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Abstract: The 29Si and 17O NMR parameters of six polymorphs of MgSiO3 were determined through a
combination of high-resolution solid-state NMR and first-principles gauge including projector augmented
wave (GIPAW) formalism calculations using periodic boundary conditions. MgSiO3 is an important component
of the Earth’s mantle that undergoes structural changes as a function of pressure and temperature. For
the lower pressure polymorphs (ortho-, clino-, and protoenstatite), all oxygen species in the 17O high-
resolution triple-quantum magic angle spinning (MAS) NMR spectra were resolved and assigned. These
assignments differ from those tentatively suggested in previous work on the basis of empirical experimental
correlations. The higher pressure polymorphs of MgSiO3 (majorite, akimotoite, and perovskite) are stabilized
at pressures corresponding to the Earth’s transition zone and lower mantle, with perovskite being the major
constituent at depths >660 km. We present the first 17O NMR data for these materials and confirm previous
29Si work in the literature. The use of high-resolution multiple-quantum MAS (MQMAS) and satellite-transition
MAS (STMAS) experiments allows us to resolve distinct oxygen species, and full assignments are suggested.
The six polymorphs exhibit a wide variety of structure types, providing an ideal opportunity to consider the
variation of NMR parameters (both shielding and quadrupolar) with local structure, including changes in
coordination number, local geometry (bond distances and angles), and bonding. For example, we find
that, although there is a general correlation of increasing 17O chemical shift with increasing Si-O bond
length, the shift observed also depends upon the exact coordination environment.

Introduction

The Earth’s mantle is characterized by a number of seismic
discontinuities. These define the upper mantle (to a depth of
410 km), the transition zone (410-660 km), and the lower
mantle (660 km to the mantle-core boundary at 2900 km). The
boundaries correspond to the structural phase changes of the
principal mineralogical component of the mantle, (Mg,Fe)2SiO4.
With increasing pressure, olivine or forsterite (the Fe-free
component;R-Mg2SiO4) converts to wadsleyite (â-Mg2SiO4;
at 410 km), wadsleyite converts to ringwoodite (γ-Mg2SiO4; in
the transition zone), and ringwoodite disproportionates to
MgSiO3 (perovskite) and MgO (at 660 km).1

After Mg2SiO4, the next most abundant component of the
mantle is MgSiO3. In the upper mantle this takes the form of
pyroxenes, which have both monoclinic (clinoenstatite) and
orthorhombic (protoenstatite and orthoenstatite) polymorphs. In
the transition zone, the pyroxenes dissolve into a garnet phase,
forming a solid solution between pyrope (Mg3Al2Si3O12) and
majorite (Mg3(Mg,Si)Si3O12). With increasing pressure, majorite
transforms to perovskite, which is also formed from the
breakdown of ringwoodite. This perovskite is the dominant
mineral of the lower mantle. At the base of the transition zone,
a further MgSiO3 polymorph with the ilmenite structure, called
akimotoite, may also occur. The triple point of majorite,
perovskite, and akimotoite is 20.0 GPa and 1920°C. From this
point, in general terms, the stability field of majorite occurs at
higher temperatures and that of akimotoite at lower temperatures,
while perovskite is stabilized at higher pressures.2
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The structure of these MgSiO3 minerals is of interest because
of their abundance and hence importance in understanding the
physical properties of the mantle. Of particular interest is the
storage in the mantle of an amount of water equivalent to at
least that present currently on the surface of the Earth.3,4 This
water, or more correctly H, is thought to be stored at defect
sites in nominally anhydrous minerals, such as the polymorphs
of MgSiO3 and Mg2SiO4, and may drastically affect geophysical
behavior. As a result, the crystal chemistry of mantle phases,
their possible hydration sites, and their water capacity has
received much recent attention.5

In this work, we use a combination of high-resolution17O
and29Si solid-state nuclear magnetic resonance (NMR) and first-
principles calculations to probe the local structure in the MgSiO3

polymorphs ortho-, proto-, and clinoenstatite, majorite, akimo-
toite, and perovskite. NMR is an excellent probe of both
structure and dynamics in crystalline and disordered materials,
providing information without any requirement for long-range
order. As 29Si has a spin quantum numberI ) 1/2, high-
resolution NMR spectra (free from anisotropic interactions, such
as dipolar coupling and chemical shift anisotropy, which broaden
spectra in the solid state) are available using conventional magic
angle spinning (MAS). In contrast,17O has a spin quantum
number ofI ) 5/2, and the spectra are broadened by the second-
order quadrupolar interaction, which cannot be removed by
MAS. In order to achieve the resolution required to separate
distinct species, more sophisticated approaches, such as the two-
dimensional multiple-quantum MAS (MQMAS)6 and satellite-
transition MAS (STMAS)7,8 experiments, are required. Although
MQMAS is a commonly used experiment, it suffers from poor
sensitivity, arising from the inefficiency of the filtration through
multiple-quantum coherences. In contrast, the sensitivity of
STMAS is usually much greater (often by a factor of 2-8),
although the approach is technically more difficult to implement.

While both 17O and 29Si NMR spectra of the enstatite
polymorphs (which can be synthesized at relatively low pres-
sures) are available in the literature,9-14 there exists limited
29Si data15-17 and no17O data for the high-pressure polymorphs.
The synthesis of these phases requires the use of a multi-anvil
apparatus, and in many cases only small amounts of material
can be produced, significantly limiting the NMR sensitivity.

However, recent work has demonstrated that the study of such
quantities by NMR is possible, with STMAS being used to
resolve and suggest assignments for the oxygen species in the
high-pressure polymorphs of Mg2SiO4, wadsleyite and ring-
woodite.18,19 Only 5-10 mg of material was available, but
isotopic enrichment (to∼35%) of 17O (natural abundance
∼0.037%) was used. The NMR sensitivity may be further
improved by using a larger multi-anvil apparatus (able to
produce up to 50 mg of material) and also by increasing the
levels of isotopic enrichment (which involves considerable
expense). In the current work, we employ 75% enrichment of
17O.

Despite these increases in sensitivity, both spectral analysis
and the extraction of accurate shielding and quadrupolar
parameters remain significant challenges. These parameters (and
their variation with structure, e.g., bond distances and angles)
provide a vast amount of information, yielding insight into
materials where the structure may be less well known. The use
of ab initio or first-principles calculations to complement
experimental measurements and aid the interpretation and, in
particular, assignment of NMR spectra is becoming increasingly
common, owing to improvements in computing hardware and
software development. For solids, the recent advent of the gauge
including projector augmented wave (GIPAW)20 formalism,
implemented within CASTEP,21 a planewave, pseudopotential
code that exploits the periodic nature of many solids, has allowed
the calculation of both shielding and quadrupolar tensors for a
variety of nuclei in a range of materials. We have recently
demonstrated the use of this approach for the calculation of the
shielding and quadrupolar tensors in the Mg2SiO4 polymorphs
forsterite, wadsleyite, and ringwoodite.22 The calculations
enabled the unambiguous assignment of the NMR spectra and
confirmed parameters that had been difficult to determine
experimentally. In particular, it was shown that some of the
quadrupolar coupling constants (CQ) for “nonbridging” oxygen
species (i.e., those bonded only to a single Si, in contrast to the
“bridging” Si-O-Si species) were significantly higher than
those that would be predicted on the basis of literature results.
In this work, we have utilized high-resolution17O and29Si solid-
state NMR, alongside first-principles calculations, to study the
local environment in the MgSiO3 polymorphs. These calcula-
tions facilitate spectral assignment and interpretation where
sensitivity may be a limiting factor and provide a more detailed
insight into the general dependence of both shielding and
quadrupolar parameters upon local structure in the silicate
materials that constitute the Earth’s mantle.

Experimental Methods

Sample Preparation. 17O-enriched SiO2 and Mg(OH)2 were pre-
pared from the reaction of H217O (75%) with SiCl4 and Mg3N2,
respectively.23 These were mixed in the stoichiometry of MgSiO3,
pressed into a pellet, and fired under N2 at 600°C (1 h). Orthoenstatite
was synthesized from this mix at 1.0 GPa and 1100°C using a piston-
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cylinder apparatus. In two experiments, approximately 250 mg of
material was produced. The orthoenstatite was then converted to
akimotoite at 19.5 GPa and 1400°C (2 h), majorite at 19.5 GPa and
1950°C (30 min), and perovskite at 23 GPa and 1650°C (20 min).3,24,25

The perovskite was synthesized in a Pt capsule using a MA8-type multi-
anvil26 and an 8/3 assembly (octahedral edge-length/truncation edge-
length, in mm). Akimotoite and majorite were synthesized with an 18/8
assembly (Re capsule) in a split-cylinder multi-anvil (5000-tonne
hydraulic press). This large-volume apparatus can allow up to 50 mg
of material to be prepared in a single experiment at transition zone
pressures. Further details of the press and assembly are given in ref
27. All compounds were determined to be essentially single phase by
either X-ray diffraction or Raman spectroscopy. The orthopyroxene
sample contained a small amount of quartz (2-3 wt %), resulting in
the identification of stishovite in the sample of akimotoite.

NMR Spectroscopy.NMR spectra were obtained using either a
Bruker 400 Avance I or 600 Avance III spectrometer, equipped with a
wide-bore 9.4 or 14.1 T magnet, respectively. Spectra were recorded
at Larmor frequencies of 79.3 MHz for29Si and 54.3 MHz (9.4 T) or
81.4 MHz (14.1 T) for17O. Samples (142 mg for orthoenstatite, 19
mg for akimotoite, 16.5 mg for majorite, and 3 mg for perovskite) were
packed into conventional 2.5- or 4-mm rotors, and MAS rates between
10 and 25 kHz were employed. Orthoenstatite was powdered for NMR
experiments, while the other compounds were studied as solid pellets,
packed in the center of the rotor, and surrounded by an inert material
(e.g., RbNO3 or Bi2O3) of similar density to ensure stable spinning.
Recycle intervals were optimized experimentally (and were typically
1-3 s for 17O and∼60 s for29Si); in addition, a number of “dummy”
transients were also acquired. Two-dimensional triple-quantum and
satellite-transition MAS experiments were recorded using phase-
modulated split-t1 pulse sequences.8,28,29 In many cases, a double-
quantum filter (DQF) was used in STMAS experiments to ensure the
removal of the undesirable autocorrelation diagonal.30 In all STMAS
experiments, the rotor angle was adjusted prior to the experiment (to
within an estimated accuracy of(0.002°) using RbNO3 or a similar
material.8,31 The ppm scales are referenced to H2O (17O) and TMS
(29Si). Further experimental details are given in the figure captions.

Calculations. Calculations were carried out with the CASTEP21

density functional theory (DFT) code using the GIPAW20 algorithm,
which allows the reconstruction of the all-electron wave function in
the presence of a magnetic field. The generalized gradient approximation
(GGA) PBE32 functional was employed, and the core-valence interac-
tions were described by ultrasoft pseudopotentials.33 For 17O, the 2s
and 2p orbitals were considered as valence states with a core radius of
1.3 Å, while for 29Si, a core radius of 1.8 Å was used with 3s and 3p
valence orbitals. Integrals over the Brillouin zone were performed using
a Monkhorst-Pack grid with ak-point spacing of 0.04 Å-1 or, in some
cases, 0.05 Å-1.34 Wave functions were expanded in planewaves with
a kinetic energy smaller than the cutoff energy, typically∼700 eV.
All calculations were converged as far as possible with respect to both
k-point spacing and cutoff energy. Repeated calculations yielded the
same results to within two decimal places.

Structural parameters (the unit cell and all atomic positions) were
obtained from experimental diffraction studies in the literature, with

corresponding references given in the text. The crystalline structure
was reproduced from these parameters by the use of periodic boundary
conditions. The numbers of atoms in the unit cell were 80 (orthoen-
statite), 40 (clino- and protoenstatite), 30 (akimotoite), 160 (majorite),
and 20 (perovskite). In most cases, the forces observed on the atoms
were small, indicating that the structures chosen were very nearly
relaxed. Where necessary, geometry optimization was performed within
the CASTEP program, and both the lattice parameters and atomic
coordinates were allowed to vary. After optimization, forces less than
∼50 meV Å-1 were observed. In most cases, optimization produced
very little change in the NMR parameters, with any significant changes
described in detail in the text. No additional rescaling to account for
any density functional error in bond lengths was performed. Calculations
were performed on the EaStCHEM Research Computing Facility, which
consists of 98 AMD Opteron processing cores connected by Infinipath
high-speed interconnects. Calculation times typically ranged from 36
to 1200 processor hours.

The calculations produce the absolute shielding tensor (σ) and the
electric field gradient (EFG) tensor (V) in the crystal reference frame,
with diagonalization of these tensors providing the principal components
or eigenvalues. The isotropic chemical shift,δiso, can be obtained from
the isotropic chemical shielding,σiso:

where σref is a reference isotropic shielding. Experimentally, this is
obtained by measuring the chemical shift of an external reference
sample. For the calculations, chemical shieldings were referenced to
previous work on Mg2SiO4 (forsterite), resulting inσref values of 255.0
and 312.7 ppm for17O and 29Si, respectively. This allows direct
comparison with our previous results and reduces the effects of any
significant systematic DFT error. From the principal components of
the symmetric part of the shielding tensor, the magnitude,∆CS, and
asymmetry,ηCS, of the chemical shift anisotropy (CSA) can be
calculated:

Here,σii are the principal components of the symmetric shielding tensor
such that|σZZ - σiso| g |σXX - σiso| g |σYY - σiso|.

The quadrupolar interaction is characterized by a magnitude,CQ,
and an asymmetry,ηQ:

where the principal components of the EFG tensor are ordered such
that |VZZ| g |VYY| g |VXX| and Q is the nuclear electric quadrupole
moment. The quadrupolar product,PQ, is then given by

An experimentally determined quadrupole moment,eQ, of 25.58 mB35

was used for17O. The sign ofCQ cannot be determined at room
temperature from a simple MAS spectrum, and so absolute values of
CQ have been studied. It should be noted, however, that the calculated
17O CQ values of all oxygen species considered here are negative except
for akimotoite.
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σiso ) 1/3 Tr{σ} (1)

δiso ) -(σiso - σref) (2)
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CQ ) eQVZZ/h (5)
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2/3)1/2 (7)
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Results

I. Enstatite. The enstatite polymorphs include orthorhombic
orthoenstatite (Pbca)36 and protoenstatite (Pbcn)37 and mono-
clinic clinoenstatite (P21/c).38 All are chain silicates with corner-
sharing SiO4 tetrahedra linked by Mg2+ cations, as shown (for
orthoenstatite) in Figure 1a. In each chain there are two
nonbridging oxygen species, O1 and O2, and a bridging oxygen,
O3, linking the tetrahedra. For protoenstatite, only a single type
of chain is present, whereas for clinoenstatite and orthoenstatite
there are two slightly different chains, producing pairs of similar
O1, O2, and O3 species, and a total of six different oxygen
sites. As only relatively low synthesis pressures are required,

allowing large sample volumes, there have been a number
of previous NMR studies of the enstatites, including both29Si
and17O.9-14 In particular, high-resolution17O MQMAS experi-
ments were used to resolve all oxygen species for each
polymorph: six for orthoenstatite and clinoenstatite and three
for protoenstatite.14 Although nonbridging and bridging oxygens
could be differentiated fairly easily owing to significant
differences inPQ values (usually 2-3 and 4-6 MHz, respec-
tively), a full spectral assignment proved more difficult, with
many species possessing similar NMR parameters. Tentative
assignments were suggested on the basis of a comparison with
Mg2SiO4 (forsterite)23 and empirical observations in the litera-
ture.39

Tables 1 and 2 give the29Si and 17O NMR shielding and
quadrupolar parameters for the three enstatite polymorphs,
calculated from first-principles. For protoenstatite, the forces
on the atoms predicted by the calculation were relatively large,
and so a second calculation was performed after the geometry
(atomic coordinates and unit cell dimensions) was optimized.
However, this produced only small changes in the NMR
parameters, as shown in Tables 1 and 2. For all three poly-
morphs,29Si isotropic chemical shifts of between-82 and-89
ppm were observed (Table 1), typical of the Q2 species expected
in chain silicates. (The Qn nomenclature refers to the number
of bridging oxygen species,n, to which the silicon is coordi-
nated). Table 2 shows that, although a clear distinction is
apparent between nonbridging and bridging oxygens, many
species have similar17O quadrupolar and shielding parameters.
From the values ofδiso, CQ, and ηQ, we can predict theδ1

position of the corresponding resonance in a triple-quantum split-
t1 MAS experiment (or the corresponding satellite-transition
split-t1 MAS experiment), i.e., the shift in the isotropic spectrum.
For 17O (I ) 5/2), these are given (in ppm), using the conventions
described in refs 8 and 40, by

with the isotropic second-order quadrupolar shift parameter

(36) Sasaki, S.; Takeuchi, Y.; Fujino, K.; Akimoto, S.Z. Kristallogr. 1982, 158,
279.

(37) Murakami, T.; Take´uchi, Y.; Yamanaka, T.Z. Kristallogr. 1982, 160, 299.
(38) Ohashi, Y.; Finger, L. W.Carnegie Inst. Washington Year Book1976, 75,

743.
(39) Ashbrook, S. E.; Berry, A. J.; Wimperis, S.J. Am. Chem. Soc.2001, 123,

6360.

Figure 1. Structure of MgSiO3 polymorphs (a) orthoenstatite, (b) akimo-
toite, (c) majorite, and (d) perovskite. SiOn polyhedra are shown in blue
and Mg atoms in red.

Table 1. Calculated 29Si NMR Parameters (Isotropic Chemical
Shift, δiso; Chemical Shift Anisotropy, ∆CS; and Shielding
Asymmetry, ηCS) for the MgSiO3 Polymorphs Orthoenstatite,
Clinoenstatite, Protoenstatite, Akimotoite, Majorite, and Perovskite

mineral population typea

δiso

(ppm)
∆CS

(ppm) ηCS

orthoenstatite Si1 1 Si(IV) Q2 -85.1 54.4 0.70
Si2 1 Si(IV) Q2 -82.0 55.1 0.63

clinoenstatite Si1 1 Si(IV) Q2 -85.3 54.2 0.71
Si2 1 Si(IV) Q2 -82.1 55.1 0.64

protoenstatite Si1 1 Si(IV) Q2 -88.3 49.8 0.78
(optimized) Si1 1 Si(IV) Q2 -87.4 52.1 0.74
akimotoite Si1 1 Si(VI) Q6 -178.5 -14.1 0.01
majorite Si1 2 Si(VI) Q6 -194.1 -5.2 0.09

Si2 1 Si(IV) Q0 -68.5 9.1 0.00
Si3 1 Si(IV) Q4 -93.7 13.3 0.00
Si4 4 Si(IV) Q2 -75.1 37.9 0.61

perovskite Si1 1 Si(VI) Q6 -191.5 3.6 0.59

a Si(x), x ) coordination number; Qn, n ) number of bridging oxygen
species.

δ1 ) (17/31)δiso + (32/93)δQ (8)

δQ ) (75PQ/ν0)
2 (9)
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These are given in Table 2 forB0 ) 9.4 T. The values are in
good agreement with those found experimentally.14 Notably,
the isotropic spectra of orthoenstatite and clinoenstatite are
predicted to be very similar (as observed experimentally in ref
14), despite the significant differences in some quadrupolar
asymmetry parameters. However, the results in Table 2 do not
support the previously suggested assignment.14 For example,
in the case of orthoenstatite, the spectral peaks were assigned
as O21, O22, O11, O12, O31, and O32 in order of increasing
δ1 shift, while Table 2 predicts that the corresponding order at
9.4 T should be O11, O12, O22, O21, O31, and O32. Given
the similarity of many of the species, this disagreement is
perhaps not too surprising.

In order to clarify the spectral assignment, a new sample of
orthoenstatite (synthesized with an enrichment level of 75%)
was studied. Figure 2 shows29Si and17O MAS NMR spectra
of this material, with corresponding parameters given in Table
3. Two 29Si peaks were observed atδiso values of-80.7 and
-83.2 ppm (Figure 2a), in good agreement with the calculated
predictions and assigned, with reference to Table 1, as Si2 and
Si1, respectively. The17O MAS NMR spectrum (Figure 2b)
contains a composite resonance owing to the overlap of second-
order quadrupolar broadened line shapes. Figure 2c,d shows that
resolution is increased in a triple-quantum MAS spectrum, with
six sharp resonances observed in the isotropic dimension. The
two resonances at higherδ1, with larger quadrupolar coupling
constants, were assigned to the two bridging oxygens, while
the four resonances at lowerδ1 shifts correspond to nonbridging
oxygens. Figure 3 shows cross sections taken parallel toδ2

through each of the six ridge line shapes (labeled (a)-(f) in

order of increasingδ1 shift), which reveal distinct quadrupolar
line shapes corresponding to a variety ofηQ values. By
comparing the experimental and calculated values (Table 2), it
is possible to assign the spectrum, as shown in Table 3. All
four nonbridging oxygens have very similarCQ values, but

Table 2. Calculated 17O NMR Parameters (Triple-Quantum/
Satellite-Transition MAS Shifts, δ1, at 9.4 T; Isotropic Chemical
Shifts, δiso; Quadrupolar Products, PQ; Quadrupolar Coupling
Constants, CQ; and Quadrupolar Asymmetries, ηQ) for the MgSiO3
Polymorphs Orthoenstatite, Clinoenstatite, Protoenstatite,
Akimotoite, Majorite, and Perovskite

mineral population typea
δ1 (ppm),

9.4 T
δiso

(ppm)
PQ

(MHz)b
CQ

(MHz) ηQ

orthoenstatite O11 1 nbo 28.7 41.0 3.09 3.06 0.21
O12 1 nbo 32.1 47.8 3.01 2.96 0.30
O21 1 nbo 37.8 57.4 3.09 3.03 0.35
O22 1 nbo 36.1 53.4 3.22 3.03 0.61
O31 1 bo 49.4 62.6 4.79 4.35 0.80
O32 1 bo 60.9 74.4 5.53 5.00 0.82

clinoenstatite O11/O1 1 nbo 28.9 41.6 3.05 3.03 0.22
O12/O4 1 nbo 32.1 47.9 2.97 2.93 0.29
O21/O2 1 nbo 38.3 57.6 3.19 3.05 0.54
O22/O5 1 nbo 35.4 52.2 3.21 3.04 0.59
O31/O3 1 bo 49.6 61.9 4.87 4.35 0.88
O32/O6 1 bo 60.5 73.6 5.54 4.98 0.84

protoenstatite O1 1 nbo 26.1 38.2 2.81 2.77 0.29
O2 1 nbo 34.4 51.7 3.02 2.93 0.45
O3 1 bo 48.6 58.9 4.98 4.81 0.47

protoenstatite O1 1 nbo 28.4 39.7 3.05 3.03 0.23
(optimized) O2 1 nbo 35.7 52.6 3.09 3.00 0.43

O3 1 bo 51.9 62.0 5.14 4.90 0.48
akimotoite O1 1 bo 71.9 111.0 3.91 3.61 0.72
majorite O1 1 nbo 50.5 80.8 3.07 3.01 0.37

O2 1 bo 81.8 117.4 5.14 4.91 0.54
O3 1 bo 78.2 114.9 4.80 4.64 0.45
O4 1 nbo 53.8 84.3 3.40 3.37 0.20
O5 1 nbo 47.3 75.9 2.94 2.87 0.38
O6 1 bo 80.0 110.6 5.35 5.31 0.21

perovskite O1 1 bo 82.8 116.0 5.37 5.31 0.28
O2 2 bo 83.0 117.0 5.33 5.32 0.12

a nbo ) nonbridging oxygen, bo) bridging oxygen.b PQ is calculated
from CQ(1 + ηQ

2/3)1/2.

Figure 2. MAS NMR spectra of orthoenstatite. (a)29Si (79.3 MHz) MAS
spectrum, (b)17O (54.3 MHz) MAS spectrum, and (c)17O (54.3 MHz)
triple-quantum MAS spectrum, recorded using a rotor-synchronized phase-
modulated split-t1 experiment,28 and (d) its isotropic projection. In (a), 64
transients were averaged with recycle interval 60 s; in (b), 240 transients
were averaged with recycle interval 2 s. In (c), 384 transients were averaged
for each of 256t1 increments of 258.33µs, with recycle interval 2 s. In
each case, the MAS rate was 10 kHz.
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differences in chemical shift enable the assignment of the peaks
at δ1 shifts of 28 and 31 ppm to O11 and O12, respectively.
The peaks withδ1 shifts of 34 and 36 ppm can be assigned to
O22 and O21, on the basis of both chemical shift arguments
and the distinctly differentηQ value of O22, as seen from the
differences in line shape between Figure 3c and Figure 3a,b,d.
The two bridging oxygens can also be identified (as O31 and
O32 in order of increasing shift), with theCQ value of O32
being significantly larger than that of O31. (It should be noted
that these broader line shapes appear somewhat distorted as a
result of the nonuniform excitation that is often be a problem
in MQMAS.) Also shown in Figure 3 (red) are the correspond-
ing line shapes simulated using the parameters determined by
the first-principles calculations given in Table 2. These demon-
strate the excellent agreement between the calculations and
experiment and provide confidence in the new spectral assign-
ment.

II. Akimotoite. Akimotoite has the ilmenite structure (R3h)
and consists of layers of edge-sharing SiO6 octahedra,41 as
shown in Figure 1b, with single oxygen and silicon species.
Figure 4 shows conventional29Si and17O MAS NMR spectra
of akimotoite, recorded atB0 ) 9.4 T. The29Si NMR spectrum
(Figure 4a) reveals a single peak at-180 ppm, typical of six-
coordinate (Si(VI)) silicon, which provides no obvious evidence
for any cation (i.e., Si(VI) and Mg(VI)) disorder.15 This is in
agreement with the only literature work on akimotoite, where
material enriched to 95% in29Si was studied.15 The 17O MAS
NMR spectrum (Figure 4b) exhibits a single second-order
quadrupolar broadened line shape that can be well fitted using
values ofCQ ) 3.4 MHz andηQ ) 0.78 (Table 4). The observed
CQ value is perhaps lower than might be expected for bridging
oxygen species, which typically vary between 4 and 6 MHz.
Calculated29Si and 17O NMR parameters for akimotoite are
given in Tables 1 and 2, and are in good agreement with the
experimental data. Notably, a lowCQ value of 3.6 MHz is also
obtained from our first-principles calculations. The agreement
is also demonstrated in Figure 4b, where a line shape (shown
in red) simulated using the calculated parameters in Table 2 is
compared with the experimental data.

III. Majorite. Majorite has a garnet structure (Figure 1c),
with space groupI41/a and a complex unit cell containing 160
atoms.42 As shown in Figure 1c, both SiO6 and SiO4 polyhedra
are present, linked by shared vertices. The structure contains

(40) Pike, K. J.; Malde, R. P.; Ashbrook, S. E.; McManus, J.; Wimperis, S.
Solid State Nucl. Magn. Reson.2000, 16, 203.

(41) Wechsler, B. A.; Prewitt, C. T.Am. Mineral.1984, 69, 754.
(42) Hazen, R. M.; Downs, R. T.; Finger, L. W.; Conrad, P. G.; Gasparik, T.

Am. Mineral.1994, 79, 581.

Figure 3. Cross sections, extracted parallel toδ2, from the triple-quantum
MAS spectrum of orthoenstatite in Figure 2c forδ1 values of (a) 28, (b)
31, (c) 34, (d) 36, (e) 47, and (f) 57 ppm. Also shown (in red) are “first-
principles” line shapes simulated using the parameters in Table 2.

Table 3. Experimental 29Si and 17O NMR Parameters
(Triple-Quantum MAS Shifts, δ1, at 9.4 T; Isotropic Chemical
Shifts, δiso; Quadrupolar Products, PQ; Quadrupolar Coupling
Constants, CQ; and Quadrupolar Asymmetries, ηQ), Extracted from
the Spectra in Figures 2 and 3, and Suggested Assignments for
Orthoenstatite

δ1 (ppm),
9.4 T

δiso

(ppm)
PQ

(MHz)
CQ

(MHz) ηQ assignment

28 (1) 41 (1) 2.9 (1) 2.9 (1) 0.19 (5) O11
31 (1) 46 (1) 2.9 (1) 2.8 (1) 0.29 (5) O12
34 (1) 52 (1) 3.1 (1) 2.9 (1) 0.53 (5) O22
36 (1) 56 (1) 2.9 (1) 2.9 (1) 0.29 (5) O21
47 (1) 60 (2) 4.6 (2) 4.2 (1) 0.78 (5) O31
57 (1) 70 (2) 5.3 (2) 4.8 (1) 0.80 (5) O32

-80.7 (3) Si2
-83.2 (3) Si1

Figure 4. (a) 29Si (79.3 MHz) and (b)17O (54.3 MHz) MAS NMR spectra
of akimotoite. (a) 1024 and (b) 3600 transients were averaged with recycle
intervals (a) 60 s and (b) 1 s. The MAS rate was 10 kHz in each case. Also
shown in (b) (in red) is the “first-principles” line shape simulated using the
parameters in Table 2.

Table 4. Experimental 29Si and 17O NMR Parameters (Isotropic
Chemical Shifts, δiso; Quadrupolar Products, PQ; Quadrupolar
Coupling Constants, CQ; and Quadrupolar Asymmetries, ηQ) for
Akimotoite, Extracted from the Spectra in Figure 4

δiso

(ppm)
PQ

(MHz)
CQ

(MHz) ηQ

O 106 (1) 3.7 (1) 3.4 (1) 0.78 (5)

Si -180.3 (3)
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four different silicon species (one octahedral and three tetra-
hedral, with relative populations of 2:1:1:4) and six oxygen
species (three bridging and three nonbridging). Figure 5a shows
a 29Si MAS NMR spectrum of majorite, which exhibits four
distinct resonances, with intensity ratios 2:1:4:1 in order of
increasingδ, and chemical shifts as detailed in Table 5. One
resonance (withδiso ) -197.1 ppm) is typical of octahedrally
coordinated silicon, while the remaining three have chemical
shifts characteristic of four-coordinated species.15 These results
are in good agreement with29Si NMR data for majorite from
the literature,15 where four similar peaks were assigned to a
majorite component in a mixture of high-pressure phases.

The 17O (54.3 MHz) MAS NMR spectrum of majorite is
shown in Figure 5b and reveals a complex line shape, resulting

from the overlap of the quadrupolar broadened lines from the
six different oxygen species. The DQF-STMAS spectrum in
Figure 5c, and its isotropic projection in Figure 5d, provide a
considerable increase in resolution, although only four sharp
resonances are observed. (The MQMAS spectrum (not shown)
is similar but with a lower signal-to-noise ratio.) From the
chemical shifts and quadrupolar parameters (extracted from the
δ1, δ2 position of each ridge), these four peaks appear to fall
into two distinct groups: bridging (δ1 between 70 and 80 ppm)
and nonbridging (δ1 between 40 and 50 ppm) oxygens. Given
the relative intensities of the resonances in the spectrum (1:2
for both the two bridging and the two nonbridging oxygen
resonances), it is tempting to suggest that all six oxygen species
are present, with coincidental overlap of some of the isotropic

Figure 5. MAS NMR spectra of majorite. (a)29Si (79.3 MHz) MAS spectrum, (b)17O (54.3 MHz) MAS spectrum, (c)17O (54.3 MHz) satellite-transition
MAS NMR spectrum, recorded using a double-quantum-filtered30 rotor-synchronized phase-modulated split-t1 experiment,8 and (d) its isotropic projection,
(e) 17O (81.4 MHz) MAS spectrum, (f)17O (81.4 MHz) multiple-quantum MAS spectrum, recorded using a rotor-synchronized phase-modulated split-t1
experiment,28 and (g) its isotropic projection. (a) 1024, (b) 1200, and (e) 3600 transients were averaged with recycle intervals (a) 1 s, (b) 60 s, and (e) 2 s.
In (c), 512 transients were averaged for each of 128t1 increments of 258.3µs, with recycle interval 3 s, while in (f), 192 transients were averaged for each
of 109 t1 increments of 126.7µs, with a recycle interval of 3 s. The MAS rates were (a-d) 10 kHz and (e-g) 12.5 kHz.
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resonances. The difference in relative intensities between the
two types of oxygen results from nonuniform efficiency of the
experiment asCQ increases. The presence of six species appears
to be confirmed by the17O (81.4 MHz) spectra in Figure 5e-
g. At this higherB0 field strength, the three bridging sites can
be resolved by MQMAS and are clearly seen in the isotropic
projection in Figure 5g. However, two of the three nonbridging
oxygen resonances remain overlapped. Parameters extracted
from these spectra are given in Table 5. Cross sections, extracted
parallel toδ2, from the 9.4 T spectrum in Figure 5c are shown
in Figure 6. Those extracted forδ1 ) 43 and 76 ppm (Figure
6a,d, respectively) reveal characteristic quadrupolar line shapes
which can be fitted withCQ, ηQ, andδiso as shown in Table 5.
The line shape withδ1 ) 73 ppm (Figure 6c) contains a complex
resonance, fitted reasonably well by the overlap of two distinct
line shapes. The final cross section in Figure 6b cannot be easily
decomposed into two line shapes, probably owing to the
similarity of the two species.

Tables 1 and 2 show the29Si and17O NMR parameters for
majorite calculated from first-principles. Owing to the large
number of atoms in the unit cell, it was not possible to perform
the calculation with the same level of accuracy as previous
calculations, and ak-point spacing of 0.05 Å-1 (rather than 0.04
Å-1) was used. Although it appears that the relative shieldings
are reasonably converged at this level of accuracy, it is possible
that this is not true for the absolute shieldings. In addition,
although the forces on the structure were reasonably high (up
to 1 eV/Å), the large unit cell size also prevented optimization
of the geometry. Nevertheless, the results obtained yield insight
into the interpretation and assignment of the experimental
spectra.

The 29Si chemical shifts shown in Table 1 are in good
agreement with the experimental results and allow the reso-
nances to be identified as Si1, Si3, Si4, and Si2, in order of
increasingδiso. This confirms the suggested literature assignment
based on the shift ranges for six- and four-coordinate silicon
and the empirical observation of increasingδiso asn increases,
i.e.,δiso(Q0) < δiso(Q2) < δiso(Q4).15 It was noted in this previous
work that these simple considerations of the effect of neighbor-
ing cations predict three equally spaced resonances, in contrast
to the experimental observation. The unequal separation of the

three resonances is, however, reproduced by the calculated
results in Table 1. The17O NMR parameters in Table 2 reveal
three similar nonbridging oxygen species and three similar
bridging oxygens. Although the calculations do not predict the
exact overlap of any species, comparison with the experimental
parameters in Table 5 allows the majority of the spectral
resonances to be assigned. For the bridging oxygens, the
resonance with the highestδ1 shift atB0 ) 9.4 T can be assigned
to O2, while that at the lower shift results from a combination
of O3 and O6. For the nonbridging oxygens, the ridge with the
lowestδ1 shift appears to result from O5, while we then assume
that the remaining resonance results from the overlap of O1
and O4. Similarly, at 14.1 T, resonances can be assigned as
O5, O1 + O4, O6, O3, and O2 in order of increasingδ1.
Calculated 17O (54.2 MHz) MAS line shapes (using the
parameters shown in Table 2) for the six species in majorite
are also shown in Figure 6.

IV. Perovskite. The perovskite structure consists of a
framework of corner-sharing SiO6 octahedra with Mg atoms
occupying the “A” sites between the octahedra, as shown in
Figure 1d. The SiO6 octahedra are tilted, reducing the symmetry
from cubic to orthorhombic (Pbnm) and resulting in a single
silicon species but two types of bridging oxygens.43 Figure 7a
shows a29Si (79.3 MHz) MAS NMR spectrum of perovskite,
containing a fairly broad resonance at-193.0 ppm (as shown
in Table 6). This is in good agreement with the only literature

(43) Brown, G. E. Ph.D. thesis, Virginia Polytechnic Institute and State
University, 1970.

Table 5. Experimental 29Si and 17O NMR Parameters
(Triple-Quantum/Satellite-Transition MAS Shifts, δ1, at 9.4 and
14.1 T; Isotropic Chemical Shifts, δiso; Quadrupolar Products, PQ;
Quadrupolar Coupling Constants, CQ; and Quadrupolar
Asymmetries, ηQ), Extracted from the Spectra in Figures 5 and 6,
and Suggested Assignments for Majorite

δ1

(ppm)
δiso

(ppm)
PQ

(MHz)
CQ

(MHz) ηQ assignment

O (9.4 T) 43 (1) 69 (1) 3.0 (1) 2.9 (1) 0.33 (5) O5
45 (1) 72 (2) 3.1 (2) 3.0 (2) 0.3 (1) O1+O4
73 (1) 104 (2) 4.9 (2) O3+O6
76 (1) 110 (1) 4.9 (1) 4.8 (2) 0.54 (5) O2

O (14.1 T) 41 (1) 70 (1) 2.9 (1) 2.8 (1) 0.33 (5) O5
43 (1) 73 (2) 3.0 (2) 3.0 (2) 0.24 (5) O1+O4
64 (1) 103 (1) 4.8 (1) 4.8 (1) 0.0 (1) O6
66 (1) 108 (1) 4.6 (1) 4.4 (1) 0.46 (5) O3
68 (1) 110 (1) 5.0 (1) 4.8 (1) 0.53 (5) O2

Si -197.1 (3) Si1
-90.5 (3) Si3
-73.9 (3) Si4
-67.5 (3) Si2

Figure 6. Cross sections, extracted parallel toδ2, from the17O (54.3 MHz)
DQF-STMAS spectrum of majorite in Figure 5c atδ1 values of (a) 43, (b)
45, (c) 73, and (d) 76 ppm. Also shown are “first-principles” line shapes
(B0 ) 9.4 T), simulated using the parameters in Table 2, with the full line
shapes (red) decomposed into their constituent parts (blue).
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result for this phase,16 where a signal was observed at-191.7
ppm in a 95% enriched material. The17O (54.2 MHz) MAS
NMR spectrum of perovskite is shown in Figure 7b. It contains
a line shape with features characteristic of second-order qua-

drupolar broadening and can be fitted fairly well by a single
oxygen species withCQ ) 5.1 MHz andηQ ) 0.1, as shown in
Table 6, and typical for a bridging oxygen. The STMAS
spectrum of perovskite, shown in Figure 7c, and the isotropic
projection shown in Figure 7d, also reveal a single resonance
(atδ1 ≈ 75 ppm), with no resolution of the two different oxygen
species predicted by the crystal structure. The17O (81.4 MHz)
MAS spectrum of perovskite is shown in Figure 7e. Here, in
addition to the quadrupolar line shape, a broad, fairly featureless
resonance is observed at lowerδ. This signal is also present
(between 20 and 50 ppm inδ1) in the DQF-STMAS spectrum
in Figure 7f, where its shape suggests a distribution of chemical
shift parameters, indicating that it probably results from an
amorphous phase. (Note that, unlike Figure 7c, there is no CT

Figure 7. MAS NMR spectra of perovskite. (a)29Si (79.3 MHz) MAS spectrum, (b)17O (54.3 MHz) MAS spectrum, (c)17O (54.3 MHz) STMAS spectrum,
recorded using a rotor-synchronized phase-modulated split-t1 experiment,8 and (d) its isotropic projection, (e)17O (81.4 MHz) MAS spectrum, (f)17O (81.4
MHz) STMAS spectrum, recorded using a double-quantum-filtered30 rotor-synchronized phase-modulated split-t1 experiment,8 and (g) its isotropic projection.
(a) 13 600, (b) 28 000, and (d) 2400 transients were averaged with recycle intervals (a) 30 s, (b) 2 s, and (d) 3 s. In (c), 1504 transients were averaged for
each of 165t1 increments of 64.6µs, with recycle interval 2 s. In (e), 768 transients were averaged for each of 107t1 increments of 51.6µs, with recycle
interval 2 s. The MAS rates were (a-d) 20 kHz and (e-g) 25 kHz. In (b) and (e), “first-principles” line shapes, simulated using the parameters obtained
from first-principles calculations given in Table 2, are also shown, with the full line shapes (red) decomposed into their constituent parts (blue).

Table 6. Experimental 29Si and 17O NMR Parameters
(Satellite-Transition MAS Shifts, δ1, at 9.4 T; Isotropic Chemical
Shifts, δiso; Quadrupolar Products, PQ; Quadrupolar Coupling
Constants, CQ; and Quadrupolar Asymmetries, ηQ), Extracted from
the Spectra in Figure 7, and Suggested Assignments for
Perovskite

δ1 (ppm),
9.4 T

δiso

(ppm)
PQ

(MHz)
CQ

(MHz) ηQ

O 75 (1) 108 (2) 5.1 (2) 5.1 (2) 0.1 (1)

Si -193.0 (1)
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f CT autocorrelation diagonal present in this spectrum, as a
double-quantum-filtered (DQF) pulse sequence has been used.)
The broad peak is not as easily observed in the 9.4 T data, owing
to the lower sensitivity, the presence of an autocorrelation
diagonal, and the coincidental overlap with the perovskite signal
at this field strength. While X-ray diffraction indicates that the
sample is pure (except for Pt derived from the capsule), the
method probes only the surface of the pellet, and the result is
not necessarily representative of the bulk. This also applies to
the akimotoite and majorite pellets that were analyzed by Raman
spectroscopy. Furthermore, an amorphous phase may not be
apparent with these techniques. It is worth noting that the29Si
MAS spectrum of perovskite in ref 16 also contained an
amorphous impurity. However, this would be below the
detection level of the (non-enriched)29Si NMR spectrum in
Figure 7.

Tables 1 and 2 give the calculated29Si and 17O NMR
parameters for perovskite. The29Si shift is in good agreement
with the experimental results and is typical of an octahedrally
coordinated silicon.15 The 17O results predict the two oxygen
species to be extremely similar, with almost no difference in
CQ, a small difference inηQ, and just a ppm difference in
chemical shift. When combined in the correct intensity ratio
(1:2 for O1 and O2, respectively), this would produce a line
shape very similar to that observed experimentally, as shown
in Figure 7b,e. However, any attempt to model the experimental
MAS line shapes as the sum of two similar line shapes did not
result in any significant or reproducible improvement in the fit.
The calculated results support our assignment of the two distinct
resonances in Figure 7e,f to two separate phases, rather than to
the two different oxygen species expected in perovskite.

Discussion

The NMR parameters (both shielding and quadrupolar)
provide insight into the local atomic environment, and much
work has focused on establishing their relationship to a variety
of structural parameters.9-11,44,45 While many empirical cor-
relations have been observed (usually within a series of similar
compounds), the NMR parameters for a species depend in a
complex manner upon a variety of structural features, including
coordination number, the coordinating atoms and next-nearest
neighbors, bond distances, bond angles, and symmetry. Figure
8a shows the dependence of the calculated17O chemical shift,
δiso, on the average Si-O bond length for the polymorphs of
MgSiO3 (as given in Table 2) and Mg2SiO4.22 There is a general
positive correlation, as has been reported previously in the
literature.11,14 However, there is also an obvious dependence
upon the oxygen environment, i.e., the directly coordinated
atoms. For example, oxygen species coordinated to one Si and
two Mg (SiMg2) have the shortest Si-O bond lengths but
exhibit higher chemical shifts than some oxygen species
coordinated to one Si and three Mg (SiMg3). Furthermore, for
a comparatively small range of Si-O bond lengths, there is a
large range ofδiso for the “SiMg3” species. This illustrates the
difficulty of spectral assignment and interpretation based on
empirical correlations alone.

The assignment of the17O NMR spectra of the enstatite
polymorphs suggested in the literature14 differs from that found

here using first-principles calculations. In the simplest case
(protoenstatite), the bridging oxygen species (O3) can be easily
identified, whereas differentiation of the two nonbridging
oxygens, O1 and O2, is considerably more difficult. The
previous experimental spectrum14 exhibited two resonances with
δiso ≈ 39 and 52 ppm, with very similar quadrupolar parameters.
These were tentatively assigned on the basis that (i) generally
17O δiso increases as the Si-O bond length increases and (ii)
the O1 species in protoenstatite (coordinated to one Si and three
Mg) is very similar to the O1 species in forsterite (δiso ) 48
ppm), while O2 (coordinated to one Si and two Mg) is very
different. This led to an assignment of O2 and O1 in order of
increasing chemical shift. The calculated parameters in Table

(44) Ashbrook, S. E.; Smith, M. E.Chem. Soc. ReV. 2006, 35, 718.
(45) Xue, X.; Stebbins, J. F.Am. Mineral.1994, 79, 31.

Figure 8. Dependence of (a) the calculated17O δiso on the average Si-O
bond length, (b) the calculated17O CQ on δiso, and (c) the modulus of the
calculated29Si chemical shift anisotropy|∆CS| on the calculated29Si δiso,
for polymorphs of MgSiO3 and Mg2SiO4. Data for the latter are taken from
ref 22. In (a) and (b), the key denotes the type and number of atoms
coordinated to the oxygen; in (c), Si(x) denotes the coordination number,x,
of the silicon and Qn the number of bridging oxygen species,n, to which
the Si(IV) are coordinated.
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2 suggest that this is not the case and that O1 actually has a
lower δiso than O2, despite a longer Si-O bond length.
Furthermore, although the immediate coordination environment
of O1 in protoenstatite is similar to that of O1 in forsterite, a
difference of ∼8 ppm in chemical shift is predicted. For
orthoenstatite and clinoenstatite, where the number of oxygen
species is doubled, assignment becomes even more problematic.
However, as shown in the previous section, the calculations
enables a full assignment of both spectra.

There have been many attempts to relate the17O quadrupolar
parameters (CQ and ηQ) to local structure both through
experimental investigation and cluster-type ab initio calcula-
tions.44,45 Although a number of relationships have been
determined, in particular many correlatingCQ/ηQ to the Si-
O-Si bond angle,44,45 in general these appear of limited
applicability, relating specifically to a group of similar materials.
Perhaps the most widely applicable observation is the increased
CQ usually associated with bridging compared to nonbridging
oxygens.11-13 This is attributed to the increased covalency (and
hence lower ionicity) of the Si-O bonds for a bridging species
as a result of a higher p orbital contribution. For MgSiO3 and
Mg2SiO4 silicates, there appears to be no particular correlation
of eitherCQ or ηQ with Si-O-Si angle or Si-O distance (not
shown), although in general higherCQ and lowerηQ values are
found for larger Si-O-Si angles, in broad qualitative agreement
with the literature.44,45 However, the absence of any strong
correlation probably reflects the range of complex structure types
present, with differing numbers of coordinating atoms around
many oxygens and the presence of both octahedral and
tetrahedral silicate units. Figure 8b plots the calculated17O CQ

againstδiso for the oxygen species in both sets of polymorphs.
It was shown by Xue et al.45 that, for a series of alkali silicates,
such a plot was able to distinguish clearly environment types,
particularly bridging and nonbridging oxygens. Broadly, this is
also true for our magnesium silicates. Most nonbridging oxygens
possess a lowCQ value, with the exceptions to this being the
oxygen species in wadsleyite and ringwoodite.19,22Even in these
unusual cases, theCQ values for the nonbridging oxygens are
lower than those of bridging oxygens in the same material.
Figure 8b also shows that many nonbridging oxygens have a
relatively low δiso. Those at higherδiso (above 75 ppm) are
species in majorite, where oxygens are unusually connected to
both six- and eight-coordinated magnesium species. This seems
to produce a slightly increased17O δiso, as can also be observed
in Figure 8a. MostCQ values for the bridging oxygen species
are between 4 and 6 MHz, again in broad agreement with the
literature. In terms of chemical shift, they are separated into
two distinct groups (withδiso ) 55-80 and 105-120 ppm,
respectively). Species with large chemical shifts occur in the
polymorphs which contain octahedral silicate units (and cor-
respondingly longer Si-O bond lengths). TheCQ of the single
oxygen site in akimotoite (as noted in the previous section) is,
however, somewhat smaller than expected. A detailed consid-
eration of the immediate coordination environment reveals that
this species has a much smaller Si-O-Si bond angle (99.2°)
than the other bridging oxygens, in which the angles range from
120° to 150°. It should also be noted that, while only the
modulus ofCQ has been compared to the experimental results,
all CQ values calculated here are, in fact, negative, with the
exception of the oxygen species in akimotoite. This observation

is in agreement with recent work by Grandinetti and co-
workers,46 where it was demonstrated that the magnitude and
sign of the17O EFG in carbohydrates were dependent upon the
C-O-H bond angle, with a change in sign observed when this
angle was around 110°. It is hoped that further work might
elucidate the factors controlling this variation inCQ in much
more detail.

For 29Si NMR, a large number of empirical relationships
between the isotropic chemical shift,δiso, and structural features,
including coordination number, degree of polymerization (i.e.,
n in Qn), electronegativity and bond strength of the next-nearest
neighboring atoms, and Si-O-Si angles, have been observed
experimentally.9-11 The dependence ofδiso on so many param-
eters restricts the applicability of many of these relationships
to series of similar compounds and highlights the need for first-
principles calculations to predict and assign spectra accurately.
Figure 8c shows the modulus of the calculated chemical shift
anisotropy (|∆CS|) plotted against the calculated isotropic
chemical shiftδiso for the polymorphs of MgSiO3 (Table 1) and
Mg2SiO4.22 The most obvious correlation is that of the isotropic
shift with the Si coordination number, with six-coordinate silicon
species (Si(VI)) exhibiting considerably more negative values of
δiso than the four-coordinate species (Si(IV)). The various four-
coordinated Qn species fall within the ranges predicted in the
literature9-11 (-60 to -90 ppm for Q0, -72 to -85 ppm for
Q1, -80 to -105 ppm for Q2, and-100 to-115 ppm for Q4

species). However, this general increase in chemical shift asn
decreases is not immediately apparent from Figure 8c, since
the parameter values are also affected by structural differences
between the species. For example, the Q0 species in ringwoodite
appear at a lowerδiso than the Q1 species in wadsleyite, although
both fall within their respective literature ranges.19,22Similarly,
the Q2 species in majorite has a higherδiso than both the Q0

and Q1 silicons in ringwoodite and wadsleyite, although again
all fall within the observed experimental ranges. It is also
noticeable that the Q4 species in majorite exhibits a higher shift
(-94 ppm) than expected. However, for the three four-
coordinate silicon species in majorite, there is a gradual increase
in chemical shift asn increases from 0 to 2 and to 4. The unequal
spacing of these three resonances has been mentioned previously
in the literature and suggested to result from the presence of
silicons connected (through oxygen species) to high- (six-)-
coordinate silicon and six- and eight-coordinate Mg.15 This
agrees with a previous observation that the29Si δiso increases
as the electrostatic bond strength decreases (a direct result of
increasing the coordination number of the nearby atoms).9,10

For the six-coordinate silicons, similar shifts are observed for
both perovskite and majorite, but that in akimotoite is slightly
larger. This perhaps results from the markedly different Si-
O-Si bond angle (99.2°).

The calculated29Si |∆CS| values range between 0 and 55 ppm,
with the smallest values exhibited by the (arguably more
symmetrical) Q0and Q4 species, while the largest values are
found for Q2 silicons. The only experimental values of∆CS and
ηCS in the literature are for enstatite, and these are in good
agreement with our calculated results.9 It is suggested in ref 16
that the29Si ∆CS in perovskite was very small (as it could not
be determined from a Herzfeld-Berger-type analysis, even at

(46) Sefzik, T. H.; Houseknecht, J. B.; Clark, T. M.; Prasad, S.; Lowary, T. L.;
Gan, Z.; Grandinetti, P. J.Chem. Phys. Lett.2007, 434, 312.
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slow MAS rates). This is confirmed in our calculations, where
a ∆CS of only ∼3.6 ppm is predicted.

This work and our previous study on the polymorphs of
Mg2SiO4

18,19,22illustrate how the calculated NMR parameters
for each O and Si site in a crystal structure closely correspond
to parameters determined experimentally, allowing confident
assignment of NMR resonances to crystallographic species. This
provides the foundation for investigating the incorporation of
H, as hydroxyl groups, at disordered defect sites in these phases.
The aim is to determine the O to which the H is coordinated
from changes in NMR parameters of a particular species, from
the appearance of new resonances, or through the development
of techniques such as17O-1H cross-polarization. Furthermore,
noting the sensitivity of NMR parameters to a whole range of
structural variables, it is hoped that the length and orientation
of the OH bond may be constrained by the computational model
of the defect. This will, in turn, help define the hydrogen-
bonding network and “strength” of the hydrated mineral, with
implications for a range of geophysical properties such as
deformation and rheology (response to dislocation creep) and
seismic wave speeds (the effect on the elastic moduli). An
investigation of the hydrated polymorphs of MgSiO3 and
Mg2SiO4 is the subject of ongoing research.

Conclusions

The 17O and 29Si NMR parameters for six polymorphs of
MgSiO3 were obtained by a combination of variable-field high-
resolution NMR and first-principles calculations. For the lower
pressure polymorphs (ortho-, clino-, and protoenstatite), the use
of first-principles calculations enabled the resolved peaks in
high-resolution MQMAS17O NMR spectra to be assigned to
the crystallographic oxygen species. These assignments differ

from those suggested in previous work, which was based almost
solely upon empirical correlations. We have presented the first
17O NMR spectra of the high-pressure MgSiO3 polymorphs
(akimotoite, majorite, and perovskite) and confirmed previous
29Si results in the literature. Both17O STMAS and MQMAS
NMR spectroscopy were used at two different field strengths
to resolve the distinct oxygen species and obtain accurate
quadrupolar and shielding parameters. The use of first-principles
calculations also enabled full assignments of all these spectra.
In addition, this work has provided an opportunity to reconsider
the dependence of the NMR parameters on local structure. In
particular, we have found that, although there is a general
correlation of increasing17O chemical shift with increasing
Si-O bond length, the shift observed also depends crucially
on the other aspects of the coordination environment. These
effects cannot be distinguished empirically with the available
data but can be reproduced computationally.
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