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Reactive radical cation transfer in the cages of icy clathrate hydrates
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Abstract—Clathrate hydrates are crystalline compounds consisting of hydrogen-bonded host water frameworks that
eventually structure polyhedral cages. We suggest for the first time their potential as nano-reactors in which target reac-
tions can occur. The energetics of one-dimensional CO radical cation (CO-") transfers through the hexagonal faces of
sI large cages are closely examined to verify the reaction concept in an icy confined space. The barrier energies for
migrating a CO radical cation from the cage center to the edge of the hexagonal face are estimated to be 87 and 311 kJ/
mol according to calculations with the B3LYP 6-311+G (d, p) basis set, significantly depending on the orientation of
the radical. These results indicate that the barrier energy increases sharply when the CO radical cations are oriented
parallel to the cage’s hexagonal face. In the parallel migration mode, the hydrogen-bonded water networks are repulsed
by electron clouds of CO-" located on the same plane; thus, the repulsion forces induce a significant increase in the bar-
rier energies. Further, we used separate basis sets of high and low levels processed by the ONIOM scheme for the effec-
tive calculation of the entire cage structure of the clathrate hydrates with guest molecules. The calculation run time was
significantly shortened when the ONIOM scheme was adopted, while a difference in the barrier energy of approxi-
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mately 5% was observed compared to the full-scale calculation with a high-level basis set.
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INTRODUCTION

“Icy nano-reactor” refers to the concept of using nano-sized hy-
drate cages as chemical reaction sites, emerging after the stable
storage of radical species in a clathrate hydrate structure is con-
firmed. A sufficiently hydrophobic guest molecule has a tendency
to occupy the empty site without significant host-guest interactions
[1]. Tt thus acts as an isolated free molecule in the confined nano-
sized empty space under mild temperature and pressure conditions.
This type of stable existence of radical species in icy crystalline
matrices may offer significant advantages in exploring clathrate
hydrates as icy nano-reactors in which active reactions between
guest radicals and ions can take place. More significantly, the novel
designs and syntheses of ionic and radicalized icy clathrate hydrates
are expected to open a new field in the areas of inclusion chemis-
try and ice-based science and technology.

The unique geometrical structure, the well-defined hydrogen
bond network and the host-guest interactions in clathrate hydrates
contribute to providing chemically (or physically) stable shelter for
reactive hydrogen radicals and hydrocarbon radicals. It has been
discovered that clathrate hydrate can be used as a medium for trap-
ping radical species [2-8]. When hydrocarbon or binary clathrate
hydrates are irradiated with g-rays, free radical species are formed.
The lifetimes of these free radical species in the clathrate hydrate
structures were confirmed by solid-state NMR spectroscopy and
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electron spin resonance (ESR). In a recent study; Yeon et al. [5] con-
firmed that the H,+THF binary clathrate hydrate produces atomic
hydrogen radicals through the g-ray irradiation of encaged H, mole-
cules and THF molecules, noting that they were stably captured in
small cages. Subsequently, using ionic guest species, Shin et al. [4]
also confirmed atomic hydrogen generated from a water framework
of j-irradiated ionic clathrate hydrate (Me,NOH+16H,0+N,) with
the hydrogen radical stabilization effect of N, guest molecules in a
dodecahedral cage. Koh et al. [8] proposed a highly efficient route
for producing atomic hydrogen using semi-clathrate hydrates.

Furthermore, Ohgaki et al. [2] studied free hydrogen radical
transfers in the propane hydrate system. They confirmed, using
ESR in the 240-260 K temperature range, that when sII propane
hydrates were irradiated with j-rays, n-propyl and i-propyl radi-
cals were formed. They showed that hydrogen radical transfers
occur through the hexagonal faces of the large sII cages. Ohgaki et al.
[2] concluded that an activation energy of 34+3 kJ mol " is needed
to convert n-propyl radicals to i-propyl radicals in neighboring
cages. Takeya et al. [3] explored the thermal stability of methyl radi-
cals in methane hydrate using ESR in a temperature range of 210-
260 K. They showed that when methyl radicals decay at higher tem-
peratures, ethane molecules are generated by means of the dimeriza-
tion process.

Atomic hydrogen radicals are much smaller than other hydro-
carbon radicals and therefore diffuse relatively freely between cage
networks, easily reacting as well with other radical species in the
clathrate hydrate structure. Alavi et al. [9] characterized the energy
barriers and migration rates of the H-radical in the dlathrate hydrate
medium. In their previous work, they [10] also showed that differ-
ences exist in the energy barriers during the migration of H, mol-
ecules through pentagonal faces (~105 kJ/mol) and hexagonal faces
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(~21 kJ/mol).

Studies of guest transfers between hydrate cages have thus far
focused primarily on hydrogen molecules or hydrogen radicals.
Hydrogen radicals and hydrogen molecules are smaller than other
hydrocarbon species; therefore, these small species have the poten-
tial to travel between gas hydrate polyhedral cages. On the other
hand, guest molecules larger than hydrogen molecules (hydrocar-
bons or carbon-based molecules) have rarely been studied in terms
of their ability to transfer between hydrate cages. We focus here on
cage transfers of the CO,-derived radical species CO-". CO, hydrate
is one of the most common gas hydrates and is easily synthesized
on a lab scale. Therefore, it is suitable for the study of nano-reac-
tors with guest radical species. When CO, hydrate is irradiated
with yrays at 77 K, various reactive chemical species are formed
within the gas hydrate cages, such as CO,~, CO-" and H- (hydro-
gen radicals deriving from the water frameworks). When the »
irradiated CO, hydrates are thermally stimulated (up to 250 K), it
is possible for a reaction to take place between these radical spe-
cies inside the hydrate cages. For an icy water framework to act as
a new reactive site, the enclosed space must first be created through
a restructuring process of the host-guest network, after which the
entrapped guest molecules are irradiated, forming a radical spe-
cies. Next, radical species must travel among the cages to react freely
and thus form the desired product. It is expected that this three-
stage approach to developing an icy nano-reactor can be extended
to a variety of organic host clathrates, which would significantly
contribute to the technological development of radical reactions in
icy matrices, gas storage using the inclusion phenomena of radical
ions, and ice-based energy devices. The migration of hydrogen
radicals between hydrate cages is a well-known phenomenon, but
the migration of carbon-based substances has not been investigated
thus far. Therefore, we focused on the possibility of using carbon
monoxide radical cations as a reactive species by migration between
cages. We employed MP2 and B3LYP calculations to determine
the energy barrier for the transfer of CO-" between hydrate cages
through hexagonal/pentagonal faces.

COMPUTATIONAL DETAILS

We prepared a CO, sl hydrate structure with the lattice param-
eters and Cartesian coordinates of the sI hydrate. The charge distri-
bution of guest molecules (CO-") was defined using the QEq model
[11]. The center of the cages was filled with CO-" to simulate the
radical transfer characteristics inside the icy lattice. To stabilize the
cage structure, the positions of the hydrogen atoms were arranged
to give the lowest dipole moment of the cage, ie., about 0.75 Debye.
The cage stability was checked by comparing the empty cage and
the guest-filled cage. The empty cage had a base energy value of -1835
Hartree and the CO-"-filled cage had a base energy value of -1948
Hartree, providing evidence of the stabilization effect of the guest
molecule.

The equilibrium structural parameters of the ground electronic
state (S,) for pure CO, hydrate were calculated using density-func-
tional-theory (DFT) methods with the B3LYP functional basis set
using the Gaussian 03 suite of programs. These parameters were
used as a starting point for the CO-" hydrate calculation [12]. Accord-
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Fig. 1. Direction of the CO-" perpendicular to the hexagonal face
(left) and parallel to the hexagonal face (right). Barrier ener-
gies were calculated using three modes: (modes 1 and 2) per-
pendicular to the hexagonal face in the C and O direction,
and (mode 3): parallel to the hexagonal face.

ingly, we did calculations starting from 6-31G and going up to 6-
311+G (d, p). The molecular energy and ONIOM calculations were
also performed using the Gaussian 03 package.

In the large cage of the structure I hydrate, CO-" exists in an aver-
age position perpendicular or parallel to the hexagonal face of the
cage. We separated the possible route of the CO-" transfer between
cages into three modes, as shown in Fig. 1: (mode 1) CO-" per-
pendicular to the hexagonal face and in the C direction, (mode 2)
CO-" perpendicular to the hexagonal face and in the O direction,
and (mode 3) CO-" parallel to the hexagonal face. In mode 3, the
direction of the CO-" is perpendicular to the two opposing sides of
the hexagonal face. The barrier energy may vary due to differences
in the electron density of oxygen atoms and carbon atoms in CO-".
The calculations were conducted by varying the distance from the
initial position (cage center) in steps of 0.3 A.

RESULTS AND DISCUSSION
The barrier energies were calculated by varying the distance of

the CO-" from the sl large cage center. The results for mode 1 and
mode 2 are shown in Fig. 2. When CO-" started to move from the
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Fig. 2. Barrier energy differences in perpendicular mode (modes
land 2) and in parallel mode (mode 3). The parallel mode
shows a higher barrier energy level by fourfold compared to
transfers in the perpendicular mode.

Korean J. Chem. Eng.(Vol. 32, No. 2)



352 D.-Y. Koh et al.

cage center to the hexagonal face of the cage (~3 A away from the
cage center), the barrier energy increased to 87 kJ/mol for mode 1
(C-direction) and to 81 kJ/mol for mode 2 (O-direction). CO-" car-
ries a charge which could influence the energy barrier to the inter-
cage diffusion. From the calculation results of modes 1 and 2, we
could conjecture that the charge distribution in CO-" is slightly con-
centrated on the oxygen atom side. Oxygen atoms have higher elec-
tronegativity than carbon atoms and thus attract more electrons and
create an asymmetric charge distribution. However, the difference
in the potential energy barrier between two perpendicular modes
is less than 7%. Therefore, we assumed that the atomic direction
had no significant effect on the barrier energy during the radical
transfer process. When the traveling direction of CO-" changed to
the parallel mode (mode 3), the barrier energies increased greatly
to 311 kJ/mol. This barrier energy is nearly 3.5 times the barrier
energy levels of modes 1 and 2. Fig. 2 shows the significant differ-
ence between the perpendicular modes and the parallel mode. The
barrier energy calculation results suggest that the parallel traveling
mode is severely restricted in the CO-" case.

The barrier energies calculated in both cases of CO-" transfer
were higher than those of the hydrogen migration and hydrogen
radical migration processes. Alavi et al. [10] calculated the barrier
energy during H, migration in the s large cage through the pen-
tagonal face and the hexagonal face. In their calculation, the bar-
rier energies increased to ~105 kJ/mol when H, molecules passed
through the pentagonal face, while they remained at ~21kJ/mol
when the H, molecules passed through the hexagonal face. Fur-
thermore, Alavi et al. [9] calculated the barrier energy during hydro-
gen radical migration in the sII large cage through the pentagonal
face and the hexagonal face. For hydrogen radicals, the barrier energy
decreased to ~61 kJ/mol when the hydrogen radicals passed through
the pentagonal face and to ~17 kJ/mol when the hydrogen radi-
cals passed through the hexagonal face. On the other hand, the CO
radical cation is a free radical species with a positive charge that is
much more reactive (much less stable) than other neutral species.
Moreover, it has a charge distribution effect, as shown by calcula-
tion results of modes 1 and 2. Therefore, it is difficult make a direct
comparison of the potential barrier energy during the inter-cage
radical transfer process. However, the calculation results from neu-
tral species are a good indicator for this if inter-cage diffusion can
actually take place in the hydrate structure. Therefore, we used the
values from neutral species calculations. The barrier energies of
mode 1 and mode 2 were located between the barrier energy value
of hydrogen radicals through the pentagonal face and these of H,
through the pentagonal face. Comparing the hexagonal face results
between H,, hydrogen radicals and CO-, the barrier energy in CO-*
was 4-17 times higher depending on the traveling mode.

To examine the origin of the differences in the barrier energies
among the traveling modes, a highly simplified cage structure was
adopted. We assumed that the increment in the barrier energy mostly
stems from the interaction between the guest molecule and the hexa-
gon. Therefore, we broke down the whole cage into a hexagon with
CO-" on the same plane and ran the same calculation again to ob-
serve the interaction between only the hexagonal face and CO-".
When the geometry optimization process was finished in the per-
pendicular mode, the hexagonal ring structure was soundly main-
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Fig. 3. Hexagonal face contribution in the barrier energy calcula-
tion. ~80% of the full cage calculation results are contrib-
uted by the hexagonal face.

tained during the calculation and was stabilized. However, in the
parallel mode, the diameter of the hexagonal ring structure became
wider during the geometry optimization process. The O-O distance
between the farthest H,O molecules in the hexagon is shown in
Fig. 3. During the geometry optimization process, the value repre-
senting the O-O distance remained nearly the same in the perpen-
dicular mode. However, ring widening was observed in the parallel
mode. In the parallel mode, hydrogen-bonded water networks were
repulsed by incoming CO-" species, and the barrier energy thus
increased. In the whole cage structure, the hexagonal face was tightly
bound to other pentagonal faces and ring widening was restricted.
As a result, the increase in the barrier energy while the CO-* trav-
eling process was ongoing was greater in the parallel mode (mode
3). In the whole-cage calculation results, the O-O distances in the
hexagon did not significantly change during the geometry optimi-
zation process due to the limitation in the lattice positions. How-
ever, in single hexagon calculations, it was possible to observe the
changes in the O-O distance, and we could determine that the in-
crement in the barrier energy during the radical displacement pro-
cess from the cage center was mostly due to the interaction between
the hexagonal face and the CO-". In conclusion, CO-" travels through
cages perpendicular to the hexagonal faces. The barrier energy cal-
culation results using hexagon and CO-* are shown in Fig. 3. When
the calculation was performed using hexagon and CO-", the total
barrier energy value decreased to 80% of the value of the whole-
cage calculation result. Therefore, we conjecture that the increment
in the barrier energy during radical displacement from the cage
center is mostly due to the interaction between the hexagonal face
and the CO-".

Through the calculation using the single hexagon and CO-*, we
observed that most of the increments in the barrier energies stemmed
from the interaction between the guest molecule and the hexagon.
This structural information allowed us to apply the ONIOM cal-
culation method, which uses separate energy levels in the same struc-
ture. Therefore, we used the ONIOM scheme to calculate the barrier
energy of the radical-filled cage structure and compared the results
with those of the full-scale calculation (Fig. 4). In the ONIOM scheme,
we separated the cage into two groups and applied different levels
of calculation sets: (1) the hexagonal face and CO-", B3LYP 6-
311G+(d, p), and (2) the rest of the cage, HF 6-31G. When com-
pared to the full-scale calculation results, the obtained barrier energy
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Fig. 4. Comparison of the full-scale calculation scheme (left) and
the ONIOM scheme (right). In the ONIOM scheme, the hex-
agonal face and guest molecules were calculated using a high-
level set (B3LYP 6-311 G+(d, p)) while other parts of the cages
were calculated using a low-level set (HF 6-31G).

values were slightly lower. The difference in the barrier energies
was ~4.5%. However, the ONIOM scheme provided significantly
faster CPU run times (~2hr 30 min in the full-scale calculation
and 3-4 min in the ONIOM scheme calculation). When calculating
the energy values related to clathrate hydrate compounds, these
figures are very economical when applied to the ONIOM scheme.

CONCLUSION

We calculated how much barrier energy is present when CO-*
crosses the cages through the hexagonal face of structure I large
cages. Depending on the traveling mode, the barrier energy changed
significantly. For CO-" in linearly shaped molecules, therefore, two
traveling modes were used: perpendicular to the hexagonal face
and parallel to the hexagonal face. Furthermore, atomic directions
(C-direction and O-direction) were considered. When CO-" crossed
the cages, the perpendicular mode was preferred regardless of the
atomic direction. The barrier energy increased sharply when CO-*
was parallel to the hexagonal face. In the parallel migration mode,
hydrogen-bonded water networks were repulsed by incoming CO-*
species on the same plane. Therefore, the barrier energy increased.
We also used separate basis sets, a high-level set and a low-level
set, using the ONIOM scheme effectively to calculate the clathrate
hydrate structure with guest molecules. The calculation run time
was significantly shortened when the ONIOM scheme was adopted,
while a difference of approximately 5% in the barrier energy was
observed compared to the full-scale calculation with the high-level
basis set.
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