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ABSTRACT
As the features of microprocessors are miniaturized, low dielectric constant (low-k) materials are
necessary to limit electronic crosstalk, charge buildup, and signal propagation delay. However, all
known low-k dielectrics exhibit low thermal conductivities, which complicate heat dissipation in
high power-density chips. 2D covalent organic frameworks (2D COFs) combine immense
permanent porosities, which lead to low dielectric permittivities, and periodic layered structures,
which grant relatively high thermal conductivities. However, conventional synthetic routes
produce 2D COFs unsuitable for the evaluation of these properties and integration into devices.
Here we report the fabrication of high-quality COF thin films, which enable thermoreflectance and
impedance spectroscopy measurements. These measurements reveal that 2D COFs have high
thermal conductivities (1 W m-1 K-1) with ultra-low dielectric permittivities (k = 1.6). These results
show that oriented, layered 2D polymers are promising next-generation dielectric layers and that
these molecularly precise materials offer tunable combinations of useful properties.
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INTRODUCTION
To take advantage of sub-10 nanometer integrated circuit components, interlayer lowdielectric constant (low-k) materials with high thermal conductivities must be developed1-3. As
dielectric layers have thinned, electronic crosstalk and capacitive signal delay significantly
diminish device performance. The Semiconductor Industry Association has identified the
development of mechanically robust, thermally stable, few-nanometer, low-k (k < 2.4) and ultralow-k (k < 1.9) materials as needed to address this challenge4,5. Ultimately, the realization of such
materials will reduce parasitic capacitance, enabling faster gate operations and minimizing
dynamic power dissipation1,6,7. Therefore, it is necessary that low-k dielectric materials and thin
film (<200 nm) fabrication techniques be advanced.1-3 Towards this end, two major classes of lowk dielectric materials have been developed: 1) organic materials that are inherently low-k due to
limited polarizability and 2) porous oxides that are low-k as a result of their large free volumes.
However, all known low-k materials have large thermal resistances that arise from their disordered
morphologies and high porosities8-11, which limits high power density chip performance due to
inadequate heat management2-5.
Two-dimensional covalent organic frameworks (2D COFs) are a class of modular,
molecularly precise, highly porous, layered polymer sheets12,13. These attributes impart a
combination of physical properties unseen in conventional polymers, such as high
thermomechanical stabilities and low densities12. Challenges associated with characterizing
conventionally isolated polycrystalline COF powders have restricted the exploration of many 2D
COF properties. To address this challenge, COFs have been fabricated as thin films via direct
growth14,15, exfoliation14,16,17, or interfacial polymerization15,18,19. However, none of these methods
have proven general for wafer-scale synthesis of oriented and crystalline COF films without
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powder contamination. Synthetic limitations have hindered the evaluation of COFs’ fundamental
properties related to their use as low-k dielectric layers20, even as Wang and coworkers
demonstrated preliminary promise for using 2D COFs for this purpose21.
Here, we synthesize high-quality wafer-scale boronate ester-linked 2D COF films through
a templated colloidal approach. Previously, we have found that supported graphene substrates
template the formation of oriented 2D COF thin films15. However, films obtained by this method
are often unsuitable for device measurements because of contamination by insoluble COF powders
that form during the synthesis. Recently, we found that nitrile cosolvents prevent the precipitation
of insoluble products and instead provide COFs as solution-stable colloidal suspensions20,22-24.
Here, we use colloidal approaches to grow COF thin films of few-nm roughness with controllable
thicknesses on device-relevant substrates without precipitate contamination. This approach is
demonstrated for five 2D COFs, including a previously unreported structure, which are
synthesized on both graphene and monolayer MoS2. Furthermore, these 2D COF films are
amenable to sequential polymerization cycles, enabling nanometer precise thickness control not
possible in traditional precipitant-contaminated solvothermal syntheses.
The unprecedented quality of these films enables the measurement of thermomechanical
and optoelectronic properties of COF films. Optical absorption and emission spectroscopies
showed that boronate ester-linked COF films are electronically insulating. These results are
consistent with density functional theory (DFT) calculations that predict pristine COF-5 films have
an indirect electronic bandgap of 3.6 eV and a direct bandgap of 3.9 eV. Impedance spectroscopy
performed on COF-5 thin films reveals that they are electronically insulating, ultra-low-k (k < 1.7)
dielectric layers, which are consistent with DFT-calculated low electronic dielectric tensors
(εxx,yy,zz < 2) for all COFs investigated.
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Due to their regularly porous, covalently linked, layered structure, 2D COFs circumvent
the low thermal conductivities that afflict leading low-k dielectrics. Using time- and
frequency-domain thermoreflectance (TDTR and FDTR, respectively) and molecular dynamics
(MD) simulations, we find that 2D COFs have a combination of low densities (ρ < 1 g cm-3) and
relatively high thermal conductivities (κ > 0.8 W m-1 K-1 in the cross-plane direction with a
predicted anisotropy ratio of >3 in the in-plane direction). These findings show that 2D COFs are
promising as ultra-low-k dielectrics with desirable heat management characteristics. More broadly,
accessing high-quality 2D COF thin films provides a means to rationally design solid-state organic
materials to unlock technologically useful combinations of properties.
COLLOIDAL POLYMERIZATION METHODS
2D COF films were polymerized directly by a templated colloidal approach. First, a SiO2supported graphene or an Al2O3-supported monolayer MoS2 was submerged into a solution of
2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) and a difunctional aryl boronic acid (Figure 1A,
Figures S9 – S14). The polymerization mixtures were then sealed and heated to 85 °C for 12 h.
Finally, the substrate was removed from the reaction mixture, rinsed with clean solvent, and dried.
Prior to robust structural characterization, we observed that an optically homogenous film had
formed across the entirety of the substrate (Figure S16). To probe whether these films were being
polymerized from solution or whether colloidal species were templating on the surface, we
immersed a graphene-supported substrate in a prepolymerized colloidal 2D COF suspension and
subjected it to the polymerization conditions, which did not produce COF films. These
observations suggest that homogenous nucleation occurs in solution and templated-heterogeneous
nucleation occurs on the substrate simultaneously, which then polymerize independently.
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Fig. 1| Templated colloidal polymerization of boronate-ester linked COF films. A) Synthesis of
boronate ester-linked COF films and B) their sequential polymerization by introduction of monomer. C)
Grazing-incidence wide-angle X-ray scattering patterns of COF films. D) Atomic force micrographs of
sequentially polymerized TP-COF films. E) Line-cuts of sequentially polymerized TP-COF films in D.

All 2D COF films are found to be crystalline, oriented, and smooth. Atomic force
microscopy (AFM) reveals that the materials are obtained as thin films (< 75 nm) with <5 nm rootmean-square roughness in all cases (Figures S20, S22-S5). 2D grazing-incidence wide-angle Xray scattering (GI-WAXS) patterns of all COFs showed prominent in-plane Bragg diffraction
features concentrated along the Qxy axis and cross-plane Bragg features concentrated along the Qz
axis (Figure 1C, Figures S26-S31), which reveals that 2D COF layers are oriented parallel to the
substrate. By assessing the azimuthal dispersity of the interlayer <001> Bragg feature (~2 Å-1)
intensity, we find that these films have a smaller full-width at half-maximum than those reported
by other approaches. We attribute the weaker orientation of previously prepared films to the
contamination by unoriented precipitates formed during their synthesis (Figure S35)14,15. In all
cases, radially integrated diffraction patterns were found to agree well with simulated COF
diffraction patterns, confirming the successful synthesis of the expected COF networks (Figures
5

S37 – S41). The large number and sharp line shapes of diffraction features observed in these
patterns indicate that COF films prepared by colloidal methods are highly crystalline. Collectively,
these films are homogenous, crystalline, and oriented.
The high quality of these films allows for sequential growth by the introduction of
unreacted monomers (Figure 1B). Typically, COF film thickness is controlled by modifying the
starting monomer concentration used for their polymerization. However, when we attempted to
polymerize COF-5 films with higher monomer concentrations, we found that resultant COF films,
while thicker, were substantially less oriented and smooth (Figure S34). This finding is consistent
with our recent observations of uncontrolled nucleation and growth at higher monomer
concentrations22,25. However, by polymerizing COF films using this templated growth approach,
removing the substrate, immersing this substrate in a fresh monomer solution, and resubjecting it
to the polymerization conditions, we can continue the polymerization of our films without a
reduction in film quality. As an example, we sequentially increase the thickness of the TP-COF
films from 20 nm, to 40 nm, to 60 nm over the course of three equivalent polymerizations (Figure
1D and 1E). In each sequential polymerization, we find that the roughness, crystallinity, and film
orientation as evaluated by AFM and GI-WAXS do not discernably change (Figures S31 – S33).
Collectively, these observations demonstrate that templated colloidal polymerization offers a level
of synthetic control not available in previously reported 2D polymerization strategies.
ELECTRONIC PROPERTIES
Boronate ester-linked 2D COF films studied here are sufficiently electrically insulating to
serve as dielectric layers. DFT calculations using the PBE0 functional predict that COF-5 has an
indirect bandgap of 3.6 eV and a direct gap of 3.9 eV (Figure 2A). The DFT-calculated band
structures have minimal band dispersion along the in-plane direction (Γ-M-K-Γ and Z-M1-K1) in
6

Fig. 2| Optoelectronic properties of COF films. A) Electronic band structures calculated at the
DFT/PBE0 level for COF-5 and the corresponding Brillouin zone. B) Electronic dielectric tensors
calculated at the DFT/PBE level for all COFs studied C) Optical absorption and emission (λExcitation
= 325 nm) profiles for COF-5. D) Polarization dependent emission of COF-5 films, that resolves the
in-plane (purple, 0̊) component from the cross-plane (red, 90̊) component.

both their valence and conduction bands, indicating low in-plane charge-carrier mobility.
However, band dispersions of 0.4 eV along the out-of-plane direction in both the valence and
conduction bands can be observed, which suggests that anisotropic charge transport may occur
through COF-5 layers, as has been observed previously22. The DFT-calculated diagonal
components of the static electronic dielectric tensors (εxx, εyy, and εzz) are less than 2 for the five
boronate ester-linked 2D COFs studied. As such, they are all candidate low-k dielectrics (Figure
2B). We note that in COF-5 the ionic contribution to the total static dielectric tensor is calculated
to be negligible (Table S3); thus, we only considered the electronic contribution to the dielectric
tensor in the other four 2D COFs. Experimentally, we find that the first COF-5 optical absorption
feature occurs at approximately 325 nm (3.8 eV), which is consistent with the predicted DFT direct
bandgap (Figure 2C). When the COF-5 structure is excited at 325 nm, we find that its emission
profile is similar to monomeric HHTP, consistent with the limited electronic conjugation across
boronate-ester bonds26. Ultimately, these experimental and computational studies show that
crystalline, 2D COF layers are promising as low-k dielectrics.
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The pristine nature of the films prepared by colloidal syntheses permits the observation of
their anisotropic optical emission. The polarization-dependent emission of a COF-5 film has a
strong cross-plane emission feature at 530 nm, which has been previously assigned to the
formation of triphenylene exciplexes (Figure 2D)26. The observation of these cross-plane features
suggests that the COF-5 films are highly oriented across the entirety of the sample. In contrast,
polarization-dependent emission anisotropy is found to be far weaker in COF-5 films grown on
the substrates under non-colloidal conditions (Figure S43)15. This finding agrees with our
understanding that previously obtained materials were likely contaminated with unoriented
aggregates, which complicated their reliable measurement and subsequent integration into devices.

Fig. 3| COF-5 dielectric layer impedance measurements. A) Schematic of Au contacted Al2O3/COF-5 dielectric
bilayer capacitors grown on epitaxial graphene (EG)/SiC wafers. B) Optical microscopy image of a patterned array
of Au pads on full coverage Al2O3/COF-5/EG/SiC. C) AFM micrograph of the Al2O3/COF bilayer revealing a step
edge at a scratch. D) Height profile extracted from the AFM green linecut in Figure 3C. E) X-ray reflectivity (XRR)
data and the model fit of the Al2O3/COF-5/EG/SiC layered structure. Inset: Extracted electron density profile from
XRR fit. F) Leakage current versus the applied bias voltage across ten different COF devices shown in Figure 3E.
G) Capacitance of the Al2O3/COF-5 bilayer as a function of applied voltage measured at 1 kHz with a 100 mV
signal. Inset: Modeled equivalent circuit of impedance behavior fit in Figure 3H. H) Bode plots of the real
(resistance, Z’) and imaginary (reactance, Z”) impedance components and respective model fits.
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Impedance measurements conducted on parallel plate capacitors confirm that COF-5 is a
low-k dielectric. First, we synthesized COF-5 thin films directly onto epitaxially grown graphene
(EG) on doped SiC wafers. Next, a 6-nm-thick Al2O3 layer was deposited by atomic layer
deposition to prevent shorting through the COF-5 pores before depositing top Au electrodes onto
the Al2O3, which produced a series of devices over an area of 40 mm2 (Figure 3A and 3B). The
thickness of the COF-5/Al2O3 bilayer (30 nm) was measured with AFM and cross-sectional
scanning electron microscopy (Figures 3C-3D and S44), which reveal the COF-5 layer is 24 nm
thick. The integrity of COF-5/Al2O3 bilayer was confirmed by X-ray reflectivity (XRR)
measurements (Figure 3E) that showed well-resolved electron density profiles of the SiC, Al2O3,
and COF-5 layers, which suggests that these layers do not substantially intermix (Figure 3E,
inset). This observation is consistent with a homogeneous COF-5 film over the entire wafer with
minimal intercalation of Al2O3.
COF-5 capacitors show leakage current of less than 0.1 nA for applied bias range of -4 V
to +4V (area 104 μm2, Figure 3F), indicating robust dielectric layers. Effective capacitance was
then extracted as ~6 pF at 0 V, with bias-dependent capacitance attributed to the quantum
capacitance of graphene (Figure 3G)27. Next, we examined the frequency dependence of the real
(resistance, Z’) and the imaginary (reactance, Z’’) impedance (Figure 3H), and fit this behavior
as a simplified RC circuit (Figure 3G, inset), with R1 (10 GΩ) determined from leakage
measurements and fitting Rs to account for series resistance (64 kΩ) from the SiC substrate and
contacts. Finally, the non-ideal nature of the COF-5/Al2O3 bilayer is represented as the constant
phase element (CPE) with a magnitude of 7.52 ± 0.12 pF and an ideality factor of 0.9. Using the
known thickness (6 nm) and dielectric constant of Al2O3 (k = 6.5) and the total capacitance of the
COF-5/Al2O3 bilayer (5.64 pF), the capacitance and dielectric constant of the COF-5 layers are
9

extracted as 5.99 pF and 1.62, respectively27. The excellent model fits and nearly ~f-1 behavior of
reactance confirm the validity of the RC model (Figure 3H). The capacitance was found to be
uniform (within 10%) across the entire COF-5 film (Figure S49), suggesting excellent uniformity
of the thin film. This measured k is consistent with the DFT-calculated COF-5 dielectric tensors.
We also observe that this ultra-low-k dielectric constant was invariant with respect to atmosphere
composition and temperature (-40 °C – 110 °C, Figure S50 – S51). Overall, these results show
that thin, well-fabricated COF films function as low-k dielectric layers.

Fig. 4| Thermal Properties of 2D COF Thin Films. A) Characteristic TDTR data as a function of
pump-probe delay time and analytical model fits. Inset: picosecond acoustics. B) Contour plots of
thermal conductivity and heat capacity at a 95% confidence interval. C) Molecular dynamics
simulations of temperature-dependent thermal conductivities. Dashed lines represent analytical fits
generated from the temperature dependence shown. D) Density and thermal conductivity of common
materials. Error bars for COF properties are found to be smaller than the size of the markers.
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THERMAL PROPERTIES
COF thin films are found to be substantially more thermally conductive than previously
studied low-k dielectrics. To measure the thermal properties of COF thin films with time-domain
thermoreflectance we first deposited Al transducer layers (see supporting information for a more
detailed description of measurement) onto several sub-100 nm thick COF films (Figure S57).
From TDTR measurements, we extract the COFs’ longitudinal sound speeds, heat capacities, and
cross-plane thermal conductivities (Figures 4A and 4B). Fitted TDTR data revealed that COF-5
and TP-COF have volumetric heat capacities of Cv, COF-5 = 0.52±0.08 J cm−3 K−1 and Cv, TP-COF =
0.56±0.09 J cm−3 K−1 and cross-plane thermal conductivities of κCOF-5 = 1.03±0.15 W m−1 K−1 and
κTP-COF = 0.89±0.14 W m−1 K−1 within a 95% confidence interval, respectively (Figure 4B). These
values are corroborated with FDTR measurements performed independently (Figures S50 – S53).
We also find that the interfacial thermal conductances across the COF/Al and COF/SLG interfaces
are quite high (ℎ! > 100 MW m-2 K-1; Figure S55-S57), which highlights another advantage of
COF films that are well-interfaced to their underlying substrate.
Compared to other organic or porous materials, 2D COFs have unusually high thermal
conductivities (Figure 4D). This finding is consistent with the structural regularity, large
porosities, strong interlayer interactions, and low heat capacities of 2D COFs. From picosecond
acoustics, we determine sound speeds for COF-5 (Figure 4A, inset) and TP-COF to be 2000 ±
300 m s-1 and 1900 ± 300 m s-1, respectively. These sound speeds are higher than those recently
observed in MOFs (e.g. MOF-5: 1184 m s-1) despite similar porosity to the two COFs studied
here.28,29 These relatively high thermal conductivities and longitudinal sound speeds (as compared
to other porous materials) demonstrate how previously unobserved thermal properties arise from
COF’s covalently linked, layered, precisely porous structures.
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Molecular dynamics (MD) simulations give additional insight into COF-5’s high
anisotropic thermal conductivities. The MD-predicted cross-plane thermal conductivities are
slightly lower than the measured values (see supporting information for more discussion), which
could be a consequence of the insufficiencies of the interatomic potential used to model our 2D
COFs. However, these differences are equivalent in all crystallographic directions and so, through
the same analysis, we extract an anisotropy ratio of 3.4 between in-plane and cross-plane COF-5
thermal conductivities (Figure 4C). This anisotropy is valuable for thermally dissipative coatings,
including in low-k dielectric layers, where device failure from thermal buildup can be mitigated
(Figure S64). By this approach, we predict that the in-plane κCOF-5 = 3.5 W m−1 K−1. These absolute
thermal conductivities and anisotropy ratios are lower for 2D COFs than other layered crystals
(Figure 4C, inset), which likely arises as a function of periodic voids in their van der Waals
surface. The temperature dependent thermal conductivities of COF-5 in the range of 50 K – 400
K are shown to exhibit a T-0.24 and T-0.69 dependence in the in-plane and cross-plane directions,
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respectively (Figure 4C). These temperature dependencies suggest that anharmonic processes
dictate the thermal transport in the cross-plane direction more heavily than the in-plane direction30.
THERMALLY CONDUCTIVE DIELECTRICS
2D COFs overcome the traditional tradeoff between dielectric permittivity and thermal
conductivity found in all known low-k dielectric materials (Figure 5). For example, dense
amorphous metal oxides such as Al2O3 or HfO2 are relatively thermally conductive compared to
low-density aerogels, which are thermally insulating due to their porous structure and tortuous
solid networks8,31,32. Although the densities of 2D COFs are comparable to those of aerogels, their
thermal conductivities are comparable to those of materials that are an order of magnitude more
dense, such as conventional amorphous metal oxide dielectrics32. This relatively high thermal
conductivity is most likely driven by the well-interfaced van der Waals contact of porous 2D

Fig. 5| Meta-analysis of thermal conductivities in low-k dielectrics. Filled diamonds are experimentally
measured thermal conductivities and open diamonds are evaluated using computational techniques. For
initial reports of the values included in the plot we direct the reader to the supplementary information. Error
bars for COF properties are found to be smaller than the size of the markers.
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polymers that are arranged as eclipsed stacks. Based on additional molecular dynamics simulations
performed on other boron-based 2D COFs (Figure S63), we find that the thermal conductivity of
these systems is correlated to their van der Waals interactions and inversely related to their
porosity. This suggests that smaller pore COFs with large van der Waals surfaces will be highly
thermally conductive. Furthermore, we suspect that the thermomechanical properties of 2D COFs
could be modulated by the introduction of molecular guests, as has been observed in other porous
materials, which unlocks the possibility of responsive materials33,34. The combined thermal
resistances of these COF films (including both thermal conductivity and thermal boundary
conductances) highlight 2D COFs as low thermal resistance, ultra-low-k thin films relative to
traditionally studied low-k dielectrics.
CONCLUSION AND OUTLOOK
In conclusion, we find that 2D COFs combination of structural, thermal, and electronic
properties make them promising as low-k dielectric layers. Specifically, we find that 2D COFs
exhibit unusually high thermal conductivities for low density, low-k dielectrics, a combination of
properties that was recently identified by the International Roadmap for Semiconductors as a
prerequisite for next-generation integrated circuits. More broadly, these results demonstrate that
exotic combinations of properties can be unlocked by using synthetic chemistry to generate precise
organic materials. Going forward, we expect that a broad investigation of 2D polymer properties
is likely to yield technologically relevant materials across many application contexts.
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METHODS
General Synthesis of COF Films. First, a graphene-coated Si/SiO2 substrate (1 cm2
UniversityWafer, Inc.) was placed into a scintillation vial. Then, solutions of HHTP (2 mM) and
bisboronic acid (3 mM) were prepared separately in a solvent blend of 80/16/4 vol CH3CN:1,4dioxane:1,3,5-trimethylbenzene. These solutions were then filtered to remove any insoluble
particulates. These solutions were then added in a 1:1 vol ratio to the substate-containing
scintillation vial, producing a 20 mL solution of 1 mM HHTP and 1.5 mM PBBA. This scintillation
vial was then sealed and heated to 80 °C for 24 hrs. After 24 hrs, a milky suspension had formed
in the scintillation vial. Approximately 90% of the solution was then decanted and diluted with
fresh 80/16/4 vol CH3CN:1,4-dioxane:1,3,5-trimethylbenzene. This procedure was repeated 3
times to sufficiently dilute any colloidal species present in solution. The wafer was then removed
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from solvent with forceps and allowed to dry in air producing a conformal coating on the graphene
substrate.
Grazing-incidence X-ray Diffraction. All grazing-incidence X-ray wide-angle scattering shown
in the manuscript was performed at the Advanced Photon Source at Argonne National Laboratory using
the 8-ID-E Beamline under vacuum. The crystallites were irradiated until the detector was 80 % of saturated
an incidence angle of 0.14° in using 10.92 keV (λ = 1.135 Å) X-rays. The scattering was recorded on a
Pilatus 1 M detector located 228 mm from the sample. In some cases, significant silicon substrate scatter
was observed. The raw images were merged, pixel coordinates were transformed to q-space, line cuts
generated using GIXSGUI for Matlab.35

Density Functional Theory. The macroscopic static dielectric tensors considering the electronic
contribution36 are calculated with density functional theory (DFT) method at the PBE level using
the Vienna Ab initio Simulation Package (VASP)37 with D3 Vdw corrections.

Γ-centered

Monkhorst-Pack k-meshes are adopted in both geometry optimizations and (SCF (see Table S1).
The convergence criterion for the total energy is 10-8 eV and 0.01 eV Å-1 for the forces. Gaussian
smearing is 0.01 eV. The lattice parameters after geometry optimization of each COF are shown
in Table S1. The off-diagonal components in the calculated macroscopic static dielectric tensors
are negligibly small.
Fluorescence Spectroscopy. Emission and excitation spectra were recorded on a Horiba Jobin
Yvon Fluorolog-3 fluorescence spectrophotometer equipped with a 450 W Xe lamp, emission and
excitation polarizer, double excitation and double emission monochromators, and a digital photoncounting photomultiplier. Correction for variations in lamp intensity over time and wavelength
was achieved using a solid-state silicon photodiode as the reference. The spectra were further
corrected for variations in photomultiplier response over wavelength and for the path difference
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between the sample and the reference by multiplication with emission correction curves generated
on the instrument. To collect polarization-dependent emission spectra of the 2D COF films, films
were mounted in a proprietary film holder and a polarizer was put into the emission path. When
emission polarization was noted as “normalized”, we divided the intensity of all emission
intensities by the maximum emission intensity.
Device Measurement. Impedance measurements were carried out by a Solartron 1260 impedance
analyzer using an AC amplitude of 100 mV in a frequency range of 100 Hz to 10 kHz. This
frequency range was chosen because the signal was too noisy below 100 Hz and series resistance
from the SiC wafer interfered with measurements above 10 kHz. Au pads were contacted by
tungsten cat whisker soft‐probes (Signatone, SE‐SM) to avoid puncturing the COF dielectric.
Capacitance-frequency (C-f) measurements were performed at zero dc bias, and capacitance‐
voltage (C‐V) measurements were conducted at 1 kHz. Capacitance values were verified
independently using the C-V module of a 4200 Semiconductor Characterization System (SCS),
Keithley Instruments. Leakage measurements were also carried by the 4200 SCS system using a
remote current preamplifier.
Heat Capacity and Thermal Conductivity Measurements. In our TDTR setup, sub-picosecond
laser pulses emanate from a Ti:Saphhire oscillator at 80MHz repetition rate. The pulses are
separated into a pump path that heats up the sample and a time-delayed probe path that is reﬂected
from the Al transducer. The reﬂected probe beam provides a measure of the change in the
thermoreﬂectance due to the decay of the thermal energy deposited by the pump beam. A
modulation of 8.8 MHz is applied by an electro-optic modulator on the pump beam and the ratio
of the in-phase to out-of-phase signal of the reﬂected probe beam recorded at that frequency by a
lock-in ampliﬁer (-Vin/Vout) for up to 5.5 ns after the initial heating event. The pump and probe
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beams are focused on to the Al transducer at 1/e2 radii values of 10 and 5 µm, respectively. To
simultaneously measure the thermal conductivity and heat capacity of our COFs, we ﬁt a threelayer thermal model to our experimental data. We also perform FDTR measurements on our COF5 sample. Similar to TDTR, FDTR is also a laser-based metrology implemented to measure
thermal properties of a sample. The Au-coated sample is periodically heated via a sinusoidally
modulated (100 kHz - 5 MHz) pump laser at 488 nm wavelength. The sample’s temperature will
ﬂuctuate with the same frequency as the pump laser, but with a time delay. This phase delay is
characteristic of the thermal properties of the sample. The temperature is measured using a
concentric probe laser (532 nm), which is sensitive to the thermoreﬂectance of Au. The frequencydependent time delay measured as a phase delay of the reﬂected probe laser with respect to the
pump laser modulation frequency is measured with a photodiode connected to a lock-in ampliﬁer.
For more information, see the Supporting Information.
MD Simulation. Our molecular dynamics (MD) simulations are performed with the LAMMPS
code38 and the interatomic interactions are described by the adaptive intermolecular reactive
empirical bond order (AIREBO) potential.39 We apply periodic boundary conditions in all
directions. The computational domains are equilibrated under the Nose-Hoover thermostat and
barostat,40 (which is the NPT integration with the number of particles, pressure and temperature of
the system held constant) for a total of 1ns at 0 bar pressure. Following the NPT integration, an
NVT integration (with constant volume and number of particles) is prescribed to fully equilibrate
the structures at the desired temperature for another 1 ns. Note, we prescribe a time step of 0.5 fs
for all our simulations. After equilibration, the thermal conductivities of our COFs at different
temperatures predicted via the Green-Kubo (GK) approach under the EMD framework. In this
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formalism, the thermal conductivities of our COFs along the x-,y-(in-plane) and z-(cross-plane)
directions are calculated as,
𝜅!,#,$ = &

)
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! '(
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∫* < 𝑆!,#,$ (𝑡) • 𝑆!,#,$ (0) > 𝑑𝑡

(1)

Here t is time, T and V are the temperature and volume of the systems, respectively,
and < 𝑆!,#,$ (𝑡) 𝑆!,#,$ (0) > is the component of the heat current autocorrelation function (HCACF)
in the prescribed directions.
Supplementary References
35
36
37
38
39
40

Jiang, Z. GIXSGUI: a MATLAB toolbox for grazing-incidence X-ray scattering data
visualization and reduction, and indexing of buried three-dimensional periodic nanostructured
films. J. Appl. Crystallogr. 48, 917-926 (2015).
Gajdoš, M., Hummer, K., Kresse, G., Furthmüller, J. & Bechstedt, F. Linear optical properties in
the projector-augmented wave methodology. Physical Review B 73, 045112,
doi:10.1103/PhysRevB.73.045112 (2006).
Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized Gradient Approximation Made Simple.
Physical Review Letters 77, 3865-3868, doi:10.1103/PhysRevLett.77.3865 (1996).
Plimpton, S. Fast parallel algorithms for short-range molecular dynamics. (Sandia National Labs.,
Albuquerque, NM (United States), 1993).
Stuart, S. J., Tutein, A. B. & Harrison, J. A. A reactive potential for hydrocarbons with
intermolecular interactions. J. Chem. Phys. 112, 6472-6486 (2000).
Hoover, W. G. & Posch, H. A. Direct measurement of Lyapunov exponents. Phys. Lett. A 113,
82-84 (1985).

21

