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Pushing the Limits of Heat Conduction in Covalent Organic
Frameworks Through High-Throughput Screening of Their
Thermal Conductivity

Sandip Thakur and Ashutosh Giri*

Tailor-made materials featuring large tunability in their thermal transport
properties are highly sought-after for diverse applications. However, achieving
‘user-defined’ thermal transport in a single class of material system with
tunability across a wide range of thermal conductivity values requires a
thorough understanding of the structure-property relationships, which has
proven to be challenging. Herein, large-scale computational screening of
covalent organic frameworks (COFs) for thermal conductivity is performed,
providing a comprehensive understanding of their structure-property
relationships by leveraging systematic atomistic simulations of 10,750 COFs
with 651 distinct organic linkers. Through the data-driven approach, it is
shown that by strategic modulation of their chemical and structural features,
the thermal conductivity can be tuned from ultralow (≈0.02 W m−1 K−1) to
exceptionally high (≈50 W m−1 K−1) values. It is revealed that achieving high
thermal conductivity in COFs requires their assembly through carbon–carbon
linkages with densities greater than 500 kg m−3, nominal void fractions (in the
range of ≈0.6–0.9) and highly aligned polymeric chains along the heat flow
direction. Following these criteria, it is shown that these flexible polymeric
materials can possess exceptionally high thermal conductivities, on par with
several fully dense inorganic materials. As such, the work reveals that COFs
mark a new regime of materials design that combines high thermal
conductivities with low densities.

1. Introduction

With a diverse choice of molecular building blocks and link-
age chemistries, covalent organic frameworks (COFs) represent
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an emerging class of porous crystalline ma-
terials with highly modular architectures
and an unbounded potential for tailor-
made design in various applications.[1–7 ]

For instance, their high internal surface
areas and large void fractions combined
with their enhanced thermal stabili-
ties, as compared to their metal organic
framework (MOF)-cousins,[8 ] make them
ideal candidates for gas storage and
separation,[4,5,9–13 ] catalysis,[14–17 ] chemical
sensing,[18,19 ] biomedical applications,[20 ]

drug delivery,[20,21 ] thermoelectrics, thermal
barrier coatings,[22–27 ] and the next gener-
ation of energy storage materials.[12,28–31 ]

Central to these applications, is their ability
to dissipate heat (as quantified by their
thermal conductivity, !). This is most
notably exemplified in gas storage applica-
tions, where the exothermic processes of
adsorption of guest species can raise the
internal temperatures of the nanoporous
open frameworks up to several hundereds
of Kelvin (especially during high loading
rates of adsorbed gases).[32,33 ] For such
applications, it is highly desirable for COFs
to possess high thermal conductivities for
efficient heat dissipation. On the other

hand, for applications in thermal barrier coatings and thermo-
electrics, it is required that the materials demonstrate low lattice
thermal conductivities,[34–37 ] which is ideally suited for frame-
work materials with high porosities.[26,38,39 ]

The immense design space for the internal architecture of
COFs (based on various chemical linkages and morphologies)
presents a unique platform to not only engineer ultralow ther-
mal conductivities in these porous materials, but also attain high
thermal conductivities. This is typically not achievable in other
porous crystals such as MOFs and zeolites, which have been
mostly associated with glass-like thermal conductivities in the
range of ≈0.3 to 1 W m−1 K−1.[23,24,32,33,38,40–57 ] In this regard, the
better heat conduction in COFs was first shown in the recent
work by Evans et al.,[58 ] where they measured relatively high ther-
mal conductivities of ≈1 W m−1 K−1 across the non-bonded direc-
tion of boronate ester-linked 2D COFs. Furthermore, they also
demonstrated that the thermal conductivities along the bonded
(in-plane) directions are about four times higher in comparison
to the (cross-plane) direction with the van der Waals interactions,
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thus paving the way for engineering high thermal conductivities
along the strongly bonded and highly modular polymeric chains.
Following Evans et al.’s work, several studies have also unveiled
that COFs can exhibit higher thermal conductivities compared to
MOFs and zeolites.[25–27,58–65 ] This has mainly been attributed to
the extended crystalline frameworks in COFs that are composed
of strongly bonded light atoms (e.g., C, N, O, and B). In contrast,
the large atomic mass mismatches associated with the nodes con-
taining the heavy metal atoms and the linkers composed of light-
mass organic molecules in MOFs can significantly impede heat
conduction through additional vibrational scattering.[38,66 ]

With the exception of the experimental results from Evans
et al.,[58 ] insights into the thermal transport processes in
COFs have mostly relied on molecular dynamics (MD)
simulations.[25,26,59–62,64,65,67–70 ] Although these simulations
are inherently limited by the accuracy of the force fields utilized,
they nonetheless provide critical insights into qualitative trends
and intrinsic vibrational scattering mechanisms dictating heat
conduction in porous crystals. For instance, Giri and Hopkins
have shown that gas infiltration can be used as an efficient
‘knob’ to tune the thermal conductivity of 2D COFs with laminar
pore channels.[61 ] Moreover, Rahman et al. have elucidated that
filling the pores of 2D COFs with methane can either increase
or decrease the overall thermal conductivity, depending on the
characteristic sizes of the laminar pore channels.[25 ] Similarly,
the pore geometry and overall density have been shown to drive
thermal transport for both 2D and 3D COFs, where higher den-
sities are generally associated with COFs possessing relatively
higher thermal conductivities.[26,64,65 ] In fact, interpenetration
of COF-300, which results in an increase in the density of the
structure, has also been shown to drastically increase their
thermal conductivites (by as much as sixfold for a threefold
interpenetration of the COF-300 open framework) through
supramolecular interactions,[59 ] thus providing another useful
strategy with which to control the intrinsic vibrational scattering
mechanisms in COFs.

Although the above mentioned studies have laid the ground-
work toward a more comprehensive understanding of the intrin-
sic mechanisms dictating thermal transport in COFs, these stud-
ies have only focused on a very small subset of COFs, making it
difficult to extend the conclusions for wider ranges of COFs. For
example, COFs (and porous crystals in general), are known for
their large chemical and structural tunabilities, giving rise to an
overwhelmingly large “COF-space” that cannot be comprehen-
sively explored without a systematic data-driven approach. Such
an approach that explores large numbers of linker chemistries
and diverse topologies of COFs is needed to provide conclu-
sive structure-property relationships, which is the central goal of
this work.

To this end, we employ high-throughput MD simulations to
calculate thermal conductivities of 10,750 diverse 3D COFs with
651 distinct organic linkers and four types of covalent linkages.[71 ]

This data-driven approach allows us to not only unveil critical in-
sights into their structure-property relationships, but also iden-
tify several COFs with ultralow and exceptionally high thermal
conductivities. Specifically, to achieve high thermal conductivity
in these porous crystals, we show that their structure should be
made up of carbon–carbon linkages with polymeric chains that
are well-aligned to the direction of heat flow, possess densities in

the range of 500 to 900 kg m−3 with pore sizes <15 Å, void frac-
tions between 0.6 to 0.9 and geometric surface areas (GSA) in the
range of 2,000 to 4,000 m2 g−1. Through this intricate balance of
structural and chemical parameters, we identify 14 COFs with
thermal conductivities >10 W m−1 K−1 that includes COFs with
thermal conductivities that can reach as high as 47 W m−1 K−1,
on par with several fully dense semiconductors such as GaAs.[72 ]

Likewise, we identify 94 COFs with ultralow thermal conductiv-
ities (⩽0.05 W m−1 K−1), low densities (⩽150 kg m−3), and large
pore sizes (>45 Å). To achieve low thermal conductivities (<0.2 W
m−1 K−1) at relatively higher densities, we show that the linkers
should contain heavier atoms such as silicon and sulfur that can
present additional scattering channels through mass and bond
disorders. Finally, we also show that COFs with thermal conduc-
tivities in the range of 0.2 to 1 W m−1 K−1 are associated with high
methane uptakes (>180 vSTP/v). We also reveal the combination
of optimized structural parameters that leads to high deliverable
capacities and high thermal conductivities, thus providing critical
insights into the design of COFs with high gas storage capacities
along with efficient heat dissipation capabilities.

2. Results and Discussion

The 10,750 3D COFs are taken from the database as reported
by Mercado et al.[71 ] We choose COFs that span 234 unique
topologies with 651 distinct linkers for our high-throughput cal-
culations of thermal conductivity. Representative linker build-
ing blocks for several COFs that demonstrate exceptionally low
and high thermal conductivities (as discussed in more detail be-
low) are shown in Figure 1. It is important to note that the four
types of covalent linkages (namely, carbon-carbon, imine, amine,
and amide bonds) were chosen to ensure reversible bond for-
mation on a time scale allowing for corrections to defect forma-
tions during the self-assembly process and thus facilitating the
formation of extended crystalline structures with strong covalent
bonds.[5,71,73 ]

Figure 2a summarizes our calculations of the average thermal
conductivity, !avg, (which is the average of values along x-, y-, and
z-directions) for all of the 10,750 COFs studied. Not surprisingly,
and in agreement with previous studies that have shown a linear
relationship between ! and COF density,[26,39 ] the thermal con-
ductivity, in general, increases with density of the COFs. How-
ever, for one particular density, the thermal conductivities can
have a broad range of values. For instance, at 700 kg m−3, ther-
mal conductivities span from 0.3 W m−1 K−1 to approximately
10 W m−1 K−1. Therefore, while density correlates with thermal
conductivity, density alone is insufficient to account for the ob-
served variations in thermal conductivity. We note that as den-
sity (or the structure porosity) is an important metric for the de-
sign of COFs for several targeted applications such as gas stor-
age, in what follows, we will discuss how this property correlates
with other geometrical factors such as GSA, largest pore diameter
(LPD) and void fractions to determine the thermal conductivity of
COFs. From our analysis below, we will be able to identify unique
structure-property relationships such as the combinations of rel-
atively low density and high thermal conductivity or low thermal
conductivity with relatively high density in COFs, which is diffi-
cult to realize without high-throughput screening of a large and
diverse COF dataset as carried out here.
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a Linkers frequently associated with high thermal conductivity structures

b Linkers frequently associated with low thermal conductivity structures
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Figure 1. Schematic illustration of several characteristic linkers that are most frequently associated with (a) high and (b) low thermal conductivities in
3D COFs.

Considering the various linker chemistry selections, it is evi-
dent from Figure 2a that COFs with carbon–carbon linkages not
only possess relatively higher densities, but also exhibit higher
thermal conductivities. In fact, almost all COFs that have ! >1
W m−1 K−1 are made up of carbon–carbon linkages. This is likely
due to the fact that the COFs formed with the shorter carbon–
carbon bonds result in frameworks with relatively higher densi-
ties and ones with stronger covalent bonds that better facilitate
heat conduction as compared to their amide, amine, and imine
bonded counterparts. As such, a key consideration for design-
ing COFs with high thermal conductivities is the selection of
carbon–carbon linkages for the bond-formation chemistry. While
our study primarily focuses on the influence of bond linkages,
it is worth noting that functional groups could also significantly
influence the vibrational properties of COFs. However, quantita-
tively determining the contributions of various functional groups
to thermal transport would require a detailed analysis and a sep-
arate effort, which is beyond the scope of the current work.

Overall, from the 10,750 3D COFs, about 97% possess !avg
⩽1 W m−1 K−1 as shown in Figure 2b. We only find 15 COFs
with !avg ⩾5 W m−1 K−1 and among these COFs, three possess
!avg >10 W m−1 K−1. In this regard, the highest predicted !avg
is approximately 20 W m−1 K−1 for a carbon–carbon linked COF
with a density of 980 kg m−3 (the schematic of which is shown
in Figure 2c). However, this particular COF structure is highly
anisotropic with a thermal conductivity anisotropy ratio of ≈9
demonstrating ultra-high thermal conductivity in one direction
and relatively lower thermal conductivities in the other two direc-
tions (9.8, 5.5, and 47 W m−1 K−1 in x-, y-, and z-directions, respec-
tively). In fact, about 35% of the COFs studied exhibit anisotropic
thermal conductivities, with anisotropy ratios exceeding 1.5 (that
is higher than 50% thermal conductivity in one principal direc-
tion as compared to the minimum thermal conductivity of the

other two principal directions). It is also noteworthy that the max-
imum anisotropy ratio of 23 is predicted for a COF formed from
linker91 as the molecular building block (see Figure 1) with the
hof topology (the schematic of which is shown in Figure S29, Sup-
porting Information).

The minimum and maximum thermal conductivities along
the different directions for the anisotropic COFs are shown in
Figure 2d. Most notably, the highest thermal conductivity pre-
dicted in a particular direction reaches as high as 47 W m−1 K−1.
This is comparable to the thermal conductivity of several fully
dense inorganic solids such as GaAs.[74 ] As such, these COFs
mark a new regime of materials design that combines low den-
sities with high thermal conductivities (see Figure S3, Support-
ing Information). Moreover, 38 COFs possess maximum ther-
mal conductivity (!max) greater than 5 W m−1 K−1 along one di-
rection (see Table S3, Supporting Information for the details of
their physical attributes) and among these COFs, 14 COFs (whose
schematics are shown in Figures S16–S28, Supporting Informa-
tion) possess !max >10 W m−1 K−1 (Figure 2e). Most notably, all
14 COFs have linker91 as the organic building block (Figure 1a),
thus forming another criterion (along with the necessity of the
carbon–carbon linkage) for achieving high thermal conductivi-
ties in COFs.

Another aspect worth noting is that the anisotropy ratios of
these COFs increase with increasing thermal conductivity and
are considerably higher for structures with intermediate (that is
in the range of 0.2–1 W m−1 K−1) and high (>1 W m−1 K−1) ther-
mal conductivity (as shown in the inset of Figure 2e). This can
be mainly attributed to the differences in the alignment of the
polymeric chains along the three principal directions, where heat
flow is better facilitated if the polymeric chains are better aligned
along that direction (see Figure 2c). Similar conclusion was also
made for MOFs[38,52 ] and for interpenetrated COF-300.[59 ] In fact,
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Figure 2. a) Average thermal conductivity values of 10,750 COFs categorized based on their bond types. Overall, structures with carbon–carbon bonds
as their linkage chemistries exhibit both high densities and higher thermal conductivity values compared to COFs with other bonding linkages. b) The
distribution of average thermal conductivity values for the 10,750 COFs, with a bin size of 0.25 W m−1 K−1. Notably, we observe that 97% of the structures
have average thermal conductivity values below 1 W m−1 K−1, while 15 structures exhibit !avg greater than 5 W m−1 K−1. c) Schematic illustration of the
highest thermal conductivity COF, highlighting its anisotropic structure and better alignment of the polymeric chains along the z-direction with !=47 W
m−1 K−1. d) Maximum and minimum thermal conductivities as a function of density for 3,748 anisotropic COFs with thermal conductivity anisotropy
ratio of ⩾1.5. e) The distribution of maximum thermal conductivity values for the 10,750 COFs. Note, the bin size after 4 W m−1 K−1 is 2 W m−1 K−1. We
found 14 structures that have !max greater than 10 W m−1 K−1. (inset) Average thermal conductivity of anisotropic COFs as a function of their anisotropy
ratio, which range from a minimum of 1.5 to a maximum of 23 and is generally higher for higher thermal conductivity COFs.

in a recent work by Islamov et al.,[38 ] where they performed sim-
ilar high-throughput calculations of ! on a hypothetical dataset
of 10,194 MOFs, chain alignment of the organic linkers along
the heat flow direction was also found to lead to six MOFs with
!avg >10 W m−1 K−1. We note that while the number of paral-
lel and perpendicular bonded interactions along each direction
might also influence the phonon dynamics, leading to variations
in thermal conductivity along that direction, the complex struc-
tural topologies and node configurations of COFs requires a de-

tailed investigation to segregate the influence of bonded interac-
tions on the heat conduction along each principal direction and
therefore deserves further investigation.

As mentioned above, density alone cannot account for the wide
range of thermal conductivities spanning 0.02 to 50 W m−1 K−1

that we predict for the 10,750 3D COF structures. Therefore, we
investigate the impact of various internal structural parameters
and their optimized combinations on the thermal conductivity of
COFs. To this end, we plot !max against LPD, void fraction, and
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a b c

Figure 3. Thermal conductivity as a function of (a) void fraction, (b) largest pore diameter, and (c) geometric surface area, color-mapped according
to their density. Most of the COFs with thermal conductivity > 1 W m−1 K−1 possess void fractions in the range of 0.6–0.9 and GSA values of 2,000–
4,000 m2 g−1.

GSA, as shown in Figure 3a–c. Not surprisingly, we observe a de-
crease in thermal conductivity with an increase in pore diameter
(Figure 3a), aligning well with prior studies on COFs that have
demonstrated higher thermal conductivities by reducing pore
size and limiting vibrational scattering at the pore walls.[25,39,58 ]

More specifically, we find that COFs with relatively high thermal
conductivity (! >1 W m−1 K−1) tend to have LPD values smaller
than 15 Å (Figure 3a). The more interesting (and surprising) ob-
servations are formulated when we consider the impact of void
fraction and available GSA on !. As shown in Figure 3b, all COFs
with void fractions greater than 0.9 exhibit ! <0.25 W m−1 K−1,
which is expected since large void fractions correspond to low
densities and high porosities. Thus, given the fact that high den-
sities are directly related to lower void fractions, it can be expected
that lower void fractions result in higher thermal conductivity val-
ues. We find, however, that the majority of COFs with ! >1 W m−1

K−1 (as highlighted in Figure 3b) possess void fractions in the
range of 0.6 to 0.9, corresponding to COF densities in the range
of approximately 500 to 900 kg m−3. Similarly, COFs with GSA in
the range of approximately 2,000 to 4,000 m2 g−1 (Figure 3c) con-
tain the largest number of COFs that have high ! values. There-
fore, the design of 3D COFs with exceptionally high thermal con-
ductivity requires an intricate balance between the choices for the
values of their density, void fraction, and GSA that need to be
within the specified ranges, which we explore in more detail in
the following discussions.

In general, COFs with larger pores are associated with lower
densities. As such, the combination of high densities with large
pore sizes is not typical for porous materials. Therefore, to op-
timize these parameters for achieving the desired thermal con-
ductivity in COFs, we plot the thermal conductivity as a function
of the product of LPD and density, as shown in Figure 4a–d. We
find that thermal conductivity is at the lower end for high and

low values of LPD×density. An optimum range of 4 to 8 Å g cm−3

is associated with the most number of COFs with ! >1 W m−1

K−1. This optimal range, however, is not sufficient to ensure
high ! values since many COFs with ultralow ! also possess
LPD×density in the range of 4 to 8 Å g cm−3 (specifically, those
with LPD>40 Å, density<300 kg m−3, void fraction>0.9, and
GSA>6,000 m2 g−1, as shown in Figure 4a–d). Thus, for 3D COFs
to achieve high !, several structural properties must align, in-
cluding LPD<15 Å (Figure 4a), void fractions in the range of 0.6
to 0.9 (Figure 4b), GSA<4,000 m2 g−1 (Figure 4c), and density in
the range of ≈500 to 900 kg m−3 (Figure 4d).

Figure 4d highlights different regions of the COF structure-
property space that are worth describing in more detail. In region
1, COFs have low densities (<50 kg m−3) and large pores (>50 Å),
which ensures that ! is very low (<0.05 W m−1 K−1). These ul-
tralow values of ! can be ascribed to considerable vibrational
scattering at the huge pores and low areal densities of covalent
bonds which are crucial in dictating the heat conduction in these
porous polymeric frameworks (see Figure 4e for representative
schematic of a COF from this region). In region 2, the reduction
in the LPD, void fraction, and GSA, along with the densification
of the COF framework (with higher areal densities of bonded in-
teractions as schematically shown in Figure 4f) lead to an order
of magnitude increase in ! (≈0.75 W m−1 K−1). Region 3 corre-
sponds to COFs with the highest ! (>10 W m−1 K−1), which can
mainly be ascribed to highly aligned polymer chains along the
heat flow direction, yet the areal densities of covalent bonds are
not as high as that of Region 4 with relatively lower ! values (see
Figure 4g,h for representative schematics of COFs from regions
3 and 4, respectively). Note, region 4 has lower void fractions and
higher densities as compared to region 3. This is an important
conclusion in terms of the design of COFs with high thermal
conductivities, since higher areal densities of bonded interactions
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Figure 4. Thermal conductivity as a function of the product of the largest pore diameter (LPD) and density, color-mapped by a) LPD, b) void fraction,
c) geometric surface area, and d) density. Schematic illustrations of COF structures from different regions shown in Figure 4d. e) Region 1: very low
density and very high LPD. f) Region 2: average density and low LPD. g) Region 3: high density and low LPD with well-aligned polymer chains along the
heat flow direction. h) Region 4: high density and low LPD. The polymer chains are not as well-aligned as region 3. i) Region 5: average density and high
LPD.

does not always lead to high !, as would be expected if density was
the sole structural parameter determining !. Finally, in region 5,
as LPD is relatively higher (≈25 Å) compared to the other three
regions (2, 3, and 4), which have LPD values <15 Å, and while
the densities and void fractions stay comparable to that in region
2, we observe a substantial drop in !. Again, even though the
areal density of bonded interactions are similar to region 4 (see
Figure 4i), the large pores (that are ≈3 times bigger) result in con-
siderable vibrational scattering, thus lowering ! by ≈4 times in
comparison to region 4. Taken together, our assertion that density
alone does not satisfy the criteria for dictating ! is reemphasized,
since these discussions highlight the importance of pore size and
chain alignment in driving high ! for these 3D COFs.

So far, we have mainly focused on achieving high thermal
conductivities in COFs. In what follows, we will attempt to
explain how ultralow thermal conductivities can be attained
for COFs. In this regard, we note here that the lowest reported
thermal conductivity for any fully dense solid was measured
for the fullerene derivative PCBM with a value of approximately

0.05 W m−1 K−1.[75,76 ] We find 94 COFs with comparable to or
lower thermal conductivities than that of PCBM, albeit with very
low densities (that are ⩽150 kg m−3). While our results suggest
that achieving thermal conductivities on par with PCBM for
COFs with densities greater than 200 kg m−3 is challenging, our
high-throughput screening has unveiled a distinctive descriptor
for COFs, leading to comparatively low thermal conductivity
even when the COF density exceeds 200 kg m−3 (see Figure 5).
Specifically, COFs containing either silicon or sulfur atoms
in their extended periodic structure exhibit relatively lower
thermal conductivities. We can attribute this to the mass and
bond disorders and more importantly to the mismatch in the
vibrational frequency spectrum due to the introduction of the
heavier atoms in the extended COF frameworks. Typically, COFs
are formed by lighter atoms, namely carbon, nitrogen, and
boron, and so the heavier silicon and sulfur atoms can introduce
significant mass and bond disorders resulting in additional
vibrational scattering. Similar observations have also been made
for MOFs, where large mass mismatches resulting from the
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Figure 5. Comparison of average thermal conductivity values for structures with and without silicon or sulfur atoms as a function of (a) void fraction
and (b) density. c) Schematic illustration of a representative COF structure with silicon atoms in the linkers. The silicon or sulfur atoms, which are
heavier than carbon, nitrogen or boron, add additional vibrational scattering through mass and bond disorders. d) Vibrational density of states for the
representative COF structure with silicon atoms, highlighting the mismatch in the phonon spectrum of the heavier atom with respect to the lighter
carbon and nitrogen atoms.

heavier metallic nodes have shown to substantially reduce their
thermal conductivity.[38,46,66 ] The vibrational mismatch for a
representative COF with silicon incorporated in the linker (as
shown in the schematic in Figure 5c) is quantified by comparing
the vibrational density of states associated with silicon atoms
as compared to that of the lighter carbon and nitrogen atoms
(Figure 5d). Our calculations show that the silicon atoms are
associated with a narrower frequency spectrum compared to
carbon and nitrogen atoms with more than twice the vibrational
frequency ranges. This leads to reduced overlap in the phonon
spectrum associated with the lighter and heavier atoms, thus in-
creasing phonon scattering and ultimately resulting in reduced
thermal conductivities.

From the discussions above, it is apparent that large pores and
low densities result in COFs with ultralow thermal conductivi-
ties. While materials with highly porous structures and low ther-
mal conductivities are typically of interest for applications such as
thermal insulation in buildings and refrigerators, for other spe-
cific technological needs, such as in thermoelectrics and thermal
barrier coatings, it is desirable to utilize dense solids.[77–79 ] We
have identified COFs with silicon and sulfur atoms in the link-
ers to possess low thermal conductivities (≈0.2 W m−1 K−1) even
at relatively higher densities. However, we have not fully consid-
ered the effect of other structural parameters in driving low ! val-
ues in COFs, especially at relatively higher densities. To this end,
as 97% of the COFs have !avg below 1 W m−1 K−1, we employ
a binning approach to reveal their relationships between ! and
the structural parameters that we have considered in our earlier
discussions (see Figure 6; Figure S10, Supporting Information).
In general, we observe a consistent trend of decreasing thermal
conductivity with increasing pore diameter, void fraction, and
GSA for these low thermal conductivity COFs. More specifically,

for COFs with !avg <0.2 W m−1 K−1, we note LPD values>27 Å,
void fraction>0.9, and GSA>7,000 m2 g−1. Furthermore, as high-
lighted in Figure 6a, we can achieve !avg <0.2 W m−1 K−1 at a rel-
atively high density of ≈350 kg m−3 through the inclusion of sili-
con or sulfur in the linkers, and frameworks with average LPD
of ≈31 Å, average void fraction of ≈0.82, and average GSA of
≈4,800 m2 g−1.

Since COFs are a class of polymeric materials, it is also note-
worthy that we find 1,219 COFs with !avg ⩽0.1 W m−1 K−1,
comparable to or even lower than typical polymers.[77 ] These
COFs have average LPD of ≈36 Å, average void fraction of
≈0.94, and average GSA of ≈7,432 m2 g−1. Within this sub-
set, the 94 COFs that we identified earlier with !avg ⩽0.05
W m−1 K−1, possess average density of ≈76 kg m−3, aver-
age LPD of ≈50 Å, average void fraction of ≈0.96, and aver-
age GSA of ≈7,825 m2 g−1 (see Table S4, Supporting Infor-
mation for the details of their physical attributes). This com-
prehensively and quantitatively demonstrates that to achieve
COFs with exceptionally low thermal conductivities, they need
to possess very large pores, high void fractions, and extensive
surface areas.

While thermal transport is an important consideration, in
most applications of COFs, the storage capacity for infiltrated
guest species is of primary concern for choosing the right com-
bination of the structural parameters. Therefore, it is instructive
to assess the interplay between deliverable capacity (which is a
quantitative measure of gas storage capacity) and the structural
parameters we have considered so far. To delve into this relation-
ship, we take the deliverable capacity of methane gas as calcu-
lated in Ref. [71] via grand-canonical Monte Carlo simulations
performed on the same COF database. Further details regarding
the calculation of deliverable capacities can be found in Ref. [71]
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Figure 6. Average thermal conductivity of COFs below 1 W m−1 K−1 as a function of the product of the largest pore diameter (LPD) and density, color-
mapped by (a) density, (b) LPD, (c) void fraction, and (d) geometric surface area. For clarity, each plot is discretized into 60 × 60 bins, representing the
average property of the COFs in that bin.

In their work, Mercado et al.[71 ] uncovered an intriguing trend in
deliverable capacity of these COFs (as shown in Figure 7a–c), re-
vealing an initial increase with density that reaches its maximum
for structures in the density range of 400 to 600 kg m−3. Beyond
600 kg m−3, a substantial decrease in deliverable capacity was ob-
served, emphasizing that structures with the highest deliverable
capacities are confined to a narrow density range. Similar to the
wide variation found in thermal conductivity for a specific den-
sity (Figure 2), a broad variation was also observed in deliverable
capacity at constant density. For example, at a constant density of
400 kg m−3, many structures were shown to have low deliverable
capacities (less than 135 vSTP/v). While structures with high pore
diameter and GSA are expected to have high storage capacity, it
is surprising that structures with high LPD, high void fraction,
and high GSA were found to have significantly low deliverable
capacity (less than 100 vSTP/v) (Figure 7a–c). Interestingly, a ma-
jority of COFs with LPD in the range of 10 to 15 Å, void fraction
in the range of 0.8 to 0.9, and GSA in the range of 3,500 to 6,000
m2 g−1 were found to exhibit deliverable capacities greater than
180 vSTP/v, which correlates well with the range of values that
we have prescribed for COFs to possess high thermal conductiv-
ities, a trait highly desirable for efficient heat dissipation during
gas loading.

Therefore, to quantify the relationship between the two im-
portant physical traits for COFs (namely, their thermal conduc-
tivity and gas adsorption capacity) for gas storage applications,
we consider deliverable capacity for methane as a function of the
thermal conductivity of the COFs, as shown in Figure 7. We ob-
serve an interesting relationship between the deliverable capac-
ity and the thermal conductivity, where the deliverable capaci-
ties initially increase with increasing thermal conductivity reach-
ing maximum values followed by a sharp decrease. Fortuitously,
COFs with high deliverable capacities (>180 vSTP/v) also possess
relatively higher thermal conductivities (in the range of 0.2 to 1 W
m−1 K−1), as shown in Figure 7. It is worth noting here that sim-
ilar to the results of our high-throughput thermal conductivity, it
was found that carbon-carbon bonded 3D COFs have the largest
percentage of promising structures in terms of high deliverable
capacities.[71 ]

The largest percentage of COFs with lower deliverable capaci-
ties are mainly associated with thermal conductivities lower than
0.2 W m−1 K−1 (which is not surprising as these COFs pos-
sess very low densities as shown in Figure 7d). However, COFs
with relatively higher thermal conductivities (>0.5 W m−1 K−1)
can also possess low deliverable capacities. This is because these
COFs have nominally small LPD and GSA values (Figures 7e,f)
that are not ideal for gas storage applications. Notably, we find
31 COFs with deliverable capacities greater than 180 vSTP/v (on
par with some of the highest experimentally determined values
for COFs)[12,71 ] and thermal conductivities exceeding 1 W m−1

K−1 and reaching as high as 12.4 W m−1 K−1 (see Table S2, Sup-
porting Information for the details of their physical attributes).
These COFs have average density of ≈475 kg m−3, average LPD
of ≈14.2 Å, average void fraction of ≈0.86, and average GSA
of ≈4,100 m2 g−1. Therefore, for gas storage applications, the
ideal COF structures with relatively high thermal conductivities
should be designed with strategic combinations of optimal LPD,
density and GSA values, as we have reported.

3. Conclusion

Our extensive high-throughput thermal conductivity calculations
for 10,750 different COFs provide valuable insights into their
structure-property relationships; a concise summary and recom-
mended design strategies for achieving either high or low ther-
mal conductivities in 3D COFs is presented in Table 1. Along
with identifying key structural and chemical features that can
be modulated to tune their thermal conductivity over three or-
ders of magnitude, we also identify 31 COFs with high methane
uptakes (>180 vSTP/v) and relatively high thermal conductivities
(≳1 W m−1 K−1). Porous framework materials demonstrating
such a combination of properties are immensely desirable for gas
storage applications, where the exothermic adsorption processes
come with the prerequisite for proper heat dissipation capabili-
ties. We hope that the design strategies presented in this work
can provide valuable guidelines for the synthesis of COFs with
targeted thermal properties. However, for COFs to fulfill their po-
tential in practical applications, they need to combine a host of
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a b c

d e f

Figure 7. Deliverable capacity of methane uptake (as calculated based on grand-canonical Monte Carlo simulations in Ref. [71]) for the 10,750 COFs as
a function of the density, color-mapped by (a) largest pore diameter (LPD), (b) void fraction, and (c) geometric surface area. Deliverable capacity as a
function of the calculated maximum thermal conductivity values, color-mapped by (d) density, (e) LPD, and (f) geometric surface area.

material properties including ‘user-defined’ thermal conductiv-
ity, which will ultimately help position them as multifunctional
materials for the next generation of technologies.

4. Computational Methods Section

Our COF structures were taken from the Materials Cloud plat-
form, which had a total of 69,840 COFs.[71 ] From this database,
12,000 structures were carefully selected to ensure the inclusion
of COFs spanning the entire density range for each of the four
bond types. Due to the limited number of high-density struc-
tures, all COFs were included with densities greater than 400 kg
m−3 for amide, amine, and mixed bond types. Since the struc-
tures with carbon–carbon and imine bond types had relatively
higher densities, all structures were included with these bond

types that had densities greater than 500 kg m−3. Out of the
12,000 COFs, converged thermal conductivities were obtained for
10,750 structures.

For the MD simulations, the Large-scale Atomic Molec-
ular Massively Parallel Simulator (LAMMPS) package was
employed.[80 ] Recent studies have highlighted potential dis-
crepancies in the calculation of heat flux as implemented
in LAMMPS, particularly in systems with many-body
interactions.[81,82 ] Therefore to ensure the accuracy of ther-
mal conductivity predictions for COF structures, the version
of LAMMPS was utilized that implements the centroid atomic
stress formulation, ensuring the correct computation of heat
flux for the COFs.[83 ] Notably, to describe the bonded interactions
between the atoms, the Universal Force Field (UFF) modified
for porous organic frameworks was utilized.[84,85 ] The force
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Table 1. Summary of strategies for tailoring COFs with low/high thermal
conductivities.

For high thermal conductivity

The design strategies to achieve high ! in COFs include:

• Using densities greater than 500 kg m−3

• Using structures with small pores (less than 15 Å) and low GSA (≲4,000 m2 g−1)
• Maintaining nominal void fractions in the range of ≈0.6–0.9
• Ensuring highly aligned polymeric chains along the heat flow direction
• Incorporating carbon-carbon linkages for the bond-formation chemistry
• Using linkers that facilitate heat transfer, such as linker91 and linker92 as the

organic building block (see Figure 1a)

For low thermal conductivity

The design strategies to attain low ! in COFs include:

• Using structures with large pores (>36 Å)
• Using high void fractions (>0.9) and high GSA (>7,000 m2 g−1)
• Utilizing linkers with polymeric chains that are not well-aligned with the

direction of heat flow
• Utilizing molecular building blocks containing heavier atoms (e.g., silicon or

sulfur)

field parameters include terms for bond, angle, dihedral, and
torsional interactions, with no charges considered, and a non-
bonding interaction cutoff set at 12.5 Å. We note that electrostatic
interactions were not included in the calculations due to the
high computational cost.

The computational domains were initially equilibrated under
the N-V-T ensemble for 1.5 ns with a timestep of 0.5 fs where
the number of particles, volume, and temperature were kept
constant. Note, periodic boundary conditions were used in all
three directions for all the simulations. Furthermore, an addi-
tional equilibration was conducted under N-V-E ensemble for
1 ns where the number of particles, volume and total energy of
the system remain constant. Following the equilibration steps,
the Green-Kubo (GK) formalism was employed within the frame-
work of equilibrium molecular dynamics (EMD) simulations to
compute the thermal conductivities of the computational do-
mains. In the GK formalism, the thermal conductivity along the
"th direction is given as,

!" = 1
kBVT2 ∫

∞

0
⟨J"(t)J"(0)⟩dt (1)

here, t represents time, T and V are the temperature and volume
of the system, and term 〈J"(t)J"(0)〉 denotes the "th component
of the heat current autocorrelation function (HCACF), expressed
as,[86 ]

J = 1
V

(∑
i

vi#i +
∑

i

Si ⋅ vi

)
(2)

here, vi, ɛi, and Si represent the velocity, energy and stress of atom
i, respectively. The total correlation time, ranging from 5 to 75 ps
depending on COF density (with shorter times for low-density
COFs and longer times for high-density COFs) was utilized. Heat
current was calculated every 7 fs during the data collection period

followed by integration of the heat current to determine the con-
verged thermal conductivities. The calculations were performed
under the microcanonical ensemble for a total of 4.5 ns. For con-
vergence of thermal conductivity with domain size, additional
simulations were run for various structures at different densities
with a range of domain sizes. Thus, it was ensured that the cho-
sen lengths that exceed 50 Å for all the COFs in a certain direction
were sufficient to avoid size-effects in the thermal conductivity
calculations.[87 ] We also note that the reported thermal conduc-
tivities of the 10,750 3D COF structures were determined based
on the average of five independent simulations. Further details
regarding the GK formalism can be found in the Supporting In-
formation.

For some COFs, non-decaying oscillatory behavior was ob-
served in the instantaneous thermal conductivity, making it diffi-
cult to obtain converged thermal conductivity values with the GK
approach for such cases. Therefore, for accurate thermal conduc-
tivity predictions, an adaptive algorithm was developed similar
to the automated thermal conductivity extraction algorithm de-
veloped by Islamov et al.[38 ] The algorithm involves the compu-
tation of the mean, standard deviation, and slope obtained from
the linear fit to the instantaneous thermal conductivity values at
certain correlation times. To determine the correlation time in-
terval where converged (and plateaued) thermal conductivity can
be obtained, the algorithm calculates the slope of the linear fit for
data segments of 3 ps in length at 2 ps increments when the total
correlation time is ⩽15 ps. For total correlation time exceeding
15 ps, the algorithm employs segments of 15 ps length at 5 ps
increments. The calculated slope was then normalized with the
mean of the instantaneous thermal conductivity.

Finally, the algorithm checks whether any linear segment has
standard deviation less than 20 percent of the mean of the instan-
taneous thermal conductivity and a normalized slope less than
0.01 ps−1. If a single data segment satisfies the criteria, that in-
terval is accepted. In cases where multiple segments meet the
criteria, they are sorted based on standard deviations, and pref-
erence is given to the segment with the lowest standard devia-
tion. Moreover, when comparing segments with equal standard
deviations, priorioty is given to the segment with the lower slope.
Structures failing to meet these conditions were filtered out, and
subsequent simulations were rerun with an increased correlation
time. Given the large number of COFs screened, this process was
automated ensuring robust calculations by systematically elimi-
nating unconverged values.

The density of the COF structures were determined using the
LAMMPS package.[80 ] The calculations of other structural prop-
erties such as pore sizes, void fractions, and geometric surface
areas were obtained from the work of Mercado et al.,[71 ] where
pore sizes, and geometric surface areas were computed using
Zeo++,[88 ] and the void fraction was determined by probing the
framework with a helium molecule using the Widom particle in-
sertion method.[89,90 ] For further details regarding the calculation
of geometric properties, please refer to Ref. [71].

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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