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Abstract

This review focuses on the tungsten-183 NMR spectroscopy of polyoxotungstate¥*Whauclide is the only NMR-active natural
tungsten isotope with a spin of 1/2 and natural abundance of 14.3%. It gives rise to very narrow resonance lines. The NMR spectral envelope
depends on the structure and symmetry of the anion. ¥ chemical shifts are sensitive to their surrounding environment, including
central atom, electric charge and size of adjacent elements, counterions in solution and solvent. The replacement of ligand atoms in an anion
by the quadrupolar vanadium nucleus or by paramagnetic ions either in a ligand site or in the central site cause the resonance signals of
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the tungsten atoms adjacent to the substituted atoms to shift dramatically and broaden or even disappear. The spectral envelope, relati
intensity of the lines and homonuclear and heteronuclear coupling constants provide the basis to identify anionic structure. Tungsten-18:
NMR spectroscopy including 2-D COSY and 2-D INADEQUATE spectroscopy are used to distinguish new synthetic species, to examine
product purity, to differentiate isomers and to establish new structures in solution as well as to monitor the progress of reaction. Tungsten-18:
NMR spectroscopy has already become a powerful routine tool of structural characterization for polyoxotungstates in solution.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction oxometalate. More than 70 elements in the periodic table

may act as the constituents of POMs. V, Mo and W are the
The first observation of a tungsten-183 NMR spectrum principal constituents.

was made by Klein and Hapg#] in 1961 when the spec- The POMSs have many “value-adding propertig; such

trum of WRs was indirectly recorded using a double res- as large size (diameter of 6-25A), high molecular mass

onance technique. In the following 20 yeat§3w NMR (10°~10* g/mol), high anionic charge~3 to —20), discrete

spectroscopy was used for the study of the high oxidation structure and discrete size (compared with the metallic ox-

state compounds, WEIWO42~ [2], WF,(OR)_, [3], and ides), strong electrolyte ¢ < 0 in acid form), photore-

low oxidation state compounds, CpW(G)(X = Cl, Br, ducible and chemoreducible, acid forms very soluble in
I, Me) [4], W(CO)_,[POMe], [5]. Towards the end of H>O and other oxygen-carrying solvents (ether, alcohols,
1970s, Baker and co-workef§] introduced®3w NMR ketones), etc. It is these “value-adding properties” that make

spectroscopy into the study of polyoxometalates (POMs). the POMs of considerable value in quite diverse disciplines
Since then a number of tungsten NMR papers have dealtof science and technology, e.g., catalysis, medicines, and
with POMs involving the direct observation of W nuclide materials scienc8—11]. At present, the POMs continue to
thanks to the development of commercial pulsed Fourier attract much scientific attention.
transform broad band spectrometers and superconducting There are many nuclides detectable by NMR spectroscopy
solenoid magnets. in POMs &1B, 170, 27Al, 29Si, 31p, 51y, "1Ga, 7’Se, %Mo,
POMs are coordination compounds containing more than 9°Nb, 183w, 125Te, 195pt and so on)7]. Some nuclides,
two metal atoms, which are generally formed from simple such as B, P, Si act as the central atom; some act as lig-
inorganic salts via condensatir]. POMs are constructed and atoms (Mo and W), and others can act either as central
from octahedral M@ and/or tetrahedral X@basic struc- atoms or as ligand atoms (V, Al, Ga, Fe, Co, etc.). How-
tural units by sharing the edges or the vertex of the octahe-ever, relatively few POMs containing these elements have
dron and/or the tetrahedron. An anion PXW®~ (Fig. 1) been studied, as yet, by NMR spectroscopy. The oxygen el-
can be obtained by acidifying the mixed solution of phos- ement is an essential constituent of POMs, but due to the
phate and tungstate with a molar ratio of 1:12. The P atom low abundance (0.04%) of the nucli§&0, it is necessary to
is called the central atom, while the W atoms are called the enrich thel’O nuclide or carry out ah’O-exchange reac-
ligand atoms which are coordinated octahedrally by oxygen tion in 1’O-enriched water in order to obtain théD NMR
atoms and can be substituted by other metal atoms. Threespectra of POMs. This can lead to problems in the rela-
WOg octahedra form a triplet D13 by sharing octahedral  tive quantitation of the oxygen sitgd42] and restricts the
edges, and four such triplets share the octahedral vertexespplication of1’7O NMR spectroscopy. However, the en-
and arrange tetrahedrally around the central atom P, that ishanced sensitivity of modern high-field NMR spectrometers
the three-fold shared oxygen atoms in the triplef(5 are provides the possibility to accumulate, quite rapidly, good
coordinateda a P atom, resulting in agTsymmetric poly- signal-to-noise!’O NMR spectra at the natural abundance
of 170 in 10-15min after dissolution although a concen-
tration of about 1 mol/l is requirefll2,13] The ®*Mo nu-
clide with a natural abundance of 15.7% and a resonance
frequency of 13.035MHz at 4.7 T has a favorable recep-
tivity. However, the number of reports concernifigMo
NMR study on POMs is much smaller than those concern-
ing 183W NMR because of the large electric quadrupole mo-
ment (012 x 10?8 m?) of the former nuclide, which results
in excessively broad resonance lines in some ca$ég/
NMR spectroscopy is the most widely applied technique in
the investigation of POMs and has become a powerful rou-
Fig. 1. Polyhedral representation afKeggin anion with IUPAC num- tine method for the structural characterization of POMs in
bering. solution.
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2. The 183W nuclide wave functions. The chemical shifis proportional tary, of
the atom considered. Acerete et[al/] examined the chem-
The 183\N nuclide is 0n|y NMR-active isotope in natural ical shifts of 12-tungsto POMs and they found a Straight line
tungsten, a transition metal element lying in the sixth period, correlation between th¥3W chemical shift and the recip-
and has a spin of 1/2, so its resonance lines are generally veryocal energyE cr), of the lowest charge transfer (LCT). A
narrow. But its low resonance frequency of 8.325MHz at least-squares extrapolation yieldg = —1304 ppm. How-
4.7 T and natural abundance of 14.3% result in a low recep- €Ver, it was later demonstrated that many polyoxotungstates
tivity of 0.059 which makes the observation’§fw signals ~ having WQ octahedra with @, symmetry do not exhibit
difficult in many cases. In practice, a concentrated sample this dependence. So the correlation between LCT*&A
solution (~1 mol/l) and long acquisition time are necessary. chemical shift is not a general observation.
A saturated solution of sodium tungstate is recommended Acerete et al[18] reported the investigation 83w iso-
as chemical shift reference. TRBW chemical shifts span  tropic shifts for paramagnetic species{Co" 04W1203¢]®~
ca. 8000 ppm and a rough trend is apparent with the oxida-and a-[Co"' O4W12036]°~. The observed chemical shift
tion states. The higher oxidation state compounds are founddobs Consists of two terms: diamagnetic shiftis and
at lower field and the lower oxidation state compounds are isotropic shift §iso. The dgis is usually estimated as the
found at higher field14,15] above-mentioned chemical shifts for an isostructural dia-
magnetic speciesiso is made up by the contact terégon,
and the dipolar terndgip. The isotropic shift in the spec-

3. 183y NMR spectrum tra of paramagnetic species arises from an electron—nuclei
interaction via direct contact hyperfine coupling and/or a
3.1. Origin of chemical shift through-space dipolar mechanism. The Fermi-contact shift

is a direct measure of the unpaired spin density delocalized
The chemical shift of diamagnetic systems in solution Onto the s orbital around the resonating nucleus and is taken

arises from two contributions: diamagnetigg) and para- as evidence of “metal-ligand” covalency. The dipolar con-
magnetic ¢p) [15]. The diamagnetic termrg of the atom tribution arises from through-space interaction between an
being considered is determined by the potential created byelectronic magnetic moment and the observed nucleus, and
the inner electrons, and it is usually reasonably constant forcan be expanded to a non-hydrogen nucleus by subdividing
closely related molecules. The paramagnetic tepnarises  the daip into two terms: “ligand-centered” dipolar contribu-
from the lack of spherical symmetry of the electric potential. tion, &g, and “metal-centered” dipolar contributiosfy),

For transition metals, the variation of the observed chemical Yielding:

shifts is most often dominated by th.e.paramagnetic egm Sobs = dis + Scon + ‘Sld_ip + 53/ilp )
since the valence electrons of transition metal atoms occupy

p, d and f orbitals with non-zero intrinsic angular moments, where L represents W and M is the paramagnetic centlr Co

giving rise to a large deviation from spherical symmetry. For or Cd". The experimental and predicted chemical shifts are
polyatomic ions and moleculesp, may be estimated from  [isted in Table 1

the Jameson and Gutowsky equat[@f]: The data inTable 1show that: (i) the experimental data
2,2 are consistent with the chemical shifts in the paramagnetic
2¢“h 1 1 . S h
p=7>55%|{3) Put{=3) Du (1) system being be treated as a sum of the individual compo-
3mcctAE | \r?/, ™ ld nents; (ii) for a paramagnetic system the isotropic shift is

the most important contribution to the total shift, wherein

whereP, andD, represent, respectively, the “unbalance” of the dipolar shift is obviously predominant; and (iii) for the

valence electrons in p and d orbitals centered on the atom.s stem with a verv reqular central tetrahedror Oa. the
AE is the average energy of excitation to a state of the cor- (SE’ dominates the?s/ gwhile for a svstem with a ﬁs)'i nifi-
rect symmetry to be mixed with the ground state and is often “dip Ot?s’ y 9
given by the lowest energy UV-Vis absorption maximum. cantly Jahn-Teller distorted central tetrahedrort'Cg the

M L )
(1/r3),, 4 represents the average value of over the p and d 3ip shows the largest contribution to the total shift.

Table 1

Calculated and experimental chemical shifts of the paramagnetic POMs

Anion Sdis Scon Seip Sl Sobs
a-[Co" O4W1,036]8~ —109 —-9.94+ 12,6 —780 to —790 +13 —887.6
a-[Co" O4W1203¢]%~ -81 —24 + 30 —690 to —580 —1300 —1993.7

@ Calculated valuesigis, diamagnetic shiftgcon, contact shift;sgip, “ligand-centered” dipolar contributiom{‘,’i'p, “metal-centered” dipolar contribution;
Sobs, €Xperimental value.
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3.2. Coupling constants cal shifts vary with the central atom, showing the sensitivity

of 183\ to the central atom. Isomerization of the Keggin

The magnitude of the coupling constant is a measure anion occurs when one or two of the four triplets is rotated
of the spin—spin interaction between adjacent nuclei underby 60° around its @ axis, forming theB3- or y-isomer, re-
consideration which can provide some structural infor- spectively. The symmetry of the XWW040® "~ isomers
mation. Lefebvre et al[19] observed the mononuclear decreases in the sequenceocofsomer(Tq) — B-isomer

coupling constant Jw—o—w of POMs, HhW;2FOs5°~ and (Cay) — v-isomer (Gy), the number of resonance lines
B-H4SiW12040, as 7% satellites to the main lines. They increases in the same sequelit®,18,23] Kazansky[26]
found that the magnitude of the coupling constaly—o—w investigated the correlation of chemical shift with the ge-

varied with W—-O-W bond angle. Combined the single ometry of POMs and the W—O distances and bond angles.
crystal analysis they suggested a general rule: a pair of tung-He noted with the reduction of the mean bond lendg® (
sten atoms sharing a common oxygen atom (angle aboutthere is an increase in shielding constant of the atom con-
150°) has?Jw—o—w values of about 15—-22 Hz, while those sidered, that is, thé of the atom considered shifts upfield.
edge-sharing a pair of oxygen atoms (angle aboutY120 For example the mean distance of the W—O-W bridge bond
haveZ Jw—o—w values in the 5-7 Hz range. Lar§éw—o—w in XW1,040® "~ decreases in the sequence &f, BiV,
values~30Hz were found in Wells—Dawson structure an- (2H)?* and the chemical shifts move upfield in the same
ions (W—O-W bond angle about 1920}, i.e., 2 Jw—o-w sequence (seBable 9. The s values in the3-SiW;2040*~
depends on the oxygen bridging bond angle. The less bent!3W NMR spectrum shift upfield as the mean bond length
bridging bond results in a greater interaction of the bridg- of the W—O-W bridge bonds decrea$26€]. The same ten-
ing oxygen orbital with the tungsten atoms and therefore dency appears in the NMR spectra of Wells—Dawson anions.
the larger values of Jy—o—w. In complexes with metallic  In y-SiWs» (Fig. 2), two unique tungsten atoms (denoted as
vacancies, very small corner couplingX0Hz) was ob- D) linked to each other by sharing an edge and with almost
served for coupling tungsten atoms in the vicinity of the perfect coplanarity of the W 5d orbitals are found to be
vacancy. This difference with respect to the saturated anionsquite shielded £165 ppm). The other tungsten atoms give
had been explained by the existence of a long W—O bondrise to three lines in the range ef100 to —127 ppm[24].
(210220 pm), where the bridging oxygen atom wasasto Decreasing the symmetry of the whole anion results in a
a terminal ong21-23] Thouvenot and co-workefg1,22] decreased weight averaged chemical shift value despite the
found larger variations in th&/yy—o—w values (37-4.9Hz)  fact that the low-energy side of the first CT band in the UV
for vertex sharing in PW140s8'%", y-SiW190368~ and spectrum being slightly red-shiftd@6].

NH4AS;W400140%3~. The normal coupling constants are Removal of one W&+ group from the Keggin anion pro-
recovered by filling the lacun4,25] Kazansky26] noted duces a lacunary anion X\0O3g¢"~ in which the W atoms

a general trend of decreasifgw—o—w With increasing divided into six groups, five symmetric equivalent pairs of W
sum of the two W-O bond length®{ + R2) in a bridg- atoms and a single structurally unique W atom, and therefore
ing bond W-O-W, when he investigated the correlation six lines occur in theit®W NMR spectra with intensity ra-
between coupling constant and POM geometry. In addi- tio 2:2:1:2:2:2 (the order of lines may be vary for individual
tion, the relative intensity of théJw—o—w satellite yields anion)[6,28,29,47] The removal of one W& group also
evidence for the number of tungsten atoms coupled to theresults in a broadening of lines and a variety?dfy—o—w
observed nucl€f26]. These results provide a rational basis values. Occupation of the vacancy in XYD3¢"~ by other

for distinguishing the W-W atom mode of connectivity in metallic atoms, forming so-called mono-substituted anions

the metal atom backbone. XMW 11040"~, does not change the symmetry of the anion
(Cs) and the spectral envelofiE7,45,48-55] The resonance
3.3. 183 NMR spectrum and structure of POMs lines of 11-W species show a general upfield shift except

for those W atoms located around the vacancy where the

Hundreds of POM&3W NMR spectra have been reported

since the first®3wW NMR POM spectrum observed by Ac-

erete et al[6] in 1979. The chemical shifts of POMs with
typical structure are listed ifable 2

3.3.1. Keggin structure anions and their derivatives

A Keggin anion XWi»040® "~ (n is the charge of
central atom,Fig. 1) with T4 symmetry has 12 tungsten
atoms which are located in the same chemical and magnetic
environment, and therefore exhibit a very sharp line with
a half-peak width less than 1 HZAgble 2 [6,17], except
PW12040%~ whose line is split into a narrow doublet by cou-
pling betweertlP and'®3W, 2 Jp_ow ~ 1 Hz. The chemi- Fig. 2. Polyhedral representation §fSiW;2040%~ anion.
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Table 2
Chemical shifts of POMs with typical structures
Anion Symmetry Chemical shiftsf References
in ppm (intensity
ratio)?
[-XW 12040] &)~ Tq —99.4 (P),—104 (Si),—131 (B), —96 (Zn), —887.6 (C&*)P, [17,18]
—113.0 ((H)*)°
B-SiW12040%¢ Cay —103.5,-104.0,—120.2 (1:2:1) [19]
¥-SiW1 204049 Coy —104.7,-116.8,—-127.4,-160.1 (2:1:2:1) [24]
a-SiWy10398~ Cs —100.9,-116.2,-121.3,-127.9,-143.2,-176.2 (2:2:2:1:2:2) [6]
-SiVW11040°~ Cs —104.8,-105.6,—-107.4,-117.5,-129.5,-131.9 [27]
[La(SiW11039)2]3 Cov —105.2,—-117.4,—-113.2,-136.6,—162.2,—169.5 (2:1:2:2:2:2) [28]
[La(PW11039)2]*~ C —144, -130, —150, —128, —104, —117 (2:2:2:2:2:1) [29]
A-a-1,2-SiVoW10040%~ Coy —83.5,-86.0,—111.7,—-122.7,-142.5 (2:2:3:2:1) [27]
A-a-1,2,3-SiVbWgOy0"~ Cay —91.5,-136.7 (2:1) [27]
A-B-1,2,3-SiVsWo 040"~ Cay —115.4,-120.0 (2:1) [27]
[(ZrOH)3(B-SiWgO3g4)2] 11— ¢ Dsp —114.0,—189.0 (1:2) [30]
[Zn4(H20)2(PWgOgzg) 2110 Con —90.7,-102.5,-117.8,—130.5,-135.6 (1:2:2:2:2) [31]
a-PoW1g062% P Dan —128.1,-173.8 (1:2) [32]
B-P,W1g06,5 P Cay —111.6,-131.1,-171.1,-191.2 (1:1:2:2) [32]
v-As;W1g0g2%~ Dan —110.0,—166.0 (1:2) [33]
H4PW1g062"~ —127.8,—-135.7,—-144.9,-181.3 (2:1:1:2) [34]
HeW1g06210— " Cay —122.0,—146.6,—161.1 (1:1:1) [35]
ap-P2W1706110-P Cs —127.8,—-140.8,-159.6,—175.6,—179.6,—218.9, -222.7, [17]
—225.0,—-242.3 (2:2:2:2:1:2:2:2:2)
a1-PaW1706110- C1 —200.1,-203.7,—210.3,-241.3,-214.6, —225.5 [36]
ap-PaNbW17062"~ Cs —108.1,-129.2,-141.9,-172.5,-176.1,—-178.9,—181.3, [37]
—185.2,—189.5 (2:2:1:2:2:2:2:2:2)
a1-P2Zn(Hy0)W170618~ Cs —99.4,-117.4,-123.0,-151.9,-157.7,-167.6,-174.2, [38]
—175.7,-177.3,-193.3,-200.1,—-203.7,-210.3,-214.1,
—214.6,-225.5
[La(oz-P2W17061)2]1 "~ C —137.6,—146.8,—179.0,—-180.5,-193.8,-194.1,-213.7, [28]
—218.5,-219.6,—239.5 (2:2:2:1:2:2:2:2:2:2)
a-As;M02W 160628~ Cs —114.1,-124.9,-126.6,—145.3,—146.6, —147.6, —147.8, [39]
—151.4,-155.0 (1:1:2:2:2:2:2:2:2)
[Ces(OH)2(H20)9(P2W16050)2] 14~ Cs —295.5,—90.3,+44.1,+121.1,+123.2,4+173.5,+186.7,+188.4 [40]
«-1,2,3-BV3W150g,%~ Cay —157.3,-180.6,—228.5 (1:2:2) [41]
[Zn4(H20)2(P2W15056)2]1€* Con —150.4,-160.5,—-162.0,—180.0,—238.2,—143.4,—-244.7 [42]
(1:2:2:2:2:2:2:2)
a-P,MogW 120625~ Coy —130.3,-166.6,—179.9 (4:4:4) [33]
a-P2(NbO,)sW1,05612~ Cov —122.4,-158.1,—-203.5 (4:4:4) [43]
TeWsOo48~ Deh —115.8 [44]
W702480 Cay +269.2,—-98.8,-178.9 (1:4:2) [13]
HaW1504,10- C —108.2,-110, —114.5,-141.4 (1:2:1:2) [13]
WgO19% ¢ On +58.9 [45]
VWs5010%© Cay +76.4,+75.9 (4:1) [27]
VoW,4019% Dan +70.3,+69.4 (2:2) [27]
W1g032*° Dan —37,-173 (4:1) [46]
[La(Ws501g)2]%~P Dan +31.0,—-13.4 (4:1) [28]
NaRsW300110t4~ Csy —287.8,—275.5,-209.7, 207.6 (1:1:2:2) [33]

@ Counterion is Lt in D,O except those labeled by footnotes b—f.

b Na* in D,0.

¢ (C4H9)4N+ in (CH3)2NCHO(DMF).

d (C4Hg)sNT in DMSO.
€ (C4Hg)4N* in CH3CN.

f n-PyN* in propylene carbonate.

increased electronic anisotropy produces a downfield shift. The monovacant anion Xy¥¥Osg"~ can act as four-dentate
Thus, the center of gravity of tH#3W NMR spectrum re- ligand and forms a series of complexes, Ln(xiWsg)>"~
mains relatively constant for a given heteroatom, and the (Ln represents lanthanidef6] or Ce(XWy1039)"~ [57],
relative distribution of lines is much the same for a homol- in which lanthanide ions lie in a square-antiprismatic co-
ogous series, producing a remarkable similarity in the qual- ordination geometry. The NMR data (six lines) for the
itative appearance of the specfgx]. Ln(PW11039)2"~ family of compounds show a symmetrical
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structure (Gy) for the early lanthanides and after gadolin-
ium the data (more than nine resonance lines) are consistent
with rotation of one PW;O3g relative to the other and
inequivalence of the tungsten atoms of each heteropoly-
tungstatg28,29,55]

Removal of three W atoms from XWO,0"~ produces
three lacunary anions X¥Oz4"~ [7]. If the three removed
W atoms come from one triplet (W1, W4, W9 kig. 1), a
B isomer is obtained; and if they come from three triplets
(W1-W3), an A isomer is formed. In both A and B iso-
mers the W atoms are divided into two groups: one group
comprises a six-atom belt and the other group three po-
lar atoms, a triplet in A isomer or a triad in B isomer. Fig. 3. Polyhedral representation of Wells—Dawson anion.
The A and B isomers have samg,Gymmetry and should
theoretically give a two-line spectrum. However, there has isomers:as-isomer (one W atom removal from six-atom
been no direct observation of these two anionic spectra duebelt) and az-somer (one W atom removal from polar
to their low solubility and instability in aqueous solution. triplet). Mono-lacunary [17,36] and mono-substituted
Very recently, Errington et all58] reported the synthesis  ygrivatives including complexes;KIW170g"~ [37,38,76]
and’®3W NMR spectrum of a brominated polyoxotungstate 5 Ln(%W17061)2"~ [29,77—-79] of one isomer have
A'PW902GBr§37- Itdoes eXh'b'ttV_"o"neSW'tﬁJW—O—\N = the same spectral envelope. Like the Keggin anion, the
25Hz, showing an A-type of tri-vacant anion. Three Va- Wells-Dawson anion also yields the tri-lacunary anion
cant sites can be occupied by other metal atoms, resulting,nq tri-substituted complexes which give three line spectra
in the so-called three-substituted anion, 2MgO4¢"~. The [33,41,76,80-83]as well as sandwich complexgt2,84]
tri-lacunary anion and the tri-substituted anion, 2@@1— In the six-substituted MogW1,06,6~ anion one each
and XMsW9oOqq" ™, have the same symmetry4gy and sim- of the polar Mo atom is in each triplet and two Mo atoms
ilar two-line NMR spectrg20,25,28,59-66pxcept in the 416 in each belt. The two polar Mo atoms are connected to
cases with different kinds of M atonj5] or protonation of  heir nearest neighbor tungsten atom by edge-sharing while
the bridge oxygen atorf#1]. There are also dimeric anions  he four belt Mo atoms are linked to their nearest neighbors
[(a-, B-XM3W9Ogs7)2 (1-O)]"™ (X = Si, M = Ti, Nb; by corner sharing. It is this structure that gives the three

X = Ge, M= Ti) which also give two-line spectii&7-69} tungsten NMR lines in the ratio of 4:4{83,43]
When the XW0O34"~ acts as a ligand two types of com-

plex can be formedl:l Keggin sandwich anions(i+, B-XWo 3.3.3. Lindqvist anion and its derivatives
Oz4)2 (M = Zr, Ce", Co, Cu, Pd’_ Sn) with g, symmetry WgO16%~ is called Lindqvist anion in which six W atoms
and My(B-XWgOgs)2 (X = P, As; M =Mn, Fe, Co, Ni, i i identical environmentsFg. 4). It has G, symmetry

Cu, Zn) with G symmetry. The former retains the two-line 54 gives a one-line spectryab,51]with the largest chem-
spectrun{30,70-73]Jand the latter has a four line spectrum 4| shift for anions having M@ Cay, Symmetry. Its deriva-
[31,74,75] A- and B-XWgOz4"~ anions have two isSomers,  tjyes W;40g,%" are built up by two corner-shareda@ g8~

a andB [7]. Two isomers of the A-XWO34"~ have the same  f5rmed by removing W& group from WsO12~. As in
symmetry and the same two-line spectrum, butthe differencehe case ofu-X,W150g5~ the WigOsx*~ has polar W

of the two chemical shift\ § are not identical, in general  5i5ms (2W) and belt W atoms (8W) and therefore has a
Ad(a) > AS(B) for A-XWgOzq"™ and A-XMsWoOu"™,  yo-line spectrunfl2,46,81,85]Another kind of derivative,
which can be used in distinguishing two isom§§3,64] XW10Os¢"~ or X(Ws501g)2"~ where X is a lanthanide or

) ) o actinide, consists of one central X atom and twg@yg®~
3.3.2. Wells—Dawson structure anions and their derivatives

An anion %Wg0g%~ (X = P, As) with the so-called
Wells—Dawson structure also has 3, vy isomers[7]. The
a-isomer is constructed from two A-XWgOs4%~ via shar-
ing the corner oxygen atoms of the six-atom belts, and
has By symmetry Fig. 3) and a two-line spectrurfB2].

A B-isomer is formed by rotating one polar triplet around
the G symmetry axis, it has ¢ symmetry, and has a
four-line spectruni32], the y-isomer results from rotating
two polar triplets around the £Lsymmetry axis and has
the same symmetry and the same two-line spectrum as the®?)

a'is_om_er doeq33]. Mono-lacunary and mono-substituted Fig. 4. Polyhedral representations of Lindgist anion (A) and its derivative
derivatives %W170g1"~ and XMW170s2,”"~ have two (B).
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Fig. 5. Polyhedral representation of Anderson anion.

ligands and they have the same symmetrypjland same
spectral envelopf27,83,86,87Jas does WOz ~. The W
atoms in W19~ can also be substituted by other metal

251

Fig. 7. Polyhedral representation of Na®300110*°~ [93] showing WQ
octahedra and the central Na (opened circle).

atoms, forming mono- and bi-substituted derivatives, such asy ansform to WO,48~. The W-O,48~ with a same structure

Ws5019{Mo(NO)}3~ and MWsO19>~, MoW4019*~ (M =

VvV, Nb¥) whose spectra contain two ling28,88,89,90]
with intensity ratio of 4:1 for the first two species and 2:2 for
the last one. The substitution of organic group for the oxygen
atom of NbW4019"~ results in a three line spectruf@0].

3.3.4. Anderson anion

TeWsO242~ (Fig. 5) is built up of a central atom Kt*
with an octahedral configuration and six edge sharedsWO
octahedra forming a ring around the”™, very similar to
MMogO24"~ [7]. Each WQ octahedron is distorted tox¢
symmetry with twocis-terminal oxygens. All the W atoms
lie in the same environment and the anion gives only one
line in its 183W NMR spectrum[44].

3.3.5. Isopolytungstate anions;Wi,04,'% and
W70245~ [13]

Isopolytungstate anions MV1,04'% and WyOo48~
are the products of acidifying W3~ solution. At room
temperature WO,48~ easily transforms to pW1004510~

(after several hours), at elevated temperature this trans-

formation is incomplete and occurs more slowly. Aging
the W»048~ concentrated solution leads to crystallization
of NaygHaW12042-27H,0. In the presence of I, the
HoW150451% remains in the solution. $W1204,1% has

a complex structure with four structural types of \W@c-
tahedra Fig. 6A) and its183W NMR spectrum show four
resonance signals with an intensity ratio 1:2:1:2, which
corresponds to the anion structure in the crystalline state.
Upon heating the solution, theosM/1204,% anions partly

Fig. 6. Polyhedral representation opW;20451% (A) and W;0248~ (B).

as Mo;O24%~ has three structural types of tungsten atoms
(Fig. 6B) and therefore produces three lines in a wide range
(+269 to —179) with an intensity ratio 1:4:2 in it§33w
NMR spectrum.

3.3.6. Cryptate anions

A large anion NaBW300110*°~ (Fig. 7) is built up of five
fragments (PW) of the Keggin structure by vertex sharing,
being called a cryptate anion. The interior sodium disturbs
the original By, symmetry because it is located in one of the
two pentagonal planes formed by thg &oms which are
shared by the P atoms and the W atoms in the five-membered
rings of the WQ@ octahedra. The non-equivalent upper and
lower parts of the anion result in a four lif€3W NMR
spectrum[33,91,92] The sodium cation may be replaced
by larger BI', Ccd', U and some lanthanide ions. The
replacement of the larger cation for N&n does not change
the anionic symmetry from £; to Ds,, and does not change
the spectral envelog®1].

Another cryptate anion [(BeASWgO34)a(WO5)4]%8~
(denoted as AgV40, Fig. 8) can be viewed as a deriva-
tive of AsWgO342~, in which four As\WyOs42~ units are
linked by additional tungsten atoms. The W atoms in
[(B-a-AsWgO34)4(W0O2)4]%8 are divided into six groups
and give six signals with intensity ratio 2:2:1:2:2[94].

This anion has the ability to accommodate alkali, alkaline
earth, and lanthanide cations in the central cryptate site (S1)
as well as di- or tri-valence 3d metal cations andtAig

four lacunary sites (SZp5-97]

Wasssermann and Pof83] reported the crystal structure
analysis of Nao{[(H20)10Ln"" (Ln2OH)(B-a-AsWgO34)4-
(WO2)4]2}-nH2O (abbreviated as lafssWag) (Ln
Ce, Sm, Gd) and Na{[Ba(HzO)io(Ce" 20H)(B-o-
AsWg030)4(WO2)4]n}-51H,0. The single crystal structural
analysis of LnAssWy revealed the site of Ln, one in S3
and two in S2 Fig. 8). There is a linkage between adja-
cent Ln units, via two W—O-Ln bonds arranged in pairs
(LnzAssW40)2, and assuming overall;Gymmetry; 40 res-
onance lines are expected. However, 9 lines were observed,
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(B)

Fig. 8. Cryptate anion [(Be-AsWgOz4)4(WO3) 4]?® showing the S1, S2, S3 sites.

between-50 and—250 ppm, for the Ce and Nd complexes, —106.4,—151.2 and—206.0 ppm with an intensity ratio
which approaches that of the expected monomeric unit with 2:1:2:2:2:1).
D24 symmetry which should exhibit 11 lines, 9 of intensity Another group of polyanions containing uranium
2 and 2 of intensity 1. Thus, laAs;Wag is dimeric in the  [M2(UO2)2(PWo)2]*%~ (M = K*, NHsT, Nat) was re-
solid state, and in solution it is monomeric due to the hy- ported by Kim and PopEL0Q]. In the anions with M= K™,
drolysis of W—O—-Ln bonds. In the same way, as &V NHsF, two A-PWgO34°~ asymmetrically sandwich two
NMR experiments showed, LWAssW4o (Ln all in S2 sites) uranyl cations forming a central crypt which is occupied by
in solution is monomeric and gives a simple NMR spectrum K™ or NHsz™ ion, another M ion may be considered as an
corresponding to anion of I3 symmetry. However, the res-  external ion. These polyanions exhibited nine-line spectra
onance signal for the bridging tungsten atom between thewith an approximate intensity ratio of 2:1:2:4:2:2:1:2:2,
AsWg units could not be detected (L& La; —110.7(2), consistent with virtual €symmetry.
—115.5(2),—153.1(2),—194.5(2)).

A new polyanion [(UQ)3(H20)s(AsWgOz4)3(WO)3] >~ 3.4. Paramagnetic species
[99] is built up by three AsW units which were linked by
both U atoms and W atoms. Its six-line spectrum in solu- 3.4.1. Species with transition metal atoms
tion indicated a structure with 4¢ symmetry, or with one Paramagnetic polyoxometalates are formed when one or
of virtual Czy symmetry as a result of rapid interconver- more transition metal atoms with unpaired electrons act
sion among the three arrangements8.3, —92.7,—-98.8, as constituent of POMs either in the central site or in the
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ligand site. The presence of the paramagnetic ions causes garger than that observed for PigDss®, an electronic
great variation in the chemical shifts. In the case of a central analog of the U complex, showing a greater participation

paramagnetic ion, such as Ca¥D40°> /%, 12 tungsten

atoms are still in an identical environment and give a single [104].

line but with a remarkable upfield shift due to the delo-

of the U 5f orbital in electron transfer into the W 5d orbital

The ¥3W NMR spectrum of {Ce(HO0)x(a1-PaWi7-

calization of the unpaired electron over the whole anion Os1)}2]** [77] consisted of 17 lines of similar intensity,
[18]. The paramagnetic ion present in the ligand site of consistent with the Csymmetry ofxs-isomer. Thirteen lines

XW11MOgoH2"~ (M = Fé'', mn!, ', RU", Cd', Ni')
[38,55,98,101,102,103hakes the resonance lines shift ei-

appeared betweenl110 and—215 ppm, the other four were
observed betwees100 and+-340 ppm and were assigned

ther up or low field and broaden, even disappear as shownto the W atoms adjacent to the paramagnetic Ce atoms.
in Table 3 The resonance signals which disappeared and The Eu atom in EufW3qO110'Y~ formed by replace-
those with large line width were assigned to those tungstenment of Eu for the sodium cation in NgW®300110*4~

atoms nearest to the paramagnetic ion according to themodified the symmetry of the anion to beyQather than
unambiguous assignment of the lines in the Zn-analoguethe original By symmetry of BW3gO110 as shown by its

using theJy—o—w connectivity patterri38]. In these anions
the W atom with intensity 1 is the most shielded.

Jorris et al[38] found a marked difference in thH&3wW
shifts for SiWi1MO4oH28~ and PW1MOg4oH>~ (M =

183/ NMR spectrum which had the same pattern as that

of NaRsW3q0110™*. The replacement of B for Na™

Ni%t, Co?t). The smaller shift for the former is consistent |Jines to a different frequend@1].

with the lower degree of spin delocalization deduced from

and the occupation of Bt in a similar site in the complex
were confirmed by a significant displacement of one of 5W

The missing resonances for two W atoms in Ba&aW 4o

the analysis of the EPR spectra of the corresponding reducecand KCaAss;Wao are presumed to be a consequence of

forms.

several neighboring paramagnetic (Ce) i{@8].

When POM contains two or more paramagnetic cations,
the behavior of the NMR lines is not predictable. For exam- 3.4.2. Reduced species

ple for A-SiWeCo30401% where three Cb atoms make up
a three corner-shared triad, t4&W lines, one with a large

POMSs may be reduced reversibly by one or more electrons
producing intensely colored species—'heteropoly bl[gs’

downfield shift 708 ppm) and the other with an upfield Retention of the original structure upon reduction is due to
shift (—690 ppm), are observed and assigned, respectively,the added electron occupying a non-degenergateotbital

to tungstens non-bonded and bonded td @dnich broad-

ens the resonance of the lat{éd].

ions as heteroatoms (X): XfW10028"~, X(PW11039)2" ",
X(P2W17061)2"~, XPsW30011¢"~. Fedotov et al[86,88]
recorded the NMR spectra of the X®1002g"~ system.

which leaves all the bonding orbitals unchanged. The bridg-

ing oxygen atoms provide pathways for electron delocaliza-
There are other paramagnetic systems involving lan- tion. The heteropoly blues with odd electrons are paramag-
thanides and actinides which are fairly fixed in some an- netic and those with an even number of electrons are gener-

ally diamagnetid12,24,93,105-107]Table 4gives chemi-
cal shifts of some two-electron reduced POMs.
A single ¥¥3W NMR line in the reduced SiW$O40°~

These complexes have the same spectral envelope but thé2e) [105,108]which is deshielded relative to the oxidized
shifts caused by the paramagnetic lanthanides vary remark-sparent by 60 ppnj105] indicates the equivalence of all W

ably (Table 3. The 183w shifts of UWygO368~ are much

atoms with a delocalized electron pair (bipolarg@p4].

Table 3

Chemical shifts of paramagnetic POMs

Anion Symmetry Chemical shiftsf in ppm (intensity ratio) References
Cd'W1040%~ Tq —887.6 [18]
CO'"W12040°~ Tg —1993.7 [18]
SiW11C0o(D,0)03¢%~ Cs +437.6,4+390.2,—222.2,—-280.2 (2:2:2:13 [38]
SiW11Ni(D20)0s9%~ Cs +328, +308, —134, — 225 [38]
PWi1RU" (H20)0s6* Cs —111.5,-146.3,-199.5 -559.5 (2:2:2:%) [101]
PW11C0o(D20)039°~ Cs +818, +725, —192, —256 (2:2:2:1} [38]
A-SinCOg,(HzO)3037107 Cav +708, —690 (1:2) [61]
a2-P2Co(D20)W; 706210~ Cs +534, +476, —143, —153, —200, —232, —236 (2:2:3:2:4) [27]
EuW;0O036%~ Dan —18, —611 (4:1) [86,87]
CeW; 036~ Dan +155, +51 [86,87]
PrwioO0s6%~ Dan +387, 453 [86,87]
EuRsW300110™2" Csh +62.5,—-201.7,—-209.5,—-297.5 (1:2:2:1) [91]
BaCeAssW400130H216~ Dag +106.1,+115.5,4191.3,+196.6 (2:2:2:1) [98]
KCesAsgW400130H21 7~ Dag +104.9,4+114.1,+183.2,+194.3 (2:2:2:13 [98]

2 Some lines were not observed.
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Table 4

Chemical shifts of some two-electron reduced POMs

Anion Chemical shift § in ppm (intensity ratio) References
a-SiW120405~ —43 [108]
~¥-SiW12040%~ 489, —63, —124, —131 (2:2:1:1) [24]
~v-SiW12S, 038~ 1041,-121.3,—-144.6,—184.4 (1:2:2:1) [93]
~v-SiM0S,W120388~ —122.9,-145.4,—-177.0 (2:2:1) [93]
CoW;2040%~ —549 [105,106]
P,W1g0g28~ —298, —49.8 (1:2) [108]
a1-P,W17M00g,8~ 414, 62,—22, —123,-124,-128, -175, 192 (2x), —204, —206, —209, —220, —233, —254, —309 [107]
a2-P>W17M00g28~ 210,-191, -59, —111, —180, —202, —235 (2:1:8:2:2:2) [107]
a-P,W15M0306,8~ —149, —226, —238 (1:2:2) [108]
a-P>W15M0g 0628~ —149, -191, —171 (4:4:4) [107]
Wi100326~ 300, —14 (4:1) [12]

In contrast, the electrons in reducgeSiW,040%~ cause and 9. It was supposed that the electron pair delocalized
a large shift at+489 and—63 ppm to the two83W lines over three Mo atoms. It will be noticed that the signal of
with intensity four due to delocalization of the electrons over the W atoms closest to Mo atom,3//shifted the most and
the eight equivalent adjacent tungstensWoa Woa Wog), those furthest, W the least Fig. 3). Kozik et al. [107]
the other lines undergo small shifts indicating small partial have claimed that the electrons are evenly distributed over
delocalization of electrons onto the four separately located the six Mo atoms in the reduced anioaMgW12065% .
tungsten atoms (C and D siteshiy. 2) [24]. Comparison of None of the shifts exceeds-30ppm and the smallest
the spectra ofy-SiW1,5,038%~ andy-SiMo,SyW120388~ shift is assumed to occur on the four belt atoms furthest
makes it clear that the line at1041.2 ppm may be assigned from the Mo atoms, in the spectrum 0pN0gW1206,5~
to the W atoms (D sites) in a sulfur environment and the [108].
added two paired electrons are delocalized thef@8h The ap-P,MoW;70g,8~ anion gives rise to nine lines
Decatungstate WO328~ has two distinct types of tung-  due to the mirror plane in both the oxidized and reduced
sten atoms in two square arrays and in two apical sites. Af- stateg[107], with § values from+210 to —235ppm in the
ter reduction the paired electrons are delocalized over eightreduced stateTable 4. For theas-isomer in which the Mo
adjacent tungsten atoms bound by linear bridges W—O-W replaces a tungsten atom in the belt, all tungsten atoms are
and cause a large downfield shift in the resonance line of different and would display 17 different lines if they could
8W[12]. be resolved. The introduction of two electrons results in a
Reduced species with a Wells—Dawson structure exhib- wide range of chemical shifts of 17 lines betwep#13 and
ited various changes in chemical shifts. The large down —309 ppm[107]. In the analysis of the shifts in both cases,
field shift, from—173.8 ppm (oxidized anion) te49.8 ppm it was assumed33,107] that one electron resided on the
(reduced anion), of the two belts consisting of 12 octa- Mo atom and the second electron was delocalized over the
hedra of reduced anion,®/1306,° is taken as evidence six-membered belts.
for the delocalization of the bipolaron on these atoms; The NMR spectrum of reduced species with paramagnetic
and the large upfield shift of the six polar atoms from centerwas recorded only for EoW1,040%~ (2€)[105,106]
—128.1 ppm (oxidized anion) te-172ppm (reduced an- The introduction of two electrons deshields the tungstens
ion) is taken as normal shielding for the reduced systems A§ = 4338 ppm, a magnitude much larger than the ob-
[108]. In the reduced anion®o3W1506,8~ the shifting servedAs = +51ppm for the diamagnetic Si\A040®
was relatively smaller with respect to that ofW;g0g,5 ", (2e). This was explaingd 09] by a change in the delocaliza-
but the addition of two electrons made the two lines tion mechanism of the unpaired electron spin density from
of the belt W atoms separate remarkably (Sedbles 4 Co(ll) into the W orbitals.

Table 5

Chemical shifts of substituted POMs

Anion Symmetry Chemical shiftsf in ppm (intensity ratio) Reference
a-PoW1062%~ Dap —128.1,-173.8 (1:2) [32]
a-1,2,3-BMo3W1506,5~ Cav —134,-180,—179 (1:2:2) [108]
a-1,2,3-BV3W15062°~ Cay —157.3,—180.6,—228.5 (1:2:2) [76]
a-1,2,3-BNbgW15062%~ Cav —139, —209, —169 (1:2:2) [82]
ap-PaMOW 170628~ Cs —124,-129, -130,—170, —173, —175, —176, —178 (2:2:1:2:2:2:A [76]
ap-PaVW 170627~ Cs —105, —123, —165, —164, —177, —182, —184, —185, —209 (2:2:1:2:2:2:2: [76]

2 Some lines were not observed.
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The influence of subtle changes in the dimensions of Table 6
the anion induced by a central atom will result in marked Chemical shifts of HW>040-<F."™ and HW12040-.F"" [111]
changes in thé8W NMR shifts for the reduced species x Chemical shift §) in ppm
XW 12040" ~ with six electrong110]. In the case of six elec-
trons (six electrons on tungsten) an electronic isomerization

HW12040-F."~

1 -130, -115, 107
takes place with the electrons localized in thre&’ \WWd? 2 -110,-103, -97
centers. This was proven by the lar§®wW NMR shifts 3 —106, —90
which exhibit?Jw—w coupling of the magnitude expected HoW12040_ F."~
for a metal-metal bonfd. 11]. Analysis of the spin—spin cou- 0 —111
pling 2Jw—o—w shows that the six electrons are located in ; —iggv —ég& 525

the triplet of edge shared octahedra.

3.5. Influence of other factors on chemical shifts
for WBry in [W204Bra(jn-C204)]%). Similar shifts oc-

3.5.1. Charge and size of the substituted elements curred in the case of replacement of &y chlorine[58].

The similarity of Mo to W results in two partially resolved I contrast to these, fluoride substituted polyoxotungstates
lines at—179 and—180 ppm and small upfield shifféble § HW12040-xF"", x = 1-3 and HW12040_:F"~ x = 1,
in the183W NMR spectrum of PMo3W150s,°~ assigned to 2, where F replaces the oxygen atoms of the internal tetra-
the B(C) tungsten atoms iffig. 3) [108]. Edlund et al[82] hedron XQ, exhibited little deshielding of the tungsten
have shown that in MbzW150g2°, where the W triplet atoms {able §. Because the replacement of Klightly
is replaced by Npwhose size is bigger than Mo(VI) and the lowers the symmetry of the whole anion the single line in
charge is smaller than Mo(V1), the B and C lines are sepa- the "®W NMR spectrum of the parent anion#1,040°~
rated with B shifted to-209 ppm even though thephatoms  Split into three lineg112].

are separated by four bonds from the Nb at¢&2§. Similar The replacement of the coordinated water molecule in
shifts were observed forZWSWlSOGZQ_ [76] Two vana- LiGPW11RU(H20)03,9 by dlmethyl sulfoxide or by maleic
dium atoms sharing an edge (D sites)y8iVoW10040®~ acid results in a small shift of the signal of the W atoms

induce high-field shifts for thre&3W NMR lines despite  adjacent to the substituted atom. This can be interpreted in
the edge-sharing that should give rise to deshielding of the terms of a competition for the Ru-electrons between the
nearby tungstefi24]. These all show the influence of size tungstophosphate and other acceptor ligga02].

and charge of a substituent on tA&W NMR chemical

shifts. 3.5.3. Counterion and solvent

The charge of the guest cation may markedly increase Some researchers indicated that tungsten-183 chemical
the shift range. For example in the case of theP,- shifts are counterion-depend€diif?,13,22,36,44,45,51,85]
VW170g2"~, an electronic analog afz-PoMoY W17065"~, Table 7illustrates some examples. Surveying the data in

which lacks a a electron on the vanadium, the resonance Table 7 the resonance lines shift downfield as the counte-

|ines are Spread over the interva| froﬁios to—-209 ppm rion Size increases. Canny et mZ] indicated that th|S iS

[76] The resonance |ine assigned to the unique tungstenconsistent W|th a mOdificatiOI’l Of the diStribution Of the neg'

in the triplet group which is related to the"\by a mirror ative charges on all the oxygen atoms of the structure when

plane is observed at165 ppm giving a-35 ppm shift from a MT cation substitutes anotheriVcation. Another expla-

the anionap-P,MoW;70g25~ [76]. nation is a s_tronger association offLivith polyanions, as
The presence of the six electrons in thg orbitals of compared with N& [13].

Ru' in PRUW1039(H20)* results in a positive shift for

practically all of thel®3W resonancefl02]. Naturally, the ~ 3.6. 2-D NMR spectroscopy

largest shifts are expected to be for the W atoms closest to

the RU' ion. In more complex coupling problems the similarity of
2 Jw—o—w Vvalues may produce ambiguity in determination
3.5.2. Replacement of terminal oxygen by halogen of connectivity. In principle, any'83W can have up to 4

Errington et al.[58] reported the!®3W NMR spectrum  different adjacent83w atoms. Furthermore, the lower in-
of a brominated polyoxotungstate anion FBYsOxs>~ at tensity of satellite lines make them difficult to differentiate
8 = 1891 ppm, characteristic of the low-field chemical shift from major lines of slight impurities, and the line broaden-
of the brominated tungsten atoms, andat —1231 ppm ing (up to~54 Hz) caused by displacement of quadrupolar
for the tungsten atoms in the ¢ap. The replacement of  nuclide or by presence of vacancies leads even to the dis-
terminal oxygen atoms (Pby bromine shifts the resonance appearance of some resonanies26,45] These problems
signal of the brominated tungsten atoms significantly down- prompted Brevard et al[47] and Domaille et al[54] to
field (+189.1 ppm); the more terminal oxygen atoms which introduce two-dimensional (2-D) NMR techniques (2-D IN-
are replaced, the greater the signal shiftis281.6 ppm ADEQUATE and 2-D COSY) for establishing connectivity
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Table 7
Chemical shifts with different cations
Polyanion M- Solvent Chemical shifts) in ppm (intensity ratio) References
-SiW110308~ Na DO —100.8,—-116.1,—-121.3,—-127.9,-143.2,-176.1 (2:2:1:2:2:2) [29,47]
Li —105.2,-106.0,—-120.5,—-121.6,—143.5-173.5 (2:2:1:2:2:2) [56]
a-PWi1039"~ Na D,O —97.3,-102,-108.9,—116.6,—132.0,—152.1 (1:2:2:2:2:2) [47]
Li —98.1,-98.8,—-103.6,—121.4,—-132.4,-152.2 (1:2:2:2:2:2)
ap-PoW1706110- K D,0O —127.9,—140.8,-159.6,—175.8,—179.6,—218.9,—222.7, [56]
—225.0,—-242.3 (2:2:2:1:2:2:2:2:2)
TBA? DMSO-D,O —93.6,—-112.2,—-123.7,—156.4,—174.9,—177.8,—180.9, [56]
—183.4,—189.3 (2:1:2:2:2:2:2:2:2)
a-PW 0403~ TBA sb —86.7 [45]
a-SiW12040*~ TBA -92.1 [45]
~Y-SiW100368~ Li D,0 —106.9,—147.9,-163.6 [22]
Na —102.3,—143.8,-162.8
K —96.4,—-137.2,—158.2

a TBA = (C4Hg)aN.
b 5= DMF-CDsCN.

between tungsten atoms. The major advantage of the 2-D4.2. Structural characterization of POMs in solution

NMR method is that it is unnecessary to accurately mea-

sure the? Jw—o—w values to establish the connectivity; the 4.2.1. Inference of new structure

scalar coupling merely carries the chemical shift correla- Himeno et al.[35] recorded the!®3W NMR spectrum

tions for coupled sites, and the differentiation is achieved of the n-PN* salt of anion [HW1g0s0]®~ saturated in

on the basis of single- or double-quantum frequencies propylene carbonate in order to characterize structurally the

[26]. 2-D 18W NMR methods have been successfully complex. The®3W NMR spectrum consisted of three lines

used in establishing the structures of substituted speciesat —122.0,—146.6 and—161.1 ppm with the intensity ratio

[25,28,38,47,54,55] of 1:1:1, indicating that the [5W18060]~ complex con-
Sveshnikov and Pop¢§l13] developed a method for tains three groups of six structurally equivalent W atoms.

assignment of the multiline tungsten-183 NMR spec- On this basis, a possible structure seems to contain two

tra of diamagnetic polyoxotungstates from intensity pat- six-membered rings of Wgoctahedra capped on opposite

terns which may be used in cases where Yfav—183w sides by two corner-shared 3@1» groups in which the six
satellites are not clearly observable or resolved from the capping W atoms are structurally equivalent.
central line. Mayer and Thouvenofl123] inferred the structure of

the hybrid anion [A-PWOs4(RPOY]>~ from multinu-
clear @1P, 183W) NMR studies. The five line spectrum
4. 183W NMR in the study of POMs of [PWgO3z4(RPOY]°>~ (—42.8, —94.6, —140.0, —189.0,
—193.8 with intensity ratio 1:2:2:2:2 for F¥™ salt in
4.1. Detecting the formation of new species and their purity DMF-(CD3)2CO) indicated a lowering of the symmetry
of the tungstophosphate framework fromyGQo Cs. The
Structural characterization of polyoxotungstates in so- reason for this is that two RPO groups were linked asym-
lution is based on three properties of the tungsten-183 metrically to the PW moiety. The line with intensity one
spectrum: spectral envelope, relative intensity of the lines was assigned first to W1 in triplet (see figures[ir23])
and homonuclear and heteronuclear coupling constants. Asbased on four possible structures. By usthg decoupling
seen in the text earlier, complexes with the same symmetryspectrum two?Jw—o—w values (7.3 and 24.4Hz) of this
and similar anionic structure exhibit identical spectral en- line were measured and then the W atoms linked with W1
velope and therefore new species with different substituted were determined, edge-shared W2 and W3 in the triplet
elements can be established in solution by the spectral en-and two W atoms in the six-membered belt. Three of four
velope. Many tungsten-183 NMR spectra were recorded broad lines had nearly same coupling constant (24-25 Hz)
for identification of the formation of new species and their and made it impossible to assign the lines to W sites. They
purity (some references mentioned earlier, fiith—122). utilized the heteronuclear coupling constarftfy—o—p.
Further structural characterization or determination of The resonances of the tungsten atoms connecting with
the W—W connectivity requires an accurate measurementthe RPO group appear as doublets of doublets due to the
of coupling constant®Jw—o—w and then the use of the heteronuclear coupling with the phosphorus atom of the
rule that Lefebvre et al[19] found or 2-D 183w NMR PWoOs4 moiety €Jw—o—p ~ 2Hz) and that of one RPO
techniques. group €Jw—o—p ~ 6-9 Hz). The two such resonances were
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assigned to the four tungsten atoms connecting to the RPO[27] verified the structures of mono-substituted Keggin an-

groups. Combining the large&/w—o—w values the remain-

ion XW11V (X = Si, P, B) by using 2-D INADEQUATE

ing resonances were assigned to the two tungsten atoms not®3wW NMR technique and the structure of bi-substituted

connecting with the RPO group.

4.2.2. Geometry
The 18W NMR spectrum may vyield information

Keggin anionsa-1,2-XV,2W1o (X = Si, P) by combining
the results of 2-D INADEQUATE®3W NMR spectra and
1-D ¥¥3W{5lv} NMR spectra as well a&'V NMR spectra.
The tri-substituted Keggin anions &-1,2,3-XWoV3040"

about subtle changes in symmetry of complexes. Bartis (X = Si, P), A$-1,2,3-SiWV3040"~ were solved by using

et al. [29] found in studying [Ln(SiW1039)>]*% and
[Ln(P2W17061)2]*"~ that two coordinated anions with
Ln = La had six lines and nine lines, respectively, corre-
sponding to G, and G symmetry; and those with L& Lu,

Yb had 11 lines and 15 lines, showing the reduced sym-

the coupling constant® fw—o—w = 15.7+ 1.2 Hz) and the
simple line pattern (two lines with intensity ratio of 2:1). The
lines are relatively sharp due to edge-sharing of vanadium
and tungsten and the rapid relaxation of ¥ nuclei.

metry of those anions. They explained that the small size 4.4. Miscellaneous

of the heavier lanthanides resulted in a disorder of square

anti-prism and therefore a reduction of symmetry.
4.3. Distinguishing isomers

Contant and Thouveno20] proposed a criterion for

NMR is also a very valuable tool to study the electron
density distribution due to the large chemical shifts induced
both by paramagnetic atoms and by electron transfer be-
tween atoms in diamagnetic POM. The regions where the
additional electrons reside in the diamagnetic reduced an-

distinguishing isomers. The difference between chemical ions can be identified directly by determining the relaxation

shifts of polar atoms and belt atoms in thePWg group
of a-[PoW1g062]8~, AS = 172— 1265 = 455 ppm while
that in theB-PWg group of - and y-[P2W1g062]%~, has
A8 = 80ppm. Recently, Contant et §B4] assigned the

time T1. The183W NMR spectrum also can elucidate the ef-
fects of the additional electrons on neighboring atoms. Kozik
et al.[108] determined th&; of W nuclides in a study of the
ESR-silent heteropoly blue (reduced POM). They found an

a-structure to the new complex octadecatungstomonophos-inverse correlation between chemical shifts and relaxation

phate based on the differena®s 1813 — 1449 =
36.4 ppm between the two chemical shifts of the $§voup
in[H 4PW18062]7‘ (the two lines with an observed heteronu-
clear coupling? Jw—o—p were attributed to the half-anion
PWy and the other two signals at127.8 ppm (6W) and
—135.7ppm (3W) without heteronuclear coupling were
attributed to half-anion FWg). Mbomekalle et al[116]
found the difference between two chemical shifts in the
AsWg group in [HiAsW1g0g2] '~ (AS = 1613 — 1346 =
26.7 ppm) was fairly close to that in the corresponding
half-anion in a-[As;W1g062]8~ (AS 1428-1201 =
22.7 ppm), while the difference iB- or y-[As;W1g0g2]%~

is close to 54 ppnj20]. Anion [HsAsW1g0g2]"~ was as-
signed to thex-structure.

Meng et al. proposed a similar method to distinguish the
a-isomer from thep-isomer of XWyM3O40"~ [63]. Do-
maille et al [54] determined the structure of BW10040" .
Five isomers can be formed in the reaction of NBEEy,
NaWO4 and TiCl. Two of them have €symmetry, one
with C, symmetry, one with &, symmetry and the last has
C1 symmetry. Their thé83W NMR spectral envelope could
be expected theoretically based on the symmetriesy@®-
metry, six lines (intensity ratio 2:2:2:2:1:1);,Gymmetry,
five lines (intensity ratio 2:2:2:2:2); 4 symmetry, three
lines (intensity ratio 4:4:2); €symmetry, nine distinguish-

times, that is, the relaxation times decreased with increasing
of the electron density of the nuclide under consideration.
Based on the chemical shifts and relaxation times, they in-
dicated the regions of electron delocalization of the reduced
SpeCiGS)L-SiW1204067, P2W1805287’ OL-P2M03W1506287.
Duncan and Hill[12] and Tézé et al[24] reported similar
work on diamagnetic two-electron reduced species.

Although 183W NMR spectroscopy has played an im-
portant role in the study of POMs, there are some limits
to its application. The'83w NMR spectrum of unstable
or metastable POM in solution cannot be detected due to
its longer acquisition time, and as a means of monitoring
the progress of reactiof®®W NMR spectroscopy is less
suitable thart’P NMR spectroscopy. Furthermore, in some
cases, th&83W NMR spectrum cannot discriminate between
monomeric and polymeric solute species or a mixture of
both under fast exchange conditif81,101,122]

5. Theoretical studies of the ¥3W NMR spectra

Kazansky et al[124] have carried out extended Huckel
molecular orbital (EHMO) calculations using cluster ap-
proach to polyoxo anions for a single MQpctahedron
of various symmetry, and based on the results they have

able lines. The five isomers can be distinguished principally analyzed'83w and 17O NMR spectra. Inoue et a[125]
based on the spectral envelope and the intensity ratio. Thehave analyzed th#3W NMR and UV spectra of the poly-

comparison of experimental spectra with those predicted fa-

vored the isomer with € symmetry, that is, the product
that they obtained was 1, 4-BW10040’~. Later, Domaille

oxotungstates by extended Hiickel molecular orbital cal-
culations. The calculated HOMO-LUMO separations for
LaW100z6°~, CeYW10036%~, Wi1gOz2%~ and WeO19?~
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correspond to the wavelengths of the lowest charge transferrecorded for the purpose of identification of new species,

band observed in UV spectra of aqueous solutions. 183y NMR spectroscopy plays an important role in the ver-
The ab initio and DFT calculation of nuclear shield- ification of new anionic structures, to distinguish isomers in

ing provides an attractive method for structure elucida- solution as well as to monitor the progress of reacti§fwV

tion, since it should yield an independent estimate of NMR spectroscopy can provide valuable structural infor-

the chemical shift which can then: (a) be used to pre- mation when a high quality crystal cannot be obtained and

dict the spectral region in which an NMR signal can be X-ray single crystal diffraction method is hampered. Theo-

found; and (b) ultimately serve for spectral assignment retical analyses of th®3W chemical shift have begun to ap-

through the comparison with experimental values. Bagno pear in the literature to explore the influence of environment

and co-workerg126,127]carried out an effective core po- on electron population on the W atom under consideration.

tential DFT calculations of nuclear shielding of tungsten The further development of theory and instrumentation will

complexes taking relativistic effects into account by means make83wW NMR spectroscopy even more effective.

of the zero-order regular approximation (ZORA), includ-

ing mononuclear complexes, WS, WF,0, WFs, etc.

which span the whole known shielding range, and poly- Acknowledgements
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