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INTRODUCTION

Microporous manganese oxide minerals act as important
chemical controls in soils and sediments and associated water
systems, and with their synthetic analogs they are valued for
their catalytic, ion exchange, electrochemical, and adsorption
properties (Weis 1968; Nitta 1984; Shen et al. 1993; Kanoh et
al. 1997; Dyer et al. 2000). The atomic frameworks of these
materials are constructed from Mn-O octahedra that share edges
and link corners to yield a panoply of phases with tunnel or
layer structures. Of particular interest have been Mn oxide cata-
lysts with large tunnel structures, which are also known as oc-
tahedral molecular sieves (OMS). Because these materials
exhibit a variety of tunnel shapes and sizes, they offer selectiv-
ity for particular species in chemical reactions and the poten-
tial for a range of complementary catalytic or cation-exchange
applications. Some of the most promising and intensely stud-
ied Mn-oxide catalysts are those with the todorokite structure
because of their large tunnels and ease of preparation.

Todorokite, until now, held the record for the largest tun-
nels of any natural or synthetic Mn oxide. In todorokite, triple
chains of edge-sharing Mn4+,3+-O octahedra share corners to
form tunnels with square cross-sections that measure three oc-
tahedra on a side (3 ¥ 3). The tunnels in natural samples are
partially filled with water molecules and a range of cations,
including Mg2+, Ca2+, K+, Na+, and Ba2+ (Post and Bish 1988).
Scientists have developed a variety of methods for synthesiz-
ing todorokite-like materials (Shen et al. 1993; Golden et al.
1986; Luo et al. 1999; Nicolas-Tolentino et al. 1999; Vileno et
al. 1999), and these synthetic phases have been shown to be
effective cathode materials for rechargeable Li batteries
(Duncan et al. 1998), selective ion-exchange agents for immo-
bilization of certain metal radionuclides (Kanoh et al. 1997),
and highly active oxidative catalysts (Shen et al. 1993; Brock
et al. 1998; Vileno et al. 1999). Here we describe a new Mn-
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ABSTRACT

The mineral woodruffite, Zn2+
x/2 (Mn4

1
+
–x Mn3+

x)O2·yH2O, x ~ 0.4 and y ~ 0.7, is the first known
example of a new type of Mn oxide characterized by large tunnels that measure 3 and 4 octahedra
(6.9 ¥ 9.2 Å) on a side. These tunnels are rectangular in cross-section and are the largest of any yet
reported in natural or synthetic Mn oxides. The thermal stability of woodruffite is comparable to that
of todorokite and other large-tunnel Mn oxide phases, breaking down at ~300 ∞C and eventually
transforming to a spinel-type structure. The woodruffite structure may serve as a model for a new
class of octahedral molecular sieves with enhanced capabilities as catalysts and selective cation-
exchange agents.

oxide structure type with even larger tunnels (3 ¥ 4 octahedral
units in cross section, measuring 6.9 ¥ 9.2 Å) than those of
todorokite, offering a prototype for a new class of OMS materials.

Woodruffite, zinc manganese oxide hydrate, was first de-
scribed from oxidized zinc ores of Sterling Hill, NJ (Frondel
1953). At this locality, the samples invariably occur as fine-
grained masses, and because their X-ray powder diffraction
patterns resemble that produced by todorokite, woodruffite was
assumed to be a Zn-rich variety of that mineral. Recently, how-
ever, tiny, needle-like crystals of woodruffite were discovered
in an oxidized ore body near Mapimi, Durango, Mexico. Al-
though the chemical analyses and XRD pattern for the new
crystals corresponded reasonably well with those of woodruffite
from Sterling Hill, the diffraction pattern could not be indexed
assuming the todorokite structure. In fact, the presence of a
12.4 Å line in the woodruffite XRD patterns, which was not
detected on the Debye-Scherrer films in the early work on the
poorly crystallized NJ samples, clearly indicated a structure
different from that of todorokite. Likewise, selected area elec-
tron diffraction (SAED) patterns and high-resolution transmis-
sion electron microscopy (HRTEM) images were not consistent
with the todorokite 3 ¥ 3 tunnel structure.

The crystals from Mexico measured a few micrometers in
cross-section and up to several hundred micrometers in length.
Until recently, such crystals would have been too small for
single-crystal X-ray diffraction studies, but the new genera-
tion of X-ray detectors and high intensity synchrotron X-ray
sources now permit structural studies of crystals only a few
micrometers in size.

EXPERIMENTAL METHODS

Data collection
The crystal structure of woodruffite was solved using direct methods and

single-crystal X-ray diffraction data from a crystal measuring 2.5 ¥ 2.5 ¥ 90
mm. Approximately 1800 reflections were measured with a Bruker P4
diffractometer with a Smart 1000 CCD detector using MoKa radiation and 60 s


