR (KBr pellet [cm™!]): ¥ = 3489 (m, br), 3127 (m),
1731 (s), 1579 (vs), 1495 (m), 1444 (s), 1400 (vs), 1345 (m), 1275
(s), 1210 (s), 1047 (m), 796 (m).

Crystallographic Studies: The crystal data and structure determi-
nation parameters for 1 and 2 are listed in the Table 2.13] Intensity
data were collected on a Rigaku—Mercury CCD diffractometer
with graphite-monochromated Mo-K, (4 = 0.71073 A) radiation
using the ®-26 scan method at room temperature. The structures
were solved by direct methods and all calculations were performed
using the SHELXL-97 PC program. All nonhydrogen atoms were
refined anisotropically. All hydrogen atoms were calculated in the
ideal positions and refined isotropically. The structures were refined
on F? using full-matrix least-squares methods.
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Table 2. Crystallographic data for 1 and 2.

1 2
Empirical formula CoH;InOg CyoH 410,059
Molecular mass 357.97 803.95
Crystal system monoclinic monoclinic
Space group P2,/c P2,/c
a(A) 6.9532(7) 18.5774(19)
b (A) 8.9789(8) 7.2222(0)
c(A) 17.525(2) 21.4155(15)
B () 100.153(6) 125.187(6)
V (A3) 1077.0(1) 2348.3(3)
Z 4 4
D, (g cm ) 2.208 2.274
u (mm1) 2.228 2.069

Data collection (°)
Reflns. collected

236 =60 = 2502
6442

1.34 = 6 = 25.02
13746

Indep. reflns. 1901 4141

Reflns. with 7 > 26(1) 1661 3525

Ry, 0.0339 0.0414
Restrains/parameters 0/163 0/388
(AP)max/(AP)min, /A3 0.804/—0.510 2.481/-3.795
R [T > 206(D)] 0.0312 0.0940

wRP! (all data) 0.0681 0.2344

IR = z"(”Fo' - |Fc||)/Z|F0| BlyR = {ZW[(FOZ_ Fcz)z]/zw[(Foz)z]} 12,
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Reactions of K,[Fe(CO);(PPh;)]: Reductive Sb—Sb Coupling with Ph,SbCl To
Form trans-[Fe(CO)3;(PPh3)(Sb,Phy)] and Salt Metathesis with Me;SbCl, To
Yield trans-|[Fe(CO);(PPh3)(SbMes)]
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In contrast to the ferrate K,[Fe(CO),], the phosphane-substi-
tuted ferrate K;[Fe(CO)3(PPhj3)] (1) reacts with the stibane
derivative Ph,SbCl by metal-assisted reductive Sb—Sb coup-
ling to give the distibane complex trans-[Fe(CO)3;(PPhj)-
(Sb,Phy)] (3). The distibane ligand in 3 is terminally n*-coord-
inated trans to the phosphane ligand. However, the stiborane
derivative Me3SbCl, reacts with 1 in a metathetical substitu-

tion reaction to form the monostibane complex trans-[Fe-
(CO)3(PPh3)(SbMej)] (5). Both compounds have been charac-
terized by spectroscopic (IR, NMR, MS), analytical (C, H) and
X-ray diffraction analyses.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Molecules containing transition metal—phosphorus
frameworks are among the most frequently reported in co-
ordination and cluster chemistry. The most common ex-
amples show terminal metal—PR3, -PR,- and -PR- modu-
lar systems, as well as their metal-bridging analogs.['l Sim-
ple diphosphanes of the type R,X—X—-PR, (X = CH,,
NH, O) considerably increase the potential variety and ap-
plicability of these compounds. While the analogous arsane
and diarsane homologues exist in great numbers with simi-
lar structural motifs, analogous examples of antimony and
bismuth species are much less common.!>3! Weaker 6-donor
and m-acceptor interactions in antimony and bismuth com-
pounds may be a reason for this. Therefore, only monostib-
ane and methylidene-bridged distibane complexes (X =
CH,) obtained by substitution reactions, as in the case of
phosphorus and arsenic compounds, have been structurally
characterized. Mixed bispentelane complexes with Sb par-
ticipation are not, to the best of our knowledge, known.

We report here the synthesis and structural characteriz-
ation of the distibane ligand Sb,Ph, bound to iron; it is
produced by a metal-assisted reductive Sb—Sb coupling re-
action in the presence of a coordinated phosphane ligand
(PPhs). Thus, we have successfully synthesized the first n'-
(Sb,Phy)-coordinated complex as well as a very rare ex-

[al Ludwig-Maximilians
Chemistry,
Butenandtstraie 5—13, 81377 Miinchen, Germany
Fax: (internat.) +49 89-2180-77867
E-mail: ipl@cup.uni-muenchen.de

University Munich, Department of
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ample of a mixed bispentelane complex. We also report the
synthesis of a second mixed bispentelane complex by the
metathetical reaction of K,[Fe(CO);(PPh3)] with Me;SbCl..

Results and Discussion

One synthetic route to pentelane complexes of iron(0) is
the catalytic reaction of Fe(CO)s with the pentelanes ER3
(E = P, As, Sb).#"% A similar route is the reaction of
Na,[Fe(CO),] with one equivalent of Ph,ECI (E = P, As),
which gives first the monosubstituted ferrate Na[Fe(CO),-
(EPh,)] and then, upon reaction with a second equivalent
of Ph,ECI, the neutral dipentelane complex [Fe(CO)4-
(E,Phy)] by E—E coupling.[” Thus, mixed phosphanylar-
sane complexes can be obtained. Attempts to form distib-
ane complexes of iron(0) have thus far been unsuccessful.
Similarly, the reaction of the phosphane-substituted ferrate
K,[Fe(CO)3(PPhs)] (1) with two equivalents of Ph,SbCl
proceeds with elimination of KCl to yield the first '-coor-
dinated tetraphenyldistibane ligand by ferrate-assisted re-
ductive Sb—Sb coupling of two Ph,SbCl molecules. The re-
sulting complex, trans-[Fe(CO);(PPhs)(Sb,Phy)] (3), was
structurally characterized by X-ray analysis.

The first mononuclear distibane complexes of the type
[M(CO)s(SbyRy)] (M = Cr, W; R = CH3, CHs, C¢Hs)
were synthesized by photochemically induced substitution
of M(CO)s (in THF) with the intact distibanes, but were
only spectroscopically characterized.® The analogous di-
phosphane complexes, however, have already been synthe-

sized and structurally characterized by Vahrenkamp et
al.[10]

DOI: 10.1002/ejic.200400683 Eur. J. Inorg. Chem. 2005, 82—85
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In our case, the distibane molecule is synthesized from
monostibane derivatives bound to a metal by template-con-
trol and is incorporated as an n!-bound ligand frans to the
PPh; ligand (see a in Scheme 1). Attempts to obtain mixed
bispentelane complexes of the type R3;EFe(CO);E'R; were
previously unsuccessful because of symmetrization reac-
tions.

Ph
.
Ph, _sPh Ph, | _Sb—Ph
‘56 “ s
a) + Ph,SbCl o ____.,.uCO + Ph,SbCl 0C—F _."“,..CO
,—>. —Fe — —Fe
-cl | Sco -© | o
PPhy PPhy
0 2- 2 3
Fe—CO
Php”  CO
1
bMesCl | ™ SpMe,
o wCO JCO
b) L= OC—FE!, ——» OC—F¢.
+ Me3SbCl, | Nco  -Cl | ~Nco
PPh, PPh,
4 5

Scheme 1. Synthesis of 3 and 5

The reductive Sb—Sb coupling reaction of 1 is similar to
the Wurtz reaction and proceeds by two steps: electrophilic
attack on the iron(ii—) center of 1 by the first stibane
(Sb3*), followed by elimination of KCI. The monoanionic
stibane complex 2, with the negative charge located mainly
on antimony, may be formed as an intermediate. As a re-
sult, the electrophilic attack of the second stibane occurs at
the coordinated antimony, and leads to the formation of a
neutral tetraphenyldistibane complex, 3, with one Fe(0) and
two Sb! centers, and thus the formal redox reaction is com-
pleted.

The energy (1883 cm™ ') of the single v(CO) absorption
in the IR spectrum of 3 (E’ symmetry) is similar to the
single v(CO) absorption of the symmetrical species trans-
[Fe(CO);5(PPh3),] (1886 cm™!).['!I The signal in the 3'P{'H}
NMR spectrum of 3 is found at § = 86.4 ppm. The 'H and
3C{'H} NMR spectra show only the multiplets due to the
phenyl protons (6 = 7.26—7.59 ppm) and phenyl-C atoms
(0 = 126—131 ppm), in addition to one signal for the CO
ligand (6 = 212 ppm).

If the ferrate 1 is treated with an excess of the stiborane
derivative Me3;SbCl, no coupling reaction occurs; instead,
a simple salt-metathesis reaction results in the formation of
the novel mixed-dipentelane complex trans-[Fe(CO);-
(PPh3)(SbMes)] (5). As in the case of 3, the formation of §
can also occur via the intermediate 4, which is formed by an
electrophilic attack of Me;SbCI™ on the nucleophilic ferrate
dianion (Scheme 1b).

The spectroscopic data of 5 (IR: v(CO) = 1877 cm™ ;
SIP{'H} NMR: § = 85.5 ppm) are similar to those of 3,
except for the methyl-group signals in the NMR spectra (‘H
NMR: § = 1.31 ppm; 3C{'H} NMR: ¢ = 40.1 ppm).

Eur. J. Inorg. Chem. 2005, 82—85 www.eurjic.org

Comparison of 3 and 5 is best achieved by single-crystal
X-ray diffraction analysis.'?! Relevant bond lengths and
angles are tabulated in the legends of the corresponding fig-
ures. As expected, the Fe center is trigonal-bipyramidally
configured with the phosphane and distibane ligands in
trans-axial positions. The Fel—Pl1 and Fel—Sbl bond
lengths are 2.188(2) and 2.457(1) A, respectively, and the
P1—Fel—Sbl bond angle of 177.99(6)° indicates a nearly
linear P1—Fe—Sbl arrangement (Figure 1). The three CO
ligands surround the central iron in a trigonal planar
grouping with the sum of angles at Fe(1) being exactly 360°.
As Figure 2 shows, the Sb,Ph, ligand exists in the gauche
conformation, and differs by approximately 4° from the
trans conformation. The Sb1—Sb2 bond length of 2.828 A
is slightly shorter than that of the free stibane Sb,Ph, (2.844
A).[31 The Sb—Cpy, bond lengths around the two Sb centers
are quite different. The bonds to Sbl are 2.130(6) and
2.132(7) A, whereas bonds to Sb2 are distinctly longer
[2.138(9) and 2.145(7) A], although both pairs are shorter
than those in free tetraphenyldistibane (2.16 and 2.18 A).
Both Sb centers show a strongly distorted tetrahedral con-
figuration. The steric demand of the nonbonding Sb2 MO

Figure 1. Molecular structure of 3 in the solid state; selected bond
lengths (A) and angles (°): Fel—P1 2.188(2), Fel—Sbl 2.457(1),
Sb1—Sb2 2.8282(7), Fel —=C1 1.752(7), Fel —C2 1.758(7), Fel —=C3

1.776(8), Sb1—C22 2.130(6), SbI—C28 2.132(7), Sb2—C40
2.138(9), Sb2—C34  2.145(7); Pl—Fel—Sbl  177.99(6),
Fel—Sb1—Sb2 125.62(3), Cl—Fel—C2 119.6(3), Cl—Fel—C3
118.3(3), C2—-Fel—C3  122.1(3), C22—SbI—C28 100.5(2),

C22—Sb1—Sb2 98.6(2), C22—Sbl1—Fel 113.7(2), C28—Sb1—Fel
114.5(2), C28—Sb1—Sb2 100.0(2), C40—Sb2—C34 98.4(3),
C40—Sb2—Sb1 94.9(2), C34—Sb2—Sbl 98.1(2)

168°

164°.

Figure 2. Conformation of the Sb,Ph, ligand in 3 [Newman projec-
tion along the Sb1—Sb2 axis with dihedral angles (°)]

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 83
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leads to an 11—14° reduction of the bond angles compared
to those of coordinated Sbl. In the same fashion, the Fe-
(CO)3(PPh3) group bound to Sbl forces a greater defor-
mation from an ideal tetrahedral configuration about Sbl,
with the Fel —Sb1—Sb2 angle of 126° differing most of all.

Figure 3. Molecular structure of 5 in the solid state; selected bond
lengths (A) and angles (°): Fel —P1 2.199(1), Fel —Sbl 2.463(6),
Fel—C1 1.769(5), Fel—C2 1.778(5), Fel—C3 1.778(4), Sb1—C4
2.094(5), Sb1—C5 2.118(5), Sb1—C6 2.114(5), P1—-Cp, 1.835(4);
P1—Fel—Sbl 177.56(4), Cl—Fel—C2 121.8(2), Cl1—Fel—-C3
119.5(2), C2—Fel—-C3 118.4(2), C4-Sbl—-Fel 116.62(15),
C5—Sbl—Fel 117.54(15), C6—Sbl—Fel 118.46(16), Cp,—P1—Fel
ca. 115.7, Cp,—Fel—C5 ca. 102.6

The molecular structure of 5 (Figure 3) is similar to that
of 3; the analogous bond lengths and angles at the central
iron are practically identical. The Newman projection of 5
shows the almost perfectly staggered conformation of the
Me, CO, and Ph substituents along the Sbl1—Fel —P1 axis
(Figure 4).

Figure 4. Newman projection of 5 along the Sbl1—Fel—P1 axis

Our new reductive Sb—Sb coupling reaction of two mol-
ecules of Ph,SbCl to give the n'-ligand Sb,Ph, in 3 is ex-
plained by the presence of [Fe(CO);(PPhs)]>~ (1) (as suit-
able reducing agent) and by the activating and at the same
time stabilizing effect of the complex fragment
Fe(CO)5(PPhs). The trans-directing influence of PPh; may
also play a positive role in the formation of the mixed di-
pentelane complex 3. An analogous effect is also found in
the reaction of 1 with the stiborane Me;SbCl, to give 5.
However, in the case of the nonsubstituted ferrate
Na,[Fe(CO),], the corresponding Sb—Sb coupling reaction

84 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and distibane formation, as well as Fe—Sb bond formation,
are not possible. When the monoanionic metalates
[CPM(CO),]” M = Fe,n = 2; M = Mo, W, n = 3) are
reacted with Me,SbBr, for example, a simple salt-metathesis
reaction to form the metallostibanes [{Cp(CO),M}SbMe,]
is observed.l'Y An Sb—Sb coupling reaction similar to the
Wurtz reaction was recently reported in the reaction of
Ph,SbI with the metals Sm or Y in THE.I'3! Further investi-
gations with respect to the general application of this simple
and elegant synthesis using other substituted phosphanes
(PR3 where R # Ph) or coupling different pentelanes [e.g.
Sb—E (E = P, As)] are in progress.

Experimental Section

All operations were carried out under an Argon atmosphere with
complete exclusion of oxygen and moisture (Schlenk techniques).
Solvents were dried and then saturated with argon. The following
instruments were used for the spectroscopic and analytical meas-
urements: IR: Nicolet 520 FT-IR spectrometer. 3'P NMR: Jeol 6SX

Table 1. X-ray structure analysis of 3 and 5['2!

3 5
Empirical formula C4sH35FeO;Sb, C,4H-4FeO;PSb
Molecular weight 1038.98 569.024

(g mol™ 1)
Crystal size (mm)
Crystal color, habit

0.37 X 0.33 X 0.10
yellow-brown

0.34 X 0.23 X 0.14
red-brown prism

Crystal system monoclinic orthorhombic
Space group P2,/c (No. 14) Pbca
a(A) 12.999(2) 10.897(1)
b (A) 10.462(2) 16.6396(1)
¢ (A) 32.805(4) 26.7645(2)
a (°) 90 90
() 98.274(2) 90
7 (°) . 90 90
Volume (A%) 4412.5(12) 4853.30(6)
Z 4 8
Density caled. (g cm™3)  1.564 1.558
Absorption coefficient 1.736 1.798
(mm~")
F(000) 2056
Index ranges —-4=h=0 —-ld4=h=11
-11=k=0 2l =k=21
-37=1=37 34 =1=34
0 Range (°) 2.51-23.98 1.52—27.49
Reflections collected 7221 70393
Independent reflections 6885 5563
Observed reflections 5081 3959
Parameter/restraints 525/42 274/0
R1/wR2 (all data) 0.0745/0.1077 0.0747/0.1418
R1/wR2 (final) 0.0467/0.0928 0.0402/0.1004
GOOF . 1.133 1.173
Min./max. p, (e A?) 0.7242/0.9995 —1.184/1.404
Temperature (K) 293(2) 200(2)
Diffractometer ENRAF Nonius
Nonius CAD-4 Kappa CCD
Radiation Mo-K,, . = 0.71073 Mo-K,, /. = 0.71073
Scan type m-scan area detection
Solution SHELXS 86 SIR 97,
direct methods
Refinement SHELXL-93 SHELXL-97

wWWwWw.eurjic.org
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270 (85% H;PO, as standard). X-ray analysis: ENRAF-Nonius
CAD 4-diffractometer and Nonius Kappa CCD-diffractometer. El-
emental analysis: Elementar vario EL (W. C. Heraeus). Melting
Print: Biichi-510 (m.p. were not corrected).

Synthesis of 3: K,[Fe(CO);(PPhs)] (1; 124 mg, 0.259 mmol) and
Ph,SbCl (353 mg, 0.518 mmol) were dissolved in 10 mL of THF,
upon which the solution immediately turned deep red. After stir-
ring for 2 h and filtering, the solvent was distilled off in vacuo to
yield a viscous brownish oil. Repeated recrystallization from
CH,Cly/n-hexane resulted in a microcrystalline solid, which was
dried in vacuo. Yield: 154 mg (63%), orange brown crystals, m.p.
137 °C. IR (KBr): v(CO) = 1883 cm~!. 13C NMR ([DgJacetone):
6 = 126—131 (Ph), 212 (CO) ppm. 3'P{'H} NMR: ¢ = 86.4 ppm.
C46H37FeO3PSb, (954.09): caled. C 57.9, H 3.9; found C 57.9, H
3.8.

Synthesis of 5: K,[Fe(CO);(PPhs)] (1; 275 mg, 0.573 mmol) was dis-
solved in 20 mL of THF containing MesSbCl, (136 mg,
0.573 mmol). The color of the solution changed to red, and a fine,
light-colored precipitate of KCI formed. After stirring for 2 h and
careful decantation, the solvent was distilled off in vacuo. The red-
brown residue was recrystallized several times to give analytically
pure 5. Yield: 179 mg (55%), red-brown crystals, m.p. 121 °C. IR
(KBr): v(CO) = 1877 cm~'. 'TH NMR ([Dg¢Jacetone): § = 1.31 (s, 9
H, Me), 7.22—7.63 (m, 15 H, Ph) ppm. 3C{'H} NMR ([D¢Jace-
tone): 0 = 40.1 (s, Me), 126—131 (m, Ph), 209 (s, CO) ppm.
SIP{'H} NMR ([DgJacetone): 6 = 85.5 ppm. C,4H,4FeO;PSb
(567.99): caled. C 50.7, H 4.3; found C 51.6, H 3.7.
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Oxyfluoride

Igor Levin,*?l Qing Z. Huang,!®! Lawrence P. Cook,!?! and Winnie Wong-Ng!?!

Keywords: Phase transitions / Yttrium / X-ray diffraction / Order—disorder transitions

A chemical order—disorder polymorphic phase transition in
yttrium oxyfluoride (YOF) was studied in situ by X-ray and
neutron powder diffraction. The high-temperature form of
YOF crystallizes with a cubic Fm3m fluorite structure in
which the O and F atoms are disordered among the tetrahed-
rally coordinated sites. The low-temperature form of YOF ex-
hibits thombohedral R3m symmetry and evolves from the
high-temperature form by the phase transition associated
with the ordering of the O and F atoms. The transition occurs
around 560 °C. The superstructure contains layers of [OY,]
and [FY,] tetrahedra alternating along the c-axis of the tri-

gonal cell (parallel to the <111> direction of the parent cubic
structure). The ordering of the O and F atoms is accompanied
by the significant displacements of the Y, O, and F atoms
from their ideal positions in the cubic phase. Bond valence
sum calculations indicate considerable bond strain for both
O and F in the cubic structure; the strain is relieved in the
ordered low-temperature phase. The order—disorder trans-
ition in YOF is completely reversible and exhibits fast non-
quenchable kinetics.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Phase equilibria in the Ba—Cu—Y—F—0 system have
become the subject of intensive investigation after the
BaF,—Cu—Y precursor films, deposited on RABITS and
annealed in water vapor, demonstrated the potential for
producing high quality Ba,YCu3O0¢, . (Y-213) supercon-
ductor tapes.! One of the critical questions in studies of
phase equilibria in this system concerns the existence of the
transient fluorine-containing low-temperature melts, which
could control formation of the Y-213 phase. Recent
systematic studies of melting temperatures in the
BaF,—YF;—Y,03—CuO, subsystem using differential
thermal analysis (DTA) showed a peak at 7= 560 °C that
could be attributed to such a transient melt.l?) However,
subsequent analyses of these samples using variable-tem-
perature X-ray powder diffraction demonstrated that this
DTA event is associated with a nonquenchable phase tran-
sition in the stoichiometric yttrium oxyfluoride.[ The crys-
tal structure of YOF has been studied previously.*4 Zach-
ariasen® reported both rhombohedral and tetragonal
room-temperature forms of YOF. The tetragonal form is
stabilized by the excess fluorine and occurs for the compo-
sitions YO, ,F5_,, with 0.7 < n < 1.0, whereas the rhombo-
hedral structure is stable for the stoichiometric composition
with n = 1. Both structures have been described as deriva-
tives of the cubic fluorite archetype with the ordering of
oxygen and fluorine atoms into distinct tetrahedrally coor-

[al Materials Science and Engineering Laboratory,
National Institute of Standards and Technology,
Gaithersburg, MD 20899, USA

Eur. J. Inorg. Chem. 2005, 87—91 DOI: 10.1002/ejic.200400299

dinated sites. Later X-ray diffraction studies by Bevan and
Mann confirmed the rhombohedral structure of stoichio-
metric YOF with the space group R3m (a = 3.797 A, ¢ =
18.89 A). Zachariasen! has alluded to the potential exist-
ence of the disordered high-temperature cubic fluorite
phase; however, all attempts to quench the cubic form were
unsuccessful. Later studies®®~ 7 confirmed the existence of
the rhombohedral 2 cubic phase transition in YOF at
560—570 °C, but provided few details on the evolution of
structural parameters upon this phase change. In the pre-
sent contribution, we report a detailed study of such non-
quenchable order—disorder phase transition in stoichio-
metric YOF as analyzed in situ by variable-temperature X-
ray and neutron powder diffraction.

Results and Discussion

The room temperature X-ray powder diffraction patterns
of YOF, both slowly cooled and quenched from 600 °C,
were completely indexable according to the rhombohedral
(R) unit cell with lattice parameters ag = 3.800(5) A and
cg = 18.863(9) A. In addition to the major YOF phase,
the sample contained small amounts of Y,O3. As the Y,03
reflections do not overlap with those of YOF, they do not
affect the refinement of the YOF structure and were ex-
cluded from the analysis. In situ studies of the YOF sample
with high-temperature X-ray diffraction revealed a revers-
ible phase transformation to a cubic (C) structure as in-
ferred from the disappearance of the rhombohedral reflec-

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 87
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Figure 1. Evolution of the 2223/110g and 111, reflections upon
heating/cooling across the rhombohedral 2 cubic transition during
in situ X-ray powder diffraction measurements

tion splitting (Figure 1). The transition occurred at 7, =
575 °C, which is in reasonable agreement with T, = 565 °C
deduced from the DTA measurements (Figure 2).
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Figure 2. DTA plot for YOF; the transition temperature was deter-
mined from the extrapolated intersection of the baseline with the
linear portion of the rising peak

Structural refinements using neutron powder diffraction
data (Table 1, Figure 3, a) and the initial atomic positional
parameters from ref.¥) confirmed that the low-temperature

Table 1. Refined structural parameters for the rhombohedral and
cubic YOF polymorphs

Atom X ¥ z Uiy X100 A2

T = 514 °C K, R3m, a = 3.8205(2) A, ¢ = 19.019(1) A

Y 0 0 0.2418(1) 1.40(4)
F 0 0 0.3698(1)  2.61(7)
o) 0 0 0.1211(1) 1.89(6)
T = 613 °C, Fm3m, a = 5.4527(2) A
Y 0 0 0 2.99(4)
OIF 1/4 1/4 1/4 3.51(4)
88 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. (Upper) Experimental (crosses) and calculated (line) neu-
tron powder diffraction profiles of YOF acquired at a) 514 °C
(rhombohedral phase), and b) 613 °C (cubic phase); regions con-
taining reflections of the impurity phase were excluded from the
fit; (lower) residual; the fitting reliability parameters are R,
6.22%, 7 = 1.18 for T = 514 °C, and R, 032y = 120 for T =
613 °C

YOF polymorph crystallizes with a rhombohedral R3m
superstructure. The superstructure features layers of [FY,]
and [OY,] tetrahedra alternating along the cg-axis (Fig-
ure 4). The atomic positional and displacement parameters
refined for 7' = 514 °C are summarized in Table 2. In the
rhombohedral structure, all three species, Y, O, and F, exhi-
bit appreciable displacements (vy = 0.0082cg, vgp =

N —— Rhombohedral cell

oY, — O/FY,
~— Cubic cell—
FY, — O/FY, |

oY, — OFY,

[111)

FY, {

*q y " (b) Cubic
.‘l

(a) Rhombohedral

Figure 4. Schematic representation of the refined YOF rhombo-
hedral (left) and cubic fluorite (right) structures
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0.0052¢g, vo = 0.0039¢R) from the ideal positions in the
cubic fluorite; the displacements occur along the c-axis,
which is parallel to the <111>, direction of the cubic fluor-
ite. The resulting Y —F bond distances (2.435 A and 2.4412
A) are significantly longer than the corresponding Y—0O
distances (2.297 A and 2.2763 A). Refinements of aniso-
tropic temperature parameters did not reveal any significant
anisotropy of displacements and produced little effect on
the quality of the fit; therefore, in the final refinement run,
the temperature parameters were assumed to be isotropic.
As the site occupancies refined for the O and F positions
were within the estimated standard uncertainties (2%) from
the ideal values of unity, both positions were assumed to be
fully occupied. Both [FY,] and [OY,] tetrahedra are apprec-
iably distorted (Figure 5) as seen from comparison of both
Y-F-Y (115.4°/103.0°) and O—-Y—-0O (114.1°/104.3°)
angles with a value of 109.47° in a perfect tetrahedron.

Table 2. Selected bond distances, and calculated BVS values for the
YOF polymorphs

F-Y (A) 0-Y (A)
Rhombohedral (7' = 514 °C)

2.435(4) 2.297(4)
2.4412(9) X3 2.2763(5)

BVS = 0.94 v.u. BVS =194 v.u .

Cubic (T = 613 °C)
2.3611(1) 2.3611(10)
BVS = 1.16 v.u. BVS = 1.57 vau.

Average BVS = 1.37 v.u.

104.29(5)
114.12(4)

3 R205(2)

Figure 5. Coordination environment of the Y atoms in the YOF
rhombohedral structure at 514 °C; selected bond distances and
angles are indicated

Heating the YOF sample in situ during the neutron dif-
fraction measurements caused a reversible phase transition
to the cubic structure (Figure 6); the transition temperature
T = 520 °C in the neutron experiments is lower than that
determined with both DTA and X-ray diffraction. The
lower value of T|, from the neutron measurements was attri-
buted to the temperature gradient in the furnace (up to 10
°C) combined with slow conduction of heat from the vac-
uum of the furnace through the container wall to the YOF

Eur. J. Inorg. Chem. 2005, 87—91 www.eurjic.org

powder. The neutron diffraction patterns recorded at 7" =
500 °C and 7 = 540 °C (on the thermocouple) contained
single rhombohedral and cubic phases, respectively. In con-
trast, the neutron diffraction pattern recorded at 520 °C
contained a two-phase mixture. Given the nonquenchable
kinetics of the rhombohedral 2 cubic phase transition, the
coexistence of these two phases at 7' = 520 °C for a pro-
longed time was attributed to thermal gradients across the
relatively large neutron sample. The temperature depen-
dence of the lattice parameters refined for t