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a b s t r a c t

Among the metals that form hydrides, Mg and Ti are the lightest materials; however, they are covered with
passive layer of oxides and hydroxides and require activation treatment under high temperature (>300 ◦C)
and hydrogen pressure (>3 MPa) before being used for storage and transport applications. It is well known
that addition of small amounts of graphite to Ti or Mg, lead to a dramatic change in the kinetics of
mechanically induced (ball milling) hydrogen sorption and significantly stimulates the Ti–hydrogen inter-
action. Imamura et al. in a series of publications in this journal confirmed that the magnesium/graphite
(Mg/C) composite formed by mechanical milling with the organic additives not only show improved
hydriding–dehydriding properties of magnesium but also additional hydrogen uptake other than that
due to the magnesium component. Among the organic additives (benzene, cyclohexene, cyclohexane, and
tetrahydrofurane) which were tried by Imamura et al. tetrahydrofurane was the most promising. Tetrahy-
drofurane required only 1 h of ball milling and the least amount of volume used during ball milling was
alides impurities

ielectric constants needed compared to the other additive. The objective of this publication is to suggest a mechanism for the
effect of tetrahydrofurane. The role of THF is possibly due to the value of the mw/ε (mw is the molecular
weight and ε is the dielectric constant) for THF being in the range in which the solvent provide a medium
where complex formation between Mg molecules and the solvents is maximum. This can happen when
halide impurities undergo chemical transformations to form Grignard type reagents (organomegnesium

halides). Thus the values of mw/ε can be used as an initial guide to select the proper solvent.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction being used for storage and transport applications. It is well known
Among the metals that form hydrides, Mg and Ti are the light-
st materials; however, they are covered with passive layer of
xides and hydroxides and require activation treatment under
igh temperature (>300 ◦C) and hydrogen pressure (>3 MPa) before
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925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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addition of small amounts of graphite to Ti or Mg, lead to a dra-
matic change in the kinetics of mechanically induced (ball milling)
hydrogen sorption and significantly stimulates the Ti–hydrogen
interaction. From 1987 to 2007, Imamura et al. from Japan published
many articles in this journal about the effect of organic additives on

the efficiency of Mg–Graphite composite prepared by ball milling
for hydrogen storage. In 2007 Imamura admitted that the organic
additives have proven to play important roles in the formation pro-
cess of nano-composite with mechanical milling, which are not fully
understood yet [1–6] (Fig. 1).

http://www.sciencedirect.com/science/journal/09258388
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Table 1
The values for dielectric constant ε and �� at room temperature [10].

THF Benzene Cyclohexane Cyclohexene
ig. 1. The structure of tetrahydrofurane. The large red atom at the top is oxygen,
hite is hydrogen while the black are carbon. (For interpretation of the references

o color in this figure legend, the reader is referred to the web version of the article.)

Imamura et al. in a series of publications in this journal con-
rmed that the magnesium/graphite (Mg/C) composite formed
y mechanical milling with the organic additives not only show
mproved hydriding–dehydriding properties of magnesium but
lso additional hydrogen uptake other than that due to the
agnesium component. Among the organic additives (benzene,

yclohexene, cyclohexane, and tetrahydrofurane) which were tried
y Imamura et al. tetrahydrofurane was the most promising.
etrahydrofurane required only 1 h of ball milling and the least
mount of volume used during ball milling was needed compared
o the other additive. The objective of this publication is to suggest
mechanism for the effect of tetrahydrofurane

. The dielectric constant ε

The dielectric constant of a solvent is a relative measure of its
olarity. For example, water (very polar) has a dielectric constant
f 80.10 at 20 ◦C while n-hexane (very non-polar) has a dielec-
ric constant of 1.89 at 20 ◦C [7]. This information is of great value
hen designing separation, sample preparation and chromatogra-
hy techniques in analytical chemistry. Solvents with a dielectric
onstant of less than 15 are generally considered non-polar. THF is
n aprotic solvent with a dielectric constant of 7.6.

. The ratio �� = mw/ε

The ratio of the molecular weight of a compound mw to the
ielectric constant ε should be given more importance vis-a-vis
he dielectric constant of the organic additive alone [10]. This is
ecause for aprotic solvents such as THF the stability constants
j (j = 1, 4) decrease with increasing values of the dielectric con-
tants up to a certain value and then increase sharply for value
f ε around 45. It is shown by Khan et al. [10] that values of the
tability constants ˇj (j = 1, 4) for metal complex formation (e.g.
opper chloro complex) in the organic solvent is highly dependent
n the ratio of the molecular weight of the solvent (the organic
dditive) divided by the dielectric constant (e.g. ��). The stabil-
ty constants ˇj values are high (metal such as Mg ions are able
o form organic complex much more easily) if the values of ��

round 9–20. At higher values of �� between 30 and 60, the val-
es of stability constants for metal complex formation is very low.
he values of stability constants ˇj for metal complex formation
ncreases again for �� greater than 60. It is interesting that Khan et
l. [10] observed that the values of the stability constants ˇj (j = 1, 4)
or the formation of organomegnesium halides is higher for higher

alues of j. This was only valid when the values of �� is in the range
rom 9 to 20. Table 1 give the values of �� for all solvents used by
mamura and his collaborators in his various publications in this
ournal. It is interesting that the results of Khan et al. [10] about
he values of �� applied to copper chloro complex in various apro-
εr 7.6 2.3 2.0 18.3
�� 9.49 34 42.3 4.5

tic solvents also seem to hold for magnesium carbon composite in
THF.

4. The Grignard mechanism

The Grignard reaction is the addition of an organo-magnesium
halide (Grignard reagent which is assumed to form during ball
milling in the presence of chloride or bromide impurities) to a
ketone or aldehyde, to form a tertiary or secondary alcohol, respec-
tively. THF or diethyl ether is often used as solvents for Grignard
reagents because of the oxygen atom’s ability to coordinate to the
magnesium ion component of the Grignard reagent. In addition, the
oxygen atom has no acidic hydrogen that can undergo an acid–base
reaction with the Grignard reagent. Victor Grignard (University of
Nancy, France) was awarded the 1912 Nobel Prize in Chemistry for
the discovery of such reagents. In a reaction involving Grignard
reagents, it is important to ensure that no water is present, which
would otherwise cause the reagent to rapidly decompose. This indi-
cate that indeed, it is the effect of dielectric constant which play a
major rule since the dielectric constant of water is very high com-
pared to THF. Thus, most Grignard reactions occur in solvents such
as anhydrous diethyl ether or tetrahydrofuran, because the oxygen
of these solvents stabilizes the magnesium reagent. This is the rea-
son why it may be preferable for such reactions to be carried out
in nitrogen or argon atmospheres. Many methods have been devel-
oped to initiate sluggish Grignard reactions. Mechanical methods
include crushing of the Mg pieces in situ, rapid stirring, and son-
ication of the suspension. These methods weaken the passivating
layer of MgO, thereby exposing highly reactive magnesium to the
organic halide which may be formed during ball milling of THF [8].
This is similar to the ball milling of magnesium/carbon composite
in the presence of THF.

5. The effect of the stability constant for metal complex
formation

Grignard reagents are formed via the action of an alkyl or aryl
halide on magnesium metal. The reaction is conducted by adding
the organic halide to a suspension of magnesium in an ether, which
provides ligands required to stabilize the organo-magnesium com-
pound. Typical solvents are diethyl ether and tetrahydrofuran. It is
assumed that alkyl or aryl halide is formed during ball milling due
to the presence of halide impurities such as chlorides, bromides
and/or iodides. Thus in the presence of THF the stability constants
ˇj for chloro- or bromo-magnesium organic complex formation is
higher than in other solvents as was shown by comparing the val-
ues of �� for the different solvents shown in Table 1. Oxygen and
polar solvents such as water or alcohols are not compatible with
Grignard reagents. The reaction proceeds through single-electron
transfer (no complex formations). Finally it is known that Grig-
nard reagent is very useful for forming carbon–heteroatom bonds
[9].
6. Reaction mechanism

The addition of the Grignard reagent to the carbonyl typically
proceeds through a six-member ring transition state [8].
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However, with hindered (e.g. in the presence of oxygen or water)
rignard reagents, the reaction may proceed by single-electron

ransfer.

. Conclusion

THF was the best solvent in Imamura work, probably because
f the ability of the ether oxygen in THF to coordinate to Mg
ons to form various organo-magnesium halides complex. It is
ssumed those alkyl or aryl halides are formed during ball milling.
he alkyl or aryl halides react with magnesium powder to form
rgano-magnesium halides. Furthermore the stability constants ˇj
or organo-magnesium halides formation in THF was much higher
han in other solvents. This is because the value of �� for THF was

bout 10. At this value of �� the stability constants ˇj for com-
lex formation was shown previously to be high and increases with

ncreasing j values from 1 to 4. More experimental verifications
re needed to confirm that indeed �� can be an indicator for the
bility of metal (Mg or Cu in THF) to form organo-metal complex. [
pounds 480 (2009) 238–240

Furthermore this work indicates that halide impurities may be the
culprit for the improved hydrogen storage in mechanically activated
Mg/C composites and in the presence of THF. Finally the values of
�� must be calculated for any compound before it can be used as
organic.
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