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In this work a systematic molecular simulation study was performed to investigate the influence of pore size and temperature
on the quantum effects of hydrogen adsorption in metal-organic frameworks (MOFs) with temperature varied from 40 to
120 K. To do this, three isoreticular MOFs (IRMOFs) with different pore sizes were adopted, and quadratic Feynman—Hibbs
(FH) effective potential was introduced to consider the quantum effect. The results show that quantum effects diminish with
increasing pore size of IRMOFs at lower pressure (loading), while the opposite trend appears at higher pressure (loading).
Through the simulations it is also found that the quantum effects may be dominantly determined by the adsorbate—adsorbate
or adsorbate—MOFs interactions with the varying of pressure (loading). In addition, the results also indicate how the
temperature influences the quantum effects of H, adsorption in MOFs within the pressure range considered.
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1. Introduction

Hydrogen has received much attention as an alternative
replacement for fossil fuels in mobile applications because
of its clean combustion and high-heating value. A safe and
efficient storage system is crucial for the future wide
utilisation of hydrogen in vehicles and portable elec-
tronics. Although various materials have been studied as
hydrogen storage materials, no suitable material can meet
the US Department of Energy (DOE) cost and perform-
ance targets yet. Among the subset of highly porous
materials, metal-organic frameworks (MOFs) are thought
to be a set of promising hydrogen storage materials [1-5].
Various MOFs have been synthesised and characterised
for their hydrogen storage capacities [6—11], some of
which get close to the DOE targets. These materials have
an advantage over the traditional porous materials, such as
zeolites and activated carbons, primarily due to their
adjustable chemical functionality and fine-tunable pore
structures. However, since quantum effects have been
found to be important in the amount of H, adsorbed in
these traditional porous materials [12—26], more and more
attention has been paid to these effects in MOFs [27-32].
For example, Garberoglio et al. [27] indicated that
quantum effects reduce the amount of H, adsorbed in
isoreticular MOF (IRMOF)-1 and IRMOF-8 at 77 K, and
also carried out quantum mechanical calculations for the
selectivity of hydrogen isotopes in various organic
frameworks [28]. Liu et al. [29,30] showed that it was
critical to account for quantum effects of H, for both

adsorption and diffusion in MOFs at low temperature.
Noguchi et al. [31] found that the quantum-simulated H,
and D, isotherms at 77 K using the FH effective potential
coincided with the experimental ones, giving direct
evidence on the quantum molecular sieving effect for the
H, and D, adsorption in CuBOTT. Chen et al. [32] showed
that quantum effects influence diffusion of H, and D, in
the pores of M’"MOF1 through the experimental method.

Few studies, however, have illuminated how the pore
size and temperature influence the quantum effects of H,
adsorption up to now. Since quantum effects can result
from both adsorbate—adsorbate and adsorbate—adsorbent
interactions, it is very difficult to study experimentally
how these two interactions affect the adsorption
behaviours under different loadings. Thus, in this work a
systematic grand canonical Monte Carlo (GCMC)
simulation was conducted to study the H, adsorption in
MOFs. The results will exhibit the relationship between
the pore size and temperature with the quantum effects of
hydrogen adsorption in MOF materials.

2. Computational details

2.1 MOF structures

In this work, three typical IRMOFs (IRMOFs-1, -10,
and -11) synthesised by Eddaoudi et al. [33] were selected,
and their structures were constructed from their X-ray
diffraction (XRD) data [33] using Materials Studio”
Visualizer [34], as shown in Figure 1. These IRMOFs
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Figure 1. Crystal structures of the IRMOFs used in the simulation: (a) IRMOF-1, (b) IRMOF-10, (c) IRMOF-11 (Zn, blue; O, red;

C, grey, and H, white).

feature the same primitive cubic topology with the
octahedral Zn,O(CO,) clusters linked by different organic
dicarboxylate linkers. They have different pore sizes, and
the size order is IRMOF-11 < IRMOF-1 < IRMOF-10
(see Table 1). The structural properties [33,35] for these
IRMOF materials are summarised in Table 1, where the
free volumes were calculated using a probe size of 0.0 Ato
determine the total free volume not occupied by the
framework atoms.

2.2 Force fields

Force fields play an important role in molecular
simulations. In this study, H, was treated as a diatomic
molecule, which was modelled by a Lennard-Jones (LJ)
core located at its centre of mass and three partial charges
with two (¢ = 0.468¢) located at H atoms and one
(g = —0.936¢) at the centre between two H atoms.
The bond length between two H atoms is 0.74 A.
The adopted LJ parameters for H, molecule were
suggested by Marx and Nielaba [36] and are shown in
Table 2. Such potential model has been successfully
adopted to predict the adsorption of hydrogen in carbon
nanohorns [24] and MOFs [37,38].

An atomistic representation was used to model all of
the IRMOFs studied here. A combination of the site—site
LJ and Coulombic potentials was used to calculate the
interactions between adsorbate molecules and adsorbents.

Table 1. Structural properties of the MOFs studied in this work.

The LJ parameters for the framework atoms in IRMOFs
were adopted from the universal force field of Rappé et al.
[39], which has been successfully employed to depict the
adsorption of several light gases and their mixtures in
MOFs [27,40—42]. The potential parameters used in this
work are listed in Table 2. The partial charges for the
atoms in IRMOF-1 and IRMOF-10 were taken from our
previous work [43], which was obtained from the density
functional theory calculations combined with unrestricted
B3LYP functional and ChelpG method. Since the atomic
partial charges are mainly determined by the chemical
bonds among atoms, it is thought that the atomic partial
charges in IRMOF-11 can be transferred from its
corresponding counterpart IRMOF-12 [43]. In our
simulations, all the LJ cross-interaction parameters were
determined by the Lorentz—Berthelot mixing rules.

To take into account the quantum effects, the quadratic
FH effective potential [44,45] was adopted to calculate all
of the LJ interactions,

2

24/.LkBT

20U ,(r)

Urn = Ups(r) + {Uﬁjm +—}, (1

r

where Up; denotes the classical LJ potential, » is the
molecule—molecule distance, # is Planck’s constant
divided by 2; the prime and double prime denote the
first and second derivatives with respect to r respectively.
The second term in Equation (1) is the quantum correction,

Material Pore shape® Unit cell (A) Cell angle (°) dpore” (A) Perys (glem?) Viree® (cm’/g)
IRMOEF-1 Cubic a=b=c=25832 a=B=vy=90 10.9/14.3 0.59 1.36
IRMOF-10 Cubic a=b=c=34.2807 a=B=vy=90 16.7/20.2 0.33 2.66
IRMOF-11 Cubic/ a=b=248217, a= =90, 3.5/3.8/4.7/

catenation c = 56.7340 v=120 6.1/7.3/11.1 0.76 0.92

#Obtained from the XRD crystal data [33]. ® Obtained from the literature [35]. € Calculated with the Materials Studio package.
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Table 2. LJ potential parameters for H, and the IRMOFs used
in this work.

LJ parameters H, MOF_O MOF_C MOF_H MOF_Zn

oA 2958  3.12 3.43 2.57 2.46
elkg (K) 36.7 30.19  52.84 2214  62.40

the parameter w is the reduced mass, w = m/2 for Hy—H,
interaction, and u = m for H,—adsorbent, where m is mass
of H, molecule.

2.3  Simulation method

GCMC simulations were used to study H, adsorption in
IRMOFs. Details on the method can be found elsewhere
[46]. Modified Benedict—Webb—Rubin equation of state
[47] for H, was used to relate the bulk pressure with
fugacity required in the GCMC simulations. Similar to
previous works [37,38,40-43,48,49], all the IRMOFs
were treated as rigid frameworks, with atoms frozen at
their crystallographic positions during simulations.
The simulation box representing IRMOFs contained 8
(2 X 2 X 2) unit cells. The simulations with larger boxes
showed that no finite-size effects existed using the above
boxes. A cut-off radius of 13.0 A was applied to all the LJ
interactions, and the long-range electrostatic interactions
were handled using the Ewald summation technique.
Periodic boundary conditions were applied in all three
dimensions. Since the adsorbent was assumed to be a rigid
structure, the potential energies between an adsorbate and
the adsorbent were initially tabulated on a series of three
dimensional grid points with grid spacing 0.15 A. During
the simulations, the potential energy at any position in the
adsorbent was determined by interpolation [27,37,38,43].

(a)

140 Experiment: ® 40K e 77K A 120K
I FH eff. potential: 40K 77K 120K
120 _ Classical potential: 40K 77K 120K

100 T

P (kg/m?3)

P (MPa)

For each state point, GCMC simulation consisted of
1.5 X 107 steps to guarantee the equilibration, followed
by 1.5 X 107 steps to sample the desired thermodynamic
properties.

3. Results and discussion
3.1 Validation of the force field

To further confirm the reliability of the force field adopted
in this work, the bulk PVT properties of H, in the
temperature range of 40—120K were calculated by
NPT-MC simulations with the FH effective potential as
well as classical LJ potential. Compared with experimental
data [50], the results shown in Figure 1(a) evidently
indicate that the PVT properties of H, are accurately
reproduced by the FH effective potential over the whole
pressure and temperature ranges considered in this work.
Furthermore, GCMC simulations were also performed to
calculate the adsorption isotherm of pure H, in IRMOF-1
at 77K. The results in Figure 2(b) show that the
simulations achieve good reproduction of the experimental
adsorption isotherm of H, [11]. Therefore, the force fields
adopted in this work are reliable to investigate the
adsorption behaviours of H, in IRMOFs.

3.2 Influence of pore size

In order to investigate how pore size influences the quantum
effects of H, adsorption in MOFs, a series of GCMC
simulations were carried out in two cases, i.e. classical
simulations without considering all of the quantum effects
(case 1), and those considering all of the quantum effects
(case 2). The contribution values of the quantum effects of H,
adsorption in three IRMOFs (denoted as V. ongibution) Were
calculated by Equation (2) at five different temperatures, and

(b) 20
| —=— Experiment

—e— Simulation with FH effective potential
15

uptake (mg/g)

0
0.00 0.02 0.04 0.06 0.08 0.10
P (MPa)

Figure 2. Comparison of simulated and experimental results: (a) PVT properties of bulk H, with temperature varied from 40 to 120 K;

(b) adsorption isotherms of H, in IRMOF-1 at 77 K.
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the results are shown in Figure 3

N’
V contribution = — adsfoads X 100%, )

where N™0. and N3 are the adsorbed amounts in cases 1 and

ads
2, respectively.

As can be seen from Figure 3, at very low pressure, the
Veontribution 11 IRMOF-11 is the largest among the three
IRMOFs considered in this work, which indicates the

(a) 100

80

60

Vcontribution (%)

40

20

40

30

Vcontribution (%)

Figure 3.
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quantum effects of H, adsorption in IRMOFs with smaller
pore size (see Table 1) are more evident. This observation can
be explained by the following: the adsorb molecules are few
at very low pressure, and much smaller pores in IRMOF-11
leads to stronger quantum effects due to the space
confinement. With the pressure increasing, the quantum
effects of H, adsorption in these IRMOFs becomes weaker.
In addition, at higher pressures, the values of V_qnuibution 10
IRMOFs-1, -10, and -11 have the order IRMOF-
11 < IRMOF-1 < IRMOF-10, which is consistent with

(b) go
100 80
—=— IRMOF-11 70 | —=— IRMOF-11
i +|RMOF_1 +|RMOF-1 60
+ IRMOF-10 80 © 60[l ——IRMOF-10 frr—b~g—t
= 40 \
70 £ 50
0.000 0001 0.002 2 0.00000 0.00005 0.00010
§ 40
>
i 20 s - -
0.0 0.5 1.0 15 2.0 00 05 10 15 20 25 30
P (MPa) P (MPa)
(d) 35
—=— IRMOF-11 % —=— IRMOF-11
—e— IRMOF-1 30 —e— IRMOF-1
—— IRMOF-10 < —— IRMOF-10
30 <
0.000 0002 0.004 3
>

: - 10

20

15

Vcontribution (%)

10

4 5 0 2 4 6 8 10
P (MPa)
—=— |RMOF-11
—o— IRMOF-1

—4— |IRMOF-10

0 5 10 15 20

P (MPa)

Comparison of the contribution values of quantum effects of H, adsorption in three IRMOFs with various temperatures: (a) 40,

(b) 60, (c) 77, (d) 100, (e) 120 K. The results at low pressure are shown in the inset for clear.
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gradually increasing sequence of pore size (see Table 1). This
indicates that the quantum effects of H, adsorption in
IRMOFs with large pore size are more evident at relative
high pressure. Detailed discussions on this reverse trend will
be given in the next part. Furthermore, the V_onuibution—
pressure curves for IRMOF-11 with various small pores
contain two steps: a quick decrease at low pressures,
followed by a slow decrease with further increasing pressure,
and this trend becomes more pronounced with decreasing
temperature. Similar phenomena were also found in
IRMOF-1 and IRMOF -10 with large pore size below
77K, but the changes of Vouuibution are not significant with
increasing temperature. Thus, we can draw a conclusion that,
at low pressure (loading), the smaller the pore size, the more
evident the quantum effects; while at high pressure (loading)
an opposite result appears.

3.3 Influence of quantum effects for various
intermolecular interactions

To further understand whether the above observations
resulted from the quantum effects for adsorbate—adsorbate
interactions or adsorbate—IRMOFs interactions, two

(a) 60

—=a— case 2

Vcontribution (%)

additional GCMC simulations were performed for H,
adsorption in IRMOFs: case 3, switching off the quantum
effects for adsorbate—adsorbate interactions, and case 4,
switching off the quantum effects for adsorbate—IRMOFs
interactions. Then the contribution values of the quantum
effects for various kinds of interaction were also calculated
by Equation (2). Here, N1¢. is also calculated from the case

“Vads
1, but NI could be N™ which is calculated from the case

ads af
3 or N which is calculated from the case 4. Since the

results at different temperatures are similar, only the results
at 60 K are shown in Figure 4, together with the results in
case 2 (considering all of the quantum effects), included
for comparison.

From this figure, it is evident that the contributions of
quantum effects for various intermolecular interactions
depend on the pressure. At very low pressures, the amount
of molecules adsorbed in the materials is very small, and
the influence of the quantum effects for interactions
between adsorbed molecules is negligible, which can
explain the identical contribution value in cases 2 and 3.
It can also be found in Figure 4 that the contributions of the
quantum effects for adsorbate—IRMOFs interactions are
much higher than those between adsorbate molecules

(b) 60
—=a— case 2

X 40t

5

E

g

= 20

0 " 1 " 1 " 1 "
0.0 0.5 1.0 15 2.0

P (MPa)

(c) 80

Vcontribution (%)
N
o
T

0.0 0.5

1.0 1.5 2.0
P (MPa)

Figure 4. Comparison of quantum effects for various interactions of H, adsorption in three IRMOFs at 60 K: (a) IRMOF-1, (b) IRMOF-10,
(c) IRMOF-11; case 2: considering all of the quantum effects; case 3: switching off the quantum effects for adsorbate—adsorbate
interactions; case 4: switching off the quantum effects for adsorbate—IRMOFs interactions.
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at low pressure (loading), which indicates that the quantum
effects mainly depend on the interactions between
adsorbate and IRMOFs. With the pressure increasing, the
quantum effects principally result from the adsorbate—
adsorbate interactions. At low pressure, IRMOFs with
small pore size can adsorb more molecules easily; thus, the
contribution of the quantum effects for the interactions
between adsorbate and IRMOF-11 is the strongest among
these three IRMOFs. While at high pressure, due to the fact
that IRMOFs with large pore size can accommodate more
H, molecules, the quantum effects resulting from
adsorbate—adsorbate interactions are more evident in
IRMOF-1 and IRMOF-10. That is why the contributions of
quantum effects of H, adsorption in MOFs show different
dependence on the pore size with the varying of pressure.

3.4 Influence of temperature

To investigate how the temperature influences the quantum
effects of H, adsorption in MOF materials, a series of
GCMC simulations was further performed on H, adsorption
in IRMOFs in the temperature range of 40-120K.
The contribution values of the quantum effects were also
calculated by Equation (2), and the Vionuibution—loading
curves were compared at different temperatures in three
IRMOFs. Since the trends in each material studied here were
similar, only the results in IRMOF-10 were shown in Figure
5 as an example. In addition, to discuss only the quantum
effects resulting from temperature, the Vi onuibuton at €ach
temperature in Figure 5 was presented as a function of
loading instead of pressure. It can be seen from this figure
that, under the same loading, the lower the temperature, the
more evident are the quantum effects of H, adsorption.
Moreover, the contributions of the quantum effects show a
significant decreasing dependency on the adsorption loading
at low temperature, while they become almost independent
of the loading with temperature increasing.

—=— 40K —e— 60K

80 —a— 77K —v— 100K
— —<— 120K
S
S
>

0 10 20 30 40 50 60
loading (mol/kg)

Figure 5. Comparison of the contribution values of quantum
effects of H, adsorption in IRMOF-10 at different temperatures.
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4. Conclusion

In conclusion, the influences of pore size and temperature
on the quantum effects of H, adsorption in three IRMOFs
were investigated by GCMC simulations with the quadratic
FH effective potential. The simulation results show that the
quantum effects of H, adsorption in IRMOF material with
smaller pore size are more evident at low pressure
(loading), while an opposite result appears with pressure
(loading) increasing. In addition, this work also shows that
the quantum effects are mainly contributed from the
interactions between adsorbate and IRMOFs at low
pressure (loading), and principally from the interactions
between adsorbate molecules at high pressure (loading).
Furthermore, the quantum effects become more evident as
temperature decreases within the pressure range studied.
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