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Clustering of Hydrogen Molecules around a Molecular Cation: The Ls*(H2), Clusters
(n=1-16)
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Ab initio calculations for the lowest-energy isomers of the clustess(Hy), (n = 0—6) show that the first

shell of HHmolecules is formed by attaching from one to four molecules independently to each vertex of the
triangular L™ core. For 2< n < 6, several isomers are possible, depending on how ligands are distributed
among the three vertexes. The binding energies are very similar to those obtained for(Hg,Ldlusters,

and they vary from 3 to 1.5 kcal/mol, depending on the size of the cluster. The reaction of formation of the
cluster is more exothermic at temperatures between 150 and 200 K.

1. Introduction 2. Method and Levels of Calculation

In a series of papers;®we have investigated theoretically  The method and the level of the calculation are similar to
the structural properties of ionic hydrogen clusters formed by {hose from the ref 43. Briefly, self-consistent-field (SCF)
the clustering of the pimolecules around a coulombian field  artree-Fock (HF) calculations have been performed for the
produced by simple atomic or molecular ions such &s Na, Lis*(Ho)n (n = 0—6) clusters using the 6-311G(d,p) and 6-311G-
K™, and H". These clusters, depending on the number of H (54 2py polarized basis sé&Electronic correlation effects have
molecules attached to it, have binding energies between 0.5 anthee taken into account by means of second and complete

5 keal/mol and are produced in exothermic multiple-step. foyrth-order Maller-Plesset perturbation theory (MP2 and

reactions of the type MP4). The search for the equilibrium geometries was ac-
N N complished by means of an improved quasi-NewtBaphson
X7+ (n+ 1)H,— X7(Hy), + H, 1) procedure and quadratic energy surface approximation. The

criteria for geometry optimization were a maximum-energy
In general, the structure of the cluster consists of a well-defined gradient lower than 109 hartree/bohr and a root-mean-square
positive core around which theHnolecules are distributed.  energy gradient lower than 18 10~1° hartree/bohr.

The core dominates the reactions of the cluster with other ¢ geometries were optimized at the MP2/6-311G(d,p) level
species. As an example, the electron_ capture in collisions With of theory, and for each optimized geometry, all the harmonic
He atoms does not depend on the size of the cluster, but justiequencies were verified to be real. At the MP2 optimized
on the core-He |nteract|orﬁ . . geometries, the energies were also computed at the complete
The H, molecules are distributed in shells around the core. MP4/6-311G(2d,2p). As we have discussed in ref 1, the MPn
In each shell, the number ofztinolecules is such that the;H perturbative methods applied to the hydrogen clusters lead to
H, distance within the shell resembles that of the first-neighbors satisfactory results when compared with the coupled cluster
in solid hydrogen (3.8 A). This is remarkable, since the van (CCSD(T)) results. The basis sets used also produce satisfactory
der Waals energy minimum for the;HH; energy is about 4.53 45 tree-Fock energies when compared with larger basis such
A. The radius of the first shell, in the case of a trlangu!@rH as the Dunning’s cc-pVQZ basis set. All the ab initio calcula-
core, allows up to three Hnolecules to be attached to it. For o< have been performed using the PC GAMESS ve#&iafn
the case of the U, this number increases to six. the GAMESS (US) QC packagleand the Gaussian 94 pack-

The clustering of hydrogen molecules around a coulombian 5022 gais set superposition errors were considered in all stages
center has been studied theoretical and experimentally for a wide ¢ the calculations.

variety of cations such as thesHmolecular iont-3-8 the first-
column Lit, LiH*, Na*, and K29, the second-column Bé°

and Mg'L, the Al* ion,1°12and the metals from Sao zn*1314 3. Results and Discussion
,16 + 17 Sl s
223’ ;(;Lngmore complex molecular cores,sCFH1°CHN;", 3.1. Structure and Energy. The ground-state equilibrium

structure of the Lg™ molecular ion is an equilateral triangle
In the present work, we extend the research for the hydrogen(DSh) with sides equal to 3.011 A. The linear geometry,{D
clustering around the i cation. This cation has a triangular g ot 2 minimum in the potential energy surface (PES), standing
structure similar to that of the #4 ion. Its electronic structure, more than 17 kcal/mol (6273 cr) above the ground state.
however, resembles that of theflion. The aim of this quk is This structure has two imaginary frequencies (105 8meach
to compare the structures of the hydrogen clusters obtained fro_mOne corresponding to the transition between two minima through
thes? t?reehcorgf.HAs f?r as we are aware, these are the firsfye 5 fo/4 axis of symmetry perpendicular to the axis of the
results for the Ld"(Ho)a clusters. linear structure. The dissociation energies of thg lion and
* Corresponding author of the H, molecule, irrespective of the dissociation channel, are
T |nstitu£ de Qﬂimica_ ' at Iea_lst 1 order of m_agnitude higher than_the binding ener_gy_of
* Instituto de Fisica. a typical monopole/induced-dipole bond in the hydrogen ionic

10.1021/jp013159m CCC: $22.00 © 2002 American Chemical Society
Published on Web 12/20/2001



552 J. Phys. Chem. A, Vol. 106, No. 3, 2002

(a)

Figure 1. Structure of the Li"(Hz)n clusters as predicted by the
calculation at MP2/6-311G(d,p) level. (a) At each vertex of the Li
molecular ion, up to four Himolecules may be attached. (b) A fifth H
molecule attached at one vertex is in equilibrium at 3.92 A from the
vertex.

TABLE 1: Binding Energy for the Li 3™, H,, and Lizt(Hy)
Molecules Relative to the Main Dissociation Channels,
Obtained at MP4/6-311G(2d,2p) Level, with BSSE

Corrections
molecule products De (kcal/mol)
Lis™(*A1) Lio™(Zg) + Li(%S) —34.7
Lio(t=g) + Li*(*S) —42.2
LiT(*9 + 2Li(39 —64.0
Hy("24") 2H(S) -107.3
Liz™(H2)(*A1) Lis™(*A') + Ho(*=gY) -3.1

clusters (Table 1). Thus, once in the presence of an H
atmosphere, the ki cation will prefer to behave as a coulom-
bian core for hydrogen clustering other than to react with the
H, molecules to produce lithium hydrides. In fact, independently
of the initial configuration of the system, the optimization
process always leads to structures with the rHolecules
spherically distributed around the vertexes of thgldore.

On each verten of the Lis* core, one may attach up to
four Hy molecules (Figure la), all of them standing ap-
proximately 2.1 A from the closest lithium atom, which is the
same distance found in thei(Hy), clusters? Any attempt to
add a fifth H unit to a vertex results in the migration of this
extra unit to a more external position (outer shell) (Figure 1b)

Barbatti et al.

Figure 2. Possible structure of the 4!i(Hy):. cluster, as predicted by
the calculation at MP2/6-311G(d,p) level. The molecular symmetry
during the optimization procedure was restricted to the point group
Dsn and the vibrational frequencies were not calculated. Views (a)
perpendicular and (b) parallel to thesLiplane.

TABLE 2: Geometric Parameters as Predicted by the
Calculations at MP2/6-311G(d,p) Level (in Ay

R(A) p (A) r (A) D (A)
first shell 3.014+:0.08 2.124-0.02 0.7444+0.001 2.98+ 0.05
second shell— 3.92 0.739 -

aRis the Li—Li distance in the corep is the distance from the H
c.m. to the closest vertex of the cores the H-H distance in the K
D is the distance between the first neighbors attached to the same vertex.
Complete data on geometry and vibrational frequencies for each cluster
are available on request.

TABLE 3: Total Energy of the Li 3"(H),Clusters Calculated
with the 6-311G(2d,2p) Basis Sets (in hartreé)

E(HF) E(MP2) E (MP4)

n i Vi Vo V3 symm. AE

00 0 O O Da —22173389—22.193395—22.201847 —
1 0 0 0 Den —22.132090—-22.157936 —22.173264 6273
101 0 0 Cp —23.310382-23.361017 —23.377036 —
01 1 0 Cp —24.447097—24.528366 —24.551951 —
1 2 0 0 Cp —24.445122—-24527151 —24.550833 245
301 1 1 Dsn —25.583508—-25.695427 —25.726574 —
1 2 1 0 Cs —25.581565—-25.694268 —25.725522 231
2 3 0 0 Cs —25.578977—25.692987 —25.724362 486
40 2 1 1 Cp —26.717684 —26.861074 —26.899893 —
1 3 1 0 Cs —26.715187 —26.859947 —26.898905 217
2 2 2 0 Cp —26.715772 —26.859949 —26.898877 223
34 0 0 Cp —26.710245—26.856295 —26.895395 987
503 1 1 Cs —27.851079—28.026604 —28.073139  --
12 2 1 Cp —27.851584-28.026480—28.072972 37
2 3 2 0 Cs —27.849235-28.025558 —28.072202 206
34 1 0 Cs —27.846360—28.023150—28.069832 726
6 0 3 2 1 Cs —28.984774-29.191891 —29.246109  --
1 2 2 2 Dz —28.985204 —29.191636 —29.245797 69
2 3 3 0 Cp —28.982565-29.191104 —29.245467 141
34 1 1 Cp —28.982166—29.189666 —29.243919 480
4 4 2 0 Cs —28.980283—29.188620 —29.242983 686

a For each isomei, the occupation numbéf, indicates the number
of H, molecules attached to thevertex of the Lit. AE is the energy
(in cm™?) of an isomer relative to that of the most stable conformation
of the cluster, for a given value af.

is the limit of our present computational capabilities for the level

or to the neighborhood of another less occupied vertex. This of calculation employed. The geometrical parameters are given

establishes a pattern for building up these clusters: the first H
units will bind to the L™ core, a maximum of four units per
Li atom, to form the first shell of ligands (see Figure 2). Of
course, for a given number of,Hinits, there will be several
ways of distributing these ligands in the first shell. When

in Table 2. The absolute energies for the studied isomers and
also their energies relative to the most stable isomé&) (for
eachn, are shown in Table 3. The Niken charges are given

in Table 4. It is important to have in mind that due to the small
difference in energy among distinct isomers of a given cluster,

exceeds the occupation number for the first shell, the additional the level of theory employed may not be accurate enough to

molecules will start to occupy positions in the outer shell of
ligands.

We studied all isomers formed from the different ways of
distributingn H, molecules in the first shell, far = 0—6, which

distinguish them. To test the accuracy of the relative energies
obtained at the MP4 level, we have calculated single-point
energies for the isomeis= 0 andi = 1 for then = 5 cluster,
at the CCSD(T)/6-311G(2d,2p) level. TiE obtained at the
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TABLE 4: Mu‘lliken Charges (x1072) for the Lis™(H2),
Clusterst

n i=0 i=1 i=2 i=3 i=4
1 core 193636 — - - -
O 8 - - - -
2 core 222239 163333 — - -
Ch 8 99 - - -
% 8 - - - -
3 core 252525 182036 113229— -
o 8 99 91010 — — Figure 4. Probability density for the highest occupied localized
o 8 8 — — — molecular orbital for the (a) kfand for the (b) Li*(H), both calculated
Os 8 - - - - at MP2/6-311G(d,p) level.
4 core 212323 132032 161633 192525
a 88 998 88 6699 - with the Li atom on the closest vertex. Under this situation, the
% g fj ES B B H2 unit will experience a field very similar to the one from a
5 gi’)re 152420 191921 111333 211428 free Li* slightly screened by the HOMO electrons.
o 998 88 889 6688 — After the monopole/induced-dipole interaction, the main
(o) 8 88 88 8 - contribution to the coreH; bond is the charge transfer from
Os 8 8 - - - the ¢ MO of the H, molecule to the lowest unoccupied
6 core 813 51)5 22 slg 1818 9%%30 9%35157 17 852305150 26 molecular orbital of the positive core. In the case of thg H
gi 88 as 998 8 88 core, this transfer is to the 1&®IO’s and reinforces significantly
0 8 88 — ) — the bond of the K molecules in the first shell.For the Lit

core, the transfer to 2s atomic orbital is small due to the lower

aFor each isomem( i), named as in Table 3, the value labeled as electron affinity of the cation when compared to the(td)

“core” gives the charge at each lithium atom, from the more occupied

vertex to the less occupied one. With the same conventjois, the ionization potential. For the same reason, the electron transfer

charge at each Higand atk vertex. to the 2¢ MO’s of the Lig* core is also small, and it is even
more reduced due to the repulsion from the electrons in the
2a1 MO.

107, For the singly occupied vertexes, the configuration in which
the H, molecular axis stands perpendicular to thg'lplane is
just 0.1 kcal/mol lower than the one with the axis parallel to
this plane. The interaction between any tweuthits occupying
different vertexes is negligible, being on the order of“kcal/
mol. When bound to the same vertex, the distai@ebetween
the two first neighbors is about 3 A, and it is somewhat
surprising that for double and triple occupation of a vertex, the
most favorable conformation is the one with the Holecular
axis almost parallel to each other instead of perpendicular.
1E3+——T1— v T A Different from the H*(H.), core, for which the core vibrational
frequencies are approximately equal the frequencies of a free
Ry Hs™ molecule with a solvation effect from thesHinolecules,

Figure 3. Total electronic density for the £{H,) and Li"(H,) clusters the core vibration in the ki"(Hy), clusters are mixed with the
along the line connecting the,Hinit to the lithium atom (in electron/ vibration of the H centers-of-mass (c.m.). This is due to the
&’), calculated at MP2/6-311G(d,p) level. The right peaks represents |5rge difference between the binding energies of the (34.7
'itgirll—gv(:ﬁnsuy. In the case of kT core, just the closest lithium atom kcal/mol) and the kit (—105.9 kcal/mol), which implies that

' the H* core preserves its molecular identity more efficiently
coupled cluster level was 36 ct which is in excellent  than the Li* one. The internal HH vibrational stretching of

o(R) ( electron/ana)
o

o

(=]

py
L

agreement with the MP4 result. _ the H; units are still independent from the motion of their c.m.,
The distance from each H unit to the vertex of the i in agreement with the large binding energy of therkblecule
core is the same one found for the-tbre distance in the L+ (—107.5 kcal/mol).

(H2)n clusters: Figure 3 shows that the electronic densities along 3.2, Thermochemical PropertiesAssuming that the isomer
the line connecting the ttenter-of-mass to the closest lithium i of the cluster wittn molecules is formed from the most stable

atom are approximately the same in both cases. As an H jsomer { = 0) of then — 1 cluster, its binding energy will be
molecule approaches one of the vertex, it gets polarized by the

Lio* atom on that vertex. As a result of this monopole/induced-
dipole interaction, that i atom is pulled out from its original
position toward the approaching dnit. Thus, the Himolecule
will experience a field very similar to that of a free*Linit. The binding energy of the cluster may be calculated as the
Alternatively, the similarity between thesHcore distances can ~ thermal average of the binding energy of each one of the
be understood from the structure of the localized molecular ISOMErs, 1.€.

orbitals (LMO’sy? of the Lis* ion. The first three inner LMO’s

DO(n) = E(Li5 (H)?) - [E(Lis H)O) + EH] ()

are essentially s-type orbitals centered on each lithium atom. zi[)g)(n) exp[—AEg)/kBT]
The highest occupied molecular orbital (HOMO) is delocalized IDARES 0 3)
through the whole molecule, being responsible for the binding Zi exp[-AE;/kgT]

of the triatomic molecule (Figure 4). When & Hinit is placed
close to its equilibrium position in the cluster, it interacts mainly whereks andT are the Boltzmann constant and the temperature,
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that we have studied, the formation of thes'i(H,), cluster
becomes more exothermic at temperatures from 150 to 200 K.
Note that, since we have not calculated the entropy variation
for the clustering, it is not possible to verify for what range of
temperatures the cluster formation becomes more effective.

3.2 —o— 0K
3.04 ——o-- 10K
2.84 I ot 90 K
2.6 0 ~-v-- 150 K

g )

E 2.4 "\L'.' -0 300 K

< L, A 3.3.' Shell Structure of .the Hydrogen Clgstgrs.Several

Aw 2'0 experimental and theoretical works have indicated that the

v o] hydrogen molecules are distributed in shells around the positive
ey T o core. However, there is no consensus on what the shells actually
1.64 -~-Ii,g are, how they are formed, and what distinguishes two H
1.4 : z 3 I r z molecules belonging to different shells. An attempt to answer

n these questions has been put forward by Roszak and Leszc-

16 . .
Figure 5. Thermically averaged binding energifBgl{ of the Lis*- .ZynST:I on Wha;[ fO"OV;IS’.We VP\:I" also tr)ll to S'rebdl nge |Ighth
(H2)n clusters calculated with MP2/6-311G(d,p) geometries and with N0 this matter by analyzing the several available data on the
single-point energies obtained at MP4/6-311G(2d,2p) level (in kcal/ hydrogen ionic clusters.

mol). We may define a shell in a hydrogen cluster as a setof H
o molecules presenting similar binding and internal molecular

TABLE 5: Enthalpy Variation (in kcal/mol) for the : oo : :

Liz~(Ho)n Clusters?yObtained ag the MP4/6)-SllG(2d,2p) properties. The binding properties can be characterlz_ed by the

Level of Calculation, Using the Vibrational Frequencies and Hz—core distances and the charge transfer from thartits to

Geometry Optimized at the MP2/6-311G(d,p) the core, while the bistretching frequencies and bond distances

can be used to define the internal molecular properties.
To2 19 529 250 254 2 40 235 The main difficulty in identifying H molecules belonging
147 182 213 229 229 213 204 to the same shell resides in the fact that for an incomplete shell

n _AHgK _AHgOK _AHEOOK _AH250K _AHgOOK _AHgSOK _AHgOOK

1

2 i i

3 132 167 1.97 213 211 1.91 1.80 the properties mentioned above may not be equal for all H
4

5

6

0.22 057 0.85 1.00 0.96 0.79 0.69 molecules within a shell. For the s#(H,), clusters with
—0.05 0.26 0.57 0.76 0.76 0.60 0.53 incomplete second shell, for example, thg-dore distance is
—001 031 0.58 0.78 0.76 059 0.50 not a good criterium to distinguish the first from the second
shell moleculed.In general, the charge transfer, as measured
from the Muliken population, is always a good criterium to
distinguish first shell molecules from the second shell ones (see,
e.g., ref 13). Identifying a shell may be a complex problem when
dealing with cores with asymmetric charge distribution, as is
the case of the C#N," and the NH* molecular ions’ 8 The
idea of defining shells simply as concentric distributions ef H
molecules around the core does not apply in the case of the
dCH3N2+(H2)n clusters, for which three shells are formed in
n'ParaIIeIs planes, all of them perpendicular to the,@Mis.

We distinguish four factors which determine the shell
formation and its features:

(1) the coulombian field of the core;
(2) the geometric structure of the core;

respectively. AEY = EV — E9 is the energy difference
between theth isomer and the most stable one<0) for the
a givenn.

The binding energy is shown in Figure 5 for several
temperatures. For temperatures lower than 100 K, the population
of the less stable isomers is very small, and the binding energy
is approximately the same as those obtained with just the most
stable isomer T = 0 K). As the temperature increases, the
thermal effects on the binding energy become more pronounce

Independently of the temperature, as the cluster increases fro
n = 3 ton = 4, one notices an abrupt reduction in the binding
energy. This is due to the cluster deformation caused by the
double occupation of one of the vertexes, once the foustts H
attached, forcing the other Hinit out of the L™ plane. On .
the other hand, no abrupt change is observed when the mosf{3) the orbital structure Of. the core;
stable isomer fon = 5 (with one of vertexes triply occupied) ~(4) @nd the H—H interaction. .
is formed because only small angular deformations are needed The relative importance of those effects will depend on the

to accommodate the fifth unit. size of the cluster. For instance, the formation of the first shells
The enthalpy variation for the clusters formation of ligands will be dominated by the coulombian field of the

core. For those shells, one could say that the effects above-

AH$= D] + €(T) (4) mentioned are listed in order of decreasing in importance.

However, as the size of the cluster increases, the-Hi

wheree(T) stands for the thermally averaged ZPEemperature interactions may becqme the dominant effect in .determining
corrections, has been determined at the MP4/6-SllG(2d,2p)the number of ligands in the outer shells, as we will be further
level of calculation. The zero-point energy (ZPE) corrections discussed.
were calculated in the harmonic approxima#t# with the The core monopole field defines a pattern of radial distribu-
vibrational frequencies scaled by 0.9223, a factor which results tion for the B molecules in all space. This is confirmed by the
from the comparison between our theoretical frequencies for fact that the neutral Li(b), clusters do not exhibit radial pattern
the Hy*(H,)n and the experimental frequencies from ref 26. The of ligands, the Li atom remaining at the surface of the clu®ter.
temperature corrections were calculated by assuming ideal The geometry of the core determines the symmetry of the
behavior for all species and by treating the translational, ligands distribution. The monatomic cores;" Xestablish a
rotational, and vibrational degrees of freedom classically. Both spherically symmetric distribution of Hunits. For the Li* case,
binding energies and enthalpy variations were corrected for the the positive charge is equally distributed among the Li atoms,
basis set superposition error (BSSEyhich for all clusters is and each vertex behaves as a center around which th@its
always less than 0.04 kcal/mol. will be spherically distributed. For the,N™ corel® the charge
Results for the variation of the enthalpy are given in Table 5 is concentrated on the H atom which becomes the center of
for several temperatures. Similar to the other hydrogen clustersnucleation, while the Ngroup behaves as a steric barrier to
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the approaching Funits, thus preventing a spherical distribution depending on the size of the cluster. The reaction of formation

of ligands to be formed around the H center. of the cluster is more exothermic at temperatures between 150
The nature of the core and of its LUMO (lowest unoccupied and 200 K.

molecular orbital) and HOMO orbitals determine the amount )

of charge transfer from the Hmolecules to the core. Since a _ Acknowledgment. The authors would like to thank Carla

maximum overlap between the core and the MO’s is F_onseca-Barbattl _f(_)r readlng_ the manuscript, and the support

expected for the ligands closer to the core, the charge transferdiven by the Brazilian agencies CNPqg, FAPERJ, and FINEP.
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