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Introduction

The recent appearance of metal–organic frameworks
(MOFs) has generated a vast volume of studies and attract-
ed the attention of an important part of the scientific com-

munity. The possibility of tailoring these materials in terms
of pore size[1] or group functionalities makes them extremely
attractive for a wide variety of applications such as CO2

storage, alkylation catalysis, or alkylbenzene separation. The
so-called zeolitic imidazolate frameworks (ZIFs)[2–5] are a
particularly interesting class of MOFs. ZIFs are constructed
from tetrahedral units formed by one bivalent metal M2+

cation (usually Zn2+) and four imidazolate anions (Im�).
Because of the strong bonding between the imidazolate
linker and the metal center, many ZIFs have high thermal
(>673 K) and moisture stability compared with many other
MOF structures.[6] The {M2+ ACHTUNGTRENNUNG(Im�)2} units are analogous to
the {SiO2} tetrahedra in zeolites and the M-Im-M bond
angle is similar to the Si-O-Si bond angle. It is, therefore,
possible to form zeolite-like networks from these building
units. ZIF analogues have been found for gmelinite (GME),
sodalite (SOD), Linde Type A (LTA), and rho (RHO) zeo-
lite topologies, among others.

The M�Im�M units in ZIFs are longer than the Si�O�Si
(or Si�O�Al) units in a zeolite. Therefore, the cavities of
ZIF materials are generally much larger than those of the
corresponding zeolites. Consequently the pore volume is
also much larger (provided that the cavities of the ZIF are
accessible). The combination of a large pore volume with a
pore size in the subnanometer range translates into a poten-
tially high adsorption capacity, which has been experimen-
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tally confirmed.[2,7–10] Moreover, it is possible to tune the af-
finity of ZIFs for adsorbate molecules by modifying the im-ACHTUNGTRENNUNGidazolate linkers by introducing different substituents or
functional groups. The applicability of this concept was re-
cently demonstrated by Banerjee et al.[11] They prepared a
series of ZIFs with the same GME topology but with chemi-
cally different imidazolate linkers and different pore sizes.
Thus, they were able to tune the adsorption capacity of CO2

as well as the CO2/CH4 and CO2/N2 selectivity from respect-
ably high values down to values close to those for an activat-
ed carbon material. The adsorption capacity and selectivity
are related to both the affinity of the imidazolate linker for
CO2 and the pore size of the ZIF (which, in turn, is deter-
mined by the steric demands of the linker).

If the topology is not fixed (as in the study of Banerjee
et al.), it will be an additional variable that has an impact on
the adsorption capacity and selectivity of ZIFs. In practice it
is not easy to dissociate the effects of topology, pore size,
and chemical nature of the
linker because the first two
factors indirectly depend on
the last: the molecular struc-
ture of the linker directs the
synthesis towards a certain
pore size and topology. Here
molecular simulation can help
to analyze how the complex in-
terplay of linker, pore size, and
topology affects the adsorption
behavior of ZIFs. Molecular
simulation separates and quan-
tifies the contributions of the three parameters cited above;
thereby it provides a possible explanation and may lead to
predictions of the adsorption behavior of ZIFs.

Numerous force-field-based Monte Carlo (MC) simula-
tion studies of adsorption have already been carried out for
MOF materials. Without an exhaustive search of all the sim-
ulation studies of adsorption in MOFs, most of the work
published deals with the IRMOFs (isoreticular MOFs),[12–17]

MILs (materials of the Institut Lavoisier),[18–20] and [Cu3-ACHTUNGTRENNUNG(BTC)2] (BTC=benzene-1,3,5-tricarboxylate).[21,22] With few
exceptions,[20,23] no dedicated force-field development took
place in these studies, but standard material force fields
(Dreiding,[24] universal force field (UFF),[25] or consistent va-
lence force field (CVFF))[26] were used. The standard force
fields seem to reproduce the physical properties of MOF
materials fairly well. Dedicated force fields in MOF materi-
als for the analysis of structural properties have been devel-
oped.[27,28] Since grand canonical MC simulations were not
carried out in these last studies, it is not yet possible to ana-
lyze their suitability to describe gas adsorption isotherms.

As mentioned above, the added value of molecular simu-
lation is that it allows us to analyze the factors that deter-
mine the shape of the adsorption isotherms. It was used to
identify the preferred adsorption sites, to establish correla-
tions between adsorption capacities and pore size and pore
volume of different MOF structures, and to evaluate the

contribution of electrostatic and van der Waals (vdW)
forces to the overall adsorption potential.[12–14,17, 29] ZIF mate-
rials have received significantly less attention than other
MOF structures with carboxylate linkers. Liu et al. studied
the adsorption of CO2 on ZIF-68 and ZIF-69 by using MC
simulations to determine equilibrium properties and molec-
ular dynamics to calculate self-diffusivities.[30] ZIF-68 and
ZIF-69 have the same topology (GME), but are constructed
by using different linkers.

In this work we studied the adsorption of three different
gases (CO2, CH4, and N2) on three ZIF structures with dif-
ferent topologies and compositions: ZIF-8 (SOD topology),
ZIF-76 (LTA topology), and ZIF-69 (GME topology). The
influence of the pore structure and the way the chemical
nature of the linker affected the adsorption were analyzed.
The structural properties of the ZIF materials are summar-
ized in Table 1. Their structures and the organic linkers used
in their synthesis are shown in Figure 1. In ZIF-8, sodalite

cages (free diameter =1.16 nm) are connected by six-mem-
bered rings, that is, windows with six Zn atoms. The imida-
zolate linkers point towards the center of the six-membered
ring, which connects two sodalite cages. The free diameter
of the opening of the six-membered ring is, therefore, only
0.34 nm. This is smaller than the kinetic diameter of CH4,
but because the opening is not spherical and because there
is probably some flexibility in the structure, the window is
just large enough to allow CO2, N2, and CH4 to diffuse into
the pores of ZIF-8. Framework ZIF-8 has a smaller experi-
mental porosity and a higher experimental surface area and
pore volume per gram of crystal than the other two ZIFs.

Framework ZIF-69 has the most complex pore structure
(GME topology). It has two one-dimensional pores, one
built from 12-membered rings and the other from six-mem-
bered rings. b-Chlorobenzoimidazole organic linkers point
to the center of the 12-membered rings, reducing the free di-
ameter of this ring from 1.5 nm to 0.78 nm. The six-mem-
bered rings consist of nIm linkers, with the nitro groups
pointing away from the center of the ring. The free diameter
of the six-membered ring is, therefore, comparable to that
of ZIF-8.[1] In theory, the two channel systems could be con-
nected through eight-membered rings, but the openings are
obstructed by the nitro groups. Note also that the six-mem-
bered ring is connected by three double four-membered
rings that are not permeable to molecules, but which create

Table 1. Topology and textural properties of the ZIFs analyzed in this work.

ZIF Linker Topology dp [nm][a] dw [nm][b] Sa [m2 g�1][c] f[d] Vp
[e] [cm3 g�1]

exptl/calcd exptl/calcd exptl/calcd

ZIF-8 mIm SOD[f] 1.16 0.34 1445/1413 0.35/0.48 0.59/0.52
ZIF-69 nIm/cbIm GME[g] 0.78 0.44 950/1029 NA/0.56[h] 0.34/0.48
ZIF-76 Im/cbIm LTA[i] 1.22 0.54 1340/1620 0.47/0.66 0.57/0.80

[a] Pore diameter. [b] Accessible diameter of window. [c] Surface area. [d] Porosity. [e] Pore volume. [f] So-
dalite cages directly connected by six-membered-ring windows. [g] Twelve-membered-ring channel cages de-
limited by eight- and six-membered rings. [h] NA: experimental data not available. [i] Sodalite cages connected
by double four-membered rings.
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three side-pockets in each segment of the six-membered-
ring channel. Framework ZIF-69 has the smallest experi-
mental surface area and porous volume of the three materi-
als analyzed in this work.

In the LTA topology (i.e., ZIF-76), large cages are con-
nected by eight-membered rings. Each large cage is sur-
rounded by eight smaller sodalite cages at the corners of a
cube. The sodalite cages are interconnected by double four-
membered rings. Molecules can enter the sodalite cage from
the large cage through a six-membered ring opening. In
ZIF-76, some of the cbIM linkers point towards the center
of the eight-membered ring connecting two large cages. The
six-membered-ring window is occupied by Im and cbIm link-
ers. Because the position of the chlorine atoms is disordered,
it is difficult to estimate the diameter of the opening of the
eight-membered-ring window. In any case, the opening is
large enough for CO2, CH4, and N2 molecules to diffuse in
(which is not the case in zeolite A). The experimental sur-
face area and porous volume in this solid are slightly lower
than in ZIF-8.

Two of the solids (ZIF-8 and ZIF-76) were synthesized
and were experimentally studied in this work. Published ad-
sorption data were used for ZIF-69 and compared with the

MC simulations. First, several force fields were validated by
comparing experimental and simulation data for ZIF-8. As
previously noticed by Fairen-Jimenez et al. ,[31] the standard
force fields previously cited considerably overestimate the
available experimental isotherms. We, therefore, adjusted
the standard UFF parameters by scaling their intermolecular
parameters (see computational methods in the Experimental
Section for details). The transferability of the readjusted
force field was successfully tested by comparing the simula-
tion results with experimental adsorption isotherms of N2,
CO, CH4, and CO2 on ZIF-76 and ZIF-69 (additional com-
parisons are provided in the Supporting Information for H2

adsorption on ZIF-8 and ZIF-11).
In a second step we analyzed the preferential adsorption

sites by means of potential-energy surfaces computed from
vdW and electrostatic interactions. The role played by the
electrostatic interactions and the metal atoms in the ZIF
structures was also analyzed. Finally, the thermodynamic be-
havior of N2, CH4, and CO2 adsorbed on ZIF-8, ZIF-69, and
ZIF-76 was compared through Henry constants and the iso-
steric heats of adsorption.

Figure 1. Crystal structures and imidazole (Im) organic linkers of the ZIFs.
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Results and Discussion

Force-field optimization : Experimentally measured adsorp-
tion isotherms of methane on ZIF-8 at 303 K and those ob-
tained from simulations are compared in Figure 2. Adsorp-

tion isotherms measured in this work were in agreement
with the data reported by Zhou et al.[7] Figure 2 also con-
tains the adsorption isotherms calculated by using two force
fields available in the literature and the force field devel-
oped in this work.

The agreement between the two sets of experiments and
our simulation results with the new force field is valid for
the whole range of pressures for the adsorption of CH4. We
have obtained a scaling factor of x�0.51, which reflects an
important reduction of the vdW cohesive energy of CH4

with respect to the original UFF. This is in agreement with
the previous simulation results reported in Ref. [31] for
ZIF-8. We then used this factor to adjust the dispersion re-
pulsion parameters for the additional atoms needed to de-
scribe host–guest interactions of different gases adsorbed on
different ZIFs materials as described in [Eq. (1)].

sNew
UFF ¼ 0:95sUFF

eNew
UFF ¼ 0:69eUFF

ð1Þ

The general validity of these adjusted force-field parame-
ters of the host material was tested by comparing the simu-
lation results with the new experimental adsorption iso-
therms of N2 and CO2 in Figure 3. The agreement observed
between both sets of results is remarkably good over the
whole range of pressures. No additional adjustments were
made to the force-field parameters, either for N2 and CO2

data shown in Figure 3 or for the rest of the systems studied
in this work. The final set of force-field parameters is listed
in the Supporting Information.

Force-field transferability : Because we intend to deduce the
general trends in gas-adsorption behavior on zeolite-like
metal organic frameworks, the transferability of our force
field has been tested by comparing the simulation results
obtained by using the optimized force field with the experi-
mental measurements for N2, CH4, and CO2 adsorption on
ZIF-76 at 303 K in Figure 4.

In general, as in the case of ZIF-8, we observe a fairly
good agreement between the experimental adsorption iso-
therms and the simulation results. Although CO2 is overesti-
mated at high pressure and CH4 is underestimated at low
pressure, we consider the agreement satisfactory, given that
no further parameter adjustment was made. Nevertheless,
N2 adsorption is reproduced well by our simulations. Finally,
we have tested our force field by comparing the simulation
results with other adsorption data available in the literature
and have obtained good agreement with the experimental
adsorption data for CO2, CO, and CH4 isotherms of
ZIF-69[1,11] at 273 K (Figure 5). Additional comparisons of
H2 adsorption on ZIF-8 and ZIF-11[8] at 77 K are provided
in the Supporting Information.

Figure 2. Comparison of the experimental methane isotherm at 303 K
with the isotherms obtained with different intermolecular potential force
fields on ZIF-8 (&= experimental data from Ref. [7] at 300 K, c=ex-
periments during this work, &= simulations during this work, += simu-
lations by using UFF and �=Dreiding force fields).

Figure 3. Comparison of experimental N2 and CO2 isotherms in ZIF-8 at
303 K with the simulation results obtained with the optimized force field.
The experiments are denoted by lines (g=N2, c= CH4, and b=

CO2) and the simulations by symbols (~=N2, &=CH4, and *= CO2).

Figure 4. Comparison of experimental N2, CH4, and CO2 isotherms on
ZIF-76 at 303 K with the simulations obtained with the optimized force
fields. The experiments are denoted by lines (g=N2, c=CH4, and
b=CO2) and the simulations by symbols (~=N2, &=CH4, and *=

CO2).
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It is interesting that the standard force fields (UFF and
Dreiding) showed an overestimation of the host–guest inter-
actions with a deviation of more than 66 % at 1 bar for CO2

and CH4 isotherms on ZIF-69 (see the Supporting Informa-
tion for details). This disagreement is similar to that previ-
ously observed for gas adsorption on ZIF-8 by using these
force fields. A recent study successfully reproduces the ex-
perimental CO2 isotherm on ZIF-69 and ZIF-68 with MC
simulation by using the original UFF.[30] The discrepancy be-
tween our results and those for CO2 reported in these works
may come from the different techniques employed to obtain
the electrostatic charge distribution for the ZIF framework.
In general, we have higher charges on Zn metal (1.1 e) and
NO2 groups (O: �0.48 e, N: 0.57 e) and lower charges on H
atoms (0.14 e) than the values reported in Ref. [30].

The comparison between our simulation results and the
experimental data for different gases (N2, CH4, CO, CO2)
adsorbed on different solids (ZIF-8, ZIF-69, ZIF-76) con-
firms the quality of the proposed force field for adsorption
predictions.

Analysis of the adsorption behavior : Figure 6 compares the
experimental and simulated adsorption isotherms of CO2

and CH4 of the three ZIFs at 303 K. The simulations predict
that the quantities of CO2 adsorbed at high pressure in-
crease in the order ZIF-69<ZIF-8<ZIF-76, which corre-
sponds to the order of the pore volumes of the samples. The
trend found in the simulations was experimentally con-
firmed for ZIF-76, which adsorbed more CO2 than ZIF-8
throughout the pressure range. The difference between
ZIF-76 and ZIF-8 is smaller than in the simulations. This
difference could be attributed to the fact that the actual
measured pore volume of ZIF-76 was smaller than the theo-
retical value. In the low-pressure region, ZIF-76 and ZIF-69
adsorb similar quantities in both simulation and experiments
(see Figure 6, insets), and the isotherm of ZIF-8 is signifi-
cantly lower.

The order of the simulated isotherms of CH4 at low pres-
sure is ZIF-69>ZIF-8>ZIF-76. At very high pressure, the

order changes and follows the pore volumes of the samples,
as in the case of CO2. The order of the experimental iso-
therms is different. In contrast to the simulations, ZIF-76
adsorbs more CH4 than ZIF-8. We tentatively attribute this
to the scaling factor of the dispersive energy, x= 0.51, which
led to an underestimation of the vdW interactions with the
cbIm ring of ZIF-76. This hypothesis is supported by the ob-
servation that our simulations slightly underestimate the ad-
sorption capacities of ZIF-69, which also contains the cbIm
linker (see Figure 5). In spite of having identified this prob-
lem, we preferred to maintain our philosophy of using a
unique correction factor of the cohesive energy for all link-
ers, instead of optimizing it for each material. This practice
will preserve the transferability of the force field to testing
gas adsorption on ZIF solids with different topologies and
different linkers. The discrepancies obtained between the
experimental data and simulation results by using our force
field are still less important than those observed by using
other force fields available in the literature.

Adsorption sites : To understand better the main adsorption
sites observed for the different ZIF materials, we have cal-
culated potential energy surfaces (PES) representing the dif-
ferent energy contributions (vdW and electrostatics) exerted
by the different host frameworks on the adsorbed mole-
cules.

Figure 5. Comparison of molecular simulation results with the experimen-
tal data on CO2 and CO gas adsorption on ZIF-69 at 273 K (Ref. [12]).
The experiments are denoted by lines (g=CO, c=CH4, and b=

CO2) and the simulations by symbols (^=CO, &=CH4, and *=CO2).
Inset: The low-pressure range for CH4 and CO up to 1 bar.

Figure 6. Comparison of experimental (left) and simulation (right) ad-
sorption isotherms at 303 K for a) CO2 and b) CH4 for ZIF-8 (c, *),
ZIF-69 (g, ~), and ZIF-76 (b, &). For the simulation data, the
lines connecting the symbols are Freundlich–Langmuir fittings. Experi-
mental data for ZIF-69 up to 1 bar is taken from Ref. [11] at 298 K.
Inset: The low pressure range for CO2 (a) and CH4 (b) up to 1 bar.
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The main adsorption sites, represented by the location of
the center of mass of CH4 (303 K, 5 bar) and CO2 (303 K,
50 bar) on ZIF-8, are shown in Figure 7 a and b, respectively.
In ZIF-8 the most energetically favorable locations for ad-
sorption are regions close to the imidazole rings. In fact, the
Zn atoms are quite far from the accessible surface for guest
molecules (dm�s = 0.35 nm; see Table 2). This is significantly
different from the situation in common MOF structures, in
which the most energetic adsorption sites are close to the
oxygen atoms of bicarboxylic linkers around the metallic
clusters. Our calculations agree with a recent experimental
study in which the main adsorption sites for CH4 in ZIF-8
were determined by neutron powder diffraction (NPD), dif-
ference Fourier, and Rietveld analysis.[32] We can superim-
pose the sites reported in Ref. [32] on the CH4 adsorption
sites in Figure 7 a. In addition, we observe that the main ad-
sorption sites perfectly match the regions where the vdW in-
teractions are maximal, as revealed by the PES in Figure 7 c.
For instance, the preferential sites for vdW interactions are
inside the sodalite cage, close to the methyl groups of the
mIm linkers (site I), and on both sides of the center of the
six-membered-ring windows (site II).

The preferential adsorption sites for electrostatic interac-
tions are on both sides of six-membered-ring windows (simi-
lar to site II) and in the middle of the faces of the accessible
surface area of ZIF-8 (site III), which is close to the aromat-
ic rings of the mIm linker that is above the center of the
four-membered ring (as shown by the arrows in Figure 7 b
and d). Sites III cannot be described by the vdW energy but
correspond to the regions where the electrostatic interac-
tions are maximal (Figure 7d). The last adsorption site re-
ported in Ref. [32], placed in the middle of the ZIF-8 cavity,
is also present in our simulations at high loading, particular-
ly for the case of CO2 (not shown). However, this site
cannot be explained by host–guest interactions and is the
result of a preferential arrangement between adsorbed guest
molecules.

In Figure 8 we have extended this analysis to ZIF-69. The
particular topology of the solid shows two different uncon-
nected channels with pores that are accessible for both CH4

and CO2 molecules. The arrangement of organic linkers in-
duces an important segregation of energy interactions of dif-
ferent kinds. For instance, the analysis of the vdW PES
allows the identification of several regions with preferential
interaction energies. The largest channels (formed mainly by
cbIm linkers pointing to the center of the cavity) have im-
portant regions with strong vdW interactions (Figure 8 a).
The small channel (formed by nIm linkers with the NO2

groups pointing toward the pores of the cavity) shows strong
electrostatic interactions (Figure 8 b). The combination of

Figure 7. Representation of the center of mass of a) CH4 and b) CO2 mol-
ecules adsorbed on ZIF-8 at 303 K and 5 bar. c) Location of sites for
maximum vdW interaction in ZIF-8. d) Projection of the electrostatic in-
teractions of a positive charge (+1) over the accessible surface area. The
lines in (a) represent the typical SOD topology. Atoms: Zn (gray), C
(cyan), N (blue), and H (white).
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these two types of interactions makes it possible to identify
five potential adsorption sites (Figure 8 c). Sites I and II are
placed on the central channel, close to the cbIm linkers.
Sites III are placed on the windows connecting the pores of
the small channels, whereas sites IV are placed on the small
(and nonporous) windows connecting the two channels. Fi-
nally, sites V are placed in a trigonal symmetry close to the
nIm linkers in the small channels.

The distribution of adsorbed CO2 molecules at 303 K and
5 bar (Figure 8 d) confirms the adsorption sites previously
listed. The adsorption of CO2 molecules in ZIF-69 is much
more localized than in ZIF-8. The results reported in
Ref. [30] for the center-of-mass probability distribution of
CO2 adsorbed on ZIF-69 are in agreement with our energy
analysis.

Note that, at low pressure, CO2 molecules are first ad-
sorbed in the large channels and then secondly in the small
channels. We notice that CO2 molecules adsorbed in the
small channels (connecting two pores) are forcibly aligned
with the pore. The explanation for this behavior may come
from an entropy loss in the system under these conditions,
which is not compensated by the strong electrostatic energy
observed inside these channels (see Figure 8 b). Our results
differ from the findings reported in Ref. [30], in which the
authors observe that the small channels are the preferential
adsorption sites for CO2 at low pressures. For the adsorption
of CH4 at low pressures, we observed a non-negligible popu-
lation of adsorbed molecules on these regions (see the Sup-
porting Information). This difference occurs because CH4

molecules fit the small channels better, without any prefer-
ential orientation. In general, as in the case of ZIF-8, the
preferred adsorption sites are situated either close to the
substituents of the imidazole linker or close to windows con-
necting two pores.

The analysis of preferential sites becomes more complex
for ZIF-76. The PES for vdW interactions shows a complex
topology (Figure 9a). In this case, regions with maximum
energy interactions distributed in the material are not sym-
metric, owing to the irregular distribution of the cbIm link-
ers. Taking into account the vdW and electrostatic contribu-
tions shown in Figure 9 a and b, we can identify three main
regions of maximum interactions: 1) inside the double four-

membered rings (D4R) con-
necting the sodalite cages,
which are not accessible for
adsorbed gases (I, see the Sup-
porting Information); 2) inside
the LTA supercage or main
cavity facing the Im linker that
connects the supercage with
the double rings (II);
3) around the windows con-
necting two supercages and
facing the aromatic rings of
cbIm linkers (III, Figure 9 b).
In this case the electrostatic in-
teractions are stronger than in

the other two materials studied in this work.
Figure 9 c, which illustrates the configurations of CH4 mol-

ecules adsorbed at 303 K and 5 bar, shows that molecules
are preferentially adsorbed in region II (inside the LTA su-
percage) and close to the windows connecting the supercage
with the sodalite cages. Figure 9 d shows CO2 molecules ad-
sorbed on ZIF-76 in similar thermodynamic conditions. In
this case, molecules are strongly adsorbed at the windows
connecting LTA supercages (region III). Adsorption is also
important at the linkers connecting the sodalite cages and
the LTA supercage. This fact is qualitatively similar to the
distribution of adsorbed molecules in LTA zeolites.[33] Note
that adsorption in region III is more important in ZIF-76
than in LTA zeolites.

The proposed methodology, employing potential-energy
surfaces of the different host–guest contributions, appears to
be a good approach to understanding the main adsorption
sites of ZIF materials. We think that this approach can be
extended to other types of MOFs and zeolites.

Role of metal sites and electrostatics : Recent studies have
shown that CO2 adsorption on standard MOFs is weakly in-
fluenced by the electrostatic interactions.[34] This situation
changes when zeolite-like MOFs are considered. The influ-
ence of the electrostatic interactions over the CO2 adsorp-
tion on ZIF-8, ZIF-69, and ZIF-76 can be observed in Fig-ACHTUNGTRENNUNGure 10 a. At low loadings there are large relative deviations
from the case in which full host–guest interactions were con-
sidered, in particular for ZIF-76 (approximately 78 %) and
ZIF-69 (approximately 65 %), but at high pressures (or load-
ing) the deviations decrease to 20 %. ZIF-8 is less affected
by the electrostatic contribution than the other two solids,
as can be expected from the magnitude of the electrostatic
PES (see Table 2). At high pressure, fluid–fluid interactions
become important and the absence of electrostatic host–
guest interactions is not as important as in the low-pressure
regime, under which the energy of the system is practically
dominated by the host–guest interactions.

One important question arises when analyzing the adsorp-
tion on ZIF materials: what role do metals play in adsorp-
tion? Considering the minimal distance observed between
metals and the accessible surface area for the different ZIFs

Table 2. Comparison of Henry constants (HE) at 303 K and isosteric heat of adsorption (q0
st) at zero loading

computed for CO2, CH4, and N2 molecules adsorbed on the different ZIF materials.[a]

ZIF UvdW
[b] [kJ mol�1] Uel

[c] [kJ mol�1] dm�s
[d] [nm] HE [102 mol m�3 Pa�1] q0

st [kJ mol�1]
CO2/CH4/N2 CO2/CH4/N2

ZIF-8 �15.2 +54/�20 0.35 0.51/0.28/0.10 (NA/12.0/NA)[e]

15.93/12.44/9.83
ZIF-69 �19.5 +171/�239 0.33 (2.64/0.59/0.15)[f]

1.53/0.40/0.13
(22.68/18.88/13.78)[f]

23.10ACHTUNGTRENNUNG(29.04)[g]/15.52/12.05
ZIF-76 �14.8 +325/�200 0.20 1.86/0.22/0.11 25.1/11.53/9.68

[a] Experimental values in parentheses. [b] Maximum value of vdW interaction energy on the preferential ad-
sorption sites for CH4 molecules. [c] Maximum values of the electrostatic energy of a positive charge (+1) in-
teracting with the solid over the accessible surface area. [d] Minimal distance between the metal atoms and
the accessible surface. [e] Experimental data from Ref. [7]. NA: experimental data not available. [f] Experi-
mental data extracted from the gas isotherms at 298 K reported in Ref. [11]. [g] Simulation result from
Ref. [30] computed at 273 K.
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analyzed here (see Table 1), we can guess that adsorption
should not be strongly affected by metals as far as vdW in-
teractions are concerned. The influence of the vdW interac-
tions of metal sites has been investigated by removing these
energy contributions, as demonstrated in Figure 10 b for dif-
ferent ZIFs. This figure reveals that for all the solids studied
in this work, the deviations are less than 10 % at different
pressures. The contribution of the vdW interactions of

Figure 8. a) Location of the sites for maximum vdW interaction in
ZIF-69. b) Projection of the electrostatic interactions of a positive charge
(+1) over a plane intersecting the two types of pores of ZIF-69. c) Sche-
matic representation of the main adsorption sites on ZIF-69. d) Repre-
sentation of the center of mass of CO2 molecules adsorbed on ZIF-69 at
303 K and 5 bar. Atoms: Zn (gray), C (cyan), N (blue), H (white), Cl
(green), and O (red).

Figure 9. a) Location of the sites with maximum vdW interaction in
ZIF-76. b) Projection of electrostatic interactions of a positive charge
(+1) over the accessible surface area. Representation of the center of
mass of molecules adsorbed on ZIF-76: c) CH4 at 303 K and 5 bar and
d) CO2 at 303 K and 50 bar. The lines in (c) represent the typical LTA
topology. Atoms: Zn (gray), C (cyan), N (blue), H (white), and Cl (green).
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metals becomes even less important at higher pressures, so
the behavior of ZIFs is similar to that of normal zeolite
structures, in which guest-Si–vdW and guest-Al–vdW contri-
butions are commonly ignored in adsorption modeling by
molecular simulations.

Adsorption thermodynamics : The last part of our analysis
was devoted to the thermodynamic behavior of adsorbed
molecules on ZIF materials. Simulation results for Henry
constants (HE) and isosteric heats of adsorption (q0

st) at zero
coverage computed for CO2, CH4, and N2 molecules ad-
sorbed on the different solids are compiled in Table 2. The
calculated Henry constants and heats of adsorption are in
agreement with the experimental data for ZIF-8 (q0

st ACHTUNGTRENNUNG(CH4)=

12.0 kJ mol�1)[7] and ZIF-69 (q0
st ACHTUNGTRENNUNG(CO2)=22.7 kJ mol�1; q0

st-ACHTUNGTRENNUNG(CH4)=18.9 kJ mol�1; q0
st(N2)=13.8 kJ mol�1).[11] Our results

were also coherent with other simulation results for the case
of CO2 adsorption on IRMOF and COF materials.[35] Henry
constants and heats of adsorption of CH4 and N2 follow the
order ZIF-76�ZIF-8<ZIF-69. Surprisingly, the cbIm link-
ers in ZIF-76 do not significantly contribute to increasing
the Henry constant compared with ZIF-8. This may be be-
cause we probably underestimate the vdW interactions of
the cbIm linkers, as previously mentioned in our compara-
tive analysis of the adsorption behavior.

The highest Henry constants and heats of adsorption are
observed for ZIF-69. As discussed above, the smaller pore
size of this solid increases the confinement and, therefore,

leads to a stronger vdW interaction. This confinement effect
can be quantified by looking at the minima of the vdW PES
of the three solids (Table 2). The deepest vdW potential-
energy well in ZIF-69 is �19.5 kJ mol�1, whereas the stron-
gest vdW interaction of ZIF-76 and ZIF-8 is only about
�15 kJ mol�1. These minima of the vdW PES perfectly cor-
relate with the heats of adsorption of CH4 and N2, which
confirms that vdW interactions govern the adsorption be-
havior of the two molecules (see the Supporting Informa-
tion).

In the case of CO2, not only vdW but also electrostatic in-
teractions have to be taken into account. The orders of the
Henry constants and of the heats of adsorption, therefore,
deviate from those of CH4 and N2: ZIF-76 has the strongest
interaction with CO2 at low pressure, followed by ZIF-69
and ZIF-8. This can again be explained by examining the
electrostatic potential-energy surface. ZIF-76 has the stron-
gest electrostatic field of the three samples, which strongly
increases its interaction with CO2, especially when com-
pared with ZIF-8. The simulated adsorption isotherms of
CH4 on ZIF-76 and ZIF-8 are quite similar, whereas the ad-
sorption of CO2 on ZIF-76 is much stronger. The peculiar
behavior observed for ZIF-76 can also be explained by the
fact that Zn atoms are much more exposed to the accessible
surface area than the other two ZIFs analyzed (see Table 2).
This may explain the strongest electrostatic interactions on
the PES observed in Figure 9 b.

The orders of magnitude obtained for q0
st for CO2, CH4,

and N2 on ZIFs are comparable to the values obtained on
silicalite[36] and MOF materials,[35] and are considerably
lower than those obtained for ion-exchanged zeolites.[37]

Conclusion

We have investigated both experimentally and by molecular
simulation the adsorption behavior of N2, CH4, and CO2 on
two different zeolitic imidazolate frameworks, ZIF-8 and
ZIF-76. Our simulation results reveal the lack of accuracy
when standard force fields are used to reproduce our experi-
mental data as well as other data available in the literature.
A new force field, based on a modified version of the UFF,
describing the host–guest framework interactions of CH4 ad-
sorbed on ZIF-8 has been proposed. The transferability of
the proposed force field was confirmed by comparing simu-
lation results with the available experimental data for differ-
ent gases (CO, CO2, CH4, and N2) and solids (ZIF-69 and
ZIF-76). The approach used to derive the intermolecular po-
tential model (based on the UFF) preserves the general use
of our force field to screen the behavior of gas adsorption
on different MOF materials with imidazolate linkers.

The new force field has been used to analyze the prefer-
ential adsorption sites for the different solids and gases by
means of host–guest potential-energy surfaces. Our results
confirm the main adsorption sites for CH4 on ZIF-8 that
were recently reported and were obtained by neutron
powder diffraction (NPD), difference Fourier analysis, and

Figure 10. Deviation observed on absolute adsorption of CO2 for ZIF-8
(*), ZIF-69 (~), and ZIF-76 (&) at 303 K when a) no electrostatic in-
teractions are considered for host–guest interactions and b) no vdW inter-
actions are considered for Zn metal. The results are expressed in relative
deviation (%) from the number of molecules adsorbed in the case of full
host–guest interactions.
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Rietveld analysis:[32] in general, preferential adsorption sites
are located in specific regions close to the organic imidazo-
late linker, and not on the metal atoms. This contrasts with
the behavior of several MOFs in which the preferential ad-
sorption site is not on the organic linker, but on the metal
center.[38]

Suppression of the vdW interactions of metal atoms upon
gas adsorption shows that they contribute less than 10 % to
the total amount adsorbed. Our results confirmed that
metals play a similar role on ZIFs to that of Si and Al
atoms on normal zeolites, mainly contributing by their elec-
trostatic interactions. The electrostatic interactions on ZIFs
are crucial to reproduce the behavior observed on experi-
mental CO2 adsorption isotherms. This fact makes ZIFs sub-
stantially different from other MOF structures as far as CO2

adsorption is concerned, in which case this interaction could
be neglected.

Henry constants and isosteric heats of adsorption have
been computed for CO2, CH4, and N2 on ZIF-8, ZIF-69, and
ZIF-76. The values obtained are considerably lower than
those observed for normal zeolites, with the exception of sil-
icalite. In general, the orders of magnitude obtained for
these two properties are similar to those reported for MOFs
based on dicarboxylic acids. The variations of the Henry
constants and the isosteric heat of adsorption for CO2, CH4,
and N2 on different solids have been successfully correlated
with the differences in host–guest energy interactions as re-
vealed by the PES analysis. As expected, the adsorption of
CH4 and N2 is totally controlled by the vdW interactions,
whereas for CO2 both vdW and electrostatic interactions
play a role, the latter being dominant.

Experimental Section

Synthesis of ZIF-8 : ZIF-8 was synthesized by the procedure reported by
Huang et al.[2] with slight modifications to address the question of larger-
scale production of this material. 2-Methylimidazole (32.21 g, Sigma–Al-
drich, 99%) was dissolved in methanol (500 mL, SDS, HPLC grade
99.8 %). This solution was added to the synthesis reactor containing a so-
lution of Zn(OH)2 (19.52 g, International Laboratory, 95%) in aqueous
ammonia (2.5 L, Carlo–Erba, 25%) through a peristaltic pump (Master-
fex, flow rate 6 mL min�1). Synthesis was performed at ambient tempera-
ture, with gentle stirring (150 rpm) in a reactor (3 L) equipped with baf-
fles. A white solid was collected, washed three times with methanol/water
(1:1 v/v, 3 � 500 mL), dried in air, and characterized by XRD and N2 ad-
sorption isotherms.

Synthesis of ZIF-76 : ZIF-76 synthesis was on a smaller scale. In a vial
(20 mL), imidazole (1.52 mmol) and 5-chlorobenzimidazole (0.76 mmol)
were dissolved in a solution of DMF/diethylformamide (50:50 v/v,
10 mL). Zn ACHTUNGTRENNUNG(NO3)2·6H2O (0.79 mmol) was added to the mixture and the
solution was stirred for 10 min. NaOH (2.5 mol L�1, 1.14 mmol) was
added and the vial was heated to 363 K for five days, to give white crys-
tals (yield=76% based on zinc). The product was isolated by filtration,
washed with DMF, and dried at 343 K for 1 h. Its purity was verified by
powder XRD and N2 adsorption isotherms. Comparison of the experi-
mental and the simulated XRD patterns, by using the reported crystal
structures of ZIF-8 and ZIF-76, is provided in the Supporting Informa-
tion.

Adsorption measurements : The high-pressure adsorption isotherms of
CH4, CO2, and N2 were measured by using a Rubotherm magnetic sus-
pension balance. ZIF materials (0.2–1.4 g) were first activated under
vacuum at 473 K for 4–8 h. The volume, and hence the skeleton density,
of the samples were then determined by measuring the apparent mass of
the sample as a function of pressure in a He atmosphere at 303 K. Then,
the adsorption and desorption isotherms of CH4, CO2, and N2 were re-
corded in the range 0.2–40 bar at 303 K. After each isotherm determina-
tion the sample was regenerated by treatment at 473 K under vacuum.
The measured apparent mass of the sample was corrected for the buoy-
ancy of the sample (known from the skeleton density) and the sample
holder, that is, 1gas(Vsample+Vsample holder). Although the density of the gas
could be measured in situ, the precision of the measured values was not
always satisfactory. We, therefore, preferred to deduce 1gas from the
Peng–Robinson equation of state. The adsorbed amounts after buoyancy
correction represent excess adsorbed amounts.

Computational methods

Model parameterization : Many theoretical studies focus on simulation of
the adsorption phenomena of different gases on MOF materials. In par-
ticular, the CVFF with Dreiding refitted parameters has been used to re-
produce structural properties correctly such as the peculiar negative ther-
mal expansion or CO2 sorption isotherms on IRMOF-1.[23] Other rigid
force fields have been used to reproduce adsorption isotherms. For in-
stance, Yang and Zhong[21] reproduced the adsorption of CO2 and CH4

on IRMOF-1 by using different parameter sets depending on the adsor-
bate molecule. This approach unfortunately lacks transferability. The
UFF-based parameters used by Babarao et al.[17] overcome this problem
by reproducing the isotherms of both CO2 and CH4 with a unique set of
parameters. Previous calculations[31] revealed that the standard force
fields (CVFF, UFF, Dreiding) were unable to reproduce the form of the
CH4 isotherm on ZIF-8 when compared with the available experimental
data[7] as well as with our own experiments. We, therefore, decided to
adjust the force-field parameters of the methyl imidazolate linkers in
ZIF-8 to obtain a better match between simulation and experimental
data.

Several specific force fields in the literature provide parameters to repro-
duce the intermolecular interactions of the imidazolate rings.[39, 40] Howev-
er, these force fields were optimized to consider phase equilibrium and
they are not well adapted to reproduce the adsorption phenomena on 3D
structures. We used the Lennard-Jones (LJ) parameters of the UFF force
field as the starting point of our optimization procedure. The LJ parame-
ters based on this force field were readapted by scaling cohesive energy
on the dispersion–repulsion interactions as in [Eq. (2)], in which sij and
eij are the crossed LJ parameters obtained between the solid parameters
and the methane model of Moller et al.[41]

ðeijs
6
ijÞNew ¼ zðeijs

6
ijÞUFF ð2Þ

Crossed LJ interactions were calculated by applying standard Lorentz–
Berthelot combining rules. The parameter x was then determined by an
iterative procedure to fit the experimental CH4 isotherm of ZIF-8 at
303 K. Methane was chosen because electrostatic interactions can be
safely neglected. In particular, special attention was paid to reproduction
of the low-pressure limit of the isotherm in which host–guest interactions
are dominant.

Potential-energy surfaces : The potential-energy surfaces for vdW and
electrostatic interactions have been computed by numerical evaluation of
the energy grids that were used for adsorption calculations. In the first
case (vdW), the PES was obtained from the interaction of a ghost meth-
ane particle with the solid structure by using the optimized parameters of
our force field (alternatively, a He atom can be used). The isosurface of
the accessible area, which according to D�ren et al.[12] is slightly different
from the Connolly surface, can be computed by rolling a methane sphere
over the vdW grid. We have proceeded in a different manner because the
location of the accessible isosurfaces have been determined by 3D map-
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ping through the Paraview version3.4 package,[42] finding the ensemble of
points G where the vdW interaction energy becomes just repulsive
(UvdW(G)= 0). For the electrostatic surfaces we have also used the elec-
trostatic grid computed for the adsorption process and have evaluated
with a hypothetical methane particle with a positive charge of +1. This
evaluation does not preserve the electroneutrality of the system, but the
objective of this plot is not to perform simulations of molecular adsorp-
tion (as it should be for the isotherm calculations) but only to qualitative-
ly reveal the surfaces of the solid which are most strongly charged. The
accessible surface area projected with the electrostatic interactions was
calculated by using the Paraview software. 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.

Simulation methods : Grand Canonical Monte Carlo (GCMC) simulations
combined with a bias scheme[43] for the insertion of the center of mass of
the guest molecules were performed to calculate the adsorption iso-
therms with the Gibbs code v.8.3.[44] A bias scheme was used for enhanc-
ing the acceptance rate of the insertions. The selected probabilities for
the different moves were generally set to 0.35 for rigid-body translations,
0.10 for rigid-body rotations (only in the case of CO2, N2, and CO), and
0.55 for insertions or deletions. Systems were allowed to equilibrate for
at least 106 MC steps, which were followed by production runs of at least
107 MC steps. The atomic positions of the solid were frozen during the
simulations. This allowed construction of a host–guest interaction-energy
grid before the MC simulations. All simulations were performed in a sim-
ulation box incorporating 2� 2� 2 unit cells for ZIF-8 and ZIF-76, and 1�
2� 2 unit cells for ZIF-69. The absence of size effects was verified by con-
sidering larger simulation boxes (3 � 3 � 3), but no significant differences
in adsorption were observed. LJ interactions and real-space electrostatic
contributions were calculated by using a cut off radius of ~17 �. No LJ
tail corrections were considered,[45] but standard long-range electrostatic
interactions were calculated by using the Ewald methodology with ten
vectors on the reciprocal space and a screening factor na of 2.5. Crystal-
lographic positions of the different atoms for all the ZIF materials were
taken from the data available in the Cambridge Structural Database.[46]

In the case of ZIF-76, the imidazolate linkers are partially occupied by
cbIm. The partial occupation was dealt with by deleting part of the chlor-
obenzene ring manually so as to respect the ratio of cbIm/Im=1:3 per
Zn atom. The structure was then relaxed to avoid close contacts between
two neighboring chlorobenzene rings. Three different structures were
generated by exploring different positions and orientations of the organic
linkers. Comparison of the experimental results of CH4 at 303 K and sim-
ulation data obtained by using these different structures revealed that
structural changes have a negligible impact on the final simulation results
(see the Supporting Information for additional details). In our analysis
we used the solid presenting the most favorable structural energy. The
pores in ZIF-8 and ZIF-69 are fully accessible to methane molecules
(and the other gases that were adsorbed in the course of this work). In
the case of the D4R cages of ZIF-76, the adsorbed gases cannot access
the pores. Consequently they were blocked by using dummy molecules,
following a procedure used in the simulation of zeolites.[47, 48] A compari-
son of methane isotherms in ZIF-76 with and without the blocking of the
D4R cages is available in the Supporting Information.

The accessible volume of each solid was evaluated by means of the
volume integral[17] in [Eq. (3)], in which UHe

ads
is the LJ interaction be-

tween a single helium atom and the complete structure of the adsorbent
(s He =2.58 �, e He =10.22 K).

Vfree ¼
Z

V
exp �UHe

ads
ðrÞ=kBT

� �
dr ð3Þ

In all our calculations the diameters of the framework atoms were taken
from the optimized force field. The porosity f is simply the ratio of the
free volume Vfree to the total volume of the unit cell VUC as shown in
[Eq. (4)].

� ¼ Vfree

VUC
ð4Þ

To determine the fugacities corresponding to the different pressure con-
ditions, simulations in the isobaric–isothermal (NPT) ensemble combined
with the particle-insertion method were performed.[49] In this case the se-
lected probabilities for MC moves were set to 0.63 for rigid-body transla-
tions, 0.35 for rigid-body rotations (only in the case of CO2, N2, and CO),
and 0.02 for volume changes. Bulk densities that were used to transform
the absolute number of molecules adsorbed in the solid into excess quan-
tities were also obtained from the NPT MC simulations. This transforma-
tion was done according to [Eq. (5)], in which Nex and Nabs are the excess
and absolute numbers of adsorbed particles, respectively, 1bulk is the den-
sity of the bulk gas calculated from the NPT simulations, and Vfree is the
free volume calculated from the interaction of a helium particle with the
solid.[17] Details of the calculations of the free volume and surface area
are given in the Supporting Information.

Nex ¼ Nabs � 1bulkVfree ð5Þ

Isosteric heats of adsorption qst were calculated from [Eq. (6)],[50] in
which Hb is the enthalpy of the bulk phase and Ua is the energy of the
adsorbed phase.

qst ¼ Hb �
dUa

dN

� �
T;V

ð6Þ

By using a fluctuations method with ideal gas assumptions under Henry	s
regime, the isosteric heats can be readily calculated from GCMC simula-
tion according to [Eq. (7)], in which Us

ext is the intermolecular energy of
the adsorbed phase and N is the number of adsorbed molecules. The
angle brackets denote averages in the grand canonical ensemble.

qst ¼ RT �
Us

extN
� �

� Us
ext

� �
Nh i

N2h i � Nh i2
ð7Þ

To consider electrostatic interactions between the solid framework and
guest molecules, we have determined the electrostatic potential interac-
tion of the different ZIF materials. Partial atomic charges were computed
from first-principle calculations at the level of the DFT[51] over cluster
structures. In this work, the ESP[52, 53] fitting methodology has been used.
In this case the electrostatic potential was computed on a grid formed by
merging sets of spherical shells, the grid points of which were centered
on each atomic nucleus. The B3LYP functional was used in combination
with the pseudopotential LanL2DZ[54] for the transition metal and the
double-z basis set 6.31G** for the rest of the atoms.[55] All calculations
were performed with the Jaguar package.[56] Additional details of the dif-
ferent force fields that were used to describe the adsorbed molecules and
of the DFT calculations can be found in the Supporting Information.
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