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31P and 27 Al Solid-State Nuclear Magnetic Resonance Study

of Taranakite

William F. Bleam!, Philip E. Pfeffer!, and James S. Frye?

Abstract. High-resolution 27Al solid-state nuclear magnetic
resonance (NMR) spectroscopy indicates that aluminum
in taranakite is probably restricted to six-coordinate sites.
High-resolution *!P solid-state NMR spectroscopy reveals
that phosphate groups exist in two environments in taran-
akite. The rate of 'H-induced dipolar dephasing of the 3!P
signals in cross-polarization, magic-angle-spinning NMR
spectra of taranakite suggests that one or more oxygens
of one of two phosphates are directly protonated. The same
experiments suggests that the oxygens of the second form
of phosphate are not directly protonated but may be hydro-
gen-bond receptors. The ratio of protonated phosphate to
non-protonated phosphate, as measured from *'P single-
pulse excitation, magic-angle-spinning spectra, is approxi-
mately one to three.

Introduction

Taranakite Structural Studies

The structure of taranakite is unknown; no crystal suitable
for single-crystal structure determination and refinement

has ever been obtained. Taranakite’s platy crystal-habit -

lead Smith and Brown (1959) to suggest that it probably
has a layered structure. Their proposed formula for the
potassium-rich phase (viz., H¢K3Al5(PO,4)g-nH,0; n=13,
18) is the one most commonly cited in the literature. In
the absence of a crystal structure refinement, of course,
this cannot be confirmed or disproved. Sakae and Sudo
(1975) described a naturally occurring taranakite from the
Onino-Iwaya limestone cave, Japan with the empirical for-
mula: H; oK, o7(Al, Fe), 05(PO,)s*19.7H,0. Protons
substituting for potassium ions, according to their explana-
tion, could account for the compositional difference be-
tween the Onino-Iwaya taranakite and the synthetic taran-
akite described by Smith and Brown (1959).

Boldog et al. (1979) were the first to suggest that acidic

phosphate groups exist in taranakite. They assigned several’

infrared bands to P-O-H bending and PO-H stretching vi-
brations of acid phosphates. Based on 'H nuclear magnetic
resonance (NMR) spectra, Boldog et al. (1979) concluded
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that the most likely form of acid phosphate in taranakite
was the H,PO,-anion.

By proposing a structure analogous to illite, McConnell
(1976) assigned an alternative role to taranakite protons.
In McConnell’s (1976) hypothetical phyllophosphate, some
of the protons presumably substitute for phosphorus in
4-coordinate sites, others for aluminum in 6-coordinate
sites. McConnell (1976) also has aluminum occupying both
4-coordinate and 6-coordinate sites.

Moore and Araki (1979) suspect the structure of a syn-
thetic crystalline ammonium iron phosphate, named ‘ Prod-
uct K™, is structurally similar to taranakite. *“Product K,
(NH,)HgFe3(PO,)s-6H,0, contains two crystallographi-
cally distinct orthophosphates. One of these phosphates is
the doubly-protonated H,PO,-anion. The two protons as-
sociated with the second type of phosphate, based on com-
puted electrostatic bond strengths, are bonded to two sym-
metrically independent oxygen atoms. The ratio of the pro-
tonated to non-protonated phosphate is 1:1. All of the iron
in “Product K is 6-fold coordinated.

The preceding discussion focuses attention on both the
structural role of taranakite protons and aluminum coor-
dination. Questions of this sort may yield to measurements
made with high-resolution solid-state NMR spectroscopy
(Andrew 1981; Fyfe et al. 1982, 1983; Kirkpatrick et al.
1985; Nagy et al. 1985; Oldfield and Kirkpatrick 1985).

Aluminum-27 Solid-state NMR

~ 27Al isotropic chemical-shifts have been used to distinguish

between 4-, 5- and 6-fold aluminum coordination environ-
ments (Miiller et al. 1981; Lippmaa et al. 1986; Mastikhin
and Zamaraev 1987), yet it is clear that the interpretation
of NMR spectra from half-integer quadrupolar nuclei such
as 27Al (/=5/2) is not a simple exercise and must be ap-
proached with care. Early NMR studies revealed that often
a substantial portion of the aluminum known to be present
in the sample, whether solution (Akitt and Farthing 1978)
or solid (Resing and Rubinstein 1978), was not observable.

Besides dipole-dipole interactions and chemical-shift an-
isotropy, the central transition (m=1/2—m=1/2) of half-
integer quadrupolar nuclei is subject to broadening caused
by the interaction between the nuclear quadrupolar moment
and the electric-field gradient at the nucleus. The latter is
believed to be the primary cause of 27 Al signal loss (Bosacek
et al. 1982) although significant broadening also occurs in
samples with transition-metal contents greater than 1%



(Oldfield et al. 1983; Sanz and Serratosa 1984). Signal loss
in certain cases can be as high as 95% (De Jong et al.
1983 ; MacKenzie et al. 1985).

Coherence between the central and satellite transitions
develops during the initial, on-resonance excitation pulse
(i.e., the ““preparation” step) used in every Fourier-Trans-
form NMR experiment. Signal intensity is influenced, in
part, by this coherence. The rate at which it develops. for
a given specie, depends on its quadrupolar coupling con-
stant (Samoson and Lippmaa 1983; Fenzke et al. 1984).
As coherence develops and satellite transitions are excited,
the transverse magnetization oscillates at the frequency of
the radio-frequency field, w.

For a pulse length 7,<n/4w(/+1/2), intensity is pro-
portional to 7 and independent of the quadrupolar-coupling
constant. If t,>n/4w, (/4 1/2), the central-transition inten-
sity will be greater for those nuclei with smaller quadrupo-
lar-coupling constants. As an example, if the sample con-
tains aluminum (/= 5/2) in a chemical environment charac-
terized by a quadrupolar coupling constant greater than,
say, 1 MHz and the excitation pulse is 7/3w,. the signal
will be totally eliminated (Fenzke et al. 1984). For 27Al,
one must chose an excitation pulse length of less than or
equal to /12w, to avoid the effect of quadrupolar-coupling
constants on signal intensity.

Differential loss of signal intensity can also occur be-
cause of the finite recovery time for the receiver following
the excitation pulse. The initial portion of the transverse
magetization free-induction decay (FID) is the most critical
part for broad-line signals. Loss of this initial portion of
the FID results in an underestimate of broad-line signal
intensities (Miiller et al. 1983 a).

The quadrupolar coupling constants for aluminum in
4-fold coordination are generally less than for 6-coordinate
sites (Miiller et al. 1981; Akitt and Farthing 1978; Lampe
et al. 1982; Stade et al. 1984). Miiller et al. (1983 a) believe
this is because 6-coordinate aluminum polyhedra are easier
to distort than 4-coordinate polyhedra, Al-O bond lengths
being greater (and the bond strengths lower) in the former
than in the latter.

The results from minerals containing 5-coordinate alu-
minum (Cruickshank et al. 1986; Alemany and Kirker
1986; Lippmaa et al. 1986; Gilson et al. 1987 Risbud et al.
1987; Alemany et al. 1988) illustrate the final issue we will
consider concerning 2’Al NMR. Intuitively, one would ex-
pect S-coordinate polyhedra to be more extreme distortions
from cubic symmetry than 4- or 6-coordinate polyhedra,
yet 27Al spectra of 5-coordinate aluminum are readily ob-
served in those crystalline compounds studied to date. Loss
of 27Al signal intensity is more common in amorphous or
poorly crystalline materials (Resing and Rubinstein 1978;
Bosacek et al. 1982; Klinowski et al. 1982) than crystalline
compounds (De Jong et al. 1983 ; Engelhardt et al. 1983).

Short of direct spin-counting, an experiment fraught
with difficulty (Kirkpatrick et al. 1986), one can never be
certain whether all of the 27Al intensity is observed. How-
ever, if one takes precautions to use short excitation pulses
and to acquire the initial portion of the FID. one may
observe most of the 27Al signal even in amorphous materi-
als (Cheung et al. 1986; Oestrike et al. 1987). The expecta-
tion of observing all 6- or S5-fold coordinate aluminum
should be greater in crystalline compounds than amorphous
materials.

Phosphorus-31 Solid-state NM R

We now turn to a discussion of NMR techniques probing
the structural role of protons. One strategy for measuring
'H-3!P nuclear magnetic dipole interactions uses variations
of the cross-polarization (CP) experiment of Pines et al.
(1973). For instance, Rothwell et al. (1980) and Tropp et al.
(1983) made qualitative comparisons of CP, magic-angle-
spinning (CP-MAS) and single-pulse excitation, magic-an-
gle-spinning (MAS) spectra. The 3!P resonances more
strongly coupled to 'H show a relative enhancement in
the CP-MAS spectra when compared to MAS spectra.

Aue and co-workers (Aue et al. 1984; Roufosse et al.
1984) extended this strategy by including ** dipolar suppres-
sion”, also known as ‘interrupted-decoupling™ (Opella
and Frey 1979) CP-MAS experiments. The 3'P resonances
more strongly coupled to 'H show a relative suppression
in the interrupted-decoupling CP-MAS spectra when com-
pared to MAS spectra. Others (Maciel and Sindorf 1980;
Grimmer et al. 1986) have quantified heteronuclear nuclear-
magnetic-dipole interactions by measuring the cross-polar-
ization-relaxation time, Tpy.

Experimental Methods and Materials

Proton-decoupled 'P spectra were obtained on three differ-
ent spectrometers: /) a modified Nicolet NT-150 NMR
spectrometer operating at 3.5 T, 3'P frequency = 60.745
MHz; 2) a Bruker CXP-200 spectrometer at 4.67 T, 3'P
frequency =80.98 MHz; and 3) a JEOL FX60QS spectrom-
eter at 1.4 T, 3'P frequency=24.15 MHz. The 90° pulse
width for the NT-150 spectrometer was 6 us for both 'H
and *'P, decoupling time was 52 ms, contact time was 2 ms
and spinning frequencies were approximately 3.5 kHz. On
the CXP-200 spectrometer the 90° pulse was 6.5 us for 'H
with a decoupling field of 0.91 mT, a contact time of 1.5 ms
and spinning frequencies of approximately 8 kHz. Finally,
the 90° pulse was 6.3 us on the FX60QS spectrometer, the
contact time for maximum signal intensity was 0.7 ms, the
*H decoupling field was 0.91 mT and the spinning frequen-
cies were approximately 2 kHz. *Interrupted-decoupling™
(also known as ‘‘dipolar-dephasing™) CP-MAS experi-
ments were performed by inserting a variable delay time
without 'H decoupling following the contact time and be-
fore acquisition of the free-induction decay. These delay
times without proton decoupling ranged from 10 us to
250 ps.

27Al spectra were collected on a Bruker AM-500 spec-
trometer with ‘“home-built”” magic-angle-spinning probe
operating at 11.75 T, 27Al frequency = 130.32 MHz. A 7/2
pulse is 16 ps, but our spectra were accumulated with only
a 1ps pulse. The spinning frequencies on the order of
13 kHz were attained using a Torlon rotor. Line broadening
was 200 Hz and delay times between acquisitions were eval-
uated at both 0.004 ms and 250 ms to verify that T, relax-
ation was not affecting relative signal intensities.

We used two taranakites in our study (Table 1). The
naturally-occurring taranakite (NMNH # R5530: Grotte de
Minerve. Hérault. France) was provided by the Department
of Mineral Sciences, National Museum of Natural History,
Smithsonian Institution, Washington, DC. The synthetic
taranakite was prepared according to the technique of Tay-
lor and Gurney (1961). X-ray powder diffraction of the



Table 1. Aluminum phosphate minerals used in this study

Mineral Identification Formula Space group
Variscite NMNH 3#87484-5 AIPO,-2H,0 Pbca
Wavellite NMNH # R16042 Al,(OH),(PO,), - 5H,0 Pemn
Crandallite NMNH # 104085-2 CaAl;(OH)e(PO.); R3m
Monetite synthetic? CaHPO, P1
Potassium dihydrogen synthetic?® KH,PO, 142d
phosphate
Taranakite NMNH # R5530 H KAl (PO,)s-18H,0 b
Taranakite synthetic H¢K;Al5(PO,)s-13H,0 b
* Fisher Scientific, Certified Reagent
® R3¢ or R3¢, Smith and Brown (1959)
two taranakites was performed on a Philips X-ray diffract-
ometer (Co K, radiation, 30 kV, 10 mA).
We also include NMR data for crandallite (NMNH #
104085-2: Fairfield, Utah), variscite (NMNH 3 87484-5:
Lucin, Utah), and wavellite (NMNH #R16042: Montgo-
mery, Arkansas); supplied by the Department of Mineral
Sciences, National Museum of Natural History, Smithson-
ian Institution, Washington, DC. The potassium and calci-
um phosphates, KH,PO, and CaPO,, were Certified Re-
agents from Fisher Scientific Co.
Experimental Results
Powder X-ray Diffraction
The most prominent x-ray powder diffraction lines from
the Grotte de Minerve taranakite are: 15.6 A (100), 7.47 A
(36), 3. 82 A (60) and 3. 14 A (54). These diffraction lines T r — e
compare quite well with published powder x-ray data (Ha- 100 50 0 -50 -100

seman et al. 1950; Sakae and Sudo 1975; Boldog et al.
1979; Nriagu 1984) and with data listed in Card 4# 29-981
of the X-ray Powder Diffraction File (PDF) maintained by
the International Center for Diffraction Data.
The synthetic taranakite yields a different set of x-ra

powder diffraction lines: 13.8 A (100), 7.37 A (36). 6.88 A
(44) and 3.40 A (44). At first it may appear that the synthet-
ic sample is not a taranakite; however, there are several
published accounts of *‘lower hydrates™ of taranakite with
diffraction lines matching the lines recorded for our sample
rather closely (Haseman etal. 1950; Smith and Brown
1959 Liu et al. 1966; Sakae and Sudo 1975). These **lower
hydrates™ are most commonly prepared by heating a taran-
akite. characterized by the diftraction lines similar to those
appearing on PDF Card #29-981, to temperatures exceed-
ing 95-110° C.

Aluminum-27 Solid-state NMR

The MAS 27Al NMR spectrum of the Grotte de Minerve
taranakite appears in Fig. 1. A single resonance. its center-
of-gravity at —8.9 ppm, dominates the spectrum. The
chemical shift corrected for quadrupolar-induced shift
(Freude et al. 1985) is —3.0 ppm. We obtained our 27Al
spectra of the Grotte de Minerve taranakite with a spectral
width of 125 kHz. No very broad signals were evident at
large vertical expansion, so the spectrum provides no evi-
dence for aluminum sites with unusually large quadrupolar-
coupling-constants. We would expect a much lower signal-

PPM
Fig. 1. 130.32 MHz 27Al solid-state NMR spectra with 1 M AICl;
(aq) used as an external chemical shift reference. Natural taranakite
[NMNH # R5530] single-pulse excitation, MAS at 13.4 kHz spin-
ning frequency: 50000 scans, 1k data points, 125 kHz spectral
width, 4 ms delay between pulses

to-noise ratio for the spectrum in Fig 1 if a major propor-
tion of the aluminum were present in low-symmetry coor-
dination sites and, hence, not observed.

Delays as long as 250 ms between pulses tested the pos-
sibility that resonances with rotating-frame longitudinal-
relaxation times, T,a;, longer than the T, of the
—8.9 ppm resonance may be present. If there were alumi-
num nuclei present in the taranakite with long T’ 4,'s they
could be saturated with a 0.004 ms delay between pulses
and the resonance would not appear in the spectrum. No
such resonances appeared in spectra with 250 ms delays
between pulses.

Phosphorus-31 Solid-state NMR

CP-MAS and MAS *!P NMR spectra from both the Grotte
de Minerve and synthetic taranakites appear in Fig. 2. Four
resonances at 4.5, —0.2, —9.2, and — 18.0 ppm) are found
in the MAS spectrum of synthetic taranakite (Fig. 2d). The
narrow —0.2 ppm resonance is absent from the CP-MAS
spectrum (Fig. 2c) and both spectra of the Grotte de
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Fig. 2a—d. 60.754 MHz 3'P solid-state NMR spectra (85% H,PO,
external reference): a natural taranakite [NMNH 3# R5530] cross-
polarization, MAS with high-power, 3!P-'H decoupling:
1000 scans, 4k data points, 20 kHz spectral width, 2 s recycle time,
1 ms contact time; b natural taranakite [NMNH 3 R5530] single-
pulse excitation, MAS with high-power, 3!'P-'H decoupling:
1000 scans, 4k data points, 20 kHz spectral width, 2 s recycle time;
¢ synthetic taranakite cross-polarization, MAS with high-power,
31p.'H decoupling: 64 scans, 4k data points, 20 kHz spectral
width, 2 s recycle time, 1 ms contact time; and d synthetic taranak-
ite single-pulse excitation, MAS with high-power, *!P-'H decou-
pling: 64 scans, 4k data points, 20 kHz spectral width, 2 s recycle
time

Minerve taranakite (Figs. 2a and 2b). One might suppose
it identifies the phosphate with weakest 'H-*'P interaction
since it does not cross polarize. Its absence from the Grotte
de Minerve sample indicates that it is an impurity.
Resonances similar to the —0.2 ppm signal have been
observed in other synthetic phosphates and has been attrib-
uted to a H;PO, impurity (J.P. Yesinowski, personal com-
munication). The chemical shift is consistent with this as-
signment. The absence of cross polarization implies either
that there is no static component of the 'H-3!'P dipolar
coupling or that the dipolar coupling, expressed in fre-
quency units, is much weaker than the spinning frequency.
A H,PO, molecule rapidly tumbling about all axes in a
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Fig. 3a, b. Peak integration for synthetic taranakite resonances.
80.89 MHz 31P solid-state NMR spectra (85% H,PO, external
reference): a single-pulse excitation, MAS with high-power, 3!P-'H
decoupling: 50 scans, 8k data points, 20 kHz spectral width, 60 s
recycle time; and b cross-polarization, MAS with high-power, 3'P-
'H decoupling: 100 scans, 8k data points, 20 kHz spectral width,
5 s recycle time, 1.5 ms contact time

large pore with few protons on the pore walls could fulfill
this condition.

The weak resonance at —9.2 ppm in the CP-MAS spec-
trum of both Grotte de Minerve and synthetic taranakite
is most likely an impurity phase. X-ray powder diffraction
gives no evidence of any phases other than taranakite in
these samples. If the —9.2 ppm resonance were, in fact;
due to a phosphorus environment in taranakite one would
be forced to conceive of a structure with two major sites
and a small proportion of a third site. In light of the unit
cell size and composition and space group symmetry, to
be discussed in detail below, we can rule out this possibility
and conclude that the —9.2 ppm resonance is an impurity.

Presently, we are at a loss to explain why there is a
lower signal-to-noise level in spectrum 2a relative to 2b.
It would appear that cross polarization from the proton
population is less efficient than direct 3!P pulsing, viz. sin-
gle-pulse excitation, to generate a 3'P spectrum. A lower
signal-to-noise ratio in the CP-MAS experiment (Fig. 2c)
relative to the single-pulse excitation (Fig. 2d) is not ob-
served for the synthetic taranakite. T,y is likely to be lon-
ger than T p, so the relative efficiency of cross polarization
probably arises from a long Tpy or a short T ,y.

Figure 3 shows the integrated peak areas for the reso-



nances in the synthetic sample. The ratios between the
4.5 ppm and the —18.0 ppm resonances are =1:3 and
~1:2 for the MAS experiment (Fig. 32) and CP-MAS ex-
periment (Fig. 3b), respectively. A contact-time of 1.5 ms
was used for the CP experiment appearing in Fig. 3b. MAS
spectra yield an estimate of ~1:2 as the ratio between the
4.5 ppm resonance and the —18 ppm resonance for the
Grotte de Minerve taranakite.

The ratios appearing in Fig. 3 reveal an important dif-
ference between phosphorus environments identified by the
4.5 and —18.0 ppm resonances. Tropp et al. (1983) and
Aue et al. (1984) convincingly demonstrate that the peak
intensities from those nuclei more strongly coupled to pro-
tons will be relatively enhanced in CP magic-angle-spinning
compared to single-pulse excitation spectra. Clearly, the
4.5 ppm resonance is enhanced relative to the —18.0 ppm
resonance when the CP-MAS spectra (Fig. 3b) is compared
with the MAS spectra (Fig. 3a). We can conclude that the
4.5 ppm resonance is ‘“more strongly coupled” to the pro-
tons in the taranakite than the —18.0 ppm resonance.

As we mentioned above, the structural role of protons
in taranakite has been the subject of speculation (Sakae
and Sudo 1975; McConnell 1976; Boldog etal. 1979;
Moore and Araki 1979). We will examine results from “in-
terrupted-decoupling” experiments designed to yield infor-
mation about these protons using 'H-3!P nuclear magnetic
dipole interactions.

We surveyed 'H-3'P dipolar dephasing dynamics in a
series of well-characterized phosphate structures, including
cases with and without phosphate protonation. Dipolar de-
phasing of 3!P by 'H results in a loss of greater than 80%
of the 3!P magnetization after 250 ps for all of the minerals
illustrated in Fig. 4. Interrupt intervals lasting 500 to
1000 ps, as used by Aue et al. (1984) and Roufosse et al.
(1984), would have been too long to distinguish the two
resonances in taranakite because both resonances would
have been completely de-phased by the time FID acquisi-
tion commenced. Short-range interactions dominate the
first 100 ps and interrupts on the order of this duration
should be used if one wishes to use the potential of this
type of experiment.

The curves appearing in Fig. 4 fall in two groups. The
magnetization-decay curves for potassium dihydrogen
phosphate and the 4.5 ppm resonance of taranakite show

1.2 —5oom
o KH2PO4
Ag 1.0 e -18.0ppm
T 1 m Variscite
g 0.81 a Wavellite
< e Crandalite
° 0.6 8 Monetite
N
© -
£ 0.4
5]
Z 0.2
0.0 T T T Y 0
0 50 100 150 200 250

Time, us
Fig. 4. Signal height as a function of *'P-'H decoupler interrupt
time: 24.15 MHz 31P solid-state NMR spectra; 128 scans, 4k data
points, 16 kHz spectral width, 0.7 ms contact time, 2 s recycle time.
“4.5 ppm™ and ** —18.0 ppm ™ refer to signals in the spectrum of
natural taranakite

that dephasing is complete after 250 us. The curves for cran-
dallite, monetite, variscite, wavellite and the —18.0 ppm
resonance of taranakite show that about 20% of the magne-
tization still exists after interrupts lasting 250 ps. In fact,
the magnetization-decay curves form two statistically dis-
tinct groups.

Discussion

Not all 27Al chemical shifts appearing in the literature have
been corrected for quadrupolar-induced shifts (Freude et al.
1985; Lippmaa et al. 1986). The corrected 27 Al chemical
shift of the Grotte de Minerve taranakite (— 3.0 ppm) can

" be compared to the resonances observed in the 2’Al NMR

spectra of AIPO, polymorphs, the aluminophosphate zeo-
lite AIPO,-5, and calcium aluminum phosphate glasses
(Miiller et al. 1983a, 1983b; Blackwell and Patton 1984;
Miiller et al. 1985; Nakata et al. 1986). Aluminum is found
in 4-fold coordination in these materials, giving rise to
chemical shifts in the range of +37 to +44 ppm relative
to Al(H,0)¢3".

Blackwell and Patton (1984) report 27Al chemical shifts
for 6-coordinate aluminum in metavariscite at —13.2 ppm
(MAS) and —12.4 ppm (CP-MAS) relative to Al(H,0)s>".
These are probably not corrected for quadrupolar-induced
shifts since other shifts tabulated in that paper were not.
Since Blackwell and Patton (1984) did not provide the 2"Al
NMR spectra of metavariscite, we were unable to compute
corrections. Incidentally, these two resonances cannot both
arise from metavariscite since it contains only one crystallo-
graphically distinct aluminum per unit cell (Kniep and
Mootz 1973). Miiller et al. (1983 a) found that 6-coordinate
aluminum in calcium aluminum phosphate glasses resonate
from —15 ppm to —21 ppm. The range is about the same
for crystalline aluminum phosphates (Miiller et al. 1983b).
These shifts, and those for 4-coordinate aluminum, are
about 30 ppm up-field relative to aluminas and aluminosili-
cates.

Alemany et al. (1988) report, in the only published 2’Al
NMR study on 5-coordinate aluminum in aluminum phos-
phates, a chemical shift range of 14 ppm to 16 ppm. The
up-field shift relative to 5-coordinate aluminum in oxides
is 35 ppm to 45 ppm. Because so little is known about the
chemical shift ranges for 5-coordinate aluminum in miner-
als, the estimates made by Alemany et al. (1988) cannot
be considered definitive.

We believe that the resonance in the 27’Al NMR spec-
trum appearing at —8.9 ppm in Fig. 1 is consistent with
an assignment of aluminum to 6-fold coordination sites
in taranakite even though it falls outside of the ranges men-
tioned above for that coordination number. We recognize
the possible existence of aluminum in environments with
quadrupolar coupling constants so large that an NMR sig-
nal is not observed under our experimental conditions. Ac-
quisition of early portions of the FID, the length of the
excitation pulse, the coordination number of the aluminum
and the degree crystallinity of the material all greatly influ-
ence the probability that we will observe a signal in the
27A1 NMR spectrum.

We used a spectral width of 125 kHz, corresponding
to a *‘dead time™ (the time during which the receiver is
blanked after the excitation pulse and before FID acquisi-
tion begins) of 4 us. If we are missing a resonance, its full-
width at half-height would have to be greater than 50 kHz



with a quadrupolar coupling constant greater than
12.5 MHz. Extending the spectral width, i.e. acquiring more
of the initial portion of the FID, would not enhance resolu-
tion for such a broad resonance.

As mentioned in the section on methods and materials,
we used a excitation-pulse of 17° (i.e. “"z/11" pulse). Since
this is only slightly greater than the “'z/12™ short-pulse
limit (Samoson and Lippmaa 1983; Fenzke et al. 1984),
the intensity of the resonance appearing in Fig. 1 is essen-
tially independent of the quadrupolar-coupling-constants
of any aluminum in the sample.

That taranakite is a crystalline compound is evidenced
by the x-ray powder diffraction peaks we measured. Al-
though crystallinity does not guarantee all of the aluminum
will be observed, the body of evidence in the literature indi-
cates that missing intensity is most often associated with
poorly crystalline, amorphous or glassy material.

6-coordinate aluminum is consistently identified as be-
ing the coordination environment most likely to be unob-
served. Andalusite is an excellent case in point (Alemany
et al. 1986; Alemany et al. 1988). Here the central transition
of 5-coordinate aluminum dominates the spectra while the
signal arising from 6-coordinate aluminum is extremely dif-
ficult to resolve from the spinning side-bands. Contrariwise,
the only resonance we observe in taranakite is the 6-coordi-
nate aluminum. If there is a broad-line aluminum signal,
experience suggests that it is most likely also to be 6-coordi-
nate.

Taranakite belongs to the hexagonal crystal system. Ob-
served x-ray reflections led Smith and Brown (1959) to as-
sign taranakite to either space groups R3c or R3c, both
of which have three-fold axes along [0001]. On the basis
of cell dimensions and chemical analyses, it is believed that
the unit cell contains six layers and six formula units. The
formula unit for taranakite is most commonly taken to
be HgK3Al(PO,)s-nH,0 (Smith and Brown 1959). To be
consistent with symmetry restrictions, three of the alumi-
num per layer should be related by the 3-fold axis and
the other two lie on this axis. Hence, the ratio of aluminum
chemical environments must be 2:3.

The cell dimensions and the symmetry of the taranakite
crystals limit the number of distinct chemical environments
possible within the unit cell. Pauling’s **rule of parsimony™
states that ‘“the number of essentially different kinds of
constituents in a crystal tends to be small’” (Pauling 1929).
These two arguments lead us to conclude that should there
be some “ undetected™ 27Al in the taranakite structure, it
must be on the order of 50% of the total aluminum in
the sample. While it is true that NMR may reveal trace
amounts of aluminum in other coordination environments,
viz. the weak resonances at +55ppm and + 10 ppm
(Fig. 1). it is unlikely these are significant components of
the structure of taranakite. On the basis of the proceeding
discussion we conclude the aluminum in taranakite resides
in exclusively six-fold coordination sites.

Crystal structure refinements for crandallite, (Blount
1974) variscite (Kniep et al. 1977) and wavellite (Araki and
Zoltai 1968) reveal no direct protonation of phosphate oxy-
gens occurs in these minerals. Potentially strong H-bonding
interactions are found in crandallite (Blount 1974) where
certain protons are disordered about an inversion center
midway between the "O...0" contact in question. All of
these cases follow the upper trace in Fig. 4, the weakly
coupled group.

Monetite presents an interesting case in light of the re-
sults of the ‘“‘interrupted decoupling™ experiments. The
magnetization-decay curve for this mineral (Fig. 4) clearly
places it with the group of phosphates in which direct pro-
tonation of the phosphates is known not to occur. The
protons associated with the phosphate oxygens in monetite
appear to be disordered or shared in symmetrical hydrogen
bonds (Dickens et al. 1972; Catti et al. 1977). The results
of the “"interrupted decoupling " experiment, however, sug-
gest the protons in monetite cause *'P dephasing more like
hydrogen-bonding protons than protons directly bonded
to the phosphate oxygen.

There are two distinct phosphorus nuclear environments
in taranakite. The phosphates represented by these two res-
onances clearly differ in their dipolar coupling with protons.
The conclusion we draw from the “interrupted decoupling™
experiments is that the —18.0 ppm resonance in taranakite
involves a phosphate whose oxygens are, at most, hydro-
gen-bond receptors while the 4.5 ppm resonance arises from
a phosphate with one or more oxygens are directly proton-
ated. Dehydrating taranakite does not change the environ-
ments of the phosphorus since the dipolar dephasing dy-
namics of the two taranakites we studied are the same.
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