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The interaction of hydrogen with metal surfaces is one of the
most important and fundamental processes in the chemical
industry. Hydrogen is also strongly tipped to play a central
role in new challenges that are emerging in terms of climate
change and energy supply, and the reversible binding of H,
to suitable materials will play a keystone role in the realisa-
tion of the hydrogen economy. The reversible interaction of
hydrogen with multimetallic centres is also an important
theme in biological processes; the role of hydrogenases in
the metabolism of H, is an example. Thus the reversible in-
teraction of H, with multimetallic metal complexes is an area
that spans considerable breadth. This review is concerned

with the reversible interaction of H, with soluble multimet-
allic complexes, defined broadly as clusters, in which there
are no other ligands lost or gained in the process. The review
is organised under the subheadings: equilibrium reversible
(Hy is lost upon removal of the H, atmosphere), thermally
reversible or reversible when placed under vacuum, photo-
chemically reversible and electrochemically reversible inter-
actions; a brief outline of reversible H, binding in systems of
biological interest; giant metal clusters that display revers-
ible H, binding.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

The interaction of hydrogen with metal surfaces is one
of the most important and fundamental processes in the
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chemical industry. Catalytic hydrogenations are the largest
chemical reactions by volume, as all crude oil is treated with
H, in desulfurisation, while ammonia production from N,
and H, over an iron oxide catalyst produces ammonia ferti-
liser on a multimillion tonne scale per year. Both of these
processes involve heterogeneous metal catalysts and accord-
ingly the interaction of hydrogen with a metal surface. Hy-
drogen is also strongly tipped to play a central role in new
challenges that are emerging in terms of climate change and
energy supply, in that it is a valuable future fuel that when
burnt (either in a combustion engine or a fuel cell) releases
only water. It is widely accepted that the realisation of the

activation processes.

Andrew Weller completed his first degree at the University of Warwick and his PhD at the University of Bristol (1994)
under the supervision of Dr John Jeffery. After postdoctoral positions with Professor Alan Welch ( Heriot-Watt Univer-
sity) and Professor Thomas Fehlner ( University of Notre Dame) he returned to the UK and took up a Royal Society
University Research Fellowship at the University of Bath in 1999. He was promoted to Reader in 2004. In September
2007 he moved to the Department of Chemistry University of Oxford. His research broadly covers synthetic organometallic
chemistry, catalysis and structure and bonding. Major research themes in his group are: (i) the synthesis of high-hydride-
i content rhodium clusters (and their precursors) and (ii) the transition-metal chemistry of low-coordinate cationic late-
transition-metal complexes, especially those incorporating weakly coordinating anions, for use in catalysis and C-H/C-C

Scott McIndoe was born and educated in New Zealand. He completed his DPhil in synthetic (in)organometallic chemistry
at the University of Waikato under the supervision of Professor Brian Nicholson. In 1998, he won a New Zealand
Foundation for Research, Science & Technology Postdoctoral Fellowship and joined the group of Professor Brian Johnson
FRS at the University of Cambridge (UK). In 2000, he took up a college lectureship, teaching at Trinity and Newnham
Colleges, Cambridge, and continued his research in the Department of Chemistry. Three years later he moved to his
current position, as assistant professor in the Department of Chemistry at the University of Victoria, where his research
group uses mass spectrometry as a rapid discovery tool in organometallic chemistry and catalysis.

Eur. J. Inorg. Chem. 2007, 4411-4423

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

@ nterScience” |



MICROREVIEW

A. S. Weller, J. S. McIndoe

“hydrogen economy”!! will require breakthroughs in the
crucial area of efficient storage of hydrogen accompanied
with favourable charge/discharge kinetics and operating
temperatures.’! Although they are not the only possible
solution, metal complexes of hydrogen could well make im-
portant contributions to the realisation of this goal; even
though it is highly unlikely that a practicable solution to
store H, would involve metal complexes from the second or
third rows with attached ligands — a consequence of the
combined factors of very low %H content and cost. The
study of the reversible interaction of hydrogen with metal
surfaces and other materials is an area that has been occu-
pying molecular and solid-state chemists, surface scientists
and physicists for many years, and the level of interest in
this field remains high.

This review is concerned with the reversible interaction
of H, with well-defined multimetallic soluble complexes, de-
fined broadly as clusters. Reversibility in this context sug-
gests that there is no other change in formulation to the
cluster material on addition or removal of H,, meaning that
there must be no other ligands lost or gained in the process.
The consequence of this stipulation is that reversible uptake
of H, in multimetallic systems without ligand displacement
must occur on a molecule that has available low lying orbit-
als to take up the bonding pairs of H, — in other words
the system must be formally electronically (and most likely
coordinatively) unsaturated or have access to such a state
by ligand or metal-core rearrangement. The review limits
itself to well-defined molecular systems, venturing briefly
into nearly monodisperse nanoclusters but avoiding larger
metal particles, surfaces and bulk metals except for the pur-
pose of comparison.

Hydrogen—Transition-Metal Bonding

Hydrogen may either chemisorb on a metal surface as
atomic hydrogen or physisorb as an intact H, molecule.
Both have parallels in molecular cluster chemistry: metal
hydrides and metal dihydrogen complexes, respectively. De-
tecting hydrogen bound to a metal surface is not straight-
forward and requires the use of a limited set of high-vac-
uum techniques, such as electron energy loss spectroscopy
(EELS) or scanning tunnelling microscopy (STM).B! Infor-
mation obtained from such experiments shows that on a
metal(111) surface atomic hydrogen adsorbs to form a
monolayer of hydrogen at 37 K, and the H atoms are che-
misorbed on threefold face-centred cubic sites, positioned
in the hollows between the metal atoms. Binding of intact
H, to nanoclusters and metal surfaces is rare because of
the preferential formation of hydrides,[*>! although there is
evidence for dihydrogen bound to a Ni(510) surface.[®! In
the molecular realm, the interaction of atomic hydrogen
with metal clusters (hydride ligands) is very well documen-
ted, and there are literally thousands of examples of metal
hydride cluster species.”? By contrast, the coordination of
molecular hydrogen in complexes with multimetallic sys-
tems is considerably less common, and to the best of our
4412
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knowledge only a handful of examples exist in which a rela-
tively reliable indicator such as a short 7 relaxation time
associated with the bound dihydrogen has been re-
ported.[-12]

The exemplar for dihydrogen coordination to soluble
metal complexes remains the original Kubas complex
W(PR3),(CO); (R = Cy, iPr), in which an agostic C-H-M
interaction from a bulky cyclohexyl group provides light
stabilisation of the metal centre, allowing for an operation-
ally unsaturated 16-electron complex. Addition of H, dis-
places this interaction to form the, now classic, complex
W(PR;),(CO)5(n>-H,) (R = Cy, iPr) (Scheme 1). Placing
this compound under a non-hydrogen atmosphere or vac-
uum removes the bound H, and re-establishes the agostic
C-H bond.>!131 These dihydrogen complexes are also in
equilibrium in solution with the tautomeric dihydride forms
(the dihydrogen complexes are favoured), and the AG* for
this oxidative addition of H, has been estimated to be
60 kJmol™!. The equilibrium demonstrates an important
point in that even though a dihydride is observed as the
major (or often the only) species by NMR spectroscopy and
X-ray crystallography, a low-energy pathway to a coordi-
nated dihydrogen ligand can allow for the loss of H,. If the
resulting complex is stabilised in the absence of H, by either
steric bulk and/or agostic interactions, then the molecule is
available to take up H, again without decomposition. Ex-
amples of H, loss in mononuclear complexes where the re-
sulting molecule is unstable and dimerises to relieve the un-
saturation are known, but we do not focus on these here.[']
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Scheme 1. R = Cy.

Although examples of multimetallic complexes where di-
hydride and dihydrogen complexes are in slow equilibrium
with one another are not known, computational and experi-
mental studies indicate that such a transformation is likely
to have a comparable barrier to those determined for mo-
nonuclear complexes. For example, the rapid H/D exchange
in CpRu(p-H),RuCp on addition of D, is calculated as
passing through a dihydrogen transition state with a rate-
determining barrier of less than 80 kJmol .Y The dihy-
dride complex Re,H(u-H)(CO)y irreversibly loses H, above
253 K and is a highly fluxional molecule, exchanging hy-
dride sites through a low-energy process (Scheme 2).I!'%]
NMR spectroscopic data (7'} measurements) suggest a dihy-
dride structure; however, experimental and theoretical stud-
ies are in close agreement and show that the barrier for
exchange through a dihydrogen intermediate is only 23 and
27 kJmol™!, respectively. (n-H,)(isoPFA)Ru(u-Cl),(u-H)-
RuH(PPhjs), undergoes rapid exchange between dihydrogen
and bridging dihydride ligands at 20°C (barrier
53 kJmol 1)®16 as do related chelated phosphane com-
plexes!'? and the cluster [Ruy(m®-CeHg)sHgl?*, [ both of
which have a mixture of dihydrogen and dihydride ligands
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as characterised by 7' relaxation time measurements by
NMR spectroscopy at low temperature. The iridium dimer
Ir,(PiPr3),(pz)>(H)>(u-H)(n?-H>) is suggested to have a di-
hydrogen ligand that undergoes rapid exchange with a ter-
minal hydride, with a barrier of 32 kJ mol.l'7l Mechanisms
for hydride/dihydrogen exchange have recently been re-
viewed in the more general sense of exchange mechanisms
in sigma complexes.[!®]

In mononuclear complexes hydrogen is found either as a
hydride ligand (H) or as dihydrogen (n>-H,). The H-H dis-
tance defines the difference between a true H, complex
(0.8-1.0 A) and a dihydride (> 1.6 A),5 with intermediate
H-H lengths described as elongated H, complexes or com-
pressed dihydrides.['”) In polynuclear metal clusters, how-
ever, hydrogen may occupy a variety of different positions
with respect to the metal centres that are not available to
mononuclear complexes, including bridging, face-bridging
and interstitial locations (Figure 1).
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Figure 1. Hydrogen bonding modes observed in cluster complexes;
terminal hydride (H), dihydrogen complex (n>-H,), bridging hy-
dride (u-H), face-bridging hydride (u3-H) and interstitial hydrides
(15~ and pe-H).

Neutron diffraction studies are the definitive structural
answer to the exact mode of hydrogen coordination, and all
of the cluster-only (u,-) binding modes have been unambig-
uously characterised by this method; examples include (p-
H)Ru3(CO)o(i3-n*-CCCMe;3),2%  (n3-H)4Cou(n-CsMey-
Et)y,PY [(ns-H),Rh;3(CO)yP 1 and  [(ne-H)Rue-
(CO),4] .23 However, terminal hydride and dihydrogen li-
gands are sufficiently rare in cluster chemistry, and they re-
main uncharacterised by neutron diffraction. An unusually
well-characterised example of a bimetallic species with a di-
hydrogen ligand is (n?-H,)(isoPFA)Ru(p-Cl),(u-H)RuH-
(PPhs), (isoPFA = {n°-CsHs}Fe(n’-CsH;(CHMeNMe,)-
PiPr,}), which was investigated by X-ray crystallography
and variable-temperature 'H- and 3'P-NMR spec-
troscopy.®! The structure (Figure 2) is notable for having
three different binding modes of H present in one structure.
The NMR spectroscopic data for this compound revealed
fast exchange between the n2-H, and the p-H at 20 °C and
a slower exchange of these three hydrogen atoms with the
terminal hydride.
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Figure 2. X-ray crystal structure of (n?-H,)(isoPFA)Ru(p-Cl),(u-
H)RUH(PPh3)2[8]

In almost all instances, addition of hydrogen to a metal
cluster is preceded or accompanied by ligand dissociation
to generate a coordinatively and electronically unsatu-
rated®¥ cluster to which H, can be added. For example,
addition of H, to Os3(CO);, ,(NCMe), (n = 1,2) occurs by
NCMe dissociation and addition of H, to form Os;(CO),,-
(u-H),.2! For unsaturated metal clusters, often decorated
with bulky phosphane ligands such as PrBu;, PCy; and
PiPr;, ligand dissociation is not a prerequisite for addition
of H,. These ligands provide a steric shield around the
metal centre that prevents ligands other than the smallest
molecules, such as H,, from easily entering the coordination
sphere of the cluster (see Figure 3). Thus these clusters are
kinetically stabilised with respect to addition of further li-
gands. As will be shown, these unsaturated complexes often
have low-lying unoccupied molecular orbitals that show
small HOMO-LUMO gaps and are well set up for uptake
of electrons from the H, bonding pairs.

cluster

bialk
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Figure 3. Cartoon showing (top) how most multimetallic com-
pounds require ligand loss prior to hydrogen binding and (bottom)
how electronically unsaturated compounds with bulky ligands es-
cape this requirement and can frequently bind hydrogen reversibly
without significant structural change.
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Equilibrium Reversible (H, Is Lost upon
Removal of the H, Atmosphere)

Many unsaturated multimetallic complexes add H, to
give hydride species, but often this is a reversible process,
and removal of the H, atmosphere regenerates the starting
material. Given that hydrogen addition and loss are clearly
low-energy processes, in these examples it is not surprising
to find that many of these complexes also undergo rapid H/
D exchange when placed under a D, atmosphere.

Muetterties, and later Fryzuk, reported that addition of
H, to the unsaturated (28 electrons) dimeric complexes
[L,Rh,(u-H),] (1a—e) (L = iPr,P(CH,),PiPr, n = 2 1a; 3 1b;
4 1¢;2 L = PiOPr; 1d, L = POMe 1e?”)) results in the
complexes [LoRh,(u-H);H] (2a—e), which are best formu-
lated as having Rh™/Rh! metal centres and have been char-
acterised spectroscopically.*® For the chelating ligand 2¢
with the largest bite angle, the extra hydrides are held quite
firmly — even under vacuum — and require an acceptor (1-
hexene) to remove H,. For the ligands 2a and 2b with
smaller bite angles, the hydrogen is lost on removal of the
H, atmosphere. The ligand in 2¢ presumably shields the
metal centres more effectively and kinetically blocks H,
loss. This reasoning we will return to later, and steric block-
ing seems important in both the generation and stabilisa-
tion of hydrogen-rich complexes. Large ligands block the
approach of additional large ligands that would satisfy the
metal cluster electronically, resulting in unsaturation at the
metal centre, and only the smallest molecule, H,, is allowed
access to the metal centre. Accordingly, for the mono-
dentate phosphite species 2d and 2e that show less shielding

Addition of H, to 30-electron Ir,(tBu,PH),(CO),(H)(u-
PtBu,) (5) results in the generation of the 32-electron dimet-
allic complex Ir,(¢Bu,PH),(CO),(H)3(1-PBu,) (6), in which
two hydrides bridge the Ir—Ir connectivity. 7, values from
NMR spectroscopy indicated a dihydride, rather than a di-
hydrogen, structure. This addition is reversible, both in
solution and in the solid state, and 6 loses H, when placed
under vacuum or exposed to a N, purge.?”) The unsatu-
rated, thiol-bridged bimetallic rhodium complex [Rh(tri-
phos)(1-S)]»[BPhy], (7) [triphos = MeC(CH,PPh,);] reacts
with H, to give [Rh(triphos)H(pu-SH)],[BPhy], (8), in which
H, has undergone heterolytic H, cleavagel*® to form a Rh-
hydride and a {u-SH} group, presumably via a coordinated
dihydrogen intermediate. Removing the H, under a stream
of argon regenerates 7.3!1 Although a dihydrogen interme-
diate has not been isolated, NMR spectroscopic studies
indicate stepwise addition of H,, sequentially at each Rh
centre. DFT calculations support this, with a calculated
barrier to reversible H, loss of 35.1 kcalmol™'.??l These
complexes also model the reversible, heterolytic cleavage of
H, in hydrogenase enzymes.

Reversible H, gain and loss is reported for the hetero-
metallic, 58-electron, formally unsaturated cluster, Os;Pt(p-
H)»(CO),o(PCy3) (9), which adds H, at high pressure
(200 atm) to give the electron-precise, 60-electron cluster
Os3Pt(u-H)4(CO);o(PCysz) (10). Purging with N, reforms
the starting material.[33]
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up an extra equivalent of H, to afford [(dfepe)lr(H),(u-
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H, atmosphere is removed to regenerate 3. 9 10
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Duckett, Dyson and Johnson have reported the revers-
ible addition of H, to a triruthenium cluster Ruz(CO);(-
(PMe,Ph), (11), which gives a mixture of two exchanging
isomers of the product of H, addition, both of which have
a terminal and a bridging hydride (e.g. 12). On removal of
the H, atmosphere these complexes disappear, suggesting
that the H, binding is reversible. Varying the H, concentra-
tion affords thermochemical data for this process and
shows that an equilibrium is established for H, addition.
Interestingly, the mechanism of H, addition, as well as the
exchange of the isomers, invokes a heterolysis of a Ru-Ru
bond and an n2-H, ligand bound at a coordinatively unsat-
urated Ru centre.[3 Reversible addition of H, to ruthenium
carbonyl clusters, RusH(u-COMe)(CO);q (13) by displace-
ment of CO to form Rus;H;(u-COMe)(CO),, (14) has been
reported by Keister. Kinetic experiments suggest that the
rate-determining step is oxidative addition of H, at one of
the metal centres after CO loss.[?3) Reversible addition of
H,/CO (at 6.2 bar, 60 °C) to the Rh! complex rac-[Rhy(CO),-
(D)I[BF4]», which does not have a Rh—Rh bond, affords the
spectroscopically characterised [Rh'], dimer rac-[Rh,H,(p-
CO)(CON(D)][BF,); [L = (Et,PCH,CH,)P(Ph)CH,P(Ph)-
CH,CH,PEt,].13

Platinum- and palladium-gold clusters such as
[Pt(AuPPh;)g][NOs], (15) have been shown to be excellent
catalysts for H,/D, equilibration to form HD. The mecha-
nism proposed invokes reversible addition of both H, and
D, to the metal cluster to afford metal hydride species,”!
which have been observed experimentally to form reversibly
on addition of H,.?8 A theoretical analysis suggests that
activation occurs at the platinum centre, with dihydrogen
and dihydride tautomers being close in energy — consistent
with the rapid HD exchange observed experimentally.[°]
The unsaturated, 46-electron triosmium dihydride cluster
0s5(CO)o(u-H), similarly catalyses H,/D, equilibration,
but the presumed saturated intermediate HOs3(CO);o(ut-
H)(n?-H>) has never been isolated or spectroscopically ob-
served.[*) Computational studies have demonstrated that
the H/D exchange mechanism in the binuclear polyhydride
complex Cp*Ru(p-H),RuCp*#! on addition of D, pro-
ceeds by an associative mechanism via a number of n>-H.,
n2-HD and n?-D, intermediates that are not experimentally
observed.['4

H, addition to the saturated 48-clectron triangular clus-
ter (u-H),Ru3(CO)g(p-PrBu,), (16) results in the opening up
of the cluster to form a linear, also electron-precise, Rus
trimetallic species (u-H)H,Ru3(CO)g(u-PrBu,), (17), with
no overall loss of CO. Purging a solution with N, reforms

Eur. J. Inorg. Chem. 2007, 4411-4423
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the starting cluster 16, although in the solid state the cluster
is stable to H, loss.[*?! Detailed kinetic studies demonstrated
that the mechanism involves CO loss (thus forming an un-
saturated cluster) that precedes H, addition to a single-
metal centre with concomitant breaking of a Ru—Ru bond.
Addition of CO affords the product that has made a net
gain of H,. Interestingly, this reaction does not occur with
other bridging phosphido complexes (such a PPh, or PCy»),
and steric arguments are invoked that involve weakening of
the Ru—Ru bonding and promotion of CO loss by the bulky
PtBu, groups.*3! Hydrogen addition is suggested to occur
at the unsaturated metal centre and not across a metal-
metal bond, consistent with orbital symmetry arguments.[*4]

OC CO o}
Hel\ /_PtBU; ¢ H Heo
éBUZB,“, Ru\,‘H +Hy o tBUZ:P‘”-‘-/éu" u,R/L_lJC
C—gir Ru~CO —_— G g KN\ TCO
o™ | | ~c ~Hy / Ny purge o/ V' —H %PfBuz c
o ¢ © o~ ¢ 0
O (0] (6]

16 17

Nocera has reported that the mixed-valence, unsaturated,
32-electron, Ir, dimer 18 reversibly adds H, across the Ir—
Ir bond to form saturated dihydride 19.1*3 Purging with N,
recovers 18. The mechanism is suggested to proceed by ad-
dition of H, to one metal centre and then hydride migration
rather than the symmetry-forbidden concerted 1,2 addition.
Subsequent DFT calculations support this mechanism and
show that addition of H, occurs at one metal centre (to
give a dihydrogen complex) and passes through a transition
structure with a terminal and bridging hydride, finally to
rest at a terminal hydride on each Ir centre.[*! Interestingly,
experimentally the reversible hydrogen addition is solvent-
dependant. Removal of the H, atmosphere from a CH,Cl,
solution of 19 regenerates 18, but in CH3;CN solutions the
solvent has to be evaporated for H, loss to occur. It is sug-
gested, from crystallographic evidence, that H-bonding in-
teractions with acetonitrile impose a kinetic barrier to H,
loss.

\N—ﬁ’ Cl +H, NP H
||3 10 ! ”CI | ‘I/H ‘ ||'|CI
—Ir r P—Ir ifi-ci
/7 Nz purge p” | <
NP P —H NET B
N \N/ 2 e \N/
I P = P(OCH,CF3), |
18 19
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carbonyl groups not shown for clarity

Cowie and Vaartstra reported that addition of H, to the
A-frame iridium dimer, [Ir,(dppm),H,(CO),I|[BF,4] (20),
gives the fluxional tetrahydride, [Ir,(dppm),H4(CO),I]|[BF,]
(21), for which 7'} measurements indicate that all the metal-
bound hydrogen ligands are hydride-like. Removing the H,
atmosphere regenerates 20 on gentle warming. The neutral,
diiodido complex Ir,(dppm),(CO),I, (22) also reversibly
adds H, to give a dihydride, Ir,H,(dppm),(CO),I, (23),
which loses H, upon being purged with N,.#7! Although 20
is a 34-electron cluster, and thus would not be expected to
add further H, without rupturing the Ir-Ir bond, the bridg-
ing iodine moves to a terminal position in the product 21
(3¢ to le), allowing for overall H, addition. Duckett and
co-workers have studied a related compound, Ir,(dppm)
5(CO)5(u-S), (24), by using parahydrogen-induced polarisa-
tion NMR spectroscopy, and they also showed that the
product of addition of H,, Ir,(dppm),(CO)>(H)»(1-S), (25),
also loses H, upon being purged with N,.[*8 In this case,
H, addition transforms a square planar Ir!' centre into an
octahedral Ir™™! centre.

Trigonal bipyramidal, 68-electron Pt,Os3(CO);o(PtBus),
(26) takes up two molecules of H, reversibly in a stepwise
manner to eventually give Pt,Os3(CO),o(PtBus),H; (28)
through the (isolated) intermediate 27. Purging with N, re-
moves the bound H, to reform 26, although this reaction
only gives 28% of the starting material back. The low re-
verse-conversion is attributed to the open structure of 28
that is more prone to decomposition. On addition of Ho,
26 undergoes successive Os—Pt cleavages to give an Osj tri-
angle with two edge bridging {Pt(CO)PsBus}groups. This
behaviour is in contrast to other, closely related, clusters
4416
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such as 40 and 41 in which addition of H, results in no
significant core cluster change.[*’]

Thermally Reversible or Reversible When Placed
Under Vacuum

Oxidative addition of H, to the formal triple bond of
[(n°-CsH4iPr)WCl,], (29) gives complex 30, [(n>-CsH,iPr)-
W(u-H)CL,],, which has bridging dihydrides clearly iden-
tified by using NMR spectroscopy by very long 7 times of
approximately 1.2 seconds. Gentle heating of 30 results in
the reversible (quantitative by NMR spectroscopy) loss of
H, to reform 29.05%

Pr
cl
W= W
Rl A " W W.
cr/ Cly/ N
o 50 °C, [Dgltoluene o H
iPr - HZ iPr
29 30
" H_-H-__H, * . H "
cp \Co//\—\—\:cO/ 80°C, —H,  CPgoe— \\CO/CP
Co/ \Co/
//\ * +H //\
? Cp 2 < cpr
Me l\‘/le
31 32

The 48-clectron, cluster (Cp*Co)s(p,-H)z(us-CMe) (31)
reversibly loses H, when heated to 80 °C, to afford the para-

Eur. J. Inorg. Chem. 2007, 4411-4423



Reversible Binding of Dihydrogen in Multimetallic Complexes

Eur|IC

magnetic, 46-clectron cluster (Cp*Co)s(n3-H)(pn3-CMe)
(32). AG* for this process is calculated as 23.8 kcalmol 1.[>!]
Related chemistry involving reversible addition of H, to the
unsaturated cluster Cp*;Cos(p3-CO), (33) yields similar ac-
tivation parameters.’? The valence isoelectronic clusters
Cp*3Rh,M(u3-CO), (34) (M = Co, Ir) also add H, revers-
ibly to form Cp3zRh,M(u3-CO),(p-H), (35). Warming (to an
unspecified temperature, M = Rh) releases the H, to reform
the unsaturated trimetallic cluster.>]

The S56-electron platinum cluster [PtyH;(P7Bus),][BPhy]
(36), reported by Spencer in 1984, loses H, by “atmospheric
oxidation” to afford the C—H activated complex [Pt4(P7Bus)s-
{PtBu,(CMe,CH,)}|[BPh,s] (37), which formally has 50
electrons (this complex was not crystallographically charac-
terised). Cluster 36 can be regenerated by adding H, (1 atm,
293 K) to 37.54 The conversion of 36 to 37 represents a
remarkable net loss of 8 hydrogen atoms. Again, the bulky
tert-butyl groups on the phosphanes no doubt stabilise the
cluster towards H, loss. Although this transformation is de-
scribed as an oxidation, it might also better be described as
initial stepwise loss of 3H,, oxidative addition of C—H and
loss of H,. Interestingly, the isoelectronic neutral cluster
Pt,Hg(P7Bus), is not reported to lose H,,[>3 but whether
this is a simple consequence of the fact that this complex
was never left on the open bench is not clear! Whatever the
reason, these unsaturated platinum complexes are fascinat-
ing, given the reversible addition of a large amount of H,
and surely warrant further investigation some twenty years

European Journal
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Adams and co-workers have recently reported a set of
unsaturated platinum-rhenium complexes with bulky /BusP
ligands that allow for electronically unsaturated clusters to
be synthesised in a systematic manner. Pt;Re,(CO),(P7Bus),-
H, (40), an unsaturated 54-electron tetrahedral cluster (tet-
rahedral Pt,M, often have an electron count of 58, espe-
cially when decorated with bulky ligands, e.g. Pt,Mo,-
(M3-CsHuMe),(CO)¢(PCy;),P"), takes up H, to form
Pt,Re,(CO),(PtBus),H, (41), which has 4 hydride ligands.
Cluster 41 eliminates H, nearly quantitatively on heating to
97 °C or on irradiation (UV/Vis). The mechanism for H,
addition (and by the principle of microscopic reversibility,
that for H, loss) has been studied by DFT methods and
involves end-on n'-attack of H, on one of the Pt atoms
(where the LUMO is centred), moving through an n2-H,
intermediate, which oxidatively adds to the same Pt atom
to give the observed product.’®! Addition of hydrogen re-
sults in no gross structural change to the cluster (i.e. metal—
metal bond scission or rearrangement of the polyhedral
core), consistent with the addition of electron pairs to an
unsaturated cluster.

The clusters [Rhg(PR3)¢H 5][BArF,], (42) (R = iPr 42a,
Cy 42b) reversibly take up two equivalents of H, to give the
sixteen-hydride clusters [Rhg(PR3)¢H ¢][BArF 4], (43a,b).55"]
This uptake is rapid (less than 5 min). Placing 43a or 43b
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after they were reported. A related “oxidative” transforma- Oc\g/co 0@\8 /co
tion to 36 — 37 occurs upon addition of O, to the tetramet- % /Re +Hy, 1atm % /Re\\H
allic ruthenium cluster [Ruy(n®-CsHg)sHel**, 38,5°% which /\Ptﬁ Pt—PiBU M /_\,‘3t_,3,|3uB
initially was formulated as a hexahydride but later sug- %" .‘.,E\Re/ o7%Corhy U p‘ﬁ*& e/ h
gested (on the basis of 7} measurements and DFT calcula- o¢ é N - Hy o€ é N
tions) to be a dihydrogen/tetrahydride complex,!'!l to form o © o ©
[Rus(n®-CeHe) Hu** (39). The tetrahydride cluster adds H,
again (60 atm) to reform 38. 40 4
[ Me Me T1BPh,]
Bush H [BPh] air BUR CH
Pl =
H H - H
H. P/t/ \\Pt,PtBua 2 PPt/ -
v BuP ~ | TPBu
1BuzP \HBFPZH/ H +H, u3 \l',t/ :
PiBug PiBu,
36 37
_ . o
& :
H| N + Hy (60 atm) %/R\“\H
/// JHi \\\ - /;‘H/ o \\
%,,—Ru*\* 7RU\‘ 0, "_‘R \f/, i >RU‘\
Ru ﬂ - H; % H’§Ru/ 0
:CI : |
39 38

4417



MICROREVIEW

A. S. Weller, J. S. McIndoe

— _ PR F
F|’R3 [BAFF4]2 | 3 [BAr 4]2
Rh Hig
H—nah \/”
/ \H + Hy 1 atm R3P— / PR
R; P’Rh¢ //' RyP™ T\’?\PR
3
| \\\/I PR3 vacuum I
-H PR;
PR3 -
R = iPr, Cy
42ab 43 ab

under vacuum removes the H, and regenerates 42a,b, both
in solution and the solid state. As for 40, these clusters can
be considered as being unsaturated (76-electrons) and DFT
calculations show that there are two low-lying empty orbit-
als available for the take-up of two H, bonding pairs.[0"]
Again, it is the bulky alkylphosphane ligands that shield the
metal core from decomposition and allow the low electron
count to be maintained. DFT calculations also indicate that
the sixteen-hydride cluster contains an interstitial hydride
and two dihydrogen-like H, molecules, which have an
average binding energy to the cluster of 60 kJmol !, consis-

Figure 4. The DFT calculated structure of [Rhg(PHs3)sH;q]*",
showing the two dihydrogen-like ligands.

42b 24 45
thy —— — =
&g
a —f— —:1? ﬁ
lez l Hy l Hy
e S e
T
:ﬁ“—ﬂ: —f—
43b 46 47
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tent with that reported for mononuclear dihydrogen com-
plexes (Figure 4).°1 Although these dihydrogen ligands are
not observed either by X-ray crystallography or NMR spec-
troscopy, indirect evidence comes from H/D exchange ex-
periments with D, and the observation of HD(g). The re-
versible H, loss can be modulated by the phosphane. With
PiPr3, H, loss from 43a when placed under vacuum is rela-
tively quick (12 hours), but for 43b with PCy; ligands, H,
loss under vacuum takes 1 week. This difference is ac-
counted for by the tighter interdigitation of the cyclohexyl
groups that kinetically stabilise the cluster towards H, loss.
Reduction of clusters 42 affords [Rhg(PR3)sH )" (n =1
44, 0 45).1° Inspection of the frontier molecular orbitals
suggests that these clusters should also take up one equiva-
lent of H,. The cluster [Rhs(PR3)¢H;,]" (44) adds one H,
to give [Rhe(PR3)sH 4]* (46), as characterised by ESI-MS.
Removing the H, atmosphere regenerates 44. By contrast,
neutral [Rhg(PR3)sH 5] (45), which is a paramagnetic spe-
cies having a triplet ground state (S = 1), takes up H, to
give the diamagnetic cluster [Rhg(PR3)¢H 4] (47) (S = 0, R
= {Pr only). This reaction is much slower than for the other
clusters (16 hours), attributed to “spin blocking” — a signifi-
cant barrier along the reaction coordinate induced by a spin
change that results in a significantly slower reaction when
there is a spin-state change.'?! Consistent with microscopic
reversibility arguments, 45 does not lose H, readily.

PR; X

|
H /h« H
R3P h\' h—PR3
A //\

‘F'%\ ~p
Rh'H—

PR
H 3

PR3

PR3 X
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Electrochemically Reversible

Inspection of the MO diagram for 43a,b suggests that
addition of one extra electron would result in the popula-
tion of a high-lying orbital, and this could destabilise the
cluster, resulting in H, loss to re-establish a large HOMO-
LUMO gap. If coupled with a sequential oxidation of the
cluster, this potentially could lead to the reversible binding
and release of H,, triggered by a single-electron redox
event. This prediction was borne out experimentally.[60-61.63]
The cyclic voltammogram of 43b shows an irreversible loss
of H, on reduction, presumably from an unstable, putative
species [Rhg(PCys)sH 6]* (Scheme 3). The formation of
[Rhe(PCy3)6H1»]" (44) results, which can be oxidised to
form [Rhe(PCys)¢H »]** (42b) and subsequently recharged
with H, to reform [Rhe(PCys)¢H c]** (43b), completing a
complete hydrogen-store cycle. The loss of H, is kinetically
fast (z;, as measured electrochemically is 170 ms). The re-
dox cycle can be duplicated by using chemical reductants/
oxidants and followed by ESI-MS. This facile, reusable gain
and loss of two equivalents of H, by using a simple one-
electron redox switch represents a new method of hydrogen
storage. Although the overall storage capacity is very low
(0.1% by weight), the attractive conditions of room tem-
perature and pressure, actuation by the addition of a single
electron and rapid desorption kinetics makes the concept
of interest for future H, storage applications.

42b 43b
TR3 2+ PR3
H Ffv/{h\T-I’ T H, 1 atm & / /
ReP ARk PR, i, Rh/PRE\
RhE M 7] H Rh\R
RaP’ | "Rh\‘ ;
N\ /| PR, PR;
H—RTTH
PR, R=Cy PR3
<20 -15 -1.0 05 0 05 1.0
E(V va Fe¥Fer)
TRS + PR3
H /hm—H /
! _ RaP—
R f~,<\1:\RL/PR3 2Hp * A X\ L Rh—
_RHEL Rh-///l‘H RH~L R <
RqP <4/ PR \ PR,
Rllr
PR;
a

Scheme 3. Insert shows the cyclic voltammogram; the irreversible
reductions are attributed to H, loss at = 1.0 V.

Redox-induced loss of hydrogen or protons is known to
occur in mononuclear systems. Irreversible oxidation of the
complex [Co{P(CH,CH,PPh,);}(H,)][PF¢]*" (originally
suggested to be a dihydrogen complex, but later reformu-
lated by Heinekey as a dihydridel®) results in the loss of a
proton, while reduction of vinylidene complex
[Rh(=C=CHPh){N(CH,CH,PPh,}5][BF,] results in H,
loss, to form an acetylide.[® Redox-promoted oxidation of
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H, to afford protons (or the reverse reaction — electrocata-
lytic generation of H,) is, of course, also very well documen-
ted in the study of hydrogenase chemistry.[®”) However, none
of these processes involves the reversible binding of H, as
found for 43b.

Photochemically Reversible

An early (1983) report of the photolysis of (n°-CsHs)-
W(CO);H suggested that it proceeded by CO/H, expulsion
to afford a putative dimeric species [(1°-CsHs)W(CO),]»
(48) that reversibly added H, under photochemical condi-
tions to give [(M°>-CsHs)W(u-H)(CO),],, (49), which is re-
lated to 30.%1 Aspects of the dimerisation mechanism have
been subsequently questioned.[®”]

The rhodium analogue of 19, complex 51, can be formed
by addition of H, to 50. Interestingly, complex 51 does not
lose H, readily on standing, nor does it exchange with D,
appreciably after one week. However, H, loss is fast upon
photochemical irradiation to afford 50.7%1 These complexes
provide insight into the photocycle for hydrogen production
from HX solutions. [Pt,Hs(dppm),][PFg¢] (52) loses H, in
solution and the solid state on irradiation to give a complex
of formula [PtoH(dppm),][PF¢] (53), which reacts back
slowly with H, to give 52.7!]

N i (‘;| Hy H 4 y |l:
ll’*Rh0 RA P — Cl- Rh”iRh” Cl +isomers
/i p7| hv>340 nm
PP, PP
N h, A
N N
[ / \
P = P(OCH,CF3),

hv
—Hy
[PtaH3(dppm),][PFg] [Pt2H(dppm)][PFg]
+ H,
52 53

The electronically unsaturated, 62-electron trigonal bipy-
ramidal cluster Pt3Re,(PrBus)3;(CO)s (53) adds three mole-
cules of H, in a stepwise manner to eventually afford
Pt3Re,(P1Bus);(CO)sHg (56). This reaction is reversible un-
der photolytic conditions, and irradiating 56 eliminates di-
hydrogen, ultimately to afford the dihydride complex
Pt;Re,(PrBus);(CO)sH, (54). The last elimination of Hj is
presumably a high-energy process and does not occur under
the conditions used.[”?l Cluster 53 is unsaturated by 10 elec-
trons for a trigonal bipyramid (albeit platinum clusters
often count lower than expected), and the bulky BusP
groups no doubt have a role to play in this — stabilising the
unsaturated core by providing a steric shield against ad-
dition of further, large, metal fragments. Space-filling dia-
grams nonetheless indicate that there is sufficient room for
the approach of a H, molecule. The molecular orbital struc-
ture shows five low-lying unoccupied molecular orbitals,
4419
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three of which are suitably aligned along the Pt-Re bonds 78"" /‘S /CN—|’ v ‘ -
to accept electron density from an incoming H, molecule. \Ni” \F Ii—co *H; N /a\ JCN
Detailed theoretical analysis of the mechanism of H, ad- / \ /Ni” |l|7Fe</ co
dition indicates a possible pathway that starts with hydro- i S s CN
gen addition at Pt to give a dihydrogen intermediate, fol- Ni-SI(b) e Ni-R
lowed by H, cleavage and the formation of a complex with - H*X e
a terminal hydride and a hydride bridging a Pt-Pt bond. - B
This configuration rearranges to give the observed product 72 s/ /CN—|
with hydrides bridging the Pt-Re bonds (Scheme 4). The il =Fell—co
related tetranuclear cluster Pt,Re,(CO),(tBusP),H, (41) s~ s oN
also eliminates one equivalent of H, on irradiation.’%73] / Ni-C
The addition of H, to a single metal centre is consistent
Scheme 5.

with qualitative molecular orbital arguments by Hoffman,
who showed that intramolecular reductive elimination (and
the microscopic reverse: oxidative addition) would be sym-
metry-forbidden for 1,2-elimination (or 1,2-addition) and
have a large barrier for a concerted least-motion path-
way. [+

Reversible Biological Systems

Hydrogenases regulate the metabolism of hydrogen in
microorganisms, and these enzymes have attracted an enor-
mous amount of attention in the hope of developing elec-
trochemically active, bio-inspired catalytic systems em-
ploying hydrogen.[’* The active site of one class of these
enzymes have been shown crystallographically to contain
a dinuclear NiFe cluster with bridging sulfur ligands. The
reversible binding of hydrogen at the active site is a key
stage in the proposed mechanism of action, and the pres-
ence of the biologically unusual, strong-trans-influence CO
ligand favours this process (by reducing the ability of the
metal to back-donate into the o* orbital of H,). Heterolytic
cleavage of H, follows the binding event, generating a
bridging hydride ligand and releasing a proton. The salient
part of the enzymatic cycle is shown in Scheme 5.

4420

www.eurjic.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Ni-SI(b) (the mechanism has its own shorthand) reacts
with H, to generate Ni-R, in which the hydrogen is sug-
gested to be present as a dihydrogen ligand bound to Fe'’.
One-clectron oxidation of Ni-R liberates a proton to gener-
ate Ni-C, thought to possess a bridging hydride ligand,
which, upon further one-electron oxidation, is released as a
proton, and Ni-SI(b) is regenerated. The involvement of the
hydride and dihydrogen intermediates is implicated by the
fact that during catalyst turnover under a D, atmosphere,
HD and/or HDO is formed, despite the lack of spectro-
scopic evidence for the existence of metal-hydride or metal—-
dihydrogen species. Catalysis of H/D exchange reactions is
characteristic of the hydrogenases.”!

Iron-only hydrogenases also exist, containing a {Fe;S;}
cubane cluster linked to a {Fe,S;} subsite through a bridg-
ing cysteinyl ligand. The fact that both the NiFe and Fe,
units have thiolate, CN~ and CO ligands — all common in
coordination chemistry — means that a huge range of dinu-
clear complexes have been synthesised with the aim of mod-
elling the geometry, connectivity, metals, ligand sets and
chemistry displayed by the hydrogenases.l’®l This topic has
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been heavily reviewed, so only a few examples with particu-
lar relevance to reversible hydrogen binding will be men-
tioned herein.

Many complexes designed to model the hydrogenases re-
act irreversibly with H,, such as the recent example of a
water-soluble NiRu complex that takes up H, under ambi-
ent conditions, resulting in heterolytic cleavage of H, to
form H* and a bridging hydride.””! Less common are dinu-
clear complexes that react reversibly with hydrogen; a no-
table example is from Rauchfuss, who characterised the first
dihydrogen complex of a hydrogenase active site model.l8!

[Ru,(p-H)(H,)(u-SCH,CH,CH,S)(PCy3),(COYs™ - (57)
was shown to catalyse H,/D» equilibration. Related com-
plexes also catalyse H/D scrambling via what is assumed to
be an (n?-H,)-containing intermediate; examples of com-
pounds displaying this chemistry include [Fe,(u-H)(p-
SCH,CH,CH,S)(PMe;)2(CO)4J* (58)7 and [Fey(n-H)(p-
SCH,CH,CH,S)(CN#Bu),(CO),]* (59).8% A vacant coordi-
nation site must first be created, and, consistent with this
requirement, the H/D scrambling reaction is often pro-
moted by irradiation with UV light but inhibited by the
presence of CO.

Giant Clusters Displaying Reversible H, Binding

Palladium metal has an unusually high affinity for hydro-
gen, absorbing up to 935 times its own volume (an approxi-
mate composition of Pd4Hs), and Pd/Ag membranes are
used on an industrial scale to produce ultrapure hydro-
gen.B1 Various models of the hydrogen-rich lattice
have been reported, most notably Dahl’s cluster
H,,Pd,g(PtPMes)(PtPPh;),5(CO),; (60) (Figure 5).821 The
cluster was treated with D,, which resulted in an 80% de-
crease in the hydride signal by '"H NMR spectroscopy, sug-
gesting that hydrogen is readily exchanged. However, no at-
tempt seems to have been made to add H, under pressure
or to remove it by vacuum, heat or light, so regrettably little
is known about the hydrogen storage capabilities of this ma-
terial.

Giant, ligand-stabilised palladium clusters can be readily
synthesised by reduction of palladium acetate with hydro-
gen gas.®3 With careful control of conditions, the size dis-
tribution is nearly monodisperse (see Figure 6) and centred
on particular “magic numbers” corresponding to different
numbers of concentric shells (n) of Pd atoms around a cen-
tral atom, where each shell contains (10n% + 2) atoms.[84]

The behaviour of the series Pdss(phen);sOszq (2 shells,

diameter = 1 nm; phen = phenanthroline), Pdss;(phen);q-
0200 (5 SheHS, diameter = 2.6 nm), Pd1415(phen)6001100 (7
shells, diameter = 3.7 nm) and Pd powder (diameter =

50 pm) towards hydrogen has been investigated in detail by
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Figure 5. Crystallographically determined metal core (Pd black, Pt
grey) structure of H;,Pdyg(PtPMes)(PtPPh;);,(CO),; (60). Hydro-
gen atoms were not located. Figure reproduced courtesy of the
American Chemical Society from ref.33]

Figure 6. Electron micrograph of palladium nanoparticles de-
posited on a carbon support. Reproduced courtesy of the Royal
Society of Chemistry from ref.* Inset: idealised icosahedral struc-
ture of Pdse; core, approximate diameter 26 A.

Ziittel and co-workers. They found that Pd clusters of all
size ranges reversibly absorbed and desorbed hydrogen,®>]
but that the reversible hydrogen storage capacity (H/Pd ra-
tio) decreased with decreasing cluster size.[®! This effect was
attributed to the fact that the smaller clusters had a greater
proportion of surface atoms and that only the interstitial
sites in the Pd lattice were available for reversible hydrogen
storage. The reasoning here was that the binding energy of
the surface hydrides was greater than the interstitial hydro-
gen, and the surface hydrides could therefore not be easily
removed simply by application of vacuum. The cluster sam-
ples had dramatically improved discharge kinetics relative
to bulk Pd, and X-ray diffraction revealed that the crystal-
lographic structure of the clusters was not altered by ab-
sorption and desorption cycles.®”] However, others have
shown that 5-nm Pd clusters do undergo structural change
4421
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upon hydrogen absorption, probably from a cubic lattice to
an icosahedral one.[8®)

Pd clusters loaded on carbon have been shown to absorb
more hydrogen per Pd atom than does bulk Pd,®*! an effect
attributed to spillover (a process whereby hydrogen spreads
from a metal particle to its support).’”! The absorption was
shown to be reversible but a significant fraction of the
stored hydrogen required pressures of less than 5 Torr or
high temperatures in order to be released.

Conclusions

Multimetallic compounds that reversibly bind hydrogen
without experiencing dramatic structural changes have sev-
eral features in common:

(1) Bulky ligands (especially phosphanes) are often a fea-
ture of the coordination sphere. Such ligands provide kinet-
ically controlled steric blocking of coordination sites, fav-
ouring electronic unsaturation. However the smallest of
molecules, H,, is often able to penetrate the coordination
sphere and binds to the metal to (sometimes only partially)
relieve the electronic unsaturation at the metal centre.

(i1) The metals involved are generally late-transition met-
als, especially Rh, Pd and the surrounding elements, in rela-
tively low oxidation states. Such metals form strong bonds
with soft ligands such as the bulky phosphanes that appear
to be crucial for successful reversible hydrogen bonding;
they also have sufficient d electrons for back-donation to
the o* orbital on H as well as suitable empty acceptor orbit-
als.

(iii) The hydrogen does not have to be bound side-on as
n2-H, in order for reversible binding behaviour to be ob-
served; the rapid exchange between the wide variety of
binding modes (including bridging and interstitial) and the
low energy differences between them facilitates the ready
distribution of H ligands around the cluster core (hence
making definitive characterisation of H location often
problematic).

Approaches to multimetallic complexes that reversibly
bind hydrogen have historically resulted from serendipity as
much as from an avowed intention to make compounds
with this useful and interesting property (with the notable
exception of the efforts to model the hydrogenases). How-
ever, a few simple design rules outlined above seem to apply
quite generally and it is reasonable to expect that the field
will develop by further exploitation of the structural variety
and rich redox properties offered by polynuclear metal
cores and the kinetic blocking of coordination sites by
bulky ligands. Firm establishment of the structure—property
relationships inherent to systems that efficiently and revers-
ibly bind hydrogen should allow the application of these
concepts to other (cheaper!) metals and materials.
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