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ABSTRACT: Thermal management is essential for maintaining the optimal performance of electronic devices. Although
covalent organic frameworks have emerged as a platform for gas and energy storage applications, their thermal transport
properties are greatly understudied. Herein, we report the thermal conductivities of three benzobisoxazole-linked (BBO)
COFs with nanpores ranging from 1.3 to 2.5 nm over a wide temperature range (80 - 300 K) using the longitudinal, steady-
state heat flow method. In doing so, thermal conductivity values as high as 0.677 W m! K-1 at 300 K were obtained, and no
relationship between thermal conductivity and pore size was observed. These results were supported by DFT calculations.
The thermal conductivities of the BBO-COFs doped with poly-3-hexylthiophene were also investigated. The BBO-COFs could
be useful as ultra-low-k materials for thermal management applications.

1. INTRODUCTION

Covalent organic frameworks (COFs)!# are an advanced
class of crystalline porous polymers that contain high sur-
faces areas, tunable pore sizes, and high thermal stabilities.
The modular nature of COFs allows their carbon skeletons
to be tailored for a wide range of applications including
catalysis,> ¢ sensing,’-? energy storage,0-12 gas storage,!3 14
and drug delivery.1516 Although many COF-based systems
have been investigated for a plethora of applications, their
thermal management properties are greatly understudied.
Thermal management is crucial for ensuring the optimal
performance and longevity of electronic devices and
spacecraft.17.18 COFs offer the unique opportunity to embed
various covalent linkages and n-conjugated units along the
pore wall to enforce long-range n-n stacking interactions
and tune the thermal transport properties of the polymeric
system. Esteves and co-workers have shown the bulk

powders of four imine-linked three-dimensional (3D) COFs
exhibit thermal conductivities (k) ranging from 0.038 to
0.048 W m- K119 The thermal conductivities increased
with decreasing pore size, a trend that has also been ob-
served by Wilmer and coworkers via molecular dynamics
simulations in some metal organic frameworks (MOFs).20
Interestingly, Dichtel, Hopkins, and co-workers have
shown that two-dimensional (2D) boronate-ester linked
COF thin-films containing various n-conjugated monomer
units exhibit thermal conductivities as high as 1 W m'! K-
in the cross-plane direction making them potentially useful
for low-k dielectric applications.2? While this particular
result demonstrates the promise of using COF-based sys-
tems for thermal management processes, more fundamen-
tal research examining different covalent linkages and n-
conjugated monomers is greatly needed to further probe
their thermal transport properties.
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Wang, Cahill, and co-workers have shown?? that liquid
crystalline fibers of one-dimensional (1D) polybenzobisox-
azole (PBO) polymers exhibit thermal conductivities of ~
20 W m K-tat room temperature. The high value is driven
by longitudinal acoustic phonons that propagate along the
PBO chain. Although this result indicates the 1D PBO dis-
play interesting thermal transport capabilities, the thermal
conductivity of 2D COFs containing benzobisoxazole
(BB0)?324 linkages have not been examined. Thus, we were
curious to see if the ordered nature of the polycrystalline
2D BBO-COF layers would provide thermal conductivity
values similar to or higher than the 1D PBO system.

Herein, we report the thermal conductivities of three
BBO-COF pellets containing 1,3,5-triformylbenzene (TFB),
1,3,5-tris(4-formylphenyl)benzene (TFPB), and 1,3,5-
tris(4-formylphenyl)triazine (TFPT) units (Figure 1). The
thermal conductivities of the pellets were measured over a
wide temperature range (80 K - 300 K) using the longitu-
dinal, steady-state heat flow method yielding values rang-
ing from 0.391 to 0.677 W m-! K at 300 K. Surprisingly,
the increase in thermal conductivity of the BBO-COFs was
directly proportional to the increase in temperature, and
was not dependent on the pore size of materials. Computa-
tional modelling of the thermal conductivity at 80 and 300
K supports the lack of pore size dependence, with very
similar thermal conductivities for BBO-COF-1 and -2, and a
moderate increase in conductivity for BBO-COF-3. In addi-
tion, we also investigated filling the BBO-COF pores with
poly-3-hexylthiophene (p3HT),2> a 1D polymer with ther-
mal conductivity values of ~ 2.2 W m'1 K1, to further en-
hance their thermal transport properties. This is the first
time, presumably, that the thermal conductivities of 2D
BBO-COFs with nanopores have been investigated. The
BBO-COFs could be useful as ultra-low-k materials for
thermal management applications.

2. EXPERIMENTAL SECTION

2.1 Materials. Unless stated otherwise, all reagents
were purchased from commercial sources and used with-
out further purification.

2.2 Preparation of monomers, polymers, & BBO-
COFs. All monomers, polymers, and BBO-COFs were syn-
thesized according to previously reported literature pro-
cedures.232442 Each p3HT-COF composite was prepared by
stirring the COF with 0.05 equivalents of p3HT in di-
chloromethane (DCM) for 24 hours under nitrogen atmos-
phere. The solids were then filtered, washing with DCM
until the solvent ran clear (ca. 150 mL).

2.3 Materials Characterization. Infrared spectra were
recorded on a Thermo Scientific Nicolet iS5 with an iD7
diamond ATR attachment and are uncorrected. UV-vis dif-
fuse reflectance spectra were gathered on an Agilent Tech-
nologies Cary Series UV-Vis-NIR Spectrophotometer. Sur-
face area measurements, 'H NMR and 3C cross-
polarization magic angle spinning (CP-MAS) spectra were
performed using established procedures.!?

The powder X-ray diffraction studies were carried out
on a Bruker Kappa Photon II CPAS diffractometer
equipped with Cu Ka radiation (A = 1.54178). Data was
collected at ambient conditions using a 360° phi-scan on a
sample that was mounted on a Cryoloop using minimal
Trilene Q-1100 oil. Sample-to-detector distance was 190
mm with an exposure time of 300 s per scan. Diffraction
images were merged/integrated in DIFFRAC.EVA to pro-
duce 2D plots.

2.4 Preparation of samples for thermal conductivity
measurements. Materials were pressed into pellets with a
model C Carver laboratory press. Powders were grinded
with a mortar and pestle before pressing under ca. 8 met-
ric tons of pressure for ca. 5-10 minutes. The materials
were pressed into disc-shaped pellets with diameters of 13
mm. Thicknesses of the pellets ranged from approximately
1-2.4 mm. A razor blade was used to cut the pellet into
rectangular prisms for the analysis. The cut rectangular
pellets ranged in width from approximately 3-6 mm and
were under 8 mm in height. The thicknesses and widths of
the pellets were measured using calipers. The widths were
measured at three different points and averaged to ac-
commodate for any variations.
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Figure 2. N: gas adsorption/desorption isotherms (A-C) and NLDFT pore size distributions (D-F) for BBO-COFs 1 (red), 2 (blue) and 3 (green).

The thermal conductivity of the polymers was evaluated
using the longitudinal, steady-state heat flow method.
Each of the pellet samples was prepared as follows.
Two thermocouples were prepared using a copper and
constantan wire (Omega Engineering, Norwalk CT, USA).
Conductive silver epoxy (EpoTek, Bellerica, MA, USA) was
used to secure the wires onto a small brass plate. A mini-
mal amount of GE varnish was used to attach each brass
plate
to the pellet. The distances between the hot and cold ther-
mocouples ranged from approximately 1-3 mm. The dis-
tances were measured with calipers under a microscope. A
resistive heater (Omega Engineering, Norwalk, CT, USA)
was attached atop the pellet with minimal GE varnish. Two
copper wires were used for current input to the heater.
Alumina plates (MTI Corporation, Richmond, CA, USA)
acted as heat sinks. Six small brass plates were attached to
the base using epoxy. Perfluoroalkoxy (PFA) coated copper
wires with a diameter of 0.003 cm were each soldered on-
to a brass plate. The pellet was mounted to the alumina
base with a minimal amount of GE varnish. Wires from the
thermocouples and heaters were each soldered to a brass
plate (Figure 3a). The GE varnish was allowed to cure for
24 hours prior to performing measurements.

The sample was glued onto the copper cryostat arm
(Figure S2). Each PFA-coated copper wire was soldered
onto a cryostat pin. A heat shield was used to minimize
radiation loss. All the wires connected to the sample were
25 um in diameter and the instrument was placed under a
thermal vacuum to minimize conductive losses. The cor-
rection for the thermal conductance of the heat losses,
Kross, was determined by measuring a sample of electrolyt-
ic iron, a National Bureau of Standards standard for ther-
mal conductivity.

Four sample pellets were prepared for each material.
The measured thermal conductivities were averaged at
each temperature point.

2.5 Thermal conductivity measurements. Thermal
conductivity measurements were determined using the
longitudinal, steady-state heat flow method on a Janis cry-
ostat system (Lake Shore Cryotronics, Westerville, OH,
USA). The thermal conductivity was measured orthogonal
to the direction the pellet was pressed. The cryostat was
evacuated prior to cooling with liquid nitrogen to 79 K.
Measurements were taken incrementally at every 20 K up
to 300 K.

At each temperature point a current was applied to the
heater. 40 minutes were given to allow for steady and sta-
ble readings before the voltage outputs of each thermo-
couple was collected. These voltage outputs were convert-
ed into temperature readings, Tu and Tc for the hot and
cold thermocouples, respectively.

_ Vi — Vires
Ty = ————
a(T) * 10
_ Ve = Veres
Te = ——s
a(T) * 10

Where a(T) is the effective Seebeck coefficient and Vu,c and
Vhycres are the voltage and residual voltage outputs of the
hot and cold thermocouples. The temperature difference
(AT) was calculated by

AT =T, — T,

The power (Pow) of the heater was calculated by
Pow =1%V

where [ is the applied current and V is the voltage of the
heater. The thermal conductivity was calculated by where
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Figure 3. (A) Picture of the mounted BBO-COF pellet experimental set-up. (B) Thermal conductivity of the BBO-COFs at 300 K. (C) Temperature-
dependent thermal conductivity profiles for the BBO-COFs. Estimated geometry uncertainty is about 9%.

w is the width of the pellet, ¢, the thickness, and [, the dis-
tance between the hot and cold thermocouples.

2.5 Computational calculations. The temperature-
dependent thermal conductivity of BBO-COF(s) was de-
termined by using the non-equilibrium molecular

dynamics (NEMD)2627 approach, as implemented in Am-
sterdam Modelling Suite (AMS) version 2021.1 by Soft-
ware for Chemistry and Materials (SCM).28 NEMD is a di-
rect method of calculating the thermal conductivity of a
periodic material in which the simulation cell is divided
into heat source and sink regions to impose a steady heat
flux through the finite conduction region. The thermal
conductivity (k) of a material in the direction of interest
can be determined according to Fourier’s law;2%:30

Q=k—

Where AT is the temperature gradient along the length of
the conduction zone (L) between the hot and cold region
while Q is the heat flux that can be calculated from the en-
ergy transfer rate between source and sink regions using

the equation below
dE
[t
2

Q=""%

where S is the cross-sectional area and the division by 2 is
used because of periodic boundary conditions such as the
heat transfers in two directions.

Prior to the thermal conductivity calculations, the BBO-
COF(s) were first optimized at GFN1-xTB 3! with fully re-
laxed lattice parameters and atomic positions using the
density functional theory tight-binding (DFTB) engine. In
the subsequent step, thermal conductivity calculations

were set up using NEMD simulations using the Universal
Force Field.3?

In NEMD simulations, the BBO-COF systems were initially
equilibrated at the targeted temperatures of 80 K and 300
K using the global Berendsen thermostat for 3x10> steps.
Subsequently, a global thermostat was switched to the two
local Nosé-Hoover33-35 thermostats to realize the hot and
cold thermal baths. The NVT simulations with local ther-
mostats (80+10 & 300+10) were run for 1x106 steps. The
time steps for all the thermal conductivity simulations
were 1 fs.

Unlike the equilibrium molecular dynamics (EMD) method,
the NEMD method exhibits a much more severe finite-size
effect because it requires a separate heat source and a sink
thermostat.3¢ The finite-size effects occur when the length
of the simulation unit cell is not significantly larger than
the phonon mean free path.37 In a small simulation unit
cell, there may not be enough phonon modes to establish
transport and scattering through the conduction region.38
The effects of the size of unit cells on the thermal conduc-
tivity of BBO-COF(s) have also been investigated. To inves-
tigate the simulation-size effects on the BBO-COF(s) at 80
Kand 300 K, the unit cells ranged from one to four in a and
b directions.

3. RESULTS/DISCUSSION

3.1. Porosity of BBO-COFs. BBO-COF 1 and 2 exhibited
type I isotherms revealing BET surface areas of 920 and
992 m? g1, while BBO-COF 3 exhibited a type IV isotherm
with a BET surface area of 1684 m? g! (Figure 2). Estima-
tion of the NLDFT pore size distributions yielded average
pore sizes of 1.3, 1.7 and 2.5 nm for BBO-COFs 1, 2, and 3,
respectively. The experimental pore size of the BBO-COFs
1, 2 and 3 are lower than the theoretical pore sizes of 1.8,
3.3, and 3.3 nm, respectively. This data suggests that the
layers of BBO-COFs 1, 2 and 3 are offset by ~ 0.5, 1.6, and
0.8 nm, respectively, which is similar to what has been
reported.2324 In addition, the powder x-ray diffraction
(PXRD) profiles are also consistent with their previously
reported patterns (Figure S16-S21).
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Figure 4. (Top) Thermal conductivity comparison between the BBO-
COFs and p3HT@BBO-COF composites at 300 K. (Bottom) Tempera-
ture-dependent thermal conductivity profiles for the p3HT@BBO-COF
composites. Estimated geometry uncertainty is about 9%.

3.2 Thermal conductivity of BBO-COFs. The thermal
conductivity of each BBO-COF pellet was obtained by tak-
ing the average of four samples at each temperature point
(Figure 3, Tables S7-S14). Surprisingly, BBO-COF 1 exhib-
ited the lowest thermal conductivities ranging from 0.196
to 0.391 W m! K1 over a temperature range of 80-300 K.
In contrast, BBO-COF 2 and BBO-COF 3 exhibited similar
thermal conductivities of 0.375 to 0.677 W m! K1, and
0.308 to 0.581 W m! K1, respectively, from 80-300 K. In-
terestingly, the thermal conductivity of the BBO-COFs was
directly proportional to the increase in temperature. The
thermal conductivities of crystalline materials tends to
decrease with temperature due to anharmonic phonon-
phonon scattering processes,?® and previous studies have
shown1920 that the thermal conductivity of porous materi-
als often decreases with increasing pore size. However, it is
unclear at the moment why the 2D BBO-COFs do not seem
to follow either trend, but it could be related to the slip-
stacked nature of the adjacent layers.2324 In contrast to
BBO-COF 1, we believe that the higher thermal conductivi-
ty values for BBO-COF 2 and 3 are due to an increase in the
aromatic units along the pore walls of the COFs. This fea-
ture could enhance the n-m interactions between the adja-
cent layers improving phonon transport.?> In addition, the

computed thermal conductivities support the role of pla-
narity in increasing conductivity, with BBO-COF 3, which
structurally differs from BBO-COF 2 by replacing the cen-
tral benzene with triazine (Figure S54, Table S26). Replac-
ing CH with N decreases the steric hinderance experi-
enced by the three

phenyl groups, resulting in a (more) planar geometry. Con-
sequently, calculated BBO-COF 3 conductivities are ca.
150% of those calculated for BBO-COF 1 and 2.

Due to the unexpected discrepancies in the results, the
structural integrity of the BBO-COF pellets were further
examined. XRD analysis revealed that the BBO-COF pellets
retained their crystallinity (Figures S16, S18, & S20), but
the BET surface areas drastically decreased from the pris-
tine powders (Tables S1-S3). Interestingly, the pore sizes
of BBO-COF 1 and BBO-COF 2 increased slightly by ~ 0.1
nm, and the pore size of BBO-COF 3 decreased by ~0.2 nm.
However, no significant relationships could be discerned
between the PXRDs, pore sizes and surface areas of the
COFs to explain the differences in thermal conductivity
values.

3.3 Characterization and Thermal Conductivity
p3HT@BBO-COF Composite Materials. There is some
evidence that filler materials can be used to improve the
thermal conductivity of COFs. For instance, dynamic simu-
lations from Feng, Feng and co-workers have shown*0 that
doping COF-1 with Ceo could increase the thermal conduc-
tivity from 1 to 10 W m-1 KL Inspired by this result, we
were curious to see if threading p3HT polymers through
the BBO-COFs would produce similar results. Thin-films of
p3HT have exhibited thermal conductivities up to 2.2 W m-
1 K1 making them potentially useful for forming composite
materials with enhanced thermal transport propertes.25

The p3HT@BBO-COFs were characterized using FT-IR,
13C CP-MAS, and UV-vis diffuse reflectance spectroscopy.
FT-IR spectra showed the appearance of peaks at 2853,
2922, and 2953 cm! in all three composites, which is in-
dicative of the sp? C-H stretching vibrations from the hexyl
substituent on p3HT unit (Figures S22-524). In comparison
to the 13C CP-MAS of the BBO-COFs, new peaks emerged at
10.8, 19.5, 26.5, 28.8, 126, 129, and 132 ppm (Figures S25-
S27) also corresponding to the p3HT unit. UV-vis diffuse
reflectance spectra of the BBO-COFs shows that the mate-
rials absorb within the 350-450 nm range. Upon the incor-
poration of the p3HT into the pores of the BBO-COF sys-
tems, the adsorption band extends from 350 nm to ~ 650
nm, which is overlaps well with the absorption band of
p3HT (Figures S28-S30). In addition, PXRD analysis re-
vealed that the composite materials do retain their crystal-
linity (Figure S17, S19, and S21). Nitrogen adsorption iso-
therms of the composite materials showed a dramatic re-
duction in surface areas from 920 to 264, 992 to 414, and
1684 to 709 m?/g for p3BHT@BBO-COF 1, p3HT@BBO-COF
2, and p3HT@BBO-COF 3, respectively (Tables S1-S3). The
collected data indicates the successful incorporation of
p3HT into the pores of the BBO-COFs.

The thermal conductivity of each p3HT@BBO-COF com-
posite was obtained by taking the average of four samples
at each temperature point (Figure 4, Tables S18-525). In-
terestingly, p3HT@BBO-COF 2 exhibited the lowest ther-
mal conductivities ranging from 0.186 to 0.353 W m! K!
over a temperature range of 80-300 K. In comparison, the



p3HT composites of BBO-COFs 1 and 3 exhibited similar
thermal conductivities of 0.242 to 0.378 W m! K1, and
0.246 to 0.402 W m K1, respectively, from 80-300 K. Alt-
hough these values were higher than the thermal conduc-
tivity of p3HT (0.288 W m-! Kt at 300 K, see Figure S39),
the thermal conductivities of the p3BHT@BBO-COF compo-
sites were slightly lower than BBO-COFs 2 & 3. In compari-
son to the BBO-COFs, we expected the thermal conductivi-
ties of the p3HT@BBO-COF composites to increase due to
the addition of possible heat transfer pathways, but this
trend was not observed. It is possible that p3HT exists as a
disordered matrix inside the pores of the BBO-COFs with
no ability to form favorable n-n stacking interactions with
the other p3HT units. The presence of the p3HT units
could also disrupt some the n-n stacking between the BBO-
COF layers. These features could be responsible for lower-
ing the thermal conductivity of the p3HT@BBO-COF com-
posites.

4. CONCLUSION

In summary, we have examined the thermal transport
properties of 2D BBO-COFs and p3HT@BBO-COF compo-
sites with nanpores ranging from 1.3 to 2.5 nm. While the
BBO-COFs exhibited thermal conductivities as high as
0.677 W m'! K1 at 300 K, filling the pores of the materials
with p3HT did not improve their thermal transport prop-
erties. There was no strong correlation between the pore
size and thermal conductivity, but the increase in thermal
conductivity was directly proportional to the increase in
temperature for all of the materials. We believe that BBO-
COFs could be useful as ultra-low-k materials for thermal
management applications. Since the pores of the BBO-COFs
can accommodate a variety of guests (Ceo, gases, etc.), it is
possible that the thermal-transfer performance of the ma-
terials could be improved under the right experimental
conditions.4041
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