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Quadrupolar splittings of the Li? nuclear magnetic resonance have been detected and measured in powders
of LiOH, LiOH-H,0, LiNOj;, LiNO;-3H,0, LiIO;, LisPO,, LisTiOs, and LisZrOs. The theoretical powder
pattern for a nonvanishing asymmetry parameter, n, has been checked by observations in spodumene,
LiAl(SiO3),, and applied in the analysis of several of the observed spectra. It was found necessary to shorten
the Li7 spin-lattice relaxation time, T';, in most of the compounds before successful measurements could be

made.

I. INTRODUCTION

HE splitting of nuclear magnetic dipole resonances
by quadrupole interactions has been studied in
many compounds’-? since the investigations by Pound.?
Little work has been done on lithium resonances, how-
ever, other than the investigations of Li,SO4-H,0 and
Li;CO3 by Pound,? a study of spodumene,* and recent
work?® on the still unsettled! structure of lithium sulfate.
The studies have been made unattractive by the long
relaxation time exhibited? by the Li” nuclear spin system
in many compounds and by the lack of single crystals
(e.g., LINOj;; see reference 3).

The present work is an investigation of lithium-
containing powders in which the spin-lattice relaxation
time has been lowered by gamma irradiation® where
necessary. A successful check of the theory for first-
order quadrupolar splittings when the asymmetry
parameter is not zero is reported, and the theory and
experimental results are used to deduce probable local
configurations around the lithium atoms in unknown
crystal structures.

II. THEORY
A. Line Shape in Powders

The general theory of quadrupole effects in nuclear
magnetic resonance is readily available’~* in the litera-
ture. Hence, we confine ourselves to remarks which are
of special pertinence to the study reported in this paper.

The quadrupole coupling constant of Li” in solids
would be predicted as small because (a) the quadrupole
moment of the Li” nucleus is relatively small (|Q|=0.10
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barn?); (b) the Sternheimer!'8 factor v,, is negative® for
Li’, leading to a small shielding of the field gradient
from charges external to the lithium ion; and (c) the
bonding is normally ionic. If the coupling constant is
sufficiently small, quadrupolar splittings of the Li’
nuclear magnetic-dipole resonance should be observable
in powders and an analysis involving first-order effects
of the coupling constant should be sufficient.

The line shape for the nuclear magnetic resonance
with first-order quadrupole splitting and vanishing
asymmetry parameter in a powder sample has been
developed by Pound.? The characteristic shape for spin
I=% without dipolar broadening is displayed in Fig. 1.
(The large m=3—m= —% response at v, is omitted in
Figs. 1 and 2.) The coupling constant is given by

e*qQ/h=4Av.. (1)

It is theoretically possible to obtain measurements of
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POWDER PATTERN }7 =0

F16. 1. The theoretical powder line shape for a nuclear spin of
2 and a vanishing asymmetry parameter 5. Dipolar broadening
effects are not shown and the large m=%4—m=—% response
(unaffected in first order by quadrupolar effects) is omitted.

7 This value is based on a calculation by Dr. Richard Bersohn of
the electric field gradient at the lithium position in LiNO; and the
value of 39.2 kc/sec reported in this paper for the Li” coupling
constant in that compound. We wish to thank Dr. Bersohn for
this communication.
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NUCLEAR QUADRUPOLE COUPLING

two frequency increments, A»; and Aw,, but Aw, has
never been observed. Fortunately, a measurement of
Av, is sufficient to determine the coupling constant.

The powder line shape for a nonvanishing asymmetry
parameter is given by Cohen and Reif! and is displayed
in Fig. 2 for I=3%. It is based on the solution of
Bloembergen and Rowland10 for the theoretical line
shape due to anisotropy of the Knight shift in a
polycrystalline powder of a conductor with less than
axial symmetry. The coupling constant e%9Q/% and
asymmetry parameter 5 are given by

EZQQ/}Z= 2 (AV1+AV2), (2)
1= (Ave— Ar1)/ (Ave+Avy). 3)

The number of experimentally observable responses
when 77%0 depends on the size of . It is convenient to
consider three ranges of 7:

(a) 7<1. The pattern is that of Fig. 1 for n=0 except
for some splitting of Ar; (Fig. 1) into Ay; and A,
(Fig. 2) and consequent probable broadening of the
peak in this region. The responses at »o==Avs will be
unobservable.

(b) 7 almost unity. The divergence at o= A, of Fig. 2
moves to »o and Ave~Ap;. A three-response pattern
similar to the =0 case is observed but the satellite
intensity is considerably reduced.

(c) 7 has an intermediate value. 7 and ¢?qQ/% can be
evaluated from Egs. (2) and (3). The responses at
vo=Av; are probably not observable (Fig. 2).

B. Spin-Lattice Relaxation Time

It has been shown by Pound® that the spin-lattice
relaxation time is determined by electrical quadrupole
interaction in cases of nuclei displaying sufficiently large
coupling constants. The expected and measured coupling
constants for Li7 are small, however, and the relaxation
times may be long. Pound?® found this to be the case in
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F16. 2. The theoretical powder line shape for a nuclear spin of §
and 7>0. Dipolar broadening effects are not shown and the large
m=%—m=—}% response (unaffected in first order by quadrupolar
effects) is omitted.

10 N. Bloembergen and T. J. Rowland, Acta Met. 1, 731 (1953).
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F1c. 3. The Li” resonance in powdered spodumene, LiAl(Si03)s,
in a magnetic field of 8500 gauss. The recorded signal in this and all
subsequent figures is the derivative of the absorption line.

LiNOs;, where only a transient response was observed
during a traversal of the resonance frequency region.
The same saturation condition was found in several of
the compounds reported in this paper. In cases such as
this, the introduction of paramagnetic impurities can
reduce Ty sufficiently torender the resonance observable.

III. EXPERIMENTAL METHOD
A. Equipment

The radio-frequency spectrometer employed was a
Pound-Watkins recording type purchased from the
Nuclear Magnetics Corporation and modified to yield
greatly increased signal-to-noise ratios. Two magnets
were used : a permanent magnet with six-inch diameter
pole faces, a gap of one and a half inches, and a nominal
field of 5250 gauss from the Indiana Steel Products
Company ; and a Varian Model V-4007 six-inch electro-
magnet and V-2200 power supply.

The quadrupolar splittings were measured by super-
posing 10-kc/sec markers from a General Radio Unit
Crystal Oscillator (Type No. 1213 AB) on the recording
of the resonance.

B. Procedure

In order to check the validity and applicability of the
powder pattern theory for 70, a natural crystal of
spodumene, LiAl(SiO3)., was ground into a fine powder.
The recorded resonance! is shown in Fig. 3. The

LA previous effort to find the Li” quadrupolar splittings in

polycrystalline spodumene was not successful. See the communica-
tion from R. M. Cotts and W. D. Knight quoted in reference 1.
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Fi1G. 4. The Li” resonance in LiOH powder in a magnetic field of
5250 gauss. The sample was not v irradiated and the lowest
available radio-frequency power was employed.

satellite responses are much smaller in intensity relative
to the central line than the splittings in LiOH (Fig. 5)
which is known to be a case of y=0. Hence, 5 is non-
vanishing and the fact that a three-response pattern is
observed indicates 7 to be large, causing the divergences
at »o==Ay; to be in the central line and the outer peaks
(voz=Avs and vo=£Avs) to coincide. Upon using the data
of Volkoff, Petch, and Smellie* for Li” in spodumene,
e*qQ/h="15.740.5 kc/sec and 7=0.79+0.01, the Ay
values should be

Avy=(eQ/h)3(1—1)=3.9740.22 kc/sec, (4)
Avy=(e2qQ/h)F(1+n)=33.84-0.4 kc/sec, ©)

and
Avy=131(e*qQ/h) = 37.85+40.25 kc/sec. (6)

The small difference of 4 kc/sec between Av, and Ay is
insufficient to resolve the outer peaks when the effects
of dipolar broadening are considered. Experimentally,
the maximum derivative in the unresolved peak occurs
at Ay=34.94-2 kc/sec. This value lies between the
calculated values of Ay, and Av; [Egs. (5) and (6)] as
expected.

The central line in Fig. 3 has been broadened by the
modulation necessary to reveal the satellites. Smaller
modulation yields a maximum positive derivative to
maximum. negative derivative separation of 3.840.4
ke/sec for this central response. Thus the divergences at
vo==Av; lie within the central line and are unobservable
because of dipolar broadening and their relatively small
intensity in comparison to the response at »,.

Most of the compounds studied exhibited a long T
which causes saturation of the resonance as in the case?
of LiNOs;. In order to decrease T, the samples were
irradiated with gamma rays from the Co® source at
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Rensselaer Polytechnic Institute,'? the dosage being
6X 107 roentgens. The effectiveness in decreasing T'; and
hence the saturation can be seen by comparing the Li’
resonance in LiOH before irradiation (Fig. 4) with the
resonance in the irradiated sample (Fig. 5). In the case
of LiNOjs, the resonance still saturates in the irradiated
sample (as can be seen from the recorder trace in Fig. 7).
The line is in the process of saturating as the resonance
is being recorded so that the central line appears quite
asymmetric. However, the reduction in saturation was
sufficient to permit determination of the quadrupolar
splittings.

IV. RESULTS AND DISCUSSION

A summary of data for the compounds which have
been studied is given in Table I. A possible error of

F1c. 5. The Li7 reso-
nance in LiOH powder
in a magnetic field of
5250 gauss. This and all
subsequent figures (ex-
cept Figs. 11 and 12) are
for samples which have
received 60 megaroent-
gens of Co® gamma
irradiation.

+109, should be ascribed to each coupling constant in
those cases where the asymmetry parameter is known to
vanish. This is larger than the measurement error and
takes into consideration the fact that the frequency at
maximum slope in the experimental absorption curve
does not occur at exactly the edge or divergence fre-
quency because of the dipolar effects. Larger uncer-
tainties are inherent in those cases for which % is not
known to vanish.

LiOH

The structure of LiOH is tetragonal.®® The principal
axes of the electric field-gradient tensor coincide with
the crystal axes since there are two perpendicular planes

12 We are indebted to Dr. Dwight Wilson of Rensselaer Poly-
technic Institute for the use of their facility.
13 Th. Ernst, Z. physik. Chem. (Leipzig) 20B, 65 (1933).
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of symmetry defined by the ¢ and b axes and the cand ¢
axes. It is not apparent that the asymmetry parameter
vanishes since the local environment of the lithium
atoms displays only twofold rotational symmetry. How-
ever, a 90° rotation about the ¢ axis plus a reflection
through the ¢— b plane leaves the crystal unchanged, so
that =0. The coupling constant is given by Eq. (1) and
the measured splitting.

LiOH-H:0

The structure of LIOH - HyO is monoclinic." The local
environment of the lithium atoms is an irregular
tetrahedron formed by two water molecules and two
hydroxyl groups. A nonvanishing asymmetry parameter
would be expected. If the observed line (Fig. 6) is
compared with the line for LiOH (Fig. 5) run under
identical conditions, there are indications of an addi-
tional response between each outermost satellite and the
central peak. This cannot be explained by dipolar effects

TaBLE I. Summary of data.

Measured Coupling constant Asymmetry
splitting e2qQ/h parameter
Compound (ke/sec) (kc/sec) 7
LiOH 27.5 110 0
LiOH-H,0 %8 ~84 ~0.3
~14
LiNOs 9.80 39.2 0
LiNO;-3H;0 9.85 ~39.4 ~0
LiIO; 11.3 45.2 0
Li,POs 324 ~91.6 ~0.42
13.4
Li,TiOs 22.9 ~70.4 ~0.29
12.3
LiyZrO; 27.0 108 0
16.4 65.6 0
LizC204 None
Li,SiO; None
LiBH, None

since the central line is more narrow in the hydrated
compound. It appears reasonable to identify the outer
satellite frequencies with »o3=Av, and the inner satellites
with »o==Aw;. The estimated values (Table I) of ¢2¢Q/%
and 7 are obtained with the very approximate relation
Av;=%}Av; obtained from inspection of Fig. 6.

LiNO;

The hexagonal crystal structure'® of LiNOj; is iso-
morphic with that of NaNOj, the metal ions residing on
an axis of threefold rotational symmetry. Pound® has
confirmed that =0 from a study of the quadrupolar
splitting of the Na® resonance in a single crystal of
NaNOj;. Equation (1) and the observed splitting (Fig. 7)
yield the coupling constant in LiNOs.

The quadrupolar splitting for LiNOs- 3H,0, discussed
in the next section, is practically the same as in LiNOs.

14 R, Pepinsky, Z. Krist. 102, 119 (1939).

18 R, W. Wyckoff, Crystal Siructures (Interscience Publishers,
Inc., New York, 1948).
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F16. 6. The Li? reso-
nance in LiOH-H,0
powder.

R

Since the latter compound is quite deliquescentfand
could take up enough water to form LiNOj3-3H:0, the
purported LiNO; sample was baked at 90°C for three
days. This treatment should have removed any water
originally present. Subsequent investigations of the
baked sample showed no change from the line shape first
observed (Fig. 7).

LiNO;-3H,0

The splittings (Fig. 8) in this compound are, within
the limits of experimental error, equal to the splittings
in LiNO;. Precautions undertaken to insure that the

F16. 7. The Li’resonance
in LiNO3 powder.




628 J.

F1c. 8. The Li? reso-
nance in LiNO;-3H0
powder.

LiNOj; sample was not in fact LINO;-3H,0 were given
in the previous section. There remains the possibility
that the LiNO;-3H.O sample was actually LiNOs.
Saturation behavior was quite different in the two
samples, however, the hydrated material displaying a
shorter spin-lattice relaxation time 7';. This is consistent
with the expected influence of the large proton magnetic
moments. However, the comparison of saturation be-
havior was made after irradiation. The possibility exists
that the different 7T; values arise from a difference of
radiation damage in the two compounds. It is also
possible that inclusion of water of hydration in the
structure opens up the lattice, allowing more impurities
to be present.

F16. 9. The Li’resonance
in LiIO; powder.
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The structure of LiNOj;-3H;O is apparently not
known. From comparison of the observed line shape
(Fig. 8) for the compound, with the lines in LiOH
(Fig. 5), LINO; (Fig. 7), and LiIO; (Fig. 9), all of which
have n=0, it is probable that 7 is zero or very small in
LiNO;-3H,0. Perhaps the three waters of hydration
arrange themselves in threefold symmetry with respect
to the lithium sites.

LiIO;

The structure'® of LiIO; displays threefold rotational
symmetry about an axis through the lithium site. Hence
n=0 and the observed splitting (Fig. 9) yields the
coupling constant directly [Eq. (1)].

Though the LiIO; and LiNOj; structures are similar,
the spin-lattice relaxation time is so much shorter in the

F16. 10. The Li” resonance in LisPO4 powder.

former than in the latter that the Li’ line can be
observed without benefit of gamma irradiation. The
signal-to-noise ratio is increased by a factor of 3 or 4,
however, if the sample is irradiated. The response shown
in Fig. 9 is from a specimen which received the same
gamma dosage as the LINO; sample of Fig. 7. It is clear
that LiIO3 again shows much smaller saturation effects.

At least two explanations can be advanced for the
shorter Li” spin-lattice relaxation time in the iodate. The
magnetic moment of I'?7 is almost seven times as large
as that of N, This should greatly increase the influence
of spin-spin interactions!” on T';. It is also the case that
the quadrupole moment and antishielding factor° of

16 W. H. Zachariasen and F. A. Barta, Phys. Rev. 37, 1626

(1931).
17 Bloembergen, Purcell, and Pound, Phys. Rev. 73, 679 (1948).
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Fic. 11. The Li7
resonance in Li,TiO;
powder. The sample
was not v irradiated.

I'*7 are much larger than the corresponding values for
N, The I'*" spins are then coupled strongly to the
lattice by quadrupolar interaction and can relax into the
lattice energy transmitted from the Li” spins by spin-
spin interaction.

Li;PO,

Two pairs of satellites are observed in the nuclear
magnetic resonance of this compound (Fig. 10). Either
there is one Li position with 720, or there are two
inequivalent Li positions. The structure of the com-
pound has not been determined. However, comparison
of the intensity of the satellite responses with that of the
central line indicates that this is a case of %0. The
values of €2¢Q/h and 5 given in Table I are calculated on
this basis.

Li,TiO;

Both ordered and disordered structures have been
reported!®for this compound. The presence of observable
satellites indicates that the sample is predominantly of
the ordered form. This is in agreement with a powder-
pattern x-ray picture’® which indicates an ordered
structure with perhaps a small amount of the disordered
material as well.

18 F, Barblan, Schweiz. mineral. petrog. Mitt. 23, 295 (1943);
Barblan, Brandenberger, and Niggli, Helv. Chim. Acta 27, 88

(1944).
1 We are indebted to Dr. Virginia Ross for this information.
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Fic. 12. The Li7
resonance in LiyZrO;
powder. The sample
was not + irradiated.

As in the case of LizPOy, consideration of the intensity
ratios (Fig. 11) leads to a tentative conclusion that the
effects of 7520 are being observed. The values of ¢%¢Q/%
and 7 given in Table I are obtained with this as-
sumption.

LingO,o,

The structure of lithium zirconate is apparently unde-
termined. It would appear from the intensity of the
satellites (Fig. 12) that there are two inequivalent Li
lattice sites with a quite small or vanishing asymmetry
parameter. The x-ray powder pattern® confirms this
evidence that the structures of Li»ZO; and Li,TiO; are
different.

Li,C,0,, Li,SiO3, LiBH,

Finally, we list three compounds whose over-all
crystal symmetry is lower than cubic and which would,
therefore, be expected to exhibit satellites—but did not.
In view of the success in finding satellites in spodumene,
we might conclude that though the over-all symmetry
of the lattice is lower than cubic, the local environment
of the Li site is cubic and the field gradient is zero at the
Li nucleus.

In the case of LiBH,, the line is extremely broad and
small splittings would not be observable. The line
breadth presumably arises from the large magnetic
moments of the hydrogen nuclei.
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Fic. 11. The Li7
resonance in LiyTiO,
powder. The sample
was not v irradiated.




Fic. 12. The Li7
resonance in Li,ZrO;
powder. The sample
was not vy irradiated.




Fr1c. 3. The Li" resonance in powdered spodumene, LiAl(Si03),,
in a magnetic field of 8500 gauss. The recorded signal in thisand all
subsequent figures is the derivative of the absorption line.



Fi16. 4. The Li" resonance in LiOH powder in a magnetic field of
5250 %auss The sample was not v irradiated and the lowest
available radio-frequency power was employed.



Fi6. 5. The Li7 reso-
nance in LiOH powder
in a magnetic field of
5250 gauss. This and all
subsequent figures (ex-
cept Figs. 11 and lZ%:re
for samples which have
received 60 megaroent-
gens of Co® gamma
irradiation.



F1c. 6. The Li7 reso-
nance in LiOH-H,O
powder.




Fi1c. 7. The Li"resonance
in LiNO;s powder.




Fi16. 8. The Li” reso-
nance in LiNO;-3H,0
powder.




Fi16. 9. The Li"resonance
in LilOs powder.




