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ABSTRACT: Two-dimensional covalent organic frameworks (2D
COFs) are a novel class of materials that are ideal for gas storage and
separation technologies due to their high porosities and large surface
areas. In this work we study the heat transfer mechanisms in 2D COFs
with the addition of gas adsorbates, demonstrating the remarkably
tunable anisotropic response of the phonon thermal conductivity in 2D
COFs during gas adsorption. More specifically, our results from atomistic
simulations on COF-5/methane systems show that, as the gas density
increases, the cross-plane thermal conductivity along the direction of the
laminar pores increases, whereas the in-plane thermal conductivity along
the 2D sheets is monotonically decreased. We show that a large portion
of heat is conducted along the laminar pore channels by the gas
molecules colliding with the solid framework and is directly related to the
gas diffusivities.
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Two-dimensional covalent organic frameworks (2D COFs)
constructed from light elements and linked together by

strong covalent bonds are an emerging class of porous crystals
with a host of unique physical properties that derive from their
distinctive structure.1−7 For example, their large surface areas
and high porosities make them ideal candidates for applications
in gas adsorption, separation, and storage.8,9 To highlight their
potential in these types of applications, COFs have been placed
as one of the best candidates for gravimetric H2 storage at 77 K,
thus promoting the production of clean fuels for automobiles
and reduction of carbon monoxide emission.8,10,11 Moreover,
their laminar nanopores and the added flexibility of precisely
controlling and organizing different functional building blocks in
2D COFs offer the unique ability to transport ions with
enhanced electrochemical accessibility, which has led to their
realization as electrodes for supercapacitors and energy storage
devices.12−14 However, central to advancing 2D COFs for the
aforementioned applications, especially where adsorbates can
drastically modify their physical properties, is a complete
understanding of the fundamental energetic processes that
govern their thermal transport efficiency.
In general, an understanding of the energy transport processes

in porous crystals has been of great interest to various fields in
materials science.15−20 However, the intrinsic mechanisms
dictating heat transfer at the atomic level for porous crystals
with adsorbates has been the subject of debate for the past few
decades without a general consensus. This is especially true for

heat conduction in filled skutterudites and clathrates, where it
was initially suggested that the vibrational “rattler”modes inside
the cages and the departure from collective motion with the host
lattice were the dominant heat transport mechanisms. However,
recent ab initio and neutron scattering experiments have
attributed their thermal conductivity to contrastingly different
mechanisms such as quasi-harmonic coupling and hybridization
of phonon dispersions between the guest and host that are
responsible for the lattice thermal conductivity.19,21−27 Sim-
ilarly, in the case where the guest species are not necessarily
constrained inside a cage and are free to flow throughout the
crystal such as in ametal−organic framework (MOF), molecular
dynamics (MD) simulations have shown that increasing the gas
concentration can lead to an overall increase in the thermal
conductivity of the MOF.28,29 In contrast to these results, recent
computational studies with support from thermoreflectance
measurements have conclusively shown that gas molecules serve
to lower the thermal conductivity of the MOFs due to scattering
with the crystalline framework.30,31
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These aforementioned studies lay the groundwork for
understanding heat transfer mechanisms in porous crystals.
Yet the lack of general consensus along with the inherently
different pore geometries in 2D COFs in comparison to their
MOF cousins make it difficult to extend the results from these
studies to gain insights into the heat transfer mechanisms in 2D
COFs. Moreover, studies focusing on heat transfer across COFs
have been nonexistent in prior literature, which shrouds the
understanding of various mechanisms that could be dictating
heat flow in these novel materials. For example, the gas
adsorbates could create additional heat transfer pathways inside
the pores to facilitate the overall thermal transport or they could
scatter with the vibrations of the crystalline solid to create
resistance and lower the thermal conductivity. Given the
anisotropy in the structure of 2D COFs, these processes could
also have varying effects along the direction of the pore
alignment with weaker van der Waals interactions (cross-plane)
as opposed to that along the direction of the 2D layers with
strong covalent bonds (in-plane). Therefore, in this work we
seek to understand these mechanisms in detail by conducting
systematic atomistic simulations on model 2D COFs with
varying gas densities adsorbed in their pores. Our results reveal
the inherent anisotropic nature of thermal transport in 2D
COFs, which can be manipulated by changing the adsorbed gas
density. Specifically, we find that, as the gas density increases, the
thermal conductivity along the 1D pore channels (or the cross-
plane direction) increases drastically, whereas the thermal
conductivity along the 2D layers is monotonically decreased.We
also find that a large portion of heat is conducted in the cross-
plane direction by the gas molecules colliding with the solid
framework. This additional “heat pathway”, however, does not
enhance heat transfer in the in-plane direction and rather leads
to enhanced vibrational scattering due to solid−gas collisions,
thus resulting in a reduced thermal conductivity along the layers
with gas infiltration. We show that the increase in thermal
conductivity along the direction of the pore channels for
infiltrated COFs is directly related to the diffusivities of the gas
molecules. These findings could have major implications on
technologies based on 2DCOFs for gas separation, catalysis, and
storage.
We base our calculations on the prototypical COF-5 structure

that has a hexagonal lattice with porous sheets separated by a
∼0.34 nm interlayer spacing and stacked neatly in an eclipsed
fashion.32−34 Since pressure can drastically modify the gas
dynamics inside the pores, we prescribe 0 bar pressure on all
three periodic boundaries in our simulations. Schematic
representations of our equilibrated computational domains for
COF-5 and COF-5 infiltrated with gas adsorbates are shown in
Figure S1. To calculate the thermal conductivity, we implement
the Green−Kubo (GK) approach under the equilibrium
molecular dynamics (EMD) framework with a time step of 0.5
fs for all simulations.We verify our GK predictions by comparing
the results for the in-plane thermal conductivity of our COF-5
structure with those calculated using the nonequilibrium MD
method (see the Supporting Information for further details of
the simulations). We employ the widely used adaptive
intermolecular reactive empirical bond order (AIREBO)
potential to describe the interatomic interactions.35 Consistent
with previous atomistic simulations on infiltrated MOFs, we
chose methane as our model gas adsorbate.18 The interactions
between themethane and the solid framework are also described
by the same potential. As we are interested in understanding the
influence of host−guest interactions on the thermal transport

characteristics of 2D COFs in general as opposed to their
material-specific properties, our choice of the interatomic
potential is sufficient to provide the necessary qualitative insight
into the differing thermal transport processes of 2D COFs with
and without gas adsorbates. All simulations were performed with
the LAMMPS package.36

Figure 1a shows our GK-predicted thermal conductivity of the
COF-5 structures as a function of gas density at room

temperature. For the pristine COF-5 structure, the thermal
conductivity in the cross-plane direction with weaker van der
Waals interactions is lower by a factor of 3 in comparison to the
thermal conductivity in the in-plane direction with the stronger
covalent bonds. However, as the gas density is increased inside
the pores, the cross-plane thermal conductivity increases,
whereas that in the in-plane direction decreases monotonically,
thus leading to an overall decrease in the anisotropy. The gas
adsorbates contribute negligibly to the heat conduction in the
in-plane direction, and all of the heat is carried by the covalently
bonded solid portion, as shown in Figure 1b. In contrast, the
contribution after the addition of the gas adsorbates to the total
thermal conductivity in the cross-plane direction is significantly
enhanced, as shown in Figure 1c. In fact, the total thermal
conductivity can be increased by as much as ∼80% with the
adsorption of gases at ∼4.7 molecules/nm3, as shown in Figure
1d. Calculations of the diffusivities of the gas molecules reveal
that the diffusivities in the in-plane directions are much lowered
in comparison to those in the cross-plane direction (see Figure
S8), where the gas molecules are not necessarily as constrained
and are free to diffuse along the pore channels. Moreover, we
find that there is negligible change in the contribution of the

Figure 1. (a) Thermal conductivity of our COF-5 structure in the in-
plane and cross-plane directions as a function of gas density at 300 K.
Thermal conductivity of COF-5 with gas adsorbates at a density of 3.7
molecules nm−3 in the (b) in-plane and (c) cross-plane directions
showing contributions from the solid framework to the total thermal
conductivity. (d) Percentage contribution to the total thermal
conductivity in the cross-plane direction from the infiltration of the
gas adsorbates with increasing gas density.
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solid framework to the total thermal conductivity in the cross-
plane direction, suggesting that phonon scattering due to gas
adsorbates does not limit the cross-plane heat conduction in the
solid framework.
We attribute the increase in gas molecule contributions to

increased collisions with the crystalline pores and not to gas−gas
collisions for two reasons. First, the convective contribution is
negligible and all the heat is conducted through the virial
contributions both in the solid and the gas (see the Supporting
Information for details). Additional simulations of computa-
tional domains containing only the gas molecules (at the same
concentration or at higher densities in comparison to that inside
the COF-5 pores) reveal that the thermal conductivity of the
bulk gas is drastically lower than the thermal conductivity of the
gas inside the COF-5 structure, as shown in Figure S7. Second,
we calculate the diffusivities of the gas molecules in our COF-5
pores to be on the order of 10−3 cm2 s−1 (see Figure S10), which
is 3 orders of magnitude lower than the typical diffusivities for
bulk gas. This implies that the diffusion of gas molecules inside
the COF-5 pores is unlike that of the bulk gas and is better
described with Knudsen flow or surface diffusion where the
diffusivity in comparison to the bulk is drastically lowered by
collisions with the crystalline pores.
As shown by the results in Figure 1, gas infiltration has a

significantly different effect on the vibrational heat transfer in the
in-plane and cross-plane directions. This is also evident from the
differences in the vibrational density of states (DOS) in the two
directions, as shown in Figure 2. For both directions, there are
negligible changes in the DOS with the addition of gas

molecules. Even though the DOS in the cross-plane direction
encompasses a broad spectral range (0.1−50 THz), our spectral
heat flux calculations of the solid framework as shown in Figure
2b suggest that the heat in the cross-plane direction is mainly
carried by vibrations lower than 10 THz; the cross-plane spectral
heat flux in the solid is not affected by the addition of gas
adsorbates. For comparison, the DOS of the gas, which is limited
to the low-frequency region (<1 THz) is also shown in Figure
2a. Similarly, the DOS in the in-plane direction as shown in
Figure 2c shows a negligible change with the addition of gas
molecules inside the COF-5 pores. However, the spectral heat
flux in the in-plane direction is lowered for the entire frequency
range due to the scattering of the gas molecules with the pore
walls (see Figure 2d). The decrease in thermal conductivity in
the in-plane direction as the gas density is increased can only be
due to increased phonon scattering (over a broad frequency
range, as suggested by the spectral heat flux calculations). We
note that although our DOS calculations for the solid framework
lack the resolution to identify the additional channels of heat
transfer through the solid−gas collisions, the DOS calculations
of the methane gas inside the pores in comparison to that in the
bulk phase shows a drastic increase in the 0−3 THz range (see
Figure S11).
We can gain further insights into the anisotropic heat transfer

mechanisms in 2D COFs (with and without gas adsorbates) by
considering the temperature-dependent thermal conductivities
for the pristine and filled COF-5 structures, as shown in Figure 3.

For defect-free crystalline materials in general, the temperature-
dependent thermal conductivities usually demonstrate a κ∝ T−1

temperature trend, which is mainly attributed to anharmonic
phonon−phonon scattering processes above the Debye temper-
ature of the solids (e.g., Umklapp scattering37,38). In comparison
to the in-plane direction, anharmonicity is shown to have a larger
contribution to the thermal conductivity in the cross-plane
direction, as suggested by their respective temperature trends
(see Figure 3). However, the addition of gas molecules
drastically changes the temperature trends in both the in-plane
and cross-plane directions, as shown in Figure 3a,b, respectively.
We note that the contribution from the electrons to the total

Figure 2. (a) Vibrational density of states in the cross-plane direction
for the COF-5 structure with and without gas adsorbates (at ∼4
molecules nm−3). (b) Complementary spectral heat flux calculations in
the cross-plane direction for the COF-5 structure with and without gas
adsorbates. (c) Vibrational density of states in the in-plane direction for
the COF-5 structure with and without gas adsorbates (at ∼4 molecules
nm−3) showing a broader spectral range (due to the stronger covalent
nature of bonding along the 2D sheets) in comparison to that in the
cross-plane direction. (d) Complementary spectral heat flux calcu-
lations in the in-plane direction for the COF-5 structure with and
without gas adsorbates, showing a reduction in the heat flux across the
entire spectral range with gas adsorbates.

Figure 3. Thermal conductivity in the (a) in-plane and (b) cross-plane
directions for the COF-5 structures with and without gas adsorbates (at
a gas density of 3.7 molecules nm−3).
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thermal conductivity in the 2D COF structures studied in this
work is negligible due to the relatively large band gaps. Through
first-principles calculations, Zhu et al.39 have shown that
(depending on the porosity) the band gap for these layered
materials can range from 2.65 to 7.9 eV for similar 2D COFs.
Furthermore, electrical conductivity measurements on similar
pristine 2D COFs have confirmed their semiconducting
nature.40 As such, for the temperature range considered in this
work, we can assume that the heat conduction in 2D COFs is
solely due to the lattice contributions.
For the in-plane direction, the reduction in thermal

conductivity is much more pronounced as the temperature is
lowered. Furthermore, the in-plane thermal conductivity for the
filled COF-5 structure does not change throughout the
temperature range (even for COFs with gas densities as low as
∼0.5 molecules/nm3; see Figure S5), which further solidifies our
claim that collisions due to gas and the crystalline pore walls lead
to drastic vibrational scattering and thus lowered thermal
conductivities in the in-plane direction. In contrast, the thermal
conductivity for the filled COF-5 in the cross-plane direction
increases with increasing temperature. We find that, as the
temperature is increased, the contribution to the total thermal
conductivity in the cross-plane direction due to infiltration of gas
molecules increases monotonically throughout the temperature
range (see Figure S6a). The similar trend in the increase in gas
diffusivities with temperature shown in Figure S6b suggests that
the linearly increasing cross-plane thermal conductivity is most
likely due to higher mobilities of the gas molecules at higher
temperatures. As the temperature increases, the diffusivity of the
gas increases, which leads to higher kinetic energies of the gas
molecules and a concomitant increase in the cross-plane thermal
conductivity. As discussed above, we attribute this to enhanced
guest−host interactions (leading to an increase in solid/gas
thermal boundary conductance) and not solely due to gas−gas
collisions.
To investigate how the diffusivities of the infiltrated gas inside

the laminar pores in 2D COFs affect the overall thermal
transport, we performed additional simulations on modified

COF-5 structures by adding phenyl rings on the pore walls, as
shown in the close-up views of the computational domains
comparing the internal pore geometries in Figure 4a−c for our
COF-5, COF-5-2R, and COF-5-4R structures, where “R” stands
for “rings”. As is clear, the phenyl rings modify the internal pore
geometry by reducing the empty pore volume that the gas
molecules can diffuse through. We note that similar incorpo-
rations of aromatic and functional groups into the pore walls of
2D COFs have been experimentally fabricated to mainly aid
catalytic processes and to reinforce interlayer interactions.7,41

The predicted thermal conductivities in the in-pane and cross-
plane directions for our COF-5, COF-5-2R, and COF-5-4R are
shown in Figure 4d. For computational domains without the gas
adsorbates, adding the phenyl rings on the pore walls leads to an
increase in the mass densities, which increases the cross-plane
thermal conductivities for the pristine COFs. However, the in-
plane thermal conductivities decrease with the addition of the
phenyl rings on the pore walls, which can be attributed to
additional vibrational scattering introduced by the attached
phenyl rings along the covalently bonded layers. This is also
evidenced by the negligible change in the in-plane thermal
conductivities with the addition of gas molecules (at a density of
∼4.5 molecules/nm3) in the pore channels for the structures
with the phenyl rings. The additional vibrational scattering due
to gas molecules does not significantly affect the in-plane
thermal conductivity in these structures, which is already
lowered due to the scattering introduced by the additional
phenyl rings.
The incorporation of the additional phenyl rings on the pore

walls lead to reduced space for the gas molecules to freely diffuse
through, thus decreasing their mobilities (Figure 4e). As such,
the relative increase in cross-plane thermal conductivity due to
gas adsorbates in the COF-5-2R and COF-5-4R structures in
comparison to that in the COF-5 structure is reduced, as shown
in Figure 4f. Therefore, adding the phenyl rings to the pore walls
and restricting the pore channel volume that the gas molecules
can occupy can drastically lower the diffusivities and
concomitantly lead to reductions in the overall heat transfer

Figure 4. Close-up views highlighting the internal pore geometries of (a) COF-5, (b) COF-5-2R, and (c) COF-5-4R structures. (d) Thermal
conductivity for the three different structures with varying densities. (e) Mean square displacements of the gas molecules inside the pore channels of
the three different COFs as a function of the simulation time. (f) Comparison of the decrease in cross-plane thermal conductivity with gas infiltration
(left axis) and the decrease in gas diffusivities (right axis) for the three different COFs.
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pathways in the cross-plane direction for 2D COFs. The
important role played by gas diffusivities is also highlighted by
our additional simulations on mass-perturbed methane/COF-5
systems, where varying the mass of the methane gas leads to
changes in the diffusivities of the gas adsorbates and ultimately
to the relative contributions from the guest and the host species
to the overall cross-plane thermal conductivity (see Figure S12).
In summary, our results show the inherent anisotropic nature

of thermal transport in 2D COFs. This anisotropy can be
manipulated with the addition of methane gas adsorbates at
different gas densities. More specifically, as the methane gas
density increases, the thermal conductivity along the direction of
the laminar pores increases due to additional heat transfer
pathways. The thermal conductivity along the 2D sheets,
however, decreases monotonically with increased gas density.
We show that collisions between the methane gas and the solid
framework give rise to additional channels of heat transfer along
the laminar pore channels. However, this additional “heat
pathway” does not enhance heat transfer in the in-plane
direction and rather leads to further scattering of vibrations
along the layers, thereby reducing the thermal conductivity in
the in-plane direction. Our atomistic simulations reveal that the
thermal conductivity along the direction of the pore channels for
methane-infiltrated COFs is directly related to the diffusivities of
the gas molecules.
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(1) Servalli, M.; Schlüter, A. D. Synthetic Two-Dimensional Polymers.
Annu. Rev. Mater. Res. 2017, 47, 361−389.

(2) Grill, L.; Dyer, M.; Lafferentz, L.; Persson, M.; Peters, M. V.;
Hecht, S. Nano-architectures by covalent assembly of molecular
building blocks. Nat. Nanotechnol. 2007, 2, 687.
(3) Bisbey, R. P.; Dichtel, W. R. Covalent Organic Frameworks as a
Platform for Multidimensional Polymerization. ACS Cent. Sci. 2017, 3,
533−543.
(4) Waller, P. J.; Lyle, S. J.; Osborn Popp, T. M.; Diercks, C. S.;
Reimer, J. A.; Yaghi, O. M. Chemical Conversion of Linkages in
Covalent Organic Frameworks. J. Am. Chem. Soc. 2016, 138, 15519−
15522.
(5) Lohse, M. S.; Stassin, T.; Naudin, G.; Wuttke, S.; Ameloot, R.; De
Vos, D.; Medina, D. D.; Bein, T. Sequential PoreWall Modification in a
Covalent Organic Framework for Application in Lactic Acid
Adsorption. Chem. Mater. 2016, 28, 626−631.
(6) Côté, A. P.; Benin, A. I.; Ockwig, N. W.; O’Keeffe, M.; Matzger, A.
J.; Yaghi, O. M. Porous, Crystalline, Covalent Organic Frameworks.
Science 2005, 310, 1166−1170.
(7) Xu, H.; Gao, J.; Jiang, D. Stable, crystalline, porous, covalent
organic frameworks as a platform for chiral organocatalysts.Nat. Chem.
2015, 7, 905.
(8) Han, S. S.; Furukawa, H.; Yaghi, O. M.; Goddard, W. A. Covalent
Organic Frameworks as Exceptional Hydrogen StorageMaterials. J. Am.
Chem. Soc. 2008, 130, 11580−11581.
(9) Lohse, M. S.; Bein, T. Covalent Organic Frameworks: Structures,
Synthesis, and Applications. Adv. Funct. Mater. 2018, 28, 1705553.
(10) Furukawa, H.; Yaghi, O. M. Storage of Hydrogen, Methane, and
Carbon Dioxide in Highly Porous Covalent Organic Frameworks for
Clean Energy Applications. J. Am. Chem. Soc. 2009, 131, 8875−8883.
(11) Amirjalayer, S.; Snurr, R. Q.; Schmid, R. Prediction of Structure
and Properties of Boron-Based Covalent Organic Frameworks by a
First-Principles Derived Force Field. J. Phys. Chem. C 2012, 116, 4921−
4929.
(12) Romero, J.; Rodriguez-San-Miguel, D.; Ribera, A.; Mas-Ballesté,
R.; Otero, T. F.; Manet, I.; Licio, F.; Abellán, G.; Zamora, F.; Coronado,
E. Metal-functionalized covalent organic frameworks as precursors of
supercapacitive porous N-doped graphene. J. Mater. Chem. A 2017, 5,
4343−4351.
(13) DeBlase, C. R.; Hernández-Burgos, K.; Silberstein, K. E.;
Rodríguez-Calero, G. G.; Bisbey, R. P.; Abruña, H. D.; Dichtel, W. R.
Rapid and Efficient Redox Processes within 2D Covalent Organic
Framework Thin Films. ACS Nano 2015, 9, 3178−3183.
(14) DeBlase, C. R.; Silberstein, K. E.; Truong, T.-T.; Abruña, H. D.;
Dichtel, W. R. Beta-Ketoenamine-Linked Covalent Organic Frame-
works Capable of Pseudocapacitive Energy Storage. J. Am. Chem. Soc.
2013, 135, 16821−16824.
(15)Huang, B. L.; Ni, Z.;Millward, A.;McGaughey, A. J. H.; Uher, C.;
Kaviany, M.; Yaghi, O. Thermal conductivity of a metal-organic
framework (MOF-5): Part II. Measurement. Int. J. Heat Mass Transfer
2007, 50, 405−411.
(16) Talin, A. A.; Jones, R. E.; Hopkins, P. E. Metal−organic
frameworks for thermoelectric energy-conversion applications. MRS
Bull. 2016, 41, 877−882.
(17) Erickson, K. J.; Leonard, F.; Stavila, V.; Foster, M. E.; Spataru, C.
D.; Jones, R. E.; Foley, B. M.; Hopkins, P. E.; Allendorf, M. D.; Talin, A.
A. Thin Film Thermoelectric Metal-Organic Framework with High
Seebeck Coefficient and Low Thermal Conductivity. Adv. Mater. 2015,
27, 3453−3459.
(18) Babaei, H.; McGaughey, A. J. H.; Wilmer, C. E. Effect of pore size
and shape on the thermal conductivity of metal-organic frameworks.
Chem. Sci. 2017, 8, 583−589.
(19) Koza, M.M.; Johnson, M. R.; Viennois, R.; Mutka, H.; Girard, L.;
Ravot, D. Breakdown of phonon glass paradigm in La- and Ce-filled
Fe4Sb12 skutterudites. Nat. Mater. 2008, 7, 805−810.
(20) Ren, W.; Geng, H.; Zhang, Z.; Zhang, L. Filling-Fraction
Fluctuation Leading to Glasslike Ultralow Thermal Conductivity in
Caged Skutterudites. Phys. Rev. Lett. 2017, 118, 245901.
(21) Slack, G. A.; Tsoukala, V. G. Some properties of semiconducting
IrSb3. J. Appl. Phys. 1994, 76, 1665−1671.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c01863
Nano Lett. 2021, 21, 6188−6193

6192

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c01863/suppl_file/nl1c01863_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01863?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c01863/suppl_file/nl1c01863_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ashutosh+Giri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8899-4964
https://orcid.org/0000-0002-8899-4964
mailto:ashgiri@uri.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patrick+E.+Hopkins"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3403-743X
https://orcid.org/0000-0002-3403-743X
mailto:phopkins@virginia.edu
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01863?ref=pdf
https://doi.org/10.1146/annurev-matsci-070616-124040
https://doi.org/10.1038/nnano.2007.346
https://doi.org/10.1038/nnano.2007.346
https://doi.org/10.1021/acscentsci.7b00127?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.7b00127?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b08377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b08377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.5b04388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.5b04388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.5b04388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1120411
https://doi.org/10.1038/nchem.2352
https://doi.org/10.1038/nchem.2352
https://doi.org/10.1021/ja803247y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja803247y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201705553
https://doi.org/10.1002/adfm.201705553
https://doi.org/10.1021/ja9015765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9015765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9015765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp211280m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp211280m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp211280m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6TA09296A
https://doi.org/10.1039/C6TA09296A
https://doi.org/10.1021/acsnano.5b00184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b00184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja409421d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja409421d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijheatmasstransfer.2006.10.001
https://doi.org/10.1016/j.ijheatmasstransfer.2006.10.001
https://doi.org/10.1557/mrs.2016.242
https://doi.org/10.1557/mrs.2016.242
https://doi.org/10.1002/adma.201501078
https://doi.org/10.1002/adma.201501078
https://doi.org/10.1039/C6SC03704F
https://doi.org/10.1039/C6SC03704F
https://doi.org/10.1038/nmat2260
https://doi.org/10.1038/nmat2260
https://doi.org/10.1103/PhysRevLett.118.245901
https://doi.org/10.1103/PhysRevLett.118.245901
https://doi.org/10.1103/PhysRevLett.118.245901
https://doi.org/10.1063/1.357750
https://doi.org/10.1063/1.357750
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c01863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(22) Cohn, J. L.; Nolas, G. S.; Fessatidis, V.; Metcalf, T. H.; Slack, G.
A. Glasslike Heat Conduction in High-Mobility Crystalline Semi-
conductors. Phys. Rev. Lett. 1999, 82, 779−782.
(23)Meisner, G. P.; Morelli, D. T.; Hu, S.; Yang, J.; Uher, C. Structure
and Lattice Thermal Conductivity of Fractionally Filled Skutterudites:
Solid Solutions of Fully Filled and Unfilled End Members. Phys. Rev.
Lett. 1998, 80, 3551−3554.
(24) Dimitrov, I. K.; Manley, M. E.; Shapiro, S. M.; Yang, J.; Zhang,
W.; Chen, L. D.; Jie, Q.; Ehlers, G.; Podlesnyak, A.; Camacho, J.; Li, Q.
Einstein modes in the phonon density of states of the single-filled
skutterudite Yb0.2Co4Sb12. Phys. Rev. B: Condens. Matter Mater. Phys.
2010, 82, 174301.
(25) Nolas, G. S.; Cohn, J. L.; Slack, G. A. Effect of partial void filling
on the lattice thermal conductivity of skutterudites. Phys. Rev. B:
Condens. Matter Mater. Phys. 1998, 58, 164−170.
(26) Bernstein, N.; Feldman, J. L.; Singh, D. J. Calculations of
dynamical properties of skutterudites: Thermal conductivity, thermal
expansivity, and atomic mean-square displacement. Phys. Rev. B:
Condens. Matter Mater. Phys. 2010, 81, 134301.
(27) Yang, J.; Morelli, D. T.; Meisner, G. P.; Chen, W.; Dyck, J. S.;
Uher, C. Effect of Sn substituting for Sb on the low-temperature
transport properties of ytterbium-filled skutterudites. Phys. Rev. B:
Condens. Matter Mater. Phys. 2003, 67, 165207.
(28) Han, L.; Budge, M.; Alex Greaney, P. Relationship between
thermal conductivity and framework architecture in MOF-5. Comput.
Mater. Sci. 2014, 94, 292−297. IWCMM23 Special Issue
(29) Han, L. Engineering Smart Thermal Properties in Metal-Organic-
Frameworks. Ph.D. thesis, UC Riverside, 2018.
(30) Babaei, H.; DeCoster,M. E.; Jeong,M.; Hassan, Z.M.; Islamoglu,
T.; Baumgart, H.; McGaughey, A. J. H.; Redel, E.; Farha, O. K.;
Hopkins, P. E.; Malen, J. A.; Wilmer, C. E. Observation of reduced
thermal conductivity in a metal-organic framework due to the presence
of adsorbates. Nat. Commun. 2020, 11, 4010.
(31) Babaei, H.; Wilmer, C. E. Mechanisms of Heat Transfer in
Porous Crystals Containing Adsorbed Gases: Applications to Metal-
Organic Frameworks. Phys. Rev. Lett. 2016, 116, 025902.
(32) Li, H.; Chavez, A. D.; Li, H.; Li, H.; Dichtel, W. R.; Bredas, J.-L.
Nucleation and Growth of Covalent Organic Frameworks from
Solution: The Example of COF-5. J. Am. Chem. Soc. 2017, 139,
16310−16318.
(33) Evans, A. M.; Parent, L. R.; Flanders, N. C.; Bisbey, R. P.; Vitaku,
E.; Kirschner, M. S.; Schaller, R. D.; Chen, L. X.; Gianneschi, N. C.;
Dichtel, W. R. Seeded growth of single-crystal two-dimensional
covalent organic frameworks. Science 2018, 361, 52−57.
(34) Song, Y.; Sun, Q.; Aguila, B.; Ma, S. Opportunities of Covalent
Organic Frameworks for Advanced Applications. Advanced Science
2019, 6, 1801410.
(35) Stuart, S. J.; Tutein, A. B.; Harrison, J. A. A reactive potential for
hydrocarbons with intermolecular interactions. J. Chem. Phys. 2000,
112, 6472−6486.
(36) Plimpton, S. Fast parallel algorithms for short-range molecular
dynamics. J. Comput. Phys. 1995, 117, 1−19.
(37) Kittel, C. Introduction to Solid State Physics, 6th ed.; Wiley: 1986;
p 135.
(38) Klemens, P. G. The scattering of low-frequency lattice waves by
static imperfections. Proc. Phys. Soc., London, Sect. A 1955, 68, 1113−
1128.
(39) Zhu, P.; Meunier, V. Electronic properties of two-dimensional
covalent organic frameworks. J. Chem. Phys. 2012, 137, 244703.
(40) Cai, Y.; Lan, J.; Zhang, G.; Zhang, Y.-W. Lattice vibrational
modes and phonon thermal conductivity of monolayerMoS2. Phys. Rev.
B: Condens. Matter Mater. Phys. 2014, 89, 035438.
(41) Liang, R.-R.; Jiang, S.-Y.; A, R.-H.; Zhao, X. Two-dimensional
covalent organic frameworks with hierarchical porosity. Chem. Soc. Rev.
2020, 49, 3920−3951.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c01863
Nano Lett. 2021, 21, 6188−6193

6193

https://doi.org/10.1103/PhysRevLett.82.779
https://doi.org/10.1103/PhysRevLett.82.779
https://doi.org/10.1103/PhysRevLett.80.3551
https://doi.org/10.1103/PhysRevLett.80.3551
https://doi.org/10.1103/PhysRevLett.80.3551
https://doi.org/10.1103/PhysRevB.82.174301
https://doi.org/10.1103/PhysRevB.82.174301
https://doi.org/10.1103/PhysRevB.58.164
https://doi.org/10.1103/PhysRevB.58.164
https://doi.org/10.1103/PhysRevB.81.134301
https://doi.org/10.1103/PhysRevB.81.134301
https://doi.org/10.1103/PhysRevB.81.134301
https://doi.org/10.1103/PhysRevB.67.165207
https://doi.org/10.1103/PhysRevB.67.165207
https://doi.org/10.1016/j.commatsci.2014.06.008
https://doi.org/10.1016/j.commatsci.2014.06.008
https://doi.org/10.1038/s41467-020-17822-0
https://doi.org/10.1038/s41467-020-17822-0
https://doi.org/10.1038/s41467-020-17822-0
https://doi.org/10.1103/PhysRevLett.116.025902
https://doi.org/10.1103/PhysRevLett.116.025902
https://doi.org/10.1103/PhysRevLett.116.025902
https://doi.org/10.1021/jacs.7b09169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b09169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aar7883
https://doi.org/10.1126/science.aar7883
https://doi.org/10.1002/advs.201801410
https://doi.org/10.1002/advs.201801410
https://doi.org/10.1063/1.481208
https://doi.org/10.1063/1.481208
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1088/0370-1298/68/12/303
https://doi.org/10.1088/0370-1298/68/12/303
https://doi.org/10.1063/1.4772535
https://doi.org/10.1063/1.4772535
https://doi.org/10.1103/PhysRevB.89.035438
https://doi.org/10.1103/PhysRevB.89.035438
https://doi.org/10.1039/D0CS00049C
https://doi.org/10.1039/D0CS00049C
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c01863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

