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Spin-spin and spin-lattice relaxation times of nuclei 69>71Ga, 27A1, 14 N in anions
[MClnBr4_n]- and the solvate complexes [M(CH3CN)6]3+, produced from dissolution of
MCI3 and MBr3 in the mixture CH3CN + CH3N02 (M = Ga, Al), are measured in the
temperature range from — 4 0 up to + 70 °C. It is shown that nuclear spins of 69>71Ga, 27A1
relax in the anionic and cationic complexes by means of the second-kind scalar and
quadrupole relaxation mechanisms (due to the relaxation of the nuclei 35'37C1, 79'81Br, 14N).
The complexes [MClwBr4_n]- and [M(CH3CN)6]3+ in the investigated solutions are inert
and do not undergo exchange processes in the NMR time scale. The scalar spin coupling
constants in [M(CH3CN)6]3+ are determined from the scalar contribution to the relaxation
rate of 69-71Ga, 27A1, and the measured relaxation time of 14 N in the solvate complex; the
results are
Ga- 14 N) - 59 ± 5 Hz, J( 71 Ga- 14 N) = 74 ± 6 Hz, J( 27 Al-i 4 N) = 22 ± 2 Hz.

Introduction

Dissolution of gallium trihalogenides GaX3
( X = Cl, Br, I) in acetonitrile results in production
of the solvate complex [Ga(CH3CN)6] 3+ and anions
[ G a X 4 ] - ; the signals in the NMR spectra of 69 - 71 Ga
corresponding to these forms have the chemical
shifts of — 7 2 ppm and + 2 5 2 ppm for [GaCLj] - ,
-f- 63 ppm for [GaBr4]~, and —505 ppm for [Gal 4 ]~,
with respect to the resonance in [Ga(H 2 0)6] 3 + [1].
Applying a high magnetic field to a dilute solution
of GaCl3 in acetonitrile (0.1 M), Wehrli [2] has
observed a weak ( — 5 % ) broad line at + 2 4 1 . 7 ppm
in the NMR spectrum of 71Ga (76.1 MHz), besides
the signals due to the anionic and cationic forms;
and they have ascribed this line to the dimer
Ga2Cl6. That signal may also be due to the adduct
GaCl3 • CH3CN, since the salt concentration in the
solution was small.
It was mentioned in ref. [1] that the peak intensity
of the signal due to the solvate complex, with
respect to the peak intensity of the signal from
[GaX 4 ]~, is higher for the isotope 69 Ga, than for
71 Ga. The peak intensity of the signal due to the
anionic form [GaX 4 ]~ was practically independent
of the isotope investigated. Besides, the peak intensity was depending on the solution contents: an
admixture of buffer solvents, i.e. those noninteracting with gallium in presence of acetonitrile, the
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solvents like nitromethane, nitrobenzene, toluen,
ether produces a sharp increase in the peak intensity
of the 69>71Ga N M R signal from cations complex
with no change in its chemical shift. The effect of
the medium, namely, the dependence of the peak
intensity of the signal from the solvate complex on
the solution contents, was related to a difference
between the rates of the spin-spin (R2) and spinlattice (Ri) relaxations for the gallium isotopes. It
was explained with specific properties of external
sphere interactions between the solvate shell enclosing gallium and molecules of the buffer solvents,
that are influencing the life time of the acetonitrile
molecules coupled to gallium [1]. The data given in
ref. [2] indicate a concentration dependence of the
peak intensity of signals from the solvate complex:
at low concentrations of GaCl3 in acetonitrile
N M R 71 Ga line from the complex [Ga(CH 3 CN) 6 ] 3+
disappears completely; the effect explained by the
authors as due to a chemical exchange between the
solvate complex and species of low symmetry, like
[Ga(CH 3 CH) 6 - n Cl„] 3 -", which were not observed in
the spectra. This deduction has provoked objections,
since, first, the signal from [Ga(CH 3 CN)6] 3+ has a
constant chemical shift for all concentrations and
compositions of the solutions, and second, since a
rather small magnitude of the quadrupole moment
of 71Ga nucleus (0.112 barn) can scarcely be a reason
for such a substantial broadening of the lines for
forms of low symmetry, like [Ga(CH 3 CN) 6 - n Cl w ] 3 - n .
The values of R i and R2 for nuclei 69 Ga and 71 Ga
have been measured in ref. [3] for various magnetic
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fields, in the solvate complex [Ga(CH3CN)6] 3+ and
the anion [GaCU] - produced in the solution of GaCl3
in an acetonitrile-nitromethane mixture, depending
on the mole ratio of these solvents. It was deduced
from the measurements that (i) R 2 /RI > 1 for anion
and cation forms, and the inequality is more drastic
for 71 Ga, than for 69 Ga, and it is enhanced with
concentration of acetonitrile, (ii) the rates 6 9 RI and
71 RI decrease slightly with rising magnetic
field,
(iii) the relation 6 9 RI/ 7 1 RI = ( 6 9 Q/ 7 1 Q) 2 holds, where
69 Q and 71 Q are quadrupole moments of the gallium
isotopes. Basing on these data it was concluded [3]
that the spin relaxation in the solvate complex and
anion proceeds via the quadrupole and scalar
Ga- 1 4 N and Ga-Cl spin coupling.

from the extracted scalar contribution to the total
relaxation rate. In previous works, however, the
type of the scalar relaxation (the first kind or second
kind) was not determined for aluminium and gallium nuclei in the solvate complexes and anions,
that would be related directly to measurement of
their inertness or lability. In this connection, we
have measured the temperature dependence of
R i and R2 for the nuclei 69>71Ga and 27A1 in
[GaCl r a Br 4 - w ]-[Ga(CH 3 CN) 6 ] 3 +and[Al(CH 3 CN) 6 ] 3 + ,
in order to determine the type of the scalar relaxation for aluminium and gallium nuclei, as well as
the 6 9 - 7 1 Ga- 1 4 N and 27 A1- 14 N spin coupling constants in the complexes considered.

Dissolution of aluminium trihalogenides AIX3
( X = Cl, Br) in acetonitrile does also produce the
solvate complex [Al(CH3CN)e] 3+ and anions [A1X4] - ,
for which the chemical shifts of the 27A1 N M R are,
respectively, —32.6 ppm and + 102.0 ppm ( X = Cl),
+ 80.2 ppm ( X = Br), with respect to [A1(H 2 0) 6 ] 3 +
[2]. Unlike the case of gallium, however, in acetonitrile solutions of aluminium halogenides there
exists a multitude of mixed halogenide-acetonitrile
complexes [A1Xw(CH3CN)6-w]3~71, which are responsible for separate signals in the region
+ 3-j
32 ppm [2], the fact indicating the absence of a considerable chemical exchange between
aluminium hexacoordinated forms. An evidence in
favour of a considerable life time (r) of the acetonitrile molecule in the coordination sphere of
aluminium and gallium is contributed also by the
PMR spectra of A1X 3 and GaX 3 solutions in CH 3 CN,
where separate signals from the CH3 groups of free
and bound acetonitrile molecules are observable
even at the temperature of 10 °C, and the shift
between them is small, 36-40 Hz, corresponding
to T > 5 • 10~ 3 s [1].

Theory

Thus the conventional consideration of GaX3
solutions in acetonitrile, treating them as systems
subject to an intensive, in the N M R time scale,
chemical exchange, does not explain all the relevant experimental facts, even contradicts to them
in some points.

According to Valiev's theory of the quadrupole
relaxation [5], the expression for R i Q in the strong
narrowing approximation is

In a previous work [4] we have shown that spins
of 27A1 nuclei in [A1C14]- and [AlBr 4 ]~ relax by
means of the quadrupole and scalar mechanisms,
and estimates for the 2?Al- 35 - 37 Cl and 2 7 Al- 7 9 - 8 1 Br
spin-spin coupling constants have been obtained

where I is spin of the resonating nucleus, r c is a
correlation time of the quadrupole interaction. The
relaxation effect of the quadrupole perturbation is
determined by the anisotropy invariant g f f 2 of the
tensor of the electric field gradient <£ij,

The observed relaxation rate R i is, in general, a
sum of several contributions
R x = R i D D + R i 8 * + R! A C S + R i 8 0 + Ri®, (1)

where R i D D is the magnetic dipole contribution,
R i S R is the spin-rotational contribution, Ri A C S is a
contribution due to anisotropy of the chemical
shift, R i s c and R i Q are the scalar and quadrupole
contributions. Usually, not all the relaxation mechanisms contribute equivalently to the observable
rate R i . If the nuclear spin is I > 1/2, the dominating
contribution is R i Q , that may exceed all other terms
b y several orders of magnitude. For the complexes
considered in the present work, we can neglect R i D D
and R i S B , since these contributions are independent
of the resonance frequency, and Ri A C S does not
contribute to Ri, as aluminium and gallium nuclei
take highly symmetrical structural positions at
centres of polyhedrons. Therefore one can write
down the formula
RI =

RIQ

RIQ +

RXS

41(1+1) —3
30 I 2 (2 1 — l ) 2

(2)

eQgg
Tc

(3)
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coordination sphere of the complex, i.e. the firstkind scalar relaxation.

The given expressions for R i s c and R 2 SC as functions
of the resonance frequency and the correlation
Components of the tensor (pij (cp is the total potential
time,
indicate three important particular cases:
of the electric field from all ligands at the position
of nucleus) in the coordinate system related to the
A. If (co M —cos) 2 rs2 > 1, then R i s c < R 2 SC , and
complex, are written down as
ra = —2

<p±2

1
~2~ (Vxx

=

R2sc= 4
<P»«)

o

l(Pxy

(5)

(p±\ = {(pxz ±\(pyz)
66
=—r(fzz.

9?0

0

Td; Oh M X 4 - ,

M(CH 3 CN) 6 3 +
9 I e2

ei \

~21 \1)3

a3/

12 / e 2

ei \2

2

MBr 3 Cl-

(6)

RiSC -

4 n2J2S (S + 1) -r-7-7
—
^—j,
3
1 + (COM cos)2 Ts2

R2SC =

^N

O

S(S+1)

(10)

and R i s c and R 2 S C are both independent of the
resonance frequency.
C. For (COM—cos)2 Ts2 ^ 1, the values of RI SC and
R 2 s c are of the same order of magnitude, and depend
on the resonance frequency,
n2J2S

(S + L)RS,

R 2 s c = 2 7T 2 J 2 S(S+1)TS,

(11)
(12)

so that R 2 s c is by a factor of 1.5 larger than RI SC .

where a and b are the metal-chlorine and metalbromine internuclear distances, respectively; ei and
e 2 are charges at the ligands Cl and Br. In the cases
of highly symmetric complexes with Td and Oh
symmetries, R i Q is determined b y the internal
oscillations of the nuclei, resulting in nonzero g v 2 for
the nucleus at the centre of the complex.
The rates of the scalar relaxation R i s c and R 2 S C
are given by the expressions (see in ref. [6])

2

1 one has

R 2 S C = — TT2 J 2 S (S -j- 1) r s ,
o

o

. - » ( b r - * )

J

RL S C =

RI SC = ^

C3v MCl 3 Br-,

(9)

RI SC depends on the resonance frequency, while
R 2 s c is independent of it.
B. If (COM—cos)2 rs2

Using this formalism one is able to calculate easily
the values of g,,2 for a complex containing a polytope
of an arbitrary symmetry. For complexes considered
in the present work, the invariant g v 2 is given b y
the following expressions:

2

TI2J2S (S -j- 1) rs;

(7)

TS
1 +

(COM

COs)2 TS2 J'

(8)
where J is the spin coupling constant between the
metal and ligand nuclei, COM and cos are the resonance
frequencies (units rad/s), S is spin of the ligand
nucleus, rs is either the time of the spin-lattice
relaxation of the ligand nuclei, i.e. the second-kind
scalar relaxation, or the life time of ligands in the

Experimental

The relaxation rates R i and R 2 and the NMR
spectra for 27A1 (20.88 MHz), «»Ga (19.232 MHz),
71 Ga (24.437 MHz) and 14 N (5.78 MHz) were measured in the temperature interval 230-330 °K ( ± 1°)
by means of the impulse spectrometer Bruker WP-80
with the internal deuterium lock.
The rate R i was measured by means of the
impulse sequence { 1 8 0 — t — 9 0 — 5 T i } „ . The rate
R 2 was determined from the expression R 2 = .TZ1V,
where A v is the width of the absorption line at the
half-height. The 90°-pulse duration was about
10 fx sec.
The compositions of the solutions investigated are
given in Table I. Anhydrous aluminium and gallium chlorides of analytical grade were used with no
additional cleaning. Acetonitrile was dried by means
of repeated distillation over P2O5, then over K 2 C03,
with subsequent prolonged storage over 3-Ä molecular sieves in sealed ampoules. The water content
did not exceed 0.005%. Nitromethane was dried over
CaCl2, then over 3-Ä molecular sieves. The samples
were prepared in a dry box, in nitrogen current. The
content of gallium and aluminium was controlled
b y means of trilonometry.
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Table I. Compositions of the investigated solutions.
[M]

g-mol
1000 g

Composition

[CH3CN]
[M]

[CH3CN]
[CH3NO2]

[Br]
[Cl]

of sol.

I.
II.
III.

GaCl3 + CH3NO2 + CH3CN
CH3CN + CH3NO2
AICI3 + CH3NO2 + CH3CN

IV.
V.
VI.

GaCl3 + GaBr3 + CH3CN
GaCl3 + GaBr3 + CH3CN + Bu4NBr
AICI3 + AlBr 3 + CH3CN

1.2

5.25

1.0
1.6

1.5

69Ga

and llGa
[Ga(CHzCNJ3+

The temperature dependences of Ri and R 2 for
the isotopes 69Ga and 71Ga in the solvate complex
[Ga(CH3CN)6]3+ were measured in the system
obtained by dissolution of GaCl3 in a mixture of the
solvents acetonitrile-nitromethane (sample 1). The
molar ratio of the solution components was
GaCl3 : CH3CN : CH3NO2 = 1.2 : 10.6 : 6.2. In the
investigated temperature range the NMR signal of
69 - 71 Ga in the solvate complex has a single, relatively
narrow, absorption line. For both the isotopes,
Ri(T) and R2(T) are shown with solid lines in
Fig. 1 a. It follows from the obtained data on Ri (T)
and R 2 (T) that the ratio of the spin-lattice relaxation rates for 69Ga and 71Ga remains invariable
within the experimental errors; it is
6 9 Ri
71RI

0.96
-4.5
0.6

0.7

Results and Discussion

1. Relaxation of nuclei
in the solvate complex

1.7
1.7
0.1

contributed by both the quadrupole and scalar
relaxation mechanisms, so for the isotopes in view
one has
R 2 = R I Q + R2 S C = R I + R 2 S C ,

or

>
R2sc = Trl2

RI,

that corresponds to the case A (eq. (9)), where S
equals to the 14 N nucleus spin (S = 1). Now for each
R, 2 (sec-1)

R, ,2 (sec"1)

1000
40
700

30

500
20

400
300

= 2.4 ± 0.3.
200

As this quantity coincides with the ratio of squared
quadrupole moments of the gallium isotopes,
»Q
LQ

2.52,

one can conclude that the quadrupole mechanism is
dominating in the spin-lattice relaxation of gallium
nuclei, so 69 - 71 Ri = 69-71RQ. The most important
experimental result is a substantial difference
between R2 and Ri, though it is a common opinion
that for "strong" quadrupole nuclei, such as 69Ga
and 71Ga, one should expect the equality Ri = R2.
The fact that the spin-lattice and spin-spin relaxation rates of 69Ga and 71Ga are different is an
evidence to that the observable value of R2 is

100

50
3.0

I • I 1 I 1 L
3.4
3.8
4.2
4.6

Fig. 1. Temperature dependence of the spin-lattice (Ri)
and spin-spin (R2) relaxation rates for nuclei 69>71Ga,
27 A1: a) in [Ga(CH 3 CN) 6 ] 3 +, b) in [A1(CH3CN)6]3+, for
the solutions MC13 + CH3CN + CH 3 N0 2 (1 - 69R2.
2 - 69 Ri, 3 - 71 R 2 , 4 - 71Rx, 5 - 69R2SC = 6 9 R 2 - 6 9 Ri,
6 - 7 1 R 2 s c = 7 1 R 2 - 7 1 RI, 7 - 27 R 2 , 8 - 27R2SC = 2 7 R 2 - 2 7 Ri.
9 - 27 Ri).
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G a - N bond (coordination number n = 6) we have
1
— R2SC = — n 2 J 2 T ^ .

(13)

3

n

The physical meaning of the parameter TN in this
formula is elucidated clearly from consideration of
the quantities R2SC = R 2 — R i , shown by dashed
lines in Fig. 1 a. R 2 s c has a linear dependence on the
inverse temperature, and it increases with rise of
the temperature, that may be due to an increase in
TN only. It is this behaviour of the temperature
dependence of R2SC that enables one to conclude
that for the gallium solvate complex the correlation
time of the scalar interaction TN is determined by
the relaxation time of 14 N nuclei, coupled to gallium
nuclei, so that TN = 1 4 Ti, and consequently, 69-71R2SC
is dominated by the second-kind scalar relaxation.
If TN had been determined by the life time of
CH3CN molecules in the coordination sphere of
gallium (the first-kind scalar relaxation), R2SC would
fall with rise of the temperature because of decreasing life time of CH3CN molecules in the solvate
complex.
In the investigated temperature interval
relation holds
69R2S
7

W

the

69R2_69R1
71

R2—71RI

= 0.65 ± 0.05.

This relation coincides with the squared ratio of
the gyromagnetic factors for the gallium isotopes
(69y/7iy)2 _ 0.62. This fact is an additional argument
in favour of that the difference R2-R1 for both the
gallium isotopes equals to the scalar contribution to
the spin-spin relaxation.
The activation energy E A for the orientation
motion of the solvate complex [Ga(CHsCN)6] 3+ was
determined from the temperature dependence of
R i Q for 69 Ga and 71Ga in the interval 230
280 K ;
the result is E A = 3.6 ± 0.3 kcal/mol. The same magnitude of E A was obtained from the temperature
dependence of R2SC for 69 Ga and 71 Ga. This coincidence is due to the fact that the correlation time for
the scalar contribution to the relaxation is determined by the quadrupole relaxation time for
nitrogen nuclei, present in CH3CN molecules coordinated to gallium and participating in the
orientation motion with the whole solvate complex.
The presence of a minimum in the dependence
R i (T) is due, evidently, to specific properties of the

71Ga

Nuclei

quadrupole relaxation mechanism in symmetrical
complexes. Similar V-shaped dependences were
observed previously [7] in the temperature dependence of the quadrupole relaxation rate for the
hydrate complex [Ga(H20)6] 3+ .
In order to calculate the scalar Ga- 1 4 N spin
coupling constants, according to eq. (13), one should
determine the relaxation time for 14 N nuclei, present
in coordinated acetonitrile molecules. To this end,
the N M R spectra were investigated for 14 N in the
solution under study, as well as those for the binary
acetonitrile-nitromethane solution without GaCl3
(sample II) with the same molar ratio of the
components as in the stock solution (sample I). The
N M R spectra of 1 4 N for both the solutions contain
two lines corresponding to CH3CN and CH3NO2
whereas in the solution containing the solvate
complex the signal from CH 3 CN is broadened and
shifted to stronger fields by about 8 ppm, as
compared with the solution of pure solvents. This
broadening and shift of the signal is due to overlapping of lines from free and coordinated CH3CN
molecules and indicates that the exchange is rapid
in the time scale specific for the 14 N NMR. Under
this condition the observed line width is given by
the formula
14A

v = pt 14zl vt + pb

14Avb,

(14)

where pi and pb are relative concentrations of the
free and bounded CH3CN molecules, respectively,
and 14 A vt and 14zl vb are the line widths. The values
of pi = 0.83 and pb = 0.17 are calculated using the
data on the molar composition of the solution with
account for production of gallium hexa-acetonitrile
complex. The values of 14 A v and 14Avt are determined for various temperatures from the N M R
spectra of 1 4 N in solutions, respectively, containing
and not containing GaCl3. Putting the obtained
experimental values of 14Av and l4Avt into eq. (14),
we get 14A vx>. The magnitudes of 14 RH and 14 RIB
obtained from the relation RI, 2 = nA v, are given in
Fig. 2. One should have in mind that the exchange
between coordinated and free CH3CN molecules is
rapid in the time scale specific for 1 4 N N M R , because
the chemical shifts for 1 4 N between these states are
small; it corresponds to the life time Tb of CH3CN
molecules in the solvate shell of gallium, which
amounts to 1-20 ms, depending on the temperature. The relaxation time 14 Tib for coordinated
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Fig. 2. Temperature dependence of the spin-spin relaxation rate for 1 4 N nuclei in the solution GaCl3 +

CH3CN + CH3NO2 (1 14R2 in free CH3CN).

14R2

in [Ga(CH3CN)6]3+, 2 -

CH3CN molecules is by a factor of 10 less than the
life time Tb, as well as the relaxation time 1 4 Th of
free CH 3 CN molecules. This means that the spin of
14 N has enough time to relax before acetonitrile
molecule leaves the solvate complex.
Putting the experimental values of 14TID into
eq. (13) one gets a number of values for the scalar
Ga—L4N spin coupling constants in the gallium
solvate
complex
at different
temperatures;
the magnitudes are invariable and amount to
J( 7 1 Ga- 1 4 N) = 74 ± 6 Hz, J(6 9 Ga- 14 N) = 59 + 5 Hz.
The ratio of these quantities is 1.24 ± 0 . 0 5 , it
coincides with the ratio of the gyromagnetic factors
7iy/69y —1.27.
Numerical values of the given
constants are in agreement with the only available
data on the 71 Ga- 14 N coupling constants, equal to 95
and 115 Hz for [Cl3Ga(NCS)]- and [Cl 2 Ga(NCS) 2 ]-,
respectively, which were obtained [8] directly from
splittings in the 71Ga NMR spectra.
Basing on the obtained results we are in position
now to understand an effect of the medium observed
in ref. [1]; we mean the detected dependence of the
peak intensity of the signal from solvate complex
on the isotope and on the composition and concentration of the solution. Actually, the shape of the
NMR signal from 69Ga and 71Ga in the solvate
complex is a completely collapsed multiplet of

13 lines, originated from the scalar interaction of
gallium with six spins of 1 4 N; the ratios of the line
intensities in the multiplet are
1:6:21:50:90:126:131:126:90:50:21:6:1.
With account for the numerical values of the
coupling constants, 6 9 Ga- 1 4 N = 59 ± 5 Hz, and
71 Ga- 14 N = 74 ± 6 Hz, the width of the resonance
line for 69 Ga is less than that for 71Ga, and the peak
intensity at the collapse of lines in the multiplet is
higher in the case of 69 Ga, as compared with the
peak intensity for 71Ga. The presence of buffer
solvents, nitromethane in particular, results in
decrease in the relaxation time for 14 N nuclei in the
coordinated CH3CN molecules, because of external
sphere interactions between the solvate shell of
gallium and CH 3 N0 2 molecules belonging to the
external sphere. This decrease in 14 Ti b leads to a
more effective overlapping of components in the
multiplet, and to increase in the peak intensity of
the NMR signal from 69 - 71 Ga in the solvate complex.
A similar effect of the medium appears also with
introduction of other solvents, which can be ordered
according to their ability to diminish the relaxation
time 14 Tib: CH 3 N0 2 > C 6 H 5 N0 2 > CH3C6H5 >
(C2Hö)20 ~ CeH6 ~ CCI4. A decrease in the peak
intensity for the signal from [Ga(CH3CN)6]3+ with
thinning of the solution [2] is also related to the
time 14 Tib which is increasing as the concentration
falls.

2. Relaxation of
[Al(CH3CN)6]3+

27Al

nuclei in the solvate complex

It was shown above that the exchange of CH3CN
molecules does not change the relaxation times of
gallium nuclei in the solvate complex; in other
words, this complex is inert and the exchange is
slow in the time scale specific for NMR of 69>71Ga
nuclei. It is natural to suppose that a similar situation takes place also for [A1(CH3CN)6]3+, produced
in CH3CN solution (sample III). The NMR spectrum
of 27A1 in this solution consists of a signal at
+ 102.0 ppm, due to [AICI4]-, and signals at
—12.8 ppm, —21.4 ppm and —33.4 ppm, ascribed
in ref. [2] to [A1C12(CH3CN)4]+, [A1C1(CH3CN)5]2+,
and [A1(CH 3 CN) 6 ] 3+ , respectively (Fig. 3). Signal
from the solvate complex has a narrow line ( ~ 10 Hz),
so it is possible to measure 27 Ri with a sufficient
accuracy. The temperature dependences of 27 Ri and
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[ClsAl(NCS)]-, [ClsAl(NCO)]-, and [C12A1(NCS)2][8]3. Relaxation of
[GaClnBn-n]-

69Ga

and

71Ga

in anions

For

the complexes [GaCl n Br 4 - n ] _ , the rates
are somewhat larger (by a factor of 1.5-2)
than the rates 6 9 - 7 1 Ri [3]. Therefore in the present
work we have measured only the values of R 2 ,
measuring the line widths in the NMR spectra of
69>71Ga. In Fig. 4 we present the NMR spectra of

69-71R2

Fig. 3. NMR spectrum of 27A1 (hexa-coordinational
region) for the solution A1C13 + CH3CN + CH3NO2
with the ratio [CH3CN]/[A1] = 1.5 at the temperature
of 303 K.

27R2
for [A1(CH 3 CN) 6 ] 3+ (Fig. l b ) show that
R 2 > R I . Basing on this fact, and in analogy to the
gallium solvate complex, we suppose that this
difference is due to the scalar relaxation rate of 27A1
nuclei, whereas

2 7 RI

=

27R2SC

=

2 7 RI Q ,
2 7 R 2

_

27R1

?

i.e. the case A takes place (eq. (9)). The dependence
of 2 7 R 2 s c on the inverse temperature is shown by
means of dashed line in Fig. l b . As 2 7 R 2 s c is
increasing with the temperature, the correlation
time TN is rising, according to eq. (13). It is an
indication to that TN is determined by the relaxation
time for the nitrogen-14 nuclei of coordinated
molecules of CH 3 CN, i.e. TN = 1 4 Ti b , while 2 7 R 2 s c is
the second-kind scalar relaxation. The activation
energy E a of the orientational motion of the aluminium solvate complex amounts to 1.8 + 0.1 kcal/mol.
This quantity is obtained from the temperature
dependence of RI, as well as from that of R 2 SC .
If one uses the value of 14Tit,, obtained for
[Ga(CH 3 CN) 6 ] 3+ (Fig. 2), then from eq. (13) one gets
the coupling constant J( 2 7 A1- 1 4 N) = 22 + 2 Hz in
the complex [A1(CH 3 CN) 6 ] 3+ . This magnitude of the
coupling constant is in a good agreement with the
known spin coupling constant 27A1—L4N = 40 + 1 Hz,
determined from NMR for 27A1 in the complexes

Fig. 4. NMR spectrum of 69Ga in the solution GaCl3 +
GaBr3 + CH3CN at the temperatures: a) 240 K,
b) 290 K, c) 320 K (1 - [GaCl4]-, 2 - [GaCl3Br]-,
3 - [GaCl2Br2]-, 4 - [GaClBr3]-, 5 - [GaBr4]-, 6 [Ga(CH3CN)6]3+).
69 Ga for the solution of GaCl3 + GaBr 3 in acetonitrile (sample IV) for three temperature points.
Six signals with the chemical shifts of + 2 5 2 ,
+ 212.8, + 1 6 8 . 2 , + 118.8, + 6 3 . 7 , and—70.1 ppm,
were observed in the spectra, the lines are corresponding to the anions [GaCl4]~, [GaClsBr] - ,
[GaCl 2 Br 2 ]-, [GaClBr s ]-, [GaBr 4 ]-, and the solvate
complex [Ga(CH 3 CN) 6 ] 3 + [9], The NMR spectra of
71 Ga for this solution are similar to NMR of 69 Ga.
Throughout the temperature interval the chemical
shifts of the signals 1-6 (Fig. 4) remain invariable,
and this is an evidence that there is no intermolecular exchange between the anions in the time scale
relevant to N M R for 69>71Ga. The most narrow
lines were observed at 290 K , and when the temperature is falling to 230 K , or rising to 330 K , the
lines due to the anionic species become broader
(Fig. 4). The inverse temperature dependences of
6 9 ' 7 1 R 2 for the anion forms are shown in Fig. 5.
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Fig. 5. Temperature dependence of the spin-spin relaxation rates for the nuclei a) 71Ga, b) 69Ga in anions
[GaClwBr4_ra]~ for the solution GaCl3 + GaBr3 +
C H 3 C N ( # - [ G a C l 4 ] - , 0-[GaCl 3 Br]-, • -[GaCl 2 Br 2 ]-,
A - [GaClBrg]-, <> - [GaBr4]-).

69Q\2

69R2

71Q.

So one can suppose that

69-71R

2

=69'71Ri,2Q.

For temperatures above 250 K (10 3 /T < 4) for all
the anion forms one has
®9R2

<
l

Q

and the difference between R 2 and R i is small. Then
one can write down the relation

This situation is corresponding to the case C
(eqs (11) and (12)), so we get an estimate for the
correlation time of the scalar coupling, rs < 0.1 /us.
Since 69>71R2SC are increasing with the temperature,
rs is also increasing according to eqs (11) and (12).
Hence one gets TS = TI, where Ti is the relaxation
time for the halogen isotopes ( 35 - 37 Cl, 79 - 81 Br). In
other words, there is the second-kind scalar relaxation of gallium nuclei due to the spin-lattice relaxation of the halogen isotopes in [GaCl w Br 4 _ w ] _ .
In order to investigate a possible exchange of the
anion complexes with free halogen ions, an excess
of Bu 4 NBr (sample V) was added to the solution
(sample IV). Because of this addition, the ratio
Br/Ga is higher than 10, and the solvate complex
Ga(CH3CN)6 3+ is destroyed completely, so the
signal 6 disappears from the spectra, and the
intensities of signals 1 - 5 is rearranged. When the

Nuclei

temperature of the sample V was increased from
290 K up to 330 K , the lines 1 - 5 became narrower,
while their positions were invariable, so one can
conclude that there was no considerable
[GaCl w Br 4 _ n ]~ <-+ Br~ exchange, in the time scale
specific for N M R of 69>71Ga. The temperature
dependence of 6 9 - 7 1 R 2 for every anion [GaCl n Br 4 -„]has a characteristic feature: the ratio 6 9 R 2 / 7 1 R 2 is
close to the squared ratio of the quadrupole moments
of the gallium nuclei, the fact which is an indication
to the dominating quadrupole contribution to the
relaxation of gallium in anion forms, at an excess
of free bromine ions in the solution.
4. Relaxation of

For temperatures below 250 K (10 3 /T > 4) the condition holds

71Ga

27Al

in anions

[AlClnBri-n]~

27A1

The NMR spectrum of
for sample V I consists of five lines, corresponding to the anions
[AlCl„Br 4
(the hexa-coordination region contains signals from [A1(CH 3 CN) 6 ] 3+ , [AlBr(CH 3 CN) 5 ] 2+
and [A1C1(CH 3 CN) 5 ] 2+ ). The temperatures dependences of 2 7 Ri and 2 7 R 2 of the anion complexes,
which are given in Fig. 6, are a good deal similar to
6 9 - 7 iR 2 (T) for [GaCl ra Br 4 _ w ]-. Because of this observation, we suppose that, quite like the case of
gallium halogenides, the 27A1 nuclei in the anions of
the type [AlCl n Br 4 -n] _ relax by means of the scalar
and quadrupole mechanisms under the conditions
mentioned in the case C. The rates 2 7 R i s c and 27 R 2 SC
increase with the temperature because of a rise of
the correlation time TS. This result is an evidence
that the 27A1 nuclei relax by means of the scalar
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Fig. 6. Temperature dependence of a) spin-lattice, Ri,
and b) spin-spin, R 2 , relaxation rates for 27A1 nuclei in
anions [AlCl n Br 4 _ n ] - for the solution A1C13 + AlBr3 +
CH 3 CN # - [AlCLi]-, <> - [AlBr4]-, O - [AlClgBr]-,
• - [AlCl2Br2]-, A - [AlClBr3]-, the dashed line shows
an extrapolation of the quadrupole contribution 27RQ
to the region of high temperatures.
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mechanism of the second kind, due to the relaxation
of bromine or chlorine nuclei.
The activation energy of the orientational motion
of the anion forms, determined from the inverse
temperature dependences of 2 7 Ri Q , amounts to
3.2 ± 0 . 1

[4],

Thus the aluminium and gallium anion complexes,
as well as the solvate complexes of these elements,
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