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Abstract

Two-dimensional covalent organic frameworks (2D COFs) are a class of modular poly-
meric crystals with high porosities and large surface areas, which positions them as ideal can-
didates for applications in gas storage and separation technologies. In this work, we study the
influence of pore geometry on the anisotropic heat transfer mechanisms in 2D COFs through
systematic atomistic simulations. More specifically, by studying COFs with varying pore sizes
and gas densities, we demonstrate that the cross-plane thermal conductivity along the direc-
tion of the laminar pores can either be decreased due to solid-gas scattering (for COFs with
relatively smaller pores that are < 2 nm) or increased due to additional heat transfer pathways
introduced by the gas adsorbates (for COFs with relatively larger pores). Our simulations on
COF/methane systems reveal the intricate relationship between gas diffusivities, pore geome-
tries and solid-gas interactions dictating the modular thermal conductivities in these materials.
Along with the understanding of the fundamental nature of gas diffusion and heat conduction

in the porous framework crystals, our results can also help guide the design of efficient 2D



polymeric crystals for applications with improved gas storage, catalysis and separation capa-
bilities.
Keywords: Two-dimensional covalent organic frameworks, high porosities, anisotropic

thermal conductivity, gas infiltration and storage, tuning thermal conductivity

Introduction

The possibility of merging two-dimensional (2D) layered materials into vertical stacks has opened
new frontiers in materials science.'™ One such class of emerging materials are 2D covalent or-
ganic frameworks (COFs) that combine covalently bonded light atoms forming 2D sheets with
one-dimensional (1D) open channels. Their unique and tunable microstructure endows them with

several exceptional physical attributes, *!!

the most notable of which has been their unrivaled po-
tential for gas separation, adsorption and storage applications, which mainly derives from their
large surface areas and high porosities. '>"!> Moreover, their 1D open nanopores make them ideal
candidates for directional transport of ions and gases, setting them up as attractive candidates for
drug delivery applications and as solid-state electrolytes for next generation energy storage de-
vices. 1619

In general, the physical process of diffusion of guest species in the open nanopores of the host
framework can dictate the applicability of nanoporous materials for the aforementioned technolog-
ical advancements, especially as adsorbents, and materials for separation and gas storage. As such,
diffusion in metal organic frameworks (MOFs) and COFs has garnered much attention over the
past two decades.?*2 This can mostly be attributed to the unprecedented control over the choice
of organic building blocks in these types of nanoporous polymeric materials providing a large de-
sign space for modular pore chemistries, shapes and sizes for specific applications such as targeted

14,29-34

separation of mixtures. For such types of applications, however, the exothermic process of

adsorption of guest species can raise the temperature to several hundreds of Kelvins (especially
at high loading rates), thus severely limiting their applicability due to excess heat generation. >3

Therefore, one of the biggest challenges for the incorporation of these nanoporous materials in



practical devices is engineering innovative ways to tune their thermal transport properties by com-
prehensively understanding key features that govern their energy transfer efficiencies during gas
adsorption.

In terms of the understanding of thermal transport properties in porous crystals in general,
studies have mainly focused on MOFs.?>4 Few of these studies have investigated the influence of
adsorbates, but a general consensus in terms of the intrinsic mechanism dictating heat conduction
in infiltrated MOFs has not been reached; while molecular dynamics (MD) simulations conducted

[.** and Han et al.>**} have shown that the thermal conductivity can increase be-

by Erickson ef a
cause of gas infiltration in MOFs, a combination of experimental measurements and computational
modeling conducted by Babaei et al. 3% conclusively show that guest molecules scattering at the
pore walls of crystalline MOFs can drastically lower the thermal conductivity (by as much as 60%
in loaded HKUST-1). To compound the confusion, insights gained from their MOF-cousins might
not be transferrable to COFs because of their vastly different chemistries and microstructures. For
example, MOFs are usually made up of ionic bonds with heavy metal-containing nodes, whereas
these are replaced by dynamic and strong covalent bonds that hold together light atoms in COFs.
Moreover, unlike in MOFs, COFs are endowed with anisotropic structures where van der Waals
interactions hold the layers together in the cross-plane direction forming modular 1D open chan-
nels. Therefore, it can be expected that the influence of adsorbates on thermal transport in COFs
can be drastically different than in MOFs.

Herein, we show that depending on the pore size in 2D COFs, the thermal conductivity can
either increase due to additional channels of heat flow introduced through the adsorbates, or the
thermal conductivity can decrease because of vibrational scattering through solid-gas interactions.
More specifically, by conducting atomistic simulations on pristine and gas infiltrated COFs with
varying pore sizes, we show that for COFs with relatively smaller pores (< 2 nm), enhanced solid-
gas scattering leads to a monotonic reduction in both in-plane and cross-plane thermal conductivi-

ties of the solid framework while the gas adsorbates contribute negligibly to the total heat current.

For infiltrated COFs with relatively larger pores (= 2 nm), even though solid-gas scattering can



lower the anisotropic solid framework thermal conductivity, the contribution from heat conduc-
tion driven by the gas adsorbates in the 1D channels of the COFs can lead to drastically increased
cross-plane thermal conductivities. We attribute this increase to enhanced heat conduction from
low frequency vibrations (< 0.5 THz) in the gas adsorbates confined inside the relatively larger
sized pores, whereas for gases inside the relatively smaller sized pores, these low frequencies do
not contribute to heat transfer because of considerable vibrational broadening to higher frequencies

in the density of states of the gas adsorbates.

Results and Discussions

We base our calculations on the prototypical COFs with hexagonal lattices and varying pore sizes
(in the 1.5 A to 3.6 A range) as represented in the schematics of our molecular structures for
COF-1, COF-1-2R and TP-COF in Fig. 1a. The details of our computational domain setup and
equilibration procedure for our COF/methane systems are given in the Methods section. Briefly,
the porous 2D polymer sheets are neatly stacked in an eclipsed fashion with interlayers separated
by a distance of ~0.34 nm, thus forming 3D crystalline frameworks with 1D channels capable
of adsorbing large quantities of gases.*’*° We chose methane as our model gas adsorbates to be
consistent with prior works that have studied thermal transport in infiltrated framework materials
and also due to the fact that the COF/methane assemblies studied in this work have implications
to natural gas storage applications.*”>* We implement the Green-Kubo (GK) approach to calculate
the thermal conductivities of our frameworks with varying gas densities with a time step of 0.5 fs
for all simulations. To model the organic framework and the guest-host interactions, we employ
the widely used adaptive intermolecular reactive empirical bond order (AIREBO) potential.>' The
interactions between the methane and the solid framework are described by a Morse potential (in-
stead of the Lennard-Jones type potential used in the generic AIREBO potential) to improve the
intermolecular steric repulsions, which can be crucial in replicating the correct guest-host interac-
tions.

Figures 1b-d show the thermal conductivities of our structures as a function of gas densities
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Figure 1: (a) Schematic of the molecular structures for COF-1, COF-1-2R and TP-COF with pore
sizes of 1.5 nm, 2.3 nm and 3.6 nm, respectively. (b) In-plane and (c) cross-plane thermal con-
ductivities of the three COFs with varying pore sizes as a function of gas loading densities. The
in-plane thermal conductivity for TP-COF (with the biggest pore size) is relatively unaffected by
gas loading, whereas for COF-1 and COF-1-2R, enhanced solid-gas scattering results in a mono-
tonically decreasing thermal conductivity with increasing gas density. In contrast, the cross-plane
thermal conductivity increases for COF-1-2R and TP-COF with the addition of more methane
molecules inside the pores, while the thermal conductivity decreases for COF-1 (with the smallest
pore size). (d) Normalized cross-plane thermal conductivities with respect to that of the pristine
case as a function of gas density for the three COFs highlighting their drastically different thermal
transport characteristics with gas infiltration.



inside the pores. Along the in-plane direction, the addition of gas adsorbates leads to an overall
reduction in thermal conductivity for all three COFs (Fig. 1b), which is consistent with results
from previous works on MOFs showing vibrational scattering due to solid-gas collisions leading
to reduction in the solid framework thermal conductivity.?*=® The reduction, however, is more
pronounced for our COF-1 and COF-1-2R as compared with the larger pore TP-COF where the
in-plane thermal conductivity is relatively unaffected because of the lower solid-gas scattering (see
Fig. S2). More interestingly, however, are the trends in the cross-plane thermal conductivities
for the three different COFs as gas loadings are increased inside the varying pore sizes (Fig. 1c-
d). There are two aspects of the results worth noting as shown in Fig. 1c. First, the thermal
conductivities of TP-COF and COF-1-2R increase monotonically with increasing gas densities of
up to 3 molecules/nm?, after which point adding more gas molecules inside the pores does not
significantly influence the overall cross-plane thermal conductivities for these COFs. In contrast,
for COF-1 with the relatively smaller pore size, the thermal conductivity has a different trend
with gas density where an overall decrease in thermal conductivity is observed with increasing
gas densities. Second, as shown in Fig. 1d, the relative increase in thermal conductivity is higher
for the COF-1-2R (with a pore diameter of 2.3 nm) in comparison to the TP-COF (with a pore
diameter of 3.6 nm) for the entire range of gas densities studied in this work. These two aspects
that are dictated by the varying pore sizes and the concomitant solid-gas interactions resulting in
the drastically different thermal transport in these COFs will be discussed next.

To investigate the origins of the varying trends in cross-plane thermal conductivities of our
COF/methane structures, we separate the contributions from the solid framework and the gas ad-
sorbates to the total thermal conductivities (Fig. 2). In contrast to the COFs with larger pores, we
find that the total cross-plane thermal conductivity is dominated by the solid framework in COF-1
with negligible contributions from the gas adsorbates for the entire gas loading conditions as shown
in Fig. 2a. This suggests that the addition of gas adsorbates mainly leads to vibrational scattering
in the solid framework, which lowers the overall cross-plane thermal conductivity. For the larger

pore COFs, however, we find that even though the solid framework contribution is lowered with
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Figure 2: Cross-plane thermal conductivities as a function of gas densities showing the contribu-
tions from the solid framework for (a) COF-1, (b) COF-1-2R and (c) TP-COF. For COF-1, the
total cross-plane thermal conductivity is dictated by the solid framework, which decreases as a
result of enhanced solid-gas interactions with increasing gas densities. The gas adsorbates only
lead to solid-gas scattering with negligible contribution to the total heat flux in the cross-plane
direction. In contrast, for the other two COFs with relatively larger pore sizes, although the solid
contribution decreases with increasing gas densities (similar to COF-1), the additional channels of
heat conduction from the gas adsorbates lead to an increasing trend in the total cross-plane thermal
conductivities with increasing gas densities.



increasing gas densities, the contributions from the gas molecules in the larger pores are drastically
increased providing additional channels of heat conduction. We note that the increase in thermal
conductivity for our larger pore COFs can not be predicted with a simple effective medium theory
as the thermal conductivities for the bulk gases (without the constraint of the solid framework) at
the prescribed gas densities are much lower in comparison the gas contributions inside the pores
of the COFs (see Fig. S11a for the bulk gas thermal conductivities). Also, for the case of bulk gas,
the total thermal conductivity is mainly dictated by the convective term of the heat flux as shown
in Fig. S11b of the Supporting Information, whereas for gases constrained inside the laminar pores
of our COFs, the virial term dictates the heat flux with negligible contribution from the convective
term. Taken together, these results show that the pore size has major implications on the mobility
of the gas adsorbates inside the pores resulting in either increasing or decreasing heat conduction
across the 1D pores.

Figure 3 compares the temperature-dependent cross-plane thermal conductivities for the pris-
tine and infiltrated COF-1 and COF-1-2R structures, which emphasizes the drastically different
mechanisms of heat conduction in the smaller and the larger pore COFs. For the pristine cases (as
shown in Figs. 3a and 3b for COF-1 and COF-1-2R, respectively), the thermal conductivity shows
a typical 1/7T" characteristic that is consistent with Umklapp scattering processes dictating heat
transfer at higher temperatures. In contrast, the thermal conductivity for the infiltrated COFs are
different between the two structures; infiltration in COF-1 leads to a temperature independent ther-
mal conductivity, whereas the thermal conductivity increases with temperature for the infiltrated
COF-1-2R case. This ‘non-phononic’ behavior can be ascribed to the increase in the contribution
from the gas molecules to the heat conduction at elevated temperatures for our COF-1-2R struc-
ture, whereas the more confining nature of the pores in our COF-1 structure results in a lack of
temperature dependence of the cross-plane thermal conductivity (see Figs. 3¢ and 3d). This is
surprising since for both structures, the mean square displacements (and therefore the gas diffusiv-
ities) of the gas molecules increase monotonically with temperature (see Fig. S10), albeit a rather

stronger increase in diffusivities for the COF-1-2R structure is observed. The contribution of the
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Figure 3: Temperature-dependent cross-plane thermal conductivities for pristine and gas infiltrated
(a) COF-1 and (b) COF-1-2-R. The solid lines represent 1/71" temperature trends for the pristine
cases. Although the pristine COFs show similar temperature dependences that are mainly dictated
by anharmonic (Umklapp scattering) processes, the addition of gases at ~3.5 molecules/nm?®, how-
ever, leads to temperature trends for the two COFs that are drastically different; while the cross-
plane thermal conductivity of infiltrated COF-1 is mostly independent of temperature, increasing
temperature leads to a monotonically increasing thermal conductivity for infiltrated COF-1-2R.
We ascribe the temperature dependence (or the lack thereof) for COF-1 to relatively negligible
contributions from the gas adsorbates as shown in (c), whereas the increase in temperature leads
to drastically enhanced contributions from the gas adsorbates even though the solid contribution is
reduced for the case of COF-1-2R as shown in (d).



solid framework decreases with temperature for both cases with a relatively more drastic decrease
observed for the larger pore size COF suggesting a larger dependence of solid framework thermal
conductivity on solid-gas interactions in the bigger pore structure. These temperature dependent
results show that the adsorbates introduce additional channels of heat transfer in the larger pore
COFs at higher temperatures, which can not solely be explained by the increasing gas diffusivities

with temperature in structures as we discuss in more detail below.
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Figure 4: (a) Diffusivities of methane molecules as a function of gas density inside the 1D chan-
nels of TP-COF (triangles), COF-1-2R (squares) and COF-1 (circles). The diffusivities decrease
monotonically as gas density increases for all three COFs with relatively higher diffusivities for
gases inside bigger pores for the entire gas range studied. (b) Vibrational density of states of gases
at ~2 molecules/nm?® showing a drastically reduced peak at frequencies of ~0.1-0.5 THz for gases
inside the relatively smaller pores of COF-1. (inset) Corresponding spectral heat flux calculations
showing most of the heat carried by the low frequency vibrations in the gas adsorbates inside the
relatively larger pores of COF-1-2R and TP-COF. The heat flux carried by the low frequency vi-
brations in gases confined in the comparatively smaller COF-1-2R in comparison to TP-COF is
higher at similar gas densities, which is likely due to the more solid-gas interactions in the COF-
1-2R pores.
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Figure 4a shows the diffusivities at varying gas densities inside the pores that monotonically
decrease as the number of gas adsorbates increases inside the pores for all three different COFs.
Moreover, the increase in pore size leads to higher diffusivities for methane molecules in the entire
gas density range studied. This indicates that the pore size in COFs can have a drastic influence
on the mobility of the gas molecules, which will ultimately dictate the rate of solid-gas scattering.
Therefore, to quantitatively show the influence of pore size on the solid-gas interactions, we track
the time evolution of the potential energy of a single gas molecule inside the smaller and the
bigger pores, which should increase as the gas approaches the solid pore walls (see Fig. S2). We
observe higher fluctuations in the potential energy of the gas molecule inside the comparatively
smaller pores of the COF-1 structure. This indicates that the time between collisions with the
pore walls is drastically decreased in COF-1 as compared to that in the TP-COF. Therefore, the
more frequent collisions with the solid framework in COF-1 compared to those in TP-COF lead to
larger reductions in the in-plane thermal conductivity in the smaller pore COF while the thermal
conductivity in the in-plane direction for the TP-COF is largely unaffected (see Fig. 1b).

The varying diffusivities of the gas molecules inside the different pore sizes also manifests in
differing vibrational density of states (vDOS) of the gas molecules in the three different structures
as shown in Fig. 4b. Most notably, as the pore size decreases, the peak at the low frequencies (~ 0.1
THz) also decreases. For the COF-1 structure, this low frequency peak is drastically reduced and
the vibrations of the gas molecules are broadened to higher frequencies. This suggests that if
pores are able to accommodate these low frequency vibrations in the confined gases, additional
channels of heat transfer along the 1D channels can enhance the cross-plane thermal conductivities
in infiltrated COFs (see Fig. 1c). Concurrent spectral heat flux calculations for the gas molecules
support the claim that heat is carried by these low frequency vibrations in the gases inside the
larger pores as shown in the inset of Fig. 4b. Comparing the spectral heat flux for the TP-COF
and COF-1-2R shows that a greater amount of heat is conducted through gas molecules inside
the relatively more confined COF-1-2R pores resulting in higher thermal conductivities along the

pores (see Fig. 1c), which is likely due to the more frequent solid-gas interactions. However, it is
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important to note that although the solid-gas scattering is relatively higher in the COF-1-2R pores
in comparison to the TP-COF, the low frequency peak in the vDOS allows for the additional heat
transfer pathways that are not present in the COF-1 structure with the smallest pore size. We also
note that these vDOS of gases confined in the pores of our COFs are drastically different than
that for the case of bulk gas as shown in Fig. S12 and Fig. S13 of the Supporting Information and
increasing the gas densities inside the pores has no significant influence on the position of the low
frequency peaks in the COF-1-2R and TP-COF structures.

To ensure that our results are applicable to COFs with non-hexagonal and non-uniform pores,
we conduct additional simulations on a COF structure possessing both smaller triangular pores (~2
nm side length) and larger pores (~4 nm pore diameter with different pore geometries) as com-
pared to our previous three COFs (see left panel of Fig. 5a for the schematic of the computational
domain for our dual-pore COF). The dual pore sizes allow us to investigate the role of pore size
on the heat transfer mechanisms in the same COF structure by either filling the smaller triangular
pore or the larger pore with methane gas. This is schematically illustrated in the the magnified
view on the right panel of Fig. 5a of our computational domain where we infiltrate the larger pore
while the smaller pore is unoccupied. As shown in Fig. 5b, in comparison to the COF-1-2R with
a similar mass density, the pristine dual pore COF has reduced cross-plane thermal conductivities
and temperature dependence, which is likely due to the non-homogeneous pore geometries. This
temperature dependence and cross-plane thermal conductivities are further reduced by introducing
methane at a gas density of 2.3 molecules/nm? inside the smaller triangular pores while the larger
pores are unoccupied (see Figs. 5b and 5c for the temperature dependent cross-plane thermal con-
ductivities for the pristine and the gas infiltrated cases, respectively). This result is consistent with
the reduction in thermal conductivity with gas infiltration for our smaller pore COF-1 structure.
Moreover, the vDOS of gases inside the hexagonal pores of COF-1 and the triangular pores of
the dual-pore COF show a similar broadening without a prominent peak at ~0.1 - 0.5 THz as
shown in Fig. 5c. However, when the gases are infiltrated inside the larger pores at a gas density

of 2.3 molecules/nm?® while the smaller pores are unoccupied, the temperature dependent thermal
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Figure 5: (a) (Left panel) Schematic of the computational domain for a dual-pore COF with smaller
triangular shaped pores and relatively larger hexagonal pores. (Right panel) Zoomed-in view of
our computational domain for the dual-pore COF with methane at ~2.3 molecules/nm? inside the
larger hexagonal pores while the smaller triangular pores are unoccupied. Temperature dependent
cross-plane thermal conductivities for (b) the pristine and (c) gas infiltrated cases for our dual-pore
COF. In comparison to the cross-plane thermal conductivity of COF-1-2R (that has a similar mass
density to the dual-pore COF), the thermal conductivity is lower with a reduced temperature de-
pendence, which is likely due to the heterogeneous pore geometries in the dual-pore COF. With gas
infiltration in the smaller pores, this temperature dependence is lowered due to solid-gas scattering,
which is similar to the results for our gas infiltrated COF-1. Whereas, when gas molecules occupy
the larger pores, the temperature dependent cross-plane thermal conductivity shows an increasing
trend, which is similar to our COF-1-2R. (d) Vibrational density of states of gas molecules inside
the larger and smaller pores showing drastically reduced low frequency peak for the case when
gases occupy the smaller triangular pores.
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conductivity has a similar behavior with that of the COF-1-2R and TP-COF structures where it
increases at higher temperatures because of the increasing contribution from the gas adsorbates as
shown in Fig. Sc. Furthermore, consistent with the results for our COF-1-2R and TP-COF struc-
tures with relatively larger pore sizes, the peak at the low frequency for the vDOS of gases inside
the bigger pores are also recovered (see Fig. 5d) suggesting that the additional heat transfer path-
ways for the larger pore COFs have a common feature in the vibrational characteristics leading
to the ‘non-phononic’ behavior of heat conduction in these materials that is dictated by the gas
adsorbates where the thermal conductivity increases with temperature. Finally, we conduct addi-
tional simulations on COFs with further modification of pore sizes to show that the characteristic
length ~2 nm pore diameter leads to additional channels of heat transfer through the adsorbed
gases along the laminar pores (see Fig. S16). These additional simulations taken together with the
results of our dual-pore size COF suggest that for pores = 2 nm, the infiltrated gas molecules can
lead to enhancements in the cross-plane thermal conductivities while for relatively smaller pore

sizes, solid-gas scattering can lead reduction in the overall anisotropic thermal conductivity.

Conclusion

We summarize our findings on the ability to systematically modulate the anisotropic thermal con-
ductivity of gas infiltrated 2D COFs: (i) depending on the pore size and the gas loading densities,
the in-plane thermal conductivity can be reduced systematically through enhanced solid-gas scat-
tering; (ii) even though vibrational scattering lowers the thermal conductivity in the in-plane di-
rection, the contribution from the gas adsorbates in COFs with relatively larger pores (22 nm) can
result in additional channels of heat transfer leading to an enhancement in the overall cross-plane
thermal conductivities and demonstrating a ‘non-phononic’ behavior; (iii) for COFs with smaller
pore sizes (< 2 nm) and reduced diffusivities of gases inside the pores, however, gas adsorbates
are unable to carry a significant amount of heat, thus resulting in reduced overall thermal conduc-
tivities due to solid-gas scattering; (iv) analysis of the vibrational characteristics of gases confined

in the pores reveal that heat is mostly carried by very low frequency vibrations (< 0.5 THz) in the
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case of larger sized pores, whereas, vibrational broadening occurs for gases inside smaller pores
resulting in negligible heat conduction through the gas. Besides the fundamental relevance, our
present results show that the diffusive motion of the gas molecules inside the 1D channels of COFs
can be manipulated so as to enhance or suppress thermal conductivity through the modulation of
pore sizes. This can have major implications for technologies based on 2D COFs for gas stor-
age and catalysis along with those reliant on efficient design of porous polymer frameworks for

thermal-related applications.

Methods

We study covalent organic frameworks (COFs) with different pore sizes ranging from ~1.6 nm
to ~3.6 nm. Our COF-1 structure has the smallest pore size, while our TP-COF structure has
the largest pore size (see Fig. S1 of the Supporting Information). All our COF structures have
a hexagonal lattice with the 2D porous sheets neatly stacked on top of each other in an eclipsed
fashion with an interlayer separation of ~0.34 nm. The stacked layers in the cross plane direction
lead to 3D structures. We apply the modified version of the AIREBO potential (also known as the
AIREBO-M potential) which is widely used to describe hydrocarbon systems.>> The AIREBO-M
potential utilizes the Morse potential instead of the Lennard-Jones (LJ) potential which ensures
improved intermolecular interactions at higher densities. The LJ-potential utilized in the original
AIREBO potential over predicts the potential energy past a minimum distance because of the re-

12 power law. This is corrected in the modified AIREBO potential by O’Cnnor et al.>?,

pulsive r~
which implements the MORSE potential to reproduce the repulsive part of the interaction energy
for various organic molecules when compared with the results from ab initio calculations. As

such, O’Cnnor et al.>?

have shown that AIREBO-M better predicts the pressure-volume relation
for graphene, which has a similar 2D layered structure to our COFs. As the solid-gas interactions
studied in this work involves collisions between the COF solid framework and the methane gas

undergoing diffusive motion inside the pores of the COF, the modified AIREBO potential is ex-

pected to better predict the repulsive forces experienced by the gas molecules when they collide
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(and interact) with the solid framework. Therefore, in this work, we utilize the modified AIREBO
potential instead of the LJ-based AIREBO potential to better predict the gas-gas and gas-wall in-
teractions. However, we compare the cross-plane thermal conductivity of COF-1-2R as a function
of gas density using both the AIREBO and AIREBO-M potential. As shown in Fig. S3 of the Sup-
porting Information, the predictions from the AIREBO and AIREBO-M potentials are similar for
low gas densities but the AIREBO potential overpredicts the thermal conductivity for structures
with higher gas densities. This is expected since at higher gas densities, gas-gas and solid-gas
collisions occur more frequently and overestimation of the repulsive force can lead to artificially
higher thermal conductivities predicted by the AIREBO potential. However, we note that even
though the quantitative values are different between the two potentials, the qualitative trend (of
increasing thermal conductivity at higher gas densities) is similar. As such, the choice of the in-
teratomic potential between the AIREBO and the AIREBO-M should not affect the conclusions
drawn in this work.

The computational domains are initially equilibrated under the Nose-Hoover thermostat and

)33 for 2 ns and 0 bar pressure with a timestep of 0.5 fs where the

barostat (i.e. the NPT integration
number of particles, pressure and temperature are kept constant during the simulation. Following
the NPT integration, further equilibration is carried out under the NVT integration where the vol-
ume and temperature is kept constant for a total of 1 ns with periodic boundary conditions in all
three directions for the entire simulation. Schematics of our equilibrated computational domains
for pristine and gas filled COF-1 and TP-COF structures are shown in Fig. S1 of the Supporting
Information. Finally, to calculate the thermal conductivities of our computational domains, we ap-
ply the NVE integration (or the microcanonical ensemble) where the number of particles, volume
and the total energy are conserved. Note, our simulations are conducted under ambient pressure
conditions with zero pressure applied in all directions. However, a systematic study focusing on
the influence of pressure on the gas dynamics inside the COF pores and the anisotropic thermal

conductivity is beyond the scope of the current work but deserves further consideration.

In order to understand how the gas density and pore size affect the thermal properties of our
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COFs, we utilize the Green-Kubo (GK) formalism under the equilibrium molecular dynamics
(EMD) framework to predict the thermal conductivity of our COF structures in the x-, y- and

z- directions. The thermal conductivity is calculated as,

1 (oo}
Raye = L yT2 /0 (a2 (8) Ty 2 (0)) L. (1)

where, (J, , .(t)Js,,.(0)) is the component of the heat current auto-correlation function (HCACF)
in the z-, y- and z- directions. 7', V, t are temperature, volume and time, respectively. The HCACF

is given as,

where,v;, €; and S; are the velocity, energy and stress of atom i, respectively.>* The first term in Eq.
2 refers to the convective part and the second term denotes the virial part of the calculated heat flux.
Before calculating the thermal conductivity, we ensure that the HCACF has fully decayed to zero.
A total correlation time period of 25 ps is set for the integration of the HCACF as shown in the
inset of Fig. §4 for our pristine COF-1-2R structure. To obtain the converged thermal conductivity
from the integration of the HCACF as shown in Fig. S3, the EMD simulation is run for a total of 6
ns and the heat current is calculated every 10 time steps during the simulation. We note that since
our thermal conductivities in the x- and y-directions are similar, we report an average value for
the in-plane direction. We calculate uncertainties for our EMD simulations from 5 independent

simulations, which are in the range of ~10 to 15 % for all structures.
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