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Characterization of Divalent Metal Metavanadates by®V Magic-Angle Spinning NMR
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51y quadrupole coupling and chemical shielding tensors have been determine@fanagic-angle spinning

(MAS) NMR spectra at a magnetic field of 14.1 T for nine divalent metal metavanadates: Mg(\3a(VG;),,
Ca(V0s)2-4H,0, a-Sr(VOs)2, Ba(V0s),, Zn(VOs),, - andS-Cd(V0s),, and Pb(VQ),. The manifold of spinning
sidebands (ssbs) from the central and satellite transitions, observed 3#WthAS NMR spectra, have been
analyzed using least-squares fitting and numerical error analysis. This has led to a precise determination of the
eight NMR parameters characterizing the magnitudes and relative orientations of the quadrupole coupling and
chemical shielding tensors. The optimized data show strong similarities between the NMR parameters for the
isostructural groups of divalent metal metavanadates. This demonstrates that different types of metavanadates
can easily be distinguished by their anisotropic NMR parameters. The brannerite type of divalent metal
metavanadates exhibits very strofy quadrupole couplings (i.eCq = 6.46-7.50 MHz), which reflect the

highly distorted octahedral environments for the"\on in these phases. Linear correlations between the principal
tensor elements for th&V quadrupole coupling tensors and electric field gradient tensor elements, estimated
from point-monopole calculations, are reported for the divalent metal metavanadates. These correlations are used
in the assignment of the NMR parameters for the different crystallogratiisites of Ca(VQ).:4H,0, Pb-

(VO3),, and Ba(VQ),. For a-Sr(VQs),, with an unknown crystal structure, th&/ NMR data strongly suggest

that this metavanadate is isostructural with Bag)sOfor which the crystal structure has been reported. Finally,

the chemical shielding parameters for orthovanadates and mono- and divalent metal metavanadates are compared.

Introduction

Recent years have seen an increasing interest in the applica
tion of IV NMR spectroscopy to solid-state inorganic chemistry.
Most attention has been paid to structural studies of vanadate

with catalytic propertie$;® vanadium oxide-based cataly’s#s; 16
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and vanadium species in microporous framework structgrés.
This is partly due to the favorable properties of #¢ isotope
(99.8% natural abundancé,= 7/, with a small quadrupole
moment and a relatively high gyromagnetic ratio) which allow
observation oV in very small quantities, such as those of
vanadium incorporated into zeolite structdfed! and vanadium
oxide on alumina or silica suppof&st® Furthermore, different
vanadium species can be distinguished and characterized by a
determination of théV chemical shielding anisotropy (CSA)
along-259:2224 or in combination with the quadrupole coupling
parameterd>27 This makes the technique very useful in
providing structural information about the local environments
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of vanadium species in systems with no long-range order, suchof the vV CSA and quadrupole coupling parameters, thereby

as catalytic surfaces. providing a more reliable basis for correlations of these data
A fundamental aspect of?V NMR is the relationships with structural parameters. The present work also includes an

between the NMR parameters, characterizing the chemicalinvestigation of relationships between tf&/ quadrupole

shielding (i.e.,0, 70, anddis;) and the quadrupole coupling couphng parameters and structural _data using point-charge

(Cq andrq) interactions, and structural parameters, such as the calculations which model the electronic structure at the nuclear

state of coordination, the degree of polymerization of,\iBits, Vo7 site.

V—0—-V/O—V—0 bond angles, and YO bond lengths. To _ )

establish these types of correlations, seveddINMR studies Experimental Section

have focusggzc;n t,he characterization of crystalline, inorganic Materials. The vanadates studied were synthesized from reagents

vanadates™ with crystal structures known from X-ray  of analytical purity grade which were used without further purification.

diffraction. These investigations have mainly included ortho-, The basic structures and purities of the metavanadates were confirmed

pyro-, and metavanadates and a determination of#i&CSA by powder X-ray diffraction using the JCPDS diffraction files as
parameters from either static-powder or MAS NMR spectra of reference.
the 51V central transition. Eckert and Wachisave shown that Mg(VO3),. The preparation of Mg(Ve), was based on the method

the >V CSA generally increases with an increasing degree of described by Sam et #.A527¢g (45.0 mmol) amount of NYOs
polymerization for ortho-, pyro-, and metavanadates, while was dissolved in 50 mL of a 1% Nj$olution, and 1.31 g (22.5 mmol)
Hayakawa et a* have suggested that the state of coordination °f Mg(OH): was added. The suspension was evaporated while being
and the degree of polymerization for @olyhedra can be stirred, then dried at 11%C for 2 days, and finally calcined at 70@

. for 24 h.
redicted from the CSA tensors.
P . . . o- and f-Cd(VOs),. $-Cd(VOs), was synthesized by heating
In recent work, we showed that improved information about equimolar amounts of CdO and,Ws at 660°C. After 30 h at this

the >V environments can be obtained fron?®& MAS NMR temperature, the sample was cooled to room temperature, which gave
spectrum of all single-quantum transitiotis?’ These experi-  the high-temperaturg form of Cd(VOy),. The low-temperature form,
ments allow determination of the magnitudes and relative a-Cd(V0Os),, was obtained from a solution of 1.96 g (12.9 mmol) of
orientations of thév CSA and quadrupole coupling tensors NH:VOs and 1.51 g (6.45 mmol) of Cd(N§2-4H,O in 100 mL of
from numerical analysis of the spinning-sideband intensities Hz0. The suspension was evaporated at@with stirring until the
observed in these spectra. In addition to the structural informa- Water was evaporated. The residue was subsequently dried 4C120
tion gained from the quadrupole coupling parameters, a precisefor 2 days. ]

determination of the isotropic chemical shifbis) is also Ca(VOs), and Ca(V0O;)2+4H:0. The synthesis of Ca(V4H,0
obtained. This is of importance when correlations betwagn ~ lowed the method described by Marvin ef@h 0.57 g (5.5 mmol)

and structural parameters are derived, since the second-ordefmount of Ca0 was dissolved in 250 mL of water, and 1.82 g (10

lar i . hift the i . K h anol) of V,0Os was added with stirring. After 1 h, the solution had a
quadrupolar interaction may shift the isotropic peak by as muc pH about 6 but still contained residues of soligQ¢ Thus, 75 mL of

as 14 ppm to lower frequency at moderate magnetic fields (9.4 3 saturated Ca(OHpolution was added, which raised the pH to about
T). So far,*V MAS NMR spectroscopy of the central and 7. The suspension was heated overnight £@nd then filtered twice
satellite transitions has been employed in studies of orthovana-to remove the precipitate. The filtrate was slowly evaporated, and after
dates and alkali metal metavanad&®&®¥.For these vanadates, 2 weeks, a yellow precipitate of Ca(\df24H,0 was filtered off. TGA
correlations between the quadrupole couplings and estimatedanalysis revealed that the dihydrate (Cag)#2H.0) was formed at
electric field gradient (EFG) tensors, obtained from point-charge about 53°C and the anhydrous metavanadate at about°Cl7Ca-
calculations, have been reported. Furthermore, these studie$¥©2)2 was obtained by heating Ca(¥f24H0 at 240°C overnight.
show that simple relationships between the magnitudes of the M(VO3)2 (M = Sr, Ba, Zn, Pb).Zn(VOs), was prepared by heating
CSA and the quadrupole couplings can only be expected foreqmmolar amounts of ZnO and,®s at 600°C for 24 h. After cooling,

structurally closely related compounds, e.g., for the isostructural tr\}%proguc\t/was grgu;g\fmd heated atga”? tod%o%or %4 h.o-Sr- |

dates MVOIM = NH,, K, Rb, Cs, TI)? (VO3),, Ba(VOs),, an (V@Q). were synthesized by heating equimolar
metavana S ! S amounts of ¥Os and of SrCQ, BaCQ, and PbC@at 620, 700, and
This work reports the determination of the magnitudes and 500 °C, respectively, for approximately 24 h.

relative orientations of thé'V quadrupole coupling and CSA NMR Measurements.Solid-staté’V MAS NMR experiments were
tensors for a series of divalent metal metavanadates (MYO  performed at 157.7 MHz (14.1 T) on a Varian INOVA-600 spectrometer
M = Mg, Ca, Sr, Ba, Zn, Cd, Pb) usingV MAS NMR using home-built CP/MAS probes for 4 and 5 mm o.d. rotors. In one

spectroscopy of the central and satellite transitions. Thesecase (Mg(VQ),), a*V MAS NMR spectrum was recorded at 78.5
metavanadates are structurally quite different from those studiedMHz on a Varian INOVA-300 spectrometer. Spinning speeds in the
recently?® since they include vanadium coordinated to either '@nges 1213 and 14-16 kHz were employed for the 5 and 4 mm
four, five, or six oxygen atoms and in some cases contain SisN4 rotors, respectively, and a stability 2 Hz was achieved using

ltinl di it hich licate th vsis of a Varian rotor-speed controller. TH&V MAS NMR spectra were
multipie vanadium sites, which may complicate the analysis ot ,qineq by employing an exact magic-angle setting (adjusted using

the >V MAS NMR spectra. Thus, thé'V NMR spectra are 25 MAS NMR of NaNQ), spectral widths of 2 MHz, single-pulse
recorded at a high magnetic field (14.1 T) to improve the excitation with a pulse width of 0:51.0 us (for yHy/27 ~ 70 kHz),
resolution of the individual resonances and to obtain an and a relaxation delay of 1 s. Baseline distortions were suppressed by
improved reflection of the effects from the CSA interaction.  alinear prediction of the first (1625) data points of the FID followed
51y CSA parameters and chemical shifts have been reportedby a baseline correction using the Varian VNMR software. Isotropic
earlier for divalent metal metavanadates from eifdgrstatic- chemical shifts are reported relative to neat VoO@ing a solution of
powder or MAS NMR spectra of the central transitiet?4 0.16 M Nave% (6s0 = —574.38 ppm) as a secondary refereffce
However, in some cases, resonances from structurally differentHowever’ the>V MAS NMR spectra shown in the figures employ a
o i ! kHz scale relative to the isotropic peaks, to appreciate the asymmetry
vanadium sites (i.e., M(V€),; M = Sr, Ba, Pb) were not
reso',ved’ which !ed to .maccurate d?terml.natlons of Emé (28) Sam, D. S. H.; Soenen, V.; Volta, J. £.Catal.199Q 123,417.
CSA's and chemical shifts. The consideration of both interac- (29) marvin, R.; Magin, G. B., JiU.S. Geol. Sur. Prof. Pap.1959 320,
tions in this work is shown to significantly improve the precision 103.
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Table 1. 5V Quadrupole CouplingsQg, 17q), Chemical Shielding Anisotropie®, 1,), Relative Orientations of the Two Tensorial
Interactions ¢, ¥, &), and Isotropic Chemical Shifts for a Series of Divalent Metal Metavanadates>t6MAS NMR at 14.1 B

compd Cq (MHZ) 7 00 (PPM) Mo Y (deg)  y(deg) & (deg) Oise® (PPM)
Mg(VO3), 7.504+0.10 0.34:0.02 310+ 3 0.30+ 0.03 o 5247 0+17 —533.9+05
Zn(VOs), 6.864+0.09 0.40+0.02 333+ 3 0.02+ 0.06 o 5346 2420 —493.8+0.3
B-Cd(VOs), 6.46+£0.09 0.47+0.03 311+3 0.314+0.03 22436 5546 0+18  —468.2+0.3
a-Cd(VGO;), 1.70+ 0.07 1.00£ 0.10 484+ 16 0.154+ 0.09 o 90+ 4 47+ 7 —521.5+£0.3
Ca(VOy), 3.06£0.06 0.51+0.05 517+5 0.184 0.03 74+ 36 86+9 35+3 —563.0+ 0.5

Ca(V0y)»4H,0 V(1) 4.18+0.04 0.92£0.03 297+6 0.30+£0.03 150+ 15 34+38 54+ 14 —580.0£ 0.5
V(2) 3.73£0.05 0.57£0.03 4925 0.16+0.03 144+ 18 50+5 88+ 16 —529.5£ 0.5

Pb(V0s)2 V(1) 3.75£0.05 0.13:0.03 465t5 0.15+ 0.05 90+ 55 36+6 o —529.8+0.3
V(2) 6.98+0.11 0.31+0.02 428+4 0.12+ 0.05 9@ 50+5 02 —479.7£ 0.3
Ba(V0s), V(1) 3.68+£0.04 0.16£0.02 190+3 0.41£0.08 15330 70+7 60+ 6 —658.5£ 0.3
V(2) 556+0.04 0.04+£0.02 265t3 0.59+ 0.04 20+ 20 8+ 9d 9¢H —590.6£ 0.5
o-Sr(VOs), V(1) 4.22+£0.08 0.12£0.04 218+4 0.32+0.10 128+28 86+23 43+7 —639.1+ 0.3

V(2) 5.65+0.14 0.31+£0.03 244t4 0.61+ 0.06 56+ 36 6+20 54+39 —585.9£ 0.3

aOptimized data from least-squares fits to the experimental ssb intensities obset¢diAS NMR spectra at 14.1 T. The error estimates are
based on calculations of the 95% confidence limits using the method described in f&30gnment of thé'V parameters to the crystallographic
51V sites employing the correlations between the quadrupole coupling tensor elements and estimates of the electric field gradient tensor elements
from point-monopole calculations. The nonequivaléntsites are indexed according to the structure references (cf. Talflés®jropic chemical
shift referenced to neat VOEI! Parameters fixed in the optimization due to restrictions on the Euler angles imposed by the crystal symmetry (see
text).

of the ssb manifolds, while insets displayed with a ppm scale are relative crystal structures and ttf8V NMR parameters are discussed.

to neat VOC4. Finally, correlations between the NMR data and structural
Simulation Software. Simulations, least-squares fittings, and error parameters derived from the reported crystal structures are

analyses of the experimenfaV MAS NMR spectra were performed investigated.

on a SUN ULTRA-SPARC 1 workstation using the STARS solid-state : :

NMR software package developed in our Iaborga%%%“and presently Mg(VOa)s. A series of divalent metal metavanadates have a
available as a part of the Varian VNMR software. The parameters for structur_e WhICh. IS very similar to the monoa(illnlc Str_ucture of
the magnitudesdg, 770, 0, andz.) and the relative orientation (the ~ Prannerite (ThTOg) with the space group2/m=> These include

Euler anglesy, y, and &) of the two tensors were determined from Mg(VO3)2,% Zn(VOs),,* and-Cd(VOs)2,** which are studied
least-squares fitting of simulated to experimental intensities of the in this work. For the brannerite type of metavanadates, the
spinning sidebands using the theoretical approach described else-asymmetric unit includes a single vanadium atom located in a
where?>?" Effects from nonuniform detection (i.e., the quality factor crystallographic mirror plane. Vanadium is coordinated to six
(Q) of the probe circuitr§’) have been included in the simulations, oxygens in a distorted arrangement, which includes fiveQ/
while distortions caused by nonuniform excitation are negligible, as phonds with bond distances in the range @611 A and a

justified elsewheré>?” The error limits for the anisotropic NMR significant longer V-O bond, between 2.45 and 2.67 A, for
parameters are 95% confidence intervals calculated using the methody oo (1 etavanadates ' ’ ' '

described elsewhef@ The quadrupole coupling and CSA parameters The 51V MAS NMR spectrum (14.1 Ty, = 13.0 kHz) of

are given by the central and satellite transitions for Mg(¥)@is shown in
eQ\,, Vyy = Vi Figure la. The most intense spinning sidebands (ssbs) in the
Q= h 77Q=V—ZZ center of the spectrum originate mainly from the central
transition and reflect the contribution from a significant CSA,
Oyx = Oyy while the width of the ssb manifold, which exceeds the spectral
05 = i~ Oz e=""% @ width of 2 MHz, indicates a large quadrupole coupling. The

o

expansions of two spectral regions (insets in Figure 1a) illustrate
wherediso = Y3(0x + dyy + 029). The principal tensor elements of the  the observation of separate peaks from the individual transitions
CSA (9) and electric field gradient) tensors are defined using the  and the partly resolved second-order quadrupolar line shapes
convention|Az; — YsTr(A)| = [Ax = HsTr(A)] = |Ayy = H3Tr(A)] for Aew for the ssbs from the outer transitions & +5/,, m = +7/,).
t:heéquSXﬁ: nTs'c‘)fr’ riigf’i\r/ j?c?lti?(d = ofr)fjScizcégtr;%ntgie?\girr]t?:tclﬁrneg;ond Similar splittings of the ssbs from the individual transitions were
’ i 1
e oo i) v ooty PSS I 08 WAS N, sectun o e

axis. However, we note that the symmetry of the expressions for the . N/ b o
first-order CSA and quadrupolar interactions and the averaging over coupling for the>V site in Mg(VOs),. Least-squares fitting of

all crystallite orientations implies that the ranges for the Euler angles Simulated to experimental ssb intensities for the spectrum in
can be reduced to 8 y < 7 and 0< y, & < x/2 for powder NMR Figure 1a confirms this assumption, sinCg = 7.50 MHz is

spectra® obtained for Mg(V@),, which is one of the largest quadrupole
) ) couplings observed so far for ortho-, pyro-, and metavanadates.
Results and Discussion The optimization and error analysis do not allow a reliable

The determination of th&V CSA and quadrupole coupling ~ determination of the Euler angle. Thus, it is utilized that the
parameters is described below for the individual samples of the V°* ion in Mg(VOy); is situated in a mirror plan&, implying
divalent metal metavanadates. The optimized NMR parametersthat one axis for each of the interaction tensors is perpendicular
determined in this work are summarized in Table 1. Where to this plane. This corresponds to two of the Euler angles being
possible, thesg parameters are compgred with ee_lrlier reporte%‘?’l) Ruh, R.; Wadsley, A. DActa Crystallogr 1966 21, 974,
data, and relationships between B¢ point symmetries of the (32) Ng, H. N.; Calvo, CCan. J. Chem1972, 50, 3619,

(33) Andreetti, G. D.; Calestani, G.; Montenero, A. Kristallogr. 1984
(30) Skibsted, J.; Vosegaard, T.; Bildsge, H.; Jakobsen, HRhys. Chem. 168,53.
1996 100, 14872. (34) Mocala, K.; Zidkowski, J.J. Solid State Cheni.987, 69, 299.
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Figure 2. 5%V MAS NMR spectra {r = 13 kHz) of Mg(VO;), recorded
at (@) 14.1 T and (b) 7.1 T and illustrating the spectral region for the
central transition. The asterisk in (a) indicates the isotropic peak, while
the circle in (b) marks the centerband resonance from a minor impurity

(b)

800 600 400 200 O -200 -400 -600 -800 of Mgs(VOa).. The triangle in (b) indicates the centerband for the (
(kHz) = £5%,, m= £%/,) transitions. (c) Simulation of the spectrum recorded
Figure 1. (a) ExperimentafV MAS NMR spectrum of the central ~ &t 7.1 T using the parameters in Table 1. The simulation includes the
and satellite transitions for Mg(V4) recorded at 14.1 T using = second-order quadrupolar interaction and a Lorentzian line broadning

13 kHz. (b) Simulated spectrum including the second-order quadrupolar ©f 500 Hz for the ssbs.

broadening of the sshs and employing the optimized parameters for

Mg(VOs); in Table 1. A combination of 50 Hz Gaussian and 450 Hz spectrum (Figure 2b). Thus, NMR parameters of higher preci-
Lorentzian line broadening was used for the ssbs in the simulation. sion can be derived from numerical ana|ysis of the h|gh_f|e|d
The insets for two regions in (a) and (b) illustrate the splitting of the - gphactrym. In contrast, the 7.1-T spectrum exhibits well-resolved

ssbs caused by the difference in second-order quadrupolar shift for the ) . "
individual satellite transitions and the observation of partly resolved second-order line shapes of the ssbs from the central transition,

second-order quadrupolar line shapes for the outer=(+5/,, m = allowing a determination ofCo and 7q from line shape
+7/,) transitions (high-frequency side of the ssbs). The asterisk indicates Simulations of the central transition only. An independent test
the centerband. of the reliability of the NMR parameters determined at 14.1 T

constrained to values of x 90° (n = 0, 1, ...). Using different (Tab_le 1) was achieved from optimizatio_n to the_ _complete
combinations of the values for two of the Euler angles in five- manifold of ssbs frgm the cgntral and sgtelllte transitions at ?.l
parameter optimizations gives the lowest rms valueyfor & T (not shown). T_h|s analys_ls regulted in NMR parameters in
= 0°, in agreement with the value fdrobtained from seven-  full agreement with those listed in Table 1 for Mg(¥@and
parameter fits. The optimum simulation, corresponding to the illustrated by the optimized simulation in Figure 2c.
parameters for Mg(Ve), in Table 1 and including the second- *V chemical shielding parameters for Mg(¥Q were
order quadrupolar interaction, is illustrated in Figure 1b and is reported earlier by Occelli et aldg, = —548 ppm,d, = 328
observed to convincingly reproduce the intensities and line PPm, andy, = 0.28)3 Hayakawa et al.dso = —550 ppm,d,
shapes of the ssbs in the experimental spectrum (Figure 1a). = 317 ppm, and;, = 0.25)?* and Lapina et al.§so = —576
Figure 2 compares the regions for the central transitions in PPM,d; = 374 ppm, and;, = 0.32)} from >V static-powder
the 5V MAS NMR spectra of Mg(VQ), recorded at 14.1 and  or MAS NMR spectra of the central transition. TR/ CSA
7.1 T using the same spinning speed. This comparison illustratesParameters determined in this work agree favorably with those
the direct and inverse proportionalities of the CSA and second- reported by Occelli et & and Hayakawa et &f. However,
order quadrupolar interactions, respectively, with the magnetic diso deviates significantly from the value reported by Lapina et
field strength. The spectrum at high field (Figure 2a) gives an al. which may reflect the second-order quadrupolar shift of
improved reflection of the CSA interaction and a significant
reduction in line widths of the resonances compared to the 7.1-T (35) Occelli, M. L.; Maxwell, R. S.; Eckert, H]. Catal. 1992 137, 36.
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the central transition not being considered by these authors. We

note that the second-order quadrupolar interaction gives low-
frequency shifts of the center of gravity for the central transition
of 6.0 and 24.0 ppm at 14.1 and 7.1 T, respectively, foftke
site in Mg(VQ;): (cf. Figure 2).

Zn(VO3),. The®™V MAS NMR spectrum of Zn(VQ); at 14.1
T (not shown) exhibits an ssb manifold from a sing¥ site

which bears a close resemblance to the spectrum observed for

Mg(VOs),. However, separate peaks from the individual transi-
tions are only partly resolved for Zn(\4D, indicating a

somewhat smaller quadrupole coupling. Least-squares optimiza-

tion for the ssb intensities observed for Zn(y&results in the
optimized parameters given in Table 1 and in a simulated
spectrum, which convincingly reproduces the experimental ssb
intensities. The error analysis shows that the Euler angle
cannot be determined reliably from the experimental ssb
intensities. This is ascribed to the fact thygt~ 0, under which
condition theory shows that is undefinec?” The5/ chemical
shielding parameters in Table 1 agree fairly with the data
reported earlier for Zn(Vg), from 51V static-powder and MAS
NMR of the central transitioA23 However, our data should be
of higher precision, taking into account that the present analysis
also includes effects from the quadrupolar interaction.
P-Cd(VO3),. Cd(VO;), has two polymorphic forms of which
the p form has the brannerite structure whileCd(VOs); is
isostructural with Ca(Vg),.3436-38 The 51V MAS NMR spec-
trum of 5-Cd(VOs); is shown in Figure 3a and reveals an ssb
manifold with strong similarities to those observed for Mg@/O
(Figure 1a) and Zn(Veg),. Least-squares optimization to the
ssb intensities in Figure 3a gives tH¥ parameters fop-Cd-
(VOs3)2 in Table 1. The simulated spectrum shown in Figure 3b
reproduces all spectral features observed in Figure>BaA.
chemical shielding data were reported earlier fe€d(VOs)
by Lapina et al. §iso = —500 ppm,d, = 330 ppm, andj,

0.18)! These data are in fair agreement with the CSA parameters

in Table 1, while the reported value foys, indicates that the
second-order quadrupolar shift of the central transition was not
considered. A comparison of tR&/ parameters for Mg(V@)a,
Zn(VOs),, and 3-Cd(VO;), (Table 1) shows that these meta-
vanadates exhibit strong quadrupole couplings and strong
similarities in the values forqg, o, and they angle. This
indicates thaty, ~ 0.4, 6, ~ 320 ppm, and, x, &) ~ (0°,

53°, 0°) are characteristielV values for the brannerite type of
metavanadates. However, a large variation is observedispr
which ranges from-468 to—549 ppm for the three metavana-
dates.

Mocala and Zitkowski investigated the two polymorphic
forms of Cd(VQ), by DTA and high-temperature powder XRD
and claimed thgt-Cd(VQs), is the low-temperature fordt. This
is in disagreement with earlier studies of Bouloux ef&iyho
reported the brannerite type of Cd(¥@(i.e., thes form) to
be the high-temperature form. We have performed several
syntheses of Cd(V€). and found that the form is always
formed when high temperature £ 500 °C) are used, while
the formation ofa-Cd(V0O;), requires synthesis temperatures
below approximately 150C. The strong similarities between
the 3IvV MAS spectrum of the high-temperature phase (Figure
3a) and those observed for Mg(¥R and Zn(VQ)., and
between the low-temperature form and Cagycf. Figure 4)
clearly reveal thap-Cd(VOs); is the high-temperature phase

(36) Bouloux, J.-C.; Perez, G.; Galy,Bull. Soc. Fr. Mineral. Cristallogr.
1972 95, 130.

(37) Perez, G.; Frit, B.; Bouloux, J.-C.; Galy,Q. R. Seances Acad. Sci.,
Ser. C197Q 270,952.
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Figure 3. (a) Experimentafv MAS NMR spectrum of the central
and satellite transitions fgf-Cd(VOs), (14.1 T, v, = 13 kHz). (b)
Optimized simulation of the experimental spectrum using the parameters
in Table 1. The insets in (a) and (b) illustrate the spectral region for
the isotropic peak which is marked with an asterisk.

of the two polymorphic forms. This observation supports the
findings of Bouloux et af® but disagrees with the more recent
study of Mocala and Zi@owski.3*

0o-Cd(VO3), and Ca(V0Os),. Althougho-Cd(VOs), and Ca-
(VO3), also crystallize in the monoclinic space graDg/m,36-38
the structure of these two metavanadates deviates from the
brannerite structure in that only five-MO contacts exist within
a 3-A distance, which results in a trigonal bipyramidal coordina-
tion for the \P* ions. The®V MAS NMR spectra ofa-Cd-
(VO3)2 and Ca(VQ); are shown in parts a and c, respectively,
of Figure 4 and illustrate quite similar ssb manifolds for the
two isostructural metavanadates. However, a comparison of
these manifolds with those observed for the brannerite type of
metavanadates (Figures 1 and 3) reveals ¢h@d(VOs3), and
Ca(V(Qs), possess smaller quadrupolar couplings and larger
CSA's than the brannerite type of metavanadates. Thus, the two
types of metavanadates can easily be distinguishé#bWAS
NMR. Least-squares fittings to the experimental ssb manifolds
in Figure 4a,c give the'v parameters foo-Cd(VO;s), and Ca-
(VO3), in Table 1 and the optimized simulation f@rCd(VOs),
illustrated in Figure 4b. Within the error limits, the Euler angles
1y andy are 90 for both metavanadates, in accord with the
location of the V#* ion in a mirror plane. The CSA parameters

(38) Garnier, G.; Weigel, DJ. Solid State Chen1983 47, 16.
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simulations of the ssh manifolds for the two differ&i sites.
The observation of Euler angles that deviate frotmtbdulo
90° is in accord with the triclinic crystal structure for Ca(¥)@
* 4H,0. Both sites possess similar quadrupolar couplings, while
/ the V(2) site has a significantly larger shielding anisotrody) (
compared to that of the V(1) site. The CSA parameters for the
V(2) site are quite similar to those observed for CagyO
Pb(VOs),. Lead metavanadate crystallizes in the orthorhom-
bic space groupnmd® and includes two unique¥ ions, both
situated on mirror planes. EacHVion has five V-0 bonds
(a) m l““ with bond distances in the range 1:62.06 A and a sixth -O
sl (1T contact with bond lengths of 2.57 and 2.73 A for the &g
sites? The®V MAS NMR spectrum of the central and satellite
transitions for Pb(V@),, shown in Figure 6a, exhibits two
overlapping ssb manifolds for which the individual ssbs are well
separated at 14.1 T using a spinning speed of 13 kHz. The

/
expansion of the region for the central transitions (Figure 6a)
displays two additional resonances with low intensities at about
—516 and—520 ppm, which originate from a minor impurity
b lll
( ) .umllll“m“

*

in the sample. Powder XRD reveals that the sample contains a
small amount of P¥/,07, and thus, the two resonances-&i16
and—520 ppm are assigned to the isotropic peaks for the two

l unique®V sites in PhV,07.41 Figure 6b displays the optimized
hllllnn..... simulation of the ssb intensities for the 18/ sites in Pb-
(VO3)2 and corresponds to the parameters listed in Table 1 for
this phase. The optimizations and error analyses show that
reliable values ofy for one of the sites and df for both sites
cannot be obtained from the experimental ssb intensities. Thus,
we utilize that both V" ions are situated on mirror planes which
constrain two of the Euler angles to values 6fr@odulo 90.
The lowest rms deviation between simulated and experimental
ssb intensities is obtained fgr = 90° and £ = 0° for both
sites. From the NMR parameters in Table 1, it is apparent that
the two®V sites in Pb(VQ), possess quite different quadrupole
(C) ““““ couplings but very similar CSA’s5V chemical shielding
...unl“l“““l“
IBSREEERARSSURARRL

~x

parameters for Pb(V£), were reported earlier frotV static-
e B e B powder and MAS NMR spectra of the central transition by

400 200 0 -200 -400  (kHz) Eckert and WacHs(d, = 467 ppm,n, = 0.02, diso = —533
Figure 4. ExperimentaPv MAS NMR spectra of (a)u-Cd(VOs), ppm) and Hayakawa et &.(0, = 450 ppm 7, = 0.16,0is0 =
and (c) Ca(VQ), recorded at 14.1 T using = 12 kHz. (b) Simulated ~ —532 ppm), however, in both studies, only for oA&/
5V MAS NMR spectrum of-Cd(VO;), using the parameters in Table  resonance. Hayakawa et al. observed only one manifold of ssbs
1 and a Gaussian line broadening of 1600 Hz for the ssbs. The isotropicfrom the central transition at 9.4 T far, = 4—6 kHz and
peaks are marked by asterisks. ascribed this observation to a strong similarity" environ-

) ) _ ments for the two sites in Pb(\4R.2* The lack of resolution
for Ca(VQy). in Table 1 are in good agreement with those propably reflects the use of a too low spinning speed, since we
reported earlier in the I|ter_a_tur§4fro?i_*v static-powder and MAS  have observed that a complete resolution of the ssb manifolds
NMR of the central transitioh?while some discrepancies are  from the two sites at 9.4 T is only achieved for spinning speeds
observed fobiso, probably due to the fact that the second-order gpove 10 kHz.
quadrupolar shift of the central transition has not been consid- Ba(VOy),. The single-crystal XRD study of Ba(V4 shows
ered in these studies. _ that this metavanadate crystallizes in the orthorhombic space
Ca(V03),+4H,0. Calcium metavanadate tetrahydrate, which roup C22242 Ba(VQy), differs from most other divalent
occurs in nature as the mineral rossite, belongs to the triclinic metavanadates since its structure includes chains of VO
39 i i i .. . .

space groufp1.* The structure includes two different vanadium e trahedra similar to those found in the alkali metal metavana-
atoms in the asymmetric unit which are coordinated to five §5tes The chains of VQetrahedra include two differentsy
oxygens in trigonal bipyramidal arrangements. Phé MAS ions, of which one is situated on a 2-fold axis, implying that
NMR spectrum of Ca(V&)z-4H.0, shown in Figure Sa, exhibits - e 1o sites, V(1) and V(2), have the ratio 2:1, respectivly.
two overlapping manifolds of ssbs. The individual ssbs are well 1651/ MAS NMR spectrum of Ba(V@),, shown in Figure
separated, due to a difference in chemical Shlf'[. o.f about.50 PPM 74 displays two overlapping ssb manifolds corresponding to a
for the two sets of resonances. Least-squares fitting of simulatedjarge and somewhat smaller quadrupole coupling. Examination
to experimental ssb intensities for the two manifolds gives the  ihe relative intensities for the two ssb manifolds shows that

*1V parameters in Table 1 for the twdV sites in Ca(VQ). the manifold exhibiting the large quadrupole coupling has the
4H,0. The optimized simulation of the total spectrum is shown

in Figure 5b, while parts c and d of Figure 5 illustrate separate (40) Jordan, B. D.; Calvo, GCan. J. Chem1974 52, 2701.

(41) Shannon, R. D.; Calvo, @an. J. Chem1973 51, 70.
(39) Ahmed, F. R.; Barnes, W. KCan. Mineral.1963 7, 713. (42) Yao, T.; Oka, Y.; Yamamoto, Nnorg. Chim. Actal995 238, 165.
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Figure 5. (a) Experimental and (b) simulaté/ MAS NMR spectra
of Ca(V(G;)24H,0 (14.1 T,v, = 12 kHz). The insets in (a) and (b)
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Figure 6. (a) Experimental and (b) simulaté® MAS NMR spectra

of Pb(VGs), (14.1 T, v, = 13 kHz). The simulation employed the
optimized parameters for the V(1) and V(2) sites of Pb§)4@h Table

1, 450 Hz Lorentzian and 100 Hz Gaussian line broadnings for the
ssbs, and a 1:1 intensity ratio for the two ssb manifolds. The insets
illustrate the spectral region for the isotropic peaks which are indicated
by a circle and a triangle for V(1) and V(2), respectively. The isotropic
peaks from a small impurity of BY,0; are indicated by an asterisk

in the inset for the experimental spectrum.

200 0

lowest intensity. Thus, this manifold is assigned to the V(2)
site, which is situated on a 2-fold axis. The initial optimization
and error analysis for the V(2) site give the Euler anglesy(

§) = (20 £ 20°, 8 + 9°, 90*). These data fulfill the constraints
imposed by the crystal symmetry fgr = 0° and § = 90°.
Thereforey = 0° and& = 90° are subsequently used as fixed
parameters in five-parameter fits of the ssb intensities for V(2),
resulting in the final parameters listed in Table 1. The optimized
simulation is illustrated in Figure 7b and employs an intensity
ratio of 0.75:1 for the V(2) and V(1) sites, respectively. This
intensity ratio gives the best agreement between the experimental
and simulated spectra, although a 1:2 ratio is expected for the
two ssb manifolds from the XRD result3.

a-Sr(VO3),. Strontium metavanadate has two polymorphic
forms, of which the low-temperature phaseSr(VOs),, crystal-

show the spectral region for the isotropic peaks which are indicated |izes in one of the orthorhombic space groua22, Cmn®,

by a circle and a triangle for V(1) and V(2), respectively. The simulation
employed the optimize@V NMR parameters for V(1) and V(2) in
Table 1 and an intensity ratio of 1:1 for the two ssb manifolds. Parts
¢ and d illustrate separate simulations of the ssb manifolds for V(1)
and V(2), respectively.

and Cmmmaccording to a powder XRD investigatiéh The

(43) Bouloux, J.-C.; Galy, J.; Hagenmuller, Rev. Chim. Miner.1974
11,48.
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Figure 7. (a) Experimental and (b) simulaté/ MAS NMR spectra
of Ba(VGOs)2 (14.1 T,v, = 16 kHz). The parameters for V(1) and V(2)
of Ba(VQOs); in Table 1, a relative intensity ratio of 1:0.75 for V(1)

Nielsen et al.
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Figure 8. (a) ExperimentaPv MAS NMR spectrum of the central
and satellite transitions foa-Sr(VOs), (14.1 T, v, = 15 kHz). (b)
Optimized simulation using the parameters for V(1) and V(2)8r-

(1T

and V(2), and a 700 Hz Gaussian line broadning were used for the (VOs;); in Table 1. The simulation employed 650 Hz Lorentzian and
simulated spectrum. The insets illustrate the spectral region for the 300 Hz Gaussian line broadnings for the ssbs and a relative intensity
isotropic peaks which are marked with a circle and a triangle for V(1) ratio of 1:0.67 for the V(1) and V(2) ssb manifolds, respectively. The

and V(2), respectively. The isotropic peak from a small impurity of
Bag(VOy,), is indicated by an asterisk.

detailed structure ofi-Sr(V0Os), is not known; however, it is
expected to resemble the structure of Bagy,OThe>V MAS
NMR spectrum ofo-Sr(VOs)2, shown in Figure 8a, exhibits
ssb manifolds from two distincblV sites. Least-squares
optimization to these manifolds gives the parameters&r-
(VO3), in Table 1 and the optimized simulation illustrated in

insets illustrate the spectral region for the isotropic peaks which are
indicated by a circle (V(1)) and a triangle (V(2)). The centerband from
a small impurity of$-SrV,0y7 is indicated by an asterisk.

These data agree fairly well with those in Table 1 for the V(1)
site of a-Sr(VOs),, which has a 2-fold larger occupancy
compared to V(2). Thus, the resonance from V(1) is expected
to dominate thé NMR spectrum in cases where the two ssb
manifolds cannot be resolved.

Figure 8b. The best agreement between experimental and Relationships between the®V NMR Parameters and
simulated ssb intensities is obtained using an intensity ratio of Crystal Structure data. In our recentv MAS NMR study

0.67:1 for the twdV sites in the simulation. This ratio is similar
to the intensity ratio for V(2) and V(1) in the simulation of the
51 MAS spectrum for Ba(V@),. Furthermore, comparison of

of ortho- and metavanadat&slinear correlations between the
experimental quadrupole coupling tensor eleme@E? and
estimated values for the electric field gradient (EFG) tensor

the NMR parameters for these two metavanadates shows closelements \(/ﬁsj were observed for these types of vanadates.

similarities inCq, 4, 775, %, anddiso for the V(1) and V(2) sites
of a-Sr(VQO;), and Ba(VQ),. This indicates the presence of
very similar symmetries and geometries for the M@its in
a-Sr(V0Os)2 and Ba(VQ),, which strongly suggest that these

The estimated EFG tensor elements were obtained from point-
monopole calculation® which only consider the oxygen anions
within the first coordination sphere of theé?Vion and employ
effective chargesq) for the oxygen anions. The effective

two metavanadates are isostructural compounds (i.e., spacexygen charges are obtainedgs= (—2 + 3 fj)e, wheref; is

groupC222). Hayakawa et &f reported the chemical shielding
parametersd, = 189 ppm,;, = 0.29, anddisoc = —644 ppm)
for a-Sr(VQOs),, determined from &%V MAS spectrum (9.4 T)

the covalence of the oxygen<itation (j) bond, calculated from
the equations of Brown and Shanri®and from the chemical

of the central transition that only displayed a single set of ssbs. (44) Cohen, M. H.; Reif, FSolid State Physl957, 5, 321.
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Table 2. Estimated Principal Element¥/g) (102 V m~?) of the
51V Electric Field Gradient Tensor for the Series of Divalent Metal
Metavanadatés

compd Ve Voot Vet struct reb
Mg(VO3): -1638 —0.237 1875 32
Zn(VOs), —-1.629 -0.512 2.141 33
B-Cd(VOs), -1.878 -1.014 2892 34
a-Cd(VOs): —0.590 -0.109 0.699 36
ca(VOy), —0.986 -0528 1514 37
Ca(VO)»4H,0 V(1) -1.269 —-0.401 1670 39
V() —1.094 -0.323 1417
Pb(VOy), V(1) -2.188 —0.098 2.286 40
V(2) —-1980 -0.732 2712
Ba(VOs), V(1) -1212 -0.209 1421 42
V(2) -1.705 —0.754 2.459
a-Sr(VOy); V(1) -1.593 —0.103 1.696 42,43
V() —-1.775 -—-0.720 2.495

a Estimated values from point-monopole calculations using effective
charges for the oxygen atoms surrounding the vanadium ion. The
calculations employed tetrahedral coordination for the Vbns in
Ba(V0s), and a-Sr(VOs),, while pentacoordination was assumed for
the remaining metavanadates (see teéx®eferences for the structures
reported from X-ray diffraction.

bond data of Brown and Altermaft.Similar correlations have
been reported fo#*Na in a series of sodium compouri@and
for 13%Cs in inorganic cesium sal#8.

To investigate the applicability of this approach for divalent
metal metavanadates and to assign the obset¢dNMR
parameters to the individual crystallographic sites for Cafy*O
4H,0, Pb(VQ),, and Ba(VQ),, estimated®V EFG tensor

elements are calculated by employing the structural data reported

from single-crystal XRD. Obviously, the experiment&{)

and calculated\() tensor elements can only be correlated for
V5t ions in the same coordination state, since our approach only
considers the oxygen anions within the first coordination sphere
of the5lV site. Thus, we consider tHéV sites in the brannerite
type of metavanadates and in Pb(dy9as VGO units, which

allows us to compare the data for these vanadates with those

for a-Cd(VQOs),, Ca(VQs),, and Ca(VQ@)-4H,0. This is an
acceptable approximation, since the&"\ions in the brannerite
type of metavanadates and in Pb(}yfcontain one long and
five short V—0 contacts. For Ca(V§,-4H,0, contributions to

the oxygen bond valences from hydrogen bonds are calculated

from the oxygem-oxygen (O--H—O) distances, using the
relationship between the bond valence for-® and the &-
H—O distance in Figure 2 of ref 46, since the atomic coordinates
for the H atoms were not determined in the single-crystal XRD
study?® The effective oxygen charges range frer).5% (O(2)

for a-Sr(VOs),) to —1.23 (O(1) for Pb(VQ),) for the divalent
metal metavanadates. The calculatéd' elements are sum-
marized in Table 2 and correlated with the correspon@fitj
elements in Figure 9a for the metavanadates containing VO
units. TheQ;™® elements are derived fro@q andzq according

to

exp __
pd

Co  QuP=—"(1-19Cq

exp _
XX

1+ n)Cq (2)

assuming a positive value f@yg. A linear relationship between

(45) Brown, I. D.; Shannon, R. DActa Crystallogr., Sect. A973 29,
266.

(46) Brown, I. D.; Altermatt, DActa Crystallogr., Sect. B985 41, 244.

(47) Koller, H.; Engelhardt, G.; Kentgens, A. P. M.; Saued. Phys. Chem.
1994 98, 1544.
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Figure 9. Linear correlations betweéf quadrupole coupling tensor
elements Q) and estimated EFG tensor element&} from point-
monopole calculations for divalent metal metavanadates including (a)
VOs or VOg units (see text) and (b) VQetrahedra (Ba(Ve)., filled
circles; a-Sr(VOs),, open circles). The calculated values ™ are
summarized in Table 2, while the results from linear regression analysis
of the data in (a) and (b) are given in eqs 3 and 4, respectively.

St

1

T

the Q7 and V:* elements is observed in Figure 9a, where
linear regression analysis of the data gives the equation

&P (MHz) = 2.45/5%(107°V m?) (3)
with a correlation coefficienR = 0.95. This relationship is used
in the tentative assignment (given in Table 2) of the observed
NMR parameters for the crystallographic V(1) and V(2) sites
of Ca(VQy)2+4H,0 and Pb(VQ). The plot ofQf*® as function
of Vi*in Figure 9a shows a somewhat larger scattering

compared to the correlations reported for orthovanadates and
monovalent metal metavanadaféS.he larger scattering may
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reflect the approximation of the'V coordination spheres for n
the brannerite type of metavanadates and Phf¥@® a VG5 A

unit or that some of the XRD structures are of low precision,
taking into account that most of these data were reported about 0.8 _ A
three decades ago. . A
An assignment of the NMR parameters observed for the two 0.7 7 2 3
51y sites in Ba(VQ), and a-Sr(V0s); to the crystallographic ]
V(1) and V(2) sites is obtained from similar calculations for 0.6-5 ‘e
the VO, units in these vanadates. FoiSr(VO;)y, it is assumed 1
that this phase is isostructural with Ba(¥@(vide supra). Thus, 0.5 X
we employ the unit cell parameters fiSr(VOs), reported from ]
powder XRD# but the fractional coordinates for Ba(\J@ in ] .
the calculations of th&/°* elements. These elements and the 0-4 7]
tentative assignment of the NMR parameters are included in « .
Table 2, while Figure 9b illustrates a plot @™ as function 0.3 ®
of Vi for Ba(V0s), anda-Sr(VOs),. Linear regression analy- 1 %
sis of the tensor elements for Ba(¥@anda-Sr(VOs), gives 0.2 o
the equation { X o
. 0.1 ©
QY?(MHz) = 2.2V (10°Vm™3 - 0.02 (4) 1
] 0 (ppm) S
RIS BURLIME BUEMRLSE BURMRLELE ENAAEMRLE LA Bl O P

0.0
and the correlation coefficiel® = 0.97. The slope in eq 4 is 0 100 200 300 400 S00 600

very similar to those report_ed_ fc_)r the Orthovanad?tes .and Figure 10. Graph illustrating théV CSA asymmetry parametend)
monovalent metavanadat®&sThis indicates that the relationship <™ function of the shielding anisotropy,| for orthovanadates
betweenQ*® and Vi in eq 4 is also valid for other types of  (asterisks), monovalent metal metavanadates (triangles), and divalent
vanadates which contain \4Qunits. Furthermore, the good metal metavanadates including YOr VOg units (circles) and V@
correlation between th@ﬁXp and\/ﬁStelementS for-Sr(VOs), tetrahedra (diamonds). The CSA parameters are taken from Table 1

P . Lo .. for the divalent metal metavanadates and from ref 26 for the
supports thg indication of this vanadate being isostructural with orthovanadates and monovalent metal metavanadates.
Ba(VOs), (vide supra).

Although similarities in the CSA parameters and Euler angles either models which consider the first and further distant
(¥, x, &) have been observed for the isostructural groups of coordination spheres of the?Vions or theoretical calculations
divalent metal metavanadates, relationships between the CSAof the electronic structure surrounding thé*Vions. The
data and structural parameters appear less straightforward agxperimentaPV shielding data determined in this work form
compared to those for the quadrupole coupling parameters.a suitable basis for such investigations, since precise values for
Figure 10 compares the CSA parameters for orthovanadatesygis, (and ford, and#,) have been obtained.
monovalent metal metavandates, and the divalent metal meta- .
vanadates studied in this work by illustrating the CSA asym- €onclusions
metry parametery;) as a function of the shielding anisotropy Magnitudes and relative orientations & quadrupole
(90)- Itis apparent from this plot that the three types of vanadates coupling and chemical shielding tensors have been obtained for
can be distinguished on the basis of the CSA parameters. Theg series of divalent metal metavanadates fESYhAMAS NMR
orthovanadates possess the smallest shielding anisotropy (i.e.spectra of the central and satellite transitions. Thereby, improved
d, = 100 ppm) and the monovalent metal metavanadates exhibitcharacterization of these vanadates has been achieved, since
characteristic asymmetry parameterspgf= 0.71 4 0.05, in earlier>» NMR studies focused only on a determination of
agreement with earlier finding*2°The divalent metal meta-  the chemical shielding parameters. Furthermore, the precision
vanadates including V&or VOs units possess the largess of the NMR parameters has been improved by employing a high
values and, values below 0.3, while the CSA parameters for magnetic field (14.1 T), which enhances the effects from the
a-Sr(VGs)2 and Ba(VQ); are observed between the values for chemical shielding anisotropy. The brannerite type metavana-
the monovalent metal metavanadates and the divalent metaldates possess quadrupole coupling constants that are among the
metavanadates including \é@r VOs units. This may indicate  strongest observed so far for vanadates and which result in the
that the geometries of the \fQetrahedra fo-Sr(VOs),; and observation of partly resolved second-order quadrupolar line
Ba(V(Os), are similar to those of the monovalent metal meta- shapes for the spinning sidebands even at 14.1 T. The optimized
vanadates. Finally, it is noted that correlations between the NMR data show strong similarities in these parameters for the
isotropic chemical shifts and structural parameters or the isostructural groups of divalent metal metavanadates, which
vanadium coordination state cannot immediately be derived. Forallows different types of metavanadates to be distinguished and

the orthovanadates)s, ranges from—420 to —791 ppmz® characterized on the basis of their anisotropic NMR parameters.
while, for the divalent metal metavanadates, it ranges frat68 For example, the similarities in NMR data for Ba(¥@and
to —658 ppm. Furthermore, differencesdp, of 50—60 ppm o-Sr(VOg), strongly suggest that-Sr(VOs), (of unknown
are observed for the two crystallographi¥ sites of Ca(VQ),- crystal structure) is isostructural with Ba(¥)? (i.e., orthor-

4H,0, Pb(VQ),, Ba(V0s),, ando-Sr(VOs); (cf. Table 1). These hombic,C222). Linear correlations between the experimental
appear to be quite large differences, considering that the 5V quadrupole coupling tensor elements and estimates of the
environments for the ¥ sites in these metavanadates are rather electric field gradient tensors from point-monopole calculations
similar. Thus, we expect that further insight into the relationship have been observed and found useful in the assignment of the
betweendis, (or the CSA tensors) and structure will require 52V quadrupole couplings for the metavanadates containing two
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crystallographically differentV sites. Comparison of the  significant structural information since they varies by 190 ppm
chemical shielding data for the divalent metal metavanadatesfor the studied metavanadates.

with those reported for orthovanadates and monovalent meta-
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