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Abstract

Hydrogen-bonded organic frameworks (HOFs) are a class of nanoporous crystalline ma-
terials formed by the assembly of organic building blocks that are held together by a network
of hydrogen-bonding interactions. Herein, we show that the dynamic and responsive nature of
these hydrogen-bonding interactions endows HOFs with a host of unique physical properties
that combine ultra-flexibility, high thermal conductivities, and the ability to ‘self-heal’. Our
systematic atomistic simulations reveal that their unique mechanical properties arise from the
ability of the hydrogen-bond arrays to absorb and dissipate energy during deformation. More-
over, we also show that these materials demonstrate relatively high thermal conductivities for
porous crystals with low mass densities owing to their extended periodic framework structure
that is comprised of light atoms. Our results reveal that HOFs mark a new regime of materials
design combining multifunctional properties that make them ideal candidates for gas storage
and separation, flexible electronics, and thermal switching applications.
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Multifunctional materials that combine extraordinary physical attributes such as being ultra-
light weight, thermally conductive, superflexible and self-healable are crucial for the development
of the next generation of technologies such as wearable electronics,' soft machines,? integrated
circuits,? and flexible solar cells.* However, combining all of the aforementioned physical char-
acteristics into one material system has proven to be one of the most fundamental scientific chal-
lenges. For example, thermally conductive materials are generally rigid and dense,” which limits
their use in wearable electronics requiring highly flexible materials with low densities.® In this
regard, porous crystals based on organic frameworks have pushed the envelope of materials design
by combining some exceptional physical attributes.” ! These materials offer a unique platform
for functional design mainly because of the vast diversity in the choice of their organic building
blocks, which form extended frameworks with ordered nanopores that can be molded into different
geometries and dimensions. Recently, we have shown that covalent organic frameworks (COFs)
mark a new regime of materials design that combine ultralow mass densities and remarkably high
thermal conductivities in porous crystals (Fig. 1).*!! Herein, we will show that another class of
porous crystals based on hydrogen-bonded organic frameworks (HOFs) also possess high thermal
conductivities with low mass densities (as shown in Fig. 1), all the while demonstrating a unique
set of mechanical properties such as higher flexibilities and the ability to ‘self-heal’ after a catas-
trophic breakdown of the porous framework.

In general, porous crystalline solids have garnered tremendous attention over the past few
decades, not just for the aforementioned applications but also for gas separation/storage, catal-
ysis, chemical sensing, electrodes, and drug deliveries owing to their modular geometries and
remarkably large surface areas.?”>* HOFs are a class of such porous crystals that are largely in-
spired by the generality with which nature combines noncovalent supramolecular chemistry and
covalent bonds in a variety of processes.!%* This combination endows HOFs with several ad-
vantages such as facile synthesis conditions, simple regeneration, and solution processability over
other crystalline porous structures such as metal organic frameworks (MOFs) and COFs. !0-2627

Moreover, these materials with supramolecular chemistries that are bridged by relatively weak
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Figure 1: Comparison of thermal conductivities of various porous materials such as aerogels'?,
MOFs 317, zeolites'*2!, COF-5!!, and ABTPA HOF (this work) as a function of mass density.
Generally, zeolites have higher thermal conductivities since they have relatively higher mass den-
sities as compared to other porous solids. Our HOF demonstrates comparable thermal conductivity
to zeolites and higher thermal conductivity in comparison to aerogels and MOFs, while also pos-
sessing ultralow mass densities.



and reversible hydrogen bonds can easily adapt to their environment, thus potentially positioning
them as shape-memory, self-healing and stimuli-responsive ‘smart materials’.?®?° As such, their
exceptional chemical and structural makeup should endow HOFs with multifunctional properties,
yet the knowledge of their thermal and mechanical properties, (which are quintessential for their
functionality in the aforementioned applications) have remained elusive thus far.

In terms of the understanding of thermal transport properties of nanoporous materials, the
focus has mainly been limited to MOFs and zeolites. '*!#163942 Zeolites are generally shown to
have higher thermal conductivities due to their relatively higher mass densities as shown in Fig. 1.
For MOFs, most of the studies generally report very low thermal conductivities (~ 0.3 W m™!
K~1!), which has mostly been attributed to the short mean free paths of the vibrational energy
carriers resulting from their porous structures. Similarly, aerogels also demonstrate some of the
lowest thermal conductivities resulting from their highly porous structures. However, in contrast
to these materials with a combination of ultralow thermal conductivities and mass densities, we
recently measured a combination of high thermal conductivity (~1 W m~! K=') and low mass
density (0.55 g cm~3) for COF-5, which we mainly attributed to the long range crystalline order
and light atoms held together by strong covalent bonds.? In this work, our systematic atomistic
simulations based on reactive molecular dynamics (MD) simulations show that HOFs are capable
of possessing high thermal conductivities (>1 W m~! K~! at room temperature), which mainly
depend on the orientation of their ultraflexible organic building blocks. We also show that HOFs
possess the unique property of ‘self-healing’, where these materials are capable of recovering their
physical attributes (such as their high thermal conductivity) even when the structure is severely
fractured after the application of uniaxial strain. Furthermore, we reveal that HOFs are highly
flexible and are capable of efficiently relieving stress under high levels of tensile strain. The stress
relaxation under tensile loading in HOFs is attributed to the ability of the dynamic hydrogen bonds
to absorb and efficiently localize the stress. Although the framework breaks down at high levels
of strain (~40%) under uniaxial tensile loading, the framework is shown to ‘self-heal’ through a

counter strain that is applied in the lateral direction.



Figure 2: (a) Structure of the ABTPA building block of the HOF used in this work. (b)Schematic of
our HOF computational domain with a magnified view of the hydrogen-bonding interactions (O-
H---0). (c) The hydrogen bonds are aligned along a 2D lattice with the anthracene units packed
in the out-of-plane direction.



We base our calculations on the recently synthesized ABTPA [5°,57-(1,1’3’,1”anthracene-
9,10-diyl)bis(([-ter 4,4”-phenyl]-dicarboxylic acid))] HOF, which has been recently synthesized
by Cui et al.#*; the chemical structure of the monomer building block is shown in Fig. 2a. We use
a reactive potential, ReaxFF, to describe the interatomic interactions and conduct all of our simu-
lations with the Large Atomic Molecular Massively Parallel Simulator (LAMMPS) package. **+
A distance-dependent bond order function is implemented in this potential. The reason we utilize
the ReaxFF potential for all our simulations is in order to account for the significant role played
by the dynamic and responsive behavior of the hydrogen-bonded interactions in our HOF structure
that dictate their thermal and mechanical properties, as well as to accurately model the breaking
and reforming of the bonds during our tensile deformation tests. The schematic of our compu-
tational domain is shown in the left panel of Fig. 2b. Each four-membered unit is held together
by hydrogen-bonded interactions (O-H- - - O, as shown in the right panel of Fig. 2b). The ABTPA
HOF has a 2D square lattice as highlighted in Fig. 2¢ with the anthracene units packed in the out-
of-plane direction, which acts as an anchor for the 3D structure of the HOF.** This arrangement
allows large flexibility in the dynamic movement of the organic building blocks and the free ro-
tation of the anthracene units made possible by the hydrogen-bonded 2D square lattice. As such,
this provides a potential avenue for an adaptive framework by introducing an overall responsive
behavior of the HOF structure, which is what we seek to study by applying external strain as we
detail below.

First, we calculate the temperature-dependent thermal conductivity of ABTPA HOF in the
three principal directions via the Green-Kubo (GK) method as shown in Fig. 3. We also calculate
the room temperature thermal conductivity in the x-direction for our HOF with a direct approach
(i.e. the nonequilbrium MD method where we apply hot and cold baths to our simulation domains
to create a temperature gradient; more details on the two approaches are given in the Supporting
Information). The agreement between the two different approaches (within uncertainties) as shown
in Fig. 3 provides confidence in our results.

The anisotropic structure of the HOF manifests in the direction-dependent thermal conductiv-
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Figure 3: The ABTPA HOF possesses large anisotropy in the temperature dependent thermal con-
ductivities along the three principal directions as calculated via the Green-Kubo approach. For
comparison, we also include the calculations for the thermal conductivity along the x- and y-
directions from our nonequilibrium molecular dynamics approach (solid symbols). The agreement
between the two methods provides confidence in our calculations.



ities as shown in Fig. 3. The thermal conductivity is higher in the x-direction with a relatively
larger temperature dependence, which is indicative of a more pronounced influence of anharmonic
phonon-phonon scattering (or Umklapp scattering) effects in that direction. The deviation from
the crystalline-like 1/7" temperature trend along all directions can be attributed to vibrational scat-
tering at the pore walls of the HOFs. Since the characteristic length of the pore in the z-direction
is shorter than the y-direction (see Fig. S1a), we can expect a more pronounced effect of pore-wall
scattering and a reduced thermal conductivity along the y-direction. The larger temperature depen-
dence for the z-direction in comparison to the y-direction is indicative of higher phonon-phonon
scattering mechanisms dictating thermal conductivity along the x-direction. This is consistent with
higher vibrational scattering at the larger pores in the y-direction, which comparatively reduces the
effect of phonon-phonon scattering in that direction. Note, the ABTPA chains are oriented at an
angle of ~26° with the z-y plane (see Fig. S1c). The hydrogen bonds are stacked along the z-
direction with the polymer chains at an angle of ~64° with the z-direction. Therefore, throughout
the temperature range as shown in Fig. 3, the thermal conductivity is the lowest along the z- di-
rection. Taken together, these results suggest the possibility of tuning the thermal conductivity in
these HOFs through proper design of the pore geometry, polymer chain orientation and placement
of the hydrogen bonds in the organic framework. In what follows, we will show that the dynamic
response of the hydrogen bonds along with the flexibility of the molecular building blocks un-
der application of external strain can be used to align (or misalign) the building blocks along a
particular direction to increase (or decrease) the thermal conductivity in these materials.

We note that in our previous study on the thermal properties of 2D COFs,!! we have shown
that the layered structure of COFs with strong covalent bonds in the in-plane direction and weaker
supramolecular interactions in the through-plane direction results in a higher thermal conductivity
anisotropy ratio in 2D COFs as compared to HOFs. However, what separates HOFs in comparison
to the 2D COFs is the fact that the thermal conductivity can vary in all three principle directions,
whereas the thermal conductivity along the bonded plane remains similar for 2D COFs. Moreover,

3D COFs and MOFs (such as COF-300 and MOF-5) demonstrate isotropic thermal conductivities



of ~0.3 W m~! K~ in all three principle directions.*%*” Therefore, this unique physical attribute
where the thermal conductivity can change by a factor of 3 depending on the crystalline direction
separates HOFs from other organic framework-based materials, where achieving anisotropy in all

three principle directions has not been realized so far.
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Figure 4: (a) Comparison of the stress-strain relationships for COF-5 (taken from Ref. 11) under
uniaxial tension in the zig-zag and arm-chair directions, MOF-5 (from additional simulations per-
formed with the model as described in Ref. 31), and our ABTPA HOF under uniaxial tension in
the x-direction. Snapshots of the computational domains at uniaxial strain levels of (b) 20% and
(c) 40%. The atoms are colored based on their atomic level strain relative to the relaxed struc-
ture. Stress localization (represented by the red colored atoms) is mainly concentrated around
the hydrogen-bonding interactions for the strain levels, which shows the dynamic and responsive
nature of these non-bonded interactions to absorb the stress in the framework.

The ultraflexible nature of these framework materials are revealed by monitoring their stress
response to tensile loading. This is shown in Fig. 4a, where we plot the stress-strain response of the
HOF under uniaxial tension in the x-direction; stress-strain curves for the other directions are given
in the Supporting Information. We observe that the stress build-up in the structure is minimal due
to the applied tensile loading even for strain levels of ~40%, after which a catastrophic breakdown
of the structure occurs that originates at the dynamic hydrogen-bonded interactions (Fig. S8). This

unique ultraflexible mechanical response of ABTPA HOF to tensile loading can be better appre-



ciated by comparison to the strain response of other organic framework materials (i.e. MOFs and
COFs) as shown in Fig. 4a. Note, we calculate the stress-strain response for MOF-5 based on the
model described in Ref. 31. For MOF-5, we observe a monotonically increasing stress response
due to the application of strain. Similarly, we also include the stress-strain curves for COF-5 as cal-
culated in our previous work.!! Although COF-5 displays an overall better flexibility as compared
to the MOF-5 structure, for both types of frameworks there is a considerable buildup of stress due
to the application of a uniaxial strain, which is in contrast to the response of our HOF structure.

We can attribute this ultraflexible response of HOFs to the ability of the hydrogen bonds to
locally absorb the stress when strained in a particular direction. This is highlighted in Fig. 4b and
4c, where the atoms are colored based on their von Mises strain under uniaxial tensile strains of
20% and 40% along the x-direction, respectively. As uniaxial strain is increased, stress localiza-
tion mainly occurs near the O-H- - - O hydrogen bonds (as represented by the red colored atoms).
Through the dynamic response of the large number of these non-covalent interactions forming the
hydrogen-bonded network, these structures are endowed with the unique ability to locally absorb
the applied stress. In our previous work in Ref. 11, a similar mechanism was shown for COF-
5, where the stress localization occurred around the linkers of the COF-5, ultimately leading to
catastrophic failure. For our HOFs, however, the build-up of stress around the dynamic hydrogen-
bonded interactions not only leads to the ultraflexible nature of these organic frameworks, but also
endows them with the ability to absorb high levels of strain without compromising their structural
integrity.

Next, to investigate the effect of strain on the thermal response of the ABTPA HOF, we plot the
thermal conductivity in the three principle directions at different strain levels when tensile loading
is applied along the - and z-directions as shown in Fig. 5a and Fig. 5b, respectively. When strained
in the x-direction, the thermal conductivity is reduced slightly in the z-direction, while, the thermal
conductivities in the z- and y-directions are largely unaffected for the entire range of tensile strain.
The reduction in the z-direction can be expected since the computational domain contracts signifi-

cantly in that direction causing the organic building blocks to preferentially align perpendicular to

10
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Figure 5: Change in the thermal conductivity in the three principal directions as a function of
applied uniaxial strain along the (a) x-direction and (b) z-direction. Snapshots of the cross-section
of the x-z plane showing the arrangement of polymer chains under (c) uniaxial strain along the
x-direction at 40% strain level, (d) unstrained conditions, and (e) when uniaxial strain is applied
along the z-direction at 50% strain level. The organic building blocks align parallel to the direction
of the applied strain, which facilitates heat transfer. However, when strain is applied in the z-
direction, the counter effect of increase in the pore size results in negligible change in the thermal
conductivity along that direction. (f) Thermal conductivity along the three principal directions for
the cases when our HOF breaks down under uniaxial tension and when the structure regains its’
framework integrity through an application of a counter strain in the opposite lateral direction. (g)
Snapshots of our computational domain showing the sequence of catastrophic breakdown of the
framework as uniaxial tension is applied along the y-direction and the ‘self-healing’ process when
a counter strain is applied along the x-direction.
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the z-axis (see Fig. 5c). Although the application of tensile strain along the z-direction leads to an
overall better alignment of the organic building blocks along the -y plane, it also causes the overall
pore size to increase considerably (see Fig. S7b and Fig. S7c), thus countering the effect of chain
alignment on the thermal conductivity. This is in-line with our prior works that have shown that the
increase in pore size results in a reduced thermal conductivity in organic framework materials due
to vibrational scattering at the pore walls. '3 Similarly, when tensile loading is applied along the
z-direction, the organic building blocks now orient better along that direction (see Figs. 5d and 5Se)
leading to an enhanced thermal conductivity, which monotonically increases as strain is increased
by up to ~30%. In the z-direction, however, there is a considerable amount of misalignment of the
polymer chains (more-so than in the y-direction) as the computational domain contracts substan-
tially more in that direction (see Fig. S5b), which leads to the reduction in thermal conductivity as
tensile strain is increased in that direction. Taken together, our uniaxial tensile simulations show
the ultraflexible nature of these framework materials, where the dynamic movement of the organic
building blocks, facilitated by the responsive hydrogen-bonding interactions, can be used to tailor
their anisotropic thermal properties.

Finally, we demonstrate the ‘self-healing’ nature of these frameworks to recover from catas-
trophic breakdown of their framework structure. This is realized through a counter strain that we
apply in the lateral direction after the framework fractures. Note, the counter strain is applied in
the direction where the computational domain contracts during uniaxial tension. Although in our
simulations, we can visually identify when the structure regains its’ original framework due to the
counter strain, an important aspect of ‘self-healing’ is the restoration of initial physical properties
through dynamic response to an external stimulus.* This is quantified by calculating the thermal
conductivity of our ‘healed” HOF structure as shown in Fig. 5f. The thermal conductivity is con-
siderably lower in all three principle directions when the hydrogen bonds are broken due to tensile
strain; as shown in the top panel of Fig. 5g, the HOF structure fractures at ~15% strain when
tensile force is applied along the y-direction. When a counter strain is applied in the z-direction,

the hydrogen bonds ‘heal” and the structure regains its’ original shape. Along with the framework
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structure, the application of the counter strain is able to regain the intrinsic thermal conductiv-
ities in all three principle directions as shown in Fig. 5f, which demonstrates the ‘self-healing’
nature of these HOFs that are coupled to fast and efficient cross-linking reactions. We note this
‘self-healing’ attribute is also observed when the initial tensile strain is applied in the z-direction
and the counter strain is applied in the y-direction (see Fig. S10). This ‘self-healing’ nature sep-
arates HOFs from other organic-based framework materials such as COFs and MOFs, where this
dynamic and reversible change in physical properties has not been demonstrated as of yet.

The design of polymeric materials with the capability to efficiently and actively manipulate
heat conduction on-demand has been of interest for a range of applications such as in shape-

30-52 The demon-

programmable structures, artificial skin, flexible electronics, and soft robotics.
stration of HOFs with the unique ability to ‘self-heal” in this work could potentially lead to their
application in the aforementioned technologies to dynamically switch between the high thermal
conductivity state (with an extended periodic framework structure) and low thermal conductiv-
ity state (when the hydrogen-bonded interactions are broken). For polymeric materials, dynamic
control of vibrational thermal conductivity has been limited to light-triggered phase transitions in
azopolymers, which show a very slow response time (~10 s) to switch between a low thermal con-
ductivity state of 0.1 W m~! K~ to a high thermal conductivity state of 0.35 W m~! K~1.5 While
the thermal conductivities for HOFs are relatively higher as compared to the azopolymers, for ther-
mal management applications, it is desirable for soft polymeric materials to demonstrate metal-like
thermal conductivities.>! In this regard, new strategies such as interpenetration or guest-host inter-
actions could potentially enhance the heat transfer efficacy in these types of polymeric framework
materials, which could potentially lead to unprecedented, dynamic thermal responses. 474854

In summary, our systematic atomistic simulations based on reactive MD simulations show that
HOFs are capable of possessing high thermal conductivities for porous materials, which mainly
depend on the orientation of their ultraflexible organic building blocks. Specifically, when uniaxial

tension is applied along a direction, the building blocks preferentially align along that direction to

facilitate heat transfer. We attribute their ultraflexible framework to the abundance and reversible

13



nature of hydrogen-bonded interactions that makeup the framework and are capable of absorbing
and localizing the stress under highly strained conditions. We also reveal their unique ‘self-healing’
characteristics where the framework is able to recover the thermal conductivity even when the
structure experiences catastrophic fracture. Our results shed light on the anisotropic nature of the
thermo-mechanical properties of ABTPA HOF and show that their responsive nature to external

stimuli can be harnessed for applications such as thermal switches.
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