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Abstract

Abstract

Polyoxometalates (POMs) are nano-sized metal-oxygen cluster species with a diverse
compositional range and an enormous structural variety. They are powerful building blocks
in the field of materials because of the following: (1) POMs can easily dissolve in water or
organic solvent and hold the same polyoxoanion structure as that in the solid state; (2) POMs
possess various charge, shape and bulk; (3) POMs can accept various numbers of electrons;
(4) POMs are good ligands with multifunctional coordination sites.

This research is aimed at understanding the assembly, crystallography and functions of
POMs-based materials. We use Waugh, Keggin, or Anderson POMs as building blocks, and
transition-metal or lanthanide fragment as a linker, to construct seven novel compounds
which exhibit interesting magnetic, luminescent, photochromic and adsorption properties.
The prime results are as follows:

(1) By using transition-metal fragment as a linker, a sandwich tetracobalt(Il) substituted
tungstosilicate K;o[Co4(H,0)2(B-0-SiWoO34H),]-21H,O has been synthesized. This
compound offers ideal structural supports for the study of the interactions between
paramagnetic metal atoms as well as between delocalized electrons and paramagnetic
metal atoms.

(2) By introducing lanthanide fragments, a series organic-inorganic hybrids based on Keggin
tungstophosphates ([Ln(NMP)s(PW,04¢),] (NMP = N-methyl-2-pyrrolidone) (Ln = Pr,
Eu, Gd) and [Lny(NMP)2(PW2040)][PW12040] (Ln = Gd, Er)) have been synthesized.
The compound [Eu(NMP)s(PW,049),] can be used as a Zn'selective sensor. The
compound [Gd(NMP);2(PW12040)][PW12040] has interesting photochromic properties
and undergoes an unusual photo-induced single-crystal-to-single-crystal (SCSC) phase

transformation.
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(3) By using the Anderson-type anion and the lanthanide cation, we have constructed the
simple but highly hydrophilic polyoxometalate
[Tmy(H20)14CrMo024Hs][CrMo024Hg]- 16H,O and reported its temperature-dependent
SCSC phase transformation that occurs at surprisingly low temperature (< 113 K).
Furthermore, this compound can undergo a few desorption and adsorption cycles.

In future work, we will base on the reported results to extend the research. The central plan
is as follows:

(1) To investigate adsorption properties of K;o[Cos(H20)2(B-a-SiWyO34H),]-21H,0.

(2) To design novel photochromic system based on Keggin tungstophosphates.

(3) To complete syntheses and property studies of the series of compounds based on

Anderson anion ([CrM06024H6]3 ) and lanthanide cations.

Key Words: polyoxometalates; building blocks; crystallography; functional materials
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Chapter 1

Chapter 1 Overview

1.1 Background

Polyoxometalates (POMs) are nano-sized transition metal oxygen anion clusters, more
specifically, they are oligomeric aggregates of metal cations (usually the d° species V(V),
Nb(V), Ta(V), Mo(VI) and W(VI)) bridged by oxide anions that form by self-assembly
processes [I-5]. They are a rapidly growing class of compounds. The first report of what we
term a polyoxometalate dates back to Berzelius (1826), and more than 70 different elements
have been so far reported as POMs constituents. The reported POMs can be divided into six

basic types, Keggin, Silverton, Dawson, Anderson, Waugh and Lindqvist (Fig. 1).

W@ %
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Fig. 1 Six basic types of POMs: (a) Keggin, (b) Silverton, (c) Dawson, (d) Anderson, (e) Waugh, (f)

Lindqvist.

Owing to their sizes, structures, and properties, POMs are often referred to as soluble
metal-oxide fragments and, as such, are receiving considerable attention. While their
biological properties are the subject of increasing interest [6], catalysis [7—9] and materials
science [10—13] are still the two main fields of applications of POMs today. POMs are

attractive components for the design of advanced materials and devices [10—13], because
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properties that are essential for applications in material science can be readily tailored in
POMs through rational design [5, 14]. These properties include molecular composition, size,

shape, charge density, redox potentials, acidity, and solubility.

[As3(U0,),(H,0)gW300,05]'5

[PsW,450,¢ 4] [Na(H,0)PsW;,0,,0]'*

Fig. 2 The structures of a: [PgWiO0184'®, b:  [Na(H,0)PsW300410]"", ¢

[As3(UO,)3(H20)6W300105]"

Small metal-oxygen polyoxometalates can serve as building blocks. Simple metal-oxygen
building blocks can be linked together to form new structures. A large variety of linking units
combined with the abundant building blocks provide the possibility of producing a wide
range of POMs structures through various linking geometries. Fig. 2 shows structures of
different shapes and sizes of POMs linked by smaller metal-oxygen POMs units. Four
{P,Wi,} building blocks are connected to each other to form an approximately ring shaped
anion. The crystal structure of {PgWas} reveals that the central cavity of the anion contains
a number of potassium cations [15]. Structure of the anion [Na(HzO)P5W3oO”o]14_ can
regarded as a cyclic assembly of five {PWs} groups [16]. The central Na' can be replace
other canons of similar size, e.g. Ca’, most Ln'", and U" [17, 18]. The central cation is
coordinated by a H,O molecule that is enclosed in the central cavity [19]. The sodium
derivative has been evaluated as a catalyst for the oxidation of H,S to sulfur, and was the best

of the POMs examined [20]. The anion, [(UO,)3;(H,0)sAs3sW290O104]"~ has the structure
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shown in Fig. 2 which contains three {AsWjo} fragments bridged by three
pentagonal-bipyramidal {UO,}*" cations [21].

Increasing attention is currently being paid to POMs in the domain of material science due
to their chemical, structural and electronic versatility. The preparation of functional materials

using polyoxometalates as nanoscale building blocks is a very rich area for research [22—33].

POM-based materials with magnetic properties:

The development of POM-based clusters incorporating paramagnetic centres is an
interesting goal since it is possible to utilize existing building blocks/clusters to generate very
large magnetic molecules. In fact, it has been shown that it is possible to substitute the {Mo,}

‘linker’ groups present in the Keplerate (Pentagon);»(Linker)s, species with Fe'"

to yield a
{MozFeso} cluster with the formula
[Mo7,Fe300252(CH3CO0) 10 {M0,07(H,0)} {H:M0,05(H20) }3(H20)91]  (Fig. 3) [34]. This
cluster is smaller than the parent {Mo;3;} with an outer diameter of ca. 24 A and inner
diameter of ca. 18 A. Further, the {Mo7,Fe;3p} cluster is comprised of only Mo"! atoms
whereas the {Mo7;,Moso} cluster contains 36 reduced MoV centres (the 30 linking units are
reduced and the remaining 6 centres are delocalised over the 12 pentagonal centres present in
the cluster). The presence of the Fe(Ill) centres, combined with the weak antiferromagnetic
exchange between these centres, means that there are 30 mainly uncorrelated spins at room
temperature and the cluster therefore has a very large S (approaching 150/2). The Fe(III)
centres of the cluster span an icosidodecahedron and the extremely rich and interesting
magnetic properties have been investigated using the Heisenberg model [35]. In this respect
the {Mo7,Fesp} has been termed as a mesoscopic paramagnet in which classical behavior

extends down to extraordinarily low temperatures. Moving from Fe-Mo to Fe-Mo—V, the

self-assembly of molybdate building units in the presence of Fe'' and V'" produces the first
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mixed-spin heterometal Keplerate-type clusters displaying ferrimagnetic interactions [36]
. . VI VI _ 1\Y% 111
where the clusters have the compostion: {(Mo")-Mo s} 12M3p where M = V", Fe™ [37].
Further, it appears that when large numbers of paramagnetic metal centres like 30 Fe'" or 20
VO®" are integrated within their structure, extraordinary spin topologies can be realised on a
discrete molecular level. Further functionalisation of these systems allows, e.g. to link them

forming chains or layers in solid state reactions at room temperature [38].

Fig. 3 polyhedral representation viewed along a Cs axis showing five of the openings formed by
the (MogOg) and (MosFe3;Og) rings ({(Mo)Mos} units: blue; central MoO; unit: turquoise; linkers

{Fe}: yellow).

POM-based materials with conducting properties:

The formation of hybrid materials based on POMs with stacks of partially oxidized
p-electron donor molecules of tetrathiafulvalene (TTF) has been accomplished to yield
conducting POM-based materials. This is interesting because the inorganic POM anion can
act as a structural spacer unit, incorporate additional functionality such as a scaffold for
paramagnetic ions or to act as an electron acceptor [30]. This area is progressing rapidly with
the compounds based on [BEDT-TTF]s[H3V002s] (Fig. 4) [39] and [BEDT-TTF]s[MogOys]

[40] (BEDT-TTF = bis(ethylenedithio)tetrathiafulvalene) which behave as metals down to 50
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and 60 K with room temperature conductivities of 360 and 3 S cm ', respectively. In addition,
a POM radical salt with metallic behavior down to 2 K has been synthesized [41]. The
compound is based on [BEDOTTF]¢K;[BW1,04] and is formed from [BW1,04] and the
organic radical (BEDO-TTF) (=bis(ethylenedioxo) tetrathiafulvalene). The realization of
POM-organic conducting hybrids means that devices incorporating both POM clusters and
organic conductors and polymers are also accessible. A chiral POM conductor has also been
produced using the chiral cluster [H4C02M01003g]6_ electrocrystallised with (BEDT-TTF or
ET) [31] and POM-based materials that have mobile lithium ions have also been realized

[42].

Fig. 4 Packing diagram of [BEDT-TTF]s[H3V1002s] showing the alternating organic-inorganic

layers.

POM-based materials with adsorption properties:

Polyoxometalates, which are nano-sized metal-oxide macroanions and show unique redox
or acidic properties, can create molecular-sized spaces within them or in the solid state with
the combination of appropriate cations [43—51]. As shown in Fig. 5, porous polyoxometalate
compounds can be classified into three groups with regard to the location of the pores;

compounds with pores in (a) the intercrystallite space [52—54], (b) the molecular structure of

10
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polyoxometalates [55,56], and (c) the crystal lattice created by the arrangements of
polyoxometalates and molecular cations (macrocations) [57-66]. As shown in Fig. 5a,
(NH4)3[PW2049] is non-porous single crystal when synthesized at 473 K, while
submicron-sized dodecahedron particle form by the self-organization of 5~10 nm
nanocrystallites at 368K [53]. The crystallographic analysis of the single crystal shows that
NH*" and [PW,04]> are closely packed in the crystal lattice, and no pores exist. On the
other hand, the dodecahedron particle shows type-I N, adsoption isotherm characteristic of
compounds with micropores. The surface area (65 m” g ') is larger than the outer surface area
of the dodecahedron particle (4 m*> g '), and the calculated crystallite size is 10 nm. The
electron diffraction of the dodecahedron particle shows discrete spots, indicating that the
nanocrystallites are crystallographically ordered in the particles. Therefore, it is probable that
the (NH4)3[PW204] dodecahedron particle is formed by the self-organization of
nanocrystallites and the micropores exist in the intercrystallite space. As shown in Fig. 5b,
ring shaped or spherical nano-sized polyoxometalate clusters are formed by the
self-organization of several tens to more than hundred molybdenum atoms in acidic solution
with reducing reagents [55] or under UV irradiation [56]. Water of crystallization exists in
the ring or sphere, and a part of the water molecules can be exchanged with amphiphilic
molecules such as methanol and formic acid. The assembly of polyoxometalates
(macroanions) and molecular cations (macrocations) can create ionic crystals with specific
structures (Fig. 5¢) [57—66]. By the control of the shape, size, and charge of the macroions, it
is possible to predetermine their arrangement and to create molecular-sized spaces in the

crystal lattice.

11
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(a) NH4", Cs* ,
micropore

5-10nm
nanocrystallite

{NHa)3[a-PW12040]

(b) Sclf-organization
low pH, reducing reagent, UV efc.

polyoxometalate

(1) [Mo1620429(p3-0)zsH14(H20)66.5] 16
(ii) [(H20)81-0{ NH4)n { (MosO21(H20)s } 12{Mo204(S04) } 30]"*»

(€) [CO(OO0CH)s(H20)3]

hydrophilic channel

Na2[CrsO(O0CH)s(H20)3][c-PW12040] * 16F20

Fig. 5 Classification of porous polyoxometalate compounds: (a) NH,4"; (b) self-organization; (c)

[Cr3O(O0CH)6(H20)3]".

1.2 Objectives

This research is aimed at understanding the assembly, crystallography and functions of
POMs-based materials.

Assembly: by using POMs as building blocks, and transition-metal or lanthanide fragment as
a linker, to design and fabricate different frameworks.

Crystallography: to grow crystals, and to explore the structures by single-crystal X-ray
analysis.

Functions: to study their magnetic, optic, electronic, or adsorption properties.

The prime objectives are as follows:

(1) Using transition-metal fragment or rare-earth metal as a linker, to design and synthesize

POMs-based magnetically interesting compounds.

12
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(2) Using rare-earth metal as a linker to design POMs-based luminescent sensors.
(3) To synthesize POMs-based photochromic or electrochromic materials and investigate
their functional mechanism.

(4) To study adsorption and selective adsorption properties of POMs-based materials.
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Chapter 2 Sandwich magnetically interesting compounds built on

Waugh POMs

2.1 Introduction

As the largest subclass of transitional metal substituted polyoxometalates (TMSPs),
sandwich-type compounds have received increasing interest for their magnetism in recent
years [1]. Though their structures containing more than one paramagnetic transition metal ion
in close proximity may exhibit exchange-coupled spins leading to large spin ground states,
these compounds often display the weak magnetism because the magnetic sites are
encapsulated in a diamagnetic molecular metal oxide cluster [1c,1d]. As a matter of fact, the
special use of these compounds in magnetism area is that they offer ideal structural supports
for the study of the interactions between paramagnetic metal atoms [2,3] as well as between
delocalized electrons and paramagnetic metal atoms [4].

On the other hand, it is to be noted that the interaction between orbitally degenerate ions,
as for example high-spin cobalt(Il) in octahedral sites, remains an essentially unsolved
problem [5]. The high symmetry of sandwich-type TMSPs and the small distortion of the
octahedral CoQOs sites should facilitate the theoretical treatment required to give a
quantitative explanation of the cobalt-cobalt magnetic interaction.

Herein, we report the synthesis, structure and magnetism of a sandwich TMSPs based on

the magnetically interesting element Co and Waugh POMs [B-a-SiWs03,H]"".

2.2 Results and discussion
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Fig. 1 Ball and stick (left) and polyhedral (right) representations of 1. The color code is as follows:

cobalt (purple), tungsten (black), silicon (blue), and oxygen (red).

Reaction of CoCl,6H,O (0.2 mmol, 0.048 g) and Nao[£-SiW034H]-23H,0 [6] (0.1
mmol, 0.28 g) in 10 mL of KAc buffer (pH 4.8) at 80 °C for 1 h followed by slow
evaporation at room temperature resulted in red single crystals (0.15 g, yield 54 %) [7]. X-ray
analyses [8] reveal the compound, crystallized as K;o[Cos4(H,0),(B-a-SiWq0O34H),]-21H,0
(1), belongs to Monoclinic system. The dimeric polyoxoanion
[C04(H20)2(B-a-SiW9034H)2]107 consists of two lacunary [B-a-SiW9034H]97 Keggin moieties
linked by four Co*" ions, leading to a sandwich-type structure with idealized C», symmetry
(Fig. 1). The central belt of 1 is composed of a rhombic Co4O;6 group consisting of four
coplanar CoOg octahedral sharing edges (Fig. 2). The distances of Co---Co along the sides of
the thombus are 3.18 A while along the diagonal of the rhombus are 3.30 A and 5.44 A,
respectively. There is a narrow variation in the Co-O-Co angles, with an average value of
95.8°. These values for the metal-metal separation and the geometry of the bridging unit are
very  similar to that found in the phosphorus-containing  polyanion
[C04(H20)2(a-PW9O34)2]10_ which is the first example of sandwich TMSPs as well as of

cobalt-based sandwich TMSPs reported by Weakley et al [9].
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Fig. 2 ORTEP drawing of the central Co4O+ fragment of 1; thermal ellipsoids are drawn at the

30% probability level.

Although silicon-containing analogues SiMn;W,, SiCu; Wy, and SiZn, Wy had been well
reported by Kortz et al, [lc] which were synthesized by reacting M*" ions with
[y-SiW10036]87 under conditions very similar to that used for the synthesis of 1, we were not
able to synthesize [Cos(H,0)x(B-a-SiWo034H),]'"" (SiCo,Wo) starting from [y-SiW¢036]%"
under the same conditions. Interestingly, the reaction starting from [B-SiWoO34H]* resulted
n [B-a-SiW9034H]97 anions in compound 1, which meant that the mechanism of the metal

]107 N

insertion reaction must be accompanied by isomerization ([f-SiWoOs4
[B-a-SiW9034]107). In our attempts to perform the reaction starting from Na;o[a-SiWyOs4] [6],
strangely, the crystals of the same compound could not be obtained. We speculated the
Najo[a-S1W90O34] synthesized according to Téz¢’s method was a mixture of [A-a-SiW9O34]1°7
and [B-a-SiW9034]107, and thus caused the desired compound hard to be crystallized. Also
deserving attention, despite the synthesis distinction between compound 1 and the three
compounds (SiMn,W,, SiCu;Wy, and SiZn,W,), they display the same anion
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[B-a-SiW034]'"", which indicates that formation of the (B-a-SiWoOs4) fragment in a heated

aqueous acidic medium is strongly favored.

0 50 100 150 2(|)0 25|0 3(I)O

100 150 200 250 300 |6

Fig. 3 xm(A) versus T and pe(O) versus T plots for the compound 1; the solid lines represent the

theoretical values based on the equations.

Variable-temperature (2—300 K) magnetic susceptibility data at a magnetic field strength of
2 KG were collected for compound 1. The ym and zefr versus 7 plots are shown in Fig. 3. The
Uer at Toom temperature, 10.36 B.M., is larger than the spin-only value of 7.74 B.M. for the
magnetically isolated high-spin octahedral Coy species due to the splitting of the *7} term
through spin-orbit coupling and local distortion of the octahedral sites. When the temperature
is lowered, the value of us decreases smoothly, reaching a minimum at ca. 30 K (uegr = 9.43
B.M.). Below 30 K, the . increases smoothly upon cooling further and reaches a maximum
with 9.81 B.M. at 9 K. After this maximum, the u. value decreases quickly, with 8.52 B.M.
at 2 K. All the data measured from 2 K to 300 K can be roughly fitted to a Curie—Weiss law

with C = 13.62 cm’ K mol™ and 6 = —4.86 K. Interestingly, here the plot of e versus T
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looks like that found in some irregular spin state complexes [10]. To the best of our
knowledge, the case has not been previously reported in other sandwich-type TMSPs.
However, the magnetic mechanism of 1 is completely distinct from that of those irregular
spin state compounds.

In order to explain the observed magnetic property of the title compound, the following

exchange scheme has been used:

The interactions between the metal ions of the Co4O;6 unit can be described by two exchange
coupling constants J and J’, where J represents the interactions along the sides of the
rhombus while J~ represents interactions along the short diagonal of the rhombus. As far as
the existence of strong spin-orbit coupling for cobalt(Il) ions was concerned, the magnetic

data were analyzed by the following equations:

Ng? 5 Z S.(S, +1)2S, +1)exp(~ E, / KT)
3kT > (28, +1)exp(- E,/KT)

1

Zl‘e‘t =

Z S.(S, +1)28, +1)exp (- E, / kT ) =

S46EXP((—18J-24J")/~kT)+330EXP((—6J-24J")/~kT)+160EXP((4J-24J")/~kT)+84EXP((12
J-24J°)/~kT)+30EXP((18J-24.J")/~kT)+6EXP((22J-24J")/~kT)+330EXP((—12J-24J")/~kT)
+180EXP((—2J-24J )~k T)+84EXP((6J-24J ")~k T)+30EXP((12J-24J ")~k T)+6EXP((16]
~247)/~kT)+180EXP((—6J-24J")/~kT)+84EXP((2J-24J ")~k T)+30EXP((8J-24J ")/—kT)+84
EXP((=24J)/~kT)+330EXP((—=12J-6J ")~k T)+180EXP((—2J—6.] )~k T)+120EXP((6J—6J ")/~

kT)+30EXP((12J-6J")/~kT)+6EXP((16J-6.J")/~kT)+160EXP((—8J~6J ")~k T)+
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14EXP((—6J *)/~kT)+6EXP((10J-6")/~kT)+84EXP((—4J-6.J")/~kT)+30EXP((2J-6J")/—kT)

+160EXP((—6J-2J")/~kT)+120EXP((2J-2J")/~kT)+30EXP((8-2.)/~kT)+84EXP((—4J-2J’

Y =kT)+6EXP((6J-2J ")~k T)+30EXP((=2J-2J")/~kT)+6EXP((~2.J)/~kT)+120
> (28, +1)exp-E, /kT) =

13EXP((—18J-24J")/~kT)+11EXP((—6J-24J")/~kT)+9EXP((4J-24.J")/~kT)+
TEXP((12J-247")/~kT)+SEXP((18J-24J")/~kT)+3EXP((22J-24J ")~k T)+EXP((24J-24J ")/~
kT)+11EXP((—12J-24J")/~kT)+9EXP((~2J-24J )~k T)+TEXP((6J-24J ')~k T)+SEXP((12J-
24J°)/~kT)+3EXP((16J-24J")/~kT)+9EXP((—6J-24J ")~k T)+TEXP((2J-24J ")~k T)+SEXP((
8J-24.J")/~kT)+TEXP((~24J")/~kT)+11EXP((—12J-6J ")~k T) +OEXP((—2J-6J ")~k T)+
15EXP((6J-6J")/~kT)+6EXP((12J-6J ")~k T)+3EXP((16J-6J")/~kT)+9EXP((—8J-6J")/—kT)
+12EXP((—6J ")~k T)+3EXP((10J-6J")/~kT)+TEXP((—4J-6J")/~kT)+SEXP((2J-6J )/—kT)
+9EXP((—6J-2J")/~kT)+15EXP((2J-2J )~k T)+SEXP((8J-2J)/~kT)+TEXP((—4J-2J)/~kT)

+3EXP((6J-2J )~k T)+SEXP((—2J-2J )~k T)+EXP((4J-2J "~k T)+3EXP((—2.))/~kT)+16

_ N 3[3.15x+3.18+(2.84x +2.13)exp(~3.75x) + (4.7x — 6.05)exp~ 6x)]

ALig 3kT x[3 + Zexp(— 3.75x) + exp(— 6X)]
(x=A/kT)
Ngzﬂz 3(3
=X Y41y~ | 4X 5| 7+
X = Xiet X Lig 3T 212

Best fitting for the experimental data leads to J=-0.77 cm ', J'=3.12cm ', g=2.34, 1 =
-129 cmﬁl, with the agreement factor R =) (Yobsd - Xcacld)z/ > XobstZ 2.73 x 10~*. The results
reveal that magnetic interaction between Col-Col is ferromagnetic while the Col-Co2

interaction is antiferromagnetic. The exchange interactions in the compound are slightly
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different from that found in the silicon-containing analogues [{SiM;WoO34(H,0)},]'* (M =
Mn*", Cu™) [1c], in which the central Mny unit exhibits antiferromagnetic (J=—1.77(5) cm ")
as well as weak ferromagnetic (J”= 0.08(2) cm ') Mn-Mn exchange interactions and the
Cu-Cu exchange interactions are antiferromagnetic (J/=—0.10(2) cm ', J’=—0.29(2) cm ). It
is believed that the major structural factors affecting exchange coupling in these compounds
are the polyoxometalate matrixes since the polyoxometalate matrix may be considered a

diamagnetic host encapsulating and thereby isolating magnetic clusters of transition metals.

2.3 Summary

In summary, we have synthesized a sandwich tetracobalt(Il) substituted tungstosilicate
which displays interesting isomerization ([f-SiWoOx]'""" — [B-a-SiWs034]'"). The
magnetism has been studied based on an isotropic Heisenberg model supplemented by a
zero-field splitting term. It must be noted that it is an approximate method and usually
insufficient for cobalt(Il) exchange system due to the existence of spin anisotropy, and it is

still a great challenge to well-understand the cobalt magnetism.
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Chapter 3 Photochromic lanthanide compounds built on Keggin

POMs

3.1 Syntheses, structures and properties of [Pr(NMP)s(PW1,040)].,

[Eu(NMP)s(PW,049)], and [Ery(NMP)3(PW3040)] [PW1,04]

3.1.1 Introduction

Polyoxometalates (POMs) are nano-sized metal-oxygen cluster species with a diverse
compositional range and an enormous structural variety [1—-3]. It is well-known that one of
the most important properties of POMs is the capability to accept various numbers of
electrons giving rise to mixed-valency colored species (heteropolyblues or
heteropolybrowns) [4], which makes them suitable for photochromic and electrochromic
materials [4—6]. Since the investigation of inorganic-organic hybrid materials became an
expanding field, the preparation, microstructure, and photochromic process of POMs-based
hybrid composites have been extensively investigated [7—11].

On the other hand, the rational design and synthesis of inorganic-organic hybrid
architectures based on POMs and various metal coordination complexes are of considerable
interest and of great challenge in current synthetic chemistry [12—23]. Comparing with large
numbers of POMs-based hybrid materials structurally modified by transition-metal elements
[12—20], rare-earth elements as the linkers have been paid less attention in assisting the
self-assembly of POMs building blocks [21—-23], although their compounds may possess
potential applications in many fields. In most cases, it appears that oxygen atoms on the
surface of POMs are rather reactive and are easily combined with the highly oxophilic rare

earth ions to form precipitates instead of crystals. The introduction of protecting organic
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ligands may be one of the effective methods to inhibit precipitation by coordinating rare earth
ions and decreasing their highly oxophilic properties [23].

Herein, by wusing the protecting ligand N-methyl-2-pyrrolidone (NMP), three
lanthanide-linked photochromic hybrids based on [PW12040]3_ have been successfully
synthesized. Their photochromic, magnetic and luminescent properties have been

investigated.

3.1.2 Experimental
1. Materials and methods

All reagents were purchased commercially and used without further purification. Elemental
analyses (C, H, N) were conducted on a Perkin-Elmer 240C analyzer. Infrared spectra were
obtained from a sample powder palletized with KBr on Nicolet AVATAR 360 FTIR
spectrophotometer over the range 4000—400 cm '. UV spectra were obtained on a Unican
UV-500 spectrometer (distilled water as solvent) in the range of 190—1100 nm. Variable
temperature susceptibility measurements were carried out in the temperature range 2—300 K
at a magnetic field strength of 2 kG with a Quantum Design MPMS-7 SQUID magnetometer.
Diamagnetic corrections were made with Pascal’s constants for all the constituent atoms. The
emission spectra in an aqueous solution were recorded on a Cary Eclipse luminescence

spectrophotometer.

2. Synthesis of [Pr(NMP)s(PW1204)], (1)

Reaction of Hi;PW,04nH,O (1.3 g), PrCl36H,O (0.142 g, 0.4 mmol) and
N-methyl-2-pyrrolidone (0.5 mL) in an acetonitrile/water (2:1, v/v) mixed solution (10 mL)
at 90 °C for 1 h followed by slow evaporation at room temperature in the dark resulted in
colorless single crystals. Yield: 1.18 g (82 %). Anal. Calced (%): C 10.0, H 1.5, N 2.3; Found:

C 10.4, H 1.6, N 2.1. IR (KBr, v): 3404 (s), 2936 (w), 1640(vs), 1516 (m), 1406 (w), 1308
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(w), 1262 (w), 1256 (m), 1080 (vs), 985 (vs), 896 (vs), 813 (vs), 521(m) cm . UV-vis

(solid-state, Ayax): 250 nm.

3. Synthesis of [Eu(NMP)s(PW1,04)], (2)

2 was prepared according to the procedure described for 1 but using EuCl;-6H,0 (0.147 g,
0.4 mmol) as the rare earth reagent. Yield: 1.12 g (77 %). Anal. Calcd (%): C 9.9, H 1.5, N
2.3; Found: C 10.1, H 1.7, N 2.1. IR (KBr, v): 3404 (s), 2937 (w), 1639(vs), 1513 (m), 1406
(w), 1308 (w), 1260 (w), 1258 (m), 1080 (vs), 983 (vs), 895 (vs), 813 (vs), 521(m) cm .

UV-vis (solid-state, Amax): 250 nm.

4. Synthesis of [Er2(NMP)12(PW1,040)] [PW1:04] (3)

3 was prepared according to the procedure described for 1 but using ErCl;-6H,0 (0.153 g,
0.4 mmol) as the rare earth reagent. Yield: 1.15 g (79 %). Anal. Caled (%): C 9.9, H 1.5, N
2.3; Found: C 10.3, H 1.4, N 2.2. IR (KBr, v): 3402 (s), 2940 (w), 1634(vs), 1517 (m), 1403
(w), 1310 (w), 1260 (w), 1256 (m), 1078 (vs), 980 (vs), 895 (vs), 810 (vs), 516(m) cm .

UV-vis (solid-state, Amax): 250 nm.

5. Crystal structure determination

Structural measurements of three complexes were performed on a computer controlled
Bruker SMART 1000 CCD diffractometer equipped with graphite-monochromated Mo-Ka
radiation with radiation wavelength 0.71073 A by using the w-scan technique. Lorentz
polarization and absorption corrections were applied. The structures were solved by direct
methods using the program SHELX 97 and subsequent Fourier difference techniques, and
refined anisotropically by full-matrix least-squares on F~ using SHELXL 97. The summary

of crystallographic data is given in Table 1.
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Table 1 Crystal data and structure refinement for compounds 1, 2 and 3.
Compound 1 2 3
Empirical formula C30H54N6046PPI'W12 C30H54N6050PEUW12 C60H108Er2N12092P2W24
M, 3612.87 3623.92 7278.44
T (K) 294(2) 294(2) 294(2)
2 (A) 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Triclinic
Space group C2/c C2/c P1
a(A) 22.021(3) 21.979(3) 12.1107(18)
b(A) 12.9042(19) 12.7848(17) 13.592(2)
c(A) 24.288(4) 24.310(3) 22.219(3)
a(°) 90 90 80.242(2)
L) 106.823(2) 107.303(2) 85.464(2)
7(°) 90 90 67.550(3)
V(A% 6606.4(16) 6522.2(15) 3330.9(9)
Z 4 4 1
D, (g/cm’) 3.632 3.691 3.629
F (000) 6424 6440 3230
20max (°) 50.02 50.02 50.04
Rint 0.0648 0.0652 0.0399
GOF on F° 1.011 1.067 1.072
R1 0.0429 0.0602 0.0645
wR2 0.1095 0.1620 0.1636

Crystallographic data (excluding structure factors) for the structural analysis have been
deposited with the Cambridge Crystallographic Data Centre, CCDC nos. 294255, 611820
and 611432 for structures of the three compounds. Copies of this information may be
obtained free of charge from The Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ,
UK (fax: +44 1223 336 033; e-mail: deposit@ccdc.cam.ac.uk or www:

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

3.1.3 Results and discussion

X-ray analyses reveal that 1 and 2 are isomorphous. The two compounds, crystallized as
[Ln(NMP)s(PW12040)]» (Ln = Pr (1), Eu (2)), consist of 1D infinite zigzag chains built from
alternate polyanions and [Ln(NMP)s]>" subunits, displaying a {(anion)M-donor}, (M = Ln;
anion = PW1204037; donor = NMP) type of structure (Fig. 1). The adjacent Ln---Ln distances

are 15.540 A for 1 and 15.442 A for 2, respectively. The coordination polyhedron of Ln" can
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be represented as a distorted, bicapped trigonal prism (Fig. 2). In 1, the Pr—O bond lengths
are within the range from 2.326 to 2.579 A (mean value 2.414 A). The torsion angle between
the top plane and the bottom plane is 7.52 °. In 2, the Eu—O bond lengths are within the range
from 2.256 to 2.503 A (mean value 2.355 A). The torsion angle between the top plane and

the bottom plane is 7.66 °.

Fig. 1 Ball and stick and polyhedral representations of the 1D infinite zigzag chain structure of
compound 1 (compound 2 is isomorphous to 1). The color code is as follows: Pr (green), O (red),

N (blue), C (gray), WOg (red), PO4 (purple).

Fig. 2 a) Coordination polyhedron around Pr''in 1; b) Coordination polyhedron around Eu"'in 2.
Bond lengths (A): a) Pr(1)-0O(6), 2.579(10); Pr(1)-0(23), 2.364(12); Pr(1)-0(24), 2.387(13);
Pr(1)-0(25), 2.326(13); b) Eu(1)-0(6), 2.503(3); Eu(1)-0(23), 2.305(2); Eu(1)-0(24); 2.357(2);

Eu(1)-0(25), 2.256(2).
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Fig. 3 Ball and stick and polyhedral representations of the ionic asymmetric structure of

compound 3. The color code is as follows: Er (orange), O (red), N (blue), C (gray), WOg (red), PO,

(purple).

Fig. 4 Coordination polyhedron around Er" in 3. Bond lengths (A): Er(1)-0O(18), 2.416(15);
Er(1)-0(23), 2.18(2); Er(1)-0(24), 2.234(19); Er(1)-0(25), 2.192(19); Er(1)-0O(26), 2.343(18);

Er(1)-0(27), 2.254(18); Er(1)-0(28), 2.236(18).

Interestingly, different from 1 and 2, compound 3 exhibits an ionic, asymmetric structure
probably because of the lanthanide contraction. Compound 3 consists of the [PW,040]>
anion and the [Erz(NMP)lz(PW1204())]3+ cation in which either of Er' ions is coordinated
with 6 NMP molecules and connected by [PW,040]> (Fig. 3). The adjacent Er-Er distance
is 15.353 A. The coordination polyhedron of Er' can be represented as a highly distorted,
single-capped trigonal prism (Fig. 4).The Er—O bond lengths are within the range from 2.18
to 2.416 A (mean value 2.265 A). The torsion angle between the top plane and the bottom

plane is 28.42 °.
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When exposed to sunlight, colorless crystals of 1-3 can turn deep blue gradually. This
observation should be attributed to the electron transfer between electron donors of organic
molecules and electron acceptors of polyoxometalate anions. The final result is that W"'
atoms of the polyanions are reduced and mixed-valence compounds are formed, leading to
the observed photochromism [4]. As shown in Fig. 5, after irradiation with sunlight, the
absorption band at 700 nm in visible region appeared due to metal-to-metal extra intervalence
charge transfer (IVCT) (W>" — W®") [1]. The photochromic mechanism of 1-3 should be
similar to that well-reported in charger-transfer alkylammonium-polyoxometalates [4]. The
reasonable mechanism should involve the absorption of photons by the Keggin structure,

resulting in the generation of an electron-hole pair which directly oxidizes NMP into NMP "

ABS [a.u.]

200 400 600 800
Wavelength [nm]

Fig. 5 The solid-state UV-vis spectra for compound 2 before (black curve) and after (blue curve)

irradiation with sunlight.

Variable-temperature (2—300 K) magnetic susceptibility data at a magnetic field strength of
2 kG were collected for compound 1 (Fig. 6). The u.srvalue at room temperature was 3.52

B.M., which is slightly lower than that expected, 3.58 B.M., per insulated Pr(IIl) ion in the
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H, ground state (g = 4/5). As far as the existence of a strong spin-orbit coupling for Ln
atoms is concerned, the magnetic data were analyzed by the following approximate treatment

equations previously derived by McPherson et al [24].

_ Ng’B*® 2exp(—A/kT)+8exp(—4A/kT)+18exp(-9A/kT) +32exp(-16A/kT)
kT 1+2exp(=A/kT)+2exp(—4A/kT)+2exp(-9A/kT) + 2exp(—16A/ kT)

Pr

Ztotal :ZPr /[I_XPr(ZJ'/Ngzﬂz)]

In expressions, 4 is the zero-field-splitting parameter. zJ’ is the intermolecular magnetic

coupling parameter. Best fitting for the experimental data leads to 4 = — 0.910 cm ™', zJ’

—4.719 cm™, g =0.806, and R = ¥ (Yobsa — Xeacla)" / Y. (fobsa)” = 1.73 x 107>,
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Fig. 6 xm (O) vs T and e (1) vs T plots for compound 1. The solid lines represent the theoretical

values based on the equations.
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Fig. 7 xmT (01) vs T plots for compound 2.

Variable-temperature (2—300 K) magnetic susceptibility data at a magnetic field strength of
2 kG were collected for compound 2 (Fig. 7). At room temperature, the observed ym7 value
of 2 is ca. 1.47 cm® mol™" K, slightly less than the value 1.5 for a Eu(III) ion calculated by
Van Vleck equation allowing for population of the excited state with higher values of J at
293 K [25]. As the temperature is lowered, ym7 decreases continuously as a result of the
depopulation of the depopulation of the levels with nonzero J values. At the lowest

temperature, yu7 is close to zero, indicating a J = 0 ground state of the Eu(III) ion ("Fy).
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Fig. 8 a) Emission spectra of compound 2 in an aqueous solution (5x10™> M) at room
temperature (excited at 289 nm) upon addition of ~ 0-3 equiv of Zn" ions, respectively: black,
no addition; red, 1 equiv; blue, 2 equiv; green, 3 equiv; b) Luminescent intensity of the
compound at 603 nm in aqueous solution at room temperature upon addition of Zn**, Ca*",

Mg2+ or Ni*" ions (excited at 289 nm). Cations were added as ZnCl,, CaCl,, MgCl, or NiCls.
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Fig. 9 Emission spectra of 3 (5x107° M) at room temperature (excited at 320 nm) in an aqueous

solution.

The emission spectrum of 2 (Fig. 8a) at room temperature in an aqueous solution excited at
289 nm exhibited the characteristic transition of the Eu’" ion: “Dy—E, (J = 0, 1, 2) [26].
Interestingly, upon addition of 1-3 equiv of Zn*" gradually, the emission intensity of 1
obviously increased. The highest peak at 603 nm is closely thrice as intense as the
corresponding band in the solution without Zn>". However, when the same experiments were
performed for the introduction of Ca®" and Mg®" into the system, even the presence of 5
equiv of Ca®" or Mg®" in aqueous solution of 1 had no effect on the luminescent intensities
either (Fig. 8b). While adding 1-3 equiv of transition metal ions such as Ni*", Co*", Mn®" and
Fe to the solution of the compound, the luminescent intensities decreased or quenched (Fig.
8b). The above results imply that compound 2 could monitor or recognize Zn®" to some
extent and be considered as luminescent probes.

The emission spectra of 3 (Fig. 9) at room temperature in aqueous solution excited at 320
nm exhibited an intense band at about 425 nm, which was assigned to the emission of
*Ho;,—*I155 [27]. Upon addition of Zn*", Ca®" or Mg*" to perform the same experiments to
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compound 2, however, the emission intensity of 3 had no effect, only decreased or quenched
when transition ions were added. The results indicate that the Zn"-selective sensor properties

in this system might be connected with the central lanthanide ions.

3.1.4 Summary

In summary, a series of inorganic-organic hybrids built on Keggin tungstophosphates have
been prepared. Compounds 1 and 2 exhibit 1D infinite zigzag chain structures, while
compound 3 exhibits an ionic asymmetric structure due to lanthanide contraction. Their
photochromic, magnetic and luminescent properties have been well studied. Especially,

compound 2 displays an interesting luminescent selectivity for Zn*" ions.
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3.2 Solid-State Photopolymerization of [Gd;(NMP)2(PW1,040) ][ [PW1204]

3.2.1 Introduction

Photochromic compounds are subjects of growing interest because of their potential
technological applications in the areas of information display devices, solar energy
conversion, high-density memory devices, and photoelectric sensors [1]. It is well-known
that one of the most important properties of polyoxometalates is the capability to accept
various numbers of electrons giving rise to mixed-valency colored species
(heteropolyblues or heteropolybrowns) [2], which make them suitable for photochromic
and electrochromic materials [2—4]. Since the investigation of inorganic-organic hybrid
materials became an expanding field, the preparation, microstructure, and photochromic
process of polyoxometalates-based hybrid composites have been extensively investigated
[5].

On the other hand, despite the inherent strong barriers of simultaneous bond breaking
and formation in more than one direction, single-crystal-to-single-crystal (SCSC)
transformations in the solid state have been studied widely in recent years [6, 7]. However,
much of the work has focused on thermal-stimulated [6] or guest
desorption/absorption-induced [7] types, while the photo-induced type received less
attention. Herein, we report an interesting discovery of a photo-polymerized SCSC
transformation in a photochromic polyoxometalates-based hybrid,
[Gd2(NMP) 12(PW12040)][PW120490] (NMP = N-methyl-2-pyrrolidone) (1), in which
reversible photochromism occurred with reversible structural transformation under

irradiation with sunlight.

3.2.2 Results and discussion
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Fig. 1 Process of photochromism and SCSC transformation. a) Ball and stick and polyhedral
representations of 1. The color code is as follows: Gd (yellow), O (red), N (blue), C (gray), WOsg
(red), PO4 (purple); b) Ball and stick and polyhedral representations of 2. The color code is as

follows: Gd (yellow), O (red), N (blue), C (gray), WOg (deep-blue), PO, (purple).

Reaction of GdCls, HiPW,049 and NMP in CH3;CN/H,O (2:1, v/v) followed by slow
evaporation at room temperature in the black position resulted in colorless single
crystals®. X-ray analyses* reveal that compound 1, belonging to the triclinic system,
exhibits an ionic, asymmetric structure consisting of the [PW12040]37 anion and the
[Gdz(NMP)lz(PW1204())]3+ cation in which either of Gd'"! ions is coordinated with 6 NMP
molecules and connected by [PW12040]37 (Fig. 1a). The coordination polyhedron of Gd™"
may be represented as a highly distorted, single-capped trigonal prism (Fig. 3a). The
Gd-O bond lengths are within the range from 2.212 to 2.514 A (mean value 2.316 A). The

torsion angle between the top plane and the bottom plane is 27.89 °.
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Fig. 2 The solid-state UV-vis spectra before (black curve) and after (blue curve) irradiation with

sunlight.

ozF

(h) oz 025

Fig. 3 a) Coordination polyhedron around Gd" in 1; b) Coordination polyhedron around Gd"' in 2.
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When exposed to sunlight, colorless crystals of 1 turn deep blue gradually. This
observation should be attributed to the electron transfer between electron donors of
organic molecules and electron acceptors of polyoxometalate anions. The final result is
that W' atoms of the polyanions are reduced and mixed-valence compounds are formed,
leading to the observed photochromism [2]. UV-vis spectra (Fig. 2) indicated that, after
irradiation with sunlight, the absorption band at 700 nm in visible region appeared due to
metal-to-metal extra intervalence charge transfer (IVCT) (W>" — W®") [8]. Compared
with those well-reported discrete charger-transfer alkylammonium-polyoxometalates [2],
the speculated photochromic mechanism of 1 is slightly different. A reasonable
mechanism should involve the absorption of photons by the Keggin structure, resulting in
the generation of an electron-hole pair which directly oxidizes NMP into NMP" through
O—Gd—O0 not the hydrogen bond.

When we performed the X-ray analyses on the resulted deep blue crystals,
unexpectedly, structural transformation occurred in the photochromic hybrid and a new
compound belonging to monoclinic system, [Gd(NMP)s(PW,040)], (2), was obtained.}
Compound 2 consists of a 1-D infinite zigzag chain built from alternate polyanions and
[GA(NMP)s]*" subunits and displays a {(anion)M-donor}, (M = Gd; anion = PW 1,040 ;
donor = NMP) type of structure (Fig. 1b). The coordination polyhedron of Gd"" may be
represented as a distorted, bicapped trigonal prism (Fig. 3b). The Gd—O bond lengths are
within the range from 2.255 to 2.526 A (mean value 2.359 A). The torsion angle between
the top plane and the bottom plane is 7.29 °, which is smaller than that of compound 1 (4
=20.60 °).

To further contrast 1 with 2, in the packing framework of 1, we can find a
discontinuous zigzag chain (Fig. 4). The distance of adjacent polyanions is 137.77 A

(defined by the P---P separation), which is equal to that in the continuous zigzag chain of
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2. The turning angle of P---Gd---P (104.73°) in 1 is slightly smaller than that (125.81°) in 2
(4 = 21.08 °; the difference is almost equal to that in the torsion angle of Gd™
coordination polyhedrons). In addition, the NMP ligands in both 1 and 2 are highly
disordered. These structural values and factors provide a potential environment for the
SCSC transformation. To further examine the phase purity of this system, X-ray powder
diffraction was carried out on 1 and 2, respectively (Fig. 5). The comparison between the
experimental pattern and the calculated pattern (based on single-crystal data) shows that
both 1 and 2 are pure. ~ When the crystals of 2 are placed in the air and sheltered from
the light, they gradually turn back to their original colorlessness. X-ray analyses reveal
that with the color changes compound 2 simultaneously converts 1-D zigzag chains into
original zero-D ionic structures. If color-changed samples are put under nitrogen
atmosphere and sheltered from the light, their color does not fade, indicating that the
fading process is a chemical one and that it is the oxygen in the air that has reoxidized W"
into WY, not the self-redox occurring in the system. The whole process might concisely
proceed in Fig. 1. Also deserving attention, by heating at 90 °C in air under sunlight, the
color and structural reversal also occur in compound 2, which indicates that the reverse
SCSC transformation of 2 to 1 can be also considered as a thermal-stimulated type;
however, nothing occurs when heating is carried out in nitrogen atmosphere, which

further indicates that reverse transformation of 2 to 1 is significantly affected by oxygen.
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Fig. 5 XRPD patterns of a) 1 and b) 2. The figures showed the Miller indices of each reflection (26

<14°).

To further explore this phenomenon, it is interesting to compare compounds 1 and 2 with
analogous compounds reported n Section 3.1, [Pr(NMP)s(PW12040)],
[Eu(NMP)s(PW12040)]» and [Era(NMP)12(PW12040) |[PW12040]. The structures of Pr and Eu

are isomorphous to 2 while the structure of Er is isomorphous to 1. From 1-D chains of
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compounds Pr and Eu to zero-D ionic frameworks of compounds 1 and Er, these structural
changes illustrate the Gd may be the turning point from zero-D to 1-D structure in the series
of lanthanides compounds because of lanthanide contraction. Similar to 1, compounds Pr, Eu
and Er are all photochromic. However when the similar experiments of X-ray analyses were
carried on the three compounds, photo-induced structural transformation never occurred in
them but only occurred in compound 1. According to the above results, the photo-induced

SCSC transformation might be connected with the turning point.

3.2.3 Summary

In summary, a photochromic 12-tungstophosphate-based hybrid has been synthesized,
in which a reversible photopolymerization interestingly occurred. To the best of our
knowledge, this Communication provides the first polyoxometalates-based example of
SCSC transformations. Furthermore, it is highly interesting to study the photomagnetism,
electrochemistry, and photoelectricity in the system, because there is not only SCSC

transformation but also deoxidized W" atoms under irradiation with sunlight.
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Chapter 4 Hydrophilic compounds built on Anderson POMs

4.1 Introduction

It is well known that many materials can undergo solid-state structural phase
transformation as a function of temperature, and that different atomic arrangements are
stable in different temperature ranges [1]. With development of crystal engineering,
temperature-dependent single-crystal-to-single-crystal (SCSC) phase transformations
have received considerable interest [2—5]. However, such SCSC phase transformations
are still rare since crystals can hardly retain single crystallinity after the solid-state
rearrangement of atoms.

Polyoxometalates (POMs) are nano-sized metal-oxygen cluster species with a diverse
compositional range and an enormous structural variety [6—11]. One of the most
important properties of polyoxometalates is the capability to accept large and various
numbers of water molecules in their crystal lattice, which make them very useful in the
hydration catalysis [6, 11]. Since it has been demonstrated that water molecules can play
an important role in SCSC phase transformations as a function of temperature [12],
polyoxometalates can be good candidates for investigation into temperature-dependent
SCSC phase transformations. However, to the best of our knowledge, the
temperature-dependent SCSC phase transformation of polyoxometalates has been
unknown in the literature.

Herein, we construct the simple but highly hydrophilic polyoxometalate
[Tmy(H20)14CrMo06024H6 ][ CtMo06024Hg]- 16 H,O by using the Anderson-type anion and
the lanthanide cation, and report the temperature-dependent SCSC phase transformation

that occurs at surprisingly low temperature (< 113 K).
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4.2 Results and discussion

294 K

]

N

113 K

Fig. 1 Process of the temperature-induced SCSC transformation. left) Ball and stick
representations of 1; right) Ball and stick representations of 1°. The color code is as follows:

thulium (purple), molybdenum (yellow), chromium (blue), and oxygen (red).

p O15

[ —®016

o17

18

Fig. 2 Coordination polyhedron around Tm in 1. Bond lengths (A): Tm(1)-0(12), 2.390(5);
Tm(1)-0(13), 2.377(5); Tm(1)-0O(14), 2.293(6); Tm(1)-O(15), 2.317(8); Tm(1)-0O(16), 2.386(6);

Tm(1)-0(17), 2.327(6); Tm(1)-0(18), 2.301(6); Tm(1)-O(19), 2.294(6).
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p 014

(a)

Fig. 3 Coordination polyhedron around (a) Tm1 and (b) Tm2 in 1'. Bond lengths (A): Tm(1)-O(1),
2.282(5); Tm(1)-0(2), 2.330(6); Tm(1)-O(3), 2.360(6); Tm(1)-O(4), 2.357(5); Tm(1)-O(5),
2.309(5); Tm(1)-0(6), 2.330(6); Tm(1)-0(7), 2.384(5); Tm(1)-O(8), 2.387(6); Tm(2)-O(14),
2.407(6); Tm(2)-0(32), 2.382(5); Tm(2)-0(33), 2.340(6); Tm(2)-0(34), 2.316(5); Tm(2)-O(35),

2.429(5); Tm(2)-0(36), 2.310(5); Tm(2)-0(37), 2.287(5); Tm(2) ~O(38), 2.272(6).

Reaction of TmCl3-6H,0 (0.2 mmol, 0.055 g) and Na3[CrMo¢O24He]-8H,O (0.2 mmol,
0.25 g) [13] in an aqueous solution (10 mL) at 80 °C for 1 h followed by slow evaporation
at room temperature resulted in pink single crystals (0.14 g, yield 48 %) [14]. X-ray
analyses at 294 K  reveal that the compound, crystallized as
[Tmy(H,0)14CrMog024Hs][CrMo0s024Hg]- 16H,0 (1), belongs to triclinic P1 space group
with the lattice parameters of @ = 11.0989(13), b = 11.7203(14), ¢ = 13.9843(16) A; a =
74.993(2), p = 84.548(2), y = 89.545(2)° [15]. 1 exhibits an ionic, asymmetric structure
consisting of the [CrM06024H6]3_ polyoxoanion and the [Trnz(HzO)14CrM06024H6]3+
polyoxocation (Fig. 1). In this structure, the two Cr atoms lie on independent inversion
centres and as a consequence the asymmetric unit has one Tm-containing moiety in a
general position and two half Cr-containing moieties. In the polyoxocation, either of Tm""
ions is coordinated with 7 water molecules and is bound to the Anderson core by one

11T

oxygen atom. The coordination polyhedron of Tm™ can be represented as a distorted,
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bicapped trigonal prism (Fig. 2). The Tm—O bond lengths are within the range from 2.293
to 2.390 A (mean value 2.336 A). The torsion angle between the top plane and the bottom
plane is 18.92°. The distance of strictly symmetrical Tm"' ions (Tm:-Tm) is 13.768 A.
The angle of Tm:-Cr---Tm is 180°, showing the three atoms are strictly linear. The
distance between the polyoxocation and the polyoxoanion is 8.039 A (defined by the

Cr---Cr separation).

Fig. 4 View of three-dimensional structures running to the a axis for (a) 1 and (b) 1".

In the X-ray analyses, when the crystal of 1 was cooled from 294 K to temperatures

below ca. 113 K, the change in lattice parameters was observed. Phase 1’, crystallized as
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[Tmy(H20)14CrMo06024H6 ][ CtMo06O24Hg]- 16H,0, belongs to triclinic Pl space group
with the lattice parameters of a = 15.607(4), b = 15.934(5), ¢ = 16.088(5) A; a =
86.667(12), B = 72.242(9), y = 64.394(9)° [16]. 1' exhibits a very similar ionic,
asymmetric structure to 1, consisting of the [CrM06024H6]37 polyoxoanion and the
[Trnz(HzO)14C1rM06024H6]3+ polyoxocation with the distance of 8.040 A (Fig. 1).
However, unlike that of 1, in this structure, the asymmetric unit has the two
Tm-containing and two Cr-containing moieties all in general positions. In the
polyoxocation of 1/, two Tm'" ions are not strictly symmetrical. The Tm—O bond lengths
of the two Tm'" ions are within the range from 2.282 to 2.387 A (mean value 2.342 A)
and from 2.272 to 2.429 A (mean value 2.343 A), respectively. The torsion angles
between the top plane and the bottom plane in their distorted, bicapped trigonal prisms
(Fig. 3) are 19.05° and 15.38°, respectively. The arrangement of Tm-:-Cr---Tm (strictly
linear in 1) is slightly distorted with the angle 178.20°. By comparison of the ionic
structures shown in Fig. 1 and the packing frameworks shown in Fig. 4, the significant
difference between 1 and 1’ was found as the relative conformation of polyoxocations
([Tmz(Hzo)14CrM06024H6]3+) and polyoxoanions ([CrMo6Oz4H6]37), which resulted in the
final phase transformation. X-ray analyses of different single crystals of 1 at 113 K
indicated that the phase 1’ could be quickly detected. When 1’ was warmed above 113 K,
it quickly transformed back to 1. The results further demonstrate that the transformation
between phase 1 and phase 1’ was fast and reversible. Although the phase transformation
can be directly observed by the changes of lattice parameters and packing frameworks, it
is difficult to explain the detailed mechanism because the guest water molecules are all
disordered and the hydrogen bonds in this system are very complex (Fig. 5). We can

speculate that there should be cooperative movement between clusters and guest water
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molecules in the crystal lattice. It would be a challenge to study the mechanism of
temperature-dependent SCSC phase transformations in polyoxometalates systems.

To examine the thermal stability of compound 1, thermal gravimetric analysis (TGA)
was carried out in the range of 25—900 °C (Fig. 6). Crystalline samples collapsed from 40
°C, indicating that polyoxometalates are not suitable for calefactive investigation into
SCSC phase transformations. There were two major water-loss steps. The first step
between 40 and 170 °C by the weight loss of 10.11 %, corresponded to the loss of all
uncoordinated water molecules (calcd 9.88 % for 16H,O). At the second step, the
compound lost coordinated water molecules (the weight loss of 8.95 %) between 170 and
300 °C (calcd 8.65 % for 14H,0) but did not decompose until 700 °C. Our preliminary
data indicate that compound 1 can undergo a few desorption and adsorption cycles. When
the resulted sample at the second step was exposed to atmospheric humidity at room
temperature overnight, water was readsorbed, as shown by the recovery of the 17.48 %
weight loss below 300 °C upon a second thermal treatment (Fig. 7). Interestingly,
rehydration did not render the sample amorphous and a clear XRD pattern was observed
(Fig. 8a). The XRD comparison (Fig. 8) showed that the original ionic hydration structure
was potentially recovered on rehydration (with some loss of crystallinity). It appears that
the water is necessary to hold the clusters in place and maintain the stability of the whole
compound. These results indicate that this adsorption system may provide some reversible
coordination bonds and hydrogen bonds. The sorption feature is slightly different from
that in those well-reported porous metal-organic frameworks [17], in which adsorption

properties are connected with holes or channels.
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(b)

Fig. 5 View of complex hydrogen bonds for (a) phase 1 and (b) phase 1'.
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Fig. 6 Thermal gravimetric analysis data of 1.
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Fig. 7 Thermal gravimetric analysis data of 1 upon a second thermal treatment.
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Fig. 8 XRD patterns of (a) rehydrated samples, (b) original crystalline samples and (c) calculated
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results from the single-crystal data of 1.

4.3 Summary

In conclusion, the rare-earth Anderson-type polyoxometalate
[Tmy(H20)14CrMo06024Hs ][ CrtMo06O24Hg] 16 H,O undergoes the
single-crystal-to-single-crystal phase transformation at low temperature. The results
indicate that polyoxometalates can be good candidates for investigation into
temperature-dependent SCSC phase transformations. We expect that this example can
provide some useful information for the studies of SCSC phase transformations of

polyoxometalates.
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Chapter S Conclusions and perspectives

In conclusion, we have studied the assembly, crystallography and functions of Waugh,

Keggin and Anderson POMs-based materials. The prime results are as follows:

(1) By using transition-metal fragment as a linker, a sandwich tetracobalt(Il) substituted
tungstosilicate K;o[Co4(H,0),(B-a-SiWe034H),]-:21H,0O has been synthesized. This
compound offers ideal structural supports for the study of the interactions between
paramagnetic metal atoms as well as between delocalized electrons and paramagnetic
metal atoms.

(2) By introducing lanthanide fragments, a series organic-inorganic hybrids based on Keggin
tungstophosphates ([Ln(NMP)s(PW,049),] (NMP = N-methyl-2-pyrrolidone) (Ln = Pr,
Eu, Gd) and [Lny(NMP)2(PW12040)][PW12040] (Ln = Gd, Er)) have been synthesized.
The compound [Eu(NMP)s(PW,049),] can be used as a Zn'selective sensor. The
compound [Gd(NMP);2(PW12040)][PW12040] has interesting photochromic properties
and undergoes an unusual photo-induced single-crystal-to-single-crystal (SCSC) phase
transformation.

(3) By using the Anderson-type anion and the lanthanide cation, we have constructed the
simple but highly hydrophilic polyoxometalate
[Tmy(H20)14CrM06024Hg ][ CtM0024Hg]- 16H,O and reported its temperature-dependent
SCSC phase transformation that occurs at surprisingly low temperature (< 113 K).
Furthermore, this compound can undergo a few desorption and adsorption cycles.

The future work will base on the three kinds of POMs blocks to extend our research. The

detailed plan is as follows:
1. Investigation of adsorption properties of K;o[Co4(H,0),(B-a-SiW¢034H);]-21H,0
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Polyoxometalates, which are nano-sized metal-oxide macroanions and show unique redox
or acidic properties, can create molecular-sized spaces within them or in the solid state with
the combination of appropriate cations [1-3]. For example, N. Mizuno’s group have well
reported a series of compounds Na;[Cr;O(OOCH)¢ (H20);3][a-PW,04]-16H,O [1a],
K;5[Cr;0(O0CH)s(H20)3][a-SiW12040]- 16H,O  [2a], Rba[Cr;O(OOCH)s(H,0);3][a-BW 2,
O40]-16H,0 [3a], and Css[Cr;O(OOCH)(H,0)3][a-CoW12,040]-7.5H,0 [4a] (Fig. 1) [1-3].
The compound 1b reversibly sorbed various kinds of polar (hydrophilic) organic molecules
such as alcohols, nitriles, and esters as well as water. Neither hydrophobic dichloromethane
and dichloroethane nor molecules without or with small polarity such as nitrogen monoxide,
dinitrogen, and methane were sorbed despite the small sizes. The compound 2b sorbed water,
methanol, ethanol, acetonitrile, and methyl formate. The compound 3b sorbed water and
methanol, and 4b sorbed only water. The adsorption properties of 1b—4b depended on not

only the molecular sizes but also the dipole moments.

8

[Cr30(00CH)s(H20)3]"
+

[cz-XW12040]™

Cs*

Fig. 1 A series of POMs-based hydrophilic compounds.
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On the other hand, as the largest subclass of transitional metal substituted
polyoxometalates (TMSPs), sandwich-type compounds have received considerable interest
for their magnetism [4]. However, these compounds have received less attention for their
adsorption properties [5]. The sandwich-type compound
Ki0[Co4(H20)2(B-a-SiWyO34H),]-21H,O (1a) has been successfully synthesized in our
preliminary work [6]. After removal of water molecules, the compound displays a 3D porous

framework (Fig. 2). It is very interesting to investigate its adsorption properties.

Fig. 2 3D porous framework of Ko[Co4(B-a-SiWyO34H),] running to the a axis. The color code is

as follows: potassium (yellow), cobalt (purple), tungsten (black), silicon (blue), and oxygen (red).

2. Synthesis and properties of derivatives of K;o[Co4(H20)2(B-a-SiW¢034H),|-21H,0
The preparation of organic-inorganic hybrid sandwich POMs have been becoming a
research focus in POMs chemistry [7]. For example, in 2006, Niu et al. firstly reported a 1D
chainlike architecture built by tetra-Cu sandwiched germanotungstates and [Cu(en)2]*"
cationsv [7a]. In 2007, Yang et al. reported a family of novel 2-D tetra-metal sandwiched

polyoxotungstates [7b, 7c]. In 2008, Niu et al. reported a novel sandwich germanotungstates
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decorated by transition-metal complexes
(C6NaH;5)3Ho[{Co(2,2"-bpy) } 2C04(H20)a(a-GeWyO34)2]-4H,O  (Fig. 3) [7e]. Covalent
grafting of organic functions allows to tune the redox, solubility and acid—base properties, to
facilitate their implementation in extended structures and functional devices [8]. Herein, we
will further synthesize the derivatives of K;o[Cos(H,0),(B-a-SiWoO34H),]-21H,O and
compare their properties (magnetism and adsorption properties) with the matrix compound

K1()[C04(H20)2(B-0C-SiW9034H)2] 21 Hzo.

Fig. 3 Polyhedral/ball-and-stick representation of polyoxoanion (a) and the central belt of
polyoxoanion (b) in (CeN2H15)3H2[{Co(2,2"-bpy)}.Co4(H20)2(a-GeWgOa34),2]-4H,O. The WOg
octahedra and GeO, tetrahedra are shown in blue and orange, respectively, and the balls

represent Co (pink), C (gray), N (blue), and O (red).

3. Photomagnetic properties of [Gd2(NMP)12(PW12040)] [PW1204]

Molecular systems undergoing a reversible and controlled change of their physical
properties following a change in an external parameter offer an appealing perspective for the
realization of molecular-scale electronic devices [9, 10]. In particular, molecules showing
photochromism are of potential interest as materials for optical data storage [11]. A dramatic
extension of the perspectives of photochromism was given by the development of molecular

magnetism [12, 13], which lead to the discovery that the switching of the magnetic properties
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of a molecule and long-range magnetic-order effects can be induced by photo-excitation [14,
15].

We have reported five compounds based on Keggin tungstophosphates
([Ln(NMP)s(PW2040),] (Ln = Pr, Eu, Gd) and [Lny(NMP);2(PW2040)][PW12040] (Ln = Gd,
Er)) [16, 17]. These compounds are all photochromic. Especially, for
[Gd2(NMP)12(PW12040)][PW12040], a reversible photopolymerization (SCSC transformation)
from 0-D to 1-D interestingly occurred. Since there is not only SCSC transformation but also
deoxidized W" atoms under irradiation with sunlight, it is highly interesting to investigate the
photomagnetism of [Gdy(NMP)2(PW2040)][PW12040].

Before and after irradiation under sunlight for 5 h, the magnetic properties are changeful,
two curves for experimental data plotted as ym7 versus 7 shown in Fig. 4a respectively. The
black curve represents the magnetism of the original colorless compound with the ym7 at
room temperature, 15.6 cm® K mol ', which is slightly smaller than the spin-only value of
15.75 cm® K mol ™" for the magnetically isolated two-spin Gd"" system. Under sunlight for 5 h,
one of W"! atoms of each polyoxoanion is reduced into W" with the SCSC transformation
from zero-D to 1-D, leading to the appearance of the red magnetic curve with the ym7 at
room temperature, 16.4 cm® K mol ™', in agreement with that of two isolated Gd"-W" units.
The photomagnetic effect may be observed as well in the magnetization curves, performed at
2 K and shown in Fig. 4b. Before irradiation, the data correspond to an isolated spin S = 7/2
(Gd™ ions). After irradiation, the magnetization data shows a value at 8 at 50 kOe. In
addition, the EPR spectra before and after irradiation are also measured (Fig. 4c), which can

qualitatively indicates the photomagnetic effect.
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Fig. 4 (a) Photomagnetic plots of xu T versus T ; (b) Field dependence of the magnetization M at 2

K; (c) EPR spectra before (A, black) and after (O, red) irradiation for 5 h.
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Different from the other coordination complexes showing photo-induced magnetic
properties [14, 15], to the best of our knowledge, the photomagnetic compound is the first
example based on polyoxometalates, which provides a new way to design photomagnetic
switching materials. By the introduction of different polyoxoanions and paramagnetic metal
ions, more novel photomagnetic compounds with various extended-structures based on

polyoxometalats would be obtained.

4. Design and synthesis of photochromic materials based on Keggin tungstophosphates
and azobenzene

Our preliminary work indicated that materials based on Keggin tungstophosphates
displayed interesting photochromic properties, and a photo-induced SCSC phase
transformation unexpectedly occurred. In order to extend our research, we will explore
another system based on Keggin tungstophosphates and azobenzene.

As is well-known, azobenzene and many of its derivatives are characterized by reversible
transformations from the generally more stable trans form to the less stable cis form upon
irradiation with UV or visible light to yield a photo-stationary composition that is wavelength
and temperature dependent (Scheme 1) [18]. On the other hand, azobenzene and its
derivatives can be a donor to provide electrons, which can be used for the design of

POMs-based photochromic materials.
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Herein, we construct the system based on Keggin tungstophosphates and azobenzene,
which would be a good candidate for the studies of photochromism and photo-induced SCSC

phase transformations.

5. Functional compounds built on Anderson POMs

We have communicated the simple but highly hydrophilic compound
[Tmy(H20)14CrM06024Hg][CtM0¢O24Hg]- 16  H,O by wusing the Anderson-type anion
[CrM06024H6]37 and the lanthanide cation Tm>" [19]. Here, by introduce different lanthanide
cations (e.g. Eu’", Gd**, Tb*"), a series of compounds {[Ln(H,0);[CrMogO24Hs]-4H,0}, (Ln
= Eu’", Gd*", Tb™") can be successfully synthesized. These compounds consist of 1D infinite
zigzag chains built from alternate polyoxoanions [[CrMosO»4Hs]’ and [Ln(H,0);]>" subunits
(Fig. 5) (The summary of crystallographic data is given in Table 1). We choose
{[Eu(H,0)7[CrMo¢0O24Hs]-4H,0},, to represent the detailed structure. As shown in Fig. 5Sa,
the adjacent Eu--Eu distances are 10.961 A. The coordination polyhedron of Eu’* can be
represented as a distorted, tricapped trigonal prism (Fig. 5b). The Eu—O bond lengths are
within the range from 2.366 to 2.583 A (mean value 2.447 A). The torsion angle between the
top plane and the bottom plane is 7.52 °. The Eu’" and Cr’" are linked by O.—Mo—0, with the

separation 7.153 A. The angle of Eu---Cr--Eu is 101.07 °.

(a)
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Fig. 5 (a) Ball-stick view of the 1D assembly chain in {[Eu(H,O);[CrMoO24Hs]-4H,0},; (b)

coordination polyhedron around Eu®*. The color code is as follows: Eu (green), O (red), Cr (blue),

Mo (yellow).

Variable-temperature (2—300 K) magnetic susceptibility data at a magnetic field strength of
2 kG were collected for {{Gd(H,0);[CrMo¢O,4H¢]-4H,O}, (Fig. 6). The magnetic data can

be analyzed by the following approximate treatment equations:

Z=N—ﬂz{g2+g21+—ﬂ+921_—ﬂ}
3kT 1—u I+ u
g=(8,+8;)/2

0=(g,—83)/2

1w =Coth(J/kT)— (kT /J°)

g5 =g,8,8,+D]"

gy = gu[S, (S, + 11"
JC=J[S,S,(S,+1)(S, +D]"?
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Fig. 6 Plots of yuT and xu versus T for {{Gd(H20);[CrMogO24He]-4H,0},,.

The emission spectrum of {[Tb(H,0)7[CrMo¢O24Hs]-4H,0}, (Fig. 7) at room temperature
in the solid state excited at 285 nm exhibited the characteristic transition of the Tb*" ion:

5D4—>7FJ (J: 6, 5)

700
600;
500;
400;

300

Intensity [a.u.]

200 -

100 -

0- : : . . . : i

300 400 500 600 700
Wavelength [nm]

Fig. 7 Solid-state emission spectra of {{Tb(H>O);[CrMosO24He]-4H,0}, at room temperature

(excited at 285 nm).
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The further work will study the structural changes with lanthanide contraction, and
detailedly discuss magnetic, luminescent properties. Moreover, the adsorption properties and

temperature-dependent SCSC phase transformation will be also explored.

Table 1 Crystal data and structure refinement of {{Ln(H,O)7[CrMogO24Hg]-4H20},, (Ln = Eu®, Gd3+,

Tb*).

Empirical formula
Formula weight
Temperature
Wavelength
Monochromator
Crystal System
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F (000)

Crystal size

6 range for data collection
Limiting indices
Reflections collected/unique
Absorption correction
Refinement method
Data/restraints/parameters
Goodness-of-fit on F~

Final R indices [/>20 ()]

R indices (all data)

HngrMoﬁO35Eu

1367.82

294(2) K

0.71073 A

Graphite

Orthorhombic

Pca2(1)

a=11.8308(13) A a=90°

b=109614(13)A  B=90°

c=22421(3) A 7=90°

2907.6(6) A®
4
3.125Mgm
5.109 mm"'
2588

0.20 X 0.16 x 0.12 mm

1.82t0 26.41°

—14<h<14,-12<k<13,
-28<1<18

15688 / 4696 [Riy = 0.0565]

Semi-empirical from equivalents
Full-matrix least-squares on £~
4696 /7 /389

1.073

R;=0.0335, wR, = 0.0668

R, =0.0487, wR, = 0.0725

HngrMO(,O35Gd

1373.11

294(2) K

0.71073 A

Graphite

Orthorhombic

Pca2(1)

a=11.8332) A a=90°

b=10.959(2) A B=90°

c=22395)A  y=90°

2904.6(10) A®
4

3.140 Mg m™®
5.238 mm'
2592

0.10 x 0.09 x 0.06 mm

1.82 to 27.87°

—14<h<15,-14<k<14,
—29<1<20

25877 / 6255 [Rine = 0.0374]

Semi-empirical from equivalents
Full-matrix least-squares on F*
6255/25/395

1.013

R, =0.0254, wR, = 0.0505

R, =0.0298, wR, = 0.0521

HngrMo(,O;sTb

1368.74

294(2) K

0.71073 A

Graphite

Orthorhombic

Pca2(1)

a=11.8008(11) A a=90°

b=10.926510)A  B=90°

c=223122) A 7=90°

2877.0(5) A®
4

3.160 Mg m®
5.441 mm"'
2572

0.28 X 0.26 x 0.22 mm

1.83 t0 26.39°

—14<h<l11,-13<k<13,
—27<1<20

15619 /5151 [Rin = 0.0346]

Semi-empirical from equivalents
Full-matrix least-squares on F~
5151/25/390

0.962

Ry =0.0246, wR, = 0.0585

R, =0.0281, wR, = 0.0601
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