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Abstract Highly stable salt functional groups consisting of
lithium cation and aromatic anions (C,H,Ns_,—Li) are
studied for hydrogen storage using ab initio calculations,
force field development, and grand canonical Monte Carlo
simulations. Second-order Mealler—Plesset perturbation the-
ory with the resolution of identity approximation calcula-
tions are calibrated at the CCSD(T)/complete basis set
(CBS) level of theory. The calibrations on different types
of binding sites are different, but can be used to correct the
van der Waals interactions systematically. The anion and salt
functional groups provide multiple binding sites. With in-
creased number of nitrogen atoms in the aromatic anion, the
number of binding sites increases but the average binding
energy decreases. Among the functional groups considered,
CHN,-Li exhibits the largest number of binding sites (14)
and a weak average binding energy of 5.7 kJ mol™" with
CCSD(T)/CBS correction. The calculated adsorption iso-
therms demonstrate that the introduction of the functional
group significantly enhances hydrogen uptake despite rela-
tively weak average binding energy. Therefore, it is con-
cluded that searching for functional groups with the larger
number of binding sites is another key factor for enhancing
the hydrogen storage capacity, given that other conditions
such as free volume and surface area are fixed.
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Introduction

Hydrogen storage is one of the major problems in the field
of hydrogen energy. Extensive efforts have been exerted on
developing physical adsorption materials such as metal or-
ganic frameworks (MOFs) and covalent organic frameworks
(COFs) [1-6]. Apart from being economical for manufac-
turing, an ideal material should have high gravimetric or
volumetric uptake capacity, fast kinetics for adsorption and
desorption, as well as good thermal and mechanical stability
[7]. The binding energies between H, molecules and their
framework are the widely accepted key factors that deter-
mine the adsorption capacity. Based on computer simula-
tions, Frost et al. [8] proposed that 10-20 kJ mol ™' binding
energy is required to meet the US DOE targets for on-board
storage [9].

Lithium doping is one approach to increase binding
strengths. Lithium cation (Li") is reportedly able to bind
up to six H, molecules with an average binding energy
(ABE) of 19.96 kJ mol ™' [10]. Several computational works
are based on a charge-neutral model in which lithium atoms
are mixed with charge-neutral materials [1-3]. Although
calculations indicate that hydrogen adsorption can be en-
hanced significantly, this approach lacks experimental sup-
port. Early reports on hydrogen uptake enhancement by
lithium doping on carbon nanotubes have revealed flaws
due to impurities [4, 5]. Subsequent measurements have
shown that lithium doped on pristine carbon materials such
as multiwall carbon nanotubes, intercalated graphite, graph-
eme, or graphite does not increase hydrogen uptake [5, 6].
Recent theoretical works have also raised the possibility of
doping lithium on pristine carbon materials. For example,
using fully correlated second-order Moller-Plesset (MP2)
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calculations, Ferre-Vilaplana [6] reported that the binding
energy and charge transfer between lithium and graphene
are so weak that the complex cannot provide a strong
binding force to hydrogen.

A different approach is the chemical introduction of Li"
to a reduction reagent. Mulfort and Hupp [11] presented a
functionalized MOF with Li" ions. Yang et al. [12] reported
that the incorporation of exposed Li" sites within a frame-
work can increase the isosteric heat of H, adsorption. Himsl
et al. [13] proposed a method to incorporate lithium alkox-
ide groups to organic linkers of MOFs by ion exchange. Li
et al. [14] demonstrated a strategy for enhancing hydrogen
storage capacity by doping conjugated microporous poly-
mers (CMPs) with Li". Klopper et al. [15] reported a first-
principles study on the interactions of molecular hydrogen
(H,) with lithium-substituted molecules, lithium benzide
(CgHsLi), lithium phenoxide (CqHsOLi), and lithium ben-
zoate (C¢HsCOOQOLi). Using the MP2/complete basis set
(CBS) and CCSD(T)/CBS methods, the binding energy
of H, with these compounds is predicted to be about
10.9 kJ mol .

Recently, a simulation work of our group [16] introduced
a new organic porous material that contains lithium tetrazo-
lide groups. The lithium tetrazolide group is more stable and
polarized than models formed by doping aromatic groups
with lithium atoms. More importantly, this functional group
can significantly improve the hydrogen storage capacity.
The predicted hydrogen uptake reaches 5.1 wt% at 233 K
and 10 MPa, exceeding the 2010 DOE target. This extraor-
dinary performance is due not to a strong binding energy
(ABE is only about 5-6 kJ mol ™), but to the large number
of bonding sites that the functional group provides.

In the present paper, the work of our group is extended by
considering a group of aromatic, five-membered ring
anions with different numbers of nitrogen atoms and
Li*, C,H,Ns_,Li [n=1-5]. Different basis sets used in
the MP2 perturbation theory with the resolution of identity
(RI) approximation (RI-MP2) [17] calculations were exam-
ined. A suitable basis set for describing hydrogen binding
energies was identified by comparing the RI-MP2 results
against the ab initio limiting data obtained by the CCSD(T)
method [18] and extrapolated CBS [19]. The purpose was to
establish a procedure for any proposed functional group
wherein similar calculations are performed to establish the
baseline data for developing force field parameters. The
force field is then used with grand canonical Monte Carlo
(GCMC) simulations to predict hydrogen uptake.

Computational details

The structures of the aromatic anions (C,H,Ns_,, ) and their
lithium salt molecules (C,H,Ns_,Li) were optimized using
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the density functional theory (DFT) with the B3LYP hybrid
density functional [20] and 6-31+G(d,p) basis set. The
optimized structures were verified by performing frequency
calculations. To determine the dissociation energies of the
salt molecules, single-point energies on the DFT-optimized
structures were obtained using the RI-MP2/cc-pVQZ
method for comparison with the DFT results. The dissocia-
tion energy of a salt molecule is the energy required to break
the salt into corresponding ions at infinite separation.

The structures of the hydrogen-bonded clusters were
optimized using the RI-MP2 [17] method without symmetry
constraints. The self-consistent field (SCF) convergence
criterion was set at 10 ®a.u., and the SCF density was
converged to 10~%, The optimizations were performed using
the def2-TZVPP basis set with the corresponding auxiliary
basis set for RI approximation [17]. The stationary points of
the optimized structures were verified by performing nu-
merical frequency calculations. Using the optimized struc-
tures, the binding energies between the ionic (anion or salt)
group and H, were calculated using various basis sets,
including 6-31+G(d,p), 6-311++G(2d,2p), TZVPP,
QZVPP, cc-pVTZ, and cc-pVQZ. The binding energies
were also calculated in two steps using the CCSD(T) corre-
lation and CBS. First, the RI-MP2 energies based on
Dunning’s correlation-consistent basis sets (cc-pVTZ and
cc-pVQZ) were calculated. These energies were then ex-
trapolated to the CBS limit by applying the two-point
Helgaker extrapolation scheme [19]:

ECBS . E])\;PZX?’ B EAZPZY?’ (1)
MP2 — X3 . Y3 ’
where X=3 and Y=4 are for the cc-pVTZ and cc-pVQZ

basis sets, respectively. The CCSD(T) limiting energies
were then obtained using the additive scheme [15]:

Ectip) = By + (E)C(CSD(T) - E)}\;Pz)a (2)

where the last term is calculated with the smaller basis set
(X = cc-pVQZ). The basis set superposition error (BSSE)
in the calculated binding energies was corrected using the
standard counterpoise correction method of Boys and
Bernardi [21]. All the Efm, E A}jIPZ’ and E)C(CSD(T) represent

total electronic energies.

The total binding energy (TBE) and ABE per molecule
were defined for analysis. The TBE for a cluster was calcu-
lated as the energy difference between the monomers (ionic
species and H,) and cluster. The ABE of a cluster was
computed by dividing the TBE with the number of H,
molecules in the cluster. The ABE could describe the aver-
age binding ability of a cluster for hydrogen molecules.

A force field representing the interactions between H,
and the functional groups was derived based on the calibrated
ab initio energy data. The rigid model was used in the force
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field calculations so that the interaction energies were rep-
resented by the pairwise Coulomb and Lennard-Johns (LJ)
12—-6 terms:

+—.

12 6
a-ij 0'1']'
E ij =F Ecou:4i‘ - e
() b Bt Ej[(h‘f) (ry‘) Ty
(3)

The Lorentz-Berthelot combination rule was used to con-
struct parameters for different atom pairs:

qi -9

Eij = \/EIEj
R 4)
O’,‘j = —

For H,, the Darkrim and Levesque (DL) potential func-
tion [22] was used. In the DL model, the H-H bond length is
fixed at 0.0741 nm. The LJ interaction site (0,=2.96 A and
£,=0.3051 kJ mol ") is placed at the center of the mass, and
three-point charges are placed on the nucleus (¢g;=0.4664)
and at the center of mass (¢;=—0.9328), representing the
quadruple moment of a H,.

Using the force field, the hydrogen adsorption iso-
therms and isosteric heat values were calculated using
GCMC simulations [23, 24]. The simulation techniques
are explained in our previous study [16]. The DFT
calculations were performed using the Gaussian 03 pro-
gram [25]. The RI-MP2 and CCSD(T) calculations were
performed using the TURBOMOLE 6.2 program [26].
The MC simulations were carried out using the Towhee
4.16.8 program [27].

Results and discussion
Interaction of Li" with aromatic heterocyclic anions

Figure 1 shows the B3LYP/6-31+G(d,p)-optimized struc-
tures of the salt molecules that consist of Li" and aromatic
five-membered rings with different numbers of nitrogen
atoms. Li" has two possible positions relative to the five-
membered ring: out-of-plane and in-plane. For the out-of-
plane structures, the lithium atom is above the ring but
inclined to nitrogen atoms if they exist. The distances be-
tween the lithium and ring plane range from 1.754 A to
1.850 A. The in-plane structures are formed by the bonding
between the lithium and nitrogen atoms. If nitrogen is be-
tween two carbon atoms in the five-membered ring, lithium
is bonded to nitrogen and the distances vary from 1.804 A to
1.819 A. If two or more nitrogen atoms are adjacent, they
share a lithium atom and the bond distances range from
1.829 A to 1.874 A.

Molecules that consist of Li" and aromatic anions are
very stable, as evidenced by their dissociation energies

CsHs-Li

R =
9 ;
)

in-plane out-of-plane

C3H3N,-Li (lithium pyrazolide)

in-plane out-of-plane

C53H;3N,-Li (Lithium imidazolide)

In-plane out-of-plane

Fig. 1 B3LYP/6-31+G(d,p) optimized structures of C,H,Ns_,—Li
isomers [#=1-5]. The lithium, nitrogen, carbon and hydrogen atoms
are colored by violet, blue, grey, and white. The dotted line represents
the vertical distance from Li atom to aromatic ring plane

(Table 1). The binding energies obtained at the B3LYP
functional are similar to those obtained at the MP2
level; the order of magnitude and trend of variation of
these energies are the same. The largest relative devia-
tion of the binding energy between B3LYP and RI-MP2/
vqz is less than 3 %. These results verify that the
B3LYP functional is sufficient for predicting the relative
strength of ionic interactions. Interestingly, the binding
energies at the RI-MP2 level with RI approximation
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1,2,3-C,H,N3-Li

in-plane

1,2, 4-C,H,N;-Li

out-of-plane

in-plane (I)

CHN,-Li

in-plane (II)

out-of-plane

in-plane (I)

Fig. 1 (continued)

are slightly higher than those at the conventional MP2
level based on the calculation of four-center integrals.
Relatively speaking, the B3LYP functional predicts
higher binding energies than conventional MP2 and
RI-MP2 methods.

The different predicted stabilities for different isomers of
lithium complexes in Table 1 exhibit certain patterns. With
increased number of nitrogen atoms in the ring, the binding
energy decreases. The introduction of carbon atoms to the
ring enhances the binding energy between nitrogen and
lithium. The in-plane pyrazolide CsH3;N,—Li exhibits a
higher binding energy than the out-of-plane isomer. The
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in-plane (IT)

out-of-plane

binding energy is related to the number of nitrogen atoms
directly involved in the bond. The large atomic charges
(more than 0.9 e) on Li indicate the ionic bonding in nature
between Li" and the aromatic anions. For the out-of-plane
lithium isomers, the NPA charge on Li increases from
0.909¢ to 0.934e with increased number of nitrogen atoms.
For the in-plane lithium isomers, the trend is the same but
the changes are smaller.

The dissociation energies and charge separations are
much stronger than those obtained for the charge-neutral
complex of lithium and aromatic rings [6]. To perform
a direct comparison, we optimized the lithium-benzene
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Table 1 Dissociation energies

(in kJ mol ™) of the salt Cluster Isomer DFT MP2 RI-MP2 Q(Li"

molecules consisting of aromatic

anion and lithium cation, CsHs-Li CsHs-Li 719.1 702.1 711.5 0.909

calculated using B3LYP, C,H,N-Li in-plane 643.8 627.5 631.3 0.960

conventional MP2, and RI-MP2

methods with cc-pVQZ basis . . f)ut of-plane 688.4 671.3 680.2 0.916

sets and BSSE corrections C3H3N,-Li (pyrazolide) in-plane 710.2 689.6 695.5 0.944

on structures optimized out-of-plane 662.0 645.3 653.3 0.923

Kzglzg/fé?lfg/g(—fl%éd’l’)’ C3H3No-Li (imidazolide) in-plane 622.4 602.7 606.5 0.954

RLMP2/de fz-(Tzf\)/’P?lmetho ds out-of-plane 648.7 634.9 643.2 0.929

respectively. The def2-TZVPP is C,H,N5-Li (1, 2, 3-triazolide) in-plane 677.7 655.4 661.1 0.933

comparable to 6-311G(2df). The out-of-plane 629.8 612.2 619.7 0.925

. o+

atomic charges on the Li" are C,H,N5-Li (1, 2, 4-triazolide) in-plane (I) 587.1 572.6 576.2 0.958

NPA charges calculated at the .

B3LYP/6-31+G(d,p) level in-plane (II) 673.4 654.6 660.3 0.939
out-of-plane 618.6 602.8 610.2 0.934

CHN,-Li in-plane (I) 632.2 617.8 623.1 0.934

in-plane (II) 632.1 612.6 618.0 0.941
out-of-plane 586.6 572.0 578.8 0.934

complex using the RI-MP2/cc-pVQZ method. The bind-
ing energy is only 15 kJ mol' and the NPA charge is
0.012e on lithium. This finding is consistent with that
reported through fully correlated MP2 calculations per-
formed on Li for a Li/graphene model compound with a
binding energy of 12.5 kJ mol™' and a charge transfer
of —0.06e [6].

Selection of basis set for weak binding energy predictions

To describe weak interactions with H,, a number of compu-
tational methods are compared with the CCSD(T)/CBS
results. The ABE values calculated using different meth-
ods and basis sets are summarized in Table 2. This study
was conducted using tetrazolide anion (CHN, ) and the
in-plane lithium complex (CHN4Li) as a model compound

Table 2 Comparison of ABE (in kJ mol™") calculated using different
ab initio methods. Two models, tetrazolide anion (CHN, ) and lithium
tetrazolide (CHN4—Li) are used for representing two typical binding
sites. All data include the BSSE corrections

Methods CHN, CHN4—Li
B3LYP/6-31+G(d,p) 6.2 5.6
MP2/6-311++G(2d,2p) 7.2 8.1
RI-MP2/TZVPP 7.5 9.0
RI-MP2/QZVPP 8.0 9.9
RI-MP2/cc-pVTZ 8.0 9.5
RI-MP2/cc-pVQZ 8.2 10.0
RI-MP2/CBS 8.3 10.5
CCSD(T)/TZVPP 7.6 8.9
CCSD(T)/cc-pVQZ 8.0 10.0
CCSD(T)/CBS 8.1 104

representing two typical binding sites, i.e., aromatic nitro-
gen and Li', respectively. For nitrogen, the ABE was
calculated using two bound H,. For Li", the ABE was
calculated with four bound H,. The B3LYP/6-31+G(d,p)
method underestimated the ABE by more than 2 kJ mol .
In the RI-MP2 calculations, the calculated ABE values
increased with increased size of the basis set. The effect
of the high-level electron correlation (from MP2 to CCSD
(T)) is slightly more complicated. With a small basis set
(TZVPP), the effect of the high-level correlation is not
very clear; however, with a large basis set, the high-level
correlation makes the ABE slightly weaker for the anion
but stronger for the salt. Using CCSD(T)/CBS as the
benchmark, one of the RI-MP2 methods can be used
with known systematic errors. In our previous work, RI-
MP2/TZVPP data were selected for developing force
field parameters. Table 2 shows that the ABE values
are —0.6 and —1.4 kJ mol ' weaker than the CCSD(T)/
CBS results for the aromatic nitrogen and Li' sites,
respectively. If the RI-MP2/cc-pVQZ method is used,
the ABE errors are about 0.1 kJ mol™' for the nitrogen
site and —0.4 kJ mol™' for the Li" site and the method is
used for all calculations in this paper. The introduction
of diffusion function for Li" does not improve the accuracy
of binding energies (See Table S8 in the Supporting
information, SI).

The best MP2 method obviously depends on the interac-
tion sites to be calculated. Hiiber et al. [28] reported that for
H, with substituted benzene CcHsX (X = H, F, OH, etc.), the
energy data obtained using the RI-MP2/TZVPP method are
close to those obtained using CCSD(T)/TZVPP and BSSE
corrections. Klopper et al. [15] reported that for lithium
containing benzene molecules (C¢HsLi, CsHsOLi, and
C¢HsCOOLI), the MP2 method with a complete basis set

@ Springer
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(MP2/CBS) is adequate and the CCSD(T) method does not
significantly change the binding energy.

Interactions of hydrogen with the anions

The aromatic anions provide multiple binding sites for H,.
Figure S1 shows the optimized structures of the complexes
of H, and C,H,Ns_, [n=1-5] anions. The structures
represent possible configurations with the maximum
number of H, molecules in direct contact with the
anions. These structures were obtained by adding H,
molecules one-by-one to minimize the possibility of
reduction to the local minimum. The structures show
that each nitrogen atom binds to two H, molecules,
and each side of the aromatic ring binds one. The
distances denoted are those between the hydrogen atoms
and the nearest nitrogen or ring plane. The H, mole-
cules are oriented in a “head-on” fashion toward the
interaction site, and the distances generally range within
2.3-2.6 A.

The binding energies are fairly strong between aromatic
anions and H,. Figure 2 summarizes the TBE as a func-
tion of the number of H, molecules (more specific data
are given in the SI). For each anion, the TBE scales up
linearly at roughly constant increments. Therefore, the
binding sites are more or less equivalent, there is no clear
order in which the binding sites are occupied. The slopes
(corresponding to ABE values) of the curves vary for
different species.

The ABE values are tabulated in Table 3. Although the
maximum number of adsorbed H, molecules increases with
the number of nitrogen atoms, the ABE decreases. The
anion with the greatest number of binding sites, CHN, ,
exhibits the lowest ABE of 7.0 kJ mol™'. The anion that

80 4
70 4

60 4

50

CSHSV
w0 ——CHN

—A— pyrazolide C.HN

3732

—w— imidazolide CRHlNZ'
—<4—1,2,3-CHN/
—»—1,2,4CHN’
—4—CHN,

30

20

Total binding energy (kJ/mol)

10

T T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10 11

Number of hydrogen molecules
Fig. 2 TBE of H, molecules with C,,H,Ns_,, anions as the number of
H, molecules, calculated at the level of RI-MP2/cc-pVQZ
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Table 3 The ABE (in kJ mol ") calculated for hydrogen molecules
bound to aromatic anions calculated at the RI-MP2/cc-pVQZ level of
theory. The average dipole moments (Debye) and bond lengths (A) of
the hydrogen molecules are listed for comparison

Models ABE I R

CsHs 14.1 0.248 0.748
C4H N 11.0 0.245 0.750
pyrazolide C3H;N, ™ 9.7 0.233 0.749
imidazolide C3H3N,~ 9.2 0.228 0.749
1,2, 3-CoH,N; - 8.3 0.212 0.748
1,2, 4-CoHoN; ™ 8.1 0.213 0.748
tetrazolide CHN,4 7.0 0.193 0.747

provides the fewest binding sites, CsHs , has the highest
binding energy of 14.1 kJ mol .

H, molecules are lined up toward the binding sites
(Fig. S1); thus, the induced dipoles of hydrogen can be
calculated using atomic charges and bond lengths:

I B —i
n= ; Z ri X ‘Q}—] )

i=1
where n is the total number of adsorbed H, molecules on
each specie, r; is the bond length of the ith H, molecule,

and ‘QIH‘ is the average absolute charge of two hydrogen

atoms for the ith H, molecule. The results listed in
Table 3 indicate that the H-H bond lengths are very
similar. However, the induced dipole moments of the
adsorbed H, molecule decrease with increased number
of nitrogen atoms in the aromatic ring from CsHs to
CHN, anions, indicating the decreased polarization abil-
ity of C,H,Ns_, anions. This trend is consistent with the
binding energies.

Interaction of hydrogen and lithium salt complexes
C,H,Ns_,—Li [n=1-5]

Salt molecules bind more H, molecules than their
corresponding anion species because both anions and cati-
ons provide binding sites. Figure S2 shows the optimized
structures of the salts in direct contact with the maximum
number of H, molecules. The pattern of the maximum
number of H, molecules can be described as follows. Five
H, molecules interact with Li" connected with one nitrogen
atom. Four H, molecules interact with Li" bound to two
nitrogen atoms. Three H, molecules interact directly with
out-of-plane Li". Each exposed nitrogen atom (no directly
bound Li") binds two H, molecules. Each side of the ring
binds one H, molecule. Up to 14 sites exist for in-plane
CHN4—Li.
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The binding sites are no longer equivalent based on the
changes in the slopes of the TBE curves in Fig. 3. The TBE
values shown are for 3a) out-of-plane, 3b) in-plane with the
Li cation bonded to one nitrogen, and 3c) in-plane with the
Li cation bonded to two nitrogen atoms. There are slope
transitions in most of the curves, indicating the changes
in ABE. For all complexes, the initial binding sites that
are also the strongest binding sites are the Li' sites.
Other binding sites are populated only after the Li" sites
are saturated.

The ABE values are classified as Li™ sites, anion sites,
overall average, and overall average with CCSD(T)/CBS
corrections in Table 4. The data are grouped in the same
way as those in Fig. 3. For the out-of-plane lithium com-
plexes (corresponding to Fig. 3a), the ABE for Li depends

(a)

75
70 4
65
60
55

50
45

—a—C 5HS—Li
—— C4H4N—Li
—A— pyrazolide C H\N

37732

40
-Li
—v— imidazolide C H\N -Li
—<4—1,2,3-CHN,-Li
—»—1,2, 4—C2H2N3—Li
—— CHN 4—Li

35

Total binding energy (kJ/mol)

10 T T T T T T T T T T T T 1
9 10 11 12

Number of hydrogen molecules

100 =
90 —
80
70
60 —
50 4

—=&— pyrazolide C H N -Li

—0—1,2,3-CHN_Li

—A—1,2,4-CHN._Li

—v¥— in-plane(l) CHN,-Li

—<¢— in-plane(Il) CHN 4—Li

40 |

30

Total binding energy (kJ/mol)

20

Number of hydrogen molecules

on the number of nitrogen atoms in the complexes, ranging
from 7.1 to 12.6 kJ mol'. More nitrogen atoms in the
complexes result in higher ABE values. For in-plane Li"
with one nitrogen atom directly bonded (corresponding to
Fig. 3b), the ABE values are similar and quite strong at
11.2-11.3 kJ mol™". For in-plane Li" with two nitrogen
atoms directly bound (corresponding to Fig. 3c), the ABE
values range within 8.8-10.0 kJ mol'. “A™ refers to bind-
ing sites on the anion, where the ABE values broadly range
within 3.4-8.7 kJ mol™'. The “overall” ABE values calcu-
lated using the arithmetic average range within 5.7-10.6 kJ
mol™'. The CCSD(T)/CBS values corrected using the cali-
bration data (see Table 2) are listed in the last column. Given
the opposite corrections for the anion (+0.1 kJ mol™") and
cation (—0.4 kJ mol™"), the overall corrections are minimal.

(b)

100 H
90
80+
70 4

60

504

—=— C HN-Li
—o— imidazolide C,H,N -Li
—A—1,2,4-CHNLi

40

304

Total binding energy (kJ/mol)

204

T T T T T T T T 1
4 5 6 7 8 9

Number of hydrogen molecules

Fig. 3 TBE of H, with different lithium salts calculated at the level of RI-MP2/cc-pVQZ. (a) out-of-plane (b) in-plane with the Li cation bonded to
one nitrogen atom and (c¢) in-plane with the Li cation bonded to two nitrogen atoms
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Table 4 The ABE (in kJ mol ")
and number of binding sites on:
Li" and anion (A"), and overall,
calculated at the RI-MP2/cc-
pVQZ level of theory with BSSE
correction. The overall ABE

are calculated by arithmetic
averaging. The last column
(overall*) is estimated by
adding the CCSD(T)/CBS

corrections

Models Li* N(Li) A N(A) Overall Overall*
CsHs-Li 7.1 3 6.2 1 6.9 7.2
out-of-plane C4H4N-Li 8.5 3 4.8 3 6.7 6.8
out-of-plane pyrazolide C3H3;N,-Li 10.0 3 43 5 6.4 6.5
out-of-plane imidazolide C3H3N,-Li 10.0 3 4.1 5 6.3 6.4
out-of-plane 1, 2, 3-C,H,N;-Li 11.1 3 3.9 7 6.0 6.1
out-of-plane 1, 2, 4-C,H,N;-Li 11.5 3 3.8 7 6.1 6.2
out-of-plane CHNy4-Li 12.6 3 34 9 5.7 5.7
in-plane C4H4N-Li 11.3 5 8.7 2 10.6 10.8
in-plane imidazolide C3H;N,-Li 11.2 5 6.0 4 8.9 9.1
in-plane (I) 1, 2, 4-C,H,N3-Li 11.2 5 5.1 6 7.9 8.0
in-plane pyrazolide C3H3;N,-Li 8.8 4 4.7 6 6.4 6.4
in-plane 1, 2, 3-C,H,N3-Li 9.4 4 4.6 7 6.3 6.4
in-plane (I) 1, 2, 4-C,H,N;-Li 9.3 4 4.0 8 5.7 5.8
in-plane (I) CHN,-Li 10.0 4 3.9 10 5.7 5.7
in-plane (II) CHN,-Li 10.0 4 3.9 10 5.7 5.7

The H, molecules near Li" are orientated in a way that
they can interact with Li" on the side of the molecular
axis (Fig. S2). Obviously, this configuration maximizes
the interactions between the electron density of H, and
the positively charged Li". Therefore, the interaction be-
tween H, and Li" must be charge-quadrupole dominated
[15, 29-31].

Adsorption on a model material containing CHN,4Li

In our earlier work [16], the hydrogen storage capacity
for the porous aromatic framework (PAF-4) with lithium
tetrazolide (in-plane CHN4Li) moieties is predicted us-
ing GCMC simulations based on a force field derived
from the RI-MP2/def2-TZVPP level of theory. The data
in Table 2 indicate that the ABE values obtained at this
level for two typical binding sites (negatively charged
aromatic nitrogen and positively charged Li") are about
7 % and 13 % weaker than the ab initio limiting
(CCSD(T)/CBS) values. The overall underestimate is
about 9 %.

Using the revised ab initio data, the force field parameters
were adjusted (See Table S9 in the SI) to represent the ab
initio limiting ABE, and GCMC simulations were carried
out to predict the adsorption isotherms and isosteric heat of
adsorption (IHA) of H,. Despite the force field variations,
the changes in the calculated isotherms and IHA values are
not significant. As shown in Fig. 4, the adsorption isotherms
of the two predictions using different force fields are very
similar at all three temperatures (77, 233, and 298 K). The
changes in the calculated IHA curves, with fluctuations, are
almost the same at 77 K but slightly higher at 233 and
298 K. The increments of IHA at 233 and 298 K are
about 5 % higher than the previous results, which is

@ Springer

reasonable compared with the estimated 9 % increase in
the ABE values.

The calculated isotherms are insensitive to the ABE
because of complicated temperature effects. Generally, with
increased temperature, the thermal motion weakens the
framework-hydrogen interactions. This phenomenon is sup-
ported by the initial (very low load of hydrogen) THA
values. At 77 K, the values are close to the ABE, 10.4 kJ
mol™!. At 233 and 298 K, the initial IHA values are a
fraction of the ABE values. On the other hand, temperature
plays an opposite role associated with the amount of hydro-
gen loaded. At low temperatures and high pressures, the
load is high (five times more at 77 K than at 233 K). The
major contribution to the adsorption energy is not from the
framework-hydrogen interaction but from the hydrogen-
hydrogen interactions. At high temperatures, the load is
low and then the framework-hydrogen interactions be-
come more important. This finding can be verified by
the calculated IHA with loaded hydrogen. At 77 K, the
average IHA is slightly higher than 3 kJ mol ', which is
close to the cohesive energy of hydrogen in bulk. At 233
and 298 K, the IHA values are higher, averaging between
4.5 and 4.7 kJ mol™'. Given that the framework-hydrogen
potential energy is undermined by the temperature effect,
the predicted adsorption curves are insensitive to the
changes in ABE. This result also explains why a crude
potential (e.g., UFF) can be used to predict adsorption
curves reasonably well, especially at high loads where
the ABE is insensitive [32].

Fig. 4 Comparison of calculated gravimetric and volumetric adsorp- P>
tion isotherms (/ef) and isosteric heats of adsorption (right) for H, on
model porous material (PAF-4) with the lithium tetrazolide moieties at
(a) 77 K, (b) 233 K and (c) 298 K. The previous work [16] was based
on a force field derived based RI-MP2/TZVPP calculations
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Conclusions

The salt molecules C,H,Ns_,—Li that consist of lithium
cation and aromatic five-membered ring anions with differ-
ent numbers of nitrogen atoms are highly stable. The
corresponding ionic bonds in the salt molecules can be
attributed to the significant charge separation between Li
cations and anions.

Using CCSD(T)/CBS calculations as benchmark, the RI-
MP2 method with a reasonably large basis set can be used to
characterize ABE between the functional groups and H,
molecules with known systematic errors. In this work, the
RI-MP2/cc-pVQZ method with BSSE correction was used
to calculate the ABE. The systematic errors are 0.1 kJ mol ™'
for the site of the negatively charged aromatic ring and
—0.4 kJ mol™" for the Li" site. Using these as corrections,
the CCSD(T)/CBS-corrected potential surface energy can be
obtained to develop force field parameters.

Both C,H,Ns_, anion and C,H,Ns_,—Li salt bind H,
with multiple sites but with weak binding energies. For
C,H,,N,, anions, each nitrogen atom binds two H, mole-
cules and each side of the aromatic ring binds one. For the
C,H,Ns_,—Li complex, in addition to the binding sites
provided by nitrogen and the ring, Li" provides four to five
additional binding sites for H,. The CHN4—Li functional
group provides the greatest number of binding sites (14),
and the CCSD(T)/CBS-corrected ABE is 5.7 kJ mol .
Simulations performed on PAF-4 material [16] with the func-
tional group incorporated demonstrate that the uptake at room
temperature meets the requirement of the US DOE target for
on-board storage, despite relatively weak ABE. Therefore, it
is concluded that searching for functional groups with the
larger number of binding sites is another key factor for
enhancing the hydrogen storage capacity, given that other
conditions such as free volume and surface area are fixed.

The factors that determine the overall uptake are compli-
cated. The binding energy is not the only factor that needs to
be considered. Our simulations indicate that a 9 % deviation
in ABE does not produce significant differences in the
predicted isotherm curves and IHA values because the
framework-hydrogen interactions (can be described by
ABE) are undermined by the temperature effects.
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