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Second-order Møller-Plesset (MP2) calculations (using the approximate resolution of the identity, RI-MP2),
explicitly correlated MP2 (MP2-R12) calculations, and coupled-cluster calculations including all single and
double excitations with a perturbative estimate of triple excitations [CCSD(T)] are performed to study the
interaction of molecular hydrogen with the small molecules HF, H2O, NH3, and LiOH. Different adsorption
positions are studied. In the cases of H2O and NH3, the most favorable configuration places H2 in an end-on
fashion on the O or N atom, respectively. In the cases of HF and LiOH, the H2 molecule takes a side-on
position on the H atom of HF or the Li atom. With respect to MP2 calculations in a triple-ú basis, both the
enlargement of the basis set and the extension of the correlation treatment (CCSD(T) vs MP2) increase the
interaction energy. The basis set limit CCSD(T) estimates of the interaction energy of H2 with the HF, H2O,
NH3, and LiOH molecules amount to 4.40, 2.67, 3.02, and 10.74 kJ mol-1, respectively. The interaction
energy for the simultaneous interaction of H2 with two LiOH molecules does not significantly exceed the
value obtained for the interaction with a single LiOH molecule. Furthermore, the interaction energies (by
MP2) of H2 with glycine, the glycine dimer, and imidazolium chloride amount to 2.78, 5.00, and 6.30 kJ
mol-1, respectively.

1. Introduction

In view of a possible relevance to the development of
hydrogen storage materials based on physisorption, the interac-
tion of dihydrogen with various small systems is studied.
To store hydrogen, in principle different possibilities exist:
pressurized hydrogen, liquified hydrogen, chemically bound
hydrogen, and hydrogen bound by physisorption.1 Physisorption
materials that preserve the H2 unit would have the advantage
that no large enthalpies would be involved in loading or
unloading.2 Presently, among others, nanostructured carbon,
zeolites, and metal-organic frameworks are subject to
investigations.2

The interaction of H2 with various systems has also been the
subject of numerous theoretical investigations. The studies
comprise the interaction with charged systems such as the alkali
cations Li+, Na+, K+, and Rb+,3-8 the halogenide anions F-,
Cl-, Br-, and I-,3,9-14 small molecular ions CN- and NO+,
and charged complexes of CO with Li+, Mg2+, and Al3+,3 as
well as the interaction with neutral molecules such as CO,3

H2O,15 C2H2,16 BeO,17,18 MgF2, and AlF3
19 and the complexes

Li(CN), Mg(CN)2, and Al(CN)33 or 18-crown-6 ether.20 Further
studies have been concerned with organic molecules: benzene
or its derivatives3,21-27 and larger polycyclic aromatic hydro-
carbons.21-23,25-29 Other work has been concerned with the
interaction of H2 with transition metal complexes in which the
interaction strength approaches more or less continuously the
chemisorption range.30 Some studies of the coordination of H2

to transition metals have been performed, especially with respect
to the hydrogen storage issue.31-34

The present study is performed to complement the above-
mentioned work. It is divided into three parts that are concerned
with (1) the small molecules NH3, H2O, HF, and LiOH; (2)
systems that contain two NH3 or LiOH units; and (3) finally,
some organic molecules. A detailed knowledge about the
interaction of H2 with small molecules might be of value when
trying to build more complex binding sites by combination of
different interaction sites. Then, the question naturally arises
whether it is possible to increase the interaction strength simply
by combining favorable sites. Moreover, for the small systems,
it is possible to obtain very accurate reference data that help to
assess the accuracy of other calculations.

According to Lochan et al.,3 for storage purposes, the ideal
physisorption energy would be in the range between 20 and 40
kJ mol-1. But so far, interactions that fall within this range have
been realized, except for transition metal complexes, only for
systems that involve isolated ions, but not for neutral systems.
With isolated halogenide anions and alkali cations, interaction
energies up to 25 kJ/mol-1 are achieved,5,9 and the values are
even larger for multiply charged ions.3 According to Lochan et
al.,3 it is very unlikely to obtain larger interaction energies (of
H2 with other systems) solely based on van der Waals
interactions. Therefore, the attempt is made to search for systems
with a potentially higher interaction with H2, referring to
ionogenic compounds. But since free ions are not realistic model
systems, in this work overall neutral systems are considered:
the amino acid glycine and derivatives of imidazole. It is well
known that amino acids exist as zwitterions in the solid state,
and imidazolium ions are typical ingredients of ionic liquids.

The investigation is based on second-order Møller-Plesset
(MP2) calculations.35 MP2 is the simplest wave function-based
method to take into account dispersion.3 For the smaller systems,
we rely on coupled-cluster calculations including the single and
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double excitations with a perturbative estimate of the triple
excitations [CCSD(T)].36,37Basis set limit estimates for the MP2
method are obtained by means of explicitly correlated MP2
(MP2-R12) calculations.38,39 At this point it shall be stressed
that MP2-R12 is not a different method compared to MP2 but
only a means to improve the convergence of MP2 with respect
to the size of the basis set.

2. Methods

In a first step, for the complexes of H2 with HF, H2O, NH3,
and LiOH, the structures of different stationary points were
optimized by MP2 calculations (using the approximate resolu-
tion of the identity40 (RI-MP2)). In a second step, selected
structures were optimized by CCSD(T) calculations. Further-
more, some structures were optimized by MP2 calculations
taking into account the counterpoise correction41 for the basis
set superposition error (BSSE). Those structures were obtained
by explicitly calculating the counterpoise correction for the
energy and the gradient at each step of the optimization and
searching for the minimum on the corrected hypersurface. The
MP2 optimizations used the recently developed polarized triple-ú
valence basis set42 (def2-TZVPP) for all atoms (in the following,
we shall use the label TZVPP for def2-TZVPP). The appropriate
auxiliary-TZVPP basis set was used for the resolution-of-the-
identity approximation.43 The CCSD(T) optimizations used the
augmented correlation-consistent polarized valence quadruple-ú
basis set44,45(aug-cc-pVQZ) on H, N, O, and F in combination
with the correlation-consistent polarized core-valence quadru-
ple-ú basis set (cc-pCVQZ) on Li. The Li basis sets were
obtained from the Extensible Computational Chemistry Envi-
ronment Basis Set Database.46 Within the calculations, the 1s
orbitals of N, O, and F were not correlated. In order to obtain
complete basis set limit estimates of the interaction energy,
CCSD(T) calculations were performed for the lowest-energy
isomer of each complex (CCSD(T)-optimized structure) with
correlation consistent basis sets of different size: on H, N, O,
and F non-augmented and augmented cc-pVXZ with X ) T, Q,
5, and on Li cc-pCVXZ with X ) T, Q. Additionally, for the
complexes of HF, H2O, and NH3, explicitly correlated MP2
calculations (MP2-R12) were performed (using the approximate
resolution of the identity47 (RI-MP2-R12)). These calculations

used a special R12 basis set ([6s4p3d2f] on H; [8s7p5d4f2g]
on N, O, F), which is a partially decontracted quadruple-ú
valence (QZV) basis set48 with the diffuse and polarization
functions from the aug-cc-pVQZ basis set and, on N, O, and F,
with additional tight d and f functions: N, 8.31(d), 6.00(f); O,
11.0(d), 8.27(f); and F, 14.6(d), 11.1(f).

All interaction energies were corrected for the BSSE by the
full counterpoise procedure.41 For the CCSD(T) results, the
extrapolation was made according to the expression49 Ecorr ) a
+ bX-3, with X being the cardinal number of the basis set, and
by taking in each case as reference energy the Hartree-Fock
energy in the largest basis set.

For the structures optimized by MP2 (without correction for
BSSE), the order of the stationary points was determined by
computing the harmonic vibrational frequencies, which were
obtained by numerical differentiation of analytical gradients.

The RI-MP2 and RI-MP2-R12 calculations were carried out
with the program TURBOMOLE.40,50,51The CCSD(T) calcula-
tions were performed with the program MOLPRO.52-54

The calculations on systems with two ammonia and two
lithium hydroxide moleclules as well as on the larger systems
containing glycine or imidazolederivatives used only the MP2
method in connection with the TZVPP basis set.

3. Results and Discussion

3.1. Structures of the Adsorption Complexes.First, the
different positions of H2 on the molecules as determined by
the MP2 calculations are considered. Figure 1 shows stationary
points of H2‚‚‚HF (A, B), H2‚‚‚H2O (C, D, E, F), H2‚‚‚NH3

(G, H, I ), and H2‚‚‚LiOH (J, K ). These structures are obtained
without correction for BSSE. For selected structures, the
structural parameters are compiled in Table 1. StructureA,
where H2 takes a side-on position at the hydrogen atom of HF
(C2V), is the structure of H2‚‚‚HF with the largest binding energy
of H2. According to the frequency calculations, this structure is
a minimum of the potential energy hypersurface. StructureB,
where H2 sits end-on at the fluorine atom (C∞v), is a second-
order transition structure that lies about 2 kJ mol-1 higher in
energy. (Configurations where H2 sits side-on at the fluorine
or end-on at the hydrogen are characterized by a repulsive
interaction.) StructureC, where H2 points with its axis to the

Figure 1. Structures of stationary points of H2‚‚‚HF (A, B), H2‚‚‚H2O (C, D, E, F), H2‚‚‚NH3 (G, H, I ), and H2‚‚‚LiOH (J, K ) by MP2/TZVPP
calculations (without correction for BSSE) and interaction energies (kJ mol-1) with and (in parentheses) without correction for BSSE and structure
of H2‚‚‚LiOH by CCSD(T)/aug-cc-pVQZ calculations (L ).
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oxygen atom of H2O and lies within the H2O plane (C2V), is the
structure of H2‚‚‚H2O with the strongest binding of H2, provided
the correction for BSSE is included. Frequency calculations
without correction for BSSE classify structureC as a first-order
transition structure, connecting two minima of structureD,
where H2 points to the oxygen but does not lie within the plane
of H2O (Cs). A structure optimization including the correction
for BSSE, starting with structureD, leads straightforwardly to
the symmetric structureC. Therefore, it is very likely that
structureC represents the minimum. StructureE, where H2 is
coordinated side-on to one of the hydrogens of H2O (Cs), is
found to be higher in energy than structureC by about 0.8 kJ
mol-1 and is a minimum, whereas structureF is a second-order
transition structure. StructureG, with H2 pointing to the nitrogen
of NH3 (C3V), is the lowest-energy structure of H2‚‚‚NH3.
StructureH, with H2 sitting side-on at one of the hydrogens
(Cs), lies about 2 kJ mol-1 higher in energy. Frequency
calculations without correction for BSSE indicate structureG
to be a minimum, but structureH to be a first-order transition
structure, whereas structureI , where the H2 points to the side
of the three hydrogens (C3V), is a minimum. However, including
the correction for BSSE, structureI becomes less stable than

structureH by 0.4 kJ mol-1. Therefore, it very well might be
that structureI is, in fact, not a minimum. According to the
MP2/TZVPP calculations, structureJ, where the H2 molecule
coordinates side-on to the lithium atom of LiOH on the axis of
the molecule (C2V), is the structure of H2‚‚‚LiOH with the
strongest binding of H2 if the correction for BSSE is included.
Its energy is lower by 0.22 kJ mol-1 than that of structureK ,
the minimum structure without correction for BSSE, where again
H2 is coordinated side-on to the lithium atom, but the direction
of coordination forms an angle of about 140° with the axis of
LiOH (Cs). Without correction for BSSE, structureJ is a first-
order transition structure and higher in energy than the MP2/
TZVPP minimum structureK by 0.15 kJ mol-1. Thus, in two
cases, for H2 on H2O and LiOH, the structures qualitatively
depend on whether the correction for BSSE is applied or not.

To obtain more comprehensive information about the influ-
ence of the BSSE on the structures, optimizations of the lowest-
energy complexes were performed by MP2/TZVPP calculations
including the correction for BSSE, and the results are given in
Table 1. In the cases of H2‚‚‚H2O and H2‚‚‚LiOH, comparison
is made with respect to the more symmetrical structures that
have been identified as the lowest in energy by taking into
account the correction for BSSE to the energies. The inclusion
of the correction for BSSE elongates the intermolecular distances
by between 1 and 10 pm, while the intramolecular distances
are hardly affected, by up to 0.1 pm only. At this point, it shall
already be mentioned that this elongation has no large effect
on the interaction energies: they are increased by less than 0.1
kJ mol-1. In the case of the present complexes, one can state
that, to obtain energies corrected for BSSE, it is sufficient to
optimize the structures of different stationary points without
correction and then to select the structures only by considering
the energy values corrected for BSSE at those structures. This
works only because the structures including the correction for
BSSE are the more symmetrical ones, and, hence, symmetry
can be imposed to obtain those structures.

To obtain a further check on the structures, for selected
stationary points of the different systems, optimizations were
performed by CCSD(T)/aug-cc-pVQZ calculations (see
Table 1). In the case of H2 on HF, H2O, and NH3, the CCSD-
(T)/aug-cc-pVQZ structures essentially agree with MP2/TZVPP
structures (with and without correction for BSSE), referring in
the case of H2‚‚‚OH2 to the C2V results. The intramolecular
distances differ by less than 1 pm. The intermolecular distances
deviate by 0-4 pm from the MP2 values without correction
for BSSE and by 6-9 pm from the MP2 structures that take it
into account. Only in the case of LiOH a considerable difference
is observed between the CCSD(T)/aug-cc-pVQZ and MP2/
TZVPP results. Remember that the MP2/TZVPP structure (with
correction for BSSE) is characterized by a H2 coordination to
the lithium atom of LiOH in a T-shaped fashion (H2-Li distance
215 pm). By contrast, CCSD(T) with the aug-cc-pVQZ basis
yields a structure whose angle between the coordination
direction and the LiOH axis is about 106° (H2-Li distance
106 pm). This means an almost parallel alignment of H2 and
LiOH; see structureL in Figure 1. The structure optimized in
C2V symmetry by the same method with the same basis set (H2-
Li distance 111 pm) has an energy that is higher by 1.02 kJ
mol-1 (0.98 kJ mol-1 without correction for BSSE). Thus, in
this case, a pronounced difference between the CCSD(T)/aug-
cc-pVQZ and MP2/TZVPP stucture is observed.

The question arises whether this difference is due to the
choice of the method or to the size of the basis set. Therefore,
the MP2 energies with the aug-cc-pVQZ basis set at both the

TABLE 1: Structural Parameters of the Optimized
Structures of the Coordination Complexes of H2 on HF,
H2O, NH3, and LiOH

system parametera
MP2corr.f.BSSE/

TZVPP
MP2/

TZVPP
CCSD(T)/

aug-cc-pVQZ

H2‚‚‚HF (C2V) rH2-HF 206.1 201.3 198.2
rH-H 73.9 73.9 74.4
rF-H 91.9 91.9 91.9

H2‚‚‚OH2 (C2V) rH2-OH2 271.8 263.6 263.3
rH-H 73.8 73.9 74.4
rO-H 95.9 95.9 95.9
æHOH 103.9 103.9 104.4

H2‚‚‚H2O (Cs) rH2-HOH 231.1 227.0
rH-H 73.8 74.3
rO-H 95.9 95.9
æHOH 103.9 104.4

H2‚‚‚NH3 (C3V) rH2-NH3 287.2 276.7 280.8
rH-H 73.9 74.0 74.4
rN-H 101.1 101.1 101.3
æHNH 106.4 106.5 106.5

H2‚‚‚H3N (C3V) rH2-H3N 319.7 320.9
rH-H 73.7 74.3
rN-H 101.1 101.3
æHNH 106.6 106.7

H2‚‚‚H3N (Cs) rH2-HNH2 273.2 272.9
rH-H 73.7 74.3
rN-H 101.1 101.3
æHNH 106.5 106.6

H2‚‚‚LiOH (Cs) rH2-LiOH 211.2 205.8
æ(H2)LiO 143.2 105.7
rH-H 74.1 74.9
rLi-O 158.8 158.8
rO-H 95.0 94.9

H2‚‚‚LiOH (C2V) rH2-LiOH 214.5 213.1 211.2
rH-H 74.1 74.1 74.6
rLi-O 158.8 158.8 158.5
rO-H 95.0 95.0 94.9

HF (C∞V) rF-H 91.8 91.8
H2O (C2V) rO-H 95.9 95.9

æHOH 103.8 104.4
NH3 (C3V) rN-H 101.1 101.3

æHNH 106.5 106.6
LiOH (C∞V) rLi-O 158.5 158.1

rO-H 94.9 94.9

H2 (D∞h) rH-H 73.7 74.2

a All r values in picometers; allæ values in degrees.
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Cs and theC2V CCSD(T) structures of LiOH are compared. In
doing so, one finds that, with the aug-cc-pVQZ basis set, even
by MP2 theCs structure (L ) with parallel-aligned H2 and LiOH
is lower in energy, namely by 0.58 kJ mol-1 (with and without
correction for BSSE). This is only somewhat more than half
the value for the same difference by CCSD(T), but nevertheless
it is a clear indication that, when using a larger basis set, also
by MP2, a structure similar to the CCSD(T) one has to be
expected. Hence, the pronounced differences in structure must
essentially be attributed to the use of the TZVPP basis set. (The
same holds for the H2O complex in the case of the structure
obtained without correction for BSSE.)

To summarize this subsection, it is found that the coordination
of H2 to the negatively polarized sites of the molecules (N, O,
and F atoms) happens in an end-on fashion, but coordination
to the positively polarized atoms (H, Li atoms) happens in a
side-on (T-shaped) fashion. These different types of coordination
are consistent with the configurations observed for the coordina-
tion of H2 to alkali cations and halogenide anions:5,9 H2

coordinates side-on to the cations (T-shaped) and end-on to the
anions, a fact that can be understood essentially in terms of the
quadrupole and dipole-polarizability-dependent contributions.5,9

In the case of H2‚‚‚H2O and H2‚‚‚NH3, the end-on coordination
to the electronegative site is energetically favored, whereas in
case of H2‚‚‚HF, side-on coordination to the H atom is favored.
On closer inspection, it is observed that, when going from NH3

via H2O to HF, the stability of the complexes with H2

coordination at the hydrogen site increases and, vice versa, the
stability of the complexes with coordination at N, O, or F
decreases. According to Vitillo et al.,5,9 one important contribu-
tion to the interaction energy stems from the interaction of the
quadrupole moment of H2 with the surrounding charges. The
increase in interaction strength at the H site of the molecules
might be understood on the basis of the interaction of the dipole
moment of the F-H, O-H, and N-H bonds with the H2
quadrupole moment. With respect to the trend observed for the
end-on coordination at the electronegative atoms, one may notice
that the interaction increases with the polarizability of the
adsorbing molecule, and this increasing polarizability might also
be the reason for increasing dispersive interactions.

3.2. Interaction Energies with H2. Figure 2 presents the
interaction energies for the different complexes obtained by
different methods and basis sets for the adsorption position with
the largest binding energy. Selected values are listed in Table
2. For the sequences of CCSD(T) calculations, the convergence
to the basis set limit estimates clearly can be observed. The
different estimates (without and with correction for BSSE, using
augmented and non-augmented basis sets) approximately co-
incide. The largest difference is 0.13 kJ mol-1. The values
corrected for BSSE converge from below, whereas the uncor-
rected values mostly converge from above. In the following,
reference is made only to values corrected for BSSE. The values
for the augmented basis sets essentially are closer to the limit
than their non-augmented counterparts. The largest difference
between the estimates using augmented and non-augmented
basis sets amounts to 0.07 kJ mol-1.

By MP2/TZVPP calculations, values of 3.08, 2.16, 2.55, and
8.56 kJ mol-1 are obtained for the dissociation energies of H2‚
‚‚HF, H2‚‚‚H2O, H2‚‚‚NH3, and H2‚‚‚LiOH, respectively. The
CCSD(T) basis set limit estimates, based on the augmented basis
sets, amount to 4.40, 2.67, 3.02, and 10.74 kJ mol-1, respec-
tively. They are larger by 1.32, 0.51, 0.47, and 2.18 kJ mol-1

than the respective MP2/TZVPP values; that is, the MP2 values
account for 70, 81, 84, and 80% of the CCSD(T) basis set limit

estimates. The values obtained by MP2-R12 calculations are
near basis set limit MP2 results. Such calculations give values
of 4.17, 2.51, and 2.79 kJ mol-1 for the dissociation energies
of H2‚‚‚HF, H2‚‚‚H2O, and H2‚‚‚NH3, respectively. Thus, they
account for 95, 94, and 92%, respectively, of the CCSD(T) basis
set limit estimates. Hence, both the step from a TZVPP basis
to a nearly complete basis within MP2 and the step from MP2
to CCSD(T) basis set limit estimates increase the values for
the interaction energy. This result is in contrast to the observa-

Figure 2. Interaction energies for H2‚‚‚HF, H2‚‚‚OH2, H2‚‚‚NH3, and
H2‚‚‚LiOH by CCSD(T) calculations with different basis sets (CCSD-
(T)/aug-cc-pVQZ structure) and by MP2/TZVPP and MP2-R12 cal-
culations (MP2/TZVPP structure). For H2‚‚‚H2O and H2‚‚‚LiOH, the
MP2 values refer to theC2V structures, which are the lower-lying
structures when including the correction for BSSE. Note that, in the
case of H2‚‚‚LiOH, it disagrees with the CCSD(T) structure.
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tions made in the case of the adsorption of H2 on aromatic
systems, where it was found that the enlargement of the basis
set and the step from MP2 to CCSD(T) have approximatively
the same effect but of opposite sign,27 and therefore, the MP2/
TZVPP results could be considered good estimates for more
accurate values. Although it seems not possible to simply infer
accurate estimates based on MP2/TZVPP calculations and a
fortuitous cancellation of errors, the MP2/TZVPP calculations
reproduce the general trends in interaction energies well and
also approximately the magnitude of the interaction energy. This
is an important fact, because MP2 (in connection with a basis
set of moderate size like TZVPP) has a considerably broader
range of applicability than the demanding CCSD(T) method.
Hence, MP2 is nevertheless a very useful tool for a quick
determination of the interaction energies of H2 with a larger
set of molecules.

While for the interaction of H2 with HF, H2O, and NH3 the
interaction potential energies lie between 2.5 and 4.5 kJ mol-1,
the value for the interaction with LiOH is characterized by the

clearly larger value of 10.7 kJ mol-1, certainly because of the
more ionic character of the alkali center. Among the interactions
of H2 with different alkali cations, that with Li+ is the strongest,
at 24.3 kJ mol-1 (by MP2/aug-cc-pVQZ).5 This means that,
taking the LiOH molecule, this interaction is reduced by more
than 50%. Similarly, among the interactions of H2 with the

TABLE 2: Dissociation Energies for the Detachment of H2 from HF, H 2O, NH3, and LiOH, Including Correction for BSSE
(Uncorrected Values in Parentheses)

system structure method basis De/kJ mol-1

H2‚‚‚HF (C2V) MP2 MP2 TZVPP 3.08 (3.78)
MP2-R12 R12 4.17 (4.26)

MP2corr.f.BSSE MP2 TZVPP 3.11
CCSD(T) MP2 aug-cc-pVQZ 4.08 (4.50)

CCSD(T) aug-cc-pVQZ 4.32 (4.68)
CCSD(T) extrap. 4.40 (5.51)

H2‚‚‚OH2 (C2V) MP2 MP2 TZVPP 2.16 (2.94)
MP2-R12 R12 2.51 (2.57)

MP2corr.f.BSSE MP2 TZVPP 2.19
CCSD(T) MP2 aug-cc-pVQZ 2.47 (2.68)

CCSD(T) aug-cc-pVQZ 2.61 (2.78)
CCSD(T) extrap. 2.67 (2.64)

H2‚‚‚H2O (Cs) MP2 MP2 TZVPP 1.39 (1.89)
CCSD(T) MP2 aug-cc-pVQZ 2.11 (2.33)

CCSD(T) aug-cc-pVQZ 2.31 (2.49)

H2‚‚‚NH3 (C3V) MP2 MP2 TZVPP 2.55 (3.52)
MP2-R12 R12 2.79 (2.83)

MP2corr.f.BSSE MP2 TZVPP 2.63
CCSD(T) MP2 aug-cc-pVQZ 2.77 (2.95)

CCSD(T) aug-cc-pVQZ 2.98 (3.11)
CCSD(T) extrap. 3.02 (2.98)

H2‚‚‚H3N (C3V) MP2 MP2 TZVPP 0.14 (1.70)
CCSD(T) MP2 aug-cc-pVQZ 0.56 (0.65)

CCSD(T) aug-cc-pVQZ 0.78 (0.85)

H2‚‚‚H3N (Cs) MP2 MP2 TZVPP 0.56 (0.73)
CCSD(T) MP2 aug-cc-pVQZ 0.93 (1.03)

CCSD(T) aug-cc-pVQZ 1.07 (1.14)

H2‚‚‚LiOH (Cs) MP2 MP2 TZVPP 8.34 (9.74)
CCSD(T) MP2 aug-cc-pVQZ 9.86 (10.22)

CCSD(T) aug-cc-pVQZ 10.51 (10.77)
CCSD(T) extrap. 10.74 (10.76)

H2‚‚‚LiOH (C2V) MP2 MP2 TZVPP 8.56 (9.59)
MP2corr.f.BSSE MP2 TZVPP 8.56
CCSD(T) MP2 aug-cc-pVQZ 9.28 (9.64)

CCSD(T) aug-cc-pVQZ 9.49 (9.79)

Figure 3. Structures of H3N‚‚‚H2‚‚‚NH3 (D3h) and HOLi‚‚‚H2‚‚‚LiOH
(D2h) for which the interaction energy with H2 has been determined
for different fixed distances of the coordinating molecules and maximum
MP2/TZVPP interaction energies with and (in parentheses) without
correction for BSSE.

Figure 4. Structures of the adsorption complexes of H2 with glycine
and the glycine dimer and MP2/TZVPP interaction energies with and
(in parentheses) without correction for BSSE.
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halide anions, that with F- is the strongest, at 24.8 kJ mol-1

(MP2/aug-cc-pVQZ),9 and replacing F- by HF reduces the
interaction by 80%.

The CCSD(T) basis set limit value of 2.67 kJ mol-1 for
H2‚‚‚OH2 agrees with the value of 2.646 kJ mol-1 from CCSD-
(T)-R12 calculations reported by Faure et al.15

So far, the systems studied are composed of formally only
singly charged atoms. But one can speculate that, by using
systems with formally multiply charged ions, it might be
possible to obtain a still stronger interaction, since the interaction
with bare, multiply charged ions is also considerably stronger.
But so far, only for the BeO molecule (and, for instance, not
for MgO) a large value of about 70 kJ mol-1 has been found
for the interaction with H2.17,18 And unfortunately, because of
its toxicity, this system is not interesting for technical applica-
tions.

3.3. Interaction of H2 with Two LiOH Molecules. In an
attempt to see if larger interaction energies with H2 could be
achieved simply by using systems composed of two molecules,
the interaction of H2 with two NH3 as well as two LiOH
molecules was studied. For this purpose, axial structures were
assumed, in which H2 takes a central position. Within H3N‚‚‚
H2‚‚‚NH3 (D3h), the NH3 molecules lie on the axis of H2, and
within HOLi‚‚‚H2‚‚‚LiOH (D2h), the two Li atoms point to the
middle of the H-H bond. Then, the interaction energy is
determined for different fixed distances of the coordinating
molecules. In fact, the distances of the two N atoms of the NH3’s
or the distances of the outer H atoms of the LiOH’s are fixed,
and the structures are optimized with restriction by symmetry.
Corresponding optimizations are performed on systems where
the H2 is removed. For each distance, the BSSE is estimated.41

Figure 3 shows the structures of H3N‚‚‚H2‚‚‚NH3 (D3h) and
HOLi‚‚‚H2‚‚‚LiOH (D2h). The interaction energies (including
the correction for BSSE) for the optimized distances of the
coordinating molecules amount to 4.08 and 9.34 kJ mol-1,
respectively. The corresponding structures are characterized by
an N-N distance of 676 pm and by an H-H distance between
the outer H atoms of the LiOH molecules of 957 pm, whereas
the Li-Li distance amounts to 453 pm. The value of 4.08 kJ
mol-1 for H3N‚‚‚H2‚‚‚NH3 is larger (after all) by 1.5 kJ mol-1

(or 60%) than the value for a single NH3. But the value of 9.34
kJ mol-1 for HOLi‚‚‚H2‚‚‚LiOH is larger by only 0.78 kJ mol-1

(9%) than the value of 8.56 kJ mol-1 for one LiOH and H2.
Thus, the action to replace one LiOH by two LiOH’s

essentially does not increase the interaction energy. Unfortu-
nately, despite the increase of the interaction energy by 60%
for the ammonia system, the final value of about 4 kJ mol-1 is
still much too low to be interesting. Considering the structures

investigated here, it can be noted that the symmetrical structures
considered in this part essentially try to optimize the interactions
with the quadrupole moment of H2, whereas polarization will
cancel. Therefore, there might be less symmetrical arrangements
with increased interaction by polarization.

3.4. Interaction of H2 with Some Organic Molecules.Figure
4 shows the adsorption complexes of H2 with a glycine molecule
and a glycine dimer for different conformers. All structures
shown in this section have been fully optimized. The free glycine
monomer in the gas phase does not exist as a zwitterion. The
two most stable glycine conformations are those of structures
1 and 2. Structure2 of the isolated glycine is less stable by
1.44 kJ mol-1 than structure1. The interaction energies of H2

with glycine with the structures1 and 2 amount to 2.78 and
2.99 kJ mol-1, respectively. The interaction strength is somewhat
weaker than that of H2 with HF and about 1 kJ mol-1 weaker
than that of H2 with benzene.27 Ionic configurations of the
glycine monomers are present within the glycine dimer. The
interaction energy with H2 is calculated for the conformations
(of Ci symmetry) of the dimer shown in structures3a/3b and
4a/4b. The dimer conformation in structure3a/3b is more stable
by 2.03 kJ mol-1 than that in structure4a/4b. The interaction
of H2 with the more stable dimer conformation for the most
favorable adsorption site (structure3a) amounts to about 5.00
kJ mol-1. Thus, the interaction strength of H2 is increased with
respect to the monomer: it is now in the range of the interaction
of H2 with antracene. But values that substantially exceed those
for the aromatic systems (e.g., by a factor of about 3) are not
obtained.

Figure 5 shows the adsorption complexes of H2 with
imidazole hydrofluoride (5), 1,3-dimethylimidazol-2-yliden hy-
drofluoride (6), and 1,3-dimethylimidazolium chloride (7a,b).
In order to build a simple ionic system containing imidazolium,
the imidazolium structure was optimized in combination with
an F- anion. But the free imidazolium cation is not stable in
the presence of F-: the F- abstracts a proton, resulting in the
(non-ionic) hydrogen-bonded adduct of imidazole and HF. The
interaction energy of this complex with H2 amounts to only 3.36
kJ mol-1. Next, we tried to saturate the nitrogen positions of
imidazole with methyl groups. Then, F- again takes a proton,
but now from the carbon position between the nitrogens,
resulting in an ylidene compound. The interaction with H2 is
only weakly increased in energy with respect to the former
compound, to 4.55 kJ mol-1. Only with a chloride anion does
the dimethylimidazolium cation form a stable complex that
preserves the ionic nature of the components. The interaction
with H2 for the more favorable position of H2 leads to the
somewhat larger value of 6.30 kJ mol-1. This is definitely not

Figure 5. Structures of the adsorption complexes of H2 with imidazole hydrofluoride (5), 1,3-dimethylimidazol-2-ylidene hydrofluoride (6), and
1,3-dimethylimidazolium chloride (7a,b) and MP2/TZVPP interaction energies with and (in parentheses) without correction for BSSE.
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in the range that would be interesting for a possible application
in hydrogen storage media.

4. Summary and Conclusions

The energy of the interaction of H2 with NH3, H2O, and HF
has the quite small values of 3.02, 2.67, and 4.40 kJ mol-1,
respectively. The interaction with LiOH is already stronger, at
10.74 kJ mol-1. On NH3 and H2O, the most favorable position
for adsorption of H2 is on the side of the N or O atom, whereas
on HF and LiOH, it is on the H or Li atom. On the N or O
atoms, H2 takes an end-on orientation, but on the H or Li atoms
it takes a side-on orientation. With respect to MP2/TZVPP
results, both the step from MP2 to CCSD(T) and the enlarge-
ment of the basis set increase the interaction energy values. MP2/
TZVPP results account for 70-84% of the CCSD(T) complete
basis set estimates. MP2 calculations are able to efficiently yield
rough interaction energy estimates, and thus they are a reason-
able tool to inspect a larger set of systems.

The simultaneous interaction of H2 with two LiOH molecules
instead of one essentially does not lead to an increased
interaction energy. The interaction of H2 with ionic organic
molecules (zwitterionic amino acid glycine, imidazolium) yields
interaction energies (5.0-6.3 kJ mol-1) that are increased by
only a small amount compared to those obtained for interaction
with the small molecules NH3, H2O, or HF.

We conclude that the interaction of H2 with NH3, H2O, and
HF is weak, and it is not likely to achieve clearly stronger
interactions just by combination of the main characteristics of
the molecules. This is in agreement with the results reported
for the interaction of H2 with the crown ether 18-crown-6.20

Furthermore, the introduction of ionicity does not substantially
strengthen the interaction. Only with the Li-containing system
LiOH an interaction energy larger than 10 kJ mol-1 is obtained
(unfortunately, the energy is not simply doubled by using two
LiOH units). But even this amounts to less than half of the value
obtained for interaction of H2 and a bare Li+ cation (about 24
kJ mol-1). Thus, the attempt to provide a counterion largely
reduces the interaction. Hence, also for systems with metal ions
like Li+, it will be hard to obtain an enhanced interaction.

Acknowledgment. This work has been supported by the
DFG Research Center for Functional Nanostructures (CFN)
under project number C3.3. It has been further supported by a
grant from the Ministry of Science, Research and the Arts of
Baden-Wu¨rttemberg (Az: 7713.14-300). We also thank the
Fonds der Chemischen Industrie for additional financial support.

References and Notes

(1) Schlapbach, L.; Zu¨ttel, A. Hydrogen-storage materials for mobile
applications.Nature2001, 414, 353-358.

(2) Fichtner, M. Nanotechnological aspects in materials for hydrogen
storage.AdV. Eng. Mater.2005, 7, 443-455.

(3) Lochan, R. C.; Head-Gordon, M. Computational studies of mo-
lecular hydrogen binding affinities: The role of dispersion forces, electro-
statics, and orbital interactions.Phys. Chem. Chem. Phys.2006, 8, 1357-
1370.
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