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Potential of Polarizable Force Fields for Predicting the
Separation Performance of Small Hydrocarbons in M-
MOF-74†

Tim M. Becker,a Azahara Luna-Triguero,b Jose Manuel Vicent-Luna,b Li-Chiang Lin,c

David Dubbeldam,d Sofia Calero,b and Thijs J. H. Vlugt∗a

The separation of light olefins from paraffins via cryogenic distillation is a very energy intensive
process. Solid adsorbents and especially Metal-Organic Frameworks with open metal sites have
the potential to significantly lower the required energy. Specifically, M-MOF-74 has drawn con-
siderable attention for application in olefin/paraffin separation. To investigate how the separation
proceeds on a molecular level and to design better materials, molecular simulation can be a useful
tool. Unfortunately, it is still a challenge to model the adsorption behavior of many adsorbates in
Metal-Organic Frameworks with open metal sites. Previously, the inclusion of explicit polarization
has been suggested to improve the quality of classical force fields for such systems. Here, the
potential of polarizable force fields for the description of olefins and paraffins in Metal-Organic
Frameworks with open metal sites is investigated. In particular, heats of adsorption, binding ge-
ometries, and adsorption isotherms are calculated for C2H4, C2H6, C3H6, and C3H8 in M-MOF-74
(with M = Co, Mn, Fe, and Ni). In this study, no force field parameters are adjusted to improve the
model. The results show that including explicit polarization significantly improves the description
of the adsorption in comparison to non-polarizable generic force fields which do not consider ex-
plicit polarization. The study also reveals that simulation predictions are sensitive to the assigned
repulsive potential and framework charges. A fully re-parametrized polarizable force field may
have the capability to improve the predictions even further.

1 Introduction
The separation of light olefins and paraffins is one of the ma-
jor large scale processes in the petrochemical industry2,3. Light
paraffins are mainly used for heating while olefins are important
raw chemicals. For instance, the production of polymers requires
a high purity of olefins2. Conventionally, light hydrocarbons are
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separated after cracking of long chain hydrocarbons in cryogenic
distillation. The product of the cracking at elevated temperatures
has to be cooled down to the low boiling points of the light hy-
drocarbons4 (e.g., ethane: 184.5 K, propane: 231.1 K5). This
makes cryogenic distillation a very cost intensive process both en-
ergy and investment wise and alternatives have been investigated
for decades6. A more cost and energy efficient separation of light
hydrocarbons is also crucial for the purification of natural gas7,
which has to be realized economically on a smaller scale8.

Solid adsorbents can be operated at intermediate tempera-
tures. Thereby, they have the potential to drastically lower the
energy required to separate light olefins from paraffins by avoid-
ing the cooling necessary in cryogenic distillation2,5,9–11. Tradi-
tionally, the separation of light olefins via physical adsorption has
not been considered promising due to low uptake capacities6.
This limitation might be surmountable by Metal-Organic Frame-
works (MOFs). This emerging type of porous material can be cus-
tomized to satisfy chosen applications12. The family of M-MOF-
74 (where M can be substituted by a variety of first row transition
metals or Mg) has been extensively investigated13–19 due to its
large surface area which includes a high density of open metal
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sites20. Zn-MOF-74 was first reported in 200521, and isostruc-
tural systems with other metal centers have been subsequently
synthesized (Co, Cu, Fe, Mg, Mn, and Ni)22–27. Open metal sites
interact more strongly with unsaturated hydrocarbons than with
saturated hydrocarbons28–30. In an adsorption process, M-MOF-
74 has the potential to achieve the high selectivities and large up-
takes required by industry2,8. Several experimental studies have
been conducted and confirm that M-MOF-74 is indeed able to
fractionate multicomponent hydrocarbon mixtures2,5,8,31–33, as
well as other gases13,15,31,34–36.

A recent first-principle simulation study suggests that π bond-
ing, polarization, and strong dispersion interactions between the
olefins and the open metal sites are accountable for the high up-
take of olefins32. In addition, dipole and quadrupole interactions
have been demonstrated to play an important role37,38. Molec-
ular simulation offers the possibility to further investigate the
underlying mechanisms of the separation39. A fundamental un-
derstanding can help to rationally design MOFs with customized
properties for enhanced performance40,41. However, it is chal-
lenging to capture the adsorption behavior of MOFs with open
metal sites and further research is required11,41–43. The main
question to address is how to incorporate the enhanced interac-
tions of olefins with open metal sites. From a research perspec-
tive, the family of M-MOF-74 is a perfect candidate to examine
this question, because the influence of varying cations acting as
open metal sites can be investigated using a series of isoreticular
structures7,31,34,38. Several molecular simulation studies consid-
ering light hydrocarbons in M-MOF-74 have already been con-
ducted11,37,44. However, generic force fields are known to be
inadequate42,43,45,46 and until now customized force field seem
to be the only solution for these systems.

This study aims to investigate the potential of polarizable force
field to describe the different adsorption behavior of ethane, ethy-
lene, propane, and propylene in MOFs with open metal sites.
Force fields developed by others47,48 which include point charges
are used for ethylene and propylene to reproduce the static
quadrupole and dipole moments, respectively. The non-iterative
induced dipole procedure of Lachet et al. 49 is applied to consider
polarization explicitly. Point polarizabilities are taken from litera-
ture and are added to the atom sites of all investigated molecules.
To obtain an unbiased understanding of the potential of polariz-
able force fields for the description of light olefins and paraffins,
no adjustments of the force field parameters are made to improve
the results. With the polarizable model, heats of adsorption, bind-
ing geometries, and adsorption isotherms are calculated and com-
pared to already existing force fields and experimental data. Sub-
sequently, the influence of individual energy contributions and
the effect of different sets of framework charges are discussed.
Finally, the performance of the new model including polarization
is evaluated, difficulties are reported and possibilities for further
improvement are highlighted.

2 Background
The force field development of olefins and paraffins in MOFs with
open metal sites is particularly challenging11,41,43. The model
has to describe differences in adsorption for molecules with com-

parable size and chemical composition5,6,50. Examples of such
force fields are the TraPPE force field51 and the force field of
Liu et al. 1 , which are unable to capture the physical difference
between olefins and paraffins in MOFs with open metal sites. A
common approach to overcome the limitations of such force fields
is to adjust the Lennard-Jones mixing rules between framework
and adsorbate. Luna-Triguero et al. 44 adjusted the mixing rules
and thereby developed a force field which describes the adsorp-
tion of light hydrocarbons in M-MOF-74 well. Unfortunately, force
fields that are created in this fashion are usually not transferable
to other systems44. Generic force fields that do not include point
charges nor explicit polarization seem to fail in an environment
in which localized electrostatic effects occur as in the case of M-
MOF-7442,52,53.

A more physically motivated approach to model the differ-
ence in adsorption behavior between olefins and paraffins could
be to include point charges and explicit polarization41. To the
best of our knowledge, none of the currently available models
considers explicit polarization successfully for these molecules in
MOFs1,41,47,48,51,54. Furthermore, many force fields do not take
into account the difference in charge distribution between olefins
and paraffins explicitly. The polarizability of olefins and paraf-
fins is similar while the permanent multipole moments are much
stronger for olefins5. Still, it has been suggested that a combined
effect between polarization and electrostatics might be crucial to
model the adsorption behavior in MOFs with open metal sites and
that considering exclusively electrostatics is not sufficient42,53. In
molecular simulation most commonly, point charges are assigned
to molecules to reproduce multipole moments55. These multi-
pole moments can be predicted from quantum mechanics (QM),
determined via experiments, or fitted to reproduce experimen-
tal data55,56. For olefins and paraffins, the common approach
is to add point charges to olefins, but not for paraffins47,48,57.
Such models are chosen here. Besides the adsorbates, charges
need to be considered for the frameworks. Various approaches
exist to consider polarization, i.e., the induced dipole method,
the shell method, and the fluctuating charge method58,59. These
approaches have the potential to improve the modeling and force
field transferability, especially for systems with localized electro-
static interactions42,60. Due to high computational costs in Monte
Carlo simulations, studies investigating polarizable force fields
are rather limited61. McDaniel et al. 40 used the shell model to
create a polarizable force field for CO2 in several ZIFs,40,62 and
for CO2 and CH4 in MOFs63. In addition to explicit polarization,
these authors completely re-parameterized framework-adsorbate
interactions to reproduce results from QM. The resulting force
fields described the experimental adsorption accurately. Unfor-
tunately, the simulations which considered explicit polarization
took at least 2 to 10 times longer than standard Monte Carlo sim-
ulations. Moreover, the group of Space et al. applied the induced
dipole method to describe adsorption in MOFs with open metal
sites41,42,52,53,64–67. The early work of these authors focused on
the adsorption of H2 in MOFs with open metal sites42,52,53,64,65.
Later, the group studied polarizable force fields for CO2

41,66,67

and with less accuracy C2 hydrocarbons41. The studies show
that considering explicit polarization significantly improved the
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description of adsorption in MOFs with open metal sites. The
drawback is that explicit polarization accounted for as much as
95% of the total computational time.

In this study, the induced dipole method is also adopted58,59 to
account for polarization. As in our previous work61,68,69, addi-
tional approximations and assumptions are made. These simplifi-
cations were first introduced by Lachet et al. 49 to model xylenes
in NaY zeolite and drastically speed up the calculations. To re-
duce the computational costs of the method, exclusively induced
dipole moments are considered, a linear response between iso-
lated point dipoles and the electric field is assumed, and back-
polarization is neglected. Furthermore, polarization is only con-
sidered between the MOF framework and adsorbates. Polariza-
tion between adsorbate molecules is not explicitly considered, be-
cause the vapor-liquid equilibrium of these molecules is already
described well by the chosen force fields70. Due to the negligence
of back-polarization and the consideration of polarization exclu-
sively between framework and adsorbates, induced dipoles µi can
be calculated according to49:

µi = αi ·E0
i , (1)

where αi and E0
i are the static dipole polarizability and the

electric field created by the framework at the interaction site
i. Accordingly, the energy contribution of polarization can be
calculated from the static electric field created by the frame-
work61 when static dipole polarizabilities are assigned to inter-
action sites. Hence, the induction energy Uind can be determined
from49:

Uind =−1
2

n

∑
i=1

αi ·
∣∣∣E0

i

∣∣∣2, (2)

where n is the total amount of interaction sites that have been
changed in the respective Monte Carlo step. The required sim-
ulation time is comparable to that without considering explicit
polarization. The remaining contributions to the total energy
are the energies which result from the Lennard-Jones poten-
tial and from electrostatic interactions between point charges
(Utotal = ULJ +Uel +Uind). Previously, we successfully used the
approach to describe the adsorption of CO2 in M-MOF-7461,68

with a variety of different metal atoms. Details of the simulation
procedure are explained in the work of Lachet et al. 49 and our
previous studies61,68. It is important to note that in this study no
fitting parameters are used and that the computational results are
pure predictions.

3 Simulation details

The RASPA software package71,72 is used to conduct grand-
canonical Monte Carlo simulations and to compute the absolute
uptake of ethane, ethylene, propane, and propylene in several
structures of M-MOF-74 (M = Co, Mn, Fe, and Ni). The pure
component uptakes are computed for varying fugacities at 318 K
and for pressures up to 8 bar. Heats of adsorption at infinite dilu-
tion are determined from energy differences in the NV T ensem-
ble73. In addition, NV T Monte Carlo simulations are conducted
to determine the binding geometry of all adsorbate molecules
in M-MOF-74. A simulated annealing procedure is used to find

the position corresponding to the global energy minimum. MOF
crystal structures for Co-MOF-74, Fe-MOF-74, Mn-MOF-74, and
Ni-MOF-74 are taken from Dietzel et al. 22 , Bloch et al. 35 , Zhou
et al. 24 , and Dietzel et al. 23 , respectively, while atomic charges
are assigned according to DFT calculations and are taken from
the work of Lee et al. 38 and Mercado et al. 7 . The positions of
the framework atoms are considered to be fixed. Lennard-Jones
parameters for paraffins are taken from the TraPPE force field51

and for ethylene and propylene from Lahoz-Martín et al. 48 and
Gutiérrez-Sevillano et al. 47 , respectively. Interactions between
adsorbates are not modified and computed based on the origi-
nal force fields. Force field parameters of the DREIDING force
field are assigned to carbon, oxygen, and hydrogen atoms of M-
MOF-7474. Lennard-Jones parameters of Co, Mn, Fe, and Ni are
taken from the UFF force field75. Cross-interactions are deter-
mined via the Lorentz-Berthelot mixing rule76,77. The Lennard-
Jones potential is truncated at a cutoff distance of 12 Å without
tail corrections. Periodic boundary conditions are applied in all
directions to mimic the behavior of a continuous system. The
simulated systems are composed of 2x2x4 unit cells to ensure a
minimum distance of more than twice the cutoff radius between
periodic images. The Ewald summation technique with a rela-
tive precision of 10−6 is used to calculate electrostatic interactions
between static point charges39. Explicit polarization is consid-
ered via the induced dipole method58 with additional assump-
tions introduced by Lachet et al. 49 . As noted above, polarization
is exclusively considered between the framework and adsorbate
molecules. Back-polarization is neglected to achieve reasonable
simulation times. The required atomic polarizabilties αi are taken
from Stout and Dykstra 78 . All force field parameters are sum-
marized in the Electronic Supplementary Information (ESI). For
comparison with experimental results and reported simulations
results, the Peng-Robinson equation of state is used to convert
fugacities to pressures79.

4 Results and discussion
To verify how inclusion of polarization influences the descrip-
tion of small hydrocarbons in M-MOF-74, heats of adsorption at
infinite dilution, binding geometries, and adsorption isotherms
are investigated. The heat of adsorption is a measure of the in-
teraction strength between adsorbates and the framework67,73.
Here, heats of adsorption at infinite dilution are compared with
values derived from experimental adsorption isotherm at differ-
ent temperatures using the Clausius-Clapeyron equation5,80. Al-
though, heats of adsorption derived from the Clausius-Clapeyron
equation are sensitive towards small changes in the adsorption
isotherms67, comparison with the Clausius-Clapeyron equation
to assess the quality of molecular simulation in the absence of ex-
perimental measurements is useful. To systematically investigate
the influence of point charges and explicit polarization, heats of
adsorption are calculated with force fields that incorporate these
features fully, partially, or not at all. Force fields that neither
consider point charges nor polarization are the force field of Liu
et al. 1 and the TraPPE force field51. In this study, the force field
that exclusively considers point charges for olefins is named no
polarization and the one that solely considers explicit polariza-
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tion is refered to as no charges. The force field that considers both
charges and polarization is called pol. force field. The calculated
heats of adsorption for these force field are presented in Figure 1
for ethane, ethylene, propane, and propylene in (a) Co-MOF-74,
(b) Fe-MOF-74, (c) Mn-MOF-74, and (d) Ni-MOF-74.

Since no point charges are assigned to paraffins, the force
fields no charges and the force field of Liu et al. 1 , and no polar-
ization and the polarizable force field are equivalent for ethane
and propane. The heats of adsorption determined with the
Clausius-Clapeyron equation from experiments show strong affin-
ity between the oleffins and all investigated M-MOF-74 frame-
works2,5,8. The binding energies predicted by Lee et al. 38 display
larger differences between the individual frameworks. According
to the results of these authors, especially the behavior of propane
in the different frameworks varies. In this study, the computed
heats of adsorption show that neither the force field considering
solely charges (no polarization) nor the one considering solely po-
larization (no charges) can reproduce the experimental trend. The
force field of Liu et al. 1 and the TraPPE force field51 show the op-
posite behavior to experiments, i.e., a higher affinity for paraffins.
Adding solely polarization simply increases the interactions for
both paraffins and olefins. Moreover, inclusion of charges without
polarization does not increase the binding affinity of the olefins
sufficiently to reproduce the expected trend. In sharp contrast to
including either point charges or explicit polarization, when con-
sidering both, the calculated heats of adsorption follow the exper-
imental trend. A large synergy effect between electrostatic inter-
actions and polarization can be observed. This synergy effect sig-
nificantly increases the calculated heats of adsorption for olefins.
Similar effects have been previously observed by Forrest et al. 42

and Pham et al. 53 . For the polarizable force field, differences can
be observed between Co-MOF-74 and Ni-MOF-74, and Fe-MOF-
74 and Mn-MOF-74. In the case of Fe-MOF-74 and Mn-MOF-74,
the affinity of the oleffins is more pronounced. For Co-MOF-74
and Ni-MOF-74, the polarizable force field predicts lower heats of
adsorption for ethylene and propylene in comparison to the pre-
dictions from the Clausius-Clapeyron equation. Nevertheless, it is
evident that considering polarization together with point charges
for olefins significantly improves the capability of the force field to
describe heats of adsorption in M-MOF-74. The polarizable force
field has the capability to model the larger adsorption strength
for olefins. No perfect quantitative agreement with experiments
can be expected, since the improvement in the description was
achieved by simply adding explicit polarization to the model of
the adsorbates without further adjusting any force field param-
eters. Analogously to the observation of Franz et al. 41 , in this
study the predicted energetics for low uptakes seem to be better
modeled when considering polarization.

In previous studies of others2,11,38, the stronger binding of
olefins over paraffins has been ascribed to interactions between
the double bond of olefins and open metal sites of the MOF. Some
authors suggest that the double bond of olefins is located parallel
to the open metal site, while paraffins bind with one side point-
ing towards the open metal sites2,5. These adsorption geometries
can be examined in molecular simulation. A simulated annealing
procedure is conducted to determine the lowest energy binding

geometries. The results are compared to geometries predicted in
DFT calculations performed by Lee et al. 38 . The binding geome-
try is reported according to Figure 2.

Three parameters l1, α, and β are used to quantify the bind-
ing geometry. l1 is the distance between the site of the adsorbate
closest to the open metal site and the open metal site. α is the
angle between the bond of the adsorbate and l1, while β is the
angle between l1 and the bond between the open metal site and
the out of plane oxygen atom. For C3 hydrocarbons the labeling
is analogous, to the exclusion of an additional carbon site that
is connected to the carbon site further away from the metal. A
schematic representation for C3 hydrocarbons is provided in the
ESI. For a binding geometry in which the double bond between
the carbons is located parallel to the open metal site, α and β

should be approximately 90◦ and 170◦, respectively (expected
for olefins2,5). If the adsorbate is directed with one side towards
the open metal site α should be larger than 90◦ (expected for
paraffins2,5). The determined binding geometries of the lowest
energy configurations in Co-MOF-74 are summarized in Figure 3
for (a) ethylene, (b) propylene, (c) ethane, and (d) propane, and
compared to lowest energy positions determined in DFT calcula-
tions of Lee et al. 38 . The geometries determined with the polar-
izable force field agree well with the previously suggested bind-
ing geometries2,5. Distinct differences can be observed between
olefins and paraffins. β is close to 170◦ for all adsorbates, while
α is approximately 90◦ for the olefins and 120◦ for the paraf-
fins. This shows that the olefins described by the polarizable force
field indeed bind with the double bond parallel to the open metal
sites. The force field not considering polarization but including
point charges (no polarization) predicts very similar angles for
the olefins. Hence, point charges for olefins seem to be crucial to
model the orientation of the adsorbates. For propane, the polar-
izable force field predicts an α of approximately 120◦ in agree-
ment with our expectations (one side of the molecule is pointing
towards the open metal site). The force field of Liu et al. 1 and
the TraPPE force field predict configurations for propane in which
one bond is arranged parallel to the open metal site. Apparently,
the inclusion of polarization influences the binding geometry of
propane positively. Overall, the force fields not considering po-
larization nor point charges (Liu et al. 1 , TraPPE51) predict bind-
ing geometries that vary from the predicted trends for ethylene,
propane, and propylene. DFT results of Lee et al. 38 for olefins are
comparable to the predictions with the polarizable force field. For
propane, Lee et al. 38 reports that these calculations might have
been stuck in a local energy minimum which could explain some
deviations. The DFT results suggest that exclusively the distance
l1 is larger for ethane than for ethylene and that the carbon bond
of both molecules is located parallel towards the open metal site.
Due to generally high sensitivity of binding geometries towards
the applied force field some uncertainties are expected. Issues
can easily arise if interactions are strong and adsorbates are lo-
cated close to the surface of the framework, as for MOFs with
open metal sites. The other investigated M-MOF-74 frameworks
show a behavior similar to Co-MOF-74. Deviations from the ex-
pected configurations can only be observed for propylene in Mn-
MOF-74 and propane in Ni-MOF-74. The corresponding figures
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Fig. 1 Heats of adsorption at infinite dilution calculated using various force fields at 318 K for (a) Co-MOF-74, (b) Fe-MOF-74, (c) Mn-MOF-74,
and (d) Ni-MOF-74. The computational results are compared to DFT binding energies from Lee et al. 38 and heats of adsorption predicted via the
Clausius-Clapeyron equation from experiments by Geier et al. 5 .

Fig. 2 Schematic representation of the binding geometry for C2 hydro-
carbons within M-MOF-74. Carbon atoms, the metal atom, and oxygen
atoms are colored in grey, green, and red, respectively.

are included in the ESI. In summary, it is apparent that the inclu-
sion of point charges and polarization leads to an improvement
in the modeling of the binding geometry. Together with the im-
provements for the heats of adsorption, this is a very reassuring
finding, since the description of the adsorption behavior at low
uptakes is significantly improved by the polarizable model with-
out introducing any adjustable parameters. These findings verify
the need for polarizable force fields.

After considering the low uptake adsorption, it is of interest
to investigate adsorption isotherms which are also influenced
by adsorbate-adsorbate interactions and the packing within the
pores42. Computed adsorption isotherms are compared to exper-
imental measurements of Geier et al. 5 . These authors provide a
complete set of experimental adsorption isotherms for the MOF
structures and adsorbates considered. For some MOFs additional
experiments are available2,8. As previously shown44, these ex-

periments agree well with the study of Geier et al. 5 . To increase
the visibility, exclusively the measurements of Geier et al. 5 are
presented as comparison. Due to the limited amount of exper-
imental studies, a thorough investigation of the reproducibility
of the experimental adsorption isotherms as suggested by Park
et al. 81 is not possible. Hence, the experimental values should
rather be seen as guidelines and not as final target. In Figure
4, the computed adsorption isotherms of ethane are compared
to experimental results of Geier et al. 5 for (a) Co-MOF-74, (b)
Fe-MOF-74, (c) Mn-MOF-74, and (d) Ni-MOF-74 at 318 K.
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Fig. 3 Summary of parameters to describe the binding geometry of (a) ethylene, (b) propylene, (c) ethane, and (d) propane in Co-MOF-74. Comparison
between several classical force fields and the DFT results of Lee et al. 38 . Parameters are defined according to Figure 2.
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Fig. 4 Comparison of adsorption isotherms of ethane for (a) Co-MOF-74,
(b) Fe-MOF-74, (c) Mn-MOF-74, and (d) Ni-MOF-74 at 318 K between
the experimental values of Geier et al. 5 and simulation results using the
force fields of Liu et al. 1 , the TraPPE force field 51, and the developed
polarizable force field.

In agreement with the heats of adsorption and the binding ge-
ometries, the low pressure region is improved when adding ex-
plicit polarization. The uptake at higher values of pressure is
overestimated. This could be due to oversized dispersion inter-
actions of standard force fields and an adjustment of Lennard-
Jones parameters might be required for accuracy41. However, an
overprediction of the uptake at high pressure is frequently ob-
served in molecular simulation and therefore not surprising82.

Besides the force field, possible reasons can be imperfect crystal
structures for the synthesized material or collapsed and blocked
cavities in experiments14,83. Adsorption at high pressure is dom-
inated by molecule packing inside the pores and not by specific
framework-adsorbate interactions42,84. To describe the packing
behavior of molecules, adsorbate-adsorbate interactions are more
important than the adsorbate-framework interactions which are
influenced by the developed polarizable force field. To achieve
a better agreement between experiments and molecular simula-
tion at high pressure many studies apply a constant factor to scale
the computational adsorption isotherm7,18,81. In this study, scal-
ing is avoided to achieve an unbiased evaluation of the potential
of polarizable force fields for small hydrocarbons. For ethane,
the presented polarizable force field is created by adding explicit
polarization to the TraPPE force field51. The TraPPE force field
without considering explicit polarization underestimates the up-
take in the investigated frameworks. Besides the polarizable force
field, the force field of Liu et al. 1 performs well. This force field
was fitted to reproduce the adsorption of hydrocarbons in zeo-
lites. The conditions in zeolites and MOFs may be similar for
paraffins, because these molecules do not interact strongly with
open metal sites. Hence, the adjustment for zeolites might result
in good agreement for MOFs. If polarization is simply added to
the force field of Liu et al. 1 , the uptake is largely overestimated.
The corresponding adsorption isotherms can be found in the ESI.
Figure 5 compares the computed adsorption isotherms for ethy-
lene in (a) Co-MOF-74, (b) Fe-MOF-74, (c) Mn-MOF-74, and (d)
Ni-MOF-74 with the experimental values from Geier et al. 5 at 318
K.

For ethylene, the developed polarizable force field performs the
best in all 4 M-MOF-74 frameworks. The force fields without con-
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Fig. 5 Comparison of adsorption isotherms of ethylene for (a) Co-MOF-
74, (b) Fe-MOF-74, (c) Mn-MOF-74, and (d) Ni-MOF-74 at 318 K be-
tween the experimental values of Geier et al. 5 and simulation results
using the force field of Liu et al. 1 , the TraPPE force field 51, a force field
without point charges (no charges), a force field without polarization (no
polarization), and the developed polarizable force field.

sidering polarization fail to predict even the qualitative adsorp-
tion behavior. Neither the TraPPE force field51 nor the force field
of Liu et al. 1 can capture the behavior of experimentally mea-
sured adsorption isotherms. In contrast to ethane, for ethylene
the force field of Liu et al. 1 performs poorly. The difference could
be caused by the strong interactions of olefins with the open metal
sites. These interactions are not present in zeolites and therefore
not captured in the force field of Liu et al. 1 . The agreement be-
tween the polarizable force field and the experimental results is
the poorest for Co-MOF-74. The important low pressure region is
underpredicted for Co-MOF-74. This underprediction agrees with
the underestimation for the heat of adsorption at infinite dilution
of ethylene in Co-MOF-74 (cf. Figure 1). A less pronounced dis-
agreement between experiments and simulations at low pressure
can be observed for Ni-MOF-74. Unfortunately, no experimentally
derived value for the heat of adsorption is available for ethylene
in Ni-MOF-74. For Fe-MOF-74 and Mn-MOF-74, the agreement at
low pressure is good while the adsorption at high pressure is over-
predicted. Figure 6 shows the computed adsorption isotherms for
propane and experimental isotherms of Geier et al. 5 for (a) Co-
MOF-74, (b) Fe-MOF-74, (c) Mn-MOF-74, and (d) Ni-MOF-74 at
318 K.
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Fig. 6 Comparison of adsorption isotherms of propane for (a) Co-MOF-
74, (b) Fe-MOF-74, (c) Mn-MOF-74, and (d) Ni-MOF-74 at 318 K be-
tween the experimental values of Geier et al. 5 and simulation results
using the force fields of Liu et al. 1 , the TraPPE force field 51, and the
developed polarizable force field.

The observations for propane are very similar to the findings
for ethane. The agreement between experiments and simulations
is very good for Co-MOF-74, while simulation overestimates the
uptake for Fe-MOF-74. For Mn and Ni based frameworks, adsorp-
tion at low pressure is well reproduced. With the TraPPE force
field51 the uptake in all frameworks is severely underestimated.
In contrast, the force field of Liu et al. 1 predicts adsorption well.
In Figure 7 the computed adsorption isotherms for propylene in
(a) Co-MOF-74, (b) Fe-MOF-74, (c) Mn-MOF-74, and (d) Ni-MOF-
74 are compared to experiments of Geier et al. 5 at 318 K.
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Fig. 7 Comparison of adsorption isotherms of propylene for (a) Co-MOF-
74, (b) Fe-MOF-74, (c) Mn-MOF-74, and (d) Ni-MOF-74 at 318 K be-
tween the experimental values of Geier et al. 5 and simulation results
using the force field of Liu et al. 1 , the TraPPE force field 51, a force field
without point charges (no charges), a force field without polarization (no
polarization), and the developed polarizable force field.

The predicted adsorption isotherms for propylene calculated
with force fields that do not consider polarization (Liu et al. 1 ,
TraPPE51, and no polarization) underestimate the experimental
update significantly and exhibit different shapes in comparison to
the experiments. Solely adding point charges to the propylene
model also does not seem sufficient to depict the correct adsorp-
tion behavior. In general, the developed polarizable force field
performs better than the other force fields. However, for Fe-MOF-
74, the propylene uptake at low pressures is substantially overes-
timated and the force field considering solely polarization agrees
better with experiments. The overestimation for the polarizable
force field is in agreement with the overprediction observed for
the heat of adsorption of propylene in Fe-MOF-74 (cf. Figure 1).
It is difficult to provide any conclusive reason for the overestima-
tion of the propylene uptake in Fe-MOF-74 and Fe-MOF-74 seems
to be a particularly difficult system to model.

Overall, incorporating polarization and point charges for
propylene notably improves the predictions. Considering the ad-
sorption isotherms for all investigated adsorbates, the potential of
polarizable force fields for the description of small hydrocarbons
is obvious. Adding polarization helps particularly to model the be-
havior at low uptakes. Without considering polarization the local-
ized electrostatic environment in MOFs with open metal sites can-
not be properly described42,52. Good agreement between some
generic force fields and experimental adsorption isotherms could
be a result of error cancellation as heats of adsorption and the
binding geometry are modeled inaccurately63. However, even
explicit polarization cannot provide quantitative predictions. We
note that in this study no parameters have been adjusted and
therefore, opportunities for further improvements exist. A com-
plete re-parametrization or at least adjustment of the Lennard-
Jones parameters, as in our previous work, might be necessary to

further enhance the accuracy in predictions41. As noted by Franz
et al. 41 , the development of accurate and transferable force fields
for hydrocarbons remains to be challenging. Especially, close to
the open metal site the energy is low and simulation results may
be sensitive to force field parameters that influence the distance
and orientation of the adsorbate in this region.

Besides, the Lennard-Jones parameters, the framework charges
are an important input in molecular simulation which can influ-
ence the location of the adsorbates41. To study the influence of
varying framework charges, additional simulations are conducted
for ethylene in Co-MOF-74 with different point charges. The sec-
ond set of point charges is computed with the charge equilibra-
tion (QEq) method85,86. These charges can be computed quickly,
but are usually considered to be less accurate than charges from
DFT calculations55. Figure 8 shows the calculated adsorption
isotherm for ethylene in Co-MOF-74 with point charges from the
QEq method in comparison to the previously shown results when
applying DFT charges at 318 K.
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Fig. 8 Adsorption isotherm for ethylene at 318 K predicted with the devel-
oped polarizable force field and charges determined via (triangles) DFT
calculations, and (diamond) the QEq method.

The calculated adsorption isotherms for ethylene in Co-MOF-
74 with QEq charges agrees better with the experiments. This is
especially true for lower pressures. The improvement with the
QEq charges is rather surprising, since charges from periodic DFT
calculations are normally considered to be more accurate55. It
is important to note that QEq charges did not improve the de-
scription of the adsorption for the other investigated frameworks.
The large difference in the adsorption isotherms for Co-MOF-74
suggests a large influence of different sets of charges. Such large
sensitivities towards assigned point charges have been previously
observed for polar molecules in similar systems87–90. The previ-
ously observed issues could be aggravated by polarizable force
fields, since explicit polarization depends on the electric field.
Computed adsorption isotherms and heats of adsorption for all
considered adsorbates in Co-MOF-74 with charges from the QEq
method can be found in the ESI.

To investigate the detailed differences between the two sets
of point charges we computed the energy contributions for an
ethylene molecule on a grid inside Co-MOF-74. The Lennard-
Jones, electrostatic, and polarization energies of ethylene on a
grid with a spacing of 0.1 Å inside the pore of Co-MOF-74 are
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calculated. For every grid point, 250 approximately uniformly
distributed orientations of an ethylene molecule are evaluated.
The presented energies represent the Boltzmann average at 318
K of these 250 orientations for every grid point. An energy pro-
file through Co-MOF-74 in z-direction is created via the Widom
insertion method73 to select the plane with the minimum of the
Boltzmann average of the total energy (Lennard-Jones, electro-
static, polarization). For this plane the energies are calculated on
the grid. Figure 9 shows the Lennard-Jones energy calculated on
this plane for ethylene in Co-MOF-74.

Fig. 9 Lennard-Jones energies evaluated on a grid with 0.1 Å spacing
on the minimum energy plane in z-direction for ethylene in Co-MOF-74.
Grid points for which the total energy (in units of kB) is larger than 100 K
are represented in dark red.

The two investigated sets of charges do not influence the
Lennard-Jones energy surface inside the pore of Co-MOF-74.
Therefore, the Lennard-Jones energy surface is identical for the
two sets of charges. Grid points where the total energy (in units
of kB) is larger than 100 K are represented in dark red. These grid
points are very close or on top of the framework and the repul-
sion part of the Lennard-Jones potential dominates the energy.
The shape of the pore changes along the z-direction and there-
fore it is not perfectly hexagonal for the shown plane. The open
metal sites are located in the 6 corners of the framework. The
most favorable adsorption sites are in the vicinity of these sites
in the corners of the pore. Three of these open metal sites are
located close to the shown plane. Besides the open metal sites,
the locations close to the framework are more favorable than the
center. With the exception of the repulsive area directly bordering
the framework, the Lennard-Jones energy decays as the distance
from the surface of the framework increases.

The electrostatic energy calculated with charges from (a) DFT
and from (b) the QEq method for the plane with the lowest energy
are shown in Figure 10.

Fig. 10 Comparison between the electrostatic energies for ethylene in
Co-MOF-74 on a grid with (a) DFT charges and (b) charges calculated
with the QEq method for the plane of minimum energy. Grid points for
which the total energy (in units of kB) is larger than 100 K are represented
in dark red.

The energy surface of the electrostatic energy which results
from the two different sets of charges varies in the vicinity of
the framework. Again, the corners of the pore exhibit the low-
est energies. However, the minima for the two sets of charges
are located in different corners of the pore. For the DFT charges,
the locations of the minima agree with the ones of the Lennard-
Jones energy. In contrast to the DFT charges, with the charges
from the QEq method, the minima of the static electric energy
are predicted to be in the alternating corners. Moreover, the min-
ima of the static electric energy are at lower energies for the DFT
charges. Further away from the surface of the framework the
static electric energy decays. Therefore, in the center of the pore
the influence of static electric interactions is low. For both sets of
charges regions of positive energies can be observed close to the
framework and between the open metal sites.

In Figure 11, the polarization energy resulting from the elec-
tric field created by charges from (a) DFT and from (b) the QEq
method is compared for the plane with lowest energy.

Fig. 11 Comparison between the polarization energies for ethylene in
Co-MOF-74 on a grid with (a) DFT charges and (b) charges calculated
with the QEq method for the plane of minimum energy. Grid points for
which the total energy (in units of kB) is larger than 100 K are represented
in dark red.

The energy surfaces of the polarization energy are similar for
both sets of charges, despite the difference in the electrostatic
energy. However, close to the framework the concrete values can
deviate. Unlike to the electrostatic energy, the polarization energy
is always attractive. In addition, the polarization energy declines
rapidly and is essentially zero in the center of the pore. This ap-
pears reasonable, since polarization is strongly localized. In the
vicinity of the surface of the framework the polarization energy is
large and it can contribute significantly to the total energy. The
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polarization energies can be up to twice as low as the electrostatic
energy. It is important to note that the regions of lowest polariza-
tion energy border directly on the framework. In the region that
is in the close proximity to the framework, the Lennard-Jones
energy is already repulsive. Unfortunately, the Lennard-Jones po-
tential was designed rather for computational convenience than
for accuracy in the strongly repulsive region41,70,83. As a con-
sequence, the quality of the force field for this region might not
be sufficient. Rapidly increasing and badly modeled repulsion to-
gether with large polarization energies might lead to poor mod-
eling. Such difficulties seem to occur where binding distances are
short and interactions are very attractive. An alternative to de-
scribe the Lennard-Jones repulsion could be beneficial, e.g., the
Buckingham potential7,62 or a complete re-design of the force
field could improve results.

The total energy for both sets of framework charges for the
plane of lowest total energy when (left) exclusively electrostatic
energies and (right) additional polarization is considered are pre-
sented in Figure 12 for (top row) DFT charges and (bottom row)
charges determined using the QEq method.

Fig. 12 Comparison between the total energies for ethylene in Co-MOF-
74 on a grid (left) without and (right) with explicit consideration of polar-
ization energy. Energies calculated with (a) and (b) DFT charges and (c)
and (d) charges calculated with the QEq method for the plane of min-
imum energy. Grid points for which the total energy (in units of kB) is
larger than 100 K are represented in dark red.

In comparison to solely Lennard-Jones energy (cf. Figure 9),
the low energy regions in the corners of the pore are more pro-
nounced when adding point charges to the ethylene model. Espe-
cially, the less pronounced local minima in the left, upper right,
and lower right corners of the pore are lower in energy (cf. Fig-
ure 12 (a) and (c)). If polarizable sites are also added to ethylene,
the complete vicinity of the surface of the pore lowers in energy.
The difference in energy (in units of kB) for this region is approx-
imately 300 K. This is a substantial change. Overall, the locations
of the minima for both sets of charges agree with the minima
of the Lennard-Jones energy and with the location of the open
metal sites. The total energies are significantly lower compared
to exclusively considering Lennard-Jones energies. It can also be

observed that considering polarization in the model may add a
large localized contribution to the total energy that can help to
describe localized effects. Other non-polarizable classical force
fields might fail to describe this behavior42,52.

The study shows that insights into how polarization contributes
to the total energy can help to create a better understanding of ad-
sorption and consequently may be useful to design MOFs with im-
proved capabilities41. Interestingly, the different sets of charges
do not change the general appearance of the total energy surface.
However, for both sets of charges the gradient of total energy
close to the open metal sites is very steep which may contribute
to the observed sensitivity. The similarity in the total energy sur-
face and the comparison of the adsorption isotherm for ethylene
(cf. Figure 8) suggest that differences in the total energy surface
lead to large differences in the adsorption. Therefore, an accu-
rate parametrization of the force field parameters may be needed
to obtain quantitative agreement between simulations and exper-
iments. The energy surfaces for the maximum energy plane for
ethylene show a comparable behavior to the minimum energy
plane (can be found in the ESI). Overall, the results show that the
choice of charges can have a considerable effect41,66,67.

5 Conclusions
In this study, the potential of polarizable force fields to cal-
culate the adsorption of small hydrocarbons in Metal-Organic-
Frameworks with open metal sites has been investigated. Explicit
polarization is considered using the induced dipole model with
additional assumptions introduced by Lachet et al. 49 to speed up
the simulations. Atomic polarizabilities are assigned according to
literature78. Lennard-Jones interactions and point charges were
chosen from standard force fields. To test the predictive poten-
tial of polarizable force fields, the force field parameters have not
been adjusted. In comparison to generic force fields without con-
sidering polarization, the description of the adsorption behavior
is significantly improved when including polarization explicitly.
Computed heats of adsorption at infinite dilution using the polar-
izable force field are in reasonable agreement with available ex-
perimental data and ab initio predictions. The experimentally ob-
served trend that olefins interact significantly stronger than paraf-
fins was reproduced. Besides, binding geometries follow the ex-
perimentally expected trend, .i.e, the double bond of the olefins
binds parallel towards the open metal sites, while paraffins point
with one side towards the open metal sites. The description of
adsorption isotherms for small hydrocarbons is improved as well
when including polarization. Even though the agreement for the
adsorption isotherm is not perfect, the results are very encourag-
ing. It was shown that polarizable force fields have great potential
for the modeling of hydrocarbons in Metal-Organic Frameworks
with open metal sites. Polarization can help to describe localized
effect close to the surface of porous materials. Good predictions
for some adsorbates with standard force fields may be a result of
error cancellation, since heats of adsorption and binding energies
do not match the expected trends. Simulation results are sensitive
towards force field parameters that influence the geometry close
to the open metal sites with low total values and steep gradients
of total energy. Framework charges are such parameters which
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we explored in more detail. Better models may be expected when
the description of repulsion is improved. This part is essential for
small binding distances as can be observed in MOFs with open
metal sites. A complete re-parametrization of the force field and
considering explicit polarization from the beginning should en-
hance the accuracy and lead to force fields with better transfer-
ability.
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The Electronic Supplementary Information consists of 6 parts. The first part summarizes

all force field parameters adopted in this study. Tables 1 to 4 provide the parameters for

the M-MOF-74 frameworks. Tables 5 to 12 summarize the force field parameters of the

adsorbates. In Figure 1, a representation of all considered interaction sites of M-MOF-74

with labels is provided. In the second part, a schematic view of the binding geometry for C3

hydrocarbons is shown (Figure 2). Subsequently, the binding geometries for all systems are

provided (Figures 3 to 6). Next, adsorption isotherms calculated using the force field of Liu

et al. 1 with the addition of explicit polarization are shown. In part 5, the details of the force

field (Table 13) and the results of the calculations of Co-MOF-74 using charges determined

via the charge equilibration (QEq) method are provided (Figures 11 to 14). Finally, the

energy surfaces determined for the plane of maximum energy are shown in Figures 15 to 18.
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Force field parameters

Table 1: Force field parameters for Co-MOF-74. The charges are taken from
previous studies2–4. The framework is considered to be rigid.

# Atom type ε /kB [K] σ [Å] Partial charge [e]
1 Co 7.045 2.56 1.189
2 O1 47.86 3.473 −0.720
3 O2 47.86 3.473 −0.673
4 O3 47.86 3.473 −0.725
5 C1 48.19 3.033 0.846
6 C2 48.19 3.033 −0.308
7 C3 48.19 3.033 0.391
8 C4 48.19 3.033 −0.177
9 H 7.65 2.846 0.177
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Table 2: Force field parameters for Fe-MOF-74. The charges are taken from
previous studies2–4. The framework is considered to be rigid.

# Atom type ε /kB [K] σ [Å] Partial charge [e]
1 Fe 6.54 2.59 1.288
2 O1 47.86 3.473 −0.753
3 O2 47.86 3.473 −0.707
4 O3 47.86 3.473 −0.794
5 C1 48.19 3.033 0.870
6 C2 48.19 3.033 −0.337
7 C3 48.19 3.033 0.432
8 C4 48.19 3.033 −0.195
9 H 7.65 2.846 0.196
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Table 3: Force field parameters for Mn-MOF-74. The charges are taken from
previous studies2–4. The framework is considered to be rigid.

# Atom type ε /kB [K] σ [Å] Partial charge [e]
1 Mn 6.54 2.64 1.343
2 O1 47.86 3.473 −0.754
3 O2 47.86 3.473 −0.717
4 O3 47.86 3.473 −0.806
5 C1 48.19 3.033 0.850
6 C2 48.19 3.033 −0.296
7 C3 48.19 3.033 0.396
8 C4 48.19 3.033 −0.203
9 H 7.65 2.846 0.187
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Table 4: Force field parameters for Ni-MOF-74. The charges are taken from
previous studies2–4. The framework is considered to be rigid.

# Atom type ε /kB [K] σ [Å] Partial charge [e]
1 Ni 7.55 2.52 1.298
2 O1 47.86 3.473 −0.789
3 O2 47.86 3.473 −0.696
4 O3 47.86 3.473 −0.785
5 C1 48.19 3.033 0.895
6 C2 48.19 3.033 −0.349
7 C3 48.19 3.033 0.418
8 C4 48.19 3.033 −0.173
9 H 7.65 2.846 0.181
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Table 5: Force field parameters and atomic polarizabilities for ethane. Atomic
polarizabilities are taken from Stout and Dykstra 5.

# Atom type ε /kB [K] σ [Å] α [Å3] Partial charge [e]
TraPPE6 CH3 98.0 3.75 - -
Liu1 CH3 108.0 3.76 - -
Pol. force field CH3 98.0 3.75 1.874 -
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Table 6: Geometries used for ethane. Bending potential according to Ubend =
1
2 ⋅ k○ ⋅ (r − r○)2

# r○ / [Å] k○/kB [K/Å2]
TraPPE 1.54 rigid
Liu 1.54 96500
Pol. force field 1.54 rigid
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Table 7: Force field parameters and atomic polarizabilities for ethylene. Atomic
polarizabilities are taken from Stout and Dykstra 5.

# Atom type ε /kB [K] σ [Å] α [Å3] Partial charge [e]
TraPPE6 CH2 85.0 3.675 - -
Liu1 CH2 93.0 3.685 - -
Pol. force field CH2 93.0 3.722 1.959 0.73
Pol. force field dummy 0.0 0.0 - −1.46
No charges CH2 85.0 3.675 1.959 -
No polarization7 CH2 93.0 3.722 - 0.73
No polarization7 dummy 0.0 0.0 - −1.46
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Table 8: Geometries used for ethylene. Bending potential according to Ubend =
1
2 ⋅ k○ ⋅ (r − r○)2

# r○ / [Å] k○/kB / [K/Å2]
TraPPE 0.6665 rigid
Liu 0.6665 96500
Pol. force field 0.6695 rigid
No charges 0.6665 rigid
No polarization 0.6695 rigid
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Table 9: Force field parameters and atomic polarizabilities for propane. Atomic
polarizabilities are taken from Stout and Dykstra 5.

# Atom type ε /kB / [K] σ [Å] α [Å3] Partial charge [e]
TraPPE6 CH3 98.0 3.75 - -
TraPPE6 CH2 46.0 3.95 - -
Liu1 CH3 108.0 3.76 - -
Liu1 CH2 56.0 3.96 - -
Pol. force field CH3 98.0 3.75 1.874 -
Pol. force field CH2 46.0 3.95 1.874 -
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Table 10: Geometries used for propane. Bond potential according to Ubond =
1
2 ⋅ k○ ⋅ (r − r○)2 and bending according to Ubend = 1

2 ⋅ kθ ⋅ (θ − θ○)2.

# r○ / [Å] k○/kB r1 / [Å] p1/kB θ○ / [○] kθ/kB
[K/Å2] [K/Å2] [K/rad2]

TraPPE 1.54 rigid 1.54 rigid 114 62500
Liu 1.54 96500 1.54 96500 114 62500
Pol. force field 1.54 rigid 1.54 rigid 114 62500
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Table 11: Force field parameters and atomic polarizabilities for propylene.
Atomic polarizabilities are taken from Stout and Dykstra 5.

# Atom type ε /kB [K] σ [Å] α [Å3] Partial charge [e]
TraPPE6 CH3 98.0 3.75 - -
TraPPE6 CH 47.0 3.73 - -
TraPPE6 CH2 85.0 3.675 - -
Liu1 CH3 108.0 3.76 - -
Liu1 CH 53.0 3.74 - -
Liu1 CH2 93.0 3.685 - -
Pol. force field CH3 108.0 3.76 1.874 -
Pol. force field CH 53.0 3.74 1.959 0.87
Pol. force field CH2 93.0 3.685 1.959 0.87
Pol. force field dummy 0.0 0.0 - −1.74
No charges CH3 98.0 3.75 1.874 -
No charges CH 47.0 3.73 1.959 -
No charges CH2 85.0 3.675 1.959 -
No polarization8 CH3 108.0 3.76 - -
No polarization8 CH 53.0 3.74 - 0.87
No polarization8 CH2 93.0 3.685 - 0.87
No polarization8 dummy 0.0 0.0 - −1.74
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Table 12: Geometries used for propylene. Bond potential according to Ubond =
1
2 ⋅ k○ ⋅ (r − r○)2 and bending according to Ubend = 1

2 ⋅ kθ ⋅ (θ − θ○)2.

# r○ / [Å] k○/kB r1 / [Å] p1/kB θ○ / [○] kθ/kB
[K/Å2] [K/Å2] [K/rad2]

TraPPE 0.665 rigid 1.54 rigid 119.7 70420
Liu 0.665 96500 1.54 96500 119.7 70420
Pol. force field 0.704 rigid 1.54 96500 119.7 70420
No charges 0.665 rigid 1.54 rigid 119.7 70420
No polarization 0.704 rigid 1.54 96500 119.7 70420
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(a) (b)

Figure 1: (a) Labeling of the interaction sites and (b) the framework of M-MOF-74. Metal,
carbon, oxygen, and hydrogen are depicted in green, gray, red, and white, respectively.
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Representation of binding geometry for C3 hydrocarbons

Figure 2: Schematic representation of the binding geometry for C3 hydrocarbons within
M-MOF-74. Carbon atoms, the metal atom, and oxygen atoms are colored in grey, green,
and red, respectively.
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Binding Geometries
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Figure 3: Summary of parameters to describe the binding geometry in Co-MOF-74. Com-
parison between several classical force fields and the DFT results of Lee et al. 3 . Parameters
are defined according to Figure 2 of the main text.
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Figure 4: Summary of parameters to describe the binding geometry in Fe-MOF-74. Com-
parison between several classical force fields and the DFT results of Lee et al. 3 . Parameters
are defined according to Figure 2 of the main text.
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Figure 5: Summary of parameters to describe the binding geometry in Mn-MOF-74. Com-
parison between several classical force fields and the DFT results of Lee et al. 3 . Parameters
are defined according to Figure 2 of the main text.
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Figure 6: Summary of parameters to describe the binding geometry in Ni-MOF-74. Com-
parison between several classical force fields and the DFT results of Lee et al. 3 . Parameters
are defined according to Figure 2 of the main text.
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Adsorption isotherms with the force field of Liu et al.1

and additional polarization
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Figure 7: Adsorption isotherm for (a) ethane and (b) propane in Co-MOF-74 at 318 K
predicted with the force field of Liu et al. 1 with and without adding explicit polarization.
Comparison with the polarizable force field, the TraPPE force field6, and the experimental
values of Geier et al. 9 .
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Figure 8: Adsorption isotherm for (a) ethane and (b) propane in Fe-MOF-74 at 318 K
predicted with the force field of Liu et al. 1 with and without adding explicit polarization.
Comparison with the polarizable force field, the TraPPE force field6, and the experimental
values of Geier et al. 9 .
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Figure 9: Adsorption isotherm for (a) ethane and (b) propane in Mn-MOF-74 at 318 K
predicted with the force field of Liu et al. 1 with and without adding explicit polarization.
Comparison with the polarizable force field, the TraPPE force field6, and the experimental
values of Geier et al. 9 .
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Figure 10: Adsorption isotherm for (a) ethane and (b) propane in Ni-MOF-74 at 318 K
predicted with the force field of Liu et al. 1 with and without adding explicit polarization.
Comparison with the polarizable force field, the TraPPE force field6, and the experimental
values of Geier et al. 9 .
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Force field parameters, heats of adsorption, and adsorp-

tion isotherms for Co-MOF-74 with QEq charges

Table 13: Force field parameters for Co-MOF-74 with charges calculated with
the charge equilibration (QEq) method10,11. The framework is considered to be
rigid.

# Atom type ε /kB [K] σ [Å] Partial charge [e]
1 Co 7.045 2.56 1.162
2 O1 47.86 3.473 −0.473
3 O2 47.86 3.473 −0.531
4 O3 47.86 3.473 −0.585
5 C1 48.19 3.033 0.423
6 C2 48.19 3.033 −0.180
7 C3 48.19 3.033 0.209
8 C4 48.19 3.033 −0.108
9 H 7.65 2.846 0.083
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Figure 11: Heats of adsorption for Co-MOF-74 at infinite dilution calculated at 318 K with
various force fields. The computational results are compared to DFT binding energies from
Lee et al. 3 and heats of adsorption predicted via the Clausius-Clapeyron equation by Geier
et al. 9 .
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Figure 12: Adsorption isotherm for ethane at 318 K predicted with the developed polarizable
force field and charges determined via (triangles) DFT calculations, and (diamonds) the QEq
method.
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Figure 13: Adsorption isotherm for propane at 318 K predicted with the developed polar-
izable force field and charges determined via (triangles) DFT calculations, and (diamonds)
the QEq method.
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Figure 14: Adsorption isotherm for propylene at 318 K predicted with the developed polar-
izable force field and charges determined via (triangles) DFT calculations, and (diamonds)
the QEq method.
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Energy surfaces of Co-MOF-74 for the maximum energy

plane in the z-direction

Figure 15: Lennard-Jones energies evaluated on a grid with 0.1 Å spacing on the maximum
energy plane in z-direction for ethylene in Co-MOF-74. Grid points for which the total
energy (in units of kB) is larger than 100 K are represented in dark red.
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(a) (b)

Figure 16: Comparison between the electrostatic energies for ethylene in Co-MOF-74 on a
grid with (a) DFT charges and (b) charges calculated with the QEq method for the plane of
maximum energy. Grid points for which the total energy (in units of kB) is larger than 100
K are represented in dark red.
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(a) (b)

Figure 17: Comparison between the polarization energies for ethylene in Co-MOF-74 on a
grid with (a) DFT charges and (b) charges calculated with the QEq method for the plane of
maximum energy. Grid points for which the total energy (in units of kB) is larger than 100
K are represented in dark red.
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(a) (b)

(c) (d)

Figure 18: Comparison between the total energies for ethylene in Co-MOF-74 on a grid (left)
without and (right) with explicit consideration of polarization energy. Energies calculated
with (a) and (b) DFT charges and (c) and (d) charges calculated with the QEq method for
the plane of maximum energy. Grid points for which the total energy (in units of kB) is
larger than 100 K are represented in dark red.
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