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The synthesis and multinuclear NMR characterization of mixed molybdenum—vanadium—tungsten polyoxometalates
[P2MO,Vy\Wig—(x+y)O62]"~ (X +y < 8) related to the Dawson structure are reported. The mixed species are obtained
from the hexavacant anion [H,P,W1,0s6]*>~ by successive condensation and hydrolysis reactions. The strategy of
synthesis is mainly based on the steric control of hydrolysis reactions by the nature and the strength of the base,
the relative kinetic lability of molybdenum and tungsten in hydrolysis reactions, and the conservation of the framework
when vacant sites are refilled by new metal atoms. Rather good values of 3P chemical shift variations can be
predicted by an additive model taking into account the contribution of substituting groups, depending on their
position in the structure. The influence of Mo/W and V/W substitutions on *#W chemical shifts of the remaining W
atoms has been discussed and seems to be preferentially passed on through corner junctions.

Introduction One strategy is to use polyvacant species and to insert the
“addenda atoms” into the vacant sites without modification

play an important role in synthesis and applications, espe- of the_ host structure. This strategy_ has been utilized for
cially in homogeneous and heterogeneous catalysis. Thesé€99in type polyoxometalates in order to obtain
properties are dependent on the nature and the relativelXMWi2-Oud" 2 Or [X(MM)W12-Oq]™ *anions (M=
positions of the metal cations in the framework. Vanadium, M'» X = 1 to 3). The same strategy has been utilized for
molybdenum, and tungsten are the main constitutive metalsWells—Dawson heteropolyaniohsvhich result from the

in polyoxometalates, and the acid strengh decreases in thedssociation of two A-PWeOz4} subunits. Two metallic sites
order W> Mo > V but the oxidizing ability in the order V  can be distinguished (Figure 1): polar sites when the metal
> Mo > W. Moreover, additional electrons introduced in belongs to a trimetallic groupM3O.3} (numbers 1 to 3 and
homometallic heteropolyanions with unequivaleftmketal 16 to 18) and equatorial sites when the metal belongs to a
atoms can be localized on preferential sk&3he develop-  ditungstic groug M2O10} (numbers 4 to 15). The trivacant
ment of methods of synthesis leading to well-defined mixed species [PW1:0s¢]'%", in which a polar trimetallic group is
species is thus important.

The acid-base and redox behaviors of polyoxometalates

(2) (a) Keita, B.; Abdeljalil, E..; Nadjo, L.; Contant, R.; Belgiche, R.

* Authors to whom correspondence should be addressed. E-mail: Electrochem. Commur2001, 3, 56. (b) Abbessi, M.; Allal, K. M.;
herve@chimie.uvsg.fr (G.H.); rth@ccr.jussieu.fr (R.T.). Bendjaballah, M.; Semar, M. B. Soc. Alge Chim. 1994 4, 1. (c)
TPart 2: Contant, R.; Thouvenot, Ran. J. Chem1991, 69, 1498. Keita, B.; Abdeljalil, E.; Nadjo, L.; Avisse, B.; Contant, R.; Canny,
* UniversitePierre et Marie Curie. J.; Richet, M.Electrochem. Commur2002 2, 145.
§ University of Annaba. (3) Contant, R.; Fruchart, J. M.; Herve.; Teze A. C. R. Sances Acad.
I'Universitede Versailles-Saint-Quentin-en-Yvelines. Sci., Ser. C1974 278 199.
(1) (a) Kozik, M.; Hammer, C. F.; Baker, L. C. W. Am. Chem. Soc (4) (a) Cadot, E.; Thouvenot, R.; e A.; Herve G.Inorg. Chem 1992
1986 108 2748. (b) Duncan, D. C.; Hill, C. Unorg. Chem 1996 31, 4128. (b) Cadot, E.; Fournier, M.; Ze A.; Herve G. Inorg. Chem
35, 5828. (c) Teg A.; Canny, J.; Gurban, L.; Thouvenot, R.; Hérve 1996 35, 282.
G. Inorg. Chem 1996 35, 1001. (5) Dawson, BActa Crystallogr.1953 6, 113.
10.1021/ic049885w CCC: $27.50 © 2004 American Chemical Society Inorganic Chemistry, Vol. 43, No. 12, 2004 3597

Published on Web 05/12/2004



Figure 1. Polyhedral representation of the structure of the Dawson
polyanion [BW1g0s2]®~ and numbering of the metallic atoms according to
the IUPAC rules (Jeannin, Y.; Fournier, Nbure Appl. Chem1987, 59,
1529).

missing®’ is the precursor of mixed FEMM '), W15 «Os2] "™
anions (M,M = Mo, V, Nb...,x = 1to 3f"°and tetranuclear
sandwich complexes [(M,N(H20)(P2W150s6)2]*2 (M’ can
be an alkaline cation such as Nd%!? In some cases,
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V/Mo/W Dawson heteropolyanions containing no more than
fourteen tungsten atoms. All the compounds have been
characterized by'P and®3W NMR spectroscopy.

Experimental Section

Materials. Potassium dodecatungstodiphospkaignd com-
poundsl and 5% 2, 3, 6, 9, 11, and 14** have been prepared
according to literature procedures. Numbering of the compounds
is defined in Figure 2. Molybdenum and vanadium numbers in the
structure are indicated successively, according to Figure 1.

1,9,10,15,16-4-|‘ﬂ:P2M05VW12062] +19H,0 (4) A Sample of 33
g (7.5 mmol) ofa-KeLi[P2M0sW1,061] - 18H,0 (3) was added to
a mixture of 150 mL 61 M LiCl, 15 mL (7.5 mmol) of 0.5 M
NaVO; and 20 mL of concentrated HCH(= 1.19). The clear
solution was treated with 30 g of KCI. The reddish precipitate was
filtered and then air-dried. Anal. Calcd for7lR,MosVW 1,06+
19H,0: K, 6.22; P, 1.41; Mo, 10.90; V, 1.16; W, 50.2;@, 7.57.
Found: K, 6.37; P, 1.42; Mo, 10.22; V, 1.20; W, 50.5( 7.52.

4,9,10,15,16-Ng[P,M0sW1005¢]:23H,0 (7). A suspension of
30 g of Kg[P.M0gW;,067]:14H,0 (5) in 60 mL of water was treated
with 25 g of NaClQ-H,0. After vigorous stirring, the potassium

addition.of the met§| cations to the polyvacant species leadsperchiorate was filtered off and 150 mE bM Na,CO; was added
to a partial substitution of the tungsten atoms and a structuralto the filtrate. The precipitate was filtered after 15 mn, washed with

rearrangemenf

The hexavacant anion BR,W1,04¢]'2" has been previ-
ously obtained by selective hydrolysis 0£{®;506,]%.6 No
X-ray structure determination of the unstablepV;,04g] "%~

anion has been published up to now, and its molecular

structure is known only from indirect observations. Actually,
the hexavacant site can be refilled by molybdenum atoms
giving rise again to the complete Dawson species
[P2M0eW 120626, and the relative positions of the six
molybdenum atoms were initially deduced from its behavior
toward alkaline degradatio. This assumption was later
confirmed by analysis of th&3W NMR solution spectrum
of [P,M0gW1,057]6.1°> Moreover the X-ray structure of K
Lis[H7PsW450184+92H,0 was shown to contain the crown
heteropolyanion [FPsW.g0184“°~ obtained by condensation
of four [HoP2W1,04¢] 2~ anionst®

The saturated [MosW1,065]8~ anion can be used itself
as a precursor of mono- and trivacant mixed-M& anions

obtained by selective hydrolysis reactions, and, in this paper

methanol, and air-dried. Anal. Calcd for N@,MosW;0Osg]*

23H,0: Na, 6.96; P, 1.56; Mo, 12.10; W, 46.4;,6|, 10.44.

Found: Na, 7.34; P, 1.54; Mo, 11.85; W, 47.0;@{ 10.39.
4,9,10,15,16-1-K[P.MosVW 1,06] - 17H,0 (8). A mixture of 25

mL of 0.5 M NaVvVQ; and 250 mL of 1 M HCI was treated with 55

g of 0-K1g[P.M0sW1,064] - 18H,0 (6). Then 35 g of KCl was added

to the solution. The yellow precipitate was filtered and then air-

' dried. Anal. Calcd for K[P,MosVW1,0¢,]:17H,0: K, 6.26; P, 1.42;

Mo, 10.97; V, 1.07; W, 50.5; kD, 7.00. Found: K, 6.42; P, 1.42;
Mo, 10.47; V, 1.10; W, 50.0; D, 7.02.
4,9,10,15,16-1,2,3-HP ;M05V 3W 10062 - 18H,0 (10). Nay2[P,-
MosW1¢Osg]-23H,0 (7) (20 g) was added to a mixture of 30 mL
of 0.5 M NaVGQ;, 40 mL of 1 M HCI, and 80 mL of water. Then
30 g of KCI was added to the clear solution. The red precipitate
was filtered and then dissolved in 250 mL of warm water for
crystallization. Anal. Calcd for f{HP,MosV3W;00s2]-18H,0: K,
7.51; P, 1.48; Mo, 11.47; V, 3.66; W, 44.0,@, 7.78. Found: K,
7.4; P, 1.45; Mo, 11.59; V, 3.48; W, 43.4,8, 7.82.
4,9,10,15-Ng[P,M04W1,0s¢]:23H,0 (12). This compound was
prepared from K[P,M0,W 14057 -14H,0 (14) by the same procedure

'as? from 5. Anal. Calcd for Na]P.M0o,W1,0s5¢]-23H,0: K, 6.81;

we show that these vacant species can be used to preparg 1 53: Mo, 9.47: W, 49.9: 30, 10.21. Found: K, 7.18: P, 1.50;
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Mo, 9.17; W, 49.3; HO, 10.33.

4,9,10,15-1-K[P,M04VW 1304;]-16H,0 (13). A solution of 25
mL of 0.5 M NaVQ; was acidified with 150 mL of 0.35 M HCI,
and 56 g of KP.M0o4W;140s1]-19H,0 (11) was added. A yellow
precipitate was obtained by addition of 56 g of KCl and was filtered
and air-dried. Anal. Calcd for P,M0,VW130¢,]-16H,0: K, 6.11;
P, 1.38; Mo, 8.57; V, 1.14; W, 53.4; 8, 6.43. Found: K, 6.71;
P, 1.34; Mo, 8.06; V, 1.15; W, 53.3;8, 6.37.

4,9,10,15-1,2,3-&P2M04V3W11052]'18H20 (15) This com-
pound was prepared frod®? by the same procedure &8 from 7.
Anal. Calcd for K[P.M0o4V3W1,067]-18H,0: K, 7.34; P, 1.46; Mo,
9.01; V, 3.39; W, 47.5; kD, 7.82. Found: K, 7.23; P, 1.45; Mo,
8.97; V, 3.50; W, 47.3; KD, 7.75.

1,4,9,10,15,16-KH 3P,V sW1,065] - 18H,0 (18). The potassium
salt Kyo[HoP,W1,046]:24H,0 (32 g, 8 mmol) was dissolved in a

(17) Contant, RInorg. Synth.199Q 27, 104.



Dawson Type Heteropolyanions

Figure 2. Routes of formation of the MeV—W Dawson heteropolyanions by successive selective hydrolysis and condensation reactions. Hydrolyses by
KHCOs or NaCGQ; give the polar monovacant or trivacant species, respectively.

solution obtained by addition of 10 mLf @ M HCI in 400 mL of
water. Then 100 mL (50 mmol) of 0.5 M Na\\Qvas added and,
immediately, 70 mL 61 M HCI. The pH was about 3. A saturated
KCI solution (200 mL) was added and the precipitate separated by
filtration. It was dissolved in 600 mL of warm water (4C) and
allowed to crystallize at room temperature. Anal. Calcd for K
[H3P2VeW1,067-18H,0: K, 8.29; P, 1.46; V, 7.21; W, 52.0;49,
7.63. Found: K, 8.12; P, 1.47; V, 7.26; W, 51.8;® 7.56.
Analyses.Tungsten, molybdenum, and vanadium were deter-
mined by polarography in an acetate buffer of their respective

pyrocatechol complexes. Potassium was determined by gravimetry

of the tetraphenylborate salt, sodium by atomic absorption spec-
troscopy, and phosphorus by spectrophotometry of the molybdo-
vanadophosphaté.Water was determined by thermogravimetric
analysis.

NMR Characterizations. The very concentrated solutions
required for'8wW NMR were prepared by dissolving the potassium
salts in an aqueous saturated LigKolution, filtering off the KCIQ
precipitate, and adding 10%,0D for field frequency lock83W
NMR spectra were recorded at room temperature in 10-mm-o.d.
tubes on a Bruker WM250, a Bruker AC300, or a Bruker AM500

The highest resolution, for the determination?df,—p coupling
constants, was obtained at the lowest field (WM250) whereas the
highest field (AM500) gave the highest sensitivity spectra for
determination ofJw-w coupling constants. Chemical shifts are
reported with respect to W@ (6 = 0 ppm) according to the
IUPAC recommendation: positiviecorresponds to high frequency
shift (deshielding) with respect to the reference. They were
measured by the substitution method, using a saturated aqueous
solution (in D,O) of dodecatungstosilicic acid 8iW;,040) as a
secondary standard & —103.8 ppm).

For each species$!P spectra (101.5, 121.5, and 202.5 MHz
respectively) were measured, for control, priof$&V spectra on
the same NMR tubes, using the same tunable VSP probehead. For
the vanadium-containing speciédy spectra were also measured,
at 65.7 and 131.4 MHz, under the same conditions on the WM250
and AM500 spectrometers, respectively.

Better quality spectra, especially for the quadrupe?mucleus,
were nevertheless obtained using less concentrated solutions (0.02
M) in 1 M aqueous LiCl.

The3!P and®V chemical shifts were referenced to external 85%

apparatus operating at 10.4, 12.5, or 20.8 MHz, respectively. The HsPO, and to neat VOG] respectively, using the substitution

spectral width was chosen to ca. 150 ppm (1500, 2000, and 3000

Hz respectively). Depending on the symmetry of the species and
on the spectrometer, high quality spectra, with good signal-to-noise

ratio to observe tungsten satellites, required between 2000 and
50000 transients corresponding to 1-h to 1-day spectrometer time.

(18) Charreton, B.; Chauveau, F.; Bertho, G.; CourtirCRim. Anal 1965
47, 17.

method. No bulk magnetic susceptibility correction was applied.

Taking into account the experimental conditions and the NMR
line widths, the accuracy for the chemical shift measurements
amounts to ca. 0.1, 0.03, and 6.5 ppm for18w, 31p anddlV,
respectively. For the dissymmetrical anions, however, the chemical
shift difference between the two nonequival@ft nuclei is obtained
at+0.01 ppm.

Inorganic Chemistry, Vol. 43, No. 12, 2004 3599



Results and Discussion

Strategy of SynthesesFigure 2 illustrates the successive
hydrolysis and condensation steps involved in the synthesis
of some mixed W/Mo/V Dawson heteropolyanions. The
strategy was mainly based on the selectivity of hydrolysis
reactions. Some empirical rules which have been mostly
previously reportetihave to be considered: (i) Moderate
alkaline hydrolysis of a complete (“saturated”) Mo/W mixed
anion [PMo,W1g «Os7]®~ by KHCO; leads to monovacant
(“lacunary”) a, species (vacant site in a polar group).
(ii) Alkaline hydrolysis of a complete Mo/W mixed
anion [BMoWis xOe7]®~ by NaCOs; leads to trivacant
[P.MoyW15-,Osg) 12~ species. (iii) Everything being otherwise
identical, the rate of alkaline hydrolysis at a site occupied
by molybdenum is about 10-fold higher than the rate at a
site occupied by tungsten. (iv) The rate of hydrolysis of M
atoms of g M3O13} polar group is higher if the neighboring
metal atoms in equatorial position are molybdenum. (v)
Addition of vanadate to the trivacant ##0,W;s5,Osg] 2~
or hexavacant [bP,W;,04g]*?~ species with moderate acidi-
fication leads to a complete Dawson structure in one step.
The behavior of vanadium is clearly related to the great
stability of the complete vanadium compounds at high pH
values due to their high negative charge. (vi) On the contrary,
addition of tungsten or molybdenum under the same condi-
tions occurs in two steps leading first to a monovacant
species, then to a saturated one. The monovaggisomer
(polar vacancy) is always obtained from the trivacant species,
but the a, isomer (equatorial vacancy) is obtained in the
presence of lithium cations from the hexavacant species. With
sodium and potassium cations, tigisomer quickly gives
the o, isomer.

Let us illustrate these rules, considering some examples
(Figure 2). The 1,9,10,15,16-44RM0sVW1,065] "~ species
4 (Mo atoms are in sites 1, 9, 10, 15, and 16 and vanadium
in site 4, oy isomer) was synthesized frono-[P,-
MosW1,04:] 1%~ 3 first obtained by reaction of molybdenum
with the hexavacant [{#P2W1,04g)*2 anionl in the presence
of lithium (rule v). A different way has to be considered for
the synthesis of the corresponding 4,9,10,15,16PtMos-

VW 1,067~ 8 (0, isomer): the monovacantu,-[P,-
MosW1,04:]%~ compound6 was obtained by specific hy-
drolysis of [PM0egW1,067]6~ 5 by KHCO; (rules i and iii),
and then vanadium was added.

Synthesis ofL5 in which four molybdenum atoms are in
neighboring equatorial positions on one face of the Dawson
structure and three vanadium atoms constitute a trioxome-
tallic polar group is a good example to illustrate the
application of the rules i to .vThis compound has to be
synthesized from the trivacant compout2lin one step by
addition of vanadium (rule v), but selective formation1@
is possible only from the symmetric complete framework
14 or the corresponding monovacant speciesll by
reaction with NaCO; (rule ii). The obtention of purdl
sample fromQ is then the critical step since hydrolysis of
the unsymmetrical anioft by KHCO; can lead, a priori, to
a mixture of four compounds (Figure 3}t1 (the desired
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Figure 3. The four possible monovacant anions resulting from hydrolysis
of 9 by KHCG:s. Actually, only a mixture o6 (about 10%) and.1 (about
90%) was obtained.

Scheme 1. Strategy of Synthesis of Pure Compouht#

(0.1) (0.01) (0.001)
9 — > 6 —>» 9 — > ¢ —p 9 —» 6

a a a
\ b \ b \
11 —>» 14 —»11 —» 14 —» 11

(0.9) (0.99) (0.999)

a Proportions o6 and11 after each cycle of hydrolysis and condensation
reactions are indicated in parentheses. Reactantsast€COs; stepb,
WO,2~ + H.

product) and6 (from which 9 was obtained) if a metallic
atom near to the four equatorial molybdebum atoms is
eliminated (molybdenum or tungsten, respectively), but also
16and17if a tungsten atom of a polar group and not directly
bound to these molybdenum atoms is eliminated. Actually,
the 3P NMR analysis of the solution showed that only two
compounds are obtained, about 90%1dfand 10% of6.
This means that the rate of hydrolysis on sites near the
equatorial molybdenum atoms is much greater than the rate
at the other polar sites (rule iv). The relative proportions of
11 and 6 are due to the higher hydrolytic lability of
molybdenum compared to tungsten (rule iii).

In order to obtain a pur&l sample, addition of tungstate
to the mixturell + 6 with moderate acidification followed
again by hydrolysis by KHC®was performed two times.
The first reaction yielded to a mixture d¥4 and9 in the
same proportions, the second to a mixturelbfand6 in a
ratio 99/1. A second cycle of reactions galMewith 99.9%
purity (Scheme 1).

183/ NMR Characterization. Relative positions of V,
Mo, and W atoms in the structure have been confirmed by
B3 NMR spectroscopy. Establishment of the structure and
assignment of the resonance lines to the different kinds of
tungsten atoms has been made according to the following
considerations: (i) The number and relative intensities of
lines gives the symmetry of the molecule. (i) Values of
homonuclear coupling constants indicate the presence of
neighboring tungsten atoms linked by sharing either corners
(about 20 Hz) or edge (about 10 Hz). Unfortunately, they
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Figure 4. 20.8 MHz83W NMR spectrum of a ca. 0.3 M aqueous solution of 4,9,10,15,04fRVW1306,]"~, 13. Total spectrometer time, 7 h. Assignment

of resonance peaks: A, W17, W18; B, W2, W3; C, D, E, F, equatorial W atoms; G, W16. The insets represent the abscissa expansion of lines C, D, E, and
F, after resolution enhancement. This shows the splitting due to heteronuclear coupling with the phosphorus atom. For thegdjinesahgling values

are indicated and are characteristic of equatorial W nuclei.

are frequently degenerated and do not allow an unambiguous
assignment. (iii) Polar tungsten atoms are less strongly
coupled to the phosphorus nucleus than equatorial ones
(3J—w about 1 and 2 Hz, respectively). (iv) Tungsten atoms
in the vicinity of vanadium give broader resonance lines than
the other ones.

A table collecting the data for the saturated compounds is
given as Supporting Information. AIBAW NMR spectra \ /i
show unambiguously that the heteropolyani@ns 14 have i f

| |l I 1 || | 1

PZWIS

been obtained by the strategy illustrated in Figure 2. NMR

spectra and elemental analysis showed that all compounds P.Mo W4, 14 bo
were obtained with a purity higher than 90%. As a typical

example thé®W NMR spectrum ofL3 is presented Figure

4.

The variations of the chemical shifts when molybdenum  p,mow,;,9 1+ 1 I.li I 1N |l| Lo
atoms are substituted for tungsten atoms are illustrated in -100 (RN
Figure 5. Resonance lines of polar and equatorial tungsten i
atoms of [BW1g06]® (—126.5 and—172 ppm, respec-
tively?) can be taken as a starting point to discuss the |
influence of the Mo/W substitution on the chemical shift =~ P:MosWi 5 =0 b 200
values of the _remalmng tungsten atoms. As a general _rUIe’Figure 5. Variations of 18\ chemical shifts with substitution of
only small variations are observed for the Mo/W substitution. molybdenum for tungsten atoms inJ#1606]5".
For example, the presence of four equatorial molybdenum
atoms in14 leads to variations less than 2 ppm for all the are larger than for the Mo/W substitution, and the main
tungsten atoms, except for the W1,W16 pair which is change is a large shielding of the equatorial and polar
shielded by 7 ppm. As already not&dthis is likely due to tungsten atoms which are on the same face of the Dawson
the similarity between Mo(VI) and W(V1), their substitution  structure and opposite to the V/W polar substitution site. For
inducing neither strong geometric nor electronic perturba- example, for [V3W1s067]°", the V/W substitution leads to
tions. The most influenced W1 and W16 atoms are linked a shielding of the six opposite equatorial tungsten atoms by
to two molybdenum atoms by corner junctions. We can thus 53 ppm and of the three polar opposite tungsten atoms by
expect that corner junctions are more effective than edge30 ppm (Figure 6). On the contrary, the chemical shift of
junctions to pass on the perturbation resulting from the Mo/W the six equivalent equatorial tungsten atoms near the per-
substitution. The same observation holds for the pentasub-turbated site is not much modified. Fap-[P2VW170s3 7",
stituted compoun@® (Figure 5). only the opposite tungsten atoms on the same face as V are
Influence of the V/W substitution in a polar position has strongly shielded, the equatorial W10,W15 pair by 33 ppm
been previously discuss@dariations of the chemical shifts and the polar W16 by 41 ppm (Figure 7). The higher

ppm
[ I [

Inorganic Chemistry, Vol. 43, No. 12, 2004 3601



Pzwls 1 1 1 | 1 1 | 1

| | L
120 T 220
ST VAT
P,V.W [ I ,I| I . RN N B I
2RI -120 ! 220/
17,18/
|/ i\16 [
P MoVaWi, 151! 1 L i | I 4 |
| A Ex
P2M05V3W10, IO_IIZO ‘ ! _2|20 !

Figure 6. Variations of 183W chemical shifts with substitution of
molybdenum for tungsten atoms infBW15062]%~.
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Figure 7. Variations of 183 chemical shifts with substitution of

molybdenum for tungsten atoms in 1LJPV170¢2]7~ (02 isOomer).

W—-0O—-W angles of the corner junctions (about tpand
corresponding homonucle&ky-w coupling constants (20
30 Hz) compared to edge junctions (about a0d 10 Hz,

Contant et al.

chemical shifts of the equatorial tungsten atoms of the two
other faces of the structure are only sligthly modified. Thus,
equatorial molybdenum atoms, which do not lead to impor-
tant variations of tungsten chemical shifts when they are
alone, enhance the effect of vanadium in a polar site, once
again only for tungsten atoms linked by successive corner
junctions. The additional molybdenum substitution effect can
be related to the electronic structure of mixed V/W and V/Mo
Dawson heteropolyanions. It has been shown by Lopez et
al.*® that the lowest unoccupied molecular orbital (LUMO)
in [P2V3W15067] 1% corresponds to the three polar vanadium
atoms. On the contrary, in the hypothetical molybdenum
analogue [RVsMo015067]'%", the LUMO is not localized in
one of the regions of the molecule and the participation of
polar V and equatorial Mo is similar. It can be expected that
there is also a competition between V and Mo orbitals when
four equatorial W are replaced by four Mo on a face of the
molecule. The LUMO corresponds to metal atoms in sites
1, 4,9, 10, and 15, and the electronic influence of the polar
V atom on the opposite W16 atom of the same face would
be enhanced.

51V NMR Characterization. For the vanadium containing
compounds,® NMR agrees also with the postulated
structures: monovanadium polar substituted species exhibit
a relatively narrow line (less than 100 Hz), depending on
the concentration, at-536 and—537 ppm for8 and 13,
respectively. For the equatorial substituted anégnthe
relatively broad line (ca. 700 Hz) shifts to high frequency
by about 20 ppm. A similar shielding was already observed
for the monovanadium derivatives 0§W;50s°.° For the
trivanadium compound40 and 15, two resonances, with
relative intensity 1:2, are observed, in agreement \ith
symmetry. According to its intensity, the high frequency
signal at—488 ppm for both species is assigned to the V
atom in the plane of symmetry, in the vicinity of two
equatorial Mo atoms. This resonance is significantly broader
(ca. three times) than the second or&{3 for 10, —510
ppm for15): this reflects the quicker relaxation rate for the
V atoms adjacent to Mo than for those adjacent to W. As
the nuclear relaxation df'V is dominated by quadrupolar
mechanism, the relaxation rate is proportional to the electric
field gradient at the nucleus and strongly depends on the
symmetry of the V coordination sphere. This means that the
VOg octahedron is likely less distorted for vanadium V2 and
V3 (near W) than for V1, in agreement with the higher
flexibility of the Mo—oxo groups with respect to Woxo
groups.

3P NMR Characterization. Mixed W/Mo/V Dawson
heteropolyanions are well characterized* NMR spec-

respectively) are likely responsible of the preferential troscopy. Symmetric species where the two half-anions are
transmission of the vanadium effect on tungsten atoms of identical show one signal, and unsymmetrical species show

the same face.

two signals, the chemical shift values depending on the

We can now discuss the influence of an additional Mo/W composition and on the relative positions of the W, Mo, and
substitution in the four equatorial sites 4, 9, 10, and 15 of a V atoms in the framework. Chemical shift values observed
face of the Dawson structure. Two main observations can for the mixed species stable in solution are indicated in the

be drawn from Figures 6 and 7: (i) The polarddtom on

the same face as molybdenum atoms is further shielded by

36 ppm in15 and 32 ppm inl13. (i) On the contrary,
3602 Inorganic Chemistry, Vol. 43, No. 12, 2004

Table 1, where P1 and P2 are the phosphorus atoms of the

(19) Lopez, X.; Bo, C.; Poblet, J. M. Am. Chem. So2002 124, 12574.



Dawson Type Heteropolyanions

Table 1. Observed and Calculatéd® NMR Chemical Shifts for Molybde Tungsto-Diphosphates and MolybdeTungste-Vanade-Diphosphates

P1 P2
A= A=

no. Compound 60bsd 6ca|cd 6obsd_ 6calcd 6obsd 6calcd (Sobsd_ (Scalcd A(Sobsd A(Scalcd A(Aa)
1 1,4,9,10,15,16-4#1s W12
2 1,9,10,15,16-fM0osW13 —10.43 —10.76 +0.33 —9.58 —9.85 +0.27 —-0.85 —-091 +0.06
3 1,9,10,15,16-4-Mos0W 12 —7.56 —6.85 —0.71 —10.02  —-10.27 +0.25 +246 +3.42 —0.96
4 1,9,10,15,16-4-MosVW 12 —9.51 —10.15 +0.64 —9.79 —10.31 +0.52 +0.28 +0.16 +0.12
5 1,4,9,10,15,16-M0oeW12 —9.47 —9.84 +0.37 —9.47 —9.84 +0.37
6 4,9,10,15,16-1-fMos0W 1, —5.6 —4.94 —0.66 —10.66 —11.02 +0.36 +5.06 +6.08 —1.02
7 4,9,10,15,16-1,2,34RM0s03W1g
8 4,9,10,15,16-1-fMosVW 1, —8.88 —8.99 +0.11 —9.86 —10.31 +0.45 +0.98 +1.32 —-0.34
9 1,4,9,10,15-fMosW13 —9.52 —9.83 +0.31 —10.24  —10.59 +0.35 +0.72 +0.76 —0.04
10 4,9,10,15,16-1,2,34M05V3W1g —4.5 —4.40 —0.1 —10.96 —11.28 +0.32 +6.46 +6.88 —0.42
11 4,9,10,15-1-fMo40W 13 —5.62 —4.93 —0.69 —11.45 —11.77 +0.32 +5.83 +6.84 —1.01
12 4,9,10,15-1,2,3-Mo403W 13
13 4,9,10,15-1-pM0o4VW 13 —9.02 —8.98 —0.04 —11.62 —11.06 —0.56 +2.6 +2.08 +0.52
14 4,9,10,15-BM04W14 —10.30 —10.58 +0.28 —10.30 —10.58 +0.28
15 4,9,10,15-1,2,3-M04V3W11 —4.57 —4.39 —0.18 —11.75 —12.03 +0.28 +7.18 +7.64 —0.46
18 1,4,9,10,15,16-F/ W12 —10.57 —11.02 +0.45 —10.57 —11.02 +0.45

aP1 is in the half-anion with atom numbering from 1 to 9 and P2 in the half-anion with atom numbering from 1046 #86(P1) — 6(P2), A(Ad)
= Adobsd — Adcaica IN the lacunary species, the vacancies are symbolizé&d iasthe formula.

Table 2. 3P Chemical Shifts of Dawson MoW and VW Heteropolyanions and Variations by ReferencfPuV15067]%~ 2

Ao =
species o(P1) o(P2) AO(P1) AO(P2) perturbation o(P1)— o(P2)

[P2W1g062]%~ —12.44 —12.44

1-[P,aOW;7061] 1~ —6.79 —13.63 +5.65 -1.19 polar lacuna (pl) 6.84
4-[P,OW17061) 10~ —8.53 —12.86 +3.91 —0.42 equatorial lacuna (el) 4.33
1-[P.MOW;7067]%~ —11.69 —12.45 +0.75 —-0.01 polar Mo (pm) 0.76
4-[P,MoW;70¢2]%~ —11.52 —12.43 +0.92 +0.01 equatorial Mo (em) 0.91
1-[P.VW17062] "~ —10.84 -12.92 +1.60 —0.48 polar V (pv) 2.08
4-[PVW 17062 "~ —11.83 —12.90 +0.61 —0.46 equatorial V (ev) 1.07
1,2,3-[R V3Wi17062]°" —6.25 —13.89 +6.19 —1.45 polar V3 (pv3) 7.64

aP1 is in the half-anion with atoms numbering from 1 to 9 and P2 in the half-anion with atoms numbering from 1QA\t{FiB~= 6(Pi) (compound)
— O0(Pi)(P,W1g). The perturbation will be noted pl, 'plel, el; pm, pni, etc. for the P atom in the same or the opposite subunit, respectively.

half-anions with metallic atoms numbered 1 to 9 and 10 to = (+1.6+ 2 x 0.92)+ (—0.01+ 2 x 0.01)= +3.45 ppm,
18, respectively (Figure 1). ando(Pl)= —12.44+ 3.45= —8.99 ppm (see Table 2 for
We have previously reported for the 1,2,3-4NR- the definition of pv, em, pMm and en). To calculate the
M'W140g2)"~ anions (M, M = Mo, V), where{Mz013} is a increment for P2 we simply have to substituté fr pv,
polar trimetallic group and Mis localized in an equatorial  eni for em, and so one in the above formula., i&J(P2)
site, that fairly good chemical shift values can be predicted = (pv + 2 en) + (pm + 2 em)= (—0.48+ 2 x 0.01)+
by an additive model taking into account the independent (0.75+ 2 x 0.92)= +2.13 ppm, and)(P2) = —12.44+
contributions off MsO.3} and M on the chemical shifts of 213 = —10.31 ppm. These values are in rather good

the two phosphorus atomisMoreover, a vacant site leads agreement with the experimental onég?1)= —8.88 and
to a strong deshielding of the phosphorus atoms in the samey(p2) = —9.86 ppm.

half-anion (P1). We have tried to determine if this model : ) )
can be applied to the mixed-¥Mo—W anions derived from The second eximple 1S the_componlrﬁi4,9,10,15 1’2;3
. [P2M04V3W11067]°%7). AS(PL1)= (pv3+ 2 em)+ (2 eml) =
the hexavacant [#PW1,04g]'?" anion 1. The 3P NMR (+6.19+ 2 x 0.92)+ (2 x 0.01)= +8.05 ppm andAs-
chemical shifts of the reference compounds are indicated |n(P2)= (V3 + 2 en) + (2 em)= (—1.45+ 2 x 0.01)+

Table 2, as well as the variationsd(P1) andAd(P2) of A (2 x 0.92)= +0.41 ppm. The calculated valueP1) =

these chemical shifts relative to the value observed wit . .
—4.39 and)(P2)= —12.03 ppm are in good agreement with

[PaW14062]®. It appears clearly that the variations of the . .
chemical shifts of the phosphorus atoms are dominated bythe experimental ones;4.57 and-11.75 ppm, respectively.

the contributions of vacant sites and trivanadic polar groups. The calculated and observed chemical shifts of the
Let us consider two examples to illustrate the model. The Phosphorus atoms of several mixed—\Mo—V Dawson
first example is 4,9,10,15,16-14M0sVW1,067]~ 8. To heteropolyanions prepared according to the Figure 2 are listed
calculate the chemical shift of P1, according to the above- in Table 1. For unsymmetrical species, we have also
defined rules, we have to take into account the effect of one considered the differena®d = 6(P1) — 6(P2), which might
polar atom V1 (pv, see Table 2) and two equatorial Mo (4 be preferred to separatyP1) ando(P2), values for the
and 9), in the same half-anion (em), and of one polar Mo characterization of these compounds. From Table 1, we
(16) (pm) and two equatorial Mo (10 and 15) (&min the observe that the larger deviations between calculated and
second half-anionA6(P1)= (pv + 2 em)+ (pm + 2 em) experimentalAd values (ca. 1 ppm) occur for the monova-
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pH in 1 motL~? LiCl aqueous solution splits slowly with
time into two signals in the intensity ratio 1:1 at slightly
different chemical shifts;-10.41 and— 10.72 ppm. For its
completion, this reaction requires more than 1 week at room
temperature and ca. 15 h at boiling. In order to interpret this
behavior, we can observe that there is a very asymmetric
distribution of charges in the 1,4,9,10,15,16fV ¢W1:065]*~
anion, with an accumulation of the negative charge on the
face containing the six neighboring vanadium atoms. This
asymmetry could destabilize the anion, and a migration of
' " T " ' " ' ' the vanadium atoms away from each other should occur in

130 -150 e -190 the framework in order to spread out the negative charge. A
. PP _ possibility would be the migration of equatorial vanadium
Figure 8. 20.8 MHz183\W NMR spectrum of a ca. 0.3 M aqueous solution t to oth torial iti . h that th
of [HaPsVeW1s063] 12, 18. Total spectrometer time 12 h. atoms to other equatorial positions in such a way that the

symmetry is lowered. According to the model developed

cant species. Smaller discrepancies (ca. 0.5 ppm or less) ar®efore, the chemical shift variations are expected to be low
present for some vanadium-containing compounds. (observed values-0.16 and—0.15 ppm) since the number

Actually, this additive model is unable to take into account of equatorial and polar vanadium atoms is not modified.
some “second order” effects resulting from the neighboring  In acid solution (pH 3), a progressive replacement of the
of perturbations (except for trivanadium groups for which signal at—10.57 ppm by a signal at9.07 ppm occurs.
pv3 is different from 3.pv). Nevertheless, it can be seen that According to our model, this could correspond to the
the additive model of the influence of Mo and V groups on migration of two equivalent vanadium atoms of the two half-
the chemical shifts of the two phosphorus atoms of the anions (for example 4 and 10) from an equatorial to a polar
Dawson structure applies fairly well. position with conservation of the symmetry of the polyanion.

Stability of [H sP,VeW12062]°~ in Solution. The3!P NMR We can forecast for such an acidified species one signal with
spectrum of [HP,VsW1,06,]°~ exhibits one signal at10.57 a variation of the chemical shift 6f1.32 ppm close to the
ppm, in good agreement with the calculated vat®0.67 observed value+1.50 ppm.
ppm if we assume that the tungstic framework is the same Note that the®V NMR spectra of all these vanadium-
as in the hexavacant precursor (Table 1). THe&V NMR rich compounds are very complex and cannot afford any
spectrum of the concentrated solution (0.3 1hot) exhibits structural information.
three broad signals of equal intensities (Figure 8y 481.5

ppm (Av = 50 Hz),—176.3 ppm Av = 35 Hz), and—190.2 Supporting Information Available: A table giving the's3w
ppm (Av = 55 Hz). NMR data for the saturated Dawson species. This material is

The hexavanadium species is however not indefinitely available free of charge via the Internet at http://pubs.acs.org.

stable in aqueous solution. The init?P NMR line at natural IC049885W
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