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Absttact: We report the observation of well-resolved solid-state oxygen-17 NMR spectra of a variety of oxides and oxyanions 
by means of high-field (1 1.7 T) “magic-angle” and “variable-angle” sample-spinning NMR spectroscopy. The results (obtained 
by obserVation of the spin transition) indicate that a very wide range of I7O quadrupole coupling constants (-0 
to > 5  MHz), chemical shift anisotropies (-0 to >300 ppm), and line widths (-0.3 to >40 ppm), in addition to the expected 
overall - 1200 ppm isotropic chemical shift range, are to be anticipated in solid-state oxygen-17 NMR studies, giving a rich 
variety of spectral information. For example, in the SiO2- unit of the nesosilicate forsterite (Mg2Si04), each nonequivalent 
oxygen is partially resolved and split by a large second-order quadrupole interaction, permitting determination of the isotropic 
chemical ahifts, quadrupole coupling constants, and electric field gradient tensor asymmetry parameters for each of the three 
types of oxygen present. By contrast, in the W042- unit of K2W04, each of the three crystallographically nonequivalent oxygens 
i s  fully resolved, the isotropic chemical shift range being -15 ppm, there is no measurable quadrupole interaction, leading 
to - 1 ppm line widths, and each oxygen has an -300 ppm chemical shift anisotropy, ACT. In order to better predict the types 
of reshlts to be obtained in future solid-state oxygen- 17 NMR studies, we present empirical relationships between quadrupole 
coupling constant values and an average percent ionic character for several oxides and oxyanions, and between cation ionic 
radius and chemical shift, for a series of isoelectronic oxides and oxyanions. Overall, the results represent an initial effort 
in delineating the types of systems amenable to investigation by means of high-field, high-resolution solid-state oxygen- 17 
NMR spectroscopy and indicate that a very rich variety of oxygen-17 NMR line-width and shift parameters are to be expected 
for both main-group and transition-metal oxides and oxyanions in the crystalline solid state. Such studies should provide important 
new parameters for structural characterization of these and other, noncrystalline systems, such as some mineral phases, glasses, 
ceramics, and heterogeneous catalysts. 

There has recently been considerable interest in obtaining 
high-resolution NMR spectra of quadrupolar nuclei in solids by 
means of observation of the spin transitions of nonin- 
tegral spin quadrupolar nuclei ( I  = 3/z, 5 / 2 ,  7 / 2 ,  or 9/z)  under 
conditions of “magic-angle” sample spinning (MASS, ref 1-8) 
and “variable-angle” sample spinning (VASS, ref 4,9-11). Since 
it is the most abundant element and is a constituent of most 
minerals and many other inorganic compounds, the possibilities 
of carrying out oxygen N M R  in the solid state have particular 
attractions. For example, in most silicates where only one 29Si 
resonance is o b s e r ~ e d , ’ ~ J ~  there may be as  many as  three or 
perhaps four nonequivalent oxygen nuclei p r e ~ e n t . ~ , ’ ~  Observation 
of each nonequivalent oxygen has the potential of providing even 
more information than observation of the corresponding cations 
and is one of the goals of our research. l n  this paper, we report 
the results of recent oxygen-17 NMR studies on a variety of oxides 
and oxyanions. In particular, we discuss with examples some of 
the factors affecting the resolution of 170 N M R  spectra of solids, 
in order to try to lay a framework within which to interpret existing 
results and predict future promising directions for solid-state I7O 
N M R  spectroscopy in chemistry and geology. 

Experimental Methods 
Forsterite (Mg,SiO,) was prepared from SiI7O2 and MgI7O basically 

as described previously for diopside (CaMgSi206, ref 4). KMnO, and 
K2W04 were I7O-labeled by heating the solid materials with H2I7O 
(containing 40 atom % 170; Merck, Sharpe and Dohme, Montreal, 
Canada) in a sealed tube at 80 OC for 7 days followed by removal of H 2 0  
and crystallization. Labeled Cs6Vlo028 was obtained by H,I7O exchange 
of the soluble ammonium form followed by precipitation with CsCl and 
recrystallization. All three compounds had satisfactory microchemical 
anLlysis and I7O solution chemical shifts. (p4-[170]oxo)hexakis(p-0,0- 
diisopropy1phosphorodithioato)tetrazinc was the generous gift of R. G. 
Bridger of the Mobil Research and Development Corporation, Princeton, 
NJ. The synthesis of the other materials are described elsewhere. 

All spectra were obtained on a “home-built” 1 1.7-T NMR spectrom- 
eter, which consists of an 1 1.7-T 52-mm bore superconducting solenoid 
(Oxford Instruments Company, Osney Mead, Oxford, U.K.), a Nicolet 
Instrument Corporation (Madison, WI) Model-1 180E data acquisition 
system, and a variety of radiofrequency circuitries. We used an Amplifier 
Research (Souderton, PA) Model 200L amplifier for pulse amplification. 

’ USPHS Research Career Development Awardee, 1979-1984 (Grant 
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Samples were in general spun at the “magic angle” in a ”home-built” 
solids NMR probe equipped with an Andrew-Beams type rotor system, 
at between -3  and 4.5 kHz. Static spectra were obtained in a horizontal 
solenoid-type sample probe. 

Results and Discussion 
A number of factors affect the appearance of a solid-state I7O 

N M R  spectrum. Among them are the following: (a) The 
magnitude of the quadrupole coupling constant, e2qQ/h. (b) The 
magnitude of the isotropic chemical shift, q. (c) The magnitude 
(ACT) and asymmetry parameter (7) of the chemical shift tensor. 
(d) The asymmetry parameter ($) of the field gradient tensor. 
(e) A variety of experimental parameters, including the degree 
to which transitions other than the one are  excited by 
the pulse, together with the more mundane considerations of pulse 
repetition rate with respect to T,, etc. In this paper we present 
results on a-d, and discuss what we believe are some useful 
correlations with electronic structure for a and b that may have 
some predictive value for future studies of this type. 

Quadrupole Effects i i ~  Solid-state 170 NMR. W e  show in Figure 
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Figure 1. Static and spinning oxygen-17 Fourier transform NMR spectra 
of some inorganic oxides and oxyanions at 1 1.7 T (corresponding to an 
I7O Larmor frequency of 67.8 MHz) together with the spectral simula- 
tion of a covalent (ether) oxygen NMR spectrum. (A) Static MgO, 39 
scans, recycle time = 10 s. (B) MASS MgO at 4.5 kHz, 12 scans, 
recycle time = 30 s. (C) Static A1203, 1350 scans, recycle time = 30 s. 
(D) MASS AI,O, at 3.4 kHz, 195 scans, recycle time = 30 s. (E) Static 
Si02, I O  scans, recycle time = 120 s. (F) VASS Si02 (0 = 75') at 4.1 
kHz, 47 scans, recycle time = 60 s. (G) Spectral simulation of an ether 
oxygen having e2qQ/h  = 9.9 MHz, 7 = 0.6, static spectrum. Values of 
between 10 and 100 Hz exponential line broadening were used to improve 
spectral signal-to-noise ratios. The scale is referenced to an external 
sample of tap water. Adapted from ref 4. The ppm values shown are 
those observed experimentally. 

1 static and spinning I7O N M R  spectra of MgI7O (Figure 1A,B), 
C U - A I ~ ~ ~ O ,  (Figure 1C,D), and Si1702 (low cristobalite, a frame- 
work or three-dimensional silicate, Figure lE,F)$ in addition to 
a simulated spectrum of a typical covalent oxygen, that in xanthene 
(Figure lG, ref 15). The results indicate a wide range of electric 
quadrupole coupling constants, varying from -0 M H z  in MgO 
to -2.2 M H z  for the oxygens in a-AI2O3,l6 -5.8 MHz for the 
oxygens in Si02,4917 and -10 M H z  for the oxygen in xanthene.15 
Because of the potentially very large magnitude of the quadrupole 
interaction, the size of the electric field gradient a t  the I7O nucleus 
determines, to a first approximation, the type of N M R  spectrum 
to be obtained in solid-state I7O N M R  studies. For example, the 
170 MASS N M R  spectrum of MgO contains a single line of 50.3 
ppm width, in the crystalline solid state, an extraordinarily narrow 
breadth due to the highly symmetric nature of the 02- anion in 
the cubic M g O  lattice.'* By contrast, the spectrum of SiOz 
(e2qQ/h - 5.8 M H z )  contains a well-resolved second-order 
powder pattern4 that is effectively narrowed under VASS con- 
ditions (Figure lE,F, ref 4), while spectra of the purely covalent 
oxides (ethers) are essentially inaccessible with current operating 
field strengths, since e2qQ/h values are  -10 MHz.IS 

The results of Figure 1 indicate that "high-resolution" "0 N M R  
spectra of some oxides may be obtained but do not demonstrate 
the actual resolution of any nonequivalent oxygen sites. W e  
therefore show in Figure 2 11.7-T I7O MASS N M R  spectra of 
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Figure 2. I7O MASS NMR spectra ( 1  1.7 T), and spectra simulations, 
of Mg2Si'704 (forsterite). (A) MASS NMR spectrum, 370 scans at a 
120-s recycle time using a IO-ps pulse excitation. (B) Expansion of A. 
(C) Spectral simulation of B using parameters of D-F. (D) Component 
I ,  ui = 61 ppm, e2qQ/h  = 2.35 MHz, 7 = 0.20, 50% intensity. (E) 
Component 2, ui = 62 ppm, e2qQ/h  = 2.35 MHz, 7 = 1.0, 18% intensity 
in the center band. (F) Component 3, ub = 47 ppm, e2qQ/h = 2.70 MHz, 
7 = 0.3 18% intensity in the center band. Residual spectral intensities 
are located in the sidebands of components 2 and 3. The scales are 
referenced to an external sample of tap water; the errors in ui are about 
f l  ppm. 

the olivine type monosilicate, forsterite (Mg2Si04),  in which 
considerable structure is apparent, Figure 2A. The results of 
Figure 2A strongly suggest that  a t  least three types of non- 
equivalent oxygen are present per Si04& unit, and in Figure 2B,C, 
we show an expansion of the center-band resonances of forsterite 
(Figure 2B), together with a spectral simulation of the line shape 
observed (Figure 2C). The results of the simulation indicate that 
there are three types of oxygen present, characterized by isotropic 
chemical shifts, quadrupole coupling constant, and electric field 
gradient tensor asymmetry parameters of 61 ppm, 2.35 MHz, and 
0.2 (2 oxygens, Figure 2D), 62 ppm, 2.35 MHz, and 1 .O (1 oxygen, 
Figure 2E), and 47 ppm, 2.70 MHz,  and 0.3 ( 1  oxygen, Figure 
2F). Thus, the results of Figure 2 indicate that well-resolved 
oxygen-17 N M R  spectra of simple oxyanions, containing non- 
equivalent oxygen atoms, may be readily observed by means of 
high-field MASS N M R  techniques. 

In principle, a b  initio calculations should readily provide the 
desired quadrupole coupling constant (or electric field gradient 
tensor) information required for a t  least a preliminary prediction 
of the nature of the solid-state I7O N M R  spectra of any given 
oxide or oxyanion. In the absence of such results, however, we 
have found that an empirical relation based on the ionic character 
of the cation-oxygen bonds, obtained by means of the Pauling 
electronegativities, gives a useful estimate of the magnitude of 
e2qQ/h to be expected in a given bonding situation. Results are 
shown in Figure 3 for MgO, K2W04, ZnO, Mg,SiO,, CaMgSi,O,, 
a-A1203, B2O3, low cristobalite, H,O, 2,5-dichlorohydroquinone, 
p-chlorophenol, tetrachlorohydroquinone, xanthene, tetrahydro- 
pyran, and N-methyl ~ y n d 0 n e . l ~  Percent ionic characters for the 
nonsymmetric interactions are  average values based on the two 
strongest interactions, e.g., W - 0  and 0-K in K2W04,  C - 0  and 
0-H in tetrachlorohydroquinone, and so on. 

Although very approximate, we believe the results of Figure 
2, which may be represented as 

e2qQ/h  (MHz)  = -0.2031(%) + 14.78 (1) 

where I is the ionic character in percent and the correlation 
coefficient is -0.96, are a useful initial guide as to what oxides 

(19) Kinzinger, J.-P In "NMR Basic Principles and Progress"; Diehl, P., 
Fluck, E., Kosfeld, R. ,  Eds.; Springer-Verlag: New Yorlr, 1982; Vol. 17, p 
I .  
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Figure 3. Plot of I7O electric quadrupole coupling constant (e2qQ/h,  
MHz) vs. average percent ionic character for a series of A-0-B frag- 
ments, where A and B are cations. The experimental e2qQ/h values are 
for a series of oxides or simple oxyanions. The percent ionic character 
is the arithmetic mean of the single-bond values obtained from the 
Pauling electronegativities of elements A, B, and 0. Species more co- 
valent than Si02 are best studied by NQR or wide-line NMR methods, 
while more ionic systems are amenable to "high-resolution" solid-state 
MASS and VASS NMR techniques. The straight line is the least- 
squares fit of the data to eq 1. Compounds used were as follows: (a) 
N-methylsyndone, (b) tetrahydropyran, (c) xanthene, (d) tetrachloro- 
hydroquinone, (e) 2,5-dichlorohydroquinone, N-methylsyndone, p -  
chlorophenol, (9) normal hexagonal ice, (h) B203, (i) low cristobalite, 
6 )  diopside, (k) forsterite, (1) AI20,, (m) zinc oxide, (n) potassium 
tungstate, (0) magnesium oxide. 

or oxyanions are likely candidates for high-resolution solid-state 
N M R  studies. 

For example, a t  11.7 T (corresponding to an I7O resonance 
frequency of 67.8 MHz),  the results of Figures 1-3 indicate that 
elements with electronegativities in excess of -1.8, bound to 
oxygen, may preclude the ready determination of high-resolution 
170 N M R  spectra at  currently available magnetic field strengths. 
Thus SiOz (Si E N  = 1.8) has an e2qQ/h value of - 5 . 8  M H z . ~ , ' ~  
At 67.8 MHz, this corresponds to a second-order powder pattern 
line breadth of the transition of -20 ~ H z . ~ . "  By use 
of MASS, a complex line shape is obtained, however, by VASS, 
the first-order sideband is a b ~ e n t ~ . ] ~ ~ "  and a well-resolved center 
band is obtained (Figure 1). Clearly then, we would not expect 
it to be a straightforward matter to obtain high-resolution sol- 
id-state 1 7 0  N M R  spectra of more covalent species, e.g., B203 
(B E N  = 2.0), SO3 phases (S E N  = 2.5), or 120s (I  E N  = 2.5), 
while, as shown in Figures 1-3, spectra of more electropositive- 
element-containing species such as M g O  and A1203 are readily 
obtained (Mg E N  = 1.2, AI E N  = 1.5). 

While such predictions are clearly very crude, we believe they 
have some utility since they are  simple to make and so far seem 
to be correct in indicating which oxides and oxyanions are suitable 
candidates for high-resolution M A S S  and VASS N M R  in the 
solid state. Naturally, the presence of multiple (T )  bonding will 
have additional complicating effects on the appearance of such 
I7O N M R  spectra, as shown below, and of course the simple 
relation can be forced to break down by invoking any array of 
ligands that gives perfect cubic symmetry. 

Chemical Shift Effects in Solid-state 170 NMR. The results 
of Figure 3 indicate that a wide variety of transition-metal oxides 
and oxyanions should be accessible to study by means of solid-state 
I7O MASS and VASS N M R  spectroscopy, since the electro- 
negativities of these metals are all moderate, and at  least in the 
oxyanions there will often be highly electropositive counterions 
present. In the absence of large quadrupole interactions, we may 
thus expect to see chemical shift resolved resonances, in addition 
to perhaps being able to obtain information on chemical shielding 
tensor interactions. 

We show therefore in Figure 4 results on two typical transi- 
tion-metal oxyanions, KMnO, and K2WO4. In Figure 4A we 
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Figure 4. 67.8-MHz oxygen-17 Fourier transform NMR spectra (ob- 
tained at a magnetic field strength of 11.7 T) at 23 "C of (A) KMnO, 
as a static solid, while spinning at the 'magic-angle", and as an aqueous 
solution, (B) K2W04, while spinning at the "magic-angle" and (inset) as 
an aqueous solution. All samples were 170 enriched as discussed in the 
text. Typically, from 50 to 200 scans, at a 5-30-s recycle time, were 
acquired with -90' pulse excitation. The MASS spinning rates were 
3.6 (KMnO,) and 3.2 kHz (K2W04). In K2W04,  all three crystallo- 
graphically nonequivalent oxygen atoms are resolved. The numerous sets 
of resonances in B are due to a large 170 chemical shift anisotropy and 
are generated via the sample-spinning process. 

present the 67.8-MHz I7O N M R  spectrum of KMnI70,, both as 
a static crystalline solid, under 3.6-kHz "magic-angle" rotation, 
and as an aqueous solution. The line width of the static solid 
(-2.4 kHz, -35 ppm) is due to a combination of K, Mn, and 
0 dipole-dipole, second-order quadrupole, chemical shift an- 
isotropy, chemical shift nonequivalence, and Mn-0  indirect 
spin-coupling interactions. A rather featureless line is obtained 
(as with the S5Mn resonance in KMnO,, ref 6, 11). Upon MASS, 
a narrow (-400 Hz, -6 ppm) symmetric resonance at  1 197 ppm 
downfield from external H2l7O is obtained (in contrast to the 
characteristic line shape observed for SSMn in KMnO,, due to a 
second-order quadrupole interaction), indicating that e2qQ/h is 
50.4 MHz. The residual line breadth is considerably greater than 
that for KMn170, in aqueous solution (Figure 4A), but we cannot 
accurately deduce the relative contributions of the residual in- 
teractions. Note that each I7O nucleus appears essentially 
magnetically equivalent in the rotating solid, consistent with the 
X-ray structural determination.20 

In sharp contrast to the results of Figure 4A we show in Figure 
4B solution and crystal MASS NMR spectra of K2WI704. 
Clearly, the MASS N M R  spectra of Figure 4A,B contain a 
number of remarkable differences. First, the spectrum of Figure 
4B contains 10 groups of three lines. The frequency separations 
between the 10 groups correspond to the spinning frequency (3.2 
f 0.1 kHz) and change with spinning rate, while the separations 
between the three peaks remain constant. Thus, peaks 1, 2, and 
3 represent the isotropic chemical shifts of the three nonequivalent 
oxygens in the W042-  ion.21 The sum of the intensity of peak 
1 and its sidebands is twice that of either peak 2 or 3 and their 
respective sidebands, thus peak 1 almost certainly corresponds 
to the two crystallographically equivalent oxygens in the W042- 
ion.21 

(20) Palenik, G. J. Inorg. Chem. 1967, 6, 503. 
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Figure 5. Plot of 170 (solution) chemical shift (ppm from H2I7O) vs. 
(crystal) cation ionic radius (A) for a series of oxides and oxyanions 
isoelectronic with MnO,-. The straight line is the least-squares fit of the 
data to eq 2 in the text. Ionic radii from: Kordes, E. 2. Phys. Chem.,  
Abt. B 1939, 43,213. Ahrens, L. H.  Geochim. Cosmochim. Acta 1952, 
2, 155. 

From Figure 4B we find that the isotropic chemical shifts of 
the 170 nuclei in K2W04 are 437, 429, and 422 f 1 ppm from 
external H2170. In addition, analysis of the sideband intensity 
ratios of peaks 1,2,  and 3 as a function of spinning speed according 
to the method of Herzfeld and Berger22 yields the following 
chemical shift tensors for peaks 1, 2, and 3: a l l1  = 564, a22' = 
530, and C T ~ ~ ~  = 217 ppm; all2 = 567, C T ~ ~ ~  = 518, and C T ~ ~ ~  = 202 
ppm; u I l 3  = 561, 1.~~23 = 497, and a333 = 208 ppm, where the values 
for a' represent the shift tensor for the two equivalent oxygens 
in the W0,2- ion. This is the first observation of solid-state 170 
chemical shielding tensors we are  aware of. The mean 170 sol- 
id-state chemical shift of peaks 1 (2 oxygens), 2, and 3 is 431 f 
1 ppm, in good agreement with the solution value (422 ppm, Figure 
4B; 420 ppm, ref 23). 

The widths of the individual peaks in Figure 4B are somewhat 
narrower than with KMnO,, due in part we believe to the absence 
of an abundant spin species (55Mn is 100% abundant, I = 5 / 2 ;  lS3W 
is 14% abundant, I = 1/2).  

The results of Figure 4A,B indicate that very narrow line widths 
may be obtained for some oxyanions, because of small (a few 
hundred kilohertz) e2qQ/h values, due presumably to relatively 
weak M-0 bonds. 

In order to once again make a perhaps more chemically useful 
interpretation of at least some of the large differences in the N M R  
parameters (chemical shifts) observed for the two isoelectronic 
species (MnO,-, 1197 ppm; W042-,  431 ppm), we now discuss 
briefly the topic of 170 N M R  chemical shifts. 

As is well-known, for most of the heavier elements the para- 
magnetic term, up, dominates the shielding of a given nucleus. 
As originally pointed out by Freeman et aL2, a linear relation 
between N M R  frequency and the wavelength of the lowest fre- 
quency optical absorption (at least for octahedral Co(II1) com- 
plexes) exists, as it does for a series of o ~ y a n i o n s . ~ ~  Carrington 
et al.25s26 observed a similar linear relationship between the first 
absorption maxima of a series of isoelectronic transition-metal 
oxides and oxyanions (Mn04-, RuO,, Cr0:-, Os04, Td, ,  V04', 
Reo,-,  MOO^^-, W042-) and cation ionic radius. In addition, we 
and 0 the r s l~9~~  have recently observed a linear relationship between 
Si-29 chemical shift and S i 4  bond length (or cation-oxygen bond 
energy) in a variety of silicates, and there naturally exists a 
relationship between ionic radius and bond length for a series of 
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Figure 6. 67.8-MHz oxygen-17 Fourier transform NMR spectra of 
(~,-oxo)hexakis(~-O,O-diisopropylphosphorodithioato)tetrazinc (basic 
zinc dithiophosphate, Zn,O(dtp),) and ammonium and cesium deca- 
vandates (V,,022-). (A) Zn,O(dtp), in CHCL, solution, 697 scans at 
a 5-s recycle time. (B) Solid Zn,O(dtp),, MASS NMR at 3.7 kHz, 2260 
scans at a 5-s recycle time. (C) (NH4)6V,0028 in H 2 0  solution, 258 scans 
at a 30-s recycle time. (D) Cs6V10028 MASS NMR at 4.2 kHz, 526 
scans at a 120-s recycle time. 

structurally similar compounds. These various empirically es- 
tablished relationships are  illustrated below: 

quad r u po I e 
coupling constant 

Figure 3 I 
ionic radius bond length  

( ionic character ) - (bond energy)  

electronic absorption 

(ionization po ten t ia l )  
maximum Le' 1 9 9 e n ' 2 4 ' 2 ~  chemical shlft 

It thus seems plausible to expect a correlation between cation 
ionic radius and oxygen-17 chemical shift in a series of isoelectronic 
structures, and the results of Figure 5 for a series of group 5B, 
6B, 7B, and 8 oxides and oxyanions show that this is indeed the 
case. The results are  fitted by 

6 (ppm) = -4394r (A) + 3205 (2) 
with a correlation coefficient of 0.92. We believe this and other 
similar curves may be of use in predicting 170 chemical shifts, 
both in solution and in the crystalline solid state. Indeed, the 
correlation shown above indicates a possible error in the reported 
chemical shift of  MOO^^- reported in ref 19 and that the correct 
value is 530 ppm (ref 23 and our unpublished results), both in 
solution and in the crystalline solid state. 

Results on More Complex Species. The results of Figures 1-5 
were obtained on rather simple oxides and oxyanions. We show 
therefore in Figure 6 170 solid-state MASS N M R  spectra of two 
more complex species: a basic zinc dithiophosphate ((p4-[ 170]- 
oxo)hexakis(p-O,O-diisopropylphosphorodithioato)tetrazinc) and 
cesium decavanadate (cs6v,01702& a polyoxy anion related to 
the naturally occurring mineral, pascoite (Ca3Vlo02,.1 7 H 2 0 ) .  

The basic zinc dithiophosphate, Zn,O(dtp),, is thought to have 
a structure similar to that of the basic beryllium and zinc ace- 
t a t e ~ , ~ ~  containing a tetrahedral h4-oxo group. On the basis of 
symmetry grounds alone, we might thus expect e2qQ/h - 0, and 
the results of Figure 6 are consistent with this expectation. The 
170 MASS N M R  spectrum (Figure 6B) contains a narrow center 
band (width 5200 Hz) at -48.8 ppm, while the solution spectrum 

(30) Bridger, R. F., 24th Experimental NMR Conference, Asilomar, CA, 
April 10-14, 1982, Abstract B-3. 
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(Figure 6A and ref 30) contains a very narrow resonance a t  -48 
ppm.30 The additional sideband features present in Figure 6B 
arise, we believe, from the satellite ( f 1 / 2  - f3/ , ;  f3/, - f 5 / J  
transitions. Similar results are predicted for the basic beryllium 
and zinc acetates and for the  oxo atoms in the V100286- ion. 
Such predictions are borne out for OA (see, e.g., ref 31 for no- 
menclature) in the Vlo0286- ion, as shown in Figure 6. 

In Figure 6C  we show the spectrum of the V100286 ion in H 2 0  
solution, and the integrated peak intensities are as e ~ p e c t e d : ~ '  OA 

are  quite narrow, except for OF,G which show partially resolved 
splittings, presumably due to interactions. In the crys- 
talline solid state (as the Cs salt rather than the NH4+ salt to 
reduce dipolar interactions) the overall spectrum is, however, quite 
different, Figure 6D. The  ox oxo atom (0,) has a very similar 
chemical shift (52.0 ppm) to that observed in solution (63.3 ppm). 
This result is consistent with the observation of a very sharp 
solution line width for OA3' (Figure 6C) and simply indicates a 
very high symmetry 02- environment, as in the case of the 
Zn,O(dtp) species (Figure 6B). However, the only other resonance 
in the solid-state 170 N M R  spectrum of c S 6 v 1 0 0 2 8  to clearly 
correspond to the solution-state chemical shift and line width is 
that  of OB, the ~ ~ - 0  site. The more complex features of the 
cs6v]~o28 spectrum will be discussed in more detail elsewhere.32 

Concluding Remarks. The results presented in this paper 
represent our first attempts a t  obtaining and interpreting the I7O 
solid-state N M R  spectra of a variety of oxides an oxyanions, which 
we have carried out in order to provide a basis for further studies 
of related systems of catalytic and geochemical interest. Our 
results indicate that a very wide range of quadrupole coupling, 
chemical shift, and chemical shift anisotropy values are  to be 
expected for I7O nuclei in solids. We  have presented results which 
indicate that species more covalent than silica (Si-0-Si) are 
unlikely to be amenable to investigation with either I7O MASS 
or VASS N M R  techniques with currently available magnetic field 
strengths. For the silicates themselves, however, even modest 
increases in magnetic field strengths (e.g., 500 - 600 MHz 'H 

(21, OB (41, Oc (81, OD (2), OE (4), OF (41, and OG (4). All lines 

resonance frequency) will provide very significant (- 50%) in- 
creases in spectral resolution, since for such systems resolution 
improves quadratically with increasing magnetic field ~ t r eng th .~ ,~ , '  

Our results with the simple Si0;- and W042- species illustrate 
the potential power of solid-state I7O N M R  spectroscopy. Even 
in very simple oxyanions we have shown that nonequivalent oxygen 
atoms may be resolved, and that quadrupole coupling constants, 
chemical shift tensors, and their asymmetry parameters may be 
determined. Our results indicate that very large chemical shift 
anisotropies (some 300 ppm) are observed with some oxyanions 
(which also have vanishingly small e2qQ/h values), and our un- 
published results on metal carbonyls33 indicate that Au values as 
large as 600 ppm are to be expected for some species. W e  thus 
believe that the results presented in this publication indicate a 
very promising future for I7O solid-state N M R  studies in chemistry 
and geochemistry, especially for the structural analysis of systems 
not readily investigated by single-crystal X-ray diffraction tech- 
niques, by means of future detailed analyses of solid-state chemical 
shift and quadrupole coupling constant information. 
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Abstract: Two-dimensional N M R  methods for performing heteronuclear chemical shift correlation experiments in rotating 
solids are described. The general approach involves both homo- and heteronuclear decoupling during the evolution ( t , )  period 
followed by a coherence transfer or mixing period ( T ~ J  in which information is transferred between the spin reservoirs. During 
the detection ( t z )  period heteronuclear decoupling is employed and the NMR signals are observed in the customary fashion. 
Several methods for coherence transfer are discussed, and it is concluded that the method of choice will likely be sample dependent. 
Three different classes of two-dimensional spectra will be observed in these experiments-containing sidebands in neither, 
one, or both spectral dimensions-and examples of each type are described. Finally, the occurrence of rotor frequency lines 
in multiple-pulse/magic-angle sample spinning 'H spectra is discussed. 

Introduction remains difficult. The residual line widths obtained with mul- 

attenuate the proton-proton dipolar interaction,' the task of ob- * ppm.24 When "pared to the 'Orma' 1e15-ppm 
Despite the availability of sophisticated pulse sequences that tiple-pulse during magic-angle 'pinning (MASS) 

are 
taining high-resolution proton spectra of polycrystalline powders 
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