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A molecular flip-flop for
separating heavy water

Thomas Heine & Randall Q. Snurr

Molecules of heavy water contain the deuterium isotope of
hydrogen and have beenimpossible to separate from ordinary
water. Nanoporous materials with flexible apertures in their
structures point the way to a solution. See p.289

Isotopes are atoms that have the same atomic
number but different numbers of neutrons
intheir nuclei. For example, protium (H) and
deuterium (D) are isotopes of hydrogen that
have 0 and 1 neutrons, respectively. Water
molecules that contain deuterium atoms
instead of protiumatoms areknown as heavy
water. The physical properties of heavy water
differ only slightly from those of ordinary
water, which makes it extremely difficult to
separate D,0 from H,0.On page 289, Su et al.!
report two nanoporous materials that take
upH,0in preferenceto D,0 —aproperty that
can be used to separate these highly similar
molecules.

Deuterium was discovered by the physical
chemist Harold Urey in1931, after which heavy
water quickly became an essential material for
nuclear research. Indeed, during the Second
World War, the Allies sabotaged and eventually
destroyed thefirst sizeable facility for produc-
ing heavy water after it was seized by German
troops, toslow down the Germandevelopment
of nuclear weapons?® Today, besides its appli-
cations in the nuclear industry, heavy water
isused inisotopic labelling techniques (such
as those used to work out chemical-reaction
mechanisms) and asasource of deuterium for
making advanced drug candidates’ (see also
go.nature.com/3gwsvbz).

An obstacle for any direct separation of
heavy water from ordinary water, apart from
the similar physico-chemical properties of
these compounds, is that D,O quickly trans-
forms into HDO when mixed with H,0, owing
torapid exchange of hydrogen atoms between
molecules. This is a problem because HDO is
even more similar to H,0 thanis D,0.

Methods for producing heavy water there-
fore often involve separations of other small
molecules that contain different hydrogen

isotopes. The state-of-the-art techniques
for D,O production are the Girdler sulfide
process*, which involves the exchange of
hydrogenisotopes betweenwater and hydro-
gensulfide (H,S); and the oxidation of D, that
has been separated by cryogenic distillation
fromaliquefied mixture ofisotopic analogues
of dihydrogen (H,, HD and D,). But these sepa-
ration procedures suffer from low selectivity
and have high energy demands.
Nanotechnology offers options that go
beyond these conventional approaches. In
1995, it was suggested? that quantum effects
atabout 77 kelvin (the boiling temperature of
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liquid nitrogen at ambient pressure) would
allow heavier D, molecules to diffuse more
easily through subnanometre-scale pores
thancanlighter H,molecules. Various porous
materials have since been shown® to effect
such‘quantum sieving’,including compounds
known as metal-organic frameworks (MOFs;
also called porous coordination polymers). An
extension of this separation strategy, called
chemical-affinity quantum sieving, has also
been reported®, in which D, is adsorbed by
porous materials preferentially to H,. A break-
through’in this area, reported this year, is a
process involving the selective pore opening
of a flexible MOF. This material remainsin a
stable, closed-pore form when exposed to
H,, but adopts an open-pore structure in the
presence of D,.

A method has also been developed for
separating mixtures of protons (H"ions) and
deuterons (D" ions). Thisisachieved by electro-
chemically pumping these ions through 2D
crystals® — the separation occurs as aresult of
selective diffusion of the protons through the
crystals’. Ithas also beenreported™ that deu-
terons, rather than protons, can be selectively
transported between the sheets of atoms in
layered materials, because the energetic
barrier to entering the spaces between the
sheets is lower for deuterons.

Su et al. report two new MOFs that selec-
tively adsorb H,O over D,0 (Fig. 1). The
nanoporous crystalline structures of MOFs
consist of organic molecules stitched
together with strong bonds at metal nodes.
Su and colleagues’ MOFs both have copper
nodes but have different organic linkers, and
form molecule-sized cages connected by
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Figure 1| A poroussolid that selectively adsorbs one isotopic analogue of water. a, Su et al.! prepared
aporous material whose cage-like molecular structure consists of pores connected by locally flexible
windows. When immersed in a mixture of ordinary water and heavy water (the molecules of which contain
deuterium, anisotope of hydrogen), dynamic fluctuations in the window sizes cause ordinary water to
diffuse more rapidly through the material than does heavy water (indicated by longer arrows). b, After seven
days, the difference in diffusion rates causes the liquid trapped in the pores to be enriched in ordinary water,
compared with the original composition. This might lead to the development of methods for separating
heavy water from ordinary water, for use in applications such as some in the nuclear industry.
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triangular windows. The windows in the two
materials have similar diameters (2.2 and
2.0 angstroms), both of which are narrower
than thekinetic diameter of water (a measure
of the size of water molecules, whichis 2.65 A).
The materials do not undergo major structural
changes, as some MOFs do, but have some
flexibility, especially around the windows. In
Su and colleagues’ words, they are “globally
robust but locally flexible”.

Theauthors show that the two MOFs adsorb
H,0and D,0 atdifferentrates. Forexample, one
ofthe materials takes 2.5times longer toadsorb
thesame amountof D,0 as H,0.Importantly for
potential applications, these differences were
observed at room temperature.

Suetal.wentontoshow that the MOFs selec-
tively adsorb H,O from amixture of H,0, HDO
and D,0. When one of the MOFs was immersed
for seven days in a mixture in which the ratio
of H,0:HDO:D,0 was 49.3:41.4:9.3, the liquid
adsorbed by the material was enriched inH,0O,
producing a composition of 69.6:27.8:2.6. It
should be noted that these co-adsorption
experiments were static — the MOF was sim-
plylefttostandinthe liquid mixture. Dynamic
co-adsorption experiments in which the liquid
mixture is passed through a column of the
MOF under pressure would also be helpful in
showing whether the reported selectivity can
be exploited for practical separations.

The authors suggest that the observed
faster adsorption of H,0 is due to the local
dynamics of the MOFs, which produce a
‘flip-flopping’ motion that causes differences
intheratesat which theisotopic analogues of
water molecules hop through the narrow win-
dows. The authors characterize their materials
with a variety of techniques and using quan-
tum chemical modelling in support of their
proposal, but the precise mechanism remains
elusive. Water molecules are too heavy for
quantum tunnelling — a phenomenon of
quantum mechanics in which tiny objects
have a certain probability of passing through
barriers —tohavearole,and quantumsieving
isunlikely because D,O would be expected to
diffuse more easily than H,O. Further investi-
gationstobetter explainthe current observa-
tionsare afascinatingareafor futureresearch.

This work opens up a new strategy for sep-
arating heavy water from ordinary water, and
potentially for separations of other small
molecules. For example, it might pave the way
to an efficient method for removing tritiated
water (T,0; Tisthe hydrogenisotope tritium),
a radioactive and toxic by-product of the
nuclear industry, from wastewater streams.
Extension of this concept to other separations
willrequire abetter fundamental understand-
ing of the mechanism that produces selective
diffusion of H,0, so that the relevant pore

characteristics can be customized to capture
other molecules. For now, the work clearly
demonstrates that MOFs and related materials
with narrow, locally flexible pores are intrigu-
ing materials for advanced, energy-efficient
separations.
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