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A wide range of’O-enriched phases AB@nd ABOs (A = Li, Na, Ca, Sr, Ba, and La; B- Ti, Zr, Sn, Nb,

and Al) and related compounds has been synthesized and studied'i@intagic angle spinning (MAS)

NMR spectroscopy. In these highly ionic phases, ‘i electric field gradients are small, and as a result
highly resolved NMR spectra that reveal subtle structural inequivalences are observed. For titanates and
zirconates the'’O chemical shifts fall in distinct, well-defined regions (37264 and 286-376 ppm,
respectively). The ratio of isotropi¢O chemical shifts from isostructural titanates and zirconates with the
same A cation is constant, and this ratio is close to the ratio of the polarizing powers of titanium and zirconium.
The B cation appears to be the dominant influence in determiningf@ehemical shift in these compounds.
Additionally the number of oxygen resonances and the shift difference between them increases as the symmetry
of the structure decrease$!®Sn MAS NMR has been applied to a variety of stannates and shows a large
shift difference (68.2 ppm) between CaSn@hases with the ilmenite and GdFReferovskite type crystal
structures. 2’Al and 170 MAS NMR have been used to study the conversion of lanthanum and aluminum
sol—gel precursors to crystalline LaAlQerovskite. 7O NMR proves to be more informative tha&mal

NMR and shows that the formation of LaAl@roceeds via the reaction of separate lanthanum and aluminum
oxides initially formed.

Introduction latter structure is not a perovskite structure, but is closely related

The perovskite structure AB{Os one of the most important .to it. Fort> 1, BaTiQ.(rBaH =152 A,t=1.02) the symmetry
in materials science and geophysics occurring widely in is tetragona?. In a cubic system all the oxygens are equivalent,

ferroelectrics, piezoelectrics, thin film electronics, and optical but as th_e symmetry Is Iowered_ the number of |neqU|_vaIent
devicest An estimated 80 vol % of the Earth’s lower mantle ©*XY9€n Sités increases to a maximum of three. Deviations of
is thought to be composed of (Mg,Fe)Siferovskite, making the pgrovsklte structure from cubic to lower symmetry and the
it the most abundant mineral in the Earth’s madtkg that assoc_|ated Io_ss of a center of symmetry are crl_tlcal b_ecause they
interpretation of seismic data relies heavily on knowledge of &€ directly linked to many of the technologically important
the perovskite crystal structure. The ideal perovskite structure Properties of these materials. For example, BaT# widely
(e.g., SITiQ) has cubic symmetry AmBm) with the only u_sed ferroelectric whos_e electric Q|pole is a resu_lt_ of the
variable the unit-cell parametay and consists of corner-linked ~ displacement of & and T#*" from their ideal cubic positions.
octahedra of oxygen anions with B cations at their centers. The Other related phases are studied here includé,B¢Os

A cations fill the cuboctahedral interstices between the octahedracOmpounds with NaCl-like structures: MaOs, LiZrOs,
with 12 coordinatior®* Noncubic perovskite structures are Li2TiOs and LiSnQ~". The oxygen ions show distorted cubic
subsequently formed by either cationic displacement (e.g., close-packing _and the cations occupy the octahedral_lnterstlces,
BaTiOy), tilting of the octahedra (e.g., the mineral perovskite, thus also forming a cubic close-packed network. It is the way
CaTiOy), or a combination of both (e.g., NaNB)J To a first in which the A" and the B* atoms are distributed that
approximation the deviation from cubic symmetry is controlled determines the actual structure. ;3nQ; and NaZrOs are

by the relative sizes of the ions within the lattice. This is isostructural with LiTiOs. SpSnQ, and SgTiO, are examples
described by the tolerance factor= (Ra + Re)/(Rs + Ro), of a KoNiF4type structuré;® which is built up of perovskite
with t = 1 in the case of an ideal framework structdre. layers of composition KNifand layers of composition KF in
Departures of from unity result in a loss of cubic symmetry the ratio 1:1. By stacking perovskite Sri@ith a thickness
and eventually, if t varies significantly, the adoption of another Of more than one layer and SrO layers alongatzis, a range
structure type altogether. For instance, in the casesfB4*, of structures is formed with composition,${TinOsn+1, called
SITiO; (rsz+ = 1.37 A,t = 0.97) has cubic symmetry, CaTiO  RuddlesderPopper phasés.

(rc#* = 1.16 A,t = 0.89) has orthorhombic symmetry, and the Solid state!’O NMR is becoming increasingly established

Li,TiOs structure i+ = 0.68 A,t = 0.67) is monoclinic The as a tool for characterizing crystalline and amorphous oxide
materials in materials chemistry and geochemistry. It is
* Address correspondence to this author. ; i i i i i
t CSIRO Division of Materials Science and Technology. po'tentlally a verylattrgctwe nuclegg, since it has a wide chgmlcal
* University of Kent. shift range, making it very sensitive to subtle changes in the
€ Abstract published irAdvance ACS Abstract$yovember 1, 1996. atomic scale structure of a materl@l. Additionally it has only
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a moderate nuclear electric quadrupole mome®).( The
quadrupole interaction betwee@and the electric field gradient
(efg, whereeqis the maximum component) broadens the central
(1/2,—1/2) transition to second-ordémwvhich is only partially
averaged by magic angle spinning (MAS), contributing to the
isotropic shift and complicating spectral interpretation, but the
efg can itself provide important structural infomatitn This
interaction is described by the quadrupole coupling con€tgnt

= eqQ/h. It has been pointed out previously thag for 'O
increases as the ionicity of the-MD bond decreasés. Oxide

Bastow et al.

a glass ampule and heating at 110 for 2 days. LiZrOs,
SrZrQs, LioTiO3, and SrTiQ were subsequently prepared by
reacting enriched LCO; or SICQ with ZrO, and TiG; obtained

by hydrolyzing a zirconium or titanium propoxide solution in
2-propanol with!’O-enriched HO. SkTiO4 was obtained by
reacting!’O-enriched SrTi@ and SrCQ at 900°C for 24 h.
Li,SnG;, SrSnQ@, and SgSnQ, were prepared by reaction of
stoichiometric amounts of enriched,OO; or SrCQ and SnQ

at 900-950 °C for 24 h. Heat treatments were performed in
platinum crucibles or sintered alumina boats in a dry nitrogen

perovskites are ionic compounds in which the electrostatic bond atmosphere. The reaction temperatures of the Sr phases were
strengths (in Pauling’s sense) are all smaller than 1; i.e., theylowered to 906-950 °C by adding 1 mol of SrGlper mol of

are isodesmié. In such highly ionic compoundsq at the

strontium perovskite as a flux. The zirconates were heated to

oxygen site will be small so that the second-order quadrupolar 600°C. CaZrQ, BaZrQ;, CaTiCs, BaTiOs, and CaSn@were

broadening will be very small, spectral resolution will be high,
and correction of the peak position for isotropic quadrupole
shifts is unnecessary. The MAS line width provides an upper
limit on Cq which will be less than (2@ (7.5A)Y%3), wherev,

is the Larmor frequency and is the root mean square line
width in ppm?** HoweverCq cannot then be accurately deduced
from the central transition; nevertheless with small interactions
the first-order broadened noncentral transitions will produce

obtained by double decomposition 0LEZiO3 or Li>TiO3 (Nag-
ZrO3 in case of CaZrg) with a BaC}/NaCl or CaCj/NacCl
eutectic mixture at temperatures of 66860 °C. An X-ray
powder pattern of the CaSpaGample prepared at 60TC
confirmed it was the low temperature hexagonal form with the
ilmenite structure. Subsequent heating to 9680converted it
into the GdFe@ structure. A mixture of NfOs and LLCO;
was heated witR’O-enriched HO at 105°C in a sealed glass

observable spinning sidebands whose intensity envelope can béube for 72 h and subsequent heat treatment at 850 an8®50

used to deduc€q.*®> The only drawback of’O NMR s its

each for 24 h produced LiNbO The preparation of NZrOs

low natural abundance (0.037 atom %). Although some natural has been described elsewhéfeThe identity of all phases was
abundance spectra have been obtained from highly ionic confirmed by X-ray diffraction with a Siemens diffractometer

compounds$? most work requires isotopic enrichment. It has
been shown, thafO NMR spectra can be readily obtained at
an enrichment of only 2.59¢:17 10 NMR has subsequently
proved to be very useful in providing insight into the synthesis
of many materials including transitional alumid&and sot-

gel produced Zrg¥® and TiG!7, and was able to detect
nanoscale phase separation in Si®iO; gels!® 10 NMR of

using Ni-filtered Cu K radiation.

Isotopically enriched LaAl@was prepared by reaction of
La,Os with 170O-enriched HO in a sealed tube at 13C for 72
h, which formed lanthanum hydroxide La(QH)The lanthanum
hydroxide was then stirred well with an equimolar amount of
aluminum propoxide, Al(OP%) dissolved in a mixed toluene/
2-propanol solvent. AdditiondlO-enriched water was added

perovskites, other than the high temperature superconductorsto the stirred suspension. A precipitate formed and the mixture
is somewhat sparse but has been used to examine the localvas allowed to stand for 2 weeks while the solvent slowly
structure and oxide ion motion in defective cubic perovskites evaporated in a stream of dry nitrogen at room temperature.
such as Ba(lfsZro.33y.>° The product was heated at successively higher temperatures in
This paper will present an extensive set of magic angle dry nitrogen for 2 h periods and examined by X-ray powder
spinning (MAS) 1’0 NMR spectra from AB@ and ABOs; diffraction. The mixture of crystalline L®; and LaAIG
compounds with A= Li, Na, Ca, Sr, Ba, and La and 8 Ti, formed at 950°C was treated at room temperature with 1 M
Zr, Sn, Nb, and Al. As all these structures have an oxygen acetic acid to selectively dissolve lanthanum oxide. After
framework,}’O is the most attractive nucleus to study structural drying, the residue gave an X-ray powder pattern of LaAlO
phenomena related to substitution of the various A and B ions with a small admixture of AfOs.
within the lattice. The aim is to determine which structural The NMR experiments were carried out on a Bruker MSL
parameters control tHéO NMR chemical shift in perovskites, 400 spectrometerBy, = 9.4 T) operating at 54.2, 104.2, and
and also examine i#’O NMR is a good probe of structural  149.1 MHz for 170, 27Al, and 11Sn, respectively. For the
distortion. It is shown that the number of resonances in the oxygen MAS spectra, a 7 mm double-bearing (DB) MAS probe
oxygen spectra and their difference in isotropic chemical shift \vas used with 56 kHz spinning speeds, 5 s recycle delays
are very sensitive to deviations of a structure away from cubic gnd 1.5us pulses (flip angle~ 7/4). Water was used as an

symmetry. In addition some multinuclear studies have been external referenced(= 0 ppm). 2’Al NMR spectra were

carried out on some stannaté&’n) and comparison is made
to a previous study of Clayden et4lFinally the application
of 70 and?’Al NMR to following structural development in
sol—gel formed LaAlQ is presented. LaAl@is an important
material as a possible substrate for highsuperconducting
films.22 Above 447°C LaAlOs; has cubic symmetry, but below
447°C it adopts a rhombohedrally distorted perovskite structure
(space grouR3c) with the distortion gradually increasing with
decreasing temperatuf€?* LaAlO3 has previously been studied
with 27Al and 13%.a MAS NMR, confirming the presence of
single Al and La sites witldiso = 11.7 ppm,Cq = 0.12 MHz,
anddiso = 375+ 5 ppm,Cq = 6 MHz, respectivelyt>26

Experimental Methods

Li»CO;, SKLCOs, and Sn@werel’O-enriched by sealing the
unenriched compounds with 10 atom3@-enriched water in

collected using a 4 mm DB MAS probe with spinning speeds
of 12 kHz, 0.75us pulses, and 1 s recycle delays. The
corresponding conditions fé#°Sn were 10.5 kHz spinning rates,
2.5 us pulses and 20 s recycle delays. THaAl and 11°Sn
spectra were referenced using the Al@sonance of yttrium
aluminum garnet (YAG) at 0.7 ppm and Syp@t 0 ppm,
respectively (which equals604.3 ppm relative to the primary
tin shift reference tetramethyl tiff)as secondary standards.

Results and Discussion

Crystallographic data and tHéO NMR chemical shift and
line-width data of the compounds studied are given in Table 1.
Typical 1’70 MAS NMR spectra of a selected group of titanium
and zirconium perovskites are displayed in Figure 1. A0
NMR spectra essentially consist of one or two sharp lines with
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TABLE 1: 70 Isotropic Chemical Shifts @iso, Relative to H,O ) and Crystallographic Data for ABO3; and Related Materials

diso Avyps® Cgmaxa structure space no. of O ref for
compound (ppm) (Hz) (MHz) type group sites structure
Li,TiOs 405.8/372.3 310/310 1.5/1.5 distorted NaCl C2/c 3 6
CaTiOs 448.0/443.4 190/n.d. 1.2/n.d. GdReO Pbnm 2 28,29
SrTiO; 465 240 14 perovskite PmBm 1 3
SKTiO,4 426/407 n.d. n.d. BNiF, 14/mmm 2 8
BaTiO; 564/523 n.d. n.d. BaTiQ PAmm 2 3,30
Li»ZrOs 298.4/280 350/n.d. 1.6/n.d. distorted NaCl C2lc 2 5
NaZrOs 308.9/286.9 55/55 0.65 distorted NaCl C2/c 3 6
CazrQ 336/329 n.d. n.d. GdFe0O Pbnm 2 28,29
SrZrG; 343.7/340.2 180/n.d 1.2/n.d. GdReO Pbnm 2 31
BaZrQ; 376.0 270 1.4 perovskite Pm3m 1 3
Li.SnGy 85 2000 3.9 distorted NaCl C2lc 3 5
SrSnQ 423 n.d. 3.4 GdFe® Pbnm 2 32
SKRSNG 213/198 n.d. n.d. BNiF4 14/mmm 2 8
LiNbO; 504 1500 34 LiNb@ R3c 1 33
LaAlO3 170.2 340 16 R3c 1 23
aCqM are upper estimates forg®ased on the centerband line widfData from refs 34 and 3%.Data from ref 27.
(2) ® ©
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Figure 1. YO MAS NMR spectra of a selection of titanates (top) and zirconates (bottom) with the same A cation. (&) Sdi6rzrQ, (b)
CaTiO; and Cazr@, and (c) LiTiOs and LiZrOs. Insets show expansions of the centerbands of the spectra.

their accompanying sidebands. Upper estimate€¢terived it is the B ions building up the octahedral network that determine
from the line width are also given in Table 1. As expected thel’O chemical shift range and not the A ions. The difference
from the ionic character of the bonds in these compounds, all in the oxygen NMR data is also reflected in the difference in
values are small; this means that changes in the observed peakhe Ti—O and Zr—O bond lengths (1.995, and 2.093 A on
position can be largely attributed to chemical changes as thereaverage in the compounds in Figure 1) which also reflects the
is no significant quadrupole induced contribution. polarizing power.

The most important observation to be made in Figure 1 is In addition to the chemical shift differences between the
that the peak positions of the centerbands of the zirconates areggroups with different B cations, there are more subtle effects
at systematically lower chemical shifts than those of the titanatesthat influence the actual value of the chemical shift within each
with the same stoichiometry and A cation. For instance, group. Most importantly, the number of oxygen resonances
compare chemical shift data of BaTi@s, = 523 and 564 increases as the symmetry of the perovskite decreases. SrTiO
ppm)** with that of BaZrQ (diso = 376.0 ppm). Titanates have and BaZrQ@, both cubic perovskiteéshave a single sharpO
170 chemical shifts in the range 37864 ppm, while zirconates  resonance as is to be expected since all the oxygen sites are
havel’O chemical shifts of 298376 ppm. This is consistent  crystallographically equivalent and the sites also have a very
with earlier results on pure Zg and TiQ,!7 systems. In fact, small Cq due to both the site symmetry and ionic nature of the
the ratio between the averaf® chemical shift in isostructural  structure. Compounds with the next highest symmetry, BaTiO
titanates and zirconates with the same A cation is remarkably at room temperature and the Gdkei@pe phases, have two
constant: 0.74t 0.03. This value is very close to the ratio of 17O signals in the ratio 2:1, also in agreement with their

the polarizing powerso) of Zr*" and T# (wherea = r?/z, in crystallography. In BaTi@Ti and Ba are displaced from their
which r is the ionic radius (0.64 A for ¥ and 0.77 A for ideal positions and the oxygens become inequivalent. In
Zr*h)36 andzis the valence of the ion (4 for both ions)). Hence GdFeQ compounds the BQoctahedra are tilted, having the
for Ti4t and Zf o is 0.41 and 0.59, respectively, so that/ same structural effe@f:2°31.32 In compounds with an even

oz equals 0.7. This is an indication that in ABPerovskites lower symmetry, the monoclini€2/c phases, the number of
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oxygen signals does not increase. However the acf@il
chemical shift difference between the resonances increases
considerably in the monoclinic A,B**O3 structure. For
GdFeQ-structured compounds CaTiOCaZrQ, and SrZrQ

the separations are 4.3, 7, and 3.5 ppm, respectively, while for
monoclinic LpTiO3, N&ZrOs, and LbZrOs; the corresponding
separations are 33.5, 22.9, and 18.4 ppm, respectively. Dorrian (©)
and Newnharfrefined the LTiOj3 structure and concluded that

in AT,B4TO3 compounds there are only two possible configu-

rations for the oxygen coordination, each with oxygen bonding

to two B*" ions and four A ions. In the LTiO3 phases only

one of these sites exists, while in,ZrO3; both configurations

are present in a 1:2 ratio. Although in the,TiOs-type

structures only one oxygen geometry is present, the orientation

of the OBA, group within the lattice is different for O(1) and (b)
O(3) as compared to O(2). Th¥O NMR spectrum of

NaxZrOs; has been presented elsewlRér@nd consists of two

lines, with an intensity ratio of 1:2, from O(2) and O(1)/O(3)

respectively. The oxygen spectrum ofTiO3 (Figure 1c) is

very similar to the NgZrOs spectrum, again consisting of two

lines in an approximately 2:1 intensity ratio, representing the

two distinct oxygen sites, in agreement with the fact that they

are isostructural. The only difference between the two spectra

is the fact that the two isotropic lines in the;LiO3 spectrum (a)
each consist of a doublet (with approximately equal splittings

of 140 Hz). Only two distinct oxygen sites are present in the

structure, and the quadrupole interaction is too small to cause | * ' |
quadrupolar structure in the resonances. These compounds are 800 600 400 £ 200 0
however susceptible to stacking faults, and these effects may

be large enough to cause small differences in the chemical shift
of 140 Hz. Figure 2. O MAS NMR spectra of (a) $8nQ, (b) LiNbO; and (c)
Li zan.

Y0 Chemical Shift in ppm.

The 170 NMR spectrum of LiZrOs; exhibits resonances at
280 and 298.4 ppm in an approximately 1:4 intensity ratio. The  The 1’0 NMR spectrum of BaZr@is shown in Figure 3. It
Li»ZrOs; crystal structure contains two crystallographically exhibits a complex spinning sideband envelope that spreads out
distinct oxygen sites O(1) and O(2) in a 1:2 ratioThis over a range of approximately 2300 ppm (125 kHz). Itis well-
discrepancy in intensity has also been observed fatfOs, known that if the spinning speed under MAS conditions is less
which is isostructural with 1iZrOs.37 Despite this discrepancy,  than the chemical shift anisotropy, the centerband will be flanked
on the basis of the higher intensity of the 298.4 ppm peak this by a series of spinning sidebansand for spin-1/2 nuclei the
is attributed to the O(2) site and the 280 ppm resonance to theintensities of these sidebands can be used to recover the chemical

O(1) site. LpSnG; is isostructural with NgZrOs and LiTiOs, shift parameterd® These parameters can be very useful in
and therefore two resonances would be expected intABe  providing information about the symmetry of the bonding at
NMR spectrum. However, only one broad (fwkh1.5 kHz) the nuclear site. Fof’O if the quadrupole interaction is not

oxygen signal is observed (Figure 2c). As has been pointedtoo large Cq < 3.3 MHz), and by applying fast MAS all the
out above, A",B**O3 phases can have a high degree of stacking transitions are narrowed to form a set of well-defined spinning
disorder. Although two-dimensional order exists within the sidebands. The intensity envelope closely mimics the static line
layers of Li and Sn octahedra parallel to igplane, the double shape and here can be used to accurately determine the
cubic close-packed stacking sequence is absent. As a reSU|tquadrupo|e interaction paramete®s and# and the isotropic
no distinct oxygen resonances are observed, but only one broadchemical shiftdis.,. Normally the chemical shift anisotropy
signal, which is probably indicative of stacking disorder. cannot be directly deduced from such sidebands because of the
In SLSNQ, and SpTiO4, two distinct oxygen sites are present, presence of the quadrupole interaction. The BaZi@D
one within the SrB@layer and the other bridging with the Sr.  spectrum represents a special intermediate case of the magnitude
The terminal B-O bonds are shorter (1.90 A) than the bridging of Cq, in which both the quadrupole interaction and the chemical
B—O-B (1.94 A). The oxygen spectra of SnQ, (Figure 2a) shift parameters can be effectively estimated independently from
and SgTiO4 (not shown) consist of two lines from the two  different transitions. In the spectrum the two singularities of
oxygens in the lattice. The stannatéD resonances have the &3/2,+1/2) transitions are visible, from whidBg = 430
chemical shifts considerably more shielded than the titanate kHz. This value is small and is about one-third of the value of
signals (213/198 ppm and 426/407 ppm, respectively), but the Cq calculated from the line width (1.4 MHz) emphasizing that
separation is very similar (15 ppm and 19 ppm, respectively). 17O residual MAS NMR line widths in many highly ionic
Although the difference in the range of the chemical shifts does crystalline compounds are dominated by chemical shift disper-
not correlate with the difference in the polarizing power, since sion, and not by second-order quadrupole effects. Sikgcis
the ionic radii are almost identical{++ = 0.68 A, rs#+ = 0.71 small, it is a very good approximation that the (1/21/2)
A),38 it supports the general trend that the most important transition spinning sidebands are determined largely by chemical
influence on the chemical shift is the type of B ion; then other shift anisotropy (csa). The values for csa derived by Herzfeld
smaller effects cause further separation of the resonancesand Berger analysid are listed in Table 2. The asymmetry
SpSnQy and SyTiO4 are isostructural, and as a result the parameten;, expressing the divergence of the chemical shift
separation of the constituent resonances is almost identical. tensor from axial symmetry, is defined as{ — 011)/(033 —
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TABLE 2: NMR Chemical Shift Parameters of a Selected Figure 4. 1%Sn MAS NMR spectra of (a) $8nQ;, (b) SrSnQ, (c)
Group of Perovskites hexagonal CaSn§)(d) orthorhombic CaSnfand (e) LiSnGs. Note
Oiso on 02 033 Ao the fine structure at the base of the centerbands in (a), (b), and (d),
compound (ppm) (ppm) (ppm) (ppm) 7 (ppm) which is interpreted a&’Sn—1°Sn spin-spin coupling.
BazrG; 367.2 508 422 171 0.44 —294 . L . -
SITiOs 468.1 647 583 174 022 —441 site which is rather nonaxial. The spectrum, however, indicates
SrzZr0; 340.1 469 414 137  0.27 —305 that the electron distribution around the oxygen is close to axial
CaTiCs 443.9 599 521 211 0.34 —-349 (n close to O, so thad; — 011 < 033 — 0Oiso). Herzfeld and
Cazrg 3293 482 379 126 0.51 —305 Berger analysis is only really applicable to cases where the
LINDOs 444.7 715 514 105 059 —509 chemical shift anisotropy is the dominant broadening mechanism
BaTiO2 564 —-520 . L e
523 —480 of the static spectrum, and the much broader individual lines in

this spectrum probably indicate an increaseCig (maximum
value 3.4 MHz). Compared to th€y values of the other
0iso) and ranges between 0 and 1. The divergence from sphericalcompounds studied here-400 kHz) LiNbG; is clearly much
symmetry is expressed by the parameterwhich is defined higher, and as a result Herzfeld and Berger analysis is not really

aData from ref 34.

asosz — 1/2(02 + o10). applicable as the sideband intensity is determined by a convolu-
The most important observation to be made from the values tion of chemical shift and quadrupolar interactions.
in Table 2 is that theAo values fall in different regions for The 11950 NMR spectra of $8nQ;, SrSnQ, CasSnQ, and

compounds with different B ions. The values for the titanates Li,SnQ; are displayed in Figure 4119Sn shifts for LpSnG;,

are much higher and cover a broader rang249 to—580 ppm) SrSnQ, SpLSnQ, and the orthorhombic polymorph of CaSnO

than the values for the zirconates394 to —520 ppm). This have previously been reported as 16{B6.5, 24.7, and-7.4

is again a reflection of the fact that the B ion is the most ppm, respectively (relative to SpD The LiLSnG; spectrum

important influence on the oxygen chemical shift, being largely (Figure 4e) consists of one sharp line at 159.4 ppm. The Sn

responsible for both the magnitude and symmetry of the spectrum of SrSn®(Figure 4b) consists of one line with a

shielding around the oxygen nucleus. chemical shift of—36.5 ppm, while the $BnQ, spectrum
The LiINbG; chemical shift interaction derived from sideband (Figure 4a) has a sharp signal at 40 ppm and broader signals

analysis (Table 2) does not correspond well with the value with a low intensity at 0.8 ane-37 ppm, representing unreacted

anticipated from the shape of the sideband envelope (FigureSnG, and SrSn@ respectively. Orthorhombic CaSp@Figure

2b). A trial Herzfeld and Berger analysis gives 0.6 for the 4d) has a shift o~7.4 ppm. The only discrepancy of these

asymmetry parameter, representing a symmetry of the oxygenresults with the data of Clayden et al. is for,SnQ, with a
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Figure 5. 27Al (a) and*’O (b) MAS NMR spectra of the LaAl@mixture at 450 (top), 800, and 95C (bottom).

difference of 15.3 ppm. The measurements were repeated hereonverted into an amorphous aluminum (oxy)hydroxide which
several times, giving consistent results and providing confidence has been dehydroxylated with heat treatment. The fraction of
in the values quoted. Close examination of the data of Clayden AlOs decreases with temperature, in agreement with previous

et al. indicates a difference between the value of the shift studies on amorphous aluminas. At 450 and 8CQthere is
presented in their table and the value from their Figure 3, the no indication in the Al NMR spectra of the form of the

latter being close to the value obtained here.

CaSnQ has two polymorphs, a low temperature, hexagonal
form and a high temperature, orthorhombic form with a Gdf~eO
perovskite structure. Here we report for the first time ¥#&n
chemical shift of the hexagonal form of 60.8 ppm (Figure 4c).
The data of both CaSnolymorphs show that the structure

lanthanum within the sample. It is only at &Dthat La can
be shown to have reacted with the Al component, as the broad
AlO4, AlOs, and AlGs resonances have been converted into one
sharp line with a chemical shift of LaAKX11.3 ppm). The
marked decrease in the line width indicates an increase in the
crystallinity of the sample. The upper limit of tii, (1.6 MHz)

has a very pronounced effect on the Sn chemical shift, causingas determined from the line width (Table 1) corresponds well

a shift difference of 68.2 ppm so that the interesting strueture
shift correlation given by Clayden et al. should be limited to
isostructural compounds. Close examination of'#$6n NMR
spectra of SISnQy, SrSnQ, and CaSn@(orthorhombic form)

with the rest of the perovskite phases determined here.

In contrast to thé?’Al NMR spectra, the'’O NMR spectra
(Figure 5b) contain information on both the La and Al
components of the sample at all stages of LaA#nthesis.

reveals fine structure in the centerbands, which can be attributedThe spectrum at 45%C consists of three signals, at 546.4, 68.2,

to 1195n—117Sn spin-spin (J) coupling. The magnitude of this
interaction varies, but is in the range of 26800 Hz.

Sol-gel formation of LaAlQ was examined by X-ray
diffraction, 2’Al MAS NMR, and 1’0 MAS NMR. These

and 44.5 ppm. The two rather broad lines at 68.2 and 44.5
ppm are from oxygens in OAland OALH units in aluminum
(oxy)hydroxides'® The signal at 546.4 ppm has been observed
before in the synthesis of k@; using lanthanum propoxide

compounds are all essentially X-ray amorphous except at 950(La(OPr}) and can be assigned to oxygen in LaO®&HThe

°C where crystalline L#s; and LaAlG; have formed so that
NMR is necessary to reveal structural information in the
intermediate stages. TR&AI MAS NMR spectra of the LaAlQ
mixture at 450, 800, and 95T are shown in Figure 5a. At
450 °C the spectrum consists of three broad lines-t5, 40,
and 65 ppm from AIQ, AlOs, and AIG; sites. The line widths
of the lines at 450 and 80€C indicate that the material is
disordered on an atomic scale and the spectra resethille
NMR spectra of amorphous alumin#sThe2’Al NMR spectra

presence of these different units in the oxygen NMR spectrum
indicates that, in the initial gel and in the sample at 460the

La and Al precursors are not atomically mixed and no reaction
between them has taken place. At 8@) the OAL and OALH

units are still present, but the LaOOH unit has been replaced
by two signals at 582.4 and 466.5 ppm that can be attributed to
oxygens in LaOs.*! Even at this temperature, the La and Al
components have not reacted. At 9%Da new signal at 170.2
ppm appears in thEO spectrum, while the signals representing

indicate that the aluminum propoxide has been hydrolyzed andthe Al and La units have both decreased considerably in
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intensity. At this temperature X-ray diffraction indicates the
presence of L#D; and LaAlGs in a 1:1 ratio, and therefore, the
170.2 ppm signal is attributed to LaAdO Summarizing, at
temperatures<950 °C 2’Al NMR only gives information on

the Al component of the system, and indicates that Al is present

in AlO4, AlOs, and AlGs coordinations. At 950C LaAlO3

has formed. Thé’0 NMR gives information on both the La
and Al components and indicates that at 460these elements
are presenseparatelyas (oxy)hydroxides, which at higher

temperatures slowly convert (partly) to oxides and eventually 2, 989

(at a temperature between 800 and 9% react to form
LaAlOs.
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