system can “freeze in” the pattern as the
result of developmentally determined
changes in its chemical environment.
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A Cationic Cesium Continuum in Zeolite X

Tao Sun, Karl Seff,* Nam Ho Heo, Vitalii P. Petranovskii

A cesium continuum that fills the channels and cavities of zeolite X has been prepared, and
its structure has been determined by single-crystal x-ray crystallography. The three-
dimensional continuum is cationic to balance the negative charge of the zeolite framework.
Its valence electrons, only 0.3.per Cs™ ion, are widely delocalized over 95 percent of the
cesium ions in the crystal. The continuum has a unit cell formula of (Cs, ,,)®¢* and contains
Cs,, and Cs, , clusters (one per supercage) arranged like the atoms in diamond, with one
Cs, appendix (in the sodalite cavity) per cluster.

Zeolites with guest species incorporated in
their nanometer-dimension windows, chan-
nels, and cavities can have novel optical and
electronic properties (I, 2). An interesting
subclass of such materials could be produced
by filling zeolites with metals. If the guest
metal were the same element as the ex-
traframework cations already present in the
zeolite, it might be stabilized within the
zeolite by electron delocalization. The result
would be an arrangement of metal atoms,
different from that of the metal itself, con-
taining far less than a stoichiometric number
of electrons.

Zeolite X (3) (of idealized composition
NaSiAlO,) has an aluminosilicate frame-
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work that may be viewed as an assemblage
of sodalite cavities, cubo-octahedra of com-
position (Si;,Al;,0,¢) 12~ (Fig. 1A), which
are arranged in space (Fig. 1B) like the
carbon atoms in diamond. They are joined
at alternating 6-oxygen rings by six bridging
oxygen atoms, not shown in Fig. 1A, one
bound to each vertex of Fig. 1A to com-
plete a tetrahedron. This leads to the exis-
tence of small double 6-ring cavities and

Fig. 1. Framework
structures of a sodalite
cavity (A) and of zeo-
lite X (B). Extraframe-
work cation positions
are labeled with Roman

numerals.
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large supercages (Fig. 1B). The extraframe-
work cations that compensate for the neg-
ative charge of the framework occupy the
various positions indicated in Fig. 1B by
Roman numerals.

Earlier work has shown that zeolites
exposed to alkali metal vapor can absorb
extra alkali metal atoms into their cavities
to form clusters. By using the electron spin
resonance (ESR) technique, Kasai and
Rabo (4-7), Edwards et al. (8-11), Martens
et al. (12-14), Xu and Kevan (15, 16), and
Smeulders et al. (17, 18) were able to detect
paramagnetic clusters in zeolites A, X, and
Y and sodalite. The cationic clusters
NaS*, Nas**, Na,j*, K%, and K2+
were found in sodalite cavities. Metallic
particles were also found in the supercages
of zeolites X and Y, but the ESR method is
ineffective at describing them. In general,
no attempt was made to control stoichiom-
etry or to achieve high loadings. Recently,

+4" 1 was reported in zeolite A (19).

We studied the products of the reactions
of zeolite A with Cs and Rb vapor by
single-crystal x-ray diffraction (20-26). The
triangular cluster Rb;"* [n = 1 (20) or 2
(21)], synthesized by exposing dehydrated
zeolite A to Rb vapor, was found crystallo-
graphically in the sodalite unit of zeolite A;
Rb;"* is stabilized by coordination to be-
tween one and three Rb* cations. The
linear Cs,>* cluster, which extends from a
large cavity through a sodalite unit into
another large cavity, was found in zeolite A
(22-26).

This study was initiated with the hope
that fully Cs*-exchanged zeolite X could be
prepared from Na—zeolite X (Na-X) by redox
reaction with Cs gas, as had been done with
zeolite A (22-26). Full exchange of Cs for
Na has not been achievable by conventional
aqueous methods of ion exchange '(27-29).
In addition, it was hoped that excess Cs
atoms would be sorbed to form Cs clusters, as
had occurred in zeolite A (22-26).

Large single crystals of Na-X with the
stoichiometry Nag,Aly,Si;50O354 Wwere

prepared in St. Petersburg, Russia (30).
One of these, a colorless octahedron
~0.25 mm on an edge, was lodged in a
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quartz capillary tube that was connected
to a vacuum line. After complete dehy-
dration at 450°C and 1076 torr, the cry-
stal was exposed to Cs vapor at 450°C.
The black lustrous product was sealed off
under vacuum after cooling to room tem-
perature.

Fig. 2. The arrangement of Cs atoms that
minimizes repulsive interactions in 75% of the
supercages in Cs-zeolite X. (Each of the
remaining supercages contains an additional
Cs atom.) Ellipsoids of 20% probability are
shown.

Fig. 3. A portion of the Cs continuum formed in
the supercage cavities of Cs—zeolite X. The
central icosahedral unit shows its full tetrahe-
dral bonding to four other units. The distances
from the Cs atoms at the center of an icosahe-
dral cluster to surrounding partially reduced
Cs* ions range from 5.00 to 5.40 A. Distances
among these surrounding ions range from 4.66
to 7.27 A, with more than half at distances less
than 5.00 A, ensuring full continuity within the
icosahedral cluster. Distances connecting
icosahedra range from 4.84 to 4.97 A. Ellip-
soids of 20% probability are shown.
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The crystal structure was solved in the
space group Fd3. The error index decreased
from R = 0.15 to its final value, 0.062,
when the Cs7 atoms were included at the
centers of the supercages. The crystallo-
graphic result indicates a composition of
Cs125AL,S1;00034 per 25.155 A cubic unit
cell. A Cs cluster develops in every sodalite
and supercage cavity, and these clusters are
bound together to form a single macroscopic
cluster of the size of the single crystal. A Cs
found at the very center of each supercage
(Fig. 2) is not close to any framework oxide
and is believed to be a near-neutral Cs atom.
Surrounding it and in contact with the
zeolite framework, 12 Cs™ ions form a slight-
ly distorted icosahedron (Fig. 2). Each such
body-centered icosahedral cluster is in con-
tact with four other similar clusters arranged
tetrahedrally in adjacent supercages to form
a continuum (Fig. 3). In each sodalite cav-
ity,.there is a partially reduced Cs, group
that joins the continuum through a Cs of an
icosahedral cluster to form (locally) a linear
Cs, subcluster (Fig. 4). Partial reduction can
be seen in the Cs—Cs bond distances of the
subcluster, 3.89 + 0.02 and 3.92 + 0.02 &,
which are too short for unmoderated Cs*—
Cs* contacts. )

Altogether, 128 Cs atoms are found per
unit cell in this structure, many more than
the 92 Cs* ions required to balance the
negative charge of the zeolite framework.
This result indicates that 36 Cs atoms per
unit cell were sorbed into zeolite cavities.
The ions at the centers of double 6-rings are
octahedrally coordinated by framework O
atoms and are not close to other Cs atoms,
so they may be considered to be simple (not
partially reduced) Cs* cations. Therefore,
because each unit cell contains eight so-
dalite and eight supercage cavities, there

Fig. 4. A linear tricesium subcluster that fills a
sodalite cavity and extends into a supercage,
and a Cs* ion in a double 6-ring cavity. Bold
lines indicate bonds from Cs atoms to O atoms
of the zeolite framework and to each other.
Ellipsoids of 20% probability are shown.
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are 36/8 = 4.5 electrons, more or less
delocalized, in each sodalite-supercage pair
of cavities. One of these electrons should
reside principally on the Cs at the icosahe-
dral cluster center and another may be
relatively localized within each Cs; subclus-
ter, but the remainder may be widely delo-
calized as in a metal over the icosahedral
cluster continuum.

The Cs occupancies indicate that not all
sodalite and supercage cavities have this
ideal arrangement, partly because the Si/Al
ratio is not 1.00. About 25% of the icosa-
hedra are expanded by an additional Cs
atom.

Compared to zeolite A, which can only
accept 0.5 to 1.0 Cs atom per 12 Cs™ ions
per unit cell [(0.5 to 1.0)/12 =< 0.083],
zeolite X of the composition studied has a
much greater capacity for Cs atoms (36/92
= 0.39), perhaps bécause the supercage of
zeolite X can accommodate a large cluster
with an atom at its center.

Our results indicate that all sodalite and
supercage cavities are “full” of Cs atoms and
ions in this structure. Each sodalite cavity
contains two Cs ions (at sites I’ and II', Fig.
1B), which attach to the continuum by way
of a large-cavity Cs at site II. Sites I', II',
and II are colinear. Most Cs atoms and ions
participate in a cationic continuum with a
unit cell formula of (Cs,,,)%¢*. Six addition-
al ‘Cs* ions are found at the centers of
double 6-rings (site I}. The continuum, per
unit cell, consists of eight prismatic clusters,
six of which are body-centered icosahedra
(13 Cs atoms) (sites II, III, III', and the
center of the supercage) and two of which
are expanded to contain an additional Cs
atom. These clusters, arranged like the car-
bon atoms in diamond, are tetrahedrally
connected to give the continuum (Fig. 3).
The aluminosilicate zeolite framework (Fig.
1B) and the cesium continuum (Fig. 3) are
interpenetrating, tetrahedrally connected
continua of approximately equal volume.
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Late Cenozoic Uplift of Denali and Its Relation to
Relative Plate Motion and Fault Morphology

Paul G. Fitzgerald, Edmund Stump, Thomas F. Redfield

Apatite fission-track analysis of samples that cover a 4-kilometer vertical section from the
western flank of Denali (Mount McKinley), North America’s highest mountain, suggests that
the mountain massif was formed by rapid uplift (>1 kilometer per million years) beginning
~6 million years ago (Ma). Uplift was a result of the morphology of the Denali fault and a
change in motion of the Pacific plate with respect to North America at ~5 Ma, which created
opposing tangential vectors of relative movement along the fault and forced the intervening

crustal blocks upward.

Terrane theory provides a framework with-
in which the development of the western
Cordillera of North America is perhaps best
understood (1). Quantification of the geo-
metric interactions between the North
American, Farallon, Kula, and Pacific
plates can help constrain the geologic his-
tory of Cordilleran terranes and the kine-
matics of their boundaries (2). Together,
plate motion models and geochronologic
studies can place significant constraints on
geologic interpretations.

During the late Mesozoic and early
Tertiary, the accretion of exotic terranes
reshaped the margin of western North
America (I, 3, 4). In southern Alaska,
subsequent thrusting and strike-slip fault-
ing dissected these terranes. Boundaries
between terranes and dissected fragments
are now complex deep-seated ductile shear
zones that may show evidence for recur-
rent movement (4, 5). The Denali fault
system (DFS), a major crustal break, has
experienced both postaccretionary dextral
shear and vertical high-angle reverse
movements (Fig. 1) (5-7). The still-active
McKinley strand of the DFS truncates the
Hines Creek fault, along which little ma-
jor strike-slip movement has occurred
since 95 Ma. Some dip-slip and local
strike-slip motion may have occurred in
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the Paleocene and in Recent times along
the Hines Creek strand (8). Estimates of
dextral offset along the McKinley fault
strand since Oligocene time vary from
<10 to 38 km (6, 9). Elsewhere along the
DFS, estimates of post-Mesozoic dextral
offset vary from ~400 to ~200 km (7, 8).
Alternatively, _apparent horizontal dis-
placement of terranes along the DFS may
be a result of thousands of meters of
vertical offset combined with only a few
kilometers of dextral movement (4, 6). In
this report we suggest a cause of uplift for

Fig. 1. Location map of
Alaska showing the Denali
fault system and other ma-
jor tectonic features. [Mod-
ified from (7)]
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the Denali area by integrating apatite
fission-track data, relative plate motions,
and regional geological and geophysical
constraints.

In Denali National Park south of the
McKinley strand, granite plutons intrude un-
differentiated Jurassic-Cretaceous flysch. Plu-
tonic rocks of south-central Alaska were em-
placed in the early and middle Jurassic (176 to
154 Ma), the late Cretaceous and early Ter-
tiary (83 to 56 Ma), and the middle Tertiary
(38 to 28 Ma) (10). Most of the plutons in the
Denali region (the McKinley sequence) are
undeformed and of late Cretaceous to eatly
Tertiary age, although some middle Tertiary
plutons are also present. By the late Mesozoic,
the terranes of south-central Alaska were
assembled, although not necessarily in their
present location. South of the McKinley
strand, the granitic massifs of Denali (6194
m), Mount Foraker (5183 m), and Mount
Hunter (4441 m) dominate the Alaska
Range. Differential erosion has undoubtedly
accentuated these peaks; the rest of the range
is composed largely of less competent meta-
sedimentary rocks. Nearby, other largely gra-
nitic massifs along the DFS, such as the
Kichatna Mountains and the Mount Deborah
region, have lower elevations and less relief.

Apatite fission-track thermochronology
provides information on the timing, rate,
and amount of uplift and exhumation of
mountain belts (11). The temperature zone
of track retention depends on cooling rate
and chemical composition. Apatites from
the McKinley plutons have compositions
similar to that of Durango apatite, an age
standard in which tracks are effectively
retained at temperatures less than ~110°C
for cooling rates of 0.1° to 10°C per million
years over geologic time (I2). In stable
thermal and tectonic situations, distinctive
apatite age-temperature profiles develop.
Tracks effectively anneal instantaneously at
temperatures >110°C, but slowly at tem-

500 km
Hines Creek
segment North American plate
’Mount I|3eborah

Pacific plate
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