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Abstract

Mixed metal oxide materials have been successfully applied as active components in
environmentally important transformations, e.g. ammonia synthesis, water-oxidation or
carbon dioxide reduction. To combat rising demands on energy and resources, improvements
to these processes, and in turn the active components that drive them, must be made. This
requires a fundamental understanding of the relationship between the structure,

composition, and activity of these materials.

One way to address this is to develop atomically precise models of these mixed metal oxide
materials that can then be systematically modified and the effect of activity noted. This work
focuses on the development of a series of such model systems in the form of heterometal-

substituted polyoxometalates (POMs)

A robust synthetic approach for the production of heterometal substituted POMs based on
the Lindqvist architecture is developed using the reported (TBA)7[(Co(ll)W5018H)2][X] (X = BF4
or Cl) as a model system. This is then expanded to a range of first row transition metals with
evidence of the successful synthesis of magnesium, manganese, iron, nickel, and zinc
substituted derivatives presented. The method uses the base degradation of (TBA)2[WsO19] to
target a “virtual” lacunary species which efficiently reacts with simple metal salts to give the
corresponding heterometal containing derivative. A detailed discussion of non-aqueous
solution speciation is presented in part to identify the true nature of this “virtual” lacunary
species, with combined O NMR, W NMR and crystallographic studies indicating it is
actually a 2:1 mixture of (TBA)2[WQ4] and a novel isopolytungstate, (TBA)s[W7024H], which is

only the third isopolytungstate isolated from non-aqueous solutions.

This synthetic approach was also applied to metal(V) - substituted Lindqvist-type POMs,
including new rhenium derivatives, and products were fully characterised by multinuclear
NMR and X-ray crystallography where appropriate. The effect of metal substitution on the
redox properties is discussed, using cyclic voltammetry and density functional theory

calculations to support findings.
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Figure 1.1: Left- [WeO19]%>~ (Lindqvist) anion is an isopolyoxometalate. Right- [PW12040]3"
(Keggin) anion is a heteropolyoxometalate. W = blue and P = purple.

Figure 1.2: Type | POMs, e.g. the Keggin shown possess localised Cay symmetry at the M atoms.
Type Il structures, e.g. [M07024]%~ shown, possess metal centres with local Cay symmetry. W =
blue, Si = grey, and Mo = pink.

Figure 1.3: Plot showing the relative amounts of POM species present in solution at various
pH values. Curves are labelled with the H*:Mo:P ratios or, in the case of species that only differ
in the extent of protonation, the sum is given and represented by ¥ Mo:P (ref 29).

Figure 1.4: Synthesis and structures of tungstosilicates. Reproduced from chapter 1 ref 7 and
ref 36. W = blue, and Si = grey.

Figure 1.5: Left- [CuTbL(H20)]2[AIM06O18(OH)s]l2 (L = N,N’-bis(3-methoxysalicylidene-
ethylenediame). Right- [PMo"4Mo0Y4V'"Vg044{C0(2,2‘-bipy)2(H20)}.]3. Mo = pink, Cu = brown,
Tb = purple, V = orange, and Co = blue.

Figure 1.6: Synthesis and isolation of a lacunary POM starting from either a complete POM
structure (parent POM) or from individual metal salts. Reproduced from ref 30.

Figure 1.7: Structures of a series of Weakley-type POMs;. a) [{RuisOa(OH)2(H20)a}y-
SiW10036)2] % (RusPOM) b) [Co4(H20)2(PWs034)2]*0- (CosPOM) c)
[Co2{Co3(H20)(Co(OH)2W7026)(PW9034)}2]%>. W = dark blue, Ru = pale yellow, and Co = blue.

Figure 1.8: a) Structure of Ka[SiW12040].9H,0 with only the closest K* ions shown (ref 60). b)
Structure (TBA)s[('PrO)TiWsO1g] which the TBA ions around the cluster shown (ref 61). W =
blue, Si = grey, K = pale yellow, Ti = silver.

Figure 1.9: Structures of a) (TBA)3;[(MeO)TiWs01s] and b) (TBA)a[(NbWs5013).0].

Figure 1.10: Hydrogen bonded chain of (TBA)3;[(4-HOCsH40)TiWs01g]. The distance between
the oxygen of the terminal OH of the coordinated quinol and the terminal W=0 is 2.72 A.

Figure 2.1: ATR FTIR transmittance spectra of the crude product from reaction of
(TBA)2[We019], TBA(OH) and Co(NOs)..6H,0 (blue) and the previously reported (and
characterised) (TBA)7[(CoWs01gH)2][BFa].

Figure 2.2: Single-crystal X-ray diffraction structure of the [[CoWs01gH),]®~ anion, showing the
presence of a hydrogen bond between 06 and 026. The atomic radii are set to the CSD
covalent radii. Cations are omitted for clarity.

Figure 2.3: PXRD pattern of the crude product obtained from reaction of (TBA)2[WsO1s],
TBA(OH), and Co(NO3),.6H,0 compared to the simulated pattern obtained from SCXRD
experiments on (TBA)7[(CoWs01sH)2][BF4]. The unit cell parameters obtained from refinement
of the experimental PXRD pattern and the SCXRD pattern are also shown.

Figure 2.4: ATR FTIR transmittance spectrum of the crude product obtained from the reaction
of (TBA)2[Wes019], TBA(OH), and {Co[N(SiMes)2]2}2.
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Figure 2.5: ATR FTIR transmittance spectrum of the crude product obtained from the reaction
of (TBA)7[(CoWs01sH);] with pyridine.

Figure 2.6: X-ray structure of (TBA)s[(Py)CoWs01sH].H,0O showing the shortest distances
between the hydrogen atoms of the associated water molecule and the oxygens of the cage.
The infrared spectrum of the same sample is also given.

Figure 2.7: ATR FTIR transmittance spectrum of the product obtained after refluxing
(TBA)3[(Py)CoWs018H] in  toluene (red). The spectra of crude dimeric
(TBA)7[(CoWs018H)2][NOs] (blue) and (TBA)s[(Py)CoWs01sH] (pink) are also shown.

Figure 2.8: ATR FTIR transmittance spectrum of the crude product obtained from the reaction
of (TBA)7[(CoWs01gH)2] with an excess of quinoline (red), 4-aminopyridine (pink), and 4,4’-
bipyridine (orange).

Figure 2.9: Single-crystal X-ray diffraction structures of the (TBA)s[(Quin)CoWs01gH] and
(TBA)s[(AminoPy)CoWs01gH]. The atomic radii are set to the CSD covalent radii. Cations are
omitted for clarity.

Figure 2.10: Single-crystal X-ray diffraction structure of (TBA)s[(4,4’-Bipy)(CoWsOisH):]. The
atomic radii are set to the CSD covalent radii. Cations are omitted for clarity.

Figure 2.11: Single-crystal X-ray diffraction structure of (TBA)s[(EtOH)CoWs01gHz]. Two EtOH
solvent molecules are shown but only have approx. 0.5 occupancy. The atomic radii are set to
the CSD covalent radii. Cations are omitted for clarity.

Figure 2.12: Single-crystal X-ray diffraction structure of H;Cos4[H2W12042].26.4H,0.
Unbound/disordered solvent molecules are omitted for clarity. Co?* shown in pink. One of the
Co?* centres is disordered over two positions. The atomic radii are set to the CSD covalent
radii.

Figure 2.13: Single-crystal X-ray diffraction structure of a {{DMSO)sCoW,024}-type structure.

Sodium cations and disorder in the DMSO ligands has been omitted for clarity. Co (pink), S
(yellow) and C (black). The atomic radii are set to the CSD covalent radii.

Figure 2.14: Single-crystal X-ray diffraction structure obtained when the crude product from
the reaction of (TBA)7[(CoWs01gH)2][NOs] with excess NaOTf is recrystallized from hot
water/DMSO. Additional solvent molecules are omitted for clarity. Co?* shown in pink and Na*
in yellow. The atomic radii are set to the CSD covalent radii.

Figure 3.1: Y0 NMR spectrum of (TBA)2[WeO1s] in CD3CN recorded with a 500 second
relaxation delay between pulses.

Figure 3.3: 18W NMR of the reaction of (TBA)2[WesO1s] with 4 eq. of TBA(OH) after stirring at
room temperature for one day and removal of volatiles. The spectrum is recorded in 1:1
CH3CN:CDsCN.

Figure 3.5: 183W NMR studies showing the effect of concentration and water on the observed
chemical shift for [WO4]?~ and relative line widths of the [W04]?~ peak in the presence/absence
of the 5-line species.
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Figure 3.6: The position of and line width of the ¥3W NMR signal of [WO04]* from a) 1 M
solution of TBA[WO4] in CH3CN/CDsCN and b) the degradation of (TBA)2[WsO19] with four
equivalents of base in CH3CN/CDsCN .

Figure 3.7: Single-crystal X-ray diffraction structure of (TBA)7[W7024H].[We019].3MeCN with
probability ellipsoids at 50% level for the anions and the cations are shown in skeletal form
for clarity. An enlarged view [W7024H]>" is also given.

Figure 3.8: Single-crystal X-ray diffraction structure of Nasg[W-024].14H,0 reported in ref 13.
The cations and co-crystallised solvent are omitted for clarity.

Figure 3.9: Optimised structure of [W;024H]>", obtained using the OPBE functional and TZ2P
basis set.

Figure 3.10: Experimental ¥33W NMR spectrum obtained from the reaction of (TBA)2[WgO19]
and 4 eq. of TBA(OH) with assignments to [W7024H]°>~ based on computational findings.

Figure 3.12: The experimental 7O NMR spectrum obtained from the reaction of (TBA)2[W¢O1s]
with 4 eq. of base (a) and a series of simulated 17O NMR spectra obtained by applying the
linear scaling Equations 3.6 and 3.7 in various ways to the computed O NMR shifts of
[W7024H]>". Again, the linewidths in the simulations have been arbitrarily set to 300 Hz.

Figure 3.13: Single-crystal X-ray diffraction structure of (BMTA)s[W7024H].2DMSO with
probability ellipsoids at 50% level. Cations and solvent shown in wire form for clarity.

Figure 3.14: ATR FTIR transmittance spectrum of BTMA(Br) (blue), the amorphous solid
obtained the recrystallization of the crude product from treatment of (TBA)2[WesO19] with 4
equivalents of (BTMA)OH from DMSO/DMF (red) and crystalline (BTMA)s[W7024H]>~ (black).

Figure 3.15: 82\W NMR spectrum of the reaction between (TBA)2[Ws019] and 4 eq. of (TBA)OH
in CH3CN/CDsCN.

Figure 3.16: ®3W NMR spectrum of the reaction between (TBA)2[Ws019] and 4 eq. of TBA(OH)
in ds-DMSO. Peaks marked with asterisks are likely due to the presence of additional
degradation products.

Figure 3.17: 83W NMR spectra of the hydrolysis of WO(OMe) in the presence of (TBA)2[WO4]
after (a) 1 day, (b) 3 months and (c) after stirring for 3 months and then refluxing for 3 days.
The spectra were acquired in a mixture of CH3CN and CD3CN.

Figure 3.18: Sections of the ®3W NMR spectra shown in Figure 3.17b and 3.17c showing the
relative integrals of the red and green peaks.

Figure 3.19: W NMR spectra of the degradation of (TBA)2[WeO19] with 2.3 equivalents of
TBA(OH) after (a) 1 week, (b) 3 months and (c) after stirring for 3 months and then refluxing
for 3 days. The spectra were acquired in a mixture of CH3CN and CDsCN.

Figure 3.20: W NMR spectrum of the degradation of (TBA)2[WeO19] with 2.3 equivalents of
TBA(OH) after stirring overnight. The spectrum was recorded in a mixture of CHsCN and
CDsCN.

|II

Figure 3.21: Isopolytungstate species, both real and “virtual” placed on a scale in terms of

their charge to tungsten ratio.
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Figure 3.22: 170 NMR spectrum of the reaction between (TBA)2[Ws019] and 0.4 eq. of (TBA)OH
in CD3CN.

Figure 3.23: 170 NMR spectrum of the reaction between (TBA)2[Ws019] and 1 eq. of TBA(OH)
in CD3CN.

Figure 3.24: 70 NMR spectrum of the reaction between (TBA)2[WesO15] and 1.6 eq. of TBA(OH)
in CD3CN.

Figure 3.25: 170 NMR spectrum of the reaction between (TBA)2[WeO19] and 2.3 eq. of TBA(OH)
in CD3CN.

Figure 3.26: 170 NMR spectrum of the reaction between (TBA)2[Ws019] and 3 eq. of (TBA)OH
in CD3CN.

Figure 3.27: 70 NMR spectrum of the reaction between (TBA)2[W¢O15] and 5.2 eq. of (TBA)OH
in CD3CN.

Figure 3.28: *¥3W NMR spectra of the portion wise addition of TBA(OH) to (TBA)2[WeO1s]. The
spectra were recorded after addition of a) 1 eq. (Z/W = 0.5), b) 2.3 eq. (Z/W = 0.8), ¢) 4 eq.
(Z/W = 1), and d) 5.2 eq. (Z/W = 1.2) of base. The spectra were recorded in a 1:1 mixture of
CHs3CN and CDsCN.

Figure 3.29: Comparison of the intensity of the tungstate peak compared to the rest of the
reaction mixture in the ®3W NMR spectra obtained from the reaction of (TBA)2[WgO19] with
increasing quantities of TBA(OH).

Figure 3.30: 83W NMR spectra of the reaction of (TBA)2[WsO19] with a) 1eq. Z/W = 0.5, b) 1.6
eq.Z/W=0.5,c)2.3eq.Z/W=0.71,d) 2.8 eq.,Z/W=0.8,e) 4 eq., Z/W =1 and, f) 5.2 eq. Z/W
= 1.2 of TBA(OH). The spectra were recorded in a 1:1 mixture of CH3CN:CD3sCN.

Figure 3.31: Observed Jww couplings for the “purple species” in the ¥3W NMR of the reaction
of (TBA)2[We019] with 1.6 eq. of TBA(OH), giving Z/W = 0.6.

Figure 3.32: Observed Jww couplings for the “red species” in the W NMR of the reaction of
(TBA)2[We019] with 1.6 eq. of TBA(OH), giving Z/W = 0.6.

Figure 4.3: ATR FTIR transmittance spectra of the crude products from reaction of
(TBA)2[We019] with TBA(OH) and the simple metal(ll) salts CrCl,, Mn(NOs)..4H,0, FeCl,,
Co(NO3)2.6H,0, NiCly, CuCl,, and Zn(NOs3),.6H,0.

Figure 4.4: ATR FTIR transmittance spectra of the crude products from reaction of
(TBA)2[We019] with TBA(OH) and the simple metal(lll) salts Cr(NO3)3.9H,0, Mn(OAc)s, and
FeCls.

Figure 4.5: Single-crystal X-ray diffraction structures of (TBA)7[(MnWs01gH)2][NOs] (a) and
(TBA)s[(PYy)MnWs01s] (b). Cations and solvent are omitted for clarity. The atomic radii are set
to the CSD covalent radii.

Figure 4.6: Single-crystal X-ray diffraction structures of (a) (TBA)s3[(Py)FeWs01sH] (pyridine was
disordered and therefore only the nitrogen is shown) and (b) (TBA)3[(CH3CONH;)FeWs01s], in
which the Fe-acetamide group is disordered over two positions of the Lindgvist unit. Cations
and solvent omitted for clarity. The atomic radii are set to the CSD covalent radii.
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Figure 4.7: Potential mechanism for the formation of acetamide from MeCN and TBA(OH)
mediated by [Fe(Ill)Ws01sH]?".

Figure 4.8: Single-crystal X-ray diffraction structures of [(NiWsO1gH):]®" (a) and
(TBA)s[(Py)NiWs0O1sH] (b). Cations and solvent are omitted for clarity. The atomic radii are set
to the CSD covalent radii.

Figure 4.9: Single-crystal X-ray diffraction structures of [(ZnWs01gH)2]®~ (a) and
(TBA)3[(Py)ZnW5s01gH] (b). Cations and solvent are omitted for clarity. The atomic radii are set
to the CSD covalent radii.

Figure 4.10: 'O NMR spectra obtained from the reaction of (TBA)2[Ws019] with TBA(OH), and
Zn(NO3)2.6H20 in CD3CN at a) 253 K, b) 273 K, ¢) 298 K, d) 333 K, and e) 343 K.

Figure 4.11: Y70 NMR spectra obtained from the reaction of (TBA)2[WeO1s] with TBA(OH), and
Zn(NOs),.6H,0 in pyridine at a) 298 K, and b) 343 K.

Figure 4.12: '¥3W NMR spectrum of the crude product obtained from the reaction of
(TBA)2[WgO1s] with TBA(OH), and Zn(NOs),.6H,0. Recorded in CDsCN at 298 K.

Figure 4.13: ®3W NMR spectrum of the crude product obtained from the reaction of
(TBA)2[We019] with TBA(OH), and Zn(NOs)2.6H20. Recorded in CsDsN at 298 K.

Figure 4.12: ATR FTIR transmittance spectra of the crude products from reaction of
(TBA)2[We019] with TBA(OH), and Co(NOs3)2.6H20 (blue) or Mg(OMe); (red).

Figure 4.13: Single-crystal X-ray diffraction structures of (TBA)s[(MgWs0i1gH).]. Cations and
solvent are omitted for clarity. The atomic radii are set to the CSD covalent radii.

Figure 4.14: 70O NMR spectra of the crude product obtained from the reaction of
(TBA)2[We019] with TBA(OH), H20, and Mg(OMe); in CD3CN at a) 298 K, and b) 343 K.

Figure 4.15: 83W NMR obtained when the crude product from reaction of (TBA)2[WeO1s] with
TBA(OH), H20, and Mg(OMe); was dissolved in CDsCN at (a) 298 K and (b) 343 K.

Figure 5.1: Y70 NMR of the crude product after treatment of 7O enriched (TBA)2[WgO19] with
1.6 eq. of TBA(OH), followed by reaction with VO(O'Bu)s, recorded in CD3CN.

Figure 5.2: >V (a) and '83W (b) NMR spectra of (TBA)3[VWs019]. The 1V NMR spectrum was
recorded in CD3CN and the W NMR was recorded in dg-DMSO.

Figure 5.3: Y0 NMR of recrystallised (TBA)3[VWs019] obtained from the reaction of
(TBA)2[We019], TBA(OH) and V20s. The spectrum was recorded in CD3CN.

Figure 5.4: Y0 NMR spectrum of (TBA)s[NbWs0i19] obtained from the reaction of
(TBA)2[We019] with TBA(OH) and Nb(OEt)s. The insert in the top right shows a zoomed in
portion of the spectrum providing evidence of the formation of (TBA)4[Nb,W4019] as a minor
product. Spectrum recorded in CD3CN.

Figure 5.5:°3Nb (a) and 83W (b) NMR spectra of (TBA)3[NbWs01s]. Both spectra were recorded
in de-DMSO.

Figure 5.6: Y0 NMR spectrum of (TBA)s[NbWsOi19] obtained from the reaction of
(TBA)2[We019] with TBA(OH) and NbOCI3(MeCN),. Spectrum recorded in CD3CN.
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Figure 5.7: O NMR spectrum of (TBA)3[TaWsOi19] obtained from the reaction of
(TBA)2[We019] with TBA(OH) and Ta(OEt)s. Spectrum recorded in CD3CN.

Figure 5.8: *¥3W NMR spectrum of (TBA)3[TaWs0is] recorded in ds-DMSO. Small peak at 59.2
ppm due to (TBA)2[WeO19] impurity.

Figure 5.9: 170 NMR of enriched (TBA)2[MosO19] in CD3CN. Spectrum recorded with a delay
time of 10 seconds.

Figure 5.10: 0 NMR spectra obtained from the reaction of (TBA)2[Mos01s] with between 0.4
and 10 equivalents of TBA(OH). The reactions were stirred for at least 24 hours at room
temperature. Spectra recorded in acetonitrile.

Figure 5.11: O NMR spectrum of (TBA)3;[VMosO19] obtained from the reaction of
(TBA)2[M06019] with TBA(OH) and V20s. Spectrum recorded in CD3CN.

Figure 5.12: a) >V NMR spectrum of (TBA)3[VMos01¢] recorded in CDsCN. b) ®>Mo NMR of
(TBA)3[VMos0O19] recorded in DMSO.

Figure 5.13: Single-crystal X-ray diffraction structure of (TBA)3[VMos5019]. Mo atoms in lilac, V
not shown as it is disordered over all metal positions. Cations are shown in skeletal form for
clarity and solvent molecules are not shown. Atomic radii set to CSD covalent radii.

Figure 5.14: Y70 NMR spectrum of the product obtained from the reaction of (TBA)2[M0gO1s]
with TBA(OH), water and Nb(OEt)s. The spectrum is consistent with the formation of
(TBA)3[NbMo0s019]. Spectrum recorded in CD3CN.

Figure 5.15: a) ®*Nb NMR spectrum of (TBA)3[NbMosO19] recorded in CD3CN. b) ®>Mo NMR of
(TBA)3[NbMosOis] recorded in ds-DMSO.

Figure 5.16: Single-crystal X-ray diffraction structure of (TBA)3[NbMos019]. Mo atoms in lilac,
the Nb atom is not shown as it is disordered over all metal positions. Cations are shown in
skeletal form for clarity and solvent molecules are not shown. Atomic radii set to CSD covalent
radii.

Figure 5.17: Y0 NMR spectrum of the crude product obtained from the reaction of
(TBA)2[Mo06019] with TBA(OH), water and Ta(OEt)s. Spectrum recorded in CD3CN.

Figure 5.18: 170 NMR spectrum of the crude product obtained from the reaction between
(TBA)a[MosO26], (TBA)2[M0,05], Ta(OEt)s, and water. Spectrum recorded in CD3CN.

Figure 5.19: Cyclic voltammograms of 3 mM solutions of (TBA)x[MW5019] (M =W, V, Nb, Ta)
in 0.1 M TBA(PFs) (In MeCN) obtained with a scan rate = 100 mV s

Figure 5.20: Cyclic voltammograms of 3 mM solutions of (TBA)x[MMos01¢] (M = Mo, V, Nb,
Ta) in 0.1 M TBA(PFs) (In MeCN) obtained with a scan rate = 100 mV s,

Figure 5.21: LUMO’s of series of [M’Ms019]%3>~ (M’ = V, Nb, Ta, Mo, W and M = Mo, W)
compounds calculated using B3LYP functional with a split valence basis set using LANL2DZ for
the transition metals and 6-31-G(d,p) for oxygen. Surfaces shown with an isovalue of 0.003.
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Figure 5.22: Spin density representation for the one electron reduced analogues of the series
of [M’Ms019]34~ (M’ =V, Nb, Ta, Mo, W and M = Mo, W) compounds. The cut-off value used
for these surfaces was 0.0004 electron/bohr? in atomic units.

Figure 5.23: a) Single-crystal X-ray diffraction structure of (TBA)3[ReWs015] and b) the 183w
NMR spectrum obtained from dissolution of the same crystals in a mixture of CD3CN and
CHsCN.

Figure 5.24: ATR FTIR transmittance spectrum of crystalline (TBA)3;[ReWs01s].

Figure 5.25: 170 NMR spectrum of the crude product obtained from the reaction between
(TBA)2[We019], TBA(OH), and [ReO2(py)a][Cl]. Spectrum recorded in CD3CN.

Figure 5.26: Single-crystal X-ray diffraction structure of (TBA)2[Re(VI)WsO19] with the cations
shown. Some disorder on the tetrabutylammonium cations was masked for clarity. Atomic
radii set to CSD covalent radii.

Figure 5.27: ATR FTIR transmittance spectrum of crystalline (TBA)2[ReWs019].

Figure 5.28: {(PhN)ReWs01s} unit obtained as part of a disordered structure from single-crystal
X-ray diffraction experiments on the crystalline product of the reaction of (TBA)3[ReWs019]
and PhNCO. Atomic radii set to CSD covalent radii.
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Abbreviations

POM: Polyoxometalate

LPOM: Lacunary Polyoxometalate
MOF: Metal Organic Framework
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Experimental techniques

General considerations

Reactions and manipulations were carried out under dry, oxygen-free nitrogen or argon using
standard Schlenk and dry-box techniques unless stated otherwise.! Reactions were carried out
in screw-top Schlenk flasks fitted with PTFE screw valves (Young’s valves). Acetonitrile and
dichloromethane were dried with and distilled from calcium hydride and then stored over 3A
molecular sieves. Diethyl ether, tetrahydrofuran, hexane and toluene were dried and distilled
from sodium benzophenone ketyl and then stored over 3A molecular sieves. Methanol and
ethanol were distilled from magnesium activated with a few crystals of iodine and then stored
over 3A molecular sieves. Dimethyl sulfoxide, dimethylformamide, ethyl acetate and
deuterated solvents were all stored over 3A molecular sieves for at least three days prior to

use.

NMR spectroscopy

Samples were prepared in 5 mm (*H, 13C, 170, 1V, and ®3Nb) or 10 mm (**Mo and #W) screw
top NMR tubes. Spectra were recorded on a Bruker AVANCE Il 300 MHz spectrometer or a
Brucker AVANCE Il HD 500 MHz. Chemical shifts are quoted in ppm relative to SiMes (*H and
13C), H20 (*70), VOClIs (°1V), (TBA)[NbCls] (**Nb), NazMoO4 (ca. 2 M) (**Mo) or Na;WO4 (ca. 2

M) (*8W). Spectra were recorded at 298 K unless otherwise stated.

Single-crystal X-ray diffraction

Crystal structure data for (BTMA)51.2DMSO were collected on a XtaLAB Synergy, HyPix-Arc
100 diffractometer equipped with a fine-focus sealed X-ray tube (A Cu Ka = 1.54184 A) and for
(TBA)71.[W6019] on an Xcalibur, Atlas, Gemini ultra diffractometer using molybdenum
radiation (\Mo Ko = 0.71073 A). All data were collected at 150 K using an Oxford Cryosystems
CryostreamPlus open-flow N2 cooling device. Cell refinement, data collection and data
reduction were undertaken via software CrysAlisPro. Intensities were corrected for absorption
analytically using a multifaceted crystal model based on expressions derived by Clark & Reid.?
The structure was solved using XT3 and refined by XL°> using the Olex2 interface.* All non-
hydrogen atoms were refined anisotropically and hydrogen atoms were positioned with
idealised geometry. The displacement parameters of the hydrogen atoms were constrained
using a riding model with U(H) set to be an appropriate multiple of the Ueq value of the parent

atom. Details of any disorder and how it was modelled are available in the CIF.
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Bond valence sums for the oxygen atoms were calculated according to previously reported
methods®’ using the equations shown below, where z; (or V) is the oxidation state of the jth
atom or ion, sj is the bond valence contribution from the “bond” between the ith and jth
atom/ion, Rp is a constant that is dependent on the jj pair, rjj is the observed bond length and

bis 0.37.

ATR FTIR spectra
FTIR spectra were recorded from powders on a Bruker Alpha FTIR spectrometer fitted with an

Platinum ATR attachment.

Computational methods
Specific details of computational methods are given in the experimental section of the chapter
in which they are discussed, specifically Sections 3.7.10 and 5.9.20. XYZ co-ordinates of

optimised structures are given in Appendix B.
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Chapter 1: Introduction to polyoxometalates synthesis

1.1 Chapter outline

This thesis focuses primarily on the development of new synthetic methods targeting the
generation of molecular metal oxide materials (also known as polyoxometalates). Therefore,
this introduction aims to give the reader an overview of the common synthetic practices
employed in both the past, as the field developed, and present, when targeting these
materials. The vast majority of synthetic procedures presented in the literature are aqueous
based. Hence, these approaches are discussed at length before some of the non-aqueous
synthetic methods developed by our group (and others) are outlined. The size of the body of
literature discussing synthesis of molecular metal oxide materials prevents an exhaustive
discussion of the methodology used. Thus, a series of specific examples are given instead,
aiming to guide the reader towards an understanding of the general principles used when

designing these procedures.

1.2 Background

Polyoxometalates (POMs) are polynuclear oxoanions classically formed by group five or group
six transition metals, in their highest oxidation states.! Isopolyoxometalates are those
containing a single type of framework metal atom, and can be described using the general
formula [MxO,]"” where M =V, Nb, Ta, Mo, or W. Heteropolyoxometalates are those which
incorporate other main group or transition metal elements into the metal oxide framework
and can be described by the general formula [EMxO,]"™ or (MxOy)E"™, which exemplifies the

fact that these systems are commonly made up of a neutral metal oxide cluster that

Figure 1.1: Left- [We019]>" (Lindqvist) anion is an isopolyoxometalate. Right- [PW12040]>" (Keggin) anion is a
heteropolyoxometalate. W = blue and P = purple.



incorporates anionic atoms or groups.? Examples of both iso- and heteropolyoxometalates are

given in Figure 1.1.

The earliest known example of polyoxometalate chemistry in the literature comes from
Berzelius® who, in 1826, reacted molybdenum with phosphate and arsenate to form yellow
heteropolyanions.* Over 100 years would pass until the structure of [Hs3PW12040].6H,0, a now
very widely researched system, was solved by Keggin, in 1933.° Since then, the development
of routinely accessible, high quality, X-ray crystallography, mass spectrometry, 1O NMR
spectroscopy, and electrochemical methods have made the characterisation of
polyoxometalates both in solution and the solid state a lot more manageable.* This has not
only resulted in an exponential increase in the number of reported POM structures, but also
the development of rational synthetic methodology, some of which will be outlined in Sections

1.3 and 1.4.57

POM structures can, and do, vary massively with structures ranging from a few angstroms to
multiple nanometres. They are typically made up of edge- or corner-sharing MOg octahedra
(face sharing is less common although examples are still seen®) with one or two terminal metal
oxygen bonds.? When two terminal metal-oxo bonds are present, they typically adopt a cis
geometry? (which maximises M-O m-bonding and is an example of the thermodynamic trans-
effect) apart from in very rare occasions, for example in the case of uranium-based POMs
where the linear uranyl (UO>%*) unit dominates.>° Clusters containing MOs octehedra with
one terminal oxygen bond and those with two can be split into type | and type Il POMs, as they

exhibit significantly different redox properties.

Type | structures, e.g. the Keggin anion, have MOg units with an idealised local symmetry of
Cav (Figure 1.2). Qualitative molecular orbital analysis, along with more detailed computational
studies, have shown the LUMO in these systems is essentially composed of non-bonding (or
slightly anti-bonding) dyy orbitals.2'2'3 A major consequence of this is that reversible addition
of one or two electrons per metal atom leads to minimal structural changes.? A recent review
by Gumerova and Rompel outlines some of the chemical and electrochemical procedures used
to synthesise these highly reduced POMs.'* This can be paired with a range of theoretical work

to give a comprehensive overview of the literature.!3152-¢

Type Il structures, e.g. [M07024]%", possess Coy symmetry at each metal centre (Figure 1.2).* As

a consequence, the previously non-bonding dyxy character of the LUMO is transformed to a -
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Figure 1.2: Type | POMs, e.g. the Keggin shown, possess localised Cay symmetry at the M atoms. Type Il

structures, e.g. [M07024]%” shown, possess metal centres with local Cov symmetry. W = blue, Si = grey, and Mo =

pink.

anti-bonding level.2 This in turn means that reduction of these complexes leads to significant

structural changes, for example fragmentation or rearrangement, and is irreverisible.?

There are also several type lll structures that contain a mixture of type | and type Il metal

centres, an example being the paratungstate-B anion [HaW1204,]10-.1

POMs are versatile reagents that have been previously applied in catalysis'®®, energy
storage®®?°, molecular magnetism?123, materials science?®?*>, and medicine?®?’. In recent
years, the desire to improve access to sustainable energy sources has fuelled a large increase
in research focusing on the use of POMs in water splitting; this is the process of converting
water to hydrogen and oxygen using energy, which is usually supplied in the form of electricity

from renewable energy sources.?8"

1.3 Aqueous Synthesis

Hervé describes polyoxometalates as, “intermediate species between the mononuclear
oxo/hydroxometalates [MOx(OH),]"~ and polymeric metallic oxides”.® It is therefore
unsurprising that common synthetic routes used to access polyoxometalates involve either
degradation of neutral metal oxides with base (a source of negative charge) or condensation
of monometallic precursors with acid.®” This section will explore the typical methods used to
synthesise POMs in aqueous media, with an emphasis placed on the synthesis of heterometal

containing POMs, which can have application in catalysis.

1.3.1 General Considerations
The solubility of anionic POMs is determined by the nature of the counter cation. Historically,
most POM synthesis was done in agueous media where both the free acids (H* as the counter-

ion) and alkali metal salts are highly soluble.® These small, densely charged, counter ions can



approach close to the POM surface and, along with the high dielectric constant of water, can

stabilise highly charged POM species.’

Synthesis of simple isopolyoxometalates requires only a source of metal, typically in the form
of an metal-oxo species (e.g. Na,WO0a4.2H,0), and acid to allow condensation of terminal M=0
bonds into M-O-M bridges (Equation 1.1). When using this approach, the POM counter ions
come from the monomeric precursor used. If a specific counter ion is required, then neutral
metal oxide can be degraded with a specific base (i.e. M*OH) to form M*; [MO4] (assuming M

is in group VI) prior to the condensation reaction (shown in Equation 1.2).°
* . Z
xM',[MO,] +zH* 5> nM'[M,0,] + 7 H0 (1.1)

MO; + 2 M OH - M*,[MO,] + H,0 (1.2)

Synthesis of heteropolyoxometalates ([EMxO,]™) in aqueous media is very similar, though the
addition of a soluble heteroatom/group precursor is also required. These are commonly
oxoacids (e.g. H3POa, B(OH)3) or alkaline salts (e.g. Na,SiOs), though some oxides (e.g. Sb,0s3,
Nb>Os, Ta,0s) can be used under specific conditions.® In order to selectively form one cluster,
in preference of others, a range of experimental factors must be carefully controlled. These
include the molar ratio of M and E (i.e. the metal and heteroatom), temperature, pH value, the
nature of the solvent (with addition of solvents such as EtOH or MeCN stabilising some

structures), and the counter ions.® As an example, Figure 1.3 shows how the dominant POM

Mo=0.240 M
P=0020 M

FRESH SOLN,

Zm

2 15,2)

{23121}

2 (+9,1)

-ig[H]

Figure 1.3: Plot showing the relative amounts of POM species present in solution at various pH values. Curves
are labelled with the H*:Mo:P ratios or, in the case of species that only differ in the extent of protonation, the
sum is given and represented by 5 Mo:P (produced from ref 29).
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structure, in terms of the M:E ratio, varies when the pH of a 12:1 molar ratio solution of
[M004]%* and [HPO4]% is changed. In this work, Petterson et al clearly show how sensitive POM
speciation can be to experimental conditions.*#?° A major benefit of this complex speciation
behaviour in solution is that an enormous array of structures can be accessed. The synthesis

of a range of POM structures in aqueous media has been outlined by Klemperer.3°

1.3.2 Lacunary Species

So-called lacunary polyoxometalates (LPOMs) are POMs which have a missing addenda atom
or atoms (sometimes referred to as defects).3! These structures can often be easily related to
their parent structures by removal of one or more metal atom, and some of the surrounding

oxygen atoms, from the parent species.

A classic example of this is the Keggin structure [XM12040]"", which is the parent structure for
a range of lacunary species. The complete Keggin structure possesses five isomers (sometimes
referred to as Baker-Figgis isomers): a-, 8-, y-, 6-, and e-, formed by a 60° rotation of one, two,
three, or all four of the M3013 triads.3%33 Subsequently, lacunary species of the parent Keggin
anion can also possess a range of isomers, which results in a huge range of individual lacunary

species.

Lacunary POMs do not necessarily have to be synthesised by using the parent structure as a
starting material. Taking the Keggin structure as an example, Hervé outlined the synthesis of
the tri-vacant Naig[SiWs034].18H,0, referred to as a-SiWs, from sodium tungstate and sodium
silicate in the presence of 6 M HCl.3* Several other compounds, including 8-SiWs, 8-GeWs, a-

SiW11, and B,-SiW11, can be synthesised in the same way.30,34-36

In other cases, lacunary species are more conveniently accessed from a pre-formed POM,
commonly either the complete (parent) structure or another lacunary species.”3® For example,
B1-SiW11 can be synthesised from 8-SiWs by adding sodium tungstate and 1 M HCI.3 It is worth
noting that conversion between different lacunary species (or lacunary species and the parent
structure) is limited. For the Keggin and its derivatives, synthesis of individual isomers of the
same structure requires different approaches. This was conveniently summarised by Hervé

and is shown in Figure 1.4.7-3¢

Lacunary species are classically employed as precursors for heteroatom substituted POMs as

they can act as ligands, where various heteroelements occupy the vacant sites. Lacunary
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Figure 1.4: Synthesis and structures of tungstosilicates. Reproduced from ref 7 and ref 36. W = blue, and Si =
grey.
POMs have also been used as starting materials in the formation of larger framework

materials.31,37:38

1.3.3 Heterometal Substituted POMs

Both the iso- and heteropolyoxometalates discussed so far only incorporate one type of metal
atom. Addition of a second “heterometal” can be used to vastly change the reactivity of the
POM, which, in turn, leads to new applications. Numerous heterometals, including a range of
transition metals, lanthanides, and actinides, have been successfully incorporated into POM

structures.16.18-24

There are two main classes of heterometal containing POM structures: Complete (plenary) and
defect (lacunary). Complete structures bind metal ions at the surface of the POM via
interactions with bridging and terminal oxygen atoms. Defect structures use the

heterometal(s) to populate the vacancies present in the structure.*



Figure 1.5: Left- [CuTbL(H20)]2[AIM06018(OH)e]2 (L = N,N’-bis(3-methoxysalicylidene-ethylenediame) (ref 39).
Right- [PMo0Y'4M0V4V"Vs044{Co(2,2'-bipy)2(H20)}2]3 (ref 40). Mo = lilac, Cu = brown, Tb = purple, V = orange, and
Co = blue.

Complete/plenary structures are less common than defect/lacunary structures. They require
highly charged POMs in which the external heterometal cation can bind, typically, via more
than one oxygen atom.* Synthesis of these compounds is also usually done in non-aqueous
media, however this is not an absolute requirement.* The general procedure for producing
complexes of this type involves reaction of a plenary POM and a soluble heterometal
precursor, which can be a simple salt or may have been synthesised separately to allow
incorporation of specific ligands into the complex.3*4° For example, Feng et al showed that the
reaction of [CuTbL(H20)sClL]JClI (L = N,N’-bis(3-methoxysalicylidene-ethylenediame) with
Anderson-type POMs in water/methanol can yield terbium bound, copper containing, POMs
that can act as single-molecule magnets (Figure 1.5 left).3° Alternatively, a mixture of the
metal-oxo species (e.g. Na2Mo004.2H,0 or NH4VO3), heterometal precursor (e.g. CuCl>.2H,0),
heteroatom (e.g. H3POs), and any ligands required, can be used together to build the POM-
heterometal complex in-situ. This approach was used by Yuan et al during the hydrothermal

synthesis of a series of cobalt-bound mixed addenda POMs (Figure 1.5 right).*°

Complexes with lacunary/defect structures are far more common. Heterometal containing
Keggin®'®® and Wells-Dawson*?® structures are the most widely described systems in
aqueous media, with numerous reviews present.343-46 These compounds can be synthesised
from the parent POM species, lacunary POMs or from the component metal salts in
combination with the desired heterometal in the form of an aqueous soluble precursor (Figure
1.6).3' Whether starting from a parent POM or individual metal salts, the lacunary POM may
be isolated as an intermediate (as shown in Figure 1.6) or generated as a virtual intermediate
in-situ. The properties of the resulting complexes are largely dependent on the nature of the

heterometal.
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Figure 1.6: Synthesis and isolation of a lacunary POM starting from either a complete POM structure (parent
POM) or from individual metal salts. Reproduced from ref 30.

A notable set of heterometal substituted, aqueous soluble, POMs are the Weakley-type POMs.
These are sandwich-type clusters in which lacunary POMs serve as inorganic ligands for a

central metal ion(s) (Figure 1.7).

These compounds are of interest because of their activity as water oxidation catalysts?®®, their
magnetic properties*’2¢ and the ability to use them in the assembly of useful nanomaterials.*®
Weakley originally synthesised [Cos(H20)2(PW9034)2]'% (often abbreviated to CosPOM shown
in Figure 1.7b) by reacting [(H20)Co(PW11039)]>~ with cobalt ions in aqueous solution.*® Since
then, the synthesis has more commonly involved combination of two di- or trivacant lacunary
Keggin units with metal ions (including Co, Ru, Mn, Cu, Fe, Ce, Eu, and Tb), or direct
condensation of the monomeric metal-oxo species with the required heteroatoms.*72-¢ 502,
Weakley-type sandwich clusters are not limited to the use of lacunary Keggin units as the

capping ligands, nor do they have to be symmetrical (i.e. the same capping ligand on both

Figure 1.7: Structures of a series of Weakley-type POMs;. a) [{RuaOs(OH)2(H20)a}(y-SiW10036)2]*° (RusPOM)
b) [Coa(H20)2(PWs034)2]% (CosPOM) (ref 49) c) [Co2{Co3(H20)(Co(OH)2W7026)(PW9034)}2]?% (ref 50a). W = dark
blue, Ru = pale yellow, and Co = blue.



sides).>%251 For example, Duan et al reported the synthesis of an asymmetric sandwich-cluster,
with the formula [Co"s(H20)2(Co"W9034)(PWs034)]*%, and its subsequent reaction with
hydrazine, which leads to reduction of the cluster and formation of

[Co"»{C0"3(H20)(Co"(OH)2W7026)(PW9034)},]%* (Figure 1.7¢c).>°?

1.3.4 Mixed-addenda POMs

A subset of heterometal containing POMs are mixed-addenda POMs. These structures contain
heterometal(s) that can also form POM structures, commonly V, Nb, Ta, Mo, or W. Substitution
of one or more framework metal with a different metal can be used to tune properties such
as pH stability®?, colour®?, and redox potentials.”® Several mixed-addenda POMs have been

identified as active anti-viral agents®* and potential energy storage solutions.>®

Synthesis of mixed-addenda POMs in aqueous media uses either individual metal salts or
lacunary POMs as starting materials. Starting from the individual metal salts allows the
amounts of each type of addenda to be varied to control the ratio of each metal in the
cluster.>2°% Synthesis starting from a lacunary species is analogous to the synthesis of
heterometal-lacunary POM complexes outlined previously. This method gives less flexibility,
as the number of heterometal atoms incorporated into the cluster will be dependent on the

number of defects present in the lacunary POM, but is more controlled.>’

1.4 Non-Aqueous Synthesis

So far, the synthetic methods discussed conveniently employ water-soluble, commercially
available, precursor materials like Na;WO0a4.2H;0 and Na3SiOs, which can be treated with
aqueous acid to target a specific pH and produce POMs. Moving to non-aqueous solvents
immediately presents problems. Not only are these materials much less soluble in organic
solvents but pH control of reactions also becomes much less reliable (as standardisation across
different solvents is not simple).>® It is therefore unsurprising that the methods used for non-

aqueous POM synthesis are different, even if the rationale is largely the same.

1.4.1 General Considerations

As previously mentioned, the solubility of POMs is largely dependent on the nature of the
counter cations used to balance the negative charge of the POM. To carry out synthesis and
reactivity studies on POMs in polar organic solvent, bulky counter cations are required. These
are frequently tetraalkylammonium cations with long chains (i.e. tetrabutylammonium (TBA)
and longer) that are often abbreviated to Q.” The nature of these cations prevents strong

anion-cation interactions (the ability of the cation to approach the anion surface is limited by
9



the size) thus favouring lower charges compared to those commonly observed in the aqueous
phase.’ Large inorganic cations, such as Cs or Ba, also give reduced solubility in aqueous media

but tend to lead to completely insoluble materials.>®

Figure 1.8 shows the structures of Ka[SiW1,040].9H.0 and (TBA)s;[(PrO)TiWs01s] with the
counter cations in closest proximity.®%®! The aqueous soluble Keggin structure (Figure 1.8a) is
stabilised by K* ions, which can approach close to the POM surface. Contrast this with the
organic soluble Lindqvist structure (Figure 1.8b). The proximity of the counter ions around the
structure is limited by the size of the cations, meaning highly charged structures cannot be
stabilised by favourable anion-cation interactions. This further illustrates why highly anionic
clusters are less common in organic media unless they are protonated (which serves to reduce

the overall charge).’

The methods used to synthesise organic-soluble POMs are largely the same as those used in
aqueous solvents, with the added requirement that bulky cations must be introduced at some
point to allow the product POM to be soluble in organic solvents. One way to do this is to use
oxo-metalate species with bulky cations as starting materials. These compounds must be
synthesised prior to POM synthesis. For example (TBA),WQO4 can be synthesised from WO3.H,0
and TBA(OH) in water®? or methanol.®® Alternatively, it can be synthesised by salt metathesis
using Ag2WO4 and (TBA)Br®* or (TBA)I.%°> These, and other, designer starting materials can then

be combined with the appropriate heteroelements to create the desired POM structure.

A second approach is to synthesise the POM using conventional starting materials and then

perform a cation exchange in the work-up of the reaction. For example, (TBA)2[WsO19] can be

: e
a) ) b) o
o 0{(.‘{

o

Figure 1.8: a) Structure of Ka[SiW12040].9H.0 with only the closest K* ions shown (ref 60). b) Structure
(TBA)3[('PrO)TiWsO1s] which the TBA ions around the cluster shown (ref 61). W = blue, Si = grey, K = pale yellow,
Ti = silver.
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synthesised by dissolving Na; WO, in DMF/acetic anhydride, followed by the addition 12 M HCI.
The resulting “Naz[Ws019]” intermediate can then be treated with an excess of (TBA)Br, which
causes the POM to precipitate out of solution as the TBA salt, while NaBr remains in solution.3°
This approach is very common as it is a “one-pot” process that typically uses readily available
materials. However, it is not always a viable approach as organic salts of more highly negatively
charged POMs may still be soluble in aqueous solvents or the polar solvent mixture used

above, which leads to difficulties in purficiation.’

An advantage of working in organic media is the ability to use reagents that are either not
stable or not soluble in agueous solvents. Relevant examples include numerous metal oxides,
metal alkoxides, and metal oxychlorides. These reagents can act as sources of both framework
atoms (e.g. WO(OR)4) or heteroelements (e.g. Se0,)).” Jahr and Fuchs gave early examples of
how these materials could then be combined to produce POMs.%%3¢ More recently, our group
has used WOCI4, along with NH3/MeOH, to synthesise WO(OMe)s (which is sensitive to
hydrolysis).®” This in turn was reacted with [{Zr(O'Pr)s('PrOH)}2] and (TBA)2[WO4] in the
synthesis of (TBA)s[{(Me0)ZrWs01s},] ({ZrWs}).%8 This exemplifies the ability to access reaction

pathways in organic solvents that are not possible in aqueous solvent.

1.4.270 NMR Spectroscopy

Studying POMs in organic media means there is no oxygen exchange between the POM and
solvent water, which allows the use of 1?0 NMR spectroscopy as a method of analysis and
characterisation.” From a practical point of view, 7O can be considered as a difficult nucleus
to observe.® It has a nuclear spin of 5/2 and an electric quadrupole moment of Q =-2.6x1072°
cm?, which leads to rapid quadrupole relaxation. This in turn can give broad signhals and a poor
signal to noise ratio. Furthermore, the rapid relaxation leads to the use of short delays between
radiofrequency pulses, which can cause incomplete spectrometer recovery.®® However, 70
NMR spectroscopy is still a powerful technique and the resultant NMR spectra can give
important insights into solution dynamics and provide structural information. Given that 1’0
has a natural isotopic abundance of 0.037%, POMs have to be artificially enriched to allow
informative spectra to be collected.®® This can easily be done using *’O enriched water (which
can be obtained at a range of enrichment levels). For example, Equation 1.3 shows how you
may produce a partially 7O enriched sample of tetrabutylammonium hexatungstate. If 10%

Y70 enriched water is used, the product POM contains 5.3% 'O enrichment.

(TBA),[WO0,] + 5 WO(OMe), + 10 H,0" — (TBA),[Ws0"19] + 20 MeOH (1.3)
11



1.4.3 Heterometal Containing Lindgqvist Structures

Our group has been interested in the development of rational synthetic methods to produce
heterometal containing Lindqvist-type POMs to explore their reactivity and to use them as
simple molecular models for extended mixed metal oxides, commonly used in inorganic

chemistry.

The synthesis of heterometal substituted Lindqvist-type structures with the general formula
[XM'Ws01s]"™ (where M’ = Ti, Sn, Zr, V, Nb, Ta, and Mo and X = MeO or O) was initially
attempted through the hydrolysis of a mixture of (TBA)2[WOa], WO(OMe)s and the
corresponding metal alkoxide (e.g. Ti(OMe)s or Nb(OMe)s) in acetonitrile.®87071 The crystal
structure of (TBA)s3[(MeO)TiWs01s] ({TiWs}) (Figure 1.9a) was obtained, showing the successful
incorporation of “[Ti-OMe]3*” fragment into the virtual “[Ws015]®” lacunary species.
Furthermore, the hydrolysis of (TBA).[(MeO)NbWs01s] yielded crystals of the dimer
(TBA)4[(NbWS501g),0] (Figure 1.9b).”° The use of molybdenum as the framework metal (instead
of tungsten) has also been explored, with the group successfully isolating
(TBA)3[('PrO)TiMosO1s] ({TiMos}) through the hydrolysis of (TBA)2[M0207], (TBA)a[MosO2],

and Ti(O'Pr)4 in acetonitrile.”?

The family of heterometal substituted Lindqvist-type structures was extended further in 2009,
when our group reported the synthesis of the cobalt substituted Lindqvist-type structures
(TBA)s[(CoWs01sH)2] and (TBA)3[(Py)CoWs01sH] (Py = pyridine).”® A slightly different synthetic
methodology was employed in which the virtual precursor “[Ws01s]®™“ was prepared first by
reaction of (TBA)2[WO4] and WO(OMe)s (Equation 1.4). This virtual precursor was then treated

with a solution of cobalt chloride in acetonitrile to give the dimeric anion (TBA)s[(CoWs01sH)2].

Figure 1.9: Structures of a) (TBA)3[(MeO)TiWs01s] and b) (TBA)4[(NbWs01s)20] (ref 70)
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Subsequent treatment with pyridine can be used to isolate the pyridine adduct

(TBA)3[(Py)CoWs01sH] (Equations 1.5 and 1.6).73
3 (TBA),[WO,] + 2 WO(OMe), + 4 H,0 - "(TBA)[Ws015]" + 8 MeOH (1.4)
"(TBA)([Ws045]" + CoCl, (+ HY) > 0.5 (TBA)4[(CoWs0,5H),] + 2 TBA(C)  (L.5)
0.5 (TBA)4[(CoWs0,5H),] + Pyridine — (TBA);[(Py)CoWs0;gH] (1.6)

The reactivity of heterometal substituted Lindqvist-type structures has been investigated. Both
(TBA)3[(MeO)TiWs01s] (ref 74) and (TBA)3[(‘PrO)TiMosO1s] (ref 75) were treated with a range
of alcohols, and water, to gain insight into ligand exchange reactivity at the heterometal centre.
Treatment of (TBA)3[(RO)TiMsQOis] with aliphatic alcohols R°"OH (when M =W, R=Me and R’ =
Et, 'Pr, 'Bu, when M = Mo, R = 'Pr and R’ = Me, 'Bu) allowed exchange of the native MeO or 'PrO
groups for the respective R’O groups. In general, substitution for more sterically demanding R’
groups proceeded more slowly. Comparison of the series {TiMos}, {TiWs}, and {ZrWs} (ref 68)
found that the OR group of {TiMos} was significantly less labile than that of either {TiWs} or
{ZrWs}. This is surprising as polyoxomolybdates are often regarded as more labile with respect

to oxygen exchange than polyoxotungstates.’*

A similar study was also carried out with several phenols which behaved similarly to aliphatic
alcohols.”*”>The reaction of (TBA)3[(MeO)TiWs01s] with hydroquinone produced a mixture of
the monomeric (TBA)s3[(4-HOCsH40)TiWs015] and the 1,4-benzenediolate bridged dimer
(TBA)s[(n-OCeH40)(TiWs018)2]. The monomeric species forms hydrogen bonded chains in
which the terminal -OH group of one complex interacts with a terminal W=0 of another
complex, as shown in Figure 1.10. The monomeric species can be favoured by dropwise
addition of the POM solution (i.e. (TBA)3[(MeO)TiWs01g] in MeCN) to a two-fold excess of the
phenol in MeCN.”*

Figure 1.10: Hydrogen bonded chain of (TBA)s[(4-HOCeH40)TiWs01s]. The distance between the oxygen of the
terminal OH of the coordinated quinol and the terminal W=0 is 2.72 A (ref 74).
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Treatment of (TBA)3[(MeO)TiWs01g] and (TBA)s3[(PrO)TiMos01s] with water led to the isolation
of dimeric (TBA)s[(TiM5015)20] (M = W or Mo), as opposed to the terminal hydroxide species.
Unlike (TBA)a[(NbW50135)20], which has a linear Nb-O-Nb bond, and the Lindqvist units
eclipsed, the Ti-O-Ti bridge is bent for both TiWs and TiMos (Ti-O-Ti angle is 173.1° for TiWs

and 173.2 for TiMos) and the Lindqvist units are not eclipsed.’*”>

Comparison of the reactivity discussed above with that of (TBA)3[(MeO)SnWs0ig] ({SnWs})
showed that the nature of the Ti-OR and Sn-OR bonds is substantially different.”® The
availability of the lower energy 3d orbitals of Ti allows O->Ti n-bonding, which in turn leads to
a higher degree of covalency in the Ti-OR bond compared to that of Sn-OR. This effect appears
to dominate over the difference in electronegativity of Ti and Sn (Pauling electronegativities of
1.54 and 1.96 respectively) which may point towards more ionic Ti-OR bond. DFT calculations
support a more ionic Sn-OR bond, with calculated electrostatic potentials showing a larger
localisation of negative charge on the oxygen of the OR group in [RO-SNWs015]3~ .76 These
differences in the nature of the bonding appear to manifest themselves in the increased

hydrolytic sensitivity of the M-OR bond in {SnWs}.7®

1.4.4 Heterometal Containing Keggin Structures

As seen previously, the Keggin structure is extremely common in the POM literature. This
popularity has not been limited to the aqueous phase, with heterometal containing Keggin-
type POMs being very well documented in organic solvents. Most synthetic routes to
heterometal containing Keggin species involve synthesis of the heterometal containing POM
in agueous solvent followed by a phase transfer step. For example, using methods originally
outlined by Simmons for the aqueous synthesis of [(H20)CoSiW11039]® (ref 77 and ref 78),
Katsoulis and Pope described the subsequent phase transfer of the cluster into organic solvent
by shaking an aqueous solution of the POM and a toluene solution of tetra-n-
heptylammonium bromide.”® This process of cation exchange was originally developed by
Corigliano and Di Pasquale to acquire IR spectra of polyoxovanadates in non-polar solvents.®
Interestingly, upon transfer into organic solvent the facile loss of the coordinated H,O molecule
can be observed to produce a suggested penta-coordinated cobalt species (equilibrium shown

in Equation 1.7).
[(H,0)CoSiW;1039]% = [(L)CoSiW;;054]% + H,0 (1.7)

Upon loss of the coordinated water molecule, a colour change from pink/red to green is

observed and this equilibrium can be pushed towards the apparent penta-coordinate species
14



by drying of the solution (e.g. with molecular sieves).”® The red colour returns upon addition
of a donor ligand, like alcohols or pyridine, suggesting the formation of 6-coordinate cobalt
species with the form [(L)CoSiW11035]%".7° The ease of conversion between the 6-coordinate
species (H20 bound) and the apparent 5-coordinate (anhydrous) species appears to vary with
the central atom, and the P-containing analogue ([(H20)CoPW11035]°”) remains red (implying
it remains 6-coordinate) regardless of how dry the solution is.”>%! A recent study has
implicated the formation of dimers, analogous to the cobalt containing Lindqvist-type species,
[(CoWs018H)2]%", mentioned previously, to account for this observation. It is worth noting that

upon removal of solvent a green solid forms.8!

This phase transfer approach to synthesis of heterometal containing POMs with the
appropriate cations required to solubilise the cluster in organic solvent has also been used to
synthesise Keggin clusters containing manganese®?, nickel®?®, iron8%, copper®?d, and

rhenium.82¢

A related strategy was used by Pope to isolate a series of high-valent manganese containing
Keggin structures.®® This route involves electrolytic or chemical oxidation followed by
precipitation using a tetraalkylammonium salt. The electrochemical method required
dissolution of the potassium salt Ks[ZnMn(ll)(H20)W11039].23H,0 in a 0.2 M potassium
acetate-acetic acid buffer. It was then electrolysed at 1.05 V vs. SCE (saturated calomel
electrode) to produce the corresponding Mn(IV) cluster K7[ZnMn(IV)(OH)W11035].19H,0.83
This cluster could then be precipitated via addition of tetra-n-hexylammonium chloride to
produce the organic-soluble salt. The compound was purified by dissolution in acetonitrile
followed by reprecipitation with water.83 The analogous reaction was performed by addition
K2S,0s (the oxidant) to a solution of Ks[ZnMn(II)(H20)W11039].23H,0 in water, followed by
heating to 90°C. The tetraalkylammonium salts can be isolated by precipitation or extraction

into hexanes.83

1.4.5 Synthesis of Larger Structures

The synthetic procedures required to synthesise other, less common, clusters in organic media
largely mirrors those outlined so far, either using specific organic-soluble reagents with the
appropriate cations required for synthesis in organic solvent, as discussed in Sections 1.4.1
and 1.4.3, or using the techniques outlined in Section 1.3 for synthesis in aqueous media
followed by a phase transfer. The phase transfer approach appears more popular for larger

clusters.8
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A 2013 study by Cronin et al illustrates this point.®* They outline a general strategy for the
phase transfer of the water-soluble alkali metal salts of a series POMs (including Ks[a-
PoWi15062].14H,0  (Wells-Dawson),  KizsNais[NaPsW300110].15H,0  (Preyssler), and
KasLis[H7PsWa1g0154].92H,0) into organic solvent.

The process involves dissolution of the alkali metal salt in water and acetonitrile followed by
addition of tetrabutylammonium bromide. The solution is then acidified to pH 1.5 through the
addition of 4.5 M H;S04, which led to the formation of an oily layer that contains POMs,
tetrabutylammonium cations, protons, and acetonitrile. This layer is then separated using a
pipette and centrifugation, followed by washing with water and ethanol to remove any
remaining acetonitrile.®* This leads to isolation of the clusters as the tetrabutylammonium
salts, though some of the larger clusters can also contain H* counter ions. This work is clearly

very similar to the earlier work by Katsoulis’® and Corigliano® already discussed.

1.5 Summary

The synthetic procedures commonly used to produce a range of POM clusters in both aqueous
and organic solvents have been outlined. It is apparent that the strategies employed are similar
regardless of the target structure and interconversion between POM clusters by either
degradation in the presence of base or condensation/aggregation in the presence of acid is
common. Incorporation of heterometals is typically achieved by taking a lacunary POM, either
as an isolated intermediate or virtual precursor, as a template in combination with a
heterometal precursor. The analogous organic-soluble clusters are easily isolated either by
exchanging the cations of water-soluble POMs, typically Na* or K%, for bulky

tetraalkylammonium cations or by using organic-soluble building blocks.

The examples given are far from exhaustive, but it is hoped that the overview given will allow
the reader to understand the key factors to consider when attempting to rationally synthesise

POM species.
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Chapter 2: Refining the synthesis of (TBA)s[(CoWs01sH):]

2.1 Introduction

After previously reporting non-agueous synthetic routes to a series of early transition metal
containing Lindqvist-type POMs, namely those containing Ti, Zr, V, and Nb'3, our group set out
to extend the family of heterometal containing Lindqvist-type POMs to the later first-row
transition metals. Later transition metal containing POMs can act as molecular models for
important metal oxide materials which are commonly applied in heterogeneous catalysis.*®
These relatively small molecular models are more readily characterised using solution-state
spectroscopy, e.g. NMR spectroscopy, and have well-defined “active sites” which can be
efficiently modelled using computational methods (in particular density functional (DFT)

theory calculations), with relatively low computational cost.

Numerous cobalt substituted POMs are known and, importantly, have shown potential as
highly active water-oxidation catalysts.”?? Most of these POMs contain multiple cobalt centres
in the +2 or +3 (d’ or d® respectively) oxidation state bound to multiple bridging metal-oxo
groups (and sometimes water). In this weak field ligand environment the cobalt centres tend
to be high-spin (this can be experimentally verified using magnetic measurements or NMR
spectroscopy)'? and therefore each possesses multiple unpaired electrons. The potential for
interaction between these unpaired electrons makes the modelling of these systems with DFT
difficult. Given this challenge, a system containing one or two, well defined, cobalt centres
incorporated into a small POM structure would serve as a more manageable system to model
both the catalytic activity of cobalt containing POMs, and more generally of cobalt-containing
metal oxide materials. With this in mind our group targeted the synthesis of a cobalt
substituted Lindqvist-type POM with the general formula [(L)Co(Il)Ws01s]*", where L = a

neutral donor.

When synthesising early transition metal containing Lindqvist-type structures (focusing on the
polyoxotungstates), our group used an approach based on the hydrolysis of WO(OMe) and
the heterometal alkoxide in the presence of (TBA)2[WQ4] (TBA = tetrabutylammonium), as
shown in Equation 2.1 for titanium.?

3 (TBA),[WO,] + 7 WO(OMe), + 2 Ti(OMe), + 17 H,0 -
2 (TBA),[(MeO)TiWs044] + 34 MeOH (2.1)
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III

This methodology can be rationalised in terms of generating a “virtual” lacunary {Ws01s} unit
that is poised to accept a “Ti-OMe” fragment to fill the vacancy and return the complete
Lindqgvist structure (as shown in Equations 2.2 and 2.3). The reaction likely proceeds via a
complex mixture of intermediates in equilibrium and the stability of the complete Lindgvist

structure gives a thermodynamic driving force which pushes the reaction to completion.
3 (TBA),[WO,] + 7 WO(OMe), + 17 H,0 > 2 "(TBA),;[W50,gH3]" + 28 MeOH (2.2)
"(TBA),[W504gH3]" + Ti(OMe), - (TBA),;[(MeO)TiWs0y5] + 3 MeOH (2.3)

A similar approach, involving the generation of a “virtual” lacunary precursor was used in the
synthesis of (TBA)7[(CoWsO1gH)2][X] (where X = BF4 or Cl).1* In this example, WO(OMe)s was
hydrolysed in the presence of tetrabutylammonium tungstate and the product was isolated.
This product was then subsequently reacted with a cobalt salt, either [Co(MeCN)4(H20)2](BF4)2
or CoCl,, to generate the cobalt containing Lindqvist structure (as shown in Equations 2.4 and
2.5). It should be noted that X-ray crystallographic studies, FTIR spectroscopy and elemental
analysis all supported the formula (TBA)7[(CoWs01gH)2]1[X] and no effort was made to remove

the additional TBA(X) salt.
3 (TBA),[WO,] + 2 WO(OMe), + 4 H,0 - "(TBA) [W504,]" + 8 MeOH (2.4)
2 "(TBA) [W5045]" + 2 CoX, (+ 2 H) > (TBA) [(CoWs015H), | + 4 TBA(X) (+ 2 TBA*)  (2.5)

The routes outlined above, used to synthesise heterometal containing Lindqvist-type
structures, all exploit the hydrolysis of WO(OMe)a. Though this route has proved effective, the
use of the tungsten alkoxide is not ideal. Firstly, it is highly moisture sensitive and can easily
decompose into insoluble tungsten oxide if mishandled. Secondly, the synthesis of WO(OMe)a
(synthesis outlined in Chapter 3) uses toxic reagents. The synthesis of WOCl4, a precursor,
requires the use of large quantities of thionyl chloride and the conversion of the oxychloride
to the alkoxide requires the use of gaseous ammonia, neither of which are considered
environmentally friendly. It would therefore be beneficial to have a more user-friendly

approach to the synthesis of heterometal containing Lindgvist-type POMs.

2.2 Chapter outline
This chapter describes an alternative approach for the synthesis of first-row transition metal

substituted Lindqvist-type POMs. The synthesis of (TBA)7[(CoWsOisH)2][X] was used as a
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model system as the previously obtained characterisation data could be used comparatively

as an indicator of success.

Once evidence of the formation of the crude product was obtained, the synthetic approach
was optimised in terms of simplicity and the purity of the final product, with a particular focus
on whether removal/minimisation of the additional TBA(X) present in the previously reported

product is possible.

The ability to access large quantities (i.e. tens of grams) of the dimeric product then allowed
preliminary reactivity studies to be carried out. Initially, this focused on adduct formation, as

the ability to access the cobalt centre is a key criterion for heterometal centred reactivity.

2.3 A degradative reassembly approach

A common approach used in the synthesis of heterometal substituted POMs is to first treat
the unsubstituted parent POM with base to produce the lacunary species (which has one or
more vacancies).'® This is then reacted with a simple heterometal salt which essentially plugs
the vacancies and reforms the stable parent structure but now with one or more heterometals
present in the framework.!® This approach has been used by our group to produce
(TBA)s[CoPW11039] from the parent Nas[PW120a40] via treatment with TBA(OH) and then CoCls,

as shown in Equations 2.6 and 2.7.%°
Na3[PW1,040] + 6 TBA(OH) - (TBA) [NaPW,,034] + Na,WO, + 3 H,0 (2.6)
TBAG[NaPW;;030] + CoCl, > (TBA),[COPW1,030] + NaCl + TBA(CI) (2.7)

These methods commonly involve isolation and characterisation of the intermediate lacunary
species, although this is not a requirement. Rather than isolating the lacunary species, a

I”

“virtual” lacunary species can be generated and used directly in subsequent reactions without
isolation. This may be advantageous if isolation (and characterisation) of the lacunary species

in question proves difficult, or in the development of one-pot procedures.

It was therefore theorised that treatment of [Ws019]%~ (the parent Lindgvist anion) with base

III

could be used to produce the “virtual” lacunary species “[Ws01sH]>~“ for direct reaction with

a cobalt salt to produce the cobalt containing Lindqvist-type POM (Equations 2.8 and 2.9).
5 (TBA),[WgO15] + 20 TBA(OH) - 6 "(TBA).[W5s04gH]" + 7 H,0 (2.8)

2 "(TBA).[W5044H]" + 2 Co(NOs),.6H,0 - (TBA),[(CoWs04gH), | + 4 TBA(NO3) (2.9)
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2.3.1 Synthesis

Experimentally, this process involves suspending (TBA)2[Wes019] in acetonitrile and then adding
a solution of four equivalents of TBA(OH) in acetonitrile. Stirring the resulting mixture at room
temperature slowly led to the complete dissolution of the (TBA)2[WesO019] as it reacted with the
base and produced more highly charged species. Once the mixture was homogenous, cobalt(Il)
nitrate hexahydrate was added (the nitrate was used as it provides a characteristic peak in the
infrared spectrum to check for the presence of nitrate in the product), upon which the reaction
mixture slowly turned dark blue/purple. The reaction was also attempted with cobalt chloride,
cobalt bromide and cobalt acetate with no change in outcome. The crude product was isolated
by removal of the solvent under dynamic vacuum, which led to the formation of a thick blue
oil. This oil was triturated with ethyl acetate and diethyl ether and dried further under vacuum

to give a free flowing dark purple/blue powder.

Attempts to precipitate the product directly from the reaction mixture as a powder, via
addition of an excess of anti-solvents (either diethyl ether of ethyl acetate), were unsuccessful
and only led to the formation of viscous oils. The crude product can be precipitated by
removing the reaction solvent, dissolving the thick oil obtained in the minimum amount of
acetonitrile or dichloromethane, and then adding the solution dropwise to a large excess of
ethyl acetate. This is the work-up of choice for large-scale preparations, where trituration of

the oil can take a long time.

2.3.2 Infrared spectroscopy

To determine if the reaction was successful, the infrared spectrum of the crude product was
recorded and compared to the previously reported spectrum of (TBA)7[(CoWsO1gH)2][BF4]. The
results are shown in Figure 2.1. The spectra both show intense vw=0 bands at 933 cm?, which
is significantly different from that of (TBA)2[WeO1s] (vw=0 = 977 cm?). They both also show
bands at 806, 759, 699 and 666 cm™ which can be assighed to vibrations of the bridging
oxygens. The complex bridging region was originally attributed to the protonation of the
product which leads to a lower level of symmetry than would be expected for a simple
{LMWs01s}-type structure.’* These results suggest that the crude product isolated using this

degradative approach is the same as the compound previously reported.
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Figure 2.1: ATR FTIR transmittance spectra of the crude product from reaction of (TBA)2[WeO19] with TBA(OH)
and Co(NOz)2.6H20 (blue), and the previously reported (and characterised) (TBA)7[(CoWs01sH)2][BFa). (ref 14)

The main differences in the two spectra appear to be a result of the cobalt salts used in the
procedure. The previously characterised (TBA)7[(CoWsOisH).2][BF4] has a peak at 1055 cm™
(marked with a red asterisk) attributed a to B-F stretching vibration. On the other hand, the
crude product obtained from this preparation instead has a peak at 1337 cm™* (marked with a
blue asterisk). This can be attributed to the N-O stretch of NOs™. This supports the presence of
TBA(NO3) in the crude product which perhaps is not surprising given that the previously

reported cobalt dimer was not separated from one equivalent of TBA(BF4).
2.3.3 X-ray diffraction

To further confirm the formation of (TBA)s[(CoWs01sH);], the crude product was successfully
recrystallized, though in very low yields, by slow evaporation of a saturated solution of the

product in dichloromethane/toluene. The obtained structure is shown in Figure 2.2.

Six tetrabutylammonium cations are associated with the anion shown in Figure 2.2, consistent
with the formation of the doubly protonated [(Co(l)Ws01gH);]®". Further evidence for the
protonation of the cage was provided by bond valence sum (BVS) calculations, which suggest

these protons are localised on 06 (Vos = 1.41) and 025 (Vozs = 1.34), though these protons are
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Figure 2.2: Single-crystal X-ray diffraction structure of the [(CoWs01sH)2]®~ anion, showing the presence of a
hydrogen bond between 06 and 026. The atomic radii are set to the CSD covalent radii. Cations are omitted for
clarity.

somewhat delocalised across the corresponding oxygens on the other half of the dimer (i.e.
07 (Vo7 =1.49) and 026 (Vo2 = 1.46)). The protonation of 06/026 leads to a short interatomic
distance of ca. 2.55 A. This is consistent with the formation of a hydrogen bonding interacting
which leads to a bend in the dimeric unit. The localisation of a proton on 07/025 does not

lead to any further hydrogen bonding interactions.

The average Co-0 bond length, excluding the bond to the central ps-oxo, was found to be ca.
2.09 A. This is significantly longer than the average W-O distance of ca. 1.94 A. This bond
lengthening is likely a consequence of the reduced m-donation from the filled p orbitals of
oxygen to now partially filled d-orbitals of cobalt (vs. W®*, d°), as well as the reduced charge
density of cobalt(ll) versus tungsten(VI). This relatively long average Co-O bond length is paired
with a contraction of the W-O bonds that complete the Co-O-W bridges, which are
substantially shorter than the average W-O bond distance at ca. 1.84 A. This may indicate that
the lack of competition for oxygen m-electron density from cobalt leads to increased n-bonding
to tungsten in these bridges, and a concomitant shortening of these bonds. Intriguingly, the
Co-0O bonds between the halves of the dimer (i.e. Co1-023 and Co2-05) are shorter, at 2.04(1)
A and 2.02(1) A respectively, than some of the other internal (i.e. within the Lindqvist unit) Co-
O bonds. The longest Co-O bonds are actually between Co1-05, at 2.19(1) A, and Co2-023, at
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2.20(2) A. This may suggest these bonds are weaker and that any chemistry that requires

access to the cobalt centre may involve the neighbouring oxygen atoms.

No evidence of nitrate (or an additional TBA cation) was observed in the obtained X-ray
structure suggesting either that the nitrate was removed during crystallisation or that it is
highly disordered and therefore hard to observe in X-ray diffraction experiments. In order to
determine whether the nitrate was still present, the infrared spectrum of the crystalline
material was recorded. The infrared spectrum still shows a peak at 1337 cm, consistent with

the presence of nitrate.

To further prove isolation of the target compound, and assess the bulk purity, the experimental
powder X-ray diffraction pattern was obtained and compared to the simulated pattern

obtained from the single-crystal X-ray diffraction structure.

Single-crystal X-ray diffraction gives unparalleled structural insight. However, this only gives
information about the nature of the recrystallized solid (strictly just the crystal that was picked)
and not the bulk material. Given the difficulty of recrystallizing large amounts of the crude
compound, powder X-ray diffraction was used to analyse the crude material. The obtained
powder pattern is shown in Figure 2.3 compared to the simulated pattern obtained from the

diffraction data reported in reference 14.

10 15 20 25
2theta/ °

Unit Cell Obtained Refined
(TBA)7[(CoWs015H)2][NOs] Parameters | from SCXRD | from PXRD
a[A] 24.3778(3) | 24.386(4)
> MM‘\W b [A] 17.0185(2) 17.011(3)
g c[A] 18.1359(3) | 18.132(3)
"g Alpha [°] 90 90
Beta [°] 90 90
Simulated XRD Gamma [] 9 9
I I ! Volume [j_'\s] 7524.106 7521.73

Figure 2.3: PXRD pattern of the crude product obtained from the reaction of (TBA)2[WesO19] with TBA(OH), and

Co(NO3)2.6H20

compared to the simulated

pattern

obtained

from SCXRD

experiments on

(TBA)7[(CoWs01gH)2][BF4]. The unit cell parameters obtained from refinement of the experimental PXRD pattern
and the SCXRD pattern are also shown.
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An initial visual inspection shows that the two patterns match up well, with no obvious
additional peaks observed in the experimental powder pattern that may be attributed to
impurity. A Rietveld refinement was performed on the obtained powder pattern to obtain the
unit cell parameters. These are shown in Figure 2.3 with a comparison with those obtained
from SCXRD. The values are in good agreement, which indicates that the structure of the bulk
material and the recrystallized solid are likely to be the same. The fact that the crystal structure
used to simulate the powder pattern in Figure 2.3 incorporates one equivalent of TBA(BF4)
further supports the presence of one equivalent of TBA(NOs3) in samples prepared from
Co(NO3)2.6H,0, and that the nature of the tetrabutylammonium salt present does not have a

large impact on the structure.

2.4 Attempts to remove TBA(X)

Initial attempts to synthesise (TBA)s[(CoWs01sH)2] appear to suggest that removal of the
TBA(X) by-product is difficult and the salt will still be present even after recrystallization. For
most applications this will not be an issue as the synthesis is robust in terms of the CoX; salt
used and therefore it can be modified to produce a (TBA);[(CoWs01sH)2][X] salt in which X~ is
inert in the context of the desired application. However, this is not ideal. For example,
heterometal containing POMs have been shown to be active catalysts for the production of
cyclic carbonates from epoxides and CO; but simple tetrabutylammonium salts are also known
to enhance reactivity.!” This could be viewed as advantageous as our compound contains both
a catalyst and co-catalyst for this process. However, understanding the catalytic activity will be
difficult without the ability to separate the two. This section will explore various options to

attempt to remove/avoid contamination of (TBA)s[(CoWs01sH),] with TBA(X).

2.4.1 Trituration/scratching

Simple tetrabutylammonium salts are soluble in a range of organic solvents such as
dichloromethane, alcohols and toluene.’®° Therefore, if a suitable solvent can be found that
dissolves simple TBA salts, like TBA(NOs), but does not dissolve the target POM (i.e.
(TBA)s[(CoWs01gH)2]) then it should be possible to separate the TBA(X) by-product from the

target compound simply by trituration.

In order to explore this, the solubility of the crude product from reaction of (TBA)2[WsO19] with
TBA(OH) and Co(NOs)2.6H,0, outlined in Section 2.3.1, was first tested in a range of organic
solvents including toluene, dimethoxyethane, 1,4-dioxane, tetrahydrofuran and ethyl acetate.

(TBA)s[(CoWs0O1sH)2] was found to be insoluble in all of these solvents and therefore trituration
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with these solvents, followed by diethyl ether to remove residual solvent, was attempted. The
product, after drying under vacuum, was then analysed by infrared spectroscopy to check for
the presence of tetrabutylammonium nitrate as evidenced by the characteristic peak at 1337
cm. Unfortunately, nitrate was still present after trituration with organic solvents. Given that
some of these solvents are known to dissolve TBA(NOs), it is clear that removal of this by-

product is not simple and that it is “sticking” to the product.

2.4.2 Starting with Co(OMe);

An ideal strategy to avoid contamination of (TBA)s[(CoWs01sH)2] with TBA(X) would be to
modify the procedure in such a way that reaction does not lead to the formation of TBA(X)
salts. This can be achieved by using a cobalt based starting material (CoXz) in which the
cobalt(ll) ion can be separated from X by protonolysis rather than salt metathesis, thereby
giving HX as a by-product, as opposed to TBA(X). One such starting material is Co(OMe)s.
Theoretically, reaction of Co(OMe); with a “virtual” lacunary species which was protonated
would allow for the reaction to proceed with the formation of MeOH as the only by-product,

as shown in Equations 2.10-2.12.

5 (TBA),[W40;0] + 8 TBA(OH) + 5 H,0 -> 6 "(TBA),[W50;5Hs]" (2.10)

2 "(TBA),[W50;5H;]" + 2 Co(OMe), > (TBA)[(CoWs0yH), | + 4 MeOH (2.11)
OR

"(TBA),[Ws015H;]" + Co(OMe), > (TBA),[(MeOH)CoWs0;5H] + MeOH (2.12)

This reaction was attempted by suspending (TBA)2[WeO19] in acetonitrile and reacting it with
the appropriate amount of TBA(OH) and water to give a homogenous solution of
“(TBA)3[Ws01sH3]”. This was then added to a suspension of Co(OMe); in acetonitrile. The
resulting suspension was stirred at room temperature for three hours and then at 70 °C
overnight with no real change. The lack of solubility of Co(OMe), (which has a polymeric
structure) in organic solvents appears to prevent it from interacting with the basic degradation
mixture. Further heating at reflux led to the formation of a cloudy black/brown solution
however, isolation of products from this mixture proved difficult. Preliminary characterisation
of the species obtained using infrared spectroscopy showed the presence of bands at 932-935
cml, consistent with the terminal W=0 stretch of (TBA)s[(CoWs01sH)2], though these were
often lower intensity and accompanied by numerous additional bands when compared to

previous spectra of (TBA)7[(CoWs01sH)2][X]. These results suggest that reaction of the “virtual”
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lacunary precursor with Co(OMe), in acetonitrile does not offer an efficient path to

(TBA)s[(CoWs01sH)2].

2.4.3 Starting with {Co[N(SiMe3).]2}>

An alternative approach is to use cobalt bis(bis(trimethylsilyl)amide). This strategy also
attempts to exploit the presence of groups that will undergo protonolysis, giving only neutral
by-products (in this case hexamethyldisilazane) as shown in Equations 2.13-2.15. The
advantage of this approach over the previous method using Co(OMe); is the increased
solubility of cobalt bis(bis(trimethylsilyllamide) in organic solvents compared with Co(OMe)3,

which should hopefully overcome the issues previously seen.

5 (TBA),[Wg0;9] + 8 TBA(OH) + 5 H,0 > 6 "(TBA),[W50,5H;]" (2.13)
2 "(TBA),[W504gH3]" + {Co[N(SiMes), ], }, >
(TBA),[(COW504gH), | + 4 HN(SiMe3), (2.14)
OR

2 "(TBA),[W504gH3]" + {Co[N(SiMes), ], }, >
2 (TBA), [{(Me3Si),NH}CoW;0;5H), | + 2 HN(SiMes), (2.15)

Firstly, (TBA)2[Ws019] was suspended in acetonitrile and reacted with TBA(OH) and water to

I”

target the “virtual” precursor. This was then transferred via cannula onto the solid
{Co[N(SiMes)2]2}2. This led to the formation of a black/purple solution that slowly turned red
overtime. A small amount of solid was removed by filtration. After removal of solvent and
trituration with ethyl acetate/diethyl ether, a red solid was obtained. The infrared spectrum of

this solid was recorded and is shown in Figure 2.4.

The spectrum is similar to that of the dimeric product shown in Figure 2.1. Peaks at 934, 802,
760, 677 and 601 cm™ are very close to those previously observed and therefore very much

indicative of the successful incorporation of cobalt into the Lindqvist unit.

However, there are some additional peaks, most notably at 1036 (a peak is previously seen
here but it is much less intense) and 1250 cm™. Both of these stretches are in regions
characteristic for trimethylsilyl (TMS) groups. Though not shown in Figure 2.4, there are no
peaks in the 3000-3500 cm™ region. The lack of any N-H stretches means that the presence of
TMS stretches in the infrared spectrum cannot be assigned to the presence of
bis(trimethylsilyl)lamine (the expected by-product of this reaction). It therefore may suggest

binding of a TMS group to the POM cluster. This could happen either at a bridging oxygen
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Figure 2.4: ATR FTIR transmittance spectrum of the crude product obtained from the reaction of (TBA)2[WsO19]
with TBA(OH), and {Co[N(SiMe3s)2]2}.

position (with the TMS group acting as a proton mimic) or at the cobalt centre (mostly likely
as part of a Co-N(TMS); or Co-O(TMS) unit). The red colour of the reaction product (which is

sensitive to the co-ordination environment at cobalt) may be evidence of the latter.

In order to gain precise structural information about the nature of the product, attempts were
made to crystallise the compound. This was done by slow diffusion of diethyl ether into a
saturated solution of the compound in acetonitrile. However, during the attempted
recrystallization, a series of colour changes were noted. The solution first changed from red to
purple. This may be consistent with loss of a ligand at the cobalt centre and reformation of the
dimeric unit. Soon after, the solution changed from purple to green. This is indicative of
oxidation of the cobalt from Co(ll) to Co(lll). Unfortunately, single crystals could not be isolated
from this solution and therefore the exact nature of the reactivity present could not be

confirmed.

Overall, it appears that use of cobalt bis(bis(trimethylsilyl)Jamide) as the source of cobalt for
the synthesis of (TBA)s[(CoWs01gH)2] provides a pathway to the crude product without the
presence of additional TBA(X) by-products. However, the colour of the sample, the infrared
spectrum, and the observations during recrystallization all provide evidence that the silyl
amide ligands are not innocent, both appearing to change the nature of the crude product and
causing additional reactivity during recrystallization. When these factors are considered in

combination with the fact that cobalt bis(bis(trimethylsilyl)Jamide) has to be independently
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synthesised (and has to be very carefully handled to avoid decomposition), it seems this
approach is arguably more problematic than the original approaches using simple cobalt salts.
Therefore, further characterisation of the products of this reaction or refinement of this

method was not pursued.

2.5 Isolation of (TBA)s3[(Py)CoWs01sH]

Our group have previously shown that (TBA)7[(CoWs01gH)2][BF4] will react with pyridine to
form the monomeric adduct (TBA)s[(pyridine)CoWs01sH].** Given the difficulty in obtaining
the dimeric (TBA)s[(CoWs01sH)2] without additional TBA(X) impurity, it was postulated that
isolation of the pyridine adduct may allow for removal of the additional salt. This could then
act as a well-defined, compositionally pure, starting point for reactivity studies assuming the

pyridine is sufficiently labile to allow further reactivity at the cobalt centre.

2.5.1 Synthesis and characterisation

In order to synthesise the pyridine adduct, crude (TBA)7[(CoWs01sH)2][NOs] (synthesised using
methods discussed in Section 2.3.1) was dissolved in pyridine. This led to an immediate colour
change from dark blue/purple to dark pink, presumably associated with the cleaving of the
dimeric unit and formation of the pyridine adduct (TBA)s3[(Py)CoWsOi1sH]. The product was
precipitated from solution as a free-flowing pink powder by the addition of excess ethyl
acetate. The mixture was then filtered and the solid was washed with diethyl ether before

drying under vacuum.

The infrared spectrum obtained is shown below in Figure 2.5. The spectrum is similar to that
of (TBA)7[(CoWs01gH)2][NOs]. The major differences are the presence of a low intensity peak
at 1600 cm™, due to the bound pyridine ligand, and the lack of a peak at 606 cm™, which is
attributed to the Co0.0, core of the dimeric anion.}* These differences are in-line with

successful formation of (TBA)3[(Py)CoWsOisH].

The infrared spectrum of crude, dimeric, (TBA)7[(CoWs01sH)2][NOs] contains an intense peak
at 1337 cm (Figure 2.1). The spectrum of the pyridine adduct shown in Figure 2.5 contains a
much smaller peak at 1341 cm™. This may either indicate that most of the TBA(NOs) has been
removed but there is a small amount still present or, that removal of all the TBA(NOs) allows
visualisation of a new peak that was hidden by the intense nitrate band. To verify this, a control
experiment in which the cobalt containing Lindqvist-type dimer was synthesised from CoCly,
was carried out. The infrared spectrum of the crude product obtained by applying the

methodology from Section 2.3.1 with CoCl; instead of Co(NO3s),.6H,0 was almost identical to
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Figure 2.5: ATR FTIR transmittance spectrum of the crude product obtained from the reaction of
(TBA)7[(CoWs01gH)2] with pyridine.

that shown in Figure 2.1 however, it lacks any peaks in the 1335-1350 cmregion. This suggests
that both the sharp peak at 1337 cm™ and the smaller peak at 1341 cm™ are caused by nitrate

(pyridine is not expected to give any major peaks in this region).

Our group previously reported the X-ray structure of (TBA)s[(Py)CoWs01sH]. The crude product
was recrystallized by slow evaporation of a concentrated solution of the product in
dichloromethane under a stream of nitrogen. This led to high quality crystals, but the yield is
presumed to be low as it was not reported. In this work, it was found that the pyridine adduct
can be efficiently recrystallized in high yields directly from cooled solutions of the compound
in pyridine, saturated via the addition of diethyl ether. This not only led to a higher quantity of
the recrystallized compound but also gave crystals suitable for single-crystal X-ray diffraction.
The structure obtained is shown in Figure 2.6 along with the infrared spectrum of the obtained

crystals.

The X-ray structure showed the presence of three tetrabutylammonium cations per Lindgvist
unit, which is consistent with mono protonation of the cage. This proton was located from a
peak in the Fourier difference map and was found to be localised on O2. This was further
supported using BVS calculations (Vo2 = 1.10). Interestingly, the crystal lattice was found to

contain one water molecule closely associated with each [(Py)CoWs01sH]?>~ anion. The water
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Figure 2.6: X-ray structure of (TBA)s[(Py)CoWs01sH].H20 showing the shortest distances between the hydrogen
atoms of the associated water molecule and the oxygens of the cage. The infrared spectrum of the same sample
is also given.

molecule shows hydrogen-bonding interactions between both its protons and two oxygens of
the POM cage, with interatomic distances of ca. 2.04 A and ca. 2.24 A respectively. The fact
that the water appears to preferentially interact with W-O-Co bridging oxygens indicates the
high basicity of these oxygen atoms (seemingly the most basic in the cluster). This is important
in the context of water oxidation catalysis as it shows the ability of the basic oxygens adjacent
to the cobalt centre to guide water molecules close to the active metal centre. This leaves the

water molecule poised for transformation.

The infrared spectrum of the obtained crystals is almost identical to that of the crude product.
In particular, there is still a small peak at 1341 cm™ perhaps indicating the presence of some
TBA(NO3) after recrystallization. It should be noted though that no nitrate was located in X-ray
diffraction analysis. Accurate elemental analysis is currently being performed in collaboration
with Professor Masahiro Sadakane at Hiroshima University but the data are not yet available

to be presented here.

Given the spontaneous formation of (TBA)3;[(Py)CoWs01sH] from (TBA)7[(CoWs01gH)2][NOs] in
pyridine, it follows that performing the degradation of (TBA)2[WeO19] with TBA(OH) in pyridine,
followed by treatment with Co(NOs),.6H,0 should allow for direct synthesis of
(TBA)3[(Py)CoWs01sH], as shown in Equations 2.16 and 2.17.

5 (TBA),[Wg0;] + 20 TBA(OH) > 6 "(TBA) [W5045H]" + 7 H,0 (2.16)
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"(TBA)[W504gH]" + Co(NOs),.6H,0 - (TBA),[(Py)CoWs0,gH] + 2 TBA(NO;) (2.17)

To verify this, (TBA)2[We019] was suspended in pyridine. A solution of TBA(OH) in pyridine was
slowly added which very quickly led to complete dissolution of the starting material and
formation of a pale red/brown solution. To this solution, solid Co(NOs3),.6H,0 was added. This
quickly dissolved and led to the formation of a dark pink solution, consistent with the
formation of (TBA)3[(Py)CoWs01gH]. The product can be directly precipitated from solution by
addition of an excess of ethyl acetate, giving a free-flowing pink powder. This is a lot simpler
than the trituration process (or precipitation by dropwise addition of a saturated solution of
the product in dichloromethane or acetonitrile to an excess of ethyl acetate) required to obtain
a free-flowing powder of (TBA)7[(CoWs0O1sH)2][NOs]. After drying under vacuum, the infrared
spectrum of the crude product was obtained, and it was found to be identical to that shown
in Figure 2.5. As before, the crude product can be recrystallized from saturated pyridine
solutions after cooling to -30 °C. This confirms that performing the degradation and
reassembly steps in the presence of a strong ligand can be used to directly access monomeric

adducts of [CoWs01sH]>".

2.5.2 Reformation of the dimer

Direct synthesis of (TBA)s;[(Py)CoWs01sH] is useful as it allows us to minimise the issues in
removal of TBA(NOs) from (TBA);[(CoWs01sH)2][NOs]. However, if the pyridine ligand is not
sufficiently labile, then it will prevent further reactivity at the cobalt centre. This may give
opportunities for interesting chemistry if functionalised N-heterocycles can be bound to the
POM but it will ultimately limit the opportunities to explore further reactivity at the cobalt
centre. It was therefore important to determine whether the pyridine ligand can be removed
and, in the absence of any other potential donors, dimeric (TBA)s[(CoWs01sH),] can be

reformed.

Observations obtained during the synthesis suggest that the pyridine ligand of
(TBA)s[(Py)CoWs01gH] is stable with respect to removal after prolonged periods under vacuum
at relatively low temperatures (50 °C and below). Placing samples of (TBA)s[(Py)CoWs01sH]
under vacuum at 130 °C led to a gradual colour change from pink to blue over the course of a
few hours. This is consistent with the removal of the pyridine ligand and formation of the
dimeric species. This result is promising and suggests that thermal treatment of the adduct
under vacuum is enough to remove the pyridine ligand. However, the rate of heat transfer is

limited when heating the neat solid and therefore long periods of heating are required to
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ensure complete removal of the ligand. This problem is also likely to be exacerbated when

scaling up.

To simplify this procedure and eliminate these issues, an alternative approach was developed.
It was found that suspending (TBA)3[(Py)CoWsOisH] in boiling toluene leads to the same colour
change of dark pink to blue but after only 15 minutes of heating. The stirring can then be
stopped, and the toluene solution can be decanted (this was repeated at least once with fresh
toluene to ensure complete removal of the pyridine). The blue powder was then washed with

ethyl acetate and diethyl ether.

After drying under vacuum, the infrared spectrum was recorded and is shown in Figure 2.7
(red) with a comparison to the crude (TBA);[(CoWs01gH)2][NOs] (blue) obtained using the
methods outlined in Section 2.3.1 and crude (TBA)3[(Py)CoWsOisH] (pink). Analysis of the
spectrum shows the successful removal of the pyridine, evidenced by the absence of a peak
at 1601 cm™. The reappearance of a peak at around 601 cm™ is consistent with the formation
of the Co,0; core unit, indicating reformation of the dimer, which is in line with the visual
observations during the experiment. Compared to the crude dimer (blue), which contains an
intense stretch at 1337 cm™ due to the presence of nitrate impurity, there is only now a small

stretch at 1346 cm™ in this region for the product (red). This may still indicate the presence of
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Figure 2.7: ATR FTIR trnasmittance spectrum of the product obtained after refluxing (TBA)3[(Py)CoWs01sH] in
toluene (red). The spectra of crude dimeric (TBA)7[(CoWs018H)2][NOs] (blue) and (TBA)s[(Py)CoWs01sH] (pink)
are also shown.
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some TBA(NO3) in the product, but not to the same degree as in the crude material. Therefore,
formation of the pyridine adduct followed by removal of the ligand and reformation of the
dimer could act as a method of purification for the crude material. This is very useful as

(TBA)s[(CoWs018H)2] is not easily recrystallized on a large scale.

Interestingly, the terminal W=0 stretching frequency is shifted slightly, appearing at 938 cm?
after heating in toluene as opposed to 933 cm™ in both crude samples of the dimer and
pyridine adduct. Typically, changes in this stretch are associated with changes in the charge of
the cluster. Given how similar the infrared spectra of the crude dimer (blue) and the compound
obtained after heating in toluene (red) are, it is unlikely that there is any major structural
change to the cluster, however the change in the terminal W=0 oxygen stretching frequency
may be indicative of a change in the protonation state of the cluster. If formation of the
pyridine adduct followed by reformation of the dimer was to be applied as a method of
purification for this compound, then further characterisation is required to determine the

exact nature of the product after heating in toluene.

2.6 Forming other adducts of [CoOWs5013H]3"

The ease by which (TBA);[(CoWs01sH)2][NOs] is converted to its monomeric pyridine adduct is
encouraging in the context of producing heterometal containing POMs decorated with highly
functionalised organic fragments. This may allow pairing of the unique reactivity of the cobalt

containing cluster with further functionality for designer reactivity.

To explore the tolerance of this chemistry to donors with different steric profiles and functional
groups, (TBA);[(CoWs01gH)2] was treated with a series of substrates containing a N-
heterocycle, i.e. quinoline (which is more sterically demanding than pyridine), 4-
aminopyridine (which has a free —NH;), and 4,4’-bipyridine (which contains two N donor
atoms). This was done either by directly dissolving the crude cobalt containing dimer in the
donor molecule (in the case of quinoline) or by adding the donor molecule to a saturated
dichloromethane solution of the dimer (an excess of 4-aminopyrdine was used but the
reaction with 4,4’-bipyridine was done at 1.5:1 L:POM). Successful reaction typically resulted
in a colour change, which was dependent on the ligand present. The crude products could be
precipitated from solution by the addition of an excess of ethyl acetate. The solids were then
washed with diethyl ether and dried under vacuum before the infrared spectrum was
recorded. The resulting spectra are shown in Figure 2.8 with a comparison to crude

(TBA)7[(CoWs018H)2][NO3].
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Figure 2.8: ATR FTIR transmittance spectrum of the crude product obtained from the reaction of
(TBA)7[(CoWs01sH)2] with an excess of quinoline (red), 4-aminopyridine (pink), and 4,4’-bipyridine (orange).

The infrared spectra of the adducts contain a small peak around 1600 cm™ which can be
attributed to a C=N stretch of the bound ligand. In some cases, there is also a broader peak at
a slightly higher wavenumber (approximately 1660 cm™) that is likely caused by the same
stretch in the free ligand. This implies that in some cases more thorough washing steps should
added (for example washing with toluene) to ensure complete removal of the free ligands. The
terminal W=0 stretch, observed at 933 cm™ in the crude dimer, is relatively unchanged after
reaction with all of the N-donor molecules. This indicates that the charge on the cluster, and
therefore the protonation state, is unchanged, meaning none of the ligands are basic enough
to deprotonate the cage. Simplification of the bridging region, with the loss of peaks at 699
and 605 cm™ compared to the dimer, may provide further support for the formation of N-

bound clusters.
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In order to further establish the nature of the adducts, single crystals of the respective adducts
were grown and were analysed by single-crystal X-ray diffraction. These were grown either by
vapour diffusion of diethyl ether into a saturated solution of the dimer dissolved in the ligand
(for quinoline) or vapour diffusion of the same solvent into saturated solutions of the dimer in

acetonitrile, in the presence of the ligand.

The obtained X-ray structures are shown in Figure 2.9 and 2.10. The structures of
(TBA)3[(Quin)CoWs0i1sH] and (TBA)s[(AminoPy)CoWs01sH] (both shown in Figure 2.9) are very
similar to that of (TBA)s[(Py)CoWs01sH]. As for the pyridine adduct, they both feature a
localised proton, present on one of the Co-O-W bridges. BVS analysis shows that this proton is
localised on 02 (Vo = 1.05) for (TBA)s3[(Quin)CoWs01gH] and O3 (Vos = 0.97) for
(TBA)s[(AminoPy)CoWs04gH]. The bond lengths are very similar for all the adducts shown. The
structure formed when (TBA)7[(CoWs01sH)2][NOs] is reacted with an slight excess of 4,4’-
bipyrdine is shown in Figure 2.10. It can be seen that the 4,4’-bipyridine has reacted in a 1:1
fashion, bridging between the two cobalt atoms. This could be considered an insertion of 4,4’-
bipyridine into the [(CoWs01sH),]®~ dimer. The torsion angle between the two aromatic rings
of the 4,4’-bipyridine is ca. 41.5 ° which suggests the two halves of the compound are
electronically separated (i.e. the m-system does not connect between the two halves of the

dimer). Again, the bonding within the POM cage is relatively unchanged, with the average

Figure 2.9: Single-crystal X-ray diffraction structures of the (TBA)s[(Quin)CoWs0gH] and
(TBA)3[(AminoPy)CoWs01sH]. The atomic radii are set to the CSD covalent radii. Cations are omitted for clarity.
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Figure 2.10: Single-crystal X-ray diffraction structure of (TBA)s[(4,4’-Bipy)(CoWs01sH)2]. The atomic radii are set
to the CSD covalent radii. Cations are omitted for clarity.

bond lengths in line with the other adducts characterised. BVS analysis suggests localisation of
protons primarily on O3 (Vo3 = 1.34) and 022 (Vo2 = 1.05). This analysis also suggests that

cobalt remains in the 2+ oxidation state throughout these experiments.

A number of other nitrogen donor ligands were also tested for their ability to form adducts
with [CoWs01sH]*". These include 2,6-lutidine, 4-hydroxypyridine, triethylamine, tert-
butylamine, piperidine and ammonia. Generally, reactions with these compounds yielded no
colour change on addition of the ligand, perhaps indicating a lack of interaction with the cobalt
centre. Furthermore, addition of excess ethyl acetate failed to precipitate the products as a
powder and instead yielded thick oils. The reaction with ammonia did appear to give an initial
colour change to red/purple, however this faded over time. The exact reason these ligands

failed to efficiently form adducts is still unclear.

In order to determine whether the formation of adducts of [CoWsO1sH]?>™ is possible with
anything other than nitrogen donors, attempts were made to isolate an alcohol adduct. Upon
dissolving crude (TBA)7[(CoWs01gH)2][NOs] (which is dark blue/purple) in methanol or ethanol,
a red/purple solution is formed along with some colourless solid. The mixture was filtered to

separate the solid, which was found to be (TBA)2[WsO19] (by infrared spectroscopy).

Attempts to precipitate alcohol adducts directly from solutions by adding an excess of ethyl
acetate or diethyl ether failed, usually giving oils or diluted solutions. When these solutions
(i.e. alcohol + anti-solvent) were allowed to evaporate, the solutions slowly turned dark purple
and some amorphous solid formed. Infrared spectroscopy performed on this solid showed the

characteristic spectrum of the cobalt containing dimer. However, when solutions of the dimer
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in only ethanol were allowed evaporate at room temperature, a small crop of red crystals
formed over a couple of weeks. Analysis of these crystals by single-crystal X-ray diffraction gave

the structure shown in Figure 2.11.

The crystal structure clearly showed the formation of an ethanol adduct with the formula
(TBA)3[(EtOH)CoWs01gH]. There are also two other molecules of ethanol close to the cage
which seem to form a localised hydrogen bonded network which also incorporates one of the
oxygen atoms of the POM cage (02). These additional ethanol molecules (containing 020 and
021) are only 50% occupied. This may imply the presence of only a single additional solvent
molecule at any one time, or gradual loss of solvent from the crystals. Given the independent
molecules appear to arrange well, with O-O distances of ca. 2.6-2.7 A, into a chain of hydrogen
bonded solvent molecules, solvent loss from the crystals after removal from the mother liquor

appears likely.

The terminal Co-O(H)-Et bond is 2.107(12) A, which is very similar to the N-bound adducts
previously synthesised, which have an average Co-N bond length of ca. 2.07 A. However, there

is a significant deviation in the average Co-O bond length compared to the other adducts

Figure 2.11: Single-crystal X-ray diffraction structure of (TBA)s[(EtOH)CoWs01sH]. Two EtOH solvent molecules
are shown but only have approx. 0.5 occupancy. The atomic radii are set to the CSD covalent radii. Cations are
omitted for clarity.
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present. In (TBA)s[(EtOH)CoWs01gH], the average Co-O bond length is ca. 1.95 A (not including
the bond to the central ps-oxo), whereas in the other adducts the average bond length is ca.
2.08 A (average of ca. 2.09 A for the dimer). The sizeable contraction in the Co-O bond length
may be a result of a relatively weak interaction between cobalt and ethanol compared to the
corresponding interactions in the other adducts (and dimer). This can be rationalised in terms

of the decreased basicity of ethanol compared to the N-heterocycles.

The apparent reformation of the dimer when the ethanol solution is evaporated in the
presence of an anti-solvent or when placed under vacuum, appears to support this hypothesis.
This weak bonding interaction could be “compensated for” by an increase in m-donation from

the oxygens in the Co-O-W bridges to the cobalt centre (causing the decrease in bond length).

Bond valence sum (BVS) analysis of the cluster implies delocalisation of the proton across all
four Co-O-W bridges (Vo2 = 1.51, Vos = 1.61, Vos = 1.69, and Vos = 1.64), which different to the
other adducts, where the proton appears to be localised in a single position. This delocalisation
could be promoted by the formation of hydrogen bonding interactions with residual solvent
(some of which may have been lost during X-ray analysis) which provides a low energy pathway

for proton migration.

Attempts to crystallise the corresponding methanol adduct have been unsuccessful so far and
iso-propanol/tert-butanol appear to be unreactive (and the dimer does not dissolve in these

solvents).

2.7 Cation exchange experiments

All the reactions targeting cobalt containing Lindqvist-type POMs discussed so far have utilized
tetrabutylammonium cations to allow dissolution of the reactants and products in polar
organic solvents. The main reason for this is that the Lindqvist structure exists primarily in non-
aqueous solution and therefore it is rational, when attempting to isolate functionalised

derivatives, to stay in a non-aqueous environment.

However, after successfully accessing (TBA)7[(CoWs01sH)2][NOs] using the methods outlined
in Section 2.3.1, we were interested to know whether the solubility can be altered by moving
away from tetrabutylammonium (for example to other quaternary ammonium cations or alkali
metal cations), and whether the structure is retained in agueous solution. In order to probe
this, a number of cation exchange experiments were explored and some of the products were

characterised using single-crystal X-ray diffraction.
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2.7.1 Ammonium cations

Reducing the chain length of a quaternary ammonium cation will result in reduced solubility
of salts of that cation in organic solvents but will lead to increased solubility in aqueous media.
When a methanol solution of (TBA)7[(CoWsOi1sH)2][NOs3] was treated with an excess of
ammonium chloride (NH4Cl added as a methanol solution), a blue precipitate rapidly formed.
This precipitate was separated from the solution by centrifugation and washed with large

amounts of acetonitrile and methanol to remove any remaining tetrabutylammonium salts.

Attempts to dissolve the resulting compound in water led to partial dissolution and formation
of a blue solution. Heating the solution allows for complete dissolution of the compound and
caused the solution to turn pink. Allowing the solution to cool slowly led to the formation of
pink crystals. Analysis of these crystals by X-ray diffraction gave the structure shown in Figure

2.12.

It seems that cation exchange and dissolution in water leads to huge structural changes in the
compound. There is a conversion of the cobalt containing Lindqvist unit to paratungstate B (i.e.
[H2W12040]1%") and the cobalt centres are no longer part of the POM framework, they instead
bridge between POM units. There are four cobalt ions per POM (one of the Co centres in Figure
2.12 is disordered over two positions) suggesting a tentative formulation of

H2Co0a4[H2W1204,].26.4H,0 (the number of waters based on the number of oxygens located in

Figure 2.12: Single-crystal X-ray diffraction structure of H2Co4[H2W12042].26.4H20. Unbound/disordered solvent
molecules are omitted for clarity. Co?* shown in pink. One of the Co?* centres is disordered over two positions.
The atomic radii are set to the CSD covalent radii.

44



the structure). Protons are required to balance the charge, as there appear to be no
ammonium cations present in the structure, though neither the protons known to sit inside
the {W12042} unit or the suggested counter ions have been located. Some of the cobalt centres
form bridges between POM units creating 2D layers. The inner co-ordination spheres of the
cobalt centres are completed by water ligands. Similar structures to this are present in the
literature but are prepared via agueous methods and tend to incorporate additional alkali

metal cations.20:21

It is likely that the process of dissolving (and heating) in water led to the formation of free
cobalt ions and the isopolytungstate species [H2W12042]'°~ (and potentially others). The nature
of the crystalline solid analysed suggests that as the mixture is cooled, the species that
crystallises most readily utilises cobaltions as the primary cation (perhaps indicating a lower
solubility than ammonium salts of [H2W12042]'%). This leads to a higher cobalt to tungsten
ratio in the product (1:3) than in the starting material (1:5), meaning the reaction solution still

contains POM species, likely present as ammonium or mixed ammonium/Co?* salts.

2.7.2 Sodium cations

Reactions with ammonium chloride appear to show the lability of the Lindqvist structure
either during the process of cation exchange or after dissolution in water. However, one factor
to consider is that ammonium cations do also provide access to protons. These protons can
facilitate hydrolysis and condensation processes that can, in turn, drive the rearrangement of
POM structures. To further investigate the stability of the cobalt substituted Lindqvist-type
structure, a cation exchange experiment which avoids the presence of potentially labile

protons was investigated.

Instead, (TBA)7[(CoWs01sH)2][NOs] was dissolved in acetonitrile and treated with an excess of
NaOTf (as a saturated acetonitrile solution). Again, a blue precipitate forms immediately which
can be separated from the reaction mixture by centrifugation. The product was then washed
with acetonitrile to remove any tetrabutylammonium salts and dried under vacuum. The solid
was then re-dissolved in DMSO (with a few drops of water) with gentle heating to form a dark
blue solution. This solution was used as the stock solution in a series of nanodrop
encapsulation crystallisation experiments performed by Alexandra Longcake (Indicatrix
Crystallography). These experiments involve encapsulation of a droplet of the stock solution
containing the compound within an oil droplet. This allows for a controlled rate of solvent loss,

helping to promote the formation of crystals (typical experiments will probe a range of
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Figure 2.13: Single-crystal X-ray diffraction structure of a {(DMS0)aCoW?7024}-type structure. Sodium cations and
disorder in the DMSO ligands has been omitted for clarity. Co (pink), S (yellow) and C (black). The atomic radii
are set to the CSD covalent radii.

solvent/oil combinations). Specific experimental details are given in Section 2.10.16. Crystals

were obtained using this method and the structure is shown in Figure 2.13.

The structure consists of a paratungstate A (i.e. [W7026]%7) unit with a cobalt ion bound to the
surface via two Co-O-W bridges. The co-ordination sphere of the cobalt ion is then filled by
four DMSO molecules. There are then a number of sodium counter cations occupying space in
between the POM units, though there was considerable disorder and therefore attempts to

determine the exact formula/stoichiometry were not made.

The obtained structure suggests that, even when water is not the primary solvent and proton
sources are avoided for both the cation exchange step and recrystallization step, the cobalt
containing Lindqvist-type POM is still labile, with the respect to loss of the cobalt centre from

the POM framework and rearrangement, when the cations are changed.

Interestingly, when the amount of water (and temperature) is changed, another structure can
be isolated. Dissolving the crude solid obtained after cation exchange in a mixture of hot
water/DMSO leads to the formation of a pink solution. Allowing the solution to cool to room
temperature and stand for 2 days gave a crop of pink crystals. Analysis of the crystals by single-

crystal X-ray diffraction gave the structure shown in Figure 2.14.
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Figure 2.14: Single-crystal X-ray diffraction structure obtained when the crude product from the reaction of
(TBA)7[(CoWs018H)2][NO3] with excess NaOTf is recrystallized from hot water/DMSO. Additional solvent
molecules are omitted for clarity. Co?* shown in pink and Na* in yellow. The atomic radii are set to the CSD
covalent radii.

The obtained structure is very similar to that shown in Figure 2.12, containing paratungstate
B units bridged by [Co(H20)4]?* ions. The cobalt centres bridge the POM units both within each
layer and between layers, creating a 3D network of interconnected POMs. As well as cobalt
ions, there are a significant number of water-solvated sodium ions occupying the cavities
between the POM units. Again, there is a significant amount of disorder and therefore

attempts to determine the exact number of sodium cations per POM have not been made.

The significant difference in the structures of the materials obtained when changing the
method of recrystallization shows the sensitivity of the compound to the solvent conditions
used. The fact that the Lindqvist structure is lost in all cases, however, shows how labile the
structure is when the cations are exchanged and/or when the compound is exposed to even
small quantities of water. This may be beneficial in some cases whereby these low energy

pathways can be utilised to make interesting solid-state materials.

2.8 Conclusion
An efficient pathway for the synthesis of (TBA)7[(CoWsOi1sH)2][NOs] directly from
(TBA)2[We019] has been developed. This involves treatment of the parent hexametalate with

four equivalents of TBA(OH) to target a virtual “(TBA)s[W501sH]” lacunary species in-situ. The
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mixture can then be directly treated with simple cobalt salts (like Co(NO3),.6H,0) to generate
the dimeric [(CoWsO1gH)2]®~ Lindqvist-type POM. The crude product of this reaction is
contaminated with the tetrabutylammonium salt that is produced as a by-product in the

reaction.

Given preparative scale recrystallization of the product has proved difficult, a number of
alternative methods for removal of the excess TBA salt have been explored, including
trituration of the crude product and the use of alternative cobalt sources. However, the most
effective method for removal of the impurity involved the formation of a monomeric pyridine
adduct. This adduct is simple to synthesise and purify when compared to the dimer.
Spectroscopic analysis of the isolated adduct shows that the majority of the TBA salt impurity
is lost during the reaction. Heating the adduct in toluene allows for removal of the pyridine
ligand and reformation of the dimeric POM. Therefore, conversion of crude dimer to the
corresponding pyridine adduct, followed by reformation of the dimer can provide an effective
method of purification. This process can be made even more efficient by directly synthesising
the pyridine adduct from (TBA)2[WesO19] by performing the initial synthesis in pyridine instead

of acetonitrile.

Preliminary investigations into the formation of other adducts of [CoWs01sH]?>~ showed that
more complex N-heterocycles can also efficiently form adducts. Aliphatic amines were
generally found to be unreactive. Reactions with alcohols appear to illustrate the formation of
labile adducts in which the ligand is lost very easily and that sterics may be important, with

iso-propanol and tert-butanol giving no indication of adduct formation.

Cation exchange experiments have begun to indicate that the substituted Lindgvist dimer is
very susceptible to rearrangement when the tetrabutylammonium cations are replaced.
Evidence of rearrangement to multiple structures depending on the cation and solvents used

has been obtained.

2.9 Future work

The synthetic methods described in this chapter represent a very efficient route to the
[(CoWs01gH)>]®~ anion. However, more detailed characterisation, in the form of elemental
analysis and inductively coupled plasma optical emission spectroscopy (ICP-OES), is required
to verify the purity of crude samples of the dimeric product obtained from reactions of
(TBA)2[We019] with TBA(OH), and Co(NOs3)2.6H20. This should then be compared to the purity

of samples obtained after formation of the corresponding pyridine adduct and reformation of
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the dimer to give a clearer idea of how effective this method of purification is. This will give a
solid basis for further reactivity studies as an exact appreciation of the nature of the starting

material is required for any fundamental reactivity study.

Further efforts are also required to understand the key factors underpinning adduct formation.
Several aliphatic amines, triphenylphosphine, and other neutral oxygen donors like THF were
all found to be unreactive towards the dimer. These are very typical ligands but they appear to
fail to form strong enough interactions with the dimer (and cobalt centre) to allow the
formation of monomers. It may be that the presence of a m-system, for the aromatic N-donor
ligands, and access to hydrogen bonding, for alcohols, are key factors but it is hard to say

without further studies.

Finally, oxidation studies are required in order to determine the accessibility of higher cobalt
oxidation states within the Lindqvist structure. Electrochemical studies could provide
preliminary insight, giving an idea of the redox potentials. This could be followed by chemical
oxidation studies, in which the dimer is exposed to sufficiently strong oxidising agents (e.g.
iodosylbenzene, nitrous oxide, or tetrabutylammonium tribromide) to allow the isolation of
oxidised products. This is important in the context of water oxidation catalysis, where higher

oxidation state cobalt species are implicated as the active components.
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2.10 Experimental

2.10.1 Synthesis of (TBA)2[Ws019] (ref 22)

Sodium tungstate dihydrate (33 g, 100 mmol) was added to a conical flask along with acetic
anhydride (40 mL) and dimethylformamide (30 mL). The mixture was heated to 100 °C and
stirred for 3 hours. While keeping the white suspension at 100 °C, a solution of 12 M HCI (18
mL) in acetic anhydride (20 mL) and DMF (50 mL) was carefully added. The mixture was stirred
for 10 minutes and then allowed to cool. The reaction mixture was vacuum filtered, and the
white solid was washed with methanol (50 mL). The filtrate was the transferred to a conical
flask. With vigorous stirring, a solution of TBA(Br) (15 g, 47 mmol) in methanol (50 mL) was
added. A white precipitate forms immediately. The mixture was stirred for 5 minutes and then
filtered to isolate a white solid that was washed with methanol (20 mL) and diethyl ether (50

mL). The crude product (20.46 g, 65% yield) can be recrystallized from boiling MeCN.

ATR FTIR: ¥ = 2963 (CH), 2936 (CH), 2876 (CH), 1462, 1381, 966 (s), 889, 873, 801 (s), 736 (s),
669, 584 (s).

2.10.2 Synthesis of (TBA);[(Co(ll)W501sH)>][NOs]

In a Schlenk flask, (TBA)2[We019] (2.45 g, 1.29 mmol) was suspended in MeCN (10 mL). To a
separate flask, TBA(OH) (5.30 mL, 5.18 mmol, 0.98 M in MeOH) was added and pumped dry.
The golden oil was re-dissolved in MeCN (5 mL). The solvent was removed under reduced
pressure. This process was repeated twice to ensure complete removal of MeOH. The TBA(OH)
was dissolved in MeCN (5 mL) and transferred via cannula to the suspension of (TBA)2[WgO19].
The mixture was stirred for 15 minutes or until all the solid dissolved. The colourless solution
was transferred via cannula to a Schlenk flask containing Co(NOs3),.6H,0 (0.45 g, 1.55 mmol)
suspended in MeCN (5 mL). The mixture was stirred and gradually turns dark purple/blue. The
solution was stirred for one hour after which the solvent was removed under reduced pressure
to leave a purple/blue oil. The oil was triturated with ethyl acetate (4 x 10 mL) and diethyl
ether (4 x15 mL) and dried under vacuum to leave a free-flowing dark purple powder (2.56 g,

79% vyield).
Small quantities of single-crystal X-ray diffraction quality crystals were grown by either:

e Slow evaporation of a saturated solution of (TBA)7[(CoWs01sH)2][NOs] in DCM/toluene.
e Layering of ethyl acetate onto a saturated solution of (TBA);[(CoWs5018H)2][NO3] in
DCM.
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ATR FTIR: ¥ = 2956 (CH), 2924 (CH), 2871 (CH), 1482, 1380, 1338 (NOs), 1153, 1028, 933 (s),
877, 807 (s), 760 (s), 699 (s), 675 (s), 606 cm™

2.10.3 Large scale preparation of (TBA);[(Co(ll)Ws01sH)2][NOs]

TBA(OH) (15.73 mL, 15.73 mmol, 1 M in MeOH) was added to a Schlenk flask and pumped dry.
The golden oil was re-dissolved in MeCN (20 mL). The solvent was removed under reduced
pressure. This process was repeated twice to ensure complete removal of MeOH. The TBA(OH)
was dissolved in MeCN (30 mL) and (TBA)2[We019] (7.44 g, 3.93 mmol) was added to form a
white suspension. The mixture was stirred until all the solid was dissolved. To the colourless
solution, Co(NOs)2.6H20 (1.37 g, 4.72 mmol) was added. The red solid gradually dissolved and
a dark purple/blue solution formed. The mixture was stirred overnight, after which the solvent
was removed under reduced pressure to leave a purple/blue oil. The oil was dissolved in the
minimum amount of DCM (ca. 10 mL) and transferred dropwise, via pipette, to a beaker
containing ethyl acetate (150 mL) with vigorous stirring. A pale purple powder formed. To
obtain the highest yield (and to avoid reformation of an oil) the ethyl acetate/DCM mixture
was decanted and replaced with fresh ethyl acetate (150 mL) after every 2-3 mL portion of the
DCM solution was added. After adding all the DCM solution, the mixture can be vacuum
filtered. The purple solid was washed with ethyl acetate (100 mL) and diethyl ether (3 x 100
mL). The solid was dried on the filter paper followed by further drying in a vacuum oven (50

°C) overnight. This gave a dark purple/blue free flowing powder (8.97 g, 89% yield).

2.10.4 Synthesis of Li(OMe)

n-Buli (26.3 mL, 2.5 M in hexanes, 66 mmol, 1 eq)) was added to a Schlenk flask. The flask was
cooled to 0 °C and then MeOH (3.2 mL, 71 mmol, 1.2 eq) was added EXTREMELY SLOWLY (large
amounts of butane gas are given off during the addition which can lead to over pressurisation
if the addition is too quick). A white precipitate forms and, after all the MeOH is added, the
solution was allowed to warm to room temperature and stirred for a further 30 minutes. A
small amount of MeOH (ca. 0.3 mL) was added at this point to check for unreacted n-Buli. If
gas is given off, keep adding small portions of MeOH until no more gas is evolved. The
suspension was filtered and the white powder obtained was washed with hexane (20 mL). The

product was dried under vacuum (2.34 g, 93% vyield).
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2.10.5 Drying CoCl».xH>0
Glassware was assembled as shown in the schematic
adjacent. A KOH trap is a Dreschel flask filled with KOH = M

pellets. | \‘

CoCl2.xH,0 was added (19.52 g, 82 mmol based on LT?

hexahydrate) was added to a 100 mL round-bottom flask (rbf) K fj‘;ﬁ

with a sidearm/tap. The rbf and condenser were purged for

10 minutes with nitrogen by opening the sidearm/tap. SOCI, (50 ml, excess) was added slowly
via the sidearm/tap. The sidearm/tap was closed, and the purple suspension was heated at
reflux for 4 hours. During this time the purple suspension turned dark blue. The mixture was
allowed to cool to room temperature before the condenser was removed and replaced with a
stopper/screw cap. The volatiles were removed under reduced pressure and the collected
thionyl chloride was stored for recycling. The remaining blue powder was washed with DCM
(40 mL) and Et20 (3 x 20 mL). The fine blue powder was dried under vacuum (10.21 g, 96%

yield based on hexahydrate).

2.10.6 Synthesis of Co(OMe):

Anhydrous CoCl; (2 g, 15.4 mmol, 1 eq)) was added to a Schlenk flask and dissolved in MeOH
(40 mL). In a separate Schlenk flask, Li(OMe) (1.17 g, 30.8 mmol, 2 eq) was dissolved in MeOH
(20 mL). The Li(OMe) solution was transferred via cannula to the CoCl; solution. A dark purple
solution formed immediately which was stirred for 30 minutes. The suspension was
transferred via cannula onto a filter frit and the dark purple solid was washed with MeOH (5 x
10 mL) and diethyl ether (2 x 10 mL). The solid was dried under vacuum to obtain a free flowing

dark purple powder (1.74 g, 94% yield).

2.10.7 Attempted synthesis of (TBA)s[(Co(ll)W501sH)] from Co(OMe)z in MeCN

In a Schlenk flask, (TBA)2[We019] (1.65 g, 0.87 mmol) was suspended in MeCN (10 mL). To a
separate flask, TBA(OH) (1.4 mL, 1.4 mmol, 1 M in MeOH) was added and pumped dry. The
golden oil was re-dissolved in MeCN (2-3 mL). The solvent was removed under reduced
pressure. This process was repeated twice to ensure complete removal of MeOH. The TBA(OH)
was dissolved in MeCN (5 mL) and transferred via cannula to the suspension of (TBA)2[WsO19].
The mixture was stirred for 45 minutes or until all the solid dissolved. H,0 (16 uL, 0.87 mmol)
was added and the solution was stirred at room temperature overnight. The colourless

solution was transferred via cannula to a Schlenk flask containing a purple suspension of
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Co(OMe); (0.13 g, 1.03 mmol) in MeCN (5 mL). There was no obvious change after stirring at
room temperature for three hours or after heating at 70 °C overnight. Refluxing the mixture
for a further 18 hours led to the formation of a dark brown/red suspension. After cooling to
room temperature, the mixture was passed through a filter stick, leading to the isolation of a
small amount of grey/black solid. The filtrate (still cloudy) was pumped dry giving a sticky solid.
Trituration with ethyl acetate and diethyl ether gave no change. The crude solid was dissolved
in minimum amount of DCM and cooled to -30 °C to attempt to crystallise the product,
however only amorphous grey solid formed. Filtration of the mixture, followed by removal of

the solvent gave a tacky purple solid (Infrared spectrum was taken and is shown below).

80 90 100

70

Transmittance [%]
50 60

40

N8 (4 8 8 RERERnun-somanood
3o o a 0 OGPk CRIONONR O~ 0NN
BRB & f & ReRESIEIC8R53YNEY
NN ol . o -— == 02 ) 00 0 I~ O WO WD WD LD < i
I I I I I I I
3500 3000 2500 2000 1500 1000 500

Wavenumber cm-1

2.10.8 Synthesis of {Co[N(SiMes3)z]2}- (ref 23)

Anhydrous CoCl; (0.65 g, 5 mmol, 1 eq) was added to a Schlenk flask and suspended in
degassed THF (10 mL). LiN(SiMes)2 (1.67 g, 10 mmol, 2 eq) was added to a separate Schlenk
and dissolved in degassed THF (20 mL). Both solutions were cooled to 0 °C before the solution
of LiN(SiMes), in THF was added dropwise by cannula to the CoCl; solution. The resulting
mixture was stirred for 30 minutes during which time it turned from dark blue to green. The
mixture was left to stir overnight at room temperature before the solvent was removed under
reduced pressure. The dark green residue was extracted into hexane (30 mL) and then pumped
dry. The sticky oil was dissolved in the minimum amount of hexane and transferred (in the

glove box) to a sublimation flask (this is a wide necked Schlenk flask which can accommodate
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a cold finger). The cold finger was filled with dry ice/acetone. The flask was heated to 120 °C
under vacuum to induce sublimation of the crude material onto the cold finger. Note if larger
guantities of crude material are sublimed then material may begin to fall off the cold finger.
The flask was taken into a glove box, the cold finger removed, and the sublimed green crystals

were scraped off the cold finger (0.76 g, 40% yield)

2.10.9 Synthesis of (TBA)s[(Co(ll])W501sH).] from {Co[N(SiMe3s)2]2}>

In a Schlenk flask, (TBA)2[We019] (1.09 g, 0.58 mmol) was suspended in MeCN (5 mL). To a
separate flask, TBA(OH) (0.92 mL, 0.92 mmol, 1 M in MeOH) was added and pumped dry. The
golden oil was redissolved in MeCN (2 mL). The solvent was removed under reduced pressure.
This process was repeated twice to ensure complete removal of MeOH. The TBA(OH) is
dissolved in MeCN (5 mL) and transferred via cannula to the suspension of (TBA)2[WsO19]. The
mixture was stirred for 45 minutes or until all the solid dissolved. H,0 (10 uL, 0.58 mmol) was
added and the solution was stirred at room temperature overnight. The colourless solution
was transferred via cannula to a Schlenk flask containing solid {Co[N(SiMe3s).]2}> (0.26 g, 0.35
mmol). The mixture immediately turned dark purple/black but slowly turned red/brown after
approximately 30 minutes. Stirring at room temperature for 2 days gave a dark red solution
(slightly cloudy). The mixture was filtered and the volatiles were removed. The dark red/purple
solid was triturated with ether to give a free flowing solid. The infrared spectrum was taken
(shown below) before attempting to recrystallize by vapour diffusion of ether into a saturated

MeCN solution of the crude solid.
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2.10.10 Synthesis of (TBA)s[(Py)Co(ll)Ws013H] from (TBA);[(Co(ll)W5s01sH),][NOs]

(TBA)7[(Co(I1)W5018H)2]1[NO3] (2 g, 0.47 mmol) was added to a Schlenk flask along with pyridine
(5 mL). This leads to the formation of a dark pink solution which was stirred at room
temperature for 15 minutes. With vigorous stirring, ethyl acetate (30 mL) was quickly added
which leads to instant precipitation of a fine pink powder. The suspension was stirred for a
further 5 minutes before vacuum filtering. The pink solid was washed with ethyl acetate (10
mL) and diethyl ether (2 x 10 mL) and allowed to dry on the filter paper. The solid was either
transferred back to a Schlenk flask and dried under high vacuum (note the solid is very fine
when dried and can easily be pulled out of the flask) or dried in the vacuum oven (50 °C)
overnight. The crude product (1.63 g, 86%) was recrystallized by adding diethyl ether dropwise
to a saturated solution of the compound in pyridine (2-3 mL). The solution was then either
filtered to remove insoluble material or a couple of drops of pyridine were added to re-dissolve
the solid. The resulting solution was cooled to -40 °C. Crystals formed within 24-72 hours and
were isolated from the mother liquor by cannula filtration and washed with small amounts of
cold iso-propanol. Drying under vacuum (or washing with anti-solvents like Et,O or EtOAc) led

to loss of crystallinity and the formation of a pink powder (0.76 g, 40%).

ATR FTIR: ¥ = 2958 (CH), 2924 (CH), 2871 (CH), 1653, 1601 (CN), 1481, 1380, 1341, 1151, 1038,
933 (s), 883, 809 (s), 763 (s), 699 (s), 677 (s) cm™

2.10.11 Direct synthesis of (TBA)3[(Py)CoWs501sH]

In a Schlenk flask, (TBA)2[We019] (2.15 g, 1.14 mmol) was suspended in Pyridine (4 mL). To a
separate flask, TBA(OH) (4.7 mL, 4.54 mmol, 0.98 M in MeOH) was added and pumped dry.
The golden oil was re-dissolved in MeCN (5 mL). The solvent was removed under reduced
pressure. This process was repeated twice to ensure complete removal of MeOH. The TBA(OH)
was dissolved in pyridine (4 mL) and transferred via cannula to the suspension of
(TBA)2[We019]. The mixture was stirred for 5 minutes or until all the solid dissolved and a pale
brown solution forms. Solid Co(NO3)..6H,0 (0.40 g, 1.36 mmol) was added directly to reaction
mixture. The solution was stirred at room temperature and gradually turns dark pink as the
solid dissolves. The solution was stirred for one hour. With vigorous stirring, ethyl acetate (40
mL) was quickly added to the Schlenk flask immediately precipitating a fine pink powder. The
solution was stirred for a further 5 minutes before vacuum filtering. The pink solid was washed
with ethyl acetate (10 mL) and diethyl ether (2 x 10 mL) and allowed to dry on the filter paper.

The solid is then either transferred back to a Schlenk flask and dried under high vacuum (note
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the solid is very fine when dried and can easily be pulled out of the flask) or dried in the vacuum
oven (50 °C) overnight. A free-flowing pink solid was isolated (2.22 g, 81%). The product can

be recrystallized using the methods previously described.

2.10.12 Synthesis of (TBA)3[(Quin)CoWs01sH]

In @ 10 mL screw-top sample tube, (TBA);[(Co(ll)Ws01sH)2][NOs] (0.25 g, 0.06 mmol) was
dissolved in the minimum amount of quinoline forming a dark red solution. EtOAc (6 mL) was
added and the tube was sealed. The tube was shaken for 30 seconds forming a red/orange
suspension. The suspension was allowed to settle before the pale orange supernatant was
decanted. The solid was washed with EtOAc (2 x 6 mL) and Et,0 (2 x 8 mL). The solid was dried
in a vacuum oven at 50 °C overnight (0.21 g, 85% yield). Crystalline samples of
(TBA)s[(Quin)CoWs01sH] can be obtained by vapour diffusion of Et;0 into saturated solutions
of (TBA);7[(Co(ll)W501sH)2][NOs] dissolved in quinoline.

ATR FTIR: ¥ = 3053 (CH), 2958 (CH), 2924 (CH), 2871 (CH), 2734, 1677, 1622, 1595, 1507, 1481,
1379, 1342, 1152, 1128, 1107, 1047, 956, 932 (s), 883, 808 (s), 763 (s), 676 (s), 626 (s), 548,
529, 488 cm!

2.10.13 Synthesis of (TBA)s[(AminoPy)CoW501sH]

In a 10 mL screw-top sample tube, (TBA)7[(Co(ll)Ws01sH)2][NOs] (0.25 g, 0.06 mmol) and 4-
aminopyridine (60 mg, 0.64 mmol) were dissolved in DCM (1-2 mL). Note 4-aminopyridine is
not very soluble in DCM and therefore most of it remains undissolved. The pink solution was
stirred for 5 minutes before passing through a PTFE syringe filter into a 10 mL screw-top sample
tube. EtOAc (6 mL) was added and the tube was sealed. The tube was shaken for 30 seconds
forming a pink suspension. The suspension was allowed to settle before the pale pink
supernatant was decanted. The solid was washed with EtOAc (2 x 6 mL) and Et,0 (2 x 8 mL).
The solid was dried in a vacuum oven at 50 °C overnight (0.17 g, 70% vyield). Crystalline samples
of (TBA)s[(AminoPy)CoWs01sH] can be obtained by vapour diffusion of Et,0 into saturated
solutions of (TBA)7[(Co(ll)Ws01sH)2][NOs] and excess 4-aminopyridine dissolved in MeCN.

ATR FTIR: ¥ = 3585, 3478, 3312, 3181, 2959 (CH), 2872 (CH), 1636, 1613, 1579, 1514, 1481,
1380, 1246, 1217, 1152, 1107, 1064, 1019, 935 (s), 906, 883, 815 (s), 766 (s), 684 (s), 622, 588,
548,529 cm™
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2.10.14 Synthesis of (TBA)s[(4,4’-Bipy)(CoWs01sH),]

In a 20 mL screw-top sample tube, (TBA)7[(Co(ll)W5018H)2][NO3] (1.67 g, 0.39 mmol) and 4,4'-
bipyridine (90 mg, 0.58 mmol) were dissolved in MeCN (4 mL). A dark red/orange solution
formed which was stirred overnight. The mixture was precipitated by the addition of an excess
of ethyl acetate (approx. 15 mL). The pale orange supernatant was decanted. The solid was
washed with EtOAc (2 x 15 mL) and Et,0 (2 x 15 mL). The solid was dried in a vacuum oven at
50 °C overnight (1.45 g, 90% yield). Crystalline samples of (TBA)e[(4,4’-Bipy)(CoWs01gH)2] can
be obtained by vapour diffusion of Et;O into saturated solutions of

(TBA)7[(Co(II)Ws018H)2][NOs] and a slight excess of 4,4’-bipyridine dissolved in MeCN.

ATR FTIR: ¥ = 2957 (CH), 2871 (CH), 1606, 1534, 1481, 1380, 1216, 1151, 1106, 1069, 1026,
977, 958, 935 (s), 881, 810 (s), 763 (s), 679 (s), 632, 546, 523 cm!

2.10.15 Attempted Cation exchange with ammonium chloride

In a 20 mL screw-top sample tube, (TBA)7[(Co(Il)W5018H)2][NO3] (1.0 g, 0.23 mmol) was
dissolved in MeOH (5 mL). A pink/red solution formed along with a small amount of white solid
(found to be (TBA)2[We019]). The solution was filtered through either a small celite pipette plug
or a PTFE syringe filter to separate the solid. The pink/red solution was treated with a solution
of ammonium chloride (0.25 g, 4.67 mmol) in MeOH (1-2 mL) with stirring. This lead to the
precipitation of a blue solid. The solid can be isolated from supernatant by centrifugation (6000
rpm, 5 minutes). The supernatant was decanted and the solid was washed with MeOH (2 x 10
mL), MeCN (2 x 10 mL) and diethyl ether (2 x 10 mL). Each time the solid was separated by
centrifugation. The isolated solid was dried under vacuum overnight. The solid was dissolved
in the minimum amount of boiling water giving a pale pink solution (slightly cloudy). The
solution was filtered through a PTFE syringe filter while hot before allowing to cool to room
temperature and stand for 3 days. During this time, pink crystals formed which were analysed

by single-crystal X-ray diffraction.

2.10.16 Attempted Cation exchange with sodium triflate
Crystallization using nanodrop encapsulation methodology performed by Dr. Alexandra

Longcake.

In a 20 mL screw-top sample tube, (TBA)7[(Co(ll)Ws01gH)2][NO3] (0.5 g, 0.12 mmol) was
dissolved in the minimum amount of MeCN (around 2 mL) leading to the formation of a blue
solution. This solution was treated with a saturated solution of NaOTf (0.40 g, 2.33 mmol) in

MeCN with stirring. A blue precipitate forms immediately. The solid can be isolated from
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supernatant by centrifugation (6000 rpm, 5 minutes). The supernatant was decanted and the
solid was washed with MeCN (2 x 10 mL) and diethyl ether (2 x 10 mL). Each time the solid was

separated by centrifugation. The isolated solid was dried under vacuum overnight.

Solutions of the solid in DMSO and DMSO with a few drops of water were made for attempted
crystallisation using encapsulated nanodroplet crystallisation (ENaCt) protocols.?* The stock
solutions was dispensed in 50 nL portions via an SPT Labtech Mosquito liquid handling robot
into 96-well glass plates (SWISSCI LCP Modular, 100 mm spacer) containing either an
appropriate crystallisation oil (200 nL) or no oil. For wells containing oil, the oil was dispensed
prior to injection of the stock solution into the oil droplet. The plate was sealed with a glass
cover slip and allowed to stand undisturbed at room temperature in the dark. After 14 days,
the crystallisation wells were assessed visually and by cross-polarized light microscopy for
crystal growth. A single crystal of the compound was grown from DMSO/water (50 nL) encased

in a 200 nL droplet of Fomblin-Y.

Wells were opened with use of a tungsten carbide scriber to remove a small portion of the
glass cover slide, and the crystal manipulated using MiTeGen Kapton microtools. Crystals were
transferred to a glass slide and extracted under oil (Fomblin YR-1800) and mounted onto a 35
um MiTeGen Kapton loop before being flash-cooled to 150 K under N2 using an Oxford
Cryosystems cryostream before the collection. SCXRD data was collected on a Rigaku XtaLAB
Synergy PhotonJet micro-focus sealed X-ray tube diffractometer (Cu-Ka radiation, A = 1.54184

,5\, 4-circle goniometer, HyPix Arc-100 Detector).

Alongside this, a pink solution of the crude solid in a mixture hot water/DMSO was allowed to
slowly cool to room temperature and stand for 3 days. This lead to the formation of a crop of

pink crystals that were characterised using single-crystal X-ray diffraction.
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Chapter 3: Non-aqueous polyoxometalate solution speciation

3.1 Introduction

The assembly of polyoxotungstates by the acidification of monometallic [WO4]?~ in aqueous
solution is well established.® Analysis of the products obtained from such reactions is often
done using single-crystal X-ray diffraction experiments. This gives unparalleled solid-state
structural information but does not provide information regarding the species in solution.
Instead, crystallographic studies give insight into which structures crystallise most readily. In
order to gain information about the compounds present in solution, or the solution speciation,

other techniques are required. The primary tool used in this regard is NMR spectroscopy.

Aqueous polyoxotungstate solutions have been well studied using O and ¥3W NMR
spectroscopy by Maksimovskaya? and Howarth? (and co-workers). Their results showed that
the acidification of various tungstate sources first leads to the formation of paratungstates A
(IW7024]%7) and B ([H2W12042]'%"). Interestingly, freshly prepared solutions of [HaW12042]%0"
slowly convert into [W7024]%~ when held at 330 K. However, if the solution is cooled to room
temperature, [H2W12042]%° crystallises out of the solution, leaving only [W7024]% in solution.
This shows how the complimentary nature of both solid and solution state characterisation
can provide a full picture of reactivity. Further acidification leads to various metatungstate
species, [H2W1,040]%, which adopt known Keggin structures. Potential pathways for the
conversion of para- and metatungstates are also discussed. Similar studies in agueous media
have extended this understanding to different addenda atoms (Mo and V), mixed metal
systems and heteropolyoxometalates.**" More recently, Falaise and co-workers have
investigated the effects of supramolecular interactions on aqueous isopolytungstate

speciation in the presence of y-cyclodextrin.®

Solution speciation studies have been augmented in recent years by the development of a
body of computational work from the group of Bo aimed at developing an understanding of
aqueous POM systems.®® This group uses known POM structures and simple hydrolysis,
condensation, and protonation processes to create a network of proposed building blocks for
POMs in agueous media. These building blocks then form the basis of millions of potential
speciation models. The number of possible models is significantly reduced by applying
constraints, such as only considering condensation/hydrolysis reactions in which one of the

reactants is a monomer. This, combined with the application of a linear correction for the
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formation constants predicted by the DFT methods applied (using experimentally determined
formation constants for known species), leads to a final simulated speciation model which,
generally, agrees well with experiment results. The group have applied this method (the so

called POMSimulator) to aqueous Mo, W, V, Nb and Ta isopolyoxometalate systems.%¢

Solution speciation in non-aqueous media is far less studied, particularly for
polyoxotungstates, and hence the role of solvent of in the formation and stability of
polyoxometalates is poorly understood. Various organic-soluble tetraalkylammonium salts of
isopolytungstates (which are soluble in non-aqueous media) have been characterised by
solution state 83W and 7O NMR spectroscopy.'®¢ These are generally prepared by cation
exchange from aqueous solutions and give very little insight into how the assembly process
changes when moving away from aqueous systems. A significant exception is the seminal work
by Jahr and co-workers on the formation of polyoxometalates by basic hydrolysis of metal
alkoxides in organic solvents, including the synthesis of [W¢O19]?~ from oxoalkoxides WO(OR)4

(R = Me, Et).7a¢

3.2 Chapter outline

This chapter describes an exploration of non-aqueous polyoxometalate speciation, using
multinuclear NMR spectroscopy to identify the species present in solution. These studies were
combined, where possible, with single-crystal X-ray diffraction experiments to give structural

information about previously unknown species.

The first part of the chapter focuses on the nature of reaction mixtures targeting
“(TBA)s[Ws01s8H]” which, when combined with Co(NOs3),.6H,0, were used to generate cobalt-
containing Lindqvist-type POMs in the previous chapter, providing insight into the true nature

of the intermediate solution.

This is followed by a more general examination of non-aqueous polyoxotungstate speciation,
using 0 and 8W NMR spectroscopy to identify the products of the reaction of (TBA)2[WsO1s]
with different amounts of TBA(OH) (as a source of charge). This can be considered analogous

to examining the solution speciation at different pH in aqueous solutions.

Note: Results from Section 3.3.1 to 3.3.5 were recently published - Chem. Commun., 2023, 59,
7919-7922.
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3.3 “(TBA)s[Ws01s3H]” — What is in solution?

In the previous chapter, the degradation of (TBA)2[WeO19] with four equivalents of base was
used to target the virtual lacunary species “(TBA)s[Ws01gH]” as a precursor for the synthesis
of heterometal containing Lindgvist-type POMs. Although this reaction proceeds as intended,

the exact nature of the intermediate species is unknown.

3.3.1 770 NMR spectrum of the reaction mixture
To gain some insight into the nature of the reaction intermediate, the degradation mixture was

probed by 70O NMR spectroscopy.

The Y70 NMR spectrum of the starting (TBA)2[Ws0O19] is shown in Figure 3.1 for reference and
shows the expected peaks for the central ps-O at =77 ppm (expected 1 O), bridging W-O-W at
415 ppm (expected 12 O), and terminal W=0 at 776 ppm (expected 6 0).% During initial
attempts to record this spectrum, the central pus-O peak was not observed. These attempts
employed a delay time (D1) of 0.1 seconds between pulses. Only when increasing the delay
time was the central peak observed and the spectrum shown in Figure 3.1 (which appears to
have a reasonably accurate integration) was recorded using a delay time of 500 seconds. The
T1 time for the central oxygen was determined using an inverse recovery sequence. A

relaxation delay of 600 seconds was used to allow for complete relaxation between pulses
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Figure 3.1: 70 NMR spectrum of (TBA)2[Ws019] in CD3CN recorded with a 500 second relaxation delay between
pulses.
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and Tt was found to be approximately 38 seconds, which corresponds to a T1 of
approximately 55s, as given by the equation 7, = T1 X In 2. This extremely long T1 for
oxygen is due to the highly symmetrical nature of the octahedral environment for the ps-O
which means there is no electric field gradient and therefore no efficient relaxation

mechanism of relaxation for the quadrupolar 1’0 nucleus.

The YO NMR spectrum presented in Figure 3.2, shows the product of reaction of
(TBA)2[We019] with four equivalents of TBA(OH). This is after stirring for one day at room
temperature and removal of the volatiles to prepare the NMR sample. The absence of peaks
at 776 ppm and 415 ppm is consistent with complete degradation of (TBA)2[WsO19] into other
metal-oxo species. The most prominent feature is a sharp peak at 437 ppm which can be
assigned to [WO4]%". Mono-tungstate clearly forms an important part of the mixture but,
without knowing the exact nature of the other species in solution, we cannot be sure how
dominant it is. The broad peak at -2 ppm is indicative of the formation of water, which is the
expected by-product of POM hydrolysis with base. The rest of the spectrum consists of a series
of broad peaks in the terminal W=0 and bridging W-O-W regions. This may suggest the

presence of several species, or a single low symmetry species (with many inequivalent oxygen
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Figure 3.2: 70 NMR spectrum of the reaction of (TBA)2[WeO1s] with 4 eq. of TBA(OH) after stirring at room
temperature for one day and removal of the solvent. Acquired in CD3CN.
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environments), but unambiguous assignments are not possible without any structural
information. The broad nature of the peaks could be indicative of exchange between oxygen
environments on the NMR timescale, or could suggest the presence of large species, as
relaxation times, and in turn line widths, are known to depend on the cube molecular radius
(a), as described in Equation 3.1 and 3.2: where n is the electric field gradient asymmetry
parameter, (e°Qq/h) is the quadrupole constant, and t. is the correlation time (i.e. tumbling
rate). Correlation time is dependent on solvent viscosity (n), molecular radius (a), and

temperature (T).2

1i_1_3 n?\ (e*Qq 2
Tl_T2_125(1+3)( h )TC (3.1)
__4mna®
Te = T5r (3.2)

3.3.2 183W NMR spectrum of the reaction mixture

Although some useful information was obtained from ’O NMR spectroscopy of the reaction
of (TBA)2[We019] with four equivalents of TBA(OH), it is hard to determine the number of
species present and their structure in solution from O NMR spectroscopy alone. ¥3W NMR
spectroscopy can be employed as a complimentary technique. In particular, line widths tend
to be very narrow and exchange processes are often slow for tungsten. This leads to well-
defined peaks, which should make it easier to verify the number of individual metal
environments, and compare the relative integrals to assign groups of peaks to the same

species.

The relative insensitivity of ¥3W NMR spectroscopy compared to more typically used NMR
active nuclei means that W NMR experiments are slightly different from conventional NMR
spectroscopy methods. Firstly, significantly larger quantities of material are required (ca. 0.5-
2 g). This means experiments use a 10 mm diameter tube as opposed to 5 mm tubes used for
standard experiments. Secondly, a huge number of scans (10000-50000 for *¥3W compared to
128-1024 for a typical 13C experiment) are required to compensate for the low gyromagnetic
ratio and relative abundance (14.3%).° This leads to very long acquisition times ranging from a

few hours to a few days depending on the sample.

To probe the exact nature of the proposed “(TBA)s[Ws01gH]” intermediate by W NMR
spectroscopy, approximately two grams of (TBA)2[We019] was reacted with four equivalents of
TBA(OH) in acetonitrile. After stirring for one day at room temperature, the solvent was

removed to leave a viscous oil. This was then taken up in a 2-3 mL mixture of deuterated and
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Figure 3.3: 18W NMR spectrum of the reaction of (TBA):[Ws01s] with 4 eq. of TBA(OH) after stirring at room
temperature for one day and removal of volatiles. The spectrum is recorded in 1:1 CH3CN:CDsCN.

non-deuterated acetonitrile (at least 50% CDsCN to ensure a solvent lock during the #3W NMR
experiment). Doing this gives an NMR solution that is approximately 0.35 M based on
(TBA)2[Ws019]. The 183W NMR spectrum was then recorded over three days. The resulting 183W

NMR spectrum is shown In Figure 3.3.

The spectrum shows six signals. The central peak at -5 ppm can be assigned to [WO4]?", which
is consistent with the O NMR spectrum and suggests that monomeric tungstate is a key
component of the reaction mixture. The other five lines, at =77, -58, 38, 50 and 53 ppm
respectively, appear in a 1:2:1:1:2 ratio. This is consistent with the presence of an
isopolytungstate containing 7n tungsten atoms in five unique environments. Interestingly,
compared to the 170 NMR spectrum, the spectrum is relatively simple and may imply that this
7n isopolytungstate has a range of unique terminal W=0 and bridging W-O-W environments

to account for the complex 7O NMR spectrum.

Previously, a similar spectrum was obtained during our group’s efforts to produce [W»07]?".1°
The experiments performed are summarised in Scheme 3.1. These can all be considered as
different methods of targeting a ratio of negative charge to tungsten of 1, either by the
addition of negative charge to isopolytungstates/tungsten oxide, introduction of a neutral

tungsten source to “dilute” the charge, or the addition of electrophiles to reduce the charge
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4 TBA(OH) (TBA)2[WO4] + WO(OMe)4 Me,Sil

(TBA)2[WeO1g] (TBA)2[WO4]
¢ H0
6 TBA(OH) [Me3O][BF4]
(TBA)a[W1003] P (TBA)[W207] <& (TBA)2[WO4]
WO4H,0 TBA(OH) [Me20H][BF 4] (TBA)IWOS]

Scheme 3.1: General scheme summarising numerous methods used to target [W.07]*

per tungsten atom. The spectrum obtained in ref 10 is the same as that shown in Figure 3.3

except the peaks are shifted upfield by approximately 9 ppm.

The striking resemblance between the 5-line pattern shown in Figure 3.3 and that shown in
ref 10 (and the fact that one of the reactions in the previous study was also the degradation
of (TBA)2[Wes019] with four equivalents of TBA(OH)) suggests that the same species may be

responsible, regardless of the difference in chemical shifts.

In order to verify the chemical shifts obtained from the degradation of (TBA)2[Ws019] with four
equivalents of base, the reaction was repeated and the ¥3W NMR spectrum was re-acquired
with a capillary insert containing 2 M Na;W04.2H,0 in D20 as an internal standard. The

resulting spectrum is shown in Figure 3.4. The Na;WOQ, reference appears at 0.5 ppm. The 5-
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Figure 3.4: W NMR spectrum of the reaction of (TBA)2[Ws019] with four equivalents of TBA(OH) with a coaxial
insert containing 2 M Na2WO0a4.2H:0 as a reference. The reference peak appears at 0.5 ppm.
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lines of the degradation product appear at -73, -57, 15, 51, and 54 ppm respectively. These
chemical shifts are in good agreement with those shown in Figure 3.3 though are not perfectly
reproduced (there is an average downfield shift of ca. 2 ppm). The peak previously observed

at -77 ppm displays the largest difference of ca. 4 ppm.

Interestingly, the most striking difference between the two spectra is the ca. 20 ppm downfield
shift of the peak assigned to [WO4]? to 14.8 ppm. In an attempt to rationalise this observation,

the effects of both concentration and the presence of water on the chemical shift of [WO4]*~

were investigated.

Firstly, 2 M and 1 M solutions (TBA)2[WO4] in MeCN were prepared and the ¥3W NMR spectra
of the samples were recorded with the same capillary insert containing 2 M Na;W04.2H,0 in
D20 as a reference. The resulting spectra are shown in Figure 3.5b and 3.5c. There is an upfield
shift of 2 ppm upon halving the concentration of [W0O4]?~ (i.e. moving from 2 M to 1 M). This
shows that the chemical shift of [WO4]>~ may have a concentration dependence, however,
given the relatively small change in chemical shift upon halving the concentration of [WQ4]?
and the fact that the concentration of [WO4]%™ is unlikely to vary much between individual
degradation reactions (the relative integrals of [WO4]?>~ shown in Figure 3.3 and Figure 3.4 are
1.6 and 1.8 respectively) suggests concentration dependence is unlikely to be responsible for

the observed 20 ppm difference.
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Figure 3.5: 183W NMR spectra showing the effect of concentration and water on the observed chemical shift for
[WO4]? and relative line widths of the [W04]?~ peak in the presence/absence of the 5-line species.
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Secondly, the influence of water was investigated. The 83W NMR sample of 1 M TBA[WO4]
responsible for the spectrum shown in Figure 3.5¢ was treated with one equivalent water and
the 3W NMR spectrum was re-acquired. This produced a substantial change in the [W0Q4]%
chemical shift, with the peak moving 9.2 ppm upfield. Given that the basic degradation of
(TBA)2[We019] produces water as a by-product, it is likely that the presence of water is the
cause of the variation in the [W04]?~ peak position. This should not be surprising in view of the
high basicity of the [W04]?>~ anion, as exemplified by the hydrogen-bonding to water in the
crystal structure of hydrated (MesBnN),[WO4].H,0.% Therefore, the removal of volatiles after
the base degradation appears to be a key step in determining where the [W0O4]?~ peak appears.
Since steps were not taken to ensure all water was removed after the reactions responsible for
the 18W NMR spectra shown in Figure 3.3 and 3.4, it is reasonable to expect the amount of

water present in each solution, and in turn, the position of the [W04]?, to vary significantly.

During experiments to rationalise the position of the [WO4]?~ peak, it became apparent that
there is also a significant difference between the line widths of independently synthesised
samples of (TBA)2[WOs] (Figures 3.5b, 3.5c, and 3.5d) and [WO4]?~ generated during the basic
degradation of (TBA)2[WsO19] (Figures 3.3, 3.4 and 3.5a). The full width at half maximum
(FWHM) increases from ca. 2.5 Hz in samples of independently synthesised TBA2[WO4] to a
maximum of 13.0 Hz in solutions produced by basic degradation of (TBA)2[WsO19] (as shown
in Figure 3.6), although there is considerable variation from spectrum to spectrum with values

from 6-13 Hz observed.

The broadening of the [W0O4]? peak in the presence of the “5-line” species was verified by
combining the product of degradation of (TBA)2[WesO19] with four equivalents of TBA(OH)
(responsible for the ¥3W NMR spectrum shown in Figure 3.4 and reproduced in Figure 3.5a)

with a solution of 1 M TBA2[WO4] and 1 equivalent of water. The [WO4]? peak in the resulting

— 15
-— 14.9

a) b)

FWHM =2.4 Hz FWHM =13.0 Hz

Figure 3.6: The position of and line width of the 83W NMR signal of [WO4]>" from a) 1 M solution of TBA2[WO4]
in CH3CN/CDsCN and b) the degradation of (TBA)2[WsO19] with four equivalents of base in CH3CN/CDsCN .
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183 NMR spectrum, shown in Figure 3.5e, appears to show an average of the effects
produced. The peak appears at 7.4 ppm which is approximately halfway in between the
corresponding peaks in the starting solutions (at 14.8 and 2.3 ppm respectively). This is likely
to be a manifestation of the change in the ratio of [WO4]?~ to water. The peak is also notably
broadened compared to the solution of (TBA),[WOa4] alone, with a FWHM of 8.9 Hz. This may
suggest chemical exchange between [WO4]?>~ and the species responsible for the 5-line

pattern.

In previous studies,'® the peaks in W NMR spectra were notably narrower than those
observed in these current studies, and Jww coupling between the two larger peaks in the 5-line
spectrum of 22.6 Hz could be resolved. The broader peak observed in the spectra shown in
Figure 3.3, 3.4, and 3.5a may be a result of the chemical exchange just discussed. The 183w
NMR spectrum shown in ref 10 does not contain any appreciable peak from [W0Q4]?~ which
may seem odd, as the reactions summarised in Scheme 3.1 target the same charge to tungsten
ratio (Z/W) as those in this study. However, it is possible that the tungstate may have been
removed during work-up as (TBA)2[WOa4] is very soluble (and hygroscopic) and may be
removed with residual solvent, during trituration for example. The absence of tungstate will
inhibit any broadening due to chemical exchange and therefore likely limit line widths.
Furthermore, the 83W NMR spectra shown in the original work were recorded with a
dedicated ¥3W probe and a 7.05 T magnet, whereas the spectra in this work were obtained
using a low-gamma broad-band probe and 11.7 T magnet. Line broadening due to chemical
shift anisotropy is more problematic at higher field strengths and therefore will likely
compound the exchange effects, giving broad peaks and loss of the resolution of coupling

constants.

3.3.3 Crystallographic studies

Detailed Y70 and '83W NMR spectroscopy studies gave some insight into the true nature of the
reaction mixture targeting the virtual “(TBA)s[Ws01sH]” lacunary species. So far, the results
suggest the solution contains a mixture, made up of [W0O4]?~ and a 7n isopolytungstate with
five unique tungsten environments, which hosts a range of unique terminal and bridging
oxygen environments. However, we cannot extract precise structural information based on the

NMR spectroscopy alone.

Numerous attempts have been made to obtain single crystals from reactions targeting

“(TBA)s[Ws01sH]”. Crystallisation by slow evaporation of acetonitrile solutions or slow
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diffusion of anti-solvents (such as diethyl ether or hexane) into saturated solutions results in
oils. This mirrors the results reported in ref. 10, where the group were unable to isolate

anything crystalline from reaction mixtures.

In order to try to overcome this issue, the effect of changing the quantity of base was
investigated. Given the solubility of POMs in non-aqueous solution (with quaternary
ammonium salt cations) increases with charge, it is reasonable to suggest that the addition of
less charge (i.e. less base) to reaction mixtures will produce species with low enough solubility
that they may crystallise. The effect changing the quantity of base has on solution speciation,

studied by 70 and ¥3W NMR spectroscopy, will be discussed in Section 3.4.

Treatment of (TBA)2[Ws019] with one equivalent of TBA(OH) produces a white suspension. This
suspension can be stirred overnight with slight warming (60 °C) to bring most of the solid into
solution. The mixture was filtered, and diethyl ether was slowly added by vapour diffusion over
the course of several weeks. This eventually produced colourless crystals which were shown
to be 1:1 co-crystals of (TBA)2[WsO19] and the new isopolytungstate (TBA)s[W7024H], shown in
Figure 3.7. The seven cations per [Ws019]%>~ and {W;024H} indicates the charge is 5- and hence,
the given formula includes one proton which is not located by the diffraction experiment. The
structure is distinctly different from the known [W-024]%" structure (shown in Figure 3.8 for
comparison) isolated from aqueous solutions. [W;024H]*>~ can be regarded as a combination
of a lacunary pentatungstate {Ws01s} and ditungstate {W,0}, neither of which have been

isolated independently.

°, o
e #«0‘
Mt SR

Figure 3.7: Single-crystal X-ray diffraction structure of (TBA)7[W7024H].[Wes015].3MeCN with probability ellipsoids
at 50% level for the anions. The cations are shown in skeletal form for clarity. An enlarged view of [W7024H]>" is
also given.
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Figure 3.8: Single-crystal X-ray diffraction structure of Nas[W7024].14H,0 reported in ref 13. The cations and co-
crystallized solvent are omitted for clarity.

Using Pope’s classification of POMs, (TBA)s[W7024H] can be described as a type Ill POM as it
contains addenda atoms with both one or two terminal M=0 bonds.? Analysis of the terminal
W=0 bond lengths for the W atoms which make up the {Ws} unit (i.e. W1-W4), show an
average bond length of ca. 1.73 A. This is significantly longer than those of the [W¢019]?~ found
in the co-crystal (ca. 1.69 A), which is a manifestation of the higher charge associated with

{W7024H}.

The bridging W-O bond lengths of [W7024H]>~ show sizeable distortions versus those in
[Ws019]2~ (average bridging W-0 of ca. 1.92 A). There is a compression in the W-O bonds linking
the {Ws} unit and the capping {W>} unit (l.e. W2-015, W3-016 and W5-018) with an average
bond length of ca. 1.88 A. This is paired with a lengthening of axial W-O bonds of the Ws unit
(i.e. W2-02, W3-03, W4-04 and W5-05) with an average bond length of ca. 1.99 A, consistent
with an associated trans effect. Any bridging W-O bonds lying in the equatorial plane of the
{Ws} unit (including all of those from W1) are a lot closer in length to those observed in

[Ws019]2", with an average of ca. 1.92 A.

The short O-O distance between 017 and 020 is consistent with a hydrogen bond between
these atoms and suggests that the proton of [W7024H]>" is localised, rather than disordered
over multiple sites. Bond valence sum analysis indicates localisation of the proton on 020
rather than on 017 (Vo20= 1.18 vs. V017 = 1.58). This, along with the short W4-017 bond length
of 1.750(7) A, means the presence of a second terminal W=0 on W4, which is hydrogen

bonding to a proton localised on 020, is an appropriate description of the bonding, as opposed
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to a formal W-OH. The “capping” {W:} unit contains cis-WO; fragments with an average W=0

bond length of ca. 1.74 A, which is very similar to the other present in the structure.

There are three oxygens bridging W6 and W7, however, the W6-023-W7 bridge contains
considerably shorter W-O bonds (1.940(7) and 1.949(7) A respectively) compared to the other
two bridges, which have an average W-O bond length of ca. 2.20 A. This is likely because 015
is bridging three W atoms (u3-0) and 020 can be considered as a bridging hydroxide (u2-OH),

whereas 023 can be deemed a genuine puz-0.

Importantly, the Cs symmetry of [W7024H]>", which is a result of the tilted {W-} capping group,
gives rise to five unique tungsten environments for the seven tungsten atoms. The two
tungsten’s of the ditungstate unit (W6 and W7) and two of the four atoms in the equatorial
plane of the pentatungstate unit (W3 and W5) are chemically equivalent. This should produce
a 183W NMR spectrum with five peaks in a 1:2:1:1:2 ratio, which is exactly what is observed in
Figures 3.3, 3.4 and 3.5a. This suggests the new isopolytungstate [W7024H]°", only the third to
be isolated from non-aqueous solutions after [Ws019]>~ and [W10032]*, is the other major
component of degradation reactions targeting “(TBA)s[Ws0i1sH]” and previous studies

targeting ditungstate.®

The formation of a mixture of (TBA)s[W7024H] and (TBA),[WO4] from reactions targeting
“(TBA)s[Ws01gH]” or “(TBA)2[W207]” (Z/W =1) can be rationalised using Equation 3.3 and 3.4.
9 "(TBA),[W50,gH]" — 5 (TBA).[W;0,4H] + 10 (TBA),[WO,] +2 H,0 (3.3)

3 (TBA),[WgO1o] + 12 (TBA)[OH] — 2 (TBA).[W;044H] + 4 (TBA),[WO,] +5H,0  (3.4)

A 1:2 ratio of [W7024H]>~ and [WO4]?" also has a Z/W ratio of 1. Experimentally, we see integrals
for the [WO4]? peak in 83W NMR spectra in region of 1.6-1.8 per [W;024H]>". This is close to
the proposed 2:1 ratio and suggests this mixture is preferred over any lacunary species or
lower nuclearity isopolytungstates. Furthermore, this mixture must be labile with respect to
rearrangement as the addition of metal salts, such as the cobalt salts discussed in Chapter 2,
to this mixture led to facile generation of the heterometal containing Lindgvist-type

polyoxometalate.

3.3.4 NMR spectroscopy simulations
The simulations discussed in this section were performed by Dr Magda Pascual-Borras.

Experimental details are given in Section 3.7.10.
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Figure 3.9: Optimised structure of [W7024H]*>", obtained using the OPBE functional and TZ2P basis set.

In order to further confirm the assignment of the 5-line pattern observed upon degradation of
(TBA)2[We019] with four equivalents of TBA(OH), Density Functional Theory calculations were
used to simulate the W and 70O NMR spectra of [W7024H]°". Firstly, the structure was
optimised using a range of functionals and basis sets. The optimised structure using the OPBE
functional and TZ2P basis set is shown in Figure 3.9. It shows good agreement with the
experimental structure, in particular showing that a bridging p,-OH between W6 and W7 is
more energetically favourable than a terminal W4-OH. From the optimised structure, single-
point NMR calculations are performed to obtain average isotropic shielding values for the
nuclei of the target compound (ox). This process was also done for a reference compound (Oref),
[WO4]?~ for tungsten NMR spectroscopy and H,0 for oxygen NMR spectroscopy. The calculated

chemical shifts were obtained using Equation 3.5.

6caI = Opef - Oy (35)
Computational procedure (NMR//OPT) W1 W W3i/s W We/7 MAE Jww
PBE/TZP//PBE86/TZ2P -44 138 152 118 -38 64 22.6
OPBE/TZP//PBE/TZ2P -98 93 105 70 -80 34 22.8
PBE/TZP//OPBE/TZ2P -66 94 126 87 -60 38 22.8
BP86/TZP//BP86/QZ4P -51 135 146 112 -46 58 23.0
This work -58 53 50 38 -77 - 22.6%

2Value taken from ref 10.

Table 3.1: Computed and experimental 83W NMR chemical shifts (in ppm) and coupling constant (in Hz) for
anion [W7024H]°" using several methodologies.
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The calculated 83W NMR chemical shifts obtained from a range of functionals and basis sets
are summarised in Table 3.1. All of the methods employed reproduce the experimentally
observed 1:2:1:1:2 pattern for [W7024H]>". Deviations of the computed chemical shifts from
the experimental values obtained in this study were given as Mean Absolute Errors (MAEs).
The best methodology for reproducing the experimental 83W NMR spectrum of [W7024H]>~
was OPBE/TZP//PBE/TZ2P, with a MAE of 34 ppm compared to the values given in Figure 3.3.
These simulations also allowed us to tentatively assign the peaks of the experimental spectrum
to the tungsten atoms responsible for them, as shown in Figure 3.10. The simulations suggest
that the peaks at =77 and -58 ppm are from the tungsten atoms of the {W} capping unit (red)
and the bottom tungsten atom of the {Ws} unit (blue) respectively. The remaining peaks at 38,
50 and 53 ppm can be assigned to the four equatorial tungstens of the {Ws} unit (purple, green
and yellow). These three peaks are fairly similar in chemical shift and may imply that the
chemical enviroments for these tungsten atoms are equally similar. Coupling constants are also
obtained during the NMR calculation and, from Table 3.1, it is apparent that the
experimentally obtained coupling constant from ref. 10 is extremely well reproduced

regardless of the method used.
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Figure 3.10: Experimental 3W NMR spectrum obtained from the reaction of (TBA)2[WsO1s] and 4 eq. of
TBA(OH) with assighments to [W7024H]>~ based on computational findings.
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The computed 7O NMR shifts of [W;024H]>~ were also obtained using the best perfoming
functional and basis set (OPBE/TZP//PBE/TZ2P) identified from the ¥3W NMR simulations. A
full list of the obtained chemical shifts is given in Section 3.7.10 and a qualitative view of the
results is given in Figure 3.11, with a comparison to the experimentally obtained 1O NMR
spectrum from the reaction of (TBA)2[We019] with four equivalents of base. It should be noted
that standard NMR calculations give information about chemical shifts but give no information
about linewidths and therefore, purely for the purpose of comparison with the experimental
spectrum, the linewidths have been arbitrarily set to 300 Hz, which is similar to those observed

in the experimental spectrum.

Immediately, we can see that the simulated NMR spectrum of [W7024H]>~ (Figure 3.11b) is in
good agreement with the experimental NMR spectrum (Figure 3.11a). In particular, the
obtained chemical shifts and pattern for the terminal W=0 region of the spectrum (800-600
ppm) are very similar. Both show a separate peak around 720 ppm. The calculations assign this
peak to O7/09 (see Figure 3.7), which lie in the plane of the {Ws} unit. The calculations then
suggest that the chemical shifts of O1, 06, 019 and 021 are all extremely similar. This may be
used to help explain the cluster of intensity in the experimental spectrum between 680-690

ppm. The remaining three terminal W=0 units (017, 022 and 024) are predicted to give two
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Figure 3.11: Experimental 1’0 NMR spectrum for the reaction of (TBA)2[Wes019] with 4 eq. of TBA(OH) and the
simulated O NMR spectrum of [W7024H]>". The linewidths in the simulated spectrum are arbitrarily set to 300
Hz.
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peaks (022 and 024 are chemically equivalent) that are more upfield than the rest, which may

be attributed to their close proximity to the localised proton of [W;024H]>~ on 020.

The pattern observed for the bridging W-O-W region (300-500 ppm) is also somewhat similar
to the experimental spectrum, however, the chemical shifts appear to be systematically
overestimated (i.e. values are too positive). This observation is consistent with and was
discussed by Pascual-Borras and co-workers, who claim that the errors may come from solvent
effects, rovibrational effects and other methodological limitations.'* In order to improve the
fit between experimental results and the computed chemical shifts, the group used a set of
known polyoxometalates and their experimentally determined O NMR chemical shifts to find
a linear relation between the computed isotropic shieldings (ocaic) and the reported chemical
shifts. This gave Equation 3.6, where & = experimental chemical shift. A second linear
regression was performed by the authors using only data for the bridging W-O-W chemical
shifts and isotropic shields and these were found to have higher average errors than other

oxygen environments. This gave Equation 3.7.
6=-1.0790 + 313.0 (3.6)
6=-1.1570+271.1 (3.7)

The effects of linear scaling on the computed *’O NMR shifts of [W7024H]°>~ are summarised in
Figure 3.12. Linear scaling does very little to improve the fit between computed and
experimental values for the terminal W=0 peaks, and in fact, the original computed values
tend to agree more with the experimental results. Where the scaling really helps is with the
bridging W-O-W region. Before scaling, the shifts obtained for this region were between 368-
471 ppm, compared with 328-432 ppm for the experimental spectrum. Scaling with Equation
3.6 (shown in Figure 3.12e) led to a reduction in the error associated with these peaks, which
now appear between 347-457 ppm. An interesting application of this scaling also moves the
computed chemical shift for the central us-O to -15 ppm, which is now close to the
experimentally observed, and very broad, water peak at -2 ppm. This may explain why no

distinct peaks are observed in the central oxygen region in the experimental spectrum.

The effect of applying the linear scaling equation derived just from bridging W-O-W values is
shown in Figure 3.12d. As we may expect, this leads to a further improvement in the errors
associated with the peaks in the bridging region, now occurring between 308-426 ppm. This

could now be considered in very good agreement with the experimental spectrum. Obviously,
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Figure 3.12: The experimental O NMR spectrum obtained from the reaction of (TBA)2[WeO19] with 4 eq. of
base (a) and a series of simulated O NMR spectra obtained by applying the linear scaling Equations 3.6 and
3.7 in various ways to the computed YO NMR shifts of [W7024H]>". Again, the linewidths in the simulations have

been arbitrarily set to 300 Hz.

78



the very large peak at 437 ppm in the experimental spectrum which is caused by the presence
of [WO4]% is not present in the simulations. The peak assigned to the bridging p-OH (020),
originally computed at 134 ppm and tentatively assigned to the very low intensity peak at 197
ppm in the experimental spectrum, does not benefit from linear scaling as it is underestimated

in the original calculations.

The simulation shown in Figure 3.12c shows the effect of applying Equation 3.7 to only the
bridging W-O-W peaks and Equation 3.6 to the remaining oxygens. This offers a compromise
in which we can see a significant improvement in the accuracy of the bridging W-O-W chemical
shifts without moving the bridging p;-OH (020) to 36 ppm (representing an error of 161 ppm
if the experimental assignment is correct). However, this effect is also achieved by only scaling
the bridging W-O-W shifts and leaving the remaining computed shifts unchanged, as shown in
Figure 3.12b. This appears to give the best fit between the experimental data and the

calculated chemical shifts.

It is important to note that the original linear scaling relations reported by Pascual-Borras and
co-workers were obtained using the same functional and basis set used in this study to obtain
the computed 7O NMR chemical shifts of [W7024H]>". If the methods were different then it
would be appropriate to either recalculate the YO NMR chemical shifts using the same
methods used to produce the linear scaling equations, or to produce new scaling equations
with the new method. The group did use the ADF2010 software package, as opposed to the
ADF2019 package used in this study. The two packages likely use different convergence
threshold values and therefore, calculation outputs will be marginally different. These
differences are likely to be small and therefore the qualitative observations and conclusions
presented here should still be valid. To obtain the most reliable results, the 170 NMR chemical
shifts of [W7024H]°~ should be recalculated using ADF2010, however, we do not have access to

this software package anymore.

3.3.5 Isolation of [W7024H]*~ by cation exchange
The high solubility in organic solvents of the proposed (TBA)s[W7024H] obtained from the
reaction of (TBA)2[We019] with four equivalents of TBA(OH) has prevented its crystallisation as

a single compound and therefore, its separation from (TBA)2[WOQa4] has proved difficult.

In order to isolate [W70,4H]*>" as a single compound, the use of an alternative cation which
should impart lower solubility in organic solvents was explored. Performing the same

degradation reaction of (TBA)2[WeO1s] with four equivalents of benzyltrimethylammonium
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Figure 3.13: Single-crystal X-ray diffraction structure of (BMTA)s[W7024H].2DMSO with probability ellipsoids at
50% level. Cations and solvent shown in wire form for clarity.
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Figure 3.14: ATR FTIR transmittance spectrum of BTMA(Br) (blue), the amorphous solid obtained the
recrystallization of the crude product from treatment of (TBA)2[WsO19] with 4 equivalents of (BTMA)OH from
DMSO/DMF (red) and crystalline (BTMA)s[W7024H]>" (black).
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hydroxide BMTA(OH) in a mixture of acetonitrile and methanol produced a white precipitate,
after stirring at room temperature overnight. The solid was separated by centrifugation and
washed with acetonitrile and methanol to ensure complete removal of starting materials. At
this point, the solid may still contain a mixture of tetrabutylammonium and
benzyltrimethylammonium cations as little is known about the solubility of mixed organic

cation POMs.

The resulting solid was then recrystallized from boiling DMSO/DMF which produced a mixture
of amorphous white solid and colourless crystals. Single-crystal X-ray diffraction experiments
showed that the crystalline material was that of (BTMA)s[W7024H].2DMSO, shown in Figure
3.13. The structure of [W7024H]°" in (BMTA)s[W7024H].2DMSO and
(TBA)7[W7024H].[Ws019].3MeCN is very similar, suggesting that the nature of the cation and

solvent used in the crystallization has no real impact on the POM structure.

In order to determine if the amorphous solid produced during the recrystallization is also
(BTMA)s[W7024H], the infrared spectra of both the amorphous solid and crystals of
(BTMA)s[W7024H].2DMSO, after drying under vacuum, were recorded. The resulting spectra,
along with the infrared spectrum of BMTA(Br) are shown in Figure 3.14. The IR spectra of the
amorphous solid (red) and the crystalline (BTMA)s[W7024H] (black) are extremely similar,
implying that the amorphous solid is also (BTMA)s[W7024H]. It may be that the incredibly low
solubility of (BTMA)s[W7024H] in organic solvents leads to rapid precipitation of amorphous
(BTMA)s[W7024H] from the hot DMSO/DMF solutions as they cool. Only then is this followed
by the slower formation of crystalline material from the saturated solution at room

temperature.

The infrared spectrum of crystalline (BTMA)s[W7024H] contains numerous peaks below 1000
cm?, the region in which M-O stretches are found. The intense peak at 921 cm™ can be
assigned to a terminal W=0 stretch. This peak also appears to have a shoulder which could be
indicative of several symmetry inequivalent W=0 stretches, which is consistent with the
structure of [W7024H]°~ that contains tungsten atoms with both one and two terminal W=0
bonds. Furthermore, the presence of numerous intense peaks in the region of 880-650 cm
could be a result of the Cs symmetry of [W7024H]>", which in turn, produces a large number of
unique bridging W-O-W stretches. It is worth noting that the infrared spectrum of BTMA(Br)
also shows a series of sharp stretches in this region and therefore some of this complexity

could be a result of the counter ion. The low intensity stretches at approximately 1450 cm™
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and 3000 cm™ can be assigned to various deformations of C-H, C-C and C-N bonds present in
the benzyltrimethylammonium cation. These regions appear significantly different from
samples of tetrabutylammonium salts, showing that the presence of sp? carbons and a lack of
aliphatic C-C bonds in BTMA produces a major difference in the spectrum. This could be used,

alongside *H and '3C NMR spectroscopy, to confirm the absence of TBA in these samples.

Together with the degradation of (TBA),[WeO19] with four equivalents of BTMA(OH), a simple
cation exchange procedure was explored. In this case, (TBA)2[Wes0O19] was reacted with four
equivalents of TBA(OH) in acetonitrile to produce the same reaction mixture previously
discussed (*¥3W NMR spectrum shown in Figure 3.15). The solvent was then removed, and the
resulting viscous oil was re-dissolved in a small amount of DMSO. The 83W NMR spectrum of
the mixture in DMSO was also recorded to ensure there was no chemical change upon
changing the solvent. The resulting spectrum is shown in Figure 3.16. There are some minor
impurities, but the mixture appears largely the same. This mixture of tetrabutylammonium
salts was then treated with an excess of benzyltrimethylammonium bromide in DMSO, which
led to the immediate precipitation of a white solid. Washing with acetonitrile/methanol and
recrystallization from hot DMSO/DMF again led to a mixture of colourless amorphous and

crystalline solids. Single-crystal X-ray diffraction was used to check the unit cell parameters of

aN N
N < SO O
N 9N
n F ™ - mweo
172 | N |

' AN

30 "180 160 ' 140 "120 '100 T 80" T 60 ' 40 ' 20 ' O ' -20 ' -40 ' -60 ' -80 '-100 '-120 "-140 '-160 '-180 " -2
Chemical shift & (ppm)

Figure 3.15: ¥2W NMR spectrum of the reaction between (TBA)2[WsO19] and 4 eq. of (TBA)OH in CH3CN/CDsCN.
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Figure 3.16: 1®3W NMR spectrum of the reaction between (TBA)2[Ws019] and 4 eq. of TBA(OH) in ds-DMSO. Peaks
marked with asterisks are likely due to the presence of additional degradation products.

the crystalline material and they were found to be identical to those of
(BTMA)s[W7024H].2DMSO and are given in Section A.2.2. This shows that the incredibly low
solubility of (BTMA)s[W7024H] in organic solvents allows for its simple separation from
(BTMA)2[WO4] (and other TBA salts), which are much more soluble. Unfortunately, the
solubility of (BTMA)s[W7024H] is too low for 183W NMR spectroscopy.

3.3.6 Targeting [W;024H]*"

Now knowing that [W7024H]>~ is a major component of degradation reactions of
(TBA)2[Ws019], we can look to directly target [W7024H]>~ by changing the ratio of {We} to base
used in the degradation reaction. As shown in Equation 3.8, approximately 2.3 equivalents of
TBA(OH) per (TBA)2[We010] are theoretically required to target [W7024H]>". This represents a
charge/tungsten (Z/W) ratio of 0.71, which is significantly lower than those previously
discussed (they target Z/W = 1). Alternatively, the controlled hydrolysis of the appropriate ratio
of (TBA)2[WO4] and WO(OMe)4 can also be used to target [W7024H]>". This route is described
in Equation 3.9 and is analogous to methods previously used by our group during the synthesis

of heterometal containing Lindqvist-type POMs.
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7 (TBA),[W,010] + 16 TBA(OH) — 6 (TBA)s[W,0,,H] + 5 H,0 (3.8)
5 (TBA),[WO,] + 9 WO(OMe), + 19 H,0 — 2 (TBA)s[W,0,,H] + 36 MeOH  (3.9)

As before, these reactions are most readily monitored using ¥3W NMR spectroscopy. Firstly,
the hydrolysis of WO(OMe)s with water in the presence of (TBA)2[WO4] was studied. The two
tungsten-based reagents were dissolved in acetonitrile and allowed to stir for approximately
one hour. The water was then added to the solution to drive the hydrolysis of metal alkoxide
bonds and, in turn, the condensation reactions required to form isopolytungstates. After
stirring overnight, the solvent was removed and the resulting viscous oil was dissolved in 2-3
mL of a 1:1 mixture of CH3CN and CDsCN. The ¥3W NMR spectrum was recorded and the
resulting spectrum is shown in Figure 3.17a. Analysis of this spectrum shows that a fairly
complex mixture has formed, with more species present than was previously observed for
reactions targeting the higher charge to tungsten ratio of 1. The peaks highlighted in blue at
-78, -62, 38, 48 and 52 ppm respectively can be assigned to [W;024H]>" as they occur with
very similar chemical shift to those seen previously and in the distinctive 1:2:1:1:2 pattern. In
addition to these, the peaks highlighted in orange at -162 and -20 ppm respectively occur in
a 1:4 ratio and are consistent with the formation of [W10032]*, one of the few

isopolytungstates known to form in non-aqueous solutions.

The remaining signals are not readily assignable to any known isopolytungstate. Some of the
peaks have been assigned to the same species based on inspection of the relative integrals
since peaks from the same species should have integrals which can be related by multiplication
by whole numbers. These assignments have largely been made by inspection of a lot of
individual *®3W NMR spectra, in which it becomes more apparent which peaks are related as
they always appear in the same ratio, regardless of how prominent they are in the reaction
mixture. This will become clearer in Section 3.4.2 where ¥3W NMR studies of reactions at a
range of charge to tungsten ratios are presented.From this inspection, the presence of at least
two more isopolytungstate species is suggested. The eight peaks in red appear in a
1:1:1:1:1:1:1:1 ratio and therefore imply the presence of an 8n isopolytungstate with eight
unique tungsten environments. Again, this does not fit with the reported structure of any
known POM we have seen. The peaks highlighted in purple occur in a 1:1:2:2:1:1:1:4:1 ratio
which is consistent with the presence of a 14n isopolytungstate. Unfortunately, the inability to
crystallise these species out of reaction mixtures, at this time, severely limits the ability to

discuss the nature of these species. This also makes analysis with other techniques like 7O
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Figure 3.17: '83W NMR spectra of the hydrolysis of WO(OMe). in the presence of (TBA),[WOs] after (a) 1 day, (b)
3 months and (c) after stirring for 3 months and then refluxing for 3 days. The spectra were acquired in a mixture

of CH3CN and CDsCN.
NMR spectroscopy difficult, as these spectra are likely to be extremely complicated.

Furthermore, the fact that they exist in a complex mixture which is likely to be made up of

species with similar solubilities, separation of this mixture is extremely difficult. The peaks left
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in black could not be assigned with any confidence as of yet, but that does not necessarily

mean that one or more of these does not belong to the same species.

These insights suggest that directly targeting [W-024H]>~ from monomeric starting materials is
difficult. However, given that [W7024H]>~ forms part of the product mixture, and that the
kinetics of isopolytungstate assembly may be quite slow, it is worthwhile to extend the
reaction time to ensure that what we see in the ¥3W NMR spectrum is the equilibrium state
of the reaction. Allowing the reaction mixture that produced the spectrum shown in Figure
3.17a to stir for three months at room temperature gave the spectrum shown in Figure 3.17b.
The spectrum is substantially different to the one acquired after just one day and does verify
the idea that isopolytungstate formation, interconversion and therefore equilibration is quite
slow. What is immediately apparent is that any [W7024H]>" that was present initially is no
longer present and therefore, at this charge to tungsten ratio (Z/W =0.71), it can be considered
a kinetic product of the reaction. It is clear that, over the course of three months, a series of
hydrolysis and condensation reactions have converted [W7024H]°" into other species present
in the mixture. This is also true for the “purple species”, which is completely absent from the
reaction mixture after three months. Notably, the relative amount of the “red species” has
massively increased to the point where it now appears to dominate the reaction mixture. This
may imply that it is the most stable species accessible under these conditions. Interestingly,
the amount of [W10032]*" appears to have changed very little. This may suggest a larger
energetic barrier to its formation, perhaps associated with the formation of four approximately

linear W-O-W bridges.

In addition to the previously discussed species, there now appears to be a small amount of
another component. There are six peaks highlighted in green which occur in a 1:1:1:1:1:1
pattern. There also appears to be an increase in the intensity of the peak highlighted in red at
-10 ppm. Analysis of the integrals of some of the red and green peaks from Figure 3.17b and
3.17c is shown in Figure 3.18. This shows that the intensity of the peak at -10 ppm is
approximately the sum of the intensity of one red peak and one green peak suggesting that
there are two overlapping peaks, one from each species, occurring at -10 ppm. This can be
seen as a slight shoulder on the side of the peak and is consistently observed whenever both
species are present. Therefore, the “green species” actually contains seven unique tungsten

environments (7n) equally populated (i.e. 1:1:1:1:1:1:1).
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Figure 3.18: Sections of the ¥3W NMR spectra shown in Figure 3.17b and 3.17c showing the relative integrals
of the red and green peaks.

To verify the stability of this mixture and whether any other species are accessible at a higher
temperature, the reaction mixture was then refluxed for three days. The solution was then
allowed to cool to room temperature and the 83W NMR spectrum of the reaction mixture was
recorded. The resulting W NMR spectrum is shown in Figure 3.17c. The observed changes
to the spectrum are minimal. The most striking difference is the large increase in the amount
of [W10032]* present in the reaction mixture. The higher reaction temperature appears to
drive the equilibrium towards {Wio} implying that it is likely to be the most stable of the
accessible species at this charge to tungsten ratio (Z/W = 0.71), but that the energy barriers
associated with its formation are high enough that it is not rapidly formed at room
temperature. The rise in the amount of {W10} seems to be accompanied by a reduction in the
intensity of the peaks assigned to the “red species”, perhaps indicating a mechanism of
interconversion between the two species. On the other hand, the relative amount of the
“green species” seems stable even after heating at reflux for three days. It is worth pointing
out that without precise structural information about the species present in solution, and
therefore knowledge of how many tungsten nuclei are responsible for each peak, it is not

possible to know the exact proportion of each species in the mixture.

Following these results, the same charge to tungsten ratio theoretically required to target
[W7024H]>~ (Z/W = 0.71) was targeted using the degradation of (TBA)2[WsO19] with
approximately 2.3 equivalents of TBA(OH), as described in Equation 3.8. Our group has used
both the hydrolysis of WO(OMe)s in the presence of TBA2[WQ4] and basic degradation of

(TBA)2[We019] interchangeably to target virtual lacunary species and therefore we expect
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targeting the same charge to tungsten ratio to give similar results, regardless of the method

used.

To test this, (TBA)2[We019] was treated with 2.3 equivalents of TBA(OH) in acetonitrile. The
solution was stirred at room temperature for one week (the experiment was longer due to
limited availability of spectrometer time for 83W NMR spectroscopy). The volatiles were then

removed, and the resulting viscous oil was taken up in CH3CN/CDsCN and the 83W NMR
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Figure 3.19: ¥3W NMR spectra of the degradation of (TBA)2[WsO1s] with 2.3 equivalents of TBA(OH) after (a) 1
week, (b) 3 months and (c) after stirring for 3 months and then refluxing for 3 days. The spectra were acquired

in a mixture of CH3CN and CDsCN.
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spectrum was recorded. The resulting spectrum is shown in Figure 3.19a. The mixture
produced is largely similar to those shown in Figure 3.17b and 3.17c. The major peaks
observed are the eight peaks assigned to the “red species” and the seven peaks assigned to
the “green species”. There also appear to be low intensity peaks in the same positions as those
previously assigned to the “purple species”, indicating it may be a minor component of the

reaction mixture.

As done previously, this mixture was left to stir at room temperature for three months to
attempt to allow the mixture to equilibrate. The ¥3W NMR spectrum recorded after three
months at room temperature is shown in Figure 3.19b. In this case, there was very little change
during this time. There appears to be a small increase in the relative intensity of the peaks
assigned to the “green species” relative to those of the “red species”. Furthermore, any peaks
associated with the “purple species” seem to have diminished. This leads to an overall
simplification of the reaction mixture, which is now seemingly dominated by two currently
unknown species. This appears to indicate good solution stability for these two species, at least
at room temperature. Unfortunately, without knowing the nature of either of these species it
is hard to know how to separate the two compounds, or how to bias the mixture towards
either of them. It is also worth noting in this case that there is no [W10032]* observable in the
mixture even after three months. This may suggest that there is a mechanism for its formation
at room temperature during the hydrolysis of WO(OMe)a in the presence of TBA2[WO4] (as it
is present in the spectra shown in Figure 3.17a and 3.17b) that is not readily accessible during
basic degradation. Also, the fact that it doesn’t grow into reaction mixtures over time, again
supports the notion that there may be a large energetic barrier associated with its formation

in these reaction mixtures.

The high temperature solution stability of this mixture was tested by refluxing the reaction
mixture for three days. The 83W NMR spectrum was then re-recorded and is shown in Figure
3.19c. At this point, the formation of {W10} is observed and is evidenced by the new peaks at
-20 (8W) and -161 ppm (2W) highlighted in orange. This indicates that giving the reaction
mixture more energy allows the formation of {W1o} as previously discussed. The formation of
{W10} appears to be accompanied by a slight decrease in the intensity of the other peaks in the
reaction mixture, which makes sense as the total amount of tungsten in the mixture must be
conserved. It is obvious when comparing the 83W NMR spectra shown in Figure 3.17c and

3.19c¢ that the relative amount of {W1o} formed during the basic degradation of (TBA)2[WsO19]
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is lower than the corresponding WO(OMe)s hydrolysis reaction targeting the same charge to

tungsten ratio (Z/W =0.71).

The exact reason for this is unknown, but it is worth considering that the mechanisms of
isopolytungstate formation are likely to be slightly different, with reactions of WO(OMe)s and
(TBA)2[WO4] involving assembly from monomeric/dimeric units. Conversely, reactions with
(TBA)2[We6019] immediately have access to higher nuclearity fragments. This, along with the
presence of methanol in reactions involving WO(OMe)s, may allow for slight differences in

solution speciation even when all other factors are equal.

Interestingly, there are no peaks that can be assigned to [W7024H]°" in any of the ¥3W NMR
spectra shown in Figure 3.19. This was observed after leaving the previously discussed reaction
mixture to stir at room temperature for three months (Figure 3.17b). This may provide support
for the earlier postulated idea that [W7024H]>~ may form as a kinetic product but undergoes
slow interconversion into other species soon after. In this case, it would imply that leaving the
degradation mixture stirring at room temperature for one week was enough time for complete
loss of any [W7024H]°~ that may have formed. To verify if [W7024H]>~ does indeed form initially
during the degradation of (TBA)2[WsO19] with 2.3 equivalents of TBA(OH), the reaction was
repeated but in this case the spectrum was acquired after stirring overnight. The ¥3W NMR

spectrum obtained is shown in Figure 3.20.

Acquiring the spectrum after much less time results in a huge change. The peaks at -77, -60,
38, 49 and 52 ppm respectively, highlighted in blue, show the characteristic 1:2:1:1:2 pattern
of [W7024H]"". This suggests that after much shorter reaction times [W7024H]>" is a major
component of reactions targeting a charge to tungsten ratio of 0.71. However, under these
conditions [W7024H]>" is only metastable, and appears to undergo conversion into other
isopolytungstate species over the course of a few days. Several other species are also present
at this time, with familiar peaks highlighted in red and purple. There is also some indication of
the formation of peaks previously assigned to the “green species”, however they are too low

intensity at this point to make a confident assignment.

Given that [W70,4H]>~ dominates reaction mixtures targeting a charge to tungsten ratio of 1,
and that it is a prominent feature initially in reactions targeting a charge to tungsten ratio of
0.71, it may be reasonable to suggest that formation of [W;024H]>" is, at the very least,
kinetically favoured and in turn, that there are no particularly high energy transition states

involved in its assembly. In the absence of other more thermodynamically stable species it may
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Figure 3.20: W NMR spectrum of the degradation of (TBA)2[WeO1s] with 2.3 equivalents of TBA(OH) after
stirring overnight. The spectrum was recorded in a mixture of CHsCN and CDsCN.

persist in solution for extended periods, which may be the case at higher charge to tungsten
ratios where, so far, none of the other species observed in Figure 3.17 or 3.19 have been seen.
However, at the lower charge to tungsten ratio of 0.71 discussed here, there appears to be a
number of other species present in the reaction mixture. All the findings so far support the

idea that [W7024H]"" is unstable with respect to conversion into one or more of these species.

In order to try to get some structural information about the species present in these reaction
mixtures, numerous attempts to grow crystals from the ¥3W NMR solutions were made. To
date, any attempts to crystallise tetrabutylammonium salts by slow evaporation of reaction
mixtures or diffusion of anti-solvents have only given (TBA)2[WsO19] or (TBA)a[W1003;]. Use of
cation exchange with benzyltrimethylammonium was very successful in acquiring a structure
of [W7024H]>~ and therefore we thought it may also be useful in characterisation of the
unknown species observed in these 83W NMR studies. However, treatment of the mixtures
with an excess of BTMA(Br) followed by recrystallization from DMSO/DMF only ever gave
(BTMA)s[W7024H].2DMSO.

It may be that the conditions used for the recrystallization are favouring the formation of

[W7024H]*>", however, given the extremely limited solubility of benzyltrimethylammonium
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salts, there are very few options in terms of solvent combinations, and high temperatures tend

to be required to get any appreciable amount of the crude product to dissolve.

The selective formation of [W70,4H]>~ from crystallization studies is very intriguing in the
context of the previous discussion in which 8W NMR studies imply that [W7024H]>"
disappears from solutions over time. This could be considered analogous to the observations
of Maksimovskaya in aqueous solution, where NMR studies showed [H2W12042]% slowly
converts to [W7024]%" in solution. However, although [W7024]%~ dominates solutions, the only
species that crystallises out of these solutions is [H2W12042]19". This is strikingly similar to our
system where apparent solution instability of [W7024H]>~ with respect to interconversion to
another isopolytungstate is simultaneously paired with preferential formation in the solid
state. This may imply a somewhat flat potential energy surface in which isopolytungstate
species, such as [W7024H]>~ and the numerous unknown species discussed in this section, can
interconvert reversibly to respond to small changes in conditions (e.g. reaction concentration,

temperature, solvent polarity etc.).

3.4 Expanding the scope

So far, this chapter has focused on attempting to understand the non-agueous reaction
between (TBA)2[Ws019] and four equivalents of TBA(OH) in order to target a solution with a
charge to tungsten ratio of 1. This led to the discovery of the new isopolytungstate [W;024H]>",
which was found to exist in a 1:2 ratio with (TBA)2[WOQ4] in these solutions. Directly targeting
[W7024H]>~ by changing the equivalents of TBA(OH) used in the reaction, to target a solution
with a Z/W of 0.71, gave evidence of several isopolytungstate species that are not known in
the literature. This exemplifies how little is known about non-aqueous isopolytungstate

speciation.

All known (and theorised) isopolytungstate species can be described in terms of a charge to
tungsten ratio simply by dividing the overall charge of the anion by the number of metal atoms
in the structure. The values of Z/W can range from zero for neutral tungsten oxide, to two for
monomeric tungstate. Isopolytungstate species fall somewhere between these two extremes
and six known structures are shown on a scale of charge to tungsten ratio in Figure 3.21, along

I”

with some of the “virtual” species our group has targeted during previous studies. In general,
the few isopolytungstate species already obtained from non-aqueous media ([WgO19]>~ and

[W10032]*) have lower charge, and Z/W, than those isolated from aqueous media ([W7024]%"
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and [H2W12042]'%). This is consequence of the lower polarity of non-aqueous solvents

compared to water, which makes them less able to stabilise highly charged species.

In order to gain more insight into non-aqueous isopolytungstate speciation we examined the
nature of solutions at a range of Z/W ratios using solution state NMR spectroscopy, as we have
already done for Z/W = 1 and 0.71. These solutions can be readily prepared by reacting
(TBA)2[We019] (Z/W =0.33) with varying amounts of TBA(OH) to move right on the scale shown
in Figure 3.21. As shown already, these solutions are readily ’O-enriched by degrading pre-
enriched (TBA)2[WeO19]. These may also be obtained by hydrolysing varying ratios of
(TBA)2[WO4] and WO(OMe), as was already done for Z/W= 0.71. However, given ¥3W NMR
studies require large amounts of material, this would require the synthesis of large amounts
of WO(OMe)as which is not ideal as discussed in Chapter 2. Therefore, this section will rely
solely on the degradation of (TBA)2[We019] with base to access solutions with various charge

to tungsten ratios.

3.4.1 70 NMR spectroscopy
70 NMR studies were useful in Section 3.3.1 in giving some preliminary insight into the
complexity of the reaction mixture and for identifying known species, like monomeric

tungstate. NMR scale reactions of ’O-enriched (TBA)2[WeO19] with between 0.4 and 10
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equivalents of TBA(OH) were performed in deuterated acetonitrile. The resulting ’O NMR

spectra are shown in Figures 3.22-3.27.

The first reaction between (TBA)2[WeO19] and 0.4 equivalents of TBA(OH) targets a Z/W ratio
of 0.4. This is the charge to tungsten ratio theoretically required to target [W10032]*. The
limited amount of base used in this reaction led to large amounts of solid left in the reaction
after several days, which presumably is unreacted (TBA)2[WsO19]. The solution was warmed to
60 °C for 2-3 hours which led to a sizable decrease in the amount of solid remaining after the

mixture returned to room temperature.

The reported 70O NMR chemical shifts of [W10032]* are 762 (10 0), 430/416 (20 O), and -6 (2
0) ppm respectively.’> Figure 3.22 shows peaks at 765, 432 and 416 ppm which may be
tentatively assigned to {W1o}, though integration is not possible given the number of other
peaks in close proximity. Furthermore, the broad peak at -5 ppm, which is likely to be a result
of the formation of water during hydrolysis of (TBA)2[WsO19], prevents visualisation of the
reported peak at —6 ppm. The 7O NMR spectrum of (TBA)2[WeO19], shown in Figure 3.1, has
peaks at 776 (6 O), 415 (12 O) and -77 (1 O) ppm respectively. While we would not expect to
resolve the peak at =77 ppm, due to the exceptionally long relaxation time of this central

oxygen, the peak at 777 ppm in Figure 3.22 confirms the presence of some unreacted {Ws}

950 850 750 650 550 450 350 250 150 50 -50 -1
Chemical shift 6 (ppm)
Figure 3.22: Y70 NMR spectrum of the reaction between (TBA)2[Ws019] and 0.4 eq. of (TBA)OH in CDsCN.
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and in turn that the intense peak at 416 ppm is likely caused by the bridging W-O-W oxygens
of both {We} and {W1o}.

Along with the signals that can be assigned to {Wio}, {Ws} and H,0, there are several other
lower intensity signals. There are a series of broad features in the terminal W=0 region
between 742-676 ppm. These are paired with a set of equally broad peaks in the bridging W-
O-W region between 407-291 ppm. This complex pattern may suggest several species present
in solution and/or species with low symmetry which have a large number of unique oxygen
environments. Additionally, there are a cluster of peaks between 621-534 ppm. These are on
the low end for terminal W=0 peaks but shifts between 650-590 ppm have been observed for
structures with tungsten atoms bearing cis-dioxo functionality.'® The two low intensity peaks
at 203 and 155 ppm respectively could indicate the presence of bridging hydroxides, caused
by protonation of isopolytungstate species. This may be expected to occur at lower charge to

tungsten ratios.

Increasing the amount of TBA(OH) used to one equivalent per (TBA)2[Ws019], to give a solution
with a Z/W = 0.5, leads to a significant change in the 10 NMR spectrum (shown in Figure 3.23).
Firstly, any observable peaks associated with the presence of unreacted (TBA)2[Ws019] are now
gone. There are still peaks at 764, 432 and, 417 ppm respectively that can be assigned to {W1o}.

The intensity of the peaks at 764 and 417 ppm appears significantly reduced, while the peak

-3.7

81.2

950 850 750 650 550 450 350 250 150 50 -50 -1
Chemical shift 6 (ppm)
Figure 3.23: Y70 NMR spectrum of the reaction between (TBA)2[WeO1s] and 1 eq. of TBA(OH) in CDsCN.
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at 432 ppm is still very intense, implying that this peak may be caused by multiple unique
oxygen nuclei in very similar chemical environments, and therefore its intensity is
disproportional to the other peaks of {W1o}. The chemical shifts of the clusters of peaks in the
terminal W=0 region (743-640 ppm) and the bridging W-O-W region (432-308 ppm) are very
similar to those in Figure 3.22, but these peaks are now quite intense. This could indicate that
degradation of the previously unreacted (TBA)2[Ws0O19] has led to an increase in the amount

of the degradation products observed in Figure 3.22.

There is now also a sharp peak at 438 ppm. This peak was previously observed in Figure 3.2
and is characteristic of the formation of [WO4]?". This could be considered quite surprising as
[WO4]?" has the highest charge to tungsten ratio possible and therefore we may have expected
to form isopolytungstate species with an increasing Z/W ratio as base is added, and only form
the most charge dense monomeric tungstate when large quantities of base have been added.
Instead, [WO4]?>~ already forms in solution at Z/W = 0.5. This may imply the other
isopolytungstate species in this mixture have a low Z/W ratio and formation of [WO4]% is
required to “mop up” the extra charge in the mixture. This behaviour has already been
observed in solutions with Z/W = 1, which exist as an approximately 1:2 mixture of [W7024H]>~
(Z/W =0.71) and [WO4]? rather than a mixture species with charge to tungsten ratios closer

to 1.

While there are no peaks between 150-250 ppm in Figure 3.23, there is now a very broad
feature centred at 81 ppm. This is in the region suggested for [OH]~ or [OH]7/H20 clusters.’
This could be evidence of unreacted TBA(OH) or could be due to the interaction of the water
produced in the hydrolysis of {Ws} with the basic oxygens of tungstate leading to polarisation

of the O-H bonds of water.

Changing from 1 to 1.6 equivalents of TBA(OH) per (TBA)2[WsO19] gives Z/W = 0.6, and is the
charge to tungsten ratio previously targeted by our group during the synthesis of M(IV)-
containing Lindqvist-type polyoxometalates.’®* The 7O NMR spectrum at this charge to
tungsten ratio is shown in Figure 3.24. This spectrum has not changed drastically upon the
addition of the extra 0.6 equivalents of base. Most notably, the size of the tungstate peak, at
440 ppm in this spectrum, is more intense compared to the broad features in the terminal
W=0 region (740-640 ppm) and bridging W-O-W region (432-308 ppm). This indicates that as
charge is added to the mixture the amount of the highly charged [WO4]%" increases, while the

amount of the other isopolytungstate species decreases. This further supports the idea that
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Chemical shift 6 (ppm)
Figure 3.24: 770 NMR spectrum of the reaction between (TBA)2[Ws019] and 1.6 eq. of TBA(OH) in CDsCN.

formation of monomeric tungstate is important in “mopping up” the additional charge added
to the mixture. The small peaks observed at 764 and 417 ppm in Figure 3.24, previously
assigned to {Wio}, are no longer visible, while a significant peak at 432 ppm remains,

reinforcing the fact that this sharp peak cannot only be assigned to {W1o}.

Figures 3.25, 3.26 and 3.27 show the O NMR spectra after treatment of (TBA)2[WeO1s] with
2.3, 3 and 5.2 equivalents of TBA(OH) respectively. These spectra show a continuation of the
trends beginning to emerge in Figure 3.24. As more TBA(OH) is added, the size of the peak at
438 ppm grows as the features in the terminal W=0 and bridging W-O-W regions appear to
decrease. From this we can infer that the reaction mixtures are increasingly dominated by
[WO4)?~ as charge is added. Interestingly, there are no obvious changes in the terminal W=0
or bridging W-O-W regions, perhaps implying that the same/similar isopolytungstate species

are present in solution, they just make up an ever-decreasing part of the mixture.

To verify if the mixture tends towards solely consisting of monomeric [WO4]?-, the reaction of
(TBA)2[We019] with ten equivalents of TBA(OH) was performed. The resulting spectrum
contains only a large peak at 437 ppm and two very small peaks at 285 ppm and 198 ppm. This
confirms that targeting a solution with Z/W = 2 contains almost exclusively monomeric

tungstate.
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Chemical shift 6 (ppm)
Figure 3.25: 70 NMR spectrum of the reaction between (TBA)2[Ws019] and 2.3 eq. of TBA(OH) in CDsCN.
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Figure 3.26: 70 NMR spectrum of the reaction between (TBA)2[WsO19] and 3 eq. of (TBA)OH in CDsCN.
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Figure 3.27: Y70 NMR spectrum of the reaction between (TBA)2[WeO15] and 5.2 eq. of (TBA)OH in CDsCN.

3.4.2 183W NMR spectroscopy

Preliminary characterisation of reaction mixtures with a range of charge to tungsten ratios
using 1’0 NMR spectroscopy has started to give some insight into the nature of these solutions.
The data suggest that known isopolytungstate species, like [Ws019]%~ and [W10032]*, exist in
solutions with low Z/W ratios. However, these species quickly give way to several broad peaks
that cannot be assigned to any isopolytungstate species known in the literature, implying the
presence of one or more unknown species present in these solutions. As the amount of base
(and charge) in the reaction mixture is increased, monomeric tungstate makes up an ever-

increasing portion of the mixture until eventually, it is all that remains.

In order to get a better understanding of the nature of these reaction mixtures, particularly at
Z/W = 0.5-1.2 where the broad unassigned features are observed, complimentary 83W NMR

spectroscopy experiments were performed.

Firstly, a single sample of (TBA)2[WsO19] was treated with portions of TBA(OH) allowing the
183\W NMR spectrum of a single reaction mixture to be recorded as the charge to tungsten ratio
was increased. To do this, (TBA)2[WeO19] was dissolved in acetonitrile and one equivalent of
TBA(OH) was added. The solution was allowed to stir at room temperature for one week before
the solvent was removed and the resulting oil was dissolved in a 1:1 mixture of CH3CN:CDsCN.

The W NMR spectrum was then recorded. The sample was then transferred back to a
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Schlenk flask, and the solution was diluted before the addition of another portion of TBA(OH).
The solution was again allowed to stir at room temperature for one week and this was
repeated to allow for the acquisition of 83W NMR spectra at Z/W = 0.5, 0.8, 1 and 1.2. The

resulting spectra are shown in Figure 3.28.

Straight away we can see a somewhat familiar picture when bearing in mind what we observed
in Figure 3.19 (Z/W = 0.71). The reaction mixture produced from treatment of (TBA)2[WzsO19]
with one equivalent of TBA(OH) (Z/W = 0.5 shown in Figure 3.28a) appears fairly simple. The
183\W NMR spectrum shows the mixture is primarily made up of [W10032]* (peaks highlighted
in orange) and the same 8n (1:1:1:1:1:1:1:1) isopolytungstate previously observed (highlighted
in red). Unlike in Figure 3.19, this “red species” appears to be the only major unknown
component of this reaction mixture, suggesting that perhaps it is preferred over any of the
other previously observed species at low charge to tungsten ratios. The observation of {Wio}
in the 183W NMR spectrum at Z/W = 0.5 is consistent with the 70O NMR studies, which showed
characteristic peaks of {W1o} at 764, 432 and 417 ppm respectively. The additional peak at 59

ppm indicates the presence of some unreacted [W¢019]?~.%°

After the addition of 1.3 equivalents of TBA(OH), taking the charge to tungsten ratio to 0.8, the
spectrum gets substantially more complicated, shown in Figure 3.28b. The relative amount of
the “red species” appears to decrease drastically and gives way to the formation of other
species. The peaks highlighted in blue appear in a now familiar pattern and are easily assigned
to [W7024H]>". The seven peaks highlighted in green were also previously observed in Figure
3.17 and 3.19 (Z/W =0.71), however in this case, the relative intensity of the peaks highlighted
in green far outweighs those in red. This may suggest that the isopolytungstate species
responsible for these peaks in red is readily transformed into other species as TBA(OH) is

added.

Curiously, the peaks at =20 and -162 ppm, assigned to {W1o} are still very prominent in this
183\W NMR spectrum. This contrasts the results of the 170 NMR study, where solutions with a
Z/W > 0.5 showed no evidence of {W10}. This could indicate that {W1o} possesses some kinetic
stability with respect to conversion to other isopolytungstate species as base is added, which
in turn means that the solution speciation observed is not only a consequence of the charge
to tungsten ratio targeted, but also the nature of the solution upon which charge is added.
This could have a drastic impact on the observed solution speciation as the ability to reach a

“true” equilibrium state (i.e. observation of the most stable products at that Z/W) would be
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Figure 3.28: 83W NMR spectra of the portion wise addition of TBA(OH) to (TBA)2[WeO1s]. The spectra were

recorded after addition of a) 1 eq. (Z/W =0.5), b) 2.3 eq. (Z/W =0.8), c) 4 eq. (Z/W = 1), and d) 5.2 eq. (Z/W =
1.2) of base. The spectra were recorded in a 1:1 mixture of CHsCN and CDsCN.
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dependent on the ability to overcome any kinetic barriers allowing interconversion of
isopolytungstate species. This may also help to explain why monomeric tungstate is observed
at such low charge to tungsten ratios in non-aqueous solutions. If significant quantities of
tungsten are locked up in kinetically stable species, then the base added is likely to act on the
remaining (labile) isopolytungstate species, causing their conversion to highly charged

tungstate. A large peak for [WO4]?" is seen at the centre of Figure 3.28b at 1 ppm.

This trend continues as the charge to tungsten ratio is increased to 1. The spectrum shown in
Figure 3.28c is obtained after the addition of four equivalents of TBA(OH) to (TBA)2[WsO19],
the exact same conditions used to produce Figure 3.3 which was shown to be an approximate
1:2 mixture of [W7024H]>~ and [WO4]?>". We can see that the two spectra are completely
different. Both spectra contain a large peak that can be assignhed to [WO4]?-, observed at 3
ppm in Figure 3.28c, but the spectrum obtained after portion wise addition of base to reach
Z/W = 1 contains no [W7024H]>". Any [W7024H]>" that was present in Figure 3.28b appears to
have been converted into tungstate and/or the “green species”. The peaks assigned to {Wio}

highlighted in orange are still present.

Further basification of the reaction mixture to give a Z/W = 1.2 leads to almost complete
conversion of everything in the reaction mixture into monomeric tungstate (Figure 3.28d). The
peaks highlighted in green and orange both drop in intensity with respect to the tungstate
peak. This is more clearly shown in Figure 3.29, which gives a better representation of how big
the central tungstate peak (observed at 1-3 ppm) is compared to the other peaks in the
reaction mixture and in turn how the relative amount of everything else in the reaction mixture
is decreasing with respect to the amount of tungstate. There is a new peak present in Figure
3.28d at -98 ppm, which may be tentatively assigned to [H2W12040]%~, which has been reported

at -113 ppm as a sodium salt in aqueous conditions.?°

™
o |
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Z/W =0.8 Z/W=1 Z/W=1.2

ol W.A RN |1 -

Figure 3.29: Comparison of the intensity of the tungstate peak compared to the rest of the reaction mixture in
the 8W NMR spectra obtained from the reaction of (TBA)2[Ws010] with increasing quantities of TBA(OH).
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In order to determine the extent to which the observed solution speciation at a given charge
to tungsten ratio is affected by the nature of the starting solution, a similar set of experiments
were performed. In this case, separate samples of (TBA),[We019] were treated with the
required amount of TBA(OH) to reach charge to tungsten ratios between 0.5-1.2. This means
that the starting point for every reaction is the same. The resulting spectra are shown in Figure
3.30. It should be noted that the spectra shown in Figure 3.30a, 3.30c and 3.30e have already
been discussed in this chapter but as they were prepared by treatment of (TBA)2[Ws0O19] with
the appropriate amount of base to reach the target Z/W, added in one portion, it is suitable to

discuss them here.

The spectrum shown in Figure 3.30a, obtained at Z/W = 0.5 was discussed above, and appears
to simply contain a mixture of {W10} and the “red species”. However, things quickly get more
complicated. Treatment of (TBA)2[Ws019] with 1.6 equivalents of TBA(OH), targeting Z/W = 0.6,
produces a much more complex mixture. Peaks at 59, -20 and -162 ppm can be assigned to
{We} and {Wio}. In contrast to the study using portion wise addition of base, the relative
amount of {W10} in the mixture already appears to be much lower, with signals appearing much
less intense than those in Figure 3.28. This is in keeping with the idea that {W10} may be a
thermodynamically favourable reaction product at lower Z/W ratios, but kinetic stability is the
main cause of its persistence after further basification. Careful analysis of the remaining
chemical shifts gives evidence for the previously assigned “red species”, “purple species” and
[W7024H]>". The complexity of this mixture is evidence that there is very limited preference for

a single species at this charge to tungsten ratio, and therefore we can infer that the solution

stability of these species (under these conditions) is similar.

Interestingly, in this spectrum, the observed signals are sufficiently narrow to reveal some W-
W coupling. Peaks at 31, 27 and =59 ppm respectively, all of which are assigned to the purple
species in a 2:2:4 ratio, have observable tungsten-tungsten coupling. Figure 3.31 highlights
this. The observed coupling constants (i.e. Jww) are 25.4 Hz for the peak at 31 ppm and 24.5
Hz for the two peaks at 27 and -59 ppm respectively. This indicates that the tungsten nuclei
responsible for the peaks at 27 and -59 ppm are coupled to one another as the coupling
constants are identical. There are no other peaks either assigned to the purple species, or in
the spectrum as a whole, which have a coupling constant of 25.4 Hz. This is initially confusing
as every observed homonuclear coupling constant must appear twice in the spectrum, once

for each environment coupled to each other. However, it may be in this case that the tungsten
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Figure 3.30: 3W NMR spectra of the reaction of (TBA)2[Ws010] with a) 1eq. Z/W = 0.5, b) 1.6 eq. Z/W = 0.5, c)
2.3eq.Z/W=0.71,d) 2.8 eq., Z/W=0.8,e) 4 eq., Z/W = 1 and, f) 5.2 eq. Z/W = 1.2 of TBA(OH). The spectra were
recorded in a 1:1 mixture of CHsCN:CDsCN.

nuclei responsible for the peak at 31 ppm are coupled with the nuclei responsible for one the
peaks at 27 or =59 ppm. The relative abundance of 8W is 14.3% and therefore the intensity
of a doublet of doublets (that is to say when an NMR active 8W nucleus is coupled

simultaneously to two chemically unique NMR active 83W nuclei) would be 2% of the main
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Figure 3.31: Observed Jww couplings for the “purple species” in the %W NMR spectrum of the reaction of
(TBA)2[We019] with 1.6 eq. of TBA(OH), giving Z/W = 0.6.
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peak (split into the 4 peaks of a dd at 0.5% intensity). This would be very difficult to observe
and what is far more likely is to only observe a single coupling at any given time. If this were
the case, we would expect two observed couplings, one of 24.5 Hz and one of 25.4 Hz, which
would likely be impossible to separate. Each peak of the doublets would have 7.15% intensity
compared to the main peak (85.7%), meaning that we would expect the observed satellites to
be 14.3% of the intensity of the main peak (2 x 7.15%). This appears to be the most logical

description in this case.

The Jww coupling constant for coupling between W3/W5 and W6/W7 of [W7024H]>~ was
reported 25.6 Hz.1° This was observed for W-O-W bridges with large bond angles of ca. 146 °.
Observation of coupling constants of very similar magnitude for the “purple species” is
indicative of it also containing similarly “linear” W-O-W bridges and we may speculate that the

“purple species” and [W7024H]>~ could share some structural similarity.

Further analysis of the 8W NMR spectrum shown in Figure 3.30b also shows several sets of
observable satellites, caused by tungsten-tungsten coupling, around peaks previously assigned
to the "red species" (shown in Figure 3.32). These couplings have not been observed in
previous spectra. The peaks at 53 and -77 ppm couple to each other with a coupling constant
of 17.9 Hz, and the peaks at 20 and -9 ppm couple to each other with a coupling constant of
20.7 Hz. Both of these coupling constants are slightly smaller than those observed for the

“purple species” and [W7024H]>".

2)ww values in polyoxometalates are reported to depend both on the W-O-W bond angle and
the bond lengths of the bridge, with larger bond angles and shorter bonds leading to larger

coupling constants.?! These factors may be used to infer that the slightly smaller coupling
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Figure 3.32: Observed Jww couplings for the “red species” in the ¥3W NMR spectrum of the reaction of
(TBA)2[We601s] with 1.6 eq. of TBA(OH), giving Z/W = 0.6.
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constants observed for the “red species”, compared to [W7024H]>~ or the “purple species”, are
consistent with either slightly longer bonds or smaller bond angles than the W-O-W bridges
responsible for the observed W-W couplings in [W7024H]>~ or the “purple species”. Values of
17.9 and 20.7 Hz are still very much in the range consistent with 140-150° W-O-W bond

angles.?!

Moving to Z/W =0.71, via the reaction of (TBA)2[WeO19] with 2.3 equivalents of TBA(OH), leads
to a slight simplification in the mixture. In particular, all resonances assignable to {Ws} and
{W10} are either unobservable or very small, consistent with the loss of these low charge
density species (Z/W = 0.33 and 0.4 respectively) as more charge is added to the mixture. The
relative amount of the “purple species” has decreased drastically, apparently giving way to the
“green species” which consistently appears at this charge to tungsten ratio, as discussed in

more detail in Section 3.3.6. The “red species” remains a major component of the mixture.

Increasing the charge to tungsten ratio to 0.8, requiring the use of 2.8 equivalents of TBA(OH)
per {Ws} leads to some minor changes, though the major features are largely the same. Like
at Z/W = 0.71, the peaks assigned to the “red”, “purple” and “green species” are all present
with the “red species” holding its dominance in the mixture with respect to the others.
Interestingly, as we approach Z/W = 1, the ratio at which we know [W7024H]>" is a major
component, the amount of [W70,4H]*" in the mixture significantly increases. This only appears
to happen once the charge to tungsten ratio of [W7024H]>~ (0.71) is surpassed and may be
evidence for its stability in the presence of excess base. One of the two unassigned peaks at 6
and 10 ppm respectively may correspond to tungstate. This is consistent with YO NMR
experiments in which [WO4]?>" is also observed. Tungstate is a much more prominent
component of the mixture in the 83W NMR spectrum shown in Figure 3.28b, also recorded at
Z/W = 0.8. The difference between this and Figure 3.30d further exemplifies the effect the
nature of the starting solution has on the observed speciation, with the results from the series

of experiments in which the TBA(OH) was added portion wise deviating from the rest.

The final two ¥3W NMR spectra, shown in Figure 3.30e and 3.30f, correspond to the reaction
of (TBA)2[Ws019] with 4 and 5.2 equivalents of TBA(OH) respectively, targeting charge to
tungsten ratios of 1 and 1.2. The spectrum shown in Figure 3.30e has already been extensively
discussed in Section 3.3.2. The addition of an extra 1.2 equivalents of TBA(OH) does little to
change this spectrum. There are a few extra, low intensity, peaks present, with the most

prominent at 97, 7 and =73 ppm respectively. The relative amounts of [W;024H]*>~ and [WO4]*
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present in the mixture do not change much with the addition of the extra 1.2 equivalents of
base, although O NMR studies suggest that this mixture will eventually tend towards

containing only tungstate.

3.5 Conclusion

The nature of the reaction mixture targeting the virtual lacunary species “(TBA)s[Ws01gH]” has
been probed in depth. Combining solution NMR methods and single-crystal X-ray diffraction
methods led to the discovery of a new isopolytungstate, [W7024H]>". This new structure was
found to be a major component of the reaction mixtures previously targeting
“(TBA)s[Ws01sH]". Instead of this virtual species, we now know that our precursor solutions
used in the synthesis of [(CoWs01sH)2]®" consist of approximately a 1:2 mixture of [W7024H]>~

and monomeric tungstate.

Reactions directly targeting [W7024H]>", by changing the ratio of TBA(OH) to (TBA)2[WsO1s]
used, did not allow clean formation of [W7024H]*>". Instead, they gave evidence for the
formation of a several other previously unknown isopolytungstate species, exemplifying that

little is currently known about isopolytungstate speciation in non-aqueous solution.

This led us to explore how solution speciation changes as the charge to tungsten ratio was
varied (which can be considered analogous to changing pH in agueous solutions). Reactions of
(TBA)2{We019] with varying amounts of TBA(OH) were used to produce reaction mixtures with
a range of charge to tungsten ratios. 70 and 8W NMR spectroscopy have been employed to

give an insight into non-aqueous isopolytungstate solution speciation. The key findings are:

1. The species known in the literature (i.e. {We} and {W1o}) are present in non-aqueous
solutions but mostly in solutions with low charge to tungsten ratios. In particular, {W10}
seems to only be readily accessible when mixtures are heated, but once present, it
persists.

2. Non-aqueous solutions with Z/W = 0.5-1 show evidence for several isopolytungstate
species currently unknown in the literature. The characteristic peaks of these species
are consistently observed in varying ratios in these solutions.

3. Solutions with Z/W = 1-1.2 are shown to contain a mixture of monomeric tungstate
and the new isopolytungstate [W7024H]>", which is fully characterized in this chapter
and represents only the third isopolytungstate to be isolated from non-aqueous media.

4. As large amounts of base are added to non-aqueous solutions, the mixture tends

towards monomeric tungstate, mirroring what is observed in aqueous solution.
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5. Experiments looking at the step wise basification of a single solution of (TBA)2[WsO19]
indicate that the observed isopolytungstate speciation is not only dependant on the
charge to tungsten ratio, but the nature of the solution prior to addition of base,
demonstrating that the kinetic barriers associated with the interconversion of

isopolytungstate species are extremely important.

3.6 Future work

These investigations into non-agqueous isopolytungstate speciation have highlighted that there
are number of species which constitute a large proportion of the chemical space, which are
currently uncharacterised. The main goal of any future work in this area would be to combine
these solution investigations with solid state structural characterisation to give a clear
understanding of non-agueous isopolytungstate speciation. This would primarily involve
extensive screening to attempt to grow crystals of these structures. This initially could involve
screening of solvent combinations and crystallization methods. This could then be built upon
with further experiments exploring cation exchange. Swapping TBA cations for things like
benzyltrimethylammonium or tetraphenylphosphonium may impart intermediate different

solubility properties that in turn may allow isolation of currently elusive species.

Another very interesting avenue would be to explore how the solution speciation varies with
the introduction of stoichiometric quantities of metal cations. Isolation of [W7024H]> in this
work gives some indication that structures incorporating a {WsQOis}-fragment are present in
organic media. Introduction of metals, e.g. NaOMe, KO'Bu or Mg(OMe),, could act as a way to
stabilise this fragment and allow isolation of a true lacunary {Ws} compound. This in turn
would be a very useful precursor for the synthesis of other heterometal containing Lindqvist-

type POMs.

Finally, it would also be desirable to expand this work to explore the non-aqueous solution
speciation of isopolymolybdates and isopolyvanadates. Like isopolytungstates, the non-
aqueous chemistry of these framework metals is not fully understood. This would also provide
a comparison of the behaviour of the respective metals and would give insight into how the
nature of the framework metal affects the structures, and stabilities, of species observed in

solution.
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3.7 Experimental

3.7.1 Synthesis of WO3.H20 (H2WO,)

Sodium tungstate dihydrate (60 g, 182 mmol) was added to a conical flask and dissolved in
water (340 mL). The mixture was heated to 90 °C with stirring. Once at 90 °C, hydrochloric acid
(212 mL, 6M, 1.3 moles, 7 eq) was added slowly. A yellow suspension quickly formed. The
mixture was stirred for 30 minutes and then cooled to room temperature. The mixture was
then filtered with suction (note: this filtration can be very slow and some of the fine yellow
solid may pass through the filter). The solid was then washed with water (50 mL) and ethanol
(100 mL) before allowing to dry overnight. Grinding with a pestle and mortar gave a fine

yellow/green powder (38.4 g, 84% yield).

3.7.2 Purification of SOCl>»
Previously used thionyl chloride can be purified by successively distilling over quinoline and

then over linseed oil.

The apparatus used is shown adjacent. SOCl, (500 mL) was
placed in a 1 L round bottom flask connected to a distillation
head, with a flow of N, and a water trap. For the first
distillation, quinoline (100 mL) was added and the solution
was slowly brought up to the boil. Any liquid collected before
the thermometer in the still head read 70 °C was discarded.
The temperature remained at around 70 °C for the

remainder of the distillation, during which time approx. 450

mL of liquid was collected. After cleaning the apparatus, the
resulting distillate was added to a 1 L rbf along with linseed oil (50 mL). The process then
repeated to obtain freshly distilled SOCI; as a colourless liquid. This can be stored in screw top

glass bottles until use.
3.7.3 Synthesis of WOCl,4

Glassware was assembled as shown in the schematic adjacent. A KOH trap is a Dreschel flask

filled with KOH pellets.

WO03.H,0 (20.8 g, 83.2 mmol) was added to a 500 mL two neck round bottom flask. The flask
was then charged with thionyl chloride (200 mL). Some HCl was produced upon addition so

this step was done cautiously. The reaction mixture was then heated to 85 °C and stirred
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overnight. During the reaction the initial yellow suspension became an orange solution and all
the solid dissolved. The solution was cooled to room temperature. The remaining thionyl
chloride was removed under vacuum and collected in a cold trap for recycling (a KOH trap
should also be placed between the cold trap and vacuum to neutralise any HCl gas), leaving an
orange solid. This solid was then transferred to a sublimation flask. The crude product was
purified by irradiating it with infrared light under vacuum to induce sublimation (setup shown

adjacent). Dark red needles of WOCIls were produced (22.5 g, 79% yield).

3.7.4 Synthesis of WO(OMe),

WOCls (10.8 g, 31.6 mmol) was added to a round bottom flask under Na. The flask was then
cooled to -30 °C using a dry ice/MeCN bath. The solid was then dissolved in THF (250 mL).
MeOH (7.7 mL, 190 mmol, 6 eq) was added slowly and the solution was allowed to warm to
room temperature, during which time the solution turned pale yellow. The supply of N2 was
then swapped for a supply of NHs. The solution was then bubbled steadily with NH3 for 30
minutes which caused the exothermic formation of a white precipitate. The gas supply was
then swapped back to N2> and the solution was bubbled with N> for 10 minutes. The mixture
was filtered through a glass filter frit and the separated solid was washed with THF (2 x 50 mL).
(Note: the pale-yellow filtrate may need to be filtered again to remove any fine precipitate).
The volume of the filtrate was reduced under vacuum until precipitate started to form. At this
point, the solution was placed under N2 and then warmed to re-dissolve any solid. The solution
was cooled to -30 °C in the freezer and white crystalline WO(OMe)s formed. The the resulting

solid was washed with a toluene (5-10 mL) and dried under vacuum (8.4 g, 82% yield).

3.7.5 Synthesis of 270 enriched
(TBA)2[We015]WO(OMe)s (1.97 g, 6.06 mmol) and (TBA)2[WO4] (0.89 g, 1.23 mmol) were

placed in a Schlenk flask under N,. Acetonitrile (30 mL) was added, and the mixture was stirred
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at 80 °C for 30 minutes. Y’O-enriched water (219 pL, 10.2 mmol, 40% enriched) was added and
the solution was stirred for a further 3 hours. The solution was then cooled to room
temperature and the solvent was removed under reduced pressure. The solid was then re-
dissolved in the minimum amount of hot acetonitrile. The solution was allowed to cool to room
temperature and then cooled further in the freezer. Large white crystals of (TBA)2[WsO19]
fomed during this time. The crystals were isolated by cannula filtration and then dried under

vacuum (yield).

170 NMR (67.8 MHz, CDsCN) 6 (ppm) = -76.8 (1s-O, 1 O), 415.4 (W-0-W, 12 O), 776.3 (W=0, 6
0). 33W NMR (20.8 MHz, CD3CN) 6 (ppm) = 58.9 ppm. *H NMR (300 MHz, CD3CN) & (ppm) =
0.98 (24 H, t, CH3), 1.37 (16 H, sext, CH,), 1.60 (16 H, qu, CH,), 3.11 (16H, m, CHz). 13C NMR
(75.5 MHz, CDsCN) & (ppm) = 13.8, 20.3, 24.3, 59.3. Vmax/cmt = 2963 (CH), 2936 (CH), 2876
(CH), 1461, 1381, 1172, 1109, 1068, 1035, 966 (vs), 889, 873, 801 (vs), 736, 669, 584, 437 (vs).

3.7.6 Synthesis of TBA2[WO,]

WO03.H,0 (15.0 g, 60 mmol) was added to a 250 mL two neck round bottom flask. The flask
was evacuated and backfilled three times with N,. TBA(OH) (120 mL, 120 mmol, 1M in MeOH)
was added and the yellow suspension was left to stir for 30 minutes at room temperature
during which time, the yellow colour faded. MeCN (40 mL) was added, and the solution was
left to stir overnight. Most of the solid had dissolved at this point, but the mixture was filtered
to remove any remaining solid. The solvent was removed under vacuum to leave a white sticky
solid. The solid was triturated with diethyl ether and dried under high vacuum to give a free-
flowing white powder (37.2 g, 85% yield). Note the solid is extremely hygroscopic and should

be handled under inert atmosphere.

3.7.7 Y70-enirched reaction targeting “[Ws01sH]>“

170 enriched (TBA)2[Ws019] (50 mg, 0.026 mmol) was added to a Schlenk flask and suspended
in MeCN (1 mL). The appropriate amount of (TBA)OH (0.42 mL, 0.11 mmol, 0.25 M in MeCN)
was added to the flask. The total volume of the reaction mixture was made up to approx. 3
mL. The solution was stirred at room temperature for 3 days. The solvent was removed, and
the residual oil was dissolved in CDsCN (0.5 mL). The mixture was transferred to a 5 mm screw

top NMR tube for 17O NMR spectroscopy.

3.7.8 Reaction targeting “[Ws01sH]*~“ for ¥3W NMR spectroscopy
TBA(OH) (5.3 mL, 5.3 mmol, 1 M in MeOH) was added to a Schlenk flask. The solvent was

removed, and the colourless oil was re-dissolved in MeCN (5 mL). This process was repeated
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twice more to ensure complete removal of the MeOH. The oil was then dissolved in MeCN (10
mL) and (TBA)2[Ws019] (2.50 g, 1.3 mmol) was added to give a white suspension that cleared
slowly as the solid dissolved over 15-30 minutes. The solution was stirred at room temperature
for up to one week. The solution was then pumped dry and the residue was dissolved in a
mixture of MeCN/CD3CN (1 mL/1 mL). The solution was transferred to a 10 mm screw top NMR
tube and the 8W NMR spectrum was recorded. The '83W NMR spectrum of the degradation
reaction was recorded both with and without an internal standard of 2 M Na;WOQgs in D20, in a

10 mm coaxial insert, in order to assess chemical shift variations.

3.7.9 Reactions between ’0-enriched (TBA)2[WeO019] and (TBA)OH

170 enriched (TBA)2[Wg019] (50 mg, 0.03 mmol) was added to a Schlenk flask and suspended
in MeCN (1 mL). The appropriate amount of (TBA)OH (0.25 M in MeCN) was added to the flask.
The total volume of the reaction mixture was made up to approx. 3 mL. The solution was
stirred at room temperature for 3 days. The solvent was removed and the residual oil was
dissolved in CD3CN (0.5 mL). The mixture was transferred to a 5 mm screw top NMR tube for
70 NMR spectroscopy. Following analysis by O NMR spectroscopy, solutions were
transferred to vials and Et;O was added by vapour diffusion in an attempt to induce

crystallization.

Note: When 0.4 eq of (TBA)OH per (TBA)2[WsO19] was used, the solid remaining after stirring
the reaction mixture at room temperature for 3 days was dissolved by warming to 60 °C for 2

hours.

3.7.10 NMR simulations

The simulations discussed in this section were performed by Dr Magda Pascual-Borras.

Density functional theory (DFT) calculations were performed using the ADF2019 package.???4
The process for obtaining the 8W NMR chemical shifts consists of (i) a geometry optimization
step and (ii) a single-point NMR calculation, a procedure expressed throughout the text as

FunctionalNMR/BasisNMR//FunctionalOPT/BasisOPT.

The geometries were optimised with Slater- type all-electron basis sets with the GGA-type
PBE,% OPBE,?*® and BP86%’ functionals. For NMR calculations, we used a Slater- type all-
electron basis set and PBE, OPBE, BP86 with spin—orbit (SO) corrections. The basis sets utilized
were all-electron of triple-+ polarization (TZP) or triple-{+ double polarization (TZ2P) quality

for all atoms with scalar relativistic corrections to the electrons via the zeroth-order regular
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approximation (ZORA).283° The performance of a large QZ4P basis set was also tested as it was
reported to be the best methodology to reproduce 3W NMR chemical shifts for
polyoxometalates.3! Since were dealing with anionic species in solution, we applied the effects
of solvent and counter ions as a continuum via the conductor-like screening model (COSMO),
with a given dielectric constant (€) that induces charge polarization on a surface around the
molecule.3?33 Taking the optimized geometries, NMR single-point calculations were carried
out for the target and reference (WO4?7) anions, introducing spin-orbit (SO) corrections and
the GIAO method.343° The calculated chemical shift was determined as 8ca = ovef — 0x, Where
ox and over are the isotropic average shielding for the nucleus of the target and the reference

compounds, respectively.

The quality of a given calculation was referred to the mean absolute error (MAE) either per

site or as an average of them. The reported MAE values have been obtained as:

exp,i i

1
MAE= S Beai= 6

where 8cali and dexp,i are the calculated and experimental chemical shifts, respectively. The

coupling constants (Jww) were calculated with the same methodologies stated above.

Table 3.2: 170 NMR chemical shits (in ppm) for [W7024H]>~ with OPBE/TZP//PBE/TZ2P.

Oxygen type Atom Chemical Shift
Central O1a 33
Bridging Os1s 431

O23 368

Oa4 471
O120r O13 417
O16 or O18 418
020 134

02 438
Ozor Os 435
O100r O11 441
Terminal Os 682
o 627
0220r O24 653
O: 677

Os 678
O70r Og 723
O19 or O21 676
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3.7.11 Preparation of (BTMA)s[W7024H] by treatment of (TBA)2[WeO1s] with (BTMA)OH.

(TBA)2[We019] (1.0 g, 0.5 mmol) was suspended in a mixture of MeCN (20 mL) and MeOH (20
mL). Benzyltrimethylammonium hydroxide (40 wt% in MeOH, 0.95 mL, 2.1 mmol) was added.
The slightly cloudy solution was stirred overnight, after which a white precipitate formed. The
mixture was centrifuged, and the supernatant was decanted. The solid was then washed with
MeOH (10 mL), MeCN (10 mL) and Et,0 (10 mL) (centrifugation was used after each wash to
separate the solid) and dried under vacuum. The crude material (0.8 g) was recrystallized by
dissolving in DMSO at 100 °C, followed by dropwise addition of DMF to until saturated (i.e.
cloudiness persists). The solution was heated to 160 °C and then cooled slowly on a hot plate.
The solution was allowed to stand for two days, after which a mixture of crystalline and

amorphous solids had formed (0.29 g, 34%).

3.7.12 Preparation of (BTMA)s[W7024H] by cation exchange.

(TBA)2[We019] (2.5 g, 1.3 mmol) was treated with (TBA)OH (5.3 mL, 5.3 mmol) following the
procedure described above. After stirring at room temperature for 3 days, the solvent was
removed, the residue dissolved in DMSO (3 mL) and a solution of (BTMA)Br (3.0 g, 13.2 mmol)
in DMSO (5 mL) was added with vigorous stirring. The white suspension which formed was
centrifuged, and the supernatant was decanted. The solid was then washed with MeOH (2 x
10 mL), MeCN (2 x 10 mL), and Et,0 (2 x 10 mL) (centrifugation was used after each wash to
separate the solid). The solid product (1.9 g) was dried under vacuum and recrystallized from
hot DMSO/DMF as described above (0.82 g, 38%). Crystals for elemental microanalysis were
dried in vacuo after the unit cell had been determined by XRD. CHN: Found: C, 24.6; H, 3.4; N,
2.6 %. Calculated for CsoHgiNsO024W7: C, 24.8; H, 3.4; N, 2.9 %.

3.7.13 133W NMR experiment targeting (TBA)s[W7024H] from (TBA)[WO4] and WO(OMe),

(TBA)2[WOQ4] (2.07 g, 2.8 mmol) and WO(OMe)a (1.65 g, 5.1 mmol) were added to a Schlenk
flask and dissolved in MeCN (10 mL). The mixture was stirred at room temperature for one
hour. H,0 (0.19 mL, 10.8 mmol) was added and the reaction mixture was stirred at room
temperature overnight. The solvent was then removed under reduced pressure to give a
viscous oil. The oil was taken up in a mixture of MeCN (1 mL) and CD3CN (1 mL) and then
transferred to a 10 mm screw top NMR tube for 83W NMR spectroscopy. The NMR solution
was aged for three months and then the 83W NMR spectrum was reacquired. Finally, the

solution was transferred back to a Schlenk flask and stirred at reflux for three days. The solution
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turned golden/brown over this period. The mixture was transferred to a 10 mm screw top

NMR tube and the ¥3W NMR spectrum was recorded.

3.7.14 3W NMR experiment targeting (TBA)s[W7024H] from (TBA)2[Ws015]

TBA(OH) (3.0 mL, 3.0 mmol, 1 M in MeOH) was added to a Schlenk flask. The solvent was
removed, and the colourless oil was re-dissolved in MeCN (5 mL). This process was repeated
twice more to ensure complete removal of MeOH. The oil was then dissolved in MeCN (10 mL)
and (TBA)2[Ws019] (2.50 g, 1.3 mmol) was added to give a white suspension that cleared slowly
as the solid dissolved over 15-30 minutes. The solution was stirred at room temperature for
one week. The solution was pumped dry and the residue dissolved in a mixture of
MeCN/CDsCN (1 mL/1 mL). The solution was transferred to a 10 mm screw top NMR tube and
the 18W NMR spectrum was recorded. The NMR solution was aged for three months and then
the 83W NMR spectrum was reacquired. Finally, the solution was transferred back to a Schlenk
flask and stirred at reflux for three days. The solution turned golden/brown over this period.
The mixture was transferred to a 10 mm screw top NMR tube and the 8W NMR spectrum

was recorded.

3.7.15 3W NMR studies of reactions between (TBA)2[Ws01¢] and (TBA)OH

TBA(OH) (Required vol., 1 M in MeOH) was added to a Schlenk flask. The solvent was removed,
and the colourless oil was re-dissolved in MeCN (5 mL). This process was repeated twice more
to ensure complete removal of MeOH. The oil was then dissolved in MeCN (10 mL) and
(TBA)2[We019] (2.50 g, 1.3 mmol) was added to give a white suspension that cleared slowly as
the solid dissolved over 15-30 minutes. The solution was stirred at room temperature for up
to one week. The solution was pumped dry and the residue dissolved in a mixture of
MeCN/CDsCN (1 mL/1 mL). The solution was transferred to a 10 mm screw top NMR tube and

the 83W NMR spectrum recorded.
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Chapter 4: Synthesis of first-row transition metal containing Lindqvist-type
polyoxometalates

4.1 Introduction

Desires to avoid the negative impacts of climate change are driving a move away from carbon
intensive industrial processes and towards greener practices.! This has led a surge of research
focused on the development of new catalytic materials that can make large industrial
processes more efficient, with a lot of attention being placed on the use of earth abundant
first-row transition metal-based materials to avoid a reliance on the ever-dwindling supplies
of precious metals like platinum and palladium.?* Simultaneously, a desire to reduce carbon
dioxide emissions and adopt renewable sources of energy has led to a huge amount of interest
in the development of processes that can aid these goals. The production of new catalyst
materials for processes like CO, reduction>® (which can be used in combination with carbon
capture and storage to attempt to create a more circular carbon economy) and water
oxidation”® (which facilitates the storage of electricity produced from renewable technology
as hydrogen fuel) have come to the forefront of research focus. Again, there is a focus on the

use of earth abundant materials, both to mimic what is seen in nature and to lower costs.

A significant number of the first-row transition metal-based materials used are solid-state
metal oxide materials.>'® There are numerous examples of the use of manganese!l!?,
cobalt'®'* and nickel'>® oxide materials in the development of artificial photosynthesis
systems. To make rational improvements to these catalytic systems, the nature of the active
site (i.e. the site that performs the rate-determining step) must be understood. This can then
allow systematic modifications to the system to be made while the effect on activity is
measured, which subsequently provides well-understood structure activity relations. One
issue with this is that often understanding the true nature of heterogeneous catalyst materials
can be difficult, with many having very irregular surfaces with numerous defects that create
unique atomic environments.!” This can be partially combatted by the use of computational
simulation'® but without a clear experimental understanding of the active site, it is still very

difficult to gain a concrete grasp of the catalytic activity.

A promising strategy that can be used to gain insight into the key factors determining the
activity of a catalyst is to build a model of the active site.'® This model can then be methodically

probed or modified and then the information acquired can be (theoretically) translated back
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to the heterogeneous metal oxide material. One method of creating such a model is to create
well-defined, spatially separated, metal sites on a support material. Copéret, who has used
surface organometallic chemistry to immobilize a range of transition metals on supports and
probe their catalytic activity, has employed this strategy with great success.?%?3 An alternative
approach is to isolate a catalytically active metal within an atomically precise molecular metal

oxide, also known as a heterometal substituted polyoxometalate.

There are numerous examples of polyoxometalates that incorporate one or more first-row
transition metals into their framework.?4¢ Some examples of cobalt containing POMs, and
their use as water oxidation catalysts, were mentioned at the start of Chapter 2. Similar studies
have been performed with structures incorporating transition metals from across the first-row,
looking at activity in alkene epoxidation?’:?8, CO, activation?®, water oxidation3°3!, and
medicinal applications3? (among others). The vast majority of the compounds studied are
based on the Keggin structure and its derivatives (i.e. Weakley-type sandwich structures of

various lacunary species).

Conversely, there are very few examples of Lindqvist-type structures incorporating first-row
transition metals. Alongside our group’s report on the synthesis of (TBA)7[(CoWs01gH)2][X] (X
= Cl, BF4), the other main example comes group the group of Matson, who successfully
incorporated iron into an all vanadium Lindqvist oxoalkoxide structure.3® They subsequently
examined both the redox properties and reactivity towards nitric oxide.343¢ Other examples of
Lindqvist-type systems include a handful of all first-row transition metal based structures37-4°
and numerous examples of first-row transition metals bound to the surface of complete

Lindqvist structures.**4°

The Lindqvist unit is a good potential starting point for the development of a model of a
transition metal oxide catalyst active site. The ability to incorporate a single metal into the
hexametalate gives both a well-defined site and a computationally inexpensive system when
compared to the larger POMs (which incorporate multiple heterometals) common in the
literature. It is therefore very desirable to pursue the generation of a series of Lindqvist-type

POMs that contain a single transition metal from across the first-row.

4.2 Chapter outline

The chapter builds upon our “2" generation” approach for the synthesis of heterometal
substituted Lindgvist-type POMs outlined and refined in Chapter 2 using the synthesis of
(TBA)7[(CoWs01gH)2][NO3] as a model system. The new method uses (TBA)[WeO19] and

121



TBA(OH) to generate a “virtual” lacunary precursor, “(TBA)s[Ws01sH]”, which was then reacted
with Co(NOs3);.6H20. The use of a range of simple first-row transition metal salts, in the +2 and
+3 oxidation sate, in place of Co(NOs),.6H,0 was explored in this chapter, with the aim of
producing a series of the transition metal substituted Lindgvist-type POMs with the general

formula [(MWs01gH)2]%".

Products were initially characterised using infrared spectroscopy, using data obtained for the
cobalt containing system as a reference for success. Attempts to crystallize the crude products,
and in turn provide more precise structural characterisation in the form of X-ray structures,
were then made. This was followed by 70 and ¥3W NMR spectroscopy experiments probing
the incorporation of diamagnetic zinc into the framework, with this system providing the
ability to gain some insight into how the degradation mixture (which was characterised in

Chapter 3) changes upon addition of the metal cation.

Finally, preliminary work exploring the development of a “3™ generation” approach to the
synthesis of transition metal substituted Lindgvist-type POMs is discussed. It was postulated
that metal ion exchange reactions could provide a simple entry point for the synthesis of a
range of heterometal containing Lindgvist-type POMs from a single precursor. With this in
mind, the synthesis of a magnesium substituted Lindqgvist-type POM, which was characterised
by infrared spectroscopy, single-crystal X-ray diffraction, and multinuclear NMR spectroscopy,

from magnesium methoxide was examined.

4.3 Synthetic approach

Chapter 2 explored the synthesis of (TBA)s[(CoWsO1sH)2] and the corresponding pyridine
adduct which can be viewed as a model system for the incorporation of lower oxidation state
M(Il) atoms into the Lindqvist framework. The results presented in Chapter 2 suggest that the
degradative reassembly approach, involving the generation of a “virtual” lacunary species
from (TBA)2[Ws0O19] and TBA(OH), represents a viable method for the general synthesis of
(TBA)s[(M(I1)WsO1sH);]-type compounds.

To explore this, the original method used for the synthesis of (TBA)7[(CoWsOi1sH)2][NOs],
details given in Section 2.3.1 and described in Equations 4.1 and 4.2, was used as a template

for a general procedure targeting M(ll) substituted Lindqgvist-type POMs.
5 (TBA),[WgO1] + 20 (TBA)[OH] — 6 (TBA).[WsOy5H] + 7 H,0 (4.1)

2 (TBA).[W50,gH] + MX, = (TBA)[(MW;50,5H), | + 4 TBA(X) (4.2)
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Following this method, (TBA)2[WeO19] was first treated with four equivalents of TBA(OH) in
acetonitrile giving what we now know to be approximately a 1:2 mixture of (TBA)s[W7024H]
and (TBA)2[WQ4]. This mixture was reacted with a series of simple M(ll) salts dissolved or
suspended in acetonitrile (including CrCl;, Mn(NOs),.4H,0, FeCl;, NiCl, CuCl; and
Zn(NOs3),.6H,0). After combination of the solutions, any remaining solid quickly dissolved and
in some cases there was a colour change, presumably associated with a change in the inner
co-ordination sphere of the respective M(ll) ion. The reaction mixtures were allowed to stir at
room temperature overnight before the volatiles were removed, typically leaving viscous oils.
The oils were triturated with ethyl acetate and diethyl ether (and hexane where required) to
attempt to remove tetrabutylammonium salt by-products and residual solvent, leaving the
crude product as a free-flowing powder which was characterised initially by infrared

spectroscopy (discussed in Section 4.4).

Reactions involving chromium, manganese, and iron appeared visibly to be extremely sensitive
to the presence of oxygen. When solvent was not degassed, the reaction mixtures would
gradually change colour from blue, yellow, and black, to green, purple, and orange respectively
over the course of a few hours. This is likely associated with the oxidation of the starting M(Il)
to M(IIl). Similar observations were not present for reactions using cobalt, nickel, copper and
zinc. This is in line with the known trends in redox properties across the group, with +2
oxidation state becoming more stable with respect to the +3 oxidation state as you move

across the period.

To verify these observations, analogous reactions with M(lll) salts of chromium, manganese
and iron were attempted. The synthetic method was adapted to target the appropriate

precursor mixture for reaction with MXj3 salts, as shown in Equations 4.3 and 4.4.
5 (TBA)z[W6019] + 26 (TBA)[OH] — 6 "(TBA)G[WSOlg]" +13 H,0 (4.3)
2 "(TBA)[W504]" + 2 MX3 = (TBA),[(MWS50,5),] + 6 TBA(X) (4.4)

Other than these modifications, the same procedure was followed; the degradation mixture
produced from the reaction of {Ws} and the appropriate quantity of base being directly added
to an acetonitrile solution of the MX3 salts, namely Cr(NO3)3.9H,0, Mn(OAc)s, and FeCls. As
expected, the reaction mixtures immediately turned green, purple and orange respectively,
providing further support to the idea that the reactions utilising the M(ll) salts of chromium,

iron, and manganese are very sensitive to the presence of oxygen. The crude reaction mixtures
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were worked up in the same manner as described for reaction involving M(ll) salts, allowing
isolation of a free-flowing powder of the crude product which was initially characterised by

infrared spectroscopy.

4.4 Infrared spectroscopy

Infrared spectroscopy is a powerful technique in polyoxometalate chemistry as it can give
insight into both the structure and charge of a compound. The infrared spectrum of
(TBA)7[(Co(I1)W5018H)2][NO3] was presented and discussed in Chapter 2. If the reactions using
other M(Il) salts lead to analogous bent dimeric structures, then the infrared spectra of the

crude compounds should be very similar to that obtained for cobalt.

After obtaining free-flowing powders of the crude products from reactions of the degradation
mixture with M(ll) salts from Cr-Zn, the ATR FTIR transmittance spectra of the compounds

were obtained, and a stack of the spectra is shown in Figure 4.1.

The previously discussed spectrum of (TBA);[(Co(ll)Ws01sH)2][NOs] is shown in blue for
reference. It is immediately apparent that the spectra produced from reactions with Mn-Zn
bear a lot of resemblance to the previously obtained spectrum of the Co analogue. A peak at
1338 cm™ was observed in the spectra of reactions which employed a nitrate salt as the source
of the heterometal. This indicates the presence of TBA(NO3s) in the crude product which is
consistent with observations from the synthesis of (TBA)7[(Co(ll)Ws01gH)2][NOs3] where
removal of TBA(X) from the product proved difficult. Spectra that do not contain this peak
likely still contain additional TBA(CI), however chloride is infrared silent and therefore cannot

be identified by infrared spectroscopy.

The most intense feature in the spectra is an intense peak at around 930-933 cm? (labelled at
932 cm™ for Zn). This peak can be assigned to the terminal vw-o stretch. The fact that this peak
appears consistently, within a few wavenumbers across the series, implies that the crude
products likely all possess the same charge. The series of intense peaks between 809 and 666
cm can be assigned to bridging W-O-W stretches. The nature of this region (i.e. number and
position of peaks) is strongly related to the structure of the polyoxometalate and therefore the
consistency seen across the series in this region suggests that products are structurally alike.
Given the structure of [(CoWs01sH),]%" is known to exist as a bent dimer, it is likely the crude

products in this series occupy the same structure.

124



4 &4 N N
[ w0 ™ w0~ AN © M~ o W oW O
I 88 F882 &3 sFREQ
1600 1400 1200 1000 800 600 400

Wavenumber (cm™)

o Cr e Mn Fe e Co Ni e Cu e 7Zn

Figure 4.1: ATR FTIR transmittance spectra of the crude products from reaction of (TBA)2[WeO19] with TBA(OH)
and the simple M(ll) salts CrCl2, Mn(NOs)2.4H20, FeClz, Co(NO3)2.6H20, NiClz, CuClz, and Zn(NOs)2.6H:0.

The spectrum obtained from the reaction of the degradation mixture with CrCl; (shown in
green) differs substantially from the rest. Firstly, the terminal vw-o stretch appears at 951 cm’
1, which may indicate a lower charge on the POM cage (or be a consequence of a change in
structure/size). Secondly, the bridging region is very different with peaks at 797 and 776 cm™
extending out of an overall broad feature. The deviation in the pattern observed compared to
rest of the series could be indicative of a change in structure. For example, Cr(ll) (d*) often
prefers a square planar geometry which could lead to a change in the framework structure to

incorporate that geometry.

Infrared spectra obtained from the direct reaction of the degradation mixture, targeting
“(TBA)s[W501s]”, with M(lll) salts are shown in Figure 4.2. The bridging regions (800-600 cm?)

for reactions with Mn(OAc)s and FeCls (shown in purple and orange) differ significantly from
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Figure 4.2: ATR FTIR transmittance spectra of the crude products from reaction of (TBA)2[WsO19] with TBA(OH)
and the simple M(lll) salts Cr(NOs)s.9H20, Mn(OAc)s, and FeCls.

the consistent pattern observed across the series of products from reactions with M(ll) salts.
The reduced number of peaks in this region may be indicative of formation of monomeric
species, which have higher symmetry and therefore fewer unique bridging oxygen stretches.
This may be a consequence of the increased Lewis acidity of the metal centre in the 3+
oxidation state which has a higher affinity for X~. Holding onto this X~ ligand would prevent

formation of the dimeric unit. The spectra of the product produced from reaction of the
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degradation mixture with Cr(NO)3.9H,0 has more features in the bridging oxygen region and
is more similar to the patterns observed from reactions with M(Il) salts. This could indicate
formation of dimeric [(CrWs01s)2]%". In this case the nitrate may not interact strongly enough

with Cr(lll) to prevent dimer formation.

The terminal vw=o of the products from reaction with Cr, Mn, and Fe are 934, 935 and 947 cm"
! respectively. The fact that vw-o of the reaction with iron is around 12 cm™ higher than the
others, and those observed for reactions with M(ll) salts, could indicate a lower charge for the
product incorporating iron. This is consistent with unpublished work from our group in which
methylation of bridging oxygens of the Lindqvist framework is observed for structures
incorporating iron.* This leads to structures with a 2- charge per {FeWs} unit, rather than the

3- charge associated with {CoWs} units.

4.5 Single-Crystal X-ray diffraction

Preliminary characterisation of crude products using infrared spectroscopy is very useful for
giving an indication of the potential structure of the product, especially with data for the
characterised (TBA)7[(CoWs01sH)2][NOs] in hand as a reference. However, in order to give
conclusive evidence for the formation of first-row transition metal substituted Lindqvist-type
POMs, attempts were made to grow crystals of the crude products. This in turn allows for
characterisation by single-crystal X-ray diffraction which can be used to definitively prove the

incorporation of a heterometal into the Lindgvist framework.

4.5.1 Manganese containing Lindqvist structures

During work focused on the synthesis of (TBA)s[(Py)CoWs01sH] discussed in Chapter 2, it was
found that crystals of the pyridine adduct of the Co substituted Lindgvist-type POM were far
more readily obtained than crystals of the corresponding dimer. Therefore, it was reasoned
that the easiest way to obtain conclusive evidence of incorporation of the heterometal, in this
case manganese, into the Lindqvist structure, would be to treat the crude product with
pyridine. This would theoretically cleave the dimer and produce the corresponding pyridine
adduct, which should be easy to crystallize by vapour diffusion of diethyl ether into this

solution.

When this was done for cobalt, an immediate colour change was observed from blue/purple
to pink as the inner co-ordination sphere around cobalt changed. However, interestingly when

III

the crude pale yellow product obtained from reactions between the “virtual” lacunary mixture

and Mn(NOs)2.6H,0 was dissolved in pyridine there was no notable colour change. Vapour
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diffusion of diethyl ether into this solution led to the formation of pale-yellow crystals. The

single-crystal X-ray diffraction structure obtained from these crystals is shown in Figure 4.3a.

Surprisingly, the crystals obtained were those of a dimeric manganese substituted Lindqvist-
type POM, suggesting that the binding of pyridine to the manganese(ll) centre does not
provide a sufficient thermodynamic (or entropic) driving force to lead to formation of the
corresponding pyridine adduct. This is likely an illustration of the general stabilities of M(ll)
complexes described by the Irving-Williams series.*” The authors original work compares the
relative stabilisation energies for exchange of aqua ligands with other ligands for divalent first-
row transition metal cations. They found that complexes of Mn(ll) are the least stable, with
respect to the hexa-aqua complex, which is attributed to the lack of crystal field stabilisation
energy (high-spin d°, CFSE = 0) and low Lewis acidity, which increases across the period as ionic

radius decreases.

The structure shows the presence of seven tetrabutylammonium cations per dimer, which are
omitted from Figure 4.3a. This could imply that the dimer is mono-protonated with the
formula (TBA)7[(Mn(Il)W5018H)(Mn(l11)Ws0O1s)]. However, bond valence sum (BVS) analysis
(Appendix A Section A.3.1) supports protonation of both O3 and 020 (Vosz = 1.31 and Vo =
1.21) which is consistent with a doubly protonated POM with the formula (TBA)s[(Mn(I1)W501s-
H).], analogous to the structure obtained for cobalt. Further to this, infrared spectroscopy
performed on the crystalline sample still indicates the presence of nitrate, allowing the
assignment of the seventh tetrabutylammonium cation to the presence of one equivalent of

TBA(NO3) in the structure (though the nitrate anion is not located in the crystallographic

)

wﬁi&@

(030)

Figure 4.3: Single-crystal X-ray diffraction structures of (TBA)7[(MnWs01gH)2][NOs] (a) and (TBA)3[(Py)MnWs01s]
(b). Cations and solvent are omitted for clarity. The atomic radii are set to the CSD covalent radii.
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experiments). During the refinement, some extremely disordered electron density was
masked and it is plausible, given the evidence supporting the presence of nitrate, that this
electron density contains a disordered nitrate anion and therefore the actual formula is

(TBA)7[(MnW5018H)2][NOs].

The dimeric unit itself displays the same bent arrangement observed for [(CoWs01sH),]%, with
a short interatomic distance of ca. 2.66 A between 02 and 020. This distance is consistent with
the formation of a hydrogen bond between 02 and 020 and consequently (along with bond

valence sum analysis) localisation of a proton on 020.

Analysis of the bond distances around manganese shows an average Mn-0 bond length of ca.
2.16 A (excluding the bond to the central pe-0). These bonds are significantly longer than the
bridging W-O bonds in the structure, which are on average ca. 1.92 A. The increased bond
length is likely a consequence of reduced n-bonding between filled orbitals on oxygen and the
partially filled d-orbitals of manganese. This results in a significant increase in the Lewis
basicity of the oxygens surrounding manganese, which explains why BVS analysis indicates
protonation of O3 and 020, both of which are oxygens directly adjacent to manganese. The
W-0O bonds that complete the W-O-Mn bridges (i.e. W1-01, W2-02, etc.) are also considerably
shorter than the average for the rest of the structure, at ca. 1.83 A, which could indicate
increased m-bonding to tungsten due to the lack of competition for electron density from
manganese. This is not the case for the W-O bonds between W1-03 and W7-020 which are
longer at 1.930(9) and 1.976(8) A respectively. Localisation of protons on these oxygens,
meaning these positions could be described as W-O(H)-Mn bridges, is the likely cause of this

lengthening.

Interestingly, the Mn-O bonds between the two halves of the dimer are not the longest Mn-O
bonds, being shorter than the average Mn-O bond length (ca. 2.16 A) at 2.107(7) and 2.060(8)
A respectively. This goes some way to indicate the stability of the dimeric unit and may imply
that reactivity around the heterometal will involve the neighbouring oxygen atoms within each

[MnW5018H]3_ unit.

Leaving pale-yellow solutions of the dimeric Mn-containing POM dissolved in pyridine open to
air led to a gradual colour change, with the solution eventually turning dark red. Vapour
diffusion of diethyl ether into this solution led to the formation of single crystals. Single-crystal
X-ray diffraction experiments revealed the formation of the pyridine adduct shown in Figure

4.3b. The crystal structure shows the presence of three tetrabutylammonium cations per POM
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which, along with BVS analysis shown in Appendix A Section A.3.2, suggests oxidation of

manganese and loss of any protons to give the formula (TBA)s[(Py)Mn(lII)WsO1s].

Further evidence for the oxidation of Mn(ll) to Mn(lll) is provided by the decrease in the
average Mn-O bond length, which reduces from ca. 2.16 A for the dimer to ca. 1.93 A, due to
the increase in Lewis acidity at the metal centre. This is also likely to be the primary reason
why the pyridine adduct is now preferred over the dimer. There is very little structural change
to the rest of the Lindqvist unit, with the average W-O bond lengths remaining at ca. 1.92 A,
while the W-O bonds of the W-O-Mn bridges remain shorter at ca. 1.84 A.

4.5.2 Iron containing Lindqvist structures

The same strategy of attempting to form the pyridine adduct was used to gain crystallographic
evidence for the formation of incorporation of iron into the Lindqvist framework. This time,
when the crude black/brown product from the reaction of the degradation mixture with FeCl,
was dissolved in pyridine, the solution turned dark red. Slow diffusion of diethyl ether into this
solution led to the formation of dark red crystals. The single-crystal X-ray diffraction structure
obtained from these crystals is shown in Figure 4.4a. The pyridine group shows disorder over
multiple orientations and therefore only the nitrogen atom is shown. The TBA cations are also
extremely disordered, inhibiting a strict assignment of three cations per POM. BVS analysis
supports an oxidation state of +2 at iron and the protonation of 016 (Vois = 1.27) which may
allow the tentative formula of (TBA)s[(Py)FeWsO1gH] to be assigned. This is comparable to the

corresponding cobalt compound.

(a) (b)

Figure 4.4: Single-crystal X-ray diffraction structures of (a) (TBA)z[(Py)FeWs01gH] (pyridine was disordered and
therefore only the nitrogen is shown) and (b) (TBA)3[(CH3CONH2)FeWs0ag], in which the Fe-acetamide group is
disordered over two positions of the Lindqvist unit. Cations and solvent omitted for clarity. The atomic radii are
set to the CSD covalent radii.
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These results show how moving from Mn(ll) to Fe(ll) leads to a complete change in structure
from a dimer to a monomeric adduct when exposed to an excess of pyridine. This again is in
line with the trends observed in the Irving-Williams series. In our case the dimer, which
involves iron forming a dative bond with an oxygen atom of a Fe-O-W bridge, is comparable to
the aqua complex. Moving to iron leads to an increase in CSFE (d®, high spin, CSFE = 0.4 Aoct)
and a decrease in ionic radius (increasing Lewis acidity) when compared to manganese. This in
turn leads to an increased stabilisation energy of the pyridine adduct over the corresponding

dimer (analogous to the agua complex).

In the absence of any strong ligands, a dimeric structure is predicted based on observations
from work with cobalt and manganese. Slow diffusion of diethyl ether into saturated
acetonitrile solutions of the crude iron product (in air), performed by Amar Mohammed, gave
such a structure after analysis by single-crystal X-ray diffraction.*® The partial structure, which
will be reported in his thesis, is not shown here but is consistent with the previously obtained
dimeric structures incorporating Co(ll) and Mn(ll). It features the same bent geometry, with
hydrogen bond of ca. 2.62 A between the two halves of the dimer. BVS analysis supports the
presence of two Fe(lll) centres which is consistent with the observations discussed in Section
4.3 of this chapter, in which reactions with FeCl, quickly oxidised when the solvent was not
degassed. The analysis also indicates, that along with a proton bridging between the two
halves of the dimer, there is also evidence for the protonation of a terminal W=0 bond. This
would give a possible formula of (TBA)4[(Fe(lll)W501gH)2], though a better structure and
elemental analysis are required to confirm this. Efforts to crystallize a dimeric structure

without oxidation of the iron centres are ongoing.

The direct reaction between the degradation mixture produced by treatment of (TBA)2[WeO19]
with 5.2 equivalents of TBA(OH) and FeCls, discussed in Section 4.3, may theoretically provide
access to the same [(Fe(ll)WsO1sH)2]*~ dimer. However, when the crude product of that

reaction was recrystallized by vapour diffusion of diethyl ether into a saturated acetonitrile
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Figure 4.5: Potential mechanism for the formation of acetamide from MeCN and TBA(OH) mediated by
[Fe(l1)Ws018H]>".
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solution of the product, crystals with the structure shown in Figure 4.4b were obtained. This
partial structure contains an acetamide bound iron centre incorporated into Lindgvist
structure with trans disorder (i.e. 50% occupancy of two positions in the Lindqvist unit) with
three tetrabutylammonium cations per POM giving a formula of (TBA)3[(CHsCONH;)FeWs01s].
The presence of this compound implies that the mixture of (TBA)2[WsO19], TBA(OH), and FeCls
is sufficiently reactive to cause activation of the solvent. It is difficult to know if the iron
substituted Lindqvist species is responsible for reactivity but one possible mechanism for this
reactivity could involve the reversible formation of an acetonitrile bound adduct of
[FeWs01sH]%". This may subsequently undergo attack by hydroxide, leading to an intermediate
iron bound imine species, which tautomerises to give acetamide. This postulated mechanism
is outlined in Figure 4.5. This mechanism suggests transfer of a proton from the POM cage to
generate acetamide and may explain the 3- charge on the POM cage (and therefore lack of

protonation).

4.5.3 Nickel containing Lindquvist structures

Crystals of the crude product from the reaction of (TBA)2[WsO19] with TBA(OH) and NiCl, were
difficult to obtain. A range of solvent (acetonitrile, benzonitrile, dichloromethane, chloroform,
difluorobenzene, trimethylphosphate, and quinoline) and anti-solvent (diethyl ether, ethyl
acetate, toluene, and hexane) combinations were tried with no success. Eventually, crystals of
high enough quality for single-crystal X-ray diffraction were obtained by vapour diffusion of
diethyl ether into a concentrated dimethylformamide solution of the crude product. The pale-

yellow crystals gave a partial structure of the dimer shown in Figure 4.6a.

(b)

Figure 4.6: Single-crystal X-ray diffraction structures of [(NiWs01sH)2]® (a) and (TBA)s[(Py)NiWs01gH] (b). Cations
and solvent are omitted for clarity. The atomic radii are set to the CSD covalent radii.
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The structure obtained is consistent with the others obtained so far (Mn to Co), with the dimer
showing a bent structure resulting in a short interatomic distance of ca. 2.70 A between 02
and 020. As for previous structures, this is caused by the presence of a hydrogen bond
between the two halves of the dimer caused by localisation of a proton between the two
oxygen atoms. As the two halves of the dimer are related by a C; axis, it is impossible to say on
which of the two oxygens the proton lies but BVS analysis does support protonation at this
position (Voz20= 1.42). Further, analysis of the bond valence sums suggests the most likely
position for the second protonation is 03/021 (Vos/2:= 1.18). No information about cations
was obtainable from the diffraction data as they were too severely disordered, but based on

the structure and BVS analysis a likely formula is (TBA)s[(NiW501gH)2].

In line with observations for the series, the average Ni-O bond length (ca. 2.09 A) is
considerably longer than the average W-O bond length (ca. 1.93 A), which again is a
consequence of reduced n-bonding between filled orbitals on oxygen and the partially filled
d-orbitals of nickel(ll) (d®). This is paired with the same contraction of the W-O bonds of the
Ni-O-W bridges (average bond length of ca. 1.87 A).

Dissolution of the crude yellow product in pyridine led to an immediate colour change to
green. Slow diffusion of diethyl ether into this solution led to the formation of light green
crystals. The single-crystal X-ray diffraction structure obtained from these crystals is shown in
Figure 4.6b. The structure contains three tetrabutylammonium cations per POM, consistent
with mono-protonation of the cage. BVS analysis indicated that this proton may lie on 015
(Vo15=1.36) or 017 (Voz7= 1.39) and therefore it is reasonable to suggest it is disordered over
these two sites. It is worth noting that both these oxygens are neighbouring the Ni(ll), which
indicates the increased basicity of these positions compared to the other bridging W-O-W

positons.

4.5.4 Zinc containing Lindqvist structures

The infrared spectrum of the crude product from the reaction of (TBA)2[WsO19] with TBA(OH)
and Zn(NOs)2.6H,0 was almost identical to the analogous reaction using Co(NOs)2.6H;0,
suggesting the structures are closely related. To verify this, single crystals of the product of the
reaction of “(TBA)s[Ws501sH]” and Zn(NOs),.6H,0 were obtained by slow diffusion of diethyl
ether into a saturated solution of the crude product dissolved in acetonitirle. A partial

structure was obtained from these crystals and is shown in Figure 4.7a.
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(b)

Figure 4.7: Single-crystal X-ray diffraction structures of [(ZnWs01sH)2]®" (a) and (TBA)3[(Py)ZnWs01sH] (b). Cations
and solvent are omitted for clarity. The atomic radii are set to the CSD covalent radii.

The tetrabutylammonium cations present in the structure were severely disordered, though
the data supports the presence of six cations per POM. In line with the other dimers obtained,
this suggests a formula of (TBA)s[(ZnW501sH)2]. Interestingly, the dimer does not show any
bend/kink like the others in the series. This is very surprising given that all other structures
show localisation of a proton on a M-O-W bridge which leads to the formation of a hydrogen

bond between the two halves of structure.

BVS analysis indicates protonation of both 02 (Vo2= 1.00) and 04 (Vos= 1.37). Relatively low
bond valence sums of 020 (Voz = 1.43) and 022 (Vo2 = 1.45) may also imply partial
delocalisation of the protons present onto these positons. All of these oxygens are directly
bound to zinc and are in appropriate positions to form the same hydrogen bond formed

between the two halves of the cages in other structures.

One key difference between the structure incorporating zinc and the other dimeric structures
discussed is that the BVS analysis suggest that both protons lie in positions where they could
form hydrogen bonds between the two halves of the cage. For the other structures, BVS
analysis typically suggests that the second proton lies in the equatorial plane containing the
heterometal (i.e. on O3 or 021 in Figure 4.7a). Protonation of this position does not lead to
any hydrogen bonding interaction and therefore the dimer can bend to one side to maximise
the stabilisation caused by hydrogen bond formation on one side of the dimer. When both
protons are in positions in which hydrogen bonds can form (i.e. 03 and 04) then a linear dimer
allows the formation of, albeit weaker, hydrogen bonding interactions on both sides of the

dimer. The interatomic distances between 03-020 and 04-022 are ca. 3.16 A and ca. 3.34 A
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respectively, which is significantly longer than the hydrogen bonding distances observed for
the other dimers (ca. 2.55-2.70 A), but still within the upper limit of hydrogen bonding
interactions (approx. 3.5 A).*8 The stabilisation energy afforded by formation of these two
weaker interactions must be larger than the single “strong” interaction offered by a bent
configuration. This effect may be compounded by additional lattice stabilisation energy

contributions in the solid-state, which add to the preference for the linear arrangement.

Comparison of the average Zn-O bond length (ca. 2.09 A), W-O bond length (ca. 1.92 A), and
the Zn-Zn distance (ca. 3.02 A, 2.96-3.16 A for the other dimers) to the other [(MWs01gH),]"
structures showed no obvious differences. Therefore, the preferential protonation of O3 and
04, and in turn the lack of formation of a bent dimeric structure, cannot be attributed to

deviations in bond lengths within the structure.

Dissolution of this dimer in pyridine, followed by vapour diffusion of diethyl ether into the
solution, led to the formation of colourless crystals. Analysis of these crystals by single-crystal
X-ray diffraction gives the expected structure of the pyridine adduct shown in Figure 4.7b. The
structure shows the presence of three TBA cations per POM and BVS analysis indicates the
presence of a proton on O1 (V1= 1.36), giving the molecular formula of (TBA)3[(Py)ZnWs501sH]

that is consistent with the rest of the M(ll) pyridine adducts.

4.5.5 Conclusion

These studies represent conclusive evidence of our ability to incorporate first-row, divalent,
transition metals into the Lindqgvist framework using the degradative reassembly approach first
used for the synthesis of [(CoWs01gH),]®". Crystallographic studies show the tendency of
{M(IIWs}-type POMs to dimerise in the absence of strong ligands, with the general formula
(TBA)6[(MW5018H)2]. The presence of protons on the Lindqvist framework has a major
influence on the solid-state structure. These protons appear to sit preferentially on oxygens
adjacent to the heterometal centre, with these oxygen atoms being the most basic in the
structure. One consequence of this is the formation of internal hydrogen bonds between the
two halves of the dimers. Formation of a single hydrogen bond on one side of the dimer leads
to a bend in the structure, whereas formation of hydrogen bonding interactions on both sides

of the dimer leads to a more symmetrical linear dimer, as is the case for zinc.

In the presence of an excess of pyridine (a strong ligand), the dimers are generally cleaved to
give the corresponding pyridine adduct, with the general formula (TBA)s[(Py)MWsQ0i1sH]. The

manganese substituted system represents a notable exception to this observation whereby a
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combination of the low Lewis acidity (compared to the other M(Il) ions), and a lack of crystal
field stabilisation energy, appears to destabilise the pyridine adduct with respect to the dimer.
Therefore, in this case, even in the presence of an excess of the ligand, the dimer persists.
Oxidation of Mn(Il) to Mn(lll) is enough to tip the balance back into the favour of the adduct,

with (TBA)s[(Py)Mn(ll1)Ws01s] readily forming in an excess of pyridine.

4.6 70 and #3W NMR of [(ZnW50:5H)2]®"

Solid-state characterisation methods like single-crystal X-ray diffraction and infrared
spectroscopy have provided convincing evidence for the formation of M(Il) containing
Lindgvist-type POMs. However, these methods provide no insight into the preference for these
structures in solution. For this, chemists typically rely on NMR spectroscopy, which can be used

to determine both the prevalence and stability of species in solution.

One issue with the series of [(M(II)Ws01sH)2]®~ compounds targeted in this chapter is that most
of them aim to incorporate a paramagnetic metal centre. These nuclei have unpaired
electrons, which can couple to nuclear spins and provide rapid relaxation pathways. One major
consequence of this, alongside major changes in typical chemical shifts, is detrimental signal
broadening that is often so severe that signals cannot be resolved. This can make it near
impossible to extract meaningful insight from NMR spectroscopy experiments, as peaks can

be both lost and difficult to assign.

Fortunately, Zn(ll) (d'°) is diamagnetic and therefore does not cause any of these issues. This
means the synthesis of [(Zn(ll)Ws01gH)2]®~ can be followed by both 7O and ¥3W NMR
spectroscopy and in theory, these methods can provide insight into the prevalence of the
dimeric unit in solution. Due to the structural similarities in the series of [(M(l)Ws01gH),]®"
anions, this can then act as a model system for the compounds that contain paramagnetic

metal centres which cannot be probed directly.

4.6.1 170 NMR studies

In order to follow the synthesis of [(Zn(l1)W501sH)2]®~ by O NMR spectroscopy, 1’0 enriched
(TBA)2[We019] was first treated with four equivalents of TBA(OH) in acetonitrile. This reaction
was discussed in Chapter 3 and the spectrum was shown in Section 3.3.1. The mixture was
then transferred via cannula onto a solution of Zn(NOs),.6H,0 dissolved in acetonitrile. The
solution was allowed to stir overnight before the volatiles were removed and the resulting

thick oil was taken up in the minimum amount of CDsCN (approx. 0.5 mL). 1O NMR spectra
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were then obtained at a range of temperatures between 253-343 K (-20 °C to 70 °C). The

resulting spectra are shown in Figure 4.8.

The spectra are very complicated with many broad and sharp peaks observed across the
temperature range. A broad feature is observed at 253 K (Figure 4.8a) between 670-720 ppm
that sharpens significantly as the temperature is increased to give several individual peaks.

This is in the region characteristic for terminal W=0 environments but these peaks are slightly
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Figure 4.8: 0 NMR spectra obtained from the reaction of (TBA)2[Ws019] with TBA(OH), and Zn(NO3)2.6H-0 in
CDsCN at a) 253 K, b) 273 K, ¢) 298 K, d) 333 K, and e) 343 K.
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more downfield than previously observed for 3—- {MWs}-type POMs (see Chapter 5). This may

indicate an equilibrium with the deprotonated 4- species.

This behaviour is mirrored by the very broad feature between 320-430 ppm, typical for
bridging W-O-W environments, which also grows into several sharp peaks with similar
chemical shifts as the temperature is increased. Interestingly, the reverse behaviour is also
observed. The peaks at 438 (characteristic for [WO4]%"), 482, and 523 ppm broaden as

temperature is increased.

The presence of different types of variable temperature behaviour indicates the presence of
multiple dynamic processes, which are changing the number of unique oxygen environments
resolved on the NMR timescale. The sharpening of peaks as temperature increases is indicative
of a process which is relatively slow at room temperature (meaning multiple unique but
exchanging environments are resolved) which becomes rapid at higher temperatures. This
leads to fast exchange and therefore the multiple environments are instead observed as a
single average peak whose linewidth depends on the rate of exchange. On the other hand, the
broadening of peaks as temperature increases is indicative of a dynamic process that is
inaccessible at room temperature (activation barrier is too high) and therefore multiple (non-
exchanging) environments are observed. As temperature is increased, this dynamic process is
“switched on” and exchange between the environments is possible. This leads to broadening
of the individual peaks. Eventually, these individual peaks would coalesce into a single

“average” peak but this is not observed over the temperature range studied.

These observations indicate that [(Zn(l1l)Ws01sH),]®~ forms a part of multiple equilibria in
solution which leads to very complex ’O NMR spectra. These equilibria may include proton
migration (i.e. protonation of different oxygens of the cage), protonation/deprotonation or
monomer/dimer formation. The complexity may be further added to if we consider the
possibility that some of these peaks (and the corresponding dynamic behaviour) may belong

to by-products.

In an attempt to simplify the observed spectra, the volatiles were removed from the sample
and the crude product was re-dissolved in pyridine. As shown crystallographically, this should
convert [(Zn(l1)Ws01gH)2]®~ to [(Py)Zn(I1)Ws018H]3~ and therefore remove any issues with a
monomer/dimer equilibrium (the presence of an excess of pyridine should push the
equilibrium to the monomer). The O NMR spectra obtained in pyridine at 298 K and 343 K

are shown in Figure 4.9. It should be noted that 0O NMR spectra obtained in pyridine are
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naturally broader than those obtained in acetonitrile due to the increased viscosity of pyridine

(0.88 cP) compared to acetonitrile (0.34 cP).*

The NMR spectra immediately appear simpler. The terminal W=0 region consists of a single
broad feature (with a shoulder) at ca. 700 ppm at 298 K. This then sharpens up revealing two
peaks at 700 and 664 ppm respectively at 343 K. Two peaks in 4:1 ratio would be expected for
[(Py)Zn(l)Ws01gH]3~ if the proton is delocalised across the four Zn-O-W bridges. The
observation of a broad feature that is beginning to sharpen into two peaks as the temperature
increases may indicate that the rate of proton migration is initially slow, but is increasing with
temperature. Again, the peaks appear further downfield than is typical for terminal W=0 peaks
of 3- {MWs}-type POMs (ca. 700-800 ppm) and may indicate formation of the deprotonated

4- form in solution (perhaps aided by the presence of pyridine, a Brgnsted base).

There are significantly fewer peaks in the bridging region (320-430 ppm) with only three broad
peaks at 362, 396, and 409 ppm at 298 K. These peaks appear to sharpen somewhat upon
heating to 343 K. Theoretically, there could be up to five unique bridging W-O-W environments
if the proton on the cage was completely static, but this would reduce to two if the proton was
delocalised over all of the bridging Zn-O-W positions. The two larger peaks at 361 and 409 ppm
at 343 K may be assignable to these two W-O-W environments, assuming that proton

migration is fast at this temperature.

There are a collection of peaks between 470-560 ppm. One or more of these peaks could

plausibly be assighed to the bridging Zn-O-W environments of [(Py)Zn(Il)Ws01gH]3~, with these
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Figure 4.9: 0 NMR spectra obtained from the reaction of (TBA)2[WsO1s] with TBA(OH), and Zn(N0Os)2.6H:0 in
pyridine at a) 298 K, and b) 343 K.
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peaks falling in the region of other M-O-W bridging oxygens in Lindgvist-type POMs (see
Chapter 5). Again, the number of peaks expected depends on the extent of delocalisation of
the proton on the cage and/or the prevalence of the deprotonated form. The intensities of
these peaks appears to drop as temperature increases. There is also a drop in intensity of the
peak observed at 438 ppm which appears to broaden. The chemical shift of this peak is
characteristic of monomeric tungstate. The fact that all these peaks drop in intensity/broaden,
may indicate chemical exchange between tungstate and the {ZnWs} species at higher

temperatures.

4.6.2 33W NMR studies

To gain further insight into the nature of solutions containing [(ZnWs01sH),]®", 183W NMR was
performed. The spectrum of crude (TBA)s[(ZnWs01sH);] dissolved in CD3CN was recorded and
is shown in Figure 4.10. There is a significant number of environments observed in the
spectrum. If [(ZnWs01gH)>]®" is stable in solution, then the number of tungsten environments
present in the 83W NMR would depend only on the symmetry of the species. With the lowest
possible symmetry, 10 equal intensity peaks would be expected (one for each tungsten of the
dimeric unit). There are 17 obvious peaks in the spectrum shown in Figure 4.10. This suggests
that more than one species is present in solution. This could include a mixture of dimeric
species, monomeric species, or even species that have undergone rearrangement and lost the

zinc cation into solution (as well as possible by-products formed in the synthesis).

Analysis of the observed chemical shifts gives no real evidence for any known
isopolytungstates apart from potentially the formation of some (TBA)2[Ws019] evidenced by

the presence of a peak at 59.6 ppm. Furthermore, comparison of the spectrum with those
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Figure 4.10: ®W NMR spectrum of the crude product obtained from the reaction of (TBA)2[WsO1s] with
TBA(OH), and Zn(NO3)2.6H20. Recorded in CD3CN at 298 K.
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discussed in Section 3.4.2 gives no suggestion of formation of any of the known or unknown

degradation products from reaction of (TBA)2[WsO19] with base.

There are two clusters of peaks in Figure 4.10 at -92.3 to -101.2 ppm and 109.6 to 117.1 ppm
respectively. Integration of these peaks shows that these groups occur in a 4:1 ratio. This is
very characteristic of the four equatorial tungstens and one axial tungsten present in a {MWs}
unit. Furthermore, integration of the separate peaks shows that each of the peaks in the
smaller cluster (i.e. 109.6 to 117.1 ppm) is accompanied by a peak in the larger cluster (i.e.
-92.3 to -101.2) that is approximately four times the size. This may be indicative of a set of
three similar {ZnWs}-type species present in solution. It should be noted that these could be

either monomers (i.e. 4:1 ratio of tungsten atoms) or dimers (i.e. 8:2 ratio of tungsten atoms).

The remaining peaks in the spectrum span a broad chemical shift range from -69.5 to 89.8
ppm. Given they are not assignable to any known isopolytungstate species, and the indication
of formation of {Ws}, it may be plausible that they are the result of the rearrangement of
[(ZnWs018H),]®" into various heteropolytungstate species which incorporate zinc. For example,
a zinc centred Keggin anion with formula [ZnW1,040]®" has been isolated using aqueous

methods.>0

When studying the 70 NMR spectra of [(ZnWs01sH)2]%, it was postulated that re-acquiring
spectra in pyridine could simplify things by potentially supressing any monomer/dimer
interconversions (i.e. pushing any equilibria towards the monomeric pyridine adduct). Indeed,

some changes were observed after re-acquiring the 170 NMR spectrum in pyridine.

In order to probe the affect this has on the observed 8W NMR spectrum, the solvent was
removed from the sample and the obtained oil was re-dissolved in ds-pyridine. The ¥3W NMR

spectrum was then collected and is shown in Figure 4.11.

As in the 70 NMR spectra, there are some notable changes in the observed W NMR
spectrum. Firstly, instead of a cluster of peaks at -92.3 to -101.2 ppm, there is now a pair of
peaks at =71.6 and -79.3 ppm respectively. It is difficult to know if a subset of the species
responsible for the cluster observed between -92.3 to -101.2 ppm in Figure 4.10 are also
responsible for the pair of peaks in Figure 4.11, however the significant downfield shift can be
attributed to the change in solvent from acetonitrile (dielectric constant = 37.5) to pyridine
(dielectric constant = 12.4).*° Typically, downfield shifts of 5-20 ppm are observed for POMs

(with the magnitude of the change showing a dependence on the charge of the POM) when
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Figure 4.11: 83W NMR spectrum of the crude product obtained from the reaction of (TBA):[WsO1s] with
TBA(OH), and Zn(NO3)2.6H20. Recorded in CsDsN at 298 K.

reducing the dielectric constant of the solvent (typically studied when going from H,O to DMF).
A computational study by Vila-Nadal and co-workers suggested that these shifts can be
attributed to a slight increase in W-O bond lengths upon dissolution in lower dielectric
constant solvents.>! Their work did not expand to lower polarity solvents, nor did it examine
the dependence of the degree of chemical shift change on the original chemical shift (i.e.
would a peak originally observed at 100 ppm shift to the same degree as a peak originally
observed at -100 ppm) and therefore the magnitude of chemical shift changes expected in the

current study is unknown.

The simplification of the cluster of peaks at -92.3 to -101.2 ppm is paired with a similar
simplification of the cluster observed at 109.6 to 117.1 ppm in Figure 4.10. Instead, there is
now a larger peak at 123.1 ppm and a smaller feature at 112.1-113.4 ppm (which appears to
be two overlapping peaks). As discussed previously for Figure 4.10, these peaks are
significantly smaller than those at -71.6 and -79.3 ppm and therefore may plausibly be
assigned to the equatorial (4 W) and axial (1 W) of a {ZnWs} unit. Furthermore, the
simplification of both regions may be consistent with pushing the mixture towards a
monomeric pyridine adduct (removing complexity associated with the presence of dimeric

species).

The space between peaks discussed so far has simplified somewhat with eight obvious signals
in this region, the most significant of these being the pair of peaks at 72.7 and 75.7 ppm. It is
very difficult to assign any of these peaks as there is no literature data for #3W NMR chemical

shifts of POMs in pyridine. Given what we have observed previously, it is very possible that
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peaks corresponding to monomeric (TBA)2[WO4] and (TBA)2[Ws019] may be present in this

region.

4.7 Laying the foundation for a third-generation approach

The degradative reassembly approach presented in this chapter and in Chapter 2 represents a
substantial step forward over the original methodology involving the controlled hydrolysis of
WO(OMe)s in the presence of (TBA)[WO4]. Moving away from the use of WO(OMe)s removes
the need to synthesise this compound, which avoids the use of substantial quantities of thionyl
chloride during the synthesis of the WOCI4 precursor and ammonia gas during its conversion

to the oxoalkoxide.

However, the new method is not without its limitations when applied to the synthesis of M(Il)
containing Lindqvist-type POMs. In particular, as alluded to in Chapter 2, the required use of
four equivalents of TBA(OH) per {Ws} during the generation of the precursor mixtures leads to
the formation of 2.4 equivalents of TBA(X) after reaction with MX;. These
tetrabutylammonium salts are difficult to separate from the product as evidenced by infrared
studies when using M(NO3),2.XH>0 salts that show the persistence of nitrate even after work
up. Recrystallization may have offered a solution to this issue but, as of yet, recrystallization of
large quantities of the crude product has proved challenging. Therefore, an ideal approach

would avoid the generation of any TBA(X) by-products during the synthesis.

One way to achieve this may be through metal-ion exchange. Theoretically, if a lacunary
{Ws01s}-type species could be stabilised by a metal(ll) cation (M), this could act as a precursor
for the compounds targeted in this chapter. This metal cation would then have to be readily
displaced upon treatment with a divalent first-row transition metal (M’). This would produce
only MX; as a by-product which, if this salt was insoluble in the reaction solvent, could easily

be separated from the product and drive the reaction forward, as shown in Equation 4.5.
(TBA)4[(MW504gH);,] + 2 M'X,— (TBA)¢[(M'W5045H),] + 2 MX, | (4.5)

This route only offers improvement if the starting (TBA)s[(M(II)WsO1sH)2] material can be
produced cleanly, without any additional TBA(X) salts. One way to do this is to use a M(ll)
alkoxide as the starting material, as the synthesis of the corresponding (TBA)s[(M(II)Ws501sH):]
material only requires the use of 1.6 equivalents of base per {Ws} and produces only the

alcohol as the by-product (Equations 4.6 and 4.7). This route was trialled during attempts to
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refine the synthesis of (TBA)s[(Co(Il)Ws01sH)2] but the low solubility of the first-row transition

metal alkoxides was an issue.
2 (TBA)3[W504gH3] + 2 M(OR),— (TBA)4[(M'W;0,5H),] + 4 ROH (4.7)

Therefore, we require an element that has a M(ll) alkoxide that is soluble in polar solvents (e.g.
acetonitrile, dichloromethane, methanol etc.) and relatively insoluble MX; salts in similar
solvents. One metal that fits these criteria is magnesium. Magnesium methoxide is soluble in
methanol, while salts like magnesium chloride possess little to no solubility in solvents like
acetonitrile or dichloromethane. Therefore, we set out to see if we could synthesise
(TBA)s[(MgW5s018H)2] as a theoretical starting material for other (TBA)s[(MWs01sH)2] systems

if magnesium can be readily replaced by other first-row transition metals.

4.6.1 Synthesis of a magnesium containing Lindqvist structure

First, magnesium methoxide was synthesised in-situ by refluxing finely divided magnesium
metal (obtained by ball milling) in anhydrous methanol overnight.>? This led to the dissolution
of the magnesium and gave a slightly cloudy solution. In a separate flask, {Ws} was degraded
with 1.6 equivalents of TBA(OH) at room temperature in acetonitrile (with one equivalent of
water). The degradation mixture was then transferred directly onto the methanol solution of
Mg(OMe); via cannula. The colourless, slightly cloudy, solution was allowed to stir overnight
before passing through a PTFE syringe filter and removing the solvent. A thick oil was obtained
which was triturated with diethyl ether, to give a free-flowing white powder. The infrared

spectrum of the crude material was obtained and is shown in Figure 4.12.

The spectrum is somewhat similar to that previously obtained for (TBA)7[(CoWs01gH)2][NOs],
also shown in Figure 4.12. The spectrum contains several peaks in the bridging W-O-W region.
As for cobalt, this could be indicative of a dimeric structure, as monomeric POMs tend to
feature a simpler bridging region. The terminal W=0 is observed at 940 cm* for the reaction
involving magnesium. This is higher than what was observed for the series of M(ll) substituted
Lindqvist-type POMs synthesised in this chapter (approx. 930-935 cm). This may indicate
some electronic differences in the products, perhaps stemming from the fact that magnesium
is not a d-block element, and therefore has no electrons in d-orbitals, and is in the third period

rather than the fourth as is the case for all other elements discussed. This could change the
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Figure 4.12: ATR FTIR transmittance spectra of the crude products from reaction of (TBA)2[WsO19] with TBA(OH),
and Co(NQ3)2.6H20 (blue) or Mg(OMe): (red).

way the charge is distributed within the POM cage and in turn, change the W=0 stretching

frequency.

The presence of extra peaks at 1030 and 1669 cm™ for the reaction involving magnesium may

be attributed to residual Mg(OMe) (perhaps interacting with the POM).>3

In order to gain more conclusive evidence for the incorporation of magnesium into the
Lindqvist framework, crystals of the crude material were grown by vapour diffusion of methyl
tert-butylether into a saturated solution of the crude product dissolved in pyridine. The
obtained colourless crystals were analysed by single-crystal X-ray diffraction, giving the

structure shown in Figure 4.13.

The structural similarities between the magnesium containing dimer shown in Figure 4.13 and

the other structures presented in this chapter is immediately apparent. The dimer is
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Figure 4.13: Single-crystal X-ray diffraction structures of (TBA)s[(MgWs01sH).]. Cations and solvent are omitted
for clarity. The atomic radii are set to the CSD covalent radii.

surrounded by six tetrabutylammonium ions, implying the presence of two protons on the
cage and the formula (TBA)s[(MgWs01sH)2]. BVS analysis indicates localisation of the two
protons on 03 (Vo3=1.26) and 020 (Vo3 = 1.29). The dimeric unit is bent to one side with an
interatomic distance between 04 and 020 of ca. 2.65 A, consistent with the formation of a
hydrogen bond between the two halves of the dimer. Unlike for the analogous Zn compound,
the second proton is in a position that cannot take part in hydrogen bonding. Comparison of
the bond lengths of [(MgWs01sH)2]®~ with the other structures in the series shows many
similarities. The average Mg-O bond length (ca. 2.07 A) is significantly longer than the W-O
bond length in the W-O-W bridges (ca. 1.94 A). As seen previously, the comparatively long Mg-
O bonds of the Mg-O-W bridges are paired with a short W-O distance of ca. 1.86 A, perhaps
indicative of increased W-O n-bonding in these bridges. The terminal W=0 bond lengths are
in line with other Linqdvist-type POMs discussed in this thesis, with an average length of ca.

1.72 A.

4.7.2 70 NMR studies

To gain some insight into what is present in non-aqueous solutions of (TBA)s[(MgWs01gH)2],
70 NMR spectroscopy studies were carried out. A small-scale procedure, analogous to that
discussed in Section 4.7.1, was performed using *’O enriched (TBA)2[WgO19]. The obtained
product was then dissolved in CD3CN and O NMR spectra were recorded at 298 and 343 K.

The resulting spectra are shown in Figure 4.14.
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Figure 4.14: 0 NMR spectra of the crude product obtained from the reaction of (TBA)2[Ws019] with TBA(OH),
H20, and Mg(OMe). in CD3CN at a) 298 K, and b) 343 K.

As was the case when studying acetonitrile solutions of (TBA)7[(ZnWsO1sH)2][NOs], the
obtained NMR spectra are very complicated. There are many peaks in both the typical bridging
and terminal oxygen regions. At 298 K, the obtained spectrum contains mostly broad peaks.
Both the number of peaks and the sharpness of these peaks increases significantly upon
heating the solution to 343 K (Figure 4.14b). Correlation time, which is related to relaxation
time and line width, is expected to decrease as temperature increases and therefore the
sharpening of signals should occur naturally. However, signal sharpening can also be indicative
of increasing the rate of a dynamic process. The increase in the number of observed peaks
may either be a consequence of the lower linewidths, allowing the resolution of multiple
signals with very similar chemical shifts, or may be evidence of the presence of new peaks due

to dynamic processes that are inaccessible at room temperature.

The observed peaks can be split into three major groups. Firstly, those occurring in the terminal
W=0 region, observed between 682 and 766 ppm. The number of peaks expected in this
region depends on the symmetry of the species present in solution. If we assume the dimeric
unit is retained, then the number of terminal W=0 signals depends both on whether the bent
structure persists in solution and whether the second proton on the cage is localised. If this is
the case, then there is complete asymmetry (i.e. Cs symmetry) and therefore ten unique

terminal W=0 environments that give ten signals in the 7O NMR spectrum would be expected.
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Obviously, some of these would likely have very similar chemical shifts and therefore they
might not all be resolved separately. If the protons on the cage are delocalised and the bent
structure is not retained, then only four unique terminal environments are expected; if the
dimer splits into monomers, then as few as two terminal W=0 environments would be
observed. With only the NMR spectroscopy presented in Figure 4.14, it is impossible to tell
which situation we have. The true situation may involve a combination of these scenarios,

along with the possibility of loss of protons or the magnesium centre.

A similar discussion could be had around the number of peaks occurring in the bridging W-O-
W region, between 310 and 474 ppm. It may be reasonable to suggest that the two larger
peaks at 412.1 and 418.4 ppm respectively, at 298 K (415.7 and 421.5 ppm at 343 K)
correspond to the two bridging W-O-W environments of a {(L)MgWs0is}-type POM, which are
expected to occurin a 1:1 ratio. The other smaller, more upfield, peaks could then be assigned

to bridging W-O-W environments in lower symmetry species.

The third group of peaks occurs in between the two previously discussed groups, between 512
and 590 ppm. It is typical that M-O-W bridges in substituted Lindqvist-type POMs occur more
downfield than the W-O-W environments. Therefore, this group could be assigned to the Mg-
O-W bridging oxygen environment. There are two major signals at 512.6 and 562.1 ppm at 298
K (515.9 and 565.9 ppm at 343 K) which dominate this region. The relative size and chemical
shifts of these two peaks may allow them to sensibly be assigned to bridging Mg-O-W and Mg-
O(H)-W environments of a Lindqvist-type POM. The peak for the bridging hydroxide (assigned
tothe peakat 512.6 ppm) would be expected to be both less intense (as only 2 of the 8 bridging
Mg-O-W’s can be protonated), and more upfield than the corresponding bridging metal-oxo
(assigned to the peak at 562.1 ppm), which is what is observed.>* The other smaller peaks are
likely a result of a range of Mg-O-W and Mg-O(H)-W environments in other lower symmetry

species.

Finally, there are also several peaks in the central ps-O region which is indicative of more than
one individual POM species present (and/or a dimer in which the two halves of the dimer are
completely inequivalent). This is in line with the complexity of the system and how sensitive
70 NMR spectroscopy is to the symmetry of the species present in solution. When studying
(TBA)7[(ZnW5018H)2][NOs], the spectrum was recorded in pyridine to attempt maximise the
formation of monomeric (TBA)s[(Py)ZnWsO1sH] in solution and to simplify the 7O NMR

spectrum. However, given that (TBA)s[(MgWs01gH)2] can be crystallized from pyridine, we
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know that the addition of simple neutral ligands is unlikely to cleave the dimeric unit.

Therefore, similar studies were not pursued for (TBA)s[(MgWs01sH)2].

4.7.3 18W NMR studies

The complexity of the O NMR spectra obtained from acetonitrile solutions of
(TBA)s[(MgW5018H)2] makes interpretation of the results difficult. Analysis of the same
solutions with 183W NMR spectroscopy should simplify the results as there are fewer tungsten
nuclei than oxygen, which limits the possible number of unique environments. As before, the
crude product from the reaction of (TBA)2[We019] with TBA(OH), H20, and Mg(OMe), was
dissolved in CD3CN. The ¥3W NMR was recorded at 298 and 343 K. The resulting spectra are

shown in Figure 4.15.

Five major peaks were observed. At 298 K (Figure 4.15a) these were seen at -115.6, 1.0, 36.4,
88.7, and 99.8 ppm respectively. These peaks shifted downfield by an average of ca. 4 ppm
when the sample was heated, which is expected as ¥3*W NMR chemical shifts are known to be
sensitive to changes in temperature.>® The peaks at 1.0 and 88.7 ppm in Figure 4.15a are
approximately equal intensity regardless of temperature, while the same is true for the peaks
at -111.3 and 36.4 ppm. However, these pairs of peaks cannot be related by an integer scale
factor at either temperature, and therefore cannot be easily assigned to the same molecule.

The peaks at -111.3, 36.4 and 99.8 ppm increased in intensity with respect to the peaks at 1.0
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Figure 4.15: 83W NMR spectrum obtained when the crude product from reaction of (TBA)2[WsO19] with TBA(OH),
H20, and Mg(OMe). was dissolved in CD3CN at (a) 298 K and (b) 343 K.
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and 88.7 ppm as the temperature was increased. There is no obvious way to assign these peaks

to any Lindqvist-type POM.

The central peak occurring at 1.0 ppm is in the region characteristic of monomeric tungstate
(i.e. [WO4]?") and therefore this may be a plausible assignment. However, the 170 NMR spectra,
shown in Figure 4.14, did not contain a large peak around 437 ppm, which is typical for
tungstate. It may be reasonable to suggest that if the tungstate present in solution was forming
strong interactions with free Mg?* then this could cause the peak in the 70 NMR spectrum to
be shifted upfield. This would mean that one of the larger peaks at 412.1 or 418.4 ppm could
potentially be assigned to tungstate. Unfortunately, when relying only on O and ¥3W NMR
spectroscopy, it is difficult to make a conclusive assignment and therefore the possibility that

this peak is caused by another species cannot be ruled out.

The two peaks observed at -20.3 and -162.7 ppm at 298 K (-18.3 and -156.2 ppm at 343 K)
can be assigned to (TBA)a[W1003;]. These peaks were observed in Chapter 3 (Section 3.4.2)
when (TBA)2[Ws019] was reacted with <1.6 equivalents of TBA(OH). Given the reaction used
to produce (TBA)s[(MgWs01sH)2] employed 1.6 equivalents of TBA(OH) per {We} it is likely that
this {W10} formed during the degradation and small amounts were left unreacted after the
addition of Mg(OMe),. It should be possible to separate residual {W1o} by recrystallization,
however efficient conditions for quantitative recrystallization of (TBA)s[(MgWs01sH),] are yet

to be found.

Analysis of the smaller features in Figure 4.15a showed some familiar peaks. The eight peaks
observed at -95.9, -77.9, -39.2, -32.4, -10.7, -4.5, 19.3, and 52.6 ppm respectively appear
consistently during the W NMR spectroscopy studies of the reaction of (TBA)2[Ws019] with
varying quantities of TBA(OH), outlined in Section 3.4.2. These peaks occurina 1:1:1:1:1:1:1:1
ratio and in Chapter 3 were assigned to the unknown “red species”. Though the presence of
these peaks in this spectrum does not give any further insight into the true nature of this
species, it does add to the growing body of 83W NMR evidence that this species is a major
component of non-aqueous isopolytungstate solutions, particularly at lower charge to metal
ratios (analogous to lower pH’s in an agueous system). Upon heating the solution to 70 °C (343
K shown in Figure 4.15b) these peaks seem to disappear. This may indicate that this “red
species” is labile with respect to rearrangement to other structures given enough energy. None
of the other peaks observed are readily assignable to known isopolytungstates or the “new”

species observed in Chapter 3. This may mean they represent new isopolytungstates or, more
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likely, that the presence of magnesium leads to structures containing one or more

heterometals.

4.8 Conclusion

Access to a number of first-row transition metal(ll) containing Lindqvist-type POMs, and their
pyridine adducts has been demonstrated. Characterisation by infrared spectroscopy and
single-crystal X-ray diffraction showed the structural similarity of the compounds, all giving
dimeric structures in the absence of strong ligands. The exact nature of the dimer was
somewhat variable with the zinc containing analogue adopting a linear structure, while all
others were bent due to the presence of a single hydrogen bonding interaction. The ability of
the compounds to bind ligands was similarly variable, with the manganese derivative
persisting as a dimer while dissolved in pyridine. This behaviour was attributed to trends
observed in the Irving-Williams series, where the reduced Lewis acidity of Mn(ll) (and lack of
CFSE) leads to weaker interactions with donor ligands. When oxidised to Mn(lll), the pyridine
adduct was found to form rapidly. Unfortunately, this variability in ligand binding has
prevented use of the process of converting the dimers to the pyridine adduct and back to the

dimers as a method of purification for the full series of compounds.

Studying the formation of the diamagnetic [(ZnWs01sH)2]® by 7O NMR spectroscopy showed
very complex reaction mixtures which were difficult to interpret. This was attributed to the
presence of one or more dynamic processes that were investigated using variable temperature
NMR spectroscopy, but the possibility that the reaction just creates several unwanted by-
products cannot be ruled out. Further characterisation of the crude product by 83W NMR gave
a similarly complex picture. Unfortunately, without access to an efficient method of
recrystallization, it is difficult to determine whether the additional peaks in the NMR spectra

are due to solution dynamics or the presence of impurities.

Finally, the synthesis of a magnesium containing Lindqvist-type POM was discussed. This
methodology utilised Mg(OMe), as the magnesium precursor meaning the procedure could
be adapted to use fewer equivalents of TBA(OH) in the degradation step, and in turn, avoid
the generation of unwanted tetrabutylammonium salts which are difficult to remove. Solution-
state NMR spectroscopy painted an equally complex picture for this system as was observed
for the zinc analogue. Unfortunately, time limitations prevented the investigation of exchange
reactions in which first-row transition metals attempt to displace magnesium, offering a

convenient avenue for the production of the other compounds discussed in this chapter.
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4.9 Future work

Though preliminary characterisation has been collected for Mn, Fe, Ni, Zn, and Mg containing
Lindgvist-type POMs, further work is required to fully gauge the purity of the products.
Elemental analysis and ICP-OES should give a lot of insight into the presence of excess TBA
salts and/or the presence of POM based impurities (which will also aid with the interpretation
of the 70 and W NMR spectra obtained here). Electrochemical characterisation of the
compounds using cyclic voltammetry is also relevant. Along with giving insight into compound
purity, it is very important to understand the redox properties of these clusters, in particular

for the manganese and iron containing clusters that have shown reactivity towards air.

Once the purity of the compounds is established, reactivity studies focusing on oxidation
chemistry would be desirable in the context of potential application in water oxidation
catalysis. Chemical oxidation using reagents such as bromine, di-tert-butyl peroxide, or
iodosylbenzene will give valuable insight into the nature of the oxidised products (i.e. ligands
bound to the metal centre, protonation of the POM cluster etc.). This could then be followed

by electrochemical water oxidation studies.

Alongside this, further work is required to explore the use of (TBA)s[(MgWs01gH)2] as a starting
material for the synthesis of first-row transition metal containing Lindgvist-type POMs. With
preliminary characterisation in hand, the magnesium containing species should be treated
with simple M(ll) halides, like FeCl, for example, in acetonitrile or dichloromethane. A
successful reaction should lead to exchange of the magnesium for the other transition metals,
which in turn leads to the formation of insoluble MgCl,, which can be separated by filtration.
If this is successful, then the purity of the products should be investigated using ICP-OES to
determine the amount of magnesium remaining in the samples after workup. This procedure

could then be theoretically expanded beyond the first-row to metals spanning the d-block.
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4.10 Experimental

4.10.1 Attempted synthesis of “(TBA)s[(Cr(l|)W501sH)2]”

In a Schlenk flask, (TBA)2[WsO19] (2.0 g, 1.1 mmol) was suspended in MeCN (10 mL). To a
separate flask, TBA(OH) (4.2 mL, 4.2 mmol, 1 M in MeOH) was added and pumped dry. The
resulting golden oil was then re-dissolved in MeCN (5 mL). The solvent was removed under
reduced pressure. This process was repeated twice to ensure complete removal of MeOH. The
TBA(OH) was then dissolved in MeCN (5 mL) and transferred via cannula to the suspension of
(TBA)2[We019]. The mixture was stirred for 15 minutes or until all the solid dissolved. The
colourless solution was degassed by bubbling with argon for 15-20 minutes and was then
transferred via cannula to a Schlenk flask containing CrCl, (0.16 g, 1.3 mmol) dissolved in
MeCN (5 mL). The resulting dark blue mixture was stirred overnight, after which the solvent
was removed under reduced pressure to leave a dark blue oil. The oil was triturated in
alternation with ethyl acetate (10 mL) and diethyl ether (15 mL), until a free-flowing blue
powder was obtained (2.0 g, 79% yield based on target). The ATR FTIR transmittance spectrum
was recorded. Crystallization by vapour diffusion of diethyl ether into saturated solutions of
the crude product in MeCN and pyridine was attempted, but only amorphous green solid

formed.

Vmax/cm™ = 2958 (CH), 2934 (CH), 2872 (CH), 1670, 1482, 1380, 1152, 1106, 1056, 951 (s), 881
(s), 798 (vs), 776 (vs), 572, 529, 425 (vs).

4.10.2 Attempted synthesis of “(TBA)s[(Cr(ll])W5013),]”

In a Schlenk flask, (TBA)2[WsO19] (2.0 g, 1.1 mmol) was suspended in MeCN (10 mL). To a
separate flask, TBA(OH) (5.5 mL, 5.5 mmol, 1 M in MeOH) was added and pumped dry. The
resulting golden oil was then re-dissolved in MeCN (5 mL). The solvent was removed under
reduced pressure. This process was repeated twice to ensure complete removal of MeOH. The
TBA(OH) was then dissolved in MeCN (5 mL) and transferred via cannula to the suspension of
(TBA)2[We019]. The mixture was stirred for 15 minutes or until all the solid dissolved. The
mixture was then transferred via cannula to a Schlenk flask containing Cr(NO3)3.9H,0 (0.51 g,
1.3 mmol) dissolved in MeCN (5 mL). A dark green solution formed which was stirred
overnight. The solvent was removed under reduced pressure to leave a dark green oil. The oil
was triturated in alternation with ethyl acetate (10 mL) and diethyl ether (15 mL), until a free-
flowing green powder was obtained (1.8 g, 71% yield based on target). The infrared spectrum

was recorded. Crystallization by vapour diffusion of diethyl ether into saturated solutions of

153



the crude product in MeCN and pyridine was attempted, but only amorphous green solid

formed.

Vmax/cm™ = 2959 (CH), 2934 (CH), 2872 (CH), 1738, 1679, 1482, 1379 (vs), 1335, 1152, 1197,
1958, 1027, 934 (s), 872 (vs), 782 (vs), 736 (s), 698 (vs), 569, 530, 419 (vs)

4.10.3 Synthesis of (TBA)s[(Mn(ll)Ws01sH).]

In a Schlenk flask, (TBA)2[WsO19] (2.0 g, 1.1 mmol) was suspended in MeCN (10 mL). To a
separate flask, TBA(OH) (4.2 mL, 4.2 mmol, 1 M in MeOH) was added and pumped dry. The
resulting golden oil was re-dissolved in MeCN (5 mL). The solvent was removed under reduced
pressure. This process was repeated twice to ensure complete removal of MeOH. The TBA(OH)
was then dissolved in MeCN (5 mL) and transferred via cannula to the suspension of
(TBA)2[We019]. The mixture was stirred for 15 minutes or until all the solid dissolved. The
colourless solution was degassed by bubbling with argon for 15-20 minutes and the mixture
was then transferred via cannula to a Schlenk flask containing Mn(NQs)2.4H,0 (0.32 g, 1.3
mmol) dissolved in MeCN (5 mL). The mixture was stirred and gradually turned from pale
purple to pale yellow. The solution was stirred overnight, after which the solvent was removed
under reduced pressure to leave a golden oil. The oil was triturated in alternation with ethyl
acetate (10 mL) and diethyl ether (15 mL), until a free-flowing sandy yellow powder was
obtained (1.9 g, 75% vyield). The infrared spectrum was recorded. Small quantities of crystals
could be obtained by vapour diffusion of diethyl ether into a saturated pyridine solution of the

crude product (must be under inert conditions to prevent oxidation).

Vmax/cm™ = 2957 (CH), 2931 (CH), 2870 (CH), 1481, 1379, 1337, 1151, 1106, 1057, 1028, 960,
934 (vs), 881, 810 (vs), 765 ( vs), 663 (vs), 605, 551, 527, 483.

4.10.4 Synthesis of (TBA)s[(Py)Mn(l11l)W501s]

(TBA)s[(Mn(II)W5018H)2] (2 g, 0.5 mmol) was dissolved in pyridine (10 mL) to give a pale-yellow
solution. The mixture was stirred in air overnight during which time the mixture slowly turned
dark red. An excess of ethyl acetate (30 mL) was added to the mixture, which led to the
immediate precipitation of a red powder. The reaction solution was decanted away from the
solid and the solid was washed with ethyl acetate (10 mL) and diethyl ether (3 x 10 mL). The
solid was dried under vacuum to give a free-flowing red powder (1.9 g, 91% yield). The crude
product was crystallized by the addition of diethyl ether to a pyridine solution of the crude
compound until precipitate began to form. At this step, the solid was re-dissolved by the

addition of the minimum amount of pyridine (dropwise) and then the solution was cooled to
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-30 °C. Crystals formed after two days. The crystals were separated from the mother liquor and
washed with small amounts of cold 'PrOH or dry lutidine (adducts are not very soluble in

lutidine if it is dry). The crystals were then dried under vacuum (1.4 g, 67% yield).

Vmax/cm™ =2957 (CH), 2871 (CH), 1598, 1578, 1480, 1446, 1379, 1215, 1150, 1106, 1070, 1033,
1009, 961, 936 (vs), 884, 783 (vs), 750 (vs), 701 (vs), 625, 599, 575, 511, 442, 425 (vs).

4.10.5 Attempted synthesis of “(TBA)s[(Mn(I11])W501s)2]”

In a Schlenk flask, (TBA)2[WsO19] (2.0 g, 1.1 mmol) was suspended in MeCN (10 mL). To a
separate flask, TBA(OH) (5.5 mL, 5.5 mmol, 1 M in MeOH) was added and pumped dry. The
golden oil was then re-dissolved in MeCN (5 mL). The solvent was then removed under
reduced pressure. This process was repeated twice to ensure complete removal of MeOH. The
TBA(OH) was then dissolved in MeCN (5 mL) and transferred via cannula to the suspension of
(TBA)2[We019]. The mixture was stirred for 15 minutes or until all the solid dissolved. The
mixture was then transferred via cannula to a Schlenk flask containing Mn(OAc)s (0.22 g, 1.3
mmol) dissolved in MeCN (5 mL). A dark purple solution formed which was stirred overnight.
The solvent was removed under reduced pressure to leave a purple oil. The oil was scratched
in alternation with ethyl acetate (10 mL) and diethyl ether (15 mL) until a free-flowing orange
powder was obtained (1.9 g, 75% yield based on target). The infrared spectrum was recorded.
Crystallization by vapour diffusion of diethyl ether into saturated solutions of the crude

product in MeCN and pyridine was attempted, but only amorphous purple solid formed.

Vmax/cm™ = 3381 (br), 2958 (CH), 2873 (CH), 1735, 1672, 1585, 1481, 1381, 1242, 1152, 1108,
1031, 978, 935 (vs), 907, 883, 787 (vs), 607, 573, 510, 427 (vs).

4.10.6 Synthesis of (TBA)s[(Fe(ll)Ws013H):]

In a Schlenk flask, (TBA)2[WsO19] (2.0 g, 1.1 mmol) was suspended in MeCN (10 mL). To a
separate flask, TBA(OH) (4.2 mL, 4.2 mmol, 1 M in MeOH) was added and pumped dry. The
golden oil was then re-dissolved in MeCN (5 mL). The solvent was then removed under
reduced pressure. This process was repeated twice to ensure complete removal of MeOH. The
TBA(OH) was then dissolved in MeCN (5 mL) and transferred via cannula to the suspension of
(TBA)2[We019]. The mixture was stirred for 15 minutes, or until all the solid dissolved. The
colourless solution was degassed by bubbling with argon for 15-20 minutes and the mixture
was transferred via cannula to a Schlenk flask containing FeCl; (0.16 g, 1.3 mmol) dissolved in
MeCN (5 mL). The mixture was stirred overnight resulting in a dark black/brown solution. The

solvent was removed under reduced pressure to leave tacky brown/black solid. The solid was
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triturated in alternation with ethyl acetate (10 mL) and diethyl ether (15 mL) (hexane can also
be used if the solid remains sticky after a prolonged period of scratching) until a free-flowing

brown powder was obtained (1.7 g, 67% yield). The infrared spectrum was recorded.

vmax/cm™ = 2958 (CH), 2871 (CH), 1479, 1380. 1152, 1108, 1035, 930 (vs), 882, 808 (vs), 766
(vs), 682 (vs), 609, 549, 526, 481, 441.

4.10.7 Synthesis of (TBA)s[(Py)Fe(ll)Ws01sH]

(TBA)s[(Fe(Il)Ws01sH)2] (2 g, 0.5 mmol) was dissolved in degassed pyridine (10 mL) to give a
dark red solution. The mixture was stirred for 30 minutes before an excess of degassed ethyl
acetate (30 mL) was added to the mixture leading to immediate precipitation of a red powder.
The supernatant was decanted away from the solid and then the solid was washed with ethyl
acetate (10 mL) and diethyl ether (3 x 10 mL). The solid was then dried under vacuum to give
a free-flowing red powder (1.9 g, 91% yield). Crystals were obtained by vapour diffusion of
diethyl ether into a saturated solution of the crude product in pyridine. The crystals were
separated from the mother liquor and were washed with small amounts of cold 'PrOH or dry
lutidine (adducts are not very soluble in lutidine if it is dry). The crystals were then dried under

vacuum (0.8 g, 38% vield).

Vmax/cm™ = 3059 (CH), 2957 (CH), 2933 (CH), 2871 (CH), 2799, 1597, 1481 (s), 1445, 1378,
1250, 1151, 1106, 1043, 955, 931 (vs), 881, 841, 811 (vs), 763 (vs), 704, 673 (vs), 647, 606, 548,
531, 482, 455, 423 (vs).

4.10.8 Attempted synthesis of “(TBA)s[(Fe(lll)W501s),]”

In a Schlenk flask, (TBA)2[WsO19] (2.0 g, 1.1 mmol) was suspended in MeCN (10 mL). To a
separate flask, TBA(OH) (5.5 mL, 5.5 mmol, 1 M in MeOH) was added and pumped dry. The
golden oil was then re-dissolved in MeCN (5 mL). The solvent was then removed under
reduced pressure. This process was repeated twice to ensure complete removal of MeOH. The
TBA(OH) was dissolved in MeCN (5 mL) and transferred via cannula to the suspension of
(TBA)2[We019]. The mixture was stirred for 15 minutes or until all the solid dissolved. The
mixture was transferred via cannula to a Schlenk flask containing FeCl; (0.21 g, 1.3 mmol)
dissolved in MeCN (5 mL). A yellow/orange solution formed which was stirred overnight. The
solvent was removed under reduced pressure to leave an orange oil. The oil was triturated in
alternation with ethyl acetate (10 mL) and diethyl ether (15 mL) until a free-flowing orange

powder was obtained (2.1 g, 83% yield based on target). The infrared spectrum was recorded.
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Crystallization by vapour diffusion of diethyl ether into saturated solutions of the crude

product in MeCN and pyridine was attempted, but only orange oil formed.

Vmax/cm™ = 2959 (CH), 2934 (CH), 2873 (CH), 1481, 1380, 1152, 1107, 1016, 948 (vs), 884, 801
(vs), 643, 585, 556, 544.

4.10.9 Synthesis of (TBA)s[(Ni(ll)Ws01sH).]

In a Schlenk flask, (TBA)2[WsO19] (2.0 g, 1.1 mmol) was suspended in MeCN (10 mL). To a
separate flask, TBA(OH) (4.2 mL, 4.2 mmol, 1 M in MeOH) was added and pumped dry. The
golden oil was then re-dissolved in MeCN (5 mL). The solvent was then removed under
reduced pressure. This process was repeated twice to ensure complete removal of MeOH. The
TBA(OH) was then dissolved in MeCN (5 mL) and transferred via cannula to the suspension of
(TBA)2[We019]. The mixture was stirred for 15 minutes or until all the solid dissolved. The
mixture was then transferred via cannula to a Schlenk flask containing a green solution of
NiCl2.6H,0 (0.30 g, 1.3 mmol) dissolved in MeCN (5 mL). The mixture was stirred overnight
and gradually turned pale yellow during this time. The solvent was removed under reduced
pressure to leave a yellow oil. The oil was triturated in alternation with ethyl acetate (10 mL)
and diethyl ether (15 mL), until a free-flowing sandy yellow powder was obtained (2.2 g, 87%
yield). The infrared spectrum was recorded. Small quantities of crystals were obtained by

vapour diffusion of diethyl ether into a saturated DMF solution of the crude product.

Vmax/cm™ = 2598 (CH), 2934 (CH), 2871 (CH), 1667, 1480, 1380, 1152, 1107, 2036, 935 (vs),
909, 885, 810 (vs), 769 (vs), 678 (vs), 605, 549, 413 (vs).

4.10.10 Synthesis of (TBA)3[(Py)Ni(ll)Ws01sH]

(TBA)s[(Ni(11)Ws01sH)2] (2 g, 0.5 mmol) was dissolved in degassed pyridine (10 mL) to give a
green solution. The mixture was stirred for 30 minutes before an excess of degassed ethyl
acetate (30 mL) was added to the mixture which led to the immediate precipitation of a pale
green powder. The reaction solution was decanted away from the solid and then the solid was
washed with ethyl acetate (10 mL) and diethyl ether (3 x 10 mL). The solid was then dried
under vacuum to give a free-flowing pale green powder (1.8 g, 86% vyield). Crystals were be
obtained by vapour diffusion of diethyl ether into a saturated solution of the crude product in
pyridine. The crystals were separated from the mother liquor and were washed with small
amounts of cold 'PrOH or dry lutidine (adducts are not very soluble in lutidine if it is dry). The

crystals were then dried under vacuum (0.6 g, 29% vield).
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vmax/cm™=2958 (CH), 2872 (CH), 1736, 1669, 1602, 1481, 1380, 1241, 1216, 1151, 1107, 1041,
933 (vs), 882, 813 (vs), 770 (vs), 701 (vs), 683 (vs), 634, 546, 427 (vs).

4.10.11 Attempted synthesis of (TBA)s[(Cu(ll)W501sH):]

In a Schlenk flask, (TBA)2[WsO19] (2.0 g, 1.1 mmol) was suspended in MeCN (10 mL). To a
separate flask, TBA(OH) (4.2 mL, 4.2 mmol, 1 M in MeOH) was added and pumped dry. The
golden oil was then re-dissolved in MeCN (5 mL). The solvent was then removed under
reduced pressure. This process was repeated twice to ensure complete removal of MeOH. The
TBA(OH) was then dissolved in MeCN (5 mL) and transferred via cannula to the suspension of
(TBA)2[We019]. The mixture was stirred for 15 minutes or until all the solid dissolved. The
mixture was then transferred via cannula to a Schlenk flask containing a green solution of
Cu(acac)z (0.33 g, 1.3 mmol) dissolved in MeCN (5 mL). The mixture was stirred overnight and
gradually turned from dark blue to dark green. The solvent was removed leaving a
yellow/brown oil. The oil was scratched in alternation with ethyl acetate (10 mL) and diethyl
ether (15 mL) (hexane could also be used if the solid remains sticky after a prolonged period

of scratching) until a free-flowing brown powder was obtained (2.0 g, 87% yield).

vmax/cm™ = 2958 (CH), 2934 (CH), 2871 (CH), 1670, 1480, 1380, 1152, 1107, 1057, 1029, 930
(vs), 872,810 (vs), 772 (vs), 722 (vs), 626, 529, 490, 449, 417 (vs).

4.10.12 Synthesis of (TBA)s[(Zn(Il)W501sH)2]

In a Schlenk flask, (TBA)2[WsO19] (2.0 g, 1.1 mmol) was suspended in MeCN (10 mL). To a
separate flask, TBA(OH) (4.2 mL, 4.2 mmol, 1 M in MeOH) was added and pumped dry. The
golden oil was then re-dissolved in MeCN (5 mL). The solvent was then removed under
reduced pressure. This process was repeated twice to ensure complete removal of MeOH. The
TBA(OH) was then dissolved in MeCN (5 mL) and transferred via cannula to the suspension of
(TBA)2[We019]. The mixture was stirred for 15 minutes or until all the solid dissolved. The
mixture was then transferred via cannula to a Schlenk flask containing a green solution of
Zn(N0O3),.6H,0 (0.38 g, 1.3 mmol) dissolved in MeCN (5 mL). The colourless solution was stirred
overnight. The solvent was removed under reduced pressure to leave a colourless oil. The oil
was triturated in alternation with ethyl acetate (10 mL) and diethyl ether (15 mL) until a free-
flowing white powder was obtained (2.0 g, 79% vyield). The infrared spectrum was recorded.
Small quantities of crystals were obtained by vapour diffusion of diethyl ether into a saturated

MeCN solution of the crude product.
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Vmax/cm™ = 2956 (CH), 2871 (CH), 1482, 1380, 1152, 1107, 1058, 1026, 932 (vs), 877, 809 (vs),
764 (vs), 701 (vs), 697, 554, 529, 483, 425 (vs).

4.10.13 Synthesis of (TBA)3[(Py)Zn(ll)Ws01sH]

(TBA)s[(Zn(I1)W5018H)2] (2 g, 0.5 mmol) was dissolved in degassed pyridine (10 mL) to give a
colourless solution. The mixture was stirred for 30 minutes before an excess of degassed ethyl
acetate (30 mL) was added to the mixture leading to immediate precipitation of a white
powder. The reaction solution was decanted and the resulting solid was washed with ethyl
acetate (10 mL) and diethyl ether (3 x 10 mL). The solid was then dried under vacuum to give
a free-flowing white powder (1.7 g, 82% yield). Crystals can be obtained by vapour diffusion of
diethyl ether into a saturated solution of the crude product in pyridine. The crystals were
separated from the mother liquor and can be washed with small amounts of cold 'PrOH or dry
lutidine (adducts are not very soluble in lutidine if it is dry). The crystals were then dried under

vacuum (1.0 g, 48% vyield).

Vmax/em™! = 2958 (CH), 2934 (CH), 2871 (CH), 1669, 1479 (s), 1380, 1152, 1107, 1036, 929 (vs),
880, 826 (vs), 810 (vs), 771 (vs), 686 (vs), 611, 552, 528, 482, 441, 441 (vs).

4.10.14 Preparation of finely divided magnesium metal

Two stainless steel jars (with O-ring and screw seal) were each filled with magnesium turnings
(2 g, 83 mmol) in an argon filled glovebox. Two 10 mm stainless steel balls were added to each
jar and the jars were sealed before removing from the glove box. The mixtures were ball milled
at 30 Hz for two one-hour periods (allowing the jars to cool to room temperature in between).
The jars were then returned to the glovebox before opening. The finely divided magnesium

metal was transferred to a screw top vial and stored in the glovebox (3.9 g, 98% vyield).

4.10.15 Synthesis of (TBA)s[(MgWs01sH)z] from magnesium metal

In a Schlenk flask, (TBA)2[WsO19] (2.0 g, 1.1 mmol) was suspended in MeCN (10 mL). To a
separate flask, TBA(OH) (1.7 mL, 1.7 mmol, 1 M in MeOH) was added and pumped dry. The
golden oil was re-dissolved in MeCN (2-3 mL). The solvent was removed under reduced
pressure. This process was repeated twice to ensure complete removal of MeOH. The TBA(OH)
was then dissolved in MeCN (5 mL) and transferred via cannula to the suspension of
(TBA)2[We019]. The mixture was stirred for one hour or until all the solid dissolved. H,0 (19.1

uL, 1.1 mmol) was added and the solution was stirred at room temperature overnight.
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In a separate Schlenk flask, finely divided magnesium metal (31 mg, 1.3 mmol) was suspended
in MeOH (5 mL). The flask was heated to reflux and then sealed after 15 minutes. The mixture
was refluxed overnight. The mixture was allowed to cool to room temperature before the
previously prepared degradation mixture was added via cannula to the solution. The
colourless, but slightly cloudy, solution was stirred at room temperature overnight. The
solution was passed through a PTFE syringe filter before the solvent was removed under
reduced pressure to leave a colourless oil. The oil was scratched with diethyl ether (3 x 15 mL),
giving a free-flowing white powder (2.0 g, 80% vyield). The infrared spectrum was recorded.
Small quantities of crystals were obtained by vapour diffusion of methyl tert-butyl ether into

a saturated pyridine solution of the crude product.

Vmax/em™ = 3670, 2958 (CH), 2933 (CH), 2872 (CH), 1669, 1481, 1380, 1152, 1106, 1030, 940
(s), 887 (s), 802 (vs), 773, 702, 671, 625 (vs).

4.10.16 Synthesis of (TBA)s[(MgWs01sH)2] from Mg(OMe).

In a Schlenk flask, (TBA)2[WsO19] (4.0 g, 2.1 mmol) was suspended in MeCN (15 mL). To a
separate flask, TBA(OH) (3.4 mL, 3.4 mmol, 1 M in MeOH) was added and pumped dry. The
golden oil was re-dissolved in MeCN (5 mL). The solvent was removed under reduced pressure.
This process was repeated twice to ensure complete removal of MeOH. The TBA(OH) was then
dissolved in MeCN (5 mL) and transferred via cannula to the suspension of (TBA)2[WsO19]. The
mixture was stirred for one hour or until all the solid dissolved. H,0 (38.1 uL, 2.1 mmol) was
added and the solution was stirred at room temperature overnight. The mixture was then
added via cannula to a solution of Mg(OMe), (0.22 g, 2.5 mmol) in MeOH (20 mL) with stirring.
The resulting colourless solution was allowed to stir at room temperature overnight. A small
amount of colourless solid formed during this time. The mixture was filtered through Celite
and the solvent was removed. The resulting colourless oil was triturated with diethyl ether (3
x 20 mL). This gave a free-flowing white powder that was dried under vacuum (3.9 g, 79%

yield).

Vmax/cm™ = 3674, 2958 (CH), 2933 (CH), 2872 (CH), 1668, 1608, 1480 (vs), 1380, 1152, 1106,
1033, 935 (vs), 883 (s), 804 (vs), 771 (vs), 702 (vs), 674 (vs), 625, 568, 552, 528, 490, 445 (vs).
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Chapter 5: Moving away from M(Il) — Synthesis of M(V) containing
hexametalates

5.1 Introduction

The metal(V) oxides are widely studied materials. Vanadium pentoxide is a key component in
catalyst materials used industrially for the oxidation of sulphur dioxide to sulphur trioxide
during the synthesis of sulfuric acid, and for the conversion of naphthalene to phthalic
anhydride.'* Heterogeneous materials, based on the dispersion of V.0s on supports, such as
titanium dioxide or aluminium oxide, creating so-called vanadium oxide monolayer catalysts

have been extensively investigated and reviewed.?

The comparatively lower reactivity of niobium and tantalum pentoxides, with lower mobility
(due to higher melting points) and reducibility than V.0s, has somewhat limited their
application in catalysis. However, there are still multiple examples of systems incorporating
niobium® and tantalum®’ oxides into catalytically active materials. Instead, the oxides of
niobium and tantalum have seen more widespread application as solid electrolytic capacitors,

photochromic devices and transparent conductive oxides for use in electronic devices.??

The interest in group V oxide materials, in particular their use as monolayer catalysts on other
metal oxide supports, means that a greater understanding of these materials and what factors
affect their performance is very desirable. One way to probe these systems is to create a
molecular model, in which an atomically precise active site is isolated. The reactivity of this
site could then be probed and the impact of systematic changes to the model can be
monitored. This could be achieved by incorporating a single group V metal into a
polyoxometalate, which acts as a molecular model for a metal oxide support. Some of these

systems, based on the Lindqvist structure, have been isolated.

The earliest examples of such structures came from Flynn and Pope who isolated a range of
[VaW1019]* and [VWs019]3 salts by acidification of aqueous mixtures of [WO4]?~ and [VO3]~.1°
Simple sodium and potassium salts were obtained by applying the corresponding alkali metal
salts of the starting material to the synthesis, whereas quaternary ammonium salts were
typically obtained by subsequent ion exchange reactions. Similar methods have been used
since by other groups to isolate these compounds and an analogous approach was also used
in the isolation of the vanadium substituted Lindgvist-type polyoxomolybdate

(TBA)3[VMo05010].1112

164



Alternatively, Klemperer reported a non-aqueous synthesis of both (TBA)3[VW5019] and
(TBA)3[VMo05019].13 His route first used basic degradation of vanadium pentoxide with
tetrabutylammonium hydroxide in acetonitrile to generate a soluble vanadium precursor
mixture. This was followed by treatment with either (TBA)4[W10032] or (TBA)s[a-MogO26]. The
mixture was refluxed for six hours before cooling and recrystallization. Stirring {W10} or {Mos}
with 70O enriched water in acetonitrile prior to addition to the vanadium oxide mixture can be
used to conveniently introduce O enrichment into the product. This approach is very

reminiscent of the basic degradation approach discussed in Chapters 2-4.

Access to [NbWs019]3~ was first achieved by Dabbabi and Boyer who used a similar acidification
approach to those originally used to access [VWs019]>".1* A key difference was the use of a
Lindqvist-type hexaniobate, Ks[NbgO19], as a soluble source of niobium.*>1¢ Again, the use of a
parent hexametalate as a starting component in the synthesis of a bimetallic cluster is similar

to methodology that underlines this thesis.

The tantalum derivative, [TaWs019]3", is more commonly accessed using a non-aqueous
approach.!” The reaction involves the dissolution of Ta(OC;Hs)s in acetonitrile followed by
acidification with trichloroacetic acid. This solution is then added dropwise to a solution of
(TBA)2[WQ4] in acetonitrile. The crude product precipitates from the reaction mixture upon
addition of diethyl ether. As for the non-aqueous approach to produce (TBA)3;[VW5019], the
product can be readily 'O enriched by adding O enriched water to the solution of
(TBA)2[WQ4] in acetonitrile. Replacement of Ta(OC;Hs)s with Nb(OC,Hs)s can be used to access
(TBA)3[NbWs019]. It should be noted that access to the corresponding compounds using
molybdenum as the framework metal, i.e. (TBA)3[NbMosO1s] and (TBA)s;[TaMos019], has not

been reported.

Some of these group V containing polyoxometalates have been studied for their catalytic
properties in their own right. (TBA)3s[VWs019] has been used as catalyst for the conversion of
cyclooctene to cyclooctene oxide by hydrogen peroxide.’® On the other hand niobium
containing Lindqvist-type polyoxotungstates were used as precursors for hydrodesulfurization
catalysts which promote the isomerisation of cyclohexane into methane cyclopentane.’

Photocatalytic and optical properties have also been explored.?%?!

5.2 Chapter outline
This chapter describes the application of the generic degradative reassembly approach applied

in Chapters 2 and 4 for the synthesis of [M(II)Ws015]>" Lindgvist-type POMs to the synthesis of
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analogous M(V) containing species, firstly targeting the known heteropolytungstates
(TBA)3[VWs019], (TBA)s[NbW5019], and (TBA)3[TaWs019]. Given the corresponding
heteropolymolybdate (TBA)3;[VMos019] is also reported in the literature, the use of the
degradative reassembly approach was also applied to target (TBA);[VMosOig], and the
previously unreported POMs (TBA)3[NbMos019] and (TBA)3[TaMos019].

The targets were fully characterised using multinuclear NMR spectroscopy (°1V, *Nb, 18w,
%Mo, and 0) and the redox properties of the series were investigated using cyclic
voltammetry to see how the introduction of the group V heterometal alters the redox
chemistry of the series with respect to the parent hexametalates, (TBA)2[WeO19] and
(TBA)2[Mo06019]. Density functional theory calculations are used to support the interpretation

of the experimental findings.

Finally, the series of M(V) containing Lindgvist-type POMs was expanded to rhenium.
Appropriate rhenium(V) precursors were synthesised by adapting literature methods and they
were applied in a similar manner to target (TBA)3;[ReWs019] and (TBA)3[ReMosQO19], which can
be viewed as a model system for the potential incorporation of radioactive technetium into
the Lindgvist unit. Preliminary investigations into the redox properties of the POMs and the

reactivity of the Re=0 unit are presented.

5.3 Synthesis of [M(V)Ws019]3~ Lindqvist-type POMs

During Chapter 2 and 4, a synthetic approach to the synthesis of M(Il) substituted Lindqvist-
type POMs was outlined. The method, successfully used to incorporate a range of
heterometals, involved the degradation of (TBA)2[We019] with four equivalents of TBA(OH) to
target a precursor solution that is theoretically poised to react with simple metal(ll) salts, as

shown in Equations 5.1 and 5.2.
2 (TBA)5[W50,gH] + MX, = (TBA)[(MW;50,gH),] + 4 TBA(X) (5.2)

The same rationale can be used to develop a sensible approach for the synthesis of metal(V)
containing Lindgvist-type POMs. Again, treatment of the parent hexatungstate with base can
be used to generate precursor solutions, however the ratios of (TBA)2[Ws019] to base used can
be adjusted depending on the source of the heterometal. For example, treatment of
(TBA)2[We019] with 1.6 equivalents of TBA(OH), as shown in Equation 5.3, gives the

appropriate charge to tungsten ratio required to produce [M(V)Ws019]3~ by direct reaction
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with the corresponding metal oxo-alkoxide, as described in Equation 5.4. This approach is
advantageous as the free alcohol is the only by-product, and therefore issues associated with

removal of tetrabutylammonium salts are mitigated.
5 (TBA),[Wg049] + 8 (TBA)[OH] + 5 H,0 — 6 (TBA)3[W;0,gH53] (5.3)

Alternatively, treatment of (TBA)2[WsO19] with 5.2 equivalents of base (Equation 5.5) gives a
more highly charged precursor solution. Theoretically, treatment of this mixture with metal(V)
oxo-chlorides provides an alternative pathway to [M(V)Ws019]?", instead producing three
equivalents of TBA(X) as the by-product, Equation 5.6. On the surface this is a less desirable
approach as the high oxidation state metal chlorides are sensitive to water and therefore

additional steps to remove the water produced in the degradation would be required.
5 (TBA),[Wg049] + 26 (TBA)[OH] — 6 (TBA)¢[W5045] + 13 H,0 (5.5)

Overall, it is easy to see how the synthetic methods developed in Chapters 2 and 4 can be
adapted to suit several metal(V) precursors and in turn produce the corresponding {M(V)Ws}
POM. This section will explore this approach using (TBA)3[VW5019], (TBA)3[NbWsO19], and
(TBA)3[TaWs019] as model systems as multinuclear NMR data is readily available and can be
used to confirm the formation of the target compounds. Specifically for vanadium, several
heterometal sources are investigated in order to evaluate the pros and cons of each and make

some judgement about the optimal approach.

5.3.1 Synthesis of (TBA)3;[VW5014]

Our group has previously reported attempts to synthesise (TBA)3[VWsOi9] by hydrolysis of
VO(OMe)3/WO(OMe), in the presence of (TBA)2[WOs]. The YO and >V NMR spectroscopy
presented was consistent with the formation of the desired {VWs} POM, however formation
of {We} and other vanadate species was also reported.?? This result, as well as our groups
successful use of M(IV) alkoxides as the heterometal source in the synthesis of
[(MeO)TiWs015]3~ and [(MeO)SnWs015]37,232* makes the use of a vanadium oxo-alkoxide as

the heterometal source a sensible starting point for these studies.

VO(OMe); is commonly prepared simply by stirring VO(O'Bu)s in methanol, followed by

precipitation and recrystallization.?> Rather than go through this step, VO(O'Bu)s was chosen
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as a suitable reagent for this study as it should behave the same as VO(OMe)s in these
reactions, producing ‘BuOH as a by-product instead of MeOH (Equation 5.7). VO(O'Bu); was
prepared by refluxing vanadium(V) pentoxide in tert-butanol for five days (Equation 5.8).
Residual tert-butanol was removed by distillation and the crude vandium oxytritertbutoxide
was purified by vacuum distillation. The product was identified by a characteristic peak at -672
ppm in the >V NMR spectrum and 1.44 ppm in the *H NMR spectrum (from the 'Bu groups).
The second fraction collected from the vacuum distillation also contained a small peak at -659
ppm in >V NMR spectrum and at 1.52 ppm in the 'H NMR spectrum. This may indicate the
presence of another vanadium oxo-alkoxide species perhaps formed by hydrolysis of
VO(O'Bu)s, however the integrals of the impurity peaks with respect to product were

extremely low and therefore the fraction was still considered pure enough for use.
(TBA)3[W50;gH3] + VO(0'Bu); » (TBA)3[VW50449] + 3 'BuOH (5.7)
V,05 + 6 ‘BuOH — 2 VO(0'Bu); + 3 H,0 (5.8)

With VO(O'Bu)s in hand, a small-scale reaction with degraded 'O enriched (TBA)2[WsO19*]
({We*}) was carried out. Addition of a mixture of {Ws*} and 1.6 equivalents of TBA(OH) to a
solution of VO(O'Bu)s in acetonitrile led to the immediate formation of a yellow solution,
consistent with the formation of (TBA)3[VWsO19]. After stirring overnight at room temperature,
the solvent was removed, and the crude solid was analysed by ?O NMR spectroscopy. The
resulting spectrum, shown in Figure 5.1, shows clean formation of (TBA)3[VW5019] with only

very small impurity peaks present. The peaks at 1219.8 ppm and 565.8 ppm can be assigned
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Figure 5.1: Y70 NMR spectrum of the crude product after treatment of 7O enriched (TBA)2[WsO1s] with 1.6 eq.
of TBA(OH), followed by reaction with VO(O'Bu)s, recorded in CDsCN.
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to the terminal V=0 and V-O-W bridges respectively. These peaks are significantly broadened
compared to others in the spectrum due to spin-spin coupling to the quadrupolar >V nucleus
(I = 7/2). The sharper peaks at 735.1, 398.6, 391.9 and, -72.4 ppm can be assigned to the

remaining oxygens of [VWs019]3~, as shown in Figure 5.1.

Given the encouraging results of the small-scale reaction, a larger (multigram) scale reaction
was attempted. The same procedure was employed and the crude solid obtained was readily
recrystallized from acetonitrile. The obtained yellow crystals were analysed by *V NMR
spectroscopy and 83W NMR spectroscopy (spectra shown in Figure 5.2). The >V NMR
spectrum shows a single peak at -508 ppm, which is characteristic of (TBA)3[VW5019] and
suggests that a single recrystallization is adequate to remove any vanadium containing
impurities.!* The 83W NMR spectrum contains a broad feature that appears to contain two
peaks, at 78.4 ppm and 79.6 ppm respectively. It is hard to compare the relative intensities of
the signals due to the broadness and very similar chemical shift, but these peaks have
previously been assigned to the two tungsten environments of (TBA)3[VW5019] (as shown in
Figure 5.2b) based on previous reports.'»?6 It should be noted that typical chemical shift
differences between the axial (blue) and equatorial (red) tungsten environments, for example
compared to those reported in this chapter, are significantly bigger than the 1.2 ppm difference

reported here.
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Figure 5.2: 5V (a) and ¥3W (b) NMR spectra of (TBA)3;[VW501¢]. The >V NMR spectrum was recorded in CDsCN
and the ¥3W NMR spectrum was recorded in ds-DMSO.
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These results collectively show that our degradative approach can be applied to the synthesis
of (TBA)3[VWs0O19], using VO(O'Bu)s as the source of vanadium. However, the use of a
hydrolytically sensitive oxo-alkoxide, which has to be synthesised and distilled prior to use, is

less than ideal. Because of this, the use of alternative sources of vanadium were explored.

Firstly, the replacement of VO(O'Bu)s with VOCI3 was examined. Vanadium oxychloride is also
very moisture sensitive but it is commercially available and therefore can be used directly in
the synthesis. The procedure used above was adapted appropriately to ensure compatibility
with VOCIs. Instead of 1.6 equivalents, (TBA)2[WeO19] was degraded with 5.2 equivalents of
TBA(OH) in acetonitrile to produce a colourless solution. The stoichiometry used in this
degradation should lead to the formation of 2.6 equivalents of water relative to {Ws}, as shown
in Equation 5.5. This water may be expected to hydrolyse VOClIs, ultimately producing insoluble
vanadium oxide (or hydroxides) and releasing acid, which would lower the effective charge to
tungsten ratio in the solution and could in turn lead to reformation of {Ws}. To avoid this,

efforts were made to remove any water present in the reaction mixture.

After the water was removed, vanadium oxychloride was slowly added directly to the
degradation mixture. Initially, the VOCIs turns red on contact with the solution. After stirring
for approximately 15 minutes, a brown/green solution forms which may indicate the formation
of some vanadium(IV) species. The green colour can be removed by adding 1-2 crystals of
iodine, further indicating that some vanadium(lV) species are formed that can be re-oxidised
via the addition of an oxidising agent. After stirring overnight, the volatiles were removed, and
crude yellow/brown oil was recrystallized from the minimum amount of hot acetonitrile.
Washing the crystals with small amounts of dichloromethane appears to remove the brown
products, leaving the characteristic bright yellow solid. The >V NMR spectrum showed that
the dominant product of the reaction was the target compound (TBA)3[VWs019], evidenced by
a large peak at -508 ppm. However, there were two additional small signals at -364 and -510
ppm respectively, indicating the presence of additional vanadium containing products even

after recrystallization. These were efficiently removed by a second recrystallization.

Synthesis of (TBA)3[VWs019] from VOCI; represents an improvement in terms of simplicity over
the procedure requiring VO(O'Bu)s. However, VOCI; is still very moisture sensitive and
reactions proceed less cleanly than when employing the metal oxoalkoxide. An ideal approach
would employ an air and moisture stable source of vanadium which still gives efficient

conversion to (TBA)3[VWs019]. With this in mind, the synthesis of (TBA)3;[VWs019] was
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attempted using vanadium oxide as the source of heterometal, following Equation 5.9. V,0s is

completely air and moisture stable.
2 (TBA)g[WsolgHg] + V205 -2 (TBA)g[VWSOlg] + 3 Hzo (59)

Treatment of (TBA)2{We019*] with 1.6 equivalents of TBA(OH) in pyridine leads to the
formation of a colourless solution of the precursor mixture. Solid vanadium pentoxide can then
be directly added to the reaction mixture forming a green/brown suspension. Given the
extremely low solubility of the V,0s, the reaction was heated at reflux and the reaction time
was extended to two days to attempt to ensure reaction goes to completion. This is also why
pyridine was adopted as the solvent, as previous work by our group has found that heating
basic mixtures in acetonitrile can lead to the formation of acetamide as a by-product (which

consumes base in the process).

After two days the brown suspension was filtered through celite leaving the characteristic
yellow solution seen in previous reactions targeting (TBA)3[VWsO19]. The volatiles were
removed under reduced pressure and the crude solid was recrystallized from hot acetonitrile.
The 70O NMR spectrum of the recrystallized material is shown in Figure 5.3. The spectrum
contains the same characteristic pattern that was shown in Figure 5.1 and described above.
The spectrum is remarkably clean and therefore suggests a single recrystallization is enough
to remove any other minor POM products. The °V NMR spectrum also shows a single peak at
-508 ppm, suggesting removal of any other vanadium containing species. Unfortunately, the

yield of (TBA)3[VW5019] was slightly lower starting from vanadium pentoxide (63% yield when
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Figure 5.3: 770 NMR spectrum of recrystallized (TBA)s[VW5s019] obtained from the reaction of (TBA)2[WsO19],
TBA(OH) and V20s. The spectrum was recorded in CDsCN.
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using V20s vs. 83% when using VO(O'Bu)s). This may be attributed to the lower solubility and
reactivity of the oxide compared to the oxoalkoxide. Therefore, there is trade-off between the
simplicity of using the air and moisture stable oxide as the source of vanadium versus the final

yield of the product.

To take it one step further, the synthesis of (TBA)3[VW5s019] from both metal oxides was
attempted (Equation 5.10). In this case hydrated tungsten oxide was used to build the tungsten
framework as opposed to (TBA)2[Wes0O19]. The appropriate quantity of TBA(OH) in pyridine was
added to a Schlenk flask along with WO3.H,0 and V;0s in a 10:1 ratio. The mixture was then
refluxed for three days. A green/brown suspension was obtained which was very similar in
appearance to the reaction mixture obtained from the reaction of {Wes} and V,0s. The
suspension was filtered through celite, and the volatiles were removed to leave a crude yellow
solid. As previously discussed, this solid could be recrystallized from hot acetonitrile to give
bright yellow crystals of (TBA)3[VWs01s], confirmed by a single peak in the >V NMR spectrum
at -507 ppm. The yield drops further to only 53% when using both metal oxides as starting
materials. This, along with the extended reaction times required, represents a trade-off

between the simplicity of the reaction and the efficiency of product formation.
10 W03.H,0 + V,05 + 6 TBA(OH) — 2 (TBA)3[VW;049] + 13 H,0 (5.10)

To summarise, this section shows that the degradative reassembly approach developed in
Chapters 2 and 4 is very much applicable to the synthesis of (TBA)3[VWs019]. The procedure
can be modified to tolerate a range of sources of the heterometal, showing that the approach
is very robust and therefore very appealing as a potential platform for the synthesis of a range
of metal(V) substituted Lindqvist-type POMs. When comparing the sources of heterometal, it
appears that the solubility of the material isimportant in giving efficient conversion to product.
Furthermore, where possible the use of less base is advantageous (as in the case when using
VO(O'Bu)s or V20s) as it leads to the formation of easy to remove by-products, like alcohols or
water, as opposed to tetrabutylammonium salts. This is not a major issue for {VWs} as it
crystallizes readily, but it may be more important for novel species which are more difficult to

recrystallize.

5.3.2 Synthesis of (TBA)s[NbW50;14]
After successfully synthesising (TBA)3[VWsQ0is9] using the degradative reassembly approach
with several sources of vanadium, expansion of the methodology to target (TBA)3s[NbW5019]

was a logical step.
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(TBA)3[NbWs019] was synthesised by Klemperer and co-workers by acidification of a mixture
of tetrabutylammonium tungstate and niobium ethoxide with trichloroacetic acid.’’ Though
this method was effective for producing large quantities of O enriched product, the reported
yield was only 30-40% (based on W) and therefore there is significant room for improvement.
Given the successful use of VO(O'Bu)s in the synthesis of (TBA)3[VWs019], commercially
available niobium ethoxide was a sensible choice as a source of heterometal. Nb(OEt)s is a
liquid under ambient conditions which readily dissolves in acetonitrile and can be applied as

shown in Equation 5.11.
(TBA)3[Ws504gH3] + Nb(OEt)5; + H,0 — (TBA)3[NbW;049] + 5 EtOH (5.11)

Treatment of (TBA)2[Ws019] with 1.6 equivalents of TBA(OH) (and 2.2 eq. of H,0) was used to
generate the precursor solution. This solution was then treated with Nb(OEt)s and stirred
overnight. The volatiles were then removed leaving a crude white solid which was readily
recrystallized from hot acetonitrile. The O NMR spectrum, shown in Figure 5.4, of the
resulting white crystals was similar to that obtained during the synthesis of (TBA)3[VW5019].
Large peaks at 734.2 and 393.9 ppm can be assigned to the terminal W=0 and W-O-W
environments. Though there are two unique W=0 environments and two unique W-O-W
bridging environments present in (TBA)3[NbWsO19], only a single peak is observed for each.

This is likely a result of spin-spin coupling between the oxygen nuclei and quadrupolar niobium
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Figure 5.4: 70 NMR spectrum of (TBA)3[NbWs019] obtained from the reaction of (TBA)2[Ws019] with TBA(OH)
and Nb(OEt)s. The insert in the top right shows a portion of the spectrum providing evidence of the formation
of (TBA)a[Nb2W4019] as a minor product. Spectrum recorded in CDsCN.
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(1 = 9/2). This leads to signal broadening and therefore the individual peaks produced by

oxygen nuclei in each environment, which have very similar chemical shifts, are not resolved.

The observed signal broadening is even more pronounced for the peak at 456.9 ppm, which
can be assigned to the oxygen nuclei of the Nb-O-W bridges, as these nuclei are in closer
proximity to the quadrupolar niobium centre. The same effect leads to the lack of observation
of peak corresponding to the oxygen of the terminal Nb=0 unit. Klemperer, similarly, reported
an inability to see this peak in non-niobium decoupled experiments, however the peak is

readily observed at 799 ppm when niobium decoupling is employed.?’

The insert shown in Figure 5.4, shows a series of very small peaks observed in the 1’0 NMR
spectrum on top of those assignable to (TBA)3[NbWs019]. These peaks are reported to
correspond to (TBA)4[Nb2W4015].2” The very low intensity of these peaks suggests that a simple
recrystallization is sufficient to remove the majority of this impurity, however, a second
recrystallization could be used to obtain a purer sample of (TBA)3;[NbW5019]. The presence of
these peaks also implies that adjustment of the amount of TBA(OH) and Nb(OEt)s used in the
reaction may allow direct targeting of (TBA)4[Nb2W4019] if desired. It should be noted that no
evidence of (TBA)4[V2W1019] was observed during all the efforts to prepare the mono-

substituted derivative.

The product was further characterized by ®>Nb and 8W NMR spectroscopy. The spectra are
shown in Figure 5.5. The > Nb NMR spectrum shows a single broad peak (FWHM = 2700 Hz) at
-883 ppm when recorded in de-DMSO. This is consistent with the reported value of -888 ppm
obtained in acetonitrile (FWHM = 600-800 Hz).)” The line width obtained in this study is
significantly larger but that may be attributed to the change in solvent and the difference in
concentrations used (the sample prepared here was approximately an order of magnitude
higher in concentration). The '83W NMR spectrum (Figure 5.5b) shows three signals, two at
29.4 and 74.5 ppm respectively (in a 1:4 ratio) which can be assigned to (TBA)3[NbWs01¢], and
a smaller peak at 59.2 ppm which can be attributed to {Ws}. Analysis of the integrals shows
the sample contains about 6.5% {Ws} after a single recrystallization. Further recrystallization
may allow removal of this contaminant. It is worth mentioning that {Ws} impurity was not

observed in the 170 NMR spectrum shown in Figure 5.4.

The obtained yield of (TBA)s[NbW501s], after recrystallization, of 77% was much higher than

the procedure reported by Klemperer. This shows the utility of the synthetic approach outlined
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Figure 5.5: 3*Nb (a) and #W (b) NMR spectra of (TBA)3s[NbWSs01s]. Both spectra were recorded in de-DMSO.
here, which is not only tolerant to a range of heterometals in various oxidation states, but also

gives good yields of target compounds.

After the successful synthesis of (TBA)3[NbW5019] from Nb(OEt)s, the robustness of the
synthetic approach was tested by exploring if the target compound was also accessible from

niobium oxychloride, as was the case with vanadium oxychloride.

In order to investigate this, niobium pentachloride was first prepared from hydrated niobium
oxide by reaction with thionyl chloride at room temperature, outlined in Equation 5.12 for the
anhydrous oxide (the water of the hydrated oxide also reacts with SOCI to give SO, and HCl).%’
During this time the suspension of the colourless oxide slowly turns into a yellow solution of
NbCls. The volatiles were then removed to leave the crude material which was purified by
vacuum sublimation. The obtained niobium pentachloride is then converted to niobium
oxychloride by reaction with hexamethyldisiloxane, as shown in Equation 5.13.28 Performing
this reaction in acetonitrile led to the formation of the acetonitrile adduct of niobium
oxychloride, NbOCl3(MeCN),, which was readily crystallized directly from the reaction mixture

after concentrating.
Nb,0O: + 5 SOCl, — 2 NbCI; + 5 SO, (5.12)

NbCls + (Me3Si),0 + 2 MeCN — NbOCl;(MeCN), + 2 Me;SiCl (5.13)
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The degradation of (TBA)2[Wes019] with 5.2 equivalents of TBA(OH) targeting “(TBA)s[Ws01s]”
was performed to prepare an appropriate precursor solution for reaction with niobium

oxychloride, which is outlined in Equation 5.14.

"(TBA)4[W5015]" + NbOCl;(MeCN), — (TBA)3[NbWs014] + 3 TBA(CI) + 2 MeCN (5.14)

As was the case when using VOCIs, care was taken to remove the water produced in the
degradation step to prevent decomposition of the NbOCI3(MeCN); into insoluble niobium
oxide. Additionally, the reaction mixture was also *’O enriched to allow easy monitoring of the
reaction progress. This meant that after removal of the water produced in the degradation,
170 enriched water was added to allow statistical enrichment of the degradation products
simply by stirring at room temperature overnight. The volatiles, including residual water, were
then removed under reduced pressure leaving a thick oil. This oil was then re-dissolved in dry
pyridine and the solid NbOCI3(MeCN); was added. The colourless solution was then stirred
overnight before removal of the volatiles and recrystallization of the crude product from hot

acetonitrile.

The Y0 NMR spectrum of the recrystallized product is shown in Figure 5.6. The spectrum is
very similar to that shown in Figure 5.4 and shows very efficient formation of (TBA)3[NbWs5019]
from NbOCI3(MeCN),. This adds to the successful formation of (TBA)3;[VWs019] from VOCls; and
indicates that metal(V) oxychlorides are viable sources of the heterometal in the synthesis of

substituted Lindqgvist-type POMs. Small peaks at 415.2 and 776.9 ppm respectively show the
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Figure 5.6: 770 NMR spectrum of (TBA)3[NbWs019] obtained from the reaction of (TBA)2[Ws019] with TBA(OH)
and NbOCI3(MeCN).. Spectrum recorded in CD3CN.
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presence of a small amount of (TBA)2[WeO1s] (approximately 50:1 {NbWs}:{We}) after
recrystallization. This may be a result of a small amount hydrolysis of NbOClz(MeCN); (likely
due to residual moisture) during the reaction, which would lead to the release of HCl into the
mixture. This acid can then act to effectively lower the charge to tungsten ratio of the mixture
and drive to the reformation of {Ws} (i.e. the reverse of the degradation step) as shown in

Equation 5.15 and 5.16.
2 NbOCl;(MeCN), + 3 H,0 = Nb,05 + 6 HCI + 4 MeCN (5.15)

6 (TBA)4[W501g] + 26 HCl - 5 (TBA),[W,049] + 26 TBA(CI) (5.16)

Given the very low intensity of these peaks with respect to the product, this must be only a
minor process compared to the assembly of (TBA)3s[NbW5019]. There was no evidence of {Ws}
formation when using Nb(OEt)s as the source of heterometal. This makes sense as, although
Nb(OEt)s is moisture sensitive, it degrades to give Nb.Os and EtOH, which will not drive the
formation of {Ws}. Interestingly, the 17O NMR spectrum obtained when using NbOCl3(MeCN),
shows no evidence of formation of (TBA)4[Nb2W4019]. Clearly different processes are
competing when using NbOCI3(MeCN); as a source of the heterometal when compared to

Nb(OEt)s, which may be a result of different mechanisms of assembly.

5.3.3 Synthesis of (TBA)s;[TaWs501s]

After successfully synthesising both (TBA)3[VWs019] and (TBA)3;[NbWs019] using adapted
versions of the degradative reassembly approach developed in Chapters 2 and 4, attention
was turned to the synthesis of (TBA)3[TaWs01g], to complete the series of group V substituted
Lindqvist-type polyoxotungstates. As for the niobium derivative, (TBA)3[TaWs019] has
previously been prepared by acidification of a mixture of tetrabutylammonium tungstate and
tantalum ethoxide with trichloroacetic acid in acetonitrile. The reported vyield after

recrystallization, was comparable to the niobium derivative at around 40%."’

Using an approach completely analogous to that used to synthesise (TBA)s[NbWs019] from
niobium ethoxide (shown in Equation 5.17), tantalum ethoxide can be reacted with the
product of degradation of {Ws} with 1.6 equivalents of TBA(OH). Direct addition of Ta(OEt)s to
this solution gives a colourless solution which was stirred overnight. The volatiles were then
removed to leave a colourless tacky solid, which can be recrystallized from hot acetonitrile to

give large colourless crystals.

(TBA)3[Ws0;gH;] + Ta(OEt)s + H,0 — (TBA)3[TaWs0,9] + 5 EtOH (5.17)
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The 70O NMR spectrum of the obtained crystalline solid is shown in Figure 5.7. The pattern
observed is very reminiscent of that observed for (TBA)3[VW5019] and (TBA)3[NbWs019], and
is therefore consistent with the formation of the target (TBA);[TaWsO19]. The large peak at
736.3 ppm can be assigned to the oxygen nuclei of the terminal W=0 units. As seen for the
other {M(V)Ws}-type POMs discussed so far, separate peaks for the two unique W=0
environments (which should appear is a 4:1 ratio) are not observed and instead a single peak

is detected.

The peaks at 421.6 and 395.0 ppm, which appearin a 1:2 ratio, can be assigned to the oxygen
nuclei of the bridging Ta-O-W and W-O-W groups respectively. The peak assigned to the
bridging oxygen nuclei directly adjacent to tantalum (green) is substantially narrower in {TaWs}
when compared to {NbWs} or {VWs}. Though tantalum is also quadrupolar (/ = 7/2), it’s
quadrupole moment (Q = 3 b) is significantly larger than that of vanadium (Q = -0.05 b) or
niobium (Q = -0.2 b). This leads to rapid metal quadrupole relaxation which in turn serves to
decouple the metal spins from the oxygen spins.l’” The lack of interaction between the oxygen

and metal nuclei means there is no broadening effect.

Given this, it may be expected that a sharp peak for the oxygen of the Ta=0 should be resolved.
However, we do not observe it, which must imply that the oxygen of the terminal Ta=0 is not
readily enriched during the reaction. Non-statistical enrichment was also observed by
Klemperer and co-workers in their 0O NMR studies.!” The central ps-oxygen nucleus of

(TBA)3[TaWs019] produced a peak at -72.7 ppm.
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Figure 5.7: 70 NMR spectrum of (TBA)3[TaWs019] obtained from the reaction of (TBA)2[WeO1s] with TBA(OH)
and Ta(OEt)s. Spectrum recorded in CD3CN.
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Figure 5.8: W NMR spectrum of (TBA)3[TaWs01s] recorded in de-DMSO. Small peak at 59.2 ppm due to
(TBA)2[Ws019] impurity.

The ¥3W NMR spectrum was also recorded and is shown in Figure 5.8. It is very similar to that
of (TBA)3[NbW501], showing two peaks in a 4:1 ratio at 70.1 and 39.6 ppm respectively. There
is also a small peak at 59.2 ppm which can be assigned to {We}. As with the niobium analogue,
evidence of {Ws} was not observed in 70O experiments but is seen in the ®3W NMR spectrum,
perhaps implying that the higher solubility in DMSO allows resolution of the impurity. Again,

it may be that a second recrystallization is required to remove this residual {We}.

Given the successful isolation of (TBA)3[TaWs019] from Ta(OEt)s, and the time constraints of
the project, alternative sources of tantalum were not investigated. An obvious alternative is
TaOCl; which theoretically should behave very similar to VOCI3 and NbOCI3(MeCN),, which

have been applied here.

To conclude this section, it has been shown that the degradative reassembly approach,
discussed in Chapters 2 and 4 for the synthesis of M(Il) containing Lindgvist-type
polyoxotungstates, can be efficiently modified and applied to produce the group V containing
analogues. Metal alkoxides, metal oxychlorides and simple metal oxides have all been
investigated as sources of the heterometal and have all proven to be viable starting materials.
The choice of starting materials comes down to a trade-off between sensitivity (and therefore

difficulty to handle), reactivity, and efficiency of product formation.
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5.4 Synthesis of [M(V)Mos015)3" Lindqvist-type POMs

The methods outlined in Chapter 2, 4, and the beginning of this chapter have shown the
efficient use of a degradative reassembly approach, based on treatment of
tetrabutylammonium hexatungstate with varying amounts of tetrabutylammonium hydroxide,
to access several heterometal containing Lindqvist-type heteropolytungstates. This work built
off previous work of our group investigating the use of controlled alkoxide hydrolysis, in the

presence of tetrabutylammonium tungstate, to access analogous species.??

Similarly, our group has previously used the hydrolysis of mixtures of (TBA),[Mo0207],
(TBA)a[MogO26], and titanium alkoxides to produce titanium substituted Lindqvist-type
polyoxomolybdates (i.e. (TBA)3[(RO)TiMosO1s] where R = 'Pr or 'Bu), as shown in Equation 5.18.
The group subsequently investigated the reactivity of the Ti-OR group towards a range of
alcohols and water.?®
(TBA);[Mo0,07] + (TBA)4[Mog0y4] + 2 Ti(OR)4 + 3 H,0 =

2 (TBA)3;[(RO)TiW504g] + 6 ROH (5.18)
Like (TBA)3[VWs019], (TBA)3s[VMo0s019] is already known in the literature.'*? It has been
synthesised both using aqueous and non-aqueous methods. The aqueous route involves
acidification of a solution of monomeric sodium orthovanadate (NasVOs) and sodium
molybdate (NaMo04.2H,0) with HCl. This is followed by addition of a simple
tetrabutylammonium salt to precipitate (TBA)3[VMo0s015].1> The non-aqueous method involves
the reaction of V,0s5 with TBA(OH) (likely forming an intermediate mono- or polyoxovanadate
species) followed by the addition of (TBA)s[MogO2s] and refluxing for six hours.!® This method

is somewhat like the degradative approach developed in these studies.

These results together suggest that the synthetic methodology outlined in Section 5.3 may be
extended to the analogous polyoxomolybdates. Unlike for the tungsten derivatives,
(TBA)3[NbMos019] and (TBA)3[TaMosO19] are not reported in the literature. Extension of the
series of M(V) containing Lindqvist-type polyoxometalates to complete the series (i.e all
tungsten and molybdenum derivatives) is desirable. This would allow precise control of the
redox properties of the system by providing the ability to vary both the heterometal and

framework metal.

This section starts by briefly exploring non-aqueous isopolymolybdate speciation using O
NMR spectroscopy in order to give some insight into the nature of reaction intermediates for

the molybdenum system (as was done in detail in Chapter 3 for tungsten). Attention then turns
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to applying our method to the synthesis of the known compound (TBA)3;[VMo0s0O19]. Finally,
attempts were made to extend the series of metal(V) containing Lindqvist-type

heteropolymolybdates to the niobium and tantalum derivatives.

5.4.1 Non-aqueous isopolymolybdate speciation

Treatment of (TBA)2[WesO19] with TBA(OH) has been used to increase the charge to tungsten
ratio present in reaction mixtures and in turn lead to the conversion of hexatungstate into a
number of other isopolytungstate species. Detailed 83W and 70O NMR studies were presented
in Chapter 3 and showed that mixtures consisted primarily of [WO4]?", [W10032]*", [W7024H]>",
and three currently unidentified species. Similarly, treatment of (TBA)2[Mos0O19] with varying
amounts of TBA(OH) should predictably lead to the conversion of hexamolybdate into other
isopolymolybdate species. However, the known isopolymolybdate structures differ from those
of tungsten, with [M0,07]> and [MosO26]* known but the analogous decamolybdate
“[M010032]*“ is not seen, and therefore we may expect the non-aqueous solution speciation

to differ significantly.

Unlike 83W, quadrupolar Mo (I = 5/2) is known to give very broad signals (hundreds to
thousands of hertz) for lower symmetry species like those containing multiple unique Mo
environments.3° This means *>Mo NMR spectroscopy is a far less useful tool for understanding
complex mixtures of molybdenum containing species when compared to using ¥3W NMR
spectroscopy to analyse the analogous tungsten-based systems. Instead, O NMR

spectroscopy will be the primary tool used to analyse these mixtures.

170 enriched (TBA)2[Mos019] was previously obtained by Klemperer by stirring a solution of
(TBA)a[a-MogO26] with 7O enriched water followed by careful acidification to drive the
rearrangement to (TBA)2[MosO19]. In this study, an alternative, solvent-free, approach was
used. It was found that (TBA)2[Mos019] can readily be statistically enriched by ball-milling with
stoichiometric amounts of 40% *’0 enriched water for two hours at 30 Hz. The obtained pale-
yellow powder can be dried in a vacuum oven to remove residual water. The O NMR
spectrum of the resulting solid, without recrystallization, is shown in Figure 5.9. The spectrum
shows clean enrichment at all positions without any conversion to other isopolymolybdate
species. Characteristic peaks for the terminal Mo=0 nuclei and bridging Mo-O-Mo nuclei are
observed at 937.3 ppm and 555.5 ppm respectively. The signal at —=25.4 ppm can be assigned
to the central ps-oxo. Like for (TBA)2[We0O19], the relaxation time (T1) of this oxygen is expected

to be very long due to the highly symmetrical environment and was determined using an
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Figure 5.9: The 0 NMR spectrum of enriched (TBA)2[Mo0601s] in CD3CN. Spectrum recorded with a delay time
of 10 seconds.

inverse recovery sequence. T1 was found to be approximately 51(+2) seconds. A relaxation
delay of 10 seconds was used to acquire the spectrum in Figure 5.9 which is not sufficient to
allow complete relation of the central oxygen nucleus and explains the apparent sub-statistical
enrichment of the central oxygen. Repeating the experiment with a delay time of around 500

seconds could be used to give a more accurate intensity for the signal.

The obtained 0 enriched (TBA)2[Mos019] was then treated with varying amounts of TBA(OH)
to study the resulting non-aqueous solution speciation at charge to molybdenum ratios
between 0.4 and 2. Experiments were carried out at room temperature in acetonitrile and
reactions were given at least 24 hours to equilibrate. The 7O NMR spectra were then recorded
and the resulting spectra are shown in Figure 5.10. Peaks that can be assigned to known

isopolymolybdates are highlighted in various colours and a key is given below.*3

The addition of 0.4 equivalents of TBA(OH) per {Mos} was used to target a Z/Mo ratio of 0.4.
The 70O NMR spectrum obtained at this ratio is shown in Figure 5.10a. Immediately, it can be
seen that the characteristic peaks of {Moe} are still visible at 997.3 and 555.2 ppm respectively
(highlighted in orange). This shows that there is incomplete conversion of {Mos} into other
species at this ratio. The {Mos} that has undergone reaction appears to have primarily
converted into isomers of [MosO26]*". The major product is the a-isomer, evidenced by broad
peaks at 868.4, 782.7,499.9 and, 400.6 ppm respectively (highlighted in blue). Traces of the 8-
isomer are also present, as shown by small peaks at 896.3, 746.2, 421.2, 300.9, and 60.1 ppm

(highlighted in pink). The mixture of {Mos} and {Mosg} obtained at this ratio appears sensible
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Figure 5.10: 70 NMR spectra obtained from the reaction of (TBA)2[MoeO1s] with between 0.4 and 10 equivalents
of TBA(OH). The reactions were stirred for at least 24 hours at room temperature. Spectra recorded in
acetonitrile.

as these are the two isopolymolybdate species known to exist in organic media with the lowest
Z/Mo ratios ({Moe} = 0.33 and {Mos} = 0.5). The broad peak at -5.7 ppm can be assigned to

water.

Increasing the Z/Mo ratio of the solution to 0.5 leads to complete consumption of all
hexamolybdate (Figure 5.10b). This in turn increases the proportion of a-[MogO2e]*
significantly, while the B-isomer remains as only a minor product. There are now also peaks at
717.1 and 252.0 ppm (highlighted in red), which indicate the presence of [M0,07]?>~. This could
be considered surprising as the Z/Mo ratio of {Mo;} = 1, and therefore it may have been
expected to be present only after the addition of larger quantities of base. However, its
formation after the addition of just one equivalent of base (required to reach Z/Mo = 0.5)

suggests that it is stable even in fairly low charge mixtures.

The spectra shown in Figures 5.10c-f show the result of gradually increasing the Z/Mo ratio
from 0.6 to 0.9. They show a gradual decrease in the amount of {Mos} (both isomers) and the

corresponding increase in the proportion of {Mo;} present in the mixture. This finally settles
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at Z/Mo = 0.9, where the solution appears to solely consist of {Mo;}. This represents a stark
contrast with the tungsten-based system which was dominated by numerous unknown species
in this region. This may be largely attributed to the stability of dimolybdate (i.e. [M0207]?") and
the apparent instability of ditungstate in non-aqueous solution. Access to a stable species with
a high Z/M ratio provides a convenient sink for the charge being added to the mixture and
consequently leads to very fairly simple mixtures for molybdenum, which consist of varying

ratios of {Mosg} and {Mo,}.

This agrees nicely with the experimental work previously done by our group targeting
(TBA)3[(RO)TiMosOs1s]. In this work, rather than targeting a “[MosO1sH3]*™” precursor (Z/Mo =
0.6) by degrading {Mos}, they used a mixture of {Mo} and {Mos} as shown in Equation 5.19.
Similarly, rather than targeting “[Mos01gH3]” we can express the degradation of {Mos} with 1.6
equivalents (Z/Mo = 0.6) as targeting a 1:1 mixture of {Mos} and {Mo2}, as shown in Equation
5.20. The obtained O NMR spectrum at Z/Mo = 0.6 (Figure 5.10c) shows we do indeed obtain
a mixture of {Mosg} and {Mo;} and therefore suggests that degradation of {Mos} with TBA(OH)
should be an appropriate method of accessing reactive solutions which can go on to form

[MMos019]>"-type POMs.
(TBA)Z[MOZO7] + (TBA)4[M08026] +3 Hzo - 6 (TBA)3[M05018H3] (519)

3 (TBA)Z[MOZO7] +3 (TBA)4[M08026] +4 H20 (520)
It should also be noted that there are several small peaks at 819, 785, and 554 ppm which
appear in Figures 5.10c-e which have not been assigned and may correspond to a currently

unidentified species.

When increasing the Z/Mo ratio further (shown in Figures 5.10g-j) a large peak at 540.8 ppm
is observed which indicates the formation of monomeric [Mo04]?". The relative amount of
{Mo3} gradually decreases over this period, eventually just leaving monomeric molybdate at
Z/Mo = 2. The formation of monomeric tungstate was observed at much lower Z/M ratios,
which again is likely to be a consequence of the lack of access to stable isopolytungstate
species with higher M/Z ratios. The access to {Moz} in non-aqueous polyoxomolybdate
speciation allows the charge added to the mixture to be effectively “stored” as dimolybdate
and only when going beyond the Z/M ratio of {Mo3} (Z/Mo = 1) is the formation of monomeric
molybdate observed. The more highly charged mixtures also contain an additional peak at ca.

-27 ppm. This is significantly more upfield than for water (which is consistently observed
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between -2 and -7 ppm) and may be caused by the interaction of water (or hydroxide) with

the highly basic POMs present.

Overall, when compared to non-aqueous isopolytungstate speciation, the molybdenum case
is far easier to follow, with mixtures largely consisting of the known a- and 8-[MogO26]*,
[M0,07]%-, and [Mo04]% in different ratios to compensate for charge present in the mixture.
Thus, alongside the degradation of {Mos} with TBA(OH), combinations of these known species
could be used as precursors for accessing heterometal substituted species. This may be
attractive as these materials can be readily ’O enriched by simply stirring acetonitrile

solutions of the compound with 7O enriched water.

5.4.2 Synthesis of (TBA)3;[VMo0501s]

After investigating non-aqueous isopolymolybdate speciation, it is apparent that the synthetic
approach used to target (TBA)3[VMosOis] could vary. The evidence presented in the previous
section suggests that rather than using the degradation of {Moe} with TBA(OH), using a one-
to-one mixture of {Mos}/{Mo2} would be a viable method to prepare the precursor mixture
required to react with the heterometal source. This may be advantageous as the highly soluble
molybdenum precursors could be combined with the heterometal source prior to addition of
water. This could allow the species to interact before hydrolysis and limit unwanted side

reactions with the heterometal source (e.g. hydrolysis to insoluble metal oxides).

However, given the consistent success of the degradative reassembly approach presented
throughout this thesis, and the ease of preparation of the starting materials, this approach will
remain as the focus of this work. Also, considering the results obtained from the use of a
variety of vanadium sources in Section 5.3.1, V,0s was chosen as the source of heterometal

as it gave reasonable yields while also being air and moisture stable.

With this in mind, the synthesis of (TBA)3[VMo0s019] was carried out. Firstly, (TBA)2[MoeO19]
was reacted with 1.6 equivalents of TBA(OH) and one equivalent of water in pyridine. This led
to the formation of a pale brown solution. This was then treated with solid V,0s, forming a
brown suspension which was refluxed for two days. Filtration of this mixture gave a bright
yellow solution reminiscent of those obtained during the synthesis of (TBA)3[VWs019]. After
removal of the solvent and recrystallization from hot MeCN, the YO NMR spectrum was

recorded and is shown in Figure 5.11.
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Figure 5.11: 70 NMR spectrum of (TBA)3[VMos019] obtained from the reaction of (TBA)2[MoeO19] with TBA(OH)
and V20s. Spectrum recorded in CD3CN.

The spectrum obtained is very similar to that of (TBA)3[VWs01s]. The broad peak at 1204.1
ppm can be assigned to the terminal V=0 unit and is just 16 ppm away from the peak observed
in the corresponding tungsten compound. This peak is broad due to °'V-70 coupling. The peak
at 889.5 ppm can be assigned to the five terminal Mo=0 groups. Though there should be two
peaks in a 4:1 ratio for these oxygen nuclei, the individual environments are not resolved. The
peak at 667.6 ppm corresponds to the bridging V-O-Mo nuclei, and again is broadened by
coupling to quadrupolar vanadium. The two peaks at 541.4 and 532.1 ppm are assignable to
the two Mo-O-Mo environments present in the structure. Though they have been colour
coded for clarity in Figure 5.11, the allocation given is arbitrary as a definite assignment is not

possible. Finally, the sharp peak at -23.8 ppm corresponds to the central ps-oxo unit.

The >V and Mo NMR spectra of the product were also recorded and are shown in Figure
5.12. The *V NMR spectrum contains a single peak at -488 ppm. This is in a very similar
position to the tungsten analogue and therefore further supports successful incorporation of
a single vanadium centre into the Lindqvist framework. The ®>Mo NMR spectrum shows three
peaks at 144.9, 15.0 and -6.7 ppm respectively. The broad peak at 144.9 ppm has been
assigned to the four molybdenum nuclei in the equatorial plane of the structure. This peak is
in a similar position to that of the parent compound (TBA)2[Mo0s019], which appears at 122
ppm.2® The sharp peat at -6.7 ppm was assigned to molybdenum nucleus trans to the
vanadium centre. This peak is presumably sharper due to the increased symmetry at this

position (Csy) when compared to the equatorial positions (C;). The additional peak at 15.0 ppm
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Figure 5.12: a) >V NMR spectrum of (TBA)3[VMosO1s] recorded in CDsCN. b) Mo NMR spectrum of
(TBA)3[VMos5019] recorded in DMSO.

was assigned to a-[MogO26]* which is reported to appear at 16 ppm.2® This was verified by
leaving the NMR solution used to record the *>Mo spectrum shown in Figure 5.12b to stand
for two weeks, during which time a colourless solid crystallized out. The solid was verified to
be (TBA)s[MosO2¢] by infrared spectroscopy. The ®>Mo spectrum of the mother liquor was re-
recorded and the intensity of the signal at 15.0 ppm had decreased significantly with respect

to the other signals.

As well as characterisation by multinuclear NMR spectroscopy, single-crystal X-ray diffraction
quality crystals were obtained by slow evaporation of a saturated solution of (TBA)3[VMo0s019]
in DCM. The obtained structure is shown in Figure 5.13. Though the structure of
(TBA)3[VMo0s019] is already known, the obtained structure is a previously unknown DCM
solvate. The vanadium atom present in the structure is completely disordered over the
positions of the Lindgvist unit and therefore the presence of three cations per POM are shown
in Figure 5.13, consistent with the formation of (TBA)3[VMos019]. As you would expect, the
bond angles and distances present in the anion agree well with the previously obtained

structures.3!

After successfully synthesising (TBA)3[VMos019] from {Mos} and TBA(OH), the synthesis from

the combination of the metal oxides (i.e. MoOs and V,0s) was attempted following Equation
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Figure 5.13: Single-crystal X-ray diffraction of (TBA)3[VMos01s]. Mo atoms in lilac, V not shown as it is disordered
over all metal positions. Cations are shown in skeletal form for clarity and solvent molecules are not shown.
Atomic radii set to CSD covalent radii.

5.21. This approach was successful for the tungsten analogue and represents a very atom
efficient approach to the synthesis of (TBA)3[VMo0s019], as well as using simple commercially
available precursors. Furthermore, unlike the analogous tungsten reaction, the anhydrous
oxide can be used which allows statistical 1’0 enrichment of the reaction mixture without
having to worry about loss of the 7O label due to the extra water present in the reaction

mixture.

The reaction was performed by adding a 10:1 ratio of MoO3/V,0s directly to a pyridine solution
containing the appropriate quantity of TBA(OH). The resulting suspension was then refluxed
for 3 days before filtering through celite. Again, a bright yellow solution was obtained and the
crude material (after removal of volatiles) could be recrystallized from hot MeCN. The
formation of (TBA)3[VMos019] was confirmed by >V NMR spectroscopy, which contained a
single peak at -488 ppm. The yield of (TBA)3[VMos019] obtained when using this route is
considerably lower than the previous reaction employing (TBA)2[MosQO19] as the source of
molybdenum, which is likely due to the highly insoluble nature of the starting metal oxides.
However, given the simplicity, cost, and atom efficiency of this route, it could still be considered
a useful approach, particularly for fast, large-scale preparations, where synthesis of large

guantities of (TBA)2[Mos0O19] can be avoided.
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These results show that, like the tungsten analogue, (TBA)3[VMosO19] can be efficiently
synthesised from the parent hexamolybdate using a degradative reassembly approach, as well

as from the extended metal oxides.

5.4.3 Synthesis of (TBA)3[NbMo5019]

Unlike for the vanadium substituted Lindgvist-type POMs, the corresponding niobium
substituted polyoxomolybdate is not reported in the literature. In order to determine if it is
accessible using our methods, the degradative reassembly approach developed in this work

was applied, this time using Nb(OEt)s as the source of heterometal.

The precursor solution was prepared as before, by treating (TBA):[MosO19] with 1.6
equivalents of TBA(OH) and 2.2 equivalents of water. The resulting solution was then reacted
directly with neat Nb(OEt)s at room temperature, following Equation 5.22. After stirring
overnight, the yellow/brown solution was pumped dry, and the crude material obtained was
recrystallized from hot acetonitrile. The O NMR spectrum of the obtained material is shown

in Figure 5.14.
(TBA)3[Mo50,5H3] + Nb(OEt)5 + H,0 - (TBA)3[NbMos049] + 5 EtOH (5.22)

As for the tungsten analogue, there is no obvious sign of a peak corresponding to a terminal
Nb=0, which is likely a result of coupling to quadrupolar niobium. The peaks at 892.1 and 882.7
ppm (approx. 4:1 ratio) are characteristic of the two terminal Mo=0 environments present in

a substituted Lindqvist structure. Formation of the target (TBA)3[NbWsOi9] is further
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Figure 5.14: 0 NMR spectrum of the product obtained from the reaction of (TBA)2[MosO1s] with TBA(OH),

water and Nb(OEt)s. The spectrum is consistent with the formation of (TBA)3[NbMos019]. Spectrum recorded in
CDsCN.
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supported by the two sharp peaks at 555.0 and 526.6 ppm (approx. 1:1 ratio) which can be
assigned to the oxygen nuclei of the two bridging Mo-O-Mo environments present. There is
also an extremely broad feature in this region around 539.7 ppm. This peak can be assigned to
the oxygen nuclei of the Nb-O-Mo bridges and is broadened due to coupling to quadrupolar
niobium (as was the case for the tungsten analogue). Reacquiring the spectrum while
decoupling the ®*Nb nucleus should significantly sharpen this peak, and allow observation of
the terminal Nb=0, however this would require a specialised triple resonance probe or a
dedicated 7O probe with a tuneable broadband channel, neither of which were available.
Finally, the peak at -17.4 ppm is in the correct region for the central ps-oxo of a Lindqvist-type

POM with a 3- charge. The peak at -7.2 ppm is assigned to water.

The Nb and Mo NMR spectra of the product were also recorded and are shown in Figure
5.15. The Nb NMR spectrum shows a single peak at -885 ppm. This is very similar to
[NbWS5s019]3, which has a single peak at -883 ppm. The FWHM was only 296 Hz, which is an
order of magnitude lower than what was observed for the tungsten analogue. This may be
down to differences in concentration and viscosity between the two samples, although the
reason for such a large difference between the samples is not fully understood. The Mo NMR
spectrum is very similar to that obtained for (TBA)3[VMos019]. The broad peak at 135.1 ppm
was assigned to the four equatorial molybdenum nuclei of the Lindgvist unit. The broadness

of this peak is attributed to both the low symmetry (C;) and the proximity to the quadrupolar

g -
o)
0 %
a) | b) ‘_I
i o
N
T T T T T T T T T T T T T T T T T T T T T T T T
-800 -850 -900 -950 250 200 150 100 50 0 -50 -100
Chemical shiftd (ppm) Chemical shiftd (ppm)

Figure 5.15: a) >Nb NMR spectrum of (TBA)3[NbMosO1s] recorded in CDsCN. b) ®*Mo NMR spectrum of
(TBA)3[NbMosO1s] recorded in ds-DMSO.
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niobium centre. The peak at —7.0 ppm is substantially sharper and is assigned to the axial (i.e.
trans to niobium) molybdenum nucleus. The increased sharpness of this peak is ascribed to
the relatively high symmetry at this position and the lack of interaction with niobium. The

additional peak at -14.2 ppm is assigned to a-[MosO26]* as before.

Single-crystal X-ray diffraction quality crystals of (TBA)3;[NbMosO1s] were obtained by slow
evaporation of a saturated solution of the compound in dichloromethane. The obtained
structure is shown in Figure 5.16. As for the structure of (TBA)3[VMo0501s], the heterometal is
disordered over all the positions of the Lindgvist structure and therefore the structure was
successfully refined with each metal having a 5/6 occupancy of Mo and 1/6 occupancy of Nb.
The presence of three cations per Lindqgvist unit confirms successful incorporation of a single
M(V) into the structure, supporting the conclusions obtained from multinuclear NMR
spectroscopy investigations. Unfortunately, as the niobium centre is disordered analysis of

specific Nb-O bond lengths cannot be performed.

The multinuclear NMR spectra and crystal structure data presented show that the novel
compound (TBA)3[NbMosO19] can be efficiently prepared and purified from {Mos}, TBA(OH)
and Nb(OEt)s. Given the success of employing Nb(OEt)s in this synthesis, efforts were not made

to check if the compound is accessible using alternative niobium precursors.

Figure 5.16: Single-crystal X-ray diffraction structure of (TBA)3s[NbMosO1s]. Mo atoms in lilac, the Nb atom is not
shown as it is disordered over all metal positions. Cations are shown in skeletal form for clarity and solvent
molecules are not shown. Atomic radii set to CSD covalent radii.
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5.4.4 Synthesis of (TBA)s[TaMo5019]
After successfully isolating vanadium and niobium substituted Lindgvist-type
polyoxomolybdates, attention was turned to the tantalum analogue to complete the series of

group(V) containing (TBA)3[M’Ms019] compounds, where M = Mo, W and M’ =V, Nb, Ta.

Like the niobium substituted polyoxomolybdate just discussed, the synthesis of
(TBA)3[TaMos019] has not been reported in the literature. To attempt to see if the target was
accessible using the same methods used for the vanadium and niobium analogues,
(TBA)2[Mo06019] was treated with 1.6 equivalents of TBA(OH) and 2.2 equivalents of water to
target the virtual precursor “(TBA)3[MosOisHs]”. This was then reacted directly with neat

Ta(OEt)s in acetonitrile at room temperature (Equation 5.23).
(TBA)S[MOSOlgHg] + Ta(OEt)5 + Hzo - (TBA)g[TaM05019] + 5 EtOH (523)

The solvent was removed and the crude material was analysed using 1’0 NMR spectroscopy.
The spectrum obtained is shown in Figure 5.17. This spectrum is far more complicated than
the other spectra seen so far during attempts to prepare group(V) substituted Lindgvist-type
POMs. When considering the O NMR spectra presented during investigations into non-
aqueous isopolymolybdate speciation (shown in Figure 5.10), we can see a lot of familiar
signals. Broad peaks at 868.6, 787.1, 498.6, and 399.5 ppm can be assigned to a-[MosO26]*,
while sharp peaks at 718.4 and 255.4 ppm can be assigned to [M0,07]?>". These species

dominate the spectrum and are observed in similar intensities to those in Figure 5.10b (Z/Mo

NeYTN® SO
O — 0w W ©
— MO v~ © — O
» O D DO~ ~ =
ey /
\‘
|\
“ M~ O @ o0 <
o oW - w
(@] w
|| oMW o IS8 ®
\ oo~ o (N ‘
| | §582 ﬁ |
B | ’ " Wi \
i | || |
| | [
m | N \
\ \“ i \ " G) et
/| N/ | 1 o 8
Al ' FASER \ "
00 1000 900 800 700 600 500 400 300 200 100 0 1

Chemical shiftd (ppm)

Figure 5.17: 0 NMR spectrum of the crude product obtained from the reaction of (TBA)2[MosO1s] with
TBA(OH), water and Ta(OEt)s. Spectrum recorded in CD3CN.
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= 0.5). The small peaks highlighted in red at 891.5, 562.0, 527.5 and -25.5 ppm were not
observed in any of the spectra obtained from reactions of (TBA)2[MosO19] with different
quantities of TBA(OH), and are present in the right regions/relative intensity to suggest
formation of (TBA)3[TaMosQOi9] as a minor product. The fact that these peaks are very small,
and that the degradation mixture appears relatively unchanged with respect to what you
would expect to see prior to the addition of the heterometal, indicates very minimal

interaction between the precursor mixture and the Ta(OEt)s.

One reason for this could be competitive hydrolysis of Ta(OEt)s by the water in the mixture,
leading to the formation of Ta;Os (Equation 5.24). If the rate of this process was much faster
than the rate of reaction with the POM components of the reaction mixture, then this would
inhibit the formation of (TBA)3[TaMosO1s]. Given the analogous reaction with tungsten
proceeds cleanly, we may imply that the precursor solution generated from {Mos} does not
interact as readily with Ta(OEt)s, as we would expect the rate of Ta(OEt)s hydrolysis to be
similar in both systems. Perhaps the known species present in the mixture (i.e. {Mos} and
{Mo3}) are more stable with respect to product formation than the degradation products

produced from {We}.
2 Ta(OEt)s + 5 H,0 = Ta,05 + 10 EtOH (5.24)

In order to attempt to allow the Ta(OEt)s to interact with the POM species in the mixture
without competitive hydrolysis, a slightly different approach was attempted. As was utilised
during our groups attempts to synthesise (TBA)3;[(RO)TiWsOig], a 1:1 mixture of
(TBA)a[MosO26] and (TBA)2[Mo0207] can be used, instead of (TBA)2[Mo0s019] and 1.6 equivalents
of TBA(OH), to target the virtual precursor “(TBA)3[Mos01sH3]”. Both mixtures also require the
addition of water, however the use of (TBA)s[MosO26]/(TBA)2[Mo0207] allows all protons (and
water) to be kept out of the reaction until the water is added, whereas use of base leads to
hydrolysis of {Mos} and formation of some water prior to the direct addition of water to the
reaction. Therefore, using this approach, the mixture of (TBA)a[MogO26]/(TBA)2[M0,07] can be

treated with Ta(OEt)s and given time to interact without any water present.

This was done by dissolving (TBA)2[MogO2s], (TBA)2[M0207], and Ta(OEt)s in a 1:1:2 ratio in
acetonitrile. The mixture was then stirred at 60 °C overnight. After this period, 'O enriched

water was added and the solution was stirred for a further 24 hours at room temperature.
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Figure 5.18: 170 NMR spectrum of the crude product obtained from the reaction between (TBA)a[MosO2¢],
(TBA)2[M0207], Ta(OEt)s, and water. Spectrum recorded in CDsCN.

Again, the volatiles were removed and the O NMR spectrum of the crude material was then

recorded. The resulting spectrum is shown in Figure 5.18.

Again, the spectrum does not show clean conversion to the target (TBA)3[TaMosO1s]. The
major component of the crude product is a-[MosO26]*, while the signals at 718.6 and 256.0
assigned to [Mo0,07]?" are considerably smaller than those in Figure 5.17. The peaks in red,
tentatively assigned to (TBA)3;[TaMos019], have increased in intensity suggesting this approach
has offered some improvement versus the degradative reassembly approach. However, the
conversion still appears to be very low indicating that allowing the POM precursors and
Ta(OEt)s to interact prior to the addition of water has done little to improve the yield of the
target product. This suggests that changing the source of molybdenum precursor does little to
affect the outcome of the reaction and therefore further attempts to optimise the synthesis of

(TBA)3[TaMo5019] from Ta(OEt)s were not pursued.

Positive results obtained when applying VOCI3 and NbOCl3(MeCN); to the synthesis of the
respective heterometal substituted Lindqvist POM could indicate the use of TaOCls as a
potential alternative source of tantalum to apply to this prep. However, time limitations

prevented investigation using this metal salt.

5.5 Examining the redox chemistry
Polyoxometalates are known for their rich redox chemistry, typically centred on reversible
reduction of the framework metals which are often present in their highest oxidation states.

Given the LUMO (i.e. the orbital populated upon reduction) predominately has metal d-
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character, incorporation of one or more heterometal(s) into the cluster can drastically alter the
energy (and nature) of the LUMO and in turn the redox properties of the cluster. Furthermore,
incorporation of heterometals with different oxidation states (compared to the framework
metals they “replace”) leads to a change in the overall charge of the cluster. This also has a

strong impact on the observed redox properties of the cluster.

5.5.1 Cylic voltammetry of {MWs019}-type POMs (M = W, V, Nb, and Ta)

To examine the redox properties of the series of {MW5s} POMs, whose synthesis was discussed
in Section 5.3, cyclic voltammetry was performed on the compounds. A 3 mM solution of each
POM was prepared in 0.1 M TBA(PFs) (in acetonitrile) and was added to a cell. A standard three
electrode setup was employed, using a glassy carbon working electrode, a platinum wire
counter electrode and a Ag/Ag(NOs) non-aqueous reference electrode (which is made up of a
silver wire immersed in a solution of 0.01 M AgNOs3/0.1 M TBA(CIOa4) in acetonitrile separated
from the cell by a glass frit). Cyclic voltammograms were recorded at a scan rate of 0.1 V/s and
are shown in Figure 5.19. The integrity of the reference electrode was verified after each
experiment by adding a small amount of ferrocene and observing the position of the Fc/Fc*

redox couple, which consistently appeared at +0.11 V.

As reported by Bond and co-workers,3? the cyclic voltammogram of (TBA)2[WeO1o] in
acetonitrile (shown in black in Figure 5.19) features two reversible redox processes, observed
here at -1.25 V and -2.21 V respectively. The appearance of these peaks suggests two
electrons can be successively added to [WeO19]?” to produce [WeO19]*". These electrons can

then be removed again with no significant structural change.

The substitution of a M(V) centre into the Lindgvist cage leads to a very different picture. The
cyclic voltammograms of (TBA)3[VWs01s], (TBA)3[NbW5019], and (TBA)3[TaWsO19] (shown in
orange, blue, and red in Figure 5.19) all contain only one reversible redox process at -1.02 V,
-2.09 V, and -2.05 V respectively. These processes likely correspond to a one electron
reduction of the cluster taking them from [MW5s019]3>~ to [MWs019]*". Addition of a second
electron to the POM is not observed. This is probably because addition of a second electron

to the now 4- clusters is energetically demanding due to electrostatic repulsion.

The potential required for one electron reduction of (TBA)3[VW5019] is much more positive
(i.e.the POM is more easily reduced) than for either (TBA)3[NbWsO19] or (TBA)3[TaWs019]. This
may be because vanadium, a first-row transition metal, is more easily reduced than either

niobium or tantalum as it’s empty d-orbitals are lower in energy. This allows localised
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Figure 5.19: Cyclic voltammograms of 3 mM solutions of (TBA)x[MW5s01s] (M = W, V, Nb, Ta) in 0.1 M TBA(PFe)
(In MeCN) obtained with a scan rate = 100 mV s™.

reduction of vanadium (taking it from V(V) to V(IV)), rather than reduction of the tungsten
framework. When the heterometal is not easily reduced, as is the case for niobium or
tantalum, reduction of the POM cage occurs. The potential required for this process is
approximately the same as the second reduction of {Ws} (i.e. taking [Ws019]3~ to [We019]*")
because the fully oxidised Nb/Ta containing clusters are already 3-. These observations will be
further rationalised with the support of Density Functional Theory calculations in Section

5.5.3.

5.5.2 Cylic voltammetry of {MMo5019}-type POMs (M = Mo, V, and Nb)
Performing cyclic voltammetry on {MWs019} POMs (M = W, V, Nb, and Ta) showed the effect

heterometal incorporation can have on the redox properties of a cluster. Along with variation
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of a heterometal, variation of the framework metal can also have a large impact on the redox
chemistry observed. In order to explore this for the Lindgvist system, cyclic voltammetry was
performed on (TBA)2[Mos0O19], (TBA)3[VMo0s5019], and (TBA)3[NbMos019]. The results can then
be compared to the corresponding tungsten derivatives. The electrochemistry of
(TBA)3[TaMos019] was not explored as the synthesis has not been refined to a point where

significant quantities of pure product can be isolated.

The same methodology as described in Section 5.5.1 was employed, with the [POM] = 3mM
and a supporting electrolyte of 0.1 M TBA(PFs) in acetonitrile. The resulting cyclic
voltammograms, obtained with a scan rate of 100 mV s, of (TBA):[MosO1s] (grey),

(TBA)3[VMo0s019] (orange), and (TBA)3;[NbMosOi9] (blue) are shown in Figure 5.20.

The voltammogram of (TBA)2[Moe019] is reported and is known to contain one reversible redox

process around -0.78 V and an irreversible process at -1.62 V (both vs Ag/Ag(N0s)).3? Our
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Figure 5.20: Cyclic voltammograms of 3 mM solutions of (TBA)x[MMos01s] (M = Mo, V, Nb, Ta) in 0.1 M TBA(PFe)
(In MeCN) obtained with a scan rate = 100 mV s™.

199



study shows a very similar picture with a reversible process centred on -0.71 V and an
irreversible process at -1.61 V. This behaviour suggests that addition of one electron to
[Moe019]?~ produces the stable 3- cluster. However, addition of more electrons leads to a
chemical change, likely involving rearrangement or decomposition of the Lindgvist framework,

and therefore the process is irreversible.

The picture is somewhat similar for the vanadium and niobium substituted analogues. Neither
of the substituted derivatives contain a reversible redox process. As was the case for the
tungsten derivatives, it is likely that incorporation of the M(V) centre into the framework and
the associated increase in negative charge from 2- to 3- limits the ability of the cluster to
undergo facile reduction. The effect of this is to essentially “skip” any reversible process
associated with taking the cluster from 2- to 3- and instead goes straight to the irreversible

process associated with increasing the negative charge from 3-to 4-.

The first irreversible redox process for (TBA)3[VMos019] is observed at -1.21 V, whereas for
(TBA)3[NbMos019] it is not seen until -1.54 V. This again, is likely a manifestation of the differing
LUMO energies of the two systems. The vanadium containing system likely has access to a
lower energy empty d-orbital centred on vanadium, whereas the LUMO of the niobium system
is more likely to be localised on molybdenum (this will be revisited in Section 5.5.3). In either
case, addition of this electron must lead to the formation of an unstable [MMos015]*" species,
which undergoes conversion/degradation and therefore the corresponding re-oxidation is not
observed. The vanadium system shows a second broad irreversible reduction at approximately
-1.73 V. It is difficult to hypothesise what this process corresponds to without knowing
anything about the previous irreversible redox process. A similar feature is not observed for
the niobium analogue. This may indicate the redox chemistry is specific to vanadium, or that
the process is shifted to more negative potential and therefore not observed within the
electrochemical window examined (which is dictated by the choice of solvent, electrolyte and

electrodes).

Though it was not possible to isolate (TBA)3[TaMos0O19] and examine its redox properties,
comparison of the electrochemistry (TBA)3[NbWs019] and (TBA)3[TaWs019] suggests that the
redox properties of (TBA)3[TaMos019] will be similar to those of (TBA)3;[NbMos019].
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5.5.3 Using DFT calculations to rationise the redox properties of {M’Ms019}-type POMs (M’
=V, Nb, Ta, Mo, W and M = Mo, W)

Cyclic voltammetry experiments presented above show how systematically varying both the
heterometal (i.e. the group V metal) and the framework metal leads to changes in the redox
properties of the POM. Density functional theory calculations can be used to give insight into

the electronic structure of the various POMs to rationalise these changes.

This was done first by optimising the structure of each compound in their fully oxidised form.
The B3LYP hybrid functional was applied with a split valence basis set using LANL2DZ (applied
to the transition metals) and 6-31G(d,p) (applied to oxygen). Successful minimisation of the
structure was verified by performing a frequency calculation and ensuring no imaginary
frequencies were present. This was the case for all structures. The results of these calculations
allow visualisation of the molecular orbitals. In the context of the redox properties discussed
above, the nature of the LUMO is very important as reduction of a POM involves addition of

an electron to the LUMO.

The calculated LUMO of each of the series of [M’Ms015]3~ (M’ =V, Nb, Ta, Mo, W and M =
Mo, W) compounds is shown in Figure 5.21. There is significant variation in the nature of the
LUMO depending on both the heterometal and framework metal present. As expected, the
LUMO of [We019]?" is delocalised across all the metals of the cluster, primarily possessing
tungsten dxy character. Incorporation of vanadium, a first-row transition metal with lower
energy valence 3d orbitals, leads to localisation of a substantial portion of the LUMO on
vanadium. This quickly changes as we move to clusters incorporating niobium and tantalum,
in which the heterometal contributes less and less to the LUMO. This helps to rationalise the
significant difference in the reduction potential of [VWs015]>~ compared to the niobium and
tantalum derivatives. Interestingly, the LUMO of [NbWs019]3~ contains some Nb d-character
but the reduction potential is no higher than that of [W¢O19]3~ (i.e. addition of the 2nd electron
to {Ws}) or [TaWsO19]3". This may indicate a diagonal relationship between niobium and
tungsten and, in turn, that incorporation of niobium(V) into the cluster produces a cluster with

very similar electronic properties to a one electron reduced hexatungstate.

Changing the framework metal from tungsten to molybdenum leads to further changes in
electronic structure. Neither [NbMosO19]3~ or [TaMosO19]>~ have any significant heterometal
contribution to the LUMO. This shows how moving from tungsten to molybdenum, and in turn

changing the principal quantum number of the valence orbitals, changes the nature of the
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Figure 5.21: LUMO’s of series of [M’Ms01s]¥3~ (M’ = V, Nb, Ta, Mo, W and M = Mo, W) compounds calculated
using B3LYP functional with a split valence basis set using LANL2DZ for the transition metals and 6-31-G(d,p) for
oxygen. Surfaces shown with an isovalue of 0.003.

LUMO. The lack of heterometal contribution to the LUMO indicates that the empty d-orbitals
of the metal(V) centre are too high in energy. This may suggest that the redox properties of
[TaMos019]3~ would be very similar to [NbMosO19]3~ if the compound was isolated.
[VMos019]3" is very different as it has a LUMO with some vanadium d-character. This implies
that these orbitals are comparable in energy to those of molybdenum (again showing a
diagonal relation) and thus the LUMO contains contributions from both metals. This helps to
rationalise why the reduction of [VMos019]3~ occurs at a more positive potential than that of

[NbMo05019]3".

These findings can be supported further by calculating the spin density of the reduced
analogues of the compounds. The optimised geometries of the one electron reduced
compounds (i.e. [M’Ms019]34" where M’ = V, Nb, Ta, Mo, W and M = Mo, W) were first

calculated and successful optimisation was verified as before. Spin density maps were then

202



generated which show the difference between alpha and beta electron densities. This gives

insight into localisation of the additional electron density gained upon reduction.

The obtained spin density maps are shown in Figure 5.22. These maps give a clear visual
indication in the electronic differences between the respective vanadium and
niobium/tantalum containing derivatives. Regardless of framework metal, there is substantial
localisation of the additional electron density on vanadium. This is not true for any of the
niobium/tantalum derivatives, in which the additional electron prefers to sit predominately on
tungsten/molybdenum. This further supports the differences observed in the cyclic
voltammetry between the vanadium substituted compounds and the lower group V containing
structures. Access to low lying empty d-orbitals on vanadium gives rise to preferential
reduction of vanadium, leading to essentially the formation of a [V(IV)Ms01s]*". For the other

compounds, the formation of compounds with the general formula [M’(V)Ms(V/VI)O15]* (M’

r —13/4°

[VioMos019]3" [VMo5019)* [NbMo5019]* [TaMo5019]*

Figure 5.22: Spin density representation for the one electron reduced analogues of the series of [M’Ms019]%/* (M’
=V, Nb, Ta, Mo, W and M = Mo, W) compounds. The cut-off value used for these surfaces was 0.0004
electron/bohr? in atomic units.
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= Nb, Ta and M = Mo, W) is supported. These systems appear to show preferential reduction
of the framework metal, behaving similar to the one electron reduced parent compounds (i.e.
[M06019]3~ and [We019]37). This explains why their first redox event appears at a similar

reduction potential to the second redox event of the parent hexametalates.

5.6 Synthesis and chemistry of rhenium substituted hexametalates

The results obtained in this chapter illustrate the ability to incorporate metals in the +5
oxidation state into the Lindqvist architecture using a degradative reassembly approach.
Therefore, it may be expected that this methodology can be expanded to elements which can
exist in the +5 oxidation state, outside of those within group 5. One such element is rhenium,

which can exist anywhere between Re(0) (e.g. Re2(CO)10) to Re(VIl) (e.g. HReO4).3334

The understanding of the molecular chemistry of rhenium complexes is extremely relevant.
High oxidation state rhenium oxo complexes and Re(VIl) oxides have been studied as potential
oxidation catalysts.3>36 Furthermore, the comparative chemistry of rhenium and technetium
makes rhenium a perfect non-radioactive surrogate for technetium. This allows the
development of systems that may have potential application in the areas of radioactive waste
purification (i.e. selective separation of technetium from mixtures of radioactive isotopes) or
radio-imaging without handling radioactive technetium until a promising system incorporating

rhenium is developed.3”:38

Several rhenium containing POMs are known, incorporating one or more rhenium centres into
the Keggin or Wells-Dawson architecture.3®*° However, no structures incorporating rhenium

into the Lindqvist structure are reported.

5.6.1 Synthesis of ReOCI3(PPhs), and [ReOx(py)4][Cl]

An important factor in determining the success of syntheses discussed so far in this thesis has
been the choice of heterometal source. Given the success of incorporating metals in the +5
oxidation state, a Re(V) precursor was chosen, as oppose to common Re(VIl) (e.g. (TBA)[ReO4])
or Re(VI) (e.g. ReOCls) materials. Instead, ReOCl3(PPhs); and [ReOz(py)s][Cl] (py= pyridine)
were identified as promising sources of rhenium as both possess solubility in organic solvents

and are air-stable, which is not a universal trait of Re(V) complexes.

ReOCl3(PPhs); is commercially available. However, our group was in possession of a significant
guantity of rhenium metal and therefore a simple route to ReOCl;(PPhs); starting from the

metal was developed by adapting a literature procedure.*! Firstly, rhenium metal was treated
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with 30% aqueous hydrogen peroxide. This extremely exothermic reaction led to the oxidation
of the Re(0) directly to Re(VIl), forming perrhenic acid (HReOa). The solution was then heated
at 150 °C to decompose residual hydrogen peroxide. The generated perrhenic acid is soluble
in water and therefore was easily separated from any residual traces of metal by dissolution in

hot water followed by filtration.

ReOCl3(PPhs); is commonly synthesised from KReOs via the addition of triphenylphosphine
(acting as both a reducing agent and ligand) and an excess of hydrochloric acid.*? Given that
the addition of acid likely leads to formation of HReOs in situ, it was reasoned that the crude
perrhenic acid generated from treatment of Re with H,0, could be used directly in this
synthesis. This was done by removing the solvent from the filtrate obtained after extraction
and re-dissolving in ethanol. This solution was then treated with PPhs and aqueous
hydrochloric acid, followed by refluxing for one hour under N,. The resulting yellow/green
suspension was then cooled and filtered to isolate ReOCI3(PPhs); as a yellow solid. The 3P
NMR spectrum showed a characteristic peak at —19 ppm which confirmed the formation of

the target complex.*?

[ReO2(py)4][Cl] can be obtained by treating ReOCI3(PPhs), with excess pyridine and water in
acetone at reflux. This leads to a colour change from yellow to orange and precipitation of

[ReO2(py)al[Cl].

5.6.2 Synthesis of (TBA)3;[ReW5019]

After the successful synthesis of the desired rhenium containing starting materials, the
synthesis of the rhenium substituted Lindqvist-type POM was attempted. Firstly, the use of
ReOCl3(PPhs), was investigated. As with the previously employed metal oxychlorides, the
virtual precursor, “(TBA)s[W501s]”, was targeted by treatment of {Ws} with 5.2 equivalents of
TBA(OH) in acetonitrile. The solvent was then removed, and the crude precursor mixture was
dissolved in pyridine, which was the solvent of choice in reactions using VOCIls and
NbOCI3(MeCN),. This precursor mixture was then treated directly with solid ReOCI3(PPhs),,

following Equation 5.25.

The mixture immediately turned dark red/brown as the solid dissolved and was allowed to stir
at room temperature overnight before removing the solvent. The tacky solid was then

triturated with toluene, ethyl acetate, and ether to attempt to remove PPhs, TBA(CI), and
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Figure 5.23: a) Single-crystal X-ray diffraction structure of (TBA)3[ReWs0O1g] and b) the ¥W NMR spectrum
obtained from dissolution of the same crystals in a mixture of CD3sCN and CH3CN.

residual solvent. The crude solid was then recrystallized by dissolving in the minimum amount

of hot dichloromethane and then cooling to -30 °C overnight.

The obtained crystals were of sufficient quality for analysis by single-crystal X-ray diffraction.
The acquired structure is shown in Figure 5.23a. Evidence of Re(V) in the structure is given by
the presence of three TBA cations per Lindgvist unit, whereas a {Ws} only has two cations per
POM (as well as the blue colour of the obtained crystals). As tungsten (Z = 74) and rhenium (Z
= 75) have similar electron densities, there is no obvious way to differentiate the metal sites
and therefore each site was constrained to an occupancy of 5/6 W and 1/6 Re, though only

tungsten atoms are shown in Figure 5.23a.

Re(V) is a d?2 metal centre and complexes are often found to be diamagnetic.*® This allows
interrogation using NMR spectroscopy, and in this case 83W NMR spectroscopy can be used
to further verify that the obtained crystals are those of the target compound, (TBA)3[ReWs01s].
The acquired spectrum is shown in Figure 5.23b and shows two major peaks at 113.0 and
-102.8 ppm in a 1:4 ratio. This is consistent with the desired incorporation of a single Re centre
into the Lindqvist structure. There is also a minor peak at 56.9 ppm which is consistent with

the presence of a small amount of {Ws} present even after recrystallization.

The infrared spectrum of the obtained crystals was recorded and is shown in Figure 5.24. The
spectrum shows a sharp peak at 951 cm™ which can be assigned to the terminal W=0

stretching mode (vw=o0). This is very similar to the stretching frequencies observed for
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Figure 5.24: ATR FTIR transmittance spectrum of crystalline (TBA)3[ReW5019].

(TBA)3[NbWs019] and (TBA)3[TaWsO19] (see experimental Sections 5.9.9 and 5.9.13). There is
no obvious evidence of a Re=0 stretch. The bridging W-O-W region contains a broad peak
around 775 cm™. The simplistic nature of this region is consistent with the formation of a
monomeric POM which is consistent with both the X-ray structure and 83W NMR data shown
above. Very similar bridging regions are seen for all the (TBA)3[MW5019]-type POMs (M =V,
Nb, Ta, and Re). There are also two peaks at 2959 and 2873 cm, not shown in Figure 5.24,

consistent with C-H stretching vibrations of the tetrabutylammonium cations.

After successfully isolating (TBA)3;[ReWs0i19] from ReOCI3{PPhs),, attention was turned to
[ReOz(py)4][Cl] to see if it was possible to access the same compound from an alternate
rhenium source. The appropriate virtual precursor, “(TBA)s[Ws01sH2]”, was targeted by
treatment of {We} with 2.8 equivalents of TBA(OH) in acetonitrile. The mixture was O
enriched at this point by adding 'O enriched water and stirring at room temperature
overnight. The volatiles were removed and the crude material was re-dissolved in pyridine.

The mixture was then treated directly with solid [ReO2(py)a][Cl] following Equation 5.26.
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An orange suspension formed which showed little change when stirring at room temperature
for one hour. It was postulated that the trans-dioxo motif of [ReOz(py)s][Cl]] may be less
reactive towards the degradation mixture than the previously used ReOCI3{PPhs),, and
therefore the reaction was heated to 60 °C. Within approximately 15 minutes the reaction
mixture turned dark red/brown, matching the previous observations from the reaction using
ReOCI3{PPhs);. The mixture was heated at 60 °C overnight before cooling and concentrating
the reaction mixture to isolate crystalline material directly from the reaction mixture. The
crystals were analysed using O NMR spectroscopy, with the spectrum obtained shown in
Figure 5.25 (the spectrum was recorded in MeCN instead of pyridine as linewidths are lower

in this solvent).

The obtained pattern is very familiar to those previously discussed for (TBA)s[MWs5019]-type
POMs. The most downfield peak observed at 997.1 ppm (highlighted in red) is assigned to the
terminal Re=0 unit. Unlike for vanadium and niobium, this peak is very sharp which can be
attributed to the properties of the most abundant rhenium isotopes. Rhenium possesses two
spin active isotopes, ®°Re (NA =37.4%, | =5/2, Q= 2.2 b) and ®’Re (NA =62.6%, | =5/2, Q =
2.1 b) (NA = natural abundance).** Even though both are quadrupolar, the large quadrupole
moments (Q) lead to rapid quadrupolar relaxation and consequently decoupling of rhenium
from oxygen. This is why the terminal M=0 is observable, and the peak is sharp, for the
rhenium substituted Lindqvist-type POM. The two peaks at 733.4 and 715.3 ppm respectively,

observed in a 4:1 ratio, can be assigned to the two terminal W=0 environments. The two peaks
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Figure 5.25: 170 NMR spectrum of the crude product obtained from the reaction between (TBA)2[WesO1g],
TBA(OH), and [ReO2(py)4][Cl]. Spectrum recorded in CDsCN.
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at 393.9 ppm and 348.9 ppm are observed in a 2:1 Ratio. This implies that the three bridging
oxygen environments present in (TBA)3[ReWsO19] (i.e. Re-O-W and 2 x W-O-W) are contained
within these two peaks. When considering the previously discussed 7O NMR spectra of M(V)
containing Lindgvist-type POMs, it is likely that the peak at 393.9 ppm (orange) can be assigned
to the Re-O-W and one of the W-O-W environments, though definitive assignments of the
three bridging oxygen environments cannot be made. The additional peaks at 415.2 and 776.9

ppm are due the presence of a small amount of (TBA)2[WsO19].

The data presented conclusively proves the ability to access (TBA)s[Re(V)WsO19] using the
degradative reassembly approach in combination with an appropriate rhenium(V) starting

material, two of which are discussed here.

5.6.3 Oxidation of (TBA)3;[ReWs014]

Unlike the group V metals discussed in this chapter, rhenium has access to higher oxidation
states. After isolating a Keggin structure incorporating Re(V) into the framework, Pope and co-
workers showed that stepwise addition of dilute bromine solutions to the compound could be

used to isolate structures incorporating Re(VI) and Re(VII).3?

Exposing dark red/black solutions of (TBA)3[ReWs019] in acetonitrile to air for extended
periods leads to a colour change to pale purple, perhaps indicating oxidation of the rhenium
centre. In order to verify this observation, a solution of (TBA)3[ReWs019] was treated with

Ag(OTf) as shown in Scheme 5.27.
(TBA)3[Re(V)W5049] + Ag(OTf) - (TBA),[Re(VI)W5049] + Ag(0) + TBA(OTf) (5.27)

After stirring at 60 °C overnight, a black/brown suspension had formed. Passing the mixture
through a syringe filter allowed separation of a pale purple solution (presumably removing
suspended silver metal). The solution was concentrated and pale purple crystals of the product

could be isolated by cooling the mixture to =30 °C overnight.

Analysis of the obtained crystals by single-crystal X-ray diffraction gave the structure shown in
Figure 5.26. Again, the inability to locate rhenium, due to it having an almost identical atomic
form factor to tungsten, means the obtained structure is isomorphous with (TBA)2[WeO19].
This is the expected result but, apart from the colour of the crystals, does not provide direct

evidence of the formation of (TBA)2[Re(VI)W5019].
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Figure 5.26: Single-crystal X-ray diffraction structure of (TBA)2[Re(VI)Ws01s] with the cations shown. Some
disorder on the tetrabutylammonium cations was masked for clarity. Atomic radii set to CSD covalent radii.

Analysis of the crystals by infrared spectroscopy gave the spectrum shown in Figure 5.27.
There is a clear shift in the terminal W=0 stretching frequency from 951 cm™ in
(TBA)3[ReWs019] to 967 cm™? in (TBA)2[Re(VI)Ws019]. This is consistent with the reduction in
the charge of the cluster from 3- to 2- upon oxidation of the rhenium centre. Furthermore,
there is now an additional low intensity peak at 926 cm™. This may be assignable to a terminal

Re(VI1)=0 stretching vibration. The bridging region is very similar to that of (TBA)3[ReWs019],
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Figure 5.27: ATR FTIR transmittance spectrum of crystalline (TBA)2[ReWs01g].
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although it has been shifted up from 775 cm™ to 786 cm™, which again is likely a result of the

decreased charge of the cluster.

These results support the isolation of the oxidised compound (TBA)2[Re(VI)Ws019]. Additional
characterisation including elemental analysis, inductively coupled plasma optical emission
spectroscopy (to determine metal ratios), and electron paramagnetic resonance spectroscopy

would be desirable to further confirm the formation of (TBA)2[Re(VI)WsO19].

5.6.4 Attempted synthesis of (TBA)3[(PhN)ReWs501s]

M(V)/M(VI) organoimido complexes are well known.*> They are often conveniently accessed
from the corresponding M=0 complex by treatment with isocyanates.*® This chemistry was
expanded to POMs by Matta, who showed that organoimido derivatives of hexamolybdate,
with the general formula [(RN)MogO1s]?", could be accessed by refluxing the POM in dry
pyridine in the presence of isocyanates.*”*® Though this chemistry has been around for a long
time, it has never been expanded to the [M(V)Ws019]3>” (M =V, Nb, and Ta) POMs already

known in the literature.

After developing a general approach to the synthesis of these metal(V) containing POMs, the
formation of the corresponding organoimido complexes was explored. However, several
reactions targeting (TBA)3[(RN)VWS5s01g] all failed. These included reactions with isocyanates in
pyridine and acetonitrile, reaction with isothiocyanates, and reactions with primary amines in
the presence of a dehydrating agent (usually N,N’-dicyclohexylcarbodiimide) both in
acetonitrile and DMSO. These results indicated that the V=0 unit is apparently unreactive with
respect to organoimido formation when placed in the Lindqvist polyoxotungstate

environment.

After isolation of (TBA)3;[ReWs019], a similar study was performed to ascertain whether the
Re=0 unit displayed different reactivity to the V=0 unit. The compound was dissolved in
pyridine and refluxed overnight in the presence of phenyl isocyanate. During this time there
was a slight colour change from dark red/black to a dark orange/brown. The solution was
allowed to cool to room temperature before the volatiles were removed and the crude residue
was dissolved in acetonitrile. Diethyl ether was slowly added to the solution, via vapour
diffusion, leading to the formation of crystals. Analysis of these crystals by single-crystal X-ray
diffraction gave a disordered structure which gave evidence of the formation of the desired
organoimido-containing POM. The {(PhN)ReWsQOis} unit shown in Figure 5.28 was

accompanied by a disordered Lindgvist-unit. Only two TBA units per Lindqvist unit were
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Figure 5.28: {{(PhN)ReWs01s} unit obtained as part of a disordered structure from single-crystal X-ray diffraction
experiments on the crystalline product of the reaction of (TBA)3[ReWs019] and PhNCO. Atomic radii set to CSD
covalent radii.

located which may also indicate that the Re(V) centre was oxidised to Re(VI) during the

reaction.

These preliminary findings suggest that organoimido derivatives of (TBA)3;[ReWsQOig] are
accessible, however further work is required to access pure samples and fully characterise

them.

5.7 Conclusion

A single approach has been applied to the synthesis of seven metal(V) containing Lindqvist-
type POMs. This approach was based on the basic degradation method developed in Chapters
2 and 4. The quantity of base (and water) used was varied to accommodate a range of
heterometal sources, showing how robust the methodology is. The method was expanded to
substituted polyoxomolybdates, allowing easy access to (TBA)3[VMos019] and, the previously
unknown, (TBA)3[NbMos01s]. Unfortunately, the corresponding tantalum containing
compound has not been successfully isolated as of yet. Analysis of the degradation mixtures
produced upon treatment of (TBA)2[Mos019] with base show that the solutions predominately
consist of mixtures of a-[MosgO2s]*-, [M0207]?, and (only at high charge to metal ratios)
monomeric [Mo0Q4]?". This implies that the appropriate mixtures of independently prepared
tetrabutylammonium salts of these isopolymolybdates may be used as building blocks for

substituted Lindgvist-type POMs, in place of the {Mog}/TBA(OH) mixture.
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Electrochemical experiments performed on the obtained POMs show that both the nature of
the heterometal and framework metal have a significant impact on the redox properties of the
cluster. These observations were largely rationalised with the aid of density functional theory
calculations, which show that the nature of the LUMO, and the position of localisation of

additional electron density upon reduction, can account for the variation.

5.8 Future work

This chapter has provided a very solid foundation for accessing group V metal containing
Lindgvist-type POMs. However, the inability to isolate a pure sample of (TBA)s3[TaMos019]
leaves this work incomplete. In order to complete the series, the synthesis of (TBA)3[TaMo05019]
from TaOCls should be attempted using the same method that was applied when employing
VOCI; and NbOCI3(MeCN), as sources of the heterometal. This could be followed by
electrochemical characterisation to see if it behaves similarly to (TBA)s[NbMos01s], as

predicted by DFT.

Along similar lines, further characterisation of (TBA)3[ReWs019] by cyclic voltammetry and ICP-
OES would give more insight into the electrochemical properties and purity of this compound.
Electrochemical characterisation should give some understanding as to whether Re(VIl) is
accessible within the Lindqgvist framework. If this is possible, chemical oxidation with an
oxidising agent such as bromine should be attempted, hopefully yielding (TBA)[Re(VII)W5019].
Characterisation of this (and (TBA)2[Re(VI)Ws019]) by EPR and SQUID (superconducting
quantum interference device) would give vital insight into the number and position of any
unpaired electrons (for example proving the isolation of Re(VIl) d° or checking if the electron

in (TBA)2[Re(VI)Ws019] is delocalised).
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5.9 Experimental

Note: The procedures used to isolate (TBA)3[M’Ms019] (M’ =V, Nb, Ta and M = Mo, W) from
(TBA)2[We019] or (TBA)2[Mo0s019] were often repeated on smaller scales (ca. 100 mg of starting
material) using 'O enriched starting materials to produce products with high levels of YO
enrichment, and in turn acquire 1’0 NMR spectra with good signal/noise ratios. Many of the
preparations given below also involve the addition of H,0 and in these cases it is possible to
introduce *’0 enrichment directly (without the use of pre-enriched materials) via the addition

of 70 enriched water, though the enrichment levels are slightly lower.

5.9.1 Synthesis of (TBA)2[Mo0s01s]

In a 50 mL conical flask, Na2Mo004.2H,0 (2.5 g, 10.3 mmol) was dissolved in water (10 mL) with
stirring. After complete dissolution, 6 M HCI (2.9 mL, 17.4 mmol) was added to the mixture
using a burette over a one-minute period. A solution of TBA(Br) (1.2 g, 3.7 mmol) in water (2
mL) was added with stirring, leading to the immediate formation of a white precipitate. The
solution was heated at 80 °C for 45 minutes, during which time the precipitate turns pale
yellow. The solution was allowed to cool to room temperature and the solid was isolated using
vacuum filtration. The solid was washed with water (3 x 20 mL), ethanol (10 mL), and diethyl
ether (2 x 20 mL). The solid was recrystallized by dissolving the crude solid in boiling MeCN
followed by slow cooling to —-30 °C. Crystals were isolated using vacuum filtration and washed
with diethyl ether (3 x 20 mL). The solid is dried in a vacuum oven at 50 °C overnight (1.7 g,
73% vyield).

%Mo NMR (32.6 MHz, ds-DMSO, 353 K) § (ppm) = 127.7. 'H NMR (300 MHz, CD3CN) & (ppm)
=0.98 (24 H, t, CHs), 1.38 (16 H, sext, CHz), 1.62 (16 H, qu, CHa), 3.12 (16H, m, CH,). 13C NMR
(75.5 MHz, CDsCN) & (ppm) = 13.4, 20.0, 24.0, 58.9. Vmax/cm™ = 2961 (CH), 2931 (CH), 2873
(CH), 1469, 1379, 1175, 1106, 1065, 1029, 950 (vs), 879, 784 (vs), 739, 589, 421 (vs). ES m/z =
440.2 [M-Mo0gO19]%".

5.9.2 Synthesis of approx. 7% 170 enriched (TBA):[Mo0sO1s]

(TBA)2[Mo06019] (1.0 g, 0.73 mmol) was added to a stainless-steel jar along with two 10 mm
stainless steel ball bearings. 40% /O enriched H,0 (66 pL, 3.7 mmol) was added. The jar was
sealed and the reaction mixture was milled at 30 Hz for two hours. The finely divided yellow
powder was transferred to a glass sample vial and dried in a vacuum oven overnight at 50 °C.

70 NMR spectrum shows clean enrichment of the starting material and complete removal of
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residual water. The powder can be recrystallized from hot MeCN if desired, but it is not

required.

170 NMR (67.8 MHz, CDsCN) & (ppm) = -25.4 (-0, 1 0), 565.5 (Mo-O-Mo, 12 0), 937.3 (Mo=0,
6 0).

5.9.3 Degradation reactions of 0 enriched (TBA)2[MosO19] with TBA(OH)

170 enriched (TBA)2[Mos019] (50 mg, 0.04 mmol) was added to a Schlenk flask and suspended
in MeCN (1 mL). The appropriate amount of (TBA)OH (0.25 M in MeCN) was added to the flask.
The total volume of the reaction mixture was made up to approx. 3 mL. The solution was
stirred at room temperature for 3 days. The solvent was removed and the residual oil was
dissolved in CD3CN (0.5 mL). The mixture was transferred to a 5 mm screw top NMR tube for

70 NMR spectroscopy.

5.9.4 Synthesis of VO(O'Bu)s

V205 (10 g, 55 mmol) was ground to fine powder using a pestle and mortar and then added to
a 500 mL round bottom flask. Tert-butanol (250 mL) was added and the suspension was heated
at 110 °C with stirring for five days. The mixture was cooled to room temperature and the
green/yellow suspension was filtered through Celite. The remaining tert-butanol was removed
by distillation (hot plate set to 115 °C, still head at 82 °C), leaving a colourless oil that solidifies
if left to stand. The crude VO(O'Bu)s was purified by vacuum distillation (hot plate at 130-140
°C, still head 60-80 °C). It may be required to warm parts of the still head with a heat gun to

prevent solid forming in the still head. Again, the distilled oil solidifies at room temperature.
51\/ NMR (29.9 MHz, CD3CN) & (ppm) = =672 *H NMR (300 MHz, CDsCN) & (ppm) = 1.44 (s, CHs)

5.9.5 Synthesis of (TBA)3[VW50:19] from (TBA)2[Ws019] and VO(O'Bu)s

TBA(OH) (1.7 mL, 1.7 mmol, 1 M soln. in MeOH) was added to a Schlenk flask and the solvent
removed under vacuum to give a thick oil, which was dissolved in MeCN (2-3 mL) and then the
solvent was removed again. This process was repeated twice more to ensure removal of the
MeOH. The oil was dissolved in MeCN (20 mL) and (TBA)2[We019] (2 g, 1.1 mmol) added. The
suspension was stirred at room temperature for 60-90 minutes or until all the solid had
dissolved. H,0 (19.1 uL, 1.1 mmol) was added and solution was stirred overnight. The mixture
was transferred via cannula to a separate Schlenk containing VO(O'Bu)s (0.36 g, 1.3 mmol).
The reaction mixture immediately started to turn yellow. The solution was stirred at room

temperature overnight. The volatiles were removed, and the crude yellow solid was
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recrystallized by dissolving in the minimum amount of hot MeCN followed by cooling to -30
°C in a freezer overnight. The crystals were isolated by vacuum filtration and washed with
diethyl ether (2 x 20 mL). The crystals were dried in a vacuum overnight at 50 °C (2.1 g, 83%
yield). (Note: solid can also be easily recrystallized by slow evaporation of saturated DCM

solutions).

51y NMR (29.9 MHz, CDsCN) & (ppm) = -508. 133W NMR (20.8 MHz, ds-DMSO) & (ppm) -79.6
ppm (broad). 70 NMR (40.7 MHz, CD3CN) & (ppm) = -72.8 (ue-O, 1 0O), 390.8 (W-O-W, 4 0),
397.8 (W-0O-W, 4 0), 564.4 (V-O-W, 4 0), 733.4 (W=0, 5 0), 1217.9 (V=0, 1 O). *H NMR (300
MHz, CDsCN) & (ppm) = 0.98 (24 H, t, CHs), 1.40 (16 H, sext, CHy), 1.64 (16 H, qu, CH), 3.17
(16H, m, CH,). 3C NMR (75.5 MHz, CD3CN) & (ppm) = 13.5, 20.0, 24.1, 58.9. Vmax/cm™ = 2958
(CH), 2872 (CH), 1481, 1381, 1151, 1107, 1055, 1026, 989, 963, 949 (vs), 883, 788 (vs), 736,
581, 436 (vs).

5.9.6 Synthesis of (TBA)3[VW5019] from (TBA)2[WeO1s] and VOCI3

TBA(OH) (5.9 mL, 5.5 mmol, 0.93 M soln. in MeOH) was added to a Schlenk flask and the
solvent removed under vacuum to give a thick oil, which was dissolved in MeCN (5 mL) and
the solvent was removed again. This process was repeated twice more to ensure complete
removal of the MeOH. The oil was dissolved in MeCN (15 mL) and (TBA)2[WeO19] (2 g, 1.1
mmol) added. The suspension was stirred at room temperature for 15 minutes or until all the
solid had dissolved. The volatiles were removed, and the oil was re-dissolved in MeCN (5 mL).
The mixture was pumped dry and this process was repeated. The oil was dissolved in pyridine
(15 mL). VOCI3 (0.12 mL, 0.22 g, 1.3 mmol) was added, initially turning the mixture red/brown
and then quickly gave way to a green/brown solution. The mixture was stirred at room
temperature overnight. lodine (1-2 crystals) were added which removed the green colour and
left a brown solution. The volatiles were removed, and the crude yellow/brown solid was
recrystallized by dissolving in the minimum amount of hot MeCN, followed by cooling to -30
°Cin a freezer overnight. The crystals were isolated by vacuum filtration and washed with cold
dichloromethane (3 x 2 mL) and diethyl ether (2 x 20 mL). The crystals were dried in a vacuum
overnight at 50 °C (1.9 g, 75% vyield). Identity of the product was confirmed by >V NMR
spectroscopy, which showed a major peak at -508 ppm (CD3CN). Small peaks at -510 and -364

ppm respectively were also observed.
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5.9.7 Synthesis of (TBA)3;[VW5019] from (TBA)2[WeO15] and V205

TBA(OH) (1.7 mL, 1.7 mmol, 1 M soln. in MeOH) was added to a Schlenk flask and the solvent
removed under vacuum to give a thick oil, which was dissolved in MeCN (2-3 mL) and the
solvent was removed again. This process was repeated twice more to ensure complete
removal of the MeOH. The oil was dissolved in pyridine (15 mL) and (TBA)2[We019] (2 g, 1.1
mmol) added. The suspension was stirred at room temperature for 60 minutes or until all the
solid had dissolved. H,0 (19.1 uL, 1.1 mmol) was added and solution was stirred overnight.
The mixture was transferred via cannula to a separate Schlenk containing V205 (0.12 g, 0.63
mmol). A brown/green suspension formed which was refluxed for two days. While still warm,
the mixture was filtered through a bed of Celite. The filter cake was washed with MeCN (2 x 5
mL). The volatiles were removed, and the crude yellow solid was recrystallized by dissolving in
the minimum amount of hot MeCN followed by cooling to =30 °C in a freezer overnight. The
crystals were isolated by vacuum filtration and washed with diethyl ether (2 x 20 mL). The
crystals were dried in a vacuum overnight at 50 °C (1.6 g, 63% yield). Identity of the product

was confirmed by >V NMR spectroscopy which showed a single peak at =508 ppm (CDsCN).

5.9.8 Synthesis of (TBA)3;[VW5019] from WO3.H>0 and V205

TBA(OH) (4.8 mL, 4.8 mmol, 1 M soln. in MeOH) was added to a Schlenk flask and the solvent
removed under vacuum to give a thick oil, which was dissolved in MeCN (5 mL) and the solvent
was removed again. This process was repeated twice more to ensure complete removal of the
MeOH. The oil was dissolved in pyridine (20 mL). WOs3.H,0 (2 g, 8.0 mmol) and V.05 (0.15 g,
0.80 mmol) were added. The resulting green/brown suspension was heated at reflux for 2-3
days. While still warm, the mixture was filtered through a bed of celite. The filter cake was
washed with MeCN (2 x 5 mL). The volatiles were removed, and the crude yellow solid was
recrystallized by dissolving in the minimum amount of hot MeCN followed by cooling to -30
°C in a freezer overnight. The crystals were isolated by vacuum filtration and washed with
diethyl ether (2 x 20 mL). The crystals were dried in a vacuum overnight at 50 °C (1.7 g, 53%
yield). Identity of the product was confirmed by >V NMR spectroscopy which showed a single
peak at -507 ppm (CD3CN).

5.9.9 Synthesis of (TBA)3[NbW5019] from (TBA)2[Ws019] and Nb(OEt)s
TBA(OH) (1.7 mL, 1.7 mmol, 1 M soln. in MeOH) was added to a Schlenk flask and the solvent
removed under vacuum to give a thick oil, which was dissolved in MeCN (2-3 mL) and the

solvent was removed again. This process was repeated twice more to ensure complete
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removal of the MeOH. The oil was dissolved in MeCN (20 mL) and (TBA)2[WeO19] (2 g, 1.1
mmol) added. The suspension was stirred at room temperature for 60-90 minutes or until all
the solid had dissolved. H,0 (42.0 pL, 2.3 mmol) was added and solution was stirred overnight.
The mixture was transferred via cannula to a separate Schlenk containing Nb(OEt)s (0.40 g, 1.3
mmol). The colourless solution was stirred at room temperature overnight. The volatiles were
removed, and the crude white solid was recrystallized by dissolving in the minimum amount
of hot MeCN, followed by cooling to =30 °C in a freezer overnight. The crystals were isolated
by vacuum filtration and washed with diethyl ether (2 x 20 mL). The crystals were dried in a
vacuum overnight at 50 °C. (2.0 g, 77% yield) (note: solid can also be easily recrystallized by

slow evaporation of saturated DCM solutions).

93Nb NMR (122.4 MHz, de-DMSO) & (ppm) = =883 ppm. 70 NMR (40.7 MHz, CDsCN) & (ppm)
= -64.7 (us-O, 1 0), 394.0 (W-O-W, 8 O), 457.6 (Nb-O-W, 4 0), 734.2 (W=0, 5 0), Nb=0 not
resolved. 83W NMR (20.8 MHz, ds-DMSO) & (ppm) = 29.4 (1W), 74.5 (4W). *H NMR (300 MHz,
CD3CN) 6 (ppm) =0.98 (24 H, t, CH3), 1.41 (16 H, sext, CH3), 1.65 (16 H, qu, CH>), 3.19 (16H, m,
CH2). 13C NMR (75.5 MHz, CD3CN) 6 (ppm) = 13.9, 20.3, 24.5, 59.3. Vmax/cm™ = 2959 (CH), 2873
(CH), 1482, 1380, 1151, 1107, 1056, 1027, 953 (vs), 915, 885, 789 (Vs), 585, 431 (vs).

5.9.10 Synthesis of NbCls

Nb,05.4.33H,0 (10.7 g, 31 mmol) was added to a round bottom flask along with thionyl
chloride (150 mL) forming a white suspension. The mixture was stirred at room temperature
for 72 hours under a stream of N, (to remove any HCI gas). The nitrogen was bubbled into
water after passing through the flask to capture the HCI. The stirring was stopped allowing any
residual niobium oxide to settle. The yellow solution was separated via cannula filtration. The
volatiles were removed under reduced pressure (note: residual thionyl chloride should be
captured in a cold trap and either quenched slowly with ethanol or stored for recycling). The
remaining yellow/brown solid was taken into a glovebox and transferred to a sublimation flask.
A small layer of glass wool was placed on top of the solid to prevent mixing of the crude and
sublimed solid. The crude material was purified by vacuum sublimation at 150 °C leading to

the formation of yellow needles on the walls of the flask. (8.9 g, 53% yield based on Nb)

5.9.11 Synthesis of NbOCl3(MeCN);
NbCls (2.2 g, 8.1 mmol) was added to a Schlenk flask with MeCN (15 mL) forming a yellow
suspension. In a separate Schlenk flask, hexamethyldisiloxane (1.3 g, 1.7 mL, 8.1 mmol) was

dissolved in MeCN (10 mL) and added slowly, via cannula, to the mixture. The yellow solution
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was stirred at room temperature for two hours during which time it turned colourless. If
required, the solution was filtered to remove any insoluble material and then the solution was
concentrated to approximately half the volume under reduced pressure. The solution was
cooled to -30 °C in a freezer overnight. The colourless crystals that formed were separated
from the mother liquor using cannula filtration and dried under vacuum to leave a white solid

(2.0 g, 83% yield).

Vmax/cm™! = 3000 (CH), 2932 (CH), 2313, 2301, 2284, 2274, 1404, 1364, 1352, 1024, 955 (vs),
945, 930, 792.

5.9.12 Synthesis of (TBA)s[NbW301s] from (TBA)2[WeO15] and NbOCI3(MeCN)2

TBA(OH) (1.5 mL, 1.4 mmol, 0.93 M soln. in MeOH) was added to a Schlenk flask and the
solvent removed under vacuum to give a thick oil, which was dissolved in MeCN (2-3 mL) and
the solvent was removed again. This process was repeated twice more to ensure complete
removal of the MeOH. The oil was dissolved in MeCN (5 mL) and (TBA)2[Wes0O19] (0.5 g, 0.26
mmol) added. The suspension was stirred at room temperature for 15 minutes or until all the
solid had dissolved. The volatiles were removed, and the oil was re-dissolved in MeCN (5 mL).
The mixture was pumped dry and this process was repeated. The oil was dissolved in pyridine
(5 mL). Solid NbOCI3(MeCN)z (94.3 mg, 0.32 mmol) was added. The colourless solution was
stirred overnight. The solution was slightly cloudy at this point, and therefore the mixture was
passed through a PTFE syringe filter and the volatiles were removed. The crude oil obtained
was recrystallized by dissolving in the minimum amount of hot MeCN followed by cooling to
-30 °C in a freezer overnight. The colourless crystals that formed were separated from the
mother liquor using cannula filtration and dried under vacuum to leave a white solid (0.43 g,

80% vield).

5.9.13 Synthesis of (TBA)3;[TaWs019] from (TBA):[WeO19] and Ta(OEt)s

TBA(OH) (1.7 mL, 1.7 mmol, 1 M soln. in MeOH) was added to a Schlenk flask and the solvent
removed under vacuum to give a thick oil, which was dissolved in MeCN (2-3 mL) and the
solvent was removed again. This process was repeated twice more to ensure complete
removal of the MeOH. The oil was dissolved in MeCN (20 mL) and (TBA)2[Wes019] (2 g, 1.1
mmol) added. The suspension was stirred at room temperature for 60-90 minutes or until all
the solid had dissolved. H20 (42.0 pL, 2.3 mmol) was added and solution was stirred overnight.
The mixture was transferred via cannula to a separate Schlenk containing Ta(OEt)s (0.52 g, 1.3

mmol). The colourless solution was stirred at room temperature overnight. The volatiles were
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removed, and the crude white solid was recrystallized by dissolving in the minimum amount
of hot MeCN followed by cooling to =30 °C in a freezer overnight. The crystals were isolated by
vacuum filtration and washed with diethyl ether (2 x 20 mL). The crystals were dried in a
vacuum overnight at 50 °C. (1.9 g, 70% vyield) (note: solid can also be easily recrystallized by

slow evaporation of saturated DCM solutions).

170 NMR (40.7 MHz, CDsCN) & (ppm) = -72.7 (6-O, 1 O), 394.8 (W-O-W, 8 0), 421.6 (Ta-O-W,
4 0), 735.8 (W=0, 5 0), Ta=0 not resolved. ¥3W NMR (20.8 MHz, de-DMSO) & (ppm) = 39.7
(1W), 69.7 (4W). TH NMR (300 MHz, CDsCN) & (ppm) = 0.98 (24 H, t, CH3), 1.41 (16 H, sext,
CHy), 1.65 (16 H, qu, CH3), 3.17 (16H, m, CH;). 3C NMR (75.5 MHz, CDsCN) & (ppm) = 13.9,
20.3, 24.4, 59.3. vmax/cm™ = 2959 (CH), 2873 (CH), 1481, 1381, 1152, 1107, 1054, 1026, 953
(vs), 906, 884, 783 (vs), 574, 496, 426 (vs).

5.9.14 Synthesis of (TBA)3;[VMo501s] from (TBA)2[MogO19] and V05

TBA(OH) (2.3 mL, 2.3 mmol, 1 M soln. in MeOH) was added to a Schlenk flask and the solvent
removed under vacuum to give a thick oil, which was dissolved in MeCN (2-3 mL) and the
solvent was removed again. This process was repeated twice more to ensure complete
removal of the MeOH. The oil was dissolved in pyridine (15 mL) and (TBA)2[MosO19] (2 g, 1.5
mmol) added. The suspension was stirred at room temperature for 60 minutes or until all the
solid had dissolved. H,0 (26.5 uL, 1.5 mmol) was added and solution was stirred overnight. At
this point, the solution was pale brown. The mixture was transferred via cannula to a separate
Schlenk containing V,05 (0.16 g, 0.88 mmol). A brown suspension formed which was refluxed
for two days. While still warm, the mixture was filtered through a bed of Celite. The filter cake
was washed with MeCN (2 x 5 mL). The volatiles were removed, and the crude yellow solid
was recrystallized by dissolving in the minimum amount of hot MeCN followed by cooling to
-30 °Cin a freezer overnight. The crystals were isolated by vacuum filtration and washed with
diethyl ether (2 x 20 mL). The crystals were dried in a vacuum overnight at 50 °C (2.1 g, 76%
yield).

51/ NMR (29.9 MHz, CDsCN) & (ppm) = -487. Mo NMR (32.6 MHz, ds-DMSO) & (ppm) = -6.7,
144.9.170 NMR (40.7 MHz, CDsCN) & (ppm) = -23.8 (16-O, 1 0), 532.1 (Mo-O-Mo, 4 0), 541.4
(Mo-0O-Mo, 4 0), 667.7 (V-O-Mo, 4 0), 889.5 (Mo=0, 5 0), 1204.0 (V=0, 1 0). *H NMR (300
MHz, CDsCN) & (ppm) = 0.97 (24 H, t, CHs), 1.41 (16 H, sext, CH,), 1.65 (16 H, qu, CH,), 3.19
(16H, m, CHy). 3C NMR (75.5 MHz, CD3sCN) & (ppm) = 13.9, 20.3, 24.5, 59.3. Vmax/cm™ = 2959
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(CH), 2872 (CH), 1480, 1424, 1381, 1151, 1106, 1055, 1026, 976, 949, 929 (vs), 883, 853, 782
(vs), 662, 586, 426 (vs).

5.9.15 Synthesis of (TBA)3;[VMo5019] from MoOs and V205

TBA(OH) (4.8 mL, 4.8 mmol, 1 M soln. in MeOH) was added to a Schlenk flask and the solvent
removed under vacuum to give a thick oil, which was dissolved in MeCN (5 mL) and the solvent
was removed again. This process was repeated twice more to ensure complete removal of the
MeOH. The oil was dissolved in pyridine (20 mL). MoOs (2 g, 13.9 mmol) and V205 (0.25 g, 1.4
mmol) were added. (Note: the product can be statistically O enriched by the addition of 0.5
eq. of 40% 70 enriched H,0 per MoOs at this point). The resulting brown suspension was
heated at reflux for 2-3 days. While still warm, the mixture was filtered through a bed of Celite.
The filter cake was washed with MeCN (2 x 5 mL). The volatiles were removed, and the crude
yellow solid was recrystallized by dissolving in the minimum amount of hot MeCN followed by
cooling to —30 °C in a freezer overnight. The crystals were isolated by vacuum filtration and
washed with diethyl ether (2 x 20 mL). The crystals were dried in a vacuum overnight at 50 °C
(2.4 g, 46% vyield). Identity of the product was confirmed by °'V NMR spectroscopy, which
showed a single peak at —-488 ppm (CD3CN).

5.9.16 Synthesis of (TBA)3[NbMo5019] from (TBA)2[Mos019] and Nb(OEt)s

TBA(OH) (2.3 mL, 2.3 mmol, 1 M soln. in MeOH) was added to a Schlenk flask and the solvent
removed under vacuum to give a thick oil, which was dissolved in MeCN (2-3 mL) and the
solvent was removed again. This process was repeated twice more to ensure complete
removal of the MeOH. The oil was dissolved in MeCN (15 mL) and (TBA)2[MosO19] (2 g, 1.5
mmol) added. The suspension was stirred at room temperature for 60 minutes or until all the
solid had dissolved. H,0 (58.1 uL, 3.2 mmol) was added and solution was stirred overnight. At
this point the solution was pale brown. The mixture was transferred via cannula to a separate
Schlenk containing Nb(OEt)s (0.56 g, 1.8 mmol) dissolved in MeCN (10 mL). The solution was
stirred overnight during which time the solution becomes pale yellow. The volatiles were
removed, and the crude pale-yellow solid was recrystallized by dissolving in the minimum
amount of hot MeCN followed by cooling to —30 °C in a freezer overnight. The crystals were
isolated by vacuum filtration and washed with diethyl ether (2 x 20 mL). The crystals were

dried in a vacuum overnight at 50 °C (1.9 g, 81% vield).

3Nb NMR (122.4 MHz, de-DMSO) & (ppm) = -885 ppm. *Mo NMR (32.6 MHz, ds-DMSO) &
(ppm) = =7.0, 135.1. 170 NMR (40.7 MHz, CDsCN) & (ppm) = -17.6 (-0, 1 0), 526.5 (Mo-O-
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Mo, 4 0), 545.5 (Nb-O-Mo, 4 O, broad), 555.1 (Mo-O-Mo, 4 O), 882.5 (Mo=0, 1 0), 891.9
(Mo=0, 4 0), Nb=0 not resolved. *H NMR (300 MHz, CDsCN) & (ppm) =0.97 (24 H, t, CH3), 1.40
(16 H, sext, CHy), 1.64 (16 H, qu, CH>), 3.20 (16H, m, CH3). *3C NMR (75.5 MHz, CDsCN) & (ppm)
=13.9,20.3, 24.5, 59.3. vmax/cm™ = 2958 (CH), 2873 (CH), 1481, 1380, 1151, 1107, 1055, 1026,
964, 933 (vs), 903, 776 (vs), 663, 566, 453 (s).

5.9.17 Attempted synthesis of (TBA)3[TaMo501s] from (TBA)2[MosO19] and Ta(OEt)s

TBA(OH) (2.3 mL, 2.3 mmol, 1 M soln. in MeOH) was added to a Schlenk flask and the solvent
removed under vacuum to give a thick oil, which was dissolved in MeCN (2-3 mL) and the
solvent was removed again. This process was repeated twice more to ensure complete
removal of the MeOH. The oil was dissolved in MeCN (15 mL) and (TBA)2[Moe019] (2 g, 1.5
mmol) added. The suspension was stirred at room temperature for 60 minutes or until all the
solid had dissolved. H,0 (58.1 uL, 3.2 mmol) was added and solution was stirred overnight. At
this point the solution was pale brown. The mixture was transferred via cannula to a separate
Schlenk containing Ta(OEt)s (0.71 g, 1.8 mmol) dissolved in MeCN (10 mL). The solution was
stirred overnight at 60 °C. The volatiles were removed to leave a brown oil that was re-
dissolved in the minimum amount of MeCN. The O NMR spectrum was recorded and is
shown in Figure 5.17. The major peaks correspond to a-[MosO26]*" and [M0207]?", but there
are small peaks at -26.0, 527.5, 562.0 and, 895.0 ppm which could be consistent with the

formation of [TaMos019]3~ as a minor product.

5.9.18 Attempted synthesis of (TBA)s[TaMosO1s] from (TBA).[Mo20;], (TBA)s[MosO2], and
Ta(OEt)s

(TBA)2[Mo0207] (0.1 g, 0.13 mmol), (TBA)a[MosgO26] (0.27 g, 0.13 mmol) and Ta(OEt)s (2.5 mL,
0.1 M, 0.25 mmol) were added to a Schlenk flask with acetonitrile (15 mL). The mixture was
stirred at 50 °C overnight. The mixture was cooled to room temperature and 'O enriched
water (11.4 pL, 0.63 mmol) was added. The mixture was stirred for one day at room
temperature. The solvent was removed under reduced pressure, leaving a viscous oil. The oil
was re-dissolved in the minimum amount of acetonitrile and the O NMR spectrum was
recorded (shown in Figure 5.18). The major peaks correspond to a-[MogO2s]*~ and [M0,07]%,
but there are small peaks at -26.1, 528.0, 562.7 and, 896.1 ppm which could be consistent

with the formation of [TaMos019]3~ as a minor product.
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5.9.19 Cyclic voltammetry of (TBA)3;[M’Ms01s] compounds (M’ =V, Nb, Ta and M = Mo, W)

Experiments were performed using a small (5 mL) three-electrode cell with a glassy carbon
working electrode, a Ag/AgNOs non-aqueous reference electrode, and a platinum wire counter
electrode. Solutions of the POM (3mM) in a 100 mM solution of TBA(PFs) in acetonitrile were
made up and used for analysis. Solutions were thoroughly degassed by bubbling Ar through
the solutions for 10-20 minutes directly before measurement. The headspace of the cell was

also purged with Ar through the experiments. Typically a scan rate of 100 mV/s was used.

5.9.20 Density functional theory calculations

Density Functional Theory (DFT) calculations were performed using the Gaussian 09 software
package.*® Geometries were optimised using the B3LYP>° hybrid functional. A split valence
basis set was applied in which oxygen atoms were treated with the 6-31G(d,p)>'>’ basis set
and metal atoms were treated with the Lanl2dz>®! basis set. Since the compounds are anionic
species in solution, the effects of solvent were applied using the Polarizable Continuum Model
(PCM), using acetonitrile as the solvent of choice.®? In order to verify that optimisation
calculations had successfully found a minimum, frequency calculations were performed at the
same level of theory. The outputs were then checked for the absence of any imaginary
frequencies. The xyz co-ordinates of the optimised structures are given in Appendix B Section
B.2. Reduction potentials (E°1/2) were calculated using the differences in Gibbs free energy
between the oxidised and reduced forms of the same compounds, as shown in the equations
below; where G(Ox) is the Gibbs free energy of the oxidised species, G(red) is the Gibbs free
energy of the 1e~ reduced species and F is Faraday’s constant.6364

G(0x)-G(red)

E° )= E

E°i ), (vs. ref)=E°1/2-E°abS(ref electrode)

E°bs(Ag/AgNO3, MeCN)=4.727 V

5.9.21 Synthesis of ReOCls(PPhs).

Re (2.01 g, 10.8 mmol) was added to a conical flask. An excess of H,0; (20 mL, 30% w/v in
water) was added DROPWISE INTIALLY AND THEN VERY SLOWLY with stirring (cooling can be
used if necessary as large amounts of heat and effervescence were produced). The resulting
solution was stirred at 80 °C for 1 hour, during which the black suspension turned pale
brown/clear, and then at 150 °C for 1 hour to decompose any unreacted H;0,. The mixture

was gravity filtered into a 500 mL rbf and the conical flask and filter paper were washed with
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boiling water (50 mL). The solvent was removed on a rotary evaporator to leave an oil (this is
usually anywhere from clear to dark green), which was dissolved in EtOH (170 mL).
Triphenylphosphine (15.7 g, 60 mmol) was added to give a white suspension, followed by the
addition of HCI (12 M, 18.2 mL) and heating under reflux under a stream of N, for 1 hour to
give a yellow/green suspension. The solution was cooled to approx. 70 °C and vacuum filtered
while still warm to give a yellow solid which was washed with boiling EtOH (100 mL), boiling
toluene (100 mL) and Et;0 (2 x 20 mL) and dried in a vacuum oven (50 °C) overnight (7.1 g,
79% vyield). The identity of the product was confirmed by the single peak in the 3P NMR

spectrum at —19 ppm (CDCl3).

5.9.22 Synthesis of [ReO:(Py)4][Cl]

To a solution of ReOCl3(PPhs); (1.24 g, 1.48 mmol) in acetone (25 mL) was added pyridine (2.5
mL) and water (1.25 mL). The mixture was refluxed for 90 minutes during which time an orange
precipitate formed. The solution was allowed to cool and the solid was isolated by vacuum
filtration. The solid was washed with toluene (2 x 5 mL) and Et;0 (2 x 5 mL) and dried in a

vacuum oven (50 °C) overnight (0.82 g, 97% yield).

5.9.23 Synthesis of (TBA)3;[ReW5019] from ReOCI3(PPh3);

TBA(OH) (5.5 mL, 5.5 mmol, 1M soln. in MeOH) was added to a Schlenk flask and the solvent
removed under vacuum to give a thick oil, which was dissolved in MeCN (3-5 mL) and the
solvent was removed again. This process was repeated twice more to ensure complete
removal of the MeOH. The oil was dissolved in MeCN (10 mL) and (TBA)2[WeO019] (2 g, 1.1
mmol) added. The suspension was stirred at room temperature for 30-60 minutes until all of
the solid had dissolved. The mixture was pumped dry and re-dissolved in MeCN (10 mL). This
process was repeated once more before finally dissolving in pyridine (10 mL). In a separate
Schlenk, ReOCl3(PPhs), was dissolved in pyridine (20 mL) forming a dark green solution. The
degradation mixture was added via cannula giving an immediate colour change to olive green
and then dark brown/red. The mixture was stirred at room temperature overnight. The
volatiles were removed under reduced pressure and the resulting sticky brown solid was
triturated with toluene, EtOAc, Et,0, and hexane to give a free flowing black/brown solid (2.1
g, 77% yield). Single-crystal X-ray diffraction quality crystals obtained by cooling a saturated

DCM solution of the crude product.

183\ NMR (20.8 MHz, CD3CN) & (ppm) = —102.8 (4W), 113.0 (1W). *H NMR (300 MHz, CDsCN)
& (ppm) = 0.99 (24 H, t, CH3), 1.41 (16 H, sext, CH2), 1.66 (16 H, qu, CH2), 3.20 (16H, m, CH,).
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13C NMR (75.5 MHz, CDsCN) & (ppm) = 13.9, 20.4, 24.5, 59.3. Vmax/cm* = 2960 (CH), 2935 (CH),
2873 (CH), 1481, 1381, 1363, 1152, 1107, 1057, 1027, 951 (vs), 884, 776 (vs), 570, 442 (vs).

5.9.24 Synthesis of (TBA)3:[ReWs5019] from [ReO:(Py)s][Cl] (non-enriched)

TBA(OH) (3.0 mL, 3 mmol, 1 M soln. in MeOH) was added to a Schlenk flask and the solvent
removed under vacuum to give a thick oil, which was dissolved in MeCN (3-5 mL) and the
solvent was removed again. This process was repeated twice more to ensure complete
removal of the MeOH. The oil was dissolved in pyridine (10 mL) and (TBA)2[WsO19] (2 g, 1.1
mmol) added. The suspension was stirred at room temperature for 30-60 minutes until all of
the solid had dissolved and then transferred via cannula to a separate Schlenk containing
[ReOz(Py)4][Cl] (0.72 g, 1.3 mmol). The orange suspension was stirred overnight at 60 °C to
give a red/black solution which was cooled to room temperature, upon which some solid
appeared to form. After removal of the solvent under reduced pressure, the resulting sticky
black solid was triturated with EtOAc (10 mL) and Et;O (10 mL) in alternation until a free
flowing powder was obtained (2.1 g, 77% yield). The solid was recrystallized from a range of
solvents including MeCN, DCM and pyridine — the best results in terms of purity were pyridine

or pyridine/Et;0.
5.9.25 Preparation of (TBA)3;[ReWs019] from [ReO2(Py)4][Cl] by statistical enrichment

TBA(OH) (1.5 mL, 1.5 mmol, 1M soln. in MeOH) was added to a Schlenk flask and the solvent
removed under vacuum to give a thick oil, which was dissolved in MeCN (2 mL) and the solvent
was removed again. This process was repeated twice more and the oil was dissolved in MeCN
(10 mL). (TBA)2[We019] (1 g, 0.52 mmol) was added and the suspension stirred at room

temperature for 30-60 minutes until all of the solid had dissolved.

40% 70 enriched water (52 uL, 2.9 mmol, theoretically giving 6.2% enrichment) was added
and the colourless solution was stirred overnight at room temperature. After removal of the
solvent under reduced pressure, the resulting oily product was heated under vacuum at 50 °C
for 1 hour, dissolved in MeCN (2 mL), and then pumped dry. The dissolution-evaporation

process was repeated and pyridine (10 mL) was added to dissolve the resulting oil.

The mixture was transferred via cannula to a separate Schlenk containing [ReO2(Py)4][Cl] (0.36
g, 0.64 mmol) and the orange suspension was stirred overnight at 60 °C to give a red/black
solution which was cooled to room temperature. The reaction mixture was concentrated and

cooled to crystallize the compound directly from the reaction mixture. Crystals were separated
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from the mother liquor by cannula filtration and dried under vacuum. The crystals were

dissolved in the minimum amount of CD3CN and the ’O NMR spectrum was recorded.

170 NMR (40.7 MHz, CDsCN) & (ppm) = -71.9 (us-O, 1 O), 348.9 (W-O-W, 4 0), 393.9 (Re-O-
W/W-0-W, 8 0), 715.3 (W=0, 1 0), 733.4 (W=0, 4 0), 997.1 (Re=0, 1 O).

5.9.26 Oxidation of (TBA)3[ReW5019] with Ag(OT(f)

In a Schlenk flask (TBA)3[ReW5019] (0.5 g, 0.23 mmol) was dissolved in MeCN (6 mL). Ag(OTf)
(66 mg, 0.26 mmol, 1.1 eq.) were added to the solution. The solution was heated at 60 °C
overnight, giving a black/brown suspension. While the mixture was still hot, the suspension
was passed through a PTFE syringe filter. This left a pale purple solution. The solution was
allowed to cool to room temperature and slowly evaporate overnight. This led to the formation
of pale purple crystals (analysed by SCXRD). The mother liquor was decanted and the crystals
were washed with ethyl acetate (2 mL) and diethyl ether (2 mL) before drying under vacuum.

(0.21 g, 47% yield)

Vmax/cm™ = 2963 (CH), 2936 (CH), 2876 (CH), 1462, 1381, 1172, 1068, 1034, 967 (vs), 950, 926,
884, 786 (vs), 735, 578 (s), 431 (vs).

5.9.27 Attempted synthesis of (TBA)s[(RN)ReWs01s]

In a Schlenk flask, (TBA)3[ReWs019] (0.57 g, 0.27 mmol) was dissolved in pyridine (5 mL).
PhNCO (58 uL, 0.53 mmol, 2 eq.) was added. The flask was sealed and heated at reflux
overnight during which time the mixture turned from dark red/black to dark orange/brown.
The mixture was allowed to cool to room temperature before the volatiles were removed. The
residue was taken up in MeCN (approx. 2 mL). The solution was placed in a thin tube inside a
Schlenk flask and surrounded diethyl ether (approx. 15 mL) for vapour diffusion. This led to
the formation of crystals over 3 days, which were subsequently analysed by single-crystal X-

ray diffraction.
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Appendix A: X-ray diffraction data and bond valance sums

A.1 X-ray diffraction data presented in Chapter 2

A.1.1 (TBA)s[(CoWs5013H):

Table A.1: Crystal structure data for (TBA)s[(CoWsO1sH)2]

Empirical formula Co6H216C02N6036W 10
Formula weight 3987.1
Temperature/K 150.0(2)
Crystal system orthorhombic

Space group P21212;
a/k 17.0118(2)
b/A 25.9420(3)
c/A 31.7819(4)
of° 90
B/ 90
v/° 90
Volume/A3 14026.0(3)
YA 4
pcalcg/cm3 1.888
w/mm? 17.013
F(000) 7664
Crystal size/mm3 0.42 x0.24x0.19
Radiation

20 range for data collection/®
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [1>=20 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A3
Flack parameter

Cu Ka (A = 1.54184)
7.362to 133.31
-20sh<20,-24<k<30,-37<1<37
70458
23743 [Rint = 00776, Rsigma = 00739]
23743/1982/1395
1.021
R1=0.0600, wR2=0.1516
R1=0.0710, wR2 = 0.1642
2.42/-2.69
0.008(8)
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Table A.2: Bond valance sums for the oxygen atoms of (TBA)s[(CoWs01gH)3]

Atom W-0 bond Sij Co-0O bond Sij BVS (V or No. of H*
length (ri) length (rj) zj)
01 1.677 1.913 1.91 0
02 1.669 1.955 1.95 0
03 1.720 1.703 1.70 0
o4 1.693 1.832 1.83 0
05 1.812 1.328 2.189 0.261 2.00 0
2.024 0.408
06 1.888 1.082 2.104 0.328 1.41 1
o7 1.886 1.087 2.029 0.402 1.49 1
08 1.760 1.529 2.049 0.381 1.91 0
09 1.926 0.976 1.89 0
1.952 0.910
010 1.999 0.801 1.91 0
1.880 1.105
0o11 1.963 0.883 1.99 0
1.880 1.105
012 1.904 1.036 1.81 0
2.011 0.776
013 2.323 0.334 2.264 0.213 1.83 0
2.329 0.328
2.351 0.309
2.312 0.344
2.355 0.306
014 1.890 1.076 1.92 0
1.978 0.848
015 1.890 1.076 1.94 0
1.972 0.862
016 1.923 0.984 1.91 0
1.944 0.930
017 1.831 1.262 1.98 0
2.041 0.715
018 1.670 1.949 1.95 0
019 1.666 1.971 1.97 0
020 1.666 1.971 1.97 0
021 1.725 1.680 1.68 0
022 1.686 1.867 1.87 0
023 1.805 1.354 2.040 0.390 2.00 0
2.202 0.252
024 1.796 1.387 2.071 0.359 1.75 0
025 1.929 0.968 2.057 0.373 1.34 1
026 1.870 1.135 2.104 0.328 1.46 1
027 1.911 1.016 1.85 0
1.986 0.830
028 1.900 1.047 1.96 0
1.951 0.912
029 1.880 1.105 1.93 0
1.987 0.828
030 1.923 0.984 1.96 0
1.926 0.976
031 2.290 0.365 2.256 0.218 1.83 0
2.349 0.311
2.332 0.326
2.367 0.296
2.343 0.316
032 1.957 0.898 1.81 0
1.950 0.915
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033

034

035

036

1.922
1.960
1.865
1.988
1.854
2.047
1.667

0.987
0.890
1.151
0.825
1.186
0.704
1.965

1.88

1.98

1.89

1.97
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A.1.2 (TBA)3[(Py)CoW501sH]
Table A.3: Crystal structure data for (TBA)3[(Py)CoWs01sH]

Empirical formula Cs3H116CoON4O15Ws
Formula weight 2091.67
Temperature/K 150.0(2)

Crystal system monoclinic
Space group P21/n
a/A 17.0850(3)
b/A 23.4567(4)
c/A 17.9363(4)
a/° 90
B/ 90.715(2)
v/° 90
Volume/A3 7187.6(2)
VA 4
Pealcg/cm3 1.933
p/mm? 16.651
F(000) 4044.0
Crystal size/mm3 0.16 x 0.15x 0.14
Radiation Cu Ka (A =1.54184)
20 range for data collection/® 7.102 to 133.564
Index ranges -20<h<15,-26<k<27,-21<1<20
Reflections collected 65072
Independent reflections 12651 [Rint = 0.0762, Rsigma = 0.0524]
Data/restraints/parameters 12651/880/816
Goodness-of-fit on F? 1.044
Final R indexes [I>=20 (1)] R1=0.0500, wR2 =0.1254
Final R indexes [all data] R1=0.0691, wR2 =0.1412
Largest diff. peak/hole / e A3 4.19/-1.87
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Table A.4: Bond valance sums for the oxygen atoms of (TBA)3[(Py)CoWsOisH]

Atom W-0 bond Sij Co-O bond Sij BVS (Vor No. of H*
length (r;j) length (r;j) zj)
01 1.801 1.368 2.052 0.378 1.75 0
02 2.008 0.782 2.114 0.320 1.10 1
03 1.825 1.282 2.093 0.338 1.62 0
04 1.818 1.307 2.087 0.344 1.65 0
05 1.706 1.769 1.77 0
06 1.689 1.852 1.85 0
o7 1.709 1.754 1.75 0
08 1.694 1.827 1.83 0
09 1.962 0.885
1.906 1.030 1.92 0
010 1.898 1.053
1.976 0.853 191 0
011 1.910 1.019
1.931 0.963 1.98 0
012 1.920 0.992
1.971 0.864 1.86 0
013 2.021 0.755
1.863 1.157 1.91 0
014 1.900 1.047
2.002 0.795 1.84 0
015 2.005 0.788
1.877 1.114 1.90 0
016 2.012 0.774
1.883 1.096 1.87 0
017 1.700 1.798 1.80 0
018 2.326 0.331 2.226 0.236
2.334 0.324
2.313 0.343
2.372 0.292
2.329 0.328 1.85 0
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A.1.3 (TBA)s[(Quin)CoWs01sH]

Table A.5: Crystal structure data for (TBA)3[(Quin)CoWs01gH]

Empirical formula Ce6H122CoN5018Ws
Formula weight 2251.86
Temperature/K 150.0(2)
Crystal system triclinic

Space group P-1
a/A 17.5831(3)
b/A 17.8329(3)
c/A 24.8294(4)
a/° 83.9900(10)
B/° 87.5060(10)
v/° 88.3800(10)
Volume/A3 7733.1(2)
YA 4
Pealcg/cm? 1.934
w/mm? 15.531
F(000) 4376.0
Crystal size/mm3 0.21 x 0.1 x0.08
Radiation Cu Ka (A =1.54184)

o

20 range for data collection/
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [I1>=20 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

7.166 to 133.372
20<h<20,-19<k<21,-29<1<29
136368
27050 [Rint = 0.0786, Rsigma = 0.0548]
27050/1880/1849
1.059
R: = 0.0455, wR; = 0.1117
R1 = 0.0587, wR; = 0.1230
1.66/-2.67
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Table A.6: Bond valance sums for the oxygen atoms of (TBA)s3[(Quin)CoWs01sH]

Atom W-0 bond Sij Co-O bond Sij BVS (Vor No. of H*
length (r;j) length (r;j) zj)
01 1.793 1.398 2.097 0.335 1.73 0
02 2.050 0.698 2.083 0.348 1.05 1
03 1.782 1.440 2.049 0.381 1.82 0
04 1.805 1.354 2.095 0.336 1.69 0
05 1.712 1.740 1.74 0
06 1.707 1.764 1.76 0
o7 1.715 1.726 1.73 0
08 1.701 1.793 1.79 0
09 1.974 0.857
1.899 1.050 1.91 0
010 1.895 1.061
1.975 0.855 1.92 0
011 1.939 0.942
1.918 0.997 1.94 0
012 1.942 0.935
013 2.324 0.333 2.229 0.234
2.353 0.308
2.330 0.328
2.352 0.309
2.305 0.350 1.86 0
1.934 0.955 1.89 0
014 2.030 0.737
1.887 1.084 1.82 0
015 2.032 0.733
1.863 1.157 1.89 0
016 2.004 0.790
1.884 1.093 1.88 0
017 2.045 0.708
018 1.717 1.717 1.7 0
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A.1.4 (TBA)s[(AminoPy)CoW501sH]

Table A.7: Crystal structure data for (TBA)3[(AminoPy)CoWs01gH]

Empirical formula Cs9H117CoNsO18Ws
Formula weight 2204.78
Temperature/K 150.0(2)
Crystal system monoclinic

Space group P21/c
a/A 26.6461(2)
b/A 18.3003(2)
c/A 16.58980(10)
of° 90
B/° 96.1180(10)
v/° 90
Volume/A3 8043.64(12)
YA 4
Pealcg/cm? 1.821
w/mm? 14.925
F(000) 4272.0
Crystal size/mm3 0.25 x 0.16 x 0.03
Radiation Cu Ka (A =1.54184)

o

20 range for data collection/
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [I1>=20 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

7.214 to 133.222
31<h<31,-21<k<21,-18<1<19
153015
14167 [Rint = 0.0834, Reigma = 0.0363]
14167/1243/948
1.263
R: = 0.0874, wR; = 0.1854
R1 = 0.0940, wR; = 0.1887
2.85/-2.95
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Table A.8: Bond valance sums for the oxygen atoms of (TBA)3[(AminoPy)CoWsOisH]

Atom W-0 bond Sij Co-O bond Sij BVS (Vor No. of H*
length (ri) length (ri) zj)
01 1.763 1.516 2.096 0.336 1.85 0
02 1.780 1.448 2.095 0.336 1.78 0
03 2.060 0.679 2.149 0.291 0.97 1
04 1.785 1.429 2.062 0.368 1.80 0
05 1.708 1.759 1.76 0
06 1.728 1.667 1.67 0
o7 1.688 1.857 1.86 0
08 1.673 1.934 1.93 0
09 1.940 0.940
1.943 0.932 1.87 0
010 1.912 1.014
1.947 0.922 1.94 0
011 2.005 0.788
1.854 1.186 1.97 0
012 1.952 0.910
1.915 1.005 1.92 0
013 2.330 0.328 2.223 0.238
2.302 0.353
2.362 0.300
2.319 0.337
2.315 0.341 1.90 0
014 2.086 0.633
1.834 1.251 1.88 0
015 2.020 0.757
1.875 1.120 1.88 0
016 2.041 0.715
1.853 1.189 1.90 0
017 1.995 0.810
1.958 0.895 1.71 0
018 1.714 1.731 1.73 0
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A.1.5 (TBA)s[(4,4’-Bipy)(CoWs013H):]

Table A.9: Crystal structure data for (TBA)s[(4,4’-Bipy)(CoWs018H)2].2MeCN

Empirical formula

C109.63H229.44C02N9.81036W10

Formula weight
Temperature/K
Crystal system
Space group
a/A
b/A
c/A
o/°
B/
v/°
Volume/A3
YA
Pealcg/cm®
p/mm?
F(000)
Crystal size/mm?3
Radiation
20 range for data collection/®
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=20 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

4217.79
150.0(2)
monoclinic
P21/c
24.4452(2)
19.54690(10)
30.7055(2)
90
103.5100(10)
90
14265.96(18)
4
1.964
16.780
8152.0
0.31x0.16 x0.1
Cu Ko (A =1.54184)
6.942 to 133.236
-29<h<28,-22<k<23,-30<1<35
125698
25025 [Rint = 0.0704, Rsigma = 0.0493]
25025/2910/1791
1.078
R1=0.0508, wR2=0.1286
R1=0.0606, wR2=0.1370
2.66/-2.92
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Table A.10: Bond valance sums for the oxygen atoms of (TBA)s[(4,4'-

Bipy)(CoWs01gH);2].2MeCN

Atom W-0 bond Sij Co-O bond Sij BVS (Vor No. of H*
length (r;j) length (r;j) zj)
01 1.789 1.413 2.076 0.354 1.8 0
02 1.850 1.199 2.073 0.357 1.6 0
03 1.920 0.992 2.084 0.347 1.34 0.7
04 1.875 1.120 2.075 0.355 1.48 0.5
05 1.716 1.722 1.7 0
06 1.694 1.827 1.8 0
o7 1.699 1.803 1.8 0
08 1.694 1.827 1.8 0
09 1.917 1.000
1.940 0.940 1.9 0
010 1.910 1.019
1.930 0.965 2.0 0
011 1.912 1.014
1.941 0.937 2.0 0
012 1.929 0.968
1.939 0.942 1.9 0
013 2.333 0.325 2.223 0.238
2.333 0.325
2.337 0.321
2.317 0.339
2.329 0.328 1.9 0
014 1.872 1.129
2.043 0.711 1.8 0
015 1.989 0.823
1.903 1.039 1.9 0
016 1.937 0.947
1.968 0.871 1.8 0
017 1.980 0.843
1.915 1.005 1.8 0
018 1.701 1.793 1.8 0
019 1.782 1.440 2.045 0.385 1.8 0
020 1.798 1.379 2.053 0.377 1.8 0
021 1.817 1.310 2.086 0.345 1.7 0
022 2.044 0.709 2.094 0.337 1.05 1
023 1.703 1.783 1.8 0
024 1.708 1.759 1.8 0
025 1.711 1.745 1.7 0
026 1.705 1.774 1.8 0
027 1.918 0.997
1.964 0.881 1.9 0
028 1.923 0.984
1.933 0.958 1.9 0
029 1.929 0.968
1.951 0.912 1.9 0
030 1.867 1.145
2.004 0.790 1.9 0
031 2.344 0.315 2.223 0.238
2.333 0.325
2.327 0.330
2.306 0.349
2.342 0.317 1.9 0
032 1.887 1.084
2.021 0.755 1.8 0
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033

034

035

036

1.848
2.064
1.903
2.014
1.854
2.021
1.703

1.205
0.672
1.039
0.769
1.186
0.755
1.783

1.9

1.8

1.9
1.8
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A.1.6 (TBA)s[(EtOH)CoWs015H)]

Table A.11: Crystal structure data for (TBA)3[(EtOH)CoWs01sH]

Empirical formula Cs2H113CoN3020Ws
Formula weight 2078.63
Temperature/K 150.0(2)
Crystal system orthorhombic

Space group P21212:
a/A 16.51580(10)
b/A 18.07880(10)
c/A 24.9771(2)
a/° 90
B/ 90
v/° 90
Volume/A3 7457.81(9)
YA 4
Pealcg/cm3 1.851
w/mm? 16.050
F(000) 4012.0
Crystal size/mm?3 0.2x0.17 x0.13
Radiation Cu Ka (A =1.54184)

o

20 range for data collection/
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=20 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A3
Flack parameter

7.25t0 133.338
-19<h<18,-21<k<19,-29<1<29
37278
12782 [Rint = 0.0510, Reigma = 0.0504]
12782/681/770
1.098
R: = 0.0444, wR; = 0.1054
R: = 0.0462, wR; = 0.1073
2.56/-1.33
0.097(7)
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Table A.12: Bond valance sums for the oxygen atoms of (TBA)3[(EtOH)CoWsOisH]

Atom W-0 bond Sij Co-O bond Sij BVS (Vor No. of H*
length (ri) length (ri) zj)
02 1.905 1.033 1.969 0.473 1.51 0.5
03 1.885 1.089 1.933 0.521 1.61 0.4
04 1.847 1.208 1.962 0.482 1.69 0.3
05 1.868 1.142 1.948 0.501 1.64 0.4
06 1.696 1.817 1.82 0
o7 1.703 1.783 1.78 0
08 1.695 1.822 1.82 0
09 1.708 1.759 1.76 0
010 1.940 0.940
1.932 0.960 1.90 0
011 1.936 0.950
1.917 1.000 1.95 0
012 1.942 0.935
1.925 0.979 1.91 0
013 1.906 1.030
1.957 0.898 1.93 0
014 2.313 0.343 2.223 0.238
2.308 0.348
2.346 0.314
2.333 0.325
2.316 0.340 1.91 0
015 1.937 0.947
1.928 0.971 1.92 0
016 1.971 0.864
1.931 0.963 1.83 0
017 1.981 0.841
1.900 1.047 1.89 0
018 1.996 0.808
1.895 1.061 1.87 0
019 1.695 1.822 1.82 0
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A.1.7 “H2C04[H:W1,04,].26.4H,0”

Table A.13: Crystal structure data for “H2Co4[H2W12042].26.4H,0”

Empirical formula Co4H16068.43W12
Formula weight 3552.93
Temperature/K 150.0(2)
Crystal system triclinic

Space group P-1
a/A 10.8904(4)
b/A 12.8745(5)
c/A 13.7962(5)
a/° 76.308(3)
B/° 68.228(3)
v/° 69.486(3)
Volume/A3 1669.74(12)
YA 1
Pealcg/cm3 3.533
w/mm? 45.637
F(000) 1559.0
Crystal size/mm?3 0.18 x 0.09 x 0.03
Radiation Cu Ka (A =1.54184)

20 range for data collection/®
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=20 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

6.952 to 133.268
-12<h<10,-15<k<11,-16<1<16
23203
5845 [Rint = 0.0918, Rsigma = 0.0742]
5845/476/460
1.037
R: = 0.0595, wR; = 0.1470
R: = 0.0754, wR; = 0.1632
3.43/-3.42
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A.1.8 Fractional co-ordinates of the partial structure from reaction of (TBA)s[(CoWs01sH),]
and NaOTf (grown from hot Water/DMSO)

Table A.14: Fractional co-ordinates of atoms in the asymmetric unit

Atom X Yy z
w1 0.543028 0.235893 0.526228
w2 0.777771 0.249098 0.691632
w3 0.485151 0.110923 0.691172
w4 0.293639 0.03668 0.28065
W5 0.807514 0.172915 0.438932
Wwé6 0.580543 0.173041 0.276961
Co7 0.5 0.5 0.5
Co8 0.5 0 0
Co9 1 0.5 0.5
Nal0 1 0 0.5
0o11 0.638648 0.213664 0.439193
012 0.541985 0.000696 0.716057
013 0.828668 0.201514 0.573682
o014 0.712622 0.128083 0.301019
015 0.215172 -0.102746 0.301333
o1le 0.485945 0.233107 0.642083
017 0.668377 0.233164 0.766915
018 0.399552 0.114196 0.440155
019 0.71756 0.337359 0.636903
020 0.431069 0.1837 0.293178
021 0.345895 -0.002385 0.591715
022 0.24 -0.021058 0.150729
023 0.589404 0.109769 0.578442
024 0.905113 0.104586 0.416748
025 0.430831 0.152164 0.790689
026 0.902157 0.318744 0.453901
027 0.197476 0.104586 0.312393
028 0.526957 0.361447 0.520949
029 0.535443 0.104255 0.147933
030 0.649299 0.532427 0.439827
031 0.619279 0.62071 0.641016
032 0.662611 0.323366 0.299514
033 0.6764 0.110455 0.000935
034 0.917173 0.356368 0.77949
035 0.429118 0.108079 -0.039035
038 1.007933 0.112825 0.65575
039 1.103908 0.502235 0.626286
041 1.202624 0.134045 0.531612
042 0.870467 0.514091 0.575697
Nal 0.863681 0.717501 0.587032
02 0.594483 0.595631 0.276829
01 0.644949 0.372337 0.128192
Na3 0.844967 0.159684 0.171504
o7 0.983672 0.042686 0.163522
o1o0 0.97516 0.388295 0.199346
036 0.469411 0.606246 0.064097
Na2 0.542601 0.486671 0.110525
Na4 1.14767 0.48265 0.859516
o4 1.254695 0.362352 0.902822
05 1.260839 0.66793 1.020173
Na5 1.14441 0.337614 0.674992
Na6A 0.233972 0.121281 0.041248
08 0.345161 0.364929 0.089211
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03
06
Na6
09
04A
NadA
O5A
08A
O6A

0.020925
1.090043
0.335081
0.084809
1.282253
1.126005
1.227945
0.435058
1.010213

0.154333
0.366391
0.210211
0.139422
0.390262
0.418133
0.602558
0.428579
0.376924

-0.017553
1.076952
0.096757
0.031751
0.827534
0.911081
1.050235
0.117539
1.023137
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A.1.9 Fractional co-ordinates of the partial structure from reaction of (TBA)s[(CoWs01sH),]
and NaOTf (from nanodrop encapsulation crystallisation)

Table A.15: Fractional co-ordinates of atoms in the asymmetric unit

Atom X Yy z
woo1 0.631868 0.25 0.130823
W002 0.655606 0.325193 0.401727
W00 0.6257 0.403083 0.154973
Wo04 0.514214 0.325533 0.181351
OO0A 0.681677 0.25 0.270534
ooD 0.559161 0.379396 0.075877
OOE 0.682619 0.378806 0.268414
OOF 0.556627 0.25 0.078802
000G 0.598861 0.459795 0.24938
000K 0.500109 0.25 0.272954
oooL 0.618314 0.376166 0.490768
ooom 0.49557 0.376586 0.299408
0000 0.457625 0.323143 0.080127
ooorP 0.657838 0.443948 0.039886
O11 0.62296 0.25 0.463015
012 0.596427 0.319878 0.255931
o1le 0.717263 0.318346 0.48379
Col 0.774026 0.25 0.526826
S6 0.82894 0.118377 0.578562
015 0.835759 0.18681 0.56705
03 0.655716 0.184582 0.046279
Nal 0.410509 0.25 -0.02651
C10 0.830884 0.092853 0.425433
H10A 0.828803 0.128188 0.368271
H10B 0.800018 0.06531 0.410009
H10C 0.864938 0.070521 0.410795
Ci3 0.890933 0.091094 0.624912
H13A 0.919573 0.11098 0.575312
H13B 0.892344 0.046442 0.611736
H13C 0.896451 0.100206 0.714281
02 0.759214 0.25 0.723861
Na2 0.545398 0.448802 0.429194
Na3 0.856977 0.25 0.787076
o4 0.820368 0.25 0.366356
01 0.489602 0.532515 0.368431
S5 0.436633 0.523694 0.266114
c8 0.485244 0.515027 0.124625
H8A 0.463978 0.508931 0.047672
H8B 0.507392 0.552341 0.116367
H8C 0.509039 0.479411 0.138016
C25 0.445245 0.608057 0.230766
H25A 0.411276 0.624485 0.196135
H25B 0.474585 0.613505 0.169385
H25C 0.454358 0.630123 0.308367
S2 0.717851 0.231651 0.819201
c1 0.653334 0.26224 0.771955
H1A 0.654836 0.307348 0.773145
H1B 0.625103 0.248017 0.830178
H1C 0.644772 0.248085 0.686699
Cc24 0.708742 0.151787 0.783617
H24A 0.694806 0.147483 0.69771
H24B 0.682728 0.13373 0.842923
H24C 0.7437 0.130387 0.790719
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S1
Ci4
H14A
H14B
H14C
caa
H44A
H44B
H44C
O1A
S5A
C25A
H25D
H25E
H25F
C8A
H8AA
H8AB
H8AC

0.808424
0.873844
0.869871
0.889999
0.897476
0.78795
0.781126
0.816882
0.754648
0.474723
0.484323
0.456555
0.483812
0.44758
0.423673
0.408613
0.385022
0.402484
0.400212

0.229697
0.22829
0.215461
0.269529
0.19911
0.150857
0.141873
0.123867
0.143734
0.519134
0.557989
0.489589
0.456653
0.501004
0.475143
0.583471
0.547225
0.60385
0.612169

0.232766
0.158952
0.071058
0.162174
0.203214
0.216119
0.127179
0.247452
0.264625
0.381788
0.246003
0.161744
0.16124
0.075015
0.204671
0.233935
0.240426
0.152918
0.302382
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A.2 X-ray diffraction data presented in Chapter 3

A.2.1 (TBA)s[W7024H].[WsO15].3MeCN

Table A.16: Crystal structure data for (TBA)s[W7024H].[Ws019].3MeCN

Empirical formula C118H261N10043W13
Formula weight 4898.40
Temperature/K 150.0(2)
Crystal system monoclinic

Space group P21/c
a/A 32.1867(8)
b/A 17.5143(4)
c/A 28.2674(7)
of° 90
B/ 90.691(2)
v/° 90
Volume/A3 15934.0(7)
z 4
pcalcg/Cm3 2.042
w/mm? 9.412
F(000) 9380.0
Crystal size/mm3 0.39 x 0.14 x 0.05
Radiation Mo Ka (A =0.71073)

20 range for data collection/®

Reflections collected

Independent reflections 36504 [Rin: = 0.0812, Rsigma = 0.0967]

6.682 to 57.86
Index ranges -43<h<43,-21<k<22,-34<1<38

139244

Data/restraints/parameters 36504/2138/1849
Goodness-of-fit on F? 1.069
Final R indexes [I>=20 ()] R1=0.0514, wR2 = 0.0869
Final R indexes [all data] R1=0.1213, wR2=0.1119
Largest diff. peak/hole / e A3 1.78/-2.61
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Table A.17: Bond valance sums for the oxygen atoms of [W7024H]>~ within

(TBA)s[W7024H].[Ws019].3MeCN

W-0 bond

. . +
Atom length (r;) Sij BVS (Vor zj) No. of H
01 1.734 1.640 1.64 0
1.942 0.935
02 1.943 0.932 1.87 0
1.920 0.992
03 1.961 0.888 1.88 0
2.134 0.556
04 1.835 1.248 1.80 0
1.946 0.925
05 1.936 0.950 1.87 0
06 1.724 1.685 1.68 0
o7 1.732 1.649 1.65 0
08 1.726 1.676 1.68 0
09 1.719 1.708 1.71 0
1.919 0.995
010 1.922 0.987 1.98 0
1.915 1.005
011 1.930 0.965 1.97 0
1.900 1.047
012 1.944 0.930 1.98 0
1.956 0.900
013 1.905 1.033 1.93 0
2.271 0.384
2.286 0.369
014 2.310 0.346 1.76 0
2.338 0.321
2.318 0.338
1.844 1.218
015 2.301 0.354 1.95 0
2.282 0.373
1.897 1.056
O16 1.933 0.958 2.01
017 1.748 1.579 1.58 0
1.903 1.039
018 1.929 0.968 2.01 0
019 1.732 1.649 1.65 0
2.114 0.587
020 2.111 0.592 118 1
021 1.738 1.622 1.62 0
022 1.740 1.613 1.61 0
1.950 0.915
023 1.942 0.935 1.85 0
024 1.731 1.653 1.65 0
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A.2.2 (BTMA)s[W7024H].2DMSO0.1.71H;0

Table A.18: Crystal structure data for (BTMA)s[W7024H].2DMSO0.1.71H,0

Empirical formula CsaH92N5027.715: W7
Formula weight 2605.71
Temperature/K 150.0(2)
Crystal system monoclinic

Space group P21/n
a/A 23.7639(3)
b/A 10.4977(2)
c/A 29.5824(4)
a/° 90
B/ 99.2090(10)
v/° 90
Volume/A3 7284.69(19)
z 4
pcalcg/Cm3 2.376
w/mm? 21.044
F(000) 4891.0
Crystal size/mm3 0.07 x 0.05 x 0.02
Radiation Cu Ka (A =1.54184)

20 range for data collection/®

Index ranges
Reflections collected
Independent reflections

Data/restraints/parameters

Goodness-of-fit on F?
Final R indexes [I>=20 (l)]
Final R indexes [all data]

Largest diff. peak/hole / e A3

4.438 to 156.782
-29<h<30,-10<k<12,-37<1<35

49180

14433 [Rint = 0.0434, Rsigma = 0.0433]
14433/960/922

1.016

R1=0.0370, wRz = 0.0889
R1=0.0492, wR; = 0.0974

1.15/-2.73
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A.3 X-ray diffraction data presented in Chapter 4

A.3.1 (TBA);[(MnW501sH),][NOs]

Table A.19: Crystal structure data for (TBA)7[(MnWs01gH)2][NOs] (note: nitrate not located in

X-ray diffraction experiment)

Empirical formula C117H257Mn2Ng036W10
Formula weight 4300.67
Temperature/K 150.0(2)
Crystal system monoclinic

Space group P2i/c
a/A 17.88960(10)
b/A 26.6583(2)
c/A 34.3204(3)
o/° 90
B/° 90.7290(10)
v/° 90
Volume/A3 16366.3(2)
z 4
Pealcg/cm? 1.745
w/mmt 14.303
F(000) 8372.0
Crystal size/mm?3 0.3x0.25x0.2
Radiation Cu Ka (A =1.54184)

o

20 range for data collection/
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=20 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

7.114 to 133.386
-20ch<21,-31<k<30,-39<1<40
129228
28097 [Rint = 0.0769, Rsigma = 0.0559]
28097/1577/1598
1.072
R1=0.0607, wR2 = 0.1453
R1=0.0791, wR; = 0.1617
2.71/-2.38
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Table A.20: Bond valance sums for the oxygen atoms of (TBA);[(MnWs01sH)2][NOs]

Atom W-0 bond Sij Mn-O bond Sij BVS (Vor No. of H*
length (rj) length (rj) zj)
01 1.808 1.343 2.289 0.251 2.01 0
2.106 0.412
02 1.796 1.387 2.145 0.371 1.76 0
03 1.931 0.963 2.171 0.346 1.31 1
04 1.773 1.476 2.152 0.364 1.84 0
05 1.697 1.812 1.81 0
06 1.672 1.939 1.94 0
o7 1.691 1.842 1.84 0
08 1.694 1.827 1.83 0
09 1.928 0.971 1.96 0
1.922 0.986
010 1.885 1.090 1.99 0
1.957 0.898
011 1.915 1.005 1.97 0
1.929 0.968
012 1.941 0.937 1.92 0
1.924 0.981
013 2.303 0.352 2.432 0.364 2.00 0
2.335 0.323
2.347 0.313
2.362 0.300
2.308 0.348
014 1.887 1.084 1.87 0
2.006 0.786
015 1.944 0.930 1.75 0
1.989 0.823
016 1.893 1.067 1.87 0
1.998 0.803
017 1.875 1.120 1.87 0
2.023 0.751
018 1.696 1.817 1.82 0
019 1.821 1.296 2.060 0.467 2.04 0
2.252 0.278
020 1.975 0.855 2.157 0.359 1.21 1
021 1.775 1.468 2.128 0.388 1.86 0
022 1.766 1.504 2.132 0.384 1.89 0
023 1.705 1.774 1.77 0
024 1.678 1.908 1.91 0
025 1.718 1.712 1.71 0
026 1.706 1.769 1.77 0
027 1.915 1.005 1.91 0
1.956 0.900
028 1.914 1.008 1.92 0
1.951 0.912
029 1.910 1.019 1.94 0
1.949 0.917
030 1.915 1.005 1.93 0
1.945 0.927
031 2.309 0.347 2.437 0.366 2.00 0
2.342 0.317
2.338 0.321
2.316 0.340
2.345 0.315
032 1.918 0.997 1.83 0
1.986 0.830
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033

034

035

036

1.872
2.024
1.890
2.020
1.844
2.068
1.703

1.129
0.749
1.076
0.757
1.218
0.665
1.783

1.88

1.83

1.88

1.78
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A.3.2 (TBA)3[(Py)MnWs01sH]

Table A.21: Crystal structure data for (TBA)3[(Py)MnWsOisH]

Empirical formula CssH115MnN5018Ws
Formula weight 2144.73
Temperature/K 150.0(2)

Crystal system orthorhombic
Space group Aea2
a/A 24.4872(2)
b/A 24.5097(3)
c/A 24.6885(2)
o/° 90
B/ 90
v/° 90
Volume/A3 14817.4(2)
Z 8
Pealcg/cm?3 1.923
w/mm? 15.805
F(000) 8296.0
Crystal size/mm? 0.25x0.23x0.16
Radiation Cu Ka (A =1.54184)

o

20 range for data collection/
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=20 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A3
Flack parameter

7.22 to 134.956
29<h<24,-29<k<27,-28<1<29
56496
12557 [Rint = 0.0658, Rsigma = 0.0485]
12557/1012/874
1.063
R: = 0.0430, wR; = 0.1066
R1 = 0.0460, wR; = 0.1110
1.02/-2.11
0.293(18)
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Table A.22: Bond valance sums for the oxygen atoms of (TBA)s3[(Py)MnWs01sH]

Atom W-0 bond Sij Mn-O bond Sij BVS (Vor No. of H*
length (rj) length (rj) zj)
01 1.921 0.989 1.929 0.633 1.62 0
02 1.837 1.241 1.945 0.607 1.85 0
03 1.801 1.368 1.921 0.647 2.02 0
04 1.835 1.248 1.934 0.625 1.87 0
05 1.720 1.703 1.70 0
06 1.709 1.754 1.75 0
o7 1.715 1.726 1.73 0
08 1.696 1.817 1.82 0
09 1.939 0.942
1.945 0.927 1.87 0
010 1.929 0.968
1.930 0.965 1.93 0
011 1.940 0.940
1.933 0.958 1.90 0
012 1.933 0.958
1.909 1.022 1.98 0
013 2.325 0.332 2.199 0.331
2.324 0.333
2.323 0.334
2.322 0.335
2.238 0.420 2.08 0
014 1.983 0.837
1.918 0.997 1.83 0
015 1.981 0.841
1.898 1.053 1.89 0
016 1.956 0.900
1.932 0.960 1.86 0
017 1.975 0.855
1.922 0.987 1.84 0
018 1.697 1.812 1.81 0
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A.3.3 Partial structure of (TBA)s[(Py)FeWs01sH]

Table A.23: Fractional co-ordinates of atoms in the asymmetric unit

Atom X y z

woo1 0.364317 0.536892 -0.367955
W002 0.32399 0.517999 -0.267013
w003 1.051594 0.575388 0.012248
woo04 0.498756 0.919834 -0.263603
Wo005 0.207531 0.44552 -0.411533
W006 0.433054 0.916745 -0.375723
Wo07 1.025123 0.447676 -0.029601
W008 0.353721 1.042683 -0.374768
Wo009 0.953061 0.481062 0.060989
WO0A 0.413731 1.044098 -0.261796
wooB 0.286793 0.942544 -0.315347
woocC 0.380375 0.411953 -0.324646
Wo00D 0.175702 0.422178 -0.309802
WOOE 0.806916 0.463888 -0.037712
WOOF 0.912179 0.552662 -0.087709
Fe0G 0.162667 0.544785 -0.351575
FeOH 0.55489 1.015853 -0.322931
FeOl 0.844686 0.583981 0.003305
000J 0.420594 0.982066 -0.318045
000K 0.318946 0.395799 -0.385908
oooL 0.931635 0.51728 -0.013038
O00M 0.270414 0.481291 -0.34025
OOON 0.815764 0.499538 -0.093389
0000 1.104474 0.507809 -0.005778
ooopP 0.963705 0.623653 0.02196
000Q 0.434225 0.473135 -0.351765
OO00R 0.150154 0.400522 -0.373471
000S 1.023763 0.432079 0.031457
0oooT 0.370296 0.903471 -0.268736
(01 []V) 0.879291 0.540262 0.066475
ooov 0.368815 0.97779 -0.408373
ooow 0.389679 0.559599 -0.305416
000X 0.838941 0.60525 -0.066764
oooY 0.476553 0.984039 -0.230322
000z 0.852083 0.443406 0.025512
NO010 0.39511 0.724661 -0.299241
0011 1.049262 0.531176 0.065866
0012 0.264875 0.586727 -0.377628
0013 0.529315 1.068499 -0.272223
0014 1.144736 0.613742 0.031851
0015 0.295194 0.501853 -0.421402
0016 0.374529 0.538941 -0.213666
0017 1.013578 0.590919 -0.051983
0018 0.426593 0.868787 -0.416511
0019 0.236688 0.564983 -0.284769
O01A 0.403099 0.453477 -0.27249
001B 1.09549 0.398728 -0.04285
0o01c 0.31754 0.898857 -0.360643
001D 0.190254 0.917311 -0.311872
OO01E 0.592087 0.951676 -0.27459
OO01F 0.305121 1.005034 -0.269139
001G 0.481824 0.878037 -0.319497
O01H 0.294267 0.379044 -0.303063
NO1I 0.197447 0.483421 -0.141778
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001J
001K
NO1L
oo1im
CO1N
NO1O
0o01pP
oo01Q
O01R
NO1S
001T
co1u
oo1v
001w
CO1X
oo1y
001z
0020
co021
C022
0023
co024
NO025
C026
NO027
c028
NO029
C02A
coz2B
co2C
NO2D
CO2E
CO2F
C02G
CO2H
0o02i
Co2)
002K
cozL
co2m
CO2N
NO020
coz2p
002Q
CO2R
co2s
coz2t
co2u
coz2v
cozw
C02X
coz2y
Cc02z
Cco30
Co31
C032
C033
Co34
C035

0.168869
0.126038
0.291183
0.970682
0.478398
0.050401
0.535013
0.987991
0.721125
-0.101131
0.102586
0.325282
0.429911
0.751148
0.339464
0.251123
0.120213
0.471389
0.304486
0.05931
0.906703
0.329852
0.062052
0.41032
0.759987
0.586984
0.283928
-0.06597
0.196405
0.26818
0.672649
0.607605
0.248053
0.357783
0.552428
0.89809
0.451191
0.296084
0.34234
0.025498
-0.071031
0.248302
0.221848
0.363431
0.280405
0.254882
0.040965
0.285151
0.628801
0.039391
0.272301
0.30729
-0.100486
-0.041386
0.683978
0.247205
0.421688
0.301404
-0.048445
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0.417271
0.499643
0.525705
0.451114
0.75635
0.768889
0.948694
0.49059
0.423934
0.448119
0.482011
0.771425
0.578025
0.52346
0.430334
0.456588
0.371434
1.059809
0.478401
0.531263
0.414433
0.456889
0.602836
0.694084
0.648434
0.55693
0.975558
0.443217
0.514534
0.499294
1.049506
0.424042
0.592648
0.937328
0.71644
0.57339
0.729362
1.083493
0.711926
0.561773
0.577266
0.222779
0.439532
1.081023
0.673315
0.565547
0.728168
0.463948
0.745336
0.750921
0.248277
0.978241
0.46095
0.802009
0.830755
0.73935
1.006912
0.440939
0.433317

-0.462078
-0.411137
0.138078
0.112738
-0.268606
-0.040769
-0.371648
-0.086981
-0.058706
-0.518754
-0.321501
-0.316706
-0.390082
-0.020556
-0.109929
-0.256193
-0.288781
-0.370857
0.171368
-0.190699
-0.04338
0.077442
-0.36109
-0.339304
0.01648
-0.177475
-0.140802
-0.463045
-0.098328
0.088196
-0.324959
-0.213824
-0.05044
-0.160148
-0.25208
-0.141513
-0.371473
-0.415837
-0.228121
-0.236421
-0.248853
-0.349105
0.16997
-0.31626
-0.213135
-0.092329
-0.07921
-0.145137
-0.219413
-0.124443
-0.306902
-0.088794
-0.385526
-0.048513
-0.336962
-0.351104
-0.014446
0.031238
-0.594867



Co36
C037
Cco38
C039
CO3A
NO3B
C03C
Co3D
CO3E
CO3F
C03G
Co3lI
C03J
CO3K
Cco3L
Cco3m
CO3N
co30
co3p
co3Q
CO3R
Cco3s
Cco3T
co3u
co3v
cosw
CO3X
co3y
003z
co40
co41
Cco42
co43
co44
co45
Cco46
co47
co48
C04A
co4B
coac
Co4D
028
032
033
N1
c4
C10
Ci11
Cle
c3
C1
C15
C17
C13
C20
C2
c5
c8

0.372942
0.505909
-0.111877
0.156156
-0.194229
0.475579
0.146312
0.614389
0.364386
0.206402
0.715323
-0.029777
-0.129097
0.235148
-0.106147
0.436155
0.67345
0.498319
0.459182
0.359057
0.220719
0.268797
0.711837
0.12214
-0.018228
0.053764
0.308639
0.598729
0.255814
0.777112
0.287741
0.275668
0.391495
0.155517
0.685668
0.491273
0.599028
0.385506
0.345455
0.795365
0.514654
0.037569
0.542949
0.410333
0.459104
0.664288
0.067545
0.644636
0.753703
0.212932
-0.187431
0.60732
0.67185
0.258867
0.634591
0.127997
0.67808
0.054508
0.206346

260

0.603258
0.45915
0.768041
0.517217
0.370403
0.491524
0.430525
0.502784
0.397851
0.558609
0.870794
0.418306
0.47047
0.394079
0.507734
0.423625
0.556369
1.03307
0.702368
0.682077
0.579432
0.830646
0.70772
0.812373
0.543366
0.773404
0.651531
0.585447
1.000999
0.428139
0.583069
1.02418
1.009201
0.350856
0.618231
0.381011
0.414616
0.554596
0.292732
0.70459
0.74027
0.414453
0.875316
1.089063
0.365514
0.480203
0.743982
0.38906
0.46518
1.058568
0.423282
0.691159
0.643355
0.697411
0.57816
0.393476
1.108154
0.635701
0.788333

0.114803
-0.44337
-0.06456
-0.184849
-0.533761
-0.49261
-0.137423
-0.26175
0.018571
0.139911
-0.322867
-0.536887
-0.439524
0.195934
-0.53195
-0.113764
-0.269108
0.004305
-0.414535
-0.269057
0.185909
-0.035674
-0.210555
-0.035053
-0.524379
0.039302
-0.03823
-0.131312
-0.35599
-0.239228
-0.540684
-0.16455
-0.06932
0.191292
-0.337729
-0.082107
-0.38362
0.149121
-0.179373
0.029359
-0.447516
-0.602475
-0.22059
-0.223348
-0.316075
-0.215994
0.005291
-0.172191
-0.20656
-0.159374
-0.537342
-0.001437
0.000858
-0.172125
-0.317645
-0.177953
-0.343148
-0.329657
-0.020108



C19
C6
Cc7
Cc9

C12

Ci4

C18

C24

c21

c23

Cc22

C26

C29

C25

c27

C30

Cc28

Cc35

c32

C31

C34

Cc33

Cc37

C36

C39

Cc40

C38

C44

ca3

c42
ca1
ca7
cas

Ca6

Cc4a8

C50

Cc49

C52

C53

C51

C66

c67

C86

Cc89

C54

c87

Ca0

C96

C98

0.58129
0.168494
0.154443
0.395897
0.582622
-0.026712
0.348433
0.475838
0.175239
0.457488
0.196189
0.447818
0.362567
0.018035
-0.212281
0.476388
0.381177
0.348689
-0.026131
0.585449
0.430877
0.129386
0.170058
0.675254
0.075408
0.129972
0.874312
-0.293881
-0.08896
-0.228754
0.121805
0.642174
0.781162

0.34617
0.528045
0.145829
0.163162
0.079202
0.375351
0.000606
-0.138903
0.096895
0.143269
0.321587
0.610629

0.5508

0.01325
0.764363
-0.268234

0.49462
0.796395
0.6243
0.519087
0.415926
0.602669
0.818215
0.684646
0.941703
0.640606
0.953313
0.854545
0.227251
0.701149
0.800771
0.801236
0.880523
0.38662
0.67793
0.344478
0.418791
0.797995
0.586422
0.357097
0.891072
0.760777
0.406848
0.766973
0.66422
0.348895
0.449129
0.727017
1.003069
0.542737
0.642173
0.24232
0.190446
0.06009
0.260205
0.604929
0.497825
0.338895
0.119468
0.227505
0.304142
0.497735
0.957128
1.13265
0.287305

-0.191437
-0.347493
0.183966
-0.496951
-0.435058
-0.532757
-0.021049
0.094783
-0.209978
0.123675
-0.154598
-0.146826
-0.381012
-0.16167
-0.071455
-0.126229
-0.126593
-0.51272
-0.340127
-0.174165
-0.521862
-0.307403
-0.681064
-0.369841
-0.216125
0.078934
-0.241388
-0.092565
-0.381712
-0.502596
-0.599424
0.02213
-0.324894
-0.545867
-0.132192
-0.411394
-0.33673
-0.326709
-0.216533
-0.396576
-0.359448
-0.169568
-0.319077
-0.266376
-0.206542
-0.511567
-0.227414
-0.3419
-0.493538
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Table A.24: Bond valance sums for the oxygen atoms of (TBA)s3[(PyFeWs01gH]

Atom W-0 bond Sij Fe-O bond Sij BVS (Vor No. of H*
length (rj) length (rj) zj)
01 1.633 2.155 2.15 0
02 1.817 1.310
2.035 0.727 2.04 0
03 1.824 1.286
2.019 0.759 2.04 0
04 1.976 0.853
1.876 1.117 1.97 0
05 1.894 1.064
2.090 0.627 1.69 0
06 1.712 1.740 1.74 0
o7 1.929 0.968
1.944 0.930 1.90 0
08 1.681 1.892 1.89 0
09 1.909 1.022
2.001 0.797 1.82 0
010 1.681 1.892 1.89 0
011 1.896 1.058
2.002 0.795 1.85 0
012 1.640 2.114 2.11 0
013 1.934 0.955
1.935 0.953 1.91 0
014 1.817 1.310 2.015 0.468 1.78 0
015 1.747 1.583 2.110 0.362 1.95 0
O1le6 1.924 0.981 2.195 0.288 1.27 1
017 1.824 1.286 2.055 0.420 1.71 0
018 2.335 0.323 2.234 0.259
2.331 0.327
2.295 0.360
2.294 0.361
2.398 0.273 1.90 0
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A.3.4 Partial strucutre of (TBA)3[(CH3CONH;)FeW501s]

Table A.25: Fractional co-ordinates of atoms in the asymmetric unit

Atom X y z
woo1 0.252275 0.791574 0.581932
0008 0.319424 0.766336 0.596013
0009 0.18394 0.790057 0.538387
O00A 0.327602 0.834429 0.514304
000B 0.260051 0.878491 0.551098
000cC 0.311315 0.641285 0.545114
000D 0.244838 0.682384 0.585672
OO00E 0.230478 0.541455 0.540673
O00H 0.396948 0.724123 0.56283
NOOI 0.374482 0.525872 0.668293
000J 0.253713 0.817934 0.642886
COON 0.375423 0.635779 0.726936
HOOA 0.409499 0.64724 0.734367
HoOB 0.374252 0.60395 0.754689
coop 0.429139 0.533823 0.679553
HOOC 0.445272 0.553893 0.714848
HOOD 0.44269 0.485934 0.679711
N00Q 0.152304 0.504762 0.335037
COOR 0.366296 0.746088 0.777614
HOOE 0.399136 0.762278 0.784783
HOOF 0.366263 0.715164 0.805865
HO0G 0.345579 0.787185 0.775002
cooT 0.346133 0.501146 0.612031
HOOH 0.311709 0.498163 0.606542
HOOI 0.349226 0.537954 0.588156
coov 0.441576 0.580498 0.641157
HO0O0J 0.424847 0.626672 0.637
HOOK 0.430452 0.557038 0.606763
ooow 0.25 0.75 0.5
C00X 0.49641 0.592848 0.661199
HOOL 0.507057 0.618388 0.69478
HOOM 0.513032 0.546422 0.667335
cooy 0.352852 0.598275 0.673604
HOON 0.355545 0.630523 0.646805
HO000 0.318175 0.591389 0.665711
N00z 0.436197 0.776852 0.442223
co10 0.510928 0.636535 0.622017
HO1A 0.502487 0.609886 0.589529
HO1B 0.545645 0.645254 0.636875
HO1C 0.493783 0.681939 0.615007
co12 0.347253 0.704559 0.725939
HO1D 0.348667 0.735666 0.697932
HO1E 0.313108 0.692334 0.717423
co13 0.124464 0.5381 0.237541
coi4 0.524842 0.765301 0.509882
HO1S 0.52002 0.800844 0.533596
HO1T 0.517676 0.717801 0.520279
co15 0.371014 0.471148 0.708308
HO1F 0.388665 0.490029 0.743705
HO1G 0.387299 0.426927 0.704902
co16 0.36159 0.428388 0.596425
co17 0.234421 0.457444 0.333921
co18 0.205783 0.520011 0.345204
co19 0.490561 0.781164 0.453338
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HO1U
HO1V
CO1A
HO1W
HO1X
coiB
HO1L
HO1M
coic
Cco1iD
CO1E
co1G
HO1Y

CO1H
HO1N
HO10
co1l
HO1Z
HA
Cco1)
CO1K
HO1
HB
HC
coiL
coim
CO1N
co10
HO1P
HolQ
HO1R
co1ip
H1
co1Q
CO1R
H2
HD
co1s
coiT
H3
HE
co1u
H4
coiv
H5
HF
coiw
H6
HG
HH
CO1X
H7
HI
coiy
H8
HJ
C11
C1

0.497698
0.49772
0.420864
0.385901
0.437359
0.319272
0.338306
0.334636
0.076218
0.12474
0.288442
0.578038
0.584962
0.581956
0.319349
0.301189
0.303037
0.408962
0.418319
0.420011
0.318699
0.614595
0.645402
0.602789
0.618966
0.147821
0.132613
0.176526
0.267102
0.25324
0.247467
0.267803
0.419374
0.404675
0.060338
0.431066
0.4654
0.411548
0.095078
0.43796
0.473316
0.423097
0.33139
0.350056
0.423477
0.439037
0.388292
0.281222
0.269945
0.273338
0.265494
0.420487
0.38494
0.430164
0.354107
0.344128
0.342574
0.094087
0.43002
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0.829392
0.747328
0.830477
0.825033
0.817012
0.407084
0.363436
0.434082
0.568732
0.480361
0.47876
0.767812
0.815877
0.733813
0.452768
0.497128
0.426381
0.793148
0.841198
0.759085
0.421218
0.749967
0.73739
0.709848
0.791255
0.43926
0.573427
0.45118
0.386536
0.354984
0.429517
0.362188
0.952967
0.931523
0.639915
0.908274
0.914305
0.924483
0.568174
0.640783
0.640085
0.646727
0.809472
0.81494
0.70161
0.694631
0.699249
0.819662
0.821687
0.864237
0.780148
0.569141
0.56742
0.568688
0.789813
0.741132
0.82246
0.511363
1.026069

0.444165
0.430087
0.475777
0.466784
0.512747
0.749097
0.751566
0.781797
0.33763
0.277472
0.353631
0.514128
0.504453
0.488954
0.702622
0.700849
0.669815
0.383258
0.376248
0.363144
0.338326
0.568609
0.566609
0.582716
0.591332
0.368291
0.349375
0.430185
0.742392
0.712372
0.736847
0.773742
0.509029
0.530042
0.352071
0.470354
0.476175
0.434656
0.13923
0.428753
0.439397
0.390563
0.306937
0.286397
0.455218
0.493268
0.445718
0.285571
0.247615
0.298591
0.295649
0.444954
0.429037
0.483153
0.362906
0.367636
0.383465
0.182264
0.514283



H1A
H1B
H1C
Cc13
H13A
H13B
H13C
w002
woo04
0007
OO0O0F
000G
000K
0oo0oL
o3
02
06
o1
04
HO1H
HO1lI
05
C10
H10A
H10B
Fe3
c8
H8A
H8B
H8C
Cc9
Cc2
C20
c14
C15
N19
WO006
HO1)
HO1K
C9A
C20A
C2A
C10A
H10C
H10D
C8A
H8AA
H8AB
H8AC
O4A
O3A
O00M
O5A
Wwo
02A
wi
o7
O1A
00

0.440964
0.455386
0.401109
0.439861
0.423993
0.433889
0.474528
0.006693
0.006788
-0.06234
0
0
0.07312
0
0.072534
0.006683
0.161146
0.013514
0.075534
0.350319
0.39682
0.013597
0.333692
0.342512
0.298559
0.091202
0.347682
0.337216
0.332128
0.382645
0.01058
0.180844
0.196121
0.242881
0.187679
0.171664
0.079448
0.360446
0.395617
0.057395
0.193828
0.160414
0.332607
0.297704
0.343237
0.343886
0.322625
0.377417
0.338804
0.064474
0.059321
-0.017513
-0.005274
-0.006574
0.00523
-0.000677
0.067613
-0.000705
-0.068397
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1.041124
1.035152
1.052743
0.504919
0.498299
0.463453
0.510482
0.341224
0.167848
0.330609
0.253745
0.39789
0.317245
0.109832
0.187062
0.253065
0.265469
0.405709
0.190895
0.387795
0.425224
0.101391
0.433957
0.478496
0.43417
0.26224
0.369859
0.377743
0.327156
0.363702
0.646094
0.36622
0.384805
0.251384
0.244809
0.22945
0.252771
0.392645
0.432712
0.69213
0.321827
0.377629
0.397566
0.396942
0.3487
0.448116
0.437456
0.44189
0.497225
0.171295
0.177413
0.113459
0.097322
0.164715
0.25341
0.347481
0.337322
0.411615
0.325229

0.486985
0.548401
0.511116
0.429347
0.391701
0.447221
0.438784
0.31436
0.315622
0.279935
0.25
0.25
0.326352
0.25
0.223348
0.352848
0.311466
0.362792
0.327258
0.611291
0.606489
0.363037
0.5351
0.522111
0.526191
0.287767
0.510066
0.472581
0.516302
0.525312
0.344849
0.455358
0.514504
0.372478
0.35014
0.389877
0.275655
0.621959
0.600541
0.313789
0.445419
0.456623
0.54048
0.532928
0.53734
0.503362
0.467463
0.507359
0.511603
0.317404
0.221718
0.235354
0.349181
0.304418
0.34516
0.307886
0.32121
0.353704
0.273203



08
09
O6A
Fel
N5
cé6
c7
W005
W003

0
-0.010848
0.143254
0.240252
0.199083
0.212353
0.207561
0.238632
0.334044

0.25668
0.400199
0.249597
0.619774
0.556657
0.512158
0.429355

0.64258
0.734958

0.25
0.240851
0.300628
0.517053
0.601744
0.574632
0.584637
0.525153
0.536315
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A.3.5 Partial structure of [(NiWs01sH)2]¢~

Table A.26: Fractional co-ordinates of atoms in the asymmetric unit

Atom X y z

woo1 0.372194 0.907161 0.311788
W002 0.510442 0.85959 0.268312
w003 0.623069 0.831397 0.324909
woo04 0.441574 0.781651 0.321903
Wo005 0.484845 0.881082 0.368397
Ni08 0.547205 0.949389 0.314212
0009 0.426368 0.970241 0.309539
O00A 0.401957 0.885005 0.273288
00o0B 0.654048 0.908469 0.319268
oooc 0.529739 0.949052 0.359278
000D 0.606338 0.829654 0.282139
OO00E 0.387315 0.906067 0.352653
OO0O0F 0.464072 0.787876 0.282673
000G 0.497463 0.870511 0.318647
OO00H 0.552257 0.92832 0.270393
oool 0.351592 0.826837 0.318147
000J 0.558332 0.766099 0.327271
000K 0.589064 0.850055 0.363731
oooL 0.444745 0.808161 0.361992
O00M 0.515417 0.845877 0.231493
OO0ON 0.274671 0.927852 0.307795
0000 0.710647 0.803316 0.331396
ooopP 0.473018 0.884341 0.406478
000Q 0.40378 0.716573 0.325479
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Table A.27: Bond valance sums for the oxygen atoms in the asymmetric unit of

[(NiWs018H)>]®"

Atom W-0 bond Sij Ni-O bond Sij BVS (Vor No. of H*
length (rij) length (rij) zj)
01 1.803 1.361 2.034 0.379 2.04 0
2.123 0.298
02 1.881 1.102 2.100 0.317 1.42 0.6
03 1.980 0.843 2.084 0.331 1.17 0.8
04 1.832 1.258 2.089 0.327 1.58 0
05 1.739 1.618 1.62 0
06 1.770 1.488 1.49 0.5
o7 1.664 1.981 1.98 0
08 1.734 1.640 1.64 0
09 1.903 1.039 2.07 0
1.907 1.027
010 1.936 0.950 1.90 0
1.937 0.947
011 1.994 0.812 1.87 0
1.895 1.061
012 1.956 0.900 1.88 0
1.925 0.979
013 2.320 0.336 2.121 0.300 1.87 0
2.354 0.307
2.348 0.312
2.328 0.329
2.382 0.285
014 2.023 0.751 1.82 0
1.894 1.064
015 1.962 0.885 1.83 0
1.937 0.947
016 2.031 0.735 1.66 0
1.945 0.927
017 2.038 0.721 1.90 0
1.856 1.179
018 1.729 1.662 1.66 0
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A.3.6 Partial structure of (TBA)3[(Py)NiW501sH]

Table A.28: Fractional co-ordinates of atoms in the asymmetric unit

Atom X y z
Wwo001 0.517791 0.437499 0.472488
Wo002 0.546441 0.566733 0.514083
Wwo003 0.450108 0.471671 0.563936
woo04 -0.180947 0.505014 0.235762
WO005 0.996748 0.407744 0.76429
W006 -0.139152 0.523219 0.134927
woo07 0.404167 0.543217 0.414458
Wo008 0.299905 0.453498 0.465643
Wo009 1.060673 0.403943 0.876813
WO00A -0.296774 0.431615 0.090008
WwooB -0.33339 0.411171 0.191458
woocC -0.127219 0.397137 0.178717
WooD 1.209408 0.431651 0.81775
WOOE 1.140787 0.530763 0.877936
WOOF 1.081075 0.533262 0.764461
NiOG -0.335469 0.530631 0.150922
NiOH 0.342961 0.572838 0.504279
Niol 0.946202 0.502238 0.824252
000J 1.071141 0.468908 0.820167
000K 0.426419 0.508576 0.48985
oooL 0.462042 0.612726 0.522977
O00M -0.235399 0.468881 0.16284
OO0ON 0.519887 0.421639 0.536985
0000 1.129477 0.39279 0.771159
ooopP 0.332342 0.594939 0.43617
000Q -0.241813 0.574803 0.127271
OOOR 0.543272 0.524545 0.568032
000Ss 0.967169 0.554585 0.774732
0oooT 1.013741 0.364701 0.819133
(01 []V) -0.111954 0.542781 0.198407
ooov 0.34708 0.433134 0.531155
ooow -0.210231 0.483706 0.081618
000X 1.019551 0.471944 0.73035
oooy 0.375389 0.533151 0.568445
000z 0.509437 0.580059 0.448286
0010 0.64122 0.604717 0.531561
0011 1.127852 0.464039 0.911414
0012 0.596949 0.495573 0.496163
0013 -0.25895 0.445607 0.245076
0014 -0.270047 0.553497 0.216617
0015 0.312746 0.486734 0.410675
0016 0.484297 0.47762 0.415484
0017 -0.357377 0.391157 0.126535
0018 0.245281 0.513398 0.480205
0019 0.902454 0.441786 0.7748
O01A -0.190948 0.38356 0.116901
NO1B -0.31227 0.469313 0.360413
0o01c -0.376372 0.49112 0.088385
001D 0.958973 0.438555 0.873239
OO01E 0.58308 0.385878 0.46166
OO01F -0.130958 0.527032 0.289096
001G 0.952163 0.363531 0.722519
OO01H 1.189448 0.494273 0.771955
001l 1.023712 0.55087 0.874644
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001J
001K
NO1L
oo1im
NO1N
0010
0o01pP
0o01Q
NO1R
co1s
NO1T
001U
oo1v
001w
001X
oo1y
001z
NO020
c021
N022
0023
NO024
C025
C026
Cco27
c028
NO029
C02A
HO2|
HO2)
Cco2B
002C
002D
CO2E
CO2F
C02G
NO2H
co2|
C02)
CO2K
HO2K
HO2L
cozL
HO2M
HO2N
co2m
H020
HO2P
HO02Q
CO2N
c020
HO2E
HO2F
cozp
co2Q
HO2A
H02B
CO2R
HO2C

-0.070297
0.403708
-0.102547
-0.393087
0.259729
0.216625
1.179944
-0.401051
0.451487
-0.353557
-0.433193
-0.101359
0.46853
-0.220774
-0.073051
1.198431
1.065124
0.788144
-0.217609
1.394667
1.09139
0.829303
-0.309602
-0.480573
-0.451845
-0.165678
0.151413
0.761993
0.704003
0.756525
-0.142121
1.13508
1.240269
-0.070416
-0.578023
-0.019523
0.209474
-0.252288
-0.168453
0.792629
0.734293
0.786419
0.8248
0.832154
0.882329
0.853965
0.91326
0.834283
0.853587
0.186975
0.539067
0.541442
0.541995
-0.254228
0.084999
0.140469
0.08816
0.08318
0.036669
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0.560762
0.406188
0.712119
0.364534
0.63526
0.409497
0.387596
0.471318
0.258532
0.503769
0.58847
0.440932
0.443258
0.3663
0.454671
0.573847
0.356765
0.515598
0.456378
0.436075
0.579591
0.536915
0.503833
0.552238
0.5197
0.420535
0.463195
0.491042
0.473581
0.521447
0.67116
0.571187
0.489614
0.412882
0.564485
0.740607
0.459107
0.55499
0.760307
0.426686
0.410231
0.456922
0.450107
0.419978
0.467653
0.383514
0.398286
0.373585
0.351053
0.459529
0.289617
0.315391
0.311261
0.584409
0.566778
0.587391
0.538347
0.536932
0.508915

0.113061
0.458525
0.200507
0.21305
0.515116
0.447989
0.861549
0.178916
0.539448
0.317132
0.141493
0.230709
0.616272
0.196937
0.149716
0.918957
0.918408
0.638862
0.358206
0.985751
0.724157
0.826788
0.403162
0.265001
0.309975
0.394577
0.286773
0.589373
0.584281
0.567618
0.229028
0.821574
0.86158
0.389029
0.251071
0.229487
0.644501
0.410073
0.183007
0.531826
0.528376
0.509869
0.579793
0.601908
0.583165
0.520912
0.527234
0.489045
0.539476
0.592889
0.549715
0.574796
0.522956
0.451958
0.370133
0.37878
0.393376
0.325656
0.32012



HO2D
co2s
coz2Tt
co2u
coz2v
cozw
HO02G
HO2H
C02X
coz2y
c02z
C030
Co31
C032
C033
Cco34
HO3V
HO3W
NO035
C036
HO3A
HO3B
C037
Cco38
C039
HO3C
HO3D
CO3A
co3B
HO3E
HO3F
Co3C
Co3D
CO3E
HO3N
HO30
CO3F
HO3G
HO3H
C03G
CO3H
HO3P
HO3Q
Co3lI
HO3X
HO3Y
C03J
HO3R
HO3S
CO3K
Cco3L
Cco3m
CO3N
co30
HO3T
HO3U
co3p
HO3I
HO3)J

0.068336
1.426546
0.059908
1.470131
-0.365437
0.45141
0.395368
0.498346
0.10159
-0.044848
0.783072
-0.16044
-0.190167
-0.083535
0.07401
0.712758
0.70415
0.658152
0.819481
0.26873
0.239194
0.24478
0.113293
0.17628
0.099705
0.100065
0.038358
1.394938
0.110574
0.109863
0.049243
-0.015624
1.365564
0.463733
0.507806
0.408069
0.156492
0.140047
0.219842
0.140995
0.38028
0.387677
0.38855
0.79781
0.847861
0.811152
0.433247
0.475109
0.37392
-0.21969
1.21524
0.296527
0.219469
0.620591
0.621529
0.617374
0.163069
0.188474
0.204289
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0.563534
0.429348
0.701499
0.411598
0.418934
0.214202
0.194221
0.187646
0.494747
0.689531
0.353742
0.697032
0.633462
0.682042
0.4854
0.555207
0.582892
0.533837
0.307958
0.407638
0.373282
0.419452
0.671623
0.629581
0.410225
0.388449
0.42029
0.438883
0.488626
0.460488
0.498334
0.373609
0.455707
0.234483
0.264011
0.249584
0.53907
0.569914
0.533155
0.732444
0.302645
0.317686
0.332909
0.471468
0.447865
0.488996
0.22998
0.199544
0.21408
0.662134
0.731751
0.68186
0.515868
0.250438
0.230957
0.223
0.511527
0.495281
0.539456

0.300613
1.037715
0.248573
0.967759
0.365015
0.576225
0.567362
0.576031
0.571334
0.084188
0.824312
0.272048
0.463627
0.160976
0.520362
0.643507
0.619311
0.638535
0.833624
0.260876
0.265361
0.229329
0.501694
0.501263
0.288271
0.261201
0.286166
1.114888
0.239833
0.216635
0.238127
0.42407
1.063246
0.624287
0.630555
0.627921
0.228337
0.245275
0.240755
0.277015
0.538131
0.56876
0.518295
0.674602
0.673489
0.704602
0.493067
0.495026
0.486069
0.292857
0.796832
0.536544
0.667212
0.562708
0.591033
0.538701
0.325638
0.355617
0.320193



co3Q
HO3K
HO3L
HO3M
CO3R
Cco3s
co3T
HO03Z

co3u
cos3v
HO3
HA
HB
cosw
CO3X
co3y
H1
HC
C03z
co40
co41
Cco42
Cco43
co44
HO4E
HO4F
HO4G
c045
Cco46
HO4L
HO4M
co47
HO4H
HO4l
C049
HO04)
HO4K
C04A
co4B
coac
HO4A
HO04B
Cco4aD
CO4E
HO4N
HO040
HO4P
Co4F
HO4Q
HO4R
co4aG
CO04H
coal
co4)
C04K
coaL
coam
C04N

0.380391
0.419724
0.405758
0.323965
-0.376613
0.089542
0.729661
0.777957
0.749813
0.668324
0.96799
0.934205
0.943284
1.028704
-0.256371
0.133007
0.716958
0.694379
0.671693
1.383926
-0.043768
1.305169
1.537169
0.003616
0.121184
0.108929
0.080268
0.114565
0.221116
0.877976
0.825652
0.875533
0.289589
0.286878
0.275083
0.702556
0.702458
0.703495
0.294481
1.444619
0.249859
0.275773
0.278813
1.465644
0.655111
0.60551
0.673214
0.638006
0.87659
0.922659
0.889736
0.434714
0.295646
-0.001528
0.146972
-0.009936
0.162849
0.759234
-0.433225

272

0.348793
0.319588
0.367651
0.333095
0.376533
0.384283
0.380919
0.360876
0.390533
0.58496
0.669991
0.702196
0.654428
0.680582
0.739411
0.423624
0.43595
0.427117
0.457697
0.49575
0.716094
0.407099
0.394609
0.722266
0.295752
0.287918
0.323428
0.262283
0.692618
0.589602
0.612964
0.571912
0.280813
0.243834
0.277576
0.284651
0.302651
0.313448
0.550011
0.413998
0.451816
0.440258
0.486168
0.53352
0.341592
0.360327
0.311031
0.327778
0.544611
0.517377
0.5616
0.408203
0.42481
0.448064
0.714543
0.52092
0.341823
0.506217
0.62649

0.226683
0.241341
0.204956
0.211022
0.324646
0.116969
0.696489
0.688695
0.728767
0.827898
0.590298
0.594377
0.560387
0.593116
0.147951
0.658949
0.66914
0.636823
0.678202
0.974597
0.129365
0.966692
0.897115
0.053743
0.517246
0.484985
0.522448
0.533499
0.292091
0.612047
0.608161
0.582806
0.521559
0.534119
0.488376
0.568597
0.539763
0.591302
0.659402
0.914526
0.292852
0.324294
0.28779
0.983985
0.691595
0.698462
0.71246
0.660673
0.647982
0.647918
0.678187
0.728154
0.656635
0.057203
0.526486
0.494585
0.1283
0.807183
0.172954



coao
HO04C
HO04D
01
02
03
o4
c8
H8A
H8B
Cle6
H16A
H16B
C17
C18
H18A
H18B
C20
c3
H3A
H3B
c4
c5
H5A
H5B
H5C
C1
H1A
H1B
Cc9
C12
C13
Ci4
C15
C6
H6A
H6B
H6C
C19
H19A
H198B
C2
C11
C22
C10
c21
H21A
H21B
H21C
Cc7
N3
C30
C25
C31
Cc28
C29
C24
C26
c27

0.132133
0.193712
0.129621
-0.335097
1.309086
0.389305
-0.047971
0.439871
0.501919
0.408797
0.49399
0.449502
0.549192
-0.506627
0.396645
0.432405
0.429629
-0.564802
0.220332
0.223672
0.234903
-0.23791
0.17814
0.219386
0.20849
0.130993
0.96451
0.965643
1.016839
0.726995
0.645551
0.241524
0.660401
0.102002
0.012247
-0.042988
0.006851
0.026365
0.14422
0.160661
0.080297
1.350464
0.316189
0.080162
1.25986
0.162627
0.134739
0.117896
0.195211
1.30329
-0.035145
-0.083764
0.068088
-0.191071
-0.109345
-0.163492
0.825378
0.045823
0.111275
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0.373025
0.362898
0.39366
0.403592
0.407479
0.564967
0.349055
0.266718
0.275502
0.301307
0.187006
0.15772
0.171543
0.580172
0.237216
0.258409
0.202701
0.661647
0.318351
0.355391
0.321379
0.689467
0.601093
0.588558
0.624644
0.621669
0.627356
0.64623
0.603794
0.583926
0.612989
0.726329
0.532348
0.367777
0.60633
0.586423
0.635098
0.622759
0.557262
0.525473
0.561166
0.471981
0.409805
0.3236
0.332244
0.15413
0.184642
0.131634
0.1319
0.35075
0.467573
0.410185
0.400531
0.326018
0.510591
0.523613
0.590881
0.489758
0.527784

0.330255
0.33309
0.357573
0.037653
0.814271
0.360283
0.190028
0.455248
0.457989
0.457231
0.658145
0.652162
0.654193
0.112834
0.4048
0.38872
0.412334
0.137533
0.535167
0.522839
0.568364
0.333296
0.165777
0.149054
0.190633
0.145613
0.626325
0.654935
0.631476
0.687124
0.691465
0.541586
0.806884
0.629153
0.373706
0.368625
0.35102
0.403758
0.18247
0.16654
0.170746
1.143516
0.707849
0.327506
1.006146
0.24462
0.225727
0.252711
0.228021
0.971539
0.006839
-0.026015
0.067831
-0.039788
0.007185
-0.041357
0.843349
-0.01188
0.016272



Cc23
C34
C39
c33
c32
H32A
H32B
C38
Cc37
C36
H36A
H36B
H36C
c42
c4a0
ca3
H43A
H43B
H43C
ca1
C44
Ca6
cas
Cc49
N1
C52
C50
C54
C55
C51
C53
C57
C56
C58
Cc4a8
C66
ce65
ce7
Cc69
C59
Cc71
C60
C35
Cc62
ce3
H22A
H22B
ca7
ce61
H61A
H61B
H61C
C70
H22C
H22D
Cc68
H68A
H68B
H68C

-0.337445
0.181492
-0.422607
-0.493331
0.364957
0.388683
0.395788
1.603939
1.43903
0.782381
0.770704
0.83102
0.797499
0.689162
0.685414
0.506634
0.45029
0.545148
0.533241
0.647598
0.735764
0.02248
0.280444
-0.156398
1.2626
1.161486
1.306518
1.156479
1.403825
1.363395
1.216336
0.767905
1.231369
1.273017
1.605914
0.051747
-0.239438
1.535272
1.566022
1.508856
0.415179
1.426409
1.319761
-0.047074
-0.578269
0.018168
0.097083
-0.366406
0.087797
0.050433
0.069351
0.148484
0.561281
0.081611
0.018786
0.117069
0.082181
0.177619
0.114969
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0.782594
0.607561
0.322299
0.666972
0.397382
0.382217
0.431947
0.435355
0.590945
0.249543
0.219787
0.271673
0.234265
0.260932
0.356221
0.205923
0.216106
0.237834
0.176962
0.305644
0.618472
0.288719
0.6084
0.380579
0.710548
0.701707
0.6532
0.780303
0.562068
0.62602
0.735324
0.257051
0.272879
0.709187
0.733619
0.338368
0.598262
0.619006
0.754352
0.781901
0.354088
0.783543
0.749713
0.207515
0.620493
0.3343
0.305007
0.783263
0.28243
0.250866
0.299749
0.270375
0.579653
0.302892
0.333266
0.288367
0.25505
0.278635
0.308924

0.146119
0.027474
0.332347
0.171718
0.26909
0.299626
0.266696
0.91129
0.973737
0.58345
0.602381
0.600668
0.556991
0.834916
0.819399
0.702703
0.707882
0.707416
0.723746
0.820132
0.84482
0.624395
0.671357
-0.013397
0.84394
0.871473
0.84348
0.700244
0.82812
0.81514
0.75482
0.841897
1.015645
0.646193
0.877993
0.649307
-0.015702
0.97445
0.844015
0.878947
0.705631
0.944478
0.921953
0.088087
0.109756
0.322127
0.357056
0.190304
0.291136
0.292174
0.261488
0.296513
0.673676
0.300063
0.325727
0.369333
0.367565
0.370771
0.396363



C47A -0.395716 0.757399 0.102474
C70A 0.663451 0.661572 0.724451
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Table A.29: Bond valance sums for the oxygen atoms of one of the “[(Py)NiWs01gH]3™ units

present in the partial structure

Atom W-0 bond Sij Ni-O bond Sij BVS (Vor No. of H*
length (rij) length (rij) zj)

01 1.686 1.867 1.87 0
02 1.872 1.129

2.029 0.739 1.87 0
03 1.932 0.960

1.972 0.862 1.82 0
04 1.875 1.120

2.011 0.776 1.90 0
05 1.921 0.989

2.003 0.793 1.78 0
06 1.649 2.063 2.06 0
o7 1.893 1.067

1.982 0.839 1.91 0
08 1.674 1.929 1.93 0
09 1.906 1.030

1.927 0.973 2.00 0
010 1.697 1.812 1.81 0
011 1.909 1.022

1.944 0.930 1.95 0
012 1.672 1.939 1.94 0
013 1.895 1.061

1.946 0.925 1.99 0
014 1.781 1.444 2.074 0.340 1.78 0
015 1.904 1.036 2.097 0.320 1.36 0.6
016 1.787 1.421 2.031 0.382 1.80 0
017 1.895 1.061 2.085 0.330 1.39 0.6
018 2.363 0.300 2.131 0.292

2.326 0.331

2.360 0.302

2.341 0.318

2.294 0.361 1.90 0
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A.3.7 Partial structure of (TBA)s[(ZnWs5013H):]

Table A.30: Fractional co-ordinates of atoms in the asymmetric unit

Atom X y z
Wwo001 0.166111 0.293026 0.227958
Wo002 0.502983 0.312476 0.185312
Wwo003 -0.015754 0.253729 0.209554
woo04 0.340769 0.209496 0.063668
WO005 0.005056 0.189917 0.106072
W006 0.522486 0.248711 0.081651
woo07 0.479366 0.204462 0.188648
Wo008 0.027427 0.29786 0.102498
Wo009 0.37019 0.316598 0.05759
WO00A 0.137839 0.186338 0.234083
Zn0B 0.177013 0.226178 0.123556
Zn0C 0.331376 0.27638 0.168606
000D 0.428159 0.261493 0.123119
OO00E 0.53126 0.255895 0.22785
OO0O0F 0.395468 0.173935 0.132475
000G 0.414656 0.316745 0.212757
OO0O0H 0.042811 0.206487 0.257218
oool 0.066914 0.293882 0.251219
000J -0.062598 0.213462 0.15139
000K 0.111646 0.281809 0.077258
oooL 0.544908 0.204825 0.141515
O00M 0.10074 0.326867 0.166031
OO0ON -0.045407 0.296961 0.149347
0000 0.08454 0.185154 0.0834
ooopP 0.185787 0.238622 0.271564
000Q -0.020492 0.244015 0.073788
OOOR 0.572143 0.350697 0.227318
000Ss 0.565835 0.291822 0.135369
0oooT 0.449705 0.348143 0.121536
(01 []V) 0.218049 0.332193 0.274594
ooov 0.314989 0.265433 0.022403
ooow 0.296637 0.318475 0.099494
000X 0.593035 0.238314 0.047476
oooy 0.438449 0.207962 0.046365
cooz 0.536951 0.311316 0.360168
0010 0.276896 0.224556 0.103158
0011 0.209472 0.184144 0.191295
0012 0.057653 0.155903 0.176571
0013 0.384117 0.22044 0.21569
0014 0.517349 0.162522 0.237666
0015 -0.01858 0.338247 0.056572
0016 0.286521 0.169566 0.018769
0017 0.086078 0.242057 0.167773
0018 0.457315 0.295784 0.037453
0019 0.232588 0.278213 0.188554
O01A 0.336844 0.358358 0.007342
001B -0.062603 0.152932 0.065273
0o01c 0.174365 0.147988 0.286863
NO1D 0.05738 0.24789 -0.085876
OO01E -0.091161 0.262905 0.241043
NO1F 0.44549 0.24912 0.377689
C01G 0.043264 0.218652 -0.042332
CO1H 0.06957 0.217606 -0.133607
NO1l -0.247639 0.356418 0.091787
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co1)
CO1K
co1L
HO1A
HO1B
coim
HO1C
HO1D
CO1N
co1o0
co1ip
co1Q
HO1E
HO1F
NO1R
co1s
NO1T
co1u
NO1V
coiw
HO1G
HO1H
CO1X
HO1l
HO1)
HO1K
coiy
HO1L
HO1M
co1z
HO1N
HO10
c020
C022
HO2A
H02B
co024
C025
C026
Cco27
c028
C029
C02A
Cco2B
co2C
HO2C
HO2D
C02D
C02G
CO2H
co2|
CO2K
co2m
CO2N
c020
co2Q
C20
C26
H26A

-0.056857
0.528373
-0.240106
-0.196989
-0.288552
-0.256595
-0.265636
-0.304687
-0.006738
0.379466
0.744438
-0.217907
-0.263489
-0.170135
0.766123
0.545187
0.247046
0.76038
0.248063
-0.226687
-0.178917
-0.271192
-0.211096
-0.263552
-0.179927
-0.186145
-0.193624
-0.145419
-0.183881
-0.463946
-0.511523
-0.445447
0.166528
-0.399454
-0.410816
-0.40189
0.740813
0.424909
0.203887
0.372173
0.357934
0.123409
0.73701
0.682295
-0.317767
-0.319915
-0.305419
0.306145
0.297146
0.289881
0.189119
0.821565
0.188623
0.298821
0.341376
0.474853
-0.174287
-0.208488
-0.222042
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0.305754
0.221452
0.306975
0.296417
0.293392
0.366719
0.398202
0.352243
0.277003
0.220981
0.191923
0.243396
0.230028
0.235476
0.138563
0.190265
0.066663
0.185208
0.435363
0.290084
0.303182
0.297597
0.225612
0.219947
0.199129
0.24819
0.35548
0.370405
0.324038
0.385046
0.367313
0.393742
0.30654
0.357124
0.355623
0.327369
0.245102
0.275108
0.404536
0.309853
0.185719
0.277119
0.248955
0.118065
0.374381
0.405729
0.371424
0.4072
0.034244
0.473859
0.463793
0.107653
0.092239
0.09443
0.451107
0.278813
0.373916
0.366681
0.397711

-0.083476
0.410235
0.083606
0.115956
0.085782
0.146918
0.147789
0.148334
-0.118332
0.344606
0.229801
0.03876
0.045837
0.069336
0.164884
0.371414
0.125499
0.17533
0.158565
0.034427
0.030375
0.00118
-0.027729
-0.053419
-0.022426
-0.043114
0.198242
0.197881
0.197921
-0.007896
-0.023414
-0.03896
-0.090976
0.03423
0.069725
0.019543
0.248638
0.41984
0.108263
0.40006
0.379655
-0.054589
0.307773
0.155268
0.045438
0.052443
0.010435
0.202081
0.100817
0.134445
0.185682
0.200084
0.081793
0.166921
0.105581
0.338835
0.089299
0.252472
0.251448



H26B
C30
C31
C32
C36
C39
Cc40
ca2
ca3
Cc4a8

H48A

H48B

H48C
c49
C50
C51
C54
C56
Cc57
C58
C59

H59A

H59B

H59C
cel
ce63
ce67
Cc68
Cc73
C78
Cc79
c83
Cc85
Cc89
C96

C114

Cl1e

C119

C128

Ci31

C183
C34
C24

C1
N41
cozL

HO2E

HO2F

H20A

H20B
Cc60

H60A

H60B

H60C

c3
H3A
H3B
H20C
H20D

-0.254672
0.378553
0.787204
0.118909
0.35487
0.413874
0.15803
0.35584
0.139657
-0.142451
-0.095393
-0.157032
-0.132189
0.133524
0.125213
0.093154
0.393016
0.33809
0.79764
0.634732
-0.48586
-0.490797
-0.535395
-0.444528
0.891865
0.43683
0.066758
0.521014
0.198446
0.472295
0.066304
0.056377
0.535594
0.414571
0.054843
0.9474
0.360342
0.026905
0.13991
0.329264
0.131597
-0.047827
0.258415
0.28833
0.312218
-0.153578
-0.125539
-0.201791
-0.177115
-0.131744
-0.07898
-0.046508
-0.131062
-0.055036
-0.087244
-0.112557
-0.035731
-0.165389
-0.132313
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0.350171
0.10732
0.137446
0.396807
0.076251
0.39937
0.189237
0.43203
0.430959
0.358144
0.350145
0.33451
0.384253
0.429577
0.067331
0.456703
0.495761
0.060646
0.092044
0.129124
0.428268
0.42074
0.440141
0.44984
0.132702
0.084935
0.020017
0.106167
0.03104
0.427627
0.097594
0.42935
0.14126
0.022383
0.411187
0.096682
0.003589
0.069386
0.013167
0.506904
0.05644
0.189903
0.079591
0.034941
-0.000524
0.41997
0.416476
0.436775
0.37658
0.353423
0.50378
0.522609
0.516476
0.500709
0.449543
0.451296
0.435363
0.361666
0.362663

0.253841
0.275196
0.111793
0.011205
0.220837
0.29887
-0.106516
0.252948
0.208383
0.305712
0.296903
0.326012
0.328681
0.067162
0.026258
0.245283
0.08799
0.071582
0.057269
0.078284
0.020823
0.056937
-0.003206
0.025959
0.237887
0.321854
0.186344
0.038131
0.158666
0.350817
-0.016595
0.268246
-0.000971
0.067621
-0.038487
0.295321
0.018553
-0.060182
0.233807
0.041313
0.179085
-0.069464
0.398793
0.395639
0.387795
0.1185
0.158663
0.113887
0.049935
0.10746
0.115782
0.101325
0.107571
0.156023
0.082284
0.041588
0.09055
0.055909
0.121865



c4

H4A

H4B

C3A
H3AA
H3AB
C60A
H60D
H60E
H60F

-0.162602
-0.201461
-0.169479
-0.056447
-0.019096
-0.054681
-0.037939
0.014377
-0.041657
-0.076857

0.424992
0.440125
0.434539
0.438236
0.415096
0.443386
0.488916
0.499795
0.482739
0.510724

0.087683
0.100912
0.049275
0.136232
0.135405
0.175008
0.102268
0.122377
0.063742
0.102918
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Table A.31: Bond valance sums for the oxygen atoms of (TBA)s[(ZnW5015H)3]

Atom W-0 bond Sij Zn-0 bond Sij BVS (Vor No. of H*
length (ri) length (ri) zj)
01 1.783 1.436 1.995 0.455 2.12 0
2.248 0.230
02 2.068 0.665 2.104 0.339 1.00 1.0
03 1.905 1.033 1.961 0.499 1.53 0.5
04 1.917 1.000 2.073 0.369 1.37 0.6
05 1.719 1.708 1.71 0
06 1.743 1.600 1.60 0
o7 1.766 1.504 1.50 0
08 1.746 1.588 1.59 0
09 1.921 0.989 1.80 0
1.994 0.812
010 1.913 1.011 1.82 0
1.995 0.810
011 1.904 1.036 1.83 0
2.000 0.799
012 1.893 1.067 1.95 0
1.961 0.888
013 2.333 0.325 2.385 0.159 1.82 0
2.288 0.367
2.385 0.282
2.368 0.296
2.265 0.390
014 1.916 1.003 2.00 0
1.918 0.997
015 1.901 1.044 1.97 0
1.944 0.930
016 1.853 1.189 1.95 0
2.020 0.757
017 1.881 1.102 2.04 0
1.942 0.935
018 1.754 1.554 1.55 0
019 1.817 1.310 2.250 0.279 2.18 0
1.970 0.595
020 1.905 1.033 2.046 0.485 1.52 0.5
021 1.685 1.872 2.045 0.486 2.36 0
022 1.863 1.157 2.160 0.356 1.51 0
023 1.710 1.750 1.75 0
024 1.720 1.703 1.70 0
025 1.717 1.717 1.72 0
026 1.696 1.817 1.82 0
027 1.898 1.053 1.98 0
1.945 0.927
028 1.902 1.041 1.86 0
1.992 0.817
029 1.820 1.300 2.42 0
1.874 1.123
030 1.905 1.033 2.05 0
1.910 1.019
031 2.347 0.313 2.279 0.246 1.83 0
2.384 0.283
2.348 0.312
2.336 0.322
2.299 0.356
032 1.932 0.960 1.71 0
2.022 0.753
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033

034

035

036

1.937
2.043
1.874
2.025
1.935
2.001
1.777

0.947
0.711
1.123
0.747
0.953
0.797
1.460

1.66

1.87

1.75

1.46

0.5
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A.3.8 (TBA)3[(Py)ZnW501sH]

Table A.32: Crystal structure data for (TBA)3[(Py)ZnWs501sH]

Empirical formula Cs3H113N4018WsZn
Formula weight 2079.09
Temperature/K 150.0(2)
Crystal system monoclinic

Space group P2i/c
a/A 18.2097(2)
b/A 16.4169(2)
c/A 23.5493(2)
a/° 90
B/° 94.7880(10)
v/° 90
Volume/A3 7015.42(13)
YA 4
Pealcg/cm? 1.968
w/mmt 15.611
F(000) 4012.0
Crystal size/mm?3 0.23x0.15%x0.15
Radiation Cu Ka (A =1.54184)

20 range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=20 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

7.262 to 133.134
21<h<19,-17<k<19,-28<1<26
58837
12301 [Rint = 0.0573, Rsigma = 0.0406]
12301/1602/982
1.050
R: = 0.0445, wR; = 0.1117
R: = 0.0584, wR; = 0.1260
1.70/-2.16
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Table A.33: Bond valance sums for the oxygen atoms of (TBA)3[(Py)ZnW501sH]

Atom W-0 bond Sij Zn-0 bond Sij BVS (Vor No. of H*
length (ri) length (ri) zj)
o1 1.921 0.989 2.075 0.367 1.36 1
02 1.837 1.241 2.080 0.362 1.60 0
03 1.801 1.368 2.072 0.370 1.74 0
o4 1.835 1.248 2.078 0.364 1.61 0
05 1.709 1.754 1.75 0
06 1.698 1.807 1.81 0
o7 1.701 1.793 1.79 0
08 1.699 1.803 1.80 0
09 1.896 1.058
1.942 0.935 1.99 0
010 1.915 1.005
1.935 0.953 1.96 0
011 1.938 0.945
1.922 0.987 1.93 0
012 1.946 0.925
1.919 0.995 1.92 0
013 1.967 0.874
1.977 0.850 1.72 0
014 2.010 0.778
1.919 0.995 1.77 0
015 2.025 0.747
1.867 1.145 1.89 0
016 2.008 0.782
1.902 1.041 1.82 0
017 1.725 1.680 1.68 0
018 2.315 0.341 2.330 0.184
2.326 0.331
2.334 0.324
2.320 0.336
2.288 0.367 1.88 0
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A.3.9 (TBA)s[(MgWs01sH),]

Table A.34: Crystal structure data for (TBA)s[(MgWs01sH)2]

Empirical formula C111H231Mg2N9036W10
Formula weight 4155.15
Temperature/K 150.0(2)

Crystal system monoclinic
Space group P21
a/A 16.7733(2)
b/A 25.6436(2)
c/A 17.5127(2)
a/° 90
B/ 108.1950(10)
v/° 90
Volume/A3 7156.06(14)
Z 2
Pcalcg/cm? 1.928
w/mm? 15.060
F(000) 4024.0
Crystal size/mm?3 0.18 x 0.09 x 0.06
Radiation CuKa (A =1.54184)

o

20 range for data collection/
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=20 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A3
Flack parameter

5.312 to 149.576
-19<h<20,-31<k<31,-21<1<21
91642
28030 [Rint = 0.0405, Rsigma = 0.0376]
28030/2282/1730
1.045
R: = 0.0310, wR; = 0.0772
R: = 0.0332, wR; = 0.0789
1.14/-1.02
-0.026(7)
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Table A.35: Bond valance sums for the oxygen atoms of (TBA)s[(MgWs01sH)2]

Atom W-0 bond Sij Mg-0 bond Sij BVS (Vor No. of H*
length (ri) length (ri) zj)
o1 1.821 1.296 2.184 0.273 1.57 0
02 1.786 1.425 2.053 0.389 1.81 0
03 1.969 0.869 2.053 0.389 1.26 1
o4 1.864 1.154 2.060 0.382 1.54 0
05 1.714 1.731 1.73 0
06 1.727 1.671 1.67 0
o7 1.717 1.717 1.72 0
08 1.711 1.745 1.75 0
09 1.909 1.022
1.956 0.900 1.92 0
010 1.940 0.940
1.932 0.960 1.90 0
011 1.906 1.030
1.965 0.878 1.91 0
012 1.913 1.011
1.948 0.920 1.93 0
013 2.336 0.322 1.996 0.454
2.301 0.354
2.355 0.306
2.320 0.336
2.344 0.315 2.09 0
014 2.017 0.763
1.879 1.108 1.87 0
015 2.046 0.706
1.870 1.135 1.84 0
016 1.923 0.984
1.985 0.832 1.82 0
017 1.963 0.883
1.936 0.950 1.83 0
018 1.722 1.694 1.69 0
019 1.831 1.262 2.154 0.296 1.56 0
020 1.950 0.915 2.069 0.373 1.29 1
021 1.845 1.215 2.064 0.378 1.59 0
022 1.792 1.402 2.059 0.383 1.79 0
023 1.716 1.722 1.72 0
024 1.714 1.731 1.73 0
025 1.724 1.685 1.68 0
026 1.722 1.694 1.69 0
027 1.973 0.860
1.906 1.030 1.89 0
028 1.936 0.950
1.943 0.932 1.88 0
029 1.934 0.955
1.919 0.995 1.95 0
030 1.952 0.910
1.909 1.022 1.93 0
031 2.323 0.334 2.264 0.220
2.327 0.330
2.324 0.333
2.333 0.325
2.353 0.308 1.85 0
032 1.983 0.837
1.899 1.050 1.89 0
033 1.913 1.011
1.982 0.839 1.85 0
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034

035

036

1.997
1.920
2.055
1.851
1.730

0.806
0.992
0.689
1.195
1.658

1.80

1.88
1.66
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A.4 X-ray diffraction data presented in Chapter 5

A.4.1 (TBA)3[VMo050;4]

Table A.36: Crystal structure data for (TBA)3[VMo0s5019].2CHCl,

Empirical formula CsoH112ClaMosN3019V
Formula weight 1731.86
Temperature/K 150.0(2)
Crystal system monoclinic

Space group P2i/c
a/A 24.1764(5)
b/A 17.2594(3)
c/A 17.7172(3)
a/° 90
B/° 103.7237(17)
v/° 90
Volume/A3 7181.8(2)
z 4
Pealcg/cm3 1.602
w/mmt 9.876
F(000) 3544.0
Crystal size/mm?3 0.16 x 0.1 x 0.05
Radiation CuKa (A =1.54184)

20 range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=20 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

6.356 to 157.426
-29<h<29,-21<k<7,-20<1<21
51738
14280 [Rint = 0.0348, Rsigma = 0.0338]
14280/713/807
1.066
R1=0.0386, wR2 = 0.1056
R1=0.0552, wR; =0.1199
1.12/-1.17
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A.4.2 (TBA)3[NbMo;50:s]

Table A.37: Crystal structure data for (TBA)3[NbMosO19]

Empirical formula CsoH113M05N3NbO1g 5
Formula weight 1641.04
Temperature/K 150.0(2)

Crystal system monoclinic
Space group C2/c
a/A 29.8149(5)
b/A 18.4920(3)
c/A 27.1454(4)
o/° 90
B/° 112.965(2)
v/° 90
Volume/A3 13780.1(4)
z 8
Pealcg/cm? 1.582
w/mmt 9.075
F(000) 6728.0
Crystal size/mm?3 0.151 x 0.124 x 0.065
Radiation CuKo (A =1.54184)

o

20 range for data collection/
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=20 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

5.762 to 142.89
27<h<36,-22<k<21,-33<1<31
39973
12883 [Rint = 0.0275, Rsigma = 0.0272]
12883/886/839
1.032
R: = 0.0312, wR; = 0.0804
R: = 0.0363, wR; = 0.0848
0.95/-1.27
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A.4.3 (TBA)3[ReW501s]

Table A.38: Crystal structure data for (TBA)3[ReWs019].2CHCl>

Empirical formula CsoH112ClaN3O19ReWs
Formula weight 2306.67
Temperature/K 150.0(2)
Crystal system monoclinic

Space group P2i/c
a/A 24.2318(6)
b/A 17.3311(4)
c/A 17.7224(4)
a/° 90
B/° 103.528(2)
v/° 90
Volume/A3 7236.3(3)
YA 4
Pealcg/cm? 2.117
w/mmt 9.791
F(000) 4392.0
Crystal size/mm?3 0.38x0.19 x 0.03
Radiation Mo Ka (A =0.71073)

20 range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=20 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

4.386 t0 61.292
34<h<31,-22<k<24,-25<1<22
63405
17816 [Rint = 0.0459, Rsigma = 0.0515]
17816/806/809
1.019
R: = 0.0378, wR; = 0.0741
R: = 0.0804, wR; = 0.0883
1.67/-1.59
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A.4.4 (TBA):[ReW501s]

Table A.39: Crystal structure data for (TBA)2[ReWs019]

Empirical formula C32H72N2019ReWs
Formula weight 1894.36
Temperature/K 150.0(2)
Crystal system triclinic

Space group P-1
a/A 11.6149(2)
b/A 12.6123(3)
c/A 19.0685(3)
a/° 78.811(2)
B/ 74.4420(10)
v/° 62.769(2)
Volume/A3 2384.45(9)
z 2
Pealcg/cm? 2.638
w/mmt 14.609
F(000) 1750.0
Crystal size/mm?3 0.28x0.16 x 0.14
Radiation Mo Ka (A =0.71073)

20 range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=20 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

4.108 to 61.494
-14<h<16,-17<k<15,-26 <127
39958
11854 [Rint = 0.0391, Rsigma = 0.0395]
11854/580/573
0.989
R: = 0.0236, wR; = 0.0458
R: = 0.0305, wR; = 0.0476
0.97/-1.03
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A.4.5 Partial structure of (TBA)3[(PhN)ReWs01s]

Table A.40: Fractional co-ordinates of atoms in the asymmetric unit

Atom X y z
Wo002 0.874871 0.863242 0.300922
Wwo003 0.749578 0.964288 0.261424
Wo005 0.864538 0.976189 0.381543
W006 0.707207 0.829181 0.293569
Re00 0.821235 0.843106 0.411593
w008 0.697049 0.942598 0.373924
OO00E 0.828799 0.920791 0.24829
OO0O0F 0.920182 0.9305 0.343216
OO0O0OH 0.685342 0.983656 0.306001
0oool 0.887779 0.821857 0.368559
000J 0.820798 1.009488 0.311919
oooL 0.793522 0.812573 0.271961
OOON 0.695096 0.894406 0.242264
ooopP 0.65107 0.876064 0.329891
OO00R 0.777033 0.994541 0.401196
000S 0.877875 0.913406 0.434262
oooT 0.939303 0.834546 0.272518
ooou 0.722772 1.007649 0.20549
ooow 0.742178 0.88539 0.42774
000X 0.749446 0.795437 0.362153
0010 0.922383 1.02946 0.413005
0011 0.648352 0.775894 0.260904
0014 0.630513 0.970638 0.399196
NO018 0.866106 0.970653 0.59812
NO019 0.626564 0.455914 0.395358
O01A 0.78721 0.901426 0.339281
NO1D 0.415159 0.830646 0.286272
NO1F 0.586998 1.148244 0.21314
C01G 0.975068 0.824298 0.608517
co1l 0.878684 1.055893 0.668779
NO01J 0.847847 0.795094 0.46604
CO01K 0.567321 0.554299 0.265972
co1L 0.521718 1.110482 0.283196
CO1N 0.375573 0.85544 0.325802
coio 0.581597 0.479798 0.34038
co1p 0.906981 0.995927 0.652434
coiQ 0.610241 0.540569 0.324685
CO1R 0.486896 0.869193 0.221532
co1s 0.333612 0.811745 0.350479
coiTt 0.853161 1.017796 0.553403
co1u 0.482494 1.172721 0.131267
coiv 0.640821 0.501161 0.439298
coiw 0.909238 0.921638 0.582066
Cco1xX 0.917609 0.866616 0.619578
co1ly 0.923072 1.071503 0.726867
co1z 0.583933 0.404694 0.411832
C020 0.626021 1.122527 0.173204
c021 0.365649 0.797763 0.2402
Cc022 0.667592 1.167415 0.148851
co23 0.92168 1.05149 0.548507
Cco24 0.450546 0.883786 0.266204
Cco25 0.521224 0.803152 0.366578
C026 0.897721 1.108205 0.515838
co27 0.98579 0.770138 0.645507
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c028
C029
C02A
co2B
co2C
C02D
CO2E
CO2F
C02G
CO2H
co2|
C02)
CO2K
cozL
co2m
CO2N
co020
cozp
co2Q
CO2R
co2s
coz2t
co2u
cozav
co2w
C02X
cozy
c02z
C030
Co31
C032
C033
Cco34
C035
C036
Co37
Cco38
C039
CO3A
co3B
Co3D
Cc23
C24
Cc7
C12
woo01
W004
W009
WO00A
Woo0B
Wo0C
000D
000G
000K
ooom
0000
000Q
ooov
oooy

0.574044
0.553285
0.575894
0.303669
0.490884
0.530771
0.470632
0.637282
0.520592
0.79306
0.698619
0.963098
0.519832
0.463099
0.57308
0.533084
0.429868
0.897615
0.74786
0.293956
0.747723
0.699019
0.258187
0.597895
0.193844
0.809724
0.593182
0.553993
0.622301
0.509252
0.676878
0.701972
0.684954
0.862535
0.381503
0.748156
0.816896
0.943884
0.929355
0.814625
0.835525
0.898199
0.803103
0.248892
0.751475
0.364826
0.197224
0.238652
0.321782
0.358966
0.195866
0.282646
0.382145
0.183771
0.31682
0.413375
0.423398
0.250294
0.148016
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0.534774
1.096401
0.35089
0.835
1.051078
1.19526
0.783985
1.183834
0.307153
0.948618
1.146737
1.143982
0.930001
1.060515
0.751702
0.627681
1.224332
1.133115
1.188461
0.848692
0.920858
0.434865
0.791514
0.591862
0.82389
1.155288
0.615011
0.921444
0.76657
0.252232
0.898279
1.121846
0.847097
0.741995
1.206752
0.408112
0.387309
0.658265
0.713895
0.719062
0.664781
0.638506
0.330436
0.810351
1.160077
0.621215
0.651404
0.520038
0.636709
0.50388
0.538062
0.669037
0.658789
0.591339
0.564083
0.552757
0.649617
0.684227
0.604502

0.448075
0.235705
0.374375
0.207579
0.300802
0.186042
0.314179
0.2582
0.389562
0.603068
0.291608
0.510356
0.207782
0.350401
0.386787
0.487264
0.10988
0.74268
0.332418
0.38594
0.552537
0.387234
0.167037
0.480576
0.1285
0.369296
0.249198
0.159479
0.444339
0.354062
0.56391
0.106359
0.600594
0.494926
0.054064
0.439372
0.424661
0.52889
0.498704
0.523641
0.552976
0.555337
0.389072
0.410304
0.094087
0.293986
0.29501
0.257483
0.409982
0.372361
0.373435
0.269918
0.363287
0.242009
0.242857
0.336174
0.26087
0.364439
0.336224



000z
0012
0013
0015
0016
0017
0o01B
0o01C
O01E
NO1H
oo1im
C66
Cc48
ca1
ce3
Cc35
C30
O01N
wo
01
02
o3
o4
05
06
wi
w2
w3
w4
Wo00D
o7
08
09
000{
00
010
NO1I
011
012
001D
013
O01F
C35A
C63A
C41A
C48A
C66A
C30A
Ci4
C15
c21
C20
C18
C1
C2

0.137742
0.176502
0.31147
0.275788
0.378154
0.245903
0.280796
0.208299
0.418574
0.349911
0.133706
0.436044
0.384028
0.323657
0.315302
0.367319
0.42769
0.144142
0.355195
0.37188
0.269163
0.407058
0.304501
0.413824
0.27327
0.315715
0.189843
0.363777
0.234377
0.201941
0.377887
0.237186
0.245446
0.349404
0.174414
0.143538
0.123953
0.2842
0.312373
0.430781
0.181444
0.205465
0.080825
0.008645
-0.034868
-0.006201
0.065979
0.109493
0.374615
0.414072
0.470271
0.487013
0.447557
0.391358
0.317268

0.704687
0.498501
0.472047
0.483895
0.567034
0.592152
0.576578
0.477184
0.449442
0.680619
0.509712
0.840347
0.860373
0.826356
0.772313
0.752287
0.786303
0.708847
0.495999
0.550817
0.473101
0.544306
0.468833
0.439537
0.571863
0.624107
0.525905
0.615159
0.520723
0.65235
0.64635
0.575917
0.674745
0.661949
0.49269
0.59758
0.493676
0.673318
0.567394
0.649707
0.594895
0.484893
0.503892
0.515596
0.515191
0.503082
0.491378
0.491783
0.891302
0.840618
0.843076
0.896218
0.946903
0.944446
0.889778

0.263307
0.305752
0.304422
0.39835
0.427283
0.429043
0.335848
0.200662
0.401904
0.466482
0.40328
0.524998
0.549582
0.547002
0.519837
0.495253
0.497833
0.272412
0.360515
0.417168
0.379654
0.323906
0.286466
0.384865
0.323522
0.40766
0.360084
0.291413
0.243776
0.291352
0.36441
0.417557
0.363858
0.468326
0.288679
0.323151
0.385189
0.271247
0.231706
0.270071
0.231498
0.182367
0.440764
0.421876
0.457773
0.512559
0.531448
0.495551
0.524164
0.521054
0.49637
0.474797
0.477908
0.502591
0.550758
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Appendix B: Optimised geometries from Density Functional Theory

calculations

B.1 XYZ co-ordinates of optimised structure discussed in Chapter 3

B.1.1 [W;024HJ*

S O 0O 0O OO OO0 OO0 OO £ =2 = 00O O 0O O o0 o o0 o o o o o

2.026992000
1.095016000
0.785218000
-1.232505000
0.787007000
-0.478444000
0.000000000
-1.129143000
-1.503878000
-2.602858000
-3.200820000
-5.356262000
-3.700686000
2.156664000
0.142052000
-0.827096000
3.783461000
1.453259000
2.359269000
-0.539666000
1.471000000
-0.890397000
0.364294000
-2.049418000
-4.186752000
-2.577686000
-4.419011000
-0.406681000

-1.561976000
0.102449000
-3.899591000
-0.302464000
-1.598567000
-1.958496000
0.000000000
0.248039000
-2.551721000
-0.171055000
-0.581354000
-0.236542000
0.245103000
0.285195000
-2.270435000
-0.142171000
0.541371000
2.105559000
0.462280000
4.103003000
0.468145000
1.770567000
2.126231000
1.807895000
2.187710000
2.651741000
1.465213000
2.366554000

295

0.558394000
2.422638000
-0.115066000
3.869409000
-1.911462000
1.661875000
0.000000000
-2.740587000
-0.788809000
1.421698000
-1.197412000
0.724185000
-3.943135000
0.790987000
-0.178692000
2.184635000
1.392527000
0.725787000
-1.145730000
0.224778000
-3.769605000
1.878284000
-1.669616000
-0.541693000
1.302044000
-3.208525000
-1.420975000
0.096075000



W 0.727939000 0.300105000 -2.205004000
W  -3.938489000 0.730636000 0.340845000
W  -2.897753000 1.031487000 -2.590800000
H -2.459576000 -1.218845000 -0.998855000
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B.2 XYZ co-ordinates of optimised structures discussed in Chapter 5

B.2.1 [WeO19]*

O s £ £ s £ 0 0O o O 00 o OO0 o 0O O o 0 o o0 o o =

-0.209621000
0.448081000
-3.306315000
-1.359273000
0.362060000
-1.245968000
1.246183000
-0.000180000
2.605127000
3.306297000
1.359410000
2.334329000
-0.911374000
-2.334247000
-2.605261000
-1.694020000
1.693903000
-0.448153000
0.911310000
-1.911032000
-1.350743000
1.911024000
1.350614000
0.209763000
-0.361956000

-0.111679000
2.611189000
-2.325435000
-0.986018000
0.195060000
1.446384000
-1.446479000
-0.000166000
-0.460407000
2.325398000
0.986183000
-3.324381000
1.624757000
3.324514000
0.460461000
-1.165165000
1.165190000
-2.611390000
-1.624591000
-1.346272000
1.922156000
1.346241000
-1.922197000
0.111737000
-0.194986000

297

-2.336789000
-0.165422000
0.406702000
2.055530000
4.041037000
-1.843999000
1.844179000
-0.000274000
-0.211140000
-0.406946000
-2.055708000
-0.049931000
1.890021000
0.049525000
0.211131000
-1.678758000
1.678792000
0.165360000
-1.889978000
0.235816000
0.029283000
-0.236070000
-0.029042000
2.336891000
-4.040929000



B.2.2 [W019]*

O S s £ £ = 0 0O o OO OO OO O O O O O o O o0 o =

-2.366125000
0.113626000
0.188725000
1.953867000
4.065032000
-1.703042000
1.753834000
-0.013253000
-0.149933000
-0.113776000
-1.911623000
-0.247798000
2.016152000
0.322226000
0.254939000
-1.766287000
1.814703000
-0.009329000
-1.975962000
0.078902000
0.156240000
-0.096944000
-0.174527000
2.346916000

-4.078374000

-0.101879000
1.726411000
-4.055405000
-1.781499000
0.175305000
-0.239922000
0.235948000
-0.000772000
2.040864000
4.058712000
1.851658000
0.342308000
-0.075011000
-0.338652000
-2.037490000
-2.010382000
1.945013000
-1.722048000
0.081527000
-2.342299000
-0.198698000
2.341609000
0.196839000
0.102194000

-0.175909000

298

0.157725000
2.038034000
-0.354457000
-0.287463000
-0.273284000
2.050699000
-1.985775000
0.000019000
-1.718920000
0.348256000
0.289451000
-4.052814000
1.734397000
4.047793000
1.713735000
-0.043192000
0.033922000
-2.045620000
-1.804929000
-0.203325000
2.338521000
0.205160000
-2.337200000
-0.156814000

0.272537000



B.2.3 [Ws019]* (triplet)

W
o
o
0
o
o
o
o
o
O
o
o
o
o
o
o
0o
o
o
W
W
W
W
W
o

1.866985000
-1.193058000
0.019101000
-1.458048000
-3.188754000
0.320670000
-0.316462000
0.001716000
1.132143000
-0.028326000
1.477047000
2.497546000
-2.683876000
-2.581354000
-1.171637000
1.499385000
-1.479510000
1.152993000
2.663469000
0.016485000
-1.469113000
-0.010903000
1.463441000
-1.858371000

3.258111000

-1.469941000
-1.436639000
0.023889000
1.203846000
2.570439000
-2.688862000
2.654984000
-0.013286000
1.531905000
0.061021000
-1.117706000
3.245568000
-0.233234000
-3.191144000
-1.452868000
-1.135526000
1.220437000
1.514988000
0.404215000
-0.034231000
-1.866863000
-0.012796000
1.853775000
1.458201000

-2.497363000

299

-0.017334000
-1.941294000
4.084388000
1.893618000
0.030339000
-0.013563000
0.013365000
0.000166000
-1.880030000
-4.083811000
-1.954469000
0.000289000
0.013031000
0.000325000
1.942112000
1.927992000
-1.866311000
1.880431000
-0.013048000
2.352502000
0.000021000
-2.352702000
-0.000131000
0.017329000

-0.030610000



B.2.4 [VW5019]P-

0.000078000
-1.968309000
0.169808000
0.083390000
-0.000334000
-1.838464000
1.879987000
-0.000212000
1.805472000
-0.169827000
-0.081586000
4.049839000
-1.880291000
-4.049700000
-1.805414000
0.081722000
-0.083517000
1.968066000
1.838807000
0.096971000
-2.326775000
-0.097056000
2.326921000
-0.000054000

0.000273000

0.001275000
1.805386000
-4.049604000
-1.879256000
0.002181000
-0.083697000
0.085833000
-0.000029000
1.968026000
4.049590000
1.835911000
0.169417000
-0.081038000
-0.170170000
-1.968179000
-1.839274000
1.882225000
-1.805271000
0.079605000
-2.326652000
-0.097142000
2.326659000
0.096869000
-0.000306000

-0.000036000

300

-2.502779000
-0.191583000
-0.244685000

1.675319000

3.852216000
-2.058421000

1.673435000
-0.145259000
-0.191572000
-0.247735000
-2.059076000
-0.246012000

1.673377000
-0.246404000
-0.186955000
-2.056843000

1.671730000
-0.186903000
-2.058354000
-0.237632000
-0.238262000
-0.236793000
-0.238127000

2.125270000

-4.094512000



B.2.5 [VW5015]*

0.000643000
2.646107000
-2.368260000
-1.087350000
-0.000050000
1.570183000
-1.526091000
0.000351000
-0.440310000
2.367500000
1.120373000
-3.308016000
1.526145000
3.308580000
0.440293000
-1.119506000
1.086843000
-2.646539000
-1.569543000
-1.359155000
1.897620000
1.358696000
-1.897716000
0.000261000

0.000164000

-0.000478000
-0.440212000
3.308491000
1.526599000
0.000163000
1.120129000
-1.086790000
-0.000576000
-2.645840000
-3.308174000
-1.569774000
-2.368218000
1.086772000
2.367591000
2.646274000
1.569490000
-1.526642000
0.439936000
-1.120207000
1.897792000
1.359053000
-1.897394000
-1.358683000
-0.000533000

0.000181000

301

-2.553285000
-0.146967000
-0.189022000

1.688104000

3.873454000
-2.042766000

1.689069000
-0.170180000
-0.147526000
-0.189221000
-2.042703000
-0.189247000

1.688967000
-0.188972000
-0.146876000
-2.042032000

1.689565000
-0.147186000
-2.042937000
-0.248050000
-0.248776000
-0.248268000
-0.248973000

2.135847000

-4.164289000



B.2.6 [NbW5019]3"

Nb

O = £ £ = £ O 0O O OO Oo O 0O OO0 O O o o o o o

0.001213000
2.659048000
-2.668062000
-1.227906000
-0.001250000
1.477697000
-1.418565000
-0.000242000
-0.187932000
2.668204000
1.281558000
-3.071176000
1.418296000
3.071243000
0.187857000
-1.280698000
1.226771000
-2.659241000
-1.476884000
-1.539210000
1.771152000
1.539283000
-1.771053000
-0.000898000

0.001783000

-0.001225000
-0.187625000
3.071027000
1.418144000
0.000903000
1.281055000
-1.227641000
0.000529000
-2.659077000
-3.071261000
-1.477652000
-2.667968000
1.226985000
2.668029000
2.658945000
1.477297000
-1.418396000
0.187978000
-1.281078000
1.770938000
1.539236000
-1.771106000
-1.539142000
0.001109000

-0.003505000

302

-2.554167000
-0.101443000
-0.086289000
1.760144000
3.942452000
-1.989981000
1.760756000
-0.102281000
-0.101720000
-0.084251000
-1.989026000
-0.085444000
1.761133000
-0.084633000
-0.100761000
-1.990916000
1.760983000
-0.101393000
-1.990035000
-0.144516000
-0.142825000
-0.141486000
-0.142685000
2.217057000

-4.308475000



B.2.7 [NbW5019]*

Nb

O
o
o
0o
o
o
o
o
O
O
o
o
0
o
o
0
o
o
W
W
W
W
W
0

0.000351000
1.823354000
0.120203000
0.052948000
-0.001241000
1.975653000
-1.887415000
0.000906000
-1.933591000
-0.118863000
-0.056434000
-4.085191000
1.884991000
4.082424000
2.004091000
0.055535000
-0.054760000
-1.896224000
-1.978738000
0.068957000
2.353010000
-0.068784000
-2.352957000
0.001124000

-0.001932000

0.041943000
-1.953012000
4.092395000
1.844254000
-0.051977000
-0.117756000
0.008784000
0.015833000
-1.844556000
-4.083590000
-1.958584000
0.079733000
-0.099940000
-0.158187000
1.796711000
1.927601000
-1.890722000
1.909958000
-0.003734000
2.365935000
-0.059930000
-2.351258000
0.077181000
-0.002362000

-0.001658000

303

-2.547787000
-0.100800000
-0.063120000

1.831454000

3.956037000
-2.005082000

1.769446000
-0.104638000
-0.101250000
-0.099063000
-1.989608000
-0.083329000

1.770320000
-0.083892000
-0.115331000
-2.057421000

1.751699000
-0.115707000
-2.003896000
-0.123919000
-0.150121000
-0.153740000
-0.148137000

2.221008000

-4.315500000



B.2.8 [TaW5019]P~

Ta

O £ S £ s £ o o 0O o oo O OO OO 0O 0O o O o o o

2.381445000
0.055283000
-0.047535000
-1.888167000
-4.071065000
1.944845000
-1.973129000
-0.007525000
-0.116925000
-0.044495000
1.855954000
-0.232071000
-1.802266000
0.140133000
0.053722000
1.854556000
-1.887318000
-0.118704000
1.767076000
0.009273000
0.117568000
0.010809000
-0.096828000
-2.349049000

4.138033000

0.108369000
-1.967905000
0.185833000
0.000470000
-0.183386000
-1.859790000
1.782877000
-0.000557000
1.792029000
-0.189750000
-0.004687000
4.060860000
-1.955334000
-4.065082000
-1.795147000
0.174636000
-0.172722000
1.965403000
2.029027000
0.108900000
-2.344823000
-0.108001000
2.345829000
-0.107000000

0.186479000

304

-0.004554000
-1.795334000
4.067041000
1.874152000
0.007002000
0.087248000
-0.083608000
0.000085000
-1.968003000
-4.067035000
-1.949754000
-0.187367000
0.089772000
0.187979000
1.968699000
1.942384000
-1.867830000
1.795676000
-0.092014000
2.347459000
0.108573000
-2.347614000
-0.108127000
0.003975000

-0.007006000



B.2.9 [TaW5019]*

Ta

O £ £ £ £ £ 0 O 0O 00O o O O 0O 0O 0O o 0O o 0 o o o

1.684193000
-1.332449000
2.879344000
-0.056779000
-2.897073000
1.316202000
-1.407456000
0.004045000
-1.423807000
-2.948553000
-0.099574000
-0.154613000
-1.318521000
0.036417000
1.357564000
2.719166000
-2.667985000
1.267741000
1.220792000
1.692542000
0.073172000
-1.674829000
-0.037990000
-1.647910000

2.891168000

-0.086289000
1.870648000
0.012827000
0.074870000
0.149852000
1.893965000

-1.815110000
0.001149000

-1.879901000

-0.010522000

-0.073042000

-4.082158000
1.952908000
4.085696000
1.952828000

-0.066281000
0.064881000

-1.941028000

-2.029679000
0.006492000
2.353890000
-0.007605000
-2.354625000
0.085847000

-0.151518000

305

1.679369000
1.360965000
-2.918935000
-2.686325000
-2.881169000
1.433149000
-1.373349000
-0.016194000
1.254901000
2.837032000
2.693312000
-0.117594000
-1.267682000
0.111205000
-1.252644000
0.028958000
-0.019034000
-1.358464000
1.325002000
-1.663472000
0.071404000
1.662001000
-0.060404000
-1.680141000

2.975799000



B.2.10 [M0sO15]*-

Mo
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
Mo

Mo

Mo

1.936383000

-1.263566000
0.333826000
-1.384739000
-3.268253000
0.355661000
-0.355616000
0.000216000
1.086221000
-0.334007000
1.384757000
2.414994000
-2.659482000
-2.414707000
-1.086058000
1.580355000
-1.580081000
1.263569000

2.659625000

0.291274000
-1.335325000
-0.290876000

1.334899000

-1.936494000

3.268012000

0.747337000
-0.312863000
2.974490000
0.669471000
-1.449182000
1.790783000
-1.791252000
-0.000153000
-2.435539000
-2.974488000
-0.669865000
-2.375044000
0.316027000
2.375679000
2.435357000
2.140716000
-2.140415000
0.312983000
-0.315834000
1.711601000
1.456481000
-1.711468000
-1.456573000
-0.747430000

1.449401000

306

1.132905000
2.337354000
-2.750648000
-2.192894000
-1.943796000
1.966218000
-1.966756000
-0.000153000
0.266436000
2.750554000
2.193117000
-2.251747000
0.201070000
2.251730000
-0.266529000
-0.331817000
0.331618000
-2.337617000
-0.200782000
-1.598686000
1.295912000
1.598780000
-1.296000000
-1.132771000

1.943905000



B.2.11 [M06O19]?"

Mo

o

-1.651864000
-1.263777000
0.002805000
1.445212000
3.006872000
-2.779007000
2.778864000
-0.001634000
1.260299000
-0.002871000
-1.501085000
2.792149000
0.179895000
-2.790492000
-1.200824000
-1.442398000
1.498294000
1.203613000
-0.180342000
0.000275000
-1.730248000
-0.001375000
1.730594000
1.653011000

-3.007631000

-1.730452000
1.496296000
0.007292000
1.205215000
2.792276000
0.180751000
-0.179224000
-0.000760000
-1.502816000
-0.009063000
-1.265627000
-3.006610000
2.778222000
3.007611000
1.447442000
-1.199284000
1.258015000
-1.440157000
-2.779632000
0.005176000
1.652339000
-0.004892000
-1.652345000
1.730173000

-2.789939000

307

-0.013526000
-1.833567000
4.043980000
1.856514000
0.033497000
0.053555000
0.049133000
-0.029255000
-1.828484000
-4.049798000
-1.827918000
0.043913000
0.045912000
0.037037000
1.858882000
1.863750000
-1.833971000
1.861284000
0.056518000
2.323080000
-0.020625000
-2.337906000
-0.014817000
-0.021636000

0.047530000



B.2.12 [MosO19]* (triplet)

-2.365170000
0.020586000
0.299415000
2.014649000
4.075780000

1.784465000

1.731769000
0.001102000
-0.349042000
-0.250314000
-2.113313000
-0.339066000
2.132831000
0.287805000
0.348223000
-1.750686000
1.801723000
-0.019169000
-2.031720000
0.084437000
0.175366000
-0.152659000
-0.106962000
2.365190000

-4.077172000

-0.178988000

-0.034209000
-2.803231000
-1.029922000
0.423930000
-1.556965000
1.596215000
-0.000839000
2.675079000
2.896863000
1.122313000
2.877083000
-1.156666000
-2.969728000
-2.673080000
-1.561037000
1.525462000
0.033562000
1.063804000
-1.661132000
-1.685313000
1.643243000
1.703330000
0.177507000

-0.421526000

308

0.063823000
2.726867000
-2.975005000

-1.386481000

-0.063466000

1.260061000

-1.392604000

0.033936000
-0.055631000
2.879041000
1.383655000
-2.900114000
1.326630000
2.799897000
-0.127737000
-1.407926000
1.274709000

-2.663478000

-1.331727000

-1.690072000
1.657007000
1.701216000

-1.646981000
0.036674000

-0.019377000



B.2.13 [VMos5019P~

0.137806000
1.903713000
-4.085283000
-1.892391000
0.047407000
-0.058147000
0.068854000
-0.009002000
1.952578000
4.092980000
1.848050000
0.095260000
0.087773000
-0.118614000
-1.957521000
-1.940733000
1.969733000
-1.890656000
-0.071311000
-2.365498000
-0.162654000
2.375232000
0.159562000
-0.099941000

0.050943000

0.093996000
-1.930019000
0.120798000
-0.079917000
-0.144916000
-1.767384000
1.799651000
0.003515000
1.886864000
-0.115640000
0.083861000
4.049462000
-1.925223000
-4.037001000
-1.868427000
0.062448000
-0.051588000
1.921717000
1.913893000
0.156480000
-2.316739000
-0.160513000
2.330810000
-0.075152000

0.149517000

309

2.374235000
0.248346000
0.123409000
-1.856365000
-3.944137000
2.018264000
-1.825495000
0.082898000
0.104223000
0.145234000
2.007215000

0.007954000

1.686255000
0.270681000
0.081199000
1.969149000

1.738590000

0.053130000

1.899440000
0.222834000
0.226904000
0.051594000
0.079579000

-2.228721000

3.971043000



B.2.14 [VMo05019]*

Mo
Mo

)

-0.001237000
2.058723000
-0.259473000
-0.024979000
0.001752000
1.948609000
-1.876811000
0.000181000
-1.904847000
0.258874000
0.040731000
-4.096242000
1.877424000
4.095526000
1.903224000
-0.042691000
0.026138000
-2.056825000
-1.950063000
-0.306660000
2.363530000
0.307852000
-2.364226000
0.000554000

-0.001205000

-0.001258000
1.904512000
-4.095962000
-1.875342000
0.003790000
-0.043790000
0.027681000
-0.000002000
2.057531000
4.095751000
1.947218000
0.258325000
-0.023360000
-0.260022000
-2.057848000
-1.950240000
1.879082000
-1.903113000
0.040602000
-2.364029000
-0.307367000
2.363663000
0.306944000
0.001129000

-0.002983000

310

2.370234000
0.057069000
0.080607000
-1.750005000
-3.936414000
1.927153000
-1.749345000
0.126537000
0.055713000
0.084942000
1.927364000
0.081625000
-1.747254000
0.083475000
0.051668000
1.925453000
-1.745447000
0.051503000
1.926247000
0.156417000
0.158264000
0.158726000
0.157151000
-2.202749000

3.988689000



B.2.15 [NbMo05019]3

Nb

Mo

o

0.001071000
2.582491000
-1.777430000
-0.722204000
-0.002382000
1.821720000
-1.740075000
0.000560000
-0.981320000
1.776691000
0.762931000
-3.695180000
1.737925000
3.695231000
0.981562000
-0.761122000
0.720431000
-2.582270000
-1.819075000
-1.151689000
2.093939000
1.151663000
-2.094181000
-0.000934000

0.002342000

0.002823000
-0.981758000
3.694942000
1.737778000
-0.003705000
0.762583000
-0.722468000
-0.000044000
-2.581968000
-3.695234000
-1.818890000
-1.777466000
0.720367000
1.776647000
2.582415000
1.821416000
-1.740241000
0.980797000
-0.760640000
2.093883000
1.151703000
-2.093885000
-1.151445000
-0.002817000

0.004439000

311

-2.358513000
0.027777000
0.056005000
1.861396000
4.038411000

-1.844828000
1.859264000

-0.009534000
0.024522000
0.051190000

-1.847167000
0.049567000
1.862221000
0.057371000
0.028266000

-1.844796000
1.860276000
0.025694000

-1.847976000
-0.015364000
-0.015541000
-0.019316000
-0.019671000

2.317413000

-4.119764000



B.2.16 [NbMo05019]*

Nb

)

0.744326000
-1.923218000
0.123125000
-0.396245000
-1.139739000
-1.399517000
1.332816000
-0.015038000
1.723181000
-0.215841000
0.347295000
3.926555000
-2.405353000
-3.939563000
-1.806649000
0.602551000
-0.593757000
2.002446000
2.410405000
0.095153000
-2.243337000
-0.040440000
2.274290000
-0.787501000

1.236516000

2.273159000
0.420327000
-0.013101000
-1.877330000
-3.935423000
2.424346000
-2.320784000
0.004666000
-0.544555000
-0.113052000
1.776241000
-1.209283000
-1.378090000
1.133812000
0.531636000
1.903245000
-1.846452000
-0.478578000
1.242176000
0.038878000
0.788755000
-0.027545000
-0.722749000
-2.238191000

3.974737000

312

0.031537000
1.770960000
-4.078177000
-1.884153000
-0.058728000
0.016582000
0.084999000

0.029199000

2.014951000
4.078704000
2.015278000
0.185921000
-0.122533000
-0.111999000
-1.908552000
-1.881675000
1.815958000
-1.808505000
0.222276000
-2.357588000
-0.074281000
2.358666000
0.025415000
-0.071883000

0.144526000



B.2.17 [TaMo5019]?"

—
Q

O O o O o o o o oo oo o oo o o o

-2.151495000
0.194221000
0.227302000
2.030238000
4.201967000

-1.671893000
2.017474000
0.137282000
0.181680000
0.203817000

-1.684467000
0.204328000
2.028883000
0.228548000
0.209974000

-1.671093000
2.016137000
0.196303000

-1.683485000

0.155071000
0.156819000
0.144662000
0.142796000
2.483132000

-3.917846000

-0.005582000
1.380258000
-3.932359000
-1.821540000
0.014914000
-0.476167000
0.447045000
-0.000016000
2.399468000
3.933854000
1.903214000
1.179809000
-0.429732000
-1.178505000
-2.399088000
-1.916753000
1.837141000
-1.378374000
0.459369000
-2.253567000
-0.815007000
2.254199000
0.815435000
0.006978000

-0.013794000

313

0.003710000
2.399332000
-1.180303000
-0.442857000
-0.008514000
1.913367000
-1.833058000
0.000451000
-1.379580000
1.178580000
0.471540000
-3.933505000
1.825317000
3.932446000
1.378688000
-0.463310000
0.434312000
-2.398886000
-1.906846000
-0.815074000
2.253263000
0.815098000
-2.254119000
-0.004499000

0.006967000



B.2.18 [TaMo05019]*

Ta

O O o © O o oo Oo oo o o o o o o

<
o

Mo
Mo
Mo
0]

-2.177804000
0.128973000
0.209548000
2.103996000
4.257048000

-1.748164000
2.188246000
0.141505000
0.310439000
0.265316000

-1.664456000
0.306217000
1.961591000
0.108125000
0.060102000

-1.789927000
2.067902000
0.243819000

-1.696802000

0.136035000
0.132529000
0.174438000
0.141801000
2.533909000

-3.954256000

0.025312000
-1.787677000
-0.166549000
-0.216755000
-0.126026000
-1.904506000

1.845013000
-0.000709000

1.980083000

0.214884000

0.224288000

4.097255000
-1.960115000
-4.101660000
-2.081751000
-0.026777000

0.032255000

1.854613000

2.046016000

-0.104262000

-2.383483000

0.044266000
2.376648000
0.025416000

0.064576000

314

0.000962000
2.047648000
-4.089264000
-1.851416000
0.012970000
0.202137000
-0.104719000
-0.024044000
1.752295000
4.090198000
1.978218000
-0.158183000
0.148462000
0.233333000
-1.797696000
-1.914653000
1.858682000
-1.931794000
-0.050814000
-2.371565000
0.040995000
2.370739000
-0.099544000
-0.034212000
0.081186000



B.2.19 Calculated redox potentials vs. Ag/Ag(NO3)

Table B.1: Redox potentials for calculated from the difference in free energies between the
optimised structures of the oxidised and reduced compounds vs. experimental findings.

Reduction reaction Calc. E(1/2) vs. Exp. E(1/2) vs.

Ag/Ag(NOs) (V) Ag/Ag(NOs) (V)
[W019]%>~ + €™ > [Ws019]3~ -1.29 -1.25
[WeO10]3™ + €™ = [WgO19]* -2.23 -2.21
[VW5010]3 + e~ = [VW5019]+ -0.79 -1.02
[NbW5019]3~ + e = [NbWs019]4" -2.10 -2.09
[TaWs019]3~ + e~ = [TaWs019]*" -2.07 -2.05
[M06019]%™ + e~ = [M06019]3" -0.48 -0.71
[M06019]>~ + e~ = [M06019]*" -1.55 -1.61
[VMo0s015]3™ + e~ = [VMos019]* -0.87 -1.21
[NbMo05019]3~ + e~ > [NbMo05019]* -1.36 -1.54
[TaMo05019]3™ + e~ > [TaMos5019]*" -1.32 N/A
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