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 In situ investigations of the bulk structural evolutionof vanadium-containing heteropolyoxomolybdate catalysts
 during thermal activation
 Thorsten Resslera,∗, Olaf Timpea, Frank Girgsdiesa, Julia Wienoldb, Thomas Neisiusc
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 Abstract
 The bulk structural evolution of a vanadium-containing heteropolyoxomolybdate (HPOM), H4[PVMo11O40] × 13H2O, with vanadiumsubstituting for Mo in the Keggin ion, was studied under reducing (propene) and partial oxidation reaction conditions (propene andby in situ X-ray diffraction (XRD) and X-ray absorption spectroscopy (XAS) combined with mass spectrometry. During treatment in pthe loss of crystal water in the temperature range from 373 to 573 K was followed by a partial decomposition, reduction of the avvalence, and formation of a characteristic cubic HPOM at 573 K. This behavior is similar to the structural evolution of H3[PMo12O40] ×13H2O during treatment in propene. The formation of cubic Mox [PVMo11− xO40] with Mo centers on extra Keggin framework positioand V centers remaining in the lacunary Keggin ion coincides with the onset of catalytic activity at∼ 573 K. Detailed investigations of thlocal structure around the vanadium centers in Mox [PVMo11− xO40] have made it possible to propose a model for the geometric struof the active site in Mo- and V-containing metal oxide catalysts. The cubic Mox [PVMo11− xO40] phase prepared from H4[PVMo11O40] ×13H2O is stable in propene and oxygen up to∼ 620 K and exhibits an onset of activity at∼ 573 K. This onset of activity is correlateto characteristic changes in the average local Mo structure, indicating a reversible transition from the reduced state of the actMox [PVMo11− xO40] to an oxidized state under propene oxidation reaction conditions. 2005 Elsevier Inc. All rights reserved.
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 Keywords: In situ; Structure–activity relationships; Molybdenum; XAFS
 1. Introduction
 The development of more active and selective catalfor partial oxidation of alkanes and alkenes is extensivpursued in both industrial and academic research. Modenum oxide based-catalysts for partial oxidation reacthave long been studied and industrially employed[1]. Re-cently, mixed MoVNbTeOx catalysts have been reportedpossess a superior activity and selectivity for the oxidaof alkanes[2]. At present, the interaction of Mo, Nb, and
 * Corresponding author. Fax: +49 30 8413 4405.E-mail address: [email protected](T. Ressler).
 0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.doi:10.1016/j.jcat.2005.01.004
 troscopy; Polyoxometalates; Partial oxidation; Vanadium; Heteropoly a
 in these particularly active and selective catalysts is dedufrom their arrangement in the ideal crystallographic strture of the as-prepared material[2]. The details of structureactivity relationships obtained from in situ investigatioof these complex mixed oxides remain scarce. Howea rational design of improved catalysts will not be posswithout a fundamental understanding of the relationshipstween the “real” structural and the catalytic properties ofmixed-oxide system under reaction conditions.
 To elucidate the promotional effect of additional mecenters on the catalytic properties of mixed molybden
 oxide catalysts, suitable model systems are sought. Suchsystems ought to permit investigation of the influence ofindividual metal centers in well-defined oxide catalysts on http://www.elsevier.com/locate/jcat
 mailto:[email protected]
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 the structural evolution of the precursor during activatand under reaction conditions while considerably reducthe complexity of the system studied. Heteropolyoxomoldates (HPOMs) are active catalysts for the partial oxtion of alkanes and alkenes[1–6]. They constitute suitabl“real” model systems because of (i) their known structuevolution under reaction conditions, (ii) the similar onof catalytic activity, which indicates similar active sites falkene oxidation, and (iii) their potential to accommodadditional metal centers inside or outside of the primKeggin ion. Moreover, HPOMs are often envisaged as idmodel systems because of their reasonably well-underspreparation procedures, which in principal make it poble to design mixed-oxide systems. However, with respto structure-activity relationships, it has been shown that“real” structure of the HPOM catalyst under reaction coditions does not necessarily correspond to the ideal crylographic structure of the originally prepared Keggin-tymaterial[7,8]. Measurement of the catalytic properties of tmaterial must be combined with in situ structural investitions of HPOMs under reaction conditions to obtain reliastructure-activity correlations.
 Recently we were able to show that migration of molydenum centers out of the Keggin ion of H3[PMo12O40] ×13H2O onto extra-Keggin sites, resulting in a partially dcomposed lacunary Keggin ion, takes place during tmal activation[9]. Conversely, thermally stable HPOMs likCs3[PMo12O40], whose Keggin ions remain intact at elvated temperatures without a detectable partial decomsition, are catalytically inactive. Thus, the as-preparedideal Keggin ion of H3[PMo12O40] × 13H2O is only theprecursor for the active catalyst, which consists of partireduced and decomposed Keggin ions and Mo centerextra-Keggin framework positions. A partial decompositand migration of metal centers has previously been repofor Keggin ions with [10–14] and without addenda substituents[15–20]. In particular, with respect to the thermactivation of a vanadium-containing heteropolyoxomoldate, H4[PVMo11O40] × 13H2O, it has been proposed thsubstitution of vanadium for molybdenum centers destlizes the Keggin ion, resulting in decomposition and migtion of vanadium centers out of the Keggin ion[8,10–14,16,19,21,22].
 Here, we present in situ X-ray diffraction (XRD) andsitu X-ray absorption spectroscopy (XAS) investigationsH4[PVMo11O40] × 13H2O during thermal treatment (i.eactivation) under reducing (propene) and catalytic (propand oxygen) reaction conditions. In addition to a detastructural characterization of the starting material andcatalyst obtained after thermal activation, we show that acal spectroscopy like XAS that provides a direct “image”
 the structure around the vanadium centers is ideally suitedto probe the local geometric structure of the active site ofvanadium containing polyoxomolybdates. lysis 231 (2005) 279–291
 2. Experimental
 2.1. Preparation of H4[PVMo11O40] × 13H2O
 MoO3 (18.58 g, corresponding to 11.73 mmol Mo11) andV2O5 (1.067 g, corresponding to 11.73 mmol V) were spended in 650 ml water in a three-necked 1000-ml flequipped with a condenser. Commercial phosphoric(H3PO4) (∼ 82.5%) was diluted by a factor of 100, and texact concentration was determined by titration with NaOEighty-one milliliters of this solution (11.73 mmol P) waadded dropwise to the boiling and stirred suspension ometal oxides. After complete addition of the phosphoacid, a clear amber-colored solution was obtained. Thecentration of H4[PVMo11O40] × 13H2O in this solution wasdetermined by conductometric titration to be 13.8 mmo/l.The solid product was isolated by removal of the solvena rotary evaporator at∼90◦C and dried in a vacuum desicator. X-ray fluorescence analysis afforded a Mo/V ratio of11:1 in the as-prepared H4[PVMo11O40] × 13H2O material.
 2.2. Preparation of Cs2H2[PVMo11O40]
 Cs2CO3 was dissolved in water to give a solution of abo110 mmol/l. The exact concentration of the solution wdetermined by titration with HCl. Three hundred milliliteof the H4[PVMo11O40] × 13H2O solution (13.8 mol/l) washeated to 76◦C. An adequate amount of the Cs2CO3 solution(Cs/P ratio of 2:1) was diluted to 80 ml and added drowise to the stirred solution of H4[PVMo11O40] × 13H2O.To isolate the solid formed, the suspension was first reduin volume with the use of a rotary evaporator operated90◦C. Subsequently, during continuous stirring the remaing slurry was dried on a Petri dish at 90◦C.
 2.3. X-ray diffraction
 In situ XRD experiments were performed with a STOTheta/Theta powder diffractometer (Cu-Kα radiation, Si sec-ondary monochromator) and a scintillation counter opated in a stepping mode. The in situ cell consisted oPAAR XRK900 high-temperature diffraction chamber. Tgas-phase composition at the cell outlet was continuoanalyzed with an Omnistar quadropole mass spectrom(Pfeiffer) in a multiple ion-monitoring mode. In situ XRDmeasurements were conducted at 1 bar in flowing reac(flow rate of 100 ml/min). Gas-phase compositions of 10propene in helium, or 10% propene and 10% oxygen inlium were used. XRD patterns were measured every 2in the temperature range from 315 to 773 K, resulting ineffective heating rate of 1.3 K/min. A description of the procedure used can be found in Ref.[23]. Ex situ XRD measure
 ments were performed on a STOE STADI P diffractometer(Cu-Kα1; Ge primary monochromator) in a range of 5◦ to100◦ in 2θ with a step width of 0.01◦ and a measuring time
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 of 10 s/step. Structural refinements to the experimentalfraction patterns were performed with the software TOPv 2.1 (Bruker AXS). Structural data used in the XRD aXAS analyses were taken from the Inorganic Crystal Strture Database (ICSD).
 2.4. X-ray absorption spectroscopy
 In situ transmission XAS experiments were performedthe Mo K edge (19.999 keV) at beamline X1 at the Haburg Synchrotron Radiation Laboratory (HASYLAB), withe use of a Si 311 double crystal monochromator. The sage ring was operated at 4.4 GeV with injection curreof 150 mA. The in situ experiments were conducted iflow reactor[23,24] at 1 bar in flowing reactants (flow raof 30 ml/min, temperature range from 300 to 773 K5 K/min, subsequently held at 773 K). The gas-phase cposition at the cell outlet was continuously analyzed witmass spectrometer in a multiple ion-monitoring mode (Onistar from Pfeiffer). The heteropolyoxomolybdates wmixed with boron nitride and pressed with a force of 1into a 5-mm-diameter pellet, resulting in an edge jumpthe MoK-edge of�µx ∼ 1.5 (∼ 7 mg HPOM and∼ 30 mgBN).
 Because of the low concentration of vanadium in a heily absorbing matrix (Mo and Cs atoms), ex situ XAS mesurements at the VK-edge (5.465 keV) were conducteat the High Brilliance X-ray Spectroscopy Beamline IDat the European Synchrotron Radiation Facility (ESRMox [PVMo11− xO40] and Cs2Mox [PVMo11− xO40] wereprepared from H4[PVMo11O40] × 13H2O and Cs2H2[PVMo11O40], respectively, in the in situ XRD setup acording to the procedure described above and sealedargon atmosphere. The samples were mixed with celluin a ratio of 1:10, placed on a sample holder, and measat 50 K. Spectra were collected in the fluorescence mwith a measuring time of about 7 min.
 X-ray absorption fine structure (XAFS) analysis was pformed with the software package WinXAS v3.1[25] ac-cording to recommended procedures from the literature[26].We carried out background subtraction and normalizaby fitting linear polynomials to the pre-edge and the poedge regions of an absorption spectrum, respectively.extended X-ray absorption fine structure (EXAFS)χ(k) wasextracted with the use of cubic splines to obtain a smoatomic background,µ0(k). We calculated the pseudo-raddistribution functionFT (χ(k)k3) by Fourier transformingthe k3-weighted experimentalχ(k) function, multiplied bya Bessel window, into theR space. EXAFS data analyswas performed with the use of theoretical backscattephases and amplitudes calculated with the ab initio multiscattering code FEFF7[27]. Single scattering and multiplscattering paths in the Keggin ion model structure were
 culated up to 6.0 Å with a lower limit of 2.0% in amplitudewith respect to the strongest backscattering path. EXAFSrefinements were performed inR space simultaneously to lysis 231 (2005) 279–291 281
 magnitude and the imaginary part of a Fourier-transformk3-weighted andk1-weighted experimentalχ(k), with useof the standard EXAFS formula[28]. Structural parameterthat are determined by a least-squares EXAFS refinemea Keggin model structure to the experimental spectra arone overallE0 shift, (ii) Debye–Waller factors for singlescattering paths, (iii) distances of single-scattering paths,(iv) one-third cumulant for the Mo–O distances in the ficoordination shell and one-third cumulant for all remainscattering paths. Coordination numbers (CNs) andS2
 0 werekept invariant in the refinement.
 3. Results
 3.1. Characterization of H4[PVMo11O40] × 13H2O
 The ex situ X-ray diffraction pattern of as-preparH4[PVMo11O40] × 13H2O is depicted inFig. 1. The simu-lated pattern shown inFig. 1was obtained from a refinemeof a H3[PMo12O40] × 13H2O model structure to the experimental pattern (H3[PMo12O40] × 13H2O, P-1, [ICSD31128,a = 14.10 Å,b = 14.13 Å, c = 13.55 Å,α = 112.1◦,β = 109.8◦, γ = 60.7◦]; H4[PVMo11O40] × 13H2O, P-1,[a = 14.08 Å, b = 14.11 Å, c = 13.52 Å, α = 112.1◦,β = 109.6◦, γ = 60.9◦]; atomic coordinates were kept invariant in the refinement). A schematic representation ofstructure of H4[PVMo11O40] × 13H2O is shown in the in-set of Fig. 1. The evolution of the relative sample weig(TG) during thermal treatment of H4[PVMo11O40] ×13H2Oin oxygen has previously been described[21]. A weightloss detected in the temperature range from 300 to 52corresponds to the loss of crystal water from as-prepH4[PVMo11O40] × 13H2O. A further weight loss, a seconpeak in the water signal, and an endothermic DSCnal at 573 K correspond to the loss of so-called structwater of H4[PVMo11O40] × 13H2O. As will be discussedlater, this temperature coincides with the onset of catalactivity. UV–vis spectra of H4[PVMo11O40] × 13H2O mea-sured in solution exhibited an additional band compawith H3[PMo12O40] × 13H2O, indicating the incorporationof vanadium into the Keggin ion.
 Fig. 2 shows two experimental XAFSχ(k)k3 ofH4[PVMo11O40] × 13H2O measured at the Mo andK-edges at 300 and 50 K, respectively. The MoK-edgespectrum was measured in about 4.5 min. The signa
 noise ratio up to 14 Å−1
 at the V K-edge and 15 Å−1
 atthe Mo K-edge is certainly sufficient for the XAFS analsis described below. The experimental and theoreticalK-edge FT (χ(k)k3) of H4[PVMo11O40] × 13H2O andH3[PMo12O40] × 13H2O are depicted inFig. 3, togetherwith a schematic representation of the Keggin ion. TtheoreticalFT (χ(k)k3) were obtained from a refineme
 of a Keggin model structure to the MoK-edge data ofH4[PVMo11O40] × 13H2O and H3[PMo12O40] × 13H2O.The local structure parameters obtained correspond to those
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 Fig. 1. Experimental (dotted) and simulated (solid) X-ray diffraction pc = 13.52 Å, α = 112.1◦ , β = 109.6◦ , γ = 60.9◦). The inset shows a sch
 Fig. 2. Experimental XAFSχ(k)k3 of H4[PVMo11O40] × 13H2O mea-sured at the VK-edge (50 K) and at the MoK-edge (room temperature4.5 min/spectrum).
 reported in the literature[9], with insignificant deviationsbetween H4[PVMo11O40] × 13H2O and H3[PMo12O40] ×13H2O. The experimental and theoretical VK-edgeFT (χ(k)k3) of H4[PVMo11O40] × 13H2O is depicted inFig. 4I. The theoreticalFT (χ(k)k3) was obtained from arefinement of a Keggin model structure to the VK-edgedata of H4[PVMo11O40] × 13H2O. The local structure parameters obtained are listed inTable 1. The local structurearound a V center in the Keggin ion is shown inFig. 5.
 3.2. Thermal treatment of H4[PVMo11O40] × 13H2O inpropene
 The evolution of XRD patterns measured during ther-mal treatment of H4[PVMo11O40] ×13H2O in 10% propene
 n of as-prepared H4[PVMo11O40] × 13H2O (P-1,a = 14.08 Å, b = 14.11 Å,ic structural representation of H4[PVMo11O40] × 13H2O.
 in the temperature range from 323 to 723 K resembthat presented in the literature for the thermal treatmof H3[PMo12O40] × 13H2O [9]. Under these conditiona single-phase cubic HPOM is obtained at 773 K wout further decomposition and reduction to MoO2. Thebackground-corrected and normalized XRD pattern ofcubic HPOM at 300 K in comparison with that obtainfrom a thermal treatment of H3[PMo12O40] × 13H2O isdepicted inFig. 6. Except for the strongest peak at abo27◦, a very good agreement between the intensitytios of the peaks in the two experimental patterns canseen. The simulated diffraction pattern shown inFig. 7Awas obtained from a refinement of the structure ofbic Mox [PVMo11− xO40] to the experimental pattern. Thstructural data determined for Mox [PVMo11− xO40] arelisted in Table 2. A schematic representation of cubMox [PVMo11− xO40] is depicted inFig. 7B.
 The evolution of the Mo K-near-edge spectra oH4[PVMo11O40] × 13H2O resembles that of H3[PMo12
 O40] × 13H2O as reported in Ref.[9]. Refinement of aKeggin model structure to the experimental MoK-edgeFT (χ(k)k3) of Cs2H2[PVMo11O40] and Cs2H[PMo12O40]during thermal treatment in 10% propene was performto elucidate the evolution of the average local structaround a Mo center. For comparison of the structural elution of V-containing and V-free Keggin ion, the Cs saof H4[PVMo11O40] × 13H2O and H3[PMo12O40] × 13H2Owere chosen because of their superior thermal stabagainst decomposition to MoO3. The presence of a majoamount of MoO3 would render a reliable determination
 the average local Keggin structure under reaction conditionsmore difficult. The evolution of selected Mo–O and Mo–Mo distances in the average local structure around a Mo
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 (A)
 (B)
 Fig. 3. (A) Experimental (dotted) and theoretical (solid)FT (χ(k)k3) ofthe Mo K-edge spectra of H4[PVMo11O40] × 13H2O (PVMo11) andH3[PMo12O40] × 13H2O (PMo12) together with (B) a schematic representation of the Keggin ion.
 center in Cs2H2[PVMo11O40] and Cs2H[PMo12O40] during
 thermal treatment in 10% propene is depicted inFig. 8. At V–Mo 2 5.02 2 5.04V–Mo – –
 lysis 231 (2005) 279–291 283
 Fig. 4. Experimental (dotted) and theoretical (solid,Table 1)FT (χ(k)k3) of the V K-edge spectra of (I) H4[PVMo11O40] × 13H2O,(II) Mox [PVMo11− xO40] without taking shell D into account, (III)Mox [PVMo11− xO40] taking shell D into account, and (IV) single scatering shells in the local structure around the V center in the Keggin(schematic representation inFig. 5). TheFT (χ(k)k3) have been arbitrarilyphase corrected by a shift of 0.4 Å.
 Mo–Mo distances chosen, the structural transformation ap-e
 sed
 temperatures above 573 K a significant increase in the se-lected Mo–O and Mo–Mo distances can be seen. For the
 pears to be finished at∼ 700 K, resulting in a stable phasupon further heating.
 Table 1Structural parameters (type of pairs and number (N ) of nearest neighbors at distanceR) obtained from a refinement of a Keggin ion model structure (baon ICSD 209,Table 2) to the experimental XAFS functionsχ(k) of H4[PVMo11O40] × 13H2O (Fig. 4) and cubic Mox [PVMo11− xO40] (Fig. 4) at the VK-edge (Nind = 35,Nfree= 20, 12 single scattering paths and 7 multiple scattering paths,E0 = −7.3 eV)
 H4[PVMo11O40]×13H2O H4[PVMo11O40] × 13H2O Mox [PVMo11− xO40]
 Type N R (Å) N R (Å) σ2 (Å2) N R (Å) σ2 (Å2)
 V–O 1 1.71 1 1.62 0.0038 1 1.64 0.0048V–O 2 1.91 2 1.97 0.0040 2 2.00 0.0054V–O 2 1.92 2 1.97 0.0040 2 2.00 0.0054V–O 1 2.46 1 2.46 0.0042 1 2.44 0.0038V–Mo 2 3.42 2 3.33 0.0063 2 3.44 0.0051V–P 1 3.57 1 3.50 0.001 1 3.52 0.001V–Mo 2 3.72 2 3.68 0.0024 2 3.66 0.0039V–Mo 2 4.89 2 4.86 0.0086 2 4.92 0.0066
 0.0086 2 5.08 0.0066– 0.6 2.84 0.0051
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 Fig. 5. Schematic representation of the local structure around the V centhe Keggin ion of H4[PVMo11O40] × 13H2O. The neighboring Mo centerare indicated (A, V–Mo at 3.4 Å; B, V–Mo at 3.8 Å; C, V–Mo at 5 Å).
 Fig. 6. Comparison of the experimental XRD patterns of cuMox [PVMo11− xO40] and Mox [PMo12− xO40] obtained from thermatreatment of H4[PVMo11O40] ×13H2O and H4[PMo12O40] ×13H2O, re-spectively, in 10% propene in He.
 Table 2Atom coordinates in the unit cell of Mox [PVMo11− xO40] obtained from arefinement of a structural model based on K2H[PMo12O40] × H2O (ICSD209, Pn-3mZ,a = 11.6 Å], with K and H2O omitted) with a molyb-denum center (Mo2) on an extra-Keggin framework position (Pn-3a = 11.861 Å). Atom coordinates were kept invariant in the refinementcept for the coordinates of the extra-Keggin Mo center
 Site x y z Occ
 Mo1 0.4670 0.4670 0.2587 0.94 (2)
 O1 0.6528 0.6528 0.0060 1O2 0.0689 0.0689 0.7670 1O3 0.1233 0.1233 0.5398 1O4 0.3273 0.3273 0.3273 1P1 0.2500 0.2500 0.2500 1Mo2 0.403(3) 0.764(3) 0.764(3) 0.15 (1)
 V K-near-edge spectra for H4[PVMo11O40] × 13H2O,cubic Mox [PVMo11− xO40], and various vanadium oxidereferences (V2O3, VO2, V2O5) are depicted inFig. 9. The
 lysis 231 (2005) 279–291
 (A)
 (B)
 Fig. 7. (A) Experimental and simulated XRD patterns of cuMox [PVMo11− xO40] (Table 2) obtained from thermal treatment oH4[PVMo11O40] × 13H2O in 10% propene in He from 300 to 773 K(B) Schematic structural representation of the cubic Mox [PVMo11− xO40]phase.
 reduction in the height of the characteristic VK-pre-edgepeak at 5.47 keV indicates a reduction of mostly V5+in H4[PVMo11O40] × 13H2O to mostly V4+ in Mox [PVMo11− xO40]. Fig. 4II shows the FT (χ(k)k3) of cubicMox [PVMo11− xO40] together with a theoretical refinemeof the local structure around a V center substituting forin the Keggin ion. The structural parameters determinedlisted inTable 1. The refinement results in a good agreemin the range between 1.5 and 2.5 Å and between 3.55.0 Å. However, a considerable deviation between expmental data and simulation can be observed at about 2Only after the simulation was extended by an additional MMo shell at about 2.9 Å (D inFig. 4IV) could a satisfyingagreement between theory and simulation over the edata range be obtained (Fig. 4III). A comparison between
 3
 the V K-edgeFT (χ(k)k ) of H4[PVMo11O40] × 13H2Oand cubic Mox [PVMo11− xO40] is depicted inFig. 10. Evi-dently, the twoFT (χ(k)k3) agree reasonably well at around
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 Fig. 8. Evolution of representative Mo–O and Mo–Mo distances inaverage local structure around a Mo center in Cs2H2[PVMo11O40] andCs2H[PMo12O40] in 10% propene in He. The dashed line indicates theset of catalytic activity.
 2.0 Å and in the range from 3.2 to 6.0 Å, whereas considable deviations can be seen between 2.5 and 3.2 Å.
 3.3. Thermal activation of H4[PVMo11O40] × 13H2O inpropene and oxygen
 From MoK-edge XANES spectra measured during thmal treatment of Cs2H2[PVMo11O40] and Cs2H[PMo12O40]in 10% propene and 10% oxygen in He, an average Molence was determined according to the procedure repoin Ref. [29]. Fig. 11shows the evolution of the Mo averagvalence together with the normalized propene conversCs2H2[PVMo11O40] and Cs2H[PMo12O40] exhibit the sameonset of catalytic activity at∼ 573 K, which roughly cor-relates with a partial reduction of the molybdenum inKeggin ions. Compared with Cs2H[PMo12O40], the Mo cen-ters in Cs2H2[PVMo11O40] appear to be reduced at slightlower temperatures. At temperatures above 700 K acrease in the catalytic activity can be seen that coinc
 with an oxidation of the molybdenum and a possible de-composition of the HPOM. A Keggin model structure wasrefined to the experimental MoK-edge FT (χ(k)k3) of lysis 231 (2005) 279–291 285
 Fig. 9. V K-near-edge spectra of H4[PVMo11O40] × 13H2O, Mox
 [PVMo11− xO40], and various vanadium oxide references (V2O3, VO2,V2O5).
 Fig. 10. ExperimentalFT (χ(k)k3) of the V K-edge spectra oH4[PVMo11O40] × 13H2O (PVMo11, solid) and Mox [PVMo11− xO40](dotted).
 Cs2H2[PVMo11O40] and Cs2H[PMo12O40] measured dur
 ing thermal treatment in 10% propene and 10% oxygen todetermine the structural evolution during activation. Char-acteristic changes in selected Mo–O and Mo–Mo distances
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 Fig. 11. Evolution of average Mo valence obtained from MoK-edgeXANES spectra measured during thermal treatment of Cs2H2[PVMo11O40] and Cs2H[PMo12O40] in 10% propene and 10% oxygen in He together with the normalized ion current of acrolein (m/e = 56).
 during thermal treatment in propene and oxygen are shin Fig. 12 together with the propene conversion. Theset of catalytic activity coincides with an increase inMo–O and Mo–Mo distance in both Cs2H2[PVMo11O40]and Cs2H[PMo12O40], and the amplitudes of the changdetected in the two materials are very similar.
 3.4. Stability and solid-state dynamics ofMox[PVMo11 − xO40] in propene and oxygen
 We investigated the stability and catalytic activity of cbic Mox [PVMo11− xO40] prepared from H4[PVMo11O40] ×13H2O by subjecting the material to a temperature-progrmed reaction (TPR) experiment in 10% propene and 1oxygen in the temperature range from 300 to 773 Kthe in situ XRD setup. The evolution of XRD patternsMox [PVMo11− xO40] measured during the thermal treament is depicted inFig. 13A. Mox [PVMo11− xO40] exhibitsa remarkable stability up to temperatures of about 673 K
 temperatures above 673 K slight changes to the pattern oMox [PVMo11− xO40] can be observed together with the oc-currence of additional peaks. The evolution of the ion current lysis 231 (2005) 279–291
 Fig. 12. Evolution of representative Mo–O and Mo–Mo distances inaverage local structure around a Mo center in Cs2H2[PVMo11O40] andCs2H[PMo12O40] in 10% propene and 10% oxygen in He together wthe normalized ion current of acrolein (m/e = 56).
 of acrolein (m/e = 56) during TPR of Mox [PVMo11− xO40]in propene and oxygen is shown inFig. 13B. Evidently,the onset of catalytic activity at∼ 550 K does not correlate with significant changes in the long-range structureMox [PVMo11− xO40].
 Changes in the average local structure around the Moters in Mox [PVMo11− xO40] during TPR of 10% propenand 10% oxygen between 300 and 723 K were determby Mo K-edge XAS measurements. Structural paramewere obtained from a refinement of a Keggin structure toexperimental spectra measured. The evolution of seleMo–O distances in Mox [PVMo11− xO40] during TPR is de-picted in Fig. 14. The ion current of acrolein (m/e = 56)measured during TPR of Mox [PVMo11− xO40] exhibits anonset of catalytic activity at about 573 K, accompanied bcharacteristic decrease in the Mo–O distances shown. Squently, the temperature was held at 723 K and the gas pwas switched between a reducing (propene) and an oxing (propene and oxygen) atmosphere. It can be seen
 fthe local Mo structure can be reversibly changed from a re-duced to an oxidized state of the catalytically active phase(Fig. 14).
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 (A)
 (B)
 Fig. 13. (A) Evolution of XRD patterns of Mox [PVMo11− xO40] duringtemperature programmed reaction of 10% propene and 10% oxygenin the range from 300 to 773 K. (B) Evolution of the normalized ion currof acrolein (m/e = 56) with reaction temperature.
 4. Discussion
 4.1. Characterization of H4[PVMo11O40] × 13H2O
 To elucidate the evolution of the local structure aroua V center in a mixed molybdenum oxide under reactconditions, a heteropolyoxomolybdate H4[PVMo11O40] ×13H2O with V centers substituting for Mo in the Keggion was prepared. Because some of the debate in therature arises from the difficulties in comparing the vious starting materials used, a rather detailed accounthe preparation procedure employed and the structural cacterization is provided. The long-range order structurethe as-prepared H4[PVMo11O40] × 13H2O is similar to thatof H3[PMo12O40] × 13H2O (Fig. 1), indicating that vanadium is indeed located in the Keggin ion. If V were s
 uated on extra-Keggin framework positions, the formationof the characteristic triclinic “13-hydrate” structure wouldnot be expected. A vanadyl species located outside the lysis 231 (2005) 279–291 287
 -
 Fig. 14. Evolution of selected Mo–O distances in the average local struaround a Mo center in Mox [PVMo11− xO40] together with the normalizedion current of acrolein (m/e = 56) during temperature programmed reation of 10% propene and 10% oxygen in He from 373 to 673 K followby isothermal switching experiments between reducing (propene) anddizing (propene and oxygen) atmosphere. The reduced (Red.) or oxi(Ox.) state of the active site depending on the reaction conditions iscated.
 Keggin ion will most likely result in the formation ofHPOM possessing a higher crystallographic symmetry (ea cubic phase similar to the Cs salts of H3[PMo12O40] ×13H2O). Moreover, the local structure around the V centin H4[PVMo11O40] × 13H2O as determined by VK-edgeXAS (Fig. 4, Table 1) is in good agreement with a V sitin the Keggin ion for the majority of vanadium in the mterial prepared (Fig. 5). The local average structure arouthe Mo centers in H4[PVMo11O40] × 13H2O is hardly af-fected by the presence of V in the Keggin ion (Fig. 3).The thermal stability of H4[PVMo11O40] × 13H2O resem-bles the typical behavior of heteropolyoxomolybdates[21]during thermal treatment with a loss of crystal watertemperatures below 573 K and a loss of structural wabove 573 K, accompanied by partial decomposition ofKeggin ions. The endothermic loss of structural water∼ 573 K coincides with the onset of catalytic activity a
 characteristic structural changes during thermal activation ofH4[PVMo11O40] × 13H2O in propene and in propene andoxygen (Figs. 11 and 12).
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 4.2. Thermal treatment of H4[PVMo11O40] × 13H2O inpropene
 Previously we reported the formation of a cubic HPOfrom H3[PMo12O40] × 13H2O by thermal treatment inpropene in the temperature range from 300 to 773 K[9].The cubic HPOM (i.e., Mox [PMo12− xO40]) obtained ischaracterized by Mo centers on extra-Keggin framewpositions (Fig. 7B) and a superior catalytic activity ipropene oxidation compared with the as-prepared HPFurthermore, the onset temperature for the formationthe cubic HPOM coincided with the onset of catalytic ativity at ∼ 573 K. Evidently, from the thermal treatmeof H4[PVMo11O40] × 13H2O in propene a similar cubic HPOM (i.e., Mox [PVMo11− xO40]) can be obtainedthat exhibits a long-range ordered structure comparabthat of the cubic HPOM obtained from H3[PMo12O40] ×13H2O (Figs. 6, 7, Table 2 [9]). If during treatment ofH4[PVMo11O40] ×13H2O, vanadium had migrated to extrKeggin framework positions instead of Mo, such a goagreement of the XRD patterns of the two cubic phawould not be expected. In total, a site occupancy of∼ 0.15(Table 2), together with 12 suitable extra-Keggin sites atwo Keggin ions per unit cell, amounts to about one exKeggin molybdenum center per Keggin ion (1.8 per tKeggin ions). Conversely, with V present on an extKeggin framework position, a site occupancy of∼ 0.3would amount to about two vanadium centers per Kegions, which exceeds the number of V centers availablH4[PVMo11O40] ×13H2O. In addition to the structural similarity of the cubic phases obtained from thermal treatmof H3[PMo12O40] ×13H2O and H4[PVMo11O40] ×13H2O,the average local structure around the Mo centers incontaining Keggin ion and a V-free Keggin ion evolves siilarly during treatment in propene (Fig. 8). The onset of thestructural changes in the Keggin ion at∼ 573 K is again cor-related with the characteristic weakening of the Mo–O bdetectable in various molybdenum oxides[29,30], which inturn coincides with the onset of catalytic activity. Neithseems to be effected by the presence of V in the Kegginof H4[PVMo11O40] × 13H2O.
 The good agreement between the experimental XRDterns of the two cubic phases inFig. 6and the correspondinstructural data given inTable 2 is, however, only indirecevidence for the V centers residing in the lacunary Kegions of the cubic HPOM obtained from H4[PVMo11O40] ×13H2O. Therefore, element-specific X-ray absorption sptroscopy was used to determine the average valencethe local structure around the V center. From an ansis of the V K-near-edge spectra[31] it is evident thatthe V is present as V5+ in the Keggin ion of as-prepareH4[PVMo11O40] × 13H2O and is reduced from V5+ toV4+ during thermal activation and formation of the c
 bic HPOM [32]. The detailed local structure of the vana-dium in cubic Mox [PVMo11− xO40] was obtained from ananalysis of the VK-edge EXAFS spectra (Fig. 4). The ex- lysis 231 (2005) 279–291
 d
 perimentalFT (χ(k)k3) of cubic Mox [PVMo11− xO40] ob-tained from H4[PVMo11O40] × 13H2O is in good agreement with the theoretical XAFS calculation, assuming tV is still situated on a Mo site in the Keggin ion (Fig. 4II).Both the V–O and V–Mo distances and the correspondDebye–Waller factors deviate only slightly from those ofprepared H4[PVMo11O40] × 13H2O (Table 1). These devia-tions result mostly from the local structural changes cauby the reduction of the vanadium and the partial decomption of the Keggin ion. The close relationship of the mediurange order around the V center in H4[PVMo11O40] ×13H2O and Mox [PVMo11− xO40] is also evident from thevery similar amplitude and imaginary part in their corspondingFT (χ(k)k3) above 3.5 Å, which includes the chaacteristic V–Mo distances inside the Keggin ion.
 With the otherwise very good agreement between theand experiment, the considerable deviation at about 2in the FT (χ(k)k3) of Mox [PVMo11− xO40] (Fig. 4II) andin the comparison between H4[PVMo11O40] × 13H2O andMox [PVMo11− xO40] (Fig. 10) is particularly prominent. Ascan be seen fromFig. 4III, we can significantly improve theagreement between theory and experiment by considean additional Mo center with a V–Mo distance of∼ 2.8 Å(D in Fig. 4IV, Table 1). This distance corresponds vewell with the distance from a V center in a Keggin iona Mo center on an extra-Keggin position, according tostructural data determined by the XRD refinement to thetern of Mox [PVMo11− xO40] (Fig. 7A, Table 2) [9,17,18].A schematic representation of the local structure aroundV center in activated cubic Mox [PVMo11− xO40] is depictedin Fig. 15. The structure of the partial Keggin ion shown cresponds to the data given inTable 2, and the V–O and V–Modistances indicated are obtained from a structure refinem
 Fig. 15. Schematic representation of the local structure around the Vter in activated cubic Mox [PVMo11− xO40]. The upper half of the Kegginion shown corresponds to the structural data given inTable 2. V–O and
 V–Mo distances indicated are obtained from a structure refinement to the VK-edge data (Table 1). A–D indicate V–Mo distances corresponding to theFT (χ(k)k3) in Fig. 4IV.
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 to the V K-edge data (Table 1). A–D indicate V–Mo dis-tances corresponding to theFT (χ(k)k3) in Fig. 4IV.
 A Mo center at a distance of 2.8 Å from the V centerthe Keggin ion confirms the migration of metal centersof the Keggin ion onto extra-Keggin framework positioduring thermal treatment of H4[PVMo11O40] × 13H2O inpropene. Together with the good agreement between thperimental data and the calculated EXAFS function baon a structural model with V in the Keggin ion, this cleashows that indeed Mo migrates onto an extra-Keggin sA V–Mo distance of∼ 2.8 Å is only slightly longer thanthe metal–metal distance in Mo metal (2.73 Å) or V me(2.62 Å). This short distance should have a pronouninfluence on the catalytic properties of the active siteH4[PVMo11O40] × 13H2O under reaction conditions, possbly on its capability to activate oxygen during the transitfrom the reduced form to the oxidized form. The coornation number of 0.6 determined for the V–Mo distance∼ 2.8 Å indicates either that not all Keggin ions exhibipartial decomposition or that the V center in the lacunKeggin ion is not always located in the vicinity of the extrframework molybdenum. The former appears to be corrorated by the occupancy factor of the extra-Keggin site giin Table 2(∼ 0.9 Mo centers per Keggin ion).
 The experimental data shown indicate that similar toservations of H3[PMo12O40] ×13H2O, molybdenum centermigrate out of the Keggin ions of H4[PVMo11O40] ×13H2Oonto extra-Keggin sites, whereas vanadium centers remas V4+ in the partially decomposed lacunary Keggin ionsMox [PVMo11− xO40]. In contrast to corresponding reporin the literature, thermal activation of H4[PVMo11O40] ×13H2O does not result in the majority of vanadium ceters being located on extra-Keggin sites. Because in conto the treatment of H3[PMo12O40] × 13H2O, a cubic phasestabilized by extra-Keggin metal centers can be readilytained by a thermal treatment of H4[PVMo11O40] × 13H2O,it has been concluded that V centers have to migrateof the Keggin ion.[12] However, as we have previousdemonstrated, a cubic HPOM with an X-ray diffraction ptern very similar to that of the cubic HPOM obtained froH4[PVMo11O40] ×13H2O can be prepared by thermal trement of H3[PMo12O40] × 13H2O [9]. Hence, vanadiumas an addenda substituent in the Keggin ion is not arequisite for the formation of a cubic HPOM. BasedNMR and ESR data for a thermally treated V-containHPOM, Pöppl et al. suggested that V is situated on exKeggin sites[33]. However, from their NMR/ESR measurments the authors also report that already in the stamaterial vanadium centers are located outside the Keions. Unfortunately, no further structural characterizationthe vanadium-containing HPOM used is provided. Assuing that the authors did indeed prepare a vanadyl saH3[PMo12O40] × 13H2O (e.g., (VO)[PMo12O40]), the loca-
 tion of the V centers outside the Keggin ion in the thermallytreated material is not surprising. However, the objective ofthe work presented here clearly was to study the influence lysis 231 (2005) 279–291 289
 -
 t
 of V centers substituting for Mo in regular molybdenuoxide on structure-activity correlations. This can onlyachieved by an investigation of the structural evolutionH4[PVMo11O40] ×13H2O under reaction conditions insteaof the evolution of (VO)[PMo12O40].
 The V K-near-edge regions of as-prepared Cs2H2[PVMo11O40] and the thermally activated Cs2Mox [PVMo11− x
 O40] (not shown) are very similar to those measuredH4[PVMo11O40] × 13H2O and Mox [PVMo11− xO40]. Thisindicates a comparable local structure around the V cters in the Cs compounds (i.e., V located in the Kgin ion). However, because of the overlapping VK- andCs L-edges, no detailed EXAFS analysis can be pformed. The CsL-edge spectra measured for the as-prepaCs2H2[PVMo11O40] and the thermally activated Cs2Mox
 [PVMo11− xO40] show no significant differences. This indicates that the void between the Keggin ions in Cs2H2[PVMo11O40] is entirely filled by the Cs cations, and, hence,migration of Mo into the close vicinity of the Cs ions is dtectable. Hence, the stabilizing effect of Cs cations onstructural integrity of HPOM results from the occupatiof extra-Keggin sites, which otherwise would be availafor the migration of molybdenum centers out of the Kegin ions. This holds for the stabilizing effect of Cs in boH3[PMo12O40] × 13H2O and H4[PVMo11O40] × 13H2O.Accordingly, the slow deactivation of heteropolyoxomolydates under partial oxidation reaction conditions can beplained by the absence of this stabilization and, thus,formation of interconnected species and, eventually, Mo3during thermal treatment.
 4.3. Thermal activation of H4[PVMo11O40] × 13H2O inpropene and oxygen
 The structural changes observed in H4[PVMo11O40] ×13H2O during activation in propene and oxygen indicatpartial reduction (Fig. 11) and partial decomposition of thKeggin ions (Fig. 12) similar to the structural evolution thaoccurred during treatment of H4[PVMo11O40] × 13H2O inpropene (Fig. 8). Apparently, the onset of the formationa lacunary Keggin ion and the migration of Mo centerscorrelated with the onset of catalytic activity. Similar to tstructural behavior of H3[PMo12O40] × 13H2O under reac-tion conditions[9], a partial decomposition and formationlacunary Keggin ions from H4[PVMo11O40] × 13H2O areprerequisites for the material to become an active partiaidation catalyst. The genuine Mo site in the intact Kegion as it is present in the thermally stable Cs3[PMo12O40]under propene and oxygen at 673 K is catalytically intive [9]. Only the partial decomposition of the Keggin ioand subsequent migration of molybdenum on vacant exKeggin sites turn the precursor Keggin ion in the HPOM ian active partial oxidation catalyst. Whereas the amplit
 of the structural changes in the Keggin ion under reactionconditions is very similar for H4[PVMo11O40] × 13H2Oand H3[PMo12O40] × 13H2O (Fig. 12), the evolution of the
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 electronic structure suggests a more pronounced reduof the average Mo valence in H4[PVMo11O40] × 13H2Ocompared with H3[PMo12O40] × 13H2O. Hence, in addi-tion to a possible structure-promoting effect of V centersmolybdenum-based oxides, the amount of Mo centersan average valence less than 6 appeared to increasecontaining molybdenum oxides during activation in propeand oxygen. The latter seems to correlate with the improcatalytic activity observed (Fig. 11).
 The catalytic activity and stability of the cubic Mox [PVMo11− xO40] phase obtained from H4[PVMo11O40]×13H2O was investigated by in situ XRD and XAS undpropene oxidation conditions. It can be seen fromFig. 13that the long-range order structure of the cubic phasesists to about 620 K in propene and oxygen. This structstability under reaction conditions is unusual for as-prepaHPOMs, which tend to exhibit several transitions andcompositions during thermal treatment. The onset ofalytic activity of the cubic phase at about 573 K (Fig. 13B)is not accompanied by detectable changes in the long-rorder structure. Both the stability under reaction conditiand the structural invariance at the onset of catalytic actindicate that the structure of the cubic Mox [PVMo11− xO40]is closely related to the structure of the active phaseH4[PVMo11O40] × 13H2O. At temperatures above∼ 650 Kthe cubic phase exhibits a change in the relative ratiothe diffraction peaks around 20◦ and the occurrence of additional peaks, indicating the formation of an unidentifiphase at elevated temperature. The modified cubic ppresent above 650 K can still be simulated by the strucdisplayed inFig. 7B, and a slightly elongated distance of textra-Keggin Mo center from the Keggin ion can accountthe modified peak ratio.
 In contrast to the invariance of the long-range structurMox [PVMo11− xO40] under reaction conditions, the shorange structure of the Keggin ion as detected by in situ Xexhibits pronounced changes that correlate with the oof catalytic activity at∼ 573 K. The structural changes oserved are on the order of∼ 5% pointing towards a finetuning of the Mo–O distances possibly accompanyinguptake of oxygen and the transition from the reduced foof the active phase to the oxidized form under reaction cditions. The resulting active site of these catalysts consisan extra-framework molybdenum center that forms ancluster together with the lacunary Keggin ion, presentincoordinatively unsaturated metal center to the gas phasebedded in a matrix of stable terminal oxygen atoms (Fig. 15).The remaining hole in the lacunary Keggin ion permitssorbed substrate molecules to access the bridging oxatoms in the vicinity of the Mo center. As can be sefrom the correlation between local structural changesthe gas-phase composition inFig. 14, the structural state othe reduced form of Mox [PVMo11− xO40] can be reversibly
 altered by a change of the gas phase composition frompropene and oxygen to propene. Apparently, at temperatureabove∼ 600 K the oxygen coordinated to the active site lysis 231 (2005) 279–291
 -
 t
 -
 of Mox [PVMo11− xO40] can easily be exchanged and cparticipate in partial oxidation reactions, possibly accoing to a simple Langmuir–Hinshelwood mechanism. FutV K-edge XAFS investigations will be based on thetablished structural evolution of H4[PVMo11O40] × 13H2Oduring thermal activation and the detailed local coordinaof the V centers in the resulting cubic Mox [PVMo11− xO40],to reveal the dynamic behavior of the active site under ving reaction conditions.
 4.4. Implication of V centers in molybdenum oxide-basedcatalysts for structure-activity relationships
 The investigations presented indicate that HPOMs aredeed suitable three-dimensional model systems for the intigation of the directing effect of metal centers on the strtural evolution of molybdenum oxides during thermal trement. However, similar to the behavior of H3[PMo12O40] ×13H2O, the original structure of as-prepared H4[PVMo11O40] × 13H2O does not correspond to the structure ofmaterial under the reaction conditions. Instead, H4[PVMo11O40] × 13H2O should be regarded as the precursor ofcatalytically active phase. The onset temperature ofalytic activity of H4[PVMo11O40] × 13H2O at ∼ 573 K isin good agreement with that of H3[PMo12O40] × 13H2O,MoO3, (Mo,V)5O14, and other mixed-metal oxides (e.gMoVNbTeOx), indicating the formation of similar activsites on these materials under reaction conditions. The inporation of V centers in the Keggin ion does not cause anounced destabilization of the Keggin ion and an accelerdecomposition at elevated temperatures. Apparently, vdium centers are quite stable in the lacunary Keggin ioMox [PVMo11− xO40] that forms under reaction conditionMoreover, V centers can change their oxidation state fV5+ to V4+ without a significant detectable destabilizatiof the lacunary Keggin ion. The capability of V centerssubstitute for Mo in as-prepared Keggin-type HPOMs athermally activated HPOMs may be explained by the silar ion radii of V5+ (68 pm) and V4+ (72 pm) comparedwith Mo6+ (74 pm) in a sixfold coordination[34]. This is incontrast to the incorporation of larger Nb centers in HPOwhich results in a pronounced destabilization of the Kegion [35]. Hence, vanadium may act as a structural promin the catalyst precursor facilitating the formation of thetive (Mo, V) oxide phase. In addition to acting as a structupromoter, the structural flexibility and redox capability of tvanadium centers may facilitate a direct participation of Vthe activation of gas-phase oxygen and propene on the asite of Mox [PVMo11− xO40]. The detailed investigations othe local structure of vanadium in Mox [PVMo11− xO40] pre-sented here permit for the first time the proposal of a mofor the characteristic geometric structure of the activein Mo- and V-containing metal oxide catalysts (Fig. 15).
 sThis structure deviates significantly from the structure ofthe as-prepared materials and could have by no means beeninferred from it. In situ investigations are indispensable to
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 the elucidation of the “real structure” of a working catalyunder reaction conditions. Obviously, structure-activity crelations deduced from the ideal crystallographic strucof more complex Mo- and V-containing mixed-oxide calysts have to be carefully validated by in situ bulk structuinvestigations.
 5. Conclusions
 The bulk structural evolution of H4[PVMo11O40] ×13H2O under reducing (propene) and partial oxidationaction conditions (propene and oxygen) was studied bsitu XRD and XAS. During treatment in propene, the losscrystal water in the temperature range from 373 to 57is followed by a partial decomposition, reduction of taverage Mo valence, and formation of a characteristicbic HPOM (Mox [PVMo11− xO40]) at 573 K. This behavioris similar to the structural evolution of H3[PMo12O40] ×13H2O during treatment in propene. The formation of cbic Mox [PVMo11− xO40] with Mo centers on extra-Keggiframework positions and V centers remaining in the lacunKeggin ions coincides with the onset of catalytic activat ∼ 573 K. The detailed investigations of the local struture of vanadium in Mox [PVMo11− xO40] presented heremake it possible to propose a model for the geometric stture of the active site in Mo- and V-containing metal oxicatalysts. The cubic Mox [PVMo11− xO40] phase preparefrom H4[PVMo11O40] × 13H2O is stable in propene anoxygen up to∼ 620 K and exhibits an onset of activity∼ 573 K. This onset of activity is correlated with charactistic changes in the average local Mo structure, indicatinreversible transition from the reduced state of the activein Mox [PVMo11xO40] to an oxidized state under propeoxidation reaction conditions.
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