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Using ab initio calculations, we have found that the oxygen atoms in oligomers of ethylene oxide have
optimal binding with hydrogen molecules for hydrogen storage. Our theoretical model and molecular-dynamics
simulations predict that adsorption-desorption process for such a candidate material occurs under unprec-
edented “ambient conditions,” T�300 K and P=1–13 atm, achieving gravimetric storage capacity of hydro-
gen up to 6.2 wt %. We have also uncovered the special binding mechanism between a hydrogen molecule and
an oxygen-embedded material which is enhanced by electron donation and back-donation.
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I. INTRODUCTION

Hydrogen is a major research focus for future energy that
would supersede the polluting fossil fuels which will be de-
pleted in the near future. One of the most serious bottlenecks
in this field is the storage of hydrogen. In order to store
hydrogen more than 6% by weight set by U.S. Department of
Energy �DOE� as the 2010 target, there have been several
technologies proposed and tested including high-pressure
tank,1 liquid hydrogen, metal hydrides,2 chemical hydrides,3

and physisorption on materials with large specific surfaces.4

None of them are, however, satisfactory up to date due to
various obstacles encountered.5–7 The physisorption method
has several advantages over the other methods, such as usage
recyclability, adsorption kinetics, and so on, although its
main disadvantage—the binding is too weak for molecular
hydrogen to be stored near ambient condition as seen in gra-
phitic carbon materials8–11—should be overcome. In our pre-
vious research, materials with stronger physisorption binding
than graphitic carbon materials were found such as boron
nitrides12 and boron oxides.13,14 The binding of which, how-
ever, was still not fully satisfactory.

In this paper, we report on certain molecules based on
ethylene oxides �-OCH2CH2-� that have optimal binding en-
ergies for adsorption-desorption process under ambient con-
ditions, T�300 K and P=1–13 atm, with gravimetric stor-
age capacity of hydrogen up to 6.2 wt %, which should be
readily observable in experiments. The stronger physical
binding comes from the oxygen atom in the ethylene oxide.
By analyzing the orbital mixing, we have found that such
binding, which had also been observed in different contexts
while had not been fully understood,15–17 is due to the elec-
tron donation and back-donation between the hydrogen mol-
ecule and the lone pairs of the oxygen atom.

In Sec. II, we describe our computational methods that
have been used to investigate the system. In Sec. III, zero-
temperature binding energies of hydrogen molecules on
crown ether �CE� are presented. In Secs. IV and V, a ther-
modynamic model based on the calculated binding energies
and the results of molecular-dynamics �MD� simulations are
presented in order to study the adsorption-desorption process

at finite temperature. In Sec. VI, the binding mechanism be-
tween crown ether and a hydrogen molecule is explained. We
conclude the paper in Sec. VII.

II. COMPUTATIONAL METHODS

To investigate the molecular hydrogen adsorption on eth-
ylene oxides, we used the pseudopotential density-functional
technique.18 The generalized gradient approximation �GGA�
was used for the exchange-correlation of electrons,19 which
is believed to be better than the local-density approximation
�LDA� in describing gas adsorption.20 Atomic orbitals with
double-� polarization were used to expand single-particle
wave functions21 with a cutoff energy of 100 Ry for the
real-space mesh. We used 0.02 Ry for the confinement en-
ergy shift which defines the cutoff radii of the atomic orbit-
als. Relaxations of atomic structures were done using conju-
gate gradient method22 until the Hellmann-Feynman force on
every atom becomes less than 1.56�10−3 Ry /aB with the
Bohr radius aB. All the calculations were done in a periodic
cubic unit cell with a size of 20�20�20 Å3.

III. BINDING ENERGIES

First we present our study of hydrogen adsorption on
crown ether, a circular form of ethylene oxides. Depending
on the number of ethylene oxides, there are different kinds of
crown ether �3n-crown-n, where n�4 is the number of eth-
ylene oxides or oxygen atoms�, among which the lightest
one, 12-crown-4, was investigated. To begin with, the struc-
ture of 12-crown-4 was relaxed finding that in the minimum-
energy configuration oxygen atoms alternate their positions
above and below the overall crown-ether plane �Fig. 1�a��.
Such an alternating oxygen configuration reduces the inter-
action energy between hydrogen atoms in the crown ether
since otherwise the oxygen atoms are placed too close to
each other.23

We then calculated the total energy of a combined system
of the relaxed crown ether and a hydrogen molecule as a
function of the location of the hydrogen molecule around the
crown ether. For each position, the calculations were done
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for 13 different orientations of the hydrogen molecule and
the minimum-energy orientation was chosen. Figure 1�a�
shows the energy isosurfaces where darker gray �or red�
color represents stronger binding energy. It is noted that there
are four crescent-looking potential pockets for H2, each of
which is generated around each oxygen atom. Two oxygen
atoms above the crown-ether plane form two independent
potential pockets that are spatially connected and so do the
other two oxygen atoms below. The depth of these potential
pockets is �0.35 eV. The potential depth of the regions
where two pockets overlap is even larger ��0.45 eV�. One
can also find a weaker potential well surrounding the crown
ether, the depth of which is close to the molecular hydrogen
binding energy for typical graphitic materials ��0.07 eV�.

In order to see how many hydrogen molecules can be
stored within the potential pockets, hydrogen molecules were
added one after another to crown ether. Six different trajec-
tories were chosen, two of which are on the vertical axis of
the crown ether, whereas the other four are “diagonally” to-
ward four oxygen atoms, respectively. Along each trajectory,
a binding energy curve was obtained by calculating the total
energies at varying binding distances db defined between H2
and the closest oxygen atom �Fig. 1�b��. At each fixed db, full
relaxation of atomic positions was carried out. In Fig. 1�a�,
the six hydrogen molecules, indexed by m1–m6, are placed at
their equilibrium positions with their most stable orienta-
tions. In Fig. 1�b�, curves corresponding to m1 and m2 that
have binding energy Eb�0.45 eV are for the regions where
two potential pockets overlap, whereas the other four curves
�Eb�0.35 eV� are for the four potential pockets. Two stron-
gest binding sites corresponding to m1 and m2, however, do
not affect the overall behavior of the system since their sizes
in the configuration space are much smaller than those of the

potential pockets around the oxygen atoms. Moreover, such
strongest binding sites due to overlapping of two potential
pockets are not “dynamically” stable as seen in our MD
simulations, and thus such binding sites would not exist in a
real system.24 Figure 1�b� also shows that the hydrogen mol-
ecules attached to their equilibrium positions or pockets in
the crown ether are energetically independent. Therefore one
can say that four hydrogen molecules are bound to the four
oxygen atoms in crown ether with Eb�0.35 eV and about
two additional hydrogen molecules can also be attached with
smaller Eb due to the large sizes of binding pockets.

We have also checked the effect of zero-point vibrational
energy shift of a bound hydrogen molecule using frozen pho-
non method. Differently from work of Lee et al.,25 the cal-
culated frequency shift was very minimal—only 0.07% of
the vibrational frequency of a free hydrogen molecule—
which, therefore, can be ignored. This is attributed by the
fact that in the case of Lee et al. each hydrogen molecule is
bound to the metal atom transversely with the H2 bond
length significantly elongated, while in our case it is bound
to the oxygen atom axially with its bond length barely af-
fected.

IV. THERMODYNAMIC MODEL

To understand adsorption-desorption behaviors at various
temperatures and pressures, we have developed a theoretical
model based on thermodynamics with the information ob-
tained from the above binding energy calculations. It is as-
sumed that crown ether has six independent potential wells,
each of which can bear one hydrogen molecule with binding
energy �i, where i=1, . . . ,6. Such a system can be described
by a mixture of eight chemical species: CE, H2, and nH2-CE
representing bound states of crown ether with n hydrogen
molecules �n=1, . . . ,6�. The reaction equations between dif-
ferent nH2-CE combinations can be written as H2+ �n
−1�H2-CE�nH2-CE. Equating the chemical potentials on
both sides yields

�NH2

tot − NH2
��

n=0

6

KnNH2

n exp�−
FnH2-CE

kBT
	

= �
n=1

6

nKnNH2

n exp�−
FnH2-CE

kBT
	 �1�

for a system consisting of crown ether and NH2

tot hydrogen
molecules in a fixed volume V at temperature T, where NH2
is the number of free hydrogen molecules, K
�nq,H2

V�−1,
nq,H2

= �MH2
kBT /2��2�3/2 is the quantum concentration of

H2, MH2
is the mass of H2, and FnH2-CE


−kBT ln�n !�i1=n
6

¯�in=1
�in−1�−1e−��i1

+¯+�in
�/kBT� is the internal free

energy �see the Appendix for detailed derivation�.
By solving Eq. �1� numerically in terms of NH2

, the num-
ber of adsorbed hydrogen molecules NH2

ads=NH2

tot −NH2
can be

determined and so can the pressure P using the van der
Waals �vdW� equation of state. In Fig. 2, the shaded area
shows the transition region in the P-T space where 1�NH2

ads

�5. For the calculation, the binding energies are given by

FIG. 1. �Color online� �a� 12-crown-4 with six hydrogen mol-
ecules m1–m6 located at their energy minima. Dark gray �or red�,
gray �or green�, and white balls represent oxygen, carbon, and hy-
drogen atoms, respectively. Four isosurfaces corresponding to ener-
gies of −0.05, −0.11, −0.25, and −0.38 eV are drawn in order to
show the potential pockets, where 0 eV is defined as the energy
when the hydrogen molecule is far enough from the crown ether.
Darker color represents lower energy. Gray �or blue� dashed lines
are drawn to clarify which oxygen is related to which potential
pocket. �b� Energy vs db curves for m1–6 in �a� where db is defined
as the distance of each hydrogen molecule from the nearest oxygen
atom.
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the three-dimensional �3D� potential calculations; �1–4
=0.35 eV and �5,6=0.2 eV. It is noted that a room-
temperature adsorption-desorption process is possible under
moderate pressure.

V. MOLECULAR-DYNAMICS SIMULATION

We then performed finite-temperature MD simulations
regulated by Nosé thermostat26,27 in order to check our ther-
modynamic model. We used a cubic unit cell of volume
8.0�103 Å3, in which crown ether and NH2

tot hydrogen mol-
ecules were randomly distributed at T=300 and 500 K. Dur-
ing each simulation at every time step of 5.0�10−16 s, the
distance of each H2 from the center of mass of crown ether,
r, was recorded in order to obtain stochastic probability den-
sity. Figure 3 shows the probability densities of H2 as a func-
tion of r. For each histogram, a significant peak is identified
within 2	r	7 Å which represents bound hydrogen mol-
ecules. A distribution for free hydrogen molecules is also
found in the region where r
7 Å which is proportional to
r2. A Gaussian distribution function with an asymmetric
Lorentzian tail, f�r�, was used to fit the bound region
whereas a quadratic function with a smooth lower cutoff,
g�r�, was used to describe the r2 behavior of free hydrogen
molecules. Once the fitting is done, NH2

ads can be obtained by
integrating f�r� while P can be extracted from the coefficient
of g�r� using the vdW equation of state. Our MD simulations
were carried out up to 300 000 time steps ��150 ps� which
is enough to estimate the statistics; at least 10 times of H2
adsorption-desorption events were monitored during each
MD simulation.

From Fig. 3�a� obtained for NH2

tot =3 and T=300 K, it is
estimated that NH2

ads=2.62 and P=2.25 atm. By increasing
NH2

tot to 5 and 8 at the same temperature �Figs. 3�b� and 3�c��,
NH2

ads=4.15 and 5.82 at P=5.11 and 13.1 atm, respectively. As
a promising result, NH2

ads=5.82 corresponds to 6.20 wt %. In-
creasing the temperature to T=500 K with NH2

tot =3 reveals

very efficient desorption behavior; the probability density
outside the bound region �d
7 Å� increases significantly
�Fig. 3�d��, so that NH2

ads=0.7 even at a very high pressure of
P=24.8 atm. Our MD simulation results are in a good
agreement with our theoretical model—the simulated NH2

ads

for each T and P is written in Fig. 2.

VI. OXYGEN LONE-PAIR BINDING MECHANISM

Next, we have investigated why the binding is stronger
than that of a typical physisorption. For this purpose we used
polyethylene glycol �PEG�, a polymer form of ethylene ox-
ides �Fig. 4�a��, since we already confirmed that the strong
interaction comes from the oxygen atoms in crown ether not
from the ring-shaped structure. Two paths I and II were cho-
sen for H2 to approach toward PEG. Path I passes through
the crescent-shaped potential pocket around an oxygen atom.
Path II approaches from the opposite side—along this path
the effect of oxygen atom located at the opposite side of PEG
is screened by other atoms. The binding energy curves �Fig.
4�b�� show stronger binding �Eb
0.3 eV� for path I and
weaker binding �Eb	0.1 eV� for path II. We found that the
induced electric dipole moment of H2, PH2

, increases as db

decreases for both paths, while solely for path I a charge
transfer from the crown ether toward H2 also increases as db
decreases �Figs. 4�c� and 4�d��. It is also noted that the
charge transfer occurs mainly from the oxygen atom. This
implies that the charge transfer between the crown ether and
H2 for path I forms an electron donor-acceptor complex
while both paths involve induced dipole interaction.

In order to see this point more clearly, electronic orbitals
of the system were studied. It is known that, if there is a level
mixing �orbital hybridization� between orbitals above and
below the Fermi level, the total energy of the ground-state

200 300 400 500
T �K�

0.1

1

10

P �atm�

2.62
4.15

5.82
0.7

NH2

ads � 5

NH2

ads � 1

FIG. 2. �Color online� Results of the theoretical thermodynam-
ics model: the shaded area represents the transition region where the
number of bound hydrogen molecules is between 1 and 5. Its left
side is fully adsorbed region while the right side is fully desorbed
region. The number of adsorbed hydrogen molecules from MD
simulations is given in the figure with corresponding dots.

bound H2
free H2

0 2 4 6 8 0 2 4 6 8 10

r (Å)

(a) (b)
300K 300K
2.25atm 5.11atm

(c) (d)
300K 500K
13.1atm 24.8atm

FIG. 3. Probability density plots of hydrogen molecules as a
function of the distance from the center of the crown ether. The
peaks under 7 Å represent the bound hydrogen molecules and the
density above 7 Å represents free ones. By comparing �a�–�c� and
�d�, it is obvious that raising temperature pushes hydrogen mol-
ecules to the continuum level from the bound state. More details
including the fitting are in the text.
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electronic configuration will be lowered due to the level re-
pulsion. Here, we denote the nonhybridized molecular orbit-
als as �i and the hybridized ones between H2 and PEG as �i,
where i is the index of each energy level. Figure 5�a� shows
three selected nonhybridized orbitals near the Fermi level for
the case of path I. The first two orbitals �1 and �2 are those
below the Fermi level while �3 represents the one above.
Since H2 is far enough from the PEG, H2 s
 orbital ��1� and
s
� orbital ��3� are fully decoupled from the PEG orbitals.
Figure 5�b� depicts hybridized orbitals �1 and �2 between �1
and �2 when H2 is located at the energy minimum of the
oxygen potential pocket; �1 is the bonding �lower energy�
and �2 is the antibonding �higher energy�. Note that only the
oxygen pz orbital that has the lone pairs is significantly in-
volved. This hybridization, however, cannot directly lower
the total energy since both �1 and �2 are under the Fermi
level. For more quantitative analysis, we have projected �i
onto �i such that �i=� jMij� j. Black bar charts �upper part�
in Figs. 5�c� and 5�d� visualize the population vectors
�Mi1

2 ,Mi2
2 ,Mi3

2 � for �1 and �2, respectively. A vertical dashed
line is drawn in each plot to show the Fermi level. From the
bar charts one can note that �2 involves hybridization not
only with �1 but also with �3; we have observed that, among
the �i’s below the Fermi level, this level mixing is the largest
contribution from any �i above the Fermi level. In �2, the H2
s
 orbital is slightly shifted further away from PEG. This
could be simply due to the antibonding between �1 and oxy-
gen pz orbital in �2 but it could also be interpreted as a
mixture of �1 slightly with �3 that makes bonding with the
oxygen pz orbital. In other words, the hybridization of �2
with �1 enhances the transition amplitude from such a first-

hybridized state to �3 yielding a second-hybridized �2 or-
bital. It can also be interpreted that the electrons are donated
from the H2 s
 orbital to a higher-energy oxygen pz orbital
in the PEG, elevating the energy of a part of the electrons in
the H2 s
 orbital, so that they can be back-donated to H2 s
�

orbital. On the other hand, gray bar charts show the corre-
sponding plots for the case of path II at its energy minimum.
In Fig. 5�d�, the gray bar chart �lower part�, differently from
the black bar chart, has no contribution from �3. This is due
to the lack of significant mixing between �1 and �2. O-H2
binding reveals another nonclassical mechanism that is dif-
ferent from the known B-H2 binding28 in that one involves
the doubly occupied lone pairs of O while the other must
involve empty pz orbitals of B.

VII. CONCLUSION

In conclusion, oligomers of ethylene oxide have optimal
binding energy for molecular hydrogen storage with high
gravimetric capacity up to �6.2 wt % for 12-crown-4 as
well as good desorption process under ambient conditions of
temperature and pressure. We found that the special mixing
between the hydrogen molecular orbitals and the lone pairs
of the oxygen atom in ethylene oxide occurs through electron
donation and back-donation that give the special binding
strength. It is, however, noted that our promising result is
based on single crown ether and would not be realistic in
liquid crown ether due to the ether-ether intermolecular in-
teraction. Our eventual goal is to build and investigate
crown-ether-based porous materials in a form of covalent
organic framework.29 Such a framework would keep the op-
timum hydrogen binding energy while minimizing ether-
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FIG. 4. �Color online� �a� PEG within a periodic unit cell and
two hydrogen molecules at their respective energy minima along
two paths I and II. �b� Similar curves as in Fig. 1�b� for the case of
PEG. As in crown ether, the energy minimum for hydrogen binding
along path I is found at db�2.4 Å with Eb
0.3 eV, while for the
other path along which the oxygen is screened by other atoms the
potential depth is Eb	0.1 eV. PH2

curves in �c� and �d� show the
induced dipole moment on each H2 in the dimension of e�Å,
where −e is the charge of an electron. �Qi in �c� and �d� represent
the change in charge given in e on the element i as a function of db.
To get the electric charge on each atom, Mulliken population is
used.
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FIG. 5. �Color online� �a� Three selected nonhybridized orbitals:
�1 and �2 are below the Fermi level while �3 is above the Fermi
level. �b� Hybridized orbitals for hydrogen binding along path I at
db=2.4 Å: �1 is a bonding while �2 is an antibonding of �1 and
�2. The black bar charts in �c� and �d� show the amount of hybrid-
izations in �1 and �2. The gray bar charts show the counterpart
along path II.
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ether interactions as well as maximizing the surface area for
H2 storage. Our finding should encourage experimentalists to
test the material and open up a ambient-condition high-
capacity hydrogen storage technique.
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APPENDIX: HYDROGEN ADSORPTION-DESORPTION
MODEL ON CROWN ETHER

We are going to describe a simple model to find out the
average number of adsorbed hydrogen molecules on crown
ether when the total number of hydrogen molecules, NH2

tot , in
a fixed volume V is given under certain temperature T. It is
assumed that crown ether has six independent potential
wells, each of which can bear only one hydrogen molecule—
the binding energy of additional hydrogen molecules to a
potential pocket which is already occupied is substantially
smaller than the first one. Such a system can be described by
a mixture of eight chemical species: CE, H2, and nH2-CE,
where CE represents crown ether and nH2-CE represents a
bound state of n hydrogen molecules on crown ether with
n=1, . . . ,6.

The reaction equations for different combinations of
crown ether and hydrogen molecules can be written as

�n − 1�H2-CE + H2 � nH2-CE, �A1�

where n=1, . . . ,6. In equilibrium, the chemical potentials
should be the same on both sides of Eq. �A1�,

��n−1�H2-CE + �H2
= �nH2-CE, n = 1, . . . ,6. �A2�

By approximating the system as classical ideal gas, the
chemical potential of species i is

�i = kBT ln ni − kBT ln nq,i + Fi, �A3�

where kB is the Boltzmann constant, ni=Ni /V is the gas den-
sity, nq,i= �MikBT /2��2�3/2 is the quantum concentration, and
Fi is the internal free energy due to the binding.30 Consider-
ing hydrogen atoms as distinguishable particles31 and FCE
=FH2

=0, the free energy of nH2-CE is

FnH2-CE

= − kBT ln�n ! �
j1=n

6

�
j2=n−1

j1−1

¯ �
jn=1

�jn−1�−1

e−��Ej1
+¯+Ejn

�/kBT�� ,

�A4�

where Ej is the binding energy of the jth potential well.
Substituting Eqs. �A3� and �A4� into Eq. �A2� yields

NnH2-CE = Kn�T,V�N�n−1�H2-CENH2

�exp�FnH2-CE − F�n−1�H2-CE

kBT
	 , �A5�

where

Kn�T,V� =
1

Vnq,H2

�M�n−1�H2-CE

MnH2-CE
	−3/2

. �A6�

Here, Kn�T ,V� can be approximated to be independent of n
since MCE�MH2

,

Kn�T,V� � �Vnq,H2
�−1 
 K�T,V� , �A7�

so that Eq. �A5� becomes

NnH2-CE = K�T,V�N�n−1�H2-CENH2
exp�FnH2-CE − F�n−1�H2-CE

kBT
	 .

�A8�

The assumed constraint number of the total hydrogen mol-
ecules and the crown ether gives two constraint equations:

NH2

tot = NH2
+ �

n=1

6

nNnH2-CE, �A9�

NCE
tot = �

n=0

6

NnH2-CE 
 1. �A10�

From Eq. �A8�, one can get

NnH2-CE = KnNCENH2

n exp�−
FnH2-CE

kBT
	 . �A11�

Substituting Eq. �A11� into Eqs. �A9� and �A10� gives

NH2

tot − NH2
= NCE�

n=1

6

nKnNH2

n exp�−
FnH2-CE

kBT
	 , �A12�

1 
 NCE
tot = NCE�

n=0

6

KnNH2

n exp�−
FnH2-CE

kBT
	 . �A13�

By eliminating NCE from Eqs. �A12� and �A13�, one can get
a seventh-order polynomial equation of NH2

,

�NH2

tot − NH2
��

n=0

6

KnNH2

n exp�−
FnH2-CE

kBT
	

= �
n=1

6

nKnNH2

n exp�−
FnH2-CE

kBT
	 . �A14�

Solving Eq. �A14� gives the average number of adsorbed
hydrogen molecules, NH2

ads
NH2

tot −NH2
, as a function of NH2

tot

and T in a fixed volume V. Since the pressure of the system,
P, can also be calculated using the van der Waals equation,
NH2

can be represented as a function of P and T indirectly.
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