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We report new, high-resolution solid st&té&l NMR data for two members of the magnetoplumbite group

of structures, strontium hexaluminate (St&ho, “SA6”) and calcium hexaluminate (CaAD;q, “CAB,”
synthetic hibonite), acquired at 14.1 and 18.8 T fields. The high-field data allow, for the first time, the accurate
observation of the NMR signal from the Al(2) sites, which have been previously described as “pentacoordinate”
but which appear instead to be very distorted tetrahedra, which give ridaltisotropic chemical shifts of

about 57 ppm and nuclear quadrupolar coupling constants of about 21 MHz. This finding is fully consistent
with “split-atom” refinements of these crystal structures, in which the most probable position of the Al atom
is displaced away from the average trigonal pyramidal site center, along the crystallographic 3-fold axis. The
NMR data also demonstrate, however, that the “splitting” is the result of static, not dynamical, disorder among
these sites.

Introduction Because of their unusual structure and the potential utility of
. . . CAG6 in tough ceramic compositésand because CA6 is the
Calcium and strontium hexaluminates (Caho, “CA6” and pure, synthetic form of the mineral hibonfi¢hese phases have

SrAl12014, “SA6") are members of the “magnetoplumbite” group  peen widely studied by X-ray diffraction and, more recently,
of structures, comprising a diverse set of oxide matetidls. by high-resolutior?’Al NMR. The latter has the potential to

intriguing and nearly unic_]ue feature of th!s structure in its_ideal resolve the issue of static vs dynamic disorder in the “penta-
(P6s/mmq space group is a pentacoordinate, trigonal bipyra- coordinate” site, because observed parameters such as the
midal cation site, occupied by Al in the aluminates (M2 or  isotropic chemical shiftdiss), quadrupolar coupling constant
Al(2) site?9). In recent structure refinements, it has often been (c.,), and quadrupolar asymmetry parametgrrespond to the
found that a “split atom” model for the “pentacoordinate” site rea|, |ocal structure, not the long-range, spatially averaged
provides a better fit to the diffraction data, with 50% occupancy structure as in diffraction measurements. In particulgs,has

at positions displaced in opposite directions from the center of pheen considered to be diagnostic of the coordination number
the site along the 3-fold axis'™® However, it is also generally  of Al by O in oxides, with values (excluding phosphates) of
unclear from diffraction data whether this “splitting” is the result  gpout 85 to 55 ppm indicating four-coordination, values between
of rapid ion hopping between two potential minima within each ahout 16 and 0 ppm indicating six coordination, and a few
individual pentacoordinate site, or whether a model of static known examples of five-coordinated sites lying between with
disorder is more appropriate. In the latter, each suét wbuld values in the range 50 to 30 ppt.CA6 and SA6 have thus

in fact be fixed in a highly distorted tetrahedrbn. been especially interesting in attempts to refine the range for

pentacoordinate aluminum to help in the interpretation of spectra
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CA®6 and SAG6 in the ideal magnetoplumbite structure should Al,Os, the latter obtained by hydrothermal exchange of Al(©H)
contain 12/24, 4/24, and 2/24 of the total Al in three distinct with labeled HO followed by dehydration under Ar. The
octahedral sites, 4/24 in a single tetrahedral site, and 2/24 instarting mixture was packed into a Pt tube, which was then
the pentacoordinate sité However, NMR characterization of ~ welded shut and heatedrf@ h at1420°C. The sample was
the latter has proven to be difficult. An early study of CA6 then reground, packed into the tube again, and heated for an
done at fields to 11.7 T reported a composite peak in the region additiond 4 h at thesame temperature. Subsequent NMR studies
expected for the octahedral Al sites, and a single peak for theindicated that the relatively small sample (about 100 mg) was
tetrahedral site, but no obvious signal in the intermediate slightly off composition, containing a minor amount of Sy@l.
frequency range expected for AJ@roups, perhaps because of However, the presence of this impurity in no way affects the
unusually large quadrupolar broadeniigMuch improved data presented here.

spectra obtained at higher fields (to 14.1 T) and higher magic-  NMR spectra were collected with Varian Unity/Inova spec-
angle spinning rates still did not reveal the pentacoordinate site {rometers at 14.1 and 18.8 T fields. Aluminum-27 frequencies
and led to further speculation that dynamic site hopping within \yere 156.3 and 208.4 MHz, and spectra were referenced to
the trigonal bipyramids could result in disorder, additional peak external acidifiel 1 M Al(NOs); solutions in glass tubes. MAS
broadening, and enhanced difficulty of observatibA. pioneer- spectra were collected with Varian/Chemagnetics “T3"-type
ing study of the?’Al quadrupolar nutation spectra of CA6  propes, with 3.2 mm zirconia rotors spinning at 18 to 24 kHz.
suggested that the signal from the pentacoordinate site wassjngle-pulse acquisitions used radio frequency (rf) tip angles
overlapped with peaks for the AlGites and indicated that its 5 1¢° (as measured for the liquid standard) with 0.2 to Qi85
apparenCq was consistent with a simple point charge calcula- |ses and instrumental deadtimes of abouts4 A triple-

tion based on the average, symmetrical (‘unsplit’) five- quantum MAS (3QMAS) spectrum for SA6 was collected at
coordinate geometrs. A detailed study of SA6 using MAS 141 T ysing a shifted-echo pulse sequeticehe optimized
NMR at fields to 14.1 T, careful analysis of the effects of field |engths of the triple quantum excitation and reconversion pulses
on line shapes, and five-quantum MAS again concluded that \yare about 2.2 and 0465, with an rf power of 164 kHz. A soft
the AlG; signal overlapped extensively with those of the A0 18 pulse, selecting the central transition only, immediately
sites and resulted in a fitted model indicatitig, = 18.0 ppm, after an echo time of 1 ms, was set to20at an rf power of

Cq = 2.1 MHz, andy = 0.7 for the former® That study also 19 k{7 About 200, increments with 96 FIDs per point were
tabulateddis, data for pentacoordinate Al sites in oxides and qjjected with a delay of 3 s. The 3QMAS data was processed
pointed out the anomalously low value of the SA6 result, using the “RMN” program (P. J. Grandinetti, Ohio State
exceeded only by Al@sites in two aluminum phosphates; University), including a shear transformation.

possible effects of “split-atom” disordering in broadening of Different strategies were chosen to extragh, Co, andy

NMR peaks were noted as well. Most recently, a study at fields . .
to 14.1 T of CA6 reached similar conclusions: that the signal from the MAS NM.R peaks, depenc_ilng on the sizepf The
from the AIQ; site was poorly resolved from those of the A0 3QMAS data provided a rough estimation of these parameters

: - - for SA6 as well. For the sites with small (Al(1) and Al(4)
sites, but could be modeled with a surprisingly |dws value . ) .
of 20 ppmt” A value of 7 = 0 was retained in the model, in Table 1), the parameters were deterr_n_lned from th(_a positions
consistent with the 3-fold symmetry axis that passes through of the central peak of the 1/2 to1/2 transition and the sideband
the site in all crvstal structure refinements manifolds of the inner satellite transitidfisusing the Varian

A ¢ of ny wtensive new hiah-resol .ti n NMR studv of STARS simulation prograr#f. For the sites with large€q and
Sr aigzga(;ll?miﬁatzsswg hsve Cguecgég rwi;h-speedslvllfﬁg O with well-defined central-transition line shapes (Al(2) and Al-
and 3QMAS spectra c;f CA6 and SA6 at fields of 14.1 and 18.8 (3)), these were fitted with the same software, again optimizing
:  results for data from both fields. The NMR parameters for the

T.ei?z;ct:;;:Lsgtg”rgﬁleg}ﬁStﬁeiztahrz:::Ivsuﬁ:igrililef;catuﬁz;(\e/eoltg':ii Al(5) site were relatively difficult to obtain because of its larger
b P ’ 'broadening, which is probably related to disorder (see below).

!?S'gﬂtlya(:cl)sr:?,rtri%(Eﬁgiﬁ;%g?or;retzgs ?/zlﬂfsdlggf kl?/lyHi)S taltlc’The quadrupolar parameters previously reported from data
arg anparently responsible fgr thg r%vious non- or incorrect °Ptained at 4.7 ' were thus chosen as constraints for our
P y Tesp P simulation of this site, as distributions of chemical shifts have

observations of these sites at lower fields. Observed values ofIess effect at lower fields and the quadrupolar line shane is more
Oiso Of about 57 ppm are consistent with such a tetrahedral apparent q P P

environment, while our direct observation of zero quadrupolar

asymmetry is again consistent with the long-range symmetry. 1€ relative populations of Al sites were obtained from
simulations of the entire group of central peaks of the 1/2 to

—1/2 transitions in the MAS spectra using the program “Wsolid”
(R. E. Wasylishen and K. E. Eichele, Dalhousie University,
Isotopically normal samples of SA6 and CA6 were prepared 1999) with an approximation of infinite spinning spee@gk,
from SrCQ or CaCQ and dehydrated Al(OH) which were Co, andn for each site were constrained as described above.
ground together in stoichiometric proportions, heatedfh at Mixed Gaussian and Lorentzian broadenings were applied to
1500°C in air, then reground and packed into Pt tubes. These fit the experimental line shapes. The relative intensities obtained
were heated for 14 h at 150CC, then were reground and from the simulations were then corrected for the differences in
sintered for a final 48 h at the same temperature. Powder XRD the populations of the central and satellite transitions in the
showed only the desired hexaluminate phases. central peakslf, factors in Table 1), which depend on the
As part of a larger study of’Al and 1O spectra of Sr qguadrupolar parameters and experimental conditions such as
aluminates, arti’O-enriched sample of SA6 was also synthe- Larmor frequency, radio frequency power and spinning #ate.
sized, necessitating somewhat different methods to ensureThe peak areas at 14.1 T were derived from the relative areas
retention of the isotopic label. Carefully dried SrO was ground obtained from fits at 18.8 T by taking into account the values
together with 0.2 wt % Csg; (to speedl’O spin-lattice of liso at the two fields and were used in the simulations shown
relaxation) and the stoichiometric amounte?0%’O-enriched in the figures.

Synthesis and NMR Experiments
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TABLE 1. Al-27 NMR Parameters for CA6 and SA62

188T 1417 corr. ideal

site diso (PPM) G (MHz) n area (%) lis®® & 0.04 area (%) i+ 0.04 ared (%) ared (%)
SAG:
A1)  16.72(5) 0.25(5) n.d. 17.2(5) 2.36 17.2 2.33 8.2 8.3
Al(2)  57.8(1) 20.75(5) 0.00(5) 4.9(2) 0.67 3.6 0.48 8.2 8.3
Al(3)  67.5(1) 3.45(5) 0.00(5) 14.8(5) 1.05 15.1 1.05 16.0 16.7
Al(4)  9.45(5) 1.35(5) n.d. 16.7(5) 1.13 16.9 1.13 16.6 16.7
AlG)  22.1(1) 4.9(1) 0.65(10) 46.4(5) 1.03 47.2 1.03 51.0 50.0
CAG6:
Al(l)  16.26(5) 0.15(5) n.d. 20.3(5) 2.77 23.3 3.29 8.3 8.3
Al(2)  55.8(1) 21.40(5) 0.00(5) 4.5(2) 0.63 3.2 0.46 8.2 8.3
Al(3) 68.1(1) 3.10(5) 0.00(5) 14.4(5) 1.00 14.5 1.04 16.4 16.7
Al(4) 9.92(5) 1.60(5) n.d. 15.8(5) 1.10 15.1 1.09 16.3 16.7
Als)  22.3(5) 4.8(1) 0.7(1) 45.0(5) 1.01 43.9 1.02 50.8 50.0

2Values ofy for the sites with the lowesEq values could not be determinetlis, is the calculated intensity correction factor that depends on
guadrupolar parameters and experimental condifibrfsCorrected relative peak area from fits alagd at 18.8 T; ideal area from X-ray structure.
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Figure 1. Aluminum-27 MAS spectra of CA6 at (a) 14.1 T and Figure 2. Aluminum-27 MAS spectra of SA6 at (a) 14.1 T and

spinning rate of 23 kHz and (b) 18.8 T and 18 kHz. Fitted components spinning rate of 23 kHz and (b) 18.8 T and 24 kHz. Fitted components

and their sum are shown by dashed and dotted lines, respectively, asand their sum are shown by dashed and dotted lines, respectively, as

described in text and Table 1. described in text and Table 1. Filled circle marks a peak from a small
amount of SrAJO,.

Results and Discussion In the 18.8 T spectra, however, careful examination of the

Experimental and simulatédAl MAS for CA6 and SA6 are baseline, and adjustment of the sample spinning rate to optimize
shown in Figures 1, 2, and 3. Those at 14.1 T are quite similar sideband positions, revealed a previously unreported component
to previously published datd;'#'617and are similar to each  for both SA6 and CA6, which can be accurately fitted wiif
other, as expected for isostructural compounds. The highervalues of about 21 MHz; = 0, anddis, of about 57 ppm, with
frequency peak (about 65 ppm) can be fitted with a single relative areas of close to the 8.3% expected for the Al(2) site
quadrupolar doublet (Table 1), consistent with the single (Figure 3, Table 1). This new component was observed in at
“normal” tetrahedral site in the structures (Al(3), following least two samples of each phase; it is most apparent at 18.8 T,
previous nomenclatuté). The region between about 20 and 0 but its lower frequency singularity can readily be identified at
ppm contains two narrow peaks, which, again as previous 14.1 T as well. We interpret this doublet as resulting from Al-
authors have found, are consistent with the relatively sym- (2) atoms in highly distorted tetrahedra, displaced from the ideal
metrical octahedral Al(1) and Al(4) sité&1? This region of central position of the “trigonal bipyramid” site and thus fully
the spectrum also contains a broader peak with no well-defined consistent with the static version of the split-atom model. (The
quadrupolar line shape; previous authors have fitted this with NMR data, of course, do not preclude intrasite hopping at a
two components representing the less symmetrical Al(5) octa- frequency slow compared to the time scale of the measurement,
hedron, plus the “pentahedral” Al(2) sitel” which is roughly defined here by thel5 kHz peak width.)
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Figure 4. Aluminum-27 3QMAS spectrum of SA6, plotted with axes
. and scales as described previou8ly.
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The remaining broad peak in the 30 to O ppm region must thus L P
be mainly due to the distorted octahedral site Al(5). Its poorly 5; 8 o
defined line shape is likely to be the result of the disorder in C+9 &
the Al(2) positions as observed in the split-atom refineméhts: 7 .
two Al(5) atoms are bonded to each of the equatorial oxygens 0 N R S
(O(3)) of the Al(2) site, and thus their disorder could have a 0 0.05 0.1 0.15 0.2
particularly large effect on the latter. Our assignments of the o

three octahedral peaks are consistent with their relative degreesrigure 5. Plot of Cq vs “longitudinal strain index’a. for tetrahedral

of distortion from ideal octahedral symmetry as proposed from Al sites in oxides. Solid circles show single-crystal data as described
early single-crystal NMP and as tested for SA6 MAS NMR in an early description of such correlatios;rosses show data for
datal® fitted peak areas for all five Al sites agree remarkably Al(2) sites in SA6 and CAG and Al(3) site in SAG.

well with those expected from the X-ray structures (Table 1), ratios of the observed AIO bond distanced) to those of a

and t_hus the calculated spectra agree very well with the fully symmetrical tetrahedron of identical volumig)(
experimental data at both fields.

In Figure 4 we show the 3QMAS%Al spectrum for SAB, o= z In(l/1,)| (1)
collected at 14.1 T, for comparison with previous wétionly
three peaks are visible, corresponding to Al(3), Al(4), and Al- In Figure 5 are plotted the results from the single-crystal data

(5), in positions consistent with the MAS data. The signals from reported in the original discussion of this correlation, together
the other two sites are not readily detectable because of the verywith the new results for CA6 and SA6. Although the correlation
low efficiency of multiple quantum excitation and reconversion is rough (as expected from its reliance on simple first-neighbor
caused by their extremely small (Al(1)) and extremely large geometry alone), the very higb, values for the Al(2) sites do
(AI(2)) Cq values. seem to be sensible, as do the low values for the Al(3) sites.
The quadrupolar asymmetry parameter for the Al(2) site is  Thediso Values for the distorted tetrahedra are at the low end
not measurably different from 0, which is the value expected of the range of known values for Al with four oxygen neighbors,
for an atom on a crystallographic 3-fold axis; the same is true especially for such sites in aluminates, which are typically
for the symmetrical Al(3) tetrahedron. Th&, values for the between 70 and 86 ppm for phases such as EaA(‘CA”)
Al(2) sites of about 21 MHz are probably the largest reported and CaAlO; (“CA27).2324 |t is likely that the large average
for Al coordinated by O in any material and must be related to Al—0O bond distances for the split-atom models of these sites
the unusual distortions of these sites. The latter is obvious in (0.1830 and 0.1823 nm for Al(2) in SA6 and CAG, vs 0.1802
the contrast between the apical-AD distance and the three nm for Al(3) in SA6, and~0.175 nm in CA and CAZ29
equatorial distances, which for split-atom structures of SA6 are contribute to these extreme values. For the Al(2) sites also, the
0.2025 vs 0.1765 nrhand for CA6 are 0.2040 vs 0.175The much longer distances to the distant apical oxygen of the trigonal
relationship of this distortion t€q can be explored in a simple  pyramidal site (0.245 nm in SA6, 0.238 nm in CAG) are
fashion by calculating a “longitudinal strain” ind@from the apparently too great to assert much influencedggn
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Finally, we note that, with the exceptions of phosphadgs, (10) Bunker, B. C.; Kirkpatrick, R. J.; Brow, R. K.; Turner, G. L.;

: w ol Aafinad? ; e ; Nelson, C.J. Am. Ceram. Sod.991, 74, 1430-1438.
for Al in truly “well-defined” pentacoordinate sites in oxides (11) Yarger, J. L. Smith, K. H.. Nieman, R. A - Diefenbacher, J.: Wolf,

now all seem to fall in the range from about 30 to 52 p‘[ﬁl’ﬁ G. H.: Poe, B. T.: McMillan, P. FSciencel995 270, 1964-1967.
It is thus likely that the speculation that a peak at 15 ppm in  (12) Stebbins, J. F.; Kroeker, S.; Lee, S. K.; Kiczenski, TJ.JNon-

the 27Al spectrum of Al-containing MgSi@perovskite might Cfﬁg)sﬁ'l'ﬁzzrogq 2(;&;3- W.; Samoson, A.; Lippmaa, Fblyhedron
be distorted AIQ siteg8 is not a correct assignment. 1986 5, 779-785.
(14) van Hoek, J. A. M.; van Loo, F. J. J.; Metselaar, R.; de Haan, J.
. W. Solid State lonic4991, 45, 93—100.
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