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Abstract: The location and coordination geometry of vanadium(lV) ions in the cesium salt of molybdo-
vanadophosphoric heteropolyacid CssPVMo01:040 were studied using orientation-selective pulsed ENDOR
(electron nuclear double resonance) experiments. To enhance the orientation selectivity for the paramagnetic
vanadyl species, these investigations were done at Q-band frequencies. It was possible to resolve
interactions of the paramagnetic vanadyl ions (VO?*) with all relevant nuclei, *H, 3P, 51V, and 133Cs. The
location of the vanady! species was studied by determination of the complete 3!P hyperfine tensor. This
approach was done for both the fresh and the calcined Cs4PVMo0,:049 materials, and no differences in the
structures of the VO?* complexes were found. The ENDOR results give experimental evidence for the
location of the V(IV) ions. For both samples, it was possible to exclude the incorporation of V(IV) at the Mo
sites. The VO?* species are directly attached to the outer surface of the heteropolyanion and coordinated
to four of the outer oxygen atoms with a V—P distance of 3.96 A.

1. Introduction mechanism, a series of papers devoted to the characterization

Several heteropolyacids (HPA) and their salts are known as of V(IV) ions |7n HPAs by ESR have been publlshed du_rlng_ the
active heterogeneous catalysts for the selective oxidation of Past decade- ) Rec_ently, Pppl et al. su_cceeded in elucidating
aldehydes and alkané$8.The catalytic performance of one the V(IV) position in pure HPA materials, J#VM011040, by
specific HPA, HPMo1,Ou0, can be enhanced by the substitution PulSed ENDOR experiments.ikewise, some papers reported
of V for Mo in the Keggin-type heteropolyanidrConsequently, the strgctural and catalytlg properties of heFeroppIymonbdate
the location and the local coordination geometry of the salt_s W|1t(r)1_(1jz|fferent_countgrlons, for_example, ||‘bcer|_umf‘ and
incorporated vanadium ions are of special importance for the C€SIUM: Desp|te_\_/ar|ous studies on the cesium salts _Of
understanding of the catalytic activity of the HPA materials and HPAs, th? ex_act position of the vanadyl ions V‘_"th'n the _Keggln
for future development of tailor-made catalysts. Furthermore, strpcture is still unknqwn. Until now, no conclusive experlmer?tal.
this knowledge may also be helpful to understand and overcomeev'denc,e has been given to substantlat.e the.assumed substitution
the thus far poor thermal stability of the HPA-based catalyst, °f V" ions for 2/'0 inside the Keggin unit of the Cs salt
which is a major drawback for potential applications. (CsPVMO011040).1

Although vanadium originally incorporated into the HPA as The structure of the heteropolymolybdate salts is described
V(V), it has been reported that a fractional amount of vanadium ©n two levels. The main building block of the HPA, the so-
is always found as paramagnetic vanady! fénshich can be called primary structure, contains the HPA anions which
characterized by electron spin resonance (ESR) spectroscopygenerally form the well-known structure of Keggin iof¥s:

Due to the properties of the HPAs and their salts as oxidation

catalysts and the specific role of vanadium in the reaction (6) Bayer, R.; Marchal, C; Liu, F. X.; & A.; Hervg G.J. Mol. Catal. A:
y P Chem.1996 110, 65.

(7) Inumaro, K.; Ono, A.; Kubo, H.; Misono, M.. Chem. Soc., Faraday Trans.

T Universitd Leipzig. 11998 94, 1765.
* Technische Universitavitinchen. (8) Popl, A.; Manikandan, P.; Kialer, K.; Maas, P.; Strauch, P.; Bcher,
(1) Lee, K.-Y.; Misono, M. InHandbook of Heterogeneous Catalysistl, R.; Goldfarb, D.J. Am. Chem. So@001, 123 4577.
G., Kntzinger, H., Weitkamp, J., Eds.; VCH: Weinheim, 1997; Vol. 1, p (9) Langpage, M.; Millet, J.-M. MAppl. Catal., A: GeneraR00Q 200, 89.
118. (10) Lee, J. K.; Russo, V.; Melsheimer, J.;ier, K.; Schlgl, R. Phys. Chem.
(2) Kozhevnikov, I. V.Catal. Rev.-Sci. Eng 1995 37, 311. Chem. Phys200Q 2, 2977.
(3) Mizuno, N.; Misono, M.J. Mol. Catal 1994 86, 319 and literature cited (11) Berndt, S.; Herein, D.; Zemlin, F.; Beckmann, E.; Weinberg, G.; &ehu
therein. J.; Mestl, G.; Schigl, R. Ber. Bunsen-Ges. Phys. Cheh998 102, 763.
(4) Aboukas, A.; Haubtmann, C.; Andrel. J.; Desquilles, C.; Dourdin, M.; (12) Mestl, G.; llkenhans, T:; Spielbauer, D.; Dieterle, M.; Timpe, O:;Hfrert,
Mathes-Juventin-Andrieu, |.; Asi, F. C.; Guelton, MJ. Chem. Soc., J.; Jentoft, F.; Kiminger, H.; Schigl, R. Appl. Catal., A: GeneraR001,
Faraday Trans.1995 91, 1025. 210 13.
(5) Fricke, R.; Jerschewitz, H.-G.;Hnann, GJ. Chem. Soc., Faraday Trans. (13) Keggin, J. FProc. R. Soc1934 Al44 75.
11986 82, 3479. (14) D’Amour, H.; Allmann, R.Z. Kristallogr. 1976 143 1.
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the fully exchanged Cs salt, §3/Mo011040, is estimated to be
about 0.5 mol % of the total vanadium content for the untreated
material, and about 0.2 mol % after thermal treatment at 573
K. This is significantly lower than in the corresponding acid,
H4PVMo011040.1° Also, it has been reported, again in contrast
to the acid, that the ESR signal of the,2¥Mo0;,040 material
displays no significant changes after thermal treatment of up to
773 K. This simplifies the situation in comparison to the very
complex pure acid, HPVMo0;104. Therefore, the Gssalt
obtains some model character. However, grend AV tensors

are not sensitive to the second and higher coordination spheres
of vanadium(IV), and the coordination geometry and position
of the paramagnetic vanadium ions cannot be deduced from
ESR spectroscopic results.

To overcome the limitations of the continuous wave ESR
technique, the pulsed electron nuclear double resonance
(ENDOR) spectroscopy was applied at X- and Q-band frequen-
cies. By using the high-resolution methods, it was possible to
resolve the hf interaction tensor of the unpaired electron on the
V(IV) ion with the phosphorus nucleus at the central position
of the Keggin ion. Thé'P hf coupling tensor gives the-R/(1V)

Figure 1. Structure of the Keggin-type [PVMgDag*~ heteropolyanion. distance which reveals information about the location of the

o ) o ) vanadyl ions as the central position of P is assured. In this way,
This is schematically shown in Figure 1. In this example, the {,e ENDOR approach turned out to be a powerful tool for the

Keggin unit consists of a central phosphorus atom surrounded yetermination of the local environment of the paramagnetic
by 12 oxygen octahedrons which contain molybdenum atoms. V(IV) ions within the Cs salts of the HPAs.

Four types of oxygen atoms can be distinguished. First, four

central oxygens O(1) form a R@etrahedron with the central 2. Experimental Section

P. Two kinds of bridging oxygen atoms O(2) and O(3) then _ _ _

connect the Mo octahedrons. Finally, 12 terminal oxygen atoms  Sample Preparation. HsPVM011040 was prepared by dissolving

O(4) form double bonds to the neighbored transition metal ions. Steichometric quantities of s (1.25 mmol) and Mo@(27.5 mmol)

The arrangement of this primary structure together with coun- I the appropriate amounts of phosphoric acidP8 was added

terions and water molecules forms the secondary structure dropwise for 1 h, and the resulting mixture was refluxed for 4 h.

Concerning th ndarv structure of heter | m nd ‘Evaporation of water from the clear red-brown solution resulted in a
. g the Secq ary structure ot heteropoly compounas, .., precipitate.

with Cs" as counterions, several papers were recently pub- ) .

lished1-1215.18t has been reported that the presence of Cs leads A 116 mM aqueous solution of @S0; was added dropwise to a

t tabilizati f het | ndsBerndt et al 14 mM solution of boiling HPVMo011040. After the addition was
0 a sfabilization of heteropoly compounassernat et al. complete, a yellow precipitate formed. Thermally treated samples were

described_the secondary_structu_re of se_veral Cs he_teropoly salt$ptained by thermal treatment of the fresh@¢Mo1:040 at 573 K in
as a cubic structure with variable site occupatithdhe O2(35%)/Ar or air/Ar streams. Several experiments were undertaken
structure of the cesium salt of the vanadium-trisubstituted under reducing atmosphere (methanol stream, 0.2%0BHin Ar).
dodecatungstophosphate anion was determined by X-ray analyAll samples were investigated by ESR as well as ENDOR spectroscopy;
sis16 Furthermore, the lack of mobility of larger cations such qualitatively the same results (concerning structural conclusions) were
as Cg as compared to, for example,'Lior Na" has been obtained for all thermal treatments until 573 K. After the treatment,
explained by the possible coordination of the Cs ions to more the samples were immediately transferred to ESR quartz glass tubes
oxygen atomd® The exact position of the Cscations with and sealed without contact to air. The fresh and thermally treated
respect to the Keggin anions is, to our knowledge, still not CS‘PVMOMIO“O samples are denoted as PVMoCs-1 and PVMoCs-2,
known for CgPVMo01104 heteropoly compounds. Another respectively. _ _
motivation for this study was to use information about the  SPectroscopic Measurements.Two-pulse field-swept electron
location of the vanadyl ions to gain insight into the coordination SP'M—écho and pulsed ENDOR experiments were performed at X-band
- - . frequencies (9.7 GHz) with a Bruker ESP 380 spectrometer and at
geometry of the Cs counterions by studying the Cs hyperfine

hf) int " H h tudi H d Q-band frequencies (35 GHz) with a spectrometer with a home-built
(hf) interaction. However, these studies are currently underway microwave (mw) pulse unit and a commercial magnet system from a

and are not part of the present investigation. __ BRUKER EMX cw Q-band instrument. The measurements were carried
Various ESR studies of the paramagnetic vanadyl species ingyt at 6 K. For the two-pulse field-swept ESE experiments, mw pulse
several HPA materials showed that the principal values of the |engths oft.;, = 16 ns forz/2 pulses and, = 32 ns forzr pulses with
electron Zeeman interaction tenspand the®V hf coupling a pulse delay of = 120 ns were used at X-band, atyg = 90 ns for
tensorAV are sensitive to the modifications of the V(IV) local  7/2 pulses and, = 120 ns forz pulses with a pulse delay of= 400

environment~8 The amount of paramagnetic V(IV) species in ns were used at Q-band. The Mims ENDOR pulse sequence for X-band
frequencies was applied with, = 96 ns and a pulse delay between

(15) ;’ggiimichi, K.; Kubo, M.; Vetrivel, R.; Miyamoto, AJ. Catal 1995 157, the first twoz/2 pulses £ = 1000 ns) for X-band experiments. The
(16) Kawafune, I.; Tamura, H.; Matsubayashi, Bull. Chem. Soc. Jpri997, radio frequency (rf) pulse width wag = 10us. Q-band Mims ENDOR
70, 2455, experiments were run with,, = 90 ns,ts = 25 us, andr = 300 ns.
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3. Simulation of Orientation-Selective ENDOR Spectra ENDOR transition frequencies; = (Ei — Ej)/h between the
eigenvalueds; and Ej within the two electron spin manifolds
ms = 1/, are obtained. For each transition frequency, the
relative ENDOR intensityP; is calculated from the matrix

Because several papers discussing the theory of the orienta
tion-selective pulsed ENDOR technique have been publish&d,
we will only very briefly describe the simulation procedure used.
First, theg tensor orientations contributing to the ESR resonance elements
fields at the magnetic field position that was selected for the _ ~ n -
performance of gt]he orientat[i)on-selective ENDOR experiment Pj = [11B¢(0.1.0R(®:,0,.0)(~F,l +ﬁegS)|1pjﬁ ()
had to be determined. Thgetensor orientations are defined by wherey

pairs @‘: CD‘), of horlgonta! and azimuthal anglésand®. The i andj. Here, the hyperfine enhancement means the interaction
dominating interactions in the ESR spectrum of the vanadyl o yeen the electron spin and the radio frequency Balévas
lons are the electron Zeemanvand the vanadium hf interactions,en jnto account. To simulate the orientation-selective ENDOR
with the coaxial tensorg_andA '_Th? ESR resonance position spectra, the described procedure was repeated for each set of
at the selected magnetic fiefb is given by contributingg tensor orientations. Finally, the ENDOR spectrum

v is obtained by summing all of the individual ENDOR spectra

Wi Z A©.2)m using a Gaussian weighting function with a variam‘xﬂ[}g.

By = 1)

£9(0,0) 4. Results
Field-Swept ESE. Two-pulse field-swept ESE spectra of
with the mw frequencym, and the magnetic spin quantum  Cs,PVMo,104 before and after thermal treatment were taken
numbers of théV nucleimV = —'/,, =%/, ...,’». The effective  at X- and Q-band frequencies at 7 K. Figure 2a illustrates the
g and hf couplingA are given by X-band echo-detected ESR spectrum of the fresh cesium salt
- sample (PVMoCs-1) in comparison with the sample thermally
9©.2) = (3 ;1) (2) treated at 573 K (PVMoCs-2). In Figure 2b, the Q-band field-
! swept ESE spectra of both samples are shown. There is not
and much difference between the experimental spectra of these two
samples in either the X- or the Q-band experiment. Both powder
z (Aﬂv _ _)2 12 spectra can be described by an axially symmegrtensor of
]

andy; are the eigenvectors belonging to the spin states

the V(IV) ion (S = 1/,, 3dY). Due to the hf interaction of the

AO,D) =|—— 3) unpaired electron spin with the vanadium nucleus (nuclear spin

g(@,(I))2 | =7/,), a splitting of the spectrum into eight lines is observed.
The spin-Hamiltonian parameters were determined by simulating
the experimental ESR powder patterns using second-order
perturbation theory. The simulations of all of the experimental
echo-detected ESR spectra could be done with the same set of
spin-Hamiltonian parametersy = 1.936,g95 = 1.973 (with an
estimated error 0f:0.002), and an axially symmetrféV hf

with the direction cosinelk = cos® sin ©, Iy = sin ® cosO,

I, = cos © defining the orientation of the external magnetic
field B with respect to they tensor frame. The orientations
(@i, ©;) corresponding to the observer field are determined
by calculating the ESR spectrum according to eg8.1Under
the assumption that the bandwidth of the mw pulses is Sma”ercoupling tensoV with principal valuesaY = 0.0147 cmt

. : - aoinh
than the inhomogeneous ESR line widkBY),, all of the g and AY = 0.0050 cnt! (each with an estimated error of

tensor orientations which lead to a resonance position within |5 9gg2 cmY). The only difference between the fresh sample

- inh
the intervalBo & ABY; are collected. spectra and the thermally treated ones is the line wiiB.
Subsequently, the ENDOR spectrum is calculated from the |, the case of the thermally treated sample, the line width is

selected orientations by an exact diagonalization of the spin slightly larger. At the X-band frequency\Buy, is 2.4 mT for
Hamiltonian given in they tensor principal axes system PVMoCs-1 and 2.6 mT for PVMoCs-2. The same tendency
N = & toward line broadening was also obtained at Q-band frequencies,
H=p 680(0’0’12?(@"@)"0298 . . whereABy; (PVMoCs-1)= 2.4 mT andABy; (PVMoCs-2)=
B:9Bo(0.0,1R(®,,0,,0)i" + SR(e,8.)AR(a,B )" (4) 2.9 mT. The simulated spectra shown in Figure 2a and 2b were
) _ ) calculated in each case usingy» = 2.4 mT. The slightly larger
with g, being the nucleag factor andge, fn, S, andl having line widths observed for PVMoCs-2 are probably due to an

their usual meanings. The first two addends in eq 4 are due t0jncrease ofy andA strain effects upon thermal treatment of the
the electron and the nuclear Zeeman interactions, respectively.cq,pvMo,,0,, material.

The third term defines the shf interaction of the unpaired electron  aggitionally, ESR spectra were taken at 300 K (not shown),
with the nuclear spin of the phosphorus ligands, wh&fes and the corresponding spin-Hamiltonian parameters were de-
the ligand shf interaction tensdr is the Euler matrix, where  termined: gR™ = 1.937,gR" = 1.976,A)Y(RT) = 0.0147 cn?,
(o, 8,y) denote a set of Euler angles which define the transfor- gnqga v (RT) = 0.005 cnT™. They coincide almost exactly with
mation of the diagonalP tensor into theg tensor coordinate  he experimental findings at 8 K.
frame. From the differences of the obtained eigenvakjebe Although it is well known that the ESR spectra of the pure
heteropoly acid, EPVMo,,04, drastically change after thermal

. treatment, no difference in the spin-Hamiltonian parameters
(18) ?Ou;s%zgz'lc'; Henserson, T. A.; Kreilick, R. W. Am. Chem. Sod 985 before and after thermal treatment was found fm01104o,
(19) Kreiter, A.; Hiitermann, JJ. Magn. Resonl991, 93, 12. in concordance with the literatut® The reported ESR param-

(17) Hoffmann, B. M.; Martinsen, J.; Venters, R. A.Magn. Resonl984 59,
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Figure 2. Two-pulse field-swept ESE spectra recordedraK for V(IV) ions in fresh (PVMoCs-1) and thermally treated € 573 K, PVMoCs-2)
CsiPVMo0;1040 samples: experimental (solid lines) and simulated (dashed lines) (a) X-band and (b) Q-band spectra. The arrows indicate the field positions
for the pulsed ENDOR experiments. Calculated magnetic resonance fields dependent on th@ batjleen they, axis of the V(IV) g tensor and the

external magnetic field at (c) X-band and (b) Q-band frequencies.

eters for the fully exchanged Cs salt are in good agreement with hf interaction has already been resolved in the ESR pattern,

our results. Within the scope of that ESR study of\Mn but is due to the weak shf interactions between V(1) and more
heteropoly compounds, the ESR signal off28M011040 was distant diamagnetic V(V) nuclei. Both spectra show one intense
assigned to ¥ ions substituted for Mo in the Keggin urf. proton ENDOR signal from distant protonssiat whose outer

To select proper field positions for the orientation-selective wings are also affected by blind spots. The phosphorus ENDOR
ENDOR measurements, the ESR resonance fields were calcusignal gives a line at th&P Larmor frequencyyp for both the
lated as a function of the angt@ between they, axis of the fresh and the thermally treated materials. The line is due to
V(IV) g tensor and the external magnetic field. These calcula- distant 3P nuclei. Additionally, in both cases, a doublet
tions were made by determining the principal values ofghe  symmetric tovp appears with a splitting of about 0.36 MHz.
and theAV tensors. The resulting plots for X- and Q-band  Because the central position of the phosphorus atom in the
experiments are presented in Figure 2c and 2d, respectively. Keggin unit is well known from crystallographic data, it is a

Pulsed ENDOR.X-band pulsed ENDOR experiments of the  promising approach to ascertain the location of the V(IV) ions
fresh and thermally treated £salts revealed almost identical by using the dipolar shf interactions of tH& nuclei. To
spectral features. The overview X-band Mims ENDOR spectra determine both the principal values of f# shf coupling tensor
for both samples were recorded at the so-called powder positionAP and its orientation with respect to tigeensor frame of the
of the V(IV) ESR spectrum and are displayed in Figure 3. The V(1V) ions, orientation-selective pulsed ENDOR experiments
spectra show four groups of signals each centered at 1.94, 3.88were performed. For these purposes, the magnetic resonance
5.98, and 14.78 MHz. These ENDOR signals are assigned tofields depending on the ang® were calculated for X-band as
superhyperfine (shf) interactions between the paramagneticwell as for Q-band frequencies (Figure 2c and 2d). On the basis
V(IV) centers and thé*Cs,5V, 3P, andH nuclei, respectively,  of those results, the advantage of taking measurements at
resting on the appropriate nuclear Larmor frequencigs= frequencies higher than the X-band is evident for many systems.
1.938 MHz,vy = 3.884 MHz,vp = 5.982 MHz, andvy = Changing to Q-band frequencies means significantly enhancing
14.778 MHz forB = 347.1 mT. The broad®Cs signal was  the separation of they from the g, region. Performing the
distorted by blind spots appearing s and vcs + 0.5 MHz orientation-selective pulsed ENDOR experiments at Q-band
and was caused by thedependent suppression effect in the frequencies is a special advantage for vanadium. The represen-
Mims ENDOR experimer®? It should be mentioned that the
51/ ENDOR signal does not belong to the V(IV) species whose (20) Gemperle, C.; Schweiger, &hem. Re. 1991, 91, 1481.
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Figure 4. Experimental (solid lines) and simulated (dashed lines) orienta-
tion-selective’’P Mims ENDOR Q-band spectra of V(VI) species in fresh
CsPVM011049 materials (PVMoCs-1). The appropriate field positions are
indicated in Figure 2.

Figure 3. X-band Mims ENDOR spectraté K of (a) fresh and (b)
thermally treated T = 573 K) CsPVMo011040 materials recorded & =
347.1 mT (indicated by an arrow in Figure 2a). The signals marked by
asterisks are artifacts due to proton harmonics.

tation of the ESR resonance fields as a function of the a®gle the region with orientations from about 6 90° between the
(Figure 2c and 2d) clarifies that, only at Q-band, but not at g, principal axis and the external magnetic field shows a large
X-band frequencies, the low field V hf transition, corresponding deviation from the experimental data far” and A\® with the
to the nuclear quantum numbey = +7/,, is separate from  same sign. Furthermore, simulations showed thatAfeaxis
other hf transitions. Because tggregion of them = +7/, hf is pointing approximately in thg, direction of the electromy
transition covers a broad range of angles in the ESR powdertensor of the vanadyl ions. The best concordance with the
pattern (0< © < 30°), it was advantageous to also perform experimental spectra could be achieved with the afigie12°
the orientation-selective ENDOR experiment for th@rienta- between they, and theAP axis. In particular, the ENDOR line
tion at the high-field edge of the field-swept ESE spectrum. shape of the spectra (Figure 4h, i, and j), where only the
Here, the orientation selection is even better becausmithe orientations with® < 45° contribute to the orientation-selective
—7/, high field V hf transition displays a stronger dependency ENDOR experiments, coincides better with the spectral simula-
on the angle® than does then = +7/, transition. tions for a nonzero angle = 12°. The estimated error for the
The orientation-selective Q-band Mims ENDOR spectra of angle is about+3°. In contrast to earlier pulsed ENDOR
the fresh C§PVMo011040 are shown in Figure 4. The field results concerning the location of V(IV) in dehydrated HPA,
positions where the ENDOR measurements were done areno experimental evidence for the existence of more than one P
indicated by arrows in Figure 2b. In each case, these datashf tensor could be found.
represent a pair of ENDOR signals symmetric to¥feLarmor The simulations of the experimental ENDOR data took into
frequencyvp. Thus, they are assigned¥® nuclear transitions  account the-dependent suppression effect in the Mims ENDOR
of a single phosphorus nucleus close to the paramagnetic V(IV) experiment® In accordance with the experimental pulse delay
center. The ENDOR signals arise from transitions belonging to 7 = 300 ns, blind spots will occur at= vpandv = vp £+ 1.6
the two different electron spin manifoldsn§ = 4-1/,) within MHz, whereas the maximum intensity in the ENDOR spectra
the limits of the weak coupling casAR < 2vp). Corresponding is expected atp + 0.85 MHz. The outer blind spots ap +
to the calculated ESR resonance fields, two spectra taken atl.6 MHz do not affect the ENDOR pattern at all. However, the
the g, edge of the two-pulse field-swept ESE spectrum, with central blind spot leads to a strong decrease in the signal
tensor orientation®® close to zero, were selected and are intensity in the region close to tHéP Larmor frequency.
displayed in Figure 4a and 4j. At these spectral positions, a Mims ENDOR experiments were performed on the thermally
maximum splitting of about 1.2 MHz is observed. The minimum treated CsPVMo011040 material for the field positions expected
splitting of about 0.3 MHz is detected at the position © = to influence thé’P hf parameter noticeably. In Figure 5, selected
90°). The ENDOR spectra suggest an axially symmette experimental spectra of PVMoCs-2 are shown in comparison
shf tensor almost coaxial to the V(IV) electran tensor. with the ENDOR spectra of PVYMoCs-1. The Mims ENDOR
Simulations of the orientation-selective Mims ENDOR spectra spectra of both the fresh and the thermally treated materials
give a®P shf coupling tensoAP with axial symmetry. The display no significant differences, indicating an identi€é& hf
principal values ofAP are A.-° = —0.32 MHz andAf = 1.2 coupling tensor for the fresh and the treatedR3&VI011040
MHz. By simulating the spectra, it was possible to ensure the sample and the same orientation Af with respect to they
different signs of the phosphorus hf principal values. Especially tensor frame.

J. AM. CHEM. SOC. = VOL. 126, NO. 9, 2004 2909
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1b thermally treated samples (also not due to adsorbed methanol
W from reduction trials, see Experimental Section). The obtained
2b WMW IH ENDOR signal atvy is due to the weak interaction with
distant protons.

1c
W From the determine&P hf coupling tensor, the location of
2c W the vanadyl ions can be deduced. Because there is no doubt
about the central position of the phosphorus nucleus within the
le \"*NWW Keggin unit, the V(IV) position can be ascertained from the
5 dipolar3!P hf coupling tensof ” and its orientation with respect
e S
WM’VVWWW to the g tensor frame. From the principal values of the
] phosphorus shf tensor for PYMoCsA;® = —0.32 MHz and
1j AP = 1.20 MHz, we determine an isotropic phosphorus shf
2 coupling of Ass” = 0.18 MHz. This translates to unpaired
WW electron spin density in the 3s orbital of AL = 1.4 x 1073%).
Furthermore, we can deduce the principal valligs= —0.51
15 10 05 00 05 10 15 MHz and T,? = 1.02 MHz of TP with an error of abouAT-"
= +0.01 MHz. With those results, the distance between the
V =V (MHz)

phosphorus atom and the vanadyl ion was estimated by using

Figure 5. Comparison between Mims ENDOR Q-band spectra at selected the point dipole approximation to big_p = (3.964 0.03) A.
field positions (positions b, c, e, and j in Figure 2b) from fresh PVMoCs-1 . . . Lo
(b, 1c, 1e, 1j) and thermally treated PVMoCs-2 (2b, 2c, 2e, 2j) The use of the point dipole approximation is justified because

CsiPVMO011040 materials. of the very small value fopsd, indicating the spread of wave
function of the unpaired electron over HPA is negligible.
The experimental results did not indicate the existence of
The obtained ESR spin-Hamiltonian parameters for the fresh more than one vanadium species. Different coordination struc-
and the thermally treated §RVMo1:040 are typical for tures of the V@' ions would cause different phosphorus shf
paramagnetic vanadium existing as vanadyl ?)@pecies with ~ coupling tensors and, hence, should be observable iff'the
the unpaired electron located in the,3atbital2 The parameters ~ Mims ENDOR spectra. For instance, in the case of the pure
are in good agreement with the recently reported ESR resultsHPA material, HPVMo1:104o, three different vanadyl species
of the fully exchanged Cs salt of the heteropolyacid Pi®g, 1° were determined. They showed up in the pulsed ENDOR spectra
Comparing thélV hf interaction parameters of the vanadyl ions s pronounced shoulders on the high- and low-frequency wings
in the fresh and the treatedyPVMoy,040 material8 with those ~ Of the phosphorus ENDOR signals symmetrical to e
of the Cg salt of the HPA, one can observe ti#gt (PVMoCs- Larmor frequency.
1) is roughly the same for the dehydrated, pure HPA material, The vanadium ions in the fully exchanged Cs salt of HPA
but differs for the fresh, pure HPA. It has been reported that in (CsyHPA) are not expected to move to a bridge-site position
the fresh HPA material the vanadyl ions are coordinated to between the heteropolyanions because the bulky Cs ions and
crystallization water molecules, resulting in vanadyl pentaaqua the rigid lattice would hinder this. For that reason, it was
complexe$:® After dehydration of the EPVMo,,040 material, assumed by Lee et al. that the*Vions could be substituted
the VO?* ions were determined to be attached to the outer for the M&* ions in the Keggin unit?
surface of the heteropolyanions and to coordinate to the bridging The distance between the central phosphorus atom and the
oxygens O(2) and O(3)Thus, for the pure HPA materials, a Mo sites in the [PM@04¢]3~ anion was determined to be 3.55
strong change in the coordination geometry of the vanadyl ions A.14 Likewise, an X-ray analysis of £-Css 4Ho.dPVaWgOaq]*
was found after thermal treatment, as has already been shown2H,0 found P-V and P-W distances to be within the range
by different ESR parameters. from 3.54 to 3.56 A for V and W located at the known metal
On the contrary, we found no significant differences in the position in the Keggin unit® For that reason, the incorporation
principal values of both the electraptensor of the vanadyl  of the paramagnetic V(IV) ion at the molybdenum sites can be
ions and théV hf coupling tensoAY for the CgPVMo011040 excluded for CgPVMo11040 On the basis of the presented
material both before and after thermal treatment. According to ENDOR results.
these results, it could be implied that the location and the  Theg, axis of the vanadyl ions is defined as the direction of
coordination geometry of the incorporated V(IV) do not the V=0 double bond of the V& species. Because the angle
significantly change when the sample is heated. To elucidateﬁ = 12° between they, and theA, principal axes has been
the exact position and the coordination geometry of the V(IV) determined, a small tilt angle of about®1Between the vector
ions, pulsed ENDOR experiments were performed. Of great joining the vanadium and the phosphorus atév ¢) and the
significance for this study was the ability to run the ENDOR v=0 bond direction must exist.
experiments at Q-band frequencies because their orientation o the basis of the orientation-selective pulsed ENDOR

selectivity is considerably enhanced in comparison to conven- results, we conclude that the ¥Oions are attached to the outer

tional X-band experiments. _ _ surface of the heteropolyanion. We propose a four-fold coor-
The X-band'H ENDOR signals (Figure 3) are evidence that ination for the ¥+ ions to the bridging oxygens O(2) and O(3).

there are no strongly coupled protons in both the fresh and theTaking this into consideration, the most probable complex

(21) Catana, G.; Ramachandra Rao, R.; Wechhuysen, B. M.; Van Der Voort, structure for the V&' complexes 'n_ bo_th the_ fresh _and the
P.; Vansant, E.; Schoonheydt, R. &. Phys. Chem. B99§ 102, 8005. thermally treated GPVMo0;1040 materials is a slightly distorted

5. Discussion
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Figure 6. Structure of the vanadyl complexes in fresh (as well as thermally treate@V@®5,:040 deduced from the ENDOR investigations: %O
coordination to four oxygen atoms O(2) and O(3) and tleQ/bond direction pointing away from the heteropoly anion, forming an angle oWwith the
vector joining V and P. For clarity, the whole Keggin anion (left) including the?Vanit (top, V= dark ball) and a slice of the relevant sectionsM040,VO
of identical orientation (right) is given (in contrast to reality, metal ion radii larger th&nr@dii were used).
square-pyramidal geometry. A schematic drawing of the com- pronounced during thermal treatment of the pure acid
plex structure is shown in Figure 6. The pyramid is formed by HiPVMo011040, but clearly less distinct for the ¢salt due to
the coordination of two O(2) and two O(3) atoms to the vanadyl. the structural rigidity and the spatial demand of the Cs ions
At the apex of the pyramid, the vanadyl oxygen is located away and due to the lack of water. The slight differences in the
from the Keggin anion, and the=O bond forms an angle of  structure of V@' in the acid and the Cs salt can be explained
12° with the vector joining the central P and the V atom. Due in the same manner. For a more detailed understanding, infor-
to the tilt of the vanadyl bond direction with respect to the ¥/ mation about W—VVY and W —Cs interactions is of particular
direction, a slight shift of the vanadyl ion from the center of importance. Corresponding investigations by ENDOR™(¥s
gravity of the four oxygens is reasonable. The-® distance probe) ancPV-solid-state NMR spectroscopy are in progress.
of ry—p = 3.96 A and the crystallographic positions of the O(2)
and O(3) oxygen positions were determined for both O(2)
oxygens as well as for one of the O(3) oxygens tabhea, = The better orientation-selectivity of pulsed ENDOR experi-
1.9 A and for the other O(3) oxygen to bg o) = 2.4 A. The ments at Q-band frequencies as compared to the conventional
obtained angle gf = 12° agrees with the experimental findings. X-band approach offered the opportunity to study the location
Although the proposed coordination geometry seems to be veryof paramagnetic V(IV) (V@") species in fresh and thermally
likely, our experimental findings cannot strictly exclude the treated Cg2VMo01104 heteropoly compounds. In these materi-
formation of a trigonal-pyramidal structure with the coordination als, the heteropolyanions have the well-known structure of the
of three O(2) atoms. Structures similar to the ¥@omplexes Keggin ion. Using orientation-selective phosphorus ENDOR
were proposed for the dehydrated pure HPA matefials. measurements, thé&'P superhyperfine coupling tensor was
Because an almost exact concordance of e Mims determined. The V& ions were found to be attached to the
ENDOR spectra of PVYMoCs-1 and PVMoCs-2 at selected outer surface of the heteropolyanion, probably coordinated to
orientations was obtained (Figure 5), the determined structuralfour outer oxygens, O(2) and O(3), and forming a distorted
model for the VG* complexes in fresh GBVMo0,,040 materials square-pyramidal complex geometry. The distance between the
is also formed in the thermally treated sample. In contrast to central phosphorus atom and the paramagnetic vanadium is 3.96
earlier results using pure HPA materiélig, which two entirely A. The angle between the=¥O bond direction and the vector
different structures were found before and after thermal treat- joining the P and V atom is 22 With these results, it can be
ment, heating to 573 K does not influence the coordination excluded that the vanadyl ions are located at molybdenum sites
geometry of vanadyl complexes in f£8/M011040 heteropoly within the Keggin molecule and that they move to bridge-type

6. Conclusions

compounds. positions between the Keggin units. These findings apply for
Obviously, only \** ions can be incorporated into the both the fresh and the thermally treated®$Mo;,040 materi-

molybdenum sites of the Keggin anion PVMO4¢*~. This als. Thermal treatment up to 573 K does not influence the

seems reasonable due to charge compensatiéh Ifsls two complex structure of the paramagnetic vanady! species in the

positive charges less than K1d). The reduction of V* to V4" cesium (Cg) salt of PVMa 1040.
is only possible for (a few) “surface”-bound (outer oxygen ions)
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