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The World’s Smallest Gas Cylinders?

G. E. Gadd,* M. Blackford, S. Moricca, N. Webb, P. J. Evans,
A. M. Smith, G. Jacobsen, S. Leung, A. Day, Q. Hua

Argon gas was trapped at high pressure within hollow carbon tubes grown in vapor that
have an outer diameter of between 20 and 150 nanometers. The gas was forced into the
tubes by hot isostatically pressing (HIPing) the carbon material for 48 hours at 650°C
under an argon pressure of 170 megapascals. Energy dispersive x-ray spectroscopy
maps and line scans across the tubes show that the argon is trapped inside the bore and
not in the tube walls. The room temperature argon pressure in these tubes was estimated
to be about 60 megapascals, which indicates that equilibrium pressure was attained
within the tubes at the HIPing temperature. These findings demonstrate the potential for

storing gases in such carbon structures.

Currently, there is considerable interest
in both C fibers (1-3) and nanotubes (4—
6). Apart from efforts to understand the
formation process (7), attention has been
focused on the encapsulation of elements
and compounds, particularly oxides and
carbides, inside the tubes, as well as within
C nanoparticles (8-11). On the other
hand, the encapsulation of gases such as
Ar, Kr, or Xe inside C entities like these
has received little attention in the litera-
ture, although the trapping of *’Xe may
improve its uses in medical imaging such
as in the case of the lymphatic system
(12), where it would be extremely useful
to confine the gas physically in some way
before injection. Here, we show conclu-
sively how large amounts of Ar can be
trapped inside catalytically grown C fibers
consisting of multiwalled hollow C tubes
with outer and inner diameters ranging
from 20 to 150 nm and 10 to 60 nm,
respectively.

Hollow C tubes were prepared by cat-
alytic reduction of CO, with a modified
Vogel process (13). In this method, CO,
was reacted with Zn to produce CO and
ZnO, and the CO was subsequently con-
verted on an Fe catalyst to filamentous
graphite (14). One milligram of finely di-
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vided Fe catalyst was placed in the end of
a closed quartz reaction tube that had
previously had a “Zn mirror” deposited on
its inner surface. The reaction tube was
placed inside a horizontal tube furnace to
maintain the Fe catalyst at 600°C and the
Zn mirror at 400°C, and the pressure was
monitored to determine when the reaction
had gone to completion. An Fe carbide
bead- crystal formed on the catalyst sur-
face, from which the filamentous graphite
“grew.”

Scanning electron microscopy of the C
produced from catalyzed CO, decomposi-
tion showed it to be composed of many
long and winding C fibers with outer di-
ameters of about 20 to 150 nm, which
were interwoven and cemented with large
pieces of dense material derived from the
catalysts. These features are very similar to
those observed by other authors (15-21).
Backscattered electron imaging indicated
that metal was dispersed throughout the
fibers and demonstrated that encapsula-
tion had also taken place in the growth
mechanism. To investigate the encapsula-
tion of Ar into the various C forms pro-
duced catalytically, we hot isostatically
pressed (HIPed) the whole sample without
any further treatment at 650°C and 170
MPa of Ar for 48 hours. At the end of the
HIPing cycle, the gas pressure was reduced
from 170 MPa to atmospheric pressure but
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not until a temperature of 100°C was
reached. Transmission electron microscopy
(TEM) samples were prepared by dispersal of
a small amount of the HIPed soot material
onto holey C-coated copper grids from a
suspension in ethanol. These samples were
examined in a JEOL (Tokyo, Japan) 2000 fx
scanning TEM with a beryllium window
energy dispersive x-ray spectrometer (EDS).
Secondary electron images, transmission
electron images (TEls), and x-ray maps
showing the distribution of Ar, Fe, and Zn
were recorded with this microscope. How-
ever, C was not detected because of
absorption of low-energy x-rays in the be-
ryllium window. High-resolution images
showing nanotube wall structure were re-
corded with the JEOL 2000 fx operated in
TEM mode.

TEM images showed that many of the
structures that were tube-like (usually less
than 20-nm outer diameter) had many
contortions and twists and in some cases a
high degree of compartmentalization (22).
In addition, many regions within the C
structures contained dense material that
was determined by EDS to be predomi-
nantly composed of Fe. Some closed re-
gions showed the presence of small
amounts of trapped Ar. Of greater interest
were the C structures that consisted of
longer and more uniform hollow tubes
(Fig. 1). These hollow tubes were found to
be associated with large pieces of Zn- or
Fe-derived material, and it was usually
very hard to discern the beginning or end
of the tube. In several of these tubes, the
Ar content was very high, and, further-
more, it appeared to be contained in the
cavity of thesé tubes (Fig. 2).

An x-ray map of an Ar-filled tube (Fig.

Fig. 1. A montage of two TEM images that shows
two hollow carbon tubes intertwined in dense me-
tallic-based material. The tube on the left was
found to contain Ar at high pressure, whereas the
tube on the upper right was empty. A montage
was needed because the overall length of the
tubes was too large for a single image.
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2B) clearly shows the association of Ar
with the tube. Comparing this image with
the TEM image (Fig. 2A) shows that Ar is
contained in the hollow cavity of the tube.
Also clear from Fig. 2B is the discontinu-
ity halfway along the tube, which indi-
cates that the tube is compartmentalized.
TEM and EDS images of this region (Fig.
2, C and D) at higher magnification show
both the confinement of the Ar gas and
this discontinuity more clearly. The closed
region is interesting because it does not
seem to be associated with any trapped
catalytic material as in bitubes where two
tubes grow from the same metal micro-
crystal (15).

To obtain an estimate of the Ar pres-
sure in these tubes, we used a JEOL 2000
fx I TEM equipped with an ultrathin
window (UTW) EDS. This UTW allowed
detection of x-rays from C in the nanotube
walls as well as detection of x-rays from
heavier elements that were present in the
sample. The EDS sensitivity to Ar x-rays
relative to C x-rays was determined by
examination of Ar;Cg (23), in which the
atomic ratio Ar:C is 1:60. EDS spectra
were collected from an Ar-filled tube with
the electron beam focused so that it only
covered the central part of the tube. The
atomic ratio of Ar:C was calculated to be
9(£2):91(*2). It was assumed that the

Table 1. Tubes observed by TEM in the 20- to 150-nm range that were found to be empty or to contain
Ar in high quantities. The possible nature of the two ends of the tube is given by two of the following
abbreviations: s, sealed; 0, open; and ¢, obstructed by catalyst. The number of tubes observed with this

configuration is given after the abbreviations.

Tube size Number Ar-filled tubes Empty tubes
(nm) of tubes Number Ends of tube Number Ends of tube

2010 50 9 4 s,¢c3 5 s,c1
c,cl o,s1
c,c3
5010 100 17 5 s, 82 12 0,82
s, c2 o,c4
c,ct s,c2
c,c2
5,82
100 to 150 4 2 ¢ ci 2 o,c1
s,c1 0,81

Fig. 2. TEM images and
x-ray maps of a typical
Ar-filled tube that winds
its way through dense
solid material. The C
tube is clearly seen to be
hollow and has an outer
diameter of 140 nm and
an inner bore diam-
eter of 60 nm. (A), (C),
and (E) show TEM imag-
es, whereas (B), (D), and
(F) display the corre-
sponding x-ray map im-
ages. In the latter panels,
the Ka x-ray emissions
from Ar, Fe, and Zn are
shown inred, green, and
blue, respectively. A dis-
continuity in the tube is
indicated in the images
by the arrows. The scale
bars on (A), (C), and (E)
represent 100 nm.
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measured tube region approximated a
sandwich of an Ar layer of a thickness
equal to the inner diameter of the tube (60
nm) between two graphitic layers of thick-
nesses equal to the wall thickness of the
tube (40 nm). The density of the C walls
was assumed to be that of graphite (2.26 g
cm™?). Working from these assumptions
we found the number of Ar atoms per liter
to be 1.5 0.4 X 10%. We then equated
this number to a gas pressure of 60 * 15
MPa using the ideal gas law. The observed
variation for the given tube is quite un-
derstandable given the approximate na-
ture of the calculation. The main errors
arise from the nonuniformity of the tube
and the positioning of the electron beam
on the tube. The measured room tempert-
ature tube pressure indicates that the time
scale for the tubes to reach the HIPed
pressure is less than the time scale for
sealing the tubes at the temperature of
650°C, because a pressure of 170 MPa at
650°C translates to a pressure of ~55 MPa
at room temperature for an ideal gas.
Line scans across the tube conclusively
showed the Ar to be trapped inside the
cavity (Fig. 3). The transmitted electron

Fig. 3. (A) The TEM image of the C tube in Fig. 1
with black arrows indicating where the line scans
shown in (B) and (C) were taken across the tube.
The line scans are before (B) and after (C) a high
dose of electron irradiation. The section of the
tube in this figure is also seen in Fig. 1.

Fig. 4. High-resolution
TEM images of the walls
of (A) HIPed and (B) un-
HIPed tubes. The pres-
ence of an amorphous
crust is evident in (A). The
graphitic layers are at an
angle of 9° to the outer
surface of the tube wall,
as indicated by the line.
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intensity profile (Fig. 3B) is consistent
with that expected for a hollow tube. The
Ar x-ray intensity profile shows the Ar to
be contained within a hollow cylinder
with a uniform circular cross section. The
effect of a focused electron beam on the
tube was investigated in an attempt to
release the encapsulated gas (Fig. 3C).
After 1400 s of exposure to an electron
beam of 500-nm diameter and a flux of
2.3 X 10 electromagnetic units™2 s},
contraction of the tube and disappearance
of the hollow center were clearly evident
from a TEM image of the irradiated re-
gion. The line scan in Fig. 3C is consistent
with these changes. Furthermore, it ap-
pears that, as the tube contracts, Ar be-
comes incorporated in the amorphized
walls of the shrunken section. From the
decrease in intensity of the Ar x-rays,
there does appear to be considerable loss
of Ar from the tube in this process.
Examination of the tube on either side of
the irradiated region found that Ar was
still present in the undamaged sections
with little or no loss. It must be noted from
a comparison of the line scans recorded
before and after the electron treatment
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(Fig. 3, B and C, respectively) that there is
no Ar in the tube walls before electron
irradiation.

Studies of other tubes showed that they
either contained Ar in large amounts or
not at all. It was found that the concen-
tration of Ar could be uniform over long
sections of a tube with no visible breaks,
which indicates little compartmentaliza-
tion. Some tubes, which had large regions
unobstructed by dense material, allowed
study of the wall structure (Fig. 4A). The
outside wall of the tube appears to have
been damaged, producing an amorphized
crust similar to that seen on spherical C
onions formed by C ion implantation into
copper (24). Beneath this crust, high-res-
olution TEM images indicate that the un-
damaged wall of the tube is a graphitic
multilayered structure. This structure
could be composed of many concentric
tubes that have grown on top of each
other or, alternatively, a single sheet of
graphite that has been “rolled-up” during
growth. In contrast, the walls from C tubes
that have not undergone HIPing do not
show such an amorphous C layer (Fig. 4B).
We conclude that the amorphization is a
result of the elevated temperature used for
HIPing.

In Fig. 4, A and B, the graphitic layers
appearing in the cross section are not par-
allel to the outer wall of the carbon tube.
The angle of the planes to the direction of
the tube is estimated to be ~9° in both
cases. This could be a reflection of the
growth mechanism, and several explana-
tions are possible. For example, the C sheet
may form a scroll structure, or the tube may
consist of individual cones of single C layers
with their centers missing. Tibbetts et al.
(25) have prepared, using an Fe catalyst to
decompose methane, tubes grown in vapor
that are similar in structure to the ones we
have prepared and that have a similar range
in size (50- to 100-nm outer diameter). The
graphitic planes were inclined at ~12° to
the tube axis, which compares favorably
with the ~9° value found in our study. The
idea of individual cones of single graphitic
layers is very plausible in light of the ac-
cepted structure of certain solid C filaments
(26—28) where the stacked cone structure is
clearly seen.

=
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The nature of the tube wall resulting
from the staggered graphitic layers of ei-
ther a scroll or a cone structure would
provide a continuous path between the
layers through which Ar may diffuse into
the cavity. Nolan et al. (26) have pointed
out that cone type tubes and fibers would
have unsaturated valences at their edges.
Mordkovich et al. (29) have also proposed
a model for K intercalation into multi-
walled nanotubes in which the nanotubes
are assumed to have a scroll structure,
allowing the K atoms to pass inward by
attack of the helicoid on the outside edge
of the scroll. In our case, amorphization as
a result of the HIPing process may be
responsible for sealing the gas within the
tube. If a tube contains Ar, its ends must
be effectively sealed. The HIPing temper-
ature was too low to melt any of the Fe- or
Zn-based materials (assuming no Zn metal
was present after reaction with CQO,),
which suggests that the ends of the Ar-
containing tubes were sealed before HIP-
ing. If this requirement is not met, Ar will
not be retained in the tube. A similar
HIPing experiment performed at the lower
temperature of 400°C showed no evidence
of tubes with Ar trapped in them, nor was
any amorphization of the outer wall ob-
served under these conditions. Brunaer-
Emmett-Teller measurements on tubes of
this type by Tibbetts et al. (25) gave a
value of 9.91 m? for nitrogen gas absorp-
tion at room temperature. This is about
half the actual physical value calculated
geometrically and indicates that the tubes
have little porosity. The Ar-filled tubes
imply that the porosity must increase
greatly at higher temperatures, that gas is
more freely able to pass between the slant-
ing graphitic layers and the inside of the
tube, and that at the higher temperature,
the amorphous crust formation prevents
the gas from leaving.

A second C sample containing catalyt-
ically grown tubes prepared by the same
synthesis route was HIPed under the same
conditions as before to confirm our results.
A further TEM study was carried out on
the second HIPed sample, and we indis-
criminately selected 30 tubes with an out-
er diameter in the range of 20 to 150 nm
(Table 1). We found that a total of 11
tubes had Ar trapped in them at high
pressures. In the majority of these filled
tubes, we were able to find at least one of
the ends of the tube, which was, as expect-
ed, sealed. We also found that out of the
19 empty tubes, 9 clearly had an open end.
A couple of the tubes appeared to be
sealed at both ends but contained no gas.
[t appears that the number of filled tubes
is dictated largely by how many tubes have
both ends sealed; there is no indication
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that tube diameter is an important factor
in the diameter range studied.

The filled tubes were found to retain
their Ar content with little change over
several months at room temperature. Car-
bon tubes of the structure shown in this
paper and those of other authors (25) thus
show possibilities for gas storage. It is clear
that if the tubes have a scroll structure
(29) and are sealed at both ends, then it
should also be possible to fill nanotubes of
smaller dimensions with gases, whereas
conventional nanotubes with a parallel
wall structure may need to be filled
through an open end before the end is
sealed.
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Asymmetric Catalysis with Water: Efficient
Kinetic Resolution of Terminal Epoxides by
Means of Catalytic Hydrolysis

Makoto Tokunaga, Jay F. Larrow, Fumitoshi Kakiuchi,
Eric N. Jacobsen”

Epoxides are versatile building blocks for organic synthesis. However, terminal epoxides
are arguably the most important subclass of these compounds, and no general and
practical method exists for their production in enantiomerically pure form. Terminal
epoxides are available very inexpensively as racemic mixtures, and kinetic resolution is
an attractive strategy for the production of optically active epoxides, given an economical
and operationally simple method. Readily accessible synthetic catalysts (chiral cobalt-
based salen complexes) have been used for the efficient asymmetric hydrolysis of
terminal epoxides. This process uses water as the only reagent, no added'solvent, and
low loadings of a recyclable catalyst (<0.5 mole percent), and it affords highly valuable
terminal epoxides and 1,2-diols in high yield with high enantiomeric enfichment.

Asymmetric catalysis provides access to
optically active epoxides either by oxygen-
atom transfer to alkenes (I) or by carbene

Department of Chemistry and Chemical Biology, Harvard
University, Cambridge, MA 02138, USA.

addition to carbonyl compounds (2). Both
strategies have been developed to varying
degrees, but significant gaps still exist in the
scope of these methodologies. For example,
there are still no effective enantioselective
epoxidation methods known for the synthe-
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