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rather than decrease as is observed.

A T,-T, annihilation mechanism also provides a basis for
describing the two distributions in the T, carotenoid population.
For T,-T, annihilation to be an effective T, decay route, the T,
molecules must be at or near van der Waals distances to each
other. This distance restriction would seem to prohibit T,-T,
annihilation with a T, carotenoid concentration of only 1 uM or
1% of the total carotenoid population. However, it must be
emphasized that the T, carotenoids are formed by singlet fission
as adjacent triplet pairs, at van der Waals distances, and anni-
hilation should simply be considered as the reverse reaction.
Triplet formation would then be described with a <6 ps time
constant and T,-T, annihilation described by an approximately
80-ps time constant. Competitive with T,~T, annihilation is rapid
triplet energy transfer (i.e., triplet diffusion) that results in the

separation of the triplet pairs from each other. These remaining
T, carotenoids are then located far enough from one another to
prevent T,-T, annihilation and, consequently, relax via the slower,
normal intersystem crossing mechanism. This interpretative model
remains speculative, and further experimentation is required to
more completely characterize the phenomenon.
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Abstract: Y MAS NMR spectra have been obtained from yttrium pyrochlores Y,.,L.n,M,0, (Ln = Ce, Pr, Nd, Sm, Eu,
Yb; M = Sn, Ti). Incorporation of the paramagnetic ions into the diamagnetic compounds was found to cause large reductions
in the #Y nuclear relaxation times enabling spectra to be accumulated in relatively short times in comparison to similar diamagnetic
systems. In addition to the resonances of the diamagnetic end-member compounds, Y,Sn,0; and Y,Ti;0, extra #Y resonances
were observed, due to the substitution of paramagnetic ions into the local coordination sphere surrounding an *Y nucleus.
The paramagnetic shifts were found to be proportional to the number of lanthanide ions substituted for yttrium in the first
coordination sphere; the intensities of the resonances could be used to determine the concentration of paramagnetic rare-earth
ions in the diamagnetic phase. The direction and magnitude of the shifts induced by the presence of paramagnetic ions suggest
that there could be a significant contribution from a dipolar mechanism.

High-resolution solid-state NMR, using a wide variety of
different nuclei, has proved to be of considerable value in studies
of a wide range of both crystalline and amorphous inorganic
materials. The many diverse applications have included the
elucidation of structure, dynamics, and reaction mechanisms.!
However, for many nuclei, despite their chemical importance, lack
of resolution, low sensitivity, and long relaxation times can restrict
the systems that can be studied and limit the information that
can be obtained. One approach to assist in the study of such
materials is to exploit some of the effects of incorporating para-
magnetic ions into solids. The use of low concentrations of iron
and manganese to reduce the relaxation times of 29Si nuclei in
glasses and cements is already established,* as is the use of copper
to reduce the recycle delays in the magic angle spinning (MAS)
NMR of biomolecules.* In general, however, paramagnetic ions
have, as yet, been little exploited in the solid state, despite their
widespread use as shift and relaxation probes in solution.*’
Paramagnetic lanthanides are particularly suitable for study since
they all, except Gd**, have short electron relaxation times®® and
hence may not always cause excessive broadening of resonances
in the NMR spectra. Indeed, it has recently become apparent
that it is possible to both obtain and interpret high-resolution NMR
spectra from solids containing paramagnetic lanthanides. In

*Chemical Crystallography Laboratory, University of Oxford.
t University of Warwick.
$ Inorganic Chemistry Laboratory, University of Oxford.

addition to 13C MAS NMR studies of lanthanide acetates,®!°
which are molecular structures, the applicability of MAS NMR
to the study of paramagnetic continuous solids has been demon-
strated,'2 particularly in probing local order in solid solutions.
The latter studies, which used '"%Sn, yielded a dramatic increase
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in the resolution of the different local environments and a decrease
in nuclear T relaxation times, compared with similar diamagnetic
systems. Copper(II) compounds have also been studied,'*!* and
the 'H MAS NMR spinning sidebands of copper(II) chloride
dihydrate have been interpreted in detail.'’

This paper is concerned with the study, using Y NMR, of
rare-earth-doped yttrium stannates and titanates (Y,Sn,0, and
Y,Ti,0,), and both extends and complements the previous !*Sn
work!™'? on lanthanide tin pyrochlores. These compounds have
recently been shown to be very effective catalysts for the oxidative
coupling of methane.!s The problems involved in obtaining ¥Y
NMR spectra, which result from the very long relaxation times
of this nucleus and poor sensitivity due to its low #, are severe,!
but the incorporation of paramagnetic ions into the systems studied
has proved to be extremely valuable. The compounds all adopt
the pyrochlore structure, with only one positional parameter, x,
which determines the position of one of the independent oxygen
atoms.!82  Ag x varies between 0.3125!8® and 0.375, the coor-
dination at the yttrium site becomes progressively less axially
distorted; when x = 0.375, the oxygen coordination around an
yttrium forms a perfect cube. The x parameters for Y,Sn,0, and
Y,Ti,0, are 0.338'% and 0.327,% respectively; thus, the yttrium
site in the titanate is more distorted from cubic symmetry than
the site in the stannate. Rare-earth cations can be doped into the
yttrium site in these compounds, the degree of substitution de-
pending on the similarity in jonic radii of the Y** and the dopant
ion. Although the pyrochlores Ce,Sn,0, and Ce,Ti,0, have not
been synthesized,'® the substitution of Ce** into the yttrium py-
rochlores was achieved in this study.

Experimental Section

Polycrystalline samples of the pyrochlores were prepared from stoi-
chiometric quantities of calcined rare-earth oxides and tin(IV) or tita-
nium(IV) oxides. These were ground together and fired in air at 1350
°C for 3-4 days. The cerium-doped samples were prepared slightly
differently, using Ce(NO;)3»6H,0 and firing in a N, atmosphere in order
to inhibit oxidation of Ce’* to Ce**. All the samples were characterized
by X-ray powder diffraction.

The MAS NMR spectra were collected on a Bruker MSL-360 spec-
trometer operating at 17.646 MHz for #Y. Magic angle spinning was
carried out with 7-mm double-bearing alumina rotors at spinning speeds
of approximately 3500 Hz. Long recycle times of typically 45 s, com-
bined with x/6 pulses, were used to obtain Y spectra from the dia-
magnetic pyrochlores; spectra with good signal to noise ratios required
approximately 200 scans. Spectra from the paramagnetic pyrochlores
were accumulated by using much shorter recycle times of 1-2 s, but
required a larger number of scans (900-2400) than used for the dia-
magnetic compounds. Preacquisition delays of 100 us, to eliminate probe
ring down, were used when acquiring all the spectra. Variable-temper-
ature NMR measurements were carried out by altering the temperature
of the bearing gas and allowing the temperature to equilibrate before
accumulating the spectra. The temperature of the bearing gas was
monitored as it left the stator block. Errors bars have been included in
the experimental results to account for any differences between the
measured temperature and the actual temperature of the sample.
Chemical shifts were referenced by using 1 M aqueous YCl; as an ex-
ternal standard. The spectra were processed with line broadening of
typically 25 and 70 Hz for the diamagnetic and paramagnetic com-

pounds, respectively.
Results and Discussion

1. %Y Spectra of the Yttrium Pyrochlores. The Y MAS
NMR spectra of Y,Sn,0, and Y,Ti,0, are presented in Figure
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P. D. J. Chem. Soc., Chem. Commun. 1989, 1667-1669.
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Figure 1. Y MAS NMR of the pyrochlores Y,Sn,0, and Y,Ti,0;
collected by using a recycle time of 45 s. Chemical shifts are quoted
relative to 1 M aqueous YCl;.

1; both samples give only one resonance, at +150 ppm for Y,Sn,0,
and +65 ppm for Y,Ti,0,, consistent with there being only one
crystallographically distinct yttrium site in each compound.!® Even
at fast spinning speeds, the greater chemical shift anisotropy at
the yttrium site in Y,Ti,O, is apparent from the intensities of the
spinning sidebands. Analysis of the sideband patterns? at slower
speeds gives values for the chemical shift tensors of 240 % 20, 210
£ 15,and 0 £ 10 (4, 8,, and 4,) for Y,Sn,0, and 275 £ 30, 260
%+ 20, and -340 % 50 for Y,Ti;0,. These chemical shift an-
isotropies are the largest so far reported in the Y NMR of
diamagnetic yttrates,'™# consistent with the large axial distortions
of the oxygen coordination polyhedra reported in these compounds,
the distortion being larger for the yttrium titanate than for the
stannate.

The %Y spectra of the samples Y,,Ndy;Sn;O, and
Y, ;Eu43Sn,0,, collected by using short recycle times of 2 s, are
presented in Figure 2; two resonances are observed in the spectrum
of the former and three in the spectrum of the latter. The res-
onance at +150 ppm, present in both spectra, is broader than the
resonance from Y,Sn,O, but at the same chemical shift (the widths
at half-height for this resonance are 110 Hz in Y,Sn,0, and 220
Hz in Y, ;Ndg3Sn,0,). The new peaks are downfield at +188
ppm in the Y, ;Nd;3Sn,0, spectrum and upfield at +71 and -8
ppm in the Y, ;Eu,;Sn,0, spectrum. When the spectra were
acquired by using longer recycle times, the intensity of the res-
onance at +150 ppm was seen to increase relative to the new
resonances in both cases. In these and the subsequent spectra,
the resonances occurring at the same chemical shift as the original
diamagnetic end-member compounds are labeled A; any new
resonances are labeled B-D, in order of chemical shift difference
from A. This is in line with the notation used previously.!!1? ¥y
spectra were collected from further samples of Y, ;Lng;Sn,0,,

(21) Herzfeld, J.; Berger, A. E. J. Chem. Phys. 1980, 73, 6021-6030.
(22) Thompson, A. R.; Oldfield, E. J. Chem. Soc., Chem. Commun. 1987,
647-648.
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Figure 2. Y MAS NMR of the samples of composition Y, sEu,;Sn,0,
(a) and Y, 3Ndy3;Sn,04 (b) collected with recycle times of 2 s. The
isotropic resonances are labeled A-C (see text); all the other peaks are
spinning sidebands.

Table I. Difference in Isotropic Chemical Shift between the Two
Resonances Labeled A and B in the Y MAS NMR of the
Rare-Earth-Doped Yttrium Pyrochlores Compared with the '*Sn
Chemical Shifts of the Lanthanide Stannates from ref 12 (at Room
Temperature)

11580 chem

89y shift diff, ppm shift of

ion Yz_,,Ln,Sn207 Yz_anxTizo7 ansn207,“ ppm

Y 0 0 0

Ce* 21 24 c

Pr¥* 82 65 -3670 £ 50
Nd** 38 65 -3580 £ 50
Sm3* b 5 +490

Eu¥* -79 -104 +5480 + 200
Ho** b b d

Tm3* b b +1780 = 400
Yb** -60 -66 -10 £ 50

4Relative to the 'Sn chemical shift of Y,Sn,O,. ?Only resonance
A was obtained. °Ce,Sn,0, does not exist. “No !'%Sn resonance was
detected for Ho,Sn,0,.

Ln = Ce, Pr, Sm, Ho, Tm, and Yb. Two peaks were again visible
in the spectra for Ln = Ce, Pr, and Yb, the peak B occurring at
+172, +232, and +90 ppm, respectively, and the peak A remaining
at +150 ppm in all cases. No resonances, other than the one at
+150 ppm (peak A), were visible in the spectra from the
Y, ,Smg 38n,0,, Y, ;Ho,38n,0,, and Y, ;Tmg3Sn,0, samples.

Spectra from the titanium pyrochlore solid solutions,
Y, 4Pry, Ti;O4 and Y, ;Nd,3Ti;04, collected with a recycle time
of 1s, are presented in Figure 3a and b. Three resonances are
visible in the spectrum of the former (labeled A-C) and four
resonances (labeled A-D) can be seen in the spectrum of the latter.
The shift differences between peaks A and B, B and C, and C
and D are equal for each individual solid solution. Figure 3¢ shows
the spectrum of the Y, ¢Prq,Ti,O, sample collected by use of a
longer recycle time. The intensity of peak A is seen to increase

Grey et al.

(a)

Ty

(b)

iJ
g.

©

i

\\\ ATV ALY T

“w 200 ° -200

ppm
Figure 3. Y MAS NMR of the samples of composition Y, sNdg;Ti,;O,
(a) and Y,4Prg;Ti;O; (b) collected with recycle times of 1 s. The
spectrum from the latter sample was also collected by using a longer
recycle time of 45 s (c). Greater line broadening has been applied when
processing this spectrum due to the poorer signal to noise ratio obtained,
compared with spectra in a and b. The isotropic resonances are labeled
and shaded; all the other peaks are spinning sidebands.

relative to peaks B and C as the recycle time is increased, implying
that peaks B-D have much shorter spin-lattice (7)) relaxation
times than peak A. Three resonances A-C, are observed in spectra
collected by using short recycle times from Y, ¢Yb,, Ti,O; (not
shown here) and Y, yEu,,Ti,0,, while only two resonances are
observed in the spectra from Y, ¢Smy,Ti,O5 and Y, ¢Ceq,Ti,0,
samples. Figure 4 shows the spectrum of Y, gEu,,Ti,O, collected
with a long recycle time; the third resonance C is now not visible
above the noise. The values of the differences in chemical shift
between peak A and peak B for all the samples are collated in
Table I, and it should be noted that the shifts observed in the
spectra of the titanates, for a particular lanthanide dopant, are
generally larger than for those for the stannates. No resonances,
apart from A, were visible for spectra collected from samples of
Y, ,Ho,Ti,;O; and Y, ,Tm,Ti,O,, despite use of a variety of
diff{erent dopant concentrations (from y = 0.01-0.2).

The above spectra can be rationalized in a similar way to the
119Sn spectra obtained from the solid solutions of Y,,Sm,Sn,0,'"1?
and result from substitution of a paramagnetic ion for yttrium
in the local coordination surrounding the central Y nucleus. This
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Figure 4. Spectrum from a sample of composition Y, ¢Eug;Ti;O5 col-
lected with a recycle time of 60 s. A and B are the isotropic resonances;
a and b are their spinning sidebands.

Figure 8. Coordination around an yttrium atom in Y,M,0, (M = Sn,
Ti). 8 is the angle between the C; symmetry axis at the Y site and the
internuclear axis joining this site with a next nearest Y atom.

causes both a shift in the ¥Y resonance from the chemical shift
of the diamagnetic end member and a decrease in the spin-lattice
relaxation time (7). Referring to Figure 5, an yttrium atom is
seen to be coordinated to six equivalent yttriums through Y-O-Y
bonds in the diamagnetic end member. Hence, peak B results
from the yttrium local environment Y(OY)s(OLn), where Ln is
a paramagnetic ion, peak C from Y(OY),(OLn),, etc. Since peaks
A-D are equally spaced, the ¥Y shift on substituting a para-
magnetic ion into the local coordination of an yttrium atom is
additive. Resonances resulting from Y environments Y-
(OY)¢-.(OLn), where x > 3 were not observed, presumably due
to the limited concentrations of paramagnetic ions doped into the
Y,M,0, phase.

The above interpretation of the shifts suggests that the com-
positions of solid solutions can be obtained from their Y spectra;
this was explored in detail in this work for two samples. It proved
possible to calculate the actual composition of the sample of
notional stoichiometry Y, ¢Euy,Ti,O4, by using the relative in-
tensities of the resonances A—C. The ratio of resonances A and
B was obtained from a spectrum collected by using a long recycle
time (Figure 4), while the ratio of resonances B and C was ob-
tained from a spectrum collected with a recycle delay of 4 s, in
which only peak A was saturated. Relative intensities of
73.3:23.2:3.43 for A:B:C, including intensities of their respective
spinning sidebands, were obtained and these gave a composition
of Y, 99Euq10Ti,04. As this corresponds to the bulk composition
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Figure 6. Temperature dependences of the shifts caused by the para-

magnetic ions, in the three samples Y, ;Ndg38n;,0;, Y, 7Ndy;3Ti,05, and

Y,oPro,Ti;O;. The isotropic chemical shift of resonance A was found

to vary slightly with temperature, hence the log of the shift from reso-

nance A to B is plotted against —log temperature (in Kelvin)].

of the sample, a solid solution of Eu,Ti,0, in Y,Ti,0, is present
for y = 0.1. The calculation was repeated for the sample of
composition Y, ;Eu,3;Sn,0,. Intensities of 67.4:28.2:4.43 for
A:B:C, obtained by a similar method as employed above, indicated
a solid solution limit of composition Y, gsEu, ,28n,0,. It was clear
from the X-ray powder pattern that the remaining Eu’* was
present in the form of Eu,Sn,0, and a very small amount of
EUZO3.

The difference in chemical shift between resonances A and B,
which was investigated in three of the samples, increased sub-
stantially with reduction in temperature. The shifts observed in
the sample Y,,Nd,3Sn,0, have a temperature dependence of
approximately 7 in the temperature range 200~370 K (Figure
6). However, the shifts in the samples Y, ;Ndg3Ti,0; and
Y, oPro, Ti,O, are closer to a T~ dependence over a similar range
of temperatures (approximately T-1° and 778, respectively).

2. Origin of the Shifts. The shifts in the ¥Y MAS NMR
spectra produced on substituting a paramagnetic lanthanide ion
into the first coordination sphere around an yttrium atom can be
compared with the shifts obtained in the 1Sn MAS NMR spectra
of the paramagnetic stannates, Ln,Sn,0O,, (Table I). The #Y shifts
are approximately an order of magnitude smaller for each lan-
thanide than those of 1'%Sn. Furthermore, the shifts in the Y
and "'%Sn spectra, except those from the ytterbium and samarium
samples, are in opposite directions.

There are two dominant shift mechanisms, apart from the
“normal” isotropic chemical shift, that contribute to the isotropic
chemical shift of a paramagnetic compound.®’ Delocalization
of unpaired electron spin density gives rise to a through bond or
Fermi contact shift, while anisotropy in the magnetic susceptibility
of the paramagnetic ion can result in a through space, dipolar (or
“pseudocontact”) shift. That the observed shifts are additive
depending on the number of next nearest neighbors is consistent
with both mechanisms, since an yttrium atom is surrounded by
six equivalent yttrium atoms.

The change in the effective magnetic field AH at the NMR

nucleus due to the Fermi interaction with the unpaired f electrons
ig23
is

AH = a,(S,)/vh

where v is the gyromagnetic ratio (negative for both **Sn and
Y nuclei), a, the electron-nucleus hyperfine coupling constant,
and (S,) the expectation value of the z component of the rare-earth
spin. Values for (S,) have been calculated for the Ln3* ions by
Golding and Halton.#* The ''%Sn NMR shifts have already been

(23) Carrington, A,; McLachlan, A. D. Introduction to Magnetic Reso-
nance; Harper and Row, Inc.: New York, 1967; p 222.
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Table II. Relative Pseudocontact Shifts for Different Lanthanides,®
Together with Crystal Field Parameters Obtained from Massbauer
Data?

predicted
pseudocontact
rel shift,* ppm
pseudocontact A, em™ Y,..Lne Y,..Ln.
ion shift ansn207 anTi207 Sn207 Ti207
Y3+ 0 0 0
Ce¥* -6 71 130
Pri* -11 130 230
Nd3* -4.2 50 89
Sm? -0.7 8 15
Eud* 4.0 711 1530 -47 -85
Gd3+ 0.0 1020 1410
Dy* -100 1340
Ho®* -39 460 820
Tm3* 53 -630 -1120
Yb* 22 -260 -470

¢See text. ®These have been used to estimate the magnitude of the
pseudocontact shift. ¢The predicted shift on substituting one para-
magnetic ion into the local coordination sphere of an yttrium.

shown to be dominated by a Fermi contact mechanism!! and were
approximately (except that of Yb,Sn,0,)%® proportional to the
relative values of (S,). The values for a, are, however, likely to
be smaller for ¥Y than for 11%Sn due to the more ionic nature of
Y3* compared with Sn**. This is therefore consistent with the
much smaller shifts observed in the 8°Y spectra. For a contact
mechanism to dominate, however, would require, at least for the
Pr3*, Nd**, and Eu®* compounds, that a, has an opposite sign
at Y than at "%Sn, although both yttrium and tin atoms are
separated by the same number of atoms from the paramagnetic
ion.

Given the smaller shifts for Y compared with !'°Sn, and noting
that the pseudocontact shift will make a similar contribution to
each one, the pseudocontact shift will be a relatively more im-
portant term for Y. The pseudocontact shift for a lanthanide
ion is given by?

—g8Y( + 1)(2] - 1)(2J + 3)F
B 60(kT)2r3

where g is the Landé g factor, r the Ln-N distance (N is the
resonating nucleus), and F the angular factor. F, for a system
with axial symmetry at the lanthanide site, which is the case for
a cubic pyrochlore where the lanthanide site symmetry is Dy, can
be written as

F = A%r*)(3 cos? © - 1){J}lallJ) (i)

where © is the angle between the principal magnetic axis of
symmetry at the lanthanide site and the Ln—N internuclear vector,
(J|J|J) a numerical coefficient, and A43(r?) is a crystal field
parameter at the Ln site, which for the pyrochlore structure is
positive in sign.2

The first column of Table II gives the relative values of J(J
+ 1)Q2J - 1)(2J + 3){(J}|all/)W, where W is an additional
multiplication factor, which incorporates extra terms that should
be added to eq ii to take into account the mixing in of higher
states,?” particularly important for the ions Sm** and Eu*. The
angle 4 that is likely to be applicable to substitution of a para-
magnetic ion into the local coordination sphere of an yttrium atom

Tp

@)
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in the pyrochlore structure is marked in Figure 5; its value can
easily be calculated and equals cos™ (2/3)"/2 (35.3°). Hence (3
cos? - 1) = +1.0. Using the values from Table II and taking
3cos?8-1=+1.0 and 43(r?) as positive, the predicted direction
of the pseudocontact shift can be seen to be in accord with the
direction of the experimentally observed shifts. A pseudocontact
mechanism predicts shifts for Pr3*-, Nd**-, and Sm3*-doped
pyrochlores to be in the same direction, consistent with the ex-
perimentally observed shifts in the %Y spectra but not with those
in the ''"Sn NMR.

The titanium pyrochlores will have larger values for 43(r2)
compared to those in the tin analogues, as a consequence of their
smaller unit cells volumes and to a lesser extent their larger axial
distortions at the yttrium site.2* This is in agreement with the
generally greater shifts observed in the titanates. An estimate
of the absolute magnitude of the pseudocontact shift may be made
using values of 43(r?) calculated from Méssbauer data, since the
rare-earth titanium and tin pyrochlores Ln,M,0, (Ln = Eu, Gd,
Dy) have been studied with the !5'Eu, *Eu, **Gd, %¢Gd and
181Dy isotopes,®! and the electric field gradients (EFGs) at the
rare-earth sites have been measured in these particular compounds.
The EFGs can then be used to calculate the value of the crystal
field parameter, ¥'%,2' which is related to the crystal field parameter
A3(r?) by the following expression:

M = (1 - a))A¥(r?)

The values of ¢, an experimentally fitted factor, have been es-
timated for the lanthanide ions Eu?*, Gd**, and Dy** to be 0.78,
0.81, and 0.78, respectively.?® The values of 43(r2) calculated
by using these values are presented in Table II. In order to
estimate the theoretical magnitude of the pseudocontact shift, the
average value of 43(r?) within the stannate and titanate series
was used, i.e., 865.2 cm™ for the Y,_,Ln,Sn,0, and 1424 cm™
for the Y, ,Ln Ti;O, solid solutions. The values for 7, the Ln-N
distance, employed are those in the end-member compounds
Y,Sn,0; and Y,Ti;0,, and are 3.667 and 3.569 A, respectively;19%
the values calculated are given in Table II.

It is impressive that the predicted values of pseudocontact shifts
are of the same order of magnitude as the experimental shifts
themselves, especially since the value of 43(r?) used in the cal-
culations is likely to differ considerably from the real value of
A3(r,) in the yttrium sites in doped Y,Ti;O, and Y,Sn,0,.

It is clear from these predicted shifts that the pseudocontact
shift will be an important term for #Y, unlike !*Sn, and cannot
be neglected. There are, however, at least three major reasons
for the differences between the experimentally observed shifts and
the predicted “pseudocontact™ values. Firstly, there will be a
contact term that is difficult to estimate and has not been taken
into account. Another important factor is that the values of 43(r2)
will differ from the values used to calculate the theoretical shifts,
and the assumption that 43(72) is independent of the dopant ion
(i.e., the oxygen coordination does not relax as a dopant ion is
introduced) will certainly not be valid. The x parameter for the
lanthanide pyrochlores increases (albeit rather erratically) as the
lanthanide ionic radius decreases,'S resulting in a less distorted
oxygen coordination around the lanthanide. Thus, assuming that
the pyrochlore structure relaxes on doping with different cations,
a dopant Yb** ion will have a smaller axial distortion than a Pr3*
ion and therefore should have a smaller value for 43(#2). Finally,
the theory developed by Bleaney?’ will not hold completely in the
systems studied here, where the condition implicit in its derivation,

(24) (a) Golding, R. M.; Halton, M. P. Aust. J. Chem. 1972, 25,
2577-2581. (b) The Fermi contact involves polarization of the 5f and 6s
orbitals of the lanthanide? ions and back-donation of the ligand electron
density; however, in compounds containing Yb3* (and to a lesser extent Tm**)
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involving direct interaction with the lanthanide 4f orbitals. The discrepancy
in the ytterbium result may be due to an increased contribution of the latter
mechanism (C.P.G., CM.D,, and A.K.C,, unpublished results).
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R. H., Eds.; Academic Press: New York, 1968; p 103.
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i.e., that the splittings of the ground-state terms are much smaller
than k7, is not fulfilled. This would explain why the comparison
between the experimental and predicted values for the shifts agree
somewhat more closely for the stannate rather than the titanate
samples since the ground-state splittings are likely to be larger
for the latter. The temperature dependence of the observed shifts
are in accord with this last suggestion; Bleaney’s equation for the
pseudocontact shift predicts a 72 dependence that is close to that
observed in the sample Y, ,;Nd;3Sn,0,, while the temperature
dependence of the two titanates deviate considerably from this
expectation. A contact shift mechanism predicts a T-! depen-
dence.?* However, the separation of the two shift mechanisms
on the basis of their different temperature dependences has proved
extremely difficult in solution NMR, since in practice the magnetic
anisotropy and therefore the pseudocontact shift deviates con-
siderably from a linear 7-2 dependence. A more detailed
prediction of the shifts and temperature dependences should take
into account the relative populations of the ground-state levels.

One of the reasons for the broadness of the resonances of the
doped samples, in comparison to pure materials, and their slight
asymmetry (more clearly visible in spectra with less line broad-
ening applied) is probably the presence of other smaller resonances
obscured underneath the main resonance, resulting from yttrium
local environments where a Ln** ion is substituted into a more
distant coordination sphere. That little change in sideband in-
tensity is observed on doping lanthanides into the local coordination
sphere is consistent with calculations of the magnitude of the
dipolar coupling between the electron and nuclear moments*? and
will be discussed elsewhere.

Finally, it is likely that additional resonances, other than peak
A, are not visible in the spectrum of Y, ;Sm; ;Sn,0, because the
shifts would be too small to be resolved. New resonances were
not resolved in samples containing Ho** and Tm?* where the
magnitude of both the pseudocontact and contact shift are pre-
dicted to be large. It may be that any new resonances are too
broad to be visible, as it is difficult, with simple one-pulse ex-
periments, to observe very broad peaks since a long preacquisition
delay was used to avoid problems resulting from ringing of the
probe.

Conclusions

This paper has shown that %Y spectra can be obtained from
diamagnetic solids doped with paramagnetic lanthanide ions. The
relaxation times of Y allowed the use of short recycle delay times
for compounds containing paramagnetic ions, enabling the spectra
to be accumulated more rapidly than for diamagnetic compounds.

(32) Horrocks, D. DeW., Jr. J. Magn. Reson. 1977, 26, 333-339.
(33) Grey, C. P.; Brough, A. R,; Dobson, C. M., unpublished results.
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This result is particularly important for / = !/, nuclei such as ¥Y
where the very long relaxation times observed in diamagnetic
compounds will restrict the use of Y MAS NMR.

Furthermore, changes in the local environment as yttrium jons
are replaced by paramagnetic ions can easily be detected, each
substitution of a paramagnetic ion into the first coordination sphere
of the Y atom producing a large additive shift. Since the re-
laxation times of nuclei close to paramagnetic ions are greatly
reduced, the detection of these nuclei, which were often present
in concentrations of less than 0.5% in the solid, became possible.
The differing local environments could not have been distinguished
by such techniques as X-ray diffraction. In addition, the com-
position of the limiting solid solutions, which were estimated from
peak intensities, would have been difficult to obtain with com-
parable precision with diffraction methods. In the cerium-doped
samples, the substitution of Ce** into the pyrochlore lattice was
also confirmed.

The shifts in the 3%Y spectra caused by the paramagnetic ions
appear to have large contributions from a dipolar mechanism and
are close to those predicted by Bleaney's equation,?? at least at
room temperature. This is in contrast to the shifts observed in
the 1%Sn NMR of the lanthanide stannates Ln,Sn,0,, but is
chemically reasonable in view of the nature of the Y-O and Sn—-O
bonds. Had ®°Y spectra been obtained from samples containing
Ho**, this would, were a shift obtained in the direction opposite
to that observed in the Eu’* and Yb3* samples, have given con-
vincing proof of a dominant pseudocontact mechanism. Further
work is, therefore, required to separate more clearly the contri-
butions from the through-bond and through-space interactions,
but if this is possible, the geometric dependence of the pseudo-
contact shift should be of substantial value in structural studies
of these and related materials. Since rare-earth-doped yttrates
have well-established uses, for example, in the laser and phosphor
industries, 3% it is hoped this study may be the basis of a method
for probing rare-earth distributions and environments in a wide
range of important yttrium-containing compounds.
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