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Anomalous strain-dependent thermal conductivity in the metal-organic framework HKUST-1
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Metal-organic frameworks (MOFs) have often been used for gas storage owing to their high surface areas and
nanoscale pores, where they are packed in the tank. The concomitant exothermicity and endothermicity during
the gas storage process strongly affect their storage capacity. Understanding the thermal transport in MOFs
under mechanical strain is critical to maximizing the gas uptake capacity of MOFs. Here, we systematically
investigate the thermal transport in a typical MOF (i.e., HKUST-1 or equivalently MOF-199) considering the
external mechanical strain using molecular dynamics simulations. We find that the thermal conductivity of
HKUST-1 decreases with compressive strain and increases with tensile strain, which is contradictory to the
classical Liebfried and Schlémann theory, i.e., the thermal conductivity of crystals should increase with applied
compression. Our spectral analysis further shows that the abnormal strain-dependent thermal conductivity can
be well explained by the phonon-gas theory. We find that the relaxation time of vibrations in HKUST-1 decreases
when compressive strain is applied. This is because the anharmonicity of compressed HKUST-1 increases
compared with that of pristine HKUST-1. The anharmonicity of HKUST-1 decreases when tensile strain is
applied, and thus, the corresponding vibrational relaxation time increases. Meanwhile, the vibrational group
velocity decreases or increases for compressed or tensile HKUST-1, respectively. This is due to the compression-
or stretch-induced shift of vibrational branches caused by the structural softening and hardening. Therefore, the
thermal conductivity of HKUST-1 decreases with compressive strain even though the volumetric heat capacity
of compressed HKUST-1 increases. The thermal conductivity of HKUST-1 increases with tensile strain, though
the corresponding volumetric heat capacity decreases. Here, we provide a fundamental understanding of the
thermal transport mechanisms in MOFs considering mechanical strain, which offers guidance for the thermal
management design in these corresponding gas storage applications.
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I. INTRODUCTION

Metal-organic frameworks (MOFs) have been regarded as
promising candidates for gas storage owing to their high
internal surface areas and nanoscale pores. However, the
concomitant exothermicity and endothermicity during gas
adsorption and desorption processes strongly affects the per-
formance of MOFs, e.g., the reduction of adsorption capacity
[1] and sharp temperature spikes [2]. During the gas adsorp-
tion process, there is a decrease in the residual attractive forces
present on the surface of the adsorbent (i.e., MOF here), lead-
ing to a reduction in the surface energy of the adsorbent, which
evolves as heat. Therefore, the enthalpy of gas adsorption is
negative, and the gas adsorption is essentially an exothermic
process. In contrast, gas desorption is an endothermic process.
The concomitant exothermicity and endothermicity during the
gas storage process can cause significant temperature rises and
drops in the gas storage systems, which in turn affects the
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corresponding usable gas capacity. For instance, the natural
gas storage cylinders could be cooled by as much as 37°C
at a discharge rate for a typical driving speed, which resulted
in a 25% reduction in CHy storage capacity compared with
isothermal desorption [3]. Moreover, in realistic gas storage
systems, MOFs are usually packed in a tank [4,5] and there-
fore are deformed. Therefore, the influence of mechanical
deformation on the thermal conductivity of MOFs must be
known to determine and manage the operating temperatures of
the corresponding devices, which is critical for the gas uptake
capacity of MOFs.

There have been previous efforts to quantify the influence
of mechanical strain on thermal conductivity x in MOFs.
Han et al. [6] investigated the strain effect on the thermal
conductivity of MOF-5 by molecular dynamics (MD) simu-
lations. They found that the thermal conductivity of MOF-5
decreased with tensile strain and increased with compressive
strain. Further first-principles calculations also showed that
the thermal conductivity of MOF-5 decreased with external
tensile strain [7]. Ying et al. [8] studied the pressure effect on
the thermal conductivity of pristine and halogen-substituted
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MOF zeolitic imidazolate framework (ZIF)-8. They found that
the applied pressure would lead to a dense phase of ZIF-8
and a higher thermal conductivity than that of the porous
phase at lower pressures. All these results show that the com-
pression P will increase the thermal conductivity of MOFs,
which agrees well with the classical Liebfried and Schlomann
(LS) theory [9,10], i.e., j—ﬁ > 0. It is therefore easy to hy-
pothesize that the thermal conductivity of crystalline MOFs
increases (decreases) under compression (tension). Moreover,
both experiments [11] and simulations [12—-14] showed that
the heat carriers in MOFs might behave as nonpropagating
quasiparticles, which may lead to the corresponding thermal
conductivity deviating from the predictions of the classic
theory, i.e., the pressure-dependent thermal conductivity of
MOFs does not follow the LS theory.

In this paper, we report on an anomalous strain-dependent
thermal conductivity in a typical MOF crystal (i.e., HKUST-1
or equivalently MOF-199) using atomistic simulations, which
is against the prediction of the LS theory. Three force fields
(FFs) that are derived based on various methods are ap-
plied to depict the interatomic interactions in HKUST-1 and
validate our numerical results. Our results show that the ther-
mal conductivity of HKUST-1 is monotonically improved
by tensile strain and depressed by compressive strain in
the crystal phase. The thermal conductivity of HKUST-1
is found to increase by ~2 times, i.e., from ~0.7 to
~1.4 W/mK, by applying external mechanical strain. Our
spectral vibrational analysis further shows that the reduction
(enhancement) of thermal conductivity in HKUST-1 caused
by the compression (tensile strain) results from the change
of vibrational anharmonicity and group velocity, which stems
from the shrinkage of the atomic interspace and the structural
softening-hardening.

II. SIMULATION AND CALCULATION DETAILS
A. Interatomic FF

In this paper, we performed MD simulations to evaluate
the strain dependence of thermal conductivity in HKUST-1.
Meanwhile, for comparison, we have applied three inter-
atomic FFs [2,15,16] to depict the interactions of atoms in
HKUST-1. The first adopted FF was developed by Zhao et al.
[15], in which parameters were fitted based on the first-
principles calculations and existing potentials [17-19]. This
FF has been demonstrated to describe the crystal structure,
negative thermal expansion, vibrational properties, and ad-
sorption behavior of HKUST-1 [15] well and has been widely
used to model the thermal transport in HKUST-1 [20-23]. The
second FF we used was developed by Wieme ef al. [2], which
was derived by fitting the potential energy surface obtained
from first-principles calculations. The thermal properties, in-
cluding heat capacity and the thermal expansion coefficient
calculated using this FF, agree well with experimental mea-
surements [2]. The last FF used to depict HKUST-1 was
developed under the framework of the third generation of neu-
roevolution potential (NEP3) [24]. The MD simulations with
Zhao’s and Wieme’s FFs are performed by LAMMPS [25]. The
MD simulations with NEP3 FF are carried out by GPUMD [16].
For Zhao’s and Wieme’s FFs, the interatomic interactions

are described by the terms of covalent (bond, angle, dihedral,
and out-of-plane), electrostatic, and van der Waals interac-
tions [2,15]. The long-range electrostatic interactions in our
simulations are solved by the particle-particle particle-mesh
solver with a relative force error of 10~ [26]. For NEP3 FF,
the total energy of the system is taken as a sum of the site
energies. The site energy of atom i is a neural network model
that takes a descriptor vector q' as the input:

Nneu Ndes
0= Y aftnn [t - |-t o
n=1 v=1

where Ny, is the number of neurons within a single hidden
layer, Nges is the number of components of the descriptor
vector, tanh(x) is the activation function, ®® and " are
trainable weights, and »© and b are bias parameters in
the neural network. The atomic environment descriptor is
decomposed into radial and angular parts. The radial de-
scriptor is constructed by linear combinations of Chebyshev
basis functions, and the angular descriptor is built using the
atomic cluster expansion approach [16]. The dataset for train-
ing NEP3 FF was constructed using energy, atomic force,
and virial data of reference structures computed by static
density functional theory (DFT) calculations. The reference
structures are first obtained by selecting structures from
ab initio MD (AIMD). The primitive cell of HKUST-1 con-
taining 156 atoms is used in the AIMD simulations. The
AIMD simulations were conducted in the NVT (constant
number of particles, volume, and temperature) ensemble con-
trolled by a Nosé-Hoover thermostat [27] with an energy
threshold of 107> eV and an energy cutoff of 520 eV for
the electronic self-consistent calculation. The I'-point K mesh
was sampled in the Brillouin zone. A time step of 1 fs
was used. The temperatures ranging from 10 to 800 K are
considered in the AIMD calculation. Here, 560 different struc-
tures were selected from all 10000 structures in our AIMD
simulations to construct the dataset. Then 100 perturbed struc-
tures generated by the DPDATA package [28] were added to
the dataset of reference structures, in which the deforma-
tions of the structures are in the range of —3 to 3%, and
atomic displacements were set with a standard deviation of
0.1 A. Static DFT calculations of these 660 structures with a
threshold of 10~7 eV and an energy cutoff of 600 eV were
then implemented to obtain accurate energy, atomic force,
and virial data. The static DFT calculations were based on
the Perdew-Burke-Ernzerhof functional [29] and the projector
augmented-wave method [30] and were implemented by VASP
[31,32]. The K mesh adopted in our static DFT calculations
was generated using the Monkhorst-Pack (MP) approach with
a density of 0.2/A and a Gaussian smearing width of 0.05
eV. Using the static DFT calculated atomic data of these 660
structures, the first NEP model is trained. Then using the first
NEP model, the NEP-driven MD simulations were performed,
and 100 structures were selected from MD simulations. Com-
bining with the previous 660 structure, the second NEP model
was trained based on the static DFT calculated data of the 760
structures. After the second round of NEP-driven MD simula-
tions, we finally obtained a total of 860 reference structures.
The final NEP model was trained based on the static DFT
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calculated data of these 860 reference structures. Details for
the DFT calculations and NEP3 FF can be found in Ref. [33].

B. MD simulations

The thermal conductivity of HKUST-1 was calculated us-
ing nonequilibrium MD (NEMD) and homogeneous NEMD
(HNEMD) simulations. The NEMD simulations were per-
formed using the LAMMPS package, and the HNEMD
simulations were implemented by the GPUMD package. In all
MD simulations, the timestep is 0.5 fs, and periodic boundary
conditions are applied along three directions. For the NEMD
simulations, systems with a size of 2 x 2 x 60 unit cells
(UCs) were first relaxed in an NPT (constant number of par-
ticles, pressure, and temperature) ensemble for 500 ps with
various strains. The corresponding length of the systems in
our NEMD simulations is 149.9 nm, which is long enough
to involve most of the long-wavelength phonons [23]. Two
regions with a thickness of 1.36 nm at the ends of the model
were fixed in our NEMD simulations. Two layers of atoms
closing to the fixed regions with a thickness of 1.36 nm were
coupled with Langevin thermostats and selected as the heat
source and sink, respectively. The temperature gradient in
the systems is ~0.133 K/A. We checked the effect of the
temperature gradient on the calculated thermal conductivity
and found this temperature gradient can give reliable results.
Each NEMD simulation runs 7 ns, and the last 3 ns were used
to calculate thermal conductivity based on Fourier’s laws:

0
=TT 2

where Q is the heat current extracted from the Langevin ther-
mostats, A is the cross-section area, and VT is the temperature
gradient in the system.

In all our HNEMD simulations, the thermal conductivity is
calculated by [34]

1 [ J(t)
K= — dr, 3)
tJo TVF,

in which T is the temperature of the system, V is the vol-
ume of the system, and J is the heat current induced by the

driving force F ;xz of the atom i. The driving force on atoms
F sz is related to the parameter F,, which is set to 1.5 um"
in all HNEMD simulations. The thermal conductivity calcu-
lated by HNEMD simulations is averaged by five independent
simulations. Strain was applied by deforming the structure
of HKUST-1 along three directions directly in our HNEMD

simulations.

C. Vibrational mean free path spectrum

To quantitatively characterize the thermal transport in
HKUST-1, we calculated the corresponding vibrational mean
free path (MFP) spectrum. In NEMD simulation, the heat
current across an imaginary interface can be calculated using

au; aUu;
Qleftﬁright = Z Z <a__.] c Vi — 8__, : Uj>, )
icleft jeright i Tj

in which U is the potential energy, ¥ is atomic velocity, 7 is
atomic position, and left and right denote the left and right

sides of the imaginary interface, respectively. The spectral
heat current in NEMD simulations can be written in the form
of [35-38]

T M auU; aU;
0 =2% % Re{/ [—J 5.0) — o2 a,-(O)}
;! A 0 3r,« rj
ieleft jeright T T
x e"ﬂ”dr}. (5)
The spectral thermal conductivity then can be calculated as
O(w)
= . 6
k(w)= =0 (6)

Based on the Landauer theory [39-41], the spectral heat
current across a junction between two leads with different
equilibrium heat-bath temperatures (i.e., 7; and Ty) is ex-
pressed as

O(w) = holfr(w) — frl@)I'(@), (N

where f is the phonon distribution function at the heat-
bath temperature, which is equal to the classical limit of
the Boltzmann distribution in MD simulations. Here, I'(w) is
the phonon transmission function. Thus, the spectral thermal
conductance G(w) can be calculated via

_ holfi(@) - fr@)] - T() _ hoAf(o)- T'(o)

G(w)

A(T, — Ty) AAT
~ hwd f(w) T'(w) classic limit ky F(a))’ @)
oT A A

in which AT is the temperature difference between two ther-
mal baths in the simulation system. Therefore, the phonon
transmission function in NEMD simulations can be approx-
imately calculated via

MNw) = ) (&)

Meanwhile, the phonon transmission function can also be
written as [38,40,42]

I'y(w)
1+ L/A(w)’
where A(w) is the vibrational MFP spectrum, L is the length
of the system, and I',(w) is the ballistic phonon transmission
function. Hence, by substituting Eq. (9) into Eq. (10), the phe-
nomenological MFP in NEMD simulations can be calculated
by

INw) = (10)

_ Q(w) - L/AT
T 0,(w)/AT, — Q(w)/AT’

in which Q,(w) and AT, are spectral heat current and temper-
ature difference of two thermal baths under ballistic thermal
transport, respectively. To mimic the ballistic thermal trans-
port in NEMD simulations, the system length is set as one
lattice constant, and the temperature difference between two
thermal baths is set as 60 K.

A(w)

an

D. Spectral energy density of vibrations

We also calculated the vibrational band structures of
HKUST-1 under various strains using spectral energy density
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(SED). At a specific k, the vibrational SED can be calculated
by [43]

OF) = — 3 U (Mo,
B = g S| [ (")

Nx,yz

X exp [ll_é . 7(”%“) — iwt}dl

where N is the number of unit cells in the supercell, o denotes
the direction, my,, is the atomic mass of the atom b, 7y is total
simulation time, n, . is the index number of the unit cell

2
, (12)

Ny,y,z

along the x, y, and z direction, v, ("} ¢) is the velocity of

atom b in the unit cell n, , . along the « direction, and ?(”x(']’"z)
is the equilibrium position of the unit cell n, .. In all our SED
calculations in which the interatomic interactions are depicted
using Zhao’s FF, a model with a size of 2 x 2 x 60 UCs is
used. While the systems are depicted using NEP3 FF, the size
of the systems is 1 x 1 x 60 UCs in our SED calculations
due to the high computational cost. To examine the effect
of the applied strain, the models are firstly relaxed under
the NPT ensemble for 0.5 ns and then switched to the NVE
ensemble for another 1 ns to collect the data. Then the SED
spectrum is calculated using the collected data and averaged
twice. The strength of phonon scattering can be reflected by
the phonon lifetime, which is calculated by fitting the SED
curve. The half-line width y(l?) at the center point of a)o(lz)
can be obtained from Lorentzian function fitting [43,44]:

y(k)/m
[wo(®) — o] + y2(F)

(k) = Co(k) (13)

where Cy (l?) is a mode-dependent constant. Then the phonon
lifetime 7 (k) is given by

> 1

t(k) = ——. (14)
2y (k)

III. RESULTS AND DISCUSSIONS

A. Anomalous strain-dependent thermal conductivity

As discussed above, for HKUST-1 depicted using different
FFs, the mechanical strain is applied in our simulations
via different approaches. When we calculated the thermal
conductivity in the framework of NEMD simulations, the
systems relax in the NPT ensemble under different pressures,
in which the pressures are applied along all three directions
simultaneously. When we calculated the thermal conductivity
using HNEMD simulations, the strain was applied to the
systems by directly rescaling the atomic coordinates along
all three directions. The systems were then relaxed in the
NVT ensemble for 100 ps. Therefore, the applied strain
range in simulations depicted using different FFs is slightly
different. The applied strain in our simulations ranges from
~—1 to ~2%, where negative strain means that the lattice
is compressed, and positive strain indicates that the lattice is
stretched. It is noted that HKUST-1 is still a crystal and has
no phase transition under applied strain. Authors of previous
experimental studies [45-47] have demonstrated that
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FIG. 1. The calculated thermal conductivities of HKUST-1 at
300 K under different strains. The blue, orange, and green circle
points represent the thermal conductivities of HKUST-1 calculated
based on the force fields (FFs) of Zhao et al. [15], Wieme et al. [2],
and the third generation of neuroevolution potential (NEP3) FF [33],
respectively.

HKUST-1 samples can be deformed in a wide range, which
covers the applied strain in our simulations. Our MD results
(Fig. 1) show that the thermal conductivity of HKUST-1
decreases (increases) with applied compressive strain (tensile
strain), which is contradictory to the classical LS theory
[9,48] and other simulation results of MOFs [6,8]. The largest
compressive strain applied to HKUST-1 depicted by NEP3
FF is —1%, which leads to a thermal conductivity of
~0.57 W/mK. For HKUST-1 described using Zhao’s
and Wieme’s FFs, the largest compressive strains that
can be applied are —0.66 and —0.70%, respectively. The
corresponding calculated thermal conductivities are ~0.73
and ~0.66 W/mK for HKUST-1 depicted using Zhao’s
and Wieme’s FFs, respectively. When applied compressive
strain is over the maximum value (i.e., —1% for NEP3
FF, —0.66% for Zhao’s FF, and —0.70% for Wieme’s
FF), the HKUST-1 structures will collapse. The thermal
conductivity of HKUST-1 depicted by all three FFs increases
monotonically with applied strain to ~1.4 W/mK (i.e., at
the applied strain of ~2%). We emphasize that the thermal
conductivities calculated using all three FFs show the
same trend and similar values, which demonstrates that the
abnormal strain-dependent thermal conductivity of HKUST-1
is self-consistent and does not result from the chosen FF.
Thereafter, we select the HKUST-1 depicted using Zhao’s FF
for our further analysis.

Meanwhile, thermal conductivity contributed by phonons
(i.e., the quanta of lattice vibrations) can also be calculated
based on the phonon-gas model, i.e., kK ~ cy Ugl', where cy,
v,, and 7 are the volumetric heat capacity, group velocity, and
relaxation time of phonons, respectively. In MD simulations,
as all the vibrations are fully occupied, the volumetric heat
capacity is then calculated using cy = ((E?) — (E)?)/k,T?V,
in which V is the volume of the system, E is the energy
of the system, and () denotes the ensemble average. There-
fore, compressive strain and tensile strain should increase
and decrease the volumetric heat capacity, respectively. Our
calculated results show that the volumetric heat capacity can
be increased by 2.93% or decreased by 6.13% compared with
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FIG. 2. The volumetric heat capacity of HKUST-1 under differ-
ent strains.

pristine HKUST-1 by applied compressive strain or tensile
strain (Fig. 2), respectively. Authors of several previous stud-
ies [8,14,49] showed that the improvement of volumetric heat
capacity is the main reason for the enhancement of the thermal
conductivity of MOFs. For instance, both Sgrensen et al.
[49] and Zhou et al. [14] showed the thermal conductivities
of amorphous ZIF-4 and ZIF-62 were higher than that of
their crystalline counterparts, which was mainly caused by the
higher volumetric heat capacity of the amorphous structures.
A similar phenomenon was also observed in ZIF-8 [8,14].
However, comparing the change of ¢y (2.93 to —6.13% com-
pared with pristine HKUST-1) with the change of « (—24.99

»
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to 37.09% compared with pristine HKUST-1), we find that
the strain-induced variation of cy is opposite that of the ther-
mal conductivity. Therefore, the change of phonon properties
induced by strain should be responsible for the abnormal
strain-dependent thermal conductivity in HKUST-1.

B. Spectral thermal conductivity and MFP

To characterize the thermal transport capability in HKUST-
1 under various strains, we calculate the strain-dependent
spectral thermal conductivity of HKUST-1 [i.e., Eq. (6) in
Sec. IIB]. Here, three HKUST-1 structures depicted using
Zhao’s FF with applied strains of —0.66, 0, and 1.02% are
chosen as examples to carry out the calculations and analysis.
Our calculated results show that the spectral thermal conduc-
tivity is generally increased when a tensile strain is applied
to HKUST-1 [Fig. 3(a)]. We also calculate the accumulative
thermal conductivity of HKUST-1 under three typical strains
(i.e., —0.66, 0, and 0.12%), as shown in Fig. 3(b). Our re-
sults show that the thermal conductivity contributed by the
low-frequency vibrations (i.e., <4 THz) apparently decreases
when the applied strain changes from compressive to tensile.
The contribution of vibrations with frequencies >4 THz to the
total thermal conductivity is found to be relatively low when
external tensile strain is applied. When the HKUST-1 struc-
ture is compressed, the modal thermal conductivities of these
low-frequency (i.e., <2 THz) vibrations are largely decreased
compared with that without applied strain.
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FIG. 3. (a) The spectral thermal conductivities of HKUST-1 under strains of —0.66, 0, and 1.02%. (b) The accumulative thermal
conductivity of HKUST-1 under strains of —0.66, 0, and 1.02%. (c) The corresponding mean free path (MFP) of HKUST-1 under strains
of —0.66, 0, and 1.02%. (d) The normalized accumulative thermal conductivities vs MFPs of HKUST-1 under strains of —0.66, 0, and 1.02%.
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FIG. 4. The calculated spectral energy density (SED) of HKUST-1 under strains of (a) —0.66%, (b) 0%, and (c) 1.02%. (d) The phonon
lifetimes calculated based on the SED results. (e) The vibrational density of states (VDOS) of HKUST-1 under different strains.

Authors of previous studies showed that the temperature
dependence of the thermal conductivity for several MOFs,
such as MOF-5 [11,12], ZIF-4, and ZIF-62 [13,14] was weak,
which might result from the coexistence of propagating and
nonpropagating vibrational modes in MOFs, as suggested by
Huang et al. [11,12] and Zhou et al. [13,14]. For instance,
Zhou et al. [13,14] quantified the vibrations in ZIF-4 and ZIF-
62 based on the comparison between the vibrational MFPs and
the minimal interatomic distance (MID) and found that many
vibrations have MFPs shorter than the MID (i.e., nonpropa-
gating vibrational modes). We emphasize that, while MOFs
are crystals, the complex of the structures can introduce ex-
tremely strong anharmonicity and may lead to the emergence
of nonpropagating vibrational modes. Here, we calculate the
MFPs of vibrations in HKUST-1 considering external strain
using Eq. (11) in Sec. II B. Our calculated results show that
the MFPs of the original HKUST-1 without strain can be
as long as 70 nm [Fig. 3(c)], and the MFPs of vibrations
with frequency of 0—4 THz are generally larger than the MID
of HKUST-1 (i.e., 0.5 nm, the distance between the metal
atom and the center of organic sites). Thus, vibrations that
contribute most to total thermal conductivity in HKUST-1
are propagating modes, which leads to a strong size effect
of the corresponding thermal conductivity calculated using
NEMD, as we have found before [23]. When tensile strain
is applied to the system, the MFPs of these vibrations with
frequencies <4 THz increase owing to the increased group

velocity and relaxation time (see the detailed analysis below).
The MFPs of the vibrations with frequencies <2 THz in
HKUST-1 decrease dramatically when compressive strain is
applied. We further calculate the thermal conductivity func-
tion k(Ag) = ZA<A0 k(A) and show the normalized x(A).
The normalized accumulative thermal conductivity shows that
the thermal conductivity in the compressed structure is mainly
contributed by short MFP heat carriers [Fig. 3(d)]. This is
because of the enhanced anharmonicity and reduced group
velocity of these vibrations induced by the compressive strain
(see the detailed analysis below). It is noted that our results
will not change when HKUST-1 is depicted using NEP3 FF
(Appendix A).

C. Vibrational scattering and group velocity considering strain

To further characterize the vibrational properties of
HKUST-1 under different applied strains, we calculate the
corresponding SED spectra using Eq. (12) in Sec. IIB
(Fig. 4). For pristine HKUST-1, the acoustic branches are
more apparent [Fig. 4(b)]. The calculated vibrational relax-
ation times of pristine HKUST-1 range from ~20 to ~70 ps
[Fig. 4(d)], and the corresponding average relaxation time of
acoustic branches is ~40 ps. The scatterings among optical
branches are strong due to the large out-of-phase movements
among atoms enabled by the flexibility of the framework. For
example, out-of-phase movements such as the trampolinelike
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velocity of HKUST-1 under different strains.

motion of organic linkers and the rotation of the Cu pad-
dle wheel are found in HKUST-1 [50]. When HKUST-1 is
under compression, the vibrational scatterings become much
stronger [Fig. 4(a)], and the corresponding average relaxation
time of vibrations is only ~21 ps [Fig. 4(d)]. This is because
the applied compressive strain will increase the anharmonic-
ity largely in HKUST-1 (see details in Sec. IIID). On the
contrary, the anharmonicity in HKUST-1 is found to become
weaker when the tensile strain is applied, and the vibrational
branches become much more apparent [Fig. 4(c)]. Conse-
quently, the vibrational relaxation times of acoustic branches
in stretched HKUST-1 (i.e., ¢ = 1.02%) range from ~30 to
~80 ps [Fig. 4(d)], and the average relaxation time of acoustic
branches is ~59 ps. The SED spectra calculated using NEP3
FF show a similar trend to the results computed using Zhao’s
FF (Appendix A), which once again proves our calculated un-
usual pressure-dependent thermal conductivity of HKUST-1
is physical and reasonable.

Meanwhile, the vibrational branches are generally shifted
downward (upward) owing to the structural softening (hard-
ening) when external compressive (tensile) strain is applied
[Figs. 4(a)-4(c) and Appendix A). We further calculate the
vibrational density of states (VDOS) and phonon dispersions
of HKUST-1 and find that all the vibrations are shifted down-
ward (upward) when external compressive (tensile) strain is
applied [Figs. 4(e) and 5]. The downward (upward) shift
of vibrational branches will not only increase (decrease)
the possible scattering channels but also decrease (increase)
the vibrational group velocity [Fig. 5(d)]. In addition, since
Young’s modulus can be estimated by the equation Ey = v?p,
in which Ey is Young’s modulus, p is density, and v is
the speed of sound, the reduced group velocity of acoustic
phonons near the center of the Brillouin zone demonstrates
the softening and hardening of the structure when strain is
applied. Based on the phonon-gas model, i.e., k ~ cy vgzr,
the decrease (increase) of group velocity may reduce (im-
prove) the corresponding thermal conductivity. For instance,
the mean longitudinal acoustic phonon relaxation time is re-
duced from ~370 to ~80 ps when a pressure of 19 GPa is
applied to MoS,, while the thermal conductivity of MoS; is
increased by seven times due to the large improvement of
group velocity [51]. As a result, the downward (upward) shift
of vibrational branches caused by compressive (tensile) strain

can decrease (increase) the thermal conductivity, as we have
shown in Fig. 1.

D. Anharmonicity in strained HKUST-1

As discussed above, the strain-dependent thermal con-
ductivity of HKUST-1 stems from both the change of
anharmonicity and the structural softening/hardening. In this
section, we qualitatively quantify the change of anharmonicity
in HKUST-1 induced by the applied external strain. We first
trace the time-dependent atomic trajectories of HKUST-1 at
300 K under strains of —0.66, 0, and 1.02% and project
them onto the {100} lattice plane (Fig. 6). Therefore, Fig. 6
is a superposition of many frames at different times, and
the trajectory represents the range that the atoms travel in
space. It can be observed that atoms in all the structures
under various strains vibrate around their equilibrium posi-
tions, following a feature of crystal structures. This may also
be the reason that all vibrations in HKUST-1 under various
strains are propagating modes. However, we can clearly ob-
serve that the vibrational amplitudes of atoms in HKUST-1
decrease when the applied strain changes from compres-
sive to tensile (Fig. 6). It is shown that applied strain will
strongly affect the atomistic vibrations in HKUST-1. We find
that the interspace between adjacent atoms in HKUST-1 de-
creases or increases when compressive or tensile strain is
applied, respectively. The interference of atomic vibrations in
compressed (stretched) HKUST-1 becomes stronger (weaker)
compared with that in pristine HKUST-1, which may affect
the anharmonicity of vibrations in the systems. We further
calculate the atomic mean square displacement (MSD), which
is used to characterize the displacement of an atom from
its equilibrium position. Our calculated MSDs show that the
atomic displacement in compressed (stretched) structures is
larger (smaller) than that in the pristine structure [Fig. 7(a)].
The larger atomic MSD indicates that atoms deviate far-
ther from their equilibrium positions, which therefore causes
larger anharmonic potential energy [Figs. 7(b)-7(d)]. As a
result, the anharmonicity in HKUST-1 becomes stronger or
weaker than that in pristine HKUST-1. More interestingly, we
find that the MSD of the organic linker in HKUST-1 increases
more apparently than that of the metal node. This is because
organic linkers have small atomic mass and good flexibility.
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FIG. 6. The projected trajectories of atoms in HKUST-1 under strains of (a) —0.66%, (b) 0%, and (c) 1.02%.

The motions of the organic linker and metal node are signifi-
cantly depressed in stretching. The influences of strain on the
motions of framework atoms are also captured by NEP3 FF
(Appendix B).

IV. CONCLUSIONS

In conclusion, the thermal transport in HKUST-1 consid-
ering mechanical strain is systematically investigated using
MD simulations. Our calculated results show the thermal
conductivity of HKUST-1 decreases (increases) with exter-
nally applied compressive (tensile) strain, which is contrary
to the classical LS theory. This abnormal strain-dependent
thermal conductivity of HKUST-1 is still observed when
HKUST-1 is depicted using three different FFs. Our spectral

analysis shows that the anomalous strain-dependent thermal
conductivity can be attributed to strain-induced variations
in phonon properties, and the thermal transport in strained
HKUST-1 can be depicted by the phonon-gas theory The
negative strain-dependent thermal conductivity (i.e., d P <0)
under compression stems from the reduction of vibrational
relaxation times and group velocities. We find that the anhar-
monicity in HKUST-1 becomes stronger when compression is
applied, which leads to a large reduction of vibrational relax-
ation times. The compression-induced downward frequency
shift of vibrational branches that results from the struc-
tural softening also decreases the vibrational group velocities
largely. As a result, while the volumetric heat capacity in-
creases, the thermal conductivity of HKUST-1 decreases with
compression. When tensile strain is applied on HKUST-1,
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FIG. 7. (a) The mean square displacement of various atoms in HKUST-1 under strains of —0.66, 0, and 1.02%. The top panels are the
potential energy changes (points) and corresponding harmonic fits (lines), and the bottom panels are the anharmonic energy of (b) oxygen
atoms, (c) carbon atoms, and (d) copper atoms with displacements under different strains. The potential energy of hydrogen is not considered
here.
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the interspace between adjacent atoms increases, and the inter-
ference of atomic vibrations becomes weaker, which therefore
decreases the anharmonicity and increases the vibrational re-
laxation times. Meanwhile, the vibrational group velocities
are found to increase as the vibrational branches shift upward
owing to the structural hardening. Therefore, the thermal con-
ductivity of HKUST-1 increases with external tensile strain.
Our findings here uncover the mechanism of the abnormal
strain-dependent thermal conductivity of HKUST-1, which
may guide the design of future thermal-related applications
of MOFs.
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APPENDIX A: SPECTRAL VIBRATION PROPERTIES
EVALUATED BY NEP3 FF

In our paper, three different FFs were adopted to describe
the interatomic interactions of HKUST-1. These three FFs
give a consistent strain-dependent thermal conductivity of
HKUST-1. Both Zhao’s and Wieme’s FFs are constructed us-
ing analytic functions. Only the calculations based on Zhao’s
FF are used to carry out our analysis. The calculations based
on NEP3 FF are implemented using GPUMD, which is different
from the calculations based on Zhao’s and Wieme’s FFs. We
therefore need to evaluate the spectral vibrational properties
of HKUST-1 in the GPUMD simulations where the interatomic
interactions are depicted using NEP3 FF. The spectral thermal
conductivity calculated based on NEP3 FF also shows that the
contribution of low-frequency vibrations is largely reduced
with strains changing from tensile to compressive [Fig. 8(a)].
The corresponding MPFs are decreased (increased) when
compressive (tensile) strain is applied [Fig. 8(b)]. While the
spectral thermal conductivity and MFPs calculated based on
NEP3 FF are slightly different, the results based on NEP3 and
Zhao’s FFs reveal the same influences of mechanical strain
on the spectral vibrational properties of HKUST-1. Our SED
calculations based on NEP3 FF also show that the phonon
scatterings become stronger (weaker), and the vibrational fre-
quency is shifted down (up) when compressive (tensile) strain
is applied [Figs. 8(c)-8(e)]. Meanwhile, the scatterings among
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FIG. 8. (a) The spectral thermal conductivity of HKUST-1 depicted by the third generation of neuroevolution potential (NEP3) force field
(FF) under strains of —1, 0, and 2%, in which the inset is the accumulative thermal conductivity. (b) The corresponding mean free path (MFP)
of HKUST-1 depicted by NEP3 FF under strains of —1, 0, and 2%, in which the inset is the normalized accumulative thermal conductivity vs
MFPs (MFPs) under strains of —1, 0, and 2%. The SED of HKUST-1 depicted by NEP3 FF under strains of (c) —1%, (d) 0%, and (e) 2%.
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phonons are largely increased when HKUST-1 is compressed,
which indicates a reduction of vibrational group velocity and
lifetime [Fig. 8(c)].

APPENDIX B: INFLUENCES OF STRAIN ON ATOMIC
MOTIONS EVALUATED BY NEP3 FF

In our above discussions, the anharmonicity of HKUST-1
is quantified by the atomistic trajectories and their

deviations from the corresponding equilibrium positions.
Here, the atomic trajectories of HKUST-1 depicted by NEP3
FF also show that all atoms vibrate around their equilibrium
positions, and interatomic distance is disparate in HKUST-1
under various mechanical strains [Figs. 9(a)-9(c)]. The MSD
of different atoms calculated based on NEP3 FF also shows
that their vibrational amplitudes in the compressed HKUST-1
are larger than that in the stretched HKUST-1, indicating a
stronger anharmonicity in the compressed HKUST-1.
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