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Abstract

Hydrogen storage is a key enabling technology required for attaining a hydrogen-based
economy. Fundamental research can reveal the underlying principles controlling hydrogen
uptake and release by storage materials, and also aid in characterizing and designing novel
storage materials. New ideas for hydrogen storage materials come from exploiting the prop-
erties of hydrophobic hydration, which refers to water’s ability to stabilize, by its mode of
association, specific structures under specific conditions. Although hydrogen was always
considered too small to support the formation of solid clathrate hydrate structures, exciting
new experiments [Mao, et al. PNAS, 2004] show that water traps hydrogen molecules at
conditions of low temperatures and moderate pressures. Hydrogen release is accomplished
by simple warming. While these experiments lend credibility to the idea that water could
form an environmentally attractive alternative storage compound for hydrogen fuel, which
would advance our nation’s goals of attaining a hydrogen-based economy, much work is
yet required to understand and realize the full potential of clathrate hydrates for hydrogen
storage. Here we undertake theoretical studies of hydrogen in water to establish a firm
foundation for predictive work on clathrate hydrate H2 storage capabilities. Using molec-
ular simulation and statistical mechanical theories based in part on quantum mechanical
descriptions of molecular interactions, we characterize the interactions between hydrogen
and liquid water in terms of structural and thermodynamic properties. In the process we
validate classical force field models of hydrogen in water and discover new features of hy-
drophobic hydration that impact problems in both energy technology and biology. Finally,
we predict hydrogen occupancy in the small and large cages of hydrogen clathrate hydrates,
a property unresolved by previous experimental and theoretical work.
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Chapter 1

Introduction

Clathrate hydrates belong to a group of inclusion solid state compounds in which hydrogen-
bonded water molecules form host polyhedra cages that trap hydrophobic guest molecules.[1]
The thermodynamic stability of the clathrate hydrate lattice depends on both the identity
of the guest molecule(s) and the specific conditions of temperature and pressure. While
methane clathrate hydrates have long been known to exist in arctic soils and beneath the
sea floor, recent experimental results have demonstrated the possibility of synthesizing a
whole new class of clathrate hydrates that trap hydrogen gas.[2, 3] Excitement over hydro-
gen clathrate hydrates centers around their potential use as an environmentally attractive
alternative material for hydrogen storage.[4]

Experimental investigations show that hydrogen clathrate hydrates crystallize by form-
ing the so-called sII type cubic structure illustrated in Fig. 1.1. A unit cell of the sII clathrate
consists of 16 “small” dodecahedral cages, polyhedrons with 12 pentagonal faces (512)
made up of 20 water molecules, and 8 “large” hexakaidecahedral cages, polyhedrons with
12 pentagonal and 4 hexagonal faces (51264) made up of 28 water molecules.[5, 6] In order
to be a good candidate for a storage medium, clathrate hydrates must uptake a substantial
amount of hydrogen into the cages of the clathrate structure.

Figure 1.1. The unit cell of the crystalline sII type hydrogen
clathrate hydrate lattice and its component “ large ” and “ small ”
cages formed by hydrogen-bonded water molecules.[3]
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Studies to identify the hydrogen occupancy of pure hydrogen clathrate cages have been
inconclusive. Initial experiments[3] and theoretical studies based on quantum mechani-
cally derived forces[5, 7] have reported double (quadruple) occupancy of the small (large)
cages, while more recent experiments[8] and theoretical studies based on classical force
fields[9] have instead found only single hydrogen molecule occupancy in the small cages.
Double occupancy by hydrogen molecules in the small cages accompanied by quadruple
occupancy in the large cages leads to a 5.3 weight per cent mass storage capacity, which
meets the 2006 DOE target for hydrogen fuel storage. Single occupancy in the small cages,
however, reduces the mass ratio to 3.9 weight per cent. To evaluate these materials for their
potential to store hydrogen, the distribution of hydrogen in the clathrate hydrate cages must
be unambiguously determined.

Further difficulties in developing hydrogen clathrate hydrates as hydrogen storage ma-
terials arise due to the harsh thermodynamic conditions required for clathrate formation.
Initial experiments showed that crystallization of hydrogen clathrate hydrates occurs under
harsh conditions of high pressure (2000 atm) and moderately low temperature (249 K).[3]
With further reduction in temperature below 140 K, hydrogen clathrate hydrates can be
preserved at ambient pressures. Promising data from more recent work demonstrates
that additives, such as tetrahydrofuran, stabilize clathrate hydrates under more moderate
conditions.[10] Unfortunately, X-ray[10] and neutron[11] diffraction studies show that this
particular additive displaces hydrogen molecules, leading to diminished potential storage
capacity of the clathrate structure. In order to be of practical utility for hydrogen storage,
hydrogen clathrates need to satisfy two criteria: first, they need to be synthesized and pre-
served under more moderate thermodynamic conditions, ideally under ambient temperature
and pressure; second, they should maximize hydrogen occupancy.

Molecular studies can aid the search for additive molecules that simultaneously maxi-
mize hydrogen occupancy and stabilize the clathrate structure at moderate thermodynamic
conditions. In addition, molecular studies can confirm the mass ratio of hydrogen oc-
cupying both pure clathrates and clathrates with additives. A necessary prerequisite for
molecular studies, however, is identification of a reliable force field model for describing
interactions in the hydrogen water system.

Here we undertake an in-depth theoretical study of the molecular properties of hydrogen
in liquid water to identify a force field appropriate for studies of clathrate hydrate systems.
Furthermore, we examine the fundamental structural and thermodyamic properties of hy-
drophobic hydration, in general, since hydrophobic effects are broadly important in both
biology and in energy technology. Hydrophobic effects,[12] for example, are one of the
dominant driving forces for protein folding[13, 14] and other self-assembly processes such
as formation of micelles and lipid bilayers.[15]

In Chapter 2, we report on our studies of the structural properties of a hydrogen molecule
dissolved in liquid water. The radial distribution function, coordination number and coordi-
nation number distribution are calculated using different representations of the interatomic
forces within molecular dynamics, Monte Carlo and ab initio molecular dynamics simu-
lation frameworks. Although structural details differ in the radial distribution functions

14
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generated from the different force fields, all approaches agree that the average and most
probable number of water molecules occupying the inner hydration sphere around hydro-
gen is 16. Furthermore, all results exclude the possibility of clathrate-like organization of
water molecules around the hydrophobic molecular hydrogen solute despite the common
view that hydrophobic solutes support such structures in liquid water.

In Chapter 3, we report on the thermodynamic properties of hydrogen gas in liquid
water obtained using Monte Carlo molecular simulation and the quasichemical theory. The
free energy of hydrogen hydration in liquid water obtained by Monte Carlo simulations is
in excellent agreement with the experimental result, indicating that the classical force field
employed in this work provides an adequate description of the intermolecular interactions
between water-water and water-hydrogen molecules, at least for the studies of structural
and thermodynamic properties. Estimates of the hydrogen hydration free energy within
the framework of the quasichemical theory also agree reasonably well with experiment,
after corrections are applied for approximations used in a primitive implementation of the
theory. Furthermore, these theoretical results reveal that the total free energy results from
a balance between chemical association within the inner hydration shell and molecular
packing around it, an effect also seen in the hydration of water.[16, 17] This may suggest
that the local structure of water around the hydrogen solute is only weakly perturbed from
its bulk structure and thermodynamically resembles bulk water.

Finally, in Chapter 4, the H2 occupancy in the cages of type-II hydrogen clathrate is
determined using quantum chemistry calculations. Reaction energies show that the small
(D-512) cage is singly occupied while the large (H-51264) favors a four-fold occupancy, in
agreement with the results of recent experimental studies.

To summarize, we have carried out theoretical studies of hydrogen interacting with
liquid water and pure clathrate hydrate cages to lay the groundwork for future work on
clathrate hydrates, in particular, and hydrophobic hydration phenomena important both to
energy technology and biology, in general. As a consequence of our work, we have identi-
fied a reliable force field that faithfully represents structural and thermodynamic properties
due to interactions between hydrogen and water. Furthermore, we have gained new molec-
ular insight into the structural and thermodynamic features of hydrophobic hydration. Fi-
nally, we have confirmed the distribution of hydrogen gas molecules in the small and large
cages of pure hydrogen clathrate hydrates.
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Chapter 2

Molecular studies of the structural
properties of hydrogen gas in bulk water

2.1 Introduction

Hydrophobic hydration phenomena are the subject of active research because of their im-
portance in biology and energy technology. In biology, hydrophobic effects play a funda-
mental role in understanding protein structure, stability and function.[1, 2, 3] For example,
hydrophobic interactions are considered to be one of the dominant forces driving protein
folding as well as formation of micelles and bilayer membranes.[4] In efforts to develop
energy technology, hydrophobic interactions are recognized for their role in stabilizing hy-
drophobic gas particles, such as methane, in solid water structures. Although these solid
clathrate hydrates cause difficulties in oil and gas exploration because they tend to clog
pipelines,[5] the gases stored within these structures also hold potential as a fuel source.[6]

While different meanings have been applied to describe the notion of the hydrophobic
effect in the literature,[2, 7] in the context of the present work we refer to the hydrophobic
effect as a phenomenon that involves an arrangement of water molecules around a non-
polar solute. On the macroscopic scale, a hydrophobic solute appears to “dislike” water
as is, for example, the case in the separation of oil from water. On the microscopic scale
involving dissolution of small hydrophobic particles, the presence of a nonpolar solute is
associated with disruption of energetically favorable hydrogen bond networks, leading wa-
ter molecules to “push away” the solute. A more specific structural explanation of the
hydrophobic effect has been invoked to explain the observation that dissolution of two hy-
drophobic Ar gas atoms yields the same change in entropy as dissolution of hydrophilic
KCl salt.[8] The structural explanation is that water forms an ordered arrangement around
the hydrophobic solute, leading to formation of a local clathrate-like structure.[9]

True clathrate structures formed from water and hydrophobic gases exist under spe-
cific thermodynamic conditions. These clathrate hydrates belong to a group of inclusion
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solid state compounds in which the guest (hydrophobic) molecule occupies the host poly-
hedra cages that are formed by hydrogen bonded water molecules.[10] A signature of
the existence of clathrates comes from the regular numbers of water molecules forming
the host cages, the sequence of possibilities (20, 24, 28, etc.) sometimes referred to as
“magic”numbers. One can think of clathrate hydrates as solid solutions of water that trap
hydrophobic molecules. Without the presence of the guest molecule(s) and the existence of
suitable thermal parameters (temperature and pressure) the clathrate hydrate lattice would
be thermodynamically unstable, that is, it would not exist.

Recent experimental results have demonstrated the possibility of synthesizing a whole
new class of clathrate hydrates, hydrogen clathrate hydrates,[11, 12] and raised the prospect
of utilizing them as an alternative storage material for hydrogen fuel.[13] The synthesized
hydrogen clathrate was found to crystallize by forming the so-called sII type clathrate cubic
structure. A unit cell of the sII clathrate consists of 16 “small” (dodecahedral-512) cages
made up of 20 water molecules (see Fig. 2.9a) and 8 “large” (hexakaidecahedral-51264)
cages made up of 28 water molecules (see Fig. 2.9b).[14, 15]

The question of what number of hydrogen molecules can be accomodated in the cages
of the clathrate is of practical importance because it determines the hydrogen storage ca-
pacity of the hydrogen clathrates. Experimental and theoretical studies of the hydrogen
occupancy of the hydrogen clathrate cages have been inconclusive on this important issue.
Mao et al.[12] found that the molecular ratio of H2 to H2O was R = 0.45± 0.05. Such a
value suggests that 2 H2 molecules occupy the small cages and 4 H2 molecules occupy the
large cages and yields a H2:H2O mass ratio of 5.2%. These experimental findings were con-
firmed by theoretical work of Patchkovskii and Tse.[14] More recently, neutron diffraction
studies of the hydrogen clathrate with D2 guests have reported single and quadruple occu-
pancy of the small and large cages by D2 molecules, respectively.[16] This cage-occupation
arrangement corresponds to H2:H2O mass ratio of only 3.9%. It was also shown that the oc-
cupation number of the large cages decreases with increasing temperature of the clathrate.
Experimental results obtained by neutron diffraction studies were in qualitative agreement,
regarding the cage occupancy, with recent molecular dynamics simulations.[17]

Another important consideration involves the conditions under which the clathrates are
stable. Hydrogen clathrates were synthesized at relatively harsh conditions: high pressures
∼ 2000 atm and moderately low temperatures ∼ 249 K.[12] It was observed that the hy-
drogen clathrate preserved its stability at ambient pressure (1 atm) and temperatures lower
than 140 K, but at ambient pressure and temperatures of 140 K and higher, the clathrate
released the stored hydrogen. In order to be of practical interest for hydrogen storage,
the hydrogen clathrates need to be stabilized under more moderate conditions, ideally un-
der standard conditions (1 atm and 298 K). Binary sII clathrate hydrates containing H2

and THF molecules were synthesized and stabilized at much lower pressure (∼ 50 atm at
280 K) than the pure hydrogen clathrate (∼ 2000 atm at 280 K).[18] The presence of the
additive molecule (THF) enables the stabilization of the clathrate at relatively moderate
conditions. X-ray diffraction showed that the THF molecules occupy the large cages while
the H2 molecules occupy the small cages. Such a cage-occupation arrangement of the guest
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molecules, however, diminishes the potential storage capacity of the clathrate.

Recently, Lee et al.[19] synthesized binary H2/THF clathrates at modest pressures by
tuning the mole percent (concentration) of THF in the water/H2 solution. The X-ray diffrac-
tion studies of the binary H2/THF clathrate showed that hydrogen guests occupy small and
some large cages while THF guests occupy the remaining large cages. Decreasing the
concentration of THF in the solution from 5.6% to 0.15% increases the hydrogen storage
capacity from 2.1 wt% to 4.0 wt%. In future work, molecular studies can aid the search
for additive molecules that simultaneously maximize hydrogen occupancy and stabilize the
clathrate structure at moderate conditions. In addition, molecular studies can confirm the
mass ratio of hydrogen occupying both pure clathrates and clathrates with additives.

In the present work, we study the structural properties of hydrogen in liquid water that
are relevant to the clathrate phase as well as to the phenomenon of hydrophobic hydra-
tion and the associated hydrophobic effect. Our purpose is to acquire a better microscopic
understanding of the water-hydrophobic solute systems, in general, and water-hydrogen
systems, in particular. Our goals are to obtain structural information about the size and dis-
tribution of water clusters around the hydrogen molecule and to gain insight into trapping
of hydrogen by water. In the process we will address the proposition that local clathrate-
like structures stabilize hydrophobic solutes, such as H2, in liquid water. In addition, we
examine the adequacy of and compare different force fields used to model water-water and
water-hydrogen interactions to determine which force field could be used as a point of de-
parture for future studies of hydrogen occupancy and hydrogen clathrate hydrate stability.

The remainder of the paper is organized as follows. In Sec. 2.2 we give a brief review
of the computational methods and the model potentials employed to calculate the struc-
tural properties of water around the hydrogen molecule. In Sec. 2.3 we present the results
including the radial distribution functions, hydration numbers and coordination number
distributions. Finally, we summarize our findings in Sec. 2.4.

2.2 Computational Method

In the present section, we describe the computational details of our studies involving the
hydrogen molecule in bulk water. The system is studied by three different computational
methods and modeled by three different force fields. Molecular dynamics (MD) simula-
tions were performed utilizing the flexible simple point charge (SPC) water model[20, 21]
combined with the spherical H2 model, Monte Carlo (MC) simulations were performed
utilizing the extended simple point charge (SPC/E) model potential[22] combined with the
3-site charge H2 model[17] and ab initio molecular dynamics (AIMD) simulations were
carried out by calculating forces “on the fly.”
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Table 2.1. Potential parameters for the flexible SPC water−H 2

models utilized in the MD simulations. aThe potential parameters
between unlike atoms are determined by simple combination rules
(see text).

Atom type Description q σ a
ii ε a

ii
(e) (Å) (kcal·mol−1)

H2 Clathrate small 0 3.14 0.0190
cage (512)

Clathrate large 0 3.12 0.0188
cage (51264)

OW Water O -0.82 3.17 0.155
HW Water H 0.41 0 0

2.2.1 Molecular dynamics simulation

A series of MD simulations were performed to investigate the hydration of H2 in bulk
water. The flexible SPC water model potential[20, 21] was used for all simulations. Several
H2−H2O parameters were used to compare their validity. All H2 models considered in the
present work treat the hydrogen molecule as a single sphere with no atomic charge. A
difference between the models lies in the Lennard-Jones parameters. Two models were
obtained from studies of hydrogen clathrates[23] assuming single H2 occupancy in the
cages. All potential parameters are listed in Table 2.1, while the potential energy between
two monomers, i and j, is given by

Vi j = ∑
m∈i

∑
n∈ j

qmqn

rmn
+4εi j

[

(

σi j

ri j

)12

−
(

σi j

ri j

)6
]

, (2.1)

where m and n are the charge sites on monomers i and j, respectively, qm (qn) is the atomic
charge on charge site m associated with monomer i (n associated with monomer j), rmn

is the distance between charges on different molecules, ri j is the distance between atomic
sites on two monomers and εi j and σi j are Lennard-Jones parameters. Simple combination
rules (Lorentz-Berthelot)[24, 25] were used to determine the OW−H2 interaction energy
[OW (HW ) denotes the oxygen (hydrogen) atom in the water molecule]. Intramolecular
degrees of freedom (bond stretch and angle bend) of water molecules were also included
in the simulations.[20, 21]

All MD simulations were performed using the LAMMPS code[26] by employing pe-
riodic boundary conditions. Short-range interactions were calculated every 0.5 fs while
the long-range portion of the electrostatic interactions were calculated every 1.0 fs by im-
plementing a particle-particle particle-mesh technique.[27] Data were collected during a
1.0-ns production NVE (microcanonical ensemble) stage which followed a 0.5-ns equili-
bration stage. Velocity scaling was used initially with a target temperature of 300 K. Each
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water box was constructed to give a water density of 1.0 gcm−3. Data were obtained for
boxes containing 64, 114, and 215 waters corresponding to box lengths ranging from 12.4
Å−18.6 Å. A single H2 particle was then inserted into each box and new simulations were
performed.

2.2.2 Classical Monte Carlo simulation

The properties of interest were computed using the MCCCS (Monte Carlo for complex
chemical systems) Towhee simulation package.[28] Simulations were carried out in the
canonical (NVT) ensemble at a temperature of 300 K and the isothermal-isobaric (NpT)
ensemble at a temperature of 300 K and a pressure of 1 atm. The simulation box utilized
in the NVT ensemble was a cubic box, with sides of length 17 Å and periodic boundary
conditions, which contained 1 H2 molecule surrounded by 136 water molecules. The same
number of molecules was used in the NpT ensemble simulations. Simulations were divided
into two phases: an equilibration phase that consisted of 400,000 Monte Carlo cycles (one
cycle corresponds to N moves where N is the number of molecules in the system) and an
accumulation phase, for which the results are reported, that consisted of 1,000,000 cycles.

The “menu” of the Monte Carlo moves for the NpT ensemble consist of volume changes,
configurational-bias single box molecule reinsertion moves (a move that takes a molecule
out of a box and tries to place it back into the same box by growing it using coupled-
decoupled configurational-bias (CDCB) Monte Carlo),[29, 30] translation of the center of
mass, and rotation about the center of mass. The Monte Carlo moves for the NVT ensem-
ble consist of translation of the center of mass and rotation about the center of mass of the
molecules.

Interactions between molecules in the system were modeled by the SPC/E potential, the
functional form given by Eq. (2.1). The SPC/E potential treats the water molecules as rigid
bodies. Unlike the flexible SPC water potential utilized in the MD simulations, which treats
the H2 molecules as spheres without charge, this potential treats the H2 molecule as a rigid
body with a bond length of 0.7414 Å and a quadrupole moment equal to the experimental
gas-phase value.[17] The charges are located on the hydrogen nuclei and at the center of
mass of the H2 molecule (see Table 2.2).

2.2.3 Ab initio molecular dynamics simulation

For all simulations presented here, we utilized the Vienna ab initio simulation package
(VASP)[31, 32] based on a generalized gradient approximation (GGA) of Perdew and Wang
(PW91)[33, 34] to a plane wave density functional theory with the ultrasoft Vanderbilt
pseudopotentials.[35, 36] A kinetic energy cut-off of 36.75 Ry defined the plane wave
basis expansions of the valence electronic wave functions.
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Table 2.2. Potential parameters for SPC/E water−rigid H2

molecule model utilized in the MC simulations. These parameters
were taken from Ref. [17]. aThe potential parameters between un-
like atoms are determined by simple combination rules (see text).

Atom type Description q σ a
ii ε a

ii
(e) (Å) (kcal·mol−1)

OW Water O -0.8476 3.166 0.1554
HW Water H 0.4238 0.000 0.0000
HA H in H2 0.4932 0.000 0.0000
HCM

2 center of -0.9864 3.038 0.0682
mass of H2

The system simulated by AIMD consisted of 1 H2 molecule and 32 water molecules
in a cubic box with sides of length 9.865 Å in periodic boundary conditions. An initial
structure of the system was obtained from a previous study of Kr(aq)[7] where the Kr atom
was replaced with a hydrogen molecule. All hydrogen atoms in the system were replaced
by deuterium atoms.

The system was equilibrated in the NVT ensemble for the first 11.83 ps at a temperature
of 300 K and the equations of motion were integrated in time steps of 1 fs. The production
phase was carried out in the NVE ensemble for an additional 18.08 ps where a time step of
0.5 fs was used for integrating the equations of motion.
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Figure 2.1. Water coordination number (n) of the hydrogen
molecule as a function of time obtained by molecular dynamics.
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2.3 Results and discussion

In this section, we present the results of MD, MC and AIMD simulations carried out on
the hydrogen molecule solvated in water. Details about the calculations were given in
Section 2.2.

2.3.1 Molecular dynamics

Here we only report the results obtained by simulating the system consisting of 1 hydrogen
and 215 water molecules in the simulation box. Similar results were obtained by simulating
the system with 64 and 114 water molecules.

Figure 2.1 shows an instantaneous number of water molecules that surround the hydro-
gen molecule within the sphere of radius r = 4.96 Å (first hydration shell). The number of
water molecules that cluster around the hydrogen molecule varies from 9 to 22.
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Figure 2.2. Radial distribution functions obtained by the molecu-
lar dynamics simulation. Water oxygen (OW )−water oxygen (OW )
[black line], water oxygen (OW )−hydrogen molecule (H2) [red
line] and water hydrogen (HW )−hydrogen molecule (H2) [blue
line] radial distribution functions. Radius r is given in units of
Å.

The hydration shell around H2 was studied by examining radial distribution functions[25]
of OW−H2 and HW−H2 pairs. The radial distribution functions are shown in Fig. 2.2. Both
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OW−H2 and HW−H2 radial distribution functions display first maxima around 3.2 Å. This
is typical structural behavior of water near a small nonpolar (hydrophobic) solute, that is,
a well-known feature of hydrophobic hydration (see Ref. [37] and references therein). Al-
though an analysis of the water-water (OW−OW ) radial distribution function in the system
reveals bulk-like structure of water, in the vicinity of a small hydrophobic solute, such
as a hydrogen molecule, water molecules are “pushed” further away from the solute, and
arrange themselves in such a way that their HOH planes lie almost parallel to the solute
surface.[38] In other words, water molecules adopt a preferential orientation near a non-
polar solute and they tend to straddle the solute surface.[39] In this way they preserve the
most favorable hydrogen-bonding interaction among themselves in which the number of
hydrogen bonds is maximized.

A tail in the HW−H2 radial distribution function present at the shorter distances (see
Fig. 2.2, 1.6 Å ≤ r ≤ 2.6 Å) indicates that, on average, water hydrogens lie slightly closer
to the solute center than water oxygens. This orientation of the water molecules results in
the net positive electrostatic potential found at the center of the solute.[38]
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Figure 2.3. Probability distributions of hydration−shell struc-
tures with n water molecules surrounding the H2 molecule yielded
from the MD (black symbols), MC (red symbols) and AIMD (blue
symbols) simulations. The hydration−shell boundary is defined at
r = 4.96 Å for MD and MC simulations while for AIMD simula-
tions it is defined at r = 4.90Å.

We estimate another property related to structure, the coordination number 〈n〉. The
coordination number, the average number of water molecules that lie within the radius
r = 4.96 Å around a solute, was obtained by integrating the OW−H2 radial distribution
function from zero to the first minimum (r∈[0,4.96] Å). Integration yielded a numerical
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value 〈n〉 = 16.4.

A final structural determination of hydrogen hydration was made using cluster statistics.
The probability xn of finding n water molecules within the first hydrogen hydration shell
(4.96Å) was calculated. Snapshots were examined every 0.2 ps. We found that the most
probable size of the water cluster surrounding the hydrogen molecule was n = 16. This
value is consistent with the coordination number estimated above. Figure 2.3 shows a
natural logarithm of the probability that a water cluster of a certain size will enclose the
hydrogen molecule. Molecular dynamics results are shown with black symbols and they
are in excellent agreement with the Monte Carlo results (red symbols).
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Figure 2.4. Water coordination number (n) of the hydrogen
molecule as a function of the Monte Carlo sampled configurations.
Each configuration is recorded after 100 Monte Carlo cycles.

2.3.2 Monte Carlo

In the current work, we only present the results obtained by simulations carried out in the
NpT ensemble. The NVT ensemble simulations yielded similar results.

The instantaneous coordination number n of the hydrogen molecule in liquid water is
shown in Fig. 2.4. During the simulation the system displays “water cages” around the
hydrogen molecule ranging in size from 10 to 22, where 10 and 22 water molecule cages
are “visited” much less frequently than, for example, the cages made up of 16 or 17 water
molecules.
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An average coordination number 〈n〉 = 16.25± 0.29 was obtained by integrating the
OW−HCM

2 radial distribution function from zero to the first minimum (r = 4.96Å; see
Fig. 2.5). The uncertainty in 〈n〉 was obtained as follows. We carried out two simulations in

0 1 2 3 4 5 6 7 8
r (Ang.)

0

0.5

1

1.5

2

2.5

3

g(
r)

O
W

-O
W

O
W

-H2
CM

H
W

-H2
CM

Figure 2.5. Radial distribution functions obtained by the
Monte Carlo method. Water oxygen (OW )−water oxygen (OW )
[black line], water oxygen (OW )−center of mass of the hydrogen
molecule (HCM

2 ) [red line] and water hydrogen (HW )−center of
mass of the hydrogen molecule (HCM

2 ) [blue line] radial distribu-
tion functions. Radius r is given in units of Å.

the NpT ensemble. For each simulation the radial distribution functions were determined
by utilizing a different number of bins[25] (75, 100, and 200). Thus, after averaging over
six “measurements” we obtained the above listed value for 〈n〉. The statistical error of 0.29
corresponds to two standard deviations.

After performing cluster statistics, we found n = 16 to be the most probable water struc-
ture around H2. An average most probable coordination number was found as follows. A
total number of configurations (10000) was divided in 10 blocks (each block contained
1000 configuration). The most probable coordination number was found for each block
and the average most probable coordination number 〈nxn〉 = 16.10±0.19 was obtained by
averaging over 10 blocks. Statistical error corresponds to two standard deviations. The
coordination number distribution xn is shown in Fig. 2.3. It can be seen that distributions
obtained by MC and MD simulations are in excellent agreement for almost the whole range
of cluster sizes. The AIMD distribution agrees well with MD and MC distributions near
the mode and its right wing. All three methods yield 16 water molecules as the most prob-
able structural arrangement around the H2 molecule in liquid water. Although we utilize
three different force fields in the simulations, the structural properties of water around the
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hydrophobic solute turn out to be relatively insensitive to their features.
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Figure 2.6. Water oxygen (OW )−center of mass of the hydro-
gen molecule (HCM

2 ) [black line], water oxygen (OW )−hydrogen
atom of the hydrogen molecule (HA

2 ) [red line] radial distribu-
tion functions obtained by the MC simulation. Water oxygen
(OW )−hydrogen molecule (H2) [blue line] radial distribution func-
tion obtained by the MD simulation. The radial distribution func-
tions are only shown up to the first hydration shell. Radius r is
given in units of Å.

Complementary structural information about the hydration shell around H2 was ob-
tained by examining radial distribution functions of OW−HCM

2 and HW−HCM
2 pairs shown

in Fig. 2.5. When compared to those obtained by MD simulations (see Fig. 2.2) one can
see that they are almost identical. There are small differences between them, however, that
can be seen in Fig. 2.6. These differences can be attributed to the nature of the force fields
used in the simulations.

A closer look at Fig. 2.6 reveals that OW−HCM
2 (black line; obtained by MC) and

OW−HMD
2 (blue line; obtained by MD) radial distribution functions are slightly different

for short distances, but they agree for larger distances. The hydrogen molecule is mod-
eled as a rigid body with a finite quadrupole moment (3-site charge H2 model) in the MC
simulations while in the MD simulations as a single sphere without charge (spherical H2

model). At very large distances (r ≥ 4.0Å) a water molecule “sees” the hydrogen molecule
as a neutral solute (note that the electrostatic potential of a quadrupole moment decreases
as 1/r3, where r is the distance from the quadrupole moment; see for example Ref. [40]).
Thus the reason OW−HCM

2 and OW−HMD
2 radial distribution functions agree at large dis-

tances is because hydrogen molecules are seen as neutral species by water molecules in
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Figure 2.7. Representative snapshot of the “water cage” structure
(made up of 16 water molecules) trapping the hydrogen molecule
in liquid water. Hydrogen bonds are depicted by dashed lines. The
snapshot was obtained from the Monte Carlo simulation.

both cases.

At medium separations water molecules begin to “sense” the quadrupole moment on
the hydrogen molecule. At shorter separations (2.2 Å≤ r ≤ 2.8 Å) a water molecule starts
to see individual charges on the hydrogen molecule. On average the oxygen atom from the
water molecule (OW ), which carries a negative charge, is more likely to come closer to HMD

2
as a neutral species than to HCM

2 as a negatively charged species. Thus, at short separations
the three-site model potential for H2 is slightly more repulsive than the spherical model
potential for H2 which causes the OW−HMD

2 radial distribution function to be shifted to
the left of the OW−HCM

2 radial distribution function. The same phenomenon can be seen
when we examine the OW−HA

2 radial distribution function (red line) in Fig. 2.6 (HA
2 denotes

either one of the hydrogen atoms in the hydrogen molecule). A positively charged hydrogen
atom on the hydrogen molecule attracts the negatively charged oxygen atom on the water
molecule. On average the oxygen atom (−q) comes closer to a hydrogen atom (+q) than
to the center of mass of the hydrogen molecule (−q) and the net result is the large tail in
OW−HA

2 radial distribution function at short separations.

We examined a conventional view[41, 42, 2] of hydrophobic hydration that the local
structure of liquid water around the hydrophobic solute is clathrate-like. To this end we an-
alyzed snapshots that were sampled during the Monte Carlo simulation. Two representative
snapshots displaying a water cluster consisting of 16 and 20 water molecules surrounding
the solute are shown in Fig. 2.7 and Fig. 2.8, respectively. These figures suggest that wa-
ter clusters around a hydrophobic solute are cage-like but not clathrate-like in the sense
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Figure 2.8. Representative snapshot of the “water cage” structure
(made up of 20 water molecules) trapping the hydrogen molecule
in liquid water. Hydrogen bonds are depicted by dashed lines. The
snapshot was obtained from the Monte Carlo simulation.

that they do not possess the regular-geometric arrangements of the clathrate phase shown
in Fig. 2.9. Furthermore, the coordination number distributions shown in Fig. 2.3 indicate
that a clathrate-like organization of water clusters around the hydrogen molecule is unlikely
to exist. In other words, the magic number water clusters (20, 28–numbers that characterize
type II clathrate hydrates) are unlikey to form around the solute in liquid water.

With regard to lack of evidence for clathrate-like structures, our results are consistent
with the recent work on the hydration of a krypton atom in liquid water.[7, 43]

2.3.3 Ab initio molecular dynamics

The structural analysis presented here was obtained from an 18.08 ps trajectory generated
in the microcanonical ensemble after an equilibration period of 11.83 ps at 300 K carried
out in the canonical ensemble.

Figure 2.10 (upper trace) shows the instantaneous number of water molecules that sur-
round the hydrogen molecule within the sphere of radius r = 4.9 Å (first solvation shell).
It can be seen that the size of “water clusters” around the solute fluctuates between 14 and
20 water molecules. The lower trace of Fig. 2.10 shows the instantaneous temperature of
the system. Initally the temperature increased and then settled at 310± 7 K. The resulting
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(a)

(b)

Figure 2.9. (a) Structure of the small (512) cage of the type II
clathrate hydrate enclosing one hydrogen molecule. The cage con-
sists of 20 water molecules. The notation 512 indicates the number
of pentagonal faces (12) making up the polyhedron. (b) Structure
of the large (51264) cage of the type II clathrate hydrate enclosing
one hydrogen molecule. The cage consists of 28 water molecules.
The notation 51264 indicates the number of pentagonal (12) and
hexagonal (4) faces making up the polyhedron. Hydrogen bonds
are depicted by dashed lines.
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Figure 2.10. Water coordination number (n) of the hydrogen
molecule as a function of time (upper trace and left axis) obtained
by ab initio molecular dynamics. The lower trace shows the tem-
perature of the system as a function of time.

radial distribution functions are shown in Fig. 2.11. When compared to their MD and MC
counterparts it can be seen they exhibit the same general characteristics of hydrophobic
hydration around small nonpolar solutes, such as bulk-like water structure, water “pushed”
away from the solute, and roughly parallel arrangements of water around the hydrophobic
solute. More specifically, the classical and AIMD results differ very little at short distances.
Small differences appear at larger distances where the AIMD radial distribution functions
are more structured than their MD and MC counterparts. The AIMD distribution functions
have a higher peak at the first maximum and a “deeper” first minimum. It has also been
observed experimentally that the radial distribution functions for the heavier isotope (D2)
are more structured than for the lighter isotope (H2).[44] While the minima and the maxima
are located approximately at the same distances as those in MD and MC radial distribution
functions, the maximum of the OW−HCM

2 radial distribution function is slightly shifted
toward larger distances (≈ 3.4Å) with respect to the MD and MC counterparts, causing a
small separation in the positions of water oxygen and hydrogen atoms and thus tilting of the
water molecules away from a planar configuration. Possible reasons for these differences
can be identified as:

1. The existence of different charge distributions on the hydrogen molecule and water
molecules that lead to more realistic forces in the ab initio simulation than those
utilized in the classical studies.

2. AIMD simulations that have not been run long enough, which is reflected at least in
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Figure 2.11. Radial distribution functions obtained by ab ini-
tio molecular dynamics. Water oxygen (OW )−water oxygen (OW )
[black line], water oxygen (OW )−center of mass of the hydrogen
molecule (HCM

2 ) [red line] and water hydrogen (HW )−center of
mass of the hydrogen molecule (HCM

2 ) [blue line] radial distribu-
tion functions. Radius r is given in units of Å.

the narrower distribution of structures and larger errors in the wings of the cluster
distribution.

Integration of the OW−HCM
2 radial distribution function yields 〈n〉 = 16.33, the same aver-

age occupancy of the hydration shell defined by the radius r = 4.9Å as found in the classical
studies. Similarly, we find that the most probable water cluster structure around the hydro-
gen molecule is 16. The average most probable coordination number was obtained by
dividing the total number of snapshots (taken every 0.5 ps) into blocks of 1000. For each
block the most probable coordination number was found and by averaging over all blocks
we obtained the average most probable coordination number 〈nxn〉 = 16.46± 0.24. The
error bar corresponds to two standard deviations. The coordination number distribution is
shown in Fig. 2.3 by blue symbols.

2.4 Conclusions

We investigated the structural properties of the hydrogen hydration in liquid water by using
molecular dynamics, Monte Carlo and ab initio molecular dynamics simulation methods
with three different force fields: the flexible SPC water model with the spherical H2 model,

33



the SPC/E water model with the 3-site charge H2 model and ab initio derived forces, re-
spectively.

We find that the most probable water cluster formed around the hydrogen molecule
within the first hydration shell contains 16 water molecules. This result is obtained by
all three force fields and confirmed by using clustering statistics and by calculating the
coordination number distributions (see Fig. 2.3).

The radial distribution functions obtained by the spherical H2 and 3-site charge H2

model exhibit the first maximum at approximately the same distance (≈ 3.2 Å) for both
oxygen and hydrogen densities. This is a well-known feature of water structure in the vicin-
ity of the hydrophobic solute and implies that the HOH plane of water molecules is oriented
almost tangentially to the solute surface . In other words, the H and O atoms are on average
located at the same distance from the solute. At shorter separations (2.2 Å≤ r ≤ 2.8 Å)
the structural arrangement of water molecules around the hydrogen starts to differ between
the two models due to the charge/lack-of-charge distribution on the hydrogen molecule.
The oxygen (hydrogen) density obtained by the ab initio molecular dynamics is shifted to
even longer (shorter) separations with respect to those obtained by the spherical H2 and
3-site charge H2 model. These differences may suggest that the classical H2 models are
missing some key components. Accuracy of the two classical force fields models and ab
initio forces cannot be verified at this point because, to our knowledge, no experimental
structural data on aqueous hydrogen is available in the literature.

We note in passing that a conventional view[41, 42, 2] of hydrophobic hydration, which
suggests a local clathrate-like organization of water clusters around the hydrophobic solute,
does not hold.[7, 43] The coordination number of H2 in liquid water is 16, a value that dif-
fers significantly from the known coordination numbers of true clathrate phases (sI−20,24
or sII−20,28). The clathrate-like picture of hydrophobic hydration in the first hydration
shell could be clarified further by an in-depth look at the hydrogen bonding within the first
hydration shell and the first and second shells. Additional energetic[45] and geometric
(angle)[46] considerations of hydrogen bonding would also help to distinguish first-shell
water molecules from those in the bulk. Since the hydration free energy of hydrogen in liq-
uid water is a well-known thermodynamic quantity,[47] calculation of this physical quantity
would aid in validating our structural predictions and thus provide additional insight into
the hydration of hydrogen in both liquid and clathrate phases. These will be the subjects of
future work.

Acknowledgment

The authors would like to thank Randall Cygan and Todd Alam for helpful discussions
and critical reading of the manuscript. This work was supported by the LDRD program
under Contract DE-AC04-94Al85000. Sandia is a multiprogram laboratory operated by
Sandia Corporation, a Lockheed Martin Company, for the U.S. Department of Energy.

34



References

[1] W. Kauzmann. Adv. Protein Chem., 14:1, 1958.

[2] K. A. Dill. Biochemistry, 29:7133, 1990.

[3] C. Tanford. Protein Sci., 6:1358, 1997.

[4] C. Tanford. Science, 200:1012, 1978.

[5] I. Chatti, A. Delahaye, L. Fournaison, and J.-P. Petitet. Energy Convers. Manage.,
46:1333, 2005.

[6] E. Suess, G. Bohrmann, J. Greinert, and E. Lausch. Sci. Am., 281:76, 1999.

[7] H. S. Ashbaugh, D. Asthagiri, L. R. Pratt, and S. B. Rempe. Biophys. Chem., 105:323,
2003.

[8] H. L. Friedman and C. V. Krishnan. In F. Franks, editor, Water: A comprehensive
treaties, volume 3, page 1. Plenum Press, New York, 1973.

[9] H. S. Frank and M. W. Evans. J. Chem. Phys., 13:507, 1945.

[10] E. D. Sloan. Clathrate Hydrates of Natural Gases. Marcel Dekker Inc., New York,
2nd edition, 1998.

[11] Y. A. Dyadin, E. D. Larinov, A. Y. Manakov, F. V. Zhurko, E. Y. Aladko, T. V. Mikina,
and V. Y. Komarov. Mendeleev Commun., 5:209, 1999.

[12] W. L. Mao, H.-K. Mao, A. F. Goncharov, V. V. Struzhkin, Q. Guo, J. Hu, J. Shu, R. J.
Hemley, M. Somayazulu, and Y. Zhao. Science, 297:2247, 2002.

[13] W. L. Mao and H.-K. Mao. Proc. Natl. Acad. Sci. U.S.A., 101:708, 2004.

[14] S. Patchkovskii and J. S. Tse. Proc. Natl. Acad. Sci. U.S.A., 100:14645, 2003.

[15] B. C. Chakoumakos, C. J. Rawn, A. J. Rondinone, L. A. Stern, S. Circone, S. H.
Kirby, Y. Ishii, C. Y. Jones, and B. H. Toby. Can. J. Phys., 81:183, 2003.

[16] K. A. Lokshin, Y. Zhao, D. He, W. L. Mao, H.-K. Mao, R. J. Hemley, M. V. Lobanov,
and M. Greenblatt. Phys. Rev. Lett., 93:125503, 2004.

35



[17] S. Alavi, J. A. Ripmeester, and D. D. Klug. J. Chem. Phys., 123:024507, 2005.

[18] L. J. Florusse, C. J. Peters, J. Schoonman, K. C. Hester, C. A. Koh, S. F. Dec, K. N.
Marsh, and E. D. Sloan. Science, 306:469, 2004.

[19] H. Lee, J.-W. Lee, D. Y. Kim, J. Park, Y.-T. Seo, H. Zeng, I. L. Moudrakovski, C. I
Ratcliffe, and J. A. Ripmeester. Nature, 434:743, 2005.

[20] O. Teleman, B. Jönsson, and S. Engström. Mol. Phys., 60:193, 1987.

[21] T. I. Mizan, P. E. Savage, and R. M. Ziff. J. Phys. Chem., 98:13067, 1994.

[22] H. J. C. Berendsen, J. R. Grigera, and T. P. Straatsma. J. Phys. Chem., 91:6269, 1987.

[23] J. B. Klauda and S. I. Sandler. Chem. Eng. Sci., 58:27, 2003.

[24] J. O. Hirschfelder, C. F. Curtiss, and R. B. Bird. Molecular Theory of Gases and
Liquids. Wiley, New York, 1954. p.168.

[25] M. P. Allen and D. J. Tildesley. Computer Simulation of Liquids. Oxford University
Press, Oxford, 1996.

[26] S. J. Plimpton. J. Comp. Phys., 117:1, 1995.

[27] S. J. Plimpton, R. D. Pollock, and M. J. Stevens. Particle-mesh Ewald and rRESPA
for parallel molecular dynamics simulations, 1997. 8th SIAM conference on parallel
processing for scientific computing, Minneapolis, MN, USA.

[28] see http://towhee.sourceforge.net.

[29] M. G. Martin and J. I. Siepmann. J. Phys. Chem. B, 103:4508, 1999.

[30] D. Frenkel and B. Smit. Understanding Molecular Simulation. Academic Press, San
Diego, 2002.

[31] G. Kresse and J. Hafner. Phys. Rev. B, 47:RC558, 1993.

[32] G. Kresse and J. Furthmüller. Phys. Rev. B, 54:11169, 1996.

[33] Y. Wang and J. P. Perdew. Phys. Rev. B, 44:13298, 1991.

[34] J. P. Perdew, J. A. Chevary, S. H. Vosko, K. A. Jackson, M. R. Pederson, D. J. Singh,
and C. Fiolhais. Phys. Rev. B, 46:6671, 1992.

[35] D. Vanderbilt. Phys. Rev. B, 41:7892, 1990.

[36] G. Kresse and J. Hafner. J. Phys. Condens. Matter, 6:8245, 1994.

[37] L. R. Pratt. Annu. Rev. Phys. Chem., 53:409, 2002.

[38] S. Rajamani, T. Ghosh, and S. Garde. J. Chem. Phys., 120:4457, 2004.

36



[39] F. H. Stillinger. Science, 209:451, 1980.

[40] J. D. Jackson. Classical Electrodynamics. John Wiley & Sons, New York, 1975.

[41] Y. Cheng and P. J. Rossky. Nature, 392:696, 1998.

[42] D. N. Glew. J. Phys. Chem., 66:605, 1962.

[43] R. A. LaViolette, K. L. Copeland, and L. R. Pratt. J. Phys. Chem. A, 107:11267, 2003.

[44] J. Urquidi. Private communication.

[45] A. G. Kalinichev, Y. E. Gorbaty, and A. V. Okhulkov. J. Mol. Liq., 82:57, 1999.

[46] T. M. Raschke and M. Levitt. Proc. Natl. Acad. Sci. U.S.A., 102:6777, 2005.

[47] C. L. Young, editor. Hydrogen and deuterium (Solubility data series), volume 5/6.
Pergamon Press, Oxford, 1981.

37



Chapter 3

Studies of the thermodynamic properties
of hydrogen gas in bulk water

3.1 Introduction

Hydrophobic hydration phenomena play a fundamental role in both biology and energy
technology. Hydrophobic effects,[1] for example, are one of the dominant driving forces
for protein folding[2, 3] and other self-assembly processes such as formation of micelles
and lipid bilayers.[4] They are equally important in energy technology for their role in stabi-
lizing hydrophobic gases in clathrate hydrates. Although the best-known methane clathrate
hydrates pose a serious risk to oil and gas exploration because they can cause explosions
and fires and tend to form costly and hazardous blockages in pipelines,[5] the gases stored
within these structures also hold potential as a fuel source.[6] Furthermore, newly dis-
covered hydrogen clathrate hydrates show promise as an alternative storage material for
hydrogen fuel.[7]

Clathrate hydrates belong to a group of inclusion solid state compounds in which host
polyhedra cages formed by hydrogen bonded water molecules trap hydrophobic guest
molecules.[8] Without the guest molecule(s) and suitable thermal parameters (tempera-
ture and pressure), the clathrate hydrate lattice would be thermodynamically unstable and
not exist. Recent experimental results demonstrate the possibility of synthesizing a whole
new class of clathrate hydrates that trap hydrogen, [9, 10] and raise the prospect of utilizing
clathrate hydrates for hydrogen fuel storage.[7] Initial results showed that crystallization of
hydrogen clathrate hydrates occurs under harsh conditions of high pressure (∼ 2000 atm)
and moderately low temperature (∼ 249 K).[10] With further reduction in temperature be-
low 140 K, hydrogen clathrate hydrates can be preserved at ambient pressures. In order to
be of practical utility for hydrogen storage, however, hydrogen clathrates need to satisfy
two criteria: first, they need to be synthesized and preserved under more moderate thermo-
dynamic conditions, ideally under ambient temperature and pressure; second, they should
maximize hydrogen occupancy.
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Efforts aimed at developing hydrogen clathrate hydrates for storage applications face
many obstacles. For example, recent work demonstrates that additives, such as tetrahydro-
furan, can stabilize clathrate hydrates under more moderate conditions. [11] Unfortunately,
X-ray[11] and neutron[12] diffraction studies show that this particular additive displaces
hydrogen molecules, leading to diminished potential storage capacity of the clathrate struc-
ture. Furthermore, studies to identify hydrogen occupancy of the hydrogen clathrate cages
have been inconclusive. While initial experimental[10] and theoretical[13] studies have
reported double and quadruple occupancy of the small and large cages, respectively, more
recent experimental[12, 14] and theoretical[15, 16] studies have found only single hydro-
gen molecule occupancy in the small cages.

Molecular studies can aid the search for additive molecules that simultaneously maxi-
mize hydrogen occupancy and stabilize the clathrate structure at moderate thermodynamic
conditions. In addition, molecular studies can confirm the mass ratio of hydrogen oc-
cupying both pure clathrates and clathrates with additives. A necessary prerequisite for
molecular studies, however, is identification of a reliable force field model for describing
interactions in the hydrogen water system.

Here, we extend our previous molecular investigations[17] of hydrogen in liquid water
from the structural into the thermodynamic domain for the purpose of acquiring a better
microscopic understanding of water-hydrophobic solute systems, in general, and water-
hydrogen systems, in particular. The thermodynamic properties we study are relevant to
the clathrate phase as well as to the phenomenon of hydrophobic hydration and the associ-
ated hydrophobic interaction. Specific goals are to obtain the net free energy of hydrogen
hydration and identify its individual component contributions, and to gain insight into the
trapping of hydrogen in water by establishing a direct link between structural and thermal
properties. In addition, we evaluate the adequacy of the force field used to model water-
water and water-hydrogen interactions to facilitate future molecular studies.

The remainder of the paper is organized as follows. In Sec. 3.2 we give a review of the
computational methods and the model potential employed to calculate the thermodynamic
properties of hydrogen dissolved in liquid water. In Sec. 3.3 we present the results of
our simulations including the complementary results obtained by the quasichemical theory.
Finally, we summarize our findings in Sec. 3.4.

3.2 Computational Methods

In the current section, we present the Monte Carlo method along with the force field uti-
lized to calculate the hydration free energy of hydrogen. In addition, we describe how we
estimate the net hydration free energy of hydrogen and calculate its individual component
contributions within the framework of the quasichemical theory. In the process, we ad-
dress the strengths and limitations of a primitive evaluation of the thermal properties of a
hydrophobic solute and present a scheme for correcting the consequent approximations.
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3.2.1 Monte Carlo simulation

The hydration free energy of hydrogen is computed using the MCCCS (Monte Carlo for
complex chemical systems) Towhee simulation package (version-4.11.7).[18] Simulations
are carried out in the NVT-Gibbs ensemble[19, 20] at a temperature of 298.15 K and the
NpT-Gibbs ensemble[21, 20] at a temperature of 298.15 K and a pressure of 1 atm. Two
cubic simulation boxes are utilized in both ensembles with an initial box length size of
17 Å and periodic boundary conditions. One box contains 136 water molecules while a
second one contains 48 hydrogen molecules. Simulations are divided into two phases: an
equilibration phase that consists of 600,000 Monte Carlo cycles (one cycle corresponds to
N moves where N is the number of molecules in the system) and an accumulation phase,
for which the results are reported, that consists of 300,000 cycles. In both ensembles, we
carry out 14 simulations after the equilibration phase such that the final configuration from
the previous run is used as the initial configuration in the subsequent run. The value of the
free energy is obtained by averaging over 14 resulting “measurements.” The free energy is
calculated using the following equation,

∆G = −RT ln
ρvap

ρliq
, (3.1)

where ρvap (ρliq) is the density of hydrogen gas in vapor (liquid), R is the gas constant, and
T is the temperature.

The Monte Carlo moves utilized in the NpT-Gibbs ensemble consist of volume changes,
configurational-bias single box molecule reinsertion moves (a move that takes a molecule
out of a box and tries to place it back into the same box by growing it using coupled-
decoupled configurational-bias (CDCB) Monte Carlo),[22, 20] particle exchange moves
between two boxes, translation of the center of mass, and rotation about the center of mass
of the molecule. The Monte Carlo moves for the NVT-Gibbs ensemble consist of volume
changes (the total volume of the system is constant, but the volumes of the subsystems
change), translation of the center of mass and rotation about the center of mass of the
molecule.

Interactions between molecules in the system are modeled by the SPC/E water-water
potential[23] and a 3-site charge H2 model,[15] with the potential energy form between
two monomers, i and j, given by

Vi j = ∑
m∈i

∑
n∈ j

qmqn

rmn
+4εi j

[

(

σi j

ri j

)12

−
(

σi j

ri j

)6
]

, (3.2)

where m and n are the charge sites on monomers i and j, respectively, qm (qn) is the atomic
charge on charge site m associated with monomer i (n associated with monomer j), rmn is
the distance between charges on different molecules, ri j is the distance between atomic sites
on two monomers and εi j and σi j are Lennard-Jones parameters. Simple combination rules
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Table 3.1. Potential parameters for SPC/E water[23]−rigid H2

molecule model[15] utilized in the MC simulations. The param-
eters were taken from Ref. [15]. aThe potential parameters be-
tween unlike atoms are determined by simple combination rules
(see text).

Atom type Description q σ a
ii ε a

ii
(e) (Å) (kcal·mol−1)

OW Water O -0.8476 3.166 0.1554
HW Water H 0.4238 0.000 0.0000
HA H in H2 0.4932 0.000 0.0000
HCM

2 center of -0.9864 3.038 0.0682
mass of H2

(Lorentz-Berthelot)[24, 25] are used to determine the OW−H2 interaction energy, where
OW (HW ) denotes the oxygen (hydrogen) atom in the water molecule. All potential param-
eters are listed in Table 3.1. Water and hydrogen molecules are treated as rigid bodies. The
H2 molecule is a linear molecule with a bond length of 0.7414 Å and a quadrupole moment
equal to the experimental gas-phase value.[15] The charges are located on the hydrogen
nuclei and at the center of mass of the H2 molecule (see Table 3.1).

3.2.2 Quasichemical theory: “A direct approach”[26]

Although the quasichemical theory is described in detail elsewhere, [27, 28, 29] here we
review its salient features for completeness. Within the framework of quasichemical theory,
the volume associated with a solute-solvent system of interest is partitioned into inner- and
outer-shell domains. In the inner shell domain, which can be defined as the region occupied
by the innnermost solvent molecules, a solute and n solvent molecules are treated more
accurately using quantum chemistry methods. The remaining bulk solvent, defining the
outer shell domain, can be treated at a more approximate level by a continuum dielectric
model or a classical force field model. This divide-and-conquer approach has proven to be
useful in studies of the hydration of ions in water[30, 31, 32, 33, 34, 35, 36] as well as in
studies of the selectivity of biological ion channels.[37]

A quasichemical analysis of the system of interest is typically accompanied by struc-
tural studies carried out by ab initio molecular dynamics or classical force field simulations.
These molecular simulations aid in defining a suitable boundary between inner and outer
domains of the solute-solvent system to be addressed in the quasichemical analysis. The
boundary defines an inner domain where clustering equilibria occur, and the clusters are
investigated for their energetic and structural properties. Thus, the quasichemical theory
allows one to establish a connection between the thermal and local structural properties of
a solute-solvent system.
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In the inner shell domain, many solute-solvent interactions, such as those in aqueous
electrolyte, can be characterized as chemical associations that are typically far stronger
than the thermal energy, kT . In such cases, approximations regarding the nature of the
atomic motions in the inner domain and the coupling between inner and outer domains
can simplify the thermodynamic analysis and lead to a so-called primitive implementation
of the theory. These approximations may not always be reasonable, especially for the
solvation of a hydrophobic species such as hydrogen in bulk water. Then such an evaluation
of solute thermodynamic properties within the quasichemical framework may give rise to
substantial errors, which ultimately can be estimated and corrected. We postpone further
discussion of strategies for making such corrections for the end of this section.

The quasichemical formulation enables calculation of the net free energy of hydration
in terms of individual contributions arising from local and distant solvation effects. The
partial molar Gibbs free energy or chemical potential of the solute (hydrogen) in liquid
water can be written as,[38]

µH2 = RT ln

[

ρH2Λ3
H2

qint
H2

]

+µex
H2

, (3.3)

where ρH2 is the number density of the solute, ΛH2 is the thermal de Broglie wavelength and
qint

H2
is the partition function (without translational degrees of freedom) for a single solute

molecule. The first term in Eq. (4.1) is the ideal gas contribution to the chemical potential.
In the present work, the quantity of primary interest is the second term, the excess chemical
potential, which accounts for intermolecular interactions between the solute and solvent
molecules. The excess chemical potential is formally given by the potential distribution
theorem[39]

µex
H2

= −RT ln 〈〈e−β∆UH2〉〉0, (3.4)

where ∆UH2 is the potential energy of the interactions between the solvent and solute where
the solute is treated as a test particle according to the Widom particle insertion method.[20]
The subscript zero associated with 〈〈. . .〉〉0 refers to a test particle ensemble average. Equa-
tion (4.2) can be recast in the form useful for the quasichemical approach

βµex
H2

= ln x0 − ln

〈〈

e−β∆UH2 ∏
j
(1−b j)

〉〉

0

, (3.5)

where β−1 = RT . The first term on the right hand side of Eq. (3.5) is the inner shell
contribution while the second term is the outer shell contribution to the excess chemical
potential. x0 is the probability that the inner shell contains the solute molecule without any
solvent molecules and b j is an indicator function which is one (1) when a solvent molecule
j is inside the inner shell and zero (0) otherwise.
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3.2.2.1 Inner shell contribution

The inner shell chemical associations (reactions) relevant to the hydration of hydrogen are

H2 +nH2O 
 H2(H2O)n. (3.6)

The probability x0 can be expressed in terms of equilibrium constants Kn,[28] associated
with reactions in Eq. (3.6), as follows

x0 =
1

1+ ∑
n≥1

Knρn
H2O

. (3.7)

In other words, the coefficients Kn are the usual “products over reactants” chemical equi-
librium ratios, and ρn

H2O is the solvent number density. The merit of Eq. (3.7) lies in the

fact that it is a natural starting point for invoking the following approximation, Kn ≈ K(0)
n ,

where K(0)
n are equilibrium ratios for the chemical reactions (3.6) taking place in an ideal

gas phase, that is, without consideration of a solution medium. The coefficients K (0)
n can

readily be estimated by standard electronic structure computational packages.

Here we calculate the free energy changes for the inner shell reactions utilizing the
Gaussian package.[40] Minimum energy structures of the H2(H2O)n clusters as well as
of the H2 and H2O molecules are determined in the gas phase using the B3LYP hybrid
density functional in conjunction with the 6− 311+G(2d, p) basis set. Resulting struc-
tural geometries are confirmed to be stable minima via a standard Hessian analysis, that
is, the vibrational frequencies of the clusters and molecules are calculated within a har-
monic approximation and checked for the absence of frequencies with imaginary com-
ponents. Frequencies and zero-point energies are determined at the same level of theory
(6− 311+G(2d, p) basis set). Single point energies are calculated by using the aug-cc-

pvTZ basis. The resulting free energy changes ∆G(0) = G(0)
H2(H2O)n

− (G(0)
H2

+ nG(0)
H2O) are

shown in Fig. 3.1 for the size of clusters in the range from n = 12 to n = 18. The density
factor ρH2O in Eq. (3.7) refers to the actual density of liquid water (at standard conditions)
and is accounted for by adding the contribution of −nRT ln 1354 to ∆G(0).[41]

3.2.2.2 Outer shell contribution

The outer shell contribution to the hydrogen hydration free energy is obtained by treating
the solvent external to the clusters in the inner shell as a dielectric continuum. The boundary
between the inner and outer shells is determined from the radial distribution function (rdf)
calculated in our earlier structural study of the hydrogen molecule in liquid water.[17] The
spherical volume defined by a radius of 5.44 Å from the center of mass of the hydrogen
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molecule, which corresponds to the average distance between the first minimum (at radius
4.96 Å) and the second maximum of the rdf, contains the inner shell domain. Partial atomic
charges required for the numerical solution of the Poisson equation are obtained by the
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Figure 3.1. Free energies for hydrogen hydration in liquid wa-
ter as a function of the number of inner shell water neighbors at
T = 298.15K. The results labeled by ∆G(0) (black circles) are the
free energies estimated for the reaction H2 + nH2O 
 H2(H2O)n

under standard ideal gas conditions, including p = 1 atm. The
curve labeled by ∆G (red squares) incorporates the replacement
free energy −nRT ln 1354 that adjusts the concentration of wa-
ter molecules to the normal concentration of liquid water, ρW = 1
g/cm3. The curve labeled by ∆µel (green diamonds) depicts,
∆µel = µel

H2(H2O)n
−nµel

H2O, the external solvent-cluster electrostatic
contributions obtained from the standard dielectric model. The net
excess chemical potential is labeled by ∆µex (blue triangles).

ChelpG method.[42] The atomic radii set is taken from Ref. [43]. The radius of the water
molecule used to create the solvent exclusion grid is set to 1.4 Å. The Poisson equation is
solved by utilizing the finite-difference method of the Adaptive Poisson-Boltzmann Solver
(APBS) package,[44] with a minimum grid spacing of 0.1 Å, as described in detail in
Ref. VARMA04A. The dielectric constant of the outer shell medium is set to 78.5 while
the one of the inner shell is set to 1.0. The outer shell electrostatic contribution to the excess
chemical potential, ∆µel = µel

H2(H2O)n
−nµel

H2O, is shown in Fig. 3.1
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3.2.2.3 Limitations and corrections

One of the advantages of the quasichemical approach to the studies of solvation processes,
when compared to the more traditional methods, is that it circumvents the system size and
CPU time limitations of computer simulation of complex molecular solutions. Moreover,
partitioning of the region around the solute of interest into the domain of nearest neigh-
bor interactions and the rest of the solution allows for the treatment of the inner domain
chemical associations accurately by quantum chemistry methods while the outer domain,
which is usually of secondary interest, can be treated in a more approximate fashion. Like-
wise, the quasichemical theory enables one to breakdown the net hydration free energy of
the system of interest into individual contributions and as such allows one to gain better
insight into hydration phenomena. In practical applications of the theory as utilized here,
the inner domain is examined separately from the outer domain, and atomic motions in
the inner domain that contribute to the thermodynamic properties of hydration are approx-
imated by harmonic displacements from optimized geometries. The price that one pays
for this divide-and-conquer approach implemented in the primitive fashion is introduction
of approximations into the theory. Nevertheless, these approximations are amenable to
improvements and corrections.

Harmonic approximations to the atomic motions within the clusters, implemented in
the quantum chemistry calculations, are known to work well for the strongly bound sys-
tems (ionic type interactions) such as ion-water complexes with small coordination num-
bers (typically less than six).[30, 31, 34, 36] These systems exhibit stiff, high frequency
intermolecular vibrational motions, that is, motions with very small excursions from the
minimum energy geometry. In the case of the hydrophobic solvation of H2 and Kr in
liquid water, the structural studies have shown that the most probable coordination num-
ber is 16[17] and 18,[45, 46] respectively. A treatment of such relatively large, weakly
bound complexes (with hydrogen-bond and hydrophobic interactions) within the harmonic
approximation is unlikely to be adequate because of their large amplitude intermolecular
vibrations.

We assess the effect of anharmonicity to the hydrogen hydration free energy in the fol-
lowing way. The earlier structural[17] and present thermodynamic studies carried out by
the classical MC simulations (see Sec. 3.3.1) suggest that the implemented SPC/E clas-
sical force field and 3-site charge H2 model[15, 17] adequately describe the interactions
between water-water and H2-water molecules. Thus the minimum energy geometries of
the H2(H2O)n clusters obtained by electronic structure calculations (see Sec. 3.2.2.1) are
used as the starting geometries for the energy minimization of the same clusters using in-
termolecular interactions between the cluster monomers modeled by the classical SPC/E
force field and 3-site charge H2 model.[15, 17] The normal mode (Hessian) analysis[47] is
performed on the resulting minimum energy geometries and harmonic vibrational frequen-
cies of the clusters are obtained, thus providing a determination of the free energy changes
for the chemical reactions in Eq. (3.6) within the harmonic approximation. The harmonic
free energy changes are listed in Table 3.2.
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Table 3.2. Anharmonic (∆Ganharm) and harmonic (∆Gharm) free
energy changes for the different cluster sizes in the inner shell and
the corresponding estimate of the anharmonic contribution (δG) to
the hydrogen hydration free energy. The numerical values are ob-
tained by the GCMC technique in conjunction with the histogram
method. All values are given in kcal/mol.

H2(H2O)n ∆Ganharm ∆Gharm δG

12 -77.3 -59.4 17.9
13 -84.4 -73.6 10.8
14 -91.6 -75.7 15.9
15 -99.0 -79.8 19.2
16 -106.5 -90.2 16.3
17 -113.7 -91.6 22.1
18 -121.2 -101.3 19.9

Anharmonic contributions[47] to the excess chemical potential are assessed by im-
plementing the grand canonical Monte Carlo (GCMC) technique[25, 20] combined with
the histogram method.[20, 48] The intermolecular interactions are modeled with the same
SPC/E force field and 3-site charge H2 model (see Table 3.1) that were utilized in the
Gibbs Monte Carlo simulations (see Sec. 3.2.1). The relative free energy required to form
water clusters of a given size around the hydrogen molecule is related to their respective
probability of occurrence,

∆G(n) = −RT ln
pn

p(n=0)
, (3.8)

where pn is the probability that n water molecules surround the hydrogen molecule. In
GCMC simulations a new microstate is generated by a displacement, rotation, and cre-
ation or destruction of a water molecule while the hydrogen molecule is held fixed. Water
molecules are only allowed to occupy a sphere of radius 4.96 Å around the center of mass
of the hydrogen molecule. The microstate thus generated is accepted or rejected so that
the limiting distribution of the resulting microstates corresponds to the grand canonical en-
semble distribution. Simulations are carried out at a temperature of 298.15 K, and excess
chemical potential of 6.9 kcal/mol[49] for the range or window of water cluster sizes, where
each window contains six water clusters of different size in an ascending order. Thus, win-
dow 1 consists of n ∈ [0,5], window 2 of n ∈ [3,8], window 3 of n ∈ [6,11], . . . , window
8 of n ∈ [21,26]. A histogram of the probability of occurrence for a given size of the water
cluster is calculated within each window and the corresponding relative free energy of for-
mation of the cluster is estimated from Eq. (3.8). The resulting free energy histograms are
combined together using a simple weighted histogram analysis.[20] The final anharmonic
free energies are obtained by subtracting the excess chemical potential of n×6.9 kcal/mol
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from the histogram free energies and are shown in Fig. 3.2. Numerical values of the an-
harmonic free energy changes for the size of clusters in the range from n = 12 to n = 18
are listed in Table 3.2. The effect of anharmonicity to the hydrogen hydration free energy
is obtained by subtracting the “anharmonic” free energy from the “harmonic” free energy,
δG = ∆Gharm −∆Ganharm.

0 5 10 15 20 25
n

-200

-150

-100

-50

0

∆G
 (

kc
al

/m
ol

)

Figure 3.2. Free energy of formation of n water molecules
around the hydrogen molecule obtained by GCMC in conjunction
with the histogram method.

The explicit solvent contribution to the electrostatic interaction between the clusters in
the inner shell and explicit water in the outer shell is determined by the thermodynamic in-
tegration method.[20] The electrostatic contribution to the hydrogen hydration free energy
is given by[50]

µel =

Z 1

0
dλ 〈V 〉λ, (3.9)

where λ is the coupling parameter and 〈V 〉λ is the ensemble averaged potential present on
the H2(H2O)n complex for a particular charge state λ. The estimate of the above integral is
obtained by Gauss-Legendre quadrature.[51, 50] We used the two-point formula

µel ≈ 1
2

(

〈V 〉λ+
+ 〈V 〉λ−

)

, (3.10)

where λ± = (1/2± 1/
√

12). The electrostatic interaction is determined by allowing the
inner shell clusters to move while interacting with the external water solvent. Imple-
mentation of the six point Gauss-Legendre quadrature[51] for the H2(H2O)16 complex
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changed the value of µel only modestly, by −1.7 kcal/mol. We report the results for
∆µel = µel

H2(H2O)n
−nµel

H2O obtained by the two-point quadrature formula and they are listed

in  Table 3.3.   The  value  µel
       H2O   =−6.5 kcal/mol  was  taken  from  Ref.  [57] and

µel
H2(H2O)n

≡ µel .

The B3LYP hybrid density functional utilized to evaluate minimum energy structures
of hydrogen-water complexes, H2(H2O)n, does not account for the inner shell dispersion
H2−H2O interactions. Therefore we implement the MP2 level of theory to treat the dis-
persion interactions between a H2−H2O pair, which yields a correction value of −0.16
kcal/mol for the energy of each H2−H2O pair.

An additional approximate correction that we take into account and include in the net
excess chemical potential is due to a residual entropy associated with multiple orienta-
tional configurations of water. Assuming an ideal tetrahedral coordination for each wa-
ter molecule, the residual entropy is S/k ≈ ln(3/2)n,[52] where n is the number of water
molecules in the H2(H2O)n complex.

3.2.3 Quasichemical theory: “An inverse approach”

A slightly different and complementary approach to evaluating the free energy of hydration
is based on the estimate of the chemical (inner) and outer sphere contributions directly from
molecular simulations. The advantage in analyzing data from a molecular simulation is the
automatic inclusion of anharmonic effects in the thermal energies. Equation (3.5) can be
rewritten as follows[53]

µex
H2

= RT ln x0 −RT ln p0 +µel +µvdW
out , (3.11)

where the outer sphere contribution consists of the last three terms. The second term,
µpac = −RT ln p0, represents the molecular packing. This term corresponds to the free
energy required to form a cavity in the solvent with the same size and shape as the inner
shell, where p0 is the probability of finding the cavity of a given size. The last two terms
represent the interaction part of the outer shell contribution, that is, interactions of the
solute in an empty inner shell with the outer shell solvent molecules. The µel term is an
electrostatic one while the µvdW

out term represents a dispersion interaction contribution to the
excess free energy.

The probability x0 (or the quantity ln x0) is estimated from the coordination number
distribution determined earlier[17] by the classical Monte Carlo simulations. We utilize the
polynomial interpolation/extrapolation scheme[54] to fit an interpolating polynomial to the
coordination number distribution data (see Fig. 3.3) and evaluate the resulting polynomial
at the coordination number n = 0.

The probability of p0 is estimated as follows. Ten thousand configurations stored during
the Monte Carlo simulations[17] performed earlier are analyzed. For each configuration,

48



8 10 12 14 16 18 20 22 24
n

-8

-6

-4

-2

0

ln
(x

n)

Figure 3.3. The coordination number distribution determined
in the earlier MC simulations[17] is depicted by the solid circles
while an interpolating polynomial is represented by a dashed line.

a simulation box is divided into a cubic grid with the spacing between grid points varying
from 1 to 0.5 Å depending on the size of the seeking cavity (a larger cavity requires a finer
grid). Around each grid point a sphere of radius Rc is formed and the number of molecules
present in the given volume is counted. The grid points associated with unoccupied vol-
umes are counted as cavities. The probability p0 is yielded by dividing the number of found
cavities by the total number of grid points. The probability p0 of finding a cavity with a
radius of the inner shell, Rc = 4.96 Å, is extremely small and could not be found directly.
Thus, we calculate p0 as a function of the radius of a cavity in the range from 0.2 to 4.0 Å.
The resulting data points are fitted to an interpolating polynomial (see Fig. 3.4) by utiliz-
ing an interpolation/extrapolation scheme[54] and the resulting polynomial is evaluated at
Rc = 4.96 Å.

The electrostatic interaction term, µel , is modeled within a dielectric continuum ap-
proach by utilizing the APBS package.[44] A quadrupole moment of the hydrogen molecule
is constructed from two sets of charges that are placed on the hydrogen nuclei and the cen-
ter of mass of the hydrogen molecule. The first set of charges is taken from Table 3.1 and
the second one is obtained from the electronic structure calculations[40] of the hydrogen
molecule.

In order to estimate the outer shell dispersion contribution term, µvdW
out , we assume

that the interaction between the solute (H2) and outer shell solvent (water) is of the form
−4εσ6/r6, where the solvent is treated as a uniform medium.[45] Then, the outer shell
dispersion contribution can be obtained analytically from the following integral[55, 25]
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Figure 3.4. The natural logarithm of a probability of observing
a cavity of a given size in liquid water. Solid circles represent the
calculated data while an interpolation polynomial is depicted by a
dashed line.

4πρw
R ∞

Rc
dr r2(−4)εσ6/r6 which yields

µvdW
out = −16πε

3

(

σ
Rc

)3

ρwσ3, (3.12)

where ε = 0.103 kcal/mol and σ = 3.102 Å are the Lennard-Jones parameters for H2−water
interactions (see Table 3.1), Rc= 4.96 Å is the inner shell radius and ρw =Nw/L3 is the
number density of water (Nw = 136 is a number of water molecules in the simulation box;
L= 16.14 Å is the average length of the simulation box).

3.3 Results and discussion

In this section, we present the results of MC simulations carried out on hydrogen molecules
solvated in water as well the results obtained by the complementary quasichemical theory.
Details about the calculations were given in Section 3.2.
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3.3.1 Monte Carlo

Monte Carlo simulations carried out in the NVT- and NpT-Gibbs ensembles yield the hy-
drogen hydration free energy of 2.20±0.22 and 2.09±0.26 kcal/mol, respectively, which
are in excellent agreement with the experimental value of 2.34 kcal/mol.[56] The error
bars correspond to two standard deviations from the mean. Such an excellent agreement
between the calculated and experimental values of the hydration free energy suggests that
the implemented classical force field provides a good description of intermolecular inter-
actions between hydrogen and water molecules.

3.3.2 Quasichemical theory:“An inverse approach”

The numerical value of the molecular packing contribution, −RT ln p0, to the free energy
of hydrogen hydration for a cavity of radius 4.96 Å is 18.94 kcal/mol. This value nearly
balances the inner shell chemical association contribution, RT ln x0 = −17.59 kcal/mol.
Similar, nearly balanced inner shell chemical effects and outer shell molecular packing
contributions were observed in the thermodynamic studies of liquid water.[57, 53]

The outer shell electrostatic interaction term, µel , which accounts for electrostatic in-
teractions between the solute in an empty inner shell and the solvent molecules in the
outer shell (which were treated as a dielectric continuum) exhibits negligible values of
−6.2 ·10−4 kcal/mol and −1.3 ·10−3 kcal/mol. The former value is obtained using the set
of charges from Table 3.1 and the latter is estimated by using the set of charges yielded
by the Gaussian package (see Section 3.2.3 for details). Such a small contribution of the
electrostatic term to the free energy of hydrogen solvation is consistent with the nonpolar
nature of the hydrogen molecule.

The outer shell dispersion interaction, µvdW , between the solute in an empty inner shell
and a dielectric continuum in the outer shell is estimated from Eq. (3.12) and yields the
numerical value of −0.4 kcal/mol (see Section 3.2.3 for details). By substituting these
estimated numerical values in Eq. (3.11), we obtain the hydrogen hydration free energy
µex

H2
= 0.95 kcal/mol, a value which is in good agreement with the experimental value of

2.34 kcal/mol.

3.3.3 Quasichemical theory:“A direct approach”

Figure 3.1 shows the net excess free energy of hydrogen hydration and its individual terms.
From Fig. 3.1 it is not possible to determine reliably the most probable coordination num-
ber of the hydrogen molecule in liquid water. The most probable coordination number
is the one associated with the lowest excess free energy. The excess free energies for
the various clusters lie within 4.5 kcal/mol of each other, with the exception of the larger
clusters (n = 17,18). In addition, the absolute values of free energies are of the order of
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Table 3.3. The hydrogen hydration free energy ∆µex and its indi-
vidual terms: ∆G(0)−the free energy change for ideal gas phase
chemical reactions in Eq. (4.1); ∆G = ∆G(0) − nRT ln 1354−
the free energy change accounting for the actual density of wa-
ter; ∆µel− the electrostatic interaction between clusters in the in-
ner shell and the explicit solvent in the outer shell; δG− the an-
harmonic contribution to the free energy; µ∗ = nRT ln(3/2)−
contribution due to multiple orientational configurations of water;
µvdW

out − the outer shell dispersion contribution; µvdW
in − the inner

shell dispersion contribution; µpac = −RT ln p0− the molecular
packing contribution. All values are given in kcal/mol.

H2(H2O)n ∆G(0) ∆G ∆µel δG µ∗ µvdW
out µvdW

in µpac ∆µex

12 29.1 -22.1 38.2 17.9 2.9 -0.4 -1.9 18.9 11.9
13 33.1 -22.4 42.1 10.8 3.1 -0.4 -2.1 18.9 22.2
14 28.4 -31.4 45.7 15.9 3.4 -0.4 -2.2 18.9 11.3
15 31.2 -32.9 51.4 19.2 3.6 -0.4 -2.4 18.9 11.9
16 30.3 -38.1 55.2 16.3 3.8 -0.4 -2.6 18.9 13.0
17 36.1 -36.5 59.7 22.2 4.1 -0.4 -2.7 18.9 12.8
18 38.4 -38.5 65.0 19.9 4.3 -0.4 -2.9 18.9 17.9

≈ 60 kcal/mol, which is a value almost greater by a factor of 30 than the experimental value.
It should be noted that the excess free energies include the correction µ∗ = nRT ln(3/2),
but do not include the inner shell dispersion, outer shell dispersion and packing contribu-
tion correction with the numerical values of −n× 0.16, −0.4 and 18.94 kcal/mol, respec-
tively. Clearly, the dispersion corrections are too small to make an appreciable change in
the excess free energy while the packing contribution, being positive, makes the agreement
between the final excess free energy and experimental value even worse. A large discrep-
ancy between the calculated and experimental hydration free energy is primarily attributed
to two approximations:

1. treatment of the solvation complexes within the harmonic approximation and

2. treatment of the outer shell solvent as a dielectric continuum medium.

The estimate of the anharmonic correction, δG, to the harmonic approximation utilized
in the quasichemical theory is given in Table 3.3 for each H2(H2O)n complex. The anhar-
monic effects are in the range from 11 to 22 kcal/mol depending on the size of the complex,
and further stabilize each complex.

The explicit solvent electrostatic contribution to the net free energy is approximately
50 kcal/mol smaller (more favorable) than its dielectric continuum counterpart. That is to
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say, the dielectric continuum model overestimates the electrostatic interactions between the
clusters in the inner shell and outer shell solvent by approximately 50 kcal/mol. For exam-
ple, the net free energy of the H2(H2O)16 complex that also includes the molecular packing
contribution is 80.03 kcal/mol. After taking into account the complex’s corresponding
anharmonic and explicit solvent (favorable) corrections of 16.31 and 50.76 kcal/mol, re-
spectively, the net free energy amounts to 13.0 kcal/mol, a value within 10.7 kcal/mol
of the experimental value. The net free energy is obtained from the following expression:
∆µex = ∆G(0)−nRT ln 1354−δG−µ∗+µvdW

in +∆µel +µvdW
out +µpac. The first five terms can

be noted as the inner shell while the last three terms as the outer shell contributions to the
hydration free energy. As with the “indirect” approach, the inner and outer shell contribu-
tions almost cancel each other out and yield a result in reasonably good agreement with the
experimental result when compared to the uncorrected excess chemical potential(s) shown
in Fig. 3.1.

3.4 Conclusions

In the present work, we investigate the thermodynamic properties of hydrogen hydration
in liquid water by employing the quasichemical theory and Monte Carlo simulations com-
bined with the SPC/E classical force field and a 3-site charge H2 model.

The hydrogen hydration free energy of 2.20± 0.22 and 2.09± 0.26 kcal/mol obtained
by the Monte Carlo simulations carried out in the NVT- and NpT-Gibbs ensembles, respec-
tively, are in excellent agreement with the experimentally measured value of 2.34 kcal/mol.[56]
The results indicate that the classical force field employed in this work provides a good
description of the intermolecular interactions between water-water and water-hydrogen
molecules. Similarly, recent structural studies[17] of hydrogen hydration in liquid water
have shown that this classical force field produces the structural properties equivalent to
those produced by ab initio derived forces. Thus, the classical force field employed in the
current work seems to be adequate for the studies of structural and thermal properties of
hydrogen hydration in both liquid[17] and clathrate phases.[15]

Quasichemical approaches provide complementary insight to the thermodynamic prop-
erties of aqueous solutions, in general, and to hydrophobic hydration phenomena, in partic-
ular. Although formally exact, their direct practical application utilizes a set of simplifying
approximations. The approximations, such as harmonic atomic motions and a treatment
of the solvent as a dielectric continuum medium, have proven to be suitable for studies
of ion hydration phenomena[30, 31, 32, 33, 34, 35, 36] as well as in studying the selec-
tivity of some biological ion channels.[37] These systems are relatively strongly bound
and the aforementioned approximations are well suited for their treatment. In contrast,
the hydrophobic systems, such as hydrogen solvated in liquid water, are relatively weakly
bound and known to exhibit large amplitude motions for which the harmonic approxima-
tion breaks down.
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Anharmonic effects, for example, contribute significantly (16 kcal/mol) to the net hy-
dration free energy of hydrogen hydration for the H2(H2O)16 cluster, the most probable
coordination structure[17] for hydrogen in liquid water. Corrections to the dielectric con-
tinuum model are even greater than those for anharmonicity. For the same 16-coordinated
hydrogen water cluster, the correction for explicit solvent is of the order of 51 kcal/mol,
which amounts to approximately 3.2 kcal/mol per water molecule. Differences in contribu-
tions to the hydration free energy from the external solvent occur because a dielectric model
approximation keeps the inner shell clusters fixed in their minimum energy configurations
while interacting with the external continuum solvent medium. In contrast, explicit sol-
vent calculations allow the inner shell clusters to move while interacting with the external
explicit water solvent.

Although the “direct” quasichemical approach provides a natural description of the
statistical thermodynamics of hydrophobic hydration phenomena and also enables break-
down of the net hydration free energy into individual components for additional insight
into hydration, care must be exercised when applying simplifying approximations. Since
anharmonic effects and explicit solvent play an important role in the determination of the
hydrophobic hydration free energy, corrections, as carried out here, should be applied to
account for them. In some cases, small relative errors in the outer and inner shell terms,
large contributions that nearly balance each other, may cause errors in the net hydration
free energy and diminish agreement with the experimental results.

An “inverse” quasichemical approach yields the hydration free energy of approximately
1.0 kcal/mol, a numerical value which is in good agreement with experiment. Possible
reasons for the small discrepancy with experiment include these: the outer dispersion in-
teraction is obtained by using a dielectric model; both chemical association and molecular
packing terms are obtained by an extrapolation procedure. The chemical and packing terms
provide nearly cancelling contributions to the hydrogen hydration, an effect also seen in the
hydration of water.[57, 53] This may suggest that the local structure of water around the
hydrogen solute is only weakly perturbed from its bulk structure and thermodynamically
resembles bulk water. In summary, we have found that the net free energy of hydrogen hy-
dration results from a balance between chemical associations taking place within the first
hydration shell and molecular packing of the solvent molecules around it.
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Chapter 4

Quantum chemical study of hydrogen
occupancy in clathrate hydrate cages

4.1 Introduction

Clathrate hydrates belong to a group of inclusion solid state compounds in which hydrogen-
bonded water molecules form host polyhedra cages that trap hydrophobic guest molecules.[1]
The thermodynamic stability of the clathrate hydrate lattice depends on both the identity of
the guest molecule(s) and specific conditions of temperature and pressure. While methane
clathrate hydrates have long been known to exist in arctic soils and beneath the sea floor,
recent experimental results have demonstrated the possibility of synthesizing a whole new
class of clathrate hydrates that trap hydrogen gas.[2, 3] Interest in hydrogen clathrate hy-
drates centers around their potential use as an alternative material for hydrogen storage.[4]

Experimental investigations show that hydrogen clathrate hydrates crystallize by form-
ing the so-called sII type cubic structure. A unit cell of the sII clathrate consists of 16
“small” dodecahedral cages, polyhedrons with 12 pentagonal faces (512) made up of 20
water molecules, and 8 “large” hexakaidecahedral cages, polyhedrons with 12 pentagonal
and 4 hexagonal faces (51264) made up of 28 water molecules.[5, 6] In order to be a good
candidate for a storage medium, clathrate hydrates must uptake a substantial amount of
hydrogen into the cages of the clathrate structure.

Studies to identify the hydrogen occupancy of pure hydrogen clathrate cages have been
inconclusive. Initial experiments[3] and theoretical studies based on quantum mechanically
derived forces[5, 7] have reported double (quadruple) occupancy of the small (large) cages,
while more recent experiments[8] and theoretical studies based on classical force fields[9]
have instead found only single hydrogen molecule occupancy in the small cages. Double
occupancy by hydrogen molecules in the small cages accompanied by quadruple occupancy
in the large cages leads to a 5.3 weight per cent mass storage capacity, which meets the 2006
DOE target for hydrogen fuel storage. Single occupancy in the small cages as illustrated in
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Figure 4.1, however, reduces the mass ratio to only 3.9 weight per cent. To evaluate these
materials for their potential to store hydrogen, the distribution of hydrogen in the clathrate
hydrate cages must be unambiguously determined.

In the present work, we examine the most probable hydrogen occupancy in isolated
“small” and “large” hydrogen clathrate cages by employing methods based on a quantum
mechanical description of the intermolecular interactions. In Sec. 4.2 we describe the com-
putational methods employed to calculate hydrogen occupancy in the isolated hydrogen
clathrate hydrate cages. In Sec. 4.3 we present the results of our calculations. Finally, we
summarize our findings in Sec. 4.4.

4.2 Computational Details

The oxygen positions of the water cages are obtained from an X-ray structure for a type-II
hydrated clathrate.[10] The hydrogen bonding network, not available from the scattering
data, is generated using classical force field simulations.[11] Lattice constants for a single
unit cell are then optimized using the Vienna ab initio simulation package (VASP)[12, 13]
based on a generalized gradient approximation (GGA) of the Perdew-Wang (PW91) density
functional[14, 15, 16, 17, 18] using gamma-point Brillouin sampling and a 400 eV cut-off
for the plane-wave expansion.

Multiple samples of two types of cages, one small and one large, are extracted from
the optimized type II clathrate unit cell and reaction energy calculations are performed for
various cage occupations at a temperature of 0 K and ambient and experimental pressures
of hydrogen gas. The energy calculations employ the Gaussian suite of programs.[19] Hy-
drogen molecule occupancies between 1 and 3 and between 1 and 5 are considered for the
small and large cages, respectively. In all cases, the guest H2 molecules are fully opti-
mized in these fixed cages using a restricted Becke’s three-parameter hybrid functional[20]
with the Lee, Yang, and Parr correlation functional[21] (rB3LYP) and the 6-311G[22, 23]
basis set. For each optimization, several starting positions are considered to help ensure
that a global minimum has been reached. Single point energy calculations are performed
using the second-order Möller-Plesset (MP2)[24] level of theory to incorporate dispersive
interactions due to eletron correlation. The minimum basis set required to converge the
reaction energy calculations is determined in a study using the small cage with increas-
ingly larger basis sets: 3−21G,[25, 26, 27, 28, 29, 30] 6−311G, 6−311G*, 6−311G**,
6−311+G* to 6−311++G**. The large cage reaction energies are calculated using this
same minimum basis set.

The reaction energies for incorporation of hydrogen molecules in the type-II clathrate
cages are calculated by using the following reaction:

nH2 +Cage → nH2@Cage (4.1)
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(a)

(b)

Figure 4.1. The most probable occupancy of the H2 guest
molecules in the sII clathrate cages. (a) Singly-occupied small
cage. (b) Four-fold occupied large cage. The hydrogen bonding
networks of the two cages are shown by dotted lines.
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and

∆E = E(nH2@Cage)− [E(nH2)+E(Cage)]

−nRT ln(P/P0), (4.2)

where n is the number of guest H2 molecules, E(Cage) is the energy of the rigid isolated
cage, and E(nH2) is the energy of n optimized free H2 molecules. The pressure of hydrogen
gas relative to ambient pressures is given by the ratio P/P0, T gives the temperature and R
is the gas constant.

Free volume calculations for the type-II hydrate are performed using the algorithm
of Voorintholt et al.[31] and the Materials Studio software package (Accelrys, Inc., San
Diego). Van der Waal radii for water molecule atoms are taken from the solvent-based
optimizations of Stefanovich and Truong.[32] The guest hydrogen molecules are modeled
by two connected spheres of radius 1.0 Å.

4.3 Results and discussion

4.3.1 Unit cell optimization

The optimized lattice constant is 16.945 Å, slightly smaller than the experimental value of
17.31 Å near room temperature. The binding energy per water molecule, not including zero
point correction, is 0.71 eV. This value is very similar to the 0.72 eV binding energy for
ice Ih predicted by Feibelman.[33] Thus, despite the more open structure of the clathrate
hydrate compared to ice Ih, they are very similar in stability, which underscores the viability
of clathrate hydrate structures. The optimized O-H bond lengths are 1.015± 0.006 Å,
which are longer than the O-D bond length in ice Ih (0.975 Å), but well within typical O-H
bond lengths.

4.3.2 Structure of H2 inside isolated cages

The structural information for the optimized H2 molecules inside the isolated clathrate
cages is listed in Table 4.1 including the H-H bond lengths, the distances from the center
of mass of the cage (cm) to the center of mass of the H2 molecule (Hcm

2 ), the distance from
the closest water oxygen (O*) to the center of mass of the H2 molecule (Hcm

2 ), and the
distance between the centers of mass of H2 molecules. The optimized geometries of the
guest hydrogen clusters found in this work are similar to the geometries described in the
earlier quantum chemical work by Patchkovskii and Tse.[5]

The optimized H-H bond lengths are ∼ 1% longer than the gas phase length of 0.741 Å,
implying that the guest H2 molecules inside the cages experience weak repulsive forces
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Table 4.1. Structural properties of n H2 optimized in rigid
clathrate cages. Guest H2 positions are fully optimized inside the
rigid cages at the rB3LYP/6−311G level of density functional the-
ory. aS indicates the small (D-512) cage and L indicates the large
(H-51264) cage. bcm is the center of mass of the cage and Hcm

2 is
the center of mass of the H-H bond. cO∗ is the distance of nearest
cage oxygen atom to the center of mass of the H2 molecule.

Avg Avg Avg Avg
Reaction a r(H-H) r(C-Hcm

2 ) b r(Hcm
2 -O∗) c r(Hcm

2 -Hcm
2 )

Å Å Å Å
1H2+S= 1H2@S 0.746 0.78 3.02 NA
2H2+S= 2H2@S 0.742 1.26 2.70 2.51
3H2+S= 3H2@S 0.737 1.49 2.67 2.57
1H2+L= 1H2@L 0.747 1.74 2.91 NA
2H2+L= 2H2@L 0.744 1.65 3.20 3.18
3H2+L= 3H2@L 0.743 1.85 3.00 3.05
4H2+L= 4H2@L 0.743 1.86 2.92 3.01
5H2+L= 5H2@L 0.742 1.98 2.84 3.09

with the exception of the three-fold occupied small cage. At this occupation, the average
H-H bond length decreases to 0.737 Å indicating a strong repulsive force between hydrogen
molecules due to crowding inside the cage. When clusters of H2 molecules are optimized
outside of the cage, the H-H bond lengths are consistently 0.742 Å.

In order to accommodate multiple occupancies in the small cage, the distance between
the H2 molecules decreases by 15−18% compared to the same occupancy inside the large
cage (see Table 4.1 ). This result is consistent with the distances reported in molecular
dynamics simulations (Hcm

2 -Hcm
2 distances of 3.0 Å and 2.65 Å for the large and small

cages, respectively).[9] In addition, the distance between the H2 molecules in the four-
fold occupied large cage, 3.01 Å, closely reproduces the experimental D2 distance value of
2.93 Å.[8] This decrease in the intermolecular distance is further evidence of the repulsive
forces, which destabilize multiple occupancies in the small cage.

The major difference in H2 geometry between this and the earlier quantum chemical
results[5] are found with a single H2 guest molecule in the small cage. Patchovskii and
Tse[5] reported an energy minimum at 1.1 Å from the center of the cage, while the H2

molecule is much closer to the center (0.78 Å) of the cage in this study. Two changes are
made in this study: level of theory and the structure of the clathrate cage. Patchkovskii
and Tse[5] used the 3− 21G(p) basis set and set O-H bond lengths to 1.0 Å. Using the
optimized clathrate cages and the 3− 21G basis, the H2 molecule position optimized to
the same 1.1 Å minimum. However, the reaction energy calculated using this geometry is
much higher. Therefore, we conclude that the 1.1 Å minimum is likely a consequence of
the smaller basis set.
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Figure 4.2. Reaction energies (∆E) as a function of guest H2

occupancy in the small cage at 2000 bar. All calculations are per-
formed with MP2 level of theory. The basis set is given in the
legend.

4.3.3 Quantum chemical reaction energies

Figure 4.2 shows the reaction energies for various H2 occupancies inside the small cage at
a pressure of 2000 bar and temperature of 0 K.

All calculations are carried out with the MP2 level of theory to incorporate weakly
attractive dispersion interactions arising from electron correlation. The reaction energy
converges at the 6− 311+G∗ basis set. At this level of theory, the reaction energy of
the small cluster increases significantly after the first guest H2 molecule has been added.
Thus, the optimal occupancy of the small cage is one H2 guest molecule. As is evident
from Figure 4.3 this is not the case for the large cage. The reaction energy of this cage
decreases when more than one H2 molecule is placed inside the cage. At ambient pressure,
the large cage favors a double occupancy (dashed line), while at the experimental pressure
(2000 bar) the occupancy increases to four (solid line). Lokshin[8] noted similar changes
in the occupancy of D2 guest molecules in the clathrate II structure.

4.3.4 Available volume

The available volume inside the cage alone will restrict the occupancy. To estimate the free
volume, a spherical probe of radius 1.4 Å is traced onto the hydrogen bonded network of
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Figure 4.3. Reaction energies (∆E) as a function of guest H2

occupancy in the large cage at 1 atm (dotted line) and at 2000 bar
(solid line). All calculations are performed with MP2/6−311+G*
level of theory.

the cage, and the remaining space is considered free. The occupancy is then determined
by placing dumbbell-type H2 molecules with radii 1.0 Å into the available volume. It was
possible to fit three hydrogen molecules into the small cavity while five would fill the larger
cavity. If free volume were the limiting factor, the filling capacity of the clathrate cages
would be significantly higher. Therefore, repulsive forces between the guest hydrogen
molecules and between the guest hydrogen and water molecules of the cage must play a
significant role in the occupancy of these clusters.

4.4 Conclusions

Alavi and coworkers[9] reported that classical molecular dynamics simulations obtained a
single H2 occupancy in the small cage, whereas earlier quantum chemical studies obtained
two presumably because the classical model allowed for flexibility of the cage and included
cooperative effects from the neighboring cages.[9] This work demonstrates that quantum
chemical calculations also predict single occupancy of the small cage, even without these
considerations in the model if a large basis set is employed. More importantly, this work
unifies the results of quantum calculations and molecular dynamics simulations, making
both methods valid for determination of hydrogen occupancy of the clathrate cages.
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