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Abstract: Electron spin resonance, pulsed electron nuclear double resonance (ENDOR) spectroscopy at W-
and X-band frequencies, and hyperfine sublevel correlation (HYSCORE) spectroscopy have been employed
to determine the location of the V(IV) ions insAVMo011040 heteropolyacid catalysts. In these materials the
heteropolyanions have the well-known structure of the Keggin molecule. Interactions of the unpaired electrons
of the paramagnetic vanadyl ions (¥Q with all relevant nuclei {H, 3P, and®V) could be resolved. The

complete analysis of the hyperfine coupling tensor for

the phosphorus nucleus in the fourth coordination sphere

of the V(IV) ion allowed for the first time a detailed structural analysis of the paramagnetic ions in
heteropolyacids in hydrated and dehydrated catalysts 3¥Fhand!H ENDOR results show that V(IV) ions

are incorporated as vanadyl pentaaqua complexes [YO#H" in the void space between the heteropolyanions

in the hydrated heteropolyacid. For the dehydrataB\HMo,,040 materials the distance between the V(IV)

ion and the central phosphorus atom of the Keggin molecule could be determined with high accuracy on the
basis of orientation-selectiv8P ENDOR experiments and HYSCORE spectroscopy. The results give a first

direct experimental evidence that the paramagnetic
sites into the Keggin structure ofyAVMo0;1040 and also

vanadium species are not incorporated at molybdenum
do not act as bridges between two Keggin units after

calcination of the catalyst. The vanadyl species are found to be directly attached to the Keggin molecules. The
VOZ2* ions are coordinated to four or three outer oxygen atoms from one I?Wlbheteropolyanion ina
trigonal-pyramidal or slightly distorted square-pyramidal coordination geometry, respectively.

1. Introduction
Heteropolyacids(HPA) (HsPMo;040) of the Keggin typé

and their salts are efficient heterogeneous catalysts for the

selective oxidation of alkanes and aldehyéi&sThe catalytic
performance of the HPA can be enhanced by an incorporation
of V(V) into the Keggin heteropolyanioh’ Therefore, the
location and coordination geometry of the vanadium ions in
hydrated and particularly in dehydrateg?VMo;1040 materials

are of importance for the elucidation of the catalytic behavior
and the thermal stability of the HPA catalysts. It has been
reported that a fraction of the introduced vanadium is always
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present as paramagnetic vanadyl V(IV) idhsvhich can be
characterized by a variety of electron spin resonance (ESR)
techniques. Although a series of papers report on V(IV) ESR
studies of HPA materiafs;'? conclusive experimental evidence
for the location of the paramagnetic vanadium species at either
molybdenum sites in the Keggin unit or at interstitial lattice
sites in the void space between the anionic Keggin molecules
is still lacking. The study of the paramagnetic vanadium valence
states seems to be particularly important because the majority
of the vanadium ions have been found to be in the V(IV) state
during and after catalytic reactiohs or after reduction by
organic reactant®’ suggesting a specific role of the V(IV) ions

in the catalytic cycle of the HPA systems.
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O(4) catalytic applications. The amount of the paramagnetic species
in the dehydrated (calcined) HPA was determined to be 6% of
/ the total vanadium (IV and V) in the materi&lAfter catalysis
Mo (selective oxidation reactions) as well as after reduction by
organic molecules such as methanol, the majority of vanadium
is found to be present in the oxidation statd.19-12 Different
/ O(@3) sets of spin Hamiltonian parameters are found for hydrated and
anhydrous HPA:1However, theg tensor andV hf coupling
data are not sensitive to changes in the second or even higher
coordination spheres of the vanadium ion, and therefore the ESR
spectrum cannot be used for the determination of the specific
structures of the V(IV) complexes and their location within the
HPA materials.
To overcome these limitations of ESR spectroscopy, orienta-
0(2) tion-selective pulsed electron nuclear double resonance
(ENDOR) spectroscopy at W- and X-band frequencies and
P hyperfine sublevel correlation (HYSCORE) experiments were
employed in this work to measure the hf coupling between the
V(IV) ions and the central phosphorus atom of the heteropoly-
anion in HPVMo:1040 materials in the hydrated state and after
thermal treatment in oxygen (calcination). THE hf coupling
Heteropolyacids are composed of primary and secondary data give direct access to the-P(IV) distance, which in turn
structures. The most common primary structure of the het- allows the localization of the V(IV) sites in the HPA. While
eroployacids is the well-known Keggin-type molecule schemati- most analytical methods fail to determine the V(IV) environment
cally shown in Figure 1. The Keggin structure of the PViMo because of the low crystallinity of the active catalysir the
O;S‘ heteropolyanion consists of a central P@trahedron low vanadium content{1 atom per Keggin unit), the combina-
which determines the molecular symmetry. The central tetra- tion of sophisticated magnetic resonance techniques applied in
hedron is surrounded by 12 oxygen octahedra containing thethis work have been most powerful.
Mo(VI) ions. One of these molybdenum atoms is assumed to
be statistically substituted by V(V) ions in sAVMo011049 2. Experimental Section
materials. There are four types of oxygen atoms in the Keggin  sample Preparation. The HPVMo110.0 material was synthesized
unit. These are the four central oxygen atoms O(1), two types according to the procedure published by Berndt ét Stoichiometric
of bridging oxygens O(2) and O(3), each group consisting of quantities of MoQand \,Os were dissolved in diluted phosphoric acid
12 oxygens, and finally 12 terminal oxygens O(4). The O(4) at 363 K for 4 h. The solution was then precipitated by evaporation of
atoms form a double bond to the transition metal ions. The water at 333 K and finally dried in air at 383 K for 15 h. The obtained
bridging and the central oxygens form single bonds to two samples are denoted as fresh (hydrategy\HMo1:040. Dehydrated
different metal ions and between the central phosphorus atom(@nhydrous) sample_s were obtained by thermal treatment of the fresh
and the metal ions, respectively. HPA crystallize with a large H4PVM01Ox0 material at 573 K fo 1 h in flowing oxygen (50 mL/

. min. oxygen:helium= 1:2). After this treatment the samples were
number of water moleculé$.The net negative charge of the immediately transferred in ESR quartz glass tubes and sealed without

PVMo110,4 heteropolyanion is compensated by either cations ¢ontact to air and moisture.

or protons/HO; to form the secondary structure with the Spectroscopic Measurementsulsed ENDOR and two-pulse field-
Keggin units at the lattice positiot$>The type of secondary  swept electron spinecho (ESE) experiments at W-band (94.9 GHz)
structure of the HPA strongly depends on the number of water were carried out af = 4.3 K on a home-built spectrometer described
molecules of crystallization. In the case of{#¥/Mo11040 elsewheré! X-band (9.68 GHz) experiments were performed at
materials stable hydrated compounds with-12 H;O give rise 6 K on a BUKER ESP 380 spectrometer. For the two-pulse field-swept
to a triclinic structure at room temperature. Upon heating, the ESE measurements microwave (mw) pulse lengttis;of= 50 ns for
loss of the crystallization water results in an anhydrous phase 2 Pulses and. = 100 ns fot pulses with a pulse delay of= 300
with a tetragonal lattice between 370 and 628# The heating ns were used at W-band afigh = 100 nsit = 200 ns,z = 760 ns at

. . . . X-band. The Mim& ENDOR sequence was employed with mw pulse
process in this temperature range is accompanied by a pl’Ogresfengths oft.» = 100 ns for both W- and X-band. The radio frequency

0(3)

o(1)

Figure 1. Structure of the PVMQ_O;(;‘ heteropolyanion. The vana-
dium ion is assumed to substitute one of the 12 molybdenum ions in
the Keggin molecule.

sive decrease in the crystallinity of the HPA matetfalt (rf) pulse widths were; = 20 us (W-band) and = 10 us (X-band).
temperatures above 620 K the HPA starts to decompose asrhe pulse delay between the first two mw pulses was300 ns ore
indicated by the appearance of an orthorhombic MpBase. = 760 ns for W- and X-band experiments, respectively.

ESR studies of the paramagnetic V(IV) state in HPA  Two-dimensional (2D) HYSCORE experimer{ts/2—t—m/2—t;—
material§ 12 showed that the principal values of the electron s—t,—a/2—7-echg*® were performed on an X-band BUKER ESP 380
Zeeman interaction tensay and of the®V hyperfine (hf) spectrometer af = 6 K with a pulse delay = 256 ns. For the second
coupling tensoAV of the vanadium ions are sensitive to the and fourth mw pulse high turning angle (HTA) pulsdsave been used

structural changes of the HPA induced by thermal treatment or With @ pulse width ofira = 176 ns to enhance the we#iR modulation.
The other pulse widths wetg, = 24 ns and, = 48 ns. A 170x 170

(13) Fournier, M.; Feumi-Jantou, C.; Rabia, C.; Her@; Launay, S. 2D data matrix was sampled with a dwell time of 24 ns. The echo
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Table 1. Spin Hamiltonian Parameters of V(IV) lons in

H4PVMO011040 a
sample species g2 gf  A/Pem?  AYP(cmY

frestt A 1.925 1.970 0.0184 0.0072

dehydrated| B 1.926 1.957 0.0149 0.0038

a Estimated error is-0.002.° Estimated error ig-0.0003 cm™. ¢ The
line widths in the simulation of the field-swept ESE spectrum recorded
at X-band wereAB, = ABy = 1.0 mT at X-band andB;, = 7.0 mT,
AB5 = 3.7 mT at W-band¢ The line widths in the simulation of the
field-swept ESE spectrum recorded at X-band wai = 1.9 mT,
ABn = 1.9 mT at X-band and\B,, = 18.0 mT,ABy = 20.0 mT at
W-band. .

0.30 0.35 0.40 0.45

decay was eliminated by a third-order ploynomial baseline correction B (T)
of the experimental data set in both time domains. 2D FT magnitude

spectra were calculated and presented as contour plots. b

4. Results

Field-Swept ESE.Two-pulse field-swept ESE spectra of the
V(IV) ions in fresh and dehydrated sAVMo0,,040 materials
were taken at W- and X-band frequencies. Figure 2a,b illustrates
the X- and W-band field-swept ESE spectra of fresi H
PVMo;1040 samples. Both powder spectra can be described by —
an axially symmetriqy tensor of the V(IV) ion (38 S= 5,)
and a likewise axially symmetric hf splitting into eight lines s s ) s :
due to the interaction of the unpaired electron with the nuclear 340 345 350 355 3.60
spin | = 7/, of the 5V vanadium nucleus. Commonly, this B(T)

:;223?;3“;;3&2::2 X]irfIr?hS:I‘i*tZYal\t/lﬁ?Flé%}OZATohneqztpeigalilrz‘?ltsoggin Figure 2. Two-pulsej fie_ld swepF ESE spectr_a of V(IV) ions_in fresh

' ) . H4PVMo01:040 materials: experimental (solid line) and simulated
parameters of species A are summarized in Table 1. The ashed line) (a) X-and (b) W-band spectra. Simulation parameters are
parameters were determined by a simulation of the experimentalgiven in Table 1.
powder patterns using second-order perturbation theory. In the
simulations anisotropic line widthAB,x = AByy = 3.7 mT, a
AB;;= 7.0 mT andAB,x = AByy = AB,;= 1.0 mT were used
for W- and X-band spectra, respectively. It is worth noting that
the W-band spectrum shows a lower spectral resolution than
the X-band spectrum. This is reflected by significantly larger
line widths, which were required in the simulations of the
W-band data and suggest substangiatrain effects. T T

In two-pulse field-swept ESE spectra of dehydrategt H 030 0-35(”0-40 0.45 340 345 ;g‘; 355 3.60
PVMo1,040 materials (Figure 3) a second V(IV) species Bis ¢ d g9
observed with different spin Hamiltonian parameters. The
principal values of the axially symmetrggandAV tensors of
species B were likewise obtained by spectral simulations and
are given in Table 1. In the X-band spectrum (Figure 3a) only
species B could be observed in dehydrated samples. But the 0
W-band spectrum in Figure 3b shows also minor traces of 030 035 040 045 340 345 350 355 3.60
species A at the outer wings of the signal of species B. The B 8
amount of species A was determined by the simulations to be Figure 3. Two-pulse field swept ESE spectra of V(IV) ions in
about 15% of the total V/(IV) concentration. The evolution of dehydrated &PVMo.0s materials: experimental (solid line) and
different V(IV) species in dependence on the heat-treatment of fr']r;‘;r']itt?g réiiigii;'gg? déai)n )é'ea;)r;dnéga cg-g:?gesgfggegslfhﬂated
HPA is well-known and has been reported in the literatut!2 o ;

In general the spectra of dehydrated materials exhibit larger line :ﬁfr(g?lvv_%%?%t_lcsfﬁgl;[?gntrgzrz);segéhzr\e/(mg; ?:S-?;ba}te(? x
widths as indicated by a lower spectral resolution. Again the

60

(deg)

® 30

W-band spectrum displays significantly larger line width®¢, ions in dehydrated HPVMo11040, are presented in Figures 3c

= AByy = 20.0 mT, AB;; = 18.0 mT) than the X-band and d for X- and W-band experiments.

experiment AB,x = AByy = AB,; = 1.9 mT) leading to an Pulsed ENDOR.X-band pulsed ENDOR spectra of species

almost complete loss of th&®V hf structure in the W-band A and B in fresh and dehydratedsPNVMo11040 materials are

spectrum of dehydratedsRVMo;,040 (Figure 3b). presented in Figure 4. Both spectra show three groups of
The calculation of the ESR resonance fields as a function of ENDOR signals at about 3.9, 6.1, and 14.7 MHz. These signals

the anglef between the external magnetic field and thexis are assigned to weak hf interactions of the paramagnetic V(IV)

of the V(IV) g tensor is useful for the selection of proper field species with5V, 3P, andH nuclei based on each of their
positions for the orientation selective ENDOR measurements. nuclear Larmor frequencies, ~ 4 MHz, vp ~ 6 MHz andvy
Such 6 versus resonance field plots, calculated from the ~ 15 MHz, respectively. The nuclear Larmor frequencies
estimated principal values of tligandAY tensors of the V(IV) slightly differ between the two spectra since different ESR
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H Figure 5. Experimental (solid lines) and simulated (dashed lines)
W-band orientation-selectivBP Mims ENDOR spectra of V(IV) ions
in dehydrated HPVMo01:040 materials.

4 6 8 10 12 14 16 18

v(MHz) and its orientation with respect to tgeensor frame of the V(IV)
Figure 4. X-band Mims ENDOR spectra of (a) fresh and (b) ions. The orientation-selective ENDOR experiments of the
dehydrated BPVMo;1040 materials recorded & = 0.3349 andB = V(IV) ions in dehydrated HPA materials with its axially
0.3515 mT, respectively. symmetricg and AV tensor are complicated by two facts. On

observer fields were used in the two experiments. We have to g;edgigdért_]hg\:z:?;pgmsgog]?f@v?gagi%rgorgﬁé:igin(%inio g)lines
stress here that th#V ENDOR signal is not caused by the oyt L A==

central ion hf interaction of the V(IV) ion that is already spet(:)tralll pcz[s%ogs |r(; tfhe ESR powder pt)atterns (tF'?ure .30 and
observed in the ESR spectra but must be assigned to weak hl‘sjl).l.ﬁicigl}]/tla be ;eanaratr:c?l:reonn??s Cagsiggnzp%nr?héeg;ﬁgr
interactions with diamagnetig V(V) species. In_ both spectra hand thg W-balfd field-swept rggé spectr.um suffers from
protons give rise to the most intense ENDOR signals but their bst,antial g strain effects resulting in the smearing oftife

shape differs between parent and heat-treated samples. Where -~ : . . .

the gpectrum of the deﬁydratedFH/MonOm materiaIp(Figure %spllttlng (Figure 3b). This in turn diminishes drastically the
4b) displays a sharp single proton line from distant protons at resolution in the orientation-selective experiments and prevents
o with a line width Av? = 0.55 MHz. fresh samples give 20 accurate determination of the orientation of the principal axes
ri’;e to broad spectral fégtures. centere,dka(Fi ure A?a) Tghe frame of the phosphorus hf interaction tensor with respect to
total spread 01? thisH ENDOR signal of ab%ut 5 M.Hz is the g tensor frame. The g strain effects are expected to have a
indicative of protons with substantial hf interactions of ap- ?(r-nbﬂlri; g::p;?rtng:tsogiigga?ﬁen';ﬁil:g:'r\ée EONf?r% REggeCtéevdgr
proximatelyA™ ~ 5 MHz. The intensity minimums within this P by P

. ttern is mainly determined by the vanadium hf coupling here.
broad 'H ENDOR signal are caused by the well-known pattern | . .
r-dependent suppression effect in the Mims ENDOR experi- To eliminate these drawbacks orientation-selecFeENDOR

ment2! spectra have been measured at both, W- and X-band frequencies.

The phosphorus ENDOR resonance exhibits the most striking The W-band ENDOR spectra of V(IV) ions In dehydrate.d

) . . H4PVMo,,040 are illustrated in Figure 5. The various magnetic
effect upon dehydration of the HPA. Species A in fresh H field positions where the ENDOR spectra were taken are
PVMo011040 material shows a single weak ENDOR line at the P P

- . ) indicated by arrows in Figure 3b. As seen from Figure 3b,d the
phosphorus nuclear Larmor frequenagywith a line width of o
AVT/Z — 0.12 MHz. In Mims ENDOR experiments of species spectra b-k were recorded within the spectral range of the ESR

. . o - powder pattern of the V(IV) species B. These ENDOR spectra
Sérl‘)gg%dc:?;%%j%nzlle:ﬂﬁf%?gi;glgsst'snéosigsc:;gg"v; 'It:rgerreveal two signals which are symmetrically situated with respect
31p hf coupling of the V(IV) species B in dehydrated HPA in to the phosphorus nuclear Larmor frequemngyTherefore, they

. : . X ) . ar igned t6P ENDOR transitions of one phosphor
comparison with that of species A in the parent material. It is are assigned 16 © ansiions of one phospnorus

; . - -~ nucleus in the vicinity of the V(IV) ion belonging to the two
clear, therefore, that the V(IV) ions change their position with different electron spin manifolds (weak coupling case; 2

respect to the central phosphorus atoms of the Keggin moleculesA | L I h ianahaitf . 3P
during the heat-treatment of the HPA. P). In addition, all spectra show a signahgtfrom distant

o ~ . nuclei. In spectra a and | only one signal at the phosphorus
h ,tAs thle position O; tfhe.t IID ande'fat the (t:el?ter o:]_ tr:jet nuclear Larmor frequency is observed. It is worth mentioning
itesﬁr:lﬂ;ybaemggz;ﬁe (taom(lj(Stngicr)l\gnthrgTocc:Zisoi %?rﬁlpe I\C/(IS)a that these spectra were recorded outside the spectral range of
S he ESR powder rn of ies B and the signal m
ions in the dehydrated 4#VM011040 system from the phos- the ESR powder pattern of species B and the signal must be

. ! 1 ) ; )
phorus dipolar hf coupling. Thus, in the following we will focus assigned fo distant' nuclei coupled to vanadium ions of

. ; . . species A.
on orlgntgtlon-selectlv@P ENDOR spectroscopy to determine The maximum splitting of about 0.8 MHz of ti& ENDOR
the principal values of the phosphorus hf interaction terdgor

signals of species B is observed in the spectrum recorded at
(21) Gemperle, C.; Schweiger, £hem. Re. 1991, 91, 1481. the g, (® = 0) spectral position of the ESR powder pattern
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(spectrum b), whereas the minimum splitting of 0.4 MHz was j 0.3507 T
obtained in spectra taken at tige (© = 90°) region (spectra :

h—k). The shape of the orientation-selective ENDOR spectral
pattern is indicative of an axially symmetd& hf interaction
tensor AP with its principal axes system orientated almost
coaxial to theg tensor frame. Simulations of the experimental
spectra were used to distinguish whether the principal values
A’ and A’ of AP have the same or different signs. The spectral
simulations provided an axially symmetric phosphorus hf
coupling tensor with principal value& = 0.83 MHz andA”

= —0.44 MHz where theﬁfl’ axis approximately points along
theg, axis ofg tensor frame of the V(IV) ionf = 0). However,

the estimated error in the anghbetween théy; andg; axis is

0.3135T

03120T

0.3105T
0.3090 T

0.3075T

Ap = + 25° due to the large line broadening effects at W-band 4 '\

frequencies that are caused by g strain effects. Spectral i 1 I 1T E 1

simulations withA and A having different signs did not fit ¢ l L\ l oot
the experimental spectra. Especially for the spectra in Figure 5 l 1 0.3030 T

j,k where only orientations witt® > 45° contribute to the A Y
orientation-selective ENDOR experiments such parameter sets W,
provide asymmetric ENDOR line shapes with wings pointing
away from the phosphorus nuclear Larmor frequengy ;
However,the wings of the asymmetric signals in these experi- L ) ) ! ! )

mental spectra point towang in accordance with the different 15 10 05 00 05 10 15

signs of the principal values of tensaf and the simulations v=v, (MH2)

in Figure 5. The simulations of the orientation-selective ENDOR Figure 6. Experimental (solid lines) and simulated (dashed lines)

experimengs have been performed using a procedure giveny ., grientation-selectivéP Mims ENDOR spectra of V(IV) ions
elsewheré&? The suppression effect in the Mims ENDOR i, gehydrated 5PVMoy;040 materials. I, Il, and 11l label signals belong
experiment&" has been taken into account in the computations. to the3P hf coupling tensoréP®, AP and APID

According to the chosen pulse delay= 300 ns intensity

maximums are expected to occurigt = 0.85 MHz in the Table 2. Estimated Principal Values and AnglﬁsbetwgenA‘T and
ENDOR spectra and blind spotsiatandve + 1.6 MHz. The 9 Axis of the *P hf coupling tensors &), A"®, and A® of
outer blind spots do not influence the ENDOR powder patterns V() lons in HsPVMO1:040

0.3015T

significantly. However, the central blind spot &t leads to a tensor "2 (MHz) A7 2 (MHz) B° (degree)
strong decrease of the ENDOR intensities in the region close ™ arn 0.83 —0.44 0

to the nuclear Larmor frequengyp — v| < 0.2 forz = 300 ns AP 0.83 —0.44 22
where the ENDOR efficiency parameteis only Fenpor < AP 0.3 -0.1% 20

0.05. aEstimated error ist0.01.° Estimated error ist8°. ¢ A traceless

Orientation-selectivé’P ENDOR spectroscopy at X-band tensor was assumed in the simulations.
frequencies was employed to determine the orientation of the
AP more accurately. As already pointed out g strain effects are to anothersP nucleus. The principal values and the angles
less serious at X-band where the anisotropy of the V(|V) powder betweenAﬁ) and ol axis of the three phosphorus hf Coup"ng
spectra is mainly determined by the anisotropy of the vanadium tensors were determined by spectral simulations of the experi-
hf coupling. A series of X-band ENDOR spectra were recorded mental ENDOR spectra and are summarized in Table 2.

in the g, spectral region covering a range of anglesetween Individual ENDOR spectra for each of the three hf tensors were
0 and 40 (spectra &i in Figure 6). A further spectrum jwas  computed and added to a sum spectrum which was then
measured at the so-called “powder orientationBat 0.3507  compared with the experimental traces. The simulated sum
T where most of they tensor orientations contribute to th# spectra are also displayed in Figure 6. In the simulations axially
ENDOR signal. All spectra in Figure 6 show two groups of - symmetricAP tensors and different signs fé{, and A° were
phosphorus ENDOR signals symmetrically situateaoThe used on the basis of the W-band results. Furthermore, the tensor

maximum splitting between the ENDOR signals of about 0.8 AP \yas assumed to be traceless. Blind spots occus ahd
MHz is again observed in the spectrum taken agigd = 0) vp + 0.65 MHz and intensity maximums ab & 0.30 MHz
position in accordance with the W-band experiments. However, pacause of = 760 ns. The outer blind spots are just outside
pronoun_ced shoulders at the high and Iow_—frequen(_:y Wir_]gs theP ENDOR signals and do again not affect ##e ENDOR
appear in spectra that were recorded at intermediate field ho\wder patterns significantly. The intensity maximumssat
positions (spectra & j) with © > 15°. The maximum splitting 1 0.30 MHz enhance considerably the intensity of #ie
between those shoulders is likewise about 0.8 MHz. This enpOR signals at aboute & 0.15 MHz which have been
suggests that twé'P hf coupling tensors denoted B and assigned to the third hf coupling tens&P(" . The correspond-
AP with comparable principal values but different orientations ing ENDOR efficiency parametercRoor = 0.25 forz = 760

of their A[ axes with respect to thg, axis contribute to the  ns s five times higher in comparison with that for spectra
spectra. Moreover, two further weak signals with a splitting of measured with = 300 ns (W-band) which explains the absence

0.2-0.3 MHz were detected in the spectra-al. These signals  of the3!P ENDOR signals belonging to the tengdi) in the
must be assigned to a third hf coupling tena8f") belonging W-band spectra (Figure 5).

(22) Poppl, A.; Rudolf, T.; Manikandan, P.; Goldfarb, D. Am. Chem. For the given phosphorus hf coupling parameters and a proper
Soc.in press. pulse delay ot = 256 ns HYSCORE spectra are less affected
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SxMHZ) L1 (MHz) fresh HPA materials the observed strold hf couplings of
" aboutAH ~ 5 MHz (Figure 4a) indicate the direct coordination
of water molecules to the VA species. IndeetH hf couplings
7o 7o of this magnitude have been found for [VOQ®)s]?>" complexes
i in various matrixeg® The location of the [VO(H0)s]2+ complex

6.0 can be deduced from the phosphorus ENDOR signal in Figure
| | 4a. The spectrum shows only a singl® ENDOR resonance
© at vp from distant phosphorus nuclei. The line width!,, =
o0 o0 0.12 MHz of this signal corresponds to a maximum dipolar hf
— T T coupling between the phosphorus nuclei and the vanadyl
$0 80 7o 50 60 70 complex of approximatelyT>_ ~ 0.1 MHz which in turn

2z M) yields a minimum distance between the vanadium ion and the

6.0

2n 2n
Figure 7. Experimental (a) and simulated (BP HYSCORE spectra  weakly coupled®'P nuclei ofry—p ~ 0.68 nm. Taking into
of dehydrated BPVMo1104 materials. The experimental spectrum was account the diameter of the heteropolyanion of about 1.04 nm
recorded at the “powder orientation” Bt= 0.3506 T. the [VO(H:0)s]2+ complexes in the parent HPA materials must
actually be located in the void space of the secondary structure
by suppression effec.To support the analysis of the ENDOR  petween the heteropolyanions.
experiment an experimental HYSCORE spectrum taken at the  Anhydrous HPA. The principal values of thg and vanadium
“powder position* of the field swept ESE spectrum B (label j  hf coupling tensor of the vanadyl species B in dehydrated HPA
in Figure 3a) of the V(IV) ion species B is presented in Figure materials differ significantly from those of the [VO§B)s|2*
7a. The 2D spectrum shows a single cross-peak ridge #8m  complex (species A) observed in the parent sample (Table 1).
nuclei. Such cross-peak line shapes are typical fefk, nuclei This implies that the V@ coordination is changed upon heat
with weak dipolar hf coupling3! It seems worth noting thatin  treatment (calcination) of the HPA. The most likely scenario is
general two cross-peak ridges are expected to occur in HY- a |oss of the coordinated crystallization water molecules in the
SCORE spectra of + Y/, nuclei in disordered systems, butin  anhydrous material and the subsequent coordination of the
cases of weak dipolar hf couplings and negligible isotropic hf vanadyl species B to outer oxygen atoms of the heteropolyan-
interactions the two ridges overlap and cannot be resolved injons8 For instance, Bayer et &.suggested for the dehydrated
the 2D experiment. The diagonal peak at (5.2; 5.2) MHz is an [VO(H,0)gJH[PM01,040 system, where the vanadyl ions are
experimental artifact. Two more ridges with lower intensity are counterions of the heteropolyanions, that the2¢@pecies is
observed symmetrically to thi€P cross-peak ridge. They are  coordinated to four terminal oxygens O(4) each from different
caused by wiggles after 2D FT, because no apodization of the Keggin molecules to bridge the four [PM®sg 2 anions.
time domain data was applied to avoid additional line broaden-  The loss of the coordinated water molecules for species B is
ing effects in the 2D spectrum. A simulation of ti#éP evident from the ENDOR spectrum of the dehydrategt H
HYSCORE spectrum (Figure 7b) using the phosphorus hf pyvMo,,04o material in Figure 4b. In comparison with the fresh
interaction parameters in Table 2 is in good agreement with HPA the hf interactions with strongly coupled protons from
experimental 2D spectrum and supports the ENDOR results. directly coordinated water molecules are not observed in the
In the simulation individual HYSCORE spectra for the three. ENDOR spectrum of species B. The detected single ENDOR
tensorsAP(), APUDand AP(") are computed as described |ine atwy is due to weakly coupled distant protons which might
elsewheré and finally added to the resulting 2D spectrum. presumably be assigned to the Bragnsted acid prétdimind
) ) to the bridging oxygen atoms O(2) and O(3) of the heteropoly-
5. Discussion anions. From the line widtl\v},, = 0.55 MHz of thisH

The obtained spin Hamiltonian parameters of the V(1) ions ENDOR signal we can again roughly estimate a maximum
in fresh and dehydrated (calcinedu®VMoy:O4 materials  dipolar proton hf interaction of approximately,, ~ 0.5 MHz
(Table 1) are in good accordance with previously published ESR corresponding to a minimum \AO-H distance of abouty-n
results on heteropolyacids!? On the basis of the vanadiugn ~ 0.54 nm.
tensor and hf interaction parameters it was concluded that The position of the V&' species B can be deduced from
paramagnetic vanadium ions exist as vanadyl ¥)Gpecies  the determined phosphorus hf interaction tengét8 andAP()
in both hydrated and dehydrated HPA materials (with different given in Table 2. Both tensors provide a small isotropic hf
concentratiof?). However, conclusive experimental evidence coupling of A”0"Y = —0.02 MHz and principal valueg,\" =
about the nature of the VA ions and their location in the TyPy("”) = —0.42 MHz, T2 = 0.85 MHz of the3P dipolar hf
heteropolyacids could not be derived from conventional ESR coypling tensorTP. The negligible valuesAtd" justifies to
experiments. Such information can be gained for the first time getermine a distanag_p = 0.42 @0.02) nm between the \A
from the analysis of thé'> ENDOR results as shown below. jon and the central phosphorus atom of the Keggin structure

Hydrated HPA. For the fresh material the reasonable ysing the point dipole approximation. The vector joining the P
suggestion was given by Bayer et&and Lee et al? that VO** and V atoms which is defined by theaxis of theTP tensor
ions are coordinated to crystallization water molecules resulting points exactly along they, axis given by the ¥O bond
in vanadyl pentaaqua complexes [VQ()s]*". The complexes  direction of the vanadyl complex for the tensaP®. In the
are expected to be located in the void space of the secondarycase ofAP™ a small tilt angle of8 = 22° between the VP
structure between the heteropolyanions. The ENDOR results : :
on the fresh HPVMoy1;040 Sample support this assumption Chgg) Zgog%é%zHgggéam' M.; Bolmann, W.; Batcher, R.J. Phys.
where species A is assigned to [VO®)s]*" complexes. Even (26) Van Willigen, H.J. Magn. Reson198Q 37, 37. (b) Atherton, N.
without a detailed analysis of the proton ENDOR signals from M.; Shackleton, J. FMol. Phys.198Q 39, 1471. (c) Kevan, LJ. Phys.
Chem.1984 88, 327. (d) Tyryshkin, A. M.; Dikanov, S. A.; Goldfarb, D.

(23) Hdfer, P.J. Magn. Reson. A994 111, 77. J. Magn. Reson. A993 105, 271.
(24) Popl, A, Kevan, L.J. Phys. Chem1996 100, 3387. (27) D’Amour, H.; Allman, R.Z. Kristallogr. 1976 143 1.
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0(2) VO direction and the ¥ O(2) and \\-O(3) bonds, respectively. The
trigonal-pyramidal complex geometry Ib giveg-op) = 0.19
nm andppond = 128. Therefore, the vanadium ion is located
in an off-plane position from the base of the pyramidal
complexes in both structures. The estimated bond distances and
bond angles compare well with data from other &Q@om-
plexes?6-28 However we cannot distinguish between the two
proposed complex geometries on the basis oftReENDOR
results.
A deviation of thez axis of 5 = 22° from the vector joining
| the P and V atom is obtained for the ten#d¥!). This implies
a b I that the VG ion is likewise coordinated to two oxygens O(2)
Figure 8. Schematic drawings of the pr_oposed vanadyl comple_xes in and two oxygens O(3). But the vanady! ion is slightly shifted
dehydrated (calcined) #VM01.04 materials: (structure la) coordina-  fom the center of gravity of the four oxygens to equalize the

X " , ;
tion of the VG to four oxygen atoms O(2) and O(3) in a distorted 1, jistance to three of those four oxygen atoms (structure |l
square-pyramidal coordination geometry, (structure Ib) coordination of .

the VO to three oxygen atoms O(2) in a trigonal-pyramidal coordina- in Figure 8). Forry—p = 0.42 nm ar_]d V-0 bond distances
tion geometry, and (structure 11) VO coordination to four oxygen 'v-o@ = fv-o@) = 0.20 nm we Obt_a”ﬁbo_ndz 126’ and =
atoms O(2) and O(3) with equalized bond distances to three oxygens.20° in good accordance with the orientation of the tersgt).

The distance between the vanadium and the fourth oxygen O(3)

is thenry-o@) = 0.25 nm.

The third phosphorus hf interaction tengdi") is assigned
to P atoms from neighboring Keggin molecules. Assuming a
purely dipolar hf coupling we calculate a distance of about 0.6

direction and the ¥O bond axis is obtained. On the basis of
the orientation of th&P tensors we must reject the assumption
of Bayer et al® where the vanadyl species is coordinated to
four terminal oxygens from surrounding Keggin molecules in

the dehydrated (calcined) HPA. Such a ¥/Gspecies would ) petween the V& complex and the central phosphorus atom
imply a square-pyramidal coordination geometry with the o the neighboring heteropolyanion. This seems to be a

V=0 bond directed along the 4-fold rotation axis and the O(4) yaas0nable estimate when we take into account the diameter of
oxygens from the four heteropolyanions at the base of the the PVMo,,0;2 anion of 1.04 nni’
40 . .

pyramid. For such a complex structure trexis of theTP tensor
is not gxpected to point along the=x0 bond but should be. 6. Conclusions
approximately orientated parallel to the base of the pyramid.
The maximum dipolar hf couplings would then be observed in  The location of the paramagnetic V(IV) ions in hydrated and
orientation-selective ENDOR spectra recorded close tagthe ~ dehydrated (anhydrous, calcined)#¥Mo,1040 materials could
position @ ~ 90°) in obvious contradiction with the experi- be determined by orientation-selective pulsed ENDOR and
mental results. Another likely position of the #0ion might ~ HYSCORE spectroscopy. Vanadyl species are not found to be
be a molybdenum site in the PVM®, anion, but the incorporated at molybdenum sites into the Keggin structure of
distancery_p = 0.42 nm has to be compared with the- Mo the HPA in either fresh nor dehydrated samples. In the parent
distances of 0.35 nffiin the heteropolyanion molecule. Thus ~Material the paramagnetic vanadium species exist as vanady|
we can also exclude the incorporation of paramagneti¢’vo ~Pentaaqua complexes [VO{8)s]*" located in the void space
species at Mo sites in the anhydrous acid. between the heteropolyanions. Upon dehydration the [VO-
On the basis of th&P ENDOR results we deduce that the (H20)s]?" complexes lose the coordinated crystallization water
VOZ2* jon in dehydrated BPVMoy:040 materials is attached to ~ Molecules and the VO species are directly bound to the
the outer surface of the heteropolyanions and coordinates to€ggin molecules in the dehydrated HPA. Distorted square-
the bridging oxygens O(2) and O(3). The obtained two Pyramidaland trigonal-pyramidal V’Ocomplexe; evolve with
phosphorus hf coupling tensofs”® and APM indicate that the V(IV) ion coordlnat4ed to four or three bridging oxygen
VO2* complexes with two different structures exist in the atoms of one PVM0O,, anion, respectively. These coordi-
dehydrated materials. nation geometries result in a distance of 0.42 nm between the
For the tensorAP() having 8 = 0 two possible complex vanadyl ion and the central phosphorus atom of the Keggin
structures la and Ib are in accordance with the ENDOR results. molecule where the vanadyl oxygen bond points away from
Schematic drawings of the two complex structures are depictedthe heteropolyanion. It seems justified to speculate that these
in Figure 8. In structure la the vanadyl ion coordinates to two €Xposed vanadyl species at the surface of the heteropolyanions
outer br|dg|ng oxygens 0(2) and two oxygens 0(3) from the mlght be involved in the Catalytic CyCle of selective oxidation
heteropolyanion with a slightly distorted square-pyramidal reactions. This result has to be taken into account for the
coordination geometry whereas for the second structure Ib thenecessary reevaluation of the role of vanadium in the catalytic
VO?2* ion is coordinated to three oxygens O(2) in a trigonal- System. On the basis of the determined complex structures we
pyramidal coordination geometry. In both coordination geom- May conclude that the VA complexes do not act as bridges
etries the vanadyl oxygen is at the apex of the pyramid, pointing ?n the secondary structure between neighbored heteropolyanions
away from the PVMg,0,¢ anion. For both complex geom- N the dehydrated HPVM01,04 system.
etries the V=0 bond direction is expected to be approximately Finally we have to emphasize that in the case of the anhydrous

directed along a vector joining the P and V atofh=t 0) in material it was possible to completely analyze the hf coupling
accordance with the orientation of th@xis of theTP tensors. tensor including its orientation of a phosphorus nucleus in the
From the crystallographic positions of the atoms O(2) and O(3) fourth coordlnat_lon sphere _around the V(IV) ion from poyvder
in the heteropolyanidtiand the determined VP distancey—p ENDOR experiments. This demonstrates the potential of
= 0.42 nm we calculate for the complex structure la vanadium combined orientation-selective pulsed ENDOR spectroscopy at
— oxygen distancesy—o(z) = 0.21 nm andv—o(z) = 0.23 nm (28) Ballhausen, C. J.; Djurinskij, B. F.; Watso, K.JJAm. Chem. Soc.

and bond angle8yongof 128> and 113 between the ¥O bond 1968 90, 3305.
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