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Molecular Dynamics Simulations

Molecular dynamics (MD) simulations were performed to determine the equilibrium locations of the nitrate ions in rht-
MOF-1. The as-synthesized crystal structure of rht-MOF-1 (taken from reference 1) revealed that the nitrate ions are
located in the cuboctahedral cages (Figure 1(a)). It is deemed that the nitrate ions are positioned here because the solvent
molecules are occupying more favorable sites in the as-synthesized structure. Thus, it is predicted that the removal of these
solvent molecules will cause the nitrate ions to migrate to other regions of the MOF. In order to verify this, MD simulations
were performed in the clean crystal structure of rht-MOF-1 (i.e., all solvent molecules were removed) using the nitrate
ions as a moveable molecule. The simulations were performed at 77 K because this is the temperature of interest for the
hydrogen sorption simulations in this work. The nitrate ion was parametrized using universal force field (UFF) parameters,2

atomic point partial charges that were calculated using GAMESS3 (qN = 1.0169 e−, qO = -0.6723 e−) and atomic point
polarizabilities that were taken from van Duijnen et al.4 The MD simulation was performed using an in-house modification of
the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) code5,6 to include induced dipole interactions.
The trajectories revealed that the nitrate ions migrate into the corners of the truncated tetrahedral cages (Figure 1(b)).
These results are consistent to what was observed in a previous study.7 The dynamics of the nitrate ions was characterized
by the calculation of the mean-square displacement (MSD) from the simulation. The MSD is calculated by the following:

MSD =
1

N

N∑
i=1

|ri(t)− ri(0)|2 (1)

where N represents the total particle number, t is the time, and ri(t) is the center-of-mass position of particle i at time t.
The MSD plot for the nitrate ions in rht-MOF-1 is shown in Figure 2. A short MD trajectory video showing the displacement
of the nitrate ions from their inital positions to their equilibrium positions in rht-MOF-1 can be found in the compressed
folder for this manuscript. Note, the determination of the equilibrium positions of the nitrate ions in rht-MOF-1 at low
temperatures was also verified through canonical Monte Carlo simulations.

Further, MD simulations were also performed with hydrogen molecules present in the MOF to see if the nitrate ions move
from their equilibrium positions in the presence of adsorbate molecules at low temperatures. The simulations were performed
at 77 K with 400 hydrogen molecules in the rht-MOF-1 unit cell with the nitrate ions located in the corners of the truncated
tetrahedral cages. The trajectories revealed that the nitrate ions remain fixed in ther equilibrium locations even with the
presence of the hydrogen molecules. The MSD plot demonstrating the movement of the nitrate ions in this MOF–H2 system
is shown in Figure 3. These results allowed us to perform the GCMC simulations of hydrogen sorption at 77 K and 87 K in
rht-MOF-1 with the nitrate ions constrained to be rigid and localized in the corners of the truncated tetrahedral cages.

Electronic Supplementary Material (ESI) for Journal of Materials Chemistry A
This journal is © The Royal Society of Chemistry 2014



S2
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Figure 1. The corner view of the rht-MOF-1 unit cell showing (a) the initial locations and (b) the equilibrium locations of the nitrate
ions as determined from molecular dynamics simulations. MOF atom colors: C = cyan, H = white, N = blue, O = red, Cu = tan.
Nitrate atom colors: N = dark blue, O = maroon.

Figure 2. A plot of the mean-squared displacement (MSD) of the nitrate ions in rht-MOF-1 as a function of time calculated from
molecular dynamics simulations. The temperature is 77 K.

Figure 3. A plot of the mean-squared displacement (MSD) of the nitrate ions (positioned in the corners of the truncated tetrahedral
cages) in rht-MOF-1 with the presence of hydrogen molecules of as a function of time calculated from molecular dynamics simulations.
The temperature is 77 K.
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Many-Body Polarization

In order to model hydrogen sorption in rht-MOF-1 accurately and effectively, the implementation of many-body polarization
effects was required. This was included in the simulations by use of a Thole-Applequist type model.8–10 An overview of the
polarization model used in this work is given here.

Consider a static electric field applied to a system containing N atomic sites. The induced dipole, ~µ, at each site i is
calculated via the following:

~µi = α◦i

(
~Estati + ~Eindi

)
(2)

where α◦ is the (scalar) atomic point polarizability, ~Estat is the electrostatic field vector due to the atomic point partial

charges of the MOF atoms and the adsorbate molecules, and ~Eind is the electrostatic field vector due to the atomic induced
dipoles. Equation 2 can be written in terms of the dipole field tensor, T̂ij , as the following:

~µi = α◦i

 ~Estati −
N∑
j 6=i

T̂ij~µj

 (3)

In this work, the following dipole field tensor is used:

T̂αβij = ∇α∇β
(
s(r)

rij

)
(4)

where rij is the distance between sites i and j, and s(r) is the screening function that serves to describe the charge
distributions of the interacting dipoles, defined as:

s(r) =

(
λr

2
+ 1

)
e−λr (5)

where λ is a parameter damping the dipole interactions near the regions of discontinuity. A λ value of 2.1304 was used in
this work, which is consistent with the work performed by Thole and others.4,9,11

Equation 3 can be solved by either matrix inversion or iterative methods. The latter was implemented in this work in
order to increase computational speed. The Gauss-Seidel relaxation technique was the iterative method that was employed
herein.12 This method consists of updating the current dipole vector set for the ξth iteration step as the new dipole vectors
become available:11

~µξi = α◦i ( ~E
stat
i −

∑
j 6=i

T̂ij~µ
ξ−1+ζ
j ) (6)

ζ =

{
0, if i < j
1, if i > j

(7)

The many-body polarization energy for the MOF–adsorbate system was calculated by the following based on the work of
Palmo and Krimm13 using the ξth iteration dipoles and the (ξ + 1)th induced field:

Uξpol = −1

2

∑
i

~µξi · ~E
stat
i − 1

2

∑
i

~µξi · ~E
ind,ξ+1
i (8)

The dipoles were calculated and subjected to a spherical cut-off of 22.179 Å, which corresponds to half the unit cell
dimension length. Note, in this work, MOF–MOF self-polarization was prohibited and only the induced field interactions
between the MOF atoms and the hydrogen molecules were calculated.
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Grand Canonical Monte Carlo

All simulations of hydrogen sorption in rht-MOF-1 were performed using grand canonical Monte Carlo (GCMC) on a single
unit cell system of the MOF. This method constrains the chemical potential, volume, and temperature of the MOF–adsorbate
system to be constant while allowing other thermodynamic quantities to fluctuate.14 The simulation involves randomly
inserting, deleting, translating, or rotating a adsorbate molecule with acceptance or rejection based on a random number
generator scaled by the energetic favorability of the move. An infinitely extended crystal environment was approximated
by periodic boundary conditions with a spherical cut-off of 22.179 Å, which corresponds to half the unit cell dimension
length. All MOF atoms were constrained to be rigid during the simulations; this included the nitrate counterions, as it was
shown through MD simulations that the nitrate ions are localized in the corners of the truncated tetrahedral cages at low
temperatures (see previous section). In GCMC, the average particle number was calculated by the following expression:15,16

〈N〉 =
1

Ξ

∞∑
N=0

eβµN

{
3N∏
i=1

∫ ∞
−∞

dxi

}
Ne−βU(x1,...x3N ) (9)

where Ξ is the grand canonical partition function, β is the quantity 1/kT (k is the Boltzmann constant, T is the temper-
ature), µ represents the chemical potential of the gas reservoir, and U is the total potential energy. The chemical potential
for hydrogen was determined using the BACK equation of state.17 The total potential energy of the MOF–adsorbate system
was calculated by:

U = Urd + Ues + Upol (10)

where Urd is the repulsion/dispersion energy through use of the Lennard-Jones potential,18 Ues is the electrostatic energy
calculated by Ewald summation,19 and Upol is the many-body polarization energy as calculated by the Thole-Applequist
model (equation 8).8–10 For the simulations of hydrogen sorption at the temperatures considered in this work, quantum
mechanical disperion effects were included semiclassically through the fourth order Feynman-Hibbs correction according to
the following equation:20

UFH =
β~2

24µ

(
U ′′ +

2

r
U ′
)

+
β2~4

1152µ2

(
15

r3
U ′ +

4

r
U ′′′ + U ′′′′

)
(11)

where ~ is the reduced Planck’s constant and the primes indicate differentiation with respect to pair separation r.
The absolute weight percent of hydrogen sorbed in the MOF was calculated by:

wt% =
〈N〉m

M + 〈N〉m
(12)

where m is the molar mass of the adsorbate and M is the molar mass of the MOF.
The isosteric heats of adsorption, Qst, were calculated based on the fluctuations in the particle number and the total

potential energy in the system through the following expression:21

Qst = −〈NU〉 − 〈N〉〈U〉
〈N2〉 − 〈N〉2

+ kT (13)

For all state points considered, the simulations consisted of 1 × 106 Monte Carlo steps to guarantee equilibration, followed
by an additional 1 × 106 steps to sample the desired thermodynamic properties and to ensure reasonable averages for the
number of sorbed molecules and the Qst values. All simulations were performed using the Massively Parallel Monte Carlo
(MPMC) code,22 which is currently available for download on Google Code.
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Electronic Structure Calculations

Examination of the unit cell for rht-MOF-1 revealed 18 atoms (including those from the nitrate ion) in chemically distinct
atomic environments (Figure 4). The atomic point partial charges for each chemically distinct atom were determined from
electronic structure calculations on representational gas phase fragments that were large enough to mimic the chemical
environment of the MOF. The chemical termination of each fragment was achieved by the addition of hydrogen atoms where
appropriate. A total of three gas phase fragments were considered for rht-MOF-1 (Figure 5). Note, the nitrate ions were not
included in the electronic structure calculations on the fragments because these counterions exhibit mobility in the MOF.
Rather, the nitrate ion was treated as a separate system, as calculations were performed on a single nitrate ion in the gas
phase to determine the partial charges of the atoms within the ion.

The GAMESS ab initio simulation package3 was used to perform the quantum mechanical calculations on each fragment.
Restricted open-shell Hartree-Fock methods were used for the open-shell fragments (Figures 5(a) and 5(b)), while restricted
Hartree-Fock methods were used for the closed-shell fragment (Figure 5(c)). All light atoms were treated with the 6-31G∗ basis
set to produce over-polarized charges appropriate for condensed phase simulation.23 For the Cu2+ ions, the LANL2DZ24–26

effective core potential basis set was used to treat the inner electrons of the many-electron species. The Connolly charge-
fitting scheme27 was used to perform the least-squared fit on the gas phase fragments. The partial charges for the chemically
distinct atoms were in good agreement among the fragments. Thus, for each chemically distinct atom, the partial charges
were averaged between the fragments and were assigned the point charge of the corresponding nuclear center of the atom.
Note, for each fragment, the atoms that are located on the edges were not included in the averaging. The final calculated
partial charges for each chemically distinct atom for rht-MOF-1 can be found in Table 1.

Figure 4. The numbering of the chemically distinct atoms in rht-MOF-1 as referred to in Table 1. Atom colors: C = cyan, H =
white, N = blue, O = red, Cu = tan.
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(a)Fragment 1 (b)Fragment 2

(c)Fragment 3

Figure 5. Representational gas phase fragments of rht-MOF-1 that were selected for charge fitting calculations. Atom colors: C =
cyan, H = white, N = blue, O = red, Cu = tan.
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Atom Label ε (K) σ (Å) q (e−) α◦ (Å3)

Cu 1 2.51600 3.11400 1.55650 2.19630

Cu 2 2.51600 3.11400 1.06610 2.19630

O 3 30.19000 3.11800 -0.72860 0.85200

O 4 30.19000 3.11800 -0.73990 0.85200

C 5 52.84000 3.43100 0.96570 1.28860

C 6 52.84000 3.43100 -0.23590 1.28860

C 7 52.84000 3.43100 -0.00400 1.28860

H 8 22.14000 2.57100 0.15960 0.41380

C 9 52.84000 3.43100 0.26910 1.28860

H 10 22.14000 2.57100 0.03170 0.41380

C 11 52.84000 3.43100 -0.78730 1.28860

C 12 52.84000 3.43100 1.23930 1.28860

N 13 34.72000 3.26100 -0.50390 0.97157

N 14 34.72000 3.26100 -0.19120 0.97157

Cu 15 2.51600 3.11400 0.88400 2.19630

O 16 30.19000 3.11800 -0.61070 0.85200

N 17 34.72000 3.26100 1.01690 0.97157

O 18 30.19000 3.11800 -0.67230 0.85200

Table 1. The simulation parameters for rht-MOF-1. Label of atoms corresponds to Figure 4.
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Hydrogen Potentials

Model Atomic Site r (Å) ε (K) σ (Å) q (e−) α◦ (Å3)

H2G 0.00000 12.76532 3.15528 -0.74640 0.69380

H2E 0.37100 0.00000 0.00000 0.37320 0.00044

BSSP H2E -0.37100 0.00000 0.00000 0.37320 0.00044

H2N 0.36300 2.16726 2.37031 0.00000 0.00000

H2N -0.36300 2.16726 2.37031 0.00000 0.00000

Table 2. Parameters used to characterize the polarizable Belof Stern Space Polar (BSSP) hydrogen potential28 used in this work.
H2G corresponds to the center-of-mass site, H2E corresponds to the atomic locations of the hydrogen atoms, and H2N corresponds to
the Lennard-Jones off-site.

Model Atomic Site r (Å) ε (K) σ (Å) q (e−)

Buch H2G 0.00000 34.20000 2.96000 0.00000

H2G 0.00000 36.70000 2.95800 -0.93600

DL H2E 0.37000 0.00000 0.00000 0.46800

H2E -0.37000 0.00000 0.00000 0.46800

H2G 0.00000 8.85160 3.22930 -0.74640

H2E 0.37100 0.00000 0.00000 0.37320

BSS H2E -0.37100 0.00000 0.00000 0.37320

H2N 0.32900 4.06590 2.34060 0.00000

H2N -0.32900 4.06590 2.34060 0.00000

Table 3. Parameters used to characterize three nonpolarizable hydrogen potentials for control simulations performed in this work:
Buch model,29 Darkrim-Levesque (DL) model,30 and Belof Stern Space (BSS) model.28 H2G corresponds to the center-of-mass site,
H2E corresponds to the atomic locations of the hydrogen atoms, and H2N corresponds to the Lennard-Jones off-site.
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Additional Data
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Figure 6. Low-pressure (up to 1.0 atm) absolute hydrogen sorption isotherms in rht-MOF-1 at (a) 77 K and (b) 87 K for experiment
(black), Buch model (blue), BSS model (green), DL model (orange), and BSSP model (red). (c) Isosteric heats of adsorption, Qst, for
hydrogen in rht-MOF-1 plotted against hydrogen uptakes.
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