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ASSTRACT

The solid state NMR techniques of magic-angle spinning (MAS), dynamic-angle spinning @AS) and double rotation
@OR) are used to study the local atomic environments in tugtupite, Na6[Al2BqSisO24](Cl,S)2. The structure is found to
be exceptionally well ordered, with only one Si, Al, Na and Be environment. The quadrupolar parameterc Cq (guadrupolar
coupling constant) and q (asymmetry paxameter) of 23Na and 27Al were obtained by a comparison of a computer simulation of
the MAS central transition lineshape at two different fields with experimental results. These results were verified in two ways:
firstly, from the comparison of the observed difference in chemical shift of tle same peak at two different fields with that
calculated from the simulated results of Co and q, and secondly, from the comparison of the measured and calculated
difference in position of the two peaks withii the first set of spinning sidebands, which are due to the central transition and
lVz 3 !3/z satelhte transition.

Keywords: nuclear magnetic resonance, magic-angle spinning, double rotation, dynamic-angle spinning, tugtttpite, quadrupolar
parameters.

SoMMaRs

Les techniques de r6sonance magn6tique nucl6aire adapt6es i l'6tat solide, par exemple la rotation i I'angle magtque,
la rotation i l'angle dynamique et la rotation double, ont 6td appliqu6es a f6tude des agencements locaux d'atomes dans Ia
tugtupite, Na3[Al2Be2SisO24](Cl,S)2. l,a structure donne toules les indications d'un degr6 d'ordre exceptionnel, avec un seul
milisu pour chacun des quatre cations, Si, At, Na et Be. Nous avons obtenu les paramdtres quadrupolaires Ce (constante de
couplage quadrupolaire) et n (parametre d'assymdtrie) de aNa et n Al p* simulation sur ordinateur du profil de la transition
centale dans la rotation d angle magique i deux champs magn6tiques diff6rents, et par comparaison avec les r6sultats exp6ri-
mentaux. Nous avons v6rifi6 ces r6sultats de deux fagons, d'abord en compaxant la diffdrence observde dans le d6placement
chimique d'un m6me pic i deux champs diff6rents, en comparaison avec le d6placement calcul6 i partir des simulations
utilisant Co et r'1, et ensuite en compaftmt la diff6rence mesur6e et pr6dite dans la position des deux pics ) f int6rieur de la
premidre plire des satellites dus d la rotation, qui sont attribudes e la ffansition centrale et a h transition des satellites
!1/ziL3/2.

Clraduit par la R6daction)

Mots-cl6s: rdsonance magn6tique nucl6aire, rotation i I'angle magique, rotation double, rotation i l'angle dynamique.
tugtupite, paramdtres quadrupolaires.

Irtrnopucrrou

Nuclear magnetic resonance (M\4R) can be used to
study local atomic envhonment in minerals. Recently,
there have been significant advances in high-resolu-
tion solid state NMR, including stable high-speed
magic-angle spinniag (MAS) (Engelhardt & Michel
1987, Miiller et al. 1981, Skibsted et al. l99I), double
rotation (DOR) (Wu et aI. 1990a, b) and dynamic-
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angle spinning (DAS) (Mueller et al. L990,1991).
Each ofthese new techniques provides complementary
information.

For spin-72 nuclei, $uch as 13C,2esi, 1lF, broaden-
ing due to dipole-dipole interactions and chemical
shift anisotropy (CSA) can be averaged or modulated
by spinning the sample around an axis at an angle of
54.7" to the magnetic field (MAS), resulting in spectra
with narrow lines. For nuclei with nonintegral spins
greater than Yz, stJch as 23Nq 27N,9Be,7Li and uO,

line-broadening due to second-order quadrupolar
interactions cannot be completely averaged by MAS
because the spatial part of tle second-order quadru-
polar interaction anisotropy has a factor of a fourth-



936

a

TIIE CANADIAN MINERALOGIST

hedral coordination with four oxygen atoms, form the
framework of the structure (Fig. 1). There is a four-
membered ring containing two Si, one Be and one Al
atoms normal to the a axis, a four-membered ring con-
taining four Si atoms perpendicular to the c axis, and a
six-membered ring containing four Si, one Al and one
Be atoms at the corners. Na and Cl are inside the
cages, and the Cl atoms are eitler at the corners or
the center of the unit cell. Na is in five-fold coordina-
tion with one Cl and four O atoms (Hassan & Grundy
1991).

From X-ray-diffraction results, it is not clear if
there is any disorder of Si, Al and Be within the tetra-
hedral site. Different NMR techniques were used to
study eBe, 23Na, 27Al and 2esi nuciei in tugtupite in
order to obtain the values of isotropic chemical shifts,
Co and q, and to evaluate the degree of atomic order
in the structure.

EtonpJNasI.ruAL

Tugtupite from Ilfmaussaq, Narssaq Kommune,
South Greenland (Royal Ontario Museum sample
number M32790) was finely grcund prior to packing
into the NMR rotors. It is from the same locality as the
sample analyzed by DaW (1966). The NMR spectra
were acquired using a Bruker AIVD(-500 console with
an 8.4 T wide-bore mag;net and an 11.7 T narrow-bore
magnet.

MAS spectra were acquired at both fields using a
high-speed MAS probe with 5-mm diameter rotors
from Doty Scientific Ltd., spinning at an angle of
54.7" to the magnetic field. When acquiring spectra
from nuclei with the spin quantum number I > Vz, a
long radio-frequency pulse will excite both the central
and non-central (satellite) transitions. It has been
shown (Samoson & Lippmaa 1983) that pulses shorler
thao ll(21+L) of the 90" pulse length will excite less
than 5Vo of the satellite transitions. Only short pulses
that satisfy this condition are used in these MAS
experiments, The experimental parameters are listed in
Table 1. MAS spectra for 23Na were obtained at -35.

TABTX 1. MAS NldB EXPEBIUBI'TAL PABAMTTEBS

Ftc. 1. The structure of tugtupite. (a) Projection along the
c axis; (b) projection along the a axis.

order polynomial function, and the magic angle of
54.7o is not a root of this polynomial function. To
average the second-order quadrupolar interaction
anisotropies to isotropic values, the powdered sample
has to be spun around another angle besides the magic
angle. The double-angle techniques of DOR and DAS
are solutions to the problem of having to spin the
sample around fwo axes at the same time.

Tugtupite, Nas[Al2Be2Si8O24](Cl,S)2, is a well-
ordered cubic tectosilicate mineral that crystallizes in
space goup 14 @anA 1966). Si, Be and A1, in tetra-

%
BeOa AtO.

t€trahedm tclrahedm

sio.
tetmhcda

I,} Spr!
(Ez) Sp€€d

(LEz)

Pl D1
(trs) (s)

0 .4  2 .0
0 .4  1 ,0
0 .4  x ,o
0 , 4  1 . 0
0 . 0  1 . 0
0 .4  0 .6
1 . 0  0 . 6
0 .4  0 .8
1 . 0  0 . 6
o . 2  0 . 1
2 .O 30.0

al"
an"
aN.
ar.
ar,lar
nN
/7N
nN
nN
98"
agt

Estnl NMbe!
Wtdtn dS@
( E )

2@00 5(n
128fi8 500
2@00 &,

r?!0@ 400
2(XFO 300
20000 600

125000 sa4
20000 u7

1r5qn t00
31160 g,9A
10@ 1285

Ls@r
E!equ@!g

(MEz)

OU

!0
20
20
50
10
20
10
10
0

90

t.7 s6.22
8.? 95.22
0.1 13r.:t0
s.7 182.30
0.0 x32.30
8.7 93.80
4.7 93.t0
9.? 130.3?
s.7 130.3'
9.0 70.18
7,1 99.35

Dr3 Flsnlto! dslay b6tt€@ puls@i Pr3 lrulsa lengtb.
t: lq-t@tEntw eatprl@!t8.



NMR STUDY OF TUGTTJPITE 937

-52, -80 and -l10oC at L32.3 MHz. The spectra were
recorded with reference to aNa+ in a 0.1 M aqueous
solution of NaCI, 27Al(HzO)o in an aqueous solution
of AlCl3, nBg?* io an aqueous solution of Be(NO)2
solution, and 2esi in tenamethylsilane Cn\4S).

In the DOR experiments, a 4-mm-diameter inner
rotor spins at an angle of 30.6' to the magnetic field
inside an outer rotor spinning at the magic angle. The
ratio of the rates of spinning of the inner to outer
rotors is approximately 5:1. The low rate of spinning,
of less than L200 Hz for the outer rotor, causes the
spectra to be complicated by numerous spinning side-
bands owing to the remaining quadrupolar and dipole-
dipole interactions, and to chemical shift anisotropies.
To simplify the spectra and to increase the signal-
to-noise ratio, a synchronization method, described
by Wu (Wu er al. 1990b, Xu & Sheniff 1993), was
used to eliminate odd-numbered sidebands. Spectra
recorded at different rates of spinning of the outer
rotor can be used to distinguish the central bands from
the spinning sidebands.

Carefirl packing of the sample in the DOR rotor and
correct adjustment of the position of the inner rotor
with respect to the outer roior were needed to start the
rotors spinning. It could be difficult to tell whether or
not ttre inner rotor was spinning, especially at high
speeds, and to maintain the speed for long owing to
the critical balance of the inner and outer driving air
pressure at spinning speed. Therefore, an MAS spec-
trum was obtained first to select the best parameters
for acquisition during the DOR experiment and to
make the duration of the DOR experiment as short as
possible.

23Na and 27Al DOR specta were acquired at a mag-
netic field of 8.4 T using a Bruker DOR probe, with an
outer rotor spinning speed of 800 Hz. The delay
between pulses was 2 s; short pulse-lengths of 2 ps
were used for both 23Na and 27A1.

In a pure-phase absorption DAS experiment
(Mueller et al. L99l), the rotor flips among three
angles to allow the acquisition of the free induction
decay (FID) to be at the magic angle. The time r is
incrementally increased between subsequent experi-
ments. The Fourier Transformation of the acquired
MAS FID gives the F2 dimension of the two-dimen-
sional plot, which contains both tle isotropic and
anisotropic second-order quadrupolar interactions.
Fourier Transformation of equivalent points from
spectra with different values of r gives the F1 dimen-
sion, which contains only isotropic interactions and
can give separate peaks due to corresponding sites
(Mueller et al. 1990). The projection of each of these
peaks onto the F, dimension will result in normal
MAS spectra, which can be used to obtain the
quadrupolar interaction parameters by correlating
the shape of each peak with the computer-simulated
spectrum (Mueller et al. L99O,Zheng et al. l99L).

The DAS experiments were run at a magnetic field

of 8.4 T using a DAS probe supplied by Doty
Scientific Ltd. The sample was packed in a 5-mm
rotor spun at6.9k]lz around an axis capable ofbeing
flipped from 23o to 85' with respecl to the magletic
field. In this experimento the rotor was spun at 37.4"
for time c, flipped to 79.2" for another period t then
flipped to 54.7" while an FID was acquired. A 90"
pulse was apptied just before each rotor-flip in order
to rotate the transverse magnetization to the Z axis to
store it. Immediately after the flip, a 90o pulse with an
opposite phase was used to recover the magnetization
(Mueller et al. 1990). After the acquisition of the FID,
the spinning axis was retumed to 37 .4". Sixteen FIDs
were recorded for each experiment, with 256 points
being collected in the F1 dimension and 512 in the
F, dimension. The pulse lengths of 90o, measured at
the three rotor-flip angles of 37.4", 54.7" aad 79,2",
were 3.8 ps, 2.1 ps and 2.0 ps, respectively. The time
delay for switching between two angles was 50 ms.
The duration oft was increased by 2 1ts between suc-
cessive experiments. The relaxation delay between
pulses was 3 s. A narrow spectral width of20 000 IIz
was chosen to just cover the frequency range contain-
ing the peaks in order to obtain sufficient resolution in
the F, dimension and reduce the duration of the
expenmenr.

The central transition line-shapes for nonintegral
quadrupolar nuclei were simulated using a computer
program modified after "SECQUAD" written by
B. Power and R. E. Wasylishen @ower et al. 1990). In
this simulation, spinning speeds were considered to be
infinitely large, so that spinning sidebands did not
need to be considered. The line-shapes were assumed
to be only due to second-order quadrupolar inter-
actions, as for noninteger quadrupolar nuclei, the
central transitions are not affected by first-order
quadrupolar interactions.

RssuLTS AND DlscussloN

2esi

The zesi MAS spectrum has one narrow peak at
-95.1 ppm, with a linewidth of 70 Hz (30 Hz line
broadening) Qable 2, Fig. 2). This shows that 2esi is

TAB',8 2. NlM IS'ULTS, TUGTT'PTIE
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-50 ppm -130

Frc. 2. 2esi MAS spectrum of tugtupite at 11.7 T spinning
at7.lWlz.

in a single site, which is tetrahedrally coordinated with
one Al, one Be and fwo Si atoms. There is no Si-Al
disorder among the tetrahedral sites @g. 1). Using the
crystal-structure data of Hassan & Grundy (1991) and
the empirical relationship derived by Sherriff er al.
(1991), the peak position was calculated to be at
-94.5 ppm.

9Be

The MAS NMR spectrum gave one extremely
nalrow eBe peak at -2.1 ppm, with 22 Hz width at half
peak-maximum (0 Hz line broadening) (Table 2,
Fig. 3). eBe is therefore in a single symmetrical tetra-
hedral environment, with a small field-gradient and
therefore quadrupolar interactions. The spinning
sidebands indicate that Cq is of the order of 9 kHz.
The structure refinement from single-crystal X-ray-
diffraction data shows that the site is very symme-
trical, with the four Be-O bond lengths equal to
1.631(2) A, four O-Be-O bond angles of 107.7(1)",
and two of 113.5(1)" (Hassan & Grundy 1991).

23Na

There is one peak with two maxima in the 23Na
MAS spectra, at 95.2 and 132.3 MHz. DOR NMR
was used to determine whether the two maxima are
due to two Na peaks or to one peak with a quadrupolar
shape. The DOR spectrum has a single peak at
1.8 ppm, with a peak width at half height of 68 Hz
(10 Hz line broadening) (Table2, Fig.  ), showing that
there is one 23Na environment in tugtupite.

For quadrupolar nuclei in a single site, the second
moment of the central transition in MAS spectra will
be inversely proportional to the strength of the mag-
netic field if the peak width is caused by tfie second-
order quadrupolar interactions only (Freud.e et al.
1985). Therefore, by comparing the widths of MAS
central transitions at different strengths of magnetic
field, it is possible to determine if the line-shapes are
caused only by second-order quadrupolar interaction
anisotropy. For aNa, the ratio of the linewidths for the
field strengths of. 1L.7 T and 8.4 T is 570:780 or 0.73
(Table 2). As this result is close to the ratio of the
strengths of the maguetic field, 0.72, the z:Na MAS
line-shapes are considered to be caused solely by the
second-order quadrupolar interactions.

The quadrupolar parameters, Cq and q, were
found by comparison of the MAS experimental
results with computer simulations of the line-shape
of the central transition. The quadrupolar parameters
for Cq, 1.27 MHz, and r1, 0.48, were required to
produce simulations with the same line-shapes
as the experimental spectra recorded at both fields
(Ftg.s).

To verify these parameters, the difference between
the peak positions at the two fields was calculated in
the following manner and compared to experimental
results. For a quadrupolar nucleus, the center of
gravity of a single MAS peak (6o6j is a resultant
of the quadrupolar shift (6q) and isotropic chemical
shift (66o).

100 0 ppm -100

FIc. 3. eBe MAS spectrum of tugnrpite at. ll.7 T spinning
at9.0kHz.

30 0 ppm -30

Frc. 4. 23Na DOR spectrum of tugtupite at 8.4 T with the
outer rotor spinning at 800 l{lz.
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40 0 PPm -40 40 0 pPm _40
Frc. 5. 23Na MAS spectra of tugtupite. (a) Simulated MAS spectrum at8.4T, (b) observed MAS spectrum at 8.4 T,

(c) simulated MAS spectrum at I 1.7 T, and (d) observed MAS spectrum at 1 1.7 T.

6o5, = 6q + 6i* (1)

For central transitions of a noninteger quadrupolar
nucleus with spin 1, the first-order quadrupolar shift is
zero, and the second-order quadrupolar shift is given
by:

6q 1 2 = -3' I o6'c2 oll {I+l)-/01
(r-+rv3yl40P(21-D\2121 Q)

where D1.2 is the Larmor frequency (MHz) at two
different values of the magnetic field.

If one defines:

A6q=6q1-6qz

A6iro=6i*r-6i*z

A6ot =6oust-6ousz

A6o6. = A6t.o 146o (6)

As the isotropic chemical shifls are independent of the
strength of the magnetic field, they will be the same in
both fields, and Adi,o will be zero. Therefore,

46o6, = trfio Q)

Ifol is greater than or, then from equation (2) and (3):

46o = -3147a1Y/41(l +Tl%)c2o'lo6
eti2t-UD2)tl4ol2(2r-1)21 (8)

For 23Na at the two field strengths of 8.4 T and 11.7 T,
equation (8) becomes

L6o= 1.32992q(1 + n%) rum (9)

(3)

(4)

(s)
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F2

Flc. 6. TVo-dimensional plot of aNa DAS spectrum of tugtupite at 8.4 T, with one-dimensional projections along the F1 and
F2 axes, and projections of the four points of the Fl peak onto the F2 dimension.

By substituting the values of 1.27 for Co and of and -l 10'C have exactly the same peak positions,
0.48 for 1, from the simulations of the MAs-spectra, line-shapes and linewidths as those measured at room
into expression (9), ADa was calculated to be 2.3 ppm. temperature (Fig. 7). Therefore, there is no phase
This compares favorably to the observed value of change affecting the Na site between +25oC and

-110'C.

nAl

The width of the 27Al MAS peak at 130.3 MIIz was
found to be 140 Hz, which is relatively narrow for
27Al in solids, indicating that the tetrahedrally co-
ordinated Al site is very symmetrical, with a small
gradient in electric field and, therefore, small 27Al
quadrupolar interactions. The structural refinement
from single-crystal data (Hassan & Grundy 1991)
shows this high symnletry, with four Al-O bond
lengths of 1.748(2) A, four O-AI-O angles of
109.0(l) 'and two of 110.5(1)'.

One peak has two maxima in the 27Al MAS spectra
recorded at both strengths of magnetic field (Table 2,
Fig. 8). 27Al DOR wns used to determine whether this
is due to two Al peaks or to one peak with a quadru-
polar line-shape. The DOR spectrum has one synmet-

2.4 t 0.1 ppm.
The Ft projection of the DAS spectrum showed

only one "Nu p"uk, with a linewidth of 240Hz (20H2
line broadening) (Table 2, Fig. 6). As the specral
width was 20 000 Hz and the number of points on
F1 was 256, the difference in frequency between
two adjacent points was 18 Hz. There were only
four points for the F1 peak above the half-intensity of
the peak. The projection of these four points on F,
resulted i1 similar MAS spectra with the same line-
shapes, but different intensities (Frg. 6). The shape of
the peaks was found to be similar to that obtained in
the NIAS experiment (Fig. 5), though the resolution
was lower. The computer simulation of tlese peaks
gave the same values of Co and q as the MAS experi-
ments. This findi"g shows-that there is only one 23Na
site and no distribution of 23Na chemical shift in
tugtupite at room temperafure.

zgNa MAS NMR spectra obtained at -35, -52, -80
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Ftc. 7. 23Na low-temperature MAS spectra of tugtttpite at:
(a) -35'C, (b) -52'C, (c) -80'C, and (d) -110'C.

<_

Frc. 8. 27Al MAS spectra of tugtupite and simulations.
(a) Simulation of MAS at 8.4 T, (b) specnum at 8'4 T,
(c) simulation of MAS at ll.7 T, and (d) spectrum at 11.7 T.

I

rical peak with a width at half maximum of only
43 Hz (line broadening of 10 Hz) (Table 2, Fig. 9),
indicating that there is but one 27Al environment in
tugtupite.

Th! ratio of the widths of the 27Al MAS peaks at
11.7 T and 8.4 T is 120:170, or 0.73 Clable 2), which
is close to the ratio of the strengths of the magnetic
fields. 0.72. This indicates that the linewidth is due
mainly to the second-order quadrupolar interaction.

The quadrupolar parameters of 1.70 MHz for
Co and of 0.19 for q were used to simulate the MAS
spictra at the two field streogths (Ftg. 8).These values

20

72
ppm 54 66

ppm 60
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t20 60 ppm

Frc. 9. 'Al DOR spectrum of tugtupite at 8.43 T with outer
rotor spinning at 800 Hz.

were verified by a comparison of the peak positions at
the two fields. From equation (8) for 27Al with a
strength of the magnetic field of I 1.7 T and 8.4 T:

46o = 9.323.92o.{1 + r1'l,) pp. (10)

Using values for Co of 1.70 MHz and for q of 0.19,
A6q is found to be rlual to 0.96 ppm. This is slightly
higher than the measured difference between MAS
chemical shifts obtained at the two magnetic field
strengths of 0.8 ppm.

For nuclei with spin 5h, slch asTA| the values of
Cq and q obtained from a simulation of the MAS
specfta can be verified in a second way. The first pair
of spinning sidebands can each be resolved into two
peaks, due to the sidebands of the central transition
and of the inner satellite X\L # Xl/z transitions. For
nuclei with a spin of %, these satellite transitions have
small second moments and sufficient intensity to be
observed. For nuclei with spin 3/2, sucb as 23Na, the
intensity of this transition is too small for observation
of the sidebands (Samoson 1985). The difference in
peak position befween tL/z * t3/z and +/z -_- -72 transi-
tions can be measured for the fust pair of spinning
sidebands. The second-order quadrupolar shift of non-
central fransitions can be expressed as:

shapes gives:
L6o=2.24 ppm at 8.4 T magnetic field
ADj = 1.16 ppm at I 1.7 T magnetic field.

The measured differences were found to be
A6ob. = 2.5 t}.2ppm at 8.4 T magnetic field
46or. = 1.2 x 0.2ppm at I 1.7 T magnetic field.

CowanrsoN or MAS. DAS eNo DOR
Trctnuqurs to OSTAIN PARAIvE'IERS

FRoM QuADRrJpor-AR NUCLEI oF M[\m.Am

MAS can efficiently average the broadening effects
due to dipole-dipole interactions and chemical shift
anisotropy, but not those from second-order quadru-
polar interactions. As second-order quadrupolar inter-
actions are inversely proportional to the strength of
the magnetic field, the parameters Co and q can be
calculated 1e1 simfle specha from the computer simu-
lation of MAS spectra obtained at fwo strengths of the
magnetic field. The isotropic chemical shift can be
obtained by calculating the quadrupolar shift and sub-
tracring that from the observed shift.

The lenglh of time (40 ms) required for a flip of the
rotor axis in DAS experiments confines its application
to noninteger quadrupolar nuclei with relatively long
T1 relaxation times, such as l7O, aNa and 87Rb. DOR
can be used for nuclei with much more rapid relax-
ation, as there is less limitation on tle minimum time
required for the acquisition of the free induction
decay.

For DOR experiments, the outer rotor, which is at
the magic angle, spins at only 1 kIIz. This is not fast
enough to average completely anisofropy in the chem-
ical shift and dipole-dipole interactions greater than
I kHz. In DAS experiments, the sample can spin
at L4klIz; as the acquisition is at the magic angle, this
technique can be more efficient than DOR at averag-
ing chenical shift anisotropy. The second dimension
provided by the DAS experiment can provide site-by-
site analysis of 66, Co and q parameters in multisite
systems that give overlapping pealc.

DOR is the most difficult experiment to perform
rcshnisally, especially at high-speed spinning of the
outer rotor, owing to the critical balance of the inner
and outer rotor. In DOR experiments, short pulse-
lengtls can be used to excite only the center bands,
which reduces the delay required for relaxation of
nuclei between pulses, enhances the sensitivity
ofdetection (Shaw 1976), and shortens the duration of
the experiment. DAS experiments can take up to
14 hours in comparison to one hour for DOR experi-
ments.

CoNcr-usroN

Si is in a single tetrahedrally coordinated site in
tugtupite, and there is no Si-Al disorder. Be is in a
single extremely symmetrical environment that has no

6q = -f ' I Q6'gzqt(I+ I )-9m(m-l )-31
(t+Tt%)I4A\2J2QI-D2\

For a nuclear sptn I of.5/2, the value of the difference in
position between the tYz i *3/z and the central
-1h*+Vz transition is:

A6o = 27.16:.sf;{t +n"/u)t{+n&) (r2)

Substitution of the value of 1.70 MHz for C^ and of
0.19 for 11 obtained from the simularion of UXS line-

( t  l )
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measurable gadient in elecric field. There is only one
site for both 23Na and 2741. with no distribution in
23Na chemical shift. For 23Na, 6iro, Co and q were
found to be 6.9 ppm, L.n lfrIz and 0.48, respectively.
For 27Al in a symmetrical tetrahedrally coordinated
site, Q* is 64.2 ppm, Cq is 1.70 MIIz, and q is 0.19.
These results were verified by comparison of the cal-
culated and observed differences in chemical shift at
two strengths of the magnetic field. There is no phase
change involving Na between 23' and -110"C.

Acto,IowlBDcElvffi.lrs

We are gateful to Bruker Ltd. for loan of the DOR
probe to the hairie Regional NMR Cente, to Dr. A.
Samoson of Bruker Ltd., K. Marat and T. Wolowiec
for help with NMR instrumentation, to Dr. B. Pettitt of
University of Winnipeg and Dr. R.E. Wasylishen
of Dalhousie University for the computer-simulation
program. This project was funded by NSERC through
a University Research Fellowship and operating
grant to BLS. The Royal Ontario Museum, Toronto,
provided tuglupite sample M3n9O. We are also grate-
ful to Dr. R.F. Martin and anonymous referees for
helpful comments on the manuscript.

RSFERB{cEs

DANo, M. (1966): The crystal structure of tugtupite - a new
mineral, NasAl2Be2SisO24(Cl,S)2. Acta Cry stallo gr, 20,
812-816.

EncslsaRDt, G. & Mtcsrl, D. (1987): High-Resolution
Solid-State NMR of Silicates and. kolites. J. Wiley &
Sons, Chichester, U.K.

Fneuor, D., HAASE, J., Klwowsrr, J., CARpENTBR, T.A. &
RoNIKIER, G. (1985): NMR line shifts caused by tle
second-order quadrupolar interaction. Chem. Pltys. Izft.
ttg.365-367.

Hassar, I. & GRUNDY, H.D. (1991): The crystal structure and
thermal expansion of tugtupite, Nq[Al2Be2Si6O2;lCl2.
Can. Mineral. 29. 385-390.

Muu::m., K.T., Sut,8.Q., CIrD{cAs, C.G., ZWANZGE& J.W.,
TERAo, T. & PnvFs, A. (1990): Dynamic-engls spinning
of quadrupolar nuclei. J. Magn, Reson. K,470487 .

MiiLrsR, D,, GassNEn, W., Bonnmts, H.-J. & Smruen, G.
(1981): The determination of the aluminium coordination
in aluminium-oxygen compounds by solid-state high-
resolution 27Al NMR. Chem Plrys. Iitt, 79,59-62.

PowER, W.P., Wesvusrmt, R.E., MoonnoeK, S., PETrrm,
B.A. & DeNcsuna, W. (1990): Simulation of NMR
powder line shapes of quadrupolar nuclei with half-
integer spin at low-symmetry sites. ./. P&ys. Chem, 94,
591-598.

Seuosor, A. (1985): Satellite transition high-resolution
NMR of quadrupolar nuclei in powders. Chern. Phys.
Iztt.ll9.29-32.

& Leruaa, E. (1983): Excitation phenomena and
line intensities in high-resolution NMR powder spectra
of half-integer quadrupolar nuclei. PDys. Rev.B.28,
6561-6s70.

SHAw, D. (1976): Fourier Transform NMR Spectroscopy.
Elsevier, Amsterdam, The Netherlands.

SnsRRFF, B.L., Gnurtov, H.D. & HARTMAN, J.S. (1991): The
relationship between 2esi MAS NMR chemical sffi and
silicate mineral structue. Eur. J. Minzral 3,75l-768.

SKrssrBD, J., BtrDsoE, H. & JerossEN, H.J' (1991): High-
speed spinning versus high magietic field in MAS NMR
of quadrupolar nuclei 7Al MAS NMR of 3Cao'Al2o3. "r.
Magn Reson 92,669-676.

Wu, Y., Crryslre, B.F., PnIFs, A., Davts, M.E., GnosEr,
P.J. & JAcoBs, P.A. (1990a): High-resolution 7Al NIUR
spechoscopy of the aluminophosphate molecular sieve
YPI-I. Nature 34li. 550-552.

SuN,8.Q., PNES, A., SeruosoN, A. & LPP\4AA, E.
(1990b): NMR experiments with a new double rotor. "L
Magn Reson 89,297-309.

l/(u,Zffi, & Snmnrr, B.L. (1993): 27Al double-rotation NMR
study of A12SiO5 polymorph minerals. Appl. Magn.
Reson. 4.203-21L.

ZmNo, ZtuwBr.r, Gat, Zrunorc, Srun, N.K., Alpravar,
D.W. & Gnam, D.M. (1991): An efftcient simulation of
variable-angle spinning line-shapes for the quadrupolar
nuclei with half-integer spin. J. Magn. Reson.95'
509-522.

Woorw, E.W, & Pn{Fs, A. (1991): Pure-absorp-
tion-phase dynanric-angle spirning. j, UiS", Reson h, Received Novemb^er 5, 1992, revised manuscript accepted

62I-6n. 
- 

February9' 194.


