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For homoleptic 18-electron complex hydrides, an inverse linear
correlation has been established between the T-deuterium bond
length (T = Fe, Co, Ni) and the average electronegativity of the
metal countercations. This relationship can be further employed
towards aiding structural solutions and predicting physical proper-
ties of novel complex transition metal hydrides.

In recent years, complex transition metal hydrides have become
prominent as hydrogen storage materials due to their gravi-
metric hydrogen capacity and purity of desorbed H,. Mg,FeHg,
for instance, has the theoretical capacity to release 5.5 wt% of
pure H,," while its borohydride equivalent (Mg(BH,),) is known
to produce toxic B,Hg as an impurity during H, desorption.’
For these materials to achieve technological application,® rever-
sible desorption of hydrogen is a key requirement. A host of
complex transition metal hydrides have been demonstrated to
form by the direct reaction with hydrogen gas,* fundamentally
making them ideal candidates for energy storage applications.

In the simplest compositions of complex transition metal
hydride systems, all hydrogen atoms are bonded to the transition
metal centre, T, and are coordinated by alkali, alkali-earth and
rare-earth elements, M, achieving the general chemical formula
M,,”"[TH,]°” (T = 3d, 4d, 5d elements; M = alkali, alkali-earth and
rare-earth elements; m, n = 1, 2, 3...).> The transition metals
which are known to form these homoleptic mononuclear hydride
complexes range from group 7 to group 12; for hydrogen storage
research purposes 3d elements retain the majority of the focus.
That being said, hydride complexes of the 4d and 5d transition
metals have been synthesised, albeit for Ag, Au and Hg.

A host of complex transition metal hydride materials have
been structurally characterised by powder X-ray and neutron
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diffraction, while their physical properties have been probed by
a variety of techniques, including multinuclear NMR,° vibra-
tional spectroscopy,” electron microscopy® and ellipsometry.®
Vibrational spectroscopic studies of group 8 hydrides have
prompted a quest to determine a relationship between the active
stretching frequencies of T-H with various physical properties of
these complexes. Kritikos and Noréus first reported on the non-
linear inverse correlation of the IR active stretching mode wave-
number in relation to the length of the unit cell (a),” revealing
that the electropositivity of the metal counterion has secondary
importance to its ionic radius. A recent study by Gilson and Moyer
suggests a linear relationship between the vibrational wave-
numbers and the ionisation potential of the counterion.'® This
relationship provides quantitative support for the charge-
transfer mechanism offered by Kritikos and Noréus for explain-
ing the stabilities of these compounds. Hagemann et al. also
established an inverse relationship between T-H stretching
mode frequencies and T-H bond lengths using experimental
and calculated data, observing a decrease in wavenumber as
T-H bond length increases.”

A recent DFT study by Miwa et al. discussed the thermo-
dynamic stability of established M,FeHs complexes (M = Mg,
Ca, and Sr) and compared them to some hypothetical com-
plexes involving M = Mn and Zn."" It was determined that the
electronegativity of the cation elements can be employed to
estimate the thermodynamic stability of M,FeHs complexes.
Plotting the calculated AH; of the complex metal hydrides
against electronegativity using the Allred-Rochow scale, iden-
tifies a linear correlation, while the Pauling Scale derives a good
fit for the single cation moieties, but not for double cation
compounds. These studies were furthered by Takagi et al.'> who
investigated the thermodynamic stability of [FeHq]*~ complexes
that incorporate H™ in their structures (e.g. Na,Mg,FeHg which
has a limiting ionic formula of 2Na*-2Mg*"-2H ™ -[FeHg]*)."?
The additional H™ significantly increases the number of com-
binations of countercations that can be incorporated into this
class of compounds and opens the possibility for many novel
complexes to be synthesised.

This journal is © The Royal Society of Chemistry 2015
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While the recent DFT calculations have enabled researchers
to identify the feasibility of forming novel complexes by corre-
lating AH; with the electronegativity of the countercation, a
direct link to the physical properties of these compounds is also
required. In this study, a linear correlation has been established
between the electronegativity of the countercation and the T-D
bond length for [FeDg]*~, [CoDs]*~ and [NiD4]*~ complexes and
results compared against those of [RuDg]*~ and complex hydrides
of borohydrides and alanates. As such, not only can the feasibility
of forming novel transition metal hydride complexes be deter-
mined, but T-D bond lengths can be estimated, allowing for
prediction of bond lengths during structural determination of
non-deuterated transition metal hydrides.

A variety of complex transition metal hydrides have been
structurally characterised by Powder Neutron Diffraction (PND)
and this allows a comprehensive comparison of T-D bond
lengths to be carried out and correlated with the calculated
average countercation electronegativity, X,. Three equations
were identified for the calculation of X, for binary cation
systems. The first:

X5 = (NiX; + NX;)(N; + Ny ~° (1)

where N; and Nj are the number of each constituent counter-

cations per formula unit and X; and X; are their Allred-Rochow

electronegativities.'* The second is the geometric mean of the

individual electronegativities of the component atoms as utilised

in the Sanderson electronegativity equalisation principle (EEP):"®

NN (V)

Xn = (X)) @)

The third is the valence averaged cation electronegativities
method:"

Xa = (NMiViX; + NjViX)(NiV; + vaj)ﬂ @)

where V; and V; are the valence states of the individual
countercations.

Each of the three equations were tested for suitability using
Allred-Rochow'® and Pauling electronegativity scales.'” The
Allred-Rochow scale has been shown by previous studies to
be more suitable for [FeHq]*~ complexes,*” while the Pauling
scale is more appropriate to borohydride complexes.'® Never-
theless, both scales were systematically tested against each
equation as possible methods of calculating X, (Table 1) with
the results illustrated in Fig. 1.

Fig. 1 illustrates how the three equations of calculating X,
(using Pauling and Allred-Rochow electronegativity scales) corre-
late with Fe-D bond lengths of the known [FeDg]*~ compounds in
the literature (Table 2). The six methods of calculating X, (Table 1)
have obvious differences that are more dependent on the choice
of electronegativity scale than the equation used to calculate
average countercation electronegativity. Firstly, X, calculated
using each of the three equations while utilising Allred-Rochow
electronegativities have an average slope of the linear trendline of
—2.9, whereas the three methods utilising Pauling electronegativ-
ities create an average slope of —4.8.
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Table 1 Methods of calculating average countercation electronegativity
(X,) for complexes of [FeDgl*~

Electronegativity Slope of R® of
Method Equation scale trendline trendline
1 1 Allred-Rochow —2.92 0.962
2 2 Allred-Rochow —2.91 0.953
3 3 Allred-Rochow —2.80 0.888
4 1 Pauling —4.75 0.882
5 2 Pauling —4.81 0.898
6 3 Pauling —4.83 0.930
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Fig. 1 Comparison of Fe—D bond lengths against methods of calculating the
average countercation electronegativities (X,) for complexes of [FeDgl*~.

The correlation coefficients (R?) of the trendlines were sub-
sequently used to determine the most suitable method. X,
calculated using the Allred-Rochow scale exhibits the highest
coefficient values, with Method 1 having an R* of 0.96 and
Method 2 of 0.95, while Method 3 had an R” value of 0.89. X,
calculated using the Pauling electronegativity scale produced R
values of 0.93 using Method 6, 0.90 using Method 5 and 0.88 for
Method 4. Using these coefficients, Method 1 was chosen as the
optimal method.

The complex hydrides of [FeHq]*", [CoDs]*", [NiH,]*~ and
[RuHe]*~ have the greatest number of compounds structurally
characterised by PND. X, of all known crystallographically
characterised derivatives of these complexes were calculated
and the results tabulated in Table 2 and illustrated in Fig. 2. For
the [FeDg]* ", [CoDs]*~ and [RuDg]*~ complexes, the equatorial
T-D lengths were used due to the distortion accrued by the axial
T-D bonds, whereas the average of all Ni-D bond lengths were
used for [NiD,]*~ complexes (Fig. S1 in the ESI{).

As previously observed for [FeHg]'™ (R* = 0.962), an inverse
linear correlation is also observable for [CoDs]*~ and [NiH4]*",
with an R* coefficient of 0.983 and 0.903, respectively. [RuDg]*~
complexes show only a weak linear correlation, but the general
concept that increasing average X, promotes a decrease in
Ru-D bond distance, is still upheld. This correlation implies
that for first-row transition metal complex hydrides containing
double cations, both metals play an equal part in stabilising the
complex anion. The weak correlation of [RuDg]*~ complexes are
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Table 2 T-D lengths of [TDgl*~ (T = Fe, Ru, Ni) complexes compared with average atomic Allred—Rochow electronegativity of the cations, Xa.
Equatorial T-D lengths used for [FeDgl*~, [CoDs]*~ and [RuDgl*™; average T-D bond lengths of [NiD4]*". Esd's are in parentheses

Fe-D (A) X, Co-D(A) X, Ni-D (&) X, Ru-D (A) Xa
Mg,FeDg 1.556(5)"°  1.23 Mg,CoDj 1.515(3)*° 1.23  Mg,NiD, 1.53(2)*'  1.23 Mg,RuDg 1.673(4)** 1.23
BaMg,FeDg 1.577(3) 114 Yb,Mg,CosDyo 1.546(5)** 1.145 LaMgNiD;  1.59(2)*> 1.18 BaMg,RuDg  1.717(2)*° 1.14
SrMg,FeDg 1.578(4)* 1.15 Ca,Mg,CosDye 1.546(3)** 1.135 CaMgNiD,  1.601(8)*®* 1.14 Sr,RuDs 1.69(1)° 0.99
YbsMg,Fe;D,,  1.586(5)*°  1.14  Sry;MgsCosDye  1.552(2)**  1.11  YbMgNiD, 1.608(7)*° 1.15 Ca,RuDg 1.700(2)** 1.04
CaMg,Fe;D,,  1.583(3)% 1.15 Na,Mg,NiD, 1.61(2)**  1.12 LiMg,RuD, 1.704(7)** 1.18
Na,Mg,FeDy  1.592(6)"*? 1.12 SrMgNiD, 1.614(8)° 1.11 Li,RuDg 1.714(5)*° 0.99
Ca,FeDg 1.618(5)” 1.04 Yb,RuDg 1.7223(719)6” 1.06
Ba,RuDs 1.73(1)¢ 0.97
Na,Mg,RuDy 1.749(2)'*  1.12
Na,RuDg 1.792(9)** 1.01
1.804 B It is noted that the synthesis of Li;FeHs has been achieved
1 (Xa = 0.99).*® This compound was synthesised with hydrogen
175 I pressures of 6.1 GPa at 900 °C. This compound is metastable
' I 1 and decomposes at room temperature and pressure. Therefore
L =
2170, X . . the X, threshold for [FeDg]*~ may be 0.99. Unfortunately, the
£ 1 . deutride analogue has not been structurally characterised and
- ry
2 B as such is not included in this study. This indicates that the X,
2L 1.65 . .
o threshold designated here may be exceeded under some experi-
8 . mental conditions with a decrease in stability of the product.
E ’ « [FeDJ" Hence, based on previous experimental work, this threshold is
g * [CoDy" a suggested guideline to determine which cations can be utilised
1 - INiDg" \‘J\l in the design of novel compounds.
4- . . . .

50 + [RubD] When complex monocation and bication borohydrides are
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Fig. 2 T-D bond length as a function of the average atomic Allred—Rochow
electronegativity of the cations (T = [FeDgl*~ (black circle), [CoDs]*~ (green
star), INiD4]*~ (red square) and [RuDgl*~ (blue triangle)). The trend-lines are
obtained by the least-squares fit of the whole data. Error bars are the
crystallographically determined esd’s of the T-D bond lengths.

due to the increased stabilisation of the central metal atom
attained by the spatially more extensive 4d orbitals of Ru, which
are able to overlap with greater effectiveness with the H 1s orbitals
than the more compact 3d orbitals of Fe, Co and Ni. This is
responsible for the formation of a greater variety of [RuDg]'~
complexes®® compared to its 3d analogue and also highlights the
importance of the M cations for stabilising the 3d complexes.

As electronegativity is a measure of the degree of electron
transfer between atoms, the correlation between X, and T-D
bond length can be justified. As the degree of electronegativity
of a cation increases, polarisation of the T-D bond occurs,
causing an inherent decrease in the T-D bond length.?” At a
certain electronegativity and T-D bond length threshold,
[TD,]*~ becomes unstable and complexes will not form.
For [FeDg¢]*", the lowest X, is 1.04 for Ca,FeDs (Fig. 2 and
Table 2),”%*? while for [CoD;]'~ and [NiD,]*", the value is X, =
1.11. It is notable that the average cation X, limit at which the
3d T containing compounds are expected to form is higher than
that of the 4d [RuDg]*". The lowest X, for [RuDg]*~ is 0.99 for
Li;RuDg and Sr,RuDg. This is due to the stability of the Ru 4d
metal center compared to the 3d metals, Fe, Co and Ni.

11250 | Chem. Commun., 2015, 51, 11248-11251

linear trend is below 0.5. If monocation alkali metals are
modelled alone, an R” of 0.954 is achieved. The reason why this
model works for bication 3d transition metal hydride complexes
of Fe, Co and Ni and not borohydrides is due to their atomic
configuration and, most importantly, the coordination of the
T containing anion by the cations. In fact, the complex anion of
18-electron transition metal hydride complexes is typically
encompassed within a cage of eight cations, in turn forming
2D or 3D lattices throughout the structure.’”* In this regard,
each cation is directly contributing to the coordination of multi-
ple anions with equivalent bond strength. The cation-anion
coordination in borohydrides is remarkably different to that of
complex transition metal hydrides. In monocation alkali metal
borohydrides, the anions coordinate around the cation center, for
instance Na* is octahedrally coordinated by BH, in NaBH,.** In
these compounds the electronic distribution to each moiety is
equal and thus a linear correlation is observed according to the
model described above. In multi-valence and bication borohydride
complexes the electronic distribution is often uneven. For example,
in hexagonal Mg(BH,), there are five symmetry independent Mg>*
and ten symmetry independent BH,  anions, whereas in LiK(BH,),
the Li" atoms are tetrahedrally coordinated, while the K" ions are
coordinated by seven BH, units.>®” As a result, the correlation
of bication borohydride complexes using the method reported
here is not possible. This phenomenon is also true for multi-
valence and bication alanate complexes.

Overall, this study allows for the intuitive design of novel
transition metal hydrides, by assessing the X, of the counter-
cations. If X, falls within experimentally determined thresholds,

This journal is © The Royal Society of Chemistry 2015
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the synthesis of new complex hydrides should be feasible but
more extreme synthesis temperatures and hydrogen pressures
may allow for additional, less-stable, complex hydrides to form.
Additionally, the estimation of T-D bond lengths will aid
structural determination of new transition metal hydrides
and in the prediction of physical properties such as T-H(D)
stretching modes in vibrational spectroscopy and relative
chemical shifts in NMR spectroscopy.
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