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Molecular Mechanism of Swing Effect in Zeolitic Imidazolate 
Framework ZIF-8: Continuous Deformation Upon Adsorption 
François-Xavier Coudert*[a]

Abstract: Zeolitic Imidazolate Framework ZIF-8 displays flexibility of 
its framework by rotation of its imidazolate linker.  This “swing effect” 
has been widely described in the literature, both experimental and 
theoretical, as a bistable system where the linker oscillates between 
two structures: “open window” and “closed window”. By using 
quantum chemistry calculations and first principles molecular 
dynamics simulations, it is shown that the deformation upon 
adsorption is in fact continuous upon pore loading, with 
thermodynamics of packing effects the reason behind stepped 
adsorption isotherms experimentally observed. Finally, we study a 
variant of ZIF-8 with a different linker, highlighting the influence of the 
linker and the balance of microscopic interactions on the framework’s 
flexibility. 

Introduction 

Zeolitic imidazolate frameworks (ZIF) are a subclass of metal–
organic frameworks (MOF)1,2,3,4 formed from imidazolate linkers 
and metal cations, linked together into three-dimensional zeolitic 
frameworks.5,6,7,8 Like MOFs, ZIFs feature tuneable nanoporosity 
(e.g., by changing the size of their linker), structural flexibility 
(dictated by relatively weak coordination bonds and 
intermolecular forces), and versatility of their inner surface 
(through functionalization of the organic ligand). They also feature 
strengths typical of the zeolites family, in terms of thermal, 
mechanical and chemical stability. Finally, due to the large 
diversity of four-connected nets, over 100 different ZIF structures 
have been reported so far, with many more potential structures 
existing within a small range of enthalpy of formation.9,10,11 ZIFs 
present a great potential for applications such as gas capture 
(CO2 in particular), 12  sensing, 13  encapsulation and controlled 
delivery,14 and fluid separation.15,16,17,18

ZIF-8, in particular, is commercially available, has been widely 
studied, and has excellent performance at lab scale for the 
separation of  many strategic mixtures, including C2/C3 
hydrocarbons, CO2/CH4, CO2/N2, biobutanol fermentation mixture, 
phenolic isomers, etc. It is a low density porous framework with 
the sodalite (sod) topology and chemical formula Zn(mim)2, 
where mim = 2-methylimidazolate (see Figure 1). It features large 

spherical cages, called sodalite cages, separated by 6-ring 
windows of small aperture (~3.4 Å diameter as determined from 
the crystallographic structure), and 4-rings that connect different 
cages. It has high thermal, mechanical and chemical stability,5,19 
and can be readily assembled into membranes20 or form thin 
films.21 It undergoes amorphization under mechanical pressure22 
or ball milling.23 

Moreover, studies have highlighted that ZIF-8 exhibits some 
flexibility of its framework in the form of a torsional motion of its 
imidazolate linkers, a phenomenon called the “swing effect”. Both 
experimental and theoretical works on ZIF-8 have noted a 
discrepancy between experimental results of gas adsorption and 
diffusivity, and the values that could be predicted from molecular 
simulations in rigid structures or simple considerations comparing 
the ZIF-8 window size and the adsorbates’ kinetic diameter.24 
This ability of molecules larger than the geometric window size to 
diffuse through the ZIF-8 framework was attributed to flexibility of 
the structure.25 The best-documented evidence of this effect was 
the computational characterization of self and transport diffusion 
coefficients of methane, ethane, ethylene, propane, propylene, n-
butane, and 1-butene, by the Sholl group. 26  By comparing 
simulation results to experimental transport properties, the 
authors showed that framework flexibility plays a critical role in 
accurately describing molecular diffusion. 

Moreover, there is ample direct evidence of a structural 
transition occurring in ZIF-8 upon loading, first reported by 
Moggach et al. in an high-pressure experiment using a 
methanol/ethanol mixture as hydrostatic medium. 27  They 
demonstrated that at a pressure of 1.47 GPa, the intrusion of 
methanol molecules into the ZIF-8 nanopores triggers a reversible 
single-crystal to single-crystal structural transition. The “high 
pressure” (or HP) phase has the same space group (I4̄3m) as ZIF-
8, a slightly larger unit cell volume (4974.8 Å3 vs. 4900.5 Å3), and 
exhibits a reorientation of the imidazolate linkers, which open the 
6-ring windows. In later work, Fairen-Jimenez et al. 28

demonstrated by in situ powder XRD measurements  that the HP
phase of ZIF-8 can also be observed upon adsorption of N2 at
77 K. These authors also demonstrated that the stepped N2

adsorption isotherm (at 77 K) could not be explained by Grand
Canonical Monte Carlo (GCMC) simulations in a rigid “ambient
pressure” (AP) ZIF-8 structure. They showed, on the contrary, that
its lower pressure part matches the GCMC simulations performed
in the AP structure, while the saturation uptake corresponded with
GCMC simulations in the (rigid) HP structure.

Some of the same authors later studied adsorption of CO2, 
CH4 and longer alkanes in ZIF-8, at temperatures between 120 K 
and 300 K. 29  While no clear step can be seen on these 
experimental isotherms, they used GCMC simulations and 
Density Functional Theory (DFT) calculations to prove that 
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adsorption could not be fully described by the AP structure only, 
but that two different structural configurations (AP and HP) of ZIF-
8 are needed to properly describe the adsorption performance of 
this material. In particular, they demonstrated that the HP 
structure presents an additional adsorption site within its 4-ring 
window. 

Finally, another study provided high-resolution adsorption and 
desorption isotherms of CO, N2, O2 and Ar at 77 and 90 K, which 
all exhibit multiple steps as well as a hysteresis loop in the higher-
pressure step.30 As in the earlier work on N2, Ania et al. compared 
these experimental isotherms to GCMC calculations performed 
on the rigid AP and HP structures, and attributed the stepped 
adsorption behavior to the packing arrangement of the guest 
molecules, as governed by polarizability, molecular size and 
shape of the gases. 

However, while the thermodynamics and energetics of the 
ZIF-8 swing effect have been studied from the energetics and 
thermodynamics of adsorption in the two crystallographic 
structures AP and HP, little has been said of the nature of this 
structural transformation, what happens in between, and what is 
the dynamics of imidazolate linker swing motion in the material in 
the presence of adsorbate. To our knowledge, no experimental 
data or molecular simulation on the single-crystal to single-crystal 
AP→HP transformation has determined whether it is a continuous 
deformation of the ZIF-8 structure, a phase transition between 
metastable phases of the material (like the MIL-53 breathing 
transition, for example), or a “gate opening” phenomenon. 

Finally, there is little information in the literature about the 
swing effect of the imidazolate linkers in other ZIFs of the sod 
topology, and the possible influence of linker functionalization on 
the framework dynamics. In the case of ZIF-7, a 
Zn(benzenimidazolate)2 framework with great separation 
potential, the existence of a structural transformation was 
established by Aguado et al.31 van den Bergh et al.32 were able to 

give some microscopic insight into the energetics of adsorption of 
hydrocarbons in ZIF-7. Zhao et al. 33  determined the 
crystallographic structure of ZIF-7-II, obtained from ZIF-7 upon 
solvent evacuation, and showed that a dense phase with the 
same topology, ZIF-7-III, can also be triggered in the presence of 
water. Later, Du et al. showed the existence of a high-temperature 
transition, and elucidated the interplay between temperature 
effects and CO2 guest adsorption by establishing the phase 
diagram of ZIF-7 in (T, PCO2) parameter space.34 

Finally, the Hupp group35 was able to obtain an ZIF of sod 
topology with unsubstituted imidazolate (im) as linked through 
solvent-assisted linker exchange: the resulting material, SALEM-
2, incorporates as much as 85% of im vs. mim. This change in the 
linker, while it has no bearing on the framework,  appears to have 
an impact on the N2 adsorption properties. However, no detailed 
study of the imidazolate swing effect at the microscopic level has 
been performed.  

In this paper, I look at the nature of the ZIF reorientation 
transition, and in particular whether it is a transition between two 
metastable phases of ZIF-8, a continuous adsorption-induced 
deformation, or a type of adsorbate-induced gate opening.36 In 
order to bring microscopic insight into the transition, it is studied 
at the atomistic scale in terms of both energetics as well as 
thermal motion, with and without adsorbates. Because this effect 
is expected to be particularly difficult to capture with classical 
force fields and the strong assumptions they make on interatomic 
interactions, the issue is addressed through quantum chemistry 
simulations, using both zero Kelvin energy minimizations and 
finite temperature molecular dynamics. 

Results and Discussion 

Figure 1. Left: representation of a 2 × 2 supercell of the ZIF-8 structure, highlighting the SOD topology of the frame-work with brown lines drawn between 
neighboring Zn2+ ions (in green). Top right: views of the 6-ring windows of ZIF-8’s sodalite cages, and the window as viewed from above in the AP structure. 
Bottom right: lateral views in the AP and HP structures, showing the deformation of the window and reorientation of the 2-methylimidazolate linkers. 



Quantum chemistry calculations 
First, I performed quantum chemistry calculations starting 

from the experimental AP and HP structures, optimizing each 
structure’s geometry — both atomic positions and unit cell 
parameters — in the absence of guests. The ZIF-8 AP structure 
is fairly well reproduced (see Table 1), but the HP structure 
spontaneously relaxes into AP, with extremely good precision. 
Thus, HP is not a metastable structure for the bare ZIF-8, i.e. not 
a local minimum in the energy profile of the material. This is in 
contrast, for example, with adsorption-induced transitions such as 
the “breathing” transition in the MIL-53 family.37 

Table 1. Properties (unit cell volume and cell parameters) of the ZIF-8 AP 
and HP phases, before and after DFT energy minimization in the absence 
of guest molecules. 

Structure Experimental 
volume used as 
starting point 

Volume of DFT-
relaxed 
structure 

Unit cell 
parameter a 

ZIF-8 AP 4907.12 Å3 4790.62 Å3 16.85766 Å 

ZIF-8 HP 5006.60 Å3 4790.54 Å3 16.85756 Å 

Then, I tried to see if the HP structure could be observed by 
applying pure (isotropic) mechanical stress to ZIF-8. To mimic the 
effect of adsorption-induced stress near saturation uptake (i.e. at 
large loading), where the HP structure is experimentally observed, 
I studied the effect of negative (outward) pressure on ZIF-8. 
Starting from the relaxed AP structure, an isotropic stress is 
applied and the deformation is measured (see Figure S1). A linear 
elastic domain is found up to P = –1.5 GPa, and the unit cell 
volume of the HP phase would correspond to an isotropic 
pressure of P = –0.3 GPa. However, imposing an isotropic stress 
on ZIF-8 does not lead to imidazolate reorientation, but on the 
contrary, the unit cell expands homogeneously, without any 
“swing” of the linker. The AP-HP transition is thus not due merely 
to an isotropic stress. 

First principles MD of guest-free host 
In order to look at nature of thermal motion of the imidazolate 

linker, I ran first principles MD simulations of the empty AP ZIF-8 
structure in the (N, V, T) ensemble, at temperatures of 77, 150 
and 300 K. The spontaneous “swinging” motion of the imidazolate 
linkers is observed in all three trajectories. It is then characterized 
by the dihedral angle φ Zn3–Zn2–Zn1–CH3 of the imidazolate 
around the Zn1–Zn2 axis (see Figure S4), where the “reference” 
of 0° is the 6-ring of Zn (i.e. the window connecting the cages). In 
the crystallographic AP structure, the window is not perfectly 
planar (φ ~ 7°), while in the crystallographic HP structure, φ ~ 35°. 
Figure 2 shows histograms of values taken by φ during our 
dynamics, where the thermally-activated swinging motions are 
seen to increase in amplitude with temperature: ~15° at 77 K, 
~20° at 150 K and ~25° at 300 K. However, the distribution is in 
all cases centered around φ = 0°, and never reaches the value of 
35° observed in the HP structure. 

Figure 2. Upper panel: histogram of the imidazolate swing angle φ (in degrees), 
as a function of temperature. Lower panel: potential of mean force as a function 
of the dihedral angle. 

On the lower panel of Figure 2, we see the potential of mean 
force (PMF) as a function of dihedral angle, F(φ) = –kT log P(φ), 
obtained from the histograms above. The profiles obtained at 
different temperatures coincide and the free energy is quadratic, 
which showing that the “thermal swinging motion” seen in the 
empty host is a soft vibration mode of wide amplitude. The 
frequency of vibration, as calculated from the MD simulations, is 
very low at νswing = 60(±10) cm–1. The nature of this motion is in 
good agreement the experimentally observed peak at 1.95 THz 
by terahertz time-domain spectroscopy, 38  and with the low-
frequency terahertz vibrations observed experimentally in guest-
free ZIF-8 by inelastic neutron scattering at room temperature, 
and studied by static DFT calculations in the limit of the harmonic 
regime.39 The same modes were also shown to be linked to the 
know shear-instability of ZIF-8, and its pressure-induced 
amorphization through shear softening.40 

Moreover, the study of the correlations between the motions 
of the various methylimidazolate linkers shows that they are totally 
uncorrelated — as is reflection on the matrix of correlation plots 
at 77 K shown in Figure S2. We also see from Figure 2 that the 
energy needed to bring one imidazolate linker from 0° to 35° is 
~15 kJ/mol. That value is of the same order of magnitude as 
adsorption enthalpies, explains why guest adsorption can trigger 
such a large swing motion of the ZIF-8 imidazolate linker, 
compared to the amplitude of thermal motions. 

Grand canonical Monte Carlo 
I then performed Grand canonical Monte Carlo simulations of 

N2 adsorption in ZIF-8, using the two crystallographic structures 
AP and HP (Figure S3). We confirm Düren et al’s findings28 that 
while GCMC isotherms in the AP structure describe reasonably 
the first part of the isotherm, they fail to reproduce the saturation 
uptake, which is on the other hand reasonably described by 
GCMC simulations using the HP structure. However, it is clear 
from the higher-resolutions isotherms published by Calero et al.30 
that the in the intermediate pressure range, neither the isotherm 
of the rigid AP or rigid HP structures reproduce the experimental 
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results. In addition, GCMC simulations were also performed at 
high loading in using two hypothetical structures: one with the AP 
atomic positions but HP unit cell parameters, and one with HP 
atomic positions but AP unit cell parameters (red and pink points 
near P = P0 on Figure S3). The purpose of these is to check 
whether the adsorption properties of the two phases are 
dominated by their linker positions or the total unit cell volume. 
We can see that the effect of unit cell volume change is marginal, 
confirming that the main effect is that of the swing of the 
imidazolate linkers. 

Figure 3. Histograms of the swing angle of the imidazolate linkers, for ZIF-8 
with various quantities of N2 adsorbed at 77 K. 

First principles MD with guest molecules 
The behavior of ZIF-8 at intermediate N2 loading was then 

investigated, by means of first principles molecular dynamics. 
Starting configurations were taken from GCMC simulations, with 
11, 27, 41 and 49 N2 molecules adsorbed per unit cell, at a 
temperature of 77 K. From the analysis of these trajectories, 
Figure 3 presents the histograms of the imidazolate swing angle 
φ, for all four loadings and compared to the empty host. We see 
that at low loading (11 N2), the adsorbed molecules have limited 
effect on the imidazolate linker, increasing slightly the amplitude 
of swing motions (with a half-width going from 8° to 12°) but the 
distribution remains centered near 0°. At higher loading (27, 41, 
and 49 N2 molecules), we see an important change in the nature 
of the distribution of swing angles: its maximum shifts from ~0° to 
14°, 20°, and 25° (for 27, 41, and 49 guest molecules respectively). 
This is the manifestation of the opening of the windows, which 
occurs as a gradual transformation of the ZIF-8 structure upon 
adsorption, from the guest-free metastable AP structure to a 
guest-loaded HP structure with open windows. It contrasts with 
the previous picture of an abrupt, first-order adsorption-induced 
transition28, 41  between preexisting phases of the bare ZIF-8 
framework. This is consistent with our quantum chemical 
calculations, which show that the HP structure is not metastable 
in the absence of guest molecules. It is also in good agreement 
with recent indirect experimental evidence obtained by 2H NMR42 
and later by in situ inelastic neutron scattering,43 showing that the 
linker swing motion is retained at full loading — although the exact 
nature of the transition and behaviour at intermediate loading was 
not detailed. 

It should be noted that, at all loadings simulated, a few events 
of diffusion of N2 through the 6-ring windows of ZIF-8 are 
observed. From the “rigid” AP structure, N2 diffusion is not 
expected from geometric considerations, as the window diameter 
of 3.4 Å is smaller than the N2 kinetic diameter of 3.6 Å. Thus this 
shows that even a “small” swing amplitude (of the order of 15°) is 
enough to allow rather “fast” diffusion of N2 in the pores of ZIF-8, 
which is observed twice in a 18 ps dynamics at 77 K. Furthermore, 
I analyzed the spatial distribution of N2 molecules adsorbed at 
loadings of N = 41 and N = 49 molecules per unit cell. In order to 
get the necessary statistics, GCMC results were used for that 
analysis. They confirm that the opening of the ZIF-8 window 
allows for a denser packing of N2, with the possibility of having 2 
molecules per window (at N ~ 49 in the HP structure) against only 
1 molecule per window (at N ~ 41 in the AP structure). This 
packing effect can explain the observed steps on the experimental 
adsorption–desorption isotherms,27,28,29,30 similarly to what has 
been demonstrated for other flexible porous materials in both 
theoretical44,45 and experimental46 works. 

Figure 4. Histograms of the swing angle of the imidazolate linkers, for ZIF-8 
(black) and SALEM-2 (red) at 77 K. 

Linker functionalization 
Finally, I studied the influence of the nature of the ZIF-8 linker 

by comparing the swing motions of ZIF-8 (whose linker is 2-
methylimidazole) with a ZIF with the same sodalite (sod) topology 
but built on an unsubstituted imidazolate linker — a structure 
similar to that of material SALEM-2, obtained from ZIF-8 by post-
synthetic exchange of the linkers.35 Quantum chemical 
calculations show that in SALEM-2 the most stable structure still 
resembles the AP structure, with a swing angle close to zero. 
However, molecular dynamics at 77 K reveals (Figure 4) that the 
swing motions are of a much larger amplitude for SALEM-2 than 
for ZIF-8. In fact, at 77 K, the “thermal” swing motion goes all the 
way up to 35° (instead of 15° for ZIF-8). The free energy required 
for a rotation of the linker from 0° to 35° is a mere 3.5 kJ/mol for 
SALEM-2, compared to 15 kJ/mol for ZIF-8. This “extra” 
stabilization of the “AP” structure of ZIF-8 (compared to its 
unsubstituted variant) can be ascribed to the dispersive 
interactions between the methyl groups and the neighbouring 
windows, which favour the in-plane configuration. As a 
consequence, I predict that the “swing effects” in SALEM-2 are 
much less severe, if they are visible at all, than in ZIF-8. This also 
shows that the “swing effect” of ZIF-8, which were studied here, 
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is not a universal phenomenon for ZIF structures, but linked to the 
specific nature of the ZIF-8 framework. 

Conclusions 

In conclusion, combined quantum chemistry calculations and first 
principles molecular dynamics simulations demonstrate that the 
“swing effect” or “window opening” in ZIF-8 is in fact a gradual 
adsorption-induced deformation of the ZIF-8 framework. The 
“open window” (or “high pressure”) structure is not metastable in 
the absence of adsorbate, and the opening transition is 
continuous and not of the first order (as was suggested in prior 
literature). This gradual deformation leads to stepped isotherms 
in some cases because of packing effects of the adsorbed phase. 
Experimentally, stepped isotherms have been observed for small 
molecules at low temperature, which is exactly when such 
packing effects can be expected to dominate (dense and well-
organized adsorbed phases). Thus, GCMC simulations at fixed 
volumes, even when considering two (AP and HP) or more 
phases, are not well-suited to study guest adsorption in ZIF-8. 
Studies in the osmotic ensemble are required for a complete 
thermodynamic description of adsorption. Furthermore, it is 
shown that extent of the swinging motions of the imidazolate linker 
depend largely on the microscopic nature of the linker, and predict 
that the “swing effect” would be much less important on a ZIF-8 
with unsubstituted imidazole linker. This opens the way to fine-
tuning of the ZIFs’ adsorption and permeation properties by 
chemical tuning, pre- or post-synthesis, of their linkers. First 
principles molecular dynamics is a useful tool to investigate the 
microscopic behavior of these soft porous materials and predict 
the impact of adsorbates on their structure. 

Computational Methods 

Quantum chemistry calculations. The structures of all MOF 
materials considered were fully relaxed by optimizing both atomic 
positions and unit cell parameters simultaneously, starting from 
the experimental crystallographic structure. First principles 
calculations were performed in the density functional theory 
approach with periodic unit cell, full use of the crystal’s symmetry 
elements and localized basis sets as implemented in the 
CRYSTAL14 code. 47  The B3LYP hybrid exchange-correlation 
functional48 was used, with empirical correction for the dispersive 
interactions following the scheme of Grimme.49 All electron basis 
sets were used for all atoms: H (3-1p1G), C (6-31d1G), N (6-
31d1G) 50  and Zn (86-411d31G). 51  The accuracy of this 
methodology is now well established for the calculation of MOF 
and ZIF structures, their relative energies, 52  and elastic 
constants. 53 , 54  Unit cell parameters obtained for ZIF-8 was 
16.86 Å (vs. 16.99 Å experimentally5), while for SALEM-2 it is 
17.01 Å (experimentally 16.83 Å35) — although that latter 
experimental value was determined not for a pure imidazolate-
based SALEM-2 but for a mixed-ligand ZIF of composition 
Zn(im)1.7(mim)0.3. Calculations were repeated with the PBESOL0 
exchange–correlation functional, and the conclusions were 

identical. After full optimization in the crystal’s symmetry group, 
negative frequencies remained corresponding to the free rotation 
of the ZIF-8 methyl top. 

First principles molecular dynamics. First principles 
molecular dynamic (FPMD) simulations of the ZIF-8 and SALEM-
2 empty frameworks, as well as the ZIF-8 framework with various 
quantities of adsorbed N2, were performed with Born-
Oppenheimer dynamics based on Density Functional Theory for 
the calculation of atomic forces. They were carried out using the 
QUICKSTEP/CP2K package, 55  which is based on a hybrid 
Gaussian plane-wave approach combining a Gaussian basis for 
the wave functions with an auxiliary plane wave basis set for the 
representation of the density. 56  The gradient-corrected BLYP 
functional 57 , 58  was employed with empirical correction for the 
dispersive interactions using the Grimme “D3” method. 59  The 
cutoff for the density plane-wave basis set was set to 400 Ry at 
the finest level, and double-ζ valence polarized (DZVP) basis sets 
were used for all atoms. 

 All molecular simulations were performed using periodic 
boundary conditions on a single unit cell of the material (ZIF-8 or 
SALEM-2). Hydrogen atoms were deuterated in order to allow for 
a larger time step (0.5 fs) in the integration of the equations of 
motion. Simulations were run in the canonical ensemble (N,V,T), 
and the temperature was controlled by a Nosé-Hoover thermostat 
chain.60 For each simulation, an initial equilibration period of 5 ps 
was used, with a thermostat time constant of 400 fs, before a 
production run lasting 15 to 25 ps, during which the thermostat 
time constant is set to 1000 fs. Results were then checked against 
shorter (N, P, T) runs (10 ps, with 250 fs thermostat time constant 
and 1 ps barostat time constant) to validate the little influence of 
the unit cell volume change on the results obtained. For example, 
for the empty ZIF-8 framework at 77 K, constant-pressure 
simulations found an average unit cell parameter of 16.94 Å (vs. 
16.86 Å for the energy-minimized structure).  

From the molecular simulations, the dihedral angle φ was 
used to characterize the swing of each imidazolate linker (Zn3–
Zn2–Zn1–CH3; see Figure S4). The  frequency of the swinging 
motion νswing was then calculated from the trajectories, by Fourier 
transform of the φ(t) autocorrelation function, and the width of the 
FT peak gives the uncertainty of ±10 cm–1.  

Grand Canonical Monte Carlo. In order to characterize the 
thermodynamics of adsorption of N2 in the rigid ZIF-8 AP and HP 
structures, force field-based Monte Carlo simulations were 
performed in the grand canonical ensemble. The N2 molecules 
were described by a rigid two points and three charges TraPPE 
model.61 The ZIF-8 structure was described as in Ref. 62. These 
force field parameters are presented in the Supporting 
Information. Lorentz–Berthelot rules were used to calculate ZIF–
N2 Lennard-Jones parameters. Series of GCMC simulations were 
performed at various values of N2 fugacity, which was then related 
to gas pressure by the ideal gas law. Long-range electrostatic 
interactions were taken into account using the Ewald summation 
technique. In order to improve the efficiency of the calculations, 
electrostatic and repulsion–dispersion interaction energies 
between the rigid ZIF-8 framework and adsorbed N2 molecules 
were precomputed on a grid (with a grid mesh of 0.1 Å) and stored 
for use during the simulation. 
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