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ABSTRACT: Two-dimensional covalent organic frameworks (2D
COFs) are a class of modular polymeric crystals with high
porosities and large surface areas. Their tunable microstructure
(with a wide array of choices for the molecular building block)
provides the opportunity for their bottom-up design and
potentially tailorable physical properties. In this work, through
combined density functional theory (DFT) calculations and
molecular dynamics (MD) simulations, we study the influence of
different molecular functional groups and varying porosities on the
electronic and thermal properties of 2D COFs. More specifically,
by performing DFT calculations on 24 different 2D COFs, we
demonstrate that one of the main descriptors dictating their band
gaps are their mass densities or network porosities. Furthermore,
we also find that specific functional groups forming the nodes can lead to larger localization of charge densities resulting in wider
band gaps. By performing MD simulations to investigate their thermal properties, we show that (similar to their electronic
properties) mass density is also one of the main factors dictating heat conduction, where higher densities are associated with
relatively higher thermal conductivities along the 2D sheets. Our spectral energy density calculations provide insights into the highly
anharmonic nature of these materials. We find that increasing porosities lead to larger anharmonic interactions and thus reduced
thermal conductivities in these materials. Similar to their electronic band gaps, the nodes forming the 2D COFs also have a
significant contribution in dictating their thermal conductivities with bigger nodes (accompanied by higher densities) generally
resulting in relatively higher thermal conductivities in 2D COFs. Taken together, the resulting changes in the electronic and thermal
properties from variations in the building blocks in 2D COFs lend insights into fundamental changes in the microscopic
thermodynamics that arise from systematically changing their molecular structure. Therefore, our study provides a blueprint for the
strategic syntheses of 2D COFs with “user-defined” electronic and thermal properties that will ultimately aide in their incorporation
into various applications.

■ INTRODUCTION
Recent progress in organic chemistry has led to realizations of
novel routes to synthesize tailor-made polymeric semi-
conductor materials.1−3 One such emerging class of layered
materials are two-dimensional (2D) covalent organic frame-
works (COFs) that are constructed by linking light elements
with strong covalent bonds.4−6 Their tunable microstructure
with a wide range of selection for the choice of their molecular
building block endows them with some exceptional physical
attributes.5,7−13 These physical attributes (which include their
high porosities and large surface areas) position them as
potential materials for microprocessors,14 optoelectronics,15

catalysis,16,17 gas storage and separation,18,19 and energy
storage20−22 applications. However, paramount to advancing
2D COFs in these applications is the complete understanding
of their electronic and thermal properties. For example, as low-
dielectric-constant materials in microprocessors, 2D COFs
need to limit the electronic crosstalk and charge buildup, all

the while maintaining high heat dissipation ability for high-
power-density chips.14

In terms of the electronic properties, several studies have
elucidated the fundamental relationship between the geometric
structure and the electronic structure of 2D polymers in
general.23−35 For instance, it has been shown that by modifying
the intrinsic molecular structure, it is possible to change the
electronic structure near the Fermi energy from completely flat
bands to highly dispersive bands,25,29 thus offering a route to
manipulating the charge carrier mobilities in porous 2D
polymers. Interestingly, systematically increasing the linker
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lengths in 2D COFs have been shown to decrease the band
gaps.23,27 This has been ascribed to the systematic variations in
the valence band maximum (VBM) that are primarily
delocalized on the linkers, while the conduction band
minimum (CBM) is preferentially localized at the nodes,
which are not affected by the linker length variations.23

Furthermore, the distribution of charge densities and their
spatial separation in COFs have also been shown to be
critically important for their photocatalytic applications.36−46

In this regard, Jin et al.36 have shown that various
combinations of nodes and linkers in sp2-carbon COFs can
be used to tune the level of VBM and CBM, respectively, thus
providing synthetic means to independently modulate the
VBM and CBM through manipulating the structures of the
nodes and linkers. Likewise, through an end-capping strategy,
Yang et al.41 synthesized vinylene-linked COFs end-capped
with hydroxyl groups that showed modular band gaps and
improved photocatalytic hydrogen evolution activity. For a
thorough review of the optoelectronic properties of COFs, the
readers are referred to a recent review conducted by Keller and
Bein.47

These studies have highlighted the immense potential of 2D
COFs with their tailorable electronic properties for optoelec-
tronic applications. However, most studies that have focused
on understanding the electronic properties in 2D COFs have
generally limited their investigations to one family of COFs
(although with systematic changes in the pore geometries),
thus making it difficult for a comparative study of the relative
effects of different functional groups on the electronic
properties. For example, different combinations of functional
groups forming the linkers and nodes can be used in different
topologies to design a vast array of 2D COFs (inset of Figure
1). Therefore, in this work, we will mainly focus our attention
to different families of COFs and how the variations in the
functional groups can lead to variations in the electronic
structures. Considering the vast possibilities of combining

different functional groups into different geometries, we will
also limit our calculations to 2D COFs that have been
synthesized with the hexagonal topology (as shown in the inset
of Figure 1) because this geometry has been the popular choice
for synthesizing a variety of 2D COFs with varying
porosities.48 More specifically, we will compare the electronic
properties of various families such as imine-, boronate ester-,
and azine-based hexagonal 2D COFs and study how their
chemical and geometric features can dictate their band gaps,
which will ultimately guide the proper engineering of their
electronic properties for targeted applications.
In terms of understanding the thermal transport properties

in organic framework materials in general, COFs have received
far less attention as compared to their metal−organic
framework (MOF) cousins.49−55 Moreover, insights gained
from MOFs are not directly transferable to 2D COFs mainly
because of their immensely different chemical and structural
makeups; where 2D COFs are mainly made up of light atoms
held together in a layered van der Waals structure by strong
covalent bonds along the layers, MOFs are made up of heavy
metallic elements with strong ionic bonding. These differences
can lead to drastically different vibrational physics in 2D COFs
as compared to MOFs. For instance, it could be expected that
the weaker interactions in 2D COFs in the through-plane
direction could lead to unprecedented anharmonicity that
results in ultralow thermal conductivities via increased phonon
scattering.56 However, we have recently shown that 2D COFs
can possess higher overall thermal conductivities as compared
to other porous solids with similar densities, mainly due to
their periodic structure and light atoms.13,14 A comparative
study of 2D COFs with different motifs and architecture,
however, is still lacking and could shed light on the important
structural features that dictate heat conduction in these novel
2D materials.
In this work, we study the electronic and thermal properties

of 24 different 2D COFs through density functional theory
(DFT) calculations and molecular dynamics (MD) simu-
lations. Our DFT-calculated band gaps show that the pore size
(or density) is one of the main structural descriptors that
controls their band gaps. However, we also identify specific
functional groups forming the nodes of 2D COFs that are
accompanied by larger band gaps resulting from considerable
charge localization. Our equilibrium MD simulations utilizing
the Green−Kubo (GK) approach also provide similar results
for the thermal conductivity where higher thermal conductiv-
ities are generally associated with higher densities of the 2D
COFs. Our spectral energy density (SED) calculations also
reveal that shorter linkers are associated with greater
anharmonicity and increased coupling between acoustic and
optical phonons leading to lower thermal conductivities along
the 2D planes. However, we also find that functional groups
forming relatively larger nodes with more number of covalent
bonds connected to the linkers are also associated with higher
thermal conductivities along the 2D planes. The resulting
changes in physical properties from variations in the building
blocks in 2D COFs can lend insights into the connection
between the different physical properties that can be attained
by systematically changing their molecular building blocks.
This will ultimately provide the platform to develop 2D COFs
with “user-defined” properties and unrivaled performance in
some of the aforementioned applications.

Figure 1. Electronic band gap of 24 different 2D COFs with
hexagonal lattice as a function of their mass densities. Two different
shaded regions in the mass densities illustrate the change in band gap
with mass densities of COF structures. No significant change in band
gaps is observed within 0.4−0.8 g cm−3 (blue shaded region).
Although, beyond this limit (orange shaded region) the band gap
increases notably with increasing densities (and decreasing poros-
ities). The correlation factor between the band gap and mass densities
of COFs in the latter region is ∼0.7. However, for certain COFs with
HHTP nodes (such as COF-5 and COF-10), the band gap is larger
even though the mass densities are comparatively lower.
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■ METHODS
Density Functional Theory (DFT) Calculation. We

perform DFT calculations to predict the electronic band
gaps of our COF structures using the commercially available
software package, Quantum Espresso.57,58 Initially, the self-
consistent field (SCF) calculation is performed by utilizing the
projector augmented wave (PAW) method with the Perdew−
Burke−Ernzerhof (PBE) exchange-correlation functional. A
uniform k-mesh grid of 6 × 6 × 1 is used for our COF
structures with the plane-wave basis cutoffs for the wave
functions set at 50 Ry. Moreover, to eliminate the interactions
of periodic images, a vacuum space of ∼10 Å is created in the
through-plane direction of the COF layers, which is consistent
with prior works that have performed a similar approach to
remove any image effects that lead to large electron−electron
repulsions from the images.23,24 We note that, in general, DFT
calculations have been shown to underpredict the electronic
band gaps. As such, our calculations should be taken as lower
bounds to the actual band gaps of the COFs. However, as the
main purpose of our work is a comparative study between the
different 2D COFs, the choice of the same exchange
correlation functional and our DFT approach should suffice
for our purposes.
Molecular Dynamics (MD) Simulations. We perform

MD simulations on our 2D COF structures by utilizing the
Adaptive Intermolecular Reactive Empirical Bond Order
(AIREBO) potential widely used for simulating hydro-
carbons.59−61 To show the generality of the results presented
in this work, we also perform calculations with a Universal
Force Field (UFF) all-atom potential62 that can parametrize
different funcitonal groups in the 2D COFs. For all our MD
simulations, we use the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) package.63 For our
equilibration process, the COF structures are initially
equilibrated at ambient pressure for 2 ns with a time step of
0.5 fs under the Nose−́Hoover thermostat and barostat (NPT)
ensemble, where the number of particles, pressure and
temperature are kept constant throughout the equilibration
process.64 Following the NPT integration, we further
equilibrate our structures for 1 ns under the NVT ensemble
where the number of particles, volume, and temperature are
held constant. Next, we use the NVE ensemble (where number
of particles, volume, and total energy of the system are kept
constant) for an additional equilibration for 1 ns. For the entire
simulation, we use periodic boundary conditions in all the
three principal directions. Finally, we utilize the GK formalism
to calculate the thermal conductivities of our 2D COF
domains.
We note that we calculate the thermal conductivities of

monolayer 2D COFs and as such report the in-plane thermal
conductivities. To predict the in-plane thermal conductivities
of our 2D COF structures, we utilize the GK formalism under
the equilibrium molecular dynamics (EMD) simulations
framework. In this method, the thermal conductivity is
calculated as61,65−69

=
k VT

J t J t1
( ) (0) dx y x y x y,

B
2 0 , , (1)

where V, T, and t are the volume of the system, temperature,
and time, respectively, and ⟨Jx,y(t)Jx,y(0)⟩ is the component of
the heat current autocorrelation function (HCACF) along the
x- or y-directions, which is calculated as70

= + ·
V
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i
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i
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where vi, ϵi, and Si are the velocity, energy and stress of atom i,
respectively. Our calculations (as presented below) show that
the in-plane thermal conductivities in the x- and y-directions
are similar, and therefore we only report an average value for
the in-plane thermal conductivities of our 2D COFs. To
account for the cell size effects in the thermal conductivity
calculations, we calculated the thermal conductivities for
varying cell sizes, which are shown in Figures S3 and S4.
Finally, we choose a domain length of ∼120 Å along the in-
plane direction, as convergence of thermal conductivity is
achieved beyond this length.
Phonon Spectral Energy Density (SED) Calculation.

We calculate the phonon dispersion curves of our COF
structures by calculating the SED as a function of wave vector
(q) and frequency (ω), in our MD simulations, which is
calculated as71,72
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where τ is the total simulation time, α is the Cartesian
direction, nx,y,z is a unit cell, NT is the number of unit cells in
the crystal, b is the atom label in a given unit cell, B is the
atomic number in the unit cell, mb is the mass of atom b in the
unit cell, and u t( )n b,x y z, , denotes the velocity of the bth atom in
the nth unit cell along the α direction at time t.
For our SED calculations, we construct the computational

domain of our COF structures with total number of unit cells,
NT = 200. Next, we equilibrate our COF supercell structure
initially under the Nose−́Hoover thermostat and barostat (i.e.,
the NPT ensemble)64 for 2 ns with a time step of 0.5 fs where
the number of particles, pressure, and temperature of the
system are kept constant at 0 bar pressure. Following the NPT
integration, we further equilibrate our structures under the
NVT ensemble where the volume and temperature are held
constant for a total of 2 ns. Finally, for the data collection for
our SED calculation, we output the velocities and positions of
each atoms using the microcanonical ensemble (or NVE
ensemble) for 1.5 ns.

■ RESULTS AND DISCUSSION
Figure 1 shows our DFT-calculated band gaps for the
hexagonal 2D COFs studied in this work. The details of our
calculations are given in the Methods section, and the chemical
structures for all our 2D COFs are provided in the Supporting
Information. Overall, the band gaps of 2D COFs are larger for
higher densities (lower porosities) with a few exceptions that
possess relatively larger band gaps at low mass densities (such
as COF-5) or lower band gaps at intermediate densities (such
as the azine-based ACOF-1). The calculated band gaps are also
rather independent of mass density for the 0.4−0.8 g cm−3

range (as highlighted by the blue shaded region in Figure 1).
However, as density is increased further, there is a clear
evidence of increasing band gap with increasing density (for
>0.8 g cm−3 as highlighted by the orange shaded region in
Figure 1). To quantify this relationship between the band gap
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and mass density for the second region (>0.8 g cm−3), we fit a
correlation coefficient of ∼0.7, which demonstrates a
moderately well represented relationship between the band
gap of COFs and their mass densities for this regime. This
increase in band gap with mass density is consistent with prior
works that have shown that band gap monotonically decreases
with increasing linker length (albeit for COFs with the same
functional groups unlike in our study).23,26,28 Therefore, our
band gap calculations show that along with the mass densities
of COFs the functional group can also significantly dictate
their electronic band gaps.
To better explain the overall trend, we calculate the partial

charge densities for the VBM and the CBM for our 2D COFs
as shown in Figure 2 for some representative COFs.
Interestingly, we find considerable spatial separation of the
charge densities for majority of COFs that possess large band
gaps as represented by BTA-COF1 (Figure 2a). Whereas for
COFs with relatively lower band gaps (even at intermediate
mass densities), we find that the charge densities for the CBM
and VBM are mostly delocalized throughout the COF
structure and are spatially overlapping (as shown for ACOF-
1 in Figure 2b). In most cases, we find that the imine
functional group at the linker as shown in Figure 2b for ACOF-
1 is associated with delocalization of charge densities (see also
Figure S2 for COFs with imine functional groups that have
delocalized charge densities). Furthermore, for COF-5 and
COF-10 (with the wider band gaps at relatively low densities
as shown in Figure 1), we also find considerable localization of
the charge densities (see Figures 2c,d). It has been previously
shown that confinement or localization of charge densities
plays a significant role in dictating the band gaps of 2D
COFs.23,24 For example, with reduction in quantum confine-
ment in TP-COF (with a larger porosity) as compared to
COF-5, the band gap decreases considerably in TP-COF.24

The reduction in quantum confinement results in a more
delocalized nature of the charge density of VBM for TP-COF.

Similarly, in our charge density calculations, we find that
majority of the COFs with large band gaps exhibit significant
localization of spatial distribution of charge densities. This
suggests that localization of charge densities can result in wider
band gaps in 2D COFs. Considering the chemical structure of
the COFs, it becomes evident that the localized nature of
charge densities is mostly related to COFs with the HHTP
(2,3,6,7,10,11-hexahydroxytriphenylene) node (Figure 2e).
This suggests that COFs with HHTP functional group forming
the nodes can possess wider band gaps even at low mass
densities. Note, as the VBM−CBM gaps are inherently tied to
energy conversion efficiencies and are particularly beneficial in
photovoltaic application,73,74 a strategy to manipulate the
physical charge separation could be to use HHTP nodes with
longer linkers to maximize charge separation and increase band
gap. Overall, our partial charge density calculations together
with our band gap calculations show that the localized nature
of the electronic charge densities can result in wider band gaps
in 2D COFs, and this can be manipulated via the strategic
choice of both the node and the linker in the 2D COFs. This
also has major implications for the formation of excitons
because the generation of electrons and holes will be localized
at different spatial positions in the COF sublattice such as in
the case for BTA-COF1, COF-5, or COF-10 as shown in
Figure 2.
Next, to gain more insights into engineering the electronic

properties of COFs, we compare the chemical structures of
COFs with similar densities but drastically varying band gaps.
For example, we compare the chemical structure and the
electronic properties of the boronate ester-based and the azine-
based COFs at 0.9 g cm−3 as shown in Figure 1. We find that
the imine functional groups forming the linkers are mainly
associated with lower band gaps. As mentioned in our previous
discussion, the imine groups are also associated with the
delocalization of the electron densities that reduce the band
gap. Thus, adopting the materials by design strategy, we now

Figure 2. Electronic charge densities showing spatial separation between the valence band maximum (VBM) and conduction band minimum
(CBM) for (a) BTA-COF1, (b) ACOF-1, (c) COF-5, and (d) COF-10. The HHTP nodes (e) in BTA-COF-1, COF-5, and COF-10 localize the
VBM, whereas in ACOF-1, the spatial localization is absent, which results in the lower band gap as compared to the other COFs with the HHTP
node.
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attempt to modify the band gap without drastically varying the
mass densities (or network porosities) because the approach of
varying mass density to manipulate the band gap has already
been established from prior works, albeit for the same family of
COFs.23,26,28 To this end, we replace the benzene linker in the
2D COF-5 structure possessing the relatively higher band gap,
with the imine functional linker. The goal behind this strategy
is to decrease the band gap via delocalizing the spatially
localized electron densities around the HHTP nodes in COF-
5. As shown in Figures 3a−c, the HHTP node in COF-5 is
where the VBM orbitals are localized, whereas the CBM are
spatially separated and mainly located around the linkers.
However, when the benzene linkers are replaced with the
imine functional group in the modified COF-5 (see Figures
3d−f), the VBM are delocalized from the HHTP nodes, thus
spatially overlapping with the CBM orbitals. This also leads to
a reduction in the band gap from 2.5 eV in the original COF-5
to 2 eV in the modified COF-5 structure, which demonstrates
the ability of the imine linkers to effectively lower the band gap
through increasing the charge density delocalization. Note that
the stability of the modified COF-5 structure has been
confirmed by our DFT calculations as detailed in the
Supporting Information.
To put our results of the electronic calculations for our 2D

COFs into a broader perspective, we can compare the modular
band gaps that we calculate to other technologically relevant

materials such as graphene. Although graphene, a similar
layered material, has shown great promise for next-generation
technologies, its near-zero band gap limits its practical use in
electronic devices. In this regard, 2D COFs offer the unique
platform where these materials can combine the advantages of
2D material systems (such as quantum confinement effects)
with the modular and wide band gaps that are highly desirable
for important applications such as in high-power, high-
frequency electronics. Furthermore, the larger band gaps (>2
eV) for 2D COFs with mass densities >0.9 g cm−3 and for
lower density COFs with the HHTP nodes (Figure 1) are on
par with some of the widely used fully inorganic wide band gap
semiconductors such as SiC (with band gaps in the range 2.3−
3.3 eV).75 Thus, along with their low dielectric constants,14 the
wide and tunable band gaps of 2D COFs position these
materials as prime candidates for organic field-effect transistors
where electronic crosstalk needs to be minimized.
We now turn our focus to the thermal properties of 2D

COFs. Because DFT-based calculations of thermal conductiv-
ity by solving the full Boltzmann transport equation for these
2D COFs with large unit cells are computationally very
expensive, we instead utilize MD simulations to calculate their
thermal conductivities. For this, we use the AIREBO potential
to describe the interatomic interactions in our COFs.76 We
note that as the full parametrization of all the varying atomic
species (such as boron, oxygen, and nitrogen) has not been

Figure 3. Schematic of the chemical structure (a), charge densities of VBM (b), and CBM (c) for COF-5. Schematic of the chemical structure (d),
charge densities of VBM (e), and CBM (f) for our modified COF-5 where the linker is replaced with the imine functional group. The modified
COF-5 possesses a lower band gap resulting from the greater delocalization of the charge densities.
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implemented in the AIREBO potential, we base our
calculations for the different COFs with all carbon atoms. As
such, although the quantitative values of thermal conductivities
could be different than that of the actual COF structures (with
a better potential that includes the complete parametrization
for all atoms), we can utilize the knowledge gained from our
thermal property calculations from MD simulations to
qualitatively compare the results between the different COFs
studied in this work. This allows us to modify the linker size
(or porosity) while keeping everything else (such as the
interaction parameters between all atoms and the functional
groups of the linkers) the same, thus providing a clear
assessment of the effect of porosity on their thermal
conductivities. However, we also conduct thermal conductivity
calculations for our 2D COFs with the use of the UFF
potential to gauge the generality of the trends in thermal
conductivity calculations as we discuss in more detail below.
We note that we could only parametrize 16 out of the 24
COFs with the UFF potential because we could not find all the
parameters of the atomic interactions for some COFs (such as
that for our square lattice COF as mentioned below).
However, both potentials show similar trends in the in-plane
thermal conductivities of the 2D COFs with density, which not
only provides confidence in our calculations but also provides
further support for the generality of the conclusions made in
the following discussions for 2D COFs.
Figures 4a and 4b show the in-plane thermal conductivities

of our 2D COFs calculated with the UFF and AIREBO
potentials, respectively. We note that for the AIREBO potential
we plot the in-plane thermal conductivity of our COFs
normalized with respect to the in-plane thermal conductivity of
the prototypical COF-5 structure as a function of their mass
densities. This is because we are more interested in the
qualitative results of heat transfer in these structures that
represent “toy models” with all carbon atoms, rather than
predicting material specific quantitative values. In contrast, the
UFF potential has all-atom parametrization, which can
differentiate between the different functional groups and
atom types in the various 2D COFs, and so we present the
quantitative values of the in-plane thermal conductivities for
our 2D COFs in Figure 4a. There are two aspects of the data

(calculated with both UFF and AIREBO potentials) worth
noting from our thermal conductivity results as presented in
Figure 4. First, similar to the qualitative increase in the band
gap, we also find that, overall, the thermal conductivities
increase with increasing mass densities for both the UFF and
AIREBO potentials. Second, and probably the more interesting
aspect, is the relatively larger increase for a few COFs with
increasing mass densities (as highlighted by the dashed line in
Figures 4a and 4b for the UFF- and AIREBO-based
calculations, respectively).
The first aspect as mentioned above is expected given the

fact that thermal conductivity typically scales with increasing
atomic density in solids.77,78 For our COFs, the increased
phonon scattering at the larger pores of the lower density
COFs is expected to lower thermal conductivities in these
materials. To show this more quantitatively, we present the
SED calculations (for our COFs based on the COF-1 structure
as modeled with the AIREBO potential). Additional details of
the SED technique are given in the Methods section. Briefly,
the SED calculations provide insight into the anharmonic
phonon dispersion relations and lifetimes directly from the
velocities of the atoms in the computational domain.79 Thus, it
incorporates the full temperature-dependent anharmonicity
differently than typical lattice dynamics calculations used for
thermal conductivity calculations that only include three-
phonon scattering events and neglect the higher-order phonon
scattering that become increasingly important for anharmonic
materials such as COFs, as we point out below.
We compare the SED for the COFs with varying porosities

but with similar functional groups (exclusively with all-carbon
and hydrogen atoms) forming the nodes and linkers as shown
in Figures 5a and 5b. Note that we have increased the linker
length by adding a benzene ring to the COF-1 structure, thus
allowing us to only consider the effect of porosity and not
variations in functional groups that can affect thermal
conductivity. Figures 5c and 5d show our SED calculations
for the lower and higher density COFs based on the COF-1
structure. The higher contrast in the shading of the plot
(relating to the higher magnitude of SEDs) indicates that the
modes have higher kinetic energies. As such, the higher SEDs
along with the increase in their broadening suggest that, on

Figure 4. (a) In-plane thermal conductivities of our 2D COFs calculated using the UFF potential and (b) normalized in-plane thermal
conductivities (with respect to the in-plane thermal conductivity of the prototypical 2D COF-5) calculated using the AIREBO potential as a
function of mass densities. In both cases the thermal conductivity monotonically increases with increasing mass densities and decreasing porosities.
Although quantitative thermal conductivities are different between the two potentials, the “all-carbon” AIREBO models and the 2D COFs modeled
by using the UFF potential that includes all interactions between the different atoms show similar trends in the in-plane thermal conductivity; both
potentials demonstrate higher in-plane thermal conductivities for COFs with relatively larger nodes (such as that for the boronate ester-based
COFs) as highlighted by the dashed lines.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c00652
J. Phys. Chem. C 2023, 127, 11157−11166

11162

https://pubs.acs.org/doi/10.1021/acs.jpcc.3c00652?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c00652?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c00652?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c00652?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c00652?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


average, the vibrational modes in the longer linkers experience
stronger anharmonicity and vibrational scattering with shorter
vibrational lifetimes. For the longer linker case, our SED
calculations show a loss of definition of the wave vectors for
frequencies higher than ∼2 THz. It is also interesting to note
that the flatter bands with reduced group velocities are
introduced throughout the spectrum, demonstrating the
coupling of optical modes with heat carrying acoustic modes
that result in reduced thermal conductivities for these
materials. For example, we predict the thermal conductivity
of ∼4 W m−1 K−1 for COF-1 along the 2D plane, which is 3
orders of magnitude lower than that of graphene.
The second aspect worth noting in Figure 4 where we find

relatively higher increase for a few COFs with increasing mass
densities can be ascribed to the larger nodes of the COFs. As
shown in Figure 4, the combination of lower densities and
lower thermal conductivities is associated with COFs that have
relatively smaller nodes (see Figures S1 and S2). However,
replacing the nodes with bigger functional groups (as
demonstrated by the four-arm COF in Figure 4 whose
molecular structure is presented in Figure S9), we can increase
the thermal conductivity by 2-fold in these materials.
Comparison of SED calculations for similar mass density
COFs but with varying node sizes suggests that the bigger
nodes with more covalent bonds connecting the nodes to the
linkers are associated with lower anharmonicities (Figure S6),
which is consistent with their relatively higher thermal
conductivities. Furthermore, systematically changing the linker
length, as presented for the square COF (hollow square

symbols in Figure 4), can be utilized to vary the thermal
conductivity by more than 2-fold. Therefore, our MD
simulations show that 2D COFs with larger nodes provide a
better platform to engineer their thermal conductivities across
a wider range.

■ CONCLUSIONS
Our DFT calculations of electronic properties and MD
simulations of thermal conductivity have shown that one of
the main factors dictating the physical properties of 2D COFs
is their porosity. However, with the proper choice of the
functional group, such as COFs with the relatively larger
HHTP nodes that are associated with higher thermal
conductivities and larger band gaps, these physical properties
can be modulated across a wide range. For their electronic
properties, the localization of charge densities can be varied
based on the functional groups, which can result in spatially
separated valence and conduction bands. This has major
implications for exciton formation and photovoltaic applica-
tions of 2D COFs. For their thermal properties, larger nodes
and shorter linkers are associated with reduced anharmonicity
(and lesser coupling between the heat carrying acoustic modes
and the optic modes) in these materials, which result in
relatively higher thermal conductivities. Moreover, 2D COFs
with larger nodes provide a wider range for thermal
conductivity modulation with variation in their porosities.
Taken together, our work demonstrates that 2D COFs are a
novel class of multifunctional materials that provide the
platform for “user-defined” physical properties based on the
choice of their molecular building block. The fundamental
mechanistic understanding presented in this work will help
guide the future syntheses of these new classes of modular and
periodic 2D polymer networks for targeted applications.
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