
Published: April 28, 2011

r 2011 American Chemical Society 4967 dx.doi.org/10.1021/ic200203s | Inorg. Chem. 2011, 50, 4967–4977

ARTICLE

pubs.acs.org/IC

On the Origin of the Relative Stability of Wells�Dawson Isomers:
A DFT Study of r-, β-, γ-, r*-, β*-, and γ*-[(PO4)2W18O54]

6� Anions
Fu-Qiang Zhang,†Wei Guan,‡ Li-Kan Yan,‡ Yin-Tang Zhang,†Mao-Tian Xu,*,† Ebenezer Hayfron-Benjamin,†

and Zhong-Min Su*,‡

†Department of Chemistry, Shangqiu Normal University, Shangqiu 476000, People's Republic of China
‡Institute of Functional Material Chemistry, Department of Chemistry, Northeast Normal University, Changchun 130024,
People's Republic of China

bS Supporting Information

’ INTRODUCTION

Polyoxometalates (POMs) are molecular metal�oxide clus-
ters characterized by a vast structural diversity and have captured
the attention of scientists from many fields such as catalysis,
biology, medicine, and materials science.1 Besides the best-
known Keggin anions,2 a notable subset of POMs are those of
the classic Wells�Dawson (WD) structures incorporating two
tetrahedral guest anions, [(XO4)2M18O54]

n� (M=Mo,W, V; X =
Cl,3 S,4 P,5 As,6 V,7 etc.), which were initially isolated by Wu,8

structurally postulated by Wells,9 and determined by Dawson,10

and, since then, the subject of a vast number of studies.11 In 1970,
Baker and Figgis12 predicted the existence of six possible isomers
formally named R, β, γ, R*, β*, and γ*,13 differing in the relative
orientations of the trinuclear {M3O13} caps or half {XW9} units.
However, only four kinds, including the R, β, γ, and γ* isomers,
have actually been observed.14,15

The dominant isomerism in the WD structure, which
involves the {M3O13} cap, has been observed in many
structural families of POMs and approximately those in
close-packed metal�oxide domains occurring on the steps
and corners of reactive metal�oxide surfaces,1 and it is
strongly desired to clarify such a common phenomenon in
the POM field. For many years, the structural rearrangement
from the β-WD isomer to the more symmetric R one has been
observed16 and only recently has the relative R/β stability

been established by Hill and Anderson17 via the kinetics
and thermodynamics equilibrium of R/β-[P2W18O62]

6�

(4.4 ( 0.6 and 3.8 ( 0.6 kcal/mol in the solid state and
solution, respectively). Poblet and co-workers18,19 theoretically
investigated the small energy difference between R- and
β-[P2M18O62]

6� (M = Mo and W) isomers, and they attributed
the greater intrinsic stability of the R structure to its favorable
metal�oxygen M18O54 cage. Contant, Thouvenot, and co-
workers13 have made important contributions in this research
field; e.g., on the basis of the new synthesized WD structures,
they systematically studied the known WD isomeric types
including the isomerization path (γf βfR) and the enhanced
oxidizing power (R < β < γ) of [X2W18O62]

6� (X = P and As). In
their studies, these authors also suggested that there is a large
amount of tension inside the WD belt region, classified the six
isomers into staggered-belt (R*, β*, and γ*) and eclipsed-belt
(R, β, and γ) groups, and further predicted that the former ones
are always less stable than the latter (R* < β* < γ* < γ < β < R).
In particular, the new fast-emerging family of nonconventional
WD anions incorporating nontetrahedral anions (such as single-
pyramidal XO3,

20 two-pyramidal SO3,
21 trigonal-prismatic

XO6,
22 ditetrahedral P2O7,

23 and hexafluorosodate NaF6
24)

Received: January 29, 2011

ABSTRACT: Density functional theory calculations have
been carried out to investigate R-, β-, γ-, R*-, β*-, and
γ*-[(PO4)2W18O54]

6� Wells�Dawson isomers, which exhib-
ited stability in the order of R > β > γ > γ* > β* > R*,
reproduced the experimental observations (R > β > γ), and
confirmed the hypothesis of Contant and Thouvenot (γ* > β* >
R*). Energy decomposition analysis reveals that both the spatial arrangement of the hostW18O54 cage (eclipsed or staggered) and its
structural distortion induced by the encapsulated guest anions are two dominant factors in control of the stability order, while the
influences of host�guest interaction and distortion of the guest anions are very small. A building block decomposition approach is
designed and provides an effective means to clarify the detailed relationship between the local distortion and energy. By using this
method, it is found that the eclipsed belt, and in particular the staggered belt, significantly distort the two caps inside the
Wells�Dawson structure. Notably, there is a direct relationship between the overall stability and distortion in the belts, which is
proven to be partly originating from the dominance in the quantity of the belt building blocks over that of the caps (12:6). Besides,
half-unit {XW9} decomposition confirms that [(XO4)2W18O54]

n� (X = Si, Ge, Al, and Ga) are thermodynamically instable because
of the notable electrostatic repulsion between two {XW9} units induced by the highly charged guest anions.
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enhances the complexity of the cap-rotational isomerism. For
instance, Cronin, Long, and co-workers22a recently obtained
the peculiar [H4W19O62]

6� species hosting a trigonal-pris-
matic WO6

6� subunit, and by means of density functional
theory (DFT) calculations, they showed that the γ isomer is
the most stable arrangement (γ > R > β), which quite differs
from the well-known R < β < γ of classic WD anions.

We have endeavored to clarify the isomerism in POMs based
on the topology and DFTmethod,25 with the basic objective of a
deep understanding of such a common phenomenon as well as
their closely related properties. Herein, the relative stability of
WD isomers has first been analyzed by using energy decomposi-
tion as well as building-block analysis. The selection of six WD
[P2W18O62]

6� isomers is due to the following several reasons:17

(i) the classic WD is the most typical representative of dominant
isomerism involving cap or half-unit rotation accompanied by
very slight structure and property differences and thus provides a
very good opportunity and challenge for theoretical studies; (ii)
[P2W18O62]

6� is one of the best-known and most-studied
species in POMs from 1920,26 and besides many synthetic and
structural studies on these isomers, detailed thermodynamic and
kinetic information of R/β are available; (iii) finally, the poly-
oxotungstates have been proven to have higher symmetries than
the corresponding spiral polyoxomolybdates,27 and the selection
of [P2W18O62]

6� rather than [P2Mo18O62]
6� significantly re-

duces the computational demands.

’COMPUTATIONAL DETAILS

All of the calculations were performed at the DFT level by using the
ADF2008.01 suite of programs.28 The exchange and correlation energies
were calculated using the recent Keal and Tozer density functionals
(KT2)29 within the framework of the generalized gradient approxima-
tion (GGA). The basis functions to describe the valence electrons of
each atomwere triple-ξ plus polarization Slater basis sets (TZP), and the
core electrons (O, 1s; P, 1s2p; W, 1s4d) were kept frozen and described
by means of single Slater functions. The zero-order regular approxima-
tion (ZORA)30 was adopted in all of the calculations to account for the
scalar relativistic effect. Full geometry optimizations were carried out on
each structure in the presence of the conductor-like screening solvent
model (COSMO31) with a solute dielectric constant of 78.4 (water). The
ionic radii for the POM atoms, which actually define the cavity in the
COSMO, are 1.72, 1.85, and 1.992Å forO, P, andW, respectively. The value
of the numerical integration parameter used to determine the precision of
numerical integrals was 5.5. Spin-unrestricted calculations were performed
for all of the open-shell systems. Frequency analyses are also implemented
on the six optimized [P2W18O62]

6� tomake sure that they are indeed stable
structures. The short-hand notation for the WD anion without O atoms,
charge, and brackets is used, e.g., P2W18 for [P2W18O62]

6� and P2W181e for
[P2W18O62]

7�, where e specifies the number of the blue electrons.

’RESULTS AND DISCUSSION

Structure. Among the six Baker�Figgis12 WD anions, the R,
β*, and γ structures all form D3h-symmetric M18O54 (M = Mo,
W, V, etc.) cages, while the R*, β, and γ* analogues form D3d-
symmetric M18O54 ones, and, on the other hand, the R, β, and γ
structures all encapsulate two eclipsed (D3h) anions (XO4

n�),
while the R*, β*, and γ* species incorporate two staggered (D3d)
ones.13 Consequently, the R and γ clusters ideally adopt D3h

symmetry, whereas R* and γ* take up D3d symmetry; however,
the mismatch of the outer cage and the inner tetrahedral anions
reduces the symmetries of both the β and β* structures to C3v.

Indeed, in our calculations, all of the six P2W18 isomers respec-
tively favor their ideal symmetries (R/D3h, β/C3v, γ/D3h, R*/
D3d, β*/C3v, and γ*/D3d), confirming the more recent work of
Poblet and co-workers.27 The obtained structures are shown in
Figure 1, and the important parameters are provided in Table 1.
As can be seen, the inclusion of the solvent effect significantly
improves the calculated structures;32 e.g., besides nonbonding
distances including the P�P distance between two encapsulated
anions, the previously difficult parameters such as the bond
length of W�Ot

18 (calculated as 1.721�1.722 Å vs averaged
1.710 Å in the experiment;5d Ot denotes a terminal oxo ligand as
labeled in Figure 1) and the linear angles of equatorial
W�Oe�W linking two belts (179.4� vs averaged 179.0� in the
experiment;5d Oe denotes equatorial oxo ligands) are all well
reproduced. The largest deviation is ∼0.02 Å observed in the
P�Oi (Oi denotes the interior oxygen ligand) bond length, and
this validates the employed computational method nicely.
TheP2W18 structure can be viewed as an assembly of two kinds of

{PW9} half-units (A-R-PW9 and A-β-PW9; Figure 1),
33 and inside

the two hexagonal belts, the distance between neighboring octahe-
dra (Wb�Wb) exhibits alternative short and long separation under
the influence of the interior PO4

3� (Figure S1 in the Supporting
Information).13 In the assembly of the R, β, or γ structure, the
hexagonal belts of two {PW9} halves are arranged in an eclipsed

Figure 1. Ball-and-stick representations (top and side views) of the R-,
β-, γ-, R*-, β*-, and γ*-[(PO4)2W18O54]

6� isomers. Four types of O
atoms are given: terminal (Ot), interior (Oi), bridging (Ob), and
equatorial (Oe). The numbers denote different kinds of octahedral
building units in the structure.



4969 dx.doi.org/10.1021/ic200203s |Inorg. Chem. 2011, 50, 4967–4977

Inorganic Chemistry ARTICLE

pattern (eclipsed belt) along the direction of the principal C3 axis
and the nonbonding alternation is naturallymaintained, as shownby
Wb�Wb differences inside the same belt (0.331�0.399 Å34) and a
very small upper/below Wb�Wb deviation (0.00�0.035 Å35)
between the two belts. Conversely, in the building of the R*, β*,
or γ* framework, the hexagonal belts of both halves are arranged in
staggered style (staggered belt). As a result, for better mutual
adaptation with respect to their common edges, the reverse
rearrangements (distortion) are required for both halves to reduce
such an alternation feature, as evidenced by the decreased Wb�Wb

differences (0.251�0.334 Å36) and large upper/below Wb�Wb

deviation (0.251�0.33437) between the two belts. Notice that the
R*,β*, andγ* isomers can be derived formally from the 60� rotation
of one overall {XW9} unit from the R, β, and γ isomers (Rf R*,
β f β*, and γ f γ*), respectively, and a comparison of the
Wb�Wb separation between the three pairs of half-unit-rotation
isomers thus provides more direct proof, e.g., R (0.345 Å) > R*
(0.251 Å), β (0.365 Å) > β* (0.293 Å),38 and γ (0.382 Å) > γ*
(0.334 Å). Also, the order of 0.094 Å (RfR*) > 0.072 Å (βfβ*)
> 0.048 Å (γf γ*) clearly shows that R* and γ* have the largest
and least structural arrangements, respectively. In these cases, the
large rearrangement denotes a pronounced distortion in the
structure (R* > β* > γ*), in accordance with the calculated
distortion energy (R* < β* < γ*), as discussed in detail later.
Specifically, each hexagonal belt is composed of six equivalent

corner-sharing {MO6} octahedra, in which the six metal sites are
strictly coplanar whereas the six bridging O atoms constitute a
chair conformation.39 Noting the tension among octahedra
partly located at the joint corners, it is not surprising to find that
the six bridging O atoms adopt the most favorable configuration,
fully resembling the six classical C sp3 atoms in the most stable
cyclohexane. Furthermore, the decrease in the chair arrangement
with an order of R > β > γ (torsion angle of the O atoms in the
M6O6 circle, 36.2�, 32.4�/21.8�, and 13.4� for R, β, and γ,
respectively) implies torsion enhancement and reduced stability,
in well agreement with the experimental observation (R > β >
γ13,40). As expected, rotation from the eclipsed-belt structures to
the staggered-belt ones is always accompanied by a significant
decrease in the chair conformation, i.e.,RfR* (25.1�) > βf β*
(10.6�/7.0�) ∼ γ f γ* (10.0�),41 generally in common with the
changes observed in Wb�Wb alternation separations. It is noted
that Contant and Thouvenot13 first emphasized the difference
between theWD structures with staggered and eclipsed belts. They
observed that, inside the eclipsed-belt R-X2W18 (X = P, As), the
equatorial O�O alternation linking the halves (middle) is reversed
to that linking the belt and cap (upper), whereas this feature is
absent in the case of the staggered-belt γ*-[X2W18O62]

6�.11j

Actually, this behavior is general and can be found in all of the
eclipsed/staggered-belt pairs (i.e., R/R*, β/β*, and γ/γ*; Figure
S2 in the Supporting Information). One slight exception is that,
inside the β* structure, equatorial O�O alternation is still
observed because it owns nonequivalent halves.
Alternatively, the WD structure can be viewed as an assembly

of the one double-layer hexagonal cylinder capped with two polar
{W3} triads,

42 and the size of such ellipsoidal structures can be
simply characterized by two kinds of metal�metal distances, i.e.,
Wp�Wp between two poles43 and Wb�Wb between two oppo-
site sites within the same hexagonal belt. In the case of eclipsed-
belt structures, bothWp�Wp (9.815, 9.836, and 9.868 Å forR, β,
and γ, respectively) andWb�Wb (7.010, 7.024,

44 and 7.046 Å for
R, β, and γ, respectively) increase slightly with the trend of R <
β < γ, demonstrating that the size of the anions expanded
substantially in both the polar and radial directions with very
similar scale (0.035�0.047 Å). This behavior can be further
verified by the O�O distances between corresponding terminal
O atoms owned by themetal ions, e.g., polar 12.165/R < 12.176/
β < 12.242/γÅ45 and radial 10.339/R< 10.342/β46 < 10.365/γÅ,
respectively. However, the size of the cap remains fairly constant,
as exhibited by the slightly varied Wc�Wc distance (∼0.01 Å,
3.361�3.373 Å47) inside the {W3} triad. In contrast, the three
staggered-belt counterparts (R*, β*, and γ*) having very similar
axial sizes (Wp�Wp of 9.804/9.815, 9.839/9.836, and 9.872/
9.868 Å forR*/R, β*/β, and γ*/γ, respectively) are somewhat fat
(Wb�Wb, 7.041�7.085 Å). Particularly, there is a substantial
increase in Wc�Wc (3.347/R* < 3.385/β*48 < 3.395/γ* Å), and
this reflects that the poles turn to taper in the order of γ* < β* <
R*. As a result, among the six isomeric structures, R* and γ* have
the most spiky and most flat caps, respectively.

Table 1. Optimized Distancesa (Å) and LUMO Energies of the Six [(PO4)2W18O54]
6� Isomers

anion P�Oi W�Oi W�Ot W�Ob P�P W�Oe�Wb LUMO (eV)c

R/D3h 1.544�1.589 2.345�2.355 1.721�1.722 1.895�1.921 3.981 161.2 �4.19 (�6.46)

exptd 1.531�1.569 2.306�2.408 1.679�1.743 1.863�1.940 3.986 159.7�163.4

β/C3v 1.545�1.592 2.352�2.362 1.721 1.894�1.924 3.975 165.1 �4.24 (�6.52)

γ/D3h 1.547�1.592 2.362�2.369 1.721 1.888�1.924 3.986 171.3 �4.31 (�6.57)

R*/D3d 1.547�1.598 2.355�2.388 1.721�1.722 1.884�1.921 3.915 171.5 �4.28 (�6.50)

β*/C3v 1.545�1.594 2.354�2.388 1.721 1.887�1.920 3.955 169.5 �4.24 (�6.51)

γ*/D3d 1.547�1.591 2.377�2.685 1.721 1.884�1.923 3.972 177.0 �4.23 (�6.55)
aObserved intervals are given. b Equatorial W�O�W angle linking two belts. c LUMO energies of the host cage are in parentheses. dX-ray data of
R-[(PO4)2W18O54]

6� from ref 5d.

Table 2. Relative Energies (kcal/mol)a of the Six
[(PO4)2W18O54]

6� Isomers at the GGA-KT2/TZP Level

anion ΔG ΔEt
b ΔFIE ΔEfree

ΔDE (ΔDEguest/

ΔDEhost) ΔEhost

R/D3h 0.0 0.0 (0.0) 0.0 0.0 0.0 (0.0/0.0) 0.0

β/C3v �4.8 �5.1 (�6.1) �0.6 �3.9 �0.5 (0.7/�1.2) �4.5

γ/D3h �6.8 �6.3 (�8.8) 0.5 0.0 �6.8 (1.1/�7.9) �6.8

R*/D3d �22.7 �23.6 (�25.5) �0.1 �3.9 �19.6 (0.9/�20.4) 23.5

β*/C3v �12.8 �13.6 (�16.0) 0.7 0.0 �14.3 (0.6/�14.9) �14.3

γ*/D3d �9.5 �9.4 (�13.1) 1.6 �3.9 �7.0 (0.9/�7.9) �11.0
aDefined as the single-point energy of Rminus that of the others in the
gas phase, and negative values denote disfavored energies. bData in
parentheses are obtained within inclusion of COSMO.
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Relative Stabilities. Our calculations show that the stability
gradually decreases with order of R > β > γ > γ* > β* > R* (ΔG
and ΔEt in Table 2). For the eclipsed-belt structures, the well-
known R structure (RRE33) assembled from two eclipsed A-R-
PW9 half-units is the most stable out of the six isomers. Formal
60� rotation of one or both of the polar {W3O13} caps would
generate β (composed of A-R-PW9 and A-β-PW9 units, RβE)
and γ isomers (composed of two A-β-PW9 units, ββE), respec-
tively, accompanied by 4.8 and 6.8 kcal/mol increases in the
Gibbs free energy (ΔG). Apparently, besides the stability order
of R > β > γ, which agrees well with the experimental
observation,13 the R/β difference (ΔG, 4.8 kcal/mol) that
we obtained reproduces very well the latest experimental data
(3.8 ( 0.6 kcal/mol).17 In the case of the staggered-belt
structures, the R* structure (RRS) built from two A-R-PW9

half-units is the least stable among the six isomers. Rotation of
one or both of the polar {W3O13} caps would generate β*
(composed of A-R-PW9 and A-β-PW9 units, RβS) and γ*
isomers (composed of two A-β-PW9 units, ββS), accompanied
by 9.9 and 13.2 kcal/mol decreases in energy, respectively. Remark-
ably, on the one hand, the stability order of R* < β* < γ* fully
confirms the hypothesis of Contant and Thouvenot,13 and, on the
other hand, the calculated high energies of R* and β* above the R
isomer (22.7 and 12.8 kcal/mol, respectively) clearly demonstrate
their thermodynamic instabilities and thereby can be attributed
to their absences in experiments to date.Moreover, the electronic
contribution to the Gibbs free energy is much larger than the
entropic term,72b and, consequently, the computed ΔEt is very
close toΔG (Table 2) and is used to discuss the relative stabilities
of these POM species in a later section for simplicity.
The WD structure is one of the most representative of the

host�guest complexes, in which the inner PO4
3� and the outer

W18O54 are well separated, as indicated by large W�Oi distances
(2.345�2.388 Å) with very small bond order49 (0.17�0.23;
Table S1 in the Supporting Information). As a result, the six WD
structures can be viewed as being assembled by the trapping of
two charged PO4

3� guest molecules in the neutral W18O54 host
and reformulated as 2PO4

3�@W18O54 (the clathrate model50).
Many studies have shown that it is a sound model for POMs,19,51

and on that basis, the electronic energy of each P2W18 can be
decomposed as follows:

2PO4
3�ðfreeÞ þW18O54ðfreeÞ f 2PO4

3�@W18O54 ð1Þ
Also, the energy differences with respect to the six isomeric

anions can be evaluated using

ΔEt ¼ ΔEfree þΔDEðΔDEguest þΔDEhostÞ þΔFIE ð2Þ
where Et represents the energy of the optimized WD anion, Efree
denotes the sum of energies of the fully relaxed W18O54 (Ehost)
and two PO4

3� (Eguest), DE is the sum of the deformation
energies of W18O54 and two PO4

3� from their fully relaxed
conformations (DEhost þ DEguest), and FIE represents the
host�guest interaction between W18O54 and two PO4

3�. The
prefix “Δ” denotes the energy difference between β, γ, R*, β*,
and γ* and the reference R structure. To facilitate systematic
comparisons, all of the data used here are single-point energies in
the gas phase of the associated structures optimized in the solvent
phase. Table 2 lists all of the important data, where a negative
value denotes a disfavored energy. Several points can be
drawn from these values. (1) The energy difference in the host
(ΔEfree, �3.9 kcal/mol) is the principal factor governing the

relative stability (ΔEt). Notice all six isomeric structures sharing
the same guest PO4

3� anion, andΔEfree thus reflects the intrinsic
superiority of the eclipsedW18O54 cage (D3h) over the staggered
one (D3d) in the spatial arrangement, i.e., R, β*, and γ are more
favorable in cages than the other three (R*, β, and γ*). For
instance, the promoted stabilities of R over β (R > β) and γ over
γ* (γ > γ*) are primarily stemming from this fundamental origin
(78.2% and 74.8%52), while that of β* over R* (β* > R*) is also
39.5% coming from this term (ΔEfree). (2) The influence of the
host�guest interaction (ΔFIE) is minor. Despite the very large
absolute data (FIE,�807.0 to�809.2 kcal/mol; Table S3 in the
Supporting Information) that may account for the assembly of
the host�guest structures,53 all of ΔFIE are calculated as very
small (�0.6 to �1.6 kcal/mol) and contribute slightly to ΔEt
(<13%54), reflecting the intrinsic similarity of the six isomeric
structures in host�guest interaction. (3) The different deforma-
tion degrees in the structure (ΔDE) are another important
factor. DE is composed of two components, the guest
(DEguest) and host (DEhost). As expected, the distortions ob-
served in all guest PO4

3� molecules are small (DEguest, 3.1�3.7
kcal/mol), and their subtle energy differences (ΔEguest, <1.1
kcal/mol) are completely in line with the slight structural
differences (P�Oi with ranges of polar 1.534�1.547 Å and
radial 1.589�1.598 Å; P�O�P angles with ranges of axial
107.6�107.9� and radial 111.0�111.3�).55 By contrast, distor-
tion in the W18O54 cage (DEhost, 114.2�134.7 kcal/mol) is very
large and that constitutes the major part of the distortion of the
overall structure (DE). As shown in Figure 2, the consistently
decreased ΔDEhost displays that distortion of the host cage is
enhanced with the order of R < β < γ < γ* < β* < R*, which
coincides with variations of the structural parameters as mentioned
previously and validates Contant and Thouvenot’s assumption13 of
larger distortions in the staggered-belt structures than in the
eclipsed-belt counterparts. For instance, the smaller distortions in
the β and γ* cages are completely (100%) answered for the
enhanced stability of β over γ (β > γ) and γ* over β* (γ* > β*),
despite their disfavored D3d cage in the arrangement; while the
promoted stability of β* overR* (β* >R*) is also∼53% from the
small ΔDEhost of β*, besides its superiority in the D3h cage.
Moreover, among all of the components of ΔEt, only the
contribution of ΔDEhost is always negative, revealing that it is
the exclusive reason undermining the stability of the isomers.
Briefly, the spatial arrangement of the host cage and its distortion
are two principal factors that control the relative stabilities of the
WD isomers, whereas the influences of the host�guest interaction
and the guest distortion are always small. This result is reminiscent
of the R/β-Keggin relative stability with low charge.25b,56 It is
noteworthy that the magnitudes of host distortion (DEhost) and
host�guest interaction (FIE) depend strongly on the charge of
the guest molecules, e.g., generally preserved in the isocharged
[(AsO4)2W18O54]

6� (114.1�135.9/DEhost,�776.3 to�784.5/
FIE kcal/mol, respectively; Table S9 in the Supporting In-
formation) but dramatically reduced in lowly charged
[(SO4)2W18O54]

4� (50.0�62.5/DEhost, �477.1 to �480.8/
FIE kcal/mol, respectively; Table S12 in the Supporting In-
formation). However, the patterns of ΔDEhost, ΔDEguest, ΔDE,
and ΔFIE observed in PW18 are generally maintained in these
structures and thus result in the same stability order (R > β > γ >
γ* > β* > R*; Figures S3 and S4 in the Supporting Information).
In fact, the formula (2) can be transformed to

ΔEt ¼ ΔEhostðΔEfree þΔDEhostÞ þΔDEguest þΔFIE ð3Þ
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where ΔEhost (the sum of ΔEfree and ΔDEhost) is the single-
point-energy difference of the six host cages that are extracted
from the optimized anions. Be aware of the minor contributions
ofΔDEguest,ΔFIE, and even the sum of both of them (<12.0%);

ΔEt is therefore dominated by the primary source of ΔEhost
(>88.0%), as is clearly shown in Figure 2b; namely, the more
stable anions always possess a more stable hostW18O54 cage, and
vice versa. Consequently, the relative stabilities of the WD

Figure 2. Seven kinds of relative energies as a function of six [(PO4)2W18O54]
6�.

Table 3. Bonding Energies (au) of OtdW(OH)4 for (O�H = 0.9615 Å) for Six [(PO4)2W18O54]
6� Isomers

isomer 1a 2 3 4 averageb belt (kcal/mol)c cap (kcal/mol)c

R/D3h �2.42604 �2.41922 �2.42149 (0.0) 0.0 0.0

β/C3v �2.42630 �2.41826 �2.41798 �2.42923 �2.42134 (0.1) 0.7 �1.1

γ/D3h �2.42871 �2.41731 �2.42111 (0.2) 1.2 �1.7

R*/D3d �2.42724 �2.41393 �2.41835 (2.0) 3.3 �0.8

β*/C3v �2.42687 �2.41650 �2.41583 �2.42634 �2.41965 (1.2) 1.9 �0.4

γ*/D3d �2.42745 �2.41631 �2.42003 (0.9) 1.8 �0.9
aThe numbers 1�4 denote the different kinds of building blocks in the structure, as labeled in Figure 1. bRelative energies (kcal/mol) in parentheses,
where positive values denote disfavored energies. cRelative energies on average.

Figure 3. Dependences of [OtdW(OH)4] energies (au, absolute values) on six kinds of structural parameters. Positive values denote favorable
energies.
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structures can be simply evaluated by their host cages, in spite of
its eclipsed or staggered spatial arrangement. This result sheds
new insight into the basic differences among the sixWD isomeric
structures.
To further characterize the differences of the six W18O54, we

decompose each cage into 18 pyramidal building blocks,
{OtdW(OH)4}, in which four H atoms are added along the
boundary Ob�W (Ob is a bridging oxo ligand) bond with a
distance of 0.9615 Å,57 aimed to simulate the possible chemical
environment of the fragment inside the overall structure. Two
kinds of blocks are present in the D3h- or D3d-symmetric R/D3h,
γ/D3h,R*/D3d, and γ*/D3d comprised of two equivalent {PW9},
and four kinds are observed in the C3v-symmetric β or β* built
from nonequivalent halves. By this approach, it is found that the
pyramidal units of the W18O54 cages are destabilized in the order
of R > β > γ > γ* > β* > R* (average data in Table 3),
reproducing very well the overall trend ofΔEhost. Two key points
can be drawn from the values in the table.
First, the building blocks of the polar triad are notably more

stable than those of the belt with ∼6.5 kcal/mol on average. In
Figure 3, the peaks representing energetically favored units are all
from the polar part, whereas the valleys denoting energetically
disfavored units are all from the belt region. This clear distinction
discloses the primary characteristics of the ellipsoidal WD frame-
work, within which the polar cap can be taken as a single entity that
structurally distinguishes it from the equatorial belt, as evidenced by
many experimental facts (e.g., the stable trimetallic M3O13

2�,58

lacunary P2W15O56
12� missing of one polar group,59 boropho-

sphate anion contains a two-layer {W12} belt,
60 etc.), on the one

hand, and offers a qualitative explanation of the special stability of
the quasi-spherical R-Keggin structure assembled entirely from
four “polar” caps, on the other hand (e.g., the geometry
rearrangement of the WD to the Keggin structure61). More

interestingly, the energy of the block unit (EW) keeps a close
relationship with its geometry parameters such as the bond
lengths of W�Ob and W�Oi, angles of W�Ob�W,
Ot�W�Ob, Ob�W�Ob, etc. As shown in Figure 3, the strong
dependencies of EW on three parameters that are closely related
to the pseudooctahedral bonding environment of the metal
center, including its direct relationship with the angle of
Ot�W�Ob (EW∼Ot�W�Ob; Figure 3a) and the bond length
of W�Oi (EW ∼W�Oi; Figure 3d) and its inverse relationship
with the angle of Ob�W�Ob (EW ∼ 100/Ob�W�Ob;
Figure 3b), are combined to suggest that {OtdW(OH)4} is
compressed along the axial direction, particularly stronger in the
belt than in the cap region (e.g., smaller Ot�W�Ob of 99.5�/belt
vs 101.4�/cap, larger Ob�W�Ob of 88.5�/belt vs 87.8�/cap, and
larger W�Oi of 3.99/belt vs 5.29/cap Å, on average). This
primary structural feature can be validated straightforward by
examining the distance from the W to the four-Ob base plane
(W f 4Ob

62), e.g., the short 0.314/belt vs long 0.377/cap Å as
well as its direct proportion with EW (EW ∼ W�Oi; Figure 3f).
Correlatively, this kind of distortion will result in large bond
angles between building units, e.g., the inverse relationship of
W�Ob�Wwith EW (EW∼ 100/W�Ob�W; Figure 3c) as well
as those nearly linear bond angles linking halves (161.2�177.0�),
which significantly deviate from the general O sp4

hybridization63 and invariably intensify the distortion. The bond
length of W�Ob, despite its very small variation (1.903�1.910
Å�), still has a direct relationship with EW (EW ∼ W�Ob,
Figure 3e), originating from its W d�O p π nature of POMs.51

Second, the building unit of the staggered belt is always less
favored than that of the eclipsed one with ∼1.7 kcal/mol on
average. As listed in Table 3, the belt region is destabilized in the
order of R/0.0 < β/0.7 < γ/1.2 < γ*/1.8 < β*/1.9 < R*/3.3 kcal/
mol. The data fully confirm the hypothesis of Contant and

Figure 4. Spatial representation of the frontier molecular orbitals of six [(PO4)2W18O54]
6�.
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Thouvenot,13 who predicted a significant structural distortion in
the staggered belt over the eclipsed one. It is noteworthy that, in
the absence of the guest anion, the alternation in half a {W9}

64

bowl is very small (0.015 Å). Consequently, the larger the
alternation in the eclipsed belt of the {PW9} anion, the larger the
distortion in the structure after PO4

3� is encapsulated, thereby
providing a qualitative explanation of the increased W�W alterna-
tion order of R < β < γ (0.345 < 0.365 < 0.382 Å, on average), in
accordance with their relative stability (R > β > γ). After a 60�
rotation to yield the staggered-belt structures (Rf R*, βf β*,
and γ f γ*), the changes observed in the reduced W�W
alternation actually reflect the extra distortions accompanied,
e.g., γ* > β* > R* (0.048 < 0.064 < 0.094 Å on average), in
agreement with the energy variations of γ* < β* < R*.
An attractive feature of the structural decomposition approach

is the approximate additivity of an individual building-unit energy
(EW), providing access to clarifying the origin of the relative
stabilities of these structures. For instance, for the eclipsed-belt
structures, in going from R to γ (R f β f γ), each rotation
consistently stabilizes the units in polar caps (∼0.6 kcal/mol) but
meanwhile destabilizes the belt components (∼0.8 kcal/mol).
Despite the relatively large stabilizing effects held by the caps, the
overall stability is still steadily reduced (R > β > γ) because of
twice the contributions of the belt region over the polar cap to the
whole structure (12 vs 6). Differently, in the case of the latter four
isomeric structures (γ, γ*, β*, and R*), each rotation steadily
destabilizes both the cap and belt regions. Regarding the large
contribution of the belt components, the decreased energy is
enhanced with the order γ > γ* > β* > R*. To sum things up, in
all cases the double-layer {W12} belt is the key region that is
responsible for the relative stability of the overall host cage and
thereby controls the corresponding anion, in which its dom-
inance in the building-block quantity over that of the caps plays
an important role.
Reduced Structures. In the fully oxidized state, all six isomeric

P2W18 have the same simple electronic structure constituted of
two well-separated sets of molecular energy levels with a clear
HOMO�LUMO gap (2.22�2.48 eV). The low-lying orbitals
comprise predominately O p nonbonding bands delocalized over
the bridging O atoms, while the high-lying orbitals represent very
weak π-antibonding interactions between the symmetry-adapted
metal dxy and bridgingO p orbitals delocalized over the d shells of
the W atoms. As shown in Figure 4, the cap and belt metals do not
participate equally in the lowest unoccupied molecular orbitals; e.g.,
LUMO and LUMOþ1 are mainly centered on the 12 belt W
atoms rather than the two caps. As a direct consequence, for all
six structures, the reduction should preferentially take place in

the belt region. This prediction can be confirmed by studying the
spin density of the single-reduced species, e.g., 0.10e of the belt vs
0.01e of the cap. However, in the case of the double-reduced
species, the two blue electrons are completely paired and thus
yield a singlet ground state, in well agreement with the diamag-
netic behavior of R- and β-P2W182e in the experiment.65 This
result is general and has been found in other kinds of POMs, e.g.,
the reduced Keggin anion, in which the strong antiferromagnetic
coupling between two delocalized electrons is promoted by
electron hopping among molecular fragments.66,67

Full geometry optimizations in the presence of COSMO show
that both P2W181e and P2W182e species share the same stability
order with their oxidized P2W18 parent (R>β >γ >γ* >β* >R*;
Figure 5). The distribution of blue electrons over the host cages
permits implementation of the following host�guest energy
decomposition approach:

2PO4
3�ðfreeÞ þW18O54

m�ðfreeÞ f 2PO4
3�@W18O54

m�

ð4Þ

By utilizing the quantitative energy evaluation previously
performed on P2W18 (eqs 2 and 3), we observe that the increased
charges carried by the host cage have a slight affect on the overall
structure including both the interior PO4

3� and the outer host
cage, as exhibited by their unperceived geometry changes as well
as the constant energies of DEguest, DEhost, and DE (Tables S15
and S18 in the Supporting Information). Differently, the host�
guest interaction (FIE) is notably reduced (from�807.0 to�809.2,
from�478.2 to�481.4, and from�150.7 to�154.9 kcal/mol for
P2W18, P2W181e, and P2W182e, respectively) and that can be simply
attributed to the increased host�guest electrostatic repulsion.
However, the origin of the stability order (ΔEt) obtained from
oxidized structures is maintained; i.e.,ΔDEhost,ΔEfree, and the sum
of both of them (ΔEhost) are dominant, while ΔDEguest and ΔFIE
are subordinate (Figures S5 and S6 in the Supporting Information),
further validating our previous results. Besides, the inclusion of
COSMO in the computations becomes more important because of
the increasing charge of the reduced species. Otherwise, energies
would not be reliable in the gas phase, e.g., the slight β/γ and
R/γ single-point-energy inversion observed in P2W181e and
P2W182e species, respectively (Tables S16 and S19 in the Support-
ing Information).
Furthermore, the redox properties of the six P2W18 anions can

also be rationalized by the latest theoretical method in solution,68

which requires determination of the free energy associated with
the process

½ðPO4Þ2W18O54�n�ðaqÞ þ e�sf
ΔG ½ðPO4Þ2W18O54�ðn þ 1Þ�ðaqÞ

ð5Þ
where the term ΔG represents the free energy of the reduction
process in solution and can be approximated by the reduction

Figure 5. Relative stability (kcal/mol) of oxidized and single- and
double-reduced [(PO4)2W18O54]

6� isomers.

Table 4. First and Second Reduction Potentials (V) for the
Studied Complexes

isomer R β γ R* β* γ*

first �0.50 (�0.77a) �0.44 �0.38 �0.44 �0.49 �0.41

second �0.81 (�1.13a) �0.74 �0.69 �0.77 �0.73 �0.74
a Experimental values obtained from ref 69.
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energy of the complex, due to the difficulties in obtaining the
frequency calculation in the presence of COSMO. When the
Nernst equation E� =�ΔG�/nF is combined with the reference
value�4.60 eV of the saturated calomel electrode, the reduction
potentials (ERP) can be predicted. Table 4 summarizes the
calculated first and second reduction potentials, and it can be
seen that the theoretical predications agree very well with the
experimental data69 available. Apparently, for the eclipsed-belt
species, the oxidizing power increases with a trend ofR<β<γ, in
line with the experimental observations,13,65 while for the
staggered-belt species, large discrepancies are observed between
the first and second ERP (γ* <R* < β* vsR*< β*∼ γ*). However,
it should be noticed that γ* and β share very similar electro-
chemical properties in both cases (R < β ∼ γ* < γ), which has
been observed in β-As2W18 and γ*-As2W18 experimentally.13

More recent studies reveal that the redox properties of POMs
depend on the molecular energy level of the LUMO (ELUMO) in
the oxidized state, which, in turn, relates closely to the charge and
size of the guest molecules, besides the size of the overall
structure.70�72 In the present study, the guest anions in all of
the structures are virtually identical as aforementioned and they
cannot be the principal reason for the reduction potential trend.
On the other hand, the LUMO of an oxidized WD structure is
symmetry-adapted dxy-like orbitals centered heavily at the belt
metal atoms, and the encapsulation of guest anions modifies the
nature of the LUMO little but shifts it upward energetically,

originating from the electrostatic repulsion produced by an
internal negative charge.71a Indeed, the ELUMO values of all six
isomeric P2W18 anions depend strongly on the ELUMO values of
their respective host cages with a constant difference of
2.26�2.27 eV,73 and both of them are closely related to the
reduction potentials (Figure 6), validating the very recent studies
of Poblet and co-workers.71

Formation of [(XO4)2W18O56]
n� (X = Si, Ge, Al, and Ga)

with High Charge. Unlike the Keggin [(XO4)M12O36]
n�,

which can encapsulate a wide variety of XO4
n� (X = Cl, S, Si,

As, Ge, Al, Ga, Fe, Co, etc.), the WD [(XO4)2M18O54]
n� seems

to only accommodate lowly charged anions such as ClO4
�,

SO4
2�, PO4

3�, AsO4
3�, VO4

3�, etc.3�7 It has been established
that the WD structure can be generated by the direct fusion of
two half-units, e.g., 2A-R-[PW9O34]

9� f R-[P2W18O62]
6�.74

However, in the cases of {XW9} with X = SiIV and GeIV,33a it is
assumed that the electrostatic repulsion between the halves
induced by the highly charged guest XO4

4� (X = Si, Ge) is so
strong that it inhibits the assembly of the overall structure. Also,
no conventional but open WD structures are obtained.75

To clarify such a problem, the interactions between the two
{XW9} fragments of the R-[(XO4)2W18O54]

n� (X = SVI, SeVI,
PV, AsV, SiIV, GeIV, AlIII, and GaIII) series, including four
hypothetical structures (X = SiIV, GeIV, AlIII, and GaIII), are
estimated based on the bonding energy (EB) decomposition76 as

EB ¼ EP þ EE þ EO ð4Þ

where EP, EE, and EO are the Pauli repulsion, electrostatic
interaction, and orbital mixing terms, respectively. Among the

Figure 6. Correlation between the reduction potential (in V) and the
LUMO energies (in eV) of anions and host cages.

Table 5. Relative Bonding Energies (eV) of r-[-
(XO4)2W18O54]

n� (X = S, Se, P, As, Si, Ge, Al, and Ga)

isomer ΔEP ΔEE ΔEO ΔEB

S 0.00 0.00 0.00 0.00

Se 0.08 0.04 �0.20 �0.07

P �1.45 �7.13 �0.48 �9.06

As �1.74 �6.68 �0.53 �8.95

Si �3.67 �17.37 �0.46 �21.49

Ge �3.56 �17.10 �0.64 �21.31

Al �5.67 �28.27 �0.26 �37.07

Ga �5.57 �28.32 �0.33 �37.00

Figure 7. Five kinds of energies as a function of a series of R-[(XO4)2W18O54]
n� (X = S, Se, P, As, Si, Ge, Al, and Ga).
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three components of EB, the Pauli repulsion77 acting as the
destabilization term is caused by the larger energy shift of the
antibonding orbitals to bonding orbitals, whereas EE and EO are
stabilizing, in which EE is dominated by the nucleus�electron
attractions and EO arises from the mixing of occupied and
unoccupied orbitals.78 Overall, the total bonding energy (EB)
can be considered a measure of the instantaneous interaction
between the two {XW9} fragments inside the WD structure. As
can be seen from Table 5, the calculated EB clearly exhibits its
close relationship with the charges of the guest anions (S∼ Se >
P ∼ As > Si ∼ Ge > Al ∼ Ga), in which the least charged
R-X2W18 (X = S and Se) are the most favored, while the highest
chargedR-X2W18 (X = Al and Ga) are the least favored. Notably,
there is a clear boundary between the 3� and 4� charged
XO4

n�; i.e., at this point, EB exhibits a qualitative leap from
negative to positive (�7.8 toþ4.6 eV on average; dashed line in
Figure 7a), suggesting that the WD structure accommodating
SiO4

4�, GeO4
4�, AlO4

5�, or GaO4
5� is impossible. Further

insight can be gained by analysis of the relative energies (the
negative value denotes disfavored energy), which takes those of
R-S2W18 as the reference. As shown in Figure 7b, the increased
charge of the guest molecule does not affect the orbital mixing
terms (EO) but moderately promotes Pauli repulsion (Ep) and
significantly enhances electrostatic interaction (EE). Conse-
quently, EB is dominated by EE, which corresponds to the
classical electrostatic effects associated with Columbic attraction
and repulsion, confirming the key influence that the charges of
the guest anions play in the formation of the WD structure.

’CONCLUSIONS

In summary, systematic DFT computations have been carried
out to investigate the stability of six WD [(PO4)2W18O54]

6�

isomers. In the presence of COSMO, the calculations show that
the fully oxidized and single- or double-reduced species share the
same stability of R > β > γ > γ* > β* > R* and confirm the
hypothesis of Contant and Thouvenot. Several conclusions can
be drawn:
(1) Structural parameter analysis shows that the staggered-

belt structures, including R*, β*, and γ*, quite differ from
the eclipsed-belt structures, such asR, β, and γ isomers, in
their distortion scale inside the belt region.

(2) Host�guest energy decomposition clarifies that the re-
lative stabilities of the six isomers mainly stem from their
host cages in different arrangements and different distor-
tions induced by the encapsulated guest anions, whereas
the influence of the host�guest interaction is slight.

(3) Building-block decomposition reveals that the {Otd
W(OH)4} unit of the WD host cage is compressed along
the axial direction, particularly more in the belt region
than in the cap region.

(4) Calculations performed on the reduced species show that
the reduction potential is closely related to the LUMO
energy of the oxidized [(PO4)2W18O56]

6�, which, in
turn, relies upon the LUMO energy of its host cage.

(5) The half-unit {XW9} fragment energy dissociation con-
firms the thermodynamical instability of the [(XO4)2-
W18O54]

n� (X = Si, Ge, Al, and Ga) species, which
originates from the notable electrostatic repulsion in-
duced by the highly charged guest anions of the two
{XW9}.

This work has broad implications for the understanding of the
conventional WD encapsulating other kinds of tetrahedral guest
anions, including ClO4

�, SO4
2�, AsO4

3�, and VO4
3�, which

exhibit structural and electronic similarities with the
[(PO4)2W18O54]

6� in this paper. Further studies on these
compounds are in progress.
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