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Self-assembly. Block polymers
can self-assemble into (top)
hexagonally packed cylinders
or (bottom) the double gyroid.
The ionic liquid is confined to
the white channels, whereas
the red matrix consists of the
insoluble block.

remains difficult to achieve
macroscopic orientation and
perfection of the resulting
membrane, which is important for some applications.
Alternatively, a network structure such as the double
gyroid is isotropic, obviating
the need for orientation (see
the second figure, bottom panel). Unfortunately, this structure can only be achieved
under limited combinations of copolymer
compositions, molar masses, and processing
conditions. Use of multiblock polymers, such
as ABC terpolymers, allows network materials to be prepared over much wider ranges of
molecular variables and with greatly enhanced mechanical strength (12).
Recent progress in the development of
controlled polymerization has enabled the

synthesis of almost any desired architecture,
with almost unlimited choice of monomers,
such that tailored multiblock polymers can be
readily produced. The outstanding challenges
are to design block polymer–ionic liquid composite materials with desired combinations of
mechanical integrity, controlled nanostructure, and ionic liquid properties. This class of
materials is only beginning to be explored and
many design rules are yet to be mapped out in
detail, but rapid progress can be expected
because related polymer-based technologies
are well established.
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Such ion gels have shown
superior performance as gate
dielectrics in organic thin-film
transistors (5). For many organic
semiconductors, device performance is constrained by the number of charge carriers rather than
their mobility; the high capacitance of the ion gel boosts the
carrier density in the semiconductor channel. Further, the high
ionic mobility enables switching
speeds that are orders of magnitude higher than with conventional polymer electrolytes (6).
Similar ion gels could form
the basis of electromechanical
actuators (7, 8); differential ion
migration in response to an applied electric
field leads to differential gel swelling and
thus to bending. A possible route to accentuate this effect would be to polymerize the
cations into the B blocks, thus immobilizing
some or all of that charge (9, 10); the much
more mobile anions could then generate a
highly asymmetric swelling.
The same molecular architecture also
holds promise for gas separation. Ionic liquids
strongly prefer to dissolve CO2 and SO2 over,
for example, N2 and CH4. Because transport
through an ionic liquid is so facile, it is possible to achieve combinations of selectivity and
throughput comparable to those of the best
materials currently available. However, a
functional gas separation membrane must
withstand a substantial pressure drop. The
ionic liquid could be literally blown out of the
simple ion gel. A polymerized ion gel should
not suffer from this drawback, because the
attraction between ions would far outweigh
the external pressure. Direct polymerization
of organic cations has recently been achieved
(9, 10). By incorporating an appropriate
difunctional monomer, Bara et al. have prepared and evaluated cross-linked films for the
separation of CO2 from CH4 or N2 (9), with
promising results.
Applications to other technologies such as
fuel cell membranes and lithium battery separators often require much greater mechanical
rigidity and high-temperature stability while
retaining high ionic mobility along a given
axis. Here, the ability of block polymers to
self-assemble into well-defined nanostructures with long-range order holds the key (11).
For example, macroscopic orientation of
block polymer cylinders has been achieved by
various strategies, including application of
flow fields and electric fields and by preparation of suitably treated underlying substrates
(see the second figure, top panel) . However, it
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Carbon Emissions and Acidification
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Avoiding environmental damage from ocean acidification requires reductions in carbon dioxide
emissions regardless of climate change.

uch of the scientific and public
focus on anthropogenic carbon
dioxide (CO2) emissions has been
on climate impacts. Emission targets have
been suggested based primarily on arguments
for preventing climate from shifting significantly from its preindustrial state. However,
recent studies underline a second major
impact of carbon emissions: ocean acidification. Over the past 200 years, the oceans have
taken up ~40% of the anthropogenic CO2
emissions. This uptake slows the rise in

M

1Department

of Oceanography, University of Hawaii,
Honolulu, HI 96822, USA. 2Earth and Planetary Sciences
Department, University of California at Santa Cruz, Santa
Cruz, CA 95060, USA. 3Department of Global Ecology,
Carnegie Institution, Stanford, CA 94305, USA. 4National
Oceanography Centre, Southampton University, Southampton, SO14 3ZH, UK. *To whom correspondence should
be addressed. E-mail: zeebe@soest.hawaii.edu

www.sciencemag.org

SCIENCE

VOL 321

Published by AAAS

atmospheric CO2 considerably, thus alleviating climate change caused by anthropogenic
greenhouse gas emissions. But it also alters
ocean chemistry, with potentially serious consequences for marine life (1).
Oceanic uptake of anthropogenic CO2
leads to a decrease in seawater pH and thus
lowers the saturation state for carbonate minerals such as calcite and aragonite (CaCO3).
This process, termed ocean acidification, is
expected to have detrimental consequences
for a variety of marine organisms (2, 3). For
example, a decline in carbonate saturation
state will affect the stability and likely production rates of CaCO3 minerals, which are the
building blocks of coral reefs and form the
shells and skeletons of other marine calcifying species. Independent of climatic considerations, carbon emissions must be reduced to
avoid these consequences.
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