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MAS NMR study of pentacoordinated magnesium in grandidierite

KENNETH J.D. MACKENZIE AND RICHARD H. MEINHOLD*

New Zealand Institute for Industrial Research and Development, P.O. Box 31-310, Lower Hutt, New Zealand

ABSTRACT

The 11.7 T 25Mg, 27Al, 29Si, and 11B MAS NMR spectra are reported for well-charac-
terized grandidierite, (Mg,Fe)Al3SiBO9, which contains both Al and Mg in fivefold coor-
dination with oxygen. The 25Mg spectrum is the first to be reported for 5Mg, and exhibits
a quadrupolar lineshape from which the nuclear quadrupolar coupling constant (3.8 6 0.1
MHz), the asymmetry parameter (0.6 6 0.05), and the isotropic chemical shift (55 6 2
ppm) were derived by spectral simulation. These spectroscopic parameters are discussed
in terms of the crystallographic geometry of the fivefold-coordinated site.

INTRODUCTION

Grandidierite, (Mg,Fe)Al3SiBO9, is an unusual mag-
nesium aluminum borosilicate that holds considerable in-
terest for crystallographers and spectroscopists because it
contains both Mg and Al in fivefold coordination. Its
structure consists of edge-sharing AlO6 chains running
parallel to the c axis, joined along the a axis by BO3 and
AlO5 units and along the b axis by MgO5 and SiO4 units
(Stephenson and Moore 1968).

MAS NMR has been used by Smith and Steuernagel
(1992) to investigate the fivefold-coordinated Al site in
grandidierite. The 29Si and 11B spectra have also been re-
ported by these authors, but the 25Mg spectrum arising
from the highly unusual fivefold-coordinated Mg site has
not been reported.

In a survey study of the 25Mg spectra of several min-
erals and related inorganic materials containing mostly
octahedral Mg in sites of varying distortion, MacKenzie
and Meinhold (1994a) recorded isotropic chemical shifts
ranging from 24–80 ppm; the shifts of the spectra that
could be most reliably simulated ranged from about 5–
14 ppm, with the sharp resonance from the highly sym-
metrical octahedral site in periclase appearing at 26.5
ppm. Fewer examples of the 25Mg spectra arising from
tetrahedral Mg sites are known; a single resonance re-
ported by Dupree and Smith (1988) at 52 ppm in the 25Mg
spectrum of MgAl2O4 has been attributed to fourfold-co-
ordinated Mg, and on this basis, resonances at 45–79 ppm
in the 25Mg spectra of MgSiN2 and MgAlSiN3 have like-
wise been attributed to fourfold-coordinated Mg
(MacKenzie and Meinhold 1994b). Fiske and Stebbins
(1994) reported isotropic 25Mg chemical shifts of 8 and
49 ppm, corresponding to sixfold and fourfold coordi-
nation in diopside (CaMgSi2O6), and akermanite
(Ca2MgSi2O7), respectively, from which they deduced
that 25Mg shifts of 29 to 34 ppm observed in molten so-
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dium magnesium silicate at 1110–1370 8C might repre-
sent an average coordination of about five.

The present work reports the first solid-state 25Mg MAS
NMR natural abundance spectrum of a crystallographi-
cally well defined fivefold-coordinated Mg site in the
mineral grandidierite.

EXPERIMENTAL METHODS

The grandidierite, from the mineral collection of Kiel
University, originated from southern Madagascar; this is
the type locality and was also the origin of the samples
used in previous studies (McKie 1965; Stephenson and
Moore 1968; Smith and Steuernagel 1992). The X-ray
powder diffraction pattern of the very pale bluish sample
contains all the lines recorded by McKie (1965), which
also agree with a more complete powder pattern calcu-
lated from the crystal structure of Stephenson and Moore
(1968) using the computer program POWDER CELL ver-
sion 1.8 (Kraus and Nolze 1996). No additional phases
were detectable by X-ray powder diffraction.

The room-temperature MAS NMR spectra were ob-
tained at 11.7 T using a Varian Unity 500 spectrometer
and a high-speed 5 mm Doty probe operating at a com-
puter-controlled rotor speed of 10 kHz. The 25Mg spectra
were acquired using both Hahn spin echo and Bloch de-
cay pulse sequences. The Hahn spin echo sequence uti-
lized 16-step phase cycling (Kunwar et al. 1986) with a
refocusing interval of 100 ms to coincide with the 10 kHz
sample-spinning speed. The Bloch decay sequence in-
volved 3 ms pulse, recycle delay of 0.1 s, and a 90 ms
ringdown delay before acquisition; spectra were pro-
cessed by shifting the free-induction decay (FID) two
points to the left. Shifts were referenced to 1 M aqueous
MgSO4, shown in separate experiments to be comparable
within 0.2 ppm to the saturated MgSO4 solution (Mac-
Kenzie and Meinhold 1994a) and to other aqueous ref-
erences [1 M Mg(NO3)2 and 1 M MgCl2].

For comparison with the previous NMR study of Smith
and Steuernagel (1992), 27Al, 29Si, and 11B MAS NMR
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FIGURE 1. The 11.7 T MAS NMR spectra of grandidierite:
(A) 29Si, (B) 27Al, (C) 11B. Asterisks denote spinning side bands.

spectra were also acquired as follows. For 27Al spectra 1
ms p/10 pulse for solution with recycle delay of 5 s was
used; shifts were referenced to 1 M aqueous Al(NO3)3

solution. For 29Si a 6 ms p/2 pulse was used with a recycle
delay of 30 s; shifts were referenced to tetramethylsilane
(TMS). For 11B a 1 ms p/8 pulse for solution was used
with a recycle delay of 1 s; shifts were referenced to
BF3·Et2O.

RESULTS AND DISCUSSION

The 11.7 T 29Si, 27Al, and 11B spectra of the present
grandidierite are shown in Figures 1A, 1B, and 1C, re-
spectively. These spectra all agree well with those re-
ported by Smith and Steuernagel (1992). The present 29Si
shift (282.2 ppm) is sufficiently close to the reported val-
ue of 279.6 ppm to suggest that these resonances arise
from the same Si site. The shape of the present 27Al spec-
trum (Fig. 1B) is similar to the 11.7 T spectrum that was
simulated by Smith and Steuernagel (1992) in terms of
the two octahedral and one fivefold-coordinated Al res-
onances expected from the crystal structure. The fivefold-
coordinated Al site was simulated by Smith and Steuer-
nagel (1992) with a nuclear quadrupole coupling constant
(x) of 8.7 MHz and asymmetry parameter (h) of 0.95,
resulting in an isotropic chemical shift (d0) of 41 ppm.

The present 11B spectrum is also similar to that of
Smith and Steuernagel (1992), but the center band quad-
rupolar fine structure is less well resolved. However, these
spectra and the X-ray powder diffractograms indicate that
the present sample is essentially identical to that studied
by Smith and Steuernagel (1992). Figure 2 shows 25Mg
MAS NMR spectra obtained using two completely dif-
ferent pulse sequences. Striking similarities are apparent
between the spectrum obtained using the Hahn spin-echo
sequence with 2.3 3 106 transients (Fig. 2A) and a Bloch
decay sequence with 0.5 3 106 transients (Fig. 2B). These
spectra show a typical quadrupolar lineshape for a single
site and can be simulated by setting the nuclear quadru-
pole coupling constant x 5 3.8 6 0.1 MHz, the asym-
metry parameter h 5 0.6 6 0.05 with a Gaussian line
broadening of 900 Hz (Fig. 2C). The resulting isotropic
chemical shift d0 for this site is 55 6 2 ppm. The crys-
tallography of grandidierite (Stephenson and Moore
1968) indicates that the Mg occurs in a single distorted
trigonal bipyramidal site, which must therefore corre-
spond to this spectrum.

The position of the center of gravity (dcog) of the pres-
ent resonance (243.5 ppm) falls between the values for
fourfold-coordinated and sixfold-coordinated Mg, esti-
mated as 230.8 ppm and 247.2 ppm, respectively, from
the published Hahn-echo spectra of akermanite and di-
opside (Fiske and Stebbins 1994). It should be noted that
dcog depends strongly on the quadrupolar parameters. The
bias toward the sixfold-coordinated position is also qual-
itatively consistent with the mean Mg-O bond lengths for
the three different sites [2.042 Å in grandidierite (Ste-
phenson and Moore 1968), 1.915 Å in akermanite, and
2.077 Å in diopside (Fiske and Stebbins 1994)].
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FIGURE 2. The 11.7 T 25Mg MAS NMR spectra of grandi-
dierite: (A) using Hahn spin-echo pulse sequence, (B) using
Bloch decay pulse sequence and (C) simulation with x5 3.8
MHz, h 5 0.6, and Gaussian line broadening of 900 Hz.

However, a well known relationship exists between the
isotropic shift values (d0) and the coordination of 27Al
(Müller et al. 1981), and similar trends have also been
shown for 29Si (Engelhardt and Michel 1987; Stebbins
and McMillan 1993), 23Na (Xue and Stebbins 1993), and
6Li (Xu and Stebbins 1995). If it is assumed that a similar
trend is followed by the d0 values for 25Mg in fourfold,
fivefold, and sixfold coordination, the isotropic shift for
the fivefold-coordinated Mg site in grandidierite (55 ppm)
is more positive than might be expected from the reported
values for fourfold and sixfold-coordinated Mg in other

compounds. However, the 23Na chemical shift ranges for
each coordination state overlap somewhat, and a similar
overlap in the ranges for fourfold and fivefold-coordinat-
ed Mg could account for the seemingly large d0 value in
grandidierite. It should be noted that a similar trend is
seen in the 27Al d0 value deduced by Smith and Steuer-
nagel (1992) for the fivefold-coordinated Al site in gran-
didierite (41 ppm); this 27Al shift is closer to the region
of tetrahedral shifts than the isotropic shift values report-
ed for well-defined fivefold-coordinated Al sites in other
minerals [andalusite (35 to 36 ppm, x 5 5.9 MHz, Ale-
many and Kirker 1986; Lippmaa et al. 1986; Dec et al.
1991), Al2Ge2O7 and LaAlGe2O7 (36 and 35 ppm, x 5
8.8 and 7.2 MHz, Massiot et al. 1990), pyrophyllite de-
hydroxylate (29 ppm, x 5 10.5 MHz, Fitzgerald et al.
1989), augelite and senegalite (30.9 and 36.0 ppm, x 5
5.7 and 2.5 to 2.8 MHz respectively, Bleam et al. 1989)].
It is interesting to note that since x is proportional to the
nuclear quadrupole moment, which for 25Mg and 27Al
have values of 0.22 and 0.15 zez 3 10224 cm2, respectively,
the value of x for an Al in a site identical to the Mg site
in grandidierite would be (0.15/0.22) 3 3.8 5 2.6 MHz,
providing the geometry and the Sternheimer antishielding
factors were the same for the identical sites.

To examine possible reasons for the seemingly anom-
alous behavior of the fivefold-coordinated sites in gran-
didierite, we considered the geometry of these sites, as
reflected in the degree of distortion from the regular tri-
gonal bipyramidal configuration. This is conveniently ex-
pressed as an angular distortion index (DI) defined by
Baur (1974) and modified for the trigonal bipyramidal
case, in which there are six apical-equatorial angles of
908, three equatorial angles of 1208, and one apical angle
of 1808

10

DI 5 zu 2 u z u (1)O Oi m m1 2@
i51

where ui and um are the observed and true (undistorted)
trigonal bipyramidal angles, respectively.

The DI value for the fivefold-coordinated Al site in
grandidierite, calculated from the crystal structure of Ste-
phenson and Moore (1968), is 0.07. However, the corre-
sponding Mg site is considerably more distorted from tri-
gonal bipyramidal symmetry, having a DI value of 0.103,
which may reflect the substitution of 10 at% Fe21 as-
sumed to be located in this site (Stephenson and Moore
1968). Previous 25Mg observations of octahedral Mg-O
(MacKenzie and Meinhold 1994) suggest that as the DI
value of these sites increases, the nuclear quadrupole cou-
pling constant x increases and dcog becomes more nega-
tive. Although it is not yet known whether a similar trend
is followed by fivefold-coordinated Mg-O, the large neg-
ative value of dcog for grandidierite could be consistent
with the considerable distortion of this site producing
large electric-field gradients. The reason that the isotropic
d0 value for this site is closer to a tetrahedral value than
expected is not presently clear, but, in addition to geo-
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metrical effects such as bond lengths and angles, d0 may
be influenced by factors such as the nature of the species
in both the first and second coordination sphere, as is the
case with 29Si and 27Al chemical shifts. The Mg site in
grandidierite is coordinated through O atoms to three Si
and nine Al, three of which are fivefold coordinated and
the other six are located in the two distinct edge-sharing
octahedral chains (Stephenson and Moore 1968). A fuller
investigation would be facilitated by the availability of a
wider range of compounds containing fivefold-coordinat-
ed Mg but this configuration is unfortunately rather rare.
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