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e and shape on the thermal
conductivity of metal-organic frameworks†

Hasan Babaei,*ab Alan J. H. McGaugheyb and Christopher E. Wilmera

We investigate the effect of pore size and shape on the thermal conductivity of a series of idealized metal-

organic frameworks (MOFs) containing adsorbed gas using molecular simulations. With no gas present, the

thermal conductivity decreases with increasing pore size. In the presence of adsorbed gas, MOFs with

smaller pores experience reduced thermal conductivity due to phonon scattering introduced by

gas–crystal interactions. In contrast, for larger pores (>1.7 nm), the adsorbed gas does not significantly

affect thermal conductivity. This difference is due to the decreased probability of gas–crystal collisions in

larger pore structures. In contrast to MOFs with simple cubic pores, the thermal conductivity in

structures with triangular and hexagonal pore channels exhibits significant anisotropy. For different pore

geometries at the same atomic density, hexagonal channel MOFs have both the highest and lowest

thermal conductivities, along and across the channel direction, respectively. In the triangular and

hexagonal channeled structures, the presence of gas molecules has different effects on thermal

conductivity along different crystallographic directions.
Introduction

Metal-organic frameworks (MOFs) have exceptional adsorption
properties and show promise for applications such as gas
storage, gas separation, and catalysis.1–4 Challenges remain,
however, related to the rate at which gases can be loaded into
MOFs without causing sharp temperature rises due to the heat
generated during adsorption. This issue is an important
consideration in applications such as natural gas storage in
passenger vehicles, where tanks need to be relled quickly to
compete with traditional gasoline/diesel-based vehicles. Simi-
larly, sharp drops in temperature during unloading can be
a concern for sorption-based heat pumps,5,6 where the working
uid needs to be both adsorbed and desorbed quickly. To
dissipate/recover the generated/lost heat quickly and thereby
mitigate sharp temperature rises/drops requires the adsorbent
to have a high thermal conductivity. Despite the importance of
heat transfer in MOFs, however, studies of their thermal
transport properties are limited,7–12 with only two that consid-
ered heat transfer in the presence of an adsorbed gas.13,14

The large number of MOFs already synthetized1 and the
practically innite number of MOFs not yet synthetized15

promise a large design space for thermal properties (e.g.,
thermal conductivity, heat capacity, thermal expansion
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arnegie Mellon University, 5000 Forbes

tion (ESI) available. See DOI:

hemistry 2017
coefficient, and thermal stability). The key to efficiently
exploring such a design space is an understanding of the rele-
vant structure–property relationships. In this regard, molecular
modeling can help by predicting the thermal properties of
existing and future MOFs. Screening potential MOFs to nd
those with the right combination of thermal properties, pore
size and shape, type and size of organic ligands, and internal
surface area will help others decide which structure best suits
their application need.15

In this paper, we address the effect of pore size and shape on
the thermal conductivity of MOFs. We perform molecular
dynamics (MD) simulations on a series of idealized model
structures and apply the Green–Kubo method to predict their
thermal conductivities with and without adsorbed gas at a range
of densities. We nd that MOF thermal conductivity decreases
with increasing pore size and that the presence of adsorbed gas
has a more severe effect in reducing the thermal conductivity of
MOFs with smaller pores. We predict anisotropic thermal
conductivity in MOFs with triangular and hexagonal channels
and nd that adsorbed gas affects thermal transport along the
orthogonal directions differently, indicating a strong depen-
dency of thermal transport on the mobility of gas molecules in
those directions.
Methodology

We use idealized MOF structures with different pore shapes, as
shown in Fig. 1a (cubic pores), 1b (triangular channels), and 1c
(hexagonal channels). These structures are inspired by IRMOF-1,16

FeBDP,17 and MOF-74.18 The simple cubic lattice structures are
Chem. Sci., 2017, 8, 583–589 | 583
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Fig. 1 Cross-sectional views of (a) the idealized simple cubic structure (top) based on the real material IRMOF-1 (bottom), (b) the idealized
triangular-channel structure (top) based on the real material FeBDP (bottom), and (c) the idealized hexagonal-channel structure (top) based on
the real material MOF-74 (bottom).
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built using different number of atoms per unit cell (7, 10, 13, 16,
19, and 22) to create different pore sizes (1.0, 1.3, 1.7, 2.0, 2.3, and
2.7 nm). The structures with triangular and hexagonal channels
are built from parallel planes that contain a triangular or hexag-
onal lattice. For both of these structures, the spacing between the
planes and between the lattice points on each plane is 1 nm. The
Fig. 2 Bonds and angles for the unit cells of (a) simple cubic, (b) trian
between lattice points and planes for the cubic, triangular-channel and

584 | Chem. Sci., 2017, 8, 583–589
atoms sitting at the lattice points are connected through two
linker atoms in the directions both parallel and normal to the
plane.

As depicted in Fig. 2, we dene two-body bonded and
three-body angular interactions between atoms, which are
modeled using the class 2 quartic19 (bonds) and harmonic
gular-channel, and (c) hexagonal-channel structures. (d)–(f) Spacing
hexagonal-channel structures.

This journal is © The Royal Society of Chemistry 2017
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(angles) potentials. The force eld parameters (see ESI†) were
chosen so that the thermal conductivity of the simple cubic
structure with a pore size of 1 nm was of the same order as
typical MOFs (�1 W m�1 K�1). For all angle bending potentials,
we used an equilibrium angle q0 of 180� except for the angles
containing the corner atoms of the hexagonal structure, for
which an equilibrium angle q0 of 120� was used.

The gas is methane, which is modeled as a point particle.
The initial congurations for the MD simulations of gas-loaded
MOFs were taken from snapshots of equilibrated grand
canonical Monte Carlo (GCMC) simulations20 (see ESI†), giving
rise to gas densities from 0 to 12 molecules per nm3. Framework
atoms were held xed at their crystallographic coordinates in
the GCMC calculations.

We applied the Green–Kubo method to predict thermal
conductivity,21 which is based on calculating the instantaneous
heat ux in an equilibriumMD simulation. All simulations were
carried out at a temperature of 300 K and atmospheric pressure
using a time step of 1 fs. The partial enthalpy terms required to
analyze multicomponent systems were implemented as dis-
cussed in ref. 21–23. To gain further insight into the thermal
conductivity predictions, we also calculated the corrected
diffusivity of gas molecules within the MOFs, which is associ-
ated with the molecular mobility.20 The corrected diffusivity is
based on a Green–Kubo relation and is dened as the time
integral of the center of mass velocity autocorrelation function
for the gas component. Details of the Green–Kubo calculations
for both thermal conductivity and diffusivity along with
samples of the associated autocorrelation functions and their
integrals are provided in the ESI.†
Fig. 3 (a) Thermal conductivity of the simple cubic structure without
adsorbed gas as a function of pore size (top axis) and crystal density
(bottom axis). (b) Thermal conductivity of MOF crystals triangular
(triangles) and hexagonal (hexagons) channels parallel (filled symbols)
and perpendicular (empty symbols) to the channel directions along
with simple cubic structure (filled squares) as a function of pore size.
The lines in (b) are power law fits to the data points with exponents:
squares: �1.78, filled hexagons: �2.13, filled triangles: �2.19, empty
hexagons: �1.07 and empty triangles: �1.14.
Results and discussion
Effect of pore size

The thermal conductivities of the structures with cubic pores
were rst predicted without any adsorbed gas. As shown in
Fig. 3a, thermal conductivity decreases as the pore size
increases. This trend is likely due to the decreased areal density
of bonded interactions. In the absence of gas, these bonds are
the means of transporting heat through the atomic vibrations
(i.e., phonons) in a dielectric solid. Supporting this argument,
as also shown in Fig. 3a, thermal conductivity increases as the
inverse of pore cross sectional area (which is proportional to the
number of bonded interactions crossing per unit area)
increases. Interestingly, this increase in thermal conductivity is
a linear function of the inverse of the pore cross sectional area.

The thermal conductivities of triangular- and hexagonal-
channel MOFs along with the simple cubic structures,
normalized to that of the corresponding MOFs with 1 nm pores,
are plotted versus pore size in Fig. 3b (absolute values are given
in the ESI†). The interplanar distance was xed at 1 nm.
Thermal conductivity perpendicular to the channel direction,
for both triangular and hexagonal channels, decreases as the
inverse of the pore size, while thermal conductivity parallel to
the channel direction decreases as the inverse of pore size
squared. This nding supports the dependency of thermal
This journal is © The Royal Society of Chemistry 2017
conductivity on the areal density of bonds parallel to that
direction.

We then predicted the thermal conductivity of the cubic pore
materials loaded with gas at densities between 0 and 12 mole-
cules per nm3. The results are plotted in Fig. 4a. At the
maximum gas pressure considered, each structure (depending
on the pore size) yielded a different gas density, which is why
not all of the curves have the same maximum density. For
structures with large pores (2.3 and 2.7 nm), increasing the gas
density beyond the maximum density given in the curves led to
a collapse. For pores up to 1.7 nm in size, increasing the gas
density from 0 to 6 molecules per nm3 causes the thermal
conductivity to decrease. Increasing the gas density further
results in an increase in thermal conductivity, a trend similar to
that observed in ref. 13, followed by a small drop. We veried
that this drop is not due to statistical uncertainty by repeating
Chem. Sci., 2017, 8, 583–589 | 585
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our calculations and averaging over more simulations than the
other cases (twelve instead of eight) that each had four times as
many time steps. Through phonon lifetime calculations, we
showed in ref. 13 that the initial decrease is due to phonon
scattering processes introduced by collisions between gas
molecules and the lattice. The increase in thermal conductivity
at larger gas densities is related to the increased thermal
conductivity of the gas itself. The nal drop and rise in thermal
conductivity (observed clearly for the structures with 1.0 nm and
1.3 nm pores at�8 and�8.5 molecules per nm3 and slightly for
the structure with 1.7 nm pores at �8.5 molecules per nm3) is
a phenomenon for which we do not have a clear understanding.
For structures with pores larger than 1.7 nm, the thermal
conductivity is nearly constant over all gas densities, all falling
within 0.03Wm�1 K�1 of their average value. The uncertainty in
the predicted thermal conductivities is 12%. This result implies
that gas–crystal interactions for these structures are not effec-
tive in reducing thermal conductivity.

To better understand the gas molecule dynamics inside the
pores, we calculated corrected gas diffusivities, which are
plotted in Fig. 4b. For all pore sizes, the diffusivity decreases as
the gas loading increases. The diffusivities for larger pores are
Fig. 4 (a) Thermal conductivity of gas-loaded simple cubic MOFs
across a range of pore sizes as a function of gas density. (b) Corrected
diffusivity of gas molecules for the same structures as a function of gas
density. In both (a) and (b), the connecting lines are used so that the
data points from each series are better distinguished; they are not
intended to indicate any trend.

586 | Chem. Sci., 2017, 8, 583–589
generally higher compared to smaller pores. This nding indi-
cates that for larger pores, at any given time, only a small
fraction of gas molecules are interacting with the solid. One
general challenge in these systems is how to dene a collision
for a molecule that spends most of its time interacting with the
pore walls such that no sudden change is observable in its
trajectory and associated quantities (e.g., velocity, potential
energy, or force). To quantify this behavior, we predicted a colli-
sion time s (i.e., the average time between collisions with the
solid for a molecule) by performing MD simulations of a single
gas molecule inside the MOF and using a Green–Kubo-based
formula dened as

s ¼ 1�
v2
�
ðN
0

dt
�
vðtÞvð0Þ�; (1)

where v(t) is the molecule's velocity at time t and hv2i is the time-
average of its squared velocity. As described in the ESI,† this
equation is derived by assuming a bulk gas system, but it is
qualitatively applicable for gas molecules inside a MOF. A
sample of the velocity autocorrelation function and its integral
for a gas molecule moving inside a MOF is provided in the ESI.†
Qualitatively, the autocorrelation function shows how the
instantaneous velocity of the gas molecule is correlated to its
past velocities. A higher correlation implies less frequent
changes in the velocity of gas molecule, which, in the single gas-
MOF system, can only originate from collisions with crystal
sites. A longer collision time indicates that the molecule
undergoes fewer collisions during its motion inside the MOF.

Collision times obtained from eqn (1) are plotted as a func-
tion of pore size in Fig. 5. Supporting our hypothesis, the
collision time increases as pore size increases. We note that the
collision times for pore sizes of 1.0 and 1.3 nm are within their
uncertainties. We also tracked the collisions for an isolated gas
molecule by examining the time evolution of its potential
energy, which increases when it approaches the pore. Plots for
different pore sizes are provided in Fig. S7 of the ESI.† As shown
there, there are higher uctuations in the potential energy for
Fig. 5 Average collision time for a gas molecule inside the simple
cubic MOF vs. pore size.

This journal is © The Royal Society of Chemistry 2017
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smaller pores, also indicating that the collision time increases
as the pore size increases. For bigger pores, the probability of
collisions is smaller, such that this mechanism is not as effec-
tive at reducing thermal conductivity as it is for small pores.
This nding is consistent with the insignicant change in the
thermal conductivity of the MOFs with larger pores, as shown in
Fig. 4a.

The calculated thermal conductivities for MOFs with
different pore sizes indicate that small pores lead to better heat
transfer and, therefore, are more efficient for rapid gas storage
applications. While thermal conductivity reduction due to gas
adsorption is more severe for MOFs with smaller pores, they are
still better for gas storage. For example, the lowest thermal
conductivity for a gas-loaded MOF with 1 nm pores is three
times higher than the thermal conductivity for a MOF with
2.7 nm pores (Fig. 4a).
Effect of pore shape

To investigate the effect of pore shape on thermal conductivity,
we next consider the MOFs with triangular and hexagonal
channels, all with linker size of 1 nm. Due to their structural
anisotropy, thermal conductivities perpendicular and parallel
to the channels were calculated. As shown in Fig. 6a, the
Fig. 6 Calculated thermal conductivities of MOF structures with
different pore shapes with the same (a) linker size (1 nm) and (b) cross
sectional area (1 nm2). Blue bar: simple cubic structure. Green bars:
triangular-channel structure (open bar: perpendicular to the channel,
filled bar: parallel to the channel). Red bars: hexagonal-structure (open
bar: perpendicular to the channel, filled bar: parallel to the channel).

This journal is © The Royal Society of Chemistry 2017
thermal conductivity in the parallel direction is the same for
both structures (and the same as the isotropic value for the
simple cubic structure), whereas it is lower in the perpendicular
direction. For the hexagonal-channel structure, the thermal
conductivity anisotropy ratio is ve, while for the triangular-
channel structure it is two. In comparing thermal conductivities
of different structures at the same atomic density, we note that
the highest overall thermal conductivity is along the channel
direction of the hexagonal-channel structure, while the lowest is
normal to the channel direction of the hexagonal channels
(values of thermal conductivity as a function of atomic density
for MOFs with different pore shapes are given in Fig. S11 in
the ESI†).

The thermal conductivities of the structures with triangular
and hexagonal channels with linker size of 1 nm in the presence
of adsorbed gas are plotted in Fig. 7, along with the data for the
simple cubic structure with a pore size of 1 nm from Fig. 4a.
Similar to the simple cubic structure, the thermal conductivity
of these two structures initially decreases with increasing gas
density and then increases. In the perpendicular direction of
the hexagonal structure, however, the rise in thermal conduc-
tivity starts at a smaller gas density (�2 molecules per nm3) and
rises more smoothly compared to the parallel direction and
other structures (this trend is shown more clearly in Fig. S4 of
the ESI†). The thermal conductivity increases from 0.21 to
0.27 W m�1 K�1 by increasing the gas density from 2 to 10
molecules per nm3. This behavior is due to the smaller value of
thermal conductivity in the perpendicular direction and a rela-
tively larger contribution of the gas component to the overall
thermal conductivity. The increase in thermal conductivity at
these gas densities is consistent with the increase in thermal
conductivity for pure gas at the same gas densities (see Fig. S5 in
ESI†). For example, by increasing gas density from 2 to 10
molecules per nm3, the rise in thermal conductivity for both
pure gas and gas loaded MOFs is �0.06 W m�1 K�1.
Fig. 7 Thermal conductivity of gas-loaded MOF crystals with trian-
gular (triangles) and hexagonal channels (hexagons) parallel (filled
symbols) and perpendicular (empty symbols) to the channel directions.
Squares: thermal conductivity of gas-loaded cubic structures.

Chem. Sci., 2017, 8, 583–589 | 587
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The pores in the hexagonal-channel structure are larger than
those in the triangular and cubic structures and so allow for
more gas–gas interactions relative to gas–crystal interactions.
We conrmed this behavior by calculating the diffusivities of
gas molecules in different directions in each of the three
structures (see Fig. S3 in ESI†). The diffusivities in the hexag-
onal-channel structure are the highest, showing a more bulk
gas-like behavior with a higher probability of gas–gas interac-
tions than gas–crystal interactions. It is also important to note
that the diffusivity in the parallel to the channel direction of the
triangular-channel structure is zero (i.e., the pores are too small
to allow gas ow in this direction). In this structure, gas mole-
cules are trapped between the planes and can diffuse only in the
perpendicular to the channel direction.
Effect of pore shape at the same cross sectional area

Instead of keeping linker size the same for different pore shapes
(previous section, see Fig. 6a), we now consider MOFs with the
same pore cross sectional area. We designed triangular and
hexagonal structures with a cross sectional area normal to the
channel direction equal to that of the simple cubic structure
(1 nm2). As shown in Fig. 6b, the parallel to the channel direc-
tion of hexagonal-channel MOF shows the highest thermal
conductivity. This nding is consistent with the results for k/r (r
is the MOF atomic density) for MOFs with different pore shapes
(see the ESI†). The normal to channel direction thermal
conductivity for the triangular structure is lower than the value
for the same linker size case while for the hexagonal structure it
is higher.
Conclusion

With the purpose of understanding and ultimately improving
heat transfer in MOFs, we investigated a series of idealized
model systems using molecular simulations. We studied the
effect of pore size and shape on thermal conductivity with and
without adsorbed gases. As shown in Fig. 3a and b, we showed
that the thermal conductivity of empty MOFs decreases
with increasing pore size. For MOFs with pores smaller than
�1.7 nm, the presence of gas molecules decreases their thermal
conductivity due to phonon scattering introduced by gas–crystal
interactions (see Fig. 4a). In contrast, for larger pores, the
thermal conductivity does not change with increasing gas
density. Using an adapted Green–Kubo-based approach, as
shown in Fig. 5, we found a longer gas molecule–crystal colli-
sion for MOFs with larger pores, resulting in a lower frequency
of gas–crystal collisions and consequently, less gas-induced
phonon scattering.

Our study indicates that for applications in which rapid
exchange of heat generated during adsorption is important
(e.g., gas storage), MOFs with smaller pores are likely to have
better thermal performance. Our study also shows that MOFs
with different pore shapes can exhibit signicant anisotropy
with regards to thermal transport (Fig. 6 and 7), suggesting that
a strategy for rapidly adsorbing high concentrations of gas is to
588 | Chem. Sci., 2017, 8, 583–589
use structures with large channels (for capacity reasons) and
short interplanar distances (for thermal conductivity reasons).
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