© 1997 The Chemical Society of Japan

Bull. Chem. Soc. Jpn., 70, 2405 — 2410 (1997) 2405

Cation Diffusion in MGaBrs (M = Li, Cu, and Ag) Studied
by Li, Cu, and ”Ga NMR, 3'Br NQR, and Conductivity
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Cation diffusion in MGaBry (M =Li, Cu) was confirmed by measuring the temperature dependence of the "Li and
®CuNMR linewidths. The activation energies for the cation diffusion were determined to be 36 and 44 kJ mol™~" for
LiGaBry4 and CuGaBry, respectively. The activation energy for the reorientation of the GaBrs~ anion in CuGaBry was
evaluated to be 62 kImol ™! from ""GaNMR. The cation diffusion was also confirmed for MGaBry, (M =Cu, Ag) by
observing a modulation effect on the 3'Br NQR 7. As expected from the modulation effect of NQR, the ionic conductivity

of AgGaBrs was one order higher than that of CuGaBry.

In our previous papers we reported on the motional nar-
rowing of the ’Li and *Cu NMR lines due to cation diffusion,
and discussed the effects of cation diffusion and reorienta-
tion of the AlIX,~ (X =Cl, Br) anion based on the results
of halogen NQR."? The correlation times (7.) and activa-
tion energies (E,) for the motions were also determined from
these experiments. In general, from a measurement of the
NMR linewidth on a quadrupolar nucleus, the onset of cation
diffusion could not be detected using a powdered sample be-
cause of broadening due to the quadrupole effect. Although
a time-averaged quadrupole splitting over the motion may
provide useful information concerning the mechanism of the
diffusion, quantitative parameters, such as E, and 7., are es-
timated more directly from a linewidth measurement using a
single crystal or from a relaxation measurement.>—>

In our previous measurements, single crystals were used
to avoid broadening due to the quadrupole interaction and
the chemical-shift anisotropy.? In a favorable case, such as
LiAlIBr, or CuAlBry, cation diffusion was also detected as
a modulation effect on the NQR 7;. Although this effect
has been reported for many compounds containing reorien-
tationable groups near to the probe nucleus,® only a few
examples have been reported concerning diffusion of the
counter ion."” This technique is especially favorable if the
movable probe nucleus has no magnetic moment, or low
sensitivity, like Ag.

In this study we evaluated the rates and activation energies
for the diffusional processes by means of ’Li and ©*Cu NMR
using single crystals. The effect of cation diffusion on the
spin-lattice relaxation times of 8 Br NQR was also examined.
The ionic conductivity of MGaBry (M =Li, Cu, and Ag) is
discussed on the basis of the NMR and NQR parameters and
compared with previous studies.

Experimental

A single crystal of MGaBrs was grown form a melt containing

stoichiometric amounts of MBr and GaBrs; by a Bridgman tech-
nique. Samples were identified by a powder X-ray diffractome-
ter (Rigaku Rad-B system) using Cu Ka radiation. A home-built
attachment was used to protect these hygroscopic samples from
moisture.

L4, 63Cu, and 'GaNMR were observed using a Matec pulsed
spectrometer at 6.37 T with the corresponding Larmor frequencies
of 105.41, 71.89, and 82.71 MHz, respectively. A similar Matec
pulsed spectrometer was also used to detect 3 Br NQR, and its spin-
lattice relaxation time was determined by a conventional pulse tech-
nique. The electric conductivity was determined by means of a
complex impedance method at 10 different frequencies (100 Hz—
100 kHz, ANDO LCR meter AG-4311B).

Results and Discussion

Structure and Cu NMR Spectra for CuGaBry. The
powder X-ray diffraction of CuGaBry revealed that it belongs
to a tetragonal system (space group: P42c) with a=5.706
and ¢=10.638 A and is isomorphous with CuGaCly.!” The
Cu* cation is tetrahedrally coordinated by four Br atoms and
its site symmetry is 4, as shown in Fig. 1. This is in marked
contrast to LiGaBrs and AgGaBry, in which the cation is
surrounded octahedrally by six Br atoms. The structure of
CuGaCly suggests that both the quadrupole and chemical-
shift tensors are cylindrical (77 =0) about the axis parallel to
the tetragonal c-axis.

Figure 2 shows the $3CuNMR spectrum observed for a
powdered sample. The spectrum is governed mainly by a
first-order quadrupole interaction, since the satellite transi-
tions (m==+3/2<+1/2) are symmetrical about the central
transition (m=—1/2<1/2). Although two pairs of shoul-
ders, which are characteristic of the first-order quadrupole
interaction, are expected for the quadrupolar nucleus with
I=3/2, only the inner pair could be detected, as shown in
Fig. 2. The quadrupole coupling constant (e?Qq/h) at the Cu
site was calculated from the frequency separation between a
pair of inner shoulders (Av) as
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Fig. 1. Crystal structure of tetragonal CuGaBry.
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Fig. 2. %*CuNMR spectra for powdered CuGaBr; at 283 K.

€Qq/h=2-Av. )

The quadrupole coupling constant was evaluated to be 630
kHz from this equation. On the other hand, the central tran-
sition was asymmetrical, and its linewidth was ca. 10 kHz,
as shown in Fig. 2. The second-order quadrupole effect on
this transition was estimated to be only 0.7 kHz from the
e2Qq/h stated above. The linewidth due to the dipole—dipole
interaction was 2.14 kHz based on a measurement using a
single crystal, as described below. This finding suggests that
the central transition of *CuNMR in CuGaBry is a convo-
lution of the chemical-shift anisotropy and the dipole—dipole
interactions. Figure 3 shows the observed spectra of the
central transition at 289 and 495 K together with the results
of simulations. Table 1 summarizes the parameters used
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Fig. 3. Temperature dependence of the **CuNMR central
transition for CuGaBr, using a powdered sample. Solid
lines are observed spectra and dotted lines are simulated
spectra.

Table 1. NMR Parameters of ®*Cu for CuGaBr;4

285K 495K
*Qqh™ ' xHz 630 —
Chemical shift anisotropy”/ppm  0j —47  —121
oL 94 20
Oiso 0 —74
Dipole-dipole interaction/kHz 2.1 0.3

a) Relative to crystalline CuBr.

in these simulations for CuGaBry. It is interesting to note
that the chemical-shift anisotropy remains at 495 K, but the
dipole—dipole interaction is averaged out.

Motional Narrowing of "Li, *Cu, and ”"GaNMR Us-
ing Single Crystals.  Figures 4 and 5 plot the linewidths
of the Li, 3Cu, and !Ga NMR spectra against the temper-
atures. These measurements were carried out on the central
transitions (m=—1/2<>1/2) using single crystals. With in-
creasing temperature, the motional narrowings of "Li and
8Cu spectra began at about 260 and 320 K, respectively.
The linewidth narrowed from 4.5 to 0.5 kHz for "Li and
from 2.2 to 0.3 kHz for *Cu NMR. The narrowing behavior
and the linewidth at the narrowing limit suggest the presence
of the translational diffusion of cations. The linewidth tran-
sition of 2Ga NMR was also observed for CuGaBr, above
400 K due to the reorientation of the GaBrs~ anion, although
the motional narrowing was not so drastic as that found in
the 3CuNMR spectra. The correlation times (7;) for these
motions were evaluated by the following equation:'"

7. = (1/ adw)tan [7(6w* — 6w3)/2(6ws — dwD)l,  (2)

where dwp, Ow, and Swp are the linewidths above, within,
and below the transition region, respectively; « is a nu-
merical constant of approximately unity. Figure 6 shows
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The linewidth of the m=
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Fig. 5.
linewidths as a function of temperatures. The linewidths
of the m=—1/2<1/2 transitions were observed using a
single crystal.
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Fig. 6. Temperature dependence of the correlation times for
MGaBr: (M=Li and Cu).

plots of the correlation time against the inverse tempera-
ture. 7. as well as dwa and dwg were evaluated from fitting
the observed linewidth to Eq. 2 by the use of a non-lin-
ear least-squares method. The values of dwa and dwp are
2.14 and 0.20 kHz for *CuNMR and 2.76 and 1.32 kHz
for 7?"GaNMR in CuGaBry. The straight line in Fig. 6 was
drawn assuming an Arrhenius equation,

7. = nexp (Ea/RT), 3)

where E, is the activation energy for the diffusion or reori-
entational motion and 7 is the pre-exponential parameter.
These parameters are summarized in Table 2.

81Br NQR of MGaBr; (M=Li, Cu, and Ag). Table 3
lists of the NQR frequencies for these three compounds. The
temperature dependence of the 3!BrNQR frequencies for
MGaBr, (M=Cu, Ag) are given in Fig. 7. Four 8 BrNQR
signals were observed from 77 K to the melting point for
both LiGaBrs and AgGaBry. As expected from the crys-
tal structure, only one 8! BrNQR signal was observed for
CuGaBr,. With increasing temperature, the 3'Br NQR fre-
quencies for all three compounds decreased continuously
and showed no indication of a phase transition. Figure 8
shows the temperature dependence of the spin-lattice relax-
ation times, suggesting the dynamic aspects of these com-
pounds. Tj of all signals gradually decreased with increasing
temperature up to ca. 300 K, and then decreased exponen-
tially. The relaxation rate (T; ~!), can be expressed as'>'®

(T Vobs = (@7 Yraman + (7 eeor + (T7 Dimods (42)
where

(T Raman = aT", (4b)



2408 Bull. Chem. Soc. Jpn., 70, No. 10 (1997) Cation Diffusion in MGaBry

Table 2. Dynamic Properties of MGaBrs (M = Li, Cu, and Ag)

Compound Method EJ/kKImol™'  m/sorb™'/s  Motional mode for E,
LiGaBr, 8IBrNQR 52 1.4x10710
"LiNMR 36 9.3x107" Li* diffusion
CuGaBr; 81Br NQR 48 3.2%x 10710 * Cu* diffusion
$CuNMR 44 1.9%1071° Cu* diffusion
"'GaNMR 62 1.7x107" GaBr, ™ reorientation
Conductivity 49
AgGaBry4 81BrNQR 32 7.0x107° Ag"* diffusion
Conductivity 51
102 FT T T T E
Table 3. NQR Frequencies for MGaBry (M = Li, Cu, and Ag) F ]
L ]
(b 4 [_l 7 b -
Compound Nucleus Frequency I
71K 297K |
CuGaBr4 81Br 111.199 109.575
1|
LiGaBr, 8Br 99.407 98.968 10 :
102.696 101.191 [
115.459 113.156 -
123.277 120.204 [
AgGaBr, 81y 95.172 94.175 w |
100.435 99.994 E ek 4
110.354 107.444 - = : ]
118.092 113.654 X ]
L ]
5 e LiGaBr ]
120 I r T 4
10k o CuGaBr, i
F O AgGaBr, 1
" h
10-2 = | 1 - 1 -
N 110 2 " 4 6 8
s - 10007 /K
= Fig. 8. Temperature dependence of *BrNQR 7 for
% MGaBry. Solid lines are best-fit curves assuming Eq. 4a.
3 -
E (T7 Dreor = b exp (Ea/RT). (4c)
100 |0 EEOCmETODEImTTTTTEED e _ The first term in Eq. 4a represents the contribution from the
Raman process (n=2) which governs the behavior at low tem-
perature; the second term represents the contribution from a
reorientation of the fragment containing the monitored nu-
- cleus. The third contribution, which is called the modulation
effect, arises from the EFG fluctuation due to nearby frag-
ments, and is expressed as
1 ] 1 1
100 200 300 400 (T7 Mmoa = b’ exp(E,/RT), @d)
T/K with
Fig. 7. Temperature dependence of ® BrNQR frequencies b =2/3)q /9 n ",

for MGaBrs (M = Cu: marked by squares and Ag: marked

by circles).

where ¢'/q is a fractional part of the fluctuating EFG. In
these compounds there are two possible contributions to the
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activation process: the reorientation of the GaBr,~ anion
expressed as (T 1Y eor, and the diffusion of the cation, ex-
pressed as (T} Dmod. If these two activation processes con-
tribute simultaneously, the experimentally obtained activa-
tion energy corresponds to a process having a larger E,. In
the case of CuGaBry, the activation energy was estimated
to be 48 kJmol™!, which is consistent with that of Cu dif-
fusion from the *CuNMR experiment, and is lower than
that of the reorientation of the GaBr,~ anion based on the
71GaNMR experiment. This suggests that the activation
process detected in the 8'BrNQR 7T can be assigned to a
modulation effect due to cation diffusion. A similar modu-
lation effect was observed for AgGaBry, for which E, was
estimated to be 32 kI mol~!. The onset of the Ag* diffusion
" could be indirectly confirmed by an NQR measurement, al-
though Ag NMR could not be detected by our spectrometer.
These NQR parameters are summarized in Table 2 together
with the NMR parameters.

Ionic Conductivity of MGaBr,; and the Mechanism.
From the diffusional E, values determined by NMR and
NQR observations, the ionic conductivities were expected
to increase in the order Cu<Li<Ag salt. The conductivity
for AgGaBr4 was higher than that of CuGaBry, as expected.
The conductivity for LiGaBry could not be determined be-
cause of its strong hygroscopic property. Figure 9 plots the
conductivity (0) against inverse temperature. The activation
energy for the conduction was determined by the following
equation:'? ‘

0T =A exp(—E./RT). )

Table 2 summarizes E, evaluated from Eq. 5. The E, value
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Fig. 9. Temperature dependence of the conductivity for

MGaBrys (M = Cu and Ag).
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for CuGaBry, is consistent with those derived from ©*Cu NMR
and 3 BrNQR. However, the value of AgGaBr, is much
higher than that from 3!Br NQR. It is uncertain whether this
discrepancy arises from the local motional behavior of the
cation or the difficulty to obtain a suitable sample for the
conductivity measurement.

According to Chandra,' these compounds can be classi-
fied into a category of a super-ionic solid having a molten
sublattice type, because there is an excess of available tetra-
hedral and octahedral sites. As Fig. 3 shows, however, the
broadening of the 3CuNMR spectra due to chemical-shift
anisotropy did not change at all; nevertheless, the rate of the
Cu* diffusion was fast enough to average out the chemical-
shift anisotropy. - This suggests that the Cu* ions jump be-
tween the tetrahedral sites, including interstitial sites, rather
than the octahedral sites, in spite of its smaller free space for
the cation; also, the directions of the principal axis of those
tetrahedral sites are identical. This is due to the weak cova-
lent bond which formed between the Cu and Br atoms using
the sp* hybrid orbitals of Cu(I). The E, values determined
by the NMR narrowing process tend to decrease along with
increasing the anionic radius for a series of LIMXy (M = Al
and Ga). However, this feature could not be seen for CaMX4
(M=Al and Ga) in which Cu* occupies a tetrahedral site.'®

This work was supported by a Grant-in-Aid for Scientific
Research on Priority Areas (No. 260) from the Ministry of
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