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Abstract: We used first-principles calculations to investigate the adsorptive binding of
hydrogen molecule with lithium doped triethynylbenzene. The prior binding site of Li*
is above the C=C triple bond rather than the aromatic ring at the computational level of
UMO06-L/6-311G(d,p), which could provide an accurate description of cation-mt
interaction. For single, double, and multiple dihydrogen interaction with a formula unit
of Li*-doped triethynylbenzene, the average binding energies per Hz are found to be in
the range of -5.08 ~ —4.58 kcal/mol. The strong binding affinity is promising for
hydrogen storage, since it will play a crucial role in physisorption at ambient condition.
Further, with a saturated 4-5-5 adsorption, a reversible hydrogen storage capacity of
14.0 wt% is attained. Based on the calculated results, we designed Li cation doped
conjugated microporous polymer as hydrogen storage medium and obtained excellent
hydrogen uptake performance.
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1 Introduction

The non-renewable fossil fuel resources are fast diminishing and the combustion of them
always leads to not only environmental pollution but also global warming, nowadays it is
imperative to exploit new sources of energy. Molecular hydrogen is thought to be an ideal
replacement, because it is clean and renewable, and also abundant on earth. While
considerable challenges exist in hydrogen economy, enormous efforts have been focused on
developing viable hydrogen storage materials [1]. Previous studies have been devoted to
complex light metal hydrides [2] as well as carbon [3-8] or BN [9, 10] based nanostructures,
metal-organic frameworks (MOF) [11-16], covalent organic frameworks (COF) [17-21],
zeolites [22-24], and even organic chemical hydrides [25-28]. Although many of them exhibit
interesting characteristics, the problems still remain due to that they all have poor
thermodynamics or kinetics, and actually none in experiment yet meet the new 2017 US
Department of Energy target of 5.5 wt% reversible hydrogen storage at ambient condition.
The current stage prompts us to expedite the hydrogen energy research that demands safe,
efficient, and economic hydrogen storage materials.

Of the existing materials, porous polymer would be a kind of appropriate candidate for
hydrogen storage as relatively simple and economic synthesis, for example, Ti-coated
polymers, particularly polyacetylene [29] and ethylene [30] complexes have been suggested
to possess good gravimetric densities, but Ti atoms tend to cluster and severely undermine
the hydrogen storage capacity [31]. Through numerous studies of porous solid structures,
such as MOF and COF, porosity and accessible surface area are prerequisite factors for gas
uptake. So far, there are lack of pertinent investigations on polymer systems, partially
because of their amorphism in nature and low thermal stability. Very interestingly, a new
family of rigid conjugated microporous polymer (CMP) using triethynylbenzene as building
block were synthesized by Cooper et al. [32, 33], who claimed that the CMP has very good
chemical and thermal stability and retention of microporosity under a variety of conditions,
moreover, the physical properties like micropore size and surface area can be fine tuned by
varying the monomer strut.

Various ab initio calculations, grand canonical Monte Carlo and molecular dynamics
simulations have recently shown that doping with alkali metals can enhance the
fundamental interaction of H> with the host structures in a desired range of magnitude [5,
34-42]. The mechanism can be generally attributed to electrostatic charge-quadrupole and

charge induced dipole interactions, which is further related to the localization and
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polarizability between hydrogen and charged metal sites [43—45]. Intriguingly, substantial
enhancement of hydrogen uptake has been experimentally realized by doping a
mixed-ligand MOF with Li* [46, 47].

On the basis of all of these investigations and followed by our pioneering work [5]
about a Li-pillared graphene sheet system fulfilling the 6.0 wt% target theoretically, herein
we used density functional theory (DFT) calculations to investigate hydrogen binding with
Li-doped triethynylbenzene (representing Li-doped CMP). Lithium is favorably chosen, not
only because it is the lightest metal, but also due to that it binds more strongly to C than to
itself (shown in Section 3) and the cohesive energy of bulk Li is smaller than those of
transition metals, which discounts the likelihood of clustering [8, 34]. Schematic diagram,
Figure 1, displays the CMP under research; the polymer network is chosen the same as the
homocoupled conjugated microporous polymer produced from 1,3,5-triethynylbenzene
(HCMP-1) reported in Ref. 32. The ultrahigh porosity and amorphous property are clearly
illustrated, and the Brunauer-Emmet-Teller (BET) surface area was assessed to be as high as
about 842 m?/g [32]. It should be note that the advantage of alkali metals over other metal
elements is that the isolated form is preferred over clustering, and lithium selected in this
work has accessional superiority as it is the lightest metal element.

Figure 1: Schematic diagram of the HCMP-1 network structure (Ref. 32).

2 Computational methods

Owing to the amorphous property and consisting of huge number of atoms in CMP, we have
to run computation on smaller fragment, which is similar to the treatment of microporous
crystalline materials [40]. The representative molecular model by terminating the formula
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unit with H atom is indicated in Figure 2. Several theoretical studies have been conducted
on simple systems both at DFT and MP2 levels with large basis sets, in some sense MP2
method is more rigorous than the common DFT for treating electronic correlation [38, 40, 48],
nevertheless, the results show qualitative agreement with each other in acceptable
discrepancies. The metal cation-7t interaction is recognized as a strong noncovalent binding
force that plays a dominant role in present hydrogen storage case [49, 50], new density
functional M06-L has been recently developed and validated to include medium-range
correlation energy [51]. We balanced the computational accuracy and CPU time by
employing electronic-spin-unrestricted UMO06-L/6-311G** level for both optimization and
single-point energy. All binding energies were corrected for the basis set superposition error
by means of the counterpoise scheme [52]. All calculations were performed with the Jaguar
program package [53].
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Figure 2: Optimized structures for the adsorptive binding of Li* on the representative
formula unit by terminating with H atom (atom colors: gray, carbon; white, hydrogen;
purple, lithium).

Table 1: Ab initio geometries (distances in angstrom and angles in degree) and binding
energies (BE, in kcal/mol) of Li*-ACE and Li*-MAC.

Li*-ACE 1 2 R o BE
Exp” 1.080 1.210 — 180.0 —
B3LYP/TZV® 1.070 1.202 2.311 175.2 21.3
UMO06-L/6-311G** 1.070 1.205 2.266 175.1 20.1
Li-MAC r1’ 2’ 3’ o o’ Ry’ RY BE
Exp” 1460 1.210 1.060 180.0 180.0 — — —
B3LYP/TZV* 1456 1.208 1.070 1773 1735 2385 2184 26.7

UMO6-L/6-311G** 1442 1.212 1.069 1784 1743 2419 2.180 26.0
2 Data obtained from Ref. 50
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In order to evaluate the accuracy of UMO06-L/6-311G** level compared with other
computational level, we have performed test calculations of some typical systems. Table 1
and Figure 3 show the results for acetylene (ACE) and methylacetylene (MAC) adducted
with lithium cation, while Table 2 presents the comparison among DFT (UMO06-L), MP2, and
more accurate CCSD (T) methods [38]. All tests indicate that the absolute energy differences
estimated among different theoretical methods are comparatively small (no more than 10%)
with respect to the binding energies, so UM06-L/6-311G** is accurate enough to describe the
interaction between lithium cation and carbon-carbon triple bond as well as the multiple
dihydrogen interaction with lithium containing organic molecules, and it is not necessary to
interpret with considerable caution for our proposed system.

Table 2: Optimized structures and binding energies for H2 molecules adsorbed over lithium
benzide among DFT (UMO06-L), MP2, and CCSD(T) methods” (atom colors: gray, carbon;
white, hydrogen; purple, lithium).

1 Hz 2 He 3 He 4 H>
> 3 3 P
Geometry “}J‘ Sl Al ISP d Al
4 J > ] & J <
UMO6-L/
-2.39 -2.84 -2.87 -2.93
6-311G**
MP2/def2-TZVPP? -2.55 -2.68 -2.76 -2.67
CCSD(T)/
-2.54 -2.71 -2.82 -2.71
CBS?

@ All BE values are in kcal/mol. *Calculated from Turbomole (Ref. 38).

3 Results and discussion

To determine the adsorption of Li* on CMP network, two active sites are examined: (a) Li*
above the center of hexagon (X site in Figure 2); (b) Li* above the C=C triple bond (T site).
For the latter binding site, two different structures labeled as T1 and T2 are shown in Figure
2. The optimized distance for X site between metal cation to the center of aromatic ring is
1.91 A, and the calculated binding energy is —1.28 eV. With regard to T site, when we place
Li* on the same side of the representative CMP unit (T1 structure), each Li* is bound to two
carbon atoms in C=C triple bond at two distances, i.e., 2.36 and 3.14 A, the corresponding
binding energy per Li* is —2.81 eV. While for T2 structure, both Li cations on the same side of
aromatic ring plane are bound to the neighboring C atoms at distances of 2.37 and 3.11 A,
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the binding energies are both —2.80 eV, the other Li cation is 2.39 and 3.09 A away from its
adjacent C atoms with a binding energy of —2.76 eV. To make discussion convenient, we
define these two different Li* positions: One denoted as P2Li is that two cations on the same
side of aromatic ring, P1Li is named to be that single Li cation on the other side of that plane.
For all optimized geometries of T site, tilt angles between C=C and terminal CH bonds are
observed as the terminal H atoms are tilted outward Li*.

Obviously, the binding energy of Li* above T site is almost twice larger than that above
X site, so T structure is the preferred one. A careful survey indicates T2 is stable than T1
(total energy Er2—Em = 0.1 eV), while the average binding energy per Li* (-2.79 eV) of T2 is
slightly smaller than that of T1 structure (-2.81 eV). The favorite T2 structure preserves in
the following situation of H2 adsorption. If network were extended, the tilting would result
in Li* clustering at first glance, however, in a realistic system, the linked units cross each
other with certain dihedral angels to allow enough space for Li* separation. It should be
noted here that the additional Li* can be bound symmetrically to X and T sites, but from the
experimental aspect, excessive penetration of lithium ions into the CMP network will result
in stacking and hence decreasing of the BET surface areas as well as the cumulative pore
volume, which would block gas uptake. This phenomenon has been confirmed by optimal
substoichiometric amounts of Li at about 5 mol% for facilitating gas adsorption [46].

Li*-ACE Li*-MAC

Figure 3: Optimized structures of acetylene (ACE) and methylacetylene (MAC) adducted
with lithium cation (atom colors: same as Figure 2).

Next, to discuss the hydrogen adsorption, only preferred T site is our research
prototype. In fact, no matter what the initial geometry for successively adding Hz2 molecules
would be, it is relaxed to the same final geometry as T2 framework. Figure 4 indicates the
optimized geometries of adsorbed H: on Li*-decorated CMP and Table 3 summarizes the
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calculated results, the number of hydrogen molecules per Li* under current investigation is
up to five. The first dihydrogen is adsorbed over the Li* in an asymmetric manner, which
means one of two H atoms becomes a little bit closer to the lithium cation. The Li* places
almost on the top of the benzene plane along the C=C-H line, which is similar to the
situation without hydrogen adsorption. All the distances from the centers of mass (c.m.) of
dihydrogens to Li cations are approximately 1.96 A, while the distances between Li* and its
closest C atom are slightly shortened, and the tilt angles increase a few degrees. The
relatively large binding energies of Hz for P1Li suggest that H2 is adsorbed more strongly
over P1Li position than P2Li. Note that the molecular H-H bond lengths are 0.75 A for both
positions, a little larger than the experimental value of 0.74 A [54] for the free H2 molecule,
which means that the polarization leads to a slight stretching of hydrogen molecule. When
the second dihydrogen is added, the distances between Li* and its closest C atom and the tilt
angles change little, and the H2 molecules take side-on placements with respect to Li*. H2
molecule is still bound strongly to Li* of P1Li. The average binding energy per H2 of — 4.69
kcal/mol is smaller than that of —5.08 kcal/mol for the first H2 interaction with Li*.

Table 3: Average binding energies for two different adsorption positions of H2 on lithium
cation and the corresponding total average values. The values for P1Li and total average in
the last column indicate the mean binding energies excluding the external dihydrogen. The
value in brackets is for the external dihydrogen. All values are in kcal/mol

1 H2 2 He 3 H 4 Ho 5 H2
. —4.65
P1Li -5.10 —4.72 —4.80 -4.63
(-1.33)
P2Li -5.07 —4.68 -4.69 —4.58 —4.55
Average -5.08 -4.69 -4.73 -4.59 —-4.58

In the presence of three or four adsorbed hydrogen molecules, the c.m. of dihydrogens
distribute as a triangular or square pattern with Li* located at the center of them to minimize
the repulsive Ha-H> interaction and maximize the attractive charge-quadrupole coupling.
Similar to one hydrogen adsorption, all the dihydrogens (two or more H2 adsorptions) are
found to be adsorbed asymmetrically over the Li* for both P1Li and P2Li positions. The
corresponding average binding energies for 3 and 4 H2 adsorption are estimated at —4.73 and
—4.59 kcal/mol, respectively. The last case presented here is 5-H2 adsorption, it is noticeable
that one dihydrogen is in equilibrium at about 4.05 A from the Li cation for P1Li position.
The particular binding energy of this dihydrogen is — 1.33 kcal/mol. The external position of
the weakly binding hydrogen is analogous to the scenario found by studying the clusters
Lis*(H2)n, and can be called as outer (second) shell as well [43]. By excluding the outer shell
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dihydrogen, the average binding energy for 4-H2 adsorption at P1Li and 5-H2 adsorption per
Li* at P2Li is still large with the value of — 4.58 kcal/mol. An additional sixth H2 molecule
(not shown) causes at least one dihydrogen to be far away from each Li* with Li-H distances
elongated and binding energies decreased. In fact, it also leads to strong binding for 4-H>
adsorption at P1Li and 5-H2 adsorption per Li* at P2Li. We could nominate this saturated
phenomenon to be 4-5-5 adsorption. Incorporating the factor of spatial alignment, now we
can deduce that six or more dihydrogens adsorption per Li* is not as stable as less
dihydrogens adsorption and it will not be beneficial to reversible hydrogen storage.

By comparing the average binding energies in Table 3, we found impressive adsorption
energy of hydrogen (0 K), the absolute values are much higher than that of the optimal
adsorption enthalpy (3.57 kcal/mol) at ambient condition [55]. The favorable Hz adsorption
number per Li can be up to four, thus the gravimetric density of Li*-decorated CMP becomes
12.4 wt% accordingly. It is even higher that the hydrogen storage capacity can amount to
14.0 wt% with saturated 4-5-5 adsorption. This is a remarkable result taking the relatively
easy and economic synthesis of CMP into account. The electrostatic charge-quadrupole and
charge-induced dipole interactions which is inherently stronger than the weak van der
Waals interactions are responsible for the medium magnitude of binding affinities [45].
Besides the electrostatic interactions, another contribution to the hydrogen molecules
adsorption is the charge transfer from H> molecules to the positive charged Li*. Through
Mulliken population analysis, it is well understood that when a dihydrogen is adsorbed
over the Li*, electron density is transferred from the H atom toward the positive Li*, however,
the magnitude of the charge transfer is very small and will decrease when additional H2 is
adsorbed onto the Li*-doped CMP. So the underlying mechanism is predominant with the
polarization-induced electrostatic effect rather than van der Waals interactions and orbital
interaction (i.e., donor-acceptor bonding by charge transfer).

Based on the calculated results, lithium cation doped CMP has a great potential to store
up to 14wt% hydrogen. We have carried out the experimental effort to synthesize Li doped
CMP [56]. Although first attempt with 0.5wt% Li-doped CMP demonstrated only 6.1wt%
hydrogen storage amount at 77K and 1bar, this hydrogen storage capacity is superior to any
reported physisorption hydrogen storage material such as carbon nanostructure (3.0wt%)
[57] and MOF (2.59wt%) [16] at same condition.

4 Conclusion

As a conclusion, accurate quantum mechanical calculations have been carried out with a
Li*-containing HCMP-1 unit model. The prior binding placement of Li* is above C=C triple
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bond rather than aromatic fragment. Single, double, and multiple H: interactions
demonstrate a strong binding affinity for dihydrogen physisorption with a mean value of at
least —4.5 kcal/mol, thus Li cation doped CMP has a prospective Hz storage capacity of 14.0
wt%. With the development of polymer synthesis method from fine-tunable monomer strut
and alkali metal doping technique, this computational-based scheme will be hopeful to
achieve efficient hydrogen storage materials.
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Figure 4: Optimized structures of 1, 2, 3, 4, and 5 H2 molecules adsorbed over Li*-decorated

CMP formula unit (atom colors: same as Figure 2).
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