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Abstract

In this work we investigate the adsorption
of chlorinated methanes (CHxCl4–x, x =
0 − 4) in a representative layer-pillar Metal-
Organic Framework (MOF), the flexible MOF
Ni2(ndc)2(dabco) (ndc = 2,6-naphthalene-
dicarboxylate, dabco = 1,4-diazabicyclo-[2.2.2]-
octane), also known as DUT-8(Ni). The guest
molecules show a systematic increase of po-
larizability with increasing number of chlorine
atoms, while the dipole moment exceeds 2 De-
bye for x = 2 and 3. Our ligand field molecu-
lar mechanics (LFMM) simulations show that,
counter-intuitively, the host-guest interactions
are mainly characterized by London dispersion,
despite the molecular dipole moments reaching
magnitudes as large as water. This highlights
the importance of London dispersion interac-
tions in the description of host-guest interac-
tions.

Introduction

A thoroughly investigated representative of
breathing flexible Metal-Organic Frameworks
(MOFs),1–6 sometimes also referred to as third-
generation MOFs,7–9 is the layered pillar MOF
Ni2(ndc)2(dabco) (ndc = 2,6-naphthalene-

dicarboxylate, dabco = 1,4-diazabicyclo-[2.2.2]-
octane), also known as DUT-8(Ni).10–27 It con-
sists of layers of Ni2(COO)4 paddle wheel nodes
interconnected by ndc linkers (Figure 1). The
so formed layers are interconnected in the third
dimension by dabco pillars (right side of Fig-
ure 1).

The flexible form of DUT-8(Ni)23 can be
switched between two distinct phases: An open
pore (op) and a closed pore (cp) phase. The
phase transition is triggered by ad- and desorp-
tion of guest molecules. We recently presented
the possibility to perform molecular dynamics
(MD) simulations of DUT8-(Ni) by employing
Ligand Field Molecular Mechanics (LFMM) for
the description of the metal nodes.25 Alzahrani
and Deeth lately also confirmed the applicabil-
ity of LFMM for the description of flexibility in
MOFs.29

Experimental adsorption energies of chlori-
nated methanes (CHxCl4–x, x = 0 to 3)
in DUT-8(Ni) (−25 to −40 , −35 to −50 ,
−30 to −40 and −20 to −40 kJ mol−1 for CCl4
to CH3Cl respectively, see Figure 2b)26,30 sug-
gest, in agreement with chemical intuition, a
significant impact of the guest’s dipole mo-
ment on the adsorption energy. From the ex-
perimental data, a trend relating the adsorp-
tion energies with the electrostatic interactions
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Figure 1: Graphical representation of DUT8-(Ni) conformer B23 in its open phase (op), viewed
along the pillar axis (left, C axis) and along ndc linkers (right, A or B axis). Atoms colored by
element: Nickel ochre, oxygen red, nitrogen blue, carbon black and hydrogen white. Reproduced
under the terms of the Creative Commons Attribution 4.0 License.28

could be suspected (see Figure 2a), even though
the reported energy ranges are large. Herein
we investigate the contributions of electrostatic
and London dispersion interactions upon the
adsorption energies of chlorinated methanes
(CHxCl4–x, x = 0− 4) in DUT-8(Ni) by using
LFMM simulations. For the case of methane,
no experimental adsorption energy is available
yet, so we predict its value herein.

The number of theoretical studies of guests
in fully flexible DUT-8(Ni) is, to our knowl-
edge, limited to our previous works,23,25 proba-
bly due to the challenges of correctly modelling
the Nickel nodes. However, given the available
experimental adsorption data of CHxCl4–x mole-
cules, it is a suitable benchmark system to test
the adsorption properties without loss of gen-
erality. Experimentally different conditions for
the adsorption of methane have been reported:
Opening of the structure is observed at 111 K
and 1 bar methane pressure,30 but at 195 K and
up to 2 bar no transition occurs.22 All chlori-
nated methanes are able to switch the frame-
work from the cp to the op phase.26,30 An im-
portant factor for the capability to switch the
MOF from cp to op, besides the energy gain,
is the kinetic diameter of the guest (see Figure
2a). The kinetic diameter is also connected to

the maximum loading, which in turn affects the
total adsorption energy gain. Large diameters
kinetically hinder the guest in entering the cp
phase. Since we are mainly concerned with en-
ergetic arguments in this work, we will refrain
from reproducing the kinetic arguments already
made.26,30

Theoretical Methods

We used LFMM parameters derived from den-
sity functional reference data for the descrip-
tion of the Nickel coordination as reported in
ref [25]. Ligands and pillars are described us-
ing the general amber force field (GAFF),31

which we also employed for all guest mole-
cules. Atomic charges of the MOF framework
have been taken from ref [25] (calculated us-
ing the CM5 methodology). Atomic charges
of the guest molecules were calculated using
the ChElPG formalism32 implemented in Gaus-
sian0933 using the TPSSh functional and a
TZVP basis. Further details are available in
Section 1.1 of the SI. An extended DL POLY
Classic software34,35 was used for MD simula-
tions. The NσT ensemble was used by employ-
ing a Nose-Hoover thermostat and a Hoover
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Figure 2: (a) Dipole moments (brown triangles, left scale) and isotropic polarizabilities (blue crosses,
right scale) of chlorinated methanes and methane. Kinetic diameters are represented by circles, with
their values as inset. (b) Calculated adsorption energies per guest molecule at full loading (symbols)
at 300 K (blue) and 400 K (red). Experimental references are given as green ranges if available.26,30

Reproduced under the terms of the Creative Commons Attribution 4.0 License.28

barostat (pressure of 1 atm). The total simu-
lation time was 1 ns consisting of 2× 106 simu-
lation steps with a timestep of 0.5 fs. A 4x4x4
supercell of conformer B(op) containing a to-
tal of 4224 atoms was used in periodic bound-
ary conditions for simulations. Guest mol-
ecules were loaded into the op phase inside
spheres of radius 4�A with the help of the Pack-
mol code.36 By employing a stepwise removal
routine of the guest molecules (see SI for de-
tails) we ensured closing of the structures into
the B(cl)o conformer. The maximum load-
ing used here should in principle exceed the
maximum amount that can be loaded in ex-
periments, since the computational approach is
not limited by pore accessibility and partially
closed structures. Maximum loadings from ex-
periments and the ones used here are given in
Table S3 in the SI. Analysis of the trajectories
was performed using the Atomistic Simulation
Environment (ASE) Python library.37

We separated the total system energy into
three parts: The MOF energy (EMOF), the
guest energy (EGuest), and the MOF-guest in-
teraction energy (EMOF−Guest). The former
two are obtained by calculating single-point
energies on the respective parts of the sys-
tems, while the MOF-guest interaction is calcu-
lated via ESys = EMOF + EGuest + EMOF−Guest.
The guest-guest interaction is calculated via
EGuest = USingle−Guest ∗ n + EGuest−Guest +

EMOF−Guest, where USingle−Guest is the inter-
nal energy of a single guest molecule and n
is the number of guest molecules per formula
unit MOF. The adsorption energy can then
be approximated as EAds = EMOF−Guest +
EGuest−Guest. Note that all terms discussed here
are functions of the number of guest molecules
n and temperature T . Yet we suppressed these
here, to improve the readability. We used the
unit of energy

”
kJ · molf.u.

−1“. This should
be read as

”
kJ per mol of Ni2(ndc)2(dabco)·n“,

where n is the number of guest molecules as in
the equations above. The

”
mol“ therefore ref-

erences the MOF and not the adsorbed guest.
By dividing EAds by n we obtain the molar ad-
sorption energy of the guest that can be com-
pared to experimentally obtained values. In all
plots, error-bars visualize the standard devia-
tion of the corresponding value. Further details
on the force field and MD setups employed can
be found in the SI. All input and output files as
well as scripts for pre- and postprocessing are
available in the published raw data.28

Results and Discussion

Our estimation of adsorption energies assumes
an ideal (interaction-free) gas phase of the
guest. The calculated heat of adsorption will
therefore be slightly overestimated. The ad-
sorption energy consists of the guest-guest in-
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teractions inside the MOF and the MOF-guest
interactions. As expected, all MOF-guest and
guest-guest interactions are attractive (see Fig-
ures S7-10).

So far, experimental values of adsorption en-
ergies of chlorinated methanes in DUT-8(Ni)
are available for the case of a rigid op state.26,30

The experimental values were measured using
small particles of DUT-8(Ni) (submicron sized
and therefore rigid11,18,19,38,39) at around 300 K
and up to adsorbed volumes of 150 cm3 g−1.
This adsorbed volume corresponds to approx-
imately 4.4 molecules per formula unit (f.u.)
MOF (using the ideal gas approximation). Em-
ploying the Clausius-Clapeyron equation, the
adsorption energies per mole guest (or molar
adsorption energies) can be derived from the
adsorption isotherms at varying temperatures.
We can therefore only compare values around
our maximum loading, these are in our nomen-
clature equal to Eads(nmax)/nmax. It is important
to remember that neither experimental nor cal-
culated values include a contribution from the
opening of the MOF (∆EMOF). Both the ex-
perimental and theoretical values are therefore
with reference to the open MOF phase. In Fig-
ure 2b, we present the obtained values for all
guests including experimental ranges from ref-
erences [26, 30].

The calculated adsorption energy of CH3Cl
agrees well with the experimental reference. For
CH2Cl2 and CHCl3 the deviation is more pro-
nounced, but the trend coincides with the ex-
periments as well. The overall larger energy
gain in our simulations can be attributed to
the low loading in experiment, where guest-
guest interactions are expected to be less in-
tense. For CCl4 the suggested trend deviates
from the experimental reference. Our calcula-
tions predict a significantly larger energy gain
than the experiment, even though the loading
is much closer to the experimental loading (7
versus approx. 5 molecules per f.u. MOF).

To investigate the slope of the adsorption en-
ergy of the chlorinated methanes, we analyzed
the contributions of London dispersion interac-
tions (in the following referred to as van der
Waals (vdW) interactions) and electrostatic in-
teractions at full loading and 300 K. The same

decompositions at 400 K are given in section
3.7 of the SI (Figures S15 and S16). In Fig-
ure 3a we plotted the vdW contribution ( to
the guest-guest and MOF-guest interaction en-
ergy for all methane derivates and methane it-
self. On the right y-axis we gave the calculated
isotropic polarizabilities of the respective mole-
cules (for computational details see Section 1.1
of the SI).

As to be expected, each added chlorine atom
increases the polarizability and therefore the
amount of vdW interaction between the guests
and between guest and MOF. From CH4 to
CCl4 the decrease of EvdW is almost linear for
both interactions. Only the CCl4 contributions
deviate slightly from a linear description. To in-
vestigate the accuracy of the guest-guest inter-
actions in our simulations, we performed MP2
calculations (Def2QZVPP basis with counter-
poise correction) on a CCl4 and a CHCl3 dimer
(for details see Section 1.3 of the SI). No sig-
nificant deviation of the interaction energies
was found (less than 3 kJ mol−1 difference be-
tween MP2 and force field results, see also Sec-
tion 3.9.1 of the SI). The Radial Distribution
Functions (RDF) of carbons and chlorines in
CCl4 and CHCl3 explain the slightly lower in-
termolecular interactions of CCl4 in our simu-
lations: The chlorine atoms in the CCl4 simu-
lations are a little further apart than the ones
in the CHCl3 simulations (see Figure S20). We
suggest two possible reasons: First, we only ap-
plied integer loadings of molecules, it is there-
fore not surprising that we did not observe an
exact match of interatomic chlorine distances
since the density relative to the size cannot be
exactly matched using integer values of adsor-
bates. Secondly, CCl4 does not have any dipole.
It therefore misses a slightly attractive contri-
bution that CHCl3 does have.

The electrostatic contributions (EElstat to the
interaction energies and dipole moments are
given in Figure 3b. In the guest-guest interac-
tion we observe the dipole dependence thought
to be relevant.

With increasing magnitude of the dipole, the
energy gain from electrostatic interactions in-
creases. The MOF-guest interaction does not
follow the trend suggested by the magnitude of
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Figure 3: (a) Van der Waals interaction energies of guest-guest and MOF-guest interaction energies
per guest molecule at 300 K and full loading. Calculated isotropic polarizabilities are given on the
right-hand y-axis. Note that the polarizability axis is inverted to visualize the correct dependence of
the interaction energies. (b) Electrostatic energy contribution to the guest-guest (blue) and MOF-
guest (red) interaction energies per guest molecule at 300 K and full loading. Dipole moments of
the guest from DFT (grey crosses). Note that the dipole is given on an inverted y axis on the right
side of the plot to visualize the dependence of the electrostatic interaction on the dipole magnitude.
Reproduced under the terms of the Creative Commons Attribution 4.0 License.28

the dipole moment for CH2Cl2 and CH3Cl. In
order to rule out a systematic error of our force
field setup we therefore performed a comparison
of DFT and our GAFF setup for all methane
derivate dimers (see Section 1.4 of the SI). The
results (see Table S6) show perfect agreement
for both the electrostatic and London disper-
sion interactions. We therefore rule out a rele-
vant systematic error of our force field setup.

The Coulomb contribution is overall much
weaker than the vdW contribution. This
means, that following up on our previ-
ous work,23 the driving force of flexibility
in DUT-8(Ni) upon adsorption of methane
derivates are London dispersion interactions.
Coming back to the original question of the
molar adsorption energy difference of CCl4 be-
tween our simulations and the experimental ref-
erence, the insights above only decompose the
disagreement into its contributions. A possible
explanation lies in the limited range of loading
used in the experiment. These differences could
be analyzed, for example, in adsorption exper-
iments on different MOFs or by simulations on
the rigid A(op) conformer of DUT-8(Ni).

The trend of the adsorption energies and the
corresponding vdW and electrostatic contribu-
tions can be rationalized from the magnitudes

of the dipoles and the polarizabilities. The va-
lidity of our results is also supported by the
experimental melting and boiling points of the
chlorinated methanes (both rising from CH4

to CCl4, see Table S5 and Figure S3). If the
non-existent permanent dipole moment of CCl4
would be a significant factor in the series of
guest-guest interactions from CCl4 to CH3Cl,
one would also expect to see a significant de-
viation from the trend of melting and boiling
points. Such a significant deviation is however
only observable for CH4 which has neither a sig-
nificant dispersion contribution nor a perma-
nent dipole moment, confirming the validity of
the simulation results.

It could be argued that the low electrostatic
interactions are due to the thermal movement
of the adsorbate inside the MOF. To assess
the influence of guest dynamics on the electro-
static interactions, we calculated autocorrela-
tion functions (ACFs)40 of the dipole orienta-
tion for each guest molecule (see Section 1.2.5
of the SI for details). At 300 K only CH4 and
CH3Cl exhibit a decay of the autocorrelation to
below 0.2. All other guests show autocorrela-
tion values of above 0.5 during the 50 ps ana-
lyzed (see Section 3.8 of the SI) and are there-
fore almost frozen in their respective orienta-
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tion. The thermal movement of the guests can
therefore not be responsible for the low electro-
static interactions. At 400 K all guests exhibit
autocorrelation values of below 0.2 after 50 ps.
In the temperature range used here, we there-
fore cover almost frozen guest orientations as
well as almost liquid-like guest states. By com-
paring the electrostatic contributions to the ad-
sorption energy at 300 K and 400 K, we can con-
clude that the guest dynamics do slightly lower
but do not average out the electrostatic inter-
actions. The vdW interactions however are af-
fected by the increased temperature in the same
way. Also, the autocorrelation of the guest ori-
entation does not follow the trend of the dipole
magnitude but is rather dependent on the bulk-
iness (not to say diameter because perfectly
spherical molecules would probably not exhibit
this dependence) or polarizability. The faster
decay of the autocorrelation value of CH3Cl in
comparison to CH2Cl2 also explains the slightly
smaller electrostatic contribution to the MOF-
guest interaction visible in Figure 3b. Over-
all, we conclude that the thermal motion of the
guest molecules is not responsible for the unin-
tuitive domination of the vdW interactions.

Conclusion

In summary, we analyzed the host-guest and
guest-guest interactions upon adsorption of
chlorinated methanes in DUT-8(Ni). By apply-
ing a fully flexible MD setup we were able to
cover a significant part of the realistic confor-
mational space and e.g. also capture entropic
effects that cannot be modeled using static (e.g.
GC) methods. We showed that our simula-
tion model developed previously25 allows in-
sights into available experimental results. As
for the stability of the MOF itself, dispersion
interactions play an important role in the de-
scription of the host-guest and guest-guest in-
teractions. Our simulations match experimen-
tal heats of adsorption of chlorinated methanes
well and call for additional experiments to
reinvestigate the heat of adsorption of CCl4.
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(5) Férey, G.; Serre, C. Large breathing ef-
fects in three-dimensional porous hybrid

6

http://dx.doi.org/10.1038/46248
http://dx.doi.org/10.1021/ja0276974
http://dx.doi.org/10.1126/science.1067208
http://dx.doi.org/10.1002/anie.200300610
http://dx.doi.org/10.1002/anie.200300610


matter: facts, analyses, rules and conse-
quences. Chemical Society Reviews 2009,
38, 1380, DOI: 10.1039/b804302g.

(6) Schneemann, A.; Bon, V.; Schwedler, I.;
Senkovska, I.; Kaskel, S.; Fischer, R. A.
Flexible metal–organic frameworks.
Chemical Society Reviews 2014, 43,
6062–6096, DOI: 10.1039/c4cs00101j.

(7) Kitagawa, S.; Kondo, M. Functional Mi-
cropore Chemistry of Crystalline Metal
Complex-Assembled Compounds. Bulletin
of the Chemical Society of Japan 1998,
71, 1739–1753, DOI: 10.1246/bcsj.71.

1739.

(8) Horike, S.; Shimomura, S.; Kitagawa, S.
Soft porous crystals. Nature Chemistry
2009, 1, 695–704, DOI: 10.1038/nchem.
444.

(9) Liu, J.; Chen, L.; Cui, H.; Zhang, J.;
Zhang, L.; Su, C.-Y. Applications of
metal–organic frameworks in heteroge-
neous supramolecular catalysis. Chemi-
cal Society Reviews 2014, 43, 6011–6061,
DOI: 10.1039/c4cs00094c.

(10) Klein, N.; Herzog, C.; Sabo, M.;
Senkovska, I.; Getzschmann, J.;
Paasch, S.; Lohe, M. R.; Brunner, E.;
Kaskel, S. Monitoring adsorption-induced
switching by 129Xe NMR spectroscopy
in a new metal–organic framework
Ni2(2,6-ndc)2(dabco). Physical Chemistry
Chemical Physics 2010, 12, 11778, DOI:
10.1039/c003835k.

(11) Lee, J. Y.; Pan, L.; Huang, X.;
Emge, T. J.; Li, J. A Systematic Approach
to Building Highly Porous, Noninter-
penetrating Metal-Organic Frameworks
with a Large Capacity for Adsorbing H2

and CH4. Advanced Functional Materials
2011, 21, 993–998, DOI: 10.1002/adfm.
201001790.

(12) Hoffmann, H. C.; Assfour, B.; Ep-
perlein, F.; Klein, N.; Paasch, S.;
Senkovska, I.; Kaskel, S.; Seifert, G.;

Brunner, E. High-Pressure in Situ 129Xe
NMR Spectroscopy and Computer Sim-
ulations of Breathing Transitions in
the Metal-Organic Framework Ni2(2,6-
ndc)2(dabco) (DUT-8(Ni)). Journal of the
American Chemical Society 2011, 133,
8681–8690, DOI: 10.1021/ja201951t,
PMID: 21539397.

(13) Klein, N.; Hoffmann, H. C.; Cadiau, A.;
Getzschmann, J.; Lohe, M. R.; Paasch, S.;
Heydenreich, T.; Adil, K.; Senkovska, I.;
Brunner, E.; Kaskel, S. Structural flexibil-
ity and intrinsic dynamics in the M2(2,6-
ndc)2(dabco) (M = Ni, Cu, Co, Zn) metal-
organic frameworks. Journal of Materials
Chemistry 2012, 22, 10303–10312, DOI:
10.1039/C2JM15601F.

(14) Bon, V.; Klein, N.; Senkovska, I.; Heer-
wig, A.; Getzschmann, J.; Wallacher, D.;
Zizak, I.; Brzhezinskaya, M.; Mueller, U.;
Kaskel, S. Exceptional adsorption-induced
cluster and network deformation in the
flexible metal-organic framework DUT-
8(Ni) observed by in situ X-ray diffraction
and EXAFS. Physical Chemistry Chemi-
cal Physics 2015, 17, 17471–17479, DOI:
10.1039/c5cp02180d.

(15) Bon, V.; Kavoosi, N.; Senkovska, I.;
Kaskel, S. Tolerance of Flexible MOFs to-
ward Repeated Adsorption Stress. ACS
Applied Materials & Interfaces 2015,
7, 22292–22300, DOI: 10.1021/acsami.

5b05456, PMID: 26397165.

(16) Trepte, K.; Schwalbe, S.; Seifert, G.
Electronic and magnetic properties of
DUT-8(Ni). Physical Chemistry Chemi-
cal Physics 2015, 17, 17122–17129, DOI:
10.1039/c5cp01881a.

(17) Mendt, M.; Gutt, F.; Kavoosi, N.;
Bon, V.; Senkovska, I.; Kaskel, S.;
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