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Abstract. This is a report of 27A1 magic-angle spinning, 
nuclear magnetic resonance spectroscopy of 5- and 6-coor- 
dinate aluminum in the aluminophosphate minerals augelite 
and senegalite. We have determined the quadrupolar cou- 
pling constants, asymmetry parameters and chemical shifts 
corrected for quadrupolar-induced shift for both aluminum 
coordination sites in each mineral. The quadrupolar cou- 
pling constants are significantly less in senegalite than in 
augelite. Structural analysis (viz., longitudinal- and shear- 
strain of the aluminum coordination polyhedra; coefficient- 
of-variation for both A1-O bond lengths and <O-A1-O 
bond angles) shows that both 5- and 6-coordinate alumi- 
num sites in senegalite are less distorted than in augelite. 

Introduction 

The central nuclear magnetic resonance (NMR) transition 
of half-integer quadrupolar nuclei (ml = 1/2+-+rnl = -1 /2 )  is 
broadened, in part, by interaction between the nuclear 
quadrupolar moment and the electric field gradient at the 
nucleus. Unlike dipole-dipole interactions and chemical- 
shift anisotropy, the broadening caused by this interaction 
cannot be eliminated by magic-angle spinning (Andrew 
1981). Second-order quadrupolar interactions can produce 
a complex powder pattern which depends on the spin quan- 
tum number,/ ,  the quadrupolar coupling constant, e2qQ/h, 
the asymmetry parameter, ~/, and the spinning angle (Narita 
et al. 1966; Nolle 1977; Miiller et al. 1981; Kundla et al. 
1981 ; Behrens and Schnabel 1982). The width of the sec- 
ond-order quadrupolar powder pattern, averaged by magic- 
angle spinning (MAS), is inversely proportional to the static 
magnetic field strength, Bo (Meadows et al. 1982). This ef- 
fect is the major source of the improvement in resolution 
with increasing Bo for the spectra of half integer quadrupo- 
lar nuclides. 

Quantitative NMR analysis of 27A1 (I= 5/2) is compli- 
cated by several factors. A commonly encountered problem 
is extreme width of the MAS-averaged second-order quad- 
rupolar powder pattern causing overlap with other signals 
and spinning sidebands. This is common for e2qQ/h greater 
than 8 MHz. A second source of quantitative error is loss 
of center-band (me= 1/2+-~mi= -1 /2 )  signal intensity into 
the spinning sideband array. The severity of this problem 
depends upon the static width of the signal arising from 
the central transition, which depends upon both e2qQ/h 

and the chemical shift anisotropy. Such intensity loss is 
generally ignored, and a correction procedure would often 
be complicated by the overlap of spinning sidebands arising 
from the non-central transitions (e.g., m1 = 3/2+-+mi---1/2). 
Ferric ions are a common contaminant in aluminum-con- 
taining samples, and these paramagnetic centers can broad- 
en the signals of nearby 27A1 beyond detection. The broad- 
ening decreases with the sixth power of the inter-nuclear 
distance, so low concentrations of paramagnetic species are 
not likely to render an appreciable fraction of the 27A1 
signal ' NMR invisible'. 

27A1 signal loss (Bosacek et al. 1982), which can be as 
high as 95% (De Jong et al. 1983 ; MacKenzie et al. 1985), 
is commonly attributed to large quadrupolar coupling con- 
stants characteristic of coordination sites with non-cubic 
symmetry. Yet, Ghose and Tsang (1977) found low correla- 
tions between ZVA1 quadrupolar coupling constants and two 
indicies of coordination polyhedra distortion in aluminosili- 
cates, "longitudinal strain" (viz., bond-length variation) or 
"shear strain" (viz., bond-angle variation). 

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). Mfiller et al. (1983 a) believe 
this is because 6-coordinate aluminum polyhedra are easier 
to distort than 4-coordinate polyhedra since A1-O bond 
lengths are larger in the former than in the latter. Recent 
results from minerals containing 5-coordinate aluminum 
(Cruickshank et al. 1986; Alemany and Kirker 1986; Lipp- 
maa et al. 1986; Gilson et al. 1987; Alemany et al. 1988) 
illustrate the complex interplay between coordination 
number and site symmetry. 5-coordinate polyhedra would 
seem to be further from cubic symmetry than 4- or 6-coordi- 
nate sites in minerals, yet 27A1 spectra of 5-coordinate alu- 
minum are readily ,observed in every study cited above. 
Andalusite is particularly intriguing in that the signal from 
the 5-coordinate aluminum dominates the spectra (e2qQ/ 
h=5.9  MHz) while 6-coordinate aluminum (e2qQ/h= 15.6 
MHz) is difficult to detect (Alemany and Kirker 1986; Ale- 
many et al. 1988). Even trends in eZqQ/h cannot safely be 
predicted from qualitative symmetry arguments. 

The aluminum in augelite (Araki et al. 1968), senegalite 
(Keegan et al. 1979) is evenly distributed over both 5- and 
6-coordinate sites. This study reports the quadrupolar cou- 
pling constants and asymmetry parameters for the alumi- 
num in these two minerals. We will also examine the rela- 
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Table l. Aluminum phosphate minerals used in this study 

Mineral Identification Empirical Formula Space group 

Augelite NMNH # 137305 A12(OH)aPO4 C2/m 
Senegalite NMNH 4#137180 A12(OH)3PO4"H20 P21nb 

tion between the structure of  augelite and senegalite and 
their 27A1 high-resolution N M R  spectra. 

Experimental Methods and Materials 

27A1 spectra were collected on a Bruker AM-500 spectrome- 
ter (11.75 T) with a "homebui l t "  magic-angle-spinning 
probe, 27A1 f requency= 130.3 MHz. A zr/2 excitation pulse 
is 16 gs for 1M A1CI3 (aq). Spinning rates of  12 to 13 
kHz were attained using a Torlon rotor. Line broading 
was 200 Hz. To verify that T1A l relaxation was not affecting 
relative signal intensities, we obtained spectra with both 
0.004 and 250 ms delay times between repetitions. 

The augelite ( N M N H  @ 137305: Canada) and senegalite 
( N M N H  4t= 137180: Senegal) samples were both naturally- 
occurring minerals (Table 1), provided by the Department 
of  Mineral Sciences, National  Museum of  Natural  History, 
Smithonian Institution, Washington, DC. 

Experimental Results 

A typical single-pulse excitation, magic-angle spinning 
(MAS) spectrum of  augelite appears in Fig. 1. Two distinct 
N M R  powder patterns make up the spectrum. One extends 
from 30 to about  2 ppm, the second from 0 to - 2 0  ppm. 
The "more  shielded" pattern has the appearance character- 
istic of  a coordination environment with asymmetry param- 
eter, r/, equal to zero (Nolle 1977; Kundla etal .  1981; 
Mtiller 1982; Samoson et al. 1982). The asymmetry param- 
eter of  the "less shielded" pattern is clearly non-zero (cf. 
Ganapathy  et al. 1982). 

Analysis o f  these MAS powder patterns using the tech- 
nique o f  Mtiller (1982) and Samoson et al. (1982) yields 
the quadrupolar  parameters appearing in Table 2. The pa- 
rameters for the more shielded pattern were estimated using 
the two singularities at - 3 . 1  and - 1 0 . 9  ppm and the 
shoulder at - 19.3 ppm, whose positions are all easily deter- 
mined. Overlap of  the two patterns forced us to use the 
maximum at 30 ppm, the two singularities at 17.2 and 15.1 
ppm and the center-of-gravity at 17.2 ppm to estimate the 
parameters for the down-field pattern. 

Coherence develops between the central and satellite 
transitions of  half-integer quadrupolar  nuclei during the 
non-resonance excitation pulse in a single-pulse excitation 
Fourier Transform N M R  experiment (Samoson and Lipp- 
maa 1983; Fenzke et al. 1984). I f  the excitation pulse length 
r o is less than ~Z/4(~Orf(I+ 1/2), intensity o f  all signals will 
be proport ional  to Zp and independent of  the quadrupolar  
coupling constant. Our pulse lengths are below this limit. 
From integrated peak areas, neglecting spinning side-bands, 
the ratio o f  aluminum in the two sites is 1.0:1.0. 

A MAS spectrum of  senegalite appears in Fig. 2. As 
in augelite, two distinct N M R  powder patterns make up 
the spectrum of  senegalite. The two peaks at 124 and - 5 7  
ppm are spinning side bands of  the peak with its center-of- 
gravity at 33.1 ppm, verified by MAS at different spinning 
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Fig. l. 130.32 MHz 27A1 solid-state NMR spectra with 1 M AICI a 
used as an external chemical shift reference. Augelite [NMNH 
# 137305] single-pulse excitation, MAS at 13.7 kHz spinning fre- 
quency: 200k scans, lk data points, 125 kHz spectral width, 0.004 
ms delay between repetitions, 0.5 ~ts pulse width 

Table 2. Quadrupolar parameters for the mineral augelite 

61~o, ppm 6~og, ppm a A3, ppm b r/ e2qQ/h, MHz 

30.9 17.2 14.0 0.85 5.7 
0.3 --6.8 - 7 . l  1.00 4.5 

a center-of-gravity 
b quadrupolar-induced shift 

Senegalite 
NMNH# 137120 
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Fig. 2. 130.32 MHz 27A1 solid-state NMR spectra with 1 M A1C13 
used as an external chemical shift reference. Senegalite [NMNH 
44=137180] single-pulse excitation, MAS at 11.7 kHz spinning fre- 
quency: 50k scans, lk data points, 125 kHz spectral width, 0.004 
ms delay between repetitions, 0.2 gs pulse width 



Table 3. Quadrupolar parameters for the mineral senegalite 

6iso,  ppm c~oog, ppm ~ A6, ppm b e2qQ/h, MHz 

36.0 33.1 2.9 2.87 r 2.48 d 
1.7 -6 .8  -7 .1  4.09 ~ 3.55 a 

a center-of-gravity 
b quadrupolar-induced shift 

assuming: t/= 0 
d assuming: q= 1 

frequencies. The small peak at - 9 5  ppm is a spinning side 
band of  the peak whose center-of-gravity is at - 4.25 ppm. 
The absence of  identifiable structure in the two central tran- 
sitions in Figure 2 clearly show the quadrupola r  coupling 
constants for the two coordinat ion  sites in senegalite are 
smaller than in augelite. We are unable to determine the 
asymmetry  parameter  since the peaks have a Gaussian 
shape. We estimated the quadrupolar - induced shift from 
the peak width at  half-height (Freude et al. 1985). F r o m  
the quadrupolar - induced  shifts, we est imated the quadrupo-  
lar coupling constants  (Mfiller 1982; Samoson et al. 1982). 
The quadrupola r  parameters  for senegalite appear  in Ta- 
ble 3. Neglecting spinning side-bands, the integrated peak- 
area ratio,  33.1 ppm (center-or-gravity) to - 4.25 (center-of- 
gravity), is 1.0: 0.9. 

Discuss ion  

Quasi- tr igonal  b ipyramidal  coordinat ion  is evident in all 
of  the 5-coordinate-containing a luminophosphates  for 
which we have crystal structure refinements, viz. augelite, 
senegalite and A1PO~-21 (Araki  et al. 1968; Keegan et al. 
1979; Bennett  et al. 1985; Parise and Day, 1985). The mean 
A1-O bond  lengths and mean bond angles for aug, elite and 
senegalite appear  in Tables 4 and 5. 

Al though the coefficient of  variat ion (s tandard devia- 
t ion divided by the mean) for 5-coordinate  a luminum bond  
lengths can be quite large, the mean bond lengths fall in 
a nar row range from 1.83 to 1.85 A. In fact, they lie quite 
close to the average o f  the bond  lengths typical for 4-coordi- 
nate and 6-coordinate aluminum, viz. 1.748 A (Bailey 1980) 
and 1.909 ,~ (Brown and Shannon 1973) respectively. Ta- 
ble 4 clearly shows that  the longi tudinal  strain, [el, and the 
coefficients-of-variation for A1-O bonds in both  5- and 
6-coordinate  sites are larger in augelite than in senegalite. 
Angular  da ta  shown in Table 5 tell the same tale. Dis tor t ion 
of  a luminum coordina t ion  polyhedra,  as indicated by these 
parameters ,  is significantly lower in senegalite compared  
to augelite, in agreement with the est imated relative quadru-  
polar  coupling constants.  

4-coordinate  a luminum in A1PO4 polymorphs ,  the alu- 
minophosphate  zeolite A1PO4-5, and calcium aluminum 
phosphate  glasses (Mfiller et al. 1983 a; M filler et al. 1983 b;  
Blackwell and Pat ton  1984; Mfiller et al. 1985; N a k a t a  
et al. 1986) give rise to chemical shifts in the range of  + 37 
to + 4 4  ppm relative to AI(H20)63+. M~ller  et al. (1983a) 
found that  6-coordinate a luminum in calcium aluminum 
phosphate  glasses resonates at - 15 to - 2 1  ppm. The range 
is about  the same for crystalline a luminum phosphates  
(Miiller et al. 1983b; Blackwell and Pat ton 1984). These 
shifts, and those for 4-coordinate  aluminum, are about  30 
ppm more  shielded than aluminas and aluminosilicates. 
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Table 4. Mean aluminum-oxygen bond lengths, /M-o, coefficients 
of bond-length variation, and longitudinal strain, I~l ~, for 5- and 
6-coordinate aluminum in augelite and senegalite 

Mineral /AI-O b, A /Ai-O r A Ic%[ 1c%1 

Augelite 1.832 0.068 a 1.891 0.039 d 0.238 0.194 
Senegalite 1.848 0.031 a 1.899 0.029 a 0.120 0.067 

longitudinal strain, [~l =~1  ln(l~-lm~,,)] (Ghose and Tsang 1977) 
b 5-coordinate 
~ 6-coordinate 
d coefficient-of-variation, standard deviation divided by mean 
bond length 

Table 5. Shear strain, f~] a, mean oxygen-aluminum-oxygen bond 
angles, and coefficients of bond-angle variation 5- and 6-coordinate 
aluminum in augelite and senegalite 

Shear Strain I~/s[ lqs6[ 

Augelite 1 382 1,464 
Senegalite 0.623 0,787 

Bond Angles b axial equatorial axial-equatorial 

Augelite 170.0 ~ 118.2 ~ 0.067 ~ 89.9 ~ 0.111 ~ 
Senegalite 172.5 ~ 119.7 ~ 0.049 ~ 90.0 ~ 0.060 ~ 

a shear strain, IqJ I =~iltan(0i-0ia,,l)] (Ghose and Tsang 1977) 
b 5-coordinate sites only 
c coefficient-of-variation, standard deviation divided by the mean 
bond angle 

Alemany et al. (1988) found a chemical shift range of  14 
to 16 ppm for 5-coordinate a luminum in A 1 P O r  The 
shift of  5-coordinate a luminum in phosphates  relative to 
oxides is between 35 to 45 ppm toward  greater shielding 
(Lippmaa  et al. 1986; Cruickshank et al. 1986; Alemany 
and Kirker  1986). We should note that  chemical shifts re- 
por ted  in the l i terature are not  always corrected for quadru-  
polar- induced shifts. 

We assign the 6i~o--0.3 ppm resonance in augelite and 
the 6iso = 1.7 ppm resonance in senegalite to a luminum in 
6-coordinate sites. The remaining resonance, 6iso = 30.9 ppm 
in augelite and c~iso=:36.0 ppm in senegalite, are assigned 
to 5-coordinate aluminmn. We make these assignments on 
the basis of  relative peak positions, the chemical shift of  
6-coordinate a luminum and the mineral  structure (Lippmaa  
et al. 1986; Cruickshank et al. 1986; Alemany et al. 1988). 
Interestingly, augelite and senegalite do not  exhibit the 30 
ppm shift toward  increased shielding observed for other 
a luminophosphates  (Miiller et al. 1983b; Alemany et al. 
1988). 

While longitudinal-strain,  shear-strain and coefficients- 
of-variat ion in either bond  length or  bond-angle  cannot  
fully express the electric field gradient,  the quali tative obser- 
vat ion that  a luminum coordina t ion  polyhedra  are less dis- 
tor ted in senegalite than augelite is borne out  in the quadru-  
polar  coupling constants  for the two minerals. 
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