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The simplest element: Turning hydrogen into
'sraphene’
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Graphene-based
layer structures
for dense hydrogen

C-graphene

H-graphene

H¢ ‘aromatic cluster’

A comparison of the carbon compound graphene with a similar hydrogen-based
structure synthesized by Carnegie scientists. Credit: Carneige's Ivan Naumov and

Russell Hemley
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New work from Carnegie's Ivan Naumov and Russell Hemley delves into
the chemistry underlying some surprising recent observations about
hydrogen, and reveals remarkable parallels between hydrogen and
graphene under extreme pressures. Their work is the cover story in the
December issue of Accounts of Chemical Research.

Hydrogen is the most-abundant element in the cosmos. With only a
single electron per atom, it is deceptively simple. As a result, hydrogen
has been a testing ground for theories of the chemical bond since the
birth of quantum mechanics a century ago. Understanding the nature of
chemical bonding in extreme environments is crucial for expanding our
understanding of matter over the broad range of conditions found in the
universe.

Observing hydrogen's behavior under very high pressures has been a
great challenge for researchers. But recently teams have been able to
observe that at pressures of 2-to-3.5 million times normal atmospheric
pressure it transforms into an unexpected structure consisting of layered
sheets, rather than a close-packed metal as had been predicted many
years ago.

These hydrogen sheets resemble the carbon compound graphene.
Graphene's layers are each constructed of a honeycomb structure made
of six-atom carbon rings. This conventional carbon graphene, first
synthesized about a decade ago, is very light, but incredibly strong, and
conducts heat and electricity very efficiently. These properties promise
revolutionary technology, including advanced optical electronics for
screens, high-functioning photovoltaic cells, and enhanced batteries and
other energy storage devices.

The new work from Naumov and Hemley shows that the stability of the
unusual hydrogen structure arises from the intrinsic stability of its
hydrogen rings. These rings form because of so-called aromaticity,
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which i1s well understood in carbon-containing molecules such as
benzene, as well as in graphene. Aromatic structures take on a ring-like
shape that can be thought of as alternating single and double bonded
carbons. But what actually happens is that the electrons that make up
these theoretically alternating bonds become delocalized and float in a
shared circle around the inside of the ring, increasing stability.

Naumov and Hemley's study also indicates that hydrogen initially
becomes a dark poorly conducting metal like graphite instead of a
conventional shiny metal and a good conductor, as was originally
suggested in theoretical calculations going back to the 1930's using early
quantum mechanical models for solids.

Though the discovery of this layered sheet character of dense hydrogen
has come as a surprise to many, chemists 30 years ago—before the
discovery of graphene—predicted the structure based on simple
chemical considerations. Their work is validated and extended by the
new findings.

"Overall, our results indicate that chemical bonding occurs over a much
broader range of conditions than people had previously considered.
However, the structural effects of that chemical bonding under extreme
conditions can be very different than that observed under the ordinary
conditions that are familiar to us," Hemley said.
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