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We have performed semiempiricdINDO) as well asab initio density-functional theory calculations at
T=0 to analyze the hydrogen storage behavior in spheroiggh@d G,, and cylindrical finite-lengti5,5)
armchair C and BN fullerenes. We have found that, while chemisorption of individual H atoms to the external
surface of the fullerenes is observed, hydrogen atoms cannot be attached to the inner wall of the structures and
can only exist in a molecular form inside the fullerenes. We further find that, as a function of the symmetry of
the encapsulating cavity and a delicate balance between repulsive energies agnodetlles inside the
structures and those between Holecules and the fullerene walls, molecular, )l clusters of well defined
shape are formed namely: linear configurations, two-dimensional zig-zag and triangular arrays, and three-
dimensional structures such as octahedral and icosahedral clusters, as well as helicoidal cylindrical-shape
assemblies. In the cylindrical configuratiof@ and BN tubeg hydrogen atoms are placed inside the structures
up to a bond breakage of the fullerene network, which allow us to estimate the maximum storage capacities of
the different configurations. Actually, in our closed nanotubes, we relate the bond breakage mechanism to the
development of a nonuniform hydrogen accommodation along the tubes, driven by the both highly anisotropic
H,-H, and wall-H, repulsive interactions. With increasing the number of storgd thbes are found to be
mainly radially deformed, a fact that reduces to ~13%) the energy difference between the highest occu-
pied and lowest unoccupied molecular orbitals in the structures. Finally, saturation of the tube ends with
molecular terminations results in stable compounds from which a density-controlled storage of hydrogen seems
to be possible.
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. INTRODUCTION of only 0.28 wt % at 40C.° Recently, Dillonet al.’ reported
that hydrogen could be stored in bundles of SWNT’s up to
Fullerene related materials have attracted considerable a5%—10%, where K molecules are physisorbed at the exte-
tention this last decade due to their unique physical andior surfaces or located between the interstitial spaces sepa-
chemical properties. Compared to other carbon structuregating the tubes. Moreover, Chambeitsal® claimed to ob-
fullerenes have revealed promising applications in a wideerve a remarkable large amount of hydrodéi wt. %
variety of very important technological processes such as iRdsorbed on graphite nanophibers for pressures of about 100

designing electronic devices, superfibers, catalytic material&" and temperatures around 300 K. These last two reported

etc. Apart from considerable efforts to understand their for_c’apamnes, in particular, are higher than any observed before

. . . : for known types of carbon materials and actually, they have
mation proces$,particular attention has been also given to not been corroborated in any other theoreficalexperimen-

the type of materials that can be obtained by doping thengy| investigation of hydrogen adsorption on nanofibend
with heavy atoms or with different kind of molecule©ne  carbon nanotube<.

of the most striking results in this respect corresponds to the Until now, the most useful method for storage of hydro-
alkali-doped G, compounds which display superconductiv- gen in an array of SWNT’s was thought to be physisorption
ity at reasonable high temperatti@nd very recently, appli- on the outer surface or in the interstices between
cations as magnetic detectors and in magnetic recordinganotubes? However, the desorption behavior for phys-
technology are being envisionédn addition, their large iSorbed hydrogen may limit its applications in the field,
empty spacéparticularly inside carbon nanotubgbas open ~Where stable storage of hydrogen in the SWNT sample
also new applications as storage materials with high capacitjyeu!d be required at temperatures considerably higher than
and stability. These cavities are large enough to accommd2°™M temperature. On the other hand, it is also possible to fill
date a wide variety of atomic and molecular species, th VXIDITSVK”ZHZ by c:’iplllarlty,dosr\snvyN%éfSorCmmg CO."'S'?ES
presence of which can significantly influence the propertie e eenhy rogen atoms aln . : oncern;Pg €

of the material. In particular, the storage of hydrogen in atter technique, many results using energetic collisions be-

. ) . tween fullerenes and various atoms, molecules, or ions to
single-wall nanotubeéSWNT's) has attracted much experi- form endohedral complexes have been repdftead, de-
mental and theoretical interesheing their use in fuel cells ¥

: > . ~=2  gpite bond breakage and subsequent cage destruction can be
for power generation one of the most promising appllcatlonsmduced, in the particular case of SWNT's, their superior

In the past years, different experimental measurementg,echanical strength and capacity of broken bond recovery at
have been performed in order to determine the maximumoom temperature can be used to surmount the storage den-
hydrogen storage capacity in several carbon compounds. Fgfty obtained by capillarity to a super high density.
example, crystalline fcc g has been observed to absorb H  From the theoretical point of view, there are several stud-
in octahedral interstices, providing a small storage capacitjes (at different levels of approximatiorin which adsorption
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and insertion of hydrogen on an array or in isolated SWNT’sanalyze since single-wall BN nanotubes and related fullerene
have been performed:1"*® Encapsulation or adsorption to structures(multiwall nanotubes, bundles, efé. have also
the external surface of nanotubes with different diameters, oshown remarkable stability, being their hydrogen storage ca-
separated by various distand@sthe case of periodic arrays pacity still previously unexplored. Finally, in view of pos-
have been considered, and important details concerning tHéble applications and to see also the influence of the capped
hydrogen adsorption sites, their stability, and electronic prop€nds, hydrogen storage in a carbon nanotube capped with
erties have been obtained. In particular, from these studies @'ganic molecules is also analyzed.
is clear that a large amount of,Hnolecules can be trapped ~ The rest of the paper is organized as follows. In Sec. Il we
inside SWNT's, and that the hydrogen storage capacity i®riefly describe the theoretical models used for the calcula-
limited by the repulsive interactions between Holecules tions. In Sec. lll we present our results and finally, in Sec. IV
and those between JHmolecules and the fullerene wafl. the summary and conclusions are given.
Furthermore, by considering charged nanotubes, recent the-
oretical studie¥ have found a_signific_antly better per_for- II. METHOD OF CALCULATION
mance for hydrogen storage, increasing the adsorption as
10%-20% at 298 K with respect to uncharged SWNT'’s sys- The number of atoms involved in our considered systems
tems. (up to ~200) limits the applicability of density-functional
However, despite all this intense research activity, little(DF) optimization-based methods and that is why we have
attention has been paid to the different condensed phases @écided to perform our systematic study by combining two
hydrogen molecules that could be induced in such confinedifferent theoretical approaches. In a first step, we have fully
environments and that, as will be seen in the following, areoptimized the considered structures using the semiempirical
of crucial importancéparticularly at high densitiesn deter-  modified-neglect-of-diatomic-overlap(MNDO) level of
mining the stability and maximum storage capacity of carbortheory’® and then, in a second step, we have used these
nanotubes. At this point, it is important to comment thatMNDO geometries to perform single-point DF calculations
previous molecular dynamics studies on kiolecules en- considering the Becke exchange functional and the Lee-
capsulated in a SWNT have already reported the formatioiYang-Parr correlatioR?
of a molecular assembly of cylindrical shalgézurthermore, This procedure could be justified since the accuracy of the
as a function of the density of stored hydrogen and the tub®NDO method has been proved in several calculations of
radius Lee and Le® observed, through density-functional fullerenes and fullerene-derived materials. For example, for
theory(DFT) calculations, a large variety of coaxial molecu- the Gy molecule MNDO finds bond lengths of 1.474 and
lar configurations, playing the repulsive interactions amongl.400 A2 for single and double bonds respectively, in good
the different atomic species involved a key role in their for-agreement with gas phase electron studies (45806 A
mation and stability. Interesting related condensed-phasand 1.401-0.010 Ay® and ab initio calculations(1.446 A
monolayer films have been also found in rare gas and hydraand 1.406 A.? In the case of a fully relaxe(b,5 armchair
gen films adsorbed on the inner surfaces of carborrarbon nanotube we obtain a diameter of 6.9 A with an av-
nanotube® and finally, Hodak and Girifalcd have applied erage nearest-neighbor bond length~of.44 A, both quan-
a lattice gas Hamiltonian to analyze the structural propertiesities being almost the same than that reported with more
of Cgo molecules encapsulated in open and clo&E@i10 elaborated calculatiod8. MNDO calculates the ionization
nanotubes and, in agreement with high-resolution transmispotential of G, to 8.95 e\?° slightly larger than the values
sion electron microscopy observations, they have found thebtained from ab initio calculationé® (7.92 eV} and
formation of an almost perfect one-dimensiong) @olecu-  experimerft® (7.56—7.62 eV and finally, doped fullerend$
lar solid. Moreover, for closed tubes at room temperaturefe.g., LiCqso (x=0 ... 14)] and large carbon clusté&ts?
they have obtained a broad distribution ofgg)g clusters, have also been successfully studied using the MNDO ap-
their sizes decreasing with increasing the temperature of thgroximation.
system. It is important to comment that MNDO theory gives also
In this work, we have carried out semiempirical amol a very good estimation for the C-H distance and angular
initio DFT calculations for several Hmolecules encapsu- H-C-H distribution in several carbon-hydrogen compounds.
lated in various carbon fullerene structurapheroidal G ~ For example, for the interaction of H with the external sur-
and G, as well as in cylindrical ¢ in order to analyze the face of a Gy we obtain that hydrogen is chemisorbed on top
form of stored hydrogens and to find out the maximum stor-of a C atom of the cage with aCH bond length of 1.11 A.
age capacities of the different configurations. Our calculain the case of methane, a tetrahedral structure is found with a
tions give a detailed description on the formation of severaH-C-H angle of 109.2and a G—H bond length of 1.10 A.
molecular H clusters of different sizes and geometries, theln fact, for an extensive comparison between MNDO theory
latters being mainly determined by the symmetry of the enand experimental results, and also with more elaborated
capsulating cavity. Furthermore, we analyze the hydrogeguantum chemical calculatioris.g., heats of formation, mo-
storage behavior in a cylindrical 110-atom BN fullerenelecular geometries, rotational barriers, bond lengths,),etc.
which, even if it has approximately the same dimensionghe reader is referred to the Ref. 23.
than the corresponding carbon arrangement, the different na- The electronic structure and total energy of the molecules
ture of the B—N chemical bonds could increaggecrease  are obtained by means of tieaussiAN9s software®? where
the density of stored hydrogens. This last case is important the molecular orbitals are expanded as a combination of
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Gaussian functions centered at the atomic sites, and the e»
change correlation effects can be treated within the density: 4
functional scheme. In particular, the Kohn-Sham equation
are solved by considering the nonlocal Becke exchange func \
tional and the Lee-Yang-Parr correlatiéBLYP).>* We use
the slater-type orbitaléSTO)-3G basié® which is a minimal

set that is formed by fixed-size atomic-type orbitals. The
STO-3G considers three Gaussians per basis function, fo »
example, in a carbon atom we have three gaussians whicf\
are a least-square fit to a Slates drbital, and we have also %
another three Gaussians which are a least-square fit to Slatt
2s and 2p orbitals. Obviously, larger basis sets approximate
more accurately the orbitals by imposing fewer restrictions
on the location of electrons in space. As a consequence, il _
order to illustrate the dependence of results on the choice of
basis functions, we have done some calculations by using {
more extended set, 6-21% The calculations, which in-
volved a higher numerical effort, are found to lead essen-
tially to the same conclusions.

The numerical accuracy of the method is tested by calcu-
?gltg?n,szg]isvivneél t';]r;ovmv?nﬁ:]c;?g}lleosisoé tgggﬁn:elictul,:gt' :’r\llg OCghird columng together with the spatial distribution of the center of
cupied electronic states fall within a range of 19.2 eV ana;[nasses of the encapsulated hydrogeesond and fourth columns
that the energy difference between the highest occupied m(zc->r @ (H)e@Geo, (B) (H2)1d@GCeo, (©) (H2)10@Coo, ()

: : H2)6@ Gz, () (Hp)13@ Cgp, and(f) (Hy)19@ Gy, fullerenes.
lecular orbital(HOMO) and lowest unoccupied molecular * *

orbital (LUMO) s of 1.45 eV, both results being in good gap is reduced when compared with the ones obtained for

agreement with the calculations of Kobayashi and Morit ) : : -
based on the nonlocal DFT with generalized-gradient ap?—B>N tubes with larger diameters(5 eV for tubes with radii

proximation(GGA).35 On the other hand, we must say that =6 A), however, this could be reasonable to expect since it

our values are underestimated when compared with exper, Fias l:l)):r?(;] d:m%r;‘:'g:;ii %tﬁlégtﬁéte:h?;’ :QI B,s\la:llj:)aetisr; at
mental measurements performed o @in films (HOMO- 9ap  rapidly 9

LUMO energy gap of 2.3 eV and valence-band width of ZSEEEthixigonﬂ E;N fV fhlgir(ljl:i?,a ';5 r']r;\f’eogggatgl co;grl?:(;\tm
eV), 353" where solid-state effects like ordering of the mol- Energy gaps o SO

. . Ref. 40 when considering BN tubes with similar dimensions
ecules and shrinkage of the cluster lattice are known to Ior%chiralities) than the one considered in our work. These find-

duce sizable modifications in the electronic spectra. W . .
ings together with the previous results on pure carbon struc-

found, for the G molecule, an atomization energy of 10.04 ures demonstrate that our hybrid approach well describes
eV/at which is overestimated with respect to the reporte . y PP
e energetics and the local electronic structure of our con-

values in the literature, however, as clearly stated by other.
authors® this corresponds to a basis set effect. Actually, thesudered fullerenes compounds.

calculation using the 6—-21G basis gives an atomization en-

ergy of 8.56 eV/at, which is closer to the estimated experi- lll. RESULTS AND DISCUSSION
mental value of 7.25 eV/af. Therefore, in the following,
only relative values are important.

For our fully relaxed 110-atortb,5) armchair carbon tube Despite hydrogen encapsulation in relatively small sphe-
we calculate, at the STO-3G level, an HOMO-LUMO energyroidal fullerene molecules is probably not as important for
gap of 0.14 eV, which clearly reflects the conducting proper-gas storage applications as is the case in carbon nanotubes, it
ties of these structures. In addition, the chemical adsorptiois for sure very useful in order to get a physical insight into
of a single H atom on the external surface @bg) nanotube the structural properties of small molecules encapsulated in
is also found with an adsorption energy of 3.31 eV. Howeversuch confined environments. In Fig. 1 we show as represen-
by using the more extended 6—21G basis set we obtain tative results the MNDO equilibrium configurations for 6,
value of 1.09 eV, being in good agreement with molecularl3, and 19 H molecules encapsulated in spheroidg), C
dynamics simulatiors (1.19 eV} in which both the energet- [Figs. 1a), 1(b), and 1c)] and G, [Figs. 1d), 1(e), and
ics and the geometrical degrees of freedom are treated on tli€f)]. The number of internal molecules studied ranges from
same theoretical level. Finally, and in sharp contrast to thd to 23 for Gy, and from 1 to 35 for G,, the latters defining
corresponding pure carbon structure we found, for our fullythe maximum storage capacity for each one of the carbon
relaxed 110-atom BN tubéof ~7.2 A in diameter, an  fullerenes.

HOMO-LUMO energy gap of 3.4 eV which clearly reflects  The equilibrium structures shown in Fig. 1 were calcu-
the well-known semiconducting character of these structuredated by computing the force at each atomic site and relaxing
We must comment that this calculated value for the energyhe geometry, without symmetry constraints, by the method

FIG. 1. CalculatedMNDO) lowest-energy structurg$irst and

A. Hydrogen encapsulation in spheroidal Gy and Cg,
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of steepest descent. Different starting configurations were e
used(e.g., disordered arrangements of diatomic molecules as /A=<~ S
well as randomly distributed isolated H spegi¢s ensure
that the geometry of the molecule corresponds to the global A,
minimum. From the figure we can see that, in all cases, the |
encapsulated hydrogens only exists in a molecular forg) (H
inside the fullerenes and that do not adsorb to the internal
surface of the carbon structure. In all cases we fourdH
bond lengths of 0.66 Aobviously underestimated by the
semiempirical approximationbeing actually the same than
the MNDO value obtained for the isolated, ldase?® On the
other hand, the various-€C bonds in both cages are gradu-
ally expanded as a function of the number of stored hydro-  £7 _~1
gens reaching, at the highest density, an average nearest- // }=¢3
neighbor G—C bond of 1.56 and 1.54 A for &g and G, N o
respectively, being in fact comparable with the measured ' /)Yy
C—C bonds of diamond1.53 A). We must comment that ¥
these results are in qualitative agreement with the DFT stud- \

ies performed by authors of Ref. 18 addressing the effective
hydrogen storage in SWNT's. These authors have considered
an initial configuration consisting of individual hydrogen at- (b)
oms adsorbed at the internal surface of a nanotube, configu-

ration that has been found to be unstable after full relaxation
of the system, resulting only in the formation of, Hol-
ecules having alsoH-H bonds very close to the DFT value
obtained in the isolated ca¢@.75 A). Furthermore, for rela-
tively high H, density uptakes, values ef1.52 A are also
observed between the various nearest-neighberC®onds

of their cylindrical cavities, being of the order of the ones
found in our spheroidal fullerenes at high hydrogen concen-
tration regimes. From these results it is thus evident that
repulsive interactions among the encapsulated hydrogens and
the fullerene wall, as well as between the variouysrhbl- (C)
ecules formed are present, and play an important role for

determining the hydrogen storage capacity in these hollow
carbon structures. FIG. 2. CalculatedMNDO) lowest-energy structureéeft col-

. . mn) together with the spatial distribution of the center of masses

From our calcglatlons we have found that, besides théf'Of the e?wcapsulated hydrogefright column for (8) (Hy)s@ Chy,
repulsive interactions present in the systems, there are alzg) (Hy) 15@Cs,, and(©) (Hy) 16@C, fullerenes
some confinement effects that are of crucial importance i 213= 82 21982 '
determining the ground-state structure and stability of theserystalline (cubic) structural phase transitions are observed.
compounds. This is inferred from Figs. 1 and 2 where actuit is important to remark that, in all our geometry optimiza-
ally both effects are combined to induce the formation oftions, disordered arrangements were always assumed as ini-
various B molecular clusters of well-defined shape. In ordertial configurations, however, they turned to be unstable after
to see this more clearly, we have decided to plot at the rightwitching on the minimization procedure, gradually evolving
of each (H)n@ Cso(sz) €quilibrium configuration the posi- to the highly symmetric structures shown in the figures.
tion of the molecular centers of mass of the encapsulated In order to analyze the influence of the size and symmetry
hydrogen molecules. We note thaffeig. 1(a)] and 13[Fig.  of the encapsulating cavity on the equilibrium geometry of
1(b)] H, molecules inside the g fullerene arrange them- the endohedral molecular,Htlusters we present also in Fig.
selves in well-defined configurations, namely, octahedral and results for 6 Fig. 1(d)], 13 [Fig. 1(e)], and 19[Fig. 1(f)]
icosahedral clusters. However, for 19, kholecules[Fig. H, molecules encapsulated in a low-symmetry, Gomer.
1(c)] (which defines a relatively large density of encapsu-From the figure we can see that, when compared to the re-
lated hydrogen for the & cavity), a considerable distorted sults obtained for the £ cavity, the equilibrium geometry of
“icosahedral-like” structure is found, defining a kind of the (H,)4 cluster suffers a structural transformati@mompare
ordered-disordered structural transition as a function of th¢igs. 1a and 1d)], being now characterized by a less coor-
number of stored hydrogens. We must comment that similadinated arrangementsingle-capped trigonal bipyramid
structural rearrangements have been obtained when analy®toreover we note that, for this sequence, distorted configu-
ing the equilibrium geometry and thermodynamics ofrations are already present for {H; [compare Figs. (b)
(COy)n (Ref. 41 and (Sk)y (Ref. 42 molecular clusters and Xe)], both facts reflecting the crucial role played by the
where, as a function dfl, noncrystallingicosahedral-liketo  precise geometrical details of the encapsulating cavity on the

=

Vv vy
/ ARG\
N7

—
£ </
=& X

\

=

L
L
\

i

7
L

£
A

Y,
/l.
.

Y
Py
é‘\l

\

=]
-~

:ll_&\\¥

155426-4



CLUSTERING OF H MOLECULES ENCAPSULATED IN.. .. PHYSICAL REVIEW B 66, 155426 (2002

global structure of the guest molecules. Actually, if we con- L2177
sider a more sphericalg(gisomer(see Fig. 2, we clearly see - RN

again the formation of well-ordered octahedral and . ;(HZ)’VgCW

icosahedral-like clusters fdd=6 and 13 H molecules, be- 0.9 L
ing almost the same that the ones found inside the 60-atom o
fullerene. These results could be of fundamental importance S
when encapsulating magnetic gue@ts which applications %
N’

.

o

in magnetic recording technology are being envisigned

since it is well known that, in magnetic systems, small

changes in their local atomic environment can lead to signifi-

cant variations in their magnetic properties. 0.3
It is important to note that the ordereddisordered struc-

tural transitions found in Figs. 1 and 2 as a function of the

stored hydrogens goes in hand with the correlated 0. P I B R B

—uncorrelated molecular orientation transitions also present I\%(z) oflgstor%d H30 36

in the molecular clusters. As is well known, many bulk sys- ’ 2

tems consisting of highly symmetric molecules change their FIG. 3. The intercalation energ§;., per atom for () @Cs

structure at a phase transition as a result of orientation order- N int P N 0

; . - : . and (H)y@ G, fullerenes as a function of the number of encapsu-

ing or disordering of the molecul3This fact is also clearly lated hydrogens

seen from the sequence shown in Fig&),11(b), and 1c) y '

where we note that, besides the symmetrical position

adopted by the center of masses of®&] [Fig. 1@)] and 13 energies are negatiyea stable system will have a negative

(In) [Fig. l(b?] H, molecules, correlated orientations be- value for the intercalation energy. From the figure we can see
tween the various molecular axes are also observed. Thus ttgﬁ

clusters are orientationally and translationally ordered. How us that it is already quite challenging to incorporate a few
. . . . ' H, molecules inside both & and cavities, clearly re-
ever, note that the lattice distortions that deviates thg {1 2 & > y

lust rVEi f the ideal i hedral K flecting the strong repulsive interactions between the differ-
cluster geome ryFig. ](C)]. rom the ideal icosahedral pack-- o chemjcal species present in the system. At this respect, it
ing are coupled to a rotational phase transifidmaracterized

b doml ented lecul p oobtained is important to comment that despite our total-energy calcu-
Iy afrar;hoiny ogen ef mo ecula; 302 |gura1) S'ne. tIations have demonstrated that endohedra}) (k& Cso(s2)
aiso for that number ol encapsulated nydrogens. Reorentgn o enes will be difficult to isolate it could be possible that,
tions of H, molecules(leading to disordered arrayare ac- by performing low-energy H-ion bombardment on a,C
companied then by considerable distortions of the clusteg :
. . ample, H atoms may get trapped in the fullerene cage.
lattice, a fact that clearly reveals the strong coupling betwee P y9d bp g

) . . ; " As a conclusion of this section we would like to comment
orientational and translational order in real systems, depenqhat the various physical trends shown in the figures, and
ing thus the interaction potential in molecular clusters n ’

o . Olyhich in fact have been also observed for similar related
qnly on the _posmons of the molecules but also on their rela'systems, can lead us to conclude that within our theoretical
“V?N(mﬁmat'oﬂs' ked th liability of tructural ootimi framework and model systertcarbon cagest diatomic

€ have checked the reliabiiity of our structural optimi- molecule$ we are able to describe, at least qualitatively, re-

zations by comparing our equilibrium geometry found for _._.: : : -
. . i alistic phenomena of molecular systems in confined environ-
the (H,)s@ Gy, fullerene[Fig. @), with the ones obtained ments. We would like to add finally that the motivation of

by means ofab initio Hartree-Fock and DFTEDA) local- ¢ section has been primarily scientific, and we think that a

density ?]pprque;]t]orr]l cglqulatllorlz. V.V'tthm tthe_HF atndtpllzTnumber of new insights into the behavior of small molecules
approaches, in which obviously the interatomic potential 'S%”ncapsulated in fullerene structures has been obtained.
gradually more accurately described, the structures obtaine

do not differ significantly from the one optimized at the

th the structure. According to this definitigqwhere all total

MNDO level (all three belonging to th®©,, symmetry, the B. Hydrogen storage in tubelike arrangements
main differences lying in the largerH, distancesup to We turn now to the most interesting case concerning the
2%) found in the more accurate theories. hydrogen storage in tubelike arrangements. Although most

Finally, in Fig. 3, we present results for the intercalationprevious theoretical works on hydrogen storage have prima-
energy per atomk;,, of the Gy and G, fullerenes as a rily dealt with infinite-length nanotubes on account of the
function of the number of stored hydrogens defined as simplification offered in various of the formalisms it is well

known that, as produced tubes could be capped, among other

Eint=[Ed (H2)n@ Coo(s2)] — NEi(Hz) — E¢( Ceo(s2) 1/ Nat, ways, with hemispherical fullerene domes containing six
(3.1 pentagons required to produce closure. Obviously, the use of

this type of boundaries should strongly influence the equilib-

where E(H;)n@ Gsosz] is the total energy of the rium filling when compared to the one obtained using peri-
hydrogen-containing fullerene&(H,) and E((Csos2) are odic conditions, being thus a key issue that must be also
the total energies of single gaseousatd G gz Molecules,  considered when analyzing the hydrogen storage capacity in

andN4(N) define the total number of atoms {lfholecule  real nanotubes compounds.
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(C) FIG. 5. CalculatedMNDO) lowest-energy structurgéeft col-
umn), side-view of the equilibium configuratiorisentral columip,
and the respective spatial distribution of the center of masses of the
encapsulated hydrogerigght column for (&) (H,)1s@ Ci10, (b)

% (H2)30@ Cy10, and(c) (Hy)40@ Cyy fullerenes.

(d) wide variety of structural transitior(®oth translationally and
orientationally present in the system as a function of the

FIG. 4. CalculatedMNDO) lowest-energy structureeft col- number of stored hydrogens.
umn) together with the respective spatial distribution of the center From Fig. 4a) we can see that 4 Hmolecules arrange
of masses of the encapsulated hydrogémght column for (&  themselves inside the ;& fullerene in a perfect one-
(H2)s@Cryo, (0) (H2)s@Cryo, (€) (H2)s@Crpo, and (d)  dimensional structure, and in which it is possible to appreci-
(H2)7@ Cyyp fullerenes. ate also a well-defined orientational ordering of the various

molecular axes. One-dimensional arrays of molecules

In our cylindrical structures, the number of encapsulated’@ve been also obtained in grand canonical Monte Carlo mo-
H, molecules goes from 1 to 40 for,G and from 1 to 41 for  lecular simulations when placing,Hnolecules in the inter-
the BysNss tube, the latters defining the maximum storageStitial space between nanotubes with a small tube—tubisepa—
capacity for each one of the encapsulating cavities. In thigations (4 A) and relatively small tube diametét0 A).
case, we use also the MNDO Hamiltonian to perform fu“However_, in this case, the structural parameters pf_the tube
symmetry unconstrained relaxations since, as already seen &ray artificially define a narrow space in which it is only
the preceding section, the repulsive interactions betweeROSSible to accommodate only a single column of tightly
fullerene walls and hydrogen is fairly strong and can givePack hydrogen molecules. For 5,HFig. 4(b)], a one-
raise to sizable deformations of the encapsulating cavity, bedimensional(1D)—two-dimensional(2D) structural transi-
ing obviously of crucial importance for determining the sta-tion is observed in which the guest molecules form now a
bility and equilibrium properties of these compounds. Al-ZiZ-zag array. This is due to the fact that the repulsive inter-
though it is desirable to have the calculations performed selfactions with the capped ends do not allow anymore the one-
consistently on theab initio level, the size of the system dimensional growth sequence, allowing thus two-

makes this prohibitively expensive and it is thus necessary tdimensional displacements of the encapsulated molecules.
accept approximations. Moreover, note that this structural transformation is also

coupled with a correlated reorientation of the various mo-
lecular axes. Adding one more hydrogen molecule to the
system[Fig. 4(c)] results in a still very symmetrical 2D tri-

In Figs. 4 and 5 we show as representative results ouangular array and finally, 7 Hmolecules stabilize the first
equilibrium structures found for 4, 5, 6, (Fig. 4), and 18, 3D structure [Fig. 4(d)], being formed by a kind of
30, 40(Fig. 5 H, molecules encapsulated in a,gtubelike  “rombohedral-like” twisted array in which, unlike in previ-
arrangement. Furthermore, as in the last section, we shoaus cases, disordered orientations of the molecules are now
also the position of the center of mass of each one of th@resent.
encapsulated hydrogens molecules, together with a side view In Fig. 5 we show similar results but for intermediate and
(see second column of Fig) 6f the equilibrium structures large concentration regimes, namely, [F8g. 5a@)], 30 [Fig.
obtained. The configurations plotted in the figures were cho5(b)], and 40[Fig. 5(c)] H, molecules inside the G, cavity.
sen because they clearly revdak in the last sectionthe  From Fig. §a) we can clearly see that 18,Hinolecules con-

1. Hydrogen storage in a (5,504, capsule
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dense to a molecular shell with tube shape and which isemperature phase becomes unstable and the system suffers a
characterized by a strongly correlated orientation of the varistructural phase transition. Form Figs. 4 and 5 it is clear that,
ous H, molecular axes. Furthermore we can also observe, bin confined systems, and even B0, a kind of density-
plotting the positions of the center of masses, that such oridependent breakdown of the correlated molecular orienta-
entational ordering leads to a global deformation of the motions together with ordereddisordered displacive phase
lecular cluster as a whole, inducing more precisely the foriransitions can be also obtained.

mation of an helicoidal cylindrical-shape assembly. In fact, As in the spheroidal fullerenes, we have found that hydro-
we can think of this structure as being stabilized due to theggen atoms cannot be attached to the inner wall of the struc-
transfer of the boundary conditions of the fullerene cavity toture and can only exist as,Hnolecules inside the tube. This
the encapsulated hydrogen, inducing thus structural phases iiasult disagrees with the ground-state configuration obtained
systems which do not themselves form tubelike arrangein Ref. 15 in which, of the 90 encapsulated H atoftisat
ments. Similar results have been obtained by éflal!® by ~ define the maximum storage capacity in their 150-atom
means of molecular dynamics simulations in which 90 hy-SWNT at room temperatuye86 atoms form 43 K mol-
drogen atoms encapsulated in a 150-atom finite-le(igth ecules, leaving two H atoms weakly bonded to the inner wall
SWNT form a molecular assembly of cylindrical shape.  of the tube and the others as free H atoms inside the cavity.

By increasing the number of encapsulated hydrogens weVithin our theoretical framework, we have tried to induce
obtain additional structural transitions characterized mainlthe formation of a similar configuration in order to compare
by the accommodation of Hspecies on the surface as well the energetics of the different forms of stored hydrogens. We
as at the interior of the molecular assembly. Actually, notehave performed, for the highest, Wptake, additional calcu-
that the hydrogens located inside the molecular cluster aritions considering initial configurations consisting of 70 hy-
always placed along the principal axis of the cylindrical cav-drogens in a diatomic state gHtogether with 10 hydrogens
ity (z axis) [see Figs. t) and Jc)] forming again, as in the as isolated atoms inside our,{g capsule. After several re-
low concentration regimgsee Fig. 4a)], a perfect one- laxations of the system, we have obtained a similar configu-
dimensional array 1D @ (H,)n@ Cy40]. In this respect, our ration to the one reported by Met al, consisting of 74
results differ from the ones obtained by Maall® which, atoms forming 37 K molecules together wit6 H atoms
even at the highest densities, always obtain a hollow cylinweakly bonded to the inner wall of the carbon structure
drical molecular structurg(H,) @ C;50]. On the other hand, have found &-H bond lengths 4% larger when compared to
they agree with the DFT calculations performed by Lee andhe ones obtained in the exohedral adsorption A)]. How-
Lee!® which have observed, also inside®5 SWNT, the ever, when analyzing the relative stability between the equi-
formation of a molecular assembly of cylindrical shape withlibrium configuration shown in Fig.(§) [in which only di-
hydrogen molecules perfectly placed also along the principahtomic molecules are present at the interior of the fulith
axis of the encapsulating cavity. In addition, they have foundhe one previously foundin which only the 7.5% of the
that, by increasing the tube diameter, their equilibrium con-encapsulated H atoms are present as isolated spegis
figurations evolve to the formation of various concentric cy-have found and energy difference of 3.3 eV, being the latter
lindrical molecular assemblies. arrangement considerable less stable.

It is important to comment that similar features as the At this respect, it is important to comment also that the
ones shown in Fig. 5 have been observed in colloidal susntermolecular potential between,Hnolecules used in the
pensions confined in cylindrical cavitié&where the analy- simulation of Maet al'®is spherical and thus independent of
sis of the concentration profiles has revealed also that ththe relative orientation of the encapsulated hydrogens. By
particles are structured in cylindrical shells which occupylooking at our results shown in Figs. 1-5 it is clear that for
most of the available radial space. Furthermore, by lookingliatomic molecules in confined environments this is not the
the angular density distribution of the various molecular axegase, and that sizable variations in the equilibrium filling and
near the fullerene wall we have noted that our results alsin the form of stored hydrogens can be obtained.
agree with grand canonical Monte Carlo simulations for N In order to describe the bond breakage mechanism of the
and Bp molecules encapsulated in single-wall carbonfullerene wall, which defines the maximum storage capacity
nanotube® which show that, in the low concentration re- of the G, capsule(being in our case of about 6 wt)%it is
gime, diatomic molecules adjacent to the wall prefer to ori-important to analyze the precise details of the distribution of
ent parallel to the wal[see Figs. &) and 3b)] while, at  the encapsulatedHnolecules as well as the evolution of the
higher densities, it is possible to observe the formation of avarious repulsive ktH, and wall-H, interactions present in
wall layer made up of a mixture of wall-parallel and wall- the system as a function of the number of stored hydrogens.
perpendicular configurationjsee Fig. &)]. To see this more clearly, we plot first in Figs. 6 and 7 the

At this point we would like to comment that a molecular distribution of axial distances of the center of masses of the
crystal composed of nonspherical moleculesTatO nor-  encapsulated molecules with respect to the principal symme-
mally assumes an ordered arrangement of molecular axesy axis of the tube £ axis) for low, intermediate, and high
which together with the ordered spatial distribution of theconcentration regimes. Furthermore, we show also in the in-
center of masses of the molecules make the total energy akts of both figures the corresponding distribution of dis-
the system a minimum. However, by increasing the temperaances for each one of the carbon atoms of the cage, also
ture, the alignment of molecular axes gradually becomes rarwith respect to thez axis, in order to analyze the kind of
dom due to the thermal motions, and eventually the low-structural transformations induced in the encapsulating cav-
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ity. From Fig. 6 we can clearly see that, for the low concen- ;o4 hydrogens in a G, fullerene.
tration regime(10 H,), the hydrogen molecules are uni-

formly placed along the tube, being located approximately
1.06 A from thez axis. However, for 20 k| we can observe

the development of a less uniform accommodation of encal

sulated hydrogens, leading to the formation of a more de
fined parabolic distribution of molecules. Notice also from
the inset that, for these two concentration regimes, only th
positions of the carbon atoms located at the center of the tu
are modified, suffering radial expansions of the order 3.59
with respect to the positions found in the empty structure,
This result already reveals that the magnitude of the repul
sive interactions of hydrogen with the capped ends differ[
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of the encapsulated -Hn a C,;4, fullerene with respect to the prin-
cipal symmetry axis of the cavityz(axis) for 30 H, (plus) and 40 o .
H, (open circles In the inset, we show similar results but for each and similarly that between the tube wall ang iHolecules is

one of the C atoms of the carbon capsule.

3rom those between hydrogens and the central region of the
tube, leading obviously to a highly nonuniform distribution

of strain on the fullerene cavity.
" From Fig. 7 we note that the positions of the encapsulated
hydrogens, for both 30 and 40,Hclearly reflect the forma-

fion of cylindrical molecular assemblies as the ones shown in
%ig. 5 (compare the hydrogen distribution profile with the
bne shown in the inset for C atoinkaving an average di-

ameter of~3.2 A and with up to 4 K molecules incorpo-
rated along the principal axis of the tube
(H) 4@ (Hy) 36@ C;10]. In addition, notice that, for 40 H
encapsulated hydrogerithat define the maximum storage
capacity, the positions of the carbon atoms located at the
capped ends are almost unchanged, being practically inde-
pendent of the density of the stored hydrogé&rmmpare in-
sets of Figs. 6 and)7On the other hand, the-€ C bonds
located at the center are now expanded-b¥1%, locally
increasing the average diameter of thgdCapsule. Actually,
adding one more hydrogen molecule to this last structure
results in the rupture of some-€ C bonds located precisely
around the center of the tube, allowing the possibility for
some H molecules to leak out of the structure.

In Fig. 8@ we show results for the average repulsive
interactions between HmnoleculesE,¢,(H,-H,), as well as
for those between the Hmolecules and the fullerene wall,
Erep(wall-H,), as a function of the number of the stored
hydrogens. Following the authors of Ref. Eg ,(H,-H,) is
calculated from

Erep(Ha-Ha) = E(Hy) — N En, (3.2

calculated by
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Erep(wall-Hy) =E((SWNT+H,)) — E.(SWNT) —E{(H,),
(3.3

whereE,(H,) is the total energy of Klin the SWNT ande2
and En, are the number of gaseous, kholecules and the

total energy of a single gaseous hholecule, respectively.
From Fig. 8 we note that bothE,.,(H,-H,) and
Erep(wall-H,) are almost the same for low and intermediate
concentration regime&— 24 H, molecule$, following an
almost linear dependence as a function of the number of
stored hydrogens. However, note that for higherig takes,
H,-H, repulsive energies become larger than those corre:
sponding to wall-H which, together with the nonuniform
distribution of the H molecules, increases the dimensions of
the carbon structurésee Figs. 6 and)7eventually breaking
various of the & C bonds located at the center of the cy-
lindrical cavity (see discussion aboké\t the maximum stor-
age capacity40 H,) we have found that the average repul- i
sive interaction between Hmolecules is 1.26 eV/Hand
that between the tube wall and the encapsulated hydrogens is FIG. 9. CalculatedMNDO) lowest-energy structuregeft col-
1.05 eV/H, and energy ordering that agrees with the oneumn), side view of the equilibrium configuratiorisentral colump,
found by the authors of Ref. 18 that have estimatedand the respective spatial distribution of the center of masses of the
Erep(H2-Hy)=0.89 eV/H, and E¢p(wall-H,) =0.7 eV/H, encapsulated hydrogefisght column for (a) (Hz)20@ BssNss., (b)
for similar encapsulating cavities at high, Hptakes. In fact, (H2)30@BssNss, and(c) (Hz) 1@ BssNss fullerenes. In the first two
notice that the same energy difference between the two ré&olumns B atoms are represented as balls.

pulsive interactions {0.2 eV/H,) is obtained in both
works. ingly, for 28 H,, two of the three molecules located along the

It is interesting to relate the results shown in Figs. 4—7Z axis in the last case migrate back to the surface of the
and 8a) with the behavior of the average distar(é&,;, ;) ~ molecular cluster, leaving again only ong Molecule asym-
between the encapsulated Folecules shown in Fig.(). ~ Metrically placed along theaxis[H,@ (H,) 27@ Cyyq]- This
This is particularly important in order to explain fine details ©PViously increases the density of hydrogens on the surface
of Fig. 8(a), like for example the energy crossings between®f the molecular assemblifrom 23 to 27 H), a fact that

Erep(Ho-Ho) and E,ep(wall-H,) observed at 26 and 28,H &S0 increases the value Biep(Ho-Ho) [see Fig. &), in-
as well as to reveal the strong correlation(&, ;) with ducing as a consequence an expansion in the molecular clus-
27112

. . N Fig. Il as i i f th
the various structural transformations already seen in Figs. %ﬁcr [see Fig. &)] as well as in various of the-C C bonds

and 5 as a function of the density of stored hydrogens. Fronaothe encapsulating cavity. From these results we can thus

. . ; nclude that, as physically expected, the energetics and
Fig. 8b) we note the.lt. the prewously discussed D structural rearrangements presented in the figures result from
— 3D structural transitiongsee Fig. 4 are clearly reflected

. L . a delicate balance between the electronic and geometrical
in the abrupt variations 0¢RH2_H2> (sizable global expan- 9

) i details present in the particles.
sions and contractions of the molecular clustéss 4, 5, and
7 H,. Moreover, note that the existence of only hollow mo- 2. Hydrogen storage in a (5,5) BN capsule

lecular assemblies (3222 H,) is reflected in an almost in- . . .
Hydrogen storage in noncarbon fullerenes is also interest-

creas.mg linear bghawor QRHZ‘H2>' However, uPon incor- ing to analyze, mainly in single-wall BN tubes and related
poration of the first | molecule along thez axis of the  fyjierene structuregmultiwall nanotubes, bundles, #t&*
cavity [H,@ (H,) 3@ Cya0] @ deviation from the linear be- that have shown also interesting electronic properties and
havior starts to develofsee results for 24 3. In fact, for  remarkable stability. Consequently, we have decided to per-
26 H, where now 3 H molecules are placed along thexis  form also a systematic study of the hydrogen storage behav-
[(H2)3@(H) 2@ Cy10l, (Ru,-1,) Clearly decreases its jor in a finite{5,5 110-atom BN capsule. In Fig. 9 we show
value. Concerning the evolution of the repulsive interactionsas representative results the equilibrium configurations found
[Fig. 8@] around this concentration regime we note that, forfor 20, 30, and 41 kimolecules encapsulated in a 110-atom
26 H,, Eep(H2-H,) also lowers its value, even with respect BN structure, the latter value defining the maximum storage
to the wall-H, repulsion. In this case, due to the formation of capacity of the fullerene cavity. From the figure we note that,
an axial phase, the density of hydrogens does not increase @m agreement with the corresponding pure carbon arrange-
the surface of the molecular clustéwhich represents the ments(see Fig. %, hollow helicoidal tubelike molecular as-
major contribution to the KH, repulsion, leading thus to semblies together with axial configuratiofise., H, mol-
reduced values d&.,(H,-H,) and to an average contraction ecules incorporated along tfzeaxis of the cavity are also

of the molecular cluster as a whdlsee Fig. &)]. Interest-  obtained. However, by looking at the precise details of the
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gion of the BN tube are the ones suffering the largest radial
expansions, due to the also highly anisotropic repulsive in-
teractions between the different chemical species present in
the system. This result also confirms the previously demon-
strated fact that nanotubes are extremely rigid to distortions
along the tube axis, while they are very flexible to be de-
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2.0 all formed in a direction perpendicular to the axis. It is impor-
tant to comment that, in the particular case of empty BN and

Lok I6u s I4- . I2 (I) é ';';' .éﬂ BC; nanotubes, recerdb initio calculation&® have shown

that this type of radial deformations can lead to strong varia-
tions in the band gap of the structures, a result that can be
very useful for optical applications in the visible range. In
i fact, following the above work we have noted that, when
2Fct comparing the energy-level distribution of an empty BN cap-
9 sule with the one containing 41,Hnoleculegwhich is con-
i o o siderably radially deformedwe have found a reduction of
0.0 b ~10% in the HOMO-LUMO energy gap. Actually, a similar
--axis of B..N result has been also obtained at hydrogen-containing pure
557755 carbon nanotubes for which also a sizable reduction in the
FIG. 10. Axial distance(in A) of each one of the center of HOMO-LUMO _energy difference is observ_ed~(L3%) for
masses of the encapsulategliH a BgNss fullerene with respect to  the largest radially deformed structusee Fig. &)] when
the principal symmetry axis of the cavity @xis) for 30 H, (plug ~ compared to the calculated value for the empiy,Cavity.
and 41 H (open circles In the inset, we show similar results but
for each one of the B and N atoms of the BN capsule.
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C. Influence of the capped ends

spatial distribution of the stored hydrogens as well as to the As already stated in Sec. II B, carbon nanotubes as pro-
orientational distribution of the molecular axes in both{C duced are capped, among other ways, with hemispherical
(Fig. 5 and B;sNs5 cages, we can observe sizable differencedullerene domes containing six pentagons required to pro-
in the structures of the various molecular assemblies. This iduce closure. However, if using capillarity technigues, nano-
most notable at high JHdensities where an interesting addi- tubes must have open ends to allow adsorption of small mol-
tional structural transition within the BN cavity has beenecules inside the tubes. As is well known, oxidation
obtained. This fact is more clearly seen from Fig. 10 whereprocedure® have been used to create open-ended structures
we plot the distribution of distances of the center of masseby breaking some of the -€C bonds at the closed caps
of 30 and 41 encapsulated hydrogen molecules with respegthich are more susceptible because of the presence of the
to the principal symmetry axis of the tube @xis. From highly reactive five-membered rings. Then, under heavy gas
the figure we note that the slightly larger available spaceexposure, small molecules can be adsorbed at the interior of
provided by the BN structuréactually we calculate an aver- the tube at moderate temperatures and pressures and finally,
age nearest-neighbor bond length of 1.49 A for the emptyt is necessary to effectively sealed the end of the tube. A
BN capsule, being-3.5% larger than that obtained for the possible procedure to realize this last crucial step may be the
Ci10 allows a 1D (H,),@ (H,)36@ BssNss]—2D[ (Hy)s@ ~ attachment of polymers or small molecules to the unsatur-
(H,) 3@ BssNsg] structural phase transition for the axial ar- ated C atoms located at the open-ended region of the tube. In
ray of H, molecules(see results for 41 Hin Fig. 10, being  this respect, the size, ring structure, and flexibility of the
exactly the same as that observed between Figstd 4b).  siloxane molecule§SiO]y makes them very appropriate to
Consequently, for bigger encapsulating cavities it is thus reaachivied this goal. In this section, we will analyze then the
sonable to expect, and actually it has been already shown f@dsorption of a single cyclopentasiloxane mole¢d©]s to
SWCNT’s with different diameter¥ the gradual stabiliza- the open end of 45,5 110-atom carbon nanotube. We will
tion of 2D and 3D configurations inside the, Hholecular ~ determine the structural properties and stability of the
cluster, resulting in the formation of various concentric as{SiO]s-fullerene compound and his implications in the hy-
semblies of cylindrical shape. drogen storage capacity of the carbon structure.

From the inset of Fig. 10 we note also that, when com- As we show in Fig. 1(a), at the MNDO level[SiO]5 as
pared with the distribution of C atoms shown in the insets ofa free molecule has a ringlike two-dimensional structure with
Figs. 6 and 7, a larger dispersion in the positions of B and NSi—O bond lengths of 1.61 A. However, when attached to
units of the cage with respect to tlreaxis is obtained. A the open end of 5,5 carbon nanotubgsee Fig. 1(b)],
similar effect is already seen in the empty structure where, agith an adsorption energy of 4.9 eV, it develops a kind of
a consequence of the different size of B and N atoms, thépuckered-type” of structure where the O atoms do not bond
walls of the optimized encapsulating cavity are found to beto the carbon cage and move outside the cavity, forming a
slightly undulating, the B atoms moving inward but the N weaker Si—-O bond (1.64 A). On the other hand, the Si
atoms move outward. In addition, we note that, as in the Gitoms are strongly bonded to the carbon structure with
capsule, the position of the atoms located at the central researest-neighbor Si-C distances of 1.8 A, being of the or-
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[ SiO]5 ring which gradually reduces the number of kiol-
ecules in the tube, and that actually stops when theHk

and wall-H, repulsive interactions present in the system are
not enough to overcome the energy barrier height imposed
by the cyclic[ SiO]s molecule attached to one of the ends.
This behavior seems to provide a controlled way to store
precise amounts of gases, a fact that could be of fundamental
importance when specific doses need to be supplied. Obvi-
ously, by reducing the ring size of the molecular termination,
a larger energy barrier will be imposed for the encapsulated
H,, a fact that will increase in a controlled way the storage
capacity of the fullerene compound.

IV. SUMMARY AND CONCLUSIONS

In this work we have presented a systematic study, by
combining semiempirical and DFT approaches, of the hydro-
gen storage behavior in spheroiday,@nd G,, as well as in

FIG. 11. CalculatedMNDO) lowest-energy structures fea) a  cYlindrical C;o and BigNss fullerenes. Our results have

single cyclopentasiloxane molecul®) the G, SiO]s capsule(c) ~ Shown that, as a function of the size and symmetry of the
and for the (H)15@ Cy1d SiO]s system. fullerene cavity, as well as of the density of stored molecules,

the encapsulated hydrogens form a wide variety of molecular
. _ 5o  Clusters. In agreement with well-known phenomena in mo-
der of the ones found in organic moleculis8—1.9 A" 150 a1 solids, we have found orderedlisordered structural
Despite the equilibrium configuration does not effectively o5 rangements induced by rotational reorientation transi-
sealgd the_ fullerene cavity, it is c[ear that a larger energy;,nq of the individual H molecules. In our tubelike configu-
barrier height(when compared with the open structure aiions we relate the bond-breakage mechanism of the
needs to be overcome for some Rholecules to leak out of fjerene network to the development of a nonuniform hy-

the structure. h he | 6 ion f drogen accommodation along the tubes, driven the highly
In Fig. 11(c), we show the lowest-energy configuration for »nigatropic repulsive interactions between the different

the (M) 15@ Cy1d SiO]s compound. In this respect, it is im-  cpemical species (44H, and wall-H,) present in the sys-
portant to comment that several initial configurations and.ms From our calculations we have found that. with in-
densities of encapsulated hydrogens were consideedo . oasing the number of stored hydrogens, tubes are mainly
25 Hy), however, in all cases we have observed that for the,gia|ly deformed, a fact that leads to sizable reductions in
C11d SiO]s fullerene shown in Fig. 1b) only 18 hydrogen e HOMO-LUMO energy difference, increasing thus the
molecules can exist in the inside of the tube. In addition, byt qyctivity of the structures. Finally, by attaching a single
looking at the side view in Fig. 18), we clearly see the . q|onentasiloxane molecule to an open end of a carbon
stabilization of four linear arrays of Hnolecules, a configu- 15 6tube it seems to be possible to develop a controlled way

ration that obviously differs from the hollow molecular as- 1, store precise doses of gases in the inside of carbon nano-
sembly observed in Fig.(§) for the same number of encap- { pes.

sulated hydrogens. As in the case of spheroidal fullerenes,
this result also reveals the importance of the precise geo-
metrical details of the encapsulating cavity on the form of
the stored hydrogens. The authors would like to acknowledge the financial sup-

Interestingly, for a number of encapsulated hydrogengort from CONACyYT (México) for Grant Nos. 129747 and
larger than 18, a “diffusion” process is observed through theJ32084-E.

ACKNOWLEDGMENTS

IM. Endo, K. Takeuchi, K. Kobori, K. Takahashi, H.W. Kroto, and Glarum, T.T.M. Palstra, A.P. Ramirez, and A.R. Kortan, Nature
A. Sarkar, Carbor83, 874(1995. (London 350, 600(1991).

2pP.M. Ajayan and S. lijima, NaturéLondon) 361, 333 (1993; 4C. Prados, P. Crespo, J.M. Gotea A. Hernando, J.F. Marco, R.
C.N.R. Rao, R. Seshadri, A. Govindaraj, and R. Sen, Mater. Sci. Gancedo, N. Grobert, M. Terrones, R.M. Walton, and H.W.
Eng., R.15, 209 (1995; B.C. Sathishkumar, A. Govindaraj, J. Kroto, Phys. Rev. B55, 113405(2002.
Mofokeng, G.N. Subbanna, and C.N.R. Rao, J. Phy29B1925 5C. Liu, Y.Y. Fan, M. Liu, H.T. Cong, H.M. Cheng, and M.S.
(1996; T.W. Odom, J.L. Huang, C.L. Cheung, and C.M. Lieber, Dresselhaus, Scien@86, 1127 (1999; C.C. Ahn, Y. Ye, B.V.
Science290, 1549(2000. Ratnakumar, C. Witham, R.C. Bowman, and B. Fultz, Appl.

3A.F. Hebard, M.J. Rosseinsky, R.C. Haddon, D.W. Murphy, S.H.  Phys. Lett.73, 378(1998; P. Chen, X. Wu, J. Lin, and K.L. Tan,

155426-11



R. E. BARAJAS-BARRAZA AND R. A. GUIRADO-LCPEZ

Science285, 91 (1999; R.C. Gordillo, J. Boronat, and J. Casul-
leras, Phys. Rev. Let85, 2348(2000.
6X. Lu, R. O. Loutfy, E. Veksler, and J. C. Wang, Bymposium on

Recent Advances in the Chemistry and Physics of Fullerenes and

Related Materials edited by K. M. Kadish and R. S. Rouff
(Electrochemical Society, Pennington, NJ, 1998

"A.C. Dillon, K.M. Jones, T.A. Bekkedahl, C.H. Kiang, D.S. Be-
thune, and M.J. Heben, Natuteondon 386, 377 (1997).

8A. Chambers, C. Park, T.K. Baker, and N.M. Rodriguez, J. Phys.

Chem. B108 4523(1998.

gQ. Wang and J.K. Johnson, J. Chem. PhyK), 577 (1999; F.
Darkrim and D. Levesquebid. 109, 4981(1998.

10¢c.c. Ahn, Y. Ye, B.V. Ratnakumar, C. Witham, R.C. Bowman, Jr.,
and B. Fultz, Appl. Phys. Let73, 3378(1998.

11y, Ye, C.C. Ahn, C. Witham, B. Fultz, J. Liu, A.G. Rinzler, D.
Colbert, K.A. Smith, and R.E. Smalley, Appl. Phys. Lety,
2307(1999.

125, Hynek, W. Fuller, and J. Bentley, Int. J. Hydrogen Eneldy
437(1998.

13F. Darkrim and D. Levesque, J. Phys. Cheml®, 6773(2000.

1R. Smith, K. Beardmore, and J. Belbruno, J. Chem. Phys,
9227(1999.

15y, Ma, Y. Xia, M. Zhao, R. Wang, and L. Mei, Phys. Rev.a3,
115422(2001).

167 Wan, J.F. Christian, and S.L. Anderson, J. Phys. Ch@én.
3344(1992; Z. Wan, J.F. Christian, Y. Basir, and S.L. Anderson,
ibid. 99, 5858(1993.

YG. Stan and M.W. Cole, J. Low Temp. Phyi40 539(1998; G.
Stan and M.W. Cole, Surf. Sc95 280(1998; M. Rzepka, P.
Lamp, and M. A. de la Casa-Lillo, J. Phys. Cheh02, 10894
(1998.

185 M. Lee and Y.H. Lee, Appl. Phys. Left6, 2877(2000.

vV, Simonyan, P. Diep, and K. Johnson, J. Chem. PHys,
9778(1999.

207 M. Vidales, V. Crespi, and M. Cole, Phys. Rev.5B, R13 426
(1998.

21M. Hodak and L.A. Girifalco, Phys. Rev. B4, 035407(2002.

22N.G. Chopra, R.J. Luyken, K. Cherrey, V.H. Crespi, M.L. Cohen,
S.G. Louie, and A. Zettl, Scienc#69, 996 (1995; D. Golberg,

Y. Bando, K. Kurashima, and T. Sato, Solid State Comni6,
1 (2000; E. Bengu and L.D. Marks, Phys. Rev. Le#6, 2385
(2002).

23M.J.S. Dewar and W. Thiel, J. Am. Chem. S8, 4899(1977;
99, 4907(1977.

24A. Becke, Phys. Rev. /88, 3098(1988; C. Lee, W. Yang, and
R.G. Parr, Phys. Rev. B6, 785(1988.

25D. Bakowies and W. Thiel, J. Am. Chem. Sdd.3 3704 (199)).

26K, Hedberg, L. Hedberg, D.S. Bethune, C.A. Brown, H.C. Dorn,
R.D. Johnson, and M. de Vries, Scier2®4, 410(1991).

2TM. Haser, J. Almld, and G.E. Scuseria, Chem. Phys. Ldi81,
497 (199)).

284 P. Lithi and J. Almld, Chem. Phys. Lett135, 357 (1987.

293, de Vries, H. Steger, B. Kanke, C. Manzel, B. Weisser, W. Ka-

mke, and 1.V. Hertel, Chem. Phys. Le1t88 159 (1992.

30y. Zimmermann, A. Burkhardt, N. Malinowsky, U. Ker, and
T.P. Martin, J. Chem. Phy4.01, 2244(1994).

31p.L. Strout, R.L. Murry, C. Xu, W.C. Eckhoff, G.K. Odom, and

PHYSICAL REVIEW B66, 155426 (2002

G.E. Scuseria, Chem. Phys. Le2tl4, 576 (1993.

32M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.

Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery,

Jr., R. E. Stratmann, J. C. Burant, S. Dapprich, J. M. Millam, A.

D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi, V.

Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C.

Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q.

Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K. Raghava-

chari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, A. G. Baboul,

B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi,

R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham,

C. Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill, B.

Johnson, W. Chen, M. W. Wong, J. L. Andres, C. Gonzalez, M.

Head-Gordon, E. S. Replogle, and J. A. PopeyssiAN 9s,

REVISION A.9, (Gaussian, Pittsburgh PA, 1998.

33W.J. Hehre, R.F. Stewart, and J.A. Pople, J. Chem. Biy2657
(1969; J.B. Coallins, P.v.R. Schleyer, J.S. Binkley, and J.A.
Pople,ibid. 64, 5142(1976.

343.s. Binkley, J.A. Pople, and W.J. Henre, J. Am. Chem. 302,
939(1980; M.S. Gordon, J.S. Binkley, J.A. Pople, W.J. Pietro,
and W.J. Henreibid. 104, 2797(1982.

35K. Kobayashi and N. Kurita, Phys. Rev. Le®0, 3542 (1993,
and references therein.

363.H. Weaver, J.L. Martins, T. Komeda, Y. Chen, T.R. Ohno, G.H.
Kroll, N. Troullier, R.E. Haufler, and R.E. Smalley, Phys. Rev.
Lett. 66, 1741(19912).

$’R.W. Lof, M.A. van Veenendaal, B. Koopmans, H.T. Jonkman,
and G.A. Sawatzky, Phys. Rev. Le®8, 3924(1992.

38B.V. Reddy, S.N. Khanna, and B.I. Dunlap, Phys. Rev. L&.
3323(1993.

39M. Pederson, K.A. Jackson, and L.L. Boyer, Phys. Revi®
6919(1992.

4OA. Rubio, J. Corkill, and M.L. Cohen, Phys. Rev. 49, 5081
(1994; X. Blase, A. Rubio, S.G. Louie, and M.L. Cohen, Euro-
phys. Lett.28, 335(1994).

41G. Torchet, M.-F. de Feraudy, A. Boutin, and A.H. Fuchs, J.
Chem. Phys105 3671(1996.

42, Boutin, J.B. Maillet, and A.H. Fuchs, J. Chem. Ph98, 9944
(1993.

43F. Seitz, Modern Theory of Solid§McGraw-Hill, New York,
1940.

44YF.Yin, T. Mays, and B. McEnaney, Langmui6, 10521(2000).

45].A. Khan and K.G. Ayappa, J. Phys. Chefi9, 4576(1998.

M. Chavez-Paz, M. Medina-Noyola, and M. Valde
Covarrubias, Phys. Rev. &, 5179(2000.

4TA. Loiseau, F. Willaime, N. Demoncy, G. Hug, and H. Pascard,
Phys. Rev. Lett76, 4737 (1996; M. Terrones, W.K. Hsu, H.
Terrones, Z.P. Zhang, S. Ramos, |.P. Hare, R. Castillo, K. Pra-
sides, A.K. Cheeetham, H.W. Kroto, and D.R.M. Walton, Chem.
Phys. Lett.259, 568 (1996.

48Y H. Kim, K.J. Chang, and S.G. Louie, Phys. Rev6B 205408
(2002.

495.C. Tsang, Y.K. Chen, P.J.F. Harris, and M.L.H. Green, Nature
(London 372 159(1994.

503, H. callomon, E. Hirota, T. lijima,K. Kuchitsu, and W.J. Laf-
ferty, in Structure Data of Free Polyatomic Molecujeslited by
K. H. Hellwege and A. M. Hellwege, Landolt Bstein Vol. New
Series II/15(Springer-Verlag, Berlin-Heidelberg, 1987

155426-12



