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ABSTRACT

Since its discovery over 15 years ago, the reversible dehydrogenation of Mg(BH4)> to Mg(B3Hs)>
has remained one of the more intriguing hydrogen-cycling systems. While the mechanism of this
reaction has been the subject of a good deal of speculation and computational studies, prior to this
work it had not been probed through kinetic studies. Previous reports of the dehydrogenation of
Mg(BH4)2 to Mg(B3Hzg)2 have not included kinetic studies. The present studies have shown that
the dehydrogenation of Mg(BH4)2 to Mg(B3Hs): is suppressed by hydrogen pressure indicating
that the rate-limiting step in this process involves hydrogen elimination. Computational modeling
of kinetic data obtained from monitoring the hydrogen elimination from Mg(BH4)2 to Mg(B3Hs)2
under static vacuum over a range of temperatures supports that the dehydrogenation occurs through
areversible three-step process in which the elimination of hydrogen from the [B3Hio]™ intermediate
is rate limiting. A mechanism involving the low energy transfer of neighboring BH3 groups is

proposed to account for the formation of [B3Hg] ™ at relatively low temperatures.



INTRODUCTION

Magnesium borohydride, Mg(BH4)2, (1) has been extensively investigated for over 20 years as
a potential hydrogen storage material due to its high gravimetric hydrogen density and
thermodynamically favorable hydrogen cycling compatibility [1-20]. This interest was
piqued by the observation of the direct hydrogenation of magnesium diboride, MgB»> (2) to
1 and the demonstration of the cycling of 11.7 wt% hydrogen [7]. This still stands as the
highest gravimetric hydrogen capacity that has ever been experimental demonstrated for
any material. However, this hydrogen cycling was accomplished at the extreme reaction
conditions of 900 bar and 450 °C. More recently, there have been many reports that the reaction
conditions required for both the dehydrogenation of 1 [10-15] and the hydrogenation of 2 to 1
[16,17] and can be significantly reduced by the addition of selected additives. Nonetheless
overcoming the extremely slow kinetics of the reversible release of hydrogen in the solid state
remains a daunting challenge that must be met before 1 can be utilized as a practical hydrogen

storage material.

Less extensive hydrogen cycling between 1 and Mg(BsHs): (3) (Equation 1), was first

demonstrated by Chong ef al. [10] These studies established that reversible dehydrogenation of 1

3Mg(BH4)2 5 Mg(B3Hs)2+ 2MgH2 + 2H> (1)
was possiblein the solid-state under moderate conditions (dehydrogenation 200 °C; hydrogenation,
250 °C/120 bar H» pressure hydrogen). While the reversible dehydrogenation of 1 to 3 has a
more limited, maximum cycling capacity of 2.5 wt% Ho, the finding of reversibility at
moderate conditions has led to considerable investigation and speculation concerning the

mechanism of this process [18-20].



Early seminal studies of borohydrides established key patterns of reactivity which are
undoubtedly essential components of the mechanism of the dehydrogenation of 1 to 3. The reaction
between metal borohydrides and binary metal hydrides/borane species is well known, as seen in
Equation 2 [21-23]. There is also a consensus among investigators that the first step of conversion

MBH4 — MH + BH3
(2)
of 1 to 3 involves a borohydride-borane coupling as shown in Equation 3 [20, 24-27].
MBH, + BH; — MBHy 3
The formation of [B3Hg] can then be completed by the addition of another equivalent of BH3 and
elimination of H>. However, it is ambiguous as to the sequence of the BHj3 addition and H»

elimination as shown in Scheme 1.

BH3
[BH,I [BoH,I _‘ [B3H1ol

e I

[BoH5] ——== [B;HsI

Scheme 1. Potential pathways for the reaction from [BH4]™ to [B3zHg]".

Prior experimental studies mechanistic studies for the formation of [B3Hg]™ from [BH4] have
been carried out in solution using either diborane or a BH3 adduct as a reactant [24-27]. Chen et
al. showed that [BsHg]™ can be synthesized through the reaction of [BH4] with 2 equivalents of
BH;3-THF [26]. They propose that the reaction proceeds by a mechanism involving the initial
coupling of [BH4] and BH3 to give [B2H7]". The B2 intermediate then reacts with a second
equivalent of BH3 to form the [B3Hio] intermediate before undergoing dehydrogenation to

[B3Hg]™ (Scheme 1) [26]. Gaines et al. prepared [B3;Hg]™ by the reaction of [BH4]™ and diborane,



B>Hg [28]. They propose a similar mechanism in which [BzHg] is formed directly from [B3Hio]™
via a H; elimination [28]. Beall et al. has suggested that the hydrogen elimination is most likely
the endothermic, rate-limiting step [25].

A recent computational study by Johnson et al. that investigated ground-state stabilities of
different borane species calculated [B3Hio]™ as a lower energy intermediate than [BoHs], thus
indicating that BH3 addition occurs first [20]. An alternative mechanism has been proposed by
Wan et al. [19] However, they propose that the preferred reaction pathway involves the [B3Ho]*~
dianion, which is not commonly considered as a component in the chemistry of lower anionic
boranes [29]. While the previous experimental and computational studies have revealed important
insights into the reaction pathway between 1 and 3, a full understanding of the mechanistic details
of the process in the solid state requires information about the kinetic parameters governing this
process. In order to obtain this information, we have carried out kinetic studies and modeled our
findings using line-fitting analysis in order to elucidate a valid mechanism for the reversible
dehydrogenation of 1 to 3. Such analysis has allowed for the determination of the rate constant and
activation energy (Ea) associated with the elementary step(s) for the forward and reverse reactions,

thus revealing which step is rate-limiting in the case of a multi-step reaction.

1. EXPERIMENTAL
General Considerations. All sample preparations were carried out either in an argon glovebox or
using standard Schlenk techniques under argon. All kinetic experiments were carried out with a
calibrated Suzuki Shokan PCT-2SDWIN Sieverts-type apparatus. ''B NMR spectroscopy was
performed on Varian Unity Innova 500 MHz spectrometer with ''B chemical shifts referenced to

BF3-OEt, (8 = 0 ppm) at 20 °C and 'H referenced to TMS (8 = 0 ppm). A relaxation delay of 10



seconds was used for all ''B analyses with a 90° pulse width of 10 ps. For ''B analysis, powders
were typically dissolved in a 2:1 mixture of DO and THF. All samples were analyzed within 45
minutes of sample dissolution. Powder X-ray Diffraction (PXRD) were obtained on a Bruker D8
Advance diffractometer with a 3 kW CuKa source and a LynxEye XE detector in Bragg—Brentano
parafocusing geometry, mounted on a 9-position automated sample changer using an air free
Bruker Si-wafer mount. A 0.020 mm Ni filter was used to reduce CuKp radiation. Powder scans
were conducted over a range of 3—83 degrees with a step size of 0.02 degrees and an exposure time

of 1 s per step.

Synthesis of Magnesium Borohydride. Synthesis of Mg(BH4), was prepared according to the
procedure by Zanella et. al. [30]. Di-n-butylmagnesium (10 mL, Sigma Aldrich, 1M solution in
heptane) was slowly added dropwise to borane-dimethylsulfide complex (18 mL, Acrds Organics,
2M in toluene) and the solution was stirred for a minimum of two hours at room temperature during
which a white precipitate formed. This solid was filtered through a Schlenk frit, washed twice with
toluene, and dried for 12 hours en vacuo at room temperature followed an additional at 75°C for
12 hours. The resulting white powder was found by PXRD analysis to be primarily y-Mg(BH4)2
with a small amount of a-Mg(BH4)2. ''B NMR (128 MHz, 2D,0:1THF) § = — 42 ppm (m), 'H

NMR (400 MHz, D;0); § =~ 0.30 ppm (m).

Isothermal Dehydrogenation Kinetic Measurements. Samples (50 mg, 0.93 mmol) of
Mg(BH4)2 were added into a fixed volume reactor and attached onto the PCT instrument line where
both reactor and line were evacuated. Samples were heated to the prescribed temperature. Pressure

readings were recorded every 10 seconds. The amount of hydrogen released during the desorption



process was determined from the pressure difference in the calibrated volume after the

measurements were complete.

Hydrogen Back Pressure Experiments. Samples (100 mg, 1.86 mmol) of Mg(BH4)> were added
into a fixed volume reactor and attached onto the PCT instrument line where both reactor and line
were evacuated. In addition to a blank experiment in which no hydrogen pressure was introduced,
20 bar H» was introduced in a second run prior to heating. Samples were heated to the prescribed
temperature. Pressure readings were recorded every 10 seconds. The amount of hydrogen released
during the desorption process was determined from the pressure difference in the calibrated

volume after the measurements were complete.

Computational Methods. The final kinetic model is modelled for the three coupled, reversible
reactions, with the ordinary differential equation (ODE) solved with an Euler first-order integrator.
The reactions are assumed to be first order with respect to each species. A variable timestep was
used to ensure concentrations stay non-negative with a maximum step size of 0.4 seconds. Initially,
no other species are present except for 9.26 x 10 mol of Mg(BH4)2. The python package Imfit (
https://ui.adsabs.harvard.edu/abs/2016ascl.soft06014N) is used to iteratively update the rates K =
(kig,kirkorkor, ksr,ksr) to minimize between the difference between the ODE predicted H»
concentrations and the measured H> concentrations, using the default least-squares algorithm.
Since the parameter space of K is large, multiple initializations of K values (Ko) are chosen from
a stochastic Monte Carlo sampling from rates as low as 10 to as high as 10?° for one of the
reactions (with units [mol™! x hr'!] or [mol? x hr''] depending on the total reaction order). Each Ko

will result in an optimized Kop: and after aggregating hundreds of them, those Kopt corresponding



to a small difference between the ODE predicted H> concentrations and the measured H>
concentrations are selected for Arrhenius plots. Kope are further filtered out by the Arrhenius plots
where those corresponding to large R? values and out of the range of chemical intuitions are

omitted.

2. RESULTS AND DISCUSSION

Kinetic Monitoring of the Dehydrogenation of Mg(BHa4)2 to Mg(B3Hs)2

Previous reports of the dehydrogenation of 1 to 3 have not included kinetic studies. In order to
determine rate constants and mechanistic insights the hydrogen elimination from 1 to 3 under static
vacuum over a range of temperatures was monitored as a function of time. Below 200 °C, the
formation of 3 is exceedingly slow. It has been previously reported that between 200 and 250 °C,
[B3Hg] is the sole product of the dehydrogenation. While above 250 °C, the dehydrogenation is
no longer selective for the formation of [B3Hs] and thus complicates reaction kinetics. Therefore,
meaningful data could only be collected over the very limited range of temperatures of 200-250

°C. Isotherms were collected at 10 °C increments for 19 hours as seen in Figure 1. The decay of
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Figure 1. PCT isotherms generated during the dehydrogenation of Mg(BH4): at (a)
200 °C (b) 210 °C (¢) 220 °C (d) 230 °C (e) 240 °C (f) 250 °C.



the rate of hydrogen elimination exhibits roughly Langmuir behavior. The ''B{'H} NMR spectra
of the [BH4]/[B3Hsg] mixture obtained after 19 hours of heating at the prescribed temperatures are

shown in Figure 2. Table 1 summarizes the relative integrated signal intensity of [BzHg]™ and
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Figure 2. "B{'H} NMR spectra of Mg(BH.) at (a) 23 °C and after dehydrogenating for 19
h at (b) 200 °C (¢) 210 °C (d) 220 °C (e) 230 °C (f) 240 °C (g) 250 °C.

Table 1. Relative amounts of [BH4]™ and [B3Hs]™ after dehydrogenation of Mg(BHa4), for 19 h. Does not include
the unchanging integrated signal intensity (9% of total boron) for the BH3-adduct signal seen at § =-13 ppm.

Temperature % [BH4]" % [B3Hs]"
°O) (6 =-42 ppm) (6 =-31 ppm)
23 100 0

200 97 3

210 96 4

220 94 6

230 92 8

240 90 10

250 87 13




[BH4]". In all cases less than 20% yield of [BzHs]™ was observed. This suggests that the conversion
is equilibrium limited. In order to test this hypothesis, a sample of 1 was heated at 230 °C for 19

hours under an initial 20 bar H,. As seen in Figure 3, this resulted in the complete suppression of

BH,

(b)

(@)

BHj; -adduct B;Hyg

ppm

Figure 3. "B{'H} spectra after dehydrogenation of Mg(BHa)2 (19 h, 230 °C) under (a)
static vacuum, showing formation of 8% [B3Hs] ™, and (b) 20 bar H, pressure, showing
complete suppression of [BsHsg] ™.

the dehydrogenation to [B3;Hsg] or any other borane products. This confirms earlier reports of the

reversibility of the dehydrogenation of 1 to 3. Figure 4 compares the isotherms obtained at 230 °C
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Figure 4. [sotherms of hydrogen evolution from the dehydrogenation
of 100 mg of Mg(BHa4)2 at 230 °C. Blue: under static vacuum. Red:
under 20 bar H; (backpressure subtracted).



with and without backpressure of 20 bar H». Clearly the evolution of hydrogen is suppressed by
hydrogen backpressure. This establishes that the elimination of H» is the rate limiting step in the
dehydrogenation process. It is noted that our starting material generaly contained <10% of a BH3-

adduct that has been observed to be present and inert in previous studies of the dehydrogenation

of Mg(BHa): [8,10].

Kinetic Modeling
A kinetic modeling study was undertaken in order to determine activation energies and further
elucidate mechanistic details of the dehydrogenation reaction. We initially implemented a model

that assumed a reversible, one-step first-order process (Figure 5). The comparison of the results
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Figure 5. The progression of kinetic modeling of H» isotherms
showing Mg(BH4): dehydrogenation modeled as a one-step
reversible process.

of this computational model and the experimental data reveals this model to be inadequate. This

suggests that the dehydrogenation of [BH4]™ to form [B3Hsg] does not occur in a single step but

10



rather through a multi-step mechanism. Accordingly, a second modeling study was conducted

based on the three-step reaction sequence, shown in Equations 4a — 4¢ that was previously found

2[BH4] @ [B2H7] + [H] (fast)  (4a)
[B2H7]" + [BH4]" 5 [BsHio] + [H] (fast)  (4b)
[BsHio]” 5 [BsHsg] + H2 (slow) (40)

to be the most energetically favorable for the formation of [B3Hg] ™ in the computational study by
Johnson et al [20]. In accordance with the experimental observations, all steps are assumed to be
reversible. Upon incorporation of parameters for the three-step model, a variety of solutions gave
suitable fits with the experimental data as six independent rate constants give rise to a very large
parameter space and many solution sets of rate constants were found. The outcome of the fitting,
which corresponds to the local minimums of the cost function (i.e., the deviation between the fit
and the experimentally measured amount of Hz), heavily depends on the boundaries of the
parameter space. Solution limits were selected within the range of those that are known for
chemical processes occuring in this temperature range. The excellent fit of computational and
experimental data seen in Figure 6 was obtained using the set of compling rate constants seen in
Table 2. This solution was chosen as it has hydrogen elimination as the rate determining step.
Arrhenius plots of these rate constants (Figure 7) give rise to the Ea value seen in Table 2. While
the absolute accuracy of the rate constants is questionable, the trends of the temperature
dependance of the rate constants which are the basis of the Arrehnius plots are the same for sets of

rate constants giving reasonable activation energies.

11
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Figure 6. The progression of kinetic modeling of H» isotherms
showing Mg(BH4), dehydrogenation modeled as a three step
reversible process. (a) 200 °C (b) 210 °C (c) 220 °C (d) 230 °C (e)
240 °C (f) 250 °C.

Table 2. Calculated rate constants and activation energies from isotherm modeling.

2[BH4]" & [B-H;] + [H]

[B2H7] + [BH4] <5 [BsHio] + [H]

[BsHio] < [BsHs] + Ha

kit ki kot ko kst ks,
200 °C 2.64 3.58E+09 5.95E+11 1.20E+07 9.31E-03 5.73E-07
210°C 2.74 8.43E+09 6.58E+11 2.82E+07 1.75E-02 8.32E-07
220°C 3.15 1.10E+10 8.15E+11 2.68E+07 2.14E-02 2.02E-06
230 °C 3.10 3.65E+10 1.07E+12 2.56E+07 3.94E-02 1.17E-05
240 °C 7.21 4.03E+10 2.01E+12 3.46E+07 3.89E-02 2.40E-05
250 °C 11.51 8.44E+10 4.17E+12 1.08E+08 9.69E-02 3.40E-04

E.
(kJ/mol) 42 127 58 41 74 203

12
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Figure 7. Arrhenius plots and calculated activation energies in the forward and
reverse directions in the solid-state transformations from [BH4]™ to [B3Hs]™.

Mechanism of the Solid State Conversion of [BH4|™ to [BsHs|™

As cautioned by Johnson et al. gas phase energetics are not necessarily directly comparable to
those of processes occurring in the solid state [20]. Solid state reactions, unlike those occurring in
solution, are often rate limited by processes involving long-range transport of heavy atoms that
require large amounts of energy to produce new crystalline phases. These processes generally
occur only at temperatures much higher than the 200-250 °C temperature range required for the
observed dehydrogenation reaction. It is therefore important to note that in these studies, powder

XRD analysis (Figure 8) of the product mixture resulting from the heating of the as synthesized
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Figure 8. Powder XRD spectra of: starting material (primarily alpha)
Mg(BHa4): (green); product mixture obtained after heating at 240 °C for 12 h
(black).

Mg(BHa)2 (primarily alpha phase) for 12 hours at 240 °C showed the product mixture to be totally
amorphous. This observation is consistent with computational studies by Kang et al. indicated that
[B3Hg] formation likely favored growth in lower dimensional morphologies such as in chains or
clusters, rather than segregated crystalline phases of 2 and 1 [31]. Apparently, the [BzHg] and [H]™
anions formed during the course of this reaction are stabilized through complicated bonding
interactions with Mg?", unreacted [BH4], and perhaps other species.

The formation of [B3Hg] can be accounted for by the reaction of neighboring groups such as
seen in Scheme 2. This process involves the transfer of BH3 to adjacent groups. These transfers
are low energy processes due to the restricted movements of species within the lattice framework.
Since interactions occur only between the central borohydride and its nearest neighbors, growth of
the central borohydride is limited to boranes no larger than three boron atoms. The lack of detection
of higher borane anions such as [B1oHi9]*~ and [Bi2H12]* in these studies is accounted for as their
formation would require long-range movement of boron atoms that is not energetically possible at

these temperatures.
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Scheme 2. The mechanism for the solid-state transformation from [BH4]™ to [B3zHs].

3. CONCLUSIONS

The studies reported here show that the dehydrogenation of Mg(BHa4)> to Mg(Bs3Hg)> is
suppressed by hydrogen pressure indicating that the rate-limiting step in this process involves
hydrogen elimination. The computational work stands in agreement with the experimental
observations that the reverse reactions play an important role in the overall chemical behavior of
this system under moderate conditions. Overall the cost function is much higher without
consideration of the reverse reactions. Numerous sets of rate constants can be obtained from the
kinetic fitting with similar cost function and distinguishing them is beyond the scope of the current
study. However, the kinetic fits supports the conclusion reached by a computational study by
Johnson et al. that the dehydrogenation occurs through a three-step process and that the reversible
hydrogen elimination is rate limiting. The formation of [B3Hg] ™ at relatively low temperatures can

be accounted for by a low energy transfer of neighboring BH3 groups. This also explains the lack

15



of formation of higher borane anions under these conditions as it would require long-range

movement of boron atoms.
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