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To determine the relative stability of oc and S rotational isomers of the Wells—Dawson structure, the energies of
some fully oxidized, single- and 2-fold-reduced systems were calculated by means of DFT calculations. The
thermodynamics of the a/ equilibrium for P,M;g Wells—Dawson anions is slightly shifted toward the o structure,
but the difference in stability is smaller than in the Keggin anions. Tungstates (2:18) and vanadotungstates (2:3:15)
show minimal redox differences between isomers, as the electronic structure of the frontier orbitals appears to be
nearly the same. In addition, an alternative arrangement is proposed that have long and short Mo—O bonds in
B-P2Moyg with an idealized C3 symmetry. This arrangement was computed to be about 8.2 kcal mol~ more stable
than the nonalternate framework of Cs, symmetry. The P,Moyg is the Wells—Dawson anion for which the a/f
equilibrium most resembles that of the Keggin anions.

Introduction [XO4]" anion encapsulated by a neutral s cage we

In a previous study we used DFT calculations to make a Showed that several factors compete in the thermodynamics
detailed analysis of the factors that govern the relative ©f Keggin anions: the greater intrinsic stability of the most
stability of the a and A isomers of the Keggin anion, ~Symmetrica organization of the oxo ligands {Q) and ¢
[XM 1204d™ (M = W, Mo, and X, a main group elemerit). metal ions and the greater polarizability of the less symmetric
The o isomer hasTy symmetry and theg isomer, ofCs, neutralﬁ—Mlzoge_c_age. TheT latter i_s pr_obably responsiple for
symmetry, is derived from a 80otation of one MOxs triad the greater stability of th8 isomer in highly charged anions.
about a 3-fold axis of the. form2 DFT calculations also  Both theoretical and the experimentaktudies coincide in
showed that the metalliblue) electrons incorporated in the ~ the ordering of then/j3 relative stability of Keggin anions
M 1,056 framework and the greater stability of tgésomer ~ With X.. _ .
are closely related It is well-known thatg structures are The rotational isomerism of Keggin structures also takes
reduced at more positive potentials tharisomers* This place in Wells-Dawsor (XVD)_ heteropolyanions, with
gain in stability may be because there is a reduction in 9eneral formula [XMig0¢;]"" (Figure 1). WD structures
symmetry when going from to 8 and a subsequent decrease formally consist of two XM halves I_mked by qlmost linear
in the energy of the LUMO. Using the clathrate model, which M—O—M bonds ¢-162’). Pope, in the mid-60%,and

suggests that a Keggin anion can be viewed as a charged-ontant's groupexplored the electrochemistry obM1s and
mixed addenda derivatives. They found tjfanions also
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Figure 1. Polyhedral representation of theand isomers of the Wells

program!® We used the local density approximation (LDA)
characterized by the electron gas exchange)(Xith a = 2/3,
together with the VoskeWilk —Nusaii4 (VWN) parametrization

for the correlation. Beckéand Perdew nonlocal corrections were
used for the exchange and correlation energy, respectively. The
basis functions were Slater-type sets. Tripleé-polarization basis
sets were used to describe the valence electrons of all the atoms.
The internal or core electrons (1s and 2s shells for phosphorus, 1s
to 2sp for vanadium, 1s to 3spd for molybdenum, and 1s to 4spd
for tungsten) were described by means of single Slater functions.
Quasirelativistic corrections were used for the core electrons
alongside the Pauli formalism with corrected core potentials. The

Dawson structure. The shaded octahedrons are those involved in thequasirelativistic frozen core shells were generated with the auxiliary

rotational isomerism and the metal substitution. The nonsubstitated
and S forms haveDs, and C3, symmetry, respectively. On the other
hand, the symmetry of both the- and $-substituted frameworks (in the

shaded positions) i§3,. P,M01g clusters have special structures (see text).

program DIRAC! included in the ADF2000 package. The open-
shell electronic configurations were described with the unrestricted
methodology. The discussion of all the anions is based on the fully

Important oxygen and metal positions are labeled for further discussion. optimized geometries in each oxidation state.

reduce at more positive potentials than ¢hieorms, although

Results and Discussion

the difference is smaller than in Keggin pairs. Here we extend Geometry optimizations performed on tie and 8317

our previous studies on Keggiand o-WD heteropolyan-
ions'® to analyze then/f isomerism in WD structures by

means of DFT calculations. In particular, we analyze the

relative stability of theat and3 isomers for [BM01g0s2]¢™,
[P2W1g062]6~, and [BW15V306,]° .1t as well as the effect

of the single and double reduction on this equilibrium.
Although the use of quantum chemistry methods to model
the physical and chemical properties of POMs is still
incipient, several theoretical groups have made progress in

this area in the last 10 year$?1?

Theoretical Details

isomers of the title anions led to the structures listed in Table
1. Thea isomer of BW,gwas computed under the constraints
of Dz symmetry group, whereas for the correspondihg
isomer the symmetry of the molecule @,. As we will
discuss below, the analogous molybdates have less symmetry.
In general, the geometries of the heteropolyanions are very
well reproduced at the present level of theory. The largest
discrepancy appears in the YD, 0Xygen bonds, which
are systematically underestimated by an average of 0.3 A.
Deviations in the terminal bonds should not modify the
reduction properties discussed here, since they would es-
sentially affect the energy of the#land g type orbitals,

All the calculations presented here were carried out using the \yhich are not the lowest. The reader will notice from Table
density-functional methodology, implemented in the ADF2000 ; yh4; the geometrical differences between isomers of the
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Table 1. Computed Angles (in deg) and Interatomic Distances (in A) for a Series of Fully Oxidizedd g-Wells—Dawson Anion3

anion symmetry M—Cterm M¢—0Op1 Mc—Op2 Mp—Op2 Mc—Mc Mp—MpP Mp—0p3—Mp
a-PoWiqg Dan 1.74-1.75 1.94 1.90 1.95 3.42 3.70 163
3.76
B-P.W1g Cs, 1.74-1.75 1.94 1.90 1.95 3.413.42 3.69-3.74 166
3.78
a-P,Mo1g D3 1.74 1.89-2.04 1.84-2.05 1.85-2.12 3.46 3.423.74 163
3.89
-P,Mo1g Cgt 1.74-1.75 1.88-2.05 1.84-2.05 1.86-2.12 3.45-3.47 3.40-3.78 167169
3.88
0-PAW1sV3 Cav 1.76-1.77 (W)  1.96 (W) 1.89 (W) 2.01 (W) 3.46 (W) 3.63.73 164
1.65 (V) 1.85 (V) 1.98 (V) 1.84 (V) 3.24 (V) 3.84
B-PW1sV3 Ca 1.76-177 (W)  1.96 (W) 1.89 (W) 2.01 (W) 3.46 (W) 3.3B.41 168
1.65 (V) 1.84 (V) 1.98 (V) 1.84 (V) 3.25 (V) 3.85

aSee Figure 1 for the notation of metal and oxygen skéstst values concern two metals on the same belt, whereas the second number is the distance
between two metals of different belts3-P.Mo1g was optimized without symmetry constraints.

PW;. P2Wig representation of the LUMO is given in Figure 3. Calcula-
tions carried out foo-P,W;g of symmetryDa, showed that
the reduction at the cap siteaddition of one electron to
b T TG, ¢ ——---—— € (cap) the LUMO+2 (€)—requires 0.84 eV more than the reduction
€ —TT - ___ e e —— o e (belt) at the belt sitesaddition of one electron to the LUMO
a) T —  ap(belt) (a0').1° The spin polarization data confirm that the first
metallic electron is delocalized over thelt metal centers.
2.25eV | 224eV For the 2-fold-reduced species, both the high- and low-spin
electronic configurations were computed. dAP,W,g, the
/ 0x0 band \ closed-shell configuration {8)? (¢')° (see Figure 2) was
Figure 2. Relative energies of the lowest metallic orbitals of ¢handf found to be 4'(_) keal mot mor_e stable than,the triplet state
isomers of PW, and PW,g anions. (a")* ("), which was determined by allowing Jahmeller
) ) relaxation. The singlet open-shell broken symmetry solution
appears to be always-5° bigger in the form. The was not found to be competitive with the diamagnetic ground
substitution of three tungsten atoms by vanadiums in one Ofstate, because the triplet and singlet open-shell states are
the polar triads induces some str_uctural changes restricted,|most degeneratEr_s= —661 cnTY). These results agree
to the replaced octahedrons. Typically, all the@ bonds  \ith the lack of ESR signal for the two-electron-reduced

are shorter than the homologous\®. The V-V distances  gqciedelt is well-established that Keggin anions and related
in the replaced triad are also shorter (3.24 A) than the typical ¢t res with an even number of delocalized electrons have
W-+-W separation (3.42 A). o . adiamagnetic behavior. Although it was initially attributed
In the abs_ence_ of paramagnetic 1ons, fu_IIy OX'_d'Zed to a strong antiferromagnetic coupling via a multiroute
heteropolyanions in general, and WD anions in particular, superexchange mechanidfrgcent theoretical studies have

Zz\éetﬁes&':géiuel?ecérzgltcoitgﬁ::;? cIJrr]b\iI;/:IIsd;rtge g;;gcliland shown that electron repulsion and electron delocalization can
P Y P Y also stabilize the singlet ground st&feThe theoretical

separated® Figure 2 shows a correlation diagram of the : . ) :

. . . analysis of the coupling of delocalized electrons is a
frontier orbitals for the most and least symmetric B\&hd - )

. . . sophisticated problem that, in the case of large systems such
P,W;g isomers. The frontier orbitals e and(LtUMO and . . . .
LUMO+1 . : S as POMs, will still need some time to have concluding
, respectively) of ther-Keggin split into e and e it

+ & after one W03 triad is rotated in thély structure to results. . o
give thef isomer. Mixing the orbitals of the same symmetry ~ The diagram in Figure 2 shows that the energy and
leads to a decrease in the HOMQUMO (H—L) gap from composition of WD anion frontier orbitals do not change
2.80 eV in theT, geometry to 2.62 eV in th€s, geometry.  Significantly when one of the cap triads is rotated, and
Consequently, thg forms are always more easily reduced therefore, the redox properties $fP,Ws are expected to
than the corresponding forms. The formal substitution of ~ be similar to those of the isomer. By studying the reduced
three octahedrons i@-XM 1, anions by a XM unit (to give species, we can confirm the predictions made from molecular
the WD anion) breaks the equivalence of all metals and two Orbital analysis of the oxidized anions.rifis the number of
types of metal ions appear in @aaX,M g framework. Cap blue electrons in the lowest metallic orbital’'(aand a for
and belt metals do not participate in the lowest unoccupied the Ds, andCs, isomers, respectively), the energy difference
orbitals equally. Whereas theytrbitals centered on the between the isomers hardly changes witfThe magnitude
twelve belt metals are the major contributors to the LUMO AEs— is 1.83 kcal mot* for n = 0 and decreases by only
(') and LUMO+1 (¢'), the LUMO+2 (€) is mainly 0.13 kcal mot? for n = 1 and 0.72 kcal mot for n = 2.
composed of g orbitals centered on the six cap metals. These positive values fakE;-,, clearly indicate that the
According to this orbital composition, the first reduction in isomer is the most stable, but the difference in stability
the WD anions takes place in the belt region. A 3D between the two isomers is quite small. The relative

Ta Cav Dsp Cay

2.80eV |262eV
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Figure 3. 3D representations for the LUMO @f-[P,W15062]®~ (orbital of a”” symmetry delocalized over the belt metal atoms) artP,VsW1s0s2]~
(one of the components of the e symmetry orbital centered at the vanadium cap ions).

thermodynamic stabilities of ther and g isomers of %.8205
[P.W15062]®~ were recently established both in solid state 7 Y R '1.86
by differential scanning calorimetry and in solution B af \T 208
NMR.2! Both techniques give the result that thésomer is od ¢ LG9

more stable than thg one by~4 kcal mol?. Taking into

account that the theoretical calculations were carried out with

the isolated anions, the agreement between experimental and y
2.04

theoretical results can be considered excellent. ) o
Figure 4. Ball-and-stick view of the DFT-computed geometry of fh&,-

It is well-known that 2:18 molybdates have a specific mo,q anion with formalCs symmetry. White and black spheres represent
structure. Whereas thleeP,W1g anion haday symmetry, the oxygen and molybdenum atoms, respectively. The two internalupis,

; ; : as well as the terminal oxygens, are not included for clarity. The distances
homologous mObedate is formed of three mterpenetr_atlng highlight the alternative disposition of long and shortMo bonds forming
loops of alternately long and short M@ bonds. This three interpenetrating loops.
distortion confers chirality to the anion, the symmetry of

which beingDs. The D; geometry was computed to be 7.4 similar structures, with series of short and long-Mod bonds.
kcal mol? more stable than th®g, one. Experimental We looked for a possible chiral structure for the2:18

evidence about the chiral structure was obtained & tungstate; however, the optimization procedure always yields

NMR,2 IR spectroscopy, and optical rotatory disper&fon the most symmetricDs, form. This finding seems in
measurements. The bridging molybdentaxygen bonds agreement with the observation of chiral structures only in
computed for theDs geometry are between 1.84 and 2.12 Molybdates?

A, values that are in close agreement with the X-ray data !f @ more electronegative ion, like %, is incorporated
available (1.8-2.1 A)24 On the other hand, the M&Oirm into a polar site, there is an inversion of the traditional belt/

distances and all the angles are very close to those of¢@P Site reduction order. We analyzed the effect that the
tungstates. To our knowledge, there is no experimental duction may have on the equilibrium of thé-P\W1sVs
evidence about the shape of tifeisomer of the 2:18 species, where the three V_s occupy three sites m_the_ same
molybdate. Perhaps the most significant data concern itstriad (shaded octahedrons in F|gu_re 1). The substitution of
reduction properties, which are quite similar to those of the YW PY the more electronegative V inverts the order of belt/
a counterpart® For the 8 isomer, two structures were CaP Gylike orbitals, and then the LUMO in¥isVs is an
explored: a nondistorte@s, structure, similar to the one orbltal'ofesymmetry mainly c_entered on the three equwalent
optimized for3-P,W1g, and a structure with alternate M® vgnadlum atomis (60% v orbitals— 10% belt W orbitals,
bonds ofCs symmetry (Figure 4). Considerable computa- Figure 3). The LUMCr1 is composed of 65% belt tungsten

tional effort was made to optimize the latter, becausehe orb@tals and the LUMQ-2 of 48% belt W and 10_% v
point group is not available in the ADF package, and the orbitals. The shape and energy of tfieform orbitals

geometry had to be optimized without symmetry constraints. f9s?m*?'e those of tha fo”?" _or_b|tals. The HL gap is
As in thea isomer, the structure with an alternate arrange- similar in both structures. This is important because, although

ment of the Mo-O bonds is clearly more stable than the the s_ubst.itution reducgs glmetal ion directly invc_)lyed in the
most symmetric form. The energy difference between the rotation, it does not S|gn|f|ca_ntly alter th@/8 equilibrium

Cs andC;g, structures is 8.2 kcal mol. Like in thea isomer, In WD anions. As t'he valugs in Table 2 show, the computed
the Mo—O distances in th€; structure range between 1.83 AEs— are only slightly higher than those found for the
and 2.12 A. These relatively important energy differences (25) Harmalker, S. P.. Pope, M. T. Am Chem Soc 1981, 103 7381
strongly suggest that the twoandp forms of BMo;5 have 7383.
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Table 2. Experimental Reduction Potentials and Calculated Relative
Stabilities for Several Heteropolyanions

reduction potentiafs(in V)

compound a B AVp—q ref
Keggin
AW 1, —-0.62 (1) —-0.45 (1) -0.17 6
SiW12 —0.26 (1) -0.14 (1) —0.12 6
PMos2 +0.36 (2) +0.55 (2) -0.19 4
Wells—Dawson
P,Wig +0.045 (1) +0.059 (1) —-0.014 8a
P,;Mo1g +0.46 (2) +0.53 (2) —0.07 8b
AEg-q (in kcal molb)P
compound n=0° n=1° n=2° ref
Keggin
PWi2 +6.46 +3.00 +0.92 1
SiWi, +6.00 +2.54 —-3.30 1
PMo, +4.84 +1.49 —2.59 1
Wells—Dawson
PoW g +1.83 +1.70 +1.11 this work
PoMo1g +2.92 +0.60 this work
P2W15V3 +2.54 +2.03 +2.31 this work

aValues in parentheses are the number of metallic electrons added in

each procesd.Positive values foAEz—, mean that thex isomer is the
most stable® Number of metal or blue electrons in the framework.

nonsubstituted fV,g cluster. Moreover, the effect of the
single reduction on the/f equilibrium in RW1sV 3 does not
exceed 0.5 kcal mot.

For thea/f equilibrium in 2:18 molybdates, we found an
energy difference of 2.9 kcal mdl between the fully
oxidized forms. This is smaller than the difference computed
for PMoy, (4.8 kcal mot?) and PW; (6.5 kcal mot?) but
somewhat larger than the one found foiMRg (1.8 kcal
mol™1). The LUMO in the chirab: (Ds) isomer of BMo1gis
1.86 eV above the oxygen band. The®G0tation of one
capping triad decreases the energy of the LUMO by 0.17
eV, whereas the same transformation in Ehg structure of
P,W g reduces the stabilization of the LUMO to a mere 0.01
eV. This reduction favors the stability of tifeform. Hence,
after the second reduction, tkig structure is only 0.60 kcal
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mol~! less stable than the; one. The relative stability at
andg isomers fully agrees with the reduction potentials given
in Table 2. In general, thé isomers reduce at more positive
potentials than the. counterparts, and this behavior is much
more significant in the most symmetric Keggin frameworks
than in the WD anions. For these latter anions, the polaro-
graphic data suggest that the gain in stability of fhierm

due to the reduction is somewhat larger for molybdates than
tungstate$.

Conclusions

DFT calculations carried out on WetPawson 2:18
tungstates and molybdates and 2:3:15 vanadotungstates
showed that the most symmetadsomers are slightly more
stable than the correspondipigisomers. In contrast to the
behavior found for the Keggin anions, the decrease in
symmetry when going from the to the isomer does not
cause any significant decrease in the lowest unoccupied
metallic orbitals. Thus, the reduction stabilizes théorm
but to a lesser extent than in the Keggin structures. In both
forms, theblue electrons go to orbitals that are delocalized
over metal centers at the equatorial sites. The reduction at
the cap centers is possible if one or more cap W(VI) ion in
P,Wg is substituted by the more electronegative V(V) ion.
This change, however, does not significantly alter the relative
stability of o/ isomers.

The present calculations strongly suggest that/e-
Moss anion might have, as the isomer, a structure with
alternately short and long MeO bonds. PMo,g is the WD
anion in which thes form gains more stability by incorpo-
rating electrons into its metallic band.
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