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Second-order MgllerPlesset (MP2) calculations (using the approximate resolution of the identity, RI-MP2),
explicitly correlated MP2 (MP2R12) 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 HFE) HNHs, and LiOH. Different adsorption
positions are studied. In the cases offHand NH, the most favorable configuration placesiH an end-on
fashion on the O or N atom, respectively. In the cases of HF and LiOH, thadtecule takes a side-on
position on the H atom of HF or the Li atom. With respect to MP2 calculations in a &iplasis, 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 energynoth-the HF, HO,

NH3, and LiIOH molecules amount to 4.40, 2.67, 3.02, and 10.74 kJ'mdspectively. The interaction
energy for the simultaneous interaction of 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 H, with glycine, the glycine dimer, and imidazolium chloride amount to 2.78, 5.00, and 6.30 kJ
mol~1, respectively.

1. Introduction The present study is performed to complement the above-
mentioned work. It is divided into three parts that are concerned

In view of a possib[e relevance to th.e deyelopmgnt of \ith (1) the small molecules N&i H,0, HF, and LiOH: (2)
hydrogen storage materials based on physisorption, the mterac-Systems that contain two NHor LIOH units; and (3) finally,

tion of dihydrogen with various small systems is studied. q5me organic molecules. A detailed knowledge about the
To store hydrogen, in principle different possibilities exist: jnaraction of H with small molecules might be of value when
pressurized hydrogen, liquified hydrogen, chemically bound yving to build more complex binding sites by combination of
hydrogen, and hydrogen bound by physisorptiéifysisorption iterent interaction sites. Then, the question naturally arises

mhaterialsl that presherlvg thezhinlit would halve the aldvar_nage whether it is possible to increase the interaction strength simply
that no large enthalpies would be involved in loading or . ¢ompining favorable sites. Moreover, for the small systems,

ing? DY \ ,
unlci_adlng. P(;esentl;l, among ;)thers, ninostructur%q carbon, i’is hossible to obtain very accurate reference data that help to
zeolites, and metaiorganic frameworks are subject 10 4qqags the accuracy of other calculations.

investigationg. . .
9 According to Lochan et af for storage purposes, the ideal

'kl;he tmtefractlon of Hvrgh va?ouls §ystetrps ?as als_lc_)hbee? tdhe physisorption energy would be in the range between 20 and 40
SUbJeCt of numerous theoretical investigations. € SWAIES | 3oL, But so far, interactions that fall within this range have
comprise the interaction with charged systems such as the alkallbeen realized, except for transition metal complexes, only for

; ; + K+ 3-8 ; ; —
(c:?ﬁlorésrLr,nNdar, Sléhan:] Iﬁﬁr;] | th? ?a:lor?eréldNe ig'oﬁél: systems that involve isolated ions, but not for neutral systems.
and char aed com Iest sf C(; \(/av(i:tl:]fLiMo zi ano?AP* 3 a5 With isolated halogenide anions and alkali cations, interaction

oll as tﬁe 'ntera?:t'on ith neutral molgc les such as?CO energies up to 25 kJ/mol are achieved,? and the values are
VI—\|I 015 CH 1'6 BeOlI7~18 I\\;IVI E arlljd AlRL an:jJ the clé)m lexes  €ven larger for multiply charged iodsAccording to Lochan et

2= 2l ' 9 2 P al. 2 it is very unlikely to obtain larger interaction energies (of
LI(CN), Mg(CN), and AI(CN)® or 18-crown-6 ethef? Further H, with other systems) solely based on van der Waals
studies h_ave_beeznl_czgncerned with organic molecules: benzengio 4 ctions. Therefore, the attempt is made to search for systems
ggr'gsor‘f;['_"g;‘;i% Othe?n\?vciﬁlzgﬁ;f?elce);lcIé%r?égmitcljcvr\:i)t/gr?r;e with a potentially higher interaction with 4 referring to

’ ionogenic compounds. But since free ions are not realistic model

Interaction of H with transition metal complexes in ‘.Nh'Ch the systems, in this work overall neutral systems are considered:
interaction strength approaches more or less continuously the

chemisorption rang® Some studies of the coordination of H the amino acid glycine and derivatives of imidazole. It is well

to transition metals have been performed, especially with res ectknown that amino acids exist as zwitterions in the solid state,
. p34 1 €SP y PECtand imidazolium ions are typical ingredients of ionic liquids.
to the hydrogen storage isstie:

The investigation is based on second-order MglRlesset
(MP2) calculation$® MP2 is the simplest wave function-based
* To whom correspondence should be addressed. . .
t Forschungszentrum Karlsruhe. method to take into account dispersifor the smaller systems,
* Universitd Karlsruhe (TH). we rely on coupled-cluster calculations including the single and
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Figure 1. Structures of stationary points of;H-HF (A, B), Hz:--H,O (C, D, E, F), Hz***NH3 (G, H, 1), and H:--LiOH (J, K) by MP2/TZVPP
calculations (without correction for BSSE) and interaction energies (kJ4nwith and (in parentheses) without correction for BSSE and structure
of Hy+--LiOH by CCSD(T)/aug-cc-pVQZ calculations ).

double excitations with a perturbative estimate of the triple used a special R12 basis set ([6s4p3d2f] on H; [8s7p5d4f2g]
excitations [CCSD(T)$¢3"Basis set limit estimates for the MP2 on N, O, F), which is a partially decontracted quadruple-
method are obtained by means of explicitly correlated MP2 valence (QZV) basis sttwith the diffuse and polarization
(MP2-R12) calculation&29 At this point it shall be stressed functions from the aug-cc-pVQZ basis set and, on N, O, and F,
that MP2-R12 is not a different method compared to MP2 but with additional tight d and f functions: N, 8.31(d), 6.00(f); O,
only a means to improve the convergence of MP2 with respect 11.0(d), 8.27(f); and F, 14.6(d), 11.1(f).

to the size of the basis set. All interaction energies were corrected for the BSSE by the
full counterpoise procedur.For the CCSD(T) results, the
2. Methods extrapolation was made according to the expred8igg = a

+ bX~3, with X being the cardinal number of the basis set, and
by taking in each case as reference energy the Harffeek
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.
d The RI-MP2 and RI-MP2-R12 calculations were carried out
with the program TURBOMOLE?3051The CCSD(T) calcula-
tions were performed with the program MOLPRO>*

The calculations on systems with two ammonia and two

In a first step, for the complexes of;hvith HF, H,O, NHg,
and LiOH, the structures of different stationary points were
optimized by MP2 calculations (using the approximate resolu-
tion of the identity® (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 correctidior the basis
set superposition error (BSSE). Those structures were obtaine
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 teiple- 'thium hydroxide moleclules as well as on the larger systems
valence basis s&t(def2-TZVPP) for all atoms (in the following, containing glycine or |m|.dazoleder|vat|ves ‘_Jsed only the MP2
we shall use the label TZVPP for def2-TZVPP). The appropriate Method in connection with the TZVPP basis set.
auxiliary-TZVPP basis set was used for the resolution-of-the-
identity approximatiorf® The CCSD(T) optimizations used the
augmented correlation-consistent polarized valence quadtuple- 3.1. Structures of the Adsorption ComplexesFirst, the
basis set+4° (aug-cc-pVQZ) on H, N, O, and F in combination different positions of H on the molecules as determined by
with the correlation-consistent polarized core-valence quadru- the MP2 calculations are considered. Figure 1 shows stationary
ple< basis set (cc-pCVQZ) on Li. The Li basis sets were points of H---HF (A, B), Hz'--H,O (C, D, E, F), Hy**NH3
obtained from the Extensible Computational Chemistry Envi- (G, H, I), and H:--LiOH (J, K). These structures are obtained
ronment Basis Set Databa®eWithin the calculations, the 1s  without correction for BSSE. For selected structures, the
orbitals of N, O, and F were not correlated. In order to obtain structural parameters are compiled in Table 1. Strucfe
complete basis set limit estimates of the interaction energy, where H takes a side-on position at the hydrogen atom of HF
CCSD(T) calculations were performed for the lowest-energy (Cy,), is the structure of K--HF with the largest binding energy
isomer of each complex (CCSD(T)-optimized structure) with of H,. According to the frequency calculations, this structure is
correlation consistent basis sets of different size: on H, N, O, a minimum of the potential energy hypersurface. StrucBire
and F non-augmented and augmented cépWith X=T, Q, where H sits end-on at the fluorine atom @), is a second-
5, and on Li cc-pCWXZ with X = T, Q. Additionally, for the order transition structure that lies about 2 kJ mdiigher in
complexes of HF, KO, and NH, explicitly correlated MP2 energy. (Configurations where;tsits side-on at the fluorine
calculations (MP2-R12) were performed (using the approximate or end-on at the hydrogen are characterized by a repulsive
resolution of the identit}/ (RI-MP2-R12)). These calculations interaction.) Structur€C, where H points with its axis to the

3. Results and Discussion
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TABLE 1: Structural Parameters of the Optimized
Structures of the Coordination Complexes of H on HF,
Hzo, NH3, and LIiOH

MPoriBSs§  MP2/  CCSD(T)/
system parameter TZVPP TZVPP aug-cc-pvVQZ
Hye--HF (Czp) IH,—HF 206.1 201.3 198.2
. 73.9 73.9 74.4
re—H 91.9 91.9 91.9
Hz"'OHz (Cg,,) rHZ,OHg 271.8 263.6 263.3
. 73.8 73.9 74.4
ro-H 95.9 95.9 95.9
@HoH 103.9 103.9 104.4
Hye++H,0 (Cy) Ity HOH 231.1 227.0
IH—H 73.8 74.3
ro-w 95.9 95.9
@HOH 103.9 104.4
Hye--NH3 (C3L,) Hy—NH3 287.2 276.7 280.8
M 73.9 74.0 74.4
IN—H 101.1 101.1 101.3
@HNH 106.4 106.5 106.5
Hye++HsN (Ca,) Iy Ha 319.7 320.9
IH—H 73.7 74.3
INoH 101.1 101.3
@HNH 106.6 106.7
Hae++HsN (Cy) I Hy—HNH, 273.2 272.9
FH—H 73.7 74.3
IN—H 101.1 101.3
@HNH 106.5 106.6
Hz"'LiOH (CS) 'H,—LioH 211.2 205.8
Do 1432  105.7
MH—H 74.1 74.9
Ii-o 158.8 158.8
fo—H 95.0 94.9
Ha+++LiOH (Cy,) I Hy—LioH 2145 2131 211.2
Mhon 74.1 74.1 74.6
li-o 158.8 158.8 158.5
ro-H 95.0 95.0 94.9
HF (C.) fen 91.8 91.8
H20 (C2,) Fo-w 95.9 95.9
@HOH 103.8 104.4
NH3 (C3y) I'N—H 101.1 101.3
@HNH 106.5 106.6
LiOH (Cu) Mi-o 158.5 158.1
Fon 94.9 94.9
Hz (Der) Mt 73.7 74.2

aAll r values in picometers; alp values in degrees.

oxygen atom of HO and lies within the KO plane Cy,), is the
structure of H---H,O with the strongest binding of Hprovided
the correction for BSSE is included. Frequency calculations
without correction for BSSE classify structuteas a first-order
transition structure, connecting two minima of structibe
where H points to the oxygen but does not lie within the plane
of H,0O (Cy). A structure optimization including the correction
for BSSE, starting with structur®, leads straightforwardly to
the symmetric structur€. Therefore, it is very likely that
structureC represents the minimum. Structuge where H is
coordinated side-on to one of the hydrogens @OHC,), is
found to be higher in energy than struct@eby about 0.8 kJ
mol~ and is a minimum, whereas structués a second-order
transition structure. Structuf®, with H, pointing to the nitrogen
of NH3 (Cg,), is the lowest-energy structure of,++NHs.
StructureH, with H, sitting side-on at one of the hydrogens
(Cy), lies about 2 kJ mol higher in energy. Frequency
calculations without correction for BSSE indicate structGre
to be a minimum, but structurd to be a first-order transition
structure, whereas structurewhere the H points to the side
of the three hydrogen€§,), is a minimum. However, including
the correction for BSSE, structutebecomes less stable than

Hubner and Klopper

structureH by 0.4 kJ mot?. Therefore, it very well might be
that structurd is, in fact, not a minimum. According to the
MP2/TZVPP calculations, structutk where the H molecule
coordinates side-on to the lithium atom of LiOH on the axis of
the molecule €y,), is the structure of K--LiOH with the
strongest binding of Hif the correction for BSSE is included.
Its energy is lower by 0.22 kJ n1dl than that of structuré,

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 240ith the axis of
LiOH (Cy). Without correction for BSSE, structudeis a first-
order transition structure and higher in energy than the MP2/
TZVPP minimum structur by 0.15 kJ mot™. Thus, in two
cases, for Hon HO 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 H-H,O and HB---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 L. 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 +bn HF, O, and NH, the CCSD-
(T)/aug-cc-pVQZ structures essentially agree with MP2/TZVPP
structures (with and without correction for BSSE), referring in
the case of kt--OH, to the C,, results. The intramolecular
distances differ by less than 1 pm. The intermolecular distances
deviate by 6-4 pm from the MP2 values without correction
for BSSE and by 69 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 ¢bordination to
the lithium atom of LiOH in a T-shaped fashion{HLi 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 10§H,—Li distance
106 pm). This means an almost parallel alignment efadd
LiOH; see structuréd. in Figure 1. The structure optimized in
C,, symmetry by the same method with the same basis set (H
Li distance 111 pm) has an energy that is higher by 1.02 kJ
mol~t (0.98 kJ mot? 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



Interaction of H with Small and Light Molecules J. Phys. Chem. A, Vol. 111, No. 12, 2002429

Cs and theC,, CCSD(T) structures of LIOH are compared. In

T T

doing so, one finds that, with the aug-cc-pVQZ basis set, even @ ° G\\O D, (H,..HF) |
by MP2 theC;s structure ) with parallel-aligned Hand LiOH 45~ T e -
is lower in energy, namely by 0.58 kJ mél(with and without _ - 1
correction for BSSE). This is only somewhat more than half 'g 4 . n
the value for the same difference by CCSD(T), but nevertheless 2 [ e o e ]
it is a clear indication that, when using a larger basis set, also % I = OCSD(T) co-pVXZcorr. . BSSE | |
by MP2, a structure similar to the CCSD(T) one has to be sl e ugoopVXZcor 1. BSSE | |
expected. Hence, the pronounced differences in structure must L A4 P2 TZVPP cor. 1. BSSE ]
essentially be attributed to the use of the TZVPP basis set. (The 25 $—¢ MP2-R12 cor 1. BSSE —
same holds for the ¥ complex in the case of the structure L + C') é : : Ext'rap -
obtained without correction for BSSE.) Basis ’

To summarize this subsection, it is found that the coordination (b) F T T T T T 3
of H; to the negatively polarized sites of the molecules (N, O, 45 D, (H,...OH,) ee ggggg;:ﬁéﬁvxz -
and F atoms) happens in an end-on fashion, but coordination r 8 B8 CCSD(T) co-pVXZcorr. 1. BSSE | |
to the positively polarized atoms (H, Li atoms) happens in a ‘r S Wpa gy KA o L BSSE T
side-on (T-shaped) fashion. These different types of coordination F'g a5 A 8 Mo puPP cor.1.BSSE _
are consistent with the configurations observed for the coordina- 2 L \g &% MPefi2com [ BSSE i
tion of H, to alkali cations and halogenide aniors:H, ~ 8k a —

coordinates side-on to the cations (T-shaped) and end-on to the - s - SRR 1
anions, a fact that can be understood essentially in terms of the
quadrupole and dipole-polarizability-dependent contributfdhs.

In the case of kt--H,O and H+--NHj;, the end-on coordination | | | . . |
to the electronegative site is energetically favored, whereas in
case of H-:-HF, side-on coordination to the H atom is favored. ,
On closer inspection, it is observed that, when going frony NH G- COSD(T) co-pVXZ
via HO to HF, the stability of the complexes with,H R O oo v ot s | 4
coordination at the hydrogen site increases and, vice versa, the €9 COSDIN augcopVXZcor. 1 BSSE |
stability of the complexes with coordination at N, O, or F L A—A MP2 TZVPP corr. f. BSSE ]
decreases. According to Vitillo et &% one important contribu- oo Mra-ftp cor. 1, BSSE =
tion to the interaction energy stems from the interaction of the

quadrupole moment of Hwith the surrounding charges. The

increase in interaction strength at the H site of the molecules | 77 R R

might be understood on the basis of the interaction of the dipole
moment of the FH, O—H, and N-H bonds with the H
quadrupole moment. With respect to the trend observed for the ‘
end-on coordination at the electronegative atoms, one may notice Basis
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that the interaction increases with the polarizability of the (d) L& ' o
adsorbing molecule, and this increasing polarizability might also M= e D, (H,-..LIOH) i
be the reason for increasing dispersive interactions. r 8 3 ]
3.2. Interaction Energies with H,. Figure 2 presents the - 0 ]
interaction energies for the different complexes obtained by § = Y e .
different methods and basis sets for the adsorption position with = - ©--© COCSD(T) aug-co-pVXZ 1
the largest binding energy. Selected values are listed in Table a” o5t . oo ez o asse | ]
2. For the sequences of CCSD(T) calculations, the convergence ol e D o 1 BSSE ]
to the basis set limit estimates clearly can be observed. The I ]
different estimates (without and with correction for BSSE, using g5 4 | | ' . L
augmented and non-augmented basis sets) approximately co- T Q 5 Extrap.
incide. The largest difference is 0.13 kJ mbl The values Basis

corrected for BSSE converge from below, whereas the uncor- Figure 2. Interaction energies for #+-HF, H++-OH,, Hz++-NH;, and

rected values mostly converge from above. In the following, Hy+--LiOH by CCSD(T) calculations with different basis sets (CCSD-

. (T)/aug-cc-pVQZ structure) and by MP2/TZVPP and MP2-R12 cal-
reference is made only to values corrected for BSSE. The values, jations (MP2/TZVPP structure). For,HH,0 and H-+-LiOH, the

for the augmented basis sets essentially are closer to the limitmp2 values refer to the,, structures, which are the lower-lying
than their non-augmented counterparts. The largest differencestructures when including the correction for BSSE. Note that, in the
between the estimates using augmented and non-augmentedase of H---LiOH, it disagrees with the CCSD(T) structure.

basis sets amounts to 0.07 kJ mol estimates. The values obtained by MP2-R12 calculations are
By MP2/TZVPP calculations, values of 3.08, 2.16, 2.55, and near basis set limit MP2 results. Such calculations give values
8.56 kJ mot? are obtained for the dissociation energies ef H  of 4.17, 2.51, and 2.79 kJ nmdl for the dissociation energies
«*HF, Hy:--H30, Hz:--NHs, and H---LiOH, respectively. The of Hy++*HF, Hy+-H,0, and B---NHs, respectively. Thus, they
CCSD(T) basis set limit estimates, based on the augmented basisiccount for 95, 94, and 92%, respectively, of the CCSD(T) basis
sets, amount to 4.40, 2.67, 3.02, and 10.74 kJ faokspec- set limit estimates. Hence, both the step from a TZVPP basis
tively. They are larger by 1.32, 0.51, 0.47, and 2.18 kJthol  to a nearly complete basis within MP2 and the step from MP2
than the respective MP2/TZVPP values; that is, the MP2 valuesto CCSD(T) basis set limit estimates increase the values for
account for 70, 81, 84, and 80% of the CCSD(T) basis set limit the interaction energy. This result is in contrast to the observa-
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TABLE 2: Dissociation Energies for the Detachment of H from HF, H ,O, NH3, and LiOH, Including Correction for BSSE
(Uncorrected Values in Parentheses)

system structure method basis De/kJ mol?
Ha++HF (Ca) MP2 MP2 TZVPP 3.08 (3.78)
MP2-R12 R12 4.17 (4.26)
MP2corr£.BSSE MP2 TZVPP 3.11
CCSD(T) MP2 aug-cc-pvVQZz 4.08 (4.50)
CCSD(T) aug-cc-pvQZz 4.32 (4.68)
CCSD(T) extrap. 4.40 (5.51)
Ha:++OH; (Cy,) MP2 MP2 TZVPP 2.16 (2.94)
MP2-R12 R12 2.51 (2.57)
MP2corr-.BSSE MP2 TZVPP 2.19
CCSD(T) MP2 aug-cc-pvQZz 2.47 (2.68)
CCSD(T) aug-cc-pvVQZz 2.61 (2.78)
CCSD(T) extrap. 2.67 (2.64)
Ha:++H,0 (Cy) MP2 MP2 TZVPP 1.39(1.89)
CCSD(T) MP2 aug-cc-pvQZz 2.11 (2.33)
CCSD(T) aug-cc-pvVQZz 2.31 (2.49)
Ha*+*NH3 (Ca,) MP2 MP2 TZVPP 2.55 (3.52)
MP2-R12 R12 2.79 (2.83)
MP 2corr-.BSSE MP2 TZVPP 2.63
CCSD(T) MP2 aug-cc-pvVQZz 2.77 (2.95)
CCSD(T) aug-cc-pvVQZz 2.98 (3.11)
CCSD(T) extrap. 3.02 (2.98)
Ha++H3N (Cs,) MP2 MP2 TZVPP 0.14 (1.70)
CCSD(T) MP2 aug-cc-pvQz 0.56 (0.65)
CCSD(T) aug-cc-pvVQz 0.78 (0.85)
Ha++HsN (Cy) MP2 MP2 TZVPP 0.56 (0.73)
CCSD(T) MP2 aug-cc-pvVQZz 0.93 (1.03)
CCSD(T) aug-cc-pvVQZz 1.07 (1.14)
Hae+-LiOH (Cy) MP2 MP2 TZVPP 8.34 (9.74)
CCSD(T) MP2 aug-cc-pvVQZz 9.86 (10.22)
CCSD(T) aug-cc-pvQZz 10.51 (10.77)
CCSD(T) extrap. 10.74 (10.76)
Hp++-LiOH (Cy,) MP2 MP2 TZVPP 8.56 (9.59)
MP 2corr£.BSSE MP2 TZVPP 8.56
CCSD(T) MP2 aug-cc-pvQz 9.28 (9.64)
CCSD(T) aug-cc-pvQz 9.49 (9.79)

tions made in the case of the adsorption of ¢h aromatic clearly larger value of 10.7 kJ mol, certainly because of the
systems, where it was found that the enlargement of the basismore ionic character of the alkali center. Among the interactions
set and the step from MP2 to CCSD(T) have approximatively of H, with different alkali cations, that with Liis the strongest,
the same effect but of opposite si§frand therefore, the MP2/  at 24.3 kJ mot! (by MP2/aug-cc-pVQZ}. This means that,
TZVPP results could be considered good estimates for moretaking the LiOH molecule, this interaction is reduced by more
accurate values. Although it seems not possible to simply infer than 50%. Similarly, among the interactions of With the
accurate estimates based on MP2/TZVPP calculations and a

fortuitous cancellation of errors, the MP2/TZVPP calculations 3 %

is an important fact, because MP2 (in connection with a basis

set of moderate size like TZVPP) has a considerably broader Glycine -

range of applicability than the demanding CCSD(T) method.

interaction potential energies lie between 2.5 and 4.5 k3ol ¢ % % ¢ % %

the value for the interaction with LiOH is characterized by the (Glycine),---H, 3a  5.00 (6.52) (Glycine),---H, 3b  3.93 (5.47)
L % %

Hence, MP2 is nevertheless a very useful tool for a quick
HsN---Hp---NHs  4.08 (5.44) HOLi- - -H,- - -LIOH  9.34 (11.18)
(Glycine),---H, 4a  4.97 (6.27) (Glycine),---H, 4b  4.45 (5.73)

reproduce the general trends in interaction energies well and E E
determination of the interaction energies of With a larger

set of molecules.

Figure 3. Structures of BN-++Hz++*NH3 (D3zy) and HOL#--Hy:--LiOH

(D2n) for which the interaction energy with has been determined

for different fixed distances of the coordinating molecules and maximum Figure 4. Structures of the adsorption complexes agfidth glycine
MP2/TZVPP interaction energies with and (in parentheses) without and the glycine dimer and MP2/TZVPP interaction energies with and

also approximately the magnitude of the interaction energy. This
‘Hy 1 278 (3.61) Glycine:--Ha 2 2.99 (4.02)
While for the interaction of Hwith HF, HO, and NH the
correction for BSSE. (in parentheses) without correction for BSSE.

ngozoﬁoz%
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%
S
C3HaNp-HF---H, 5 3.36 (5.07) C3HaNy(CHs)o HF---H, 6 4.55 (5.80)

oo O
o %

C3H3Ny(CH3)pCl---Hy Ta 630 (8.65)  C3HsNp(CHs)yCl---Hy 7b  5.93 (8.37)

Figure 5. Structures of the adsorption complexes gfwith imidazole hydrofluoride §), 1,3-dimethylimidazol-2-ylidene hydrofluoridé), and
1,3-dimethylimidazolium chloride7@b) and MP2/TZVPP interaction energies with and (in parentheses) without correction for BSSE.

halide anions, that with Fis the strongest, at 24.8 kJ mél investigated here, it can be noted that the symmetrical structures
(MP2/aug-cc-pVQZJ, and replacing F by HF reduces the  considered in this part essentially try to optimize the interactions
interaction by 80%. with the quadrupole moment of Hwhereas polarization will

The CCSD(T) basis set limit value of 2.67 kJ mblfor cancel. Therefore, there might be less symmetrical arrangements
H,---OH, agrees with the value of 2.646 kJ méfrom CCSD- with increased interaction by polarization.
(T)-R12 calculations reported by Faure etal. 3.4. Interaction of H, with Some Organic MoleculesFigure

So far, the systems studied are composed of formally only 4 shows the adsorption complexes ofiith a glycine molecule
singly charged atoms. But one can speculate that, by usingand a glycine dimer for different conformers. All structures
systems with formally multiply charged ions, it might be shown in this section have been fully optimized. The free glycine
possible to obtain a still stronger interaction, since the interaction monomer in the gas phase does not exist as a zwitterion. The
with bare, multiply charged ions is also considerably stronger. two most stable glycine conformations are those of structures
But so far, only for the BeO molecule (and, for instance, not 1 and 2. Structure2 of the isolated glycine is less stable by
for MgO) a large value of about 70 kJ mélhas been found  1.44 kJ mot? than structurel. The interaction energies of,H
for the interaction with K718 And unfortunately, because of  with glycine with the structure4 and 2 amount to 2.78 and
its toxicity, this system is not interesting for technical applica- 2.99 kJ mot?, respectively. The interaction strength is somewhat
tions. weaker than that of Hwith HF and about 1 kJ motl weaker

3.3. Interaction of H, with Two LIOH Molecules. In an than that of H with benzené’ lonic configurations of the
attempt to see if larger interaction energies with dduld be glycine monomers are present within the glycine dimer. The
achieved simply by using systems composed of two molecules,interaction energy with His calculated for the conformations
the interaction of H with two NH3 as well as two LiOH (of C; symmetry) of the dimer shown in structurda/3b and
molecules was studied. For this purpose, axial structures were4a/4b. The dimer conformation in structuBa/3b is more stable
assumed, in which fitakes a central position. WithingN--- by 2.03 kJ mot? than that in structurda/4b. The interaction
Ho++-NH3 (D3pn), the NH; molecules lie on the axis of fiand of H, with the more stable dimer conformation for the most
within HOLi+--Hy++-LiOH (D2y), the two Li atoms point to the  favorable adsorption site (structuB@) amounts to about 5.00
middle of the H-H bond. Then, the interaction energy is kJ mol Thus, the interaction strength obli$ increased with
determined for different fixed distances of the coordinating respect to the monomer: itis now in the range of the interaction
molecules. In fact, the distances of the two N atoms of the®NH  of H, with antracene. But values that substantially exceed those
or the distances of the outer H atoms of the LiOH’s are fixed, for the aromatic systems (e.g., by a factor of about 3) are not
and the structures are optimized with restriction by symmetry. obtained.

Corresponding optimizations are performed on systems where Figure 5 shows the adsorption complexes of with
the H is removed. For each distance, the BSSE is estinfdted. imidazole hydrofluoride§), 1,3-dimethylimidazol-2-yliden hy-

Figure 3 shows the structures ofMt--Hz:+-NH3 (D3n) and drofluoride @), and 1,3-dimethylimidazolium chlorid&4,b).
HOLi-++H,:+-LiOH (D2n). The interaction energies (including In order to build a simple ionic system containing imidazolium,
the correction for BSSE) for the optimized distances of the the imidazolium structure was optimized in combination with
coordinating molecules amount to 4.08 and 9.34 kMol an F anion. But the free imidazolium cation is not stable in
respectively. The corresponding structures are characterized bythe presence of £ the F~ abstracts a proton, resulting in the
an N—N distance of 676 pm and by an-HH distance between  (non-ionic) hydrogen-bonded adduct of imidazole and HF. The
the outer H atoms of the LiOH molecules of 957 pm, whereas interaction energy of this complex withpldmounts to only 3.36
the Li—Li distance amounts to 453 pm. The value of 4.08 kJ kJ mol 1. Next, we tried to saturate the nitrogen positions of
mol~* for HaN-:+H---NHs is larger (after all) by 1.5 kJ mot imidazole with methyl groups. Then; Fagain takes a proton,
(or 60%) than the value for a single NHBut the value of 9.34  but now from the carbon position between the nitrogens,
kJ mol* for HOLi-+-H,+-LiOH is larger by only 0.78 kJ moF resulting in an ylidene compound. The interaction with isl
(9%) than the value of 8.56 kJ mdlfor one LiOH and H. only weakly increased in energy with respect to the former

Thus, the action to replace one LIOH by two LiOH's compound, to 4.55 kJ mol. Only with a chloride anion does
essentially does not increase the interaction energy. Unfortu-the dimethylimidazolium cation form a stable complex that
nately, despite the increase of the interaction energy by 60% preserves the ionic nature of the components. The interaction
for the ammonia system, the final value of about 4 kJTh with H, for the more favorable position of Heads to the
still much too low to be interesting. Considering the structures somewhat larger value of 6.30 kJ mél This is definitely not
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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 ofHvith NH3, H,O, and HF
has the quite small values of 3.02, 2.67, and 4.40 kJ ol
respectively. The interaction with LiOH is already stronger, at
10.74 kJ motl. On NH; and HO, the most favorable position
for adsorption of His 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, H 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 #B4% of the CCSD(T) complete
basis set estimates. MP2 calculations are able to efficiently yield

Hubner and Klopper

(8) Bushnell, J. E.; Kemper, P. R.; Bowers, M. T. M&*+(Hz)12
clusters: Binding energies from theory and experiméntPhys. Chem.
1994 98, 2044-2049.

(9) Vitillo, J. G.; Damin, A.; Zecchina, A.; Ricchiardi, G. Theoretical
characterization of dihydrogen adducts with halide anidn€hem. Phys.
2006 124, 224308.

(10) Grinev, T. A.; Buchachenko, A. A.; Kios, J.; Bieske, EAB.initio
potential energy surface, infrared spectra, and dynamics of the ion-molecule
complexes between Brand H, D, and HD.J. Chem. Phys2006 125,
114313.

(11) Lukes V.; licin, M.; Laurinc, V.; Biskupi¢ S. On the structure
and physical origin of the interaction in,H-CI~ and H---Br~ van der
Waals anion complexes. Chem. Phys2004 121, 5852-5859.

(12) Buchachenko, A. A.; Grinev, T. A.; Klos, J.; Bieske, E. J.;

Szczéniak, M. M.; Chatasiski, G. Ab initio potential energy and dipole
moment surfaces, infrared spectra, and vibrational predissociation dynamics
of the35CI~+++H,/D, complexesJ. Chem. Phys2003 119, 1293112945,
/ (13) Alexander, M. H. Theoretical investigation of the lower bend-stretch
states of the CIH, anion complex and its isotopomer&. Chem. Phys.
2003 118 9637-9642.

(14) Hartke, B.; Werner, H.-J. Time-dependent quantum simulations of

rough interaction energy estimates, and thus they are a reasonEH2~ photoelectron spectra on new ab initio potential energy surfaces for

able tool to inspect a larger set of systems.
The simultaneous interaction o iith two LIOH molecules

the anionic and the neutral speci€hem. Phys. Lett1997 280, 430—
438.
(15) Faure, A.; Valiron, P.; Wernli, M.; Wiesenfeld, L.; Rist, C.; Noga,

instead of one essentially does not lead to an increasedJ.; Tennyson, J. A full nine-dimensional potential-energy surface for

interaction energy. The interaction of,hwvith ionic organic
molecules (zwitterionic amino acid glycine, imidazolium) yields
interaction energies (5:06.3 kJ mof?) that are increased by
only a small amount compared to those obtained for interaction
with the small molecules N H,O, or HF.

We conclude that the interaction of Mith NH3, H,O, 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 K with the crown ether 18-crown-.
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 midk 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 fHand a bare Li cation (about 24
kJ mol1). 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.
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