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Abstract
Transition-metal-substituted polyoxometalates as Water Oxidation Catalysts
By Guibo Zhu

Several new polysilicotungstates substituted with earth-abundant elements (Co
and NI), KlolzNaolg[{CO4(H-OH)(H20)3}(Sizwlgo7o)] 31H,0, K5Na4H4[{Na3(u-
OHz)zCOz(lJ-OH)4}(Si2W18066)] -37H20, KGNag[Na(Hzo){CO(Hzo)g}z{CO(Hzo)z}
(Si2W18056)] 22H,0 and Klon[Ni5(OH)6(OH2)3(Si2W18066)]-34H20, have been
synthesized and characterized by X-ray crystallography, infrared, elemental analysis,
UV-vis spectroscopy and cyclic voltammetry. They can effectively catalyze water
oxidation in a photo-driven system with [Ru(bpy)s]** as photosensitizer and Na,S;0s
as the sacrificial electron acceptor. Several lines of evidence show that none of these
complexes decompose to insoluble metal oxide under the harsh catalytic conditions.
Although  [{Cos(lrOH)(H20)3}(Si,W10070)]"" slowly hydrolyzes in aqueous
solution, it is quite probable that the initial complex is the real catalyst, because the
isolated hydrolysis products show lower WOC activity. Because of their low
solubility in aqueous solution, [{Nas(u-OH2)2Cox(JtOH)}SiaWi1s066)]™, [Na
(H20){Co(H20)3}{Co(H20),}(Si;W150¢6)]”, and [Nis(OH)s(OH,)3(SizW1g065)]**
form solution = [Ru(bpy)s]™-POM complex equilibria and remain molecular during
the catalytic process.

A dodecazinc silicotungstate KzoNaz[Zng(OH)7(H20)(Si,W150¢6)]2 34H,0 has
been synthesized and characterized. DFT B3LYP calculations give HOMO-LUMO
and (HOMO-1)-LUMO energy gaps of ~3.65 and 3.91 eV, which are larger than in
ZnO (band gap = 3.35 eV).

The catalytic activity of tetra-n-butylammonium salt of [{RusO4(OH)2(H20)4} (v-
SiW10035)2]""", whose water soluble salt is a water oxidation catalyst, was explored in
oxidation of 3,5,3°,5’-tetrabutyl-biphenyl-4,4’-diol by dioxygen. Alcohols are
stoichiometricaly oxidized under Ar by this compound to aldehydes/ketones in
acetonitrile solution. The reaction kinetics and stoichiometry were studied by GC,
NMR and UV-vis spectroscopies. The reaction kinetics are very complex, the
reaction proceeds in two steps with the second step being significantly slower.
Several reaction mechanisms were analyzed by fitting of the reaction kinetic curves
obtained from changes of UV-Vis spectra versus time.
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Chapter 1

Chapter 1 : Introduction to Transition-metal-Substituted
Polyoxometalates (TMSPs) and TMSP-Catalyzed Water
Oxidation



1.1 General Information about POMs

Polyoxometalates (POMs) are composed of transition metals in their highest
oxidation states (d°) bridged by oxygen atoms. They are molecular structures formed by
the condensation of mononuclear oxometalates [MO,]" under acidic conditions. The
common transition metals in POMs are tungsten, vanadium, molybdenum, niobium, and
tantalum, and they are referred as addenda atoms. If the POMs only consist of addenda
and oxygen atoms, they are called isopolyanions. If a main group element (such as Si, P,
Ge, As, B... termed “the heteroatom™) is added during the condensation process, it
usually acts as a template in the center of the structure, and this type of POM is called a
heteropolyanion. In this introduction, we will mainly discuss one type of

heteropolyanion, the polysilicotungstates.

Scheme 1.1 describes the synthesis and isomerization of silicatungstates as an
example. We examine this scheme from the left to the right. When the mixture of
tungstate and silicate solution is acidified, species having multiple open sites
(“unsaturated” or “lacunary”) will be formed, frequently the 9-tungstopolyoxometalates.
These open sites are highly reactive because of their nucleophilic oxygen atoms. In the
presence of tungstate or transition metal cations at lower pH, these lacunary species
transform into their closed (“plenary”) structures, or into dimerized, tetramerized or more
complex structures with additional open sites by linking the tungsten atoms. The
transformations between these species are controlled by many factors, such as pH, the

tungsten/heteroatom ratio and the counterions (Na* or K*). Therefore, the plenary



structures decompose, reversibly, into the lacunary structure(s) when the pH increases.

H', WO4*

ISiW12040]"

[B-HSiWo030]™

‘_
5103 + WO4 -

[y-HSiW10036] "

[By-SiW11030]" [B-SiW12049]*

i

[B3-SiW 110301

5o

a-[SiWgO14] 10- .
o-[SiW 030" a-[SiW 12040

[{K(F20)3}2{K(Ha0)2} (SiaW15066)]' > [KoHSiaW36Oy30]™

OH"

Scheme 1.1 General route for the formation of polysilicotungstates (color code: W, gray;

Si, yellow; K, purple).



Trivacant lacunary POMs can be formed when sodium tungstate and sodium silicate
is acidified to about pH 9. Usually, there are two types of 9-tungstosilicates, the A type
and the B type (Figure 1.1). The A-type is formed by the association of three {W,0Og}
groups and one {W3010} group around the central atom, and the B-type is formed by the
association of three {W3010} groups around the central heteroatom. The trivacant
Keggin POMs mentioned in Scheme 1.1 are all A-type lacunary Keggin species. A B-
type trivacant Keggin {SiWg} POM has never been isolated to my knowledge, but these
structures can be stabilized by transition metal ions through the hydrolysis of other
Keggin structures. For example, the “sandwich-type” complexes, [M4(H20)(B-a-
SiWe0a)2]'* (M=Mn%, Cu*, Zn®"), were synthesized using y-[SiWioOs6]®> as the
precursor; and [Co(H20)(B-0-SiWg0s4),]** was obtained using the sodium salt of a-
[SiW,034]**.> However, the phosphorus analogue, B-type [PWg0s14]%, can be obtained

by heating [A-PWy0s34]°" at 150 € for 2 days to a week.

Figure 1.1 A-type (A-a-isomer) and B-type (B-a-isomer) trivacant Keggin polytungsto-
silicates.



Figure 1.2 Polyhedral and ball-and-stick representation of compounds that form by
reaction of trivacant Keggin polysilicotungstates with transition metals. [(a-SiFe3Wo-
(OH)3034)2(OH)3]* (@), and [(0-Si(FeOH,),FeWo(OH)3034)2]* (b),?
[Zrs0(0OH)2(SiWg034)2]"*  (€),*  [{Co(H20)2}33(SiWe0as)o]*  (d),®  [A-a-SiOsWsMs
(OH)30s3]” (M = Ru, Cr, Co, Fe, Cu, Mn, Ni) (e),*®" [Rus(H,0)sCls(B-a-
SiWg037)]” ()2 [Ma(H20)2(Si WeO34)2]** (M = Ni, Co) (g).> Color code: W, gray; Si,
yellow; Fe, dark teal; Zr, light salmon; Co, magenta; Ru, dark blue.

Several transition-metal-substituted POMs (TMSPs) prepared using A-a-SiWg
(sodium or potassium salt) as precursors are shown in Figure 1.2 (only TMSPs without
organic ligands are discussed in this chapter). The A-type structure is maintained (Figure
1.2 a-e), or undergoes isomerization to B-type SiWg (Figure 1.2 f, g). The trivacant POM
units react with transition metal cations to form structures with single substituted POMs

(such as Figure 1.2 e and f), or sandwich-type structures (such as Figure 1.2 a, b, ¢, d, and



g). It should be noted that different structures, [Rus(H20)sCls(B-0-SiWgOs7)]” (Figure
12 ° and B-o-[{RusOs(H20)CI}(SiWs O3s)]™” have been obtained by different
research group by using the same precursor (A-a-SiWg); when B-SiWg was used,
[Rus(H20)3Cls(B-B-SiWe037)]" has been obtained.? No single crystals were obtained for
[Rus(H20)3Cl3(B-0-SiWeO37)]" (Figure 1.2f) or [Ma(H20)2(SiWe034)2]"% (M = Ni, Co)
(Figure 1.2g), suggesting that these open Keggin POMs are generally challenging to

synthesize or hard to crystallize.

By addition of two equivalents of WO,* per equivalent of trivacant Keggin POM
{SiWg} at around pH 5, monovacant tungstosilicate {SiW;;} can be formed. These 11-
tungstosilicate anions transform to the plenary {SiWi,} anions when the pH is lower to 4
and tungstate is added. For the monolacunary Keggin polytungstosilicates, all the
isomers are unstable in solution and transform to the o isomer slowly, except when the
pH <4, when the B isomers react with tungstate to give the plenary B-[SiW12040]".
Similarly, o-[SiW1,040]* can be obtained by acidifying o-[SiW11036]% in the presence
tungstate. The plenary structure is called Keggin type POM, and has the general formula
as [XW1,040]", where X is the heteroatom. The structure is constituted by a central XO4
tetrahedron surrounded by four M3Os3 triads at each of its vertices. These triads are
linked with each other and the central tetrahedron by corner-sharing contacts (bonds).
Geometrically, five isomers can be formed by successive 60°rotation of the M3O;3
groups (Figure 1.3). The a-Keggin isomer (T4 symmetry) is the most thermodynamic

stable species.



Figure 1.3 The five isomers of the Keggin structure. The rotated M3O;3 group(s) are

shown in blue.

v-[SiW10036]® cannot be obtained by condensation reactions (lowering of pH)
starting with a-SiWsg or B-SiW,. It can only be synthesized by hydrolysis (increase of
pH) of B.-SiWy at ~pH 9. Neither a and B-[SiW10037]'> have been isolated, in
agreement with the “Lipscomb rule”. According to this rule, {MOg} units are not stable
in POMs if they have three or more terminal oxygen atoms. However, like B-a-SiWy,
they can be stabilized by incorporation of transition metals. Complexes as a-
[Fes04([SiW10037])2]"",  [0-Mn,SiWi0035] "™ [Mn'"19(OH)12(0-SiW10037)s]** (Figure
1.4 a)," [{B-SiC0,W10036(OH)2(H20)}21"*,* [[ {B-SiNiz W10036(OH)2(H,0)}.]**,** and
[Ln"sFe" s(H20)12(a-SiW10036)s]*®  (Ln=Tb, Dy) (Figure 1.4b) *  have been

synthesized. y-[SiW1204]" is not stable in aqueous solution, and can only be obtained as



a tetrabutylammonium (TBA) salt in aqueous-organic mixed solution from the

condensation of y-SiWyg.

Figure 1.4 Polyhedral and ball-and-stick representation of compounds [Mn"15(OH)12(o-
SiW10037)6]** (Figure 1.4 a),** and [Ln"'s Fe"'s(H20)12(a-SiW10036)s]*® (Ln = Tb, Dy)
(Figure 1.4b).** Color code: W, gray:; Si, yellow; Mn, olive; Ln, Brown; Fe, dark teal.

v-SiWjo can react with electrophiles at the lacunary sites. Because y-SiWig is
metastable in aqueous solution, and it is sensitive to synthetic conditions, such as pH,
temperature, cation size, ionic strength, the nature of the transition metal, and buffer
capacity, it is hard to predict the products of these reactions. The structure of y-SiWj, can
be maintained, undergo isomerization, or decompose. Figure 1.5 shows several examples
with the intact y-SiW, structure, while Figure 1.6a shows an example of an isomerized y-
SiWjo. Figure 1.6 b-g shows loss of tungsten atoms during the reaction, and Figure 1.6 h
is an example of y-SiWyo gaining an extra tungsten atoms. The trend in thermodynamic
stability with respect to isomerization and gain or loss of tungsten atoms is as follows: y-

isomer (least stable) < B-isomer < a- isomer (most stable). It is interesting to note that to



obtain the sandwich-type structure, [M4(H20)2(B-a-SiWg034)2]**, y-SiWig is needed for
reactions involving Mn, Cu, Zn (Figure 1.6g), but A-a-SiWy is needed for reactions

involving Ni, Co (Figure 1.29).

Figure 1.5 Polyhedral and ball-and-stick representation of compounds that were formed
by y-[SiW10035]% with its structure intact. [{Fe,(OH)s(H20)2}3(y-SiW10s6)3]™ (a),*
[{Rus04(OH)2(H20)a}(y-SiW10036)2] ™" (0)***" [(y-SiW10036)2(Cr(OH)(H20))s]"* (c),*®
([K(H20)}2{(1s-H20)M(H20)} (y-Si;W20 O70)]° (M = Mn?"; Co*"; Ni*") (d)."*** Color
code: W, gray; Si, yellow; Fe, dark teal; Ru, blue; Cr, pink; Co, magenta.
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Figure 1.6 Polyhedral and ball-and-stick representation of compounds that were formed
by reaction of  y-[SiWyOs]>  after  skeletal  isomerization.  [{(B-
SiFe,Wi19037(0OH)(H20) (e OH)T*  (8),"®  [{Cos(B-B-SiWsO33(OH))(B-B-SiWs0,6(O
H)2)}21% (b),%% {[SiWeOss]o[Mn""4sMn'",04 (H20)a}** (c),”® [{Nis(H20)a(1b-H20)4 (1b-
OH)2}(X-SiWg034)2]"% (d),?* [CogCl2(OH)3(H20)e(B-B-SiWeOs1)s]' "™ (€),%*% [Cua(H20),
(OH),4Si;W160s5]% (£),2% [{SiM2We034(H20)}:1"% (M = Mn?*, Cu®*, Zn*") (9), [(B.-
SiW1:MnO350H)3]*® (only one enantiomer is shown here) (h).22 Color code: W, gray;

Si, yellow; Fe, dark teal; Co, magenta; Mn, olive; Ni, gree; Cu, royal blue.
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Another polysilicotungstate structure that forms at lower pH is the open Wells-
Dawson one, a-[Si,W:150es]'®. Compounds with the o-Wells-Dawson common “closed”
motif, a-[P2W1506,]%, involve binding of two A-a-[PWs] units (Figure 1.7a). The silicon
analogue of the Wells-Dawson polyanion has never been obtained, and a-[Si;W15Oss]*®
(with the open Wells-Dawson structure) can be isolated if an excess of K* cations are
present. The molecular anion comprises two A-o-[SiWeOs4]" subunits linked through
two oxygen atoms (Figure 1.7b). The W atoms which participate in the two W-O-W
bonds are linked by edge junctions. The cavities of the polyanion are good binding sites
for metal cations: either through four terminal oxygen atoms on each SiWg half unit, or
through two junction oxygen atoms (shown in Figure 1.8). Complexes involving a-
[SizW15066]'® include [{M(H;0)}(-H20):K(Si;W1s066)]"* (M = Co, Ni, Cu),*®
[{M(H20)}(1-H20)-K{[M(H20)4(Si:W:15066)]*> (M = Mn, Co, Ni),*® [Cus(OH)4(H,0),
(A-0-SiW904g3)] """, [{KV;03(H20):}(SioW1g066)]™,** [{Fea(OH)s}(SizWig0e6)]™,*
[Ln(H20)7Si2W15066] > (Ln = Gd"', Tb"™, Ho", Eu™, Tb"),**3* [K{UO,(H,0):}(Si.
Wi1g066)]*, % and o-[{[K(H20)][K(H20)4]}2SisW360136]*%,*®  shown in Figure 1.9. The
open Wells-Dawson structure dimerizes into a tetramer of SiWy units (o-
[KLiHgSisW3s0130]"%) when pH drops below 2.4 (Scheme 1.1). The formation of the

tetramer still requires a high concentration of K*.

Examination of Scheme 1.1 from the right to the left shows that as the pH increases,
the plenary Keggin POMs undergo series of hydrolysis processes, and form mono-, bi-

and tri-lacunary species successively.
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Figure 1.7 Polyhedral representation of the Wells—Dawson polyanion o-[P,W150¢2]° (a)
and the open Wells-Dawson polynanion [{K(H20)s}{K(H20):}(Si:W150e6)]*> ().
Color code: W, gray; Si, yellow; K, purple; P, green.

Figure 1.8 The binding sites of a-[Si;W130e6]™® (0xygen atoms shown in red are

lacunary binding sites for transition metals) from different views.
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Figure 1.9 Complexes containing o-[Si;W1gOes]™® units: [{M(H20)}(peH20):K (Si2
Wig0e6)|"(M=Co, Ni, Cu) (a),® [{M(H20)}(xH20)K{[M(H20)4(SizW150¢6)]"*
(M=Mn,  Co, Ni)  (0),®  [Cus(OH)4(H:0)2(A-a-SiWeOs3)2]""  (c),*
[Lno(H20)7Si,W1g066] ™ (Ln = Gd"™, Tb"', Ho', Eu™, Tb") (d), #** [{KV,03(H.0),}
(SizW1s06s)]" (). [{Fes(OH)e}(SiaWi1s0e6)]™ (1), and  a-{[K(H,0)][K
(H20)4]}:SisW360136]*> (g). Color code: K, purple; W, grey; Co, pink; Cu, blue; Si,

yellow; V, orange; Fe, green.

1.2 Catalytic applications of POMs

1.2.1 POMs as Water oxidation catalysts (WOCs)
Solar energy is the most abundant renewable energy on the planet. Solar fuel can be

realized by water splitting or CO; reduction (eqgs 1.1 and 1.2, respectively). Both these
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reactions include water oxidation (eq 1.3), a four-electron process, that is both kinetically

and thermodynamically challenging.

2H,0 + hv — Oz + 2H, (1.1)
2CO; + 4H,0 + hv — 2CH30H + 30, (1.2)
2H,0 — 0, +4H* +4e°  E°=1.23V vs. NHE (1.3)

A variety of homogeneous and heterogeneous WOCSs have been developed. A useful
WOC must meet several requirements, and one of them is that the WOC has to be stable
in the catalytic processes.®” Organic ligands in the WOCs can be oxidized under harsh
oxidizing conditions, resulting in loss of catalytic activity. To this end, a compound with
a POM-ligated RusO, core, [RusOs(OH)»(H20)a(y-SiW10036)2]"> (Figure 1.5b), was
developed as a carbon-free yet soluble (homogeneous) WOC.**!"  The phosphorus
analogue of this compound was also recently made by our group, and shown to have
WOC activity.*® Subsequently, our group reported another POM WOC, [Co4(H20)2(a-
PW40a4),]'% (phosphorus analogue of Figure 1.2g), which is based on all earth-abundant
elements.®*® Since then, many additional POM WOCs have been studied and this area of
research has recentlhy been reviewed.®” However, there has yet to be any insightful
structure-reactivity relationship information on involving these popular catalysts.
Although cubane or cubical-core-like structures such as the CaMn3O4 core of the water
oxidizing complex of Photosystem Il tend to have higher water oxidation activity, many
other factors are also important, including the overall molecular charge (which relate
directly to the pK, values of the catalyst), the accessibility of the active sites to the

reactants and the number of the active core metal atoms. It is also highly problematical
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to compare the reactivities of all WOCs, because the catalytic conditions vary in the
different published studies. In addition, each POM WOC has its own pH range of

hydrolytic stability.

1.2.2 POMs as catalysts for other oxidation processes

POMs, especially TMSPs, are good candidates for oxidation catalysis, because they
are stable under oxidative conditions. They are also self-adjusting and self-repairing
under appropriate conditions (pH and ionic strength). The chemical properties (redox
potentials, solubility in different solvents, etc.) of POMs are also tunable by changing the
component elements and counter-cations. Therefore, besides water oxidation, POMs are
also good catalysts for the oxidation of organic pollutants, such as sulfide and alkenes,
using green oxidants such as O, and H,0,. Scheme 1.2 shows the general mechanism for
POM-catalyzed oxidation of organic compounds. Once the POM is reduced, it can be re-

oxidized to form a catalytic cycle. Usually, the reoxidation step is the rate limiting step.

H,O0 Oxidized POM Toxic Pollutants
2H+

12 O, Reduced POM Oxidized Pollutants
(Non-toxic)

+ POM
catalyst

Overall rxn: Pollutants + 1/2 O,+ 2H Oxidized Pollutants + H,O

Scheme 1.2 The general two-step mechanism for oxidations of organic compounds by
0O, catalyzed by POM.
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1.3 Goals of this thesis and outline

The goal of chapter 2 to chapter 4 is to design and synthesize cobalt- or nickel-
substituted POMs to catalyze water oxidation. The sodium or potassium salt of o-
[SiWs034]'* was used as the precursor. The stability of these TMSPs was evaluated and

their WOC activity was also evaluated.

Chapter 5 addresses the synthesis of a POM with a hexa-zinc core, a molecular

model for the useful semiconductor, zinc oxide.

Chapter 6 probes the catalytic activity of the WOC, [RusO4(OH)2(H20)4(y-
SiW10036)2]*", for oxidation of organic compounds. 1 find that once the Ru,-POM is
reduced, it is very hard to re-oxidize it. Therefore, even though it is a good catalyst for

water oxidation, it is a poor one for pollutant oxidation.
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Chapter 2

Chapter 2 . Water Oxidation Catalyzed by a Tetracobalt-
Subs’giltuted Polysilicotungstate: [{Co4(JrOH)(H,0):}(Sio,W1g
O70)]™"

with Yurii V. Geletii, Paul Kdgerler, Helmut Schilder, Jie Song, Sheri Lense,
Chongchao Zhao, Kenneth I. Hardcastle, Djamaladdin G. Musaev and Craig
L. Hill

(Published partially in Dalton Transactions, 2012, 41, 2084. - Reproduced
by permission of The Royal Society of Chemistry)



http://pubs.rsc.org/en/content/articlehtml/2012/dt/c1dt11211b
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Abstract: A new polysilicotungstate with earth abundant elements [{Co,(u-
OH)(H20)5}(SiaW190-0)]11~ (2.1) has been synthesized by reaction of CoCl, with
Na;o[a-SiW,03,4] at elevated temperature. The compound shows catalytic water
oxidation activity. Although it is not stable and slowly hydrolyzes in aqueous
solution, it is quite likely that the initial complex is the real catalyst, because the

isolated hydrolysis products show lower WOC activity.

2.1 Introduction

Development of stable and efficient water oxidation catalysts (WOCs) is a central
need in artificial photosynthesis. Various homogeneous and heterogeneous WOCs have
been studied. Polyoxometalates (POMSs) are attractive as all inorganic ligands for multi-
electron-transfer catalysts, including WOCs, because they are oxidatively and
hydrolytically resistant over wide pH ranges depending on alterable properties of the
particular POM family.*>*® In addition, many synthetically accessible structural families
of POMs can bind two or more redox-active 3d or 4d metals in close proximity and
release protons to facilitate multi-electron transfer events with redox leveling.
Furthermore, additional features ranging from chirality to organic derivatization of metal-
substituted POMs can be achieved by adjusting the pH, ionic strength, buffer, other
metals or organic groups and POM counterions.**>” In addition, the heteroatom of the
POM ligands, the chemical properties (such as redox potential or the pK,s) of the whole
molecule can be adjusted conveniently. For example, the [Ru'Y404(OH)2(OH.)a(y-
SiW10036)2]** was synthesized and demonstrated to have WOC activity by our group and

the Bonchio group simultaneously. The phosphorus analogue of the parent Si-heteroatom
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POM, namely the polyanion [Ru'Y406(OH2)4(y-PW19036)2]'"", was synthesized and also
shown to be a water oxidation catalyst. About the same time, the Fukuzumi group
compared the catalytic water oxidation activity of single-ruthenium-containing
heteropolytungstates, [Ru'"'(H,0)SiW1,03]* and [Ru"(H,0)GeW1;035]>.> In 2010,
our group reported that the POM containing all earth-abundant elements,
[Co4(H20)2(PWg034)-]'%, catalyzes water oxidation with the highest TOF (5 s?)
documented for homogeneous WOCs at that time. It is very reasonable that its Si-
analogue might also have WOC activity and comparable stability. We tried to prepare
this tetra-cobalt POM by utilizing both the sodium and potassium salt of [a-SiWgO34]'"
or Nag[B-SiWyO34H], but never succeeded in making this target compound, either
following the published procedure,> or using our own methods. However, we repeatedly
obtained a new complex, [{Co4(jrOH)(H20)3}(Si:W15070)]** (2.1) by reaction of CoCl,
with Najo[a-SiWgOs34] at elevated temperature. In this chapter, we report the structural

and catalytic water oxidation activity of 2.1, as well as it hydrolytic properties.

2.2 Experimental
General methods and materials

Najo[a-SiWgO34] was prepared by the literature procedure. The purity was
checked by IR spectroscopy.®® All reagents used were commercially available and
were used as received. Elemental analyses for K, Na, Co, Si and W were performed
by Galbraith Laboratories (Knoxville, Tennessee). IR spectra (2% sample in KBr
pellet) were recorded on a NicoletTM 6700 FT-IR spectrometer. The electronic
absorption spectra were taken on an Agilent 8453 UV-vis spectrometer. The

thermogravimetric data were collected on an ISI TGA 1000 instrument.
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Electrochemical data were obtained at room temperature using a BAS CV-50W
electrochemical analyzer equipped with a glassy-carbon working electrode, a Pt-wire
auxiliary electrode, and a Ag/AgCl (3 M NaCl) BAS reference electrode. All
oxidation potentials are reported relative to this reference electrode. Temperature-
dependent magnetic susceptibility measurements of the potassium, sodium salt of 2.1,
Ki02Nagg-2.1, were performed on polycrystalline samples using a Quantum Design
MPMS-XL5 SQUID magnetometer (2 — 290 K, 0.1 Tesla) and cylindrical PTFE
sample holders. Susceptibility data were corrected for diamagnetic contributions
(xaia(K1o2Nagg-2.1) = —747.2 x 10° cm® mol™). Comprehensive descriptions of
computational details in the magnetochemical analysis of the Co"-based systems

have been published.®®2

Syntheses

Ki02Nag s[{Cos(lrOH)(H20)3}(SiaW19070)] 31H,0  (Kip2Nagg-2.1). Najo[a-
SiWy034] (0.8 g, 0.3 mmol) was dissolved in 15 mL of water. The pH was adjusted to
6.8 by 1 M HCI, then 190 mg (0.8 mmol) of CoCl, 6H,O was added. The pH
dropped to ~5. This solution was heated to 80 <C for 1 hr. Some precipitation became
visible. After cooling the solution to room temperature, the pH was ~6.5.
Subsequently the pH was adjusted to 5.8 by 0.5 M HCI. Addition of 2 mL of
saturated KCI to the suspension and stirring for 10 min produced a precipitate which
was filtered. Red block crystals were collected from the reaction solution after 24 h.
Yield: 18% based on W. IR (KBr, v/ cm™): 992 (m), 946 (m), 888 (s), 786 (s), 703
(s), 668 (sh), 600 (m), 536 (sh), 523(m). Elemental analysis calculated (found) for

Klo_zNao_g[{CO4(|J-OH)(HgO)g}(SiszOm)]'31Hzo: K: 6.70 (660), Na: 0.309
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(0.296); Co: 3.96 (3.76); Si: 0.944 (0.938):; W: 58.7 (58.4) %.

KioNa[{Co(H20)}(1+H,0),K{Co(H20)4}(Si;W150¢6)] 25H.0 (KioNa-2.2).
Ki02Nagg-2.1 (150 mg) was dissolved in 4 mL of water, then 1 mL of 1 M
KOACc/HOACc buffer (pH 4.8) and 2 mL of 1 M NaOAc/HOAc buffer (pH 4.8) were
added. Slow evaporation at room temperature results in crystals after one week. The
geometrical structure of the polyanion in KjoNa-2.2 is virtually identical to that of
1C02-K(A) in ref 54. IR (KBr, v/ cm™): 997 (m), 942 (m), 884 (s), 863 (m), 803
(m), 730 (s), 651 (m), 547 (w), 525 (w). Elemental analysis calculated (found): K:

7.55 (7.56); Na: 0.404 (0.653); Co: 2.07 (2.19); Si: 0.986 (0.901); W: 58.1 (57.6) %.
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 Il CCD sealed tube diffractometer with
graphite monochromator Mo Ka (A =0.71073 A) radiation. Data were measured
using a combination of ¢ and o scans with 10 s frame exposure and 0.3° frame
widths. Data collection, indexing and initial cell refinements were all carried out
using SMART.®® Frame integration and final cell refinements were done using
SAINT.** 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.®® The largest residual electron density for each structure
was located close to (less than 1.0 A from) the W atoms and was most likely due to

imperfect absorption corrections frequently encountered in heavy-metal atom
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structures. Scattering factors and anomalous dispersion corrections are taken from the
International Tables for X-ray Crystallography. Structure solution, refinement,
graphic and generation of publication materials were performed by using SHELXTL,
v 6.14 software.®® The crystal data and structure refinement parameters are

summarized in Table 2.1.
Catalytic experiments

The water oxidation reactions were performed in a 10 mL Schlenk flask. The
vessel was filled with 8 mL of a solution containing 1.0 mM [Ru(bpy)s]Cl;, 5 mM
Na,S;0g, 25 mM buffer solution and the desired concentration of catalyst. The
solution was carefully deairated by bubbling argon. The reaction was initiated by
exposing the reaction vessel to the light (the Xe-lamp filtered with a 420-520 nm
band-pass filter). After the desired illumination time, the reaction was temporarily
stopped by blocking the light, and the flask was vigorously shaken to allow
equilibration of O, between the solution and the head-space. Analysis of the
headspace gas was performed by withdrawing a 0.1 mL sample from the headspace
and using a Agilent 7890A gas chromatograph equipped with thermal conductivity
detector and a GC capillary column with 5A molecular sieves to separate O, and N,.
Argon was used as the carrier gas. The reaction was complete after consumption of
Na,S,0g. The amount of N, detected allowed the correction for the air leaking in the

reaction vessel. The detection limit for O, was 0.02 mol.
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Table 2.1 Crystal data and structural refinement for the X-ray structure analyses of
Klo_zNao,g-Z.l and KloNa-Z.Z

Kio2Naps-2.1 KioNa-2.2
Molecular formula Co4 HeoK102 Nagg O1gs Sio W19 [C0o2 HeaKio Na Ogg Siz; Wig
Formula wt. / g mol™ 5951.54 5529.58
Temperature / K 173(2) 173(2)
Radiation (A) / A 0.71073 0.71073
Crystal system Triclinic Triclinic
Space group P-1 P-1
alA 13.049(7) 14.632(4)
b/ A 17.315 (9) 18.179 (4)
c/A 22.642(12) 18.284(4)
al © 67.540(8) 65.974(3)
Bl 74.221(8) 79.207(4)
yl 84.294 (8) 86.471 (4)
v /A 4550(4) 4362.8(18)
v4 2 2
peaica! g cm™> 4.111 3.987
p/ mm* 25.223 24.607
F(000) 4918 4570
Independent reflections 20048 20765
Goodness-of-fit on IF>  [1.053 1.026
Final R indices R;®=0.0554, WR," =0.1910  |R;*=0.0449, wR," =
[R > 24(1)] 0.1125
R indices (all data) R =0.0667, WR,° = 0.2050  |R;*=0.0581, WR," =
0.1204
Largegt diff. peak and hole [3.555 and —8.785 7.293 and —6.896
e A

Ry =X||Fo| - [Fell / ZIFol; ® WR, = E[w(Fo’ - Fc?)?)/ Z[w(Fo?)*1"
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2.3 Results and discussion

2.3.1 Description of crystal structures Kio2Nagg[{Cos(JrOH)(H20)3}(Si2W19070)] -
31H,0 (K102Nags-2.1).

This polyanion has C; symmetry and is composed of a Co,4 cluster sandwiched by
a [A-a-SiWg034]*" and a [a-SiW10037]'® unit. The Col and W8 moieties are
disordered, resulting in two possible polyanion structures (2.1a and 2.1b in Figure
2.1). The best refinement was obtained with occupation factors of 1/2 for each
polyanion. Bond valence sum calculations reveal that the three terminal oxygens
associated with the Co, cluster are all diprotonated; only the proxo oxygen is
monoprotonated. The connection motif of the central Co4 cluster (Figures 2.1c and
2.1d) is rarely seen in polyanion chemistry. It contains three octahedrally
coordinationed Co?* ions and one tetragonal pyramidally coordinated Co®" ion. The
C020¢ and Co040s units (octahedral Co centres) and Co30s units (tetragonal pyramid
is weakly bonded to O,;W) located at the trivacant sites of [A-a-SiWgOs4]*"
complete the a-Keggin structure, [a-SiCosWgO40]™®. At the same time, C020s and
ColO¢ units (or ColAQOg) replace two corner-sharing WOg octahedra from [a-

SiW1,040]", resulting in the well-defined a-Keggin structure [o-SiC02W19040]™".

As in the synthesis of other TMSPs, factors such as pH, temperature and
countercations, are all important in the synthesis of Kig2Nagg-2.1. Under the slightly
acidic synthetic conditions, two [A-a-SiWgO3,]"* link together with one of them
gaining an extra tungsten atom. As we have discussed in Chapter 1, no isolated [a-
SiW10037]"* has been obtained, but this structure can be stablized by incoporation of

transition metal atoms, such as the Co4 cluster here. Addition of high concentrations
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of potassium ions before the crystallization process is also crucial. No crystals are

observed if the amount of potassium ion is insufficient.

036

Figure 2.1 The two isomers of [{Cos(rOH)(H20)s}(SiW10:0)]"" (2.1a and 2.1b)
coexisting in a 1:1 ratio in the single-crystal structure of KjpsNagg-2.1. The cobalt
centers (purple) are shown in ball-and-stick notation, the polyoxometalate framework in
polyhedral notation (WQOg octahedra: gray, SiO, tetrahedra: yellow). Hydrogen atoms are
omitted for clarity. Lower panels (¢) and (d) show the proxo connection motifs of the

cobalt sites in 2.1a and 2.1b, respectively.
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2.3.2 IR Characterization

Figure 2.2 shows a comparison of the IR spectra of compounds Kjo,Nagg-2.1 and
KioNa-2.2. In the low-wavenumber region of the IR spectra (v < 1000 cm™), the two
compounds show similar overall spectral shapes. However, the band positions are

shifted, which makes it possible to differenciate the two compounds.

1050 950 850 750 650 550 450
Wavenumber / cm-!

Figure 2.2 IR spectra of K;g2Napg-2.1 (black) and K;oNa-2.2 (red).

2.3.3 Thermogravimetric Analysis (TGA)

From the TGA of Kjp2Nags-2.1 and KjoNa-2.2 (Figure 2.3 and 2.4), we can calculate

the weight percentage of the lattice water in these samples.
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Figure 2.3 TGA of crystalline Kip2Nagg-2.1.
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Figure 2.4 TGA of crystalline KioNa-2.2.

2.3.4 Magnetic properties of [{Co'4(LeOH)(H20)s}(SizW10070)]** (2.1)

In order to probe whether an equal mixture of the two possible structural
scenarios involving the W8/Col distribution (2.1a and 2.1b), are compatible with

magnetic characteristics, low-field susceptibility measurements (2-290 K, 0.1 and 1.0
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Tesla) were performed and analyzed. Our computational framework CONDON,

61,62

recently expanded to model polynuclear Co(ll) clusters,

0 '50I1(IJOI1€|>012(|JOIZéO'3(IJO
T/IK

Figure 2.5 Temperature dependence of s of Kig2Naggs-2.1 (circles: experimental data,
graphs: best fits to Hamiltonian based on an equal ratio of scenarios 2.1a and 2.1b, with
exchange patterns defined as in top panel) at 0.1 (blue) and 1.0 (red, < 100 K) Tesla.
Inset: Binding modes of the Co,O4 fragment in 2.1a between adjacent tungstate and
silicate groups. The Co-O bonds forming the dominating magnetic exchange pathways
are highlighted in dark grey; remaining Co-O bonds completing the Co coordination
environments are shown in yellow. Exchange contacts: dashed green (J;) / red (J) lines.

W: blue, Si: grey, O: red, Co: purple spheres.

was used to simulate the two situations of a Co(ll) spin tetrahedron with one (2.1b,
Figure 2.1f) or two (2.1a, Figure 2.1c) missing edges between the basal {Cos}
triangle and the apex, defined as either Co4 (2.1a) or Col (2.1b). In both cases, we

assume uniform exchange coupling Ji within the triangular {Cos} base, primarily
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mediated by three |p-O bridges (2.1a) or by a single &-O center (2.1b). The
exchange energy J; between the triangle and the outer (“apical”) Co site is also due to

£O-mediated coupling (2.1a: 0O37; 2.1b: 039,041).

Generally, significant orbital contributions and the resulting strong magnetic
anisotropy complicate the analysis of Co(ll) species with octahedral ligand fields
(*T4), and the canonical models are only applicable within narrow temperature limits.
Thus, modeling the two scenarios 2.1a and 2.1b was based on a spin Hamiltonian
accounting for not only exchange interactions and Zeeman splitting, but also spin-
orbit coupling and ligand field effects. Ligand fields are approximated as cubic and
uniform for all four Co environments (to avoid overparametrization). Within the
constraints of this model, least-squares fitting to the 0.1 and 1.0 Tesla experimental
data (Figure 2.5) yields the following parameter sets (SQ = 2.7%): For 2.1a,
ferromagnetic intra-triangle coupling J; = +0.5 cm ™, and J, = -1.91 cm™%; for 2.1b, J;
= +2.0 cm?, and J, = —-1.64 cm’. These anti- and the ferromagnetic exchange
energies are in line with the Co-O-Co angles of the respective exchange pathways.
The ligand field parameters (in Wyborne notation) B*, amount to 30900 cm™ (2.1a)
and 24350 cm* (2.1b), common values for slightly distorted CoOg environments. The
fitting procedure employed fixed, standard values for the Racah parameter B = 825

cm* and a spin-orbit coupling constant = 533 cm* for all Co"" sites.
2.3.5 Catalytic properties

To probe the catalytic activity of 2.1 towards water oxidation at pH 5-9, we used
[Ru(bpy)s]**, generated in situ, as an oxidant.*®=#3%67%% |t can be prepared either as

solid material and then used as a stoichiometric oxidant, or photogenerated from
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[Ru(bpy)s]” (Amax = 454 nm, & = 1.4x10* M~*cm™) in the presence of S,0s° as a

sacrificial electron acceptor, eq 2.1.33:67:69
2 [Ru(bpy)a]* + S208" + hv— 2 [Ru(bpy)s]*" + 2 SO,* (2.1)

This light-driven process is well studied,®” and proceeds via quenching of the
excited state [Ru(bpy)s]**" by S,0s%, producing [Ru(bpy)s]** and SO,"."%" The
S0,* produces a second molecule of [Ru(bpy)s]**. Four equivalents of [Ru(bpy)s]**
are required to oxidize two water molecules generating O, and four protons (eq 2.2):

25,08 +2H,0+2hv—> 4S04 +0,+4 H* (2.2)

The exemplary kinetics of O, formation in eq 2.2 (expressed in turnover numbers,
TON = n(0O,)/n(cat)) and the experimental conditions are given in Figure 2.6. The O,
yield increases with pH and the TON approaches ~80. At present, the rate-limiting
step of overall reaction in eq 2.2 is not established. Therefore only the initial apparent
turnover frequency, defined as TOF,, = TON/time, is estimated, and this value is
~0.1s*. The O, yield based on S,0s°, eq2.2, is around 24 %. The reaction
conditions were not optimized and only catalyst concentrations were varied. A

decrease of catalyst concentration results in a decrease of both TON and TOF .
2.3.6 Stability of 2.1

The stability of the catalyst under turnover conditions was a key point of interest.
First, we evaluated the hydrolytic stability of 2.1. In water, this complex has a very
low absorbance in the range 450-700 nm. Therefore we measured the spectral changes
of 2.1 at relatively high concentrations (4-6 mM) versus time at different pH values.

In plain water (natural pH ~ 8) we observed a noticable absorbance increase (ca. 7%
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Figure 2.6 Kinetics of catalytic light-induced O, formation from water by persulfate
oxidation in different buffer solutions. Conditions: Xe lamp, 420-520 nm band-pass filter,
1.0 mM [Ru(bpy)s]Cl;, 5 mM NayS;0s, 25 mM buffer, 10.0 uM 2.1, total solution
volume 8 mL. Blue diamonds: sodium phosphate buffer, pH 7.2; open purple circles: 1:1
mixture of sodium phosphate and sodium borate buffers, pH 8; green triangles: sodium

borate buffer, pH 8; red squares: sodium borate buffer, pH 9.

after 12 hrs) in the range 470-550 nm, prompting examination of the stability of 2.1 in
25 mM sodium acetate (pH 4.8), phosphate (pH 7.2) and borate (pH 9.0) buffer
solutions. The initial changes in UV-Vis spectra in borate buffer at pH 9.0 are shown
in Figure 2.7. A similar pattern was observed in sodium acetate and phosphate
buffered solutions. At pH 9.0 the increase in absorbance was ca. 3 times faster than
at pH 4.8. Longer aging leads to a notably different final spectrum (Figure 2.8). It
takes about 40 days to complete the spectral evolution in water. We attempted to
crystallize the product compound directly from the aged solutions by slow

evaporation of water, but rather than crystals only a pink powder was obtained.
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Figure 2.7 Changes in UV-Vis spectra of 6.2 mM 2.1 in 25 mM sodium borate buffer
at pH 9.0. The insert is an increase of absorbance at 489 nm with time.
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Figure 2.8 Time profile of the electronic absorption spectra of 2.1 (5.7 mM) in water

after 0 h (A), 4.5 h (B), 22 h (C), 4 days (D), 10 days (E) and 40 days (F). Conditions:
I=1cm, 25 <C.
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Therefore, we aged 2.1 in acetate buffer solution (pH 4.8) for about one week, and X-
ray quality crystals of the resulting KioNa-2.2 were obtained by slow evaporation of
water. After collection of the complex KigNa-2.2, the solution was left to evaporate

more water, and dark red crystals of a salt of [Co(H,0)SiW1;030]° (2.3)"2 were

obtained (the counter cation(s) were not identified).
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Figure 2.9 Time profile of the electronic absorption spectra of KigNa-2.2 (4.7 mM) in

water after 0 day (A), 5 days (B), 23 days (C) and 30 days (D). Conditions: | =1 cm, 25
<.

Based on literature studies,?®™ the [a-Si,W150e]™® framework in 2.2 is an

intermediate between the monomer [A-a-SiWgO3]'™® and the hypothetical [a-

Si;W15062]%” Wells-Dawson anion. The K* ion in the central pocket plays a key role
in the stabilizing 2.2 in solution. It bridges the two half-anions and provides rigidity

to the metal-oxide framework. In 2.1, a {Co,} unit links [A-a-SiWg034]*° and [a-
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SiW10037]*", therefore the tungstosilicate framework in 2.1 could be an unstable
intermediate on the way to production of the monomer [A-a-SiWg034]'° and an open
Wells-Dawson unit, [0-Si,W150es]'®". Complex 2.2 is a quite kinetically stable
compound, but it further converts to the thermodynamically more stable mono-
substituted Keggin derivative, 2.3, after aging for 1 month (Figure 2.9). UV-vis

spectra also indicate this stable compound is 2.3 (Figure 2.10).
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Figure 2.10 UV-vis spectra of K;gNa-2.2 (black line) and 2.3 (red line).

We attempted to simulate the UV-vis spectrum of aged solution of 2.1 (after 40
days) by combining UV-vis spectra of KjoNa-2.2, 2.3, and Co.*" (as CoCl,). A
reasonably good simulation was achieved by combining the spectra of 2.3 and Coaq2+
with 1:5.5 ratio (Figure 2.11). The remaining difference might be assigned to the

presence of small amounts of KigNa-2.2 and other unidentified compounds. Thus
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Figure 2.11 Simulation of the spectrum of aged solution of 2.1: [Co(H.0)s]** (as CoCl,)
(A), aged solution of 2.1 after 40 days (B) and simulation (C).

KioNa-2.2 is thermodynamically unstable to hydrolysis and is consequently absent in
the 40-day aged solution. As a consequence, at least three compounds form during
aging of aqueous solutions of 2.1.

As a result, the most likely decomposition of 2.1 can be roughly described by the

74,75

following equations (pKa of [Co(H-0)]* is around 10):

[{Cos(rOH)(H20)3}(SiaW1s070)]" + K* + 9 H,0 + H' — [{Co(H,0)}(jeH,0),K

{Co(H,0),}(Si,W15066)]* + 2 [Co(H20)6]*" + WO,* (2.3)

[{Co(H20)}tH20),K{Co(H20)2}(Si;W15066)]** + 4 WO, + 8 HY — 2 [Co(H-0)

SiW1103]° + K* + 10 H,0 (2.4)
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The overall reaction is eq 2.5:

4[{Co4()rOH)(H20)3}(SioW16070)]* + 3 K* + 12 H* +50H,0 — 3[{Co(H20)} (1
H,0),K{Co(H20)4}(Si;W15066)]*™ + 2 [Co(H20)SiW11035]° + 8 [Co(H20)e]*"

(2.5)
2.3.7 Catalytic activity of aged solution of 2.1

Since 2.1 decomposes slowly in aqueous solution, the question arises: is it the
actual water oxidation catalyst? In our previous paper we used 2,2'-bipyridine (bpy)
as a poisoning agent to selectively inhibit the activity of [Co(H,0)e]**.** Addition of
bpy to [Co(H20)s]*" results in rapid formation of [Co(bpy)s]** which is catalytically
inactive for water oxidation. However, addition of three equivalents of bpy per cobalt
to a freshly prepared solution of 2.1 in water results in immediate precipitation. Slow
evaporation of the filtrate in a vessel open to air results in formation of crystals.
Preliminary X-ray studies show that these crystals contain [Co(H20)SiW103]° with
[Co(bpy)s]** as counterion(s). In contrast to [Cos(H20)2(PWs0s34)2]*"", bpy quickly
removes Co centers from 2.1, consistent with 2.1 being significantly less stable than

[CO4(H20)2(PW9034)2] 10_.

We meticulously studied the activity of aged stock solutions of 2.1 prepared in
plain water, comparing with the activity of freshly prepared solutions of complexes
2.2 and 2.3. After 3-4 weeks of aging, the TON is 20-30% lower than of freshly
prepared solutions of 2.1. Freshly prepared solutions of complex 2.2 are ca. 3 times
less active and slower (Figure 2.12 A, TOF, ~0.025 s!) than freshly prepared
solutions of 2.1. Complex 2.3 is inactive (Figure 2.12D).*° Therefore, the overall

decrease of catalytic activity of stock solutions of 2.1 with aging may be caused by
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the transformation to 2.2 and 2.3.  The generation of [Co(H.0)s]** during the
decomposition in aged stock solutions is also likely to contribute to the final
observed catalytic activity. We can also observe from Figure 2.12B and C that the
pure potassium salf of 2.2 (Kji;-2.2) has a lower WOC activity than the mixed
potassium and sodium salt KjoNa-2.2. A similar effect of alkali metal cation has also
been shown in the kinetics of water oxidation catalyzed by [Ru'Y404(OH)2(OH,)4(y-
SiW10036)2]**, using [Ru(bpy)s]** as the oxidant (addtion of K* results in larger drop

of O, yield than Na* or Li*).%®

25 -
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Figure 2.12 Kinetics of catalytic light-induced O, formation from water by persulfate
oxidation catalyzed by KjoNa-2.2 (A), KioNa-2.2 + 17 mM of KCI (B), Ky;-2.2 (C) and
2.3 (D). Conditions: Xe lamp, 420-520 nm band-pass filter, 1.0 mM [Ru(bpy)3]Cl,, 5 mM
Na,S,0s, 25 mM buffer, 10.0 uM catalyst, total solution volume 8 mL.
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Hence, the intact 2.1 could well be a water oxidation catalyst. This is indicated by
the following findings: (i) the oxidation of water in the presence of 2.1 proceeds much
faster than in the presence of its decomposition products (2.2 and 2.3); (ii) the overall
activity of stock solutions of 2.1 decreases very slowly with aging time; (iii) 2.1 is

stable on the time-scale of the light-driven water oxidation process (~ 30 min).

Under turnover conditions the cobalt(s) centres in 2.1 are briefly in a higher
oxidation state(s) than 2+. The oxidized form of 2.1 might both be less stable and
decompose faster than 2.1 (all Co(ll) centres) itself. We cannot assign the catalytic

activity to a specific isomer (2.1a or 2.1b).

2.4 Conclusions

We have synthesized and characterized a new tetracobalt-substituted
polyoxometalate which co-crystallizes as a 1:1 mixture of two isomers. While
thermodynamically unstable, this POM is likely to catalyze water oxidation in a
light-driven system with [Ru(bpy)s]** and S,0g” as the photosensitizer and sacrificial
electron acceptor, respectively. Several decomposition products of 2.1 in solution
were isolated and characterized. Their catalytic activity towards water oxidation is

lower than for 2.1.
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Chapter 3

Chapter 3 : Synthesis and Characterization of Di- and Tri-
Cobalt Polyoxometalates and Their  Application in
Photocatalytic Water Oxidation

with Yurii V. Geletii, Jie Song, Chongchao Zhao, Elliot N. Glass, John

Bacsa, and Craig L. Hill

(Reproduced in part with permission from Inorganic Chemistry 2013, 52,

1018-1024. Copyright 2013 American Chemical Society)
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Abstract: Di- and tri-cobalt silicotungstate complexes, Ks;Na,H,;[{Nas(u-
OH:)2Co2(u-OH),} (SiaWi8066)]-37H20 (8.1) and Ke¢Nag[Na(H=0){Co(H:0)s}-
{Co(H20)2} (Si2W18066)]-22H-0 (3.2) have been synthesized through reaction of
cobalt chloride and [A-a-SiW¢03,4]1°- in acidic buffer solution. They have been
characterized by X-ray crystallography, elemental analysis, cyclic voltammetry,
infrared, and UV-vis spectroscopy. In 3.1, two cobalt atoms as well as three
sodium atoms are incorporated in the central pocket of the [SioWigOee]™¢-
polyanion. In 3.2, one cobalt atom and one sodium atom are incorporated in the
pocket of [SioW180e6]16; two other cobalt atoms in this complex protrude outside
the pocket and connect with WOe units of other [SioWi80e6]1¢- polyanions to form
a one-dimensional polymeric structure. The crucial parameters in the synthesis
of these two compounds are discussed. Both 3.1 and 3.2 can effectively catalyze
water oxidation under the investigated conditions. Four lines of evidence show
that neither complex forms measurable quantities of metal oxide decomposition
products under the catalytic conditions. However, both 3.1 and 3.2 aren’t stable
in potassium acetate buffer (pH 4.8, 1 M) at elevated temperature, and
decompose to Kiu[{Co.(H20)s}K(SiaW18066)] -17H.O (3.3) based on

spectroscopic studies and an X-ray crystal structure.

3.1 Introduction

Transition-metal-substituted polyoxometalates (TMSPs) are a promising class of
homogeneous WOCs because of their stability under oxidative conditions in certain pH

ranges. The earth-abundant-element-containing TMSPs are especially important because
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of their low cost. Since the 2010 Science paper which reported that [Co4(H20)2(a-
PWg034)2]*" (CosP-)is a highly active WOC with turnover frequencies of 5 mol s*,*
Several cobalt-POM WOCs have been developed, whose structural features are very
different. These WOCs include two cobalt-containing polymolybdates, [CoMogO24Hg]*
"% [C0sMo010048H4]%,"® the silicon analogue of CosP,, [C04(H20)2(SiWg0s4)o]** 2
{C0y(H20)6(OH)3(HPO)(PWeO34)s}","®  and  [Co"Co"  (H,0)W11039]"
Theoretically, if the metal center contains multiple cobalt atoms, which could be helpful
in the four-electron transfer process. However, some multi-cobalt-containing POMs
show no WOC activity, such as the Cos-Wells-Dawson analogue of Co4P,.%  Therefore,
exploring more cobalt-POMs with different structures and building up the structure-
activity correlations are now important. This chapter reports two new cobalt-containing
POM WOCs that involve the POM ligand, [Si,W:g0¢s]™®. The latter forms from the
dimerization of [A-a-SiWg034]'* under acidic conditions.

As we have discussed in Chapter 1, [Si;W:150¢s]™® can accommodate multiple d-
electron metal centers in the lacunary cavity, such as penta-copper and tetra-iron.3*
However, only mono-cobalt or di-cobalt atoms connected with potassium atoms have
been successfully incorporated in its cavity.>” In this chapter, we report the synthesis
and structural characterization of novel di-cobalt and tri-cobalt POMs connected with
sodium atoms based on the [Sizwlgoee]lﬁ' multi-defect unit, as well as their WOC

activity.

3.2 Experimental

General Methods and Materials
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K10A-a-[SiWe034] 13H,0 was prepared by the literature procedure,® and its purity
was checked by IR spectroscopy. Except for tris(2,2’-bipyridyl) dichlororuthenium(Il)
hexahydrate, which was recrystallized using the literature procedure,®® all other reagents
were the highest quality available from commercial sources and used as received.
Elemental analyses for K, Na, Co, Si, and W were performed by Galbraith Laboratories
(Knoxville, Tennessee). IR spectra (2% samples in KBr pellet) were collected on a
Nicolet™ 6700 FT-IR spectrometer. The electronic absorption spectra were obtained on
an Agilent 8453 UV-vis spectrometer. Electrochemical data were obtained using a BAS
CV-50W electrochemical analyzer at room temperature equipped with a glassy-carbon
working, a Pt-wire auxiliary, and a Ag/AgCl (3 M NaCl) BAS reference electrodes. All
redox potentials are reported relative to this reference electrode. Dynamic light scattering
(DLS) measurements were made on a Zetasizer Nano ZS 90 instrument (Malvern

Instruments Ltd., UK), which can measure particle sizes from 0.3 to 5000 nm (diameter).

Syntheses

KsNasHa[{Nas(p-OH,),Co,(tOH)4}(Si;W15065)] 37H,0  (3.1). K 1o[A-0-
SiWg034] 143H,0 (1 g, 0.32 mmol) was dissolved in 40 mL of 1 M sodium acetate
(NaOAc) buffer (pH 4.8). To this solution, 210 mg (0.88 mmol) of CoCl, 6H,0O was
added. The solution was heated to 85 <€ for 1 h, cooled to room temperature, and then
filtered through a fine frit. The filtrate afforded red needle crystals after 1 week of
evaporation in air. Yield: 22% (based on W). IR (2 % in KBr, viem™): 997 (m), 941
(m), 878 (s), 804 (m), 726 (s), 630 (m), 548 (w), 525 (w) cm™. Elemental analysis calcd
(%) for 1: K, 3.45; Na, 2.84; Co, 2.08; Si, 0.99; W, 58.4. Found (%): K, 3.44; Na, 2.94;

Co, 1.64; Si, 1.16; W, 57.8.
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KeNas[Na(H,0){Co(H,0)3}{Co(H20):}(SizW150g6)] 22H.0  (3.2):  Kyo[A-a-
SiWg034] 43H,0 (0.5 g, 0.16 mmol) was dissolved in 10 mL of 1 M NaOAc buffer (pH
4.8). To this solution, 105 mg (0.44 mmol) of CoCl, 6H,0 was added. The solution was
heated to 85 <€ for 1 h, cooled to room temperature, and then filtered through a fine frit.
Pink needle crystals appeared after several hours of evaporation in air, and were collected
after 24 h. Yield: 20 % (based on W). IR (2% in KBr, v/em™): 996 (m), 944 (m), 887 (s),
835 (w), 802 (w), 730 (s), 615 (m), 554 (w), and 533(w) cm™. Elemental analysis calcd
(%) for 3.2: K, 4.28; Na, 1.68; Co, 3.22; Si, 1.02; W, 60.4. Found (%): K, 3.84; Na, 1.61;

Co, 3.29; Si, 0.97; W, 58.1.

Ki1[{C02(H20)s} K(Si2W13066)] - 17H,0 (3.3): Complex 3.1 or 3.2 (300 mg) was
dissolved in 12 mL of pH 4.8 KOAc/HOAc buffer (1 M) by heating. The solution was
stirred for 1 hr at 80°C, cooled down to room temperature, and then filtered through a
fine frit. Pink needle crystals can be obtained in a 20 mL beaker after one day or several
days of slow evaporation, depending on the starting material used. Yield: 35 % (based
on W). IR (2% in KBr, v/em '): 996 (m), 943 (m), 884 (s), 862 (sh), 804 (m), 730 (s),
667 (m), 650 (m), 547 (w), and 525 (w) cm™. Elemental analysis caled (%) for 3: K,

8.60; Co, 2.16; Si, 1.03; W, 60.6. Found (%): K, 7.85; Co, 1.70; Si, 1.07; W, 58.0.

X-ray Crystallography. Single crystals of 3.1, 3.2 and 3.3 suitable for X-ray
analysis were investigated using a Bruker D8 SMART APEX CCD sealed tube
diffractometer. Diffraction intensities were measured using graphite monochromated Mo
Ko radiation (A = 0.71073 A) at 173(2) K. Data collection, indexing and initial cell
refinements were obtained by SMART.®®* Frame integration and final cell refinements

were done using SAINT.2® The molecular structure of each complex was determined
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using direct methods and refined by the standard full-matrix least-squares procedures.
Face-indexing absorption correction was applied using the program SADABS.%
Structure solution, refinement, graphic and generation of publication materials were
performed by using SHELXTL-97/ Olex2.%# Crystal data collection and refinement

parameters are given in Table 3.1.

The purity of each sample was checked using powder diffraction (PXRD). PXRD
experiments were performed using a Bruker D8 DIFFRAC powder diffractometer (Co K-
alpha radiation) with a VANTECH detector in theta-theta mode. We found that grinding
the samples resulted in poor diffraction, and that the microcrystalline material gave better
diffraction. Theta-theta scans were performed in the 20 ranges 8-90 degrees with a step

width of 0.01 degrees and scan time of 1 s/step.

Catalytic Experiments. Water oxidation was performed in a cylindrical cuvette
(NSG, 32G10) with OD =2 cm and | = 1 cm with a total volume of ~ 2.8 mL. The
cuvette was sealed with a rubber septum, filled with 2 mL of a solution containing
1.0 mM [Ru(bpy)s]Clz, 5 mM Na,S,0g, 80 mM sodium borate buffer solution and 6 piv
catalyst. The vessel was carefully deaerated by purging with argon. A magnetically-
coupled stirring system (SYS 114, SPECTROCELL) was placed on the back side of the
cell, and the reaction solution was stirred during the entire process. The process was
started by exposing the reaction vessel to a 455-nm LED light source (17 W) from
Sandhouse Design. Two lenses were used to focus the light beam on the front window of
the cuvette with OD =~ 0.4-0.5 cm. The reaction was temporarily stopped by blocking the
light to carry out the headspace gas analysis. A 0.10 mL sample was withdrawn from the

headspace, and then 0.05 mL was injected into a gas chromatograph Agilent 7890A
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equipped with thermal conductivity detector and a GC capillary column with 5A
molecular sieves. Argon was used as the carrier gas. The amount of N, detected was

used to correct for small air leaks over the course of the catalytic reactions.

Kinetics of catalytic [Ru(bpy)s]** reduction. A Hi-Tech Stopped Flow SF-61SX2
instrument equipped with a diode array detector operating in wavelength range 400-700
nm was used to study the kinetics of [Ru(bpy)s]** reduction catalyzed by 3.1, 3.2 and
Co(NOs)2. [Ru(bpy)s](ClO4); stock solution was placed in one of the feeding syringes,
and a buffered solution of 3.1, 3.2 or Co(NOgs), was in the second syringe. The
consumption of [Ru(bpy)s]** was monitored by a decrease in absorbance at 670 nm (es7o
= 4.2 x 10° M™* cm™) (optical path length | = 10 mm). Each data set included 200 spectra
collected with different timescales: from 0-0.4 s up to 0-20 s. The data were acquired

using KinetAsyst™ 3.0 software and treated with Microsoft Excel.

3.3 Results and discussion

3.3.1 Structures

The polyanion units in both 3.1 and 3.2 consist of a [Si;W150es]'®” framework which
can be viewed as a fusion of two A-a-[SiWg034]'* units through two W-O-W corner-
shared junctions. This structure type was first described by Hervéet al.”® Compound
3.1 has C, symmetry (Figure 3.1a). The two Co*" cations in 3.1 are localized in the
central pocket. Each cobalt cation is coordinated to one half of the polyanion through a
central oxygen atom shared with the SiO4 tetrahedron and two oxygen atoms that bridge
to tungsten. Three Na® cations are also incorporated in the central pocket. Two of the
Na" cations (Nal and Na3) are coordinated to each half of the polyanion in the same

manner as the cobalt atoms, while Na2 sits in the center of the polyanion, connecting
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Table 3.1 Crystal Data and Structure Refinement for 3.1, 3.2 and 3.3).

3.1

3.2

3.3

Molecular formula

Co,HgsKs NayOy09 Si; Wig

Cos HgzKg Nay Og7 Sip; Wig

Co,H50K 1,043 Si; Wig

Formula wt. / g mol ™ 5670.37 5483.25 5458.94
Temperature / K 173(2) 173 (2) 110(2)
Radiation (\) / A 0.71073 0.71073 0.71073
Crystal system Triclinic Monoclinic Monoclinic
Space group PT P2:/m P2:/n
alA 12.846(5) 13.3935(12) 12.2891(3)
b/ A 18.671(7) 16.1715(15) 23.5596(5)
c/A 20.889(7) 20.3596(18) 30.7185(7)
ol © 69.166(5) 90.00 90.00
B 87.147(6) 106.3640(10) 95.8800(10)
il ° 81.561(6) 90.00 90.00

| A 4632(3) 4231.1(7) 8847.0(4)
z 2 2 4
Dearca! g CM > 4.111 4.164 4.008
W/ mm?t 22.988 25.390 24.371
F(000) 4576 4635 9680.0

Crystal size / mm®

0.17 x0.15%0.12

0.10 x<0.02 <0.02

0.22 <0.13%0.11

Reflections collected 94080 82692 160685
Independent reflections 28073 13265 28156
IAbsorption correction Numerical Numerical Numerical

Refinement method

Full-matrix least-squares on
F2

Full-matrix least-squares on
F2

Full-matrix least-squares on
F2

Goodness-of-fit on IFI?

1.043

1.016

1.085

Final R indices
[R > 20(1)]

R,?=0.0524, wR," = 0.1430

R,%=0.0487, wR,” = 0.1025

R,%=0.0482, wR,” = 0.1104

R indices (all data)

R,? = 0.0681, WR,” = 0.1520

R,? = 0.0952, WR," = 0.1212

R,?=0.0592, wR," = 0.1154

Largest diff. peak and hole /
e A

12.199 and —7.053

4.860 and —3.256

6.09 and —3.30

Ry = 3|[Fo| - |Fell / ZIFol; WR, = SIW(Fo’ - FO)Z)/ ZIW(FoD) ™
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other Na atoms, Co atoms and [Si;W:s0es]™® unit through bridging oxygens. Bond
valence sum (BVS) calculations indicate that O38 and O39 are diprotonated, whereas
other bridging oxo groups between cobalt atoms are all monoprotonated. In contrast to
3.1, the complex [Cus(OH)4(H20)2(A-a-SiWg033)2]™* (Figure 1.9c) has a similar cluster
fragment,* with {Cus(OH)4(H20),}°* moiety instead of {Naz(p-OH,),Co,(jtOH),}*" in

the open Wells-Dawson framework.

[\
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Figure 3.1 Combined polyhedral/ball-and-stick representations of the polyanion units in
3.1 (a), 3.2 (b) and 3.3 (c). WOg units: grey polyhedra; SiO4 units: yellow tetrahedra; Na:

light blue spheres; Co: magenta spheres; O: red spheres.

In compound 3.2, three Co(l1) centers reside in the cavity of [Si,W1sOss]'®" (Figure
3.1b). The W-O-W corner junction angles between the two {SiWg} units in 3.2 (142.69
is larger than that in 3.1 (139.29 (smaller dihedral angle defined by the two {SiWg}
subunits). Na3 is located inside the pocket, bound to only one half of [SizW15Ogs]*®
though five bridging oxygen atoms. It is also bound to the central cobalt through two
oxygen atoms and to one terminal water ligand. All three cobalt atoms have at least two

bonds to the [Si;W1506s]'® framework. The central cobalt atom Co1 is bound to the two



48

bridging oxygen atoms at the two {SiWo} junctions and two central oxygen atoms of the
central SiO, tetrahedron. The other two cobalt atoms (two Co2 atoms) are located outside
the central pocket of [Si,W1506s]™®; they are bonded to one oxygen atom on each {SiWg}
subunit. A third Co-O-W" bond connects with another [Si;W1g0e6]™® unit of 3.2 forming
a zigzag-shaped one-dimensional chain (Figure 3.2a and 3.2b). A tricobalt POM in the
literature, [{Co(H20)2}3(SiWe0s4)2]** (Figure 1.2d), has three Co(ll) centers sandwiched
between two separate {SiWo} subunits.” The complex [{Mn(H,0)}K(ltH;0),K{Mn
(H20).}(GeaW15066)]™ also has a chain structure, but with germanotungstate as the

framework, and the chains are linked by potassium and manganese cations.

Compound 3.3 (Figure 3.1c) has an almost identical structure to a literature
compound Ki;1[{Co(H,0)}(tH20).K{M(H,0)4}(Si,W150¢5)] 36H.O (1C02-K(B)) but
with better refinement of the X-ray crystal parameters.” It contains one potassium ion
and two Co(ll) in the cavity. Col is fully occupied, linking the two {SiWg} units, while
Co2 and Co3 are disordered (with a best refinement of 30% and 70% occupancies,
respectively), leaning towards either {SiWg} unit. Interestingly, the disorder of the two

kinds of crystals is quite similar (the other study fixed the occupancies as 0.33 and 0.67).

Complexes 3.1, 3.2 and 3.3 have been characterized by their IR spectra (Figure 3.3).
The strong similarities between these compounds and Kiga-[SiaW180g6] 25H20 in the
low-frequency IR region (v < 1100 cm™) strongly suggest that all of them contain the
[Si;W1066]™ structural unit. Each complex displays subtle differences in the absorption

frequencies of these bands.
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(b)

Figure 3.2 Combined polyhedral/ball-and-stick representations of the one-dimensional
chains of 3.2; side view (a), top view (b). WOg units: grey polyhedra; SiO,4 units: yellow

tetrahedra; Na: light blue spheres; Co: magenta spheres; O: red spheres.
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Figure 3.3 IR spectra of Kiga-[SioW15066] 25H,0 (black), 3.1 (red), 3.2 (purple) and 3.3
(green).

3.3.2 Synthesis

The synthesis of these new multi-cobalt polytungstates, 3.1 and 3.2, like other d-
electron-metal-substituted POMs, depends on many factors, including pH, the
counterions of the POMs, the temperature and the nature of the substituted metal center.

We now address the latter three factors.

Factor 1: counterions. Complexes 3.1 and 3.2 were obtained using the same molar
ratio of CoCl, 6H,0 to KjpA-a-[SiWgO34], but the reactant solutions had different initial
concentrations.  Different K* concentrations (from the POM precursor) dictate the
formation of different products. The higher concentration of K* in the synthesis of 3.2
leads to its rapid crystallization (several hours), while a lower concentration of K* in the
synthesis of 3.1 leads to slow crystallization (several days). The proper K* concentration

is needed to keep both the open-mouthed [Si;W15066]™® structure present and control the
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specific location of cobalt atoms in both 3.1 and 3.2. The ratio of K to Na" is also
important to the formation of different structures. In the literature study, it was
concluded that the central K* bridging the two {SiWg} units defined the angle of the
cavity and the locations of the transition metal cations in compounds Kis[{Co(H.O)}(jt
H,0),K (Si;W15066)] 40H,0 and Ki1[{Co(H20)}(jtH20),K{Co(H,0)4}(Si;W15 Oss)] 36
H,0;" however, in 3.1 and 3.2, the involvement of Na* leads to different arrangement of

cobalt cations.

Table 3.2 Summary of Synthetic Conditions for Cobalt Substituted Silicotungstates.

Molar ratio of
the TM cation T

Ent i
ntry to the (@) Reaction system Product Ref
precursor
Co™/KyoA-o- HOAC/NaOAc

1 [SiWgO34] = 85 buffer 3.10r3.2 This

2.8/1 chapter
2+
2 o™ /KyoA-0- R.T. | Aqueous solution Ku[{Co(H.0)X(1x [83,79]

[SiWg04,] = 1/1 H,0),K{Co(H20)4}(Si;W13045)] 25H,0

Co%/KpA-a-

. _ : Kis[{Co(H0) M1+
3 [SiWg03,] = R.T. | Aqueous solution H,0),K (Si;W150g)] 40H,0 [79]

0.5/1
2+ oy
CFSi\//v%OAi e 40 1 M KOAc KsNas[(A-o- [85]
4 491 /i“ aqueous solution SiWg034)C04(OH)3(CH;CO0),] 48H,0
Co?INagA- - 12(;';:3? KeNag[(A-a-
5 [S|W9034] = 40 solution-+sodium S|W9034)C04(OH)(Ng)z(CHgCOO)3] 418H [85]
4.1/1 . 20
azide
Co?* INa A g 0.5 M NaOAc KeNag[(A-a-
e R.T. | agueous solution, | SiWgO34),C0g(OH)g(H,0),(CO5)3] 52H, [85]
6 [SiWo034] = Co o)

4.1/1

Co%*/NajpA-a-

. _ ; K1o02Nag s[{Coa(1t
7 [SiW034] = 80 Aqueous solution OH)(H,0)5}(Si;W1s070)] 81H,0 [86]

4.1/1
Co”* /K pA-a-
: _ : K10.75[C0o(H20)6]0.5[Co(H20)4Clg 25A-a-
8 SiWy044] = R.T. | Aqueous solution 10.75 ’ 5
(S1V¥s0sd ‘ [KoACO(H:0)2}:(SWeOs)z 82H,0 | L
9 CoZNao[p- 80 | HOAC/KAC buffer | Kyo[Coa(H,0); (B-0-SiWyOzH),] 21H,0 |  [59]

SiW9034H] =
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2.01
Co™/a- 70 to
10 Nayo[SiWgO3,] - 80 Aqueous solution K11Na;[Co4(H20),(SiWg034),] NH,0 2]
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1.11
Co™/Kg[y-
20 SiW1o0g] = 45 Imidazole, pH 3.6 (HIm)g[{K(H,0)}{(ns- [19]
2.7/1 H,0)Co(H,0) }(Si,W40070)] 9H,0F
Co*/H3SiW;,0, . .
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Factor 2: temperature. Lowering the temperature of the reaction medium from 85 €

to 80 <€ leads to the formation of 3.2 under either set of synthetic conditions.

Factor 3: the nature of the transition metal. The number of transition metal(s)
incorporated into the framework is highly dependent on the nature of the transition metal.
When replacing the Co("" centers in 3.1 and 3.2 with Ni”, only powders were obtained.
When Cu™ is used as the starting material, the C,, symmetry penta-copper polytungstate,
[Cus(OH)4(H20)2(A-a-SiWg033).]'* in Figure 1.9¢c is obtained. In this paper, slight
variations in reaction conditions, and with Co™ precursor in excess, lead to two or three
cobalt atoms (3.1 or 3.2) being incorporated into the framework. Table 3.2 summarizes
the synthetic conditions, related products, and transformations between different cobalt-
substituted silicotungstates in literature studies as well as this work. As evident from the
table, the fused dimeric lacunary [Si,W:gOes]™® structures are more easily maintained by
using the potassium salt of [SiWgO34]'® or excess KCI added before the crystallization
process under acidic conditions (entries 1-3),”° while the reconstituted (substituted
plenary) Keggin structures and sandwich structures are more often obtained by using the
sodium salt of o-[SiWeOss]"" or B-[SiWe0z4]™" (entries 4-10).2>°°%%  Using Kg[y-
SiW30036] as a precursor can produce a variety of cobalt-substituted lacunary
silicotungstates, which are formed by losing one or two tungsten atoms from Kg[y-

21222587 These structures are

SiW13036] in acidic or basic conditions (entries 11-18).
minimally predictable using this synthetic protocol. Interestingly, Kg[y-SiW1p036] can
also form a dimeric structure via two W-O-W bridges under acidic conditions (entries 19

and 20).2°%° The presence of carboxylato, azido, carbonato, cyanato ligands®® and the

buffer bhep[N,N'-bis(2-hydroxylethyl)piperazine]?* can facilitate the isolation of some
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unusual POM structures (entries 5-7, 11-13). Mono-cobalt substituted silicotungstates are
synthesized by using plenary (parent structure) 12-tungstosilicic acid (entry 21, 22).”
3.3.3 Electrochemistry

The cyclic voltammetry (CV) of 3.1 and 3.2 was recorded in sodium acetate buffer
solutions (0.02 M NaOAc/HOAc with 0.38 M NaNOs, or in 0.4 M NaOAc/HOAc, pH
4.8). No oxidation /reduction processes at the metal Co centers are observed at the glassy
carbon electrode in either positive or negative potential domains, but the reduction of W
centers is readily seen and is well defined (Figure 3.4). In 0.02 M NaOAc/HOACc buffer
solution, the cathodic peak potentials of 3.1 are at - 0.73, - 0.93 V vs Ag/AgCI (3 M
NaCl), and those of 3.2 are at - 0.72 and - 0.86 V (Figure 3.4 top). The CVs are more
reversible in 0.02 M NaOAc/HOAc with 0.38 M NaNOs than in 0.4 M NaOAc/HOAc

buffer (Figure 3.4 bottom).

The CVs of 1 mM 3.1 and 3.2 were also recorded in pH 9 sodium borate buffer.
When the applied potential is higher than 1.0 V, a film (with uncharacterized structure) is
formed on the glassy carbon anode. This film is catalytically active in water oxidation at
E > 1.0V, in the same manner as the cobalt oxide film generated in situ from

[C04(H20)2(PWg034)2]™" (Co4P») studied by Stracke & Finke.®®
3.3.4 Catalytic Activity in Water Oxidation

The ability of 3.1 and 3.2 to catalyze water oxidation was studied using the photo-
driven system comprising S,0g”" as a sacrificial electron acceptor, and [Ru(bpy)s]** as a
photosensitizer, which is the same system as used in Chapter 2.33677088 Oyygen

quickly forms under visible light illumination (455 nm) at pH 9 in borate buffer in the
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presence of 3.1 or 3.2, with yields comparable with that of the Co4P, (Figure 3.5). The

total turnover number, TON = n(O,)/n(cat) is up to 50 for 6 M of 3.1 and 110 for 6 M

40 -

-20

E/V

40 -

I/ pA

-20

Figure 3.4 Top: CV of 1 mM 3.1 (solid line) and 3.2 (dashed line) obtained in the
solution of 0.02 M pH 4.8 NaOAc / HOAc buffer with 0.38 M NaNOs3, scan rate 25 mV
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s~ Bottom: CV of 1 mM 3.1 (solid line) and 3.2 (dashed line) obtained in 0.4 M
NaOAc/HOAC buffer at pH 4.8, scan rate 25 mV s™.

of 3.2 (corrected for control), compared to the TON = 170 for Co4P,. The oxygen yield
based on S,05% (eq 2.2), is ca. 10% for 3.1 and 25% for 3.2 compared to 40% for Co4P.
The data for 4 M catalysts are also shown in Figure 3.5. Chemical yield decreases at
lower catalyst concentrations. The photodegradation of [Ru(bpy)s]** was inhibited in the

presence of 3.1 or 3.2 (Figure 3.6), similar to other WOC POMs.™

2.5 1

Oxygen Yield /pumol

12

IlIumination Time /min

Figure 3.5 Oxygen yield in the light-driven reaction catalyzed by 6 pM 3.1 ((solid red
curve), 6 1M 3.2 (solid purple curve), 6 pM Co4P; (solid blue curve), 4 M 3.1 ((dashed
red curve), 4 M 3.2 (dashed purple curve), 4 UM Co4P, (dashed blue curve), and
without catalyst (solid green curve) as a function of illumination time. LED light source
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(455 nm, 17mW), 80 mM sodium borate buffer with initial pH 9, 1.0 mM [Ru(bpy)s]Cla,
5 mM Na,S,0s, total volume 2.0 mL, reaction solution volume 2 mL, 25 <€.
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0.8 -
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Figure 3.6 UV-vis spectra of 10-fold diluted solution of 1 mM [Ru(bpy)s]** and 5.0 mM
Na,S;0g in 80 mM borate buffer before the photodriven catalytic water oxidation
reaction (black line), after this reaction (after irradiation) in the absence (red dotted line)
and presence of 6 uM 3.1 (purple line) or in the presence of 6 uM 3.2 (green line). 1 =1

cm.

3.3.5 Stability Studies

The concern about whether an initial soluble complex is the actual catalyst (or
immediate catalyst precursor, i.e. the system involves homogeneous catalysts), or this
initial complex is solely a precursor for an insoluble material (particles or film) that is the

actual catalyst is an issue that has been addressed by Crabtree and others for many
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years 88,90-93

Also given the fact that under some conditions POM WOCs do indeed
convert to metal oxides but under other conditions the opposite happens (metal oxide
converts to POMs), this catalyst versus catalyst precursor issue is relevant to water
oxidation catalyzed by 3.1 and 3.2. Here we study the stability of 3.1 and 3.2 both in

simple aqueous solution and under catalytic water oxidation conditions.
3.3.5.1 Stability in water or buffer solutions

The natural pH of 3 mM 3.1 in water is 8.3, while the natural pH of 3 mM 3.2 is 6.3.
In water, these complexes have a very low absorbance in the range 450-700 nm.
Acid/base titration shows reversible behavior (based on several successive titrations in
both pH directions) involving 6 protons/(hydroxyl anions) in the pH region of 3.0 ~ 8.9
for both 3.1 and 3.2 (Figure 3.7). As a consequence of having this many pK, values in
close proximity, the titration curves are nearly featureless (no marked inflection points).
The UV-vis spectra of both 3.1 and 3.2 obtained during acid/base titration show
significant but also reversible changes in accordance with the pH changes in the region of
3.0 ~ 8.9 (Figures 3.8, 3.9, 3.10 and 3.11). The changes in spectral shape are significant
at pH values around their natural pH, which likely reflects protonation/deprotonation of
oxygens in the cobalt cores.*® Both compounds are also relatively stable in
NaOAc/HOACc buffer (80 mM, pH 4.8) and in pH 9 sodium borate buffer. The overnight
changes in absorbance are less than 9% for 3.1 (7 mM), less than 2% for 3.2 (7.5 mM) in
sodium acetate buffer (Figure 3.12 & 3.13), and less than 2% for both 3.1 and 3.2 in pH 9
borate buffer (Figure 3.14 & 3.15). No particle formation is observed after aging M
level solutions of 3.1 and 3.2 in 80 mM borate buffer at pH 9 for one month by Dynamic

Light Scattering (DLS).
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Figure 3.7 Acid/base titration of an acidified 3 mM solution of 3.1 (A) and 3.2 (B) with
0.1 M NaOH solution (red squares) and 0.1 M HCI solution (black triangles). Five
equivalents of 0.1 M HCI were added to acidify aqueous solution of 3.1 from the natural
pH 8.3 to pH 3, and 4 equivalents of 0.1 M HCI were added to acidify aqueous solution
of 3.2 from the natural pH 6.3 to pH 3. Titrations of both complexes were done
repeatedly in both directions establishing that the protonation/deprotonation processes
were reversible (only one reversible titration is shown here). No irreversible reactions

were seen. Data have been corrected for dilution factor.
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Figure 3.8 Electronic absorption spectra obtained during acid/base titration of 3 mM 3.1

(dilution-corrected). | =1 cm.
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Figure 3.9 Electronic absorption spectra obtained during acid/base titration of 3 mM 3.2

(dilution-corrected). | =1 cm.
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Figure 3.10 (A) Absorbance changes at four different wavelengths during the acid/base
titration of an acidified 3 mM solution of 3.1 with 0.1 M NaOH solution (black diamond)
and 0.1 M HCI solution (red star), showing almost no change in the spectrum during the
acid/base titration at the same pH values. (B) An example of overlay of the UV-vis

spectra before (black curve) and after (red curve) acid/base titration at pH 3. =1 cm.
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Figure 3.11 (A) Absorbance changes at four different wavelengths during the acid/base
titration of an acidified 3 mM solution of 3.2 with 0.1 M NaOH solution (black diamond)
and 0.1 M HCI solution (red star), showing almost no change in the spectrum during the
acid/base titration at the same pH values. (B) An example of overlay of the UV-vis

spectra before (black curve) and after (red curve) acid/base titration at pH 3. 1=1cm.
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Figure 3.12 Kinetic traces of local maxima in the UV-vis spectrum of 7 mM 3.1 in 80
mM pH 4.8 sodium acetate buffer, and (B) UV-vis spectrum of this solution at 0 hr (black
solid line) and 14 hr (red dotted line). | =1 cm.
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Figure 3.13 (A) Kinetic traces of local maxima in the UV-vis spectrum of 7.5 mM 3.2 in
80 mM pH 4.8 sodium acetate buffer, and (B) UV-vis spectrum of this solution at 0 hr
(black solid line) and 14 hr (red dotted line). 1 =1 cm.
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Figure 3.14 (A) Kinetic traces of local maxima of UV-vis spectrum of 7 mM 3.1 in 80
mM pH 9 sodium borate buffer, and (B) UV-vis spectrum of this solution at 0 hr (black

solid line) and 16 hr (red dotted line). I =1 cm.
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Figure 3.15 (A) Kinetic traces of local maxima in the UV-vis spectrum of 4.5 mM 3.2 in
80 mM pH 9 sodium borate buffer, and (B) UV-vis spectrum of this solution at 0 hr
(black solid line) and 16 hr (red dotted line). | =1 cm.
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The stability of 3.1, 3.2 and the literature compounds Kis3[{Co(H.O)}(1t
H20),K(Si;W150g6)] 40H,0,”  Ku1[{Co(H20)}(1tH20).K{M(H20)4}(SizW150g5)] 36
H,O " and Kig2Nagg[{Cos(jrOH)(H20)35}(Si,Wig O70)] 31H,0 2 at high temperature
(80 °C) conditions were investigated. Heating 5 mM solutions of each of these five
compounds in deionized water, pH 4.8 NaOAc buffer (1 M), NaCl (1 M) or KCI (1 M)
lead, in all cases, to powders after slow evaporation of water. However, needle-like pink
crystals were obtained from all five compounds when pH 4.8 KOAc buffer was used as
the solvent (1 M). Interestingly, X-ray crystallographic analysis and IR spectra indicate
that the resulting pink crystals from all 5 compounds have only one structure, that of
compound 3.3. These results indicate again that in particular pH ranges and at high K*

concentrations, compound 3.3 is the most stable POM.
3.3.5.2 Stability under catalytic water oxidation conditions

Three lines of evidence showing 3.1 and 3.2 are stable under catalytic water

oxidation conditions.

First, the reproducible initial kinetics (no induction periods) of oxygen generation
(Figure 3.5) argue that the complexes themselves, and not subsequently-formed “Co?*
(aq)”, are the active catalysts. Significantly, when Co®* (aq) (in the form of Co(NOs),) is

used as the catalyst in the same system, induction periods are always observed.*®

Second, no induction period was observed in the [Ru(bpy)s]** reduction stopped-
flow experiment (eqs 3.1 & 3.2), consistent with no formation of Co®*(aq) during the
catalytic process. Figure 3.16 shows that the addition of catalyst (3.1or 3.2) or Co(NO3),
significantly increases the rate of [Ru(bpy)s]*" reduction. The comparison of kinetic

curves shows that at least a leaching of 0.6 M of Co?* (aq) would afford the same rate of
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Figure 3.16 Kinetics of [Ru(bpy)s]** self-decomposition (black) and catalytic reduction
with 6 pM 1 (blue line), 6 M 2 (purple line), 0.6 M Co(NOs), (red solid line) and 1
M Co(NOs), (red dotted line) collected in 1 s (A) and 20 s (B). Conditions: 1.0 mM
[Ru(bpy)s]**, 80 mM sodium borate buffer with initial pH 9.0. The initial concentration
of [Ru(bpy)s]** varied in the range 0.93-1.07 mM. Therefore, the initial values of
absorbance at 670 nm also varied in the range 0.39-0.45. In order to visualize the

difference in reaction kinetics, the curves are normalized per initial absorption.
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[Ru(bpy)s]** reduction as 6 M 3.1 or 3.2. Note that 0.6 M Co**(aq) is the equivalent
of 5 % of the cobalt atoms of 6 M 3.1 and 3 % of those in 6 M 3.2. Significantly, the
characteristic induction periods were observed when 0.6 pM of Co* (aq) is used as the
catalyst, while no induction periods were detected for 3.1 or 3.2. This indicates that
Co?*(aq) is very likely not the catalytic species in this process. However, it must be noted

that eq 3.1 is also catalyzed by 3.1 and/or 3.2 which results in low O, yields.
[Ru(bpy)s]** — decomposition products (3.2)
4[Ru(bpy)s]*" + 2H,0 — 4[Ru(bpy)s]** + O, + 4H" (3.2)

Third, almost identical FTIR spectra were observed for both 3.1 and 3.2 before and
after the illumination (Figure 3.17 & 3.18), indicating that the structures of 3.1 and 3.2
remain intact during the catalytic processes. FTIR spectra were recorded for the products
formed from a more concentrated (16 M) reaction solution compared to Figure 3.5 to

achieve a reasonable signal-to-noise ratio.

Dynamic light scattering (DLS) was used to check the formation of cobalt oxide
nanoparticles in the catalytic reaction system (mixture of photosensitizer, oxidant and
catalysts). Particles with diameters of 300 nm — 4000 nm are detected by DLS both
before and after the photoirradiation (Figure 3.19 & 3.20). Due to the low solubility of
highly negatively charged POM (-13 charge for 3.1 and -9 charge for 3.2) in the presence
of excess [Ru(bpy)s]** and the low solubility of any cobalt oxide potentially generated,
DLS data is not informative in proving the true nature of the particles. Attempts to avoid
the formation of nanoparticles by decreasing the concentration of catalyst or that of the
photosensitizer all led to oxygen yields that were too low to be satisfactorily quantified.

As stated in two previous papers from our group, the solubility of highly charged POM
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Figure 3.17 FT-Infrared spectrum of 3.1 (black), precipitate obtained from mixing
[Ru(bpy)s]** and 3.1 solutions (red), and precipitate isolated from a post reaction solution

with 3.1 as the catalyst (purple).
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Figure 3.18 FT-Infrared spectrum of 3.2 (black), precipitate obtained from mixing
[Ru(bpy)s]** and 3.2 solutions (red), and precipitate isolated from a post reaction solution

with 3.2 as the catalyst (purple).
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Figure 3.19 Particle size distribution measured by DLS in a solution of 6 pM 3.1, 1 mM
[Ru(bpy)s]Cl, and 5 mM Na,S,0g in 80 mM pH 8.0 sodium borate buffer before (black

solid line) and after (red dotted line) photo-irradiation for 11 min (455 nm LED light, 17
mw).
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Figure 3.20 Particle size distribution measured by DLS in a solution of 6 pM 3.2, 1 mM
[Ru(bpy)s]Cl, and 5 mM Na,S,0g in 80 mM pH 8.0 sodium borate buffer before (black

solid line) and after (red dotted line) photo-irradiation for 11 min (455 nm LED light, 17
mw).
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catalysts in the presence of the photosensitizer [Ru(bpy)s]** is very low.*® The minimally
soluble [Ru(bpy)s]**-POM salts (with 3.1 and 3.2) form nanoparticles. Importantly
however, the FTIR spectra of the [Ru(bpy)s]**-POM salts are unchanged by catalytic
water oxidation implying there is no change in the geometrical structures of the
polyanion units in 3.1 and 3.2. Thus these POM catalysts remain molecular and

2,90

homotopic”™ (only a single type of active site is present) during and after catalysis.

3.4 Conclusions

Two new Co'-silicotungstate complexes have been synthesized using KioA-a-
[SiWy0O34] 13H,0 as the precursor. Both compounds comprise two or three cobalt atoms
in a central multi-oxygen ligation pocket afforded by the polyanion framework. Both 3.1
and 3.2 have been characterized by X-ray crystallography and several spectroscopic
methods. They are fairly stable over a range of pH values, but convert to 3.3 in pH 4.8
potassium acetate buffer at elevated temperature. Both complexes show moderate
catalytic activities in water oxidation. FTIR, stopped-flow and water oxidation Kinetics

data suggest these compounds remain homotopic during catalysis.
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Chapter 4

Chapter 4 : A nickel-containing polyoxo-metalate water
oxidation catalyst

with Elliot N. Glass, Chongchao Zhao, Hongjin Lv, James W. Vickers,
Yurii V. Geletii, Djamaladdin G. Musaev, Jie Song and Craig L. Hill

(Published partially in Dalton Transactions, 2012, 41, 13043 -13049. -

Reproduced by permission of The Royal Society of Chemistry)
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Abstract: A new penta-nickel silicotungstate complex KjioH[Nis(OH)s(OH2)3(Si2
W150¢6)] - 34H,0 (KH-4.1) has been identified to be a water oxidation catalyst in a photo-

driven system with [Ru(bpy)s]** as photosensitizer and Na,S,0s as sacrificial electron
acceptor. The low solubility of highly negatively charged KH-4.1 in the presence of
[Ru(bpy)s]™ lead to the suspension formation; however, several lines of evidence
indicate that 4.1 is stable and retains its molecular structure under catalytic turnover

conditions.

4.1 Introduction

Nickel oxides / nickel hydroxides have been used as efficient, robust, earth-abundant
element-based water oxidation catalysts (WOCs). They have been used mostly in
alkaline solutions (pH>11), until recently, when electrodeposited NiOx-borate films were
found to catalyze water oxidation at near neutral pH (pH 9.2). **® Prior to the research

in this chapter, there were no known molecular nickel-based WOCs.

Classical homogeneous catalysts are distinguished from heterogeneous catalysts by
involvement of only one phase instead of multiple phases. However, sometimes there is
no distinct boundary between different phases. The size of a metal cluster could be very
small, but still considered to be a heterogeneous catalyst due to its multiple reactive sites.
Therefore, in this chapter, we adopt the terminology popularized by Crabtree of
“homotopic”/”heterotopic”.*® A heterotopic catalyst has multiple types of catalytically
active sites, while a homotopic catalyst has a single type of active site or limited number
of active sites (if the molecular catalyst has more than one active site). Therefore, the

catalytic properties of an insoluble homotopic catalyst remain the same as its soluble
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form, even though it may exist in a different phase than its reaction solution.

In the photo-driven system for catalytic water oxidation, [Ru(bpy)s]** are often used
as the photo-sensitizer. However, for a highly-negatively-charged POM catalyst, the
solubility of the [Ru(bpy)s]"*-POM salt is usually low and depends on the charge, the size
and the shape of the POM, etc. Therefore, suspensions may be formed before the
reaction starts.  Another souce of suspension formation may come from the
decomposition of molecular POM WOCs into metal oxide nanoparticles, which are well
known to be good water oxidation catalysts. As a result, the stability of new POM WOCs
must be evaluated, especially when a suspension is present in the reaction system.

Identifying the nature of the suspension species is a difficult but important task.

Besides cobalt complexes, organometallic mangnese complexes, copper complexes,
iron complexes have also been shown to have WOC activity.*® Our group has been
focusing on studying the WOC activity by Co-POMs, but other transition-metal-
substituted POMSs also have the potential to be catalytically active as well. Mn-POMs
have been studied by our group, and shown to have higher catalytic activity for
decomposition of [Ru(bpy)s]** than for water oxidation. The Fe-POMs we evaluated
didn’t show any WOC activity. Patzke’s group has shown that a-Kj;Nai[Nis(H20),
(SiWg0s4)2] 27H,0 has no WOC activity (no crystal structure is provided for this
compound), but the buffer used was acidic (Na,SiFs buffer pH 5.8).2 We report here the
first nickel-containing POM WOC, KjoH;[Nis(OH)s(OH,)3(Si,W15066)]-34H.0 (KH-
4.1). We provide several arguments that this new POM, 4.1, in the presence of
[Ru(bpy)s]™ (n = 2 or 3) exists as an equilibrium between 4.1 in solution and the low-

solubility [Ru(bpy)s]™*-4.1 complex, and that during catalytic water oxidation, 4.1
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remains molecular, i.e. it does not decompose to Ni hydroxide / oxide particles or films.

4.2 Experimental

Materials and Methods

Naso[a-SiWg034]%° was prepared and purified by the literature procedure. Tris(2,2’-
bipyridyl)dichlororuthenium(l1) hexahydrate ([Ru(bpy)s]**), sodium persulfate, and all
other chemicals and salts were of the highest purity available from commercial sources.
[Ru(bpy)s]** was recrystallized before use as previously reported.®® [Ru(bpy)s]** was
prepared as previously reported.®® Nickel hydroxide was freshly prepared as follows: 5
mL of a 1.0 M aqueous NiCl, solution was added to 5 mL of 4.0 M aqueous KOH
dropwise with vigorous stirring. The precipitate was collected by filtration through a
medium sized frit, washed thoroughly with DI water, ethanol and diethyl ether, and air
dried. Infrared spectra (2% sample in KBr pellet) were recorded on a Nicolet 6700 FT-IR
spectrometer. Elemental analyses for K, Na, Ni, Si and W were performed by Galbraith
Laboratories (Knoxville, Tennessee). Thermogravimetric data were collected on an ISI
TGA 1000 instrument. Electronic absorption spectra were acquired using an Agilent 8453
spectrophotometer equipped with a diode-array detector and Agilent 89090A cell
temperature controller unit. A Zetasizer Nano ZS 90 instrument (Malvern Instruments
Ltd., UK) was used for dynamic light scattering (DLS) measurements. The particle sizes

suitable for measurement by this instrument range from 0.3 to 5000 nm (diameter).

Isolation of the post-reaction catalyst: The photo-driven reaction was scaled up by
using 50 mL of solution, containing 1 mM [Ru(bpy)s]Cl;, 5 mM Na,S;0g, 8 pM
NisSi;Wigand 80 mM pH 8 sodium borate buffer. The solution was kept under the LED

light for 100 min. The volume of the reacted solution was decreased to 20 mL via rotary
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evaporation. The precipitate was collected by centrifugation, dried in air and

characterized using FTIR spectroscopy.

The reaction of KH-4.1 and Ni(NOs), with Ru(bpy)s>* under equivalent conditions to
the light-driven reaction was studied using a Hi-Tech KinetAsyst Stopped Flow SF-
61SX2 instrument equipped with a diode array detector operating in wavelength range
400-700 nm. One of the syringes was filled with a 2 mM Ru(bpy)s®* solution, and the
other with a buffered solution of KH-4.1 or Ni(NOs),. The consumption of Ru(bpy)s**
was followed by a decrease in absorbance at 670 nm (g670 = 4.2 X 10> M cm™) with
optical path length | = 10 mm. Detailed analysis of kinetic data was performed using
both Copasi 4.7 (Build 34) [Hoops, S., Sahle, S., Gauges, R., Lee, C., Pahle, J., Simus,
N., Singhal, M., Xu, L., Mendes, P., and Kummer, U. (2006). COPASI - a COmplex
PAthway Slimulator. Bioinformatics 22, 3067-74.] and the Solver subprogram in

Microsoft Excel.

Quantification of O, produced under identical conditions as above was performed
using A Hi-Tech Scientific SF-61SX2 mixing apparatus for consistent fast-mixing.
Solutions were deaerted with Ar in round bottom flasks before being injected into the
mixer with 1010 TLL Gastight Hamilton syringes. One of the feeding syringes was filled
with 2.0 mM [Ru(bpy)s]** solution and the other with a freshly prepared solution of KH-
4.1 in 160 mM sodium borate buffer at pH 8.0. The mixing apparatus was connected with
PEEK tubing to an Ocean Optics FOXY-FLOW-CELL fitted with an oxygen probe. All
joints were sealed with Teflon tape and DAP Blue Stik adhesive putty. Oxygen
measurements were made using an Ocean Optics Neofox Phase Measurement System

with a FOXY-R probe and FOXY-AF-MG coating. The probe was calibrated using a two
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point curve (0 and 20.9%). Repeated shots were performed until the oxygen reading was

constant for three consecutive shots.
K10H2[Nis(OH)s(OH2)3(SizW15066)]-34H,0 (KH-4.1)

Naio[a-SiWyOs4] (1.5 grams, 0.54 mmol) were added with stirring to 30 mL of
deionized water, forming a turbid white suspension. The pH was adjusted to 6.8 with the
dropwise addition of 1 M HCI, causing the suspension to dissolve into a solution.
NiCl,-6H,0 (320 mg, 1.35 mmol) was added to the stirring solution. The pH was 5.2
after addition and was adjusted using 1 M HCI if necessary. The solution was stirred,
refluxed for two hours, cooled to room temperature, filtered, and then 20 mL of saturated
KCI was added. The resulting solution was placed in an ice bath with stirring for an hour
and the pale green precipitate that slowly formed over this time was collected via
filtration. The crude product was recrystallized twice from minimal hot water. Slow
evaporation over two days produced 0.258 g (16.3% yield based on W) of green needle
crystals. An unidentified yellow crystalline byproduct and other impurities crystallized
shortly after the product. IR (KBr pellet; 2%): 998 (w), 987 (w), 947 (m), 894 (s), 843
(sh), 799 (s), 709 (m), 634 (m), 525 (w) cm™. Anal. Calcd (Found) for
K 10H2[Nis(OH)s(OH_)s(A-0-SiWg033)2]*34H,0 (KH-4.1): K, 6.65 (6.29); Ni, 4.99 (4.68);

Si, 0.95 (0.93): W, 56.3 (56.4).

K1oH2[Ni3 5(OH)4(OH2)2Si,W15 5067)]-19H,0 (KH-4.2)

Na-SiWy (0.533 g) was added with stirring to 10 mL of deionized water, forming
a turbid white suspension. NiCl,*5H,0 (74 mg) was added to the stirring suspension, and
the pH was 7.3. The pH was adjusted to 5.2 with 0.5 M HCI. The solution, covered with

a glass slip, was heated at 80 € and stirred for 1 hr. The resulting solution was cooled to
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room temperature and the pH was 5.9. Then 2 mL of saturated KCI was added, and the
suspension was filtered with fine filter paper. Green needle crystals were produced
overnight. IR (KBr pellet; 2%): 987 (w), 941 (m), 891 (s), 799 (s), 708 (m), 667 (sh),

637 (m), 525 (w) cm™.
X-ray crystallography

Representative diffraction-quality single crystals of KH-4.1 and KH-4.2 were 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 Il CCD sealed tube diffractometer. Graphite
monochromatic Mo Ka (A = 0.71073 A) radiation was used. Data were obtained using a
combination of @ and ® scans with 10 s frame exposure and 0.3° frame widths. The
data were collected, indexed and initial cell refined using SMART.®® Frame integration
and final cell refinements were done using SAINT.?® The molecular structure was
determined using direct methods and Fourier techniques; the standard full-matrix least-
squares procedure was used in the refinement. Absorption correction was also conducting
by face indexing using the program SADABS.'® The greatest residual electron density
was located near the W atoms (less than 1.0 A) and was most likely due to imperfect
absorption corrections. The latter are frequently encountered in heavy-metal atom
structures such as polyoxotungstates. Anomalous dispersion corrections and scattering
factors were taken from the International Tables for X-ray Crystallography, and
SHELXTL, v 6.14 software was used in the structure solution, refinement, graphic and
generation of publication materials.®* The crystal data and structure refinement

parameters are summarized in Table 4.1.



Table 4.1 Crystal Data and Structure refinement for KH-4.1 and KH-4.2.

8o

KH-4.1 KH-4.2
Empirical formula K1oNisSi,W1g0109Hss K1oNi35SisW1g5092H40
Formula wt. / g mol™* 5882.37 5445.34
Temperature / K 173(2) 173(2)
Radiation (\) / A 0.71073 0.71073
Crystal system Triclinic Triclinic
Space group PT PT
alA 13.320(2) 13.0076(1)
b/A 15.860(3) 17.2224(2)
c/A 23.521(4) 22.572(2)
al 74.624(3)° 112.137(0)
Bl< 76.583(3)° 100.975(2)
yl < 75.041(2)° 96.5360(1)
VA 4557.0(14) 4501.4(7)
z 2 2
peacal g €M™ 3.978 4018
p/ mm?t 24.210 24.638
F(000) 4788 4762
Crystal size / mm® 0.34 x0.17 x0.07 0.29x 0.09 x 0.08
Reflections collected 69370 82714
Independent reflections 19331 [R(int) = 24078 [R(int) = 0.0838]
Absorption correction Numerical Numerical

Refinement method

Full-matrix least-

Full-matrix least-squares

Goodness-of-fit on |F|?

1.042

1.061

Final R indices [R > 24(1)]

R,%=0.0517, WR," =

R,%=0.0517, wR," =0.1889

R indices (all data)

R,% = 0.0926, WR," =

R,%=0.1091, WR,° = 0.2192

Largest diff. peak and hole / e

3.676 and -2.993

4.735 and -7.513

*Re = 2[Fol - [Fell/ ZIFal; WRa = ZIW(Fo” - FO7 SIwW(Fo) ™
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Photodriven catalytic water oxidation

Light-induced water oxidation was performed in the quartz cylindrical optical cell
(NSG, 32G10) with a 1-cm optical path length, OD = 22 mm, and total volume ~ 2.8 mL
equipped with standard taper joint. In a typical reaction, the vessel was filled with 2 mL
of a solution with the desired concentrations of Ru(bpy)sCl,, Na,S;0s, catalyst, and
sodium borate buffer. The vessel was then sealed with a rubber septum and carefully
purged with Ar. The headspace was checked by gas chromatography (GC) to confirm the
absence of O, before the experiment. All procedures were performed with a minimum
exposure to ambient light. The reaction was initiated by turning on the Sandhouse
Design LED light source (LLS) equipped with a 455-nm LED. A light beam with OD =
0.4-0.5 cm and 17 mW power was focused on the flat front of the reaction vessel using
two lenses. The solution was agitated by a magnetic stirring bar spinning vertically on
the back side of the cell. After the desired illumination time, the reaction was temporarily

stopped by blocking the light. The O,-yield was quantified by GC as described earlier.®

Computational procedures

All calculations were performed using the Gaussian 09 program.'®* The geometries
of all species were optimized without any symmetry constraint at the B3LYP%%* Jevel
of theory. In these calculations we used Hay-Wadt effective core potentials (ECPs) with
the associated Lanl2dz basis set for transition metals'®*%” and the standard 6-31G* split-
valence-polarization basis set for all other atoms. The solvent effects were estimated by

108
d

using the self-consistent reaction field IEF-PCM metho with water as a solvent

(dielectric constant = 78.39).
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4.3 Results and discussion

4.3.1 Syntheis and structure

Two new pentanickel POMs were prepared in acidic aqueous solution from Najo[a-
SiWg034] and NiCl,. They are readily purified by recrystallization of the potassium salt
from water. The sequence of adding reactants is very important. If NiCl; is added after
the pH of Najo[a-SiWyO34] solution is adjusted to 4.2, KH-4.1 is formed; if NiCl; is
added directly into Najo[a-SiWgyOs34] solution before the pH ajustment, KH-4.2 is formed.

The molecular structure of the polyanion, 4.1, is composed of a large
[Nis(OH)s(OH.)s]** assembly supported in the central cavity of the clamshell-shaped
isopolytungstate  [Si;W1g06es]'® (Figure 4.1).  The [Si;Wi1s066]*®  polytungstate
framework present in 4.1 is formed by reaction of [A-0-SiWeOs]'® under acidic
conditions and high concentrations of K*.” The pentanickel unit in 4.1 has multiple
bridging oxo groups. A pentacopper derivative of the same polyanion present in KH-4.1
has been characterized by Kortz and co-workers (Figure 4.2).*° However, their overall
polyanion has a significantly different structure than 4.1. In our pentanickel POM, a
nickel atom is positioned outside the framework; it is not bound to any of the tungsten
octahedra. Furthermore, KH-4.1 does not contain a central axis due to the position of the
nickel atom. This reduces the molecular symmetry from C,, to Cs. In the Kortz’s
pentacopper polyanion, there is no equivalent atom. Instead, a copper atom is nestled in
the center and bound to both halves of [Si;WigO¢s]'®. Bond valence sum (BVS)
calculations on the Kortz polyanion and on 4.1 indicate that in both complexes all
bridging oxo groups linking adjacent copper or nickel atoms are either mono- or

diprotonated.
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The 4.2 polyanion of has C; symmetry (Figure 4.3). The Ni4 atom is disordered with
a W19 atom, and the best refinement was achieved with occupation factors of about %2 and
Y, respectively. That is, half of the polyanions have structures like NisSi,W1g (Figure
4.3a), and the other half of the polyanions have structures as NisSi,W9 (Figure 4.3Db).
For NisSi;Wig structure (Figure 4.3 a), two [A-0-SiWg034]™* units are linked by sharing
one terminal oxygen atom, and a tetra-nickel cluster is located in between. The Ni2Og,
Ni30s, and Ni4Og units located at the trivacant sites of one [A-a-SiWe034]**" completing
the a-Keggin structure [a—SiNi3W9O4o]16_. At the same time, NilOg, Ni2Og and K504
units complete the other [A-a-SiWg034]'®". Bond valence sum calculations reveal that
the two terminal oxygens associated with the Niy4 cluster are both deprotonated; the roxo
oxygen is monoprotonated. For NisSi,Wyg structure (Figure 4.3b), the Nis cluster is
located in between a [A-0-SiWeO34]"" unit and a [a-SiW10037]** unit. The structure is
very similar with 2.1a, except that one of the cobalt atoms is changed to K*, and the
other cobalt atoms are changed to Ni?*. No further catalytic study was undertaken on
this complex, because it will be hard to interpret mechanistic experiments based on this

disordered POM. The IR spectra of KH-4.1 and 4.2 are very similar (Figure 4.4).
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Figure 4.1 Ball and stick (a) and polyhedral (b) representations of 4.1, Ball and stick
representation of the central [Nis(OH)s(OH,)3(Si,Wi1g0g)]*> fragment of 4.1(c). The
color code is as follows: nickel (green), tungsten (grey), silicon (yellow), and oxygen

(red).
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Figure 4.2 Ball and stick (a) and polyhedral (b) representations of [Cus(OH)4(H20).(A-
0-SiWg0s3)2]*". Color code: copper (blue), tungsten (grey), silicon (yellow), and oxygen
(red).
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Figure 4.3 Combined polyhedral/ball-and-stick representations of the polyanion units in
4.2. WOg units: grey polyhedra; SiO,4 units: yellow tetrahedra; Ni: green spheres; K:

pureple spheres; O: red spheres.

—Ni55i2wW18

—Ni3.55i2w18.5
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Wavenumber / cm™

Figure 4.4 IR spectra of KH-4.1(red) and 4.2 (black).
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4.3.2 [Ru(bpy)s]™*-4.1 formation

In the catalytic experiments below, when KH-4.1 is added to either of the catalytic
reactions (dark reactions using [Ru(bpy)s]*" as oxidant or light driven reactions using
[Ru(bpy)s]** as a photosensitizer and Na,;S;0s as a sacrificial electron acceptor), a
[Ru(bpy)s]™ salt of 4.1 forms. This [Ru(bpy)s]"*-4.1 complex has a very low solubility in
the buffered water used in all these reactions, thus the catalyst is present in solution and
in the form of nanoparticles. The solubility of the [Ru(bpy)s]** salt of 4.1 is lower than
the [Ru(bpy)s]** salt of 4.1 thus in the dark water oxidation reactions as [Ru(bpy)s]** is
converted to [Ru(bpy)s]**, the amount of 4.1 present as insoluble particles increases with
time. This increase in the quantity of precipitate with time is directly observed in all the
dark water oxidation reactions catalyzed by 4.1. The precipitation of two POM WOCs as
[Ru(bpy)s]™ salts was noted very recently by Patzke and co-workers,? and ion pairing in
POM s is well documented to affect solubility and other properties of the polyanion.'*1°
In both our studies here and in those by Patzke, several methods were used to confirm

that the POM WOC in the [Ru(bpy)s]"*-POM complex is stable and does not decompose

to produce metal hydroxide / oxide particles.

The following specific studies confirm the formation of low-solubility [Ru(bpy)s]™-
4.1 particles in this study. Dynamic light scattering (DLS) measurements show the
formation of 700-1300 nm diameter nanoparticles immediately after mixing the
photosensitizer and 2 UM KH-4.1 solutions in the dark. The same is true even if 0.5 pM

solutions of KH-4.1 are used. However, DLS does not address the stability of the catalyst
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Figure 4.5 Particle size distribution measured by DLS in a solution of 0.5 pM KH-4.1, 1
mM [Ru(bpy)s]Cl; and 5 mM Na,S,0g in 80 mM pH 8.0 sodium borate buffer.
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Figure 4.6 Particle size distribution measured by DLS in a solution of 2 pM KH-4.1, 1
mM [Ru(bpy)s]Cl, and 5 mM Na,S,;0g in 80 mM pH 8.0 sodium borate buffer before

(purple solid line) and after (green dotted line) photoirradiation for 11 min (455 nm LED
light, 17 mW).
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under turnover conditions because this technique cannot distinguish between an intact
catalyst that is minimally soluble and the most likely product of decomposition, nickel
hydroxide, which is completely insoluble. If the system is filtered before the photo-
illumination, no O is generated from the supernatant solution and no nanoparticles are
formed confirming a very low solubility of the [Ru(bpy)s]™*-4.1 complex. The lack of O,
generation in 4.1 after filtration indicates that the photosensitizer-POM complex is the
active species. The same behavior was found for [Ru(bpy)s]™*-POM WOC complexes
examined by Patzke and co-workers.? Importantly, when the same experiment is
performed by replacing 4.1 with 1 uM Ni(NOs),, the supernatant after filtration still
generates oxygen, supporting the argument that Ni?* is not leached from 4.1 prior to
formation of the [Ru(bpy)s]™-POM complex. In the dark water oxidation reactions
(stopped-flow experiments described below) the kinetics follow the same trend as the
kinetics of light-driven catalytic O, generation (Figure 4.7) provided the concentration of
4.1 is equal or below 4 pM. The rising baseline in the visible spectra when the
concentration of 4.1 reaches 5 UM is clear evidence of precipitation. Experiments to
overcome the solubility limit of the photosensitizer-POM salt, [Ru(bpy)s]**-4.1, by
decreasing the concentrations of photosensitizer and catalyst failed to achieve satisfactory
oxygen evolution kinetics (minimal error and maximal reproducibility of the full catalyst

runs).
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Figure 4.7 Kinetics of [Ru(bpy)s]®" self-decomposition (black) and catalytic reduction

with 1 M (red), 2 M (orange), 3 1M (green), 4 UM (blue), 5 pM (purple) KH-4.1.
Conditions: 1.0 mM [Ru(bpy)s]**, 80 mM sodium borate buffer with initial pH 8.0.

4.3.3 Catalytic properties

The ability of 4.1 to catalyze water oxidation was studied under photo-driven
conditions (Figure 4.8). To probe this activity, the net oxidant, [Ru(bpy)s]*", was
photogenerated in situ by reaction with S,0s>, the sacrificial electron acceptor. The

overall net reaction is:
25,08 +2H,0+2hv - 4S04 + 0, +4H" (4.1)

A small amount of O, is generated in the absence of any catalyst probably due to the
decomposition of [Ru(bpy)s]*" to RuO,, a well-known and active WOC. In the figure

below, the O, yield in the reaction catalyzed by 4.1 is taken as a difference between
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yields in catalyzed and non-catalyzed reactions. The yield of O, per persulfate, 2 x O,/
(persulfate), is ca. 5% in the presence of 2.0 uM 4.1. The O; yield and turnover number
(TON) depend on catalyst concentration. The overall turnover number, TON = n (O)/n
(cat) with 2 pM 4.1 is ca. 60. The quantum yield, (initial O, formation rate) / (photon
flux), is calculated as ®qv(0) = N(O2)/[N(hv)/2] = 2 (A[O2)/A(hv))o, (the number of O,
molecules formed per two photons absorbed) is ca. 3.8 % at 2.0 uM 4.1. The low value

of @ is consistent with low chemical yield.®
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Figure 4.8 Kinetics of light-driven catalytic O, evolution from water oxidation. The
purple, green and red curves are for 4.0 uM, 3 pPM and 2 pM KH-4.1, respectively, and
the dark blue curve is a control (no catalyst). Conditions: 455 nm LED light (17 mW,
beam diameter ~0.5 cm), 1.0 mM [Ru(bpy)s]Cl;, 5.0 mM Na,S,0g, 80 mM sodium
borate buffer with initial pH 8.0, total volume 2.0 mL.
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In addition, we used the stopped flow technique to follow the rate of [Ru(bpy)s]**
reduction by water oxidation (eq 4.2). Under turnover conditions [Ru(bpy)s]** also

decomposes exponentially with k, = 0.012 s™ (eq 4.3).
4[Ru(bpy)s]*" + 2H,0 — 4[Ru(bpy)s]** + O, + 4H" (4.2)
[Ru(bpy)s]** — decomposition products 4.3)
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Figure 4.9 Fast-mixing O, yield vs. KH-4.1 concentration measured with a FOXY-R
probe using sacrificial oxidant [Ru(bpy)s]**. Each point represents the average of three
consecutive shots, with error bars showing the range of measured values. Conditions: 1

mM [Ru(bpy)s]**, 80 mM sodium borate buffer at pH 8.0.
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Figure 4.10 Kinetics of [Ru(bpy)s]** self-decomposition (black) and catalytic reduction
with 2 M KH-4.1 (red line). The purple line is the difference between the two kinetic
curves. Turnover number (green line) is calculated as TON = (purple lines/420) / (4 x
[KH-4.1]), where 420 is the extinction coefficient of [Ru(bpy)s]**at 670 nm, and 4 is the
stoichiometric coefficient in eq. 4.2. Conditions: 1.0 mM [Ru(bpy)s]**, 80 mM sodium
borate buffer with initial pH 8.0.

The addition of KH-4.1 (leading to formation of [Ru(bpy)s]™*-4.1 particles) results in
an acceleration of the reaction at the beginning followed by rate decreases due to
inhibition of the reaction by the accumulating [Ru(bpy)s]**.®® The TON quickly grows to
~10 during the first 15-20 s (the TOF during the first 10 seconds is ~1 s™) and then
slowly reaches a plateau. These data are in good agreement with results obtained in the
light driven reaction. Importantly, O, was quantified under similar conditions confirming

that [Ru(bpy)s]** reduction corresponds to production of O, (Figure 4.9). The catalyst is
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efficient only at a high ratio of [Ru(bpy)s]** /[Ru(bpy)s]**. In the light-driven system, the
rather high ratio is maintained by continuous photogeneration of [Ru(bpy)s]*".
Consequently, the TON in Fig. 4.8 is higher than estimated in Fig. 4.10. The presence of
a fast and selective WOC minimizes organic ligand oxidation.®”®®"® However, if no KH-
4.1 solution is added, the spectral change of [Ru(bpy)s]** is close to that in the presence
of KH-4.1 (Figure 4.11), indicating that the decomposition of [Ru(bpy)s]*, eq 4.3,
competes to some extent with catalytic water oxidation, eq 4.2. As a result, the chemical

and quantum yields of O, formation are relatively low.

0.5

0.4 -

0.3 -

0.2 -

Absorbance / a. u.

0 T 1
300 400 500 600 700
Wavelength / nm

Figure 4.11 UV-vis spectra of 40-fold diluted solution of 1 mM [Ru(bpy)s]** and 5.0
mM Na,S,0g in 80 mM borate buffer before the photodriven catalytic water oxidation
reaction (black curve), after this reaction (after irradiation) in the absence (green curve)

and presence (purple curve) of 2 uM KH-4.1.
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4.3.4 Stability Studies.

Three experiments indicate that 4.1 is stable in the catalytic medium (pH 8 sodium
borate buffer) prior to addition of [Ru(bpy)s]™. First, the UV-vis spectrum remains
unchanged overnight (Figure 4.12 and Figure 4.13). In addition, the IR spectrum of
crystals obtained by slow evaporation of the same buffered solution after aging for two
years is identical to that of the recently synthesized samples. Also, DLS measurements
show that no precipitate forms after KH-4.1 is aged one month in 80 mM pH 8 borate
buffer. A nickel-borate film forms on electrode surfaces by electrodeposition of Ni®* at
pH 8 in borate buffer above +1.1 V (consistent with the literature report),®”*® but no
decomposition is observed under non-electrochemical conditions. Thus, UV-vis, IR and
DLS all show that KH-4.1 is stable in buffered aqueous solutions in the absence of

photosensitizer, [Ru(bpy)s]**, and oxidant, persulfate.
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Figure 4.12 UV-visible spectrum of 6 mM KH-4.1 in 80 mM pH 8 sodium borate
buffer.
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Figure 4.13 Kinetic traces of the local maxima of KH-4.1 in the UV-visible spectrum of
6 mM KH-4.1 in 80 mM pH 8 sodium borate buffer, showing no change in the spectrum

upon aging the solution overnight.

More interestingly, four lines of evidence indicate that the 4.1 in the 4.1 (solution) =
[Ru(bpy)s]™-4.1 equilibrium is stable and does not form catalytically important nickel
hydroxide particles during catalytic water oxidation. First, the FTIR spectra of the full
catalyst system before and after irradiation (100 min and 40 turnovers) are almost
identical (Figure 4.14). Only slight shifts are observed, which is consistent with previous
ion pairing studies of POMs,"° and with the [Ru(bpy)s]™*-4.1 complexes of Car et al.,
where similar shifts in the POM unit stretching frequencies are seen. Second, the FTIR
spectra show no evidence of additional peaks that would indicate 4.1 decomposes to an
active metal hydroxide / oxide catalyst. The FTIR spectra of pure nickel hydroxide and

artificially doped KH-4.1 have characteristic peaks at 525 cm™ and 3640 cm™ (Figure
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4.15). The nickel hydroxide peak at 525 cm™ overlaps with one of the metal-oxo stretches
of KH-4.1, but changes in the ratio of this peak relative to other POM peaks, if visible,
would be indicative of the presence of nickel hydroxide. Furthermore, the sharp peak at
3640 cm™ is free of interfering species. No evidence of either of the two nickel hydroxide

peaks can be seen in the FTIR spectra after irradiation (after catalytic water oxidation).

Vi

I ' I ' 7 A ' I N 1 N 1
3600 3400 1000 800 600 400
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Figure 4.14 Infrared spectra of KH-4.1. Black: spectrum of the freshly prepared and
purified KH-4.1. Magenta: precipitate obtained from mixing [Ru(bpy)s]*" and KH-4.1
solutions (the peaks are a simple superposition of the spectra of each compound).
Orange: precipitate isolated from a post reaction solution. The spectra before and after
water oxidation (irradiation for 100 minutes, TON ca. 40) show no changes indicative of

structural rearrangement or metal oxide formation.
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Figure 4.15 Infrared spectra of KH-4.1 and nickel hydroxide. Black: spectrum of KH-
4.1. Magenta: KH-4.1 doped with ~10% nickel hydroxide. Orange: nickel hydroxide,
highlighting the characteristic peaks at 525 cm™ and 3640 cm™ that would be visible if

KH-4.1 decomposes to nickel hydroxide particles under catalytic conditions.

A third argument that 4.1 remains a molecular WOC and is not simply a precursor
for catalytic nickel hydroxide particles is the kinetic traces for the catalytic water
oxidation in the dark and in the light. They are very similar (Figure 4.8 vs. Figure 4.7),
and this would be quite unlikely if 4.1 is merely transforming into catalytic nickel
hydroxide in situ. A fourth argument that 4.1 is the actual catalyst and not nickel
hydroxide or a mixture of the two is that the dependence of the O, evolution rate on the
concentration of 4.1 is similar in both dark and light-driven reactions (Figure 4.8 vs.

Figure 4.9).
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Figure 4.16 Notation of atoms in the calculated structure of KH-4.1.

4.3.5 Computational studies

Computational studies of the electronic structure of KH-4.1 provide additional
support for the nature of Ni centers and oxidative stability of the polytungstate ligands
(Figure 4.16). It was shown that KH-4.1 has several lower-lying electronic states among
which high-spin ferromagnetically coupled ™A and antiferromagnetically coupled A
states are the lowest in energy: *A state is only 1.7 kcal/mol higher in energy than A
state. Spin density analyses show that Ni5 and other Ni-atoms (i.e. Nil, Ni2, Ni3 and
Ni4) are very different. In the *A state, Ni1-Ni4 centers are the high-spin Ni(ll) centers
with 1.85, 1.72, 1.76 and 1.71 a-spins, respectively, while Ni5 has only 0.46 a-spins. The
rest of 10 unpaired a-spins are located on bridging (between Ni-centers) O-centers.
Larger unpaired spins (0.52 and 0.60) are on O% and O In the 3A state, the Ni1l-Ni4
centers are antiferromagnetically coupled, while Ni5 has only 0.45 unpaired a-spin. The

fully antiferromagnetically coupled A state is only 0.6 kcal/mol higher than A state. The
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frontier orbital analysis (HOMOs and LUMOSs) is consistent with the above presented
electronic state analyses. The several top singly-occupied MOs of a high-spin ground
state KH-4.1 are mostly Ni core orbitals, and there is almost no involvement of tungstate
orbitals. The findings indicate that the polytungstate ligands are unlikely to participate in

the water oxidation reaction and should be effectively inert under catalytic conditions.

4.4 Conclusions

We report a nickel-containing water oxidation catalyst comprising a
[Nis(OH)s(OH.)s]** assembly cradled in the central cavity of the clamshell-shaped
polytungstate, [Si,W1sOes]'®. This polyanion, [Nis(OH)s(OH2)s(Si:W1g0e6)]**, 4.1,
forms a minimially soluble complex in both dark and light-driven reactions with
[Ru(bpy)s]™. Several lines of spectroscopic, kinetic, and other evidence confirm that this
polyoxometalate-based WOC remains molecular throughout and does not form
apprecible or kinetically significant nickel hydroxide under the catalytic water oxidation

reaction conditions.
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Chapter 5

Chapter 5: A Dodecanuclear Zn Cluster Sandwiched by
Polyoxometalate Ligands

with Yurii V. Geletii, Chongchao Zhao, Djamaladdin G. Musaev, Jie Song
and Craig L. Hill

(Published partially in Dalton Transactions, 2012, 41, 9908. - Reproduced
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Abstract: A dodecazinc silicotungstate KioNao[Zne(OH),(H20)(Si2W180e6)]-
84H,0 (5.1) has been synthesized and characterized by X-ray crystallography,
elemental analysis, infrared, UV-vis spectroscopy, cyclic voltammetry, acid/base
titration, and DFT calculations. The twelve zinc atoms between the two
[SioW180¢6]16- frameworks makes this complex more stable hydrolytically than
the heteropolytungstate ligands, [SioWi80ss]¢-, themselves. The structurally
unique central Zn;. core is formed by the fusion of two [Znes(OH),(H.0O)]5+
units through two edge-sharing Zne¢ atoms. DFT B3LYP calculations give
HOMO-LUMO and (HOMO-1)-LUMO energy gaps of ~3.65 and 3.91 eV,

respectively as compared to the band gap in ZnO of 3.35 eV.

5.1 Introduction

In the past two decades, transition-metal-based high-nuclear complexes (ten or
more metals) have attracted interest based on their electronic, magnetic, optical and
biological properties. Polyoxometalates (POMSs) are one category of metal oxide
clusters that can function as all-inorganic ligands with high hydrolytic and oxidative

robustness.*t111-114

To date several high-nuclearity paramagnetic all-inorganic 3d-
metal-oxo-containing POMs have been reported,*******" hut no high-nuclearity
diamagnetic metal-substituted POMs. POMs with two to six Zn centers have been
reported but none with a higher nuclearity. POMs have been reported with the
following  number of  Zn ions in  the polyanion  unit: two

([(Zn"OH,)2(Fe")2(XoWi150s6)-]1* (X = P, As),™® [Zna(H20)s(WO2)2(SbWeO33),]*,

[Zn,M2(PWg034)2]** (M = Na, Li),"®® [(a-AsWgO33),WO (H,0)Zn,(H20),]'%,*** three
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[ZNn3(H20)3(0-XWg033):]> (X = As", sb"™),'* four [Zn,Biy(B-B-ZnWg0as),]'*",'#
[ZNn4(H20)2(B-0-XWg034)2]"* (X = Si, Ge),""® [Zna(H20)2(XWe0a4),]'" (X = P,
As), 24125 [Zny(H20)2(XoWi50s6)2] 'S (X = P, As),241% [Zny(H0)a(HsASW150s6).]% 12
[{Zn4(OH)2(H20);H{B-a-AsWgO3,3{B-B-AsWsOs H{(RUCsHe)s}]™,*°  [Zna(H20)x(Ga
WoO34)2]* "% [{ZnaW(0)O0s}2Ha{a-SiWe033}2]%,*° [{ZnaW(0)Os}2H4{B-SiWg0s3}]*
2% [{Zn(OH2)(u3-OH) }{Zn(OH2)2}2 {y-HsiW 10036321, %3 five [WZns(H20)2(ZnWo
O3)2]%, "% and six [(Zn Cl)s(BiWg033)2]** ' [Zne(phen),(AsWeOs3)2]* (phen =
phenanthroline),®*  [(ZnCl)s(AsWoOs3)2]",***  [Zn(C2N2Hs)2}2{(GeWsO34)2ZNn4(C2N2
Ho)a} ™ [Zne(imi)s(B-a-HASWOs33),]  (imi = imidazole),**®  [Zn(Hen)]s[B-o-
HAsSWgOs3], **” (en = ethylenediamine). These multi-zinc nuclear compounds were

130131 and molecular materials with interesting optical

studied as catalysts
properties.™’
We report here a POM containing a dodecanuclear Zn"-oxo cluster:

K20Naz[Zng(OH)7(H20)(Si2W1066)]2 34H,0 (5.1).

5.2 Experimental

Materials and Methods

Naso[a-SiWgO34] was prepared following the literature procedure.*® All reagents
used were from the commercially available sources and of the highest purity. IR spectra
(2% sample in KBr pellet) were taken on a NicoletTM 6700 FT-IR spectrometer.
Elemental analyses (K, Na, Zn, Si and W) were done by Galbraith Laboratories
(Knoxville, Tennessee). UV-vis spectra were taken using an Agilent 8453 UV-vis
spectrometer. Cyclic voltammograms were obtained at room temperature using a BAS

CV-50W voltammetric analyzer, a Pt-wire auxiliary electrode, a glassy-carbon working
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electrode, and a Ag/AgCl (3 M NaCl) BAS reference electrode. All redox potentials are
reported relative to this reference electrode.
Synthesis of KyoNaz[Zng(OH)7(H,0)(Si,W150¢6)]2 34H,0 (5.1)

Najo[a-SiWgO34] (1.6 g, 0.65 mmol) was dissolved in 30 mL of water. The pH
was adjusted to 6.8 by 1 M HCI, then ZnCl;, (130 mg, 0.95 mmol) was added. The pH
dropped to ~5.4. This solution was heated to 85 <C for 1 hr. Some precipitation
became visible. After cooling the solution to room temperature, the pH was ~6.8.
Subsequently the pH was adjusted to 5.8 by 0.5 M HCI. Addition of 4 mL of
saturated KCI to the suspension and stirring for 10 min produced a precipitate which
was separated by filteration. Colorless needle-shaped crystals were collected from
the reaction solution after one week. Yield: 6 % based on W. IR (KBr, / cm™):
994(m), 946 (m), 887 (s), 854 (sh), 817 (sh), 790 (s), 711 (s), 660 (w), 610 (m), 532
(m), 462 (w). Elemental analysis calcd for 5.1 (%): K, 6.89; Na, 0.405; Zn, 6.92; Si,
0.990; W, 58.4. Found (%): K, 7.53; Na, 0.465; Zn, 6.49; Si, 1.35; W, 59.2.

X-Ray crystallography of KyNaz[Zng(OH)7(H20)(Si;W150¢6)]2 34H20 (5.1)

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 Il CCD sealed tube diffractometer with
graphite monochromator Mo Ko (A = 0.71073 A) radiation. Data collection, indexing
and initial cell refinements were all carried out using SMART®®. Frame integration
and final cell refinements were done using SAINT.®* 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,
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including face indexing, was applied using the program SADABS.®®  Structure
solution, refinement, graphics and generation of publication materials were performed
using SHELXTL, v 6.14 software.®® SQUEEZE command of the PLATON software
was used to remove the scattering from the highly disordered counterions and water
molecules. The resulting new HKL file was applied to further refine the structure.
Computational procedures

Since calculations of full complex, 5.1, at a reasonable computational level are not
possible, we studied the electronic structure of the monomer, 5.1_m. In 5.1 _m, the
[Zns(H20)(OH);]°* cluster is incorporated into the [Si;W150s5]'® fragment.

All reported calculations were performed using the Gaussian 09 program.'®* The
geometries of all species were optimized without any symmetry constraint at the
B3LYP'%21%313 |eve] of theory. In these calculations we used Hay-Wadt effective core
potentials (ECPs) with the associated Lanl2dz basis set for transition metals'®*%’ and the
standard 6-31G* split-valence-polarization basis set for all other atoms. The solvent
d108

effects were estimated by using the self-consistent reaction field IEF-PCM metho

with water as a solvent (dielectric constant € = 78.39).



Table 5.1 Crystal Data and Structure refinement for 5.1.
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Temperature / K
Radiation (A) / A
Crystal system

Space group

alA

b/A

c/A

al ©

ple

vl ©

vV/A®

Z

Pealed! g CM>

p/ mm™

F(000)

Crystal size / mm®
Reflections collected
Independent reflections
Absorption correction
Refinement method
Goodness-of-fit on |F|?
Final R indices [R > 24(1)]
R indices (all data)

Largest diff. peak and hole / e A

HgsK20Na20182S1sW3sZn12
173(2)

0.71073

Triclinic

P1

16.5333(12)
17.6488(13)
19.2093(14)
70.2990(10)°
77.5210(10)°
63.8060(10)°
4720.1(6)

1

3.990

23.906

5024
0.44x0.35x0.12
79742

22478[R(int) = 0.0725]

Numerical

Full-matrix least-squares on F?

1.053
R,%=0.0469, WR," = 0.1310

R,% = 0.0574, WR,® = 0.1372

3.468 and -2.926

Ry = X||Fo - [Fell / ZIFol; " WR, = Z[w(Fo” - F%)*)/ Z[w(Fo’)T
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5.3 Results and Discussion

5.3.1 Synthesis and structure of KzoNaz[Zns(OH)7(H20)(Si2W18056)]2'34H20 (5.1).

The reaction of ZnCl; and Najg[A-a-SiWgO34] (molar ratio = 1.5 : 1) in aqueous
solution leads to a solution which upon slow evaporation at room temperature for 7
days gives colorless needle-like crystals of 5.1 with 6% yield based on tungsten. The
ratio between Zn”* and [a-SiWgy034]"" is vital for synthesis of the target polyanion. If
the synthesis is conducted at higher molar ratio between Zn®* and SiWs, only powders

are obtained.

Figure 5.1 Combined polyhedral/ball-and-stick representations of the polyanion units in
5.1 WOg units: grey polyhedra; SiO4 units: yellow tetrahedra; Zn: Cyan spheres; O: red

spheres.

The C,n polyanion in 5.1 is composed of a large {[Zns(OH)7(H20)]2}'*" moiety

sandwiched between two [Si,W1sOes]™® fragments (Figure 5.1). The polyanion
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[Si;Wi1g066]™® is constituted by fusion of two [a-SiWgOss]'® units, which was
reported previously to form under acidic conditions and at high concentrations of
K*.”%83 The central Zny, core is formed by the fusion of two [Zng(OH)7(H20)]°* units
through two edge sharing Zn6 atoms. In each Zng unit, five zinc atoms (Znl, Zn2,
Zn3, Zn4 and Zn5) are located inside the POM framework pocket, and Zn6 is located
outside the pocket. Znl is connected to two silicon tetrahedra; Zn3 and Zn5 are
connected to one silicon, and Zn2 and Zn4 are connected to the other silicon. Zn6
connects with Zn2 and Zn3 via edge sharing oxygen atoms and with Zn4 and Zn5 via
corner sharing oxygen atoms. There is a repartition disorder of the Zn6 atom on the
Zn6A and Zn6B positions; the best refinement was obtained with occupation factors
of about 0.65 and 0.35 (Figure 5.1 shows the polyanion structure taking Zn6B as an
example). Figure 5.2 shows the positions of Zn6A compared to Zn6B (only half of
the {[Zns(OH)7(H20)].}*°" fragment is shown for clarity). The distance between
Zn6A and Zn6B is 1.105 A, and they are located either closer to 039 or to O71,
shifting to one side of the pocket. Bond valence sum (BVS) calculations indicate that
all bridging oxo groups linking adjacent zinc atoms are either mono- or diprotonated.
Specifically, oxygen atoms O1B, 034, 036, 037, 039, 072, and O71 are
monoprotonated whereas oxygen atom O2B (O1A for Zn6A) are diprotonated. The
Zn-O distances are in the range from 1.978 to 2.261 A. The overall metal topology of
5.1 resembles two connected octahedra (Figure 5.3). The shortest distance of

neighboring Zn --Zn is 2.977 A. K" appears to have a structural directing role, as
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Figure 5.2 Ball and stick representation of half of the central fragment of 5.1,

showing the positions of the disordered Zn6B and Zn6A.

Figure 5.3 The zinc-only skeleton of 5.1.
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can be seen from the crystal structure (Figure 5.4). In the crystal, two [Si,W150ss]™®
frameworks are linked not only by Zni, fragment, but also by K, and K, through the
linking of terminal oxygens. K, also associates two {[Zng(OH)7(H20)(Si;W1s
Oes)]2}** anions to form chains. We have made considerable attempts to acquire »Si
and "W NMR on the title complex. Unfortunately all efforts to obtain these NMR
spectra have failed because this Zn;; POM is simply too insoluble. We conducted cation
exchange experiments to increase the solubility of the complex but these exchange

reactions lead to some decomposition and are thus not informative.

Other oxygen-bridged transition metal centers (Cus®, Fes*®, V,*®) incorporated
into the [Si;W:1506s]'® POM framework have been reported, but high nuclearity
clusters like this Znj, core have never been obtained. The Zn;, core in 5.1 is the first
Znj, cluster in a totally inorganic environment. Up to now, only two kinds of
dodecanuclear POM structures have been described, a Feq,/Ti;, core and a Nijp

Core115,116

(Figure 5.5). The Fe12046/Ti12046 core (Figure 5.5a ) is composed of four
groups of three edge-shared, corner-linked FeOg/TiOg octahedra, and outside the
metal cluster are four {P,W3is} units. The Nijy, (Figure 5.5b) is formed by the
connection of three distorted [Ni4O(OH)s3] units, and outside the Nij, cluster are three
{PW,} units, a WO, tetrahedron and a [W7026(OH)]**" unit. The Fes;Os and TisOs
moieties cap {P.Wis} units and complete Wells-Dawson structures, while the
NizO(OH)3; moieties cap {PWg} units to complete Keggin structures. For the “open

Wells-Dawson” POM, [Si;W1s0¢6]'®, both the pentazinc (as the pentacopper

structure in Figure 1.9¢) or hexazinc clusters can form a cap to complete the structure.
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However, the dimerized hexazinc (i.e. dodecazinc) cluster in 5.1 is the only polyzinc

unit obtained to date.

Figure 5.4 Combined polyhedral/ball-and-stick representation of 5.1 in the lattice. The

color code is as follows: zinc (cyan), tungsten (grey), silicon (yellow), and K (purple).
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Figure 5.5 Polyhedral views of the dodecanuclear-transition metal clusters in the
reported sandwich-type POMs: Fej,/Tiy, cluster (a) and Nij, cluster (b) The color code is
as follows: Fe/Ti (dark green), Ni (light green) and oxygen (red).

5.3.2 Electronic absorption spectra

Figure 5.6 shows the UV spectra of 5.1 and the POM fragment [Si,W150es]'®". The
extinction coefficient of 5.1 in aqueous solution at 250 nm is ca. 1.2 x10°M™cm™, and
that of [Si,Wi10g]*® is ca. 0.46 < 10°> M™*cm™. The latter number is about twice lower
than that of 5.1, which is consistent with number of [Si,W15O6s]'®" units in the two
compounds. The UV spectra of 5.1 and the POM fragment [Si,W1506s]'® in aqueous
solution both display an absorption peak at 192 nm. The principal absorption (Op—W)
band in [Si;W1s066]™® and 5.1 is at 250 nm and 255 nm, respectively. The shift in this
band reflects the incorporation of the zinc metal into the framework. The shoulder at 279
nm in spectra of 5.1 (identified by fitting the spectra with multiple Gaussian peaks using
“Origin” data analysis and graphing software) likely derives from increased oxygen-to-

metal transitions in the dodecazinc cluster. The UV spectra of 9 M 5.1 in water are not
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changed after 15 hours (less than 1 %, which is within the instrument variability) (Figure
5.7). This indicates that the [Si;W1gOes]'® structure remains essentially intact in 5.1. In
contrast, [Si,W:s0es]™® alone is hydrolytically unstable and converts to [a-SiW;;030]%."

This dodecazinc POM is non-luminescent in aqueous solution.

0.4 -

0.2 -

200 250 300 350
Wavelength / nm

Figure 5.6 Normalized UV-vis spectra of 5.1 (purple curve) and Kjso-[SioW150g6]

(black curve) in aqueous solution at 25 <C.

5.3.3 Acid-base titration

The titration of 1.6 mM of 5.1 by 0.1 M HCI from pH 8.9 (pH after dissolution of 5.1
in water) to pH 2.5 shows the consumption of 16 protons per one molecule of 5.1 (Figure
5.8). Multiple successive pK, values are undistinguishable in this pH range. This
aqueous solution was aged for 2 hrs before it was back titrated with NaOH solution. The

pH increased only by 0.1 unit during the aging, which accounts for consumption of 0.6
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Figure 5.7 Changes in absorbance at 255 nm and 295 nm of 9 pM 5.1 in water with

time.

proton per POM. The back titration curve is slightly different indicating a slow
decomposition and/or isomerization of 5.1 at pH 2.5. In contrast, the titration of 3.3 mM
of [Si,W150gs]"® between the natural pH 8.2 and pH 2.5 is completely irreversible even
without aging (Figure 5.8, insert), indicating the instability of this isopolyanion under

acidic conditions.

5.3.4 Electrochemistry
The redox properties of 5.1 and [Si,W:1s0es]'® were studied at pH 4.8 in 0.4 M

sodium acetate buffer (Figure 5.9). The cyclic voltammograms (CVs) of 5.1 and
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[Si;W15066]*® are similar, but W(VI1)-reductions in 5.1 take place at slightly more

negative potentials,

11
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9 4 °T
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Figure 5.8 The acid/base titration of 7.4 umol (83.8 mg) of 5.1 and 15 pmol (82.6 mg)
of Kiea-[Si;W1066] (insert) between pH ca. 9 and ca. 2.5 with 0.1 M HCI (squares) and
between pH ca. 2.5 and ca. 9 with 0.2 M NaOH (crosses). Initial volume = 4.5 mL,
initial pH values are the natural pH values (8.92 for 5.1 and 8.47 for Kisa-[Si,W150¢6]).
The measured pH is plotted versus n (H* reacted ) / n (5.1). n (H" reacted) = n (HCI
added) — n (H" in the solution). Solutions were deaerated with Ar prior to use. The back
titration of 5.1 with aqueous NaOH solution was done after aging the solution at pH 2.5
for 2 hrs, and the back titration of Kiga-[Si;W150g6] Was done immediately after the pH

of the solution lowered to 2.5.

which is consistent with the more negative charge of the entire polyanion. Based on the
value of the current, the second reduction peak is likely to be two-electron process. In

order to compare the stability of 5.1 and [Si,W150es]'® in this buffer, the time profiles of
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the CVs of each were also recorded. The CVs of 5.1 in 0.4 M sodium acetate buffer
solution change very slowly with a storage time. Some changes in the CVs are observed
after 3 days, which becomes evident after 11 days (Figure 5.10). In contrast, the CV of
[Si2W15065]*® becomes noticably different after 3 days of storage and is completely
altered after 11 days (Figure 5.11). As pointed out previously, [Si;WisOgs]'®

decomposes into [oc-SiWnOgg]g',79 which is stable between pH 4.5 to 7.0

50 pH 4.8
40 | —K-Si2w18

30 | —complex 6.1

20

1/ uA

10

0 -200 -400 -600 -800 -1000
E/mV

Figure 5.9 Cyclic voltammograms (CVs) of 0.5 mM 5.1 and 1 mM Kjga-[Si;W150¢6] in
0.5 M sodium acetate buffer, pH 4.8, scan rate 25 mV s, at ambient temperature.
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Figure 5.10 Changes in cyclic voltammograms with storage time of 0.5 mM 5.1 in 0.5

M sodium acetate buffer, pH 4.8, scan rate 25 mV s™, at ambient temperature.
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Figure 5.11  Changes in cyclic voltammograms with storage time of 1 mM
K16[SizW1506s] in 0.5 M sodium acetate buffer, pH 4.8, scan rate 25 mV s, at ambient

temperature.
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Figure 5.12 CVs of 0.5 mM 5.1 in 0.5 M sodium acetate (pH 4.8, black curve) and
sodium chloroacetate buffer (pH 2.8, green curve), scan rate 25 mV s, at ambient

temperature.

A 0.4 M sodium chloroacetate buffer solution at pH 2.8 was used to assess the effect
of pH on the redox behavior of 5.1 (Figure 5.12). At lower pH the reduction 5.1 proceeds
at potential by ~200 mV more positive, consistent with a decrease of the negative charge
of 5.1 due to protonation. The second cathodic peak splits into two one-electron
processes, probably due to the larger difference in pK,s of reduced and oxidized states at
this pH.

5.3.5 Computational studies.

Computational studies of [Zng(OH)7(H20)(Si;W1sOg6)]™", 5.1_m (the monomeric

half of 5.1; see Figure 5.13) show, as expected, that 5.1 m (and 5.1) has a diamagnetic

A state. Its highest occupied MO (HOMO) is a lone-pair of the O'H ligand, which is

almost surely involved in the bond formation upon dimerization of 5.1_m to form 5.1.
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Figure 5.13 Notation of atoms and comparison of the calculated important bond

distances (in A) of 5.1_m with their experimental values (in parenthesis) in 5.1. The

calculated important geometry parameters of 5.1 _m are in good agreement with their

experimental values reported for the dimer complex 5.1. These findings justify the use of

model 5.1_m to study electronic properties of 5.1.
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HOMO-220

HOMO-222 HOMO-251 LUMO

Figure 5.14 Representative HOMO and LUMO orbitals of 5.1 _m calculated at the
B3LYP/[Lanl2dz + 6-31G(d)] level of theory.

The lower-lying 220 highest occupied orbitals of 5.1_m (or 440 HOMOs of 5.1) are
W-O bonding orbitals with large contributions from the O ligands and Si-O bonding
orbitals. These frontier orbital analyses indicate that the polytungstate ligands are likely
to participate in the oxidation/reduction processes (see Figure 5.14). Doubly occupied d
orbitals of Zn centers are clustered within 0.7 eV and located 8.6-9.3 eV below the
highest HOMO. These data indicate that the Zn centers most likely will not be available
for redox processes, consistent with the effectively non-existent redox chemistry of
isolated Zn sites. Among the Zn orbitals the highest MOs are the Zn' orbitals and the
lowest MOs are associated with the Zn® center, which are involved in bonding with six
(H)O-ligands. The lowest several LUMOs are the d-orbitals of the W centers. The
calculated HOMO-LUMO and (HOMO-1)-LUMO energy gaps are ~3.65 and 3.91 eV,

respectively. This compares to the band gap in ZnO of 3.35 eV.
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5.4 Conclusions

A dodecanuclear zinc POM with an open Wells-Dawson structure has been
synthesized and characterized. UV-vis, acid/base titration and cyclic voltammetry data
for this new POM, 5.1, and the lacunary polysilicotungstate ligand, [SizW1sOes]'®, are
similar but systematically shifted slightly. The twelve zinc centres incorportated between
two open Wells-Dawson multidentate ligands makes this compound more hydrolytically
stable than the parent [Si;W:1s0¢6]™®. Structurally analogous complexes with multi-d-
electron centers of potential interest in catalysis are being sought using a similar synthetic
strategy. DFT B3LYP calculations give a HOMO-LUMO gap for 5.1 of ~3.65 eV which

is slightly larger than that in ZnO (band gap = 3.35 eV).
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Chapter 6

Chapter 6 : Oxidation of Alcohols and Phenols in Acetonitrile
by a Tetraruthenium Polyoxometalate Complex: Kinetics and
Mechanism
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Abstract: We have synthesized and characterized a derivative of
RbsKa[RuV4,0,4(OH)2(H20)4(y-SiW10036)2]+25H-0 (RbK-Ruy,POM) which is
soluble in acetonitrile: [(CH3;(CH2)sN]sH4[{Ru!V,0,(OH).(H20)4}(y-SiW10056)-]
-10H.O (TBA-Ru4POM). The catalytic activity of this compound for oxidation of
3,5,3’,5 -tetra-t-butyl-biphenyl-4,4’-diol (BPH.) by dioxygen was explored. This
complex with small amount of strong acids stoichiometrically oxidizes alcohols in
acetonitrile under Ar to aldehydes/ketones, forming the 2-electron-reduced form
of TBA-Ru,POM. The reaction kinetics and stoichiometry were studied by GC,
NMR and UV-vis spectrometries. The reactivities of TBA-Ru,POM towards
para-substituted benzyl alcohols, X-CsH,CH.OH (X = CH;0, CHs, H, F, Cl, Br,
CF3) do not obey the Hammett law. The kinetic isotope effect, CcH;CH.OH
versus CsDsCD-OH, is about 2~3. The addition of water slightly accelerates the
reaction. There is no significant difference in reaction kinetics if H-O is replaced
with D.O. The reaction rate reaches a plateau with increase in alcohol
concentration, which may indicate an intermediate complex formation between
TBA-Ru,POM and alcohol. All experimental attempts to observe such an
intermediate failed. Several reaction mechanisms were analyzed by fitting of the

reaction kinetic curves obtained from changes of UV-Vis spectra versus time.

6.1 Introduction

Selective oxidation of alcohols to ketones/aldehydes is one of the central reactions in
both biological and industrial process. Ruthenium oxo and dioxo complexes in their high

valent oxidation state (IV, V, and VI) have been widely studied as both stoichiometric
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oxidants and catalysts for alcohol oxidation. Meyer et al. investigated systematically the
redox reactions of ruthenium oxo polypyridyl complexes.****%? |t has been demonstrated
that Ru™? is versatile as both one- and two-electron oxidants in aqueous media at pH 7.
Mechanistic studies on cis-[Ru'"v(bpy)2(py)(O)]** reactions with alcohols and

hydroquinone showed they proceed via hydride™***

and proton coupled electron-
transfer pathways,**® respectively. Importantly, both reactions are characterized by large
kinetic isotopic effects. For the alcohol oxidation, it has been speculated that alcohol
binds to the complex to give a seven-coordinated Ru"” intermediate followed by

intermolecular oxidation.***

On the other hand, there were numerous reports that
[Ru(bpy)s]** and related polypyridyl complex could oxidize water to oxygen. However,
the real reactions are actually the oxidations of the organic ligands.****** Initially, Meyer
et al designed related complexes containing two chemically linked Ru-OH,** sites,*3%%°
such as cis,cis-[(bpy)2(H20)Ru"-O-Ru"'(H,0)(bpy)2]**, which appeared to be
catalytically active in water oxidation by the strong oxidant Ce"™).**® This complex is
well known as the “blue dimer” with the reactive form formulated as [(bpy).(O)Ru"-O-
RuY(0)(bpy)2]**. Chloride anion, if present in the system, is quickly oxidized to chlorine,
Cl,." Comparison of the relative reactivities of the monomer, [Ru"(bpy)2(py)(O)]*,
and the dimers ([(bpy)2(O)Ru¥-O-Ru"(0)(bpy).]** and [(bpy).(O)Ru"-O-Ru"(py)
(bpy)2]** (u-oxo complexes)), for oxidation of organic molecules, such as alcohols or
hydroquinone, have been determined.**’ In general, the reactions of these dimers appear
to be very pH-dependent and more reactive towards organics than water.

Inspired by studies of di-ruthenium catalysts for water oxidation by Meyer and other

researchers, our group initially synthesized an all-inorganic and therefore oxidatively
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stable di-Ru-substituted polyxometalate complex, [{Ru'"'(OH)2(H20)2} (y-SiW10034)]*, 18
which showed substantial catalytic activity for water oxidation by [Ru(bpy)s]** at neutral
pH (unpublished data). However, this POM proved to be unstable in water, and we
consequently failed to fully characterize it despite considerable efforts.'®®®  While
attempting to isolate this complex, we synthesized and fully characterized a
tetraruthenium POM, RpK[{Ru404(OH)2(H20)4} ((y-SiW10034)2] (RbK-RusPOM), with
a central {Ru';(n-0)4(n-OH)2(H20)4}°* core.’*®  This complex can be viewed as a
dimer and likely forms from oxidative dimerization of [{Ru"'(OH)x(H20)2}(y-
SiW10034)]*.2° It shows a high catalytic activity in water oxidation by [Ru(bpy)s]*" at
pH 7.2.%%7%  Simultaneously, Bonchio et al synthesized the same tetraruthenium
complex with different countercations Csig[Rus(p-O)4(pu-OH)2(H20)4(y-SiW10036)2] (Cs-
Rus,POM) via a different method and also demonstrated its high catalytic activity in

water oxidation by Ce™? under very acidic conditions'’**°

or in a light-induced process
at neutral pH.™" All our data led to a mechanism for water oxidation by [Ru(bpy)s]**

catalyzed by RbK-Ru,POM as follows:®®

Ru,POM (0) + [Ru(bpy)s]** — RusPOM (+1) + [Ru(bpy)s]** fast (6.1)
Ru;POM (+1) + [Ru(bpy)s]*" = Rus,POM (+2) + [Ru(bpy)s]**  fast (6.2)
Ru;POM (+2) + [Ru(bpy)s]** > RusPOM (+3) + [Ru(bpy)s]** fast (6.3)

Ru;POM (+3) + [Ru(bpy)s]** - RusPOM (+4) + [Ru(bpy)s]** rate limiting step (6.4)
Ru;POM (+4) — RusPOM (0) + O, (6.5)
The parent polyanion, [Ru'Va(u-0)a(p-OH)2(H20)a(y-SiW19036)2]*> with all four

ruthenium centers in the +4 oxidation state, is designated as Ru,POM (0). Its one-

electron- and two-electron-oxidized polyanions, are Ru;POM (+1) and Rus;POM (+2),
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respectively. While equations 6.1-6.5 all involve the oxidized form of RusPOM (0), we
are also interested the reduced forms of Rus,POM (0). As we can see from the general
mechanism for oxidations of organic compounds (Scheme 1.2), the properties of the
reduced forms of Ru;POM (0) can be studied through this kind of process. Therefore,
organic-soluble form of RusPOM, [(CH3(CH2)sN]sHa[{Ru'Y404(OH)2(H20)4} (y-SiWio
O35)2] 10H,0 (TBA-RusPOM) was prepared. The study in this chapter shows that TBA-
Ru,POM has no catalytic oxygenation activity toward many organic substrates except
3,5,3’,5 -tetra-tert-butyl-biphenyl-4,4’-diol  (henceforth BPH,). The kinetics of
stoichiometric alcohol oxidations by TBA-Ru,POM is studied in detail, and the

mechanism is proposed.

6.2 Experimental

Materials. RbgKa[Ru'Y404(OH)2(H20)4(y-SiWi0036)2]*25H,0 (RbK-Ru,POM) was
prepared according to the literature method.’® Elemental analyses were performed by
Columbia Analytical Services (Tucson, AZ) and Atlantic Microlab Inc. (Norcross, GA).
Water for the preparation of solutions was obtained from a Barnstead Nanopure® water-
purification system. Deuterium oxide, 99.9 atom % (Aldrich), acetonitrile (EMD,
Ominisolv®, High purity solvent), benzyl alcohol (Sigma-Aldrich, puriss), and
benzaldehyde was distilled before use. All other materials were reagent grade and were
used without additional purifications.

General method. Infrared spectra (2% sample in KBr) were recorded on a Nicolet
510 FTIR spectrometer. UV-vis spectra were acquired using an Agilent 8453
spectrophotometer equipped with a diode-array detector and with a magnetic stirrer and

temperature controller (Agilent 89090A). The spectra were recorded in a 10 mm two-
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neck quartz cell with a stopper and a stopcock under Ar, air, or O,. Thermal gravimetric
analyses (TGA) were performed on an ISI TGA 1000 under N; flow from 25 to 400 <€ at
a rate of 10 €/min. Products of benzyl alcohol oxidation were identified and quantified
a gas chromatography using Hewlett Packard 6890 instrument equipped with a flame
ionization detector and 5% phenyl methyl silicone capillary column. Cyclooctane was
used as an internal standard.

Synthesis  of  [(N-C4Hg)aN]JeHa[RU'V4s04(OH)2(H204](v-SiW10035)]  (TBA-
Ru,;POM). After dissolving 1 g of RbgKa[Ru'v404(OH)2(H20)4(y-SiW10036)2]+25H,0
(0.124 mmole) in 50 mL H,0, the pH was adjusted to 1.6 by adding 4 M HCI. Then, 0.45
g of tetra-n-butylammonium bromide was added by small portion under stirring. After
stirring for another 10 minutes, the suspension was centrifuged and washed with acidic
water (pH 1.6, water acidified by hydrochloric acid). The precipitate was re-dissolved in
a minimal amount of acetonitrile. This solution was filtered through a fine frit, then the
filtrate was poured into to 20 mL of acidic water (pH 1.6, water acidified by HCI), and
stirred for an additional 10 minutes. The suspension was centrifuged to obtain the solid
material. This material was once again re-dissolved in a minimal amount of acetonitrile.
After filtration through a fine frit the solution was added to 20 mL of diethyl ether, stirred
for 10 minutes. The suspension was collected on a fine frit and dried overnight under
low pressure (c.a. 100 mm Hg). The yield of TBA-Ru,POM was ca. 0.68 g (~ 70 %
based on W). UV-vis spectrum in acidified CH3CN (~ 20 uM of 70% HCIO, in water)
shows a characteristic peak at 453 nm with & = 5.0x10* M'em™. Elemental analysis
calcd (%) for TBA-Ru,POM: C, 16.7; H, 3.4; N, 1.2; Ru, 5.8; Si, 0.8; W, 53.2. Found

(%): C, 16.8; H, 3.5; N, 1.2; Ru, 5.9; Si, 0.5; W, 49.3.
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Characterization of alcohol oxidation products. Benzyl alcohol oxidation was
carried out under Ar at ambient temperature in a vessel wrapped in alumina foil.
Acetonitrile containing 20 pM HCIO,4 was used as a solvent. The initial concentration of
benzyl alcohol was 50 mM, while 20 mM of TBA-Ru;POM was used, and the reactions
were completed within 5 min. The product was characterized by GC and *H NMR.

Kinetic measurements. The UV-vis spectra of RbK-Ru;POM in water at pH 2.0
and TBA-Ru,POM in acidified CH3CN (70% HCIO, as a source of protons) are almost
the same. The peak in CH3CN is shifted to longer wavelengths by 5-6 nm, while the
extinction coefficients are the same, 5.0x10* M cm™. The reduction of two Ru™ to two
Ru" in RbK-RusPOM in acidic water results in an almost complete disappearance of a
characteristic peak at 445 nm.?® The same phenomenon is observed for TBA-Ru,POM in
acidified acetonitrile upon addition of such strong reducing agents as ascorbic acid or
SnCl,. Therefore, the reduction of TBA-Ru;POM in acidified acetonitrile by alcohols
was followed by a decrease in absorbance at 453 nm. In a typical experiment a solution
of 20 uM TBA-Ru4sPOM in acetonitrile containing 20 uM HCIO,4 was prepared in the
two-neck quartz cell. The solution is degassed by vacuum pump, followed by purging by
Ar under ambient pressure. Stock solutions of alcohols were prepared in CH3;CN and
stored under Ar. A required amount of alcohol was quickly injected through a rubber
septum and mixed well before collecting the data. The reaction appeared to be UV-light-
sensitive, therefore a filter blocking the UV-light at A < 400 nm was used. Additionally
the whole cell compartment was covered with a black cloth. The reaction was very slow

and carried out in a thermostated cell holder.
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6.3 Results and discussion

6.3.1 Synthesis of TBA-Ru,;POM

Metathesis of cation in RbK-RusPOM with BusN™ in acidic, aqueous solution
followed by purification of the product from acetonitrile / diethyl ether yields a dark
brown powder. The success of Rb*, K*/ BusN" metathesis depends on maintaining the
solution at low pH. The TBA salt does not precipitate at high pH, likely because of the
strong repulsions among the largely charged polyanions. Numerous attempts to grow X-
ray-quality crystals from diffusion of low solubility solvents into high solubility solvents
were unsuccessful. By changing the cation to TPP* or PPN", the solubility of the
RusPOMs in organic solvents decreases, therefore they readily precipitate by using
diffusion methods without providing high quality crystals.

Crystals of organic soluble Rus,POM were grown by slow diffusion of reactants
together using three liquid layers: a POM solution at the bottom, a mixed solvent
[H.O/ethylene glycol (EG) = 2:1] separation layer in the middle, and a solution of the
organic soluble counterion at the top (layered over the mixed solvent layer). Use of
dense and viscous EG further facilitates slow diffusion of the reactants. The
crystallization conditions were optimized by varying the density of the layers and the
height of the central separating solvent layer. We attempted to grow crystals of Ru,POM
using (CHy4)4NCl, (C2Hs)4NCI xH,0, (CH3)3(CsHs)NCI (TMPACI), (CH3CH,CH,)4NBr
(TPABr), TPPBr and PPNCI. However, no crystals or powder formed using (CH4)4N",
(C2Hs)4N™ or TMPA™ because of the high solubility of these salts. Some precipitates
were formed using TPP* and PPN*. The TPA" and TBA" salt of the POM readily formed

crystals, but they did not diffract adequately.
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6.3.2 Characterization of TBA-Ru,POM
6.3.2.1 Electronic Absorption Spectroscopy

The UV-Visible spectra of TBA-Ru,POM in acetonitrile was pH dependent; a
maximum absorbance at 456 nm, observed in acidic medium (by adding HCIO,), was
assigned to ruthenium d-d transitions, while at neutral pH this peak was not obvious. The
electronic absorption spectrum of TBA-Ru;POM (which has a peak at 445 nm) is
slightly red shifted compared to that of RbK-RusPOM due to the solvent effect (Figure
6.1). The extinction coefficient of the two compounds is both about 5x<10* M*cm™ in
acetonitrile and water. It has been proven that the oxidation state of the Ru centers in
RbK-RusPOM are (1V, 1V, IV, 1V), therefore it is reasonable to consider that all Ru

atoms are in the + 4 oxidation states in TBA-Ru,POM.

120000 -
= Ru, POM in 0.1 M HCI
100000 - ) o
= TBA,Ru, POM in acidic MeCN
80000 \ == TBA,Ru, POM in MeCN
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Figure 6.1 Electronic absorption spectra of RbK-Ru,POM in 0.1 M HCI, TBA-
RusPOM in MeCN and in acidic MeCN with 0.1 M HCIO,.
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6.3.2.2 IR spectroscopy

The characteristic peaks for the organic part of compound TBA-Ru,;POM are
evident in the IR spectra, and the characteristic peaks for the POM structure are mostly
retained after the cation metathesis (Figure 6.2). However, in RbK-Ru,POM, there is a
very broad peak in the 830 ~ 700 cm™ region; whereas, in TBA-Ru,POM, there are two
separate peaks, 813 cm™ and 756 cm™, respectively. The lacunary POM, potassium
decatungstosilicate (Kg[y-SiW10035] 12H,0) has two peaks in this region. Normally the
two peaks merging into one strongly suggests that the lacunary sites in y-SiW;0036 have
become occupied by metal atoms. Why the merged peaks separate again in the TBA salt
is not clear. To assess whether the RusPOM polyanion structure remains intact, we
compared the IR spectrum of Rus,POM with the cesium salt of Ru,POM made by
Bonchio’s group.” The Cs salt also has two peaks in this region (Figure 6.3) indicating
that peaks in this region are affected by the cations. The TBA cations probably induce a

structural distortion of the POM subunits.

(b)
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Figure 6.2 IR spectra of (a) RbK-Ru,POM, (b) TBA-Ru;POM.
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Figure 6.3 IR spectrum of Cs;o[{RusO4(OH)2(H20),}(y-SiW10036)2] 25H,0."

6.3.3 TBA-Ru,POM catalysis of organic substrate oxidations.
6.3.3.1 Preliminary screening of substrates and oxidants

The strong acidity and oxidizing power of POMs have led to many studies on
homogeneous and heterogeneous catalysis. The oxidation of thioethers and the
epoxidation of alkenes catalyzed by POMs with various oxidation donors or molecular
oxygen have been investigated thoroughly.™®>*® Therefore, several thioethers and
cyclohexene were selected as substrates, and several oxygen donors were selected as
oxidants, as summarized in Table 6.1. TBA-Ru,POM showed no catalytic oxygenation
activity towards tetrahydrothiophene (THT), 2-chloroethyl ethyl sulfide (CEES) or
cyclohexene. Of the organic substrates screened, only the quinone, 3,5,3°,5’-tetra-tert-
butyl-biphenyl-4,4’-diol (henceforth BPH,), was oxidized by O, in the presence of this

POM. Its stoichiometric and catalytic reaction mechanisms were studied subsequently.
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Table 6.1 Oxidation of organic substrates catalyzed by TBA-Ru,POM.

. Temperature | Reaction | Detection .
Substrate Oxidant (=C) Time Instrument Reactivity
O, 80 24 h GC N
THT
(NH4)2C€(N03)5 R.T. 0.5h GC N
CEES (NH4)2CE(N03)6 R. T. 05h GC N
TBAIO, 50 2h GC N
cyclohexene

FsPhI(TFAC), 50 2h GC N
BPH; O, R. T. 1h UV-vis Y

6.3.3.2 Stoichiometry and Reaction Mechanism

The phenolic substrate is suitable for study of the reaction stoichiometry, because it
produces only a single oxidation product, 3,5,3”,5’-tetra-t-butyl-diphenoquinone (DPQ).
As a prerequisite to address the reaction mechanism for BPH, oxidation by O, catalyzed
by TBA-Ru,POM, it was essential to look at the kinetics of the stoichiometric reaction

under Ar, eq 6.6.

Acid / base
2o ) omsmitron 5007 (o pumpon (6

(BPH,) (DPQ)

As we can see from this stoichiometric reaction between BPH, and Ru®), POM, the
ratio of DPQ formed per POM is 2:1. The four ruthenium centers are reduced from (1V,
IV, 1V, V) to (11, 11, 11, 111), and each BPH; loses two electrons in oxidation to DPQ.
The overall reaction can be separated into four successive reactions (eqs 6.7-6.10). Since

the redox potential of Ru"™),POM is affected by the acidity/basicity of the reaction
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system, certain amounts of HCIO,4 or triethylamine were added to see if the reaction

stoichiometry would change.

BPH, + Ru,POM — BPH," + Ru;"poMm (6.7)
BPH,+" + RuU;"pOM — DPQ + Ru™),!",pOM (6.8)
BPH, + Ru™,",pOM — BPH,+* + Ru™",pom (6.9)
BPH," + RuUM;poM — DPQ + Ru'"",POM (6.10)

The stoichiometry of the reaction was quantified by UV-vis spectroscopic
measurements of the amount of DPQ formed. We chose the wavelength 390 nm (not the
Amax) 10 study the reaction kinetics and stoichiometry for the following reasons: (a) The
extinction coefficient of DPQ is high at 390 nm (3.6x10* M*cm™) (Figure 6.4); (b) the
electronic absorption isosbestic point of TBA-Ru,POM in acetonitrile with and without
HCIO, is at 390 nm, with the extinction coefficient 2.2x10* M™*cm™ (Figure 6.1); (c) the
electronic absorption spectra of TBA-Ru;POM in acetonitrile is comparable with RbK-
RusPOM in water with Ru in different oxidation states, which also has an isosbestic

point at 390 nm (Figure 6.5).
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Figure 6.4 UV-vis spectrum of DPQ in acetonitrile.
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Figure 6.5 Electronic absorption spectra of TBA-Ru,POM with Ru in different

oxidation states (0.1 M HCI solution).
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Figure 6.6 Stoichiometry of BPH, oxidation by Ru®™, POM. (a) 1 mM BPH, + 10 uM
TBA-RusPOM + 100 uM HCI1O4 (b) 1 mM BPH; + 10 uM TBA-Ru,POM + 3 mM

triethylamine.

As shown in Figure 6.6, under acidic conditions, the first equivalent of DPQ is
generated very quickly, and the final concentration is twice higher than the concentration
of Ru,POM. However, in basic conditions, the first half equivalent of DPQ is generated
very quickly, and at the final concentration only about one equivalent of Ru,POM is
produced. That is, in acidic conditions, eq 6.7 and eq 6.8 proceed quickly, and eq 6.9 and
eq 6.10 proceed slowly. In basic conditions, eq 6.7 proceeds quickly, eq 6.8 proceeds
slowly. Egs 6.9 and 6.10 do not proceed under basic conditions. Therefore, we conclude
that the acidified Ru"?,-POM is a much stronger oxidant, and that it can be reduced to
Ru,POM. In the presence of base, Ru"),-POM is a much weaker oxidant and can

only be reduced to Ru*"),Ru"",POM.
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Figure 6.7 Catalytic activity of TBA-Ru,POM in BPH; oxidation by dioxygen and by
air, compared with the stoichiometric reaction under Ar and the control experiment under

O, but without catalyst.

6.3.3.3 Catalytic activity study

The catalytic activities for BPH, oxidation by dioxygen were investigated under
acidic and basic conditions by adding HCIO,, 2,6-di-t-butylpyridine (DBP) or
triethylamine (TEA) to the reactions. Under HCIO, and DBP, BPH; is oxidized to DPQ
by TBA-Ru;,POM as a stoichiometric oxidant. However, in the presence of a base, TEA,
the Ru,POM catalyzes this reaction with a TON = 3.75 (turnover number, TON =

[quinone] / [Rus POM]) after 1h (Figure 6.7).

2 04 ) )o +0 RuPOM_ 20~ »~( o + 204 (611

triethylamine

(BPH,) (DPQ)
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Rul™y 4 BPH,

(equ 6.7)
172 DPQ

Ru™;R
Ho0 1:2 BPH,

(equ 6.9 (equ 6.8)

0 1/2DPQ
2 Ru®V,RyM,

Scheme 6.1 Catalytic cycle for the oxidation of BPH, to DPQ by TBA-Ru,POM.

Table 6.2 pK, values of different substances.

HCIO, DBP™ TEA BPH, TBA-Ru,POM

pKa -10 3.58 10.78 ~10 3.5~45

The overall catalytic reaction is given in eq 6.11. The control involving the reaction
under the same conditions and under O, but without POM was conducted. The rate of
quinone formation is about 5 times faster with POM than without POM. It can also be
seen from Figure 6.7 that the reaction rate for the formation of the first half equivalent of
DPQ under O, is the same as under Ar. However, the subsequent reaction rate was much
faster under O, than under Ar. Scheme 6.1 describes the proposed catalytic cycle. The
pK, values of the substances are listed in Table 6.2. The pK, value of DBP is abnormally
low compared with other pyridine because of the steric effect.® The pK, value of 4,4’
biphenyldiol is 9.4, therefore the pK, value of BPH, is estimated to be about 10. We
suppose TBA-RusPOM has similar pK, values to RbK-1: they are both prepared in pH =
1.6 aqueous media. RbK-RusPOM has two pK, values in the pH range 3.5 — 4.5.° The

successful formation of a catalytic cycle in presence of TEA can be attributed to its
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basicity. It deprotonates both TBA-Ru,POM and BPH,. The deprotonated form of
phenol, phenolate, has a much stronger electron density than phenol and is thus much
easier to oxidize. Therefore, the reaction rate of eq 6.8 (the reduction from Ru";Ru"
to Ru™,Ru™Y,) in this system is much faster than systems with HCIO, or DBP. At the
same time, deprotonated POM has a much lower redox potential, facilitating
Ru™,Ru™, reoxidation to Ru™sRu™” by O, (eq 6.9). In comparison, DBP might be
able to deprotonate TBA-Ru,POM, but it cannot deprotonate phenol, and thus cannot
accelerate the rate of eq 6.8. HCIO, increases the redox potential of TBA-Ru,POM, and
thus slows down the reoxidation of Ru™,Ru"",POM to Ru");Ru!""",POM.

To determine if the reoxidation step is rate limiting, pure O, was replaced by air.
The rate in air was slower than in O, but not by a factor of 1/5 (Figure 6.7). This

suggests the reaction of reduced Ru;POM with O, partly controls the overall rate.

6.3.3.4 Reoxidation of RbK-RusPOM under O, (O, activation)

(IV,IV,IILIIT)

Rb,K Ru'" POM + CH CH OH —~ Rb K_Ru POM +CH_CHO (6.12)
4 37772 5 35 4 3

Single crystals of RbK-Ru,POM (-2) (RbK-Ru™,Ru",POM) was obtained by
reacting RbK-Ru,POM with ethanol (reactions conducted by Claire Besson). The
reoxidation of Ru™,Ru”,POM in 0.1 M HCI by pure O, is a very slow process.
Around 16% of Ru",Ru"",POM is oxidized to Ru™);Ru™” POM overnight (Figure

6.8).
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Figure 6.8 (a) Kinetic traces of local maxima (A = 445 nm) in the UV-vis spectrum of

the reoxidation of RbK-Ru™),Ru""",POM by pure O,, and (B) UV-vis spectrum of this

solution at 1.5 s (blue line) and 13.7 hr (magneta line). 1 =1 cm.
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Table 6.3 Alcohol oxidations with TBA-Ru,POM as oxidant in acetonitrile.

Substrate

concentration

Temperature

Reaction
Time

Detection
Instrument

Reactivity

PhCH(OH)CH,

[POM]=10 mM
POM:PhCH(OH)
CHy=1: 5

R.T.

13 min

GC

Finished

PhCH,OH

[POM]=20 mM
POM : PhCH,OH
=15

R.T.

10 min

GC, UV-
vis, NMR

Finished

Cyclohexanol

[POM}=20 mM
POM :
cyclohexanol=1:5

60 °C

24 hr

GC

7%

CH,CH,OH

[POM]=20 M
POM: CH,CH,OH
=1: 10000

R.T.

6 days

UV-vis, X-
ray

Finished

1-propanol

[POM]=20 uM
POM:CH,CH,OH
=1: 10000

R.T.

7 days

UV-vis

Finished

2-propanol

[POM]=20 uM
POM:CH,CH,OH
=1: 10000

R.T.

8 hrs/ 5 days

UV-vis

No reaction/
50 %

6.3.3.5.1 UV-vis spectra

Figure 6.9 are the spectral changes that accompany the oxidation of benzyl alcohol
by TBA-Ru;POM in acetonitrile. A light filter is used to block the light under 400 nm
because of the light sensitivity of the reaction. There is an isosbestic point at 529 nm,
which is attributed to reduction of TBA-RusPOM from Ru",POM to Ru™);Ru""
POM, and finally Ru,Ru""", POM. By monitoring the reaction at 453 nm (Figure
6.12, dotted line), we can see the reaction kinetics obey a bi-exponential rate law for the
consumption of Rus;POM.
6.3.3.5.2 GC and NMR

The conversion of benzyl alcohol to benzyladehyde was detected by GC and *H
NMR (Figure 6.10 & Figure 6.11). The stoichiometry is 1 molecule of benzyladehyde

generated per POM molecule. The reaction is complete in 2 hrs.
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Figure 6.9 Successive spectral scans during the oxidation of benzyl alcohol by TBA-
RusPOM in 20 uM HCI1O4, [TBA-Ru,POM]=20 uM, [PhCH,0OH] = 80 mM.
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Figure 6.10 The products of benzyl alcohol oxidized by TBA-Ru4POM detected by GC.
[benzyl alcohol]=50 mM, [TBA-Ru4,POM]= 20 mM, internal standard is cyclooctane .
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Figure 6.1 The products of benzyl alcohol oxidized by TBA-Ru;POM detected by *H

NMR with the same reaction solution as in Figure 6.12.
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Figure 6.2 Absorbance trace at 453 nm versus time plot and the fitting curve using
Gepasi for the oxidation of benzyl alcohol by TBA-Ru,POM in 20 uM HCIOy,
[POM]=20 uM, [PhCH,OH] = 80 mM.



6.3.3.5.3 Kinetic fittings
The kinetic curves can be fitted using the following equations by Gepasi:
A->C K1)
A+C =B+B ki/k1=1000/1
B->D K(ra)
B+D=C+C ki/k.1=1000/1
That is:

Ru,(IV, IV, IV, IV) + R,R,CHOH—®Y_, Ry, (IV, IV, 11L,111)+ R,R,C =0

Ru,(IV, IV, 1V, IV) + Ru, (IV, IV, [11, [11) «—<4=1000_3 5 Ry, (IV, 1V, 1V 1)
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Ru,(IV, IV, IV, 1)+ R,R,CHOH—®Y_5 Ry, (IV, 111, 111, 11) + R,R,C = O
Ru, (IV, IV, IV, 1)+ Ru, (IV, 1L T T <2220 59 Ry, (1V, 1V, 1L 1)
2Ru, (IV, IV, IV, 1)+ 2Ru,, (IV, N 1L = 2 Ru, (IV, IV, 1L 1D+ 2R,R,C=0

net

The fitting results are shown in Figure 6.12. Values of the rate constants of the R1

derived from the Gepasi fitting for the oxidation of several alcohols are given in Table

6.4. Interestingly, the oxidation of 2-propanol and cyclohexanol is very slow. In the

process of fitting, if the reaction takes an extremely long time, further two reactions are

applied to get the best fitting:

Ru, (1V, IV, 111, 111) + alcohol —<&Y— Ru,, (111, 111, 111, 111) + aldehy de
Ru, (IV, IV, T T+ (L T T 1) <22292990 5 Ry, (1V, T T T
6.3.3.5.4 Solvent Effects

Data in Table 6.4 show that with ethanol oxidation rate constant is much greater in

water than in CH3CN. By adding a small amount of H,O or D0 to the benzyl alcohol
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Table 6.4 Rate Constants of R; for the alcohol oxidations by TBA-Ru,POM at 25 °C.

Substrate

Methanol

Ethanol

1-propanol
4-brominebenzyl alcohol
Benzyl alcohol
4-fluorobenzyl alcohol
4-methylbenzyl alcohol
4-trifluromethylbenzyl
alcohol

4-chlorobenzyl alcohol
4-nitrobenzyl alcohol
Ethanol

4-methoxylbenzyl alcohol

Medium

20 uM HCIO4,CH3CN
20 uM HCIO4,CH3CN
20 uM HCIO4,CH3CN
20 uM HCIO4,CH3CN
20 uM HCIO4,CH3CN
20 uM HCIO4,CH3CN
20 uM HCIO4,CH3CN

20 uM HCIO4,CH3CN

20 uM HCIO4,CH3CN
20 uM HCIO4,CH3CN
0.1 M HCI, water

20 uM HCIO4,CH3CN

Kray (>00° mM s™)
0.59

1.1

1.7

2.0

3.6

4.6

5.8

8.1

9.4
19
25

87

oxidation reactions, the rate constants also increase with increasing percentage (volume

percentage) of water (Figure 6.13).

However, if the water content exceeds 1%, the

kinetic curves can’t be fitted by the same mechanism (large deviations will be generated).

This may be caused by either the UV-vis spectral change of reduced TBA-RusPOM in

water/acetonitrile mixed solvent, or a change of reaction mechanism. D,0O has smaller

influence to the rate constants than H,O. Acetone was also assessed as a solvent, but the

characteristic peak at 453 nm decreased greatly even without added alcohol.
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Figure 6.3 Plots of kry) vs. water content in acetonitrile for benzyl alcohol oxidation by
TBA-Ru,POM.
6.3.3.5.5 Acidity

From Table 6.5, we can see that within a certain range, the concentration of HCIO,

does not change the rate constant.

Table 6.5 Rate constants versus [HCIO,] in acetonitrile for benzyl alcohol oxidation by
TBA-Ru,POM.

20 uM HCIO4 40 uM HCIO4 80 uM HCIO4

kre)(*10°) 3.6 3.5 2.8

6.3.3.5.6 Substituent Effect & Selectivity

The rate of oxidation of alcohols by TBA-Ru;POM is sensitive to changes in the
alcohol structure. Under the same conditions as the reactants in Table 6.3, 2-propanol
shows no reactions after 10 hrs. Normally, the rate constants for alcohol oxidation by
ruthenium compounds follow the trend: methyl < primary < secondary < benzyl; however

for RusPOM the following order is seen: secondary < methyl < primary < benzyl.
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For the series of benzylic alcohols, ks varies randomly with variations in the para

substituents as shown by the attempted Hammett plot in Figure 6.14.

2
* CH;0
Lo T
=
i
é LT ¢ Cl .
0 ’ o F CF;
2 CHy .
0.5 1
¢ Br
0 1 1 1 1 1 1 1 1 1
—0. 400 —0. 200 0. 000 0.200 0.400 0. 600

Hammett Correlation

Figure 6.14 Hammett plot for the oxidation of para-substituted benzyl alcohols by TBA-
Ru4POM in acetonitrile wth 20 pM HCIO,, [TBA-RusPOM] = 20 uM, [alcohol] = 80
mM.
6.3.3.5.7 Isotope effect

Figure 6.15 and Table 6.6 shows the substrate isotope effect. Plots of kg Vvs.
[alcohol] were nonlinear with benzyl alcohols as substrate. A reasonable assumption to
explain this behavior is that a pre-association occurs between reactants. At high substrate
concentrations, the concentration of the association complex becomes appreciable.

Therefore, the rate constant reaches a plateau when the concentration of benzyl alcohol is

high.

A+B1%‘A,B—> D
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ki(Ry)
Ru,(IV,IV,IV,IV) + C4HsCH,OH = Ru,(IV,IV,IV,IV) --- OCH,C¢H; + H,0

-1 1

ka(R,)
Rud(IV,IV,IV,IV)--- OCH,C¢Hs + HyO - Ru,(IV,IV,IILII) + C;HsCHO

k4(R,)
Ru,(IV,IV,IV,IV) + Ruy(IV,IV,IILII) = 3 Ru,(IV,IV,IV,III) (fast)
k-S(RB)

A proposed detailed mechanism is shown in Scheme 6.2. Although good fitting can
be achieved by this mechanism using Gepasi (Figure 6.16), the deviation of Kiry), K-1r1)
or kyro) Is above 200 %. Efforts have been made to isolate the intermediate by using

CH30H, (CH3)3COH and CsHsCH,OH as the substrates, but with no success thus far.

6
:ﬂ-“
=]
=
hod
=
(=
©
z
=
=]
o
&
g g C6HSCH20H
—e— C6DSCD20H

0 50 100 150 200
[Alcohol] (mM)

Figure 6.4 Plots of ky) vs. [CsHsCH,OH] and [CsDsCD,OH] in acetonitrile for alcohol
oxidation by TBA-Ru;POM.
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Table 6.6 Rate constants for the isotope effect of benzyl alcohol by TBA-Ru,POM

fitting no-intermediate mechanism.

[CeHsCH,OH]  or | kn(R1) (x<10°) ko(R1) (<10°) kn/kp
[CsDsCD,0H]
(mM)
40 1.7 +£0.010 0.76 0.044 2.4
80 3.6 +0.016 1.2 +0.011 3.0
120 5.0 +0.059 1.9 +0.016 2.6
160 5.2 +0.061 2.2 +0.019 2.4
1.1

A 092509
0.9
S 0.8 - fitting- no
= intermediate
= (0.7
=] -
@ = fitting -
ﬂ 0.6 intermediate
0.5 -
0.4 -
0-3 T T T = T 1
0 20 40 Bl 80 100
time (hr)

Figure 6.5 Absorbance trace at 453 nm vs. time plot and the fitting curve using Gepasi
for the oxidation of benzyl alcohol by TBA-RusPOM in 20 uM HCI1O4, [POM] = 20 uM,
[PhCH,0OH] = 80 mM.
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Scheme 6.2 Proposed alcohol oxidation mechanism by TBA-Ru,POM with intermediates.

6.4 Conclusions

TBA-Rus,POM was synthesized and characterized. The catalytic oxidation activities
of TBA-Ru,POM towards several organic substrates (THT, CEES, cyclohexene and
BPH,) were studied in acetonitrile. TBA-Ru,POM only catalyzes oxidations of BPHs.
The reaction kinetics and products for a series of alcohol oxidations by TBA-Ru;POM
were also studied in acetonitrile. Benzyl alcohols are oxidized to benzaldehydes. The
reactions are slower in acetonitrile than in water/acetonitrile mixtures. In the series of
para-substituted benzyl alcohols, X-CgH,CH,OH (X = CH3O, H, Cl, and NO,), the
reaction rate doesn’t follow any trend. The kinetic isotope effect, CeHsCH,OH versus
CsDsCD,0H, is ku/kp = 2. Based on the available experimental data, two mechanisms
(one with intermediate and one without intermediate) are proposed. Further studies are

needed to find the right mechanism.
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