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Figure S1. (a) Three-dimensional view of the computational domain of our COF-5 structure used for our
molecular dynamics simulations. (b) Top view and (c) side view of the schematic of the COF-5 structure.
The thickness d and the length L are varied in the simulations to obtain (size-independent) converged results.
(d) Converged values of in-plane and cross-plane thermal conductivities obtained for our COF-5 structure
from the integral of the heat current autocorrelation function (HCACEF). (inset) Normalized HCACEF vs time

for our COF-5 structure which shows that the HCACF decays to zero within the first 10 ps.
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Figure S2. (a) Temperature profile in the in-plane direction for COF-5 in our non-equilibrium molecular
dynamics (NEMD) simulations. (b) . NEMD-predicted inverse of size-dependent thermal conductivities as
a function of the inverse of computational domain length in the applied heat flux direction for our COF-5
structure. The linear dependence of MD results suggests that pronounced size effects are observed for the
COFs in the in-plane direction. The extrapolation to 1/d—0 predicts the thermal conductivity of an infinite
system with the assumption that the minimum system size used in these NEMD simulations is comparable
to or larger than the largest mean-free-paths of heat carrying vibrations in the in-plane direction for the

COF-5 structures.
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Figure S3. Schematic of the computational domain for TP-COF as viewed along the (a) z-axis and (b)

zz — ac plane. (c) Cross-plane thermal conductivity of TP-COF predicted via the Green Kubo approach as

a function of thickness, (d).
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Figure S4. Temperature dependent thermal conductivity of TP-COF. The cross-plane thermal conductivity

has a larger temperature dependence as shown by the ~ 7! trend.
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Figure S5. Schematics of the computational domain for COF-1-2R structure along the (a) zz — ac plane
and (b) the full perspective view. (c) Cross-plane thermal conductivities of COF-1-2R and COF-1 predicted

via the Green Kubo approach as a function of thickness, (d).
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Figure S6. MD-predicted vibrational density of states for COF-5.
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Figure S7. (a) Comparison of MD-predicted vibrational density of states for COF-1, COF-5 and TP-COF in
the in-plane direction. (b) Normalized heat flux accumulation versus frequency for the three structures in the
in-plane direction. While the spectral heat flux are almost identical for the lesser dense COF-5 and TP-COF
structures, the higher frequency modes in the COF-1 structure have a comparatively larger contribution to

heat conduction.
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Figure S8. MD-predicted vibrational density of states for COF-1 and COF-1-2R in the (a) cross-plane and
(b) in-plane direction. Normalized heat flux accumulation versus frequency in the (c¢) cross-plane and (d)

in-plane directions for the two structures showing very similar trends in the spectral heat flux.
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Figure S9. Comparison between the normalized heat flux accumulation versus frequency in the in-plane
direction for an unstrained and strained COF-1 structures. The uniaxial strain is applied in the arm-chair

direction, which results in a shift of heat carrying vibrations to lower frequencies in this direction.

14
12 x10
) 10F unstrained
s .
= 11 % strain
2 % arm-chair direction
S , 6F
zE,
23 °f
S8 = 2}
0 .
100 10 10?
5 1
S )
< 08 unstrained
=
® 06
(]
g 0.4 11 % strain
o arm-chair direction
E 02
2 o

10° 10° 102
Frequency (THz)

Figure S10. (a) MD-predicted vibrational density of states for unstrained and uniaxially strained COF-1
in the cross plane direction. (b) Normalized heat flux accumulation in the cross-plane direction for the

unstrained and strained structure.
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Figure S11. Stress-strain curve for graphite showing the Young’s modulus predicted from the initial elastic

response.
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Figure S12. Stress-strain curve for COF-5 calculated under uniaxial tension along the zig-zag direction.

The other two directions are “stress-free” during the tensile simulations.
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Figure S13. Stress-strain curve for (a) COF-1, (b) COF-5 and (c) TP-COF calculated under uniaxial tension

along the zig-zag or arm-chair directions.
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Figure S14. (a) Induced strains in the orthogonal directions as a function of strain in the arm-chair (hollow
symbols) and zig-zag (solid symbols) directions for our COF-5 structure. (b) The resulting poisson’s ratio

as a function of the applied uniaxial strain.
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Figure S15. Young’s modulus as a function of applied strain in the arm-chair (hollow symbols) and zig-zag

(solid symbols) for our COF-1 structure. (b) Comparison of Young’s modulii as a function of applied strain
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Figure S16. Comparison between the mechanical responses of COF-1 and COF-1-2R structures. (a) Stress-
strain curve as a function of uniaxial strain in the arm-chair direction. (b) Young’s modulus as a function of
applied strain in the arm-chair. (c) Induced strains in the orthogonal directions as a function of strain in the

arm-chair. (d) Poisson’s ratio in the zig-zag and cross-plane directions.
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Figure S17. (a) Young’s modulus as a function of density for the four COFs at 20 % strain in the arm-chair

direction showing a monotonic increase. (b) Poisson’s ratio as a function of density at 20 % applied strain .
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Figure S19. Snapshots of the COF-5 structure at various strain levels showing atoms and bonds colored

according to their z-coordinate.
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Figure S20. Snapshots of the TP-COF structure at various strain levels showing atoms and bonds colored

according to their z-coordinate.
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Figure S21. Snapshots of the COF-1-2R structure at 10 % strain showing the orientational change of the

phenyl rings (from near planar positions) due to uniaxial strain in the arm-chair direction.
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Figure S22. Snapshots of the COF-5 structure at (a) 5% and (b) 10% strain showing the probability density
estimate of atomic positions relative to the zz-ac plane. As the tensile strain increases, the swiveling and
rotational motion of the aromatic rings along the arm-chair direction is quantified by the lower probability
density estimate, whereas, the better orientation of the polymer building blocks along the direction of the
tensile axis is demonstrated by the relatively higher probability density estimate of atoms along the zig-zag

direction.
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Although the GK approach has been extensively used to predict thermal conductivity of dif-
ferent material systems,'™ there has been considerable amount of work in literature showing the
accurate calculation of the thermal conductivity via Eq. 1 due to uncertainties associated with finite
simulation times and domain sizes.%*”-1%1% To ensure that the EMD-predicted thermal conductivi-
ties are not influenced by size effects, the dimensions of the simulation box are chosen to produce
converged values of thermal conductivities. To this end, the thermal conductivities of structures
with cross-sections of 15x 13 nm? and 30x 26 nm? are comparable within uncertainties. Similarly,
the thermal conductivities of structures with computational domain sizes of 15.1x13.1x3.4 nm?,

and 15.1x13.1x10.2 nm? are also similar within uncertainties.

Recently, the use of the heat current calculations in LAMMPS has been shown to predict er-
roneous thermal conductivities for structures with mandy-body interatomic potentials.!>'® There-
fore, to gain confidence in our GK calculations, we run additional nonequilibrium MD (NEMD)
simulations for our COF-5 structures. We add a fixed amount of energy per time step (0.4 eV
ps!) to a heat bath at one end of the computational domain and remove an equal amount of
energy from a cold bath at the other end to establish a steady-state temperature gradient across
the in-plane direction of our COF-5 structures. Note, these simulations are performed under the
microcanonical ensemble (NVE integration) where the number of atoms (N), volume (V), and
energy (E) of the system are held constant. A fixed wall at either side in the in-plane direction
is enforced. The temperature of the atoms are averaged along equally spaced bins in the applied
heat flux direction for a total of 10 ns to produce the temperature profiles as shown in Fig. S2a.
Fourier’s law is invoked to calculate the thermal conductivity of our simulation domains. As the
fixed walls can scatter the long wavelength phonons, we calculate thermal conductivities for dif-
ferent domain lengths to accurately predict the bulk in-plane thermal conductivity of our COF-5
structure in the in-plane direction. Extrapolating the inverse of thermal conductivity, 1/, to the
inverse of the computational domain length, 1/d=0, as shown in Fig. S2b, allows us to predict the
size-independent in-plane thermal conductivity of ~2.3 W m~* K~ for our COF-5 system, which
is similar to our GK prediction.!’

Figure S3 shows the schematic of the computational domain and the GK-predicted thermal
conductivity as a function of thickness in the cross-plane direction for our TP-COF structures.
The cross-plane thermal conductivity is similar beyond d~3.5 nm confirming no size-effects are
influencing our results for the TP-COF structures. Figure S4 shows the temperature dependent

thermal conductivity of TP-COF domains showing the Umklapp dominated thermal conductivity
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in the cross-plane directions for these materials.

Figure S5a-b show the schematics of the COF-1-2R computational domains made by adding
a phenyl ring to the COF-1 structures. Thermal conductivities as a function of thicknesses in
the cross-plane directions for COF-1 and COF-1-2R shows that d> 4nm is enough to ensure no
size-effects are influencing our results.

We calculate the vibrational density of states (DOS) from our MD simulations. The velocities
of the atoms in the COF-5 structure are output every 10 time steps for a total of 1 ns. A velocity
autocorrelation function algorithm is used to obtain the local phonon DOS in the cross-plane and
in-plane directions as shown in Fig. S6. The density of states, D(w), is obtained from the fourier
transform (F) of the velocity correlation function (VACF).! The Welch method of power spectral

density estimation is applied to obtain the D(w) and is normalized as follows,

1 1

where m is the atomic mass, kg is the Boltzmann constant, 7' is the local temperature, and p is the
atomic density.

We base the spectral heat flux calculations on the analysis as detailed in our previous work in
Ref. 18. Briefly, the heat current between atoms 7 and j is proportional to the correlation between
the force, _Z-;, and the velocities, U, of the two atoms and is given as, ¢;_,;(w) o<<f7; (v + v )>,
where () denotes a steady-state nonequilibrium ensemble average.'3->° We tabulate the forces and
velocities of a group of atoms for a total of 2 ns with 5 fs time intervals under the NVE ensemble
to calculate the spectral heat fluxes along both the in-plane and cross-plane directions. Following
this approach, the normalized heat flux as a function of frequency in the in-plane directions for
our COF-1, COF-5 and TP-COF structures are shown in Fig. S7b. Although the DOS for these
structures appear to be similar for the entire vibrational spectrum (see Fig. S7a), we find that
higher frequencies (in the 1 to 10 THz range) are more responsible for heat conduction in the
COF-1 structure. We also compare the DOS and spectral heat flux calculations for our COF-1-2R
structures with that of the COF-1 structure in Fig. S8.

The application of strain in the arm-chair direction is shown to drastically modify heat con-
duction in the direction of the applied strain (by shifting the heat carrying vibrations to lower
frequencies; see Fig. S9). Whereas, the heat current accumulation remains the same for the zig-
zag direction. Tensile strain is shown to soften the frequencies in the cross-plane direction as

exemplified by the DOS calculations in the cross-plane direction for the COF-1 structure (see
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Fig. S10a).

From our uniaxial tensile loading simulations, we predict a Young’s modulus of ~0.96 TPa for
graphite (see Fig. S11), which is in excellent agreement with previous results.?! In Fig. S12, we
plot the stress-strain curve for COF-5 calculated under uniaxial tension along the zig-zag direction.
The other two directions are “stress-free” during the tensile simulations through the application of
an isobaric-isothermal ensemble for these directions, where the length of the simulation domain is
allowed to relax. Figure S13 shows the stress-strain relationships for COF-1, COF-5 and TP-COF
structures in the zig-zag and arm-chair directions. The structures are more mechanically stable
when tensile force is applied in the arm-chair direction, whereas, the failure strain is lower in the
zig-zag direction. For comparison of the induced strains in the orthogonal directions as a function
of strain in the arm-chair and zig-zag directions, we plot the strain for our COF-5 structure in
Fig. S14a. The application of tensile loading in the two directions have similar strain responses
as also exemplified by the resulting poisson’s ratio as a function of the applied uniaxial strain as
shown in Fig. S14b.

The nonlinear stress-strain relationship for these 2D COF structures manifest in varying
Young’s moduli as a function of tensile strain as shown in Fig. S15a for COF-1 when pulled
along the arm-chair and zig-zag directions. Figure S15b shows a comparison between the three
COF structures showing the impact of mass density on the calculated Young’s modulus of these
materials. To observe the effect of mass density on the mechanical response to tensile loading, we
compare the results for COF-1 and COF-1-2R structures in Fig. S16. Although the Young’s mod-
ulus is higher for COF-1 with the higher mass density, the strain response is larger for COF-1-2R
possibly due to the more number of phenyl groups that swivel in the structures. A comparison of
the calculated Young’s modulus and Poisson’s ratio between the various structures as a function
of mass density is also shown in FIg. S17.

The out of plane motion of atoms in the COF-1, COF-5 and TP-COF structures due to the
application of tensile strain is shown in the schematics in Fig. S18, Fig. S19 and Fig. S20, respec-
tively. The atoms are colored according to their positions relative to the z-axis. For all structures,
the application of tensile strain is shown to perturb the z-axis positions of the atoms due to the
swiveling motion of the phenyl rings. As shown by the color intensity, the phenyl rings in the
COF-1 structure lead to the larger change in the z-axis positions of the atoms, thus leading to a
comparatively higher negative Poisson’s ratio. The swiveling motion in amplified in the COF-1-

2R structure with 2 phenyl rings (as opposed to 1 phenyl ring in the COF-1 structure), which leads
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to greater strain response in COF-1-2R.

In order to quantify the chain rotation upon applied strain, we calculate the probability density
estimate for an atom’s position with respect the plane defined by the ac — zz plane. As such,
the probability density estimate of an atom provides a quantitative measure of finding that atom
in the specific plane. Therefore a higher value (yellow) indicates better overlap of atoms when
projected onto the plane and evidently better orientation of the polymer chain along that direction.
As the strain is increased from 5% to 10% (Fig. S22), the greater rotation of the aromatic rings
with respect to the equilibrium plane leads to lower values (blue) for molecules along the arm-
chair direction, whereas, molecules along the zig-zag direction have higher probability density

estimates suggesting better orientational order along the direction of the applied strain.
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