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In order to study the dynamical properties of the novel series of complex hydrides M[AI(BH4)4] (M = Na,
K, Rb, Cs), we have measured the 1H and "B spin-lattice relaxation rates and the TH nuclear magnetic
resonance spectra in these compounds over broad temperature ranges (6—384 K) and resonance fre-
quency ranges (14—90 MHz). For all the studied compounds, the behavior of the spin-lattice relaxation
rates is governed by the reorientational motion of BH4 groups. For Na[Al(BH4)4], the temperature de-
pendences of the measured 'H and !B spin-lattice relaxation rates suggest a coexistence of two reor-
ientational processes with different characteristic jump rates and the activation energies of 186(7) and
262(9) meV. For K[AI(BH4)s4], Rb[AI(BH4)4], and Cs[Al(BH4)4], the relaxation data are satisfactorily
described by the model with a Gaussian distribution of the activation energies and the average activation
energies of 393(6), 360(5), and 353(5) meV, respectively. The barriers for reorientational motion in M

[Al(BHg4)4] are discussed on the basis of changes in the local environment of BH4 groups.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Metal borohydride complexes and their derivatives are consid-
ered as promising hydrogen storage materials due to their high
hydrogen content [1]. However, practical use of the alkali and
alkaline-earth borohydrides is hindered by their stability with
respect to thermal decomposition, which leads to high tempera-
tures of hydrogen release. The desorption temperature can be
strongly reduced for bimetallic borohydrides, such as NaZn,(BH4)s,
NaZn(BHg4)3 [2], KCd(BH4)3, and K>Cd(BHg)4 [3], using the correla-
tion between the Pauling electronegativity of metal cations and the
decomposition temperature [4]. Bimetallic borohydrides contain-
ing light metal atoms are preferable from the point of view of
gravimetric H content. Therefore, Al-containing compounds have
attracted much recent attention [5—9]. Aluminum borohydride,
Al(BH4)3, having a gravimetric H density of 16.8 wt %, appears to be
unsuitable for hydrogen storage since it is a highly pyrophoric and
explosive liquid at room temperature [10]. The series of M
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[Al(BH4)4] compounds (where M is an alkali metal) prepared by the
reaction of solid MBH,4 with liquid Al(BH4)3 are not so dangerous
while retaining high gravimetric H density (for light M elements)
[5—9]. In these compounds, [Al(BH4)4]™ plays the role of a complex
anion. According to the concept introduced in Refs. [11,12], this
complex anion can be referred to as “hyperhalogen” which has the
electron affinity much exceeding that of halogen ions. Thus, M
[Al(BH4)4] compounds can be considered as hypersalts. The first
compound of this series, K[AI(BH4)4], was synthesized by Seme-
nenko et al. [13] in 1972. The structures and hydrogen-storage
properties of M[AI(BH4)4] compounds (M= Na, K, Rb, Cs) were
investigated in Refs. [5—9]. All these compounds contain a distorted
tetrahedral complex anion [Al(BH4)4]~ where BH,4 groups are co-
ordinated to the central aluminum via edges. The room-
temperature crystal structure of Na[Al(BH4)4] is monoclinic (space
group C2/c); this compound decomposes at about 363 K. Both K
[Al(BH4)4] and Rb[AI(BH4)4] have the orthorhombic structure
(space group Fddd), and their decomposition temperatures are near
433 K. Upon heating, Cs[Al(BH4)4] transforms from the low-T phase
to the high-T phase near 358 K. The structure of the low-T phase is
not yet resolved, and the high-T phase is tetragonal (space group
141/amd); this phase starts to decompose near 423 K.
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Since BH4 groups in borohydrides are known to exhibit fast
reorientational motion [14—18], their dynamical behavior is ex-
pected to contribute strongly to the balance of energies deter-
mining the stability of these materials. The dynamical properties of
[Al(BH4)4]™ anions have not been studied so far. In the present
work, we investigate the dynamical behavior of complex anions in
the series of M[AI(BH4)4] compounds (M= Na, K, Rb, Cs) using
nuclear magnetic resonance (NMR) measurements of the 'H and
1B spin-lattice relaxation rates and the 'H spectra over wide
temperature and resonance frequency ranges.

2. Experimental details

The synthesis of the bimetallic borohydrides M[AI(BHg)4]
(M =Na, K, Rb, Cs) was analogous to that described in Refs. [6,7,9].
All reactions were performed using the commercially available
materials: AlCl3, LiBH4, NaBH4, KBH,4 (Sigma-Aldrich), RbBH4 and
CsBH4 (Katchem). At the first stage, Al(BH4); was prepared ac-
cording to the reaction

AICl5 + 3LiBH4 — Al(BH4); + 3LiCl 1)

Since Al(BH4)s is highly pyrophoric and explosive in contact
with moisture and air, all manipulations were carried out in the dry
nitrogen-filled glove-box. At the second stage of synthesis, 1—4 mL
of freshly prepared Al(BH,4)s was transferred via syringe to a flask
containing ground powder of MBH,4 with continuous stirring. The
reaction

Al(BH4); + MBH4 — M[AI(BH4)4] 2)

occurred during 4—7 days. The excess of volatile Al(BH4)3 was
removed by pumping with an oil pump for a few minutes. Ac-
cording to the X-ray powder diffraction (XRPD) analysis, the first
cycle of soaking of M[Al(BHg)4] in Al(BH4)3 resulted in the mixture
of M[AI(BH4)4] and MBH4 with a nearly 1:1 weight ratio. After the
second cycle of soaking the well-ground mixture of M[AI(BHg4)4]
and MBH4 in Al(BHy4)3, the yield of the target product in the reaction
(2) was about 90 wt %. The structures and the lattice parameters of
the dominant M[AI(BH4)4] phases derived from the synchrotron
powder diffraction data are listed below. Na[Al(BH4)s]: C2/c,
a=93375(3) A, b=11.2499(4) A, c=8.411A, §=104.706(2). K
[Al(BHy)4]: Fddd, a =9.7405(3) A, b =12.4500(4) A, ¢ = 14.6975(4)
A. RDb[AI(BH4)s]: Fddd, a=9.8889(4) A, b=13.3009(7) A,
c=14.3252(8) A. Cs[Al(BH4)s] (high-T phase): [4i/amd,
a=78594(3) A, c=16.3173(8) A. For NMR experiments, the
powdered samples were flame-sealed in glass tubes under ~0.5 bar
of nitrogen gas.

NMR measurements were performed on a pulse spectrometer
with quadrature phase detection at the frequencies w/2m = 14, 28
and 90 MHz for 'H and 28 MHz for !'B. In order to avoid slow
changes in the sample composition [7], for each of the samples the
upper limits of the temperature range of NMR measurements were
about 40—50 K lower than the actual decomposition temperatures.
The magnetic field was provided by a 2.1 T iron-core Bruker mag-
net. A home-built multinuclear continuous-wave NMR magne-
tometer working in the range 0.32—2.15T was used for field
stabilization. For rf pulse generation, we used a home-built com-
puter-controlled pulse programmer, a PTS frequency synthesizer
(Programmed Test Sources, Inc.) and a 1kW Kalmus wideband
pulse amplifier. Typical values of the /2 pulse length were 2—3 ps
for both 'H and ''B. A probehead with the sample was placed into
an Oxford Instruments CF1200 continuous-flow cryostat using ni-
trogen or helium as a cooling agent. The sample temperature
monitored by a chromel — (Au-Fe) thermocouple was stable to

+0.1 K. The nuclear spin-lattice relaxation rates were measured
using the saturation — recovery method. NMR spectra were recor-
ded by Fourier transforming the solid echo signals (pulse sequence
T2 — t — T[2)).

3. Results and discussion
3.1. Na[Al(BH4)4J: 'H and "B spin-lattice relaxation rates

The behavior of the proton spin-lattice relaxation rates R’l’
measured at three resonance frequencies for Na[Al(BH4)4] is shown
in Fig. 1. It should be noted that the recovery of 'H spin magneti-
zation is well described by a single exponential function above
190 K; however, below this temperature, considerable deviations
from the single-exponential recovery have been found. The analysis
of the data at T< 190K has shown that the recovery of 'H spin
magnetization in this range can be satisfactorily approximated by a
sum of two exponential components. The points shown in Fig. 1 at
T< 190K correspond to the slower relaxation component which
has the dominant amplitude. The behavior of the faster (minor)
relaxation component with the rate Rﬁc is shown in Fig. 2. It can be

seen that R’{’f exhibits a maximum near 135 K. Included in Fig. 2 are

also the proton spin-lattice relaxation rate data for NaBH4 from our
previous work [19]. Comparison of the two data sets suggests that
the faster relaxation component for our Na[Al(BHg)4] sample can be
attributed to the residual NaBH4 phase (see the Experimental de-
tails section). The relative amplitudes of the faster component are
also in reasonable agreement with the fraction of the residual
phase derived from X-ray diffraction measurements. Note that near
190 K the sodium borohydride undergoes the first-order transition
from the ordered tetragonal phase to the disordered cubic phase,
and this transition is accompanied [19] by the sharp drop of RI{I (see
Fig. 2). Because of this feature, the effects of the residual NaBH4
phase on the measured proton relaxation rates become negligible
above 190 K. Generally, a contribution of the minor phase to the
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Fig. 1. Proton spin-lattice relaxation rates measured at the resonance frequencies w/
27 =14, 28 and 90 MHz for Na[Al(BH4)4] as functions of the inverse temperature.
Above 190K the data points represent the single-exponential approximation of the
nuclear magnetization recovery, and below 190K they correspond to the slower
component of the two-exponential recovery. The solid lines show the simultaneous fits
of the two-peak model the data. The blue and red dashed lines represent the low-T and
high-T peaks, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 2. The fast components of the two-exponential proton spin-lattice relaxation at 14
and 28 MHz for Na[Al(BH,)4] as functions of the inverse temperature. The behavior of
the proton spin-lattice relaxation rate for NaBH, at 14 MHz [19] is shown for
comparison.

total recovery of nuclear magnetization becomes detectable only in
the T range where the corresponding relaxation rate is faster (or of
the same order of magnitude) than the relaxation rate for the major
phase. In the temperature range where the relaxation rate for the
minor phase is much slower than that for the major phase, it is
practically impossible to detect a contribution of the minor phase.
Thus, for the pure Na[Al(BH4)s4] compound, the behavior of the
proton relaxation rate should be determined by the experimental
R’f data at T> 190 K and by the slower relaxation component below
this temperature.

The proton spin-lattice relaxation rate in borohydride-based

materials usually shows a peak at the temperature at which the
reorientational jump rate  ~! of the BH,4 groups becomes nearly
equal to the nuclear magnetic resonance frequency w [15,17].
However, the temperature dependence of R’l" for Na[Al(BH4)4] looks
like a superposition of two overlapping peaks (Fig. 1). This indicates
a coexistence of at least two reorientational processes with
different characteristic jump rates [20,21]. Such a coexistence is
typical of a linear coordination of each BH4 group by two nearest-
neighbor metal atoms [21]. Fig. 3 shows the complex [Al(BH4)4]™
anion and two types of the coordination environment of BHy
groups in M[AI(BH4)4] compounds. In Na[Al(BHg)4], the coordina-
tion of all BH4 groups is close to the linear one (shown in Fig. 3b),
although the actual Al — B — Na angles deviate from the ideal 180°
values [7,9]. As discussed in Ref. [21], the 2-fold symmetry axis
parallel to the Al — B — M line should represent the “easy” axis
corresponding to the lowest energy barriers for BH4 reorientations
and to the fastest motion. Reorientations around two other 2-fold
axes (perpendicular to the Al — B — M line) and/or 3-fold axes
should correspond to higher energy barriers and to slower motion.
We assume that for each of the two reorientational processes, the
temperature dependence of H jump rate 'r;l (i=1or2)is governed
by the Arrhenius law with the activation energy E;,
7 =15 exp( — Eqi/kgT), (3)
and i = 1 corresponds to the faster process responsible for the low-
temperature R’]’ (T) peak. In our two-peak model, the resulting
proton spin-lattice relaxation rate is expressed as

a

[Al(BH,),]”

Fig. 3. Schematic views of the complex [Al(BH4)4]™ anion (a), the linear (b) and the
triangular (c) coordination of BH4 groups in M[Al(BH4)4] compounds.
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2
RE =" RE, (4)
i=1

where the contributions Rﬁ’i are related to the corresponding jump

rates 7;1 by the standard theory [22] of relaxation due to

motionally-modulated dipole-dipole interactions between nuclear
spins. In order to understand, what interactions are important for
the 'H spin-lattice relaxation in our system, we have calculated the
‘rigid-lattice’ second moments for the 'H — 'H, '"H-''B, 'TH—?Al,
and 'H—?3Na dipole-dipole interactions on the basis of the struc-
tural data [79] for Na[Al(BHa)s]: Moun=184x 100 s72
Mopyg = 143 x 1010 572, Maoyal = 9.41 x 109 572, and
Mopna = 8.75 x 108 s72. These results show that the H — H, H — B,
and H — Al interactions are of comparable strength, while the H —
Na interactions are much weaker and can be neglected. Therefore,
the expression for R’fi can be written in the form:

RH~ _ ZAMHHTCI 1 4 4
1 3 1+ w,z_lrgi 1+ 4w12_,‘r§,-
, AMypTci 1 A 6
2 |1+ (0p—wp)* 1y 1+0its 1+ (0 + wp) T4
 AMparTci 1 L3 6 }
2 1+ (o —wa)’ts T+0Ts 1+ (0g + wa)7s

where wy, wp, and wy are the resonance frequencies of 'H, 1'B, and
27p], respectively, and AMyp;, AMyg;, and AMygaj; are the parts of the
dipolar second moments due to H — H, H — B, and H — Al in-
teractions that are caused to fluctuate by the ith reorientational
process. The dipolar correlation times 7 are simply related to the
corresponding mean residence times 7; between successive H
jumps: 7¢ = 7; for H — B, H — Al interactions and H — H interactions
within the same BH4 group, and 7= 72 for H — H interactions
between different BH4 groups. Since each of the H — H, H — B, and H
— Al terms in Eq. (5) exhibits nearly the same temperature and
frequency dependence, it is practically impossible to determine the
amplitude factors AMyp;, AMyg;, and AMpa;; independently from
the fits to the experimental relaxation rate data. Therefore, we have
assumed that the ratios AMpypi/AMyy; and AMyai/AMpyy; are the
same as the corresponding calculated ‘rigid-lattice’ second moment
ratios Mapp/Mapy = 0.78 and Mayal/Mapn = 0.51 (see above). Thus,
the parameters of our two-peak model include the activation en-
ergies Egj, the pre-exponential factors 7¢;, and the amplitude factors
AMppy;i (i = 1, 2). These parameters have been varied to find the best
fit of the R’{’(T) dependences calculated on the basis of Egs. (3)—(5)
to the experimental data at the three resonance frequencies
simultaneously. The simultaneous fit procedure means that we look
for a single set of parameters minimizing the complex merit
function [23] that measures the agreement between the model and
the data at all the available resonance frequencies. In our case, the
minimization has been done by the nonlinear least squares method
using the Levenberg-Marquardt algorithm [23]. The results of this
simultaneous fit to the data in the range of 148—315 K are shown by
solid curves in Fig. 1. The corresponding motional parameters are
701=6.0(5) x 107%s, E;;=186(7) meV (for the faster

reorientational process), and 7oy =19(2) x 1075, Eg =262(9)
meV (for the slower process); the amplitude parameters are
AMp =3.63(8) x 10° s=2 and AMppp = 4.32(7) x 10° s~2. It should
be noted that, for both jump processes, the activation energies are
in the range of typical E, values for BH4 reorientations in borohy-
drides [15,17]. The values of AMyy; and AMyy; are considerably
smaller than the calculated ‘rigid-lattice’ second moment Myyy;
this feature reflects the fact that localized H motion (such as BHy
reorientations) averages only a part of H — H dipolar interactions in
the system. We shall return to this point below, in the course of
discussion of the 'H NMR line widths. It should also be noted that at
low temperatures the measured R values tend to level off (see
Fig. 1). This feature may indicate the presence of additional relax-
ation mechanisms (such as due to spin diffusion to paramagnetic
impurities) that become relatively more important at low tem-
peratures. Similar contributions were found in a number of com-
plex borohydrides, for example, in LiZny(BHg)s [24].

Although boron atoms do not participate in the reorientational

(5)

motion of BH4 groups, 'B NMR measurements can probe the
reorientations via the fluctuating "B — 'H dipole-dipole and
quadrupole interactions. The "B spin-lattice relaxation in Na
[Al(BHg)4] is found to be non-exponential over the entire temper-
ature range studied; however, it can be reasonably approximated
by a sum of two exponential functions. The two-exponential re-
covery of the ''B nuclear magnetization was previously observed in
a number of borohydrides [25—28]. Such a behavior can be attrib-
uted [22] to the non-zero electric quadrupole moment of this nu-
cleus. It should be stressed that the nature of deviations from a
single-exponential relaxation for 'B differs from that for 'H; this
is consistent with the fact that the B relaxation is two-exponential
even in the temperature range (T > 190 K) where the 'H relaxation
is single-exponential. The temperature dependence of the fast
(dominant) component of the 1B spin-lattice relaxation rate, Rff, at

28 MHz in the temperature range 188—298 K is shown in Fig. 4.
Comparison of Figs. 4 and 1 indicates that general features of the
behavior of R‘ff in Na[AI(BHy)4] are similar to those of the 'H spin-

lattice relaxation rate, although the scatter of the R*ff data is more

pronounced than that of the R’f data. The scatter of the R’ff data in
Fig. 4 may be attributed to a certain instability of the two-
exponential description of the recovery curves. The similarity be-
tween the !B and 'H relaxation data suggests that the observed RE,
peaks originate from the same types of BH4 reorientations as the
corresponding R’f peaks. In order to support this conclusion, we
have fitted the two-peak model to the Rff(T) data, using the
motional parameters found from the R (T) fit as the starting set of
parameters. The fitting procedure demonstrates a fast convergence,
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and the results are shown in Fig. 4. The corresponding motional
parameters are 7g; =9.3(6) x 10~ s, Eq =182(7) meV (for the
faster process), and 7oz = 1.1(2) x 10”35, Egp = 274(8) meV (for the
slower process). Thus, the 'B spin-lattice relaxation data for Na
[Al(BHg4)4] can be satisfactorily described by the set of motional
parameters which are very close to those derived from the 'H
relaxation results.

3.2. K[AI(BH4)4], Rb[AI(BH,)4], and Cs[AI(BHy)4]: 'H and "B spin-
lattice relaxation rates

General features of the behavior of the proton spin-lattice
relaxation rates in K[AI(BH4)4], Rb[AI(BH4)4], and Cs[AI(BHg)4] are
similar. Therefore, we adopt a parallel discussion of the relaxation
results for these three compounds. As in the case of Na[Al(BHg)4],
the recovery of the 'H nuclear magnetization in these compounds
is found to deviate from a single-exponential behavior at low
temperatures (below about 240K, 208 K, and 228 K for M=K, Rb,
and Cs, respectively). In the low-T range, the recovery is satisfac-
torily described by a sum of two exponential components. The
faster (minor) relaxation rate component can be attributed to the
residual MBH4 phases; this component shows a peak near 130K,
120K, and 100K for M =K, Rb, and Cs, respectively, as in the cor-
responding MBH4 compounds [19,29]. Thus, the pure M[AI(BH4)4]
phases should be characterized by the experimental R’l" values in
the high-T range and by the slower (dominant) relaxation rate
component in the low-T range; such relaxation rates for K
[Al(BHg)4], Rb[AI(BH4)4], and Cs[AI(BH4)4] as functions of the in-
verse temperature are shown in Fig. 5. It can be seen that for all
compounds R¥(T) exhibits the frequency-dependent peak that is
typical of the mechanism of nuclear dipole-dipole interaction
modulated by atomic motion [22]. In contrast to the case of Na
[Al(BH4)4], there are no signs of two overlapping relaxation rate
peaks.

A closer inspection of the data shown in Fig. 5 indicates that for
all compounds the observed frequency dependence of R at the
low-temperature slope of the peak is weaker than the w2
dependence predicted by the standard theory [22]. This feature is

T (K)
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0:"‘:
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I 1 I 1 I 1 I 1 I 1
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Fig. 4. The faster component of the "B spin-lattice relaxation rate measured at
28 MHz for Na[Al(BH4)4] as a function of the inverse temperature. The solid line shows
the fit of the two-peak model to the data. The blue and red dashed lines represent the
low-T and high-T peaks, respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

consistent with the presence of a distribution of H jump rates [30].
A certain distribution of the reorientational jump rates in K
[Al(BH4)4], Rb[AI(BH4)4], and Cs[Al(BH,4)4] may be expected, taking
into account the T-shaped triangular coordination of BH4 groups in
these compounds (see Fig. 3c). In this case, there is no well-defined
“easy” reorientational axis, and one may expect more than two
rotational processes with different rates. To describe a distribution
of H jump rates, we use the simplest model based on a Gaussian
distribution of the activation energies [30], where the observed
relaxation rate is expressed as

RH = /Rq’(Ea)G(Ea,Ea, AEq)dEq. (6)

Here G(Eg, Eq, 4E,) is a Gaussian distribution function centered
on E, with the dispersion AE;, and Rﬁ’(Ea) is determined by
combining the standard expression that relates the relaxation rate
and 7 (such as Eq. (5)) and the Arrhenius law (Eq. (3)). The pa-
rameters of this model are the average activation energy E,, the
dispersion 4E,, the pre-exponential factor 79 and the amplitude
factor AM determined by the strength of the fluctuating part of
dipole-dipole interaction. As in the case of Na[Al(BH4)4], we have
assumed that the ratios of the fluctuating parts of different in-
teractions, AMpg/AMpy and AMya/AMpyy are the same as the cor-
responding calculated ‘rigid-lattice’ second moment ratios M,yg/
M>yy and Mapal/Mapy, on the basis of the structural data [6,7,9].
Since for Cs[Al(BHg)4] the detailed room-temperature structure is
still unknown (see above), we have used the structure of the high-
temperature phase of this compound [7,9] for the second moment
calculations. The motional and amplitude parameters have been
varied to find the best fit of the model R¥(T) to the experimental
data at three resonance frequencies simultaneously. The results of
such simultaneous fits for K|[AI(BH4)4], Rb[AI(BH4)4], and Cs
[Al(BH4)4] are shown by the solid curves in Fig. 5. The motional
parameters resulting from the fits are listed in Table 1. For com-
parison, the motional parameters of the two reorientational pro-
cesses in Na[Al(BH4)4] are also included in this table.

As can be seen from Table 1, the lowest values of the activation
energies are observed for Na[Al(BH,)4], while for K[AI(BHg)4], Rb
[Al(BH4)4], and Cs[Al(BH4)4] the average activation energies are
higher, being close to each other. These results support the notion
[31] that the energy barriers for reorientations in borohydrides
strongly depend on details of the local environment of BH4 groups.
The nearly linear coordination of BH4 groups by metal atoms ap-
pears to be favorable for fast reorientational motion. Another
interesting point is the non-monotonic dependence of the activa-
tion energy on the cation radius. Note that for cubic alkali-metal
borohydrides MBH4 (M = Na, K, Rb, Cs), the activation energy for
BH,4 reorientations was also found to change non-monotonically
along the series of alkali metals with the maximum for M=K
[29]. In the case of cubic MBH,4 compounds, this dependence was
rationalized [29] in terms of the ratio 8 = (Ry + Rpua)/dy—s char-
acterizing the deviation of the actual distance dy;_g between M ions
and BH4 groups from the sum of the corresponding ionic radii,
Ry + Rpua. A higher value of § indicates a stronger M- - -H interac-
tion, and thus suggests a higher value of the activation energy for
BH4 reorientations. Indeed, for cubic MBH4 borohydrides, the
behavior of E, was found to be similar to that of 3 [29]. However, for
M[AI(BH4)4] compounds, such a simple approach based on
geometrical considerations does not work because of more com-
plex structures of these materials and the difference in coordina-
tion numbers of different cations.

It should be noted that the thermal stability of M[Al(BH4)4] also
changes non-monotonically as a function of the cation radius, and
the maximum decomposition temperature Tgec is observed for
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Fig. 5. Proton spin-lattice relaxation rates measured at 14, 28, and 90 MHz for K
[Al(BH4)4], Rb[AI(BH4)4], and Cs[Al(BH,)4] as functions of the inverse temperature. The
solid lines show the simultaneous fits of the model with a Gaussian distribution of the
activation energies to the data.

Table 1

Parameters of BH, reorientations resulting from the simultaneous fits to the proton
spin-lattice relaxation data in Na[Al(BH4)4], K[AI(BH4)4], Rb[AI(BH,4)4], and Cs
[AI(BH4)4].

Compound E,or Eg (meV)  4E; (meV) 7o (s) T range (K)

Na[Al(BH4)4] 186 (7) - 6.0(5)x10°"3  148-315
262 (9) - 19(2)x 10713

K[AI(BH4)4] 393 (6) 17 (2) 273)x107">  218-384

Rb[AI(BH,)s] 360 (5) 30 (4) 53(3)x 107>  188-367

Cs[AI(BH4)4] 353 (5) 14 (1) 1.2(1)x 107 228-324

M=K and Rb [7,9]. Furthermore, a certain correlation may be
traced between the behavior of the activation energy and that of
Tdec- Fig. 6 shows both E,; and Tgec as functions of the cation radius
Ry. For the decomposition temperature, the data include the Li
[Al(BH4)4] borohydride [7,9]. The values of Ry are the “effective
ionic radii”, as introduced by Shannon [32] for the observed coor-
dination environments [7,9] of M cations in M[AI(BH4)4] by BHy4
groups (tetrahedral for Li, octahedral for Na, 4+4 for K and Rb, and
448 for Cs). It can be seen from Fig. 6 that the behavior of E; as a
function of the cation radius resembles that of Tgec. Possible phys-
ical grounds for this empirical correlation remain to be elucidated.

As in the case of Na[Al(BH4)4], the "B spin-lattice relaxation in
the compounds with M=K, Rb, and Cs is found to be two-
exponential over the entire studied temperature range. For each
compound, the faster (dominant) relaxation rate component ex-
hibits a peak in the same temperature range as the corresponding
1H relaxation rate peak. Futhermore, the behavior of Rﬁ’f(T) can be
satisfactorily described by nearly the same sets of motional pa-
rameters as the corresponding R{(T) data (see Figs. S1 — S3 of the
Supporting Information). This means that the behavior of the 'B
spin-lattice relaxation rate is determined by the same reorienta-
tional processes, as the proton spin-lattice relaxation rate.

3.3. Proton NMR spectra

The main features of the measured 'H NMR spectra are similar
for all the studied M[AI(BH4)4] compounds. As an example of the
data, Fig. 7 shows the evolution of the 'H NMR spectrum for K
[Al(BHg4)4] with temperature. At low temperatures, the width Av
(full width at half-maximum) of the 'H NMR spectrum is deter-
mined by dipole-dipole interactions between static nuclear spins;
this is the ‘rigid-lattice’ line width Avg. For K[AI(BH4)4], the value of

440' 1 460
K
400 + Z Rb 1440
' A Cs
360 - ) A 4420
> 320} {400 &
£ , <
o L Na 1380 §
L° 280 ' . 8
240 | - 360
200 - x 1340
I °
160 [ T T R PR S R S 320
06 08 10 12 14 16 18 20
R, (A)

Fig. 6. The activation energies for BH, reorientations (solid circles, left-hand scale) and
the decomposition temperatures (triangles, right-hand scale) for M[AI(BH4)4] as
functions of the cation radius.
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Fig. 7. Evolution of the proton NMR spectrum for K[Al(BH,)4] with temperature.

Avg is about 75 kHz. A rough theoretical estimate of Avg can be
obtained from the second moment calculations using the structural
data [7,9]. The calculated ‘rigid lattice’ second moment of the 'H
NMR line for K[AI(BH4)s] is 4.21 x 10'® 572, Assuming a Gaussian
shape of the spectrum, this second moment should correspond to
the line width of 77 kHz. Thus, the experimental value of Avg ap-
pears to be close to the estimated one, although the actual shape of
the low-temperature spectrum is evidently non-Gaussian (Fig. 7).
With increasing temperature, Av starts to decrease due to a partial
averaging of dipole-dipole interactions, when the H jump rate 7 ~!
becomes nearly equal to 2wAvg [22]. For our samples, a motional
narrowing becomes significant at the temperature, at which r !
reaches the values of the order of 5 x 104 s~ It should be noted
that for BH,4 reorientations, the line narrowing is not complete,
since such a localized H motion leads to only partial averaging of the
dipole-dipole interactions even in the limit 7 ~! » 2wAvg. Thus, at
high temperatures the 'H NMR line width exhibits a plateau, the
height of which is determined mostly by ‘intermolecular’ dipole-
dipole interactions (between nuclear spins at different BH4
groups). This behavior of Av(T) is illustrated in Fig. 8 for Na

80
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60 = bo
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o
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Fig. 8. Temperature dependences of the width (full width at half-maximum) of the 'H
NMR spectra measured for Na[Al(BHy4)4], Rb[Al(BH4)4], and Cs[Al(BH4)4] at 28 MHz.

[Al(BH4)4], Rb[AI(BH4)4], and Cs[Al(BH4)4]. It should be noted that
the characteristic ‘step’ of Av(T) for Na[Al(BH4)4] is observed at
lower temperatures than the corresponding ‘steps’ for Rb[Al(BHy)4]
and Cs[Al(BHg4)4]; this is consistent with the faster H motion in Na
[Al(BH4)4] in the region of the ‘steps’. For all the studied M
[Al(BH4)4] compounds, the value of Av at the high-temperature
plateau is close to 29 kHz. The expected value of Av at the plateau
can be roughly estimated in the following way. Since fast isotropic
rotational motion should average out the dipole-dipole interactions
within BH4 groups, we have to calculate only the ‘intermolecular’
contribution to the second moment (between different BH4 groups
and between BHy4 groups and 2’Al spins). This contribution can be
estimated by placing all the nuclear spins of the group at its center
and taking into account only the distances between centers of
different groups [33]. The second moment for Na[Al(BH4)4] calcu-
lated using this approach is 3.99 x 10° s—2; for a Gaussian shape of
the proton NMR line, this value corresponds to a line width of
23.7 kHz. The experimental value of Av at the plateau is somewhat
larger; this may indicate that the actual reorientations are not
strictly isotropic.

As can be seen from Fig. 7, the narrowing of the 'H NMR lines in
our systems is not uniform: at intermediate temperatures, the
spectra look like superpositions of two components with different
widths. This feature is typical of systems with a certain distribution
of H jump rates [34], in accordance with the spin-lattice relaxation
results for M[AI(BHg)4]. In the range of the high-temperature
plateau, the 'H spectrum looks like a single-component line; this
means that the condition 7 ~! » 2mAvg is fulfilled for all types of
reorientational motion.

4. Conclusions

The analysis of the temperature and frequency dependences of
the measured proton spin-lattice relaxation rates R’]* for the series
of bimetallic borohydrides M[AI(BH4)4] (M= Na, K, Rb, Cs) has
revealed the parameters of reorientational motion of BH4 groups in
these compounds. It is found that for Na[Al(BH4)4] the experi-
mental data are consistent with the coexistence of two reorienta-
tional processes having different characteristic jump rates and the
activation energies of 186 meV and 262 meV. Such a coexistence is
believed to originate from the nearly linear coordination of BHy
groups by two metal atoms in this compound. For K[Al(BHg)4], Rb
[Al(BH4)4], and Cs[Al(BH4)4] compounds with the T-shaped coor-
dination of BH4 groups, the experimental RYf data are satisfactorily
described by the model with a Gaussian distribution of the acti-
vation energies and the average activation energies of 393 meV,
360 meV, and 353 meV, respectively. For all the studied com-
pounds, the motional parameters derived from the analysis of the
1B spin-lattice relaxation rates are consistent with those obtained
from the proton spin-lattice relaxation data.
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