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ABSTRACT: The prospect of combining two-dimensional
materials in vertical stacks has created a new paradigm for
materials scientists and engineers. Herein, we show that stacks
of two-dimensional covalent organic frameworks are endowed
with a host of unique physical properties that combine low
densities, high thermal conductivities, and highly negative
Poisson’s ratios. Our systematic atomistic simulations demon-
strate that the tunable mechanical and thermal properties arise
from their singular layered architecture comprising strongly
bonded light atoms and periodic laminar pores. For example,
the negative Poisson’s ratio arises from the weak van der Waals interactions between the two-dimensional layers along with the
strong covalent bonds that act as hinges along the layers, which facilitate the twisting and swiveling motion of the phenyl rings
relative to the tensile plane. The mechanical and thermal properties of two-dimensional covalent organic frameworks can be
tailored through structural modularities such as control over the pore size and/or interlayer separation. We reveal that these
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materials mark a regime of materials design that combines low densities with high thermal conductivities arising from their

nanoporous yet covalently interconnected structure.
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INTRODUCTION

The design of multifunctional materials that combine several
advantageous physical properties for various technologically
relevant applications is one of the most fundamental scientific
challenges. One such emerging class of materials showing
potential to drastically enhance a plethora of applications is
two-dimensional (2D) covalent organic frameworks (COFs)
formed by polymerizing monomers into macro-molecular
sheets linked by strong covalent bonds.'™ With the advent
of modern fabrication technologies, 2D COFs with atomically
precise, permanently porous, and layered structures have been
synthesized with various design motifs and porosities."”*°
Arising from their singular architecture, these materials have
been shown to possess a unique confluence of chemical,
optical, and physical properties.”’ ™" For example, their high
porosities make them ideal candidates for applications such as
materials for photoelectrodes and particularly for gas
adsorption and hydrogen storage, thus promoting the
production of clean fuels for automobiles and reduction of
carbon monoxide emission.”'' ™' Furthermore, the choice of
the organic monomers can be used to control the shape and
size of the one-dimensional laminar pores, providing a large
design space to engineer their microstructure at the level of the
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organic building blocks from a bottom-up approach. Para-
mount in advancing 2D COFs for the various types of
applications, however, is the complete understanding of how
their mechanical and thermal properties vary with their
modular microstructures.

In terms of the understanding of thermal transport in porous
crystals in general, studies have mainly focused on metal—
organic frameworks (MOFs).""* It is questionable, however,
whether insights gained from these works are transferable to
their COF cousins. While both COFs and MOFs have open
nanopores as a common feature, they are vastly different from
both chemical and structural perspectives. For instance, COFs
are mainly made up of light atoms held together by strong
covalent bonds, whereas MOFs contain atomic species with
large masses and ionic bonding. Moreover, 2D COFs are
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Figure 1. (a) Comparison of room-temperature thermal conductivity as a function of density for our COF structures with common aerogels,
polymers, and metallic and nonmetallic solids.”>™>° Also included is our recent experimental measurement of cross-plane thermal
conductivity of thin-film COF-$ (black solid circle). For comparison, MD-predicted thermal conductivity for MOE-$ is also included.’’ In
general, higher mass densities are associated with higher thermal conductivities. The thermal conductivity of COFs, however, marks a
regime of materials design that combines low densities with high thermal conductivities. (b) Comparison of the Poisson’s ratio as a function
of applied strain for a carbon honeycomb structure,>” h-GaN,>’ graphene,** metal nanoplates,®* and our COFs. In comparison to the other
auxetic materials, large negative Poisson’s ratios are calculated for our COFs that result from the swiveling motion of the organic linkers.
The negative Poisson’s ratio of our COFs can also be tuned based on the pore size.

assembled by covalently bonded organic building units in the
in-plane direction, with van der Waals interactions holding the
layers together in the cross-plane direction, which provides an
intrinsic anisotropy in their chemical and structural properties.
This is particularly useful for applications such as ion and gas
transport through the laminar pores and for drug delivery.”
These unique features separate COFs from other materials and
position them as one of the premier materials with unique
combinations of exceptional chemical, optical, and physical
properties arising from their remarkable architecture.”’~"* We
recently measured the thermal conductivity of 2D COF-S thin
films through thermoreflectance experiments and revealed that
this material possesses one of the highest thermal conductivity-
to-density ratios of any material reported to date with their
equivalent porosity and mass density.”* In this work, through
atomistic simulations, we demonstrate that through the proper
design of their pore geometries, the thermal conductivities of
2D COFs can be tuned over a large range (from ~0.5 to S W
m™' K7'), marking a direction for low-density materials
(spanning the range of 0.5—1 g cm™>) with increased thermal
conductivities as shown in Figure la.

Similar to their thermal properties, an in-depth study of the
mechanical properties of 2D COFs is also nonexistent in prior
literature. Herein, we reveal that these materials possess a very
unique response to mechanical strain by showing auxetic
behavior with very high negative Poisson’s ratio (reaching
values of around —1.5). This finding is in contrast to most
materials that shrink laterally when stretched in the orthogonal
direction and are characterized by a positive Poisson’s ratio
with a usual value of around 0.33. Although rare, materials with
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a negative Poisson’s ratio (aka. auxetic materials) that
counterintuitively expand laterally in response to an orthogonal
tensile force as allowed by thermodynamics,>~*" are
accompanied by anomalous and usually enhanced physical
properties such as enhanced toughness and higher sound and
vibration absorption capabilities.*>”*” Motivated by their
intriguing physical properties in conjunction with their
widespread applications in fields ranging from medicine and
tissue engineering to aerospace and defense,” ™" auxetic
behavior has been verified for open cell foams and honeycomb
structures, "> cubic metals strained along nonaxial direc-
tions,**>® two-dimensional materials such as graphene and
hexagonal boron nitride,*>**° molecular structures such as
zeolites and polymer networks,” **°**7 and a few metal—
organic frameworks.*®*® For most of these auxetic materials,
however, achieving highly negative Poisson’s ratios (lower than
—0.3, as found in most auxetic materials) with the added
advantage of tunability in their mechanical properties over a
wide range through precise control over the microstructure has
remained an elusive task. In this work, by systematically
studying prototypical 2D COFs, we show that the mechanical
properties (such as the negative Poisson’s ratio and the
Young’s modulus) of 2D COFs can be tuned across a wide
range by the proper bottom-up design of their microstructure.
Our results show that the swiveling motion of the functional
groups leads to an auxetic behavior quantified by a high
negative Poisson’s ratio in comparison to other auxetic
materials such as hexagonal GaN, graphene, and metal
nanoparticles as shown in Figure 1b.3#333% Taken together,
our results show that the porosity of COFs can be used to
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Figure 2. (a) Schematic illustration of the molecular structures of the COFs studied in this work. The gray, white, red, and pink atoms
represent carbon, hydrogen, boron, and oxygen. (b) Thermal conductivity in the three principle directions for the COFs as a function of
their density. (c) Vibrational density of states in the cross-plane direction for the three COFs. The density of states for the TP-COF and
COF-5 structures are similar for the entire frequency range, whereas the vibrational density of states is comparatively larger in the 1—10 THz
range for COF-1. (d) Normalized thermal conductivity accumulation in the cross-plane direction. Temperature-dependent thermal
conductivity in the (e) in-plane and (f) cross-plane directions for COF-1 and TP-COF.

manipulate both their thermal and mechanical properties,
setting them up as an emerging class of modular nanomaterials
with multifunctional characteristics.

RESULTS AND DISUCUSSION

We base our calculations on three 2D COFs that vary in their
porosities and internal architectures, as shown in Figure 2a. We
note that although we refer to our structures as “2D COFs” (as
is the convention to describe these polymers), the layering in
the cross-plane plane (the z-direction) results in 3D structures
with laminar pore channels. Among the three structures, COF-
1 possesses the highest density (almost twice that of TP-COF;
see Figure 2b), the smallest porosity, and a pore diameter of
~1.3 nm. The TP-COF structure has the largest porosity of the
three structures with a ~33% larger pore diameter as compared
to that of COF-5. However, because of its larger aromatic
surface as compared to COF-5 (with only 1 phenyl ring as the
linker), the overall density of the TP-COF and COF-$
structures differ by only ~12%. This similarity allows us to
study the effect of the linker size on the mechanical and
thermal properties, as discussed below. Furthermore, to
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investigate the effect of varying porosity while maintaining
similar internal microstructure, we modified the COF-1
structure by adding a phenyl ring to the linkers (see Figure
SS for the COF-1-2R structure, where “R” stands for “rings”).
The simulations are performed with the LAMMPS package.*’
All details, including the computational domain setups and the
subsequent equilibration procedures, are provided in Methods
and the Supporting Information.

We calculate the thermal conductivities of our COFs in the
two in-plane directions (zigzag and arm-chair) and also in the
cross-plane direction (or the z-direction) from equilibrium
molecular dynamics (EMD) simulations (see Figure S1). Our
EMD-predicted thermal conductivities as a function of mass
density are shown in Figure 2b. The thermal conductivity in
the zigzag and arm-chair directions are within the simulation
error for a particular COF. The thermal conductivities in the
cross-plane direction with weaker van der Waals interactions
are lower in comparison to the thermal conductivities in the in-
plane directions with the stronger covalent bonds for all four
COFs. The thermal conductivity in the in-plane and cross-
plane directions for the COFs scale with density as shown in
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Figure 3. (a) Stress versus strain curves for uniaxial tensile loading in the in-plane directions for COF-1

and COF-S. (b) Specific stress

(normalized by density) versus strain for the COFs. For comparison, the mechanical response of graphite (a similar van der Waals solid) is
also shown. (c) The resultant strain in the cross-plane and zigzag directions versus the applied strain in the arm chair direction for the three
COFs. (d) The Poisson’s ratio extracted from the molecular dynamics simulations, which shows negative values in the cross-plane direction
for all three COFs. The Poisson’s ratio is highly negative in the initial tensile phase (<5% strain) because of the highly nonlinear strain
induced in this regime. (&) The Poisson’s ratio for COF-1 with varying average interlayer separation from 3.4 to 3.1 A. (f) Snapshots of the
COF-5 structure showing atoms and bonds colored according to their z-coordinate.

Figure 2b. Even though the pores of TP-COF are larger than
that of COF-S, the similarities in the mass densities and the
vibrational density of states (DOS) between the two structures,
as shown in Figure 2c¢ for the cross plane direction, result in an
overall similar thermal conductivity between TP-COF and
COF-S. Furthermore, the spectral contributions to thermal
conductivity between the two structures are essentially
identical, as shown in Figure 2d, where we plot the spectrally
decomposed heat flux accumulation for TP-COF, COF-5, and
COF-1 in the cross-plane direction. The DOS and spectral
heat flux accumulation for COF-1 and COF-1-2R are similar
for both in-plane and cross-plane directions as shown in Figure
S8. Although the vibrations span a large frequency spectrum
(up to and greater than S0 THz), it is interesting to note that
>90% of the heat is carried by vibrations below 10 THz for all
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structures in the cross-plane direction (see Figure 2d).
However, in the in-plane direction, modes greater than 10
THz have relatively higher contributions (as shown in Figures
S7 and S8). This could be due to the anisotropic nature of
bonding in 2D COFs where strong covalent bonds are found
within a 2D layer, whereas the relatively weaker nonbonded
interactions hold the 2D sheets together in the cross-plane
direction. In comparison to the structures with lower mass
density, the spectrally decomposed heat accumulation for
COF-1 shifts to higher frequencies in the 1-10 THz range,
which is in line with the larger DOS of the COF-1 structure in
this frequency range (see Figure 2c).

Panels e and f of Figure 2 show the temperature-dependent
thermal conductivities for COF-1 and COF-5 in the in-plane
and cross-plane directions, respectively. The temperature-
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dependent thermal conductivity of TP-COF is plotted in
Figure S4 for clarity because the values are similar to that of
COF-S. In general, for defect-free, dielectric crystalline
materials, the temperature dependence of thermal conductivity
is mainly dictated by anharmonic phonon—phonon scattering
processes.”"®” Stronger anharmonicity leads to a stronger
temperature dependence. Therefore, the stronger temperature
dependence in the cross-plane direction for the COFs as
compared to the in-plane direction suggests that anharmonicity
has a larger contribution along the cross-plane direction.
Moreover, the temperature trends for the COF-1 structure also
suggest that anharmonic processes are more pronounced in
structures with higher mass densities. It is important to note
that our results are based on classical molecular dynamics
simulations. As such, all the available modes (including the
relatively higher frequency vibrations that would likely not
participate at lower temperatures when quantum effects are
considered) are activated for the entire temperature range
studied in this work. Even though the higher-frequency modes
have a relatively lower contribution to the total cross-plane
heat conduction, these modes could still be involved in
vibrational scattering.

As mechanical properties are intimately related to thermal
properties, we build a holistic picture of our COFs by studying
their mechanical properties, which are summarized in Figure 3.
Additional details regarding the deformation simulations are
given in Methods. Figure 3a shows the stress—strain curves
resulting from uniaxial tension in the arm-chair and zigzag
directions for COF-1 and COF-S. Overall, the uniaxial stress—
strain curves are highly nonlinear with a Young’s modulus that
gradually increases with strain (see Figure S15). The
nonlinearity can be understood as a result of the bending of
the pore walls that increases with increasing tension, leading to
the decrease in the pore volume (see Figures S18—S20).
Although the failure strain largely remains the same for the
COFs, it decreases as the pore size increases as demonstrated
in Figure 3a. Similar to the changes in thermal conductivities
for the different COFs, the Young’s moduli and ultimate
tensile stresses also scale with the density of the COFs (as
shown in Figures $15—S17). It is also interesting to note that
unlike the similar values of thermal conductivities in the zigzag
and arm-chair directions for a particular COF, there is a large
anisotropy in the uniaxial stress—strain behavior in the two
directions; the Young’s modulus is higher for initial strain (up
to 10%) when uniaxial tension is applied in the arm-chair
direction as compared to the case where uniaxial tension is
applied in the zigzag direction (see Figure S15).

The nonlinear stress—strain behavior of the COFs is in
contrast to the mechanical response of graphite, which has a
similar 2D layered structure held together by van der Waals
forces. In Figure 3b, we compare the specific stress
(normalized by density) as a function of strain for our
representative COFs to that of graphite. Overall, graphite has a
much larger stiffness and is intrinsically stronger than the
porous COF structures. However, the relatively more
compliant nature of the COFs results in highly negative
Poisson’s ratios for these materials, as we discuss in detail
below.

We investigate the overall change in the structure of our
COF domains with the application of tensile strain (as
quantified by the Poisson’s ratio, v) by plotting the strain in
the zigzag and cross-plane directions during uniaxial
deformation in the arm-chair direction in Figure 3c. For all
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COFs, the length of the computational domain shrinks in the
zigzag direction (as represented by the negative strain),
whereas the computational domains expand in the cross-
plane direction. Furthermore, a strongly nonlinear behavior is
observed both in the cross-plane and zigzag directions during
the initial ~10% of applied strain for the COF-1 structure.

The resulting Poisson’s ratios in the zigzag (V,c.,, = —0¢,,/
0¢,.) and cross-plane (v, = —d¢,/0¢,.) directions due to the
uniaxial tensile deformation in the arm-chair direction are
shown in Figure 3d. The Poisson’s ratio are much higher
during the initial nonlinear behavior for COF-1, reaching a
minimum value of v,., ® —1.8 at ~8% strain. A relatively
constant value of —1 for Poisson’s ratio is observed at higher
applied strains. The mechanism for the overall negative
Poisson’s ratio derives from the extension of the bonds in
the linkers between the aromatic phenyl rings, which forces the
rings to swivel and twist from their almost parallel equilibrium
positions, thus forcing the neighboring chains further apart
because of the van der Waals repulsive forces. To support this
idea, we conduct additional simulations for our COF-1
structure by decreasing the equilibrium van der Waals repulsive
forces and perturbing the interlayer separations from 3.4 to 3.1
A. The Poisson’s ratios predicted for these structures are
shown in Figure 3e, which shows that as the repulsive forces
and the interlayer separation decrease, the Poisson’s ratio can
be lowered drastically for the COF-1 structures. This finding
shows that along with the modular geometries between the
different COF structures, variations in the interlayer distances
can also lead to changes in the Poisson’s ratio of these
materials.

To further investigate the molecular-level mechanisms
responsible for the negative Poisson’s ratio of our COFs, we
studied the internal structures of our COFs during the tensile
deformation process. Figure 3f shows the COF-S structure
with atoms and bonds colored corresponding to their z-
coordinate (cross-plane direction) for the initially equilibrated
domain (left panel) and the domain at an applied strain of 12%
in the arm-chair direction (right panel). The bottom panel
shows the corresponding views along the cross-plane direction
for the two strains. For the unstrained case (top panel), the
aromatic rings are aligned roughly parallel to the tensile axis.
However, as the strain increases, the aromatic rings are
perturbed from their equilibrium positions because the lateral
forces due to the van der Waals interactions are not strong
enough to prevent the mechanical reorientation of the
aromatic rings. Similar color maps showing further strain
levels for all COFs are presented in the Supporting
Information (Figures S18—S20). Upon comparison of the
relative degrees of “swiveling” of the molecular linkers between
the three COFs, a larger amount of twisted aromatic linkers
that are almost positioned normal to the tensile axis in the
COF-1 and COF-1-2R structures leads to the higher negative
Poisson’s ratio among the four COFs studied in this work.

To investigate the effect of strain on the thermal
conductivity of our COFs, we plot the normalized thermal
conductivities (with respect to the cross-plane thermal
conductivity of unstrained COF-1) in all three directions for
COF-1 in Figure 4a to emphasize the change in the anisotropic
thermal conductivity with applied strain. The thermal
conductivity in the cross-plane direction decreases monotoni-
cally with applied tensile strain for our COF-1 structure. The
thermal conductivity along the tensile axis, however, increases
with applied strain, while a reduction in thermal conductivity is
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Figure 4. (a) Thermal conductivity of COF-1 as a function of
uniaxial tension. The hollow symbols represent the structure when
stretched in the arm-chair direction, and the solid symbols
represent the structure when stretched in the zigzag direction. (b)
Thermal conductivity of COF-1 as a function of average interlayer
separation distance between the 2D layers. We note that the
baseline interlayer separation defined by the interatomic potential
is 3.4 A.

observed in the orthogonal in-plane direction where the
computational domain shrinks (with a positive Poission’s
ratio). This result shows that although there is considerable
out-of-plane distortions of the atoms due to uniaxial tension,
the application of tensile strain results in a relatively better
alignment of the atoms along the tensile axis as compared to
the other two orthogonal directions, thus leading to a better
heat conduction in that direction. Therefore, along with the
high negative Poisson’s ratio, uniaxial tension can also be used
to increase the anisotropy in the thermal properties of 2D
COFs (as seen by the more than 6X difference in the in-plane
and cross-plane thermal conductivities for our COF-1 structure
as shown in Figure 4a).

The cross-plane thermal conductivity of COF-1 decreases by
almost an order of magnitude with the application of large
uniaxial strain in the in-plane direction, which also induces
similar strain levels in the cross-plane direction (see Figure 3c).
This result suggests that controlling the interlayer separation
can lead to large modifications in the thermal properties and
that strain engineering can be used to manipulate the
anisotropic thermal conductivity. This effect is demonstrated
in Figure 4b, where we show the effect of varying interlayer
separation on the in-plane and cross-plane thermal con-
ductivities for the COF-1 structure. Bringing the layers closer
together can drastically increase the thermal conductivity;
decreasing the separation by ~10% can lead to a 100% increase
in cross-plane thermal conductivity of COF-1. The thermal
conductivity in the in-plane directions also increase monotoni-
cally as the layer separation is decreased. This could possibly
be due to the higher degree of confinement of the out-of-plane
motion of the atoms. Detailed analyses of these phenomena are
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beyond the scope of this work but deserve further
investigation, which we leave for future work.

To better relate the mechanical strain response to the
variation in the anisotropic thermal properties of 2D COFs, we
calculate the von Mises strain associated with each atom at
different strain levels (as calculated in ref 63). Panels a and b of
Figure S show the local strain where the atoms are colored

arm-chair

Figure S. Snapshots of the computational domains showing
calculations of atomic-level strain relative to the relaxed structure
for COF-5 at (a) € = 0.05 and (b) £ = 0.10 under uniaxial tension
along the zigzag direction. As the tensile strain is increased, stress
localization (represented by the red colored atoms) is mainly
observed along the arm-chair direction, whereas the polymer
chains align better along the tensile axis because of stretching.

based on their von Mises strain under 5% and 10% uniaxial
strain in the zigzag direction, respectively. As uniaxial strain is
increased in the zigzag direction, stress localization is
comparably higher along the arm-chair direction where the
computational domain shrinks. This is evident from the higher
concentration of the red colored atoms in the computational
domain that are mainly located along the arm-chair direction,
suggesting that the swiveling and twisting motion of the
aromatic rings leads to higher stress states in that direction as
shown in Figure S5b. Along the direction of the applied strain,
the polymer chain stretching leads to a relatively better
orientation of the polymer building blocks (see Figure S22).
This manifests in a higher thermal conductivity along the
tensile axis, whereas stress localization likely leads to lower
thermal conductivities in the other two orthogonal directions
(see Figure 4a). Along the arm-chair and the cross-plane
directions, where the polymer chains lack orientational order
because of the stress localization, enhanced vibrational
scattering leads to the monotonically decreasing thermal
conductivity with increasing tensile strain. Furthermore, even
though the lattice shrinks along the arm-chair direction with a
positive Poisson’s ratio because of tensile strain along the
zigzag direction, the polymer chains are forced apart in the
nonbonded direction because of stress localization and
reorientation of the aromatic rings resulting in the auxetic
behavior in the cross-plane direction. Therefore, through the
control of the local lattice deformation (and stress localization)
with uniaxial tensile force, the anisotropic thermal conductivity
along with the mechanical response can also be manipulated in
these 2D polymers.

Comparing the thermal conductivities of our COFs with
other classes of materials as a function of mass density
elucidates their unique thermal performance, as shown in
Figure la. We also include the experimentally measured cross-
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plane thermal conductivity (at room temperature) of a thin-
flm 2D COF-5 from our previous work in Figure la.”*
However, we caution against a quantitative comparison
between our MD predictions and the experimentally
determined thermal conductivity because of the insufficiencies
of the interatomic potential used to describe our models based
on the AIREBO potential and the classical nature of MD
simulations where quantum effects are ignored. In general, the
thermal conductivity of materials gradually increases with
increasing density. Metals and crystalline semiconductors
usually possess high thermal conductivity with high mass
densities. The fully dense 2D materials such as MoS, and BP
follow this trend because they usually possess high thermal
conductivities (mainly in the in-plane direction) along with
relatively high mass densities. While the densities of our COFs,
along with the densities of a similar metal—organic framework
(MOF-5) are comparable to the densities of aerogels, their
thermal conductivities (for most cases) are more than an order
of magnitude greater than those of aerogels and other porous
materials, marking a regime of materials design that combines
low densities with relatively higher thermal conductivities. This
regime could potentially lead to structural materials with
ultralightweight characteristics®”®> Moreover, the introduction
of guest atoms and molecules could also have a large impact on
their physical properties as has been previously observed for
porous crystals,' > ®?>%¢~%

Along with the exceptional thermal properties of 2D COFs,
comparing our MD-predicted Poisson’s ratio to computational
predictions of Poisson’s ratios for h-GaN and graphene that
have similar 2D structures with van der Waals interactions
between the layers sheds light on their unique mechanical
response to uniaxial tension in Figure 1b. The auxeticity that
arises at a critical strain in these 2D honeycomb structures has
been ascribed to the anomalous variation in bond angles.*®
Similarly, auxeticity in metallic nanoplates, which are not
observed in the bulk counterparts, have been demonstrated
based on surface or edge effects.®* However, these mechanisms
are very different than the molecular swiveling mechanism
observed for our COFs, which can lead to a larger auxeticity as
shown for our nanoporous (and layered) COF structures. In
general, the auxetic behavior observed for our COFs also
differs fundamentally from the re-entrant mechanism based on
classical mechanics of angular rotation of cell walls that dictates
the negative Poisson’s effect for honeycomb structures and
open cell foams.’>** The drastically different mechanistic
approach to manipulating the negative mechanical response for
COFs leads to their larger and more dynamic negative
Poisson’s ratio as shown in Figure 1b.

CONCLUSIONS

In summary, we performed systematic atomistic simulations to
reveal that COFs mark a regime of materials’ design that
combines low densities with unusually high thermal con-
ductivities and high negative Poisson’s ratio that can be
tailored through carefully engineering their microstructure.
Their singular layered structure results in anisotropy in thermal
conductivity, which can be further enhanced through the
swiveling motion of the organic linkers under uniaxial tensile
strain. This swiveling motion also leads to an auxetic behavior
quantified by a high negative Poisson’s ratio in comparison to
other auxetic materials. Our results show that the porosity of
COFs can be used to manipulate both their thermal and
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mechanical properties, setting them up as an emerging class of
multifunctional materials.

METHODS

Our molecular dynamics (MD) simulations utilize the adaptive
intermolecular reactive empirical bond order (AIREBO) potential to
describe the interatomic interactions.”” The potential describes only
the interactions between and within carbon and hydrogen atoms. As
such, our models are strictly made up of carbon atoms and do not
include boron, oxygen, and nitrogen atoms as in the real COF-5
systems. However, we do use the correct masses for the boron,
oxygen, and nitrogen atoms in our computational domains. For all
simulations, the computational domains are equilibrated under the
Nose—Hoover thermostat and barostat’’ (which is the NPT
integration with the number of particles, pressure and temperature
of the system held constant) for a total of 2 ns at 0 bar pressure with a
time step of 0.5 fs throughout the simulations. Following the NPT
integration, an NVT integration (with constant volume and number of
particles) is utilized to equilibrate the COFs at the desired
temperature of the simulations. Note that we apply periodic boundary
conditions in all directions for all our simulations. Figure Sla of the
Supporting Information shows an example of our COF-5 structure
equilibrated using the procedure outlined above. We also vary the
total cross-plane thickness, d, and length of the computational
domain, L, to check for system size effects for our nonequilibrium and
equilibrium MD simulations to predict the thermal properties as
detailed in the Supporting Information.

To assess the mechanical properties, a uniaxial deformation in the
zigzag or arm-chair direction is applied at a strain rate of 10% s™. The
other periodic boundaries are held at 0 bar (or “stress-free”
conditions) under the NPT integration. The stress and strain along
all three directions are calculated every 0.1 ps to generate the stress—
strain relationships for the COFs.

After equilibration, the thermal conductivities of our COFs at
different temperatures are predicted via the Green—Kubo (GK)
approach under the equilibrium MD framework. In this formalism,
the thermal conductivities of our COFs along the zigzag (zz-), arm-
chair (ac-) and cross-plane (z-) directions are calculated as

1 f°°
S t)S 0))dt
IBVTZ 0 < zz,ac,z( ) zz,ac,z( ))

Kzz,ac,z -

(1)

Here ¢t is time; T and V are the temperature and volume of the
systems, respectively; and (S,,...(t) S,,...(0)) is the component of
the heat current autocorrelation function (HCACF) in the prescribed
directions. To ensure that the HCACF decays to zero (and crosses
zero several times), we set the total correlation time period for the
integration of the HCACF to 50 ps as shown in the inset of Figure
S1b of the Supporting Information. The heat current is computed
every 10 time steps during the data collection period followed by
integration of the heat current to calculate the converged thermal
conductivity for our COFs. The converged thermal conductivity is
determined from the integration as shown in Figure SIb of the
Supporting Information (dashed line) for our COF-$ structure.
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