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RESUMEN

En el presente estudio se reporta la investigacion tedrica acerca del potencial de los
pirogalol[4]arenos R-sustituidos funcioanlizados con varios metales (M-R-Pyg[4]arenos; M =
Li*, K*, Na* y Mg**; R = meil y fluoretil) como medio para el almacenamiento de hidrégeno
molecular (H,). Como punto de partida, las caracteristicas estructurales de los sistemas
funcionalizados con los metales fueron obtenidos al nivel de teoria B3LYP/6-311G(d,p).
Subsecuentemente, la interaccidn de la molécula de hidrégeno con los cationes integrados
en la cavidad de las moléculas macrociclicas es descrita con el funcional B3LYP usando dos
conjuntos base de diferente flexibilidad, BSA: 6-311G(d,p) para todos los atomos, y BSB: 6-
311G(d,p) y aug-cc-pVDZ para M-R-Pyg[4]larenos e H,, respectivamente. Los valores
obtenidos de las energias de amarre corregidas por el método BSSE usando el nivel de teoria
B3LYP/BSB fueron notablemente mas altas para los complejos H,/M-R-Pyg[4]areno
abarcando el rango entre 1.3 y 17.0 kJ/mol. Estos resultados fueron posteriormente
refinados mediante dos aproximaciones: (i) empleando el funcional B97D, el mismo que
incluye una correccién de tipo Grimme para la descripcion de las fuerzas de dispersién vy (ii)
realizando cdlculos MP2 mediante la utilizacién del método ONIOM. Las energias de amarre
resultantes, usando el nivel MP2, mostraron un incremento de aproximadamente 2.5 kJ/mol
al analizar a todos los complejos. Por otra parte, se encontré que las energias de amarre
obtenidas usando B97D muestran valores sobrestimados debido a que se evidenciaron
incrementos considerablemente grandes (el triple y el cuddruple de os valores obtenidos
mediante B3LYP para los casos de los sistemas funcionalizados con Li y Na,
respectivamente). Para el caso especifico del H,/fluoretil-Pyg[4]areno, la entalpia de
adsorcion estimada (AH®,4s) fue de -17.6 kJ/mol tmando en cuenta la energia del punto cero
(ZPE) y los efectos térmicos calculados a 300 K a partir de las frecuencias armonicas
vibracionales obtenidas al nivel de teoria B3LYP/BSB. Esta entalpia de adsorcién alta sugiere
gue los R-Pyg[4]arenos funcioanlizados con Mg pueden ser tomados en cuenta como
sistemas prometedores para el almacenamiento de hidrégeno molecular.

Palabras clave: DFT, Pirogalol, Macrociclos, Almacenamiento de H,, Fuerzas de dispersion,
Adsorcion.



ABSTRACT

In the present study, a theoretical investigation of the potential of various metal-
functionalized R-substituted pyrogallol[4]arenes (i.e., M-R-Pyg[4]arene; M = Li*, K*, Na" and
Mg”*; R = methyl and fluoroethyl) as media for molecular hydrogen (H,) storage is reported.
Initially, the structural features of the metal-functionalized systems are obtained at the
B3LYP/6-311G(d,p) level of theory. Subsequently, the interaction of a H, molecule with the
cations embedded in the cavity of the macrocyclic molecules is described with the B3LYP
functional using two basis sets of different flexibility, namely BSA: 6-311G(d,p) for ell atoms,
and BSB: 6-311G(d,p) and aug-cc-pVDZ for M-R-Pyg[4]arene and H,, respectively. Notably
large BSSE-corrected binding energy values were obtained at the B3LYP/BSB level for the
different H,/M-R-Pyg[4]arene complexes spanning the 1.3 — 17.0 klJ/mol range. The resulting
values were further refined through two approaches: (i) by employing the functional B97D,
which includes a Grimme’s type correction for describing dispersive forces and (ii) by
performing MP2 calculations within the frame of the ONIOM approach. Binding energies
refined at the MP2 level resulted in an average increment of about ~2.5 kJ/mol when
considering all the complexes under investigation. On the other hand, B97D binding energies
were found to be overestimated since too large increments (i.e., three- and fourfold with
respect to B3LYP values for the case of Li- and Na-functionalized systems, respectively) were
observed. For the specific case of the H,/Mg-fluoroethyl-Pyg[4]arene, an adsorption
enthalpy (AH®,q4s) of -17.6 kJ/mol was estimated by adding the zero point energy and thermal
effects computed at 300 K from harmonic vibrational frequencies, obtained at the
B3LYP/BSB level. This relatively high adsorption enthalpy suggests that Mg-functionalized R-
Pyg[4]arenes can be envisaged as promising systems for molecular hydrogen storage.

Keywords: DFT, Pyrogallol, Macrocycles, H, storage, Dispersive forces, Adsorption.
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In the present study, a theoretical investigation of the potential of various metal-functionalized
R-substituted pyrogallol[4]arenes (i.e., M-R-Pyg[4]arene; M = Li*, K*, Na* and Mg?*; R = methyl and fluo-
roethyl) as media for molecular hydrogen (H;) storage is reported. Initially, the structural features of the
metal-functionalized systems are obtained at the B3LYP/6-311G(d,p) level of theory. Subsequently, the
interaction of a H, molecule with the cations embedded in the cavity of the macrocyclic molecules is
described with the B3LYP functional using two basis sets of different flexibility, namely BSA: 6-311G

l[()?/rwords: (d,p) for all atoms, and BSB: 6-311G(d,p) and aug-cc-pVDZ for M-R-Pyg[4]arene and H,, respectively.
Pyrogallol Notably large BSSE-corrected binding energy values were obtained at the B3LYP/BSB level for the
Macrocycles different H,/M-R-Pyg[4]arene complexes spanning the 1.3-17.0 k]/mol range. The resulting values were
H, storage further refined through two approaches: (i) by employing the functional B97D, which includes a
Dispersive forces Grimme’s type correction for describing dispersive forces and (ii) by performing MP2 calculations within
Adsorption the frame of the ONIOM approach. Binding energies refined at the MP2 level resulted in an average

increment of about ~2.5 kJ/mol when considering all the complexes under investigation. On the other
hand, B97D binding energies were found to be overestimated since too large increments (i.e., three-
and fourfold with respect to B3LYP values for the case of Li- and Na-functionalized systems, respectively)
were observed. For the specific case of the H,/Mg-fluoroethyl-Pyg[4]arene, an adsorption enthalpy
(AHY,,) of —17.6 kJ/mol was estimated by adding the zero point energy and thermal effects computed
at 300 K from harmonic vibrational frequencies, obtained at the B3LYP/BSB level. This relatively high
adsorption enthalpy suggests that Mg-functionalized R-Pyg[4]arenes can be envisaged as promising
systems for molecular hydrogen storage.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction improved over the last few years [5-7], hydrogen storage has

proved to be a more complicated problem [8]. Thus, it has been

Molecular hydrogen is widely regarded as one of the most
promising candidates to become the primary energy carrier for
both industrial and mobile applications [1-3]. However, an eco-
nomic model based on the use of hydrogen requires the implemen-
tation of very efficient methods for H, production, storage and use
[4]. While production and use of hydrogen have been significantly
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identified as the main obstacle in achieving the transition to the
so-called Hydrogen Economy [9], which is intended to provide con-
venient solutions to: (i) environmental issues associated with the
use of fossil fuels [10,11], (ii) the economic impact of the depletion
of oil world reserves [12], and (iii) the high cost of oil extraction
from non-conventional sources as tar-sands [13].

In order to understand the technological challenges involved in
H, storage, it must be pointed out that molecular hydrogen, in its
natural state, is a highly incompressible gas with low energy den-
sity [14]. Therefore, large amounts of hydrogen (i.e., large volumes)
are necessary to produce a significant quantity of energy. In this
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regard, the U.S. Department of Energy has established that an ade-
quate H, storage system must reach a content of 5.5 wt% until
2015 and 7.5 wt% until 2020 to completely replace fossil fuels in
mobile applications [15,16].

Several methods have been proposed to address the problem of
hydrogen storage [17]. The most common ones are high-pressure
tanks and cryogenic containers; however, none of these methods
have large-scale or mobile applications since their implementation
involves extreme operating conditions (i.e., low temperature and
high pressure) [17]. Alternative methods have been explored in
the recent years, in particular, those involving physical absorption
in microporous and other type of materials [18]. In the context of
physisorption, the adsorbed hydrogen molecules retain their
chemical nature while interacting with a host material through
weak forces, that are the result of resonant fluctuations at the
charge distribution (i.e., dynamical electron correlation) known
as dispersive forces. This relatively weak interaction allows H
charge-discharge cycles to occur at moderate temperature and
pressure conditions. The critical factor for the success of hydrogen
physisorption as storage method resides in the characteristics of
the material to be employed as media. In general terms, promising
materials should possess a structure with either cavities or tunnels
that are favorable for H, diffusion, adsorption, and release. More-
over, these materials should be composed of light elements in
order to achieve significant H, content (wt%). As recently summa-
rized by van den Berg and Otero-Aeran [19], in a very complete
review on H, storage methods, different materials such as:
carbon-based microporous solids [20-22], polymers with intrinsic
microporosity (PIMs) [23,24], metal-organic frameworks (MOF’s)
[25-27], and zeolites [28-32] have been experimentally as well
as theoretically evaluated as candidates for molecular hydrogen
storage. For the case of microporous carbon-based materials, PIMs,
and MOFs, it has been determined that their large surface area and
microporous structure allow them to possess a reversible hydrogen
storage capacity about ~7 wt% with corresponding adsorption
enthalpy (AH,4) values ranging from —6.8 to —8.2 kJ/mol [19].
Nonetheless, it must be pointed out that these notably high
adsorption enthalpy values can be achieved only at liquid nitrogen
temperature and a pressure of 20 bar because, as previously men-
tioned, the hydrogen interaction with these materials depends
exclusively on the very weak dispersive forces. Stronger interac-
tions have been determined for hydrogen molecules interacting
with the polarizing centers (i.e., cations) of metal-functionalized
materials [33,34] such as metal-exchanged zeolites [28-32,35-
37]. A remarkably large AH,4s value of —17.5 kJ/mol has been
reported for the particular case of magnesium-exchanged faujasite
Y [38]. The latter experimentally determined value allows this
material to be considered as an interesting candidate for hydrogen
storage, taking into account that H, adsorption enthalpies signifi-
cantly larger (in an absolute scale) than —15 kJ/mol are likely to
be needed for operation near ambient temperature as proposed
by Bhatia and Myers [39], as the result of a thorough thermody-
namic analysis of the H, adsorption process in carbon materials.
Although the latter is an important result, it must be indicated that
Mg-exchanged faujasite Y has little potential as storage media for
mobile applications, because its maximum H, uptake (i.e. <0.1 wt
%) is far below the values suggested as optimal by the US
Department of Energy.

In the present work, the potential of a class of macrocyclic
compounds; namely R-substituted pyrogallol[4]arenes (R-Pyg[4]
arenes; cavitands), as media for molecular hydrogen storage is
theoretically evaluated by means of quantum-mechanical calcula-
tions. R-Pyg[4]arenes are versatile macromolecules that exhibit
conformational control and adsorption selectivity [40] among
other interesting properties. Of their known conformations, the
cup-like rccc stereoisomer is of particular interest for the hydrogen

storage purpose, because it offers a wide enough cavity for trap-
ping H, molecules [41] (see Fig. 1). Furthermore, as recently
reported by Manzano et al. [42], a negative electrostatic potential
is created inside the cavity of rccc R-Pyg[4]arenes by incorporating
(during synthesis) electron-donating R groups at the lower rim of
their structure. Because of the presence of this localized negative
potential, positive ions can be embedded in the interior of the rccc
R-Pyg[4]arenes giving rise to metal-functionalized species, whose
polarizing centers could enhance the interaction with molecular
hydrogen as observed in the case of metal-exchanged zeolites
[28-32,35-37]. An additional advantage of metal-functionalized
R-Pyg[4]arenes is the fact that these materials are composed
mostly of light atoms (i.e., C, H, and O); therefore, they could
adsorb higher H, amounts if compared with previously studied
materials [20,21,23-32].

The present article is organized as follows: the construction of
the models and the details of the adopted methods are summa-
rized in Section 2; in Section 3, the results of the study are
discussed, and finally the conclusions of this work are presented
in Section 4.

2. Models and methods

As starting point for the construction of the metal-
functionalized systems, we use the gas-phase molecular models
of the rccc methyl- and 2-fluoro-ethyl-Pyg[4]arene (hereinafter
referred to as fluoroethyl-Pyg[4]arene) reported elsewhere [42].
Four cations of different ionic size and charge; namely Li*, Na®,
K*, and Mg?*, were added into the cavity of the two macrocyclic
compounds to obtain the corresponding charged metal-
functionalized species. As in the case of previously reported theo-
retical studies conducted to investigate the structural features of
calix[4]arenes with alkali metal cations [43,44], negative counteri-
ons were not included in our metal-functionalized models, whose
properties are expected to be mainly determined by cation-7
interactions as suggested by Macias et al. [45]. All the gas-phase
molecular models were visualized and modified by employing
the program MOLDRAW [46]. The equilibrium position of the
cations was determined by fully optimizing the models at the
B3LYP/6-311G(d,p) level of theory as implemented in the Gaus-
sian09 suit of programs [47]. Although rccc R-Pyg[4]arenes belong
to the C4 point group, no symmetry constraints were imposed dur-
ing the optimization process with the objective of allowing the
cations to move out of the principal symmetry axis. After optimiza-
tion, subsequent vibrational calculations were used to confirm the
located stationary points as true minima in the potential energy
surface. Upon obtaining the optimal position of the different
cations inside both methyl- and fluoroethyl-Pyg[4]arenes, a hydro-
gen molecule was added into the cavity of the different metal-
functionalized systems to form a side-on (i.e., T-shaped) complex
with the polarizing center. In all cases, a distance of 2 A between
the hydrogen center of masses and the cation was considered as
the starting distance. Taking into consideration that the presence
of the H, molecule is likely to have little effect on the structure
of the macrocyclic compounds, only the cation and the hydrogen
atoms were let free to move during the subsequent optimization
stage carried out to obtain the equilibrium geometry for the
H,/M-R-Pyg[4]arene complexes. For the subsequent optimization
process, the B3LYP functional was adopted as level of theory
together with two basis sets of different flexibility; namely BSA:
6-311G(d,p) for all atoms and BSB: 6-311G(d,p) for M-R-Pyg[4]
arene and a aug-cc-pVDZ for H,. The use of the relatively larger
basis functions is justified on the basis of the results reported by
Torres et al. [35-37] who showed that the interaction
between hydrogen’s quadrupole and the polarizing centers of
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Fig. 1. Schematic representation of the cup-like conformation of R-substituted pyrogallol[4]arenes (i.e., rccc-R-Pyg[4]arenes) where the available space within its cavity is
emphasized. For the sake of clarity, the R substituent groups, located at the lower rim of the macrocyclic molecule, are represented by blue spheres. Carbon, oxygen, and
hydrogen atoms are represented with the gray, red, and white colors, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

metal-exchanged zeolites is more accurately described by adopting
Dunning’s correlation-consistent basis sets [48] for describing the
adsorbed hydrogen molecule. On the equilibrium geometries of
the different H,/M-R-Pyg[4]arene complexes, binding energies
(BE) were computed by following the supermolecular approach:

BE = Ecav + En, — En, jcav (1)

where Ecay, Ey,, and Ey, cav are computed electronic energies corre-
sponding to the M-R-Pyg[4]arene macromolecule, the H, molecule,
and the H,/M-R-Pyg[4]arene complex, respectively. Computed
binding energies were further corrected for the basis set superposi-
tion error (BSSE) by employing the Boys-Bernardi counterpoise
method [49]. Furthermore, the H, anharmonic stretching frequency
was computed for all Hp/M-R-Pyg[4]arene complexes on their
corresponding equilibrium geometries at both B3LYP/BSA and
B3LYP/BSB levels of theory in order to gain some insights on the
dynamical behavior of the adsorbed H, molecule. The anharmonic
vibrational stretching frequencies were computed by varying the
position of the H atoms with respect of the molecule’s center of
masses at different points in the —0.2/0.3 A range (i.e., 26 points
with a 0.02 A step). Then, a polynomial fit of sixth degree was used
to obtain a potential energy function for which the one-dimensional
Schrodinger equation was numerically solved by employing the
scheme proposed by Lindberg [50]. The latter calculations were
carried out by using our adopted version of the ANHARM module
implemented in the CRYSTAL14 program [51,52] to compute the
anharmonic stretching frequency of acidic Brensted sites in
crystalline materials [53,54]. For further details of the ANHARM'’s
scheme the reader is referred to Ref. [54].

It is well known that traditional DFT methods, including those
based on hybrid functionals such as B3LYP, fail in describing the
weak dispersive forces [55], which in turn, have been shown to
be relevant in the computational description of the hydrogen
adsorption on the polarizing centers of microporous materials
[37]. In an effort to include the dispersive forces in the description
of the different complexes considered in the present study, two dif-
ferent approaches were adopted: (i) the functional B97D was
employed instead of the functional B3LYP for describing the H,
adsorption [56-59], and (ii) the B3LYP results were refined by
employing MP2 calculations within the frame of the ONIOM
approach [60]. The purpose of adopting two different approaches

is to evaluate the performance of each scheme and determine
which one of them provides reliable estimates of the binding
energy for the various Hy/M-R-Pyg[4]arene complexes at a moder-
ate computational cost.

For details on the theoretical aspects of the dispersion-
corrected B97D functional (i.e., a GGA-type functional) the reader
is referred to Refs. [56-59], here it is noteworthy to recall that
the functional B97D contains a Grimme’s pair-wise empirical
corrective term for including a posteriori dispersive forces in a
DFT calculation according to:

Eprr-p = Exs-prr + Episp (2)

where Eysprr iS the system energy obtained by solving self-
consistently the Kohn-Sham equations upon the selection of a
certain exchange-correlation functional, and Ep;s, is the energy
term associated with the forces of dispersion that are estimated
by means of the following expression:

Nat—1 Nat lN

EDlsp = —S6 Z Z RSfde l] (3)

i=1 j=i+1

in the latter expression, Ny is the number of atoms in the system, Cg
denotes the dispersion coefficient that is computed as a geometric

mean (i.e., Cg = (CgCé)l/z) for the pair of atoms ij, sg is a global scal-
ing factor that depends exclusively on the exchange-correlation
functional employed to calculate Exsprr, and Ry is the distance
between the i-th and the j-th atoms. Within the Grimme’s scheme,
a distance damping function fqmp is used to include the correction
only at relevant distances. The fymp function is given by:

1

famp(Ry) = 15 e iR/ 4)

where R, is the sum of the van der Waals radius Ryqw of the i-th and

the j-th atoms and d is a damping factor. In the present work,

Grimme’s default values as included in Gaussian 09 for sg, Cg, Rvaw,
and d have been used for all the calculations.

As aforementioned, an ONIOM scheme [60] was also employed

in the present work for the theoretical description of the H,

adsorption in M-R-Pyg[4]arenes. This approach consists in the

division of the complex in two layers referred to as real and model
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systems. The real system is the whole H,/M-R-Pyg[4]arene com-
plex, which is described at a low level of theory, whereas the model
system contains only the portion of the complex that is relevant to
the H, interaction (i.e., the H, molecule, the polarizing center, and
some atoms of their neighborhood) and is described at both the
low and the high levels of theory. Within the frame of the ONIOM
approach, the binding energies are computed with the following
expression:

BEoniom = BE[CLOW:REAL] + (BE[CHIGH:MODEL]BE[CLOW:MODEL]) (5)

where BE| .z IS the BSSE-corrected binding energy computed at
the low level for the real system, and BEjycy.mopey @0d BEj ow.moper

are the BSSE-corrected binding energies computed in the model
system at the high and low levels of theory, respectively.

Because quantum-mechanical methods based on the wave-
function expansion are required to describe the dynamical electron
correlation, which in turn is the origin of the dispersive forces, the
Moller-Plesset perturbation method truncated at the second order
(MP2) [61,62] was adopted as the high level of theory together
with both BSA and BSB. It must be pointed out that this scheme
assumes that intra- and intermolecular interactions for the B3LYP
and MP2 methods (low and high levels, respectively) cancel out
at the model layer, so that the remaining fraction can be attributed
entirely to the forces of dispersion.

3. Results and discussion

For a sake of clarity, this section is divided into three parts: first,
we discuss the geometrical features of the M-R-Pyg[4]arenes to
analyze the effect of the charge and the size of the cations (i.e.,
Li*, Na*, K*, and Mg?*) on the structure of the system. Next, we dis-
cuss the B3LYP/6-311G(d,p) results concerning the adsorption of
H, on M-R-Pyg|4]arenes with particular emphasis made in the
computed binding energy and the activation of the H, due to the
interaction with the cations explained on the basis of computed
H-H anharmonic frequency red-shifts. Finally, we discuss the
inclusion of the forces of dispersion in the description of the sys-
tems by employing both the B97D functional and the MP2 method
as high level in the ONION scheme.

3.1. Geometrical description of M-R-Pyg[4]arenes

Table 1 presents the geometrical features of the optimized
metal-functionalized R-Pyg[4]arenes calculated at the B3LYP/6-
311G(d,p) level of theory." In particular, the second column of
Table 1 shows the values of the distance between the metal cation
and the i-th (i=1-8) carbon atom belonging to the lower rim of
the R-Pyg[4]arenes, which are labeled as illustrated in Fig. 2. In the
case of the monovalent cations, it is observed that their distances
with respect to the lower rim atoms increase with respect to the size
of the cation: Li* < Na* <K*, while for Mg?* the distance is always
shorter than for Li*. Taking into account that for the metal-free
macromolecules, the atoms C;, C3, Cs, and C5, as well as, Cy, Cy4, Cs,
and Cg are related by symmetry (i.e., R-Pyg[4]arenes belong to the
C4 point group), the Dy, distances reported in Table 1 indicate that
for both, the methyl and the fluoroethyl derivatives, the Na* and K*
cations are located at the center of the lower rim. In contrast, the
smaller Li* cation slightly deviates from this position. It is important
to point out that, due to the very symmetric structure of metal-free
R-Pyg[4]arenes, additional stable positions (i.e., minima of the
potential energy surface) for the small Li* ion are expected to exist

! The equilibrium geometries of all the M-R-Pyg[4]arenes are available as
Supplementary Information.

Table 1

Geometrical features of the metal-functionalized R-Pyg[4]arenes optimized at the
B3LYP/6-311G(d,p) level of theory. Dy.c, is the distance between the cation and the
i-th carbon atom of the R-Pyg[4]arene lower rim (labels in Fig. 2). Dy.pcyp is the
distance between the cation and the center of mass of the lower rim of the different R-
Pyg[4]arenes. The charge of the embedded gy cations and the BSSE-corrected binding
energy BE€ are also reported. Distances, angles, charges and energies are in A, degrees,
e, and kJ/mol respectively. The equilibrium geometries of all the M-R-Pyg[4]arenes
are available as Supplementary Information.

Dmg (i=1,2,3,4,5,6,7,8) DyBewp  qm BE¢

R = methyl

Mg 3.66, 2.54, 3.66, 2.54, 3.66, 2.54, 3.66, 2.54 0.589 0.956 967.5
Li 3.64, 2.62, 3.71, 2.71, 3.77, 2.71, 3.70, 2.62  0.823 0.660 250.9
Na  3.80, 2.81, 3.80, 2.81, 3.80, 2.81, 3.80, 2.81 1.150 0.708 209.5
K 4.06, 3.15, 4.06, 3.15, 4.06, 3.15, 4.06, 3.15 1.878 0.821 161.1

R = fluoroethyl

Mg 3.66, 2.54, 3.66, 2.54, 3.67, 2.54, 3.66, 2.54  0.581 0.957 919.8
Li 3.59, 2.58, 3.72, 2.76, 3.83, 2.74, 3.70, 2.57 0.813 0.652 2249
Na  3.80, 2.80, 3.80, 2.80, 3.80, 2.80, 3.80,2.80 1.162 0.694 184.0
K 4.07, 3.16, 4.07, 3.16, 4.07, 3.16, 4.07, 3.16  1.891 0.808 135.6

within the cavity of the macrocyclic compound. Nonetheless, only
the one obtained during the optimization process is consider for
the further analysis of the interaction with molecular hydrogen.
Although the ionic radius of Mg?" is very close to that of Li*, the mag-
nesium atom is also located at a central position, and it is embedded
deeper in the cavity of the macrocyclic molecules. The third column
of Table 1 shows the distance between the center of mass of the
lower rim of the macrocyclic molecule and the metal cation
(i.e., depth of the cation inside the cavity). This distance follows
the Mg?* <Li* <Na* <K' trend for both methyl- and fluoroethyl-
substituted derivatives. Interestingly, it is observed that the presence
of a negative electrostatic potential expected in the interior of the
methyl-Pyg[4]arene, as proposed in Ref. [42], has a negligible effect
on the position of the embedded cations since the resulting Dy-gcup
distances for each metal are about the same in both the methyl- and
the fluoroethyl-substituted systems. It is also important to indicate
that the presence of metallic ions has a negligible effect on the struc-
ture of the different R-Pyg[4]arenes since insignificant changes were
observed when comparing the free-metal macrocyclic compounds
with the various metal-functionalized systems. Concerning the
electronic character of the systems under investigation, the last col-
umn of Table 1 reports the Mulliken charge of the metal cations
embedded in the different R-Pyg[4]arenes. As expected, the divalent
cation Mg?" possesses a larger charge than the monovalent cations.
In agreement with the resulting Dyipcup distances, the charge of
the monovalent cations follows the trend: K* > Na* > Li*, which indi-
cates that the shorter the distance between the cation and the lower
rim of the R-Pyg[4]arene the higher the effect of the chemical envi-
ronment over the embedded metal. The same conclusion applies for
the magnesium cation, whose charge decreases to half (i.e., from 2+
to 0.956+) since it is the closest cation to the base of the macrocyclic
compounds for the two substituted derivatives.

In summary, results of Table 1 show that the position of metal
cations inside the cavity of R-Pyg[4]arenes is almost independent
of the R substituent group, but the distance Dygcyp in turn depends
on the ionic radius, polarizing character, and charge, being all these
characteristics exclusively associated to the metallic species.
Although the latter observation is noteworthy, it is expected that
cations embedded in the cavity of methyl-Pyg[4]arene compound
are subject of a greater binding force compared with the fluor-
oethyl-substituted system as determined by Manzano et al. for
the case of a NHj ion interacting with Pyrogallol[4]arenes with
various R-substituent groups [42]. The latter statement is con-
firmed by the BSSE-corrected binding energies (BE®) computed
for the different M-R-Pyg[4]arene systems and reported in the last
column of Table 1, where it is observed that the values obtained for
the methyl derivatives are consistently larger than those obtained
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Fig. 2. Local environment of a cation embedded in the cavity of a rccc R-Pyg[4]arene. The distances between each one of the carbon atoms that belong to the lower rim of the
macrocyclic molecule (i.e., C1-C8) and the cation are summarized in Table 2 for all the metal-functionalized systems investigated in the present work. Carbon, oxygen, and
hydrogen atoms are represented with the gray, red, and white colors, respectively. The magenta sphere represents the embedded cation. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)

for their fluoroethyl-substituted counterparts. It is important to
point out that the great BE® values of Table 1 are in good agreement
with previously reported studies on cations interacting with calix
[4]arenes [45].

3.2. H, interaction with M-R-Pyg[4]arenes

Table 2 summarizes the results regarding the binding energy
computed for the different H,/M-R-Pyg[4]arene complexes as well
as their relevant geometry features as obtained by employing the
B3LYP functional together with the two different basis sets consid-
ered in this work.? Data reported in Table 2 shows that for both,
methyl- and fluoroethyl-substituted derivatives, the distance
between the H, center of mass and the metal cation (Dy.y, ) increases
in the order Li*<Mg?* <Na*<K". This trend is observed in the
results obtained with the two basis sets; however, the Dy.y, dis-
tances obtained with BSB are consistently shorter than the values
computed with BSA. The reduction is more significant (i.e., ~3%) in
the case of the K-functionalized derivatives, which indicates that
the polarizing effect of the K™ cation on the H, molecule is remark-
ably enhanced when the adsorbed molecule is described with the
aug-cc-pVDZ basis set. Nevertheless, some influence of Basis-Set
Superposition Error (BSSE) is also expected in the results obtained
at the B3LYP/BSB level of theory, as we will discuss later on in the
present section.

From Table 2, it is also evident that the Hy/Mg-R-Pyg[4] arene
(R =methyl and fluoroethyl) complexes present the largest incre-
ment in the adsorbed H; interatomic distance (ADy_y), being equal
to +1.1% and +0.7% with respect to the interatomic distance of the
isolated gas-phase hydrogen molecule described at the B3LYP/BSA
and B3LYP/BSB levels, respectively. For the systems containing
monovalent cations, the ADy_y value obtained at the B3LYP/BSA
level increases in the order K" <Na*<Li" for both methyl- and
fluoroethyl-substituted derivatives. However, the ADy_y changes
obtained at the B3LYP/BSB level are about the same for all
complexes (i.e., ~0.0015 A) independently on the nature of the
monovalent cation or the R-substituent group of the macrocyclic
molecule. In agreement with the previous results, the red-shift of

2 The equilibrium geometries of all the H,/M-R-Pyg[4]arenes are available as
Supplementary Information.

the anharmonic H-H stretching frequency (Avy_y) obtained for
the H,/Mg-R-Pyg[4]arene complexes is significantly larger than
the values obtained for the Li, Na, and K-functionalized systems,
showing that the Mg?* ion embedded in R-Pyg[4]arenes possesses
a greater capability to activate the H-H bond in comparison to the
monovalent cations embedded within the same systems. The
Avy_y values computed for the Hy/Mg-methyl-Pyg[4] arene com-
plex are —124.2cm™! and —104.3 cm™! for BSA and BSB, respec-
tively; whereas, for the case of the H,/Mg-fluoroethyl-Pyg[4]
arene complex slightly larger values were obtained (i.e.,
—149.0cm~! and —137.5 cm™ ). It is worth mentioning that such
a notable change in the anharmonic H-H stretching frequency is
in reasonable agreement with a previous experimental study on
the H, interacting with magnesium-exchanged faujasite Y, where
a AVy_y value of —107 cm™' was determined by means of FTIR
spectroscopy experiments conducted at the temperature range
121-146 K [38]. For the case of R-Pyg[4]arenes functionalized with
monovalent cations, Avy_y values computed at the B3LYP/BSA
level of theory span the —20 cm™! to —65 cm™! range and follow
the trend: Li*>Na*>K"; whereas, the values obtained at the
B3LYP/BSB level of theory span the slightly narrower —42 cm™!
to —63 cm! range and follow the trend: Li* ~ Na* > K*. It must
be indicated that the trend in the AvVy_y values obtained in our cal-
culations for the Na-functionalized systems are also in good agree-
ment with experimental observations (i.e., —39cm~! and
—46 cm™1) [38].

As a direct consequence of the great capability of the Mg?* ion
to activate the adsorbed H, molecule, remarkably large BSSE-
uncorrected binding energies (BE columns in Table 2) of about
~17.0 kJ/mol and ~24.0 kJ/mol are obtained at the B3LYP/BSA
and B3LYP/BSB levels, respectively, for the different H,/Mg-R-Pyg
[4] arene complexes. The increment of about ~7 kJ/mol in the com-
puted BE of the Hy,/Mg-R-Pyg[4] arene complexes when going from
BSA to BSB is consistent with our previous theoretical studies
[35-37], and it is also observed in the case of the systems containing
monovalent cations for which computed BE take values between
2.8 kJ/mol and 11.3 kJ/mol for BSA and between 9.0 kJ/mol and
18.6 kJ/mol for BSB, being the largest BE values in the latter ranges
associated to the different H,/Li-R-Pyg[4] arene complexes (see
Table 2). Upon correction for the Basis Set Superposition Error
(BSSE), a decrement in the binding energy values is observed in
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Table 2

Geometrical features, BSSE-uncorrected (BE), and BSSE-corrected (BE€) binding energies of the H,/M-R-Pyg[4]arene complexes optimized at the B3LYP/BSA and B3LYP/BSB levels
of theory. Dy.y, is the distance between the center of mass of the H, molecule and the cation and ADy;_y is the change in the H-H interatomic distance of the adsorbed molecule
as compared with the value obtained for an isolated H, molecule. The change in the anharmonic H-H stretching frequency (Avy_y) is also reported. Distances, frequencies and
energies are in A, cm~!, and kj/mol, respectively. The equilibrium geometries of all the H,/M-R-Pyg[4]arenes are available as Supplementary Information.

B3LYP/BSA B3LYP/BSB

Dw-n, ADy_y* BE BE¢ Avy_y° Dw-n, ADy_y? BE BE¢ AVy_y”
R = methyl
Mg 2.2277 0.0085 16.7 14.2 -124.2 2.1993 0.0050 24.5 17.0 -104.3
Li 2.0613 0.0042 10.8 8.8 -63.7 2.0219 0.0012 17.9 11.0 -51.3
Na 2.4862 0.0025 5.8 43 —49.2 2.4663 0.0016 13.6 5.6 -62.9
K 3.1269 0.0012 2.8 2.1 -20.2 3.0001 0.0014 9.0 2.3 —44.8
R = fluoroethyl
Mg 2.2334 0.0083 15.9 133 -149.0 2.2095 0.0050 234 15.7 -137.5
Li 2.0579 0.0043 113 8.8 —64.8 2.0147 0.0013 18.6 10.9 —58.6
Na 2.4950 0.0024 5.7 4.2 -39.3 2.4632 0.0015 13.8 55 —60.9
K 3.1133 0.0013 3.0 2.1 -20.9 3.0142 0.0012 10.0 2.3 -42.1

2 ¥ : 0.74425937 A and 0.76086464 A for B3LYP/BSA and B3LYP/BSB levels of theory, respectively.
b v,’j{H: 4195.7 cm™" and 4141.5 cm™' for B3LYP/BSA and B3LYP/BSB levels of theory, respectively.

all the studied complexes. As reported in Table 2, a difference of
—2.5 kJ/mol is found when comparing BE and BE® values obtained
at the B3LYP/BSA level for the H,/Li-R-Pyg[4] arene and
H,/Mg-R-Pyg[4]arene complexes. On the other hand, the BE® — BE
difference is less significant in the case of Na- and
K-functionalized complexes which were computed to be
—1.5kJ/mol and —0.7 kJ/mol, respectively. As expected, the BSSE
effect is particularly dramatic in the case of the results obtained
at the B3LYP/BSB level of theory due to the intrinsic limitations
of the 6-311G(d,p) basis sets in describing the embedded cations,
which in turn take advantage of the larger aug-cc-pVDZ basis set
employed to describe the adsorbed H, molecule. For all the com-
plexes under investigation, the BE® — BE difference obtained with
BSB is approximately —7.7 kJ/mol, representing a decrease of about
~75% for the particular case of H,/K-R-Pyg[4]arenes complexes
(see Table 2). Comparison of the BE® values, obtained with the dif-
ferent basis sets for all the complexes, show that BSSE-corrected
values computed with BSB are always larger than the correspond-
ing BSA values. In the specific case of the H,/Mg-R-Pyg|[4]arene
complexes, an increment of 2.4 kJ/mol was computed when
R = fluoroethyl, whereas an increment of 2.8 kJ/mol was obtained
for the system with R=methyl. The extra stabilization of the
complexes associated to the previous values can be entirely
attributed to a better description of the M'—H, interaction
(i.e., ion—quadruple interaction) achieved when flexible enough
basis sets are adopted for describing the hydrogen molecule in
adsorptive processes.

3.3. Inclusion of the forces of dispersion

Table 3 summarizes calculated BSSE uncorrected and corrected
binding energies (BE and BES, respectively) for the different H,/M-
R-Pyg[4]arene complexes calculated with the B97D functional
together with both BSA and BSB basis sets. In conformity with
the results obtained with the B3LYP functional, data reported in
Table 3 shows that the binding energy values computed with
BSB are consistently larger than the results obtained with BSA for
all the complexes under investigation. The aforementioned incre-
ment is notably large when observing the BSSE-uncorrected
B97D binding energies, being as large as one order of magnitude
in the particular case of the K-functionalized complexes. More
moderate increments are appreciated when comparing BSSE-
corrected B97D binding energies. Besides this preliminary observa-
tion, comparison between the data reported in Table 3 and results
included in Table 2 shows that BE® values obtained at the B97D
level are as expected substantially larger than their corresponding

Table 3

BSSE-uncorrected (BE) and BSSE-corrected (BE®) binding energies computed for the
different H,/M-R-Pyg[4]arene complexes employing the B97D functional and the
ONIOM scheme with both BSA and BSA basis sets. Energies are in kj/mol.

BEBQ7D BECB97D Bl‘:ONIOM Bl‘:E)NIOM

BSA BSB BSA BSB BSA BSB BSA BSB
R = Methyl
Mg 28.6 35.2 26.8 27.8 24.7 343 19.2 22.0
Li 30.5 38.3 28.9 30.9 15.4 22.8 10.1 10.8
Na 21.1 29.5 19.6 20.9 7.9 10.9 4.6 5.8
K 9.2 19.8 8.3 11.0 45 6.7 2.7 3.0
R = Fluoroethyl
Mg 29.1 35.7 27.3 28.1 25.5 34.0 20.0 23.6
Li 30.7 38.5 28.9 30.7 17.6 26.6 121 141
Na 21.0 30.1 19.4 21.1 8.6 114 53 6.8
K 9.2 199 8.2 11.3 55 8.6 3.7 4.8

B3LYP results. In the particular cases of the Hy/Na-R-Pyg[4]arene
and H,/Li-R-Pyg[4]arene complexes, the BEgy,, — BEg; yp difference
is ~15 kJ/mol and ~20 kJ/mol for both BSA and BSB respectively,
indicating that the B97D functional seems to significantly overesti-
mate the contribution of the dispersive forces in the description of
non-bonded complexes involving metallic ions. The latter state-
ment is supported by the recent results of Kocman et al. who have
determined that formation energy estimates of the H,—Li-functio
nalized-coronene adduct are overestimated at the B97D level upon
comparison with CCSD(T)/CBS and quantum Monte Carlo calcula-
tions [63]. Thus, it is rather important to state that, although the
use of the B97D functional is advantageous from the point of view
of computational costs (i.e., B97D computational times are within
the typical range of other standard DFT functionals), this functional
leads to unrealistic too large binding energies and is then not com-
pletely adequate for describing the H, adsorption on the polarizing
centers of M-R-Pyg[4]arenes.

Table 3 also summarizes the BSSE-uncorrected and BSSE-
corrected binding energies computed at the MP2 level. As
mentioned before in the Models and Methods section, the MP2
calculations were carried out within the frame of the ONIOM
approach with the sole purpose of evading excessive computa-
tional efforts; however, it must be acknowledged that this scheme
represents an additional effort in comparison to the B97D level
since a number calculations must be performed due to the subdi-
vision of the complex in the real and model layers. The portion
of the H,/M-R-Pyg[4]arene complexes adopted as model system
is shown in Fig. 3 where it can be observed that special attention
was made in cutting out a model as regular as possible. The latter
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Fig. 3. Portion of atoms of the H,/M-R-Pyg[4]arene complexes employed as model system in the ONIOM calculations of the present work. Dangling bonds were saturated by
adding hydrogen atoms. For the sake of clarity, the R substituent groups located at the lower rim of the macrocyclic molecule are represented by blue spheres. Carbon and
hydrogen atoms are represented with the gray and white colors, respectively. The magenta sphere represents the embedded cation. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

consideration is justified since unbalanced or extremely non-
symmetrical models could lead to the presence of artificial electric
dipoles (or even higher-degree moments), which in turn, might
cause overestimated results as previously reported by some of
the authors of the present work [35]. Inspection of the ONIOM data
shows that for this method strong basis set size effects are also
present, representing increments in the 2.2-9.6 kJ/mol range for
BSSE-uncorrected binding energies and in the 0.3-3.6 k]/mol range
for BSSE-corrected values. In contrast with the B97D results, the
largest increments of the latter ranges were observed for the
H,/Mg-R-Pyg[4]arene complexes. From the last columns of Table 3,
it is observed that the largest BEoniom and BE§niom energy values
are also obtained for the H/Mg-R-Pyg[4]arene complexes and, for
systems with monovalent cations, decreases in the following order:
Li* > Na* > K*, which is consistent with the trend observed in the
case of B3LYP results. The BE§niom — BERawyp differences, associated
with the inclusion of the dispersive forces in the description of the
different complexes, are moderate in the case of the Li-, Na-, and
K-functionalized systems, belonging to the 0.5-3.3 kJ/mol range.
Nonetheless, for the H;/Mg-R-Pyg[4]arene complexes, the
BESniom — BEgaiyp difference reach values as large as 8 kj/mol for
R = fluoroethyl. This result is in reasonable agreement with previous
studies where a similar ONIOM approach was adopted to study the
Mg?*—H, adduct embedded in a zeolite periodic framework [35].
Moreover, it gives rise to a BEgniom Value of 23.6 k]/mol, which, to
the authors’ best knowledge, is among the largest interaction energy
ever determined for any material by means of quantum-mechanical
approaches [19,63].

In order to assess, at least from a theoretical point of view, the
potential applicability of R-M-Pyg[4]arenes as media for molecular
hydrogen storage, the zero point energy correction and the thermal
corrections at 298 K were obtained for the H,/Mg-fluoroethyl-Pyg
[4]arene complex, using the harmonic vibrational frequencies
computed at the B3LYP/BSB level and the standard expressions
for an ideal gas in the canonical ensemble. By adding these correc-
tions to the BESniom (BSB values) of Table 3, a AHY, value of
—17.6 kJ/mol is estimated for the H, adsorption process on the polar-
izing center of Mg-exchanged fluoroethyl-Pyg[4]arene. The latter
enthalpy of adsorption is above the value proposed by Bhatia and

Myers [39] as optimal for storage operation near ambient tempera-
ture, and it is close to the experimentally determined value for
(Na,Mg)-exchanged Y zeolite reported by Turnes-Palomino et al.
[38], with the additional advantage implicit in the fact that R-Pyg
[4]arenes are lighter chemical matrices than zeolites. The results
here reported allow Mg-functionalized R-Pyg[4]arenes to be proposed
as potentially applicable system for H, capture, and they could be
envisaged as basic elements in the future development of materials
for hydrogen storage by means of physisorption.

4. Conclusions

In the present work we have investigated the potential of vari-
ous metal-functionalized R-substituted pyrogallol[4]arenes as
media for molecular hydrogen storage within the framework of
quantum-mechanical theoretical calculations. The various species
evaluated in the present study were constructed by considering
M = Li*, K*, Na*, Mg?" and R = methyl and fluoroethyl. As the first
step of the study, we have determined the equilibrium structure
of the different M-R-Pyg[4]arenes compounds by means of a full
optimization process without imposing symmetric constrains. As
a result of the first stage, it was observed that the position of the
metal ions inside the cavity of the macrocyclic compounds is inde-
pendent of the electron-donating/electron-withdrawing character
of the R substituent group, but the location of these ions was found
to depend on the ionic radius, the polarizing character, and the
charge of each cation. In general terms, it was observed that Mg?
" and Li* are embedded deeper in the cavity of the R-Pyg[4]
arenes in comparison with the bulkier Na* and K* ions. As a direct
result of the latter, significant changes were determined on the
computed Mulliken charges of magnesium and lithium atoms,
whose charge notably decreases when embedded in both
methyl- and fluoroethyl-Pyg[4]arenes.

As a second step of the study, we focused our attention on the
determination of the binding energies arising from the interaction
between a hydrogen molecule added close to the cation of the dif-
ferent M-R-Pyg[4]arenes previously optimized. BSSE-corrected
binding energies (BE®) obtained at the B3LYP level were observed
to follow the trend K* < Na* < Li* < Mg?*. Moreover, an increment
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of about ~3 kJ/mol was obtained for the BE® values when going
from BSA to BSB, which gives rise to the significantly larger
values of 15.7kJ/mol and 17.0kJ/mol computed for the
H,/Mg-fluoroethyl-Pyg[4]arene and H,/Mg-methyl-Pyg[4]arene
complexes, respectively. Following the aforementioned tendency,
substantial changes in the H-H anharmonic stretching frequency
were determined for the complexes containing the Mg?" ion, being
the computed AVy_y as large as —137.5 cm ™!, which is in good
agreement with values experimentally determined by means of
FTIR, conducted on the H,/Mg-exchanged faujasite Y. Two different
methods; namely: (i) the B97D functional and (ii) the MP2 method
within the framework of the ONIOM approach, were tested to
include the contribution of dispersive forces in the description of
the different H,/M-R-Pyg[4]arene complexes. Results reported in
the present work, allow us to conclude that the B97D functional
seems to overestimate the contribution of dispersive forces for
the H,/M-R-Pyg[4]arene complexes since too large increments
were observed when comparing the BE§g;p values with their corre-
sponding values computed with the B3LYP functional. The latter
statement applies particularly to the Li- and Na-functionalized
systems (i.e., up to 20.1 kJ/mol and 15.2 kJ/mol computed as the
BEge7p — BEgsLyp difference, respectively), and it is supported by a
recently reported theoretical study on the interaction of H, with
the polarizing centers of coronene model systems containing Li*
ions. On the other hand, BE values obtained at the MP2 level by
adopting the ONIOM approach resulted in more moderate incre-
ments upon comparison with the corresponding B3LYP values. The
largest increment was obtained for the H,/Mg-fluoroethyl-Pyg[4]
arene complex, and it was computed to be about ~8 k]/mol (i.e.,
BEwp2 — BEgsryp difference), being this increment consistent with
results previously reported by some of the authors of the present
work. Finally, a remarkably large adsorption enthalpy value,

AHgdS = —17.6 kJ/mol, was estimated for the H,/Mg-fluoroethyl-
Pyg[4]arene complex by adding the zero point energy and thermal
corrections at 300 K to the resulting BEj,p, value. This relatively high
adsorption enthalpy value implies that the Mg-functionalized R-Pyg
[4]arenes can be considered as a key element for the design of mate-

rials for molecular hydrogen storage.
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