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Abstract

This overview paper includes both published and original data of the current state of the fiBlIN¥IR in solid-state
chemistry. Advantages and shortcomings of different NMR techniques in their applications to vanadium are discussed on
the examples of their application to various vanadia based systems (including individual highly crystalline compounds, solid
solutions, glasses, catalysts). New correlations between local structure of vanadium atoms and NMR parameters allowing
to discriminate at least seven different types of vanadium sites (tetrahedral sites@¥ gnd @ types; trigonal pyramids
of 3 =1 and 3= 2 (V205 like) types; tetragonal pyramids of 4 1, 4 = 2 types) are proposed. It is demonstrated that
competent combination of different NMR approaches permits now not only to describe different vanadium sites in highly
crystalline and amorphous materials, but also to insight into the structural aspects of disorder in crystallinity as well as to
reveal the behavior of different functional groups at elevated temperatures. The influence of low valence vanadium atoms on
51V NMR spectra is also discussed.
© 2002 Published by Elsevier Science B.V.
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1. Introduction low to obtain direct and precise information on the
local structure of vanadium sites: (i) the number of
Among group V elements, vanadium is one of the nonequivalent vanadium sites, (ii) coordination num-
most important element, widely used in solid-state bers, (iii) the nature of the atoms in the first coordi-
chemistry, materials science, catalysis and engineer-nation sphere, (iv) the distortion of this coordination
ing. Nowadays ®V solid-state nuclear magnetic sphere, (v) association of vanadium-oxygen poly-
resonance (NMR) spectroscopy became a keystonehedron. In addition, spin echo mapping spectra or
technique for characterization of local structure of ultra-high-speed MAS experiments can highlight'V
vanadium sites in different vanadium systefh<?]. atoms bounded via oxygen atom byVor V4*; de-
Modern NMR techniques such as ultra-high-speed fects and distortions of the structure can be revealed
MAS (35kHz and higher), MQMAS, SATRAS al- by analysis of distributions of chemical shielding and
quadrupolar tensor parameters. The main purpose of
* Corresponding author. this work is to demonstrate current possibilities of
E-mail address olga@catalysis.nsk.su (O.B. Lapina). 51V NMR in solid-state chemistry, that is why there is
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no deep historical excursus in this field, as well as no
complete bibliography. At present the bibliography in
solid-state®®V NMR applications counted hundreds
papers, the review of them is for the future. In this
paper, we considering only some results obtained by
SATRAS, high-speed MAS (35kHz), MQMAS, and
STMAS, which demonstrate applicability of these
technigues to various vanadia systems.

2. Modern solid-state °1vV NMR technique.
Polycrystalline V> oxide compounds

51V nucleus (natural abundance 99.76%) has a spin
guantum number of% and an electric quadrupole
moment of 0.05 b, the relative intensity ¥V NMR
signal is 0.38 compared to an equal number of pro-
tons. In presence of a magnetic field, each vanadium
nucleus of solid diamagnetic samples experiences, in
general, three different types of interaction: (i) dipole
interaction of its magnetic moment with magnetic
moments of other nuclei, (ii) quadrupole interaction
of its electric quadrupole moment with the electric
field gradient, (iii) chemical shielding anisotropy
(CSA) interaction. These interactions individually
broaden and even shift (in the case of the quadrupo-
lar interaction at second order) the observed lines, to
such an extent that in static powdered solids, NMR
has for long been accepted as of moderate value,
until magic angle spinning (MAS) technique was in-
troduced. Indeed, the extensive applicability of NMR
to solids relies heavily on MAS. This technique is
able to narrow the lines by successful averaging
dipolar, anisotropic chemical shielding and first order
guadrupolar effects. However, a residual line broaden-
ing issued from the quadrupolar interaction at second
order remains and it has been until 1995 the main
limitation of MAS resolution. Nevertheless, in the
particular case of vanadium, the small value of elec-
tric quadrupole moment moderates the quadrupolar
interaction and simple MAS technique, has proven to
be a very convenient technique for vanadium char-
acterization. The SAtellite TRAnsition Spectroscopy
(SATRAS) [3,4] method has rapidly taken advan-
tage of the MAS high-resolution spectra available
for vanadium-containing sample. This technique al-
lows a simple determination of the isotropic chemical
shift (8iso) and composite quadrupolar coupling con-
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stant (A Cov1+n2/3, Co = €?qQ/h). In
combination with automatic analysis (refinement)
of the intensities of well-resolved satellite spinning
sidebands the complete set of quadrupolar and CSA
tensor parameters as well as their relative orientations
can be measured. Thanks to SATRAS and spectral
simulation, precise NMR data have been obtained for
most of the individual vanadium-oxide compounds of
the system YOs—-M,O, (M = mono-, di-, tri- and
tetra-valent metalq3—10].

Seven types of vanadium sites could be recog-
nized based on the values of chemical shielding and
guadrupolar tensors parameters obtained by SATRAS
method for the above mentioned highly crystalline
individual compounds with well known structures
[3-10].

Tetrahedral vanadium sites o QQ! and @& types
could be revealed using correlation between the type
(ns—Cchemical shielding asymmetry parameter) and
value Aoc—CSA) of chemical shielding anisotropy
[1,2,11](Fig. D:

(i) Vanadium in regular tetrahedral oxygen environ-
ment (@ type) has almost spherically symmet-
ric chemical shielding tensor with small value
of anisotropy Ao < 100ppm); quadrupolar
constantCy varies from 1 to 6 MHz; chemical
shielding asymmetry parameter varies from 0 up
to 1[3,4,10}

(ii) Vanadium in slightly distorted tetrahedral sites
with the adjacent tetrahedra sharing one com-
mon oxygen atom (Btype) has an asymmetric
chemical shielding tensor, but with larger value of
anisotropy (100< Ao < 200 ppm); quadrupo-
lar constant varies from 2.5 to 10 MHz; chemical
shielding asymmetry parameter changes from 0.1
to 0.9[3,4,10]

(i) Vanadium in strongly distorted tetrahedral sites
with adjacent tetrahedra sharing two common
oxygen atoms (® type) has an asymmetric
chemical shielding tensor with large value of
anisotropy (200< Ao < 500 ppm); quadrupo-
lar constant varies from 2 to 7 MHz; chemical
shielding asymmetry parameters changes from
0.6 to 0.8[3,4,10]

Whereas it is clear that vanadium sites in
different pyramid couldn’t be determined from
Fig. 1L These sites could be recognized using
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Fig. 1. Correlation betwee?lV asymmetry f,) and anisotropy parametera¢) of chemical shielding tensor obtained for various vanadia

compounds.

the correlation betweesffective o | estimated

as o1 ~1/2(o1 + 02), o;—components of
CS-tensor) and quadrupolar coupling constant
(Cp) for the case of a large value of CSA

(200 ppm<Ac) andn, < 0.6 (Fig. 2):
(iv) Vanadium in tetragonal pyramid of & 2 type

v)

has an axially symmetric chemical shielding ten-

sor with large value of anisotropy (209 Ao <

500 ppm); quadrupolar constant varies from 4 to
8 MHz; chemical shielding asymmetry parame-
ters changes from 0 to 0.6, ~ 200—400 ppm
[5-10]

Vanadium in tetragonal pyramid of & 1 type
has an axially symmetric chemical shielding
tensor with a large value of anisotropy (460
Ao < 550ppm); quadrupolar constant varies
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Fig. 2. Correlation betweePV NMR chemical shielding tensor component () and quadrupolar coupling constaiilg) for vanadium

polyhedra with \*O bond having(200 ppm< Ac) andn, < 0.6.
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from 1 to 3MHz; chemical shielding asymme- In these cases alternative techniques can be highly
try parameters changes from 0 to 02, ~ recommended. Spin-averaging approaches in com-
200—-400 ppm[5-10]. bination with MAS have recently opened a new di-
(vi) Vanadium in trigonal pyramid of 3= 1 type has mension in the spectroscopy of quadrupolar nuclei.
an axially symmetric chemical shielding tensor In particular, the two-dimensional multiple quantum
with large value of anisotropy (20&: Ao < MAS (MQMAS) technique[13,14] correlates mul-
500 ppm); quadrupolar constant varies from 1 to tiple quantum coherences with the single quantum
4 MHz; chemical shielding asymmetry parame- coherence of the same spin (the central transition),
ters changes from 0 to 0.6, ~ 400-600ppm  thus achieving a high-resolution spectrum free of

[5-10,12] second-order broadening effects in one dimension.
(vii) Vanadium in \,Os like species (distorted octa- From the two-dimensional data matrix, the compos-
hedral or trigonal bipyramidal of 3= 2 type) ite quadrupolar coupling constant and the isotropic
has an axially symmetric chemical shielding ten- chemical shift can easily be extracted. The simplicity
sor with large value of anisotropgs00 ppm < of this technique has made it notably popular and

Ao); quadrupolar constant varies from 0 to applications have been reported on a variety of nu-
3 MHz; chemical shielding asymmetry parame- clei including sodium, rubidium, aluminum, oxygen,
ters changes from 0 to 0.4, ~ 200-350 ppm boron, niobium, cobalt, and numerous species with

[5-10] different spin quantum numbers that are characterized
by a variety of coupling environments. However, it is
Thus based on the correlations presenteigs. 1 commonly admitted that small value of quadrupolar
and 2seven different types of vanadia sites could be moment and large value of CSA are a limitation to
determined in vanadia systentsd. 3). MQMAS and, in particular, prevent its application to
However, SATRAS has its own limitations, which  vanadium nucleugl5].
are inherent to the resolution of the MAS tech- Recently, we have demonstrated that a combina-

nigue. Spectra composed of nonequivalent vanadiumtion of ultra-high rotation frequency (30-35kHz)
sites with overlapping spinning sidebands may be with low power radio-frequency excitation allows the
difficult to analyze. In addition, defects and dis- application of MQMAS to vanadium nucleus at all
tortions of the structures broaden both, static and vanadium coordinatiofi6]. For complex spectra with
MAS spectra and further complicate the analysis. overlapping lines, MQMAS has significant privilege

SR

Ao

3=1 V205 like

e

Fig. 3. The structures of vanadium sites, which could be determined FWhNMR parameters.
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Fig. 4. 51y 3QMAS spectra of AIVQ (a), BaV207 (b), C$V4011 (c), RkVOi6 (d). The experiments were recorded at a magnetic field
of 9.4T. A 2.5mm MAS probe was used at spinning frequencies in the range 30-35kHz. The three-pulse Z-filter sequence was employed
for the recording of pure absorption 3QMAS spectra and 288 transients were recorded with 64 increments in the indirect ditbgnsion

over SATRAS.Fig. 4 illustrates®V 3QMAS spec- resolution obtained in the 3QMAS spectrum allow a
tra of AlVO4, BaV207, C3V4011 and RBVgO1s, precise quantification of the isotropic chemical shift
the crystalline structures of these compounds reveal andi parameter.

from two to three nonequivalent vanadium sites. The  Fig. 4a shows the®V 3QMAS spectrum of
resulting overlapping spinning sidebands observed AIVO4. The crystalline structure is composed of
in MAS, limit and sometime preclude SATRAS ap- three nonequivalent vanadium sites of typ® Bigh-
plication for all these compounds, while the high resolution 3QMAS spectrum allows a precise quantifi-
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Table 1
Composite quadrupolar coupling constanf &nd isotropic chem-
ical shift §iso) measured by 3QMAS and SATRAS techniqlies

quadrupolar interaction is wealkCy < 1MHz) the
incertitude on its quantification may be large.
Recently, the satellite transition MAS (STMAS)

A (MHz) Siso (PPM) [17,18] technique has been proposed as an alterna-
30MAS 1D 30MAS 1D tive method to MQMAS. STMAS is expected to give
ANOS 49 (0.7) 248 6592 (14) —662 better sensitivity and be less dependant on CSA and
3.5 (0.9) 248 7414 (1.4) —743 strength of the quadrupolar interaction (sites with
3.8 (0.8) 248 7732 (1.4) -776 low or high quadrupolar coupling constants should be
LaVvO, 6.0 (0.5) 56 —604.8 (1.4) —609 more easily observable in STMAS than in MQMAS).
NH4VO3 3.1 (1.0) 205 _564.7 (14) -563.7 The STMAS has significant similitude with both
MQMAS and SATRAS experiments: it correlates in a
RbyVeO16 247 (1.3) 312 -5143(14) -515 . . g i
<18 (18) 237 5476 (14) —547 two—dlme_nsmnal _s_pectrum the centr_al transition with
the satellite transitionsrg m — 1), and in fact STMAS
CsV40n 1.9 (1.7) 129 —511.9 (1.4) -513 . . ; .
2.6 (1.3) né 569.8 (1.4) no experiment can be described as a Fwo-dlmens_lonal
2.4 (1.4) 1.81 -577.7 (1.4) —575 SATRAS experiment. STMAS experiment requires
BaoV/20+ 227 (14) 225 —579.6(1.4) -—579 a very accurate setting of the magic angle (as for
3.5 (0.9) 228 _587.8 (1.4) -—589 SATRAS). Quantitatively, it has been shown, on a
11(29) 228 -599.6 (1.4) —600 23Na STMAS experiment on N&Qy, that an angle

offset of 0.016 has significant line broadening ef-
fects[18]. On conventional probes, such an accurate
angle setting is not without inherent technical diffi-
culties.Eq. (1)gives the full linewidthAvg along the
isotropic dimension (after shearing) of the STMAS

aFor the 3QMAS experiments, errors are reported in brackets.

b The A value could not be accurately determined by SATRAS
and was estimated.

¢Not observed.

cation of the isotropic chemical shift aidparameter  spectrum18]:
for each three sitessig. 4b shows the’’V 3QMAS
; \ 3V2Cy
spectrum of BaV207. In this sample, vanadium  Avg = T2+ D (@)

atoms are distributed between three nonequivalent
Q! sites. As in the previous case a fully resolved Co is the quadrupolar coupling constanf
3QMAS spectrum was obtained (extracted NMR pa- ¢2qQ/h) and Aé (rad) the angle offset from the
rameters with those obtained from SATRAS are given magic angleEq. (1)shows that the linewidtiA v is

in Table 1. Fig. 4c and d shows the 3QMAS spec-
tra of two compounds (G¥4011 and RBVgOig)
containing nonequivalent vanadium atoms with five or
six coordination. In CsV 4011 there are three types of

directly proportional to the product of the quadrupolar
coupling constant by the angle offset. This clearly in-
dicates that, the stronger is quadrupolar coupling, the
more precisely magic angle has to be set. In addition,

vanadium sites: two in distorted tetrahedral pyramids the spin quantum number being involved at the denom-
and the third one with octahedral coordination. In inator of Eq. (1) the adjustment of the magic angle
RV 016 there are two types of vanadium sites, both should be less demanding as this nhumber increases.
in octahedral coordination. The well resolved 3QMAS These two points are indeed, favorable to vanadium
spectra obtained for these compounds allow to deter- nuclei. The high spin quantum number éf and
mine the isotropic chemical shift and the composite the generally weak quadrupolar coupling constants
qguadrupolar coupling constant. Though ingRBO16 observed for vanadium atoms should permit small de-
both sites are observed, the low composite quadrupo- partures from the exact magic angle position. In prin-
lar coupling constant of the weak line is not easily ciple, SATRAS spectra are composed of as many lines
measured from the spectrum, only a maximum value as the number ofng, m — 1) transitions, and it is, for
of the quadrupolar coupling constant can be estimated. the moment, not possible to select one particular satel-
These examples clearly illustrate the superiority of lite transition other than by adjusting radio-frequency
MQMAS over SATRAS, when several sites produce fields power in order to emphasize the desired tran-
overlapping spinning sidebands. However, when the sition. The autocorrelation signal of the central
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transition can be removed by selective presaturation or of gravity of ST2 § = 6.0 MHz, §iso = —600 ppm)
by subtraction of a spectrum of the solely autocorrela- agree with SATRAS and MQMAS datf21]. The
tion signal[19] but these may be of poor efficiency for intensity of the correlation line with thege%) tran-
removing unwanted satellite transitions. In the case of sition (ST3 signal) in not visible ifrig. 5 because its
spin% the STMAS spectrum is composed in principle, intensity is too low (about the noise level) and below

of the correlation of central transition-§, 3) with the floor used to draw the contour plots.

itself plus three satellite transition§<3, 3-3, 3-7).
This multiplicity of signal may complicate the inter- o o
pretation of spectra when several sites are involved. 3. Vanadium in lower oxidation states

Up to now STMAS has been applied #8Al and _ o _
23Na, and'70 [20] in 70 enriched MgSiOy. Herein Whilst V®*-containing phases can be easily char-
we report the firsBlV STMAS experimentFig. 5 acterized by conventionalV MAS NMR, this is not

shows the5V STMAS spectrum of LaV@, three the case for materials with vanadium atoms in lower
signals are observable: (i) the central transition signal oxidation states. However, information concerning the
(CT), (ii) the (%_%) satellite signal (ST1), (iii) the nature, location and oxidation state of vanadium cen-

35 .4 . _ ters can indirectly be obtained from NMR spectra of
(3-7) satellite signal (ST2). The composite quadrupo neighboring atoms. Thus, on vanadium—phosphorus

lar coupling constant and the isotropic chemical shift .
. .~ system, Gerstein and coworkd®?] and later Tuel
extracted from the position of the center of gravity et al.[23] has applied &P spin echo mapping tech-

of the ST1 line { = 6.2MHz, disp = —605 ppm) . . . .

and those resulting of the frequencies of the center nique, which allows 1o ex_ndence vanadium paramag-
netic centers by observing a largéP spectral re-

gion. For \P* containing compound$!P chemical

shift is in the range 20—40 ppm; for compounds con-

taining V* phosphorous chemical shift varies from

1600 to 2600 ppm:; for ¥ containing compound&P

[ 640 chemical shift is near 4650 ppm. These shifts are of
the Fermi-contact origin, and can be used as a mea-

L5620 sure of the unpared electron spin density transferred
from the paramagnetic centers to tR¥ nucleus.

L-600 Thus,3!P line shift gives direct indication on the num-

Fiso ber of paramagnetic species in the first coordination

=580 sphere of phosphorus as well as on their oxidation
state.

r-560 We have decided to extend tA& spin echo map-
ping technique t®V5*, in ultra-high-speed MAS

'ppm (and large spectral width) conditions, in order to de-

tect by observing!V NMR signal of \°+ atoms, the

proximity of vanadium atoms in a lower oxidation
F2 state. Bronzes and oxovanadium sulfate have been

i +

Fig. 5.5V STMAS spectrum of LaVQ obtained after shearing used as an example of mixedV and,\/l _Vale{;ie

(the shearing has been chosen to produce an isotropic line for the _compounds. Na_}?OlB forme_llly contains five

ST1 signal in the indirect dimension), showing the different cor- ions per one ¥ ion. According to the structural data

relations: (CT) is the autocorrelation of the central transition, ST1 each vanadium ion has two nearest vanadium neigh-

correlates the central transition with t.r.lé—(g).satellite transition bors at 3.06 A. In this compourﬁiv isotropic chem-

and ST2 correlates the central transition with t@eg) satellite ical shift is observed at-900 ppm. For BiV3O16

transition. The experiment has been recorded in a magnetic field th . g+ ¢ N isot .
of 9.4T, at a spinning frequency of 10kHz, 256 transients have ( ere IS one 1on per two |ons) ISotropic

been accumulated. On both axes positive and negative skyline Shift is equal to—1447 ppm[24]. Kg(VO)a(SQs)s
projections are shown. contains A/t pairs of VQ distorted octahedral

ppm -600 €10 -620
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units, usually possessing one shor® bond about
1.57A, and four equatorial bonds around 2.00A
[25]. Eight different SQ>~ groups form bidentate
bridges between the 4 and \P* ions. It is worth
noting that the CSA (635 ppm) and the isotropic shift
(—655 ppm) of this compound are close to those ob-
served for pure ¥+ oxosulfatovanadates (compounds
formed in \VbO5—M2S,07 system). The latter indi-
cates that the distance ($®ridge) between ¥+
and \P* along with the short electron spin relaxation
time for V4t is sufficient to reduce significantly the
influence of paramagnetic% on diamagnetic ¥*.
Thus, >V NMR line shift gives implicit indication
on the number of ¥t ions in the first coordina-
tion sphere as well as on the distance betweéh V
and V.

Different positions concerning the influence of
V3* on %V NMR spectra of \* ions exist in the
literature. Boyarski et a[26] claims to have directly
observed V+ and \Pt NMR signals in \bO4 (Which

is proposed to contain vanadium atoms in both states).

On the other hand, Pons et gl7] states that the pres-
ence of \A* prevents observation 6tV resonance.
We have checked tH8V NMR spectrum of 4Oy, at

O.B. Lapina et al./Catalysis Today 78 (2003) 91-104

4. Solid solutions, glasses, melts (structure,
dynamics)

Solid-state NMR methodology progresses take ad-
vantage of the possibility to probe highly crystalline
and/or amorphous phases to give new insights into
the structural aspects of disorder in crystalline and
glassy solid solutions. In these systems, ion mobility
can be characterized over a large timescale by several
NMR approaches. Atomic and molecular mobility
occurring with correlation times of the order of a mil-
lisecond can be monitored from variable-temperature
static solid-state NMR. Furthermore, temperature
and frequency dependency measurements of nuclear
spin—lattice relaxation rates afford a comprehensive
characterization of internal dynamics of solids occur-
ring on a microsecond timescale.

4.1. Solid solutions MNbg(1—y) Tap, VOg

Substitutional solid solutions MNj ) Tap, VOg
with different M andx (for M = La, x = 0, 0.1, 0.16,
0.2,0.25,0.3; for M= Y, x =0, 0.1, 0.2, 0.29, 0.38,
0.58; for M= Sc,x =0, 0.3, 0.5, 0.7, 1.0) have been

35kHz a signal significantly shifted to a lower field up  characterized b§'V SATRAS technique. Variation of

to 2100 ppm has been observed. The same spectrumM andx allows structural investigations of solid solu-
was observed recently by Jakobsen and coworkerstions to be made using the replacement of some atoms
[28] and has been assigned td*Vcoupled to the  in the cation sublattice (M) and in the anion sublattice
neighbouring V** with the formation of diamagnetic ~ (x). The structure of vanadium anion sublattice is the

site. same for M= La and Y, while for M= Sc, it becomes
1,0 10,64 +620
997 E
0,84 1 10,4
1 616
0,7+ 10,2
0,64 614
ol’ 0,51 *Sc 10,0- Le12 v
Yo 057 ~ Qs Giso,
0,4+ MHz 9,8 et0 PPM
0,3+
] 96 608
0,24
0,14 2 941 - 606
0,04 [ - 604
T T T T T T 9,2 T T g T T T T T T
0,0 02 0.4 06 08 1,0 0,0 02 04 0,6 08 1,0
(A) X (B) X

Fig. 6. (A) Relative intensities oPV NMR lines from tetrahedral (1) and octahedral (2) vanadium sites in the solid solution
ScNby1-x) Tap, VOg depending orx; (B) changes obrjs, for tetrahedral vanadium sites a@d on 45Sc depending om.
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rather complex. These three elements belong to thetween different sites. This exchange is only observed
same 3B group and have identical valence )3out at elevated temperatures, when simultaneously, a re-
they differ by their ionic radii 0.81 A (St¢), 0.97 A markable transformation of the anion framework takes
(Y3t), 1.06 A (L&"). lonic radius of S&t is 23.6%  place.

smaller than the L% one, while Y+ ionic radius is Two different ways of crystallization were revealed
only 8.5% smaller. This can explain the different anion during heating of the melt-quenched glassy samples.
structure sublattice formation for Sc solid solutions. The type of crystallization, in the studied glasses,
For M = La and Y, vanadium sublattice is composed depends on the local and extended arrangement of
of isolated regular tetrahedra of°Qype. While for structural units. If the glass structure is similar to
M = Sc, vanadium anion sublattice is represented by the crystal structure of the compounds formed at a
the superposition of distorted octahedral and regular given composition, the glass—crystalline transition
tetrahedral sites. Variation of (replacement in anion  (at Tg) is similar to a solid—solid transition. Then,
sublattice) results in monotonic changes in the values crystallization requires only moderate changes of the
of chemical shifts and linewidths both f&lv and*°Sc anion framework and cations sublattice. However, if
(Fig. 6). Replacement of Nb by Ta is accompanied by the composition of the crystalline compounds dif-
monotonic changes of relative concentration of octa- fers significantly from the starting glass composition,

hedral and tetrahedral sites in Sc systéig.(6) [29]. the glass framework needs essential rearrangement.
Then, a glass-to-crystal transition follows through

4.2. M2$07-V205 and MHSO4-V20s5 (M = Na, the so-called “metastable liquid state”. All these pro-

K, Cs) glasses, melts: structure and dynamic cesses may be easily traced by NMR.

behavior of the framework units As an example, theV NMR static spectra,

recorded for heated 4€S5,0,-V205 and 2CsS,07—

Valuable information about glass and melt struc- V205 melt-quenched glasses are showrfig. 7. At
tures as well as about dynamical behavior of ambient temperature both spectra exhibit broadened
framework units may be obtained from temperature- lines with axial CSA. When the 4@S§,07-V,05
dependent studies of melt-quenched glasses, whichsample is heated to 200—220 the spectrum trans-
are accepted to retain the main structural featuresforms to a narrow symmetric line. This isotropic
of the melt. Exchange processes observedgatire averaging of CSA indicates a high mobility of
supposed to be the most important for melts. This vanadium-containing species, usually occurring in
approach has been chosen for the NMR study of liquids. A visual observation of the metastable liquid
M2S,07-V205 (M = Na, K, Cs) meltd30-32] at this temperatureT§ for this sample) supports this

At ambient temperature the stat®/ NMR spectra conclusion. Simultaneously, cations mobility sharply
of melt-quenched MS,07-V,0s glassy samples are  increases, as follows from tH€3Cs NMR spectrum
similar for a wide range of composition. They show measured at the same temperature. As the sample is
a broad line with an axial anisotropy of the chemical kept atTg, the metastable liquid crystallizes into crys-
shielding tensor corresponding to vanadium atoms in talline C$S,07 and Cg(VO),0(SQy)4. Since the
a distorted octahedral oxygen environment with one Cs/V molar ratio of the crystalline compound (CsA/
short V=O bond. They exhibit a Gaussian-like dis- 2) differs from that of the starting glass composition
tribution of the quadrupole coupling constant which (Cs/V = 4), crystallization indeed proceeds through
is typical for glassy samples. As the vanadium con- the metastable liquid state. On the contrary, in the case
centration increases, chemical shielding tensor pa- of 2C$S,07-V,05 glass composition, the ratio Cs/V
rameters distribution also increases indicating a more (2) is equivalent to that of GvO),0(S(y)4, and the
disordered local environment of vanadium sites. glass-to-crystal transition is fast without detection of

23Na, 39K and133Cs NMR experiments confirmthe  a metastable liquid. As crystallization completes, the
lack of long-range order in the glassy samples. Ac- anion framework stabilizes and is maintained during
cording to these data cations are randomly distributed subsequent heating, up to the melting point. At the
over the vanadium sulfate framework. At room tem- same time in both cases, the cation mobility contin-
perature there is no chemical exchange of cations be-uously increases with the increasing temperature.
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Fig. 7.5V NMR spectra of melt-quenched glassy samples: (A)367-V20s (Cs/V = 4); (B) C$S,07-V205 (Cs/V = 2) measured

at indicated temperatures. NMR spectra have been measured on a Bruker MSL-400 spectrometer (magnetic field 9.4 T) using homemade
high temperature NMR probg0].

Fig. 8 shows the®lV spectra of(1 — x)K2S,07— Small amounts of pyrosulfate or hydrogensul-
XV 205 melts. A narrow line is observed at587 ppm fate added to vanadium pentoxide melts essentially
for the pure \AOs melt. The increase of the chemical broaden the®V NMR line (thus atx = 0.98,
shift from —612 ppm (solid) to—587 ppm (liquid), linewidth is broadened by about a factor of 4).

indicates the changes of vanadium coordination from Conceivably individual vanadia (V£), chains are
octahedral (solid) to tetrahedral (melt). This decrease laced with oxosulfate links coordinated to vanadium.
in the coordination number under melting is typical In this case the mobility of (V@), chains should

for transition metal oxides®V NMR relaxation sharply decrease, resulting in a quadrupole broaden-
times may help to estimate the average size of the ing of °V NMR line. Such broadening in melts with
oxovanadium species in the®s melt. These species x = 0.1-03 completely excludes the observation of
are found to exist as short one-dimensional chains of any NMR line, since large bulk three-dimensionally
several tetrahedral Vunits. The chains are small interacting species are formed.

in size, and quadrupole broadening is most likely  Similar behavior is observed in the melts with low
removed by their fast rotation. vanadium content. In the pyrosulfate system, vana-
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51 -587 vanadium concentration above 0.1 leads to associa-
\' X . . : S
tion of the complexes with the formation of dimeric
1.00 (VO),0(SOy)4*~ and finally oligomeric species at
x > 0.3. Further increase of the vanadium content di-
610 minishes the number of sulfate or pyrosulfate anions

0.98 coordinated to vanadium. In the melt of the purgO¢
/ \ ’ the chains of VQ tetrahedra bridged via common
oxygen atoms are retained. As was expected, alkali

cations are characterized by high diffusion mobility

0.30 in the melts.
. . T -
0.10 5. Solid catalysts
S aamannn st s S AR e Last decade, numerous papers devoted>td
-685 NMR studies of solid vanadia based catalysts have
0.02 been published, demonstrating NMR importance and
Wwwww self-descriptiveness for so complex systems as cata-
-730 lysts. It is worth noting that valuable data concerning
MWWW structure of different binary catalysts, catalysts modi-
fied by different promoters, as well as binary catalysts
prepared on mixed oxide supports have been obtained
"0 400 800  -1200 (ppm) (these results were reviewed partly in the encyclope-
dia of nuclear magnetic resonance spectrosdapy
Fig. 8.5V NMR spectra of the K5,07-V,0s melts with var-  Nevertheless, the last few years ‘revolution’ in the

ied vanadium concentrations. NMR spectra have been measured
on a Bruker MSL-400 spectrometer (magnetic field 9.4 T) using
homebuild high temperature NMR prolj@2].

solid-state NMR spectroscopy of quadrupolar nuclei
with half integer spin has revealed new approaches
and possibilities fo®V NMR, especially in its ap-
plication for characterization of different vanadia
dium may exist (at low concentrations) in the form catalysts. Herein the possibilities of ultra-high-speed
of monomeric vanadium-oxosulfate complexes (this is MAS (35 kHz) and MQMAS NMR will be shown on
corroborated by somE’O NMR measurements). The  the example of supported @TiO» catalysts.
fast rotational mobility of such complexes diminishes Different methods are used for preparation of model
the broadening mechanism (quadrupolar broadening) and real VQ/TiO> catalysts, among them: deposition
and,>V signals can then be observed. The line posi- of thin V,0s layers on clean anatase single crystal,
tion (chemical shift at about730 ppm) indicates an  grafting of VOCk from gas phase or VOgI(VOR3)
octahedral oxygen coordination of vanadium atoms (it from inert solutions on polycrystalline TiQimpreg-
is tetrahedral in pure M0Os melt). Theincreaseinvana- nation of polycrystalline Ti@ by different solutions
dium content results in the dimerization and oligomer- containing \V** or V4t salts, equilibrium impregna-
ization of the vanadium-oxosulfate units. A large size tion at different pH, ultra-high intensity grinding of the
of the oligomeric species prevents observation of their mixture of initial oxides \bOs and Ti®, and copre-
51V NMR spectra due to mobility decrease and effec- cipitation of mixed vanadia—titania solutions with spe-
tive quadrupolar broadening. cial drying techniques (so-called spray-drying). These
Thus, NMR data show that the type of vanadium techniques result in different bonding between vana-
species in the melts depends on vanadium concentra-dium and titanium atoms. The gentler interaction is
tion. At low vanadium concentration, the formation expecting to occur during the deposition of thinQ%
of monomeric or not associated dimeric complexes is layers on anatase single crystal. Only surface species
likely in the pyrosulfate system. The increase of the should be formed during chemical reaction between
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VOR3 and surface hydroxyl groups (grafting). While
its is impossible to exclude the formation of bulk
vanadium sites during impregnation and milling pro-
cedures, bulk vanadium sites should be mainly formed
under coprecipitation techniques. In order to reveal
the structure of active sites it is necessary to know the
structure of surface vanadium species and bulk vana-
dium sites, as well as the concentration of the surface
vanadium species and their catalytic activity.

Grafting technique is achieved through chemical
reaction between hydroxyl groups of the support sur-
face with supported vanadium compound (V@CI
VOCI3 + n(HO-Ti0H — VOCls_, (O-Tiv,, where
n can be 0-3. According tdH NMR data only the
bridging OH groups react with chlorine atoms of
VOCIs. Isotropic chemical shift and chemical shield-
ing anisotropy measured BYV MAS NMR indicate
that two chlorine atoms are simultaneously involved
in this reaction. As a result vanadium is bounded with
TiO2 surface via two oxygen bonds with the forma-
tion of tetrahedral surface species, characterized by
one short vanadium—oxygen bond and a V—CI bond.

After hydration—dehydration procedures, three
groups of signal (group | composed of the lines situ-
ated between-515 and—530 ppm, group Il situated
between—560 and—580 ppm and group Il between
—610 to—660 ppm) are formedHig. 9a) [33]. Note
especially, that for the first time the spectra of sam-
ples were measured at spinning frequency of 35 kHz.
That allowed definite separation of all the isotropic
lines from the spinning sidebands. The high field shift
of the lines of the group Il is likely due to the strong
interaction between vanadium and Ti (for example,
via two or three bonds). It is possible to suggest that
the lines of group | correspond to vanadium weakly
bound to Ti (for example, via one or two bonds). Each
group of signal consists of two or three lines that may
result from the interaction of supported vanadium
with OH groups located not only on the densestJiO
plane (001), but also on cleavage planes other than
(001). Observation of 6-9 nonequivalent vanadium
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Fig. 9.5V MAS NMR spectra of VQ/TiO, catalyst prepared by
grafting method = 35kHz), at this rotational frequency there
is no overlapping between isotropic lines and spinning sidebands.
only isotropic lines, marked by asterisks are shown: (a) spectrum
of initial catalyst; (b) after NH adsorption at 20C; (c) after NH
adsorption at 200C; (d) after NH adsorption at 350C; (e) after
running in catalytic reaction at 35C (a treatment in stronger
conditions reverts spectrum (e) to the initial one).

temperaturesHig. % and d) attenuation of the signals
of group | is detected, and low field shifted peak is
becoming less intense. Note that group Il presents
the steadiest response to exposure toNFhe for-
mation of a great number of vanadium species on the
catalyst surface was confirmed also by some DRIFT
measurements.

The species structures significantly change after cat-
alytic reaction: the main line corresponds to vanadium

sites indicates that there should be also an associationsites of group I. Integrated intensity of group Il peaks

of vanadium species.

These lines have distinct behaviors undeiOHor
NH3 adsorption (confirming the formation of sev-
eral different vanadium sites on TiGsurface). Low
temperature (20C) ammonia adsorptionF{g. %)
preferentially affects sites of group Ill. At higher

decreases, while that of group Il remains unchanged
(Fig. %). Hydroxylation of group Il sites and con-
version of group | sites can thus be proposed. High
mobility of the protons on the catalyst surface addi-
tionally facilitated by the coarse of reaction supports
this statement.
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Catalysts prepared by spray-drying method are mination of CSA and quadrupole tensor parameters,
characterized by a strong interaction between initial as well as their distributions, permits to draw a con-
oxides with the formation of the coherent interfacial clusion on the local environment of vanadium sites
boundary between TiPand V,Os. Vanadium atoms  in the catalysts. The formation of a triple V—P-Ti
forming this boundary have an octahedral environ- compound in phosphorous-doped MDIO, catalysts
ment, which is less axial than in)®s [34]. Large has been revealed. Only one type of slightly distorted
value of quadrupolar constant indicates significant tetrahedral vanadium atoms bound via oxygen to
structural distortions (probably, in the second coor- phosphorous was found in this compound. The very

dination sphere) of the local environment ofV large distribution of the quadrupole coupling constant
localized in interfacial boundary in comparison with points to the irregular structure of this compoyad].
the local environment of ¥ ions in bulk V»Os. Sodium-doped binary vanadia—titania catalysts pre-

The appearance of the common boundary betweenpared by the spray-drying method and treated under
vanadia and titania particles has been noticed in catalytic reaction have been studied using fast MAS
the samples prepared with ball milling followed by and two-dimensional triple-quantum MAS NMRB7].
the thermal treatment, but in this case there is the Several vanadium-containing species have been iden-

other stacking geometry. According &V NMR tified in a representative set of catalysts of various
two different types of octahedrally coordinated vana- sodium contents. Analysis of bofAiNa and®V NMR

dium (V®*) species (V* (1) and VP* (lI)) strongly spectra has provided relative contents of sodium and
bonded to TiQ are formed in milling samplef35]. vanadium compounds. Similar to potassium-modified

During milling—calcination processes an increase of catalysts, sodium vanadate is formed at high con-
Vo (1) and VP*(Il) concentrations is observed with  centrations of alkali metal (sodium), while at low
the appearance of % ions, along with the forma-  concentrations of Na a vanadium bronze of Névs
tion of at least three different types of paramagnetic composition arises. The preferential formation of
V4t species. Relative amounts of differenf*vand sodium vanadate is the cause of an effective decrease
V5t species depend on the milling time, presence in content of strongly bound vanadium. At the same
of H2O in the system, and subsequent calcination time, a part of the sodium readily interacts with resid-
procedures (temperature and calcination time). Thus, ual sulfate ions, and a considerable amount of sodium
V5t (1) species are formed predominantly during sulfate was found witt?3Na 3QMAS NMR. The
milling, whereas those of ¥ (ll) after the thermal use of multiple-quantum sodium NMR has allowed
treatment. For the structural characterization of these the evaluation of the isotropic chemical shifts and
species, complete sets of the quadrupole and chem-parameters for all of the observed sodium species.
ical shielding tensor parameters, including relative
tensor orientation, have been estimated by SATRAS
technigque. This leads to the conclusion that the octa- 6. Conclusions
hedral environment of vanadium in®V (Il) species
is less distorted than in%" (I), and in both cases the The results presented in the paper demonstrate
distortion is less axial than in3Os. advantages and limitations of modern solid state
Comparison of these data with catalytic activity of 1V NMR techniques (SATRAS, high-speed MAS
the samples and with theoretical calculations suggests(35kHz), MQMAS, STMAS). Some examples il-
the structure of active sites and also the mechanism of lustrate applications of these techniques to various

catalytic reactiorf35]. vanadium systems, including individual crystalline
Bright results were obtained by SATRAS and MQ- compounds, solid solutions, glasses and catalysts.
MAS techniques for doped vanadia cataly{&8,37]. Original correlations of the structure of vanadium

Phosphorous-doped V@NiO, catalysts prepared atoms and NMR parameters are proposed allowing
by the spray-drying method and treated under cat- discrimination of at least 7 different types of vana-
alytic reaction have been studied by SATRAS, 2D dium sites (tetrahedral sites oPQQ! and @ types;
triple-quantum, quintuple-quantum MAS NMR, and trigonal pyramids of 3= 1 and 3= 2 (V2Os-like)
spin echo mapping methods. The simultaneous deter-types; tetragonal pyramids of4 1 and 4= 2 types.
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It is demonstrated that appropriate combination of
different NMR techniques permits now not only to
identify different vanadium sites in crystalline and
amorphous materials, but also to get insight into the
structural aspects of disorder and temperature be-
havior of different functional groups. The effect of
vanadium atoms in low oxidation states ¥ NMR
spectra is also discussed.
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