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Isotropic Chemical Shifts and Quadrupolar Parameters for Oxygen4 7 Using 
Dynamic-Angle Spinning NMR 
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Several oxygen- 17-enriched silicates were studied using dynamic-angle spinning (DAS) NMR spectroscopy at two magnetic 
field strengths. The DAS method averages wnd-order quadrupolar interactions by reorienting a sample about a hedependent 
axis, thereby yielding high-resolution spectra for half-odd integer spin quadrupolar nuclei such as oxygen-17. A narrow 
spectral line is observed for each distinct oxygen site in a powdered sample at the sum of the isotropic chemical shift and 
the field-dependent isotropic second-order quadrupolar shift. Using equations for the total shift observed at two field strengths, 
the chemical shift is uniquely determined together with a product of the quadrupolar coupling constant (CQ = $qQ/h) and 
the quadrupolar asymmetry parameter (7). For one silicate, we demonstrate a computer program that uses the isotropic 
shifts and quadrupolar products as constraints and provides simulations of overlapped magic-angle spinning line shapes. In 
this way the quadrupolar parameters, CQ and q, are determined separately for each crystallographic site. The silicates studied 
include the discrete orthosilicates lamite (Ca2Si04) and forsterite (Mg2Si04), as well as diopside (CaMgSi206), wollastonite 
(CaSi03), and clinocnstatite ( MgSi03), which are minerals composed of chains of silicon-oxygen tetrahedra. 

Introduction and Theory 
Oxygen is a major constituent of many important compounds, 

including minerals, zeolites, glasses, proteins, and nucleic acids. 
The properties and functions of these materials are intimately tied 
to their microscopic structure.'-5 Solid-state nuclear magnetic 
resonance (NMR) spectroscopy is a sensitive and isotopically 
selective probe of bonding and local microstructure and a po- 
tentially powerful tool for the study of microscopic oxygen en- 
vironments in the solid state. Unfortunately, the only NMR active 
isotope of oxygen is oxygen-17 (I = 5 / 2 ) ,  which has a low natural 
abundance (0.037%). This, together with the large quadrupolar 
interaction experienced by oxygen-17 in many solids, makes o b  
servation and interpretation of oxygen-17 NMR spectra difficult. 
Oldfield and co-workers have studied zeolites,6q7  mineral^,^^^ 
transition-metal carbonyls,I0 and simple oxides,"-13 with high- 
resolution NMR techniques such as magieangle spinning (MAS) 
NMR. More recently, oxygen-17 has been used as a probe of 
local environments and spin dynamics in magnetically ordered 
high- T, superconducting oxides.14J5 The dynamic motion of 
oxygen atoms in solids can also be discerned through relaxation 
rate measurements, either directly from oxygen-17 nuclei in 
isotopically enriched sampled6 or indirectly through the study of 
proton relaxation in the rotating frame.I7 

For many solids, especially those composed of microcrystalline 
or amorphous structures, resonances from distinct oxygen sites 
take the form of broad lines which may overlap and complicate 
analysis. For the readily observed central spin transition 
* in nuclei with half-odd integer spin, the principal 
broadening arises from the first-order chemical shift and sec- 
ond-order quadrupolar interactions. While the chemical shift 
anisotropy (CSA) is typically removed by the quad- 
rupolar broadening cannot be fully removed by spinning about 
any single spatial axis. Spinning at angles other than the magic 
angle (54.74O) can sometimes provide narrowing of the spectral 
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lines,21-24 but CSA and quadrupolar broadening still contribute 
to these line shapes. The techniques of dynamic-angle spinning 
(DAS) and double rotation (DOR) were developed to overcome 
the broadening induced by these (and other) an i~o t rop ie s .~~-~~  
Resolved spectral lines have been obtained for boron- 1 1 ?9 sodi- 
~ m - 2 3 : ~ ~ ~  0xygen-l7,2~J~,~~ aluminum-27,"35 and rubid i~m-87~~ 
nuclei with these techniques. 

The total isotropic shift (aob) observed for a resonance in DAS 
(or DOR) is the sum of two isotropic components: 

(1) 
where the first term is the isotropic chemical shift and the second 
is the isotropic second-order quadrupolar shift. The chemical shift 
(in ppm) is field-independent and equal to one-third of the trace 
of the chemical shift tensor. For a nucleus with spin I, the isotropic 
quadrupolar shift of the central transition is 

bob = 6;:s) + 6jkQ) 

with the quadrupolar coupling constant defined as 

and vL the Larmor frequency of the nucleus. The quadrupolar 
asymmetry parameter (q) describes the deviation of the local 
electric field gradient from cylindrical symmetry, while the 
quadrupolar coupling constant reflects the magnitude of the 
gradient. Note that in the slow-motion limit this total shift of 
the center of gravity of the NMR resonance occurs in all con- 
ventional high-field NMR spectra of solids including those from 
static sample experiments, MAS or variable-angle spinning ex- 
periments, and with the newer techniques of DAS and DOR. With 
DAS and DOR, however, the lines are narrowed and the maxima 
of the resonances occur at the positions of the total isotropic shifts 
for each magnetically inequivalent species. 

Since the isotropic second-order quadrupolar shift is inverse1 

to the total shift can be determined by performing DAS exper- 
iments in magnetic fields of different strengths. The isotropic 

proportional to the square of vL, the contributions of SP) and &, 2d 
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chemical shift and the quadrupolar product for each site Diopside Wollastonite 

can be calculated directly by solving a set of simultaneous 
equations as described below. 

We have exploited the field dependence of the DAS spectra 
of oxygen-17 to uniquely determine values for the isotropic 
chemical shifts experienced at crystallographically distinct oxygen 
sites in several silicate minerals. Determination of the second-order 
quadrupolar shift, and hence PQ, also allows an approximate 
calculation of CQ at each site since the parameter Q must lie 
between 0 and 1. In other words, the value of CQ is bounded from 
above by PQ and below by approximately 0.87 P,. Examination 
of the experimentally determined parameters reveals interesting 
trends in the values consistent with earlier reports and especially 
useful for predictive analysis of local microstructure. 

Computer simulations of MAS line shapes at two field strengths 
using the isotropic shift data obtained from DAS experiments are 
possible. By fixing the values of the isotropic chemical shift and 
the quadrupolar product, simulations rapidly converge on best-fit 
values for the individual quadrupolar parameters CQ and 7 at each 
type of oxygen site. We have carried this out for the three 
crystallographically inequivalent oxygens in the mineral diopside. 

Experimental Section 
Materials. The oxygen- 17-labeled mineral samples were pre- 

pared by Stebbins and co-workers following a procedure reported 
p r e v i o u ~ l y . ~ ~ ~ ~ ~  Diopside was uniformly enriched with oxygen- 17 
to 20%, while all other samples were 40% labeled. The phase 
identities and stoichiometry of these materials were analyzed using 
silicon-29 NMR, and the findings were confirmed by powder 
X-ray diffraction. The forsterite sample was contaminated with 
approximately 25% clinoenstatite, but this did not affect the final 
NMR measurements significantly. Unit-cell structures have been 
reported previously for diopside,38 fo r~ te r i t e ,~~  clinoen~tatite,~~ 
wollastonite>' and lamite.42 They contain three, three, six, nine, 
and four crystallographically distinct oxygen sites, respectively. 
NMR Measuremnts. NMR spectra were recorded at 9.4 and 

11.7 T in standard wide-bore magnet systems. The DAS probes 
used for these experiments were home built using a design detailed 
in ref 34. MAS spectra were obtained using the same probe with 
the spinning angle fixed with respect to the magnetic field at 
54.74O. 

In a DAS experiment, spin evolution must occur at two different 
spinning angles of the sample rotor in order for broadening from 
both the quadrupolar and chemical shift anisotropies to vanish. 
An experiment with equal evolution times at the two angles was 
chosen to simplify the data collection. In this experiment, we rotate 
the sample first about 0, = 37.38O and then about, O2 = 79.19O. 
At the completion of the spin evolution at the second angle the 
magnetization refocuses into a spin echo which has effectively 
precessed with an isotropic shift (see eq 1) as a function of the 
full evolution time. The usual hopping time between these two 
angles ranged from 25 to 35 ms, which was significantly shorter 
than the TI relaxation times for oxygen-17 in these compounds. 
The DAS pulse sequence and phase cycle used to collect the data 
were the same in previous  experiment^.^^ The radio-frequency 
pulse widths were calibrated to excite selectively only the central 
transition of 0 x y g e n - 1 7 ~ ~ ~ ~ ~  and were typically in the range 4-6 
ps for r / 2  pulses (equivalent to solution flip angles of ~ / 6 ) .  A 
recycle delay of 1 or 2 s allowed the magnetization to relax to 
thermal equilibrium with the lattice. In addition, the experiment 
for data collected at 1 1.7 T used a modified sequence which had 
a A pulse inserted after the final u/2 pulse, at a time T~ = l / v r ,  
to again refocus the DAS echo while shifting this echo by an 
additional rotor period. Spinning rates (v,) were typically between 
6 and 7 kHz. This effectively removes receiver dead time and 
ringing effects from the final one-dimensional DAS spectra. 

All one-dimensional DAS spectra were collected by sampling 
the complex signal intensity of the DAS echo for each of a series 
of evolution times. The interferograms were Fourier transformed 
and phased to produce DAS spectra with an overall sweep width 

- l ' ~ ~ l ~ ' ~ l l l  

100 50 0 150 75 0 
Frequency (ppm from H,"O) 

Figure 1. Dynamic-angle spinning (DAS) NMR spcctra of oxygen-17 
nuclei in two silicates, diopside (CaMgSi206) and wollastonite (CaSiO,), 
at magnetic field strengths of 9.4 and 11.7 T. 

of l /At,  where At is the increment in the evolution period. We 
usually sampled between 128 and 512 time points which provides 
digital resolution of approximately 0.5 ppm. All oxygen- 17 peaks 
were referenced to an external sample of H2I7O (37% enriched) 
in a small ampule placed inside an otherwise empty DAS sample 
rotor. 

Computer Siulatiolrs. Computer simulations were performed 
on a Stardent 750 computer using a program which calculates 
second-order quadrupolar powder patterns for samples spinning 
about any single axis. This program simulates only the central 
transition for ha l fdd  integer nuclei and ignores intensity displaced 
into spinning side bands. It utilizes a simple and efficient technique 
for averaging over the orientations found within a The 
inputs to the program are the chemical shifts and the quadrupolar 
parameters for each oxygen site. We chose to simulate magic- 
angle spinning data so that it is possible to ignore first-order 
chemicai shift anisotropy in the spectra. The experimental swra 
were fit using an AMOEBA simplex routine>6 allowing rapid con- 
vergence of parameters by minimizing the root-mean-square 
deviation between the simulated and the experimental spectra. 
Each fit takes approximately 2000 iterations, with each iteration 
requiring approximately 0.4 s per powder pattern. By using the 
quadrupolar product and isotropic chemical shift values determined 
directly from the one-dimensional DAS spectra, we are able to 
fm two parameter values for each site, limiting the simplex to only 
four variable parameters for each type of oxygen environment: 
the quadrupolar asymmetry parameter (q ) ,  the total intensity of 
the resonance line, a Lorentzian broadening factor, and a Gaussian 
broadening factor. By fitting MAS spectra at both 9.4 and 11.7 
T, we place an even larger number of constraints on our simu- 
lations. Thus the asymmetry parameters and the qudrupolar 
coupling constants are determined with more reliability than 
parameters from fits of overlapping powder patterns (say from 
three oxygen sites as in diopside) but without the constraints 
provided by the DAS data. 

Results and Discussion 
The field-dependence of the resonances observed in oxygen- 1 I 

DAS NMR is demonstrated for the polycrystalline minerals 
diopside and wollastonite in Figure 1. Crystallographically in- 
equivalent oxygen sites give rise to one narrow line each in the 
DAS spectra at both 9.4 and 11.7 T. As field strength increases, 
the total isotropic shift (in ppm) must move to a higher frequency 
since the isotropic chemical shift remains the same and the iso- 
tropic second-order quadrupolar shift is less negative (see eq 2). 
Inspection of the oxygen resonances in Figure 1 shows that the 
lines have not unexpectedly crossed at an intermediate value of 
the field. Care must be exercised, however, in more complex 
systems where additional studies at other field strengths or careful 
analysis of two-dimensional DAS line shapes may be required to 
determine whether resonances have crossed. When CSA is small, 
the anisotropic powder pattems in the second DAS dimension will 
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TABLE I: Results from Performing DAS Experiments at 9.4 and 
11.7 To 

diopside 

forsterite 

(CaMgSi206) 

(Mg2SiOd 

clinoenstatite 
(MgSiO3) 

wollastonite 
(CaSiO,) 

larnite 
(Ca2Si04) 

69.2 75.1 
48.5 54.0 
28.6 43.3 
49.0 57.1 
49.0 54.8 
30.8 37.5 
39.3 45.5 
34.5 44.1 
32.3 42.0 
26.3 39.0 
18.0 36.8 
15.0 34.7 
103.4 107.4 
100.1 105.1 
96.5 100.2 
89.0 91.9 
85.8 91.9 
74.3 79.3 
28.2 44.9 
28.2 44.9 
21.6 37.8 
117.3 123.3 
113.3 118.5 
108.8 113.4 
106.3 112.0 

86 2.8 * 0.2 
64 2.7 * 0.2 
69 4.5 f 0.1 
72 3.3 0.1 
64 2.8 0.2 
49 3.0 f 0.2 
57 2.9 i 0.2 
61 3.6 0.1 
59 3.6 0.1 
62 4.2 f 0.1 
70 5.1 f 0.1 
70 5.2 i 0.1 

115 2.3 0.2 
114 2.6 0.2 
107 2.2 0.2 
97 2.0 * 0.2 
103 2.9 * 0.2 
88 2.6 * 0.2 
75 4.8 * 0.1 
75 4.8 0.1 
67 4.7 0.1 
134 2.9 * 0.2 
128 2.7 0.2 
122 2.5 * 0.2 
122 2.8 0.2 

“The isotropic chemical shifts and products of quadrupolar parame- 
ters were calculated from eqs 5 and 6. Errors in the measured total 
shifts at both field strengths are AO.5 ppm, providing an isotropic 
chemical shift error of *2 ppm for all calculated values. 

be similar, yet scaled, for the same site at different field strengths. 
A modification of the DAS e~periment:~ utilizing a second hop 
to finish each isotropic evolution at the magic angle, overcomes 
any difficulties with CSA in the broadened second dimension and 
separated MAS line shapes are obtained directly.36 

The total observed isotropic shifts in the DAS spectra of 
diopside, wollastonite, and the three other silicates are compiled 
in Table I. Substituting the relevant constants for oxygen-17 
and the two field strengths into eq 1 yields the following set of 
simultaneous equations: 

(5) 

8Ak7’ 8;:‘’ = 1.30476P~’ (6) 

The shift values are all in units of ppm while PQ is given in 
megahertz. The set of equations may be solved for 62‘) and Pp 
and the results are shown at the right in Table I. The errors in 
calculating the isotropic chemical shifts (f2 ppm for all reported 
values) are much larger than the errors in the total shifts obtained 
directly from the DAS spectra since only two data points have 
been recorded per site. 

The diopside data in Table I were used to place constraints upon 
the simulations of MAS line shapes at both field strengths. The 
calculated line shapes are compared to the original MAS spectra 
in Figure. 2. The best-fit quadrupolar parameters and the isotropic 
chemical shift for each site are compiled in Table 11, where they 
are compared with previously determined values? 

In the three chain silicates studied (diopside, clinoenstatite, and 
wollastonite), the occupancy of terminal oxygen sites in the 
structure is twice that of bridging oxygen species. In forsterite 
and larnite, all oxygen sites are nonbridging. Diopside, clino- 
enstatite, and wollastonite have three, six, and nine crystallo- 
graphically distinct oxygen sites, respectively, and therefore one, 
two, and three different bridging sites. Referring to Table 1, we 
note that the quadrupolar products PQ for the oxygen sites in the 
chain silicates are predominantly less than 4 MHz. Values higher 
than 4.3 MHz follow a 1:2:3 ratio respectively for diopside, cli- 
noenstatite, and wollastonite, suggesting that lines associated with 
these values should be assigned to bridging sites. This observation 
is compatible with the results of Oldfield and co-workers in their 

(A Experimental A 
100 50 0 100 50 0 

Frequency (ppm from Hi’O) 

Figure 2. (a) Experimental magic-angle spinning (MAS) spectrum of 
oxygen-17 in diopside at 9.4 T. (a’) Simulated spectrum at 9.4 T using 
parameters in Table 11. (b) Experimental magic-angle spinning (MAS) 
spectrum of oxygen-17 in diopside at 11.7 T. (b’) Simulated spectrum 
at 11.7 T using parameters in Table 11. 

TABLE E Results from MAS Simulations at 9.4 and 11.7 T” 
this study previous study (ref 9) 

62s) a p  
site (ppm) CQ (MHz) 7 (ppm) CQ (MHz) 7 

2.7 0.0 1 86 2.83 i 0.05 0.13 f 0.10 84 
2 64 2.74 i 0.05 0.00 i 0.10 63 2.7 0.1 
3 69 4.39 i 0.05 0.36 f 0.05 69 4.4 0.3 

“The constraints imposed on the results were fixed values of the 
isotropic chemical shift and the quadrupolar product, PQ = CQ(1 + 
q 2 /  3) I 12, 

studies of these and similar  silicate^.^ The DAS technique now 
allows complete resolution of all sites, even in wollastonite. For 
thii silicate with nine crystallographic oxygen sites, the NMR data 
now reveal six distinct terminal sites as well as two inequivalent 
bridging sites occurring in a 2:l ratio. 

A number of trends are conspicuous when the isotropic chemical 
shifts for the various types of oxygen sites are examined. All of 
the bridging sites have isotropic chemical shifts within 4 ppm of 
71 ppm, referenced to the oxygen-17 resonance from H2I7O. This 
is an extremely small deviation considering the wide range of 
chemical shifts reported for oxygen-17.48 Here, however, all of 
the oxygen sites are quite similar and differ only in the identities 
of neighboring cations. As noted by Oldfield and co-~orkers,~ 
the chemical shifts of the bridging oxygens is generally less sen- 
sitive to the nature of the nearby cations due to the distance 
separating the oxygen nuclei and the cations. 

Chemical shifts of Si-0 terminal sites are more strongly de- 
pendent on the cations present. The deshielding of the oxygen 
nucleus as the effective ionic radius increases has been established 
empiricallyg and when the cations are magnesium ions (as in 
forsterite and clinoenstatite), the isotropic chemical shifts cal- 
culated range between 49 and 72 ppm. When calcium ions are 
present exclusively (wollastonite and larnite), the isotropic chemical 
shifts for the 10 sites lie between 88 and 134 ppm. In the mixed 
cation compound (diopside), both terminal oxygen sites had in- 
termediate chemical shift values (64 and 88 ppm). Thus it appears 
that each oxygen in diopside experiences an averaged chemical 
shift value from the surrounding cations. 

Similar trends are also observed when the quadrupolar coupling 
products are examined. For the bridging sites, PQ values range 
between 4.5 and 5.2 MHz. This again is a very small range 
considering that oxygen-17 coupling constants as large as 12 MHz 
are observed for similar sites.49 For the terminal sites in the 
magnesium-containing minerals Pa values from 2.8 to 4.2 MHz 
are found. For similar sites near calcium cations the experi- 
mentally determined values are generally lower and fall between 
2.0 and 2.9 MHz. Since the electronegativities of both cations 
are quite similar, the electric field gradients near these ions are 
only slightly dependent on the type of ion itself. The quadrupolar 
coupling products for terminal sites in diopside, which both fall 
close to the overlap point of the ranges for the two types of cations, 
tend to support the argument that an average environment is 
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experienced at these sites. The more noticeable difference is 
between the bridging and terminal oxygen quadrupolar environ- 
ments since the field gradients at bridging sites are almost double 
those at terminal sites. 

Finally, from the MAS simulations at the two fields, the values 
for the asymmetry parameter, 7, at each of the three sites in 
diopside were determined (Table 11). This provides additional 
information above and beyond the coupling product, PQ. It also 
allows us to determine with greater precision the value of the actual 
quadrupolar coupling constants C,, giving a quantitative de- 
scription of the strength the field gradient at each site. Further, 
all sites in diopside have asymmetry parameters near zero, in- 
dicating that the x and y gradients are of approximately the same 
strength. 

In conclusion, we have shown that by performing field-de- 
pendent DAS experiments on oxygen- 17 in minerals, parameters 
are obtained which can be directly correlated with structural 
information. Trends are recognized in the isotropic chemical shifts 
and the quadrupolar coupling strengths for a series of silicate 
minerals. It has been demonstrated that these parameters depend 
on the type of oxygen crystallographic site and the neighboring 
cation present in the crystals, corroborating extensive earlier studies 
but further providing information on all oxygen sites present in 
certain complex silicate minerals. 
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