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ABSTRACT 

Polyoxometalates in Artificial Photosynthesis: Development of 

Chromophores and Water Oxidation Catalysts 

Polyoxometalates (POMs) have been gaining increasing interest in several research fields, 

especially in catalysis. The development of POM-based water-oxidation catalysts 

(WOCs) recently has brought unprecedented attention to POMs. The general focus of this 

thesis is to explore the structural features of POMs and their applications in artificial 

photosynthesis (AP); the specific focus is to develop POM-based chromophores and 

WOCs for AP. 

The first part of thesis reports the synthesis, structures and reactivity of POM-supported 

metal carbonyl complexes. Several dimeric structures, based on [M(CO)3]
+
 (M = Re, Mn) 

and lacunary POM ligands, [X2W22O74(OH)2]
12-

 (X = Sb, Bi), [α-PW11O39]
7-

 and [α2-

P2W17O61]
10-

, have been prepared and fully characterized. They show “slipped-sandwich” 

and “twisted-sandwich” structures. Their electrochemical and photochemical properties 

have both been investigated. This work has significantly expanded the area of hybrid 

POMs.   

The second part of the thesis focuses on the use of these hybrid POMs as chromophores 

for solar light conversion. A novel transition, metal-to-polyoxometalate charge-transfer 

(MPCT), is characterized for the first time.  In the complex [P4W35O124{Re(CO)3}2]
16-

, 

the donor is an embedded Re(I) center and the acceptor is the all-inorganic d
0
 POM 

ligand, [α2-P2W17O61]
10-

. The high visible-region absorptivity (ε470 nm = 4000 M
-1⋅cm

-1
) 

results from a Re
I
-to-POM CT transition. In complex 

[P2W17O61{Re(CO)3}3{ORb(H2O)}(3-OH)]
9–

, the donor is a trinuclear Re(I) cluster, so 

the MPCT transition in this system can be regarded as cluster-to-cluster CT.
 
Ultrafast 

spectroscopy and DFT theoretical calculations confirm instantaneous (<50 fs) MPCT 

processes involving electron transfer from the Re(I) center(s) to the POM ligand(s).  

The third part of the thesis addresses the preparation and characterization of new 

cobalt(II) and tin(II) POMs. The structures and catalytic water oxidation activity of 

several Co(II) POMs based on [B-SbW9O33]
9-

 were investigated. Multiple Sn(II) POMs 

based on [B-SbW9O33]
9-

 and [α-XW9O34]
10-

 (X = Si, Ge) are the highest nuclearity Sn(II) 

POMs known to date. They crystallize as infinite three-dimensional all-inorganic 

frameworks with porous channels. These Sn(II) POMs have high absorptivity in the 

visible region, a feature characterized by spectroscopic techniques.   
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Chapter 1  

 

 

Introduction:  

The Frontiers of Polyoxometalate Chemistry 



2 
 

1.1 General Properties of Polyoxometalates  

Polyoxometalates (POMs) are early transition metal oxygen anion clusters formed 

through the aggregation and condensation of metal ions in aqueous environment. The 

metal precursors are primarily the monomeric metalate d
0
 species, such as V(V), Nb(V), 

Ta(V), Mo(VI), W(VI) and the others.
1-3

 These self-assembly processes are spontaneous 

and influenced by various factors, including temperature, pH, concentration, ionic 

strength and reaction time. The thermodynamically stable forms of the thus-formed 

polyanions usually crystallize with alkali metal counter cations (e.g. Na
+
, K

+
 and Rb

+
), 

and hence can be isolated from the solutions. The exploration of POMs has a long 

history, and the first discovery of POMs by Berzelius could be dating back to 1826,
4
 but 

this research was not dramatically facilitated until the development of advanced synthetic 

and analytical techniques, especially by X-ray crystallography. As new POM structures 

could be clearly identified by X-ray diffraction, there has been an explosion in the 

number of new POM compounds reported over the past decades. Consequently, research 

addressing synthetic methodology, the correlation between structures and reactivity, 

practical applications, and mechanisms, has been widely investigated since the 1980s 

(Figure 1-1). At present POM research has become a large interdisciplinary subject 

engaging experts from the areas of chemistry, physics and material science. POMs have 

contributed to the development of multiple fields including oxidation catalysis, magnetic 

materials, photovoltaics, microelectronics and medical diagnosis.5,6  
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Figure 1-1 Citation report generated from Web of Knowledge under the topic of 

“polyoxometalate” or “polyoxometalates” 

In term of elements, POM architectures assembled purely from the metal ions and 

oxygen atoms, such as [W10O32]
4-

, [Mo7O24]
6-

 and [V10O28]
6-

, are designated as 

“isopolyanions”. Most POMs contain one or more heteroatoms (typically p or d block 

elements) present in internal positions.
7
 These “heteropolyanion” compounds appear in 

several different architecture types (see details below), and they are more versatile 

compared to isopolyanions. In term of structures, POMs are generally divided into two 

categories: plenary and lacunary. The structural (framework) metals in plenary POMs 

accommodate a complete coordination sphere which restricts access to a secondary 

building block (most isopolyanions are plenary in nature). Lacunary POMs derive from 

partial loss of one or more d
0
 metal-oxo fragments from the plenary parent structures. 

Thus, the lacunary POMs with defect sites can react as multi-dentate chelating ligands 

during chemical reactions. They are widely used to generate other guest molecules and 

elements, and thus have much broader applications.  
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Scheme 1-1 shows the transformation among common POMs (we focus on 

polytungstates). The well-studied plenary parent Keggin-type POMs have a generic 

formula, [XM12O40]
n-

 (X =  P
V 

or Si
IV

 and M = W or Mo;
8-10

 in some examples, X can be 

V
V
, Sb

III
 and other heteroatoms

11,12
). The Keggin structure contains a tetrahedral XO4 

center. At each of its vertices, four M3O13 subunits, which are linked through corner-

sharing and edge-sharing contacts to other subunits, determine the isomerism of this 

POM subfamily. With precise control of hydrolysis conditions (e.g. pH, temperature, 

reaction time, etc.), several defect POMs are isolated, such as [XW11O39]
n-

 (mono-

vacant),
13,14

 [XW10O36]
n-

 (di-vacant)
15-17 

and [XW9O34]
n-

 (tri-vacant).
18-20

 The Dawson-

type parent POM, [X2W18O62]
6-

 (X = P
V
 is most common),

21
 is formed by two XO4 

tetrahedral centers, two M3O13 triad caps and two M6O14 belts which link to each other by 

sharing corner oxygen atoms. Similarly, defect POMs such as the mono-vacant 

[P2W17O61]
10-

 and tri-vacant [P2W15O56]
12-

, can be obtained selectively from the starting 

solutions under different hydrolysis conditions.
19,22

 The Si-, As- and V-centered Dawson 

POMs are less studied.
23-27

 Recently, S-centered analogues have gained some 

attention.
28,29

 For example, β-[Mo
VI

18O54(SO3)2]
4-

 shows thermochromic behavior. 

Although the synthetic chemistry in polytungstates is well-established, in contrast, the 

transformation between plenary and lacunary derivatives in polymolybdates and 

polyvanadates is much less well documented.  

The physical and chemical properties of the above conventional POMs were well-

studied.
7,30-32

 In order to bring novel properties to POMs, guest molecules and metal ions 

can be incorporated with POMs. This chemistry is generally named as functionalizing 

POMs. The thus-formed derivatives, usually decorated with substituted transition metal 
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ions, or with covalently-bonded external organic/organometallic ligands, display distinct 

photochemical, electrochemical and catalytic properties. Since we can select a certain 

kind of metal ion (or organic derivative) or choose a particular POM host structure, an 

appropriate combination allows us to design many target molecules. These advantages 

have made POMs increasingly engaging in context with multidisciplinary research 

challenges.  

 

Scheme 1-1 X-ray structures of representative plenary and lacunary Keggin and Dawson POMs 

1.2 Overview of POM Photochemistry 

POM photochemistry has a rich record dating back to 1916.
33

 Pioneers such as 

Yamase,
34-38

 Papaconstantinou,
39-43

 Hill,
44-47

 and other researchers in the 1980s published 

several thorough reviews and high-quality articles in this topic. Generally, the 

photochemical activity of POMs originates from the intramolecular oxygen-to-tungsten 

(or molybdate) charge-transfer. A central impetus of this research is to disclose the 

thermodynamics and kinetics of the photo-excited energetics. The O2p  W5d (or Mo4d) 

ligand-to-metal charge-transfer (LMCT) bands usually appear in the UV to near-visible 

regions.
47

 Consequently, POMs are frequently colorless or pale-yellow. The LMCT 
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excited states, generated upon absorbing high-energy UV light, are derived from a 

promotion of an electron from a spin-paired, doubly occupied bonding orbital (HOMO) 

to an empty, anti-bonding orbital (LUMO).
48

 The photoexcited POMs have oxo-centered 

radical character and react with organic substrates primarily by attracting hydrogen 

atoms. The quenching products of POMs, the reduced species, usually exhibit a deep blue 

color and are named “heteropoly blues” accordingly.
39,40,49-54

  In the presence of Pt(0) as 

a catalyst in an anaerobic environment, hydrogen gas as a by-product is also generated.
55

 

The reduced POM species can be re-oxidized by dioxygen in the air. The two general 

classes of reactions are shown below in Scheme 1-2(a): 

 

Scheme 1-2 (a) General dehydrogenation reactions catalyzed by POMs (SubH2 = hydrocarbons, 

alcohols, alkyl halides, carboxylic acids, ketones, ethers, nitriles, thioethers). (b) Photocatalytic 

cycle of oxidation/dehydrogenation of substrates by POMs: (I) Photoexcitation of POMs; (II) 

Organic substrate, S
1
, oxidized by excited POM; (III) Re-oxidation of reduced POMs and 

simultaneous reduction of a secondary substrate S
2
.  This re-oxidation can involve protons, O2 or 

another organic molecule. 

The overall photo-induced catalytic cycle for oxidation of organic substrates with 

POMs is shown in Scheme 1-2(b).
47,56

 A wide variety of organic compounds are readily 
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oxidized and a diversity of C-H functionalized products form depending on the reaction 

conditions. A large number of POMs have served as photocatalysts, yet the great majority 

of studies involve either [W10O32]
4-

 and [PW12O40]
3-

 (see Table 1-1).  Scheme 1-2(b) 

does not provide the detailed mechanisms involving the radical intermediates. Actually, 

the mechanisms involve multiple steps and vary in some aspects from case by case. 

Generally, the excited state of POMs, named POMox
*
, is generated upon absorbing high-

power light. It then undergoes the processes of 1) radiationless decay, 2) emission (low 

quantum yield), and 3) photo-oxidation of organic substrates. The last step, which 

converts radiant energy into chemical energy, is frequently the slowest and thus exhibits 

lower quantum yields than the other two processes. The resulting initial radical pair upon 

photoexcitation of the POM, undergoes radical escape to produce POMred and the organic 

radical, R⋅. The subsequent processes involving POMox, POMred and R⋅, such as radical-

radical reactions, and R⋅ oxidation/reduction by POMox or POMred, respectively, lead to 

different products accordingly. These reactions are affected by various factors such as 

protonation states, and ground state redox potential of the POM (see Scheme 1-3).
47

 

 

Scheme 1-3 General processes involving the POM-catalyzed photoredox transformations of 

organic substrates. 
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Table 1-1 Photocatalytic transformation of organic substrates by representative POMs 

([W10O32]
4-

, [PW12O40]
3-

, [PMo12O40]
3-

, [SiW12O40]
4-

, [P2W18O62]
6-

 and [PMo10V2O40]
5-

). The 

POMs are converted to tetrabutylammonium salts for reactions in organic solvents. 

 [W10O32]
4--catalyzed processes 

Substrate Products Comments References 

alkane 

(2,3-dimethylbutane, 2,3-

dimethylpentane, 

isobutene cyclooctane, 
cyclohexane) 

alkene, alkylalkane 

dimer, alkyl methyl 

ketone, alkyl 
hydroperoxide*  

MeCN solutions of POM and alkane; room 

temperature; λ = 280 nm cutoff filter; Ar 

atmosphere (*using O2) 

57-62 

phenol, p-cresol pyrocatechol, 

hydroquinone, 4-

hydroxybenzyl alcohol, 

CO2 

Aqueous solutions; room temperature; λ > 

320 nm cutoff filter; pH =1 or 2.5 

63 

butanol H2 w/ RuO2, IrO2 or Pt(0); λ > 350 nm cutoff 

filter; CH3CN-BuOH solution 

64 

olefins olefin dimers CH3CN solution; λ = 310 nm irradiation; 

RuO2 catalyst 

65 

alkane aldehyde CH3CN solution; λ > 280 nm; 1 atm CO; 

radical carbonylation 

66 

chlorinated phenols CO2, HCl aqueous solution; λ > 320 nm; pH = 2.5; 

temperature 20 oC 

67 

cis-2-decalone trans-2-decalone CH3CN solution; λ > 360 nm; room 

temperature; Ar atmosphere 

68 

isopropyl alcohol; 

cyclohexanol 

acetone; cyclohexanone CH3CN solution; 75W mercury lamp; λ > 

300 nm; room temperature; excess O2 
environment 

69,70 

carbon tetrachloride dehalogenation 

products, CCl3 and 
others 

different solvents were investigated: EtOH, 

PrOH, MeCN, DMF; 550W Hg lamp λ > 
280 nm; room temperature; Ar atmosphere 

71 

acetoin; biacetyl acetic acid CH3CN solution or CH3CN-H2O (1:1, pH = 

2.5); λ > 300 nm; room temperature; excess 
O2 environment 

72 

isobutane (and others) tert-butyl 

hydroperoxide (and 
others) 

CH3CN solution; temperature 21 oC; 1000W 

Xe lamp λ > 280 nm; zero grade air (21% 
O2) 

73 

thioether 

(tetrahydrothiophene; 
dimethyl sulfide) 

α,α’-dimeric coupling 

product; 
(methylthio)methanol 

CH3CN solution; 550W Hg lamp for 

anaerobic oxidation (Ar atmosphere) or 

1000W Xe lamp λ > 340 nm for aerobic 

reactions; temperature 25 oC 

74,75 

caged hydrocarbon, 1,8-

cineole 

oxygenated products CH3CN solution; Pt (0); temperature 15 oC; 

550W Hg lamp λ > 280 nm; anaerobic 

conditions 

76,77 

cyclooctane, 

tetrahydrofuran 

oxygenated products organic solvents; Pt(0); temperature 57 oC; 

550W Hg lamp λ > 280 nm; Ar environment 

75,78 

p-xylene, toluene, 
ethylbenzene 

toluic acid, benzoic 
acid, acetophenone 

CH3CN solution; 125W Hg lamp λ > 320 
nm; O2 environment; temperature 25 oC;  

79,80 

nitroxide radicals nitrosonium salts CH3CN solution; 900W Xe lamp λ > 280 

nm; Ar environment; room temperature  

81 

 [PW12O40]
3--catalyzed processes 
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Substrate Products Comments References 

alkane 

(dimethylbutane, 

dimethylpentane, 

dimethylcyclohexane, 

cyclooctane, cyclohexane 

alkene, alkylalkane 

dimer,  

MeCN solutions of POM and alkane; room 

temperature; λ > 260 nm cutoff filter; Ar 
atmosphere; w/wo Pt(0) 

44,45,57-

59,82 

phenol, p-cresol pyrocatechol, 

hydroquinone, 4-

hydroxybenzyl alcohol, 
CO2 

Aqueous solutions; room temperature; λ > 

320 nm cutoff filter; pH =1  

63 

alkane aldehyde CH3CN solution; λ > 280 nm; 1 atm CO; 

radical carbonylation 

66 

chlorinated phenols CO2, HCl aqueous solution; λ > 320 nm; pH = 1.0; 
temperature 20 oC 

67 

cis-2-decalone octalones CH3CN solution; λ > 290 nm; room 

temperature; Ar atmosphere 

68 

isopropyl alcohol acetone CH3CN solution; 75W mercury lamp; λ > 

300 nm; room temperature; excess O2 
environment 

69,70,83 

variety of organic 

substrate (alcohols, ethers, 
etc.) 

not specified the related organic solvents; 1000W Xe 

lamp, λ > 290 nm; Ar environment; room 
temperature 

44,46,60 

[PMo12O40]
3--catalyzed processes 

Substrate Products Comments References 

thioether 

(tetrahydrothiophene; 

dimethyl sulfide) 

α,α’-dimeric coupling 

product; 

(methylthio)methanol 

CH3CN solution; 550W Hg lamp for 

anaerobic oxidation (Ar atmosphere) or 

1000W Xe lamp λ > 340 nm for aerobic 
reactions; temperature 25 oC 

74 

variety of organic 

substrate (alcohols, ethers, 
etc.) 

not specified the related organic solvents; 1000W Xe 

lamp, λ > 290 nm; Ar environment; room 
temperature 

44 

 [SiW12O40]
4--catalyzed processes 

Substrate Products Comments References 

phenol, p-cresol pyrocatechol, 

hydroquinone, 4-

hydroxybenzyl alcohol, 
CO2 

Aqueous solutions; room temperature; λ > 

320 nm cutoff filter; pH =3 

63 

chlorinated phenols CO2, HCl aqueous solution; λ > 320 nm; pH = 3.0; 

temperature 20 oC 

67 

 [P2W18O62]
6--catalyzed processes 

Substrate Products Comments References 

alkane 

(2,3-dimethylbutane)  

alkene MeCN solutions of POM and alkane; room 

temperature; λ = 280 nm cutoff filter; Ar 

atmosphere 

57,58 

cis-2-decalone octalones CH3CN solution; λ > 305 nm; room 

temperature; Ar atmosphere 

68 

Thioether 

(tetrahydrothiophene; 
dimethyl sulfide) 

α,α’-dimeric coupling 

product; 
(methylthio)methanol 

CH3CN solution; 550W Hg lamp for 

anaerobic oxidation (Ar atmosphere) or 

1000W Xe lamp λ > 340 nm for aerobic 

reactions; temperature 25 oC 

74 

 [PMo10V2O40]
5--catalyzed processes 

Substrate Products Comments References 
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cyclic diene 

(9,10-dihydroanthracene, 

1,4-cyclohexadiene, etc.)  

aromatization products 1,2-dichloroethane solution of POM and 

substrates, tetraglyme, 70 oC, 1 atm O2 

84 

thioether 

(tetrahydrothiophene; 

dimethyl sulfide) 

α,α’-dimeric coupling 

product; 

(methylthio)methanol 

CH3CN solution; 550W Hg lamp for 

anaerobic oxidation (Ar atmosphere) or 

1000W Xe lamp λ > 340 nm for aerobic 

reactions; temperature 25 oC 

74 

1.3 Merging Organometallics with POM Chemistry 

Functionalization of POMs with an organic or organometallic unit has garnered growing 

consideration for a long time. Several comprehensive reviews and a many reports on this 

topic have been published over decades.
2,6,85-88

  Initially, the motivation for this research 

was to use POMs as structurally well-defined metal-oxide molecular analogues.
89,90

 

Metal-oxide-supported catalysts are of great versatility and practical importance in 

academic and industrial synthetic organic transformations, but the intimate mechanisms 

of these heterogeneous catalysts are hard to investigate. Hence, as molecular metal-oxide 

analogues, the POMs, can simulate some of the properties of the above catalysts 

structurally and mechanistically.
91

 The interfaces between POMs and the grafted 

organic/organometallic compounds can be characterized at an atomic level. Moreover, 

the non-oxidizable POM supports can stabilize the less-stable organic/organometallic 

compounds. The resulting hybrids sometimes display noteworthy features as multi-

functional catalysis, photochromic and electrochromic materials.
92-94

  

Overall the organic-inorganic hybrid POMs comprise two categories.
87

 One 

incorporates the systems where no covalent bonds are shared between the organic and 

inorganic components. These hybrids are usually constructed through electrostatic 

interactions, hydrogen bonds and Van der Waals forces. The physical and chemical 

properties in this class are usually limited by diffusion so they are less interesting. The 

other class involves strong covalent bonds connecting the POMs and organic moieties. 
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We focus on the latter class in this thesis. The embedded functional groups are present as 

pure organic ligands or organometallic complexes. A central difficulty in this work is the 

development of controlled predictable syntheses of these compounds. The reactivity of 

POMs with attached organic or organometallic units has been rarely studied. Most of 

these compounds have been made from one-pot reactions. Nevertheless, quite a few of 

these hybrids have now been reported: one is referred to the itemized lists in previous 

reviews and follow-up publications.
85-87

 We select several representative examples to 

introduce this area briefly. 

        The trisalkoxo ligands of the type {RC(CH2O)3}
3-

 (tris; R = Me, NO2, NH2, CH2OH, 

CHNC(O)CH=CH2) have been widely used. They specifically bridge three metal centers 

in a triangular arrangement, or cap the triangular faces of POM frameworks. These 

ligands readily react with several polymolybdates and polyoxovanadates, resulting in a 

series of hybrid POMs with different structures, such as [Mo2O4(tris)2]
2-

, 

[Mo3O6(OR)(tris)2]
-
, [Mo4O8(OR)2(tris)2], [Mo8O20(OR)4(tris)2]

2-
, [V6O13(tris)2]

2-
, 

[V10O16(tris)4]
4-

, [V16O20{RC(CH2O)3}8(H2O)4], [(RC(CH2O)3)P2V3W15O59]
6-

 and the 

others.
85,95-101

 

It should be noted that the precursor [V6O13(tris)2]
2-

 are amenable for an additional 

type of reaction, a process that can be referred to as post-functionalization. For example, 

treating (n-Bu4N)2[V6O13(tris)2] with a pyrene-containing succinate ester generates novel 

inorganic-organic hybrids which display fluorescent properties (Scheme 1-4).
102

 In polar 

solvents, these hybrid clusters show noteworthy amphiphilic properties by forming 

spherical vesicular structures, which suggests potential applications in artificial cells, 

nanoreactors, and drug/gene delivery. Another interesting example shows a self-assembly 
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process involving a pre-functionalized hybrid, [V6O13{(OCH2)3C(NHCH2C6H4-4-

CO2)}2]
4-

, organic ligand 4,4’-bis(pyridine-N-oxide) and Tb(III) ions. The resulting 

coordination polymer shows catalytic activity for aerobic oxidation (Scheme 1-5).
103,104

   

 

Scheme 1-4 Schematic representation for construction of a fluorescent vesicle 

 

Scheme 1-5 Construction of a POM-based coordination framework from a functionalized hybrid 

precursor, [V6O13{(OCH2)3C(NHCH2C6H4-4-CO2)}2]
4-

. 

Another well-studied family includes POMs functionalized by multiply bonded 

nitrogen ligands. Typically, treating the Lindqvist-type [Mo6O19]
2-

 polyanions with 

isocyanates, phosphinimines, sufinylamines or amines in organic solvents results in a 

family of hybrid compounds, (n-Bu4N)2[Mo6O18(NR)] (R = p-Tol, t-Bu, o-Tol, (i-Pr)2-

2,6-C6H3, Cy, Fc,  Ph, (O2N)-p-C6H4, etc.).
105-107

 The itemized lists of previously reported 

compounds before and after 1998 can be found in reviews.
85,87

 Recently, these 

compounds have shown interesting applications in constructing post-functionalized 

hybrids. By incorporating an iodo group (Scheme 1-6), POM-containing conjugated 

polymers or terpyridine-POM clusters, could be made through the palladium-catalyzed 
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cross-coupling reaction engaging 2,5-di(2,2-dimethylpropoxy-1,4-diethynylbenzene) or 

4’-ethynyl-2,2’,6’,2’’-terpyridine, respectively.
108-110

 The later can be used to capture 

transition metals to form POM-photosensitizer dyads. 

 

Scheme 1-6 Synthesis of conjugated hybrids through Pd-catalyzed cross-coupling reactions 

involving the functionalized Lindqvist-type POM, [Mo6O19]
2-

 

The majority of studies in this area involve complexation of organometallic cations 

with POM anions, a research area investigated by Knoth, Day and Klemperer, Finke, 

Isobe, Proust and Gouzerh.
85,90,111-113

 The difference between organometallic “supported” 

on and “incorporated” into POMs, as emphasized by Finke, relies on the bonded oxygen 

atoms.
112

 The supported mode means that species attach to the surface oxygen atoms of 

POMs, while the incorporated mode indicates that organometallic cations residue in the 

vacant sites of lacunary POMs. The first example of these hybrids was [PW11O39(TiCp)]
4-

, prepared by reaction of (n-Bu4N)4[H3PW11O39] with [CpTiCl3] in 1,2-C2H4Cl2.
114

 Most 

of organometallic cations used are cyclopentadienyl derivatives, such as CpTi
3+

, 

Cp*Rh
2+

. Some are d
6
 metal derivatives such as (η6-C6H6)Ru

2+
, (1,5-COD)Ir

+
, and metal 

carbonyl groups ([Re(CO)3]
+
, [Mn(CO)3]

+
). A wide range of Lindqvist, Keggin and 

Dawson POMs have been used. In some cases, surface activation can only be achieved by 

replacing Mo(VI) or W(VI) centers with one or more lower-valent metals, such as V(V) 

or Nb(V). This gives the resulting POMs sufficient charge density at the surface oxygen 
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atoms. For example, β-[SiW9M3O40]
7-

 and [P2W15M3O62]
9-

 (M = V and Nb) are very 

reactive with organometallic cations.
115,116

 Several representative examples are illustrated 

in Scheme 1-7.
117-122

 The full tables can be found in the two reviews in 1998 and 2010 

respectively.
85,87

   

 

Scheme 1-7 Representative examples of POM-organometallic hybrids 

POMs functionalized with organosilyl, organophosphorus, organoarsenic, and 

organoantimony ligands provide opportunities for post-functionalization. As seen in 

Scheme 1-8, the bis(silyl) and bis(phosphonyl) derivatives of [P2W17O61]
10-

 with terminal 

azides or alkynes are reactive with perylene and porphyrin conjugates. The resulting 

POM-chromophore dyads, which are obtained through Huisgen 1,3-dipolar 

cycloadditions, show fluorescence quenching behavior due to intramolecular electron 

transfer to the POM ligands.
123,124

 Upon changing the azide or alkyne group to iodo, the 

above post-functionalization can be achieved through Sonogashira coupling reactions. 
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Several POM hybrids with grafted ruthenium/iridium polypyridyl complexes were 

recently prepared. The photophysical properties of these systems were thoroughly studied 

by transient absorption and spectroelectrochemical measurements. The photo-induced 

electron-transfer process from the chromophores to the POM acceptors has been 

documented. Among these compounds, the heteroleptic cyclometalated iridium(III) 

complex exhibits the longest lifetime in the charge-separation excited states to date. 

These features allow the excited states to be captured by external substrates, and thus 

these compounds become potentially useful for photo-driven chemical reactions.
94,125,126

  

 

Scheme 1-8 Schematic illustrations of POM-photosensitizer dyads involving chromophores of (a) 

perylene/porphyrin and (b) ruthenium/iridium polypyridyl complexes 
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1.4 Transition-Metal-Substituted POMs with Applications in 

Catalytic Water Oxidation 

Lacunary POMs have been widely used as rigid and multi-dentate inorganic ligands to 

capture transition metals. They particularly can stabilize the polynuclear metallic cores. 

These transition-metal-substituted POMs exhibit not only structural diversity, but also 

have versatile applications in catalysis, medicine and materials. A very large number of 

such compounds were reported previously. Several reviews, including the special issue in 

1998 and some recent ones by Cronin et al., have addressed the fundamentals in this 

area.
6,127-130

 Yang and co-workers recently published a review, including a detailed list of 

all the transition-metal-substituted POMs to date, containing the first-row paramagnetic 

metals.
131

  

The magnetism of first-row transition-metal-substituted POMs has been explored for 

a long time. Some noteworthy examples, such as {[SiW9O34]2[Mn
III

4Mn
II

2O4(H2O)4]}
12-

,
132

 [(Fe4W9O34(H2O))2(FeW6O26)]
19-

, [Fe4(H2O)2(FeW9O34)2]
10-

,
133,134

 as well as  

[{Co4(OH)3PO4}4(PW9O34)4]
28-

,
135

 and others, exhibit single-molecule-magnet (SMM) 

behavior. In addition, the catalytic activities of transition-metal-substituted POMs make 

them particularly attractive, potentially, for industrial applications.
136-139

 For instance, 

there is a Japanese process involving palladium and POMs as co-catalysts for the direct 

oxidation of ethylene to acetic acid on a scale of 100,000 tons per year. The vanadate-

substituted polymolybdates, such as Cs2.5H1.5PVMo11O40 and H5PV2Mo10O40 for aerobic 

oxidation, were investigated thoroughly by Mizuno, Neumann and co-workers.
84,140,141

 

TBA4[γ-HPV2W10O40] was demonstrated as an effective homogeneous catalyst for the 

H2O2-based oxidative bromination of alkenes, alkynes and aromatic compounds.
142
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TBA4[γ-H2SiW10O36Pd2(OAc)2] displays high catalytic activity for the hydration of 

nitriles including aromatic, aliphatic, heteroaromatic and double-bond-containing 

species.
143

 K9[(Fe
III

(OH2)2)3(A-α-PW9O34)2], when supported on silica nanoparticles, 

exhibits efficient catalytic activity for the aerobic oxidation of sulphides and 

aldehydes.
144,145

 

Recently, the incorporation of POMs and metal-organic-frameworks (MOFs), named 

POM-MOFs, has received increasng attention. Most of these POM-MOFs were based on 

the plenary Keggin POMs such as [PW12O40]
3-

 and [PMo12O40]
3-

. Liu et al. prepared a 

series of POM-MOFs in the type of [Cu2(BTC)4/3(H2O)2]6[HnXM12O40] (X = Si, Ge, P, 

As; M = W, Mo).
146

 These compounds were generally obtained using a simple one-step 

hydrothermal reaction involving copper ions, benzentricaboxylate (BTC) and POMs. If 

the plenary POMs are replaced with their transition-metal-substituted analogous, the 

resulting POM-MOFs exhibit additional noteworthy properties. For example, Hill et al. 

used encapsulate the copper-substituted POM, [CuPW11O39]
5-

, in MOF-199 to construct a 

POM-MOF which shows synergistic reactivity for detoxification of sulfides (Scheme 

1-9(a)).
147

 Dolbecq et al. made several structures in which the POM unit functions as a 

connector in the MOF framework, and not simply incorporated in the MOF pores.  These 

“POMOFs”, i.e. [PMo
V

8Mo
VI

4O37(OH)3Zn4][C6H3(COO)3]
3-

, comprise molecular Zn-

capped Keggin units connected by BTC linkers. These complexes are active for 

electrocatalytic hydrogen evolution.
148

 Purely inorganic 3D frameworks based on 

transition-metal-substituted POMs are also reported. For example, Cronin et al. recently 

reported a giant cluster, which is built from [P8W48O184]
40-

 as faces and Mn(II) as 

linkages (Scheme 1-9(b)). This macrocyclic polyoxometalate structure contains 7.24 nm
3 
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cavities which are accessible for transition-metal ions, as demonstrated by an ionic 

exchange process with alkali cations.
149

   

 

Scheme 1-9 X-ray structures of (a) a POM-MOF, [{Cu3(C9H3O6)2}4{CuPW11O39H}]
4-

 and (b) a 

purely inorganic POM framework, [Mn8(H2O)48P8W48O184]
24-

. 

A breakthrough in POM catalysis involves their use as catalysts in solar fuel 

production. Solar is the ultimate renewable energy source because the planet is bathed in 

an essentially inexhaustible quantity of such energy.
150

 The most evident conversion of 

solar light into chemical energy is green-plant photosynthesis. Artificial photosynthesis 

based on some photovoltaic systems has been developed rapidly in recent years.
151,152

 

The production of solar fuels is a field that requires achievement of several scientific and 

engineering goals. The reactions of great interest in conjunction with solar fuels 

technology are water splitting and CO2 reduction, and a practical platform must include 

several operations such as light absorption, charge separation, multiple electron or hole 

transfer, and so on.
153

 While the photosensitizers and reduction catalysts are relatively 

more researched and developed, water-oxidation catalysts (WOCs) were far less studied 

in the past but are currently undergoing intense investigation.
154,155

 An ideal WOC should 



19 
 

be water compatible, have several oxidation states to facilitate multi-electron transfer 

processes such as water oxidation, 2H2O  O2 + 4H
+
 + 4e

-
, a four-electron process.      

A range of homogeneous, heterogeneous, and inorganic-organic hybrid composite 

WOCs have been reported previously. They can be found in some reviews.
156-165

 

Compared to previous catalysts, the POM-based WOCs contain multi-nuclear redox 

centers, and display high solubility and stability in aqueous solutions. Consequently, they 

are particularly attractive for the development of robust and water-compatible WOCs. 

The multi-metallic cores stabilized by POMs constitute a model of sorts for the oxygen-

evolution center (OEC) in green-plant photosynthesis, a cluster of Mn4CaO5, in 

photosynthetic system.
166,167

 These all-inorganic WOCs have attracted considerable 

attention in the area of solar fuels. This sub-field was initiated by two publications, one 

by the Hill group and one by the Bonchio group, published the same day in 2008, that 

reported the synthesis of [Ru
IV

4O4(OH)2(OH2)4(-SiW10O36)2]
12–

 (Ru4) and demonstrated 

its activity for catalytic water oxidation.
168-171

 Subsequently, the Hill group reported two 

additional Ru/Ir-substituted POMs, [(-PW10O36)2Ru
IV

4O6(OH2)4]
10- 

and 

[(IrCl4)KP2W20O72]
14-

, which are also fast water-oxidation catalysts.
172,173

 A more 

significant catalyst is the more-recently reported [Co4(H2O)2(PW9O34)2]
10– 

(Co4), which 

is composed by only earth abundant elements and shows high efficiency in photocatalytic 

water-oxidation.
164,174

 Thereafter several POM-based WOCs have been reported, the 

details of which can be found in the recent review from Hill group.
165

 

Several studies have been conducted on Ru4.  The Bonchio group studied oxygen 

evolution at pH ~0.6 using excess Ce(IV) as the oxidant and reported a TON of 500 with 

an initial TOF of 0.125 s
-1

. Upon using [Ru(bpy)3]
2+

 as a photosensitizer and S2O8
2-

 as a 
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sacrificial electron acceptor, the Hill group obtained up to 350 turnovers with an initial 

TOF and quantum yield (Φ(O2)) of 0.08 s
-1

 and 9%, respectively. Co4 was synthesized 

many years ago but was only shown to be a WOC in 2010 by the Hill group.  Initially the 

ability of Co4 to catalyze water oxidation in the dark, by using [Ru(bpy)3]
3+

 as a 

chemical oxidant in aqueous phosphate buffer solution at pH 8.0 was reported. The TON 

is over 1000 in 3 min affording a TOF of 5 s
-1

, which was the highest rate for a 

homogeneous WOC at that time. Co4 also catalyzes water oxidation under visible-light-

driven conditions. Under optimal conditions using [Ru(bpy)3]
2+

 as the photosentizer and 

S2O8
2-

 as the sacrificial electron donor, a TON of over 220 and high quantum yield of 

30% were obtained in pH 8.0 borate buffer. 

 

Scheme 1-10 Schematic presentations for the X-ray structures of (a) 

[Ru
IV

4O4(OH)2(OH2)4(-SiW10O36)2]
12–

 (Ru4), (b) [Co4(H2O)2(PW9O34)2]
10– 

(Co4) and (c) a 

scheme for homogeneous light-driven water oxidation catalyzed by these POMs. 

It should be noted that the above homogeneous light-driven system, containing 

[Ru(bpy)3]
2+

 and S2O8
2-

, has been well-studied for a long time.
175-177

 Basically, the triplet 

3
MLCT excited state, [Ru(bpy)3]

2+
*, is quenched by S2O8

2−
 through both bimolecular and 

unimolecular processes, which generates [Ru(bpy)3]
3+

 and SO4
−
˙. The latter radical 
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subsequently oxidizes a second [Ru(bpy)3]
2+

 quantitatively to [Ru(bpy)3]
3+

. Four 

equivalents of [Ru(bpy)3]
3+ 

are accumulated for the oxidation of water.  

Nanoscale structures for oxygen evolution constructed by anchoring WOCs onto 

robust supports is currently under the focus of much exploration, because these hybrid 

systems display controllable mechanical properties, high surface areas and have high 

thermal stability. Bonchio’s group successfully attached Ru4 and polyamidoamine 

electrostatically onto multi-wall carbon nanotubes (MWCNTs).
178

 A modified method of 

directly functionalizing MWCNT surfaces with positive charge was also reported.
179

 

They can absorb negatively-charged Ru4 POMs electrostatically. The electrocatalytic 

activities of these hybrid nanocomposites were carefully evaluated. Similarly, Co4 was 

immobilized on mesoporous carbon nitride (MCN).
180

 The Co4/MCN composite 

efficiently catalyzes the oxygen evolution with a Faradaic efficiency as high as 95% and 

a TOF of ~0.3 s
−1

, which indicates a much higher efficiency compared to Ru4/MWCNTs 

composite.  

1.5 Metal-to-Metal Charge-Transfer Chromophores 

As mentioned in the previous section, to date the light-harvesting centers in photo-driven 

catalytic systems are mostly based on organic dyes and organometallic complexes. These 

compounds exhibit intense ligand-centered absorption bands in the UV region and metal-

to-ligand charge-transfer (MLCT) bands in the visible region. They also show a relatively 

long-lived luminescence in the red spectral region, originating from the lowest 
3
MLCT 

state. These features make them excellent photosensitizers.
153,175-177

 Nevertheless, the 

oxidizable organic ligands are usually unstable under turnover conditions (in which 
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strong oxidants are frequently used or generated in situ). This limitation restricts their 

applications in development of robust and water-compatible photovoltaic devices. One 

method en route to stable and inorganic chromophores is by grafting transition metals 

into the frameworks of micro- or mesoporous sieves such as silicates or 

aluminophosphates. The resulting chromophores exhibit ligand-to-metal charge-transfer 

(LMCT) transitions rooted from framework oxygen to the metal center. However, these 

transitions usually show up in the UV region, so they are generally accessible to only a 

less than 5% of incident solar radiation.
181-183

 Therefore, obtaining inorganic porous 

materials with visible-light activity remains a great challenge. 

Through engaging a second metal center, the electron donor, in the above 

mesoporous sieves, Frei et al. developed several oxo-bridged metal-to-metal charge-

transfer (MMCT) chromophores.
184-193

 These novel bimetallic assemblies exhibit 

absorption bands in the visible or even near-IR regions. Since a wide variety of transition 

metals in different oxidation states are compatible with construction of these assemblies, 

some of these assemblies could potentially function as effective harverters of solar light. 

More significantly, some MMCT chromophores show extremely low rates of back 

electron-transfer. The long-lived excited states of these assemblies make them suitable 

for driving multi-electron-transfer catalytic reactions.
193

  

For example, the bimetallic assembly Ti
IV

-O-Mn
II
 supported on SBA-15 has a long 

excited-state lifetime of 2 µs.
193

  Upon irradiation by visible light, the Ti
IV

-O-Mn
II
 to 

Ti
III

-O-Mn
III

 MMCT transition occurs along with structural reorganization of the silica 

coordination sphere. This transformation, involving a proposed temporary break of Ti
IV

-

O bonds and formation of Mn
III

-O bonds, imposes a significant barrier to back electron 
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transfer. The long lifetimes of these MMCT chromophores could explain their 

photochemical activity. For example, the bimetallic Zr(IV)-O-Cu(I) MMCT chromophore 

on MCM-41 is active for the photochemical reduction of CO2 to CO (Scheme 1-11). A 

mechanistic study indicates the dissociation of CO2 and capture of an electron from the 

MMCT-excited Zr(III) center. The resulting OH⋅ radicals then diffuse through the pores 

and are trapped and reduced to H2O.  

 

Scheme 1-11 Scheme for CO2 splitting by a MMCT chromophore 

The Cr
VI

-centered MCM-41 silica, coupled with an Ir oxide nanoparticle WOC, 

shows water-oxidation activity under visible-light irradiation.
187

 In this example, the 

absorption in the visible region is basically due to the LMCT transition concerning the 

Cr
VI

 centers. The resulting transient hole on oxygen bears a potential of over +3 V, which 

is far more than enough for water oxidation (E = 1.23 V vs. NHE).  By replacing the CrO 

LMCT chromophore with a bimetallic MMCT TiOCr
III

 chromophore anchored to a 

mesoporous silica AlMCM-41, oxygen evolution with a quantum yield of >13% was 

achieved (Scheme 1-12). The photo-driven experiments were performed by irradiation of 

an aqueous suspension of the Ir-oxide/TiOCr
III

/AlMCM-41 powders. EXAFS studies 

found these MMCT chromophores have shorter Cr-O bonds in the Ti-O-Cr bridges, than 

in Cr-O-Si, indicating the partial charge-transfer character of the ground electronic state. 

EPR signals demonstrated that electron donation from Ir oxide cluster to transient Cr
IV

 

successfully competes with back electron-transfer from Ti
III

. 



24 
 

 

Scheme 1-12 Scheme for photo-driven water oxidation on a bimetallic MMCT chromophore 

coupled with an iridium oxide WOC. 

Hashimoto el al. also investigated MMCT systems. An MMCT chromophore 

constructed from Ti
IV

-O-Ce
III

 bimetallic assembly on MCM-41 results in high quantum 

efficiency isopropanol oxidation upon irradation with 460-nm monochromic light.
194

 This 

is a better photocatalyst than the most active semiconductor, i.e. nitrogen-doped TiO2. 

POMs were also introduced to this research area. As mentioned previously, POMs have a 

very rich redox chemistry. POMs are all-inorganic clusters and can easily function as 

multi-electron acceptors, but the coupled photochemical reactions are usually driven with 

UV-light irradiation. Hashimoto el al. made POM-containing chromophores absorb in the 

visible region by anchoring the POMs (electron acceptors) and Ce(III) centers (electron 

donors) in the pores of MCM-41.
195

 The resulting complex contains oxo-bridged W
VI

-O-

Ce
III

 linkages between Ce and an immobilized PW12O40 cluster which exhibits a new kind 

of absorption in the visible region. This feature was assigned as a Ce
III

-W
VI 

MMCT 

transition. A trimetallic charge-transfer unit was also developed upon replacing PW12O40 

with a Cu-substituted Keggin POM, Cu
II
PW11O39. The Cu center is capable of 

accommodating two electrons following irradiation of the Ce
III

-W
VI 

MMCT 

chromophore.
196
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Scheme 1-13 Schematic illustrations of MMCT transitions occurring at anchored oxo-bridged 

Cu/W/Ce trimetallic complexes 

However, all the above MMCT chromophores are heterogeneous systems. As a 

resut, there is no detailed molecular-level information about the interfaces between the 

metal oxides and anchored donors. The dynamics and kinetics of charge separation in the 

excited states are not clear either. As we noted above, POMs provide an excellent 

molecular model to study the interfaces between metal oxides and supported guest 

compounds. Therefore, we targeted the preparation of visible-light-active POMs to 

facilitate a detailed study of these MMCT transitions and possible redox chemistry 

induced by these excited states.  

1.6 Goal of This Work and Outline 

The first object of this dissertation is to investigate the coordination chemistry of POMs 

with organometallic complexes. We focus initially on a family of POM-supported metal 

carbonyl complexes. Chapter 2 reports a facile and water-compatible procedure to make 

these hybrid complexes by carefully choosing suitable POM supports, the Krebs-type 

subvalent Sb
III

/Bi
III

-centered polyanions. The synthesis, characterization and 

photochemical properties of the resulting “slipped-sandwich” series of POMs are 

described in detail in Chapter 2. In Chapter 3 we expand the work in an attempt to 
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synthesize the tungstophosphate analogues. Instead of making similar “slipped-

sandwich” architectures, we obtain several “twisted-sandwich” hybrids from the mono-

vacant tungstophosphates. These hybrids show interesting molecular chirality in the solid 

state. This work culminated in production of a new family of dimeric structures of POM-

supported metal carbonyl compounds.  

The second object and the central imputes of this thesis is to characterize visible-

light-active POM chromophores. In Chapter 4, we comprehensively investigate the 

photochemical properties of the above functionalized POMs. A detailed study including 

time-resolved spectroscopy and computational work has been used to characterize the 

excited states of a POM-supported rhenium carbonyl complex. The results clearly 

indicate that a novel transition occurs from the rhenium center to the POM ligand, which 

we consequently define as a “metal-to-POM charge-transfer or MPCT” process. A novel 

hybrid structure constructed from a POM scaffold and an embedded tri-rhenium carbonyl 

cluster is described in Chapter 5. This work entails a comprehensive study involving 

synthesis, characterization, transient spectroscopy, spectroelectrochemistry and 

theoretical calculations, to interpret the excited states of this “double-cluster”. The MPCT 

transition in this compound can thus be regarded as cluster-to-cluster charge-transfer. 

Finally, in Chapter 6, we describe the synthesis and crystal structures of several 

high-nuclear cobalt(II) and tin(II) substituted POMs. The cobalt(II) derivatives have been 

evaluated for catalytic water oxidation activity. The tin(II) POMs are all-inorganic 

nanoscaled clusters which display porous channels in their crystal structures, and show 

high absorption in the visible region. They are potentially another class of inorganic 

chromophores for solar light conversion.      
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2.1 Introduction 

As mentioned in the first chapter, POM-supported metal carbonyl derivatives have long 

been studied as tractable, molecular analogues of solid-oxide-supported metal complexes 

and exhibit a wide range of properties.
1,2

 A series of these hybrid compounds with their 

preparation strategies, unique structures and catalytic properties were reported 

previously.
3-16

 Most of these compounds involve Lindqvist-type POMs.
3-7

 Lacunary 

POMs (Keggin or Dawson), which tend to form stronger covalent bonds to the 

incorporated metal multi-carbonyl units, haven’t been used as extensively in this 

context.
13

 As a result, we sought to investigate multi-dentate polytungstates with 

appended metal multi-carbonyl donor groups such as {M(CO)3}
+
 (M = Re or Mn).   

POM-supported metal carbonyl derivatives, which can be regarded as a sub-category 

of functionalized POMs, are best prepared by stepwise and controlled methods. In this 

context, the use of appropriate defect POMs as chelating ligands is important for 

directing the reactions towards the desired products.
17-21

 Since all POM-supported metal 

carbonyl compounds contain a fac-{M(CO)3}
+
 d

6
 metal carbonyl fragment, defect POMs 

which can act as tridentate ligands are logical synthetic precursors. Krebs and co-workers 

prepared and thoroughly characterized tungstoantimonates and tungstobismuthates 

structurally related to those in this article with the general formula 

[X2W20M2O70(H2O)6]
(14-2n)-

 (X = Sb, Bi; M = Fe, Co, Zn).
22,23 

In Krebs dimers, the 

terminal aqua fac-{M(H2O)3}
2+/3+ 

groups replace the fac-{WO(OH)2}
2+

 moieties on the 

parent POM scaffolds. Kortz used a similar procedure to immobilize the organo-

ruthenium groups onto the Krebs POM scaffolds.
24

 Appreciating that the tricarbonyl fac-

{M(CO)3}
+
 unit is also topologically equivalent to fac-{M(H2O)3}

2+/3+
 and fac-
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{WO(OH)2}
2+

, we utilized these POM ligands as multidentate building blocks to 

coordinate fac-{M(CO)3}
+
 fragments. In this context, we have successfully obtained four 

Krebs-type structures each with two {M(CO)3}
+
 units per POM unit: 

Na11H[Sb2W20O70{Re(CO)3}2]34H2O (2.1), Na11H[Bi2W20O70{Re(CO)3}2]33H2O (2.2), 

K9Na3[Sb2W20O70{Mn(CO)3}2]32H2O (2.3) and K9Na3[Bi2W20O70{Mn(CO)3}2]32H2O 

(2.4).  

2.2 Experimental 

2.2.1. Materials and Instrumentation 

All chemicals were reagent grade and used as supplied. The Sb
III

/Bi
III

 polyoxometalate 

precursors Na12[Sb2W22O74(OH)2]27H2O and Na12[Bi2W22O74(OH)2]44H2O were 

prepared by literature methods.
22,23

 Their purities were determined through FT-IR 

spectroscopy. The low-valent complexes, Re(CO)3(CH3CN)3(BF4) and 

Mn(CO)3(CH3CN)3(BF4), were made according to the known procedures but using 

AgBF4. in place of AgClO4. Their purities were analyzed by 
1
H NMR and FT-IR.  

UV-vis spectra were acquired using an Agilent 8453 spectrophotometer equipped 

with a diode-array detector and an Agilent 89090A cell temperature controller unit. The 

FT-IR spectra were measured on a Thermo Nicolet 6700 spectrometer with KBr pellets 

(2%). Elemental analyses (Bi, K, Mn, Na, Sb, Re, W) were performed by Galbraith Lab 

Inc., Knoxville, TN, 37921. Thermogravimetric analysis was acquired on a Perkin Elmer 

STA 6000 analyzer. 
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2.2.2. Synthesis  

Na11H[Sb2W20O70{Re(CO)3}2]34H2O (2.1). Na12[Sb2W22O74(OH)2]27H2O (0.1 mmol, 

670 mg) and Re(CO)3(CH3CN)3(BF4) (0.2 mmol, 98 mg) were dissolved in 20 mL H2O. 

The mixture was heated at ca. 70 ºC for 30 minutes and the color changed to orange. 

NaCl (400 mg) was added to the solution and the pH was adjusted to 5 by addition of 1.0 

M NaOH. The solution was cooled to room temperature and then filtered. The solution 

was allowed to stand out at room temperature for about a week at which point large 

orange block-shaped crystals were obtained. Yield: 150 mg (22 % based on Sb). FTIR 

(2% KBr pellet, 2500 – 400 cm
-1

): 2016 (s), 1925 (s), 1906 (s), 955 (s), 836 (m), 808 (s), 

767 (m), 657 (m), 472 (sh). Electronic spectral data (300 – 800 nm, in H2O): 400nm ca. 

2200 M
-1
⋅cm

-1
. Anal. Calcd. for C6H69O110Na11Re2Sb2W20: Na, 3.9; Re, 5.8; Sb, 3.8; W, 

57.0. Found: Na, 4.0; Re, 5.3; Sb, 3.3; W, 55.4. Thermogravimetric analysis (TGA; 30 – 

500 
o
C): weight loss, 12.1%. 

    Na11H[Bi2W20O70{Re(CO)3}2]33H2O (2.2). This compound was prepared using a 

similar procedure to 2.1 except that Na12[Bi2W22O74(OH)2]44H2O was used as the POM 

ligand precursor. Orange-red crystals were obtained after several days of evaporation. 

Yield: 130 mg (20% based on Bi). FTIR (2% KBr pellet, 2500 – 400 cm
-1

): 2014 (s), 

1923 (s), 1900 (s), 945 (s), 837 (sh), 798 (s), 765 (m), 646 (m), 459 (sh). Electronic 

spectral data (300 – 800 nm, in H2O): 400nm ca. 2100 M
-1⋅cm

-1
. Anal. Calcd. for 

C6H67O109Bi2Na11Re2W20: Bi, 6.3; Na, 3.8; Re, 5.6; W, 55.7. Found: Bi, 6.5; Na, 3.8; Re, 

5.3; W, 55.7. Thermogravimetric analysis (TGA; 30 – 500 
o
C): weight loss, 11.5%. 
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    K9Na3[Sb2W20O70{Mn(CO)3}2]32H2O (2.3). Na12[Sb2W22O74(OH)2]27H2O (0.1 

mmol, 670 mg) was dissolved in 20 ml H2O, then excess Mn(CO)3(CH3CN)3(BF4) (0.25 

mmol, 88 mg) in 2 ml CH3OH was added slowly. The reaction beaker was covered with 

aluminum foil. The mixture was stirred for 30 minutes in dark and the pH was adjusted to 

6.0 by 0.1 M KOH. KCl (0.5 mL of a 1.0 M solution) was then added to the mixture. The 

solution was quickly passed through a filter paper and kept in the dark. Dark-red crystals 

in plate-shape were collected after 2 weeks. Yield: 120 mg (20% based on Sb).  FTIR 

(2% KBr pellet, 2500 – 400 cm
-1

): 2031 (s), 1936 (s), 1919 (s), 946 (s), 838 (m), 806 (m), 

768 (m), 667 (w), 455 (sh). Electronic spectral data (300 – 800 nm, in H2O): 400nm ca. 

3500 M
-1
⋅cm

-1
. Anal. Calcd. for C6H64O108Mn2K9Na3Sb2W20: K, 5.6; Mn, 1.7; Na, 1.1; 

Sb, 3.9; W, 58.2. Found: K, 6.0; Mn, 1.7; Na, 1.1; Sb, 3.5; W, 60.7. Thermogravimetric 

analysis (TGA; 30 – 500 
o
C): weight loss, 11.8%. 

    K9Na3[Bi2W20O70{Mn(CO)3}2]32H2O (2.4). This compound was made by a similar 

procedure as 2.3. Yield: 100 mg (18% based on Bi).  FTIR (2% KBr pellet, 2500 – 400 

cm
-1

): 2030 (s), 1935 (s), 1919 (s), 941 (s), 826 (m), 797 (m), 760 (m), 651 (w), 409 (sh). 

Electronic spectral data (300 – 800 nm, in H2O): 400nm ca. 3400 M
-1
⋅cm

-1
. Anal. Calcd. 

for C6H64O110K9Na3Mn2Bi2W20: Bi, 6.4; K, 5.4; Mn, 1.7; Na, 1.1; W, 56.7. Found: Bi, 

6.1; K, 5.6; Mn, 1.8; Na, 1.2; W, 56.8. Thermogravimetric analysis (TGA; 30 – 500 
o
C): 

weight loss, 11.4%. 

2.2.3. Crystallography  

X-ray analysis was performed on a Bruker D8 SMART APEX CCD sealed tube 

diffractometer at Emory University. Diffraction intensities were measured using graphite 
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monochromated Mo Kα radiation (λ = 0.71073 Å) at 173(2) K. Data collection, indexing, 

and initial cell refinements were carried out by using SMART; frame integration and 

final cell refinements were done by SAINT. A multiple absorption correction including 

face-indexing was done by the program SADABS. The molecular structures of 2.1, 2.2, 

2.3 and 2.4 were determined by Direct Methods and Fourier techniques and refined by 

full-matrix least squares. Structure solution, refinement, graphic and generation of 

publication materials were accomplished using SHELXTL-97 software.
25,26 

The largest 

residual electron density for each structure was located close to the Sb, Bi and W atoms 

and was most likely due to imperfect absorption corrections frequently encountered in 

heavy-metal atom structures. Crystal data collection and refinement parameters are given 

in Error! Reference source not found.. Complete details can be found in the .cif files in the 

Supporting Information.  

Table 2-1 Selective bond lengths (Å) and bond angles (°)  

 2.1 2.1 (calcd.) 2.2 2.3 2.4 

X-O
a 

2.01-2.02 2.01-2.03 2.13-2.16 1.98-2.00 2.13-2.15 

M-O
a 

2.13-2.16 2.16-2.18 2.12-2.15 2.08-2.12 2.06-2.08 

M-C
b 

1.87-1.88 1.90 1.85-1.90 1.80-1.90 1.85-1.87 

M-C-O
c 

176-179 178-179 177-179 173-177 171-175 

 [a] Oxygen from the POM frameworks (X = Sb or Bi; M = Re or Mn). [b] Carbon from the 

carbonyl groups. [c] Oxygen from the carbonyl groups. 
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Table 2-2 Crystal structure data for compounds 2.1, 2.2, 2.3 and 2.4 

 2.1 2.2 2.3 2.4 

Empirical formula C6H69O110Na11Re2Sb2W20 C6H67O109Bi2Na11Re2W20 C6H64O108Mn2K9Na3Sb2W20 C6H64O110K9Na3Mn2Bi2W20 

T [K] 173(2) 173(2) 173(2) 173(2) 

Mr [g mol
-1

] 6447.16 6603.79 6315.55 6521.99 

Crystal system Triclinic Triclinic Triclinic Triclinic 

Space group 1P  1P  1P  1P  

a [Å] 13.724(6) 13.672(3) 12.443 (1) 12.446(3) 

b [Å] 14.244(6) 14.815(3) 13.095(1) 13.089(3) 

c [Å] 17.610(7) 15.385(3) 15.808(1) 15.723(4) 

 [°] 90.315(6) 103.492(3) 83.375 (1) 82.883(4) 

 [°] 107.851(5) 106.042(3) 74.307(1) 73.810(4) 

γ [°] 112.456(6) 104.397(3) 75.043(1) 74.750(3) 

V [Å
3
] 2999(2) 2743.9(10) 2392.8(3) 2369.7(10) 

Z 1 1 1 1 

calcd [g cm
-3

] 3.558 3.897 4.066 4.402 

 [mm
-1

] 21.691 26.403 25.255 28.642 

Reflection collected 46970 47376 37914 34752 

Independent reflections (Rint) 13181 (0.0829) 13169 (0.0567) 10154 (0.0544) 9310 (0.0611) 

Goodness-of-fit 1.038 1.037 1.065 1.032 

R1 [I>2(I)] 0.0575 0.0442 0.0487 0.0584 

wR2 0.1328 0.1213 0.1177 0.1521 

R1 (all data) 0.0873 0.0579 0.0651 0.0764 

wR2 0.1472 0.1307 0.1253 0.1644 

Largest diff. peak and hole [e Å
3
] 4.714, -2.944 3.131, -1.980 3.282, -2.620 8.043, -2.558 

R1 =  ||F0|-|Fc||/|F0|; wR2 = {[w(F0
2
-Fc

2
)

2
/w(F0

2
)

2
]}

1/2 
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2.3 Results and Discussion 

2.3.1 Synthesis 

The natural pH of the POM ligands, [X2W22O74(OH)2]
12-

 (X = Sb or Bi), is ca. 4.5. When 

the pH increases, two terminal fac-{WO(OH)2}
2+

 groups are released from the POM 

frameworks and the resulting vacant sites can be occupied by transition metal centers 

with multiple terminal aqua ligands.
22,23

 This assertion is further supported in this paper. 

The preparation of the four new compounds above is conducted in a weakly acidic 

aqueous solution (pH 5-6); when pH values are lower than 3, these compounds do not 

form. The two general steps affording these complexes are illustrated in Figure 2-1. 

 

Figure 2-1 Representative synthetic steps for preparation of the indicated POMs in combined 

ball-and-stick and polyhedral notations. O: red; C: black; W: gray; Sb/Bi: purple; Re/Mn: yellow. 

The FTIR spectra of these four compounds are shown in Figure 2-2. As expected, 2.1 

and 2.2 share similar patterns in their FTIR spectra as do 2.3 and 2.4, but the spectra of 

the former are slightly distinct from the latter. Since each {M(CO)3}
+
 moiety has local 

C3v symmetry and the two {M(CO)3}
+
 groups are symmetrical, only two symmetric and 

one anti-symmetric IR-active C-O stretching modes are present in the FTIR spectra. This 

spectral region also reveals the purity of these compounds. As expected, 2.1 and 2.2 have 

lower C-O frequencies relative to those in 2.3 and 2.4. This is due to stronger M-to-CO 
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d-* back bonding from Re compared to Mn because Re(I) is more electron donating 

(and generally has a more negative potential) than Mn(I). Furthermore, the frequencies of 

the carbonyl bands in 2.1 and 2.2 are similar to those of 

[Re(CO)3(H2O){Mo5O13(OMe)4(NO)}]
2-

 (2013, 1910, 1885 cm
-1

), but higher than those 

of {[H2W8O30][Re(CO)3]2}
8-

 (2007, 1885 cm
-1

).
12,14

 In the same context, the frequencies 

for the manganese carbonyl species follow a similar trend: 2.3 has bands at 2031, 1936, 

1919 cm
-1

 and 2.4 has bands at 2030, 1935, 1919 cm
-1

, respectively, which are similar to 

those of [Mn(CO)3(H2O){Mo5O13(OMe)4(NO)}]
2-

 (2029, 1933, 1916 cm
-1

) but higher 

than those in {[H2W8O30][Mn(CO)3]2}
8-

 (2022, 1932 cm
-1

). These results imply that both 

[X2W20O70]
14-

 and {Mo5O13(OMe)4(NO)}
3-

 have similar electron acceptor strengths and 

both are stronger acceptors than [H2W8O30]
10-

. 

 

Figure 2-2 FTIR spectra (KBr pellets) of 2.1, 2.2, 2.3 and 2.4 
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2.3.2 Structures.  

All four metal-donor-POM-acceptor compounds have similar structures and contain two 

identical -B-[XW9O33]
9-

 (X = Sb or Bi) units joined by two WO6 octahedra and two fac-

{M(CO)3}
+
 moieties (Figure 2-3). The Re and Mn centers exhibit MO3C3 coordination 

octahedra but with slight differences in relative bond distances. The MnO3C3 moieties, as 

reflected in M-C distances and M-C-O angle variations, are slightly more distorted from 

pure octahedral symmetry than the Re derivatives. Typically, the three Re-C bond 

distances in 2.1 and 2.2 are almost identical and the Re-C-O angles are nearly 180
°
 (Table 

1). The M-C bond distances are 1.87 Å (Re-C) and 1.84 Å (Mn-C) on average, which are 

similar with those in analogous complexes reported previously.
11,12,14

 Compared to 2.1 

and 2.2, the Mn-C bonds in 2.3 and 2.4 are more variable and the Mn-C-O angles are not 

quite linear (e.g. 171
°
).  

 

Figure 2-3 (a) Ball-and-stick representation of 2.1, 2.2, 2.3 and 2.4. Cations K
+
, Na

+
 and solvent 

H2O are omitted for clarity. O: red; C: black; W: gray; Sb/Bi: purple; Re/Mn: yellow. (b) View of 

the 2D sheet of 2.1 in combined ball-and-stick and polyhedral notation. Na: green; O: red; C: 

black; Re: yellow; WO6: gray; SbO3: purple. 
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Furthermore, the polyanions in 2.1 are linked by two symmetry-equivalent hydrated 

Na
+
 ions to form a 2D framework. Along the a-axis, the polyanions are connected by 

dinuclear {Na(H2O)2}2
2+

 groups via terminal oxygen atoms on the POM units with Na-O 

distances of 2.32(2)-2.49(2) Å to form a 1D chain. The adjacent 1D chains are further 

bridged through mononuclear {Na(H2O)2}
+
 units along the b-axis with Na-O (terminal) 

distances of 2.32(2)-2.35(2) Å to form a 2D network (Figure 2-3). The structure of 2.2, 

like that of 2.1, consists of a 2D framework where the polyanions are connected by the 

hydrated Na
+
 ions. Along the a-axis, a dinuclear unit {Na(H2O)2}2

2+
 joins each polyanion 

to form a 1D chain, as in the structure of 2.1. However, the 1D chains are linked by a 

dinuclear moiety [Na2(H2O)7]
2+

 via a terminal oxygen on tungsten and a carbonyl group 

on rhenium along the b-axis (forming a Na-O-C-Re linkage) in contrast to the connection 

in 2.1 (Figure 2-4).   

 

Figure 2-4 (a) View of the 2D sheet of 2.2 in the combined ball-and-stick and polyhedral 

notation. (b) View of 2.2 along the a-axis. Na: green; O: red; C: black; Re: yellow; WO6: gray; 

SbO3: purple. 
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2.3.3 Spectroscopic and Computational Studies  

The precursors are colorless: the POM ligands [X2W22O74(OH)2]
12-

 have O(2p)  W(5d) 

transitions, which absorb significantly only below 300 nm, and the moiety fac-

{Re(CO)3}
+
, which has a ligand-to-metal charge-transfer (LMCT) band, only absorbs 

below 350 nm. In contrast, the UV-vis spectra of 2.1 and 2.2 show a broad absorption 

covering the entire UV and visible regions extending to ca. 600 nm (Figure 2-5) with 

high absorptivity (2.1: 400nm ca. 2400 M
–1
cm

–1
; 2.2: ca. 2100 M

–1
cm

–1
). Furthermore, 

2.1 and 2.2 are very stable in aqueous solutions. The spectra of the stored solutions do not 

change overnight or after several hours of visible-light (LED;  = 455 nm) irradiation. 

 

Figure 2-5 Normalized UV-vis spectra of aqueous 2.1 (red), 2.2 (black), and [Re(CO)3]
+
 (green). 

We investigated the origin of the high visible absorptivity of 2.1 by computational 

modeling. Full DFT-optimized geometry parameters of 2.1, in its ground singlet 

electronic state, are given in Table 2-3. The frontier molecular orbitals are shown in 

Figure 2-6. As seen in Table 1, the calculated important geometry parameters of 2.1 are 

in very good agreement with their experimental values. As seen in this figure, the two 

highest occupied orbitals of 2.1, H and H-1, form a near degenerate pair. Each of them has 
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a strong contribution from rhenium d and antimony p orbitals. There is a smaller 

contribution from the p orbitals of bridging oxygens. The lowest unoccupied orbitals, L 

and L+1, also form a near degenerate pair. Their character is mainly the d orbitals of the 

outer W atoms with a small mixture from the p orbitals of associated O atoms. Thus, the 

H/H-1  L/L+1 excitations are expected to be a [Re(CO)3 + Sb]  POM charge transfer 

excitations. Based on the H-L gap, the band origin of the electronic spectrum is estimated 

to be ca. 2.5 eV. The calculated UV-vis spectrum of the singlet excitations is shown in 

Figure 2-6. As expected from the frontier orbital analysis, the first excited state S1 is a 

HOMO  LUMO, i.e. [Re(CO)3 + Sb]  POM, transition occurring at 2.51 eV (492 

nm). The following several states are dark until the group of states at ca. 470 nm, S8-S12, 

which are pure Re  POM transitions. Continuing towards the shorter wavelengths, the 

spectrum begins to be dominated by pure Re  POM transitions, such as those at ca. 

440, 430 and 410 nm, with a few mixed Re/Sb  POM and POM  POM bands (see 

labeling in Figure 2-6; the summary of S0-Sn transitions is in Table 2-4). Thus, the entire 

calculated spectrum is consistent with the experimental result in the visible range (400 – 

600 nm) shown in Figure 2-5 above. 
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Figure 2-6 (a) Molecular orbitals and orbital energies (in ascending order -4.82, -4.79, -2.28, -

2.25 eV) of S0 [Sb2W20O70{Re(CO)3}2]
12-

 (the polyanion in 2.1) in water. H = HOMO, L = 

LUMO. Color codes: Re, yellow; W, gray; Sb, purple; O, red; C, black. (b) Calculated UV 

spectrum of the same polyanion (S0 state) in water using the first 70 excited singlet states. 

Complexes 2.3 and 2.4 as solids are dark-red in color and their UV-vis spectra in 

aqueous solution have the characteristic peaks at ca. 420 nm and a broad absorption up to 

ca. 650 nm (Figure 2-7). However, 2.3 and 2.4 are fairly stable in the aqueous solution. 

The solutions slowly become greenish under indoor lighting. This green color indicates 

that the POM ligands have been reduced (green is a superposition of the yellow oxidized 

complex with small quantities of the blue reduced complex). This hydrolytic instability 

likely results in part from photo-generation of d
5
 high spin Mn(II) centers which have 

little or no ligand field stabilization energy and are consequently quite labile. 

In order to monitor the charge-transfer process of 2.3 in aqueous solution, a 

photolysis reaction was performed in a sealed cell deaerated by argon. Upon irradiation 

(ca. 20 min), the characteristic band at ca. 420 nm decreases, new broad absorptions with 

maximum at ca. 650 nm and 1000 nm grow and a point at ca. 480 nm, which is nearly 
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isosbestic, is observed in the UV-vis spectrum (Figure 2-7). These absorption features 

can be attributed to a bleach of the ground state absorption and the development of W(V) 

d-d transitions and W(V)-W(VI) IVCT transitions in the reduced Krebs-type 

polytungstate ligands respectively.
27-32

 In addition to producing the “heteropoly blues”, 

CO is detected in the head space gas by GC in ca. 80% yield. The photolysis reaction 

leads to the dissociation of 2.3 which generates the reduced POM ligands and the 

stoichiometrically oxidized products, Mn
2+

 ions and CO. In the next step, the 

disappearance of “heteropoly blues” by O2-based re-oxidation is also followed by UV-vis 

spectra. The absorptions from ca. 650 nm to 1000 nm decrease and the solution becomes 

colorless. The absence of the starting characteristic absorption at ca. 420 nm indicates 

that the dissociation of 2.3 is nearly complete.  
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Figure 2-7 (a) Normalized UV-vis spectra of aqueous 2.3, 2.4 and [Mn(CO)3]
+
 (2 equivalents); (b) 

GC signals for a gas sample from the head space of a quartz cell containing 2.3 after photolysis 

(deaerated by argon); (c) Time-dependent UV-vis spectra of 2.3 in a sealed and deaerated quartz 

cell exposed to a LED-lamp light (455 nm wavelength, 17mW); (d) Time-dependent UV-vis 

spectra of the post-photolysis solution of 2.3 in the quartz cell exposed to air. Arrows in (c) and 

(d) indicate the directions of amplitude changes. 

Table 2-3 DFT-optimized Cartesian coordinates (in Å) of all atoms of polyanion 2.1 at its ground 

singlet (S0) ground electronic state. 

C         2.42284000  5.58109800  -1.45224200 

 C         -2.42196300  -5.59046900  1.43418200 

 C         2.39144500  5.65237100  1.22514200 

 C         -2.37606900  -5.64058700  -1.24264700 

 C         4.68158500  5.17240800  -0.07628500 

 C         -4.67671500  -5.17639200  0.05284700 
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 O         2.10514100  6.31020500  -2.31671500 

 O         -2.10570200  -6.32563900  2.29403300 

 O         2.04573300  6.42214400  2.04233000 

 O         -2.01895200  -6.40051400  -2.06407300 

 O         5.73467300  5.68896100  -0.07419200 

 O         -5.72892400  -5.69463100  0.04286000 

 O         2.97843100  -1.98591500  2.92525800 

 O         -2.97990200  1.99706700  -2.92093700 

 O         5.13901700  -2.58732500  1.55036200 

 O         -5.14150300  2.59175100  -1.54508500 

 O         3.70214300  -4.71024800  2.82526800 

 O         -3.70631900  4.72102100  -2.81042800 

 O         1.51253700  -3.75320200  1.39516000 

 O         -1.51548600  3.75853600  -1.38608700 

 O         3.79119900  -4.30532100  0.05479100 

 O         -3.79391500  4.30611600  -0.04203000 

 O         6.58812900  0.78481900  2.15581500 

 O         -6.58728300  -0.78147400  -2.15738400 

 O         7.70131800  -1.79910100  2.46134000 

 O         -7.70335900  1.80156800  -2.45566300 

 O         5.28810800  -0.97145100  3.61286100 

 O         -5.28941800  0.97977600  -3.60995900 

 O         4.34150100  1.52332600  3.54585600 

 O         -4.33886100  -1.51252200  -3.55033100 

 O         6.67090900  -0.93050800  0.01107900 
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 O         -6.67124800  0.92984100  -0.00783800 

 O         4.25975500  0.07697900  1.40982500 

 O         -4.26004100  -0.07144200  -1.41026500 

 O         3.11764900  -0.32269200  5.26116400 

 O         -3.11700000  0.34072600  -5.25987900 

 O         1.89907800  0.43240300  2.78211500 

 O         -1.90042200  -0.42357300  -2.78060800 

 O         5.99573300  3.52616100  2.47091800 

 O         -5.98773000  -3.52111100  -2.48375800 

 O         3.52415600  2.82255600  1.31051200 

 O         -3.52124800  -2.81568200  -1.31399200 

 O         5.74856600  2.18422600  -0.01249500 

 O         -5.74886500  -2.18582000  0.00501100 

 O         5.98400400  3.46379000  -2.52445800 

 O         -5.99050700  -3.47114100  2.51156400 

 O         6.58480400  0.72434300  -2.16666800 

 O         -6.58615800  -0.73050200  2.16494900 

 O         4.34377800  1.43177400  -3.57105800 

 O         -4.34570200  -1.44332000  3.56682800 

 O         3.12732600  -0.44042000  -5.25805000 

 O         -3.12836600  0.42275400  5.25933200 

 O         5.29999400  -1.06890700  -3.58863900 

 O         -5.29978700  1.05904500  3.59199900 

 O         7.70905800  -1.86986100  -2.41189400 

 O         -7.70935200  1.86341300  2.41812200 
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 O         5.15443400  -2.64718900  -1.47854200 

 O         -5.15453900  2.64148200  1.48509100 

 O         3.01196600  -2.07202500  -2.88859100 

 O         -3.01193500  2.06142400  2.89269900 

 O         2.66959400  -1.90970700  0.02625300 

 O         -2.67091300  1.91057200  -0.02272500 

 O         -1.50987800  3.77243000  1.30435400 

 O         1.50837200  -3.77483500  -1.29628100 

 O         0.99945200  3.41648200  -0.05218900 

 O         -0.99950900  -3.41319200  0.05402000 

 O         -0.20483200  1.49901000  4.18178100 

 O         0.19793900  -1.50007200  -4.17978300 

 O         -0.27244400  1.34555300  1.33540700 

 O         0.27145800  -1.34440000  -1.33428000 

 O         -0.28093000  1.33111000  -1.41975400 

 O         0.28211500  -1.32678400  1.42098500 

 O         1.89646500  0.31535300  -2.79593700 

 O         -1.89571100  -0.32280500  2.79625800 

 O         3.68462700  -4.79267300  -2.70003600 

 O         -3.68519300  4.78174600  2.71563100 

 O         0.19145500  -1.18848800  4.31062100 

 O         -0.18652700  1.18971500  -4.31028900 

 O         4.26480200  0.02315500  -1.40801800 

 O         -4.26575600  -0.02941600  1.40775800 

 O         3.51357100  2.73477000  -1.36035400 
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 O         -3.51588500  -2.74375000  1.35711000 

 Re         2.95321300  4.38458800  -0.07451700 

 Re        -2.94983900  -4.38492800  0.06345200 

 Sb         2.82117600  0.11376900  -0.00569900 

 Sb        -2.82171100  -0.11236800  0.00536500 

 W         3.31850600  -3.42594600  1.71438400 

 W         -3.32297500  3.43393700  -1.70277000 

 W         6.22888700  -1.08096400  1.86832500 

 W         -6.23025400  1.08382600  -1.86380100 

 W         6.22405700  -1.15079900  -1.85232600 

 W         -6.22445600  1.14489100  1.85750100 

 W         3.52628800  -0.22406100  3.57626700 

 W         -3.52559500  0.23934900  -3.57512100 

 W         5.13693900  2.14423100  1.84627400 

 W         -5.13225900  -2.13861200  -1.85632300 

 W         5.15865800  2.08535600  -1.84911600 

 W         -5.16208000  -2.09299600  1.83892200 

 W         3.53581500  -0.28984500  -3.57546900 

 W         -3.53684100  0.27499700  3.57643300 

 W         3.30564300  -3.46394600  -1.64035800 

 W         -3.30547500  3.45660300  1.65155500 

 W         0.00154900  0.10436200  3.15263600 

 W         -0.00215000  -0.10361500  -3.15183400 

 W         -0.51911500  2.46826500  -0.05181500 

 W         0.51913400  -2.46535800  0.05415500 
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Table 2-4 The band origin S0-S1, and bright S0-Sn transitions (f > 0.001 a.u.) in water 

State E/eV /nm osc. str. (a.u.) 

S1 2.5172 492.54 f=0.0003 

S2 2.6124 474.59 f=0.0015 

S9 2.6252 472.29 f=0.0017 

S11 2.6357 470.41 f=0.0011 

S16 2.8045 442.09 f=0.0038 

S17 2.8058 441.88 f=0.0015 

S18 2.8078 441.57 f=0.0042 

S24 2.8912 428.83 f=0.0114 

S28 2.9173 424.99 f=0.0039 

S32 2.9524 419.95 f=0.0022 

S33 2.9696 417.51 f=0.0013 

S35 2.9975 413.62 f=0.0016 

S36 3.0012 413.12 f=0.0059 

S37 3.002 413.01 f=0.0066 

S38 3.0108 411.8 f=0.0026 

S40 3.0208 410.43 f=0.0013 

S41 3.0256 409.79 f=0.0126 

S42 3.0358 408.41 f=0.0004 

S43 3.0989 400.09 f=0.0080 

S52 3.1852 389.26 f=0.0026 

S63 3.2426 382.36 f=0.0022 

S69 3.2605 380.26 f=0.0025 
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2.4 Conclusions 

Four polytungstate-supported tricarbonyl metal derivatives have been synthesized 

through a facile approach and characterized by X-ray crystallography andspectroscopic 

methods. These compounds contain very similar geometrical structures: 

[XW9O33(WO2){M(CO)3}]2
12-

 (X = Sb, Bi and M = Re, Mn). Notably, 2.1 and 2.2 show 

broad absorptions in the visible region. Unlike 2.1 and 2.2, 2.3 and 2.4 are unstable upon 

irradiation. The charge transfer transitions from the Mn centers to the POMs result in 

decomposition of the starting compounds.   

  The preparation of these four compounds is performed in aqueous solutions under 

mild conditions. This synthetic approach is more convenient than reported preparations of 

similar compounds where organic solvents or one-pot hydrothermal methods are used. 

This stepwise synthesis indicates that the multi-dentate multi-defect POMs, 

[X2W22O74(OH)2]
12-

 (X = Sb or Bi), are versatile starting materials for construction of 

functionalized POMs of this type. Together with the previously reported structures by 

Krebs, the examples in this report suggest that these POM precursors can be further used 

to coordinate topologically equivalent units, [LMR3]
n+

 (L = tridentate ligand; M = 

transition metal; R = weak ligands, such as H2O, CH3CN, etc.) that might display 

chromophoric or catalytic properties of interest.   
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3.1 Introduction 

POM-based organometallic derivatives have been widely investigated for designing new 

materials with distinct structures and multi-functionalities.
1-3

 These inorganic-organic 

hybrid compounds can integrate the advantages of POMs (i.e. oxidative, hydrolytic and 

thermal stability, multi-electronic redox activities, photochemical properties and so on), 

and organometallic complexes (i.e. chirality, magnetism, catalysis and visible-light 

activity). Sometimes synergistic properties also appear in the hybrid systems. Up to date 

most of these compounds are POM-based organo- tin/germanium/ruthenium complexes 

usually with phenyl or alkyl ligands.
4-24

 POM-supported metal carbonyl complexes 

(PSMCs) are relatively less studied. Initially, PSMCs were used to mimic the metal 

carbonyl derivatives deposited onto the surfaces of solid oxides. The latter are stable and 

efficient heterogeneous catalysts for industrial reactions such as hydrogenation and 

hydrocarbonation.
25-27

 The fine structures, especially short-range orders and local 

compositions of these modified solid-oxide surfaces were less studied, although limited 

information could be revealed somehow by various techniques, i.e. EXAFS. Single 

crystal X-ray diffraction is limited because of their heterogeneous nature. POMs are 

metal-oxide molecular analogues and thus modeling the interaction between metal 

carbonyl and solid-oxide supports at an atomic level.   

        In this section we investigated PSMCs based on the mono-lacunary POM ligands [α-

PW11O39]
7-

 and [α2-P2W17O61]
10-

. We expanded the research concerning the “twisted-

sandwich” tungstophosphates, which have extended the family of Krebs-type “slipped-

sandwich” tungstoantimonates and tungstobismuthates as mentioned in Chapter 2. In 

this work, several novel PSMCs have been successfully isolated and fully characterized: 
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K6Na4P2W23O80{Re(CO)3}223H2O (3.1), (C3H10N)8Na2P2W23O80{Re(CO)3}212H2O 

(3.1a), (C3H10N)6Na4P2W23O80{Mn(CO)3}218H2O (3.2) and 

K15NaP4W35O124{Re(CO)3}237H2O (3.3) K15NaP4W35O124{Mn(CO)3}232H2O (3.4). 

Synthetic methodology, crystal structures, spectroscopy and electrochemical properties 

have been thoroughly investigated. 

3.2 Experimental 

3.2.1. Materials and Instrumentation 

Chemicals were reagent grade and used as supplied. The Keggin and Dawson 

polyoxometalate precursors Na7[α-PW11O39] and K10[α2-P2W17O61] were prepared 

according to the literature.
28,29

 The low-valence complexes M(CO)3(CH3CN)3(BF4) (M = 

Re, Mn) were made following known methods with only AgClO4 replaced by AgBF4.
30

 

The purities of these compounds were analyzed by 
1
H NMR, 

31
P NMR and FT-IR 

spectroscopy. 

        The FT-IR spectra were acquired on a Thermo Nicolet 6700 spectrometer with KBr 

pellets (2%). UV-vis spectra were collected using an Agilent 8453 spectrophotometer 

equipped with a diode-array detector and an Agilent 89090A cell temperature controller 

unit. 
31

P NMR spectra (162.13 MHz) in D2O were measured on a Varian INOVA 400 

spectrometer with respect to an external standard of 85% H3PO4 (0 ppm). Elemental 

analyses were performed by Galbraith Lab Inc., Knoxville, TN (K, Na, P, Re, W) and 

Atlantic Microlab Inc., Norcross, GA (C, H, N). Thermogravimetric analysis was 

acquired on a Perkin Elmer STA 6000 analyzer. 
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3.2.2. Synthesis  

K6Na4P2W23O80{Re(CO)3}223H2O (3.1). Na7PW11O39 (0.1 mmol, 286 mg) and 

Re(CO)3(CH3CN)3BF4 (0.1 mmol, 48 mg) were dissolved in 15 mL of hot water. The 

mixtures were heated at ~70
o 
C for 0.5 h, during which the solution color slowly became 

orange-red. The solution was then cooled to room temperature and the pH was adjusted 

to ~2.5 by 1.0 M HCl. The solution became dark-red in color and was filtered. KCl (200 

mg) was added to the above solution in small portions. Single crystals in plate shapes and 

suitable for X-ray diffraction were collected after slow evaporation in about 3 weeks. 

Yield: 45 mg (13% based on P). FTIR (2500 – 400 cm
-1

): 2013 (s), 1900 (s), 1879 (s), 

1099 (s), 1046 (s), 956 (s), 903 (m), 838 (s), 785 (w), 743 (w), 708 (w), 653 (w), 598 (w), 

513 (w). Electronic spectral data (350 – 700 nm, in H2O): ε400 ~ 1.1×10
4
 M

-1⋅cm
-1

. 
31

P 

NMR: -12.7 ppm. Anal. Calcd. for C6H46O109K6Na4P2Re2W23: K, 3.4; Na, 1.3; P, 0.90; 

Re, 5.4; W, 61.7. Found: K, 3.8; Na, 1.1; P, 0.83; Re, 5.1; W, 59.5. Thermogravimetric 

analysis (TGA): weight loss, 8.5%.   

        (C3H10N)8Na2P2W23O80{Re(CO)3}212H2O (3.1a). The preparation was similar to 

that for 3.1 but with trimethylammonium bromide (~100 mg) substituted for KCl. Large 

block-shape crystals suitable for X-ray diffraction measurement were obtained overnight. 

Yield: 240 mg (70% based on P). FTIR (2500 – 400 cm
-1

): 2006 (s), 1900 (s), 1876 (s), 

1099 (s), 1103 (s), 1047 (s), 954 (s), 895 (m), 835 (s), 817 (s), 781 (w), 703 (s), 654 (w), 

595 (w), 513 (w). Electronic spectral data (350 – 700 nm, in H2O): ε400 ~ 1.1×10
4
 M

-1⋅cm
-

1
. 

31
P NMR: -12.7 ppm. Anal. Calcd. for C30H104N8O98Na2P2Re2W23: C, 5.26; H, 1.53; N, 

1.63; Na, 0.67. Found: C, 5.26; H, 1.46; N, 1.65; Na, 0.71. TGA: weight loss, 12.6%. 
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        (C3H10N)6Na4P2W23O80{Mn(CO)3}218H2O (3.2). Mn(CO)5Br (0.1 mmol, 27 mg) 

and AgNO3 (0.1 mmol, 17 mg) were dissolved in 1 mL methanol. The mixtures were 

stirred in the dark at room temperature for ~2 hrs and then filtered. The filtrate containing 

the in situ formed [Mn(CO)3]
+ 

precursors was then added to an aqueous solution (15 mL) 

of Na7PW11O39 (0.1 mmol, 286 mg). The mixtures were stirred in the dark at ~50
o 

C for 

another ~2 hrs and then filtered. 1 M HCl was added dropwise until the final pH was 

~2.5. Trimethylammonium bromide (~20 mg) was then added and the solution was 

filtered again. The solution was kept in the dark for slow evaporation. Black-red crystals 

in large block shapes were collected after ~2 weeks. Yield: 150 mg (45% based on P). 

FTIR (2500 – 400 cm
-1

): 2031 (s), 1930 (s), 1921 (s), 1099 (s), 1049 (s), 955 (s), 895 (m), 

841 (m), 823 (w), 767 (w), 750 (w), 714 (s), 677 (w), 598 (w), 582 (w), 509 (m). 

Electronic spectral data (350 – 700 nm, in H2O): ε400 ~ 9.7×10
3
 M

-1⋅cm
-1

. 
31

P NMR: -12.6 

ppm. Anal. Calcd. for C24H96N6O104Na4Mn2P2W23: C, 4.35; H, 1.46; N, 1.27; Na, 1.4; 

Mn, 1.6; P, 0.93; W, 63.8. Found: C, 4.41; H, 1.39; N, 1.26; Na, 1.2; Mn, 1.5; P, 0.83; W, 

61.3. TGA: weight loss, 12.9%. 

        K15NaP4W35O124{Re(CO)3}237H2O (3.3). K10[2-P2W17O61]20H2O (0.1 mmol, 

487 mg) and Re(CO)3(CH3CN)3(BF4) (0.1 mmol, 48 mg) were dissolved in 20 ml H2O at 

pH 2.5 adjusted by 1 M HCl. The mixture was heated at ~70 ºC for 1 h and the color 

finally changed to dark red. KCl (200 mg) was added to the solution and then the solution 

was filtered through a fine filter paper. Dark-red and plate-shaped crystals were obtained 

by slow evaporation over the course of several days. Yield: 320 mg (30% based on P). 

Analytical data: 
31

P NMR (D2O): -8.5 and -13.5 ppm. FTIR (2% KBr pellet, 2500 - 400 

cm
-1

): 2006 (m), 1901(m), 1880 (m), 1654 (m), 1081 (m), 943 (s), 806 (s), 769(s), 704 
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(s), 527 (m). Electronic spectral data (300 - 800 nm, in H2O, 0.2 cm cell pathlength): 400 

~ 6200 M
-1
cm

-1
. Elemental analysis found Na in the sample, which is attributed to 

Na2WO42H2O used during the preparation of K10[2-P2W17O61]20H2O. Anal. Calcd. for 

C6H76O168K15NaP4Re2W35: K, 5.6; Na, 0.22; P, 1.2; Re, 3.6; W, 62.1. Found: K, 5.5; Na, 

0.21; P, 1.1; Re, 3.4; W, 62.7. Thermogravimetric analysis (TGA): weight loss, 8.07%. 

        K15NaP4W35O124{Mn(CO)3}232H2O (3.4). K10P2W17O61 (0.1 mmol, 480 mg) was 

dissolved in 10 mL of H2O at ~ 70
o 

C. Pre-synthesized Mn(CO)3(CH3CN)3BF4 (0.1 

mmol, 35 mg) was added and the mixtures were stirred in the dark for 1 hr. HCl (1.0 M) 

was added slowly to the above solution until the pH was ~2.2. The solution turned a dark-

red color and was stirred for another 15 mins. KCl (400 mg) was then added and the 

mixtures were filtered. The filtrate was kept in the dark and red crystals were obtained 

within several hours. The remaining solution became greenish. Yield: 80 mg (16% based 

on P). FTIR (2500 – 400 cm
-1

): 2034 (s), 1948 (s), 1936 (s), 1085 (s), 1056 (m), 1017 

(m), 945 (s), 913 (m), 798 (s), 738 (s), 600 (w), 566 (w), 523 (m). Electronic spectral data 

(350 – 700 nm, in H2O): ε400 ~ 4.8×10
3
 M

-1⋅cm
-1

. 
31

P NMR: -7.6 and -13.2 ppm. 

C6H64O162K15NaP4Mn2W35: elemental analysis need to be done. TGA: weight loss, 7.5%. 

3.2.3. Crystallography  

X-ray analysis was performed on a Bruker D8 SMART APEXII CCD sealed tube 

diffractometer. Diffraction intensities were measured using graphite monochromated Mo 

Kα radiation (λ = 0.71073 Å) at 173(2) K. Data collection, indexing, and initial cell 

refinements were carried out using APEX2 v2011.2-4 (Bruker, 2011). Data reduction and 

cell refinements were carried out using SAINT v7.68A (Bruker, 2009). A multi-scan 

absorption correction that included face-indexing was done using the program 
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SADABS.
31-33

 The molecular structures were determined by Direct Methods and Fourier 

techniques and refined by full-matrix least squares. Structure solution, refinement, 

graphics were generated with and generation of publication materials were accomplished 

using SHELXTL-97 software.
34,35

 The largest residual electron density for each structure 

was located close to the W atoms and was most likely due to imperfect absorption 

corrections frequently encountered in heavy-metal atom structures. Crystal data 

collection and refinement parameters are given in Table 3-3.  

3.2.4. Electrochemistry 

Cyclic voltammograms (CVs) of 3.1, 3.2 and 3.4 were obtained at room temperature 

using a BAS CV-50W potentiostat using the standard three-electrode configuration. A 

glassy-carbon electrode was used as the working electrode. The reference electrode was 

Ag/AgCl (3 M NaCl) (BASi) and a platinum wire was used as the counter electrode. All 

reported reduction potentials are relative to this reference electrode. CVs were performed 

in 20 mM sodium acetate buffer (pH = 4) with 0.2 M LiClO4 as supporting electrolyte.  

3.3 Experimental 

3.3.1 Synthesis and Crystal Structures 

Table 3-1 summarizes all PSMCs up to this point.
5,36-53

 The majority of these compounds 

include the Lindqvist-type derivatives (Entry #2,3,6,7,8,10). Keggin and Dawson 

(especially the defect) based PSMCs are relatively rare. Furthermore, most compounds 

are made by one-pot hydrothermal methods and frequently in organic solvents, which are 

comparatively less convenient. As mentioned in Chapter 2, we successfully immobilized 

the [M(CO)3]
+
 (M = Re, Mn) groups onto the vacant sites of Krebs-type “slipped-
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sandwich” POMs [X2W20O70]
14-

 (X = Sb, Bi) through a facile method (Entry #13).
15,54-59

 

With respect to the phosphor-centered analogues, however, [P2W20O72]
14-

 was rarely 

observed (Scheme 3-1), although other dimeric species such as [P2W19O69(OH2)]
14–

, 

[P2W20O70(OH2)2]
10–

 and [P2W21O71(OH2)3]
6–

 were seen previously.
60-64

 The [PW9O34]
9-

 

ligands usually capture transition-metal ions to become the well-known eclipsed 

sandwich structures with tri-/tetra- nuclear cores.
65-76

 Earlier Hill et al. reported an Ir(III)-

substituted POM, [(IrCl4)KP2W20O72]
14-

, a pre-catalyst for water oxidation.
77

 In this 

structure, the [IrCl4]
-
 group locates in the external position of [P2W20O72]

14-
, a similar 

“slipped-sandwich” geometry to the Krebs-type complexes. An interesting discovery by 

Kirschhock et al. shows a one-step transformation from [PW12O40]
3-

 to [P2W20O72]
14-

 

mediated by chromate.
78

. It should be pointed out that [α2-P2W17O61]
10-

 and [α-

PW11O39]
7-

 are mono-lacunary, based on which the transition-metal substituted 

complexes usually appear as 1) the typical 1:1 monomeric Keggin/Dawson-type of 

[PW11O39M(H2O)]
3-/4-

 and [P2W17O61M(H2O)]
6-/7-/8-

 (M = Mn
II
, Fe

III
, Co

II
, Ni

II
, Cu

II
, 

Ru
III

, Ti
IV

, Zr
IV

, etc.);
79-87

 2) the achiral 2:2 dimeric forms of [{PW11O39M(µ-OH)}2]
8-/10-

 

and [{P2W17O61M(µ-OH)(H2O)}2]
14-/16-

 (M = Ru
III

, Hf
IV

, Zr
IV

, etc.);
88-95

 3) the chiral 2:1 

dimers [(PW11O39)2M(H2O)]
10-/11-

 and [(P2W17O61)2M]
16-/17-

 (M = Ce
III

, Zr
IV

, Hf
IV

, Ti
IV

, 

etc.).
96-105

 On the other side, the organometallic derivatives (especially the organo-

ruthenium substituted) derived from monovacant POM ligands were studied 

intensively.
16,17,63,106-125

 These discoveries have inspired us to investigate more 

intensively in the coordination chemistry between mono-lacunary POMs and metal 

carbonyl groups. 
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Table 3-1 Summary of PSMCs 

No. Formulas Conditions Comments Refs 

1 [{CpFe(CO)2Sn}SiW11O39]
5- 

[Co(CO)3(SnSiW11O39)2]
11-

[{CpFe(CO)2Sn}2PW10O38]
5- 

and related compounds 

Trichlorostannanes or 

trichlorogermanes (e.g. 

CpFe(CO)2SnCl3) were reacted with 

the mono-lacunary POMs or 

Na2WO4/NaH2PO4 in one-pot; 

precipitates were isolated upon 

adding K+ or TBA/TMA 

 

Early examples of 

PSMCs; no crystal 

structures reported; 

characterized by FTIR, 
31P and 183W NMR 

spectroscopy 

5,36 

2 [(OC)3M(Nb2W4O19)]
3-  

(M = Re and Mn) 

[{(CO)2Rh}5(Nb2W4O19)2]
3-

[{(CO)2Rh}3(Nb2W4O19)2]
5-

[{(CO)2Ir}2H(Nb2W4O19)2]
5- 

 

[M(CO)3(CH3CN)3](PF6) (M = Re, 

Mn) or [Rh(CO)2Cl]2 were refluxed 

with TBA4(Nb2W4O19); bubbled CO 

into 

TBA5[{(C8H12)Ir}2H(Nb2W4O19)2] 

in CH3CN 

Crystal structures were 

determined for the 

Re/Mn compounds but 

disordered; no X-ray 

structures for the Rh/Ir 

complexes; 17O and 
183W NMR were also 

studied 

37-39 

3 [{CpTi(Mo5O18)}Mn(CO)3]
2- 

[(CpTiW5O18)2Ru2(CO)4]
4- 

[Mn(CO)3(CH3CN)3](PF6) reacted 

with [CpTi(Mo5O18)(MoO2Cl)] in 

CH3CN; [(CH3CN)6Ru2(CO)4](PF6)2 

reacted with TBA3[CpTiW5O18] in 

CH2Cl2 

 

Bifunctional POM-

supported 

organometallic 

compounds; no crystal 

structures; 17O NMR 

and FTIR spectroscopy 

provided some 

structural information 

40,41 

4 [(Ph3P)2Rh(CO)(CH3CN)]n[X

M12O40] (X = Si, P; M = W, 

Mo; n = 3,4) 

Mixed hydrated H4SiW12O40 and 

[(Ph3P)3Rh(CO)]+[HC(SO2CF3)2]
- in 

EtOH/MeCN solution and collected 

the precipitates 

 

Ion pairs; no structures 

were determined but 

EXAFS was studied; 

heterogeneous catalysts 

for hydroformylation of 

olefins 

42 

5 [Re(CO)3P2W15Nb3O62]
8-

[Ir(CO)2P2W15Nb3O62]
8-

[Rh(CO)2P2W15Nb3O62]
8- 

[Re(CO)3(CH3CN)3](BF4) reacted 

with TBA9P2W15Nb3O62 in CH3CN; 

bubbled CO into a solution of 

[M(1,5-COD)-P2W15Nb3O62]
8- (M = 

Ir and Rh) 

 

PSMCs with Dawson 

POMs, but no crystal 

structures were 

determined; 31P and 
183W NMR, FTIR were 

studied 

43 

6 [M6O19{M’(CO)3}n]
(8-n)-  

(M = Nb, Ta; M’ = Mn, Re; n = 

1, 2) 

[Mn(CO)3]
+ and [Re(CO)3]

+ reacted 

with POMs K7HNb6O19 and 

K8Ta6O19 in water by hydrothermal 

methods in autoclave 

 

X-ray structures 

determined; 17O NMR 

and FTIR were also 

studied 

44 

7 [Mo2O5(OMe)5{M(CO)3}2]
-  

(M = Re and Mn) 

[Mo2O4(OMe)6{Mn(CO)3}2] 

[Mo2O6(OMe)4{Re(CO)3}2]
2- 

[Mo2O4{RC(CH2O)3}2{Mn(CO

)3}2] 

(R = Me and CH2OH) and the 

related 

 

The solvated precursors [Mn(CO)3]
+ 

and [Re(CO)3]
+ were reacted with 

TBA2Mo2O7 in MeOH; w/o the 

presence of RC(CH2OH)3 (R = Me, 

CH2OH) 

Crystal structures 

determined; electronic 

connection study 

revealed the isolobal 

analogy between d0-fac-

{MoO2X} (X = O, OR, 

Cl) and d6-fac-

{M(CO)3} (M = Mn, 

Re) 

45 

8 [M(CO)3(H2O){Mo5O13-

(OMe)4(NO)}]2- (M = Re, Mn), 

[Na{Mo5O13(OMe)4(NO)}2{M

n(CO)3}2]
3- and the other 

similar compounds 

 

The solvated [Mn(CO)3]
+ and 

[Re(CO)3]
+ precursors reacted with 

TBA2[Na(MeOH)-

{Mo5O13(OMe)4(NO)}] in MeOH 

Structures determined; 

[Mo5O13(OMe)4(NO)]3- 

ion is a multifunctional 

ligand 

46 



68 
 

9 [SiW11O39Ru(CO)]6- Ru(acac)3 and [α-SiW11O39]
8- were 

reacted under hydrothermal 

conditions in autoclave. 

No crystal structure; 

structure was 

characterized by XRD, 
13C NMR and FTIR; 

photo-induced redox 

chemistry was studied 

 

47 

10 [(H2W8O30){M(CO)3}2]
8- 

[(H2Mo8O30){M(CO)3}2]
8-   

(M = Re, Mn) 

 

One-pot synthesis of [Mn(CO)3]
+ 

and [Re(CO)3]
+ with Na2WO4 ,or 

with [Mo7O24]
6- in H2O/AcOH 

Structures obtained; 

Lindqvist 

isopolyoxotungstate 

supported metal 

carbonyl derivatives 

 

49,53 

11 [Mn(CO)3(A-α-H2XW9O34)]
8- 

 (X = Si, Ge) 

Mixed solvated [Mn(CO)3]
+ and [γ-

XW10O36]
8- (X = Si, Ge) in 

H2O/CH3CN solution at neutral pH 

Structures determined; 

crystal formation due to 

the degradation [γ-

XW10O36]
8- (X = Si, 

Ge) 

 

51 

12 [Mn(CO)3(CH3CN)3]3[XM12-

O40], [Mn(CO)3(CH3CN)3]3-

[X2M18O40]  

(X = P, As, Si, Ge; M = W, 

Mo) 

 

Mixed solvated [Mn(CO)3]
+ and 

[Re(CO)3]
+ groups with plenary 

Dawson/Keggin POMs in 

H2O/CH3CN 

Structures were 

determined; Ion pairs 

50 

13 [X2W20O70{M(CO)3}2]
12-  

(X = Sb, Bi; M = Re, Mn) 

Mixed [Mn(CO)3]
+ and [Re(CO)3]

+ 

with the Krebs-type 

[X2W22O74(OH)2]
12- (X = Sb, Bi) in 

water 

Structures obtained; 

also shown 

topologically equivalent 

units between fac-

[M(CO)3]
+ and fac-

[TM(H2O)3]
2+/3+ (TM = 

Co, Cu, Zn, Fe) 

 

52 

14 [P4W35O124{M(CO)3}2]
16- 

[P2W23O80{M(CO)3}2]
10- 

(M = Re, Mn) 

 

Solvated [M(CO)3]
+ (M = Re, Mn) 

precursors reacted with [α2-

P2W17O61]
10- or [α-PW11O39]

7- in 

water at pH 2 ~ 2.5 

Defect Dawson or 

Keggin PSMCs with 

sigle-crystal structures; 

visible-light active 

MPCT was studied 

48 and 

herein 

Cp = cyclopentadieny; TBA = tetrabutylammonium; TMA = tetramethylammonium; COD = 1,5-

cyclooctadiene;  
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Scheme 3-1 Representative “slipped” and “twisted” sandwich polytungsten ligands. WO6: blue 

octahedra; XO4 (X = Sb, Bi, P): purple tetrahedra. Oxygen atoms in red-ball notation represent 

the coordinating sites, otherwise are omitted for clarity. 
[a] 

One K
+
 ion locates in the inversion 

center. 

The experimental results proved that the methods we established are versatile: mixing 

the POM precursors, [α2-P2W17O61]
10-

 or [α-PW11O39]
7-

, with the solvated [Re(CO)3]
+
 

(generated from pre-synthesized Re(CO)3(CH3CN)3BF4) or [Mn(CO)3]
+
 (from 

Mn(CO)3(CH3CN)3BF4 or prepared in situ by Mn(CO)5Br and AgNO3), at a certain acidic 

pH (<4), we can readily obtain the novel “twisted-sandwich”-type PSMCs: 

[P4W35O124{M(CO)3}2]
16- 

and [P2W23O80{M(CO)3}2]
10-

 (M = Re, Mn). Initially, [α2-

P2W17O61]
10-

 and [α-PW11O39]
7-

 are tetra-oxygen donors and the four oxygen atoms are 

almost planar with a diagonal distance of ~ 4.20 Å (Figure 3-1). [M(CO)3]
+
 cannot bind 

to the above four terminal oxygens through three covalent M-O-W bonds directly; an 

additional vacant site is required. We also found that an acidic pH value is crucial for 

dimerization; these compounds do not form at higher pH (>5). Comparing the resulting 

dimeric structures with Krebs-type POMs, we find that the terminal oxygen atoms in the 
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latter order trigonally with distances between 2.70 to 2.88 Å in [X2W20O70]
14-

 (X = Sb or 

Bi).
54,55

 Thus, they match well with the tri-vacant sites of [M(CO)3]
+
 (M = Re, Mn).

52
 

 

Figure 3-1 (a) Scheme of the proposed synthetic pathways of 3.1 and 3.2. Color codes: O, red; C, 

black; P and PO4, violet; Re or Mn, yellow; W and WO6, blue or green. The yellow rectangles 

represent the mirror planes in [α-PW11O39]
7-

. Compound 3.3 and 3.4 follow the similar 

mechanism only with [α2-P2W17O61]
10-

 replacing [α-PW11O39]
7-

. (b) Representative distances (unit: 

Å) of the tetra-oxygen donors in [α-PW11O39]
7-

. (c) The trigonal coordination sites (unit: Å) 

appeared in the chiral structure (only half moiety is shown). (d) UV-vis absorption spectra in the 

course of preparing 3.1 at different pH. [α-PW11O39]
7-

 was firstly reacted with [Re(CO)3]
+
 (ratio 

1:1) in water at 70 
o
C for 0.5 h. The spectra were record thereafter while changing pH by adding 

1.0 M HCl. 

        Thus, we propose the self-assembly pathways as follows: at first, the solutions 

containing equivalent POMs and [M(CO)3]
+
 (M = Re, Mn) become reddish in color upon 

heating, a characteristic feature of MPCT transition, indicating the formation of W-O-M 
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bonds. As shown in Figure 3-1, [M(CO)3]
+
 tends to bind to the coordination sites, O(1) 

and O(2) (or the mirroring O(1’) and O(2’)), because the distances between them are 2.72 

and 2.78 Å respectively, while the distances of O(1)-O(1’) and O(2)-O(2’) are 3.08 and 

3.22 Å. The resulting bi-coordinated intermediates, denoted as [POM-1,2-M(CO)3]
≠
 and 

[POM-1’,2’-M(CO)3]
≠
, are chirality-predefined building blocks. These intermediates lead 

to the chirality of each polyanion and the racemic configurations of solid states upon 

dimerization. The extra [WO2]
2+

 unit is derived from degraded POMs or additional 

tungstate salts added complementarily. While decreasing pH (<4), solution colors 

become darker and the visible absorption becomes more intensely, indicating the ongoing 

dimerization processes. In our trials, the four crystals were prepared at pH ~2-2.5. 

The structure of 3.1 shows an ideal C2 symmetry with only one peak appeared in 
31

P 

NMR (Figure 3-2). The bond distances of Re-O and C-O are in the range of 1.87 to 1.91 

Å and 1.16 to 1.20 Å respectively, which are similar to those of PSMCs reported 

previously.
5,36-52

 Specifically, the structure can be regarded as dimerization of two [α-

PW11O39]
7-

 polyanion with an extra [WO2]
2+

 unit as the rotating center. The resulting 

“twisted sandwich” provides trigonally ordered terminal coordination sites, constructed 

from two oxygens from [α-PW11O39]
7-

 and one oxygen from [WO2]
2+

 with O-O distances 

of 2.72 – 2.78 Å (Figure 3-1). This feature is similar to some organo-ruthenium 

substituted POMs,
109,116

 but different from the Krebs-type Sb/Bi-centered POMs. The 

supported [Re(CO)3]
+
 moieties are in the “out-of-pocket” positions (Figure 3-1).

126,127
 

The central W atom locates in a distorted octahedral cage, and the four neighboring metal 

centers (Re, the central W and the other two adjacent W) are almost in the same plane 

(±1º; see the green planes in Figure 3-3). The chirality derives from two [α-PW11O39]
7- 
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units staggered relative to one another around the central W atom, i.e. a torsion angle of 

±48.5º between the two green planes in Figure 3-1. However, unlike [Hf(PW11O39)2]
11-

 

which crystallizes in a chiral space group,
103,128-130

 3.1 crystallizes in a centrosymmetric 

space group P1̄. Thus, 3.1 is racemic (Λ- and Δ- forms of two enantiomers co-exist with 

1:1 ratio) in the solid state. Since 3.1 has a low yield probably due to high solubility, 

trimethylammonium (TMA) was added to facilitate crystallization (70% yield). 

Interestingly, the resulting 3.1a crystallizes in the orthorhombic space group Pbca. The 

crystal quality is not as good as 3.1, which is probably due to the shorter crystallization 

time, highly disordered TMA cations, the high symmetry space group and a very large 

unit cell volume. Figure 3-4 shows the ordered atomic positions of the Λ- and Δ- forms 

assembled in the unit cell. 

Table 3-2 Selective bond lengths (Å) and bond angles (°)  

 3.1 3.1a
c 

3.2 3.3 3.4 

P-O
a 

1.52-1.56 1.50-1.59 1.50-1.55 1.51-1.60 1.52-1.58 

M-O
a 

2.07-2.15 1.99-2.20 1.97-2.03 2.10-2.13 1.96-2.03 

M-C
b 

1.88-1.91 1.71-1.90 1.80-1.83 1.85-1.93 1.78-1.85 

C-O
b
 1.16-1.20 1.20-1.23 1.13-1.16 1.12-1.22 1.08-1.15 

M-C-O
b 

176-180 172-179 174-179 170-177 173-180 

C-O 

stretching 

2013, 1900, 

1879 

2005, 1897, 

1877 

2031, 1930, 

1921 

2006, 1901, 

1880 

2034, 1948, 

1936 

 [a] Oxygen from the POM frameworks (X = Sb or Bi; M = Re or Mn). [b] Carbon from the 

carbonyl groups. [c] Oxygen from the carbonyl groups.  

        A similar racemic structure is also observed in 3.2 while changing [Re(CO)3]
+
 to 

[Mn(CO)3]
+
. Mn-C and C-O bond distances are in the range of 1.80 to 1.83 Å and 1.12 to 

1.16 Å, respectively. The twist angle is ±44.1º. Interestingly, the TMA directed 

crystallization results in a monoclinic, C2/c space group (Figure 3-4). Compound 3.3 and 
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3.4 also shows the “twisted-sandwich” structure (±44.1º) similar to 3.1 and 3.2 but with a 

larger Dawson ligand (Figure 3-3). The structural chirality of each polyanion is similar to 

the one in [Ce2(H2O)8(P2W17O61)2]
14-

,
97

 but both compounds crystallize in a 

centrosymmetric space group, triclinic P1̄ (Figure 3-4). 

 

Figure 3-2 
31

P NMR of 3.1 (D2O), 3.1a (D2O with LiCl), 3.2 (D2O with LiCl), 3.3 (in D2O) and 

3.4 (in D2O) with respect to 85% H3PO4 (0 ppm). 

 

Figure 3-3 X-ray structures of Λ-3.1 (a) and Λ-3.4 (b) in ball-and-stick modes. Color codes: C, 

gray; O, red; Re/Mn, yellow; W, blue. The green planes illustrate the relatively twisted positions 

of the two POM ligands and the torsion angles. 

-6 -8 -10 -12 -14

Chemical Shift (ppm)

3.4
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Figure 3-4 The packing arrangements of Λ- (blue) and Δ- (green) isomers in the single unit cells 

of crystal structures of (a) 3.1, (b) 3.1a, (c) 3.2 and (d) 3.4. Color codes: O, red; C, black; PO4, 

violet; Re or Mn, yellow; WO6, blue or green. 

        Because these complexes show C2 symmetry and each {M(CO)3}
+
 unit has local C3v 

symmetry, two symmetric and one anti-symmetric IR-active C-O stretching modes, 

appear in the FTIR spectra (Figure 3-5). Compounds 3.1 and 3.3 (the Re derivatives) 

have lower C-O frequencies relative to those in 3.2 and 3.4 (the Mn derivatives) 

respectively, which is consistent with the stronger M-to-CO d-* back bonding as Re(I) 

is more electron donating than Mn(I).  
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Figure 3-5 FTIR spectra (KBr pellets). 
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Table 3-3 Crystal structure data for compounds 3.1, 3.1a, 3.2, 3.3 and 3.4 

 3.1 3.1a 3.2 3.3 3.4 

Empirical formula C6H46O109K6Na4P2Re2W23 C30H104N8O98Na2P2Re2W23 C24H96N6O104Na4Mn2P2W23 C6H76O168K15NaP4Re2W35 C6H64O162K15NaP4Mn2W35 

T [K] 173(2) 173(2) 173(2) 173(2) 173(2) 

Mr [g mol-1] 6851.59 6853.80 6625.10 10377.09 10006.11 

Crystal system Triclinic Orthorhombic Monoclinic Triclinic Triclinic 

Space group P1̄ Pbca C2/c P1̄ P1̄ 

a [Å] 13.0794(4) 23.0635(18) 57.054(8) 12.819(3) 12.7431(17) 

b [Å] 19.8716(6) 26.1690(19) 13.2708(18) 22.511(6) 25.174(3) 

c [Å] 21.3258(6) 38.199(3) 36.998(5) 25.188(6) 26.124(4) 

 [°] 76.506(2) 90 90 100.326(4) 106.744(2) 

 [°] 84.428(2) 90 127.936(2) 97.652(4) 103.886(2) 

γ [°] 82.631(2) 90 90 92.667(4) 100.912(2) 

V [Å3] 5332.3(3) 23055(3) 22094(5) 7068(3) 7483.4(17) 

Z 2 8 8 2 2 

calcd [g cm-3] 4.224 3.715 3.863 4.753 4.281 

 [mm-1] 27.349 25.062 24.213 30.669 27.364 

Reflection collected 179537 111668 105508 119590 125138 

Independent 

reflections (Rint) 
24038 (0.0761) 21084 (0.2267) 26339 (0.0594) 33843 (0.1886) 35575 (0.1146) 

Goodness-of-fit 1.064 1.025 1.011 1.002 1.022 

R1 [I>2(I)] 0.0416 0.1086 0.0438 0.0729 0.0686 

wR2 0.1045 0.2668 0.1117 0.1355 0.1603 

R1 (all data) 0.0578 0.2098 0.0572 0.1750 0.1295 

wR2 0.1165 0.3060 0.1194 0.1721 0.1955 

Largest diff. peak 

and hole [e Å3] 
6.237, -4.372 3.608, -4.796 5.587, -1.939 4.337, 3.794 8.122, -9.123 

R1 =  ||F0|-|Fc||/|F0|; wR2 = {[w(F0
2
-Fc

2
)

2
/w(F0

2
)

2
]}

1/2 
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3.3.2 Electrochemistry  

All CV diagrams are reproducible from run to run except the first cycle. As shown in 

Figure 3-6, in the negative potential region 3.1 shows two separated reversible peaks with 

E1/2 at -0.64 and -0.84 V respectively. These voltammetric patterns, similar to those of [α-

PW11O39]
7- 

derivatives, i.e. [M(PW11O39)2]
11–

 (M = lanthanide and actinide elements), can 

be assigned to W(VI/V) reduction.
96,105

 The anodic peak currents, ip,a, are proportional to 

the square root of the scan rate, ν
1/2

 (R
2
 = 0.996), indicating that the redox processes of 

3.1 are diffusion-controlled. As seen in Figure 3-6, 3.2 in the positive potential region 

shows a quasi-reversible (Epc = 0.71 and Epa = 0.82 V) peak assigned to the oxidation of 

Mn centers. In the negative region, reduction of W centers follows a similar pattern as in 

3.1, however the waves are poorly separated and can be better resolved at slower scan 

rate. Furthermore, two reversible peaks which appear with E1/2 at ~ 0 and -0.28 V 

respectively, can be also assigned to oxidation of Mn centers in the [Mn(CO)3]
+
 

fragments. These peaks are seen in other POM-supported [Mn(CO)3]
+
 structures as 

well.
51

 The redox processes are diffusion controlled but with a lower linear dependence 

between ip,a and ν
1/2

 (R
2
 = 0.966), which is likely due to hydrolytic instability of 

[Mn(CO)3]
+
 fragments. In 3.4, similar to [M(P2W17O61)2]

16-/17-
 (M = lanthanide and 

actinide elements),
100,101

 the CV consists of three cathodic peaks at -0.37, -0.59 and -0.92 

V, and three anodic peaks at -0.31, -0.51 and -0.81 V, respectively. These correspond to 

three steps of redox processes involving the W(VI/V) centers. Similar to 3.2, 3.4 shows 

one quasi-reversible (Epc = 0.71 and Epa = 0.82 V) and two reversible peaks (E1/2 = 0.02 

and -0.17 V), which can be attributed to the redox processes in Mn centers. As with the 
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earlier compounds, ip,a is proportional to ν
1/2

 (R
2
 = 0.999), indicating that the redox 

processes of 3.4 are also diffusion-controlled. 

 

Figure 3-6 Cyclic voltammograms of (a) 3.1, (c) 3.2 and (e) 3.4 at scan rate of 100 mV s
-1

 and in 

the range of +1.1 to -1.1 V. Also shown the cyclic voltammograms of (b) 3.1, (d) 3.2 and (f) 3.4 

at scan rates of 25, 50, 75 and 100 mV s
-1

 in the range of 0 to -1.1 V. The insets illustrate the 

correlation between the selected anodic peak currents and the root-square of scan rates. 

3.4 Conclusions 

In this section, we thoroughly investigated the coordination chemistry between metal 

tricarbonyl precursors and mono-lacunary Keggin/Dawson POMs, [α-PW11O39]
7-

 and [α2-
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P2W17O61]
10-

, and successfully isolated three PSMCs with comprehensive structural and 

spectroscopic characterization. We also briefly reviewed all PSMCs published up to date. 

This study shows that our work contains a more convenient synthetic methodology and a 

novel POM scaffold, named “twisted-sandwich” in PSMCs. These new PSMCs are chiral 

in each single polyanion, but the crystals are racemic. Given the potentially catalytic 

properties of PSMCs, it would be very interesting if the enantiopure crystallites can be 

isolated. The genuine PSMC enantiomers would be valued in POM-based chiral 

catalysts.  
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4.1 Introduction 

In Chapter 1, we introduce the general properties of POMs and the novel applications of 

POMs in artificial photosynthesis. In a typical photo-driven reaction, both WOCs and 

[Ru(bpy)3]Cl2, the photosensitizer, are required. The Ru
II
 oligopyridine complexes have 

been widely chosen as light-harvesting chromophores over decades, and their 

photochemical, photophysical and electrochemical properties were well-studied. 

Particularly, their high coefficient in the visible and long lifetime in the excited states 

make them act as ideal light-capture antenna. These complexes exhibit intense ligand-

centered absorption bands in the UV region extended to metal-to-ligand charge-transfer 

(MLCT) in the visible region; they also show a relatively long-lived luminescence in the 

red spectral region, originating from the lowest 
3
MLCT level. During a water-oxidation 

reaction, it should be noted that the oxidizing species is not the excited state of 

[Ru(bpy)3]
2+

 (denoted: *[Ru(bpy)2]
2+

) but actually is [Ru(bpy)3]
3+

. The latter, generated 

by quenching *[Ru(bpy)2]
2+

 with a sacrificial electron acceptor, shows a high potential 

([Ru(bpy)3]
3+

/[Ru(bpy)3]
2+ 

= + 1.26 V relative to NHE), which makes it strong enough 

for water oxidation.
1,2

 

In addition to the Ru
II
 complexes, other chromophores such as porphyrins, organic 

polyphenylene and some host-guest systems were intensively studied. For example, 

(bpy)Re(CO)3Cl and its analogues have been widely used as chromophores and CO2 

reduction catalysts.
3-5

 The ground-state and excited-state properties of these complexes 

during a CO2 reduction cycle have been systematically characterized. However, all of 

these molecular chromophores contain the less-stable organic ligands. It would be very 
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interesting if we can replace the organic groups with water-compatible and stable POM 

ligands.  

Recently, chromophores containing hetero-binuclear groups linked by an oxo bridge 

(M–O–M’; M = Zr
IV

, Ti
IV

; M’ = Cu
I
, Ce

III
, Sn

II
, etc.) and supported on mesoporous 

substrates have been shown to be promising in conjunction with photocatalytic solar fuel 

production.
6-18

 These heterogeneous heterobinuclear units possess enhanced visible 

absorptivity and all-inorganic structures for oxidative stability. Their visible absorption 

properties originate from the photo-induced formation of long-lived metal-to-metal 

charge transfer (MMCT) excited states that can be effectively coupled with multi-

electron-transfer catalysts.
19-23

 In spite of the reported successes from these 

heterobinuclear chromophores, molecular/homogeneous counterparts are sought because 

their geometrical and electronic structures as well as their chemical properties (e.g. 

interfacing with catalysts) can be more extensively altered and all their properties can be 

studied and optimized more readily than for heterogeneous analogues. Inspired by the 

heterogeneous bimetallic assemblies on mesoporous silica and the well-known metal-to-

(organic) ligand charge transfer (MLCT) complex, (bpy)Re
I
(CO)3Cl (bpy = 2,2’–

bipyridyl),
24-26

 we have been seeking a new general type of charge transfer chromophore 

in which a polyoxometalate (POM) unit as a whole (delocalized orbitals involving many 

tungsten atoms) replaces the single metal center or bpy as the electron acceptor. POMs 

would be logical candidates for such an application because they are oxidatively, 

hydrolytically (over varying pH ranges) and thermally stable, can accommodate multiple 

metals with varying potentials, but they have not yet been systematically explored as 

tunable electron-accepting chromophores.
27,28
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        In the previous sections, we report several POM-supported metal carbonyl 

complexes (PSMCs). They are examples of a potentially general transition that we will 

refer to as metal-to-POM charge transfer (MPCT). We chose one of these complexes 

here, K15Na[P4W35O124{Re(CO)3}2]37H2O (3.3), for computational and multiple time-

resolved spectroscopic studies.  

4.2 Experimental 

4.2.1. Synthesis  

[(C4H9)4N]15HP4W35O124{Re(CO)3}20.3CH2Cl2 (4.1). The organic-solvent-soluble 

tetrabutylammonium (TBA) salt of 3.3 was prepared by a modification of the procedure 

reported by Katsoulis and Pope.
29

 Thus, an aqueous solution of 3.3 (0.01 mmol, 104 mg) 

in 10 ml H2O was shaken with an equal volume of a solution of tetrabutylammonium 

bromide (0.2 mmol, 65 mg) in CH2Cl2. The red-colored organic layer in the bottom was 

separated and washed by H2O (10 mL x 5 times). A small amount of liquid was directly 

taken from this organic layer for time-resolved spectroscopic studies. The organic layer 

was then dried in vacuo. Yield: 60 mg (50% based on P). Elemental analysis revealed a 

formula consistent with [(C4H9)4N]15HP4W35O124{Re(CO)3}20.3CH2Cl2 (4.1). Anal. 

Calcd. For C246.3H541.6N15Cl0.6O130P4Re2W35: C, 23.2; H, 4.3; N, 1.6; Cl, 0.17. Found: C, 

23.2; H, 4.4; N, 1.5; Cl, 0.18. (K, Na < 100 ppm; Br < 300 ppm). Molecular weight: 

12746.6 g mol
-1

). Electronic spectral data (300 - 800 nm, in CH2Cl2, 0.2 cm cell 

pathlength): 400 ~ 4500 M
-1
cm

-1
.  
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4.2.2. Transient Spectroscopic Studies 

(a) Ultrafast Visible Transient Absorption Measurements. Our femtosecond transient 

absorption spectrometer is based on a regeneratively amplified Ti:sapphire laser system 

(coherent Legend, 800 nm, 150 fs, 3 mJ/pulse and 1 kHz repetition rate) and the Helios 

spectrometer (Ultrafast Systems LLC). The excitation pulse at 400 nm was generated by 

doubling the frequency of the fundamental 800 nm pulse in a β-barium borate (BBO) 

type I crystal. The energy of the 400 nm pump pulse was controlled to be ~250 nJ/pulse 

with a neutral density filter. The pump beam diameter at the sample was ~400 µm, 

corresponding to an excitation density of ~2 µJ/cm
2
 per pulse. A white light continuum 

(WLC) (450~720 nm), used as a probe, was generated by attenuating and focusing 10 µJ 

of the fundamental 800 nm pulse into a sapphire window. This WLC was split in two 

parts used as a probe and reference beams. The probe beam was focused with an 

aluminum parabolic reflector into the sample with a beam diameter of ~150 µm. The 

reference and probe beams were focused into a fiber-coupled multichannel spectrometer 

with CMOS sensors and detected at a frequency of 1 kHz. To minimize low-frequency 

laser fluctuations every other pump pulse was blocked with a synchronized chopper (New 

Focus Model 3501) at 500 Hz, and the absorbance change was calculated with two 

adjacent probe pulses (pump-blocked and pump-unblocked). The delay between the 

pump and probe pulses was controlled by a motorized translational stage. Samples were 

kept in a 1 mm quartz cuvette (NSG Precision Cells) and constantly stirred by a 

magnetically-coupled stirring system (SYS 114, SPECTROCELL). In all transient 

absorption spectra, the chirp and time zero correction were performed with Surface 

Explorer software (v.1.1.5, Ultrafast Systems LCC) using a dispersion correction curve 
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obtained by fitting the representative kinetics of the transient absorption experiments of 

the solvent. The typical instrument response of our spectrometer is well represented by a 

Gaussian function with a full width at half-maximum (FWHM) of 180  10 fs.  

(b) Ultrafast Visible Pump/IR Probe and IR Pump/IR Probe Transient Absorption 

Measurements. Our tunable femtosecond infrared spectrometer is based on a Clark IR 

optical parametric amplifier (OPA) which generates two tunable near-IR pulses in the 1.1 

to 2.5 m spectral range (signal and idler, respectively). The broad mid-IR pulses 

centered at 2000, 1900 and 1870 cm
-1

 were generated by difference frequency generation 

(DFG) combining the corresponding signal and idler in a 1-mm-thick type II AgGaS2 

crystal. The frequency tuning of the mid-IR pulses was achieved by changing the signal 

and idler frequencies at the OPA and optimizing the timing between the pulses and the 

phase matching angles of the BBO (OPA crystal) and the AgGaS2 crystal. After the 

difference frequency generation, the mid-IR pulse was collimated and split in two parts 

with a 90% beamsplitter. The 90% reflected part was used as a pump in the IR Pump-IR 

Probe experiments, while the 10% transmitted part was used as a probe in both the 

Visible-IR and IR-IR transient absorption measurements. To prevent cumulative heating 

in the sample and to avoid the saturation of the detector, the intensity of the probe mid-IR 

pulse was attenuated using neutral density filters to approximately 40 J, before it was 

focused into a 0.4 m CaF2 path-length cell containing the sample. At the focal point, the 

probe was spatially overlapped with the temporally delayed 400 nm or mid-IR excitation 

pulse with pump energy of about 2 or 0.7 µJ/pulse, respectively. To avoid rotational 

diffusion effects, the polarization angle of the excitation beams were controlled with a 
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half-wave plate and set to the magic angle (54.7°) relative to the probe beam. The 

diameter of the pump and probe beams were 400 and 200 m, respectively.  

In both experimental setups, the mid-infrared probe pulse was spectrally dispersed 

with an imaging spectrograph (CVI, Digikrom 240) and imaged onto a 32-element 

infrared HgCdTe (MCT) array detector. The difference absorption spectra were 

calculated by subtracting the absorption spectrum of the excited sample from the 

absorption spectrum of the sample in the ground state by blocking every other pump 

pulse with a phase-locked optical chopper (New Focus) at 500 Hz. The instrument 

response function of our spectrometer was well represented by a Gaussian function with a 

230  10 and 270  10 fs full width at half-maximum (FWHM) for the VIS-IR and the 

IR-IR setup, respectively.  

4.3 Results and Discussion 

4.3.1. Steady-state Specstrocopy  

In contrast to its colorless components, K10[2-P2W17O61]20H2O and 

Re(CO)3(CH3CN)3(BF4), solid 3.3 is dark red in color. The UV-vis spectrum of 4.1 in 

CH2Cl2 (Figure 4-1) and 3.3 in H2O (Figure 4-2) shows intense broad absorption (up to 

700 nm) covering the entire UV and visible regions. The synthetic precursor, [2-

P2W17O61]
10–, has O2p  W5d transitions that absorb only below 300 nm and the ligand-

to-metal-charge-transfer band in the [Re(CO)3(CH3CN)3]
+
 precursor absorbs only below 

380 nm (Figure 4-2). In addition, 4.1 has unexpectedly high visible absorptivity (400nm ~ 

4,500 M–1
cm–1

 in CH2Cl2). Importantly, the wide spectral range and the high extinction 

coefficients of 4.1 are comparable to those of many ruthenium polybipyridyl 
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photosensitzers,
30,31

 but 4.1 is free of the oxidatively and hydrolytically unstable 

polypyridyl ligands. 

 

Figure 4-1 (a) X-ray structure of [P4W35O124{Re(CO)3}2]
16–

 (4.1) in combined polyhedral and 

ball-and-stick notation. Re: yellow; O: red; C: black; WO6 octahedra: gray; PO4 tetrahedra: purple. 

(b) UV–Vis and (c) FTIR spectra of 4.1 in CH2Cl2. 

 

Figure 4-2 UV-Vis absorption spectra of K10[2-P2W17O61]20H2O (black line), 

Re(CO)3(CH3CN)3(BF4) (red dashed) and 3.3 (blue dash-dot) in H2O. The inset shows the 

extinction coefficients of 3.3 in H2O. 
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4.3.2. Computational Studies  

All calculations were performed using the Gaussian_09 quantum chemical program 

package.
32

 The geometries of all species under investigation were optimized without 

symmetry constraints at the B3LYP level of theory
33-35

 in conjunction with lanl2dz basis 

sets and the corresponding Hay-Wadt effective core potentials (ECPs) for Re-centers and 

6-31G(d) split-valence basis sets for other atoms.
36-38 

        Complex [P4W35O124{Re(CO)3}2]
16–

 (4.1) is a dimer of [P2W17O57{Re(CO)3}]
8–

 

(1_mono) which linked by WO6-unit. It is too large to be studied computationally with 

reasonable accuracy. Therefore, for our computational studies, we used the model M1 

that includes 1_mono and the associated WO6-linkage (Figure 4-3). Based on the 

available experimental data (geometry) for 4.1 we model the associated WO6-linkage in 

M1 as (H2O)(OH)WO4. In fact, as seen in Figure 4-4, the B3LYP/lanl2dz approach used 

throughout this paper in conjunction with model M1 describes the important geometry 

parameters of 4.1 with reasonable accuracy. 

 

Figure 4-3 Model systems M1 used in the presented computational studies 
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Figure 4-4 The calculated (using model M1) and experimental bond distances (in Å) of 

[P4W35O124{Re(CO)3}2]
16–

 (4.1).    

We have investigated the origin of high visible absorptivity of 4.1 by computational 

modeling. As shown in Figure 4-5, the HOMO and LUMO of M1 (which is a 

computational model of 4.1) are very clearly the Re(CO)3- and POM-based orbitals, 

respectively. The lowest excited state of M1 is a triplet at 56.3 kcal/mol (or 2.45 ev, or 

506 nm) higher in energy than the ground singlet state. In this triplet state, almost one 

unpaired spin is located on the W and O atoms of POM ligand indicating a transfer of the 

electron density from the Re(CO)3-based HOMO to the POM-based LUMO. Another 

unpaired spin (~1.02e) is located on the –Ob-Re(CO)3 fragment, where Ob is the bridging 

oxygen atom between the Re(CO)3 unit and the POM. Thus, the visible absorption of 4.1, 

shown in Figure 4-1, can be attributed to the Re-to-POM ligand charge transfer transition. 

Similar to previously reported MMCT chromophores, the charge transfer interaction is 
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enhanced by the formation of W-O-Re covalent bonds and occurs mostly among the 

metal centers. However, the electron in the charge transfer excited state in 4.1 is 

delocalized among many W and O centers, a characteristic that resembles the MLCT 

states in Re and Ru bipyridyl complexes. 

 

Figure 4-5 The calculated HOMO and LUMO of the model complex 

[{P2W18O63[Re(CO)3]}(H2O)(OH)]
8-

, M1.  

4.3.3. Transient Spectral and Kinetic Analysis 

The charge transfer dynamics were investigated by femtosecond visible pump-probe 

spectroscopy. The transient visible absorption spectra (Figure 4-6) of 4.1 show a new 

broad absorbing species with maximum at ~640 nm. This absorption feature can be 

attributed to the W(V)
 
d-d transitions and W(V)-W(VI) intervalence charge transfer 

(IVCT) transitions in the reduced Wells-Dawson anionic ligand, generally known as 

“heteropoly blues”. In addition, for a Wells-Dawson POM anion, the polar and equatorial 

sites have different electron affinities and the reduction preferentially occurs in the 

equatorial sites.
39-43

 This is also the case for 4.1, in which the electron density in the 

LUMO is distributed among the 12 equatorial WO6 octahedrons, as shown in Figure 4-5. 

The kinetics of the formation and decay of this photo-induced absorption feature can be 

monitored at 640 nm. As shown in Figure 4-7 and Table 4-1, the best fit yields a 
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formation time of ~35 ± 15 fs, which can be considered as instantaneous within the time 

resolution of this measurement (~150 fs), consistent with the nature of the metal-to-POM 

charge transfer transition. However, this CT excited state is short lived, decaying with an 

average lifetime of 1.4 ps. 

 

Figure 4-6 Average transient visible (a), and mid-IR (b, 0~5 ps; c, 5~100 ps) absorption spectra 

of 4.1 in CH2Cl2 at indicated delay time windows after 400 nm excitation. Arrows in (b) and (c) 

indicate the directions of amplitude changes. 

In addition to the formation of the reduced POM ligands discussed above, the MPCT 

excited state of 4.1 should also generate oxidized Re(II) centers. The latter can be most 

unambiguously probed by monitoring the CO stretching bands, the frequencies of which 

are sensitive to the charge density on the Re center because of the Re-to-CO d-* back 

bonding.
44

 For this reason, the dynamics of CO stretching modes of 4.1 were investigated 

using femtosecond visible pump and IR probe spectroscopy. Following 400 nm 

excitation, bleaches of the CO stretching bands in the ground electronic state (~1860, 

1890 and ~2000 cm
-1

) and two new absorption bands at~1925 and 2020 cm
-1

, blue-

shifted from the ground state positions, were formed instantaneously. This is consistent 
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with the formation of the MPCT excited state, in which the electron density at the Re 

center is reduced, shifting the CO stretching to higher frequencies.
44

 Because of the 

spectral overlaps, only one broad feature at ~1925 cm
-1

 (instead of two peaks) is 

observed. The transient kinetics of excited state CO stretching bands are compared in 

Figure 4-7, which show the same decay kinetics as the transient visible feature assigned 

to the reduced POM ligand. This agreement further confirms the assignment of the Re-to-

POM CT transition in 4.1. 

 

Figure 4-7 Transient kinetics of 4.1 in CH2Cl2 at 640 nm (blue squares), 1927 cm
-1

 (red triangles), 

1982 cm
-1

 (green crosses) and 2020 cm
-1

 (circles) after 400 nm excitation. Also shown are fits 

(pink lines) to the kinetics at 640 nm and 1982 cm
-1

 by multiple exponential functions. The delay 

time is in linear scale in the left panel (-1 to 5 ps) and in logarithmic scale in the right panel (5 – 

200 ps). 

        The decay of the MPCT excited state leads to the formation of two positive 

absorption bands at ~1850, and 1980 cm
-1

, red-shifted from the ground state bleaches, as 

shown in Figure 4-6. This can also be clearly seen in Figure 4-7 and Figure 4-9, which 
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shows that the formation kinetics of these features agrees well with the decay of the 

MPCT excited state bands (in the visible and mid-IR). We attribute these features to the 

formation of “hot” ground state molecules, in which the energy of the excitation is 

converted into the vibrational energy of the complex in the ground electronic state. The 

broadened and red-shifted CO bands undergo a continuous blue shift and narrowing with 

a time constant of 32 ps (Table 4-1), consistent with a vibrational cooling process of 

related molecules.
45-50

 The red-shifted CO stretching bands can result from the vibration 

excitation of the CO stretching modes as well as anharmonically coupled low frequency 

modes. To further clarify the nature of the hot ground state, we conducted transient IR 

pump/IR probe experiments where only the CO stretching mode at the electronic ground 

state is excited. In this case (Figure 4-8), a red-shifted CO band assignable to the 1-2 

transition is also observed and it decays with a similar time constant. However, this 

feature does not undergo continuous blue shift and narrowing. This comparison suggests 

that the hot ground state (shown in Figure 4-6) contains both the excitation of the CO 

stretching mode (to v = 1 state) and anharmonically coupled low frequency modes. 
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Figure 4-8 Average transient IR spectra at indicated delay time windows after 400 nm (a and b) 

and 2000 cm
-1

 (c and d) excitation. (b) and (d) are the normalized spectra of (a) and (c), 

respectively. In (b), the normalized spectrum from panel (d) (at 5~15 ps after 2000 cm
-1

 excitation) 

is also shown for comparison. 

 

Figure 4-9 Comparison of transient kinetics monitored at 1982 cm
-1

 after 400 nm (red circles) 

and 2000 cm
-1 

(blue line) excitation. These kinetics show the same decay after ~ 5 ps. The initial 

component in the kinetics resulted from IR (2000 cm
-1

) excitation can be attributed to a fast 

energy transfer among the CO stretching modes. 
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Table 4-1 Fitting parameters for kinetic traces after 400 nm excitation. The kinetic traces were 

modeled as multi-exponential decays analytically convoluted with the instrument response 

function. τave is the amplitude weighted average time constant, (ai × τi) / ai. 

 Rise time, fs 
τ1, ps 

(a1, %) 

τ2, ps 

(a2, %) 

τ3, ps 

(a3, %) 

τ ave, ps 

 

640 nm 35 ± 15 
0.25 ± 0.07 

(60) 

1.4 ± 0.2 

(29) 

7.3 ± 0.5 

(11) 
1.4 ± 0.2 

2020 cm
-1 

35 ± 15 
0.24 ± 0.05 

(50) 

1.6 ± 0.2 

(50) 
-- 0.92 ± 0.13 

1982 cm
-1

 1200 ± 180 
32 ± 0.3 

(100) 
-- -- 32 ± 0.3 

4.4 Conclusions 

In conclusion, we have synthesized a molecular metal-to-polyoxometalate CT (MPCT) 

chromophore through a facile approach. Comprehensive computational and spectroscopic 

studies show that the high visible absorption in this complex can be attributed to a MPCT 

transition involving charge transfer from the Re(I) center to the POM. The orbitals and 

transition addressed in this study are distinct from those in the well-documented 

heterobimetallic systems because the acceptor orbitals are delocalized and multi-metal. In 

constrast, the heterobimetallic systems exhibit fairly localized orbitals that reside 

primarily on a single acceptor metal.
6-18

 Photoactivities of this charge transfer complex in 

some solar-conversion devices are under investigation. In addition, structural 

modifications to introduce electron trapping centers in this MPCT chromophore for 

lengthening the lifetime of the charge transfer excited states are ongoing.   
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Chapter 5  

 

 

An Inorganic Chromophore Based on a Molecular 

Oxide Supported Metal Carbonyl Cluster: 

[P2W17O61{Re(CO)3}3{ORb(H2O)}(3-OH)]
9–
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5.1 Introduction 

Dyadic systems comprising an metal-to-ligand charge-transfer (MLCT) chromphore 

[Ru(bpy)3]
2+

 (and its derivatives), and semiconductor metal oxide acceptor, most 

frequently TiO2, form the basis of dye-sensitized solar cell (DSSC) technology.
1-3

 Since 

the original Grätzel [Ru(bpy)3]
2+

-TiO2 dyadic structures, there has been and continue to 

be major efforts to study and optimize the photodynamic, stability and optical properties 

of these promising systems. More recently, these systems have been coupled with water 

oxidation catalysts to function as triadic photoanodes for water oxidation.
4-9

 However, 

these systems show limited stability under water oxidizing conditions, primarily because 

the organic ligands (usually bpy) get oxidized. As a consequence, there have been major 

recent efforts to prepare metal-to-metal charge-transfer (MMCT) chromphores containing 

no organic ligands, including extensive work on bimetallic assemblies supported on 

mesporous silica reported by Frei and coworkers.
10-13

 However, all the above mentioned 

dyadic configurations are heterogeneous in nature making it very difficult to acquire a 

precise atomistic level understanding of their physicochemical properties. In this paper 

we report a homogenous dyadic structure in the form of a multi-metal electron donor unit 

attached to the outside of a polyoxometalate (POM) electron acceptor unit, 

[P2W17O61{Re(CO)3}3{ORb(H2O)}(3-OH)]
9–

 (5.1). Like TiO2 and most other 

semiconductor metal oxides of interest in solar energy conversion,
14-18

 the POM ligand in 

5.1 is readily reducible at low energy (modest reduction potentials in solution of -0.4 to -

0.8 V versus NHE).
19-25

 Compound 5.1 is a new kind of chromophore with little or no 

oxidizable organic structure for possible use in solar fuel production assemblies. This 

investigation includes a comprehensive characterization of the geometrical and electronic 
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structure of 5.1 using several spectroscopic methods, X-ray crystallography, time-

resolved methods and computational studies.  

5.2 Experimental 

5.2.1. Synthesis  

Materials. All chemicals were reagent grade and used as supplied. The precursor 

compound, K16[P4W35O124{Re(CO)3}2], was synthesized according to Chapter 3.
 
The 

low-valent complex Re(CO)3(CH3CN)3(BF4) was made following the known procedures 

with only the AgClO4 replaced by AgBF4.
26 

The purities of these compounds were 

checked with FTIR spectroscopy and NMR (
1
H and 

31
P).  

Instrumentation. UV-vis spectra were acquired using an Agilent 8453 

spectrophotometer equipped with a diode-array detector and an Agilent 89090A cell 

temperature controller unit.  The solid-state FT-IR spectra were measured on a Thermo 

Nicolet 6700 spectrometer with KBr pellets (2%). 
31

P NMR spectra (162.13 MHz) in 

D2O were measured on a Varian INOVA 400 spectrometer with respect to an external 

standard of 85% H3PO4 (0 ppm). Elemental analyses (C, P, K, Rb, Re, W) were 

performed by Galbraith Lab Inc., Knoxville, TN, 37921.  Thermogravimetric analysis 

was acquired on a Perkin Elmer STA 6000 analyzer. 

Synthesis of 5.1: 0.1 mmol (48 mg) of pre-synthesized Re(CO)3(CH3CN)3(BF4) was 

dissolved in 10 mL of hot water (~70 
o
C), and then 0.01 mmol (~108 mg) 

K16[P4W35O124{Re(CO)3}2] was added to the hot solution slowly.  The mixture was 

heated at ~70 
o
C for 1h, during which time the pH value was kept between 5 to 5.5 by 0.1 

M KOH solution.  The color of the solution gradually changed from dark red to orange-
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brown. RbCl (1.0 mL of 1.0 M solution) was added to the solution dropwise.  The 

solution was then filtered through a fine filter paper.  Colorless crystals of un-reacted [2-

P2W17O61]
10-

 salts formed first in the next 3 days and were subsequently removed by 

filtration.  The filtrate was collected for further slow evaporation and after a week brown 

needle-like crystals for 5.1 were collected (a small amount of [2-P2W17O61]
10-

 salt 

impurities were separated manually).  Yield: 35 mg (27%, based on P).  Experimental 

trials proved that direct synthesis of 5.1 from Re(CO)3(CH3CN)3(BF4) and [2-

P2W17O61]
10-

 was unsuccessful: thus only K16[P4W35O124{Re(CO)3}2] is a viable synthetic 

precursor for the synthesis of 5.1. 
31

P NMR (D2O): -7.9 and -13.8 ppm with respect to 

85% H3PO4 (0 ppm). FT-IR (2% KBr pellet, 1100 - 400 cm
-1

): 1088 (m), 1051 (m), 1020 

(sh), 944 (s), 916 (m), 799 (s), 747 (sh), 701 (sh).  Electronic absorption spectral data 

(300 - 800 nm, in H2O):  400nm ~ 3500 M
-1
cm

-1
. Elemental analysis (%) calcd for 

C9H91O117P2K0.9Rb9.1Re3W17: C, 1.6; P, 0.93; K, 0.53; Rb, 11.7; W, 47.1; Re, 8.4. Found: 

C, 1.6; P, 0.92; K, 0.56; Rb, 12.2; W, 46.4; Re, 8.2. 

 

Figure 5-1 UV-vis spectra of 5.1 and the precursors in aqueous solution 
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Figure 5-2 FTIR spectra of 5.1 in the POM region (KBr pellets; 1100 - 500 cm
-1

) 

 

Figure 5-3 
31

P NMR of 5.1 in D2O (0 ppm, 85% H3PO4) 

 

Figure 5-4 Thermogravimetric analysis (TGA) of 5.1 
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5.2.2 Crystallography  

A single crystal of 5.1 suitable for X-ray analysis was measured on a Bruker D8 SMART 

APEX CCD sealed tube diffractometer. Diffraction intensities were measured using 

graphite monochromated Mo Kα radiation (λ = 0.71073 Å) at 173(2) K.  Data collection, 

indexing, and initial cell refinements were carried out using SMART;
27

 frame integration 

and final cell refinements were done using SAINT.
28 

A multiple absorption correction 

including face-indexing was done by SADABS.
29 

The molecular structure of 5.1 was 

determined by Direct Methods and Fourier techniques and refined by full-matrix least 

squares.
  

Heavy atoms of P, Rb, K, Re and W and most oxygen atoms on the POM 

framework were refined anisotropically. The largest residual electron density for each 

structure was located close to the Rb and W atoms, most likely due to imperfect 

absorption corrections frequently encountered in heavy-metal atom structures. Structure 

solution, refinement, graphic and generation of publication materials were performed by 

using SHELXTL-97 software.
30

 CCDC-913443 contains the supplementary 

crystallographic data. These data can be obtained free of charge from The Cambridge 

Crystallographic Data Center via www.ccdc.cam.ac.uk/data_request/cif. 
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Figure 5-5 Thermal ellipsoid plot (30% probability) and numbering scheme for 5.1 ([Rb(H2O)]
+
 

is omitted for clarity) 

Table 5-1 Crystal data collection and refinement parameters for compound 5.1 

Empirical formula  C9H91O117P2K0.9Rb9.1Re3W17 

Formula weight  6629.35 

Temperature  293(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P1̄ 

Unit cell dimensions a = 13.1263(10) Å        = 79.7220(10)° 

 b = 14.3600(10) Å        = 83.8730(10)° 

 c = 22.6164(16) Å          = 77.6240(10)° 

Volume 4086.8(5) Å3 

Z 2 

Density (calculated) 4.894 Mg/m3 

Absorption coefficient 33.774 mm-1 

F(000) 5198 

Crystal size 0.23 x 0.07 x 0.05 mm3 

Theta range for data collection 1.47 to 27.10°. 

Index ranges -16<=h<=16, -18<=k<=18, -28<=l<=28 

Reflections collected 68532 

Independent reflections 17984 [R(int) = 0.0712] 

Completeness to theta = 27.10° 99.8 %  

Absorption correction Numerical 
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Max. and min. transmission 0.2830 and 0.0477 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 17984 / 0 / 996 

Goodness-of-fit on F2 1.020 

Final R indices [I>2sigma(I)] R1 = 0.0598, wR2 = 0.1444 

R indices (all data) R1 = 0.0901, wR2 = 0.1595 

Largest diff. peak and hole 5.065 and -6.081 e.Å-3 

        R1 =  ||F0|-|Fc||/|F0|; wR2 = {[w(F0
2
-Fc

2
)

2
/w(F0

2
)

2
]}

1/2 

5.2.3 Spectroelectrochemistry  

Cyclic voltammograms (CVs) were obtained at room temperature using a BAS CV-50W 

electrochemical analyzer equipped with a Pt-wire auxiliary electrode, a Ag/AgCl (3 M 

NaCl) BAS reference electrode, and a glassy-carbon (GC) or a FTO coated glass slide 

working electrode respectively.  All reduction potentials are measured relative to this 

reference electrode.  The prepared solution contained 1.0 mM 5.1 in 20 mM sodium 

acetate buffer (pH = 4.7) with 0.2 M LiClO4 as supporting electrolyte. The CVs are 

similar using these two different working electrodes: both show two reduction peaks. 

The above solutions were then used for spectroelectrochemical studies. Visible-light 

spectroelectrochemical experiments were performed with a BASi CV-50W potentiostat, 

in an ALS SEC-2F spectroelectrochemical flow cell equipped with an Ocean Optics 

USB2000+ spectrometer and a LS-1 tungsten lamp.  The pathlength of the cell is 0.5 mm.  

The working electrode was an FTO coated glass slide, the reference electrode was 

Ag/AgCl in 3M NaCl (BASi) and the auxiliary electrode was a stainless steel tube.  

Ocean Optics Spectrasuite software was used to record visible spectra and collect 

absorbance vs. time measurements at different applied potentials.  Typically, a new broad 

band (~600 – 1000 nm) grows during electrochemical reduction. Upon finishing each 
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experiment under a certain potential, the cell was washed and filled with fresh solution 

(an external syringe was used to pump into the starting solution). The spectra of the 

newly filled solutions are the same as the beginning, which means compound 5.1 was 

stable during this electrochemistry study. No deposited film was observed on the FTO 

working electrode after all the experiments were finished and the equipments were 

dissembled.  

 

Figure 5-6 CVs of 5.1. Scan rate 25 mV s
−1

, at ambient temperature 

5.2.4. Transient Spectral and Kinetic Analysis 

Our femtosecond transient absorption spectrometer is based on a regeneratively amplified 

Ti:sapphire laser system (coherent Legend, 800 nm, 150 fs, 3 mJ/pulse and 1 kHz 

repetition rate) and the Helios spectrometer (Ultrafast Systems LLC). The tunable 

femtosecond infrared spectrometer is based on a Clark IR optical parametric amplifier 

(OPA) which generates two tunable near-IR pulses in the 1.1 to 2.5 μm spectral range 

(signal and idler, respectively). All details about the instrumental setup can be found in 

Chapter 4.
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The organic-solvent-soluble salt of 5.1 for femtosecond measurements was prepared 

according to Chapter 4. 5.1 (0.01 mmol, 65 mg) was dissolved in 5 mL of water. An 

equal volume of a CH2Cl2 solution of tetrabutylammonium bromide (0.1 mmol, 33 mg) 

was added to the above solution under vigorous stirring. The orange-colored organic 

layer was separated and washed with water using a separatory funnel. The CH2Cl2 

solution of 5.1 was concentrated by blowing with a N2 flow and then used for 

femtosecond transient measurements. 

5.2.5. Computational Procedures and Modeling 

Models used. As mentioned in experimental section the [P2W17O61{Re(CO)3}3{2-

O
2
}(3-O

1
)]

11-
 contains eleven counter cations, one of which (Rb

+
) forms an ion-pair with 

the polyanion unit with a Rb-O
2
 bond distance of 2.801Å involving the bridging oxygen 

of Re
1
-(2-O

2
)-Re

2
 fragment. In order to capture this ion-pairing feature of the 5.1 in 

computational modeling (which does not include counter cations) we did protonate the 

bridging 2-O
2
 and used the [P2W17O61{Re(CO)3}3(2-O

2
H)(3-O

1
)]

10-
 model system, 

referred to below as structure m1. Furthermore, to validate the protonation state of the 3-

O
1
-center in 5.1, we also performed calculations of the

 
[P2W17O61{Re(CO)3}3(2-

O
2
H)(3-O

1
H)]

9-
 model system, referred to below as structure m2. The calculated 

important geometry parameters of these two model systems are given in Table 5-2 along 

with their experimental values. Figure 5-9 shows the notations used for the important 

atoms. 

Computational methods used. Geometries of the m1 and
 
m2 compounds were 

optimized, both in gas phase with no geometry constraints, in their ground singlet (S0) 
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and the first excited triplet (T1) states. Vibrational normal mode analyses were performed 

to ensure that all converged structures are true minima. In these calculations we used the 

DFT method (B3LYP functional)
31,32

 in conjunction with the split-valence 6-31G(d,p) 

basis sets for H, C, O, P and LanL2DZ basis sets and associated ECPs
33-35

 for the W and 

Re atoms, which are referred to below as B3LYP/[lanl2dz + (6-31G(d,p)]. The solvent 

effects were approximated, at the gas-phase optimized geometries, by the polarizable 

continuum model (PCM)
36,37

 employing the UFF
38

 radii for all atoms. Electronic spectra 

and electric dipole transition moments for S0-Sn transitions of m2 were calculated at the 

optimized geometries of S0 for the corresponding compound using the time-dependent 

(TD)
39

 DFT [i.e. TD-B3LYP/[lanl2dz + (6-31G(d,p)] approach. The above calculations 

were carried out with Gaussian 09 software package.
40

 

5.3 Results and Discussion 

5.3.1. Structral studies  

Compound 5.1 is prepared in aqueous solution (see Experimental section). The crystal 

structure of 5.1 (Figure 5-7) reveals an “out-of-pocket” motif 
41,42

 with a tri-rhenium 

carbonyl “cap” grafted on the defect site of [2-P2W17O61]
10-

 (the “support”). The Re-C 

bond lengths range from 1.87 to 1.92 Å, while the C-O bonds range from 1.15 to 1.21 Å. 

It should be noted that POM-supported metal carbonyl complexes constitute molecular 

models for metal-oxide-supported metal-carbonyl catalysts.
43-45

 Several have been 

prepared previously but all these complexes contain only a mononuclear {M(CO)x}
+
 unit 

(or separated mononuclear units).
46-58

 Compound 5.1 is the first with an oxo-centered 

multi-metal electron donor sub-structure. Interestingly, the three Re(I) centers reside in 

different coordination environments (Figure 5-7). Re
1
 and Re

2
 are similar and bonded by 
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O
1
 and O

2
 forming one Re-O-W bond to [2-P2W17O61]

10-
. In contrast, Re

3
 is bonded to 

O
1
 and forms two Re-O-W bonds to the POM moiety. An aqua alkali metal moiety 

[Rb(H2O)]
+
 (bonded to disordered O11w and O12w with an occupancy of 0.5 for each) is 

also strongly (2.80 Å bond distance) bonded to O
2
. The Rb

+
 cation further coordinates to 

the bridging/terminal oxo ligands in the adjacent POMs with distances ranging from 2.84 

to 3.14 Å, defining a quasi-1D chain. 

 

Figure 5-7 (a) X-ray structure of 5.1 in combined ball-and-stick and polyhedral representations 

([Rb(H2O)]
+
 is omitted for clarity). Re, purple; O, red; C, black; WO6 octahedra: blue; PO4 

tetrahedra: gold. (b) Top view of the tri-rhenium “cap” (including the [Rb(H2O)
+
] unit) with 

representative bond distances (Å). The bridging oxygens to the POM are omitted. (c) Ball-and-

stick representation of the quasi-1D chain of 5.1 along the b-axis. 
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Figure 5-8 X-ray structure showing the torsion angle of O
1
 relative to the tri-rhenium plane and 

representative distances between O
1
 and bridging oxygen atoms from the POM ligand. 

Computational (DFT) studies of two model systems, namely 

[P2W17O61{Re(CO)3}3(2-O
2
H)(3-O

1
)]

10-
 (m1) and [P2W17O61{Re(CO)3}3(2-O

2
H)(3-

O
1
H)]

9-
 (m2), model the Rb

+
--O

2
 ion-pairing feature of 5.1 by replacing Rb

+
 by a proton. 

The difference between m1 and m2 is the protonation state of the central 3-O
1
-unit in 

5.1. A comparison of the calculated and experimental geometry parameters provide 

strong support for the structural assignment of 5.1. As expected the calculated geometries 

of m1 and m2 are very close to each other and, in general, are in reasonable agreement 

with their experimental values, except the Re
n
-O

1
 (n = 1-3) bond distances and improper 

torsion angle (Re
2
,Re

1
,Re

3
,O

1
; see Table 5-2 and Figure 5-9). In m2, the calculated Re

n
-

O
1
 (n = 1-3) bond distances are only 0.08-0.10 Å longer and the torsion angle is only 4.9

o
 

smaller than the experimental values. Although in m1 the discrepancy of the calculated 

and experimental values of Re
n
-O

1
 (n = 1-3) bond distances is relatively small (calculated 
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values are shorter by 0.02-0.04 Å), the improper torsion angle (Re
2
,Re

1
,Re

3
,O

1
) (of 3.4

o
) 

is almost 6.4 times smaller than its experimental value. These findings strongly support 

the assignment of a central 3-O
1
H unit in 5.1.  

Table 5-2 The calculated important geometry parameters of model systems m1 and m2, and 

comparison with their experimental results 

 

 

Figure 5-9 The notations used for important atoms 
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The central atom, O
1
, can be assigned as hydroxide, i.e 3-OH, based on several 

arguments: 1) the “cap” [{Re(CO)3}3{ORb(H2O)}(3-OH)]
+
 is positively charged which 

makes it more likely stabilized by the anionic POM ligand; 2) the 3-OH assignment is 

consistent with the elemental analysis results and charge balance (counter ions: Rb
+
 and 

K
+
); 3) the experimental and computational torsional angles compare well as mentioned 

above; 4) the bond distances (Re
1
-O

1
: 2.162; Re

2
-O

1
: 2.186; Re

3
-O

1
: 2.156 Å) are similar 

to those in [Re3(CO)9(3-OH)(-OH)3]
-
 (mean values: Re-O 2.167 Å), but longer than the 

ones in [Re3(CO)9(3-O)(GlycH-3)]
2-

 (Glyc = glycerol; mean values: Re-O 2.122 Å);
59-62

 

5) intramolecular hydrogen bonds are likely present between O
1
 and the bridging oxygen 

atoms in [2-P2W17O61]
10-

 which can further stabilize the structure (Figure 5-8); 

5.3.2. Steady-state spectroscopy  

The charge-transfer studies in the CO2 reduction catalyst (2,2’-bipyridyl)Re(CO),
63-65

 and 

in some POM-supported mono-metal carbonyl complexes,
55

 as well as in other POM–

photosensitizer dyads,
66-69

 inspired us to investigate the photochemical properties of 5.1. 

As seen in Figure 5-1 and Figure 5-12, the UV-vis spectrum of 5.1 shows an intense 

broad absorption covering the entire UV and visible region extending to ~700 nm with a 

high absorptivity (400nm ~3,500 M–1
cm–1

 in water) comparable with many rhenium (I) 

polybipyridyl photosensitizers (e.g. 370nm ~2500 M
–1
cm

–1
 for (bpy)Re(CO)3Cl in 

MeCN).
65

 The precursors [2-P2W17O61]
10-

 and [Re(CO)3]
+
 only have the ligand-to-metal 

charge-transfer (LMCT) transitions below ~350 nm, so this visible absorption of 5.1 is 

likely due to metal-to-polyoxometalate charge-transfer (MPCT) transition from the Re 



121 
 

centers to the POM ligands.
55

 The stability of 5.1 has also been evaluated: the UV-visible 

spectrum of 5.1 stored in solution for several days exhibits no obvious change. 

 

Figure 5-10 Several highest occupied (HOMO, or H) and lowest unoccupied (LUMO, or L) 

orbitals and their orbital energies (in Hartree) of the model complex m2. 

The calculated frontier orbitals (Figure 5-10) and UV spectra (see Figure 5-11, 

Table 5-3 and Table 5-4) of m2 support the experimental conclusions given above and 

reveal important details. As seen in Figure 5-10, the HOMO orbital is entirely localized 

on the [{Re(CO)3}(2-O
2
H)(3-O

1
H)] fragment of [P2W17O61{Re(CO)3}3(2-O

2
H)(3-

O
1
H)]

9-
, m2. Contributions from the Re

1
 and Re

2
 atoms to the HOMO are dominant. 

Close examination of this orbital reveals a noticeable overlap between the orbitals of Re
2
 

and O
3
 (see Figure 5-9). In contrast, the LUMO of m2 is a purely POM-based orbital 

consisting predominantly of W-O anti-bonding  orbitals. 

As in Figure 5-11, the UV spectrum of m2 has a relatively narrow double feature on 

the 350-550 nm range. All bright transitions that make up this feature are excitations 

from doubly occupied Re d orbitals to the virtual POM orbitals (Table 5-3). No 

excitations originating on a Re orbital and ending on a virtual Re orbital are found among 

the 50 calculated states (Table 5-4). Such transitions can be expected to occur at 

wavelengths shorter than 350 nm. 

H-3 -0.21234 H-2 -0.20987 H-1 -0.20891 H -0.20684 L -0.11166 L+1 -0.10222
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Figure 5-11 UV spectra of S0 state of model complex m2 

Table 5-3 Low energy singlet and triplet excited states of complex m2 

         E/eV     λ/nm       Osc. str.        Char. 

T1 2.152 576  H  L 

S1 2.203 562 0.0016 H  L 

T2 2.203 562  H-1  L 

S2 2.239 553 0.0009 H-1  L 

T3 2.263 547        H-3  L; H  L 

S3 2.301 538 0.0052 H-2  L 

T4 2.287 542  H-2  L 

S4 2.356 526 0.0135 H-3  L 

 

Table 5-4 Singlet excited states of m2 computed with TD-DFT 

Sn                              E/eV                                λ/nm                              f/a.u.  

S1                      2.2035                     562.68                     0.0016 

S2                      2.2397                     553.56                     0.0009 

S3                      2.3017                     538.65                     0.0052 

S4                      2.3565                     526.13                     0.0135 

S5                      2.3944                     517.82                     0.0000 

S6                      2.4224                     511.83                     0.0034 

S7                      2.4332                     509.56                     0.0007 

S8                      2.4757                     500.81                     0.0350 

S9                      2.5139                     493.19                     0.0030 

S10                     2.5458                     487.02                     0.0041 

S11                     2.5672                     482.96                     0.0010 

S12                     2.5822                     480.16                     0.0109 

S13                     2.6051                     475.92                     0.0011 

S14                     2.6325                     470.97                     0.0027 

S15                     2.6550                     466.98                     0.0005 

S16                     2.6732                     463.81                     0.0187 

S17                     2.6881                     461.23                     0.0187 

S18                     2.7022                     458.82                     0.0081 
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S19                     2.7211                     455.64                     0.0026 

S20                     2.7396                     452.57                     0.0028 

S21                     2.8054                     441.95                     0.0006 

S22                     2.8334                     437.59                     0.0037 

S23                     2.8857                     429.66                     0.0313 

S24                     2.9507                     420.18                     0.0010 

S25                     2.9545                     419.64                     0.0010 

S26                     2.9930                     414.25                     0.0001 

S27                     3.0543                     405.93                     0.0027 

S28                     3.0723                     403.55                     0.0051 

S29                     3.0881                     401.50                     0.0046 

S30                     3.1143                     398.12                     0.0117 

S31                     3.1981                     387.68                     0.0002 

S32                     3.2275                     384.15                     0.0138 

S33                     3.2615                     380.14                     0.0339 

S34                     3.2847                     377.46                     0.0000 

S35                     3.2884                     377.04                     0.0013 

S36                     3.3164                     373.85                     0.0002 

S37                     3.3222                     373.20                     0.0037 

S38                     3.3254                     372.84                     0.0010 

S39                     3.3349                     371.78                     0.0007 

S40                     3.3408                     371.12                     0.0013 

S41                     3.3569                     369.34                     0.0039 

S42                     3.3864                     366.12                     0.0030 

S43                     3.4100                     363.59                     0.0046 

S44                     3.4211                     362.41                     0.0029 

S45                     3.4292                     361.56                     0.0117 

S46                     3.4409                     360.32                     0.0019 

S47                     3.4447                     359.93                     0.0006 

S48                     3.4534                     359.02                     0.0058 

S49                     3.4614                     358.19                     0.0024 

S50                     3.4685                     357.46                     0.0037 

5.3.3. Transient spectroscopy  

Femtosecond visible pump-probe spectroscopy was used to study the charge-transfer 

dynamics. As shown in Figure 5-12, the transient absorption spectra of 5.1 show a new 

broad absorption species with a maximum at ~620 nm. Upon electrochemical reduction 

of 5.1 at multiple potentials, broad absorption bands (~600 – 1000 nm) in different shapes 

appear with maxima around 600 to 700 nm (Figure 5-12, Figure 5-13, Figure 5-14), 

which are consistent with other compounds containing a reduced [2-P2W17O61]
10-

 unit.
70-

72
 All these new absorption bands can be attributed to the well-documented W(V) d-d and 
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W(V)-W(VI) inter-valence charge-transfer (IVCT) transitions in the reduced Wells-

Dawson POMs, known as “heteropoly blues”.
73-79

 Note that the electrochemical spectra 

also show some absorption in the near-IR region (~800 – 1000 nm). We probed the 

transient spectra in this region and found an enhanced absorption feature, consistent with 

a “heteropoly blue” species,
80,81

 containing a maximum at ~920 nm (Figure 5-12). The 

kinetics of this photo-induced absorption feature were monitored at 620 nm and 920 nm 

and fitted by a multi-exponential function. The two traces show identical kinetics (Figure 

5-15 and Figure 5-16). The best fit yields an instantaneous formation of the excited state 

within the time resolution of measurement (~150 fs) and its bi-exponential decay (~0.4 

and 4.8 ps) to form a “hot” ground state (Table 5-5; see more details below).  

 

Figure 5-12 (a) Ground state UV-vis absorption spectra of 5.1 (red) and electrochemically 

reduced 5.1 (blue) generated at an applied potential of -0.65 V vs. Ag/AgCl in sodium acetate 
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buffer recorded in an electrochemical cell. (b) Average visible-to-near IR transient absorption 

spectra of 5.1 in CH2Cl2 at indicated delay time windows after 400 nm excitation. (c) Ground 

state FTIR spectrum of 5.1 in CH2Cl2. (d,e) Vis-pump/IR-probe transient spectra of 5.1 in CH2Cl2 

at indicated delay times (d, 0 – 6 ps; e, 6 – 430 ps) windows after 400 nm excitation. 

 

Figure 5-13 (a) Bulk electrolysis of 5.1 at a FTO slide working electrode in the sodium acetate 

buffer. (b) Electronic absorption spectra recorded during the electrochemical reduction of 5.1 at -

0.65 V vs. Ag/AgCl. 

 

Figure 5-14 Electronic absorption spectra recorded during the electrochemical reduction of 5.1 

with different applied potentials vs. Ag/AgCl. Each spectrum was recorded well after no further 

changes were apparent.                    

Time-resolved infrared spectroscopy provides detailed information on the excited 

states of rhenium carbonyl complexes owing to their high sensitivity to electron-density 

distribution. Since the entire molecule has low symmetry (C1), the three Re(I) centers are 
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asymmetrically bridged, and each [Re(CO)3]
+
 moiety has local C3v symmetry, the triple 

sets of three IR-active C-O stretching modes, two symmetric and one anti-symmetric, are 

coupled and overlapped. As shown in Figure 5-12, the ground-state FTIR spectra are 

complicated which show approximately 3:2 stretching bands in the lower and higher 

wavelength regions respectively (1847, 1868, 1892 cm
-1

; 2002, 2019 cm
-1

). 

Figure 5-12 shows the transient absorption spectra in the short and long time scales. 

Excitation into the MPCT band at 400 nm results in the depletion of the ν(CO) ground 

state bands at approximately 1865, 1894, 2003 and 2020 cm
-1

 and instantaneous 

formation of two new blue-shifted absorption bands at ~1924 and 2031 cm
-1

, relative to 

the ground-state positions. Dynamic shifts to higher energies of the excited-state bands 

are due to relaxation processes and are consistent with the formation of the MPCT 

excited state. The dynamic of the excited state absorption bands at 1924 and 2031 cm
-1

 

can be fit to a tri-exponential function with 1 = 60 ± 20 fs (formation time), 2 = 0.50 ± 

0.4 ps and 3 = 5 ± 2 ps and 1 = 60 ± 20 fs (formation time), 2 = 0.87 ± 0.3 ps and 3 = 

4.7 ± 2 ps, respectively. The decay components (2, 3) are assigned to the formation of 

“hot” ground state molecules and agree very well with the formation time of two new 

positive absorption bands at 1837 and 1992 cm
-1

. These hot ground state absorption 

bands are red-shifted relative to the parent bands (Figure 5-15, Figure 5-17 and Table 

5-6). These hot ground state (HGA) formation times also agree well with the decay of the 

excited state absorption at 920 and 620 nm (Figure 5-12). Once the “hot” ground state 

molecules are totally formed with a time constant of ~10 ps (Figure 5-12), both the 

recovery of the GSB and the decay of the HGA happen on a similar time scales of 
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approximately 27 ps. The similar kinetics therefore suggest that the slow decays are due 

to vibrational cooling. 

To completely understand the vibrational dynamics of ν(CO) in 5.1 and the nature of 

the hot ground state, we performed transient IR-pump/IR-probe experiments monitoring 

the vibrational relaxation following IR excitation at ~1870 cm
-1

 and 2007 cm
-1

, 

respectively. As shown in Figure 5-18, at early delay times the transient IR-pump/IR-

probe spectra consist of instantaneous bleaches of the ground state CO stretches (υ=0 to 

υ=1 transition) and the corresponding excited state absorptions (υ=1 to υ=2 transition) at 

~1884, 1876, 1996 and 2013 cm
-1

. Spectra at longer delay times show that all the GSB 

and HGA bands recover and decay on very similar time scales. These results are 

consistent with the relaxation of the molecules back to the ground vibrational state. The 

results and fitting parameters are given in Figure 5-19 and Table 5-7. Both the GSB and 

HGA are characterized by ultrafast response times in the sub-picosecond time scale 

following by a bi-exponential decay of the υ = 1 population with time constants of 

approximately 2 = 0.3 ps and 3 = 26 ps. All traces show nearly identical kinetics with 

values within the experimental error, implying that their relaxation pathways are the 

same. We attribute the ultrafast decay component to the coupling between the different 

carbonyl stretching modes, and the slower decay component to the total vibrational 

population relaxation time. Our results are in agreement with previous studies on the 

vibrational relaxation dynamics of several metal carbonyl complexes.
82-85

 Both the 

spectra and kinetics of the hot ground state generated by IR excitation of the CO 

stretching modes Figure 5-18 and Figure 5-19) agree well with the hot ground state 

generated by 400 nm excitation of the MPCT state (Figure 5-12), suggesting that HGA 
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features in the latter are due to the formation of υ = 1 states of the CO stretching modes 

upon relaxation from the excited state. Finally, a general energy-level diagram displaying 

the MPCT process in this novel inorganic donor (tri-rhenium) – acceptor (POM) system 

is shown in Figure 5-15. 

 

Figure 5-15 (a) Transient kinetics of 5.1 in CH2Cl2 at 920 nm (red), 1924 cm
-1

 (blue), 1992 cm
-1

 

(green) and 2031 cm
-1

 (black) after 400 nm excitation. Solid lines show the multiple-exponential 

fits. The delay time is on a linear scale in the left panel (-2 to 5 ps) and a logarithmic scale in the 

right panel (5 – 120 ps). (b) Energy-level diagram of the electron-transfer steps involved in the 

charge-separation processes in 5.1. 

 

Figure 5-16 Transient kinetics of 5.1 in CH2Cl2 after 400 nm excitation. Also shown are 

multiple-exponential fits to the kinetics (solid line).  The insets show the transient kinetics in the 

first ten picoseconds.   
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Table 5-5 Fitting parameters for kinetic traces after 400 nm excitation. The kinetic traces were 

modeled as multi-exponential decays analytically convoluted with the instrument response 

function. 

Wavelength   [ps]   [ps]   [ps] 4 4 [ps]

920 -1 0.059  0.03 0.61 0.42  0.4 0.34 4.8  3 0.05 31.5 

620 -1 0.059  0.03 0.62 0.43  0.4 0.33 4.6  3 0.05 31.7 

 

        

Figure 5-17 Vis-pump/IR-probe transient kinetics of different traces of 5.1 in CH2Cl2 after 400 

nm excitation.  Solid lines are convoluted multi-exponential fits to the data.  The insets show the 

transient kinetics in the first ten picoseconds. 

Table 5-6 Fitting parameters for the GSB and EA kinetics for the 5.1 in in CH2Cl2 after 400 nm 

excitation. The kinetic traces were modeled as multi-exponential decays analytically convoluted 

with the instrument response function. 

Wavelength   [fs]   [ps]   [ps]

1865 1 60  20 -0.71 0.43  0.4 -0.29 3.8  2 

1924 -1 60  20 0.77 0.50  0.4 0.23 5.0  2 

2031 -1 60  20 0.66 0.87  0.3 0.34 4.7  2 

1837 -0.84 60  20 -0.16 0.80  0.2 1 27  2 

1992 -0.83 60  20 -0.17 0.76  0.2 1 29  2 

2020 0.88 60  20 0.12 0.79  0.2 -1 28  2 

2003 1 60  20 -0.14 0.69  0.3 -0.86 26  2 

1894 0.90 60  20 0.10 0.81  0.1 -1 22  3 
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Figure 5-18 IR-pump/IR-Probe transient spectra of 5.1 in CH2Cl2 at indicated delay time 

windows averaged. Ground state FTIR spectrum a) and transient absorption spectra in the short b) 

and long c) time scale. 
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Figure 5-19 IR-pump/IR-Probe transient kinetics of 5.1 in CH2Cl2 at 1830 cm
-1

 (orange), 1876 

cm
-1

 (black), 1891 cm
-1

 (red), 1992 cm
-1

 (blue), 2003 cm
-1

 (green), 2019 cm
-1

 (pink). Solid lines 

are convoluted multiexponential fits to the data. The insets show the transient kinetics in the first 

ten picoseconds time scale. 

Table 5-7 Fitting parameters for the GSB and EA kinetics for 5.1 in CH2Cl2 after mid-IR 

excitation. The kinetic traces were modeled as multi-exponential decays analytically convoluted 

with the instrument response function. 

Wavelength   [ps]   [ps]   [ps]

1830 -1 0.057  0.02 0.22 0.28  0.2 0.78 29  2 

1876 -1 0.050  0.02 0.49 0.30  0.3 0.51 28  2 

1891 1 0.058  0.02 -0.16 0.31  0.2 -0.84 26  2 

1992 -1 0.061  0.02 0.25 0.38  0.2 0.75 24  3 

2003 1 0.057  0.02 -0.29 0.35  0.2 -0.71 26  2 

2019 1 0.059  0.02 -0.30 0.29  0.2 -0.70 26  3 

 

 5.3.4. Computational modeling of CO streching  

To further complement the details of reported IR and transient absorption spectra of 

compound 5.1, we again turned to computation. Inspection of the S0 IR spectrum shows 

that the CO portions of the spectrum appear in two manifolds, a broad, structured triplet 

in the 1850-1960 cm
-1

 range and a narrower doublet in the 2020-2080 cm
-1

 range (Figure 
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5-20 and Table 5-8), which is consistent with the experiments. Individual features of 

each manifold are assigned based on the Re center involvement, i.e., the first peak 

involves Re
1
 and Re

2
 centers, with very little Re

3
, and the second peak is mainly Re

3
 with 

smaller mixture of Re
1
 and Re

2
. The assignments reveal that the triplet manifold consists 

of six distinct out-of-phase super-positions of anti-symmetric local CO stretches. In all 

six peaks, up to five CO bond stretches are strongly involved. The doublet manifold is 

comprised of three peaks, which are out-of-phase (the first two) and in-phase (the third) 

super-positions of symmetric local CO stretches. 

Table 5-8 Vibrational frequencies (; cm
-1

) and IR intensities (km/mol) of the carbonyl groups of 

m2. The combinations of Re centers are in the order of decreasing magnitude according to 

contributions. 

(S0) IR(S0) (T1) IR(T1) Character 

1868 601 1868 680 Re
2
 + Re

1
 

1889 671 1890 590 Re
3
 + Re

2
 + Re

1
 

1899 1140 1906 1076 Re
2
 + Re

1
 + Re

3
 

1925 35 1923 78 Re
1
 + Re

3
 

1932 2361 1931 1861 Re
3
 + Re

1
 

1947 1185 1961 1657 Re
2
 

2031 580 2028 687 Re
3
 + Re

1
 

2039 1302 2037 1443 Re
1
 + Re

2
 + Re

3
 

2057 906 2062 1239 Re
2
 

The T1 state of m2 is characterized by the HOMO-LUMO excitation, which removes 

an electron mainly from Re
1
 and Re

2
 centers and to a lesser degree from the Re

3
 center. 

Electronic spin density shows that there is ~0.8 of unpaired spin on the Re
2
-O

3
 bond. The 

IR CO spectrum reflects the change experienced by the electron density. The deviations 

of the T1 lineshape from that of S0 occur at frequencies with the most activity from the 

Re
2
 group of CO’s. At 1900 cm

-1
, the 2-1-3 peak shifts to the blue by about 10 cm

-1
. 

There is an even larger blue shift at ~1950 cm
-1

 where there is strong CO activity on the 

Re
2
 center. Another shift can be seen at ~2060 cm

-1
 where another dominant CO mode on 
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Re
2
 is located. Although the agreement of the computed and measured IR spectra is not 

quantitative, the observed blue shift of the CO stretching bands upon excitation of the 

complex is well reproduced in the computed spectrum, consistent with the nature of an 

MPCT transition.  

 

Figure 5-20 IR spectra of the model complex m2 in the CO range of S0 (top), T1 (middle) and 

difference spectra (bottom). Peak labels show Re
I
-Re

J
-Re

K
 center involvement in the order of 

decreasing magnitude, where any I, J, K index can be 1, 2 or 3. 

5.4 Conclusion 

In conclusion, we report for the first time a molecular representation of the much studied 

TiO2-Ru(bpy)3 Grätzel diad systems in the form of an inorganic dye donor covalently 

bonded to a redox active metal oxide-like POM acceptor, 

[P2W17O61{Re(CO)3}3{ORb(H2O)}(3-OH)]
9–

, 5.1. Comprehensive investigation of the 

photophysical properties of 5.1 using computational and two different time-resolved 

spectroscopic methods clearly reveal the presence of a metal-to-polyoxometalate charge 
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transfer (MPCT) transition. The stepwise mechanism of charge-separation and charge-

recombination process has been established. 
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Cobalt(II) and Tin(II) Complexes Based-on Trivacant 

Polyoxoanion Ligands: Synthesis, Structures, 

Physicochemistry and Catalytic Water Oxidation 

Activity 
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6.1 Introduction 

In Chapter 1, we briefly discussed the general properties of POMs, and their emergent 

applications in the generation of solar fuels and construction of porous materials. 

Previously a large effort was devoted to studying the catalytic activities of POMs.
1,2

 

Recently POMs as all-inorganic and stable catalysts have garnered much attention for 

water oxidation.
3-9

 Water-oxidation is a key step in photosynthesis. The development of 

stable and efficient water-oxidation catalysts (WOCs) is crucial for artificial 

photosynthesis.
10,11

 One new method to make tunable WOCs is by replacing the less-

stable organic ligands with all-inorganic and water-compatible POM ligands. Recently, 

the Hill group and the Bonchio group simultaneously reported the synthesis and structure 

of [Ru
IV

4O4(OH)2(OH2)4(-SiW10O36)2]
12–

 (Ru4), and its catalytic water oxidation 

activity.
4,12

 Subsequently, the Hill group reported two Ru/Ir- substituted POMs, 

[(-PW10O36)2Ru
IV

4O6(OH2)4]
10- 

and [(IrCl4)KP2W20O72]
14-

, as WOCs.
13,14

 A more 

significant POM WOC is [Co4(H2O)2(PW9O34)2]
10– 

(Co4), which is composed of only 

earth abundant elements while being very stable and efficient.
6
  To date many groups 

have worked in this area.  A list of all the POM-based WOCs can be found in a recent 

review.
15

  

At the same time, POM chemistry has interfaced with metal-organic framework 

(MOF) chemistry.  MOF, as noted in Chapter 1, are a large class of porous compounds 

with controllable composites and internal cavities. MOFs have potentially attractive 

applications in catalysis, magnetism, gas absorption and separation, drug delivery and 

photochromism.
16-18

 Recently, nanoparticles were introduced into MOFs to realize 

synergistic catalytic structures.
19-22

 In a similar manner, POMs have recently been 
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incorporated into the pores of MOFs. The resulting POM-modified MOFs or metal-

organic cages exhibit promise for use in aerobic decontamination and artificial 

photosynthesis.
23-28

  

Lacunary POMs with multi-vacant sites can accommodate several metal ions. Multi-

transition-metal-substituted POMs display tunable catalytic and photochemical 

activities,
15,29-31

 as well as some unusual architectures, i.e. giant POM-based “molecular 

wheels”.
32-34

 Instead of using organic linkages, POMs are ideal components to construct 

all-inorganic metal-oxo frameworks. Given the thermal stability of POMs and the 

diversity of transition metals, POM frameworks should be as robust as zeolites and 

mesporous silica,
35

 yet also exhibit catalytic or photochemical activities (depending on 

the incorporated transition metal(s)).  Nonetheless, these purely inorganic frameworks are 

little studied; only a limited number of examples derived from conventional plenary 

POMs have been reported.
36-40

 The porous architectures involving transition-metal-

substituted POMs were rarely observed. Cronin and co-workers recently discovered a 

giant porous structure, a Mn(II)-linked [P8W48O184]
40-

 POM framework, which has very 

large cavities and electronically controlled cation-exchange activities.
41

  

We are interested in using the trivacant POM ligands such as [α-SiW9O34]10-, [α-

GeW9O34]10- and [B-SbW9O33]9- as precursors. In addition to the classical sandwich 

structures with tri-/tetra- nuclear metallic cores,
42-46

 nanosized giant clusters with high 

nuclearity have gained recent attention in particular.
47-52

  It is worthwhile noting that 

Krebs and co-authors have done systematic work on the dimerization of [B-SbW9O33]
9-

. 

The resulting [Sb2W22O74(OH)]
12-

 was consequently used as versatile building-block to 

construct a large family of POMs, [Sb2W20M2O70(H2O)6]
(14-2n)- 

(M = Fe
3+

, Co
2+

, Mn
2+

, 
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Ni
2+

).
53

 In Chapter 2, we also developed several inorganic-organic hybrid POM 

analogies with the metal carbonyl components.  

          Thus, three cobalt(II)-substituted POMs, Na12[{Co(H2O)}3(SbW9O33)2]34H2O 

(6.1), Na13H[{Co(H2O)}{CoCl}2(SbW9O33)2]35H2O (6.2) and 

Na10[{Co(H2O)3}2{WO2}2(SbW9O33)2]28H2O  (6.3), are reported in this section. We 

discovered that 6.1 and 6.2 are hydrolytically unstable and slowly convert to 6.3. We 

evaluated the catalytic water-oxidation activity of 6.3. We also attempted to build metal-

oxide frameworks based on polynuclear Sn(II) POMs. Hexa- and nona-nuclear tin(II) 

POMs were prepared by reactions of SnCl2 and tri-vacant POMs, [B-SbW9O33]
9-

 and [α-

XW9O34]
10-

 (X = Si or Ge). The nonanuclear derivatives, [Na7Si2W18Sn9Cl5O68⋅(H2O)35]n 

(6.4) and [Na7Ge2W18Sn9Cl5O68⋅(H2O)41]n (6.5), display all-inorganic, chloride-bridged, 

three-dimensional (3D) porous architectures with large, water-filled channels. The 

hexanuclear complex, Na6[{Na(µ-OH2)(OH2)2}6{Sn6(B-SbW9O33)2}2]⋅50H2O (6.6), 

exhibits as a “double-sandwich” through a polymeric aqua-Na
+
 cation ring. These 

complexes show high absorption in the visible region. A comprehensive study including 

synthesis, structure and spectroscopy has been performed to characterize these unusual 

high nuclear compounds.  

6.2 Experimental 

6.2.1. Materials and Instrumentation 

All chemicals were reagent grade and used as supplied.  The tri-vacant polyoxometalate 

precursors Na10[α-SiW9O34]⋅nH2O, Na10[α-GeW9O34]⋅nH2O and Na9[B-SbW9O33]⋅nH2O, 

were prepared according to reported methods in the literatures.
54-56

 Their purities were 
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determined through FT-IR spectroscopy. UV-vis spectra were acquired using an Agilent 

8453 spectrophotometer equipped with a diode-array detector and an Agilent 89090A cell 

temperature controller unit.  The FT-IR spectra were measured on a Thermo Nicolet 6700 

spectrometer with KBr pellets (2%). Elemental analyses were performed by Galbraith 

Lab Inc., Knoxville, TN, 37921. Thermogravimetric analysis was acquired on a Perkin 

Elmer STA 6000 analyzer. 

6.2.1. Syntheses 

Na12[{Co(H2O)}3(SbW9O33)2]34H2O (6.1). Co(NO3)6H2O (0.29g, 1 mmol) and 

Na9SbW9O3319.5H2O (2.86g, 1 mmol) were dissolved in 0.5 M NaNO3 aqueous 

solution. The mixture was heated at ~70 
o
C for 1 hr with constant stirring. The solution 

was then cooled to room temperature and filtered. The solution was left undisturbed and 

greenish block-shape crystals were obtained by slow evaporation after several days. 

Yield: 350 mg (60% based on Co
2+

). Anal. Calcd. for H74Co3Na12Sb2W18O103: Na, 4.8; 

Co, 3.1; Sb, 4.3; W, 57.8.  Found: Na, 5.0; Co, 3.3; Sb, 4.2; W, 60.2. FTIR (2% KBr 

pellet, 1100 – 400 cm
-1

): 947 (s), 898 (m), 877 (s), 778 (m), 730 (m), 625(w). TGA: 

weight loss, 11.0% (30 – 500 ºC). 

Na13H[{Co(H2O)}{CoCl}2(SbW9O33)2]35H2O (6.2). Compound 6.2 was 

synthesized by a similar procedure as 6.1, but using CoCl26H2O and NaCl solution 

during the reaction. Yield: 330 mg (55% based on Co
2+

). Anal. Calcd. for 

H73Cl2Co3Na13Sb2W18O102: Na, 5.1; Cl, 1.2; Co, 3.1; Sb, 4.2; W, 57.0. Found: Na, 4.9; 

Cl, 1.1; Co, 3.2; Sb, 4.1; W, 61.0. FTIR (2% KBr pellet, 1100 – 400 cm
-1

): 940 (s), 895 

(m), 875 (s), 780 (m), 730 (m), 630(w). TGA: weight loss, 11.7% (30 – 500 ºC). 
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Na10[{Co(H2O)3}2{WO2}2(SbW9O33)2]28H2O (6.3).  Co(NO3)6H2O (0.58g, 2 

mmol) and Na9SbW9O3319.5H2O (5.72g, 2 mmol) were dissolved in 20 mL 1.0 M 

sodium acetate buffer (pH = 4.7). The solution was turning to purple-red color upon 

heating to ~70 
o
C for ~2 hours.  Pink needle-like crystals were obtained after a week. The 

crystals were collected and then re-crystallized in 0.5 M NaCl aqueous solution (pH = 

6.5). Purple-pink needle-shape crystals were obtained overnight. Yield: 420 mg (35% 

based on Co
2+

). Anal. Calcd. for H68Co2Na10Sb2W20O104: Na, 3.8; Co, 2.0; Sb, 4.0; W, 

61.3. Found: Na, 3.8; Co. 1.8; Sb. 3.8; W, 58.2. FTIR (2% KBr pellet, 1100 – 400 cm
-1

): 

950 (s), 886 (m), 845 (s), 804 (s), 758 (m), 700 (m), 666(m). TGA: weight loss, 9.7% (30 

– 500 ºC).   

 [Na7Si2W18Sn9Cl5O68⋅(H2O)35]n (6.4).  The pre-synthesized Na10[α-SiW9O34]⋅nH2O 

(1.6 g, 0.6 mmol) was dissolved in 20 mL H2O, followed by addition of 1.0 M HCl until 

the pH was ~6.7. The white solids gradually dissolve.  SnCl2⋅2H2O (285 mg, 1.25 mmol) 

was added to the above solution quickly. The solution color became orange immediately 

and simultaneously some white precipitate forms. The pH became ~2.0.  NaCl (400 mg) 

was then added. The mixtures were heated to 70 ºC for 0.5 h and then cooled to room 

temperature and filtered. Orange needle-shape crystals were obtained from the filtrate 

after slow evaporation within a week. Yield: 430 mg (47% based on Sn). FTIR (1100 – 

500 cm
-1

; 2% KBr pellets): 996 (m), 948 (m), 890 (s), 786 (m), 687 (s), 646 (m), 532 (w). 

Electronic spectra data (350 – 700 nm, in DMF/H2O = 10/1 mixed solution): ε400 nm 

~1800 M
-1⋅cm

-1
. Anal. Calcd. for H70O103Cl5Na7Si2Sn9W18: Cl, 2.7; Na, 2.5; Si, 0.86; Sn, 

16.5; W, 51.0. Found: Cl, 2.5; Na, 2.4; Si, 0.84; Sn, 15.5; W, 49.6. TGA: weight loss, 

9.7% (30 – 500 ºC; “35H2O”) and 2.7% (500 – 700 ºC; “5Cl”).   
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 [Na7Ge2W18Sn9Cl5O68⋅(H2O)41]n (6.5). A similar procedure was used as above 

except using Na10[α-GeW9O34]⋅nH2O (1.7 g, 0.6 mmol). Yield: 370 mg (40% based on 

Sn). FTIR (1100 – 500 cm
-1

; 2% KBr pellets): 945 (m), 880 (s), 797 (s), 683 (s), 639 (m), 

526 (w). Electronic spectra data (350 – 700 nm, in DMF/H2O = 10/1): ε400 nm ~1800 M
-

1⋅cm
-1

. Anal. Calcd. for H82O109Cl5Na7Ge2Sn9W18: Cl, 2.7; Na, 2.4; Ge, 2.2; Sn, 16.0; W, 

49.5. Found: Cl, 2.3; Na, 2.2; Ge, 1.9; Sn, 15.1; W, 47.1. TGA: weight loss, 11.0% (30 – 

500 ºC; “41H2O”) and 2.7% (500 – 700 ºC; “5Cl”).   

Na6[{Na(µ-OH2)(OH2)2}6{Sn6(B-SbW9O33)2}2]⋅50H2O (6.6). Na9[B-

SbW9O33]⋅nH2O (1.6 g, 0.6 mmol) was dissolved in 0.5 M NaCl solution. Then pH was 

adjusted to ~6.5 by adding 1.0 M HCl. SnCl2⋅2H2O (285 mg, 1.25 mmol) was added and 

the mixtures were heated for 15 min. The solution then was filtered for slow evaporation 

and red crystals were obtained within two days. Yield: 370 mg (40% based on Sn). FTIR 

(1100 – 500 cm
-1

; 2% KBr pellets): 943 (s), 905 (m), 857 (m), 789 (s), 718 (s), 667 (s). 

Electronic spectra data (350 – 700 nm, in DMF/H2O = 10/1): ε400 nm ~1.05×10
4
 M

-1⋅cm
-1

. 

Anal. Calcd. for H136O200Na12Sb4Sn12W36: Na, 2.3; Sb, 4.0; Sn, 11.7; W, 54.5. Found: 

Na, 2.2; Sb, 3.7; Sn, 11.2; W, 55.0. TGA: weight loss, 7.3% (30 – 500 ºC; “50H2O”). 
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Figure 6-1 FTIR spectra for 6.1, 6.2 and 6.3 in the range of 1100 to 500 cm
-1

 (2% KBr pellet) 

 

Figure 6-2 FTIR spectra for 6.4, 6.5 and 6.6 in the range of 1100 to 500 cm
-1

 (2% KBr pellet) 
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6.2.2. X-Ray crystallography  

Single crystals suitable for X-ray structure analysis were each coated with Paratone-N oil, 

suspended on a small fiber loop and placed in a cooled nitrogen gas stream at 173 K on a 

Bruker D8 APEX II CCD sealed tube diffractometer with graphite-monochromated Mo 

K ( = 0.71073 Å) radiation. Data collection, indexing and initial cell refinements were 

all carried out using SMART.
57

 Frame integration and final cell refinements were done 

using SAINT.
58

 The molecular structure of each complex was determined using direct 

methods and Fourier techniques, and refined by the standard full-matrix least-squares 

procedure. A multiple absorption correction, including face indexing, was applied using 

the program SADABS.
59

 The largest residual electron density for each structure was 

located close to (less than 1.0 Å from) the W atoms and was most likely due to imperfect 

absorption corrections frequently encountered in heavy-metal atom structures. Structure 

solution, refinement, graphic and generation of publication materials were performed by 

using SHELXTL, v 6.14 software.
60

 The crystal data and structure refinement parameters 

are summarized in Table 6-1. 

Table 6-1 Crystal data and structural refinement for the X-ray structure analyses of 6.1, 6.2, 6.3, 

6.4, 6.5 and 6.6. 

 6.1 6.2 6.3 

Molecular formula H74O103Co3Na12Sb2W18 H73O102Cl2Co3Na13Sb2W18 H68O104Co2Na10Sb2W20 

Formula wt. / g mol
–1

 5727.84 5804.73 6000.56 

Temperature / K 173(2) 173(2) 173(2) 

Crystal system Monoclinic Triclinic Monoclinic 

Space group C2/c    P-1 P2(1)/n 

a / Å 14.157(7) 13.1847(12) 12.830(4) 

b / Å 23.069(12) 17.9900(17) 25.017(8) 

c / Å 32.352(19) 21.013(2) 15.820(5) 

α / ° 90.00 79.2970(10) 90.00 

β / ° 99.133(8) 86.0660(10) 93.765(5) 

γ / ° 90.00 69.4620(10) 90.00 

V / Å
3 

10432(10) 4586.0(7) 5067(3) 
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Z 4 2 2 

ρcalcd / g cm
–3

 3.722 4.151 3.962 

µ / mm
–1

 20.905 23.822 23.605 

Reflections collected 88037 78761 84975 

Independent refl. (Rint) 12452 (0.0575)  21827 (0.1472) 12061 (0.0879) 

Goodness-of-fit on F
2 

1.098 1.013 1.032 

Final R indices  

[R > 2σ(I)] 

R1
a 
= 0.0330, wR2

b
 = 

0.0865 

R1
a 
= 0.0454, wR2

b
 = 

0.1149 

R1
a 
= 0.0510, wR2

b
 = 

0.1735 

 6.4 6.5 6.6 

Molecular formula H70O103Cl5Na7Si2Sn9W18 H82O109Cl5Na7Ge2Sn9W18 H136O200Na12Sb4Sn12W36 

Formula wt. / g mol
–1

 6490.37 6687.51 12142.64 

Temperature / K 173(2) 173(2) 173(2) 

Crystal system Tetragonal Tetragonal Rhombohedral 

Space group P42/ncm P42/ncm R-3 

a / Å 21.438(4) 21.416(3) 17.778(5) 

b / Å 21.438(4) 21.416(3) 17.778(5) 

c / Å 23.126(4) 23.133(3) 45.221(13) 

α / ° 90 90 90 

β / ° 90 90 90 

γ / ° 90 90 120 

V / Å
3 10629(3) 10610(2) 12378(6) 

Z 4 4 6 

ρcalcd / g cm
–3

 3.696 3.758 4.506 

µ / mm
–1

 21.697 22.268 27.514 

Reflections collected 93868 58692 13110 

Independent refl. (Rint) 5454 (0.1042) 5861 (0.0895) 6271 (0.0674) 

Goodness-of-fit on F
2 

1.151 1.177 1.031 

Final R indices  

[R > 2σ(I)] 

R1
a 
= 0.0685, wR2

b
 = 

0.1948 

R1
a 
= 0.0666, wR2

b
 = 

0.1747 

R1
a 
= 0.0773, wR2

b
 = 

0.2633 

R1 =  ||F0|-|Fc||/|F0|; wR2 = {[w(F0
2
-Fc

2
)

2
/w(F0

2
)

2
]}

1/2 

6.3 Results and Discussion 

6.3.1 Characterization of Cobalt(II) POMs 

Complex 6.1 was synthesized in a chlorine-free environment. A similar structure was 

reported by Niu previously.
61

 As shown in Figure 6-3, the conventional sandwich 

structure contains three Co
2+ 

in the belt position and two [SbW9O33]
9-

 ligands. Unlike 

Niu’s compound, which shows a nearly hexagonal {Co3Na2K} distribution in the belt 
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region, 6.1 contains a bimetallic hexagonal arrangement {Co3Na3}.  Thus, 6.1 resides in 

an idealized D3h point symmetry rather than C2h.  

        Compound 6.2 was prepared under a similar conditions but with an excess amount 

of Cl
-
. Its structure is analogous to 6.1, but two terminal water molecules on Co

2+
 are 

replaced by Cl
-
.  Each Co

2+
 ion is located in a square pyramidal coordination geometry 

with Co-O distances from 1.983 Å to 2.051 Å on the basal plane.  The axial position is 

occupied by a terminal water molecule, with a Co-O distance of 2.062 Å, or by a terminal 

Cl
- 

ion with a Co-Cl distance of 2.380 and 2.349 Å, respectively. The Co-O(H2O) 

distance is similar to the ones in 6.1. The longer Co-Cl bonds make the {CoO4Cl} moiety 

an elongated pyramid.  The presence of Cl
- 
ion reduces the point group symmetry in 6.2 

to an idealized C2h. 

    Compound 6.3 has a similar structure to the one reported by Krebs previously.
53

  

The difference arises from the cations, which are Na
+
 instead of NH4

+
. The selective bond 

lengths can be found in Table 6-2. 

 

Figure 6-3 The X-ray structures of 6.1 (a), 6.2 (b) and 6.3 (c) in combined polyhedral and ball-

and-stick notation (Some of the Na
+
 and H2O are omitted). Co: blue; O: red; Cl: green; WO6 

octahedra: gray; SbO4 tetrahedra: brown. 
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Table 6-2 Selective bond lengths (Å)  

 6.1 6.2 6.3 

Sb-O
 2.01-2.02 1.97-2.00 1.97-1.98 

Co-O (bridged)
 

2.00-2.02 1.98-2.05 2.06-2.06 

Co-O (terminal)  2.04-2.07 2.06 2.13-2.16 

Co-Cl
 

- 2.35-2.38 - 

        Compound 6.1 and 6.2 are not stable in aqueous solution. We used UV-vis 

absorption spectroscopy to monitor the transformation of 6.1 and 6.2 and their subsequent 

conversion to 6.3.  A freshly-prepared aqueous solution of 6.1 shows a high absorption 

band at ~650 nm, which is consistent with the blue color of the starting solution. This 

low-energy absorption feature is due to the five-coordinate Co(II) centers. This 

absorption band decreases rapidly and finally disappears, while a new absorption feature 

at ~540 nm is forming, which is consistent with the apparent pink-color in the final 

solution. This absorption is due to the octahedral six-coordinate Co(II) center. Similar 

patterns are also observed in the UV-vis absorption spectrum of 6.2. The final spectra are 

similar to that of 6.3, which means that both 6.1 and 6.2 have been converted to 6.3, the 

thermodynamically more stable species.  Furthermore, crystals of 6.3 can be isolated 

from the above solutions of 6.1 and 6.2 after a few days. The stability of 6.3 was 

evaluated by back-and-forward titrations, as shown in Figure 6-5, the UV-vis spectra of 

6.3 are highly reversible in the pH range of 3.8-6.6 and show an isosbestic point at ~525 

nm. 
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Figure 6-4 Time-dependent UV-vis absorption spectra of 6.1 in an aqueous solution 

 

Figure 6-5 pH-dependent UV-vis absorption spectra of 6.3 in back-and-forward titration 

processes. Arrows indicate the changing directions. 

6.3.2 Water-oxidation Activity of Na10[{Co(H2O)3}2{WO2}2(SbW9O33)2] 

The catalytic water-oxidation activity of 6.3 was studied in a sodium borate buffer (pH 

8.4). [Ru(bpy)3]
2+

 was used as the photosensitizer and S2O8
2-

 as the sacrificial electron 

acceptor, which are well known to react as in eq 1. 

2 [Ru(bpy)3]
2+

 + S2O8
2-

 + hv  2[Ru(bpy)3]
3+

 + 2 SO4
2- 

(1) 
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 The light-driven mechanism has been well-studied.(ftnts) The excited state, 

[Ru(bpy)3]
2+*

, is quenched by S2O8
2-

 resulting in [Ru(bpy)3]
3+

 and SO4
⋅-.  The SO4

⋅- 

consequently produces a second molecule of [Ru(bpy)3]
3+

. Finally four equivalents of 

[Ru(bpy)3]
3+ 

oxidize two equivalents of water to produce O2 and four protons (eq 2): 

2 S2O8
2-

 + 2 H2O + 2 hv  4 SO4
2-

 + O2 + 4 H
+
     (2) 

The O2 yield in pH 8.5 buffer is shown in Figure 6-6. During ~15 mins reaction time, 

the reaction is complete because of depletion of all S2O8
2-

 agents. The turnover number 

(TON) is approaching ~300 and the chemical yield is 0.42. The O2 yield is related to the 

catalyst concentrations, which indicates that TON increases along with a higher catalyst 

concentration, but eventually it reaches a plateau.        

 

Figure 6-6 Kinetics of catalytic light-driven O2 evolution from water. Conditions: LED, 455 nm, 

17 mW light beam with a diameter of ~0.5 cm focused on the reaction solution, 1.0 mM 

[Ru(bpy)3]
2+

, 5.0 mM Na2S2O8, 40 mM sodium borate buffer in a total reaction volume of 2.0 mL, 

vigorous agitation. Left: 1.8 μM catalyst in pH 8.4 (red squares) and pH 8.9 (blue diamond).  

Right: various catalyst concentrations in pH 8.4 (green triangle) after 15 minutes’ reaction time. 

6.3.3 Characterization of Tin(II) POMs 

Although the organo-tin(IV)-substituted POMs have a rich chemistry,
45,62-64

 very few 

tin(II)-containing POMs are known. The latter are [Sn(SiW11O39)]
6-

, [Sn3(α-
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SiW9O34)2]
14-

, [Sn3(α-PW9O34)2]
12-

, [Sn6(SnW9O33)2]
8-

, [Sn3(α-AsW9O34)2]
12-

 and 

[H3SnW18O60]
7-

,
65-71

 and so on.  Complexes 6.4 and 6.5 were prepared from the reaction 

of excess [α-XW9O34]
10-

 and SnCl2⋅2H2O in an acidic aqueous solution (pH ~2.0). The 

extra POM ligand present stabilizes the Sn(II) ions with respect to aerobic oxidation to 

Sn(IV). Previously, the trinuclear POM [Sn3(SiW9O34)2]
14-

 was made at pH 8 while the 

tetranuclear compound [Sn4(SiW9O34)2]
12-

 was made at pH 4.
66,72

 The SnCl2 in these two 

preparations are in excess.  Complexes 6.4 and 6.5 are iso-structural so we focus on 6.4 

here.  As seen in Figure 6-7, the structure of 6.4 consists of two [α-SiW9O34]
10-

 anions 

linked by nine Sn(II) centers into an assembly of idealized D3h symmetry. Bond valence 

sum (BVS) calculations of all nine tin centers range from 1.75 to 1.98, consistent with all 

being in the Sn(II) oxidation state.  These two complexes contain the highest nuclearity 

of Sn centers in known POMs to our knowledge. The structure can be also viewed as a 

typical sandwich motif {Sn3(XW9)2} (X = P or Si) surrounded by a 12-membered ring. 

{Sn6Cl6}. in the belt position (Figure 6-7). Compared to [Sn3(SiW9O34)2]
14-

 and 

[Sn4(SiW9O34)2]
12-

, in which each of the three internal Sn(II) centers is located in a 

pseudo-trigonal-bipyramidal SnO3 geometry with Sn-O distances of 2.12 – 2.29 Å and 

Sn-O-Sn bond angles of 78.9º – 94.1º, in 6.4 the inner Sn(II) ions displays a SnO4 seesaw 

molecular geometry. The Sn-O distances are from 2.25 to 2.29 Å; the O-Sn-O angles 

range from 114.5º – 115.9º (Oax-Sn-Oax, Oeq-Sn-Oeq) and 69.6º – 77.4º (Oax-Sn-Oeq), 

respectively.  The lone-pair of electrons on Sn(II) occupy the third equatorial position and 

point towards the C3 axis of the anion.  
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Figure 6-7 (a) X-ray structure of a single unit of 6.4 in combined bond-and-stick and polyhedral 

notation. (b) Representation of the central nine Sn(II) ions.  Atoms with the same labels are 

symmetry equivalent. (c) 1D chain structure of 6.4 through µ4-Cl bridges. Code: Cl, green; Sn, 

orange; SiO4, blue; WO6, red. 

The {Sn6Cl6} ring encircles the sandwich [Sn3(SiW9O34)2]
14-

 through oxo-bridged 

Sn-O-Sn bonds. The Sn-O-Sn bond angles are 106.2º – 107.3º. Each external Sn(II) ion 

resides in a seesaw-geometry SnO2Cl2 unit with two chlorides in the axial position and 

two oxygens in the equatorial position. The lone-pair of electrons face away from the 

central C3 axis.  The Cl-Sn-Cl bond angles are 165.5º – 166.5º while the O-Sn-O angles 

are 74.6º – 75.3º.  The Sn-O bond distances are 2.12 – 2.15 Å, while Sn-Cl bonds are far 

longer (2.68 to 3.18 Å). The relatively shorter bond length is in the Sn-(µ2-Cl)-Sn unit, 

while the longer length (2.94 and 3.18 Å) is in the Sn-(µ4-Cl)-Sn unit.  In the latter unit, 

the Cl ion is four-coordinate (inducing a consequently longer Sn-Cl bond) and bridges the 

adjacent {Sn6Cl6} rings.
73-77
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Figure 6-8 (a) Porous channels along the c-axis in 6.4 confined by four 1D chains assembled 

around the four-fold axis. (b) The secondary channels along [110] direction. Code: Na, purple. (c) 

The 3D open framework of 6.4 shown in stick notation. (d) A topological representation of 6.4. 

The channels inside which are shown in blue/green tubes. The red sticks represent each single 

unit of 6.4 and the green sticks stand for the chloride bridges. 

As shown in Figure 6-7, the structure of 6.4 displays as an infinite one-dimensional 

(1D) chain due to the chloride-bridged linkages. The µ4-Cl is located in a tetrahedral 

coordination environment, Sn4Cl, with Sn-Cl-Sn angles of 99.7º – 142.6º.  Each single-

POM unit of 6.4 is perpendicular to the adjacent POM unit. To our knowledge, a Cl-

bridged 1D chain of transition-metal-substituted POMs has not been reported previously. 

Furthermore, each 1D chain is bonded to the neighboring chain through hydrated sodium 

ions, [Na(H2O)4]
+
. Because the structure resides in the P42/ncm space group, the 

resulting symmetry equivalent 1D chains surround the central 4-fold axis generating an 

internal 1D porous channel along c-axis. The channel diameter is about 9.2 Å estimated 
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from the bordering oxygen separations (Figure 6-8). Along direction [110], another kind 

of 1D channels are also present. Half of these are partially filled with [Na(H2O)4]
+
 ions 

and the other half are empty with a diameter of 6.1 Å from the edge chloride to edge 

chloride (Figure 6-8). 

 

Figure 6-9 (a) X-ray structure of [Sn6(B-SbW9O33)2]
6-

 in combined bond-and-stick and 

polyhedral notations. Code: Sb, cyan. (b) A “double-sandwich” structure of 6.6 involving a 

hexanuclear aqua-Na
+
 cation. (c) The arrangement of 6.6 in a unit cell shown in stick notation. 

The anionic “double-sandwich” structure of Na6[{Na(µ-OH2)(OH2)2}6{Sn6(B-

SbW9O33)2}2]⋅50H2O
 
(6.6) is a tetramer constructed from two hexanuclear Sn(II) POM 

dimers, [Sn6(B-SbW9O33)2]
6-

, linked to each other through a polymeric hydrated Na
+
 

cation, [Na6(µ-OH2)6(OH2)12]
6+

. Each sandwich comprises two [B-SbW9O33]
9-

 ligands 

joined together by six Sn(II) centers.  This geometry is similar to the one in [Sn8W18O66]
8-

. Unlike the symmetry in 6.4, a similar structure to [Sn6(SnW9O33)2]
8-

, the dimer [Sn6(B-

SbW9O33)2]
6- 

and the resulting 6.6 exhibit D3d symmetry instead of D3h. Complexes 
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[Sn3(SiW9O34)2]
14-

 and [Sn3(PW9O34)2]
12-

 show virtual D3 symmetry because one of the 

POM ligands is twisted by a small angle round the C3 axis.  In 6.6 one [B-SbW9O33]
9-

 

unit is rotated by 60º relatively to the other. This compound crystallizes in the R-3 space 

group. The central hexanuclear Sn(II) “belt” is linked to the POM units through Sn-O 

bonds with distances ranging from 2.25 to 2.29 Å, which are longer than those in 

[Sn6(SnW9O33)2]
8-

. Each Sn(II) ion in 6.6 is four-coordinated and in +2 oxidation state as 

revealed by BVS calculation. The Sn-O-Sn bond angles are 107.8º – 109.5º, while the O-

Sn-O angles are in the range of 118.1º – 118.7º (Oax-Sn-Oax, Oeq-Sn-Oeq) and 70.4º – 

79.7º (Oax-Sn-Oeq), respectively. In the central cation, [Na6(µ-OH2)6(OH2)12]
6+

, each Na
+
 

ion is located in an octahedral environment. The bond Na-O distances are 2.24 – 2.26 Å 

(terminal) and 2.43 – 2.49 Å (bridged), respectively. This nano-scale cluster has a 

diameter of approximate 3 nm. 

6.3.4 Spectroscopic Study of Tin(II) POMs 

The solubility of the above complexes was evaluated. Their solubility in water is low but 

increases considerably upon addition of DMF. This is different from conventional POMs, 

because alkali salts of POMs are usually far more soluble in aqueous solution than  in 

organic solvents.  The reason for this unusual solubility is not clear but may involve 

solvation of the lone-pair electrons on the belt-position Sn(II) centers.  The chemical 

reactivity of Sn(II) lone pairs was previously studied by Pope and co-workers, who 

demonstrated that Sn(II)-POM derivatives are susceptible toward electrophilic attack and 

oxidation. The UV-vis spectra in Figure 6-10 were collected in a DMF/H2O = 9:1 

solution.  Three complexes exhibit an orange (6.4 and 6.5) or red (6.6) color in the solid 

state, and the spectra of all three in solution show a broad absorption covering the UV-
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visible region extending to about 650 nm (ε400 nm: 6.4 and 6.5, 1800 M
-1⋅cm

-1
; 6.6, 

1.05×10
4
 M

-1⋅cm
-1

). Given that the precursors, SnCl2 and [α-SiW9O34]
10-

, are both 

colorless (absorb exclusively in the UV region), this new visible-light absorption feature 

is likely due to the charge transfer between Sn(II) centers and POM ligands. These 

features parallel the metal-to-POM charge-transfer (MPCT) transitions in the rhenium(I) 

POM chromophore described earlier in the thesis (Chapter 4).
30,31

  

 

Figure 6-10 (Left) Normalized UV-vis spectra of 6.4 (in 90% DMF), 2 equivalent [α-SiW9O34]
10-

 

(in H2O) and 9 equivalent SnCl2 (in H2O). (Right) UV-vis absorption spectra of 6.4, 6.5 and 6.6 

in 90% DMF. 

The stability of these complexes in solution was then studied.  Sn(II) ions are 

unstable with respect to air-based oxidation, and these complexes undergo a slow 

oxidative degradation on exposure to the ambient environment. As shown in Figure 6-11,  

the absorbance of the stock solution of 6.6 decreases by 38% in buffer and 43% in DMF, 

respectively over a period of 20 hours. In DMF solution, the degradation shows faster 

kinetics at early times. The stock solution becomes colorless within a week indicating a 

complete decomposition. Similarly, 6.4 and 6.5 decompose over several days.  
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Figure 6-11 (a) UV-vis spectra for 6.6 in a pH 4.0 buffer solution, initially, and after 20 hours. (b) 

Normalized time trace of absorption record at a wavelength of 400 nm for 6.6 in a buffer and a 

DMF solution respectively over a 20-hour period. 

The redox properties of 6.6 were studied by cyclic voltammetry (CV). As shown in 

Figure 6-12, in the negative potential domain the CV is quasi-reversible with two poorly 

resolved peaks in a 1:1 current ratio which is consistent with two one-electron transfer 

processes. These patterns are similar to those in the POM [B-SbW9O33]
9-

 derivatives.
78,79

 

The wide and low-current CV peaks are consistent with slow electron transfer processes, 

which are likely due to high reorganization energies in 6.6.  The peaks at negative 

domain are assigned to the W(VI)-to-W(V) reduction.  The anodic peak currents, ip,a, are 

proportional to the square root of the scan rate, indicating that the redox processes 

associated with 6.6 are diffusion-controlled. There are no CV-detectable peaks for the Sn-

centered redox processes.  Since 6.4 and 6.5 have poor solubility in the acetate buffer, 

they were not investigated by CV.  
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Figure 6-12 Cyclic voltammograms of 6.6 at a scan rate of 100 mV s
-1

 in the range of +1.0 to -

1.0 V vs. Ag/AgCl. 

6.4 Conclusions 

Three cobalt(II) polytungstates based on the sub-valent antimony(III)-centered ligand, [B-

SbW9O33]
9-

, have been prepared and characterized.  The results show that the ligand [B-

SbW9O33]
9-

 tends to form two types of architecture: the eclipsed and the slipped sandwich 

structures. The eclipsed structure is hydrolytically unstable while the slipped-sandwich 

structure assembly is kinetically stable.  Complex 6.3, the stable species, is an efficient 

water oxidation catalyst.   

Three tin(II) polytungstates have also been prepared from trivacant lacunary POM 

ligands. These high-nuclearity Sn(II) POMs display infinite framework-like structures 

which are comparable with MOFs, but they are all-inorganic.  Complexes 6.4 and 6.5 are 

the highest nuclearity Sn(II) POMs known to date, and they are the first examples of one-

dimensional POM chains connected by chloride bridges. These complexes have high 

absorption in the visible region, which suggests potential applications as inorganic 

chromophores.   
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