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A combined quantum mechanics and classical molecular dynamics
approach is used to unravel the effects of structural deformations
and heterogeneity on catalytic activity of 2D π-stacked layered
metal-organic frameworks. Theory predicts that the flexible nature
of these materials creates a complex array of catalytically active
sites for oxidative dehydrogenation of propane. Using an ensemble
approach and oxygen bond formation energy, as an excellent
probe, we investigate the catalytic activity down to the single
active site level.

Recently introduced 2D π–stacked layered metal-organic
frameworks (MOFs) offer record breaking electrical conductiv-
ity along with permanent porosity and high surface area.1–4

Combined with their low dimensionality for compact device im-
plementation, this new class of 2D materials has inspired de-
velopment of MOF-based batteries and supercapacitors5–12 as
well as potentiometric and chemiresistive sensors.11,13,14 Hav-
ing 1-D channels with ≈ 20 Å diameters, they allow penetra-
tion of target analytes making them perfect choices for adsorp-
tion, separation and catalysis (Figure 1). In spite of all these
merits, their catalytic utilization is limited by the lack of un-
derstanding of the intrinsic MOF structure and dynamics and
host-guest interactions at the single catalytic active site level.
Recently, we have unravelled a range of dynamical motions in
two archetypical 2D MOFs, Cu3(HHTP)2 and Co3(HHTP)2, where
HHTP=hexahydroxytriphenylene, and have shown how these
motions lead to creation of deformation sites in the latter.15 This
dynamic flexibility was shown to drastically influence interaction
of the secondary building units (SBUs) of these MOFs with wa-
ter molecules. Similarly, it is anticipated that the flexible na-
ture of 2D MOFs could potentially create different catalytic ac-

a Department of Chemistry and Environmental Science, New Jersey Institute of Technol-
ogy, Newark 07102, NJ United States, E-mail: momeni@njit.edu, shakkib@njit.edu
† Electronic Supplementary Information (ESI) available: Details of our flexible ab
initio force field, results of our classical MD simulations, details of the periodic and
cluster electronic structure calculations as well as XYZ coordinates of all studied
systems. See DOI: 00.0000/00000000.

CoII
S

S

S

S

CoII S
S

S
S

SS

S
S S

S

S
S

CoII CoII

CoIICoII

CoII S
S

S
S

SS

S
S S

S

S
S

CoII CoII

CoIICoII

(a)

(b)

(c)

~20 Å

~4 Å

Fig. 1 Conductive 2D π-stacked layered Co3(HTTP)2
(HHTP=hexahydroxytriphenylene) MOF. Schematic representation
of (a) tetra-coordinated metal node creating (b) an extended layer
via tri-topic HTTP linkers, and (c) crystal structure of the extended
material highlighting the hexagonal array of the 1D channels.

tive sites with a wide range of reactivity for any desired reac-
tion. The importance of the presence of deformations and de-
fects as well as open-metal sites on catalytic activity of differ-
ent MOFs is highlighted before.16–20 Single-atom Co-deposited
MOFs are shown to be excellent heterogeneous catalysts in cat-
alytic conversion of propane to value-added chemicals under
mild conditions.21,22 Herein, oxidative dehydrogenation (ODH)
of propane using N2O as oxidizing agent23,24 is adopted for
studying the effect of structural deformations on catalytic activity
of the coordinatively unsaturated Co sites in Co3(HTTP)2, where
HTTP=hexathiotriphenylene. Several experimental studies have
used N2O as an excellent oxidant for partial oxidation of different
alkanes.25–27 Also, the selectivity and mechanism by which N2O
is activated, via the O-mode and not the N-mode, especially for
light hydrocarbons is already well-established.28,29 Here, we em-
ploy a combined classical molecular dynamics (MD) and quantum
mechanics approach to illustrate different levels of heterogeneity
and disorder in equilibrated 2D MOFs, painting a realistic picture
of catalytic activity of Co3(HTTP)2 compared to pristine struc-
tures obtained from static electronic structure calculations. We
show that cobalt–oxygen bond formation energy can be used as
an excellent probe of catalytic reactivity at the single active site
level.

The large number of atoms and the flexible nature of 2D MOFs
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Fig. 2 Three characteristic dynamical motions in Co3(HTTP)2 with schematic representations at the top, and statistical results over the entire 5 ns
trajectories at the bottom. (a) slipping and (b) breathing movement of four adjacent layers using the position of four different Co atoms, green circles
in the scheme, as geometrical indicator. Horizontal dashed lines indicate the initial positions from our 0 K ab initio optimized structure. (c) Planarity
deformation of organic linkers represented with the vertical movement of three Co atoms attached to the same linker, represented with a triangle.

leads to huge computational cost if ab initio molecular dynam-
ics (AIMD) were to be used, making force field based techniques
more suitable for this task. Therefore, we have carried out classi-
cal MD simulations on an extended 2×2×2 model of Co3(HTTP)2

MOF based on our newly-developed ab initio force field (FF) pa-
rameterized against highly accurate ωB97M-v/def2-TZVP30 den-
sity functional. This FF allows nanosecond scale simulations, far
beyond capabilities of AIMD simulations, while reproducing sim-
ilar accuracy in capturing the intra- and interlayer framework
deformation and heterogeneity. Details of developing and vali-
dating the force field against experimental and ab initio data, and
comparison of structural deformations between our approach and
AIMD, is provided in the Supporting Information (SI) (sections
S1–S3). Here, we first illustrate the effect of dynamical motions
on inducing structural deformations and heterogenity by com-
paring the results of MD simulations at 293 K to those of static
electronic structure calculations at 0 K. Figure 2 illustrates three
classes of dynamical motions during 5 ns simulation time includ-
ing slipping of layers in xy plane, i.e. along “a” and “b” vectors,
expansion or contraction of interlayer distance in z direction, i.e.
breathing along the “c” vector, and deformation of individual or-
ganic linkers. Both, 0 K PBE-D3/DZVP-MOLOPT optimized and
293 K MD equilibrated frameworks show layers that are slipped
relative to each other in the xy plane. The Co-Co-Co-Co dihedral
angle as depicted at the top of Figure 2, 6 da, is a good geomet-
rical descriptor to quantify the degree of slipping disorder. There
are 12 such angles within the cell. While 6 da of the 0 K optimized
MOF has a narrow range of 179.4◦−180.0◦, the calculated range
of 6 da for equilibrated MOF at 293 K is 170.0◦−177.2◦ show-
ing a higher degree of slipping deformation. Figure 2a shows
that slipping of layers is a constant motion during 5 ns simula-
tion time. This observation is in agreement with previous studies
where slipping of layers, mostly to form an AB slipped-parallel
stacking pattern, has been confirmed in various 2D MOFs includ-

ing Co3(HTTP)2.4,14,31–34 The dashed lines in Figure 2b represent
the 0 K optimized positions of Co3(HTTP)2 layers in z direction.
As can be seen, all layers have a very wide range of movements
in z direction during 5 ns simulation time. This can have a con-
siderable impact on catalytic activity of the 2D MOF because a
larger interlayer space further exposes the coordinatively unsat-
urated open–Co sites to the incoming analytes. Dashed lines in
Figure 2c represent the position of three metal nodes connected
to the same organic linker as obtained from the 0 K optimized
structure. As can be seen, by the end of the MD simulation at 293
K the organic linkers are completely twisted which combined with
slipping of the layers has a significant effect on the coordination
environment of the open–Co sites. In this very flexible architec-
ture, metal nodes show both square planar and tetrahedral coor-
dination environments which adds another layer of heterogeneity
to the structure and function of 2D MOFs. Next, we address the
impacts of these structural deformations on catalytic activity of
Co3(HTTP)2 in ODH of propane as a case study.

Figure 3 illustrates the 4-step mechanistic cycle for N2O–
assisted ODH of propane on Co3(HTTP)2, similar to the mech-
anism suggested by Barona et al. for PCN-250 and and Verma
et al. for Fe2(dobdc),28 which starts with binding of the oxidiz-
ing agent N2O to the open-metal sites resulting in formation of a
metal-oxo bond and N2 liberation (step 1, rate-determining step).
It is then followed by C-H bond activation of the secondary hydro-
gen of propane (step 2) resulting in either formation of propanol
or another C-H activation to form terminal water and propene.
Having found a strong correlation (R2 = 0.98) between the N2O
activation energy barriers and the metal-oxygen bond formation
energies, Barona et al. used metal-oxygen bond formation en-
ergies to predict the catalytic activity of different metal nodes.
Here, we perform quantum mechanical calculations to test the
applicability of such predictive descriptor on catalytic activity of
unsaturated metal nodes in 2D MOFs. To be able to provide a gen-
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Fig. 3 Proposed mechanistic scheme for oxidative dehydrogenation of
propane to propene (outside circle) or propanol (inside circle) using
the coordinatively unsaturated open Co sites and N2O as the oxidizing
agent.23

eral picture, we cut cluster models from optimized structures of
both M3(HTTP)2 and M3(HHTP)2 MOFs (with M = Co and Cu)
and truncate the organic linkers to dithiophenolates (DTP) and
catecholates (CAT), respectively. The binding energy of oxygen
to the open-metal sites, also referred to as metal-oxo bond for-
mation energies (∆EO), were estimated relative to the bare node
(EM) and an isolated N2O molecule (EN2O) using the following
formula: ∆EO = EM−O + EN2 − EM − EN2O. The N2O activation
barriers vs. the oxygen bond formation energies for these four
cluster models are plotted in the SI Figure S7 which shows a very
good correlation with R2 = 0.98, validating the predictive tool
suggested by Barona et al. in these systems. Notably, Co(DTP)2

forms the most stable metal-oxo bond (∆HO = −62.6 kcal/mol)
and shows the lowest N2O activation enthalpy of 30.4 kcal/mol.

Now, we look into utilizing the computed ∆EOs as an energy de-
scriptor to illustrate the degree of deformation and heterogeneity
in 2D MOFs and also to explore if the correlation found between
N2O activation energy barriers and the ∆EOs still holds. We take
an ensemble approach by computing ∆EOs for all 48 different
catalytically active Co sites present in the 2×2×2 Co3(HTTP)2

supercell with many local minima being surveyed for the frame-
work. To account for temperature-induced structural transfor-
mations/deformations, these calculations were performed on the
293 K equilibrated MOF as well as for the 0 K optimized MOF for
comparison.

Bonding of one oxygen atom to different open Co sites of the
MD equilibrated Co3(HTTP)2 framework leads to formation of
six different isomers which are shown in the middle panel of Fig-
ure 4. In the case of the 0 K optimized MOF, only four distinct iso-
mers were identified, namely Co, S, Co-S, and Co-Co(int). The
two additional isomers in the MD equilibrated MOF, namely Co-
S(int) and Co-S(d) are only formed due to the slipping of the
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Fig. 4 Top: different active sites found for oxygen interacting with the
0 K and 293 K Co3(HTTP)2 frameworks where "int" stands for oxygen
forming interlayer bonds and "d" stands for oxygen bonding to the de-
fect sites present in the framework. Bottom: a, b, and c depict PBE-D3
optimized Co284–S(int), Co64-S(d), and Co63–Co825 (int) isomers, respec-
tively. PBE-D3 computed metal-oxo bond formation energies and RESP
charges of all 48 Co sites present in the 0 K and 293 K Co3(HTTP)2
frameworks are compiled in SI Tables S6 and S7. XYZ coordinates of all
considered systems are provided as part of the ESI.

layers and deformation of the linkers as explained in the previous
section. Starting from the 0 K optimized MOF, Co isomer was
found to be the highest energy isomer with ∆EO = 16.1 kcal/mol
followed by Co-Co(int), Co-S and S isomers (∆EO = +1.3, –
20.0, and –34.0 kcal/mol, respectively). This difference in ∆EOs
is likely due to changes in formal oxidation of Co upon binding to
the oxygen atom from +2 to +4. In contrast, in the more stable
Co-S and S isomers, due to the participation of the redox-active
HTTP linkers, formal oxidation of Co increases only from +2 to
+3 in the former and stays as +2 in the latter. Nevertheless, we
classify the S isomers as off-cycle species that would not play a
role in the reaction mechanism as depicted in Figure 3.

As can be seen from Figure 4b, incorporating temperature into
simulations leads to creation of tetrahedral Co-sites coordinated
to three HTTP linkers as opposed to nearly square planar geom-
etry formed when it is bonded to two HTTP linkers (i.e. (a) and
(c) in Figure 4). Out of 24 Co sites present inside the main 1D
channel of the studied 2× 2× 2 super cell, 8 fall into the cate-
gory of tetrahedral sites which are amongst the most favorable
sites for bonding to oxygen (∆EO = –47.1 kcal/mol compared to
–23.1 kcal/mol for the rest, SI Table S7). Computed RESP charges
showed that these sites are more positively charged than the rest,
with an average of +0.473e vs. +0.264e (SI Table S7). The com-
puted ∆EO values for Co, Co-Co(int), and Co-S isomers in 293 K
equilibrated MOF are 29.1, 22.4, and 5.7 kcal/mol, compared to
the same isomers in the 0 K optimized MOF. When averaged over
all 48 open-Co2+ sites, this value is found to be 26.1 kcal/mol
lower than the corresponding value for the optimized system
(−27.0 kcal/mol vs. −0.9 kcal/mol) indicating likely higher cat-
alytic activity than what would be presumed based on static elec-
tronic structure calculations. These results highlight the impor-
tance of incorporating temperature which leads to structural de-
formation when studying catalysis in these fluxional materials.
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lighted with different colors. For clarity, only transition states for the
Co64-S123(d) sites are shown.

Finally, we examined the four step mechanistic scheme, as out-
lined in Figure 3, for three representative isomers namely Co63-
Co825(int), Co64-S123(d) and Co284-S534(int) (Figure 5). In the
adopted nomenclature, numbers refer to the atom label of the
Co centers in the considered 2×2×2 supercell. These Co centers
experience different electronic environments and as such are ex-
pected to show different catalytic activity. The Co64-S123(d), a
tetrahedral Co–site, shows the highest ∆EO as well as the low-
est activation free energy (∆G‡) of 29.2 kcal/mol for step 1.
However, step 2, i.e. the first C–H activation step, is found to
be the rate-limiting step for this active site. The Co284-S534(int)
isomer which has a higher ∆EO than the Co63-Co825(int) (–41.8
kcal/mol vs. –19.6 kcal/mol) shows the lowest reactivity among
all (with ∆G‡ values of 59.5 kcal/mol vs. 33.0 kcal/mol in
Co63-Co825(int)). Interestingly, all studied Co active sites show
higher propensity toward formation of propanol than propene
(Figure 5).

Overall, we show for the first time that incorporation of intrin-
sic temperature-induced structural deformations in 2D MOFs is
crucial in realization of some of the most catalytically active Co2+

sites toward oxidative dehydrogenation of propane to propanol.
These active sites are only formed when slipping movement of the
layers and twisting motion of the organic linkers are considered
in the simulations. We believe these findings are a step forward in
providing structure-to-function design guidelines for flexible ma-
terials such as the 2D MOFs studied in this work. Future works
are directed toward screening of both synthesized and potential
2D layered MOFs with various coordinatively unsaturated metal
sites, aiming at enhancing their catalytic activity.
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