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Abstract: The environments for oxygen sites in crystalline V,Os and in layered vanadia gels produced via
sol—gel synthesis have been investigated using 7O MAS and 3QMAS NMR. For crystalline V,0s, three
structural oxygen sites were observed: V=0 (vanadyl), VO (doubly coordinated), and V3O (triply
coordinated). Line-shape parameters for these sites were determined from numerical simulations of the
MAS spectra. For the vanadia gels at various stages of dehydration, assignments have been proposed for
numerous vanadyl, doubly coordinated, and triply coordinated oxygen sites. In addition, by correlating the
170 MAS and 3QMAS NMR, 5V MAS NMR, and thermogravimetric analysis data, the coordination of water
sites has been established. On the basis of these results, the gel structure and its evolution at various
stages of hydration have been detailed. Upon rehydration of the layered gel, we observed a preferred site
for initial water readsorption. The oxygen atoms of these readsorbed water molecules readily exchanged
into all types of oxygen sites even at room temperature.

1. Introduction qguantum magic angle spinning (MQMAS) NMR, so that
econd-order quadrupolar broadening can be eliminated and
igh-resolution (isotropic) spectra can be obtained. In addition
o site resolution, the isotropic chemical shift and quadrupolar
parameters such as the quadrupole coupling constant can be
obtained using these techniques.

Although NMR measurements of oxygen are challenging
because of the very low natural abundancel® nuclei
(<0.03%), many samples can be enriched and studied under
appropriate conditions. The majority of solid-stat® NMR
tudies have focused on materials containing Si and/8rAl.

he only’O NMR investigation of vanadia gels published to
date investigated gels formed by the acidification of metavana-
date salt solution¥ which were different from those prepared

Metal oxides are used as semiconductor components, as weli
as various types of catalysts and ceramics. In catalysis, the rolet
of oxygen in reducible metal oxides is of great importance for
hydrocarbon selective oxidation, as the reactive lattice oxygen
species can directly participate in the reaction. Our group
recently reported results for the selective oxidation of 1,3-
butadiene over vanadianolybdena oxide gefsprepared via
a peroxo sotgel method These materials were active at
relatively low temperatures (275C) and produced valuable
products such as maleic anhydride, furan, crotanaldehyde, an
3,4-epoxy-1-butene.

Metal oxides are often utilized in a noncrystalline state, which
can make their characterization challenging. However, numerous . .
advances in solid-state NMR have enhanced the spectroscopiéOr this study by the peroxo-methdaithough the same species

. . - were present in solution at the time of gelation. These studies
characterization of disordered materials, such as gels or glasses,

Magic-angle spinning (MAS) and various RF driven manipula- concluded that mobile polymeric chains of vanadate octahedra
9 g€ sp 9 P were formed as the gelation progressed and that hydrogen

tions of spins can be used to average the first-order interactions . am
that broaden the observed line shapes (mainly chemical shiftbondlng occurred between these chaihSeveral resonances
in the 70 MAS NMR spectrum of the wet gel were identified

anisotropy (CSA) and the dipolar coupling). Examination of . A N
half-integer quadrupolar nuclei such H® (I = %) requires Srkjo?_f:'s?tr;ed (0 ¥0, V=0-V, V-OH, and one type of

the use of more complex techniques, including multiple- 170 NMR studies have reported the detection of OH groups
@ in titania-based xerogel8,selected metal oxides and hydrox-
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chemisorbed water. The sites for water adsorption in catalyststhe oxygen sites were observed to exchange withh under
are of particular interest because water addition to hydrocarbonsteaming conditions at 6. The water-induced cleavage of

feedstocks can significantly alter both the activity and the
selectivity of metal oxide catalyst&;1” including those prepared

in our previous work from vanadia gels he structural role of
water in \bOs has been, however, investigated in several
TPD819 vibrational spectroscopdf, 2% X-ray diffraction
(XRD),2*25and computation&t26-2’studies. Various conforma-
tions of water in \\Os-nH,O were proposed for different
hydration levels and gel preparation methé&t2> On the basis

of the XRD data, Legendre et #2>have introduced a ribbon
model for the gels, in which Y05 planes form two-dimensional
100 A x 1000 A sheets composed of 27:43.6 A (a x b)
cells, which are spaced ly= 11.55 A forn = 1.6 or byc =
8.75 A forn = 0.6. These authors suggested that the water
molecules were responsible for a shift of 2.8 A between the
cells along thes axis, although the accurate localization of water
was not possible. More specific models of water coordination

Si—0O—Si and Si-O—Al bonds was thought to give rise to the
formation of hydroxyl groups. The exchange 80O from
adsorbed C@into zeolite A and AIPQ5 was reported by
Endoh et af%31They concluded that the highly reactive oxygen
sites in the zeolites were associated with defects or amorphous
regions.

We have previously reported studies of the peroxo-based sol
gel synthesis of layered and nonlayered vanadia gels 8%ihg
liguid-state NMR and laser Raman spectroscd@ubsequent
characterization of the hydrated gels used solid-Staé&NMR
and TGA to elucidate various vanadium sites and the structural
role of water in these materiai3.In the current work, we
employed’O MAS and MQMAS NMR, as well as line-shape
simulation methods, to determine directly the coordination of
oxygen in crystalline YOs and layered vanadia gels. Th®©
MAS and MQMAS NMR spectra of the gels studied were

have been offered in the studies that used vibrational spectros-surprisingly complex. In addition to structural oxygen sites, a

copy?=23 Livage et aPk?2 proposed a single water molecule
for n = 0.5 centered between two doubly coordinated and two
triply coordinated oxygen sites in one layer and four vanadyl
oxygen atoms in the adjacent layer. For 1.8, the structure
involved one water molecule coordinated to a vanadium site

detailed model of water coordination in the hydrated gels is
shown that is consistent with our earliehy NMR data3?
Finally, the complete structure of layered@®-nH,O gels is
presented for &< n < 2. In addition, the role of readsorbed
water was examined, and evidence was obtained for room-

and hydrogen bonded to a second water molecule, which, intemperature oxygen exchange between water and many of the

turn, formed a hydrogen bond with a vanadyl oxygen from the
adjacent layer. Again, the values of 8.8 and 11.5 A were
determined forn = 0.5 and 1.8, respectively. A somewhat
different structure was proposed by Repelin e€awhich for

n = 0.3 involved a single water molecule hydrogen bonded to
two vanadyl oxygen atoms from the same layer.nAt 0.6,
this water molecule was joined (via a hydrogen bond) with a

oxygen sites of the gel matrix. Although some of the proposed
assignments are open to further consideration, the results of this
study show that thesO methods can enormously enhance
the analytical capabilities of solid-state NMR in the area of
oxidation catalysis.

2. Experimental Section

second one, which was also axially coordinated to a vanadium 2.1. Sample Preparation.Results are reported for two layered

atom in the adjacent layer. Two additional water molecules were
postulated to intercalate between these sites whenl.4.

samples: samplewas prepared usingO-enriched water (40%, Isotec),
whereas samplé was synthesized using standard deionized water.

Oxygen exchange from water into solid-state sites has beenThe synthesis method used for samfllehas been identical to that

previously reported for several oxides, although usually a large
amount of thermal energy was required for the exchange to
occur. For example, Cameron et?&ldetermined an exchange
ratek on the order of 10%min and 10%4/min at 488°C of 180

in Alundum-supported ¥0s—D,0 and b0s5—0,—D,0 sys-
tems, respectively. The exchangel®® from adsorbed water
into ZSM-5 was investigated by von Ballmo&sNearly all of
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(26) Ranea, V. A.; Vicente, J. L.; Mola, E. E.; Uyewa Mananu,SRrf. Sci.
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(27) Yin, X.; Fahmi, A.; Han, H.; Endou, A.; Ammal, S. S. C.; Kubo, M.;
Teraishi, K.; Miyamoto, AJ. Phys. Chem. B999 103 3218.

(28) Cameron, W. C.; Farkas, A.; Litz, L. M. Phys. Chem1953 57, 229.
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reported previously? a peroxovanadate solution was prepared by
addition of 10 mL of 30% HO- solution in water (Fisher Chemicals)

to a slurry of 1.0 g of YOs (Alpha Aesar) in 100 mL of deionized
water. As a result, a(H202)/n(V) molar ratio of 7.9 was achieved.
The temperature of the sample was maintained &C28uring gelation

and drying. For the rehydration experiments, the sample was heated to
224°C, cooled to room temperature, and exposed 6@ vapor for

2 days at 20°C, all under N atmosphere.

The synthesis of samplehas been somewhat modified to minimize
the dilution of'’O nuclei in the gel and thereby to conse@-enriched
water: 30% HO, solution in water was replaced by 50% solution (155
uL) and added to a slurry of 70 mg of,@s in 0.3 mL of’O-enriched
water, which produced(H.0,)/n(V) and n(Hz*’O)/n(V) molar ratios
of 3.5 and 8.2, respectively. The temperature of the sample was
maintained at 2C during the synthesis and at 2& during drying.

2.2. Solid-State NMR SpectroscopySolid-state NMR spectra of
53/ and*’O were obtained using a Chemagnetics Infinity spectrometer
operated at 105.17 and 54.2 MHz, respectively. Samples were placed
in 3.2 mm rotors and spun at 20 kHz (unless noted otherwise) in a
Chemagnetics MAS probe. All of the experiments were performed at
room temperature following transfer of the thermally treated samples

(29) von Ballmoos, RThe 180-Exchange Method in Zeolite Chemist@tto
Salle Verlag: Frankfurt, 1981.

(30) Endoh, A.; Mizoe, K.; Tsutsumi, K.; Takaishi, J. Chem. Soc., Faraday
Trans. 11989 85, 1327.

(31) Takaishi, T.; Endoh, AJ. Chem Soc., Faraday Trans.1P87, 83, 411.

(32) Fontenot, C. J.; Wiench, J. W.; Pruski, M.; Schrader, G. Phys. Chem.
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to the probe within a glovebox under dry.N6hifts are reported using v, v, v,
the 0 scale, with positive values being downfield and referenced to H_ H
VOCI; for 53V NMR and water for’O NMR. ha (aa s
5/ MAS NMR spectra were obtained using the Hahn echo sequence o
(m/l2 — T — w — © — acquisition) and a high RF field of 100 kHz. OOI/I\YT’\’OO‘B Ob.ﬁom o’f ‘3\/0,035
Additional experiments performed at lower RF fields, with and without 'C ‘C * é * *
the use of an echo, ensured that no distortions were present in the :3,,\ 0 .
reported spectra. Typically, 1000 scans were accumulated using a *
relaxation delay of 0.2 s. Op! 0
For thel’O MAS experiments, the Hahn echo pulse sequence was 0:}\"1\/0:"’ o:}\"g'o“’ TG,
used, along with an extended 16-phase cycling, which was introduced Text layer next layer
to eliminate acoustic ringing. A delay d 2 s between the scans was H/O,F\H
required to ensure complete relaxation for all resonances observed in
these experiments. The triple-quantum MAS (3QMAS) experiments v, %y Vs or \2 'H»Osf\ﬂ
employed the standamfiltered metho&* and were optimized using a e
sample of’O-enriched silica. The magnitudes of the RF fields used in Ran {sa i
these experiments were 104 and 5.6 kHz for nonselective and selective
pulses, respectively. For 3QMAS experiments, a delay of 500 ms was 03}\"\/0:'“ OSS/R\yg\/Os:’ss 05?5/1\\(;\/0:58

sufficient for the sites being examined and thus was used to shorten !
the overall acquisition time. Still, because of the small concentration
of 0 nuclei and the limited overall efficiency of the 3QMAS H” TNH "
experiment, acquisition times of up to 3 days were required.
Numerical simulations of th€0 and®V MAS spectra of crystalline
V,0s were performed using QUASAR.These simulations included
the effects of the CSA as well as first- and second-order quadrupolar Table 1. Isotropic Chemical Shifts (diso In ppm), Spectral

interactions; both central and satellite transitions were considered. Linewidth (Lcsa in ppm), Chemical Shift Anisotropy (Adcsa in

Several line-shape parameters describing these interactions have bee%mi’nzgdbﬁsﬁmﬁg|P§m§f§rn(s"8?‘%)l\7fy\\ﬁgoﬁf/.\é’ ggggt'f;

determined, including the quadrupole coupling consta®y),( the Following the Thermal Treatment (Temperature T in °C)32a
asymmetry parametend), the isotropic chemical shift(,), the CSA

O reeeen

Figure 1. Proposed coordination of vanadia sité¢sThe corresponding
oxygen sites will be discussed later in the text.

(Adcsp), and the CSA asymmetry parametgedy). In addition, the stte T O  lLen Adosn fesn Ou Oz O
isotropic chemical shifts were determined directly from*i@3QMAS Vi 25-100 —622.5 862 —741 0.49 —254 —497 —1116
spectrei3s 215 —618.5 917 —784 0.51 —224 —490 —1141
’ . . . . 224 —618.9 917 —784 0.51 —224 —491 —1141
2.3. Thermogravimetric Analysis.Samples were analyzed using a 272 —619.4 920 —920 000 —313 —313 —1233
Perkin-Elmer TGA 7 instrument. Heating rates werg@min in No. 550 —619.4 960 —960 0.00 —299 —299 —1259
Vo+V,4 25-100 —593.2 1180 —978 0.62 —65 —469 —1245
3. Results 215 —592.6 1000 —909 0.30 —199 —380 —1199
224 —594.6 887 —845 0.15 —271 —355 —1158

51

31 V NMR. For_ all of the samples, th@V MAS spe_ctra 572 5972 1583 —1246 081 155-518 —1428
consisted of superimposed patterns of spinning sidebandsy, 100 —663.6 1096 —931 0.53 —189 —518 —1285
representing up to five sites (Vi = 1, 2, ...5). We have Vs 100 —572.3 1069 —1021 0.14 —184 —280 —1253

conclusively shown in an earlier stuythat the vanadium aval A d s of the CSA tensd
species were predominantly in th&"\bxidation state, and while Whereaiiuisfly Zg’fAég)czAr’eagivgﬁTg%%e?hz (f)olloswng Coir\',zn‘t&gf@
the presence of a small concentration (no more than few percent)d:1 + d22 + 033)/3, Lesa = [011 — 033], Adcsa = H2(d33 — diso) andncsa
of paramagnetic ¥ species was possible, the discussion of = (622 — 01)/(ds3 — diso), assuming|dsz — disol = [011 — Oisol
the solid-state NMR data was relevant to most of the vanadium = 1922 ~ %l

sites present in our gels. The previously proposed and dis-
cusseé? coordination for these sites has been illustrated in

Figure 1. After publishing this earlier work, we have recognized using QUASAR and the number of water molecule} ger

e st e pecy-0s s n th TGA dts e e i Tabe 2 A
P ) resonances at580,—593,—620, and—663 ppm were observed

we reproduce in Table 1 the list of corrected line-shape o - . . .
arameters and give their proper definitions. We note that the at 25°C (see Flgur_e 2a), Whlch were prew_ously assigned to
P i Vs, V4, V1, and \4 sites, respectivel§? Following the thermal

quadrupolgr parameters, the isotropic values of ghem|cal shift, treatment to 224C, the resonance corresponding to thesite
and, most importantly, the proposed spectral assignments were

' h vanished, while an additional resonance, ascribed to preit¥,
not affected by the aforementioned discrepancy. was observed at597 ppm (Figure 2a% Although the \ and
The resonances present in sample(Figure 2a) were P 9 ) 9

consistent with our earlier results. However, the changes in theV4 sites could not be resolved B NMR, strong evidence

. . has been previously provided for the presence of two resonances

synthesis procedure used for this sample (as compared to ourin the same spectral region (only one of whichs, Was
revious studies) resulted in some differences in the site . . o

P ) coordinated with wate®? The>V NMR spectra obtained after

(33) Kunwar, A. C.; Turner, G. L.; Oldfield, E.. Magn. Resonl986 69, 124. heating to 272 and 32% contained resonances-a580, —597,

(34) ﬁ;g%u]r.ggxiiépl; Fernandez, C.; Steuernagel, $1agn. Reson., Ser. A and—620 ppm, Corresponding tosVW4 + V5 (predominantly

(35) Amoureux, P.; Fernandez, C.; Dumazy, Y. Abstract No. 264, 37th Rocky V), and \; sites, respectively (Figure 2a). Following thermal
Mountain Conference, Denver, 1995. P

(36) Amoureux, J.-P.; Fernandez, olid State Nucl. Magn. Resat09§ 10, trez_;ttment to 350C, only On_e r_esonance_a1620 ppm remained,
211;200Q 16, 339. which represented thej\éite in crystalline \Os.

distribution as a function of temperature. The concentrations
of various V sites based on simulations of th& MAS spectra

J. AM. CHEM. SOC. = VOL. 124, NO. 28, 2002 8437
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0,0 Oy Table 2. Number (n) of Coordinated H,O Molecules per V,0s and
Vi ViV, V, V, (see Figure 4) Relative Concentrations of Various V; Species (in %) in the
<o P Oy —— Vanadia Gels Obtained from Thermogravimetric Analysis and by
N b . Numerical Simulations of 31V MAS NMR Spectra, Respectively
(a) ( ) temp (°C) n Vq Vo+V, A Vs
25oC Ou A 118 samplel
M 25 2.00 13 45 6 36
N

224 0.50 13 79 8
272 0.26 22 74 4
325 0.03 29 !

350 0.00 100

*
/ OlB
* samplell as-synthesizeéd
0.0 25 2.40 18 45 5 32
224°C \ AVIA L x w N 224 0.06 35 63 2

samplell rehydrated

%

&

25 1.00 32 19 8 41
150 0.12 21 67 2 10
224 0.06 26 67 7
04 272 0.02 65 38 1
350 0.00 100

. o o
272°C & O, 8
—_—

X

av, only. PV, only. ¢ Data were taken from ref 32.

(Figure 3c, dashed line). The TGA results were consistent with
the 5V MAS NMR spectra (Figure 3a) and indicated that the
" o V, sites did not rehydrate (Table 2). Clearly, water preferably

325 \ 0,, " 1 * readsorbed in the position trans to the vanadyl oxygen, forming
| XA J\w\, site V5. Again, in agreement with the previous work, the

concentration of this site decreased first, although in the

=

U

Oxc rehydrated sample it declined at temperatures lower than 150
o, °C. As expected, the ¥ V4, Vs, and, last, ¥ sites gradually
o transformed to Ysites upon further heating to 38G, following
350°C ® the general scheme proposed in Figure 11 of ref 32. Note,
¥ _— however, that the c_orygentration of; ¥ites in the rehydrated
T e o a0 a0 400 200 0 sample showed an initial decrease at 180
ppm ppm 3.2. 770 NMR. The 70O NMR spectra consist of several
100 © groups of superimposed resonances, which include contributions
o8 from different sites, depending on the thermal treatment. To
o6 facilitate identification of thel’O NMR assignments in this

study, the oxygen sites have been labelgdwherei = 1, 2,
...5 denotes the corresponding vanadium site(s) (as discussed
above), and = A, B, ... F indicates the type of oxygen site (A

Weight [%]
8

. 224°C e = singly coordinated, B= doubly coordinated, G= triply
. \m coordinated, D and E being the linear bridging ajfeperoxo
350°C oxygen of the dimer, respectively, and F being the coordinated
* LRSS AL RN A S ARERSARALN RSN water, as shown in Figure 1). Nearly all of the assignments were
Temperature [°C) made on the basis of the spectra of saniplecrambling may

] have occurred during thermal treatment of samnipleso that
Figure 2. Analysis of samplé: (a)%V MAS NMR spectra, (b}’O MAS

NMR spectra, and (c) the corresponding TGA weight loss curve. Asterisks F)nly the.|OW ter’n7per.ature (2%C) spectru.m was considered in
denote the spinning sidebands. interpreting the'’O lines. At least 13 different oxygen reso-

nances were observed including the oxygen of chemisorbed

Prior to rehydration of sampli, the>V NMR spectra (not water. The spectral assignments will be described in detail in
shown) and TGA analysis (Figure 3c, solid line) were the same the Discussion section. A short summary of the assignments
as reported earlié? Because no rehydration was observed in and the approximate values for the observed shifts have been
the case of crystalline 305 (i.e., sample treated at 35C), provided in Table 3.
the sample used in this study was rehydrated after the initial Oxygen sites were distinguished ust@® MAS (Figures 2b
thermal treatment to a lower temperature of 224 However, and 3b) and 3QMAS (Figures 4 and 5) NMR. TH® MAS
even in this case, the rehydration was not reversible in the senseNMR spectra consisted of superimposed patterns of spinning
that it resulted in a different distribution of sites and a different sidebands representing several oxygen sites with a wide variety
response to further thermal treatment, see Figure 3a,c and Tablef CSA powder patterns. The center bands for the different sites
2. TGA of samples andll in their as-prepared state indicated were present in three general regions: 140000, 856-700,
approximately 16 and 19 wt % water, corresponding te 2 and 606-200 ppm. This is in agreement with a previod®
and 2.4, respectively. Only one-half of that amount (corre- NMR HETCOR study of the decavanadate anion in soldfion
sponding ton = 1) was found in sampld after rehydration and’O MAS NMR investigation of a chain-structured vanadia

8438 J. AM. CHEM. SOC. = VOL. 124, NO. 28, 2002
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0., 0 Table 3. Average Values of Isotropic Chemical Shifts (diso) and
(see 'Figur'e 5) Second-Order Quadrupolar Effect Parameters (Pg) Determined
from 170 3QMAS or MAS NMR Spectra for the Oxygen Sites
Found in Samples | and Il during Thermal Treatment between 25
0 and 325 °Ca

ph
site Jiso (PPM) Pq (MHz) method
Ose 330 3.2 3QMAS

Ouase 375 3.1 30MAS
Osc Oac Osc 400-420 3.2 3QMAS
Orc 465 3.7 3QMAS

M
0, Our 510 4.4 30MAS
? 600 4.8 3QMAS
O28 Osp Osp 700 MAS
M O1s 820 MAS
AN, O3p 1135 MAS
A
\jV\A

Osp 1170 MAS
O1a 1210 MAS
\/ Osa 1240 MAS

O2a 1330 MAS

2The data were obtained with the average accuraciesl6f ppm and
* +0.3 MHz for diso and Pg, respectively.

between 1400 and 1100 ppm is unobservable by this method
because of smallg values and large CSA for the vanadyl sites,
whereas resonances for the doubly coordinated oxygen sites
, expected between 850 and 700 ppm were probably not detected
x because of large CSA. Theg and CSA values obtained for
V"/Ww these sites from the simulation of th&D MAS spectrum of
crystalline \,Os were consistent with this explanation, as
O:c indicated in Table 4 (sites @ and Qg). For the sites that were
observed by the MQMAS method, the values for the so-called
Oy second-order quadrupolar effect param@&gr= Cqo(1 + 70%
3)Y2, as determined from the spectra, were between 2.5 and 4.8
Y MHz. Assuming no large changes in the CSA, we found that
m D 100 1000 800 600 400 200 0 the relative 3QMAS efficiencies for these sites can vary by as
ppm ppm much as 50% for the experimental conditions used in our work.
© 3.2.1. Sample I|.For the as-synthesized sampleseveral
oxygen resonances were observed in the vanadyl region of the
MAS spectrum between 1250 and 1120 ppm, which were
labeled Qx in the top trace of Figure 2b. The deconvolution of

272°C

350°C

———

e

100

i” this part of the spectrum (and the corresponding trace for sample
;.:?‘9" II') pointed to the presence of three resonances at 1240,(O
:z 1210 (Qa), and 1170 ppm (). An additional small peak was
. . \242,: detected at 1135 ppm §g). Other resonances were observed
82 rehydr;t;d\-_ ______ \___272C 350°C at around 700 ppm (@, i = 4 and 5) and in the 666200 ppm
T T w0 2 %0 30 400 450 range. The number of sites contributing to the spectrum between
Temperature [°C] 600 and 200 ppm (labeled&and Gr) could not be determined
Figure 3. Analysis of sampldl after rehydration: (aj®v MAS NMR from the MAS spectrum alone, as it contained a number of

spectra, (b}’0 MAS NMR spectra, and (c) the corresponding TGA weight  superimposed powder patterns representing the central transition
loss curve. TGA curve for as-synthesized saniplés also shown (solid of several resonances. Surprisingly, the 3QMAS method re-
line). Asterisks denote the spinning sidebands, whilg i@dicates phys- .. . C . .

isorbed water. vealed a minimum of five resonances in this region at’e5

(see the isotropic dimension in the spectrum of Figure 4 and

gel2which indicated that the vanadyl, doubly coordinated, and Table 3). The isotropic chemical shifts corresponding to these
triply coordinated oxygen resonances for those materials wereSites were 330 (€), 375 (Qusp), 410 (Qc and Q), 465 (Qo),
observed in the 14501050, 856-670, and 506200 ppm and 510 ppm (@). No changes were observed in the MAS or
regions, respectively. 3QMAS spectra following heating of sampléo 100°C (spectra
MQMAS experiments do not generally yield reliable quan- NOt shown). However, after heating to 223, the changes had
titative information because changes in the quadrupolar coupling ©ccurred in the general line shape of the vanadyl region, and a
constanCq, the asymmetry parametgg, and CSA can affect ~ N€W peak @a was observed around 1330 ppm (Figure 2D).
the efficiency of multiple quantum transfers. In the 3QMAS Resonances at 125120, 700, and 606200 ppm were still
experiments reported here, only resonances between 600 an@resent. The corresponding 3QMAS spectrum revealed that the

200 ppm were detectable. Most likely, the spectral region peaks at 330 and 375 ppm had decreased in intensity (see Figure
4). After thermal treatment to 27Z, vanadyl resonances O

(37) Wagner, G. Winorg. Chem 1991, 30, 1960. weakened, whereas those at 1330, 700, and-200 ppm
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Figure 4. Sheared’0 3QMAS spectra of sampleat 25, 224, 272, and 3Z&. The isotropic (vertical) and anisotropic (horizontal) dimensions are labeled
following the convention described in ref 36. The isotropic chemical shifts for various oxygens sites were determined by projecting the ceritgodf gra
the corresponding lines on the chemical shift (CS) axis along the direction of the quadrupole-induced shift (QIS) axis.

remained quite strong. Another center band is visible at 820 study, which indicated that the line-shape parameters of the
ppm (O), which could not be distinguished from noise and corresponding vanadia sites had also changed upon the removal
MAS sidebands at lower temperatures. Resonances wereof water3?

observed in the 3QMAS experiment at 330, 375, 410, 465, and 32 Sample I1.The 70 MAS and 3QMAS NMR spectra
510 ppm, as labeled in Figure 4. After heating to 325 we of rehydrated sampldl were surprisingly similar to the
found that the resonances in the MAS spectrum were ObserVedcorresponding spectra of samplécompare Figures 2b and 3b
at 1330, 1210, 820, 700, and 66200 ppm (Figure 2b). At ang Figures 4 and 5). The main differences involved the signal
this stage, the 3QMAS spectrum revealed that the spectral regiony; 375 ppm (Qusp) (less intense in the 3QMAS spectrum of
between 600 and 200 ppm included strong peaks at 46§ (O sampldll ), the signal at 600 ppm (only observed in the 3QMAS
and 410 ppm (predominantlyz€) along with a weak resonance  gnectrum of samplét at low temperatures), the signal at 1135
at 375 ppm (Qusp) (Figure 4). Following heating to 35€C, ppm (Qsp) (not observed in the spectra of samfly and the

we found that a crystalline structure emerged and the MAS signal at around 0 ppm in samgle representing physisorbed
spectrum contained resonances at 1213,\®24 (Qe), and \ater. The similarity of these results indicated that (i) incorpora-
474 ppm (Qc) (see bottom trace of Figure 2b, Figure 6d, and i of 170 nuclei from HY7O took place under the mild

Table _4). This MAS spectrum aIIowed_for full line-shape conditions used during rehydration, and (i) oxygen had
analysis, and thus the MQMAS experiment has not been exchanged rather uniformly in the gel

performed for this temperature. After heating to 5% we

found that the same resonances were observed (spectrum Noj piscussion

shown), although the fwhm of each peak had decreased, which

was consistent with progressing crystallization. During the  4.1. Structure of Crystalline and Layered Samples at
dehydration process, the line shape corresponding to the vanadyVarious Stages of DehydrationPrevious reports have indicated
region of the!’O MAS spectra changed (Figure 2b) noticeably. that the amorphous vanadia gels crystallize into orthorhombic
This is consistent with our previously reportéd¥ MAS NMR V,0s following thermal treatment at 35T .38 Our assignments
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Figure 5. Sheared’O 3QMAS spectra of sampli at 25, 150, 224, and 27Z. The spectra were processed as described in the caption of Figure 4.

Table 4. Results of Numerical Simulation of 51V and 170 MAS
Spectra of Crystalline V,0s, Formed after Thermal Treatment of

Sample | at 350 °C?2

site Oiso Adcsp® 7csa Co o
Vi —620 —940 0.2 0.9 0.1
O1a 1213 2000 1.0 0.9 0.6
O 824 400 0.4 4.0 0.7
Oic 474 0 0.0 3.3 0.6

aThe data were obtained with the following accura&g, £0.1 MHz;
7q andcsa, £0.1; diso, £1 ppm; Adcsa, =50 ppm.P For definition, see

Table 1.

data (Figure 6d) clearly revealed three distinct resonances with
the corresponding isotropic chemical shifts of 1213, 824, and
474 ppm (Table 4). On the basis of the liquid-state NMR studies
of similar oxygen environment,these resonances have been
assigned to the vanadyl oxygeni({p the doubly coordinated
oxygen (Qg), and the triply coordinated oxygen {§), respec-
tively, as shown in Figure 6a,b. For the vanadyl and doubly
coordinated oxygen sites, our assignments are similar to those
made by McCormick et al. in a solid-state NMR study of a
chain-structured vanadia geélHowever, McCormick et al. did

not observe any triply coordinated oxygen sites. The large CSA

and discussion focus first on this material because its structurevalue for the vanadyl oxygen (&) obtained via the simulations

is well understood.

4.1.1. 350°C. The XRD studies indicated that only one type
of vanadium site (Y) and three different oxygen sites exist in
crystalline \bOs, as shown in Figure 6a3.The IV MAS
spectrum of sampletreated at 350C, which is shown in Figure

of the 170 MAS spectrum (Table 4) was consistent with other
studies of organic doubly bonded oxygen compoufidehe

Cq values calculated for each oxygen site were found to be in
the order @g > O1c > O1a. This trend was consistent with the
calculated populations of the, prbitals [perpendicular to the

2a (bottom trace) and expanded in Figure 6¢, was consistent(001) plane] of these nuclei in crystalline,®s.46

with this structure. The simulation of this spectrum (Table 4)

yielded line-shape parameters similar to those published earlier(41) France, P. WJ. Magn. Resan.991, 92, 30.

(Table 1 and refs 4844). The correspondinfO MAS NMR

(38) Aldebert, P.; Baffier, N.; Gharbi, N.; Livage, Mater. Res. Bull 1981
16, 669.

(39) Bystron, A.; Wilhelmi, K. A.; Brotzen, O.Acta Chem. Scandl95Q 4,
1119

(40) Gornbstansky, S. D.; Stager, C. ¥.Chem. Physl1967, 46, 4959.

(42) Skibsted, J.; Nielsen, N. C.; Bildsge, H.; Jakobsen, Bh&m. Phys. Lett.
1992 188, 405.

(43) Fernandez, C.; Bodart, P.; Amoureux, JSBlid State Nucl. Magn. Reson.
1994 3, 79.

(44) Marichal, C.; Kempf, J.-Y.; Maigret, B.; Hirschinger,Solid State Nucl.
Magn. Reson1997, 8, 33.

(45) Wu, G.; Dong, SChem. Phys. Let001, 334 265.

(46) Witko, M.; Tokarz, R.; Haber, J. Mol. Catal.1991, 66, 205.
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Figure 6. Crystalline \bOs: (a) 001 plane and (b) 010 plane obtained
from the XRD studie$? (c) and (d) extended sideband patterd®df MAS
and’0 MAS NMR spectra of sampleafter thermal treatment to 35,
measured using rotation rates of 20 and 18 kHz, respectively. The
corresponding simulations of NMR line shapes are shown, as well.

4.1.2. 325°C. The 1’0 MAS and 3QMAS NMR spectra of
samplel after thermal treatment to 32% (Figures 2b and 4)

(Ozg), and the triply coordinated () species of the Ysite.
Note that the @y species was not detected at 25 (the lack

of sites Qg and Q¢ could not be clearly established because
of overlap with other resonances), which was in agreement with
our previous hypothesis that,\sites were not present in as-
prepared samples but were created at the expense,df )y
and Vs sites as the water molecules were relea8etihe
presence of Ysites was consistent with the model of the layered
gel structure in which the adjacent planes were shifted in the
abplane324"The detection of the corresponding; Sites further
validates this model (see section 4.1.5.).

Also note here that the strong resonance at around 700 ppm
in the 70 MAS spectrum (labeled ®in Figure 2b) persisted
at all temperatures below 328. At 325°C, it was just assigned
to O, a site that does not exist at 26. The presence of this
peak at 25°C can be reasonably explained by assigning it to
similar types of oxygen sites, specificallys©and Gg. The
observed downfield shift of this resonance from 704 to 696 ppm
with progressing dehydration reinforces the idea that it represents
more than one species. A similar argument can be made for the
resonance at around 410 ppm, which shifted between 400 and
420 ppm during dehydration (labeledcOn Figure 2b). Most
likely, this resonance corresponded tec@t 325°C, Oyc and
Osc at 25°C, and a mixture of all three species)0,c, and
Osc) at the intermediate stages of hydration.

4.1.3. 272°C. Another weak resonance, at about 375 ppm,
was identified in the 3QMAS spectra of samplat 272°C
(Figure 4). We previously proposed that water remaining at this
stage of hydration was shared between twposifes and a ¥
site32 Therefore, thé’O resonance at 375 ppm was assigned
to this species and was labelegs§p. A residual amount of this
species may still be observed under 3QMAS at 325Even
at room temperature, this resonance was strong in sample
(Figure 4), indicating that this type of coordination was prevalent
in the as-prepared gel. To accommodate this site, the adjacent
layers would have to shift slightly in theb plane, which further
supports our interpretation of the observed ahd Qj sites
(again, see section 4.1.5.).

4.1.4. 25-224 °C. Following heating of samplé between
25 and 224°C, we found that the most significant changes in
the5V NMR spectra (Figure 2a) involved thes\and Vs sites.
The relative concentrations of these sites decreased from 6 to
0% and 36 to 8%, respectively (Table 2). Comparison of the
1’0 3QMAS spectra (Figure 4) obtained in this temperature
range indicated that the strong resonances at 330 and 375 ppm
(and weaker lines at 345, 475, and 510 ppm) had decreased, as
well, with increasing temperature. The resonance at 375 ppm
was already assigned to shared wateps© The resonance at
330 ppm was most easily assigned by examining the rehydrated
gel. The®V NMR spectrum of sampl# at 25°C (Figure 3a)
indicated that, except for ¥ the most prevalent vanadium site
was \s. The corresponding 3QMAS spectrum (Figure 5)
revealed that the resonance at 330 ppm was also dominant. Upon
heating of samplél to 70 °C (spectra not shown), we found
that both the ¥ site concentration and the intensity of tH®
resonance at 330 ppm decreased. This strongly suggested that

revealed three additional resonances at 1330, 700, and 410 ppmy; corresponded to water coordinated at thesife (Ox). There

Because two vanadium sites; \And V» dominated the®V

spectrum of this sample (Figure 2a and Table 2), these signals(47

were assigned to the vanadyl A, the doubly coordinated
8442 J. AM. CHEM. SOC. = VOL. 124, NO. 28, 2002

) Hibino, M.; Ugaji, M.; Kishimoto, A.; Kudo, TSolid State lonic4995
79, 239.



NMR Investigation of V,0s Gels ARTICLES

was no spectroscopic evidence that this water was shared with 4.1.5. Layered Structure of \bOs-nH,0 Gels.In our earlier
any other vanadium site. study, we have used powder X-ray diffraction to show that our
The assignment of the remaining, weak resonance at 510 ppmlayered gels in their as-synthesized state (which corresponded
in the 3QMAS spectra is uncertain. Because this resonance wago n = 2.4) consisted of repeating units with an interlayer
still present after Yhad disappeared (at 22@) and the oxygen  distancec of approximately 13 &2 It was not clear, however,
sites associated with svhave been rather unambiguously if this spacing corresponded to the adjacent layers, or if a second
assigned, association with those sites is unlikely. The presenceset is interleaved between these layers in incommensurate
of this resonance coincided with the presence of thsités so positions, as proposed earlier in the XRD study by Hibino et
a plausible explanation could involve water coordinated to a al4” According to Hibino’s model, the layers are parallel and
single V4 site (Qip). Peaks present in the vanadyl oxygen region equidistant, with the middle layer being translated to some extent
of 1250-1120 ppm are not completely resolved, and their intheabplane. Other reports (see the Introductiony ef 11.55
assignment is somewhat equivocal, as well. However, by A for n = 1.6 andc = 8.75 A in case oh = 0.5-0.6212325
correlating the intensities of deconvoluted resonances at 1240,while consistent with our XRD data, did not imply the presence
1210, 1170, and 1135 ppm (in samplezndll ) with the corre- of an additional interlayer and, consequently, proposed different
sponding intensities from sites; W, + V4, V3, and s, these coordination of water in the gels. After complete dehydration,
resonances could be assigned ta,@ 4 (site assigned earlier),  the crystalline structure of 3s is known to have the lattice
Osa, and Qp (for this site, see next paragraph), respectively. constant of 4.37 &% Because we have noticed only a moderate
Finally, we have earlier postulated that a small concentration (~30—40%) volume reduction of sampleduring the dehydra-
(~5%) of V3 sites found in théV spectra of fully hydrated  tion process, this large reduction of tevalue is consistent
samples represented a dimer strucfidr.this assignment of ~ With the proposed transition from a misaligned layer structure
the V4 site was correct, three additional weak resonancgs O With the interlayer spacing 6f,-11.55 A= 5.8 A into a fully
Ose, and Q would be expected at approximately 1100, 450, aligned, crystalline structure with= 4.37 A.
and 350 ppmi24849However, because of the complexity of the Our5 and1’O NMR results strongly validate the presence
170 spectra, conclusive evidence for the presence of such sitesf a shifted layer. As was already pointed out in section 4.1.2.,

could not be provided, with the exception of thepCsite the presence of two sets B¥ and!’0 resonances in the sample
observed in the spectra of as-synthesized sarhpie 1135 treated at 325C is fully consistent with this model. Upon
ppm. complete removal of water at 33C, we detected only one set

We note that thé’O signals for water coordinated to°V of sites as the crystalline @s structure was formed. In samples
oxide species in solution were previously repoffeih the  With higher water content, the.Q sites were assigned to the

100-0 ppm region, while the signal for a triply coordinated Water molecules that were trapped between the adjacent planes.
water in the chain-structured vanadia gel was reported at 220 TWo such sites would be created by assuming a shift between
ppm12 The triply coordinated oxygen species present in these planes of approximatety1.7 A along thea axis, as
decavanadate anions have been reported at about 4467ppm. proposed in Figure 7. A smaller shift, of less tha@.5 A, would
The signals for all of the coordinated water in our gels fell within be expected along theaxis to accommodate the bond between
the 600-200 ppm region, which seemed consistent with triply Wwater and the ¥ site. Sitel corresponds to a water molecule
coordinated oxygen. Thus, it seems likely that the oxygen atom coordinated to a vanadiums\site and two vanadyl oxygen
(Oa4p) of the water molecule of the Asite was triply coordinated ~ atoms Qa. In site 2, water is also coordinated to as\éite;
as well, and most likely hydrogen bonded to another water however, only one hydrogen bond to sitga@ possible, which
molecule. One example of such a hydrogen-bonded structuremakes such coordination energetically less favorable. The water
was proposed by Vandenborre etZlwhere one OH bond of ~ Molecule is located in such way that thg-\Oassr (V5—Osp)
water was in the same direction as the=® bond. distance is approximately 1.7 A, while the s0-Oussr

The general types of water coordination proposed for the gel (Qaa—Ose) distance is closeot2 A in both sites. A similar layer
studied in this work are consistent with those predicted in the adjustment (2.46 A along tha axis and 0.25 A along thb
computational studies by Yin et al. of adsorbed water onto the @xiS) was proposed in ref 47. Also note that the induced shift
most thermodynamically stable (010) plane of crystallin®y2” in the ab plane shortens the distance between vanadyl oxygen
These simulations indicated two preferential adsorption sites &0ms located in two neighboring layers from 3.0 to 2.4 and
for water: (1) water hydrogen bonded to two adjacent vanadyl 1-2 A. This would allow a proton to easily jump between the
oxygens and (2) water coordinated directly to a vanadium atom. Vanadyl oxygen atoms and explain the high proton conductivity
Similarly, computational studies of the (001) plane of crystalline ©f vanadia gels?
V,0s reported by Ranea et al. concluded that the preferred site 4.2. Rehydration. The rehydration experiments involving
for water chemisorption involved the vanadyl oxygéthe H,170 were initially undertaken with the intent of simplifying
additional water coordination sites that we have proposed for the assignments of the water adsorption sites. Thus, as-
our multilayered gels include a water molecule shared betweenSynthesized samplé was first dehydrated at 224C, the
two V, sites and a Vsite, a water molecule shared between temperature at which only 0.06 water molecule pgDywas
one V, site and a ¥ site, and a water molecule associated with 1ft, and yet there was about 60% ot ¥ites present (Table
a dimer (\). Clearly, the gel layers cannot be considered as 2):** and then cooled to room temperature and placeti@s

exposed surfaces, and the adsorption sites may be expected tgnriched water vapor. The discovery that oxygen had exchanged
differ from those found in crystalline XDs. under such mild conditions from adsorbed water to the oxygen

sites in the gel was quite surprising, especially because an

(48) Reynolds, M. S.; Butler, Ainorg. Chem.1996 35, 2378.
(49) Harrison, A. T.; Howarth, O. Wl. Chem. Soc., Dalton Tran$985 1173. (50) Barboux, P.; Morineau, R.; Livage, Solid State lonic4988 27, 221.
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Figure 7. Proposed structure of a layered vanadium gel with the sitggid \k) corresponding to the most strongly bound wates0— site 1). Parts
b and ¢ were constructed from crystalline d&tay shifting the top layer by 1.7 A along tleeaxis and by 0.5 A along the axis, which created two possible
sites for water adsorption. For clarity, only selected sites are marked.

W H M would produce @ and H" moieties. Considering the reactivity
? of the oxygen species (i.e., the relative ease of oxygen
exchange), we expect that thé Gpecies may be more likely.

N0 -~ 00—>‘.’<00 Because the © species would be very unstable (and therefore

reactive), its existence would probably depend on the presence

PN .o o of a catalyzed process or a resonance structure. The presence

H H H of a coordinated water molecule trans to the vanadyl oxygen

Figure 8. Postulated resonance structure involving water and the vanadyl could give rise to a short-lived resonance structure, such as the

oxygen. one depicted in Figure 8. Because the coordinated watg) (O

exchange of thel®O-form-enriched water into Alundum-  in this structure was observed at about 330 ppm and th®V

supported YOs catalyst system required high temperatiifes.  (OsA) was thought to be observed at about 1240 ppm, a

Except for the absence of the signal at 375 ppra® in motinally averaged signal might be expected at about 700 ppm.

samplell , the'’0 MAS and 3QMAS spectra for sampleand ~ The unassigned’O signal at approximately 600 ppm, which

Il were similar at every stage, indicating th#D had exchanged =~ Was observed only in samplé at 25°C (and at 70°C, not

ey

O ﬂ/o [¢]
0>Y\0 - o

into all of the sites in the gel structure. TRY MAS NMR shown), may correspond to such a structure. These resonance
results of samplél at 25°C showed that water preferentially ~ stabilized oxygen atoms would conceivably be very reactive
readsorbed trans to the vanadyl oxygen, creatingsasite and might be expected to exchange into the gel oxygen sites.
(Figure 3a, 25C). Because the \sites are expected to be fairly The discovery that the oxygen of water exchanges so readily

stable, and no Ysites were present following rehydration (no  with the oxygen sites in the gel may indicate that these layered
O, sites were observed), it seems likely that the readsorbedmaterials are suitable for very low-temperature oxidation
water created a V5 site by coordinating with a V2 site. It is catalysis, and work is currently underway in our laboratories
interesting that for the rehydrated gel, some of the water lost to determine the catalytic properties of these materials. Using
below 100°C was chemisorbed @ite). This was in contrast  these!’O-labeled catalysts, we believe it should now be possible
to samplel, where only the physisorbed water was lost below to determine what oxygen site(s) are responsible for each
100°C. insertion in the selectively oxidized products. Additional experi-
Several possible exchange mechanisms in the vanadia gelsnents are underway to examine the underlying fundamental
may be considered. According to conductivity measurenfénts, phenomena (i.e., dissociation, competitive adsorption, changes
the H" species in the layered gels are quite mobile. This would in bond strength) which were found to result in improved activity
suggest a partial or complete dissociation process occurring withand product selectivities observed following the addition of

the adsorbed water. Partial dissociation water to the feedstock.
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