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The hydrogen binding efficiency of multiple metal-ion-(Li*, Mg?*)-decorated small Polycyclic Aromatic
Hydrocarbons (PAHSs) has been investigated using Density Functional Theory (DFT). The CAM-B3LYP
method and 6-311+G(d,p) basis set have been used for the systematic calculation of the interaction
energy of the metal ion with the aromatic system (AE) and the average binding energy (ABE) of the
hydrogen molecules to these metal-ion-decorated PAHs. Our results show that the aromatic ring
current associated with a PAH can bind at most one pair of metal ions, with the metal ions ensconcing
themselves with appreciable values of AE both on the same and opposite faces of a PAH with certain
preferences. The ABE values associated with H, binding on Li*-decorated systems are found to be
almost similar for anthracene and phenanthrene, which are higher in comparison to naphthacene. The
Mg?*-decorated counterparts, however, exhibit ABE values of around four to five times higher than the
Li*-decorated ones. The nature of interaction between hydrogen molecules and metal ions is predicted
by the topological analysis of the atoms in molecules formalism (AIM), employing an AIMALl program.
The Natural Population Analysis (NPA) method is used for the evaluation of charge distribution between
donor hydrogen molecules and acceptor metal ions. The value of charge transfer from H, to metal ions
(AEc7) is evaluated employing Natural Bond Orbital (NBO) analysis. The charge transfer from the bonding
orbital of the hydrogen molecule to the antibonding lone pair orbital of the metal ion is taken into
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1. Introduction

Fossil fuels, viz., coal, oil and natural gas have bolstered confi-
dence in supplying the vast majority of our needs for years.
However, the non-renewable nature of fossil fuels and the
increased energy demands have exerted pressure to think about
shifting towards alternate renewable sources of power.
Hydrogen is considered to be one of the most important alter-
nate energy sources because of its non-polluting and renewable
nature. It is found to be the most abundant element in the
universe, and contains the highest energy density per unit mass,
burns clean, producing only water. However, it should be noted
here that practically H, is not an energy source; rather it is an
energy carrier. Due to its diffusive and buoyant nature, the safe
and efficient storage of hydrogen is difficult. Therefore, the
main challenge lies in designing efficient hydrogen storage
systems with high gravimetric and volumetric hydrogen
contents. An ideal hydrogen storage system should be light-
weight, to which hydrogen can be delivered and can be taken
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out at moderate temperatures and pressures.'” The binding
energy of H, needs to be in the range of 20-40 k] mol . The
U.S. Department of Energy (DOE) had set a target of 6.0 wt%
reversible hydrogen storage by 2010 and 9.0 wt% by 2015.°
Essentially, hydrogen gets adsorbed on materials in three
different ways. It may remain in its molecular state with small
binding energy value, as in case of physisorption.**** In
chemisorption, the H, molecule splits into atoms and thus the
binding energy is higher.®** The third type is quasi-molecular
binding, where the binding energy is in between the above
two.*®* The current options for hydrogen storage include metal
hydrides (which is basically a ‘chemical’ hydrogen storage
system),”***” and porous materials like zeolites, carbon nano-
tubes,”® metal organic framework (MOF)"**>* and covalent
organic framework (COF) materials,"*** where physisorption of
H, molecules is observed.

Polycyclic Aromatic Hydrocarbons (PAHs), a major compo-
nent of interstellar dust, have been brought under observation
over the years and their aromatic surfaces have been utilized for
possible adsorption of molecular hydrogens.** A number of
MOFs have been developed both theoretically and experimen-
tally, where small PAHs are used as organic linkers.**** The
ligand subunits, by which MOFs are composed of, maintain
their precursor (or pre-MOF) structures to a reasonable
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approximation.®* H, adsorption or interaction with the naked or
decorated organic linkers is a local interaction and depends
highly on the local sites where the H, molecule gets adsorbed. A
single such molecule or the cluster model, rather than
a continual matrix, should thus provide a reliable description of
the quality or extent of interaction. Over the last decade or so,
a significant number of studies on such pre-MOF structures
have already been done, considering the aromatic surface
only.*?1*42%6263 Tran and co-workers first theoretically investi-
gated the physisorption of H, on the aromatic surfaces provided
by ordinary small and large PAHs.** Alkali metal doping onto
the organic linker part of MOFs and on carbon based systems
were studied widely in order to increase the binding interac-
tions of the H, molecules with these systems. Han et al. first
proposed the idea of Li-decorated MOFs for reversible hydrogen
storage at room temperature.”® Subsequently, a significant
number of theoretical works were reported, showing the
increase in interaction energies with the incorporation of light
weight metal atoms like Li."*° Srinivasu et al. theoretically re-
ported the significant increase in hydrogen adsorption ability of
organic molecular systems upon decoration with alkali metal
ions due to electron transfer from the metal to the carbon
surface.” They also concluded that the strength of interaction
of H, as well as the number of adsorbed H, molecules increase
on a charged surface with a certain degree of curvature, which
can be easily achieved by decoration with metal ions.
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Performing Grand Canonical Monte Carlo (GCMC) simulations,
Mavrandonakis et al. concluded that the Li is preferably located
on the organic linker part and the Li-decorated MOF provides
increased hydrogen wuptake compared to undecorated
analogue.” In the same year, Dalach and coworkers reported
that the Li" ion interacts strongly with hydrogen molecules
compared to neutral Li atoms.”® But their prediction showed
that the Li is getting associated strongly with the metal oxide
part and less with the organic linker part. Kolmann et al
investigated the interaction of the three hydrogen molecules
with Li*-decorated benzene.* Chandrakumar et al. studied the
interaction of hydrogen molecules with alkali and alkaline earth
metal ions in MH; s complexes and showed the interactions are
mediated by simple electrostatic interactions.** In our previous
work, we have given the insight into H, binding affinities of
metal-ion-(Li*, Mg®")-decorated substituted benzene systems.?*
Very recently, Armakovic and co-workers have investigated the
influence of modifications of sumanene on its hydrogen
adsorption properties and reported changes in hydrogen
storage properties when the benzylic positions are substituted
with boron and nitrogen atoms.>®

In the present investigation, we have explored the feasibility
of hydrogen adsorption on metal-ion-(Li", Mg”*)-decorated
small Polycyclic Aromatic Hydrocarbons (PAHs). Inspired by the
work of Tran and co-workers, we have chosen three small PAHs,
namely, anthracene, phenanthrene and naphthacene for this

13ant2li(s) 13ant2li(o)

13ant2mg(s) 13ant2mg(o)

(a)

13phen2li(s) 13phen2li(o)

(b)

14nape2li(s)

14napec2li(o) 14napc2mg(s)

14napc2mg(o)

(c)

Fig. 1 Optimized geometries of (a) M"*-decorated anthracene (n = 1, Li; n = 2, Mg) (b) M"*-decorated phenanthrene (n = 1, Li), (c) M"*-
decorated naphthacene (n = 1, Li; n = 2, Mg) at CAM-B3LYP level in conjunction with 6-311+G(d,p) basis set. The rings have been enumerated
(R1, R2, R3, R4); the position of the metal ion pairs have been designated as 12, 13 or 14, depending on the rings onto which they have been
decorated. Metal ions decorated on the same faces of PAH have been designated as (s), while those on the opposite faces by (o). The distance of
the Li* ions are from the centres of the rings, while in case of Mg?* the distances are those from the terminal C—C double bonds of the rings. The

bond lengths are in angstrom (A).
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present study and decorated their surfaces with metal ion. As
stated by Kolmann et al., Li'-benzene serves a model system for
the Li atom decoration of the BDC linker in MOF-5.* So these
PAHs can serve as good model systems for the MOFs where
dicarboxylates of anthracene, phenanthrene and naphthacene
are used as organic ligands. As evident from Fig. 1, naphthacene
(tetracyclic aromatic hydrocarbon), anthracene (tricyclic
aromatic hydrocarbon with three linearly fused rings) and
phenanthrene (also tricyclic, but thermodynamically more
stable isomer, where rings are connected angularly) possess
multiple connected aromatic rings, thus providing possible
sites for multiple metal decoration on a single adsorbent. The
aim of our present work is, therefore, to create charged surface
over PAHs by introducing multiple Li* and Mg**, predicting all
possible sites where multiple Li* and Mg>" can be decorated and
to check the viability of these decorated sites towards molecular
hydrogens. We have carried out DFT calculations to examine the
corresponding optimized geometries, atomic charges, interac-
tion energy (AE) between metal ion and the rings of PAH and the
binding energies (ABEs) of the adsorbed hydrogens. The inter-
action between the metal ion and hydrogen molecules has
further been studied critically employing natural bond orbital
(NBO) analysis and topological analysis of charge density. The
nature of interaction between the metal ion and hydrogen
molecule of each optimized structure has been studied using
the topological analysis of atoms in molecules (AIM) formalism
employing AIMAIl program.

2. Computational details

All electronic structure and frequency calculations have been
performed using Gaussian 09 (ref. 27) suite of quantum
chemistry program. The DFT functionals considered for the
systems under investigation are, namely, B3LYP,**** and CAM-
B3LYP.*® All the complexes have been first optimized using
B3LYP and then reoptimized using CAM-B3LYP. The hybrid
B3LYP exchange correlation functional is the most widely used
density functional, while the CAM-B3LYP functional of Handy
and co-workers combines the hybrid B3LYP with the long-range
correction (CAM = Coulomb-attenuating method). Grimme's
dispersion effect (D3) has also been considered during the
optimization process.

All ab initio and DFT calculations associated with the
binding of one H, molecule to the metal-decorated PAHs have
been carried out using 6-311+G(d,p)*** basis set. Frequency
calculations have been performed to confirm that the resulting
stationary points are real energy minima, without imaginary
frequencies in their vibration spectra. The average interaction
energy (AE) between metal ion pairs and PAH, the binding
energy (ABE) per molecular hydrogen to the system® and the
successive binding energy (ABE(n)) per hydrogen, where in each
step hydrogen molecules being added in pair, have been
calculated using the following formulae:

AE2M—PAH] = - (E2M—PAH] — E[PAH] — 2EM]) (1)

N —
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ABE = l(E[2M—PAH : nHy] —nE[H,] — E2M—PAH]) (2)
n

ABE(n) = %(E[ZM—PAH . nH,) — 2E[H,)]
—E2M-PAH : (n—2)H,)) (3)

The effect of basis-set superposition error (BSSE) has been
taken into account by the counterpoise procedure (CP)** and the
corrected binding energy is given by

1
ABE(BSSE) = ABE — _BSSE (4)

The nature of interaction between hydrogen molecules and
metal ions has been predicted using the topological analysis of
atoms in molecule formalism employing AIMAIl program,**
where the classical definition of a ‘bond’ has been modified in
the form of ‘bond path’ which basically indicates a line of
maximum electron density linking bonded pairs of atoms in an
equilibrium geometry.*>*® According to Bader, every classical
structure is mirrored by a molecular graph consisting of bond
paths, linking neighbouring atoms.*’?*° Interaction of two
atoms at a certain distance creates a critical point in the elec-
tron density, where the gradient, Vp(r) vanishes, which is
termed as bond critical point (BCP). In order to evaluate the
strength of the interaction, two important parameters, viz.,
electron density p(r) and its Laplacian (V>p) at the bond critical
point (BCP) have been calculated. Electronic energy density
[H(r)]is defined as the summation of kinetic energy density, G(r)
(always positive) and potential energy density, V(r) (always
negative), the ratio of which, i.e., —G(r)/V(r) predicts the nature
of bond. The interaction is said to be non-covalent if —G(r)/V(r)
> 1 and partly covalent if 0.5 < —G(r)/V(r) < 1. Negative values of
both V?p and H(r) indicate the interaction to be strong, for
medium interaction H(r) is negative but V?p is positive, and the
interactions are weak when both are positive.

A more vivid picture of the nature of interaction is exhibited
by employing natural bond orbital (NBO) analysis using NBO
6.0 program,* which is implemented in Gaussian 09. The
donor-acceptor (bond-antibond) charge transfer interaction,*
say i — j, is evaluated by the delocalization correction energy
(AEcr) calculated using second order perturbation theory:

F(ij)
AECT = AEU = (i e — & [5)
] i
avg 1
AECf = ;AECT [6)

In eqn (5), F(iy) is the off-diagonal Fock matrix element
expressed in the NBO basis, ¢; is the donor orbital occupancy
and ¢; and ¢; are the respective orbital energies. Eqn (6) gives the
average delocalization correction energy, where n = 2, 4, 6, 8
(the number of hydrogen molecules adsorbed).

Since we are not working on a true MOF surface, but only on
a pre-MOF model,* we have not considered the weight of
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segments of MOF other than the active site, which is the aromatic
surface provided by a PAH along with the metal ions. As the GCMC
simulation calculates the weight capacity of the entire MOF, our
model using DFT, in this respect, is completely different.

3. Results and discussion

In our recent theoretical study, we have studied the H, binding
affinities of metal-ion-decorated substituted benzene systems,
with the special emphasis on hydrogen-metal interaction.”® In
the present work, we extended the scope of our previous work by
decorating different PAH systems having multiple rings with
multiple metal ions, and thereby investigating the capability of
hydrogen storage of such multiple metal-decorated PAH
systems. Our first motive is to predict the possible number of
metal ions that can be decorated and consequently locate their
favourable sites over the rings.

3.1. Favourable positions of Li* and Mg”*

Initially, we have started exploring the property of multiple
decorations by incorporating two metal ions on the opposite
faces of the same aromatic ring but ended up with a positive
value of interaction energy, indicating the process to be
implausible. The attempt is also failed when we tried to bind
two metal ions over the ‘R1-R2’ position either on the same face
or on the opposite. However, interaction energies of —95.1 and
—106.3 k] mol ', respectively, are observed when 2 Li* ions are
incorporated on the same and opposite faces over R1 and R3
(Table 1) of anthracene. The corresponding lithium-decorated
structures are defined as 13ant2li(s) and 13ant2li(o), respec-
tively. As apparent from Table 1, the decoration is more
favourable in case of Mg”" analogue, with interaction energies
of —200.9 and —207.8 k] mol™ ', respectively on same and
opposite faces, respectively; with the corresponding structures
being designated as 13ant2mg(s) and 13ant2mg(o), respectively.
Decoration with multiple Mg?" ion is not possible on phenan-
threne. However, for Li" pairs on R1 and R3 of phenanthrene,
the interaction energies are of —90.4 and —105.7 k] mol " for
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the same and opposite faces respectively and the corresponding
structures are defined as 13phen2li(s) and 13phenli(o). In this
context, it is important to note that the Li" ions prefer the centre
of rings (ring-over site) while Mg>" ions prefer the position over
C-C bond (bond-over site). Fig. 1 depicts all the possible
binding sites of Li" and Mg** onto the small PAHs. The rings
corresponding to the binding sites have also been enumerated.

The successful implementation of this idea has encouraged us
to work with the higher analogue of PAH, ie., naphthacene,
constituting of four adjacent aromatic rings. On fixing one Li' ion
on terminal ring (ring-1) of naphthacene, we move on to another
Li" from R2 to R3 to R4, placing it on the same and opposite faces
to that of the first one. As evident from Fig. 1 and the calculated
binding energy values from Table 1, there are three possible sites
to posit one Li" pair in naphthacene: opposite faces of ‘R1 and
R2’, [12napc2li(o)], same and opposite faces of ‘R1 and R3’,
[13napc2li(s) and 13napc2li(o)], same and opposite faces of ‘R1
and R4, [14napc2li(s) and 14napc2li(0)]. Two Li* ions do not
ensconce on the same face of ‘R1 and R2’ probably due to elec-
trostatic repulsion in the close vicinity. Mg** ion pairs, in fact, do
not bind with ‘R1 and R2’ or on ‘R1 and R3’ either in same or
opposite faces. However, Mg”* ion pairs bind with ‘R1 and R4’
with binding energies of —411.0 and —413.9 kJ mol " for same
and opposite faces, respectively. Thus, we encounter some sharp
trends in binding energy values. The larger the size of the PAH or
greater the separation between the two ions, higher is the inter-
action energy. The average interaction energy is also observed to
be higher for a pair of divalent cation (Mg**) compared to
monovalent cation (Li").

We have tried to increase the number of decorated metal
ions beyond two in the systems under investigation, but the
corresponding structures give positive value of average inter-
action energy, indicating the endeavour to be implausible.

3.2. Adsorption of molecular hydrogen on Li* and Mg**
decorated PAHs

In this section, we are going to discuss the interaction of
molecular H, with Li* and Mg”*-decorated PAHs, where all the

Table 1 BSSE corrected Li*/Mg?*-PAH interaction energy (AE) values (kJ mol™), distance of Li* from centre of PAHs and of Mg®* from the

centre of C-C bond, charge on the metal ion (a.u.) at CAM-B3LYP level

System E (k] mol ™) M"™'Ring distance (A) Charge on metal ion

13ant2li(s) —95.1 1.95 (R1) 1.95 (R3) 0.962 (R1) 0.962 (R3)
13ant2li(o) —~106.3 1.93 (R1) 1.93 (R3) 0.963 (R1) 0.963 (R3)
13ant2mg(s) —200.9 2.19 (R1) 2.19 (R3) 1.838 (R1) 1.838 (R3)
13ant2mg(o) —207.8 2.13 (R1) 2.13 (R3) 1.84 (R1) 1.84 (R3)
13phen2li(s) —90.4 1.90 (R1) 1.90 (R3) 0.961 (R1) 0.961 (R3)
13phen2li(o) —~105.7 2.01 (R1) 2.01 (R3) 0.963 (R1) 0.963 (R1)
12napc2li(o) —~108.7 1.9 (R1) 1.91 (R2) 0.968 (R1) 0.970 (R2)
13napc2li(s) ~134.0 1.92 (R1) 1.83 (R3) 0.962 (R1) 0.965 (R3)
13nape2li(o) —145.1 1.91 (R1) 1.89 (R3) 0.964 (R1) 0.966 (R3)
14napc2li(s) —-173.0 1.88 (R1) 1.88 (R4) 0.961 (R1) 0.961 (R1)
14napc2li(o) -176.9 1.89 (R1) 1.89 (R4) 0.961 (R1) 0.961 (R4)
14napc2mg(s) —411.0 1.88 (R1) 1.88 (R4) 1.82 (R1) 1.82 (R1)
14napc2mg(o) —413.9 2.08 (R1) 2.08 (R4) 1.821 (R1) 1.821 (R4)
9524 | RSC Adv., 2017, 7, 9521-9533 This journal is © The Royal Society of Chemistry 2017
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Fig.2 Optimized geometries of (a) Li*-decorated anthracene, (b) Mg®*-decorated anthracene with maximum number of H, molecules at CAM-
B3LYP level in conjunction with 6-311+G(d,p) basis set. di;_, and dmg-n, represent the average bond length between Li*/Mg2+ and H, mole-

cules. All bond lengths are in angstrom (A).

calculations have been performed using CAM-B3LYP func-
tional. Fig. 2-4 depict the complexes with maximum number of
H, molecules for anthracene, phenanthrene and naphthacene
respectively and their corresponding binding energy values are
listed in Tables 2-4. The intermediate optimized geometries of
H, adsorbed Li* and Mg**-decorated PAHs are depicted in
Fig. S1-S3 (see ESIt). In this study, each of the two metal centres
are first allowed to bind one H, molecule and the average
binding energy (ABE) is calculated. Afterward, each metal is
allowed to bind with the second molecule of H, and again the

13phen2li(s):6h

i dui-m=2.05
& 0.752
=

ABE value is determined. In doing so, we have observed that
a Li* ion can bind maximum three molecules of H,, whereas for
Mg>* the limit extends up to six. During the H, adsorption
process, the H, molecules adopt different orientations around
the metal centres. When only one H, molecule binds to the
metal centre, it always remains on the top of the metal ion
irrespective of the nature of the metal ion. However, when more
than one H, molecules are attached, to avoid the steric
hindrance, the H, molecules reorient themselves around the
metal ions, where the axis of H, molecules get tilted with

D 0.752

dui-m:=2.05

dui-n:=2.05

ﬁjsz

13phen2li(0):6h

Fig.3 Optimized geometries of Li*-decorated phenanthrene with maximum number of H, molecules. d;_, represent the average bond length
between Li* and H, molecules at CAM-B3LYP level in conjunction with 6-311+G(d,p) basis set. All bond lengths are in angstrom A.
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Fig.4 Optimized geometries of (a) Li*-decorated on 'R1-R4', (b) Mg®* -decorated on ‘R1-R4’, (c) Li*-decorated on ‘R1-R3’, (d) Li*-decorated on
‘R1-R2’ position of naphthacene with maximum number of H, molecules at CAM-B3LYP level in conjunction with 6-311+G(d,p) basis set. dy;_p,
and dug-n, represent the average bond length between Li"/Mg2+ and H, molecules. All bond lengths are given in angstrom A.

respect to the plane of the aromatic rings. In the following
sections, we are going to elaborate the entire phenomena.
3.2.1. Adsorption of H, on anthracene. We have initiated
our investigation by studying the binding of H, molecules on
Li*- and Mg”*-decorated anthracene. In case of 13ant2li(s), the

9526 | RSC Adv., 2017, 7, 9521-9533

first pair of H, molecules interacts with Li" centres with asso-
ciated average binding energy value (ABE) of —17.2 kJ mol .
The ABE values calculated for 13ant2li(s):4h and 13ant2li(s):6h
are —13.8 and —11.9 k] mol *, respectively, where the associ-
ated Li*-H, distances are measured to be 2.02 A and 2.03 A,

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra25746a

Open Access Article. Published on 31 January 2017. Downloaded on 3/12/2026 2:56:40 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Table2 BSSE corrected average H, binding energy (ABE) (kJ mol™?) of
Li+/Mgz+-decorated anthracene and charges on the metal ions (a.u.)
on the two rings at CAM-B3LYP level

ABE (k] mol ™)

298 K, 700

System 0K,1atm atm Charge on metal ion

13ant2li(s):2h -17.2 —34.2 0.922 (R1)  0.922 (R3)
13ant21i(s):4h -13.8 —22.2 0.895 (R1)  0.895 (R3)
13ant2li(s):6h -11.9 -17.5 0.869 (R1)  0.869 (R3)
13ant2li(o):2h —17.7 —34.7 0.924 (R1) 0.924 (R3)
13ant2li(0):4h —-14.6 —22.9 0.894 (R1)  0.894 (R3)
13ant2li(o):6h —12.1 -17.5 0.868 (R1)  0.868 (R3)
13ant2mg(s):2h ~ —73.0 —95.0 1.785 (R1)  1.785 (R3)
13ant2mg(s):4h  —61.7 —73.0 1.731 (R1) 1.731 (R3)
13ant2mg(s):6h  —55.1 —62.4 1.686 (R1)  1.686 (R3)
13ant2mg(s):8h ~ —48.3 —53.6 1.649 (R1) 1.648 (R3)
13ant2mg(s):10h  —41.6 —45.9 1.618 (R1)  1.618 (R3)
13ant2mg(s):12h  —36.0 —39.4 1.597 (R1)  1.596 (R3)
13ant2mg(o):2h  —73.0 —95.5 1.787 (R1)  1.787 (R3)
13ant2mg(o):4h  —62.3 -73.7 1.731 (R1)  1.731 (R3)
13ant2mg(o):6h  —55.4 —62.8 1.686 (R1)  1.686 (R3)
13ant2mg(o):8h ~ —48.8 —54.2 1.649 (R1)  1.648 (R3)
13ant2mg(0):10h  —42.2 —46.5 1.618 (R1) 1.618 (R3)
13ant2mg(o):12h  —36.5 —31.0 1.596 (R1)  1.596 (R3)

respectively. In case of 13ant2li(o), the ABE values decrease to
—17.7, —14.6 and —12.1 k] mol " for consecutive binding of
two, four and six H, molecules. In this context, it should be
mentioned here that the H-H bond length remains more or less
similar with the increase in the number of H, molecules. The
gradual decrease in the ABE values and increase in djj—y,
distance with increasing number of adsorbed H, molecules
suggest the weakening of interactions between Li" and H,
molecules. While studying the adsorption phenomena of Mg>*
decorated anthracene, it is apparent that maximum twelve H,
molecules can be accommodated, where each Mg>* ion centre
holds six H, molecules. The ABE values for the first pair of H,
molecules adsorbed on the two Mg”" centres of 13ant2mg(s)
and 13ant2mg(o) are found to be equal, that is —73.0 k] mol .
Further adsorption of H, molecules on 13ant2mg(s) leads to
decrease of ABE to —61.7, —55.1, —48.3, —41.6 and —36.0 kJ
mol™" for four, six, eight, ten and twelve H, molecules,

Table 3 BSSE corrected average H, binding energy (ABE) (kJ mol™?) of
*-decorated phenanthrene and charges on the metal ions (a.u.) on
the two rings at CAM-B3LYP level

ABE (kJ mol ")

298 K, 700

System 0K,1atm atm Charge on metal ion

13phen2li(s):2h  —16.7 —34.4 0.920 (R1)  0.920 (R3)
13phen2li(s):4h ~ —13.0 —21.8 0.890 (R1)  0.890 (R3)
13phen2li(s):6h ~ —11.2 -17.1 0.866 (R1)  0.873 (R3)
13phen2li(0):2h  —17.2 —35.1 0.922 (R1)  0.922 (R3)
13phen2li(0):4h  —13.7 —22.6 0.893 (R1)  0.893 (R3)
13phen2li(o):6h  —11.2 -17.2 0.868 (R1)  0.869 (R3)
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respectively. As evident from Table 2, similar decreasing trend
for the average binding energy values of —62.3, —55.4, —48.8,
—42.2 and —36.5 k] mol ™" respectively for the second, third,
fourth, fifth and sixth pair of H, molecules is exhibited by the
13ant2mg(o) complex.

3.2.2. Adsorption of H, on phenanthrene. Adsorption of
molecular H, on Li'-decorated phenanthrene is discussed here.
The ABE value corresponding to the adsorption of first pair of
H, molecules on 13phen2li(s) is —16.7 k] mol *, which is
comparable to that observed in case of 13ant2li(s). Similar to
the anthracene system, here also further addition of H, mole-
cules leads to gradual decrease in ABE values, as evident from
Table 3. The increment in the H,-Li" distance is clearly visible
from the S2(a) (see ESIT) and Fig. 3, the values are 1.98, 2.04 and
2.05 A for the consecutive addition of two, four and six hydrogen
molecules to 13phen2li(s). A similar decreasing trend is noticed
in case of 13phen2li(o) also, where the ABE values are in the
range of —17.3, —13.7 and —11.2 kJ mol™" up to accumulation
of three H, pairs consecutively. The H,-Li" distances are
calculated to be 1.95, 2.02 and 2.05 A for 13phen2li(0):2h,
13phen2li(0):4h and 13phen2li(o):6h, respectively, which is
almost identical to the 13phen2li(s) complex. Hence, similar to
the Li*-decorated anthracene, here also we encountered almost
similar results.

3.2.3. Adsorption of H, on naphthacene. Now the objective
of our work is to find out the binding ability of Li" and

Table 4 BSSE corrected average H, binding energy (ABE) values (kJ
mol™Y) of Li*/Mgz"-decorated naphthacene and charges on the metal
ions (a.u.) on the two rings at CAM-B3LYP level

ABE (k] mol ™)

298 K, 700

System 0K,1atm atm Charge on metal ion
12napc2li(o):2h -17.3 —41.6 0.929 (R1) 0.936 (R2)
12napc2li(o):4h -14.8 —27.0 0.896 (R1)  0.900 (R2)
13napc2li(s):2h -16.1 —39.9 0.923 (R1)  0.929 (R3)
13napc2li(s):4h -12.9 —24.8 0.909 (R1)  0.909 (R3)
13napc2li(o):2h —16.4 —40.3 0.924 (R1)  0.929 (R3)
13napc2li(o):4h -13.7 —25.6 0.893 (R1)  0.895 (R3)
14nape2li(s):2h —15.4 -38.7 0.921 (R1)  0.921 (R4)
14napc2li(s):4h -11.9 —23.6 0.890 (R1)  0.89 (R4)
14napc2li(s):6h —-9.6 —-17.4 0.865 (R1)  0.865 (R4)
14napc2li(o):2h —15.7 —39.0 0.921 (R1)  0.921 (R4)
14napc2li(o):4h —12.4 —24.1 0.891 (R1) 0.891 (R4)
14napc2li(o):6h ~10.0 -17.8 0.865 (R1)  0.865 (R4)
14napc2mg(s):2h  —65.2 —94.8 1.777 (R1) 1.777 (R4)
14napc2mg(s):4h —56.1 —70.9 1.728 (R1) 1.728 (R4)
14napc2mg(s):6h ~ —49.4 —-59.3 1.689 (R1) 1.689 (R4)
14napc2mg(s):8h —43.8 —51.2 1.653 (R1) 1.653 (R4)
14napc2mg(s):10h  —37.3 —43.2 1.628 (R1) 1.628 (R4)
14napc2mg(s):12h  —31.9 ~36.9 1.609 (R1) 1.609 (R4)
l4napc2mg(o):2h  —65.8 —95.2 1.778 (R1) 1.778 (R4)
14napc2mg(o):4h  —56.6 -71.3 1.729 (R1) 1.729 (R4)
14napc2mg(o):6h  —49.9 —59.7 1.688 (R1) 1.688 (R4)
14napc2mg(0):8h ~ —44.2 —51.5 1.653 (R1) 1.653 (R4)
14napc2mg(o):10h  —37.6 —43.5 1.627 (R1) 1.627 (R4)
14napc2mg(o):12h  —32.2 -37.1 1.609 (R1)  1.609 (R4)
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Mg>"-decorated naphthacene towards molecular H,. At first we
have studied the adsorption of molecular H, on 14napc2li(s),
where we have observed that each Li" can bind three molecules
of H,. The first pair of H, molecules binds to the Li" centres
decorated over R1 and R4 with ABE value of —15.7 k] mol * and
positioned at a distance of 1.97 A from the respective Li"
centres. The adsorption of second pair of H, molecules gener-
ating 14napc2li(s):4h leads to decrease of the ABE value to
—12.4 kJ mol*, which further gets reduced to —10.0 kJ mol *
for 14napc2li(s):6h. Apparent from Table 4, for 14napc2li(o)
complex, the ABE values obtained for the binding of H, mole-
cules are in the similar range to the former analogue. While
considering the binding of first pair of H, molecules on
l4napc2mg(s), it is observed that the distance between H,
molecule and Mg>" is 2.05 A and the associated ABE value is
—65.2 k] mol ™", which is greater than the Li* analogue. In
harmony with the aforementioned discussions, here also each
Mg>* can accommodate maximum of six molecular H, and as
a whole the Mg>*-decorated naphthacene can bind a total of
twelve H, molecules. The successive addition of H, molecules
leads to the decrease in ABE values from —65.2 to —56.1 to
—49.4 to —43.8 to —37.3 to —31.9 k] mol~' for successive
adsorption of H, molecules from two to twelve. 14napc2mg(o)
complex shows similar trend as that of 14napc2mg(s), where the
ABE values are —65.8, —56.6, —49.9, —44.2, —37.6 and —32.2 k]
mol ' respectively for the six consecutive H, pairs from
14napc2mg(s):2h to 14napc2mg(s):12h. For both Li* and Mg>*-
decorated naphthacene, the increment in Li'™-H,/Mg”*-H

distance with increasing the number of adsorbed H, molecules
indicates the gradual weakening of interactions between the

Table 5 Second order energy correction (AEc7) associated with
(BDH_H d LPLi*/Mg“)
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metal centres and H, molecules. However, in the other three
cases, Le., 13napc2li(s), 13napc2li(o) and 12napc2li(o), each Li"
binds maximum of two H, molecules and thus the binding
capacity of the total system gets restricted to four molecular H,.
For 13napc2li(s):4h and 13napc2li(o):4h systems, the ABE
values are calculated to be —12.9 k] mol™* and —13.7 k] mol ™%,
respectively. While investigating the H, binding interaction in
12napc2li(o), we observed that the first pair of H, molecules
binds with ABE value of —17.3 k] mol*, further addition leads
to decrease in the ABE value to —14.8 k] mol ™.

Table S1 (in ESIT) depicts the BSSE corrected successive H,
binding energy (ABE(n)) of Li’/Mg”*-decorated anthracene,
phenanthrene and naphthacene.

3.2.4. Hydrogen storage at 700 atm and 298 K. Our study is
primarily focussed at 0 K temperature and 1 atm pressure.
However, storage of hydrogen as a gas typically requires high
tanks having pressure around 350 to 700 atm.” So, in order to
give a more realistic picture of the efficiency of the systems, we
have carried out a parallel study at a pressure of 700 atm and
temperature 298 K. The two parallel studies reveal the same
ability of the complexes to bind H, molecules under the two
different conditions of pressure and temperature. But the
binding energy of hydrogen to the metal ions is found to be
increased at a high pressure of 700 atm and room temperature,
as evident from Tables 2-4.

3.3. NPA analysis

We have used the Natural Population Analysis (NPA) to evaluate
the charge distribution on the metal ion due to the energy

H, to Li* charge transfer interaction in Li*/Mg?*-decorated PAHs

System AEcr (k] mol™)
13ant2li(s):2h 51.9
13ant21i(s):4h 57.2
13ant2li(s):6h 61.8
13ant2li(o):2h 53.0
13ant2li(0):4h 59.2
13ant2li(o):6h 62.1
13ant2mg(s):2h 123.1
13ant2mg(s):4h 132.5
13ant2mg(s):6h 135.6
13ant2mg(s):8h 132.9
13ant2mg(s):10h 121.7
13ant2mg(s):12h 107.7
13ant2mg(o):2h 123.3
13ant2mg(o):4h 133.5
13ant2mg(o):6h 135.7
13ant2mg(o):8h 133.1
13ant2mg(0):10h 122.2
13ant2mg(o):12h 108.0
13phenz2li(s):2h 53.2
13phen2li(s):4h 57.5
13phen2li(s):6h 60.2
13phen2li(o):2h 54.3
13phen2li(0):4h 58.5
13phenz2li(o):6h 60.1
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System AEcr (k] mol™)
14nape2li(s):2h 51.6
14napc2li(s):4h 58.5
14napc2li(s):6h 59.8
14napc2li(o):2h 52.2
14napc2li(o):4h 59.2
14napc2li(o):6h 60.4
14napc2mg(s):2h 115.9
14napc2mg(s):4h 126.3
14napc2mg(s):6h 128.3
14napc2mg(s):8h 111.5
14napc2mg(s):10h 121.7
14napc2mg(s):12h 107.7
14napc2mg(o):2h 116
14napc2mg(o):4h 126.7
14napc2mg(o):6h 129.3
14napc2mg(o):8h 126.5
14napc2mg(0):10h 122.2
14napc2mg(o0):12h 108.0
13napc2li(s):2h 50.5
13napc2li(s):4h 41.5
13napc2li(o):2h 51.2
13napc2li(o):4h 59.4
12napc2li(o):2h 12.5
12napc2li(o):4h 14.4

©
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13ant2li(s):6h

2'. . ‘.. 13ant2li(0):6h
%

(a)

13ant2mg(s):12h

13ant2mg(0):12h

(b)

Fig. 5 Electron density molecular graphs of (a) Li*-decorated anthracene, (b) Mg?*-decorated anthracene with maximum number of H,
molecules at CAM-B3LYP level in conjunction with 6-311+G(d,p) basis set. The green dot localized between the H, and the metal ion indicates

the location of bond critical point of the electron density.

transfer occurring between the donor H, molecules and the
acceptor metal ions.”>*® In case of metal-decorated anthracene,
the metal ion pairs on ‘R1-R3’ (either in same or in opposite
faces) possess identical charges as both of them experience the
same ring current from the aromatic substrate. In case of
13ant2li(s), the charge on lithium is 0.962 which decreases to
0.922, 0.895 and 0.869 after the consecutive addition of two,
four and six molecules of hydrogen. Before the binding of H,
molecules, the charge on Mg”* in 13ant2mg(s) is observed to be
1.838 which gradually decreases to 1.785, 1.731, 1.686, 1.648,

13phen2li(s):6h

1.618 and 1.597 after the addition of two, four, six, eight, ten
and twelve H, molecules. As seen from Table 2, for both
13ant2li(o) and 13ant2mg(o), a trend similar to the above
mentioned cases is observed. For 13ant2li(o), the charge of
0.963 on lithium decreases to 0.924, 0.894 and 0.868 after the
adsorption of two, four and six molecules of H,; that is found to
be 1.787, 1.731, 1.686, 1.649, 1.618 and 1.596 for 13ant2mg(o)
after the accumulation of one, two, three, four, five and six pairs
of H, on each Mg, respectively.

13phen2li(0):6h

Fig. 6 Electron density molecular graphs of Li*-decorated phenanthrene with maximum number of H, molecules at CAM-B3LYP level in
conjunction with 6-3114+G(d,p) basis set. The green dot localized between the H, and the metal ion indicates the location of bond critical point of

the electron density.
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14napc2li(s):6h

';',"'. 14nape2li(0):6h

(b) & B

13napc2li(s):4h

12napc2li(s):4h
)

13napc2li(o):4h
(©)

Fig.7 Electron density molecular graphs of (a) Li*-decorated on ‘R1-R4’, (b) Mg?"-decorated on ‘R1-R4’, (c) Li*-decorated on ‘R1-R3’, (d) Li*-
decorated on 'R1-R2’ position of naphthacene with maximum number of H, molecules at CAM-B3LYP level in conjunction with 6-311+G(d,p)
basis set. The green dot localized between the H, and the metal ion indicates the location of bond critical point of the electron density.

Like anthracene, a similar trend of NPA charges is observed
for phenanthrene, where the metal decoration is restricted to
Li" only. As evident from Table 3, for 13phen2li(s), the NPA
charge of 0.961 gets reduced to 0.920, 0.890 and 0.866 after

9530 | RSC Adv., 2017, 7, 9521-9533

consecutive binding of two, four and six molecular hydrogens.
For 13phen2li(o), the calculated value of 0.963 before H,
adsorption decreases to 0.922, 0.893 and 0.868, respectively
after adsorption of two, four and six H, molecules.

This journal is © The Royal Society of Chemistry 2017
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Among the three binding sites of the metal ion pairs in
naphthacene, i.e., ‘R1-R4’, ‘R1-R3’ and ‘R1-R2’, the charges on
metal ions are same for the first one only as both the metal ions
are placed under same ring current environment. For the latter
two, charges on the two metals vary slightly because of their
positions in two different ring current environment. In case of
14napc2li(s) and 14napc2li(o), the charge on both the Li" ions is
found to be 0.961. In 13napc2li(s), the charge on Li decorated on
‘R1’ is 0.962 and that on ‘R3’ is 0.965, while those in case of
13napc2li(o) are 0.964 and 0.966 on the Li ions decorated on
‘R1’ and ‘R3’ respectively, which are slightly higher than the
14napc2li(s) and 14napc2li(o) analogues, but lower than
12napc2li(o) having Li metal ions with charges 0.968 and 0.970
on ‘R1’ and ‘R2’. Hence, it is apparent that the adsorption of H,
molecules on the Li metal ions results in the sharp decrease of
electronic charge from 0.921 to 0.891 to 0.865 for both 14nap-
c2li(s) and 14napc2li(o). Similar trend is observed in 13nap-
c2li(s), 13napc2li(o) and 12napc2li(o), as evident from Table 4.
For the Mg*"-decorated naphthacene systems, namely,
14napc2mg(s) and 14napc2mg(o), the charges on the metal ions
are 1.820 and 1.821, which decrease to 1.777, 1.728, 1.689,
1.653, 1.628 and 1.609 after the adsorption of two, four, six,
eight, ten and twelve molecules of H, respectively.

3.4. NBO analysis

The NBO analysis is an efficient tool for investigating the energy
transfer phenomena between the bonding orbital of H, mole-
cule and the antibonding orbitals of metal ions. In Table 5, we
have tabulated all the energy transfer values calculated for all
Li* and Mg*"-decorated PAHs. In case of Li'-decorated anthra-
cenes, the AEZF values for the first pair of H, molecules are
found to be 51.9 and 53.0 k] mol*, respectively for 13ant2li(s)
and 13ant2li(o), which increase to 57.2 and 61.8 k] mol™" for
second and third pair of H, adsorption in case of 13ant2li(s);
while for 13ant2li(o), the respective values become 59.2 and 62.1
k] mol ' respectively. In case of the Mg®" analogues, for
13ant2mg(s), the AESE values are 123.1, 132.5, 135.6, 132.9,
121.7 and 107.7 k] mol ! after the adsorption of two, four, six,
eight, ten and twelve H, molecules, respectively, whereas for
13ant2mg(o), the corresponding AEEF values are 123.3, 133.5,
135.7, 133.1, 102.2 and 108 kJ mol . For 13phen2li(s), the
observed values are 53.2, 57.5 and 60.2 k] mol™* for the
adsorption of two, four and six H, molecules, which are 54.3,
58.5 and 60.1 k] mol " for 13phen2li(o). In case of 14napc2li(s)
and 14napc2li(o), when the first pair of H, molecules are
adsorbed, the AEZ¥ values are 51.6 and 52.2 kJ mol ™, respec-
tively. So, with increasing number of adsorbed H, molecules,
the molecules get tilted and the values of AEGF are found to be
increased, as observed in the earlier cases. In 14napc2li(s):6h
and 14napc2li(0):6h, the AEZF values are increased to 59.8 and
60.4 k] mol™', respectively. In the Mg analogue, for
14napc2mg(s), the value increases from 115.9 to 128.3 k] mol "
with the adsorption of two to six H, molecules and decreases
slightly to 111.5 to 121.7 to 107.7 kJ mol " after adsorption of
eight to ten to twelve molecules of H,. The corresponding values
observed for 14napc2mg(o) are 116.0, 126.7, 129.3, 126.5, 102.2
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and 108 k] mol " respectively. 13napc2li(s) gives AESF values of
50.5 and 41.5 k] mol~" for two and four hydrogen molecules,
while 51.2 and 59.4 k] mol ™" are calculated for 13napc2li(o).
Almost similar trend is observed for 12napc2li(o):2h and
12napc2li(o):4h with AESF values of 52.2 and 60.1 kJ mol™"
respectively.

Thus, in all the three systems, the amount of energy transfer
in Mg**-decorated systems is found to be much higher, about
twice, than that in the Li'-decorated systems. The value is
independent of whether the metal ions are decorated either in
same or opposite faces. In case of Li‘-decorated naphthacenes,
the value remains almost same for all different binding sites.

3.5. AIM analysis

In order to perceive better physical understanding of the H,-
metal ion interaction of the Li* and Mg>'-decorated PAHs, we
have opted for AIM analysis. Tables S2-S47 exhibit the electron
density and the Laplacian of charge density (V*p) values at the
H,-metal ion BCP of the complexes. The molecular graphs of
the decorated systems with maximum number of adsorbed
hydrogen molecules on them are illustrated in Fig. 5-7. As
evident from Tables S2-S4, positive values of both V?p and H(r)
at the respective BCPs suggest weak interactions between the
metal ions and the adsorbed hydrogen molecules. In our
systems, the values of charge density and V?p lie within the
range of 0.008-0.013 and 0.043-0.068, respectively for the Li*-
decorated systems, and those for Mg>*-decorated systems lie
within the range of 0.09-0.019 and 0.028-0.084, respectively,
indicating the interaction to be greater than van der Waals
interaction in each case. Comparatively higher values of charge
density and V?p indicate stronger charge shift type interactions
among H,-Mg>" complexes than H,-Li" analogues. Also, the
ratio —G(r)/V(r) is greater than 1 in all cases, connoting the non-
covalent type of Hy-metal ion interactions.

4. Conclusion

In the present work, we have explored the possibility of
hydrogen adsorption on three Li* and Mg”*-decorated polycyclic
aromatic hydrocarbons (PAHs): anthracene, phenanthrene and
naphthacene. The main objective is to decorate the PAHs with
multiple metal ions, and we are successful in decorating
maximum two metal ions with appreciable interaction energies.
All favourable sites for the decoration of metal ion pairs have
been investigated for three aromatic systems. The Li" ions in
pairs are found to prefer ring-over site, while bond-over site is
observed to be more preferable for Mg”* ions in pairs. Anthra-
cene is found to bind both Li* and Mg>" ions on ‘R1-R3’ posi-
tions both at same as well as opposite faces, but phenanthrene
binds only Li* on ‘R1-R3’ position at same and opposite faces,
but not Mg>*, probably due to electrostatic repulsion arising
when the two Mg”* ions on terminal rings get too closer. In case
of naphthacene, ‘R1-R4’ position is feasible for decoration of
both Li* and Mg>" on both same and opposite faces. In addition
to the terminal rings of naphthacene, decoration of Li* ion pair
is feasible at the same and opposite faces of ‘R1-R3’ and only at
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the opposite faces of ‘R1-R2’ position. However, two Mg>" ions
could not be decorated on these sites. Each Mg”" and Li* ion is
found to bind 4 and 3 molecular hydrogens respectively when
decorated on the terminal ring, but Li" ions of 13napc2li(o),
13napc2li(s) and 12napc2li(o) bind only 2 molecular hydrogens.
The interaction energy of the metal ions with the aromatic rings
increases as the distance between the pairs increases, or on
enlarging the aromatic systems. Among the three PAHs, the
largest binding energies are noted when anthracene is deco-
rated with Li* or Mg”*. The binding energy is found to be higher
in case of Mg**-decorated PAHs compared to the Li* analogues.
The gravimetric storage capacity is found to be maximum for
the Mg”*-decorated systems of anthracene and naphthacene
possessing 9.6 and 8%, respectively, with average binding
energies around —36 and —32 k] mol " per hydrogen, that are
optimal for reversible hydrogen storage. From the NBO analysis,
it is observed that considerable amount of charge transfer
occurs from the bonding orbital of hydrogen molecule to the
antibonding lone pair orbital of metal ion, which is greater in
case of the Mg**-decorated systems compared to Li" analogues.
We had endeavoured decorating more than two metal ions on
pentacene, possessing five fused adjacent aromatic rings, but
the attempt was failed. So, decorating only two metal ions on
large PAHs would not be a wise attempt as it leads to further
decrease in gravimetric storage capacity. Based on our DFT
calculations, Mg”*-decorated anthracene can be considered as
the best candidate among the small metal ion decorated PAHs
for reversible hydrogen storage due to its optimal binding
energy and maximum hydrogen binding ability; thus, it can be
considered as modified organic linker which may help devel-
oping MOFs in future that can entrap and release H, molecules
reversibly at moderate temperature and pressure.
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