
with solids content as high as 40–50% (ref. 27).
As a new paradigm for plastics manufacturing, semi-solid pro-

cessing of baroplastics raises prospects for the low-temperature
moulding of plastics incorporating high-Tg, crystallizing or in-
organic components, wherein such hard phases move within a
fluidized baroplastic medium. We are currently investigating such
systems. By removing the resin-heating and mould-cooling require-
ments, pressure-based processing could decrease both energy con-
sumption and manufacturing time, while eliminating the
thermooxidative degradation that limits plastics recyclability. A

Methods
Block copolymer synthesis
Block copolymers of PS-b-PBA and PS-b-PEHA were synthesized by atom transfer radical
polymerization (ATRP)20,28,29. The polystyrene block was first polymerized using methyl-
2-bromo-propionate as initiator and CuCl/N,N,N

0
,N

0
,N

00
-pentamethyldiethylene

triamine as the catalyst complex in toluene solution at 100 8C. Once the styrene
polymerization reached completion, the temperature was lowered to 80 8C and acrylate
monomer was added to obtain the second block. The resulting polymer solution was then
passed through an alumina column to remove the catalyst and the copolymer precipitated
in methanol. The recovered block copolymers were purified by repeated dissolution in
dichloromethane followed by precipitation in methanol. The materials were then dried
under vacuum followed by freeze-drying from benzene overnight. Compositions and
molecular weights of the resulting block copolymers were determined using 1H nuclear
magnetic resonance (NMR) and gel permeation chromatography (GPC) based on
polystyrene standards.

Core–shell nanoparticle synthesis
Core–shell nanoparticles of PEHA/PS and PBA/PS-d8 were synthesized by a two-stage
microemulsion polymerization technique23,26. Tetradecyltrimethylammonium bromide
and 2,2 0 -azobis(2-methylpropionamidine) dihydrochloride were used as emulsifier and
initiator, respectively. Polymerization was performed under nitrogen at 65 8C. Acrylate
monomer was first added slowly to dionized water in the presence of emulsifier with
vigorous stirring and reacted for 15 h. Pre-emulsified styrene was then added slowly to this
solution and allowed to react for 3 h. The resulting core–shell particles were precipitated in
methanol/water (with a trace amount of NaCl) and washed in DI water several times. The
product was then vacuum-dried in the presence of phosphorus pentoxide for three days at
room temperature. Compositions and molecular masses were determined as above.
Average particle sizes were determined by dynamic light scattering using a Brookhaven
Instruments Co. Zeta Potential Analyzer fitted with a 676-nm laser source.

SANS
Measurements were performed at The Manuel Lujan Jr. Neutron Scattering Center at Los
Alamos National Laboratory on the Low-Q diffractometer, LQD, with the following
instrument configuration: wavelength ¼ 1.5–15 Å at 20 Hz, scattering angle ¼ 6–60 mrad
on a 59-cm diameter detector, resulting in a q range of 0.003–0.5 Å21. Samples were
,1-cm-diameter disks of variable thickness. Scattered intensities were corrected for
background and thickness in the standard manner.
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Natural porous solids such as zeolites are invariably formed
with inorganic cations such as Na1 and K1 (refs 1, 2). However,
current research on new porous materials is mainly focused
on the use of organic species as either structure-directing or
structure-building units; purely inorganic systems have received
relatively little attention in exploratory synthetic work3–9. Here
we report the synthesis of a series of three-dimensional sulphides
and selenides containing highly mobile alkali metal cations as
charge-balancing extra-framework cations. Such crystalline in-
organic chalcogenides integrate zeolite-like architecture with
high anionic framework polarizability and high concentrations
of mobile cations. Such structural features are particularly
desirable for the development of fast-ion conductors10. These
materials demonstrate high ionic conductivity (up to
1.8 3 1022 ohm21 cm21) at room temperature and moderate to
high humidity. This synthetic methodology, together with novel
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structural, physical and chemical properties, may lead to the
development of new microporous and open-framework
materials with potential applications in areas such as batteries,
fuel cells, electrochemical sensors and photocatalysis.

Commercial applications continue to be dominated by porous
materials (for example, zeolites A and X) made from purely
inorganic systems. New synthetic methodologies that allow the
creation of porous materials from purely inorganic systems will
hold great promise for technological applications. One property
that could benefit from the compositional and topological features
of purely inorganic open-framework chalcogenides is fast-ion
conductivity at low temperatures (,100 8C). Fast-ion conductors
are useful as electrode materials or solid electrolytes in electrochem-

ical devices such as batteries, fuel cells and sensors. Solids generally
have negligible ionic conductivity. Most fast-ion conductors dis-
covered so far have a high conductivity only at high temperatures
(.100 8C)10. Therefore, the creation of new fast-ion conductors that
operate at low temperatures is desirable.

An open-framework material has an inherent advantage for
applications such as low-temperature fast-ion conductors because
its open channels provide paths for easy ion migration. Unfortu-
nately, zeolites, although they have open channels and cages, are not
good fast-ion conductors because of the strong interaction between
their oxygen framework and extra-framework charge carriers, such
as Liþ and Naþ (ref. 2). Open-framework chalcogenides are antici-
pated to be better ion conductors than zeolites because chalcogen-

Figure 1 The structural diagrams of the inorganic chalcogenide frameworks. a, The 3D

diamond-type superlattice in ICF-5 CuInS-Na. Unconnected spheres are Naþ sites. b, The

rings formed by six T5 clusters are present in the 3D interpenetrating diamond-type

superlattice in ICF-17. c, T2 clusters in ICF-21 InSe-Na are connected into a non-

interpenetrating diamond-type lattice. Unconnected spheres are Naþ sites. d, The 3D

diamond-type superlattice with core-less T4 clusters (In16S32
162) in ICF-22 InS-Li. Only one

sublattice is shown here for clarity. e, The 3D framework of ICF-24 with 20-ring channels.

f, The 3D framework of ICF-25 with 16-ring channels.
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ides have higher anionic framework polarizability, owing to the
large size of S22 or Se22 as compared to O22. A more polarizable
anionic framework will facilitate the migration of mobile cations10.
Another advantage of open-framework chalcogenides is the high
concentration of mobile cations. Chalcogenides can have much
more negative frameworks and therefore more charge-balancing
cations than zeolites because the framework M4þ/M3þ (where M is
a tetrahedral atom) ratio in chalcogenides can be much smaller than
one, whereas it is always larger or equal to one in zeolites or related
oxides11.

Unfortunately, purely inorganic chalcogenides with the zeolite-
like architecture do not occur naturally. The limitation of known
open-framework chalcogenides is that they are all made by using
organic structure-directing agents12–14. We have now developed a
kinetically controlled synthesis method that has led to the synthesis
of hydrated sulphides and selenides with highly mobile alkali or
alkaline earth metal cations (for example, Liþ, Naþ, Ca2þ) as extra-
framework cations (Table 1). Their unprecedented compositions,
diverse cluster and crystal structures, and fast-ion conductivity are
reported below.

All phases were synthesized from organic-free aqueous solutions
under hydrothermal conditions at temperatures below 200 8C (see
Methods). As for the synthesis of zeolites, reactions were carried out
under highly alkaline conditions. The kinetically controlled pro-
cesses led to the crystallization of chalcogenides encapsulating
mobile inorganic cations in their cavities. These chalcogenides are
denoted ICF-m (ICF, inorganic chalcogenide framework; m, a
number related to the type of framework topology). The m is

often followed by elemental symbols (for example, ICF-21 InSe-
Na), indicating in which of several possible framework and extra-
framework compositions a particular topology has been made.

Compared to zeolite tetrahedral frameworks, these chalcogenides
represent a higher level of the structural hierarchy because they
can be derived from simple tetrahedral networks (for example,
diamond) by replacing tetrahedral sites with supertetrahedral
clusters. Supertetrahedral clusters are regular tetrahedrally shaped
fragments of the cubic ZnS-type lattice and are denoted as Tn, where
n refers to the number of metal layers15–17.

A number of 3D framework types have been realized. Here we
focus on seven three-dimensional (3D) framework types, denoted
ICF-5, ICF-17, ICF-21, ICF-22, ICF-24, ICF-25 and ICF-27. Because
of the compositional variations among each topology, over a dozen

Table 1 A summary of crystallographic data for selected synthesized chalcogenides

Name Framework composition Space group a (Å) b (Å) c (Å) R(F)*
...................................................................................................................................................................................................................................................................................................................................................................

ICF-5 CuInS-Na Cu3In17S33
102 Fddd 31.329(9) 32.906(9) 44.546(12) 6.45

ICF-5 CdInS-Na Cd4In16S33
102 I41/acd 26.602(4) 26.602(4) 42.660(9) 6.94

ICF-5 MnZnInS-Na Mn1.8Zn2.2In16S33
102 I41/acd 26.288(8) 26.288(8) 42.637(18) 8.37

ICF-5 CdInS-Li Cd4In16S33
102 I41/acd 25.458(2) 25.458(2) 43.471(4) 12.6

ICF-5 ZnInS-Na Zn4In16S33
102 I41/acd 26.158(10) 26.158(10) 42.63(2) 13.9

ICF-5 MnInS-Li Mn4In16S33
102 I41/acd 24.690(2) 24.690(2) 44.488(5) 7.20

ICF-17 InZnS-Na In22Zn13S54
162 I41/acd 29.004(9) 29.004(9) 54.53(2) 9.39

ICF-21 InSe-Na In4Se8
42 I-42d 11.765(2) 11.765(2) 22.685(4) 5.55

ICF-22 InS-Li In4S8
42 I41/acd 25.034(7) 25.034(7) 43.506(15) 7.06

ICF-24 InSSe-Na In4S2.9Se5.1
42 Fdd2 28.842(7) 50.035(11) 12.141(3) 6.64

ICF-25 InS-SrCaLi In4S8
42 Fdd2 28.33(1) 70.31(2) 12.303(4) 6.97

ICF-27 InS-SrLi In15S29
132 P31c 17.846(3) 17.846(3) 17.333(4) 4.06

...................................................................................................................................................................................................................................................................................................................................................................

*RðFÞ ¼ SkFoj2 jFck=SjFoj with Fo . 4.0j(F).

Figure 2 The 3D framework of ICF-27 built from octahedral cluster units.

Figure 3 The dependence of the ionic conductivity on the relative humidity for ICF-5

CuInS-Na. a, Complex impedance plots under different relative humidities. The data were

measured on a single crystal sample at 18 8C. Before each measurement, the sample was

kept under the given humidity for 2 h. Z
0

and Z
00

are the real and imaginary parts of the

impedance, respectively. b, The ionic conductivity of the same sample under different

relative humidities.
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different materials have been prepared and structurally determined
by single-crystal X-ray diffraction (Supplementary Information).
That the large supertetrahedral T4 (in ICF-5, Fig. 1a) and T5 (in
ICF-17, Fig. 1b) clusters could be prepared from inorganic systems
is an important step towards the development of novel clusters.
Before this work, chalcogenide clusters were usually synthesized in
the presence of organic ligands or bases that serve either to stabilize
the cluster surface or to balance the charge on clusters.

In ICF-5, T4 clusters (M20S33
102) are joined together into two

interpenetrating lattices (Fig. 1a). ICF-5 can be made in diverse
chemical compositions with either lithium or sodium as extra-
framework cations (Table 1). ICF-17 contains the largest super-
tetrahedral cluster (for example, Zn13In22S54

162) made from M2þ and
M3þ cations (Fig. 1b). In this cluster, M2þ cations are distributed at
the core and faces of the cluster whereas higher-charged In3þ cations
terminate the cluster surface at the edges and corners of the cluster.
These T5 clusters resemble the core–shell nanoparticles. ICF-21
InSe-Na (formula NaInSe2·xH2O) with the T2 cluster In4Se8

42 is
the first hydrated selenide with the 4-connected, 3D framework
(Fig. 1c). Its structure is distinct from the anhydrous NaInSe2 that
has a layered structure with octahedral In3þ cations18.

In ICF-22, core-less T4 clusters (In16S32
162) are assembled into two

interpenetrating lattices (Fig. 1d). The core-less T4 cluster is similar
to the ordinary T4 cluster (for example, Zn4In16S33

102) except that
the core sulphur atom and its adjacent four metal (for example,
Zn4S6þ) atoms are missing.

One prominent structural feature in ICF-24 and ICF-25 is the
presence of rings with three T2 clusters. At the other extreme, rings
of ten T2 clusters in ICF-24 represent the largest-known ring size

formed by supertetrahedral clusters (Fig. 1e). ICF-24 is the first
4-connected, 3D framework structures with a ring size of 20. In
comparison, the ring size in ICF-25 is 16, made of eight T2 clusters
(Fig. 1f). As in ICF-21, both ICF-24 and ICF-25 have 3D non-
centrosymmetric framework structures. ICF-27 can be considered
as a 6-connected network with the In18S41

282 cluster as the pseudo-
octahedral building unit. The In18S41

282 clusters are cross-linked in
three dimensions by edge-sharing InS4 tetrahedra at six corners
(Fig. 2).

One notable difference from zeolites is the chemical compo-
sitions in which the above topological features are realized. ICF-21
InSe-Na, ICF-22 InS-Li, ICF-24, and ICF-25 are the first examples of
zeolite-like, 4-connected, 3D open-framework chalcogenides built
without tetravalent cations. They represent extreme cases that
demonstrate the fundamental difference between oxides and
chalcogenides. Zeolite-like oxides generally follow the Loewenstein
rule that states that the ratio of M4þ/M3þ must be larger than or
equal to one.

The non-compliance with the Loewenstein rule can lead to a
higher concentration of mobile charge carriers in chalcogenides
than in zeolites. For a zeolite, not only are M4þ cations required in
the framework, but the ratio of M4þ to M3þ cations has to be larger
than or equal to one (for example, NaAlSiO4·xH2O). This limits the
maximum number of monovalent charge-balancing cations to 0.5
per framework tetrahedral cation. On the other hand, the M4þ/M3þ

ratio in 4-connected, 3D chalcogenides can be less than one (ref. 11).
Even the extreme limit (M4þ/M3þ ¼ 0) can be realized, as shown
here. The lower M4þ/M3þ ratio leads to a more negative framework
and a higher concentration of extra-framework mobile cations.
There can be up to one monovalent charge carrier per tetrahedral
cation in chalcogenides (compared to the maximum value of 0.5 in
zeolites and related oxides). A high concentration of charge carriers
will help enhance ionic conductivity.

The integration of the open-framework architecture with high
framework polarizability and high concentration of charge carriers
gives rise to a high ionic conductivity in these chalcogenides. The
specific conductivity of ICF-5 CuInS-Na is 1.2 £ 1022 ohm21 cm21

at 18 8C under 100% relative humidity (Fig. 3a, b) (see Methods). A
high value is also observed in the selenide ICF-21 InSe-Na with the
specific conductivity of 3.4 £ 1022 ohm21 cm21 at 21 8C under
100% relative humidity (Fig. 4a, b). Of particular interest is the
high ionic conductivity observed in one lithium-containing

Figure 5 The a.c. impedance plot of ICF-22 InS-Li at 24.0 8C under 31.7% relative

humidity. The area of the cross-section for the pellet is 3.83 £ 1023 cm2 and the length

is 0.405 cm. The sample resistance from this plot is 9572.2 Q. The specific conductivity is

1.1 £ 1022 ohm21 cm21.

Figure 4 The dependence of the ionic conductivity on the relative humidity for ICF-21

InSe-Na. a, Complex impedance plots at 21 8C under different relative humidities. b, The

ionic conductivity under different relative humidities.
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material, ICF-22 InS-Li (Supplementary Information). Its specific
conductivity reaches up to 1.1 £ 1022 ohm21 cm21 at 24 8C under
31.7% relative humidity (Fig. 5). The ionic conductivity of
these chalcogenides generally increases with the relative humidity.
For example, at 18 8C, the conductivity of ICF-5 CuInS-Na ranges
from 1.0 £ 1024 ohm21 cm21 under 0.2% relative humidity to
1.2 £ 1022 ohm21 cm21 under 100% relative humidity (Fig. 3a,
b). A similar trend is observed for ICF-21 InSe-Na (Fig. 4a, b).

Despite their high ionic conductivity, there are some limitations
for the practical applications of these materials, particularly for
lithium batteries, because a relative humidity of 30% or higher is
needed to achieve the highest ionic conductivity. Another possible
application might take advantage of the open architecture and
narrow bandgaps (as compared to oxides) of these materials for
photocatalysis. In either case, further research is needed to develop
these materials for practical applications.

The materials reported are probably only a small group of a much
larger family of inorganic open-framework chalcogenides. The
synthetic method described here should be applicable to a range
of chalcogenide structures and compositions. The diverse chemical
compositions and crystal structures provide rich opportunities in
exploring the physical and chemical properties of these chalcogen-
ides and in establishing structure–property relationships. A

Methods
Typical synthesis conditions are given below using ICF-22 InS-Li, ICF-21 InSe-Na, and
ICF-5 CuInS-Na as examples.

For ICF-22 InS-Li, In(NO3)3·H2O (339.2 mg), LiCl (176.9 mg), Li2S (210.3 mg), and
H2O (2.1967 g) were mixed and stirred in a 23-ml Teflon-lined stainless steel autoclave for
20 min. The vessel was then sealed and heated at 190 8C for 4 days. After cooling to room
temperature, a ,68% yield of colourless crystals were obtained.

For ICF-21 InSe-Na, a mixture of In(NO3)3·H2O (381.5 mg), Na2Se (408.3 mg), and
H2O (2.0240 g) was prepared and stirred in a 23-ml Teflon-lined stainless steel autoclave for
10 min. The vessel was then sealed and heated at 170 8C for 3 days. The autoclave was cooled
to room temperature. A ,77% yield of pale-yellow octahedral crystals was obtained.

For ICF-5 CuInS-Na, In(NO3)3·H2O (372.0 mg), Cu(NO3)2·3H2O (67.98 mg), Na2S
(234.4 mg), and water (2.5740 g) were mixed in a 23-ml Teflon-lined stainless steel
autoclave and stirred for 10 min. The vessel was then sealed and heated at 150 8C for 3 days.
After cooling to room temperature, a ,85% yield of red crystals was obtained.

For ICF-5 CuInS-Na, the elemental analysis (wt%) was 44.22 In, 4.03 Cu (calculated
43.97 In, 4.29 Cu) based on the formula Na10[Cu3In17S33]·56(H2O). The thermal analysis
shows that ICF-5 CuInS-Na undergoes a total of 17.0% water loss in the temperature
range from room temperature to 200 8C. All crystal structures were solved from single crystal
data collected at 150 K on a SMART 1000 charge-coupled device (CCD) diffractometer.

Ionic conductivities were measured by a.c. impedance methods with an applied
frequency range of 10 to 20 MHz using a Solartron 1260 frequency response analyser.
Both pellet and single crystal samples were used for measurements. Pellets were prepared
by compressing the fresh powder sample at the pressure of 5,000 psi and were then cut into
smaller pellets shaped like the rectangular prism. Liquid gallium was used as contacting
electrodes.
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The fragmentation of magma, containing abundant gas bubbles,
is thought to be the defining characteristic of explosive erup-
tions1–3. When viscous stresses associated with the growth of
bubbles and the flow of the ascending magma exceed the strength
of the melt2,4–6, the magma breaks into disconnected fragments
suspended within an expanding gas phase. Although repeated
effusive and explosive eruptions for individual volcanoes are
common7,8, the dynamics governing the transition between
explosive and effusive eruptions remain unclear. Magmas for
both types of eruptions originate from sources with similar
volatile content, yet effusive lavas erupt considerably more
degassed than their explosive counterparts7,8. One mechanism
for degassing during magma ascent, consistent with obser-
vations, is the generation of intermittent permeable fracture
networks generated by non-explosive fragmentation near the
conduit walls9–11. Here we show that such fragmentation can occur
by viscous shear in both effusive and explosive eruptions. More-
over, we suggest that such fragmentation may be important for
magma degassing and the inhibition of explosive behaviour. This
implies that, contrary to conventional views, explosive volcanism
is not an inevitable consequence of magma fragmentation.

Analysis of pumice samples from the explosive eruption of
Mount Pinatubo, 15 June 1991, suggests that non-newtonian
rheology and growth of gas bubbles during magma ascent led to
intense shear and possibly fragmentation at the conduit walls9.
Recent observations suggest that fragmentation at the conduit walls
may not be restricted to explosive eruptions. Tuffen et al.10 describe
multiple generations of tuffisite veins in the dissected vent of a
rhyolite lava flow at Torfajökull, Iceland. They10 interpret these
features to record repeated cycles of brittle fragmentation followed
by annealing of the fragments and subsequent deformation of the
reannealed magma by viscous flow, to form flow banding. Textures
within the tuffisite veins suggest that fragmentation created a
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