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Preface

From the viewpoint of structural chemistry, structure and bonding lie at the heart
of rational syntheses that have already contributed to many significant scientific
advances in inorganic chemistry and material chemistry, and especially to the
discovery of some functional materials. Naturally the first step to novel functional
material is “synthesis”, and in many cases exploratory synthesis seems to be the
only workable route to new compound. However, rational synthesis will surely make
property-oriented exploration more fruitful and pleasing.

Success under the guidance of electronic structural features, bonding interactions,
chemical reactivity of building units, etc. has been achieved in many systems. We
have presented some significant advances on five topics via review-type chapters
that were written by five of the leading authorities in their fields. These chapters con-
cern chemical approach to new quasicrystals, discovery of complicated compounds
of pnicogen, the tuning of redox levels and oligomerization of triruthenium-acetate
clusters, structural modification of monomeric phthalocyanines, and the controlled
assembly of amino lanthanide metal-organic frameworks (MOFs).

This volume has shown that the controlled assembly and modification of inorganic
systems are accessible and efforts along the way will contribute greatly to the
discovery of new functional materials as well as the satisfaction of the curiosity
of fundamental research.

Fuzhou, March 2009 Xin-Tao Wu
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A Chemical Approach to the Discovery
of Quasicrystals and Their Approximant
Crystals

Qisheng Lin and John D. Corbett

Abstract This review is intended to be a chemist-friendly introduction to what qua-
sicrystals (QCs) and approximant crystals (ACs) are and what chemists may be able
to contribute to the field. Readers will first be exposed to a must-know history of
QC/ACs, then warmed up with the somewhat distant and prior concepts of metal
clusters in halides, oxides etc., and then to polyanionic clusters in Zintl phases and
intermetallic systems. Information on these last two has originated over about the
last 50 years. We will draw on some more chemical insights and information on
how these might be related and applicable to new and expanded QC and AC sys-
tems. Then follow our experiences on electronic and chemical tuning of five QC and
AC systems and the structural regularities within ACs, from which important clues
for quasicrystal structure modeling are evident.

Keywords: Approximant crystals - Electronic tuning - Intermetallics - Pseudogap -
Quasicrystals

Contents

I INtroduCtion ... ... ... e 2
Traditional Metal CIUSters ........... ...t 8
2.1  Halide, Oxides, and Sulfide Systems ............ ..o, 8
22 ZintlPhases. . ... 8
2.3 Polar Intermetallics .......... ... . . . 9

3 Toward Quasicrystals and Their Approximants .. ...............oouuuineeeennnnn.nn 10
3.1  Polar Intermetallics Containing the Triels .................................. 10
3.2 Chemical Insights from Earlier Works . ....... ... ... ... .. i it 13
33 AReWard. .. ... 14

4 Pseudogap TUNING . . ..ottt e et e e e e 16
4.1  Structure and Bonding in Mg,CugGas.......... ... 16
4.2 Tuning ACs and QCs from Mg,Zn;;-Type Precursors. ....................... 18

Q. Lin and J.D. Corbett ()
Department of Chemistry and Ames Laboratory, Iowa State University, Ames, IA 50011, USA
e-mail: jcorbett @iastate.edu; gslin@iastate.edu

Xin-Tao Wu (Ed.), Controlled Assembly and Modification of Inorganic Systems,
DOI 10.1007/978-3-642-01562-5 1, © Springer-Verlag Berlin Heidelberg 2009



2 Q. Lin and J.D. Corbett

5 Structure Regularities . ... ... ... e 27
5.1 Tsail-Type ACS .o 27
5.2 Bergman-Type ACS .. ...t e 32
5.3 AC Structures and QC Modeling ... 34
6 Remarks ...... ... 35
References .. ... ... 37
Abbreviations

AC Approximant crystal

COHP Crystal orbital Hamilton population
COOP Crystal overlap orbital population
DOS Densities-of-states

ela Valence electron count per atom
i-QC Icosahedral quasiperiodic crystal
LMTO Linear muffin tin orbital

LRO Long-range order

nD n-Dimensional

OR Oblate rhombohedron

PR Prolate rhombohedron

QC Quasiperiodic crystal

SRO Short-range order

1 Introduction

The discovery of the first Al¢Mn icosahedral quasiperiodic crystal (i-QC) in 1984
[1] broke a traditional serenity within the crystallographic community because this
phase exhibited the first clear example of noncrystallographic icosahedral symme-
try. This drew scientists from divergent fields into intensive investigations of QCs
and their corresponding approximant crystals (ACs) from many viewpoints (theory,
synthesis, structure, property, etc.) [2-5]. These shifts occurred not only because of
the scientific challenges of this iconoclastic newcomer, but also possibly because
experiences (or lessons) suggested that such a new type of material might have un-
predicted properties and applications, as nanoscale materials have shown in recent
years for example. So far, some QCs and ACs appear to have potential merit as ther-
moelectrics [6], catalysts [7], hydrogen storage materials [8], photonic crystals [9],
and bio-inspired materials [10], in addition to their traditional applications as spe-
cific alloys and surface coating materials [5]. However, it should also be noted that
principally metallurgists, physicists, and material scientists have been involved in
the development of most QC/AC systems, whereas relatively fewer chemists have
been engaged in this emerging research field.
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For a long period, all crystalline solids were believed to possess 3D translational
periodicity, and their structures could be unambiguously solved with the aid of mod-
ern crystallographic tools. However, this situation was challenged by the discovery
of QCs. After several years of debate as to whether QCs were twins of cubic crys-
tals [11, 12] and of discoveries of other novel QCs with enhanced qualities, the In-
ternational Union of Crystallography (IUCr) redefined crystal as “any solid having
an essentially discrete diffraction diagram,” and an aperiodic crystal as “any crystal
in which 3D lattice periodicity can be considered to be absent.” As a consequence,
QCG:s fall into the category of aperiodic crystals [13].

Unlike crystals that are packed with identical unit cells in 3D space, aperiodic
crystals lack such units. So far, aperiodic crystals include not only quasiperiodic
crystals, but also crystals in which incommensurable modulations or intergrowth
structures (or composites) occur [14]. That is to say, quasiperiodicity is only one of
the aperiodicities. So what is quasiperiodicity? Simply speaking, a structure is clas-
sified to be quasiperiodic if it is aperiodic and exhibits self-similarity upon inflation
and deflation by tau (T = 1.618, the golden mean). By this, one recognizes the fact
that objects with perfect fivefold symmetry can exist in the 3D space; however, no
3D space groups are available to build or to interpret such structures.

To interpret QC structures, higher-dimensional crystallography is necessary [2,
14]. However, this is extremely abstract and inconvenient, and Fourier transforma-
tions in higher dimensions are still “black holes” to most scientists. Moreover, a
resistance to a paradigm shift from the conventional 3D into higher-dimensional
crystallography is inherent (even for Linus Pauling [11, 12]). Given here is only a
general introduction to higher dimensions and their conversions to three dimensions,
as exemplified by the projection of a 2D square lattice onto a 1D space. As shown
in Fig. 1, the grid points (atoms) of the square lattice can be projected onto any 1D
physical (or parallel) subspace Rp,; at an angle o with respect to the horizon rows of
the square lattice. (Rpe, is the complementary or perpendicular space.) If the slope
(tanor) of Rp is a rational value with respect to the square lattice, the projection
on Rpyr is a 1D periodic structure. For example, if o = 45°, Rpar goes repeatedly
through grid points of the square lattice, and the resulted projection in the Rp, sub-
space gives equal separation for neighboring grid points. In contrast, if the slope is
irrational, the projection on Ry, no longer gives a periodic structure; the separation
of neighboring grid points actually can be very small, meaning that a problem of
unphysically short interatomic distances in the Rp,: subspace results.

One way to solve the problem of unphysically short atomic distances is to project
onto the Rpar subspace only those grid points included in a selected strip (gray area),
with width of a(coso + sina) in the Rper subspace. The slope of R%ar shown in
Fig. 1 is 0.618..., an irrational number related to the golden mean [(v/5+1)/2 =
1.618...]. As aresult, the projected 1D structure contains two segments (denoted as
L and S), and their distribution follows a 1D quasiperiodic Fibonacci sequence [2]
(c.f. Table 1). From another viewpoint, the 1D quasiperiodic structure on the Rpar
subspace can be conversely decomposed into periodic components (square lattice) in
a (higher) 2D space. The same strip/projection scheme holds for icosahedral QCs,
which are truly 3D objects but apparently need a more complex and abstract 6D
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LSLLSLSLLSLLSLSLLSLLSLLSLSLLSLLSLSLL

a

Fig. 1 Illustration of a two-dimensional square lattice (filled circle) projected onto one-
dimensional space (Rpar)

Table 1 The Fibonacci sequence and its relationship to the golden mean, 1.618

Cycle  Sequence L/S Ratio
1 L 1/0 /

2 LS 171 1

3 LSL 2/1 2

4 LSLLS 32 1.5

5 LSLLSLSL 5/3 1.667
6 LSLLSLSLLSLLS 8/5 1.6

7 LSLLSLSLLSLLSLSLLSLSL 13/8 1.625
8 LSLLSLSLLSLLSLSLLSLSLLSLLSLSLLSLLS 21/13  1.615

The Fibonacci sequence can be generated by transformations of L—LS and
S—L in each cycle. L/S represents the sequence of ACs that can exist for any
QC system. With increasing order, the L/S ratio converges to the golden mean
value

space to be fully described. Fortunately, the details of a QC probably do not convey
too much in terms of structure and bonding; in one sense it is merely another new
phase with an elemental composition and building blocks that are probably similar
to those in the corresponding ACs. A glimpse of the roles of ACs vs a QC can be
obtained from the relationship between their lattice parameters. According to high-
dimensional crystallography, the cubic cell parameter (a, / ») of ag/p AC s related
to the QC lattice constant (ag) by a,/, = 2as(p +¢1)/(2 +1)!'/2, in which 1 is the
golden mean, and p and ¢ are two consecutive Fibonacci numbers [0, 1, 1,2, 3,5, 8,
13,...,F(n) = F(n—2)4+F(n—1)] [15]. Accordingly, an i-QC can be considered
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as a cubic AC with an infinite lattice constant, and the higher the order (¢/p) of an
AC, the closer its structure approaches that of the i-QC. Therefore, ACs appear to be
more important than QCs, at least in the beginning, because they offer knowledge
about building blocks that are assumed to exist in the actual QCs. Thus, they play
essential roles in modeling of QCs, whereas the QCs presumably will at best serve as
justifications of the models when their structures are unambiguously solved through
higher-dimensional crystallography.

To date, two decades after the first discovery of QC, there are still no more than
200 QC systems, and only one third of them contain thermodynamically stable QCs
at room temperature [16]. Of all known QCs, i-QCs represent the largest group,
the remaining being the 1- or 2D QCs. The last group includes octagonal (with
eightfold rotational axes), decagonal (tenfold), or dodecagonal (12-fold) QCs. In
the following, we will consider only QCs with quasiperiodicity in three dimensions,
i.e., 1-QCs.

So far, three types of i-QCs appear in the literature: Mackay [17], Bergman [18],
and Tsai types [19], which have been differentiated on the basis of the polyhedral
cluster sequences observed in the respective 1/1 AC structures. These are commonly
represented as shown in Fig. 2. An i-QC is concluded to be Mackay-type if its 1/1
AC contains a 54-atom multiply endohedral cluster ordered, from the center out, as
a small icosahedron (12 atoms), a larger icosahedron (12), and an icosidodecahe-
dron (30). This motif occurs in ACs that consist of transition metals and main-group
elements on the right side of the periodic table such as Al-(Pd,Mn)-Si [17,20]. In

Mackay cluster (54 atoms)

Bergman cluster (104 atoms)

&

Tsai cluster (66 atoms)

Fig. 2 Schematics of the multiply endohedral clusters in Mackay-, Bergman-, and Tsai-type 1/1
ACs
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parallel, an i-QC belongs to the Bergman type if its 1/1 AC features four endohedral
shells, from the center out, an icosahedron (12), a pentagonal dodecahedron (20), a
larger icosahedron (12), and a cluster with a geometry similar to that of a Buckey-
ball (60). Usually Bergman-type phases are formed in so-called free-electron-like s,
p systems, e.g., Al-Mg—Z7n [18] and Li—Cu-Al [21]. Likewise, an i-QC is said to
be a Tsai-type if its 1/1 AC contains the 66-atom cluster sequence of a disordered
tetrahedron (4), a pentagonal dodecahedron (20), an icosahedron (12), and an outer-
most icosidodecahedron (30). Such a motif is commonly observed in structures with
appreciable contributions of low-lying d states of the electropositive element, such
as in (Yb,Ca)—Cd [19,22,23], in contrast to those in the Bergman types. However,
not every 1/1 AC has the ideal cluster geometry; rather defect versions (fractional
occupancies, split positions, interstitials etc.) are also encountered therein. For ex-
ample, the innermost icosahedron of Bergman-type sometimes may be centered by
a partial or full atom [18]. Additional interlayer atoms may also be found as in-
terstitials between the penultimate and the outermost shells, e.g., in the Tsai-type
clusters [24]. In this connection, the reader should be aware that strong bonding
naturally also occurs between the neighboring shells. In addition, the second and
third polyhedra in both Bergman and Tsai types, a dodecahedron and a larger icosa-
hedron, are dual polyhedra and may alternatively be represented or assigned as a
single intrabonded 32-atom triacontahedron. Finally, both Bergman and Tsai types
evidently always occur within an additional larger triacontahedral shell. This aspect
is considered further in Sect. 5.

Sometimes i-QCs are identified as P- (primitive) and F- (face-centered) types
according to the symmetry of the i-QCs in 6D [25]. Assignments of these types
are usually made on the basis of electron diffraction patterns, but one can evidently
make an easier judgment according to the space group of the corresponding 1/1 AC.
To date, 1/1 ACs of Mackay type always crystallize in space group Pm3; different
clusters at the origin and body center therefore are projected onto a face-centered
superlattice in 6D space. In contrast, the same clusters at origin and body center
for Bergman- and Tsai-type 1/1 ACs (Im3) are projected onto a primitive lattice in
6D space. The interchange of lattice types between the 1/1 AC and the correspond-
ing i-QC is noteworthy. According to higher-dimensional crystallography, I- (body-
centered)-type i-QCs are also possible, but none has been reported so far. Sometimes
i-QCs are grouped in terms of the major component, e.g., Al-, Cu-, Zn-, or Cd-based
QCs [25]. This is just jargon and not very meaningful to chemists.

After the discovery of the AlgMn i-QC [1], development of QCs were lim-
ited for almost a decade to ternary systems with a major Al constituent, such as
Al-(Pd,Mn)-Si, Al-Zn—(Li,Mg), Al-Cu-TM (TM = Fe, Ru, Os), Al-Pd—(Mn,Re)
[2,25,26]. (This may be the reason why jargon such as “Al-based QCs” was coined.)
After all, most QC discoveries were achieved by chemical additions to, or substi-
tutions in, known compounds. From the mid-1990s to about 2000, QCs were also
found in Zn-Mg-R (R = rare-earth-metal), Cd—-Mg-R, and (Yb,Ca)-Cd systems,
the last being the first stable binary i-QC at room temperature. Experience and in-
sight are worth a lot — Tsai and coworkers produced ~90% of these i-QCs [27].
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The discovery of the binary (Yb,Ca)-Cd i-QCs [19] was a remarkable milestone
in the history of QCs. The reasons are apparent: they offered unique opportunities
for structural analyses as they exhibited negligible chemical disorder, probably be-
cause of the large differences in the chemical crystallography of the components,
in contrast to more common problems with ternary intermetallics. In addition, they
also represented new (Tsai) types of AC cores and of i-QCs with a structural mo-
tif different from those of the Mackay and Bergman types (above) that were better
known at the time. Without doubt, such a breakthrough discovery must lead to an era
of related chemical explorations or tunings. Actually, almost all of the i-QC systems
developed since 2000 are Tsai types [28,29], including our own additions (below).

Before we started synthetic explorations for novel i-QCs and ACs in 2001, there
was general agreement that Hume—Rothery rules played essential roles in the stabi-
lization of QCs [25]. Hume—Rothery rules [30,31] were originally generalized from
and used to guide research on novel sets of relatively electron-poor intermetallic
compounds (¢/a < 2.0) with some phase widths in which matching of atomic sizes,
electronegativities, and valences between the component atoms appeared necessary.
Later, these rules were further developed by Jones [32] to describe the electronic
stabilization mechanism of “electron phases,” that is, a size match between Fermi
sphere (2kp) and Brillouin zone (Kpy). Indeed Hume-Rothery rules benefited Tsai
and coworkers [25,27] a lot in their systemic searches for QCs; they confined the
e/a values and atomic size ratios to certain values. In theory, the mixing of low-
lying d orbitals of electropositive elements with broader s and p bands of the more
electronegative components near the Fermi energy (Ep) was recognized as an im-
portant factor in the stability of i-QC phases according to a study of the (Ca,Yb)Cdg
1/1 ACs [33]. Mizutani et al. [34] also illuminated the interplay between atomic and
electronic structures from a theoretical study of various Bergman- and Mackay-type
1/1 ACs, as well as reasons why a Hume—Rothery mechanism works in QC sys-
tems. Their studies validated the significant contributions of s, p, and d orbital mix-
ing around EF to the stabilization of QCs, in addition to the Fermi sphere—Brillouin
zone effects.

By 2001, all known QCs and ACs were intermetallic compounds, meaning that
they are combinations of two or more metals, and metal clusters and metal-metal
bonding dominate in their structures. (Recently, QCs have also been observed in
supramolecular dendritic liquids [35].) However, about 75% elements in the peri-
odic table are metals, so the possible combinations of metallic elements can afford
a very large number of binary, ternary, and quaternary intermetallic compounds.
Among these must be the very select groups and compositions that will generate
quasicrystalline phenomena, although the latter are predictable only by extrapola-
tion. However, questions as to which systems, which elemental proportions, and
what reaction conditions will produce new QC/ACs were and are still open. More-
over, not many chemists were well-enough informed about QC/ACs to guide these
quests, and so little chemistry has been pursued in this area.
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2 Traditional Metal Clusters

2.1 Halide, Oxides, and Sulfide Systems

Historically, polyhedral clusters containing strong metal-metal bonding appear
mainly in well-reduced compounds of transition metals with a few valence elec-
trons in d (plus other) orbitals that lead to filled molecular orbital levels for the metal
clusters. Such clusters occur frequently in transition metal halides, oxides, and sul-
fides, etc. The sizes of these clusters are conceptually limited by the space required
by the counteranions that are bonded to the cluster surfaces, a common premise
being that the clusters would condense further were unprotected metal atoms to
contact each other. Some of the earliest examples include (i) (MgX2)"" (X ™), for
M = Nb, Ta, X =Cl, Br, I and n = 2, 3, 4, and (ii) (M06Xg+)X_)4 (and a few
W analogs) [36,37]. Another group of strongly bonded cluster phases are found in
condensed, metallic, and interstitially stabilized rare-earth-metal halides in which
one of many different transition metals are strongly bound within each host octa-
hedron, e.g., Pry(Ru)Is [38]. There are also considerable varieties of condensed or
intergrown Nb(Ta) cluster oxides and chalcogenides and their ternary metal deriva-
tives [39], including some superconducting (i.e., Chevrel) phases MogChg(Ch = S,
Se) in which the intercluster metal-metal bonding is relatively weak [40].

Nevertheless, no AC or QC is known in any of these systems. After all, clusters in
these halide, oxide, and sulfide systems consist of three to, most frequently, six metal
atom aggregates, far from icosahedral symmetry. Many of the interstitial-free phases
are evidently also semiconductors and therefore not good prospects for strong ex-
tended metal-metal bonding, although e/a values (counted over the metal atoms
only) are as low as 2.3-2.5 in the most reduced phases. However, several key fea-
tures are different in all. First, filled and low-lying anion bands are always present,
that is, the electronegative atoms do not participate well in overall “intermetallic-
like” bonding between all component atoms. The anions may also lead to “matrix
effects” by which metal-metal distances are restrained if not increased [41]. Of
course, there are also many 2D or 3D metallic compounds that lack easily recogniz-
able clusters, such as the simple TiO and LaS (NaCl-type structures), but the anions
in all of these also appear to be too electronically segregated to afford interesting
QC/AC phenomena [42].

2.2 Zintl Phases

More often, polyhedral clusters with strong metal-metal (or metalloid—metalloid)
bonding are the major structural motifs of classic Zintl phases. These are nominally
salts composed of reduced p- (i.e., post-transition) elements that are usually inter-
bonded into closed shell polyanions plus active metal cations, originally the alkali
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metals. The latter are considered to simply donate their valence electrons to the
anion construction [43].

The variety of polyanionic clusters in Zintl phases is large, and these usually
exhibit electronic regularities that customarily result from octet rule (closed shell)
bonding, viz., Wade-Mingos or Zintl-Klemm concepts. For example, the salts
Mg, Si, CaGe, LiGe, KSn, and LiAl will, with some thought, be seen to be consistent
with the formation of closed shell anion structures of, respectively, Si*~ monoan-
ions, zigzag chains (or rings) of two-bonded Ge?~, three-bonded puckered Ge ™ lay-
ers (as a stuffed As-type structure), three-bonded Sn tetrahedra [(K*)4(Sn} )], and
four-bonded Al™ in a cubic diamond lattice. Cations are accommodated between
these units.

Some pertinent Zintl phases contain isolated, condensed, or extended anionic
frameworks of larger and more symmetric polyhedra, e.g., icosahedra or their dual,
pentagonal dodecahedra, as in K3Gay3, Li,Gay, MGa; (M = Rb, Cs) [44], which are
commonly accepted as major building blocks of QC/ACs. However, no QC phase
has been reported in these systems. After all, these structures are still relatively open,
and the bonding between the countercations and the polyanionic substructures that
accommodate the cations are more ionic in character, and the overall e /a values for
these are higher (>2.5) than found in QCs. Yet these phases provide some clear
ideas about what should be considered in the development of QC/AC systems, that
is, to increase the covalent bonding of the cations with the polyanions and to lower
e/a values relative to classic Zintl phases. This idea naturally led to our interest in
polar intermetallics, as discussed in Sect. 2.3.

2.3 Polar Intermetallics

Polar intermetallics are loosely referred to as electron-poorer relatives of Zintl
phases in which the active metals do not contribute all of their valence electrons,
rather they bond with the more electronegative components to some degree. The
structures cannot be simply accounted for by octet rules because of substantial de-
localized bonding among the atoms.

The components of polar intermetallics generally include an active metal from
the group 1 or 2 or the rare-earth series plus, sometimes, a late-transition metal, and
a metal from the p-block. Because of the presence of an electron-poorer late tran-
sition metal, polar intermetallics generally have lower e/a values (about 2.0-4.0)
than classic Zintl phases (>4.0) [45]. Note these values are traditionally calculated
over only electronegative atoms [45], in contrast to those of Hume—Rothery phases
(<2.0) [45] and QC/ACs (2.0 £0.3) [25], for which electron counts are consid-
ered to be distributed over all atoms. The former two higher values are decreased to
about 1.5-2.5 and > 2.5, respectively, when counted over all atoms (but with omis-
sion of any d'° shells). For comparison purposes, Fig. 3 sketches the distribution of
all these intermetallic phases according to e/a counted over all atoms, as we will
use hereafter.
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Fig. 3 Relative distributions of intermetallic phases in terms of e¢/a values

In particular, the structures of some polar intermetallics exhibit one of the req-
uisite features of the AC/QC family (icosahedra and related symmetries) when
p-elements utilized are moved right to left to the group 13 triels Ga, In, TI [46].
For example, Na4K¢Tl;gM (M = Zn, Cd, Hg) contains M@T];, icosahedral clus-
ters [47], whereas K34Znyolngs [48] and Lij3CugGay; [49] contain the so-called
Samson polyhedra that have been considered as important building blocks for QC
modeling [50].

Since all known QC systems, with e/a of about 1.75-2.20 [25], lie close to the
approximate border between the Hume—Rothery and polar intermetallic phase re-
gions, a reasonable starting place for development of new QC/AC systems is to
study selected polar intermetallic systems with nearby e/a values. Synthetic ex-
plorations of such polar intermetallics have been significant only in the past few
decades [42,45]. Knowledge and insights developed about the diverse interplays
between composition—structure—electronic structure—physical properties for these
phases were expected to be a considerable aid to the discovery of novel QC/ACs.

3 Toward Quasicrystals and Their Approximants

3.1 Polar Intermetallics Containing the Triels

Where might one find new AC/QC materials? Our earlier extensions of the
p-element components in Zintl-type compounds to the triels (Al, Ga, In, T1) (beyond
the so-called “Zintl boundary”) as well as the inclusions of late transition metals
had already given us some significant glimpses of new and appropriate chemistry
and structures [46,51]. In addition, some examples were already in the literature for
Ga [44]. In contrast, the anion or intermetallic chemistry of aluminum [45] stands
apart from that of the three heavier group members (Ga, In, and T1) and will not be
considered here significantly.

The numerous cluster compounds found in A-Tr systems (A = alkali metal;
Tr = Ga, In, T1) progress from 3D networks with Ga to more isolated anionic clus-
ters with T1, with In being more or less intermediate to both [52]. These distributions
also depend to some degree on the relative proportions of the A and Tr components.
In any case, the considerable tendency for relatively strong and diverse homoatomic
binding (catenation) among these triel elements in their negative oxidation states
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was quite unanticipated. Our principal investigations [46] have been with In, and
secondarily with TI, in part because there had already been substantial studies of
A-Ga systems by Belin and coworkers [44], the results of which are largely dis-
tinctive from ours. Stable Zintl phase clusters of the tetrels (Si, Ge, Sn) with alkali
metals commonly have charges of 2- or greater, evidently in order to provide a suf-
ficient number of cations to prevent further condensation. Isoelectronic triel analogs
of these would require an increase of n in the polyanion charge for n Tr atoms,
and such high charge states for finite polyanions are unknown. Rather, a quite new
cluster and network chemistry develops. The first were electron-deficient deltahe-
dra, analogs of well known polyborane species B,H2~ that can be well-described
by Wade’s rules [43, 53], etc., but their e/a values were still high. More significant
were new hypoelectronic cluster examples (i.e., with 2n and 2n — 4 electron counts
versus 2n + 2 for closo-deltahedra by Wade et al.). Some of the more provocative
species, as far as the present subject matter is concerned, were salts of the new
Tlg* (a presumed icosahedral fragment) [54], Ter (a new polyhedron) [55], and
Tl-centered icosahedral Tl{g’1 1= [56] anions together with heterometal-centered ex-
amples of the last [47]. In addition, the literature already contained examples of
interbonded Ga%g icosahedra in Li,Ga7 [57] and of dodecahedra in AGas (A =K,
Ca) [58,59], to a degree that this family of elements is sometimes referred to as the
icosogens [60], the icosahedron-formers. Many of these “salts” are poor metals as
far as conduction characteristics, a property that originates with the highest-lying
electrons, whereas the many cluster structures we see originate from bonding with
the more tightly bound electrons [51]. Furthermore, the calculated COOP or COHP
values (overlap populations) for pair-wise bonding in these phases are frequently
optimized, which suggests that the structures often attain maximum bonding at their
particular electron populations.

Looking a little deeper into the periodic table discloses some structures that con-
tain novel and highly condensed polyhedra as alkali metal salts of the “diels” Zn
and Cd, NaZn;; [61] for example, but our attempts to tune triel phases by addition
of these so-called diel elements alone were not very rewarding. (These still remain
challenging opportunities.) On the other hand, numerous A—(Cu, Ag, Au)-Tr sys-
tems have subsequently been discovered to be very productive in terms of new net-
work types and structures, but not of the types sought here [46,62,63]. Note that no
AC/QC examples of the alkali metals are known except with Li, the other members
evidently being too electropositive to participate well in the bonding and delocaliza-
tion. Instead, the smallest alkaline-earth metal Ca, plus Mg as well as the smaller or
later rare-earth metals, are evidently more suitable components for bonding within
AC/QC networks.

In more distant explorations, the frequent occurrences of Mg, Zn, Ca etc. in
known QC systems also led us to reexamine some of the older reports of un-
usual phase diagram or structural results for the Ca—Zn, Mg—Zn, MgsTr, sys-
tems as well as those of Ca3AlCd;7- or NaZn3-type for Ae—Zn, Ae—Cd, and
Ae(Cu,Ag)¢Tr; (Ae = alkaline-earth metal) [61], including some ternary exten-
sions. We also remained attentive to the occurrence of structures with space groups
that are subgroups of icosahedral symmetry (below). However, nothing very unusual



12 Q. Lin and J.D. Corbett

or encouraging was found, at least with our more-or-less superficial checks. Such
outcomes naturally depend on the intuition applied regarding compositions or third
elements investigated. Some of the hints regarding the unusual phases noted above
were published some decades earlier and may have originated with inadequate struc-
tural (powder pattern) characterizations, but considerable room for further study still
appears to exist.

The discovery of the icosahedra-based phases NazKgTl;3, NasAgTl 3 (A =K,
Rb, Cs) [56], and Naj4K¢TlisM (M = Mg, Zn, Cd, Hg) [47] gave us good in-
sights into how to proceed. The first two are hexagonal (R3m) and cubic (Im3)
salts of Tl-centered T1}, icosahedra, respectively, but the second is unusually tightly
packed, as shown in Fig. 4a. The smaller Na ions lie on the threefold diagonal axes
of this cubic cell and bridge between icosahedral faces of adjoining Tl;3 groups.
As commonly found in such compounds, the Na:K proportions and positions are
well fixed without site mixing, and the strong, efficient bonding in fact leaves each
cluster with a well-localized electron hole in its molecular orbitals. A second strong

Fig. 4 Crystal structures of a NagA¢Tlj3 (A = K,Rb,Cs), b NajsKeTl;sM (M = Mg, Zn, Cd, Hg),
and ¢ Mg,Zn, all of which contain centered icosahedral of the main group elements
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point is that the space group is the same as later found in many 1/1 ACs, raising the
question “how might the Na and K be replaced by cations that are more apt to par-
ticipate in the desired intermetallic-like bonding in an AC and a QC?” A good clue
came from a lucky attempts to substitute other centering elements for TI, which
gave Naj4K¢Tl;sM (M = Mg, Zn, Cd, Hg), the primitive (Pm3) cubic derivative
with M-centered icosahedra and Tlg_ octahedra (Fig. 4b). (The change in Na:K
proportions is exactly that necessary to put Na on all faces of the smaller cluster.) A
strong hint from this last quaternary result came from the recognition that the group
is isostructural with Mg,Zn;; [= (Mgg)(Zn14)(Zn@Zn,)(Zne)] (Fig. 4c), which is
drawn for emphasis with networks of Zny4 that envelop the Zn, and Zng polyhe-
dra and Mg, dimer spacers. This immediately suggested the greater covalency we
are looking for in an intermetallic precursor to AC and QC. Tuning Mg,Zn;; and
other isotypic examples of this structure type with more suitable cations has been
very successful (see Sect. 4). But, first we need to present important aspects of QC
systems, properties, and symmetry in more depth.

3.2 Chemical Insights from Earlier Works

From Tsai’s pioneering discoveries [25,27], we know that atomic size, electroneg-
ativity, and valence electron counts play substantial roles in the formation of QCs.
These criteria are expressed by the Hume—Rothery rules [30,31]. However, three
additional highlights are also important in the consideration of possible candidate
systems, at least from the viewpoint of chemists.

Cluster types. According to 1/1 AC structures, all three i-QCs types contain
building blocks with local fivefold symmetry (Fig. 2). Obviously, a search for pos-
sible new QC/AC systems should look to precursors in which clusters with pseu-
doicosahedral symmetries are major structural motifs.

To find some such structures is not difficult. Shoemaker and Shoemaker [50]
have collected known binary intermetallic structures in which icosahedral clusters
prevail, and they proposed some links between these phases and QC phenomena.
In addition, studies of polar intermetallics and Zintl phases have revealed that a
number of intermetallics containing heavier triels (Ga, In, and T1) exhibit distinctive
structural regularities [46]. For example, T1 in these often exhibit isolated empty or
stuffed icosahedra, whereas Ga products often have extended frameworks of con-
densed icosahedra and related clusters, with In behaving in a more intermediate
manner. A coloring of these apparent differences may still be present because of
nonuniform investigations of possible systems, even as to the relative sizes and pro-
portions of the usual alkali metal components employed. Moreover, some variations
among icosahedral clusters may still occur when late transition metals (e.g., Cu, Ag,
Au, Zn, Cd etc.) are incorporated. Therefore, polar intermetallics containing group
13 elements, the “icosogens,” are in general good prospects as QC/AC candidates.

Active metal. The selection of active metal is also a critical factor. For polar
intermetallics and Zintl phases, alkali, alkaline-earth, and rare-earth elements have
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been used, with parallel changes introduced by different (formal) charges on and
proportions of the cations. So far, only Li among the alkali metals, Mg plus Ca in
the alkaline-earth metals, and Sc, Y, and Yb have been shown to form i-QCs. The
reasons must be manifold: size, d orbital contributions, valence electron counts,
electronegativities, and bonding in specific structures, etc. Again, negative synthetic
results are less apt to be reported.

A survey of literature reveals that active metals have essential influence on the
types of QC/ACs formed. For example, Bergman-type QC/ACs to date contain
only cations with free-electron-like s and p states around Ef (e.g., Mg and Li),
whereas Tsai types are formed with active metals that have low-lying d states (Ca,
Sc, Y, etc.).

Crystal Symmetry. Cahn etc. [64] has derived all the possible subgroups for icosa-
hedral symmetry. According to group—subgroup relationships, the maximum crys-
tallographic subgroup of the noncrystallographic icosahedral group (m35) is m3,
meaning that ACs and other precursors with m3 symmetry are closer in symmetry
(and hence structure) to i-QCs than those with other or lower symmetries. There-
fore, one useful route to new QC/ACs is to check the crystal symmetries of diverse
compounds with suitable elements to see whether they are appropriate. After all, the
phase transformations from crystalline to QC phases must also obey Landau theory
of phase transitions [65]. In practice, however, the most direct way to 1/1 ACs is to
look in databases for possible precursors with m3 point symmetry.

3.3 A Reward

Actually, before pseudogap tuning of certain good prospects (below) became a clear
route for us, the tuning of ScZng to QC/AC products guided by above considerations
was useful. A check of the Pearson’s handbook [61] led us to question the reported
structure of “Sc3Zn;7”°(Im3) [66] because nothing was found within the innermost
dodecahedral cage (~7.0 A diameter); otherwise, the structure appeared to be iso-
typic with that of YCdg [67], the prototypic Tsai-type 1/1 phase [19]. In addition,
Zn is a plausible icosogen, and Sc d orbitals are found to be important near Er in
theoretical studies of such intermetallic compounds. Therefore, we speculated that
“Sc3Zny7” might be chemically tunable to a Tsai-type i-QC phase.

“Sc3Zny7” has e/a equal to 2.15, slightly larger than 2.0 for the (Ca,Yb)-Cd i-
QCs, but substitution of some Zn by its neighbor Cu offers a ready opportunity to
program e/a. Figure 5 shows the XRD patterns of reaction products with the compo-
sition Sc3Cu,Zny7_, (x = 0-4), together with two simulations according to single-
crystal refinements of Sc3Zn;7 and our Sc3Zn g (= ScZng) results [24]. Clearly, the
reported structure of SciZnj7 is wrong. Also, the patterns for x < 3 products are
dominated by a new phase that was later identified as 1/1 AC, and that for x = 4
is a mixture of this 1/1 AC and the new i-QC phases. As more Cu was added (to
lower e/a), the yields of the i-QC phase increased [24]. Single-crystal analysis also
reveals that 1/1 AC is isostructural with YCdg, not Sc3Zn7 without the tetrahedron,
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Fig. 5 XRD patterns for Sc3CuxZn;7_x (x = 0—4), together with a pattern of pure i-QC (top) from
anominal Scy5Cu;5Zn7q reaction, and two patterns (bottom) simulated from the single-crystal data
of the reported Sc3Zn;7 and our Sc3Zn;g. (Adapted with permission from [24]. Copyright 2004
American Chemical Society)

and has a composition of Sc3Zn.1g0. But, in this system, Cu is evidently necessary
for the formation of the i-QC, which has a composition of Sc¢,Cui2.3Zn7; 5 [68].
The successful tunings of Sc—Cu—Zn QC/AC demonstrated that our understand-
ing and intuition about QC/ACs were in the right direction, which encouraged us to
develop novel QC/AC systems from other intermetallic systems. We were in some
sense lucky to have started these QC/AC tunings from Sc3Zny7. Such efforts not
only supported our viewpoints on how to narrow the candidate precursors among
intermetallics (according to cluster type, active metal, and crystal symmetry), but
they also gave us direct experience in identifying a QC phase from powder pattern
data and how to index its pattern with six integers (not three!). Although later expe-
rience showed us how to identify a QC more quickly (via observation of reciprocal
lattice data sets collected on a STOE IPDS diffractometer or equivalent), it origi-
nally took about 3 months to confirm that the new phase we first obtained was an
i-QC and not another phase. We first tried to index the QC powder pattern using
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Elser’s method [69] and also acquired Laue photos along the two-, three-, and five-
fold axes rather than doing electron diffraction, which is usually beyond a chemist’s
laboratory.

Shortly after, we recognized that ScCuyGa, (Im3) [70] might also be tuned to a
QC, but the correct stoichiometry and reaction conditions were not achieved in our
limited experiments. Recently, Honma and Ishimasa [71] have reported that i-QC
phase forms almost exclusively from a rapidly quenched Sci3Cus3Gazq composi-
tion, emphasizing a very narrow phase width and its thermodynamic metastability at
room temperature. However, the failure turned us to other Ga intermetallics, which
led to the pseudogap tuning concepts that follow.

4 Pseudogap Tuning

4.1 Structure and Bonding in Mg,CusGas

As noted above, it occurred to us that selected polar intermetallics containing triel
elements, particularly Ga and In, under optimal conditions might conceivably be
structurally, electronically, and chemically tunable to ACs and, eventually, to QCs.
The promising Mg,Zn;; family contained examples of triel Al in Mg,CugAls [72],
In in NayAuglns [73], and Tlin Na;sKeT1;sM (M = Mg, Zn, Cd, Hg) [47], but noth-
ing with Ga. A question naturally arose as to why no “Mg,CusGas” had been re-
ported in this family. Actually, a comparison of Mg—Cu—Al and Mg—Cu-Ga ternary
phase diagrams revealed that although the two systems were quite similar, no Ga
analogs of either Mg,CugAls and Mgs,(Cu,Al)49 phases had been found [74].
However, our synthetic explorations revealed that at least two more phases exist
in the Mg—Cu—Ga ternary system; one is the sought Mg,CusGas [75], and the
other is Mg;5Cun4Gass [76], a novel Laves-like phase that contains interpenetrating
Bergman-like clusters.

Undoubtedly, Mg,CusGas exhibits same structural pattern as shown for the par-
ent in Fig. 4c, that is, each unit cell contains three Mg dimers, a Cug octahedron,
a Ga@Cuy; icosahedron, and a Gajs4 network. From the viewpoint of QC struc-
tures, however, Mg,CugGas can alternatively be taken as primitive cubic packings
of Cug octahedra and 45-atom multiply endohedral clusters in an expanded cell,
as shown in Fig. 6. Each 45-atom multiply endohedral cluster contains, succes-
sively from the center out, a Ga-centered Cuy; icosahedron, a Ga;;Mgg pentago-
nal dodecahedron, and a larger Ga;; icosahedron (with negligible intracluster Ga—
Ga bonding). The geometry of this onion-like cluster is similar to that of the inner
three shells of Bergman clusters (Fig. 2), which are arranged body-centered-cubic
(b.c.c.) in Mgs,(Al,Zn)49 [18] and R-LizCuAls (both Im3) [21]. Of particular in-
terest, therefore, is the attainment of structures derived from or showing the higher
Im3 symmetry through substantial tunings. This is not just whimsical, however; a
parallel structure change from the same primitive cubic packing (Pm3, x < 0.29) to
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Fig. 6 The structure of Mg,CusGas, emphasizing the primitive cubic packing of Cug octahedra
and three-shell 45-atom clusters. One of the latter is cut open to show its inner shells

b.c.c. packing (Im3, 0.32 << 0.69) has been reported in (Al,Si)soMn,Fes_, [77],
the 1/1 AC of Al74Mn7 gFe> 4Sig i-QC [78]. The same occurs in reverse between
NayKeTly3 (Im3) [56] and primitive cubic packing of comparable T1;,M units and
Tlg octahedra in Naj4K¢Tl1sM (M = Mg, Zn, Cd, Hg) [47], Fig. 4c.

A speculation led us to examine the electronic structure of Mg, CusGas, by which
we discovered a pseudogap in the DOS at ~79 valence electrons (omitting Cu
d'” electrons) with e/a = 2.03 (Fig. 7), just above Ef (e/a = 1.92) [75]. More-
over, the principal Cu—Cu, Cu—Ga, Ga—Ga interactions as described by COOP data
(~overlap populations) are not fully optimized at Er. Rather, Cu—Cu and Ga-Ga
change bonding characteristics at energies slightly below the pseudogap, whereas
other bonds would either require more electrons to be optimized or they remain
bonding throughout according to this calculation.

Considering both the crystal and electronic structures, Mg,CusGas was there-
fore employed as a plausible precursor or a useful guide to a new QC/AC family;
for which a conceptual pseudogap tuning under a rigid band assumptions suggests
that four more electrons per cell in Mg,CusGas might push Ef into the pseudo-
gap. It is to be noted that electronic tuning via compositional change is not new
to solid-state chemists; however, those in the QC field have evidently not utilized
this approach although an association of pseudogaps with QCs has long been es-
tablished. Of course, we are also predicting a stable electronic composition across a
presumed phase change, at least from Pm3 to Im3 in the 1/1 AC.

In Sect. 4.2 we expand on pseudogap tuning concepts and illustrate these ideas
and applications to the isotypic Mg,CusGas, Mg,Zn;;, and NayAuglns. Because
all the ACs we have obtained have very similar structural motifs, their structural
regularities will be discussed together later in Sect. 5.
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Fig. 7 DOS and COOP data for Mg,CusGas (EHTB). Note the pseudogap about 4 e/cell above
EF. (Reproduced with permission from [75]. Copyright 2003 American Chemical Society)

4.2 Tuning ACs and QCs from Mg,Zn;;-Type Precursors

4.2.1 From Mg,CusGas to Sc-Mg-Cu-Ga ACs and QC

Two approaches were considered to introduce four electrons per cell into
Mg,CucGas: (i) substitutions of electron-richer elements and (ii) variations of
the elemental proportions. The latter approach was not successful during the order
of 100 exploratory reactions run under diverse conditions. For instance, reactions
of the modified Mg, Cus 33Gas 67 with e/a ~ 2.03 yielded about 60% Mg,CusGas,
30% MgCuGa, and 10% of the new Mg35Cu4Gass [76]. On the other hand, pseu-
dogap tuning of Mg,CusGas worked well when most of the Mg was replaced by
Sc [79]. The selection of Sc arose not only because of its similar size and electroneg-
ativity to Mg and an additional valence electron, but also because of its low-lying
d orbitals. Exploratory reactions of Sc,;3Mg,_, 3CucGas within a limited e /a
range (2.00-2.05) afforded very informative results, as revealed in part by the XRD
patterns in Fig. 8.

Single crystals from the x = 5 reaction were found to crystallize in space group
Im3, a = 13.5005(4) A, with a refined composition of Sc3Mgy 17(4)Cui0.5Gag 25(4)
or, normalized, as Sc142Mgj gCuag 7Gaz4 3 [79]. This phase is isostructural with
the 1/1 ACs (Ca,Yb)Cde [22], meaning that an i-QC phase should exist in the
neighborhood. Therefore, small variations in first Sc:Mg and then in Cu:Ga propor-
tions, together with different reaction conditions, were tried and found to be fruit-
ful. A quenched sample of Sc;sMgsCus7Gasz (e/a = 2.01) with a ~ 5% smaller
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Fig. 8 XRD patterns for annealed Sc, 3Mg;_, /3Cu6Ga5 (x =3,4,5) samples. The x = 5 sample
is dominated by the 1/1 AC, x = 4, by a new incommensurately modulated 1/0-2/1-1/0 AC, and
x =3, by the 1/1 AC and a Scy3Znsg-type phase

(Cu+Ga) proportion consisted mainly of the QC phase, suggesting that this was
the right direction for fine tuning. Accordingly, samples of ScisMg;CuyGagy_y
(y = 46-48.5) were reacted. The i-QC was found exclusively for y = 48, as shown
in Fig. 9, in agreement with the loaded QC composition reported by Ishimasa and
coworkers [80]. Such a narrow composition range for this QC phase emphasizes that
it could have been easily missed and, in the worst cases, false judgments could be
made on the basis of too few “hunting” reactions (a common practice for solid-state
chemists!).

As a check on the pseudogap predictions made for such a phase from
Mg, CusGas, the DOS and COHP for the hypothetical disorder-free “Sc3Cuyg sGag”
1/1 AC model (e/a = 2.02 versus the refined value of 2.00) were calculated
(LMTO). As shown in Fig. 10, a pseudogap remains at the same place in the
DOS, with Ep located on a steep shoulder of the pseudogap, and bonding in the 1/1
AC is now optimized, at least as calculated for the Ga—Ga bonding. All of these are
consistent with the predictions made earlier on the basis of DOS and COOP data
for Mg,CusGas (Fig. 7). In addition, further examination of the bands for the 1/1
AC reveal that the pseudogap arises largely from mixing between s, p orbitals of
Cu and Ga with the low-lying d of Sc and that these also enhance the depth of the
pseudogap. All of these parallel earlier theoretical results for (Ca,Yb)Cdg reported
by Ishii and Fujiwara [33].
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Fig. 9 XRD of quenched samples of Sc;sMg;Cu,Gag;, . The y = 46.0 and 48.5 products are the
1/1 AC, that for y = 48.0 is the i-QC, and y = 47.0 results in a mixture of the QC and Sc,CuGajs.
The inset and the six integers show the ED pattern of the i-QC along a fivefold axis and the six-
dimensional indices. (Reproduced with permission from [79]. Copyright 2005 American Chemical
Society)

4.2.2 From Mg,Zny; to Sc-Mg-Zn ACs and QC

The tuning success with Mg,CusGas naturally encouraged a similar investigation
of the parent Mg,Zn;; [81]. EHTB calculations for it revealed that empty bonding
states remained for the major Zn—Zn bonding up to e/a of ~2.2, despite the fact
that Ef already lay in a pseudogap [75] (Fig. 11). In order to fill the empty bonding
states, exploratory reactions of ScyMg,_,Znj; over ¢/a =2.0-2.2, were undertaken.
Surprisingly, we obtained not only the thermodynamically stable 1/1 AC and i-QC
phases, but also the valuable higher order 2/1 AC [82]. Figure 12 shows a portion of
the Sc—Mg-Z7n phase distributions according to X-ray powder data analyses. As can
be seen, the Sc—Mg—Zn i-QC appears in this section in a dumbbell-shaped region,
beyond which the 1/1 and 2/1 ACs exist. This particular i-QC forms over a wide
composition range, in contrast to that in Sc—-Mg—Cu—Ga [80]. We currently have
little control over such subtle differences in electronic structure and packing that are
presumably responsible for this.

As before, the 1/1 AC [83] crystallizes in space group /m3 and is isostructural
with YCdg [67], whereas the 2/1 AC [83], Pa3, is isostructural with (Ca, Yb)3Cd7g
[23]. All of these crystals have compositions similar to that of the i-QC. The
normalized compositions for 1/1 AC (x = 1.82), 2/1 AC (x = 0.75), and i-QC
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LMTO calculations on a hypothetical ScZng 1/1 AC [82] revealed that Sc plays
the same role here as in Sc—-Mg—Cu—Ga 1/1 AC (Fig. 13). The Sc not only provides
valence electrons to push Ef into the pseudogap, but its d orbitals also afford mixing
with Zn s, p orbitals to enhance the depth of the pseudogap. This may explain why
no Mg—Zn binary or Mg—Cu—Ga ternary Tsai-type QCs exist, but the Sc—Cu—Zn
i-QC [24,68] forms, although its discovery was not directed by the pseudogap tuning
concept.

4.2.3 From Na;AugIns to (Ca,Yb)-Au-In ACs and QCs

As before, the DOS and COOP functions calculated for NajAuglns [84] exhibit
a pseudogap and empty Au—In and In-In bonding states above Ey (Fig. 14). The
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Fig. 12 400°C section of the Sc—-Mg—Zn phase distribution according to power diftraction results,
roughly outlining the phase regions of the 1/1 AC, 2/1 AC and Tsai-type i-QC
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replacement of Na by electron-richer active metals that are more appropriate to QC
bonding (e.g., Mg, Ca, Sc, or rare-earth metals) was considered in order to push
the Er (e/a = 1.77) into the pseudogap (e/a = 2.02). According to earlier works,
however, there is strong theoretical evidence that d orbitals are critical for Tsai-type
QCs, and atomic sizes also seem important. Therefore, Mg and Sc were taken out of
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consideration for these respective reasons. We first tried Ca and then Yb, encouraged
by the idea that the Cd functions in (Ca,Yb)-Cd QC [19] systems might be replaced
by mixed Au/In networks.

Luckily, the first exploratory synthetic reaction “CayAuglns” yielded primarily a
pattern similar to that of the Sc—-Mg—Zn 2/1 AC. This event suggested that the cor-
responding 1/1 AC and i-QC should also exist in this system, and that the supposed
1/1 AC should crystallize in the YCde-type structure. Further explorations via reac-
tions of CaAu,Ing_, were run to cover e¢/a over 1.6-2.3. Phase analyses revealed
that these were very fruitful, affording single phase samples of 1/1, 2/1 AC, and the
i-QC (Fig. 15). In addition, we also obtained CasAujglns, a novel phase with an
unusually low e/a of 1.59, and wavy gold sheets [85].

As expected, the 1/1 and 2/1 ACs crystallize in b.c.c. and primitive cubic
space groups Im3 and Pm3, respectively. The refined compositions for the 1/1 is
CazAuyy o(1)Ing 3(2) or, normalized, Cajq0Ausg7(s)Ingg3(3) (¢/a = 1.73), and for
the 2/1, Calz'ﬁ(1>Au37~0(2)ln39'6(6> or, normalized, Ca14.1(1>Au41~5(2)ln44,4(6> (e/a=
2.03) [84]. It is noteworthy that e/a of the i-QC (1.98 by EDX) is very close to that
predicted from calculations on Nay Auglns (2.02) and the 1/1 AC (2.00); the DOS for
the latter is shown in Fig. 16. It is well-known that Ca and Yb are interchangeable
in many solid state systems because they have similar radii and the same common
valence electron count in reduced systems. This trend continues in these systems;
thus analogous Yb products were obtained from reactions similar to those used for
the Ca—Au—In system.

4.2.4 From Ca-Au-In to Ca—Au-Ga Systems

The idea of searching QC in the Ca—Au—Ga system originated not just from the con-
siderable chemical similarities of the two triels, but also from structural problems
with the Ca—Au-In 1/1 and 2/1 ACs above, in which substantial amounts of con-
figurational (positional) disorder and fractional occupancies occurred. Recall also
that such disorder in the Sc—Mg—Zn ACs [83] is minimal. Moreover, these defects
are thought to have little to do with the sample history, but possibly result from
the smaller differentiation between the gold and indium both radially (size) and
chemically. Therefore, replacement of indium by smaller gallium might provide a
superb playground in which the effects of size on structures could be studied un-
der some degree of isolation. Moreover, gallium and indium in many cases have
similar electronic contributions in polar intermetallics, as they have same valence
electron counts and a small difference in Mulliken electronegativities (Ga: 3.2 vs
In: 3.1eV) [86].

Earlier experience has shown that stoichiometric reactions of AB,Cg_, (A: elec-
tropositive metal, B and C: electronegative main-group or late transition metals)
with e/a of about 1.7-2.3 are a good rule-of-thumb way to generate Tsai-type
AC/QCs. This time, suitable reactions of CaAu,Gag_, provided both 1/1 and 2/1
ACs [87]. In addition, investigations of phase widths for both ACs also led to the
discovery of the first Al-free 1/0 AC, CaAuzGa [88].
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Fig. 15 Portions of the Ca—Au-In phase diagram, showing phase distributions for a: samples
slowly cooled to 500°C and equilibrated, and b: samples quenched from 800°C over a more limited
composition region. (Reproduced with permission from [79]. Copyright 2005 American Chemical

Society)

Figure 17 shows a portion of the composition—phase distribution obtained from Ca—
Au-Ga samples that were either slowly cooled from melts or annealed at 500°C for 3
weeks and quenched. Both ACs have considerable phase widths in Au/Ga proportions
relative to previous studies, as reflected in the variations of lattice parameters
[14.6732(7)-14.790(1) A for the 1/1 AC and 23.8829(9)-23.9816(9) A for the 2/1
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Fig. 17 Section of Ca—Au—Ga phase diagram showing the distribution of 1/0, 1/1, 2/1 ACs in
samples that were slowly cooled from 800°C and annealed at 5S00°C. Note that the i-QC is obtained
only in quenched samples near CaAuzGaz (marked by the arrow)

AC]. Structure determinations revealed that the 1/1 AC, CazAu.93_12.1Ga97_6.9,
exists over about 42-55% of Au, whereas the 2/1 AC Caj3Ausy 1(2)Gags 4(4) may
contain up to about 61% of Au. This means that the 2/1 AC has a smaller e¢/a value
than the 1/1 AC in the Ca—Au—Ga system, a relationship opposite to that for the
Ca—Au-In ACs. Notice also that the 1/1 AC for the first time has a Ca:(Au+ Ga)
proportion close to 3:19 rather than 3:18 because interlayer interstitial sites [ Wyckoff
8¢ (1/2 1/4 1/4)] now have full occupancies. The reason is mainly related to the size
contrast between Ga and In, the effect of which will be discussed in more detail in
Sect. 5.
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5 Structure Regularities

Historically, the structures of ACs play critical roles in QC modeling: they provide
important information on both the long- and short-range orders, i.e., the linkages
among the outmost clusters and the atomic order within them. However, various
views about clusters and definitions can sometimes raise enough confusion that con-
clusions such as “it is useless (or misleading) to give a description of the whole (QC)
structure” have appeared as the summary of a panel discussion during the Ninth In-
ternational Conference on Quasicrystals (ICQ9) [89]. The reasons may on one hand
relate to the structural complexities of ACs (and perhaps also to the quality of the
refinements achieved) and, on the other hand, to diverse structural descriptions that
different authors have given for nominally the same AC structures. For example,
Bergman-type structures have received at least three different structural descrip-
tions. In the original report of Bergman et al. [18], the structure of Mg3,(Al,Zn)49
was discussed in terms of four-shell 105-atom multiple clusters, but the same struc-
ture was described by Henley as a periodic packing of rhombohedral cells [90].
Likewise, the structure of the isotypic R-Li3CuAls [21] was given in terms of a
larger b.c.c. packing of triacontahedral clusters, each of which contained the smaller
Bergman-type collection of clusters.

To resolve the confusion, it is important to keep structural descriptions for all ACs
and their corresponding QC models consistent. In other words, building blocks in
ACs and corresponding QC models should be kept the same because the former are
commonly assumed to contain the same or similar building blocks as the latter. Ac-
cording to our and other structure analyses [21-23,79,83,84,91], the larger triacon-
tahedral clusters are the complete basic building blocks for both Bergman- and Tsai-
type ACs rather than the smaller Tsai or Bergman polyclusters employed (below).
In addition, a recent partial structural determination for the actual Yb—Cd i-QC [92]
also reveals that triacontahedral clusters are indeed the major building blocks.

5.1 Tsai-Type ACs

All of these 1/1 ACs appear to have similar structural motifs and to be isostructural
with YCdg, with four-shell 66-atom Tsai-type clusters (Fig. 2) within b.c.c. tria-
contahedra. The detailed stoichiometries may still be slightly different because of
structural defects or extra interstitial atoms. Similar Tsai clusters are also found in
the 2/1 ACs (Fig. 18). However, such structural descriptions, although built of the
customary cluster-based frameworks, may still contain many outer atoms that are
not part of any Tsai cluster shell. These have been called “glue” atoms in a jargon
of the QC field. The number of such glue atoms in a Tsai-type 1/1 AC cell is 36,
about 21.4% of the total atoms, and this proportion increases in higher order 2/1
ACs (218 and 25.8%). In contrast, if the triacontahedra that encapsulate the original
Tsai clusters are included as building blocks, then there are no glue atoms in 1/1
ACs, and only ~1.1% of the so-called glue atoms (interstitial dimer) remain in the
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Fig. 18 Structural representations of Tsai-type a 1/1 AC, and b 2/1 AC plus the so-called glue
atoms beyond the customary four-shell building blocks. In comparison, no glue atoms remain in
¢ the 1/1 AC built from stuffed triacontahedra, and only dimers remain in d the 2/1

2/1 ACs. Moreover, the glue atoms beyond triacontahedra, in fact, center prolate
rhombohedron (a cube elongated along a threefold axis), the recognized interstitial
cavity among primitive cubic packed triacontahedra (also shown in Fig. 18).

Because a regular triacontahedron can be geometrically decomposed into ten pro-
late and ten oblate rhombohedra, the 1/1 and 2/1 ACs can also be viewed as two dif-
ferent types of periodic condensations of prolate and oblate rhombohedral building
blocks. In this way, a link between AC structures and 3D Penrose tiles [93] used for
i-QC modeling becomes evident. Therefore, the local atomic orders within and the
linkages among triacontahedra are very useful in QC modeling.

Let’s first consider local ordering of atoms within triacontahedra of Tsai-type
ACs. The geometries for inner four shells are shown in Fig. 2, whereas the outermost
triacontahedral shells appear in Figs. 19 and 20. Table 2 lists the chemical contents
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Fig. 19 The linkages between neighboring triacontahedral clusters in the Tsai-type 1/1 ACs along
a the twofold axes, and b the threefold axes. The 2/1 ACs exhibit same linkages although they have
different atom identities and symmetries. All decoration atoms of the triacontahedra are omitted
for clarity. (Adapted with permission from [83]. Copyright 2006 American Chemical Society)

Fig. 20 Environment around a triacontahedron in Tsai-type 2/1 ACs, showing the linkages among
triacontahedra and prolate rhombohedra. For clarity, only the central triacontrahedron is shown
as a polyhedron; the other 13 like neighbors are represented by smaller spheres at their centers.
The same scheme holds for Figs. 21-23. (Reproduced with permission from [83]. Copyright 2006
American Chemical Society)
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of each shell in Tsai-type 1/1 and 2/1 ACs in the Sc—Mg-Zn [83], Ca—Au-In [84],
and Ca—Au—Ga [87] systems. Several features among these details are remarkable.

1. In the inner four shells, only vertices are occupied by atoms, but for the outmost
triacontahedral shells, not only the 32 vertices, but also the midpoints of (or close
to) the 60 edges are occupied.

2. All the active metals in Tsai-type clusters lie on and define only the icosahedral
shell. As a result, the global percentages of the active metals in Tsai-type phases
are always ~15%, in contrast to that in Bergman-type phases (~32%, below).

3. The innermost so-called tetrahedral shell in the 1/1 ACs, generated from a 24g
position with about 1/3 occupancy, always refines as four atoms, but fewer in
the 2/1 ACs. In contrast, tetrahedra in the 2/1 ACs are not centered in the do-
decahedral cavities but are shifted along the unique threefold axis. In response,
the neighboring dodecahedral shell exhibits strong distortion along that three-
fold axis. In addition, short distances between vertexes of the tetrahedron and the
neighboring dodecahedron remain and these evidently require partial occupation
of some vertex sites. This is the reason why the dodecahedral shells of 2/1 ACs
generally refine with fewer than 20 atoms.

4. With an increase in size of the active metals, the interlayer interstitials between
the triacontahedral and the penultimate icosidodecahedral shells appear to be oc-
cupied by smaller electronegative components, with variable occupancies. These
interlayer interstitials are actually the centers of cubes and correspond to the
Wyckoff 8c (1/4 1/4 1/4) special position in 1/1 ACs. Strictly speaking, occupa-
tion at this site means that the structure is no longer YCde-type but, for con-
venience, they are still referred to as Tsai-type phases. According to Piao and
coworkers [94], occupation of these cube centers has strong correlation with the
orientations of the innermost tetrahedra and distortions of the dodecahedra.

5. In the 2/1 ACs, the few glue atoms remaining are always dimers of the active
metal in the PRs, and their occupancies may be either fractional or full. In the
1/1 ACs, each triacontahedron has (8 4 6) neighbors, eight of which share ORs
with the center one along on the threefold axes and the other six share rhombo-
hedral faces along twofold axes (as distinguished in Fig. 19). The same linkages
appear in 2/1 ACs, except that some lie along only pseudo two- or threefold axes.
In contrast, each triacontahedron in a 2/1 AC has 13 like neighbors (Fig. 20). Of
these, six locate on the pseudo twofold axes of the center triacontahedron and
share rhombohedral faces with it; the other seven neighbors lie on the proper or
pseudo threefold axes of the center cluster and share oblate rhombohedra with
it. The decrease of like neighbors from 14 in 1/1 AC to 13 in 2/1 AC is com-
pensated by the appearance of the interstitial prolate rhombohedra between the
simple cubic packed triacontahedra. Four prolate rhombohedra surround each
triacontahedron in the 2/1 ACs, as also shown in Fig. 20. Those on the proper
threefold axes share vertexes with the center triacontahedron, and the other three
on the pseudo threefold axes share rhombohedral faces. These arrangements are
important long-range order (LRO) motifs.
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5.2 Bergman-Type ACs

The uniform condensation of triacontahedra and interstitial prolate rhombohedra
in Tsai-type 2/1 ACs offers some fresh points about LROs in i-QCs and stimu-
lated us to consider whether the same linkages exist in Bergman-type 2/1 ACs.
Bergman-type 1/1 ACs evidently also have triacontahedra as the outermost building
blocks, as outlined in Table 3 for the Mg—Al-Zn system [91,95] and reported for the
R-AlsCuLisz 1/1 AC [21]. On the other hand, some structural data for the Bergman-
type Mg—Al-Zn 2/1 AC in the literature are incomplete, either no positional data are
given or the “glue” atom coordinates beyond the four-shell Bergman cluster are not
reported [96,97].

Figure 21 shows the structure of Mg,;Al;;Zng; 2/1 AC [91], which was new
inasmuch as this structure also exhibits the same triacontahedral and interstitial pro-
late rhombohedral clusters as building blocks as do the 2/1 Tsai types. Moreover,
the LROs among these last two building blocks at the unit cell level and beyond are
exactly the same as those in Tsai-type 2/1 ACs (Fig. 20), with only differences in
short-range ordering within. Table 3 compares and contrasts shell contents, geome-
tries, and sizes between a 1/1 and this 2/1 Bergman ACs vs the Sc-Mg—Zn 1/1 and
2/1 Tsai-type ACs [83]. The implied structural and bonding information therein is
very impressive:

1. Bergman- and Tsai-type clusters have the same geometric types for the second,
third, and fifth shells, with the innermost and the penultimate shells being dif-
ferent. Particularly, the third (icosahedral) shell and the outmost triacontahedral
shell define comparably sized spheres for both, but the other three shells for Tsai
types are about 1.0 A smaller in diameter than for Bergman types.

2. The active metals have distinctively different locations in Bergman 1/1 and 2/1
ACs, Mg occupying the second dodecahedral and the outmost triacontahedral
shells. These shells are occupied by more electronegative components in Tsai
types, in which the active metals (Ca, Sc etc.) occur only in the third shell. Much
chemical evidence can be found for the conclusion that Mg is the least acidic in
the Mg—Zn—Al system (or forms the most basic oxide). Mulliken electronegativ-
ities have a very different basicity and are not suitable. These very fundamental
differences (colorings) are of course intrinsic to the two structure types [45].
According to reported structural data, Tsai-type structures also form only in the
presence of active metals that in principle contain low-lying d orbitals, whereas
Bergman types form with cations lacking valence d orbitals. Theory is also in
accord with these differences [33,98].

3. The dimers in the interstitial prolate rhombohedra have different electronic char-
acters: the more electronegative elements in Bergman types, but active metals in
Tsai types.
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Fig. 21 a Polyhedral view of the unit cell, and b of the environment of a triacontahedron in the
Bergman-type Mg,,Alj1Zny4; 2/1 AC (Pa3) in terms of triacontahedral clusters and prolate rhom-
bohedra. Notice that both results are similar to those shown in Fig. 20 for Tsai-type 2/1 ACs.
(Adapted with permission from [91]. Copyright 2006 The National Academy of Science USA)

5.3 AC Structures and QC Modeling

As discussed above, Bergman- and Tsai-type ACs appear to have the same LROs at
the level of the triacontahedral clusters and beyond, with differences only in SROs
within. This message suggests that Bergman- and Tsai-type i-QCs might accord-
ingly have the same or similar structural models at the triacontahedral level and
beyond. It is informative to “dig out” some hidden LRO motifs from 2/1 ACs, par-
ticularly around the pseudo fivefold axes (pseudo two- and actual threefold axes
already exist). Examination of the linkages among triacontahedra and prolate rhom-
bohedra (Figs. 20 and 22) reveals additional important clues for possible QC mod-
eling. As shown in Fig. 22, the apex atoms on the threefold axis of the four prolate
rhombohedra generate a trigonal pyramid when interconnected. Interestingly, each
edge from the pyramidal apex passes nearly through the center and the two pseudo
pentagonal vertices of the neighboring triacontahedra, meaning that each edge ex-
hibits pseudo fivefold symmetry. A convenient way to measure the deviations from
ideal icosahedral geometries is in terms of the angles between pairs of the three
edges of the pyramid and the proper threefold axis. Table 4 lists these for some
Bergman- and Tsai-type 2/1 ACs. As can be seen, they deviate only slightly from
the characteristic angles of an ideal icosahedron with point symmetry m35 [99].
Such small differences indicate that the prolate rhombohedra and the trigonal pyra-
mid so defined are coaxial with the proper threefold axis, whereas the pyramidal
apex possesses pseudo icosahedral symmetry.

Further, larger prolate and oblate rhombohedra are also found to exist in 2/1
ACs, as shown in Fig. 23. The centers of the triacontahedra divide each edge by
a value (1.615) close to the golden mean (T = 1.618), and thus they can be called
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37.44°

5-fold

Fig. 22 The linkages between triacontahedra and prolate rhombohedra in Tsai-type 2/1 ACs
(adapted from Fig. 20) afford some important clues for QC modeling. A trigonal pyramid with
particular angles (as marked) and geometric features is formed when equivalent apex atoms of four
prolate rhombohedra are linked. The same property exists for Bergman-type 2/1 ACs

Table 4 Angles (°) between observed three- and pseudo fivefold axes of the trigonal pyramids in
2/1 ACs

Ideal icosahedron Tsai-type ACs Bergman-type ACs
Sc-Mg—Zn Ca-Cd Ca—Au-In Al-Mg—Zn
Z5-5 63.43 63.54(1) 63.53(1) 63.33(1) 63.46(2)
/53 37.38 37.44(1) 37.44(1) 37.31(1) 37.39(1)
Reference [99] [83] [23] [84] [91]

inflated prolate and oblate rhombohedra. Notice that both inflated units have the
same geometric and angular relationships as listed in Table 4, and they can therefore
be use as models for the decoration of QC models.

6 Remarks

The discovery of new QC/AC systems is an emerging multidisciplinary research
field for chemists, and the synthetic explorations are very much open. Pseudogap
tuning appears to be one of the useful routes for QC discovery, although rigid
band assumptions are obviously not followed because the structures before and
after tunings are naturally different. Perhaps such accomplishments really orig-
inate with similar charge distributions that are forecasted for all starting mate-
rials with a Mg,Zn;-type structures, all of which predict a pseudogap at e/a



36 Q. Lin and J.D. Corbett

Fig. 23 Inflated prolate and oblate rhombohedra extracted from Tsai-type 2/1 ACs. The same
properties exist for Bergman-type 2/1 ACs

of about 2.0. Our intuition or experiences in structure and bonding, inherited from
the studies in Zintl and polar intermetallic phases, have been very informative and
helpful. However, cautions remain for the pseudogap tuning concept, as it is has
been confirmed mainly via synthetic explorations from Mg,Zn-type precursors.
The prediction of the QC composition in an LMTO calculation on the Ca—Au-In
1/1 AC (Fig. 16) seems noteworthy. Future endeavors to test its applicability with
other structures and systems are necessary. Yet it also serves well as a check on
the structures, symmetries, and compositions of possible precursors before pseu-
dogap tunings. Heterometal modes of tuning via substitution of lower valent metal
have also been shown to be useful in other In systems, for which e/a values are
thereby lowered [100, 101]. Not every polar intermetallic with a pseudogap and
empty bonding states at Er contains what appear to be the prerequisite multiply en-
dohedral clusters with pseudo icosahedral symmetry, and not every metal can be a
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component of QC/ACs. Moreover, these are just chemical guides and viewpoints,
without much consideration of or insights into reaction conditions (composition,
temperature, cooling rate, etc.), which are also very critical in the formation of QCs.

Nevertheless, engineering of pseudogaps has educated us and refreshed some
lessons useful not only in QC searching, but also in hunting for other unknown
intermetallic phases. Our results so far have also shown that we always encoun-
tered other novel intermetallic phases with low e/a values in the electronic tuning
processes, and many more interesting and novel phases must await discovery. For
example, Mgs;sCuzaGass (e/a = 2.28) [76], a face-centered-cubic phase featur-
ing interpenetrating Bergman-type clusters, was obtained via pseudogap tuning of
Mg, CusGas. Similarly, CagAujolns (e/a = 1.59) [85], a structure with novel wavy
Au layers, was found in tuning reactions of CaAuxlng 4. In parallel, CaAu3;Ga
[88] was discovered in the electronic tuning process that led to the Ca—Au-Ga
i-QC. SC4MgO.50(2)Cu14,50Ga7.61(2) [102], a 1/0-1/0-2/1 AC phase related to the
Sc-Mg-Cu-Ga i-QC, was obtained during Sc,/3Mg,_, 3CusGas searches. These
discoveries have in turn helped us to improve our understanding of the structural
and compositional kinships between and among polar intermetallics and QC/ACs.
Polar intermetallic phases with lower ¢/a values have in general not been well stud-
ied, and tunings stimulated by QC searches may show us new ways to access these
phases and provide us with the missing links between Hume—Rothery, polar inter-
metallic, and Zintl phases. The fecundity recently discovered among neighboring
K—Au—(In,Sn) systems [103, 104] is an excellent hint of wonders to come in neigh-
boring polar intermetallic systems.
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Bonding and Electronic Structure of Phosphides,
Arsenides, and Antimonides by X-Ray
Photoelectron and Absorption Spectroscopies

Andrew P. Grosvenor, Ronald G. Cavell, and Arthur Mar

Abstract X-ray photoelectron spectroscopy and related techniques such as X-ray
absorption spectroscopy provide useful information about the electronic structure
and bonding of inorganic solids. However, interpretation of these spectra is more
difficult for compounds with significant covalent bonding character. In this chapter,
these spectroscopic techniques are applied to various transition-metal phosphides,
arsenides, and antimonides, including a diverse class of compounds based on the
MnP-type structure, as well as some binary and ternary skutterudites. Because
shifts in binding and absorption energies are less pronounced, other features such as
lineshape and satellite intensity become important in the determination of relative
charges and valence states. These shifts can be rationalized in terms of a charge po-
tential model and related to electronegativity differences. Valence band spectra can
also be interpreted through comparison with calculated electronic structures.
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Abbreviations

AES Auger electron spectroscopy

ARXPS  Angle-resolved XPS

BE Binding energy

CHA Concentric hemispherical analyser

cps Counts per second

DOS Density of states

ESCA  Electron spectroscopy for chemical analysis
EXAFS Extended X-ray absorption fine structure
FLY Fluorescence yield

FWHM  Full width at half maximum

IMFP Inelastic mean free path

KE Kinetic energy

LMTO  Linear muffin tin orbital approximation

PES Photoemission spectroscopy

Pn Pnicogen (e.g., P, As, Sb)

RE Rare earth

REELS Reflection electron energy loss spectroscopy
RSD Residual standard deviation

SR Synchrotron radiation

TEY Total electron yield

UPS Ultraviolet photoelectron spectroscopy
XAFS X-ray absorption fine structure

XANES X-ray absorption near-edge spectroscopy
XAS X-ray absorption spectroscopy

XPS X-ray photoelectron spectroscopy

XRF X-ray fluorescence

1 Introduction

X-ray spectroscopic techniques are powerful tools for the analysis of electronic
structures of materials. There are two principal techniques, X-ray photoelectron
spectroscopy (XPS) and X-ray absorption spectroscopy (XAS), both of which have



Bonding and Electronic Structure of Phosphides 43

been used extensively for analysing many kinds of materials. In principle, both yield
direct information about the electronic structure of solids, through the analysis of
both core and valence states [1-3]. The two spectroscopies complement each other
and offer element specificity and chemical sensitivity. As such, these experimental
results provide an important confirmation of theoretical expectations derived from
both simple models used in inorganic chemistry and more sophisticated band struc-
ture calculations. Despite relatively long histories, XPS and XAS have not been
widely embraced by the solid-state chemistry community, in part because of the
limited facilities available.

In the early development (1960-1970) of XPS, much hope was placed on the
ability of the technique to probe chemical shifts that might be distinguished in the
different bonding environments of atoms within solids [1,2,4]. Many of these stud-
ies were restricted to relatively simple solids, or those with sufficiently pronounced
ionic bonding character, as found in oxides or halides, where such shifts could be
more readily detected. For solids with more covalent character, the shifts were often
too small to be distinguishable from the binding energies of the component ele-
ments. What has changed since that time that has compelled us to revisit the use of
XPS, whose promise seemed deferred, to analyse the electronic structure and bond-
ing of solids? Certainly there has been an improvement in instrumental capabilities
of XPS spectrometers, including better resolution. While still uncommon in chem-
istry laboratories, they are nevertheless widely accessible in affiliated departments
or support centres. Synchrotron X-ray sources have facilitated the applications of
XAS and also enabled new types of XPS experiments to be conducted that have
expanded the capabilities of this technique.

In this review, we present a selection of studies from our own laboratory, in-
tended to introduce a solid-state chemist to both the practical and theoretical con-
siderations that need to be taken into account in XPS measurements of solids with
substantial covalent character. Metal phosphides, arsenides, and antimonides repre-
sent such a category of solids where the bonding retains some polarity that notions
of electron counting derived from the Zintl concept still prove helpful in provid-
ing a frame of reference for comparing charge distributions. We also describe the
applications of XAS to complementary studies of the electronic structure of these
materials.

2 X-Ray Spectroscopies

Excellent reviews of X-ray spectroscopic techniques are available in the literature
[1,2,5-12]. The description below summarizes the major characteristics of XPS and
XAS, as applied, when relevant, to the analysis of metal phosphides, arsenides, and
antimonides.
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2.1 Principles of XPS

The application of XPS for analysis of solids was developed by Siegbahn and co-
workers in the 1950s [4]. The technique exploits the photoelectric effect (discovered
by Hertz and explained by Einstein) [2]. When an atom within a solid absorbs suffi-
ciently energetic radiation (typically, for XPS, in the soft X-ray region, E < 2keV),
an electron (called a photoelectron) is ejected [4]. In this excitation process, the en-
ergy of the absorbed X-ray is utilized to excite the electron of an inner shell orbital
to the zero level of energy (the Fermi level, Er). This excitation energy is called the
binding energy (BE) of the electron. If the radiation energy of the incoming photon
is greater than the BE, excess energy is transferred to the electron as kinetic energy
(KE) and the electron leaves the solid to travel through vacuum with a velocity that
can be measured so as to provide a relationship between the photon energy and the
BE. For solids, there is also an energy required to detach the electron from the Fermi
zero level into the vacuum, which is known as the work function (®g). Conservation
of energy provides the relationship given in Eq. 1, and the process [2] is diagrammed
in Fig. 1:

hv = KE + BE + @;. (1)

To determine the BEs (Eq. 1) of different electrons in the atom by XPS, one
measures the KE of the ejected electrons, knowing the excitation energy, hv, and
the work function, ®,. Thus, the electronic structure of the solid, consisting of
both localized core states (core line spectra) and delocalized valence states (valence
band spectra) can be mapped. The information is element-specific, quantitative, and
chemically sensitive. Core line spectra consist of discrete peaks representing orbital
BE values, which depend on the chemical environment of a particular element, and
whose intensity depends on the concentration of the element. Valence band spec-
tra consist of electronic states associated with bonding interactions between the

e- (KE=hv-BE-$g,010)

BE

Fig. 1 Excitation of a P

atom leading to ejection of —T'*' Is
a photoelectron from the 2p

orbital P
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elements. In principle, XPS is a potentially powerful technique for detecting all
elements in the periodic table (except H and He, which lack core electrons), as im-
plied by the alternative name, electron spectroscopy for chemical analysis (ESCA),
originally coined by its developers [4]. Because the photoelectrons that appear in the
spectra emerge from only the first few layers of a solid, XPS is primarily regarded
as a surface-sensitive technique [1, 5, 13]. However, when the surface is properly
prepared, information about the bulk electronic structure can also be obtained.

2.2 XPS Instrumentation

Modern instrumentation has improved substantially in recent years, which has en-
abled the measurement of XPS spectra of superior resolution necessary to reveal
the small BE shifts present in highly covalent compounds such as those studied
here. In a laboratory-based photoelectron spectrometer, a radiation source generates
photons that bombard the sample, ejecting photoelectrons from the surface that are
transported within a vacuum chamber to a detector (Fig. 2). The vacuum chamber
is required to minimize the loss of electrons by absorption in air and, if a very high
quality vacuum environment is provided (as is the case with modern instruments),
the surface contamination is minimized so that the properties of the bulk material
are more readily determined.

Concentric
Hemispherical
Analyser

-Va, |-Va=-vil

Detector Output

_\.’1

o ; e
@e‘i‘ Scanned
Transfer
——

“-. Lens

Sample 4*

Grounded /

Sample
Stage

Vacuu;im Chamber

X-ray Source

Fig. 2 Scheme of a modern XPS instrument with a monochromatic X-ray source
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Common sources for laboratory XPS are Al and Mg X-rays, although He ultravi-
olet sources and other X-ray tubes can be used [2,6]. Alternatively, the analyser may
be coupled to a synchrotron radiation source,which offers high resolution, tuneable
energy for excitation [14]. The Al and Mg X-rays are typically monochromatized
to remove all but Ko radiation, improving resolution but at the expense of reduced
photon flux. The detector system is ideally fixed at an angle of 54.7° to the inci-
dent photons (although this is not always the case), thereby minimizing the depen-
dence of the excitation on orbital orientation [15, 16]. Within the vacuum chamber,
the photoelectrons are collected and focused by electrostatic or magnetic fields (or
both) to a concentric hemispherical analyser (CHA), where they are discriminated
by energy [2]. When photoelectrons enter the aperture of the transfer lens in the
CHA, their KE is reduced by a retarding electric field. The retarding energies are
stepped across a range so that all photoelectrons acquire the same energy, called the
pass energy, to enter the CHA [2]. A constant pass energy ensures constant reso-
lution, and a low pass energy implies a high spectral resolution. Opposing electric
fields on each hemisphere of the CHA (with the potential on the upper hemisphere
being more negative than on the lower hemisphere) then focus the photoelectrons
such that those with exactly the pass energy depart through the exit slit for detection
whereas those with greater or lesser energies than the pass energy collide with the
walls [2]. In the XPS instruments that we have used in this work (Kratos AXIS 165
and Kratos AXIS ULTRA), the energy-filtered photoelectrons strike a channeltron
detector array, which converts the signal to an amplified pulse current and improves
the signal-to-noise ratio. Scanning the retarding energy in the transfer lens results in
an XPS spectrum, recorded as intensity (cps) vs. the total KE of the photoelectron
(i.e., its original energy before being reduced to the pass energy) [2].

The fundamental quantity of interest, BE, is calculated from the KE (correcting
for the work function ®s). The sample is grounded to the spectrometer to “pin”
the Fermi levels to a fixed value of the spectrometer (Fig. 1) so that the applicable
work function is that of the spectrometer, ®g, [2]. This instrumental parameter is a
constant that can be measured. The BEs are then easily obtained from Eq. 2:

BE = hv —KE' — &g, 2)

where KE’ is now the kinetic energy of photoelectrons relative to the spectrometer [1].

Proper sample preparation is essential for obtaining meaningful information
about electronic structure from an XPS spectrum. Any solid exposed to the atmo-
sphere will acquire a few layers of surface oxides or contaminants that must be re-
moved. Fresh surfaces of single-crystal or polycrystalline samples can be obtained
by cleaving in vacuum, provided that the specimens are larger than the spot size
of the source (~400 x 700um? in Kratos spectrometers). Small crystals can also
be ground under an inert atmosphere in a glove-box directly attached to the vac-
uum chamber. A widely used technique is to sputter the surface with a beam of
energetic Ar™ ions in vacuum to remove contaminant or oxide layers (Fig. 3) [2].
However, deleterious side effects may occur that modify the composition of the
surface, such as the preferential removal of lighter elements, introduction of defects,



Bonding and Electronic Structure of Phosphides 47

Fig. 3 Ar™ ion sputtering
of a surface, which removes

contaminant or oxide layers, O
exposing a clean surface for
analysis Ar+

or reduction of atoms (commonly observed when ionic oxides such as CeO, are
sputtered) [2, 17, 18]. Annealing the specimen at high temperature after sputtering
helps heal the surface, but this is not always appropriate, depending on the sample. It
is important to collect spectra of the sample before and after sputtering to ascertain
if the surface has been adversely affected.

As the sample actively loses electrons during the XPS measurement, it must have
proper electrical ground contact with the spectrometer and sample holder stage to
prevent charge build-up on the specimen. For well-conducting samples (metals and
semiconductors), charging presents no serious problems as current readily passes
from the spectrometer to the sample, neutralizing the charge. For poorly conduct-
ing samples (insulators and large band gap semiconductors), charging cannot be
completely eliminated by grounding and the effect is to raise the apparent BE of
all photoelectron peaks [1,2,5]. In these cases, the BE values can be corrected by
readjusting the measured value to a reference value [1, 2,5]. The 1s signal from
adventitious carbon (desorbed from the walls of the vacuum chamber) found on all
surfaces can be used; readjusting all BE values to the established C1s standard value
of 284.8 £0.2¢eV provides true BE values [1,2,5]. For insulating samples, charging
is often so severe that the resulting spectrum becomes very broad and nearly im-
possible to interpret. Charge neutralization may be achieved in such situations by
bathing the surface with low-energy (low voltage) electrons emitted from a tungsten
filament, compensating for the charging and allowing well-resolved spectra to be
obtained [1,2,5].

Although most of the results described in this review are aimed towards an
understanding of the electronic structure of the bulk solid, the most widespread
applications of XPS exploit its surface sensitivity, as a result of the numerous in-
teractions that an ejected photoelectron undergoes as it travels through the surface
layers [2]. The photoelectron collides with other electrons, either elastically so that
its trajectory changes, or inelastically so that its KE decreases (by 10-40eV per
collision) [2,19,20]. The distance travelled between inelastic collisions is called the
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inelastic mean free path (IMFP, A), and depends on the sample and the KE of the
exiting photoelectron [21]. Photoelectrons originating from deep within the solid
undergo more scattering events, losing enough KE that they are not likely to escape
to the surface and be detected [19]. The sampling depth is maximized when the KE
of the photoelectron is highest and when the rake-off angle ® (between the surface
and detector) is 90° [2]. In particular, an XPS peak contains information from a
depth d = 3\ sin ®, meaning that a photoelectron can travel a maximum distance
of 3A (when © is 90°) before it becomes >95% probable that it will undergo an
inelastic collision and lose energy [1,2]. With typical A values of 10 —30A [21],
a maximum depth of 3-9 nm can be sampled. Those photoelectrons that have lost
energy but manage to breach the surface make up the intense stepped background
seen in all XPS spectra [1,2]. Reducing the take-off angle increases the amount of
material through which photoelectrons must travel before escaping, enhancing the
probability that they will undergo inelastic scattering. This dependence on take-off
angle forms the basis for angle-resolved XPS (ARXPS) [1, 13], which reveals use-
ful information about surface structure, as we demonstrate with an example on the
oxidation behaviour of an arsenide in Sect. 5.

Since their inception, X-ray photoelectron spectrometers have undergone numer-
ous improvements in their source and detector systems. Early on, the advantages
of monochromatic X-ray sources were already well recognized, providing reduced
spectral lineshapes and thereby higher spectral resolution [1]. To increase the flux of
photoelectrons entering the CHA, the lens system has been updated to include not
only electrostatic but also magnetic focus [1]. Such a combined lens system allows
more intense spectra to be collected, increasing the signal-to-noise ratio and improv-
ing the detection limit. Detector technology has also advanced rapidly. The spectra
presented herein were collected with a channeltron detector system, which contains
eight detection channels. New XPS systems have recently been developed that con-
tain a multi-channel plate stack, with the number of detection channels increased
to 128 [22]. Not only do such spectrometers show much improved signal-to-noise
ratios, but they also allow high-resolution spectra to be collected very quickly [22],
which would be advantageous in dynamic studies (e.g., when surface degradation
occurs over time upon exposure to X-ray beams). A new development is to use
XPS instruments to perform 2D imaging experiments, by adding a third position-
sensitive hemisphere to the CHA and moving the sample stage in small precise steps
with calibrated motors [1,5]. Exploiting improved energy resolution and a reduction
of beam size (from thousands or hundreds to tens of micrometres in diameter) al-
lows surfaces to be mapped elementally or chemically (i.e., of the same element but
in different oxidation states) [1].

Compared to metal anode X-ray sources, synchrotron radiation (SR) provides un-
matched intensities. In addition, high resolution photon energies, which can be pro-
vided by monochromatized synchrotron radiation, allow the examination of deeper
core levels of, for example, transition metals (with 1s energies >5keV), thereby
extending the scope of XPS [14]. Although some high energy XPS work has been
done with high energy metal anode X-ray sources (e.g., Cu X-rays) [23], the much
broader linewidths of such sealed tube X-ray sources hamper the chemical shift
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analysis — a deficiency that is overcome with SR. Moreover, the tunability of the
photon energies accessible with synchrotron radiation allows new types of analy-
ses, such as variable energy photoemission spectroscopy (PES), to be performed
(Sect. 2.5).

2.3 Core Level XPS Spectra

2.3.1 Survey vs. High-Resolution Spectra

A typical XPS experiment begins with a wide-scan or survey spectrum, as shown
for Hf metal in Fig. 4. Such spectra are collected with a high pass energy (reduced
resolution), a large energy step (0.7eV), and a wide energy envelope (>1000eV)
to reveal all peaks that can be excited with the X-ray source at once, superimposed
on the stepped background arising from inelastic scattering. Because different el-
ements possess characteristic signatures for their binding energies, survey spectra
are useful for qualitative chemical analysis of a surface. The concentration of dif-
ferent elements can then be obtained from the integrated peak intensities / (after
the energy loss background is subtracted), modified by several correction factors:

Kinetic Energy (eV)
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Fig. 4 Survey spectrum of sputter-cleaned Hf metal containing ~3% Zr impurity, with all visible
core-line peaks labelled, collected using a monochromatic Al Ko X-ray source (1486.7 ¢V). The
stepped background (hatched), found in all XPS spectra, arises from photoelectrons that lose KE
by inelastic electron scattering as they travel through the surface and into vacuum
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cross-section (G), spectrometer factors (K), and IMFP (A) [10]. The cross-section,
o, is the probability that a photoelectron will be excited from a particular orbital.
Photoelectron cross-sections have been calculated for most elements in the periodic
table for a range of excitation energies. Spectrometer factors include the efficiency
of the detector, the presence of stray magnetic fields (which affect the transmission
of low-energy electrons), and the transmission function of the instrument [10]. Cor-
rections for the IMFP, defined above, take into account that many photoelectrons
lose kinetic energy because of inelastic collisions so that the intensity of the peak,
having a defined BE width, is lower than expected [19]. The percent concentration
of a given element i is then obtained from:

I;/ (GiKiA:)

C=-—
L 1;/ (oK A;)
f=

3

where the numerator is the corrected intensity of the species under consideration
and the denominator is the sum of the corrected intensities for all species [10]. The
detection limit for XPS analysis is typically on the order of 0.1-1.0 atomic % [1].

The most common application of XPS, however, takes advantage of its sensitiv-
ity to different chemical environments around a given atom. Subtle changes in the
photoelectron peaks can be revealed in high-resolution spectra, which are collected
with a low pass energy, a small energy step (~0.1eV), and a narrow energy enve-
lope (<100eV). The phosphorus 2p spectrum in FeP illustrates some of the features
that can be interpreted in a high-resolution spectrum (Fig. 5), including its splitting
into a doublet, the BE for these peaks, their lineshapes, and their intensities.

2pgp

2pyp

cps

132 131 130 129 128
Binding Energy (eV)

Fig. 5 High-resolution P 2p XPS spectrum for FeP, with its two distinct spin—orbit coupled final
states. (The dashed vertical line indicates the 2p3 , BE for elemental P)
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2.3.2 Initial and Final State Energies

Previously, the BE was defined as the energy required to ionize an electron from its
ground state orbital to the Fermi level:

MY Mt e 4

Because the number of electrons () in the atom in its initial ground state (M) is
different from the number of electrons (n — 1) in its final excited state (M), the
BE cannot be directly equated with the orbital energy. Properly defined, the BE is
actually the energy difference between the initial and final states of the atom [2,24].
Early in the history of XPS, it was assumed that the final state could be represented
by a single wavefunction (with a single energy) and that no relaxation occurs (Koop-
mans’ theorem) [25]. This approximation that the BE equals the orbital energy from
which the electron originated provided a satisfactory interpretation of early spectra
whose resolution was too low to reveal fine structure in the photoelectron peaks.
Because the photoionization event leaves a positively charged hole in the core of the
atom, the outer electrons are effectively less well-screened from the nuclear charge
and experience a greater attraction to the nucleus [1,5]. Various relaxation mecha-
nisms can take place such that several final states may be possible, leading to the
observation of several photoelectron peaks instead of just one. As well, the final ex-
cited state can decay through an interactive process called Auger emission wherein
an electron in an outer orbital drops down to fill the core hole and gives the released
energy to another electron, which departs from the atom [2]. Although Auger pro-
cesses can be observed in XPS spectra, they are examined by another technique,
Auger electron spectroscopy (AES), which utilizes a source of electrons instead of
X-rays [1,2]. The excited core hole of the atom can also be filled by an outer or-
bital electron and the energy released as an X-ray photon. This process is X-ray
fluorescence (XRF) and is used (see below) as a detection tool.

2.3.3 XPS Peak Splittings

Excitation from an orbital with non-zero orbital angular momentum (i.e., p, d, or
f orbital) results in two peaks that originate from spin—orbit coupling [2]. After
removal of the photoelectron in a core orbital, the remaining electron can be spin-up
or spin-down. The vector coupling of the spin angular momentum (s) of this electron
with the orbital angular momentum (/) then leads to two possible final states with
total angular momentum j; =/ +s or j» =/ — s [2]. The peak arising from the spin-
up case is always lower in BE than from the spin-down case, and their intensities
are in a ratio proportional to the degeneracies of these states, (2j; +1)/(2j2 + 1)
[2,26]. For example, the phosphorus 2p spectrum of FeP (Fig. 5) reveals a doublet
consisting of a 2p3 , peak at lower BE and a 2p; , peak at higher BE, with intensity
ratio 2:1.
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Transition-metal and rare-earth atoms that contain partially occupied d or f va-
lence subshells also give rise to spectral fine structure, often with very complicated
multiplet splitting [2,27,28]. The spin-unpaired valence d or f electrons can un-
dergo spin—orbit coupling with the unpaired core electron (remaining in the orbital
from which the photoelectron was removed), producing multiple non-degenerate
final states manifested by broad photoelectron peaks [2,27].

2.3.4 XPS BE Shifts

With the caveat that the BE is affected by many factors besides the orbital energy,
BE shifts provide useful information about the chemical environment around an
atom within a solid. In general, BE shifts provide a measure of how well an electron
is screened (by other electrons) from the nuclear charge on an atom, from which
conclusions about bonding character (degree of electron transfer to or from sur-
rounding atoms) and oxidation state can be inferred [2,4]. The greater the screen-
ing, the easier it is to remove a photoelectron and the lower the BE. Thus, relative
to the neutral element, photoelectron peaks have higher BE in cations and lower
BE in anions. For solid-state chemists accustomed to dealing with band structures
where orbital energies are usually reported as negative values, it may be helpful
to keep in mind that higher BE corresponds to lower energy levels (tightly bound
electrons; i.e., cationic state) and lower BE corresponds to higher energy levels
(loosely bound electrons; i.e., anionic state). Figure 6 shows that Fe 2p; , BE val-
ues increase, as expected, with higher oxidation state in various oxides and halides
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Fig. 6 Plot of Fe 2p3/, BE vs. oxidation state for iron-containing compounds. The BE also varies
between compounds having the same Fe oxidation state because of changes in the environment
and screening of the nuclear charge provided by the ligands
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compared to elemental iron [29]. Although intraatomic effects provided by the
change in charge (Fe®, Fe?*, Fe’") are generally the most important, interatomic
effects provided by the neighbouring atoms can also be significant and are responsi-
ble for additional BE shifts when the ligand is changed around the iron centre [29].
While the explanation of some of these BE shifts can be framed in terms of an
electronegativity difference between metal and ligand, leading to a polarization of
electron density within bonds, a proper analysis of these interatomic effects includes
the effect of all the surrounding atoms (which generates an opposing Madelung
potential) [1,5].

2.3.5 XPS Satellites

Other more complicated types of relaxation mechanisms can occur to stabilize the
final state after photoionization, generating additional satellite peaks. Because the
final state is always lower in energy than that of the idealized “frozen-core” ion,
these satellite peaks correspond to electrons that escape with lower KE and are thus
located at apparently higher BE than the main peak. Plasmon loss peaks arise when
photoelectrons interact with, and lose some of their energy to, delocalized valence
band electrons, which undergo collective excitations called plasmons [30]. These
satellite peaks appear as small oscillations, often extending to several electron volts
to higher BE beyond the main peak. Shake-up peaks occur when the final state
relaxes by excitation of a valence electron to an empty orbital higher in energy
[1,31-33]. While such peaks may seem to be a nuisance in the interpretation of XPS
spectra, they can provide additional information about bonding. In particular, their
intensities are influenced by the degree of charge transfer to or from surrounding
atoms and also by the type of orbitals that are involved [31-33]. When shake-up
processes take place that promote electrons into an empty band where there is now
a continuum of states, as is present in a metallic solid, the effect is to produce an
asymmetric lineshape broadened at higher BE to the main peak [1,34].

2.4 XPS Valence Band Spectra

The low BE region of XPS spectra (<20 —30eV) represents delocalized electronic
states involved in bonding interactions [7]. Although UV radiation interacts more
strongly (greater cross-section because of the similarity of its energy with the ioniza-
tion threshold) with these states to produce photoelectrons, the valence band spectra
measured by ultraviolet photoelectron spectroscopy (UPS) can be complicated to
interpret [ 1]. Moreover, there has always been the concern that valence band spectra
obtained from UPS are not representative of the bulk solid because it is believed
that low KE photoelectrons have a short IMFP compared to high KE photoelectrons
and are therefore more surface-sensitive [1]. Despite their weaker intensities, va-
lence band spectra are often obtained by XPS instead of UPS because they provide
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valuable information about electronic structure that can be more easily compared
with the density of states obtained by band structure calculations [1].

Surprisingly little has been done to take advantage of these valence band spectra,
perhaps because of some of the challenges in interpretation. In principle, it should
be possible to fit these spectra with component peaks that correspond to contribu-
tions from individual atomic valence orbitals. However, a proper comparison of the
experimental and calculated band structures must take into account various correc-
tion factors, the most important being the different photoelectron cross-sections for
the orbital components.

As an illustration of this fitting procedure, a moderately challenging exam-
ple is treated here, showing how knowledge of the crystal structure, calculation
of the band structure, and judicious choice of XPS fitting parameters can allow
useful information about bonding to be extracted from a valence band spectrum.
Hf(Sip.5Aso5) As is a new ternary arsenide adopting the well-known ZrSiS-type
(or PbFCl-type) structure [35]. The structure itself, common to many other com-
pounds of the formulation MAB, is relatively simple: it consists of a stacking
of square nets, with the nets containing the A atoms (disordered Si/Asl) be-
ing twice as dense as those containing the M (Hf) or B (As2) atoms (Fig. 7)
[36, 37]. What is difficult is how to make sense of the bonding. Interestingly,
the extreme ionic viewpoint implicit in the charge-balanced Zintl formulation,
Hf* (Si0_5ASO,5)1_As3’ accounts handily for (i) the intermediate A—A separations

Fig. 7 Structure of Hf(Sip 5Asg 5)As. Reprinted with permission from [35]. Copyright Elsevier
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(2.5746(4) A) within the A net, implying the presence of weak anion—anion bonding
associated with not fully reduced Si or As atoms, and (ii) the long B-B separations
(3.6410(5) A) within the B net, implying the presence of “isolated” (fully reduced)
As*~ anions [35]. However, such formulations clearly overemphasize the degree of
charge transfer that takes place, especially given the small electronegativity differ-
ence between Hf and Si or As (Axgi_pr = 0.5; AYaq_pr = 0.7) [38]. If Pauling’s
correlation of electronegativity difference with bonding character is assumed, the
Hf-Si, Hf-As, and Si—As bonds are expected to contain less than 20% ionic charac-
ter [38]. Experimental high-resolution core-level spectra reveal that the BEs of the
Si 2p3/2 (98.9eV) and As 3d5/2 (40.8 eV) peaks in Hf(Sip 5Asp.5)As are lower than
in elemental Si (99.5(3)eV) and As (41.7(2) eV), respectively, indicative of anionic
Si and As species [35,39]. Moreover, there is only one set of As 3d peaks, so that
the supposed distinction between As atoms in the A vs. B nets is not seen [35]. If a
linear correlation between BE and nominal oxidation states is assumed for other Si-
and As-containing compounds whose XPS spectra have been measured, these BEs
suggest charges of Si!~ and As'~ in Hf(Si sAsg 5)As [35]. In contrast, the Hf 4f; 2
BE is higher in Hf(Sip 5As0.5)As (14.8 V) than in elemental Hf (14.2eV), consis-
tent with cationic Hf species, but nowhere near as oxidized as expected [35,39]. For
comparison, the Hf 4f; , BE is 16.7 eV in HfO; [35,39].

With the core-line BE shift analysis as a start, the valence band spectrum can
be examined to yield more insight (Fig. 8a). When valence band spectra are well-
resolved, as is the case here, it becomes feasible to attempt a deconvolution into
components to separate individual valence states. The first task is to compare qual-
itatively this spectrum with results from band structure calculations. Three models
were considered, differing in the occupancy of the disordered A site and the type
of bonding interactions present in the denser square net: (i) HfAs, (As—As bonding
only), (ii) HfSiAs (Si—Si bonding only), and (iii) ordered Hf(Sig sAsp.s)As (Si—As
bonding only) (Fig. 8b). The intensities of the peaks in the valence band spectrum
are not directly comparable to the DOS curves because of variations in the pho-
toionization cross-sections of different elements [1]. Incidentally, the sharp cutoff
at 0eV in the valence band spectrum is characteristic of metallic behaviour, con-
firmed by partly filled bands being crossed at the Fermi level in the DOS curves and
by temperature-dependent resistivity measurements [35]. The shoulder at the Fermi
edge corresponds to filled Hf 5d states; their occupation suggests that Hf is indeed
not fully oxidized, arguing against an unrealistic Hf*" species. The intense broad
peak centred around 3 eV represents As 4p and Si 3p states. Examination of the
DOS curves shows that the As 4p states should be at slightly lower BE for the As2
atoms than for the Asl atoms. If only Si—As bonding is active in the denser square
net, the Si 3s states lie higher in energy (lower BE) than the As2 4s states, but intro-
duction of Si—Si bonding shifts the Si 3s states to lower energy (higher BE) so that
they overlap the As2 4s states [35]. Thus, the peak centred at 9eV corresponds to
both Si 3s and As2 4s states. Finally, the peak at 12 eV is unambiguously assigned
as Asl 4s states.

With these assignments, it is possible to attempt a quantitative fitting of the va-
lence band spectrum. The parameters involved include lineshape, BE, FWHM, and
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Fig. 8 a Valence band spectrum of Hf(Sip5As(s5)As. b DOS curves obtained from LMTO band
structure calculations on different ordered models for Hf(Sip sAsgs)As [119]. Reprinted with per-
mission from [35]. Copyright Elsevier

peak area of each component peak, which can be adjusted in the CasaXPS software
package to optimize the fit, subject to user-defined constraints [40]. The goodness
of fit is gauged by the residual standard deviation (RSD) for the difference between
the simulated and experimental spectra, with an RSD value below 2.0 judged to be
acceptable. A preliminary fitting is first performed by inspection, and then the com-
ponent peak widths and energies are constrained such that they can only shift from
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their initial values by 2eV or less. Convergence is reached when the RSD shifts
are less than £0.1 in successive cycles of refinement. In Fig. 8a, the lineshapes of
component peaks were fit with a combined Gaussian (70%) and Lorentzian (30%)
profile (representing spectrometer and sample effects, respectively), to match those
of peaks seen in the core-line spectra. Peaks 1 and 2 represent the Hf 5ds , and 5d;
spin—orbit doublet, fitted with asymmetric lineshapes similar to the profile found in
the Hf 4f core-line spectrum. The peak splitting was fixed at ~1eV, on the basis
of additional information from photoemission spectra [35]. Peak 3 is the As2 4p
component, and peak 4 combines the Si 3p and Asl 4p components in a 1:1 ratio.
In principle, these p components should be split into spin—orbit doublets (np; /> and
npy2), but the separation is small and the fitting is simplified by using single peaks.
Peak 3 is more intense than peak 4 because the cross-section for As 4p is larger than
for Si 3p under the excitation energy (Al Ka X-rays) used [41,42]. The ratio of As2
to Asl atoms (2:1) is also taken into account. Peak 5 represents the As2 4s and Si
3s states (in a 2:1 ratio), and peak 6 represents the Asl 4s state.

The integrated intensities of the fitted component peaks should then be related
to the electron population of different valence states, subject to correction factors,
according to the same equation used earlier for quantitative analysis of survey XPS
spectra (Eq. 3) [10]. Because photoelectron KEs are similar throughout the valence
band region, spectrometer-dependent factors and IMFP values can be assumed to be
the same for all states, so that the equation simplifies to:

/(o)
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When corrections are applied using two different sets of photoionization cross-
sections available in the literature on two separate samples of Hf(Sips5Asps)As,
electron populations can be extracted, as listed in Table 1. The results suggest a

Table 1 Electron population of valence states in Hf(Sig 5Asg 5)As®

State Sample 1 Sample 2

[42]° [411° (421 [411°
Hf 5d (peaks 1, 2) 1.5[18.2] 1.8 1.9 [23.1] 2.3
As2 4p (peak 3) 5.1[444] 52 4.8 [41.6] 4.9
As1 4p/Si 3p (peak 4) 5.8[28.2] 6.0 5.8 [27.6] 5.8
As2 4s/Si 3s (peak 5) 0.9[6.9] 0.4 0.8 [6.1] 0.4
Asl 4s (peak 6) 0.2 [2.3] 0.1 0.2[1.5] 0.1
Total Hf charge 2.5+ 2.2+ 2.1+ 1.7+
Total anion charge [(Sig 5Asg.5)As] 2.5~ 2.2— 2.1- 1.7-
Average charges 2.1+ [Hf], 2.1- [(Sip.5Asg.5)As]

4Calculated using Eq. 5 and a total valence electron population of 13.5e~. The total peak areas of
the peaks used to fit different states in the spectra are listed in square brackets
bReference for cross-section (G )
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charge formulation Hf>* [(Sig5Asg.5)As|?>~, the reduced magnitude of the charges
(relative to an ionic picture) reflecting the substantial covalent bonding character
and the strong hybridization of valence states from different elements [35]. More-
over, the chemically inequivalent Asl and As2 atoms are indistinguishable from
their charges, both being 1- [35].

2.5 Other XPS Techniques

One of the most exciting developments in modern X-ray spectroscopy is the now
widespread availability of synchrotron radiation sources. By virtue of its much
higher intensity and the tunability of its wavelength over a broad range, synchrotron
radiation permits more sophisticated experiments to be performed [43].

2.5.1 Photoemission Spectroscopy

Instead of a fixed-energy X-ray source, as used in conventional laboratory-based
XPS, photoemission spectroscopy (PES) takes advantage of the ability to select a
range of excitation energies with synchrotron radiation. With the BE of a photoelec-
tron being fixed, varying the excitation energy modifies the KE, IMFP, and cross-
section for a photoelectron emerging from a given orbital [13,42,44]. The intensities
of photoelectron peaks will thus depend on the excitation energy. Monitoring how
the intensity of a valence band spectrum changes with excitation energy provides
information about the atomic orbital contributions. A good example of this type of
experiment is seen again with Hf(Sig sAsg.s)As, where increasing the excitation en-
ergy from 250 to 500 eV enhances the photoionization cross-section for Hf 5d states
(relative to the As 4p and Si 3p states) (Fig. 9a) [42]. The valence band spectra then
reveal that the Hf 5d states contribute to the region between 4 and 0 eV, where an
increase in intensity is observed at higher excitation energies (Fig. 9b) [35]. The
feature nearest the Fermi edge is assigned as the Hf 5ds, peak, and that at higher
BE to be the 5d3, peak [35]. This assignment can be confirmed by a related type of
experiment called resonant photoemission spectroscopy, in which specific valence
states can be directly probed by inducing transitions from a core level to a partially
occupied band [35].

2.6 X-Ray Absorption Spectroscopy

The most prevalent technique exploiting synchrotron radiation is X-ray absorption
spectroscopy (XAS, also called X-ray absorption fine structure, XAFS). Two re-
lated types of experiments are conducted: X-ray absorption near-edge spectroscopy
(XANES), which probes the initial absorption edge and related nearby structure, and
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Fig. 9 a Variation in photoionization cross-sections [42]. b PES valence band spectra for
Hf(Sip sAsg 5)As at three different excitation energies, normalized to the As2 4p peak. Reprinted
with permission from [35]. Copyright Elsevier

extended X-ray absorption fine structure (EXAFS) [45]. XANES provides chemical
sensitivity and element specificity. EXAFS, wherein the long absorption profile fol-
lowing the edge is measured, yields a profile of interaction of the ejected electrons
with the surrounding atoms, which can be processed to reveal the local structure
(number and distances of neighbouring atoms) surrounding the excited atom.

As the energy of the impinging X-rays increases, the sample will absorb radiation
(according to I = I,e ™, where W is the absorption coefficient and ¢ is the sample
thickness) when it exceeds the threshold energy required to excite a core electron
into unoccupied bound (bonding) or continuum states [46—48]. This sharp increase
in absorption probability appears as an “edge” in a XANES spectrum. While the
XANES spectrum itself can be considered to be a map of the empty electronic states,
the edge corresponds to the energy of a filled state. Like XPS peaks in core-line spec-
tra, XANES absorption edges exhibit energy shifts and lineshapes that are charac-
teristic of the chemical environment around a given atom [3]. An example of the Co
K-edge spectrum in CoP is shown in Fig. 10. The absorption process normally fol-
lows dipole selection rules in which Al = %1 (e.g., Co 1s — Co 4p or P 3p) [3,45].
Below the absorption threshold, pre-edge features are also often observed, such as
those resulting from weaker quadrupolar excitations (e.g., Co 1s — Co 3d), and can
provide information about coordination environment and charge [3]. In contrast to
XPS, which probes all of the energetically accessible orbital electrons in an atom,
XANES, which is the process of exciting deeper orbital electrons into unoccupied
(but still potentially binding) levels, provides an excitation spectrum that also probes
these unoccupied orbital states, which can be accessed by the dipole excitation pro-
cess. The energy selectivity of the synchrotron radiation allows orbitals of different
angular momentum character (e.g., s, p, d) to be excited, thus allowing the electronic
structure of the system to be mapped.
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Fig. 10 a Co K-edge XAS spectrum for CoP collected in transmission mode, showing the approx-
imate regions where XANES and EXAFS features are observed and the assignment of dipolar and
quadrupolar transitions. b EXAFS (y) vs. k curve. ¢ Fourier transform of EXAFS

The shifts in the precise value of the edge reflect the chemical valence of the
element in a fashion similar to the BE shifts observed in XPS in that they arise from
differences in the screening of the probed electron by other electrons, and similar
charge and potential models can be applied. In general, anionic states have lower
absorption edge values and cationic states, higher edge energies. Because dipole
selection rules operate, certain geometries create characteristic features. For exam-
ple, tetrahedral environments have allowed s-to-d transitions, which are “forbidden”
(and therefore of lower intensity) in regular octahedral environments [3]. We will
show below that XANES and XPS yield highly complementary information.
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The EXAFS part of the spectrum arises beyond the absorption edge. The exact
boundary between the two sections of the absorption spectrum is indeterminate and
depends on the system. The EXAFS pattern is created when the photoionized core
electrons (as with the XPS experiment) travel through and out of the surface of the
solid. Some of them interact with neighbouring atoms and become backscattered
towards the originating atom [47]. Treated as waves (A = 21/k), the backscattered
electrons interfere constructively or destructively with outgoing photoelectrons to
produce an interference pattern manifested as oscillations, called EXAFS (extended
X-ray absorption fine structure), above the edge in the absorption spectrum [47].
Analysis of these EXAFS features (not discussed here) provides information about
interatomic distances and coordination environments surrounding the excited atom,
and is especially valuable when normal crystallographic methods are not applicable
[45,47].

An XAS experiment is performed by focusing X-rays with different energies
selected by a monochromator onto a sample, and comparing the incident (/,) and
transmitted intensities (/) measured with inert-gas-filled (N, or He) ionization cur-
rent detectors [46,49]. A spectrum of absorption intensity it = —In(I/I,) vs. excita-
tion energy is then obtained. Alternatively, the absorption spectrum can be obtained
indirectly by measuring the X-ray fluorescence (XRF) intensity () that is produced
when inner shell orbital vacancies decay to a more stable state [46]. In this fluores-
cence experiment, the absorption coefficient | is replaced by the ratio I;/I, [46,49].
For hard X-rays, detection of the normal absorption generally suffices (but both ab-
sorption and fluorescence data can be collected simultaneously), whereas for soft
X-rays (e.g., <5keV), detection of the fluorescence yield (FLY) is often preferred
because the emerging radiation is not well transmitted except through the thinnest
samples. Absorption-type spectra can also be collected by detecting the emitted
Auger and secondary electrons, as well as photoelectrons, produced by the excita-
tion [50]. This type of detection is performed by electrically connecting the sample
to an insulated holder and measuring the current flowing from an external ground
source through an ammeter. This is referred to as total electron yield (TEY) and
is considered to be surface-sensitive compared to FLY detection because the es-
caping (low energy) electrons are primarily those which are in the vicinity of the
surface.

3 Pnictides with the MnP-Type Structure

Among binary transition-metal pnictides, only the first-row transition-metal phos-
phides have been analysed by XPS extensively, whereas arsenides and antimonides
have been barely studied [51-61]. Table 2 reveals some general trends in the P 2p3 »
BE:s for various first-row transition-metal monophosphides, as well as some metal-
and phosphorus-rich members forming for a given transition metal. Deviations of
as much as a few tenths of an electron volt are seen in the BEs for some com-
pounds measured multiple times by different investigators (e.g., MnP), but these



62 A.P. Grosvenor et al.

Table 2 P 2p;, BEs for various binary first-row transition-metal phosphides

Compound? P 2p3/, BE (eV) Reference

P (0) 130.0 [39]
130.2 [39]
129.9 [52]
CuP, (0.31) 129.7 [39]
129.6 [39]
NisP4 (0.31) 129.5 [39]
Ni,P (0.31) 129.5 [39]
CoP (0.36) 129.5 [39]
129.5 [58]
CoyP (0.36) 129.4 [39]
FeP; (0.42) 129.7 [39]
129.6 [39]
FeP, (0.42) 129.8 [39]
FeP (0.42) 129.5 [39]
129.5 [52]
129.3 [58]
Fe,P (0.42) 129.5 [39]
FesP (0.42) 129.4 [39]
MnP (0.46) 129.3 [39]
129.4 [52]
129.2 [58]
CrP;3 (0.50) 129.1 [39]
CrP (0.50) 129.6 [39]
129.1 [58]
VP (0.61) 129.1 [52]
129.1 [58]
TiP (0.74) 128.4 [39]
128.4 [52]
128.5 [58]
ScP (0.86) 127.7 [52]

*Values for Ayp_,, are shown in parentheses [62]

are probably related to differences in calibration procedures and instrument resolu-
tion. If a more typical BE precision of £0.1eV is accepted, it can be seen that the
P 2p;,, BE in the monophosphides decreases roughly linearly as the difference in
electronegativity Ayp_,, increases, with the early transition-metal phosphides ex-
periencing the most prominent BE shifts (relative to elemental P). For the other
compounds, BE shifts tend to be greater with a change in the identity of M than in
P concentration.

Our focus is on the most comprehensively studied series, the monophosphides
of the first-row transition metals, whose structures successively distort from NaCl-
type (ScP) to TiAs-type (TiP), NiAs-type (VP), MnP-type (CrP, MnP, FeP, CoP),
and NiP-type, forming stronger metal-metal and phosphorus—phosphorus bonding
with greater electron count (Fig. 11) [63—-65]. The P atoms are six-coordinate, but
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the geometry changes from exclusively octahedral in ScP, to octahedral and trigonal
prismatic in TiP, to trigonal prismatic in the remaining compounds [64]. P—P bond-
ing develops in the form of zigzag chains in the MnP-type compounds (2.6-2.7 A)
and dimers in NiP (2.4 A) [63,65]. The M atoms are octahedrally coordinated, but
M—M bonding develops as the M atoms within regular triangular nets in the NiAs-
type structure (VP) approach each other to form zigzag chains in the MnP-type
compounds (Fig. 12), which are favoured when the valence electron count lies be-
tween 10 and 14 [65].
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3.1 Transition-Metal Phosphides, MP

3.1.1 Phosphorus 2p XPS Spectra

The four isostructural MnP-type compounds (CrP, MnP, FeP, CoP) represent an ap-
propriate series for probing how a simple metal substitution (which changes the
electron count and the degree of electron transfer between M and P) affects BE
shifts, providing information about the various bonding interactions present in the
structure. If the Zintl concept is invoked, a simple model for the electronic structure
can be proposed in which the M atoms donate sufficient electrons to the anionic
framework for each P atom to attain an octet. If 2c —2e~ P-P bonds within the
zigzag chains are assumed, then a formal charge of P!~ obtains (Scheme 1). Such
an assignment should, in principle, be distinguishable from the alternative situation
where no such bonding is present and only P3~ ions are present [65]. Although we
can anticipate that full charge transfer to the extreme degree proposed here is clearly
unrealistic, the BE shifts on the P atoms can be predicted to scale with their charge.

High-resolution phosphorus 2p XPS spectra for MnP-type compounds show a
doublet, as seen earlier in a representative spectrum for FeP (Fig. 5), consisting
of a lower BE (P 2p3/,) and a higher BE (P 2p; ;) peak [58]. The P 2p;/, bind-
ing energy is lower in this compound than in elemental phosphorus (dashed line,
129.9 eV), clearly indicating the anionic character of the P atom [52,58]. The same
is true not only for other MnP-type compounds but also for all the other first-row
transition-metal monophosphides MP [52, 58, 60]. Figure 13 shows a clear trend
of lower BE with greater electronegativity difference (Ay) between M and P. That
is, on proceeding from CoP to ScP, ionic character in the M—P bond is enhanced,
greater charge transfer from M to P occurs, and the P atoms become more negatively
charged. By examining BE values (available from the NIST XPS database) for other
compounds containing phosphorus in positive (e.g., P»Os) oxidation states, as well
as for elemental phosphorus itself, we can establish a linear relationship between BE
and oxidation state [39]. Interpolation suggests that the P charges in the MnP-type
compounds are close to 1- [58]. Although this agrees fortuitously with the Zintl
formulation, caution is advised not to interpret the absolute values too literally. The
more meaningful conclusion that can be drawn is that the P charges in MnP-type
compounds are intermediate between those in elemental phosphorus (more exten-
sive P-P bonding) and ScP (no P-P bonding), and that there is a clear variation of
P charges within the MnP-type series. Interestingly, the trend of longer (weaker)
P-P bonds within the zigzag chains on going from CrP (2.644 A) to CoP (2.701 A),

P, P
., P ',
Xy X
Scheme 1 Lewis structure for homoatomic phosphorus zigzag chain in MnP-type structures con-
taining formal P!~ species, if 2c—2e~ bonds are assumed
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Fig. 14 Co 2p3, spectra for a CoP and b Co metal. The inset in a shows the low-intensity satellite
structure. Reprinted with permission from [58]. Copyright the American Chemical Society

implying a more negative P charge in the latter, runs counter to the observed trend in
BE [66]. Decreased metal-to-P charge transfer (from CrP to CoP) is thus the more
dominant effect in influencing the observed BEs [58].

3.1.2 Metal 2p XPS Spectra

The high-resolution metal 2p3 , spectra for MnP-type compounds show little, if any,
shift in BE relative to the elemental metal, as seen in CoP vs. Co (Fig. 14) [58]. A
simplistic interpretation for the absence of a BE shift would be that the metal atoms
are neutral in these MnP-type compounds, which is obviously inconsistent with the
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1- charge on phosphorus assigned above. A clue in resolving this apparent contra-
diction is the similar asymmetric lineshape seen in the spectra of both the metal
phosphide and the elemental metal. As first proposed by Doniach and Sunjié, this
asymmetric line broadening arises from shake-up processes in which valence elec-
trons are promoted just below the Fermi level into a continuum of states in an empty
band just above the Fermi level, as occurs in a metallic solid [34]. Moreover, the lack
of a significant BE shift is consistent with the delocalization of electrons in conduc-
tion states, which allows electrons on the metal atom in MnP-type compounds to
experience, on average, greater nuclear screening. The implication, then, is that the
metal atoms in MnP-type compounds participate in delocalized bonding within the
metal-metal framework, in contrast to the more localized bonding within the P-P
zigzag chains. This example illustrates some of the difficulties in interpreting XPS
spectra for solids with substantial metallic character, as the BE values alone do not
tell the whole story.

How then, can one recover some quantity that scales with the local charge on the
metal atoms if their valence electrons are inherently delocalized? Beyond the asym-
metric lineshape of the metal 2p;/, peak, there is also a distinct satellite structure
seen in the spectra for CoP and elemental Co. From reflection electron energy loss
spectroscopy (REELS), we have determined that this satellite structure originates
from plasmon loss events (instead of a “two-core-hole” final state effect as previ-
ously thought [67, 68]) in which exiting photoelectrons lose some of their energy to
valence electrons of atoms near the surface of the solid [58]. The intensity of these
satellite peaks (relative to the main peak) is weaker in CoP than in elemental Co.
This implies that the Co atoms have fewer valence electrons in CoP than in elemen-
tal Co, that is, they are definitely cationic, notwithstanding the lack of a BE shift.
For the other compounds in the MP (M = Cr, Mn, Fe) series, the satellite structure
is probably too weak to be observed, but solid solutions Co;_M,P and CoAs;_,P,
do show this feature (vide infra) [60,61].

3.1.3 Valence Band Spectra

The valence band spectra for MnP-type compounds show considerable overlap in
energy between metal 3d and phosphorus 3p states, as seen in CoP, for example
(Fig. 15) [58]. Nevertheless, these spectra can be fitted with component peaks us-
ing a similar protocol as described earlier for Hf(Sip 5Asp.s)As. Peak 1 at high BE
represents P 3s states, whereas peaks 2 and 3 represent P 3p;/; and 3p; ), states,
in an intensity ratio of 1:2. Given the octahedral coordination around metal atoms,
it seems reasonable to distinguish between metal tp, states (asymmetric peaks 4
and 5 are assigned as 3ds/; and 3d3 ), in an intensity ratio of 3:2) involved in M-P
bonding and metal e, states (single peak 6) involved in M—P antibonding interac-
tions. Peak 7 is important to account for a slight shoulder near the Fermi edge, and
is assigned as nonbonding P 3p states, as identified from band structure calcula-
tions [58].
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Fig. 15 Fitted valence band spectrum for CoP. Reprinted with permission from [58]. Copyright
the American Chemical Society

Table 3 Binding energies (eV) of component peaks in valence band spectra of MP (M = Cr, Mn,
Fe, Co)?

Peak Assignment  CrP MnP FeP CoP
1 P 3s 11.8(3.4)[27.0] 11.7(3.4)[23.3] 11.9(3.1)[18.5] 12.3(2.9)[12.3]
P3p) 8.6 (1.3) [3.6], 6.7 (1.9) [8.3] 73(2.4)[3.6] 82(2.0)[3.4]

5.8 (1.8) [7.31°

3 P3p;) 6.8 (1.7) [7.3], 48 (24)[16.6] 5.6(22)[72] 6.1(2.5)[6.8]
4.3(2.0) [14.51

4 M3dypth,  32(22)[7.8] 33(1.8)[12.0]  3.9(2.0)[144] 4.3(2.3)[15.7]

5 M3dspthy  20(LO)[1L7]  20(1.3)[17.8] 23 (1.5)[21.5] 22(1.3)[23.5]

6 M3dspe,  14(0.7)[6.1] 1.2 (0.8) [9.7] 1.2(1.1)[19.0] 1.1(1.0)[26.9]

7 P3p 0.6 (1.0)[14.6]  0.5(0.8)[12.2]  0.5(0.8)[15.7] 0.5(0.7) [11.4]

AFWHM values (eV) are in parentheses and relative peak areas (%) are in square brackets
YA second set of higher binding energy P 3p, /2 and P 3p3 > peaks is present in the spectrum of CrP

Extracting the electron populations by fitting component peaks to the valence
band spectra (Table 3) gives charges of approximately M%7+ and P%7~ for all four
MnP-type compounds, consistent with the results from core-level spectra. Although
the fitting procedure is certainly at its limits of applicability for these spectra, it is
interesting that the trends in electron populations do agree with observed changes in
bond lengths within this series of compounds. On going from CrP to CoP, the metal
tpg states (involved in metal-metal bonding) are increasingly occupied, consistent
with the shortening of metal-metal distances (from 2.782 to 2.678 A), whereas the
phosphorus 3p states (involved in P-P bonding) are increasingly depleted, consistent
with the lengthening of P—P distances from 2.644 to 2.701 A [66].
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3.2 Mixed-Metal Phosphides, M; .M..P

3.2.1 The Charge Potential Model

Even though the effect is small, the discrimination seen in the phosphorus BE val-
ues for different members of the MnP-type compounds discussed above suggests
that they provide a useful measure of the bonding character (in terms of the degree
of electron transfer). To explore this phenomenon further, mixed-metal phosphides
Ml,xM)’CP, where M is designated to be more electronegative than M’, can be ex-
amined. To a first approximation, the shifts in BE for the phosphorus atoms may be
expected to reflect their average environment assuming a random distribution of the
two different metal atoms M and M’ around them. One of the earliest attempts to
quantify BE shifts was formulated by Siegbahn himself, through the charge poten-
tial model [4]:

AEi:Ei—E,Q:kACIi-FAZQi/Vij (6)

J#

Here, a photoelectron emanating from a specified core level in an atom i acquires a
BE (E;) that is shifted relative to a reference energy EIQ as a result of’ (i) intraatomic
effects, reflecting the change in charge (Ag;) around the atom (multiplied by a con-
stant k that scales with interactions between valence and core electrons) and (ii)
interatomic effects (or Madelung potential), reflecting the change in the chemical
environment (AXj.;q;/ri;), as defined by the neighbouring atoms each of charge
q; at some distance r;; [4,5,69,70]. Normally, intraatomic effects dominate over
interatomic effects, which is why BE often scales simply with atomic charge, espe-
cially when the shifts are large. However, interatomic effects may account for more
subtle shifts in BE. The immediate coordination environment (nearest neighbours)
constitutes the largest contribution to the interatomic term, but because the 1/r;;
dependence allows interactions at longer range, next-nearest neighbours may also
exert an effect [5].

It should be emphasized that the charge-potential model assumes that only
ground state effects are important in influencing BE shifts [5]. It neglects final state
effects in which outer electrons relax towards the nucleus to compensate for the for-
mation of the core hole after photoionization (intraatomic relaxation), which tends
to lower the BE apparently observed. Moreover, electron density on neighbouring
atoms may also undergo redistribution (interatomic relaxation), which tends to have
a greater effect on the BE than intraatomic relaxation [5]. These final state effects
modify BE shifts through additional terms, (AE/A! 4+ AE!?), that represent in-
traatomic (IA1) and interatomic (IA2) relaxation, respectively [5]. Applying the
charge potential model to interpret BE shifts must therefore be validated only af-
ter carefully evaluating these final state effects.

One way to decide if a trend in BE values within a given series of compounds
is meaningful is to perform complementary experiments such as XANES. The ab-
sorption edges measured from XANES also depend on the same factors as in XPS,
providing information about atomic charge and coordination environment [3, 71].
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However, in contrast to XPS, electrons are promoted into bound or continuum states
and still provide partial screening to the excited atom, so that these absorption en-
ergies are less sensitive to relaxation effects. Shifts in absorption energies are thus
often more easily detected than those in XPS BEs. Moreover, XANES is a bulk-
sensitive technique, and avoids the ambiguities associated with XPS in attributing
trends to a bulk vs. surface phenomenon.

3.2.2 Phosphorus 2p XPS and K-edge XANES Spectra

Three series of mixed-metal phosphides, Co;_,Mn,P, Mn;_,V,P, and Co;_,V,P
have been examined by XPS and XANES [60]. In general, their P 2p XPS spec-
tra are similar to those for the binary phosphides (Fig. 5), but the component 2p3
and 2p, s, peaks are slightly broadened because different local distributions of metal
atoms around each P atom lead to a superposition of multiple signals [60]. The P
2p3/, BEs are slightly lower for the mixed-metal phosphides relative to the par-
ent binary phosphides. The P K-edge XANES spectra, shown for Cog.39Vo.20P vs.
CoP in Fig. 16, also exhibit similar energy shifts, confirming that these changes
are derived from a bulk rather than a surface phenomenon. The P 2p;,, BE and
P K-edge absorption energies are plotted against the difference in electronegativ-
ity between phosphorus and metal, where a weighted average, [(1-x)x,, + XXar].
is used for the latter (Fig. 17a, c) [60]. Both plots show the same trends, with the
energies for the mixed-metal phosphides being systematically lower than expected
relative to the binary phosphides. Applying the charge potential model provides
insight to help explain these trends. As M becomes more electropositive within
the series of binary phosphides MP, the charge potential model predicts that the
P 2p;,, BE will be lowered by the enhanced negative charge ¢; on P (because
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Fig. 16 P K-edge XANES spectra for CoP and Cog g9 V.20P. The inset highlights the absorption
edges, located by their inflection points (vertical dashed lines). Reprinted with permission from
[60]. Copyright Elsevier
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of the greater electron transfer to P within more ionic M—P bonds) but raised by the
more positive Madelung potential due to the enhanced positive charges on the sur-
rounding metal atoms. The linear decrease in P 2p3, BE from CoP to TiP confirms
that intraatomic effects dominate over interatomic effects. In contrast, interatomic
effects do play an important role in influencing the P 2p; , BEs for the mixed-metal
phosphides M _M.P. To understand this, it should be recalled that each metal atom
in the MnP-type structure is surrounded not only by the six nearest-neighbour P
atoms (at 2.2-2.4 A) but also by four next-nearest-neighbour metal atoms (at 2.6—
2.8 A) forming part of an extended metal-metal bonding network (Fig. 12) [66].
Thus, a given M atom can be surrounded locally not only by other M atoms but also
by M’ atoms. As a result of the polarization that develops in which the more elec-
tropositive M’ atoms donate electron density to the more electronegative M atoms
(in addition to the P atoms), the M atoms become apparently less positively charged
than in the parent binary phosphide MP. The P 2ps3 , BEs in M| _xM_P deviate from
the line of best fit for MP because they are additionally modified by the Madelung
potential term AY;; (qi / rij), which decreases because of the M’ — M polariza-
tion (gp is less positive at high concentrations of M). The 1/r;; dependence in the
Madelung term ensures that the charge on the smaller, more electronegative M atoms
has a greater influence than the larger, more electropositive M’ atoms.

To recover a linear correlation between P 2p3,; BEs and difference in elec-
tronegativity for the mixed-metal phosphides M;_,M_P, it is evident that using the
weighted average of the electronegativities of M and M’ alone is inadequate. A term
can be added to represent the charge transfer between these two types of metals,
XM=Y » Which must be multiplied by a scaling factor, (1-x)/2, to reflect the pro-
portionate degree of this additional charge transfer [60]:

8=~ (12200 520+ U G~ ) )
When not only P 2p;, BE values but also P K-edge absorption energies are plotted
against this extended expression for the electronegativity difference (Fig. 17¢c, d), the
excellent linear correlations achieved clearly demonstrate the importance of next-
nearest neighbour effects in M;_,M.P. The alternative possibility that these shifts
occur because of final state effects instead of ground state effects can also be ruled
out. If interatomic adiabatic relaxation of electrons towards the core hole in the final
state were significant in affecting the BEs, the energy shifts would actually be more
pronounced with greater concentration of electropositive M’ atoms [72,73], contrary
to observation.

3.2.3 Metal 2p XPS and Mn K-edge XANES Spectra

As in the parent binary phosphides MP, the metal 2p3,, XPS spectra for the mixed-
metal phosphides M;_,M.P exhibit asymmetric lineshapes originating from final
state effects [34] involving the metal-metal bonding network. Virtually no changes
in BE are observed relative to the binary phosphides MP or the elemental metals



Bonding and Electronic Structure of Phosphides 71

a 1295]cop b 1205 o
_FeP S FeP
129.3 1 129.3 4 ~d
s A1 ‘EiMnP S *\\MnF’45
A Ag
22014 3520 X 2 1291 25 %
m N ) CrP~. .
« oo N [ .,
el i o° ~ rel | N
g 1289 6788 T g 1289 5759~ vp
o \\\ o S
1287 128.7 1 :
TP e
1285 128,51 S
0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75
Ay =xp = [(A-X) 2+ X0 1 Ay = %p = (13X Xxp] +(AX) (=)
2
C 21430 d 21430
s s
2 21428 CoP 5P % 21428cop 57
(5] b o N
= i aMnP = - MnP
§ 21426 A", 2 214261 o
w ~ v
g 214244 45 4 5 2142.41 cP8
g ] 7% 8 g ”e.
g 21422 P 8 214221 “
2 2
< 214204 3 2142.0 VP
2 o
1 214181 ) $ 21418 .
o P
& met—r 1P 2141.64——— 1
0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75
Ay =1p — [(1-X)p X 1 Ax = 1p = [O-X)x %] + (1X) ()
2

Fig. 17 Plots of a, b P 2p3/, BE and ¢, d P K-edge absorption energy vs. electronegativity
difference for MP (inverted filled triangle), Coj_ Mn,P (filled triangle) (1 = Cogp.40Mng 0P,
2 = C00430Mn0'70P, 3= COolloMnolgop), COl,XVxP (ﬁlled square) (4 = C00.9()V0.10P, 5=
CO()AS()V()Q()P), and Ml‘l],xVXP (ﬁlled circle) (6 = Mn0.95V0.05P, 7 = Mn0,85V0,15P, 8 =
Mng75Vo.25P, 9 = Mng e Vo.40P), taking into account nearest neighbour contributions only
(a, ¢) or with next-nearest contributions included (b, d). The electronegativity values are from
reference [62]. Reprinted with permission from [60]. Copyright Elsevier

except in the case of the Co;_, VP series, where the electronegativity difference
between M and M’ is the greatest and a small shift by ~0.2eV to lower BE is
found for the Co 2p3,, peak. Although this observation corroborates the M — M
charge transfer invoked earlier, the charge potential model cannot be strictly applied
here to explain BE shifts because final state effects are now significant. However,
we can take advantage of the small satellite peak, found earlier in CoP (Fig. 14)
and also seen in all members of the Co-containing mixed-metal series (Coj_, VP
and Co;_,Mn,P). This satellite peak, which arises from plasmon loss, intensifies
with greater concentration of 3d valence electrons on the Co atom and thus reveals
information about the Co charge [58]. A plot of the normalized intensity of the
plasmon loss peak (jasmon /Icore—line) VS. the electronegativity difference ()(y,~X,)
indicates that the Co atoms become less positively charged on progressing from CoP
to Co;_Mn,P, and even more so in Co;_,V,P, where the M — M’ charge transfer
is maximized (Fig. 18) [60].
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Fig. 18 Normalized intensity of plasmon loss peak in the Co 2p3/, spectrum vs. difference in
electronegativity for Co-containing phosphides. The dashed line indicates the value for Co metal.
Reprinted with permission from [60]. Copyright Elsevier

What about the other metal XPS spectra that do not contain observable plas-
mon loss peaks? In these cases, XANES can also provide information about the
occupation of metal-based states. For example, the Mn K-edge XANES spectrum
in MnP contains a pre-edge peak, assigned as primarily a quadrupolar transition
(1s — 3d) [74], whose intensity decreases with increasing occupancy of the Mn
3d valence states. Because the octahedral coordination of metal atoms is slightly
distorted in the MnP-type structure [75], there is also a small dipolar component
(Is — 4p) to this peak. For a proper comparison, the Mn K-edge XANES spec-
tra were examined only for those mixed-metal phosphides that are least substituted
(Mng.95Vg.05P and Cog 10Mng.9oP) (Fig. 19). In Mng 95V 05P, the pre-edge peak is
slightly less intense than in MnP, indicating that the Mn valence states are more oc-
cupied and consistent with a V. — Mn charge transfer [60]. In contrast, the roles of
the metal atoms are reversed in Cog 10Mng.9oP, where the pre-edge peak is slightly
more intense than in MnP, indicating that the Mn valence states are less occupied
and consistent with a Mn — Co charge transfer [60].

3.3 Transition-Metal Arsenides, MAs, and Mixed Arsenide
Phosphides, MAs;_Py

The XPS and XANES investigations of MnP-type binary phosphides MP and
mixed-metal phosphides M;_M.P discussed above have revealed some of the fac-
tors that influence BEs and absorption energies. In particular, a charge redistribu-
tion can take place within the metal-metal bonding network when two different
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Fig. 19 Mn K-edge XANES
spectra for a Mng 95V osP
and b Cog.10Mng.goP, nor-
malized relative to MnP.
Assignments for peaks are:
(A) Mn Is — 3d and 1s —
4p; (B) Mn 1s — P 3p anti-
bonding states; (C) Mn Is —
4p. Reprinted with permission
from [60]. Copyright Elsevier
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metals are present. In addition to phosphides, the MnP-type structure is adopted
by arsenides with some of the first-row transition metals (Cr, Fe, Co) [76]. Be-
cause a pnicogen—pnicogen bonding network is also present in this structure, a sim-
ilar charge transfer may be expected to take place between two different pnico-
gen atoms, in mixed arsenide phosphides MAs|_,P,. Several binary arsenides MAs
(M =V, Cr, Fe, Co) and mixed arsenide phosphides MAs;_,P, (M = Cr, Fe, Co)
have been examined. To interpret the spectra in terms of electronegativity differ-
ences in these As-containing compounds, we have chosen a revised value for the
electronegativity for As that is intermediate between P and Sb, as discussed in

Sect. 4.1.
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3.3.1 Phosphorus 2p XPS and K-edge XANES Spectra; Arsenic L-, K-edge
XANES Spectra

The P 2p XPS spectra for MAs;_,Py resemble those for the parent binary phos-
phides MP (Fig. 5) but are shifted to lower BE. Unlike the mixed-metal phosphides
M, _xM_P, however, there is no significant broadening of the component 2ps3 /2 and
2py /p peaks [61]. Although the first coordination sphere contains only identical M
atoms surrounding a given P photoemission site in a M As;_yP, compound, the sec-
ond coordination sphere does contain different local distributions of P and As atom:s,
but they are probably too distant to give rise to distinguishable shifts of the multiple
signals that may be expected. The P K-edge XANES spectra also exhibit shifts to
lower energy for the mixed arsenide phosphides.

As 3d XPS spectra have also been collected but unfortunately they are not helpful
for interpretation because slight reduction of As occurs during the Ar"-sputtering
process and, in the case of CrAs and CrAs;_,Py, there is partial overlap with metal
3p signals. Instead, information can be extracted from As L- and K-edge XANES
spectra. For example, the absorption edge in the As L3-edge spectrum for CrAs
arises from As 2p — 4s or 4d transitions (Fig. 20). The As K-edge spectra, shown
for FeAs and some members of the FeAs; P, series (Fig. 21), each contain a strong
pre-edge peak (A) and two higher-energy resonances (B and C) [77]. Inspection
of the calculated conduction states suggests that peak A is a dipolar As 1s — 4p
transition [61]. Because the 4p states are also involved in bonding, the intensity of
this peak reveals information about As charge. Relative to As;S3 (containing As in
a positive formal oxidation state) [77], this peak is much less intense in MAs and
MAs;_,Py, consistent with the presence of anionic As (with greater occupancy of 4p
states). At first glance, peaks B and C could be assigned as As 1s — As 4p, P 3p, or
Fe 4p states, based on the calculated conduction states. However, they are properly
assigned as EXAFS peaks, similar to those found in As,S3 [77]. This interpretation
is supported by the shift of these peaks to higher energy, with greater y in FeAs;_,Py
(Fig. 21a), in agreement with the prediction that the energy depends inversely on the
scattering path length (shorter average Fe—Pn bond distances) [78].

)

3
Fig. 20 As Ls-edge XANES
spectrl}m for CrAs, mea- CrAs Ly-edge
sured in fluorescence mode. r r r T T T
Reprinted with permission 1315 1320 1325 1330 1335 1340 1345 1350

from [61]. Copyright Elsevier Energy (eV)
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Fig. 21 a Normalized As K-edge XANES spectra for FeAs and some FeAs;_,Py, members, mea-
sured in transmission mode. b Orbital projections of conduction states calculated from FeAs and
FeAsq s50Po.50 (the Fermi edge is at 0 eV). Reprinted with permission from [61]. Copyright Elsevier

The plots of the P 2p;/, BE, P K-edge absorption energy, and As L3-edge ab-
sorption energy vs. the electronegativity differences in MAs and MAs;_,P, show
interesting trends (Fig. 22). In the binary arsenides M As, the As L3-edge (Fig. 22¢c)
and K-edge energies (not shown) decrease from CoAs to VAs, similar to the P en-
ergies in the binary phosphides MP (Sect. 2.2). The same explanation applies that
As atoms are more negatively charged (more negative kAg; term) as the M—As bond
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Fig. 22 Plots of a P 2p3; BE, b P K-edge absorption energy, and ¢ As L3-edge absorption en-
ergy vs. electronegativity difference for binary pnictides MP or MAs (filled square), and mixed
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(10 = CrAsg.75P0 25, 11 = CrAsg.10Po.90). Reprinted with permission from [61]. Copyright Elsevier
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becomes more ionic (greater AY, = Y a—X,)- Within a given mixed arsenide phos-
phide series MAs|_,Py, the P 2p; , BE and P K-edge absorption energies are lower
than in the parent binary phosphide MP, deviating from the line of best fit with
increasing P concentration (y) (Fig. 22a, b). In contrast, the As L3-edge absorp-
tion energies are higher than in the parent binary arsenide M As, deviating from the
line of best fit with increasing y (Fig. 22c). Although these shifts are quite small
and close to the limit of precision of the measurements, we can attempt to apply
the charge potential model to understand these trends as before, attributing them to
ground state effects. To do so, relaxation effects must be ruled out. First, the de-
viations are more pronounced with greater numbers of electronegative P atoms in
the second coordination shell, contrary to expectations from relaxation effects [72].
Second, the trends in BE are paralleled by the absorption energies, which are not
strongly influenced by relaxation effects. The trends in BEs and absorption ener-
gies above indicate that in a given MAs;_,P, series, the P atoms are more nega-
tively charged than in MP, the As atoms are less negatively charged than in MAs,
and that both types of atoms becomes less negatively charged as y increases. With
the constraints that the M charge must balance the average Pn charge (which in-
corporates a concentration factor) and that the P charge is always more negative
than the As charge (which is consistent with their relative electronegativities), the
charge potential model accounts qualitatively for the observed trends (Fig. 23) [61].
The M atoms in the first coordination shell and the pnicogen atoms in the second
coordination shell both modify the Madelung potential operating on the pnicogen
centres (P or As), and the BE and absorption energies change accordingly. As y in-
creases, the As atoms become less negatively charged, not only because they give

+ » u [ ,y, [ [ L] L " - "
Slope = +X
S
s O
K
(6]
As
__________ Avg. Pn
Slope = -X [t 2l
v v M
v
v VP

0.0 0.2 0.4 0.6 0.8 1.0

MAs yin MAs, P, MP
Fig. 23 Dependence of metal and pnicogen charges on level of P substitution (y) in a mixed ar-
senide phosphide series MAs;_,P,. The average pnicogen charge, gp, = ygp + (1-y)gas, shown
by the dashed line, balances the metal charge. Reprinted with permission from [61]. Copyright
Elsevier
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up electron density to the more electronegative P atoms (via the Pn—Pn bonding
network) but also because they are inherently less capable than the P atoms to
compete for electron density donated by the M atoms, which are increasingly pos-
itively charged. Moreover, as P atoms gradually substitute for As atoms, the total
negative charge is distributed over a greater number of the more electronegative P
atoms, such that each P atom, on average, does not need to bear as high a negative
charge.

3.3.2 Metal 2p XPS and L-, K-edge XANES Spectra

The metal 2p; , XPS spectra in binary arsenides MAs exhibit the typical asymmet-
ric lineshape described earlier and the BEs are only slightly lower than in the binary
phosphides MP, indicating a less positive M charge consistent with more covalent
M—As bonds (Fig. 24a). The mixed arsenide phosphides MAs; P, show intermedi-
ate BE shifts, but a better measure of the M charge can be extracted from the relative
intensity of the satellite peak arising from plasmon loss seen in the CoAs;_,P;, se-
ries (Fig. 24b). The plasmon loss intensity, which scales with the Co 3d population,
is highest for CoAs and decreases on proceeding to CoP, in agreement with the
prediction of increasingly positive metal charge as y increases [61].

This trend in metal charge can also be confirmed in the XANES spectra for the
CrAsi_,Py and FeAs;_,P, series. The Cr K-edge XANES spectra in CrAs;_,Py
resemble the Mn spectrum seen earlier for MnP (Fig. 19), with the pre-edge peak
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Fig. 24 a Co 2p;, XPS spectra for some members of the CoAs; Py series. b Plot of normalized
plasmon loss intensity versus y. Reprinted with permission from [61]. Copyright Elsevier
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intensifying from CrAs to CrP. The Fe L-edge XANES spectra reveal more intense
peaks with more P-rich members in the FeAs;_,P, series (Fig. 25). In particular,
there are two resolved L3 peaks that can be assigned as transitions from the metal 2p
to the 3d tp, and e, states of the octahedrally coordinated Fe atoms. The e, portion
is enhanced in the most P-rich member, FeAsy 10Po.90, implying that these e, states
are the most depopulated in this series and in agreement with the more positive Fe
charge here.

4 Binary and Ternary Skutterudites

The transition-metal monopnictides MPn with the MnP-type structure discussed
above contain strong M—M and weak Pn—Pn bonds. Compounds richer in Pn can
also be examined by XPS, such as the binary skutterudites MPn3 (M = Co, Rh, Ir;
Pn =P, As, Sb), which contain strong Pn—Pn bonds but no M—M bonds [79, 80].
The cubic crystal structure consists of a network of corner-sharing M-centred octa-
hedra, which are tilted to form nearly square Pny rings creating large dodecahedral
voids [81]. These voids can be filled with rare-earth atoms to form ternary variants
REM4Pni; (RE = rare earth; M = Fe, Ru, Os; Pn = P, As, Sb) (Fig. 26) [81, 82],
the antimonides being of interest as thermoelectric materials [83].

For the binary skutterudites M Pnj3, the electronic structure can be derived from a
simple electron-counting scheme by applying the Zintl concept [81]. For example,
in CoP3, the more electropositive Co atoms are assigned as low-spin Co>* (tgg eg),
accounting for its octahedral coordination and the observed diamagnetism [84], and
the more electronegative P atoms accept the electrons transferred from the Co atoms
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Fig. 26 Skutterudite-type structure in terms of a framework of M-centred octahedra and b cubic
arrangement of M atoms with Pny rings and dodecahedral cages filled with RE atoms in the ternary
variants. Reprinted with permission from [110]. Copyright the American Chemical Society

and complete their octets to become P'~, consistent with the presence of P4 rings
with each P atom engaged in two 2c—2e™ P—P bonds. When this model is extended
to a band structure, the Co 3d, 4s, and 4p orbitals interact with the P 3s and 3p
orbitals to form filled Co—P bonding and Co-based ty, levels at lower energy, and
empty Co-based e, and Co—P antibonding levels at higher energy [85]. These states
are superimposed by bands of filled P-P bonding and empty PP antibonding levels,
originating from the P4 rings. This band structure can be extrapolated to the binary
arsenide and antimonide skutterudites. For CoP3, CoAs3, and CoSbs, most experi-
mental and theoretical studies indicate the existence of a very narrow or zero band
gap [56,86-90].

For the ternary filled skutterudites REM4Pn13, such as LaFe4P|,, the RE atoms
can be considered to donate all their valence electrons to the rest of the frame-
work, yielding La**[FesP15]3~. If a P!~ charge is assumed in analogy with the
binary skutterudites, then the electron count in the [Fe4P12]3_ framework is defi-
cient relative to neutral CoP3, implying the presence of a hole in the valence band
[81, 85]. This hole could reside on the Fe atoms, resulting in mixed valency (three
Fe?*+ (tgg e2) and one Fe* (tgg e2) per formula unit), or perhaps within the P-P non-
bonding orbitals located close to the Fermi level [81,85]. Most REM4Pn1, members
are indeed found to be hole-doped metals but a few are small band gap semiconduc-
tors, such as CeFe4P1; [81,83,85,91-103]. Early arguments suggested a tetravalent
state for cerium, which would render the [Fe4P12]4‘ framework isoelectronic to bi-
nary CoP3 [82]. Some of these theoretical conclusions conflict with experimental
observations. For example, various measurements suggest that RE Fe4Pniy com-
pounds contain exclusively low-spin Fe?*, and that CeFe4Pn|> compounds contain
trivalent Ce3* [92,97,104-108].
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An attractive feature of applying XPS to study these skutterudites is that the va-
lence states of all atoms can be accessed during the same experiment. As in the study
of the MnP-type compounds, these types of investigations also provide insight into
bonding character and its relation to electronegativity differences. This information
is obtained by analysing both core-line and valence band XPS spectra.

4.1 CoP3, CoAs3, and CoSb;

Core-line BEs for the pnicogen atoms in CoPn3 are lower than in the elemental
pnicogen, but the shifts become less pronounced for the heavier pnictides (P 2p3»
BE of 129.3eV in CoP3 vs. 130.0eV in P; As 3ds/, BE of 41.3eV in CoAs3 vs.
41.7(2)eV in As; Sb 3d5/2 BE of 528.1eV in CoSbs vs. 528.2¢eV in Sb) [39, 59].
These observations confirm the presence of anionic Pn atoms in CoPns, as well
as the greater covalent character of Co—Pn bonds as electronegativity differences
are reduced. For CoP3, the P 2p;, BE is similar to that found in the binary MnP-
type compounds and corresponds to an approximate charge of 1-, agreeing fortu-
itously with the simple formulation Co** (P'~)3 [59]. For CoAs3, the As 3ds /2 BE
corresponds to a slightly lower pnicogen charge of 0.6—, reflecting the increased
covalency of the Co—As bond. For CoSbs, the ionic picture becomes completely
unrealistic; donation of electron density from filled Sb orbitals back to empty Co
orbitals enhances shielding of the Co nuclear charge and diminishes shielding of the
Sb nuclear charge, so that the Sb 3ds; BE in CoSbj becomes only slightly less than
in elemental Sb [59].

The Co 2p spectra for CoPn3 contain 2p3; and 2p;/, signals with asymmet-
ric tails as typically observed in metallic compounds [34, 58]. Consistent with the
greater screening of the Co nuclear charge with more covalent Co—Pn character, the
Co 2p;3 ), BE decreases from 778.5eV in CoP3, to 778.3 eV in CoAss, to 778.1eV
in CoSbs [61]. If the BE shifts are assumed to be proportional to the degree of
covalency in the Co—Pn bond, then this trend implies that the electronegativity of
As is intermediate between that of P and Sb [61]. Interestingly, the relative elec-
tronegativities of P and As are inconsistent on different electronegativity scales (cf.,
Allred—Rochow, ¥p = 2.06, ¥ 5 = 2.20 vs. Pauling, xp = 2.2, {5, = 2.1) [38,62]. In
the electronegativity correlations discussed earlier in the context of MnP-type com-
pounds, we have preferred to use Allred—Rochow values because they are derived
from atomic properties and are thus more closely linked to binding and absorption
energies [62]. If Allred—Rochow electronegativities are accepted for Co, P, and Sb,
and the observed BE shifts are assumed to scale linearly with the electronegativity
difference Ay, = % p,~Xu> then a revised value of y = 1.94 is obtained for As [61].
Because the Co 2p; ; BE in CoPn3 is not much greater than in Co metal (778.1eV),
a better way to gauge the relative charge of the Co atoms is to inspect the intensity
of the satellite peak as seen earlier in CoP and CoAs (Sects. 3.1.2 and 3.3.2). If the
Co charge is inferred from the pnicogen core-line BEs, they correlate well with the
normalized satellite intensity (Fig. 27). The intensity difference between the satellite
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Fig. 27 Correlation between Co charge and intensity of the satellite peak in Co 2p XPS spectra

and core line peaks in CoP3 has been verified by Diplas et al., who propose an al-
ternative explanation in which a two-core-hole process, rather than plasmon loss,
is responsible for the Co 2p satellite peak [109]. Notwithstanding the difference in
interpretation, the variation in intensity of this satellite peak is clearly related to the
Co charge.

4.2 REFe4P12 and REF€4Sb12

The core-line XPS spectra for LaFe P, and CeFesP1, reveal P 2p; /2 BEs of
129.3 eV, identical to that found in CoP3, and one set of Fe 2p signals with sim-
ilar asymmetrical lineshapes for the 2p;/, and 2p3/, components, supporting the
occurrence of only one Fe valence state [59, 110]. The Fe 2p3/, BE of 707.2eV
is close to that in FeS; (707.0eV), which contains Fe2*, and lower than that in
K3Fe(CN) (709.6 V), which contains Fe>™ [39,111]. A low-spin state for Fe*™ is
supported by the observation that the spectra are not broadened by multiplet split-
ting, which would otherwise occur for high-spin Fe?* [27,29]. Unlike the P and
Fe spectra, the BEs in RE 3d spectra generally do not show significant shifts rela-
tive to the elemental metal or other compounds (Fig. 28) because the 4f electrons
provide poor screening of the nuclear charge. Instead, the lineshapes are charac-
teristic of the valence state [112]. The lineshape in LaFe4Py, is similar to that in
other La-containing compounds such as LaP, not surprisingly because La is invari-
ably trivalent [110]. However, the lineshape in CeFesP1, more closely resembles
that in CeF3 than in CeF4, confirming the presence of exclusively trivalent Ce and
ruling out tetravalent Ce, as had been proposed in other studies [110]. These RE 3d
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Fig. 28 Comparison of RE 3d XPS spectra for a LaFe4P|, and CeFe4P> with b LaP, CeF3, and
CeFy4. The 3ds/, (A) and 3dj/, core lines (B), and satellite peaks (A’,B") are marked. Reprinted
with permission from [110]. Copyright the American Chemical Society

spectra also reveal distinct satellite peaks that can be attributed to ligand-to-metal
charge-transfer shake-up processes [32,33, 110].

The valence band spectra for LaFe4Pj, and CeFesP1, (Fig. 29) consist of three
distinct regions, which can be fitted with the aid of band structure calculations to
component atomic orbitals through the procedure described in Sect. 2.4. The as-
signments are listed in Table 4. The two broad regions, from 15 to 8eV and from
8eV to the Fermi edge, represent P 3s and 3p states, respectively. Each of these
regions can be fitted by two sets of component peaks, which can be interpreted as
separate ¢ (A) and 7 (B) components of the P-P bonds within the P4 ring [110].
The third region is a narrow intense band superimposed on the second region from
3¢V to the Fermi edge, and can be fitted by Fe 3ds, and 3d3 , asymmetric compo-
nent peaks in an intensity ratio of 3:2. Importantly, the spectrum for CeFe4P;, con-
tains an additional component manifested by increased intensity near 2.5 eV, clearly
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Fig. 29 a Fitted valence band spectra for LaFe4P1, and CeFe4P,, with peak assignments listed in
Table 4. b Overlaid spectra highlighting the presence of a Ce 4f component in CeFe4P1,. Reprinted
with permission from [110]. Copyright the American Chemical Society

Table 4 Electron populations in LaFe4P, and CeFesP)>

Peak Assignment LaFe4Pp» CeFe4P»

1 P3s A 5.7 5.1

2 P3sB 7.0 7.5

3 P3p3pn A 36.5 32.3

5,6 Fe 3d3 /5, 3ds» 25.1 23.6

7 Ce 4f7/2 1.4

Total no. of e~ 95.0 96.0

Charge per atom +3 (La), +1.7 (Fe), —0.8 (P) +2.6 (Ce), +2.1 (Fe), —0.9 (P)

evident when the spectra are overlaid (Fig. 29b). This feature can be interpreted as
a Ce 417/, peak (filled region), arising from a 4f! state located within the valence
band and providing direct evidence for the presence of trivalent cerium. Support
for this assignment comes from the observation of signals at similar energies in the
XPS valence band spectrum for CeF3 and the resonant photoemission spectrum for
CeFe4P», as well as the presence of filled 4f states in the calculated valence band
of CCFC4P12 [92, 108, 110].

Integration of these component peaks, with appropriate corrections applied for
different photoionization cross-sections and inelastic mean free paths, gives the
electron populations listed in Table 4. The atomic charges obtained are consistent
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with the results from the core-line spectra and lend further support to the assignment
of trivalent RE, low-spin Fe2*, and anionic P!~ species.

On proceeding to the antimonides REFe4Sby,, greater covalent character can
be anticipated to reduce the core-line BE shifts even more. The Sb 3ds/, BEs in
LaFe4Sbi; and CeFeysSbi, (both 528.0eV) are similar to that in CoSbs (528.1¢eV)
and barely lower than in elemental Sb (528.2¢eV) [59]. The Fe 2p3,, BEs are
706.7 eV for LaFe4Sbi; and 706.8 eV for CeFe4sSbi,, which are lower than in the
phosphide analogues (707.2 eV) and essentially the same as in Fe metal (706.8 eV)
[59]. These small, nearly negligible BE shifts again reflect the significant covalent
bonding character in these antimonides relative to the phosphides. Because of this
greater covalency and thus greater possibility for interactions between RE and Sb
orbitals, there are more possibilities for relaxation mechanisms that complicate the
appearance of the RE 3d spectra. Even more complex satellite structures are seen,
arising from both ligand-to-metal charge-transfer shake-up processes and two-core-
hole processes, but the essential point is that trivalent RE species are confirmed by
inspection of the lineshapes of the main core lines [59].

The valence band spectra for LaFe4Sb, and CeFesSby, resemble those of the
phosphides, but they do not spread over as wide an energy range (12 eV instead of
16 eV) and there is greater mixing of the pnicogen Sp and Fe 3d states in the upper
region of the bands (Fig. 30). Although not as prominent as in the phosphides, a
component near 2eV arising from the Ce 4f' state is apparent in CeFe,Sby,. In-
tegration of these component peaks to obtain electron populations leads to calcu-
lated atomic charges (43 (La),+2.2 (Fe), —1.0 (Sb) for LaFe4Sb;, and +2.7 (Ce),
+2.4 (Fe), —1.0 (Sb) for CeFe4Sby,) in good agreement with expectations from the
Zintl formulation [59]. This analysis demonstrates that when core-line spectra do

a | LaFe,Sb,, Valence Band
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16 14 12 10 8 6 4 2 0
Binding Energy (eV)

Fig. 30 Fitted valence band b | ceFe,Sb,, Valence Band
spectra for a LaFe4Sby, and
b CeFe4Sby,. The peak as-
signments are analogous to
those in Table 4, except that
Sb 5s and 5p states account
for peaks 1-4. Reprinted with
permission from [59]. Copy- i

right the American Physical 16 14 12 10 8 6 4 2 0
Society Binding Energy (eV)
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not reveal significant BE shifts because the bonding is highly covalent, judicious in-
terpretation of the valence band spectra can help recover information about atomic
charges.

5 ARXPS Study of Hf(Siy 5As¢ 5)As

Up to this point, we have focused on the use of XPS to extract static information
about the electronic structure of a solid, taking care to ensure that the measurements
are representative of the bulk. In fact, the surface sensitivity of XPS is commonly
exploited to determine the surface composition of a solid [1,2]. By taking advantage
of the dependence of the photoelectron intensity with the take-off angle (between
the surface and the detector), the technique of angle-resolved XPS (ARXPS) allows
the surface to be monitored as it undergoes chemical changes [1,2]. In this way,
dynamic information about surface structure can be obtained, which is important for
understanding industrially important processes such as corrosion. As an illustration
of ARXPS, a kinetic study of the oxidation of Hf(Sip5Asp5)As (see Sect. 2.4) is
described here. When exposed to air at room temperature, Hf(Sig 5 Asg.s)As oxidizes
to form hafnium silicates (HfO;),(SiO2);_x [113], which have been proposed as
high dielectric materials forming a component in semiconductor devices [114,115].
Because the diffusion of foreign elements into other parts of such devices can have a
deleterious effect on their performance [116], such studies are often the only means
of indirectly probing the mobility of atoms.

The surfaces of large plate-shaped single crystals of Hf(Sip5Asps)As were
cleaned by Ar™ sputtering and then deliberately exposed to the atmosphere over pe-
riods of up to 60 min [113]. The Hf 4f, Si 4p, and As 3d spectra were collected for
the clean and oxidized surfaces at different take-off angles (Fig. 31). Small amounts
of Hf and Si suboxides are already present in the as-cleaned surfaces, presumably
by reaction with residual gases in the vacuum chamber of the spectrometer. After
oxidation, however, signals originating from several newly formed oxides emerge,
while the signals from the substrate diminish substantially. Through comparison
with reference standards and literature data [114,117], these new signals were found
to correspond to a Si-rich (HfO,),(SiO;);—_, phase, Hf and Si suboxides, SiOa,
and As»Oj3. Because the surface sensitivity is enhanced at lower take-off angles,
the surface composition can be inferred by tracking how the relative intensities of
the component peaks change with lower take-off angle. In the Hf 4f spectra, the
(HfO,),(Si07)1_y peaks are enhanced while the Hf suboxide and Hf(Sig 5 Asg.5)As
peaks are diminished (the latter even more so). In the Si 2p spectra, the SiO, peaks
are enhanced while all other peaks are diminished. In the As 3d spectra, the As;O3
peaks are enhanced while the Hf(Sip sAsg 5)As peaks are diminished. As expected,
the picture is one where the oxide layers lie on top of the Hf(Sip5Asp.s5)As sub-
strate. For further discrimination among these oxide layers, the O 1s spectra can be
inspected (Fig. 32).



Bonding and Electronic Structure of Phosphides 87
Hf 4f Si2p As 3d
al Hi(Si As, )As b c
FSiohoos)hs HI(Si, ,As, ,)As
0.5 0.5

Clean
Surface

Oxidized
Surface (90°)

Oxidized
Surface (15°)

Hf suboxide

Q

[2]
Q
o

(HO,) (Si0,)

1—x

21 20 19 18 17 16 15 14 13106

BE (eV)

(]

Si suboxide

A (HiO,) (Si0,)
’\/
s

104 102 100 98
BE (eV)

1-x

96 47 46 45 44 43 42 41 40 39

BE (eV)

Fig. 31 Core-line XPS spectra for clean and oxidized Hf(Sip5Asps5)As at take-off angles of 90°
or 15°. Reprinted with permission from [113]. Copyright Wiley

(HfO,) (SIO,), ,

SiOo

ASZOS

a (Hf0,)(80,,,] b 60
501 =
Sio, 40
»
17} T 304
g O "6
BN
Adsorbed 4] e
H,0 |
A5203 2 .
T T T 0- T
536 534 532 530 528
BE (eV)

10 20 30 40 50 60 70 80 90

Take-off Angle

Fig. 32 a O Is spectrum for oxidized Hf(SigsAsgs5)As at a take-off angle of 15°. b Plot of O
Is peak intensities vs. take-off angle for different surface components (excluding adsorbed H,O).
Reprinted with permission from [113]. Copyright Wiley

The plot of the relative intensities of these signals suggests more Si0, and As;O3
and less (HfO,),(SiO;);_, in the top surface layers. The signals from the Hf and
Si suboxides are too weak to be analysed in the same way, but it is reasonable to
assume that they are present just at the interface with the substrate. Combining these
conclusions leads to the scheme of the surface shown in Fig. 33a [113]. This is a sim-
plistic depiction, since some overlap of the different layers is likely. The formation
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Fig. 33 a Surface composition of oxidized Hf(Sip5Asps)As. b Logarithmic kinetics of
Hf(SipsAsg.5)As oxidation for three different samples. Reprinted with permission from [113].
Copyright Wiley

of AsyO3 and SiO» at the topmost part of the surface and the Si-rich composition
of the (HfO,),(SiO2)—_ layer imply that Si and As are more mobile than Hf atoms
through the oxide film. The oxidation of Hf(Sig 5As(.5)As can be envisioned to pro-
ceed by diffusion of Si and As atoms through the intervening (HfO3).(SiO2);_x
layer via vacancies. The overall thickness of the oxide film, whose composition can
be approximated as HfSiO4, can be calculated through the Strohmeier equation from
the intensities 7 in the Hf 4f spectra, the inelastic mean free paths A, and the volume
density of atoms N:

. Nmkmlz)
d—lomn@ln(Nololm —|—1> 8)

where m refers to the Hf(SipsAsg 5)As layer and o to the oxide layer [118]. The
logarithmic dependence of the thickness on the time of oxidation (Fig. 33b) confirms
that the oxide layer acts as a passive layer while the cations diffuse through it.

6 Conclusion

The studies presented here on several transition-metal phosphides, arsenides, and
antimonides illustrate the utility of XPS for obtaining information about bond char-
acter, atomic charges, and band structure. In these highly covalent compounds, the
BE shifts for the pnicogen atoms can be correlated with the difference in electroneg-
ativity between the metal and pnicogen, but these shifts tend to be small and increas-
ingly so on proceeding to the antimonides. Our results suggest that if Ay is less than
0.2, then the M—Pn bond is insufficiently polar to result in much of a BE shift.
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However, with the improved resolution of modern XPS instruments, BE shifts as
small as ~0.1eV can be detected and may be significant. These shifts can be in-
terpreted, to a first approximation, by changes in the atomic charge (an intraatomic
effect), but to account for more subtle differences, as seen in the mixed-metal phos-
phides M;_,M,P and mixed arsenide phosphides MAs;_,P,, the role of next-nearest
neighbours cannot be neglected. These interatomic effects, as incorporated into the
charge potential model, help explain the unusual trends in BE observed in these
series.

The transition-metal and rare-earth core-line XPS spectra show little, if any, BE
shifts at all. Nevertheless, information about atomic charge and valence states can
be extracted by examining other features in the spectra. The plasmon loss satellite
intensity found in the spectra of Co-containing compounds provides a particularly
useful handle on the Co charge. The lineshapes of RE spectra are characteristic of
their valence state, as seen in the distinction between trivalent and tetravalent cerium
in CeFesPnj, compounds.

In principle, valence band XPS spectra reveal all the electronic states involved in
bonding, and are one of the few ways of extracting an experimental band structure.
In practice, however, their analysis has been limited to a qualitative comparison with
the calculated density of states. When appropriate correction factors are applied, it
is possible to fit these valence band spectra to component peaks that represent the
atomic orbital contributions, in analogy to the projected density of states. This type
of fitting procedure requires an appreciation of the restraints that must be applied
to limit the number of component peaks, their breadth and splitting, and their line-
shapes.

XPS has typically been regarded primarily as a surface characterization tech-
nique. Indeed, angle-resolved XPS studies can be very informative in revealing the
surface structure of solids, as demonstrated for the oxidation of Hf(SipsAsg.5)As.
However, with proper sample preparation, the electronic structure of the bulk solid
can be obtained. A useful adjunct to XPS is X-ray absorption spectroscopy, which
probes the bulk of the solid. If trends in the XPS BEs parallel those in absorp-
tion energies, then we can be reasonably confident that they represent the intrinsic
properties of the solid. Features in XANES spectra such as pre-edge and absorp-
tion edge intensities can also provide qualitative information about the occupation
of electronic states.

To extend these investigations, it will be of interest to see if shifts in BE or absorp-
tion energies can be discerned in compounds with even less polar covalent bonding,
such as those containing more electronegative metals (e.g., Ni, Cu) or less elec-
tronegative p-block elements (e.g., Ge, Bi), or in more metal-rich pnictides, such
as M,P or M3P. Given that a next-nearest neighbour effect has been identified in
both M;_MP and MAs;_,P,, quaternary compounds such as Mn;_,Cr,As;_,P,
could also exhibit similar BE shifts. The X-ray spectroscopies presented here pro-
vide a valuable addition to the suite of characterization tools available to solid-state
chemists, and represent one of a few techniques available to probe directly the elec-
tronic structure of solids.
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Oxo-Centered Triruthenium-A cetate Cluster
Complexes Derived from Axial or Bridging
Ligand Substitution

Zhong-Ning Chen and Feng-Rong Dai

Abstract The oxo-centered triruthenium-acetate cluster complexes with general for-
mula [Ruz(u;3-O)(1-OAc)s(L),L'|™" (L and L’ = axial ligand, n =0, 1, 2) show
attractive ligand substitution reactivity, multiple redox behavior and rich mixed-
valence chemistry. The axial ligands L and L’ are comparatively labile and readily
substitutable. Although the Rus(p;-O)(U-OAc)g cluster core possesses high sta-
bility, displacement of one of the bridging acetates has been achieved by using
n-delocalized N-hetrocyclic ligands with low ©T* energy levels. Ligand substitution
not only affords an excellent means of tuning the redox levels of electron transfer
processes, but also provides a feasible approach to design ligand-linked triruthenium
cluster oligomers with desired properties. This article reviews the recent progress in
the ligand substitution chemistry of oxo-centered triruthenium—acetate complexes
with parent Rus(p3-O)(U-OAc)g cores. The syntheses, redox and spectroscopic
properties, and mixed valence chemistry of these oxo-centered triruthenium clus-
ter derivatives are summarized to correlate structures with properties.
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2,2-bpy  2,2'-Bipyridine

4,4-bpy  4,4'-Bipyridine

abco 1-Azabicyclo[2,2,2]octane

abcp 2,2'-Azo-bis(5-chloropyrimidine)

abpy 2,2’-Azo-bispyridine

BPA 1,2-Bis(4-pyridyl)ethane

BPE Trans-1,2-bis(4-pyridyl)ethylene
bpyC=Cbpy Bis(2,2'-bipridin-5-yl)ethyne
bpyC=C-C=Cbpy Bis(2,2-bipyridin-5-yl)butadiyne
bpym 2,2-Bipyrimidine

bpz 2,2'-Bipyrazine

Brbpy 5,5'-Dibromo-2,2'-bipyridine
CLCT Cluster-to-ligand charge transfer
cpy 4-Cyanopyridine

dbbpy 4,4'-Dibutyl-2,2'-bipyridine
dmap 4-Dimethylaminopyridine
Dmbpy 4,4'-Dimethyl-2,2'-bipyridine
IC Intracluster charge transfer
IVCT Intervalence charge transfer
mbpy ™ N-Methyl-4,4'-bipyridinium ion
OAc Acetate

phen 1,10-Phenanthroline

PPh3 Triphenylphosphine

py Pyridine

pPYq Pyrazino[2,3-f]quinoxaline

pz Pyrazine

1 Introduction

It has been several decades since oxo-centered triruthenium—carboxylate complexes
with triangular cluster frameworks of Ruz(jt;-O)(U-OOCR)e (R = alkyl or aryl)
were first isolated [1,2]. In the early 1970s, the first oxo-centered triruthenium com-
plex was structurally characterized by Cotton through X-ray crystal structural de-
termination [3]. Since then, oxo-centered trinuclear ruthenium—carboxylate cluster
complexes with general formula [RuzO(OOCR )¢ (L),L/]"* (R = aryl or alkyl, L. and
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L’ = axial ligands, n = 0, 1, 2) have been extensively investigated regarding their
specific electronic, chemical, and physical properties [4]. Particularly, oxo-centered
triruthenium cluster complexes with bridging acetates attracted the most attention
owing to their synthetic accessibility, multiple redox behavior, intriguing mixed-
valence chemistry, and versatile catalytic properties [5—7].

One of the most remarkable features in oxo-centered triruthenium—acetate clus-
ter complexes is ligand substitution reactivity [4—7]. On the one hand, since the
axial ligands in triruthenium cluster complexes [RuzO(OAc)g(L),L/]"" are rela-
tively labile, substitution of them by specifically selected ligands not only affords an
available means of controlling their electronic, spectroscopic, and redox properties,
but also provides an excellent approach to design ligand-linked triruthenium clus-
ter oligomers with desired properties. One the other hand, the six bridging acetates
are relatively stable because of the presence of six six-membered coordination rings
in the triruthenium cluster skeleton Rus(p3-O)(1-OOCR ). It appears that replace-
ment of the bridging acetates through ligand substitution is quite difficult and needs
rigorous reaction conditions if possible. In fact, displacement of the bridging ac-
etates in the oxo-centered triruthenium cluster Ruz (p;-O)(1-OAc)e had never been
reported in the literature until triruthenium cluster derivatives with ortho-metallated
2,2'-bipyridyl ligands were isolated in 2004 by reaction of methanol-containing pre-
cursor [RuzO(OAc)(py)2(CH30H)| " with 2,2’-bipyridyl ligands at ambient tem-
perature [8]. This discovery concerning substitution of one of six bridging acetates
in the parent Ruj(p;-O)(u-OAc)e cluster not only opens a significant synthetic
route to access oxo-centered triruthenium derivatives with Rusz(p3-O)(n-OAc)s
cluster moieties, but also affords another promising approach to control their elec-
tronic, optical, and magnetic properties through bridging ligand substitution.

2 Triruthenium Complexes from Axial Ligand Substitution

Oxo-centered triruthenium complexes with different axial ligands can usually
be prepared by reactions of solvent-coordinated triruthenium precursors with
a wide range of ligands. As the axial solvent molecules are weakly bonded
to the ruthenium centers, ligand-substituted triruthenium derivatives are usu-
ally accessible at ambient temperature. Depending on the structures and types
of desired triruthenium derivatives, the solvent-coordinated triruthenium com-
plexes with different number of solvent molecules and formal oxidation states
can be selected as the synthetic precursors, including [RuzO(OAc)e(CH30H)3] "
(1), [RuzO(OAc)s(py)2(CH30H)] " (2), [RusO0(OAc)6(CO)(CH30H)1] (3), [Ru3;O
(OAc)6(CO)(py)(H20)] (4), etc. [9, 10]. By judicious selection of axial ligands, a
wide range of monomeric, oligomeric, and polymeric oxo-centered triruthenium
species with varied nuclearity and topology have been prepared through elaborately
designed synthetic approaches [7]. These oxo-centered triruthenium derivatives
exhibit the desired electronic, optical, and redox properties, which are tunable by
modification of the substituents in the axial ligands.
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Of various inorganic and organic ligands, N-heterocyclic and phosphine lig-
ands are mostly utilized for the preparation of ligand-substituted oxo-centered
triruthenium-acetate complexes because these neutral N or P donor ligands can af-
ford strong c-donation as well as m-back bonding when bonded to oxo-centered
triruthenium clusters.

2.1 N-Heterocyclic Ligand-Substituted Triruthenium Complexes

N-heterocycles are a class of neutral ligands with strong coordination affinity to
many metal ions. Since a number of neutral N-donors ligands are available, a wide
range of oxo-centered triruthenium complexes with various N-heterocyclic ligands
have been prepared through axial ligand substitution. By judicious selection of the
N-heterocyclic type and modification of the substituents with different electronic
and steric effects, the electronic, redox, and spectroscopic properties in these oxo-
centered triruthenium derivatives are controllable.

2.1.1 Pyridyl Ligand-Substituted Triruthenium Complexes

Using solvent-containing triruthenium species 1 as a synthetic precursor, a series of
pyridyl-substituted triruthenium derivatives [RuzO(OAc)s(py)2(L)]T (L = 4,4'-bpy
5, BPE 6, BPA 7) were prepared by Meyer et al. [9]. Electrochemical studies showed
that these triruthenium complexes exhibit four to five reversible one-electron redox
waves in the potential range of +2.0 to —2.0'V, suggesting that these complexes can
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exist in a series of redox states, including —3, +2, +1, 0, —1, and —2. It is note-
worthy that the neighboring redox waves are always separated by ca 1V, indicating
an extensive electronic delocalization in the oxo-centered triruthenium molecules.

Chemical or electrochemical oxidation or reduction of [RuI3II’IH’IH]+ complexes in-

duced isolation of stable [RuISV’IH’IH]2+ [RuIII MLNO0 gpecies. These triruthenium
species with different oxidation states or electron contents afford intense absorp-
tions in the visible region due to a series of closely spaced electronic transitions
within the triruthenium cluster core. Both the multiplet redox behavior and spectral
features can be interpreted in terms of a delocalized Ru3z O-based t-molecular orbital
system. Because of the presence of strong Ru—Ru interactions through the central
U3-O atom, there exist a series of delocalized Ru—Ru and Ru-O-Ru levels based on
the Ru3O cluster core.
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By summarizing the relationship between redox potentials of a series of
[RuzO(OAc)s(L)3]T complexes and pK, of N-heterocyclic ligands L [11],
it is demonstrated that the related redox potentials Ej/, exhibit a linear en-
ergy correlation with the pK, values according to the equations E; /2(+3/ +2) =
2.24 —0.023pKy; E1 )t/ = 1.34 — 0.029pKy; E 2 H1/% = 0.36 — 0.039pK,,
and E; /2(0/ D= _0.68 — 0.074pK,. As the redox potentials decrease with the
pK. of the N-heterocyclic ligands, with increase of the pK, by the sequence pyrazine
< methylpyrazine < 2,6-dimethylpyrazine < aminopyrazine < 4-acetylpyridine
< pyridine < 4-fert-butylpyridine < aminopyridine, the higher oxidation states are
stabilized mainly via c-bonding effects, inducing a progressive decrease of the
E} ), values along this sequence. Alternately, the triruthenium complexes at lower
oxidation state are further stabilized by m-back bonding interactions from the axial
n-accepting N-heterocyclic ligands, leading to a higher dependence of E; /; on pK,
for the lower oxidation state species.

By introducing redox-active N-methyl-4,4’-bipyridinium ion (mbpy ™) to the oxo-
centered triruthenium cores, a series of triruthenium derivatives bearing two
or three axially coordinated mbpy" were prepared by Abe et al. [12, 13].
Electrochemical studies indicated that these mbpy'-containing triruthenium
complexes afforded a total of seven to nine reversible or quasi-reversible re-
dox waves in acetonitrile solutions at ambient temperature. Of these redox
waves, four or five one-electron redox processes arise from Rus-based oxi-
dations or reductions involving five or six formal oxidation states, including
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RuéV,lV,lll /Ru13v,111,111 /Ru1311,111,111 /Ru;u,m,u /Rugu,u,u /Rug,u,u, whereas others are
from mbpy™ ligand-centered reductions. Remarkably, observation of two cou-
ples of distinctly spaced one-electron waves due to ligand-centered processes
mbpy + /mbpy" and mbpy /mbpy~ revealed that distinct ligand-ligand electronic
interaction is operating through the electronically delocalized oxo-centered triruthe-
nium cluster core.

Through reaction of two equivalents of methanol-containing precursor [Rus
O(OAC)(py)2(CH30H)]* with L (L = 4,4'-bpy, BPE and BPA), Meyer et al. pre-
pared a series of bipyridine-linked cluster dimers [{Ru3sO(OAc)(py)2 },(1-L)]**
[9]. Electrochemical studies showed that the distinct redox wave splitting between
two Ruj cluster moieties was not observed. The UV-vis-NIR spectroscopic stud-
ies indicated that their absorption features are the same as those of the individual
L-containing triruthenium species [RusO(OAc)s(py)2(L)]* except that the molar
extinction coefficient in the dimers is doubled. It appears that two Ruj cluster units
in the dimeric species are electronically isolated without cluster—cluster interaction
through the bridging 4,4’-bipyridine ligands.

Ito et al. [14] prepared a series of 4,4'-bipyridine linked dimeric triruthe-
nium cluster species [{Ru3O(OAc)s(CO)(L')},(1-4,4'-bpy)] (L' = dmap 8, py 9,
or cpy 10) by reaction of H,O-containing precursor [RuzO(OAc)s(CO) (L") (H,0)]
with one equivalent of 4,4’-bpy terminally coordinated species [RuzO(OAc)g

(CO)(L') (4,4"-bpy)]. By modifying the axial ligand L', redox interaction due to two

successive RugH’HLII /RuI3H’H’II processes is tunable. The potential difference AE, ),

due to redox splitting of two identical Rugl’m’II / Rugu’u’II processes is 0.12 'V for 8,

0.08 V for 9, and 0.05V for 10. Obviously, introducing an electron-donating sub-
stituent to axial pyridine ligand promotes the cluster-cluster electronic interaction,
whereas an electron-withdrawing substituent reduces the intercluster interaction.

R
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Layer-by-layer Rujz cluster-based multilayers were fabricated onto preorganized
self-assembled monolayer gold electrode surfaces by Abe et al. [15], in which
[Ruz(u3-O)(1-OAc)e(4,4’-bpy)2(CO)] was utilized as the synthetic precursor. The
stepwise connection of oxo-centered triruthenium cluster units onto the gold elec-
trode surface is a feasible approach for construction of Ruj cluster-based oligomers
on a solid surface, in which the bridging ligand 4,4'-bipyridine appears to mediate
weak cluster-cluster electronic interaction between the Rus cluster centers.
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2.1.2 Pyrazine-Substituted Triruthenium Complexes
Pyrazine-Linked Dimers of Ruz Units

Pyrazine (pz) is one of the most efficient ditopic N-heterocyclic ligands for transmit-
ting magnetic and electronic interactions between various metal centers. Meyer et al.
[16, 17] first prepared pyrazine-linked oxo-centered dimer [{RusO(OAc)s(py)2},
(u-pz)]** (11) by reaction of n'-pyrazine-coordinated triruthenium species [Ru3O
(OAc)6(py)2(pz)]™ with one equivalent of methanol-coordinated triruthenium pre-
cursor 2 through formation of the Ruz-pz-Rujs linkage. Cyclic voltammetry studies
showed that distinct redox wave splitting occurs in the dimer 11 compared with that
in the corresponding 1'-pyrazine triruthenium species [RuzO(OAc)g(py)2(pz)] ",
arising most likely from cluster-cluster electronic interaction. The extent of inter-
cluster interaction is dependent on axial ligands as well as oxidation states or elec-

tron content of the triruthenium cluster units. For the species involving Rugv’w’III /

Ru?/’m’III and Rul;l’m’III / Rul;l"m’lII states, redox wave splitting is irresolvable by
cyclic voltammetry. For the species with lower oxidation states, the redox potential

difference AE}/; from redox wave splitting is 0.10 V for the RuI3H’IH"III / Rugn"m’II

state and 0.27 V for the RuI3H"HI"II / RuI3H"H"II state. This suggests that cluster—cluster

electronic interaction is progressively enhanced with decrease of the oxidation states
in the Ruj cluster units because the extent of cluster—mt*(ligand) mixing will in-
crease as the electron content in the cluster increases. As a result, electronic delo-

calization is likely the greatest for the 1— mixed-valence dimeric species [Rugn’m’n—

pz-Rugn’H’H] ~. For the intercluster mixed-valence [RugH’IH’IH-pZ- RuI3H’IH’H]Jr species

that was stably isolated at ambient temperature, the electronic spectrum includes
absorption envelopes characteristic of both RuI3H’HI’HI and RugILII A species, which
are only slightly perturbed in the dimer. The absorption from intervalence charge

transfer (IVCT) transition in the intercluster mixed-valence species [RuI3H"IH’IH-

Ruéﬂ’m’n]*, however, is severely overlapped by intense absorptions from intraclus-
ter transitions (IC) in the near infrared region.

S o b

Ito and Kubiak et al. [14, 18-21] described the preparation of pyrazine-linked
triruthenium dimers [{Ru3zO(OAc)s(CO)(L)},(1-pz)] (L = abco 12, dmap 13, py
14, cpy 15,) by reaction of CO-containing precursor [RuzO(OAc)(CO)(L)(pz)]
with one equivalent of HpO-coordinated triruthenium complex [RuzO(OAc)g
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(CO)(L)(H20)]. Redox wave splitting from two identical one-electron reduction
processes RuI3H"IH’II / Rugn’n’II is tunable by modification of the substituent in axial
pyridyl ligands. Redox potential difference AE ), due to cluster—cluster interaction
is 0.47V for 12 (L = abco), 0.44V for 13 (L = dmap), 0.38V for 14 (L = py),
and 0.25V for 15 (L = cpy). Obviously, introducing electron-donating substituent
to the axially coordinated pyridyl ligands favors electronic delocalization between
two Rujz cluster units, whereas an electron-withdrawing substituent reduces the
intercluster interaction. Intercluster mixed-valence species [Rugn’HI’H-pZ-RuI3H’H’H]_
exhibits an IVCT band at 12,500cm™~! for 12, 12,100cm~! for 13, 11,800cm ™!
for 14, and 10,800cm~! for 15. The v(CO) vibrational frequency in intercluster
mixed-valence species [{RugH’HI’H-pZ-RuI3H’H’H]_, measured by reflectance IR spec-
troelectrochemistry, is highly dependent on the axial ligands. The rate constant kgt
of intercluster electron transfer in the mixed valence state of 12-15 was estimated
by simulating dynamical effects on the v(CO) band shape with kgt = 1 x 10'? for

12, 9 x 10! for 13, 5 x 10'! for 14, and 1 x 10'! for 15. This implies cluster—

cluster electron transfer in the intercluster mixed-valence species [{Ru;H’HLH-pZ-
Rugn’H’H] ~ being in the infrared vibrational timescale.
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Pyrazine-Linked Oligomers of Rusz Units

A series of pyrazine-linked trimers, tetramers, and hexamers have been accessed
through elaborately designed synthetic approaches. Meyer et al. [22] first re-
ported the isolation of the pyrazine-linked trimeric species [{RuzO(OAc)s(py)2}
(1-p2) {Ru30(0AC)6(CO) } (1-p2) {RuzO(OAC)s (py)2 1> (16) by reaction of
n'-pyrazine-coordinated complex [RuzO(OAc)q(py)2(pz)]T with two equiva-
lents of two methanol-coordinated complex [Ru3zO(OAc)s(CO)(CH30H),] (3).
Compared with those in the n'-pyrazine triruthenium complexes [RuzO(OAc)g
(py)2(pz)]* (+2.03, +1.04, 0.00, —1.20, and —1.88 V) and [RuzO(OAc)s(CO)
(pz)2] (+1.36, +0.69, —0.66, and —1.30), ten reversible redox waves in
the trimeric species 16 were tentatively assigned. The waves at +2.05,
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+1.06, +0.04, —1.05, —1.37, and —1.56V are likely due to two Rujz units at
each end, whereas the waves at +1.49, +0.72, —0.63, and —1.21 V arise proba-
bly from the central Ru3 unit with axially coordinated CO. Occurrence of several
closely spaced one-electron waves at the cathodic side is probably induced by the
cluster—cluster interaction because intercluster coupling is always enhanced with
increase of the oxidation states or electron contents in the Rus units.
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With different synthetic routes by judicious selection of various Ruz clus-
ter moieties as synthetic precursors, Ito et al. and Toma et al. [10, 23, 24] pre-
pared a series of asymmetric or symmetric pyrazine-linked Rujz cluster trimers
and tetramers that exhibit multistep and multielectron reversible redox processes.
Asymmetric trimeric species [{RuzO(OAc)(CO)(py) }(1-pz){RuzsO(OAc)s(CO)}
(u-pz){RuzO(OAc)s(py)2}|™ (17) was prepared through a two-step synthetic ap-
proach. The first step involves preparation of methanol-containing asymmetric
dimeric species {RuzO(OAc)s(CO)(py) } (1 — pz) {RuzO(0Ac)(CO)(CH30H} by
reaction of 1! -pyrazine species Ruz0(OAc)s(CO)(py)(pz) with RuzO(0Ac)s(CO)
(CH30H);. The desired trimer 17 was then prepared by incorporating the dimer
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{Ru30(0Ac)(CO)(py) }(1-pz) {Ruz0(0Ac)s(CO)(CH;0H} with m'-pyrazine
species [RuzO(OAc)g(py)2(pz)]™. The trimer 17 exhibits 11 reversible redox
waves, in which ten of them are from one-electron processes and one is from a
two-electron step composed of two overlapping one-electron redox waves. Each

Ruj cluster unit affords four reversible one-electron waves involving RuI3V’HI‘III

to Ruél’u’Il states. The possible cluster—cluster interaction through the bridging
pyrazine makes the potential difference for each Rus cluster units more pronounced
in the cathodic potential region. As found in pyrazine-linked Rujs cluster dimers,
intercluster electronic interaction is always enhanced with increase of the oxidation

states or electron contents in the individual Rus cluster unit.
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Ito et al. [23] described the preparation of asymmetric tetramer
[{Ru30(0Ac)s (py)(CO) }(U-pz) {Ru3z0(OAC)6(CO) } (1-pz){RuzO(OAC)6(py) } (U-
pz){Ru30(0Ac)s(dmap), }]>*(18) by incorporating asymmetric neutral dimer
{Ruz0(0OACc)s(py)(CO) }(1-pz){RuzO(OAc)s(CO)(solvent) } with 2+ asymmetric
dimer [{Ru3O(OAc)s(py)(pz) } (1-pz){Ruz (Ru3O(OAc)s(dmap), }1** through dis-
placing the axial solvent molecule in the former by n'-pyrazine in the latter. This
Ruj cluster tetramer exhibits 14 reversible redox waves involving 15 electrons in
the potential range of +1.5 to —2.0V, where 13 reversible waves arise from 13
one-electron processes and another one involves two-electron process from two
overlapping one-electron waves.

2.2 Phosphine Ligand-Substituted Triruthenium Complexes

The P donors in phosphines have strong c-donation ability to the metal ions
as well as moderate m-back bonding character. At the beginning of the 1970s,
PPhs-containing oxo-centered Rugu,m,u complexes [RuzO(OAc)3;(PPh3);] and
[RuzO(OACc)6(CO)(PPh3),] had already been isolated and structurally characterized
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[1-4]. Analogous to N-heterocyclic ligands, P donors in phosphines afford favor-
able affinity to oxo-centered triruthenium clusters through axial coordination. These
phosphine ligands have been demonstrated to afford molecular orbitals with suitable
energies to overlap with those of the attached oxo-centered triruthenium cluster. By
proper selection of P donor ligands, including diphosphines and polyphosphines,
cluster-cluster electronic interaction between Rujs cluster units are tunable.

2.2.1 Diphosphine-Substituted Triruthenium Complexes

A series of oxo-centered triruthenium—acetate cluster monomers and dimers with
diphosphine ligands were prepared by reactions of PhyPNHPPh,, Ph,P(CH;),PPh;
(n = 1-5), trans-Ph,PCH = CHPPh;, Pho,PC = CPPh,, or Ph,PCp,FePPh, with
one or two equivalents of methanol-coordinated RuI3H"HI’III precursors [RuzsO(OAc)g
(L)2(CH30H)]* (L = dmap, py, abco) at ambient temperature [25-27]. One- or
two-electron reduced tri- and hexanuclear ruthenium complexes with intracluster
mixed valences were also accessed by chemical reduction. It is demonstrated
that intercluster interaction is more or less operating between two oxo-centered
triruthenium cluster units through various diphosphine ligands. As revealed by the
amount of AEj, from redox wave splitting, cluster—cluster interaction in
diphos[l)hine-linked Ruj cluster dimers is greatest for the redox process involv-
ing Ru3H’IH’HI /Ruéﬂ’m’Il states. This is analogous to that found in 1,4-phenylene
diisocyanide-linked neutral dimers {Ru3O(OAc)s(L)2 },(U1-CNCgH4NC) (L = py,
dmap) [28], but is in striking contrast to the general observation in pyrazine-
linked oxo-centered Rujz cluster dimers, which afford progressively enhanced
cluster—cluster interactions with increase of the formal oxidation states or electron
contents [16,17].
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Fig. 1 Cyclic and differential voltammograms of Ph,PC = CPPh, (19 and 20) and trans-
Ph,PCH = CHPPh; (21) triruthenium cluster complexes recorded in 0.1 M dichloromethane solu-
tion of (BugN)(PFs). The scan rate is 100mVs~! for CV and 20mVs~! for DPV

The intercluster interaction between two triruthenium moieties was tuned by
modification of the ancillary ligands bonded axially to the triruthenium cluster
cores as well as by changing the linking spacer between two P donors in the
diphosphines. It has been demonstrated that substitution of the axially coordi-
nated pyridine (py) with N, N-dimethylaminopyridine (dmap) induces enhanced
cluster-cluster electronic coupling. As indicated in Fig. 1, intercluster electronic
coupling between two triruthenium moieties through ethynyl-spaced diphosphine
(PhyPC = CPPhy) is obviously stronger than that mediated by ethynyl-linked lig-
and (trans — PhoPCH = CHPPh;) [25].

It is intriguing that redox wave splitting (AE] 2 =0.186V and AE] 12 =0.123V)
in PhyPNHPPh,-linked complex [{Ru3O(OAc)e(py)a },{-PhoPNHPPh, } 1> (22)
is more remarkable than that in PhpPCH;PPh;,-linked compound 23 (AE{ =
0.145V and AE{ 1 = 0.118 V) [27]. For a series of diphosphine-linked dimeric
complexes [{RuzO(OAc)s(py)2 }, {t-PhoaP(CH»),,PPhy }]** (n = 1-5), they exhibit
a two-electron oxidation wave composed of two closely spaced one-electron pro-
cesses and two separate one-electron waves in the positive region, together with two
distinctly spaced one-electron waves in the negative region. As depicted in Fig. 2,
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Fig. 2 Cyclic and dif-

ferential voltammograms W

of diphosphinglinked AE', =145mV AE',=118mV
Ruj cluster dimers 23

[{Ru3O(OAc)s(py)2 }2{H-Phy _/L JAAN I\
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both potential differences AEi/z(AEi/z = E1/2<2+/+> - E1/2<+/O)) of two succes-
sive one-electron processes in the positive region and AEY /2(AE¥/2 =E, /2(0/ ) —
E, /2(_/ 2_>) in the negative region reduce sharply with increase of methylene num-
ber in diphosphines PhoP(CH;),PPhy (n = 1-5) from 23 (n = 1) to 27 (n = 5).
Consequently, redox wave splitting between two triruthenium cluster centers in
diphosphine-linked Rujz cluster dimers is highly sensitive to the length and elec-
tronic nature of bridging diphosphines.

The redox wave splitting in diphosphine-linked triruthenium cluster dimers likely
arises from two possible factors. One is ligand-mediated cluster—cluster interaction
through an orbital pathway and determined by the extent of cluster—m*(ligand)-
cluster mixing and the other is through-space electrostatic effect. Since the potential
separations AE}/, change with the electron contents or the oxidation states in the
triruthenium clusters, cluster—cluster electronic interactions should make a major
contribution to the redox wave splitting AE 5.

2.2.2 Polyphosphine-Substituted Triruthenium Complexes
Reactions of (Ph2 PCH, ) 3CCH3, PhP (CH2 CH,PPh, ) > and P (CHzCHz PPh, ) 3 with

three or four equivalents of oxo-centered triruthenium precursor complex 1 caused
isolation of Ruz cluster dimer [{RuzO(OAc)s(py)2},{1-PhoPCH,)3CCH;} 2
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(28), trimer [{RuzO(OAC)6(py)2 }3{13-PPh(CHCH,PPhy ), 3T (29), and tetramer
[{Ru30(0Ac)s(py)2 }4{1,-P(CH,CH,PPhy )3 14 (30), respectively [27]. Interest-
ingly, one of three P donors in 1,1,1-tri(diphenyl-phosphinomethyl)ethane is not
bound to the Rus unit due probably to the steric effect, inducing isolation of 28 as a
dimer instead of the designed trimeric species.

The 3'P NMR spectra of 28-30 showed signals characteristic of their struc-
tural features. Dimeric species 28 with 1,1,1-tri(diphenylphosphinomethyl)ethane
affords two singlets at 23.0 and —28.6 ppm due to the coordinated and nonco-
ordinated P donors, respectively. For trimeric species 29, two singlets occur at
24.3 and 14.4 ppm, ascribed to two classes of P donors in bis[2-(diphenylphos-
phino)ethyl]phenylphosphine. Because of two types of P donors in tri[2-
(diphenylphosphino)ethyl]phosphine, tetrameric species 30 exhibits two singlets
at 16.4 and 24.0 ppm.
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Fig. 3 Cyclic and differ-

ential voltammograms of

polyphosphine-linked Rus

cluster dimer 28, trimer 29

and tetramer 30, recorded in AE,, = 94mV

0.1 M dichloromethane so- 28 A Ejjp =60mV
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scan rate is 100mVs~! for
CV and 20mV's~' for DPV W
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Electrochemical studies revealed that dimeric 28 exhibits redox splitting with

AE, j, = 0.094V for the Ruj """ /Rul™™!" process and 0.06 V for the Ruj """/

Rugn,n,n process, obviously more remarkable than those in Ph, P(CHj;)3;PPh;-

linked dimeric species 25 [27]. As indicated in Fig. 3, trimeric complex 29 exhibits
six reversible or quasi-reversible redox waves in the range of 1.5 to —1.5 V. Three
distinct one-electron redox waves occur at E1/2(3+/2+) = +0.159, E1/2(2+/+> =

40.062, and E, /2(+/ 0 = —0.068V due to stepwise one-electron oxidation of

three Ru3O(OAc)6(py)12H’m’II into Ru3O(OAc).5(py)lzn’m’IH species. Since cluster—
cluster interaction through the shorter Rus—P(CH;),P—Rus array is stronger
that through the longer Ru3;—P(CH;),P(CH;),P — Rus pathway in trimeric
species 29; redox wave splitting for the former (AE;, = 0.130V) is obvi-
ously more pronounced than for the latter (AE;,; = 0.097V). In the nega-
tive region, less noticeable wave splitting is observed due to stepwise one-
electron reduction of three Ru3O(OAc)6(py)I2H’HI’H into Ru30(OAc)6(py)IZH’H’H
species. The cyclic voltammogram (CV) and differential pulse voltammogram
(DPV) of tetramer 30 (Fig. 3) afford five reversible or quasi-reversible redox waves.
As there exist two different cluster—cluster coupling pathways with different dis-
tances in this tetrameric species, the shorter Rus—P(CH;),P—Rus array is much
more efficient for mediating the cluster—cluster interaction than that of the longer
RU3—P(CH2)2P<CH2)2P—RU3.



108 Z.-N. Chen and F.-R. Dai

3 Triruthenium Complexes from Bridging Ligand Substitution

In contrast with numerous studies on axial substitution reactivity, related inves-
tigations on the bridging acetate substitution are in their infancy stage. The six
bridging acetates in oxo-centered triruthenium cluster core Ru3O(OAc)g are sig-
nificantly stabilized by six-membered rings formed by six RupO(OAc) moieties.
Ligand substitution of these bridging acetates is much more difficult than that of
the axial ligands. Although such reactions could likely be promoted by raising reac-
tion temperature, the oxo-centered triruthenium cluster core is always damaged dur-
ing the reactions. Attempting to displace the bridging acetates in a mild condition,
recent studies in our group indicated substitution of one of the six bridging acetates
in Ruz (13-0) (1-OAc)g core is indeed feasible by some N-heterocyclic ligands with
low ©* level orbitals [8,29-31].

3.1 Triruthenium Complexes with Ortho-Metallated Ligands

By reactions of methanol-coordinated parent triruthenium species 2 with a series of
N-heterocyclic ligands, the ortho C—H bonds in these N-heterocycles can be acti-
vated and cleaved, inducing isolation of oxo-centered triruthenium derivatives with
one of the bridging acetates substituted by an N-heterocyclic ligand [8,29,30]. Here,
the parent cluster core RuzO(OAc)g is converted to RusO(OAc)s(L) (L = ortho-
metallated ligand) containing an ortho-metallated N-heterocyclic ligand.

3.1.1 Triruthenium Complexes with Ortho-Metallated 2,2'-bipyridine
or 1,10-Phenanthroline

The reactions of methanol-coordinated triruthenium complex 2 with diimine
ligands such as 2,2’-bipyridine and 1,10-phenanthroline at ambient temperature
induced isolation of a series of oxo-centered triruthenium derivatives [RuzO(OAc)s
{un'(C),m*(N,N)-bipyridine} (py)2]* (bipyridine = dbbpy 31; dmbpy 32; bpy
33; Brybpy 34; phen 35) containing an ortho-metallated bipyridine [8]. Formation
of triruthenium derivatives 31-35 is involved in substitution of the coordinated
methanol as well as one of the six bridging acetates in the precursor complex 2 by
an ortho-metallated bipyridine in a p-n'!(C),n?(N,N) bonding fashion.

The triruthenium derivatives 31-35 show characteristic intracluster charge trans-
fer (IC) absorptions in the visible to near-infrared region (600-1000nm) and
cluster-to-ligand charge transfer (CLCT) transitions at 320-450 nm. Compared with
the low energy bands in [RuI3II’IH’IH]+ complexes 31-35, those in the one-electron
reduced neutral [RugH’HI’H}O species are remarkably red-shifted. The decrease in
energy for these transitions by one-electron reduction reflects a rise of the oc-
cupied dy levels as the number of electrons increases. Complexes 31-35 exhibit
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three reversible redox waves in the range +1 to —2.0V in 0.1 M dichloromethane
solution of (BusN)(PFg), ascribable to successive one-electron redox processes

IV LT TILIIT,IIT 24+/+ 1L IIL,IIT TILIILIT 24+/+
[Ruy" 2 /(Ruf (), RS /R (EF), and

[Rué“"m’u]o/ [RuéH’H’H]* (Ef%f)) Interestingly, with increase of the m-electron
accepting capability in 2,2’-bipyridyl ligands, redox potentials are progressively
anodic-shifted in the order 31 — 32 — 33 — 34 [8]. The stabilization against

disproportionation for the oxidation states [Rul;l"m’m |* and [Rugl’m’ll]o are

31 > 32 > 33 > 34. Consequently, it appears that introducing electron-donating
substituents to the 2,2'-bipyridyl favors stabilizing the [RuI3H"IH’IH}+ and [RuI3H"IH’H]0
states, whereas the electron-withdrawing substituents would destabilize it against

disproportionation. Furthermore, the capability for [RugH’IH’HI |™ and [RugII’IH’H]O

states against disproportionation is distinctly reduced compared with the parent
triruthenium complex [RuzO(OAc)s(py)3] ™.

3.1.2 Tetraimine-Substituted Complexes

The catalysis of triruthenium cluster on ortho C—H activation and cleavage in the
2,2/-bipyridyl ligands to substitute a bridging acetate in the parent oxo-centered
Ru3O(OAc)s moiety opens up an important synthetic approach for the design
of multifunctional materials composed of parent Rusz(u;-O)(1-OAc)s as well
as derivative Ruz(u3-O)(n-OAc)s cluster moieties. The successful isolation of
diimine-substituted oxo-centered triruthenium cluster derivatives containing 2,2’-
bipyridyl ligands prompted the attempt to cleave the ortho C—H bonds in tetraimine
or hexaimine ligands for design of dimeric or trimeric Rus cluster-based species
containing ortho-metallated bis(2,2’-bipyridyl) or tri(2,2-bipyridyl) ligands [29,30].
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2,2'-Bipyrimidine-Substituted Complexes

@ —l n+ @ f)/('))}_)\o P @ _I'H'

,q 0
N AN \l/
\r_o"'Ru/OY 5 }zu\o/nlu\-._N%R‘u—‘
3%, OO /L"“l Q N—‘{ \R//O\R'pt)
& N
N/ \0:/ \\1 o | \O)\l\;' A4, \N;\’j
TG Q T
36 n=I 37 n=2
36a n=0 37a n=1
3Tb n=10

2,2/-Bipyrimidine triruthenium derivative [RuzO(OAc)s(py)2(u-n'(C),n*(N,N)-
bpym)]™ (36) could be prepared by reaction of methanol-coordinated triruthe-
nium complex 2 with 1.5 equivalents of bpym at ambient temperature [29].
Reduction of 36 by addition of aqueous hydrazine gave one-electron reduced
neutral species [Ru3O0(OAc)s(py)a(u-n'(C),n?(N,N)-bpym)] (36a). Reaction of
bpym with 2.4 equivalents of 2, however, induced isolation of dimeric species
[{Rus0(0AC)s(py)2},(1yn' (C), M'(C), *(N,N),n*(N,N)-bpym)]** (37) and
intercluster mixed-valence complex [{Ru3zO(OAc)s(py)2},(y1'(C),n'(C),
N?(N,N),n?(N,N)-bpym)]* (37a) during chromatographic separation on an alu-
mina column. Addition of excess aqueous hydrazine to 37 or 37a resulted in forma-
tion of reduced neutral product [{RusO(OAc)s(py)2 }, (11" (C),n' (C),n*(N,N),
N?(N,N)-bpym)] (37b). The dimeric species 37, 37a, and 37b with different number
of charges or formal oxidation states are readily interconvertible through chemi-
cal oxidation or reduction by addition of ferrocenium hexafluorophosphate or
hydrazine. JRIIRIN

Structural determination of the intercluster mixed-valence (Ruy "

Ru gH AL H) complex 37a (Fig. 4.) by X-ray crystallography revealed that relevant

bond distances and angles around one Rus cluster unit are the same as those around
the other, demonstrating that intercluster mixed-valence system is electronically de-
localized. The dianionic bpym behaves as a hexadentate bis(diimine)ligand in a
1N (C),n'(C),n?(N,N),n?(N,N) mode, chelating one ruthenium center through
N,N’ donors and bound to another ruthenium center through deprotonated C donor
by ortho-metallation. The intracluster Ru—Ru, Ru—0Oy, and Ru—0O,¢etate distances
are in the normal ranges except for the Ru—Ogcetate (2.186(9) A) trans-oriented to the
Ru-C bond being elongated significantly due to the remarkable trans effect induced
by ortho-metallation of bpym.

The CV and DPV of bpym-substituted triruthenium complex 36 (Fig. 5) ex-
hibit three reversible redox waves at +0.75, —0.39, and —1.73V, ascribed to redox
processes Rul3v JAILIIT /R ULILIL o ;11,111,111 /Ru1311,111,11 and Ruéu’m’ﬂ /Rulsn,ﬂ,n’ respec-
tively. For bpym-linked dimeric Rujz cluster species 37 (Fig. 5), the correspond-
ing redox waves in individual triruthenium cluster units show notable splitting,

—bpym —
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Fig. 4 ORTEP drawing (30% thermal ellipsoids) of Ruz cluster dimer 37a linked by ortho-
metallated bpym

Fig. 5 Cyclic and differential

voltammograms of RuzO

cluster monomer 36 and dimer

37 with ortho-metallated

2,2/-bipyrimidine, recorded 36

in 0.1 M dichloromethane ‘JL /\ J/\_/
solution of (BuyN)(PFg). The

scan rate is 100mVs~! for 15 uAJv.
CV and 20mVs~! for DPV
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which can be estimated by the potential differences AE}/,. The wave splitting

AE} ), is progressively increased with decrease of the formal oxidation states in

the order Ruy "™ (0.10V) < Ruy "™ (0.23 V) < Ruy "™ (0.25 V). This demon-

strates distinctly that more remarkable cluster—cluster interaction is operating with
decrease of the oxidation states in the RuzO cluster moiety.

As observed in other oxo-centered triruthenium-acetate complexes, the electronic
absorption spectra of 36 and dimer 37 with ortho-metallated 2,2’-bipyrimidine are
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featured by absorptions in the UV region from ligand-centered transitions, intense
bands (330—410 nm) in the near UV region due to cluster-to-ligand charge transfer
(CLCT) transitions from the occupied dy orbitals of triruthenium cluster to the low-
est unoccupied * orbitals of the ligands, and broad composite bands in the visible
to near-infrared region arising from intracluster charge transfer (IC) transitions. The
absorptions from both CLCT and IC transitions are sensitive to the formal oxidation
states or charges in the Rujz cluster moiety. With decrease of the oxidation states in
Ruj cluster dimers, both the CLCT and IC absorptions are progressively red-shifted
according to 37 (350 nm) — 37a (382nm) — 37b (404 nm) for CLCT absorption,
and 37 (727 nm) — 37a (752 nm) — 37b (814 nm) for IC absorption. The possible
IVCT band in the 14 complex 37a with intercluster mixed-valence, however, is un-
observed in the scanning range 200-3000 nm, likely owing to the severe overlapping
by intense IC bands.

Bis(2,2'-bipyridyl)-Substituted Complexes
Reaction of triruthenium precursor 2 with one equivalent of bis(2,2'-bipyridyl)

ligand gave monomeric species 38 or 39 with ortho-metallated bpyC=Cbpy
or bpyC=C-C=Cbpy, respectively [30]. The dimeric species 40 or 41 is then




Oxo-Centered Triruthenium-Acetate Cluster Complexes 113

accessible by reaction of 38 or 39 with one equivalent of methanol-containing
complex 2, respectively. Surprisingly, the triruthenium cluster dimer 40 or 41 can
not be attained by direct reaction of bpyC=Cbpy or bpyC=C-C=Cbpy with two
equivalents of triruthenium precursor 2. Structural analysis of 39 by X-ray crystal-
lography demonstrated unambiguously that the 2,2’-bipyridyl in bpyC=C-C=Cbpy
is indeed ortho-metallated to the ruthenium centers.

Both monomeric complexes 38 and 39 exhibit three reversible redox waves due to
successive one-electron redox processes [RuIV ML/ TRy Hl ML+ [Ruéﬂ’m’m]+ /
[Rul;l"m’n]o, and [Rugn’m’n]o / [Rugn"n"n] . For dimeric spec:1es 40 or 41 con-
taining two identical Ru3O(OAc)s(py), clusters linked by bis(ortho-metallated)
bpyC=Cbpy or bpyC=C—-C=Cbpy, three reversible redox waves occur nearly at
the same potentials as those in monomeric species 38 or 39, but the current strength
is almost doubled for each redox wave. This suggests that cluster—cluster inter-
action between two identical triruthenium clusters linked by bis(ortho-metallated)
bpyC=Cbpy or bpyC=C—C=Cbpy is too weak to be resolvable by electrochemical
studies. Therefore, both ethynyl (-C=C-) and 1,3-butadiynyl (-C=CC=C-) linkers
between two 2,2’-bipyridyls are disadvantageous for mediation of cluster-cluster
electronic interactions.

2,2'-Bipyrazine-Substituted Complexes

The 2,2'-bipyrazine (bpz)-substituted Rusz cluster monomer 42, dimer 43, and
trimer 44 could be accessed by reaction of triruthenium precursor 2 with dif-
ferent amounts of 2,2’ blg¥ra21ne [30]. The trimeric species 44 containing two
parent RuzO(OAc)¢(py ) I and one derivate RuzO(OAc)s (py)IzII ML nits
could be directly prepared by reaction of 3.8 equivalents of 2 with 2,2'-bipyrizine.
It is also accessible by reaction of dimeric species 43 with 1.8 equivalents of 2.
The pr adopts nl(N)au'nl(N)vnl(N) and u4'n1(N)7nl(N)7n1(c)an2(N7N)
bonding modes in 42, 43, and 44, respectively. Reduction of 3+ trimer 44 by
addition of aqueous hydrazine allowed isolation of neutral intracluster mixed-

valence species 44b containing three RugII ML ynits. Oxidation of 44b with two
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equivalents of ferrocenium hexafluorophosphate induced isolation of 2+ interclus-
ter heterovalent species 44a that contains one RugH’HI’HO(OAc)5(py)2 and two

Ru;H’IH’HIO(OAC)(, (py)2 moieties.
Monomeric ! (N)-bpz species 42 exhibits three reversible redox waves due to

. TV, IIL, T TIT, 1, ITT TIL, T, IIT
successive one-electron redox processes [Rus " ]*"/ [Ruy ], [Ruy It

/ [RuI3H’HI"H]O and [RuI3H"HI’H]0 / [Ru;H’H’H}_. For dimeric complex 43 containing two
identical Ru3O(OAc)g(py)> clusters linked by a u-n'(N),n'(N)-bpz, the redox
wave involving the [Rugl’ln’n]o/ [RuI3H’H’H]_ process for individual Ruj cluster
unit shows appreciable splitting to afford two separate one-electron waves with

AE, /,=0.08 V, although wave splitting involving [Rugv"m'm}2+ / [RuI3H’HI’IH]Jr and

I, 1T, 11 TIT, 11, IT . . .
[Ruy |7 /[Ruz "% processes is not resolvable by electrochemical studies.

For trimeric species 44 containing two identical RuzO(OAc)s(py)2 and one
Ru30(OAc)s(py)2 moieties, eight reversible redox waves (Fig. 6) occur in the range
of +1.5 to —2.5V. Three redox waves are far from those in 42 and 43, ascribed to

successive one-electron redox processes Rugv‘m’III / Rugn’m’m, Rugn’m’III / Rugn’m’n,

and Rul;l"m’u / Rul;l’u"ll from the Ru3O(OAc)s(py)2 moiety with ortho-metallated
2,2'-bipyrazine. The other five redox waves are likely to originate from redox in-
teractions of two identical RusO(OAc)¢(py)2 moieties, in which the redox waves
involving Rugu’IILIII / RuI;l’m"Il and Ruéu’m’II / RuI3H’H’lI processes for individual Ruj
units show distinct wave splitting with AE;, = 0.11V and AE| n= 0.16V, re-
spectively. This demonstrated again that cluster-cluster interaction is obviously

s

AE,,=0.08V

A

b AE' =011V AE =016V
a \T(an‘;“/""“ W (r,‘oxnf_.-o a o b a b
O\ 0 Ru—0Q
.,Rl-\l /Iiu\-rlll (.(I) Ri— S e S e S
2 S8 08D I NYy S 1.0 05 0.0 —0.5 —1.0 —1.5 —2.0
\h/ fropuin Volts vs Ag/AgClI

Fig. 6 Plots of cyclic and differential pulse voltammograms for bpz-linked species 43 and 44
in 0.1 M dichloromethane solution of (BuyN)(PFs). The scan rates are 100mVs~! for CV and
20mVs~! for DPV
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enhanced with decrease of the formal oxidation states because the extent of
cluster—m*(bpz) mixing is intensified with increase of the electron content in the
Ru3O(OAc)s(py)2cluster moieties. Interestingly, redox wave splitting for two
identical RuzO(OAc)¢(py)2 is obviously more pronounced in trimeric species 44
(AE;/, =0.11 and 0.16 V) compared with that in dimeric species 43 (AE; > < 0.05
and = 0.08 V). Ortho-metallation of 2,2'-bipyrazine in trimeric complex 44 induces
better coplanarity of the two pyrazine rings so as to favor cluster—mt*(ligand)—cluster
orbital mixing. As a result, ortho-metallation of 2,2’-bipyrazine causes a noticeably
enhanced cluster—cluster interaction.

Pyrazino[2,3-f]quinoxaline-Substituted Complexes

In contrast with formation of three types of bpz-substituted Rus cluster species, re-
actions of 2 with pyq induced isolation of monomer 45 and trimer 46 containing
ortho-metallated pyq depending on the reaction conditions [30]. Reduction of the
3+ trimeric complex 46 by addition of aqueous hydrazine gave neutral species
46a. Oxidation of 46a by addition of two equivalents of ferrocenium hexaflu-
orophosphate afforded 24 intercluster heterovalent complex46b containing two
Ru30(OAc)6(py)12H’m"IH and one Ru30(OAc)5(py)12H’IH'H moieties.

\ 0 ]
S TATIIA
| iz 0——Rll 9] Na N~ U=y
) AP Ko Ny
O Q. N N o \ ;
~. | _— 7ty O o
Y o—RioY Y P oL 0 /FUNO(}\
0O, ()\ /E\/ —(0—‘}{111 o) \ (8) d \
Om=—Ril R{l T i 3
A AN TR e
s 2 RN AN
N =N ,:1\_1 0‘(\/
45 46 n=3
46a n=10
46b n=2

As shown in Fig. 7, the electronic spectrum of 24 intercluster heterova-
lent trimeric complex 46b includes IC absorption envelopes characteristic of
both [Ruz0]° and [Ru3O]* moieties, which are only slightly perturbed com-
pared with those in the corresponding neutral (46a) and 3+ complexes (46).
Three reversible redox waves occur at +0.89, —0.29, and —1.57V in the CV

and DPV of monomeric complex 45 with ortho-metallated pyq, ascribed to

. v , I, AL,
successive one-electron processes RuI3 LI / RuI3H LI RugII LI /RuI3II ML and
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Fig. 7 UV-vis-nIR absorp-
tion spectra of 3+ trimer
46 (line), neutral trimer 46a
(dots) and 2+ trimer 46b
(dashes) containing ortho-
metallated pyq, measured in
dichloromethane solutions
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Rugn’m’II /Rugn’H’H, respectively. For the trimeric complex 46, eight reversible
redox waves are observed in the range of +1.5 to —2.5V, in which the waves
at +0.89 (Rugv,m,m /Rugn,m,m)’ —0.04 (Rugn,m,m /Ru;n,m,n), and —1.50V
(RU?I’IH’H / RuI3H’H’H) are from Ru3zO(OAc)s(py)2 unit and other five belong to

two identical RusO(OAc)s(py)2 subunits that exhibit distinctly redox splitting. The

redox splitting involving the RugH’HLII /RugILILH (AE] /2=0.13V) process for indi-

vidual Rusz units is larger that that involving RuI3II’IIl’Ill / Rul;l"llLll (AE;=0.11V),
suggesting again that cluster—cluster interaction is enhanced with decrease of the
formal oxidation states in the Rus cluster moiety.

3.2 Azo-Aromatic Ligand-Substituted Triruthenium Complexes

Analogous to dimine and tetraimine ligands, azo—aromatic ligands such as 2,2'-azo-
bispyridine (abpy) and 2,2’-azo-bis(5-chloropyrimdine) (abcp) are 7-delocalized

bis-bidentate ligands with very low @* level orbitals. Reaction of oxo-centered
Ruén’m’III precursor 2 with one equivalent of abpy or abcp induced isolation of
Ru; cluster derivatives [RuzO(OAc)s{pu-n'(N),n*(N,N)-L}(py)2]t (L=abpy

47, abcp 48) with formal oxidation state IILIILIT [31]. Reduction of 48 by
hydrazine induces isolation of one-electron reduced neutral Ru;H’H‘II product
[Ru3;0(0Ac)s{u-n'(N),n?(N,N)-abcp}(py)2] (48a). While both 47 and 48 with

formal oxidation state IILIILII are diamagnetic, the room-temperature magnetic

moment of Rugn’n’II species 48a is 1.84 1y, a little higher than the spin-only value

(1.73ug) for a single unpaired electron.

From structural characterization of 48 b]y X-ray crystallography [31], it is
suggested that formation of stable RuI3H’HI’I cluster derivative 47 or 48 is in-
volved in substitution of the axially coordinated methanol as well as one of the six
bridging acetates in the Rugn’m’III precursor 2 by an abpy or abep, in which formal

oxidation state of the triruthenium species is converted from IILIILII to IILIILIL
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It appears that abpy- or abcp-substituted oxo-centered triruthenium derivatives ex-
hibit a high stabilization on low-valence ILIILII and IILILII species, which are
usually unavailable through axial ligand substitution. The abpy or abcp exhibits a
u-n'(N),n%(N,N) bonding mode, chelating one ruthenium center via azo N and
pyridyl/pyrimidine N donors as well as bound to another ruthenium center via the
other pyridyl/pyrimidine N donor.

In striking contrast with the slight influence on spectroscopic and redox prop-
erties caused by ortho-metallation of 2,2'-bipyridyl ligands [8], substitution of a
bridging acetate by abpy or abcp modifies dramatically the electronic features and
redox properties in the oxo-centered triruthenium derivatives 47 and 48 [31]. Five
distinct reversible or quasi-reversible redox waves are observed for both 47 and 48 in
the potential range of +1.5 to —2.0V, in which the one at £ , = —1.33V for 2 and

—0.99V for 3 are from reduction of abpy or abcp ligand, whereas the other four

. . LIV LI, 11 LI . I T
belong to triruthenium cluster-based Ruy ™" /Ruy ", Ruj /Ruy 0,

Ru gn LI /Ru m LI and Rul3H AL / RuII LI processes. The corresponding redox po-
tentials in 48 show 0.12-0.30V anodlc shift compared with those in 47, probably
due to the better w-accepting ability for pyrimidime-containing abcp than that for
pyridyl-containing abpy.

As shown in Fig.8, triruthenium-based redox gotentlals in 48 are anodic-
shifted by 0.69V for the redox process RuIII L /Ru IH T 70,99V for Rus

OMLULI /Ry QUL and 1.25V for RuI3II il /Ruy LI compared with the cor-
responding values in the parent complex [Ru30(OAc) (py)3]™. Obviously, with
decrease of the formal oxidation states in the triruthenium cluster cores, the anodic
shifts of redox potentials are progressively enhanced. As a result, the low-valence
Ruéﬂ’m’II and Ruéﬂ’u’II species are stabilized and accessible at ambient temper-
ature. Since the corresponding redox potentials in 47 or 48 are obviously more
positive than those in Ru3O(OAc)s(py)2(CO) and RuzO(OAc)s(py)2(CNR)s3, this
demonstrates clearly that abpy and abcp are even more efficient for stabilization of
low-valence in the oxo-centered triruthenium complexes than those of other ligands
including CO and isocyanide. Consequently, using 7-delocalized neutral ligands
to substitute a negatively charged acetate in the parent Ru3O(OAc)g core modifies
significantly the triruthenium-based redox potentials. In contrast, substituting one
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Fig. 8 Plots of cyclic voltammograms of abcp-substituted triruthenium species 48 and the parent
triruthenium complex [RuzO(OAc)¢(py)s]™ in chloromethane solution of (BusN)(PFg), showing
anodic shifts of redox potentials in 48 relative to those in [RuzO(OAc)s(py)s]*

of the negatively charged acetates by a deprotonated diimine ligand through ortho-
metallation causes little influence on the electronic and redox characteristics of the
oxo-centered triruthenium species.

4 Concluding Remarks

Oxo-centered triruthenium—acetate complexes represent a class of unusual metal
cluster complexes with electronically delocalized structures. These species with fa-
vorable T-delocalization exhibit a wide range of redox states by gaining or losing
electrons from a series of delocalized intracluster levels. Ligand substitution affords
a feasible synthetic strategy for accessing a wide range of oxo-centered triruthenium
derivatives by displacing axial coordination sites or/and bridging acetates with var-
ious ligands. Alternately, ligand substitution gives an excellent means of control-
ling the chemical and physical properties in the oxo-centered triruthenium cluster
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species by elaborately designed synthetic routes. Introducing substituents on the ax-
ial or bridging ligands with different electronic effects gives a feasible approach to
tuning the redox levels and electronic interaction between two or more triruthenium
cluster subunits. Generally speaking, electron-donating substituents favor cluster-
cluster electronic interaction whereas electron-withdrawing substituents reduce the
intercluster interaction.

Although triruthenium-based monomeric and oligomeric species derived from
axial ligand substitution have been investigated for more than three decades, ligand
substitution of the bridging acetate has been achieved in recent years. Substitution
of a bridging acetate in the parent Ru3O(OAc)¢ core by an anionic ortho-metallated
2,2'-bipyridyl ligand exerts slight influence on the redox properties and spectro-
scopic features. In contrast, bridging ligand substitution by a neutral N-heterocyclic
ligand with low level of ©* orbitals dramatically affects the electronic character-
istics and redox levels in the triruthenium derivatives. Significant anodic shifts of
the triruthenium-based redox potentials induced by substitution of a bridging ac-
etate in the parent RusO(OAc)s core with a neutral azo—aromatic ligand result in
facile formation of low-valence Rugn’m’II and RuI3H"H"II species that are usually in-
accessible. The finding opens a significant approach to tuning the redox potentials
of oxo-centered triruthenium cluster complexes through substitution of a bridging
acetate by a neutral N-heterocyclic ligand with low level of ©* orbitals.

Current challenges in the design of oxo-centered triruthenium derivatives through
ligand substitution reaction include (i) selection of wider range of m-delocalized
N-heterocyclic ligands to substitute the bridging acetates, (ii) isolation of stable
triruthenium species with wider ranges of formal oxidation states through bridg-
ing ligand substitution, and (iii) preparation of dimers or trimers derived from
substitution of the bridging acetates by neutral bis(terdentate) or tris(terdentate)
N-heterocyclic ligands to achieve better cluster-cluster interaction.
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New Progress in Monomeric Phthalocyanine
Chemistry: Synthesis, Crystal Structures
and Properties

Zhonghai Ni, Renjie Li, and Jianzhuang Jiang

Abstract In this chapter, recent progress in the synthesis, crystal structures and
physical properties of monomeric phthalocyanines (Pcs) is summarized and anal-
ysed. The strategies for synthesis and modification of Pcs include axial coordina-
tion of central metal ions, peripheral substitution of Pc rings and the ionization of
Pcs. The crystal structures of various typical Pcs, especially the effects of differ-
ent synthetic and modification strategies on the supramolecular assemblies of Pcs
via T—T interactions between Pc rings, are discussed in detail. Finally, the UV-vis
spectroscopic, conducting, magnetic and catalytic properties of some Pcs with crys-
tal structures are presented briefly, and the correlations between various properties
and the molecular structure discussed.
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PO 3-Pentyloxy
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PXX Peri-xanthenoxanthene

3-TA 3-Thienylacetate

TMPO  2,2,4-Trimethyl-3-pentyloxy

TPIP 1-Triphenylphosphoranylidene-2-propanone
TPP Tetraphenylphosphonium, tetraphenylporphyrin
TDOFe Tridioximates macrobicyclic iron'" complex
TED Triethylenediamine
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1 Introduction

Since their discovery one century ago, phthalocyanines (Pcs) have attracted
extensive interest in several research fields including organic chemistry, inor-
ganic chemistry, material chemistry, biochemistry, magnetochemistry, supramolec-
ular chemistry and molecular nanotechnology [1-5]. Owing to their excellent
and useful chemical and physical properties such as optical, electrical, magnetic
and catalytic properties, and their high physical and chemical stability, Pcs have
become one of the most important materials both in conventional and high-tech
fields [6-9]. Nowadays, Pcs are widely used as dyestuffs and pigments, photo-
conducting agents, photosensitizers, chemical sensors, electrochromic materials,
photodynamic reagents, media for computer read/write discs, electrodes, non-linear
optical materials, liquid crystals, catalysts, magnetic materials, conductors and so
on [10-14]. For these purposes, more than 50,000 tons of Pcs are produced per year.

Owing to the strong intermolecular T— stacking in planar Pcs and the resulting
inherent lack of solubility, in particular for the parent unsubstituted Pcs, together
with the limited species of unsubstituted Pcs, the development of Pc chemistry faces
austere challenges. In addition, these problems hinder deep investigation of the crys-
tal structures of Pcs, which not only makes it difficult to establish the relationship
between various physical behaviours and the solid state structures of Pcs, but also
has limited, to some extent, their widespread application.

In a continuous effort to circumvent the problem of poor solubility and tune the
steric effects and electronic features of Pcs, several effective strategies have been
developed. As a result, in recent years many neutral Pcs containing substituents at
peripheral o or  positions, or in the axial direction, as well as ionic and sandwich-
type Pcs have been synthesized and their single-crystal structures resolved by X-ray
diffraction analysis [15-24]. It therefore appears necessary to give a relatively com-
prehensive overview of the new progress in Pc chemistry. In this chapter, we summa-
rize recent research results on the synthesis, crystal structures, and various physical
properties of monomeric Pc compounds.

2 Synthesis and Modifications of Phthalocyanines

Metal-free and metal Pcs without peripherally substituted ligands and/or large
axial coordinated ligands have been synthesized, often by cyclotetramerization
reaction of phthalyl derivatives such as phthalonitrile, phthalic anhydride, 1,3-
diiminosioindoline, phthlimide and phthalic acid [4]. As mentioned above, these
common unsubstituted Pcs are highly insoluble in common organic solvents, which
prevents them from being applied broadly in materials chemistry. In this section, we
describe briefly several effective synthetic and modification strategies to improve
the solubility and tune the steric and electronic features of Pcs (Fig. 1).

The first effective strategy is the introduction of axial assistant coordination lig-
ands to the central metal atoms of Pcs [25-48]. The synthetic paths of this type of
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Fig. 1 General strategies for axial coordniation
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Pc are mostly via coordination reactions or axial ligands exchange reactions based
on the metal Pcs themselves. This is the most successful method for modification of
the parent Pcs themselves to date. Principally, the central metal ion in this type of Pc
either locates with the mean (N5, )4 plane formed by four isoindole nitrogen atoms,
which is called in-plane coordination pattern, or significantly shifts from the mean
(Niso )4 plane, which is called out-of-plane coordination pattern. In principle, the
additional axial ligand can be monodentate, bidentate or multidentate. The located
position of axial ligands can be trans- or cis-coordinated to the central metal atom.
The axial ligands employed recently include long aliphatic carboxylates, aliphatic
amines and alcohol groups, which usually have a strong influence on the intermolec-
ular T—7 stacking in the crystal structure and greatly enhance the solubility of
Pcs [15,16,33-37,46,48]. Some small groups such as halide, azide and hydroxy
anions, and neutral water, pyridine, 4-cyanopyridine, 4-methylpyridine, methanol,
ethanol and even anisole molecules sometimes can also effectively weaken the
strong intermolecular Pc T—m interactions [25-32, 38—45]. Interestingly, the axial
coordinated ligands can also link metal complexes such as porphyrin compounds
and monomeric iron'! complex, which may offer new potential developing space for
functional Pc chemistry [38,47]. The number of axial ligands and the symmetry of
Pcs are mainly controlled by the nature of central metal atoms.

The second effective method is the employment of peripherally substituted
ligands [49-68]. Almost all Pcs of this type are synthesized by using substituted
precursors such as substituted phthalonitriles as starting materials, although in prin-
ciple this type of Pc can be prepared directly by chemical modification of the Pcs
themselves. Generally, the preparation conditions of peripherally functionalized Pcs
based on substituted precursors are softer than those employed in the synthesis of
conventional unsubstituted Pcs, because the increased solubility of starting substi-
tuted precursors and the resulting peripherally substituted Pcs allow the employment
of a wide variety of solvents. The peripherally substituted ligands mainly include
crown ether, alkyl, alkoxy and alkylthio groups. From the point of view of sym-
metry, this type of Pc includes symmetrically and unsymmetrically substituted Pcs.
According to the number of substituted ligands, the symmetrically substituted Pcs
can be classified as tetra-, octa- and hexadecasubstituted Pcs. Certainly, the substi-
tuted positions may be different for symmetrically tetra- and octasubstituted Pcs.
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The synthetic methods of symmetrically substituted Pcs are similar to those of the
parent unsubstituted Pcs. However, unsymmetrically substituted Pcs are usually pre-
pared by statistical condensation methods, subphthalocyanine expulsion methods or
cross-condensation methods.

The third effective approach is the preparation of ionic Pcs with large balanced
ions [69-77]. It is well known that ionic compounds are usually more soluble than
neutral compounds in most organic solvents, especially in polar and mixing sol-
vents. Ionic Pcs include cationic and anionic Pcs. The preparation of ionic Pcs is
usually by means of electrochemistry. Sometimes they can be synthesized through
oxidation reactions, ion exchange reactions or ion coordination reactions.

Generally, the above three methods are effective synthetic and modification
strategies for preparing soluble Pcs and tuning their properties. In the actual process
of synthesizing soluble Pcs, the most effective strategy is certainly the combination
of all the three methods and many Pcs have actually been synthesized based on this
consideration [73-77].

3 Crystal Structures and Supramolecular Assemblies
of Phthalocyanines

With the rapid development of modern analysis techniques, especially the popular-
ization of single-crystal X-ray diffraction equipment, the origin of various physi-
cal and chemical properties, and the clear elucidation of correlations between the
structure and properties of Pcs have become possibilities. Together with the ma-
turity and diversification of their modifications, many Pcs have been synthesized
and their molecular structures characterized by X-ray diffraction analysis in the past
5 years [15-77].

The basic structure of a Pc molecule is a large planar macrocycle consisting of
four isoindole units circularly linked by azamethine bridges, presenting an 18—
electron aromatic cloud delocalized over the cyclic core. One common structural
feature is the cavity within the centre of the molecule, which can whole or partly
accommodate most elements in the periodic table. The distortion degree and molec-
ular shape of Pc skeletons depend mainly on the size of the atoms located within
the cavities, the coordination geometries of the central metal ions, the number and
steric effect of axial additional ligands bound to the central metal atoms, and the
peripherally substituted ligands appended to the Pc macrocycles. In order to clarify
and compare reasonably the large number of Pcs with crystal structures published
recently, the Pcs in this chapter will be classified on the basis of the above-discussed
modification strategies, and sub-classified according to the molecular shapes (in-
plane and out-of-plane) of the Pc skeletons and the molecular coordination geome-
tries of the central metal ions [5].

Another common structural feature of Pcs is the abundant arrangements of
molecules through various Pc m—7 interactions. These different stacking behaviours
can generally be figured out by the stacking angles of the molecules towards the
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stacking axes, the separation of adjacent metal ions or the parallel shift distance
of two neighbouring Pc molecules. The degree of the Pc m—m interactions depends
mainly on the interplanar distance (3.0—3.8 A) and the overlapping area, which
can be evaluated from calculation of the intermolecular HOMO-HOMO overlap
integrals [12]. Generally, the n—m overlaps for different monomeric Pcs published
recently can be divided into 14 representative types based on the largely overlap-
ping areas and the parallel shift directions of adjacent Pc macrocycles (Fig. 2). The
effect of different modifications on the crystal structures of Pcs, especially on the
arrangements of Pc molecules in the solid state, will be discussed in detail.

3.1 Neutral Parent Phthalocyanines

This type of phthalocyanine includes metal-free Pcs (HoPc) and tetracoordinated
metal Pcs (MPc) with square planar coordination surroundings (Fig. 3), which have
been widely investigated and well reviewed in detail before [5]. The central metal
ions include Mn'!, Fel!, Co™l, Ni'l, Cu®®, Zn™ or Pt ions of appropriate size. Most
of these Pcs crystallize in two (o and ) modifications, the B-type structure being
more stable and better characterized. These Pcs usually form slipped-stacked 1D
columns with the type A Pc m—x overlap (see Fig. 2 for schemes of overlap types
A-N). Interestingly, the o and P crystalline polymorphs have very different molec-
ular arrangements in the solid state, in particular in the inclination of the planar
Pc molecules relative to the stacking axis, although the geometries, intramolecular
bond distances and angles of the molecules in the two crystalline polymorphs are
very similar. In addition, various -type metal-free and metal Pcs have very similar
structures. The adopted stable form of this type of MTPc depends mainly on the
intermolecular interactions in the crystals, which has been discussed in detail by
Janczak and co-workers [78].

Another interesting and important problem that has been preliminarily solved re-
cently is the structure of complex Be!'Pc (1) containing the exceptionally small Be!!
ion of group IIA. In 2006, Kubiak and co-workers [39] examined the crystal struc-
ture of the complex. The results indicate that the tetracoordinated Be!' atom locates
at the centre of symmetry of the planar Pc(2-) moiety. The interatomic distances and
angles in the complex do not show any marked deviations from the geometry charac-
teristic of the d-forms of the tetracoordinated parent M'Pcs. The Be''Pc molecules
are arranged in stacks with a distance between the Pc(2-) planes of 3.4 A, similar to
other crystal structures of the B-MPc series. However, a significant difference in the
intermolecular interactions between complex 1 and other d-block MUYPcs is found,
i.e. no intermolecular weak coordination interaction between Be!'Pc molecules in
stacks is observed in 1. The reason might be attributed to the exceptionally small
size of the Be'! ion in complex 1. The B-form tetracoordinated parent M"Pc stack-
ing structures (type A m—m overlap) and the ionic radii of the central metals are
shown in Fig. 4.
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Fig. 2 Fourteen representative types (A—N) of Pc -7 overlaps
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Fig. 3 Schematic structures of neutral parent Pcs

3.2 Neutral Parent In-Plane Phthalocyanines with Axial Ligands

Unlike the above-discussed neutral parent Pcs, the neutral parent in-plane Pcs with
axial ligands have one or two additional axial ligands (Fig. 5), yielding square pyra-
midal and octahedral coordination geometries with large Pc(2-) or one-electron ox-
idized Pc(1-) radical ligands situated at the equatorial planes of the metal ions.
The Pc(2-) and Pc(1-) ligands in these complexes are not usually strictly planar.
However, the four isoindole coordination nitrogen atoms (Njg,) are nearly strictly
coplanar, and the central metal ions nearly locate within the centre of the mean
plane with a displacement of less than 0.1A from the (Niso)4 plane. The oxida-
tion states of the central metal ions in these Pcs can be 2, 3 or 4. For this type of
MPc with two axial ligands, the two ligands mostly are the same, except in a few
species. Most of these Pcs can form slipped-stacked 1D chain-like, 1D ladder-like,
or even 2D sheet-like supramolecular structures. However, owing to the presence
of axial additional ligands, which decrease the degree of Pc m—m overlaps between
neighbouring molecules, the stacking in these crystals is no longer as compact as
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Fig. 5 Schematic structures of neutral parent in-plane Pcs with axial ligands

observed in the neutral parent Pcs. If there are strong hydrogen bonds in the crystals,
the stacking arrangements become more complicated. Basically, the larger the ad-
ditional axial ligand, the greater its influence on the molecular arrangements of Pcs
in the crystals, until the T—x overlap between the Pc planes is prevented completely.
The crystal structures and supramolecular structures of neutral parent in-plane Pcs
published in the past 5 years are compiled in Table 1.

3.2.1 Pentacoordinated Phthalocyanines

Pentacoordinated Pc complexes with planar macrocycle are very scarce. Very re-
cently, Galezowski and Kubicki [25] reported a -bonded Co'Pc(CH3CH,) (2)
with an alkyl group as axial ligand. Investigation of its crystal structure revealed
that the solid consists of centrosymmetric face-to-face dimers. The cobalt atom in 2
is pentacoordinated and has a distorted square pyramidal geometry. The cobalt atom
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Table 1 Neutral parent in-plane phthalocyanines

Compound Metal dev.* M---M" m—m Overlap® Structure!  Ref.
A A
Be!'Pc 0 4.807 A 1D [39]
Co'"Pc(CH,CH3) 0.086 3.582 A.C 1D [25]
Crpe(); - 1, 0 8.402 C 1D [26]
Mg''Pc(Py), 0 9.141 M 2D [27]
Mn''Pc(Py), 0 9.171 LM 2D [28]
Co"'Pc(Py), 0 9.142 I, M 2D [29]
Fe''Pc(Py), 0 9.179 LM 2D [29]
Fe'Pc(4-CP), - 2(4-CP) 0 11.446 - - [30]
Ru'"Pc(4-MP) - 2CHCl; 0 10.241 K 1D [31]
AI™'P¢(anisole), 0 10.336 D.H 2D [32]
Fe"Pc(BA), - 3THF 0 10.750 - - [33]
Si'VPc(DTB), 0 9.208 L 1D [34]
SilVPc(4-rBuB), 0 8.841 L 1D [35]
a-Si'VPc(3-TA), 0 8.243 L 1D [35]
Si'VPc(DMPP), 0 9.730 K 2D [35]
Si'VPc[OOC(CH,)7CH3l, 0 9.044 K,M 2D [15]
Si'VPc[OOC(CH, ) 10CH3)a 0 9.004 J 1D [15]
Si'VPc[OOC(CH,)1,CH3l, 0 9.102 J 1D [15]
Si'™VPc[OOC(CH,)13CH3), 0 11.030 L 1D [15]
Si'VPc[OOC(CH,)20CH3), 0 9.175 ] 1D [15]
Si'VPc(naproxene), 0.005 9.686 K 1D [36]
B-Si™VPc(3-TA), 0.001 7.986 C Dimer  [37]
Co™Pc(CH3)(Py) 0.005 8.917 LM 1D [25]
[Cr''Pc(N3) (OH)Mn'TPP] - 2CINP  0.054 7.789 C Dimer  [38]

Displacement of the central metal ions from the mean (Njy, )4 plane
bShortest intermolecular metal- - - metal separation

“Type of Pc m—m overlaps as shown in Fig. 5

dSupramolecular structure by Pc n—m overlap

nearly locates within the centre of the mean (Njy, )4 plane with a deviation of 0.086
A towards ethyl group. In addition, the cobalt atom of one Pc faces an isoindole
nitrogen atom from the neighbouring Pc macrocycle, at a separation of 3.303 A,
which is similar to those of B-form neutral tetracoordinated parent M"Pcs. The in-
tradimeric Cr - - - Cr separation is 3.879 A. It is noteworthy that although the presence
of a mono-axial ethyl group does not change the m—m overlap of intradimers (type
E overlap) in 2, it significantly hinders the n—= stacking between these dimers with
only relative weak type C Pc m—x overlap. The Cr- - - Cr separation from two adja-
cent interdimers is 7.997 A. The 1D supramolecular structure of 2 based on the Pc
n—7 overlaps is shown in Fig. 6.

3.2.2 Symmetrical Hexacoordinated Phthalocyanines

Symmetrical hexacoordinated Pcs with planar rings have been the focus of by sev-
eral groups in the past 5 years [26-35]. In order to display clearly the influence of



New Progress in Monomeric Phthalocyanine Chemistry 131

Fig. 6 Parallel a and perpendicular b views of the 1D Pc columnar arrangement in 2; all hydrogen
atoms and axial uncoordinated atoms are omitted for clarity

Fig. 7 Parallel a and perpendicular b views of the 1D Pc columnar arrangement in 3; all hydrogen
atoms and I, molecules are omitted for clarity

axial ligands on the basic arrangement of Pc molecules, several typical results for
this type of Pc will be discussed in this section according to the size of axial ligand.
In 2002, Janczak and co-workers [26] characterized the crystal structure of
CrHIPc(I)z -1, (3). The central Cr'"! jon is coordinated by four Njg, atoms from the
one-electron oxidized Pc(1-) macrocyclic radical ligand and two trans iodine atoms,
yielding a distorted CrN4I, octahedral geometry. Cr''(Pc)(I), units are connected
together by type C Pc n—m interactions, forming slipped-stacked 1D columnar struc-
tures as shown in Fig. 7. The Cr---Cr separation in the column is 8.402 A. The
angle between the Cr'''Pc plane and the stacking axis is 23.6°, which is markedly
smaller than those of B-form parent MPcs without axial ligands (ca. 48.4°). These
data indicate that the two axial iodine atoms effectively prevent the overlapping of
Pc planes. The above columns are further linked by neutral I, molecules through the
axially coordinated iodine atoms into a 2D sheet-like supramolecular structure.
From 2002 to 2007, Kubiak and Janczak [27-30] and Sun’s [31] groups investi-
gated various symmetrical MPcs with pyridine and its derivatives 4-CP and 4-MP
as two axial ligands. Six complexes in this series with crystal structures are re-
ported. The crystal structures of MHPC(Py)z (M =Mg (4), Mn (5), Co (6) or Fe (7))
complexes with axial pyridine ligands are isostructural. Another two compounds
[Fe!'Pc(4-CP),] -2(4-CP) (8) and [Ru"Pc(4-MP),] - 2CHCl; (9) have similar molec-
ular structures to 4-7. The central metal ions in these complexes lie at the inversion
centres; thus, the molecules are centrosymmetric. In the six complexes, the central
metal ion and the four Njs, atoms of the Pc(2-) ligands lie on a strict plane. The
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Fig. 8 Molecular arrangement in the crystal packing a and the single sheet structure b; all Py
carbon atoms are omitted for clarity in 4-9

arrangement of the M"Pc(Py), molecules in the unit cell is illustrated in Fig. 8.
The four crystals are built up from isolated M"'Pc(Py), molecules, which form al-
ternating sheets in which molecules are related by a screw axis and glide plane. In
one sheet the planes of Pc(2-) macrocycle are parallel to each other, while between
the sheets the Pc(2-) planes are perpendicular. Within each sheet the neighbouring
molecules are partly overlapped through types J and M Pc n—m stacking patterns.
The shortest M ---M separations in complexes 4-7 locate within a narrow range
of 9.142-9.179 A. It is noteworthy that there are no obvious Pc m—m interactions
in complex 8, and the shortest intermolecular Fe- - -Fe distance is relative long at
11.446 A. Complex 9 forms 1D supramolecular polymer only via weak type K Pc
7T interactions with the shortest intermolecular Ru - - - Ru separation, 10.241 A.

In 2006, Vaid’s group [32] reported the structure of AlIHPc(anisole)z (10) with
Pc(1-) macrocyclic radical ligand and two axial anisole ligands. The AI'! ion in this
complex is coordinated by four Njs, atoms from the equatorial Pc(1-) ligand and two
oxygen atoms from two trans anisole ligands, giving a AIN4O», octahedral geome-
try. The molecules of 10 stack by the combination of type D and H Pc n—7 interac-
tions, leading to a 2D sheet-like supramolecular structure (see Fig. 9). In the same
year, Pregosin and Albinati [33] synthesized complex Fe''Pc(BA), - 3THF (11). The
results indicate that the molecular structure of complex 11 consists of the Fe!'(Pc)
moiety with the two frans-coordinated BA ligands and three THF solvate molecules.
It is noteworthy that no Pc m—m interactions are observed in this complex. In 2003,
the McKeown group [34] reported the crystal structure of SiIVPC(DTB)z (12) with
large aryl ether dendrimers as axial ligands. Complex 12 molecules slipped-stacked
to form 1D supramolecular structures via type L Pc - overlap.
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Fig.9 Parallel a and perpendicular b views of the 2D Pc sheet arrangement in 10; all uncoordinated
atoms in axial ligands are omitted for clarity

Fig. 10 Molecular arrangement in the crystal packing a and 1D column structure b; all uncoordi-
nated atoms in axial ligands are omitted in 14

Organic alkyl and aromatic acids are usually exploited as axial ligands because
of their excellent coordination abilities for some metal atoms. In 2002, Bryce and
Beeby’s group [35] investigated axially substituted Si'¥ Pcs using various rigid and
flexible carboxylates as the ligands. They determined the crystal structures of three
complexes SiWPc(L)z, where L indicates 4-rBuB (13), 3-TA (14) or DMPP (15).
The molecular structures of the three complexes are similar. Owing to the steric ef-
fects of the different axial ligands, the three complexes display different molecular
arrangements in the crystal packing. Complex 13 contains infinite stair-like stacks
of Pc moieties by type L Pc m—m overlap. A similar Pc-stacking motif is observed
in 14, but there exists the stacking involving thiophene rings, as shown in Fig. 10.
In the structure of 15, the overlap of Pc moieties is only marginal type K Pc -7
interactions. Here, stacks of Pcs are separated by double layers of axial substituents.
In both 13 and 14 the Pc-planes of molecules belonging to different stacks and are
not parallel but contact in a herringbone pattern, whereas in the triclinic crystal of
15, all Pc moieties are parallel and the packing can be described as laminar. Very re-
cently, Sosa-Sanchez and co-workers [15] determined five single-crystal structures
of SiIVPC[OOC(CHz)nCH3]2 with long alkyl carboxylates as axial ligands, where
n=717 (16), 10 (17), 12 (18), 13 (19) and 20 (20). The coordination surroundings
of Si'V ions in these complexes are similar to those of complexes 13—15. There
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exist types K and M Pc n—m overlaps for complex 16; J-type overlap for 17, 18 and
20; and L-type overlap for 19, giving a 2D supramolecular structure for 16 and 1D
structures for 17-20.

3.2.3 Unsymmetrical Hexacoordinated Phthalocyanines

Compared with symmetrical hexacoordinated MPcs, unsymmetrical hexacoordi-
nated MPcs are relative limited due to the difficulties of synthesis. In the last 5 years,
only a few such cases have been published. In 2002, Sosa-Séanchez [36] reported a
chiral Pc Si'VPc(naproxene), (21). The molecular structure determination shows
that the complex crystallizes in a non-centrosymmetric space group due to the in-
herent chirality of the naproxene ligands. The molecules of complex 21 form 1D
polymers through weak type K Pc m—7 interactions. Recently, Bryce and Beeby [37]
unexpectedly obtained one complex B-Si'VPc(3-TA); (22) that crystallizes in the
space group Cs/c. In a-Si'VPc(3-TA), (14) the thienyl rings are stacked to the Pc
moiety. However, in 22 one thienyl ring is near-parallel and the other nearly perpen-
dicular to the Pc moiety. The molecule stacking in complex 22 is also different from
that in 14. In 22, the B-Si'VPc(3-TA ), molecules only form dimers via type C Pc -7t
overlap. Recently, Galezowski and Ercolani [38] reported unsymmetrical complexes
Co'"Pc(CH3) (Py) (23) and [Cr'"Pc(N3) (OH)Mn!"'TPP] - 2CINP (24) with different
axial ligands. The molecules of complex 23 form a 1D ladder-like supramolecular
structure by the combination of types J and M Pc n—m overlaps. The Co- - - Co sep-
aration in complex 23 is 8.917 A. For complex 24, the molecules only form dimers
through the type C Pc -7 interactions due to steric effects of the large ligand TPP
and solvate molecules CINP. The intradimer Cr- - - Cr separation is 7.789 A in 24.

3.3 Neutral Parent Out-of-Plane Phthalocyanines

If the central ion is too large to be able enter the inner cavity of the Pc macro-
cycle or there is a strong unsymmetrical axial ligand, the central metal ion rests
“atop” of the Pc ring (see Fig. 11, and Table 2 for details). The degree of shift of
the metal ion from the Pc ring can be calculated from the deviation of the metal
ion from the (Njs, )4 mean plane and the corresponding Njs,—M-Nj,, angle (¢). In
this case, the Pc macrocycle adapts to this special bonding situation by deformation,

Fig. 11 Schematic structures of neutral parent out-of-plane Pcs
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Table 2 Neutral parent out-of-plane Pcs

Compound Metal dev® M---M° m—mverlap® Structure’  Ref.
A A

[Be'"Pc(H,0)]-EE 0.264 5.271 A,B 1D [39]
[Zn""Pc(H,0)] - 2DMF 0.380 5.824 F G 2D [40]
Mg'"Pc(H,0) 0.454 6.607 B,1 1D [41]
Mg"Pc(H,0) - Py 0.444 4535 A,B 1D [42]
Mg'"Pc(H,0) - 2(3-CIPy) 0.496 6.710 F Dimer  [43]
MgPc(H,0) - 0.5MEA 0.488 5.922 F Dimer  [44]
Mg""Pc(H,0) - MEA 0.491 5.788 B,F 1D [44]
Mg"Pc(H,0) - 1.SMEA 0.492 4.576 E.F Dimer  [44]
Mg""Pc(CH;0H) 0.437 4.602 A B 1D [45]
Mg'"Pc(EE) 0.458 4.615 A.B 1D [46]
HfVPc(TDOFe) - 3C¢Hg 1.104 7.720 F Dimer  [47]
Sn'VPc[OOC(CH,)4CH3l, 0.966 6.917 F L 1D [16]
Sn'VPc[OOC(CH,),CHj3), - CHCl3 0.935 7.351 E]J 1D [16]
Sn'VPc[OOC(CH,)sCH3l, 0.944 6.989 FL 2D [16]
Sn!'VPc[OOC(CH,)sCH3), 0.961 6.350 F L 1D [16]
Sn'VPc[OOC(CH, )sCH3 ), 0.956 7.205 D,EL 2D [48]
Sn'VPc[OOC(CH,)12CH3), 0.957 7.948 LL 1D [48]
Sn'VPc[OOC(CH, ) 4CH3), 0.944 7.545 LI, L 2D [16]
abedAg for Table 1

which can be estimated by the dihedral angle between the opposite isoindole units.
The MPc skeletons in these complexes usually exhibit dome- or cap-shaped distor-
tion. Attributed to the absence of axial ligands at one side, these complexes usually
form concave—concave overlapping dimers via very strong T—7 interactions. If the
steric effects of axial ligands at another side are suitable, these dimers can further
slipped-stack to form convex—convex overlapping 1D or 2D supramolecular struc-
tures through relatively weaker Pc t—m interactions.

3.3.1 Pentacoordinated Pcs

Pentacoordinated metal Pc with bent macrocycle is relatively prevalent in the family
of Pc. In 2006, Kubiak and co-workers [39] examined the single-crystal structure of
complex Be''Pc(H,0) - EE (25). The coordination polyhedron of the metal atom,
consisting of four isoindole N atoms and the apical water molecule, is a square
pyramid. The Bel atom is shifted out of the (Niso)4 mean plane by 0.264(6) A.
However, it should be expected that the cavity formed by four Nj,, atoms is very
spacious for the small Be'! ion. The reason for the significant shift of the Be!' ion
from the Pc centre might be due to the coordinated water molecule, which plays an
essential role as a link between the Be''Pc and ethoxyethanol units for the stabiliza-
tion and arrangement of the structural units in the crystal. The molecules of complex
25 form 1D polymer via types A and B Pc m—= overlaps and O-H - - - N,,, hydrogen
bonds (see Fig. 12). The shortest Be - - - Be distance in the polymer is 5.271 A. Very
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Fig. 13 Parallel a and perpendicular b views of the 2D Pc sheet arrangement in 26; solvate DMF
molecules are omitted for clarity

recently, the crystal structure of [Zn""Pc(H,0)] - 2DMF (26) has been solved by Fu
and co-workers [40]. The results indicate that the Zn™! ion in this complex is also
pentacoordinated. Notably, the Zn" atom is at the inversion centre, and the distance
between the Zn'" atom and the least square plane defined by (N, )4 toward the water
molecule is about 0.380 A. There are strong Pc 7— interactions (type F and G) in
complex 26, leading to a 2D supramolecular layer, as shown in Fig. 13. The shortest
intermolecular Zn - - - Zn separation in this complex is 5.824 A.

Mg'"Pcs are the most widely investigated pentacoordinated parent Pc complexes.
In the past 5 years, eight such compounds (27-34) with water and alcohols as axial
ligands have been published [41-46]. The solid-state arrangements of these com-
plexes display very different stacking patterns with the change of axial ligands and
of solvate molecules. For complex 27, there are two independent Mg'Pc(H,0O)
molecules in the asymmetric unit with very similar geometries [41]. In both
molecules, the MgH ions are significantly displaced from the (Njs,)4 mean plane
towards the oxygen atom from the water molecule, with an average displacement
of 0.454(3) A. The supramolecular structure is built up from two crystallographi-
cally different [Mg""Pc(H,0)], dimers (see Fig. 14). The dimers are stacked in a
herringbone fashion along the b-axis, giving 1D supramolecular columns. Besides
the strong type I Pc m—x interactions in the dimers, the type B Pc m—7 interaction
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Fig. 14 Molecular arrangement in the crystal packing a and single 1D columnar structure b in 27

between dimers along the columns is also very important. The columns then are
linked by O-H - - - Ng,, hydrogen bonds into a 2D sheet-like supramolecular struc-
ture. For complex Mg'"Pc(H,0) - Py (28), the molecules first form dimers via type
A Pcr—m interaction, then these dimers stack one to another by type B Pc t—7 inter-
action, giving rise to 1D supramolecular chains [42]. Unlike complex 27, the chains
based on the Pcm—m interactions in 28 are parallel to each other. For complexes
29, 30 and 32, the molecules only form dimers through the Pc ring m—m inter-
actions [43-45]. For 31, 33 and 34, the MgHPc moieties form 1D chains by the
combination of two types of Pc plane m—m interactions (type B and F for 31, and
type A and B for 33 and 34) [44-46]. The separation of Mg'! ion from the mean
(Niso)4 plane ranges from 0.437 to 0.496 A, which are slightly larger than those
of complexes 25 and 26 for Zn'"" and Be'' ions, respectively. The very different
arrangements of molecules in complexes 27-34 further indicates that the axial
ligands and the solvate molecules have significant influence on the supramolecular
assemblies of MPcs.

3.3.2 Heptacoordinated Pcs

Heptacoordinated neutral parent Pcs with crystal structures are very scarcely de-
scribed in the literature of the past 5 years. In 2005, Voloshin’s group [47] reported
a heptacoordinated complex HfWPC(TDOFe) -3C¢Hg (35) with a tridentate tridiox-
imates macrobicyclic iron!' complex as axial additional ligand. An apparent type
F Pcm-stacking between the “base-to-base” oriented neighbouring molecules is a
characteristic and specific feature of the crystal structure of 35. The ®-systems of
two coplanar “overlapping” pyrrol fragments of Pc macrocycles of these molecules
interact at a distance of 3.350 A. The four coordinated nitrogen (Njg,) atoms of these
macrocycles are located in one plane, whereas the coordinating Hf!V ion is displaced
by 1.105(1) A from the (N, )4 plane. The intradimeric Hf - - - Hf distance is 7.720 A.
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3.3.3 Octacoordinated Pcs

Recently, investigations on octacoordinated neutral parent Pcs have mainly fo-
cused on Sn'Y Pc complexes with long alkyl carboxylates as two cis ligands. In
2004 and 2005, Beltran and co-workers synthesized a series of such complexes,
Sn!YPc[OOC(CH,),CHj3),, based on trans-coordinated Sn'YPc(Cl), precursor and
long alkyl acids, where n = 4 (36 and 37), 6 (38), 8 (39 and 40), 12 (41) and 14
(42) [16, 48]. The X-ray structures of complexes 36—42 show that the chlorine—
carboxylate ligand exchange during the course of the reaction results in an overall
change in configuration from frans to cis. The coordination geometry of the tin atom
is approximately SnN4Oy square antiprismatic. The presence of the (RCOO),Sn"Y
moiety induces a deformation of the Pc(2-) ligand, which is directly responsible for
the elongation of the N—Sn bonds. This, in turn, allows the coordination number
to increase, yielding the hypercoordinated compounds with a nanocap shape. The
displacements of the Sn'"Y ions from the (Niso )4 core are within the narrow range
0.935-0.966 A. The intermolecular Sn---Sn distance in 3642 ranges from 6.350
to 7.948 A. The results confirmed that the orientation and length of hydrocarbon
chains in the alkyl carboxylates have important effects on the molecular arrange-
ments in these complexes (Table 3). It is noteworthy that the hydrocarbon chains
in the myristic acid derivative 41 have a parallel arrangement, which is situated be-
tween two columns linked by type I and L Pc -7 interactions. Interestingly, there
are three different Pc - overlaps, giving 2D sheet-like supramolecular structures
for complexes 40 (type D, F and L) and 42 (type I, J and L, as shown in Fig. 15).

3.4 Peripherally Symmetrical Substituted Phthalocyanines

As discussed above, the introduction of axial ligands indeed effectively decreases
the Pc m—7 interactions. In this section, we will recommend the crystal structures of

Table 3 Peripherally symmetrically tetrasubstituted Pcs

Compound Metal dev.? M---MP m—m Overlap®  Structured  Ref.
A A
H,Pc(DMPO)4 - 0x - - - - [49]
Pd"Pc(DMPO), - ox 0 8.786 - - [17]
Co'"Pc(DMPO)4(H,0) 0 8.576 - - [17]
Zn""Pc(DMPO),(H,0) 0 8.619 - - [17]
Mn"'Pc(DMPO),(Cl) - H,O - THF 0.290 10.436 - - [17]
Co""Pc(TMPO),4 - 2CH3CH,OH 0 8.056 - - [50]
PbllPc(PO), 1.304 5.986 B [51]
Zn"Pc(PO), (H,0) 0.346 6.425 B Dimer  [52]

abedAg for Table 1
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Fig. 15 Parallel a and perpendicular b views of the 2D Pc sheet in 42; axial ligands are omitted
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Fig. 16 Schematic representation of peripheral symmetrical substituted Pcs

peripherally substituted Pcs including symmetrical tetra-, octa- and hexadecasubsti-
tuted Pcs (see Fig. 16), and unsymmetrical AAAB, AABB, ABAB and ABBB Pcs
either with or without axis ligands.

3.4.1 Tetrasubstituted Phthalocyanines

Symmetrical tetrasubstituted Pcs recently characterized by X-ray single diffrac-
tion techniques are mainly the 1,8,15,22-tetrasubstituted Pcs, which arise from
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Fig. 17 Molecular arrangement of 43 in the unit cell

3-substituted phthalonitriles (see Table 3). In 2002, Ng and co-workers [49]
synthesized a metal-free Pc HyPc(DMPO)4 - ox (43). The results indicate that
the molecular structure contains an inversion centre relating the two halves of the
molecule, and the packing of molecules in the lattice is shown in Fig. 17. The Pc
rings are stacked in a herringbone fashion along the crystallographic b-axis with
a stacking angle of 55.0° and an interplanar distance of 7.22 A. This arrangement
is similar to that of the unsubstituted Pcs (both o and 3 forms), but the interplanar
distance is much larger for 43, probably due to the bulky DMPO substituents acting
as the spacers. It is noteworthy that oxalic acid molecules intercalate between the
Pc rings in this compound and are not hydrogen-bonded in any conventional or
unconventional manner.

Two years later, the same group [17] reported the crystal structures of
four metal complexes Pd"Pc(DMPO)4-0x (44), Zn""Pc(DMPO)4(H,0) (45),
Co""Pc(DMPO)4(H,0) (46) and Mn''"Pc(DMPO),(C1)-H,O - THF (47), still based
on bulky DMPO-substituted phthalonitriles. Complex 44 is a 1:1 inclusion complex
of Pd"Pc(DMPO)4 and C,H,04. Similar to compound 43, the guest species are
not hydrogen-bonded and simply hang between the Pc rings in 44. Complexes 45
and 46 both co-crystallize with a water molecule, which occupies a site with half
occupancy, giving square pyramidal coordination geometries. The metal ions in
complexes 44-46 lie strictly in the (Njso )4 plane. The Pc rings in complexes 4446
are arranged in a herringbone manner along the crystallographic b-axis with a large
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interplanar distance (6.98-7.40 A), which is very similar to that of the metal-free
analogue 43. In complex 47, the Mn" centre is coordinated by four Njs, atoms
of the Pc ring and one terminal chloro group, forming a slightly distorted square
pyramid. In contrast to the zinc and cobalt analogues, the Mn'" ion in 47 is dis-
placed 0.291 A above the (Ni,)4 plane towards the apical chloro ligand. Unlike
neutral out-of-plane Pcs with axial ligands, which always form dimers via strong
Pc m—m overlaps, no such n—7 interactions are found in 47 due to the steric effects
of the bulky substitutes. In 2004, Huang and co-workers [50] determined the crystal
structure of complex Co'Pc(TMPO), - 2CH3CH,OH (48), which has a similar
molecular arrangement to that of complexes 43-46.

In 2004, Jiang and co-workers [51] reported a 1,8,12,25-tetrasubstituted Pc com-
plex Pb!'Pc(PO), (49). The results indicate that this compound, having a non-planar
structure, crystallizes in the monoclinic system with a P2 /¢ space group. Each unit
cell contains two dimers of enantiomeric molecules, which are linked by weak co-
ordination of the Pb atom of one molecule with an Ny, atom and its neighbouring
oxygen atom from the alkoxy substituent of another molecule, forming a pseudo-
double-decker supramolecular structure in the crystals with a short ring-to-ring sep-
aration of 2.726 A. The coordination polyhedron of the lead is thus essentially a
slightly distorted trigonal prism. However, due to the larger ionic size, the diva-
lent lead ion cannot situate in the central hole of Pc(PO), but sits atop, 1.305 A
above the (Njg, )4 mean plane. A strong type B Pc T interaction is observed in the
dimers. The presence of peripherally substituted PO groups prevents these dimers
from further stacking via Pc T—7 interactions.

Very recently, the same group [52] synthesized a 1,8,12,25-tetrasubstituted Pc
complex ZnHPc(PO)4(H20) (50). The compound crystallizes in the monoclinic sys-
tem with a P2y /c space group with two pairs of enantiomeric molecules in a unit
cell like complex 49. In each monomeric Zn""Pc(PO)4(H,0) unit, the zinc ion is
coordinated with four isoindole nitrogen atoms and one oxygen atom from the Pc
ligand and an axial coordinated water molecule, giving a slightly distorted square
pyramid geometry. Similar to other pentacoordinated M'Pcs, the divalent zinc ion
in this complex does not situate in the central hole of Pc(PO)4 but sits atop, 0.346
A above the (N, )4 plane. As a result, the substituted Pc(PO)4 ring adopts a con-
formation that is domed towards the zinc cation. It is noteworthy that the two Pc
molecules are bound to each other via four hydrogen bonds, leading to the for-
mation of a pseudo-double-decker supramolecular structure [Zn!'Pc(PO)4(H,0)],.
A relative strong type B Pc m—7 interaction is also observed in the dimers, and the
peripherally substituted PO groups hinder these dimers’ further stacking via Pc m—m
interactions, which are similar to those observed in complex 49.

3.4.2 Octasubstituted Phthalocyanines
In the past 5 years, about ten 1,4,8,11,15,18,22,25-octasubstituted Pcs have been

structurally characterized, as listed in Table 4. One typical example of this type of
Pc is the saddle-shaped distortion of Pc rings, and the extent of distortion can be
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Table 4 Peripherally symmetrically octasubstituted Pcs

Compound Metal dev.® M---MP m—m Overlap® Structure!  Ref.
A A
HyPc(nBuO)g - - LL 1D [53]
H,Pc(nAmO)g - - K 1D [54]
Cu"Pc(EO), 0.022 5.040 F L 1D [55]
Ni"TP¢(nBuO)sg 0.001 7.584 G.L 2D [56]
Cu"Pc(iPO)g 0.041 6.180 I Dimer  [57]
Co'Pc(iPO)g 0.034 6.386 I Dimer  [57]
Ni'TPc(iPO)g 0.021 6.194 I Dimer  [57]
PbPc(HT)g 1.323 5.213 B,J,K 1D [58]
NiHPc(hexyl) 0 5.850 I 1D [59]
In‘“Pc(hexyl)( 1) 0.703 7.729 LL 1D [60]
InPc(hexyl)g (4-FP) 0.833 8.942 G,1 1D [60]
Zn"Pc(Ph)g (Py) - 2Py - Ph 0.398 8.248 - - [61]
ZnHPc(DzPPO) (H,0) -H,0 0.419 13.677 - - [18]
H,Pc(DHCP), - - F 1 1D [62]
Ru''Pc(15-C-5)4(TED), - 7CHCl3 0 15.931 - - [63]

abedAg for Table 1

estimated by the dihedral angles between opposite indole rings. Alkyloxy groups
are the most common substitutes in this type of Pc due to the easier prepara-
tion of their precursors. In 2002 and 2003, Huang [53] and Ercolani [54] reported
octabutyloxy- and octaamyloxy-substituted metal-free Pcs H,Pc(nBuO)g (51) and
H,Pc(nAmO)g (52), respectively. The Pc skeleton of 51 is a highly saddle-shaped
distortion, whereas the distortion of complex 52 is relative small; the reason might
be attributed to the different steric orientation of alkoxy groups in the two com-
pounds. The two compounds both form 1D supramolecular structures via Pc m—m
interactions. In 2005, Wang and co-workers [55] examined the crystal structure
of Cu'"Pc(EO)g (53). The molecules still form a 1D supramolecular structure via
type F and L Pc m—= interactions. In the same year, Rodgers [56] synthesized a
octabutyloxy-substituted compound NiHPc(BuO)g (54). The structural data reveal
that the macrocycle assumes a saddle conformation, with the indole rings tilted
alternately up and down, almost as rigid bodies. The opposite indole rings form
dihedral angles of 31.5(1)° and 32.4(1)°, respectively. In the crystal packing, the
molecules form a 2D sheet-like supramolecular structure through type F and L over-
laps. Very recently, Lin [S7] reported a series of iso-pentoxy-substituted complexes
MUPc(iPO)g (Cu (55), Co (56) and Ni (57)) with crystal structures. The X-ray anal-
ysis reveals that molecules aggregate to dimers via strong type I t—7 overlap in the
crystals of the three complexes. The steric congestion of the substituents spread-
ing outwards holds back molecules of one dimer from aggregating with that of the
neighbouring dimer.

Similar to the above-mentioned alkoxy, alkylthio groups are also excellent pe-
ripheral substitutes. In 2003, Cook [58] determined the crystal structure of substi-
tuted Pc complexes Pb'Pc(HT)g (58) with eight hexylthio groups attached to the
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a-sites of the Pc macrocycle. There are two dependent Pb!![Pc(HT)g] units in the
crystal structure. The two lead atoms are each tetracoordinated, and lie 1.339(4) and
1.306(4) A out of the square plane of the four Nj,, atoms. Similar to complex 49,
the Pb'! ions in this complex exhibit essentially slightly distorted PbN5S, trigonal
prisms. The arrangements of molecules form 1D chain-like supramolecular struc-
tures via type B and K Pc n—7 interactions for one chain and type B and J Pc ©—n
interactions for another chain. The two neighbouring chains are parallel to each
other in the crystal.

Long flexible alkyl groups have been exploited widely as peripheral substitutes.
In 2003, Helliwell and co-workers [59] investigated the temperature-resolved struc-
tural behaviour of Nil'Pc(hexyl)s (59). The molecules of this complex at 293 K
stack one to another via type G Pc m—r overlap, giving a 1D chain-like supramolec-
ular structure. In 2005, Cook’s group [60] reported two symmetrical octasubsti-
tuted complexes In''Pc(hexyl)g(Cl) (60) and In"Pc(hexyl)g(4-FP) (61) with bent
Pc macrocycles. The indium atoms in the two complexes are displaced from the
central cavities of the macrocycles, lying 0.703 and 0.833 A above the (Niso )4 mean
plane for 60 and 61, respectively. Despite varying the axial ligand from a chloro
group to the more space-demanding 4-fluorophenyl group, the two compounds form
similar types of columnar stacks through Pc - overlaps. For 60, the molecules of
one column are tilted with respect to those in an adjacent column and thus exhibit a
type of herringbone arrangement, whereas the molecules of complex 61 pack with
their central planes parallel.

Recently, a rigid phenyl group has been employed as peripheral substituted
ligand. In 2005, Kobayashi [61] synthesized a 1,4,8,11,15,18,22,25-octaphenyl-
substituted Pc complex Zn'"Pc(Ph)g(Py) - 2Py - Ph (62) using HoPcPhg as starting
precursor. The crystal structure indicates that the molecular shape exhibits a highly
deformed saddle-shaped structure with alternating up and down displacements of
the isoindole units. The dihedral angles between the opposite indole rings are very
large, amounting to 42.34° and 61.89°, respectively. The Zn'' ion rests above the
(Niso )4 mean plane with a deviation of 0.398 A. In this complex, the intermolecular
Pc m—7 interactions are very small due to the high distortion of Pc macrocycle, as
shown in Fig. 18.

The reports on the crystal structure of 2,3,9,10,16,17,23,24-octasubstituted Pcs
are relatively limited. To our best knowledge, there are only three such complexes
that have been structurally characterized in the past 5 years [18, 62, 63]. Com-
pared with the o-substituted Pcs, the peripheral B-site ligands have little influence
on the deformation of Pc skeleton because the substitutes in this case are away
from the Pc core. In addition, the ligands attached to the B-sites of Pcs can be
either chain-like or cyclic groups. In 2005, McKeown [18] synthesized complex
Zn""Pc(DiPPO)g(H,0) - HyO (63) using the large rigid DiPPO group as peripheral
substitute. The crystal structure is cubic and belongs to the exceptionally rare space
group Pn—3n with 12 Pc molecules in the unit cell. The Pc core of complex 63 is a
shallow cone-shape with the central Zn' ion and the oxygen atom of its axial ligand
protruding from the molecular plane. As predicted, the DiPPO substituents lie out
of the plane of the Pc macrocycle and thereby prohibit the formation of columnar Pc
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Fig. 18 Molecular arrangement in the crystal packing of 62; all atoms not involved are omitted
for clarity

stacks. In addition to the axial water ligand attached to the Zn'' centre of complex
61, there are a further 24 water molecules per unit cell that appear to be associated
through hydrogen-bonding interactions to the N,,, atoms of the Pc ring. Therefore,
the complex is a Pc clathrate of cubic symmetry containing interconnected solvent-
filled voids of nanometre dimensions. Very recently, the same group [62] reported
the crystal structure of a novel metal-free Pc compound HyPc(DHCP)4 (64) based
on 2,2-dialkylindane precursor. The Pc macrocycle only shows slightly deforma-
tion. The molecules of complex 64 form a 1D columnar supramolecular structure
via types F and I Pc -7 interactions.

In 2004, Nefedov and co-workers [63] reported a tetra-18-C-5-substituted com-
plex Ru''Pc(DHCP)4(TED), (65) with two axial TED ligands and seven solvate
molecules CHCI3. The Pc m—= interactions are completely prohibited by the com-
bination roles of peripheral substituted and axial coordinated ligand as well as by
solvate molecules.

3.4.3 Hexadecasubstituted Phthalocyanines

The hexadecasubstituted Pcs with crystal structures are shown in Table 5. In 2004,
Kimura [64] prepared a metal-free Pc compound H,yPc(Et)g(BzT)g - 2CHCl3 (66),
in which the o- and B-sites are occupied by eight ethyl and eight benzylthio groups,
respectively. In the structure, two benzylthio groups on the same benzene ring are
directed in opposite directions and are perpendicular to the plane of the Pc, while
the two ethyl groups in close proximity are also oriented in alternate directions. It
seems that the two sterically congested ethyl groups cause a slight distortion in the
Pc skeleton. No obvious Pc -7 interactions are observed in this complex. Instead
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Table 5 Peripherally symmetrically hexadecasubstituted Pcs

Compound Metal dev®  M---MP  m—m Overlap®  Structure  Ref.
A A

HyPc(Et)g(BzT)g - 2CHCl3 - - - - [64]

H,PcFs (PFiP)g - - A Dimer [65]

Zn"PcFg (PFiP)g (ac), 0 12.106 - - [66]

Co'TPcFg (PFiP)s (ac), 0 11.981 - - [19]

Co''PcFg (PFiP)g(TPIP), 0 13.477 - - [19]

abed A for Table 1

Fig. 19 Overall molecular arrangement with fluorine-lined solid-state channels in complex 67

strong -7 interactions between Pc and the phenyl ring from the benzylthio group
are found, which link the molecules into a 1D supramolecular structure.

In 2002 and 2003, Diebold and Gorun [65] reported four perfluorinated metal-
free Pcs and metal Pcs with eight fluorine atoms and eight perfluoroisopropyl ap-
pended to the o- and B-sites, respectively. Compound H,PcFg(PFiP)s (67) was
the first perfluorinated metal-free Pc to be synthesized from the corresponding
phthalonitrile. The crystal structure indicates that the Pc ring exhibits dome-like
structural deformation in the solid state. The dihedral angle between the oppo-
site isoindole units is ~20°. Compound 67 forms slipped-stacked dimer via strong
type A Pc m—x interaction due to the dome-like molecular shape, which decreases
the intradimeric steric congestion. Interestingly, this complex displays very beau-
tiful network molecular arrangements, as shown in Fig. 19. There are spacious
fluorine-lined solid-state channels. The intermolecular interlocking of peripheral
iso-perfluoroalkyl short-chains favours the formation of fluorine-lined solid-state
channels while imposing a metal-induced-type molecular distortion. In 2002, they



146 Z. Ni et al.

[19, 66] reported three perfluorinated MPcs 68—70 with acetone or TPiP molecules
as two axial ligands. The Pc rings in the three complexes are perfectly planar with
the Co or Zn atoms at its geometric centre, which is very different from compound
66. The CF; groups of the iC3F; substituents direct above and below the phthalo-
cyanine plane. Expectedly, no -7 stacking is observed in the solid state of the three
complexes.

3.5 Peripherally Unsymmetrical Substituted Phthalocyanines

Reports of the crystal structures of peripherally unsymmetrical substituted Pcs are
very scarce because of the difficulties of synthesis and separation (see Table 6 for de-
tails). Recently, Wang and co-workers [67] synthesized a frans-form o-disubstituted
metal-free Pc compound H;Pc(1,15-BTMPO) (71) by the “cross-condensation”
method. The crystal structure reveals clearly that the distribution of the two alkoxy
groups are arranged in a trans form. There are two independent molecules aggre-
gated together to form a dimer in a unit cell, with a distance of 3.366 A. The dimers
are separated by the bulky alkoxy groups arranged at the four corners of the dimer.

In 2005, Kobayashi’s group [61] synthesized a series of phenyl-substituted un-
symmetrical MPcs, Zn'"Pc(Ph),(Py) - 2Py - MPh (72), Zn"'Pc(Ph), - 3Py (72) and
Zn"'Pc(Ph)g - 3Py (73). The coordination surroundings of Zn'! ions in the three
complexes are the same as that of complex 59. The crystal structures reveal that
the overlap of the phenyl groups causes substantial deformation of the Pc ligands
within the crystals, while strong m—7 stacking in the remainder of the Pc moiety
lacking phenyl substituents can suppress the impact of the deformation. The axial
pyridine ligand prevents extensive T—7 interactions on one side of the Pc and allows
close 7 stacking (type E for 72 and 73, type F for 74) at the opposite side, giving
a dimeric structure (see Fig. 20 for complex 74). In the same year, Cook [60] re-
ported a unsymmetrical substituted complex In'"Pc(Br)(BuO), (hexyl) (75). The
molecular arrangement of this complex is similar to that of complex 59.

In 2006, Liu and co-workers [68] reported a AAAB-type complex Zn'"Pc(DPP),
(tBuPO)g(Py) (76) by a statistical condensation reaction between two different

Table 6 Peripherally unsymmetrical substituted phthalocyanines

Compound Metal dev.*  M---MP  m—mOverlap®  Structure!  Ref.
A A
H,Pc(TMPO), - - E Dimer  [67]
Zn"Pc(Ph), (Py) - 2Py - MPh 0.363 4.333 E Dimer [61]
Zn"Pc(Ph), - 3Py 0.381 4.477 E Dimer [61]
Zn"'Pc(Ph)g - 3Py 0.341 6.082 F Dimer [61]
In'"Pc(Br) (BuO), (hexyl)g 0.710 8.015 LL 1D [60]
Zn"Pc(DPP), (p-tBuPO)g(Py) 0.388 5.458 I Dimer [68]

abedAg for Table 1
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Fig. 20 Parallel a and perpendicular b views of the dimeric structure in 74

phthalonitriles. The results indicate that the aromatic Pc skeleton is only distorted
from perfect planarity. The Zn'! ion is situated out of the mean (Njs,)4 plane by
0.388 A. Two molecules of complex 76 form a concave—concave overlapping dimer
through strong type I Pc m—m interactions. These dimers are prevented from further
stacking through Pc m—7 interactions by the axial and peripheral substituted ligands.

3.6 Ionic Phthalocyanines

Generally, the ionization of Pcs not only increases their solubility but also alters their
T—7 stacking structures, especially in the presence of large balanced ions. The Pc
skeleton in these compounds can be integrally or partly oxidized cationic HyPc™, or
anionic Pc(1-) and Pc(1-). According to the charge type of Pc moiety, ionic Pcs can
be classified as cationic Pcs and anionic Pcs. The cationic and anionic Pcs published
recently are listed in Tables 7 and 8, respectively.

3.6.1 Cationic Phthalocyanines

In 2002, Ibers and co-workers [69] synthesized two integrally oxidized metal-free
Pc compounds [Hppc|[IBry] (77) and [Hppcla[IBry|Br - C1oH7Br (78) by chemi-
cal oxidation. The extended structure of 76 comprises slipped Pc columns via
type E and F Pc n—m interactions. The Pc rings stack along the ag-axis in adja-
cent columns at 70° to one another. IBr, ions occupy the interstitial columns.
Complex 77 forms slant stacks (types A and B) of Pc rings with IBr; ions, Br™
ions, and 1-bromonaphthalene molecules in the adjacent, parallel columns. In the
same year, Ibers and co-workers [70] reported a series of partially oxidized Pc
compounds 79-88 as listed in Table 8. Complexes 79-84 are essentially isostruc-
tural. The molecular structures of the seven compounds are all comprised of a
stack of three MPc trimers with inter-ring distance of about 3.16 A. Unlike the
above-discussed slipped-stacks of Pc rings, the centres of the three MPc units in a
trimer are almost linear. The inner and outer Pc planes of the trimer are staggered by
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Table 7 Cationic phthalocyanines

Compound Metal dev®  M---MP  m—mOverlap®  Structure!  Ref.
A A
[HyPc][IBry] - - E,F 1D [69]
[HzPC]z [IBI‘z]BI‘ . C10H7Br - - A, B 1D [69]
[HaPcl3[AsFg] - C1oH7Cl - - AN 1D [70]
[HzPC]3 [SbF6]2 . C10H7C1 - - A, N 1D [70]
[NilPc]3 [SbF], - C1oHCl 0.023 3.159 AN 1D [70]
[Cu"Pc)3[SbFg], - C1oH;Cl 0.011 3.176 AN 1D [70]
[Cu"Pc]3[AsF], - C1oH7Cl 0.014 3.185 AN 1D [70]
[NilPc]3[ReOy]; - C1oH7Cl 0.003 3.215 AN 1D [70]
[Cu"Pc]3(ReOy), 0.123 3.160 LN 1D [71]
[Sb™Pc]4[SbeTnn] 0.991 5.760 E Dimer [72]

ab.cdAq for Table 1

Table 8 Anionic phthalocyanines

Compound Metal dev.:  M---MP  m—m Overlap®  Structure!  Ref.
A A
[PXX][Fe™Pc(CN),] 0.012 7.680 Cand G 1D [73]
[PXX],[Co!'Pc(CN),] 0 7.295 Cand G 2D [74]
[PXX]z[ComPc(CN)Z] -CH;CN 0.004 7.825 Cand G 2D [75]
[PXX]4[Co™Pc(CN),] - CH;CN 0 10.406 G 2D [75]
TPP[Co™Pc(Cl), ], 0 7.537 C 1D [76]
TPP[Co™Pc(Br), ) 0 7.609 C 1D [76]
TPP[Mn'"P¢(CN),] - CH,Cl, 0 8.986 J,K 1D [20]
(nBusN)[Zr'VPc(OPh);] - Et,O 1.291 12.132 - - [77]
(nBusN)[Hf"YPc(OPh);] - Et,O 1.267 11.904 - - [77]
(nBugN), [ZrVPe(tec),| 1.277 13.157 - - [77]
(EtyN)2[ZrVPc(0,C0),) 1.225 8.332 I Dimer  [77]

ab.cd Aq for Table 1

40-44° (see Fig. 21b) in the seven complexes. These trimers then form 1D columns
(see Fig. 21a) through quasi type A and type L n—m interactions for 79-84 and 85,
respectively.

In 2006, Janczak and Perpétuo [72] reported a cationic Pc complex [SbHIPc]4
[Sbelay] (86) with a large [Sbglas] cluster as counterion. The two independent Sb'Pc
segments in 86 belong to typical out-of-plane structures with Sb'™ jons lying above
the (Nis)4 mean plane with an average 0.991 A separation. In fact, the two Sb'!
ions are weakly coordinated by the iodine atoms from the [Sbglz;] cluster, giving
hepta- and octacoordinated trigonal prism and square antiprism, respectively. The
complex shows a very interesting supramolecular assembly, as shown in Fig. 22.
Four cationic [Sb(Pc)]™ units form one box-like substructure with a large balanced
[Sbelz] cluster resided within it. Then, these box-like substructures slipped-stack
along four directions via concave—concave overlapping of Pc macrocycles, forming
a 2D supramolecular network structure.
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Fig. 21 Molecular arrangements in the crystal packing a and the Pc overlapping structure of adja-
cent Pc rings in trimer b of 79-84

Fig. 22 Molecular arrangement in the crystal packing a and single box substructure b in 86

3.6.2 Anionic Phthalocyanines

During the last 5 years, Inabe and co-workers [73-76] have used electrochem-
ical oxidation to synthesize a series of partially oxidized ionic Pc compounds
[PXX],[MITPc(CN),] (M = Fe or Co) (87-90) and [TPP][Co"Pc(X)s), (X =
CI(91) or Br(92)) with two trans CN~ groups, C1”~ or Br™ ions. The central metal
ions all have distorted hexacoordinated octahedral geometries. The Pc skeletons in
these complexes are nearly strictly planar and the central metal ions lie in the (Nig, )4
planes. The M—C =N angles are almost linear and the axial CN~ groups, CI™ or Br™
ions are relatively small. Therefore, these Pc complexes always form 1D column-
like or 2D sheet-like Pc stacks via various Pc -7 interactions. In addition, the planar
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Fig. 23 Single sheet structure a and molecular arrangement in crystal packing b of 89

PXX groups in complexes 87-90 can also slipped-stack to form columns located be-
tween the Pc columns and sheets. Since the crystal structures and supramolecular
assembles of this type of phthalocyanine were well summarized in 2001 [12] and
2005 [79], we will present briefly only one typical Pc m—m supramolecular structure
that has not been included in the previous section. As shown in Fig. 23, the Pc units
in 89 form a 2D sheet along the ac plane. The overlap mode is type G Pc n—7 inter-
actions along both the a- and c-axes. This sheet further interacts with another sheet
by type C overlap, forming a double sheet.

In 2005, Matsuda and co-workers [20] synthesized a Mn''pc complex salt,
TPP[Mn!""P¢(CN),] - DCM (93) with huge [Mn"'Pc(CN),]~ anions and large TPP™*
cations. There are two crystallographically independent [Mn""Pc(CN),]~ molecular
units. The central Mn'! ions of each unit lie at the inversion centre. The two unique
[Mn!™Pc(CN),]~ units form 1D supramolecular anionic chains via weak type J and
K Pc -7 overlaps, and the adjacent chains built from different [Mn"Pc(CN),]~
unit are almost perpendicular to each other.

In 2002, Homborg’s group [77] reported a series of anionic out-of-plane Pc
complexes with large [nBusN]" and [Et4N]* as balanced cations. The molecular
structures and the coordination geometries of the central metal ions of anion seg-
ments in these complexes are very similar to those of the neutral out-of-plane Pcs
(see Sect. 3.3). However, formation of the supramolecular structures based on the
Pc m—m overlaps may take place due to the large balanced cations. For example, no
significant Pc -7t stacks are observed in complexes (nBuyN)[M!VPc(OPh)3] - Et;0
(M = Zr (94) and Hf (95)) and (nBusN),[ZrPc(tcc),] (96). Another common fea-
ture is that there exists an anionic layer formed by Pc anionic moieties and a cationic
layer built from cationic (nBusN)™ units, which may be responsible for the absence
of Pc m—m overlapping in the three complexes. The molecular arrangement in crystal
packing of 96 is shown in Fig. 24. Complex (EtyN),[Zr'YPc(0,CO);] (97) forms
concave—concave overlapping dimers via type I overlap, which is similar to that of
common neutral out-of-plane Pcs. The difference in molecular arrangements be-
tween complexes 97 and 94-99 may be attributed to the fact that the (EtsN)™ cation
is smaller than (nBugN)™. In addition, the displacement of the central metal ions
from the mean (N )4 plane in the four complexes ranges from 1.225 to 1.291 A.
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Fig. 24 Molecular arrangement in crystal packing of 96

4 Properties of Phthalocyanines

Generally, the properties of monomeric Pcs are dependent on the nature of the cen-
tral metal ions, on the position, steric effects and electronic properties of the axis
and peripheral substituted ligands, on the extent of distortion of Pc skeletons, on
the arrangements of molecules in the solid state or in solution, and on the degree
of oxidation of Pc rings, as well as on some other external measuring conditions.
In this section, we will discuss the UV-vis spectroscopic, conducting, magnetic and
catalytic properties of some Pcs with crystal structures.

4.1 UV-vis Spectra

In general, the representative MPc has four main UV-vis absorption bands, and
the spectrum is dominated by the intense Q and Soret (B) bands. A single intense
Q-band absorption is usually observed in the visible region (620-800nm) and is
assigned to a T — 1" doubly degenerated transition (aj,—ey) within the macrocy-
cle. However, unlike metal Pcs, metal-free Pcs usually have two bands of roughly
equal intensity in the Q-band region due to the lower symmetry since the two inner
hydrogen atoms cancel the degeneracy of molecular orbitals. The B band usually
occurs in the near-ultraviolet region (300-350 nm) and is also attributed to a ® — 7*
transition (ap,—€,) of the macrocycle. Both Q and B bands are characteristic for the
Pcs. Two relatively weak bands, as shoulders to the B and Q bands, often appear in
the region 320-385 nm and 560-690 nm, respectively [4, 11].
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4.1.1 Effects of the Central Metal Ions

The central metal ions can directly affect the electronic structures of Pc cores.
Therefore, the UV-vis spectra of Pcs can change to some degree with the alter-
nation of the metal ions. There are many results supporting this fact. The observed
bands of a series of parent MPc with axial Py (4-7) or 4-MP ligands (9), and a
family of alkoxyl-substituted MPcs (44-47) are listed in Tables 10 and 11. The
Q-band position, however, is highly dependent on the metal centre in the order
Ru' « Fe!l <« Co! < Mg « Mn" for 4-7 and 9, and Pd" < Co" < Zn"" « Mn!"
for complexes 44—47.

4.1.2 Effects of Peripherally and Axially Substituted Ligands

Peripherally and axially substituted ligands also directly or indirectly tune the elec-
tronic absorption spectrum of Pc rings, the degree of which is mainly determined
by the electronegativity and positions of substituents. Generally, axial ligands only
have a small effect on the UV-vis absorption spectrum of corresponding Pcs, and
the shifts of the Q and B bands are usually relatively small except the presence of
very strong axial electron-withdrawing or electron-donating groups. The a-site sub-
stitutes usually have significant influence on the position of Pc absorption bands
because they not only directly tune the electronic structure of Pc rings, but also re-
sult in the high distortion of Pc skeletons, as discussed above. Compared with the
intense Q bands of parent unsubstituted Pcs observed usually in the 620-700 nm
region (Table 9), the alkoxy, alkyl and alkylthio electron-donating groups at the
a-sites of Pcs result in a bathochromic shift of the main absorption Q band from

Table 9 Some UV-vis absorption data of peripheral unsubstituted Pcs

Compound Q B Ref.
in Py 676 644 609 350 [27]
in DMSO 672 641 604 345 [27]
in Py 692 660 620 360 [28]
inCH,Cl, 670 605 344 [25]
inCH,Cl, 650 594 415 322 [29]
inCH,Cl, 624 375 [31]
in CHCl, 678 650 610 354 [34]
in CHCl3 697 670 616 353 [15]
in CHCI3 699 674 628 342 [15]
in CHCl3 702 672 620 369 [15]
in CHCI3 700 678 612 368  [15]
in CHCI3 695 667 620 372 [15]
in EtOH 682 616 360 [16]
in EtOH 682 616 360 [16]
in EtOH 682 616 360 [16]
in EtOH 682 616 360 [48]

in EtOH 682 616 360 [16]
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Table 10 Some UV-vis absorption data of peripheral c-substituted Pcs

Compound Q B Ref.
in CHCl3 694 664 623 314 [17]
in CHCl3 702 631 313 [17]
in CHCl3 711 638 322 [17]
in CHCl3 775 693 337 [17]
in CHCl3 748 670 444 333 [51]
in toluene 732 660 448 330 [56]
in THF 741 [57]
in THF 742 [57]
in THF 738 [57]
in THF 818 690 500 350 [58]
in THF 726 [60]
in THF 728 [60]

visible region to the near-IR region (700-820 nm) in solution (Table 10). In contrast
to the a-site substituents, the influence of B-site substituents on the UV-vis absorp-
tion spectrum of Pc is obviously limited because they are further away from the Pc
core than the a-site groups and have little effect on the distortion of the Pc core.

4.1.3 Effects of Distortion of Pc Skeleton

Deformation of the Pc skeleton also can directly affect the electronic structure
of Pcs. Recently, the UV-vis spectroscopic properties of a series of deformed
Zn""Pcs were examined by Kobayashi and co-workers [66]. The results are shown in
Table 11. All of the five complexes exhibit an intense single Q band in the region of
650-850 nm, and the absorption spectra show sizable red shifts of the Q band with
increasing number of phenyl groups. Peripheral substitution usually results in an ap-
proximately linear shift of the Q-band energies as the number of substituents is in-
creased. However, the results demonstrate that marked deviations from linearity are
observed for the deformed complexes 73, 74 and 62. Analysis of the results of ab-
sorption spectra and electrochemical measurements reveals that a substantial portion
of the red shift is attributed to the ring deformations. Molecular orbital calculations
further support this conclusion. A moderately intense absorption band emerging at
around 430 nm for highly deformed octaphenyl-substituted Zn""Pc can be assigned
to the HOMO — LUMO + 3 transition, which is parity-forbidden for planar Pcs, but
becomes allowed since the ring deformations remove the centre of symmetry.

4.2 Conductivity

Conductivity is one of the most important properties of Pcs, which has made them
useful in many high-tech fields. In 2001, Inabe [12] summarized various electrically
conducting neutral radical and partially oxidized salt crystals of [Co''Pc(CN),]".
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Table 11 UV-vis absorption data of Zn"Pc in pyridine with various phenyl groups

Compound Q B Ref.
Zn'"Pc 674 609 345 [61]
682 616 345 [61]
704 636 343 [61]

[
732 656 394 340 [61]
786 697 429 [61]

Recently, the conducting properties of a series of fully and partially oxidized ion Pc
complexes with single crystals have been investigated [73—76]. Herein we present
recent progress on the conducting properties of Pcs from five aspects, which may
offer new views for the designation of novel conducting Pc materials.

4.2.1 Effects of Arrangements of Pc Molecules

In 2004, Inabe and co-workers [74] compared the conductivity of complex 88
containing 2D Pc stacks with complexes TPP[Co''Pc(CN),]» and [PXX][Co''Pc
(CN),] having 1D chain-like and ladder-like supramolecular Pc stacks, respec-
tively. The results indicate that the electrical resistivity in [PXX],[Co''Pc(CN),] is
quite low (1073 Qcm) and that the low resistivity is retained even at 5 K. Whereas
the electrical resistivity of TPP[Co'Pc(CN),], and [PXX][Co™Pc(CN),] is higher
than that of 88 (102 Qcm), the resistivity of these two complexes increases rapidly
with lowering the temperature below 50 K and reaches about 10 Qcm at 5 K. Since
the HOMO-HOMO overlap integral value along the needle axis is nearly the same
for the three crystals and the contribution from the partially oxidized 1D PXX
columns is negligibly small, the difference in the transport properties of these com-
plexes is attributed to the difference in the m—x stacking network structures. The tem-
perature dependence of the thermoelectric power in 87 indicates clearly the metallic
behaviour.

4.2.2 Effects of the Central Metal Ions

As discussed above, the nature of the central metal ions can directly affect the elec-
tronic structure of Pc rings. As a result, the nature of the central metal ions must
be one important factor for determining the conductivity of Pcs. Inabe and co-
workers [73] investigated the temperature dependence of the resistivity along the
c-axis for complexes PXX[M!Pc(CN),] (M = Fe (87) or Co (88)), which are iso-
morphous and contain 1D two-leg ladder-like Pc stacks. The resistivity of the Fe
salt (3.3 x 1072 Qcm) is nearly one order of magnitude higher than that of the Co
salt (6.0 x 1073 Qcm). The Fe salt shows semiconducting behaviour in its electrical
resistivity over the temperature range measured, while the isomorphous Co salt ex-
hibits metallic behaviour above 100 K and very weak semiconducting behaviour



New Progress in Monomeric Phthalocyanine Chemistry 155

below 100 K. The difference in the transport properties between the two salts sug-
gests that the conduction electrons in the Fe salt are seriously scattered by the local
magnetic moment. The resistivity ratio of the Fe'"! salt to the Co'! salt is about 10°
at 25 K.

4.2.3 Effects of Axial Ligands

Recently, Inabe and co-workers [76] investigated the conductivity of three isomor-
phous complexes TPP[Co''Pc](L), (L = C1(91), Br (92) or CN (88)) with different
axial ligands. The temperature dependence of the resistivity for the three complexes
indicates that the Br-ligated species has the highest electrical resistivity, and that the
resistivity of CN-ligated complex is the lowest. As is well known, different axial
ligands can result in different distances between the ComPc(L)2 moieties, thereby
affecting the effectiveness of the m—m overlap. Therefore, the resistivity of the three
complexes increases in the order CN~ > CI™ > Br™, which can be attributed to the
influence of axial ligands on m— overlap decreasing in the order CN~ < CI™ < Br™.
This series of crystals exhibits an apparent semiconducting temperature dependence
with a small activation energy (Ex < 0:01eV for L = CN, Ex = 0.008-0.015¢eV for
L =Cl, and E5, =0.015-0.026¢V for L = Br).

4.2.4 Effect of Pressure

The localized character of the charge carriers may be mobilized by applying pres-
sure. Based on this consideration, Inabe and co-workers [75] investigated the con-
ducting properties of Pcs under different pressures. The results indicate that pressure
has a significant influence on the conductivity of 88. The crystal shows semicon-
ducting behaviour under ambient pressure. However, the conducting behaviour is
metallic until 5 K under a pressure of 1.2 GPa.

4.2.5 Effects of Magnetic Field

In 2003, Inabe and co-workers [73] investigated the electrical conductivity under
a magnetic field of 16T for 87. A magnetic field parallel to the c-axis (B//c) and
perpendicular to the c-axis (B//a* and B//b) was applied. The resistivity of the Fe
salt drastically decreases and a negative magnetoresistance is observed below 50 K
for all directions, but the decrease in the resistivity is highly anisotropic to the field
orientation. The B//a* magnetoresistance can be comparable to the B//b magne-
toresistance and is much larger than the B//c magnetoresistance. The authors con-
sidered that the dependence of resistance on field orientation is highly consistent
with the g-tensor anisotropy in the [Fe''Pc (CN)2] unit, suggesting that the negative
magnetoresistance originates from the large ©—d interaction self-contained in the
[Fe'"Pc(CN),] unit.
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In addition, Janczak [26] studied the conductivity property of complex 3 with a
polycrystalline sample, and the results show that the conductivity is in the range
2.7-28x102Q 'ecm™! at room temperature. Very weak temperature depen-
dence of the conductivity and a metallic-like dependence in conductivity are ob-
served in the range 300-15 K. Ibers and co-workers [70] investigated the electrical
conductivity of partially oxidized complex 82 with a suitable single crystal and the
results indicate its semiconductor nature (Ex = 0.22¢eV).

4.3 Magnetic Properties

The investigations on the magnetic properties of monomeric Pc compounds mainly
include the determination of the spin ground states of the central metal ions, mag-
netic coupling for metal-radical systems with fully or partially oxidized Pc rings,
and the magnetic supra-exchange coupling through Pc T— interactions.

4.3.1 Spin States of the Central Metal Ions

Both high- and low-, and even intermediate-spin states can be found in Pc com-
plexes, which have been the most appropriate medium for studying spin transition
materials. In 2003, Janczak and co-workers [28] reported the magnetic properties
of mononuclear complex 5 and its derivative Mn'"Pc. The results show the exis-
tence of overall antiferromagnetic interaction in 5 via a magnetic supra-exchange
mechanism involving Pc T—7 overlap. Notably, at room temperature the effective
magnetic moment calculated for 5 is [y = 3.62up (expected value 3.62uy for
S =3/2), indicating the intermediate-spin complex 5 with three unpaired electrons
per molecule arising from the ground state configuration of (ajg)?(eg)?(bag)!. The
spin-only value for non-ligated complex 5 is also S = 3/2. However, the axial lig-
ation of the Mn""Pc complex by pyridine changes its magnetic coupling between
magnetic Mn'! centres, and ferromagnetic interactions are observed in the complex.
The same group [25,26] also investigated the spin ground states of complexes 6-8.
The results indicate that one unpaired electron localized on the d? orbital of Co!!
(eg4b2g2a1gl, S =1/2) ion in 6, and that ligation of the intermediate-spin Fe'lPc by
Py or 4-CP molecules leads to a change of the spin ground state configuration of the
central ion from S = 1 (FeHPc, eg3b2g2a1g1) to S = 0 (complexes 7 and 8, eg4b2g2).
In 2005, Matsuda and co-workers [20] investigated the magnetic properties of
complex 93. The magnetic susceptibility measurement reveals the Mn'" ion in the
low-spin state (d*S = 1). However, the Uefr at room temperature is 3.28 [, which
is considerably higher than the calculated spin-only value of 2.83 g for S = 1. The
extraordinary U value should be due to the spin—orbit coupling effect.
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4.3.2 Magnetic Coupling in Metal-Radical Systems

Compared with the sandwich Pc metal-radical systems, which exhibit excellent
magnetic properties such as single-molecule magnet behaviours, reports on the mag-
netic properties of monomeric Pc complexes are relative limited. In 2003, Janczak
and co-workers [26] investigated the magnetic properties of complex 3 with one-
electron oxidized phthalocyaninato(1-) macrocyclic radical ligand. The results show
that the effective magnetic moment at room temperature (3.98 [y ) is slightly higher
than the spin-only magnetic moment for crt, Mspin-only = 3-87 g (d37 S=3/2),
but it is considerably lower than that for the ferromagnetic coupling with the one-
electron oxidized Pc(1-) radical (S = 1/2). The temperature dependence of the ef-
fective magnetic moment, L, shows the alternating ferro- and antiferromagnetic
interactions in the system of the paramagnetic central Cr'!l ion (d3, § =3 /2) and
surrounding mt-conjugated radical ligand Pc(-1) (S = 1/2). The tendency of the mag-
netic moment in the range 2-300 K also indicates the quintet (300-25 K) and triplet
(below 25 K) ground states, which might be produced by the ferro- and antiferro-
magnetic interactions between the paramagnetic Cr'!' centres.

In the same year, Matsuda and co-workers [73] reported the magnetic proper-
ties of partially oxidized Pc complex 87 with one radical electron located partially
distributing on both PXX and [Fe!'Pc(CN),], components. Study of the magnetic
susceptibility indicates the presence of overall antiferromagnetic interactions in the
complex. The authors attributed the antiferromagnetic interactions to the antiferro-
magnetic coupling between [Fe!'"Pc(CN), ], units via the 7t-electrons in the Pc rings.
Moreover, spontaneous magnetization is observed below 8 K for the complex, which
manifests weak ferromagnetism.

4.4 Catalytic Properties

The catalytic characteristics of Pcs have been widely investigated in the past
few decades [11]. Herein, we present briefly the catalysis of a novel Pc com-
plex, which was designed on the molecular level by Gorun and co-workers [19].
More interestingly, the crystal structures of both the catalyst itself and its catalytic
intermediate have been determined. As discussed above, the introduction of bulky
peripheral substituents encourages the formation of isolated monomeric species. If
peripheral substituents are preferably perfluorinated, materials that are both soluble
and resistant to self-oxidation might be yielded. Such materials may be suitable for
homogeneous catalysis under harsh conditions, which include the presence of reac-
tive species such as singlet oxygen and free radicals. Based on reasonable molecular
design, they synthesized perfluorinated Pc complex 69 and investigated its catalytic
characteristics. The results show that the enzyme-like complex can effectively cou-
ple phosphanes with acetone to produce ylide TPIP and water at ambient conditions,
by using air as the sole reagent (Eq. 1):
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1
PhsP 4 CH3C(=0)CH; + 502 — PhsP=CHC(=0)CHs + H,0 @)

The crystal structure reveals that triphenylphosphane couples with both coordinated
acetone molecules of 69 to form two molecules of the keto-stabilized ylide TPIP,
part of the complex 70. Complexes 69 and 70 are in equilibrium in acetone; addi-
tion of excess coordinating solvent to 70 results in the liberation of the TPIP and
regeneration of 69. No decomposition of the catalyst was observed even though the
cycle reactions were performed numerous times. The excellent homogeneous catal-
ysis may be ascribed to the presence of a heme-like metal Co! centre, the electron-
withdrawing effect of the fluorine groups (which enhances the Lewis acidity of the
metal centre) and the effect of the tight fit of the TPIP inside the Fg4PcCo pocket of
complex 70.

5 Conclusion

We have reviewed recent progress on the synthesis, crystal structures and proper-
ties of monomeric Pcs. About 97 new Pc compounds with crystal structures have
been synthesized in the past 5 years, based on several synthetic and modification
strategies. Investigation of the crystal structures and supramolecular assemblies of
these Pc compounds indicates that the introduction of axial and peripheral ligands
can effectively hinder the Pc t—m interactions, and even prohibit completely Pc T—n
overlapping. The extent of distortion and the shape of central Pc skeletons are dom-
inated by the central metal ions, and by the number, steric effect and position of
the substituents. As for ionic Pcs, it is noteworthy that the counterions usually form
chain- or sheet-like structures located between the Pc t—t stacks or ionic sheets. The
UV-vis spectroscopic, conducting, magnetic and catalytic properties of monomeric
Pcs have been discussed briefly. They are controlled mainly by the nature of the cen-
tral metal ions, by the position, steric effects and electronic properties of the axis
and the peripheral and axial substituted ligands, by the extent of distortion of Pc
skeletons, by the arrangements of molecules in the solid state, and by the degree of
oxidation of Pc rings, as well as by some other external measuring conditions.
Despite the vast number of reported syntheses, crystal structures, properties and
applications of monomeric Pcs, it is still difficult to clarify clearly the synthetic
mechanisms of Pcs in various conditions, to predict fully the supramolecular struc-
tures of Pcs in the solid state (except for a very few types of simple Pcs), and to elu-
cidate completely the correlation between molecular structure and properties. The
large-scale preparation and separation of some novel Pcs with interestingly proper-
ties is still very hard. On the basis of the great potential applications of Pcs in high-
tech fields, exploitation of multi-functional Pc materials needs to be strengthened in
the future. There is still plenty of room for further investigation of Pc chemistry.
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This chapter describes the controllable assembly, structures and properties of
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The effects on the assembly of several factors of influence, such as presence of a
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1 Introduction

The concept of self-assembly can be traced back to “coordination chemistry” pio-
neered by Werner. In 1987, Cram, Lehn, and Perdersen were awarded the Nobel
Prize for laying the foundation of supramolecular chemistry. Through the self-
assembly approach, many inorganic clusters with homo- [1-5] or heterometal
[6-11], and complexes with organic ligand—metal coordination such as macrocycles
[12], cages [13—15], polyhedra [16—18], and metal-organic frameworks (MOFs)
[19-24] have been constructed. Herein, we present a summary of our recent re-
sults on the application of this approach to construct a wide range of heterometallic
clusters with amino acids as ligands.

After several decades of intense development, the concept of “clusters” has been
considerably expanded. Currently, the term cluster means a finite aggregate of atoms
or molecules that are bound by forces that may be metallic, covalent, or ionic in char-
acter and can contain from a few to tens of thousands of atoms. Recently, sparked by
the structural diversity and interesting properties found and proposed for 3d—4f clus-
ters, interest in their rational syntheses has increased rapidly [25-28]. Firstly, 3d—
4f heterometallic complexes have great potential as molecular magnets, especially
single-molecule magnets [29-34], since 4f elements possess a large number of un-
paired electrons and can introduce large magnetic anisotropy. Next, the introduction
of a transition metal into a lanthanide complex may quench or increase the lumines-
cence intensity of the lanthanide ion, which may have potential use in fluorescence
devices and ion sensors [35-38]. Again, 3d—4f complexes can be used as precursors
for the preparation of 3d—4f mixed-metal oxides, and many new superconducting
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materials can be synthesized [39,40]. In order to synthesize a 3d—4f heterometallic
compound, it is necessary to find a suitable ligand that can coordinate to lanthanide
(Ln) and transition metal ions simultaneously. Previous works have proven that pyri-
dones [41], Schiff bases [42], oxalato [43,44], oximates [45,46] or oxamides [47],
cyano groups [48], and carboxylic acids [49] are good candidates for such purpose.

Although the self-assembly process is easy and convenient to operate, success in
obtaining the expected object is still a challenge for chemists. The aims of this article
are to summarize the coordination chemistry of amino acids, to review our recent
work on 3d—4f heterometallic clusters bearing amino acid ligands, and to expound
the effects of several factors of influence on self-assembly, such as presence of a
secondary ligand, lanthanides, crystallization conditions, the ratio of Cu>* to amino
acids, and transition metal ions. We hope that our systematic researches on the 3d—
4f amino acid clusters can provide a useful framework of reference for the study of
other self-assembly systems.

2 Coordination Chemistry and Binding Modes of Amino Acids

Amino acid is one of the most important biological ligands. Researches on the coor-
dination of metal-amino acid complexes will help us better understand the compli-
cated behavior of the active site in a metal enzyme. Up to now many Ln—amino acid
complexes [50] and 1:1 or 1:2 transition metal-amino acid complexes [51] with the
structural motifs of mononuclear entity or chain have been synthesized. Recently, a
series of polynuclear lanthanide clusters with amino acid as a ligand were reported
(most of them display a LnsO4-cubane structural motif) [52]. It is also well known
that amino acids are useful ligands for the construction of polynuclear copper clus-
ters [53-56]. Several studies on polynuclear transition metal clusters with amino
acids as ligands, suchas [Cos] [57, 58], [CoaPty] [59], [Zng] [60], and [Fejz] [61]
were also reported.

Jacobson had obtained two homochiral Ni aspartate (asp) coordination polymers
under hydrothermal conditions. One is a one-dimensional (1D) helical polymer con-
taining a Ni-O-Ni infinite chain [63]. Each aspartate ligand is pentadentate, which
is indicated by the Harris notation [63] as [5.21222323424513]. The other with a three-
dimensional (3D) Ni—O-Ni connectivity forms at a higher pH and is based on the
same helices as in the former chain polymer [64], which are connected by additional
[Ni(asp),]»-bridges to generate a chiral open framework containing 1D channels
with minimum van der Waals dimensions of 8 x 5 A. For both the 1D and 3D poly-
mers, two transitions are observed at low temperature due to the infinite Ni-O-Ni
connectivity. The 3D polymer undergoes a ferrimagnetic ordering transition with
T. = 5.5K. Rosseinsky [65] also employed Ni aspartate units to generate homochi-
ral porous materials with suitable bidentate linker molecules, which were used to
probe enantioselective sorption for small chiral diol molecules. It was found that
there is a geometry-dependent interaction between the nanoporous material and the
small molecule guests.
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For mixed lanthanide—transition metal clusters, Yukawa et al. have synthesized
an octahedral [SmNig] cluster by the reaction of Sm>* and [Ni(pro),] in nonaque-
ous medium [66-68]. The six [Ni(pro),] “ligands” use 12 carboxylate oxygen atoms
to coordinate to the Sm3* ion, which is located at the center of an octahedral
cage formed by six nickel atoms. The coordination polyhedron of the central Sm>*
ion may be best described as an icosahedron. The [SmNig] core is stable in solution
but the crystal is unstable in air. The cyclic voltammogram shows one reduction
step from Sm>* to Sm?* and six oxidation steps due to the Ni’>* ions. Later, simi-
lar [LaNig] and [GdNig] clusters were also prepared.

A dinuclear Y-Cu complex was synthesized by the reaction of Y3*, Cu’*,
and L-alanine in aqueous solution at relative low pH [69]. Four alaninato ligands
use their carboxylate groups to bridge the two metal ions in the bidentate mode.
The ligand acts more like a carboxylate than an amino acid because the amino
group is protonated. Two 1D heterometallic coordination polymers {[CuEr(gly)s
(H,0),]-5C104 - HyO}, and {[CuyGd;(gly),o(H20)4] -10C104 - 4H, 0}, were also
synthesized in a similar way [70]. Similar to those in heterometal carboxylates
[71-73], the metal ions in these two compounds are all arranged in the linear mode
withaLn---Cu---Cu---Ln subunit. The carboxyl groups of glycine molecules take
two coordination modes. The first one acts as a bidentate bridging ligand only. The
second is a tridentate bridge that coordinates to three different metal ions. The amino
groups of the glycinato ligands are also protonated.

Amino acids are ambidentate ligands with N-donor and O-donor atoms, which
exhibit abundant coordination modes. As shown in Scheme 1, there are six main
coordination modes (a—f) for the amino acids:

a. Amino acids can act as a “carboxylic acid ligand” to bridge two metal (transition
metal or lanthanide) ions via two oxygen atoms from their carboxylic groups,
which generally happens at low pH, in which case their amino groups are proto-
nated [69].

b. When amino acids bind to transition metal ions, especially to divalent Cu, Ni,
Zn, and Co ions with a metal-to-ligand ratio of 1:2, normally the amino group
and one of the carboxylate oxygen atoms function in the chelate mode [51].

c. If there are remnant metal ions in the solution, they will further bind to an-
other metal ion via the residual oxygen atom on the basis of mode b to form
a chain [51] or ring compound (mode ¢0) [60]. Only when the remnant metals
are lanthanide ions and free transition metal ions are absent (M:AA < 1:2) can
the residual oxygen atoms bind to Ln ions (mode c1). Mode ¢2 is only seen in
the case that a cis-Cu(AA), group coordinates to one lanthanide ion via its two
chelating carboxylate oxygen atoms.

d. If there are still a large amount of metal ions in solution, in the case of a high
metal-to-ligand ratio, cluster compounds will be preferentially formed, and the
oxygen atom taking part in the chelating interaction will further bind to a sodium
or lanthanide ion on the basis of mode ¢0 to form a cluster compound (modes
d0 and d1). Modes d3 [62] and d4 [52] have been observed only in compounds
formed at high temperature and high pH conditions. In other words, it is difficult
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Scheme 1 Six main coordination modes (a—f) of the amino acid ligands indicated by the Harris
notation, [63] where M is the transition metal ion

for an oxygen atom functioning in the chelating mode to further bind to another
transition metal ion, and arduous for the amino group to chelate the lanthanide
ion.

e. Inthe case of M:AA < 1:2, the amino acid will further bind to another lanthanide
ion on the basis of mode c1 to form a cluster or chain compound via the chelating
oxygen atom in the monodentate (mode d2)or chelating mode (mode e).

f. Occasionally, amino acids can further coordinate to another Cu ion via the
nonchelating oxygen atom on the basis of mode d0, with a weak Cu—O bond
length in the range 2.41-2.44 A, to form a cluster dimer or condensed clus-
ter [74]. Mode f, in which amino acids with three donors coordinated to a total
of four metal centers is, to our knowledge, the largest.
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From the discussions above, it can be concluded that amino acids prefer to chelate
latter transition metals, then to bind to another metal ion via the nonchelating oxygen
atom, while the oxygen atom already participating in chelation prefers binding to a
Na*t or Ln** ion.

In the following sections, our work on the amino acid clusters will be reviewed
according to the effects of the various reaction conditions on self-assembly.

3 Effect of Secondary Ligand on the Assembly

In many cases, a secondary ligand is often employed to construct new compounds.
For examples, 4,4'-bipyridine and its analogs are used to link two block units to
form high-dimensional structures [75], while some clusters with higher nuclearities
can be accessed by using secondary ligands, such as azido and halide anions, due to
their bridging ligation and/or template effect [76-78]. Here, two secondary ligands,
imidazole (im) and acetate, were employed to construct new 3d—4f clusters. They
played a stabilization or interruption role in these novel cluster structures.

3.1 Heptanuclear Trigonal Prismatic Clusters Stabilized
by Monodentate Imidazole Ligand

Three isomorphous heptanuclear trigonal prismatic complexes, [LnCug([1;—-OH)3
(gly)simg)(ClO4)g (1) (Ln = La, Pr, Sm, Er) were synthesized through the self-
assembly of Ln(ClOy4)3, Cu(ClOy4)s, glycine, and imidazole with a molar ratio of
1:6:6:6 in aqueous solution [79]. The complexes crystallize in the rhombohedral R3
space group. As shown in Fig. 1, six Cu®>* ions form a large trigonal prism with the

. la
W Cu
onN
@c
®o°
Fig. 1 Cationic structure of
1-La




Controllable Assembly, Structures, and Properties of Lanthanide—Transition 167

La®>" ion in the center. There are two parallel layers, each of which is composed
of three Cu®* ions. In each layer, the three Cu®>* ions form an equilateral triangle,
and every pair of Cu®" ions are connected by a chelating glycine ligand. Each Cu
ion with a distorted pyramidal configuration has an N;O3 donor set that consists of
one nitrogen atom of a glycine, one nitrogen atom of an imidazole, two carboxyl
oxygen atoms from two glycinato ligands, and a u;—OH™ group. The Ln* ion is
surrounded by nine oxygen atoms to form a tricapped trigonal prismatic coordina-
tion polyhedron. Each glycinato ligand adopting a [3.1;2;313] coordination mode
(d1 in Scheme 1) coordinates to two Cu®* and one Ln>* ion. Each imidazole is
monodentate and coordinates to one Cu’>* ion. More interestingly, the ionic radii of
the central lanthanide ions seem to have an effect on the distance of the two par-
allel layers and the angles of Cu—u;—OH™ —Cu. The distances for 1-La,1-Pr,1-Sm,
and 1-Er are 3.497, 3.463, 3.432, and 3.385 A, respectively, while the angles are
122.3, 121.2, 119.4, and 117.1° respectively. The trigonal prismatic clusters shrink
in accordance with the contractive radii of the central lanthanide ions.

3.2 Triacontanuclear Octahedral Clusters Stabilized
by Bidentate Acetate Ligand

With glycine or L-alanine as ligands, a series of novel 3d-4f heterometallic
[Ln6Cu24] clusters, [SmGCUQ4(}.L3—OH)3()(g1y) 12(AC)12(C104)(H20)16] . (C104)9 .
(OH)z-(H20)31 (2) and [LH6CUZ4(M3—OH)30(ala)12(AC)6(C104)(HzO)lz]-(C104)1o-
(OH)7 - (H20)34 (3) (Ln = Tb, Gd, Sm, La) were synthesized in the presence of
the acetate anion (Ac™) [80]. The structure of 2 is shown in Fig.2 as an example.
The metal skeletons of the clusters are the same and may be described as a huge
[LngCuy;] octahedron (the structure is almost the same as that reported by Chen
et al. [81-85]) connected with 12 additional Cu®** ions (every two are connected

Fig. 2 Cationic structure of 2. a Metal skeleton. b Structure of one of the faces of the octahedron.
¢ View of the structure of one of vertices of the octahedron. Cu filled circle; Ln circle with cross-
hatching
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to one Lot vertex). Each Ln>" ion interconnects two outer Cu>t ions with the
help of one outer 3—OH™ and two [3.1;25313]—coordinated glycinato ligands. The
average Ln - - - Cu(outer) distance is about 3.5 A, while that of Cu(outer)- - - Cu(outer)
is 3.0 A, shorter than that of Cu(inner)- - - Cu(inner). The coordination polyhedron
of the nine-coordinated Sm>* ion with an Og donor set may be best described as a
monocapped square antiprism. A ClO, anion, which may play the template role,
is encapsulated at the center of the octahedral cage. Previous authors have shown
that a C1O, template is essential for the syntheses of [LngCuys] clusters [81-85].
In contrast to [LngCuz] carboxylates, each amino acid acting in the [3.1122313]
mode employs its amino group and one carboxylate oxygen atom to chelate an-
other outer Cu?" ion, which increases the nuclearity of the cluster from 18 to
30. Another structural feature of the cluster is its size (with dimensions of about
2.38 x 2.38 x 2.38nm?), which is significantly larger than that of the famous [Mn ;]
cluster [86] and comparable with that of the [Mn3] cluster [87].
Temperature-dependent magnetic susceptibilities of complexes 3-La, 3-Nd,
3-Sm, 3-Gd, 3-Thb, and 3Dy were measured as shown in Fig.3 at an applied
field of 5kOe. At room temperature, the yy7T values per LngCuy4 unit are 9.3,
72.8, and 56.2cm?mol ' K for 3-La, 3- Tb, and 3 - Gd, respectively, as compared
with the expected values (9.00, 79.88, and 56.25 cm®mol 'K for 3- La,3-Tb, and
3. Gd, respectively) for six Ln'! in the free-ion state and 24 spin-only Cu'' ions
(S=1/2, g =2). Upon cooling, 3-La shows a continuous decrease of X7, sug-
gesting an overall antiferromagnetic coupling, as confirmed by the negative Weiss
constant (—10.3K). According to the literature [81], the Cu(inner)- - - Cu(inner) ex-
change interaction is antiferromagnetic. For the two neighboring outer Cu ions con-
nected by a u;—OH™ and a carboxylate group, as the ZCu(outer)-OH—Cu(outer)
and the Cu(outer)- - - Cu(outer) distances are all about 100° and 3 A, respectively,
an antiferromagnetic interaction is also suggested [88]. 3 - Sm also shows an overall
antiferromagnetic interaction. The free-ion approximation for Sm** is not valid be-
cause of the presence of thermally populated excited states. The y,,7 value at room
temperature is about 11.2cm?mol ! K. Considering that in the isostructural 3 - La
compound, the 24 Cu®>* ions have been shown to contribute 9.3 cm?mol ' K to the
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Fig. 3 For 3-Ln, left temperature dependence of magnetic susceptibilities; right impendence spec-
troscopy of the electrical resistances at room temperature
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bulk value, it can be deduced from the total 7T value that each Sm>" ion accounts
for 0.32cm? mol~! K. This value is close to the expected value for an isolated non
interacting Sm>* ion [89]. The magnetic behavior of 3 - Gd is different from those
of 3-La and 3-Sm. With decreasing temperature, )(,7 remains almost constant
down to ca. 75 K, where it begins to increase smoothly until reaching a maximum
of 68cm®mol ! K at around 5 K. This phenomenon corresponds to an overall fer-
romagnetic interaction and the Weiss constant determined in the range 50-300K is
+1.9 K. This also indicates that the magnetic interaction of Gd—Cu is ferromagnetic.
3 - Tb also shows an overall ferromagnetic interaction (6 = +0.59K).

It is more interesting that these huge cluster compounds simultaneously exhibit
magnetic and semiconducting properties. The impedance plot (—=Z” vs. Z' ) of
3-La, 3-Sm, 3-Gd, and 3 - Tb were recorded at room temperature (22°C) and are
shown in Fig. 3. Using 3 - Th as an example, the measurement resulted in a typical
behavior of ionic conductor with a semicircle at high frequencies (150-300 kHz)
and a linear spike at low frequencies (20-150 Hz). From the plot, one can obtain
the conductivities for 3-La, 3-Sm, 3- Gd, and 3 Tb as 9.25 x 107>, 3.94 x 10>,
1.74 x 107, and 7.72 x 10~®Scm™!, respectively. It is worth noting that only the
organic charge transfer salts [90] with TTF or dmit units had been reported to exhibit
magnetic molecular conductor properties before our work. Recently, Guo [91] em-
ployed transition-metal-complex-templated inorganic semiconductor to construct
another new type of magnetic semiconductors.

3.3 Effect of Bidentate Acetate Ligand on the Assembly

With proline (pro) as the ligand, an interesting phenomenon was observed. The ra-
tio of proline to acetate has a great effect on the 3d—4f prolinato clusters. The ratio
of 1:4 will lead to triacontanuclear octahedral clusters similar to the triacontanu-
clear clusters above with alaninato or glycinato as ligand, while the ratio of 3:3
results in henhexacontanuclear clusters that comprises two triacontanuclear clusters
connected by a Cu(pro); linker. The large amount of acetate anions interrupt the in-
terconnection between Cu(pro), linkers and the triacontanuclear clusters and favor
stabilization of the discrete triacontanuclear clusters.

In the presence of a number of acetate anions, a triacontanuclear mixed-metal
prolinato cluster [TbgCuz4(OH)30(pro)12(ClO4)(Ac)g] - 8Cl0y4 - 6(OH) - 15.5H,0
(4) was obtained through the self-assembly process from a proline solution with a
reactant ratio (Ln>*:Cu*:pro:Ac ™) of 1:6:1:4. Single-crystal X-ray analysis of 4 re-
veals a highly symmetrical molecule that features crystallographically imposed R3m
symmetry, in contrast to P; symmetry in compounds 2 and 3. As shown in Fig. 4, the
metal skeletons of the cluster are similar to those of 2 and 3 and may be described as
a huge [LngCuyy] octahedron connected with 12 additional Cu'! ions (every two are
connected to one Ln'! vertex), with a 1;,—ClO, anion encapsulated at the center
of the octahedral cage. Each Ln'™ jon interconnects two outer Cu'! ions with the
help of one outer ;—OH™ and two prolinato ligands. The Ln - - - Cu(outer) distances
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Fig. 4 Cationic structure of 4. a Stereo view of the structure of the octahedron with only two of
the vertices. b Ellipsoid and ¢ space-filling representations of 4. d Huge {LngCu2 } octahedral core
Emcapsulates a C1O, anion. e—f Coordination environment of Tb>* and the outer Cu* ions in the
two vertices. The symmetry codes of a and b are z, x — 1, y+ 1; and y+ 1, z— 1, x, respectively.
The dashed line represents the weak coordination bonding

vary from 3.5358 to 3.5888 A, while those of Cu(outer)---Cu(outer) are 3.0307
and 3.2336 A, respectively. It is worth noting that in the known triacontanuclear
heterometallic amino acids clusters (2 and 3) all vertices of the huge octahedron are
stabilized by an acetate ion with the 1, binding mode (Fig. 4e), while in compound
4 only half of the vertices are stabilized by an 1n,-acetate ion and the other half by
two acetate ions (Fig. 4f). The three acetate ligands adopt various binding modes.
One is bidentate to coordinate two Cu®t ions via its two O atoms, respectively; the
second is monodentate to bind one Cu ion via one of its O atoms; the third is biden-
tate to bind one Cu ion via both of its O atoms. Each of the prolinato ligands in
the [3.112,313] mode employs its amino group and one carboxylate oxygen atom to
chelate another outer Cu?™ ion, which increases the nuclearity of the cluster from
18 to 30, in contrast to the [LngCu;] carboxylates [81-85]. Without the considera-
tion of weak coordination bonds, all outer Cu ions are each four-coordinated with
an NO3 donor set comprising a carboxylic O atom and an amino group from one
prolinato ligand, a u;—OH group, and a carboxylic O atom from one acetate an-
ion. The two outer Cu—l1;—OH-Cu angles are 100.91 and 108.16°, respectively. All
the inner Cu ions are six-coordinated by four u;—OH groups, one O atom from the
encapsulated perchlorate anion, and one carboxylic O atom from the prolinato lig-
and. The distances of Cu(inner)- - - Cu(inner) range from 3.2951 to 3.4053 A, and
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the corresponding Cu—u;—OH—-Cu angles from 112.01 to 120.56°. The coordina-
tion polyhedron of the nine-coordinated Tb** ion with an Oy donor set may be best
described as a monocapped square antiprism. The dimensions of the cationic cluster
are about 2.34 x 2.34 x 2.34 nm> (Fig. 4c).

For a Ln’T:Cu’":pro:Ac™ reactant molar ratio of 1:6:3:3, 6l-nuclearity
[Ln12Cu49] clusters {[Ln6Cu24_5(],L3—OH)30(pI’0)13(AC)6CIO4(H20)13] . (CIO4)9 .
(OH)g - (H20)25 5}, (5) (Ln = Sm, Gd, Tb, Dy), rather than 30-nuclear [LngCuy4]
clusters, can be obtained (Fig.5) [92]. There are six crystallographically inde-
pendent Ln** ions and 25 Cu®>* ions. The Cul3 atom residing at the 2a posi-
tion is chelated by two prolinato ligands to form a trans-Cu(pro), group (the
L-prolinato ligand adopts the [2.11,1,] coordination mode), and the other 24 Cu?t
ions and six Ln3" jons are stabilized by 12 prolinato ligands with [3.1125313]
mode and six acetate anions to form a [LngCuyq] cluster with a perchlorate tem-
plate at its center. Compared with compound 4, each of the vertices of this huge
[LngCup4] cluster is stabilized by only one acetate anion with the 1,-binding mode
(Fig. 5a, b). The [Lnj2Cuyg] cluster can be viewed as a dimer of the [LngCup4] unit,
and the structure can be described as two [LngCup4] octahedral units connected by
the trans-Cu(13)(proline); group (Fig. 5¢), which uses its carboxylate oxygen atoms

b3+

Fig. 5 a, b Coordination environment of Tb>* and the outer Cu>* ions at two different vertices.

¢ Structure of 5-Tb
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to bind to the six-coordinated sites of Cul ions. The [Lnj;Cuygg] cluster also repre-
sents the largest known example of a 3d—4f heteronuclear cluster to date. An im-
pressive structural feature of this cluster is its large size of 4.33 x 2.38 x 2.38nm?,
which is significantly larger than that of other high-nuclearity 3d—4f heteronuclear
clusters. The interconnection between Cu(pro), linkers and the triacontanuclear
[LngCuyq] clusters is so weak (the distance Cul-O132 is about 2.3 A) that it can be
interrupted by a large amount of acetate anions. Therefore, in order to improve the
dimensionality of 3d—4f amino acid cluster compounds, the amount of ligands used,
including acetate and the amino acids, should be carefully controlled because the
T,-coordination mode is also observed for the latter (mode a in Scheme 1).

4 Effect of Reactant Ratio on the Assembly

Generally, the reactant ratio will have an important effect on formation of the prod-
ucts. In the 3d—4f amino acid cluster system, we have also observed the effect of
the reactant ratio on the assembly. In the case of a Ln®*:Cu®* : gly ratio of 4:3:2,
a 1D cluster compound (Ln = La) was obtained [93], while several 2D compounds
(Ln = Eu, Gd and Er) were prepared in the case of 1:2:2 [94], and a 3D compound
(Ln = Sm) in the case of 1:6:4 [95]. The most significant characteristic of these
compounds is that the huge [LngCuy4] clusters serve as nodes that are connected
by trans-Cu(gly), group linkers. Using the proline ligand, we also obtained a 3D
compound with huge [NdgCuy4] clusters as the nodes and trans-Cu(gly), groups as
the linkers, with a reactant proportion (Ln3*: Cu®* : pro) of 1:6:4 [95].

4.1 1D [LagCuz4(gly) 14(OH)39(H30),4(ClO4)]
[Cu( gly), ], - 21Cl0 - 26H,0 (6)

There are three crystallographically independent La>™ ions, 13 Cu”>* ions, and nine
glycinato ligands in [LagCua4(gly)14(OH)30(H20)24(C104)] [Cu(gly)2]2 - 21ClO4 -
26H,0 (6) [93]. The nine glycine ligands exhibit three coordination modes: (i) at the
vertical orientation of the chain, one of the ligands chelates two Cu®" ions through
their carboxylate groups (a in Scheme 1); (ii) two of the ligands each bond to two
Cu”* ions through a nitrogen atom from the amino group and two oxygen atoms
from their carboxylate group (c0 in Scheme 1); (iii) the remaining ligands each
chelate to two Cu®* and one La>" ions through their carboxylate and amino groups
(d1 in Scheme 1).

As shown in Fig. 6, each La*" is coordinated by nine oxygen atoms, of which five
are from U;—OH groups and the others from two water molecules and two glycine
ligands. The 13 Cu®" ions can be divided into three kind of coordination geome-
tries: (i) six inner Cu! centers each coordinated by six oxygen atoms in an octahe-
dron; (ii) six outer and six-coordinated Cu'! centers showing an obvious Jahn—Teller
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Fig. 6 a—c Coordination mode of the outer Cu®>* ions and the La>* ions at the three vertices of the
huge octahedral cluster. d—e Polymeric chain with {LagCuo4 } clusters as nodes viewed along [111]
and [010] directions, respectively

distortion effect; and (iii) one bridging Cu'! center in square—planar coordination in-
volving two glycines through an amino nitrogen atom and a carboxylato oxygen to
form the trans-Cu(gly), group. Due to the distortion, the coordination environment
of the outer Cu ions is an elongated octahedron in which the equatorial plane is
completed by a u;—OH group, an amino group, a carboxylate oxygen atom from
one glycinato ligand, and another oxygen donor. The last oxygen donor, which we
designate as the “fourth coordinated” site in order to distinguish it from the first
three coordinated sites, can be from the water molecule (the distances of Cu7-041,
Cu8-042, and Cu9-043 are 2.0147, 2.0085, and 1.9900 A, respectively), the 1,-
glycine ligands in the [2.110] mode (the distances of Cul1-O13 and Cul2-014 are
1.9594 and 1.9661 A, respectively), and even the trans-Cu(gly), group (Cul0-O15
1.9422 A). The respective dihedral angles of two quasi-planes of adjacent Cu(gly)
fragments connected by p;—OH group are about 108.9° in the case of adjacent Cu*t
ions bridged by the m,-glycine ligand (Fig. 6¢), and about 116.0° in cases with-
out the m,-bridge (Fig. 6a, b). The “fifth coordinated” sites of the outer Cu>* ions
simultaneously connecting two adjacent quasi-planes are from the water and per-
chlorate ligands, with Cu—O distances ranging from 2.427 to 2.612 A. The residual
“sixth coordinated” sites of the outer Cu>* ions can be an oxygen atom from the
water molecule with Cu—O distances in the range of 2.35-2.59 A, or from the frans-
Cu(gly), group (Cu8—017 2.2574 A). The three La** ions, 12 inner and outer Cu?*



174 S.-C. Xiang et al.

ions, and seven glycinato ligands generate a centrosymmetric 30-nuclearity cluster,
with a perchlorate anion located at the crystallographic inversion center. In the clus-
ter, the inner core has pseudo-Oy, symmetry with six La** ions positioned at the
vertices of a regular octahedron and 12 Cu?* ions located at the midpoints of the
edges. Each La’* ion is connected to four Cu>* ions by four u;—OH groups in
the octahedron and to two Cu®* ions by one exohedral u;—OH. In the octahedron,
each 1;—OH links one La** ion and two Cu®* ions. The average La—Cu and Cu—Cu
distances are 3.579 and 3.398 A, respectively, and the average La—Cu—La angle is
174.0°. Each La** is also connected to two exotedral Cu>* by two glycines with the
[3.1;25313] binding mode, and a Cu-La—Cu angle of 97.5°. The frans-Cu(13)(gly)a
group employs its two oxygen atoms O15 and O17 to respectively occupy the fourth
coordinated site of the Cul0 ion and the six-coordinated site of the Cu8 ion of the
adjacent cluster in the next cell. As a result, a double-chain polymeric structure
along the [111] direction is formed, as shown in Fig. 6d, e. Other than compound 6,
Chen [81-85] and Winpenny [96] have respectively reported the high-nuclearity
3d—4f clusters [CujpLng (13—OH)24(ClO4)]'7* and [CujoLing (13—OH)24(NO3) 3.
The other known example with an amino acid ligand is [LnsTyr,o(OH)3,Cl]>*, re-
ported by Zheng [52].

The magnetic susceptibility data for compound 6 were collected from a poly-
crystalline sample at an external field of 10 kOe on a Quantum Design PPMS Model
6000 magnetometer in the temperature range of 5-300 K. The data were corrected
for experimentally determined diamagnetism of the sample holder, and the dia-
magnetism of the samples was calculated from Pascal’s constants. yy7T is 9.24
cm® Kmol ™! at 300K, which slightly increases from 300 to 100K. As T is fur-
ther lowered, the )T value increases and reaches 14.77 cm? Kmol ™! at 5.0K. The
xmT value at room temperature (7" at 300K) is comparable to the calculated value
using Eq. 1, which is based on the free-ion approximation for Cu'', where Ny, 8
and k are the Avogadro number, the Bohr magneton, and the Boltzmann constant,
respectively:

xnT = INaB*{Z g (Scun) (Scuq) + 1)) }]/3k )

The magnetic data of the polymeric complex at low temperature (7 < 20K) yield
much higher values than those calculated using Eq. 1 and show strong ferromag-
netic interactions. The magnetic behavior of the complex is different from those
of discrete Cu—Ln complexes, which normally show antiferromagnetic interactions
[81-85].

4.2 2D Nay[LngCu34(gly) 14(OH)39(H30)2,(ClO4)][Cu(gly),]3 -
23Cl04-28H,0 (7) (Ln = Eu, Gd and Er)

The three compounds are isostructural, and only the structure of 7 - Er is described
here. The most notable feature of 7 - Er is a 2D network composed of EugCuyy
cluster nodes and zrans-Cu(gly), group linkers, as shown in Fig. 7e.
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Fig. 7 a—c Coordination mode of the outer Cu>* ions and the Er3* ions at the three vertices of the
huge octahedral cluster for 7-Er. d—e 2D layer of 7-Er with {ErsCua4} clusters as nodes viewed
along [1-10] and [111] directions, respectively

There are three crystallographically independent Er** ions, 14 Cu®* ions and
ten glycinato ligands in Naj[ErgCuns(gly)14(OH)30(H20)22(ClO4)][Cu(gly)2]s -
23Cl0y - 28H,0 (7-Er). Similar to compound 6, each Er** here is coordinated by
nine oxygen atoms, of which five are from p;—OH groups and the others from
two water molecules and two glycine ligands. The 14 Cu®* ions can be divided
into three kinds of coordination geometries: (i) six inner Cu?t centers each co-
ordinated by six oxygen atoms in an octahedron; (ii) six outer Cu>* centers ex-
hibiting an obvious Jahn-Teller distortion effect are coordinated by a NOs donor
set; and (iii) two bridging Cu®* centers in square—planar coordination mode each
linked by two glycines through an amino nitrogen atom and a carboxylato oxy-
gen to form the trans-Cu(gly)a group. The [ErgCuyq4] octahedral-like node may be
described as a huge [ErgCuj,] octahedron (inner core) with pseudocubic Oy, sym-
metry and 12 outer Cu?" ions. Six Er’* ions are located at the vertices and 12
inner Cu”* ions occupy the midpoints of each edge of the octahedron with an edge
distance of about 6.92 A. The average Er---Cu(inner) and Cu(inner)- - - Cu(inner)
distances are about 3.46 and 3.36 A, respectively. Each Er’* ion interconnects
two outer Cu?t ions with the help of one outer u;—OH™ and two [3.1;22313]-
coordinated glycine ligands. The average Er- - -Cu(outer) distance is about 3.53 A,
while that of two neighboring outer Cu®>* ions is about 3.14 A, being shorter than
the Cu(inner)- - - Cu(inner) contact. The 30 p;—OH™ groups, each linking one Er’t
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and two Cu”* ions, were used to construct the [ErgCusy] cluster node whose central
cavity encapsulates a l,,—ClO, as the template.

Figure 7 shows the 2D net-like structure of 7-Er. There are two types of trans-
Cu(gly), groups: (i) trans-Cu(14)(gly),, which employs its two oxygen atoms O18
and O20 to respectively occupy the fourth coordinated site of Cu9 ion and the
six-coordinated site of Cull ion of the adjacent cluster in the next cell; (ii) Cul3
positions at 1f site and its trans-Cu(gly), groups employ two crystalographically
dependent O18 atoms to occupy the six-coordinated sites of two Cull ions of ad-
jacent clusters in the next cell. In the crystal, each [ErgCun4] unit is firstly polymer-
ized through two trans-Cu(14)(gly), bridges to yield a double-chain running par-
allel to the [111] direction. Then these chains are further connected by one frans-
Cu(13)(gly)2 group. That is, each [ErgCup4] unit is connected through six trans-
Cu(gly), bridges to four neighboring [ErgCup4] units, resulting in a 2D net-like
structure extended along the [111] and [001] directions.

In fact, the structure of the [LngCuy;] inner core is similar to the [LngCu;;] cluster
containing W,-coordinated betaine. But, as the amino acid has more coordination
modes than betaine, this makes the structure of our complex much more intriguing
than the discrete 18-nuclearity complex:

1. [2.110]-coordinated glycines, each coordinates to neighboring outer Cu>* ions.

2. [3.112p313]-coordinated glycines, each chelates to one inner Cu®t, one outer
Cu’*, and one Er** ions. Twelve more Cu®* ions are introduced into the sys-
tem, and thus a higher-nuclearity cluster is obtained.

3. [2.1;121;]-coordinated glycines, two of which coordinate to one bridge Cu?* jon
The trans-Cu(gly); linker thus formed is used to bridge high-nuclearity nodes to
yield the 2D polymer.

The length of the frans-Cu(gly)a linker (the distance of the two spare carboxylate
oxygen atoms) is about 7.83 A, as compared with 7.34 A of terephthalic acid and
7.08 A of 4,4'-bipyridine. This linker uses two spare carboxylate oxygen atoms to
coordinate to the outer Cu'! of the [ErgCuz4] unit, and the two nodes are thus bridged.

The electrical conductivity of 7-Er was determined using a powder sample from
ground crystals. The electrical conductivity of 7-Er is about 1.25 x 1077 Scm ™!
at 238.15K and increases as the temperature rises, which indicates that it is a
semiconductor. The temperature-dependent magnetic susceptibility of complex
7-Er was also measured. At room temperature, the measured Y7 value is
80.97cm>mol 'K, as compared with the expected value of 78.98. Upon cool-
ing, the complex shows a continuous decrease in Y7, suggesting an overall
antiferromagnetic coupling, as confirmed by the negative Weiss constant (—6.9 K).
According to the literature, the Cu(inner)---Cu(inner) and Cu(outer)- - - Cu(outer)
exchange interactions are all antiferromagnetic, but the Cu (bridge)- - - Cu (outer)
exchange interaction may be weakly ferromagnetic. The overall antiferromagnetic
interaction of the complex also indicates that the magnetic interaction of Er—Cu
may be antiferromagnetic.
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4.3 3D [SmgCuz4(0H)3y(gly) 14(ClO 4)(H20),,][Cu(gly),]s -
14ClO4-70H - 24H,0 (8)

The complex [SmgCups(OH)30(gly)14(Cl04) (H20)22][Cu(gly)z]s - 14C104 - 7OH -
24H,0 (8) possesses a 3D network based on [SmgCus4] nodes and trans-Cu(gly ),
bridges. There are three crystallographically independent Sm>™ ions, 15 Cu®* ions,
and 12 glycinato ligands in compound 8. Each Sm®* here is coordinated by nine
oxygen atoms, of which five are from [1;—OH groups and the others from two water
molecules and two glycine ligands. The 15 Cu* ions can be divided into three kind
of coordination geometries: (i) six inner Cu'! centers each coordinated by six oxygen
atoms in an octahedron; (ii) six outer Cu'! centers exhibiting obvious Jahn-Teller
distortion are coordinated by a NOs donor set; and (iii) three bridging Cu'! centers
in square—planar coordination mode, which are each linked by two glycines through
an amino nitrogen atom and a carboxylato oxygen to form the frans-Cu(gly), group.
The [SmeCuy4] octahedral-like node may be described as a huge [SmgCujz] octa-
hedron (inner core) with pseudocubic Oy, symmetry and 12 outer Cu'l ions. Six
Sm** ions are located at the vertices and 12 inner Cu'" ions are located at the mid-
points of each edge of the octahedron with an edge distance of about 7.00 A. The
average Sm---Cu(inner) and Cu(inner)- - - Cu(inner) distances are about 3.46 and
3.37 A, respectively. Each Sm>* ion interconnects two outer Cu®>* ions with the
help of one outer p;—OH™ and two [3.122313]-coordinated glycine ligands. The av-
erage Sm- - - Cu(outer) distance is about 3.57 A, while that of two neighboring outer
Cu®* jons is about 3.19 A, being shorter than that of Cu(inner): - - Cu(inner). Thirty
u;—OH™ groups, each linking one Sm?* and two Cu?" ions, are used to construct
the [SmgCun4] cluster node at the center of which a p1,,—ClO, anion is encapsulated
as the template.

Figure 8a—c shows the structures of the three vertices of the octahedron. Among
the six outer Cu®" ions, only Cul1 and Cul2 ions are bridged by an 1,-coordinated
glycine, while the fourth coordinated sites of Cu8 and CulO ions are occupied
by water molecules, and those of Cu7 and Cu9 ions by oxygen atoms from the
trans-Cu(gly), groups (the bond lengths of Cu7-014 and Cu9-019 are 1.9841
and 1.9583 A, respectively). The sixth coordinated sites of Cu§, Cull, and Cul2
ions are occupied by the oxygen atoms from the trans-Cu(gly), groups with corre-
sponding Cu-O distances of 2.3570, 2.3262, and 2.3678 A, respectively. The other
sites of the six outer Cu®>" ions are similar to those in the compound 6. Among
the three Cu ions that form the frans-Cu(gly), groups, Cul5 ion sites at the la
position and its trans-Cu(gly), groups link adjacent [SmgCuys] clusters to form a
chain along the [10-1] direction. The other Cu ions (Cul3 and Cul4) connect the
adjacent [SmgCuyq4] cluster nodes to form double-chains along the [001] and [010]
directions, respectively (Fig. 8d). The two double-chains further crossover to form a
plane extending along the bc plane. The trans-Cu(15)(gly), groups link the planes
to form a 3D open framework (Fig. 8¢). Within the framework, each [SmgCuy4] unit
is connected through ten frans-Cu(gly ), bridges to six neighboring [SmgCupy] units,
and the network topology might be described as distorted primitive cubic (Fig. 8f),
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Fig. 8 a—c Coordination mode of the outer Cu®>* ions and the Sm>* ions at the three vertices of the
huge octahedral cluster for 8.d [SmgCua4] cluster nodes linked by the three frans-Cu(gly), groups
to generate the chains along [001], [010], and [10-1] directions, respectively. Symmetry codes for
A,B,andCare2—x,2—y,z x,y—1, z; and X, y, | +z, respectively. e 3D open-framework of 8
viewed along b axis. f Primitive cubic network

with the “brickwall”-like structure and rectangle channels running parallel to the b
directions. The rectangular channel has dimensions of about 7 x 31 A%, The effec-

tive free volume of 8 is about 3976 A3, comprising 56.8% of the crystal volume,
as calculated by the program PLATON. This value is large among known microp-
orous networks and close to that observed in the 3D supramolecule with [Cds] as
nodes [97]. Free water molecules, perchlorate ions and hydroxides are encapsulated
in the large pores.

As a number of free water molecules, perchlorate ions, and hydroxides fill
its channels, compound 8 exhibits the behavior of an ionic conductor. The elec-
trical conductivities of 8 were determined using a powder sample from ground
crystals. The electrical conductivity of 8 at 263.15K is 1.72 x 107*Scm ™! and
increases to 2.57 x 1073Scm™! at 318.15 K, which indicates that 8 is a semicon-
ductor. In addition, temperature-dependent magnetic susceptibilities of complexes
8 were measured in the range 2-300 K at 2000 and 5000 G, respectively. Antiferro-
magnetic interactions were observed for 8, as confirmed by the Weiss constants of
—43.7K. According to the literature [8§1-85], the Cu(inner)- - - Cu(inner) exchange
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interaction is antiferromagnetic. The two neighboring outer Cu ions are connected
by a u;—OH™ and a carboxylate group, and as the ZCu(outer)-OH—-Cu(outer) angle
and the Cu(outer)- - - Cu(outer) distance are about 100° and 3 A, respectively, an an-
tiferromagnetic interaction is also suggested [88]. The Cu (bridging)- - - Cu (outer)
distance is about 5.3 A, and a glycine ligand is used to connect them in the 1,-
coordination mode (syn—anti). According to the literature [98], a weak ferromag-
netic coupling occurs when two Cu ions are connected by a carboxylate group in
the syn—anti coordination mode. Thus, a similar weak ferromagnetic interaction is
also suggested between the bridging and outer Cu ions in 8.

4.4 3D [NdgCuz4(OH)3¢(pro) 12(ClO4)(H20)21][Cu(pro);]s -
12ClO4-110H -6H»0(9)

When the chiral amino acid proline was used as the ligand instead of glycine, a
3D [Nd6Cu24(OH)30 (pro) 12(C104)(H20)21] [Cu(pr0)2]6 . 12C104 -110H- 6H20(9),
which crystallized in the chiral P2(1)3 space group, could be obtained under the
same reaction conditions as compound 8.

Complex 9 is a 3D network based on [NdgCups| nodes and trans-Cu(pro),
bridges and represents a rare example of constructing a chiral framework from
simple reagents and reaction. There are two crystallographically independent Nd>*
jons, ten Cu?* ions and eight prolinato ligands in compound 9. Each Nd** here
is coordinated by nine oxygen atoms, of which five are from p;—OH groups and
the others from two water molecules and two glycine ligands. The ten Cu®* ions
can be divided into three kinds of coordination geometries: (i) four inner Cu®* cen-
ters that are each coordinated by six oxygen atoms in an octahedron; (ii) four outer
Cu”* centers with an obvious Jahn—Teller distortion effect; (iii) and two bridging
Cu’" centers in square—planar coordination mode, which are each linked by two
prolines through an amino nitrogen atom and a carboxylato oxygen to form the
trans-Cu(pro), group. The [NdgCups] octahedral-like node may be described as a
huge [NdgCuj,] octahedron (inner core) with pseudocubic Oy symmetry and 12
outer Cu”* ions. Six Nd** ions are located at the vertices and 12 inner Cu>" ions
are located at the midpoints of each edge of the octahedron with an edge distance of
about 7.08 A. The average Nd- - - Cu(inner) and Cu(inner)- - - Cu(inner) distances are
about 3.54 and 3.44 A, respectively. Each Nd** ion interconnects two outer Cu>"
ions with the help of one outer p;—OH™ and two [3.112313]-coordinated prolinato
ligands. The average Nd-:--Cu(outer) distance is about 3.61 A, while that of two
neighboring outer Cu?t is about 3.25 A, shorter than that of Cu(inner)- - - Cu(inner).
The 30 p;—~OH™ groups, each one linking one Nd** and two Cu* ions, are used
to construct the [NdgCuy4] cluster node, at the center of which a p,,—ClO, anion is
encapsulated as the template.

Figure 9a, b shows the structures of two vertices of the octahedron. Among
the four crystallographically independent outer Cu®* ions, the Cu5 ion is five-
coordinated in square—pyramidal geometry and has an NO4 donor set that con-
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Fig. 9 a-b Coordination mode of the outer Cu>* ions and the Nd>* ions at the two vertices of the
huge octahedral cluster {NdgCup4} for 9. Symmetry codes for A and B are y, z, x; and 0.5 —z,
1 —x, —0.5 4y, respectively. ¢ Each cluster nodes link to 12 other cluster units through 12 trans-
Cu(pro), groups. d 3D open-framework of 9. e Face-centered cubic network

sists of one amino nitrogen atom and one carboxylate atom from proline, one outer
K;—OH™, one carboxylate oxygen from one trans-Cu(pro), bridge, and one wa-
ter molecule. The other outer Cu?* ions (Cu6, Cu7, and Cu8) are six-coordinated
in square—pyramidal geometry and have an NOs donor set that consists of one
amino nitrogen atom and one carboxylate atom from proline, one outer u;—OH™,
one carboxylate oxygen from one trans-Cu(pro), bridge, and two water molecules.
The difference between them is that the fourth coordinated site of Cu7 ion, simi-
lar to that of Cu5 ion (Cu5-09 1.9512 A), is occupied by the oxygen atom from
the trans-Cu(pro), group (Cu7-0O13 1.9887 A), while the oxygen atoms from the
trans-Cu(pro), group occupy the sixth coordinated sites of Cu6 and Cu8 ions
(Cu6-O12A 2.3753 A; Cu8—-016B 2.3998 A). Compared with the glycinato ligands
in compounds 6-8, the prolinato ligand with the 1,-coordination mode that was ob-
served in the Fey, cluster [61] does not occur in compound 9. There are only two
types of prolinato ligands in compound 9: (i) [3.11223 13]-coordinated prolines, each
of which chelates to one inner Cul, one outer Cu?* and one Nd** ion so that a
higher-nuclearity cluster node is obtained; (ii) [2.1;121;]-coordinated prolines, two
of which coordinate to one bridging Cu* ion to form a trans-Cu(pro), group, which
is used to link high-nuclearity cluster nodes to obtain the 3D polymer.
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The steric effect of the L-proline side chain, compared with glycine, is respon-
sible for the large structural difference between compound 8 and 9. In 9, each
[NdCus4) node is connected to 12 neighboring [NdgCuy4] units with the help of 12
trans-Cu(pro); linkers; (Fig. 9c) the structure might be described as a cubic close-
packed network (also known as face-centered cubic), a type of packing of prime
importance in crystallography (as shown in Fig.9¢). From another point of view,
compound 9 may also be viewed as constructed from [NdgCuy4]| tetrahedral building
blocks with an edge of about 23 A (the distance between the ClO, atoms captured
in the metal cage), as shown in Fig. 9d. This block not only has a large pore itself,
but also can form superlattices with large pore size and high pore volume compared
with the close-packed lattices of the colloidal nanoparticles. Complex 9 represents a
very rare example of transition metal coordination polymer constructed from high-
nuclearity tetrahedral building blocks along with the chalcogenide supertetrahedral
frameworks [99].

The effective free volume of 9 is about 16,283 AB, comprising 47.7% of the crys-
tal volume, as calculated by the program PLATON. Free water molecules, hydroxide
ions, and CIOy ions are encapsulated in the large pores, which leads to the semicon-
ductivity of compound 9. The electrical conductivity of 9 is 4.27 x 10~/ Scm ™! at
273.15 K and increases to about 6.84 x 107°Scem ™! at 310K, as determined using a
powder sample from grounded crystals. The difference in the electrical conductivity
between 8 and 9 indicates that the packing mode of The [LngCuy4] building block
might have a great influence. Temperature-dependent magnetic susceptibilities of
complexes 9 were measured in the range 2-300 K at 2000 and 5000 G. Similar to
that in compound 8, antiferromagnetic interaction was also observed for 9, as con-
firmed by the Weiss constants of —38.2 K.

5 Effect of Crystallization Conditions on the Assembly

All the crystalline compounds reported above were separated from the mother liquor
in a desiccator filled with phosphorus pentaoxide. Recently, a new phenomenon
was observed that colorless solid substances, rather than the blue crystals, were
first precipitated from a parent solution containing reactants (Gd>* : Cu®* : gly) of
molar ratio of 2:1:2 at a pH value of about 6.6, which was placed in a desiccator
filled with phosphorus pentoxide. The colorless solid is very bibulous and noncrys-
talline, which is probably a Gd—oxo perchlorate. Then the flask containing the mix-
tures was moved out of the desiccator and quietly placed in air. Blue crystals of
[Gd(H20)s] - [GdeCui2(OH) 14(gly)15(Hgly)3(H20)g] - 16C104 - 14H,0 (10) [100]
were formed and isolated after 2 weeks. Experimental evidence based on the ele-
mental analysis and energy dispersive X-ray spectra confirmed the molecular for-
mula of the compound. The powder X-ray diffraction measurement shows the pure
phase of the samples. If the initial step of precipitation of the colorless solid was
omitted, compound 10 could not be separated. The present reaction suggests that
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a stepwise growth process takes place, whereby the initial colorless solid acts as a
matrix for the aggregation of additional building units to form compound 10.
Single-crystal X-ray analysis of 10 reveals a highly symmetrical molecule that
features crystallographically imposed 3 symmetry. Compound 10 is composed
of a discrete octadecanuclear cation [GdgCu;2(OH)14(gly)5(Hgly)s3(H20)g] 3+ =
[GdgCuj;], an octa-aqua Gd*+ ion, several perchlorates, and lattice water molecules
(Fig. 10). There are one crystallographically independent Gd and two Cu atoms, as
well as three gly ligands, in the octadecanuclear cation (Fig. 10a). The Cul and Cu2
ions adopt four-coordinated NO3 square—planar and five-coordinated NO4 square—
pyramidal geometry, respectively, while the Gd1 ion adopts a nine-coordinated Og
monocapped square antiprismatic geometry. The two Cu atoms are linked to form
a binuclear copper-gly fragment [Cuz(gly)s(OH)(H20)] = [Cuy] by one pu;—O(3)H
ligand as well as one gly in a syn—syn binding mode. Six symmetry-related Gd1
atoms are connected by two 1;—O(1)H and six u;—O(2)H groups to form a ho-
mometal octahedral cluster [Gdg(OH)g] = [Gds] (Fig. 10b). The [Gdg] core is en-
capsulated by six symmetry-related [Cuy] fragments via the n;—O(3)H and another
two glys, leading to the unique axial-fan-shaped cation [GdgCu;;] (Fig. 10c). Each
[Cuy] fragment as the blade of the fan is fastened by three Gd nails onto the ax-
ial octahedral core. The two glycines in the blade employ coordination mode d2
(as shown in Scheme 1) to chelate a Cu?t ion and further to coordinate two Ln>"
ions via their two O atoms. The octa-aqua Gd** ion in the periphery is disordered,
similar to that observed in p-sulfonatocalix [4]arene systems [101, 102].
Interestingly, compound 10 features the largest and “hollow” [Gdg] cluster with-
out the support and “contracted” effect of a centered ug—oxo ligand. Except for the
reported [Tbe] unit in the [Tby4] cluster [103—106], all previously known octahedral

Fig. 10 a ORTEP view of 10 at 30% probability level shows the coordination geometries of Gd>*,
Cu?* atoms. Hydrogen atoms, perchlorates, octa-aqua Gd** ion, and lattice water molecules are
omitted for clarity. The symmetry codes for A, B, C,and D are 1 —y, | +x—y,z; 2/3+x—y,
1/34x,1/3—2z;1/3+y,1/3—x+y, 1/3—z; and —x+1y, | —X,z, respectively. b Six [Cuz]
blades encapsulate an octahedral [Gdg] core to form a [GdgCuj,] cluster cation with an axial-fan
shape viewed along the ¢ axis as shown in c. In panel b, the [Gds] octahedron is colored and
the Cu atoms are labeled. The bridging angle of Cul-O3—Cu2 is 105.91°. The torsion angles of
Gd1-03-011-Cul and Gd1-03-021-Cu2 are 173.06° and 173.27° respectively
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Lng¢ clusters in molecular compounds have a p1s—oxo ligand in the center of the oc-
tahedron, which is believed to play a key role in stabilizing the Lng unit [107-111].
The absence of p—oxo ligand in the [Gdg] core of 10 leads to the larger Gd—u;—OH
and Gd-Gd distances (ranging from 2.389 to 2.416 and 3.955 to 3.959 A), and
the Gd—1;—0-Gd angles (110.16-111.60°), in comparison with the corresponding
distances (2.345-2.408 and 3.5612-3.6204 A) and angles (97.81-99.62°) in the re-
ported [Gdg] cluster perchlorate [109]. Actually, to the best of our knowledge, the
mean Gd-l;—0-Gd angle of 110.92° in 10 is the largest among the polynuclear
[Gd,] oxo-clusters.

Temperature—dependent magnetic susceptibilities of 10 measured from ground
crystalline samples in the temperature range of 2-300 K under various applied fields
are shown in Fig. 11. The plot shows xy7T vs. T per molecule, where y,, is the
molar magnetic susceptibility calculated with correction for the diamagnetic con-
tribution of the compound. At room temperature (300 K) and a field of 500 Oe, the
measured y T value is 48.8cm’mol ' K, as compared with the expected value of
59.6cm> mol ' K for free and noninteracting 12 Cu®" ions and seven Gd*>* ions.
The difference may result from strong antiferromagnetic contribution within the
six [Cuy] blades of the compound. Upon cooling, 10 shows a continuous slight in-
crease in Yy T, and subsequently a much sharper increase below ca. 40K, with a
maximum value of 52.5cm> mol~! K at 10K, suggesting that 1 exhibits overall fer-
romagnetism, as confirmed by a positive Weiss constant (+0.8 K). Then, y,T drops
rapidly to 42.8cm’mol ! K at 2 K, which is mainly attributed to weak intermolec-
ular antiferromagnetic coupling and zero field splitting [112]. A similar situation
is also observed at fields of 1 and 5KOe. The maximum value of Y7 at 10K
slightly increases with increasing magnetic field, and that of 53.8cm?mol 'K at
5 KOe is still smaller than the spin-only value, indicating the existence of antiferro-
magnetic interaction or spin frustration. However, by further increasing the field (10
and 25 KOe), the data display significant field-dependence, reaching a maximum
that shifts to higher temperature. This behavior indicates the presence of a high-spin

55+ _
50 i H & E
X 454
=}
..E 40+
= &
5 35 S
F o 0.5KOe
~ 30 1 KQe
5 KOe
251 10 KOe
20 - 25 KOe :
- : : " : : 04 . . : .
0 20 40 60 80 100 0 20000 40000 60000 80000
TIK HIOe

Fig. 11 Left: experimental xyT vs. T for 10 at Hy. of 0.5, 1, 5, 10, and 25 KOe. Right: field
dependence of the magnetization of 10 at 2K (open circle) compared with the Brillouin function
for seven uncoupled Gd>* ions (blue line) and the Brillouin function for an § = 42/2 state plus an
S =17/2 state (red line)
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ground state [113, 114]. The decrease of the maximum value at high fields and low
temperatures may be attributed to depopulation of the highest-energy Zeeman lev-
els [113,114], and to magnetic decoupling between Gd ions [115,116].

From two empirical formulas suggested by the pioneers, the interaction for Cu—
Cu coupling (J') with the Cu—O-Cu angle (¢) of 105.91° may be antiferromagnetic
in nature with a magnitude of about 623.5cm ™! (J'(cm™!) = —74.53¢ +7270) [88],
while that between Cu—Gd ions (/) with the dihedral angles (¢) of 6.8° may be fer-
romagnetic with a magnitude of about 8.0cm™! [|J|(cm™!) = 11.5exp(—0.054c),
where cis the dihedral angle between the two halves of the CuO,Gd bridging unit]
[117]. So, frustration will occur within the triangular GdCu; system (Fig. 10a). In-
deed, the magnetization curve gives a large saturated value of 48.9 N3 that is close to
the expected value of 49N for seven Gd>* ions (Fig. 11). In the high-field regime
(>25KO0e), single-ion behavior of Gd** is observed. This suggests that at high field,
the two unpaired electrons on each of the six [Cu,] blades will be forced to pair so
that the spin frustration effect within the GdCu, triangle will be minimized. It is
worth mentioning that at 25 KOe, the weak ferromagnetism for 10 still remains with
a Weiss constant of +0.5 K. In the low-field regime, the magnetization values lie
below the calculated curve for the isolated Gd>*t system, indicating that 10 is a
ferrimagnet with strong spin frustration.

From the exchange and structural parameters of the reported complexes contain-
ing the GdO,Gd unit, an empirical formula:

J"=0.0123¢ — 1.364cm ™!, 2)

was obtained for the first time, where ¢ and J” are the mean Gd-O-Gd bridging an-
gle and the exchange parameters between Gd ions, respectively. It can be concluded
that ¢ > 110.9° is a prerequisite for a GdO,Gd complex exhibiting molecular ferro-
magnetism. Therefore the “hollow” [Gdg] core in compound 10 has the largest mean
Gd—u;—-0-Gd ¢, which is slightly larger than the critical value above, suggesting a
very weak ferromagnetic interaction with a magnitude of about 0.00035cm .

The magnetic properties of 10 are dominated by three types of Cu—Cu, Cu-Gd
and Gd—Gd coupling. It is well known that the interaction sequence 4f—4f < 4f-3d <
3d-3d is important as far as the mechanism of the interaction phenomenon is con-
cerned. At low field (500 Oe), the magnetic structure of compound 10 can be de-
scribed as six spin-frustrated GdCu, triangles plus one isolated Gd*>* ion, while at
high field (2.5 KOe), its magnetic structure can be seen as a Gdg octahedron. After
fitting the magnetic data at the two fields above, the exchange constants for the Cu—
Cu, Cu—Gd and Gd-Gd coupling can be obtained as —857.3, 9.6 and 0.0016cm ™!,
respectively. The positive exchange constants for Gd—Gd coupling from empirical
estimation and data fitting suggest that the [Gdg] core in 10 is the first example
of a high-nuclearity [Ln,] cluster exhibiting molecular ferromagnetism. The mag-
netic property of 10 is mainly predominated by antiferromagnetic Cu—Cu coupling
and ferromagnetic Gd—Gd and of Gd—Cu coupling. At low field, compound 10 is
a frustrated ferrimagnet, while it exhibits the single-ion behavior of Gd®* ions at
high field.
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6 Effect of Lanthanide(III) Ions on the Assembly

Generally Ln>* ions with larger ionic radii prefer high coordination numbers (some-
times up to 12), while low coordination numbers occur for those with smaller ionic
radii. In general, this is also known as lanthanide contraction. In many cases, a series
of isostructural compounds can be synthesized with lanthanide ions varying from
La** to Lu**, as described above. However, when solutions containing Ln(ClOy4)3,
Cu(ClOy),, and glycine in a molar ratio of 2:1:2 were left in the air, rather than
placed in a desiccator filled with phosphorus pentaoxide, slow evaporation yielded
three distinct structural types of 3d—4f compounds with various lanthanides. Firstly,
the La, Pr, and Sm compounds are 1D catenated polymers {Ln(H,0)3[Cu(gly),]
[Cu(gly)2(H20)]}, - 6ClO4 - 4H,0 (11) composed of lanthanide dimers that are
bridged by four blade-like cis-Cu(gly), groups, in which its repeating unit may
be described as a four-bladed propeller. Next, in the Eu (12) and Dy (13) com-
pounds, 2D network are composed of [LngCuy;| clusters linked by frans-Cu(gly),
groups to form a porous material. Finally, a 3D Er compound (14) is made up of
[ErgCuns] clusters connected by trans-Cu(gly), groups. Each [ErgCuaq] cluster in-
terconnects eight symmetry-related {ErgCuss} clusters through 12 trans-Cu(gly)»
groups to form a 3D porous material with a number of CIO, , Na™, and lattice water
molecules accommodated in the channels.

6.1 {Ln(H30)3[Cu(gly),][Cu(gly),(H20)]}, - 6ClO4-4H>0(11)
(Ln**= La,Pr,Sm)

The three compounds are isostructural and only the structure of 11-Sm is de-
scribed here. An ORTEP view of compound 11-Sm is shown in Fig. 12. There exist
one crystallographically independent Sm'" ions, two Cu'! ions, four glycinato lig-
ands, three perchlorate ions, and four coordinating plus two noncoordinating water
molecules. The Sm1 center is coordinated by nine oxygen atoms from five glycinato

Fig. 12 a ORTEP view of compound 11-Sm with 50% thermal ellipsoids. All hydrogen atoms are
omitted for clarity. The symmetry codes for A, B, and C are —1+x,y,z; —2—x, —y, | —z; —1 —X,
—y., 1 —z, respectively. b Stereo view of the chain-like polymer of 11-Sm
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anions and three coordinating water molecules. The coordination geometry of the
Cul center can be described as a distorted octahedron with [4 + 2] mode. The basal
plane of the octahedron is occupied by two glycinato chelators with average Cul-O
and Cul-N distances of 1.938 and 1.991 A, respectively, whereas the axial posi-
tions are occupied by perchlorate oxygen atoms with long average Cul-O distances
2.592 A. The basal plane [Cu(gly),] is planar to within +0.110A. The Cu2 ion is
also chelated by two glycinato ligands to form a distorted plane with mean devi-
ation of 0.232 A, and its square pyramidal configuration is completed by a water
ligand at the apical position (Cu2-Olw distance is 2.357 A). The dihedral angle
between the basal planes of two Cu ions is 54.3°. The Cu-N and Cu-O distances
in 11 range from 1.988 to 2.006 A and from 1.934 to 2.611 A, respectively, which
are similar to those found in the related amino acid—copper species [53-56]. The
four glycinato ligands in 11-Sm adopt two coordination modes, ¢0 and 1e as de-
picted in Scheme 1. All glycinato ligands are deprotonated, in agreement with the
IR data in which no strong absorption peaks around 1700cm™'! for -COOH are
observed.

As shown in Fig. 12b, the Sm1, Cul, and Cu2 ions are connected together via
four glycinato ligands to generate a chain along the a axis. Two symmetry-related
Sm ions connect with each other through two carboxylate oxygen atoms to form an
edge-shared dimer. Four blade-like diglycinato—copper groups bridge the dimers of
two neighboring barrel units, generating a catenated chain in which the repeating
unit may be described as a four-blade propeller. Three perchlorate ions with large
thermal parameters and two non coordinating water molecules lie between the pro-
pellers. Pairs of O5w and O1w molecules of two neighboring chains are related by
an inversion center to give a rectangle held by hydrogen bonds, which connects the
chains to form a layer along the ab plane. However, there is no strong interaction
between adjacent layers other than Van der Waals forces.

Compounds 11-La and 11-Pr are isostructural with 11-Sm. Nevertheless, small
difference exists for these three compounds. As the ionic radii of the lanthanides
decreases from 1.17, 1.13 to 1.10 A, the size of the Ln, nodes more distinctly de-
creases, with the x value varying from 6.000, 5.878 to 5.775 A and the Y value from
4.989, 4.891 to 4.804 A, while the angle (0) between the a axial and the connection
line of the Lny dimer also decreases from 144.1, 144.0 to 143.9° (Table 1). The Ln,
dimer’s size shrinks even more remarkably than the cell parameters, which makes
the two metalloligands highly disordered, especially for the Cu(1)(gly).(H20) lig-
ands linking Lnl and Ln1A to form the dimers and simultaneously connecting adja-
cent dimers to form the chain whose torsion angle (TA) between the two halves
increases from 26.5, 27.5 to 28.1°. This is the first observation of a large tor-
sion angle for the Cu(gly), ligand, while the corresponding angles for the cluster
{Na C Cuy[Cu(gly)z]4} range from 5.4 to 9.3° [53], and that for the compound
Cu(gly)2(H20) is only 4.0° [118].
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Table 1 Some unit cell parameters, distances (A) and angles (°) for compounds 11
11-La 11-Pr 11-Sm
Unitcell a 9.7475(11) 9.6817(50) 9.6132(19)
parameter b 11.9945(18) 11.9617(67) 11.9083(24)
Lnp c 13.6087(23) 13.6023(76) 13.5959(27)
Xt 6.0002 5.8782 5.7746
¥ 4.9890 4.8909 4.8045
62 144.1° 144.0° 143.9°
CU, Cu2-N3" 1.985+0.0657 1.991+0.0750 2.006=+0.0773
Cu2-N4 1.979+0.0826 1.992 + 0.0821 1.999 + 0.0906
TASC 26.5° 27.5° 28.1°
CU; Cul-N2° 1.997 +0.0364 1.984 +0.0429 1.988 + 0.0491
Cul-N1° 1.990 4+ 0.0524 1.987 +0.0564 1.994 + 0.0521
TA® 9.3° 10.6° 12.0°

axand y (A) and angle 6 (°) are indicated in the figure

PCu—N distances (A) and the mean deviation of the plane composed of the corresponding Cu
and gly

“TA is the torsion angle (°) of the two Cu(gly) planes

6.2 Na;[EugCu;;(OH),5(Hgly) 4(gly)1,(ClO4)(H20),5][Cu(gly),]3 -
23Cl04-28H30(12) and [DysCu3;(OH),3(Hgly) 4(gly) 12(ClO4)
(H30)15][Cu(gly),]3 - 21ClO4 - 20H,0(13)

When the lanthanides are Eu®t or Dy3+ ions, blue crystals Nay [EugCus(OH))g
(Hgly)4(gly)12(ClO4) (H20)131[Cu(gly)2]s - 23C10O4 - 28H,0 (12) and [DyeCunp
(OH)28 (Hgly)4(g1y)12(C104)(H20)18][Cu(gly)2]3 . 21C104 . 20H20 (13) can be
separated from the parent solution with the Ln:Cu:gly ratio of 2:1:2 at pH value
of 6.6. The most significant feature of 12 and 13 is a 2D network composed
of defective [LngCupp| cluster nodes and rrans-Cu(gly)s linkers, as shown in
Figs. 13 and 14.

There are three crystallographically independent Eu** ions, 13 Cu®* ions and 11
glycinato ligands in compound 12 - Eu. For the 11 glycine ligands, five of them are
coordinated in mode d2, three in mode c1, two in mode a, and one in mode c2 (see
Scheme 1). The ¢2 mode is for the first time observed for amino acid ligands in 3d—
4f compounds. Each Eu** here is coordinated by nine oxygen atoms with the co-
ordination polyhedron described as a monocapped square antiprism. As shown in
Fig. 13a—c, both Eul and Eu3 ions coordinate to four inner li;—OH™ groups (lower
plane), two carboxylate oxygen atoms, two water molecules (upper plane), and
one outer 3—OH™ group (cap), while Eu2 ion has a similar coordination environ-
ment other than its cap, which is occupied by the O71 atom from another glycine
ligand. The 13 Cu" ions can be divided into three kinds of coordination geome-
tries: (i) six inner Cu'! centers each coordinated by six oxygen atoms in an octa-
hedron; (ii) five outer Cu'' centers exhibiting obvious Jahn—Teller distortion; and
(iii) two bridging Cu'! centers in square planar coordination mode, which are each
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Fig. 13 a—c Coordination mode of the outer Cu?* ions and the Eu** ions at the three vertices of
the huge octahedral cluster for 12. d [ErgCus,] cluster nodes. e 3D open-framework of 12 viewed
along [—1 — 10] direction

linked by two glycines through an amino nitrogen atom and a carboxylato oxygen
to form the frans-Cu(gly), group.

The 12 inner Cu" ions and 6 Eu** ions are connected by 24 inner u;—OH™
groups to form a [EugCu,] core with the help of a u;,—ClO, groups, similar to the
core in the triacontanuclear 3d—4f amino acid cluster compounds and the [LngCuy;]
clusters with carboxylate ligands [8§1-85]. The five crystallographically independent
outer Cu>" ions are six-coordinated with the [4 4 2] mode. Among them, both Cu7
and Cu8 ions have an NOs donor set that consists of one amino nitrogen atom and
one carboxylate atom from a glycine in the 1,-mode, one outer u;—OH™, one car-
boxylate oxygen from one frans-Cu(gly), bridge (the distances of Cu7-020 and
Cu8-O11 are 2.3064 and 2.3041 A respectively), and one oxygen atom from a per-
chlorate ion. The 020 and O11 atoms from the trans-Cu(gly), group occupy the
sixth coordinated sites of Cu7 and Cus8 ions, respectively. The NOs donor set for
Cu2 and Cull ions is similar to that for Cu7 ion except that the sixth coordinated
sites of Cu9 and Cull ions are occupied by water molecules, and their fourth coor-
dinated sites are respectively occupied by a water molecule and a carboxylate oxy-
gen from the rrans-Cu(12)(gly), group. The CulQ ion is chelated by two glycine
ligands to form a cis-Cu(gly), group, which binds to one Eu2 ion via O41 and
071 atoms with Eu—O distances of 2.5255 and 2.5133 A, respectively, and to one
inner Cu®" ion via another carboxylate oxygen atom (Cu9-042 2.2780 A). Then,
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Fig. 14 a—c Coordination mode of the outer Cu>* ions and Dy>* ions at the three vertices of the
huge octahedral cluster for 13. d [Dy¢Cup,] cluster nodes. e 3D open-framework of 13 viewed
along [1 0 —1] direction

the Eu2 ion only connects one outer Cu?* jon through two glycines in modes ¢2
and d1, while Eul and Eu3 ions respectively link two outer Cu>* ions through
one outer [;—OH™ group and two glycine ligands, both in mode d1. Thus, an oc-
tacosanuclear [EugCus,] cluster is formed. Compared with the triacontanuclearity
clusters mentioned above, the [EugCus;] cluster nodes in compound 12 can be con-
sidered as defective clusters. The defect results from a cis-Cu(10)(gly), group that
chelates the Eu2 ion via its two chelating carboxylate oxygen atoms. Chelation of
the cis-Cu(10)(gly), group to Eu2 ion hinders the formation of a binuclear copper-
gly fragment [Cu;(gly)3(OH)(H20)] = [Cu] in the two Eu2 vertices of the large
octahedron cluster. In other words, the ratio 1:2 of Cu®* ion to glycine favors for-
mation of the Cu(gly), group, which further leads to generation of the defective
[EugCuy; ] cluster node.

Besides the cis-Cu(gly), group within the [EugCup;] cluster node, there are two
other Cu(gly), groups in frans-mode, which link the [EugCup;] nodes to form the
2D framework. The trans-Cu(12)(gly), group employs its oxygen atoms 020 and
021 to respectively occupy the six-coordinated site of Cu7 ion and the fourth co-
ordinated site of Cull ion in an adjacent [EugCuy;]| cluster in the next cell (Cull-
021 1.9759 A). The Cul3 ion is located at the le position, and its trans-Cu(gly)a
group employs two crystalographically dependent O11 atoms to occupy the six-
coordinated sites of two Cu8 ions in adjacent clusters. In the crystal, each [ErgCus;]
unit is firstly polymerized through two rrans-Cu(12)(gly), bridges to yield a 1D
double-chain running parallel to the [1] direction. Then these double-chains are
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further connected by the trans-Cu(13)(gly)a group. That is, each [EugCupz] unit
is connected through six frans-Cu(gly), bridges to four neighbors, resulting in a
net-like structure extended along the [001] and [1-10] directions (Fig. 13d).

Similar to compound 12, compound 13 also comprises defect [DysCus,] nodes,
as shown in Fig. 13. Each node is connected through six trans-Cu(gly), to four
neighboring [DygCus;] units, resulting in a 4%_net structure extended along the [111]
and [101] directions. But, because of the lanthanide contraction effect, there are sev-
eral differences, including their nodes and the connection mode, between the trans-
Cu(gly), bridges and the nodes. In the two compounds, the cis-Cu(gly), group
must chelate one Ln ion and synchronously bind to another Cu®* ion from the
[LngCuy2] core. Furthermore, its two chelating O atoms must still accommodate the
monocapped-square-antiprismatic coordination environments of the Ln ion. There-
fore, when the lanthanide changes from Eu to Dy with the corresponding change
in ionic radii from 1.12 to 1.083 A, the barycenter of the cis-Cu(gly), group will
shift to the direction of the vertex (Ln ion) of the [LngCuj;] octahedron, accompa-
nied by the shortened Dy2—-071 distance (2.4693 A) and lengthened Cu9-042 one
(2.2943 A). Firstly, the shift makes the cis-Cu(gly), group occupy the more outer
space of the vertex (Ln ion) of the octahedron, which then hinders the binding of the
glycinato ligand (N5) to the same Dy?2 ion, while the glycinato ligand (NS5) binds to
the same Eu2 ion together with the cis-Cu(gly), in compound 12. In order to com-
plete the Og coordination environment of the lanthanide, each the Eu’" ion in com-
pound 12 is coordinated by two water molecules. For the three crystallographically
independent Dy3* ions in compound 13, Dy ion is also coordinated by two, Dy3
by one, and Dy2 by three water molecules. Secondly, the shift creates more space in
the neighborhood of the Cul0 ions so that they can be linked by larger linkers (the
trans-Cu(gly), groups in compound 13) while the two apical sites of the Cul0 ions
are occupied by the O atoms from two perchlorate ions in compound 12. Finally,
the shift also lengthens the Cul0-N7 distance from 1.9804 to 2.0346 A and the
Cul0-N4 distance from 1.9802 to 2.007 A. To date, the longest Cu—N bond length
is 2.021 A for all compounds containing the Cu(gly), fragment in the Cambridge
Structural Database [118]. The Cul0-N7 bond length in compound 13 may be the
limiting value for the Cu(gly), compounds. Therefore, the cis-Cu(gly), group tends
not to coordinate to the [LngCuj,] octahedron for lanthanide ions with sizes smaller
than that of DY3+,

6.3 Nay[ErsCuz4(Hgly),(gly) 12(0H)39(ClO4)(H20);][Cu(gly),]s -
27ClO4-36H,0(14)

When the lanthanide used is the Er** ion, blue crystals Nay [ErgCunq (Hgly)2(gly)12
(OH)30(Cl04)(H20)22]- [Cu(gly)a]s - 27C104 - 36H,0 (14) can be separated from
the parent solution, with the molar ratio Er:Cu:gly set to 2:1:2 at a pH of 6.6. The
most interesting feature of 14-Er is a 3D network comprising [EugCuy4] cluster
nodes and trans-Cu(gly), group linkers, as shown in Fig. 15.
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Sy 4’-%\&7

Fig. 15 a—c Coordination mode of the outer Cu®>" ions and the Er>* ions at the three vertices of
the cluster [ErgCunq] for 14. d [ErgCups] cluster nodes linked by the four rrans-Cu(gly), groups to
generate the chains along [110], [011], [100], and [111] directions, respectively. Symmetry codes
for A,B,C,and D are -1 —x, —1—y, —z; x, l +y, 1 +z; -1+X,y,2; 1 —x, 1 —y, | —z,
respectively. e Each cluster node links to eight cluster units through 12 frans-Cu(gly), groups. f
2D sheet parallel to the [111] plane. g 3D open-framework viewed along the [111] direction. h
Network of 36418 536 topology
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There are three crystallographically independent Er** ions, 16 Cu®* ions, and
13 glycinato ligands in compound 14 - Er. For the 13 glycine ligands, six of them
are coordinated in mode d2, six in mode c1, and one in mode a (see Scheme 1 for
representations of the modes). The glycines in modes d2 and a are used to construct
the [EugCupy] cluster nodes, while the ones in mode c1 chelate Cu ions to form the
trans-Cu(gly), group linkers. Each Er** here is coordinated by nine oxygen atoms
in the configuration of a monocapped square antiprism. The nine oxygen atoms
are composed of four inner u;—OH™ groups (lower plane), two carboxylate oxygen
atoms, two water molecules (upper plane), and one outer U;—OH™ group (cap). The
Er-O bond lengths are in the range 2.370-2.504 A.

The 16 Cu>" ions can be divided into three kinds of coordination geometries:
(i) six inner Cu! centers each coordinated by six oxygen atoms in an octahedron;
(ii) six outer Cu'! centers exhibiting obvious Jahn—Teller distortion; and (iii) four
bridging Cu'! centers in square—planar coordination mode, which are each linked by
two glycines through an amino nitrogen atom and a carboxylato oxygen to form the
trans-Cu(gly), group. The 12 inner Cu'' ions and six Er** ions are connected by 24
inner u;—OH™ groups to form a [ErgCuy>] core with the help of a u,,—ClO, group,
similar to the core in the triacontanuclear 3d—4f-amino acid cluster compounds and
the [LngCuy2] clusters with carboxylate as ligands [81-85]. The six crystallograph-
ically independent outer six-coordinated Cu?* ions have an NOs donor set with
[4 + 2] mode. The first three coordinated sites for these outer Cu?T ions are all
occupied by an amino group and a carboxylate oxygen from a [3.2172>313]-mode
glycine, and a ;—OH group. A [2.110]-coordinated glycine provides its two oxy-
gen atoms to respectively occupy the fourth sites of Cull and Cul2 ions, whereas
the fourth sites of Cu7 and CulO ions are occupied by oxygen atoms from the
trans-Cu(gly), group (Cu7-0341 1.9876 A; Cul0-0232 1.9632 A), and those of
Cu8 and Cu9 ions by water molecules. The sixth coordinated sites of Cu7, Cu8,
Cu9, and Cull ions are occupied by oxygen atoms from trans-Cu(gly), groups
with Cu—O distances of 2.3656, 2.3220, 2.4110, and 2.2688 A. Among the six outer
Cu ions of the {ErgCup} cluster node, Cu7 ion is linked by two rrans-Cu(gly)a
groups, which has not been observed in previously reported Cu—Ln amino acid clus-
ter compounds.

Among the four trans-Cu(gly), groups, Cu(13) is located at the e position, and
the trans-Cu(13)(gly)a group uses its two carboxylate oxygen atoms to occupy the
fourth sites of two crystallographically dependent Cu7 ions of adjacent clusters to
form a chain along the [110] direction, which was also observed for the first time
in Cu-Ln amino acids systems. Cu(16) resides at the 14 position, and its trans-
Cu(gly), group links adjacent clusters to form a chain along the [100] direction
by occupying the sixth sites of the two crystallographically dependent Cull ions.
The trans-Cu(14)(gly), group employs its two oxygen atoms 0241 and 0232 to
respectively occupy the six-coordinated site of Cu9 ion and the fourth coordinated
site of CulOQ ion of the adjacent [ErgCup4] cluster in the next cell, thus forming
a double-chain along the [011] direction. Similarly, the trans-Cu(15)(gly), group
links adjacent cluster nodes to form a double-chain along the [100] direction. The
[ErgCups] cluster nodes are linked by three trans-Cu(gly), groups (Cul4, Cul5,
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and Cul6) to form a layer extended along the [011] and [100] directions. The trans-
Cu(13)(gly), groups link adjacent layers to give a 3D open-framework, which con-
tains 1D rectangular channels with dimensions of about 10.1 x 20.0 A (based on the
Cu7---Cu7 and Cul3---Cul3 separations) along the [111] direction. The effective

free volume of 14 is about 3583.5 AS, comprising 53.9% of the crystal volume, as
calculated by the program PLATON. Free water molecules, perchlorate ions and
sodium cations are encapsulated in the large pores.

Metal-organic frameworks (MOFs) based on nets with coordination numbers
>8 are rare [119]. In our previous reports, the eight-connected compound 8 has
each [SmgCuys| cluster node linked with six adjacent cluster nodes through ten
trans-Cu(gly), groups in a primitive cubic net structure with Schlifli symbol 412 63;
and the 12-connected compound 9 has each [NdgCuy4] cluster node linked with
12 adjacent nodes though 12 trans-Cu(pro), groups to form a face-centered cubic
network with Schlifli symbol 324418536 [95]. In contrast, in compound 14, each
{ErgCup4} cluster node connects eight adjacent ones through 12 frans-Cu(gly),
groups to form a 3D uninodal eight-connected framework of 3°4%65363 topology.
Since both Cu(14)(gly), and Cu(15)(gly), linkers connect the [ErgCus4] nodes
to form the double-chain, the ten trans-Cu(gly), groups (four Cul4, four Culs5,
and two Cul6) link [ErsCusy] nodes into an independent series of parallel 3°-
nets. At the same time, a series of parallel 4*-nets can be obtained through the
linkage of rrans-Cu(13)(gly), groups and one of the other three trans-Cu(gly),
groups. Thus, this lattice can be viewed most easily as comprising intersecting 4*-
and 3°-nets. Such 3%-net layers extended along the [011] and [100] directions are
also observed in compound 9, each of which is further linked by three pairs of
trans-Cu(pro); linkers to give the face-centered cubic network. In compound 8, the
layer parallel to the [111] plane is a 4*-net, which intersects with another 4*-net
to produce the primitive cubic net structure. In other words, the assembly of high-
nuclearity clusters with amino acids as ligands is an effective means for the construc-
tion of MOFs characterized by high coordination number and interesting network
topology.

7 Constitutionally Dynamic Chemistry of Cu-Ln-gly
Compounds

The isoelectric point for glycine is 5.9. Under the reaction conditions at a pH of
6.6, the zwitterionic (Hgly) or anionic (gly) forms of glycine coexist in equilib-
rium. As shown in Scheme 2, if Cu?" ions are added into the solution, the an-
ionic gly ligands may chelate Cu ions to form a [Cu(gly)(H20)z]" metalloligand
(a), two of which can be linked by one OH™ group to form another metalloligand
[Cuz(gly)2(OH)(H20)2] " (). Like the H,O molecules in a, the two molecules
in b also can be replaced by zwitterionic Hgly to form another metalloligand
[Cuz(gly)2(OH)(Hgly)]™ (c). On the other hand, a also can be further chelated by
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another gly to generate Cu(gly); in either the cis (d) or trans (e) mode. Interconver-
sion between the cis- and frans- Cu(gly), isomers can be rapidly realized in aqueous
solution, and even in the solid state under thermally driven conditions [120]. The
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metalloligands b—e are observed in compounds 6-14, while a is also observed in a
32—nuclearity Na4 [Tb6Cu26(u3—OH)30(gly)13(C104)—(H20)22] . <C104)25 . (H20)42
cluster (15) [92].

Similar to the glycinato ligand, the OH™ group can bridge the Cu®* and Ln3*
ions to form an octahedral [LngCuyp(OH)24(Cl04)]'* cluster constituent () with
the help of a perchlorate as the template at the center of the cluster. The constituent
f is stabilized by several carboxylates [81-85]. Note that metalloligands b and ¢
prefer the octahedral component f to single lanthanides, because the torsion angle
between the two Cu(gly) fragments in both b and c is near 90°. Taking compounds
6-8 as examples, the torsion angles for b (Fig. 6a) and ¢ (Fig. 6¢) in 6 are 87.1 and
98.3°, respectively, while those for ¢ (Fig. 7a, 8c) in 7-Er and 8 are respectively 91.6
and 82.2°, depending on the number of trans-Cu(gly), that provide their O atoms to
occupy the fifth coordination site of the Cu ions of metalloligand c. The two water
molecules in metalloligand b can be replaced by O atoms from the trans-Cu(gly),
groups. In this case, the torsion angles would have a large difference, ranging from
73.4 (Fig. 7b) to 99.3° (Fig. 8b). Other than b and ¢, d and Hgly can also chelate the
octahedral f to form several intermediates, which can be further chelated by these
ligands to generate [LngCuy4] cluster nodes if all the six vertices of the octahedron
are chelated by b and/or ¢, or the defect [LngCuy;] nodes if two of the six are chelated
by d. The trans-Cu(gly), groups bridge the [LngCuy4] nodes to form 1D 6, 2D 7,
and 3D 8 and 14; in contrast, bridging the [LngCuy;] nodes forms 2D 12 and 13.

It is worthy of note that the pentadentate metalloligands b and ¢ can chelate
the octahedral f more tightly than the tridentate cis-Cu(gly), group (d) and biden-
tate Hgly. Therefore, only when there are a number of Cu(gly), in the parent so-
lution, can chelation of d to octahedral f take place. From the molecular formulas
of a—e, one can see that the ratio 1:1 of Cu:gly will favor the formation of a and
b. Similarly, the ratio 1:1.5 leads to ¢, and 1:2 to d and e. In the case of 1:2, the
cis-Cu(gly), groups can directly bind to Ln** ions to form compound 11 if the Ln
ion is big enough (Ln = La—Sm). Comparing the reactant ratios and the molecular
structures for compounds 7 [94] and 11-14, we can also conclude that the ratio 1:2
of Cu?*:gly favors the formation of Cu(gly), groups. First, only the cis-Cu(gly)>
group is observed in 11. Second, in 12 and 13, the defective cluster [LngCuy;] nodes
are formed due to the chelating cis-Cu(gly), groups. Finally, 14 can be considered
as constructed from 7-Er, in which three more rrans-Cu(gly), groups insert into the
4*_nets of 7-Er and link the [ErgCun4] nodes to form the 3D open-framework. Con-
versely, in the preparation of compounds 6-8, the ratios of Cu to gly are 3:2, 2:2, or
6:4 respectively, which favors the production of metalloligands a or b. So, the effect
of lanthanide contraction does not play a significant role.

Similarly to the [LngCuy4] clusters, compound 10 can be obtained through the
chelation of metalloligand c to an octahedral [Gdg (1;—OH)g]'** core via a stepwise
growth process, as shown in Scheme 3a [100]. The acetate anion, similarly to Hgly,
can replace two water molecules of b to form metalloligand [Cuz(gly)(OH)(Ac)]
(g), an analog of ¢, six of which encapsulate f to form the discrete [LngCuy4] clus-
ter (2) [80]. Interestingly, if similar replacement of water by imidazole to produce
new metalloligand [Cu,(gly)(OH)(im)2]** (k) occurs, due to the strong repulsion
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interaction between the two face-to-face imidazole rings, the distance of the two Cu
ions will increase from 3.284 (b in 6) to 3.497 A (h in 1-La), and the torsion angle of
the two Cu(gly) fragments correspondingly decrease from 87.1 to 70.4°. Therefore,
metalloligand % cannot chelate to octahedral f and only uses its three O donors to
chelate Ln ions to form the heptanuclear trigonal prismatic cluster 1 [79].

The spontaneous aggregation of small building blocks in solution through mul-
tiple molecular recognition has been proven an effective way of constructing fas-
cinating frameworks. In these systems, the fourth and fifth coordinated sites of the
outer Cu>* of the [LngCuy4] nodes can be regarded as “recognition sites.” The ver-
satile coordination modes of Cu?* ions due to Jahn-Teller distortion does benefit
the constitutionally dynamic chemistry of Cu-Ln—gly compounds.

7.1 Nay[TbsCuz4(0OH)30(gly)16(ClO4)(H20) 5]
[Cu(gly)(H,0),], -25Cl04-42H,0(15)

Compound 15 can be obtained through self-assembly from a parent solution con-
taining Tb(Cl04)3, Cu(ClO4), and gly in a molar ratio of 1:2:1. The structure of
its cation is shown in Fig. 16. The structure of 15 may be described as a [TbsCup4]
main structure connected with two [Cu(gly)(H,0),]™ groups. The [TbgCuz4] main
structure is almost same as that in compound 2 [80] except for a slight difference in
the 12 outer Cu>* ions and the ligand. For the 12 outer Cu’" ions, eight are four-
coordinated in square—planar geometry. The other four adopt five-coordinated NO4
square—pyramidal geometry. Two [Cu(gly)(H,0),|™ groups are connected to the
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Fig. 16 Structure of the cation of 15 (all the hydrogen atoms are omitted for clarity)

[TbsCus4] main structure with the help of two glycinato ligands in mode ¢0. The
terminal Cu?" ion is coordinated by two water molecules, one nitrogen atom, and
one oxygen atom from a glycinato ligand. The spare carboxylate oxygen atom of
the gly ligand occupies the fifth coordinated site of an outer Cu>* ion (Cul2), and
thus [Cu(gly)(H20)2]" groups and the [TbsCusz4] main body are connected.

8 Effect of Transition Metal Ions on the Assembly

The versatile binding modes of the Cu®* ion with coordination number from four to
six due to Jahn—Teller distortion is one of the important reasons for the diverse struc-
tures of the Cu-Ln amino acid complexes. In contrast, other transition metal ions
prefer the octahedral mode. For the divalent ions Co*t, Ni2+, and Zn2t, only two
distinct structures were observed: one is a heptanuclear octahedral [LnMg] cluster
compound, and the other is also heptanuclear but with a trigonal—prismatic structure.
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For this type of octahedral clusters, the selection of the lanthanide ion is very impor-
tant and only La** and Pr’* compounds can be obtained [121]. For any particular
lanthanide, the stoichiometry of the starting materials is crucial to generation of the
final product. A Pr3* :Ni**:gly molar ratio of 1:6:12 leads to the octahedral cluster
in Na[PrNig(gly)12](ClO4)4 - L1H,O (16) [121], while the corresponding ratio 1:6:9
yields the trigonal—prismatic cluster in Na4[PrNig(gly)o (1t;—~OH)3(H20)¢] - (C104)7
(17) [122]. It is worthy of note that the trigonal—prismatic structure is only obtained
in systems with glycine as ligand, while the octahedral structure can occur in sys-
tems with gly, thr, ala, or pro as the ligand.

8.1 [LnMg(AA) ;P Octahedral Clusters (M = Co®*, Ni**;
AA =gly, ala, thr)

The self-assembly of M(ClO4), (M = Ni, Co), Ln(ClO4)3 (Ln = La, Pr) and amino
acids (glycine, L-alanine, and L-threonine) in aqueous media provides several hep-
tanuclear octahedral clusters ([LnMg(AA)12]*") (AA = gly, ala, or thr) [121, 123].
The structure of a [LaNig] cluster (Na[LaNig(gly)i2](ClO4)4(H20)11, (16) is shown
in Fig. 17 as an example. The cationic structure is similar to the prolinato clusters
reported by Yukawa [66], but the crystals are very stable in air. The La3* ion is sit-
uated at the center of a large octahedral cage formed by six Ni** ions with La- - - Ni
distances and Ni- - - Ni distances of about 3.6950-3.7019 and 5.2309-5.2424 A, re-
spectively, as compared with those observed in the [SmNig(pro)i,] cluster (3.7 and
5.23 A, respectively) [66] and the [LaNig] cluster with iminocarboxylate as the lig-
and [124] (3.63 and 5.12-5.15 A, respectively).

Fig. 17 Structure of the cation
of 16
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The Oy, coordination polyhedron around the centered La®" ion may be best de-
scribed as an icosahedron. The 12 carboxyl oxygen atoms from 12 glycinato ligands
coordinate to the central lanthanide ion with distances of about 2.692-2.761 A. Each
Ni atom has an N>O4 donor set that consists of two amino nitrogen atoms and four
carboxyl oxygen atoms from four glycinato ligands. The Ni—O and Ni-N distances
are about 2.04-2.07 A. Slightly distorted octahedral configurations are found for all
Ni ions. In the cation, each glycinato ligand adopts a p,-coordination mode, being
bound to two Ni** and one La* ion.

An interesting phenomenon controlled mainly by the ionic radii of lanthanide
ions was also observed. Only [LaNig] and [PrNig] octahedral clusters could be
obtained though we have tried La’*, Pr't, Nd°*, Sm**, Eu**, Gd**, and Er**. The
ionic radii of lanthanide ions are presumed to play an important role in the synthe-
sis. Only Ln** ions of larger ionic radii can adopt such 12-coordinated icosahedral
configuration. For those lanthanide ions following Pr**, only [LnNig] trigonal
prismatic clusters have been obtained [122]. Comparing with the octahedral [SmNig)
cluster synthesized in acetonitrile [66], we can see that the solvent can also af-
fect the synthesis of the octahedral cluster, as the coordination ability of water to
Ln>" is superior to a nonaqueous solvent molecule. The competition of solvent
and ionic radii effects account for the fact that [LnNig] (Ln = Nd-Lu) octahedral
clusters cannot be synthesized in aqueous solution. The [LnNig] octahedral clus-
ter is very stable and does not take up any additional ligand, such as imidazole or
SCN™ [121].

Upon cooling, the /T value for 16 increases slightly when the temperature is
cooled to about 60 K and more rapidly up to about 7 K, when it reaches a maximum
of 9.79 cm> mol ~! K. This phenomenon corresponds to a ferromagnetic interaction.
Further decrease of y3/T below 7 K may be due to anisotropic effects, like zero-field
splitting or spin—orbit coupling. This Ni-Ni ferromagnetic interaction in the [LaNig]
cluster is also confirmed by the positive Weiss constants (2.35 K) determined with
data collected in the temperature range 10-300 K.

8.2 [LnMyg] Trigonal Prismatic Clusters (M = Co’* ,Ni*™,
and Zn**)

With glycine as ligand, a series of heptanuclear trigonal-prismatic polyhedra
[LnMg] (M = Co, Ni, Zn) with different edge and terminal ligands can be ob-
tained (Fig. 18) [122, 125]. The common structure of these clusters may be de-
scribed as a 4f metal ion at the center of a large trigonal prism formed by six
3d metal ions. The Ni clusters are here taken as illustrative examples. The com-
plexes all have a [LnNig(gly)s(13—~OH)3(H20)6]®" core and can be viewed as
the edge ligand and/or terminal ligand exchange products of a primordial species
[LnNig (gly)s(13~OH)3(H20)6(1,—OHy)3]%" (unfortunately, this parent cluster has
not been synthesized). Actually, the p,—H,O edge ligands with Ni—O distance of ca.
2.23 A and the terminal H,O (Ni-O 2.17 A) groups coordinate to nickel ions very
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Fig. 18 Heptanuclear trigonal prismatic clusters with amino acids as ligands

weakly, as compared with the normal Ni—O bond length of ca. 2.0 A. The p,—H,0
edge groups can be replaced with a Cl™ or Ac™ group one by one, while the terminal
ones can be substituted by pyridine. Besides the alteration of lanthanides, a series of
heterometal clusters can be obtained. Scheme 4 shows the formation of the clusters,
and their structures (or possible structure) are shown in Fig. 18.

For example, if the three u,—OH> edge ligands are replaced by three, two, or one
glycinato ligands in [2.110] coordination mode, Na4[PrNig(gly)o(p;—OH)3(H20)6] -
7C104 (17), Na,p [PI‘Niﬁ (gly)g(u3—OH)3 (HZ—OHz)(Hzo)G] . 6C104 . 2H20 (18), and
Na[DyNig(gly)7 (1t;—OH)3(1,—OHz)2 (H20)6] - 6C104 - H,O (19) can be obtained
(Fig. 19). The cluster in 17 contains two parallel layers, each being composed of
three Ni>* ions and three glycinato ligands. The Ni---Ni distances are about 3.6 A
(different layers) and 5.3 A (same layer) respectively, while the Pr---Ni distance is
about 3.57 A. The three glycinato ligands adopt the [3.1127313] coordination mode,
chelating to two Ni>* and one Ln3* ion. Pr’* has a nine-coordinated tricapped
trigonal—prismatic coordination polyhedron. The structures of 18 and 19 are almost
the same as that of 17 except for the number of edge glycinato ligands. This also
causes a slight distortion of the metal skeleton. In other words, a 4.5° torsion an-
gle may be formed between the two layers in 18 and 19. The three pn,—OH, edge
ligands can also be replaced partly or wholly by Cl™ to form new species such as
([SmNi6 (gly)6(13~OH)3Cl3(H20)6] - 3C1- 9H, O (20).
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22

Fig. 19 Possible structure of the mother species [LnNig (gly)e(1;~OH)3 (H20)6(1,~OH,)3]%* and
the structures of some heptanuclear trigonal prismatic clusters 17-22

The six terminal H,O ligands of the primordial species [LnNig(gly)e(t;—
OH)3(H,0)4(H20)6]" can be substituted by imidazole (im) or pyridine (py)
ligands, which leads to ([SmNig(gly)s(Ac)(1;—OH)3(1,—H20)2(im)g] - (ClO4)s -
(H20)s) (21) and ([GdNig(gly)sCl3(OH)3(py)s] - Cl- (ClO4)2 - (H20)s) (22),
respectively [125]. This is reminiscent of other well-known polynuclear clusters
whose terminal sites are occupied by solvent molecules and can be substituted
by pyridine, carboxylic acid, or another ligand, such as trinuclear clusters
[M3(13—O) (u1—RCO7)6L3|™" (L = neutral monodentate ligand) widely occur-
ring in a variety of first-, second-, or third-row transition metal ions [126],
and polynuclear manganese clusters [127, 128]. However, similar reaction
is still very rare in 3d-4f heteronuclear clusters. Similar [LnCug] clusters
[LnCug(u3—OH)3(gly)e(im)6](ClO4)s (Ln = La, Pr, Sm, Er) (1) have also been
synthesized [79].



202 S.-C. Xiang et al.

The replacement of groups with weak coordination interaction, including substi-
tution of the edge and terminal ligands, plus the alteration of lanthanides, may be of
help in the design and synthesis of a large variety of 3d—4f clusters. This approach
is attractive and it may open up new routes for the construction of other polynuclear
complexes. A similar situation also applies to analogous Zn>* and Co** clusters.

It is worth noting that the fragment [Niy(gly)2(OH)(Hgly)]", similar to met-
alloligand ¢ in Scheme 2, exists in compounds 17-19. Thus, an interesting ques-
tion arises as to why the fragment [Ni, (gly)2(OH)(Hgly)]" chelates the lanthanide
ions rather than an octahedral divalent transition metal ion. Firstly, the octahe-
dral cluster [LngNijp(OH)24(Cl04)]"7 is still not observed. On the other hand,
due to the octahedral coordination environment of Ni’>* ions, the Hgly only re-
places the weakly coordinated u,-H,O edge ligand, resulting in the large Ni—Ni
distance of ca. 3.5 A and the small torsion angle of the two Ni(gly) moieties (about
64.2°). Therefore, the [Ni(gly)2(OH)(Hgly)]" fragment, similar to the metalloli-
gand [Cu,(gly)(OH)(im)]?* (% in Scheme 3), chelates the lanthanides to form the
trigonal prismatic cluster.

9 Other Factors Affecting the Assembly

Except for the factors mentioned above, such as the reactant ratio employed, varia-
tion of lanthanide and transition metal, crystallization conditions, and the presence
of a secondary ligand, there are several other factors that can affect the controllable
assembly of the lanthanide—transition metal-amino acid cluster compounds.

Firstly, the difficulty in this strategy is seeking a suitable pH window so that the
amino acid ligand can use both its amino and carboxylate groups to coordinate to
3d and 4f metal ions simultaneously. We found that 6.6 is a suitable pH, and that
higher pH generally leads to a large amount of precipitate.

Another key factor is the choice of reactant proportion. We found that it is
necessary to maintain a high metal-to-ligand ratio because a low ratio (such as
Ln:Cu:gly:Ac™ = 1:4:2:2) will lead to the final product being contaminated by a
small number of light-blue crystals of Cuz(gly)4(ClO4),.

Finally, the solubility of the amino acids is also important. Only those amino
acids that are readily soluble in water, such as glycine, alanine, valine, and proline,
can be employed to construct the present family of 3d—4f amino acid compounds.

10 Conclusions

We have summarized our research findings in a systematic study of lanthanide—
transition metal-amino acid clusters. Several factors of influence that affect the
assembly, such as the presence of a secondary ligand, variation of lanthanide, crys-
tallization conditions, the ratio of metal ions to amino acids, and the choice of



Controllable Assembly, Structures, and Properties of Lanthanide—Transition 203

transition metal ions have been expounded. The substitution of weak coordination
bonds is identified as an important reason for the diverse structures of this series
of compounds. The diverse structures found for the Cu—-Ln—gly clusters may be
attributed to the dynamic balance of several metalloligands and the versatile coordi-
nation modes of the Cu®* ion
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