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Diffusion through a molecular ball check valve composed of a Cg, molecule and a nanotube cap
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A nanostructure, consisting of C¢, enclosed within a carbon nanotube near its cone shaped cap, is shown to
behave like a ball check valve, a pressure-driven device for the storage of fluid. The van der Waals force acts
like a spring that traps Cg near the cap section with a potential well around 1 eV. The restricted interstitial
space around the valve produces a volume difference that forces Cgqy near the top center of the cap and
therefore blocks the outward diffusion. It is estimated that such a mechanism can produce nanocapsules with

internal pressure up to 40 GPa or above.
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Pressure, as an experimental variable, can now be tuned
up to millions of atmosphere, thanks to the development of
diamond-anvil cells and shock wave methods.!~* Under such
extreme conditions, the structures and properties of con-
densed matters can change dramatically, revealing not only a
variety of physical phenomena but also prospects for differ-
ent materials.”~” However, both techniques have their limits
that largely restrict high-pressure studies to the states of mat-
ters. In the case of diamond anvil, the amount of sample is
small, typically in the microgram range. In the case of shock
wave methods, high pressure is produced only for a short
instant. To take advantage of property changes induced by
high pressure, other types of containers must be designed.
For this purpose, carbon nanotubes offer interesting pros-
pects due to their two well-known structural features. First,
inside their curved walls, there is a lot of empty space® into
which molecules as big as Cgq, can be inserted.®!* Second,
they have remarkable mechanical strengths.!’!'> It has re-
cently been demonstrated that a single-walled carbon nano-
tube could already stand internal pressure as high as 40
GPa.!> What is needed to make them into functional high-
pressure containers is a workable design for a nanosized
valve, through which gases could be let in, and inside which
gases could be securely locked.

The inspiration for the design reported here comes from a
mechanical device, known as the “ball check valve,” which
is often used in pumps and spray devices. As shown in Fig.
1(a), the valve is open or closed by a ball which is attached
to a loaded spring and pushed against the inlet so that the
valve is shut from inside. The application of external pres-
sure through a compressed fluid can push the ball inward and
open the inlet to fill the container. Upon equilibrium between
the external and internal pressures, the ball is pushed back to
close the valve and the fluid is locked inside. As a nanolevel
analogy, we have recently proposed a molecular valve, with
a Cq, molecule as the ball [similar to Fig. 1(b)].'* It is en-
closed in a carbon nanotube near its end section where a
bowl shaped calixarene' caps the tube. The calixarene mol-
ecule must be stitched to the tube and the leaks on the bowl
wall must also be patched up, both of which are synthetically
very challenging. As it is proposed in the context of hydro-
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gen storage, a calixarene bowl offers structural features that
make it easier to manipulate the leaks on the bowl for storing
and releasing hydrogen.

For a high-pressure container that could stand internal
pressure of few dozens of gigapascal, such a design can be
significantly improved and simplified by replacing the calix-
arene with a carbon nanocone that typically caps carbon
nanotubes. Synthetically, inserting Cg into open ended car-
bon nanotubes to form “peapod” structures is now a standard
procedure,”!? after which the two open ends can be easily
capped by heating around 1000 K. After cooling down, a
small hole must be etched on the top of the cap. The top of
such a nanocone is typically the region with the highest cur-
vature and therefore chemically the most active.!® By using
the appropriate oxidant and controlling factors such as con-
centration, acidity, and temperature, the underlying equilib-
rium and therefore the extent of the etching can be con-
trolled, which is best explored by chemistry rather than by

FIG. 1. (a) A ball check valve for the storage of compressed
fluids. (b) A nanoanalogy to the ball check valve with a Cgy mol-
ecule near an end cap for a carbon nanotube. (c) The shapes of the
leak holes used in our models for MD simulations.
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TABLE 1. Results for the model containers. Diameter: the diameter of the tube; Length: the total length
for each container from one cap to the other. E,.: the adsorption energy of Cg in the tube section. E: the
adsorption energy of Cg, at the symmetric site A near the cap. Ep: the adsorption energy of Cg, at the
asymmetric site B near the cap. AV: the difference between the hydrogen volumes at sites A and B, computed
with a threshold of 2.3 A for H,---C distance. AD: the distance of inward movement for Cg from sites A to

B.
Diameter Length Eiwbe E, Ep AV AD
Tube index (A) (A) (eV) (eV) (eV) (A3 (A)
(10,10) 13.5 65.5 3.65 4.61
(18,0) 14.0 52.0 3.07 422
(12,12) 16.2 58.0 2.20 3.17 3.21 ~126 1.4
(15,15) 27.0 65.0 1.45 2.19 2.32 ~193 2.6

modeling. The overall procedure is much easier to imple-
ment than that for the calixarene caps.'* However, conceptu-
ally, a number of questions arise regarding the physical and
dynamical behaviors of such a structure. Will C4; move to
the cap section after its formation? Where would Cg, be
when gases are pushed into the tube through such a valve?
When external pressure is withdrawn, can it block the hole
before gases escape?

To answer these questions, we build several models for
molecular-dynamics (MD) simulations. The pressure-
transmitting gas is molecular hydrogen because it is highly
compressible and diffusive even at cryogenic temperature
and in solid state.!” The ball part is Cq,. A single-walled
carbon nanotube is used as the container, the index of which
takes the values listed in Table I. With the interactions deter-
mined by van der Waals potentials, the chirality of a tube
matters less than the tube diameter, which varies from
13.5 A for (10,10) to 27.0 A for (15,15).'® A carbon nano-
tube is capped by two carbon nanocones, each at one end. A
nanocone is cut so that the radius of its bottom matches that
for a tube of a particular index. When necessary, one or two
more carbon atoms near the joint are removed so that only
hexagon and pentagon are present and no two pentagons are
connected. After attaching a nanocone to a tube, the top of
the nanocone is opened by removing a few carbon atoms,
which produces a hole with a diameter around 7 A at each
end as a gas filling window, as shown in Fig. 1(c). The length
of such a container is listed in Table I.

The interaction between H, molecules is modeled by the
well-known Silvera-Goldman potential,!”!® with a cutoff of
8 A. The Tersoff-type many-body potential?® with the pa-
rameters given by Brenner?! is used for the covalent interac-
tions between carbon atoms.!>?? The van der Waals interac-
tion between atoms on the tube and on the fullerenes are
modeled by a Lennard-Jones potential,?*?* also with a cutoff
of 8 A. The interaction between H, and C is described by
the recently fitted potential in Ref. 25, which reproduces the
results over a wide range of repulsive and attractive regions
as calculated by high level ab initio methods.?®?’ The poten-
tial energy for moving Cg, inside a tube or pushing it through
a nanocone cap is calculated as a function of the distance
between the mass centers of the tube and of Cg, varied step-
wise by 0.2 A. At each step the system is fully relaxed for
100 ps using the steepest descent method with this distance

constrained. The diffusion of H, molecules is calculated by
MD simulations in which the distance between H, and the
mass center of the tube is constrained. The MD simulations
are performed in canonical ensemble with the temperature
controlled by a Nosé-Hoover thermostat.”®?° The equations
of motion are solved by using the predictor-corrector algo-
rithm with a time step of 1 or 2 fs.%

Energetically, it is favorable for Cg, to stay close to the
cap section. The calculated adsorption energy of Cg, ranges
from 2.2 to 4.6 eV, as listed in Table I, which is a substantial
amount of energy for the typically weak van der Waals in-
teraction. A good geometric match between cap and Cg,
makes it possible for favorable interactions between many a
pair of C atoms on cap and on Cgy. In other words, the
strength of van der Waals interaction is favored by good
contact between Cg, and tube cap/body. When Cg is moved
to the body section of the tube, such contacts are limited to
the equatorial region of Cg, in proximity to the tube and the
adsorption energy is reduced by ~1 eV. A potential well for
Cgp is produced near the cap, as shown in Fig. 2(c). In anal-
ogy to a ball check valve, the van der Waals interaction acts
like a loaded spring that forces Cg to stay near the cap.

The best fit is achieved in the (10,10) tube, which pro-
duces the largest adsorption energy. Unfortunately, it also
makes the diffusion of hydrogen into the container difficult,
with a calculated barrier of 0.8 eV. The Cg, ball must be
pushed inward as H, is squeezed through the opening be-
tween cap and Cy, by as much as 1.2 A from the equilibrium
position. In simulation at 300 K with a 1 GPa difference
between the external and internal pressures, Cg, is pushed
into the tube section where the potential surface is flat. In
such a situation, there is no force to move Cg, back to the cap
section fast enough to block the leaking of hydrogen once
the external pressure is withdrawn. This problem is allevi-
ated for a (18,0) tube. The diffusion barrier for H, to enter
the container is now reduced to 0.4 eV while Cg is still
pushed inward by 0.6 A.

Further increase in the tube diameter results in a qualita-
tive change in the adsorption curve as shown in Fig. 2(c) for
(12,12) and (15,15) tubes: there are now two adsorption
sites. The first, labeled as A, is a symmetric site observed in
all tubes as shown in Fig. 2(a). For the larger tubes, there is
an additional asymmetric site, labeled B, in which Cg, moves
sideway and inward relative to the hole, as shown in Fig.
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FIG. 2. (Color online) (a) The top and side views for a symmet-
ric adsorption site. (b) The top and side views for an asymmetric
site. (c) The potential energy for a nanovalve as the distance be-
tween the mass center of Cg, and the tube is varied. The dramatic
increase in the potential energy between 8 and 10 A is due to the
repulsive interaction between Cg, and nanocone cap. For the
(12,12) and (15,15) tubes, the curve shows two wells, correspond-
ing to symmetric and asymmetric sites. The latter is in an inward
position, with a smaller value for the position of Cgy. The inset
shows the details of energy change when Cg is pushed through the
hole in the nanocone cap. The potential energy is relative to the
energy when Cg is in the middle of the tube section.

2(b). Moreover, the adsorption energy at site B is more fa-
vorable. When the tube diameter is large enough, it is pref-
erable to move Cq, away from the hole for better contact
with the nanocone, as in site B. The adsorption energy dif-
ference between these two sites is 0.04 eV for (12,12) and
0.13 eV for (15,15), and in both cases the barrier separating
these two adsorption sites is small, 0.23 eV for (12,12) and
0.41 eV for (15,15). The presence of site B makes it much
easier for the filling of H, into the nanocontainer. Even when
Cyp 1s at site A initially, the diffusion of H, into the container
through the nanovalve will push Cg to site B. The diffusion
barrier is almost zero while Cg is securely situated in site B
with a potential depth around 1 eV.

While this is ideal for filling the container, it however
raises a serious problem: if Cgy stays at site B, hydrogen
cannot be trapped inside the container once the external pres-
sure is withdrawn. There must be a way to move Cg back to
site A. Our simulations indicate that such a reversal will take
place automatically once the hydrogen pressure is raised. To
understand such a change, we notice another important dif-
ference between the two sites: for the asymmetric site B Cg,
is around 2 A inward (Table I). For a macrodevice, such a
movement produces no net change in the container volume.
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However, this is not true for a nanodevice. For the symmetric
site A, the distance between the nanocone wall and Cg is
only around 4.5 A. The equilibrium distance between a hy-
drogen molecule and a graphene surface is around 3 A2
and to open up space for H,, the separation between carbon
surfaces should be around 6 A. Even when Cq, moves in-
ward by 1-2 A as in site B, the interstitial space is still too
restricted for hydrogen except for a narrow passage in the
diffusion process. In other words, the inward movement of
Cyo reduces the available volume for hydrogen, which is not
fully compensated in the interstitial region.

Quantitatively, such a change in volume can be evaluated
numerically. The valve region is first divided into very small
cubes with a side length of 0.01 A. The distance of such a
cube to its nearest carbon atom is then calculated. When the
distance is larger than a certain threshold, say 2.6 A, the
cube is collected and added to the sum of the total volume
available for hydrogen. The difference between the calcu-
lated volumes at sites A and B provides the change in hydro-
gen volume. As listed in Table I, the changes are —126 A3
for the (12,12) tube and —193 A3 for the (15,15) tube when
the threshold is set at 2.3 A. The larger change for the
(15,15) tube is due to its larger inward movement (2.6 A)
from site A to site B. We have also calculated the volume
change using threshold values ranging from 2.0 to 2.6 A,
which produces only small changes in the results (around
10%). Upon compression of hydrogen into the container, Cg
will be pushed to the symmetric site A, which increases the
available volume for hydrogen and reduces the free energy
largely through the entropy factor. This conclusion is verified
by MD simulations with pressures at gigapascal range, which
all demonstrate that Cg, will stay at the symmetric site A at
high pressure.

The filling of the (12,12) and (15,15) containers can thus
be divided into two stages. In the first stage, Cq, stays at site
B and hydrogen passes through the valve without much hin-
drance. After the internal pressure is raised, the preferred
adsorption site becomes site A. When the external pressure is
larger than the internal pressure, the Cg, ball can still be
pushed sideways or even back to site B to let the hydrogen
in. However, as the pressure difference decreases toward
equilibrium, Cg, will go back to site A and the nanovalve is
thereby closed. It very much behaves in the same way as a
check ball valve although its operating mechanism is depen-
dent on the combination of two factors: the van der Waals
interaction and the microscopic volume effect.

The crucial parameter that determines the proper func-
tioning of the proposed container is the tube diameter. As a
rough estimate, the value of 16.2 A, which is the diameter of
the (12,12) tube, can be taken as the lower limit. The upper
limit is likely beyond 27 A, the diameter of the (15,15) tube.
As demonstrated before!* and verified in current simulations,
the barrier for hydrogen to escape from the container, once
the external pressure is withdrawn, is high and increases with
the internal pressure. Hydrogen can be loaded at cryogenic
temperature in their well-known diffusive solid states in gi-
gapascal pressure. Once loaded, the internal pressure can be
raised substantially by elevating the temperature.

The maximum pressure for such a container is limited by
the breaking of the tube wall or the nanovalve. For the tube
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wall, the limit is around 40 GPa for single-walled carbon
nanotubes.'? For the valve, Cg, can be squeezed out of the
leak hole, for which the energy barrier is more than 30 eV,
although the structural deformation is so large that Tersoff
potential can only provide a rough estimate. Based on the
potential-energy curves shown in Fig. 2(b), we can calculate
the maximum force F,, on Cg, by the gradient of energy over
distance. By requiring F,=P,S, with S being the effective
cross section of Cg, 71, and, with r taken as 5 A, calcu-
lated P,, ranges from just above 20 GPa for (10,10), (12,12),
and (15,15) to just below 50 GPa for (18,0). The large varia-
tion is actually due to a small change in the size of the leak
hole, which is smaller in the case of (18,0) tube than all the
others. The hole structures employed in our models are quite
simplistic, leaving some carbon atoms along the edge unsat-
urated. If they are saturated by OH or carbonyl groups, the
P,, would increase significantly. While the barrier for forcing
H, into the container would also rise, the increase is much
smaller due to the weak van der Waals potential. The thresh-
old pressure for the valve could therefore be raised substan-
tially by controlling the size of the leak hole. To raise the
threshold of the tube wall, double or multiwalled carbon
nanotubes can be used as the container.

In conclusion, we have demonstrated that the van der
Waals interaction between Cg, molecule and cap on a carbon
nanotube can produce a double-well potential when the tube
diameter is above 16 A. Such a structure behaves like a
check ball valve and makes it possible to fill the tube with
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pressure as high as 40 GPa. It pushes beyond the requirement
envisioned previously for hydrogen storage.'* Release of hy-
drogen from such nanocontainers is no longer an important
issue because the kind of extreme pressure, previously acces-
sible only in a diamond anvil, opens up interesting opportu-
nities. Such high-pressure capsules could be collected and
handled with ease, and as high-density materials, their
unique properties induced by compression would become ac-
cessible in the real world. They could also be excited to
much higher temperature by electric shock and ion-beam/
laser irradiation to induce astronomical or fusionlike condi-
tions despite the fact that it would lead to the eventual de-
struction of these containers.
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