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The novel 8-coordinate zirconium compound (NHz)s[Zr(PM012040)- The phosphomolybdate Keggin anion, [PMoyg]3, is
(PMoy;039)]-26H,0 (1) has been synthesized and characterized formed in acidic solutions of P& and MoQ?". Careful
by single-crystal X-ray diffraction, elemental analysis, and vibrational raising of the pH results in loss of&10=0}*" unit yielding
and 3P NMR spectroscopy. It is the first example of a metal the monovacant lacunary anion [PMOse] ", which has four
complex containing both parent, [PMoy,Ou®~, and monovacant unsaturated oxygen atoms available for coordination to a

positive metal center. Despite several spectroscopic studies,
[PMo011036] "~ has not been structurally characterized. First-
row transition metal ions form 1:1 complexes in which the
metal ion occupies the cavity in [XMOso]"™ anions? The
Examples of structurally characterized zirconium com- larger trivalent rare earth ions tend to form 1:2 sandwich
plexes with polyoxometalates are rare. The reported crystalcomplexes of general formula [REXM 1:059)-] ™, although
structures are of a zirconocene complex, [(ENWO;0),- [XW 105"~ ions have also been shown to form 1:1
ZrCp,)®, the dimeric {(MeO)ZrWsO1g},]® anion, and a  complexes, which give extended polymeric chains in the solid
sandwich complex, containing 6-coordinate zirconium ions, state®
of formula [Zr(u-OH)3(8-SiWg0s4)2]*.2 Increasing the In the 1960s spectrophotometric methods were used to
understanding of the interactions of *Zrcations with propose a 1:1 stoichiometry for the complexation ofZr
polyoxoanions is of interest because of the presence ofwith [PM0:1,04g%" at pH~ 1 and 1:1.5 stoichiometry at pH
zirconium as a significant component in some nuclear wastes,~ 4.7 (NH4)s[Zr(PM01,040)(PM011034)]:26H,0 (1) was
arising from its use in fuel claddirgand the potential use  synthesized from a reaction solution at a pH of 4.3 (the
of polyoxometalates as sequestering/separation agents iroptimum acidity for degrading [PM@Dag]®~ to [PM0y,0s¢ ~)*28
nuclear waste remediationAs well as interest in the containing a metal:phosphorus ratio of 1:2. The reaction
properties of zirconium, the study of Zris also useful as  yielded a yellow powder, which was then crystallized from
a nonradioactive analogue of the tetravalent actinides, an aqueous solutich.
including Pd". Single-crystal X-ray diffractiol of 1 revealed the structure
of the complex anion (Figure 1) to have the formula

lacunary, [PMoy;03)"~, anions. Furthermore, this is the first
crystallographic determination of the [PMo1;0s9)"~ anion.
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Figure 2. Representation of the coordination sphere and bicapped trigonal
prismatic geometry of the Zr(lV) center df

Table 1. Selected Bond Lengths (A) and Angles (deg) 6r

Zr(1)—-0(1) 2.211(8) Mo(1)-0(1) 1.772(8)
Zr(1)—-0(2) 2.154(8) Mo(2)-0(2) 1.770(8)
Zr(1)—0(3) 2.159(9) Mo(7)-0(3) 2.046(10)
Zr(1)—0(26) 2.347(14) Mo(8)O(3) 2.030(9)
Zr(1)—0(27) 2.227(12) Mo(8B)O(3B) 2.030(9)
Mo(7)—0(26) 1.998(6)
Mo(8)—0(27) 2.031(6)
O(1)-Zr(1)-0(3B)  146.1(3) O(1yZr(1)-0(27)  79.7(3)
O(1)-Zr(1)—0(26) 142.0(2) O(2yZr(1)—0(3) 79.5(3)
O(2)—Zr(1)—0(27) 141.2(2) O(2yZr(1)—0(2B)  77.5(4)
0O(2)-2Zr(1)—0(3B) 137.7(3) O(1yZr(1)—0(2) 76.0(3)
0(2)-Zr(1)-0(1B)  119.9(3) O(1yZr(1)-O(1B)  72.6(4)
0(26)-Zr(1)-0(27)  114.9(5) 0(2)Zr(1)-0(26)  71.6(3)
O(3)—Zr(1)—0(3B) 95.0(5) O(3yZr(1)—0(27)  69.7(3)
O(1)-Zr(1)—0(3) 87.5(3) O(3yZr(1)—0(26) 67.7(3)
Figure 1. Ball and stick representation of the anionic complexiof a Symmetry transformations used to generate equivalent B atgmsy
+ 1/2, Z.

[Zr(PM012040)(PM011030)]~ consisting of an 8-coordinate
zirconium center, which is bonded to the four unsaturated zZr—O bonds to the Keggin anion have a slightly longer
oxygen atoms of [PMOsg"~ and four bridging oxygen  average distance of 2.223 A, probably reflecting the de-
atoms of [PM@,O,]*". The four Zr-O bonds to the lacunary  creased negative charge on [PM@ug]3~ vs [PM0;;0s4] .
anion have an average distance of 2.183 A, and the fourThe gap between the 17th and 18th lowestZp—0O bond

- - angles is 19.9 which means that following criteria devised
(9) H3[PMO012040]-xH20 (78%, remainder moisture) (4.68 g, 2.00 mmol)

(10)

was dissolved in kD (20 cn¥), the pH adjusted to 4.30 by addition by Ht?llghu the_ geometrY of the _zwcoplum center is best
of solid Li,COs, and the solution stirred for 20 min. Zr£(0.233 g, described as bicapped trigonal prismatic (Figure 2), although
1.00 mmol) was added, with continuous magnetic stirring, resulting there is some distortion. See Table 1 for selected bond
in a yellow precipitate, which was redissolved by gentle heatir@g( '

°C) for 5 min. The pH of the solution dropped to 2.45 and so was parameters fofl.

readjusted to 4.30 by addition ofd30s. NH,CI (2 g, 37.4 mmol) The structure ofl was unexpected because a sandwich
was dissolved into the solution with magnetic stirring. The deep yellow

colored solution was filtered under gravity, EtOH added until it was COMplex analogous to [REXM011039)2]*~ (1:2 complex)
n??l’org?r immediatfilly miscib(lje W(itthSg‘hakiggéyargd th?j solu;ign ?ttorezd was anticipated from the reaction conditions. One possible
at 3°C to give a yellow powder (2.53 g, % based on Zr) after : :
days. Crystals suitable for X-ray diffraction were grown by dissolving reasqn for the forme_‘t'on dfis the Ia_lrge pH decrease of the
the powder in HO (10 cn#) to vyield yellow platelike crystals. solution upon addition of ZrGJ which could have caused
Elemental anal. Calcd fat: Zr, 2.17; Mo, 52.53; P, 1.48; N, 2.00; ; ; ; ; ;
H, 1.81; ClI, 0. Found: Zr, 2.22; Mo 51.86; P, 1.62; N, 3.36; H, 1.78; partlal Convers_lon. of th.e .Iacunary to thePKeggm amon.' This
Cl, 0.60. IR: 1103, 1040, 1024 cth Raman; 976, 788 cm. TGA: would result in insufficient [PM@Oso”~ anions being
|20§-°é ol'fb ghO, 725—|100|°C (6];0’\%:?).@5&—2;8% ggggf; :Oiall 0][ present in solution to form 1:2 complexes, so insteat Zr

. molecules; loss o , ~ ° .49%), total o . 7- 3
5.8 NH;" ions. The TGA data is consistent with the formulalof coc_)rdmates to one [PM@sq " and one [PM@Ou]
The high N content in the elemental analysis may be explained by anion. The readjustment of the pH back to 4.3 would be
the presence of Nk€I and the possibility of the formation of some 3- ani 7-
(NH4)10[Zr(PM01103g)2]-xH20 which cannot be excluded from the eXpeCted to dggrade any [PM@@] anions to [PM@,O?’E’] ’
spectroscopic data. However, this does not appear to happen and is probably

The data were collected on a Bruker SMART CCD diffractometer at cgused by stabilization of [PMgDsg3~ when complexed
100 K. The structure was solved by direct methods followed by Fourier . h Zr** Another f b id d is th |
syntheses, and refined &#. Data did not allow distinction between ~ WIth Zr"".- Another factor to be considered Is the gentle
N and O atoms so initially all solvent atoms were modeled as O and heating (30 °C) of the solution, which could lead to

in the latter stages of refinement the oxygen atoms with the highest ; 7— 3—

thermal motion parameters were assigned as N atoms to account for 0 TVErSION (_)f [PMQl_O39] to [PMOHO“O], :

the NH;* cations which balance the charge of the anionic complex ~ The most informative bands in the solid-state IR spectrum

(solvent and cations are often disordered around polyoxoanions, and of 1 helong to the four PO stretching vibrations at 1109,
it is common for N and O atoms to be indistinguishable, see for

8512). The Zr, W, P, and O atoms of the polyoxoanion complex were cm1 are assigned to the-FO stretches for the [pMQQ40]3*

all refined anisotropically, except for O(6), and the solvent O atoms . . .
and the N atoms were refined isotropically. Crystal datalfok7eNe- anion of1, compared to a typical value of approximately

M0230105Pz§r1, M, = 4200.4/:&\3, monoclinic, space groley/c, a = 1067 cn?® for the Keggin anior? This shift and splitting
12.743(3) Ab = 19.827(4) Ac = 18.791(4),8 = 93.726(4, V = ; —-—

4737.6(18) &, Z = 2, crystal dimensions: 0.22 x 020 0.02 mm. of the band is because of the effect of coordination df Zr
final R (I > 20(1)), R1= 0.0686, wR2= 0.1987. FinaR (all data),
R1= 0.0747, wR2= 0.2041. (11) Haigh, C. W.Polyhedron1995 14, 2871.
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To the best of our knowledge there are no previously
reported polyoxometalate complexes that contain both the
saturated parent anion and one of its lacunary degradation
products, making the presence of [Py ®~ and [PMQ@Osg ™
in 1 a completely new observation. The closest related
examples of other “hybrid” complexes are sandwich com-
pounds which consist of two distinct anions, such as
[LN(BW11039)(Ws016)]** (Ln = Ce" and Ed*),'® where

both of the coordinating anions are lacunariesl ihis the
bridging oxygen atoms of [PMgO40]®>~ that coordinate to
J Zr#t; often complexes and derivatives of saturated poly-

‘ oxoanions are formed through coordination to terminal
Figure 3. 31p NMR Spectrum oﬂ d|ssolved in DO. oxygen ato.méﬁ3 Examples of bridging oxygen aFoms bonde.d
to a metal ion are the hydrothermally synthesized sandwich
The bands at 1109 and 1026 c?mrefsagned to the O complexes in which transition metal ions are coordinated to
stretching vibrations 07f_ the [PMgOsq"~ part of1. The P-O two [MosO15(HPOy)(HPOy)s]°~ anions to give octahedral
stretch of [PM@,O39’~ is always split into tv_vo bands geometry at the metal cent&fsand [MAY (NbsO1s)2]*" in
because of the lower symmetry than figKeggin parent  hich Mre+ is coordinated to three bridging oxygen atoms
anion. The magnitude of the splitting is 83 chmwhich is of each [NRO:g® anion?® In addition, there are examples

larger .than the values for the 1:2 'trivalent lanthanide ¢ Keggin ions coordinated to metal centers through four
sandwich complexe, probably reflecting thet-4 charge bridging oxygens, e.g., [PMO47]°, which is formally a

of the zirconium ion and the fact that it is coordinated to phosphovanadate Keggin anion, [B®ig*", capped by two
only one [PMa:04] ™" anion instead of being shared with - \/5s+ nits19n the case of, the four bridging oxygen atoms
two. 31 . . ) appear to lie in suitable positions to allow zirconium to

A *'P NMR spectrum (Figure 3) df, dissolved in RO, 5cquire its preference for high coordination numbers. The
would be expected to show two peaks of equal intensity, jasq common bicapped trigonal prismatic geometry may be
corre_spondmg to the P atoms in th? Ia_cunary and n the rationalized by the flexible nature of zirconium with respect
Keggin anions, if the complex remains intact in solution. to accommodating different coordination numbers and
The recorded spectrum shows three major peaks3a67, geometrie?

_,3541{1 ar:(cji—O.?SIB ppr.n.lr;llnd a smallerfpﬁak aﬂl.(251[:)r[]:)m K In conclusion, we have communicated the X-ray crystal
W't_§4olu €rs aiso visi zon some Od_t € p(;aa S ipea structure and spectroscopic characterization of the new
-1 ppm is assigned to uncoordinated [AMR] 8-coordinate zirconium centered polyoxometalate complex,

and prolzz_ibly ari§es from dissociation of th_e Keggi_n anion (NH)e[Zr(PM015040)(PM011059)] - 26H,0, that uniquely con-
fror_n Zr'* in solution. Th? p_eak at3.67 ppm Is most likely  tains both the parent Keggin anion and its monovacant
attributed to [PM@Q4]®~ with Zr*+ coordinated to four of lacunary derivative.

its bridging oxygen atoms, as inh Both peaks at-1.25 and

—0.79 ppm fall within or near the observed range(7 to Acknowledgment. The EPSRC and BNFL are acknowl-
—1.2 ppm) for uncomplexed [PM@sg]”~ in solutionsa14 edged for funding.

but complexes with diamagnetic ions have also been
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—0.79 ppm is assigned to [PM@®s¢] "~ coordinated to Zr
because it is unlikely that zirconium would decomplex given
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solution, of [PMQiOs]’~ complexes with other metal
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