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ABSTRACT: A full set of flexible force field parameters for ZIF-8 is presented, based on the
AMBER, UFF parameters and the partial charges computed by the density-derived electrostatic
and chemical charge method (DDEC). The parameters for 2-methyl imidazole (MeIM) ring are
adopted from the AMBER force field, while the van der Waals (VDW) parameters for organic
linkers and metal centers were determined by rescaling the UFF parameters as € = 0.635¢ypr and
o = 1.0oypr to fit the CH4 adsorption isotherms obtained by Grand Canonical Monte Carlo
(GCMC) simulations with the force field parameters to the experimental ones. The CHy
adsorption isotherms on four different structures of ZIF-8 at 298 K obtained by GCMC
simulations are compared with the experimental data. The results show that the simulated CH4
adsorption isotherms on the ZIF-8 structure reported from the Cambridge Crystallographic Data
Centre (CCDC) are closest to the ones on the ZIF-8 structure from the report of Moggach et al.
To test our model, adsorption isotherms of CHy4, H,, CO; and N, at different temperatures were
computed using GCMC simulations, and the results were found to be in a good agreement with
the experimental data. In the case of H,, the equilibrium configurations obtained by GCMC
simulations were statistically analyzed with ad hoc code to get probability density distribution
profiles. These profiles were transformed to visual slice images, which indicate that the
preferential adsorption sites of H, molecules in ZIF-8 are located close to the MeIM rings, where
the host-guest VDW or electrostatic interactions are maximal, as revealed by the potential energy
surfaces (PES). In addition, these force field parameters were confirmed to well reproduce the
ZIF-8 structural properties including lattice constants, bond lengths and angles over a wide range
of temperatures. The self-diffusivities at the specific loadings of adsorbed gases (CH4, H, and
CO,) in ZIF-8 were calculated by the mean squared displacement (MSD) method. It was found
that our self-diffusivities of H, are slightly higher than the ones in the literature, and our self-

diffusivity of CO; is as about three times as the one in the literature, due to the different partial
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charges and the effect of different force field parameters on framework shape and flexibility in

our simulations.
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1. INTRODUCTION

In recent years, metal-organic frameworks (MOFs), a class of crystalline nanoporous
materials composed of flexible organic linkers and bridging tetrahedral metal centers, were
extensively investigated.' The possibility of tailoring these materials in terms of pore size or
group functionality makes them extremely attractive for a wide variety of applications such as
gas storage, gas purification and separation, and alkylation catalysis.>” The so-called zeolitic
imidazolate frameworks (ZIFs) are a particularly interesting subcategory of MOFs, based on
molecular topologies that resemble zeolites, wherein transition metals (Co, Cu, Zn, etc.) replace
Si-atoms and imidazolate-type linkers replace oxygen bridges in the conventional aluminosilicate
structures.® ’ Because of the strong bonding between the imidazolate linker and the metal center,
many ZIFs have exceptional thermal and chemical stability. “Moreover, it is possible to tune their
pore size and affinity for adsorbate molecules by modifying organic linkers with different
substituents or functional groups. The aim of this modification is to enhance adsorption capacity

and selectivity of ZIFs for adsorbate molecules.”

Among large number of synthesized ZIFs to date, the prototypical ZIF-8 is the most
extensively investigated.”'" In contrast to zeolites with relatively rigid frameworks, ZIF-8 shows
an interesting structural flexibility as evidenced by several experimental and theoretical

214 Bux et al."” observed considerable permeability of methane in ZIF-8 using

studies.
infrared(IR) microscopy despite methane possessing a larger kinetic diameter (3.8 A) than the
pore limiting diameter (PLD) of the rigid framework. The other gas molecules (N,, C,Hg, and
CsHg) with kinetic diameters larger than the window size of ZIF-8 were also observed to freely

diffuse through ZIF-8, due to the swing (reorientation) of imidazolate linkers that enlarges the

window size (from 3.4 A to 4.2 A). '“'*Zhang et al."® recently estimated an effective aperture
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size for ZIF-8 between 4.0 and 4.2 A based on the kinetic uptake measurements of short alkanes.
Moggach et al.'? reported experimentally the flexible structures of ZIF-8 over a range of
pressures from latm to 1.47 GPa. In addition, some simulation studies have been performed to
compute gas adsorption isotherms and self-diffusion coefficients for ZIF-8 with both rigid and
flexible frameworks.>*> Numerous force-field-based Grand Canonical Monte Carlo (GCMC)
simulations of adsorption have been already carried out for MOFs including ZIF-8 with rigid
framework,”” ** 2* but huge differences in the diffusion coefficients of guest molecules within

3.2 Hertiig et al.*!

rigid or flexible ZIF structures were observed, even for small guest molecules.
employed the DREIDING force field to investigate CH4 diffusion in ZIF-8 and found the
diffusivity of CHy in the flexible framework was smaller by a factor of ~4 than that predicted for
the rigid structure. At the same time, these authors also found that the crystal structure of ZIF-8
was not accurately predicted with this force field. As a result, the framework flexibility should be
taken into consideration for an accurate study of the dynamics of guest molecules within ZIFs,
and this is particularly true for predicting gas diffusivities by using molecular dynamics (MD)
simulations.” ? The flexible framework model of Battisti et al.”® matches closely the
geometrical parameters of the ZIFs unit cells, but the lack of partial charges lowers the accuracy
of the MD prediction for polar molecules.

Most recently, Zheng et al.”> developed a fully flexible force field for ZIF-8, for which MD
simulations accurately reproduce the experimental lattice constants and predict diffusivities for
CO; that are in better agreement with the experiment. However, we found that CH4 and H,
adsorption isotherms for ZIF-8 obtained by using GCMC simulations with the nonbonded
parameters of the flexible force field do not agree well with the experiment.” Zhang et al.” also

developed a fully flexible force field for ZIF-8 based on the AMBER force field. They found that

MD simulations with their force field parameters reproduced the structural transition of ZIF-8 at
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high loading of N, molecules as well as the ZIF-8 lattice constants. Also with the aforementioned
force field, hybrid simulations combining MD with Gibbs Ensemble Monte Carlo (GEMC)
reproduce accurately N, adsorption isotherms for ZIF-8, but the non-bonded interaction
parameters between atom pair separated by two other atoms (1-4) is not explicitly mentioned in
the paper and thus it is unable to determine the structure of ZIF-8 using MD simulation with the
incomplete force field.

Despite of the above-mentioned progress in modeling the framework flexibility of ZIF-8, to
the best of our knowledge, we are not aware of any simulation study that mimics the structural
parameters of ZIF-8 and predicts gas adsorption and diffusion in ZIF-8 accurately at the same
time. In this work, we developed a new force field that describes well the crystal structure of ZIF-
8, as well as adsorption and diffusion of various gases in ZIF-8. Following this section, the next
section outlines the force field development and simulation methodology. Next, the developed
force field is used to predict the structural characteristics of ZIF-8, adsorption and diffusion
behavior of some gases such as CO,, CHy and H; in ZIF-8. Finally, the simulation results are

compared with available experimental data.
2. FORCE FIELD AND COMPUTATIONAL DETAILS

2.1. Force Field. With a cubic sodalite(SOD) topology, ZIF-8 consists of Zn metals
tetrahedrically coordinated by four 2-methylimidazolate (mIM) linkers. ZIF-8 consists of large
cavities (11.6 A in diameter) interconnected by narrow six-ring windows. On the basis of
experimental single-crystal X-ray diffraction (XRD) data, the window size in ZIF-8 is
approximately 3.4 A.® The organic linker and metal center in ZIF-8 including atom types used in
our force field parameterization are shown in Figure 1a. Figure 1b illustrates the crystal structure

of ZIF-8 determined experimentally at ambient pressure taken from the Cambridge
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Crystallographic Data Centre (CCDC).** One flexible crystal structure of ZIF-8 obtained in
Section 3.1 (ZIF8 55CH4UC) is shown in Figure lc, the other one taken from the ref. (%) is

shown in Figure 1d.

To develop the force field for ZIF-8, the parameters for bonded and nonbonded interactions are
derived on the basis of the AMBER force field,”' the UFF force field,** and experimental data.

The “bonded” terms include bond stretching and bending, and proper and improper torsional

potentials:
E total — E bonded terms + E nonbonded terms (1)
Ebonded terms — Ebond + Eangle + Edihedral + Eimproper (2)

Ebund = Kb (b _bo )2 3)

E,.=K,(0-6,) 4

angle

Edihedral = K(o I:l + COS(I’l@ - ¢0 ):I (5)

Eppproper = K, [ 1+ c0s(ny =) | (6)

where K, Ko, K, and K, are the force constants, b, 0, ¢, and y are bond lengths and angles,
proper and improper dihedrals, respectively, # is the multiplicity and was set to two for most
dihedrals and three for N-Zn-N-C1 and N-Zn-N-C2, and by, 6y, @0, and y, are the equilibrium
values, adopted from the averaged bond lengths and angles based on experimental
crystallographic data. The parameters for the organic linkers were adapted from the AMBER
force field, which has been proved correct in describing the structure of 2-methylimidazole
(MeIM) ring.*! At the same time, the parameters for the interactions of tetrahedral ZnN, were
adopted from the ref. (**). Tables S1 and S2 (Supporting Information) list the optimized

parameters for the bond stretching and bending and the torsional potentials.
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The nonbonded interactions include Lennard-Jones (LJ) and Coulombic potentials:

E

nonbonded terms

o. 12 o. 6
S ERaIE
r r

where O j; is the collision diameter and € ;jj is the energy well depth. The Lorentz-Berthelot

=F

LJ

+ ECOUL (7)

combining rules are used for parameters of cross interactions.

9.4,
0

)

where ¢; and ¢; are the partial charges on the ith and jth atoms, respectively; £ ¢ = 8.8542 x

1072 C* N"' m™?, is the vacuum permittivity, and r is the distance between the ith and jth atoms.
In most GCMC simulation studies for MOFs, the LJ parameters were usually adopted from

common force fields such as universal force field (UFF)’*> and DREIDING® including the

nonbonded interactions. However, these force fields led to overestimation of gas adsorption on

1.2 rescaled the

ZIFs. In order to match experimental adsorption isotherms, Pérez-Pellitero et a
UFF parameters as ¢ = 0.69¢ypr and o = 0.950yrr to reproduce the CH4 and CO; adsorption on
ZIFs. In the case of CH,, only van der Waals (VDW) interactions have to be taken into account.””
> In this work we adjusted the original UFF parameters rescaling as ¢ = 0.635¢ypr and ¢ =
1.0oygr in order to achieve better agreement between GCMC simulated adsorption isotherms and
experimental data. The new VDW parameters of our force field, listed in Table S1, were applied
in the GCMC and MD simulations performed for the ZIF-8 framework. However, in the case of

polar molecules, electrostatic interactions besides VDW interactions have to be taken into

account in these simulations.?
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The partial charges of our model, listed in Table S1, were computed by using the density-
derived electrostatic and chemical charge method (DDEC).** Other charge models available in
the literature, namely, the connectivity based atom contribution charge method (CBAC),” the
repeating electrostatic potential extracted atomic charge method (REPEAT),*® and ab initio
calculation method®’ were also used in MD simulations to compute the lattice constants of ZIF-8
at 258 K. We found that the results predicted with DDEC method are in the best agreement with
the experimental structure of ZIF-8 among the aforementioned charge models (see Figure 2).
Therefore, the remaining GCMC and MD simulations were performed using the atomic charges
obtained by DDEC method.

H, and CH4 were represented by a united-atom model using the LJ potential, while N, and CO,
were mimicked as a three-site rigid model with parameters fitted to the experimental properties
of bulk N, and CO,, respectively.ZS’ 3840 The N-N bond length was 1.10 A, and a charge of -
0.482¢ (e = 1.6022 x 10" C is the elementary charge) was assigned on the N atom, as well as a
charge of +0.964e¢ at the center-of-mass (COM). The charges on C and O atoms were +0.6512¢

and -0.3256e, respectively. The C-O bond length was 1.149 A, and the bond angle .~/ OCO was

180°. Table S2 (Supporting Information) lists the LJ potential parameters and the atomic charges
for N, CO,, H; and CHy4. The cross interaction parameters between sorbates and ZIF-8 were
obtained using the Lorentz-Berthelot combining rules.

2.2. GCMC Simulation Methods. The adsorption isotherms of various guest molecules on
ZIF-8 were predicted using grand canonical Monte Carlo (GCMC) simulations, based on the
guest-host and guest-guest force fields. All GCMC simulations were performed using the
Multipurpose Simulation Code (MuSiC-4.0) developed by Snurr group.*! Chemical potentials of
gas sorbates at different temperature and pressure were converted to fugacity with the Peng-

Robinson equation of state (PREOS).** In many studies, the absolute adsorbed amounts obtained
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by GCMC simulation are converted to the excess adsorbed amounts to compare with the

experimental data. In this paper, the excess adsorption N is calculated using Eq. 10:

Nex :Nabs _pbulk V

e (10)

where N, 1s the absolute amount, V.. represents the free pore volume of adsorbent, and p,,,

is the density of the sorbate calculated using PREOS at a given temperature and pressure.” The
numbers of unit cells of ZIF-8 frameworks adopted in this simulation were 2x2x2, and periodic
boundary conditions were applied in all three dimensions to eliminate boundary effects. The ZIF-
8 frameworks were treated as rigid with frozen atoms during simulation. Cutoff radius of LJ
interactions is 1.4 nm, and long-range electrostatic interactions are treated via the Ewald method.
In this work, a total of 10’ steps were used; the first half of these moves was used for
equilibration, and the remaining steps were used for calculating the ensemble averages. For pure
CH4 and H,, three types of moves (translation, random insertion, and deletion) were used. For
pure CO; and N,, an additional move (rotation) was included. Every possible move was given
equal probability.

2.3. Molecular Dynamics Simulation Methods. The self-diffusion characteristics of various
guest molecules in ZIF-8 were calculated using molecular dynamics (MD) simulations in the
canonical ensemble (NVT) and microcanonical ensemble (NVE) with the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS),** while lattice parameters of ZIF-8 crystal
structure at different fixed temperature were calculated using MD in the isothermal-isobaric
ensemble (NPT) with the same code. The numbers of unit cells of ZIF-8 frameworks adopted in
this simulation were 2x2x2, and periodic boundary conditions were applied in all three
dimensions. Cutoff radius of LJ interactions is 1.4 nm, and long-range electrostatic interactions

are treated via the Ewald method. The simulation time step equals 1.0 fs. Note that, for each

10
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framework atom, a ‘“scaled 1-4” policy is applied; i.e., both the VDW and electrostatic
interactions between couples of bonded atoms (1-2) or between atoms bonded to a common atom
(1-3) are excluded, while for the interaction between atoms separated by two other atoms (1-4)
both the VDW “¢ parameter” and electrostatic interaction for the given couple are divided by 2.

3. RESULTS AND DISCUSSION

3.1. Force Field Validation. The validation of our force field was initially focused on the unit-
cell length of the simulated flexible ZIF-8 framework. MD simulations in NPT ensemble at
different fixed temperature and pressure of 1.0x10° Pa were performed using the LAMMPS
package with the barostat fluctuations controlled via Nosé-Hoover method. ** After equilibrating
the system with running a 1 ns NPT simulation, the trajectories of all the framework atoms for
another 1 ns were collected to compute the average unit-cell lengths of ZIF-8 crystal at the
specific temperature, see Figure 2. The results indicate that our force field parameters can better
reproduce the experimental unit-cell lengths reported by Zhou et al.** and Park et al.® than those
parameters of Zheng et al.” The average bond length and the average bond angle values of ZIF-8
framework at 258 K and 10° Pa were calculated, finding that these are in good agreement with
the data obtained from X-ray diffraction experiments, see Table 1. The maximum percentile
difference between experimental (16.991A) and simulated (16.982 A) lattice parameter is about
0.05% (in our simulation, the fluctuation of the lattice parameter is about 0.03 A, corresponding
to 0.2% of its mean value).

The continuous structural transition of ZIF-8 upon gas sorption is mimicked using our force
field as well as the force field of Zhang et al.?’ After loading 55 molecules/uc(unit cell) of CHy
into the crystal, we run a 2 ns simulation in the NVT ensemble to equilibrate the system at 298 K.

Orientational change of the imidazolate rings in the framework conformation (ZIF§ 55CH4UC)

11
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is shown in Figure 3 as compared to the original conformation of ZIF-8 framework. Apparently,
the imidazolate rings in the high gas loading structure change orientation being perpendicular to
the four-ring window, which is consistent with the experimental XRD data measured at high
pressures.'?

3.2. Adsorption Isotherms. Adsorption isotherms of four gases (CH4, Hy, N, and CO;) on
ZIF-8 at 77 K and 298 K up to 100 bar were simulated and compared with the experimental ones
(see Figures 4-9). An excellent agreement was obtained between our simulation and experiment
for adsorption isotherms of both polar gases and non-polar gases at 77 K and 298 K, respectively.

The excess CHy4 uptake isotherms obtained for four different initial structures (ZIF-8, ZIFSHL,
ZIF8 ja3, ZIF8 55CH4UC, see Table S3 for details of their lattice constants and their six-ring
windows see Figure S1) of ZIF-8 framework at 298 K generated by GCMC simulations using the
force fields respectively developed by Zhang et al* and this work, and the corresponding
experimental adsorption isotherms reported by Zhou et al.*® are compared in Figure 4. Our
simulation isotherms for ZIF-8 with the new force field are in a good agreement with the
experimental data, but the simulations with the force field of Zhang et al.  underestimate the
experimental values. At the same time, the effect of structure on the excess CH4 uptake follows
the order ZIFSHL>ZIF-8>ZIF8 55CH4UC> ZIF§ ja3, and the simulation results of our structure
(ZIF-8) are closest to that for CH4 adsorption on ZIF8HL in the whole range of pressures. The
crystal structure of ZIFSHL is considered as that with containing the structural transition at high
gas loading and high pressure.'? As a result, our GCMC simulation results for CH, adsorption on
ZIF-8 might be trusted in spite of neglecting the framework flexibility and the important effect of
the crystal structure on CHy4 adsorption. The CHy4 adsorption isotherms for ZIF-8 at 240K were
also computed by GCMC simulations and found to be in a moderate agreement with the

experimental data reported by Zhou et al. (see Figure S2)*°

12
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Figure 5 and Figure S3 show the excess N, uptake isotherms on ZIF-8 framework at 298 K and
77 K obtained by GCMC simulations using our force field, together with the experimental data
reported by Pérez-Pellitero et al.”® and Park et al,® respectively. The agreement between the
simulation isotherms and the experimental data is valid in the whole range of pressures at 298 K
for the adsorption of N,. There is also a fairly good agreement between the simulation results and
the experimental adsorption isotherms of N, at 77 K at low pressures below 10~ kPa, but the
simulations performed by using the force field proposed in this work as well as those performed
by Zhang et al.*’ underestimate the experimental adsorption of N, at 77 K and pressure ranging
from 10~ kPa to 100 kPa. This disagreement may be due to neglecting the flexibility of ZIF-8
framework in our GCMC simulations, causing that second step is not predicted by these
simulations.

The transferability of our force field has been tested by comparing the simulation results with
the experimental adsorption of H, and CO; adsorption on ZIF-8 at 77 K and 298 K, respectively.
(see Figures 6 and 7) In general, the simulation results obtained by our force fields are in a good
agreement with the experimental data reported by Zhou et al.*® and Park et al.® for H, adsorption
on ZIF-8 at 77 K and 298 K. Other researchers used the effective potential of Feynman and Hibbs
to treat the quantum effects for H, at 77K, but this aspect is neglected as the simpler potential in
this work. At the same time, the simulations with the non-bonded parameters of the force field
proposed in this work and the force field developed by Zhang et al.*’ both reproduce well the
experimental adsorption of CO, adsorption in ZIF-8 at 298 K at pressures below 30 bar. But as
the pressure increases to more than 30 bar, there is a maximum of CO; adsorption in the former
simulated isotherms while there is not in the latter simulated ones. This difference may come

from the different techniques employed to obtain the electrostatic charge distribution for the ZIF-

13



RSC Advances

8 framework. In general, there are higher charges on C3 atoms (-0.4526¢) and lower charges on
N atoms (-0.3879) in the former than those in the latter.

3.3. Adsorption sites. To obtain the sorbate probability profile, the sorbate trajectory was
obtained by rescaling all coordinates of sorbate molecules to the primitive unit cell via ad-hoc
PBC.? 2> %7 Then, discretization of the simulation box in cubic bins (each of side 0.34 A), we

computed the probability (p) to find a sorbate molecule in the given bin, satisfying the condition

j p(x,y,z)dxdydz =1 where V is the volume of the primitive unit cell. The isoprobability
)

contours are plotted using the Visual Molecular Dynamics (VMD) software.**

H, probability density distribution profiles for ZIF-8 framework at 77 K at various pressures,
showing the largest H, density (and thus the most probable adsorption sites) obtained from the
Monte Carlo simulations are presented in Figure 8. At 1 bar and 77 K, a little amount of H,
molecules are adsorbed on ZIF-8 framework and their preferential adsorption sites are close to
the imidazole rings. With increasing of gas pressure, more H, molecules are adsorbed in the
middle of the faces of the accessible surface area of ZIF-8 framework. According to the
aforementioned adsorption isotherms of H, on ZIF-8 at 77 K, the excess H; adsorption on ZIF-8
demonstrate little change in spite of pressure increasing from 30 bar to 80 bar. As shown in
Figure 8, H, probability density distribution profile at 30 bar is similar to that at 80 bar,
indicating that the more H, molecules enter into the middle of the free cavity of ZIF-8 framework
at high pressures.

In addition, to understand better the main adsorption sites present in the ZIF-8 framework,
potential energy surfaces (PES) representing the different energy contributions (VDW and
electrostatics) exerted by the host framework on the adsorbed molecules were calculated. The

potential-energy surfaces for VDW and electrostatic interactions were computed by numerical

14
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evaluation of the energy grids that were used in adsorption calculations (see Figure 9). In the first
case (VDW), the PES was obtained for the interaction of a hypothetical H, molecule with the
solid structure by using the optimized parameters of the proposed force field. For the electrostatic
surfaces we have also used the electrostatic grid computed for the adsorption process and
evaluated with a hypothetical molecule with a positive charge of +1. This evaluation does not
preserve the electro-neutrality of the system, but the objective of this plot is not to perform
simulations of molecular adsorption but only to qualitatively reveal the surfaces of the solid
which are most strongly charged. This kind of plot can help in the recognition of the regions over
the surface of the solid where polar molecules could be preferentially adsorbed.

As shown in Figure 9(a), the main adsorption sites match the regions of maximal VDW
interactions, which is consistent with the report of Perez-Pellitero et al.* It is also interesting to
note that these prominent interaction sites are the same as those found for methane adsorption on
ZIF-8 using neutron diffraction. 4 Since the electrostatic interactions between H, and the ZIF-8
framework is weak, the preferential adsorption sites for H, in ZIF-8 have nothing to do with
electrostatic interactions, as shown in Figure 9(b).

3.4. Self-Diffusivity. Before loading gas molecules into the crystal to perform the self-
diffusivity computations, the empty relaxed structure of ZIF-8 was obtained through running 1 ns
simulation in the NVT ensemble to equilibrate the system at 300 K and followed by a 10 ns
simulation in the NVE ensemble according to the method of Zheng et al.”> Subsequently, we
loaded this structure with the specified number of guest molecules and performed a 1 ns NVT
simulation to equilibrate the system. After that a 2 ns NVE simulation was carried out. The self-
diffusivity (Ds) values of various guest gases within flexible ZIF-8 were calculated by using the

mean squared displacement (MSD) method according to the Einstein relation (Eq. 11):

15
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11 E 2
D, =11m—<NZ‘rk(t)—rk(to)‘ > (11)

t—o Gt =y
Where r, (t) is the position vector of guest molecule k at time ¢. In particular, the Ds value is

averaged over all the N sorbed molecules and over multiple time origins ty (as symbolized by the
brackets).

Figure 10 shows the effect of gaseous sorbate loading on the self-diffusivity values for H;
within flexible ZIF-8 at 300 K computed by MSD method. This figure reveals that H, self-
diffusivity reaches a maximum (2.538x10™®* m?/s) at loading 20 H, molecules per unit cell (20
molecules/uc) of ZIF-8, while it is lower, 1.704x10™ and 1.549x10® m%/s at loading 3 and 55
molecules/uc, respectively. Pantatosaki et al.’' reported the simulated self-diffusivity values for
H, within ZIF-8 at 298 K ranging from 1.1x10™ to 1.8x10™® m%*/s with the loading of H,, which
are slightly lower than our simulated results. This difference may be due to free orientation of the
imidazole rings in the simulations with the proposed force field, resulting in the bigger size of
four-ring windows in ZIF-8 framework. A comparison of self-diffusion coefficients for various
gaseous sorbates (H,, CH4 and CO,) in ZIF-8 at 300 K is shown in Table 2. The imidazolate
rings in ZIF-8 can be classified into two types. Type I is located at the four-ring window
perpendicular to the ¢ axis, while type II is located at the six-ring window. Pantatosaki et al.”'
reported that CH,4 is entrapped in the rigid ZIF-8 framework, whereas CO, with the less kinetic
diameter is able to pass the four-ring windows presenting a tiny diffusivity value even in the rigid
structure. But for similar flexible structures, their diffusivity values come up to three times higher
than the ones obtained by the rigid frameworks. At the same time, the framework charge
distribution also affects primarily the diffusivity behavior of sorbate molecules bearing charged

centers like CO,. According to Zheng et al.,” it is very important to add the proper partial

16
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charges, correct framework shape and flexibility during calculating self-diffusivity for polar
molecules such as CO2 in ZIF-8. In comparison with the simulated result in the charged-flexible
ZIF-8 framework reported from Zheng et al.,”> our simulated self-diffusion coefficient for CO,
in ZIF-8 at 300K is about its three times, due to the different partial charges and the effect of
different force field parameters on framework shape and flexibility in our simulations.

4. CONCLUSIONS

In this work, a full set of flexible force field parameters for ZIF-8 have been presented, based
on the AMBER, UFF parameters and the partial charges computed by DDEC method. The CH4
adsorption isotherms for four different initial structures of ZIF-8 at 298K have been computed
using GCMC simulations with the proposed force field as well as those available in literature.
The results show that the CH4 adsorption isotherms on ZIF-8 and ZIF8HL obtained by using the
proposed force field are in better agreement with the experimental data as compared to those
obtained for the available force fields. To test our model, adsorption isotherms for four gases
such as CH4, Hy, CO; and N; at different temperatures were computed using GCMC simulation
and were found to be in a good agreement with the experimental data. In the case of H,, the
probability density distribution profiles indicate that the preferential adsorption sites of H,
molecules in ZIF-8 are located close to the MeIM rings, where the host-guest VDW interactions
are maximal, as revealed by the potential energy surfaces (PES). In addition, it is shown that the
force field parameters reproduce well the ZIF-8 structural properties including lattice constants,
bond lengths and angles over a wide range of temperatures. The self-diffusivities at specified
loadings of sorbed gases (CHy4, H, and CO,) in ZIF-8 have been calculated. It was found that our
self-diffusivities of H, are slightly higher than the ones in the literature, and our self-diffusivity

of CO; is as about three times as the one in the literature, due to the different partial charges and

17
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the effect of different force field parameters on framework shape and flexibility in our
simulations. In conclusion, the propsoed force field is suitable to study gas adsorption as well as
diffusion in the flexible structure of ZIF-8. The possibility of using this force field to other ZIF

structures will be investigated in future.
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Table 1. Comparison of the simulated bond lengths and angles with experimental data of ZIF-8

at 258 K and 10° Pa.

Average Bond Length (4)

i-j Simulation Experiment
Zn-N 1.996 1.987
N-Cl1 1.343 1.340
N-C2 1.371 1.371
C1-C3 1.492 1.493
C2-C2 1.345 1.346
C2-H2 0.931 0.929
C3-H3 0.959 0.960

Average Bond Angle (Degree)

i-j-k Simulation Experiment
N-Zn-N 109.34 109.47
Zn-N-C1 128.25 128.35
Zn-N-C2 125.30 126.40
CI-N-C2 105.11 105.24
N-CI-N 111.94 112.17
N-C1-C3 123.78 123.89
N-C2-C2 108.65 108.67
N-C2-H2 125.36 125.66
C2-C2-H2 125.59 125.67
C1-C3-H3 109.68 109.44
H3-C3-H3 109.11 109.50
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Table 2. Self-diffusivity of various gases in ZIF-8 at 300 K.

Page 22 of 35

Guest type CO; CH, H>
Loading(molecules/uc’) 6 10 10
Ds(10"m’/s) 5.463 0.399 228.0

“uc: unit cell
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Figure captions

Figure 1. (a)Atom types used in the flexible force field;(b)unit cell of the rigid framework taken
from CCDC(ZIF-8);(c) unit cell of the flexible framework considered in this work
(ZIF8_55CH4UC);(d) unit cell of the experimentally-established flexible framework by

Moggach et al.'? (ZIF8HL). The big yellow balls refer to the free volume of ZIF-8.

Figure 2. Lattice parameters of ZIF-8 crystal structure over a wide range of temperatures. The
open circles refer to the simulation data from Ref.(**) The filled squares refer to the experimental

data from Ref.(°) and the upper triangles refer to the experimental data from Ref.(**)

Figure 3. (2)2x2x2 supercell of the ZIF-8 framework reported from CCDC;(b) 2x2x2 supercell

of the ZIF8-55CH4UC framework after running a 2ns NVT ensemble MD simulation at 298K.

Figure 4. Adsorption isotherms of CH4 on ZIF-8 at 298K.The isotherms in the left panel were
calculated using GCMC simulations with the force field of Zhang et al.** The circles refer to the

experimental data from Ref.(46).

Figure 5. Adsorption isotherms of N, on ZIF-8 at 298K.The circles refer to the experimental data

from Ref.(*"). The open circles refer to the simulated data from Ref.(*®).

Figure 6. Adsorption isotherms of H, on ZIF-8 at 77K and 298K.The upper triangles and

diamonds refer to the experimental data from Ref.(*®) and the circles refer to the experimental

data from Ref.(°)

Figure 7. Adsorption isotherms of CO, on ZIF-8 at 298K.The open upper triangles refer to the
data obtained by GCMC simulations with the force field of Zhang et al.” and the squares refer

the experimental data from Ref.(*°). The open circles refer the simulated data from Ref.(**).
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Figure 8. Probability density distribution (plane of XOY) for H, molecules adsorbed on ZIF-8 at

77K at different pressures: (a)l bar (b)30 bar and (c¢)80 bar.

Figure 9. Potential energy surfaces for H, molecules interacting with ZIF-8 at 77K (a) VDW
interaction between H, molecules and ZIF-8 framework. (b) electrostatic interactions of a

positive charge(+1) over the surface of ZIF-8 framework.

Figure 10. Self-diffusion coefficients for H, in ZIF-8 at 300 K.
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Figure 1. (a)Atom types used in the flexible force field;(b)unit cell of the rigid framework taken
from CCDC(ZIF-8);(c) unit cell of the flexible framework considered in this work
(ZIF8 _55CH4UC);(d) unit cell of the experimentally-established flexible framework by

Moggach et al.'? (ZIF8HL). The big yellow balls refer to the free volume of ZIF-8.
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Figure 2. Lattice parameters of ZIF-8 crystal structure over a wide range of temperatures. The
open circles refer to the simulation data from Ref.(**) The filled squares refer to the experimental

data from Ref.(®) and the upper triangles refer to the experimental data from Ref.(*)
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Figure 3. (2)2x2x2 supercell of the ZIF-8 framework reported from CCDC;(b) 2x2x2 supercell

of the ZIF8-55CH4UC framework after running a 2ns NVT ensemble MD simulation at 298K.
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Figure 4. Adsorption isotherms of CH4 on ZIF-8 at 298K.The isotherms in the left panel were

calculated using GCMC simulations with the force field of Zhang et a

experimental data from Ref.(

46)

1.29

The circles refer to the
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Figure 5. Adsorption isotherms of N, on ZIF-8 at 298K.The circles refer to the experimental data

from Ref.(*"). The open circles refer to the simulated data from Ref.(*®).
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Figure 7. Adsorption isotherms of CO, on ZIF-8 at 298K.The open upper triangles refer to the

data obtained by GCMC simulations with the force field of Zhang et al.” and the squares refer

the experimental data from Ref.(*°). The open circles refer the simulated data from Ref.(**).
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Figure 8. Probability density distribution (plane of XOY) for H, molecules adsorbed on ZIF-8 at

77K at different pressures: (a)l bar (b)30 bar and (c¢)80 bar.
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Figure 9. Potential energy surfaces for H, molecules interacting with ZIF-8 at 77K (a) VDW
interaction between H, molecules and ZIF-8 framework. (b) electrostatic interactions of a

positive charge(+1) over the surface of ZIF-8 framework.
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Figure 10. Self-diffusion coefficients for H, in ZIF-8 at 300 K.
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A full set of flexible force field parameters for ZIF-8, applied for its gas adsorption and

diffusion, has been presented.
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