icy satellites (4) had severely strained the
shadow-hiding models (6, 7) but are easily
explained by coherent backscatter. This
phenomenon also accounts for the en-
hanced brightnesses of lunar rays near full
moon, which shadow-hiding models have
difficulty explaining.

These results also have implications for
terrestrial remote sensing from aircraft and
Earth orbiters. Like soil, vegetation exhibits
an opposition effect, which is known to
agronomists as the hot spot. Because of the
large sizes and separations of leaves in vegeta-
tion compared with the wavelength, it is
likely that most of the hot spot is caused by
shadow hiding. However, individual leaves
also exhibit an opposition peak (5), which
may be caused by coherent backscatter be-
tween cells and other microscopic elements of
the leaves. Which effect dominates the hot
spot in vegetation remains to be determined.

Because shadow hiding must also occur in
planetary regoliths, it is unlikely that coher-
ent backscatter is the only cause of opposi-
tion effects. However, it appears that coher-
ent backscatter dominates most of the oppo-
sition peaks observed in the solar system.
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Manganese Oxide Octahedral Molecular Sieves:
Preparation, Characterization, and Applications

Y. F. Shen, R. P. Zerger, R. N. DeGuzman, S. L. Suib,*
L. McCurdy, D. I. Potter, C. L. O’'Young*

A thermally stable 3 x 3 octahedral molecular sieve corresponding to natural todorokite
(OMS-1) has been synthesized by autoclaving layer-structure manganese oxides, which
are prepared by reactions of MnO,~ and Mn2* under markedly alkaline conditions. The
nature and thermal stability of products depend strongly on preparation parameters, such
as the MnO,~/Mn2* ratio, pH, aging, and autoclave conditions. The purest and the most
thermally stable todorokite is obtained at a ratio of 0.30 to 0.40. Autoclave treatments at
about 150° to 180°C for more than 2 days yield OMS-1, which is as thermally stable (500°C)
as natural todorokite minerals. Adsorption data give a tunnel size of 6.9 angstroms and an
increase of cyclohexane or carbon tetrachloride uptake with dehydration temperature up
10 500°C. At 600°C, the tunnel structure collapses. Both Lewis and Brénsted acid sites have
been observed in OMS-1. Particular applications of these materials include adsorption,
electrochemical sensors, and oxidation catalysis.

There are several naturally occurring man-
ganese oxides with one-dimensional tunnel
structures, such as hollandite, which con-
sists of MnOg octahedra shared by vertices
and edges making (2 X 2) octahedral unit
tunnels (I-3), romanechite with (2 X 3)
tunnels (3, 4), todorokite with (3 X 3)
tunnels, and materials with larger tunnels
like (3 X 4) and (3 X 5) (5-14). Todoro-
kite appears to be the most interesting of
these because it has the largest tunnel (6.9

) as well as cation-exchange behavior like
zeolites (5, 11).

Natural todorokite is poorly crystalline,
impure in composition, and coexists with
other manganese oxide minerals. Applica-
tions of natural todorokite have therefore
been limited, and the exact identification
of this material is complicated. Many fun-
damental questions remain concerning the
chemistry of todorokite.

Manganese oxides with hollandite tun-
nel structures (2 X 2) have been synthe-
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sized (15, 16). A large crystal of
Rb, ,,MnO, with a 2 X 5 structure has
been prepared by reaction of B-MnO, with
RbOH in a gold capsule at 350°C and 200
MPa (17). Todorokite ‘was reported to be
synthesized in 1971 (18), but its validity
was doubted (19). Recently, Golden et al.
reported the hydrothermal transformation
of buserite (which has a layered structure)
into todorokite (20, 21). Initially the lay-
ered mineral birnessite forms and is ion-
exchanged to form Mg birnessite (that is,
buserite). However; no thermal stability
was reported for their synthetic todorokite.
We used the method of Golden et al. (20,
21) to prepare todorokite, but the structure
for the resultant material was found by x-ray
diffraction (XRD) and surface area mea-
surements [Brunauer-Emmett-Teller (BET)
isotherms] to collapse on calcination at
300°C after 1 hour in contrast to natural
todorokites, which are stable to at least
500°C (22). -
Hydrothermal syntheses of the poly-
morphs of MnO, from reactions of MnO,~
and Mn?" are known to depend critically
on the nature of precursors (23) and exper-
imental conditions (15, 24). We have de~
veloped Mg(MnO,),-MnCl, reactions for
preparing stable synthetic todorokite.
Washed Mg?* layered manganese oxides,
which were obtained by ion exchanging
Na*-type layered manganese oxides (25),
were autoclaved at 155° to 170°C for 10 to
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40 hours. The autoclaved products were also
filtered and washed three times with double-
distilled deionized water and dried at room
temperature by filtration or by freeze-drying.
Samples were calcined at 200°, 300°, 400°,
and 500°C in air for 1 hour.

The MnO,~/Mn?* ratio used in the
preparation of layered manganese oxide ma-
terials is a primary factor in controlling the
quality of todorokite product (see below).
A summary of MnO,”/Mn?* ratios, sample
nomenclature, color, and nonoxide compo-
sition of autoclaved samples is presented in
Table 1. Nomenclature for calcined sam-
ples is as follows: T3C3 represents synthetic
todorokite (T) with a MnO,~/Mn?" ratio
of 0.30 (3) and calcination (C) at 300°C
(second 3 in acronym).

The quality of synthetic todorokite de-
pends on the crystallinity of its layered
precursors as revealed by XRD analysis
(26). Several factors influence the crystal-
linity, such as the MnO,~/Mn** ratio, pH,
temperature, aging, and autoclave proce-
dures. Theoretically, MnO,~/Mn?" ratio of
0.67 is necessary to prepare MnO, accord-
ing to the following reaction:

2 MnO,~ + 3 Mn?* + 4 OH™
— 5 MnO, + 2 H,0 (1)

Because the average Mn oxidation state of
birnessite is 3.7, the MnO,”/Mn?" ratio
must be less than 0.67; synthetic and ana-
lytical data suggest a maximum of 0.60.

The birnessite samples Bl and B2 (as
well as T1 and T2) contain Mn,O; and
Mn,0, phases from the incomplete oxida-
tion of Mn?*. Deep oxidation leads to
poorly crystalline materials (B5 and B6 or
T5 and T6) with brown or black-brown
colors like samples B1 and B2.

Highly crystalline birnessite, buserite,
and todorokite materials are obtained for
ratios of 0.3 to 0.4. For Na birnessite
(MnO,~/Mn** ratio up to 0.40), the prod-
ucts are gray-black (Table 1) and show
three major peaks at 7.11, 4.60, and 3.56 A
(Na-B3 and Na-B4), which are much stron-
ger than all other (B) samples. Pure Mg?*
layered materials are obtained for ratios
between 0.3 and 0.40 (Mg-B3 and Mg-
B4), which show five major peaks at 9.74,
4.88, 4.63, 3.25, and 1.95 A.

Unlike the XRD patterns of the layered
materials, the strongest peak for the todor-
okites appears at 4.71 A, instead of 9.51 A,
which probably indicates that the corre-
sponding material is not a layer-structure
material but a tunnel structure like natural
todorokite (27). Four major peaks at 9.51,
4.71, 3.18, and 2.38 A are observed for T3
and T4. Some natural todorokites also show
four major XRD peaks at 9.6, 4.77, 3.19,
and 2.40 A, which were indexed to the
(001), (002), (003), and (004) reflections,
respectively, by assuming a pseudoortho-

512

rhombic cell (6). On further increasing the
MnO,”/Mn?* ratio, products become im-
pure and crystallinity is significantly de-
creased (T5 and T6). A lattice parameter of
9.516 A is calculated for T4 based on a
pseudoorthorhombic cell.

The content and the Mn/Mg ratio con-
trol the degree of ion exchange of layered
precursors, which are important for prepa-
ration of crystalline, pure, and thermally
stable materials. The exchange capacity
depends on aging temperature, the nature
of cations, and drying treatment, in agree-
ment with studies of natural layered mate-
rials (24). This degree of ion exchange must
be related to the amount and location of
lower valent manganese (Mn?*). There-
fore, Mg®*, Ca®*, or Na* cations in tun-
nels may be important for the preparation
of stable todorokite materials (T4 or OMS-
1). Note that Ca’* is an impurity from the
KMnO, (see Table 1); as MnO,”/N in-
creases, so does [Ca’™]. Ion exchange data
(28) indeed suggest that a significant frac-
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Fig. 1. Phase diagram for the synthesis of
manganese oxide tunnel structures: @, amor-
phous; O, pyrolusite, 1 x 1; [, hollandite, 2 x
2; X, nsutite, intergrowth; and T, todorokite.

Table 1. Properties of todorokites.

tion of the Mg?" ions can be replaced
during ion exchange, supporting the idea
that Mg?* ions are present in tunnels. The
overall [Mg?*] is significantly greater for
OMS-1 than natural todorokite (28). The
XRD and scanning electron microscopy—
energy dispersive x-ray analysis (SEM/EDX)
(29) results suggest that B3 and B4 are pure
birnessites and appear to be different in
nature from B5 and B6. Samples B3 and B4
have a layer structure, but they are not
uniquely identified with respect to pub-
lished data or from studies of natural man-
‘ganese oxide materials. Hence, birnessite
may not be the best precursor for transfor-
mation to todorokite. Because birnessite
can be ion exchanged to form buserite in
aqueous solution, our experimental proce-
dures suggest that buserite, rather than
birnessite, is transformed into todorokite as
previously suggested (20, 21).

Certain preparation parameters are also
important, such as pH and autoclave con-
ditions. For example, low pH is found to be
necessary to obtain hollandite or nsutite or
both (15), whereas amorphous materials are
obtained at a pH ranging from 5 to 11 (Fig.
1). Nevertheless, layered materials are pre-
pared under strongly basic conditions. Ag-
ing is clearly important for crystal growth
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Fig. 2. Carbon tetrachloride uptake (@) and

dehydration weight loss (A) as a function of
temperature.

Todorokites
Property
T1 T2 T3 T4 T5 T6
Color* Br Gr-BI Gr-BI Gr-BI Br-BI Br
MnO,~/Mn2* ratio 0.20 0.25 0.30 0.40 0.50 0.60
Compositiont
Mg (%) 4.54 5.58 6.22 8.66 7.30 5.19
K (%) 0 0 0 0 1.26 1.43
Ca (%) 0.17 0.39 0.74 0.36 1.32 1.51
Mn (%) 96.01 93.76 92.20 90.00 89.70 91.76
Mg/Mn 0.048 0.060 0.067 0.096 0.081 0.057
Valencyi
MnO, 60.08 61.45 69.53
MnO 21.15 17.62 5.34
MgO 6.07 8.36 6.49
Mn (average) 3.40 3.48 3.72

*Colors: Br, brown; Gr, gray; and B, black.
(41) data.
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and probably controls cation distributions.
High-temperature aging may help fix cat-
ions tightly in the framework of B4 so that
ion exchange capacity is significantly re-
duced. The nonexchangeability of natural
birnessite is probably due to such long aging
time. Autoclave treatment of Mg?*-B4 at
160° to 180°C for 5 days or longer gives
only todorokite; no other crystalline phases
are found.

As a consequence, the following optimal
conditions are found for synthesis of todor-
okite: a MnO,~/Mn?* ratio of 0.3 to 0.4, a
pH of 13.8, aging at room temperature for 1
week, and autoclave treatment at 160° to
180°C for 4 to 6 days.

Because the XRD data of the OMS-1
(T4) are similar to those for natural todor-

Fig. 3. Structure of
OMS-1.

okite (6), OMS-1 can be assumed to have a
similar pseudoorthorhombic unit cell.
Based on this assumption, the lattice pa-
rametets of OMS-1 are as follows: a =
9.516 A, b = 10.31 A, and ¢ = 2.97 A.
These values are in excellent agreement
with those of a Cuban todorokite studied
by Faulring (30) which hasa = 9.56 A, b =
10.29 A, and c = 2.84 A. Adsorption data
also support the tunnel structure of OMS-1.
Carbon tetrachloride uptake increases as de-
hydration temperature increases (Fig. 2),
indicating that tunnel water is removed with
concomitant increase of uptake of various
hydrocarbons until the tunnel structure col-
lapses at 600°C. The uptake of different
hydrocarbon adsorbates (Table 2) reveals
the size of the tunnel to be ~6.9 A, agreeing
well with tunnel sizes of natural todorokites
(3-5, 8, 13). In contrast to OMS-1, the
Mg-layered precursor (Mg-B4) shows differ-
ent uptake with dehydration temperature,
further supporting the tunnel structure of
OMS-1 (Fig. 3).

The transmission electron microscopy
(TEM) (31) data show that the morphology
of OMS-1 changes (Fig. 4A) when trans-

Table 2. Uptake of adsorbates in OMS-1 heated to 500°C.

1,3,5-Triethyl- Hexachloro-
Adsorbate C-Cetic CClq benzene pentadiene
Dimension (A) 6.1 6.9 8.4 7.7*
Uptake (g/100 g) 18.2 20.0 0 0

*Estimated from bond length and atomic radius.

Fig. 4. Transmission elec-
tron micrographs (TEMs) of
(A) sample B-4 and (B)
sample T4. In (A), the plates
are featureless and have di-
mensions of about 2400 A.
Sample T4 consists of
plates of similar dimensions
to B-4, as well as interlock-
ing hexagonal features. The
dimensions of these hexag-
onal features are about 100
A by 250 A. (€) An electron
diffraction pattern for single
crystalline T4, which shows
pseudoorthorhombic  sym-
metry. Lattice parameters
for b and ¢ of 10.31 A and
297 A respectively, were
determined from such elec-
tron diffraction data, again
based on a pseudoortho-
rhombic cell. (D) A TEM im-
age showing the 3 x 3 tun-
nel structure of T4. No such
tunnel structures were ob-
served for the B4 precursor
layered material.
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formed from buserite. The hexagonal micro-
domains of OMS-1 shown in Fig. 4B have not
been reported for natural todorokites (3-5, 8,
13) and may indicate some structural differ-
ences between such materials. Such structures
may result from defects. The XRD data for
OMS-1 in fact show slightly sharper patterns
than natural materials. The TEM electron
diffraction patterns (Fig. 4C) are also slightly
different than for natural materials but do not
show evidence of twinning or superstructures.
The 3 X 3 tunnel structure has also been
confirmed on the basis of TEM photos such as
in Fig. 4D. Electron diffraction and TEM data
for OMS-1 suggest that less twinning is ob-
served than for natural materials (3-5, 8, 13).

The thermogravimetric analysis (TGA)
(32) data for OMS-1 look similar to those
for a Portuguese todorokite (5), which also
has an abrupt weight loss at ~550°CinaN,
atmosphere. A similar weight loss at
~550°C is shown in Fig. 5A. This weight
loss is probably due to transformation of
MnO, to Mn,0O; through loss of oxygen
(5). The differential scanning calorimetry
(DSC) profiles of Fig. 5B also show that
OMS-1 has no significant phase transition
below 550°C. The surface areas (three-point
BET method, N, gas, Quantasorb apparatus)
measured for OMS-1 materials range from
140 to 180 m?g and are consistent with
surface areas measured for manganese nod-
ules used by Weisz (33) for catalytic oxida-
tions of CO, CH,, and butane.

The XRD results also support the con-
clusion that thermally stable synthetic
todorokite materials (OMS-1) have been
prepared in contrast to other reported ma-
terials (20, 21, 27). OMS-1 still has a weak
peak at 9.3 A when calcined at 500°C for 1
hour, as is the case for natural todorokite.
These results indicate that OMS-1 is stable
up to 500°C.

The differences between OMS-1 and
previously reported materials of Golden et
al. (20, 21) are presently not well under-
stood; however, it is clear that structural,
chemical, and physical properties of these
two classes of materials are markedly differ-
ent. For example, the lattice parameters,
thermal stabilities, and chemical composi-
tions are not the same for OMS-1 and
materials reported earlier (20, 21). Differ-
ent phases of both synthetic and natural
todorokites may exist. Another distinction
of OMS-1 materials is that ions similar to
Mg?* in size, charge, and polarizability,
such as Zn?*, Ni?*, Co**, and Cu?*, can
be substituted for Mg?* ions and result in
thermally stable, crystalline OMS-1 deriv-
atives, which was not found to be the case
in earlier research (20, 21).

As for oxidation states, electron para-
magnetic resonance (EPR) (34) results sug-
gest the presence of Mn®* ions in octahe-
dral sites based on a separation of 99 G.
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Fig. 5. Analysis of T4 by (A) TGA and (B) DSC.
Todorokite (4) undergoes a loss in weight up to
250°C due to the loss of water in the tunnel (5).
There is an abrupt weight loss at ~670°C in an
O, atmosphere. In addition, there is divergence
of the O, and N, TGA results, suggesting that
oxygen evolution begins around 250°C. Water
content is estimated from the O, curve to be
~12.5% by weight. The significant endothermic
transition in the DSC data centered at 359°C is
due to loss of water and to some loss of oxygen
from the lattice based on temperature pro-
grammed desorption, reduction, oxidation, and
oxygen mobility studies (22).

Two less intense peaks in between the
major peaks are observed which are likely
due to forbidden transitions. Similar obser-
vations have been reported in zeolitic ma-
terials and the additional lines are assigned
to forbidden transitions of AmI = +1 (35,
36). In addition, the asymmetry of the
hyperfine peaks may be an indication of
quadrupole interactions in synthetic todor-
okite. These EPR results conclusively show
the existence of Mn?" in synthetic solid
manganese oxide materials and leads to the
conclusion that the lower valent manga-
nese is indeed Mn?*, which agrees with
suggestions of others (6, 17) that Mn?* is
present in natural todorokite (6, 27).

On the basis of 12 oxygen atoms per unit
cell (not including H,) and the above data,
one can write a general formula for OMS-1
as (Mg®* 0.98-1.35 Mn?* 1.89-1.94
Mn** 4.38-4.54)0,,°4.47-4.55 H,. This
formula is similar to natural todorokites,
which have a wide range of chemical com-
position and a general formula (Na, Ca, K,
Ba, Sr)0.3-0.7(Mn, Mg, Al),O,, 3.2-4.5
H,0 (5, 12).

Cyclic voltammetry data (Table 3) (37)
suggest that redox potentials and currents
can be used to distinguish various manganese
oxide minerals and synthetic samples. As
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Table 3. Reduction and oxidation potentials for manganese oxides. Numbers in parentheses
represent current in milliamperes; x, not observed; ¢, cathodic wave; and a, anodic wave.

Potential (V)
Sample
pH 5.0 pH 7.0 pH 10.0
Pyrolusite X X c 0.15 (100)
—0.42 (125)
a 0.30 (125)
Manganite c 0.65 (1.17) X X
—0.15 (1.00)
—0.72 (4.83)
a 0.83 (267)
Hollandite c 0.42 (16.7) e X c 0.08 (200)
-0.15 (75) a 0.50 (217) —0.40 (192)
a 0.83 (158) a 0.30 (317)
Birnessite c =0.72 (45.8) c X c 0.12 (175)
a 0.85 (43.8) a 0.78 (150) —0.30 (192)
a 0.30 (167)
0.78 (300)
Todorokite c 0.60 (5.00) c 0.50 (6.67) c 0.18 (41.7)
-0.15 (9.17) —0.95 (28.3) —0.85 (50.0)
—-0.65 (6.67)
a 0.90 (18.3) a 0.78 (30.0) a 0.20 (41.7)
0.65 (66.7)
Synthetic birnessite c 0.90 (50) ¢ -0.76 (42) c 0.68 (117)
0.50 (8) 0.25 (75)
a —0.74 (40) a —0.75(48) a —0.05(83)
OMS-1 c 0.45 (13.3) c 0.42 (12.5) ¢’ 0.10 (43.3)
—-0.23 (38.3)
a 0.85 (50.0) a 0.75 (70.8) a 0.70 (95.0)

many as three cathodic waves are observed
for the samples, being associated with redox
reactions of Mn**, Mn3*, and Mn?*.

The overall potential range of the differ-
ent materials is quite’similar. As pH in-
creases, the observed currents increase sub-
stantially. The cyclic voltammetry data
show quasi-reversible electrochemical be-
havior, indicating that chemical reactions
at these pH values are minimized. Appar-
ently, these materials are stable in the pH
range used for these studies, in agreement
with XRD data from our labs.

A strong band for pyridine adsorbed on
Lewis (L) acid sites in OMS-1 was observed
in Fourier transform infrared spectroscopy
(FTIR) (38) when desorption is performed
at 100°C. A very broad band, consisting of
several IR peaks, is detected in the range
from 1530 to 1630 cm™!. At 200°C, both
the L-band and the broad band largely
decrease in intensity. At 300°C, both bands
disappear. Thus manganese oxide tunnel
structures such as OMS-1 have acid sites,
including both Lewis and Bronsted sites.
Possible applications include acid-catalyzed
reactions such as isomerizations and poly-
merizations. Manganese oxide materials are
well-known oxidation catalysts (33).

For OMS-1, the conversion of methane
was found to be 32.5% with selectivities for
C,H, of 13%, for C,H, and C,H, of 35%,
for C;Hg of 3%, for C;Hg of 5%, for all
total C, species of 23%, and for Cs_, species
of 21% (39). No significant coke formation
was observed in the reactor or on the
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catalyst during these experiments.

A final area of potential application
includes electrochemical devices. It can be
shown with cyclic voltammetry (28) that
molecules can be distinguished on the basis
of both size and charge by incorporating
OMS-1 into electrodes. Molecules larger
than 6.9 A or anions in solution are not
electroactive, consistent with the pore size
of OMS-1 and its ability to exchange cat-
ions rather than anions. In addition, the
conductivity of OMS-1 markedly increases
above 275°C and reversibly decreases in
conductivity as temperature is again low-
ered, even after several cycles. No apparent
structural phase transitions have been ob-
served in this temperature range for OMS-1
based on XRD or DSC-TGA: data, which
may indicate an electronic phase change or,
for example, a change in the density of
states at temperatures above 275°C.
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Vapor-Condensation Generation and
STM Analysis of Fullerene Tubes

Maohui Ge and Klaus Sattler

Fullerene tubular structures can be generated by vapor condensation of carbon on an
atomically flat graphite surface. Scanning tunneling microscope (STM) images revealed
the presence of tubes with extremely small diameters (from 10 to 70 angstroms), most of
which are terminated by hemispherical caps. Atomic resolution images of such structures
showed that the tubes have a helical graphitic nature. The formation of the tubes under
the quasi-free conditions suggests that the growth to tubular rather than spherical con-

figurations is preferred for “giant fullerenes.”

Despite the tremendous interest recently
in the physics and chemistry of C, and
other fullerenes and their solid forms, little
is known about fullerene growth. Neither
the onset of nucleation nor the progression
toward the fullerene network is understood.
The structure of giant fullerenes (contain-
ing hundreds of carbon atoms) is also con-
troversial; experimental evidence exists to
support two possibilities, spherical mole-
cules versus tubular cages.

Concentric tubular carbon structures
were recently found by transmission elec-
tron microscopy at the end of carbon rods
used for arc discharge (I, 2), and such
structures could be produced in macroscop-
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ic quantities by using a similar generation
method (3). The smallest inner tube that
was observed (1) had a diameter of 22 A.
Electron diffraction pattern revealed helical
arrangement for concentric graphitic net-
works. The tubes were grown out from a
carbon substrate. Therefore a' direct com-
parison to the free fullerene growth could
not be made. Although various properties
of the tubules were measured, the atomic
structure could not be directly determined.

Recent calculations predict that carbor
tubules of different diameters and helicities
have striking variations in electronic trans-
port, from metallic to semiconducting (4—
7). Also, such tubules are expected to
shield guest atoms from external electric
and magnetic fields (8). Besides tubular
structures, other low-energy configurations
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