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Confinement of hydrogen and hydroxyl radicals in
water cages: a density functional theory study+

Liuxie Liu,® Shuang Mao,? Quan Li,*? Xiaolan Wang,® Mingli Yang® and Laicai Li*®

Density functional theory calculations with D3 empirical dispersion correction reveal that hydrogen and
hydroxyl radicals encapsulated in typical water cages found in clathrate hydrates exhibit similar structures
and properties in their confined states to those in their corresponding free states, including atomic
charges, spin densities, and electronic configurations. Diffusion studies reveal that energy barriers exist
for these radicals to approach or exit these water cages. Energy decomposition analyses further reveal
that coulombic repulsion between the radical and water cage is responsible for these energy barriers
and the inability of these species to react with cage water molecules. This study provides insight into
mechanisms for the storage of free radicals, which is normally extremely difficult because of their high
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Introduction

Clathrate hydrates are crystalline solid compounds that exist
widely in ocean sediments, permafrost regions, and comets and
on certain planets."” Interest in clathrate hydrates arose due to
of two aspects. First, their ability to store methane on a large
scale, both underground and in the ocean, means that they
might become a major source of energy in the future. It has
been shown that the methane reserves in these hydrates are
perhaps twice as abundant as those in other proven fossil fuel
sources, including oil, gas, and coal.’**® The other important
aspect is that clathrate hydrates can be used as nano-containers
for confining radicals, which are of great significance in
chemical reactions,"”" biological systems, and ageing
processes.”®*” Free radicals, which contain one or more
unpaired electrons, are reactive and usually exist as transient
reaction intermediates.”® They are key constituents that initiate
many chemical reactions, but are difficult to contain for
subsequent use because of their high reactivities. The
containment of free radicals is of particular interest in synthetic
and catalytic chemistry.

Over the past few years, a number of experiments have
revealed that radicals can exist in clathrate hydrates with
extended lifetimes.>*** Yeon et al.*® observed stably entrapped
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reactivities toward many substances.

hydrogen radical (H-) in clathrate hydrates by electron spin
resonance (ESR) and nuclear magnetic resonance (NMR) spec-
troscopies. Cha et al.** studied O, + Me,NOH in these hydrates
at a 60 kGy irradiation dose and various temperatures and
demonstrated the stable existence of superoxide radical anions
in clathrate hydrates by magnetic property measurement
system (MPMS) studies and ESR spectroscopy. Clathrate
hydrates have cage-like structures that can encapsulate small
molecules such as CH, and CO,."**® These species, however, are
chemically inert compared to reactive radicals. Encapsulating
radicals in water cages and moderating their reactivities are
therefore interesting issues for the design and development of
nano-containers and nano-reactors. In this article, we present
our theoretical study on the status of H- and hydroxyl radicals
(OH") in the water cages and reveal that coulombic interactions
between these radicals and the water cages prevent them from
combining. Moreover, the curvature of these water cages
contributes to the enhancement of coulombic interactions.
The hydrates are thermodynamically stable when guest
molecules occupy the host cages to a certain minimum level,
and the interactions between the host and guest involve mainly
van der Waals forces (noncovalent interactions).*** To study
the stability, Lebsir et al. and Khan computed the stabilization
energy (SEx) of one cage occupied by different gases using
Hartree-Fock (HF) and second-order Mgller-Plesset perturba-
tion theory (MP2). Their results showed that ab initio quantum
chemical methods provide independent and accurate means of
reaching a good understanding of the nature of hydrates and
their host-guest interactions.**** The HF method is somewhat
less accurate, while MP2 is more expensive for larger molecules
and tends to overestimate noncovalent interactions. More
accurate and economical methods that correctly describe non-
covalent interactions are therefore required. For a long time,
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density functional theory (DFT) was disregarded as a reliable
method for the description of noncovalent interactions. In
particular, for dispersion-dominated complexes that require
a non-localized energy description, GGA functionals are inade-
quate as they do not explicitly describe these dispersion
phenomena.?” Numerous ways for overcoming these disadvan-
tages of DFT currently exist: the use of DFT-D methods, which
have empirical dispersion corrections added to their func-
tionals, is one example. A significant amount of work has been
directed toward validating the performance of the DFT-D3
method,*® which has been shown to be reliable for describing
noncovalent interactions.**™**

In this work, we employ DFT-D3 to study whether or not H-
and OH- radical are stable in typical clathrate hydrate struc-
tures I and/or II and focus on variations in the SE; of the
hydrates, charges and spin densities of the encapsulated free
radicals, and energy barriers for radical transfer between cages.

Computational methods

There are three common clathrate hydrate structures: structure
I, structure II, and structure H, which respectively contain 5>~
5267 5'°-5'%6", and 5'°—4%5°%’—-5"%6° cages.**>** The third
cage, structure H, has seldom been studied. Therefore, this
work focused on the first two structures. Two types of water
cages, s1 and s2, with the structural motifs of structures I and II,
respectively, were constructed. The first, s1, consists of one 5"
cage linked to another 5'%6> cage, while s2 contains one 5" and
one 5'%6" cage, as shown in Fig. 1. The initial coordinates of the
O atoms were taken from previous studies,*****¢ however, some
of the H atoms are oriented differently.

The structures of empty s1 and s2 were optimized within the
DFT framework using the B97D,* B3LYP,* BLYP,* and PBE*
exchange-correlation functionals with Grimme's D3 dispersion
correction.*® The triple-{ basis set def-TZVP,* which includes
polarized function, as implemented in the Turbomole suite,*
was used. These four methods produce similar geometries for the
empty s1 and s2 cages. To further validate our computational
strategy, we also optimized the cage structure of the water hex-
amer, Wy, at the MP2/def-TZVP** level, and compared the results
obtained with DFT-D3 method. The calculated bond lengths are
given in Table S1, while the binding energies computed at the
four DFT-D3 levels are listed in Table S2.7 It is clear that the four
DFT-D3 methods provide results that are in reasonable agree-
ment with those of MP2. In particular, B97D-D3 provides the best
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Fig. 1 Prototypical hydrate structures sl (left) and s2 (right). O atoms
are red, and H atoms are gray.
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was found for an H---O bond. Hence, B97D-D3 was mainly used
in further calculations.

The two free radicals, H- and OH-, were separately placed at
the centers of these cages to study the encapsulation of free
radicals in clathrate hydrates, and the resulting structures were
fully optimized without any constraints. The H- and OH-
radicals were placed in either cage (s1 or s2) and all possible
variations were optimized for comparison. Tetrahydrofuran
(THF) is commonly used during the preparation of many
clathrate hydrates to stabilize their structures.*** The influence
of THF was studied by placing each radical in the small cage
and THF in the large one. In addition, we studied the stability of
H- and OH- at different locations, which is useful for the
understanding of their movements, and diffusion inside, and
between cages. Harmonic vibrational frequencies were
computed to ensure the located stationary structures are true
minima on their respective potential energy surfaces. In the
self-consistent field (SCF) calculations, the density tolerance
was set to 107° a.u. during geometry optimization. The
resolution-of-identity (RI) approximation®*** and multipole
accelerated RI (MARI) approach® were employed to speed up
the computations.

Results and discussion
Structures of H- and OH- hydrates

The structures of the s1 and s2 water cages were optimized at
the DFT-D3/def-TZVP level. The maximum and minimum
values of the O-H bond lengths and hydrogen-bond lengths are
listed in Table S5.7 Using the B97D-D3 functional, for example,
the O-H bond length, which is linked to other O atom by
hydrogen bonding, is in the range 0.974-1.035 A for s1 and
0.973-1.039 A for s2. The O-H bond length, without hydrogen
bonding, is about 0.966 A for s1 and s2. In addition, the
hydrogen-bond length is in the range 1.560-1.971 A for s1 and
1.509-1.987 A for s2. These results are similar to those of
Chattaraj et al.,*® and are listed for comparison in Table S5.f
The structures of the eight radical-included -clathrate
hydrates, with the radical either in the small or large cage for s1
or s2, were optimized at the unrestricted DFT-D3/def-TZVP
level. Furthermore, to check for the spin contamination®” in
the open-shell species, the (S?) values were determined and are
listed in Table S6.7 None of the clathrate hydrates are signifi-
cantly affected by spin contamination (after allowing 10%
variation®®). Optimized structures are depicted in Fig. S1.} For
the four H-included clathrate hydrates, the structures of the
optimized water-cage frameworks are essentially the same as
those of the cages devoid of the encapsulant. The inter- and
intramolecular distances and angles are almost unchanged for
the water molecules. H- always sits at around center of the cage,
with distances of about 3.70-4.80 A to the O atoms of the (cage)
water molecules. Alavi et al. examined the movement of H-
within 5'* and 5'%6* water cages, and found that structures in
which the H- was located at the center of the small or large cage
were energetically more favorable than other conformers.* The
structures of the cages of the four OH-included clathrate
hydrates are similar to those of their H-included counterparts.

©
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The encapsulation of OH- has little effect on the water cages,
with the exception that one of the water molecules moves
inward to form a hydrogen bond with OH-. Consequently, OH-
is displaced about 1.5 A from the center of the cage. The
shortest distance between OH- and the surrounding water
molecules is about 2.02-2.44 A in the four hydrates. Only small
changes in the O-H bond length are noted, about —0.005-0.006
A, compared to free OH- in the gas phase.

Table 1 lists the stabilization energies (SEs) of the H- and
OH-included hydrates. For these systems, two kinds of SE can
be defined. The first takes the stabilization energy among the
water molecules into account, and it is computed by SE, =
E(hydrate) — E(guest) — N x E(water), where E(X) is the total
energy of the encapsulated hydrate, free guest radical, or free
water molecule, respectively, and N is the number of water
molecules. The second emphasizes the interaction between the
guest and the water cage, and is computed by SE;, = E(hydrate)
— E(guest) — E(water cage). All SE values have been subjected to
basis set superposition error (BSSE) correction, using the
counterpoise method of Boys and Bernardi.®® In addition, all SE
values have been zero-point energy (ZPE) corrected.

The SEy, values for H- in s1 and s2 are very small in magni-
tude. Positive values are predicted with UB97D-D3, while
UB3LYP-D3, UBLYP-D3, and UPBE-D3 produce small negative
SE, values. For OH-, the computed SE, values are negative
using all four functionals. In addition, the SE;, values of OH- are
larger than those of H-. However, for both H- and OH- radicals,
there are no differences evident in the SE;, values between the s1
and s2 structures, or between the small and large cages. In
contrast, the SE, of H- and OH- in s1 and s2 are large and
negative, and this can be attributed mainly to the stabilization
energy of the water cage. The stabilities of the H- and OH-
included hydrates are reflected by their large SE,, although
their encapsulation leads to very small SE, values. For
comparison, the SE, of empty s1 and s2 are also given in Table 1.
It is apparent that more than 93% of the SE, of H- and OH", in
s1 or s2, comes from the SE, of the water molecules. Vikas

Table1 Stabilization energies (SE, kcal mol™) calculated for the s1 and
s2 structures with H- or OH- occupied in the large (L, 5262 or 5'26%) or
small (S, 52) cage

SEa SEp

UB97D-D3  UB97D-D3  UB3LYP-D3 UBLYP-D3  UPBE-D3
H-
s1-L  —326.3 2.2 -1.1 -1.0 -0.9
s1-S  —325.2 3.8 -1.2 -1.3 -1.2
s2-L  —342.6 2.7 -0.9 -0.9 -0.9
$2-S  —341.5 4.3 -1.5 -1.4 -1.6
OH-
s1-L  —332.0 —4.8 -5.1 -7.8 -10.7
s1-S  —333.5 —-6.2 -7.9 -10.0 -10.4
s2-L  —349.4 —4.8 -6.0 -7.8 -8.0
$2-S  —352.4 -71 -71 -10.4 -10.6
sl —3286
s2 —346.6
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et al.** investigated the effect of D3, so the UB97D functional is
further used, the results of which are listed in Table S7.7 The
UB97D results and UB97D-D3 are similar. Therefore, we can
conclude that the water cages themselves help stabilize the
encapsulation of H- and OH-, indicating that these water cages
serve as stabilizers for these active radicals.

Status of H- and OH- inside the water cages

We further studied the status of H- and OH- radicals in these
water cages. Table 2 lists the net charges and spin densities of
H- and OH-, which were evaluated by natural bond orbital
(NBO) analyses.®* The net charge on H- is very small, less than
—0.014, regardless of the hydrate structure and cage size, indi-
cating that little charge is exchanged between H- and the water
cage. However, the net charge on OH- varies in the range of
—0.123 to —0.165. Compared to the isolated OH-, the negative
charge on the O atom increases, and the positive charge on the
H atom also increases. The encapsulated OH- is clearly more
polar than its isolated, gas-phase form. It is clear that very small
amounts of charge flow from the water cage toward the OH-.
The weak hydrogen bond between the OH- and the cage serves
as a bridge for this flow of charge. Further analysis reveals that
the transferred charge comes not only from the directly con-
nected water molecule, but also from some of the other neigh-
boring molecules, through the hydrogen bonding network,
however, this contribution is rather small. In other words, the
encapsulated H- and OH- retain almost the same charge states
as their isolated forms.

The H- and OH- hydrate systems are found to be stable as
doublet states. For the four H-containing hydrates, almost all
(close to unity) of the spin density is located on the central H-,
indicating that it maintains the spin state of its gas-phase form.
On the other hand, the spin density of OH- lies in the range of
0.800-0.858, and a small part of the spin is distributed to the
nearby water molecules. These spin distributions are also reflected
in their electronic configurations, as shown in Table 3. The H-
keeps its 1s™%° configuration in these cages, while the H atom in
OH- is configured to be 15**" %% close to that of free OH- (15>%").
The O atom in OH- is configured to be 2s'382p*61~*6930-00-001
also close to that observed for free OH- (2s"*°2p**°). These spin
density and electronic configuration analyses confirm that, when
encapsulated, both H- and OH- retain most of the radical char-
acteristics of their (free) gas-phase forms.

In this study, the influence of THF on the status of H- and
OH- in these water cages was examined. THF normally occupies

Table 2 Net charges and spin densities for H- and OH- in the large (L)
or small (S) cage computed with the UB97D-D3 functional

H- OH-
Net charge Spin density Net charge Spin density
s1-L —0.006 0.987 —0.135 0.836
s1-S —0.014 0.970 —0.132 0.857
s2-L 0 1.000 —-0.123 0.858
s2-S —0.013 0.971 —0.165 0.800

RSC Adv., 2017, 7, 14537-14543 | 14539
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Table 3 Configuration of H- and OH- in the large (L) or small (S) cage
computed with the UB97D-D3 functional

OH-

H H (6}

1s 1s 2s 2p 3p
s1-L 1.00 0.59 1.88 4.65 0.01
s1-S 1.01 0.57 1.88 4.67
s2-L 1.00 0.58 1.88 4.64
s2-S 1.01 0.58 1.88 4.69 0.01
Gaseous 1.00 0.61 1.89 4.49

the larger cage of s1 and s2 because of its volume, while only the
small cages are available for radicals. Using similar methods to
those described above, we optimized structures in which H- or
OH- occupies the small cage, while the large cage is occupied by
THF, the results are given in Table 4. In all optimized structures
THEF is located at the center of the large cage with the shortest
distance between its H atoms and the surrounding O atoms, in
the s1 or s2 structure, calculated to be about 2.20 A. In the
presence of THF, very small variations in positions are noted for
the H- and OH- radicals, compared to the structures devoid of
THF. The H- is still located the center of the small cage for s1
and s2, and the average distance between H- and the
surrounding water molecules is shorter than that without THF,
by about 0.06 A, while the shortest distance between OH- and
the surrounding water molecules is shorter by about 0.1 A. The
changes in stabilization are less than 2.1 kcal mol ™" for SE, and
22.2 kecal mol~* for SEy, regardless of the nature of the hydrate
(s1 or s2). The corresponding changes in spin densities are less
than 0.029 au for H- and 0.045 au for OH-. The net charges on
H- and OH- remain almost the same, with corresponding
changes of less than 0.001 for H- and 0.002 for OH-. In other
words, although THF plays an important role in stabilizing
these clathrate structures, it has little effect on the status of H-
or OH- in the adjacent cage. Both H- and OH- are found to
retain their radical characteristics in the presence of THF.

Diffusion of H- and OH- radical between the water cages

When the radicals are confined in the clathrate structures, their
movements are localized within the cages. We further studied

Table 4 Stabilization energies (SE, kcal mol™), net charges and spin
densities of H- and OH- in the presence of THF encapsulated in the
large cage of sl and s2, calculated with the UB97D-D3 functional

SE, SEy, Net charge Spin density
H-
s1-S —334.7 2.6 —0.013 0.972
s2-S —364.8 2.4 —0.013 0.971
OH-
s1-S —341.5 —4.9 —-0.131 0.858
s2-S —368.6 —6.9 —0.163 0.813
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Fig. 2 Energy profiles for H- and OH- diffusion between cages in the
sl and s2 structures calculated with the UB97D-D3 functional.

the diffusion of H- and OH- radical between the water cages, as
shown in Fig. S2.T In the s1 and s2 structures, the small (5'%)
and large (5'%6> or 5'%6") cages share a pentagonal face. The
energy profiles for radical diffusion between the cages are
shown in Fig. 2, at different distances from the outer pentag-
onal face of the 5'* cage, to the center of the 5> cage, to the
center of the 5'%6” or 5'%6" cage, and finally to near the edge of
the 5'%6> or 5'%6" cage.

The barriers for the diffusion of the H- radical from outside
these hydrates through the pentagonal face of the 5'* cage are
calculated to be 8.5 and 8.3 kcal mol ' for the s1 and s2
structures, respectively, and they are essentially the same as the
barriers for the reverse process, which are 8.5 and 8.2 kcal
mol ' for the s1 and s2 structures, respectively. Alavi et al.
studied the migration of H- through one 5'* cage at the MP2
and B3LYP levels with the 6-311++G(d,p) basis set. One-
dimensional barriers of 14.80 and 10.98 kcal mol ', respec-
tively, were calculated.> The barriers for OH- radical diffusion
are calculated to be larger than those for H-, at 25.4 and 26.0
kcal mol ™ for movement from outside the pentagonal face of
each of the s1 and s2 structures, respectively.

From the center of the small cage to the center of the large
cage in the s1 and s2 structures, the radicals migrate through
another pentagonal face. Calculations predict that the barriers
for diffusion from the center of the small cage, through the
pentagonal face, to the center of the large cage are always
similar to those for the reverse pathway. The differences are less
than 1.1 kcal mol™". Finally, as the radicals approach the
furthest edges of these hydrates, the barriers increase enor-
mously. This means that if a radical is confined by a water cage,
it is very difficult for it to escape from the cage, or approach the
cage edges.

Stabilization mechanism of H- and OH- inside the water
cages

Several authors have studied the reactions of H,O with H- or
OH-.%*% These studies show that H- attacks the O atom in H,O

This journal is © The Royal Society of Chemistry 2017
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to form H3;O-, with C;3, symmetry, while the O atom in OH-
bonds to one of the H atoms in H,O. In contrast to free H,O, the
water molecules in these cage structures are inactive toward the
encapsulated H- or OH- radicals.

Fig. 3 depicts the interactions of H- and OH- radicals with
the water cage. Firstly, one needs to note the specific structure
that comes from water cage. The water molecules constitute
a network in which the positively charged H atoms and the
negatively charged O atoms are arranged alternatively with
/H-O-H = 106°, LO-H---O = 175°, and /H-O---H = 111°
along the surface, to simulate the arrangements of water
molecules in cages. For H-, the angles 6 between the radical and
O atom in water molecules 1, 2, and 3 are 67° without optimi-
zation, as shown in Fig. S3a.} The positions of water molecules
1, 2 and 3 are then adjusted, and angles ¢ between H- radical
and the O atoms of water molecules are respectively 67°, 72°,
77°, 82°, and 90°. Obviously, if r and 6 are reduced, the H-
becomes positioned closer to the water molecules. When H-
approaches any of the atoms in an H,O molecule, it is polarized
by the charge of the interacting O or H atom, and an opposing
charge is developed on the interacting side, which is however of
the same sign as those of the atoms near the interacting atom.
Coulombic repulsion from these atoms results in an increase in
energy, and consequently, the H- is unable to approach the cage
structure any closer. To further study this effect, energies were
computed without optimization at CCSD(T)*/6-311++G(d,p)*
and UB97D-D3/6-311++G(d,p) levels of theory, and the results of
which are shown in Fig. S4, both methods show the same

31’:3 bﬁ c

z \, \w ,’Il\—

d D

Fig.3 Schematic diagram showing the interaction of H- and OH - with
the water cage. H- and the H atom in the OH- radical are purple, the O
atom in OH- is blue-green.
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Fig. 4 Energy decomposition analysis for H- radical attack at § = 67° (a) and OH- radical at § = 155° (b) using LMOEDA analysis.
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tendency in behavior. At the various angles, the energies are all
calculated to increase as the distances, r, between the radical
and the water molecules decrease. On the other hand, when r is
fixed, energies are observed to increase with decreasing 6. This
means that if the H- is close to the water molecules, the overall
energy increases.

Through localized molecular orbital energy decomposition
analysis (LMOEDA),*”® implemented in GAMESS,*” energy
decomposition analyses was performed at CCSD(T)/6-
311++G(d,p) level, in order to better understand why these
energies increase, the results of this study are listed in Fig. S5.t
The interaction energies were decomposed into electrostatic
energy, exchange energy, polarization energy and repulsion
energy. Except for repulsion energy, which increases with
reduced r, the other three energy terms are all reduced with
decreasing r. Moreover, the changes observed in the repulsion
and exchange energies with r are larger than the changes in the
electrostatic and polarization energies. Fig. 4a shows the total
energy and energy decomposition analyses for H- at an angle of
f# = 67°. When r is reduced, in other words H- is close to the
water molecules, repulsion energies clearly become larger,
while the exchange energies are decreased more than the elec-
trostatic and polarization energies. The changes in interaction
energy are led by the coulombic repulsion and exchange ener-
gies, with coulombic repulsion energy being the major factor for
the observed increases in interaction energy.

Similar analyses can be made for the OH- radical, as depic-
ted in Fig. 3c and S3c,} at § = 155°, 160°, 165°, 170°. Energies
were also calculated at the CCSD(T)/6-311++G(d,p) and UB97D-
D3/6-311++G(d,p) levels, the results of which are shown in
Fig. S4.7 At both levels, the approaching of OH- toward the cage
results in increases in energy. LMOEDA analyses were also
performed, as shown in Fig. S6f and 4b. Once again, the
coulombic repulsion energy is a major factor for the observed
increases in interaction energy.

As shown in Fig. S5 and S6, repulsion energies increase with
decreasing 6. In the water cage, there are specific angles between
the water molecules. As a result, the curvatures of the s1 and s2
water cages contribute to the increases in repulsion energies.
Coulombic repulsion makes H- and OH- unable to approach the

80
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water cage edges, or react with water molecules, and this results
in these radicals having relatively long survival times.

Conclusions

By combining a D3 empirical dispersion correction to DFT
functionals, we have modeled the confinement of hydrogen and
hydroxyl radicals in typical water cages, s1 and s2, found in
clathrate hydrates. After optimization, H- and OH- were found to
be located near the center of the water cages, and these cages
assist their encapsulation. Both radicals exhibit similar struc-
tures and properties to their corresponding free forms, including
atomic charges, spin densities, and electronic configurations.
Inter-cage diffusion studies reveal that energy barriers exist for
these radicals to leave or approach the cage edges. LMOEDA
energy decomposition analyses reveal that the changes in energy
are mainly led by coulombic repulsion and exchange energies,
with the coulombic repulsion energy between the radical and the
water cage being the major factor for the observed increases in
energy. The curvatures of the s1 and s2 water cages contribute to
the increases in repulsion energies. Therefore, radicals are
unable to approach or leave the water cage, and they cannot react
with the water molecules of the cage. These studies provide
insight into mechanisms for the prolonged capture of free radi-
cals, with applications to synthetic and catalytic chemistry.
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