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AlBrs Group Reorientation in NaAl2Br7 and KAl2Br7 Studied by
Means of 8'Br, 7 AINQR and ¥ A1 NMR
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81Br NQR spin-lattice relaxation times for MAl,Br; (M=Na and K) were measured from 77 to 373 K and the
reorientational activation energies of the AlBr; groups about Al-Br(bridge) axes were determined. In the case of
NaAl,Br;, the reorientation of the AlBr; group was also confirmed by a motional narrowing effect of the
27A]l NMR using a single crystal. In order to examine the effect of the reorientation on the Al site, Al NQR
frequencies in NaAl,Br; were observed as a function of temperature by a SEDOR technique. The asymmetry
parameter (n) of the electric field gradient (efg) tensor was found to increase at one of the two Al sites with the

onset of the reorientation.

NQR spin-lattice relaxation times (7;) have been
measured in order to study reorientation of molecules
or molecular fragments!-? and also molecular motions
in the vicinity of phase transitions.? This is due to the
fact that the NQR relaxation rate increases because of
the large fluctuation of its efg tensor induced by
molecular motions. The dynamical properties of the
compounds containing reorientationable groups such
as -CCl;, -PCl;, and =PCl; have been studied by
$5CINQR T,.4 In contrast to proton NMR experi-
ment in the solid state, the measurements of the NQR
relaxation times give dynamical information at each
crystallographically different site. This advantage was
clearly shown for p-CCl;CsH,Cl1* and AlBr3- 2CH3CN
which has the ionic structure AlBr(CH3;CN)s2t-
2AlBr4' . CH3CN.10)

According to the crystal structures of KAl,Br; and
NH,Al;Br;, the Al,Br;~ anion consists of two AlBry
tetrahedra sharing one Br atom. The Al-Br-Al bridge
angle is close to regular tetrahedral one and the two
AlBr; groups are arranged in a staggered configuration
to minimize halogen-halogen repulsions.!’»1?) In our
previous paper it was shown from the ?AINMR
experiments, using a single crystal of KAl,Bry, that the
angle between efg z-axes of the ?Al was by about 9
degrees larger than that of ZA1-Br-Al.'¥ Similarly the
angle between approximate C; axes of AlBr; groups,
which were determined as a geometrical means of the
three efg z-axes of the terminal Br atoms, is larger than
/Al-Br-Al and almost consistent with the angle
deduced from the 2?A1 NMR. Accordingly, the approx-
imate Cj axis of the AlBr; group is not parallel to the
Al-Br(bridge) direction and hence the bridging bond
forms a “bent bond” or ‘““banana bond” similar to the
Al-Br-Al bond that occurs in the dimeric Al,Brg mole-
cule.’% 19 The steric hindrance of the two AlBr; groups
seems to be the reason for the “bent bond.”” Therefore,
these two AlBr; groups may affect each other in the
activation process of their reorientations. In this paper
we report the dynamical property of the two AlBrj
groups in the Al,Br;™ anion by means of 8'Br NQR and
ZZA1NMR. Furthermore, the effect of the AlBr; reori-
entation on the A1 NQR parameters was investigated

as a function of temperature.

Experimental

The compounds NaAl,Br; and KAl,Br; were obtained by
crystallizing the molten mixture containing AlBr; and rele-
vant alkali bromides by the Bridgman method. About 5%
excess of AlBr; was added above the stoichiometric ratio
because of the incongruent melting property of the com-
pounds.11:18

The 8'Br NQR relaxation time T; was measured by the
90°-90° pulse method using a Matec pulse spectrometer. A
typical pulse length for the 90° pulse was about 5 ps with a
coil diameter of 12 mm. ?7Al and 2NaNQR signals were
detected by the 81Br-27Al and 8!'Br-?3Na spin echo double
resonance (SEDOR) method respectively, where a strong
81Br NQR echo signal was monitored. The relative positions
of the Br atoms within the anion were also determined,
because the sensitivity of the SEDOR method depends upon
the dipole-dipole interaction under study.!” The experi-
mental procedure has been described elsewhere.!®
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Fig. 1. Temperature dependence of the 81Br NQR

frequency in NaAlzBr;. The dotted curve Br(6) was
assigned to the bridging atom.
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27A1 and 22Na NQR Parameters in NaAl,Br; at Selected Temperature?

Table 1.

Nucleus Temp/K  Assignment®

vy/MHz

vo/MHz Ul €2 Qqh™'/MHz

27A] 90 ALY
Al(1y
ALY
AL(2)
AL2)
A2y

292 Al(1)
Al(2)

1.306
1.356
1.370
1.460
1.482
1.522

1.317
1.456

2.561 0.039
2.696 0.068
2.735 0.037
2.767 0.213
2.869 0.161
2.982 0.127

2.606 0.091
2.873 0.102

8.692
8.995
9.120
9.285
9.611
9.972

8.702
9.598

2Na 78

0.613, 0.493, 0.483

129 0.542

a) Estimated error in » is £0.003 MHz. b) Below 113%£1 K, Al(1) and Al(2) lines split into three lines

Al(1)’ and Al(2)’ respectively.

Results and Discussion:

NaAlLBr;. Figurel shows the temperature depend-
ence of the 8 BrNQR frequencies. Above the phase
transition temperature (T.=113%1K) seven 81Br NQR
lines were observed as reported previously.!® Below
T., however, the spectrum was very complicated and
totally 21 8'Br NQR lines could be detected suggesting
three nonequivalent NaAl,Br; units in the low
temperature phase. This 8Br NQR spectrum is con-
sistent with 27Al and *Na NQR spectra which have the
six pairs of v; (1/23/2) and v, (3/2<5/2) and three
lines respectively, as shown in Table 1. Above T. two
sets of three 8!Br NQR lines disappeared at about 250K
and 320K respectively, but the remaining single line
could be detected up to near the decomposition
temperature of 370K. The relative positions of all the
Br atoms in the Al,Br;” anion were determined by the
SEDOR technique as described above. Then, the sets
of three resonance lines which disappeared at almost
the same temperatures could be assigned to the same
AlBr; group and the remaining line to the bridging
atom. There was no significant difference in the T} vs.
temperature behavior among the three lines assigned
to the same AlBr; group. Therefore, the temperature
dependence of the 81Br NQR spin-lattice relaxation
times (7';) were measured precisely only for three Br(1),
Br (2), and Br (6) sites as shown in Fig. 2 together with
their assignment. A small dip was observed near T for
each line. The feature above 160 K is similar to that
found in the compounds containing such reorienta-
tional groups as CCl; or PCl;. The drastic decrease of
the T for Br (1) and Br (2) at high temperature may
come from the AlBr; group reorientation about its
approximate Cj axis for the following reasons; (1)
there was no significant difference in the T, vs.
temperature curves which were assigned to the same
AlBr; group, (2) the bridging atom Br (6) showed no
drastic decrease of T; with temperature and (3) a line
width transition of the 2 A1 NMR was observed as des-
cribed later. In this case the 8Br NQR relaxation rate
(1/T)obs may be described as a sum of the two mecha-
nisms, lattice vibration (1/7T)vis and reorientation of
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Fig. 2. Temperature dependence of the 8Br NQR
spin-lattice rélaxation times 71 in NaAlzBrs.

the AlBr; group (1/ 7)o as follows,

(1/Tews =1/Tr)iv+ (1/Ti)eeo
=a T"+bexp(—V/RT), 1)

where V is the activation energy of the reorientation
motion of the AlBr; group and the parameters a, n, and
b are determined experimentally. Table 2 shows these
parameters determined by a non-linear least squares
method. Joes et al. showed that if the librational fluc-
tuation governs the relaxation, n is equal to 2 for
I=3/2 nuclei.’® The value of n obtained for the Br (1)
is smaller than the theoretical one. This is probably
due to the additional contribution to T, near the phase
transition point, because the parameter n for the bridg-
ing Br (6) shows a value close to the theoretical one in
the temperature range from 180 to 350K as shown in
Table 2.

The AlBr; group reorientation could also be de-
tected as a motional narrowing phenomena of the
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Table 2. Best Fit Parameters of Eq. 1

Compound  Assignment a/107%s n b/102s V/kJ mol™1 Temp/K
Br(1), Al(2)Br;  140.0 1.3 1.55 435 171<T<300
NaAl,Br; Br(5), Al(1)Br; 0.105 30.2 182<T<243
Br(6), Brridge 2.9 2.1 180<7T<350
KALB Br(1), Al(1)Br, 0.23 2.3 3470 81.4 80<T<345
2817 Br(2), Al(2)Brs 0.26 2.2 5530 75.1 80<T<368
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Fig. 3. 7Al and ®»NaNMR line widths are plotted —SQ i K )
against temperature for NaAlzBr7 using single L .
crystal. i
’A1NMR using a single crystal at 16 MHz. Figure 3 10741 .
plots the line width against temperature together with
that of the 2Na NMR, where the line width is defined - 1
as the separation between the maximum and the min- i ]
imum of the derivative curve. Because of the large
quadrupole coupling constant at the Al site, central i i
transitions (—1/21/2) were shifted as a function of s
the crystal orientation with respect to the external 10 3 3
magnetic field in terms of the second order quadrupole C 1 L L
effect. Thus, the line width of the 27A1 NMR was 3 03,7
observed at each site separately as a function of tem- Fig. 5. Temperature dependence of the correlation

perature. A precise analysis and assignment of the
quadrupole splitting lines was reported previously.13
Figure 4 shows a typical 2?A1 NMR spectrum recorded
at 271 K at a certain crystal orientation with respect to
the external magnetic field, where Al (1) and Al (2)
sites are in a motional narrowing and a rigid state in
the NMR time scale, respectively. In general at the
temperature where a line width transition takes places
the following relation holds between the reorienta-
tional correlation time, 7., and the line width.

1.=(1/Havy) tan [#(H?— B%)/2(C?— B?)), (2)

where B, H, and C are the line width above, within and
below the transition region respectively, vy is the
gyromagnetic ratio and « is a numerical constant. On

times, 7., of the AlBrs reorientation for NaAlzBrr
and KAlBr;. The lines were calculated from the
second term of the Eq. 1 using the parameters in
Table 1. O: from 8BrNQR T, data, @: from
27AINMR line width data.

the other hand, the correlation time of the AlBrj reori-
entation 1is calculated from the (7)., data using a
simple relation, (T)ro=(3/4)7..2" The correlation
times from the 3BrNQR data are plotted against
temperature in Fig. 5. If ¢=3.110.1 is adopted as a
numerical constant in Eq. 2 the correlation times from
the 22A1 NMR agree well with those of the 8 Br NQR as
shown in Fig. 5. This finding suggests that both the
abrupt decrease in the NQR T and the motional nar-
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rowing of the ?AINMR are governed by the same
mechanism, i.e., AlBr; reorientation about the C; axis.

In view of the low potential barrier of the AlBrg
reorientation, the diffusion of the Na*t cation was sus-
pected to occur in the same manner as a Lit in
LiAlCl,.2 The #Na line width was also measured as a
function of temperature as shown in Fig. 3. Two cen-
tral transitions (—1/2<1/2) resulted from the mono-
clinic system were shifted by the second order quadru-
pole effect because of the large quadrupole coupling
constant. The line width was observed at a certain
orientation of the crystal where two central transitions
separated from each other. The line width decreases
from 1.8 to 0.8 Gauss. However, the narrowing limit
of 0.8 Gauss is too large as a result of the diffusion and
the narrowing temperature range is almost the same as
that of the 2?2A1 NMR. Therefore, the 2Na NMR nar-
rowing probably results from the AlBr; groups re-
orientation and not from the diffusion of the Na*
cation.

Figure 6 shows the temperature dependence of the
27A]1 and 22NaNQR frequencies above 113 K. The
quadrupole coupling constants (€2Qq/h) and asymme-
try parameters (n) for the 2’Al are calculated using an
exact formula for nuclear spin I=5/2% as is shown in
Fig 7. If the reorientational frequency is much higher
than that of NQR, the asymmetry parameter of the 27Al
reduces to zero due to the motional averaging of the
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Fig. 6. Temperature dependence of the #Al and
BNaNQR frequencies for NaAlzBr.. In the case
of the 27Al »; and vz correspond to (1/2¢3/2)
and (3/2 ©5/2) transitions, respectively.
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Fig. 7. Quadrupole coupling constant (e2Qq/h) and
asymmetry parameter (n) for the #AINQR are
plotted against temperature for NaAlzBrs.

AlBr3 group. This is not the case, as is also expected
from the temperature dependence of the correlation
time in Fig. 5. However, it is interesting to note that at
the Al (1) site the value of n increases with the onset
of the AlBr; group reorientation. If the asymmetry
parameter of the Al site is assumed to increase with the
extent of the ‘““bend bond” for the Al-Br (bridge) bond,
the increase of the asymmetry parameter with the onset
of the reorientation would be understandable because
the activation energy for the reorientation is expected
to decrease with the extent of the ‘“bent bond.”
KAlLBr;. The temperature dependence of the seven
81Br NQR lines and their assignment for KAl,Br; have
been reported previously;1%23 three lines belonging to
the same AlBr; group disappeared at a temperature
about 30 degrees below the decomposition tempera-
ture. Accordingly the reorientation of the AlBr; group
was predicted from the fade out phenomena. Figure 8
shows the temperature dependence of the spin-lattice
relaxation times for the 8Br NQR lines which were
assigned to the different AlBr; groups. Because of the
overlapping of the NQR lines over the wide tempera-
ture range, the T vs. temperature curve for the bridg-
ing Br could not be obtained. Table 1 shows the best
fit parameters to Eq. 1. The values of b for these two
sites are much larger than the values expected from the
classical rotator approximation. A possible reason is
the temperature dependency of the activation energy as
suggested by the NMR experiment for ammonium sul-
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Fig. 8. Temperature dependence of the #Br NQR
spin-lattice relaxation times T in KAlzBry.

fate.?¥ For simplicity we assume that the activation
energy V decreases linearly with increasing tempera-
ture as

V=V,—CT, (3)

where V) is an activation energy extrapolated to 0 K
and where C is a temperature coefficient. The Eq. 1
then becomes

1/T, =a T*+102 exp (—(Vy— CT)/RT), (4)
=a T"+ by exp (—Vo/RT), (5)

where b;=10'2 exp (C/R). In these equations b=10'2 s
was assumed as a pre-exponent factor from the clas-
sical rotator model. Eq. 5 is the same as that of Eq. 1.
Therefore, only from the measurements in the narrow
temperature range is it impossible to deduce whether
the activation energy has a temperature dependence or
not. Using the values of Table 2 the temperature coef-
ficient C were calculated to be 0.068 and 0.072 k] mol~!
K-1 for the Br (1) and Br (2) sites, respectively. Accord-
ingly activation energies fall down to about 70% of the
values listed in Table 1, at the temperature where the
NQR signals disappear. At present we have no other
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experimental evidence for the temperature dependence
of the activation energy. However it may be reason-
able because the two AlBr3 groups have large steric
repulsions and affect each other in the activation pro-
cess of the reorientation.
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