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We have performed a rigorous theoretical study of the quantum transtattation (T—R) dynamics of one

and two B and D, molecules confined inside the large hexakaidecahedt&*j5cage of the sll clathrate
hydrate. For a single encapsulated ahd D, molecule, accurate quantum five-dimensional calculations of
the T-R energy levels and wave functions are performed that include explicitly, as fully coupled, all three
translational and the two rotational degrees of freedom of the hydrogen molecule, while the cage is taken to
be rigid. In addition, the ground-state properties, energetics, and spatial distribution of one gt haod

0-D, molecules in the large cage are calculated rigorously using the diffusion Monte Carlo method. These
calculations reveal that the low-energy-R dynamics of hydrogen molecules in the large cage are qualitatively
different from that inside the small cage, studied by us recently. This is caused by the following: (i) The
large cage has a cavity whose diameter is about twice that of the small cage for the hydrogen molecule. (ii)
In the small cage, the potential energy surface (PES) fastéssentially flat in the central region, while in

the large cage the PES has a prominent maximum at the cage center, whose height excee&szbmT

point energy of H/D,. As a result, the guest molecule is excluded from the central part of the large cage, its
wave function localized around the off-center global minimum. Peculiar quantum dynamics of the hydrogen
molecule squeezed between the central maximum and the cage wall manifests in the exéttetiaies

whose energies and wave functions differ greatly from those for the small cage. Moreover, they are sensitive

to the variations in the hydrogen-bonding topology, which modulate the corrugation of the cage wall.

. Introduction A number of theoretical investigations of the purg'H1°®
) ) and the binary B—THF clathrate hydraf® have been reported.

Clathrate hydrates are a large group of inclusion compounds Thejr main focus was on the thermodynamic stability of the
consisting of a framework formed by hydrogen-bonded water ¢|athrates with different number ofHnolecules in the small
molecules whg_re guest molecules are trapped inside ,theand large cages. The treatment of the dynamics of the
polyhedral cavities.Several years ago, clathrate hydrates with gncapsylated hydrogen molecules has been limited to classical
hydrogen molecules as guests were synthesized under very higijmjations. In only one instanééhe problem of H inside
pressures and low temperatures, typically 38@0 MPa at 6 gmq)| dodecahedral cage was treated by solving the textbook

arounq ch'ngz' They hav?dthde Cler\]ssdical stru<|:|ture . (SI(;)' one-dimensional (1D) Schdinger equation for the bound states
comprised of 16 pentagonal dodecahedrdf) mall cages an of a structureless patrticle in a spherically symmetric potential.

8 hexakaidecahedron@?) large cages per unit cell. The small The d ics of hvd lecul fined
and the large cage are formed by 20 and 2® Hinolecules, __'hegynamics of one ormore nydrogen mojecuies confine
inside the clathrate cage, large or small, is highly quantum

respectively. Initial estimate was that twg Rholecules occu . ; - e
P y Q Py mechanical. Therefore, its quantitative description demands

the small 32 cage, while four H molecules occupy the large : . - . e
51%6¢ cage? suggesting that the hydrogen hydrate might be a solving numerically exactly the multidimensional Stthirmyer
equation for the coupled translatiorotation (T—R) motions

promising hydrogen storage materdaf. This has motivated LI
numerous further studies of pure;H and binary clathrate ~ ©Of the guest molecules. The intriguing problem of the quantum
hydrate~13 Neutron diffraction experiments on the pure sli dynamics of a _hydrogen molecule in confined geometries has
hydrogen hydrafefound only one B molecule in the small {0 date been investigated only fgrara- and ortho-H, on
cage and up to four Pmolecules in the large cage. Single a_lmorphous ice sgrfgces using quantum Monte Carlo simula-
occupancy of Rin the small cage was shown also for the binary tionsand for H within carbon nanotubes by means of quantum
sll clathrate hydrate with tetrahydrofuran (THF) as the second four-dimensional (4D) calculatiorf§- >4
guest in high-resolution neutron diffraction experiméhtnd We have initiated a program of systematic and rigorous
the hydrogen-storage capacity studiés. theoretical investigations of the quantum dynamics of hydrogen
molecules inside the small and large cages of sll clathrate
*To whom correspondence should be addressed. E-mail: zlatko, Nydrate. It allows us to simultaneously address issues of direct
bacic@nyu.edu. experimental relevance and to explore fundamental properties
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Figure 2. One-dimensional cuts through the 5D PESs efitdthe
small cage and in the large cages 1 and 2. The potential profiles shown
are plotted along the lines that connect the global minima of the PESs
with the center of the cages. Their slight asymmetry is caused by the
configurational disorder of the H atoms of the framework water
molecules.

molecule. The second pap&(paper Il) extended these calcula-
tions to a B molecule in the small cage. In addition, energetics
and vibrationally averaged structural information were calculated
rigorously for one, two, and thrggH, ando-D, molecules in
the small cage, using the diffusion Monte Carlo (DMC) method.
In this paper, our investigations turn to the large hexakaid-
ecahedral (86% cage. Accurate quantum 5D calculations of
T—R energy levels and wave functions are performed for a
single H and D, molecule inside the large cage, utilizing the
methodology described in papers | and Il. Moreover, the ground-
state properties of one and tyeH, ando-D, molecules in the
large cage are calculated rigorously using the DMC method.
These results depict a quantum-R dynamics of the guest
hydrogen molecules that is qualitatively different from that in
the small cage.

II. Theory

In this work, the large cage and the trapped hydrogen
molecule(s) are taken to be rigid, while the quantum dynamics
of the coupled translational and rotational motions of the guest
molecules is treated rigorously. The same approach was taken
in our earlier studies of the ¥R dynamics of hydrogen
molecules in the small cagé?6 The positions of the O atoms
) ) . of the framework water molecules comprising the large (and
Figure 1. The large hexakaidecahedrat¥®) cage with one and two small) cage have been determined in the X-ray diffraction
hydrogen molecules in their equilibrium configurations. Panets a . 7

experiment®’ The 28 O atoms occupy the corners of the

show three different hydrogen-bonding arrangements, referred to in the . . . .
text as large cages 1, 2, and 3, respectively. The Carteiah Z hexakaidecahedron ¥%*) shown in Figure 1, which has 12

coordinate axes coincide with the three principal axes of the cage; their pentagonal and 4 hexagonal faces. There is a hydrogen atom
origin is at the center of mass of the cage. The black circles correspondof a water molecule on each edge of the cage, but these H atoms
to the minimum-energy configurations of two hydrogen molecules (their are configurationally disordered. The clathrate hydrate cages
centers of mass). The black triangle and the square in panel b markfq 0w the Euler formulaF + V — E = 2. whereF. V. andE

the global and the first local minimum, respectively, for one hydrogen trepresent the number of faces, vertices, and edges, respectively.

molecule; they are not shown in panels a and ¢ because of the almost_ - —
complete overlap with the black circles. For further details, see the SiNceF = 16 andV = 28 for the large 56" cage, the number
text. of edges E) is 42. Consequently, 14 of the 28 water molecules

must be double donors with both of their H atoms participating
of highly quantum clusters confined in cavities of different in the hydrogen bonds with two neighboring O atoms. The
shapes and sizes. In the initial publicafiorfpaper 1), we remaining 14 water molecules are single donors, having only
presented the first quantum five-dimensional (5D) calculations one H atom in a hydrogen bond, while the secondHDbond
of the T-R eigenstates of a single;holecule inside the small  of the molecule is free. The number of possible hydrogen-
dodecahedral ) cage, which for the first time provided a bonding arrangements exceeds 30 000 for the sratidges
guantitative picture of the quantum-R dynamics of the guest  and is undoubtedly much greater for the lar§@5cage. Three
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TABLE 1: Ground-State Energies Eg,, of n = 1, 2 p-H,, and 0-D, Molecules Inside Large Cages 43 from the Quantum

Dynamics Calculation$

large cage 1 large cage 2 large cage 3
large cage n=1 n=2 n=1 n=2 n=1 n=2
Eon —519.76 —1004.50+ 0.18 —494.95 —938.02+ 0.16 —502.64
(—561.42) —1095.78+ 0.14 (—526.67) —1025.20+ 0.14 (+537.48)
Viminn —728.83 —1450.24 —706.98 —1407.12 —719.75 —1401.35
ZPE, 209.07 445,74 212.03 469.10 217.11
(167.41) (354.46) (180.31) (381.92) (182.27)
ZPEY/|Vind 0.29 0.31 0.30 0.33 0.30
(0.23) (0.24) (0.26) (0.27) (0.25)

a Also shown are the global minim¥ninn, the zero-point energies of the coupled translational and rotational motions @Pt&ined as the
differenceEon — Viminn, and the ratios ZPHAVmin. For all the quantities shown, the numbers in parentheses refeDioAll energies are in crt.
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Figure 3. The cage center tp-H,/0-D, center-of-mass distanc®)( probability distributionP(R) for (a) onep-H,/0-D, molecule and (b) two
p-Hz/0-D, molecules. Th@-H,—p-H, ando-D,—0-D;, center-of-mass distance) probability distributiond(r) for two p-H, and twoo-D, molecules,
respectively, in large cages 1 and 2 are shown in (c).

different hydrogen-bonding arrangements are displayed in of one and two KD, molecules in the small cage?2é All
Figure 1. Figure la will be referred to as large cage 1 (LC1), interactions, among confined hydrogen molecules (whar>

Figure 1b as large cage 2 (LC2), and Figure 1c as large cage 31), as well as those between the guest molecules and the

(LC3). Large cages-13 have a different number of nearest- framework HO molecules, are assumed to be pairwise additive.

neighbor pairs of water molecules that both have a free, dangling For the pair interaction betweenldnd HO, the high-quality

O—H bond, 7in LC1, 4 in LC2, and 5 in LC3. This topological

ab initio 5D (rigid monomer) PES for the,HH,O complex®

characteristic correlates with the relative energies of various is used, whose global minimum is a240.8 cnT!. The H—

hydrogen-bonding arrangements in the cubic,d)d and

dodecahedral (}D)yo clusters?®

The potential energy surface (PES) folnydrogen molecules

H, pair potential is described by an ab initio 4D (rigid monomer)

PES2 its global minimum lies at-40.00 cnT™.

The 5D T-R energy levels and wave functions of a single
inside the large cage has the form given in our previous studiesH,/D, molecule inside the large cage are calculated as fully
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b) AE = 16.74 cm™

a) AE =000 cm™!

Figure 4. The 3D isosurfaces of the translational parts of the wave functions of the ground state and first three excitedpstédés lafige cage
1. The excitation energieAE relative to the ground state are shown as well.

coupled using the approach presented in papers | and IIl. The5D, areBy, = 59.322 cmt and Bp, = 29.904 cm 14041 The

set of five coordinate(y, z, 6, ¢) is employedy, y, andz are vibrationally averaged spatial distribution pfH, and o-D,
the Cartesian coordinates of the center of mass (c.m.) of themolecule(s) is characterized by means of the probability
hydrogen molecule, while the two polar angieand¢ specify distribution functions (PDFs) of the following two coordi-

its orientation. The origin of the coordinate system is at the nates: R, the vector connecting the c.m. of the cage with the
c.m. of the cage, and its axes are aligned with the principal c.m. of theith H, molecule, and;, the vector connecting the
axes of the cage. The computational methodology relies on thecenters of mass of Hmoleculesi andj (for n > 1). The
three-dimensional (3D) direct-product discrete variable repre- corresponding 1D PDFB(R) and P(r), together with the 3D
sentation (DVR3Y-32 for the X, y, and z coordinates and the  PDF of the Cartesian cordinates of the centers of mass of
spherical harmonics for the angulér,and¢ coordinates. The hydrogen molecule(x, y, 2), have been defined in paper II.
sequential diagonalization and truncation procethf®® is The DMC calculations reported here use an ensemble of 1500
utilized to reduce drastically the size of the final Hamiltonian walkers and the time step of 1.0 au. The simulations involve
matrix without loss of accuracy. Diagonalization of this tenindependent runs. In every run, after the initial equilibration
truncated Hamiltonian matrix yields the 55-R energy levels the ensemble is propagated in 120 blocks consisting of 2000
and wave functions. The dimension of the shi®/R basis was steps each.

50 for each of the three Cartesian coordinates, and its grid

spanned the range5.10 au<A < 5.10 au { = x, y, 2). The lIl. Results and Discussion

angular basis included functions up jtex = 5. The energy

cutoff parameter for the intermediate 3D eigenvector Basias Figure 2 shows 1D cuts through the 5D PESs feiirtHarge

set to 6806-880 cnmt for Hy and 3506-450 cn1 for D, resulting cages 1 and 2 and in the small cage, plotted along the lines
in the final 5D Hamiltonian matrix of dimensior14000- connecting the global minima of the PESs with the centers of
20000 for H and ~15000-19000 for B. the cages. These 1D potential profiles are obtained by minimiz-

The ground-state properties of two hydrogen molecules ing the H cage interactions with respect to the angular
(treated as rigid)p-Hz or 0-Do, in the large cage are calculated coordinate®) and¢ of the H, molecule at every position of its
rigorously for the PESs employed using the DMC method center of mass. They make it clear that (i) the large cage has
pioneered by Andersoif;3”as we have done previously for-8 the cavity whose diameter is almost twice that of the small cage,
hydrogen molecules in the small ca&eOur implementation and (ii) that the PESs for Hn the two cages have qualitatively
of the DMC methodology has been discussed alré&é}The different shapes. For the small cage, the PES is rather flat in
rotational constants used in our calculations, DMC and quantumthe central region. In contrast, the PES of iHside the large
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Figure 5. The 3D isosurfaces of the translational parts of the wave functions of the ground state and first three excitedpstédés lafge cage
2. The excitation energieAE relative to the ground state are shown as well.

cage has a prominent maximum at the cage center, tyR@pD— the energies of the global and the first local minimaricr 1.
290 cnrt above the off-center global minimum, depending on For example, for LC1 the energies of the global and the first
the cage. Its presence exerts a major influence on th® T local minima,—728.83 and—705.33 cn1l, respectively, add
dynamics of a hydrogen molecule inside the large cage andup to—1434.16 cm?, while then = 2 global minimum lies at
causes it to be very different from that in the small c2trs. —1450.24 cmt. The difference of about16 cnt? is due to
Two distinct 1D potential profiles for LC1 and LC2 in  the H,—H, interaction. This is unlike the situation in the small
Figure 2 show that different hydrogen-bonding topologies give cagéé where the two H molecules are compressed to a

rise to visible differences in the interactions between the guestsjgnificantly shorter intermolecular distance-e#.85 bohr, and
hydrogen molecule and the cage; for LC3 displayed in their interaction is strongly repulsive.

Figure 1c, the corresponding profile falls between the other two.
The height of the maximum of the PES at the cage center
relative to the off-center global minimum is 291.1 thiior LC1

and 262.4 cm! for LC2. Forn = 1 and 2, the global minima
Vminn Of large cages13 are listed in Table 1; their well depths
vary by about 3% for the three hydrogen-bonding arrangements.

The equilibrium structures do not include the effects of the
zero-point energy (ZPE) of the-TIR motions, wave function
delocalization, and ¥R mode couplings, which are large in
this system. A much more complete description is afforded by
the rigorous quantum dynamics calculations for one and two

Figure 1 illustrates another interesting feature of hydrogen H2/D2 molecules inside the large cage. Molecular hydrogen
molecules occupying the large cage. In the global minimum EXIStS in two species, ever} = 0, 2, 4, ... )para-H, andortho-
for n = 2, the positions of the two hydrogen molecules are very P2 and oddr(j =1, 3, ....)Jortho-H, andpara-D,. The ground-
close to the coordinates of the global and the first local minima, State energieBop of (p-Hz)n and 6-Do)n, n =1 and 2, in large
respectively, of a single encapsulated. HFor this reason,  cages 3, are listed in Table 1. The values listed for= 1
Figure 1a'c disp'ays Only the: 2 minimum_energy Conﬁgura_ are from the quantum 5D Calculations (the DMC resu|tS are in
tions for LC1 and LC3, respectively. In the case of LC2, itis excellent agreement), while those for= 2 were computed
possible to show in Figure 1b the global minimum fo= 2 as using the DMC method. The ground-state energigsid$ range
well as the global and the first local minima for= 1, due to from —519.8 (LC1) to—495.0 cn? (LC2), a variation of about
the slight difference of their coordinates. Weak interaction 5% for the three hydrogen-bonded topologies. For= 2,
between the two guest molecules at the equilibrium distance ofthe calculated ground-state energies1004.5 (LC1) and
~6.5 bohr is evident also from the observation that the energy —938.0 cnit (LC2) differ by ~7%. The ground-state energies
of the global minimum fon = 2 is almost equal to the sum of  of (0-D),, n =1 and 2, exhibit comparable variations over the
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: (LC2). TheseR values are smaller than those of the global
¥ minima of LC1 and LC2, 3.56 and 3.42 bohr, respectively, due
to the wave function tunneling into the higher-energy region of
% the PES at smaller values Bf Foro-D, in LC1 and LC2P(R)
peaks at largeR values, because its wave function cannot
0.05 penetrate closer to the cage center as well as thpttdf
0.005 Inside the small cage, the ground-st&{®) of p-H./0-D; has
the maximum at the much smaller value Rf~ 1.2 bohr?®
because nothing prevents the molecule from reaching the center
of the cage;P(R) goes to zero there simply because of the
vanishing volume element.

For the guest molecule whose wave function is localized close
to the wall of the large cage, its interior surface is rough, or
corrugated. The corrugation depends slightly on the hydrogen-
bonding configuration, which accounts for the sensitivity of the
ground-state energies and ZPEs to the hydrogen-bonding
topology. This sensitivity extends to the low-lying excitedt R
eigenstates. By projecting them on the rotational basis, we
established that those pfH, are pure (9899%)j = O states,
while the o-H, eigenstates are pure 99%)j = 1 states. The
( translational parts of the wave functions of the four lowgst (

a)

0) T-R states ofp-H, in LC1 and LC2 are displayed in

Figures 4 and 5, respectively. The translational wave functions

in the two cages are very different, and so are the energies of

the states. For LC1, the ground and the first excited states are

0.01 essentially two isomers separated in energy by 16.7*cwith

0.002 H> localized in the ground and the first local minimum of the
PES, respectively. The ground-state wave function of LC2 is
delocalized over the three lowest-lying minima; the hole in its
center corresponds to the maximum of the-dage PES. The
first excited state, just 4.3 crh higher in energy, extends over
the same three minima, but has a nodal plane perpendicular to
the x axis. The next two excited states,&E = 6.6 and 12.4
cmt, have nodal planes perpendicular to thand z axes,
respectively.

The contrast with the small cage is rather striking. There,
the first three excited TR states op-H, are readily assignable
as the fundamental translational excitations in xhg, andz
directions, whose frequencies are 52.4, 66.8, and 77.7,cm
Figure 6. Three-dimensiongt-H, center-of-mass probability distribu- respectively?>

tion P(x, y, 2) of two p-H, molecules in large cage 1 (a) and large cage  \ye mention that at higher energies the dependence of excited
2 (b). The black dots correspond to the minimum-energy configurations T—R states of the large cage on the hydrogen-bonding topology
of the two hydrogen molecules (their centers of mass). . ;
is less pronounced. Thus, the energy difference between the

large cages 13. The explanation for these observations is lowest levels op-Hz ando-H, is 94.3 cnttin LC1, 90.4 cmi?
offered below. in LC2, and 90.3 cm! in LC3. It is always smaller thang,

The quantum-mechanical results in Table 1 reveal also that= 118.64 cm’, the separation between the= 0 andj = 1
the T-R dynamics of one and two hydrogen molecules inside levels of free H in the gas phase, due to the splitting of the
the large cage differ qualitatively from those in the small cage. triple j = 1 degeneracy caused by the anisotropy of the cage
First, we notice that the ZPE of oeH, (0-D,) in large cages ~ environment>26This and other aspects of highly exciteet R
1-3, 209.1-217.1 cn? (167.4-182.3 cn1?), is ~20% larger eigenstates of the large cage will be analyzed in a future
than the ZPE ofp-H, (0-D,) inside the small cag®?6 publication.
177.2 cn! (144.2 cnl). This may seem counterintuitive; if The T-R dynamics of hydrogen molecules confined in the
the large cage were merely a scaled up version of the smalllarge and small cages differ greatly also in the rate of growth
cage, the opposite would be expected. But, as discussed aboveyf the ZPE withn. Table 1 shows that fqu-H, (0-Dy) in LC1,
the PES of H in the large cage has a prominent maximum at from n = 1 ton = 2 the total ZPE increases by the factor of
the cage center; this feature is not present in the small cage.2.1 (2.1), from 209.1 (167.41) to 445.7 (354.5) cixfor LC2,
The ZPEs ofp-H, and 0-D- inside the large cage are much this factor is virtually the same, 2.2 (2.1). In the small cage, on
smaller than this potential maximum lying 26290 cnt! above the other hand, the secopeH, (0-D;) causes a fivefold increase
the global minimum. Consequently, the guest molecule is (4.7 foro-D,) of the ZPE?%In the large cage, the ZPE peH,/
confined to the neighborhood of the global minimu8.4— 0-D, molecule forn = 2 is ~10% greater than that of the ZPE
3.6 bohr off the center, which results in the relatively large ZPE. of a singlep-H,/0-D,, while in the small cage the ZPE peiH,
The off-center wave function localization in the large cage is (0-D2) molecule forn = 2 is 2.5 (2.3) times larger than the
evident in Figure 3a, which show&R) for n =1, in the ground ZPE forn = 1. Finally, in the large cage the ZPE-s30% of
state. Fomp-H,, P(R) peaks aiR ~ 3.1 (LC1) and~2.9 bohr the well depth for both 1 and2H, molecules. But in the small

>
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